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Preface
While. acute. inflammation. is. a. healthy. physiological. response. aimed. at. wound. healing,. chronic.
inflammation.has.been.directly.implicated.in.a.wide.range.of.degenerative.human.health.disorders..
These.pathologies.encompass.almost.all.of.present-day.noncommunicable.diseases.such.as.obesity,.
diabetes,.atherosclerosis,.and.high.blood.pressure,.as.well.as.cancer..Thus,.the.February.23,.2004,.
cover.of.TIME.magazine.featured.inflammation.as.“The.Secret.Killer.”..To.preserve.good.health,.it.
is.important.that.we.are.capable.of.rapidly.mounting.an.inflammatory.response.to.tissue.injury..It.
is.also.equally.important.that.such.inflammation.be.resolved.in.a.timely.manner.such.that.the.state.
of.chronic.inflammation.is.averted..Lifestyle.factors.such.as.diet,.stress,.tobacco,.obesity,.infection,.
and.pollutants.are.known.to.contribute.to.chronic.inflammation..Prudent.nutritional.and.exercise.
habits.are.powerful.tools.to.fight.chronic.inflammation..

In.this.volume,.the.following.three.sections.provide.cutting-edge.and.comprehensive.treatment.
of.the.process.and.factors.that.influence.chronic.inflammation.

. (I). Systems.Biology.of.Inflammation.and.Regulatory.Mechanisms.(Chapters.1–10).

. (II). Pathologies.Associated.with.Inflammation.(Chapters.11–18)

.(III). Nutrition.&.Therapeutics.for.Inflammatory.Diseases.(Chapters.19–28)

Section.I.addresses.the.understanding.of.the.process.of.chronic.inflammation.including.initiation,.
progression,.and.resolution..Section.II.includes.a.rigorous.and.critical.treatment.of.specific.human.
health.disorders.where.chronic.inflammation.plays.a.major.role..Section.III.discusses.countermea-
sures. for.protection. including.nutritional.and.other. interventions..Protective.abilities.of.structur-
ally.diverse.antioxidants,.phytochemicals,.anti-inflammatory.diets,.omega-3.fatty.acids,.NSAIDs,.
disease-modifying. antirheumatic. drugs,. and.novel. regimens.have.been. extensively.discussed.by.
authoritative.experts.in.the.discipline..

We.extend.our.special.thanks.to.Randy.Brehm.and.Jill.Jurgensen.at.Taylor.&.Francis.for.their.
continued.support.and.help.for.putting.this.volume.together..It.has.been.a.rewarding.experience.to.
interact.with.the.generous.authors.who.were.enthusiastic.and.willing.to.contribute.to.this.volume..
We.hope.you.enjoy.this.volume.as.much.as.we.have.enjoyed.putting.it.together..

Sashwati Roy, PhD
The Wexner Medical Center at The Ohio State University

Debasis Bagchi, PhD, MACN, CNS, MAIChE
University of Houston College of Pharmacy

Siba P. Raychaudhuri, MD, FACR
School of Medicine, University of California, Davis
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1 At the Interface between Acute 
and Chronic Inflammation
Insights from Computational 
Modeling

Yoram Vodovotz 

Department of Surgery, University of Pittsburgh
Pittsburgh, Pennsylvania

1.1   INFLAMMATION IN HEALTH AND DISEASE: 
A ROBUST, ADAPTIVE, MULTISCALE SYSTEM

Inflammatory diseases include infection/sepsis, trauma, inflammatory bowel diseases, chronic 
wounds, rheumatologic disorders, and asthma; many other diseases, such as cancer, diabetes, 
atherosclerosis, Alzheimer’s, and obesity, are also associated with dysregulated inflammation. 
Inflammation can be thought of as acute (in settings such as sepsis, trauma, and wound healing) or 
chronic (in diseases such as rheumatoid arthritis, ulcerative colitis, Crohn’s disease, etc.). Previously, 
chronic and acute inflammatory processes were thought to be driven by different causes, through 
the activities of different cells and inflammatory mediators, and to result in quite different ultimate 
outcomes. However, a more modern view suggests that these processes are interlinked (Figure 1.1) 
[66] and have evolved to give organisms the robustness and flexibility to deal with diverse insults 
as well as regulating key homeostatic processes [39, 80, 85, 109, 143]. Moreover, inflammation is 
linked to stress and cellular damage/dysfunction, not merely to overt tissue damage [24, 96].

The acute inflammatory response involves a cascade of events mediated by a large array of cells 
and molecules that locate invading pathogens or damaged tissue, alert and recruit other cells and 
molecules, eliminate the offending agents, and finally restore the body to equilibrium. In sepsis and 

CONTENTS

1.1  Inflammation in Health and Disease: A Robust, Adaptive, Multiscale System .......................3
1.2  Inflammation Is a Complex System with Context-Dependent Regulation: Insights from 

Computational Modeling ..........................................................................................................5
1.2.1 Modeling Inflammation in Trauma, Hemorrhage, and Sepsis .....................................6
1.2.2 Modeling Inflammation in Wound Healing .................................................................8

1.3  From Wound Healing to Cancer: Modeling Interrelationships among Acute 
Inflammation, Chronic Inflammation, and Cancer ................................................................ 10

1.4  From Modeling to Rational Reprogramming of Inflammation  ........................................... 11
1.5 Summary: Clinical and Basic Science Perspectives  .............................................................. 11
1.6 Conclusions and Future Directions  ........................................................................................ 12
Take-Home Messages  ..................................................................................................................... 12
Acknowledgments ............................................................................................................................ 13
References ........................................................................................................................................ 13



4 Chronic Inflammation

trauma, this response is accompanied by macroscopic manifestations such as fever and elevated 
heart rate, which contribute to optimize the various defense mechanisms involved. In other tis-
sues, inflammation manifests as redness, swelling, and pain. Perplexingly, the feed-forward loop of 
inflammation → damage/dysfunction → inflammation can lead to persistent, dysregulated inflam-
mation that promotes organ dysfunction and death [68, 92], and yet a well-regulated inflammatory 
response is necessary for proper tissue healing (Figure 1.1) [113, 122, 124, 126] .

Indeed, inflammation is not in and of itself detrimental. It is in most cases a well-coordinated 
communication network operating at an intermediate time scale between neural and longer-term 
endocrine processes [109, 154]. Inflammation is necessary for the removal or reduction of challenges 
to the organism and subsequent restoration of homeostasis [109]. For example, plasma levels of the 
early pro-inflammatory cytokine tumor necrosis factor-α (TNF-α) were significantly elevated within 
6 h postadmission in human trauma survivors versus nonsurvivors. Moreover, plasma TNF-α was 
inversely correlated with indices of organ dysfunction, both in the trauma patients taken together and 
in the survivor cohort. Furthermore, swine exhibiting a robust TNF-α response following two dif-
ferent, clinically realistic trauma/hemorrhage paradigms survived these insults, and those animals 
that did not mount an adequately robust TNF-α response died [106]. More recent studies suggest 
that well-organized dynamic networks of inflammatory mediators are invoked early in the response 
to experimental surgical trauma in mice, and that these networks become disorganized and less 
complex when hemorrhagic shock is superimposed on this minor trauma [97]. This requirement for 
a robust, properly interconnected early inflammatory response may represent a means of communi-
cating the extent of injury and perhaps also of preparing the body for a possible secondary infection. 

Adaptive
Immunity

DAMP’s

Innate
Pro-inflammatory

Influences

Initiating
Event

Damage
Dysfunction

Innate
Anti-inflammatory

Influences
Key:

Enhance

Suppress

FIGURE  1.1  Interconnected processes in acute and chronic inflammation. Following an initiating event 
(e.g., trauma, hemorrhage, infection, or exposure to a chemical irritant or immunostimulant), both pro- and 
anti-inflammatory influences (e.g., chemokines, cytokines, lipid products, and free radicals) are elaborated, 
leading to tissue damage or dysfunction. These stressed tissues elaborate DAMPs, which further propagate 
innate immune mechanisms. By activating DCs, DAMPs also lead to the initiation and propagation of adap-
tive immune mechanisms that in turn help drive chronic inflammation.
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Moreover, these findings suggest that a hallmark of a healthy response to stress involves both 
physiological and inflammatory responsiveness commensurate with the degree of stress experi-
enced by cells, tissues, organs, and the whole organism. Thus, physiology and inflammation appear 
to be linked—and in a sense “integrated”—via the release of damage-associated molecular pattern 
(DAMP) molecules (Figure 1.1) [98, 148]. DAMPs such as high-mobility group box-1 (HMGB1) 
activate macrophages [17] and neutrophils [114], and are therefore key innate immune stimulants. 
In addition, DAMPs activate dendritic cells [131], thereby leading to T cell–mediated responses. 
Thus, a large body of literature suggests that DAMPs propagate inflammation in both infectious and 
sterile inflammatory settings using similar signaling pathways [16, 95, 101, 153]. Insights derived 
from computational modeling, discussed in the next section, raise the hypothesis that the body inte-
grates the signals communicated via inflammatory mediators via DAMPs derived from damaged or 
dysfunctional tissues, and thus in a direct, mechanistic sense, the dynamics of these DAMPs may 
reflect the tissue’s or organism’s health [98, 147, 148, 152, 153]. Both classical inflammatory media-
tors and DAMPs affect important physiological functions, which in turn lead to further production 
of inflammatory mediators and perpetuate a positive feedback loop [16, 60, 115, 129, 160]. Thus, 
unrecoverable simulated tissue damage/dysfunction may serve as a surrogate for progressive cell/
tissue/organ dysfunction and eventual death, while damage/dysfunction that tends to return to base-
line may be a proxy for survival. 

1.2   INFLAMMATION IS A COMPLEX SYSTEM WITH CONTEXT-DEPENDENT 
REGULATION: INSIGHTS FROM COMPUTATIONAL MODELING

The acute inflammatory response exhibits the features of a complex system: dependence on initial 
conditions and relative strengths of interaction among components, nonlinear dynamics of and the 
key role of thresholds of activation, and the emergence of outcomes at higher levels of organization 
that would not be predicted simply from knowledge of the individual components [110]. The tool 
set for computational modeling of complex systems involves data-driven methods [67], traditional 
ordinary differential equation (ODE) and partial differential equation (PDE)-based approaches 
[148, 154], rules-based signaling modeling platforms such as BioNetGen [45], and agent-based 
modeling platforms such as NetLogo and SPARK [15]. Data-driven models are based on associa-
tions among variables but can be used to infer mechanistic information regarding principal drivers 
(through the use of methods such as principal component analysis) [67, 152]. Equation-based mod-
els describe mechanistically the sequential change in the states of the components of the system 
over time, in which the variables of the equations generally represent average concentrations of the 
various components. These systems of equations are generally most accurate in settings in which 
large numbers of individuals of these components are assumed to exist and to exert their effects 
in the aggregate [148, 154]. When the numbers become small, differential equation descriptions 
break down, and agent-based models (ABM; a type of cellular automata simulation) may be more 
accurate than equation-based models in settings in which the stochastic actions of these agents are 
a better approximation of biological reality as compared to the actions of these components in the  
aggregate [15]. 

Despite this extensive tool set and advances in computational modeling as applied to well- 
controlled biological systems in experimental settings, the use of these methods and techniques 
has lagged in the preclinical and clinical arena. Various groups have already created simulations of 
inflammation in wound healing at various scales, from cell culture studies to the whole organism 
[28, 37, 88, 140, 155, 156]. As a whole, however, these diverse studies have not been focused on the 
core problem of clinical translation of preclinical findings. Translational systems biology [13, 14, 
154] involves using mechanistic computational modeling generated in basic science research to sim-
ulate higher-level behaviors at the organ and organism levels, without shying away from the realities 
of the preclinical and clinical settings. Simply stated, translational systems biology is a framework 
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in which translational rather than basic insights are primary, mathematical models are designed to 
facilitate in silico clinical trials, simulations are appropriate for in vivo validation, and mechanistic 
simulations of whole-organism responses could guide therapeutic approaches. Translational sys-
tems biology spans a range of applications from drug discovery and development, animal models 
of disease, simulated clinical trials, and personalized medicine, to rational drug/device design [12, 
13, 98, 147, 148, 152, 153, 154]. 

Translational systems biology was spurred on by the clinical challenge of integrating acute 
inflammation and organ dysfunction in critical illness, including trauma/hemorrhage, sepsis, 
and related processes such as necrotizing enterocolitis [14, 151, 154]. This work progressed to 
computational modeling of the next logical temporal step, such as healing of injuries/wounds 
and infections, including chronic, nonhealing, diabetic foot ulcers [99] as well as experimental 
injuries to the vocal folds in both animals [83] and human volunteers [82], as well as post-spinal 
cord injury pressure ulcers. These studies then went on to cover the spectrum of inflammation 
→ wound healing → inflammation-associated cancer, based on insights derived from these 
computational studies, and also based on the long-established hypothesis in which cancer is 
considered to be the outcome of dysregulated inflammation and wound healing [94, 142]. In 
the following section, the insights into these processes derived from computational simulations 
are discussed.

1.2.1  Modeling inflaMMation in trauMa, HeMorrHage, and SepSiS

Traumatic injury, often accompanied by hemorrhage, continues to be the most common cause of 
death for young people and represents a significant source of morbidity and mortality for all ages 
[73, 74]. Initial survivors of acute trauma are particularly susceptible to multiple organ dysfunc-
tion syndrome, a poorly understood syndrome of sequential and gradual loss of organ function 
[102]. Multiple organ failure is the most frequent cause of late deaths after injury, accounting 
for substantial morbidity and mortality [58, 59] and is thought to be due, in part, to excessive or 
maladaptive activation of inflammatory pathways [25]. Organs such as the liver and the gut not 
only become damaged or dysfunctional from trauma-induced inflammation, but in turn further 
perpetuate this vicious inflammatory cycle [30, 35, 117]. Furthermore, patients admitted to the 
intensive care unit following trauma and hemorrhage often become susceptible to infection (a 
so-called “second hit”), further complicating attempts at immunomodulation early in the clinical 
course [130]. 

In the initial innate immune phase of the response to trauma, hemorrhage, or infection, neu-
trophils and macrophages are activated directly by bacterial endotoxins or indirectly by vari-
ous stimuli elicited systemically upon trauma and hemorrhage [34, 79, 121, 145]. These stimuli, 
including endotoxins, enter the systemic circulation quickly and activate circulating monocytes 
and neutrophils [116]. Activated neutrophils also reach compromised tissue by migrating along 
a chemoattractant gradient [23]. Once activated, macrophages and neutrophils produce and 
secrete effectors that activate these same cells and also other cells, such as endothelial cells. Pro-
inflammatory cytokines—primary among them TNF-α [22, 31, 33, 40, 69, 76, 119]— promote 
immune cell activation and therefore feedback positively to promote further production of inflam-
matory cytokines. 

The initial inflammatory response to pathogens, pathogen-derived immunostimulants, trauma, 
and hemorrhage is known as the innate immune response. To address the complexity of this 
process, a series of computational models of the acute inflammatory response were developed; 
several of these models have various degrees of abstraction of relevant mechanisms of inflamma-
tion and tissue damage [36, 38, 78, 125]. Alt and Lauffenburger were the first to create a spatially 
distributed, equation-based model of bacterial-induced chemotaxis of leukocytes, suggesting that 
the dependence of the dynamic behavior of the inflammatory response was due to specific param-
eters of acute inflammation [9]. An was the first to suggest that agent-based models could shed 
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insight into the pathobiology of sepsis and associated multiple organ dysfunction [10]. Later, 
equation-based mathematical models of acute inflammation consisting of a bacterial pathogen, a 
single population of inflammatory cells, and a measure of global tissue damage/dysfunction inter-
related the actions of pro-inflammatory cytokines and DAMPs for the first time, and described 
both recoverable infection and septic shock, as well as suggested different therapeutic avenues 
for the diverse manifestations of sepsis [78]. More complex equation-based models incorporat-
ing the positive feedback loop of inflammation → damage → inflammation were used to create 
simulated populations of septic patients [36] to simulate population responses to anthrax in the 
presence or absence of vaccination [77], and to examine the inflammatory response in necrotiz-
ing enterocolitis as well as the possible effects of probiotic treatment in this disease of premature 
newborn infants [19]. In parallel, an agent-based model of inflammation and organ dysfunction in 
sepsis was also developed and used to address both the failure of prior sepsis clinical trials and 
to suggest the likelihood of success of combination therapies [11]. Another equation-based model 
was calibrated in various inflammatory scenarios in mice [34] and was able to predict responses 
to combinations of insults on which it was not trained [34, 149, 150]. To increase its translational 
utility, this latter model was calibrated on easily accessible circulating levels of inflammatory 
cytokines and NO reaction products, and explicitly included measurable physiological parameters 
such as blood pressure along with the more abstract global tissue damage/dysfunction (a  sur-
rogate for both DAMPs and the health status of the individual; Figure 1.1) in mice [34, 79, 121]. 
This calibrated model contains key elements of the innate immune response, despite having been 
calibrated only on survivable doses of endotoxin, and was capable of predicting dose ranges 
of endotoxin at which death is known to occur [34]. Both equation- and agent-based models of 
acute inflammation were developed based on the concept of indirect-response modeling, using 
transcriptomic data derived from circulating leukocytes of human volunteers subjected to endo-
toxemia [43, 51]. These models were extended to include the reciprocal effects of inflammation 
and physiological variability, the effects of corticosteroids on these processes, and the role of the 
autonomic nervous system [50, 52, 53, 134].

Additionally, two systems biology methods, namely mathematical modeling and transcriptomic 
analysis, were compared and suggested that the role of initial trauma in the murine response to 
experimental trauma/hemorrhagic shock is central in driving the inflammatory response, both sys-
temically and in the liver (a central organ in acute inflammation) [79]. Despite this overlap in the 
levels of inflammatory mediators between sham surgical cannulation and that same cannulation 
combined with hemorrhagic shock in this mouse model, which could be demonstrated upon multi-
plexed analysis of circulating cytokines [97], a mechanistic mathematical model could differentiate 
the inflammatory responses to sham cannulation versus hemorrhagic shock [145]. In addition, multi-
variate regression, principal component analysis, and dynamic network analysis all suggested major 
mechanistic differences between sham cannulation and hemorrhagic shock [97], and predicted that 
the majority of the inflammatory response to survivable trauma/hemorrhage was due mostly to the 
underlying tissue trauma induced by cannulation surgery [79]. The model was extended to include 
details of experimental trauma/hemorrhage in mice (e.g., bleeding rate and target blood pressure), 
and further validated using a unique, computerized platform for automated hemorrhage that was 
constructed specifically to test the behavior of this mathematical model [145]. 

The acute inflammatory response differs in aged versus young individuals, through mecha-
nisms not yet fully elucidated [54, 55, 120, 136]. We utilized a combination of in silico, in vivo, and 
in vitro studies to gain insights into acute inflammation in response to bacterial endotoxin (LPS) 
as a function of age. Using data from a time course endotoxemia study in “middle-aged” (6–8 
months old) C57BL/6 mice, we recalibrated a mechanistic mathematical model of acute inflamma-
tion originally calibrated for “young” (2–3 months old) C57BL/6 mice using cytokine and NO2

-/
NO3

- data obtained following exposure to LPS, surgical trauma, or hemorrhagic shock [34]. The 
central hypothesis that emerged from the recalibration process was that activated macrophages 
from middle-aged mice would exhibit a greater degree of cell death concomitantly with producing 



8 Chronic Inflammation

higher levels of TNF-α and IL-6 than macrophages from young mice. This prediction was borne 
out when intraperitoneal macrophages from young versus “middle-aged” mice were assessed for 
cell numbers, cell viability, and cytokine production in vitro. These studies demonstrate the utility 
of a combined in silico, in vivo, and in vitro approach to the study of acute inflammation in shock 
states, and suggest hypotheses with regard to the changes in the cytokine milieu that accompany 
aging.

Following significant hemorrhage, severe trauma, and/or persistent infection, the innate 
immune response triggers activation of the more specific and focused adaptive immune response, 
which is regulated largely by dendritic cells (DC) [20, 30, 44, 64, 93, 100, 108, 133, 135, 146, 162]. 
A simplified cascade of events leading to the transition from innate to adaptive immune responses 
was used to augment the mathematical models of inflammation. In these models, “immature” 
DC phagocytose pathogens become activated and migrate to the lymph nodes. Here, they acti-
vate CD8+ T cells and CD4+ T cells by displaying pathogen-specific antigens in the context of 
major histocompatibility complex class II molecules. CD4+ cells, in turn, activate antigen-specific 
B cells, which produce antibodies. CD4+ cells also differentiate into T helper cells, either TH1 or 
TH2, which differ in the spectrum of cytokines they produce. CD8+ T cells contribute to tissue 
damage by eliminating infected cells [70, 85]. Cytokines produced by these cells of the adaptive 
immune response will modulate both the adaptive and innate immune responses. 

The immature DC differentiate, transforming into two subsets, CD8+ and CD8- [89]. These differ-
entiated DCs will drive the differentiation of naïve T cells into TH0 cells. In turn, TH0 cells will dif-
ferentiate into TH1 cells (pro-inflammatory in the setting of sepsis) or TH2 cells (anti- inflammatory 
in the setting of sepsis). Cytokines will play a major role in determining which response, TH1 or 
TH2, dominates. The cytokine milieu may also affect whether or not a particular DC subset is pro-
duced. Another subset of T cells that is stimulated by DCs is the regulatory T cell subset (Treg). This 
latter subset of T cells suppresses helper T cell subsets, and has been recognized to play a role in the 
response to trauma and sepsis [146]. An emerging consensus is that the TH cell response is skewed 
toward a TH2/Treg phenotype following trauma and hemorrhage [1, 2, 21, 128, 146]. Cytokines such 
as transforming growth factor-β1 (TGF-β1) and IL-10 [6, 29, 81, 103] have been implicated in this 
process. 

Building on prior mathematical modeling and experimental studies on DC/T cell interactions 
[87], a mathematical model encompassing the above processes reproduced the dynamics of cyto-
kine and NO2

-/NO3
- production following endotoxemia, surgical trauma, or surgery + hemorrhage 

over 24 hours. In the simulation, both endotoxemia and trauma ± hemorrhage resulted in TH1 and 
TH2 waves. The model also predicted that in trauma ± hemorrhage, both TH1 and TH2 responses are 
reduced as compared to endotoxemia.

1.2.2  Modeling inflaMMation in Wound Healing

Based on these insights into the acute inflammatory response to trauma, hemorrhage, endotoxemia, 
and infection, mathematical modeling approaches were utilized to gain mechanistic and potentially 
clinically useful insights into the wound healing response. Wounds can be classified into acute and 
chronic wounds. Acute wounds include burns, lacerations, and penetrating injuries and are typi-
cally observed more frequently among military personnel as opposed to the civilian population. 
Chronic wounds that are more common among the civilian population include diabetic foot ulcers  
and pressure ulcers (e.g., those arising following prolonged bed rest and inadequate innervation 
in spinal cord injury patients), as well as venous ulcers. Wound healing is a complex process that 
involves both inflammation and the resolution of the inflammatory response, which culminates 
in remodeling [61, 62]. The first phase of the wound healing response involves the degranulation 
of platelets and infiltration of inflammatory cells, followed by proliferation of fibroblasts and epi-
thelial cells that deposit collagen and cause contraction of wounds. Pro-inflammatory cytokines 
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such as TNF-α [123] and interferon-γ (IFN-γ) [3] inhibit wound healing both in vitro and in vivo. 
Interleukin-6 (IL-6), a cytokine central to inflammation [72], is also necessary for proper healing 
[56]. Interleukin-10, a potent anti-inflammatory cytokine, appears to suppress inflammation and 
induce the remodeling necessary for proper wound healing [111]. Another cytokine that is central 
to the wound healing cascade is TGF-β1 [127]. Recently, DAMPs, which are released from injured 
tissue and stimulate or augment the inflammatory response, have also been recognized as key regu-
lators of wound healing [71, 95]. 

Multiple mathematical models, largely developed by the Sherratt group, were used to gain 
insights into the interactions among macrophages, fibroblasts, and their products in wound healing 
[139]. Later, the relationship between inflammation and healing in the chronic wound was mod-
eled using an ABM of diabetic foot ulcers [99]. This ABM was calibrated using values published 
in the literature regarding normal skin healing, which the ABM was capable of reproducing at 
baseline. This simulation demonstrated delayed healing in the setting of elevated TNF-α or reduced 
TGF-β1 expression (both known aspects of deranged inflammation in diabetes and/or diabetic foot 
ulcers), highlighted both beneficial and detrimental effects of known therapies for diabetic foot 
ulcers (wound debridement and treatment with platelet-derived growth factor [PDGF]), and was 
used to suggest novel therapies [99]. In a similar vein, an equation-based model was used to study 
the effects of engineered skin substitutes in diabetic foot ulcers [156].

Another type of ulcer, namely pressure ulcers, can occur with high frequency in patients with 
spinal cord injury (SCI). An ABM of pressure ulcer formation in SCI patients was created with the 
goal of preventing pressure ulcer development by uncovering potentially effective clinical interven-
tions. This tissue-realistic ABM exhibits a range of behaviors comparable to outcomes seen in a 
prospective cohort of SCI patients, including ulcers of various shapes. There are two types of initial 
injury in these simulations: (1) a circumscribed area of pressure whose intensity decreases radially, 
simulating the effect of a bony protrusion against soft tissue, followed by ischemia/ reperfusion 
injury, activation of an inflammatory cascade, and production of oxygen free radicals, or (2) shear 
force injury, in which epithelial cells are damaged by tissue stretching. In both cases, tissue dam-
age stimulates inflammatory cells to produce cytokines (and chemokines), and further damage 
caused by cytokines coupled with repeated cycles leads to ulceration. The short-term behavior of the 
model was compared against data on blood flow from experiments in noninjured human volunteers. 
The longer-term behavior of the model was validated against images of pressure ulcers from SCI 
patients. The shape of the simulated ulcers qualitatively match patterns seen clinically, including 
position and size relative to the protrusion and the development of secondary satellite ulcers that 
eventually coalesce with the primary ulcer. 

An important aspect of mechanistic computational modeling of biological systems involves the 
search for appropriate model parameters, that is, the constants that govern the strengths of inter-
actions among model variables [153]. In seeking to determine optimal therapeutic interventions, 
model parameters that cause the greatest change in predicted outcome (amount of epithelial dam-
age) with the least relative change in value were determined, focusing on parameters governing 
production of mediators such as TNF-α, TGF-β1, and DAMPs. Studies such as these may have 
implications for the rational design of drugs and devices that modulate inflammation and wound 
healing [12] and may lead to personalized therapy [98].

Indeed, personalized medicine is a central pillar of translational systems biology [98, 157]. 
A proof of this concept was suggested by studies involving patient-specific ABMs for vocal fold 
inflammation [82]. An ABM consisting of interactions similar to those described before for the skin 
ABM [99] could reproduce trajectories of inflammatory mediators in laryngeal secretions of indi-
viduals subjected to experimental phonotrauma early post-injury, and predict the levels of inflam-
matory mediators at late time points post-injury. Subject-specific simulations also predicted the 
effects of behavioral treatment regimens to which subjects had not been exposed [82]. This ABM 
could also reproduce the trajectories of inflammatory mediators in vocal fold tissue of rats subjected 
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to surgical injury to the vocal folds [83] and was recently extended to include additional mediators 
in the laryngeal secretions of human subjects [84]. 

1.3   FROM WOUND HEALING TO CANCER: MODELING 
INTERRELATIONSHIPS AMONG ACUTE INFLAMMATION, 
CHRONIC INFLAMMATION, AND CANCER

For many years, chronic and acute inflammatory processes were thought to be driven by different 
causes, through the activities of different cells and inflammatory mediators, and to result in quite 
different ultimate outcomes. However, a more modern view suggests that these processes are inter-
linked (see Figure 1.1) [85]. Moreover, in the setting of acute inflammation, well-regulated tissue 
healing can go awry and drive a chronic inflammatory process intertwined with fibrosis and related 
processes. In hepatic, pancreatic, and gastrointestinal tissues, among others, this pro-inflammatory/
pro-fibrotic environment can stimulate carcinogenesis [27, 47, 65, 159], which, in turn, can lead to 
an altered immune/inflammatory milieu [75]. 

Computational modeling approaches have been used to study chronic inflammatory/fibrotic pro-
cesses. One organ that has been studied in this fashion is the lung. Multiple studies using both 
 equation- and agent-based models have examined the inflammatory and fibrotic/granulomatous 
response of the lung in the setting of tuberculosis, focusing on the role of TNF-α in granuloma 
formation [46, 91, 137, 158]. In another example, an ABM was created to examine the response 
of inflammatory cells and cells involved in remodeling to particulate exposure (combined with 
experimental smoke inhalation in mice), focusing on TNF-α, TGF-β1, collagen deposition, and 
tissue damage/DAMPs; this study may improve the understanding of lung diseases such as chronic 
obstructive pulmonary disease (COPD) [26]. Another inflammatory/fibrotic lung disease that was 
examined using  equation-based modeling is sarcoidosis; in that study, the authors utilized a similar 
approach to the one used in modeling COPD, in that they varied model parameters in order to define 
key controlling processes in this disease [5].

As mentioned previously, a chronic inflammatory/fibrotic environment can lead to cancer. An 
excellent example of this type of inflammation-associated cancer is hepatocellular carcinoma (HCC) 
[104]. There is increasing evidence that, like many other cancers, HCC is initiated through so-called 
cancer stem cells, which can be extremely resistant to standard cancer therapy [7, 8, 138, 141]. 
Malignant cell formation in HCC is a consequence of increased hepatocyte turnover, induced by 
chronic liver injury and regeneration as a result of inflammation induced by viral infections such as 
hepatitis C virus (HCV) [104]. To study the interlinked processes of inflammation, tissue healing/
fibrosis/cirrhosis, and HCC, an ABM was created that was calibrated qualitatively based on pub-
lished literature data regarding the dynamics of cell populations and cytokines and their influence 
on inflammation and the early stages of HCC caused by chronic HCV infection, as well as published 
models of the effect of these inflammatory response elements on already established HCC. This 
model simulates the onset and progression of HCC in a patch of liver, arising from only a few cells 
(hypothetical cancer stem cells). The tissue environment of pro- and anti-inflammatory responses 
present in chronic infections, such as HCV, accelerates tumor formation. The model is initialized 
with a region of healthy liver cells, which includes several cancer cells. Agents are used to simulate 
virus, inflammatory cells (macrophages), and the tumor. Infection by viruses elicits an inflammatory 
response mediated by local macrophages, which are attracted to the site of injury by DAMPs (e.g., 
HMGB1) [57, 86]. The macrophages secrete the pro-inflammatory TNF, and the anti-inflammatory 
cytokine TGF-β1, which eventually suppresses the pro-inflammatory response. In the presence of 
multiple viral flare-ups, a chronic inflammatory state causes progressive, cumulative damage. The 
tumor grows larger, and tumor-associated macrophages appear in the presence of chronic inflam-
mation [42], compared to the case when a single acute viral infection occurs and resolves. This type 
of modeling work is likely to integrate with an extensive suite of computational models of cancer 
already in existence [32, 90, 106, 112, 132, 144].
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1.4   FROM MODELING TO RATIONAL 
REPROGRAMMING OF INFLAMMATION 

As may be inferred from the previous discussion of the complexity of the inflammatory response, 
controlling inflammation while minimizing adverse effects and also allowing for control of 
 infection, stimulating appropriate responses to trauma, and promoting tissue healing is a daunting 
task. Our long-term therapeutic goal is not to abolish inflammation per se but to reduce damage/
dysfunction (i.e., promote healing) by modulating the inflammatory response in a rational fashion. 

Our initial approach involved hemoadsorption (HA) in the setting of a rat model of bacterial 
sepsis. Hemoadsorption is an emerging approach to modulate sepsis-induced inflammation [118]. 
We sought to define the effects of HA on inflammation in E. coli-induced fibrin peritonitis in rats, 
hypothesizing that HA both reduces and reprograms inflammation in sepsis. We found that plasma 
cytokine levels at baseline were the same in HA and sham. Plasma TNF-α, IL-6, GRO/KC, MCP-1, and 
the organ damage marker AST were significantly reduced by HA versus sham animals. Principal 
component analysis suggested that inflammation in sepsis alone (sham) was driven by IL-6 and 
TNF-α, while inflammation in the presence of HA was driven primarily by TNF-α, GRO/KC, 
IL-10, and MCP-1. In support of this analysis, the peritoneal:plasma ratios of TNF-α, GRO/KC, 
and MCP-1 were higher in HA animals. Moreover, peritoneal IL-5, IL-6, IL-18, IFN-γ, and NO2

-/
NO3

- were significantly lower—and GRO/KC and MCP-1 were significantly higher—in HA ver-
sus sham. Peritoneal bacterial counts were significantly lower in HA versus sham. Organ damage, 
assessed by plasma AST as well as histologically in the lung, kidney, and liver, was reduced in the 
HA group. These results, elucidated in part by computational analysis, suggest that HA may reduce, 
reprogram, and relocalize inflammation, while improving bacterial clearance and reducing organ 
damage in experimental sepsis.

To take the concept of inflammation reprogramming further, we have conceived of a self- 
regulating device for individualized regulation of inflammation. The basic concept of the pro-
posed device is to create negative feedback proportional to the exact degree of inflammatory 
stimulus. More precisely, for every unit of a given inflammatory cytokine, the device would 
produce or release a unit of the neutralizing protein. Examples include: (1) TNF and its endo-
genous inhibitor, soluble TNF receptor sTNFR [4, 48, 63]; (2) IL-1 and IL-1 receptor antagonist 
L-1ra [42]; and (3) TGF-β1 and TGF-β1 latency-associated peptide (LAP) [18, 161]. For proof of 
concept, we focused on modulating the production of sTNFR in a manner dependent on the pro-
duction of TNF. We have created multiple, stably transfected human hepatocyte (HepG2-derived) 
cell lines expressing the mouse NF-κB/sTNFR, and characterized these cell lines in vitro. All cell 
lines exhibited different base expression levels of sTNFR production but have similar stimulation 
response (~ 3.5 fold). We have also created a variant of HepG2 that produces sTNFR constitu-
tively via the cytomegalovirus (CMV) promoter. In addition, we have established a rat model of 
bacterial endotoxin infusion in which cytokine dynamics over 6 h mimic those of true bacterial 
sepsis over 48 h. In this animal model, we tested the effect of the bioreactor versus sham cannula-
tion or sham bioreactor [107].

1.5  SUMMARY: CLINICAL AND BASIC SCIENCE PERSPECTIVES 

Inflammation is a complex system whose complexity is being deciphered through the use of 
computational modeling. Key clinical and basic science aspects of this work are summarized as 
follows:

• Inflammation is a robust, adaptive, and multiscale process that serves to maintain homeo-
stasis in health.

• The positive feedback between inflammation and tissue damage/dysfunction may create a 
vicious, feed-forward cycle (Figure 1.1) that drives the detrimental effects of inflammation 
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in trauma/hemorrhage, sepsis, chronic nonhealing wounds/ulcers, chronic inflammatory 
diseases, and cancer.

• DAMPs are the key intermediates in the inflammation → damage/dysfunction → inflam-
mation positive feedback loop, thereby integrating inflammation and organ (dys)function 
(Figure 1.1).

• DAMPs are central to innate immunity, but by also activating DCs, these cells form a 
gateway to the activation of adaptive (T cell) mediated, chronic inflammatory processes 
(Figure 1.1).

• Computational modeling of the processes described herein has had utility in sepsis, 
trauma/hemorrhage, wound healing, chronic inflammatory/fibrotic diseases, and cancer.

1.6  CONCLUSIONS AND FUTURE DIRECTIONS 

The inflammatory response has fascinated clinicians and scientists for millennia. In both industri-
alized and developing nations, inflammatory diseases caused by accidents, war, infection, stress, 
aging, and lifestyle take a significant toll in terms of quality of life and incidence of death. And yet, 
inflammation is an evolutionarily conserved, multiscale framework crucial to the maintenance of 
homeostasis in the face of precisely these same insults. It is therefore not surprising that attempts at 
modulating inflammation in various diseases have at times resulted in adverse effects. Mechanistic 
computational modeling may offer a way out of this conundrum, and thereby help devise new 
approaches to rational, personalized diagnosis and therapy for inflammation-associated diseases 
[12, 98, 147, 148, 152, 153, 154]. Such a strategy may involve using mechanistic simulations of 
inflammatory diseases for drug design coupled to simulated clinical trials [12], personalized diag-
nostics and therapy [98], and, ultimately, self-adaptive therapies. While this vision is still off in the 
future, the future is approaching fast—for example, simulated clinical trials of sepsis have already 
informed real trials [12]. Computational modeling has suggested links among processes previously 
thought to be disparate, highlighting the common functional underpinnings of acute and chronic 
inflammation, wound healing/fibrosis, and cancer. With the increasing cost of drug development 
and the concomitant decreasing rate of development of new drugs [49], biomedicine can ill afford 
to continue to attempt to develop new therapies without involving these insights into the process. 

TAKE-HOME MESSAGES 

• In health, inflammation is a robust, evolutionarily conserved process that allows organisms 
to adapt to both rapid and chronic changes in their internal and external environments.

• Inflammation is a multiscale process in which key functions can be observed at the  cellular, 
tissue/organ, and whole-organism levels.

• Inflammation affects essentially all diseases in some fashion, from the response to infec-
tion and trauma, through prolonged wound healing processes, to chronic diseases such as 
rheumatoid arthritis, obesity, and cancer.

• Inflammation is a complex system in which outcomes are likely determined by a combina-
tion of differing initial conditions as well as positive and negative feedback loops.

• It is important to think of inflammation as being regulated by functional processes that are 
context dependent, rather than focusing on individual cells or mediators.

• Inflammation is largely driven by a positive feedback cycle of pro-inflammatory influ-
ences → damage/dysfunction → pro-inflammatory influences, and negatively regulated by 
anti-inflammatory influences. These processes can be modeled computationally using both 
data-driven and mechanistic approaches.

• Acute inflammation is comprised of fast feedback loops that can activate adaptive immu-
nity, which in turn is both regulated by slower internal feedback loops and affects acute 
inflammation through these slower feedback loops. 
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• Both acute and chronic inflammatory processes share and invoke key elements and func-
tions, thereby helping explain why drugs nominally targeting acute inflammation work 
well in chronic diseases such as rheumatoid arthritis, while nominal elements of adaptive 
immunity are activated early in acute states such as sepsis and trauma.

• Rational modulation of inflammation must therefore take into account the interconnected 
nature of acute and chronic inflammation and the multiscale nature of inflammation that 
may progress differently in different compartments, as well as individual patient factors. 
Thus, computational modeling may be the only rational means by which to design the next 
generation of therapeutics for inflammatory diseases.

• Rational reprogramming of inflammation, rather than the complete abolition of the inflam-
matory response, may be the key to balancing the beneficial and detrimental effects of 
inflammation.
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2.1  WHAT IS CHRONIC INFLAMMATION?

In a normal inflammatory response, tissue injury triggers mast cells and resident macrophages to 
release pro-inflammatory mediators such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, 
IL-6, histamines, prostaglandins, and leukotrienes into the surrounding area, resulting in vaso-
dilation and leaky blood vessels. Plasma proteins called complement are released and summon 
phagocytic cells, namely monocytes and neutrophils, to the area to remove necrotic tissue, invad-
ing bacteria, and debris. The final stage of inflammation is resolution, where neutrophils convert 
prostaglandins and leukotrienes to lipoxins—initiating the termination sequence while alterna-
tively activated macrophages produce anti-inflammatory factors such as transforming growth factor 
(TGF)-β and IL-10. Neutrophils apoptose and reparative fibroblasts infiltrate the area to release 
matrix metalloproteinases (MMPs) for tissue remodeling while producing extracellular matrix 
(ECM) and collagen. Finally, macrophages depart from the site through lymph vessels. If these 
steps are strictly followed, then acute inflammation resolves without tissue injury. 

Chronic inflammation involves persistent acute inflammation due to the mismanagement of the 
well-orchestrated inflammation resolution phase. This persistent activation can be due to a failure 
to remove the inflammatory stimulus, a continual procession of leukocytes that regulate inflam-
mation through the production of pro-inflammatory cytokines and reactive oxygen species (ROS) 
that damage and continually remodel tissue, or a situation that maintains these leukocytes at the 
site of inflammation. Well-known chronic inflammatory diseases, or diseases known to initiate 
due to persistent inflammation, include asthma, autoimmune diseases like lupus and rheumatoid 
arthritis, chronic prostatitis, inflammatory bowel diseases, reperfusion injury, sarcoidosis, trans-
plant rejection, vasculitis, chronic obstructive pulmonary disease (COPD), atherosclerosis, psoria-
sis, and sepsis.

There are two components of chronic inflammation: the exudative component and the cellu-
lar component. The exudative component involves the fluid portion of inflammation regulated by 
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vascular permeability and the resultant accumulation of fluid in the tissue (edema). This component 
will not be discussed in detail in this chapter. 

2.2  THE CELLULAR COMPONENT OF CHRONIC INFLAMMATION

2.2.1  Monocytes and Macrophages

Monocytes are circulating cells that comprise about 10% of the leukocyte population in peripheral 
blood. Originating in the bone marrow from hematopoietic stem cells, monocytes are nonprolifer-
ative cells with a half-life of about three days and arise from the same myeloid progenitor cells that 
produce granulocytes. Within the human monocyte population, there is a heterogeneity consisting 
of three subgroups defined by the presence or absence of CD14 antigen (receptor for bacterial cell 
membrane component lipopolysaccharide) and CD16 antigen (FcγRIIIa and FcγRIIIb receptors 
that bind the Fc portion of IgG antibodies for clearance of immune complexes): classical CD14++/
CD16- monocytes, intermediate CD14++/CD16+ monocytes, and nonclassical CD14+/CD16+ mono-
cytes. Mouse homologues to the human CD14++/CD16- and CD14+/CD16+ monocyte subtypes 
are defined as Ly6Chi/CXCR1lo/CCR2+/CD62L+ and Ly6Clo/CXCR1hi/CCR2-/CD62L- monocytes, 
respectively.

Not surprisingly, each subpopulation displays its own phenotype and functionality. The CD14++/
CD16- classical monocytes make up approximately 90% of peripheral blood monocytes. Under 
normal physiological conditions, these classical monocytes migrate into tissue and differentiate 
to replenish resident tissue macrophages or dendritic cells in response to environmental stimuli. 
CD14++/CD16- monocytes specialize in phagocytosis, antigen presentation to T cells to mount an 
immune response, and production of pro-inflammatory cytokines TNF-α, IL-1, and IL-12.

A second subtype of monocytes is the CD14+/CD16+ nonclassical monocytes. Typically, CD14+/
CD16+ monocytes comprise about 10% of circulating monocytes in healthy individuals. CD16 
upregulation on monocytes is mediated by TGF-β expression and was confirmed using TGF-β 
neutralizing antibodies in mice [1]. Interestingly, CD14+/CD16+ monocytes exhibit a phenotype 
resembling inflammatory tissue macrophages, specifically higher major histocompatibility complex 
(MHC) antigens HLA-DR, -DP, and -DQ, increased numbers of adhesion molecules like ICAM-1, 
and reduced expression of the anti-inflammatory cytokine IL-10 [2], suggesting that monocytes 
expressing CD16 are more mature than their CD16-negative relatives and supporting their role in 
chronic inflammatory diseases. For example, CD14+/CD16+ blood monocytosis is observed in such 
inflammatory diseases as sepsis [3], rheumatoid arthritis [4], and asthma [5]. In a clinical study of 
patients with bacterial sepsis, CD14+/CD16+ monocytes comprised more than 50% of the total cir-
culating monocyte number accompanied by significantly higher levels of IL-6 compared to healthy 
individuals [3]. In patients with active rheumatoid arthritis, synovial infiltration of immune cells 
in the monocyte/macrophage lineage is suggested to be responsible for augmented inflammation 
as these cells are producers of pro-inflammatory mediators IL-1, TNFα, IL-8, and granulocyte/
macrophage colony-stimulating factor (GM-CSF) and of tissue damaging molecules like ROS [4].

The CD14++/CD16+ intermediate monocyte subgroup represents a transitory phenotype between 
the CD14++/CD16- classical and the more mature, CD14+/CD16+ nonclassical monocytes. The 
importance of characterizing heterogeneous populations of immune cells with potent inflamma-
tory potential is highlighted by the fact that circulating CD14++/CD16+ monocytes correlated with 
cardiovascular outcome in patients with chronic kidney disease (CKD) [5]. A study of 119 patients 
with non-dialysis CKD was assessed for monocyte heterogeneity by flow cytometry, and the results 
support the idea that CD16-positive monocytes rather than CD16-negative monocytes are involved 
in human atherosclerosis [6].

Recently, a unique subset of monocytes characterized by the expression of the endothelial cell 
marker Tie2, known as Tie2-expressing monocytes (TEMs), have been described [7]. The Tie2 
receptor binds the growth factor family known as the angiopoetins (ANGPT-1, -2, -3, and  -4). 
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On endothelial cells, ANGPT-1 and ANGPT-2 have contradictory roles. ANGPT-1 functions as 
an  anti-inflammatory cytokine by abrogating vascular permeability while ANGPT-2 serves a 
pro-inflammatory role by inducing vascular leakage, propagating an inflammatory response. On 
monocytes, Tie2 receptor expression designates TEMs as pro-inflammatory cells as the presence of 
TEMs correlates with increased angiogenesis in both human breast cancer [8] and a mouse model 
of breast cancer [9]. 

The main function of resident tissue macrophages is tissue homeostasis—immune surveillance, 
tissue remodeling, and inflammation resolution. Under normal physiological conditions, it is sug-
gested that macrophage numbers are mostly maintained by local proliferation. However, during an 
inflammatory insult, chemokines like CCL2 released at the onset of tissue injury recruit circulating 
monocytes from peripheral blood. Interestingly, there seems to be a temporal orchestration for the 
recruitment of specific monocyte subpopulations. In support of this hypothesis, Nahrendorf et al. 
[10] observed early and specific recruitment of pro-inflammatory Ly6Chi monocytes with enhanced 
phagocytic and proteolytic activity during the first three days of insult in a resolving model of myo-
cardial infarction in mice. After three days, Ly6Clo monocytes infiltrated the tissue possessing an 
anti-inflammatory phenotype. In another study utilizing a model of atherosclerosis, Ly6Chi blood 
monocytes were identified as the predominant monocyte subpopulation in mouse atheromas and 
recruited in a CCR2-dependent manner [11]. 

Macrophages are derived from circulating monocytes and monocytic precursors from the bone 
marrow and inherit the characteristics of their surrounding tissue. For example, Kupffer cells are 
liver-specific macrophages that develop an increased phagocytic capacity to remove the high level 
of toxins and other invading matter from portal circulation. During tissue injury, the polarity of 
macrophages present at the inflammatory site dictates the duration and magnitude of the inflamma-
tory response. For example, interferon (IFN)-γ-priming of resident macrophages followed by sub-
sequent exposure to bacterial lipopolysaccharide (LPS) results in a classically activated M1-type 
macrophage. M1 macrophages are cytotoxic and antiproliferative through their expression of both 
ROS and reactive nitrogen species. These macrophages promote inflammation through expression 
of inflammatory cytokines IL-1β, IL-6, and TNF-α and by recruiting neutro-phils, dendritic cells, 
and T lymphocytes via production of chemokines IL-8, IP-10, MIP-1α, MIP-1β, and RANTES. 
Classically activated macrophages contribute to tissue remodeling by expressing numerous MMPs 
that degrade extracellular matrix components. On the contrary, alternatively activated M2-type 
macrophages present a phenotype conducive to resolving inflammation by promoting wound 
repair, producing ECM components like fibronectin, promoting angiogenesis by expressing FGF 
basic, TGF-α, and VEGF, and augmenting cell proliferation by secreting IGF, TGF-β, and PDGF, 
as well as summoning immune cells via expression of CCL2 for monocytes, and CCL18 and 
CCL17 for T cells. 

Asthma is a chronic inflammatory disease of the airways characterized by reversible airway 
obstruction. In response to an allergen, macrophages produce the pro-inflammatory cytokines TNF-α,IL-1β, 
and IL-6, as well as the chemokines CCL2, CXCL1, and CXCL8 for monocytes and neutro-phils. 
Both neutrophils and macrophages release neutrophil elastase and proteases that remodel the alveo-
lar walls as well as induce mucus hypersecretion. Further, macrophages secrete CXCL9, CXCL10, 
and CXCL11 to recruit T cells, subsequently leading to IFN-γ production, epithelial cell release of 
TGF-β and fibroblast growth factor (FGF), fibroblast activation and connective tissue growth factor 
(CTGF) production, and finally fibrosis of the small airways [12]. IL-17 is another key pro-inflam-
matory molecule in asthmatic patients recently suggested to be produced by macrophages, and not 
Th17 cells as once thought, in allergic asthma. In a mouse model of OVA-induced allergic asthma, 
an increase in IL-17(+) cells in the lung were predominantly CD11b(+)F4/80(+) macro phages and not T 
cells, and these IL-17(+) macrophages were alveolar and not invading interstitial. Depleting alveolar 
macrophages or neutralizing IL-17 prevented this asthma-related inflammation by inhibiting the 
increase of inflammatory cells and inflammatory factors in bronchoalveolar lavage fluid (BAL) in 
this model [13].
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Sepsis, sometimes classified as systemic inflammatory response syndrome (SIRS), is induced 
by immune activation in response to microbes in the blood or tissues leading to organ dysfunc-
tion. Sepsis is characterized by acute inflammation present throughout the entire body and asso-
ciated with leukocytosis. Macrophage dysfunction, as a component of immune suppression seen 
during sepsis, appears to be one of the contributing factors to morbidity and mortality in septic 
patients. Newton et al. suggested when using a CLP model of sepsis in wild type and transgenic 
mice deficient in CD86 that expression of CD86 (receptor involved in co-stimulatory signals 
essential for T cell activation and survival) and MHC II, but not CD40 or CD80 (other co-
stimulatory cells on antigen presenting cells) was decreased on peritoneal macrophages after the 
onset of sepsis. Further, the production of anti-inflammatory IL-10 was reduced implicating the 
role of CD86 and macrophages as important regulators of sepsis [14]. Importantly, an abundance 
of reports implicates macrophages as contributing to all stages of atherosclerosis by regulating 
cholesterol trafficking and inflammation in the arterial walls [15, 16, 17]. 

2.2.2  neutrophils

Neutrophils are innate immune cells and professional phagocytic cells derived from the granu-
locyte compartment. Under homeostatic conditions, neutrophils are the most abundant form of 
leukocytes in the blood stream. During an acute inflammatory response, neutrophils are the first 
responders on the scene as chemotaxic factors for these cells are released during tissue injury, 
namely IL-8, complement component C5a, and leukotriene B4. Once at the site of inflamma-
tion, neutrophils act as phagocytic cells and release antimicrobial cytotoxic factors such as lytic 
enzymes and ROS. In the past, neutrophils were described as short-lived effector cells, but our 
understanding of the role of neutrophils in inflammation is expanding. Recently, neutrophils are 
being recognized as long-lasting effectors of tissue inflammation and are key mediators of acute 
inflammation resolution through their expression of anti-inflammatory cytokines during the reso-
lution phase. The list of cytokines produced by neutrophils is vast and includes CXC and CC 
chemokines, both pro- and anti-inflammatory cytokines, immunoregulatory cytokines, colony-
stimulating growth factors, angiogenic and fibrogenic factors, and members of the TNF super 
family. For a detailed review on cytokines produced by neutrophils, see Mantovani et al. [18]. 
In addition, neutrophils have become recognized as important in the TH17 response as T helper 
lymphocytes secreting IL-17 regulates neutrophil recruitment, proliferation, and accumulation 
at the inflammatory site. Further, neutrophils have been shown to express nucleotide-binding 
oligomerization domain protin-1 (NOD1), potentially integrating the role of neutrophils with the 
inflammosome [19]. 

A major function of neutrophils is inflammation resolution, and their activity is three-fold: (1) 
neutrophils have recently been credited with producing pro-resolving lipid mediators at the final 
stage of acute inflammation by changing eicosanoid output from leukotriene B4 to lipoxins A4 
[20]—inhibiting recruitment of migrating neutrophils and increasing the removal of resident apop-
tosing neutrophils by infiltrating macrophages; (2) neutrophils upregulate the expression of CCR3 
to act as a sink for free CCL3 and CCL5 remaining in the environment [21]. CCL3, also known as 
macrophage inflammatory protein-1α (MIP-1α), is CC cytokine involved in the acute inflamma-
tory state and in recruitment and activation of polymorphonuclear leukocytes. CCL5, also known 
as RANTES (Regulated upon Activation, Normal T-cell Expressed, and Secreted), is a chemokine 
for infiltrating leukocytes in the inflammatory response; and (3) neutrophils release IL-1 receptor 
antagonist (IL-1RA), which binds and blocks IL-1 receptor activity, as well as produces the decoy 
receptor, IL-1R2, which sequesters and inactivates free, pro-inflammatory IL-1 [18]. 

In 2001, Lefkowitz et al. enhanced their 1995 theory of perpetuation of inflammation, a 
model describing cellular “cross talk” between neutrophils, macrophages, and endothelial cells 
in chronic inflammatory diseases [22]. This model involved the pro- and anti-inflammatory 
effects through cytokine output of neutrophil myeloperoxidase (MPO) and eosinophil peroxidase 



25The Cellular Component of Chronic Inflammation

(EPO) on both macrophages and endothelial cells in chronic inflammation. Briefly, this model 
highlights the binding of MPO to mannose receptors on macrophages to induce the secretion of 
reactive oxygen intermediates (ROI) as well as TNF-α, IL-1, IL-6, IL-8, and GM-CSF. Reactive 
oxygen intermediates can induce tissue damage as well as enhance the secretion of more TNF-α. 
TNF-α, produced by various cell types in the tissue environment, is a key mediator in inflamma-
tion as it acts in both an autocrine and paracrine fashion to regulate immune cells in inflamma-
tory situations. A primary acute phase protein, TNF-α initiates the inflammatory response and 
its persistent expression would hinder inflammation resolution and drive chronic inflammatory 
states.

Not surprisingly, neutrophils have become relevant in the development and maintenance of sev-
eral chronic inflammatory diseases such as COPD, sepsis, rheumatoid arthritis, and atherosclero-
sis. The potent neutrophil chemoattractant proline-glycine-proline (PGP) tripeptide is implicated 
in the persistence of COPD. PGP, normally degraded in the lungs, accumulates in smokers due 
to the inactivation of aminopeptidase leukotriene A4 hydrolase (LTA4H), leading to PGP accu-
mulation and neutrophil accumulation. Neutrophils are also being implicated in systemic inflam-
mation induced by patients with sepsis. One study found that neutrophil apoptosis is inversely 
proportional to the severity of sepsis, leading one to believe that it is not the cytotoxic contents 
of apoptotic neutrophils perpetuating systemic inflammation in these patients [23] but functional 
neutrophils themselves. 

Recently, a novel role for IL-33 has been reported linking neutrophil recruitment with sepsis. 
Using cecal ligation puncture (CLP), a well-known mouse model of sepsis, the authors showed that 
administration of IL-33 (an IL-1 super family member that induces various leukocytes to produce 
anti-inflammatory type 2 cytokines) increased neutrophil migration into the peritoneal cavity of 
these mice, improving bacterial clearance. The result was a reduction in the systemic, but not local, 
pro-inflammatory response. The mechanism of action was determined to be the reversal of Toll-like 
receptor 4 (TLR4)-induced reduction of the CXCR2 receptors on neutrophils by inhibiting the G 
protein-coupled receptor kinase-2 (GRK2), a serine-threonine protein kinase that induces internal-
ization of chemokine receptors [24].

Another inflammatory disease implicating neutrophils is rheumatoid arthritis (RA). Neutrophil 
populations are increased in the synovial fluid of patients with RA. Neutrophils undergo a respi-
ratory burst in inflamed joints involving the activation of NADPH oxidase, producing massive 
amounts of superoxide, a reactive oxygen species normally used for killing invading organisms, 
implicating these cells in the pathogenesis of joint destruction. 

Finally, neutrophil numbers have been correlated with increased severity in mouse models of 
atherosclerosis [25]. LDLR−/− mice (mice deficient in low-density lipoprotein receptors) were sub-
jected to a high-fat diet resulting in atherosclerotic lesions. Immunohistochemistry using Ly6C 
antibodies specific for neutrophils revealed increased cell numbers in the lesions and the cap and 
colocalization of neutrophils with myeloperoxidase, suggesting neutrophils as a potential important 
mediator in the development of atherosclerosis. 

2.2.3  dendritic cells

Dendritic cells (DCs) are cells of the innate immune system that are derived from the same hema-
topoietic precursors as monocytes. Dendritic cells reside in areas that are exposed to the external 
environment like the skin (called Langerhans cells) or the lining of the nose, lungs, stomach, and 
intestines, but can also reside in peripheral blood. As such, DCs are professional antigen presenting 
cells (APCs)—phagocytizing and presenting foreign components to B cells and T cells to induce 
an immune response—and thus serve as the link between the innate and adaptive immune systems. 
DCs remain in a relatively “immature” state under normal physiological conditions but quickly 
mature in response to bacterial lipopolysaccharide (LPS)—augmenting their antigen processing 
and presentation capabilities as well as their ability to regulate T cell-mediated immunity. DCs have 
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been implicated in the initial phases of the acute inflammatory response as LPS activation showed 
MIP-2, RANTES, IP-10, and MCP-1/CCL2 modulation during DC maturation as well as surface 
upregulation of CCR1 in a mouse model. As CCR1 binds ligands such as known chemokines MCP-3, 
RANTES, and MIP-1α, these data implicate the CCR1 receptor in the recruitment and maintenance 
of dendritic cells at an inflammatory site [26]. 

In chronic inflammatory diseases such as asthma, a TH2-cell-mediated disorder, DCs regu-
late adaptive immunity by inducing TH2-cell sensitization, as well as maintaining effector TH2-
cell responses during ongoing allergic disease. In fact, DCs have been reported to be essential 
for generating allergen-specific effector TH2 responses in ongoing inflammation in sensitized 
mice. Persistent colonization of DCs in the airway lining due to maintained chemokine expres-
sion from inflamed epithelial cells leads to a failure of DCs to be removed through the lymphatic 
network.

In other inflammatory diseases such as sepsis, dendritic cells have been shown to be depleted 
in the spleens of septic patients. Spleens from 26 septic patients and 20 non-septic trauma patients 
were evaluated by immunohistochemistry, and a dramatic reduction in the percentage area of fol-
licular DCs was observed [27]. This dramatic decrease in dendritic cell number in septic spleens 
may significantly impair B and T cell function and contribute to the immune suppression that is a 
hallmark of sepsis. To further support the role of dendritic cells in sepsis, CD11c+ dendritic cell 
diphtheria toxin-depleted mice showed reduced survival in a sepsis model compared with wild 
type mice, while repletion of wild type DCs in these same DC-depleted mice rescued survival [28]. 
These data confirm that dendritic cells are essential in the septic response and suggest that strategies 
to maintain DC numbers may improve outcome. Further, this supports dendritic cells as a cellular 
target for treating chronic inflammatory diseases. 

In atherosclerosis, immune mechanisms are required to control its pathogenesis. But the role 
of dendritic cells essential for priming the immune response has been elusive. CCL17-producing 
dendritic cells have been shown to be associated with advanced forms of both human and mouse 
atherosclerosis, and increased numbers of DCs are found co-localizing with T cells in advanced 
disease [29, 30]. In atherosclerotic mice, a deficiency in CCL17, a potent chemokine for T cells, 
correlated with decreased atherosclerosis; this decrease was associated with a limited expansion 
of immune suppressor T cells (Tregs), highlighting dendritic cell-derived CCL17 as a central regu-
lator of Tregs, characterized as powerful inhibitors of atherosclerosis, and implicating DCs in 
atherogenesis [31]. Further, dendritic cells phagocytize modified lipoproteins like oxidized low-
density lipoprotein (oxLDL) deposited in the arterial wall and can initiate early lesion formation 
[32] as well as instigate immune activation by upregulating co-stimulatory molecules on dendritic 
cells and increasing T cell proliferation [33]. These lipid-loaded dendritic cells are capable of 
priming CD4+ T cells in atherogenesis [34] as it has been shown that different T cell subpopu-
lations with a specific signature of pro- or anti-inflammatory cytokines control the atherogenic 
process [35, 36, 37, 38, 39, 40].

Dendritic cells have also been found in synovium and joint fluid in patients with rheumatoid 
arthritis and often, similar to DC accumulation in atherosclerosis, co-localize with T cells. These 
resident DCs can alter T cell polarity into TH1 or TH2 phenotypes depending on cytokine expres-
sion in the environment. The cytokine milieu of RA synovium induces DC differentiation and func-
tion that leads to autoantigen presentation to T cells. In such cases, dendritic cells could be central 
to the pathogenesis of rheumatoid arthritis. For an in-depth review of DCs in rheumatoid arthritis, 
see Sarkar and Fox [41].

The importance of dendritic cells in chronic inflammation is becoming more established. In fact, 
there are therapeutic strategies attempting to target dendritic cell function in these diseases. For 
example, tolerogenic dendritic cells (TolDC) have been generated ex vivo. Harry et al. is reinstating 
immune tolerance in mouse models of RA by vaccination with autologous dendritic cells to recover 
potent tolerogenic DC function [42]. 
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2.2.4  Fibrocytes

There is a growing awareness of fibrocytes as contributing regulators to chronic inflammatory dis-
eases. Fibrocytes are mesenchymal cells derived from monocyte precursors and a phenotype resem-
bling both fibroblasts and macrophages. Fibrocytes can be identified by expression of hematopoietic 
markers such as CD45, CD11b, CD11c, CD11d, and the MHC class I and II molecules CD80 and 
CD86. Further, fibrocytes express CD34, which represents a discriminating factor absent from mac-
rophages and fibroblasts. Like macrophages, CD14 (LPS receptor)-positivity on fibrocytes suggests 
these cells can be derived from a monocyte subpopulation. Physiologically, fibrocytes are few in 
number in circulation but have been shown to expand in certain pathologies where macrophages 
drive a sustained inflammatory state resulting in mismanaged tissue remodeling, such as autoim-
mune disorders, cardiovascular diseases, and airway disease. In these types of macrophage-directed 
inflammatory diseases, infiltrating classical macrophages produce pro-inflammatory mediators and 
reactive oxygen species promoting tissue injury while alternatively activated macrophages abrogate 
the inflammatory process by recruiting fibroblasts that contribute to the resolution of inflammation 
by removing survival signals and chemokine gradients, allowing infiltrating leukocytes to undergo 
apoptosis. Because fibrocyte numbers are augmented in the tissue of such inflammatory condi-
tions, it is suggested that these cells display the plasticity to perform the roles of both macrophages 
and fibroblasts. 

While increased circulating fibrocyte numbers have been reported to correlate with various 
chronic inflammatory diseases, the function of fibrocytes remains unknown in these pathologies. In 
asthma patients, persistent lung inflammation causes airway obstruction. Lung biopsies from these 
patients reveal increased fibrocyte numbers in the airway submucosa. The highest numbers of cir-
culating fibrocytes reside in patients with the most severe chronic airway obstruction compared to 
patients presenting mild forms of asthma. Interestingly, even mild asthmatics display an increased 
number of fibrocytes in peripheral blood compared to normals, suggesting a role for fibrocytes in 
inflammatory progression [43]. 

In cardiovascular disease, atherosclerosis is initiated when classically activated macrophages 
transform into foam cells in response to IFN-γ and oxidized low-density lipoprotein to drive 
 atheroma—the formation of plaque in blood vessel walls. In turn, these foam cells produce pro-
inflammatory cytokines, MMPs, and ROS. Fibrocytes, which localize in response to TGF-β expres-
sion, have been observed in the fibrous caps of both human and mouse atheromas. For example, 
fibrocyte recruitment was increased in the plaques of ApoE-null mice (animal model of human ath-
erosclerosis) when TGF-β was overexpressed, suggesting a regulatory role of fibrocytes for plaque 
development [44].

Finally, in autoimmune diseases such as rheumatoid arthritis, fibroblast-like synovial cells infil-
trate joints to induce an inflammatory tissue environment leading to bone/cartilage loss, swollen 
joint capsules, and inflamed synovium. In these patients, circulating fibrocytes are not elevated, but 
those fibrocytes that subsist in peripheral blood show enhanced activation of such pro-inflammatory 
signaling pathways as the mitogen-activated protein kinase (MAPK) and signal transducer and acti-
vator of transcription 3 and 5 (STAT3 and STAT5) [45]. 

These studies suggest that fibrocytes play a role in maintaining an inflammatory milieu as they 
perform functions similar to pro-inflammatory macrophages and tissue remodeling-fibroblasts and 
should be further investigated as mediators of chronic inflammation.

2.2.5  t cells

To this point, we have discussed the cellular component of chronic inflammation representing innate 
immunity. But, cells of the adaptive immune system can also regulate inflammation. Thymocytes, 
or T cells, are hematopoietic progenitor cells present in the thymus. T cells are classified by expres-
sion of the CD4 or CD8 antigens. To focus on the role of T cells in chronic inflammation, we will 
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discuss a specialized subset of CD4+ T cells called regulatory T cells, or Tregs. Tregs are function-
ally defined by their co-expression of CD25 (the IL-2 receptor α chain) and the transcription factor, 
Foxp3. These cells were first identified based on the observation that depletion of the CD4+CD25+ T 
cells left a population of T cells that induced a spectrum of autoimmune diseases when transferred 
to an immunocompromised recipient mouse, while co-transfer of the CD25+ cells prevented the 
development of autoimmunity. This population of cells was therefore first identified based on its 
immunosuppressive activity. It is now known that the primary function of Tregs is to inhibit the 
activation and proliferation of other effector cells. Therefore, either an overabundance or a deficit of 
these cells can lead to the development of diseases of deregulated inflammation.

Unlike other T cell subsets, Tregs do not proliferate in response to clonal stimulation. Rather, 
these cells exert their suppressive functions primarily through the secretion of anti-inflammatory 
cytokines, such as IL-10, TGF-β, and the recently defined cytokine IL-35 (a member of the IL-12 
cytokine family). IL-10 has anti-inflammatory and suppressive effects on most hematopoietic cells, 
and indirectly suppresses cytokine production and proliferation of antigen-specific CD4+ T effec-
tor cells by inhibiting the antigen-presenting capacity of different types of professional APCs, 
including dendritic cells and macrophages. TGF-β induces apoptosis in autoreactive immune cells, 
and also inhibits NK cell function by downregulating the activating NK cell receptor, NKG2D. 
Tregs also express granzyme A and B and perforin and have been shown to directly lyse activated 
CD4+ and CD8+ T cells and B cells [46]. Tregs have also been shown to suppress effector T cells 
by directly transferring the inhibitory second messenger cAMP into target cells through gap junc-
tions, resulting in a downregulation of target cells’ effector functions [47]. Furthermore, because 
IL-2 is required for Treg survival and expansion, it has been suggested that IL-2 production from 
activated effector T cells is responsible for the maintenance of the peripheral pool of Tregs. The 
Tregs then compete with the activated effector T cells for the available IL-2, which serves to 
deplete the IL-2 from activated T cells, resulting in their apoptosis. These data suggest the pres-
ence of a feedback loop during immune responses where Tregs respond and expand via IL-2 to 
inflammation, and then sequester the IL-2 from activated T cells in order to limit the duration of 
the inflammatory response. 

In addition to their effects on T cell activation, Tregs can also inhibit APC function through their 
expression of CTLA-4, which downregulates CD80 and CD86, the major co-stimulatory molecules 
on APCs. In addition, the hydrolysis of extracellular ATP by CD39 expressed on the Treg cell sur-
face might prevent the inhibition of APC function by ATP. Altogether, these studies demonstrate 
that Tregs are directly capable of suppressing effector T cell functions as well as limiting the ability 
of other cell types to stimulate effector T cells. 

Tregs actively suppress the activation and expansion of autoreactive immune cells to limit the 
duration and extent of inflammation. Therefore, a decrease in Treg activity can contribute to auto-
immunity or inflammatory disease. For example, Tregs can inhibit the formation of atherosclerotic 
plaques through TGF-β signaling [48]. Administration of Tregs to mice resulted in reduced plaque 
size, decreased inflammatory cells within the plaque, and preservation of the fibrous cap. In murine 
models of systemic lupus erythematosus (SLE), adoptive transfer of Tregs slowed the progression of 
renal damage and decreased mortality. Adoptive transfer of Tregs also alleviates joint inflammation 
in a murine model of collagen-induced arthritis [49].

Predictably, decreased Treg numbers have been found in patients with numerous autoimmune 
diseases. Patients with atherosclerosis exhibit a reduced number of Tregs, as well as reduced Treg 
function [50]. Decreased Treg numbers are observed in the peripheral blood of patients experienc-
ing active flares of SLE, with an inverse correlation between Treg number and disease severity and 
autoantibody levels [51]. A reduced number of peripheral Tregs is also observed in patients with 
rheumatoid arthritis, multiple sclerosis, and inflammatory bowel disease, while functional deficits 
in Tregs have been observed in patients with psoriasis and coronary heart disease. Furthermore, 
mutations in FOXP3, the Treg-specific transcription factor, result in decreased numbers of circu-
lating Tregs and have been identified as the etiologic mutation in the lethal autoimmune condition 
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IPEX (X-linked neonatal diabetes mellitus, enteropathy, and endocrinopathy syndrome) [52]. The 
wide variety of human autoimmune diseases in which a defect in Treg numbers or function has 
been demonstrated suggests that this is a common denominator in uncontrolled immune responses 
to self-antigen.

Although standard therapies for autoimmune diseases were not designed to specifically target 
Tregs, several therapies have been shown to restore Treg numbers in affected patients. For exam-
ple, statins have been shown to increase circulating Tregs, suggesting that one mechanism through 
which statins reverse atherosclerosis may be by inducing the development of Tregs [50]. In addition, 
corticosteroids have also been found to increase the number of circulating Tregs in SLE patients 
who responded well to therapy, suggesting that the number of circulating Tregs might be a useful 
marker for the evaluation of disease activity or the analysis of the therapeutic effects of steroids in 
patients with autoimmune disorders [53].

Solid organ transplantation has become the standard of care for end-stage organ diseases. 
Although rates of acute allograft rejection following transplantation have improved, chronic 
allograft dysfunction remains a complicating factor in the long-term outcome of transplant patients. 
The ultimate goal in transplantation medicine is the induction of specific tolerance to donor allo-
antigens and long-term graft acceptance with minimal immunosuppressive drug exposure. There 
is evidence that in transplantation protocols where robust peripheral tolerance was achieved, the 
induction and maintenance of tolerance was associated with, and dependent on, the expansion of 
donor-specific Tregs. Because extensive data obtained in rodents and large animal models of trans-
plantation have revealed a role for Tregs in graft rejection and transplantation tolerance, these cells 
are being investigated for cell-based therapies in the transplant field. 

Because Tregs represent a small proportion of the peripheral T cells, comprising approxi-
mately 10% of the CD4+ T cell population, these protocols require that Tregs be expanded to 
obtain a peripheral Treg/T effector cell ratio that favors regulation. There are several approaches 
being explored in the clinic to expand Tregs in the context of transplantation. However, in each of 
these methods, purification is a critical issue, as contaminating effector T cells might expand as 
well, causing immune pathologies. One of the strategies being explored is the expansion of Tregs 
in the presence of IL-2 and the mTOR inhibitor rapamycin. Conventional CD4+ T cells and Tregs 
activate different signaling pathways following IL-2 stimulation—whereas conventional T cells 
signal primarily through the mTOR pathway, Tregs utilize the JAK2/STAT5 pathway. This differ-
ence can therefore be exploited to preferentially expand Tregs by stimulation of a donor-derived 
T cell population with IL-2 in the presence of an mTOR inhibitor. Tregs could be expanded in 
rapamycin and IL-2 ex vivo without loss of Foxp3 expression or suppressive function, and were 
functional at suppressing graft versus host disease (GVHD) when transferred into recipient mice 
in a murine transplantation model, demonstrating that the rapamycin-expanded Tregs retained 
their suppressive function in vivo [54]. In a similar approach, Shin et al. induced GVHD in mice 
and then therapeutically administered IL-2 and rapamycin. In vivo treatment with rapamycin 
and IL-2 had additive effects on the expansion of donor-derived Tregs, inhibited the proliferation 
of effector T cells, and reduced the frequency and severity of GVHD. Therefore, treatment with 
rapamycin and IL-2 could be a viable therapeutic option in clinical settings where expansion 
of Tregs could result in clinical utility, such as in the context of autoimmunity or solid organ 
transplantation.

Clinical trials are currently underway to compare rapamycin versus other immunosuppressive 
regimens on Treg numbers in order to determine whether rapamycin more effectively induces trans-
plantation tolerance via expansion of Tregs (NCT01014234; Principal Investigator, Antonio Dal 
Canton). Cellular therapy with Tregs is also being explored in the context of type 1 diabetes, in 
which downregulation of Tregs is associated with the induction of autoantibodies that result in 
the destruction of insulin-producing pancreatic β cells. Preclinical studies in nonobese diabetic 
mice have demonstrated that adoptive transfer of Tregs can slow diabetes progression and, in some 
cases, reverse new onset diabetes. The ability of autologous Tregs expanded ex vivo to alter β cell 
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function and alleviate measures of disease severity is being studied in patients with type 1 diabetes 
(NCT01210664; Principal Investigator, Stephen E. Gitelman). 

Another strategy being employed to increase Treg function is the use of DNA methyltransferase 
inhibitors (DNMTs) such as 5-aza-2’-deoxycytidine (5-Aza). Treg cells are defined by their expres-
sion of Foxp3, a member of the forkhead/winged-helix family of transcription factors that serves 
as a master regulator for Treg differentiation. Recent reports have demonstrated that the expression 
and stability of Foxp3 is epigenetically regulated [55]. The Foxp3 locus contains several conserved 
noncoding regions that are methylated in effector T cells but unmethylated in Tregs, allowing for 
Foxp3 to be expressed in Tregs but repressed in other T cell subsets. Demethylation of the Foxp3 
promoter in naïve CD4+ T cells with 5-Aza resulted in the re-expression of Foxp3 and the subsequent 
differentiation of CD4+ T cells into Tregs [55]. In the same study, a different DNMT, decitabine, 
was shown to suppress GVHD by inducing Treg suppressor function in a murine transplantation 
model. The epigenetic regulation of Foxp3 could therefore be exploited to drive Treg differentiation 
for therapeutic purposes using clinically relevant DNMTs.

Nutritional interventions have also been explored as a strategy to improve Treg numbers and 
function in the context of autoimmune diseases. Dietary punicic acid, which is found in pome-
granate seed oil, has recently been shown to ameliorate experimental IBD by upregulating Foxp3 
expression in Tregs [56]. Similarly, supplementation of the diet with sphingomyelin (a cell mem-
brane phospholipid) has been shown to reduce the incidence of precancerous inflammatory lesions 
in the colon. This effect was associated with the upregulation of Treg-associated genes, includ-
ing the IL-10 receptor [57]. The epigenetic regulation of Foxp3, as described previously, can be 
exploited to generate Treg for therapeutic purposes. For example, epigallocatechin-3-gallate 
(EGCG), a component of green tea, has been shown to have anti-inflammatory properties based 
on its ability to inhibit DNMT activity, resulting in the reactivation of methylation-silenced genes. 
A recent study demonstrated that EGCG could reverse Foxp3 promoter demethylation and induce 
the differentiation and expansion of Tregs, both in vitro and in vivo [58]. EGCG also increased 
systemic Treg activity and decreased the incidence of lupus nephritis in a murine model, although 
it was not determined whether the induction of Tregs was dependent on the demethylating ability 
of EGCG or the restoration of Foxp3 transcription [59]. Although it remains to be seen whether 
dietary EGCG could reduce the incidence or symptoms of Treg-dependent autoimmune diseases 
in humans, ongoing clinical trials are investigating the ability of EGCG to reduce inflammation 
in relapsing-remitting multiple sclerosis (NCT00525668, Principal Investigator, Judith Bellmann-
Strobl), hepatitis C (NCT01018615, Principal Investigator, Roy L. Hawke), and ulcerative colitis 
(NCT00718094, Principal Investigator, Gerald W. Dryden). The ability of dietary supplements to 
target similar mechanisms as pharmacological agents offers opportunities for sustained and long-
term exposures without the associated toxicities.

TAKE-HOME MESSAGES

• Chronic inflammation is a result of persistent inflammatory stimuli and aberrant resolution 
resulting in sustained infiltration of invading leukocytes.

• CD16-positivity on monocytes correlates with increases in chronic inflammatory diseases 
such as sepsis, rheumatoid arthritis, asthma, and atherosclerosis.

• Newly described Tie2-expressing monocytes are of a pro-inflammatory phenotype and 
support angiogenesis. 

• In mouse models of chronic inflammation, there is a temporal infiltration of specific mono-
cyte subtypes from peripheral blood with pro-inflammatory Ly6Chi monocytes arriving 
first, followed by Ly6Clo monocytes to help resolve the inflammatory response.

• Macrophages promote inflammation through expression of inflammatory cytokines IL-1β, 
IL-6, and TNFα and by recruiting neutrophils, dendritic cells, and T lymphocytes via 
production of chemokines IL-8, IP-10, MIP-1α, MIP-1β, and RANTES. There are two 
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major macrophage phenotypes: classically activated (predominantly pro-inflammatory) 
and alternatively activated (anti-inflammatory).

• Neutrophils are the master orchestrators of acute inflammation resolution, but studies have 
shown that pathologies leading to accumulation of neutrophils in tissues result in chronic 
inflammatory diseases. 

• Dendritic cells serve as a link between the innate and adaptive immune systems and 
are implicated in various chronic inflammatory diseases through their regulation of 
TH2-immunity.

• Regulatory T cells (Tregs) actively suppress the activation and expansion of autoreactive 
immune cells to limit the duration and extent of inflammation. Therefore, a decrease in 
Treg activity can contribute to autoimmunity or persistent inflammatory diseases.

REFERENCES

 1. Allen JB, Wong HL, Guyre PM, Simon GL, Wahl SM. 1991. Association of circulating receptor Fc 
gamma RIII-positive monocytes in AIDS patients with elevated levels of transforming growth factor-
beta. J Clin Invest. May; 87(5):1773–9. 

 2. Ziegler-Heitbrock L. 2007. The CD14+ CD16+ blood monocytes: Their role in infection and inflamma-
tion. J Leukoc Biol. 81(3):584–92. 

 3. Fingerle G, Pforte A, Passlick B, Blumenstein M, Ströbel M, Ziegler-Heitbrock HW. 1993. The novel 
subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients. Blood. Nov 15; 82(10):3170–6. 

 4. Kawanaka N, Yamamura M, Aita T, Morita Y, Okamoto A, Kawashima M, et al. 2002. CD14+,CD16+ 
blood monocytes and joint inflammation in rheumatoid arthritis. Arthritis Rheum. Oct; 46(10):2578–86. 

 5. Rivier A, Pène J, Rabesandratana H, Chanez P, Bousquet J, Campbell AM. 1995. Blood monocytes of 
untreated asthmatics exhibit some features of tissue macrophages. Clin Exp Immunol. May; 100(2):314–8.

 6. Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, Roth D, et al. 2011. CD14++CD16+ mono-
cytes and cardiovascular outcome in patients with chronic kidney disease. Eur Heart J. Jan; 32(1):84–92. 

 7. De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, et al. 2005. Tie2 identifies a 
hematopoietic lineage of proangiogenic monocytes required for tumor vessel formation and a mesenchy-
mal population of pericyte progenitors. Cancer Cell. Sep; 8(3):211–26. 

 8. Sangaletti S, Tripodo C, Ratti C, Piconese S, Porcasi R, Salcedo R, et al. 2010. Oncogene-driven intrinsic 
inflammation induces leukocyte production of tumor necrosis factor that critically contributes to mam-
mary carcinogenesis. Cancer Res. Oct 15; 70(20):7764–75. 

 9. De Palma M, Murdoch C, Venneri MA, Naldini L, Lewis CE. 2007. Tie2-expressing monocytes: 
Regulation of tumor angiogenesis and therapeutic implications. Trends Immunol. Dec; 28(12):519–24. 

 10. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, et al. 2007. The 
healing myocardium sequentially mobilizes two monocyte subsets with divergent and complementary 
functions. J Exp Med. Nov 26; 204(12):3037–47. 

 11. Combadière C, Potteaux S, Rodero M, Simon T, Pezard A, Esposito B, et al. 2008. Combined inhibition 
of CCL2, CX3CR1, and CCR5 abrogates Ly6C(hi) and Ly6C(lo) monocytosis and almost abolishes 
atherosclerosis in hypercholesterolemic mice. Circulation. Apr 1; 117(13):1649–57. 

 12. Barnes PJ. 2008. The cytokine network in asthma and chronic obstructive pulmonary disease. J Clin 
Invest. Nov; 118(11):3546–56. 

 13. Song C, Luo L, Lei Z, Li B, Liang Z, Liu G, et al. 2008. IL-17-producing alveolar macrophages mediate 
allergic lung inflammation related to asthma. J Immunol. Nov 1; 181(9):6117–24. 

 14. Newton S, Ding Y, Chung CS, Chen Y, Lomas-Neira JL, Ayala A. 2004. Sepsis-induced changes in mac-
rophage co-stimulatory molecule expression: CD86 as a regulator of anti-inflammatory IL-10 response. 
Surg Infect (Larchmt). Winter; 5(4):375–83. 

 15. Seneviratne AN, Sivagurunathan B, Monaco C. 2011. Toll-like receptors and macrophage activation in 
atherosclerosis. Clin Chim Acta. Aug 22; 413:3–14.

 16. Saito R, Matsuzaka T, Karasawa T, Sekiya M, Okada N, Igarashi M, et al. 2011. Macrophage elovl6 defi-
ciency ameliorates foam cell formation and reduces atherosclerosis in low-density lipoprotein receptor-
deficient mice. Arterioscler Thromb Vasc Biol. Sep; 31(9):1973–9. 

 17. Hirata Y, Tabata M, Kurobe H, Motoki T, Akaike M, Nishio C, et al. 2011. Coronary atherosclerosis 
is associated with macrophage polarization in epicardial adipose tissue. J Am Coll Cardiol. Jul 12; 
58(3):248–55. 



32 Chronic Inflammation

 18. Mantovani A, Cassatella MA, Costantini C, Jaillon S. 2011. Neutrophils in the activation and regulation 
of innate and adaptive immunity. Nat Rev Immunol. Jul 25; 11(8):519–31. 

 19. Dagenais M, Dupaul-Chicoine J, Saleh M. 2010. Function of NOD-like receptors in immunity and dis-
ease. Curr Opin Investig Drugs. Nov; 11(11):1246–55. 

 20. Serhan CN, Chiang N, Van Dyke TE. 2008. Resolving inflammation: Dual anti-inflammatory and pro-
resolution lipid mediators. Nat Rev Immunol. May; 8(5):349–61. 

 21. Viola A, Luster AD. 2008. Chemokines and their receptors: Drug targets in immunity and inflammation. 
Annu Rev Pharmacol Toxicol. 48:171–97. 

 22. Lefkowitz DL, Lefkowitz SS. 2001. Macrophage-neutrophil interaction: A paradigm for chronic inflam-
mation revisited. . Immunol Cell Biol. Oct; 79(5):502–6. 

 23. Fialkow L, Fochesatto Filho L, Bozzetti MC, Milani AR, Rodrigues Filho EM, Ladniuk RM, et al. 2006. 
Neutrophil apoptosis: A marker of disease severity in sepsis and sepsis-induced acute respiratory distress 
syndrome. Crit Care. 10(6):R155. 

 24. Alves-Filho JC, Sônego F, Souto FO, Freitas A, Verri WA Jr, Auxiliadora-Martins M, et al. 2010. Interleukin-33 
attenuates sepsis by enhancing neutrophil influx to the site of infection. Nat Med. Jun; 16(6):708–12. 

 25. van Leeuwen M, Gijbels MJ, Duijvestijn A, Smook M, van de Gaar MJ, Heeringa P, et al. 2008. 
Accumulation of myeloperoxidase-positive neutrophils in atherosclerotic lesions in LDLR-/- mice. 
Arterioscler Thromb Vasc Biol. Jan; 28(1):84–9. 

 26. Foti M, Granucci F, Aggujaro D, Liboi E, Luini W, Minardi S, et al. 1999. Upon dendritic cell (DC) acti-
vation chemokines and chemokine receptor expression are rapidly regulated for recruitment and mainte-
nance of DC at the inflammatory site. Int Immunol. Jun; 11(6):979–86. 

 27. Hotchkiss RS, Tinsley KW, Swanson PE, Grayson MH, Osborne DF, Wagner TH, et al. 2002. Depletion 
of dendritic cells, but not macrophages, in patients with sepsis. J Immunol. Mar 1; 168(5):2493–500.

 28. Scumpia PO, McAuliffe PF, O’Malley KA, Ungaro R, Uchida T, Matsumoto T, et al. 2005. CD11c+ den-
dritic cells are required for survival in murine polymicrobial sepsis. J Immunol. Sep 1; 175(5):3282–6. 

 29. Bobryshev YV. 2005. Dendritic cells in atherosclerosis: Current status of the problem and clinical rel-
evance. Eur Heart J. 26(17):1700–04. 

 30. Yilmaz A, Lochno M, Traeg F, Cicha I, Reiss C, Stumpf C, et al. 2004. Emergence of dendritic cells in 
rupture-prone regions of vulnerable carotid plaques. Atherosclerosis. Sep; 176(1):101–10. 

 31. Weber C, Meiler S, Döring Y, Koch M, Drechsler M, Megens RT, et al. 2011. CCL17-expressing den-
dritic cells drive atherosclerosis by restraining regulatory T cell homeostasis in mice. J Clin Invest. Jul 1; 
121(7):2898–910. 

 32. Paulson KE, Zhu SN, Chen M, Nurmohamed S, Jongstra-Bilen J, Cybulsky MI. 2010. Resident 
intimal dendritic cells accumulate lipid and contribute to the initiation of atherosclerosis. Circ Res. 
106(2):383–90. 

 33. Alderman CJ, Bunyard PR, Chain BM, Foreman JC, Leake DS, Katz DR. 2002. Effects of oxidised 
low density lipoprotein on dendritic cells: A possible immunoregulatory component of the atherogenic 
microenvironment? Cardiovasc Res. 55(4):806–19. 

 34. Packard RR, Maganto-García E, Gotsman I, Tabas I, Libby P, Lichtman AH. 2008. CD11c(+) dendritic 
cells maintain antigen processing, presentation capabilities, and CD4(+) T-cell priming efficacy under 
hypercholesterolemic conditions associated with atherosclerosis. Circ Res. Oct 24; 103(9):965–73. 

 35. Kleemann R, Zadelaar S, Kooistra T. 2008. Cytokines and atherosclerosis: A comprehensive review of 
studies in mice. Cardiovasc Res. 79(3):360–76. 

 36. Binder CJ, et al. 2004. IL-5 links adaptive and natural immunity specific for epitopes of oxidized LDL 
and protects from atherosclerosis. J Clin Invest. 114(3):427–37. 

 37. Mallat Z, et al. 1999. Protective role of interleukin-10 in atherosclerosis. Circ Res. 85(8):e17–e24. 
 38. Ait-Oufella H, et al. 2006. Natural regulatory T cells control the development of atherosclerosis in mice. 

Nat Med. 12(2):178–180. 
 39. Taleb S, et al. 2009. Loss of SOCS3 expression in T cells reveals a regulatory role for interleukin-17 in 

atherosclerosis. J Exp Med. 206(10):2067–77. 
 40. van Es T, et al. 2009. Attenuated atherosclerosis upon IL-17R signaling disruption in LDLr deficient 

mice. Biochem Biophys Res Commun. 388(2):261–5.
 41. Sarkar S, Fox DA. 2005. Dendritic cells in rheumatoid arthritis. Front Biosci. Jan 1; 10:656–65. Print 

2005 Jan 1. 
 42. Harry RA, Anderson AE, Isaacs JD, Hilkens CM. 2010. Generation and characterisation of therapeutic 

tolerogenic dendritic cells for rheumatoid arthritis. Ann Rheum Dis. Nov; 69(11):2042–50. 
 43. Reilkoff RA, Bucala R, Herzog EL. 2011. Fibrocytes: Emerging effector cells in chronic inflammation. 

Nat Rev Immunol. Jun; 11(6):427–35. 



33The Cellular Component of Chronic Inflammation

 44. Buday A, Orsy P, Godó M, Mózes M, Kökény G, Lacza Z, et al. 2010. Elevated systemic TGF-beta 
impairs aortic vasomotor function through activation of NADPH oxidase-driven superoxide production 
and leads to hypertension, myocardial remodeling, and increased plaque formation in apoE(-/-) mice. Am 
J Physiol Heart Circ Physiol. Aug; 299(2):H386–95. 

 45. Galligan CL, Siminovitch KA, Keystone EC, Bykerk V, Perez OD, Fish EN. 2010. Fibrocyte activation 
in rheumatoid arthritis. Rheumatology (Oxford). Apr; 49(4):640–51.

 46. Grossman WJ, Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP, Ley TJ. 2004. Differential expression 
of granzymes A and B in human cytotoxic lymphocyte subsets and T regulatory cells. Blood 104:2840–8. 

 47. Bopp T, Becker C, Klein M, Klein-Hessling S, Palmetshofer A, Serfling E, et al. 2007. Cyclic adenosine 
monophosphate is a key component of regulatory T cell-mediated suppression. J. Exp. Med. 204:1303–10. 

 48. Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll J, et al. 2006. Natural regulatory 
T cells control the development of atherosclerosis in mice. Nat. Med. 12:178–180. 

 49. Morgan ME, Flierman R, van Duivenvoorde LM, Witteveen HJ, van Ewijk W, van Laar JM, et al. 2005. 
Effective treatment of collagen-induced arthritis by adoptive transfer of CD25+ regulatory T cells. 
Arthritis Rheum. 52:2212–21. 

 50. Mor A, Luboshits G, Planer D, Keren G, George J. 2006. Altered status of CD4(+)CD25(+) regulatory 
T cells in patients with acute coronary syndromes. Eur. Heart J. 27:2530–7. 

 51. Lee JH, Wang LC, Lin YT, Yang YH, Lin DT, Chiang BL. 2006. Inverse correlation between CD4+ regu-
latory T-cell population and autoantibody levels in paediatric patients with systemic lupus erythematosus. 
Immunology 117:280–6. 

 52. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al. 2001. X-linked neonatal dia-
betes mellitus, enteropathy and endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat. 
Genet. 27:18–20. 

 53. Cepika AM, Marinic I, Morovic-Vergles J, Soldo-Juresa D, Gagro A. 2007. Effect of steroids on the fre-
quency of regulatory T cells and expression of FOXP3 in a patient with systemic lupus erythematosus: A 
two-year follow-up. Lupus 16:374–7. 

 54. Hippen KL, Merkel SC, Schirm DK, Sieben CM, Sumstad D, Kadidlo DM, et al. 2011. Massive ex vivo 
expansion of human natural regulatory T cells (T(regs)) with minimal loss of in vivo functional activity. 
Sci. Transl. Med. 3:83ra41. 

 55. Lal G, Bromberg JS. 2009. Epigenetic mechanisms of regulation of Foxp3 expression. Blood 114:3727–35. 
 56. Bassaganya-Riera J, Diguardo M, Climent M, Vives C, Carbo A, Jouni ZE, et al. 2011. Activation of 

PPARgamma and delta by dietary punicic acid ameliorates intestinal inflammation in mice. Br. J. Nutr. 
106:878–86.

 57. Mazzei JC, Zhou H, Brayfield BP, Hontecillas R, Bassaganya-Riera J, Schmelz EM. 2011. Suppression 
of intestinal inflammation and inflammation-driven colon cancer in mice by dietary sphingomy-
elin: Importance of peroxisome proliferator-activated receptor gamma expression. J. Nutr. Biochem. 
22:1160–71.

 58. Wong CP, Nguyen LP, Noh SK, Bray TM, Bruno RS, Ho E. 2011. Induction of regulatory T cells by 
green tea polyphenol EGCG. Immunol. Lett. 139:7–13. 

 59. Tsai PY, Ka SM, Chang JM, Chen HC, Shui HA, Li CY, et al. 2011. Epigallocatechin-3-gallate prevents 
lupus nephritis development in mice via enhancing the Nrf2 antioxidant pathway and inhibiting NLRP3 
inflammasome activation. Free Radic. Biol. Med. 51:744–54.





35

3 Mast Cells in Chronic 
Inflammation

Traci A. Wilgus and Brian C. Wulff
The Ohio State University 
Columbus, Ohio

3.1  MAST CELL BIOLOGY

The study of mast cells was pioneered by Paul Ehrlich in the late 1800s (Crivellato et al. 2003). 
Ehrlich, in some of his first studies, and many researchers after him have noted that mast cells are 
frequently found in chronically inflamed tissues. He described their unique metachromatic staining 
with aniline dyes, which can be used to visualize their abundant intracellular granules. Mast cell 
granules contain a myriad of mediators that are quickly released upon activation, including hista-
mine, which gives rise to the hallmark symptoms of allergic reactions like those seen in allergic 
rhinitis, atopic dermatitis, and allergic asthma (Rao and Brown 2008).

3.1.1  Development, maturation, anD Distribution

Mast cells are resident immune cells and are typically found within tissues but not in the circula-
tion. They are bone marrow–derived cells that circulate as immature hematopoietic progenitors that 
then mature locally within the tissue of residence (Galli and Tsai 2008). The process by which mast 
cell progenitors are recruited to certain anatomical sites and subsequently undergo maturation has 
not been completely defined; however, stem cell factor (SCF) is known to play a critical role in this 
process. SCF, which is produced by stromal cells, is a critical factor for the survival and differentia-
tion of both rodent and human mast cells (Metz et al. 2007). In fact, mice that lack the ability to 
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respond to SCF due to the absence of a functional SCF receptor (c-kit) are deficient in mast cells, 
and these strains are commonly used to study mast cell function (Metz et al. 2007). In addition to 
SCF, interleukin (IL)-3 and IL-6 are also important for mast cell growth and survival (Kirshenbaum 
and Metcalfe 2006). 

Mature mast cells are widely distributed throughout the body and are common inhabitants of 
vascularized tissues. Areas of the body that are continually exposed to the environment such as 
the skin (Figure 3.1), respiratory tract, and gastrointestinal tract contain high numbers of mast cells 
(Metz et al. 2007). At these sites, which interface with the environment, mast cells are poised to 
detect and respond to injury and potential pathogens. They are often found adjacent to cells or struc-
tures with which they are known to interact like blood vessels, lymphatic vessels, smooth muscle 
cells, and nerves (Galli and Tsai 2008). Mast cells have a relatively long lifespan within resident 
tissues and are capable of undergoing local proliferation when properly stimulated (Tsai et al. 2011). 

3.1.2  phenotypes

Mast cells are not a homogeneous population of cells; rather, they have different characteristics 
depending on their local environment. Individual mast cells or populations of mast cells can dif-
fer in the types or amount of stored mediators present within granules, how responsive they are to 
external stimuli, and what mediators they produce upon activation. Mast cells can also alter their 
characteristics after exposure to certain factors and over the progression of a biological response 
(Galli and Tsai 2008). 

Mast cells are typically divided into subpopulations that differ based on species. In humans, 
mast cells are categorized by the proteases stored in their granules. Mast cells containing tryptase 
as the main protease (MCT) or those with both tryptase and chymase (MCTC) are most common, 
although mast cells that contain chymase but lack tryptase have also been described. MCT are 
prevalent in mucosal tissues of the lung and gut, and MCTC are more commonly found in connective 
tissue organs like the skin (Rao and Brown 2008). In rodents, mast cells are usually characterized 
as connective tissue mast cells (CTMC) or mucosal mast cells (MMC). CTMCs reside in the skin 
and peritoneal cavity and contain heparin, histamine, and carboxypeptidase A (Rao and Brown 
2008). MMCs, on the other hand, are found mostly in intestinal and lung mucosa and contain high 
levels of chondroitin sulfate. These mast cell subtypes also produce different lipid mediators after 
stimulation, with CTMC releasing predominately prostaglandin D2 (PGD2), while leukotriene B4 
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FIGURE 3.1  Resident mast cells in the skin. Mast cells are commonly found at sites that are exposed to 
environmental insults and potential pathogens such as the skin. (a) A hematoxylin and eosin-stained section 
of mouse skin is shown to illustrate the architecture of the skin (E = epidermis; D = dermis; M = muscle). 
(b) Abundant dermal mast cells (arrows) can be seen in sections stained with toluidine blue, a common his-
tological stain that stains mast cell granules. The dotted line indicates the border between the epidermal and 
dermal skin layers.
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(LTB4) is produced at higher levels in MMC (Rao and Brown 2008). Mast cells display a certain 
amount of plasticity, as they can change their phenotype and take on different characteristics as 
a result of microenvironmental cues. For instance, mast cell protease content can be altered tran-
scriptionally by IL-10 in mice, and treatment of human mast cells with IL-4 increases the amount 
of chymase stored within granules (Ghildyal et al. 1992; Toru et al. 1998). The plasticity of these 
cells is highlighted by studies demonstrating a change from one mast cell subtype to another under 
certain conditions. Bone marrow–derived cultured mast cells, which share some characteristics of 
MMC, can mature into CTMC depending on the location in which they are injected (Nakano et al. 
1985). Furthermore, peritoneal CTMC can take on characteristics of MMC when cultured in vitro, 
and then revert to a CTMC-like phenotype when injected into the peritoneum (Kanakura et al. 
1988). These studies imply that mast cell phenotype is based largely on signals present in the local 
microenvironment, and exposure to cytokines and growth factors like SCF, IL-3, IL-4, and IL-9 
are thought to be some of the critical signals involved in determining mast cell phenotype (Galli 
and Tsai 2008). The phenotypic heterogeneity and plasticity of mast cells likely contribute to the 
multifunctional nature of these cells.

3.1.3  activation

There are multiple mechanisms by which mast cells can be activated. The most well-studied mecha-
nism of activation is mediated by IgE. Crosslinking of IgE bound to high-affinity surface receptors 
(FcεRI) by antigen promotes FcεRI aggregation and activation of downstream signaling. In addi-
tion, mast cells can be activated independently of IgE by many different stimuli (Rao and Brown 
2008; Theoharides et al. 2011). They can be directly activated by pathogens (bacteria, viruses, and 
parasites) or pathogen products either directly by binding toll-like receptors (TLRs) or indirectly 
through complement receptors. Mast cells can also be activated by cytokines, neuropeptides, and 
chemicals, as well as physical stimuli such as heat or mechanical injury.

Mast cell activation results in the release of preformed or newly synthesized mediators, and 
there are several possible modes of release (Figure 3.2). Often, mediators are liberated into the 
surrounding tissue as the mast cells release cytoplasmic granules. Activation of the IgE receptor 
FcεRI, in particular, gives rise to what is known as compound exocytosis or anaphylactic degranu-
lation. This involves microtubule-dependent translocation of the granules to the surface of the cell, 
and exocytosis through calcium-dependent fusion of the granule with the plasma membrane of the 
cell (Nishida et al. 2005). In many cases, this type of activation causes virtually all granules to be 
released by exocytosis such that the degranulated mast cells, so-called phantom mast cells, cannot 
be detected using granule-specific dyes (Claman et al. 1986). This activation pathway often results 
in the rapid release of high levels of histamine and other pre-stored mediators, initiating allergic 
and inflammatory reactions. Mast cells can also release mediators and be involved in inflammatory 
processes without undergoing complete degranulation (Theoharides et al. 2011). When exposed to 
some stimuli, mast cells can secrete individual granules, secrete mediators independently of gran-
ules, or selectively release certain mediators. For example, IL-6 can be secreted without the release 
of histamine in response to IL-1 stimulation (Kandere-Grzybowska et al. 2003). Selective release of 
specific mediators is thought to occur via secretory vesicles that are much smaller in size than gran-
ules (Theoharides et al. 2011). In some chronic inflammatory processes there is not always evidence 
of widespread mast cell degranulation, and some have proposed that these alternative mechanisms 
of mediator secretion could allow mast cells to provide a slow and steady release of mediators that 
help maintain a chronic inflammatory state (Kovanen 2009).

3.1.4  meDiators

Mast cells are capable of releasing a large number of biologically active mediators upon activa-
tion (Figure 3.3). Mast cells store a host of preformed mediators that can be released quickly 
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FIGURE 3.2  Potential mechanisms of mediator release by activated mast cells. Mast cells contain numer-
ous granules that act as storage sites for preformed mediators. (a) Prior to activation, all granules are located 
within the cytoplasm of the mast cell. After mast cells are activated, they release preformed and/or newly 
synthesized mediators that can affect neighboring cells. (1) Mast cells can undergo complete degranulation, 
whereby all or most of the granules are released into the surrounding tissue. This is sometimes referred to as 
anaphylactic degranulation and is a hallmark of allergic reactions. (2) Mast cells can also release a subset of 
granules, undergoing partial degranulation rather than completely releasing all granules. (3) Finally, in response 
to certain stimuli, mast cells can selectively release specific mediators without releasing granules. (b) Toluidine 
blue-stained tissue sections illustrate mast cell degranulation in wounded skin. Prior to injury (pre-activation), 
mast cells (open arrows) contain numerous intracellular granules (left). After injury, mast cells are activated and 
begin to release granules (closed arrows) into the tissue (middle). Eventually, the majority of the granules are 
released and individual mast cells can no longer be visualized with a granule-specific stain (right).
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FIGURE 3.3  Mast cell mediators. The release of both preformed mediators stored within granules (left) 
and mediators synthesized de novo after activation (right) by mast cells allows them to carry out multiple 
biological functions. The list, which is not comprehensive, contains some of the most common mast cell 
mediators. While most of the mediators are considered pro-inflammatory, mast cells can also be a source of 
anti-inflammatory or immunosuppressive cytokines.
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via degranulation, including histamine and TNF. The neutral proteases tryptase and chymase 
are also stored in mast cells granules and are released into the tissue upon degranulation. Mast 
cells also synthesize mediators de novo upon activation. They quickly convert arachidonic acid 
to pro-inflammatory lipid mediators such as prostaglandins and leukotrienes. Over a longer 
period of time, mast cells also synthesize and release numerous cytokines and growth factors. 
Many mast cell–derived mediators are pro-inflammatory and cause the hallmark features of 
inflammation, including vasodilation, vascular permeability, and the recruitment and activation 
of circulating immune cells. However, mast cells also produce anti-inflammatory and immuno-
suppressive cytokines, such as IL-10 and transforming growth factor-β (TGF-β). This allows 
mast cells to have diverse effects during innate or adaptive immune responses under different 
circumstances.

3.2  PHYSIOLOGICAL FUNCTIONS

The idea that mast cells are multifunctional cells with various roles beyond allergy is becoming 
more accepted. In fact, studies have shown that mast cells help maintain homeostasis, regulate 
innate and adaptive immune responses, and contribute to several aspects of wound repair.

3.2.1  homeostasis

Mast cells appear to be important for maintaining homeostasis in organs that undergo repeated 
cycles of growth and remodeling. Hair follicles go through a series of changes during the hair cycle, 
which includes growth, regression, and resting stages. Distinct changes in the number and activation 
of mast cells have been shown to correlate with each stage of the hair cycle (Maurer et al. 1995), 
and mast cell–deficient mice display abnormalities in hair follicle cycling (Maurer et al. 1997). A 
role for mast cells in bone remodeling has also been demonstrated. Mast cell–deficient mice have 
lighter, thinner, and more fragile femurs (Cindik et al. 2000) as well as delayed bone remodeling 
with reduced production of new bone matrix in a model of induced bone remodeling (Silberstein 
et al. 1991). It is believed that factors produced by mast cells, such as histamine, IL-1, IL-6, 
and TGF-β, influence the recruitment and development of osteoclasts (Weller et al. 2011). Mast 
cells also produce osteopontin (Nagasaka et al. 2008), which can regulate bone metabolism. Mast 
cells are often localized near nerve endings in many different tissues, and they actively interact with 
one another. Several mast cell mediators, including histamine, serotonin, and tryptase, affect the 
activity of sensory neurons, while calcitonin gene-related peptide, substance P, and endothelin-1 
are examples of mediators released by nerves that stimulate mast cells (Rao and Brown 2008). The 
importance of these interactions is evident in the intestine, where mast cells and neurons affect ion 
transport, mucous secretion, vascular permeability, and intestinal mobility to maintain homeostasis 
(Van Nassauw et al. 2007).

3.2.2  innate anD aDaptive immunity

In addition to causing detrimental effects by mediating hypersensitivity reactions, mast cells can 
also have protective effects by guiding the course of innate and adaptive immune responses. Mast 
cells are optimal first responders due to their location at anatomical sites exposed to potential 
pathogens and their ability to quickly respond through degranulation. Two of the important initial 
studies demonstrating a role for mast cells in the innate response to bacteria were performed by 
Echtenacher et al. and Malaviya et al. One study used cecal ligation and puncture (CLP) to mimic 
acute septic peritonitis and showed that mast cell–deficient mice had a higher mortality rate com-
pared to normal mice, in part due to the absence of TNF produced by mast cells (Echtenacher et al. 
1996). Another study showed a higher mortality rate from enterobacteria in mast cell–deficient 
mice and demonstrated that the protective response was due to the recruitment of bacteria-clearing 
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neutrophils to the infection site by mast cell–derived TNF (Malaviya et al. 1996). A direct role for 
mast cells in neutralizing pathogens has also been suggested by studies showing that mast cells can 
produce antimicrobial peptides such as cathelicidins (Di Nardo et al. 2003). 

Mast cells are also involved in adaptive immunity, as they can interact directly and indirectly 
with adaptive immune cells. It has been suggested that mast cells are capable of processing and 
presenting antigen, thereby interacting directly with T cells (Tsai et al. 2011). Mast cells influence 
lymphocytes by secreting mediators that regulate migration, trafficking, maturation, and activation. 
For example, histamine, lipid mediators, and TNF secreted by mast cells can stimulate the activity 
of lymphocytes (Tsai et al. 2011). Mast cells have also been shown to stimulate lymphocyte acti-
vation through the release of exosomes (Skokos et al. 2001). Furthermore, mast cells are involved 
in the enlargement of lymph nodes early after infection, increasing the retention of lymphocytes 
and the chances that the appropriate antigen-specific lymphocytes will be involved in the immune 
response to a particular pathogen (Abraham and St John 2010). 

Although mast cells can stimulate adaptive immune responses, recent evidence suggests that 
they can also exert immunosuppressive effects. This is likely due, at least in part, to the fact that 
mast cells can produce both positive as well as negative regulatory mediators. Examples of mast 
cell–derived products with immunosuppressive activity include histamine, IL-4, TGF-β, and IL-10 
(Tsai et al. 2011). Several studies have indicated a role for mast cells in immunosuppression. Hart 
and colleagues showed that mast cells are involved in acute ultraviolet light-induced immunosup-
pression, an effect that is dependent on histamine (Hart et al. 1998). Mast cell–derived IL-10 appears 
to be important for immunosuppression following Anopheles mosquito bites and limits the immune 
response and subsequent pathology associated with ultraviolet light exposure and contact dermatitis 
(Depinay et al. 2006; Grimbaldeston et al. 2007). Mast cells have also been shown to control regula-
tory T cell–dependent peripheral tolerance of skin allografts (Lu et al. 2006).

3.2.3  WounD healing

Mast cell numbers are high in the skin, which is constantly exposed to potential pathogens as well 
as injury. The wound-healing process is well defined in the skin, and can be broken down into sev-
eral phases, including hemostasis and inflammation, proliferation, and scar formation/ remodeling 
phases. Mast cells are actively involved in each of these stages. Immediately after injury, mast 
cells quickly degranulate (Figure 3.2), releasing a host of mediators that initiate an inflammatory 
response. These cells can also synthesize additional lipid mediators, cytokines, and growth factors 
that affect the inflammatory phase. Together, these preformed and newly synthesized mast cell–
derived mediators are involved in the recruitment of circulating inflammatory and immune cells. 
Mast cells have been shown to be particularly important for aiding neutrophil infiltration into the 
wound (Egozi et al. 2003; Weller et al. 2006), and many mast cell mediators can activate immune 
cells to help prevent infection. During the proliferative phase of healing, keratinocytes prolifer-
ate and migrate to repair the breached epithelial barrier (reepithelialization) and endothelial cells 
actively form new blood vessels (angiogenesis). One study suggested that mast cells are involved in 
reepithelialization of large excisional wounds and that this is dependent on mast cell–derived his-
tamine (Weller et al. 2006). In addition, mast cells release a plethora of pro-angiogenic molecules, 
including vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and 
fibroblast growth factor-2 (FGF-2) that likely aid in wound angiogenesis. Mast cells can also stimu-
late fibroblasts, which are active during the proliferative phase and responsible for depositing and 
remodeling collagen during the scar formation/remodeling phase. Several studies have shown that 
mast cells are important for scar formation. Mast cells are capable of producing TGF-β1 (Gordon 
and Galli 1994), a potent pro-scarring molecule. Studies from our lab and others have shown that 
mast cells and mast cell activation are more prevalent in scar-forming wounds compared to those 
that heal without a scar (Schrementi and DiPietro 2005; Wulff et al. 2012; Mak et al. 2009). Mast 
cells have also been linked to both keloids and hypertrophic scars (Harunari et al. 2006; Kischer 
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et al. 1978; Smith et al. 1987), and targeting mast cells with the degranulation inhibitor ketoti-
fen has been shown to reduce scarring in a hypertrophic scar model (Gallant-Behm et al. 2008). 
More details about the interactions between mast cells and fibroblasts can be found in the section 
on fibrosis.

3.3  PATHOLOGICAL ROLE IN CHRONIC INFLAMMATORY DISEASES

As discussed previously, mast cells perform a variety of important physiological and protective 
functions (Weller et al. 2011); however, mast cells are also gaining attention for their potential 
contribution to nonallergic diseases associated with chronic inflammation, such as cancer, athero-
sclerosis, and fibrosis. A brief discussion highlighting the potential roles for mast cells in these 
diseases follows.

3.3.1  cancer

The contribution of the microenvironment to the development, growth, and metastasis of tumors 
is well recognized. The prolonged presence of inflammatory cells and chronic inflammation are 
important for cancer development and progression, and the importance of inflammation has been 
demonstrated by the effective use of anti-inflammatory drugs as chemopreventive or chemothera-
peutic agents (Coussens and Werb 2002; Grivennikov et al. 2010). Mast cells represent one of the 
inflammatory cell types present within the inflammatory tumor milieu (Ribatti and Crivellato 2009; 
Maltby et al. 2009). Ehrlich, in some of his initial studies of mast cells, noted that the tissue sur-
rounding tumors was heavily populated with mast cells (Crivellato et al. 2003). Since then, a strong 
mast cell presence has been established in many different types of tumors, where they are most 
often localized to the tumor periphery (Figure 3.4a). Tumor cell–derived SCF, along with other mast 
cell chemoattractants released by tumor cells, is likely important for the enhanced mast cell number 
and activation in the area surrounding tumors (Huang et al. 2008). Increases in mast cell density 
have been linked to tumor invasiveness and poor prognosis in many different cancers (Duncan 
et al. 1998; Rojas et al. 2005; Molin et al. 2002; Ribatti et al. 2010; Ribatti et al. 2003; Takanami 
et al. 2000). The pro-inflammatory nature of mast cells and their prevalence in tumor stroma sug-
gests that mast cells play an active role in this process. In fact, an important role for mast cells in 
tumorigenesis has been demonstrated using mast cell–deficient mice, which have been shown to be 
more resistant to the growth of several types of tumors (Coussens et al. 1999; Gounaris et al. 2007; 
Soucek et al. 2007; Wedemeyer and Galli 2005). 

There are several ways that mast cells could promote tumorigenesis (Figure 3.4b). Given the 
large number of pro-inflammatory mediators produced by mast cells, they are likely important for 
initiating and maintaining a chronic inflammatory microenvironment, which is known to augment 
carcinogenesis (Coussens and Werb 2002; Grivennikov et al. 2010). Many of the pro-inflammatory 
mediators and growth factors produced by mast cells can affect tumor cells directly, leading to 
enhanced proliferation, invasion, or survival of tumor cells and eventually increased growth and/
or spread of the tumor (Ribatti and Crivellato 2009; Theoharides and Conti 2004). As discussed 
before, mast cells are also capable of secreting a variety of immunosuppressive mediators, such as 
IL-10 and TGF-β, which could limit the detection and destruction of tumor cells by the immune 
system, ultimately leading to unchecked tumor growth and metastasis. Mast cells are also believed 
to regulate the invasion and spread of tumors by remodeling the tumor stroma (Maltby et al. 2009). 
Matrix metalloproteinase (MMP)-9 has been shown to be particularly important for tumor inva-
sion (Coussens et al. 2000). Interestingly, mast cells can produce MMP-9, and mast cell–derived 
proteases (i.e., chymase) can activate latent pro-MMP-9 (Coussens et al. 1999; Kanbe et al. 1999). 
Perhaps the most studied mechanism for mast cell involvement in cancer is the augmentation of 
tumor angiogenesis, which is vital for tumor growth (Dvorak et al. 2011). Mast cells produce an 
array of pro-angiogenic growth factors and cytokines, including VEGF, FGF-2, PDGF, and IL-8 as 
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well as proteases that can aid in the sprouting of new vessels (Coussens et al. 1999). Furthermore, 
mast cell density correlates with angiogenesis in several types of human tumors (Takanami et al. 
2000; Ribatti et al. 2003; Ribatti et al. 2010). The idea that mast cells contribute to tumor angiogen-
esis is supported by studies indicating a reduction in tumor angiogenesis in mast cell–deficient mice 
(Coussens et al. 1999; Soucek et al. 2007; Starky et al. 1988). Interestingly, different subpopulations 
of mast cells have been suggested to play different roles in carcinogenesis, with MCT located within 
tumors stimulating angiogenesis and stromal MCTC promoting extracellular matrix degradation and 
tumor invasion at the tumor-stroma interface (Rojas et al. 2005).

In contrast to the studies indicating a stimulatory role for mast cells in tumor growth, some stud-
ies have suggested that mast cells can limit tumor growth or are associated with a better prognosis 
(Dabiri et al. 2004; Hedström et al. 2007; Rajput et al. 2008; Sinnamon et al. 2008). Mast cells 
produce an assortment of mediators that can either promote or inhibit tumor growth, which may 
help explain these contradictory results (Ribatti and Crivellato 2009; Theoharides and Conti 2004). 
For example, one of the main mast cell mediators, histamine, was recently shown to restrict cancer 
growth (Yang et al. 2011). The conflicting data surrounding the role of mast cells in cancer suggests 
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FIGURE 3.4  Tumor-associated mast cells. Mast cells are present in high numbers in tumors and are believed 
to be involved in the development, growth, and spread of several tumor types. (a) Mast cells are often located 
at the tumor (T)-stroma (S) interface. Serial sections of an ultraviolet light-induced murine skin tumor stained 
with hematoxylin and eosin (left) and toluidine blue (middle) are shown. Note the dark staining for mast cells 
(arrows) in the stroma adjacent to the tumor (middle). A higher magnification of the area indicated (*) in the 
toluidine-blue-stained section is also shown (right). A large number of granular mast cells (arrows) can be 
seen adjacent to the tumor (dotted line indicates tumor-stroma border). (b) Several possible mechanisms exist 
by which mast cells could promote carcinogenesis. Due to the large number of pro-inflammatory mediators 
produced by mast cells, they likely contribute to chronic inflammation, which is known to enhance tumor 
development and growth. Many mast cell–derived mediators, including several cytokines and growth factors, 
can directly stimulate tumor cells. Proteases released by mast cells can alter the tumor stroma, aiding in tumor 
cell invasion and metastasis. Mast cells are a rich source of growth factors and cytokines that promote tumor 
angiogenesis. Finally, mast cells can secrete immunosuppressive cytokines that could suppress the detection 
and destruction of the tumor by the immune system. 
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that these cells are more complex than originally thought and demonstrates the need for more stud-
ies to completely unravel the function of these cells within the tumor microenvironment.

3.3.2  atherosclerosis

The development and progression of atherosclerosis has been strongly linked to chronic inflam-
mation. Atherosclerotic lesions typically contain macrophages, T cells, and mast cells, which all 
interact to maintain a chronic inflammatory state (Kovanen 2009), and mast cells are thought 
to be important at both early and late stages of atherogenesis (Figure 3.5). Early on, mast cells 
participate in granule-mediated uptake of LDL by macrophages (Kovanen 1991). Heparin within 
released granules is able to bind low-density lipoprotein (LDL), which can then be modified by 
mast cell proteases. The complex containing modified LDL is then taken up by macrophages 
(Kovanen 1991). If LDL collects in the macrophages, cholesterol levels can increase, leading to the 
formation of foam cells and the development of a fatty streak. Mast cells are also involved in more 
advanced lesions. Large numbers of mast cells are present at the shoulder region of atheromas and 
are in close contact with foam cells (Jeziorska et al. 1997; Kovanen et al. 1995). Interestingly, the 
shoulder region where mast cells accumulate is the area of the plaque most susceptible to eventual 
erosion or rupture. There is also evidence of mast cell degranulation at these sites (Jeziorska et al. 
1997; Kovanen et al. 1995). Tryptase and chymase released by degranulating mast cells have been 
shown to increase MMP-9 synthesis by macrophages and also activate latent MMPs. This contrib-
utes to destabilization of the plaque and increases the chances of plaque rupture (Johnson et al. 
1998; Kaartinen et al. 1998). 

The significance of mast cells in atherogenesis has been demonstrated in vivo using mouse mod-
els. Perivascular mast cells were shown to contribute to plaque progression and destabilization in 
apolipoprotein E (ApoE)-deficient mice. Treatment with either a mast cell stabilizing drug, which 
prevents degranulation, or a chymase inhibitor had therapeutic benefits in this model (Bot et al. 
2007, Bot et al. 2011). In addition, Sun et al. (2007) showed that mast cells are directly involved in 
atherogenesis using low-density lipoprotein receptor-deficient (LDLR-/-) mice. When LDLR-/- mice 
were crossed to a mast cell–deficient strain, the mice had smaller lesions, less lipid deposition, and 
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FIGURE 3.5  Mast cells in atherosclerosis. Inflammation drives atherogenesis, and mast cells can be influen-
tial at early and late stages. Mast cells can contribute at early phases of atherogenesis by participating in foam 
cell formation. LDL binds to proteoglycans present in released granules and is then modified by mast cell 
proteases. Macrophages then undergo granule-mediated uptake of LDL by phagocytosing granule-LDL com-
plexes. Accumulation of LDL in the macrophages results in increased cholesterol levels and the formation of 
foam cells, driving fatty streak formation. Mast cells are also present and active at the shoulder region of more 
advanced plaques. Mast cell proteases released upon degranulation can increase MMP production by macro-
phages and activate latent MMPs, leading to plaque destabilization and increased risk of erosion or rupture. 
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reduced T cell and macrophage numbers compared to normal, mast cell–containing LDLR-/- mice. 
The authors also showed that mast cell–derived IL-6 and interferon-γ (IFN-γ) were important for 
atherogenesis by increasing the expression of matrix-degrading proteases (Sun et al. 2007). Overall, 
there is strong evidence that mast cells actively participate in atherosclerosis and that mast cells are 
a viable target for preventing the development and rupture of atherosclerotic plaques.

3.3.3  Fibrosis

Fibrosis is the replacement of normal tissue with scar tissue, which can impair proper organ func-
tion. For example, pulmonary fibrosis can interfere with respiration, glial scarring can inhibit axon 
regeneration, and cardiac fibrosis can reduce the pumping capacity of the heart. Mast cells are 
associated with various fibrotic conditions (Gruber 2003). They are prominent in Crohn’s disease, 
where patients often develop intestinal fibrosis in the form of strictures (Andoh et al. 2006; Xu et al. 
2004). In interstitial renal fibrosis, the number of tryptase-positive mast cells is associated with the 
degree of fibrosis (Kondo et al. 2001). There are high levels of SCF in scleroderma patients (Kihira 
et al. 1998), and changes in the number of MCT as well as increased mast cell activation have been 
described in cutaneous scleroderma lesions (Irani et al. 1992).

Experimental evidence also suggests a role for mast cells in fibrosis. Mast cell numbers correlate 
with the degree of fibrosis and cirrhosis in a model of carbon tetrachloride-induced liver fibrosis 
(Jeong et al. 2002). In models of bleomycin-induced lung and fibrosis, mast cell–deficient mice 
showed reduced fibrosis (O’Brien-Ladner et al. 1993; Yamamoto et al. 1999). Several studies have 
examined mast cells in the tight-skin (tsk) mouse, which is used as a model of scleroderma. Walker 
and colleagues showed that tsk mice have high numbers of mast cells and degranulated mast cells 
(Walker et al. 1985). Furthermore, preventing mast cell degranulation reduced fibrosis (Walker 
et al. 1987), and mast cell–deficient tsk mice developed less fibrosis than their mast cell–containing 
counterparts (Everett et al. 1995). 

Interactions between mast cells and fibroblasts are thought to be critically important for develop-
ment of fibrosis (Figure 3.6). Activated mast cells release many pro-fibrotic mediators that are either 
preformed or produced de novo. Histamine is a stored mediator that has been shown to stimulate 
fibroblasts (Gailit et al. 2001; Kupietzky and Levi-Schaffer 1996). Mast cell proteases have also 
been shown to promote fibrotic responses in fibroblasts. Tryptase has chemotactic and mitogenic 
effects on fibroblasts and also stimulates collagen synthesis, contraction, and differentiation into 
myofibroblasts (Gailit et al. 2001; Gruber et al. 1997). Cleavage of procollagen type I by chymase 
can promote collagen fibril formation directly (Kofford et al. 1997). Mast cells can also produce 
TGF-β, PDGF, and many other pro-fibrotic factors upon stimulation (Gruber 2003). In addition 
to stimulating fibroblasts by releasing paracrine mediators, mast cells have also been shown to 
interact directly with fibroblasts. Mast cells and fibroblasts can form gap junctions, allowing direct 
intercellular communication. The formation of these heterocellular gap junctions is dependent on 
connexin-43 and has been shown to stimulate fibroblast proliferation, contraction, and differen-
tiation into myofibroblasts (Pistorio and Ehrlich 2011). While these direct interactions have been 
demonstrated in experimental systems, their involvement in the development of fibrosis in vivo is 
not yet known.

The evidence linking mast cells to fibrosis suggests that they could be a viable target for anti-
fibrotic therapies. Inhibiting mast cell degranulation or activation using mast cell stabilizing drugs 
such as cromolyn or ketotifen could represent one potential therapeutic avenue. Tyrosine kinase 
inhibitors, many of which inhibit c-kit signaling, may also be an option, considering SCF regulates 
mast cell recruitment (Huang et al. 2008). Finally, blocking the effects of mast cell mediators could 
be used as a therapeutic strategy. Recently, a mast cell chymase inhibitor was found to reduce 
fibrosis in tsk mice, possibly by inhibiting TGF-β1 activation (Shiota et al. 2005). Another chymase 
inhibitor was shown to reduce neutrophil infiltration and fibrosis in a model of silica-induced lung 
fibrosis (Takato et al. 2011). Additional studies will have to be performed to determine whether the 
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promising results observed in animal models will translate into clinical benefits for patients with 
fibrotic diseases.

3.4  CONCLUSIONS AND FUTURE DIRECTIONS

It is now becoming clear that mast cells are multifunctional cells that carry out a wide array of func-
tions in physiological and pathological processes. Aside from being involved in allergic responses, 
where they can cause potentially deadly anaphylactic reactions, mast cells can protect the body 
from pathogens by regulating innate and adaptive immunity. In addition to stimulating nonspecific 
and specific immune reactions, a role for mast cells in limiting these responses or suppressing the 
immune system has now been shown. Mast cells are also active participants in chronic inflamma-
tion; as a result, mast cells have been implicated in various diseases resulting from chronic inflam-
mation, such as cancer, atherosclerosis, and fibrosis. 

From a basic science perspective, more work needs to be done to understand how both beneficial 
and detrimental functions of mast cells are regulated and to define the exact mechanisms by which 
mast cells influence chronic diseases. From a clinical point of view, the utility of targeting mast 
cells for therapeutic purposes must be determined. Specifically stimulating or inhibiting mast cells, 
depending on the circumstances, could be important clinically. While mast cell–deficient mouse 
models have offered a useful way to study the role of mast cells in various experimental disease 
models, it is still not clear whether these results can be translated to a clinical setting.

TAKE-HOME MESSAGES

• Mast cells are resident immune cells located at convenient anatomical sites for respond-
ing quickly to injury or infection. The classical role for mast cells is as an effector cell in 
hypersensitivity reactions; however, mast cells can help maintain homeostasis, regulate the 
immune system, and contribute to wound healing. 
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FIGURE 3.6  Mast cell–fibroblast interactions in fibrosis. Mast cells are frequently seen in fibrotic lesions 
and are believed to be important by stimulating fibroblasts. Mast cells can release many mediators that act 
in a paracrine manner to stimulate fibroblast proliferation, migration, contraction, collagen production, and 
differentiation into myofibroblasts. Mast cells and fibroblasts can also interact directly by forming gap junc-
tions, inducing fibroblast proliferation, contraction, and myofibroblast differentiation. Both indirect and direct 
mast cell–fibroblast interactions and the subsequent changes in fibroblast behavior could be important for the 
development of fibrosis.
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• Mast cells are involved in chronic inflammation, and there is increasing evidence support-
ing a role for these cells in promoting cancer, atherosclerosis, fibrosis, and other diseases 
that develop as a result of chronic inflammation.

• Mast cells are found in high numbers in tissue surrounding tumors and are believed to pro-
mote carcinogenesis by contributing to inflammation, tissue remodeling, and angiogenesis, 
or by stimulating tumor cells directly. Mast cells also have immunosuppressive properties, 
and could suppress the detection of tumors by the immune system. Although most of the 
literature suggests that mast cells stimulate the development and growth of tumors, some 
studies suggest that mast cells could inhibit tumor growth. 

• There is a strong link between mast cells and atherosclerosis. Mast cells participate in 
chronic inflammation in this setting, contributing to foam cell and fatty streak forma-
tion. Mast cell proteases can increase the overall levels of active MMPs within plaques by 
inducing the macrophage MMP expression and activating pro-MMP molecules, which can 
lead to plaque destabilization and potential plaque rupture.

• Fibrotic tissue typically contains high numbers of mast cells. They likely enhance fibrosis 
as a result of both direct and indirect interactions with fibroblasts. Mast cells can pro-
duce many paracrine mediators that stimulate fibroblasts, and mast cells and fibroblasts 
can also communicate directly by forming gap junctions. Mast cell–derived mediators 
and direct mast cell–fibroblast contact can boost collagen production, contraction, migra-
tion, and proliferation of fibroblasts, as well as increase the differentiation of fibroblasts to 
myofibroblasts.

• Mast cells are beginning to be recognized as versatile cells capable of a variety of bio-
logical functions depending on the circumstances, demonstrating that they are much more 
than simply an effector cell in allergic responses. More work needs to be done to gain a 
better understanding of how these cells regulate both physiological processes as well as 
pathological processes that develop as a result of chronic inflammation.
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4.1  INFLAMMATION

Inflammation is part of the complex biological response to harmful stimuli, such as pathogens 
or damaged cells. Acute inflammation is a short-term process, usually appearing within a few 
minutes or hours and ceasing upon the removal of the injurious stimulus. It is classically char-
acterized by four cardinal signs: dolor (pain), calor (heat), rubor (redness), and tumor (swell-
ing). Inflammation is also a protective process of the organism to remove the injurious stimuli 
and to initiate the healing process. Inflammation is not always accompanied with infection, 
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even in cases where inflammation is caused by infection. Although infection is caused by a 
microorganism, inflammation is one of the responses of the organism to the pathogen. It is 
considered as a mechanism of innate immunity, as compared to adaptive immunity, which is 
specific for each pathogen.

Wounds and infections would never subside without the inflammation process. However, chronic 
inflammation can also lead to a host of diseases, such as allergy, atherosclerosis, rheumatoid arthri-
tis, neurodegenerative disease, and diabetes mellitus.

Inflammation can be classified as either acute or chronic (Dehne and Brüne 2009). Acute inflam-
mation is the initial response of the body to harmful stimuli and is achieved by the increased 
movement of plasma and white blood cells from the bloodstream into the injured tissues. A cascade 
of biochemical events propagates and facilitates the inflammatory response, involving the local 
vascular system, the immune system, and various kinds of cells within the injured tissue. Prolonged 
inflammation, known as chronic inflammation, leads to a progressive shift in the types of cells pres-
ent at the site of inflammation and is characterized by simultaneous destruction and healing of the 
tissue from the inflammatory process.

4.2   INTERACTION BETWEEN HYPOXIC 
ENVIRONMENT AND INFLAMMATION

4.2.1  Hypoxia-induced inflammation

The concept that hypoxia can induce inflammation has gained general acceptance from a line of 
studies of the hypoxia signaling pathway (Dehne and Brüne 2009; Eltzschig and Carmeliet 2011; 
Semenza 2007; Weir et al. 2005). The development of inflammation in response to hypoxia is 
clinically relevant. Ischemia in organ grafts increases the risk of inflammation and graft failure 
or rejection (Kruger et al. 2009). In patients undergoing kidney transplantation, the renal expres-
sion of toll-like receptor (TLR) 4, which constitutes a receptor system for bacterial lipopolysac-
charide (LPS), was shown to correlate with the degree of ischemic injury. Increases in pulmonary 
cytokine levels and TLR expression were shown to correlate with greater ischemic injury of 
transplanted lungs and loss of graft function. The relationship is also observed in acute respi-
ratory distress syndrome (ARDS) and chronic obstructive pulmonary disease (COPD) models 
(Figure 4.1). In the setting of obesity, an imbalance between the supply of and demand for oxygen 
in enlarged adipocytes causes tissue hypoxia and an increase in inflammatory adipokines in fat 
(Suganami and Ogawa 2010). The resultant infiltration by macrophages and chronic low-grade 
systemic inflammation promote insulin resistance. Taken together, these clinical studies indicate 
that hypoxia promotes inflammation.

4.2.2  inflammation-induced Hypoxia

Acute focus of tissue inflammation, which is generated in response to infection, injury, noxious 
agents, or stimuli, present a unique microenvironment (Eltzschig and Carmeliet 2011). Hypoxia 
(low oxygen) or anoxia (complete lack of oxygen), hypoglycemia (low blood glucose), acidosis 
(high H+ concentration), and abundant free reactive oxygen species (ROS) are characteristic fea-
tures of inflamed tissues. In addition, activated myeloid cells such as neutrophils and macrophages 
gather into inflammatory tissue. Contributors to tissue hypoxia during inflammation include an 
increase in the metabolic demands of immune cells and a reduction in metabolic substrates caused 
by thrombosis, trauma, compression, or atelectasis. Moreover, multiplication of intracellular patho-
gens can deprive infected cells of oxygen. Thus, in the case of inflamed tissue, dysregulation of 
oxygen metabolism can influence the environment of the tissue, particularly by regulating oxygen- 
dependent gene expression (Figure 4.2).
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4.3   CANONICAL SIGNALING PATHWAY TO 
HYPOXIA-INDUCIBLE FACTOR ACTIVATION

4.3.1  induction of Hif activation by continuous Hypoxia

Hypoxia-inducible factor 1 (HIF-1) was identified and purified as a nuclear factor that was induced 
in hypoxic cells and bound to the cis-acting hypoxia response element (HRE) located in the 3'-flanking 
region of the human EPO gene, which encodes erythropoietin (Semenza and Wang 1992). HIF-1 is 
a heterodimeric transcription factor composed of an HIF-1α subunit and an HIF-1α subunit (Wang 
et al. 1995). Both HIF-1 subunits are members of the basic helix-loop-helix (HLH)-containing PER-
ARNT-SIM (PAS)-domain family of transcription factors. The HLH and PAS domains mediate 
heterodimer formation between the HIF-1α subunit and HIF-1α subunits, which is necessary for 
DNA binding by the basic domains (Hirota and Semenza 2005).

In humans (and other mammals), the HIF1A, EPAS1, and HIF3A genes have been shown to 
encode HIF-1α and the structurally related proteins HIF-2α and HIF-3α, respectively. HIF-1α and 
HIF-2α show the greatest structural and functional similarity, as each of these proteins is hypoxia 
induced, dimerizes with HIF-1β, and mediates HRE-dependent transcriptional activity, although 
they regulate distinct groups of target genes in vivo. In contrast, HIF-3α (also known as IPAS) 
appears to function as an inhibitor that is involved in the negative regulation of transcriptional 
responses to hypoxia.

Whereas HIF-1β is constitutively expressed, HIF-1α expression increases exponentially as O2 
concentration declines (Hirota and Semenza 2005). In order to respond rapidly to hypoxia, cells 
continuously synthesize, ubiquitinate, and degrade HIF-1α protein under non-hypoxic conditions. 
Under hypoxic conditions, the degradation of HIF-1α is inhibited, resulting in accumulation of the 
protein, dimerization with HIF-1β, binding to HREs within target genes, and activation of transcrip-
tion via recruitment of the coactivators p300 and CBP (Figure 4.2).

Hydroxylation of two prolyl residues (Pro402 and Pro564 in human HIF-1α) mediates interac-
tions with the von Hippel–Lindau (VHL) E3 ubiquitin ligase complex that targets HIF-1α (as well 
as HIF-2α and HIF-3α) for proteasomal degradation (Jaakkola et al. 2001; Maxwell et al. 1999). 
These hydroxylated residues are present within a conserved motif that is recognized by HIF-1α 
prolyl hydroxylases, which utilize O2 as a substrate with a Km that is slightly above atmospheric 
concentration, such that enzymatic activity is modulated by changes in O2 concentration under 
physiological conditions (Schofield and Ratcliffe 2004). A family of three human HIF-1α prolyl 
hydroxylases, designated prolyl hydroxylase domain-containing proteins (PHDs) or HIF-1α prolyl 
hydroxylases (HPHs) 1, 2, and 3, was identified and shown to be encoded by the EGLN2, EGLN1, 
and EGLN3 genes, respectively (Epstein et al. 2001). An asparaginyl residue in the transactivation 
domain of HIF-1α (Asn803 in human HIF-1α) is hydroxylated by factor inhibiting HIF-1 (FIH-1; 
Lando et al. 2002; Mahon et al. 2001). Hydroxylation of Asn803 blocks interaction of the HIF-1α 
transactivation domain with the transcriptional coactivators CBP and p300.

The prolyl and asparaginyl hydroxylation reactions require O2, Fe (II), and α-ketoglutarate (also 
known as 2-oxoglutarate), and generate succinate and CO2 as by-products (Hirota and Semenza 
2005; Schofield and Ratcliffe 2005). The prolyl hydroxylases and FIH-1 possess a double-stranded 
α-helix core and Fe (II)-binding residues that are present in other members of the dioxygenase fam-
ily such as the procollagen prolyl 4-hydroxylases (McNeill et al. 2002) (Figure 4.2).

The expression of more than 50 genes is known to be activated at the transcriptional level by 
HIF-1 as determined by the most stringent criteria, including the induction of gene expression in 
response to hypoxia, the presence of a functionally essential HIF-1 binding site in the gene, and 
an effect of HIF-1 gain of function or loss of function on expression of the gene (Semenza 2007). 
However, a recent study of global gene expression using DNA microarrays indicates that more than 
2% of all human genes are directly or indirectly regulated by HIF-1 in arterial endothelial cells 
(Manalo et al. 2005).
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4.3.2  induction of Hif by intermittent Hypoxia

Systemic hypoxia can be either continuous or intermittent. Chronic intermittent hypoxia (CIH) is 
a common and life-threatening condition that occurs in many different diseases, including sleep- 
disordered breathing, manifested as recurrent apneas (Shahar et al. 2001). IH increases HIF-1α 
as well as HIF-1–mediated transcriptional activation in a stimulus-dependent manner in PC12 
cells. Under intermittent hypoxia, Ca2+-dependent activation of calcium-calmodulin protein kinase 
(CaMK) stimulates HIF-1 transcriptional activity by phosphorylation of p300 (Semenza and 
Prabhakar 2007). HIF-1α protein levels also are induced by intermittent hypoxia. The molecular 
mechanisms underlying the increase in HIF-1α levels have not been determined but may involve 
increased translation of HIF-1α mRNA resulting from activation of a signal-transduction path-
way involving the mammalian target of rapamycin (mTOR). IH also increases tyrosine hydroxylase 
(TH) enzyme activity (the rate-limiting enzyme in catecholamine synthesis) in PC12 cells, and this 
effect is mediated by increased serine phosphorylation involving activation of protein kinase A as 
well as calcium/calmodulin-dependent protein kinase (Prabhakar et al. 2007). These studies sug-
gest that IH stimulates transcriptional as well as post-translational mechanisms. Interestingly, treat-
ment with antioxidants or ROS scavengers suppresses the IH-induced HIF-1 activation, indicating a 
critical involvement of NADPH oxidase-derived ROS in this process.

4.4  OXYGEN TENSION-INDEPENDENT ACTIVATION OF HIF

Physiological stimuli other than hypoxia can also induce HIF-1 activation and the transcription 
of hypoxia-inducible genes under non-hypoxic conditions. Signaling via the HER2/neu or IGF-1 
receptor tyrosine kinase induces HIF-1 expression by an oxygen-independent mechanism that 
increases the rate of HIF-1α protein synthesis (Laughner et al. 2001; Treins et al. 2002). IGF-1-
induced HIF-1α synthesis is dependent upon both the PI3K and MAP kinase (MAPK) pathways. 
In addition, mutation and deletion of some tumor suppressor genes such as VHL, PTEN, and p53 
or abberant activation of oncogenes such as Ras also result in constitutive HIF activation under 
normoxic conditions.

4.4.1  pro-inflammatory cytokines and cHemokines and Hif

In addition to growth factors, cytokines and chemokines are another group of messengers released 
during inflammation. They are involved in orchestration of the microbicidal activities of phago-
cytes, contribute to the recruitment of leukocytes, enhance hematopoiesis, and induce fever. TNF-α 
is rapidly released after infection and is, together with IL-1β, highly important for immune cell 
activation and, thus, the successful pathogen defense. It is reported that both TNF-α and IL-1β 
activate HIF-1 (Hellwig-Burgel et al. 1999). TNF-α activates HIF-1 by multiple pathways including 
ROS and nitric oxide (NO) production, and PI3K and/or NF-κB activation. IL-1β also stimulates 
HIF-1α translation. In addition, small molecule mediators of the inflammatory microenvironment, 
such as adenosine and LPS, may also work as positive factors for HIF activation. HIF-1α protein 
is upregulated after stimulation of the adenosine receptor in a PI3K-dependent manner (Dehne 
and Brüne 2009). PI3K-dependent HIF-1 activation was not further investigated in immune cells, 
but growth factors, oncogenes, or inactive tumor suppressors activate multiple phosphorylation 
events that may either result in translation of HIF-1α or transactivation of HIF-1. In this context, 
the PI3K/Akt pathway is central for cap-dependent translation, and an activation of Akt is evident 
in several tumors. Though the steady state of HIF-1α protein expression is mainly determined by 
 hydroxylation-mediated degradation, increased protein translation may shift the balance by over-
whelming the degradation system.

A line of studies indicates that NO, exogenously added or endogenously produced, accumu-
lates HIF-1α protein and causes transactivation of HIF-1 under normoxia. NO attenuates HIF-1α 
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ubiquitination in an in vitro assay and decreases PHD activity, implying that hypoxia and NO use 
overlapping signaling pathways to stabilize HIF-1α. However, increased PI3K-dependent HIF-1α 
protein expression in response to NO has also been proposed (Kasuno et al. 2004). In contrast, when 
HIF-1α expression is analyzed under hypoxic conditions, NO reduces accumulation of HIF-1α pro-
tein (Hagen et al. 2003). This paradox can be explained by the observation that NO competes with 
O2 for binding to mitochondrial cytochrome oxidase, which consumes most of the oxygen within a 
cell (Hagen et al. 2003).

4.5  CROSS TALK BETWEEN NF-κB AND HIF

Members of the nuclear factor κB (NF-κB) family of transcription factors regulate inflamma-
tion and orchestrate immune responses and tissue homeostasis. Members of this family interact 
with members of the PHD–HIF pathway in ways that link inflammation to hypoxia (Cummins 
et al. 2006; Dehne and Brüne 2009; Rius et al. 2008). Studies of a mouse model of inflammatory 
bowel disease indicate that PHDs have a regulatory role in the antiapoptotic effects of NF-κB in 
intestinal inflammation (Colgan and Taylor 2010). The hypoxia of intestinal ischemia reperfusion 
activates NF-κB in intestinal epithelial cells, which in turn increases the production of TNF-α, but 
simultaneously attenuates intestinal epithelial apoptosis. Additional interactions between hypoxia 
and inflammation are seen in the IκB kinase complex, a regulatory component of NF-κB and in 
the regulation of HIF-1α transcription by NF-κB before and during inflammation. Hypoxia ampli-
fies the NF-κB pathway by increasing the expression and signaling of TLRs, which enhance the 
production of antimicrobial factors and stimulate phagocytosis, leukocyte recruitment, and adap-
tive immunity.

NF-κB activity is controlled by inhibitors of NF-κB (IκB) kinases (IKKs), mainly IKKβ, which 
carry out the phosphorylation-dependent degradation of IκB inhibitors in response to infectious or 
inflammatory stimuli. HIF was shown to mediate NF-κB activation in neutrophils under anoxic 
conditions and to promote the expression of NF-κB-regulated cytokines in macrophages stimulated 
by LPS in a TLR4-dependent manner (Walmsley et al. 2005). Interestingly, hypoxia itself can stim-
ulate NF-κB activation by inhibiting prolyl hydroxylases that negatively modulate IKKβ catalytic 
activity (Cummins et al. 2006; Cummins and Taylor 2005).

NF-κB was found to contribute to increased HIF1α mRNA transcription under hypoxic condi-
tions. The activation of HIF1A transcription by bacteria or LPS under normoxic as well as hypoxic 
conditions has been recently verified in a study using mice deficient in IKKβ (Rius et al. 2008). 
Macrophages infected with gram-positive or gram-negative bacteria, and mice subjected to hypoxia, 
reveal a marked defect in HIF1α expression following deletion of the gene encoding IKKβ (Rius et al. 
2008). These results confirm that transcriptional activation of HIF1A by IKKβ-responsive NF-κB is 
a crucial precursor to post-transcriptional stabilization and accumulation of HIF-1α protein.

4.6  IMMUNOCOMPETENT CELLS AND HIF

4.6.1  macropHages and dendritic cells

Evidence is mounting showing that HIF is a key regulator of the intrinsic immune and inflammatory 
responses in various cell types, including tissue epithelial cells and other specialized leukocytes 
(Figure 4.3).

Effector cells of the innate immune system must maintain their viability and physiologic func-
tions in a hypoxic microenvironment. Monocytes circulating in the bloodstream differentiate into 
macrophages. During this process, cells acquire the ability to exert effects at hypoxic sites of 
inflammation.

Macrophage differentiation of THP-1 cells or monocytes from peripheral blood induces increased 
expression of both HIF-1α and HIF-1β as well as increased HIF-1 transcriptional activity leading to 
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increased expression of HIF-1 target genes (Oda et al. 2006). The increased HIF-1 activity in dif-
ferentiated THP-1 cells resulted from the combined effect of increased HIF-1α mRNA levels and 
increased HIF-1α protein synthesis. Differentiation-induced HIF-1α protein and mRNA and HIF-
1-dependent gene expression was blocked by treating cells with an inhibitor of the protein kinase C 
or MAPK signaling pathway. THP-1 cell differentiation was also associated with increased phos-
phorylation of the translational regulatory proteins p70 S6 kinase, S6 ribosomal protein, eukaryotic 
initiation factor 4E, and 4E binding protein 1, thus providing a possible mechanism for the modula-
tion of HIF-1α protein synthesis.

Dendritic cells (DC) are professional antigen presenting cells that represent an important link 
between innate and adaptive immunity. External alert signals such as toll-like receptor (TLR) 
agonists induce maturation of DCs leading to a T cell–mediated adaptive immune response. It is 
reported that exogenous as well as endogenous inflammatory stimuli for TLR4 and TLR2 induce 
the expression of HIF-1α in human monocyte-derived DCs under normoxic conditions (Jantsch 
et al. 2008). On the functional level, inhibition of HIF-1α using small molecule inhibitors of HIF 
such as YC-1 and digoxin lead to no consistent effect on MoDC maturation, or cytokine secretion, 
despite having the common effect of blocking HIF-1α stabilization or activity through different 
mechanisms. In addition, we could show that TLR stimulation resulted in an increase of HIF-1α 
controlled VEGF secretion. Hypoxia alone does not induce maturation of DCs, but is able to aug-
ment maturation after TLR ligation. 

4.6.2  neutropHils

Neutrophils are also key mediators of the innate immune response. Because these cells rely on gly-
colysis to generate adenosine triphosphate (ATP), they appear to be adapted uniquely to function at 
sites of inflammation. Cramer et al. created deletions of the HIF-1α transcription factor via crosses 
into a background of Cre expression driven by the lysosome M promoter, which allows specific 
deletion of this factor in myeloid cell lineage (2003). This murine model has made it possible to dis-
sect the role of HIF-1α in myeloid cell migration and activation in vivo. Interestingly, these animals 
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FIGURE 4.3  Inflammatory lesions is not only hypoxic but also is abundant in cytokines; chemokines that 
induce myeroid cells acting as major players for innate immunity. Mononuclear phagocytes are recruited in 
large numbers as primary monocytes from the circulation to diseased tissues, where they accumulate within 
ischemic/hypoxic sites terminally differentiating into inflammatory macrophages or myeloid dendritic cells 
(DCs). Thus, mononuclear phagocytes including neutrophil responses that ensue at pathological sites begin 
in the setting of reduced pO2. In the last five years, extensive work from several groups has been carried out 
to characterize hypoxia-mediated changes in mononuclear phagocyte gene expression and functional proper-
ties under different pathologic situations, demonstrating that oxygen availability is a critical regulator of their 
functional behavior.
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have a normal phenotype and viability, and normal total white cell and neutrophil counts. The 
HIF-1α knockout mice display a dramatic reduction in cellular ATP pools and a profound impair-
ment in myeloid cell aggregation, motility, invasiveness, and reduced bacterial killing (Cramer et al. 
2003). This is manifest in vivo as a loss of inflammation in paucivascular sites, with ablation of 
phorbol 12-myristate 13-acetate (PMA)-mediated cutaneous inflammation and also inhibition of 
rheumatoid serum-induced cartilage destruction. Remarkably, the reduction in cellular ATP is also 
seen under normoxic conditions, suggesting that HIF-1α is required for the maintenance of energy 
in myeloid cells even in oxygenated environments, and as such this is postulated to be the mecha-
nism through which HIF-1α regulates the pro-inflammatory myeloid response (Cramer and Johnson 
2003; Cramer et al. 2003).

The role of HIF in regulating neutrophil apoptosis at inflamed sites in vivo remains to be 
determined. Apoptosis itself has been implicated in the resolution of inflammation, and exces-
sive neutrophil activation and prolonged survival have been described in several disease settings, 
including the ARDS, nonresolving pneumonias, ischemic-reperfusion injury, and rheumatoid 
arthritis (Serhan and Savill 2005). Considering the exaggerated oxygen gradient that exists at 
many inflamed sites, a role for HIF in the regulation of neutrophil apoptosis in these settings seems 
highly probable.

Inflammatory regions are characterized by hypoxia and the dramatic recruitment of myeloid 
cells. The recruitment of myeloid cells to sites of inflammation is coordinated by the β2 integ-
rin family of adhesion receptors. The β2 integrins are heterodimeric glycoproteins that exist in 
four forms. Each form is composed of a unique α-subunit, encoded by the CD11a, CD11b, CD11c, 
or CD11d gene, noncovalently associated with a common β-subunit encoded by the CD18 gene. 
Interestingly, β2 integrin expression is under regulation by HIF-1 (Kong et al. 2004). Analysis of 
these mutant mice demonstrated that HIF-1α is critically important for successful inflammatory 
responses mediated by myeloid cells. The disruption of HIF-1α did not influence myeloid cell differ-
entiation or development. As described, HIF-1α deletion did result in significant metabolic defects 
manifest as profound impairment of myeloid cell motility, bacterial phagocytosis, and aggregation 
(Cramer and Johnson 2003; Cramer et al. 2003). Interestingly, these functional responses are also 
dependent on β2 integrin expression.

4.6.3  t lympHocytes

T cell differentiation into distinct functional effector and inhibitory subsets is regulated, in part, by 
the cytokine environment present at the time of antigen recognition. It is demonstrated that HIF-1 
regulates the balance between regulatory T cell (Treg) and TH17 differentiation. HIF-1 enhances 
TH17 development through direct transcriptional activation of RORγt and via tertiary complex for-
mation with RORγt and p300 recruitment to the IL-17 promoter (Dang et al. 2011). Concurrently, 
HIF-1 attenuates Treg development by binding Foxp3 and targeting it for proteasomal degrada-
tion. Interestingly, this regulation occurs under both normoxic and hypoxic conditions. Mice with 
HIF-1α-deficient T cells are resistant to induction of TH17-dependent experimental autoimmune 
encephalitis associated with diminished TH17 and increased Treg cells. These findings highlight 
the importance of metabolic cues in T cell fate determination and suggest that metabolic modula-
tion could ameliorate certain T cell–based immune pathologies (Dang et al. 2011; Shi et al. 2011; 
Woodman 2011).

Peripheral T lymphocytes undergo activation by antigenic stimulation and function in hypoxic 
areas of inflammation. It is demonstrated that CD3-positive human T cells accumulating in inflam-
matory tissue express HIF-1α, indicating a role of hypoxia-mediated signals in regulation of T cell 
function (Makino et al. 2003). Surprisingly, accumulation of HIF-1α in human T cells required 
not only hypoxia but also TCR/CD3-mediated activation (Makino et al. 2003). Moreover, hypoxia 
repressed activation-induced cell death (AICD) by TCR/CD3 stimulation, resulting in an increased 
survival of the cells.
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4.6.4  b lympHocytes

In addition to T cells, HIF-1 is also involved in regulation of B cells. It is reported that an HIF-1α 
gene deficiency caused abnormal B cell development and autoimmunity (Kojima et al. 2002). The 
key role of HIF-1α–enabled glycolysis in bone marrow B cells was demonstrated by glucose depri-
vation during in vitro bone marrow cell culture and by using a glycolysis inhibitor in the bone 
marrow cell culture. These findings indicate that glucose dependency differs at different B cell 
develpmental stages and that HIF-1α plays an important role in B cell development (Kojima et al. 
2002; Kojima et al. 2010). 

4.6.5  mast cells

Mast cells are specialized granulocytic cells that are resident in the skin and the mucosa of 
the respiratory and gastrointestinal tracts. Their roles in allergy are well studied, and they are 
increasingly recognized to function in both innate and adaptive immune responses. Activation of 
HIF in human mast cells leads to release of pro-inflammatory cytokines such as IL-8 and TNF-α 
(Lee et al. 2008). HIF activation in mast cells of the bronchial epithelium stimulates VEGF 
expression, leading to increased vascular permeability, protein extravasation into the alveolar 
space, and airway edema. Moreover, HIF activation stimulates histidine decarboxylase expres-
sion by human mast cells, catalyzing the formation of histamine, a potent inflammatory mediator 
(Lee et al. 2008).

4.7  IMPACT OF ANTI-INFLAMMATORY DRUGS ON HIF ACTIVITY

The synthetic glucocorticoid (GC) dexamethasone is a widely used drug to suppress the develop-
ment of local heat, redness, swelling, and tenderness—the symptoms of inflammation. Besides 
these beneficial effects, dexamethasone causes unwanted side effects such as impaired wound heal-
ing and immunosuppression. Indeed, dexamethasone attenuates HIF-1 activity in a GR-dependent 
manner (Wagner et al. 2008). It became evident that dexamethasone led to an unusual distribution 
of hypoxically induced HIF-1α within the cell by comparing cytosolic protein extracts with nuclear 
protein extracts. Instead of accumulating exclusively in the nucleus, HIF-1α amounts increased in 
the cytosol after dexamethasone treatment, explaining the reduced nuclear HIF-1α protein. The evi-
dence shows the importance of HIF-1 during wound healing. Although dexamethasone treatment of 
patients has the unwanted systemic side effect, it might be a promising approach to improve HIF-1 
function in wounds of such patients.

Nonsteroidal anti-inflammatory drugs (NSAIDs) block prostaglandin synthesis and impair heal-
ing of gastrointestinal ulcers and growth of colonic tumors, in part, by inhibiting angiogenesis. The 
mechanisms of this inhibition are not completely explained. Both nonselective (indomethacin and 
ibuprofen) and COX-2-selective NSAIDs inhibit hypoxia-induced in vitro angiogenesis in gastric 
microvascular endothelial cells (Palayoor et al. 2003). The NSAIDs increased expression of the 
von Hippel–Lindau (VHL) tumor suppressor, which targets proteins for ubiquitination leading to 
reduced accumulation of HIF-1α and, as a result, reduced expression of VEGF and its specific 
receptor Flt-1.

4.8  INFLAMMATORY DISORDERS AND HIF

4.8.1  infection

Increased levels of HIF are observed in macrophages and neutrophils stimulated by various bacte-
rial species. Acute infection with viruses is also generally found to induce HIF protein stabilization 
in target cells. Moreover, Toxoplasma gondii rapidly induces HIF expression by infected fibroblast, 
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which leads to upregulation of genes encoding glycolytic enzymes, glucose transporters, and VEGF 
under hypoxic conditions.

A line of infectious pathogens and reagents affect HIF protein level and transcriptional activity 
(Table 4.1).

4.8.2  sepsis

Sepsis, one of the leading causes of death in intensive care units, reflects a detrimental host 
response to infection in which bacteria or LPS act as potent activators of immune cells, includ-
ing monocytes and macrophages. So far, no single agent or treatment strategy has shown suf-
ficient promise for use in routine clinical practice to block the aberrant cytokine activation 
 patterns of sepsis.

It is shown that LPS raises the level of the transcriptional regulator HIF-1α in macrophages, 
increasing HIF-1α and decreasing prolyl hydroxylase mRNA production in a TLR4-dependent fash-
ion (Peyssonnaux et al. 2007). Murine conditional gene targeting of HIF-1α in the myeloid lineage 
model demonstrates that HIF-1α is a critical determinant of the sepsis phenotype (Peyssonnaux 
et al. 2007). HIF-1α promotes the production of inflammatory cytokines, including TNF-α, IL-1, 
IL-4, IL-6, and IL-12, that reach harmful levels in the host during early sepsis. HIF-1α deletion in 

TABLE 4.1
Inflammatory Mediators Activating HIF

Mediators and Pathogens Mechanism References

Hypoxia Inhibition of PHD (Li et al. 2007)

Intermittent hypoxia Inhibition of PHD by ROS (Semenza and Prabhakar 2007)

Induction of HIF-1α transcription (Prabhakar et al. 2007)

ROS Oxidative modulation of PHD (Gerald et al. 2004)

Oxidation of Fe2+ (Gerald et al. 2004)

NO Increase of HIF-1α translation (Kasuno et al. 2004)

Inhibition of PHD (Brune and Zhou 2007)

S-nitrosylation of HIF-1α (Li et al. 2007)

Cytokines (TNF-α, IL-1β) Increase of HIF-1α translation (Hellwig-Burgel et al. 1999)

Chemokines (MIF, SDF-1) Increase of HIF-1α translation (Pan et al. 2006)

Stabilization of HIF-1α (Oda et al. 2008)

Thrombin Increase of HIF-1α translation (Gorlach et al. 2001)

PGE2 Increase of HIF-1α translation (Fukuda et al. 2003)

LPS Increase of HIF-1α translation (Nishi et al. 2008)

Induction of HIF-1α transcription (Nishi et al. 2008)

Monocyte differentiation Increase of HIF-1α translation (Oda et al. 2006)

Induction of HIF-1α transcription (Zinkernagel et al. 2007)

Bacteria Inhibition of PHD (Zinkernagel et al. 2007)

Increase of HIF-1α translation (Zinkernagel et al. 2007)

Virus Increase of PHD degradation (Zinkernagel et al. 2007)

Increase of HIF-1α translation (Zinkernagel et al. 2007)

Acidosis Increase of HIF-1α stabilization (Ohh et al. 2000)

Bacteria: S. pyrogenes, S. agalactiae, P. aeruginosa, S. typhimurium, C. pneumoniae
Viruses: EBV, human papilloma virus, hepatitis C virus, hepatitis B virus, KSHV, respiratory syncytial virus
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macrophages is protective against LPS-induced mortality and blocks the development of clinical 
markers, including hypotension and hypothermia. Inhibition of HIF-1α activity may thus represent 
a novel therapeutic target for LPS-induced sepsis.

4.8.3  Wound Healing

Because of localized vascular damage and increased tissue oxygen demand, wound healing 
occurs in a relatively hypoxic microenvironment (Sen and Roy 2008). These features are par-
ticularly relevant to wound healing and fibrosis in chronic inflammatory conditions. In the last 
decade,  its activity in the context of wound healing has been the object of increasing investiga-
tion (Eming et al. 2007). On the molecular level, HIF-1 transcriptional target products have been 
shown to regulate the process of endothelial cell survival, migration, and proliferation (VEGF, 
ANGPT-1, ANGPT-2, ANGPT-4, FGF-2, PlGF, PDGF-B, RGC-32), vascular smooth muscle 
cell migration and proliferation (FGF-2, EGF, PDGF, thrombospondin), and mobilization of 
circulating angiogenic cells to the periphery (SFD-1/CXCR4). Studies on the effect of HIF-1 on 
the expression and activity of extracellular cell matrix modifying enzymes, such as MMPs and 
prolidase, have been conducted in the context of tumor angiogenesis and metastasis, and have 
resulted in controversial findings. A growing body of evidence suggests that HIF-1 also affects 
reepithelialization of the wound bed, through increasing keratinocyte migration, but decreasing 
their proliferation. Diminished HIF-1 levels and activity have been documented in conditions 
of impaired wound healing, such as wound healing in aged and in diabetic mice (Albina et al. 
2001; Wagner et al. 2008).

However, there has not been a systematic exploration of the relationship between HIF activity 
and hypoxia in the burn wound (Jeschke et al. 2011; Schwacha et al. 2008). The time course of the 
appearance of hypoxia and the increased activity of HIF and appearance of HIF’s downstream 
transcription products has not been described. Hypoxia was found in the healing margin of burn 
wounds beginning at 48 hours after burn and peaking at day three after burn. On sequential sections 
of the same tissue block, positive staining of HIF-1α, SDF-1, and vascular endothelial growth fac-
tor all occurred at the leading margin of the healing area and peaked at day three, as did hypoxia. 
Immunohistochemical analysis was used to explore the characteristics of the hypoxic region of 
the wound.

4.9  CONCLUSIONS AND FUTURE DIRECTIONS

HIF and the hypoxic response are deeply involved with the regulatory pathways of innate 
immune defense. The key implication of these findings is that the nature and magnitude of 
host bactericidal and inflammatory activities are deeply dependent on factors in the local tissue 
or niche microenvironment such as oxygen metabolism. Through HIF control of immune cell 
energetics and gene expression pathways, antimicrobial activities can be focused and amplified 
where they are needed most, namely, foci of tissue infection, which are harsh and threatening 
microenvironments where oxygen and nutrients are limiting and cytotoxic molecules abound. 
A detailed understanding of the relationships between HIF, pathways of innate immune signal 
transduction such as TLR–NF-κB signaling, and the deployment of various immune effec-
tor molecules will provide a clearer and more physiological understanding of infectious and 
inflammatory disease pathogenesis. Because of the short half-life and well-understood mech-
anism for post-translational regulation of HIF levels, HIF is an attractive pharmacological 
target to fine tune immune cell functions for the treatment of human disease. The recent dis-
covery of a new family of oxygen sensors—including prolyl hydroxylase domain-containing 
proteins 1–3 (PHD1–3)—has yielded exciting novel insights into how cells sense oxygen and 
keep oxygen supply and consumption in balance (Fraisl et al. 2009; Smith and Talbot 2010). 
Advances in understanding of the role of these oxygen sensors in hypoxia tolerance, ischemic 



62 Chronic Inflammation

preconditioning, and inflammation are creating new opportunities for pharmacological inter-
ventions for inflammatory diseases (Figure 4.4).

TAKE-HOME MESSAGES

• Systemic and local hypoxia can induce inflammation without bacterial or viral infection.
• In turn, systemic or local inflammation often becomes hypoxic due to thrombosis and 

edema.
• The oxygen-sensing system consisting of hypoxia-inducible factor (HIF) and two classes of 

hydroxylase plays a critical role in the interdependence between hypoxia and inflammation.
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FIGURE 4.4  Inhibition of the PHD-HIF pathway in inflammation. Several studies suggest that PHD inhi-
bition offers beneficial effects in various diseases. Therapeutic induction of hypoxia/ischemia tolerance, 
hibernation, or hypoxic/ischemic preconditioning could create considerable opportunities to treat numerous 
ischemic disorders, such as myocardial infarction and stroke. Many other conditions are associated with some 
sort or degree of acute or chronic ischemia, ranging from inflammation and neurodegeneration to organ trans-
plantation and surgical interventions. Blockade of prolyl hydroxylase domain-containing proteins (PHDs) 
with an inhibitor in macrophages activates the HIF pathway, which subsequently activates inducible nitric 
oxide (iNOS) and produces bactericidal nitric oxide (NO). In addition, HIF-mediated stimulation of anaerobic 
glucose utilization (glycolysis; glucose to pyruvate conversion) ensures sufficient production of ATP to sup-
port macrophage functions (such as invasiveness and bacterial killing) in an oxygen-depleted environment. 
The PHD/HIF pathway also contributes to enhanced neutrophil survival. Inhibition of PHDs stabilizes HIF 
and induces IκB kinase β (IKKβ) function; both will contribute to activation of nuclear factor κB (NF-κB), 
thereby promoting neutrophil survival.
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• Pro-inflammatory mediators activate HIF even under non-hypoxic conditions, and HIF 
induces the transcription of a set of genes expressing for inflammation an process.

• HIF modulate function of immunocompetent cells such as macrophages, dendritic cells, 
neutrophils, and lymphocytes.

• The HIF-PHD/FIH-1 system can be one of the most critical targets for the regulation of 
inflammation.
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5.1  SALIENT FEATURES OF INFLAMMATION

The Oxford English Dictionary describes inflammation in general as the action of inflaming or 
setting on fire or catching fire or the condition of being in flames, conflagration. However, the dic-
tionary defines the pathological state of inflammation as a morbid process affecting some organ or 
part of the body, characterized by excessive heat, swelling, pain, and redness. Inflammation in a 
tissue of a living body arises in response to local injury, leading to the buildup of fluid and blood 
cells. Inflammation is a necessary and highly useful/essential process that animals have evolved to 
defend against pathogenic microbes. Stress causes tissue injury, which in turn leads to inflamma-
tion through a variety of signal mediators. In general, any injury to the vascularized tissue leads 
to a local inflammatory response. Inflammation is broadly divided into two major types: (1) acute 
inflammation (immediate and nonspecific response), and (2) chronic inflammation (delayed and 
highly specific response; Figure 5.1) [1]. Immediately following the tissue injury caused by stimuli 
(physical, chemical, and biological), vasodilation, vascular leak, edema, and recruitment of leu-
kocytes (polymorphonuclear leukocytes; PMNs) result in the injured tissue area. Vascular leak is 
responsible for protein exudation and edema. 

The vascular endothelial cell (EC) lining plays a pivotal role in the manifestation of vascular 
leak. Histamine, bradykinin, leukotrienes, pro-inflammatory cytokines (interleukin-1, IL-1) and 
tumor-necrosis factor (TNF) cause endothelial tight junction alterations through cytoskeletal rear-
rangements and thus lead to vascular hyperpermeability in the injured tissue site. In the early stages 
of inflammation, the microvasculature is the most affected, contributing to the vascular hyper-
permeability, macromolecular exudation, and edema in the interstitial regions. Tissue injuries of 
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severe nature cause EC damage or death contributing to prolonged vascular leak. During the acute 
phase of inflammation, leukocytes adhere to the endothelium, causing endothelial damage and 
inducing vascular leak through oxidant and other signaling mechanisms. Leukocytes in circulation 
escape the blood vessel by rolling, migration, adhesion, activation, and chemotaxis and thus par-
ticipate in tissue injury. During vascular leak, using the cell adhesion molecules, leukocytes accu-
mulate along the endothelial surface of the vasculature (adhesion). The leukocyte and endothelial 
adhesion is mediated by specific cell adhesion molecules called selectins. Cytokines play a crucial 
role in up regulating these cell adhesion molecules. Leukocytes including the PMNs, lymphocytes, 
and monocytes undergo diapedesis (transmigration) during the initial stages of inflammation. 
Leukocytes thus are attracted to the region of injury through chemotaxis, wherein molecules such 
as the pro-inflammatory cytokines (IL-8), complement proteins, and eicosanoids play important 
roles. Following chemotaxis and activation, leukocytes are engaged in phagocytosis in the injured 
tissue. Phagocytosis carried out by leukocytes is not only critical for the microbicidal activity 
but also highly essential for the clearance of the damaged tissue as a part of tissue repair process 
through engulfment and phagolysosome formation. Generation of reactive oxygen species (oxida-
tive burst), oxidative stress, and formation of arachidonic acid metabolites (eicosanoids) also result 
at this stage of inflammation [2]. Overall, the activated leukocytes contribute to inflammation 
at the site of tissue injury through a multitude of mechanisms initiated and regulated by several 
mediators of inflammation.

5.1.1  DisorDers anD Diseases anD inflammation

Inflammation appears to be unavoidable and imminent in any state of disorder or disease. Although 
injury and inflammation are not clearly demarcated, both are intertwined whether inflammation 
is the cause or effect of tissue injury in a condition of disorder/disease, and therefore it is highly 
crucial to understand the mechanism of inflammation in a particularly focused disorder or disease 
for proper and effective therapeutic intervention. Beginning with microbial and parasitic infections, 
conditions including allergen exposures, cancer, cardiovascular disorders, neuronal injuries and 
diseases, asthma, wound healing, obesity, and many more diseases to name a few are associated 
with inflammation [3–8].

Epigenetic/genetic regulation

Acute inflammation Chronic inflammation

Inflammation

Factors inducing inflammation

Inflammation mediators (IL-4, IL-6, IL-8, IL-10, TNF-α)

Disorder/disease

FIGURE 5.1  Inflammation inducers causing acute and chronic inflammation through mediators. Inducers of 
inflammation (microbes, microbial toxins, allergens, metabolic disturbances, stress, toxicants) cause inflam-
mation, and mediators of inflammation modulate/regulate the process through complex cascades of signaling 
at the cellular and genetic levels.
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5.2  MEDIATORS OF INFLAMMATION

Inflammatory cells respond to mediators in a highly complex manner and operate the cascades 
of inflammation [9]. These lipid mediators are emerging as either pro-inflammatory or anti- 
inflammatory molecules throughout the inflammatory stages, leading toward either exacerbation 
of the injury or repair or remodeling or healing of the injured tissue, depending on the nature of 
the mediator, its mechanism(s) of action, type of the cell/tissue at the injured site, and nature of the 
 disease/disorder. The generation and turnover of these mediators in the cells or extracellular envi-
ronments in the body during tissue injury are apparently critical. For convenience, here, the media-
tors of inflammation are broadly divided into two groups: (1) non-lipid mediators, and (2)  lipid 
mediators (Figure 5.2).

5.2.1  non-lipiD meDiators of inflammation

The most important non-lipid mediators of inflammation are histamine, kinins, cytokines, and che-
mokines [9]. Histamine, being a vasodilator and vascular smooth muscle constrictor, causes severe 
vascular permeability that sets the stage for subsequent inflammatory events. Through the meta-
bolic decarboxylation of the amino acid, histidine, in the mast cells and basophils, histamine is 
generated and stored in secretory granules, and upon sensitization, histamine is released along with 
the binding of inflammation inducers (allergens) to immunoglobulin E (IgE) [9]. Several different 
cells such as the vascular smooth muscle cells, neurons, exocrine cells, endocrine cells, immuno-
cytes, and blood cells also respond to histamine. Kinins fall under the category of peptide hormones 
[9]. Under the conditions of inflammation, kinins are synthesized in the body fluids and tissues 
from kininogens by enzyme-catalyzed proteolysis. The mechanisms of inflammatory actions of 
kinins include contraction of smooth muscle, vasodilation, and enhanced circulation in the cap-
illaries. Cytokines are the most extensively studied mediators as the most important players in 
inflammation. Several cytokines, including the interleukins (IL), tumor necrosis factor-α (TNF-α), 
and granulocyte-macrophage colony stimulating factor (GM-CSF), are established to regulate the 

Pathophysiological state
(Infection, allergy, stress)

Signaling
(Membrane/intracellular)

Early events of inflammation Late events of inflammation

Cytokine gene
expression regulation

Cytokines

Anti-inflammatory
cytokine

Pro-inflammatory
cytokine

Pro-
inflammatory

Anti-
inflammatory

Bioactive lipid mediator formation

Activation of lipid
signaling enzymes

Inflammation Inflammation

?

FIGURE 5.2  Role of non-lipid and lipid mediators in inflammation. During inflammation, lipid signaling 
enzymes generate bioactive lipids that act as mediators of inflammation. Non-lipid mediators such as cytokines 
also participate in the inflammation process. Some of these mediators may act either as pro- inflammatory or 
anti-inflammatory regulators.
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actions of diverse immune cells such as the macrophages, T-cells, B-cells, and eosinophils during 
inflammation through a wide variety of molecular mechanisms [9]. Cytokines including IL-8, mac-
rophage inflammatory protein-1α (MIP-1α ), macrophage chemoattractant proteins, and RANTES 
are known to possess chemoattractant properties and hence are called chemokines. These chemo-
kines act as chemoattractants for macrophages and other leukocytes and participate in the inflam-
matory processes. 

5.2.2  lipiD meDiators of inflammation

Membranes of living cells including the plasma membrane constitute lipids of diverse types. The 
most crucial types of those cellular bilayer membrane lipids are phospholipids followed by other 
minor lipidic constituents such as glycolipids, sphingolipids, gangliosides, and cholesterol. The 
composition of the membrane lipids varies from one type of cell to another. Within the same type 
of cell, depending on the metabolic state of the cell (including age), the lipid composition varies. 
Hence, lipids of the membrane should not be merely considered as the structural entities of the 
biological cell but are emerging to play critical roles in cellular physiological, biochemical, and 
molecular functions. Inflammation is not an exception to this as cell membrane lipids have been 
shown as important players therein. Platelet-activating factor (PAF) has been known for a long time 
as a potent phospholipid autocoid and innate immunity modulator [10]. The roles of cyclooxygenase 
(COX)- and lipoxygenase (LOX)-generated arachidonic acid (AA) metabolites (eicosanoids such as 
prostaglandins and leukotrienes) in inflammation have been thoroughly investigated and established 
[2,11]. The release of AA from the SN-2 position of the membrane phospholipids upon the action 
of phospholipase A2 through hydrolysis is the most critical regulatory step in the conversion of free 
AA into eicosanoids by either COX or LOX [12]. Thus, the eicosanoids have been established as 
potent bioactive lipid mediators in modulation/regulation of inflammation [9]. However, there are a 
few other critical bioactive lipid mediators of membrane phospholipid origin that are being identi-
fied also as potent mediators or modulators of inflammation. They include phosphatidic acid (PA), 
lysophosphatidic acid (LPA), anadamides, and sphingosine-1-phosphate (S1P) [13,14]. This chapter 
highlights the inflammation-mediating/modulatory actions of these specific newly emerging bioac-
tive phospholipid mediators of inflammation, PA and LPA.

5.3   PHOSPHATIDIC ACID (PA) AS A BIOACTIVE 
PHOSPHOLIPID MEDIATOR OF INFLAMMATION

PA is an important component of the membranes including the mammalian cells. Although it is a 
metabolic intermediate in the biosynthesis of different phospholipids, PA acts a potent bioactive 
lipid signal mediator. Phospholipase D (PLD) is a membrane phospholipid-hydrolyzing enzyme 
that cleaves the head group of the phospholipid (phosphatidylcholine) and generates PA (Figure 
5.3) [15]. Two isoforms of PLD, PLD1 and PLD2, have been identified in mammalian cells that take 
part in cellular signaling events mediated by the PLD-generated PA. Enhanced activity (upregula-
tion) of PLD has been linked with the mechanism of action of GM-CSF through PA generation in 
the fMLP-stimulated neutrophils, emphasizing the priming effect of GM-CSF [16]. PLD activa-
tion has been identified as the initial step in the integrin-induced human neutrophil phagocytosis 
[17]. Activation of PLD has been shown to play an important role in the ATP-induced death of 
virulent Mycobacterium tuberculosis in the infected human macrophages [18]. In macrophages, 
PA has been observed to regulate the systemic inflammatory responses through modulation of the 
Akt-mammalian target of rapamycin-p70 S6 kinase 1 signaling cascade [19]. Neutrophil priming 
and subsequent PLD activation have been noticed in cardiopulmonary bypass and inhibition of 
PLD activation has been observed to inhibit enzyme activity with the attenuation of cardiopul-
monary bypass-induced inflammation [20]. This study underscores the importance of PLD and 
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PLD-generated bioactive lipid, PA, in the cardiopulmonary bypass-induced inflammation through 
neutrophil activity. 

The roles of both PLD1 and PLD2 isoforms have been established as the coordinate regula-
tors of phagocytosis in macrophages [21]. Stimulation of PLD1 by phagocyte adhesion and regula-
tion of early stages of phagocyte adhesion by PLD1 have been established [22], emphasizing the 
importance of PLD1 in phagocyte adhesion. In human monocytes, PLD1 has been noticed to play 
an important role in the TNF-α-mediated signaling pathway leading toward inflammation [23]. 
PLD1 has emerged as a novel target for the treatment of inflammatory  conditions/diseases includ-
ing sepsis, respiratory ailments, and autoimmune diseases in which TNF-α is a critical player [23]. 
PLD-generated microvesicles loaded with phospholipids from macrophages have been identified to 
mediate inflammatory cascades in macrophages, and thus the phospholipids in microvesicles are 
suggested to mediate inflammation in a variety of diseases [24]. PLD1 has been shown to regulate 
the secretion of the pro-coagulant von Willebrand factor (VWF) from endothelial cells (ECs) [25]. 
In this study, PA generated by PLD1 has been observed as a critical player in the histamine-induced 
VWF secretion by the ECs. Furthermore, this study also suggests that PLD1 may play an important 
role in the endothelial-regulated vascular permeability that is important in acute inflammation. An 
enzyme that catalyzes the metabolism of PA, PA phosphohydrolase has been reported to regulate 
the inflammatory signaling [27]. The vital role of PLD2-generated PA and participation of GTPase 
have been shown to be important in cell migration, enhanced leukocyte chemotaxis, and inflamma-
tion, thus emphasizing the crucial role of PLD signaling in inflammation and cancer [27]. Overall, 
these studies so far have revealed that PLD and the PLD-generated bioactive phospholipid (PA) 
appear to play important roles in mediation and regulation of inflammation. 

5.4   LYSOPHOSPHATIDIC ACID (LPA) AS A BIOACTIVE 
PHOSPHOLIPID MEDIATOR OF INFLAMMATION

LPA is emerging as a potent bioactive phospholipid mediator in different physiological and patho-
physiological states including inflammation. In many cells, LPA acts as a chemoattractant and 
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FIGURE 5.3  Generation of bioactive phospholipid mediators, phosphatidic acid (PA), and lysophosphatidic 
acid (LPA) in cells during inflammation. Membrane phospholipid-hydrolyzing enzymes such as phospholi-
pase D (PLD) generates PA from membrane phospholipids (phosphatidylcholine), which can act as a phospho-
lipid mediator of inflammation. PA can also undergo hydrolytic cleavage by phospholipase A1/A2 to form LPA, 
which is also emerging as a potent bioactive phospholipid mediator of inflammation.
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mitogen. LPA is formed in the mammalian cells/tissues through different mechanisms. One of the 
mechanisms involves PLD, which forms PA from membrane phospholipids, which subsequently 
undergoes hydrolysis by either phospholipase A1 (PLA1) or phospholipase A2 (PLA2) into LPA 
(Figure 5.3). A second mechanism of LPA generation involves, especially in tumor development 
and inflammation, the autotoxin (ectonucleotide pyrophosphatase/phosphodiesterase-2, ENPP2) 
that is a secretory lysophospholipase D [28]. Autotaxin hydrolyzes lysophosphatidylcholine into 
LPA. A third mechanism of generation of LPA involves the action of lysophospholipase D, which 
converts lysophospholipids in cells into LPA. LPA exerts its biological actions involving specific 
G-protein-coupled receptors (GPCRs) such as LPA-1, LPA-2, LPA-3, LPA-4, LPA-5, and P2Y5 
[29]. It has been suggested that LPA plays an important role in airway inflammation by modulating 
the expression of either pro-inflammatory or anti-inflammatory genes [29]. LPA has been shown 
to induce potent stimulation of polarization, motility, and metabolic burst of human neutrophils, 
suggesting that LPA formation induced by thrombin in platelets may regulate inflammation [30]. 
Activation of the transcription factor, nuclear factor-κB (NF-κB), by LPA has been reported in 
fibroblasts utilizing many pathways [31]. Since cytokines act as targets for NF-κB, LPA regula-
tion of NF-κB could be highly important in inflammation. Vascular EC (human aortic EC) and 
leukocyte (monocyte and neutrophil) interaction has been shown to be regulated by LPA through 
its receptor(s) involvement, emphasizing the role of LPA and its receptors in inflammation [32]. 

LPA has been observed to improve healing of acute cutaneous wounds in mice through enhanced 
reepithelialization but not by modulating inflammation, suggesting that LPA acts as a mitogen in 
wound healing and repair [33]. LPA has been described as a platelet-derived bioactive lipid growth 
factor that plays a crucial role in the activation and differentiation of leukocytes, and this has impli-
cations in several inflammatory disorders such as granulomatous disorder, chronic inflammation 
(arthritis), and atherosclerosis [34]. LPA at nanomolar doses has been shown to activate human 
monocytes involving the LPA receptors, and hence a role for LPA in the mediation of inflammation 
has been suggested [35]. Pro-inflammatory gene expression has been noticed to be modulated by the 
nuclear LPA-1 receptor in microvascular ECs, hepatoma cells, and liver tissue emphasizing the role 
of the cell nucleus as a pivotal site for LPA-mediated signaling toward modulation of expression of 
pro-inflammatory genes [36]. This study clearly highlights the nuclear site of action of LPA in the 
regulation of inflammation. 

It has been revealed that LPA induces chemotaxis, oxidant generation, CD11b upregulation, 
calcium mobilization, and actin cytoskeletal reorganization in the human neutrophils through the 
involvement of G proteins [37]. This study suggests that LPA appears to have a role in diseases 
involving eosinophilic inflammation, such as atopic diseases, by acting as a chemotaxic agent and 
activator of pro-inflammatory processes. LPA has been reported to stimulate inflammatory cas-
cade in the airway epithelial cells through modulation of cytokine production [38]. It has been 
observed that LPA attenuates endotoxemia (lipopolysaccharide, LPS)-induced organ injury through 
the GPCRs and peroxisome proliferator-activated receptor-γ (PPAR-γ) [39]. This study underscores 
the utilization of LPA as a therapeutic agent in the treatment of shock. The presence of LPA has 
been reported in the human bronchoalveolar lavage (BAL) fluid following allergen exposure as 
determined by liquid chromatography-mass spectrometry [40]. From this study, the authors have 
concluded that LPA does not appear to act as a predominant eosinophil chemoattractant but may 
enhance epithelial barrier integrity during allergic airway inflammation. 

In the human ECs, LPA has been shown to regulate inflammation-associated genes by involv-
ing the LPA-1 and LPA-3 receptors, suggesting those LPA receptors as targets for pharmacological 
intervention in the treatment of severe inflammation [41]. Inhibition of endotoxin (LPS)-induced 
pro-inflammatory conditions by exhibiting anti-inflammatory actions has been shown in in vitro 
and in vivo mouse models [42]. This investigation has also revealed the involvement of signaling 
pathways operated by  extracellular-regulated kinase ½ (ERK ½), serine/threonine phosphatases, 
and PI3 kinase. As autotaxin (lysophospholipase D) is also responsible for the generation of LPA 
in the extracellular milieu, it has been suggested that the pharmacological inhibitors of autotaxin 
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may be beneficial in the treatment of cardiovascular diseases and tumor metastasis [43]. LPA has 
also been established as a potent bioactive phospholipid mediator of airway epithelial signaling in 
the regulation of inflammatory mediators in the airway [44]. The involvement of LPA and LPA-2 
receptors in the progression of airway inflammation induced by the Schistosoma mansoni soluble 
egg antigen in the mouse asthma model has been reported [45]. From a study with the bleomycin-
induced mouse lung fibrosis model, it has been revealed that a novel oral LPA-1 receptor antagonist, 
AM966, offers inhibition of lung fibrosis [46]. This study further promises the use of AM966 as 
an effective, selective, and potent LPA-1 receptor antagonist in not only the treatment of lung dam-
age and fibrosis but also could be beneficial in treating inflammatory conditions. In a translational 
study, liquid chromatography-mass spectrometry analysis of saliva and gingival crevicular fluid of 
human subjects has revealed elevated levels of different molecular species of LPA (with different 
fatty acid composition) during the state of periodontal diseases [47]. This study has clearly indicated 
the involvement of LPA in periodontal diseases. Overall, these studies so far have unequivocally 
revealed the role of LPA and LPA receptors in the pathogenesis of several disease states.

5.5  CONCLUSIONS AND FUTURE DIRECTIONS

Inflammation is obligatory and painful in almost every disease and disorder state. However, it is 
driven by complex mechanistic operations being intertwined and regulated tightly at the physi-
ological, metabolic, biochemical, and molecular levels in the cells and tissues at different micro-
cosms, finally manifesting at the organismal level. The bioactive phospholipid mediators such as 
PA and LPA are just emerging as the most critical membrane-derived lipid mediators of inflam-
mation. The challenges ahead are myriad. The first challenge is to carefully identify the temporal 
and spatial identification and determination of PA and LPA and their origin and fate in the cells 
and tissues at the injured and inflammatory sites. The second challenge involves the use of the 
right/appropriate animal model for a chosen disease/disorder that appropriately addresses the 
human disease/disorder in question. Translational studies with human subjects in this regard are 
mandatory. PA and LPA should also be analyzed in the body fluids and tissue biopsies of human 
subjects during inflammation, injury, and treatment as biomarkers of inflammation and injury. 
The cellular and molecular targets for PA and LPA have to be clearly identified in cellular and 
animal models and human subjects, which will lead to identifying specific drug targets for com-
batting inflammation under a particular state of disorder/disease. Finally, from both pathological 
and pharmacological perspectives, the intertwined operations between non-lipid mediators (e.g., 
cytokines and chemotaxins) and lipid mediators (PA, LPA, and eicosanoids) have to be estab-
lished at different system levels that overlap with each other (e.g., cellular, nuclear, molecular, 
tissue, and organismal).

TAKE-HOME MESSAGES

• Inflammation is associated almost with every disorder/disease.
• Although inflammation is essential for repair/healing of tissue injury, the outcome is pain-

ful and detrimental.
• Mediators of inflammation are broadly divided into two categories: (1) non-lipid media-

tors, and (2) lipid mediators.
• Among lipid mediators of inflammation, the membrane phospholipid-derived species, 

phosphatidic acid (PA) and lysophosphatidic acid (LPA), are emerging as critical players in 
inflammation in several diseases/disorders.

• PA and LPA exert their biological actions (pro- or anti-inflammatory) through complex 
signaling cascades at the cellular and genomic levels through their specific receptors.

• Understanding the targets for PA and LPA during inflammation at the target tissue will 
offer drug targets for therapeutic interventions.
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6.1  INTRODUCTION

Cardiovascular pathologies are the leading cause of morbidity and mortality worldwide. It is a 
multifactorial disease and its major underlying cause is the inflammation of large blood vessels 
(atherosclerosis), leading to thrombus formation, plaque rupture, and blockage of blood and nutrient 
supply to the adjacent cardiac tissues. The development of atherosclerosis has a strong inflammatory 
component, and involves a number of risk factors such as elevated serum levels of modified low-
density lipoprotein (ox-LDL), lower levels of high-density lipoprotein (HDL), smoking, sedentary 
lifestyle, genetics, age, a fatty acid–rich diet, and cholesterol. 

Atherosclerosis is initiated by migration and recruitment of the immune cells via secretion of 
various cytokines and chemokines, whose expression is upregulated in injured endothelium, acti-
vated monocytes, and proliferating vascular smooth muscle cells (vSMCs), resulting in reduced 
lumen size and blood flow obstruction (Libby and Aikawa 2002; Figure 6.1). Although serum level 
of HDL is a strong predictor of atherosclerosis development, newer studies have shown that the 
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number of circulating progenitor cells are also good predictor of developing cardiac pathologies 
(Chong et al. 2004). 

Studies have shown that endogenous hematopoietic stem cells give rise to immune cells, endo-
thelial progenitor cells (EPCs), and vSMC progenitors. Although the role of immune cells is mostly 
recognized as inflammatory in nature, the role of EPCs and vSMCs in atherosclerosis is largely 
unknown. Findings suggest that levels of progenitor cells in the cardiovascular patients are thought 
to be novel predictors of the cardiovascular risk factors. Recent findings show that existing treat-
ments for coronary heart disease (CHD) alleviate cardiac pathologies not just by lowering the LDL 
levels or interfering with immune interaction, but by recruiting endogenous stem cells to the lesion 
site. Stem cells were shown to cause re-endothelialization, stabilization of atherosclerotic plaque, 
and reversal of ischemic cardiac tissue and restoration of cardiac functions. However, pre-clinical 
and clinical application is greatly impeded by the available number of stem cells. Our lab has 
established an ex vivo expansion technology of human cord blood-derived hematopoietic stem cells 
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FIGURE  6.1  (see  color  insert)  Schematics of normal artery and development of atherosclerosis. 
(a) Schematics of normal arterial sectional view, where blood flows without any obstruction. The lumen of the 
artery is lined by the endothelium followed by the arterial intima and the lining of vascular smooth muscle 
cells followed by adventitia. Normally a small number of circulating immune cells and progenitor cells and 
a large number of red blood cells along with white blood cells containing blood circulate within the lumen. 
(b) Atherosclerosis is an inflammatory disorder that develops within the arteries due to the injury caused to 
the endothelium in the presence of a high-cholesterol diet and other risk factors. Modified lipids such as oxi-
dized low-density lipoprotein (ox-LDL) interact with the endothelium. The injured endothelium upregulates 
chemotactic proteins and adhesion molecules such as VCAM1, ICAM1, and selectins. These molecules attract 
the circulating leukocytes and platelets, which migrate into the arterial intima. In the arterial intima, ox-LDL 
is phagocytosed by macrophages that express scavenger receptor (SR) and convert into foam cells. The vSMCs 
also become pro-inflammatory and migrate to the intima, secrete extracellular matrix, and form lipid core that 
starts to obstruct the arterial blood flow. Pro-inflammatory endothelial cells, platelets, foam cells, and other 
immune cells (B, T, DC, and mast cells) also get trapped in the lipid-necrotic core forming a plaque, which if 
it ruptures, will block the blood supply, causing ischemia in adjacent tissues.
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(HSCs) and shown therapeutic potential of expanded stem cells in myocardial infarction and hind 
limb ischemia models. This chapter focuses on the development of atherosclerosis and the role of 
HSCs and vascular progenitor cells in atherosclerosis and highlights the therapeutic potential of 
progenitor cells in the resolution of atherosclerotic disease.

6.2  HSC REGULATION OF SELF-RENEWAL

The fine balance between self-renewal and differentiation is critical for maintaining homeostasis 
of the HSC pool and blood cells in the vascular system. The life span of mature blood cells is 
limited and continuous replacement of blood cells is required in the healthy condition as well 
as in inflammation and disease states. Numerous intrinsic and extrinsic signals, guided by the 
microenvironment, regulate self-renewal activities, maintain quiescence of HSCs, and inhibit 
their differentiation. Factors such as Wnt, Notch, hedgehog, Homeobox proteins (HoxB4), cell 
cycle regulator proteins, stromal derived factor (SDF-1), c-kit, stem cell factor (SCF), thrombo-
poietin (TPO), fetal liver kinase (Fl), and interleukins regulate self-renewal and proliferation of 
HSCs (Reya 2003). 

Self-renewal activities are regulated by HSC niches such as the osteoblastic niche and endosteal 
niche. HSCs are anchored to the surrounding cells (such as osteoblasts or vascular cells) via adhe-
sion molecules, such as cadherin and integrins, especially N-cadherin, VCAM-1, α1β2 integrin, 
angiopoietin-1 (Ang-1), and osteopontin, which are expressed on the osteoblastic cells and bind 
through their cognate receptors expressed on HSCs to maintain quiescence and survival of HSCs 
(Arai et al. 2004). Osteoblasts were shown to regulate HSCs through various signaling pathways, 
such as bone morphogenetic pathways (BMP), and Notch signaling by parathyroid hormone recep-
tors, CD150 and CXCR4 (Sugiyama et al. 2006; Calvi et al. 2003). Recent evidence from osteoblast 
ablation experiments has shown that in the absence of osteoblasts, HSCs could still be maintained in 
the spleen or liver. Thus, osteoblast-HSC interaction might be more crucial for maintaining commit-
ted HSCs compared to their uncommitted counterparts (Adams et al. 2006). It is believed that not 
only osteoblasts or endothelial cells but also other cell types, such as osteoclasts, regulate homeo-
static and stress-induced (inflammation or bleeding) migration and localization of HSCs (Kollet 
et al. 2006). However, it is not yet clear why HSCs are located near the bone marrow sinusoids and 
other extramedullary tissues. 

6.3  DIFFERENTIATION OF HSCS

HSCs differentiate into mature blood lineages to maintain normal homeostasis of the hematopoietic 
system. Various pathological conditions also trigger differentiation of HSCs, such as hematologi-
cal stress conditions, bleeding, inflammatory and hematopoietic regeneration in response to infec-
tion, wound healing, cytotoxic agents, or pathological diseases such as atherosclerosis (Libby and 
Aikawa 2002). A continuous supply of blood cells is needed to sustain normal functions of the 
organism. On the other hand, HSCs’ quiescence (i.e., HSCs exist in G0/G1 phase) is also equally 
important to maintain the stem cell pool and to provide radioprotection, as HSCs in proliferative 
phase (in S and M phase) are more susceptible to apoptosis, when exposed to cytotoxic agents. 

6.3.1  Lymphoid differentiation

HSCs could be differentiated into various lineages such as B, T, and NK cells. NK cells and a subset 
of T cells belong to the innate immune system, and B and a majority of T cells belong to the adap-
tive immune system. B cell development and effector function are regulated both by intrinsic and 
extrinsic signals including transcription factors, chemokines, cytokines, and so forth. B cell matu-
ration also depends on the signaling from T cells. T cells mature in the thymus and their develop-
ment depends on the transcription factors such as Pu.1, Pax5, GATA-3, members of the Runx, 
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E2A/HEB, and members of the Ikaros family. T cells could develop into either cytotoxic, helper, or 
memory T cells. T cells function through T cell receptors (TCR) and activate other immune cells. 
Although NK cells represent the innate immune system, they share some of the properties with the 
T cells. In particular, NK cells share a common killing mechanism with CD4+ and CD8+ cytotoxic 
T lymphocytes (CTL), that is, using interferon-γ (IFN- γ), perforin, and granzymes, respectively. 
NK cell development is governed by transcription factors such as Ets-1 and myeloid Elf-1–like fac-
tor (MEF; Rothenberg 2011; Choi et al. 2011). 

6.3.2  myeLoid differentiation

HSC precursors give rise to myeloid lineages such as monocyte-macrophage, granulocytes, and 
erythroid-megakarocyte lineages. Common myeloid lineages also give rise to dendritic cells 
(DCs) and mast cells. Monocyte-macrophage lineages provide immune defense against foreign 
pathogens and represent an adaptive immune system. Macrophages are activated due to tissue 
injury or poor oxidation and thus unregulate the production of inflammatory cytokines attract-
ing more monocyte from the circulation. Specifically, the role of monocyte-macrophage lineages 
is predominantly seen in initiation of cardiovascular diseases (Libby and Aikawa 2002). DCs 
are important regulators of the adaptive immune system and are specialized antigen-presenting 
cells. Although macrophages could behave as antigen presenting cells, the important difference 
is that DCs can specifically migrate to the regions where T cells are present to interact with them. 
Several transcription factors are involved in differentiation of HSCs to DCs. Ikaros dominant-
negative homozygous mice lack all cells of lymphoid origin, including T, B, and NK cells, and 
also show a defect in the development of DCs (Wu et al. 1997). Mast cells represent the innate 
immune system and are known to have a principal role in inflammatory diseases such as athero-
sclerosis and myocardial infarction (Laine et al. 1999). Transcriptional factors such as GATA-2 
were shown to be required for survival and terminal differentiation of mast cells; however, they 
were not critical for erythroid and macrophages (Tsai and Orkin 1997). Myeloid progenitor cells 
also give rise to red blood cells (RBC, erythroid lineages) and megakaryocytes (mature to form 
platelets). Erythroid cells progress from nucleated to mature enucleated RBCs and are important 
in tissue oxygenation. 

Cross-talk among all the immune cells protects the body against infections and is involved in 
reparative mechanisms in wound healing and inflammatory responses in diseases such as athero-
sclerosis. Thus it is important to understand the transcriptional regulation during differentiation 
and the maturation of immune cells so as to develop effective immune-based therapies for disease 
prevention and treatment.

6.4  DEVELOPMENT OF ATHEROSCLEROSIS

Atherosclerosis is a multifactorial inflammatory disease caused by elevated levels of LDL choles-
terol leading to blockage of arteries. Atherosclerosis is the most common pathological process that 
leads to cardiovascular disease (CVD). Formation of atherosclerotic plaques consists of necrotic 
cores, calcified regions accumulated with modified lipids, inflamed smooth muscle cells (SMCs), 
endothelial cells (ECs), leukocytes, and foam cells (Libby and Aikawa 2002). Earlier, atherosclero-
sis was considered as a passive disease consisting of accumulation of LDL accompanied by injury 
of endothelial cells, dysfunction of vascular smooth muscle cells, leading to activation of platelets, 
immune cells, and formation of atherosclerotic plaques that obstruct the blood flow through the 
blood vessels, resulting in distal tissue ischemia and myocardial infarction or stroke. Recently, how-
ever, involvement of progenitor cells, immune cells, and inflammatory mechanisms in the progres-
sion of atherosclerosis was identified (Hansson 2005). The following section focuses on the role of 
inflammatory cells in atherosclerosis and their mechanisms, as well as the resolution, prevention of 
atherosclerosis, and regeneration of damaged tissue resulted from ischemia.
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6.4.1  roLe of Stem CeLLS and progenitor CeLLS in atheroSCLeroSiS

Atherosclerosis progression and lesions involve a heterogeneous population of cells including pro-
genitor cells of endothelial lineages (EPC), inflammatory cells and their progenitors, vascular pro-
genitors, and vascular smooth muscle cells (vSMCs). Each stage of lesion progression involves cross 
talk between these cells. The earliest stages of atherosclerosis are triggered by endothelial dysfunc-
tion and poor endothelial regeneration, followed by endothelial apoptosis and infiltration of inflam-
matory cells and vSMCs, finally leading to ischemia (Libby and Aikawa 2002). Progenitor cells 
present in peripheral blood (circulating cells), adventitia, or media of the atherosclerotic arteries 
were reported to be involved either in progression or prevention of atherosclerosis (Hu et al. 2004). 
Human studies have indicated reparative roles for circulating progenitor cells; however, involvement 
in progression of lesion formation is not clear (Simper et al. 2002). This section will focus on some 
of the potential findings that link the presence of circulating progenitor cells with vascular patholo-
gies such as atherosclerosis (Table 6.1). 

6.4.1.1  Vascular Stem Cells 
Vascular stem cells are undifferentiated, multipotent stem cells that can differentiate into functional 
mature cells such as endothelial cells or vSMCs. 

6.4.1.1.1 Endothelial Progenitor Cells
It has been shown that EPCs and HSCs originate from common hemangioblast cells and HSCs 
could differentiate to endothelial lineage and smooth muscle cells (Asahara et al. 1997; Das, George 
et al. 2009). Endogenous circulating EPC (cEPCs) derived from bone marrow were shown to express 
both hematopoietic markers (AC133, CD34) as well as  an endothelial cell marker (VEGF) and give 
rise to mature endothelial cells and line the blood vessels. Cardiovascular risk factors were shown 
to negatively influence EPC numbers and functioning (Vasa et al. 2001). Endothelial dysfunction 
is believed to be the first step in the manifestation of atherosclerotic disease and leads to a cascade 

TABLE 6.1
Origin and Role of the Endogenous Stem and Progenitor Cells in Atherosclerosis

Types of Progenitor 
and Stem Cells Origin

Differentiation 
Potential Role in Cardiovascular Pathology

Endogenous 
Hematopoietic Stem 
Cells (HSCs)

May originate from 
common 
hemangioblast 

Differentiate into 
committed HSCs, 
EPCs, and or vSMCs 
in lesion sites

Home to site of atherosclerotic lesions and 
participate in inflammatory cascade in 
atherosclerotic development.

Committed HSCs Originate from 
uncommitted 
multipotent HSCs

Can give rise to either 
myeloid, lymphoid, or 
erythroid lineages

Monocyte-macrophage lineage releases 
pro-inflammatory cytokines that recruit 
additional inflammatory cells from 
circulation. T cells release anti-
inflammatory cytokines. Exogenous HSCs 
regenerate cells in ischemic region via 
angiogenesis and improve organ function.

Endothelial Progenitor 
Cells (EPCs) 

May originate from 
bone marrow precursor 
cells or from common 
hemangioblast

May give rise to 
endothelial cells

Repair, replace, and regenerate the injured 
endothelium. 

Vascular Smooth 
Muscle (vSMC) 
Progenitor Cells 

May originate from 
bone marrow or HSCs

May give rise to smooth 
muscle cells

Differentiate to pro-inflammatory vSMCs and 
contribute to atherosclerotic lesions, or may 
stabilize plaque and avoid plaque rupture.
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of events that involves infiltration of inflammatory cells, proliferation of vSMCs, and formation of 
thrombotic plaques. There are conflicting views about the role of EPCs, especially in plaque angio-
genesis. Some reports suggest that plaque angiogenesis is pathologically increased by EPC while 
others report protective effects in atherosclerosis by contributing toward endothelial repair (Schober 
et al. 2005). This is supported by the fact that in atherosclerotic disease both endogenous HSCs 
and circulating EPC levels decrease and vulnerability for development of atherosclerotic disease 
increases (Liu et al. 2009). Thus it becomes very important to repair and restore the functioning of 
endothelial cells through various therapeutic strategies (discussed in Section 6.5).

6.4.1.1.2 Vascular Smooth Muscle Progenitor Cells
The appearance of SMCs in the intima is one of the early events in the pathogenesis of athero-
sclerosis. Vascular smooth muscle progenitor cells differentiate into smooth muscle cells and are 
believed to expand the bulk of atherosclerotic lesions, reducing the lumen size. Conversely, it was 
reported that although vSMC progenitors migrate to lesion sites, they stabilize the plaque and 
prevent plaque rupture (Zoll et al. 2008). It is believed that the phenotype of SMCs within athero-
sclerotic lesions differs from that of the medial cells, which are contractile and secretory SMCs. 
This difference is considered to be essential to the migration and proliferation of SMCs in the 
pathogenesis of atherosclerosis. These SMCs display a pro-inflammatory phenotype and express 
genes sharing a similarity with proliferating stem cells as well as a number of hematopoietic lin-
eage markers (Miyamoto et al. 1997). But it is not clear whether EPC and vSMC progenitors have 
a common vascular stem cell origin or not. The vSMCs’ progenitors were shown to originate in the 
media of the atherosclerotic arteries either from the bone marrow or circulating progenitor cells 
or from fusion of progenitor cells with the SMCs present in the lesions (Saiura et al. 2001; Sata 
et al. 2002). Thus, it could be possible that vascular stem cells and progenitors may be recruited 
for the purpose of repair of injured endothelium and at the same time may also lead to pathological 
remodeling of blood vessels. 

6.4.1.2  HSC Progenitors and Differentiated Immune Cells
Evidence shows that endogenous bone marrow–derived HSCs home to the sites of atherosclerotic 
lesions and may contribute to the inflammatory cascades (Sata et al. 2002). It is believed that endog-
enous HSCs participate in the healing process of the injured organs but may also contribute to the 
pathological remodeling. Thus, migration to the sites of endothelial injury and atherogenic vessels 
may be one of the key mechanisms that initiate the progression of the atherosclerosis. Another 
mechanism is that once the bone marrow–derived endogenous HSC home to the sites of the athero-
sclerosis, they were, surprisingly, shown to differentiate into SMC and EC in vascular lesions. Thus, 
it is possible that bone marrow cells could be recruited to atherogenic sites for repair and instead 
differentiate toward putative vascular cells due to microenvironmental effects and ultimately con-
tribute to lesion progression. Mechanistically, the role of receptors and adenosine triphosphate 
binding cassette (ABC) transporters in the plasma membrane, expressed by HSPCs and its differ-
entiated cells such as monocytes and macrophages, is also believed to play a role in atherosclerosis 
development.

A number of clinical studies have shown a rise in leukocyte number in the lesion of atheroscle-
rotic patients and coronary heart disease patients (Coller 2005). Even in animal studies it was shown 
that an atherogenic diet such as a high-fat diet or lower levels of high-density lipoprotein (HDL) 
resulted in an increase in leukocytes and monocytes, causing increased monocyte entry into ath-
erosclerotic lesions. However, the observation of a higher count of immune cells was not linked to 
HDL levels until recently. The mechanisms that make HDL an effective anti-atherosclerotic agent 
is due to its ability to cause cholesterol efflux from macrophage foam cells in atherosclerotic lesions. 
This involves the use of ABC transporters (ABCA1 and ABCG1), whose expression is regulated 
by nuclear receptors (liver X receptor, LXR), activated by oxidized cholesterols. ABC transporters 
are expressed on HSCs and hematopoietic multipotential progenitor cells. This was supported by 
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the fact that Abca1–/– Abcg1–/– mice had elevated infiltration of macrophage-laden foam cells and 
very high levels of leukocytes, monocytes, and other immune cells into the lesion (Yvan-Charvet 
et al. 2007). Thus the absence of cholesterol efflux mechanisms and the absence of HDL cause an 
increased HSCs proliferation and progression of atherosclerosis (Yvan-Charvet et al. 2010). Not 
only ABC transporters, the role of Toll-like receptors (TLRs) is also critical to the inflammatory 
biology of atherosclerosis. TLRs are important for the recognition of microbial moieties by innate 
immune cells and are also expressed on HSPCs. Activation of these receptors by lipid moieties 
(lipopolysaccharides, oxidized LDL) can facilitate rapid differentiation of progenitors into macro-
phages and other immune cells. Receptors such as TLR2 and TLR4 were specifically found to be 
expressed in the atherosclerotic lesions especially by macrophages and endothelial cells (Xu et al. 
2001). Since TLRs were linked to proliferation of progenitor cells, it could therefore increase the 
population of inflammatory cells in arterial plaques. However, an emerging body of evidence sug-
gests that mesenchymal stem cells suppress lymphocyte proliferation at the site of inflammation 
(Meirelles Lda et al. 2009). 

6.4.1.2.1  Role of Lymphoid and Myeloid Lineages in the Development 
and Progression of Atherosclerosis

Circulating immune cells belonging to the innate and adaptive immune system were implicated 
in the progression of atherosclerotic diseases. Immune cells belong to monocyte-macrophage lin-
eages and are the critical cells that migrate into arterial tissue in response to locally produced che-
mokines by injured endothelium. Once circulating free monocyte and T cells (lymphoid lineages) 
come in contact with the injured endothelium, they adhere to the endothelium, which expresses 
vascular cell adhesion molecules (VCAM1) and intercellular adhesion molecules (ICAM1; Ross 
1999). Monocytes then differentiate into macrophages that express scavenger receptors engulfing 
ox-LDL and transforming into foam cells. Simultaneously, T cells, mast cells, and neutrophils 
also get activated and produce pro-inflammatory cytokines, further amplifying the inflammatory 
response.

Macrophages express an array of receptors such as TLRs or pattern-recognition receptors (PRRs) 
that phagocytose ox-LDL particles and become foam cells. Although the aforementioned cells are 
critical to atherosclerotic progression, other immune cells, such as mast cells, dendritic cells, and 
B cells or plasma cells, are also found in the lesions (Libby and Aikawa 2002). Ox-LDL during the 
late stage of monocyte differentiation gives rise to phenotypically mature DCs that secrete IL-12 
but not IL-10 (anti-atherogenic), supporting T cell stimulation. However, their exact role in plaque 
formation and lesion progression is still not clear. Apoptosis of foam cells is also known to play a 
role in attenuation of lesions and necrosis of adjacent inflammatory cells. At the same time, this 
influx of cells causes severe pro-inflammatory responses, further promoting increased proliferation 
of inflammatory SMCs and leukocytes within the plaques.

6.4.2   roLe of ChemokineS, CytokineS, and interLeukinS in 
deveLopment and progreSSion of atheroSCLeroSiS

Cytokines or chemokines are chemotactic molecules that represent a vast family of structurally 
related small molecular weight proteins. The chemokines are divided into four families based on 
the configuration of cysteines (CC, CXC, CX3C, XC). These molecules play important roles in cell 
mobilization, proliferation, and apoptosis, thus affecting the progression of atherosclerotic disease. 
Chemokines induce their biological functions via binding to receptors (G-coupled transmembrane 
proteins) present on their target cells. The highly expressed chemokine in atherosclerotic lesions, 
monocyte chemotactic protein (MCP-1/CCL2), belongs to the CC subfamily, is secreted by injured 
EC and dysfunctional SMC in the atherosclerosis, and is responsible for further recruitment of the 
monocyte to the lesions. The MCP-1 receptor CCR2 is expressed by monocytes, T cells, and vSMC, 
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thus causing their infiltration into intimal lesions. Recruitment of leukocytes to the injured vessel 
requires an upregulation of VCAM1, ICAM1, and selectins for increased leukocyte rolling, adhe-
sion, and migration to the vessel wall. Furthermore, chemokines that belong to the family of CXC, 
such as CXCL12/CXCR4, CXCL1/CXCR2 and CXCL7, have also been implicated in mobilization 
of progenitors from bone marrow to the inflamed vascular tissues. Mobilization occurs in response 
to the release of stromal-derived factor (SDF-1/CXCL12), CXCL1, and CXCL7, and matrix metal-
loproteinase 9 (MMP9) from either attached platelets within the atherosclerotic lesions, injured 
endothelium, or ischemic arterial tissues. This interaction between ligand and receptor helps in 
endothelial recovery and repair (Massberg et al. 2006). 

A recently identified chemokine belonging to the family of CX3C called fractalkine/CXC3CL1, 
expressed by atherosclerotic arteries only, was reported to be a potent chemoattractant for mono-
cytes and T cells (Greaves et al. 2001). Furthermore, IL-1, IL-2, IL-4, IL-6, and TNF-α were 
shown to exert pro-inflammatory effects; however, IL-10 exerted anti-inflammatory effects on the 
progression of atherosclerosis. IL-10 is produced by activated monocytes and lymphocytes and 
exerts its anti-inflammatory effects through inhibition of leukocyte-EC interaction, inhibition of 
pro- inflammatory cytokine and adhesion molecules, and affects differentiation of immune cells, 
specifically T cells. Thus, results from the cytokine biology reflect an important pattern of cross 
talk among the various immune cells similar to that observed in other auto-immune/inflammatory 
disorders (von der Thusen et al. 2003); however, their exact role in lesion formation in the early 
phase of atherogenesis is still unresolved.

6.5  THERAPIES FOR ATHEROSCLEROSIS

Several treatment options have been in practice to limit the progression of atherosclerosis. 
However, prevention is still thought to be the best cure for this disease: following a healthy and 
active lifestyle and consuming foods that elevate good cholesterol (HDL) and lower bad cholesterol 
(LDL) levels. The endogenous reparative mechanisms are greatly affected by risk factors such as 
age, familial inheritance, smoking, or hypertension. As discussed earlier, the role of the secretory 
chemokines and ligands has been found to be significant for the recruitment of the endogenous 
stem cells/progenitor cells to the sites of lesions. Thus, therapies that interfere with the recruitment 
and mobilization of the progenitor cells are being investigated (Figure 6.2). Many factors, such as 
levels of VEGF, SDF, nitric oxide (NO), erythropoietin, G-CSF, statins, thiazolidinediones, and 
exercise, have also been shown to exert mobilizing action on EPCs from bone marrow to athero-
sclerotic lesions, thus inhibiting lesion progression (Wang et al. 2006; Aicher et al. 2003). Newer 
insights into progenitor cells’ therapeutic effects suggest that circulating endogenous progenitor 
vSMC cells may promote pathological arterial remodeling; however, local inhibition of binding of 
vSMCs could attenuate the progression of coronary disease. Thus, therapies that involve inhibi-
tion of recruitment of endogenous SMCs and simultaneously promote recruitment of EPC to the 
injured blood vessels could be beneficial for stabilizing the plaque and reversing atherosclerotic 
progression. 

Contrarily, infusion of progenitor vSMCs halted the development of atherosclerotic lesions due 
to increased formation of collagen content, impaired macrophage infiltration, and caused plaque 
stabilization (Zoll et al. 2008). Furthermore, involvement of stem cells in cardiac diseases may pro-
vide opportunities for their genetic modification with genes that enhance neovascularization (such 
as VEGF/PDGF), anti-inflammatory factors (IL-10), and/or endothelial cell survival. However, 
multiple parameters would have to be investigated before this therapeutic approach becomes a stan-
dard of care for cardiac patients. Parameters such a gene dosage, gene transduction vectors, stem 
cell infusion strategies, disease severity, and age of patients are some criteria that need further 
validation.

Lipid-lowering drugs such as statins have been used for patients—these drugs block the key 
rate-limiting enzyme in the biosynthesis of the cholesterol, thus lowering the level of blood 
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LDL-cholesterol (Bonetti et al. 2003). Statins have been found to be associated with the effects 
related to progenitor cells. Besides having lipid-lowering effects, statins exert anti-inflammatory 
effects that may limit the progression of atherosclerosis and hence reduce ischemia (Pasterkamp 
and van Lammeren 2010). Also, statins were shown to affect the inflammatory cells that desta-
bilize the plaque in atherosclerotic diseases. Mechanistically, statins affect both progenitor and 
mature endothelial cells by activation of survival/proliferation signals via upregulation of PI3K/
Akt pathways, induce the expression of eNOS, and activate anti-inflammatory transcription fac-
tors such as KLF2, which inhibits the expression of adhesion molecules responsible for monocyte 
adhesion (Lin et al. 2010).

Particularly, statins reduced the expression of IL6 and MCP1 in EC and vSMC, thereby reduc-
ing monocyte chemotaxis. Blocking either the secretion or functionality of the pro-inflammatory 
cytokines may be able to reduce inflammatory cell recruitment in atherosclerotic lesions. However, 
specificity and off-target effects are still a major challenge. In relation to the chemokine thera-
pies, MCP-1 neutralizing antibodies were shown to be effective in progression of atherosclerosis. 
However, it seemed to be not so beneficial for myocardial infarction. The MCP-1 blocking effects 
were found to be associated with decreased and delayed replacement of injured cardiomyocytes 
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FIGURE 6.2 (see color insert)  Mobilization and recruitment of progenitor cells. Injured vessel and isch-
emic zones release chemotactic factors (SDF-1, VEGF, PDGF, etc.) into the circulation. Release of mobilizing 
factors causes egress of progenitor cells (HSC, EPC, or vSMC) from bone marrow and recruits proteases such 
as MMP9, which mediates cleavage of c kit+ HSCs from the bone marrow. The positive regulators of mobi-
lization of progenitor cells include ischemic zones, exercise, mobilizing agents, etc. Factors such as smoking, 
hypertension, lifestyle choices, and certain cardiovascular conditions cause decreased levels of circulating 
progenitor cells. The progenitor cells replace and regenerate injured endothelial cells and pro-inflammatory 
smooth muscle cells and may lead to intimal hyperplasia. In ischemic zones, progenitor cells help regenerate 
damaged tissues by inducing neovascularization and tissue remodeling.
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and downregulation of pro- and anti-inflammatory cytokines. Thus, chemokine inhibition seems to 
have different effects in the different stages of the cardiovascular pathologies (Dewald et al. 2005).

One of the therapeutic approaches for the treatment of atherosclerotic plaque uses surgical inter-
ventions that employ the use of stents to remove blockage from the arteries in cardiovascular patients. 
Various types of stents have been used to avoid restenosis, such as bare metal stents, polymer-coated 
stents, and drug-eluting stents. Drug-eluting stents or polymer-coated stents generally use various 
drugs such as sirolimus/paclitaxel/batimastat, which inhibit migration of hyperproliferative SMCs 
and leukocytes or block proliferation of the surrounding inflammatory cells. Development of instant 
restenosis is the major complication that leads to the failure of the stent-based therapies. Restenosis 
leads to repeated surgical procedures, which exposes the patients to recurrent stroke and risks. 
Some of the clinical trials using drug-eluting stents failed to show any improvements (Investigators 
2004). However, recently, CD34 antibody–coated stents were used to capture circulating EPCs, and 
it was observed that the stent was completely re-endothelialized within 48 hours of the surgical 
placement of the stent (Tanabe et al. 2004). The role of progenitor cells in the treatment of athero-
sclerosis still needs further evaluation (Table 6.2). 

TABLE 6.2
Therapeutic Regimens for Atherosclerosis/Ischemia and Their Mechanisms of Action

Therapeutic Target
Mechanisms of Action/ 

Biological Function Type of Therapy
Biomarker/Optimum Dose 

Indicator

VCAM1, ICAM1 Adhesion molecules Antagonist Level of soluble VCAM1 or ICAM1

CCR2, CX3CR1 Leukocyte recruitment Antagonist None

CCR7 Leukocyte recruitment Agonist Augmentation of EPC in circulation 
and recovery of damaged 
endothelium

MMP9 and 
Cathepsins

Extracellular matrix turnover 
and plaque rupture

Inhibitor MMP activity
Cathepsin activity

CETP Lipoprotein metabolism Inhibitor Serum levels of LDL cholesterol and 
HDL cholesterol

LXR Lipoprotein metabolism Agonist ABCA1 expression

PCSK9 Lipoprotein metabolism Antisense 
oligonucleotide, siRNA

Serum levels of LDL cholesterol

Endothelial lipase Lipoprotein metabolism Inhibitor Serum levels of HDL cholesterol

PPAR α and γ Lipoprotein metabolism Agonist (Fibrates) Serum levels of LDL cholesterol and 
HDL cholesterol, ABCA1 expression

Apolipoprotein B Lipoprotein metabolism Inhibitor (Niacin) Serum levels of HDL cholesterol

Infusion of ex vivo 
expanded stem cells

Regeneration of injured 
endothelium; regeneration of 
infarcted myocardium; 
anti-inflammatory effects

Cellular regeneration and 
restoration of normal 
functioning

Improvement in cardiovascular 
functions

Ox-LDL or 
Apolipoprotein B

Progression of atherosclerotic 
lesions or lipoprotein 
metabolism

Vaccination Serum levels of LDL

Abbreviations: ABCA1, ATP-binding cassette transporter; CCR, Chemokine (C-C motif) receptor; CETP, Cholesteryl ester 
transfer protein; CX3CR1, Chemokine (CXXXC) motif receptor/fractalkine; EPC, Endothelial progenitor cells; HDL, High 
density lipoprotein; ICAM1, Inter-cellular adhesion molecule 1; LDL, Low density lipoprotein; LXR, Liver X receptor; 
MMP, Matrix metalloproteinase; PCSK9, Proprotein convertase subtilisin/kexin type 9; Ox-LDL, Oxidized low density lipo-
protein; PPAR (α and γ), Peroxisome proliferator-activated receptors (alpha and gamma); siRNA, Small interfering RNA; 
VCAM1, Vascular cell adhesion molecule1.
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6.6  DEVELOPMENT OF ISCHEMIA AND THERAPY

During the course of atherosclerosis, the vascular tissues or cardiac tissue progress to a disease 
state due to the formation of ischemia and necrotic core, thus impairing myocyte functions. Usually, 
in this diseased state, adverse left ventricular (LV) remodeling occurs, causing an increase in the 
LV size and decrease in ejection fraction (EF). Thus, drugs such as beta-blockers and angiotensin 
converting enzyme (ACE) inhibitors were used to promote LV function and remodeling. Statins, 
known as a lipid-lowering class of drugs, were shown to affect endothelial nitric oxide synthase 
(eNOS), inhibit LV remodeling and dysfunction, and reduce cardiomyocyte hypertrophy in murine 
models of MI and clinical studies (Landmesser et al. 2004). Furthermore, complete inhibition 
of pathways mediated via innate immunity receptors such as TLRs, inflammatory pathways, or 
MMPs were also shown to decrease LV dysfunction and improve cardiac functioning (Shishido 
et al. 2003). However, revival of the cardiac infarct zone and improvement of fibrotic scar in the 
myocardium remains incurable. This is due to the limited reparative capacity of the cardiac tis-
sue. Evidence has shown that cardiomyocytes may be able to reenter the cell cycle and may cause 
limited regeneration. However, these intrinsic repair mechanisms are overwhelmed by substantial 
damage to the myocardium from the artherosclerotic plaque ruptures (Beltrami et al. 2001). Thus, 
therapies involving generation of cardiac cells are currently under investigation. These regenera-
tive therapies employ stem cells (e.g., HSCs) that could migrate to the site of infarction and dif-
ferentiate into various cells and promote neovascularization. However, the limiting factor is the 
availability of a sufficient number of stem cells for therapeutic application in preclinical and clini-
cal settings. 

Our lab evaluated the therapeutic potential of ex vivo expanded human umbilical cord blood-
derived HSCs (CD 133/34) in myocardial infarction as well as hind limb ischemia models. The 
stem cells migrated to the ischemic site in both models and were able to restore neovascularization, 
resulting in improvement of heart and limb functions without any tumorigenic transformation (Das, 
Abdulhameed et al. 2009; Das, George et al. 2009). Thus, our studies suggest that regeneration of 
ischemic tissues is plausible due to either paracrine or autocrine effects of stem cells in the ische-
mic zones. These cells could act by causing vasculogenesis, myocardium regeneration, remodeling, 
and activation of resident cardiac cells or improved angiogenesis (Figure 6.3). Also, it has been 
reported that progenitor cells are able to degrade the extracellular matrix by secretion of proteolytic 
enzymes, beneficial in homing of progenitor cells to assist in neovascularization in ischemic zones 
(Urbich et al. 2005). 

6.7  CONCLUSIONS AND PERSPECTIVES

Although atherosclerosis is a disease of the vascular system and was thought to originate in the 
walls of large arteries, emerging evidence suggests a systemic pattern of disease progression. 
Recruitment of injured endothelial cells, SMCs in the vessel wall, circulating immune cells, and 
endogenous bone marrow progenitor cells seems to be crucial for the atherosclerotic etiology. The 
progression of atherosclerosis leads to severe forms of cardiovascular disease, such as myocardial 
ischemia and even congestive heart failure leading to sudden death. In the wake of these diseases, 
the importance of stem cells has taken center stage due to their unique capability of regenera-
tion and differentiation into multiple lineages. However, stem cell biology is still in a nascent 
stage that needs further investigation to become a therapy of choice. It is generally accepted in 
the field of cardiovascular disease that endogenous EPCs have the ability to repair the injured 
endothelium; however, vSMC progenitors become pro-inflammatory in nature and are implicated 
in atherosclerotic progression. Pertinent to this, however, the role of endogenous HSCs is still 
debatable in atherosclerosis. Moreover, identification of homing mechanisms of progenitor cells 
to the site of injured endothelium, atherosclerotic lesions, or infracted ischemic cardiac zones 
would provide clues to therapeutic interventions. Do HSCs proliferate and migrate to lesion sites 
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to repair the injured endothelium? Do they differentiate into immune cells at the site of lesions 
to cause repair but end up causing plaque formation due to the micro- environmental effects? Is 
contribution to inflammation in lesions largely due to activation and recruitment of circulating 
immune cells or in part due to large involvement of endogenous progenitor cells? Exogenous 
transplanted stem cells have always been shown to present anti-inflammatory effects, regenerate 
functional myocardial tissues, and restore neovascularization. Also, there is lot of speculation 
about the role of genetically modified stem cells in cardiovascular diseases, which may be used 
as an alternative treatment option for cardiac patients with genetic deficiencies. The mode of 
genetic engineering, safety of stem cell therapies in terms of dosage and infusion, and stage of a 
patient’s disease are some of the essential parameters that need careful experimentation. It seems 
very likely that future treatment for ischemia could use a combination of current drugs and stem 
cells for better therapeutic effects. 

Stem cell isolation

(a) (b) (c)

(d)

(e)(f )

Freshly isolated cells on
nanofiber-coated plate

Expanded HSCs

Collected expanded HSCs

Myocardial ischemia and stem cell therapy

Exogenous stem cells

Endogenous stem cells

Neo-vascularizationNeo-vascularization
in ischemic rat heart

Medium

Freshly isolated cells

Expanded cells

FIGURE  6.3  (see  color  insert)  Stem cell therapy–mediated neovascularization in myocardial isch-
emia. (a) Schematics of autoMACS-mediated isolation of CD133+ cells. (b) Seeding of CD133+ isolated 
stem cells on the nanofiber (polyether sulfone, PES)-coated plates. (c) Expansion of stem cells over 
10 days of culture in serum-free media supplemented with cytokines and growth factors. (d) Injection 
of either freshly isolated stem cells or nanofiber-expanded stem cells in immunocompromised rat model 
of myocardial ischemia via intra cardio-ventricular route. Media was used as control. (e) Besides the 
paracrine effect, exogenous and endogenous host stem cells take part in the neovascularization process. 
(f) After 4 weeks of therapy, the rat was sacrificed and cardiac tissues were stained for detection of blood 
vessels using alkaline phosphatase staining. In ischemic condition like myocardial ischemia, exogenous 
HSCs as well as circulating endogenous HSCs give rise to appropriate cell type, increase angiogenesis, 
and reduce fibrosis, resulting in recovery of cardiac function.
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TAKE-HOME MESSAGES

• Atherosclerosis is an inflammatory disease, which could be slowed down, contained, or 
alleviated by the use of stem cell therapies.

• Serum levels of circulating stem cells may be considered as a surrogate biological marker 
for developing cardiovascular disease, such as atherosclerosis, even in asymptomatic 
patients.

• Hematopoietic stem cells (HSCs) were shown to differentiate into immune cells, endothe-
lial progenitor cells (EPCs), and vascular smooth muscle cells (vSMCs).

• Not only arteries or cardiac tissue seems to be affected by the risk factors of atherosclerosis 
but involvement of endogenous bone marrow also seems to be crucial in atherosclerosis.

• Current lipid-lowering drugs were also shown to have strong mobilizing effects on endog-
enous stem cell recruitment, especially endogenous EPCs.

• Vascular progenitors were shown to have differential effects on the atherosclerotic plaque 
stability and stem cells and may act as a two-edged sword.

• Improvement in cardiac function after stem cell therapy may not be reflective of an active 
ventricular remodeling, or full regeneration of endothelium/myocardium, and thus thera-
pies need to be devised for cardiac improvements.

• Exogenous stem cells could induce their effects via paracrine effects by secreting either 
angiogenic factors or anti-inflammatory factors, or may self-renew and differentiate into 
cells of host tissue for regeneration.

• Exogenous stem cells could be genetically modified and used as a strong tool for anti- 
inflammatory effects in atherosclerosis, stabilizing plaque rupture, enhancing angiogenic 
effects in myocardial ischemia.

• Limited availability of stem cells for therapeutic purposes calls urgently need for the devel-
opment of a universal protocol that could ex vivo expand stem cells while maintaining their 
stem cell characters.
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7.1  INFLAMMATION

Inflammation is an essential component to the host defense against invading microbes. Infection ini-
tiates an amplified cascade of signals that leads to the recruitment of inflammatory cells. Neutrophils 
and macrophages phagocytose these infectious organisms, release cytokines and chemokines, and 
activate lymphocytes, which results in adaptive immunity. Since tissue injury frequently involves 
exposure to the outside environment and potential infection, it is intuitive that inflammation devel-
oped as a critical component of wound repair. 

Until the early 20th century, most wounds were traumatic and contaminated with microbes. Our 
ancestors likely benefited from the protection of an exuberant inflammatory response that neutral-
ized invading microbes, but resulted in scar formation, which was an acceptable alternative to over-
whelming sepsis and death. The advent of antibiotics and aseptic surgical technique has resulted in 
decreased wound contamination, with the majority of wounds being devoid of microbes, and as a 
result may have made the survival benefit of a prolific inflammatory response obsolete.
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While few debate the necessary and protective role of inflammation to effectively heal con-
taminated wounds, inflammation does not occur without negative sequelae. Inflammation produces 
reactive oxygen species (ROS), proteases, and growth factors that can amplify the inflammatory 
response and cause further destruction of the injured tissue and cell death. Devitalized tissue is 
debrided by macrophages and neutrophils, which leaves the wound bed devoid of matrix and results 
in tissue fibrosis and scar formation. Scar tissue is aesthetically, structurally, and functionally infe-
rior to native tissue. Depending on the location of the injured tissue, scar formation may result in 
disfigurement, contracture, bowel obstruction, or even heart failure. 

Wound repair in the adult follows an orderly and well-defined overlapping sequence of events: 
inflammation, proliferation, and remodeling. In the adult, wound healing is reparative and results 
in scar formation. Unlike reparative wound healing, regenerative healing is characterized by the 
reconstitution of cellular architecture and restoration of original tissue function. In contrast to adult 
reparative healing, the fetus can heal wounds of the dermis [1], tendon [2], and heart [3] in a regen-
erative and scarless manner. Scarless wound healing is associated with a significantly decreased 
inflammatory response [4, 5]. Following myocardial infarction in adult sheep there is a brisk inflam-
matory response with numerous CD45+ cells demonstrated within the infarct at 2 weeks (Figure 
7.1A), and is associated with a progressive decline in ventricular function. In contrast, the numbers 
of CD45+ inflammatory cells are dramatically decreased in the fetal infarct at 1 week (Figure 7.1B), 
and was associated with restoration of cardiac function [3]. At 1 month following infarction, adult 
infarcts demonstrated persistence of this inflammatory cell infiltrate (Figure 7.1C), whereas the 
inflammatory cell infiltrate in the fetal infarct had completely resolved (Figure 7.1D). 

The role of inflammation in wound healing is complex. Early landmark studies concluded that 
inflammation was a necessary component of proper wound repair [6, 7]. However, recent stud-
ies have shown that selective modulation of the inflammatory response improves postnatal wound 

(A)

(C)

100 µm 100 µm

100 µm
100 µm

(B)

(D)

FIGURE 7.1 (see color insert)  CD45 immunohistochemistry following myocardial infarction demonstrates 
markedly less cellular inflammatory response in fetal versus adult hearts. One week following myocardial 
infarction, the fetal heart (B) shows minimal numbers of inflammatory cells while the adult heart (A) demon-
strates a significantly increased inflammatory infiltrate. One month following infarction, the inflammatory cell 
infiltrate in the fetal myocardium (D) has decreased, while it persists within the adult myocardium (C). 
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healing outcomes [8–10]. In addition, other studies have shown that increasing the inflammatory 
response in fetal wounds with irradiated bacteria, chemical irritants, or larger wound size results in 
conversion to the adult wound phenotype of scar formation [11–14]. Figure 7.2 demonstrates immu-
nohistochemical staining for CD45, the common leukocyte antigen, in 8mm (Panel A) or 2mm 
(Panel B) dermal wounds in fetal sheep 7 days after injury. Increased wound size was associated 
with a dramatic increase in the number of inflammatory cells in the wound and subsequent scar for-
mation. Therefore a balance must exist between the constructive and destructive roles inflammation 
plays in wound healing. The field of regenerative medicine aims to tip the balance in favor of replac-
ing damaged tissue with equally functional tissue while accelerating the healing process in adults. 

This chapter will review the key elements of the inflammatory response and the potential con-
founding roles they play in the wound healing response. Specifically, the potential interactions 
among inflammatory cells, cytokines, and growth factors and the extracellular matrix (ECM) 
will be examined, as well as the roles they play in determining the resultant wound phenotype. 
Understanding the pleiotropic effects and roles these factors play, as well as the redundancy of the 
inflammatory signaling pathways, will help to illuminate the confounding relationship between 
inflammation and regenerative wound healing.

7.2  CELLS

7.2.1  Platelets

Platelets are the first cells recruited to the site of injury (Table 7.1). Exposed collagen induces plate-
let activation and aggregation. Activated platelets adhere to the exposed connective tissue form-
ing a hemostatic plug while releasing α-granules, which contain pro-inflammatory mediators that 
stimulate the inflammatory cascade (Table 7.2) [15]. Several platelet-derived factors and cytokines, 
including transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF), may 
increase inflammation by recruiting activated leukocytes to the wound [16, 17]. 

The paucity of an acute inflammatory cell infiltrate in scarless fetal wound healing may partially 
be attributed to differences in fetal and adult platelet function. Although fetal and adult platelets 
appear similar in morphology and quantity, fetal platelet aggregation is significantly decreased 
compared to the adult after exposure to collagen and adenosine diphosphate (ADP). Decreased 
platelet degranulation and release of PDGF and TGF-β may partially explain the scarless wound 
healing observed in fetal dermal wounds, as exogenous application of PDGF and TGF-β to fetal 
wounds recapitulates the inflammatory response observed in adults [18, 19]. Interestingly, the age-
dependent transition from impaired to normal platelet aggregation in the fetus occurs temporally 
with the transition of wound healing from the regenerative to the reparative phenotype [20]. 

(A) (B)

FIGURE 7.2 (see color insert)  Immunohistochemical staining for CD45, the common leukocyte antigen, 
in 8mm (A) or 2mm (B) dermal wounds in fetal sheep 7 days after injury. Note: Increased wound size was 
associated with a dramatic increase in the number of inflammatory cells in the wound and subsequent scar 
formation. 
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Platelets were once thought to play an essential role in initiating the proliferative response 
because many studies demonstrated improved wound healing following the application of exog-
enous platelet-derived growth factors (most notably PDGF and TGF-β) [21–26]. However, hemo-
static dermal wounds in thrombocytopenic mice do not display differences in the proliferative 
aspects of wound repair, including wound closure, angiogenesis, and collagen synthesis [27] 
(Table 7.3). Depletion of platelets in hemostatic wounds may not produce a deficiency of growth 
factors required for wound repair because they are also secreted by other cells, which may limit 
the targeting of platelets as a potential therapeutic agent to decrease inflammation and subsequent 
scar formation. 

TABLE 7.1
Cells Involved in Acute Inflammatory Response

Cell Type Recruited From Role

Mast Cell Tissue resident
Diapedesis from circulation

Vascular permeability

Platelet Circulation Hemostasis
Vascular permeability

Neutrophil Diapedesis from circulation Phagocytosis (antimicrobial)
Propagate inflammatory response
Tissue repair

Macrophage Tissue resident (very few)
Diapedesis from circulation

Endothelial activation
Phagocytosis (neutrophil and tissue debridement)
Propagate inflammatory response
Suppress inflammation
Fibrolysis
Fibroplasia

TABLE 7.2
Mediators of Acute Inflammation

Mediator Source Action

Histamine and Serotonin Mast cell, platelet Increased vascular permeability

C3a Plasma Increased vascular permeability

C5a Macrophage Increased vascular permeability
Leukocyte chemotaxis

Reactive Oxygen Species Leukocytes, other cells Increased vascular permeability
Microbicidal
Tissue destruction

IL1 and TNFα Leukocytes, other cells Chemotaxis
Endothelial activation
Propagate inflammatory response

Chemokines Leukocytes Leukocyte activation 
Chemotaxis

NO Macrophage, endothelium Increased vascular permeability
Vasodilation
Chemotaxis
Cytotoxic
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7.2.2  Mast Cells

Mast cells reside within connective tissue with frequency in areas commonly exposed to the external 
environment. Following injury, mast cells degranulate and release cytokines and other inflamma-
tory mediators that increase vascular permeability and leukocyte infiltration (Table 7.1). Although 
the resident population is depleted of mast cells immediately following injury, their numbers return 
to normal around 48 hours post injury as tissue repair progresses [28]. 

Mast cells produce many leukocyte chemoattractants, and are considered key regulators in the 
inflammatory phase of healing. Pro-inflammatory mediators (TNF-α, MIP-2, IL-8) released from 
activated mast cells have been implicated in neutrophil recruitment to the wound. Studies in wild- 
type and mast cell–deficient mice demonstrate no difference in reepithelialization, collagen depo-
sition, or angiogenesis during wound healing. However, decreased numbers of neutrophils were 
recruited to the mast cell–deficient wound 24 hours following injury [28]. Therapeutic strategies to 
stabilize the mast cell membrane have the potential to decrease neutrophil recruitment and promote 
an earlier resolution of the inflammatory response. 

7.2.3  NeutroPhils

The first nucleated cell recruited to the wound bed is the neutrophilic granulocyte or neutrophil. An 
early component of the innate immune response, the neutrophil migrates to the wound bed from 
the circulating blood within a few hours of injury (Table 7.1). While augmenting the inflammatory 
response by producing a variety of growth factors, including IL-8 [29] and VEGF [30], neutrophils 
debride tissue and destroy invading microbes in phagolysosomes and “extruded nets” of DNA and 
histones [31]. Although several of the antimicrobial substances generated (ROS, cationic peptides, 
eicosanoids, and proteases [32]) by neutrophils aid in the destruction of invading organisms, they 
may also damage healthy cells.

TABLE 7.3
Summary of Experiments Depleting Inflammatory Components and Effects on Wound 
Repair

Inflammatory Cell Population

Target Method PMN MΦ T-Cell Wound Phenotype Reference

Platelet depletion AS = ↑ ↑ Normal [27]

Neutrophil depletion AS ↓ = na Normal, faster healing [6] [34]

Macrophage depletion AS, steroids = ↓ na Delayed closure [7]

Mast cell depletion KO ↓ = = Normal [28]

PU.1 KO ↓ ↓ na Reduced scar [34]

TNF-Rp55 KO ↓ ↓ = Faster closure [49]

IL-1ra KO ↓ na na Delayed closure [50]

IL-6 KO ↓ ↓ = Delayed closure [51]

IL-10 KO ↓ ↑ na Accelerated closure [70]

MCP-1 KO na = na Delayed closure [71]

MIP-1a KO = = = Normal [71]

MIF KO = = = Normal [72]

IFN-g KO ↓ ↓ ↓ Accelerated closure [73]

Smad3 KO ↓ ↓ na Accelerated closure [74]

AS, antisera; MΦ, macrophage; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; na, not 
assessed; PMN, polymorphonuclear leukocyte; TNF, tumor necrosis factor
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Several studies have demonstrated improved wound healing associated with reduced neutrophil 
recruitment. Minimal neutrophil infiltrate has been observed not only in scarless fetal wounds, but 
also in adult wounds of the oral mucosa, which heal rapidly and with decreased scar formation [33]. 
Neutropenic animal wound healing models have also demonstrated no significant differences in 
collagen deposition, wound disruption strength, or macrophage density, but have exhibited signifi-
cantly faster reepithelialization than controls (Table 7.3) [6, 34]. The reduction of neutrophil popula-
tions in sterile wounds may minimize the collateral damage of healthy tissue in the wound bed and 
result in accelerated wound healing. 

7.2.4  MaCroPhages

Macrophages are present at all stages of the wound healing process. While resident macrophages 
exist at low density within non-wounded tissues [35], the majority of macrophages found in wounds 
are differentiated monocytes recruited from the blood to the wound bed by the inflammatory 
response (Table 7.1). Once in the wound bed, the macrophage phenotype is dictated by its surround-
ing microenvironment. Experimental models depleting macrophages at various stages of wound 
healing have given insight into the various roles macrophages play. 

Macrophage numbers increase during the inflammatory phase, peak during the proliferative 
phase, and decline during wound maturation [36]. Recruitment of macrophages to the wound begins 
with emigration of monocytes from the blood. The release of pro-inflammatory cytokines (CCL-2, 
IL-6, IL-8) from endothelial cells induces monocyte chemotaxis, which peaks about 42 hours 
after injury. Other factors that recruit monocytes to the wound bed are MIP-1a (CCL3), CCL5, 
TGF-β, PDGF, and VEGF, TGF-α, fibronectin, elastin, C5a, C3a, nerve growth factor, and ECM 
 components [37]. 

Upon entering the wound, several cytokines (IL4, IL-10, IFN-γ, and IL-13), bacterial products 
(LPS), and ECM components cause the monocyte to differentiate into a macrophage. The func-
tional phenotype of the macrophage is dictated by the wound microenvironment. The classical 
 macrophage phenotype (M1) is induced by inflammatory cytokines (IFN-γ), bacterial products 
(LPS), and the presence of neutrophils, which also release inflammatory cytokines (IL-1a, IL-1b, 
IL-6, and TNF-α) [38]. M1 macrophages exert pro-inflammatory functions such as antigen presen-
tation, phagocytosis, and production of inflammatory mediators [39]. Classically activated macro-
phages exhibit other antimicrobial properties and release several inflammatory mediators (TNF-α, 
NO, and IL-6) that can cause serious collateral damage and exacerbate the inflammatory response 
[40]. It is estimated that 85% of the wound macrophage population exhibits the M1 phenotype one 
day after wounding [41]. 

Over time, changes in the wound microenvironment convert the most prevalent macrophage 
phenotype from classical (M1) to alternatively activated macrophages (M2) by day five. Expression 
of IL-4 and IL-13 by Th2 lymphocytes has been shown to induce the M2 phenotype that dis-
plays decreased reactivity to inflammatory mediators. The M2 macrophage is thought to suppress 
inflammation through expression of IL-10 and IL-1ra. M2 macrophages are also a prominent source 
of TGFβ, which promotes wound repair by contraction, angiogenesis, and ECM deposition [42]. 
Alternatively activated macrophages play an important role in wound healing and angiogenesis, but 
they have also been implicated in several pathologic conditions including fibrosis, atherosclerosis, 
and cancer [42, 43].

Early studies using the depletion of macrophages with antisera and steroids demonstrated a 
significant delay in wound healing and concluded that macrophages were essential to wound 
repair [7]. However, recent studies have cast doubt on the necessity of macrophages to orchestrate 
all stages of tissue repair in sterile wounds. Depletion of resident macrophages demonstrated 
neither delayed wound healing nor attenuated inflammatory response [44]. PU.1-knockout neo-
natal mice, which are deficient in macrophages and neutrophils (notably also B cells, mast cells, 
and eosinophils), heal with a scarless fetal phenotype in the same time course as their wild-type 
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scar-forming siblings [10]. Additionally, the lack of myeloid lineage cells in these mutant mice sug-
gests that inflammatory cells may not be essential for efficient tissue repair; however, the neonatal 
microenvironment may also contribute to the superior wound healing phenotype. Interestingly, 
blocking the initial burst of macrophages in the adult murine dermal wound results in decreased 
scar formation, but mid-stage depletion resulted in hemorrhage and regression of mature granula-
tion tissue. In addition, late-stage macrophage depletion did not significantly impact tissue matu-
ration [45], highlighting the importance of the temporal relationships required during the wound 
healing response. 

Increased neutrophil and macrophage recruitment does not always correlate with increased 
scar formation. Wounds in elderly humans demonstrate neutrophil infiltration with a significantly 
increased macrophage population compared to younger controls. Despite increased numbers of 
inflammatory cells, the elderly have been shown to have decreased scar formation with greater 
regeneration of the dermal elements [46]. Optimizing the timing and extent of macrophage recruit-
ment to dermal wounds may play a role in reducing scar formation. Modulating the dominant macro-
phage phenotype within wounds may also increase the capacity of injured adult tissue to regenerate 
or heal with decreased scarring, as macrophage phenotype has been shown to differentially regulate 
proliferation and differentiation of progenitor cells involved in regeneration of colonic epithelium 
and skeletal muscle following injury [47, 48].

7.2.5  Mediators of iNflaMMatioN (CytokiNes, CheMokiNes, aNd growth faCtors)

Inflammatory mediators are produced by multiple cell types in response to injury (Table 7.2). 
Expression of these small proteins is tightly regulated and their biologic function is generally pleio-
tropic, acting on multiple different cell types. A large degree of functional redundancy exists, with 
multiple mediators performing similar roles in the modulation of the inflammatory response. An 
individual cytokine or growth factor may have both positive and negative regulatory functions. 

TNF and IL-1 are two major cytokines that mediate inflammation. They are secreted in response 
to many inflammatory stimuli including wounding and infection. TNF primes neutrophils and 
induces the release of proteolytic enzymes from mesenchymal cells, causing additional tissue injury 
and loss. Along with IL-6, TNF and IL-1 induce systemic acute phase responses to injury. 

Mice deficient for the TNF receptor, TNF-Rp55, demonstrate decreased leukocyte recruitment 
in response to dermal wounding, which was also associated with accelerated wound closure [49]. 
In addition, knockout of the IL-1 inhibitor IL-1ra results in an increased neutrophil infiltrate and 
impaired dermal wound healing [50]. These studies lend support to the premise that decreased 
inflammation improves wound healing while increased inflammation can be detrimental to 
wound repair.

The recruitment of inflammatory cells is also regulated by a large number of other growth fac-
tors, cytokines, and chemokines, such as interleukin-6 (IL-6), interleukin-8 (IL-8), and monocyte 
chemotactic protein-1 (MCP-1/CCL2), which are produced by fibroblasts, endothelial cells, and 
macrophages in response to injury. These pro-inflammatory cytokines recruit inflammatory cells, 
including neutrophils, monocytes, and macrophages into the wound where they become activated 
and produce more inflammatory cytokines, giving rise to additional inflammation and cytokine 
production. 

Elimination of genes considered to be pro-inflammatory, however, does not always result in 
decreased inflammatory cell infiltrate or improved wound healing. Dermal wounds in IL-6 knockout 
mice demonstrate a significantly reduced inflammatory infiltrate, but this was also associated with 
delayed reepithelialization and decreased granulation tissue [51]. In addition to its pro- inflammatory 
properties, IL-6 is also known to exert a mitogenic effect on keratinocytes [52], and without the 
mitogenic effect of IL-6, wound healing is impaired. In contrast, increasing IL-6 levels in fetal 
wounds converts the scarless fetal wound healing response to that of scar formation [4]. A balance 
must be reached when modulating IL-6 levels in wound repair, as it performs different roles on the 
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various cells within the wound bed (Table 7.3). These studies highlight the complex and confound-
ing relationship between the inflammatory response and wound healing phenotype.

Gene knockout studies have also exposed redundancy in inflammatory pathways. MCP-1 is 
regarded as one of the major chemoattractants of macrophages in response to wounding. However, 
recruitment of macrophages to the wound in MCP-1 knockout mice was not decreased, implicat-
ing activation of compensatory recruitment pathways (Table 7.3). Interestingly, the wound repair in 
MCP-1 knockouts was impaired, which suggests MCP-1 may also be involved in activating macro-
phages. Understanding the redundancies in the inflammatory pathways will be crucial to developing 
targeted therapies to improve wound healing.

The transforming growth factor-β family has been implicated in many diverse processes of wound 
healing including cell recruitment (leukocytes, fibroblasts, and keratinocytes), cell function (apop-
tosis and differentiation), and ECM production [53]. TGF-β directly induces collagen production by 
MSCs and fibroblasts, inhibits collagenases and MMPs, and thus promotes fibrosis [36]. TGF-β has 
three isotypes—β1, β2, and β3—which all stimulate inflammatory cell infiltrate. A large amount of 
evidence suggests decreasing TGF-β1 activity would reduce scar formation in adult wounds. Low 
levels of TGF-β1 found in fetal [54] and adult wounds depleted of TGF-β1 display decreased scar-
ring [55], while the exogenous application of PDGF and TGF-β to fetal wounds recapitulates the 
inflammatory response observed in adults [18, 19]. In addition, blockade of TGF-β transmembrane 
signal in Smad3 knockout mice is associated with accelerated reepithelialization, decreased mono-
cyte recruitment, and inhibition of fibrosis [8]. Manipulation of the functional TGF-β concentration 
and isoform distribution within the wound environment has the potential to modulate the fibrotic 
response; however, redundant pathways in cytokine signaling also need to be considered. 

7.3  EXTRACELLULAR MATRIX

The extracellular matrix (ECM) is a scaffold consisting of collagen, proteoglycans, and glycosami-
noglycans. The structure, orientation, and concentration of specific ECM molecules alter the wound 
microenvironment during the wound healing response. By regulating inflammation, cell adhesion, 
migration, proliferation, and the availability of growth factors, the ECM not only provides a struc-
tural lattice for wound healing but also may determine whether the wound phenotype is regenerative 
or reparative.

Hyaluronic acid (HA) is a glycosaminoglycan that plays a critical role during each stage of 
wound healing [56]. During the inflammatory phase, HA likely acts as a promoter of early inflam-
mation, with a direct correlation between increasing amounts of HA and the pro-inflammatory 
cytokines TNF-α and IL-1β in cultured uterine fibroblasts [57]. Due to its size and biochemical 
structure, HA is a potent scavenger of oxygen free radicals and as such may also act as a moderator 
of inflammation throughout the remainder of the wound healing period [56]. This effect becomes 
more potent the higher the molecular weight of the hyaluronic acid [58–60]. In addition, low- and 
intermediate-weight HA fragments increase the expression of multiple pro-inflammatory chemo-
kines vital for initiating inflammation, including macrophage inflammatory protein-1α (MIP-1α) 
and monocyte chemotactic protein (MCP-1).

It has long been known that high levels of HA are present in the developing fetus [61]. More 
recently it has been shown that the majority of this is HMW-HA [62]. Similar to adults, fetal levels 
of HA increase in response to wounding. However, HMW-HA has been shown to increase to a 
greater extent than LMW-HA in response to injury [63]. These facts suggest that HMW-HA may 
play a key role in fetal regenerative healing. This has been further suggested by in vitro experiments 
that successfully created scarless repair in an HMW-HA rich environment in tissue that would 
normally have scarred [64].

Matricellular proteins are another group of ECM molecule that are upregulated during wound 
healing and modulate cell-matrix interactions crucial to efficient tissue repair such as cell migra-
tion. This group of proteins includes galectins, osteopontin, SPARC, tenascins, thrombospondins, 
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and vitronectins. Although these proteins associate with the ECM, they do not perform a structural 
role within these tissues [65]. The matricellular protein osteopontin has been shown to have both 
pro- and anti-inflammatory properties during different phases of wound repair. Mice unable to 
express osteopontin have diminished macrophage recruitment to excisional dermal wounds and 
kidney injuries. However, in the later stages of wound healing, osteopontin-deficient mice have 
extensive fibrosis and calcification, as they are unable to suppress inflammation [66].

During the progression of wound healing, the ECM composition, matricellular protein concentra-
tion, and cell populations vary greatly. This variation is thought to explain the differences in osteo-
pontin activity [67]. Matricellular proteins from the same family can also have opposing effects on 
inflammation. Galectin-3 null mice exhibit decreased infiltration and activation of inflammatory 
cells, which suggests a pro-inflammatory role. However, exogenous galectin-1 prevents mast cell 
degranulation and NF-kB activation, thereby limiting the inflammatory response [68]. 

Matricellular proteins provide attractive therapeutic targets. Their expression is tightly regu-
lated in response to wounding in the adult; they are specific, can be applied topically, and degrade 
naturally. However, the variability of protein function with changes in ECM and cell population 
significantly complicates therapeutic strategies at this point [65]. 

Collagen is the most abundant structural protein in the ECM. Persistent fibroblast stimulation 
results in the abnormal accumulation, organization, and orientation characteristic of scar formation 
or fibrosis. Following myocardial infarction, the adult heart demonstrates a prolific inflammatory 
cell infiltrate (Figure 7.1A), which is associated with scar formation and a progressive decline in 
function [69]. This decline in function is associated with increased abnormal collagen deposition as 
demonstrated in Figure 7.3A. In contrast, the fetal regenerative response to infarction with restora-
tion of cardiac function is associated with resolution of the inflammatory cell response and minimal 
abnormal collagen deposition (Figure 7.3B). The development of therapeutic strategies to modulate 
inflammation and decrease persistent fibroblast stimulation may hold tremendous promise in pre-
venting fibrosis following injury.

7.4  CONCLUSIONS AND FUTURE DIRECTIONS

The wound healing phenotype is determined by the complex interactions between the composition, 
cellularity, and organization of the wound. While certain components of the inflammatory response 
appear essential in adult wound healing, there is ample evidence that inflammation also impedes 
it. Currently, proper wound healing requires a balance between the destructive and constructive 
properties of the inflammatory response. While the ultimate goal of regenerating injured tissue in 
the adult is a lofty goal, modulation of the inflammatory response may tip the scales in favor of a 
more functional healing phenotype.

200 µm 200 µm

(A) (B)

FIGURE 7.3  (see color  insert)  Trichrome staining of adult (A) and fetal (B) myocardium demonstrates 
increased collagen deposition and scar formation in the adult compared to the fetus 1 month following 
 myocardial infarction. 



102 Chronic Inflammation

While the results of many of these studies are promising, one must remember several caveats. 
First, many of the experiments in which a single gene was knocked out were performed in mice. 
The effect of eliminating this gene during human wound healing remains unknown. Second, sig-
nificant redundancy exists in the function of cells, cytokines, and other biologically active mol-
ecules. Therefore elimination of a single component of inflammation may not become clinically 
relevant as other pathways compensate. Finally, the function of an inflammatory mediator on 
wound healing must be kept in context. During the wound healing response, there is a large flux 
in the composition of cells, cytokines, and the ECM present in the wound bed. The inflammatory 
mediator that was associated with negative sequelae at one phase of wound healing may be ben-
eficial to another. 

Much of the work in regenerative medicine has been done in lower organisms such as the newt or 
zebra fish, or during the fetal period when the organism is developing. One potentially confounding 
variable is the increased numbers of tissue specific stem cells that may be present during this devel-
opmental period, which may aid in local tissue regeneration, whereas these cells are much lower in 
the adult. This is of particular importance when dealing with relatively acellular tissues such as the 
adult tendon. 

Increased numbers of stem cells in the fetus may also play a role in modulating the inflammatory 
response to injury. Regeneration of local tissue from the resident stem cell populations may halt or 
diminish the systemic inflammatory signaling and decrease the amplification of the inflammatory 
response. Conversely, decreased inflammation in the fetus may help to create an environment con-
ducive to stem cell proliferation, migration, and tissue regeneration. 

Inflammation remains a significant and confounding factor in the field of regenerative medicine. 
The term itself is very broad and encompasses multiple processes that can alter the balance between 
fibrosis and regeneration following injury. There appears to be a threshold of inflammation that, 
once exceeded, results in fibrosis or scar formation. The development of a better understanding 
of the interaction of the multiple components involved in the inflammatory response to injury is 
needed to develop potential therapeutic targets to promote regeneration. However, this will likely 
require multimodal therapy targeting cytokines, inflammatory cells, resident stem cell populations, 
and the systemic inflammatory response.

TAKE-HOME MESSAGES

• The wound healing phenotype is determined by the complex interactions between the 
composition, cellularity, and organization of the wound.

• Adult mammalian wounds heal with exuberant inflammatory reaction and scar formation.
• Scar tissue is structurally, aesthetically, and functionally inferior to unwounded tissue.
• Scarless dermal wound healing in the fetus is associated with minimal inflammation and 

restoration of tissue function. 
• Modulation of the inflammatory response may reduce scar formation and its associated 

morbidity.
• Some components of inflammation appear necessary for proper wound repair in adults. 
• The wound microenvironment is dynamic; rapid changes in protein expression, matrix 

composition, and cell population can cause anti-inflammatory components to act as pro- 
inflammatory mediators.

• Redundant functions of cells and inflammatory mediators create obstacles to therapeutic 
modulation of specific aspects of the inflammatory response.
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8.1  NOX HISTORY AND STRUCTURE

Nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase (NOX) is a membrane-associated, 
multi-subunit enzyme system that catalyzes the single-electron reduction of molecular oxygen to 
superoxide. NOX is distinguished by its dedication to the specific and deliberate production of 
reactive oxygen species (ROS), as opposed to other pro-oxidant systems such as mitochondrial 
electron transport, xanthine oxidases, cyclooxygenases, and monoamine oxidases, which produce 
free radicals as secondary by-products. NOX was sequentially purified and described in a series of 
publications in the 1970s and 1980s in which NOX was identified as the main component of the 
lymphocytic oxidative burst [1]. These data built upon earlier reports of a “respiratory burst” [2] 
describing how neutrophils dramatically increased oxygen uptake when phagocytosing bacteria, 
and indeed, subsequent studies revealed the necessity for oxygen in the killing of engulfed microbes 
[3]. However, NOX activation does not reflect true cellular respiration, and the phrase “extra respira-
tion of phagocytosis” is actually incorrect, as NOX-based oxygen consumption is preserved when 
mitochondria are poisoned.

The first identified and most widely studied NOX complex is expressed in phagocytic lym-
phocytes such as neutrophils, eosinophils, and macrophages [1, 4]. This canonical NOX con-
sists of individual membrane (gp91phox and p22phox) and cytosolic (p47phox, p67phox, and 
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p40phox) components. The membrane components gp91phox and p22phox form a stable het-
erodimer referred to as flavocytochrome b558. Likewise, in resting cells, p47phox, p40phox, 
and p67phox exist in a stoichiometric, cytosolic complex that is stabilized by intramolecular, 
autoinhibitory SH3 domain interactions within p47phox [5]. Upon activation, p47phox becomes 
heavily phosphorylated, and the entire cytosolic complex migrates to the membrane where the 
subunits assemble to form the active oxidase. Phosphorylation of p47phox occurs primarily in 
the polybasic domain and C terminus, and triggers conformational changes that unmask the SH3 
domains, which then associate with C-terminal, proline-rich regions of p22phox to stabilize 
the active complex at the membrane [5]. The fully assembled complex also contains the small 
GTPase Rac, which resides in the cytoplasm prior to cell stimulation. The protein gp91phox is 
the catalytic core of the enzyme responsible for the electron transfer from NADPH to molecular 
oxygen. Glucose-6-phosphate dehydrogenase is a major source of the substrate NADPH within 
the cytosol, and electrons from NADPH are transferred across the membranes down an elec-
trochemical gradient via intermediate flavin adenine dinucleotide (FAD) and heme prosthetic 
groups, and then bound to oxygen in the extracellular space or in the lumen of intracellular 
organelles. Superoxide anion is generally thought to be the primary product of the electron 
transfer, but other downstream ROS, in particular, hydrogen peroxide (H2O2), are also thought 
to be generated (reviewed in [6]). 

Recent expansion of genome databases has led to identification of several homologues of 
the catalytic subunit gp91phox. These proteins constitute the NOX family of oxidases, and 
have been identified in fungi, plants, fruit flies, nematodes, sea urchins, and in multiple organs 
in higher animals [7]. The human genome contains 5 NOX members: NOX1 through NOX5, 
with gp91phox as NOX2. These electron-transporting molecules all have a structure similar to 
that described for gp91phox, and conserved structural properties of all NOX family members 
include a C-terminus NADPH-binding site with proximal FAD-binding regions, six conserved 
transmembrane domains, and four highly conserved heme-binding histidines in the third and 
fifth transmembrane domains. In addition to the 5 NOX family members, longer homologs of 
gp91phox with “DUAL functions” have been identified as DUOX 1 and 2 [8], so-named because 
they possess an extracellular peroxidase-like domain in addition to their C-terminal NOX-like 
portions.

The potential role of NOX proteins in central nervous system (CNS) physiology and pathophysi-
ology has received considerable attention over the past several years (reviewed in [9]). The nervous 
system accounts for more than 20% of the oxygen consumed by the body, and as a result produces 
large quantities of ROS. Additionally, the nervous system is particularly sensitive to oxidative 
stress because of enrichment of polyunsaturated fatty acids in many of the membranes. In total 
brain mRNA, NOX2 is easily detected, while the presence of NOX1 and NOX4 transcripts have 
also been reported [9]. NOX2 and NOX4 expression in the brain have been detected by immu-
nohistochemistry and in situ hybridization, with evidence pointing to expression in microglia, 
astrocytes, and neurons [7, 9, 10]. Further evidence of the expression of NOX isoforms in specific 
cell types of the CNS comes from studies on primary cultures, in which it appears that NOX1, 
NOX2, and NOX4 are present in neurons, astrocytes, and microglia, whereas little is known of 
the potential localization and function of NOX3 and NOX5 in the CNS [9]. Likewise, little is 
known about the  localization/function of DUOX1 and 2 in the CNS. Indeed, the relative amount 
of different NOX enzymes and their functional activity in different brain cells has not been sys-
tematically or comparatively studied. However, the widespread expression of these NOX subunits 
has led to the recognition that deliberate ROS production by NOX plays an important role in 
biologic signaling events in addition to established roles in host defense. Interestingly, the detri-
mental actions of NOX appear to be most strongly associated with age-related chronic diseases, 
including Alzheimer’s disease, Parkinson’s disease, atherosclerosis, hypertension, and different 
kinds of stroke. Based on these observations, an elegant concept termed “antagonistic pleiotropy” 
has been proposed to explain the dual role of NOX in the brain, describing a scenario in which 
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the physiologic production of ROS garners an advantage in early life, but the sustained or aberrant 
activation of NOX results in harmful effects later in life [11].

8.2  CELL TYPE SPECIFIC EXPRESSION AND FUNCTION IN BRAIN

8.2.1  Microglia

NOX proteins are found in all phagocytes, including microglia and macrophages, in addition to 
neutrophils (PMN), eosinophils, and monocytes. Published data show that NOX2 is very highly 
expressed in microglia at both the protein and mRNA levels, while NOX1 and NOX4 mRNA can 
also be detected [9]. The importance of phagocytic NOX to host immunity is clearly demonstrated 
by the genetic disorder chronic granulomatous disease (CGD), which is caused by any of several 
genetic defects in essential NOX components, resulting in an inactive oxidase [12]. Patients with 
CGD experience severe, recurrent bacterial and fungal infections and often develop granulomas 
formed by the fusion of monocytes and macrophages.

In brain, microglia assume sentinel positions and are the resident macrophages of the CNS. 
Several physiologic processes involved in the activation of microglia are regulated by NOX-
dependent ROS production, including proliferation, cytokine release, and phagocytosis, and 
indeed, most reports of NOX-induced brain injury relate to microglial NOX (reviewed in [13]). 
Activation of NOX is a characteristic feature of microglial activation both in vitro and in vivo, 
and experimental evidence suggests that ROS generated by activated microglia could directly 
contribute to brain injury by inducing lipid peroxidation, DNA fragmentation, and protein oxi-
dation in surrounding cells—a phenomenon called “bystander lysis” [14]. In particular, when 
activation of NOX is combined with generation of nitric oxide, the resulting peroxynitrite pro-
duction may cause extensive neuronal death, and such excessive free radical generation by 
microglia might contribute to neuronal damage after stroke or in neurodegenerative diseases 
(reviewed in [13]).

In addition to direct, free radical-mediated injury, NOX has been shown to drive intracellular 
inflammatory signaling and the promulgation of the inflammatory cascade in the brain, contribut-
ing to local concentrations of neurotoxic inflammatory mediators. For instance, NOX activity has 
been specifically implicated in activation of NFκB and synthesis of TNFα [15, 16] which may 
be important mediators of inflammatory neuronal damage. Likewise, NOX-driven oxidative burst 
activity has also been shown to be critical for microglial release of glutamate [17, 18], suggest-
ing that the excitotoxic neuropathology associated with many neurodegenerative diseases might 
originate in part with NOX-induced activation of microglial glutamate release. NOX-based ROS 
production in activated microglia is generally associated with NOX2, but roles for NOX1 and NOX4 
cannot yet be ruled out.

Interestingly, while NOX activity has been repeatedly associated with pro-inflammatory 
actions, compelling support for an anti-inflammatory role of NOX can be found in several recent 
publications. Indeed, the phrase “chronic granulomatous disease” was coined to refer to the 
hyperinflammation observed in the absence of NOX2, as chronic granulomas in CGD patients 
are thought to be sterile complications [19]. Furthermore, patients with CGD suffer from a variety 
of inflammatory conditions, including inflammatory bowel disease, systemic lupus erythemato-
sus, chorioretinitis, and obstructive inflammatory lesions of the esophagus, gastrointestinal tract, 
and urinary tract [20, 21], which in some instances may be the first clinical manifestations of 
CGD. This is also observed in CGD mice, in which a sterile hyperinflammation can be caused by 
injection of sterilized Aspergillus fumigatus extracts [22]. Hyperinflammation in NOX-deficient 
mice has also been observed in models of Helicobacter gastritis, influenza, arthritis, demyelinat-
ing disease, and even sunburn [23, 24, 25]. Finally, genetic evaluations suggest that mutations in 
p47phox might underlie the inflammatory phenotype observed in mice and rats genetically prone 
to arthritis [26]. Thus, there is significant evidence for an important role of NOX in limiting 
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aberrant or excessive inflammatory responses. The underlying molecular mechanisms await fur-
ther studies, but illustrate again the dynamic and complex role of ROS in intra- and inter-cellular 
signaling (see Section 8.3). 

8.2.2  astrocytes

Astrocytes are large and ramified glial cells that not only provide scaffolding and nutrient support 
for neurons and regulate their activity but also participate in brain inflammation (reviewed in [27]). 
Although NOX expression was first described in phagocytes, it is now well established that several 
NOX isoforms are expressed in astrocytes, and published data show that NOX1 and NOX2 are 
expressed in astrocytes at both the protein and mRNA levels, while NOX4 mRNA has also been 
detected [9]. NOX activity in astrocytes is activated by PKC and changes in intracellular calcium, 
produces detectable ROS, and is upregulated in models of astrocyte activation [28]. In spite of these 
data, the role that NOX plays in astrocyte physiology is not well understood. There is evidence 
that NOX plays a role in astrocyte survival [29], although there is some controversy in this regard 
[30]. Most available data support a scenario in which the production of ROS by astroglial NOX 
contributes to neurotoxic inflammatory processes in the brain. For example, in a manner similar to 
that observed in microglia, NOX activity in astrocytes regulates NFκB activation and the resultant 
expression of pro-inflammatory genes, including TNF, COX-2, iNOS, and secreted forms of PLA2 
[31, 32]. Likewise, other studies show that amyloid peptides and cytokines can trigger a neurotoxic 
phenotype in glial cells through NOX activation [33]. In addition to direct toxicity, astrocytic NOX 
appears to facilitate the progression of immune cell infiltration into the brain. For example, NOX 
has been implicated in the upregulation of astroglial adhesion molecules and chemokines in models 
of HIV encephalitis [34, 35]. 

8.2.3  oligodendrocytes

Oligodendrocytes function primarily to physically support axons and to produce the insulating 
myelin sheath. Neither NOX expression nor activity has been documented in oligodendrocytes, 
although it is well known that these cells are quite sensitive to oxidative damage [36], and thus may 
be damaged by excessive NOX activity in neighboring cells. Indeed, NOX activity has been impli-
cated in demyelinating diseases like multiple sclerosis (MS) [37]. However, evidence also supports 
a role for NOX in limiting demyelination and brain inflammation in MS [38], reflecting again the 
dichotomous role of NOX in inflammation. 

8.2.4  neurons

While neuronal NOX expression was originally thought improbable in light of the absence of 
dedicated immune function in neurons and the high neuronal susceptibility to oxidative dam-
age, it is now well known that neurons express NOX2 as well as NOX4 and NOX1 [9, 10, 39]. 
This widespread pattern of NOX expression has led to the recognition that NOX participates in 
neuronal signaling [39] in addition to host defense. While the exact roles of NOX in neuronal 
function are under investigation, three general functions of neuronal NOX have been proposed: 
neuronal differentiation and development, modulation of neuronal activity, and oxidative neu-
ronal injury.

8.2.4.1  Neuronal Differentiation
Evidence that ROS might be involved in neuronal differentiation and development is found in stud-
ies showing NOX involvement in growth factor signaling and neuronal differentiation of PC12 cells 
[40, 41]. Furthermore, data indicate that NOX might regulate selected aspects of neurite outgrowth 
[40, 42].
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8.2.4.2  Synaptic Physiology
There is substantial evidence that ROS in general are important signaling molecules involved in 
synaptic plasticity, and that NOX specifically is a key regulator of both plasticity and memory 
formation (reviewed in [43]). Indeed, all elements of the NOX are found in hippocampal neurons 
[39], and NOX2 appears involved in NMDA receptor signaling [44]. Furthermore, published reports 
have documented cognitive dysfunction in human CGD patients [45], as well as in mice deficient 
in either gp91phox or p47phox [46]. The degree of learning and memory impairment in these mice 
is mild, however, suggesting that NOX plays only a modulatory role or that various NOX isoforms 
might have redundant function. Interestingly, some experimental data appear to indicate a delicate 
balance of ROS required for signaling, with either too little or too much ROS resulting in impair-
ments in long-term potentiation (LTP) and memory [47]. Furthermore, data show that antioxidants 
can impair LTP in young mice but preserve LTP and memory in aged mice [48, 49], suggesting an 
age-related shift in the role of ROS in memory. 

8.2.4.3  Neuronal Death
Most studies on the role of NOX in neurons have focused on oxidative cell injury (reviewed in [9]). 
However, in many studies, the role of NOX is inferred from protective action of NOX inhibitors, and 
NOX inhibitors are notoriously nonspecific (see Section 8.4). Conversely, genetic deletion of NOX2 
was recently shown to attenuate neurovascular dysfunction and cognitive decline in transgenic mice 
overexpressing the Swedish mutation of the human amyloid precursor protein [50]. Given that neu-
rons also express other NOX isoforms, and indeed NOX4 has been shown to be upregulated in 
mouse models of stroke [51] and Alzheimer’s disease [52], the role of alternate NOX isoforms in 
neuronal death cannot be excluded. 

8.2.5  cerebrovascular cells

While cerebrovascular cells are not specifically “brain resident,” the involvement of NOX enzymes 
in vascular physiology and pathophysiology has historically attracted enormous attention, with lit-
erally thousands of papers published. Many excellent reviews are available and detail roles for 
vascular oxidases in vascular tone and in pathological conditions related to endothelial dysfunction, 
arterial remodeling, and vascular reactivity/inflammation (reviewed in [53]).

8.3  PHYSIOLOGIC MECHANISMS OF NOX SIGNALING

8.3.1  oxidative burst: direct antiMicrobial activity in iMMune cells

The infection rate in CGD patients illustrates the important role of NOX in host defense, and 
ROS engage bacteria in the isolated niches of cellular phagosomes. Although superoxide is the 
species most directly produced by NOX enzymes, it is not clear whether superoxide itself is 
directly involved in killing of microorganisms as superoxide is a rather “weak” ROS. However, 
formation of the highly reactive protonated form of superoxide is enhanced in nonpolar envi-
ronments close to cell membranes or at low pH, and thus superoxide could participate in anti-
microbial activity under these conditions. Once generated, superoxide dismutates into H2O2, 
either spontaneously or facilitated by superoxide dismutase. Therefore, bacterial killing by H2O2 
derived from superoxide may be a mechanism of NOX anti-microbial activity. Indeed, the tox-
icity of H2O2 is well known, as it reacts quickly with a wide range of biologically important 
compounds and produces derivatives that are usually far more reactive than the parent com-
pounds. A number of peroxidases exist in the body, which differ in terms of structure, synthe-
sis, and localization, but they have one thing in common: they dramatically increase the rate 
of H2O2-dependent reactions. For example, the combined effect of H2O2 and myeloperoxidase 
has been extensively studied, and it is clear that this system is powerful in killing bacteria 
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and in neutralizing bacterial pathogenicity (reviewed in [54]). However, while myeloperoxidase-
deficient individuals are at an increased risk of infection, most are healthy, unlike the more 
severe immunosuppression found in CGD patients. Thus, while myeloperoxidase likely ampli-
fies NOX2-dependent killing mechanisms, it appears not to be the only mechanism. Indeed, 
nitric oxide and other reactive nitrogen species (RNS) have an important role in antimicrobial 
functions of monocytes and macrophages. For example, data show that RNS are sufficient to 
control Leishmania donovani infection in murine visceral macrophages even in the absence of 
ROS [55], suggesting that while ROS and RNS likely act together in the early stage of infection 
to regulate antimicrobial activity, RNS alone may be both necessary and sufficient for eventual 
control of visceral infection.

8.3.2  regulation of pH and ion concentration

While most data indicate that NOX-based ROS mediate direct killing of microbes (see Section 
8.3.1), additional data support a role for NOX-dependent changes of phagosomal pH and ion con-
centrations in host defense. NOX activity, particularly mediated via NOX2, leads to a rise in phago-
somal pH [56], and such alkalinization facilitates optimal neutral protease function [57] and antigen 
processing [58]. Additionally, as an electron transporter, activation of NOX enzymes leads to a 
charge build-up that requires compensation, potentially occurring through H+ channels [59] or K+ 
fluxes [60]. Such K+ fluxes could contribute to bacterial killing through changes in phagosomal 
osmolarity and activation of cationic proteases [60]. Thus, the contribution of NOX2 to micro-
bial killing lies in both direct ROS effects and indirect effects through modulation of pH and ion 
homeostasis. Indeed, studies on the relative contribution of direct ROS killing of bacteria versus K+ 
flux-dependent killing suggest that at low NOX2 activity K+ flux is important, while at high NOX2 
activity direct ROS-dependent killing is predominant [61]. 

There is also some evidence that the electrogenic effects of NOX could participate in redox 
signaling in non-phagocytes. The transfer of electrons across biological membranes is an elec-
trogenic process, which generates currents as charges are separated and moved across the lipid 
bilayer. The amplitude of the electron current carried by the phagocyte NOX has been calculated 
as equivalent to an “electronic current” of 16 pA [62], which if not compensated, is expected 
to depolarize the plasma membrane, and indeed, experiments have shown that NOX activation 
depolarizes cells to voltages exceeding 0 mV [59]. With specific reference to the CNS, NOX activ-
ity involves electron transport across biologic membranes and, hence, causes local depolarization. 
For each electron transported across the membrane, one H+ ion is left in the cytoplasm. Thus, 
to avoid H+ accumulation and cytosolic acidification, H+ extrusion occurs throughout proton 
channels. These mechanisms have been studied on NOX2 in phagocytes. However, they might 
also be important in neurons, because neuronal activity is dependent on the plasma membrane 
potential. Expression of voltage-gated proton channels has been reported in neurons from several 
species (reviewed in [63]). Interestingly, it has been observed that expression of proton channels 
and NOX2 often occurs in parallel [64, 63]. However, further analysis must be done to better 
understand the involvement of NOX enzymes in the regulation of membrane potential and H+ 
fluxes in neurons.

8.3.3  redox Modulation of protein function

While ROS were historically considered ballistic signals lacking specific or dedicated targets, recent 
data clearly support the theory that ROS can function as discrete second messengers (reviewed 
in [6]). An important mechanism whereby this function is carried is by the targeted oxidation of 
specific protein residues, resulting in structural and functional changes in that impact function. 
NOX produces superoxide and hydrogen peroxide, and these two species both have highly favorable 
chemical profiles as signaling molecules.
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As superoxide has only limited mobility across biologic membranes, it is confined within organ-
elles such as mitochondria, endosomes, and, classically, phagosomes. While this confinement limits 
the activity of superoxide as a signaling mediator, superoxide is rather versatile chemically as it can 
act both as an oxidant and as a reductant. The protonated form of superoxide (HO2•) acts primarily 
as an oxidant, but only a small fraction of superoxide is protonated at physiologic pH. Alternatively, 
the charged anionic form superoxide is highly attracted to iron-sulfur (Fe-S) centers within pro-
teins. As these Fe-S centers are stable under multiple oxidation states, they are able to participate 
in a variety of intracellular redox reactions. One highly studied such reaction is their involvement 
in the mitochondrial electron-transport chain, and NADH dehydrogenase is one of the biggest 
multi–Fe-S proteins known. Furthermore, Fe-S proteins are also involved in non–electron-transfer 
functions, such as substrate binding and catalysis, in which Fe-S clusters can lead to polarization 
of surrounding groups to function as active sites of enzymes [65]. For example, destabilization of 
the Fe-S cluster in aconitase by superoxide can inhibit aconitase activity, thereby limiting mito-
chondrial respiration [66]. Although the exact contribution of superoxide/Fe-S interactions to CNS 
physiology awaits investigation, multiple proteins contain Fe-S centers and may thus be amenable 
to modulation by superoxide.

A better understood chemical alteration utilized by ROS to impact signaling without causing 
cytotoxicity involves reversible thiol oxidation of cysteine (Cys) residues [67], generally mediated 
by hydrogen peroxide. Hydrogen peroxide is a two-electron oxidant that acts as an electrophile 
and can react with protein thiol moieties to produce different sulfur oxidation states including 
disulfides and sulfenic (−SOH) moieties, both of which can alter protein structure and function 
[68]. However, further oxidation of sulfenic acid by ROS can lead to formation of sulfinic (−SO2H), 
or sulfonic (−SO3H) acid products that appear to be irreversible modifications [69]. The best- 
documented targets of this type of Cys modification are protein tyrosine phosphatases (PTPs), 
whose enzymatic activity is abolished by oxidation of a Cys residue in their active site [68]. All 
PTPs are characterized by an active-site motif that consists of Cys and arginine (Arg) separated 
by five residues (I/V-C-XX-G-X-X-R-S/T), where X is any amino acid [70]. The proximity of the 
basic Arg residue creates a microenvironment that facilitates thiolate formation, and in the pres-
ence of H2O2, the active-site Cys residue is oxidized to a sulfenic acid intermediate followed by 
rapid intraprotein conversion to a cysteine sulfenyl-amide, which results in an active-site confor-
mational change that inhibits substrate binding [68]. Indeed, data show that NOX activation results 
in specific decreases in PTP activity and increased levels of intracellular protein tyrosine phos-
phorylation [71]. While this pathway has not been well studied in the brain, there is evidence that 
NOX-based regulation of PTP activity extends beyond phagocytes. For example, insulin-sensitive 
adipocytes express high levels of NOX4, which appears to enhance insulin signal transduction via 
the oxidative inhibition of PTP1B [72].

Finally, evidence suggests that protein kinases themselves may be potential direct targets of 
ROS, as ~80% of known PTKs contain a conserved C-terminal MXXCW motif (where X is any res-
idue), and oxidation of the highly conserved cysteine in this motif can trigger the catalytic activity 
of the enzyme [73]. Data have shown that ROS produced by UV radiation facilitates the dimeriza-
tion and activation of the receptor tyrosine kinase Ret though oxidation of C-terminal Cys residues 
[74]. Given that similar Cys residues are conserved in other protein tyrosine kinases, such as Src, 
Abl, and Lck, one might speculate that these kinases also are subject to oxidation-induced activa-
tion, which could be important in CNS signaling [75, 76]. 

8.4  CONCLUSIONS AND UNANSWERED QUESTIONS

It is now very clear that NOX, as an integral component of glial and neuronal physiology, has 
the ability to modulate CNS function and responses to injury. However, while NOX has been 
repeatedly implicated in CNS disease, neither the extent nor the physiologic mechanisms of NOX 
involvement in CNS dysfunction are fully established. Indeed, the continuing identification of 
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signaling pathways that are directly influenced by NOX clearly illustrates that ROS production 
participates in a variety of biological processes, including developmental and differentiation pro-
cesses, innate immunity, and intracellular signaling responses [9]. Furthermore, the recognition 
that multiple NOX isoforms are expressed in both neurons and glia combined with observations 
that NOX activity in neurons plays an important role in synaptic plasticity and memory formation 
[43, 44, 39] precludes simplistic conclusions and one-dimensional declarations of the role of NOX 
in brain injury. 

Thus, significant effort exists, in both basic and clinical research enterprises, to critically evalu-
ate and understand the mechanisms by which NOX can affect brain inflammation and cognitive 
function. Genetic deletions or mutations in NOX enzymes that occur naturally in humans and can 
be generated in animals have helped tremendously in the understanding of NOX biology, as sum-
marized in this review, but many questions remain. A very important issue that cannot be resolved 
with existing knockout models is the cell type specific role of NOX in the CNS. In this regard, the 
generation of conditional knockout or ever-expressing systems would be exceptionally helpful to 
elucidate the role of neuronal NOX from that expressed in glia or cerebrovascular cells. In addi-
tion, there is a highly urgent need to develop novel pharmaceutical agents that directly and specifi-
cally modulate NOX activity, either through binding to specific protein subunits or by binding in a 
cell type specific manner. Although existing compounds such as diphenyleneiodonium, apocynin, 
atorvastatin, and 4-(2-aminoethyl) benzenesulfonyl fluoride have been used to inhibit NOX, these 
compounds are rather nonspecific. Novel NOX inhibitors are being sought in both synthetic and 
botanical systems, and novel inhibitors may soon proceed to clinical trials [77]. However, before 
NOX inhibitors can successfully serve as effective drugs for the treatment of CNS disorders, the 
complex and pleiotrophic nature of NOX in both brain inflammation and in learning and memory 
needs to be much better understood. 

TAKE-HOME MESSAGES

• NOX proteins are highly expressed in microglia, astroglia, and neurons.
• NOX participates in glial inflammation and innate immune reactions in the brain.
• NOX has poorly understood roles in the resolution of inflammation and the prevention of 

autoimmunity.
• NOX participates in synaptic plasticity and has pleiotropic roles in learning and memory.
• Reactive oxygen species produced by NOX are directly antimicrobial.
• NOX orchestrates cell behavior through discrete, local changes in intracellular pH and ion 

concentration.
• NOX modulates intracellular signal transduction pathways through redox modulation of 

cysteine moieties on key enzymes.
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9.1  INTRODUCTION

Inflammation is the body’s primary response to infection or injury and aims not only to eliminate 
the causative agent, but also to restore tissue structure and function [1]. Dysregulated inflamma-
tory response leads to non-resolving chronic wounds that represent a major and increasing socio-
economic threat affecting more than 6.5 million people in the United States, costing in excess 
of $25 billion annually [2, 3]. The onset of inflammation is marked by the release of an array of 
mediators including cytokines, chemokines, lipid mediators, and bioactive amines that are secreted 
by resident tissue cells—primarily macrophages, dendritic cells, and mast cells [4]. Inflammation 
is essentially a beneficial response that normally resolves with the restoration of normal tissue 
homeostasis. However, when inflammation persists (chronic inflammation), it can cause tissue dam-
age and loss of function [1]. The problem with inflammation is not how often it starts, but how often 
it fails to resolve. Non-resolving inflammation contributes significantly to the pathogenesis of a 
wide array of disorders, including atherosclerosis, obesity, cancer, chronic obstructive pulmonary 
disease, asthma, inflammatory bowel disease, neurodegenerative disease, multiple sclerosis, and 
rheumatoid arthritis [5]. Chronic wounds fail to progress through the normal phases of healing and 
enter a state of persistent non-resolving inflammation [6].

9.2  CASCADES OF WOUND HEALING 

Wound healing is a well-orchestrated reparative event that occurs in response to injury and its 
microenvironment [7]. Based on the time of closure, wounds can be classified into two catego-
ries: acute wounds, which advance through the process of healing in a stepwise manner and 
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close within days, and chronic wounds that are derailed from the physiological healing cascade 
and remain open for more than four weeks. The process of wound healing is divided into four 
functional phases, namely, hemostasis, inflammation, proliferation, and remodeling. All of these 
phases take place in an overlapping series of programmed events with the aim of barrier function 
of the skin. 

Hemostasis is the physiological response following an injury in which the blood components 
are exposed to the subendothelial layers of the vessel wall. The process of hemostasis is intended 
to prevent blood loss and begins with the formation of a fibrin plug that also lays the foundation 
for subsequent inflammation and healing processes [8]. The fibrin plug and the surrounding wound 
tissues release pro-inflammatory cytokines and growth factors such as transforming growth factor 
(TGF-β), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and epidermal 
growth factor (EGF) to the injury site. Fibrin also provides the structural support for the cellular 
constituents of inflammation. 

An acute phase inflammatory response, meant to prepare the wound site for subsequent wound 
closure, is elicited following tissue injury. Inflammation involves a sequence of responses of vas-
cularized tissues of the body to injury, and is characterized by four cardinal signs: rubor (red-
ness), tumor (swelling), calor (heat), and dolor (pain). During normal healing, the inflammatory 
response is characterized by spatially and temporally changing patterns of specific leukocyte sub-
sets. Polymorphonuclear neutrophils (PMN) are the first leukocytes to pull in at the inflammatory 
site, primarily to scavenge invading pathogens and set the inflammatory process on track. Upon 
completion of their tasks, the PMNs undergo apoptotic cell death provoking dead cell clearance 
(efferocytosis) by the infiltrating macrophages, which reach the inflammatory site as the level of 
PMNs falls. Impairment in macrophage function at the wound site derails the resolution of inflam-
mation [9]. Besides carrying out efferocytosis, macrophages release an array of growth, angiogenic, 
and inflammatory factors that mark the transition of the inflammatory phase to the proliferative 
phase of wound healing [10]. 

The proliferative phase usually overlaps with the inflammatory phase and is characterized by 
the formation of new blood vessels, the influx of fibroblasts, and laying down of the extracellular 
matrix (reepithelialization). While fibroblasts are limited to cellular replication and migration in the 
initial stages of the proliferative phase, collagen synthesis takes place in the later half, followed by 
cross linking of collagen, which is responsible for vascular integrity and mechanical strength of new 
capillary beds. It is in the later stage that fibroblasts start attaching to the fibronectin and collagen 
in the extracellular matrix (ECM). 

Remodeling represents the concluding phase of wound healing and is well coordinated by the 
balance between the synthesis and breakdown of the extracellular matrix components. This stage 
often continues even after months of wound closure and bears an influence on the scar outcomes of 
the healed wound.

9.3  RESOLUTION OF INFLAMMATION

Inflammation response following an injury is essential for the repair process. This response, 
however, is only beneficial if it is transient and resolves in a timely manner. Complications with 
wound healing may arise due to dysregulated inflammation [9]. Resolution of inflammation is 
regulated by a number of key factors including cessation of further leukocyte recruitment, apop-
tosis of the leukocytes at the injury site, followed by removal of apoptotic cells by professional 
phagocytes. Clearance of apoptotic cells by macrophages (also known as efferocytosis) from 
the site of injury is a prerequisite for the resolution of wound inflammation [9]. Recent studies 
have provided convincing evidence that uptake of apoptotic cells by macrophages serves as one 
of the signals that drives the switching of macrophages from a pro- to an anti-inflammatory 
state [11, 12]. Any impairment in macrophage function will derail the resolution of inflamma-
tion, which will adversely affect the wound healing [9]. Lipid mediators, such as the lipoxins, 
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resolvins, protectins, and maresins, have emerged as a novel class of potent pro-resolutionary 
factors that counter-regulate excessive acute inflammation [13]. Recent studies have indicated an 
essential role of miRNAs in the immune responses [14]. 

9.3.1  Macrophage phenotype

Macrophages are plastic, dynamic, and heterogeneous cells assigned to two groups: classically 
activated or type I macrophages (M1), which are pro-inflammatory effectors (the prototypi-
cal activating stimuli are IFNγ and LPS), and alternatively activated or type II macrophages 
(M2) [15, 16]. M2 macrophages are further subdivided into M2a (after exposure to IL-4 or 
IL-13), M2b (immune complexes in combination with IL-1β or LPS), and M2c (IL-10, TGF-β 
or glucocorticoids). While M1 macrophages possess potent microbicidal properties and sup-
port IL-12-mediated Th1 responses, M2 supports Th2-related effector functions [17]. A better 
understanding of the mechanisms and cues that are implicated in change in macrophage phe-
notype is essential. Such understanding will help in designing and implementing strategies that 
can restore macrophage dysfunction and thus promote resolution of inflammation in chronic 
wounds. In the inflammatory condition, it is unclear whether the type II reparative macrophages 
that predominate during the healing phase originate from a subset of entirely new attracted 
monocytes or from a switch in the activation state of the already existing pro-inflammatory 
macrophages. A study by Porcheray et al. clearly demonstrated that pro-inflammatory macro-
phages may change its phenotype to pro-resolutionary state [18]. Diabetic wound macrophages 
display dysfunctional inflammatory responses [9]. The unrelenting inflammatory state of dia-
betic wound macrophages may be due to impairment in the apoptotic cell clearance activity of 
these macrophages [9]. Phospholipase C β2 (PLCβ2), the enzyme that catalyzes the formation 
of inositol 1,4,5-trisphosphate and diacylglycerol from phosphatidylinositol 4,5-bisphosphate, 
has been shown to play a novel and critical role in switching of macrophages from an inflamma-
tory (M1) phenotype to an angiogenic (M2-like) phenotype, suggesting that regulation of this 
pathway might provide an additional target for the regulation of inflammation, wound healing, 
and fibroproliferative processes [19].

The protein known as SHIP (SH2-containing inositol phosphatase) is indicated to be associated 
with the phenotype of macrophages. Because of a 10-fold higher level of arginase-I in the SHIP−/− 
macrophage l-arginine, the iNOS substrate is redirected from NO to ornithine production, resulting 
in 5–10-fold less NO in SHIP–/– macrophages than their wild-type counterparts. This suggests that 
the chronically elevated PI-3,4,5-P3 levels in SHIP−/− mice may switch NO-producing M1 mac-
rophages to reparative M2 macrophages, which produce ornithine to promote host cell growth and 
collagen formation [20]. 

Macrophages with dissimilar phenotypes (M1 and M2) are reported to be present in the cervical 
region and are most likely associated with the postpartum repair of tissue. However, elevated Csfr1 
mRNA expression and expression of other markers of alternatively activated macrophages during 
labor or shortly postpartum suggest a role of M2 macrophages in postpartum tissue repair [21]. In 
CNS injury, M1 macrophages are found to be neurotoxic while M2 macrophages are responsible 
for endorsing a regenerative growth in response in adult sensory axons. These observations suggest 
that CNS repair could be augmented by preferential polarization of the differentiation of resident 
microglia and infiltrating blood monocytes toward alternatively activated M2 macrophage pheno-
type [15]. In the relapsing experimental autoimmune encephalomyelitis (EAE) model of multiple 
sclerosis, expression profiles of M1/M2 macrophages in brain showed that M1/M2 equilibrium in 
CNS favors mild EAE, but if the equilibrium shifts more toward M1, relapsing EAE is favored [22]. 
Recently, characterization of distinct circulating monocyte populations that migrate into wounds 
was performed. Intriguingly, the phenotype of macrophages isolated from murine wounds partially 
reflected those of their precursor monocytes, changed with time, and did not conform to current 
macrophage classifications, that is, M1 or M2 [23]. 
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9.3.2  DeaD cell clearance

Unique downstream consequences and distinctive morphologic features caused by the phagocytosis 
of apoptotic cells persuaded deCathelineau and Henson [24] to coin the term efferocytosis (from the 
Latin effero meaning to take to the grave or to bury). Efferocytosis consists of at least four distinct 
steps (Figure 9.1): (1) secreted “find-me” signals help attract phagocytes at the site rich in apoptotic 
cells; (2) recognition (“eat-me”) of apoptotic cells by recruited phagocytes through a number of 
receptors and molecules; (3) engulfment of apoptotic cells by a distinctive uptake process; and 
(4) processing of engulfed cells within phagocytes [25]. 

“Find-me” signals are released by apoptotic cells that attract phagocytes to their location [26]. 
The supernatants of apoptotic cells possess chemoattractant activity for monocytes and primary 
human macrophages [26]. Caspase-3-mediated activation of Ca2+-independent phospholipase A2 
(iPLA2) in apoptotic cells results in secretion of signals like lysophosphatidylcholine (LPC) [26]. 

Apoptotic cells present themselves for removal by exposing “eat-me” signals on their surface, 
which helps the macrophages to recognize and distinguish them from viable cells [26]. Flipping of 
phosphatidylserine (PS) on the cell surface is a characteristic of apoptosis [27, 28]. Oxidation of PS 
by NADPH oxidase followed by externalization has been established in a wide range of apoptotic 
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FIGURE 9.1  Resolution of wound inflammation. Polymorphonuclear neutrophils (PMNs) are the first leu-
kocytes to arrive at the site of injury during the early inflammatory phase and are eliminated from the site 
via apoptotic cell death. Next, an influx of monocytes/macrophages to the site occurs, which effectively per-
forms the clearance of apoptotic PMNs. A number of molecules have been implicated in the recognition 
and engulfment of apoptotic cells by macrophages. Such engulfment of apoptotic cells results in attenuation 
of pro-inflammatory and increase in anti-inflammatory molecule production, thus facilitating resolution of 
inflammation. Macrophages are assigned to two groups: type I macrophages (M1, pro-inflammatory) and type 
II macrophages (M2, anti-inflammatory). The uptake of apoptotic cells by macrophages has been proposed as 
one of the cues that drives the switching of macrophages toward an anti-inflammatory state. MFGE8, milk fat 
globulin E8; PS, phosphatidyl serine.
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models [29]. Flipping of oxidized PS along with its non-oxidized counterpart serves as an “eat me” 
signal [26]. 

Most receptors present on macrophages do not directly bind to phospholipids, but attach 
through soluble bridging proteins [30]. These soluble factors opsonize apoptotic cells and estab-
lish bridges between a specific component of the apoptotic cells and surface of the phagocyte and 
includes annexin I (Anx I or lipocortin), TSP, milk-fat-globule-EGF-factor 8 (MFG-E8), Del-1, 
β2-glycoprotein I, protein S, and growth arrest specific gene 6 (Gas6) [30, 31]. MerTK has been 
proposed to aid phagocytosis of apoptotic cells and downregulate activation in macrophages [32]. 
Complements may also be involved in the uptake of apoptotic cells through direct binding of bridg-
ing factors in some physiological conditions involving opsonization and engagement of the comple-
ment receptors.

Knowledge about the final step of apoptotic cell clearance—engulfment and processing of 
engulfed cells—is limited. Information related to the regulation of apoptotic body processing, and 
its difference from the processing of classically opsonized or microbial cells that employ a route of 
degradation from phagosomes to lysosomes, needs to be augmented. 

9.3.3  lipiD MeDiators 

Stress, injury, or inflammatory stimuli result in the rapid release of polyunsaturated fatty acids 
(PUFAs). Several studies have demonstrated that the ω-3 PUFAs eicosapentaenoic (EPA; i.e., ω-3, 
C20:5) and docosahexaenoic acid (DHA; i.e., ω-3, C22:6) are transformed, in a manner similar to 
arachidonic acid metabolism, by COX-2 and LOX enzymes (Figure 9.2) to generate novel classes of 
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FIGURE 9.2 (see color insert)  Lipid biosynthesis pathways that regulate inflammation and resolution. The 
pro- as well and anti-inflammatory lipid mediators regulate both initiation as well as the resolution phases 
of wound inflammation. These lipids are synthesized from polyunsaturated fatty acids, such as arachidonic 
acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) by the enzymes cyclooxygenase 
(Cox) and/or lipoxygenase (LO). AA is converted to pro-inflammatory thromboxanes (TX), prostacyclin (PC), 
and prostaglandins (PG) via the cyclooxygenase (COX) pathway. In the LO pathway, hydroperoxyeicosatet-
raenoic acids (HPETEs) are produced that can be further enzymatically reduced to the hydroxylated form 
(HETE). LO enzymes are also involved in the production of anti-inflammatory lipoxins (LX), resolvins (RvEs 
and RvDs), and protectins (PD) from AA, EPA, and DHA. Lipoxins and resolvins are generated from AA and 
EPA/DHA by the enzymatic actions of both LO and acetylated COX-2.
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endogenous lipid autacoids with anti-inflammatory and protective activities [10]. Lipidomic stud-
ies suggest that DHA is present in relatively copious amounts in murine skin (in full thickness; 
300–3000 ng/g skin tissue). Gel-controlled release of DHA and three other essential fatty acids to 
wounds significantly promoted wound healing, unveiling a therapeutic potential for DHA deriva-
tives in wound healing [33]. In the following section, we provide a brief review of the major lipid 
autacoids with known anti-inflammatory activity. 

9.3.3.1  Cyclopentenone Prostaglandins
Cyclopentenone prostaglandin (15dPGJ2) is biosynthesized by the in vivo and in vitro dehydration 
of PGD2 by COX-2. This prostaglandin is reported to inhibit TNF-α-induced expression of vascu-
lar cell adhesion molecule 1 (VCAM1) and intercellular adhesion molecule 1 (ICAM1) by human 
endothelial cells. In addition, 15dPGJ2 also inhibits monocyte binding to human aortic endothelial 
cells. Though 15dPGJ2 does not influence neutrophil adhesion, it blocks adhesion-dependent oxida-
tive bursts in neutrophils [34]. 

9.3.3.2  Lipoxins
First isolated in 1984, lipoxins are formed through transcellular biosynthesis during cell-cell interac-
tions. Lipoxins A4 (LXA4) and B4 (LXB4) are generated by the enzyme platelet 12-lipoxygenase on 
neutrophil leukotrienes A4 (LTA4) [35]. Aspirin treatment results in acetylation of  cyclooxygenase-2 
[36], leading to the biosynthesis of carbon 15 epimers of LXs (i.e., 15-epi-LXs). It has recently been 
reported that 15-epi-LXA4 mediates local anti-inflammatory actions of low-dose aspirin in healthy 
subjects [37]. This class of lipid autocoids is reported to inhibit PMN chemotaxis [38], PMN adhe-
sion to and transmigration through endothelial cells, as well as PMN-regulated increases in vascular 
permeability [39]. They also draw monocytes and stimulate monocyte adherence to vascular endo-
thelium [40] without releasing reactive oxygen species [41]. 

9.3.3.3  Resolvins and Protectins
In addition to arachidonic acid, docosahexaenoic acid (DHA) and EPA serve as substrates to potent 
bioactive mediators that possess anti-inflammatory properties. The term resolvins or resolution-
phase interaction products was coined by professor Charles N. Serhan and colleagues as these com-
pounds were first identified in resolving inflammatory exudates [42]. Compounds obtained from 
EPA are designated as resolvins of the E series, while those derived from the precursor DHA are 
denoted as either resolvins of the D series and protectins (neuroprotectins) [43]. Resolvins originate 
from endogenous sources of DHA/EPA via 15-lipoxygenase (15-LO) and 5-lipoxygenase (5-LO) 
interactions. E-series member resolvin E1 blocks human neutrophil transendothelial migration, 
thereby reducing inflammation [42]. Plasma resolvin E1 levels are elevated in individuals taking 
aspirin and/or EPA [44]. In endothelial cells, aspirin treatment acetylates COX-2, which then con-
verts EPA to 15R HEPE and 18R HEPE, both known to potently inhibit transendothelial migration 
of PMN [42]. Bioactive members from DHA-containing conjugated triene structures or docosatri-
enes that possess neuroprotective and immunoregulatory actions are collectively termed as neuro-
protectins. In studies addressing resolvin formation in brain tissue in response to aspirin treatment, 
it was shown that new docosatrienes initially termed neuroprotectins are produced. In recognition 
of the fact that the protective actions of these docosanoids are not restricted to neural tissue, it has 
been suggested that the more generic term protectins be used instead [45]. Since this potent chemi-
cal mediator has a broad array of activities for nonneuronal local biosynthesis and actions, the name 
protectinD1 (PD1) was created [46]. 

9.3.3.4  Maresins
Maresins (14S-HDHA) are a class of anti-inflammatory lipid mediators primarily  produced by macro-
phages through the 14-lipoxygenase pathway [47]. Addition of either DHA or 14S-hydroperoxydocosa-
4Z,7Z,10Z,12E,16Z,19Z-hexaenoic acid (14S-HpDHA) to human or murine macrophages converts 
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these substrates to dihydroxy-containing products that have potent anti-inflammatory and pro-resolv-
ing activity, which is in the range of the actions of RvE1 and PD1 [47].

9.4  ROLE OF MICRORNAS IN INFLAMMATION

Wound healing is highly dependent on injury-inducible protein-coding genes that act as modula-
tors of an intrinsic tissue repair program in order to restore structural and functional integrity 
of the injured tissue. Separating a protein coding gene from its corresponding protein involves 
two fundamental steps: the DNA harboring the gene of interest should transcribe to mRNA, fol-
lowed by the latter translated to protein. Work carried out in the past decade suggests that both 
of these vital steps are subject to regulation by microRNAs (miRNAs; 19–22 nucleotides long), 
which are non-coding RNAs found in all eukaryotic cells. miRNAs carry out post-transcriptional 
gene silencing through mRNA stabilization as well as translational repression. According to the 
miRbase database, the human genome encodes 1048 miRNAs, and the count is rapidly growing. 
These miRNAs may control 30%–50% of all protein-coding genes and virtually all biological 
processes—wound healing is no exception [48]. A thorough understanding of microRNA (miRNA 
or miR) biology is critically important to develop a comprehensive understanding of the molecular 
mechanisms that regulate wound healing [49–53]. Disruption of miRNA biogenesis has a profound 
impact on the overall immune system. Emerging studies indicate that miRNAs, especially miR-
21, miR-146a/b, and miR-155, play an important role in regulating several phases that orchestrate 
the inflammatory process [54]. Specific miRNAs have been shown to be regulated by resolvins, 
which eventually target genes involved in resolution of inflammation and establish a novel resolu-
tion circuit involving RvD1 receptor-dependent regulation of specific miRNAs [55]. The brain-
specific microRNA-124 can control inflammation by turning off activated microglial cells and 
macrophages [56]. 

9.5   LINKING MICRORNAS AND LIPID MEDIATORS 
IN RESOLUTION OF INFLAMMATION

Recent studies conducted in the laboratory of Dr. Charles Serhan have investigated the miRNAs 
and resolvin-dependent miRNAs that are regulated in a self-limited acute inflammatory response. 
The pro-resolving miRNA candidates studied included miR-21, miR-146b, miR-208a, and miR-219, 
which are regulated through GPCR by resolvin D1 (RvD1). RvD1 dampened neutrophil infiltra-
tion into the peritoneum 25%–50% induced by zymosan and abridged the resolution interval by 
4 h. In peritonitis model, at 12 h time point, RvD1 upregulated miR-21, miR-146b, and miR-219 
and downregulated miR-208a in vivo. Low concentrations (10 nM) of RvD1 significantly regulated 
these miRNAs in same manner in human macrophages, overexpressing recombinant RvD1 recep-
tors ALX/FPR2 or GPR32. RvD1-miRNA networks target cytokines and proteins involved in the 
immune system. The miRNA–NF-κB axis was suggested as a key component in the RvD1-GPCR 
downstream signaling pathways [55].

TAKE-HOME MESSAGES

• Chronic wounds fail to progress through the normal phases of healing and enter a state of 
persistent non-resolving inflammation.

• Resolution of inflammation is an active coordinated process that initiates immediately 
after the start of the inflammatory response. 

• Engulfment of the apoptotic cells by macrophages, that is, efferocytosis, is a prerequisite 
for resolution of inflammation, resulting in the restoration of normal tissue physiology and 
function. 
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• Impaired clearance of apoptotic cells may result in chronic inflammation. Macrophages 
from diabetic wounds are severely impaired in the apoptotic cell engulfment activity and 
display characteristics of inflammatory macrophages.

• Macrophages are plastic, dynamic, and heterogeneous cells assigned to two groups: type I 
macrophages (M1; pro-inflammatory) and type II macrophages (M2; anti-inflammatory). 

• While M1 macrophages initiate and amplify the process of inflammation, M2 macro-
phages are more reparative in function. 

• Macrophages derived from mouse wounds changed with time, and did not conform to cur-
rent macrophage classifications, that is, M1 or M2.

• Metabolism of ω-3 fatty acids generates a novel class of anti-inflammatory lipid mediators 
known as resolvins and protectins.

• miRNAs, small non-coding RNAs involved in post-transcriptional gene silencing, play a 
vital role in regulation of inflammatory response.
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10.1  INTRODUCTION

Recently, the diverse physiologic actions of nitric oxide (NO), carbon monoxide (CO), and hydro-
gen sulfide (H2S) and their roles in different diseases have attracted a great deal of interest. 
Although initially viewed as toxic substances, NO, CO, and H2S are now recognized as impor-
tant signaling molecules acting in a variety of functional capacities in autocrine, paracrine, or 
juxtacrine fashions. All three gases have been proposed to play a role in inflammation [1–3]. 
However, the mechanisms whereby these gases exert pro-inflammatory and anti-inflammatory 
effects are not simple and are still largely unknown. Unlike NO and CO, the part played by H2S in 
inflammation has yet to be thoroughly investigated, and this yielded rather controversial data with 
respect to the pro-inflammatory or anti-inflammatory properties of H2S [1]. This chapter reviews 
the current literature on the therapeutic potential of H2S, with a special focus on its regulation 
of inflammation. We begin this chapter by pointing out basic concepts regarding synthesis and 
functions of H2S.

In mammalian tissues, H2S is produced from the sulfur-containing amino acid L-cysteine by 
cystathionine-β-synthase (CBS) and cystathionine-γ-lyase (CSE), both using pyridoxal 5'-phosphate 
as a cofactor [3]. Cysteine aminotransferase and cysteine lyase can also convert L-cysteine to H2S 
[1]. CBS and CSE, however, appear to be responsible for the majority of the endogenous produc-
tion of H2S in mammalian tissues. It should be noted that both CBS and CSE are also responsible 
for metabolism of L-methionine into L-cysteine, which is, in turn, used for synthesis of H2S [4]. 
CBS and CSE are widely distributed in mammalian tissues; however, CBS is highly expressed in 
the hippocampus and cerebellum in mammalian brain [1]. In contrast, CSE is most likely the pre-
dominant H2S-producing enzyme in the vasculature [1]. Relatively large amounts of CSE protein 
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are determined in both vascular smooth muscle cells (VSMCs) and endothelial cells [2]. In some 
tissues, such as the liver and kidney, both CBS and CSE contribute to H2S production. CBS exists 
as separate and distinct isoforms, whereas CSE occurs as a single transcript with no splice variant 
in mouse brain, liver, kidney, lung, and heart [1]. The activity of CBS is regulated presumably at 
transcriptional level, and glucocorticoids and insulin stimulate and inhibit CBS gene expression, 
respectively [1, 2]. Although little is known about the regulation of CSE activity, NO donor and 
lipopolysaccharide (LPS) have been shown to stimulate CSE mRNA expression in VSMCs and 
macrophages, respectively [3]. The physiological significance of NO in the regulation of H2S syn-
thesis is supported by the observation that circulating H2S levels as well as CSE gene expression 
and enzymatic activity in the cardiovascular system are reduced in rats chronically treated with NO 
synthase (NOS) inhibitor [5]. Circulatory plasma levels of H2S have been reported to be 10–50 µM 
in rats and 10–100 µM in humans [6]. Local tissue levels of H2S may be higher than its circulatory 
levels. H2S is involved in the regulation of vascular tone, myocardial contractility, neurotransmis-
sion, and insulin secretion [7]. Decreased levels of H2S were observed in various animal models 
of arterial and pulmonary hypertension, Alzheimer’s disease, gastric mucosal injury, and liver cir-
rhosis [7]. CBS deficiency is the leading cause of homocystinuria in humans [8]. A growing body of 
evidence suggests that vascular disorders found in one-third of the patients with premature arterial 
disease or cerebrovascular disease are the result of mild hyperhomocysteinemia, some of which 
may result from heterozygous CBS deficiency [8]. There is an experimental study showing that in 
CBS/apolipoprotein E double-knockout mice, hyperhomocysteinemia promotes differentiation of 
inflammatory monocyte subsets and their accumulation in atherosclerotic lesions [9]. CSE is also 
linked to homocystinuria. Mice genetically deficient in CSE expression exhibited age-dependent 
increased blood pressure, decreased endogenous H2S level, severe hyperhomocysteinemia, and 
impaired endothelium-dependent vasorelaxation [10]. Excessive production of H2S may contribute 
to the pathogenesis of mental retardation in patients with Down syndrome [8]. H2S was oxidized 
in mitochondria to thiosulfate, sulfite, and sulfate, and then excreted in the urine. Sulfate (SO4

2-) is 
the major end product of H2S. H2S binds to methemoglobin to form sulfhemoglobin. H2S stimulates 
ATP-sensitive potassium channels in VSMCs, neurons, cardiomyocytes, and pancreatic beta cells 
[6]. In addition, H2S may react with reactive oxygen and/or nitrogen species, limiting their toxic 
effects [11]. 

10.2   DYNAMIC INTERPLAY OF H2S WITH NO AND CO IN 
INFLAMMATORY CONDITIONS

NO, CO, and H2S can be produced naturally within mammalian cells. NO is synthesized by con-
stitutive NOS (cNOS) or inducible NOS (iNOS) [12]. CO is synthesized by constitutive heme 
 oxygenase-2 (HO-2) or inducible heme oxygenase-1 (HO-1) [12]. Unlike cNOS and HO-2, iNOS 
and HO-1 can be markedly expressed during inflammation and synthesize large amounts of NO and 
CO, respectively [13]. Interestingly, the production of H2S is also increased during inflammation 
[13]. Thus, the cells involved, at least, in inflammation are exposed to these three gases at the same 
time, implying that three gases could interact one with the others in a number of ways including 
affecting each other’s biosynthesis and biological responses. A well-known example is a possible 
interaction between NO and CO during inflammation. The NO/iNOS pathway has been reported 
to induce HO-1 expression in different types of cells [13, 14]. The induction of HO-1 expression by 
NO is independent of cyclic guanosine monophosphate (cGMP) production, since exogenous cGMP 
has no effect, and involves the activation of transcription factors, including nuclear factor-erythroid 
2-related  factor-2 (Nrf2) [14]. CO has been reported to modulate the NO/iNOS system [13]. CO 
can directly bind to hemoprotein of iNOS and inactivate iNOS, decreasing NO production [12]. 
Importantly, the CO/HO-1 system can also inhibit NO production through suppression of iNOS 
expression [3], indicating the possible presence of functional interaction between the NO/iNOS and 
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CO/HO-1 systems in regulating inflammation (Figure 10.1). There is an excellent study supporting 
the negative feedback regulation of the pro-inflammatory NO/iNOS system by the anti-inflammatory 
CO/HO-1 system. Ashino and colleagues [15] performed time-course experiments to character-
ize the expression pattern of HO-1 and iNOS in macrophages stimulated with LPS, and found an 
apparent time lag between iNOS and HO-1 expression for 6 h; iNOS expression reached a peak level at 
12 h after LPS treatment and followed HO-1 expression peak level at 6 h later. Using iNOS-deficient 
macrophages, they showed that LPS failed to induce HO-1 expression, suggesting that NO/iNOS 
is implicated in HO-1 expression. In other experimental sets, they investigated iNOS and HO-1 
expression by LPS using Nrf2-deficient macrophages. Whereas LPS failed to induce HO-1 expres-
sion, LPS strongly induced iNOS expression in Nrf2-deficient macrophages, supporting the notion 
that the CO/HO-1 system inhibits iNOS expression.

NO can also regulate the endogenous production of H2S in VSMCs by increasing CSE and CBS 
expression [16]. In the same cells, H2S can enhance IL-1β-induced NO production by increasing 
iNOS expression [17]. These findings suggest that as with NO and CO, there may be the possible 
interaction between NO and H2S; at least in the vascular system, NO enhances the H2S/CSE path-
way and H2S potentiates the NO/iNOS pathway. However, the nature of this interaction may be 
different from that of the interplay between NO and H2S in inflammatory states—perhaps because 
the NO/iNOS and H2S/CSE pathways are fully activated in inflammatory conditions, but not in 
normal physiological conditions. There are two notable studies demonstrating that NO and H2S 
can interact with each other in inflammatory conditions. Firstly, Anuar and colleagues determined 
whether exogenous NO could affect H2S production in an animal model of systemic inflamma-
tion [18]. In their study, nitroflurbiprofen was used as the NO donor, because the administration 
of nitroflurbiprofen to animals results in esterbond cleavage of the parent molecule, flurbiprofen, 
and leads to the slow release of NO. The administration of nitroflurbiprofen resulted in a dose- 
dependent inhibition of the LPS-mediated increase in liver and kidney H2S production and CSE 
mRNA expression, whereas flurbiprofen had no effect. These results show that NO downregu-
lates the biosynthesis of H2S in endotoxic shock models. Secondly, Oh and colleagues determined 
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FIGURE  10.1  The possible interplay of H2S/CSE/CBS with NO/iNOS via CO/HO-1 in inflammation. 
Inflammatory stimuli induce iNOS expression, resulting in increased NO production that stimulates inflam-
matory pathways for killing and eradicating pathogens. When the levels of NO production are so high that NO 
could exert toxic effects on the host, HO-1 expression is induced in response to the high doses of NO, resulting 
in increased CO production that inhibits both NO/iNOS and inflammatory pathways. Pathogens also induce 
CSE/CBS expression, resulting in increased H2S production that could stimulate inflammatory pathways. H2S 
that can be synthesized from CSE and CBS enzymes could inhibit NO/iNOS pathway, probably via stimulation 
of CO/HO-1 pathway at least in macrophages. CO can inhibit H2S production by binding to hemoprotein of 
CBS. The arrows represent the targeting pathway and the circled signs, “plus” and “minus,” indicate “posi-
tive” and “negative” effects, respectively.
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whether H2S could affect the NO/iNOS pathway in cultured RAW264.7 macrophages stimulated 
with LPS [19]. They showed that exogenous H2S inhibited LPS-induced activation of NF-κB and, 
in turn, blocked the increase in iNOS expression and NO production. To test the role of endogenous 
H2S in iNOS-mediated NO production, they blocked CSE activity by using a specific inhibitor, and 
the results suggested that H2S produced from CSE can inhibit the further activation of the NO/
iNOS pathway. Interestingly, a possible mechanism responsible for these effects of H2S involves 
its up-regulation of the HO-1/CO pathway, perhaps indicating that the H2S/CSE system may also 
interact with the HO-1/CO system. Collectively, two interesting studies provide the evidence sup-
porting the existence of interaction between NO and H2S in inflammation; the NO/iNOS and H2S/
CSE pathways inhibit each other in pathological conditions.

10.3   JANUS FACE OF H2S: ITS PRO-INFLAMMATORY 
AND ANTI-INFLAMMATORY EFFECTS

Conflicting data are available on the effects of H2S on the regulation of inflammation; interest-
ingly, H2S has been shown to exert both pro-inflammatory and anti-inflammatory effects [11]. In 
animal models of systemic inflammation, inhibition of endogenous synthesis of H2S by propargyl-
glycine (PAG), an irreversible inhibitor of CSE, attenuated inflammatory reactions, as evidenced by 
decreased production of the pro-inflammatory cytokines and chemokines and reduced leukocyte 
activation and trafficking, whereas administration of NaHS, an H2S donor, augmented these inflam-
matory reactions [20–25]. Despite these data suggesting the pro-inflammatory effects of H2S, its 
role during inflammatory diseases is still a matter of debate. Kang and colleagues applied PAG and 
NaHS to investigate their effects on the severity of liver injury induced by ischemia-reperfusion 
[26]. Administration of NaHS significantly attenuated the severity of liver injury and inhibited the 
production of lipid peroxidation, serum inflammatory factors, and cell apoptosis, whereas PAG 
aggravated them. Zanardo and colleagues observed that NaHS inhibited aspirin-induced leukocyte 
adherence in mesenteric venules, whereas inhibition of endogenous H2S synthesis elicited leukocyte 
adherence [27]. Carrageenan-induced paw edema was suppressed by NaHS and enhanced by an 
inhibitor of H2S synthesis [27]. In mice with acute lung injury induced by burn and smoke inha-
lation, H2S inhibited IL-1β levels, increased the concentration of the anti-inflammatory cytokine 
IL-10, and attenuated protein oxidation in lung tissue [28]. Li and colleagues examined the possible 
role of H2S in the pathogenesis of oleic acid-induced acute lung injury and its regulatory effects 
on the inflammatory response [29]. As compared to controls, significantly increased IL-6, IL-8, 
and IL-10 levels together with decreased H2S levels were observed in the plasma and lung tissue of 
oleic acid-treated rats. Administration of NaHS into oleic acid-treated rats decreased IL-6 and IL-8 
levels but increased IL-10 levels in the plasma and lung tissues [27]. In RAW264.7 macrophages 
stimulated with LPS, H2S inhibited NF-kB activation and, in turn, blocked the increase in iNOS 
expression and NO production [19]. Similarly, H2S inhibited LPS-induced iNOS expression and 
TNF-α production in microglia [30]. Most interestingly, GYY4137, a slow-releasing H2S donor, 
inhibited LPS-mediated systemic inflammation, while NaHS, a fast-releasing H2S donor, enhanced 
the inflammation [31]. Other slow-releasing H2S donors, such as S-diclofenac and S-mesalamine, 
also exhibited anti-inflammatory activity in vivo [32, 33]. In the context of these contradictory find-
ings, H2S may exert both pro-inflammatory and anti-inflammatory effects depending on a variety 
of factors, including the concentration of the gas achieved at the inflamed site or released from 
donors administered H2S. It is most likely that H2S at physiological concentrations may be anti-
inflammatory, whereas at higher concentrations produced endogenously in certain circumstances, 
this gas may be pro-inflammatory. The concept of H2S being anti-inflammatory at physiological 
concentrations but pro-inflammatory at nonphysiological concentrations bears similarity to the situ-
ation with NO; NO can exert both pro-inflammatory and anti-inflammatory effects depending on 
its concentrations [14].
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10.4  PERSPECTIVES

10.4.1  CliniCal SCienCe

Recently, there have been many studies and reviews published on the involvement of H2S in 
inflammatory events. No definitive conclusions, however, have been made as to whether H2S 
exerts pro-inflammatory or anti-inflammatory properties. In addition to the question of dosing 
and timing, the preferred route of H2S administration for its clinical application remains to be 
settled. Nevertheless, H2S-releasing nonsteroidal anti-inflammatory drugs (NSAIDs) have been 
developed since 2007, and some of them have been shown to exhibit enhanced anti-inflammatory 
activity as compared to the parent drugs [31–33]. Additionally, H2S-releasing NSAIDs have been 
reported to cause less gastrointestinal and cardiovascular injury than the parent NSAIDs in pre-
clinical models [34]. H2S-releasing NSAIDs represent examples of new anti-inflammatory drugs 
created through the exploitation of the anti-inflammatory effects of an H2S. While the develop-
ment of an H2S-releasing anti-inflammatory drug is in its infancy, the preclinical data available 
thus far provide cause for optimism.

10.4.2  BaSiC SCienCe

It is becoming clearer that NO, CO, and H2S are synthesized naturally in the body, often by the 
same cells within the same organs, and that all three gases exert essentially similar biological 
effects even if via different mechanisms. Each of these molecules acts, via well-established 
molecular targets, to effect physiological and/or pathophysiological functions within the body. 
All three gases exhibit remarkably similar effects in inflammation. It is most likely that inflam-
mation is regulated not by the activity of a single gas working in isolation but by the concerted 
activity of all three of these gases working together (Figure 10.1). If this is the case, it would 
no longer be good enough simply to study the role of one gas in the regulation of inflammation. 
Conversely, it would be necessary to investigate a possible interaction among three gases in the  
regulation of inflammation. A study had tried to determine a possible interplay of H2S/CSE 
with NO/iNOS and CO/HO-1 in RAW264.7 macrophages stimulated with LPS [19]. This study 
showed that H2S downregulated iNOS expression and NO production by upregulating HO-1 
expression and CO production. Additional research is needed to further characterize the dif-
ferent nature of the interaction of H2S with other gases in different conditions. It is hoped that 
active research on the possible interplay of gaseous molecules will help address several unan-
swered questions in inflammatory diseases.

TAKE-HOME MESSAGES

• H2S, together with NO and CO, makes up a family of biologically active gases with a range 
of physiological and pathophysiological effects.

• H2S, NO, and CO are synthesized naturally in the body, often by the same cells within the 
same organs, and all three gases exhibit remarkably similar effects in inflammation.

• H2S, NO, and CO act, via well-established molecular targets, to effect physiological and/or 
pathophysiological functions within the body.

• H2S is synthesized from L-cysteine mainly by CBS and CSE in mammalian tissues.
• Mutation or deficiency of CBS and CSE results in increased homocysteine and cystathio-

nine, leading to inflammatory atherosclerosis.
• H2S exhibits potent vasodilator activity both in vitro and in vivo most probably by stimulat-

ing ATP-sensitive potassium channels.
• H2S, like NO, has been shown to exert both pro-inflammatory and anti-inflammatory 

effects.
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• Abnormal metabolism and functions of the H2S pathway have been shown to be linked to 
inflammatory diseases.

• H2S, NO, and CO have been shown to interact one with the other in a number of ways 
including affecting each other’s biosynthesis and biological responses.

H2S-releasing nonsteroidal anti-inflammatory drugs that exploit the anti-inflammatory and protec-
tive effects of H2S have been recently developed, and some of them have been shown to exhibit 
enhanced anti-inflammatory activity as compared to the parent drugs.
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11.1  INTRODUCTION

Oxidative stress and inflammation play major roles in both acute and chronic diseases (Table 11.1). 
The former attracted attention due to its relevance to nutrition and the expectation that common 
antioxidants present in food would prove to be antidotes to popular maladies. The latter presented 
itself as a major player due to its association with infection and immune functions. In addition, the 
association of “inflammatory cells,” such as neutrophils, eosinophils, basophils, lymphocytes, and 
macrophages, with the human pathophysiology has elevated the status of inflammation as a more 
physiological disease marker. In other words, oxidative stress is expected to be attenuated by the 
use of antioxidants affording benefits to humans while the inflammatory stress is considered purely 
as a key to identifying biomarkers with little or no expectation that anti-inflammatory agents would 
prevent chronic diseases.

11.2  ATHEROSCLEROSIS

One of the major examples of a disease wherein both oxidative stress and inflammation have been 
implicated is atherosclerosis. Atherosclerosis is a chronic, progressive disease characterized by 
the formation of cholesterol-rich plaques in the intima of medium- and large-sized arteries [1–3]. 
Current views suggest that the disease is initiated by dyslipidemia with subsequent recruitment of 
monocytes to the intima. Pathological observations that macrophages are abundantly distributed 
from early stage fatty streak lesion to the late stage fibrous plaques indicate that these cells play a 
critical role in the development of the disease [4–7]. Although these cells were seen as scavengers 
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of modified lipoproteins [8–12], particularly of oxidized lipoproteins [13–17], somewhere in the 
schema of events the concept that oxidative stress might function independently or in conjunc-
tion with inflammatory stress to affect disease progression evolved (Figure 11.1). There are many 
unanswered questions. There has been very little effort to understand the connection between dys-
lipidemia and oxidative stress. Why should increased cholesterol lead to increased oxidative stress? 
Perhaps cholesterol-enriched cell membranes and lipoproteins are seen as pathogens and monocyte/
macrophages eliminate them by oxidative assimilation. The inflammation and immune response 
could be the result of the damage resulting from oxidation to cell membranes and lipoproteins. 
Would attenuating the immune response prevent the disease? Is the enhanced immune and inflam-
matory response not the result of direct oxidation but the result of molecules that are presented as 
antigens as the result of damage due to oxidation? 

Following activation, the recruited monocytes differentiate into macrophages, which take up 
modified low-density lipoprotein (LDL) through scavenger receptors, thereby promoting cholesterol 
loading and foam cell formation [18–20]. The later stages of the disease are also characterized by 
calcium deposits, dying cells, accumulation of bound and free iron and other trace metals, and the 
presence of extracellular cholesterol crystals [21–25]. While atherosclerotic plaque in the advanced 
state could cause partial or total stenosis [26], the composition and stability of the plaque determines 
the clinical outcome of the disease. Lipid-laden macrophages produce multiple pro-inflammatory 
mediators and reactive oxygen species (ROS) contributing to plaque vulnerability and rupture 
[27, 28]. They also produce procoagulants that promote local inflammation, platelet adherence, and 

TABLE 11.1
List of Inflammatory and Oxidative Diseases

Oxidative Stress Implicated Diseases Inflammatory Diseases

• Alzheimer’s and other neurodegenerative diseases • Acne vulgaris

• Anemia or iron overload • Alzheimer’s

• Arthritis • Arthritis

• Atherosclerosis • Asthma

• Autoimmune diseases • Atherosclerosis

• Cancer • Autoimmune diseases

• Cataractogenesis • Cancer

• Diabetes • Celiac disease

• Endometriosis • Crohn’s disease

• Hypertension • Dermatitis

• Ischemia-reperfusion injury • Diabetes

• Infection and inflammation • Diverticulitis

• Macular degeneration • Endometriosis

• Multiple sclerosis • Hay fever

• Muscular dystrophy • Hepatitis

• Parkinson’s disease • Irritable bowel syndrome

• Progeria and accelerated aging • Ischemia reperfusion 
injury

• Lupus erythematosus

• Multiple sclerosis

• Nephritis

• Parkinson’s disease

• Sarcoidosis

• Ulcerative colitis

• Vasculitis
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thrombosis. It is thus currently believed that oxidative stress might not only initiate plaque forma-
tion but also might be involved in plaque progression by way of promoting smooth muscle cell 
proliferation and in causing plaque rupture by way of promoting biochemical and physical disrup-
tion of plaque. The specific role of inflammation on these stages of atherosclerosis is still not yet 
clearly understood. It is just assumed that inflammation is harmful and that increase in inflamma-
tory mediators during disease progression represents worsening of the disease. Numerous in vitro 
and animal studies have documented that deleting or overexpressing specific molecules associated 
with inflammation affected atherosclerosis, mostly in a negative manner. Only very recently have 
macrophage and lymphocyte subtypes been identified in the artery, and they seem to vary between 
early and late stages of atherosclerosis. Surprisingly more pro-inflammatory macrophages are found 
in early lesions while anti-inflammatory macrophages seem to abound in late stages [29]. Their con-
nection to oxidative stress has not been explored. 

11.3  OXIDATIVE STRESS AND ATHEROSCLEROSIS

For reasons that are not obvious, it was always felt that oxidative stress is deleterious and oxidative 
metabolites are pathological. As a result, the etiology of almost every major human pathological 
condition has been linked to oxidative stress (Table 11.1). Oxidative stress has long been associated 
with cardiovascular disease (CVD) in general and atherosclerosis in particular. The biochemical 
processes that contribute to the formation of early atherosclerotic lesions, the fatty streak lesions, 
are still under debate. The LDL oxidation hypothesis was put forward in the 1980s to explain the 
formation of fatty streak lesions [30–34]. Countless reviews and over 5,000 articles have appeared 
on the topic to date providing evidence for the involvement of oxidative processes in animal and 
human atherosclerotic disease. The oxidation of high-density lipoprotein (HDL) also has been noted 
to affect its biological properties. For example, oxidized HDL has been noted to be a poor pro-
moter of reverse cholesterol transport [35]. While there is a general consensus for the involvement 
of an oxidative process, there is still vagueness as to its origin, target, function, and even effects. 
Numerous oxidants have been implicated. These include free and bound redox metals [36, 37], 
specific oxidases that generate reactive oxygen species (ROS) such as the NADPH oxidase [38, 39], 
enzymes that act specifically on lipids, for example, lipoxidase [40–42], heme and heme-related 
proteins [43, 44], peroxidases, specifically leukocyte-derived myeloperoxidase [45–48], and nitric 
oxide–derived oxidants such as peroxynitrite [49, 50]. Superoxide radicals, hydrogen peroxide, 
other oxygen radicals, hypochlorous acid, and many other oxidant species have been implicated. 
Accordingly, the targets of oxidation also are nonspecific that include small molecules (including 
antioxidants), lipids, amino acids associated with proteins, and even DNA bases. In addition, many 
of these and their products (e.g., lipid peroxide–derived aldehydes) are highly reactive and “modify” 
other molecules. 

In contrast to the source of inflammatory molecules, the origin of the oxidative stress is still not 
understood. Endothelium, the medial smooth muscle cells, monocyte-macrophages, and even acel-
lular components have been suggested to be involved. While the vascular biologists see the endothe-
lium and smooth muscle cell–derived oxidants as important, macrophage-derived myeloperoxidase 
has received undue attention [51]. This could be attributed to the cell’s ability to oxidize as well as to 
scavenge the oxidatively damaged particles. These cells also develop and express a variety of scav-
enger receptors that recognize various forms of oxidized lipids and lipoproteins [52–54]. In addi-
tion, they are suggested to respond to the oxidative stress by secreting mediators of inflammation 

Increased Increased Increased

Cholesterol Oxidation Inflammation

FIGURE 11.1  Oxidation, inflammation and atherosclerosis.
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and immune function [55–57]. However, studies have not gone beyond immunostaining for the 
presence of myeloperoxidase (MPO) or identifying products that are assumed to be MPO specific 
[58]. Studies knocking out or overexpressing MPO in mice have neither confirmed nor disproved the 
hypothesis as proponents of the hypothesis seem to suggest that somehow human MPO is different 
from mouse MPO [59, 60]. It is hard to imagine how the enzyme activity could be different in terms 
of function among species. 

11.4  INFLAMMATION AND ATHEROSCLEROSIS

As mentioned earlier, many diseases that are associated with increased oxidative stress are also 
associated with increased inflammation. Numerous inflammatory molecules have been found to be 
abundantly expressed in human and animal atherosclerotic tissue (Table 11.2) and many genetically 
modified animal models have validated the importance of inflammation. C-reactive protein (CRP), 
a marker for chronic inflammatory state, has been found to be an independent predictor of CVD  
[61–63]. Similarly, serum amyloid A (SAA), an inflammatory marker, has not only been found at 
elevated levels in patients but was also found to be an important inducer of many different cytokines 
and adhesion molecules. Recently, other inflammatory molecules and their metabolic modulators 
such as platelet activating factor acetyl hydrolase (PAF-AcH), secretory phospholipase A2 (sPLA2) 
lipoprotein associated phospholipase A2 (Lp-PLA2), and paraoxonase (PON) have been identified 
as biomarkers of atherosclerosis-specific inflammation, providing information about plaque inflam-
mation and stability [64, 65]. 

The progression of the disease is accelerated by a variety of risk factors including age [66–68], 
gender [69], diabetes mellitus [70–78], poor diet and environment [44], dyslipidemia [79–81], 
hypertension [81–85], obesity [86–87], smoking [88–93, 43], and a sedentary lifestyle (Figure 11.2). 
Increased oxidative stress and increased inflammatory stress have been associated with these risk 
factors. 

The beneficial cultural, social, and nutritional trends around the world have been attributed to 
antioxidative aspects. For example, aspects of the Mediterranean diet, yoga, vegetarianism, curry 
powder, red wine and chocolate consumption, physical activity, selenium or lack of it in the soil, and 
so forth have been attributed to their abilities to affect oxidative stress and thereby influence the dis-
ease process. Likewise, there are constant attempts to link proven therapies and lifestyle modalities 
to their potential antioxidant effects. Exercise, statins [94, 95], many antihypertensive drugs, drugs 
that contain a phenolic hydroxyl group or thiol function and so forth [96–111] have been suggested 
to have antioxidant effects (Table 11.3). 

TABLE 11.2
Inflammatory Molecules

• Adhesion molecules (ICAM and P-selectin)

• C-reactive protein (hs-CRP)

• Chemokines of CXC & CC subgroups

• Cytokines and their receptors (IL-1 , 2, 6, 8, 12, 18, TNF-α , IFN-y, GDF15)

• Isoprostanes

• Myeloperoxidase

• Oxidized low-density lipoproteins (MM-LDL, FO-LDL, Ox-Mod-LDL)

• Matrix metalloproteinases (MMPs) and MMPs tissue inhibitors

• PAF

• Plasma malondialdehyde

• SAA

• sPLA2
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Smoking

Atherosclerosis

DiabetesHigh LDL and
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Genetic factors Chronic inflammation?
Chronic oxidative stress?

Ageing and gender

Obesity and
physical

inactivity

FIGURE 11.2  Risk factors of atherosclerosis.

TABLE 11.3
Antioxidants That Inhibit the Oxidation of LDL

Natural Antioxidants Synthetic Antioxidants

• Vitamin E and other tocopherol derivatives • Probucol and related compounds

• Ascorbic acid • BHT, BHA, etc.

• Estradiol and related phytoestrogens • Spin traps

• β-Carotene • Nitric oxide donors

• Glutathione, Cysteine • RU-486 and amino steroids

• Lipoic acid • Tamoxifen and raloxifene

• Arginine • Pyrrolidine dithiocarbamate (PDTC)

• DHEA • Amino guanidine

• Curcumin • Captopril

• Caffeic acid, Ferulic acid • Calcium channel blockers

• Ferritin • EDTA and other metal chelators

• MUFA-Oleic acid • Dipyridamole

• Plasmalogens, Sphingomyelin • DPPD

• Folic acid • Fibric acid derivatives

• Red wine, resveratrol, and other polyphenols • Statins

• Garlic extract • Angiotensin receptor blockers

• Quercetin • Lipoxygenase inhibitors

• Boldine • NDGA

• Licorice • SOD mimics

• Sesamol and many others

• Green tea components

• Nitric oxide

• Ginko extracts

• Blackberry

• Melatonin

• Anthocyanins 

• Pychnogenol

• HDL

• Paraoxonase

• Broccoli

and many others
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11.5   WOULD ANTI-INFLAMMATORIES AND ANTIOXIDANTS 
PREVENT ATHEROSCLEROSIS?

Is there any scientific evidence to suggest that antioxidants prevent chronic diseases? The verdict is 
unclear. Countless review articles have appeared regarding the “antioxidant trials” that have failed 
to document the benefits of long-term consumption of antioxidant vitamins to affect cardiovascular 
diseases [112]. Regardless of the reasons, the conclusions are undeniable. One question remains 
unanswered. Did the antioxidant supplements attenuate inflammation? In other words, did the sup-
pression of oxidative stress have an impact on the inflammatory stress or did the latter prevail and 
not affect the course of the disease despite a reduction in oxidative stress?

A clear-cut answer can’t be forthcoming as the inflammatory process is as complex as the oxi-
dative process. First, we need to explore whether there are reasons to expect that attenuation of 
oxidative stress would have an effect on inflammation. Some of the common markers of inflam-
mation are shown in Table 11.2. These include the so-called high-sensitive CRP, serum amyloid A, 
many interleukins, TNF-α, MCP-1, adhesion molecules, enzymes such as PAF-acetyl hydrolase 
and phospholipases, myeloperoidase, and many others. In addition, there are numerous lipid inflam-
matory mediators, such as the prostaglandins. The anti-inflammatory molecules are vague and are 
definitely not macrophage derived. For example, apoA1 (and HDL) and paraoxonases are suggested 
to be anti-inflammatory. 

Whether oxidative stress directly influences the synthesis of the genes and proteins related to 
inflammation remains to be established. Currently, oxidative stress is believed to influence specific 
translational events mediated by NFkB [113–126], AP-1 [127–129], ARE [130], and others (Table 11.4). 
It is understood that if the genes of interest possess these response elements, they would be affected 
or influenced by oxidative stress. Some of the inflammatory genes that might be affected by oxida-
tive stress are listed in Table 11.4. 

Inflammation could have both beneficial and negative effects (Figure 11.3). Many anti- 
inflammatory agents have been shown to affect atherosclerosis and other cardiovascular end 
points (Table 11.5). It is a common fallacy to assume that anything that is elevated under a patho-
logical condition represents a condition that needs to be attenuated and these agents affected 
inflammation under the experimental conditions and thereby prevented atherosclerosis. The 
body’s adaptive response is often ignored. Besides, some of the inflammatory molecules could 
be atheroprotective. For example, IL-10 exerts its atheroprotective effect on plaque progression, 

TABLE 11.4
Inflammatory Molecules and Their Mediators

Inflammatory Genes

Regulatory Factors

NFkB in the Promoter 
Region of

AP1-Binding Site 
in the Promoter 

Region of

AP2, AP3 Binding 
Site in the 

Promoter Region of

ARE 
Through 

Nrf2

Pro-inflammatory 
cytokines

MCP-1, M-CSF, G-CSF, 
GM-CSF, TF, CYP1A1, 
CYP1B1, IL 1, IL 6, TNF-α

VEGF

Matrix 
metalloproteinases

MMP 1, MMP 3, MMP 9

Chemokines IL 8, MIP 1 α, MCP-1, Eotaxin IL-8, MCP-1

Inflammatory enzymes COX-2, 5LOX, iNOS, cytosolic 
PLA2

COX2, cSPLA2

Adhesion molecules ICAM-1, VCAM-1, ELAM-1, 
E-selectin

ELAM-1, ICAM1 
VCAM1
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rupture, or thrombosis throughout the different stages of atherosclerosis by influencing the 
local inflammatory process within the atherosclerotic lesion. As an anti-inflammatory, cytokine 
IL-10’s atheroprotective effects are exerted mainly by inhibiting various cell processes including 
the production of inflammatory mediators, matrix metalloproteinases (MMPs) and tissue factor 
(TF) production, and apoptosis. 

Pro-inflammatory
cytokines

Overall response

Anti-inflammatory
cytokines

Cytokines involved in
immune response

Cytokines involved in
angiogenesis

Cytokines involved
in lipid transport

Cytokines involved
in apoptosis

Cytokines involved in
tissue remodeling

FIGURE 11.3  Overall response of inflammation.

TABLE 11.5
Anti-inflammatory Drugs and Atherosclerosis

Category Anti-inflammatory Drugs Atherosclerosis (ATH)

Sialyc acid derivative Aspirin Prevents ATH in type 2 diabetic patients
Inhibits progression of ATH
Inhibits ATH in rabbits
Attenuates the initiation but not the progression
Continuous administration of aspirin attenuates ATH
Prevents ATH in monkey

Propionic acid derivative Ibuprofen Reduced atherosclerosis
Protection of LDL from oxidation

Acetic acid derivative Indomethacin Reduced ATH
Reduced ATH in apo E null mice
Suppression of oxidative stress
Reduced ATH in LDL r(-/-) mice

Glucocorticoid Dexamethasone Suppresses ATH in rabbits
Reduced ATH in rabbits
Reduced PMN chemotaxis
Inhibits accumulation of macrophages

Glucocorticoid Prednisolone Did not show inhibition in ATH of RA patients

Phenylbutazone, Reduces ATH in patients

Flufenamic acid Reduces ATH in patients

Oxyphenylbutazone Reduces ATH in patients
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11.6  CONCLUSIONS

In summary, the pathways of oxidative stress that contribute to chronic diseases are poorly under-
stood. Inflammation is seen as an independent risk factor for diseases such as atherosclerosis. While 
there is enough evidence to link these two, the hypothesis that oxidative stress drives inflammation 
needs to be tested. However, whether attenuating either of these independently is feasible and would 
have an effect on disease processes remains to be established. Clinicians and scientists tend to shy 
away from antioxidant studies due to the negative outcome of clinical trials. A similar fate might 
befall anti-inflammatory agent trials if these two processes are closely linked. Besides, neither of 
these is currently linked to dyslipidemia or to immune mechanisms that might play an early and 
late role in the disease.

During the 1990s and 2000s, there were many studies that described the potential beneficial 
roles of oxidants [131, 132]. These included the induction of antioxidant enzymes and mediators 
of vascular functions [133]. In addition, we recently pointed out that some of the oxidation-derived 
breakdown products (e.g., azelaic acid) of peroxidized lipids could be beneficial in being anti-
inflammatory as well in retarding the progression of atherosclerosis [134]. The generation of such 
compounds is also inhibited by antioxidants. Thus, there is a lot more to be learned about oxida-
tive stress as well as about inflammation. We must exercise caution in abandoning antioxidants, if 
oxidative stress and inflammation are closely related and if they play a key role in chronic diseases. 
On the other hand, inflammatory cells and processes are vital and expansive to the body’s defense 
mechanisms such that we need to understand specific mechanisms and connections to dyslipid-
emia before we start using generic antioxidants and anti-inflammatory molecules to control major 
diseases.

TAKE-HOME MESSAGES

• Oxidative stress has been associated with many chronic diseases.
• Many chronic diseases also have been known to be associated with elevated inflammatory 

markers.
• Antioxidants that inhibit oxidative stress also attenuate inflammatory stress.
• Many genes for inflammatory proteins appear to be influenced by antioxidants.
• However, whether the attenuation of either oxidative stress or inflammation would have an 

effect on the disease process needs to be addressed.
• Considering the findings that antioxidants, in general, did not affect the progression of 

cardiovascular disease in humans is of concern as atherosclerotic cardiovascular disease is 
now considered an inflammatory disease.

• The connection between oxidative stress, inflammation, and dyslipidemia as seen in ath-
erosclerotic diseases is unexplored.
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12.1  WHAT IS INFLAMMATION?

The term inflammation is derived from the Latin word inflammare meaning “to set on fire.” 
Inflammation is usually indicated by adding the suffix -itis to the organ where inflammation is 
induced (Table 12.1), as in cervicitis (inflammation of the cervix) or bronchitis (inflammation 
of the bronchi of the lung). Some conditions, such as inflammatory bowel disease and prostate 
inflammatory atrophy, do not follow this convention. A variety of inducers of inflammation 
have been reported, some of which are listed in Table 12.1. Inflammation is a part of the host 
defense system that counteracts insults incurred by internal or external stimuli. The clinical and 
fundamental signs of inflammation include redness, swelling, heat, pain, and loss of function. 
Roman physician Cornelius Celsus (ca. 30 BCE–38 CE) was the first to describe the first four 
signs of inflammation, while loss of function was added by German physician Rudolf Virchow 
in 1870 [1]. 

Inflammation can be classified as acute or chronic. Acute inflammation is a means by which 
plasma and leukocytes leave the blood and enter the tissue around an injured or infected site. Acute 
inflammation is an immediate response of the body and is required to ward off harmful pathogens. 
When inflammation persists for a longer time, the type of cells at the site of damage change, leading 
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to chronic inflammation. Chronic inflammation is a delayed response and has been associated with 
numerous human chronic diseases, including cardiovascular, pulmonary, autoimmune, and degen-
erative diseases, cancer, diabetes, and Alzheimer’s disease [2]. Research over the past half century 
has indicated that most of these inflammatory conditions are caused by perturbations in lifestyle 
factors and thus might be potentially preventable.

In this chapter, we discuss the association of chronic inflammation with cancer. The various 
lifestyle factors that contribute to inflammation and cancer are reviewed, as are opportunities for 
preventing inflammation and cancer by modifying these factors.

12.2  REGULATION OF INFLAMMATION AT THE MOLECULAR LEVEL

At the molecular level, inflammation is regulated by numerous molecules and factors, including 
cytokines (IL-1, IL-2, IL-6, IL-12, TNF-α, TNF-β), chemokines (monocyte chemoattractant pro-
tein 1, IL-8), pro-inflammatory transcription factors (NF-κB, STAT3), pro-inflammatory enzymes 
(COX-2, 5-LOX, 12-LOX, MMPs), prostate-specific antigen (PSA), C-reactive protein, adhesion 
molecules (intercellular adhesion molecule [ICAM-1], vascular cell adhesion molecule [VCAM-1], 
endothelial-leukocyte adhesion molecule [ELAM-1]), vascular endothelial growth factor (VEGF), 
and TWIST (Figure 12.1) [2]. Among all these mediators, NF-κB is the central regulator of inflam-
mation [2, 3]. It has been shown to activate more than 500 genes, most of which are implicated in 
inflammation [4, 5]. 

TABLE 12.1
Inflammation as a Risk Factor for Cancer

Inducer Inflammation Cancer type Reference 

Human papillomavirus Cervicitis Cervical 137

Bacteria, GBS Cholecystitis Gall bladder 138

Allergy Dermatitis Skin 139

Tobacco Bronchitis Lung 140

GA, alcohol, tobacco Esophagitis Esophageal 141

Epstein-Barr virus Mononucleosis Burkitt’s lymphoma, Hodgkin’s disease 142

Gut pathogens IBD Colorectal 143

Infections, STD PIA Prostate 144

Infections, radiation Nephritis Renal 145

Infections Encephalitis Brain 146

Chemo-radiation therapy Mucositis Oral 147

Infections Thyroiditis Thyroid 148

Infections, radiation Myositis Sarcoma 149

Infection, radiation Otitis Nasopharyngeal 150

Helicobacter pylori Gastritis Gastric 151

Obstruction Appendicitis Appendiceal 152

Infection Laryngitis Laryngeal 153

Hepatitis B and C virus Hepatitis Hepatocellular carcinoma 154

Infection Orchitis Testicular 155

Tobacco Pancreatitis Pancreatic 156

Viral or bacterial infection Tonsillitis Tonsillar 157

Infection Lymphadenitis Lymphatic leukemia 158

GA, gastric acid; GBS, gall bladder stones; IBD, inflammatory bowel disease; PIA, prostate inflammatory atrophy; 
STD, sexually transmitted disease.
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12.3  LIFESTYLE FACTORS THAT ACTIVATE INFLAMMATION

Over the past several years, attempts have been made to identify the causes of inflammation. It 
is now known that lifestyle factors such as stress, toxicants, tobacco, alcohol, obesity, infectious 
agents, and radiation can activate inflammatory pathways. For example, diets rich in omega-6 essen-
tial fatty acids and low-density lipoproteins are known to induce inflammation. Foods high in low-
density lipoproteins are known to induce inflammation in the arteries. The well-known omega-6 
essential fatty acids are linoleic acid and arachidonic acid, both of which are consumed all over the 
world as vegetable oils. While omega-6 essential fatty acids have the potential to induce inflam-
mation, omega-3 fatty acids calm down the inflammation. According to one report, the diet of our 
ancestors included an omega-6 to omega-3 ratio of 1:1, while the ratio of our current diet is some-
where between 10:1 and 25:1. Other well-known dietary inducers of inflammation are dairy protein 
(casein) and wheat protein (gluten). Environmental toxicants such as synthetic fibers, latex, glues, 
adhesives, plastics, air fresheners, and cleaning products have also been shown to induce inflamma-
tion. Changes in estrogen, progesterone, and testosterone levels have been shown to play a role in 
inducing inflammation. Similarly, excessive alcohol consumption can lead to pancreatitis, hepatitis, 
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FIGURE 12.1  Risk factors and molecular mediators of inflammation. The molecular mediators of inflamma-
tion include cytokines, chemokines, pro-inflammatory transcription factors, and numerous other molecules.
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and colitis and is one of the major risk factors for liver cancer, esophageal cancer, and pancreatic 
cancer [6]. 

How lifestyle factors contribute to chronic inflammation has been investigated over the years. 
These factors are known to modulate numerous pro-inflammatory molecules, including chemo-
kines, cytokines, pro-inflammatory transcription factors, enzymes, and others [7]. Lifestyle factors 
are known to generate reactive oxygen species (ROS), which in turn can induce inflammation [8, 9, 
159]. Cyclooxygenase-2, inflammatory cytokines, chemokines, and pro-inflammatory transcription 
factors are all known to be regulated by ROS [10]. Furthermore, mitochondrial ROS has been dem-
onstrated to play a major role in inducing chronic inflammation [11, 12].

12.4  HOW INFLAMMATION CAUSES CANCER

The association between inflammation and cancer is supported by epidemiological, pharma-
cological, and genetic studies [13]. That most cancers, especially solid tumors, are preceded 
by inflammation is evident from numerous studies. For instance, smokers are more suscep-
tible to bronchitis. According to one report, 15% to 20% of smokers with bronchitis have a 
tendency to develop lung cancer [14]. Similarly, people who have colitis are at high risk of 
developing colon cancer [15]. Infection with Helicobacter pylori has been shown to induce 
gastritis, which in its chronic form can lead to gastric cancer [16]. Chronic inflammation is 
now known to induce various steps of tumorigenesis, including cellular transformation, sur-
vival, proliferation, invasion, angiogenesis, and metastasis (Figure 12.2) [9, 17]. How inflam-
matory molecules, especially TNF-α, ILs, NF-κB, and STAT3 contribute to tumorigenesis is 
discussed in this section. 

12.4.1  Role of InflammatoRy molecules In cellulaR tRansfoRmatIon 

Cellular transformation is a process whereby normal cells acquire properties of malignant cells. 
The underlying causes of malignant transformation are gain-of-function mutations in oncogenes 
and loss-of-function mutations in tumor suppressor genes. The mutation(s) lead to perturbations of 
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FIGURE 12.2  The targets of inflammatory molecules during tumorigenesis. Inflammatory molecules can 
target the survival, proliferation, invasion, angiogenesis, and metastasis steps of tumorigenesis.
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a number of signaling molecules, including p53, Raf, Rb, PP2A, telomerase, Ral-GEFs, PI3K, Ras, 
Rac, Myc, STAT3, NF-κB, and hypoxia-inducible factor (HIF)-1α [18]. 

Mounting evidence over the past several years has indicated an association between inflamma-
tory molecules and malignant transformation. For instance, TNF-α has been shown to play a role in 
transformation of mouse fibroblasts to malignant cells that was partially suppressed by antioxidants 
[19]. TNF-α also enhanced cellular transformation initiated by 3-methylcholanthrene in fibroblasts 
[20]. Matrix metalloproteinase-3 is a stromal enzyme that is upregulated in many breast tumors and 
has been shown to induce ROS, DNA damage, genomic instability, and transformation of mouse 
mammary epithelial cells to malignant cells [21]. 

The transformation of cells by various oncogenes, protein tyrosine kinases, and viruses 
accompanies activation of NF-κB and STAT3. For example, oncogenic Ras, which is constitu-
tively active in several tumor types, is regulated by NF-κB [22, 23]. Similarly, transformation of 
cells by Src protein kinase is mediated through activation of STAT3 [24]. The transformation of 
T cells by human T-cell lymphotropic virus I (HTLV-1) was also mediated through activation 
of STAT3 [25]. Hepatitis C virus core protein has been shown to transform cells through activa-
tion of STAT3 [26]. 

12.4.2  Role of InflammatoRy molecules In tumoR cell suRvIval

Under normal physiological conditions, the human body maintains homeostasis by eliminat-
ing unwanted, damaged, aged, and misplaced cells. Homeostasis is carried out via a genetically 
programmed process referred to as apoptosis (programmed cell death) [27, 28]. One of the chief 
characteristics of cancer cells is their inherent capacity to evade apoptosis and survive. Cancer 
cells gain these characteristics by constitutively expressing pro-inflammatory transcription fac-
tor NF-κB. NF-κB in turn regulates numerous cell survival proteins, including cFLIP [29], Bcl-xL 
[30], Bcl-2 [31], XIAP [32], c-IAP1 [33], cIAP-2 [33], and survivin [34]. NF-κB has been linked to 
anti- apoptotic function in tumors such as T-cell lymphoma, melanoma, pancreatic cancer, bladder 
cancer, and breast cancer, and in tumor-related cell types such as B cells, T cells, granulocytes, 
macrophages, neuronal cells, smooth muscle cells, and osteoclasts [2]. 

Like NF-κB, STAT3 can suppress apoptosis by upregulating cell survival proteins such as 
Bcl-xL [35], Bcl-2 [36], survivin [37], Mcl-1 [38], and cIAP2 [39]. Most tumor cells that exhibit 
constitutive activation of STAT3 also express these cell survival gene products [40]. These findings 
imply a close association between inflammatory molecules and tumor survival. Agents that sup-
press NF-κB and STAT3 activation can suppress expression of all these cell survival gene products 
and thus promote cancer cell death [41]. 

12.4.3  Role of InflammatoRy molecules In tumoR cell PRolIfeRatIon

Uncontrolled proliferation is one of the chief characteristics of tumor cells. In normal cells, pro-
liferation is regulated by a robust balance between growth signals and antigrowth signals. Cancer 
cells, however, acquire the ability to generate their own growth signals and become insensitive to 
antigrowth signals [42, 43]. 

Research over the years has indicated that several genes that mediate cell proliferation are regu-
lated by NF-κB [3]. For instance, cyclin D1, a cell cycle-regulatory protein, is known to be regulated 
by NF-κB [44]. Prostaglandin E2 (PGE2) has been shown to induce proliferation of some tumor cells. 
The synthesis of COX-2, which controls PGE2 production, is also regulated by NF-κB activation [45]. 
Growth factors such as epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) 
are known to induce proliferation of tumor cells through activation of NF-κB [46, 47]. 

STAT3 activation has also been shown to promote proliferation of certain tumor cells. The abil-
ity of STAT3 to promote proliferation depends upon its ability to induce expression of cyclin D1 
[48]. Other growth-promoting genes known to be regulated by STAT3 include c-Myc [49] and pim-1 
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[50]. Paradoxically, some reports also suggest that STAT3 can activate expression of the cell cycle 
inhibitor p21 (waf1) [51]. This implies that STAT3 can also block cell cycle progression and prevent 
abnormal cell proliferation.

The cytokine TNF-α has been shown to be a growth factor for glioblastoma [44, 52] and 
cutaneous T-cell lymphoma [53]. TNF-α has also been shown to induce amphiregulin, which 
in turn can induce proliferation of cervical cancer cells [54]. TNF-α induces expression of EGF 
receptor and transforming growth factor alpha (TGF-α) and mediates proliferation of pancreatic 
cancer cells [55]. Similarly, IL-1β is known to be a growth factor for acute myelogenous leukemia 
[56], while IL-6 is a growth factor for multiple myeloma [57] and head and neck squamous cell 
carcinoma [58]. 

12.4.4   Role of InflammatoRy molecules In tumoR cell 
InvasIon, angIogenesIs, and metastasIs

Tumor cell invasion, angiogenesis, and metastasis are interrelated processes that represent the final, 
most devastating stage of malignancy. The process involves cell growth, adhesion, and migration; 
proteolytic degradation of tissue barriers; and formation of new blood vessels [59]. Several proteo-
lytic enzymes such as the MMPs [60] and ICAM participate in degradation of these barriers [61]. 
Other molecules involved in this process are serine proteases such as urokinase-type plasminogen 
activator (u-PA), u-PA receptor, VEGF, VEGF receptors (VEGFR), EGF, PDGF, fibroblast growth 
factors, ephrins, angiopoietins, endothelins, integrins, cadherins, and transcription factors (NF-κB, 
STAT3) [62, 63].

The involvement of NF-κB in tumor angiogenesis and metastasis is supported by numerous 
lines of evidence. Using an adenovirus that overexpresses the inhibitory subunit I kappaB alpha 
(IκBα), Bond et al. found that NF-κB activation was absolutely required for upregulation of MMP-9 
[160]. Urokinase-type plasminogen activator, the critical protease in tumor invasion and metastasis, 
is transcriptionally activated by phorbol myristate acetate, IL-1, and TNF-α. The activation also 
requires induction of NF-κB activity and decay of IκBα [64]. In pancreatic tumor cells, u-PA is 
overexpressed and requires constitutive RelA activity [65]. 

STAT3 has been reported to play major roles in tumor cell invasion, angiogenesis, and metas-
tasis through numerous mechanisms [66, 67]. It upregulates transcription of MMP-2 through 
direct interaction with the MMP-2 promoter. The role of STAT3 in tumor metastasis is further 
supported by observations that blockage of activated STAT3 in highly metastatic cells signifi-
cantly suppressed the invasiveness of the tumor cells and prevented metastasis in nude mice. 
Furthermore, overexpression of activated STAT3 correlated with the invasion and metastasis of 
cutaneous squamous cell carcinoma [68]. STAT3 also controls expression of the MUC1 gene, 
which can mediate tumor invasion [69]. Constitutive STAT3 has been suggested to upregulate 
VEGF expression and thus tumor angiogenesis [70]. Most tumor cells that exhibit constitutive 
STAT3 also express VEGF [71]. The metastasis of human melanoma to brain has been linked to 
STAT3 activation [72]. STAT3 has been shown to regulate TWIST, another mediator of tumor 
metastasis [73]. Ironically, STAT3 is also known to upregulate tissue inhibitors of metalloprotein-
ase 1, a cytokine known to block metalloproteinases and decrease invasiveness of certain cancer 
types [74]. 

The metastatic potential of chemokines has been attributed to their ability to induce expression 
of MMPs [75]. The role of chemokines in tumor invasion is supported by observations that the 
silencing of endogenous chemokine receptors abolishes the adhesive and invasive nature of salivary 
gland mucoepidermoid carcinoma cells [76]. One study found a close association between expres-
sion of IL-8 by human melanoma and ovarian cancer cells and their metastatic potential [77]. 

TNF-α has been shown to confer an invasive phenotype on mammary epithelial cells [78] and 
can induce angiogenesis in malignant glioma cells [79]. TNF-α also stimulates epithelial tumor cell 
motility, a critical function in embryonic development, tissue repair, and tumor invasion [80], and 
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has been reported to mediate macrophage-induced angiogenesis [81]. The role of TNF-α in mediat-
ing invasiveness of some carcinomas is supported by in vivo studies [82]. 

12.5  CONTROLLING INFLAMMATION AND CANCER

It is clear from this discussion that NF-κB, STAT3, and other inflammatory molecules contribute 
to tumor development. Thus agents with potential to suppress these inflammatory pathways might 
offer promise for prevention and treatment of cancer. A wide variety of drugs based upon these 
targets has been designed and developed (Table 12.2). Most of these drugs modulate a single 
specific target, but because cancer is caused by dysregulation of multiple genes, these drugs are 
less likely to be effective than multi-targeted agents. Most of these drugs produce numerous 
side effects and cannot be consumed for long duration. Therefore, there is an urgent need for 
development of agents that are multi-targeted, cost-effective, and immediately available. In this 
regard, agents derived from natural sources, often called nutraceuticals, seem to possess enor-
mous potential [83, 84]. Nutraceuticals are derived from spices, vegetables, fruits, pulses, nuts, 
and cereals (Figure 12.3). 

TABLE 12.2
Partial List of FDA-Approved Anti-Cancer Drugs That Work through 
Modulation of Inflammatory Pathways

Target Drug Year Cancer Type

NF-κBa Rituximab 1997 Non-Hodgkin’s lymphoma, CLL

Bortezomib 2003 Mantle cell lymphoma, MM

Lenalidomide 2005 MM, Myelodysplastic syndrome

Sunitinib malate 2006 Renal, Gastrointestinal

STAT3a Rituximab 1997 Non-Hodgkin’s lymphoma, CLL

Interleukin-2 Aldesleukin 1998 Melanoma, Renal

Denileukin diftitox 1999 Cutaneous T-cell lymphoma

EGFR Gefitinib 2003 Lung

Cetuximab 2004 Colorectal, Head and neck

Erlotinib 2004 Prostate, Lung

Panitumumab 2006 Colorectal 

Lapatinib ditosylate 2007 Breast

Vandetanib 2011 Thyroid

VEGFR Bevacizumab 2004 Colorectal, Renal, Lung, Glioblastoma

Sorafenib tosylate 2005 Renal, Liver

Pazopanib 2009 Renal 

Vandetanib 2011 Thyroid

PDGFR Sorafenib tosylate 2005 Renal, Liver

Sunitinib malate 2006 Renal, Gastrointestinal

Dasatinib 2006 CML, ALL

Nilotinib 2007 CML

a Not an actual target, but these drugs have been shown to modulate NF-κB and STAT3 pathways.
ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloge-
nous leukemia; EGFR, epidermal growth factor receptor; FDA, United States Food and Drug 
Administration; MM, multiple myeloma; NF-κB, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells; PDGFR, platelet derived growth factor receptor; STAT3, signal transducer and activa-
tor of transcription 3; VEGFR, vascular endothelial growth factor receptor.
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FIGURE 12.3 (see color insert)  Common sources of plant-derived nutraceuticals. These sources include spices, vegetables, fruits, pulses, nuts, and cereals. 
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Numerous lines of evidence from preclinical and clinical studies have shown that nutraceu-
ticals can target NF-κB and STAT3 and numerous other inflammatory pathways (Table  12.3). 
Nutraceuticals are chemically diverse and can target one or more steps of tumorigenesis 
(Table 12.4). According to one estimate, more than 63% of anticancer drugs introduced over the 
past 25 years are natural products or can be traced back to a natural product source [85]. Moreover, 
some dietary agents have shown potential to inactivate inflammatory molecules by direct binding. 
Curcumin is one of the most widely studied dietary agents that can bind to a number of inflamma-
tory molecules [86]. In one study, curcumin docked at the receptor-binding sites of TNF-α [87]. 

TABLE 12.3
Partial List of Nutraceuticals with Potential Activity against Inflammatory Molecules

Molecule Nutraceuticals

NF-κB γ-Tocotrienol, ACA, anethole, berberine, betulinic acid, butein, CAPE, capsaicin, crotepoxide, curcumin, 
embelin, emodin, fisetin, flavopiridol, gambogic acid, gossypin, isodeoxyelephantopin, morin, nimbolide, 
noscapine, oleandrin, pentamethoxyflavone, piceatannol, picroliv, pinitol, plumbagin, resveratrol, sanguinarine, 
sesamin, silymarin, thiocolchicoside, thymoquinone, ursolic acid, withanolides, xanthohumol, zerumbone 

STAT3 γ-Tocotrienol, atiprimod, betulinic acid, boswellic acid, butein, capsaicin, curcumin, gambogic acid, 
guggulsterone, ursolic acid 

IL-6 Diallyl sulfide, phytic acid, piperine, nimbolide 

IL-8 Allicin, phytic acid 

IL-1β Allicin, apigenin, eugenol, gingerol, humulene, kaempferol, phytic acid, piperine

TNF Ajoene, allicin, apigenin, curcumin, eugenol, gingerol, humulene, kaempferol, nimbolide, piperine, zingerone

ACA, 1'-acetoxychavicol acetate; CAPE, caffeic acid phenethyl ester; IL, interleukin; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; STAT3, signal transducer and activator of transcription 3; TNF, tumor necrosis factor. 

TABLE 12.4
Partial List of Nutraceuticals with Potential Activity against Different Stages of 
Tumorigenesis

Stage Nutraceuticals 

Cell survival β-Escin, γ-tocotrienol, ACA, anacardic acid, anethole, bharangin, berberine, betulinic acid, 
butein, capsaicin, celastrol, coronarin, curcumin, deguelin, EGCG, embelin, emodin, 
evodiamine, fisetin, flavopiridol, gambogic acid, garcinol, genistein, indirubin, indole-3-
carbinol, isodeoxyelephantopin, noscapine, oleandrin, plumbagin, resveratrol, sanguinarine, 
silymarin, sulforaphane, thymoquinone, withanolides, xanthohumol, zerumbone

Cell proliferation β-Escin, ACA, anacardic acid, bharangin, berberine, betulinic acid, boswellic acid, butein, 
capsaicin, celasterol, coronarin, curcumin, deguelin, diosgenin, emodin, evodiamine, fisetin, 
flavopiridol, gambogic acid, genistein, gossypol, guggulsterone, isodeoxyelephantopin, 
morin, nimbolide, noscapine, piceatannol, pinitol, quercetin, silibinin, sulforaphane, 
thymoquinone, tubocapsanolide A, ursolic acid, zerumbone 

Cell invasion, 
angiogenesis, 
metastasis

β-Carotene, γ-tocotrienol, bharangin, [6]-gingerol, 3,3' -diindolylmethane, AITC, allicin, 
alliin, apigenin, berberine, butein, caffeic acid, capsaicin, carnosol, catechin gallate, celastrol, 
crocetin, curcumin, diallyl sulfide, EGCG, evodiamine, fisetin, flavopiridol, gambogic acid, 
ganoderic acid, genistein, indole-3-carbinol, kaempferol, luteolin, lycopene, myricetin, 
nimbolide, perillyl alcohol, piperine, quercetin, resveratrol, rosmarinic acid, S-allylcysteine, 
sanguinarine, silibinin, sulforaphane, taxol, ursolic acid, vanillin, zerumbone 

ACA, 1'-acetoxychavicol acetate; AITC, allyl isothiocyanate; EGCG, epigallocatechin gallate
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Curcumin exhibited direct interaction with TNF-α by both noncovalent and covalent interactions 
[87]. Curcumin has also been shown to inhibit COX-1, COX-2, and MMP activities by direct 
 binding [88–90]. 

During the past two decades, we and other research groups have shown that nutraceuticals can 
exert anticancer activity by suppressing one or more steps of the NF-κB signaling pathway. The 
most common targets of nutraceuticals in the NF-κB signaling pathway include I-kappaB kinase 
(IKK) activation, IκBα phosphorylation and degradation, p65 nuclear translocation, p65 phos-
phorylation, p65 acetylation, and p65 DNA binding. The most widely studied nutraceuticals hav-
ing demonstrated potential to inhibit NF-κB activation include curcumin [91], guggulsterone [92], 
resveratrol [93–95], capsaicin [96], sanguinarine [97], emodin [98], caffeic acid phenethyl ester 
(CAPE) [99], and epigallocatechin gallate (EGCG) [100, 101]. 

Some nutraceuticals act by inhibiting IKK activation. We were first to demonstrate that curcumin 
has the potential to inhibit IKK in a human myeloid leukemic cell line [91]. Among other nutraceuti-
cals with demonstrated ability to target IKK are guggulsterone [92] and EGCG [101]. Nutraceuticals 
with the potential to prevent phosphorylation and degradation of IκBα, the most important steps 
in NF-κB activation, include curcumin [57, 92, 102], guggulsterone [92], capsaicin [96, 103], res-
veratrol [95], sanguinarine [97], emodin [98], and EGCG [101]. Curcumin has also been reported 
to suppress the TNF-α-induced nuclear translocation of NF-κB in a human myeloid leukemia cell 
line [91]. Other nutraceuticals having potential to prevent nuclear translocation of NF-κB include 
resveratrol [95], capsaicin [96, 103, 104] and EGCG [101]. 

Some nutraceuticals have an ability to inhibit p65-DNA binding. Curcumin inhibited the DNA-
binding ability of NF-κB in a human myeloid leukemic cell line [91]. Caffeic acid phenethyl ester 
suppressed NF-κB activation by suppressing the binding of the p50-p65 complex directly to DNA 
[99]. Emodin oxidized the redox-sensitive site on NF-κB and prevented NF-κB binding to the target 
DNA in HeLa cells [105]. Plumbagin inhibited the DNA-binding activity of NF-κB in breast cancer 
cells [106, 107].

More recently, EGCG was found to abrogate p65 acetylation in vitro and in vivo by diverse 
stimuli [108]. Gallic acid obtained from natural products such as gallnuts, sumac, oak bark, and 
green tea was reported to possess anti-histone acetyltransferase activity, thus showing potential to 
downregulate NF-κB activation [108]. Anacardic acid derived from traditional medicinal plants can 
inhibit NF-κB activation by inhibiting p65 acetylation [109]. 

We have identified a number of nutraceuticals from natural sources that target one or more steps 
in the NF-κB activation pathway to sensitize and induce apoptosis in a variety of cancer cells. The 
most common among these are 1'-acetoxychavicol acetate [110], evodiamine [111], noscapine [112], 
indirubin [113], isodeoxyelephantopin [114], anacardic acid [109], coronarin [115], thymoquinone 
[116], γ-tocotrienol [117], β-escin [118], and withanolides [119]. 

Similarly, a number of nutraceuticals have shown potential to inhibit survival of tumor cells 
through inhibition of the STAT3 pathway. Muto et al. showed that emodin can induce apoptosis in 
human myeloid cells through downregulation of STAT3 [120]. Capsaicin has been reported to induce 
apoptosis in multiple myeloid cells through downregulation of STAT3 [121]. Adult T-cell leukemia 
is an aggressive malignancy of peripheral T cells infected with HTLV-1. Deguelin induced apopto-
sis in HTLV-1-transformed T cells via inhibition of STAT3 phosphorylation through the ubiquitin/
proteasome pathway [122]. In an orthotopic murine model of ovarian cancer, curcumin inhibited 
tumor growth that correlated with inhibition in the STAT3 activation pathway [123]. Caffeic acid 
suppression of STAT3-mediated HIF-1 and VEGF expression correlated with inhibition of vascu-
larization and angiogenesis in mice bearing Caki-I human renal carcinoma cells [124]. Quercetin 
inhibition of hypoxia-induced VEGF expression in NCI-H157 cells correlated with suppression of 
STAT3 tyrosine phosphorylation, suggesting that inhibition of STAT3 function may play a role in 
inhibition of angiogenesis [125]. 

Nutraceuticals have been found to target numerous other inflammatory molecules, including 
IL-6, IL-8, IL-1β, and TNF-α. Some of these nutraceuticals are listed in Table 12.4. 
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The potential of plant-derived nutraceuticals in suppressing inflammatory pathways and can-
cer is evident from clinical studies as well. For example, green tea has become a popular bever-
age because of the potential health benefits of one of its components, the polyphenolic compound 
EGCG [126]. The tea polyphenols have been shown to decrease serum levels of PSA, hepatocyte 
growth factor (HGF), and VEGF in patients with prostate cancer [127, 128]. In a Chinese study, 
the risk of prostate adenocarcinoma decreased with increasing frequency, duration, and quantity of 
green tea consumption [129]. In another study, drinking black tea decreased levels of inflammatory 
biomarkers in patients with colon cancer [130]. The consumption of tea polyphenols has been shown 
to decrease the risk of gastric cancer [131], breast cancer [132], and lung cancer [133]. Another natu-
ral product, pomegranate, has been used for centuries for medicinal purposes. The fruit is known 
for its isoflavonoid compounds, such as quercetin, kaempferol, and luteolin [134]. In a phase II 
clinical trial evaluating the effects of pomegranate juice consumption in men with rising PSA after 
surgery or radiotherapy for prostate cancer, mean PSA doubling time significantly increased after 
treatment with pomegranate juice, from a mean of 15 months at baseline to 54 months after treat-
ment. A decrease in cell proliferation and an increase in apoptosis were observed in the patients who 
consumed pomegranate [135]. Selenium supplementation has been found to reduce the incidence of 
prostate, colorectal, and lung cancers [136]. 

The use of nutraceuticals seems promising in reducing the risk of cancer. Besides their potential 
efficacy, their safety and immediate availability warrant the use of nutraceuticals for prevention and 
treatment of cancer. 

12.6  CONCLUSION AND FUTURE DIRECTIONS

Chronic inflammation is a critical mediator of cancer and affects every facet of tumor develop-
ment. Thus agents that can suppress pro-inflammatory pathways might have potential in the pre-
vention and treatment of cancer. The mono-targeted drugs are unlikely to cure cancer because 
of the multigenic nature of the disease. Moreover, mono-targeted drugs produce numerous side 
effects and therefore cannot be taken over long time periods. On the other hand, some lifestyle 
factors play a major role in the development of inflammation and cancer. In contrast to drugs, 
therefore, robust attention to these lifestyle factors might provide the best solution for the preven-
tion and treatment of cancer. A number of dietary elements, or nutraceuticals, have already shown 
potential as anti-inflammatory agents in cell culture and animal studies. Well-controlled clinical 
trials are required to realize the full potential of these molecules. Future studies focused on deci-
phering the clinical efficacy of these fascinating molecules will, we hope, lead to development of 
novel cancer therapeutics.

TAKE-HOME MESSAGES

• Acute inflammation is a part of the host defense system that counteracts the insults incurred 
by internal or external stimuli.

• Chronic inflammation increases the risk of chronic diseases, including cancer.
• Pro-inflammatory transcription factors and their gene products provide a molecular link 

between inflammation and cancer.
• Lifestyle factors such as stress, toxicants, tobacco, alcohol, obesity, infectious agents, and 

radiation are known to activate inflammatory pathways. 
• Inflammatory pathways have the potential to affect every step of tumor development.
• Targeting inflammatory pathways provides opportunities for cancer prevention and 

treatment.
• Mono-targeted drugs are less likely than multi-targeted agents to be effective against 

inflammatory pathways and cancer.
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• Agents derived from natural sources (nutraceuticals) have enormous potential against 
inflammatory pathways and cancer.

• Nutraceuticals have potential activity against every step of tumor development.
• Chronic inflammation and cancer can be prevented by changing lifestyle.
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13 Chronic Wounds and 
Inflammation
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13.1  INTRODUCTION

Wounds can be clinically classified into two categories based on the duration to closure. Acute 
wounds are those that progress through the process of healing in a stepwise manner and achieve 
closure within days. A chronic wound is defined as a wound or any interruption in the continuity 
of the body’s surface that requires a prolonged time to heal (more than four weeks), does not heal, 
or recurs [1]. Chronic wounds arise in a great variety of situations and may be associated with a 
number of pathological processes.

Chronic wounds are common and constitute a significant health problem. It has been estimated 
that 1% of the population of industrialized countries will experience a leg ulcer at some time [2]. In 
the United States alone, chronic wounds affect 6.5 million patients [3, 4]. The immense economic 
and social impact of wounds in our society calls for enhancing our understanding of the biological 
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mechanisms underlying cutaneous wound complications [5]. Chronic wound care is expensive, and 
therefore treatment options that are both clinically effective and cost effective are vital. 

Tissue damage inevitably invokes an inflammatory reaction. This is imperative to our sur-
vival, as it fights infection and provides signals that direct the repair process; however, inflam-
matory cells and their secreted mediators also have many negative side effects that contribute 
to clinical problems ranging from scarring to cancer formation. We lack a clear understanding 
of the positive versus negative aspects of wound-associated inflammation. Chronic wounds fail 
to progress through the normal phases of healing and therefore enter a state of prolonged patho-
logic inflammation [6]. This chapter aims to explain the role of chronic inflammation in delayed 
wound healing.

13.2  MOST COMMON TYPES OF CHRONIC WOUNDS

13.2.1  Diabetic Foot Ulcer

One particular type of chronic wound often associated with ischemia is the foot ulcer associated 
with diabetes. In diabetes mellitus, the development of foot ulcers is usually the result of peripheral 
neuropathy and/or peripheral vascular disease.

13.2.2  VenoUs Ulcer

Venous ulcers (also known as varicose or stasis ulcers) are caused by venous reflux or obstruction 
resulting in high venous pressure. 

13.2.3  arterial Ulcer

Arterial ulcers are the result of impaired perfusion to the feet or legs and are viewed as one clinical 
sign of general arteriosclerosis. 

13.2.4  PressUre Ulcers

Pressure ulcers (also known as pressure sores, decubitus ulcers, and bed sores) may present as 
persistently hyperemic, broken, or necrotic skin, most often extending to the underlying tissue, 
including muscles and bone. They are caused by unrelieved pressure or friction and can be found 
predominantly below the waist and at bony prominences (sacrum, heels, and hips). 

13.3  PHASES OF HEALING

The process of wound healing is well regulated and for the ease of understanding is divided into spe-
cific functional phases, namely, hemostasis, inflammation, proliferation, and remodeling (Figure 13.1). 
All these phases of healing take place in an overlapping series of programmed events to promptly 
reestablish barrier function of the skin. 

13.3.1  Hemostasis

The first step following injury is the formation of the fibrin plug. This process also lays the founda-
tion for subsequent inflammation and healing processes [7]. The fibrin plug and the surrounding 
wound tissue formed during this stage releases pro-inflammatory cytokines and growth factors such 
as transforming growth factor (TGF-β), platelet derived growth factor (PDGF), fibroblast growth 
factor (FGF), and epidermal growth factor (EGF). Fibrin also provides the structural support for the 
cellular constituents of inflammation. 
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13.3.2  inFlammation

The inflammatory phase is characterized by the release of cytokines, chemokines, and growth fac-
tors [8]. The inflammatory phase begins with the influx of leukocytes to the site of injury. The first 
leukocytes to arrive at the site of injury are polymorphonuclear leukocytes (PMN). Macrophages 
represent the second wave of leukocyte effectors at the injured tissue. Thorough release of an array 
of growth, angiogenic, and inflammatory factor macrophages mark the transition of the inflamma-
tory phase to the proliferative phase of wound healing [9]. 

13.3.3  ProliFeration

The proliferative phase is generally characterized by epithelial proliferation and migration over 
the provisional matrix within the wound (reepithelialization). The primary signal for the migra-
tion of wound fibroblasts is the numerous chemotactic signals and growth factors released at the 
wound site. Once in the wound, fibroblasts proliferate profusely and produce matrix proteins, 
which further support the cell migration and are essential for the repair process. In the early 
proliferative phase, fibroblasts are limited to cellular replication and migration, while collagen 
synthesis occurs in the later stages followed by cross linking of collagen, which is responsible for 
vascular integrity and mechanical strength of new capillary beds. At this stage, fibroblasts start 
attaching to the fibronectin and collagen in the extracellular matrix (ECM). Wound contraction is 

Wound

Platelets

Macrophages
PMN

Collagen

Stage 1a: Injury
Stage 4: Remodelling
(weeks to months)

Stage 3: Proliferation (72 h)

Stage 2b: Late
inflammation (48 h)

Stage 2a: Early
inflammation (24 h)

Fibrin

Stage 1b: Hemostasis

Fibroblasts

The phases
of

cutaneous
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FIGURE 13.1  Stages of wound healing. At the site of injury, lots of platelets accumulate. In the hemostasis 
stage, fibrin clots are formed at the wound site. During the early inflammatory phase, PMN cells predomi-
nate, while in the late inflammatory phase, there is an abundance of macrophages. This is followed by the 
proliferative phase where collagen is formed and fibroblasts migrate to the wound site. The final phase is the 
remodeling whereby the new skin layer is re-formed. (Modified from S. R. Beanes, C. Dang, C. Soo, and 
K. Ting Expert Reviews in Molecular Medicine, 5, 21, 2003.)
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a crucial step in the reparative process that helps to draw the wound edges together and promote 
the rapid closure of the wound [10].

13.3.4  remoDeling

This phase is characterized by a balance between the synthesis and breakdown of the extracellular 
matrix components. Collagen deposition reaches a peak by the third week after wounding. Collagen 
acts as a framework on which new tissues are laid. As this framework becomes more organized and 
hydroxylated, it increases the tensile strength of the wound tissue. Remodeling continues even after 
months of wound closure and influences the scar outcomes of the healed wound.

13.4  WOUND INFLAMMATORY RESPONSE

The inflammatory response in wounds is tightly regulated by signals that initiate, maintain, or 
resolve inflammation [11]. An imbalance between these signals may cause chronic inflammation, 
derailing the healing cascade. The primary aim of the inflammatory response is to fight wound 
infection. However, unlike adult cutaneous wounds, fetal wounds heal in a scarless manner with an 
attenuated inflammatory response [12]. While the signals that initiate and maintain wound inflam-
mation have been extensively studied [11, 13, 14], the signals that resolve wound inflammation 
remain poorly understood [15, 16]. 

13.4.1  tHe inFlammatory cells

The inflammatory response to wounding involves active recruitment of circulating immune cells, 
such as neutrophils and macrophages. These cells are attracted to sites of tissue damage by a com-
bination of factors including serum, foreign epitopes of invading microorganisms, and growth fac-
tor and cytokine signals emanating from both immune and nonimmune cells resident within the 
wounded tissue (e.g., mast cells, T cells, Langerhans cells, keratinocytes, and fibroblasts). Platelets 
are the first cells visiting the site of injury as a result of direct spill from injured vessels to initiate the 
coagulation process. Platelets aggregate at the ends of damaged blood vessels, convert fibrinogen 
to fibrin, and prevent loss of blood from damaged vessels. Next to arrive are the neutrophils. Peak 
recruitment takes hours, and a lower level of recruitment may continue for several days. The pri-
mary role of neutrophils is to cleanse microbes invading the open wound. They are also a source of 
pro-inflammatory cytokines, including interleukins (IL-1α and β) and tumor necrosis factor alpha 
(TNF-α), which provide some of the earliest signals activating local fibroblasts and keratinocytes. 
During phagocytosis, neutrophils generate copious amounts of reactive oxygen species (ROS) by 
way of respiratory burst. ROS can not only kill pathogens, it is also a major player in redox signal-
ing. Excessive ROS, however, is deleterious for the regenerating host tissue as is observed in chronic 
wound situations.

Neutrophils also help recruit macrophages to the wound site [17]. Macrophages are the 
predominant cell types in a healing wound, peaking around 3–5 days following injury. The 
primary function of wound macrophages is to operate as phagocytes cleansing the wound of all 
matrix and cell debris including fibrin and apoptotic neutrophils. Macrophages also produce 
a range of cytokines and growth and angiogenic factors that play key roles in the regulation 
of fibroblast proliferation and angiogenesis [11, 17, 18]. Initially, macrophages are thought to 
mainly take the form of classically activated, pro-inflammatory M1 macrophages that amplify 
the inflammatory response. As the repair process progresses, alternatively activated M2 macro-
phages predominate, which have anti-inflammatory characteristics and contribute to the resolu-
tion of the wound-induced inflammatory response. (The role of macrophages in the resolution 
of inflammation has been reviewed in Chapter 9, this book.) Another type of cell that accumu-
lates at the site of injury during the inflammatory cells is the mast cell [19]. Although these 
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cells are best known for their role in allergic reactions, they degranulate and release a variety 
of prestored mediators from their granules after injury [20]. Mast cells are critical regulators 
of neutrophil infiltration into the wound; wounds from mast cell–deficient (KitW/KitW-v) mice 
contain fewer wound-site neutrophils as compared to wild-type mice [19, 21]. However, the 
exact role of mast cells in modifying wound-induced inflammatory response remains to be 
further investigated. 

13.4.2  cytokines

Cytokines can be pro-inflammatory as well as anti-inflammatory. Some of the pro-inflammatory 
cytokines are IL-1α, IL-1β, IL-6, TNF-α, and IL-18, which are prominently upregulated during 
the repair process [14]. The major anti-inflammatory cytokines are IL-4, IL-10, IL-11, and IL-13. 
IL-6 knockout animals take up to three times longer to heal than those of wild-type controls [22], 
suggesting a key role of this cytokine in driving the wound repair process. Persistent expression 
of the inflammatory cytokines IL-1α and TNF-α was observed in an excisional wound healing 
model in diabetic (db/db) mice [15, 23]. Depending on the concentration, length of exposure, and 
presence of other cytokines, TNF-α can be beneficial or deleterious [24]. In vitro, cytotoxic and 
growth inhibitory effects of TNFα have been demonstrated in endothelial cells and fibroblasts [25, 
26]. Subcutaneous injection of TNF-α increases collagen deposition and enhances wound disrup-
tion strength (WDS) in adriamycin-treated animals [27]. Lowering of the functionally available 
levels of the pro-inflammatory cytokine TNF-α using anti-TNF-α therapy directed at managing 
activated macrophages restores diabetic wound healing in ob/ob mice [28]. Studies using TNF-α 
null mice demonstrated that lack of TNF-α potentiates Smad-mediated fibrogenic reaction in the 
healing dermis, potentially leading to fibrosis, abnormal contraction, and eventually organ dys-
function [29]. IL-10, which is an anti-inflammatory cytokine [30], attenuates the expression of pro-
inflammatory cytokines in fetal wounds, resulting in minimized matrix deposition and scar-free 
healing [31]. Increased levels of the pro-inflammatory cytokines TNF-α and IL-6 and a decreased 
level of IL-10 were reported in diabetic wound tissue compared to non-diabetic healing wound 
tissue (Figure 13.2). 

Mast cellsMacrophages
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both inflammatory and anti-inflammatory
responses

Mediators: TNF-α , IL-1β, IL-6, IL-10,
TGF-β1

Functions: Control influx of PMN,
control vascular permeability

Mediators: Histamine, chymase,
tryptase

Polymorphonuclear leukocytes

Functions: Phagocytosis of infectious agents, amplify
 inflammatory response

Mediators: ROS, cationic peptides, eicosanopids, proteases
(elastade, cathepsin, etc.) TNF-α , IL-1β, IL-6, VEGF, IL-8

Inflammatory cells,
their functions, and

mediators

FIGURE 13.2  Inflammatory cells, their functions, and mediators. 
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13.4.3  liPiD meDiators

Lipid mediators such as eicosanoids are derived from oxygenation of arachidonic acid (i.e., ω-6 
C20:4), and are released from membrane phospholipids by phospholipases A2 in response to inflam-
matory stimuli [9]. Eicosanoids consist of a family of biologically active metabolites, including 
prostaglandins, prostacyclin, thromboxanes, leukotrienes, and lipoxins. Free arachidonic acid may 
be metabolized through the cyclooxygenase (COX) pathway, involving COX-1 and COX-2, along 
with terminal synthases, to generate prostaglandins, prostacycilns, or thromboxanes. Induction of 
COX-2 represents one of the earliest responses following cutaneous injury. Consequent deploy-
ment of pro- and anti-inflammatory prostaglandin signaling mechanisms drives progression of the 
healing response [13]. COX-2 is the primary enzyme responsible for increased production of the 
pro-inflammatory mediator PGE2 in wounded skin [32]. Elevated COX-2 protein expression and 
prostaglandin production in chronic venous leg ulcers may contribute to the failure of these wounds 
to properly resolve inflammation and close in a timely manner [32]. 

Alternatively, arachidonic acid may be oxidized by the lipoxygenase pathway—5-lipoxygenase, 
12/15-lipoxygenase, LTA4 hydrolase, and LTC4 synthase—to produce leukotrienes and lipoxins [33]. 
These eicosanoids initiate, amplify, and perpetuate inflammation in both acute as well as chronic 
wounds [34]. 

Some of the lipid autacoids having anti-inflammatory properties include ω-3 polyunsaturated 
fatty acids (PUFAs)—eicosapentaenoic (EPA; i.e., ω-3, C20:5) and docosahexaenoic acid (DHA; 
i.e., ω-3, C22:6); lipoxins A4 and B4 (LXA4 and LXB4), which are generated by the action of 
platelet 12-lipoxygenase on neutrophil leukotrienes A4 (LTA4) [35]; cyclopentenone prostaglandins 
(15dPGJ2), which are formed by the in vivo and in vitro dehydration of PGD2 by COX-2; resolvins 
and protectins, which are formed from DHA and EPA [40]; and maresins (14S-HDHA), which are 
primarily generated by macrophages and are novel metabolites of the 14-lipoxygenase pathway [44]. 

13.4.4  mecHanisms oF inFlammatory resolUtion

Successful repair after tissue injury requires resolution of the inflammatory response. While knowl-
edge about mechanisms and molecules inducing and perpetuating the inflammatory response is 
well established, mechanisms that limit and downregulate this activity have been less appreciated. 
Such mechanisms might include downregulation of chemokine expression by anti-inflammatory 
cytokines such as IL-10 [45] or TGF-β1 [46, 47]; or upregulation of anti-inflammatory molecules 
like IL-1 receptor antagonist or soluble TNF receptor; resolution of the inflammatory response medi-
ated by the cell surface receptor for hyaluronan CD44 [48]; apoptosis [49]; and receptor unrespon-
siveness or downregulation by high concentrations of ligands (Figure 13.3). The mechanisms of 
inflammatory resolution have been addressed in detail in Chapter 9, this book. 

13.5   EXCESS INFLAMMATION IS ASSOCIATED WITH 
IMPAIRED WOUND HEALING

The prolonged inflammatory phase in nonhealing wounds is attributed to both local stimuli and 
underlying systemic defects [50]. An example of a systemic defect affecting inflammatory reaction 
and wound healing response is pyoderma gangrenosum; effective treatment is only achieved by 
immune suppression. Factors intrinsic to underlying metabolic disease, such as diabetic hyper-
glycemia or increased hydrostatic pressure associated with venous disease, can enhance and per-
petuate the inflammatory response. Tissue hypoxia, bacterial components, foreign bodies, and 
fragments of necrotic tissue are powerful local stimuli that are capable of sustaining a continued 
influx of neutrophils and macrophages [3, 51]. Chronic inflammation is often a result of unbal-
anced proteolytic activity, which overwhelms local tissue protective mechanisms in nonheal-
ing wounds [52–55]. Cells in the wound site, such as activated keratinocytes at the wound edge, 
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fibroblasts, and endothelial cells, invading neutrophils, and macrophages are considered to be the 
major source of numerous proteases. The expression and activity of various MMP classes, includ-
ing collagenases (MMP-1, MMP-8), gelatinases (MMP-2, MMP-9), and stromelysins (MMP-3, 
MMP-10, and MMP-11), as well as the membrane type MMP (MT1-MMP), have been shown to 
be highly upregulated in chronic venous stasis ulcers [54, 56]. Pro-inflammatory cytokines are 
potent inducers of MMP expression and downregulate the expression of tissue inhibitor of metal-
loproteinases in chronic wounds. In addition, elevated levels of serine proteinases, particularly 
of neutrophil origin such as cathepsin G, urokinase-type plasminogen activator, and neutrophil 
elastase [55, 57, 58], have been found at the chronic wound site. As a consequence of the highly 
proteolytic microenvironment, mediators crucial for repair, such as a1-proteinase inhibitor and 
a2-macroglobulin, as well as components of the provisional wound matrix, such as fibronectin 
and vitronectin, become targets of wound proteases and are degraded and inactivated within the 
chronic wound environment [57, 58]. Growth factors pivotal for repair, such as platelet-derived 
growth factor or vascular endothelial growth factor, are also targets of wound proteases, and they 
are inactivated by proteolytic cleavage [59–62].

The chronic wound is a highly prooxidant microenvironment [63–66]. The disturbed oxidant/
antioxidant balance within the chronic wound microenvironment is a major factor that amplifies the 
persistent inflammatory state of nonhealing wounds. Potential sources of ROS (superoxide anion, 
hydroxyl radicals, singlet oxygen, hydrogen peroxide) in a wound environment include leukocytes, 
especially neutrophils [67], endothelial cells, and fibroblasts, in particular senescent fibroblasts 
that are prominent in chronic wounds [64, 68]. In addition to direct damage of cell membranes 
and structural proteins of the extracellular matrix, ROS can selectively affect signaling pathways, 
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leading to the activation of transcription factors that control the expression of pro-inflammatory 
cytokines (IL-1, -6, and TNF-α), chemokines, and proteolytic enzymes including MMPs and serine 
proteinases [65].

13.6  MICRORNAS IN CHRONIC INFLAMMATION

MicroRNAs (miRNAs) are an abundant class of short (~22 nucleotides), nonprotein-coding RNAs 
that regulate the expression of protein-coding genes at the posttranscriptional level [69]. Two of the 
most common chronic inflammatory disorders of the skin are psoriasis and atopic eczema, both of 
which are characterized by infiltration of inflammatory cells into the epidermis and altered kerati-
nocyte differentiation. MiRNAs have recently been implicated in the pathogenesis of psoriasis and 
atopic eczema. In particular, miR-203 is specifically overexpressed in psoriasis, while miR-146a 
and miR-125b are involved in the regulation of innate immune responses. Tumor necrosis factor 
(TNF)-α pathway is also deregulated in psoriasis and atopic eczema [70]. One of the targets of miR-
203 for posttranscriptional suppression is the suppressor of cytokine signalling-3 (SOCS-3). This 
protein is a negative regulator of the STAT3 pathway, which is activated by inflammatory cytokines 
(e.g., interleukin-6, interferon-c) and has important functions in the regulation of both innate and 
adaptive immunity, and also in cell growth, survival, and differentiation. The increased expression 
of miR-203 leads to decreased SOCS-3 levels in psoriatic skin, which may consequently result in 
sustained activation of the STAT3 signaling pathway [71]. Therefore, miR-203 may contribute to 
increased ⁄prolonged skin inflammation in response to T cell-derived cytokines, due to a defective 
negative feedback mechanism of cytokine signaling in keratinocytes. MiR-146a targets TRAF6 and 
IRAK, which are proteins involved in regulating the TNF-α signaling pathway [71]. MiR-125b also 
targets TNF-α directly for posttranscriptional repression [72]. Therefore, downregulation of miR-
125b may contribute to elevated TNF-α production during skin inflammation. 

Since chronic inflammation is a hallmark of chronic nonhealing wounds, it is very likely that 
miRNAs regulating inflammation pathways will play a role in the pathology of chronic wounds. 
Transgenic mice overexpressing SOCS-3 in keratinocytes show severe impairment in acute wound 
healing [73]. Keratinocyte-specific overexpression of SOCS-3 leads to atrophied wound-margin 
epithelia and an increased inflammatory response by an increase in chemokine (MIP-2) and inflam-
matory enzyme (COX-2 and iNOS) expression [73]. In addition, wound tissue of transgenic mice 
showed a prolonged persistence of neutrophils and macrophages, all of which are characteristics of 
chronic wounds. Similarly, excessive amounts of pro-inflammatory cytokines such as TNF-α are 
associated with inflammatory diseases, including chronic wounds. A more detailed commentary on 
the involvement of miRNAs in chronic inflammation has been addressed in Chapter 9, this book.

13.7  BIOFILM AND CHRONIC WOUND INFLAMMATION

Along with elevated pro-inflammatory cytokines, high protease levels (matrix metalloprotease and 
elastase), and excessive neutrophils, chronic wounds are also characterized by the presence of bio-
film, which is considered to play a significant role in chronic inflammation.

Biofilms are surface adherent, environmentally resistant groups of bacteria (often multiple gen-
otypes) held together by extracellular polymeric substances like polysaccharides, proteins, and 
DNA. [74].

Chronic cutaneous wounds have specific biochemical and cellular similarities in spite of their 
dissimilar etiologies, which may be explained by the presence of biofilms [75]. A muted initial 
immune response in a chronic wound allows bacteria to establish a biofilm community in the 
wound, which is difficult to eradicate and perpetuates inflammation, promoting chronicity. Host 
immunity is ineffective against biofilm infections because white blood cells, antibodies, and com-
plement are often unsuccessful in resolving the biofilm challenge. An increase in genetic diversity 
within a biofilm is commonly associated with an increase in its ability to withstand environmental 
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stress. A wound biofilm that demonstrates a single predominant pathogenic species is generally less 
robust and easier to suppress than a genetically diverse biofilm [76]. In contrast, diverse biofilm as 
seen in chronic wounds must possess a “functional equivalence” that allows bacteria to attach, orga-
nize, and maintain a hyper-inflammatory wound environment [77]. Nonpathogenic bacterial species 
may act symbiotically as part of a unified biofilm community to promote a chronic wound biofilm 
infection. Pathogens like Staphylococcus aureus and Pseudomonas aeruginosa may be sufficient 
to  initiate and sustain a wound biofilm, but to be functionally effective, a diverse population with 
several cooperating species is required to achieve the same degree of infection. One species may 
attach to host epitopes while another may self-secrete or organize host components into a protec-
tive matrix; a third species may be perpetually releasing lipopolysaccharides, inducing a perpetual 
inflammatory state, while a fourth species may be co-aggregating the community.

Studies have demonstrated that bacteria can upregulate pro-inflammatory cytokines in order to 
manipulate the host’s innate immune response. For example, Shigella expresses a plasma virulence 
gene that increases expression of pro-inflammatory cytokines [78]. Quorum-sensing molecules 
from Pseudomonas aeruginosa can act directly on host cells to induce expression of pro- 
inflammatory cytokines [79]. Staphylococcus aureus (and other pathogens) express “modulins” 
and superantigens (enterotoxins, toxic shock syndrome toxin-1) that can induce massive and sus-
tainable release of pro-inflammatory cytokines [80]. Additionally, the type III secretion systems of 
pathogens inject protein effectors into host immune cells, dampening phagocytosis and reducing 
the lethal actions of neutrophils, thereby increasing the release of pro-inflammatory cytokines into 
the wound [81]. 

A major component of gram-negative bacteria cell walls is lipopolysaccharide, which is a potent 
inducer of continued chemotaxis of neutrophils to the site of the wound biofilm. In a healthy 
immune response, neutrophils begin apoptosis after engulfing a pathogen. They express protein-
aceous surface molecules, such as phosphatidylserine, which macrophages interpret as a request 
for phagocytosis [82–84]. Macrophages recognize, engulf, and then degrade these functionally 
terminal neutrophils, preventing necrotic disintegration of the neutrophil in situ, a mechanism that 
is required to control inflammation [83–88]. Lipopolysaccharide can, however, interfere with the 
neutrophils’ membrane-associated phosphatidylserine. A localized accumulation of neutrophils 
at the infected site is a healthy host response, but this accumulation must be accompanied by the 
orderly elimination of neutrophils by macrophages in order to control the inflammatory response 
[88]. When bacterial products like lipopolysaccharide interfere with the phosphatidylserine, the 
macrophages may not recognize the neutrophils. As a result, they are inefficiently cleared from 
the site of infection where they degrade, resulting in localized release of proteolytic enzymes 
(elastase, metalloproteases, and inflammatory mediators) into the wound bed [89–91]. The excess 
protease activity in the chronic wounds favors biofilm formation and thus sets up a vicious cycle. 
For example, in the case of Staphylococcus epidermidis, host proteases proteolytically process 
accumulation-associated protein, which activates the bacteria’s adhesion function and initiates the 
biofilm formation [53, 92]. Elastase then degrades the neutrophil’s CXCR1 receptors, fragments of 
which stimulate TLR2 receptors to produce additional pro-inflammatory cytokines that feed the 
inflammatory cycle and recruit additional neutrophils. This perpetual cycle produces and sustains 
elevated levels of inflammation [93], which discourages healing. Proteases and elastases induce 
apoptosis in other host cell types, including local tissue, that should be involved in the wound 
repair process [94]. 

13.8  CONCLUSION AND FUTURE DIRECTIONS

To achieve successful tissue repair, there needs to be a fine-tuned balance between the numerous pro- 
and anti-inflammatory mediators involved in wound healing. Dysregulation of the critical param-
eters of these interactions will result in pathologic and chronic inflammatory disease states that are 
associated with nonhealing chronic wounds (Figure 13.4). Unraveling pro- and anti- inflammatory 
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pathways in tissue repair might be an important avenue to develop protective strategies, which 
shield the regenerative tissue from damage caused by the chronically inflamed microenvironment 
of the nonhealing wound. The excessive and unbalanced inflammation characterizing the chronic 
wound suggests a promising target for future therapeutic interventions. One of the commonly prac-
ticed solutions for chronic inflammation includes wound debridement, which removes dead, dam-
aged, or infected tissue to improve the healing potential of the remaining healthy tissue [16]. Other 
methods aimed at altering the inflammatory cascade involve: (1) use of exogenous cytokines and 
growth factors to shift the degradative disequilibrium found in a chronic wound toward a more syn-
thetic mode, (2) the use of anti-inflammatory drugs such as nonsteroidal anti-inflammatory drugs 
(NSAIDs) [96], and (3) nutritional interventions like using PUFA supplementation. Thus, a better 
understanding of the mediators and mechanisms that are central to the initiation and resolution 
of wound inflammation will help design improved strategies to manage persistent non-resolving 
inflammation commonly associated with chronic wounds. 

TAKE-HOME MESSAGES

• A chronic wound is defined as a wound or any interruption in the continuity of the body’s 
surface that requires a prolonged time to heal (more than four weeks), does not heal, or 
recurs.

• Chronic wounds fail to progress through the normal phases of healing and therefore enter 
a state of prolonged pathologic inflammation.

• Pro-inflammatory cytokines are potent inducers of MMP expression and downregulate the 
expression of tissue inhibitor of metalloproteinases in chronic wounds.

High protease activity Biofilm
• Collagenase (MMP-1, -8)
• Gellatinase (MMP-2, -9)
• Stromelysins (MMP-3, -10, -11)
• Serine proteinase (capthepsinG, utpA,
 elastase)
• TIMP

• Induction of pro-inflammatory cytokines
• Lipopolysaccharides interfere with the
phosphatidylserine; macrophages do not
recognise the neutrophils; inefficiently
cleared
• Localized release of proteolytic enzymes
(elastase, metalloproteases, and
inflammatory mediators) into the wound
bed
• Elastase then degrades the neutrophil’s
CXCR1 receptors, fragments of which
stimulate TLR2 receptors to produce
additional pro-inflammatory cycle and recruit
additional neutrophils

• Direct damgage to cell membrane and
structural proteins
• Activation of transcription factors that
control the expression of proinflammatory 
cytokines (IL-1, -6, and TNF-α), chemokines, 
and proteolytic enzymes

ROS

Key miRNAs associated with chronic inflammation

Key players
playing a role in

delayed healing of
chronic wounds

miR-21

PTEN,
PDCD4

miR-146a

IRAK 1/2,
TRAF6,
COX-2

miR-125b

TNF-α

miR-155

IL-12, SOCS1,
SHIP1, c/ebp beta

miR-203

SOCS-3

FIGURE 13.4  The key players involved in the delayed wound healing response of chronic wounds.
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• The disturbed oxidant/antioxidant balance within the chronic wound microenvironment 
is a major factor that amplifies the persistent inflammatory state of nonhealing wounds.

• ROS can selectively affect signaling pathways, leading to the activation of transcription 
factors that control the expression of pro-inflammatory cytokines (IL-1, -6, and TNF-α), 
chemokines, and proteolytic enzymes including MMPs and serine proteinases.

• Since chronic inflammation is a hallmark of chronic nonhealing wounds, it is very likely 
that miRNAs regulating inflammation pathways will play a role in the pathology of chronic 
wounds.

• Along with elevated pro-inflammatory cytokines, high protease levels (matrix metallopro-
tease and elastase), and excessive neutrophils, chronic wounds are also characterized by the 
presence of biofilm, which is considered to play a significant role in chronic inflammation.
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14.1  INTRODUCTION

Wound healing is the process by which damaged tissues are repaired through the ordered replace-
ment of damaged cells and simultaneous remodeling of the extracellular matrix (ECM), and is criti-
cal for survival [1]. An ideal end point for healing is regeneration that entails complete restoration 
of original tissue form and function. But the process of scarring interferes with regenerative or nor-
mal healing sequelae, preventing normal restoration of anatomical form and, when extensive, can 
impair physiological function. Specifically, scarring of internal organs—pulmonary fibrosis, liver 
cirrhosis, renal glomerulosclerosis, and cardiac fibrosis—often cause organ failure and mortality [1]. 
Furthermore, cutaneous scars are most commonly associated with cosmetic disfigurement while 
organ fibroses can be accompanied by pruritis, dysesthesia, and pain [2]. 

Normal wound healing occurs in three phases: inflammation, proliferation, and maturation. 
Following injury, hemostasis is achieved by the formation of a fibrin clot and the release of potent 
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cytokines (TGF-β, EGF, IGF, PDGF, among others) during degranulation of platelets. These fac-
tors drive the inflammatory phase by facilitating recruitment of neutrophils, mast cells, and mac-
rophages to the injury site that phagocytose debris. This inflammatory phase can last from a few 
hours up to five to seven days. This is followed by the proliferative phase (which lasts three to six 
weeks) that includes epidermal closure and dermal remodeling by fibroblasts that reestablishes tis-
sue integrity through synthesizing new ECM (composed primarily of procollagen, elastin, and pro-
teoglycans). Endothelial cells are also recruited to the wound site and participate in neoangiogenesis 
while myofibroblasts initiate wound contraction. Finally, during the maturation phase (which can 
last several months), procollagen at the wound site is remodeled to Type I collagen, and excess 
ECM components are degraded by collagenases, proteoglycanases, and metalloproteinases [2, 3]. 
The highly complex mechanisms regulating wound healing are still being elucidated. Similarly, the 
precise etiology of abnormal scar formation is not well understood, although it is postulated that 
exaggerated cytokine activation leads to excessive accumulation of ECM and the ultimate formation 
of the permanent fibroses as discussed in the following sections. 

The two most common cutaneous scarring sequelae are hypertrophic scars and keloids. The 
incidence of hypertrophic scarring is estimated to occur 39%–68% following surgery and 33%–
91% following burns [4]. The incidence of keloidal scarring ranges from 4.5% to 20% in black, 
Hispanic, and East Asian populations [5] (Figure 14.1). Both scar types are characterized initially 
by rich vasculature and erythema, high mesenchymal cell density, excessive deposition of collagen 
in the dermis and subcutaneous tissues, and increased thickness of the epidermal layer [5, 6]. They 
can be distinguished by their sources of primary injury, growth pattern, clinical course, and colla-
gen organization. Hypertrophic scars (1) develop in response to major skin wounds such as trauma, 
surgery, or second- and third-degree burns; (2) remain confined to the boundaries of the initial 
wound, and scar growth occurs by pushing the margins of the scar outward rather than invasion of 
the surrounding tissue; (3) grow in a claw-like fashion and regress after several months, improving 
naturally over two to five years following initial injury; and (4) exhibit nodular structures in the 
dermis consisting of fibroblasts, small blood vessels, and collagen bundles parallel to the epithelial 
surface [2, 5–7]. In contrast, keloids (1) develop in response to minor skin wounds such as acne, 
insect bites, or piercing; (2) grow beyond the boundaries of the original wound by invasion of sur-
rounding tissue; (3) grow indefinitely and do not resolve naturally; and (4) exhibit haphazard depo-
sition of thick, hyaline-like collagen fibers in the dermis that are randomly oriented with respect 
to the epithelial surface. Notably, keloids have a higher recurrence rate following surgical excision 

FIGURE 14.1  Common presentation of keloid in ear lobes.
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of 45% to 100%. These key similarities and differences between hypertrophic scars and keloids 
are summarized in Table 14.1. It is interesting to note that the anatomically restricted hypertrophic 
scars (within the wound margins) are readily amenable to therapy while, in contrast, excessively 
enlarging keloids (extending beyond the wound margin) recur commonly, suggesting an underly-
ing progressive spectrum of unregulated biological responses in the latter. 

The number of available treatment modalities for hypertrophic scars and keloids is increasing, 
with many treatments targeting different stages of scar formation [8]. The clinical strategy for pre-
vention of cutaneous scars involves generous debridement and irrigation of the wound site, rapid 
primary closure of the wound under minimal tension, and limiting exposure to foreign bodies (such 
as silk-based sutures) in order to curtail inflammation [3, 7]. Common strategies to mitigate the 
development of hypertrophic scars and keloids are silicone gel sheeting and compression therapy. 
It is thought that silicone sheeting improves hydration of the wound site and decreases delivery of 
pro-inflammatory cytokines through capillaries, thereby reducing collagen deposition. The efficacy 
of this silicone sheeting is significantly limited by patient compliance, because the sheets must be 
worn for 12 hours per day, often for several months. Compression therapy, during which the patient 
wears pre-sized garments delivering at least 15 mmHg of constant pressure for 8–24 hours per day 
for ~6 months, is thought to accelerate scar maturation but the underlying mechanism is unknown. 
A limitation of compression therapy is that the compressive garments can cause further trauma to 
the wound site; patient discomfort also reduces compliance.

Existing hypertrophic scars can be successfully treated by complete surgical excision fol-
lowed by primary closure or skin grafting. Due to their high recurrence rate, excision is com-
bined with adjuvant therapy to prevent recurrence in keloids. The most common adjuvant used 
in combinatorial therapy is the injection of synthetic corticosteroids such as triamcinolone, 
dexamethasone, and hydrocortisone acetate following surgical resection (Figure 14.2). It is 
believed that these corticosteroids downregulate the production of pro-inflammatory cyto-
kines, ultimately inhibiting proliferation of fibroblasts and decreasing the deposition of fibrotic 
ECM [3]. While corticosteroid injections following surgical resection have been shown to pre-
vent recurrence of keloids by 80%, limitations of this therapy are that painful injections must 

TABLE 14.1
Characteristic Features of Scar Tissue

Characteristics Hypertrophic Scars Keloids

Differences Clinical margins Stays within original wound Extends well beyond original wound

Clinical course Soon after surgery/injury Months after injury

Incidence Common Rare (Ethnic susceptibility)

Anatomical sites Skin creases, joints Ear lobes, sternum, shoulders

Causal factors Substantial injury Minor and major injury

Surgical management Relatively easy, improves after treatment Difficult, often gets worse following 
surgery

Recurrences Rare Common

Collagen organization Wavy, thickened, and orient parallel to 
epidermal surface

Dense, nodular, and organized 
haphazardly

Collagen content About 3 times more than adjacent tissues About 20 times more than adjacent 
tissues

Cellularity Hyper-cellular Hypo-cellular

Vascularity Small vessels evident Few vessels

Similarities Appearance Raised, itchy, rarely painful

Inciting agent Injury, surgery

Collagen content Higher than adjacent tissue
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be administered every four to six weeks for up to one year, and side effects of the corticoste-
roids include menstrual dysfunction, suppression of adrenal cortical function, and glaucoma. 
An alternative adjuvant is radiation therapy (usually a dose of 15–20 Gy over a series of five to 
six treatments), which is thought to decrease collagen deposition through inducing apoptosis of 
fibroblasts; however, this remains controversial due to the theoretical risk of producing malig-
nant tumors. Ultimately, current treatments for hypertrophic scars and keloids are inconsistent 
and unsatisfactory, most likely because these empirically directed treatments do not target the 
precise scar etiopathogenesis, which remains elusive. In order to improve existing treatments 
and develop new modalities for treating cutaneous scars, greater attention should be devoted to 
understanding the pathophysiology of scar formation. Besides the basic molecular mechanisms 
of scar development, reevaluating how existing combinatorial therapies interact with the kinet-
ics of biological mechanisms responsible for fibrosis could be an excellent avenue to unravel 
effective scar management strategies. 

14.2  ETIOPATHOGENESIS OF SCAR GENERATION

In a recent article, an attempt to rationalize interventional strategies classified the causal factors 
contributing to the complex etiopathogenesis of scar generation into three main categories: scar 
triggers, scar modulators, and scar effectors [9]. These factors contribute to specific phases of scar 
development in a sequential, yet overlapping, manner. The scar triggers contribute to the initiation 
and establishment of the increased fibrosis. The scar modulators have a critical role in either pro-
gressively increasing the fibroses process or accelerating its pathological accumulation (preventing 
turnover or remodeling). The scar effectors are the active biological entities that promote the tissue 
fibroses; these may be directly induced by the scar triggers or by subsequent scar modulators. While 
these effectors are placed last in the sequence of scar etiopathogenetic factors, they are probably 
active in all phases and are critical as biological mediators inducing and maintaining the fibrotic 
milieu characteristic of scar tissues. 

FIGURE 14.2  Scar management with intralesionsal steroid injections.
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14.2.1  Scar TriggerS

The possible inciting causative agents leading to scar generation has been broadly described as an 
autoimmune process due to genetic susceptibility, sebum reaction hypothesis, and mechanical dis-
equilibrium. Genetic susceptibility of individuals is based on the premise of an aberrant, exagger-
ated fibrotic response to the normal healing sequelae. The predilection of keloids in dark-skinned 
individuals and, often, familial tendencies has been suggested as a plausible genetic bias to scar for-
mation in these individuals. Further, particular human leukocyte antigen subtypes B14, 21, BW35, 
DR5, and DQW3, along with blood group A, have been shown to be associated with individuals 
with higher incidence of keloids [10–13]. 

Keloid formation has been suggested to be an autoimmune connective tissue disease based on the 
presence of circulating non-complement fixing anti-fibroblast antibodies that bind fibroblasts and 
stimulate proliferation as well as induce collagen production [14, 15]. Interestingly, keloid explants 
placed in nude mice initially grow and vascularize but eventually regress, implicating a key role for 
the inflammatory response in its etiopathogenesis [16, 17]. One of the peculiar anatomical predilec-
tions of keloids is its presence in anatomical sites of high pilo-sebaceous glands. The disruption 
of sebaceous glands at the edges of the wound margins and along margins of an enlarging keloid 
releases the sebum to systemic circulation, inciting a potent inflammatory reaction leading to keloid 
propagation [18–20]. The presence of sebaceous glands in humans is cited as a possible reason of 
its unique incidence of keloids among all mammals. Further, a sebum vaccine has been shown to 
reduce recurrence of keloids in patients. 

Finally, the role of tissue forces as scar-inciting agents, perhaps more relevant to hypertrophic 
scars than keloids, is the tensional hypothesis based on both in vivo observations and in vitro data. 
The increased scar incidence of wounds across normal skin tensional lines, the reduced incidence 
rate in elderly patients, and the linearly oriented collagen fibers noted in scars suggest a key role 
for tissue forces in hypertrophic scar development [21, 22]. In vitro experiments have demonstrated 
the ability of mechanical tension in driving fibroblast proliferation and collagen synthesis [23, 24]. 
Perhaps the most insightful evidence for the role of physical tissue forces is not only from these 
experimental models but also from the abundant clinical evidence of effective routine scar manage-
ment strategies using silicone gels or sheets, surgical revisions, and suturing techniques that relieve 
tissue tension as described previously. 

14.2.2  Scar ModulaTorS

Some factors contributing to the scarring processes are low oxygen tension and angiogenesis, which 
are often correlated. The role of vascular changes as a predisposing factor to a fibroproliferative 
disease has been proposed in many specific scenarios such as idiopathic lung fibroses, cutaneous 
scleroderma, and diabetic retinopathy, among others. The key role of proangiogenic and antiangio-
genic factors regulates the effective angiogenic milieu that may be disrupted, leading to hypoxia 
and subsequent fibroses. Interestingly, scar tissue has a paucity of vascular elements, and the mecha-
nisms resulting in the decrease or loss of vasculature are being carefully elucidated in many studies 
investigating specific organ fibroses. Some potential targets involve the role of the CXC chemokine 
family in lung fibroses and circulating endothelial progenitors cells [25–27]. The role of vascular 
abnormalities leading to changes in the local oxygen environment leading to scarring is perhaps 
best illustrated by work in ophthalmology in the area of ocular fibroses such as age related macular 
degeneration and diabetic retinopathy. Many end-point fibrotic pathologies are characterized by 
inhibition of normal retinal vascular development associated with microvascular degeneration. The 
resultant ischemia and hypoxia lead to a compensatory excessive, but abnormal, vasculature lead-
ing to fibrous scar tissue formation [28]. A recent study demonstrated decreased oxygen tension in 
horse limbs post-wounding that are very susceptible to exuberant granulation tissue, akin to keloidal 
tissue, using a novel in vivo near-infrared spectroscopic technique [29].
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14.2.3  Scar effecTorS

The effectors can be broadly divided into cellular components that principally produce the ECM 
and the biomolecules involved in providing them with instructional cues. The cell lineages involved 
in increased matrix synthesis leading to scar formation are predominantly mesenchymal, and fibro-
blasts in the dermis, specifically. The roles of epithelium, endothelium, and inflammatory cells are 
also important via their direct regulation and interactions with the dermal compartment as well as 
indirect modulation of the scar microenvironment via secreted factors. These secreted factors eluci-
dated from both in vitro and in vivo experiments have been characterized as proteins predominantly 
classified as growth factors, cytokines, chemokines, and enzymes, including proteinases. Growth fac-
tors are proteins that can modulate proliferation, inhibition, growth, or function of cells. A subset of 
these growth factors can also transmit instructional cues to cells secreting them (autocrine, feedback 
loop) or surrounding (paracrine) and distant cells (endocrine). These factors are called cytokines. The 
predominant groups of cytokines are interleukins and interferons. The former is secreted by cells in 
both physiological and pathological conditions, while the latter are secreted specifically in response 
to a foreign body, including microorganisms or tumor cells. Interleukins were also previously clas-
sified as lymphokines (secreted by lymphocytes) and chemokines (acting as chemoattractants) but 
this usage is discontinued due to significant redundancy in source and functions of interleukins. 
While these proteins are key regulatory nodes in mediating the increased fibroses, their expression 
and secretion are tightly regulated by intracellular mechanisms. Recent research has focused on 
understanding these regulatory mechanisms and has unraveled key roles for a new class of regula-
tory molecules termed short-hairpin (shRNA) and micro-RNAs (miRNA). These sh and miRNA are 
22 nucleotides or less and have complementary sequences to multiple mRNA and hence bind and 
sequester the message, preventing downstream expression of several factors. These biomolecules, 
along with their potential biological functions in mediating fibroses, are summarized in Table 14.2. 

14.3  TGF-β1 AS A PLAUSIBLE LINK

The central role of one particular growth factor, transforming growth factor-β (TGF-β), in medi-
ating all three phases of scar pathophysiology is clearly evident. TGF-β is a multifaceted growth 

TABLE 14.2
List of Scar Effectors Currently Being Evaluated for Therapy

Group of Biomolecules Candidates Functions

Regulatory molecules miR-29b, miR-29c, miR-200a, miR-141, 
and miR-199a

Upstream modulators of multiple effectors 
(e.g., TGF-β)

Growth factors TGF-β1, PDGF, CTGF, HGF, and VEGF Major modulators of matrix synthesis

Cytokines and antagonists IL-1b, IL-5, IL-6, IL-13, IL-21, IL-4R, 
IL-13Ral, GM-CSF, TNF-a, oncostatin M, 
WISP-1, IFN-g, IFN-a/b, IL-12, and IL-10

Paracrine, autocrine, and endocrine inducers 
of cell signaling

Chemokines and antagonists CXCL1, CXCL2, CXCL12, CCL2, CCL3, 
CCL6, CCL17, CCL18, CXCL10, 
CXCL11, CCR2, CCR3, CCR5, CCR7, 
CXCR2, and CXCR4

Homing and trafficking of potent cell 
populations, including fibrocytes and other 
mesenchymal stem cells

Immune modulators TLR3, TLR4, and TLR9 Modulate local inflammatory milieu

Angiogenic modulators Adenosine deaminase, ANG II, ACE, 
aldosterone, and ET-1

Modulate local vasculature

Matrix modulators, including 
enzymes and proteases

MMPs, TIMPs, Proxyl Hydroxylase, α1β1 
and αvβ6 integrins, integrin linked kinase, 
ICAM-1, and VCAM-1

Modulate matrix remodeling and disruptions 
result in excessive ECM accumulations
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factor that plays key roles in many biological processes, ranging from development to physiological 
homeostasis to malignant transformations [30–32]. Since its first description as a secreted factor 
from transformed cells, and hence its name, TGF-βs has been isolated from almost all known cell 
types [33, 34]. TGF-β is a superfamily of more than 30 members, including BMPs, activins, inhib-
ins, GDFs, Mullerian inhibiting substance, and Nodal, among others. 

The broad roles of TGF-β in mediating the inflammatory microenvironment as well as angiogen-
esis and ECM syntheses, all key aspects of scar development, have been well established. TGF-β 
can contribute to either initiation or resolution of an immune response, based on the cellular sub-
types present and the overall milieu. The ability of TGF-β to selectively induce FoxP3 positive 
CD4+ CD25+ Regulatory T cells has brought forth its key role as an immunomodulatory factor 
[35–37]. TGF-β has potent effects on hematopoetic cells such as eosinophils, mast cells, neutrophils 
(PMNs), lymphocytes, and monocyte-macrophages that play key roles in the inflammatory phase 
of scar development. Further, TGF-β also has distinct roles in the normal epithelial cell biology, 
inhibiting their normal proliferative response and promoting their migration. In contrast, TGF-β 
promotes the proliferation and synthetic functions of mesenchymal cells. 

The process of formation of new vessels is termed angiogenesis and involves endothelial cell 
activation, migration, proliferation, lumenization, branching, and maturation of intercellular junc-
tions and the surrounding basement membrane [38]. While all blood vessels begin as simple endo-
thelial lined tubes, they undergo maturation and are surrounded by pericytes and smooth muscle 
cells. TGF-β can modulate all three cell responses including effects on their individual differentia-
tion and function as well as their interactions. Recent data have also indicated that TGF-β is capable 
of mediating endothelial-mesenchymal transdifferentiation, adding another layer of complexity to 
its regulation in angiogenesis [39]. The key role of TGF-β family members in angiogenesis is evi-
dent from the embryonic lethal knockout mice phenotypes for several TGF-β family signaling com-
ponents with angiogenesis defects, while an increasing number of human pathologies with vascular 
dysfunction implicate roles for TGF-β such as Marfan and Loey-Dietz syndromes, preeclampsia, 
and hereditary hemorrhagic telangiectasia, among others. 

There are five known isoforms of the prototypical TGF-βs, namely TGF-β1, TGF-β 2, and TGF-
β3 in mammals, and TGF-β4 and TGF-β5 in amphibians. The three mammalian TGF-β isoforms 
have many similarities in receptor binding and biological functions but show distinct tissue distri-
butions. All three isoforms have been extensively studied, and their knockouts have low life expec-
tancy due to severe immune disorders, supporting their key roles in mediating normal development 
and physiology [40–43]. The interplay of cells, matrix, and soluble factors in wound healing best 
highlights the complex, pleiotropic role of TGF-β on each of these heterogeneous components. 
TGF-βs are known potent inducers of extracellular matrix expression as demonstrated by their key 
roles in fibrotic disease as well as normal wound healing [44]. Exogenous supplementation of TGF-
β1 was shown to promote wound healing. Surprisingly, the TGF-β1 knockout also demonstrated 
faster epithelial closure of dermal wounds [45, 46].

The absence of smad3, the cytoplasmic signal transducer in TGF-β signaling, recapitulated this 
accelerated epidermal healing phenotype [47, 48]. In contrast to the accelerated healing observed 
in dermal wounds, matrix-unsupported ear wounds in the smad3 knockout mice demonstrated a 
poor healing phenotype with a progressive enlargement of the ear-punch wound [49]. This phenom-
enon was dissected carefully to evaluate contributions from the epithelium, inflammatory-immune 
milieu, and the matrix components. It was observed that the primary causative factor contributing 
to the exacerbated healing phenotype is the abnormal matrix organization in the smad3 knockout 
mice. The aberrant matrix resulted in altered mechanical properties of the wound edges and tissue 
forces, resulting in subsequent matrix remodeling and exacerbation of the ear wound. Interestingly, 
when the TGF-β1 knockout was crossed with SCID mice in an attempt to abrogate the excessive 
inflammation seen in the former mice, the rapid epidermal healing phenotype was also reversed to 
a delayed, poor healing response [50]. These studies further highlight the distinct roles of TGF-βs 
in mediating various components in the healing scenario. 
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While most actions of TGF-β3 have been similar to TGF-β1, two characteristic features separate 
these two isoforms. First, TGF-β3 is about four times more biologically potent than TGF-β1 at 
equimolar concentrations, while both β1 and 3 are about 50 times more potent than β2 in specific 
biological contexts [51]. These differences have been attributed to the individual affinity of the iso-
forms to TGF-β Receptors I and II [52]. Second, in contrast to the abundance of TGF-β1 in scar and 
keloidal tissue, TGF-β3 has been shown to promote a scarless healing phenotype [53–55]. The use 
of the two isoform-specific neutralizing antibodies has further confirmed the intriguing individual 
roles of TGF-β1 and 3 in mediating biological responses [56]. 

In vivo overexpression of systemic levels of active TGF-β1 using a transgenic approach produced 
widespread organ fibrosis. Surprisingly, this did not result in a cutaneous scarring (following epider-
mal incision) phenotype, even though it led to a significant increase in matrix deposition in dermal 
healing (polyvinyl alcohol sponge implantation model) [57]. This was attributed to the increased 
TGF-β3 and TGF-βRII expression evident at these healing sites. The ability of TGF-β1 to induce 
β3 in an autocrine manner further highlights the critical role of the isoform regulation and context 
dependency of this growth factor–signaling pathway.

14.4  TARGETING TGF-β1 IN SCAR MANAGEMENT

This chapter indicates the multifaceted roles of TGF-β in mediating scar development and progres-
sion. Interventional strategies aimed at modulating TGF-β include antisense (decoy) oligonucle-
otides, small molecule inhibitors, soluble antibodies, and small molecule inhibitors, among others 
[58, 59]. The current elaborate scar management strategies, including conventional and alternative 
management modalities, have been previously outlined. Steroids play a central role in these proto-
cols. The basic rationale for using steroids is to modulate the inflammatory response, thus, eliminat-
ing a potential causal scar-promoting factor. Interestingly, steroids have also been shown to have 
direct effects on decreasing collagen synthesis as well as altering cytokine secretion by local cells 
especially for bFGF and TGF-β [60]. 

 This chapter highlights the unique temporal-spatial roles of TGF-β in the phases of normal and 
perturbed wound healing leading to scar generation. Hence, the use of steroids based on its spe-
cific roles of TGF-β in various stages of scarring may be a suitable rationale in scar management. 
Further, additional or concurrent inhibition of TGF-β may be employed in a combinatorial approach 
to increase efficacy of anti-scar treatments. These phase-specific roles include the role of TGF-β as 
a trigger modulating acute inflammation, or modulator of angiogenesis and chronic inflammation, 
or its most widely implicated role in increasing ECM, leading to fibrosis as outlined in Figure 14.3. 
While the use of steroids after routine surgery is usually contraindicated due to its effects on normal 
wound healing, careful use and timing of steroids postsurgery, as well as careful evaluation of clini-
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FIGURE 14.3  Phase specific role for TGF-β in scar etiopathogenesis.
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cal presentations, and if feasible, histological or molecular assessment of specific scar phase might 
aid in most effective management strategies. 

14.5  CONCLUSIONS AND FUTURE DIRECTIONS

Scarring is a complex pathophysiological process involving sequential and multiple factors that 
play distinct and often overlapping roles during progression. Many current management strategies 
are deemed inadequate, with often unsatisfying results for both the patient and the surgeon. The 
careful elucidation of scar development into modular components as scar triggers, modulators, and 
effectors may aid rationalization of targeted singular and combinatorial approaches for clinical 
scar management. The central role of TGF-β in these processes is highlighted in this chapter and 
suggests its key targeting in anti-scar therapy using conventional and newer approaches might be 
warranted. The use of certain conventional therapies, specifically the use of steroids, may also be 
potentially tailored to increase the efficacy and potency of anti-scar treatment if their timing is care-
fully revised, with emphasis on clinical presentations of the distinct scar phases. 

Future research could be focused on both unraveling the basic mechanisms leading to scar for-
mation and progression as well as clinical research on timing and presentation of scars. The latter 
research can provide significant benefit if combined with effective diagnostic and imaging modali-
ties to unravel the distinct phases of scar progression so appropriate interventional strategies can 
be adopted.

TAKE-HOME MESSAGES

• The key factors contributing to scar development can be broadly divided into scar triggers, 
modulators, or effectors, each playing key roles in formation and progression of scars. 

• TGF-β has a key role in various phases of scar development and can act as all three—a scar 
trigger, scar modulator, or scar effector. 

• Interventional strategies targeting TGF-β may be better rationalized by targeting its spe-
cific spatio-temporal roles in scar pathogenesis. 

• Steroids are routinely used in scar management predominantly for their direct effect on 
modulating inflammatory sequelae. Their use can be further tailored for their effects on 
the scar-promoting cytokine milieu, especially with respect to TGF-βs.
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15.1  CENTRAL NERVOUS SYSTEM IMMUNOLOGY

The seminal discovery by Sir Peter Medawar in 1948 that the brain does not reject foreign tissue 
grafts set the stage for defining the unique immunological and inflammatory processes of the cen-
tral nervous system (CNS) [1]. Further characterization would identify that the CNS is deficient of 
classical antigen-presenting cells (i.e., dendritic cells), lacks constitutive major histocompatibility 
complex (MHC) I and II expression on parenchymal cells, and does not have lymphatic circulation [2]. 
Taken together, these findings led to the concept of “immune privilege” in the CNS, a term used 
to describe the perceived independence of CNS immunology from that of the periphery. Current 
literature, however, suggests that CNS immunology is not independent from the periphery, only 
refined in immunological and inflammatory response. Indeed, given the highly specialized, non-
regenerative characteristics of neural cells in the CNS, unique immunological and inflammatory 
processes have been identified. 

The CNS consists of highly differentiated cell types that include neural cells (i.e., Purkinje neu-
rons, granule cells, motoneurons), glial cells (i.e., astrocytes, oligodendrocytes, ependymal cells, 
resident microglia), and endothelial cells that comprise part of the blood brain barrier (BBB). Unlike 
peripheral tissues, the CNS lacks resident natural killer cells, T and B lymphocytes, and has limited 
leukocyte extravasation across the BBB [3]. As such, major histocompatibility complex (MHC) 
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class I and II proteins and antigen presentation is primarily a function of “activated” resident microg-
lia [4]. Along with endothelial cells that form tight junctions, pericytes and astrocytic end-feet com-
pose the BBB and serve to tightly regulate proteins, small molecules, and circulating cells from 
crossing the CNS under physiological conditions [5]. By limiting the paracellular flux of hydrophilic 
molecules, the BBB maintains homeostatic differences between blood and CSF constituents, and 
through selective transport acts as a highly selective barrier to maintain the ionic concentrations 
of the CNS within a narrow physiological range [3]. Less hindered interaction between CNS and 
peripheral blood is limited to circumventricular organs (CVO), in which fenestrations of the BBB 
enable regulation of metabolic and endocrine function [6]. There is increasing evidence that cross 
talk between CVO and peripheral immunity exists, such that pro-inflammatory cytokines produced 
in the periphery can feed back to the brain and vice versa [7–10]. The strict definition of “immune 
privilege” has softened in recognition of immune-surveillance and inflammatory responses in 
the CNS that are associated with circulating leukocytes [2, 11]. The growing consensus is that while 
CNS immunity is adapted to support the post-mitotic neural cell population, it is both immune com-
petent and interacts with the peripheral immune system.

15.1.1  Defining neuroinflammation

Inflammation in peripheral tissue serves two general purposes: (1) homeostasis by removal of dead 
tissue, and promoting rapid death of injured cells; and (2) tissue defense by production of cytotox-
ins, as well as cytokine and chemokine synthesis for immune cell recruitment and coordination 
of the immune response [11]. In the CNS both functions are required, however—the inflam-
matory response of the CNS is attuned to protect terminally differentiated post-mitotic neural 
cells. As CNS function is dependent on activity-driven development of precise neural circuitry, 
 inflammation-mediated remodeling of neural circuitry is not necessarily adaptive or beneficial to 
the healing response [11]. Immune processes of the CNS, therefore, do not typically result in abun-
dant pro-inflammatory T-cell and mononuclear phagocyte recruitment at the injury site as is the 
case in peripheral tissues such as skin. For example, intradermal delivery of heat-killed mycobac-
terium Bacillus Calmette-Guérin (105 organisms in 1μl) results in rapid recruitment of MHC II+ 
mononuclear phagocytes and activated T-cells within the first seven days [12]. The same amount 
of mycobacterium delivered to brain parenchyma, however, does not initiate T cell activation, and 
there is limited mononuclear phagocyte recruitment [12]. 

That is not to say, however, that the CNS is passive in its inflammatory response to pathogens 
or injury. The innate immune response of astrocytes and resident microglia, which comprise >50% 
of the total CNS cell population, contributes to inflammatory processes. In response to CNS insult, 
astrocytes become “reactive,” undergoing cellular hypertrophy and producing pro-inflammatory 
cytokines including tumor necrosis factor α (TNF-α) and interleukin-6 (IL-6) [13]. Furthermore, 
reactive astrocytes form a scar border around injured CNS tissue, protecting non-affected CNS tis-
sue from being exposed to dead cell clearance and necrotic factors. While the barrier function of the 
astrogliotic scar is beneficial in the short term, such scar formation prohibits axonal regrowth and 
neuroregeneration at the injured site [14]. 

Resident microglia also contribute to the innate neuroinflammatory response of the CNS. Unlike 
neurons and astrocytes, which are neuroectodermal in origin, resident microglia of the CNS are of 
mesenchymal origin [15]. Their role in tissue repair after injury has been compared to that of resi-
dent macrophages in peripheral organs [4]. Microglia activation occurs at the onset of CNS injury, 
often preceding reactions of other cell types, and is known to be induced by a number of cytokines 
and small molecules associated with the extracellular milieu at the injury site [16]. Once activated, 
microglia proliferate, change their morphology into an amoeboid shape, and phagocytose cells that 
are pathologically injured. As professional phagocytes, activated microglia act as first responders to 
destroy invading microorganisms, remove cellular debris, and restore homeostasis by secreting neu-
rotrophic factors [4, 16]. In the relative absence of classical antigen-presenting cells (i.e., dendritic 
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cells, B-cells), activated microglia also play a key role in the adaptive immune response following 
injury in the CNS [17]. Indeed, microglia that are activated by pro-inflammatory cytokines have 
been shown to express MHC class II and co-stimulatory molecules capable of activating CD4+ T 
cells [17].

The term neuroinflammation is relatively new, not appearing in the scientific literature before 
1995 [18], and broadly describes the aforementioned specialized inflammatory processes of the 
CNS in response to or implicit in injury (acute) and disease (chronic). Regarding disease, a neuro-
inflammatory response is associated with a number of chronic neurodegenerative disorders, includ-
ing Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and 
Parkinson’s disease (PD). As such, the definition of neuroinflammation has been narrowed by many 
to denote the role of inflammatory processes in the pathophysiology of chronic neurodegenerative 
disease [18, 19]. 

15.1.2  Pufa oxiDation anD neuroinflammation

Common to both acute and chronic neuroinflammation is underlying oxidative stress, a hallmark 
of neuroinflammatory processes caused by an imbalance of reactive oxygen species (ROS) and 
the CNS’s ability to neutralize them. Neural tissue is prone to oxidative stress and ROS-induced 
injury for a number of reasons. First, the human brain is one of the most metabolically active 
organs in the body. While representing ~2% of total body mass, the brain consumes ~20% of total 
oxygen used by the body [20]. Second, the lipid-rich brain tissue is highly concentrated in poly-
unsaturated fatty acids (PUFAs) that are vulnerable to lipid peroxidation. Finally, as compared 
to other organ systems, the neural tissue of the CNS has lower antioxidant capacity [20]. The 
consequence of acute or chronic injury in neural tissue enriched with PUFAs is the accumulation 
of lipid peroxidation species, which themselves are pro-inflammatory in nature and feed forward 
to cause neurodegeneration. In ALS, for example, chronic activation of astrocytes and microglia 
is associated with COX-2–catalyzed oxidation of PUFA arachidonic acid, subsequent production 
of reactive oxygen species as a by-product of COX-2 peroxidase activity, and neurodegeneration [21, 
22]. This chapter reviews neuroinflammation associated with oxidation of arachidonic acid. In that 
light, the therapeutic role of natural vitamin E tocotrienol as a modulator of neuroinflammation 
will be addressed.

15.2  TOCOTRIENOL VITAMIN E

Herbert M. Evans is credited with the discovery of vitamin E in 1922, when he found that the 
 chlorophyll-rich fraction of oil from lettuce leaves was essential for reproduction in rats kept on a 
rancid lard diet [23]. Knowing that this fertility factor was lipid soluble, he experimentally validated 
that his supplement was unique from the other two known lipid-soluble vitamins of the time—
vitamins A and D. In 1936, Evans published the chemical formula of vitamin E in the Journal 
of Biological Chemistry [24] and appropriately named it tocopherol from the Greek words tocos 
meaning childbirth and pheros meaning to support. 

Today, the natural vitamin E family is known to be composed of eight distinct isomers divided 
evenly into two family groups—tocopherols and tocotrienols [25, 26]. Common to all eight family 
members is a chromanol head and a 16-carbon long hydrocarbon tail (Figure 15.1). Tocopherols 
possess a saturated phytyl tail with three chiral carbons, while tocotrienols have a farnesyl tail with 
three unsaturated bonds at carbon positions 3', 7', and 11'. The chromanol head of tocopherols and 
tocotrienols bears their well-known antioxidant function [26]. The position and degree of methyla-
tion on the chromanol head is denoted by their designation as α, β, γ, or δ [25].

Compared to tocopherols, tocotrienols are less ubiquitous in the plant kingdom [26]. Tocotrienols 
are the major form of vitamin E in seeds of most monocots and a limited number of dicots. Analyses 
of tocotrienol enrichment in plants revealed that the presence of this natural vitamin E is localized 
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in non-photosynthetic tissue [27]. Natural dietary sources of tocotrienols include cereal grains such 
as oat, rye, and barley [28]. Palm oil, a common cooking oil in Eastern diets, is one of the most 
abundant natural sources of tocotrienols, with crude palm oil (also referred to as the “tocotrienol-
rich fraction”) containing up to 800 mg/kg of α- and γ-tocotrienol isotypes [26]. The distribution of 
vitamin E in palm oil is 30% tocopherols and 70% tocotrienols. In contrast, other commonly used 
dietary vegetable oils—including corn, olive, peanut, sesame, soybean, and sunflower—contain 
tocopherols exclusively [26]. 

While all eight vitamin E family members are metabolized by the human body, one isoform, 
α-tocopherol, is preferentially transported to tissues. Consequently, as the most bioavailable form of 
vitamin E, and with a well-characterized and selective transport mechanism in mammals, the vast 
majority of vitamin E research to date has focused on α-tocopherol [26, 28]. Comparatively, less 
than 2% of the peer-reviewed literature on vitamin E addresses tocotrienol family members [28]. 
The disparity in vitamin E research on the basis of tissue distribution has led to a public and scien-
tific misconception that vitamin E and α-tocopherol are synonymous. Indeed, the Recommended 
Dietary Allowance for vitamin E as established by the Institute of Medicine is based solely on 
α-tocopherol [29]. Furthermore, title claims of numerous preclinical and clinical trials testing “vita-
min E” in various states of health and disease largely address α-tocopherol alone [30]. 

A growing body of literature, however, suggests that the lesser-characterized tocotrienol vitamin 
E family members possess unique biological activity not shared by their tocopherol counterparts. 
For example, α-tocotrienol is a potent neuroprotective agent at nanomolar concentration [25]. On 
a concentration basis, this represents the most potent biological function of all natural forms of 
vitamin E [28]. While oral supplementation of α-tocotrienol does reach brain tissue in sufficient 
quantity to confer neuroprotection, mechanisms of delivery remain to be elucidated. The well- 
characterized protein carrier for α-tocopherol, known as the tocopherol transfer protein (TTP), 
has an 8.5-fold higher affinity for α-tocopherol over α-tocotrienol [31]. True to the Greek name 
bestowed by Evans, TTP knockout mice are unable to bear offspring as a result of α-tocopherol 
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deficiency [32]. Interestingly, oral supplementation of α-tocotrienol to TTP knockout mice restores 
fertility, suggesting alternative mechanisms of transport [33]. Indeed, oral α-tocotrienol supplemen-
tation has been reported to reach a number of vital organs, including heart, lung, liver, spinal cord, 
and brain [33].

15.3   ARACHIDONIC ACID CASCADE IN NEUROINFLAMMATORY DISEASE

Phospholipid membranes are highly enriched with n-3 and n-6 PUFAs. Taken together, arachidonic 
acid (AA; 20:4n-6 PUFA) and docosahexaenoic acid (DHA; 22:6n-3) account for one-fifth of all 
fatty acids in the mammalian brain [34]. Both are nutritionally essential to early development and 
postnatal brain physiology, including membrane fluidity, signal transduction, and gene transcription 
[35–39]. A number of chronic neuroinflammatory conditions in the human brain are associated with 
disturbed PUFA metabolism of AA, including AD, PD, and ALS [40, 41]. In such pathological states, 
AA that is liberated from membrane phospholipids undergoes oxidative metabolism, forming pro-
inflammatory metabolites. Uncontrolled enzymatic or nonenzymatic oxidative metabolism of AA 
is referred to as the AA cascade and amplifies the overall production of free radicals and oxidative 
damage to lipids, proteins, and nucleic acids (Figure 15.2). Natural vitamin E α-tocotrienol has been 
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reported to disrupt the AA cascade on the basis of both antioxidant-dependent and independent 
mechanisms. 

15.3.1  PhosPholiPase a2

The phospholipase A2 (PLA2) family is characterized by a common function—the enzymatic 
hydrolysis of the sn-2 ester bond of glycerophospholipids producing a free fatty acid (i.e., AA) and 
lysophospholipid (i.e., lysophosphatidylcholine, LPC). There are five classes of PLA2: (1) secreted 
small molecular weight sPLA2, (2) larger cytosolic calcium-dependent cPLA2, (3) calcium- 
independent iPLA2, (4) platelet-activating factor acetylhydrolases (PAFA), and (5) lysosomal 
PLA2 isozymes. Currently, only sPLA2 and cPLA2 have defined roles in neuroinflammatory AA 
metabolism [42].

PLA2 activity is induced by a rise in intracellular calcium [43–46]. Indeed, calcium dysho-
meostasis is a hallmark of acute and chronic neuroinflammation. In AD, increased intracellu-
lar calcium elicits characteristic lesions, accumulation of amyloid-β, hyperphosphorylation of 
TAU protein, and neural cell death [47]. In stroke, unregulated extracellular glutamate release 
overstimulates NMDA receptors, leading to excessive influx of intracellular calcium and cPLA2 

activation [48]. The sPLA2s are characterized by the requirement of histidine in their active site, 
calcium for catalysis, and the presence of six conserved disulfide bonds [49]. Under pathological 
conditions of ischemic stroke, sPLA2 mRNA and protein expression is significantly upregulated 
[50, 51] and activity is induced by inflammatory cytokine tumor necrosis factor-alpha (TNF-α) [52]. 
The cPLA2s are the only PLA2 that demonstrate a preference for AA in the sn-2 position of phos-
pholipids [53]. Localized predominantly in gray matter, they lack the disulfide bonding network 
of sPLA2s and function through the action of a serine/aspartic acid dyad [54]. Under pathologi-
cal conditions, cPLA2 subunit mRNA and protein expression is elevated [46]. Intracellular Ca2+ 
accumulation mediates cPLA2 subunit translocation to the membrane phospholipid bilayer [55], 
and activity is induced by phosphorylation of serine residue 505 by mitogen-activated protein 
kinase [56].

Once released by PLA2, free AA has three potential fates: reincorporation into phospholipids, diffu-
sion outside the cell, and metabolism. In a pathological setting associated with neuroinflammation, the 
accumulation and oxidation of free AA produces pro-inflammatory prostaglandins, leukotrienes, throm-
boxanes, isoprostanes, and other nonenzymatic lipid peroxidation species [57]. The AA cascade ampli-
fies the overall production of free radicals, both reactive oxygen and nitrogen species, and subsequently 
oxidative damage to lipids, proteins, and nucleic acids. 

It has recently been shown that α-tocotrienol attenuates cPLA2 activity under conditions of 
 glutamate-mediated toxicity in neural cells [58]. Glutamate is the most abundant neurotransmitter 
of the CNS. Atypical glutamate clearance at the synaptic cleft as found in ALS, AD, and stroke 
patients contributes to a pro-inflammatory phenotype and neurodegeneration. Glutamate activates 
cPLA2 in neurons in a calcium-dependent manner leading to the hydrolysis of AA from phospho-
lipids [58]. Both phosphorylation and translocation of cPLA2 are inhibited with nanomolar con-
centrations of α-tocotrienol, a level previously demonstrated to be readily achievable by dietary 
supplementation [33, 59]. Targeting PLA2 to prevent neuroinflammatory processes associated with 
AD is being actively investigated [60]. Of note, mixed vitamin E (tocopherols and tocotrienols) 
but not tocopherols alone were found to reduce the risk of AD in clinical investigation [61]. Taken 
together, further study of tocotrienol-mediated attenuation of PLA2 activity for prevention of chronic 
inflammatory disease (i.e., AD) is warranted.

15.3.2  nonenzymatic oxiDative metabolism of arachiDonic aciD 

Free radical species react with double bonds of PUFAs producing alkyl radicals, which in turn 
react with molecular oxygen to form a peroxyl radical (ROO )̇. Importantly, peroxyl radicals can 
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abstract hydrogen from adjacent PUFAs to produce a lipid hydroperoxide (ROOH) and a  second 
alkyl radical, thereby feeding forward a chain reaction of lipid oxidation [62]. Lipid peroxides 
degrade and give rise to α,β-unsaturated aldehydes that include 4-hydroxynonenal (4HNE). 
Pathophysiological links have been made between 4HNE and a number of chronic neuroinflam-
matory diseases, including PD, ALS, and AD. In AD, for example, 4HNE forms aldehyde-protein 
adducts and hastens Aβ aggregation and toxicity, which in turn induces greater oxidative stress 
and lipid peroxidation [63]. 

Vitamin E is best known as a lipophilic antioxidant and the first line of defense in protecting 
lipid membranes from peroxidation [64]. Compared to tocopherols, the antioxidant capacity of 
tocotrienols is believed to be significantly greater [65, 66]. Because of the unsaturated nature 
of their phytyl tail, tocotrienols possess greater flexibility in the side chain that increases cur-
vature stress on phospholipid membranes [67]. It is believed that the unsaturated side chain of 
tocotrienol also enables more efficient penetration into tissues with saturated fatty layers such 
as brain [68]. 

15.3.3  enzymatic oxiDative metabolism of arachiDonic aciD

15.3.3.1  Cyclooxygenase
Following PLA2 liberation, the primary effectors of enzymatic AA oxidation are cyclooxygenases 
(COX), lipoxygenases, and epoxygenases. The role of cyclooxygenase in neuroinflammation and 
neurodegenerative disease remains clouded. Cyclooxygenase is expressed in two forms: COX-1 
is widely distributed in a number of cell types and believed to mediate physiological responses, 
while COX-2 is widely recognized as an inducible form rapidly expressed in response to cyto-
kines in a pro-inflammatory state. As such, selective COX-2 inhibition has been the focus of 
many trials to attenuate inflammation without affecting the physiological function of COX-1. In 
the CNS, however, there is evidence to support constitutive expression of COX-2 in hippocampal 
and cortical glutamatergic neurons for homeostatic function that includes neurovascular coupling 
and synaptic plasticity [69, 70]. It is not surprising then that outcomes of preclinical and clini-
cal trials to test COX-2 inhibitors in neuroinflammatory disease have been mixed. In models of 
cerebral ischemia, COX-2 inhibition has been reported to attenuate acute neuronal injury [71, 72]. 
Conversely, in models of primary inflammation (i.e., lipopolysaccharide injection) COX-2 knock-
down is reportedly associated with increased glial activation and inflammation [73]. While the 
specific role of COX in acute and chronic neuroinflammatory pathology remains to be elucidated, 
changes in expression patterns of COX and selective inhibition ameliorating disease have been 
reported [74]. For example, COX-1, but not COX-2, inhibitors have been shown to reduce the risk 
of AD. Conversely, in preclinical models of PD and ALS, COX-2 inhibitors are neuroprotective. 
To date, literature on the effects of tocotrienols on cyclooxygenase expression and activity are 
scant. Tocotrienols have been reported to lower peripheral macrophage expression of COX-2 fol-
lowing LPS stimulation [75]. Given the unique expression pattern and functional significance of 
COX in the CNS, however, it remains to be seen whether tocotrienols have any effect on COX-
mediated neuroinflammation.

15.3.3.2  Epoxygenase
Cytochrome P450 (CYP) epoxygenases metabolize AA into epoxyeicosatrienoic acids (EETs). 
Compared to COX and LOX enzyme systems, CYP activity in CNS health and disease is gener-
ally viewed in the light of anti-inflammatory effects and neuroprotection [76, 77]. EETs have been 
shown to protect neurons and astrocytes from ischemic brain injury and inhibit cytokine-induced 
endothelial cell adhesion molecule expression. The biological significance of CYP and EETs in the 
CNS, however, has been examined less than COX and LOX enzyme systems—owing in part to 
low expression levels of CYP in CNS tissue as compared to peripheral organs [78]. Likewise, the 
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biological significance of tocotrienol vitamin E on CYP function in the CNS remains to be exam-
ined in detail. 

15.3.3.3  Lipoxygenase
The lipoxygenase (LOX) enzyme family is composed of four members (5-, 8-, 12-, and 15-LOX) 
that are differentiated on the basis of the carbon position in which they oxidize arachidonic acid [20]. 
While each LOX isoform carries out the same general reaction, hydrogen abstraction and insertion 
of oxygen in AA, each has a unique gene structure, amino acid sequence, and tissue distribution 
profile. Only three forms of LOX are found in brain tissue: 5-, 12-, and 15-LOX [57]. Of these, 
12-LOX is the most abundant in the brain [79], with highest expression in cortical neurons, astro-
cytes, and oligodendrocytes [80]. Once AA is cleaved from the sn-2 position of glycerophospho-
lipids, LOX metabolism generates pro-inflammatory hydroperoxyeicosatetraenoic acids (HPETEs) 
and leukotrienes [20]. The HPETE products are quickly reduced to corresponding hydroxy deriva-
tives (i.e., 12-HETE) by cellular peroxidase activity.

The significance of 12-LOX-mediated neuroinflammation and neurodegeneration is best docu-
mented in response to acute ischemic stroke. Following stroke, 12-LOX enzyme activity and metab-
olites are increased in the stroke-affected hemisphere [81–83], and 12-LOX metabolism of AA is 
known to damage mitochondria in the brain [84]. 12-LOX–deficient mice are resistant to ischemic 
stroke injury [85], and at nanomolar concentrations α-tocotrienol vitamin E is a known 12-LOX 
inhibitor in neural cells subjected to glutamate-mediated neurotoxicity [86]. In silico studies sug-
gest the presence of an α-tocotrienol binding site on 12-LOX that prohibits access to AA [86]. 
Furthermore, in small- and large-animal preclinical models of acute ischemic stroke, prophylactic 
oral supplementation of α-tocotrienol attenuates stroke-induced lesion volume [30, 81] and reduces 
the evolution of edema in the first 48 hours after stroke [30]. 

12-LOX catalytic function is regulated by tyrosine kinases. In response to high levels of extracel-
lular glutamate, as is the case in acute brain injury [20], 12-LOX undergoes tyrosine phosphoryla-
tion by c-Src kinase [85]. Indeed, rapid activation of c-Src plays a critical step in neurodegeneration 
[87, 88] such that c-Src knockdown or blockade of activity in mice protects neocortex from ische-
mic stroke-induced injury [89]. Importantly, extracellular glutamate-induced c-Src activity is com-
pletely blocked by nanomolar levels of α-tocotrienol but not α-tocopherol [88]. 

In chronic neuroinflammatory disorders, the significance of LOX metabolism is less clear. 
Recently, 5-LOX inhibition has been shown to limit cuprizone-induced demyelination and neu-
roinflammation in a mouse model of MS [90]. Furthermore, 12/15-LOX protein and activity are 
reported to be elevated in AD human brain as compared to age-matched control brain [91]. Whether 
tocotrienols attenuate LOX-mediated injury in chronic neuroinflammatory disorders such as MS or 
AD, however, remains to be investigated.

15.4  CONCLUSION AND FUTURE DIRECTIONS

The highly specialized cellular environment of the CNS, enriched with PUFAs and terminally 
differentiated neural cells, is susceptible to neuroinflammation and neurodegeneration via uncon-
trolled oxidative metabolism of AA. Thus far, research efforts and drug development have 
focused on specific perpetrators of oxidative injury in the AA cascade that appear to be disease 
dependent. Given multiple pathways of oxidative AA metabolism, however, targeting a single 
protein may result in shunting of substrate to another. This conclusion is supported in part by 
the limited efficacy of pharmacological immunotherapies that while relatively specific in their 
action have largely failed in clinical trials. Therapeutic intervention that targets multiple levels 
of the AA cascade are therefore more likely to succeed in clinical applications. A growing body 
of literature suggests that the lesser-characterized vitamin E tocotrienol may be such an inter-
vention. As a naturally occurring vitamin with a long history of safe dietary consumption, the  
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risks of toxicity and other side effects for tocotrienol are low. To that end, the FDA has recently 
approved GRAS (Generally Recognized As Safe) status for tocotrienols to be included as a 
supplement in functional foods. Successful outcomes of preclinical and clinical pilot studies 
now set the stage for larger-scale clinical testing of tocotrienol vitamin E against neuroinflam-
matory disease.

TAKE-HOME MESSAGES

• Immunological responses of the CNS are unique from, but not exclusive of, the periphery.
• Inflammation of the CNS occurs under both homeostatic (controlled) and pathological 

(uncontrolled) conditions.
• Neuroinflammation is a term used to denote pathological (uncontrolled) immune response, 

often in the context of neurodegenerative disease.
• Oxidative stress and uncontrolled metabolism of arachidonic acid are hallmarks of 

neuroinflammation.
• The uncontrolled metabolism of arachidonic acid is implicated in both acute and chronic 

neuroinflammatory diseases, including ischemic stroke, Alzheimer’s, Parkinson’s, amyo-
trophic lateral sclerosis, and multiple sclerosis.

• Tocotrienols represent one-half of the natural vitamin E family, and possess unique bio-
logical function as compared to the better-characterized tocopherols.

• Orally supplemented tocotrienols are delivered to vital organs, including brain and spinal 
cord, in sufficient quantity to exert biological effect.

• Tocotrienols inhibit oxidative metabolism at multiple levels of the arachidonic acid cas-
cade by both antioxidant-dependent and independent mechanisms.

• Natural vitamin E α-tocotrienol is a 12-lipoxygenase inhibitor and protects brain tissue 
from stroke-induced neuroinflammation and cell death.

• As a natural dietary supplement with a history of safe consumption, tocotrienol vitamin E 
represents a low-risk/high-reward candidate for clinical testing against neuroinflammatory 
disease.
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16.1  INTRODUCTION

Autoimmune diseases are characterized by persistent inflammation mediated by perturbation in 
the immune system. They are usually accompanied by the presence of autoantibodies or autore-
active T cells. However, in some diseases the defect may lie in the innate immune system like 
auto- inflammatory diseases. The classical example of autoimmune disease is systemic lupus ery-
thematosus (SLE), where an array of autoantibodies is associated with a multisystem involvement. 
In contrast, in rheumatoid arthritis (RA) the immune attack is more restricted and the synovium is 
the major target. Autoreactive B and T cells alone are not sufficient to cause autoimmune disease; 
they need to have access to their target site, initiate an inflammatory response through recruitment 
of other immune cells, soluble mediators like cytokines and chemokines, to cause uncontrolled 
inflammation and tissue damage resulting in disease. In this chapter we take two prototype diseases, 
one that is mainly initiated by the presence of autoantibodies and another mediated by T cells, and 
discuss the inflammatory cascades involved.
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16.2  RHEUMATOID ARTHRITIS

Rheumatoid arthritis is a chronic autoimmune inflammatory disorder predominantly affecting the 
joints. Though autoantibodies are present in a majority of patients, T cells are supposed to play the 
major role in disease pathogenesis. Earlier, RA was thought to be a Th1-mediated disease, but now 
the role of Th17 cells in its pathogenesis is thought to be more crucial. Apart from T cells, the RA 
synovium is also rich in monocytes and neutrophil infiltrates, which contribute further to disease 
pathology. All these immune cells initiate a strong inflammatory reaction in the synovium, which 
ultimately leads to cartilage destruction and bone erosion. Hence, it is important to understand the 
inflammatory cascade that leads to the recruitment of immune cells resulting in tissue damage in 
order to design molecules that can block the disease at this step.

16.2.1  Adhesion

During adhesion the circulating leukocytes tether to endothelium transiently and “roll” when this 
bond is broken by the shearing force of flowing blood. In response to inflammatory stimuli, the 
endothelium becomes activated and starts expressing cell surface molecules that overcome the 
shearing force and cause firm adhesion of leukocytes. These surface molecules are the key players 
in adhesion.

Selectins and their ligands are important initiators of adhesion (Ley and Tedder 1995). The three 
main members of the highly conserved selectin family are E-, P-, and L-selectins, expressed by 
endothelial cells, platelets and endothelial cells, and leukocytes, respectively. P-selectins are trans-
ported to the cell surface from granules inside platelets and endothelial cells during initial phase 
of inflammation and are crucial for leukocyte rolling (Nolte et al. 1994). E-selectin is expressed in 
response to pro-inflammatory cytokines like TNF-α, while L-selectin is constitutively expressed. 
Selectins generally have a low affinity for their ligands, hence, leukocytes are able to “roll” along 
the endothelium instead of being firmly attached to it (Kansas 1996). As mentioned earlier, an 
important aspect of selectin binding is that it takes place in a dynamic environment and is affected 
by shear forces of the blood. If this shear force is below a certain level, then leukocytes remain 
bound to the endothelium. Once this threshold is crossed, the selectin-ligand binding breaks and the 
leukocyte is free to roll until new bonds are formed (Thomas 2006).

Integrins are another family of molecules involved in leukocyte rolling, adhesion, and more 
importantly in transmigration from periphery into extravascular tissue. They also mediate rolling 
but are less efficient than selectins and are not constitutively expressed (Springer 1995). Integrins are 
formed of two structural subunits α and β that link non-covalently to form heterodimers. Although 
18α and 8β subunits have been identified thus far, the actual number of heterodimers is much more 
as one α subunit can interact with more than one β subunit (Luo et al. 2007). Integrin subfamilies 
are grouped according to their subunits. In relation to autoimmunity, the α4 integrin has been most 
studied. It aids migration of T cells into the target organ after interaction with VCAM-1. 

Integrins bind to cellular adhesion molecules (CAMs), like intercellular cell adhesion molecules 
(ICAM), vascular cell adhesion molecules (VCAM), and the less commonly discussed junctional 
adhesion molecules (JAMs). Leukocytes engage VCAM-1 (CD106) by their α-4 integrin receptor 
(Elices et al. 1990). PECAM-1 (platelet endothelial cell adhesion molecule) or CD31 is crucial for 
leukocytes to migrate across the endothelium (Muller et al. 1993). It has been shown that CD31 
engagement causes upregulation of integrins, especially α6β1 that mediates leukocyte transmigra-
tion (Dangerfield et al. 2002). Apart from these, certain integrin binding sites may also be exposed 
during inflammation (Smith 2008), thereby resulting in a positive feedback recruitment of more 
leukocytes. 

The ICAMs are type I transmembrane glycoproteins belonging to the immunoglobulin super-
family and comprise five members (Lawson and Wolf 2009). ICAM1 is expressed by most cells 
upon pro-inflammatory stimulus. Interaction of ICAM1 with its cognate ligand leads to an increase 
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in intracellular calcium ions, which ultimately causes expansion of endothelial junctions, thereby 
facilitating transmigration. This interaction results in a motion termed “crawling of leukocytes over 
the endothelium” and is known to be crucial for migration (Phillipson et al. 2006). While ICAM1 
forms homodimers, ICAM2 is a monomer and is constitutively expressed on platelets and endothe-
lial cells. Its expression is not affected by inflammatory cytokines. ICAM3 is expressed predomi-
nantly by leukocytes and ICAM4 by erythrocytes. ICAM4 is important in erythrophagocytosis seen 
in some autoimmune diseases like systemic onset juvenile arthritis or systemic lupus erythemato-
sus. ICAM5 is widely distributed on cells of the central nervous system.

VCAMs are expressed only upon stimulation of the endothelium. VCAM-1 mediates the adhe-
sion of lymphocytes, monocytes, eosinophils, and basophils to vascular endothelium. It also func-
tions in leukocyte-endothelial cell signal transduction, and it may play a role in the development of 
atherosclerosis and rheumatoid arthritis.

JAMs are crucial for endothelial transmigration of leukocytes. Like ICAMs they are also type 
I transmembrane proteins, but JAMs are unusual in that their homologues are found in primitive 
invertebrates (Bradfield et al. 2007). JAMs are generally clustered at endothelial cell borders. To 
date, five members of the JAM family have been identified: JAM-A, JAM-B, JAM-C, JAM-4, and 
JAM-like (JAML). JAM-C is upregulated in patients with osteoarthritis and RA and is important 
for leukocyte recruitment and adhesion to the arthritic synovium (Rabquer et al. 2008). Thus, JAMs 
may be an important therapeutic target for RA.

16.2.2  MigrAtion

All steps prior to transendothelial migration (TEM) are reversible, that is, leukocytes can reenter 
circulation after initiating rolling and adhesion. However, once diapedesis occurs, the leukocyte 
cannot go back into circulation (Muller 2009). Ligation of integrins increases intracellular Ca2+ ions, 
as well as p38 mitogen-activated protein kinase (MAPK) and RAS homologue (RHO) GTPase. 
Together, these cause endothelial-cell contractions, facilitating transmigration. Leukocytes can 
cross the endothelial barrier in two ways—they can either squeeze through gap junctions in the 
endothelium itself (paracellular migration), or they can migrate transcellularly. PECAM1, JAM-A, 
and ICAM2 are involved in paracellular migration. This pathway is initiated with ICAM-1 ligand 
binding and is thought to be the normal mode of transmigration. However, if crawling is impaired, 
then the transcellular pathway is followed (Phillipson et al. 2006). This pathway is also implicated 
in causing inflammation (Engelhardt and Wolburg 2004). Transcellular migration involves forma-
tion of intracellular channels by linking together of caveoli.

The final step in migration is penetration of basement membrane and pericyte sheath. Integrins 
are again involved in this process along with other factors like matrix metalloproteases (MMP-3). 
The basement membrane has certain permissive sites where the expression of laminin and collagen 
is very low (Wang et al. 2006). It is hypothesized that these sites are also more sensitive to chemoat-
tractants and, thereby, to the development of a chemoattractant gradient. 

16.2.3  Leukocyte Adhesion And MigrAtion And rA

The interaction of leukocytes with synovial endothelium is a pivotal point in the development 
of joint inflammation. RA synovial fluid and serum have high levels of soluble E- and P- selec-
tin, ICAM-1, VCAM-1, and PECAM-1 (Palmer et al. 2006). These molecules aid the adhesion 
and transmigration of pathogenic leukocytes into the RA joint. Blockade of α4β1/VCAM-1 and 
α6β2/ICAM-1 interactions in animal models has been shown to suppress immune cell migration 
to the joint and ameliorate disease (Issekutz et al. 1996). Similarly, antibody-mediated blockade 
of PECAM-1 signaling in mice reduced arthritis (Ishikaw et al. 2002). However, clinical trials in 
human subjects have not shown promising results. Use of anti–ICAM-1 monoclonal antibodies in 
an open-label study in RA patients had only limited benefits (Kavanaugh et al. 1996). Yet another 
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study that used anti-sense oligonucleotides to block ICAM-1 reported no efficacy in RA patients 
(Maksymowych et al. 2002). Thus, while molecules involved in leukocyte adhesion and migration 
are overexpressed in RA and are potential therapeutic targets, inhibition of single molecules is not a 
successful treatment strategy. This could be due to functional redundancy among various members 
of the leukocyte recruitment pathway.

16.2.4  roLe of cheMokines And their receptors in Adhesion And MigrAtion

Chemokines (chemotactic cytokines) and chemokine receptors play an important role in leukocyte 
extravasation by regulating the expression on integrins and selectins. Receptors on tethered leu-
kocytes sense the chemokines bound to the endothelial cell membrane, leading to firm adhesion 
(Langer and Chavakis 2009), which precedes endothelial transmigration. Chemokines are rapidly 
synthesized when endothelial cells are activated by pro-inflammatory cytokines (Ley et al. 2007). 
Several important chemokines like CXCL4, CXCL7, and CCL5, and chemokine receptors like 
CXCR4 and CXCR5 are released during degranulation of platelets and mast cells and transported 
to endothelium (von Hundelshausen et al. 2001). Receptor-ligand binding can trigger downstream 
signaling by two pathways (Imhof and Aurrand-Lions 2004). In the first pathway, a GTPase RAP is 
converted from its inert GDP-bound form to active GTP-RAP complex. This induces adhesion and 
migration mediated by α4β1 integrin (McLeod et al. 2004).

The second signaling pathway involves PI3K, leading to subsequent activation of atypical protein 
kinase C-ζ. The role of PKC-ζ is to increase integrin avidity and mobility, causing the formation 
of integrin clusters (Giagulli et al. 2004). In the next step, PYK2 (protein tyrosine kinase 2β) is 
activated and causes polarization of integrin clusters to facilitate migration (Avraham et al. 2000).

The CXC chemokines mainly act on neutrophils and lymphocytes, whereas the CC chemokines 
mainly act on monocytes and lymphocytes without affecting neutrophils (Iwamoto et al. 2008). 
Table 16.1 lists some chemokines and their functions.

16.2.5  LocAL infLAMMAtion

Once the T cells have gained access to their target site, they either release pro-inflammatory cyto-
kines themselves or instigate a cascade of events leading to inflammation. However, the presence 
of autoreactive T cells alone is not sufficient to cause autoimmune diseases (Mackay et al. 2008). 
Development of the latter usually depends upon the response of the target tissue to initial damage 
and inflammation (Hill et al. 2007). This section discusses how the target tissue itself can contribute 
to either remission or exacerbation of an autoimmune disease.

Similar to immune cells and endothelium, the target tissue itself can produce chemokines that 
can worsen the inflammation. These locally produced chemokines have been shown to be impor-
tant for pathogenesis of several autoimmune diseases. In RA, locally produced chemokines are 
well known to exacerbate inflammation and tissue damage. The synovium and chondrocytes both 
secrete numerous cytokines (Patel et al. 2001; Kanbe et al. 2002). Apart from this, the infiltrating 
cells express high levels of the chemokine receptors CXCR3, CCR5, CCR3, CCR2, and CXCR2 
(Katschke et al. 2001). CCR-2, the receptor for CCL-2 (also called monocyte chemoattractant 
 protein-1/MCP-1) is highly expressed by RA synovial macrophages and its levels correlate signifi-
cantly with levels of IL-1β, IL-6, and IL-8/CXCL8 in culture supernatants of synovium from RA 
patients. CXCR6 is expressed more in RA synovium than in peripheral blood. Treatment of mice 
with collagen-induced arthritis (CIA) with anti-CXCR6 antibody reduced infiltration of inflamma-
tory cells, bone destruction, and overall arthritis score (Nanki et al. 2005). 

Apart from recruiting leukocytes to the synovial compartment, how else does the chemokine 
system influence the pathogenesis of RA? Chemokines stimulate chondrocytes and fibroblast-
like synoviocytes (FLS) to produce cartilage degrading factors like MMPs and pro-inflammatory 
cytokines (Iwamoto et al. 2008). CCL2, CXCL12, CXCL10, CXCL9, CCL13, and several other 
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chemokines induce cell proliferation, thereby causing synovial hyperplasia. Fractalkine, which is 
a chemoattractant for monocytes and T cells and inducer of adhesion and trans-endothelial migra-
tion, is also overexpressed in RA synovium, and its soluble form is present at higher levels in the 
synovial fluid than the blood (Murphy et al. 2008). Lastly, certain chemokines, known as the ELR 
chemokines because they possess the ELR (Glu–Leu–Arg) motif near the N-terminus before the 
first cysteine, are known to be angiogenic (Strieter et al. 1995).

Cytokines produced by target tissue also contribute to inflammation by promoting survival and 
proliferation of recruited leukocytes and also regulating the expression of adhesion molecules. 
This is of importance in RA, because not only are cytokines known to be highly expressed in the 
synovium, but blockade of cytokine signaling using biologicals has now been successfully incor-
porated in the therapeutic regimen of patients with RA. To further aid the development of new 

TABLE 16.1
Cellular Targets of Different Chemokines

Chemokine T-cell Neutrophils Monocytes DCs Eosinophils Basophils Mast cells B cells NK

CCL1 + + + +

CCL2 (MCP-1) + + + + +

CCL3 + +

CCL4 + +

CCL5 + + + +

CCL7 +

CCL8 + + + + + +

CCL9 +

CCL10 +

CCL11 +

CCL12 + + + +

CCL13 + + + + +

CCL14 +

CCL15 + + + +

CCL16 + + +

CCL17 +

CCL18 + +

CCL19 + + +

CCL20 + + +

CCL21 + +

CCL22 + + +

CCL23 + + +

CCL24 + + +

CCL25 + +

CXCL1 +

CXCL2 +

CXCL3 +

CXCL4 + +

CXCL5 +

CXCL6 +

CXCL8 + + +

CXCL9 +

CXCL10 + + + +

CX3CL1 + +

Note:	 + denotes cells that secrete the chemokine
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treatment strategies, it is essential to know which are the prominent cytokines involved in disease 
pathogenesis and the mechanism of their action. Most of these cytokines are produced by activated 
macrophages and are summarized in Table 16.2. In addition, B cells produce Blys and APRIL, 
which support the maintenance of autoreactive B-cell population. Belimumab and atacicept are the 
antagonists currently undergoing phase II clinical trials.

The rheumatoid synovium has been shown to be more than just a mere victim of a runaway 
immune system. The RA synovial fibroblasts (SFs) contribute to disease exacerbation by upregulat-
ing expression of adhesion molecules, which helps them to invade and degrade cartilage and bone 
by producing MMPs (Pap et al. 2000). A recent study reports that apart from perpetuating joint 
damage, RASFs can migrate, through the bloodstream, from affected to non-affected joints and 
transfer their pathogenic properties to the target cell (Lefevre et al. 2009). This is a prime example 
of how the target tissue can itself contribute to further worsening of disease.

T cell invasion of the synovium plays a crucial role in the loss of the articular cartilage and 
adjacent bone. Elegant studies have demonstrated that interplay between FLS, T cells, adhesion 
molecules, and cytokine contribution to RA pathogenesis (Muller-Ladner and Neumann 2009). The 
percentage of adherent cells increases upon stimulation of FLS with IFNγ, TNFα, or IL-1β. These 
cytokines also upregulate expression of adhesion molecule ICAM-1, and the adherent T cell sub-
set displayed a higher expression of the ICAM-1 counter-receptor LFA-1 (Matsuoka et al. 1991; 
Krzesicki et al. 1991). Co-culture experiments have shown that T cells and FLS can activate each 
other, but again, this is dependent on the expression of LFA-1/ICAM-1 interactions (Nakatsuka et al. 
1997). FLS stimulated for 24 hrs with T cells has increased production of MMPs, IL-6, and IL-8- 
factors important in joint inflammation and joint destruction (Yamamura et al. 2001). Another study 
documented production of ICAM-1, IL-8, IL-6, and IL-15 by FLS co-cultured for 96 hours with 
T cells (Miranda-Carus et al. 2004). 

16.2.6  tissue dAMAge

The various mechanisms underlying tissue damage in RA are not clear. However, some commonly 
implicated signaling pathways are those mediated by matrix metalloproteinases, RANKL-OPG 
interaction, and the WNT pathway.

TABLE 16.2 
Cytokines in Autoimmune Diseases

Cytokine Effects
Therapeutic 
Antagonist

TNF-α Induction of other proinflammatory cytokines and chemokines, angiogenesis, 
activation of endothelial cells, chondrocytes and osteoclasts

Infliximab, etanercept, 
adalimumab

IL-6 Maturation and activation of B and T cells, macrophages, osteoclasts, 
chondrocytes, and endothelial cells

Tocilizumab

IL-18 IL-32 induction 

IFN-γ Promotes NK cell activity and phagocytosis by macrophages, promotes antigen 
presentation, TH1 development, and leukocyte adhesion and migration

IL-23 Survival and proliferation of Th17 cells

IL-15 Survival of autoreactive T cells, secretion of TNF-α and Th17 HuMax

IL-22 Stimulates inflammatory responses, often coexpressed with IL-17

IL-1 family Activate synovial monocytes, chondrocytes, cause MMP-3 release by fibroblasts Anakinra, AMG 108

IL-33 Activation of mast cells, neutrophils migration to the synovium

IL-17 Upregulation of NF-κB, HLA class I, and several proinflammatory cytokines, 
osteoclastogenesis, monocyte migration to the synovium

In phase II trial

IL-12 Survival and proliferation of Th1 cells, induction of MMPx
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16.2.6.1  Matrix Metalloproteinases
The primary mechanism of tissue damage in RA appears to be because of MMPs. Members of the 
MMP family digest a nonidentical but overlapping group of connective tissue components. MMPs 
cleave not only ECM components, but also each other, thereby initiating a chain of events in which 
pro-MMPs are successively converted to their active forms. MMPs produced by RA SF include 
MMP-1, 3, 9, 10, and 13 (Abeles and Pillinger, 2006). MMP1 and MMP3 are important for RA 
pathogenesis, and MMP3 is also instrumental in aiding transmigration of inflammatory cells into 
the synovium (Tolboom et al. 2002). MMP1, also known as collagenase 1, is one of the primary 
enzymes responsible for the degradation of type II collagen (Goldring 2000). MMP3 (stromelysin 1) 
is active against cartilage matrix components, such as proteoglycan and fibronectin, and can acti-
vate pro-MMPs (Nagase 1997).

The secretion of MMPs is increased in response to pro-inflammatory cytokines like TNF and 
IL-1 (Brinckerhoff, 1991). Evidence proves that overproduction of MMPs facilitates joint destruc-
tion in RA cartilage explants (Martel-Pelletier et al. 1993). Increased MMP3 levels correlate with 
radiographic damage in RA (Posthumus et al. 2000).

16.2.6.2  Wnt Pathway
“Wnt” comprises a family of secreted glycoprotein ligands that bind to a group of cell surface recep-
tors called “frizzled” or “Fz.” Among its several other functions, the wnt-fz pathway is involved in 
osteogenesis. The binding of Wnt proteins to plasma membrane receptors on mesenchymal cells 
induces the differentiation of these cells into the osteoblast lineage and thereby supports bone for-
mation. It is thought that following joint injury or stress, the wnt-fz pathway may be responsible for 
activating RA FLS, thereby contributing to RA pathogenesis (Sen 2005).

Wnt signaling leads to stabilization of β-catenin, which then translocates to the nucleus, induces 
the gene needed for osteoblast development, and thus plays a critical role in bone remodeling. Mice 
that do not express β-catenin on differentiated osteoblasts develop severe osteopenia associated 
with increased numbers of activated osteoclasts resulting from an increased RANKL:OPG ratio; 
interestingly, the functional dysregulation of osteoblasts seen in these mice resembles the osteoblast 
phenotype found at sites of focal bone loss in inflammatory arthritis, suggesting that inhibition 
of Wnt signaling may be a mechanism whereby bone formation is compromised in inflammatory 
states (Glass et al. 2005). Sclerostin and Dickkopf-1 (Dkk-1), both expressed by osteoblasts and 
osteocytes, prevent Wnt signaling by interacting with Wnt co-receptors. In an elegant paper by 
Diarra et al. (2007), it was shown that blocking DKK1 in a CIA model resulted in the prevention of 
bone erosion. Later, in patients with RA, high levels of DKK were seen in serum, which normal-
ized after treatment with anti-TNF treatment, and the levels correlated with disease activity (Diarra 
et al. 2007).

Members of the wnt-fz family, like Wnt1, Wnt5a, and Fz5, are overexpressed in RA synovial 
biopsy (Sen et al. 2000). This increased expression is also associated with high levels of IL-6, IL-8, 
IL-15, fibronectin, and MMP3, all three of which are known to contribute to inflammation in RA 
(Sen et al. 2001; Sen et al. 2002).

16.2.6.3  RANK Pathway
Receptor activator of NF-κB (RANK), a member of the TNF receptor family, causes bone degrada-
tion and osteoclast maturation upon binding RANK ligand (RANKL). In RA synovium, RANKL 
is highly expressed at sites of bone erosion, and RASFs facilitate RANK/RANKL interaction 
by actively producing RANKL (Lee et al. 2006). RANKL is expressed by all cell types in the 
RA synovial tissue—T cells, neutrophils, chondrocytes, endothelial cells, and activated macro-
phages. In addition to a cell-bound RANKL form, activated T lymphocytes produce a secreted 
RANKL form, which can also be generated by proteolytic cleavage of the membrane-bound form 
(Hofbauer et al. 2001). RANK is expressed on osteoclast precursor cells, mature osteoclasts, and 
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dendritic cells. Osteoprotegerin (OPG) is a decoy receptor produced by osteoclasts and endogenous 
antagonist, which binds to RANKL and prevents bone resorption (Simonet et al. 1997). OPG also 
decreases the production of cytokines, such as IL-6 and IL-11, in response to DC stimulation by 
RANKL. RANKL is expressed by osteoblasts and bone marrow stromal cells, whereas its receptor 
RANK is expressed in preosteoclasts and other cells of this lineage (Vega et al. 2007).

Besides bone remodelling, RANK-RANKL interaction induces proliferation of antigen- 
presenting dendritic cells and T cells (Neumann et al. 2005). Activated T cells express more of 
RANKL and thereby induce chronic bone remodeling (Kotake et al. 2001). This is yet another 
mechanism by which T cells contribute to tissue damage in RA. IL-17 produced by Th17 cells is a 
potent inducer of RANK and osteoclastogenesis.

Several therapeutic agents currently in use act by inhibiting the RANK- RANKL path-
way. Methotrexate, sulfasalazine, and infliximab inhibit the expression of RANKL in RASFs 
in a dose-dependent manner and increase the synthesis of osteoprotegerin (OPG), a RANKL 
antagonist, in RASF supernatants (Lee et al. 2004). Even the efficacy of cyclosporine A in 
RA patients has been explained by a drug-induced inhibition of T cell activation, resulting in 
decreased RANKL production (Hofbauer et al. 2001). The role for the RANK signaling path-
way was further confirmed by reports that RA synovial fluid has lower OPG levels than OA 
(Takayanagi et al. 2000). These studies indicate that the RANK-RANKL-OPG pathway is a 
good therapeutic target for arthritis.

Thus in RA, Th1 and Th17 cells infiltrate the joint and produce cytokines and chemokines, 
which attract more immune cells like neutrophils and monocytes, and also stimulate these cells to 
secrete IL-1, IL-6, and TNF-α. T cells initiate and maintain activation of synovial fibroblasts, which 
are important players in RA pathology. The inflammatory milieu further supports the increased 
expression of MMPs and increased WNT and RANK signaling, leading to osteoclast differentiation 
and bone loss. Thus, targeting the migration of T cells into the RA synovium can be an effective 
therapeutic tool. 

16.3  SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)

SLE affects young females and presents with involvement of skin, joints, kidney, brain, and blood 
cells. The hallmark of this disease is the presence of antinuclear antibodies directed against various 
components of the nucleus, for example, DNA, RNA associated proteins. The precise mechanism 
of generation of autoantibodies is not clear but is presumed to be due to defective clearance of 
apoptotic bodies by the macrophages, thus increasing the load of nuclear autoantigens including 
nucleosomes. The presence of autoantigens leads to a break in tolerance and generation of patho-
genic autoantibodies in a genetically susceptible host (Gualtierotti et al. 2010).

16.3.1  how do these AutoAntibodies cAuse infLAMMAtion And tissue dAMAge?

Autoantibodies can cause tissue or cell injury in many ways. Antibodies can bind to cell surface 
expressed antigens or antigens adsorbed on the cell membrane from circulation and affect cell func-
tion or survival. Antibodies can bind to circulating antigens and form immune complexes (ICs). 
Immune complexes get trapped in the capillaries and initiate complement activation, release of 
chemo-attractants, egress of inflammatory cells, and consequent inflammation resulting in tissue 
injury (Toong et al. 2011).

Antibodies can bind to cell bound antigen and then antibody coated cells are taken up by macro-
phages in the spleen and destroyed. In SLE, antibodies directed against RBC and platelet antigens 
coat these blood cells, and as the blood is filtered through the spleen the antibody-coated blood cells 
are taken up by Fc mediated mechanisms and destroyed, leading to cytopenias.

Antibodies can also bind to other cells and modulate their function. Anti-DNA antibodies inter-
act with actinin on podocytes, thus initiating dysfunction of podocytes (Migliorini et al. 2002). 
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Anti-DNA antibodies can directly bind to cells like renal tubular cells and cause production of 
pro-inflammatory cytokines like TNF and IL-6, thus playing a role in tubule-interstitial inflamma-
tion (Yuang et al. 2005). Circulating DNA or nucleosomes can bind to basement membrane of the 
glomerulus, and then autoantibodies directed against DNA can bind to the antigens in situ rather 
than in circulation, leading to formation of ICs. 

Most often antibodies bind to circulating antigens to form immune complexes (ICs). Some ICs are 
pathogenic, while others are not. Pathogenic ICs are intermediate in size and usually have cationic 
charge. In SLE, free DNA and nucleosomes are increased in circulation due to increased apoptosis 
as well as decreased clearance (Bartoloni et al. 2011). Anti-nucleosomal antibodies or anti-dsDNA 
antibodies bind the circulating DNA and form ICs. Further, due to congenital or acquired comple-
ment defects there is decreased solubilization of ICs. Thus, intermediate-sized circulating immune 
complexes are trapped in the capillaries of organs with high blood flow like kidney, brain, and lung. 
Kidney biopsies from SLE patients show IC deposition both in subendothelial and mesangial areas 
(Toong et al. 2011).

16.3.2  iMMune coMpLex MediAted infLAMMAtion 

Immune complexes bind complement and cause complement activation. In SLE predominantly clas-
sical pathway is activated although some role of MBL and alternative pathway is also described 
(Ceribelli et al. 2009; Sekine et al. 2011). Classical pathway activation leads to release of anaphy-
lotoxins like C4a, C3a, and C5a. These anaphylotoxins bind to mast cells and release histamine 
and other soluble mediators. These soluble mediators help in recruitment of inflammatory cells by 
increasing capillary permeability. C3a, C5a, and C5b67 also induce monocytes and neutrophils to 
adhere to vascular endothelial cells, extravasate through the endothelial lining of the capillary, and 
migrate toward the site of complement activation in the tissues. The process of adhesion and migra-
tion is similar to that seen in rheumatoid arthritis. 

In the MRL/lpr mice model of lupus, IC deposition is followed by production of chemokines 
like MCP-1 and RANTES in the glomeruli, primarily by mesangial cells (Perez et al. 2001). 
This precedes even the inflammatory cell infiltrate. These chemokines attract mononuclear cells 
like lymphocytes and monocytes to the site of IC deposition. Further, the circulating ICs cause 
release of cytokines through activation of the classical pathway of complement activation (Rönnelid 
et al. 2008). Products of complement activation including membrane attack complex can activate 
endothelial cells, leading to expression of adhesion molecules, thus favoring migration of cells and 
release of cytokines. 

16.3.3  ActivAtion of the innAte iMMune systeM

Anti-dsDNA containing ICs binds to Fc receptors and gets internalized, and then the DNA con-
tained in ICs can bind to TLR9 in the endosomal compartment leading to a cascade of events culmi-
nating in inflammation (Leadbetter et al. 2002). Similarly, ICs containing RNA can bind to TLR7. 
Ronnblom and Alm (2003) have demonstrated the ability of both types of complexes to stimulate 
IFN-α production from PBMCs in vitro, and this activity was abolished on treatment of ICs with 
nucleases, suggesting that the nucleic acids drive the IFN-α production probably through TLRs. 
Similarly, RNA and DNA containing ICs bind to plasmacytoid dendritic cells via FCRII receptor 
and cause production of IFN-α, a major mediator in SLE (Means et al. 2005). Inhibitors of both 
TLR7 and TLR9 signaling inhibit IFN production from human pDCs in response to stimulation 
by ICs isolated from lupus patients, suggesting that TLRs are involved in IFN production by pDCs 
(Barrat et al. 2005). Treatment of lupus-prone mice with TLR7 and 9 inhibitor leads to amelioration 
of disease (Barrat et al. 2007). In SLE the level of IFN-alpha is increased in serum as well as gene 
expression profile of PBMC, suggesting an IFN signature (Baechler et al. 2003). Further, patients 
treated with IFN for hepatitis infection can develop lupus-like symptoms. Tubular TLR-9 activation 
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by DNA contained in ICs has a pathogenetic role in tubule-interstitial inflammation and damage in 
experimental and human lupus nephritis (Benigni et al. 2007).

Macrophage stimulation leads to local cytokine and chemokine secretion, especially IL-1 and 
IL-6, that contributes to local inflammation and leukocyte accumulation. The process of leukocyte 
accumulation is similar to that seen in RA. In contrast, maturation of dendritic cells leads to emigra-
tion from the site of injury to the regional lymph nodes to convey antigens and pro-inflammatory 
signals to T cells, which is a prerequisite for the adaptive immune response. 

Activation of TLRs without appropriate control can lead to substantial inflammation resulting in 
tissue damage and autoimmunity. ICs can form a positive feedback loop with increased IFN produc-
tion, induction of IFN responsive genes, inflammation, activation of B cells, and increased antibody 
production, again leading to IC formation.

16.3.4  ActivAtion of b ceLLs

DNA–anti-DNA IgG ICs stimulate autoantibody production in mice by a process involving TLR9 
(Leadbetter et al. 2002). Immune complexes bind to B cell receptors on B cells and get internalized, 
leading to internalization of DNA bound to anti-DNA antibodies. The dual stimulation, one via 
B cell receptor and another via TLR9, leads to production of more pathogenic antibodies by B cells 
independent of need for T cell help.

16.3.5  roLe of LocAL fActors

We have seen from the previous discussion the role of antibodies in the pathogenesis of SLE; 
however, the wide array of manifestations seen in SLE is unlikely due to only antibody-mediated 
damage. Further, the heterogeneity seen among different patients probably suggests a role of 
local factors like cytokines, chemokines in tissue injury. Despite the presence of IC deposition 
in the kidney, there is no pathological lesion seen in class I nephritis. In addition, some patients 
have marked inflammation but no fibrosis and others have more fibrosis but less inflammation. 
About one-third of patients with SLE have anti-phospholipid antibodies, but only a minority 
develop thrombosis, usually related to an additional local insult like trauma (Schonfield et al. 
2008).Another factor that may account for heterogeneity may be genetics. In NZM mice some 
genes predispose to anti-DNA mediated glomerulonephritis and some contribute to chronic glo-
merulosclerosis (Waters et al. 2004). 

16.3.6  cytokines

Several studies have shown increased serum levels of pro-inflammatory cytokines like IL-6 and 
TNF-alpha in SLE (Aringer and Smolen 2004; Kyttaris et al. 2005). Patients with SLE have 
increased concentrations of IL-6 and MCP-1. These cytokines are associated with increased inflam-
mation, BMI, and adverse lipid profiles. IL-6 is associated with burden of atherosclerosis in SLE 
(Asanuma et al. 2006).

Low producers of TNF have less risk of lupus nephritis as well, as patients treated with anti-TNF 
therapies can develop ANA and lupus-like symptoms, suggesting that TNF has more of an immune-
regulatory than pro-inflammatory role in SLE (Williams et al. 2009; Jacob and Stohl 2011). Serum 
IL-10 levels are elevated in SLE and have the best correlation with disease activity. In a recent study 
SLE patients had lower levels of TGF-β1 and IL-1β as compared to healthy controls. Higher disease 
activity correlated with low TGF-β1 levels (Becker-Merok et al. 2010). The low TGF-β may lead to 
fewer regulatory T cells and thus continued inflammation. Use of tolerogenic peptide in SLE low-
ered TNF and IFN-γ but increased TGF-β and Foxp3 expression, thus leading to more T regulatory 
cells, again suggesting that TGF-β is important for the generation of T regulatory cells (Sthoeger 
et al. 2009).
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IL-4, IL-10, and TGF-β have been linked to fibrosis in kidney, and the same is true of lupus 
nephritis (Kanai et al. 1994). Though TGF-β levels are low in serum, in the local milieu of kidney 
TGF-β is increased, resulting in increased urinary excretion. In animal lupus models progression 
from inflammatory lesion to fibrosing lesion is characterized by expression of TGF-β.

Interferon-α acts to amplify the immune inflammation, whereas TNF mediates organ inflamma-
tion in kidney (Jacob and Stohl 2011). Reduced IL-2 production is a central finding in SLE due to 
intrinsic T cell defect; this results in fewer T regulatory cells (Gomez-Martin et al. 2009).

The kallikrein system has also been linked to renal disease and KLK1 and KLK3 gene poly-
morphisms have been found in SLE. The resultant reduced kallikrein production could cause more 
severe nephritis (Liu et al. 2009). Kallikrein regulates fibrosis, inflammation, and blood pressure 
and thus has a renoprotective effect. Indeed, delivery of kallikrein gene reverses renal fibrosis and 
inflammation (Bledsoe et al. 2006). 

16.3.7  roLe of t ceLLs in sLe

Even though in SLE the inflammation is mainly mediated by antibodies, IC deposition, and comple-
ment activation, T cells also play a role. Though multiple T cell abnormalities are known in SLE, 
recently Th17 cells that differentiate in the presence of TGF-β and IL-6 are being implicated (Shin 
et al. 2011). Patients with SLE have high plasma levels of IL-17 and IL-23 and increased frequency 
of Th17 cells (Xing et al. 2011; Chen et al. 2010). IL-17 causes infiltration of neutrophils, thus per-
petuating inflammation and damage. Increased production of total IgG, anti-dsDNA IgG, and IL-6 
by peripheral blood mononuclear cells of patients with lupus nephritis was observed when they were 
cultured with IL-17, thus linking T cells with humoral immunity. 

To summarize, in SLE the inflammation is mediated by autoantibodies and ICs stimulating the 
innate immune system through TLRs or causing complement activation leading to release of ana-
phylotoxins, endothelial activation, and release of cytokines and chemokines. Further local factors 
like TGF and kallikrein lead to tissue fibrosis and chronic damage in lupus nephritis (Figure 16.1). 
Strategies to block key cytokines and TLRs may prove useful in SLE.
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FIGURE 16.1  Cascade of events in SLE leading to cell or tissue damage.
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TAKE-HOME MESSAGES

• Autoimmunity is an immune response directed against an antigen within the body of the 
host. 

• Autoimmune diseases are associated with T lymphocyte activation and/or auto-antibodies 
produced by the dysregulated immune system.

• Autoreactive B and T cells alone are not sufficient to cause autoimmune disease; they need 
to have access to their target site, and initiate an inflammatory response through recruitment 
of other immune cells, soluble mediators like cytokines and chemokines, to cause uncon-
trolled inflammation and tissue damage resulting in multi-organ chronic complex diseases. 

• To design molecules that can inhibit the inflammatory cascade of a specific disease, it is 
important to elucidate the critical roles of adhesion molecules and chemokines associated 
with the recruitment of immune cells at the local site. 

• The alternative approach to disease inhibition could be to manipulate the pathologic T and/
or B lymphocytes.

• At the local site of pathology, underlying mechanisms of tissue damage also play a 
critical role in the disease process. Some commonly implicated signaling pathways are 
those mediated by matrix metalloproteinases, RANKL-OPG interaction. NGF/NGF-R 
and the WNT pathway are currently under investigation as possible targets for drug 
development. 
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17 Shear Stress and Vascular 
Inflammation
A Study in the Lung
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17.1  INTRODUCTION

As one of the human body’s largest “organs,” the endothelium (vascular and capillary system) plays 
a central role in the homeostasis of organ functions. It functions as a mechanical barrier, regulat-
ing fluid movement through the vasculature and transports nutrients to the different organs. The 
endothelial cells lining the vessel wall are the natural barrier that prevents microorganisms from 
invading tissues. The endothelial system can be damaged by inflammatory responses associated 
with infection, trauma, tissue breakdown, tumors, vascular anomalies, and toxicological or immu-
nological responses and activation of the coagulation system. In addition, the endothelial cells are 
activated by a variety of stimuli. Among them is cyclical strain due to vessel wall distention by 
transmural pressure and shear stress, the frictional force generated by blood flow. 

Shear stress arises from the friction between two virtual layers in a fluid. In vivo shear stress 
arises at the interface between the blood and endothelial layer where it leads to a deformation of 
endothelial cells. Long adaptation to different types of shear (laminar, disturbed, and oscillatory) 
affects the phenotype of endothelial cells. While laminar flow maintains endothelial integrity and 
function, non-laminar or irregular flow adversely modulates signaling and gene expression that 
contribute to vascular pathologies. The role of hemodynamic forces in endothelial dysfunction was 
first apparent when the earliest lesions of atherosclerosis were observed to develop preferentially 
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at arterial branches and curvatures (or bends) [1]. Later studies showed that abnormal shear in 
these regions leads to local endothelial dysfunction via upregulation of pro-inflammatory genes and 
proteins. In addition, the endothelium in these regions is also susceptible to external inflammatory 
stimuli [2]. 

In the context of the lung, endothelial integrity and function are of paramount importance as the 
gas exchange occurs through the thin alveolar membrane or the alveolar-capillary barrier that is 
formed by Type 1 pneumocytes of the alveolar wall, the endothelial cells of the capillaries, and the 
basement membrane between the two cells. While physiological shear modulates the pulmonary 
vascular properties and function, chronic and abrupt changes in shear or stasis cause elevations in 
cytosolic Ca2+ [3] and activation of transcription factors [4] that regulate vascular inflammation via 
regulation of several inflammatory genes. All these changes eventually lead to pulmonary vascular 
remodeling that is often the key pathological determinant of pulmonary hypertension. 

This chapter reviews the manner in which shear stress modulates inflammation in the endothe-
lium. We focus on the molecular mechanisms that modulate inflammatory activation and discuss 
the resultant functional and structural vascular changes that lead to pulmonary disease.

17.2   HEMODYNAMIC FORCES AND THE QUIESCENT 
AND ACTIVATED ENDOTHELIUM

Shear stress is defined as the force that liquid flow exerts on the vessel wall. Shear is defined as force 
per unit area and has units, dynes/cm2 or Newton/m2 or Pascal (Pa). Laminar stress or steady shear 
stress arises from an orderly flow (i.e., constant velocity over time) of the fluid or blood that moves 
parallel to the vessel wall. Here shear is directly proportional to the flow rate. Laminar shear in a 
vessel is calculated by the following equation:

 Shear stress = 4 nQ/πr2l 

where n = viscosity, Q = flow rate in mL/min, r = radius of the vessel, l = length of the vessel.
Shear stress may be either laminar or pulsatile or disturbed (turbulent or oscillatory). Regions 

of the arterial tree with uniform geometry are exposed to unidirectional, undisturbed laminar flow. 
Pulsatile flow is the intermittent flow of fluid or blood through a vessel; in general, blood flow in 
the arterial system is pulsatile because of the rhythmic property of the cardiac cycle. Disturbed flow 
occurs when the flow patterns within the blood vessel are random and unpredictable. It is either 
turbulent—in which case the flow forms vortices, eddies, and wakes—or oscillatory—where blood 
moves back and forth in responses to an oscillatory pressure gradient. Regions of the arterial tree 
that has arches and branches are exposed to disturbed flow (turbulent or oscillatory). Experimental 
measurements using different methods have shown that in humans the magnitude of shear stress 
ranges from 1 to 6 dynes/cm2 in the venous system and from 10 to 70 dynes/cm2 in arteries [5–7]. 
The magnitude of shear stress in the normal mouse aorta is an order of magnitude higher than in 
humans [8]. 

Endothelial cells are specifically equipped with a sensing mechanism to detect shear stress via 
specialized cellular mechanotransduction elements on the cytoskeleton. The cytoskeleton is coupled 
to the cellular membrane by elements that include integrins, cell–cell adhesion molecules, and sur-
face expressed receptors. Shear-induced conformational changes in these complexes lead to acti-
vation of intracellular signaling molecules (such as GTPases, Ras, Rho, Rab, and Ran GTPases), 
which eventually leads to transcriptional activation of several target genes. 

An endothelium at rest and exposed to laminar flow produces basal amounts of nitric oxide (NO) 
that contribute to the quiescence of the endothelium and help maintain vessel wall permeability and 
blood fluidity. While the former is maintained by intact endothelial barrier function [9, 10], the lat-
ter is controlled by endothelial cell dependent mechanisms that inhibit coagulation in the vascular 
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system [11]. Activation of coagulation requires a phospholipid surface, enriched in phosphatidylser-
ine, which is normally provided by activated platelets. Resting endothelial cells, by producing NO 
and prostaglandin I2, inhibit platelet adhesion to the endothelium. Resting or quiescent endothelial 
cells also suppress adhesion molecules like E-selectin, vascular cell adhesion molecule (VCAM), 
intercellular adhesion molecule (ICAM), and leukocyte interactive protein P-selectin. 

However, disturbances in blood flow give rise to turbulent or oscillatory flow, which causes 
reduction in NO production by endothelial cells and contributes to vasoconstriction. In addition, 
stasis or cessation of blood flow produces reactive oxygen species (ROS) [12, 13] that leads to 
endothelial activation. This implies a transcriptional increase of adhesion molecules (CAM) on the 
endothelial surface and the synthesis of cytokines, chemokines, and leukocyte adhesion molecule 
P-selectin. All these lead to localized recruitment and activation of circulating leukocytes and neu-
trophils to endothelial cells.

17.3   DISTURBED FLOW AND INFLAMMATORY 
RESPONSES OF ENDOTHELIAL CELLS 

The previous section discussed that laminar blood flow acts on endothelial cells to generate mol-
ecules that promote a vasodilatory, anticoagulant, anti-inflammatory, and growth-inhibitory surface 
[14–18]. However, when blood flow is disturbed as is likely to occur at higher flow velocities, this 
creates sites of abnormally low and high shear stress. This is sensed by the endothelium and results 
in activation of a signaling cascade that leads to a procoagulant surface, production of inflammatory 
cytokines, and endothelial and smooth muscle cell proliferation, leading to thickening and remodel-
ing of the vascular wall [18–22]. 

17.3.1   EffEcts of Laminar and disturbEd fLow on 
EndothELiaL signaLing and function

Shear stress regulated gene expression occurs via activation of transcriptional factors such as nuclear 
factor kappa B (NF-kB), activator protein 1 (AP-1), kruppel-like factor 2 (KLF2), and nuclear respi-
ratory factor 2 (Nrf2) [23–25]. Of these, NF-kB and AP-1 are well known to regulate vascular 
inflammation. Indeed, pro-inflammatory genes such as VCAM-1, E-selectin, and interleukin-8 
 (IL-8) require binding of both NF-kB and AP-1 for transcriptional activation. Overexpression of 
transcription factors KLF2 and Nrf2 also modulate pro-inflammatory signaling pathways. 

Effect of shear on endothelial cells has been studied extensively in vitro. In cultured endothe-
lial cells, onset of shear for short periods (5 min–1 h) activates NF-kB [26, 27] and triggers the 
expression of ICAM-1, VCAM-1, and E-selectin [28–30], while prolonged laminar shear (6–24 h) 
induces anti-inflammatory effects associated with alteration of NF-kB activation [31]. Laminar 
flow also upregulates the expression or activity of cytoprotective genes/proteins, including the 
 complement-inhibitory proteins clusterin [32] and antioxidant enzymes superoxide dismutase (SOD), 
heme oxygenase-1 (HO-1) [33, 34], and NADPH quinone oxidoreductase 1 (NQO1) [34]. Overall the 
protective effects of laminar shear stress are mediated through the inhibition of cytokine-induced 
signaling and gene expression in endothelial cells [31, 35–38] and apoptosis in endothelium [39, 40]. 

Cells exposed to disturbed flow show high levels of activations of transcription factors such as 
NF-kB, Sp1, Egr-1; adhesion molecules such as ICAM-1 VCAM-1, and E-selectin [41–44]; chemo-
kines such as monocyte chemoattractant protein-1 (MCP-1); and matrix remodeling proteins such as 
matrix metalloproteinase-9 (MMP-9) [45–47]. In addition, other disruptors of endothelial function 
such as procoagulant molecules like tissue factor (TF) [48], vasoconstrictors such as endothelin-1 
(ET-1) [49], and pro-oxidant sources such as bone morphogenic protein (BMP-4) [50] and gp91phox 
(a major component of NADPH oxidase complex) [51] are also upregulated by disturbed flow. Thus 
the upregulation of a large number of oxidant and pro-inflammatory genes occurs in endothelial 
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cells in response to low or disturbed flow, and this is either absent or transient in cells subjected to 
steady or pulsatile laminar flow. 

In general, endothelial signaling with disturbed flow leads to endothelial dysfunction that has the 
following manifestations:

• Increased expression of adhesion molecules ICAM, VCAM, E-selectin/P-selectin, and 
chemotactic molecules like MCP-1

• Increased recruitment of monocytes/macrophages/neutrophils into the vascular wall lead-
ing to intimal thickening and formation of plaques

• Increased permeability of the vasculature to macromolecules 
• Irregular growth and proliferation of vascular cells 
• Disturbed hemostatic balance, that is, increased expression of procoagulatory molecules 

such as tissue factor (TF), enhanced thrombin generation, and platelet aggregation 

17.3.2  EffEcts of disturbEd fLow on EndothELiaL-LEukocytE intEractions

Attachment of circulating leukocytes to the endothelium, and their subsequent adhesion and trans-
migration through the endothelial monolayer, are the critical stages of endothelial dysfunction. This 
occurs through four stages: (1) selectin-dependent tethering and rolling of the leukocyte, (2) adhe-
sion of the leukocyte via chemokines and adhesion molecules, (3) integrin dependent adhesion, 
and (4) transmigration across endothelium. 

As noted in the earlier section, disturbed flow activates transcription factors NF-kB and AP-1, 
which drives expression of chemokines, cytokines, and adhesion molecules in endothelial cells. 
At the same time, shear induces rises in intracellular Ca2+ in these cells causing the formation of a 
Ca2+–calmodulin complex that activates myosin light chain kinase (MLCK), which phosphorylates 
myosin light chain (MLC) [52]. Phosphorylated MLC initiates contraction of actin filaments that are 
attached to tight junction and adherens junction proteins, resulting in the opening of gaps between 
adjacent endothelial cells for transmigration of leukocytes. MLC also triggers the exocytosis of 
Weibel Palade bodies, bringing P-selectin to the luminal surface [10, 53]. At the same time, lyso-
phosphatidylcholine, a by-product of arachidonic acid generation, is rapidly acetylated, generating 
an endothelial-cell derived acyl form of platelet-activating factor (PAF) [54]. P-selectin and PAF 
on the endothelial luminal plasma membrane cause the tethering of circulating neutrophils. This is 
followed by integrin activation that initiates neutrophil extravasation [55]. 

Leukocyte transmigration further amplifies endothelial inflammation and injury. After the initial 
leukocyte recruitment following pro-inflammatory responses, activated leukocytes attached to the 
endothelium produce cytokines, tumor necrosis factor α (TNF-α), and interleukin 1  (IL-1) [56]. TNF 
binds to its receptor (TNFR) and initiates (via TNFR associated death domain protein, TRADD) 
a signaling cascade that leads to new gene transcription mediated by NF-kB and AP-1 [57]. Thus 
transcription and translation of new proteins such as chemokine ligands CCL-2 occur. At this stage 
leukocyte recruitment is more effective. Overall, TNF and IL-1, often exacerbate endothelial cell 
injury by triggering endothelial cell death [56–58]. 

17.3.3  EffEcts of disturbEd fLow in ViVo

Disturbed flow occurs in the vascular system in the following regions: (1) in branch points of large 
arteries, (2) in regions where bypass grafts and stents have altered laminar flow, and (3) in regions 
where there is sudden cessation of flow and restart of the flow as would occur with ischemia/
ischemia-reperfusion associated with thrombi or organ transplantation.

Several in vivo observations have shown a correlation between branch points and atherosclerotic 
lesions in the vascular tree in the aortic arch [59, 60], carotid bifurcation [61, 62], femoral artery 
[63], and branch points of the coronary artery [64]. This site selectivity is due to the modification 
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of endothelial function by the pattern of disturbed blood flow or shear in these regions. In a mouse 
model, partial ligation of the carotid artery also showed inflammatory and atheroprone genes in 
regions of disturbed flow [65]. Ni et al. identified mechanosensitive genes in vivo and showed that 
(based on global gene expression profiles) disturbed flow for 12 h regulated genes involved in cell 
proliferation and growth; by 48 h genes that are involved in inflammation and immunologic disease 
such as inflammatory cytokines (CCL-11, CCL-4, CXCL-12, and CXCL-16), adhesion molecules 
(ICAM-1 and VCAM-1), and transcription factors (KLF2, KLF4) were induced [66]. Another in 
vivo study using endothelium isolated from disturbed flow regions that used microdissection and 
antisense RNA amplification methods demonstrated by DNA that disturbed flow regions exhibit a 
greater degree of heterogeneity in gene expression than those from laminar flow regions and that the 
heterogeneity may contribute to the initiation of atherosclerotic lesions [67]. 

Regions of disturbed flow in vivo were also found to have high transcriptional activity of NF-kB. 
Studies have shown activated NF-kB in the nucleus of endothelium from aortic arch in mice and 
pigs, suggesting that these regions may be primed for enhanced NF-kB activation [68, 69]. 

These findings have led to the concept that the disturbed flow pattern in branch points and cur-
vatures causes the preferential localization of atherosclerotic lesions. 

17.4  INFLAMMATION IN THE PULMONARY ENDOTHELIUM

The pulmonary vascular tree is the largest vascular bed in the human body, and the pulmonary 
endothelium coats this vascular system, forming a continuous, semipermeable barrier between 
blood and tissue. The pulmonary endothelium is responsible for maintaining adequate cardiovas-
cular homeostasis and vascular tone. The cytoskeleton of the endothelium is connected to intercel-
lular protein bridges called tight and adherens junctions and contact sites to the substratum called 
focal adhesions. Endothelial fluid permeability is controlled by these structures. Under conditions 
of inflammation, endothelial cells present chemotactic substances and adhesion molecules on their 
surface, along with production of oxidants either by the endothelial cells or by leukocytes or poly-
morphonuclear leukocytes (PMN) in the vicinity of these cells. Pro-inflammatory signals cause 
increased endothelial cell cytosolic Ca2+ concentration that initiates a signaling cascade (via activa-
tion of MLCK) that causes contraction of the tight and adherens junctions leading to disruption in 
the endothelial barrier [10, 52, 53]. In addition, Ca2+ triggers the expression of cell surface adhesion 
molecules, enabling docking of circulating PMNs to endothelial cells and their transmigration in 
the interstitium and air space. In the lung, these Ca2+ signals can be propagated along intercon-
nected endothelial cells via gap junctions [70], making it more permissive or permeable to the 
spread of inflammation over large areas of the lung. 

17.4.1   EffEct on nEutrophiL rEcruitmEnt and on puLmonary VascuLar pErmEabiLity 

The pulmonary circulation has a higher concentration of neutrophils as compared to the systemic 
blood [71]. This is because neutrophils stick during transit through narrow pulmonary capillaries. 
Inflammatory stimuli increase the number of neutrophils in the pulmonary circulation; these neu-
trophils adhere to the endothelium and then transmigrate through the inter-endothelial gaps into the 
epithelial basement membrane and finally into the alveolar air space. Thus neutrophil recruitment 
by an activated endothelium is followed by increase in inter-endothelial space and thus increased 
pulmonary vascular permeability. Permeability leads to edema in the lung [72, 73] and results in 
loss of pulmonary function and can be a life-threatening condition. 

How does the pulmonary microvascular endothelium maintain its barrier function? Trans-
membrane tight and adherens junctions are the main structures that maintain the intactness of the 
pulmonary endothelium. These junctions are balanced by contractile forces generated by actomyo-
sin interaction that tend to pull the tightly connected cells apart. A balance between these adhesive 
and contractile forces maintains the endothelial monolayer in a semipermeable status. A disruption 
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of the equilibrium results in endothelial barrier dysfunction and subsequent microvascular leakage. 
The physical process of “pulling” endothelial cells apart is a downstream event in multiple signaling 
pathways activated by inflammatory mediators.

Activated neutrophils disrupt the pulmonary endothelial barrier by generating oxidants (reactive 
oxygen species and free radicals) that cause tissue damage and injury [74, 75]. 

17.4.2  intEraction of pLatELEts with EndothELiaL cELLs and LEukocytEs 

Under normal conditions, platelets circulate without interacting with quiescent endothelium. 
However, when the endothelium is activated due to inflammatory response, platelets bind to endo-
thelial cells through P-selectin. Adherent platelets release oxidants and inflammatory mediators 
such as interleukin-1β (IL-1β), transforming growth factor-β (TGF-β), and platelet derived growth 
factor (PDGF) [76, 77]. Both PDGF and IL-1 play a role in recruitment of leukocytes and PMN and 
cause oxidative burst of neutrophils, thus further amplifying the injury. 

17.4.3  infLammation in puLmonary hypErtEnsion

Pulmonary hypertension (PH) is characterized by elevations in pulmonary artery pressure and pul-
monary vascular resistance. The two most common features of PH are abnormal pulmonary vaso-
constriction and alterations in pulmonary vascular structure due to remodeling of the blood vessel. 
The thickenings of the various layers that make the vascular wall arise from hypertrophy (cell 
growth) and hyperplasia (proliferation). 

It is well accepted that several factors, such as mechanical stimuli (stretch, strain) [78], growth 
factors [79, 80], and inflammatory cytokines propel the remodeling of pulmonary arteries in pul-
monary hypertension. That inflammation is an important factor for PH is now well recognized after 
the detection of inflammatory cells (macrophages, polymorphonuclear neutrophils, lymphocytes, 
mast cells) in the pulmonary vasculature in the vicinity of pulmonary vessels of patients with pul-
monary hypertension (PPH) [81]. In addition, serum concentrations of the inflammatory cytokines, 
 interleukin-1 and interleukin-6, were found to be increased with PH [82]. 

17.5  THE PULMONARY ENDOTHELIUM AS A THERAPEUTIC TARGET 

Pulmonary vascular remodeling arises from endothelial dysfunction that is initiated either by 
altered shear as in the case of thrombi/occlusive pathologies or by inflammatory molecules. These 
pathologies cause abnormal vascular proliferation and growth of apoptosis-resistant endothelial 
cells leading to pulmonary vasoconstriction. Targeting the endothelium to restore its normal func-
tion can be achieved by multiple strategies:

• Blocking inflammation-associated signaling by treating with antibodies and inhibitors. 
Administration of antibody against αvβ5 was found to protect the lungs in vivo post 
inflammation [83]. 

• Targeting of genes or proteins with endothelial cell protective properties. Rat dermal 
fibroblasts transfected in vitro with the gene coding for angiopoietin-1 when injected intra-
venously to the intact animal protected the lung from subsequent inflammation injury 
because of the endothelial barrier sealing effect of angiopoietin-1 [84]. 

• Targeting oxidants produced post inflammation (by PMN and endothelium) in the lung. 
Antioxidant enzyme catalase conjugated to monoclonal antibodies against rat ACE; rat 
treated with this conjugate exhibited attenuation of lung injury post ischemia [85]. 

• Blocking MLC phosphorylation by pharmacological inhibition of myosin light chain 
kinase (MLCK) and Rho kinase to prevent stress fiber formation and endothelial barrier 
disruption [86]. 
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• Endothelial progenitor cell (EPC) therapy for regeneration of the pulmonary vascular bed. 
EPCs are thought to have proliferative potential and may function to replace and/or restore 
damaged endothelial cells. Data from a prospective trial [87] reports that intravenously 
infused EPCs showed greater hemodynamic improvement (pulmonary arterial pressure, 
cardiac output, and pulmonary vascular resistance) in PH patients as compared to conven-
tional therapy. 

17.6  CONCLUSIONS

Shear stress arising from blood flow triggers mechanosensitive cell signaling events that maintain 
endothelial structure and function; however, regions of disturbed flow have altered signaling that 
propels an inflammatory phenotype in the endothelium. This leads to oxidant production, expres-
sion of adhesion molecules, cytokines, and chemokines that accelerate endothelial dysfunction. In 
the systemic vasculature, this can lead to atherosclerotic lesions, while in the pulmonary vessels, 
inflammation can lead to remodeling. There is compelling evidence linking dysfunctional pulmo-
nary endothelial cells in the pathobiology of severe PH. 

One of the major challenges for vascular and pulmonary scientists today is to develop an under-
standing of the role of inflammation in vascular remodeling and be able to dissect the role of tran-
scription factors, adhesion molecules, cytokines, and chemokines, as well as the participation by 
the various players, the endothelium, leukocytes/PMN, and platelets and the various phases of their 
response. This will enable the development of a new therapeutic approach to inflammation that 
focuses on vascular endothelial cell responses.

TAKE-HOME MESSAGES

• Shear stress associated with laminar blood promotes a vasodilatory, anticoagulant, anti-
inflammatory, and growth-inhibitory phenotype in endothelial cells.

• Regions of disturbed blood flow (arising at branch points in major blood vessels or with 
cessation and restart of flow) show preferential localization of atherosclerotic plaques or 
lesions.

• Mechanosensitive genes on the endothelium “sense” blood flow; disturbed flow for 12 h 
regulates genes involved in cell proliferation and growth. Longer periods of disturbed flow 
upregulate inflammatory gene expression. 

• Inflammatory cytokines (CCL-11, CCL-4, CXCL-12, and CXCL-16), adhesion molecules 
(ICAM-1 and VCAM-1), and transcription factors (NF-kB, AP-1, KLF2, KLF4, Nrf2) that 
are induced with disturbed flow, drive an inflammatory phenotype. 

• In the context of the pulmonary vasculature, an inflammatory phenotype causes platelets, 
leukocytes, and neutrophils to adhere to the endothelium, leading to oxidant injury and 
further release of inflammatory mediators.

• Inflammation in the pulmonary vascular tree is an important factor in driving pulmonary 
remodeling and eventually pulmonary hypertension.

• Blocking inflammation-associated signaling on the pulmonary and systemic endothelium 
can be a therapeutic strategy to combat endothelial dysfunction and vascular disease.

REFERENCES

 1. Davies PF: Flow-mediated endothelial mechanotransduction, Physiological Reviews 1995, 75:519–560.
 2. Sheikh S, Rainger GE, Gale Z, Rahman M, Nash GB: Exposure to fluid shear stress modulates the abil-

ity of endothelial cells to recruit neutrophils in response to tumor necrosis factor-alpha: A basis for local 
variations in vascular sensitivity to inflammation, Blood 2003, 102:2828–2834.



236 Chronic Inflammation

 3. Brakemeier S, Eichler I, Hopp H, Kohler R, Hoyer J: Up-regulation of endothelial stretch-activated cat-
ion channels by fluid shear stress, Cardiovasc Res 2002, 53:209–218.

 4. Sumpio BE, Chang R, Xu WJ, Wang XJ, Du W: Regulation of tPA in endothelial cells exposed to cyclic 
strain: Role of CRE, AP-2, and SSRE binding sites, Am J Physiol Cell Physiol 1997, 273:C1441–1448.

 5. Chien S: Present state of blood rheology. In Hemodilution: Theoretical Basis and Clinical Application. 
Edited by Messmer K, Schmid-Schoenbein H. Basel, Switzerland: Karger, 1972. 

 6. Malek AM, Alper SL, Izumo S: Hemodynamic shear stress and its role in atherosclerosis, JAMA 1999, 
282:2035–2042.

 7. Nerem RM: Vascular fluid mechanics, the arterial wall, and atherosclerosis, J Biomech Eng 1992, 
114:274–282.

 8. Suo J, Ferrara DE, Sorescu D, Guldberg RE, Taylor WR, Giddens DP: Hemodynamic shear stresses in 
mouse aortas: Implications for atherogenesis, Arterioscler Thromb Vasc Biol 2007, 27:346–351.

 9. Minshall RD, Malik AB: Transport across the endothelium: Regulation of endothelial permeability, 
Handb Exp Pharmacol 2006, 107–144.

 10. Birch KA, Pober JS, Zavoico GB, Means AR, Ewenstein BM: Calcium/calmodulin transduces thrombin-
stimulated secretion: Studies in intact and minimally permeabilized human umbilical vein endothelial 
cells, J Cell Biol 1992, 118:1501–1510.

 11. Arnout J, Hoylaerts MF, Lijnen HR: Haemostasis, Handb Exp Pharmacol 2006, 176:1–41.
 12. Chatterjee S, Chapman KE, Fisher AB: Lung ischemia: A model for endothelial mechanotransduction, 

Cell Biochem Biophys 2008, 52:125–138.
 13. Chatterjee S, Fisher, AB: Shear stress, cell signaling and pulmonary vascular remodeling. In Textbook 

of Pulmonary Vascular Disease. Edited by JXJ Yuan, CA Hales, S Rich, SL Archer, JB West. New York: 
Springer Press, 2010, p. 787.

 14. Davies PF: Flow-mediated endothelial mechanotransduction, Physiol Rev 1995, 75:519–560.
 15. Uematsu M, Ohara Y, Navas JP, Nishida K, Murphy TJ, Alexander RW, et al.: Regulation of endo-

thelial cell nitric oxide synthase mRNA expression by shear stress, Am J Physiol Cell Physiol 1995, 
269:C1371–1378.

 16. Diamond SL, Eskin SG, McIntire LV: Fluid flow stimulates tissue plasminogen activator secretion by 
cultured human endothelial cells, Science 1989, 243:1483–1485.

 17. Malek A, Izumo S: Physiological fluid shear stress causes downregulation of endothelin-1 mRNA in 
bovine aortic endothelium, Am J Physiol 1992, 263:C389–396.

 18. Nerem RM, Alexander RW, Chappell DC, Medford RM, Varner SE, Taylor WR: The study of the influ-
ence of flow on vascular endothelial biology, Am J Med Sci 1998, 316:169–175.

 19. Gimbrone MA, Jr., Topper JN, Nagel T, Anderson KR, Garcia-Cardena G: Endothelial dysfunction, 
hemodynamic forces, and atherogenesis, Ann N Y Acad Sci 2000, 902:230–239; discussion 239–240.

 20. Dirksen MT, van der Wal AC, van den Berg FM, van der Loos CM, Becker AE: Distribution of inflam-
matory cells in atherosclerotic plaques relates to the direction of flow, Circulation 1998, 98:2000–2003.

 21. Tsao PS, Buitrago R, Chan JR, Cooke JP: Fluid flow inhibits endothelial adhesiveness. Nitric oxide and 
transcriptional regulation of VCAM-1, Circulation 1996, 94:1682–1689.

 22. Ueba H, Kawakami M, Yaginuma T: Shear stress as an inhibitor of vascular smooth muscle cell prolif-
eration. Role of transforming growth factor-beta 1 and tissue-type plasminogen activator, Arterioscler 
Thromb Vasc Biol 1997, 17:1512–1516.

 23. Davies PF, Polacek DC, Shi C, Helmke BP: The convergence of haemodynamics, genomics, and endo-
thelial structure in studies of the focal origin of atherosclerosis, Biorheology 2002, 39:299–306.

 24. McCormick SM, Frye SR, Eskin SG, Teng CL, Lu CM, Russell CG, et al.: Microarray analysis of shear 
stressed endothelial cells, Biorheology 2003, 40:5–11.

 25. Lehoux S, Tedgui A: Cellular mechanics and gene expression in blood vessels, J Biomech 2003, 
36:631–643.

 26. Lan Q, Mercurius KO, Davies PF: Stimulation of transcription factors NF kappa B and AP1 in endothe-
lial cells subjected to shear stress, Biochem Biophys Res Commun 1994, 201:950–956.

 27. Davis ME, Cai H, Drummond GR, Harrison DG: Shear stress regulates endothelial nitric oxide synthase 
expression through c-Src by divergent signaling pathways, Circ Res 2001, 89:1073–1080.

 28. Morigi M, Micheletti G, Figliuzzi M, Imberti B, Karmali MA, Remuzzi A, et al.: Verotoxin-1 pro-
motes leukocyte adhesion to cultured endothelial cells under physiologic flow conditions, Blood 1995, 
86:4553–4558.

 29. Nagel T, Resnick N, Atkinson WJ, Dewey CF, Jr., Gimbrone MA, Jr.: Shear stress selectively upregulates 
intercellular adhesion molecule-1 expression in cultured human vascular endothelial cells, J Clin Invest 
1994, 94:885–891.



237Shear Stress and Vascular Inflammation

 30. Gonzales RS, Wick TM: Hemodynamic modulation of monocytic cell adherence to vascular endothe-
lium, Ann Biomed Eng 1996, 24:382–393.

 31. Partridge J, Carlsen H, Enesa K, Chaudhury H, Zakkar M, Luong L, et al.: Laminar shear stress acts as a 
switch to regulate divergent functions of NF-kappaB in endothelial cells, FASEB J 2007, 21:3553–3561.

 32. Urbich C, Fritzenwanger M, Zeiher AM, Dimmeler S: Laminar shear stress upregulates the complement-
inhibitory protein clusterin: A novel potent defense mechanism against complement-induced endothelial 
cell activation, Circulation 2000, 101:352–355.

 33. Chen XL, Varner SE, Rao AS, Grey JY, Thomas S, Cook CK, et al.: Laminar flow induction of antioxi-
dant response element-mediated genes in endothelial cells. A novel anti-inflammatory mechanism, J Biol 
Chem 2003, 278:703–711.

 34. Hosoya T, Maruyama A, Kang MI, Kawatani Y, Shibata T, Uchida K, et al.: Differential responses of 
the Nrf2-Keap1 system to laminar and oscillatory shear stresses in endothelial cells, J Biol Chem 2005, 
280:27244–27250.

 35. Berk BC: Atheroprotective signaling mechanisms activated by steady laminar flow in endothelial cells, 
Circulation 2008, 117:1082–1089.

 36. Ni CW, Hsieh HJ, Chao YJ, Wang DL: Interleukin-6-induced JAK2/STAT3 signaling pathway in endo-
thelial cells is suppressed by hemodynamic flow, Am J Physiol Cell Physiol 2004, 287:C771–780.

 37. Tsai YC, Hsieh HJ, Liao F, Ni CW, Chao YJ, Hsieh CY, et al.: Laminar flow attenuates interferon-induced 
inflammatory responses in endothelial cells, Cardiovasc Res 2007, 74:497–505.

 38. Pan S: Molecular mechanisms responsible for the atheroprotective effects of laminar shear stress, 
Antioxid Redox Signal 2009, 11:1669–1682.

 39. Garin G, Abe J, Mohan A, Lu W, Yan C, Newby AC, et al.: Flow antagonizes TNF-alpha signaling in 
endothelial cells by inhibiting caspase-dependent PKC zeta processing, Circ Res 2007, 101:97–105.

 40. Pi X, Yan C, Berk BC: Big mitogen-activated protein kinase (BMK1)/ERK5 protects endothelial cells 
from apoptosis, Circ Res 2004, 94:362–369.

 41. Mohan S, Mohan N, Valente AJ, Sprague EA: Regulation of low shear flow-induced HAEC VCAM-1 
expression and monocyte adhesion, Am J Physiol Cell Physiol 1999, 276:C1100–1107.

 42. Yun S, Dardik A, Haga M, Yamashita A, Yamaguchi S, Koh Y, et al.: Transcription factor Sp1 phosphory-
lation induced by shear stress inhibits membrane type 1-matrix metalloproteinase expression in endothe-
lium, J Biol Chem 2002, 277:34808–34814.

 43. Dardik A, Chen L, Frattini J, Asada H, Aziz F, Kudo FA, et al.: Differential effects of orbital and laminar 
shear stress on endothelial cells, J Vasc Surg 2005, 41:869–880.

 44. Chappell DC, Varner SE, Nerem RM, Medford RM, Alexander RW: Oscillatory shear stress stimulates 
adhesion molecule expression in cultured human endothelium, Circ Res 1998, 82:532–539.

 45. Hsiai TK, Cho SK, Wong PK, Ing M, Salazar A, Sevanian A, et al.: Monocyte recruitment to endothelial 
cells in response to oscillatory shear stress, FASEB J 2003, 17:1648–1657.

 46. Gambillara V, Montorzi G, Haziza-Pigeon C, Stergiopulos N, Silacci P: Arterial wall response to ex vivo 
exposure to oscillatory shear stress, J Vasc Res 2005, 42:535–544.

 47. Magid R, Murphy TJ, Galis ZS: Expression of matrix metalloproteinase-9 in endothelial cells is differ-
entially regulated by shear stress. Role of c-Myc, J Biol Chem 2003, 278:32994–32999.

 48. Mazzolai L, Silacci P, Bouzourene K, Daniel F, Brunner H, Hayoz D: Tissue factor activity is upregulated 
in human endothelial cells exposed to oscillatory shear stress, Thromb Haemost 2002, 87:1062–1068.

 49. Qiu Y, Tarbell JM: Interaction between wall shear stress and circumferential strain affects endothelial cell 
biochemical production, J Vasc Res 2000, 37:147–157.

 50. Sorescu GP, Song H, Tressel SL, Hwang J, Dikalov S, Smith DA, et al.: Bone morphogenic protein 4 
produced in endothelial cells by oscillatory shear stress induces monocyte adhesion by stimulating reac-
tive oxygen species production from a nox1-based NADPH oxidase, Circ Res 2004, 95:773–779.

 51. Hwang J, Saha A, Boo YC, Sorescu GP, McNally JS, Holland SM, et al.: Oscillatory shear stress stimu-
lates endothelial production of O2- from p47phox-dependent NAD(P)H oxidases, leading to monocyte 
adhesion, J Biol Chem 2003, 278:47291–47298.

 52. Stevens T, Garcia JG, Shasby DM, Bhattacharya J, Malik AB: Mechanisms regulating endothelial cell 
barrier function, Am J Physiol Lung Cell Mol Physiol 2000, 279:L419–422.

 53. Birch KA, Ewenstein BM, Golan DE, Pober JS: Prolonged peak elevations in cytoplasmic free calcium 
ions, derived from intracellular stores, correlate with the extent of thrombin-stimulated exocytosis in 
single human umbilical vein endothelial cells, J Cell Physiol 1994, 160:545–554.

 54. Prescott SM, Zimmerman GA, McIntyre TM: Human endothelial cells in culture produce platelet- 
activating factor (1-alkyl-2-acetyl-sn-glycero-3-phosphocholine) when stimulated with thrombin, Proc 
Natl Acad Sci USA 1984, 81:3534–3538.



238 Chronic Inflammation

 55. Lorant DE, Patel KD, McIntyre TM, McEver RP, Prescott SM, Zimmerman GA: Coexpression of GMP-
140 and PAF by endothelium stimulated by histamine or thrombin: A juxtacrine system for adhesion and 
activation of neutrophils, J Cell Biol 1991, 115:223–234.

 56. Pober JS, Cotran RS: The role of endothelial cells in inflammation, Transplantation 1990, 50:537–544.
 57. Pober JS: Tumor Necrosis Factor. In Endothelial Biomedicine. Edited by Aird WC. Cambridge: 

Cambridge University Press, 2007, p. 261.
 58. Petrache I, Birukova A, Ramirez SI, Garcia JG, Verin AD: The role of the microtubules in tumor necrosis 

factor-alpha-induced endothelial cell permeability, Am J Respir Cell Mol Biol 2003, 28:574–581.
 59. Caro CG, Fitz-Gerald JM, Schroter RC: Arterial wall shear and distribution of early atheroma in man, 

Nature 1969, 223:1159–1160.
 60. Kilner PJ, Yang GZ, Mohiaddin RH, Firmin DN, Longmore DB: Helical and retrograde secondary flow 

patterns in the aortic arch studied by three-directional magnetic resonance velocity mapping, Circulation 
1993, 88:2235–2247.

 61. Carallo C, Irace C, Pujia A, De Franceschi MS, Crescenzo A, Motti C, et al.: Evaluation of common 
carotid hemodynamic forces. Relations with wall thickening, Hypertension 1999, 34:217–221.

 62. Gnasso A, Irace C, Carallo C, De Franceschi MS, Motti C, Mattioli PL, et al.: In vivo association between 
low wall shear stress and plaque in subjects with asymmetrical carotid atherosclerosis, Stroke 1997, 
28:993–998.

 63. Moore JE, Jr., Xu C, Glagov S, Zarins CK, Ku DN: Fluid wall shear stress measurements in a model 
of the human abdominal aorta: Oscillatory behavior and relationship to atherosclerosis, Atherosclerosis 
1994, 110:225–240.

 64. Stone PH, Coskun AU, Kinlay S, Popma JJ, Sonka M, Wahle A, et al.: Regions of low endothelial shear 
stress are the sites where coronary plaque progresses and vascular remodelling occurs in humans: An in 
vivo serial study, Eur Heart J 2007, 28:705–710.

 65. Nam D, Ni CW, Rezvan A, Suo J, Budzyn K, Llanos A, et al.: Partial carotid ligation is a model of acutely 
induced disturbed flow, leading to rapid endothelial dysfunction and atherosclerosis, Am J Physiol Heart 
Circ Physiol 2009, 297:H1535–1543.

 66. Ni CW, Qiu H, Rezvan A, Kwon K, Nam D, Son DJ, et al.: Discovery of novel mechanosensitive genes 
in vivo using mouse carotid artery endothelium exposed to disturbed flow, Blood 2010, 116:e66–73.

 67. Davies PF, Shi C, Depaola N, Helmke BP, Polacek DC: Hemodynamics and the focal origin of athero-
sclerosis: A spatial approach to endothelial structure, gene expression, and function, Ann N Y Acad Sci 
2001, 947:7–16; discussion 16–17.

 68. Passerini AG, Polacek DC, Shi C, Francesco NM, Manduchi E, Grant GR, et al.: Coexisting proinflam-
matory and antioxidative endothelial transcription profiles in a disturbed flow region of the adult porcine 
aorta, Proc Natl Acad Sci USA 2004, 101:2482–2487.

 69. Parhar K, Ray A, Steinbrecher U, Nelson C, Salh B: The p38 mitogen-activated protein kinase regulates 
interleukin-1beta-induced IL-8 expression via an effect on the IL-8 promoter in intestinal epithelial cells, 
Immunology 2003, 108:502–512.

 70. Parthasarathi K, Ichimura H, Monma E, Lindert J, Quadri S, Issekutz A, et al.: Connexin 43 medi-
ates spread of Ca2+-dependent proinflammatory responses in lung capillaries, J Clin Invest 2006, 
116:2193–2200.

 71. Doerschuk CM, Mizgerd JP, Kubo H, Qin L, Kumasaka T: Adhesion molecules and cellular biomechani-
cal changes in acute lung injury: Giles F. Filley Lecture, Chest 1999, 116:37S–43S.

 72. Groeneveld AB: Vascular pharmacology of acute lung injury and acute respiratory distress syndrome, 
Vascul Pharmacol 2002, 39:247–256.

 73. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, et al.: The American-European 
Consensus Conference on ARDS. Definitions, mechanisms, relevant outcomes, and clinical trial coordi-
nation, Am J Respir Crit Care Med 1994, 149:818–824.

 74. Flaishon R, Szold O, Weinbroum AA: Acute lung injury following pancreas ischaemia-reperfusion: Role 
of xanthine oxidase, Eur J Clin Invest 2006, 36:831–837.

 75. Usatyuk PV, Parinandi NL, Natarajan V: Redox regulation of 4-hydroxy-2-nonenal-mediated endothe-
lial barrier dysfunction by focal adhesion, adherens, and tight junction proteins, J Biol Chem 2006, 
281:35554–35566.

 76. Barry OP, Pratico D, Lawson JA, FitzGerald GA: Transcellular activation of platelets and endothelial 
cells by bioactive lipids in platelet microparticles, J Clin Invest 1997, 99:2118–2127.

 77. Piccardoni P, Evangelista V, Piccoli A, de Gaetano G, Walz A, Cerletti C: Thrombin-activated human 
platelets release two NAP-2 variants that stimulate polymorphonuclear leukocytes, Thromb Haemost 
1996, 76:780–785.



239Shear Stress and Vascular Inflammation

 78. Kolpakov V, Rekhter MD, Gordon D, Wang WH, Kulik TJ: Effect of mechanical forces on growth and 
matrix protein synthesis in the in vitro pulmonary artery. Analysis of the role of individual cell types, Circ 
Res 1995, 77:823–831.

 79. Dempsey EC, Stenmark KR, McMurtry IF, O’Brien RF, Voelkel NF, Badesch DB: Insulin-like growth 
factor I and protein kinase C activation stimulate pulmonary artery smooth muscle cell proliferation 
through separate but synergistic pathways, J Cell Physiol 1990, 144:159–165.

 80. Tuder RM, Flook BE, Voelkel NF: Increased gene expression for VEGF and the VEGF receptors KDR/
Flk and Flt in lungs exposed to acute or to chronic hypoxia. Modulation of gene expression by nitric 
oxide, J Clin Invest 1995, 95:1798–1807.

 81. Tuder RM, Groves B, Badesch DB, Voelkel NF: Exuberant endothelial cell growth and elements of inflam-
mation are present in plexiform lesions of pulmonary hypertension, Am J Pathol 1994, 144:275–285.

 82. Humbert M, Monti G, Brenot F, Sitbon O, Portier A, Grangeot-Keros L, et al.: Increased interleukin-1 
and interleukin-6 serum concentrations in severe primary pulmonary hypertension, Am J Respir Crit 
Care Med 1995, 151:1628–1631.

 83. Su G, Hodnett M, Wu N, Atakilit A, Kosinski C, Godzich M, et al.: Integrin alphavbeta5 regulates lung 
vascular permeability and pulmonary endothelial barrier function, Am J Respir Cell Mol Biol 2007, 
36:377–386.

 84. McCarter SD, Mei SH, Lai PF, Zhang QW, Parker CH, Suen RS, et al.: Cell-based angiopoietin-1 gene 
therapy for acute lung injury, Am J Respir Crit Care Med 2007, 175:1014–1026.

 85. Nowak K, Weih S, Metzger R, Albrecht RF, 2nd, Post S, Hohenberger P, et al.: Immunotargeting of 
catalase to lung endothelium via anti-angiotensin-converting enzyme antibodies attenuates ischemia-
reperfusion injury of the lung in vivo, Am J Physiol Lung Cell Mol Physiol 2007, 293:L162–169.

 86. Tinsley JH, Teasdale NR, Yuan SY: Myosin light chain phosphorylation and pulmonary endothelial cell 
hyperpermeability in burns, Am J Physiol Lung Cell Mol Physiol 2004, 286:L841–847.

 87. Wang XX, Zhang FR, Shang YP, Zhu JH, Xie XD, Tao QM, et al.: Transplantation of autologous endo-
thelial progenitor cells may be beneficial in patients with idiopathic pulmonary arterial hypertension: 
A pilot randomized controlled trial, J Am Coll Cardiol 2007, 49:1566–1571.





241

18 NGF and Its Receptor 
System in Inflammatory 
Diseases

Anupam Mitra, Smriti K. Raychaudhuri, 
and Siba P. Raychaudhuri
University of California, Davis
Davis, California

18.1  NEUROGENIC INFLAMMATION

Neurogenic inflammation is a process in which inflammatory mediators, including neuropep-
tides, are released from afferent nerve terminals in the target tissue, resulting in vasodilatation, 
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plasma extravasation, and hypersensitivity and inducing chemotaxis of neutrophils (Richardson 
and Vasko 2002; Boyle et al. 1985). Moreover, neuropeptides released at the site of inflammation 
also induce activation of immune cells like lymphocytes, mast cells, macrophages, and neutro-
phils resulting in activation of intracellular signaling cascade (Kulka et al. 2008; Susaki et al. 
1996). In physiological and pathological conditions, neuropeptides known to influence immune 
reactions include substance P, neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), nerve 
growth factor (NGF), and calcitonin gene-related peptide (CGRP) (Mosimann et al. 1993; Wagner 
et al. 1998). Neurogenic inflammation has been attributed to the pathogenesis of several inflam-
matory diseases such as psoriasis, asthma, atopic dermatitis, and inflammatory arthritis (Farber 
and Raychaudhuri 1999). Most extensive studies regarding the role of neuropeptides have been 
carried out in psoriasis. The role of neurogenic inflammation in the pathogenesis of psoriasis is 
substantiated by a number of observations such as exacerbations during periods of stress, marked 
proliferation of terminal cutaneous nerves, and upregulation of neuropeptides (SP, VIP, CGRP) in 
the psoriatic plaques compared to the normal skin and other inflammatory skin diseases (Farber 
and Raychaudhuri 1999; Raychaudhuri and Farber 1993). Moreover, therapeutic response to neu-
ropeptide modulating agents such as capsaicin, somatostatin, and clearance of active plaques of 
psoriasis at the sites of anesthesia following traumatic denervation of cutaneous nerves provide 
convincing clinical evidence for a role of neurogenic inflammation in the pathogenesis of psoriasis 
(Farber and Raychaudhuri 1999; Raychaudhuri and Farber 1993; Bernstein et al. 1986).

18.2  NGF AND ITS RECEPTOR

Almost 50 years ago, a polypetide that induces neuronal growth was discovered and named as 
nerve growth factor (NGF; Levi-Montalcini 1952). Later on other molecules with similar struc-
ture and functions were identified, and together they form a family of polypeptide growth factors 
called the neurotrophins (NTs). Apart from NGF, this family is comprised of brain-derived neu-
rotrophic factor (BDNF), neurotrophin 3 (NT-3), and NT-4/5. These are present in all tetrapods, 
except NT-4/5, which has not been found in birds (Hallböök 1999). Among all neurotrophins, 
NGF is the best characterized trophic polypeptide (Levi-Montalcini 1987). NGF is a glycoprotein 
of 118 amino acids, consisting of three subunits (α2, β2, γ2). The gene of NGF is situated in the 
proximal short arm of chromosome 1. The α-NGF is inactive, the γ-NGF is a highly specific 
active protease that is able to process NGF precursor to its mature form, and the β-NGF is respon-
sible for the NGF biological activity (Sofroniew et al. 2001). NGF is produced by astrocytes and 
oligodendrocytes in the nervous system, which in turn regulate the differentiation and survival of 
neurons mostly through the formation of paracrine circuits (Levi-Montalcini 1987). Apart from 
the nervous system, NGF is also produced and utilized by several non-nervous cell types like 
epithelial cells, keratinocytes, immune cells, and smooth muscle cells, which indicates the role of 
NGF outside the nervous system (Micera et al. 2003; Lambiase et al. 2004). NGF is synthesized 
as a precursor, pro-NGF in the tissues and undergoes post-translational processing by serine pro-
tease plasmin and matrix metalloproteinase 7 (MMP7) to generate and secrete the mature β-NGF 
(Micera et al. 2003; Lambiase et al. 2004). NGF is released from the sub-mandibular gland in 
mature form whereas in the other tissues like skin, hair follicles, thyroid gland, retina, colon, 
dorsal root ganglia, and prostate, NGF is mainly secreted as pro-NGF or a mixture of both forms 
(Sofroniew et al. 2001; Fahnestock et al. 2004). Both NGF and pro-NGF are biologically active, 
but pro-NGF is less potent in stimulating neurite outgrowth than NGF (Fahnestock et al. 2004). 
NGF produces its effect by interacting with the high affinity receptor TrkA rather than the low-
affinity receptor p75NGFR. The low-affinity receptor p75NGFR serves as a pan-neurotrophin receptor 
and belongs to the tumor necrosis factor receptor superfamily (Bothwell 1995). The functional 
receptor of NGF, TrkA, is present on cells of the nervous, immune, and endocrine systems, which 
further strengthen the belief that NGF participates in interactions among these three systems 
(Otten et al. 1994; Patterson and Childs 1994). 
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18.3  NGF AND ITS ROLE IN INFLAMMATORY CASCADE

18.3.1  NGF aNd ImmuNocompeteNt cells

Despite being a neurotrophin, NGF regulates immune and inflammatory responses through direct 
and/or indirect effects on immune-competent cells (Thorpe et al. 1987; Table 18.1). Moreover, the 
presence of a highly dense array of sympathetic fibers in lymphoid tissues suggests a bridge between 
the nervous and immune systems, which probably translates neural messages into chemical signals 
that interact with specific cellular elements of the immune system (Felten et al. 1985). In trans-
genic mice overexpressing NGF, a hyper-sympathetic innervation of peripheral lymph nodes is seen 
(Carlson et al. 1995). In birds NGF and its functional receptor TrkA is strongly expressed in develop-
ing and adult lymphoid organs (Ciriaco et al. 1996), and also TrkA was found to be present on human 
thymic epithelial cells (Hannestad et al. 1997), which suggests the potential role of NGF in differen-
tiation of immune cells. Moreover, it has been shown that the high affinity receptor TrkA is required 
for the development of the thymus organ for maturation of T cells (Garcia-Suarez et al. 2000). 

18.3.1.1  Mast Cells
NGF can influence a variety of bone marrow–derived cells. Among the cells of immune lineage, 
mast cells were the first cells to be shown responsive to NGF both in vivo (Aloe et al. 1977) and 
in vitro (Böhm et al. 1986). Mast cells express only high affinity receptor TrkA, so NGF has an 
effect on mast cells but other neurotrophins do not have any effect on mast cells (Horigome et al. 
1993). In neonatal rats, daily injection of NGF resulted in hyperplasia of connective tissue mast 
cells and mucosal mast cells (Aloe and Levi-Montalcini 1977; Marshall et al. 1990). Anti-NGF 
antibody decreased the number of rat peritoneal mast cells (Aloe 1988). Moreover, NGF acts as a 
cofactor with IL-3 in development of mast cells from human umbilical cord blood cells (Richard 
et al. 1992) as well as induces expression of mast cell surface markers in cell cultures (Welker 
et al. 2000). Human mast cell line, HMC-1, and cultured human mast cells produce active NGF 
and express functional TrkA (Tam et al. 1997). In the rat, it has been found that NGF promotes the 
survival of peritoneal mast cells by inhibiting apoptosis (Horigome et al. 1994). This pro-survival 

TABLE 18.1
Role of NGF on Immunocompetent Cells

Cell Types NGF Responses

Mast cells Maturation1, 2, survival3, degranulation4, proliferation5, 6, modify expression of inflammatory 
cytokines7

Basophils Differentiation8, release of histamine9, 10

T lymphocytes Proliferation11, 12, 13, inhibition of apoptosis14, transcriptional activation of c-fos15, T cell 
dependent antibody synthesis16, increase expression of IL-2 receptor17, 18

Memory B lymphocytes Proliferation19, 20, differentiation12, survival of memory B cells21

Hemopoietic cells Differentiation17

Neutrophils Survival22, superoxide production22, chemotaxis23, 24

Monocytes/macrophages Phagocytosis25, survival26, 27, increase in oxidative burst28, increase in cathepsin S 
expression29

1Richard et al., 1992; 2Welker et al., 2000; 3Horigome et al., 1994; 4Bruni et al., 1982; 5Aloe and Levi-Montalcini, 1977; 
6Stead et al., 1987; 7Marshall et al., 1999; 8, 9Matsuda et al., 1988a; 10Bischoff and Dahinden, 1992; 11Raychaudhuri et al., 
2011; 12Otten et al., 1989; 13Lambiase et al., 1997; 14Raychaudhuri et al., 2011; 15Vega et al., 2003; 16Manning et al., 1985; 
17Matsuda et al., 1988; 18,19Brodie and Gelfand, 1992; 20Thorpe et al., 1987; 21Torcia et al., 1996; 22Kannan et al., 1991; 23Gee 
et al., 1983; 24Boyle et al., 1985; 25Susaki et al., 1996; 26la Sala et al., 2000; 27Garaci et al., 1999; 28Ehrhard et al., 1993a; 
29Liuzzo et al., 1999
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effect of NGF is suggested to be mediated by increased expression and release of autocrine growth 
factors (Marshall et al. 1990). Moreover, it has been found that rat peritoneal mast cells and cells 
of the basophilic lineage can synthesize, store, and release biologically active NGF in physiologi-
cally relevant amounts (Leon et al. 1994), which indicates the possibility that NGF itself may be 
one of the autocrine agents inducing mast cell survival. At physiological condition, NGF is a poor 
secretagogue for rat peritoneal mast cells and presence of antigen or other secretagogue increases 
the secretagogue effect of NGF on these cells (Bruni et al. 1982). Thus NGF acts as an immuno-
modulator in the inflammatory response by regulating mediator release from mast cells. Moreover, 
locally produced NGF acts as a chemoattractant for other mast cells through mitogen-activated 
protein kinase (MAPK) and phosphatidylinositol 3-kinase signaling pathways resulting in mast 
cell accumulation in allergic and nonallergic inflammatory conditions (Sawada et al. 2000). In mast 
cells, NGF also modifies the expression of inflammatory cytokines (IL-6, TNF-α) by a prostanoid- 
dependent mechanism that establishes the influence of NGF on mast cells in local inflammatory 
response (Marshall et al. 1999).

18.3.1.2  Basophils
The functional receptor of NGF, TrkA, is expressed on human basophils (Bürgi et al. 1996). 
NGF promotes differentiation of basophils accompanied by release of histamine (Matsuda et al. 
1988a). In human basophils also, NGF has a very similar sensitizing or priming effect on his-
tamine release (Bischoff and Dahinden 1992). Subcutaneous injection of NGF produces plasma 
extravasation (Otten et al. 1984) and intravenous injection produces hypotension (Yan et al. 1991) 
by releasing histamine. NGF primes the basophils and enhances the release of mediators in the 
presence of different agonists (Bürgi et al. 1996). Thus, expression of NGF by mast cells consti-
tutes an important link between mast cell activation and basophil function in late phase allergic 
reactions.

18.3.1.3  Eosinophils
NGF is stored and produced by eosinophils, and in disease conditions NGF activates the eosinophils 
to release specific inflammatory mediators like eosinophil peroxide, whereas it does not have any 
effect on the viability of eosinophils (Solomon et al. 1998). But according to another study, NGF 
increases the survival as well as the cytotoxic activity of human eosinophils (Hamada et al. 1996).

18.3.1.4  Neutrophils
Neutrophils play an important role in the early phase of inflammation and from several studies 
the effect of NGF on neutrophils has been well established. NGF at a concentration similar to that 
required for neurite outgrowth induces chemotaxis of human polymorphonuclear neutrophils in 
vitro (Gee et al. 1983) and also enhances the survival, phagocytosis, and superoxide production of 
murine neutrophils (Kannan et al. 1991). In in vivo study of mice, it has also been found that NGF 
acts as a chemotactic factor for neutrophils (Boyle et al. 1985).

18.3.1.5  Monocytes/Macrophages
The functional receptor of NGF, TrkA is present on human monocytes (Ehrhard et al. 1993a) and 
macrophages (Caroleo et al. 2001), but the expression of TrkA decreased during in vitro differentia-
tion of monocytes to macrophages, suggesting a maturation-dependent TrkA expression (Ehrhard 
et  al. 1993a). In murine study it has been found that NGF enhances the phagocytic property of 
monocytes/macrophages (Susaki et al. 1996). In humans, NGF increases the survival of monocytes 
by upregulating the anti-apoptotic Bcl-2 family proteins (la Sala et al. 2000). The interaction of 
NGF with its receptor TrkA on monocytes triggers oxidative burst, which is important for cytotoxic 
activity of monocytes (Ehrhard et al. 1993a). Moreover, NGF increases the expression of cathep-
sin S in macrophages, which is an important mediator of tissue destruction during inflammation 
(Liuzzo et al. 1999).
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18.3.1.6  Lymphocytes
The role of NGF on lymphocytes was first described by Dean et al. (1987) on mouse spleen cells. 
There are reports that lymphocytes can synthesize and secrete NGF, thereby suggesting an autocrine/
paracrine effect of NGF on the development and regulation of the immune system (Santambrogio 
et al. 1994). In human peripheral blood mononuclear cells, NGF increases the expression of IL-2 
receptor, thereby inducing proliferation of these cells (Brodie and Gelfand 1992). In vitro NGF 
induces granulocyte differentation from hematopoietic stem cells (Matsuda et al. 1988). Also, NGF 
increases the expression of IL-2 receptors in human natural killer cells (NK), thereby contribut-
ing to the innate immune response (Thorpe et al. 1987). Regarding the expression of TrkA on 
lymphocytes, there are some conflicting results. In a study, Ehrhard et al. showed that TrkA is 
expressed only in mitogen activated mouse CD4+ T cell clones (1993). In contrast, Lambiase et al. 
demonstrated that stimulated as well as unstimulated T cells expressed TrkA (1997). Lambiase also 
showed that NGF is produced by both Th1 and Th2 cells, but upon mitogenic stimulation Th2 cells 
produce more NGF than Th1 cells (Lambiase et al. 1997). In a recent study, our group reported that 
TrkA expression on human T cells is upregulated by CD3/CD28 stimulation, which is consistent 
with findings of the Ehrhard group in murine T cells (Raychaudhuri et al. 2011). We also showed 
that NGF is mitogenic to T cells and is mediated through TrkA, which is consistent with other 
study of NGF-induced T cell proliferation (Otten et al. 1989). In activated human T cells, NGF 
induces the phosphorylation of AKT (p-AKT) and inhibits the TNF-α induced apoptosis of T cells 
(Raychaudhuri et al. 2011). NGF also increases the expression of IL-2 receptor on T cells (Thorpe 
et al. 1987), c-fos gene transcription (Vega et al. 2003), and T cell dependent antibody synthesis 
(Manning et al., 1985). 

Similarly, NGF plays an important role in proliferation of B cells by increasing the expression of 
IL-2 receptor (Brodie and Gelfand 1992; Thorpe et al. 1987), differentiation of B cells into plasma 
cells (Otten et al. 1989) to secrete immunoglobulins (IgG, IgM, IgA; Kimata et al. 1991a; Kimata H 
et al. 1991b), and also to release specific cytokines like IL-4 and IL-5 (Otten et al. 1989; Lambiase 
et al. 2004). NGF also has an important role in induction and survival of specialized memory B cells 
through its receptor TrkA (Torcia et al. 1996). 

18.3.1.7  Other cells
Apart from neuronal and immune cells, NGF is produced by structural cells like keratinocytes 
(Raychaudhuri et al. 1998) and fibroblasts of skin, lung, and joints (Micera et al. 2001; Manni et al. 
2003; Raychaudhuri and Raychaudhuri 2009). NGF induces proliferation of keratinocytes (Pincelli 
et al. 1994) and increases expression of RANTES in keratinocytes (Raychaudhuri et al. 2000a), 
which plays an important role in recruiting inflammatory cells at the site of inflammation. In endo-
thelial cells, NGF induces proliferation as well as increased expression of ICAM-1, thereby influ-
encing angiogenesis and transmigration of leukocytes across the vessels (Raychaudhuri et al. 2001). 
NGF is produced by normal human synovial fibroblast and the functional receptor of NGF, TrkA, is 
expressed in these cells. The pro-inflammatory cytokines like IL-1β and TNF-α induce NGF syn-
thesis in these cells and also upregulates the expression of TrkA (Manni et al. 2003; Raychaudhuri 
and Raychaudhuri 2009). There are some conflicting data from two studies regarding the mitogenic 
role of NGF on fibroblast like synoviocytes (FLS). In one study it has been reported that NGF does 
not induce proliferation of FLS (Manni et al. 2003), whereas a study by our group had demonstrated 
that NGF significantly induces proliferation of FLS (Raychaudhuri and Raychaudhuri 2009). This 
difference can be attributed to use of more physiological culture media in the latter study.

18.3.2  NGF aNd cytokINes

Cytokines play a pivotal role in maintaining the balance of the immune system. The pro-
inflammatory cytokines like IL-1β and TNF-α markedly induce NGF synthesis from synovial 
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fibroblasts (Raychaudhuri and Raychaudhuri 2009). In an in vivo study in marmosets, Villoslada 
et al. showed that NGF increases the anti-inflammatory cytokine IL-10 whereas it decreases the 
pro-inflammatory cytokine IFN-γ, thereby skewing the Th1/Th2 balance toward Th2 (2000). 
In rat pheochromocytoma cell line (PC12) it has been found that NGF induces the mRNA of 
IL-1-alpha (Alheim et al. 1991). In mouse macrophages NGF increases the secretion of TNF-α 
and K252a. TrkA inhibitor can inhibit the NGF induced TNF-α secretion (Barouch et al. 2001). 
Recently, Jiang et al. showed that NGF along with LPS significantly induces the secretion of 
pro-inflammatory cytokines like IL-1β, IL-6, and TNF-α in monocyte derived dendritic cell 
lines (2007).

18.4  ROLE OF NGF IN DIFFERENT INFLAMMATORY DISEASES

The role of NGF/TrkA has been established in different inflammatory diseases of neural and extra 
neural origin (Table 18.2). 

18.4.1  multIple sclerosIs

In patients with multiple sclerosis (MS), infiltration of brain parenchyma with immune cells like 
T cells and monocytes occurs, which leads to destruction of myelin (Hauser et al. 1986). These cells 
also have a role in experimental allergic encephalomyelitis (EAE; Sobel et al. 1984). Mast cells are 
also present in MS plaques (Olsson 1974). In the cerebrospinal fluid of MS patients, increased levels 
of NGF have been found (Bracci-Laudiero et al. 1992). NGF is produced from mast cells (Tam et al. 
1997) and it induces proliferation of mast cells (Aloe and Levi-Montalcini 1977) and degranulation 
of mast cells (Bruni et al. 1982). Moreover, T cells and monocytes are responsive to NGF, resulting 
in induction of the inflammatory cascade (Raychaudhuri et al. 2011). These studies suggest that 
NGF plays an important role in the pathophysiology of MS. In contrast, Villoslada et al. showed in 
an EAE model of marmosets that NGF plays a protective role by downregulating the production of 
IFN-γ by infiltrating T cells and upregulates the production of IL-10 by glial cells (2000). Later on a 
protective role of NGF in EAE has been shown in mice (Parvaneh Tafreshi 2006). In a recent study 
it has been shown that in relapsing-remitting MS, mRNA expression of NGF is lower than healthy 
controls and it is mainly produced by T cells rather than monocytes, whereas in healthy controls 

TABLE 18.2
Increased Concentration of NGF in Different Inflammatory 
Diseases

Inflammatory Diseases Tissue

Multiple sclerosis Cerebrospinal fluid1

Rheumatoid arthritis Synovial fluid2

Psoriasis Psoriasis plaques3

Psoriatic arthritis Synovial fluid4

Osteoarthritis Synovial fluid5

Systemic lupus erythematosus Serum6

Vasculitic syndrome Serum7

Allergic inflammatory disease of airway Serum,8 nasal lavage fluid9

Inflammatory bowel disease Intestinal tissue10

1Bracci-Laudiero et al., 1992; 2Raychaudhuri et al., 2011; 3Fantini et al., 1995; 
4Raychaudhuri et al., 2009; 5Aloe et al., 1992a; 6Bracci-Laudiero et al., 1993; 
7Falcini et al., 1996; 8Bonini et al., 1996; 9Sanico et al., 2000; 10Barada et al., 2007
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monocytes produce more NGF than T cells (Urshansky et al. 2010). The exact role of NGF in MS 
is yet to be decided.

18.4.2  rheumatoId arthrItIs

Rheumatoid arthritis (RA) is characterized by increased pro-inflammatory cytokines and prolif-
eration of fibroblast-like synoviocytes leading to formation of pannus, which leads to destruction 
of bone and cartilage. In a carrageenan induced arthritis (CIA) model, NGF has been found to be 
elevated compared to controls (Aloe et al. 1992b). In synovial fluid of RA patients, an elevated 
level of NGF was found compared to patients with noninflammatory arthritis like osteoarthritis 
(OA; Raychaudhuri et al. 2011). Contrarily, studies showed no difference in NGF level between RA 
and OA patients (Rihl et al., 2005) and six months of anti-TNF therapy did not alter serum NGF 
levels compared to its pre-treatment state (Del Porto et al., 2006). The mRNA expression of NGF 
and its receptor TrkA in synovial tissue was high in patients with RA compared to patients with 
OA (Barthel et al. 2009). A study by Raychaudhuri et al. showed that fibroblast-like synoviocytes 
(FLS) when stimulated with TNF-α/IL-1β produce more NGF and there is also upregulation of 
TrkA (Raychaudhuri et al. 2009). Moreover, NGF induced marked proliferation of FLS through 
its receptor TrkA in RA patients, resulting in formation of pannus, which is pathognomonic of 
RA (Raychaudhuri and Raychaudhuri 2009; Raychaudhuri et al. 2011). In synovial fluid of RA 
patients, activated T cells expressed TrkA, whereas in OA patients TrkA+ T cells were not detect-
able (Raychaudhuri et al. 2011). Treatment of RA patients with anti-TNF-α agents does not have 
significant impact on NGF, suggesting that TNF-α and NGF do not share the same regulatory path-
way (Del Porto et al. 2006). 

18.4.3  psorIasIs

Psoriasis is characterized by hyperkeratosis, parakeratosis, acanthosis, angiogenesis, neutro-
philic microabscesses, and lymphomononuclear cell infiltrates (Farber and Raychaudhuri 1999). 
The role of neurogenic inflammation in the pathogenesis of psoriasis is substantiated by several 
observations: psoriasis exacerbates during stress (Farber et al. 1986), marked proliferation of 
terminal cutaneous nerves in psoriatic lesions, upregulation of neuropeptides like substance P, 
calcitonin gene-related peptide (Farber et al. 1990; Naukkarinen et al. 1989), and response of 
psoriatic plaques to neuropeptide-modulating agents such as capsaicin (Bernstein et al. 1986). 
NGF plays an important role in regulating neuropeptides like substance P and calcitonin gene-
related peptide (Lindsay and Harmar 1989). NGF promotes regeneration of sensory nerve fibers 
in transplanted psoriatic skin compared to healthy skin (Raychaudhuri et al. 2008) and it has been 
reported that NGF is mitogenic to keratinocytes (Pincelli et al. 1994). NGF recruits mast cells and 
promotes their degranulation (Aloe and Levi-Montalcini 1977; Pearce and Thompson 1986), both 
of which are early events in a developing lesion of psoriasis. In addition, NGF activates T lym-
phocytes, recruits inflammatory cellular infiltrates (Thorpe et al. 1987; Lambiase et al. 1997), is 
mitogenic to endothelial cells, and induces ICAM on endothelial cells (Raychaudhuri et al. 2001), 
which altogether helps in recruitment of inflammatory cells at the site of lesion. Moreover, it has 
been shown that NGF is highly expressed in psoriatic patients (Fantini et al. 1995) and the recep-
tor TrkA is also upregulated in terminal cutaneous nerves of psoriatic lesions (Raychaudhuri 
et al. 2000). In psoriatic patients it has been found that NGF is upregulated after the Koebner 
phenomenon, and the time required for the appearance of psoriatic features correlates with the 
peak level of NGF (Raychaudhuri et al. 2008). In a SCID mouse model, NGF-stimulated autolo-
gous peripheral blood mononuclear cells can induce features of psoriasis in transplanted grafts 
(Raychaudhuri et al. 2001a). Moreover, in a SCID psoriasis xenograft model, it has been shown 
that NGF-R modulating agents like K252a and NGF antibody improve psoriasis, which also 
establishes the role of NGF in psoriasis (Raychaudhuri et al. 2004). 
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18.4.4  psorIatIc arthrItIs

In synovial fluid of psoriatic arthritis (PsA) patients, increased concentration of NGF was found from 
different studies and NGF induces marked proliferation of FLS (Raychaudhuri and Raychaudhuri 
2009; Raychaudhuri et al. 2011), thereby contributing in the formation of pannus. The functional 
receptor of NGF, TrkA is present in FLS of PsA patients and upregulated when treated with TNF-α/
IL-1β (Raychaudhuri and Raychaudhuri 2009). Moreover, this NGF induced FLS proliferation 
in PsA patients can be inhibited by NGF neutralizing monoclonal antibody and K252a, a TrkA 
receptor blocker, which in turn proves that proliferative effect of NGF is mediated through TrkA 
(Raychaudhuri et al. 2011). These studies suggest that NGF plays an important pathological role in 
PsA; however, more studies are required to confirm this.

18.4.5  osteoarthrItIs

Osteoarthritis (OA) is characterized by disrupted tissue homeostasis of the articular cartilage and 
subchondral bone. In pathophysiology of OA, interactions between chondrocytes and the ECM 
play a major role. IL-1β and TNF-α are important pro-catabolic cytokines in OA (van de Loo et al. 
1995). In synovial fluid of OA patients, NGF is marginally elevated compared to healthy controls 
(Aloe et al. 1992a) and chondrocytes secrete NGF and express TrkA (Iannone et al. 2002).

18.4.6  proGressIve systemIc sclerosIs

Progressive systemic sclerosis (SSc) is characterized by activation of the immune system (White, 
1994) with accumulation of extracellular matrix leading to fibrosis of skin (Strehlow and Korn 
1998) and endothelial cell damage (Matucci-Cerinic et al. 1995). Mast cells (MC) increase in the 
early stage of disease but decline during disease progression (Hawkins et al. 1985). Fibroblasts 
release NGF, which induces proliferation, hypertrophy, and degranulation of MCs (Davies et al. 
1987; Pearce and Thompson 1986). Mast cells can also synthesize and release NGF (Leon et al. 
1994). A study by Tuveri and coworkers showed that in early stage of disease the densities of NGF 
positive cells and mast cells are more in SSc patients compared to healthy controls (Tuveri et al. 
1993). In addition to skin, NGF also has an effect on pulmonary epithelial cells by increasing the 
permeability of pulmonary epithelial cells leading to pulmonary fibrosis (Piga et al. 2000). 

18.4.7  systemIc lupus erythematosus

Systemic lupus erythematosus (SLE) is an immune-mediated disease characterized by B cell hyper-
activity and dysregulated immune system with excess pathogenic subsets of auto-antibodies and 
immune complexes. It has been found that NGF is elevated in the serum of patients with SLE 
compared to healthy controls (Bracci-Laudiero et al. 1993) and NGF has a correlation with disease 
severity (Aalto et al. 2002).

18.4.8  vasculItIc syNdromes

Among different vasculitic syndromes, NGF is found to be elevated in Kawasaki disease (Falcini 
et al. 1996) and in Churg-Strauss syndrome (Yamamoto et al. 2001). 

18.4.9  allerGIc INFlammatory dIsease oF aIrways

Allergic airway diseases are characterized by inflammation and hyperresponsiveness to different 
stimuli. It has been shown that hyperresponsiveness can be attributed to increased neural activity 
(Nockher et al. 2006; Sanico et al. 1998). Allergic bronchial asthma is characterized by airway 
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inflammation, reversible airway obstruction in response to allergen inhalation, and enhanced bron-
choconstrictor responses to unspecific stimuli (Braun et al. 2000). In mouse models of allergic 
inflammation and in NGF transgenic mice it has been shown that neurotrophins alter sensory inner-
vations, enhance neuropeptide production, and induce airway hyperresponsiveness (Hoyle et al. 
1998; Braun et al. 1998). In guinea pigs, exogenously administered NGF develops airway hyper-
responsiveness to histamine (de Vries et al. 1999). Moreover, it has been found that subjects with 
allergic rhinitis exhibit hyperresponsiveness to nasal provocation with histamine (Mullins et al. 
1989). In patients with allergic asthma, serum NGF level was found significantly elevated compared 
to nonallergic asthma and healthy controls (Bonini et al. 1996). Braun et al. showed that bron-
chial hyperreactivity of asthma is associated with an increase in NGF, which increases local Th2 
responses resulting in increased production of IL-4, IL-5, IgG1, and IgE (1998).

In allergic rhinitis patients, the NGF level in nasal lavage fluid was found to be high compared to 
healthy controls (Sanico et al. 2000).

18.4.10  INFlammatory Bowel dIsease

Inflammatory bowel disease (IBD) is comprised of two disease states: ulcerative colitis (UC) and 
Crohn’s disease (CD). In different animal and human studies, involvement of the enteric nervous 
system during intestinal inflammation has been shown (Fiocchi 1997). In one study, Stead et al. 
showed that mast cells located in the lamina propria of gut are in close contact with the enteric 
nervous system, which showed a connection between the nervous and inflammatory systems (1989). 
In a rat model of colitis, NGF was found to be elevated in intestinal tissue compared to control rats 
(Barada et al. 2007). It has been found that in intestinal tissues of CD and UC patients, mRNA of 
NGF and TrkA are markedly increased compared to healthy controls (di Mola et al. 2000).

18.4.11  NGF/trka INteractIoN: poteNtIal New druG tarGet

The critical role of NGF and its receptor system in the pathophysiology of inflammation and inflam-
matory diseases has provided an attractive opportunity to develop a novel class of therapeutics 
for inflammatory diseases. The NGF/NGF-R interaction and the downstream signaling cascades 
offer putative drug targets (Figure 18.1). This can be achieved by NGF neutralizing agents, TrkA 

Anti NGF Ab

Trk A antagonistp75NTR

p TrkA

Trk A X

NGF X

K252a

Proliferation of T cells
Proliferation of nerve fibers
Proliferation of keratinocytes
Proliferation of FLS
Inhibits apoptosis of T cells
Upregulation of SP, CGRP
Mast cell degranulation
Chemotaxis of leukocytes

X

FIGURE 18.1  NGF/TrkA, a novel target for therapy of autoimmune diseases.
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receptor antagonists, and by molecules that prevent activation of TrkA. Our group as well as others 
have demonstrated that psoriatic keratinocytes produce more functionally active NGF compared to 
normal individuals (Raychaudhuri et al. 2000; Fantini et al. 1995). The important role of NGF in 
the pathophysiology of psoriasis compelled our group to develop therapeutic strategies for psoriasis 
by manipulating NGF/TrkA interaction and its downstream signal transduction events. Our group 
had used a high-affinity NGF receptor (TrkA) inhibitor, K252a, and NGF-neutralizing antibody 
in SCID mouse xenograft model to substantiate the significance of NGF/NGF-R system in the 
pathogenesis of psoriasis (Raychaudhuri et al. 2004). We have demonstrated the efficacy of K252a 
and NGF-neutralizing antibody in psoriasis, evidenced by decreased thickness of the rete pegs, 
reduced infiltrates, and normalization of the stratum corneum, whereas the control group treated 
with normal saline did not improve (Raychaudhuri et al. 2004). This study provides direct evidence 
regarding the role of NGF/NGF-R in the pathology of human disease and therapeutic manipulation 
of NGF/TrkA interaction can be considered as a treatment of psoriasis. 

Several investigators and pharmaceutical companies are currently in search of anti-NGF ther-
apy for inflammatory diseases. A phase II clinical trial with topical K252a was recently com-
pleted for treating mild to moderate psoriasis vulgaris (U.S. NIH 2011a). Shelton et al. from Rinat 
Neuroscience Corporation (later acquired by Pfizer Inc.) have reported that treatment with anti-
NGF antibody was efficacious for autoimmune arthritis of rats (2005). They found that treatment 
with anti-NGF caused a profound reversal of hyperalgesia within 24 hours of the infusion, and the 
efficacy was similar to daily doses of 3 mg/kg of indomethacin along with reversal of weight loss. 
These effects of pain relief and weight loss were achieved despite a lack of notable changes in the 
development or progression of the arthritis in this model. These results encouraged Pfizer to extend 
their study in chronic painful human diseases such as osteoarthritis (OA). In a phase III clinical 
trial, Tanezumab (RN624), a humanized anti-NGF antibody, was evaluated for safety and efficacy 
of subjects with knee or hip OA, but due to potential safety issues, FDA put a clinical hold on this 
study (U.S. NIH 2010). Another pharmaceutical company, Abbott, completed a phase I clinical trial 
in January 2011 with their anti NGF monoclonal antibody in OA of knee joints (U.S. NIH 2011b). 
Further studies are required to assess the efficacy and safety of anti-NGF monoclonal antibody in 
different inflammatory diseases.

18.5  CONCLUSIONS

Among the different neurotrophins, NGF and its functional receptor TrkA play an important role in 
maintaining the homeostasis of the immune system. NGF perpetuates the inflammatory process by 
influencing different steps of inflammation: (1) inducing proliferation of T cells/B cells/mast cells/
nerve fibers/keratinocytes/FLS; (2) releasing histamine from mast cells; (3) promoting chemotaxis 
of leukocytes; and (4) inhibiting apoptosis of T cells. In different inflammatory diseases of neural 
as well as extra-neural origin, NGF remains elevated and plays an important role in disease patho-
physiology. Among the inflammatory diseases, the role of NGF has been more substantiated in 
psoriasis. Interfering NGF/TrkA interaction could be a potential drug target. Clinical trials are on-
going with anti-NGF monoclonal antibodies, TrkA antagonist, and K252a, an inhibitor of tyrosine 
phosphorylation of TrkA in different disease conditions. 

TAKE-HOME MESSAGES

• In addition to its biologic effect in the nervous system, NGF and its receptor system have a 
regulatory role in various other organs.

• NGF-induced signals are mediated by its high affinity receptor, tyrosine receptor kinase A 
(TrkA), and p75, the low affinity receptor.

• A growing number of studies on inflammatory diseases have demonstrated that the inflam-
matory state is characterized by upregulation of NGF synthesis.
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• We have learned a new function of NGF: that NGF sensitizes nociceptive neurons and 
influences processing and transmission of pain signals.

• NGF influences an inflammatory reaction by regulating neuropeptides, angiogenesis, cell 
trafficking molecules, and T cell activation. All these functions of NGF are relevant in the 
maintenance or initiation of the critical biologic events in various inflammatory diseases.

• The recognition of a pathologic role of NGF and its receptor system has provided an attrac-
tive opportunity to develop a novel class of therapeutics for inflammatory diseases and 
chronic pain syndromes.

• Currently, anti-NGF pharmacologic agents are in the developing phase. It is likely that 
NGF-based therapy will be used in various disciplines of medicine, more so by the rheu-
matologists for the treatment of inflammatory diseases and chronic pain syndromes of 
musculoskeletal diseases.
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19.1  INTRODUCTION

Inflammation (inflammare (L.): to set on fire) is a fundamental physiological process and the body’s 
protective reaction to injurious stimuli in the form of infection, trauma, pathogenic invasions, auto-
antibodies, ionizing radiation, and physical, chemical, or thermal stress. Broadly, there are two 
stages of inflammation, acute and chronic [1]. As part of an innate immune response, acute inflam-
mation is beneficial for the host and is mediated through the activation of the immune system. On 
the other hand, chronic inflammation may predispose the host to various illnesses and forms the 
underlying basis for cancer, neurodegenerative diseases, HIV/AIDS, and gastrointestinal, cardio-
vascular, and autoimmune disorders [2] (Figure 19.1). 

This understanding has led to the development of alternative therapies to mitigate inflammation 
that emphasize the identification of sources and mechanism(s) that regulate this complex process. 
There can be multiple sources of inflammation ranging from microbial to viral infections, obesity, 
autoimmune disorders, alcohol consumption, high calorie diet, and tobacco use [3]. These sources 
seem to be varied, but at the molecular level they converge into an intricate network of cellular 
signaling pathways that lead to the exacerbated production of inflammatory mediators, signifying 
oxidative stress. 

Emerging evidence suggests that overproduction of reactive oxygen and nitrogen species (RONS), 
resulting in oxidative stress, plays a pivotal role in several disease states where inflammation serves 
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as an underlying mechanism. RONS, particularly H2O2 and ONOO–, have the ability to interact 
with many cellular lipids and proteins to elicit pathways of inflammation [4]. Apart from activating 
cytotoxic or cytocidal mechanisms, RONS can also modulate intracellular second messenger gen-
erating pathways leading to the activation of transcription factors of the nuclear factor-κB (NF-κB)  
family. Additionally, modulation of upstream kinase pathways involving STAT-3, p38, JNK, and 
Akt, contribute to shaping the inflammatory response [5] (Figure 19.2). Thus, knowledge of these 
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mechanisms has elevated the importance of understanding both the molecular basis of inflamma-
tion and the regulatory systems. 

Considering the critical role of oxidative stress in inflammation and pathogenesis, numerous 
preventive and therapeutic strategies have been developed, which incorporate antioxidants into the 
management of chronic diseases. At the primary level, biological systems have evolved a variety 
of antioxidant-based anti-inflammatory strategies to combat and help mitigate inflammatory stress. 
Such an elaborate antioxidant defense system comprises enzymes such as superoxide dismutase 
(SOD), catalase, glutathione peroxidase (GPx), and small peptides like reduced glutathione (GSH). 
Interestingly, many naturally occurring dietary supplements and nutrients have been shown to miti-
gate low-grade inflammation by specific mechanisms [6]. These antioxidants reduce inflammation 
by detoxification of reactive oxygen species (ROS), including H2O2, lipid and phospholipid hydro-
peroxides. Such changes in ROS impact gene expression signatures of key enzymes, such as the 
cyclooxygenases and lipoxygenases, which produce lipid mediators in the form of prostaglandins 
(PG), thromboxanes, prostacyclins, and oxidized fatty acids, respectively. Thus, knowledge of these 
mechanisms can not only lead to understanding the molecular basis of the control of inflammation, 
but can also greatly influence the development of treatment regimens with an emphasis on optimal 
antioxidant nutrition.

19.2  ROS MEDIATED OXIDATIVE STRESS AS A SOURCE OF INFLAMMATION

Free radicals, generated as a consequence of biochemical reactions, are regarded as the “neces-
sary evil” that occupy the helm of a majority of all the pathological states. By definition, free 
radicals represent molecules containing one or more unpaired electrons that are formed due to 
alterations in redox homeostasis. An imbalance between the antioxidant defense system in cells 
and overwhelming levels of pro-oxidant species is thought to lead to the accumulation of free 
radicals, which is termed “oxidative stress.” Oxidative stress results in the generation of ROS and 
reactive nitrogen species (RNS), which are together referred to as RONS. While these mediators 
are constantly generated under normal conditions as a consequence of aerobic metabolism, several 
enzymatic reactions such as autooxidation of catecholamine and the uncoupling of NO synthase 
(NOS) and xanthine oxidase (XO), NAD(P)H oxidase, and cytochrome P450 can lead to the pro-
duction of RONS [7]. 

RONS are highly reactive products that exacerbate oxidative stress promoting inflammation. As 
a link between chronic inflammation and cancer, RONS activate intracellular signaling pathways 
leading to the transformation of normal cells to tumor cells [1]. Tumor promoters recruit inflamma-
tory cells to stimulate and generate RONS, thereby causing a change in the tumor microenviron-
ment to facilitate pathways that promote various stages of cancer development. Such a sustained 
inflammatory/oxidative environment, which constitutes a vicious circle, forms the underlying basis 
for tumorigenesis. 

During inflammation, leukocytes are recruited to the site of damage, leading to increased release 
and accumulation of ROS at the site of damage due to “respiratory burst” [8]. H2O2 is a short-lived  
but highly toxic ROS that is also produced by other cellular components of relevance to inflamma-
tion. For example, both soluble immunoglobulins and the solubilized T-cell antigen receptor het-
erodimer can generate H2O2 [9]. It has been proposed that immunoglobulins use singlet oxygen (1O2) 
that oxidizes water to yield H2O2 [9]. Immunoglobulins, bound to the plasma membrane of B cells in 
association with accessory/costimulatory molecules to form the B cell receptor (BCR), serve as an 
important source of H2O2. However, plasma membrane NADPH oxidase, physically or functionally 
linked to the BCR, serves as the major source of H2O2 rather than the immunoglobulin molecule 
itself. The pivotal role of inducible NOS (iNOS) in inflammation is well known—it produces large 
amounts of NO and is expressed in immune cells, particularly macrophages, upon stimulation by 
a variety of mechanisms. However, endothelial NOS (eNOS) has recently been an object of simi-
lar consideration (Figure 19.3). Mechanical stimulation and inflammatory mediators upregulate 
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eNOS [2]. Lack of eNOS-derived NO. was shown to upregulate the inflammatory pathway [2]. 
Thus, eNOS-derived NO. is a double-edged sword given its dual role in mitigating inflammation (as 
seen from its ability to decrease leukocyte endothelial cell interaction with inflammatory cells) and 
its ability to promote inflammation (in the form of perturbing plasma membrane permeability and 
thereby facilitating angiogenesis) [10]. 

Apart from H2O2 and NO., inflammatory cells also produce oxidized lipid mediators that include 
metabolites of arachidonic acid, which along with cytokines and chemokines recruit inflammatory 
cells to the site of damage. The mobilization of arachidonic acid through the cytosolic phospholi-
pase A2 (cPLA2) pathway produces oxidant species during the metabolic transformation by cyclo-
oxygenase or lipoxygenase. Interestingly, this pathway might be responsible for ROS generation in 
cells stimulated via the TNF receptor I (TNFR1) or the FAS receptor, which further supports the 
notion that oxidative stress in the form of oxygen radicals serves as a critical player in TNF or FAS 
ligand (FASL)-dependent cell death [2]. 

One of the mechanisms of free radical–dependent exacerbation of inflammation originates 
from the ability of these highly reactive metabolites to oxidize cellular lipids, proteins, and 
nucleic acids [4]. In fact, ROS can react directly with biomolecules to cause cell damage and 
death. For example, superoxide and hydroxyl radicals initiate the process of autocatalytic lipid 
peroxidation. The products of oxidized lipids may themselves initiate further oxidative damage. 
Lipid  peroxidation–induced inflammation not only impairs cellular homeostasis, but also plays an 
important role in the pathogenesis of chronic premalignant human diseases, where DNA damage 
is of common occurrence [11]. These pro-oxidants damage DNA by the generation of hydroxyl 
radicals (.OH) and singlet oxygen (1O2). The RONS produced by neutrophils and macrophages 
can contribute to mutagenesis of DNA by inducing strand breaks, oxidation of purine bases, and 
formation of DNA-protein cross-links. As a result of such effects on biomolecules, excessive ROS 
can mediate alterations in chromatin structure to modulate gene expression [12]. Along these lines, 
chronic inflammation increases the generation of highly reactive nitric oxide intermediates such as 
peroxynitrate, which can damage DNA by alkylation, deamination, oxidation, nitration of nucleo-
bases, and single and double strand breaks [13]. Furthermore, DNA damage by itself can result in 
ROS generation, which can attack other targets that are vital for cell viability [14]. In addition, for-
mation of DNA adducts with electrophiles generated from lipid peroxidation reactions also form 
an additional underlying molecular mechanism of disease pathogenesis. For example, reactive 
aldehydes like 4-hydroxy-2-nonenal (4-HNE), malondialdehyde, acrolein, and crotonaldehyde, 
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which are products of lipid peroxidation, react directly with DNA bases or generate bifunctional 
intermediates that form exocyclic DNA adducts [15]. More importantly, guanine in DNA is the 
most targeted base that is oxidized by RONS to 8-nitroguanine that is generated at the site of injury 
by inflamed macrophages. 

In addition to mitochondria, another source of oxidants is the endoplasmic reticulum (ER) where 
O2

– is generated by leakage of electrons from NADPH cytochrome P450 reductase. Oxidative dam-
age to resident proteins of the ER could also serve as one of the contributing factors in inflamma-
tion and ageing. The susceptibility of proteins to oxidative damage depends on oxidation-sensitive 
amino acid residues, presence of metal binding sites, subcellular localization, turnover, and struc-
tural perturbations. Modification of proteins by mediators of inflammation can lead to denaturation 
that can potentially render proteins nonfunctional. For example, carbonylation of lysine affects 
protein functions during signaling process. Carbonylated proteins that are not degraded form toxic 
aggregates that may affect cell viability. These modified proteins are often observed in patients with 
Parkinson’s disease, Alzheimer’s disease, and cancer. Similarly, alkylation of some proteins (p300/
CBP) by fatty acid metabolites can target such proteins to ubiquitination followed by degradation by 
the proteosome. Apart from affecting protein function, mild oxidative stress can also impact mRNA 
translation, thus modulating protein synthesis [16]. 

The relationship of oxidative stress to inflammation has become synonymous with the fact 
that certain ROS function as messenger molecules to propagate inflammatory signals. The most 
important effects of oxidants on cellular signaling pathways, which are central to inflammation, 
include activation of MAPK/AP-1 and NF-κB pathways (Figure 19.2) [5]. ROS are implicated 
as second messengers involved in activation of redox sensitive transcription factor NF-κB [17]. 
NF-κB also controls the transcription of a number of pro-inflammatory cytokines, chemokines, 
enzymes of arachidonic acid cascade, and genes involved in cell transformation, proliferation, 
and angiogenesis [18]. In addition to NF-κB, ROS are also known to activate other transcription 
factors, such as signal transducer and activator of transcription 3 (STAT3), hypoxia-inducible fac-
tor (HIF)-1α, activator protein-1 (AP-1), nuclear factor of activated T cells (NFAT), and NF-E2 
related factor-2 (Nrf-2), which also play a critical role in mediating cellular stress responses [1]. 

The induction of cyclooxygenase (COX)-2 and iNOS, aberrant expression of inflammatory 
cytokines (TNFα, IL-1β, IL-6), and chemokine receptor 4 (CXCR4), as well as alterations in the 
expression of specific miRNAs have also been reported to play a role in oxidative stress-induced 
inflammation [19]. 

While oxidants and free radicals activate a complex network of pathways leading to inflamma-
tion, a number of cellular defense mechanisms have evolved to mitigate this oxidative insult. Such 
an arsenal of strategies, endowed in most cells, is composed of the body’s antioxidant defense sys-
tem (ADS) constituting enzymes such as SOD, catalase, glutathione peroxidases (GPx), glutathione 
reductase, and glutathione-S-transferases (GSTs). In addition to this well-defined defense mecha-
nism, certain metals, vitamins, and dietary supplements also are essential to maintain the levels of 
ROS and the homeostatic set points. 

19.3  ANTIOXIDANTS AS ANTI-INFLAMMATORY AGENTS

While ROS play a significant role in host defenses, an overabundant production is far more detri-
mental, leading to the induction of stress and redox-sensitive signaling pathways, such as NF-κB 
[20]. As a compensatory mechanism, cells have evolved an elaborate “ADS” that is made up of 
antioxidant enzymes that metabolize ROS. As part of the ADS, catalase is identified as an effi-
cient antioxidant enzyme and an important factor in mitigating inflammation. Catalase is a heme-
containing protein found in the peroxisome of cells [21, 22]. Its main effects are seen with H2O2, 
via a two-step reduction, to water and molecular oxygen [22]. In specific cases, catalase protects 
the body against high levels of exogenous H2O2, which could lead to the induction of inflamma-
tory genes from specific immune cells [21]. Additionally, catalase has a very high turnover rate, 
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converting up to 60 million molecules of H2O2 per minute [22]. Studies have shown that a defi-
ciency in catalase is a contributing factor to the development of diabetes [21]. 

Superoxide dismutases catalyze the dismutation of superoxide to H2O2 and, thus, couples 
enzymatically with catalase to reduce pro-oxidant superoxide to water and molecular oxygen. 
The mechanics of reduction mimics a “ping-pong” type mechanism, where a transition metal 
ion (such as Cu-Zn, Fe, Mn, Ni) is involved in a redox reaction in the active site [21, 22]. There 
are three major families of SOD, depending on the metal cofactor (Cu/Zn, Mn/Fe, and Ni). 
While each isoform has different functions and features, they all serve to reduce pro-oxidants. 
A wealth of literature supports the importance of SODs in mechanisms such as aging and neural 
tube development (dysraphic anomalies) to chemoprevention, suggesting the importance of ADS 
in normal physiology [21, 22].

Glutathione peroxidase exists in two forms, a selenium-dependent form (GPx) and a selenium-
independent form (peroxidase activity associated with GST), with GPx being the most studied 
form [22]. As the name indicates, GPx provides protection against peroxides, creating water and an 
oxidized form of glutathione from hydrogen peroxide [22]. Studies have shown that uncontrolled 
production of peroxides, via lipid peroxidation and other methods, can lead to a dysregulation of 
inflammation and, subsequently, inflammatory diseases [23]. While GPx and catalase compete 
against each other for H2O2 as a substrate, the former enzyme acts on both lipid hydroperoxides in 
addition to H2O2, unlike catalase [22]. Being a heme protein, catalase also produces free radicals as 
by-products during the course of its catalytic cycle, which is not the case with GPx. 

While catalase, SOD, and GPx are all antioxidant enzyme systems produced within the body, 
there are a number of small molecular antioxidants that are also found in foods. These antioxidants 
are in the forms of vitamins, minerals, and trace elements that complement the ADS. 

Adequate intake of vitamins and minerals is required to maintain a homeostatic environment, 
where deficiencies can lead to underdeveloped or nonfunctional immune functions. As discussed 
before, the generation of ROS is part of the immune response. A decrease in the body’s ability to 
respond to the increase in ROS results in escalating inflammation and vulnerability to oxidative 
stress [24]. Folate, vitamin E, vitamin B6, vitamin C, vitamin D, and vitamin A all play important 
roles in mitigating oxidative stress-dependent inflammation. 

Used rapidly during an infection, vitamin C mitigates oxidative stress [24]. In fact, one of 
the main effects of vitamin C is maintaining a low oxidative state in cells during an inflam-
matory response, thus allowing the body to respond to an infection without the possible devel-
opment of “inflammation chronicity.” Attacking free oxygen radicals at a rate comparable to 
vitamin C, vitamin B6 has recently been identified as an efficient biological antioxidant [25]. 
Playing a large role in suppressing the progression of atherosclerosis and chronic inflammation, 
vitamin B6 is heavily involved in active-oxygen resistance [25]. In addition to these vitamins, 
folate has also been identified as an antioxidant. Attacking radicals different from vitamin C 
and B6, folate nonetheless reduces the presence of these radicals at rates similar to many anti-
oxidants [25].

Like water-soluble vitamins, fat-soluble vitamins (vitamin E, vitamin D, and vitamin A) are also 
known to act as antioxidants. While both vitamin A and D have been studied and were found to 
play roles as antioxidants, it is vitamin E that has the greatest impact. Production of lipid peroxides 
alters the functions of cellular pathways and causes oxidative irreversible damage to membrane 
lipids [24, 26]. Vitamin E protects against this damage via its function as a free radical quencher. 
In asthma, ROS can induce bronchoconstriction to cause vascular leakage and pulmonary tissue 
damage [26]. Vitamin E has been shown to regulate these processes, protecting the lungs from 
ROS, decreasing inflammation, and preventing damage from occurring. In some cases, vitamin E 
has also been shown to optimize and enhance the immune response through its role as a free radical 
quencher [24]. 

Both water- and fat-soluble vitamins play a large role in combating the production of oxidative 
reagents, in conjunction with other antioxidants and trace elements. It is important to recognize that 
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the combination of vitamin E, selenium (in the form of selenoprotein thioredoxin reductase), and 
dehydroascorbic acid functions as an efficient and regenerating antioxidant system to reduce free 
radicals in cells. 

19.4  TRACE ELEMENTS AS ANTIOXIDANTS

Aside from the various antioxidants described earlier, some metal nutrients, like selenium (Se), zinc 
(Zn), copper (Cu), and iron (Fe), also facilitate protection from oxidative stress. They function as 
antioxidants primarily through their incorporation into proteins, either in the active site or as cofac-
tors. In this section, we will describe the role of some of these trace nutrients as antioxidants and 
also explain their mode of action.

19.4.1  Selenium

The essential micronutrient Se has been attributed to a variety of beneficial physiologic proper-
ties because of its ability to be co-translationally incorporated into a class of cellular proteins, 
selenoproteins, in the form of the 21st amino acid, selenocysteine (Sec). About 30 different 
selenoproteins are known to be expressed in the mammalian system, which include the well- 
characterized GPx, TR, deiodinases, and others that are currently being studied, such as seleno-
proteins P, K, W, and R. Selenoenzymes of the glutathione peroxidase (GPx) and thioredoxin 
reductase (TR) families are involved in regeneration of antioxidant systems, maintenance of 
intracellular redox state and membrane integrity, as well as gene regulation by redox control of 
binding of transcription factors to DNA [27]. Epidemiological evidence shows that inadequate 
levels of Se and the associated production of RONS are linked with a higher incidence of car-
diovascular diseases, progression of viral infections including HIV/AIDS, Alzheimer’s disease, 
and infertility, where inflammation plays a significant role in pathogenesis. Anticarcinogenic 
properties of supra-nutritional doses of Se have been shown through mechanisms such as pertur-
bation of tumor cell metabolism, induction of apoptosis, and inhibition of angiogenesis, which 
suggest a certain degree of overlap between the anti-inflammatory and antiproliferative effects 
of Se [28]. Also, supplementation of Se has been shown to improve the health status of patients 
suffering from inflammatory conditions like septic shock, autoimmune thyroiditis, pancreatitis, 
asthma, and rheumatoid arthritis. 

Glutathione peroxidases, one of the most well-studied classes of selenoproteins, provide protec-
tion against oxidative damage by reducing hydrogen peroxide, organic hydroperoxides, and phos-
pholipid hydroperoxides to their corresponding less-reactive alcohols. Five different isoenzymes of 
Sec-containing GPxs are known in humans (GPx1-4 and 6), each with specific substrate specifici-
ties and tissue-specific distribution [29]. The enzymatic reaction involves the selenocysteine in the 
active site and also two glutathione (GSH) molecules as cofactors. Studies have shown that GPx 
activity is greatly diminished in individuals deficient in Se, while Se supplementation of such indi-
viduals increases the activity.

Another family of selenoproteins, TRs, is also capable of alleviating oxidative stress by reducing 
hydrogen peroxide and lipid hydroperoxides, modulating the redox status of many proteins. The 
three isoenzymes of human TR (TR1-3) contain a selenocysteine residue in the C-terminus, which 
has been shown to be important for activity [29]. The antioxidant activity of TR occurs via a com-
plex reaction cascade involving the transfer of electrons from NADPH to a disulfide in one subunit 
via FAD, to the selenylsulfide of the other subunit [30]. The reaction also involves thioredoxin (Trx) 
as a cofactor. TRs also provide protection from oxidative stress by maintaining Trx in a reduced 
state, as reduced Trx is a major electron donor in many redox reactions, restoring the enzymatic 
activity of oxidized peroxiredoxins, which are involved in the degradation of hydroperoxides and 
peroxynitrites [31].
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Another ROS detoxifying selenoprotein is selenoprotein P (SePP), which is mainly secreted 
by the hepatocytes. Although its primary role is a transporter of Se to extrahepatic tissues (its 
C-terminus has up to 10 Sec residues), its antioxidant capacity has been demonstrated in rats, pre-
sumably owing to its N-terminus Sec [32]. SePP has been shown to reduce phospholipid hydroper-
oxides by using either GSH or Trx as a cosubstrate. SePP can also protect plasma proteins against 
oxidation and nitration by peroxynitrites, and also prevent the peroxidation of low-density lipopro-
teins (LDLs) [33].

Apart from selenoproteins, many organic selenocompounds have been discovered, which have 
ROS scavenging activity. Selenomethionine and ebselen (an Se-containing small molecule that func-
tions as a GPx mimetic) have been reported to be able to scavenge ONOO– [34]. Selenocarbamate 
and selenourea compounds have been tested for superoxide scavenging activity, and the results 
suggest that these could be significant in the treatment of oxidative stress and superoxide radical-
associated disorders [35].

19.4.1.1   Se and Its Role in Inflammation: Modulation of Lipid 
Metabolites as Key Regulators of Inflammation

Pathologically, inflammation is characterized by vascular events such as vasodilatation and exuda-
tion of plasma, and cellular events in the form of infiltration of the affected tissue by cells of the 
immune system such as neutrophils and macrophages, which are chiefly responsible for orchestrat-
ing the events of inflammation. Macrophages play a role in appropriately sustaining an inflamma-
tory response and bringing a timely resolution. Thus, a tight regulation of macrophage function is 
critical for preventing the progression of a protective, physiological, acute inflammatory response to 
a destructive, pathological, chronic inflammatory state. Such chronic inflammation forms the basis 
of highly prevalent disease, including atherosclerosis, rheumatoid arthritis, inflammatory bowel 
disease, bronchial asthma, chronic pancreatitis, systemic vasculitides, periodontal disease, sarcoid-
osis, Alzheimer’s disease, chronic glomerulonephritis, as well as a wide variety of malignancies. 

Apart from undergoing the oxidative “respiratory” burst, “classical” macrophage activation 
includes the production of protein mediators like IL-1, IL-6, and TNF-α, as well as lipid mediators 
like the arachidonic acid (AA)-derived eicosanoids—PGE 2, PGD2, thromboxane (TX)A2, and 15d-
PGJ2. The vascular endothelial cells produce PGI2 (prostacyclin), which plays a role in the vascular 
events on inflammation by counteracting the effects of TXA2. The cell  membrane-derived 20- carbon 
fatty acid, AA, is acted upon by COX-2, an enzyme that is rapidly induced by inflammatory stimuli. 
The resultant product, PGH2, can be converted into a variety of different prostaglandins through 
reactions catalyzed by prostaglandin synthase enzymes viz. microsomal PGE synthase (mPGES-1), 
hematopoietic PGD synthase (H-PGDS), TXA synthase (TXAS), and prostacyclin synthase (PGIS) 
depending on the state of inflammation. Using a model of normal wound repair, Kapoor et al. have 
demonstrated a crucial role of AA-derived lipid mediators in the initiation and resolution of acute 
inflammation by shifting from pro-inflammatory PGE2 to anti-inflammatory PGD2 and its metabo-
lite, 15d-PGJ2 [36]. Extensive work on resolution of inflammation by Serhan et al. has revealed the 
presence of lipid mediators derived not only from AA but also from eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA), namely, resolvins and protectins, respectively, with high anti-
inflammatory and pro-resolving properties [37]. Knowing that lipid mediators can play a dual role 
in inflammation, researchers have focused on studying the regulation of inflammation, including the 
discovery of compounds of dietary origin that exert control over inflammatory pathways. 

Increasing interest in elucidating the anti-inflammatory mechanisms of Se has led to studies 
focusing on its role in the regulation of the AA-pathway metabolism that plays a major role in the 
events of inflammation as described earlier. It has become increasingly clear that Se could alter the 
metabolome given that many of the pathways of lipid oxidation (enzymatic and nonenzymatic) are 
sensitive to changes in the cellular redox status.

The links between lipid-derived free radicals and Se were elegantly elucidated by demonstrating 
that plasma GPx had fatty acid hydroperoxide-reducing properties, which prevented the deleterious 
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inhibitory effect of such hydroperoxides on the protective AA pathway regulator prostacyclin 
synthase [38]. Separate studies on alveolar macrophages and lung neutrophils isolated from rats 
maintained on Se-deficient diets showed increased production of PGE2 and TXA2; the effects were 
attributed to changes in cellular hydroperoxide levels [39]. In a study involving an experimental 
myocardial ischemia model, rats fed with grains grown in Se-deficient soil showed higher activi-
ties of phospholipase A2 (PLA2), creatine kinase (CK), lactate dehydrogenase (LDH), and higher 
levels of AA, TXA2, leukotriene C4 (LTC4), and lipid hydroperoxides. However, levels of PGI2 

were decreased 48 hours after ligation of the coronary vessels in rats. Supplementation with Se or 
vitamin E in the feed reversed the aforementioned effects, but the combination of Se and vitamin 
E gave the best results [40]. Using human placental explants, Eisenmann et al. demonstrated that 
different forms of Se variably affect the ratio of TXB2/6-keto-PGF1α, which is a major determinant 
of preeclamptic pregnancies [41]. Furthermore, Cao et al. demonstrated that Se-deficient bovine 
mammary endothelial cells (BMEC) produced higher amounts of 15-hydroperoxyeicosatetraenoic 
acid (15-HPETE) and TXA2, and lower amounts of PGI2, which leads to vascular dysfunction [42]. 
These studies indicate that the AA pathway is redox sensitive and that Se can modulate the levels of 
downstream AA metabolites involved chiefly in the vascular events of inflammation.

An inverse co-relationship between the level of Se and that of cellular COX-2 and iNOS was 
demonstrated using a murine macrophage model attributing to an inverse causal regulation of 
the NF-κB family of transcription factors and cellular Se status. Vunta et al. showed that the 
anti-inflammatory effects of Se supplementation on macrophages were due to the increased pro-
duction of the cyclopentenone eicosanoid mediator 15d-PGJ2 [43]. Our studies further demon-
strated that Se-dependent cellular production of 15d-PGJ2 also inhibited the activation of NF-κB 
via the modulation of the redox status of a critical cysteine thiol of a pivotal upstream kinase, 
IKK-β. In addition, Se was demonstrated to activate the nuclear receptor and transcription fac-
tor, peroxisome proliferator-activated receptor (PPAR)γ, in a ligand-dependent manner that is 
known to transrepress many NF-κB target genes as well as activate a wide range of anti-inflam-
matory genes [43]. Recently, Gandhi et al. showed that bioavailable forms of Se that contribute 
to the formation of selenoproteins modulate the AA-pathway metabolism by shunting it from 
the production of pro-inflammatory mediators like PGE2 and TXA2 toward the production of 
anti-inflammatory downstream PGD2 products, Δ12-PGJ2 and 15d-PGJ2, as a result of differential 
regulation of the levels of various PG synthase enzymes [44] (Figure 19.4). Furthermore, Nelson 
et al. [45] have demonstrated that such a shunting in PG metabolism promoted a polarization of 
the “classically” (M1) activated macrophages (pro-inflammatory) toward the “alternative” (M2) 
activation state that favors resolution of inflammation (Figure 19.5). Taken together, these recent 
studies indicate a new mechanism in the control of inflammation, where dietary Se in the form of 
selenoproteins play a pivotal role. More studies are warranted to identify specific selenoproteins 
and address their role in mitigating inflammation and/or enhancing resolution of inflammation. 

19.4.2  Zinc

Zinc (Zn) exerts its antioxidant properties via a group of low-molecular-weight metal binding pro-
teins called metallothioneins (MT) apart from other Zn binding proteins. Chronic exposure to Zn 
induces the expression of MTs, which have the ability to scavenge ROS and protect tissues against 
ROS-induced oxidative damage [46]. MTs, which are Cys-rich proteins, act as thiol donors to pro-
tect against DNA damage induced by hydroxyl radicals [47]. MTs could also functionally substi-
tute for Cu, Zn superoxide dismutase (SOD1) in SOD1–/– mice [48] in addition to their function as 
transporters of Zn, Cu and other physiological and xenobiotic heavy metals via the thiol group of 
their Cys residues. Upon reacting with ROS, the Cys residues in MTs get oxidized to cystine, which 
causes the release of the bound metals [49]. Zn released in this fashion can in turn induce the expres-
sion of MTs by binding to metal transcription factors, which then bind to metal response elements 
(MREs) in the MT genes [50]. Zinc has also been known to protect against iron (Fe2+)-induced 
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lipid oxidation on membranes by acting synergistically with lipid- and water-soluble antioxidants 
like α-tocopherol and epicatechin [51]. It also has the capability to prevent the binding of highly 
oxidative metal ions like Fe2+ and Cu+ to binding sites [51]. This prevents the local redox cycling of 
these metals, which can lead to oxidative damage. Another MT-independent antioxidant activity of 
Zn is to inhibit the generation of ROS (CYP4502E1) in liver in response to elevated alcohol levels 
[52]. Zn also contributes indirectly to oxidative stress protection by maintaining the conformation 
of SODs [53].

19.4.3  copper

Copper (Cu) is essential in diet, as it is involved in the proper utilization of iron and is also involved 
in the production of important biomolecules such as SOD and cytochrome c oxidase [53]. Of the 
three SODs in humans, SOD1 (cytosolic) and SOD3 (extracellular), called Cu/Zn SOD, have Cu in 
their active sites as Cu2+ [54]. Cu/Zn SODs catalyze the dismutation of the superoxide radical (O2

–) 
into molecular oxygen (O2) and H2O2, which involves the alternate reduction and oxidation of the 
active site Cu. Apart from these enzymes, Cu is also important in the production of ceruloplasmin 
(Cp). Cp is a multi-copper oxidase (MCO) that displays antioxidant properties where it oxidizes free 
Fe2+ and Cu+ to favor a “subdued” oxidizing environment in tissues [55].

19.5  SUMMARY AND FUTURE DIRECTIVES

Evidently, overproduction of RONS, resulting in oxidative stress, plays a prominent role in several 
disease states, including cardiovascular diseases, autoimmune disorders, arthritis, cancer, neurode-
generative diseases, and AIDS, where inflammation forms the underlying basis. The intervention 
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studies based on reducing generation of ROS and RNS have been found to be beneficial in the treat-
ment of inflammation. Studies strongly project the beneficial effects of Cu/Zn SOD, GPx, and other 
dietary antioxidants such as vitamin E and Se in the prevention and/or treatment of some of these 
diseases. These effects occur via the mitigation of inflammatory signaling pathways by endogenous 
and exogenous antioxidants as part of a complex signaling network that transduces signals and 
modulates the cellular intermediary metabolism (Figure 19.6).

However, lack of understanding of antioxidant therapies based on individual variations poses 
serious barriers to their introduction as standalone therapies in clinical medicine. These varia-
tions at the individual level makes it challenging to establish the decisive clinical biomarkers 
of inflammation. Furthermore, there exist no sensitive, facile, and accurate assays for oxidative 
stress that can predict the type of antioxidant supplementation that might be appropriate for a 
specific individual. The development of these treatment regimens have to rely on the understand-
ing of multiple extracellular and intracellular pathways involved in ROS and RNS metabolism 
and their impact on the cellular signaling pathways. An important limitation to correlate changes 
in oxidant tone of cells or tissues is the ability to measure and quantitatively relate changes in 
oxidative stress-based biomarkers and antioxidant status of an individual to prevailing health 
conditions. Thus, there is an urgent need for a detailed longitudinal study to evaluate oxidative 
biomarkers along with traditional clinical end points. Research in this direction will usher in 
a new discipline of molecular medicine with an emphasis on oxidative stress and antioxidant 
therapeutics.
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TAKE-HOME MESSAGES

• Reactive oxygen and nitrogen species (RONS)-mediated oxidative stress occupies a central 
role in inflammation, which plays a prominent role in several disease states. 

• Considering the critical role of oxidative stress in inflammation and pathogenesis, numer-
ous preventive and therapeutic strategies have been developed that rationally incorporate 
antioxidants into the management of chronic diseases. 

• Increased understanding of the mechanisms of inflammation has led us to think of alterna-
tive therapies to mitigate inflammation, which emphasizes the identification of sources and 
mechanism(s) that regulate this complex process.

• Apart from an elaborate antioxidant defense system in the body, various dietary antioxi-
dants such as vitamins, folates, and some essential trace elements (micronutrients) also 
facilitate protection from oxidative stress. 

• Lack of complete understanding of molecular mechanisms of action of antioxidants and a 
complex association of intraindividual variations pose serious barriers to the introduction 
of antioxidant therapies into clinical medicine.
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• There is an urgent need to evaluate oxidative biomarkers along with traditional clinical end 
points to usher in a new discipline of antioxidant therapies.
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20.1  INTRODUCTION

Eicosanoid is an umbrella term used to describe any oxygenated derivative of arachidonic acid 
(eicosatetraenoic acid, C20:4, ω-6). These molecules can be generated in vivo either enzymati-
cally, through the action of cyclooxygenases (COX) and lipoxygenases (LO), or nonenzymatically 
via free radical–induced lipid peroxidation. Many eicosanoids are important mediators of human 
physiology and pathophysiology. This chapter focuses on the generation of eicosanoids in inflam-
mation and the utility of measuring urinary metabolites as biomarkers to monitor formation of these 
molecules in humans.

20.2  PROSTAGLANDINS AND INFLAMMATION

Prostaglandins (PGs) are generated from arachidonic acid by the action of the COX enzymes. There 
are two COX enzymes—COX-1, frequently referred to as the constitutive COX, and COX-2, which 
is termed the inducible COX because its expression increases markedly in response to a variety of 
inflammatory stimuli. The parent prostaglandins (Figure 20.1)—PGE2, PGD2, PGI2, PGF2α, and 
thromboxane A2—are derived from the endoperoxide intermediate PGH2 through the action of 
terminal prostaglandin synthases.
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20.2.1  PGE2

Of the parent PGs, considerable attention has focused on PGE2. PGE2 has been shown to exert a 
variety of physiological responses in cells and tissues. For example, PGE2 modulates local vascular 
tone in various tissues, regulates sodium and water excretion by the kidney, and maintains normal 
gastric homeostasis. PGE2 also plays an important role in inflammation; administration of PGE2 
can induce fever and increase hypersensitivity toward pain. Functional studies have also implicated 
PGE2 in the pathophysiology of several inflammatory diseases, including arthritis and cardiovas-
cular disease. There has also been significant interest in the role of PGE2 in cancer, particularly in 
the areas of cellular growth and malignant transformation. PGE2 was first shown to increase the 
proliferation, migration, and invasiveness of colorectal carcinoma cells [1]. A role for PGE2 has now 
been implicated in the development and progression of non-small cell lung cancer (NSCLC) [2], 
head and neck cancers [3], breast cancer [4], and prostate cancer [5], among others.

PGE2 is synthesized from the COX product PGH2 through the action of isomerases termed 
PGE synthases. Three PGE synthases exist in human cells: two are microsomal and one is cyto-
solic. Importantly, similar to COX-2, microsomal PGE synthase-1 (mPGES-1) is inducible by pro- 
inflammatory stimuli and is considered to be a primary source of PGE2 during inflammation [6]. 
The effects of PGE2 are largely mediated by its interaction with four distinct PGE2 receptors (EP1, 
EP2, EP3, and EP4) that are G-protein-coupled cell surface membrane receptors. COX inhibitors, 
including traditional nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin and selective 
COX-2 inhibitors, and mPGES-1 inhibitors [7], currently in development, are utilized to block the 
synthesis and consequent deleterious effects of this molecule. 

20.2.1.1   Quantification of PGE2 Production In Vivo in Humans: Clinical Perspectives
PG production can be readily quantified in cell culture using a variety of approaches, including 
immunoassay and mass spectrometry (MS). However, quantification of endogenous PG production 
in animals and humans is significantly more challenging. Measurement of parent PGs in various 
biological fluids is often confounded by artifactual or ex vivo generation of these molecules dur-
ing, for example, blood drawing, which results in the activation of platelets and other cells that are 
capable of synthesizing large amounts of eicosanoids. Systemic eicosanoid production, as measured 
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in the urine, is important for examining the consequences of various diseases and interventions on 
endogenous PG generation, but studies have shown, for example, that the primary source of parent 
PGE2 in the urine is from production locally in the kidney and does not reflect systemic biosynthesis 
[8]. Thus, it is generally accepted that the most accurate index of endogenous eicosanoid production 
in humans is the measurement of excreted urinary metabolites [9]. 

In 2004, Murphey and colleagues reported the first facile and robust liquid chromatography-MS 
methodology to quantify the major urinary metabolite of PGE2, 11α-hydroxy-9,15-dioxo-2,3,4,5-
tetranor-prostane-1,20-dioic acid (PGE-M; Figure 20.2) [2]. The ability to simply and accurately 
quantify this metabolite has allowed for the direct quantification of PGE2 in humans in a number 
of conditions and diseases. In particular, this biomarker, as described following, is proving to be 
especially useful in the study of cancer and related lifestyle factors. For example, increased urinary 
PGE-M levels are found in humans who smoke, with current and former smokers having higher 
levels than never smokers [10]. Additionally, PGE-M levels are increased in patients with colorectal 
cancer [11], head and neck squamous cell carcinoma [12], and NSCLC [2]; a major portion of this 
increase in endogenous PGE2 is COX-2 derived. 

Importantly, urinary PGE-M shows promise as a biomarker in the treatment and outcome pre-
diction of cancer. For example, in a prospective study, Cai and colleagues determined that elevated 
levels of urinary PGE-M are associated with increased risk of colorectal cancer [13]. Also, in 
head and neck squamous cell carcinoma, PGE-M was prognostic for disease progression [12]. 
In patients who experienced disease progression, baseline levels of PGE-M were elevated com-
pared to patients without disease progression. The authors thus postulated that perhaps individuals 
with high baseline PGE-M levels at diagnosis could benefit from treatment with a COX inhibitor. 
Finally, in perhaps the most clinically relevant setting studied to date, PGE-M was being used 
as a biomarker to select/predict patients who will positively respond to treatment with a COX-2 
 inhibitor, including celecoxib or apricoxib, in combination with chemotherapy, and other treat-
ments, for recurrent NSCLC [14, 15]. In these studies, urinary PGE-M was measured in individu-
als at baseline and after treatment with a coxib for 5–7 days; patients with the largest decrease in 
PGE-M preliminarily have the most significant benefit from treatment with the COX-2 inhibitor. 
The utility of PGE-M as a biomarker in this setting is being confirmed in currently ongoing trials 
with both celecoxib and apricoxib.

Despite the benefits associated with the use of COX-2 inhibitors in the treatment of cancer, the 
efficacy of these molecules is limited due to severe cardiovascular side effects associated with these 
drugs. The reason for this cardiovascular toxicity is thought to, at least in part, result from a change 
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in the prostacyclin-thromboxane ratio resulting from inhibition of COX-2 and not COX-1 [16, 17]. 
Recently, Chan and colleagues reported that plasma levels of high-sensitivity C-reactive protein 
(hsCRP) may be predictive of cardiovascular risk [18]. In the Adenoma Prevention with Celecoxib 
trial, patients with hsCRP levels > 3 mg/L were 2–3 times more likely to experience cardiovascular 
side effects during treatment with 200-mg-bid or 400-mg-bid celecoxib than patients with hsCRP 
levels ≤ 3 mg/L. Consequently, in patients with low hsCRP levels, the benefit from treatment with 
COX-2 may outweigh the cardiovascular risks. Having a biomarker such as hsCRP to potentially 
predict cardiovascular toxicity may again open the door for use of COX-2 inhibitors for treatment 
of inflammation, pain, and possibly cancer. Further, in response to the side effects associated with 
the COX-2 inhibitors, mPGES-1 inhibitors are in development for the treatment of inflammatory 
conditions [7]. Thus, the utility of urinary PGE-M as a biomarker of endogenous PGE2 production 
and regulation is only likely to grow. 

20.2.2  PGD2

PGD2 is synthesized much like PGE2 from PGH2 through the action of terminal PGD synthases. 
PGD2 is a major product of mast cells released during anaphylaxis and is also produced by 
 macrophages, dendritic cells, eosinophils, Th2 cells, and endothelial cells. Like PGE2, the bio-
logical effects of PGD2 are largely mediated by its interaction with G-protein-coupled cell sur-
face membrane receptors. Two distinct receptors for PGD2 exist—D-type prostanoid receptor-1 
(DP1) and chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2 or DP2). 
Through these receptors, PGD2 affects smooth muscle contraction, sleep, and platelet aggregation. 
Additionally, this molecule is an important mediator of inflammation and the allergic response and 
is the major product of mast cells released during anaphylaxis. Interestingly, PGD2 is also respon-
sible for the flushing side effect in the skin observed after administration of pharmacologic doses of 
niacin for the purpose of lowering serum cholesterol [19].

20.2.2.1   Quantification of PGD2 Production In Vivo in Humans: Clinical Perspectives
As discussed previously, the most accurate index of endogenous eicosanoid production in humans is 
the measurement of excreted urinary metabolites. The metabolic profile of PGD2, however, is much 
more complex than that of PGE2 or any of the other parent PGs. A summary of the metabolism 
of PGD2 is shown in Figure 20.3. There are three major routes of metabolism of this molecule. In 
Route A in Figure 20.3, PGD2 is converted to a series of metabolites with F-ring structures. Initially, 
PGD2 is converted stereospecifically to 9α,11β-PGF2 through the action of 11-ketoreductase. This 
molecule is subsequently converted to the terminal metabolite 9α,11β-dihydroxy-15-oxo-2,3,18,19-
tetranorpost-5ene-1,20-dioic acid (PGD-M) [30]. This metabolite is formed in equilibrium with the 
shown cyclic structural isomer. Route B in Figure 20.3 shows that PGD2 can be transformed through 
a mechanism similar to PGE2 to yield a metabolite referred to as tetranor-PGDM [25]. Finally, as 
shown in Route C, PGD2 can undergo dehydration at C-9 to yield the cyclopentenone molecule 
PGJ2. PGJ2 can then undergo rearrangement and subsequent dehydration at C-15 to yield 15-deoxy-
Δ12,14-PGJ2 (15-d-PGJ2). Interestingly, 15-d-PGJ2 itself has been shown to exert a variety of potent 
biological activities including activation of the anti-inflammatory peroxisome proliferator-activated 
receptor-gamma (PPARγ) [50]. 

Due to the complex nature of the metabolism of this molecule, the quantification of urinary 
metabolites of PGD2 metabolites is not straightforward. PGD-M was initially reported in 1985 
as the major urinary metabolite of PGD2 [20]. The synthesis of this metabolite and an isotopi-
cally labeled internal standard was reported in 1988 [21]. Three years later, Morrow and colleagues 
reported a validated gas chromatography-mass spectrometric (GC/MS) assay for the quantifica-
tion of this metabolite [22]. Normal levels of this metabolite in humans are defined to be 1.03 ± 
0.36 ng/mg Cr. Quantification of PGD-M has been used to assess levels of PGD2 production in a 
variety of clinical settings including mastocytosis and primary pulmonary hypertension [23, 24]. 
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The utility of measuring this metabolite, however, has been limited by the lack of a commercially 
available internal standard. 

More recently, Song et al. reported tetranor-PGDM as a major urinary metabolite of PGD2 in 
humans, formed in levels similar to PGD-M [25]. This metabolite is also the major urinary metabo-
lite of PGD2 detected in mouse urine. Deletion of lipocalin-type or hematopoietic PGD synthases 
in mice decreases levels of this metabolite. In humans, levels of tetranor-PGDM increased follow-
ing niacin administration in concert with the flushing response in the skin, similarly to PGD-M 
[25]. Few other studies have yet quantified tetranor-PGDM in human disease. Recently, however, 
Zhang and colleagues reported an online solid phase extraction-LC/MS methodology to quantify 
both PGE-M and tetranor-PGDM in one analytical run [26]. Using this methodology, these authors 
quantified both metabolites in healthy human nonsmokers, healthy human smokers, and humans 
with chronic obstructive pulmonary disease (COPD). Both PGE-M and tetranor-PGDM were sig-
nificantly elevated in persons with COPD compared to healthy nonsmokers. Levels of these com-
pounds in healthy human smokers were comparable to levels in COPD. These two studies together 
suggest that tetranor-PGDM may prove to be a useful biomarker of endogenous PGD2 production.

The quantification of PGJ2 and 15-d-PGJ2 in humans is not as straightforward as the quantifica-
tion of the other metabolites of PGD2 due to their chemical reactivity. In 2003, Bell-Parikh and 
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colleagues reported that 15-d-PGJ2, but not PGJ2, is present in urine at concentrations in the very 
low picogram per mg creatinine range [27]. However, both PGJ2 and 15-d-PGJ2 possess electrophilic 
α,β-unsaturated carbonyl moieties that render these molecules capable of undergoing Michael addi-
tion reactions with endogenous nucleophiles including cysteine residues in proteins and small pep-
tides, i.e., glutathione. To this end, work by Brunoldi et al. demonstrates that 15-d-PGJ2 can be 
further metabolized via conjugation with glutathione in a human liver cell line (HepG2 cells), sug-
gesting that the measurement of unmetabolized 15-d-PGJ2 in urine might be an underrepresentation 
of actual endogenous levels of this compound [28]. Thus, further study of urinary metabolites of 
15-d-PGJ2 is warranted. Interestingly, Hardy and colleagues have shown that 15-d-PGJ2 and iso-
meric compounds can be generated not only from COX-1/-2 but also from the free radical catalyzed 
peroxidation of arachidonic acid in settings of oxidative stress [29]. Thus, identification of a urinary 
biomarker of 15-d-PGJ2 formation would be useful in identifying the source(s) of this active lipid 
mediator in humans.

As the metabolism of PGD2 is incredibly complex and proceeds through three primary metabolic 
routes, it would be of interest to simultaneously measure metabolites from all routes in order to 
determine if differences in metabolism exist in different clinical settings.

20.3  LEUKOTRIENES AND INFLAMMATION

Leukotrienes (LTs) are formed from the oxidation of arachidonic acid via the enzyme 
5- lipoxygenase (5-LO). This enzyme, in conjugation with 5-LO activating protein (FLAP), cata-
lyzes the conversion of arachidonic acid to the unstable intermediate leukotriene A4 (LTA4), the 
5,6-epoxide of arachidonic acid (Figure 20.4) [30]. To form LTA4, arachidonic acid is initially 
oxidized to the unstable intermediate 5-hydroperoxyeicosatetraenoic acid (5-HPETE). 5-HPETE 
is converted to LTA4 through the LTA4 synthase activity of 5-LO. LTA4 is then either a substrate 
for LTA4 hydrolase yielding LTB4 or is conjugated with glutathione via the action of LTC4 syn-
thase to yield LTC4. LTC4 can be metabolized through loss of glutamate and then glycine to yield 
LTD4 and LTE4, respectively. LTC4, LTD4, and LTE4 are collectively referred to as cysteinyl LTs 
(cysLTs). 

LTs exert their biological activities, like PGs, through G-protein-coupled cell surface membrane 
receptors. Two receptors bind LTB4, BLT1 and BLT2, while two receptors bind LTC4 and LTD4, 
cystLT1 and cystLT2. Both LTB4 and the cysteinyl LTs are potent mediators of inflammation. The 
cysLTs have specifically been shown to have profound effects on airway function and inflammation 
and play an important role in allergic asthma [31, 32]. LTB4, a potent chemoattractant, is also impor-
tant in pulmonary and cardiovascular inflammation. Because of their potent biological activities, a 
variety of anti-LT pharmacological agents, including 5-LO inhibitors, cysLT receptor antagonists, 
and most recently FLAP inhibitors, have been developed to treat allergic asthma and other pulmo-
nary conditions. 

20.3.1  Quantification of Lt ProDuction in ViVo in Humans: cLinicaL PErsPEctiVEs

To assess in vivo 5-LO activity and LT production in humans, it is necessary to have an accurate, 
noninvasive methodology. LTB4 is metabolized in vivo to yield a number of metabolites, including 
several glucuronic acid conjugates [33]. Recently, Mita and colleagues, for the first time, developed 
a methodology to quantify LTB4 glucuronides in normal human urine by coupling HPLC with an 
enzyme immunoassay [34]. However, these authors were not able to detect significant increases in 
these metabolites in patients with mild asthma after allergen inhalation but did show increases in 
this metabolite in humans with aspirin-intolerant asthma after aspirin challenge. 

In contrast to the complex metabolism of LTB4, the cysLTs—LTC4 and LTD4—are metabolized 
to the end product of the 5-LO pathway LTE4, which is excreted in the urine. Several methods have 
been developed to measure urinary LTE4, including both radioimmunoassay and mass spectrometric 
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approaches. Radioimmunoassays, however, are inherently unreliable due to lack of specificity, and 
may require separate chromatographic purifications prior to quantification [35]. Urinary LTE4 has 
been shown to be increased in a variety of inflammatory conditions and diseases, including asthma 
after challenge [36, 37], cardiac ischemia [38], atopic dermatitis [39], inflammatory bowel disease 
[40], and type 1 diabetes [41], among many others. 

In 2009, Duffield-Lillico and colleagues determined that both urinary LTE4 and PGE-M were 
increased in the urine of smokers, a population at risk for the development of inflammatory diseases 
such as cardiovascular disease and cancer [42]. Treatment of subjects with celecoxib (200 mg bid) 
for 5–7 days showed a significant decrease in PGE-M in all subjects, as expected. Subjects with 
the highest baseline levels of PGE-M showed the largest decrease in PGE-M after celecoxib, dem-
onstrating increased COX-2 activity in this population. Interestingly, in this subject group, treat-
ment with celecoxib led to an increase in urinary LTE4, an effect not noted in individuals with low 
baseline PGE-M. Further study is needed to determine if this effect is a result of shunting of ara-
chidonic acid from the COX pathway to the 5-LO pathway or if underlying signaling mechanisms 
are involved. However, this finding does highlight a potentially important interaction between the 

LTA
Hydrolase

Leukotriene B4 (LTB4)Leukotriene A4 (LTA4)

Leukotriene C4 (LTC4)

Leukotriene D4 (LTD4)

Leukotriene E4 (LTE4)

Leukotriene C4 synthase

O

O

O OO

O

OH

OH

OH

OH

OH

OH

O OOH

O

OH

OH

C5H11

C5H11 C5H11

H2N

S

S S

Cys-Gly

Cys-Gly

γ-Glu

OH

OH

OH OH

5-HPETE

LTA Synthase activity of 5-LOX

OOH

Arachidonic acid5-Lipoxygenase/FLAP

FIGURE 20.4  5-lipoxygenase in concert with the 5-lipoxygenase activating protein (FLAP) oxidized ara-
chidonic acid to a series of compounds termed leukotrienes.



282 Chronic Inflammation

biosynthesis of PGs and LTs and underscores the importance of utilizing biomarkers to study the 
effect of therapeutics on the endogenous production of lipid mediators.

20.4  NONENZYMATIC LIPID PEROXIDATION: THE ISOPROSTANES

The isoprostanes (IsoPs) are a unique series of prostaglandin-like compounds formed in vivo via 
the nonenzymatic, free radical–catalyzed peroxidation of arachidonic acid. These compounds were 
first reported by Morrow and Roberts in 1990 [43]. Over the course of the past 20 years, many stud-
ies have defined the basic chemistry and biochemistry involved in the formation and metabolism of 
IsoPs. One particular class of IsoPs, F2-IsoPs (mechanism of formation is shown in Figure 20.5), is 
known as the “gold standard” biomarker of endogenous lipid peroxidation resulting from oxidative 
stress. These molecules are excellent biomarkers as they are chemically stable and have been identi-
fied in all biological matrices analyzed. In fact, a multi-investigator study sponsored by the National 
Institute of Environmental Health Sciences (NIEHS), the Biomarkers of Oxidative Stress (BOSS) 
Study, found that quantification of plasma or urinary F2-IsoPs by mass spectrometry was the most 
accurate method to assess endogenous oxidative stress [44].

20.4.1  Quantification of f2-isoProstanEs in Humans: cLinicaL PErsPEctiVEs

Normal levels of F2-IsoPs in healthy humans have been defined. Normal levels in plasma are 
35 ± 6 pg/mL while normal levels in urine are 1.6 ± 0.6 ng/mg creatinine [45]. Defining these 
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levels has allowed for assessment of oxidative stress and the effect of therapeutic interventions 
on oxidative stress in a variety of inflammatory diseases. For example, levels of F2-IsoPs are 
increased in atherosclerosis and associated risk factors including smoking and obesity, ischemia/
reperfusion injury, asthma, rheumatic diseases, certain types of cancers, and neurodegenera-
tion, among others. Further, supplementation with antioxidants as well as lifestyle changes (i.e., 
cessation of cigarette smoking or weight loss) have been shown to decrease levels of F2-IsoPs. 
(Please see these comprehensive reviews on IsoPs for specific references and further information 
[46, 47].) Consumption of marine fish oil, rich in eicosapentaenoic acid (EPA, C20:5, ω-3) and 
docosahexaenoic acid (DHA, C22:6, ω-3), also decreases levels of urinary and plasma F2-IsoPs 
in vivo [48, 49]. Although there is no exact etiology or phenotype associated with oxidative stress 
and no specific drug or treatment to block this condition as one would block a specific enzyme 
or receptor, the F2-IsoPs continue to be a useful biomarker and tool to study nonenzymatic lipid 
oxidation as a consequence of oxidative stress in research on the bench, in animal disease models, 
and in humans.

20.5  CONCLUSIONS AND FUTURE DIRECTIONS

Eicosanoids, including PGs, LTs, and IsoPs, are important lipid mediators in human physiology and 
pathophysiology, particularly inflammation. Development of robust, sensitive, and specific mass 
spectrometric methodologies to quantify urinary metabolites of these compounds has allowed for 
the accurate assessment of endogenous levels of these compounds in humans in both normal and 
disease settings and after therapeutic treatment. Current therapies and the ongoing development of 
PG synthase inhibitors, FLAP inhibitors, receptor antagonists, and novel antioxidant treatments 
will only increase the need and clinical utility of these biomarkers. Future studies, like the work of 
Duffield-Lillico and colleagues, should take care to quantify eicosanoids generated from the differ-
ent enzymatic and nonenzymatic routes in order to assess important and potentially novel interac-
tions in the biosynthesis of these lipid mediators.

TAKE-HOME MESSAGES

• Eicosanoids are oxidized derivatives of arachidonic acid.
• Prostaglandins (PGs) are products of the cyclooxygenase enzymes, COX-1 and COX-2.
• Leukotrienes (LTs) are products of the 5-lipoxygenase (5-LO).
• Isoprostanes (IsoP) are PG-like compounds generated nonenzymatically via free radical 

mechanisms.
• Measurement of urinary metabolites is the most accurate way to quantify endogenous 

eicosanoid production.
• PGE2 is the most abundant PG produced in humans and is increased particularly in cancer. 
• The urinary metabolite of PGE2 (PGE-M) is a useful biomarker to predict cancer patients 

who might benefit from treatment with a COX-2 inhibitor.
• PGD2 is increased during anaphylaxis and the allergic response. Metabolism of PGD2 is 

more complex than PGE2 and is limited by the lack of available internal standards.
• Measurement of urinary LTE4 has implicated upregulation of 5-LO in a number of inflam-

matory diseases. Better biomarkers of LTB4 production are needed.
• F2-IsoPs are robust, chemically stable markers of lipid peroxidation and oxidative stress.
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21.1    THE STATE OF LOW-GRADE INFLAMMATION—
HEALTHY SIGNIFICANCE

21.1.1  The InflammaTory response and ITs mechanIsms

The inflammatory process can be initiated through a variety of mechanisms, which include the 
introduction of pathogens as well as challenges to the system through chemical, thermal, and 
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mechanical stresses. Regardless of the inciting factors, the events accompanying inflammation are 
somewhat consistent. The local response to infections or tissue injury involves the production of 
cytokines that are released at the site of inflammation. Cytokines are small polypeptides, which 
were originally discovered to have immunoregulatory roles (Majno and Joris 2004). Some of these 
cytokines facilitate the influx of lymphocytes, neutrophils, monocytes, and other cells. The local 
inflammatory response is accompanied by a systemic response known as the acute-phase response 
(Table 21.1). This response includes the production of a large number of hepatocyte-derived acute 
phase proteins, such as C-reactive protein (CRP), and can be mimicked by the injection of the 
cytokines tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, or IL-6 into laboratory ani-
mals or humans (Majno and Joris 2004; Pedersen 2006; Edwards et al. 2007). The initial cyto-
kines in the cytokine cascade are TNF-α, IL-1, IL-6, IL-1 receptor antagonist (IL-1ra), and soluble 
TNF-α receptors (sTNF-R). IL-1ra inhibits IL-1 signal transduction and sTNF-R represents the 
naturally occurring inhibitors of TNF-α (Majno and Joris 2004; Luster et al. 2005). In response to 
an acute infection or trauma, the cytokines and inhibitors may increase several-fold and decrease 
when the infection or trauma is healed. Additionally, these acute phase reactants have considerable 
effects on the metabolism during acute illness, leading to hyperglycemia, insulin resistance, and 
increased glucogenesis (Jenkins and Ross 1999). Elevation in these markers also increases prote-
olysis (Hasselgren 1999), bone resorption (Smith et al. 2002), and dyslipidemia (Marik 2006), in 
addition to upregulating other members of the inflammatory cascade, each of which has its own 
downstream biologic effects (Table 21.1). 

TABLE 21.1 
Different Cytokine/Substances Mediating the Inflammatory Process, Cells That Produce 
Them, and the Effects That They Have on the Metabolism

Cytokine Producing Cell Action

Interleukin-1 Macrophages Stimulation of various cells, e.g., T cells, acts to initiate 
inflammation, induces hypothalamus to increase body 
temperature

Interleukin-2 T cells Causes proliferation of activated T and B cells, induces 
antibody synthesis

Interleukin-3 T cells Induces growth and differentiation of immune cells in 
bone marrow

Interleukin-4 T cells Promotes B cell growth and differentiation

Interleukin-5 T cells Induces differentiation of B cells and activates some 
macrophages

Interleukin-6 T cells, macrophages Co-stimulator of T cells, induces growth in B cells

Interleukin-10 T cells Activates B cells and inhibits macrophage function

Interleukin-12 Macrophages Activates T cells and NK cells

Interleukin-13 T cells Induces proliferation of B cells and differentiation of 
T cells

Gamma-interferon T cells, NK cells Activates macrophages

Tumor necrosis factor Macrophages Causes activation of some macrophages. Induces 
inflammation and fever. Induces catabolism of muscle 
and fat, thus leading to cachexia (bodily wasting)

Transforming growth factor T cells, macrophages Inhibits T cell growth and macrophage activation

Lymphotoxin T cells Similar to TNF, activates macrophages

Histamine Mast cells Not actually a cytokine, but an important chemical 
mediator that induces blood vessel dilation and 
increases cell wall permeability
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21.1.2  InflammaTIon as a cause of chronIc dIsease

Inflammation is a key function in the process by which the body responds to an injury or an infec-
tion, and the acute phase of inflammation normally leads to recovery from infection to healing, and 
a return to normal values within a few days. However, if the response is not properly phased, the 
process can develop into a chronic low-grade inflammatory state that may trigger different diseases 
under pathological conditions (Hotamisligil 2006; Kahn et al. 2006). 

Several parameters of the inflammatory reaction can be measured in plasma. Chronic low-
grade systemic inflammation has been characterized by a two- to three-fold elevation in the 
systemic concentrations of pro-inflammatory and anti-inflammatory cytokines, naturally occur-
ring cytokine antagonists, and the acute phase reactant CRP (Zeyda et al. 2007). In the latter 
case, the stimuli for the cytokine production are not known, but it is assumed that the origin of 
TNF-α in chronic low-grade systemic inflammation is mainly the adipose tissue (Gil et al. 2007; 
Bulló et al. 2003). The inflammatory markers that have been shown to be associated with obesity 
or the metabolic syndrome include acute phase proteins, pro-inflammatory cytokines, adhesion 
molecules, and adipokines (proteins secreted by adipose tissue). Plasma concentrations of IL-6 
(Bennet at al. 2003) and TNF-α have been shown to predict the risk of myocardial infarction in 
several studies (Reilly et al. 2007), and CRP has emerged as a particularly stronger independent 
risk factor for cardiovascular disease (CVD) than the low-density lipoprotein cholesterol level 
(Hansson 2005; Pearson et al. 2003; Ridker et al. 2001 and 2003). In addition to CVD, increased 
risk for several other diseases seems to be associated with elevated CRP levels. Most studies use 
CRP as the only marker of inflammation; however, choosing a wider spectrum of inflammatory 
markers can give us a better picture of the specific mechanisms involved. Other commonly used 
acute-phase reactants include complement factors C3 and C4, serum amyloid A, and cerulo-
plasmin. Pro-inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, are often included in 
the panel of inflammatory markers and have been associated with obesity and components of 
the metabolic syndrome. The endothelial expression of vascular adhesion molecules (VCAM), 
intracellular adhesion molecule (ICAM), and E-selectin are used as markers of the infiltration 
of inflammatory cells in the arterial wall. It now seems clear that circulating levels of inflamma-
tory mediators are often strongly correlated with one another as a result of their tightly regulated 
production. Moreover, levels of inflammatory mediators are correlated with other risk factors in 
chronic morbidity, including levels of fibrinogen, albumin, cholesterol, arterial blood pressure, 
and body mass index (BMI), among others. 

Despite the fact that the changes in acute-phase reactants are much smaller than those in acute 
infections, the chronicity of low-grade inflammation is strongly associated with increasing age, 
lifestyle factors (such as smoking and obesity), together with increased risk of CVD and type 2 dia-
betes (T2DM). In spite of the different backgrounds and symptoms related to the various diseases, 
all systemic chronic inflammation shares common characteristics, including elevated circulating 
levels of cytokines TNF-α and IL-6 under basal or resting conditions (Higashimoto et al. 2008; 
Mohamed-Ali et al. 2001; White et al. 2006). Indeed, the source of these inflammatory markers 
(e.g., TNF-α) depends on the disease. T2DM is associated with an overproduction of TNF-α by the 
adipocyte, whereas in diseases with an autoimmune component, macrophages and T cells are the 
main source (Abbas 2007).

Mounting evidence suggests that TNF-α plays a direct role in the metabolic syndrome 
(Pedersen  and Febbraio 2008), linking insulin resistance to vascular disease (Plomgaard  et  al. 
2005). In CVDs, activated immune cells also play a major role, particularly in the etiology of ath-
erosclerosis (Matter and Handschin 2007). Several downstream mediators and signaling pathways 
seem to provide the cross-talk between inflammatory and metabolic signaling (Plomgaard et al. 
2005). With regard to IL-6, its role in insulin resistance is highly controversial. Nevertheless, when 
diabetic patients were given rhIL-6-infusion, plasma concentrations of insulin declined to levels 
comparable with that in age- and BMI-matched healthy controls, indicating that IL-6 can enhance 
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insulin sensitivity. Pedersen and Febbraio (2008) reviewed a number of studies indicating that IL-6 
enhances lipolysis, as well as fat oxidation, via an activation of AMPK without causing hypertria-
cylglycerolemia. Given the different biological profiles of TNF-α and IL-6, and given that TNF-α 
may trigger an IL-6 release, one theory holds that it is TNF-α derived from adipose tissue that is 
actually the major “driver” behind inflammation-induced insulin resistance and atherosclerosis. 

The chronic inflammatory state of hyperinsulinemia with elevated levels of insulin and free 
IGF-1 promote proliferation of colon cells and lead to a survival benefit of transformed cells, ulti-
mately resulting in colorectal cancer (Berster and Goke 2008). In addition, a number of neurode-
generative diseases are linked to a local inflammatory response in the brain (neuroinflammation), 
such as IL-1β, and TNF-related apoptosis-inducing ligand (TRAIL) and other cytokines have been 
postulated to be involved in the etiology of Alzheimer’s disease (Zipp and Aktas 2006). Moreover, 
in addition to the neuroinflammation found in many neurodegenerative disorders, systemic inflam-
mation may further exacerbate the progression of neurodegeneration (Perry et al. 2007).

Obesity is also strongly associated with enhanced circulating TNF-α levels and visceral fat, 
which has been correlated with endothelial dysfunction and with C-reactive protein levels, indicat-
ing an inflammatory component to the adverse effects of visceral adipose tissue (VAT). Adipose tis-
sue from obese individuals shows accumulation of macrophages, which provide the major cellular 
source of a concomitant enhanced local expression of the TNF-α protein (Preis et al. 2010). Rather, 
local TNF-α may stimulate production of IL-6 and subsequent mediators in the inflammatory cas-
cade. Moreover, tumor initiation, promotion, and progression are stimulated by systemic elevation 
of pro-inflammatory cytokines (Lin and Karin 2007).

Pedersen (2007) analyzed all the diseases focused herein in a “diseasome of physical inactivity” 
(p. 413) considering that despite the fact that all these diseases had highly different phenotypical 
presentations, they shared important pathogenetic mechanisms. According to his view, chronic sys-
temic inflammation is associated with physical inactivity independent of obesity, further hypoth-
esizing that physical inactivity leads to the accumulation of visceral fat and, consequently, to the 
activation of a network of inflammatory pathways, which promote development of insulin resistance, 
atherosclerosis, neurodegeneration, and tumor growth and, thereby, the development of the diseases 
belonging to the “diseasome of physical inactivity.” This hypothesis was further corroborated by 
Laye et al. (2007) and by Olsen et al. (2008) both in animal models and humans with physical inac-
tivity. Thus, inactivity and visceral fat seem to precede systemic inflammation and chronic diseases.

21.2  THE ANTI-INFLAMMATORY NATURE OF PHYSICAL ACTIVITY

Physical activity, inflammation, and immunity are tightly linked in an interesting and complex way 
(Febbraio 2007). Regular and moderate physical exercise reduces systemic inflammation, but the 
mediators of this beneficial effect remain to be fully elucidated. However, several candidate mecha-
nisms have been identified. Exercise increases the release of epinephrine, cortisol, growth hormone, 
prolactin, and other factors that have immunomodulatory effects (Nieman 2003). Furthermore, 
exercise results in decreased expression of Toll-like receptor on monocytes, suggesting an involve-
ment in whole body inflammation. Other mediators and mechanisms have also been postulated, 
including factors derived from the muscle and from the adipose tissue, as well as from the innate 
immune response.

21.2.1  physIcal acTIvITy and myokInes

The recent discovery of “myokines,” cytokines produced and secreted from skeletal muscle, analo-
gous to “adipokines” made from fat tissue, shed light on this bivalent association between exercise 
and inflammation (Febbraio 2007). The first myokine described was interleukin-6 (IL-6); similar 
factors synthesized and secreted upon contraction of muscle fibers include IL-8 and IL-15 (Pedersen 
2011). In addition to these muscle-derived cytokines, increased IL-1 receptor antagonist (IL-1ra), 
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IL-10 and TNF-α are found in the circulation after exercise. The cytokine response to exercise 
differs from that elicited by severe infections. Classical pro-inflammatory cytokines, TNF-α and 
IL-1β, in general do not increase with exercise, indicating that the cytokine cascade induced by 
exercise is markedly different from the cytokine cascade induced by infections. However, systemic 
elevation of TNF-α is restricted to physical activity of extremely high intensity and, therefore, could 
be responsible for the elevated inflammatory state upon prolonged and intense exercise. Such myo-
kines may exert a direct effect on fat metabolism and thereby result in indirect anti-inflammatory 
effects. Moreover, myokines may exert direct anti-inflammatory effects or stimulate the production 
of anti-inflammatory components. It is suggested that contracting skeletal muscles release myo-
kines, which work in a hormone-like fashion, exerting specific endocrine effects on visceral fat and 
other ectopic fat deposits. Other myokines work locally within the muscle via paracrine mecha-
nisms, exerting their effects on signaling pathways involved in fat oxidation.

There is an ongoing debate regarding the anti- or pro-inflammatory effects of IL-6. IL-6 secreted 
by myocytes appears to be anti-inflammatory, as opposed to IL-6 secreted chronically by adipose 
tissue. When IL-6 is secreted by muscle, it has been shown that it increases anti-inflammatory cyto-
kines such as IL-10 and IL-1ra (Brandt and Pedersen 2010) and inhibits IL-1β and TNF-α release 
with exercise (Mathur and Pedersen 2008). All these studies support the anti-inflammatory role of 
IL-6 secreted by myocytes in the response to exercise (Figure 21.1). The Pedersen group also pre-
sented evidence that IL-6 is produced by working muscle itself in the absence of injury or signs of 
inflammation. They hold that IL-6 acts as an anti-inflammatory cytokine, since IL-6 exerts inhibi-
tory effects on TNF-α  and IL-1 production (e.g., by LPS-stimulated monocytes). In addition, IL-6 
also stimulates the production of IL-1ra and IL-10, and it is one of the primary inducers of CRP, 
which can also have anti-inflammatory properties, all of this supporting the anti- inflammatory 
effects of exercise. Moreover, it is been considered that IL-6 may act as an energy sensor and its 
release by the contraction of skeletal muscle may be attenuated or even totally inhibited by glucose 
ingestion during exercise (Pedersen and Febraio 2008). 

Regular exercise

Adipose tissue

Loss of body fat Increased production
of IL-6 by myocytes Increase efferent vagus

nerve activity

Inhibition of pro-inflammatory
cytokine release

Protection against systemic
inflammation

Anti-inflammatory effect of regular exercise

Increases
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pro-inflammatory
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FIGURE  21.1  Anti-inflammatory nature of regular exercise. Several potential mechanisms for the anti-
inflammatory effect of exercise have been postulated, which includes an adipose tissue-innate immune system 
axis, in which the exercise is able to reduce body fat; the accumulation of macrophages in the adipose tissue, 
further altering the macrophage phenotype; an increased muscle production of IL-6, which then promotes 
anti-inflammatory actions; and a “cholinergic anti-inflammatory pathway hypothesis,” which claims that exer-
cise promotes an imbalance between the sympathetic and parasympathetic nervous systems, which is respon-
sible for protection against systemic inflammation.
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IL-15 has recently been discovered as another anabolic myokine, with putative involvement 
in muscle fat cross-talk (Nielsen  et  al. 2007). Some works supported the idea that IL-15 secre-
tion from muscle tissue may modulate visceral fat mass specifically via an endocrine mechanism 
(Quinn 2008; Nielsen et al. 2008). Riechman et al. (2004) reported an increase in IL-15 after an 
acute resistance training bout, thus suggesting that IL-15 may accumulate within the muscle as a 
consequence of regular training. Meanwhile, and according to the works of Nielsen and Pedersen 
(2007), IL-15 did not change after 2.5 h treadmill running. However, it seems that the role of muscle 
contraction on IL-15 regulation is not clearly defined.

The plasma concentrations of IL-8, another myokine, seem to be increased in response to 
exhaustive exercise involving eccentric muscle contraction (running); nevertheless, no changes 
were observed in relation to concentric exercise. According to Akerstrom et al. (2005), high local 
IL-8 expression occurs in contracting muscle but with only a small and transient net release; this 
may indicate that muscle-derived IL-8 acts locally and exerts its effect in an autocrine or paracrine 
fashion (Akerstrom et al. 2005). IL-8 signaling promotes angiogenic responses in endothelial cells, 
increases proliferation and survival of endothelial and cancer cells, and potentiates the migration 
of cancer cells, endothelial cells, and infiltrating neutrophils at the tumor site. Accordingly, IL-8 
expression correlates with the angiogenesis, tumorigenicity, and metastasis of tumors in numerous 
xenograft and orthotopic in vivo models (Waugh and Wilson 2008). 

In a recent revision about metabolic responses and environmental adaptations of muscle and 
their myokines, Pedersen (2011) focuses on the effects not only of the myokines but also of other 
factors released by exercise, such as brain-derived neurotrophic factor (which presented a role in 
neurobiology and metabolism, both central and from the skeletal muscle) and fibroblast growth 
factor-21 (expressed in human skeletal muscle in response to insulin stimulation). Cytokine produc-
tion can be affected by other physiological factors affected by exercise, such as stress hormones, 
acidosis, oxidative stress and heat, among others (Radom-Aizik et al. 2007). In addition, cytokine 
response may vary by the type of exercise, intensity, duration, and recovery between bouts and 
training status (Miles 2008).

21.2.2  The adIpose TIssue—InnaTe Immune sysTem hypoThesIs

The activated macrophages, through the release of a milieu of chemokines, cytokines, and other 
proteins, play a major role in the innate immune response and are key players in the inflammatory 
responses. Although traditionally the macrophages were considered pro-inflammatory secretors, it 
is now known that they could also have different responses, depending on the status of activation, 
which are influenced by the microenvironment. An anti-inflammatory response, when alternatively 
activated, has been postulated, namely, in physical exercise activity (Woods et al. 2009). Exercise 
seems to be able to modulate the response of an organism against infection and subsequent pres-
ence of inflammation, namely, via the production of TNF-α. In both human and animal models, 
acute inflammation can be reduced with exercise. Moderate-intensity exercise is able to reduce 
the inflammatory response in a mouse model of ovalbumin-sensitized pulmonary inflammation, 
viewed by modulation of leukocyte infiltration and activation of nuclear factor kB (Pastva et al. 
2005). According to the authors, the anti-inflammatory action was due to exercise-released gluco-
corticoids. Using rats exhaustively exercised, Bagby et al. (1994) found that there was a reduced 
TNF-α production in response to LPS for up to six hours, suggesting that the exercise-induced sup-
pression of macrophage function was due to increased corticosterone. 

A similar anti-inflammatory effect was reported by Starkie  et  al. (2003) in a study in which 
young males at rest were submitted to an LPS challenge, exercised exhaustively, or administered 
IL-6. The results obtained showed that after the LPS challenge, both the exercise and the IL-6 
groups showed decreased plasma TNF-α levels when compared with rest subjects. The authors sug-
gested that the exercise induces the production of IL-6, which acts as an anti-inflammatory cytokine 
by suppressing the production of TNF-α (Figure 21.1). The anti-inflammatory nature of exercise in 
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chronic inflammation and its association with the macrophage/innate immune response was revised 
by Woods et al. (2009) in both cross-sectional and longitudinal studies. Almost all the longitudinal 
studies analyzed reported an anti-inflammatory effect of exercise training in subjects with chronic 
diseases, including heart disease, metabolic syndrome, and overweight individuals. Furthermore, 
the duration of the training seems to influence the anti-inflammatory effect, with shorter studies 
demonstrating less activity. 

Although the mechanisms responsible for the anti-inflammatory effect of regular exercise remain 
to be fully elucidated, several potential mechanisms have been postulated. One of them includes 
the existence of an adipose tissue–innate immune system axis that plays a central role. According 
to this possibility, exercise is able to reduce body fat, the accumulation of macrophages in the adi-
pose tissue, further altering the macrophage phenotype in the adipose tissue (Woods et al. 2009). 
Furthermore, as previously commented, exercise is able to induce muscle production of IL-6, or, 
as suggested by Pavlov and Tracey (2005) in their “cholinergic anti-inflammatory pathway hypoth-
esis” (p. 5559) to alter the sympathetic and parasympathetic nervous systems equilibrium (Figure 
21.1). These mechanisms together might underlie the anti-inflammatory effect of exercise and are 
the basis of the adipocyte-macrophage-innate immune response hypothesis. Innate immunity is 
a central player of the inflammatory process. The better definition of the precise effect of regular 
exercise on the innate immunity, namely, on the adipocyte tissue and macrophages, will be decisive 
for clarifying the anti-inflammatory nature of exercise and the underlying mechanisms.

21.2.3  Type and InTensITy of exercIse versus anTI- or pro-InflammaTory response

Physical exercise has been recommended as a therapeutic measure in preventive medicine, par-
ticularly for the complications of cardiovascular (CV) and metabolic diseases (Bassuk and Manson 
2005; Moore 2004). Regular exercise/training improves the lipid profile by positive effects on cir-
culating lipid and lipoprotein content, lowers blood pressure (BP), increases insulin sensitivity, and 
ameliorates arterial and heart functions and inflammation. Moreover, it adjusts body weight by 
reduction of body fat and has been particularly recommended, with proven benefits, for diabetes and 
metabolic syndrome patients (Tanasescu et al. 2003). However, high-intensity exercise or the lack 
of adaptation of individuals might be harmful, in a dual effect known as “exercise paradox.” The 
final effect seems to depend, thus, on the intensity and work performance during training, as well 
as on the type of exercise protocol practiced, as was previously suggested (Selamoglu et al. 2000; 
Miyazaki et al. 2001; Kemi et al. 2005; Baptista et al. 2008).

Observational data from large-population cohort studies consistently show an association 
between physical activity and inflammation. The effects of training depend on the intensity of exer-
cise training status, age, and involvement of disorders. Beavers et al. (2010) reviewed the findings 
from 26 observational studies examining the association between markers of systemic inflammation 
and aerobic exercise. Several interesting reviews, both epidemiological studies and clinical trials, 
addressing the influence of physical activity and fitness on low-grade inflammation on the general 
adult population have been published (Autenrieth et al. 2009), also in athletes (Tomaszewski et al. 
2003), and to a lesser extent in children and adolescents (Zahner et al. 2006; Wamberg et al. 2007). 
Although CRP is by far the most commonly used, a wide range of inflammatory markers have been 
measured and assessed against physical activity; these include fibrinogen, cytokines, and leukocytes.

Our group found that lean nondiabetic ZDF rats submitted to a swimming protocol (1 h/day 
and 3 days/week) during 12 weeks do not present statistically significant modifications of IL-6 and 
TNF-α levels. Nevertheless, serum levels of CRP exhibit a significant decrease when compared 
to their age-matched sedentary group (Teixeira de Lemos et al. 2009). Our results confirmed that 
exercise training can attenuate or blunt the response of a single bout of exercise. Thus, while 
physical exercise could present anti-inflammatory effects in regular and moderate conditions, 
strenuous exercise affects resting levels of inflammatory markers during and after a period of 
intensive training. 
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Although it has been generally accepted that some of the beneficial effects of exercise involve 
the stimulation of the innate and/or inflammatory response, preventing the organism against 
infection, today many researchers support the concept that the beneficial effects of exercise 
are mainly mediated by its anti-inflammatory properties. This fact becomes important in order 
to use exercise as a “therapeutic help” in people with inflammatory disorders. However, the 
existence of a pro- inflammatory effect of exercise has been increasingly discussed. Therefore, 
in contrast to the reduction of chronic inflammation by regular, moderate exercise, prolonged, 
high-intensity training results in increased systemic inflammation and elevated risk of infec-
tion. In fact, subsequent to this type of exercise, athletes exhibit a transient immunodepression 
(Gleeson et al. 2004).

21.3  EXERCISE-INDUCED INFLAMMATION

21.3.1  exercIse-Induced muscle damage and InflammaTIon

Exhaustive exercise causes substantial tissue injury, which might activate the inflammation-
induced cytokine cascade, analogous to what occurs in sepsis. Biphasic kinetics of IL-6 might 
putatively explain the dual effect of exercise, as recently commented by several authors. In a 
systematic review based on the effect of exercise on CRP and on other inflammatory mark-
ers, Kasapis and Thompson (2005) concluded that exercise produces a short-term inflammatory 
response, whereas studies based on cross-sectional comparisons and longitudinal exercise train-
ing demonstrated a long-term anti-inflammatory effect, also suggesting that anti- inflammatory 
responses may contribute to the beneficial effects of habitual physical activity. The authors 
emphasize that this anti-inflammatory response of habitual exercise is mainly highlighted by 
changes in the circulating concentration of CRP, supporting the idea that habitual exercise train-
ing reduces CRP levels by altering the inflammatory process (Kasapis and Thompson 2005; 
Beavers et al. 2010). 

Other authors also related that during and immediately after acute prolonged and very demand-
ing exercise there is a dramatic increase in leukocyte cell count and serum IL-6 levels, which, 
in the hours following exercise, is accompanied by an increase in the anti-inflammatory cyto-
kine IL-10 (Philippou et al. 2009; Fallon et al. 2001). Furthermore, acute prolonged exercise has 
been shown to increase the expression of the oxidant-responsive anti-inflammatory gene HO-1 
in lymphocytes (Urakawa  et  al. 2003). Our group, using 20-week-old lean ZDF rats forced to 
swim until exhaustion and then immediately sacrificed, recently observed a statistically significant 
increased TNF-α (27.8%) and CRP (5%) when compared to non-exercised rats (unpublished data). 
The studies from Giraldo et al. (2008) in healthy people have shown that the circulating levels of 
pro-inflammatory cytokines IL-1β and IFN-γ increase after a single bout of either moderate or 
intense exercise, and peritoneal macrophages are also stimulated after acute exercise and training 
in rodents (Ortega 2003).

It is now accepted that during acute exercise muscles release IL-6 and plasma concentrations 
of CRP, and both pro- and anti-inflammatory cytokines (TNF-α, IL-1, IL-1ra, IL-10, and  sTNF-r) 
increase to various magnitudes as well as leukocyte subsets, such as neutrophils, lymphocytes 
(including their subsets T, B, and NK cells), and monocytes. Following the cessation of intense exer-
cise, neutrophils and monocytes continue to increase into the recovery period. During this period, 
other leukocyte subsets decrease in number, while plasma concentrations of the above-mentioned 
cytokines stay elevated for some more hours. Strenuous and eccentric exercise seems to exert the 
most prominent changes in immune parameters (Malm 2004; Pedersen and Hoffman 2000). It is 
therefore clear that acute bouts of exercise exert various effects on the immune system and are typi-
cally transient in nature. The extent to which these changes occur in patients with a chronic inflam-
matory disease is important to address in order to ensure that exercise is performed in a safe manner 
where inflammation is not being further amplified.
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21.3.2  The paradox of Il-6 In physIcal acTIvITy and InflammaTIon 

Cytokines are released not only from mononuclear cells but also from muscle cells. Starkie et al. 
(2003) showed that physical exercise directly inhibits endotoxin-induced TNF-α production in 
humans, most likely through IL-6 release from exercising muscle (Starkie et al. 2003). Typically, 
IL-6 is the first cytokine present in circulation after exercise practice, followed by an increase in 
IL-1ra and IL-10 (Pedersen and Febbraio 2008). The ubiquitous role of IL-6 and the hypothesis of an 
exercise-induced anti-inflammatory IL-6 release were already postulated (Pedersen 2007; Fisman 
and Tenenbaum 2010). Therefore, IL-6, a multifactorial cytokine, regulates cellular and humoral 
responses and plays a pivotal role in inflammation, being associated with several pathological con-
ditions, emerging as an independent early predictor for T2DM and as a marker of low-grade inflam-
mation (Pedersen 2007; Fisman and Tenenbaum 2010). However, even more interesting concerning 
IL-6, as Fisman and Tenenbaum (2010) recently commented, is the putative beneficial effects played 
as an anti-inflammatory factor, which is particularly evident in insulin sensitivity during exercise. 
Therefore, a marked increase in circulating levels of IL-6 after exercise without muscle damage 
has been a remarkably consistent finding. The magnitude by which plasma IL-6 increases is related 
to exercise duration, intensity of effort, muscle mass involved in the mechanical work, and endur-
ance capacity (Febbraio and Pedersen 2002). The release by muscle of a humoral factor into the 
circulation after exercise improves insulin sensitivity, most probably through AMPK (Fisman and 
Tenenbaum 2010). IL-6 has been indicated as the strongest candidate for the humoral factor released 
after exercise, working in a hormone-like fashion, in which it is released by the muscle, now viewed 
as an endocrine organ, for influencing other organs (Fisman and Tenenbaum 2010). Although this 
hypothesis deserves further clarification, the role of IL-6 as both the “good” and the “bad,” depend-
ing on the circumstances, as commented by Fisman and Tenenbaum (2010), opens new windows on 
the way interleukins act, and in particular concerning the effects of exercise in insulin resistance 
and diabetes. In this anti-inflammatory environment, IL-6 inhibits TNF-α production, which was 
confirmed by studies in animals (Matthys et al. 2002). Furthermore, exercise also suppresses secre-
tion of TNF-α by pathways independent of IL-6, as shown by the results obtained with knockout 
mice for IL-6 submitted to exercise (Keller et al. 2004). The anti-inflammatory nature of regular 
exercise (training) has been associated to a reduced CVD, particularly due to the training-evoked 
increased expression of antioxidant and anti-inflammatory mediators in the vascular wall, which 
could directly inhibit atherosclerosis development (Wilund 2007).

21.4   PHYSICAL ACTIVITY FOR THE TREATMENT OF LOW-GRADE 
INFLAMMATION IN CARDIOMETABOLIC DISORDERS: 
FOCUS ON TYPE 2 DIABETES MELLITUS

Physical inactivity is considered one of the major risk factors that promotes the development and 
progression of CVD. Sedentary lifestyles increase all causes of mortality, double the risk of CVD, 
diabetes, and obesity, and substantially increase the risk of colon cancer, high blood pressure, osteo-
porosis, depression, and anxiety. Empirical evidence now links low-grade inflammation with dis-
orders of several body systems and tissues, including the circulatory (atherosclerosis, heart failure), 
endocrine (insulin resistance, metabolic syndrome, type 1 and type 2 diabetes, obesity), skeletal 
(sarcopenia, arthritis, osteoporosis), and pulmonary (chronic obstructive pulmonary disease) and 
neurological (dementia, depression) systems (Niklas and Brinkley 2009). Furthermore, age is a 
contributing factor to an elevated, yet subclinical, state of inflammation. Cross-sectional data show 
that circulating concentrations of cytokines and acute phase reactants, as well as cellular production 
of cytokines, are, on average, two- to four-fold higher in older persons (Niklas and Brinkley 2009). 
Since people are living longer, the public health burden of aging-related disability, as well as costs 
with medical care, has become a critical concern. One of the most concerning disorders, because it 
is associated with several serious complications, is type 2 diabetes mellitus. Physical exercise has 
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been recommended as a therapeutic measure in preventive medicine, particularly for the complica-
tions of cardiovascular (CV) and metabolic diseases, such as T2DM (Bassuk and Manson 2005; 
Moore 2004). Regular exercise/training improves the lipid profile by positive effects on circulating 
lipid and lipoprotein content, lowers blood pressure (BP), increases insulin sensitivity, ameliorates 
arterial and heart functions, and reduces inflammation, and has been particularly recommended, 
with proven benefits, for diabetes and metabolic syndrome patients (Tanasescu et al. 2003). This 
section is an overview of some of the key aspects related to physical (in)activity, inflammation, and 
T2DM, focusing on both animal and human studies.

21.4.1  effecTs of physIcal exercIse In Type 2 dIabeTes

The previous data highlighted the idea that the beneficial effects of exercise seem to be related to 
its ability to decrease inflammatory cytokine levels and/or increase anti-inflammatory ones, which 
might also be true for pathological conditions, such as T2DM. 

In diabetic rats, training was able to prevent the increase of pro-inflammatory cytokines and 
CRP. Martin-Cordero et al. (2009) found that obese Zucker rats, a model of metabolic syndrome, 
pre sents impairment of pro-inflammatory cytokine release by macrophages (TNF-α, IL-6, IL-1β 
and IFN-γ), an effect that was improved by habitual physical activity (Martin-Cordero et al. 2009; 
Martin-Cordero  et  al. 2011). Previously, our group (Teixeira de Lemos  et  al. 2007b and 2009) 
clearly demonstrated the anti-inflammatory capacity of swimming exercise training in the ZDF rat, 
a model of obese T2DM. Furthermore, an increment of serum adiponectin in trained obese diabetic 
ZDF (fa/fa) rats to levels near those found in the control lean rats was also found by us (Teixeira 
de Lemos  et  al. 2009). The anti-inflammatory effects of adiponectin have been associated with 
an improvement in the cardiometabolic profile, which might be due, at least in part, to regulatory 
actions on other factors, including TNF-α, IL-6, and CRP levels (Ravin et al. 2005), which was 
also demonstrated in our study using the ZDF rat submitted to swimming regular exercise train-
ing (Teixeira de Lemos et al. 2007b). Considering that all measurements were performed 48 hours 
after the last training session, the results may suggest an extension of the anti-inflammatory effect 
obtained by a single bout of exercise.

Pancreatic islets from type 2 diabetic patients present amyloid deposits, fibrosis, and increased 
cell death, which are associated with the inflammatory response (Hull et al. 2004). T2DM is also 
characterized by hyperglycemia, dyslipidemia, increased circulating inflammatory factors, and cel-
lular stress, which are critical in precipitating islet inflammation in vivo. The impact of islet-derived 
inflammatory factors and islet inflammation on β-cell function and mass may be both beneficial 
and/or deleterious. Depending on their roles in regulating pancreatic β-cells function, some cyto-
kines are protective while others can be detrimental. Actually, chronic exposure of islets to IL-1β, 
IFN-γ, TNF-α, and resistin inhibits insulin secretion and induces β-cell apoptosis. Other cytokines, 
such as adiponectin and visfatin, exert protective effects on pancreatic β-cell function. In addition 
to circulating cytokines, islets also produce a variety of cytokines in response to physiologic and 
pathologic stimuli, and these locally produced cytokines play important roles in regulation of pan-
creatic β-cell function as well (Donath et al. 2010). To maintain the normal pancreatic β-cell func-
tion, the deleterious and protective cytokines need to be balanced. The abnormal control of cytokine 
profile in islets and in plasma is associated with pancreatic β-cell dysfunction and type 2 diabetes 
(Donath et al. 2010). All the emerging evidence reinforces the paradigm that islet inflammation 
is involved in the regulation of β-cell function and survival in T2DM. Few studies have previ-
ously reported the putative beneficial effects of regular exercise practice (training) on the pancreas, 
per se. Studies on distinct rat strains, including Otsuka Long Evans Tokushima Fatty (OLETF), 
Goto-Kakizaki (GK), Zucker Fatty (ZF), ZDF, and F344 rats, have shown improvements in whole-
body insulin sensitivity and preservation of β-cell mass with exercise training (Minato et al. 2002; 
Shima et al. 1997). Insulin sensitivity improvements by exercise may confer an indirect beneficial 
effect on β cells by decreasing insulin demand and minimizing β-cell exhaustion; at the same time, 
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minimizing hyperglycemia mediates the loss of β-cell function (Dela et al. 2004), but a direct effect 
on pancreatic function could not be excluded. Although almost all the studies have demonstrated 
β-cell mass preservation with exercise training, none of them focuses on inflammation. The rec-
ognition that islet inflammation is a key factor in TD2M pathogenesis has highlighted the concern 
regarding the protection of pancreatic islets and endocrine function. Thus, restoring the normal 
cytokine profile in endocrine pancreas and plasma may hold great promise for more efficient β-cell 
dysfunction treatment and T2DM management. Teixeira de Lemos et al. (2009) demonstrated, using 
the aforementioned animal model of obese T2DM, the ZDF rat, that exercise swimming training 
was able to prevent accumulation of pro-inflammatory cytokines (IL-6 and TNF-α) on the endo-
crine pancreas. A decrease in pancreas immunostaining of both cytokines was observed, suggesting 
a protective effect of regular physical exercise against local inflammation. Figure 21.2 summarizes 
some of the anti-inflammatory properties of regular exercise, involving direct effects on adipose 
tissue and on the innate immune system, as well as indirect contributions of the liver and pancreas 
beta cell. 

In humans data from small intervention studies suggest a beneficial effect of regular exercise on 
inflammation. For example, in a “before-after” trial of a 6-mo individualized exercise intervention 
in which 43 participants exercised for an average of 2.5 h/wk, a 35% decrease in CRP was observed 
while mononuclear cell production of atherogenic cytokines fell by 58%, whereas the production 
of atheroprotective cytokines rose by 36% (Smith et  al. 1999). Observational data from popula-
tions with metabolic syndrome consistently reveal an association between physical activity and 
inflammation. In the ATTICA study, physically active individuals with metabolic syndrome, com-
pared to sedentary persons, had 30% lower IL-6, 15% lower TNFα, 19% lower serum amyloid A 
(SAA), and 15% lower white blood cell (WBC) counts (Pitsavos et al. 2005). Despite the limitations 
observed in interventional studies that may contribute to some disparities in the results, regular/
chronic exercise lead to lower basal levels of circulating inflammatory markers (Kadoglou et al. 
2007; Balducci  et  al. 2010). As was observed with other cardiometabolic risk factors, physical 
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FIGURE 21.2  Direct and indirect anti-inflammatory actions of regular exercise in T2DM. Regular exercise 
reduces adipose tissue and innate immune system pro-inflammatory (due to reduction of pro- inflammatory 
mediators, including TNF-α and IL-1β) and reinforces anti-inflammatory (due to increment of anti- 
inflammatory mediators, including IL-10 and IL-1 receptor antagonist, IL-1ra) state. These effects promote a 
positive impact on the liver, viewed by reduced production of pro-inflammatory mediators, such as C-reactive 
protein (CRP), serum amyloid protein A (SAA), and cytokines. Furthermore, the anti-inflammatory state is 
also promoted in the pancreas beta cell. In connection, these direct and indirect mechanisms contribute to the 
reduction of chronic low-grade inflammation found in T2DM conditions.
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activity–induced improvements in inflammatory status may be exclusive to individuals with high 
levels of inflammatory markers at baseline (Lakka et al. 2005). In all, the available evidence would 
support the contention that regular exercise, of sufficient intensity, appears to be anti-inflammatory 
in nature (Das 2004).

Nevertheless, results considering the reduction of inflammation by chronic exercise should con-
sider the dependency of weight loss; the sex and age; the intensity and frequency of exercise; as 
well as concomitant medication. We must consider that to be beneficial exercise must improve 
fitness and muscle strength without exacerbating underlying inflammation associated with the 
T2D. Thus understanding the balance between safe and effective exercise is necessary to provide 
an evidence-based approach to exercise prescription for individuals with a chronic inflammatory 
disease.

21.4.2   beyond The anTI-InflammaTory effecT of physIcal acTIvITy 
In T2dm: pleIoTropIc effecTs of regular exercIse

Although this chapter is focused on the effects of physical activity (exercise) on inflammation, we 
should mentioned that there’s more to physical activity (exercise) than a beneficial anti-inflammatory 
action that should be used as a therapeutic tool in cardiometabolic disorders, including in T2DM. The 
studies performed by our group (Teixeira de Lemos et al. 2007a, 2007b, and 2009), using an animal 
model of obese T2DM, clearly demonstrated that the practice of a regular and moderate intensity 
swimming protocol (training), was able to promote a decrease of the pro-inflammatory profile and 
increase in anti-inflammatory markers. However, beyond the beneficial anti-inflammatory action, we 
found other important effects. Although unable to fully reverse pancreatic lesions, exercise has pre-
vented and/or delayed the worsening of diabetic dysmetabolism. The obtained results highlighted the 
pleiotropic effect of exercise training, viewed by several properties, including improvement of arte-
rial vascular compliance and blood pressure; correction of dysglycemia and dyslipidemia; increase 
of antioxidant defenses, thus promoting a reduction of oxidative aggression; and reduced pancreatic 
dysfunction in Langerhans islets, responsible for the cell failure and appearance of relative insulin 
deficiency with insulin resistance, a feature of advanced stages of T2DM. The cardiometabolic pro-
tective role of exercise training in T2DM becomes clearer when considering the pleiotropic actions 
encountered by our group, which were corroborated by other studies in animal models, as well as 
in humans, as previously discussed in detail, together with other important action that undoubtedly 
contributes to prevent or attenuate diabetes evolution and its complications, which includes accentua-
tion of the reduced myocardial β-adrenergic responsiveness in diabetic rats stems principally from 
the reduction in β2-adrenoceptor expression, which might have protective action (Lahaye et al. 2010); 
decreases in resting systolic blood pressure and 24-hour proteinuria in obese diabetic patients with 
chronic kidney disease (CKD), which is in favor of reduced cardiovascular complications in these 
patients (Leehey et al. 2009); reduction in plasma endothelin 1 (ET-1) and NO content, together with 
beneficial effects on anthropometric measurements and plasma oxidant stress markers, suggesting an 
improvement of endothelial dysfunction in patients with IGT (Kasımay et al. 2010); and improvement 
of TNF-α and IL-6 release impairment by noninfiltrated peritoneal macrophages in a rat model of 
obese metabolic syndrome (Martin-Cordero et al. 2009 and 2011).

Type 2 diabetic patients usually need more than an antidiabetic drug, namely for the correction 
of other risk factors encountered in T2DM patients, including other drugs: lipid-lowering drugs 
(statins, ezetimibe, fibrates, or combinations); antihypertensive drugs (ACE inhibitors, angiotensin 
II receptor antagonists [ARAs], beta blockers, diuretics, calcium entry blockers); antiplatelet drugs 
(acetylsalicylic acid [ASA], clopidogel, triflusal, or associations).

The similarities between the effects of chronic exercise and a putative antidiabetic polypill 
deserve to be highlighted, with the additional advantage that exercise, when practiced regularly 
and under moderate intensity (training), does not cause relevant side effects and presents a greater 
metabolic effectiveness if compared with a hypothetical antidiabetic polypill.
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However, we must recognize that further research is needed in humans to establish the preferred 
type, duration, and intensity of training that should be practiced in order to maximize the benefits 
of exercise for different subgroups of T2DM patients, including their anti-inflammatory properties 
now reviewed.

21.5  CONCLUSIONS AND FUTURE DIRECTIONS

Current research seems to indicate that regular exercise protects against diseases associated with 
low-grade systemic inflammation. Several potential mechanisms for the anti-inflammatory effect 
of exercise have been postulated, which include an adipose tissue-innate immune system axis, in 
which the exercise is able to reduce body fat, the accumulation of macrophages in the adipose tissue, 
alterations of macrophage phenotype, as well as effects on muscles, namely, the release of cytokines/
myokines that putatively mediate the health beneficial effects of exercise. These actions, most prob-
ably acting in concert, might play a crucial role in the protection against chronic diseases, including 
cardiovascular and metabolic conditions, such as type 2 diabetes mellitus, and cancer, among oth-
ers. In particular, the long-term effect of exercise may to some extent be ascribed to the anti-inflam-
matory response elicited by an acute bout of exercise, which is partly mediated by muscle-derived 
IL-6 and other anti-inflammatory interleukins. Nevertheless, when the usual balance between the 
pro- and anti-inflammatory cytokines is upset by an acute exhaustive bout of exercise, an aggrava-
tion of inflammatory state occurs. The deleterious consequences involve a pathological combination 
of exercise stimulation of immune signals. In this context, we may hypothesize that acute exercise 
may be considered an immunization and should act like a vaccination stimulating immunity without 
causing disease. The possibility exists that, with regular exercise, the anti-inflammatory effects of 
an acute bout of exercise will protect against chronic systemic low-grade inflammation and, thereby, 
offer protection against insulin resistance and the development of T2DM. The results obtained by 
our group in an animal model of T2D (male Zucker Diabetic Fatty rats) seems to corroborate this 
hypothesis and even suggest a positive influence of exercise training in the inflammation responsible 
for pancreatic islet degeneration. 

To fully understand the mechanism underlying the protective, anti-inflammatory, effects of exer-
cise, we need to focus on the nature of exercise that more effectively could alleviate the effects of 
chronic inflammation in several diseases. In addition, regular/chronic exercise can afford pleiotro-
pic cardioprotective actions by preventing/alleviating several other aspects underlying the patho-
logical evolution of T2DM. Thus, the correct use of regular exercise could promote identical or even 
greater metabolic effectiveness if compared with a hypothetical antidiabetic polypill. However, we 
must recognize that further research is needed in humans to establish the preferred type, duration, 
and intensity of training that should be practiced in order to maximize the benefits of exercise not 
only in prevention but also in treatment in T2D patients.

TAKE-HOME MESSAGES

• A sedentary lifestyle, or physical inactivity, can be considered a strong predictor of chronic 
disease development and a contributor for earlier morbidity and mortality.

• A state of low-grade chronic inflammation is associated with several disorders, including 
those of circulatory (atherosclerosis, heart failure), endocrine/metabolic (insulin resistance, 
metabolic syndrome, type 1 and type 2 diabetes, obesity), skeletal (sarcopenia, arthri-
tis, osteoporosis), pulmonary (chronic obstructive pulmonary disease), and neurological 
(dementia, depression) nature.

• Due to its inflammatory activity, regular exercise offers protection against chronic diseases 
and, thus, may be viewed as a valid nonpharmacological therapeutic option.

• The mechanisms underlying the anti-inflammatory nature of regular exercise seem to 
involve direct influences on adipose tissue and on the innate immune system, as well as 
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indirect effects on liver, and includes increased production of anti-inflammatory mediators 
and reduction of release of pro-inflammatory cytokines.

• Although acute and strenuous exercise can cause elevated systemic inflammation, regular 
exercise (training) appears to reduce levels of inflammatory markers.

• In T2DM patients, regular exercise induces favorable changes on the metabolic profile, 
including a notorious anti-inflammatory action, thus contributing to clinical benefits by 
reducing cardiovascular and metabolic risk.

• In order to obtain the maximum beneficial effects, exercise programs should be tailored to 
individual needs on the basis of factors such as age, gender, and health status.
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22.1   OMEGA-6 AND OMEGA-3 POLYUNSATURATED FATTY 
ACIDS—NAMING, BIOSYNTHESIS, SOURCES, AND INTAKES

This	chapter	will	consider	two	families	of	polyunsaturated	fatty	acids	(PUFAs),	the	omega-6	(ω-6)	
family	and	the	omega-3	(ω-3)	family.	Omega-6	and	ω-3	PUFAs	each	have	a	characteristic,	dis-
tinguishing	structural	feature,	separate	dietary	sources,	and	distinct	biological	properties.	PUFAs	
are	fatty	acids	that	have	two	or	more	double	bonds	within	the	fatty	acyl	hydrocarbon	chain.	They	
form	a	smaller	part	of	the	human	diet	than	saturated	or	monounsaturated	fatty	acids.	The	terms	
“ω-6”	and	“ω-3”	refer	to	the	characteristic,	distinguishing	structural	feature	of	these	fatty	acids:	
the	number	(i.e.,	6	or	3)	indicates	the	carbon	atom	in	the	hydrocarbon	chain	on	which	the	first	
double	bond	is	found	if	the	terminal	methyl	carbon	is	defined	as	carbon	number	one.	The	simplest	
ω-6	PUFA	is	 linoleic	acid,	an	18-carbon	fatty	acid	with	 two	double	bonds	 in	 the	hydrocarbon	
chain,	which	is	described	as	18:2ω-6.	The	simplest	ω-3	PUFA	is	α-linolenic	acid,	an	18-carbon	
fatty	acid	with	three	double	bonds	in	the	hydrocarbon	chain,	described	as	18:3ω-3.	Neither	lin-
oleic	acid	nor	α-linolenic	acid	can	be	synthesized	in	animals.	However,	they	are	synthesized	in	
plants.	Furthermore,	animals	are	not	able	to	interconvert	ω-6	and	ω-3	PUFAs,	but	plants	can	do	
this.	In	animals,	linoleic	and	α-linolenic	acids	are	able	to	be	converted	to	other	fatty	acids	(Figure	
22.1).	During	this	conversion	the	position	of	the	methyl-terminal	double	bond	is	retained	so	that	
linoleic	acid	is	a	precursor	to	other	ω-6	PUFAs,	and	α-linolenic	acid	is	a	precursor	to	other	ω-3	
PUFAs	(Figure	22.1).	The	conversion	of	linoleic	and	α-linolenic	acids	to	these	other	fatty	acids	
occurs	through	the	insertion	of	additional	double	bonds	into	the	hydrocarbon	chain	in	a	process	
called	unsaturation	and	by	elongation	of	 the	hydrocarbon	chain.	By	this	pathway,	 linoleic	acid	
can	be	converted	to	arachidonic	acid	(20:4ω-6;	ARA;	Figure	22.1)	and	α-linolenic	acid	can	be	
converted	to	eicosapentaenoic	acid	(20:5ω-3;	EPA;	Figure	22.1).	Both	arachidonic	acid	and	EPA	
can	be	further	metabolized,	EPA	ultimately	giving	rise	to	docosahexaenoic	acid	(22:6ω-3;	DHA;	
Figure	22.1).	

Since	linoleic	acid	is	synthesized	in	plants,	it	is	not	surprising	that	it	is	found	in	significant	
quantities	in	seeds	and	nuts,	in	many	commonly	used	vegetable	oils	(e.g.,	corn,	sunflower,	and	
soybean	 oils),	 and	 in	 products	 made	 from	 vegetable	 oils	 like	 margarines.	 α-linolenic	 acid	 is	
found	in	green	plant	tissues,	in	some	common	vegetable	oils	(e.g.,	soybean	and	rapeseed	oils),	
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FIGURE 22.1  The	biosynthesis	of	polyunsaturated	fatty	acids.	ARA,	arachidonic	acid;	DHA,	docosahexa-
enoic	acid;	EPA,	eicosapentaenoic	acid.
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in	some	nuts	(e.g.,	walnuts),	and	in	flaxseed	(also	known	as	linseed)	and	flaxseed	oil.	In	most	
Western	diets	linoleic	and	α-linolenic	acids	together	make	up	more	than	95%,	and	often	as	much	
as	98%,	of	dietary	PUFA,	other	PUFAs	usually	being	consumed	in	low	amounts.	In	most	diets	
linoleic	acid	intake	is	in	considerable	excess	of	α-linolenic	acid	intake.	Typical	Western	adult	
intakes	of	 linoleic	acid	and	α-linolenic	acid	would	be	approximately	10	and	1	g/day.	Dietary	
intakes	of	ARA,	EPA	and	DHA	are	much	 lower	 than	 those	of	 linoleic	and	α-linolenic	acids.	
ARA	is	found	in	meat,	eggs,	and	offal	(e.g.,	liver)	and	typically	several	hundreds	of	mg/day	are	
consumed.	EPA	and	DHA	are	found	in	seafood,	especially	in	what	are	referred	to	as	“fatty”	or	
“oily”	fish;	these	are	fish	like	tuna,	salmon,	mackerel,	herring,	and	sardines.	They	are	also	found	
in	eggs	and	meat	but	at	 low	levels.	One	oily	fish	meal	could	provide	1	to	3.5	g	of	n-3	PUFAs	
depending	upon	the	type	of	fish.	A	white	fish	meal	(e.g.,	cod)	would	provide	about	one	tenth	of	
this	amount	of	EPA	and	DHA.	Because	most	people	do	not	eat	oily	fish	often	or	at	all,	typical	
intakes	of	EPA	and	DHA	are	in	the	tens	to	hundreds	of	mg/day	(British	Nutrition	Foundation	
1999;	Meyer et al.	2003).	Fish	oil	supplements	contain	EPA	and	DHA.	In	a	standard	supplement	
EPA	and	DHA	make	up	about	30%	of	the	fatty	acids	present,	so	in	a	1-g	capsule	there	will	be	
about	300	mg	of	EPA+DHA.	

22.2   OMEGA-6 AND OMEGA-6 POLYUNSATURATED FATTY 
ACIDS IN CELLS INVOLVED IN INFLAMMATION

PUFAs	 are	 key	 structural	 and	 functional	 components	 of	 the	 phospholipids	 in	 cell	 membranes.	
Phospholipids	of	macrophages,	neutrophils,	and	lymphocytes	from	rats	or	mice	fed	on	standard	lab-
oratory	chow	usually	have	a	high	ARA	content,	with	ARA	contributing	as	much	as	15%	to	20%	of	
the	fatty	acids	present;	furthermore,	they	usually	contain	very	little	EPA	or	DHA	(Calder et al.	1990,	
1994).	However,	these	compositions	can	be	changed	by	certain	dietary	manipulations.	For	example,	
if	rats	are	fed	a	diet	containing	ARA,	their	lymphocytes	have	a	higher	ARA	content	(Peterson et al.	
1998).	If	rats	or	mice	are	fed	a	diet	containing	fish	oil,	their	macrophages,	neutrophils,	and	lympho-
cytes	become	enriched	in	EPA	and	DHA	(Peterson et al.	1998;	Wallace et al.	2001).	The	incorpora-
tion	of	EPA	and	DHA	into	inflammatory	cell	phospholipids	with	fish	oil	feeding	is	mirrored	by	a	
reduction	in	the	amount	of	ARA	present	(Peterson et al.	1998;	Wallace et al.	2001).	

Similar	observations	are	made	in	humans.	The	total	phospholipids	of	monocytes,	neutrophils,	
and	 lymphocytes	 taken	 from	 the	 blood	 of	 humans	 consuming	 typical	 Western	 diets	 contains	
about	10%	to	20%	of	fatty	acids	as	ARA,	with	about	0.5%–1%	EPA	and	about	1.5%–3%	DHA	
(Lee et al.	1985;	Endres et al.	1989;	Sperling et al.	1993;	Caughey et al.	1996;	Yaqoob et al.	2000;	
Healy et al.	2000).	There	are,	however,	differences	 in	 fatty	acid	contents	between	 the	different	
phospholipid	 classes	 (Sperling  et  al.	 1993).	 As	 seen	 in	 animal	 studies,	 the	 fatty	 acid	 composi-
tion	of	human	inflammatory	cells	can	be	modified	as	a	result	of	changed	intakes	of	ARA,	EPA,	
and	DHA.	Increased	intake	of	ARA	by	elderly	human	subjects	resulted	in	a	higher	proportion	of	
ARA	in	blood	mononuclear	cells,	a	mixture	of	lymphocytes	and	monocytes	(Thies et al.	2001).	
A	number	of	studies	have	demonstrated	that	increased	intake	of	EPA+DHA,	usually	from	fish	oil	
supplements,	results	in	a	higher	content	of	EPA	and	DHA	in	mononuclear	cells	and	neutrophils	
(Lee et al.	1985;	Endres et al.	1989;	Sperling et al.	1993;	Caughey et al.	1996;	Yaqoob et al.	2000;	
Healy et al.	2000;	Thies et al.	2001;	Kew et al.	2003,	2004;	Rees et al.	2006).	The	increased	content	
of	EPA	and	DHA	is	associated	with	a	decreased	content	of	ω-6	PUFAs,	especially	ARA.	Time-
course	studies	suggest	that	the	net	incorporation	of	EPA	and	DHA	into	human	inflammatory	cells	
begins	within	days	and	reaches	its	peak	within	a	few	weeks	(Yaqoob et al.	2000;	Healy et al.	2000;	
Thies et al.	2001;	Kew et al.	2004;	Rees et al.	2006;	Faber et al.	2011).	Figure	22.2	shows	data	
from	two	studies	using	almost	the	same	dose	of	EPA	and	DHA	to	demonstrate	the	time	course	of	
incorporation	into	human	mononuclear	cells.	Studies	that	have	used	multiple	doses	of	fish	oil	show	
that	 the	 incorporation	of	EPA	and	DHA	occurs	 in	a	dose-response	manner	 (Healy et al.	2000;	
Rees et al.	2006;	Calder	2008a).	



308 Chronic Inflammation

22.3   ARACHIDONIC ACID IS A PRECURSOR OF EICOSANOID 
MEDIATORS INVOLVED IN INFLAMMATION

Eicosanoids	are	synthesised	from	20-carbon	PUFAs.	They	include	prostaglandins	(PGs),	thrombox-
anes,	and	leukotrienes	(LTs),	and	they	are	key	mediators	and	regulators	of	inflammation	(Lewis et al.	
1990;	Tilley et al.	2001).	Because	of	its	high	content	in	membrane	phospholipids,	ARA	is	the	usual	
precursor	for	eicosanoid	synthesis	(Figure	22.3).	ARA	is	released	from	the	phospholipids	through	
the	action	of	phospholipase	A2	enzymes,	which	are	activated	by	 inflammatory	stimuli.	The	free	
ARA	then	acts	as	a	substrate	 for	cyclooxygenase	 (COX)	or	 lipoxygenase	 (LOX)	enzymes.	COX	
enzymes	lead	to	PGs	and	thromboxanes	while	LOX	enzymes	lead	to	LTs.	The	eicosanoid	media-
tors	have	a	variety	of	roles	in	inflammation.	For	example,	PGE2	has	a	number	of	pro-inflammatory	
effects	including	increasing	vascular	permeability,	vasodilation,	blood	flow,	and	local	pyrexia,	and	
potentiation	of	pain	caused	by	other	agents.	It	also	promotes	the	production	of	some	matrix	metallo-
proteinases	that	can	cause	local	tissue	damage	and	destruction	(e.g.,	to	bone	in	rheumatoid	arthritis	
[RA]).	A	number	of	pharmaceutical	agents	used	as	anti-inflammatories	target	the	COX	pathway.	
LTB4	increases	vascular	permeability,	enhances	local	blood	flow,	is	a	potent	chemotactic	agent	for	
leukocytes,	induces	release	of	lysosomal	enzymes,	and	enhances	release	of	reactive	oxygen	species	
and	inflammatory	cytokines.	

Expression	of	COX	is	increased	in	the	synovium	of	patients	with	RA	(Sano et al.	1992;	Feldmann	
and	Maini	1999)	and	in	joint	tissues	in	rat	models	of	arthritis	(Sano et al.	1992).	PGE2,	LTB4,	and	
5-hydroxyeicosatetraenoic	acid	are	found	in	the	synovial	fluid	of	patients	with	active	RA	(Sperling	
1995).	 Infiltrating	 leukocytes	 such	 as	 neutrophils,	 monocytes,	 and	 synoviocytes	 are	 important	
sources	of	eicosanoids	in	RA	(Sperling	1995).	The	efficacy	of	nonsteroidal	anti-inflammatory	drugs	
(NSAIDs),	which	act	to	inhibit	COX	activity,	in	RA	indicates	the	importance	of	this	pathway	in	the	
pathophysiology	of	the	disease.

Induction	 of	 colitis	 in	 laboratory	 animals	 results	 in	 the	 appearance	 of	 inflammatory	 eico-
sanoids	 such	as	PGE2	and	LTB4	 in	 the	colonic	mucosa	 (Hirata et al.	2001;	Nieto et al.	2002).	
In	human	 inflammatory	bowel	disease	 (IBD)	 the	 intestinal	mucosa	contains	elevated	 levels	of	
inflammatory	eicosanoids	such	as	LTB4	(Sharon	and	Stenson	1984).	An	LT	biosynthesis	inhibitor	
had	a	protective	effect	on	mucosal	injury	in	acetic	acid–induced	rat	colitis	(Empey et al.	1991).	
This	 effect	 was	 associated	 with	 decreased	 colonic	 LTB4	 concentrations.	 However,	 the	 role	 of	
PGE2	in	IBD	is	less	certain.
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FIGURE 22.2  Time	course	of	incorporation	of	EPA	and	DHA	into	blood	inflammatory	cells	in	humans.	(a)	
Healthy	male	volunteers	consumed	2.4	g	EPA	plus	1.3	g	DHA	per	day	for	a	week,	and	blood	samples	were	
collected	at	0,	1,	2,	4,	and	7	days.	Fatty	acid	composition	of	white	blood	cells	was	measured.	Data	are	mean	
of	12	subjects	and	are	taken	from	Faber et al.	(2011).	(b)	Healthy	male	and	female	volunteers	consumed	2.1	g	
EPA	plus	1.1	g	DHA	per	day	for	12	weeks,	and	blood	samples	were	collected	at	0,	4,	8,	and	12	weeks.	Fatty	
acid	composition	of	blood	mononuclear	cells	was	measured.	Data	are	mean	of	8	subjects	and	are	taken	from	
Yaqoob et al.	(2000).
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Although	it	is	generally	considered	that	eicosanoids	derived	from	ARA	are	pro-inflammatory	in	
nature,	this	is	an	oversimplification	(Calder	2009).	For	example,	PGE2	inhibits	the	production	of	two	
of	the	classic	pro-inflammatory	cytokines,	tumor	necrosis	factor	(TNF)-α	and	interleukin	(IL)-1,	
by	monocytes	and	macrophages	(Calder	2009).	Furthermore,	in	recent	years	it	has	been	discovered	
that	PGE2	inhibits	5-LOX	and	so	decreases	production	of	the	inflammatory	4-series	LTs	(Levy et al.	
2001),	and	induces	15-LOX	so	promoting	the	formation	of	lipoxins	(Levy et al.	2001;	Vachier et al.	
2002)	 that	have	been	 found	 to	have	anti-inflammatory	effects	 (Gewirtz et al.	2002).	These	find-
ings	show	that	PGE2	possesses	both	pro-	and	anti-inflammatory	actions.	There	may	be	a	temporal	
change	in	the	role	of	PGE2	with	an	initial	pro-inflammatory	effect	followed	by	a	role	in	resolution	
of	inflammation	through	inhibition	of	5-LOX	and	induction	of	lipoxin	production.	

22.4  OMEGA-3 FATTY ACIDS AND LIPID MEDIATORS

22.4.1   Omega-3 Fatty acids decrease PrOductiOn OF 
eicOsanOids FrOm arachidOnic acid

Animal	studies	have	shown	that	production	of	ARA-derived	eicosanoids	 like	PGE2	is	decreased	
by	 EPA	 or	 DHA	 feeding	 (Chapkin  et  al.	 1991;	 Yaqoob	 and	 Calder	 1995;	 Peterson  et  al.	 1998).	
Numerous	 studies	with	healthy	human	volunteers	have	described	decreased	production	of	PGE2	
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FIGURE 22.3  Outline	of	the	pathway	of	eicosanoid	synthesis	from	arachidonic	acid.	COX,	cyclooxygen-
ase;	 HETE,	 hydroxyeicosatetraenoic	 acid;	 HPETE,	 hydroperoxyeicosatetraenoic	 acid;	 LOX,	 lipoxygenase;	
LT,	leukotriene;	PG,	prostaglandin;	TX,	thromboxane.	(Reproduced	from	Calder,	P.C.,	Am. J. Clin. Nutr.	83,	
2006.	With	permission.)
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and	4	series-LTs	by	inflammatory	cells	following	use	of	fish	oil	supplements	for	a	period	of	weeks	
to	 months	 (Lee  et  al.	 1985;	 Endres  et  al.	 1989;	 Meydani  et  al.	 1991;	 Sperling  et  al.	 1993;	 von	
Schacky et al.	1993;	Caughey et al.	1996).	Similar	effects	are	seen	in	patients	with	chronic	inflam-
matory	 diseases.	 For	 example,	 fish	 oil	 supplements	 decreased	 LTB4	 production	 by	 neutrophils	
(Kremer et al.	1995,	1987;	Cleland et al.	1988)	and	monocytes	(Cleland et al.	1988;	Tullekan et al.	
1990)	and	decreased	PGE2	production	by	mononuclear	cells	(Cleland et al.	2006)	in	patients	with	
RA.	In	patients	with	IBD,	fish	oil	decreased	LTB4	production	by	neutrophils	(McCall et al.	1989;	
Hawthorne et al.	1992;	Shimizu et al.	2003)	and	colonic	mucosa	(Stenson et al.	1992;	Shimizu et al.	
2003),	decreased	PGE2	and	thromboxane	B2	production	by	colonic	mucosa	(McCall et al.	1989),	and	
decreased	production	of	PGE2	by	blood	mononuclear	cells	(Trebble et al.	2004).	

The	studies	in	humans	demonstrating	that	oral	ω-3	PUFAs	decrease	production	of	ARA-derived	
eicosanoids	 have	 usually	 used	 fairly	 high	 intakes	 of	 the	 ω-3	 PUFAs,	 most	 often	 several	 grams	
per	day.	A	dose-response	 study	 in	healthy	volunteers	 reported	 that	an	EPA	 intake	of	1.35	g/day	
for	 3	 months	 was	 not	 sufficient	 to	 influence	 ex	 vivo	 PGE2	 production	 by	 endotoxin-stimulated	
mononuclear	cells,	whereas	an	EPA	intake	of	2.7	g/day	did	significantly	decrease	PGE2	production	
(Rees et al.	2006).	

22.4.2  ePa gives rise tO alternative eicOsanOids 

EPA	is	also	a	substrate	for	the	COX	and	LOX	enzymes	that	produce	eicosanoids,	but	the	mediators	
produced	have	a	different	structure	from	those	made	from	ARA.	Increased	generation	of	5-series	
LTs	has	been	demonstrated	using	macrophages	from	fish	oil–fed	mice	(Chapkin et al.	1991)	and	neu-
trophils	from	humans	taking	fish	oil	supplements	for	several	weeks	(Lee et al.	1985;	Endres et al.	
1989;	Sperling et al.	1993).	Transgenic	(“fat-1”)	mice	bearing	the	C. elegans	“ω-3	desaturase”	gene	
and	so	able	to	convert	ω-6	to	ω-3	PUFAs,	resulting	in	greatly	elevated	ω-3	PUFA	content	in	their	
tissues,	were	shown	to	generate	large	amounts	of	PGE3	within	colonic	tissue	after	chemical	induc-
tion	 of	 colonic	 inflammation	 (Hudert  et  al.	 2006).	 The	 functional	 significance	 of	 generation	 of	
eicosanoids	from	EPA	is	that	EPA-derived	mediators	are	often	much	less	biologically	active	than	
those	produced	from	ARA	(Goldman et al.	1983;	Lee et al.	1984;	Bagga et al.	2003;	Wada et al.	
2007).	Thus,	EPA	results	in	decreased	production	of	potent	eicosanoids	from	ARA	and	increased	
production	of	weak	eicosanoids.	

22.4.3   ePa and dha give rise tO anti-inFlammatOry and inFlammatiOn 
resOlving mediatOrs called resOlvins and PrOtectins

In	the	last	10	years	or	so	new	families	of	ω-3	PUFA-derived	lipid	mediators	have	been	discovered.	
These	include	the	resolvins	(E-series	from	EPA	and	D-series	from	DHA)	and	protectins;	the	latter	
are	referred	to	as	neuroprotectins	when	generated	within	neural	tissue.	The	synthesis	of	resolvins	
and	protectins	involves	the	COX	and	LOX	pathways,	with	different	epimers	being	produced	in	the	
presence	and	absence	of	aspirin	(Serhan et al.	2000a,	b).	Resolvin	synthesis	is	increased	by	feeding	
fish	oil–rich	diets	to	laboratory	rodents	(Hong et al.	2003)	and	was	shown	to	occur	in	fat-1	mice	
in	which	colitis	had	been	induced	(Hudert et al.	2006).	The	biological	effects	of	resolvins	and	pro-
tectins	have	been	examined	extensively	in	cell	culture	and	animal	models	of	inflammation.	These	
models	have	shown	them	to	be	anti-inflammatory	and	inflammation	resolving	(Serhan et al.	2002).	
For	example,	 resolvin	E1,	 resolvin	D1,	and	protectin	D1	all	 inhibited	 transendothelial	migration	
of	neutrophils,	so	preventing	the	infiltration	of	neutrophils	into	sites	of	inflammation;	resolvin	D1	
inhibited	IL-1β	production;	and	protectin	D1	inhibited	TNF-α	and	IL-1β	production	(Serhan et al.	
2000a,	b,	2002,	2008).	Resolvin	E1	protected	against	chemically	induced	colitis	in	mice,	and	this	
was	associated	with	decreased	infiltration	of	granulocytes	into	colonic	tissue	and	decreased	expres-
sion	 of	 several	 inflammatory	 genes	 (TNF-α,	 IL-12p40,	 COX-2,	 inducible	 nitric	 oxide	 synthase)	
within	that	tissue	(Arita et al.	2005).	
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22.5   OMEGA-3 FATTY ACIDS DECREASE NFκB-
MEDIATED INFLAMMATORY SIGNALING

22.5.1  the nFκB system 

A	key	transcription	factor	involved	in	inflammatory	responses	is	nuclear	factor	kappa	B	(NFκB),	
which	is	the	principal	transcription	factor	involved	in	upregulation	of	inflammatory	cytokine,	adhe-
sion	molecule,	and	COX-2	genes	(Kumar et al.	2004;	Sigal	2006).	NFκB	is	activated	as	a	result	of	
a	signaling	cascade	triggered	by	extracellular	inflammatory	stimuli	and	involving	phosphorylation	
of	an	inhibitory	subunit	(inhibitory	subunit	of	NFκB	[IκB]),	which	then	allows	translocation	of	the	
remaining	NFκB	dimer	to	the	nucleus	(Perkins	2007).	Thus,	expression	of	inflammatory	genes	is	
upregulated.	NFκB	is	a	recognized	target	for	controlling	inflammation.	

22.5.2  ePa and dha inhiBit nFκB activatiOn and inductiOn OF nFκB targets

EPA	 and	 DHA	 inhibited	 endotoxin-stimulated	 production	 of	 IL-6	 and	 IL-8	 by	 cultured	 human	
endothelial	 cells	 (de	 Caterina  et  al.	 1994;	 Khalfoun  et  al.	 1997)	 and	 EPA	 or	 fish	 oil	 inhibited	
	endotoxin-induced	TNF-α	production	by	cultured	monocytes	(Lo et al.	1999;	Babcock et al.	2002;	
Novak et al.	2003;	Zhao et al.	2004).	EPA	or	fish	oil	decreased	endotoxin-induced	activation	of	
NFκB	in	human	monocytes	(Lo et al.	1999;	Novak et al.	2003;	Zhao et al.	2004)	and	this	was	associ-
ated	with	decreased	IκB	phosphorylation	(Novak et al.	2003;	Zhao et al.	2004).	These	observations	
suggest	direct	effects	of	ω-3	PUFAs	on	inflammatory	gene	expression	via	inhibition	of	activation	of	
the	transcription	factor	NFκB.	Animal	feeding	studies	with	fish	oil	support	the	observations	made	
in	 cell	 culture	with	 respect	 to	 the	 effects	 of	ω-3	PUFAs	on	NFκB	activation	 and	 inflammatory	
cytokine	production.	For	example,	compared	with	feeding	corn	oil,	fish	oil	lowered	NFκB	activa-
tion	in	endotoxin-activated	murine	spleen	lymphocytes	(Xi et al.	2001).	Feeding	fish	oil	 to	mice	
decreased	ex	vivo	production	of	TNF-α,	 IL-1β,	 and	 IL-6	by	endotoxin-stimulated	macrophages	
(Billiar et al.	1988;	Renier et al.	1993;	Yaqoob	and	Calder	1995)	and	decreased	circulating	TNF-α,	
IL-1β,	and	IL-6	concentrations	in	mice	injected	with	endotoxin	(Sadeghi et al.	1999).	Several	stud-
ies	providing	fish	oil	supplements	to	healthy	human	volunteers	have	reported	decreased	production	
of	TNF-α,	IL-1β,	and	IL-6	by	endotoxin-stimulated	monocytes	or	mononuclear	cells	(Endres et al.	
1989;	Meydani et al.	1991;	Caughey et al.	1996;	Trebble et al.	2003),	although	not	all	studies	confirm	
this	effect	(Calder	2006).	In	patients	with	RA,	fish	oil	supplements	resulted	in	decreased	IL-1	pro-
duction	by	monocytes	(Kremer et al.	1990),	decreased	plasma	IL-1β	concentrations	(Esperson et al.	
1992),	and	decreased	serum	TNF-α	concentrations	(Kolahi et al.	2010).

22.5.3   ePa and dha may PrOmOte an anti-inFlammatOry 
interactiOn Between PPar-γ and nFκB

A	second	transcription	factor	involved	in	the	regulation	of	inflammation	is	peroxisome	proliferator	
activated	 receptor	 (PPAR)-γ,	which	 is	 thought	 to	act	 in	an	anti-inflammatory	manner	 (Szanto	and	
Nagy	 2008).	 PPAR-γ knockdown	 mice	 show	 enhanced	 susceptibility	 to	 chemically	 induced	 coli-
tis	(Desreumaux et al.	2001),	and	PPAR-γ agonists	reduce	colitis	in	murine	models	(Su et al.	1999;	
Desreumaux et al.	2001).	Thus,	upregulation	of	PPAR-γ is	a	likely	target	for	controlling	inflamma-
tion	(Dubuquoy et al.	2006).	While	PPAR-γ	directly	regulates	inflammatory	gene	expression,	it	also	
interferes	with	the	translocation	of	NFκB	to	the	nucleus	(van	den	Berghe et al.	2003).	PPAR-γ	may	be	
activated	by	ω-3	PUFAs	and	by	various	eicosanoids	(Forman et al.	1995,	1997;	Kleiwer et al.	1995,	
1997;	Gottlicher et al.	1992).	In	dendritic	cells,	DHA	induced	PPAR-γ	(Kong et al.	2010)	and	a	number	
of	known	PPAR-γ	target	genes	(Zapata-Gonzalez et al.	2008).	These	effects	were	linked	to	decreased	
production	of	the	inflammatory	cytokines	TNF-α	and	IL-6	upon	endotoxin	stimulation	(Kong et al.	
2010).	Thus,	activation	of	PPAR-γ	may	be	one	of	the	anti-inflammatory	mechanisms	of	action	of	ω-3	
PUFAs,	and	this	may	link	to	the	inhibition	of	NFκB	activation	described	previously.	
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22.5.4   ePa and dha may act thrOugh a cell surFace 
recePtOr that inhiBits nFκB activatiOn

Some	of	the	G-protein	coupled	cell	membrane	receptors	can	bind	certain	fatty	acids.	For	example,	
GPR40	and	GPR120	are	both	able	 to	bind	 long	chain	 fatty	acids,	and	both	 these	GPRs	activate	
intracellular	signaling	pathways.	GPR120	is	highly	expressed	on	 inflammatory	macrophages	but	
GPR40	is	not	(Oh et al.	2010).	An	agonist	of	GPR120	inhibited	the	macrophage	response	to	endo-
toxin,	an	effect	that	involved	maintenance	of	cytosolic	IκB	and	a	decrease	in	production	of	TNF-α	
and	IL-6	(Oh et al.	2010),	effects	that	are	similar	to	those	of	EPA	and	DHA.	These	observations	
indicate	that	GPR120	is	involved	in	anti-inflammatory	signaling.	GPR120-mediated	gene	activation	
was	enhanced	by	EPA	and	DHA	and	the	ability	of	DHA	to	inhibit	responsiveness	of	macrophages	
to	endotoxin	was	abolished	in	GPR120	knockdown	cells.	These	findings	indicate	that	the	inhibitory	
effect	of	DHA	(and	probably	also	EPA)	on	NFκB	occurs	via	GPR120.	Thus,	there	appear	to	be	at	
least	two	mechanisms	by	which	ω-3	PUFAs	inhibit	NFκB	activation,	one	involving	GPR120	and	
the	other	involving	PPAR-γ,	although	these	may	be	linked.	

22.6  EFFECTS OF EPA AND DHA ON T CELLS

Cell	 culture	 studies	 have	 demonstrated	 effects	 of	 various	 fatty	 acids,	 including	 ω-3	 PUFAs,	 on	
T	 cell	 functional	 responses	 and	 signaling,	 that	 these	 effects	 are	 dose-dependent	 (Calder  et  al.	
1991),	and	that	 they	relate	to	changes	in	the	fatty	acid	composition	of	lymphocyte	phospholipids	
(Calder et al.	1994).	In	cell	cultures,	both	EPA	and	DHA	inhibit	T	cell	proliferation	(Calder et al.	
1991,	1994;	Calder	and	Newsholme	1992a,	b)	and	the	production	of	IL-2	(Calder	and	Newsholme	
1992a,	 b;	 Wallace  et  al.	 2001).	 Animal	 feeding	 studies	 with	 fairly	 high	 amounts	 of	 fish	 oil,	 or	
of	EPA	or	DHA,	have	also	 reported	 reduced	T	cell	proliferative	 responses	 (Yaqoob et  al.	1994;	
Jolly et al.	1997;	Wallace et al.	2001).	Mechanisms	believed	to	be	involved	include	alterations	in	
the	physical	state	of	the	plasma	membrane	(Calder et al.	1994),	modification	of	the	profile	of	eico-
sanoid	mediators,	which	in	turn	influence	T	cell	function	(Calder et al.	1992;	Miles et al.	2003),	
and	direct	effects	on	transcription	factor	activation	(Miles	and	Calder	1998).	In	recent	years	there	
has	been	some	focus	on	whether	ω-3	PUFAs	influence	T	cell	functions	via	effects	on	lipid	rafts	
(Stulnig et al.	1998,	2001;	Stulnig	and	Zeyda	2004;	Zeyda et al.	2006),	since	lipid	rafts	appear	to	
be	intimately	involved	in	T	lymphocyte	responses	to	activation	(Katagiri et al.	2001;	Razzaq et al.	
2004;	Harder	2004).	Certainly	increased	exposure	of	T	cells	to	ω-3	PUFAs	either	in	cell	culture	or	
in	animal	feeding	studies	affects	the	chemical	structure	of	rafts	in	T	cells	and	alters	raft	functioning	
(Fan et al.	2003,	2004;	Zeyda et al.	2002,	2003).	Despite	the	consistent	picture	of	the	effect	of	ω-3	
PUFAs	on	T	cells	that	emerges	from	in	vitro	and	animal	studies	and	the	increasing	understanding	
of	the	possible	mechanism	involved,	human	data	are	inconsistent;	although	some	studies	show	that	
increased	intake	of	ω-3	PUFAs	from	fish	oil	decreases	human	T	cell	proliferation	(Meydani et al.	
1991;	Thies et al.	2001)	and	IL-2	production	(Meydani et al.	1991),	several	other	studies	show	no	
effect.	One	reason	for	this	may	be	an	insufficient	dose	of	n-3	PUFAs	provided	in	some	studies,	but	
that	does	not	explain	all	the	inconsistency.

22.7   OMEGA-3 FATTY ACIDS AS A THERAPEUTIC 
OPTION FOR CHRONIC INFLAMMATION

22.7.1  general cOmments

The	generally	opposing	roles	of	ω-6	and	ω-3	PUFAs	in	shaping	and	regulating	inflammatory	pro-
cesses	and	responses	suggest	that	the	balance	of	these	fatty	acids	might	be	important	in	determin-
ing	 the	 development	 and	 severity	 of	 inflammatory	 diseases.	 For	 example,	 a	 high	 intake	 of	 ω-6	
PUFAs,	especially	ARA,	could	contribute	to	inflammatory	processes	and	so	could	predispose	to	
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or	exacerbate	 inflammatory	diseases.	Conversely,	 the	recognition	that	 the	ω-3	PUFAs	have	anti-
inflammatory	actions	suggests	that	increasing	their	intake	by	patients	with	inflammatory	diseases,	
for	example,	through	dietary	supplementation,	may	be	of	clinical	benefit.	In	this	section	studies	of	
ω-3	PUFAs	in	two	chronic	inflammatory	conditions,	RA	and	IBD,	will	be	discussed.

22.7.2  rheumatOid arthritis

22.7.2.1  Introduction
RA	is	a	chronic	inflammatory	autoimmune	disease	of	the	joints	and	bones	(Firestein	2003).	Joint	
inflammation	is	manifested	by	swelling,	pain,	functional	impairment,	morning	stiffness,	osteoporo-
sis,	and	muscle	wasting.	Erosion	of	bone	occurs	commonly	in	the	joints	of	the	hands	and	feet.	The	
joint	lesions	are	characterized	by	infiltration	of	inflammatory	cells	and	contain	high	concentrations	
of	the	chemical	mediators	they	produce	(Feldmann	and	Maini	1999).	One	pharmaceutical	treatment	
for	the	inflammation	involved	in	RA	involves	the	use	of	NSAIDs,	which	target	the	metabolism	of	the	
ω-6	PUFA	ARA	via	COX	enzymes,	suggesting	a	key	involvement	of	these	eicosanoid	mediators	in	
the	pathology	of	RA.	As	indicated	before,	ω-3	PUFAs	from	oily	fish	and	fish	oils	target	ARA	avail-
ability	and	metabolism	and	also	influence	several	other	inflammatory	responses	that	are	involved	
in	RA.	Cleland et al.	(2006)	found	that	RA	patients	using	fish	oil	supplements	were	more	likely	to	
reduce	the	use	of	NSAIDs	and	to	be	in	remission	than	those	patients	who	did	not	use	fish	oil.

22.7.2.2  Omega-3 PUFAs and Animal Models of RA
An	early	study	compared	the	effects	of	vegetable	and	fish	oils	in	a	mouse	model	involving	induction	
of	arthritis	with	collagen	(Leslie et al.	1985).	It	was	found	that	fish	oil	delayed	the	onset	of	arthritis	
(mean	34	days	vs.	25	days)	and	reduced	its	incidence	(69%	vs.	93%)	and	severity	(mean	peak	sever-
ity	score	6.7	vs.	9.8;	Leslie et al.	1985).	Both	EPA	and	DHA	suppressed	arthritis	induced	in	rats	
by	streptococcal	cell	walls	with	EPA	being	more	effective	(Volker et al.	2000).	A	recent	study	of	
collagen-induced	arthritis	in	the	susceptible	DBA/1	mouse	strain	showed	that	dietary	ω-3	PUFAs	
slowed	the	onset	of	arthritis,	decreased	its	severity,	reduced	paw	swelling,	and	improved	knee	joint	
pathology	(Ierna et al.	2010).	

22.7.2.3  Trials of ω-3 PUFAs in RA
A	number	of	randomized,	placebo-controlled,	double-blind	studies	of	the	clinical	outcomes	of	fish	
oil	in	RA	have	been	reported;	the	characteristics	and	findings	of	these	trials	have	been	summarized	
elsewhere	(Calder	2008b)	and	are	summarized	in	Table	22.1.	The	dose	of	ω-3	PUFAs	used	in	these	
trials	has	typically	been	high,	between	1.6	and	7.1	g/day	and	averaging	about	3.5	g/day	(Table 22.1).	
This	dose	would	be	difficult	to	achieve	through	the	diet,	but	can	be	achieved	through	the	use	of	

TABLE 22.1
Summary of Randomized Controlled Trials (RCTs) of ω-3 PUFAs in Rheumatoid Arthritis 
and Inflammatory Bowel Disease

Rheumatoid Arthritis Inflammatory Bowel Disease

Number	of	RCTs 19 14

Years	published 1985–2008 1989–2008

Dose	of	EPA+DHA	used	(g/day) 1.6	to	7.1 2.7	to	5.6

Duration	(weeks) 12	to	52 12	to	104

Number	of	RCTs	reporting	a	positive	effect	of	ω-3 PUFAs 17 7

Note:	 Further	details	can	be	found	in	Calder	2008b,	c.
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supplements	or	liquid	oil.	Almost	all	of	the	trials	showed	some	benefit	of	fish	oil,	with	many	trials	
reporting	a	number	of	positive	outcomes	(Table	22.1).	Benefits	have	included	reduced	duration	of	
morning	stiffness,	reduced	number	of	tender	or	swollen	joints,	reduced	joint	pain,	reduced	time	to	
fatigue,	increased	grip	strength,	and	decreased	use	of	NSAIDs	(Table	22.1).	The	study	of	Adam et al.	
(2003)	demonstrated	that	clinical	benefits	were	greater	if	the	intake	of	ARA	was	decreased	at	the	
same	time	as	intake	of	ω-3	PUFAs	was	increased.

22.7.2.4  Meta-Analyses of Trials of ω-3 PUFAs in RA
Meta-analyses	bring	 together	 data	 from	 several	 studies	 and	 reanalyze	 the	 combined	data	 set.	A	
meta-analysis	of	ω-3	PUFAs	in	RA	that	included	data	from	nine	trials	published	between	1985	and	
1992	inclusive	and	from	one	unpublished	trial	concluded	that	dietary	fish	oil	supplementation	for	
three	months	significantly	reduced	tender	joint	count	(mean	difference	–2.9;	P	=	0.001)	and	morning	
stiffness	(mean	difference	–25.9	minutes;	P	=	0.01)	(Fortin et al.	1995).	A	more	recent	meta-	analysis	
that	 included	data	from	trials	published	between	1985	and	2002	was	conducted	(MacLean et al.	
2004),	although	 this	 included	one	study	of	flaxseed	oil,	one	 study	 that	did	not	use	a	control	 for	
fish	oil,	and	one	study	in	which	transdermal	administration	of	ω-3	PUFAs	by	ultrasound,	rather	
than	the	oral	route,	was	used.	This	meta-analysis	concluded	that	fish	oil	supplementation	has	no	
effect	on	patient	report	of	pain,	swollen	joint	count,	disease	activity,	or	patient’s	global	assessment.	
However,	this	conclusion	may	be	flawed,	because	of	the	inappropriate	manner	in	which	studies	were	
combined	and	because	of	a	poor	understanding	of	the	study	designs	used.	For	example,	the	meta-
analysis	fails	to	recognize	that	patients’	ability	to	reduce	the	need	for	using	NSAIDs	or	their	ability	
to	be	withdrawn	from	NSAID	use,	as	was	done	in	some	designs,	must	indicate	a	reduction	in	pain	
with	ω-3	PUFA	use.	This	meta-analysis	does	state	that	in	a	qualitative	analysis	of	seven	studies	that	
assessed	the	effect	of	ω-3	fatty	acids	on	anti-inflammatory	drug	or	corticosteroid	requirement,	six	
demonstrated	reduced	requirement	for	these	drugs	and	concluded	that	ω-3	fatty	acids	may	reduce	
requirements	for	corticosteroids.	The	effect	of	ω-3	PUFAs	on	tender	joint	count	was	not	assessed	
by	this	meta-analysis,	which	simply	restated	the	findings	of	the	earlier	meta-analysis	(Fortin et al.	
1995)	that	ω-3	fatty	acids	reduce	tender	joint	counts.	The	most	recent	meta-analysis	of	ω-3	PUFAs	
and	clinical	outcomes	in	RA	was	published	in	2007	(Goldberg	and	Katz	2007);	this	included	data	
from	 17	 trials,	 including	 one	 trial	 in	 RA	 with	 flaxseed	 oil	 and	 two	 trials	 of	 fish	 oil	 not	 in	 RA	
patients,	but	which	reported	joint	pain.	Data	on	six	outcomes	were	analyzed.	This	analysis	indicated	
that	fish	oil	reduces	patient	assessed	joint	pain	(26%	reduction;	P =	0.03),	duration	of	morning	stiff-
ness	(57%	reduction;	P	=	0.003),	number	of	painful	and/or	tender	joints	(71%	reduction;	P	=	0.003),	
and	consumption	of	NSAIDs	(60%	reduction;	P	=	0.01).	This	meta-analysis	provides	fairly	strong	
evidence	of	the	robustness	of	the	efficacy	of	ω-3	PUFAs	in	RA.	

22.7.3  inFlammatOry BOwel diseases

22.7.3.1  Introduction
Ulcerative	colitis	 (UC)	and	Crohn’s	disease	 (CD)	are	 the	 two	main	 forms	of	 IBD.	CD	can	affect	
any	part	of	the	gastrointestinal	tract,	while	UC	primarily	affects	the	colon	(Shanahan	2002;	Farrell	
and	Peppercorn	2002).	 Inflammatory	bowel	diseases	 are	multifactorial	 conditions	 involving	both	
genetic	and	environmental	components,	with	the	final	outcome	being	driven	by	an	aberrant	immune	
response	to	normal	commensal	microbiota	in	individuals	who	have	a	weakened	gut	epithelial	barrier	
(Macfarlane et al.	2004).	In	both	forms	of	IBD,	there	are	large	infiltrates	of	inflammatory	cells	in	
the	inflamed	tissue	with	activated	NFκB	and	increased	inflammatory	cytokines	and	other	mediators.	

22.7.3.2  Omega-3 PUFAs and Animal Models of IBD
Animal	studies	report	that	dietary	fish	oil	decreases	chemically	induced	colonic	damage	and	inflam-
mation	compared	with	an	ω-6	PUFA-rich	diet	 (see	Calder	2008c).	The	effects	on	disease	severity	
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were,	in	all	cases,	associated	with	a	reduction	in	production	of	ARA-derived	eicosanoids.	A	more	recent	
study	investigated	dextran	sodium	sulfate–induced	colitis	in	fat-1	mice	(Hudert et al.	2006).	The	mice	
show	much	less	colonic	damage	and	inflammation	than	wild	type	mice,	and	this	was	associated	with	
a	marked	change	in	the	pattern	of	inflammatory	mediators	present	in	colonic	tissue.	A	study	in	IL-10	
knockout	mice	that	spontaneously	develop	colitis	demonstrated	significantly	reduced	colonic	inflam-
mation	of	the	mice	that	were	fed	fish	oil	compared	with	ω-6	PUFA-rich	corn	oil	(Chapkin et al.	2007).	

22.7.3.3  Trials of ω-3 PUFAs in IBD
Omega-3	PUFAs	are	 incorporated	 into	gut	mucosal	 tissue	of	patients	with	IBD	who	supplement	
their	diet	with	fish	oil	and	this	is	associated	with	reduced	inflammation	(Calder	2008c).	A	number	
of	randomized,	placebo-controlled,	double-blind	studies	of	fish	oil	in	IBD	have	been	reported;	the	
characteristics	and	findings	of	 these	 trials	have	been	summarized	elsewhere	 (Calder	2008c)	and	
are	summarized	in	Table	22.1.	The	dose	of	ω-3	PUFAs	used	in	these	trials	has	typically	been	high,	
between	2.7	and	5.6	g/day	and	averaging	about	4.5	g/day.	Some	of	these	trials	indicate	benefits	of	
fish	oil,	which	include	improved	clinical	score,	improved	gut	mucosal	histology,	improved	sigmoid-
oscopic	score,	lower	rate	of	relapse,	and	decreased	use	of	corticosteroids	(Table	22.1).	However,	a	
number	of	trials	do	not	report	such	benefits	(Table	22.1).	Although	one	study	with	an	enterically	
coated	fish	oil	 showed	 a	 significantly	 lower	 rate	 of	 relapse	over	 12	months	 in	 patients	with	CD	
(Belluzzi et al.	1996),	two	recent	trials	with	a	similar	design	and	fish	oil	preparation	and	using	a	
similar	dose	of	ω-3	PUFAs	could	not	replicate	this	finding	(Feagan et al.	2008).	

22.7.3.4  Meta-Analyses of Trials of ω-3 PUFAs in RA
A	meta-analysis	 identified	13	studies	of	fish	oil	 supplementation	 in	 IBD	(i.e.,	both	UC	and	CD)	
reporting	 outcomes	 related	 to	 clinical	 score,	 sigmoidoscope	 score,	 gut	 mucosal	 histology	 score,	
induced	 remission,	 and	 relapse,	 but	 concluded	 that	 there	 were	 sufficient	 data	 to	 perform	 meta-	
analysis	only	for	relapse	and	only	for	UC	(MacLean et al.	2004).	The	pooled	risk	of	relapse	with	
ω-3	PUFAs	relative	to	placebo	from	these	studies	was	1.13	(95%	CI:	0.91,	1.57),	and	it	was	con-
cluded	that	ω-3	fatty	acids	have	no	effect	on	relative	risk	of	relapse	in	ulcerative	colitis	and	that	
there	was	a	statistically	non-significant	reduction	in	requirement	for	corticosteroids	for	ω-3	fatty	
acids	 relative	 to	placebo	 in	 two	studies.	 In	 the	past	 few	years,	 a	 series	of	meta-analyses	on	 this	
subject	have	been	published	(Turner et al.	2007,	2009;	De	Ley et al.	2007).	One	of	these	considered	
maintenance	of	remission	in	CD	and	included	six	studies,	including	one	published	in	abstract	form	
only	and	one	in	pediatric	patients	(Turner et al.	2009).	The	authors	identified	a	marginal	significant	
benefit	of	ω-3	PUFAs	for	maintaining	remission	(relative	risk	0.77;	95%	CI:	0.61,	0.98),	but	because	
of	heterogeneity	among	studies	and	a	lack	of	effect	in	the	two	largest	studies	included,	the	overall	
conclusion	was	that	ω-3	PUFAs	are	probably	ineffective	for	maintenance	of	remission	in	Crohn’s	
Disease.	The	other	two	meta-analyses	considered	maintenance	of	remission	in	UC	(Turner et al.	
2007;	De	Ley et al.	2007).	The	first	of	these	included	three	studies	and	concluded	that	ω-3	PUFAs	
are	not	effective	in	maintaining	remission	in	ulcerative	colitis	(Turner et al.	2007);	relative	risk	was	
1.02	(95%	CI:	0.51,	2.03).	The	second	of	these	included	six	studies,	including	two	published	only	as	
abstracts,	and	concluded	that	there	is	insufficient	information	to	reach	a	conclusion	(De	Ley et al.	
2007).	Thus,	despite	some	favorable	studies	(Table	22.1),	the	overall	view	at	the	moment	must	be	
that	there	is	only	weak	evidence	that	ω-3	PUFAs	have	clinical	benefits	in	human	IBD.

22.8  CONCLUSIONS

Fatty	acids	can	influence	inflammation	through	a	variety	of	mechanisms,	including	acting	via	cell	
surface	and	intracellular	receptors/sensors	that	control	inflammatory	cell	signaling	and	gene	expres-
sion	patterns.	Some	effects	of	fatty	acids	on	inflammatory	cells	appear	to	be	mediated	by,	or	at	least	
are	associated	with,	changes	 in	fatty	acid	composition	of	cell	membranes.	Changes	 in	fatty	acid	
composition	can	modify	membrane	fluidity,	lipid	raft	formation,	cell	signaling	leading	to	altered	
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gene	expression,	and	 the	pattern	of	 lipid	and	peptide	mediator	production.	Cells	 involved	 in	 the	
inflammatory	response	are	typically	rich	in	the	ω-6	fatty	acid	ARA,	but	the	contents	of	ARA	and	
of	the	ω-3	fatty	acids	EPA	and	DHA	can	be	altered	through	oral	administration	of	EPA	and	DHA.	
Eicosanoids	produced	from	ARA	have	roles	in	inflammation,	although	these	are	not	always	pro-
inflammatory.	EPA	also	gives	rise	to	eicosanoids,	and	these	may	have	differing	properties	from	
those	of	ARA-derived	 analogs.	EPA	and	DHA	give	 rise	 to	 resolvins,	 and	DHA	 to	protectins,	
which	are	anti-inflammatory	and	inflammation	resolving.	Increased	membrane	content	of	EPA	
and	DHA	(and	decreased	ARA	content)	results	in	a	changed	pattern	of	production	of	eicosanoids	
and	resolvins.	Thus,	fatty	acid	exposure	and	the	fatty	acid	composition	of	human	inflammatory	
cells	 influences	 their	 function;	 the	 contents	 of	 ARA,	 EPA,	 and	 DHA	 appear	 to	 be	 especially	
important.	As	a	result	of	their	anti-inflammatory	actions,	ω-3	PUFAs	may	have	therapeutic	effi-
cacy	in	inflammatory	diseases.	Work	with	animal	models	of	RA	has	demonstrated	efficacy	of	fish	
oil.	There	have	been	a	number	of	clinical	trials	of	fish	oil	in	patients	with	RA.	Most	of	these	trials	
report	clinical	improvements	(e.g.,	improved	patient	assessed	pain,	decreased	morning	stiffness,	
fewer	painful	or	tender	joints,	decreased	use	of	NSAIDs),	and	when	the	trials	have	been	pooled	
in	meta-analyses,	statistically	significant	clinical	benefit	has	emerged.	Thus,	evidence	for	clinical	
efficacy	of	ω-3	PUFAs	in	RA	is	robust.	Dietary	fish	oil	has	beneficial	effects	in	animal	models	of	
colitis	induced	by	chemicals	or	by	knockout	of	the	IL-10	gene.	EPA	and	DHA	are	incorporated	
into	the	gut	mucosal	tissue	of	patients	with	IBD	who	supplement	their	diet	with	fish	oil,	and	there	
are	reports	that	this	is	associated	with	anti-inflammatory	effects.	A	number	of	clinical	trails	of	
fish	oil	in	both	UC	and	CD	have	been	reported.	Although	some	of	these	trials	indicate	benefits,	
which	 include	 improved	 clinical	 score,	 improved	 gut	 mucosal	 histology,	 improved	 sigmoido-
scopic	score,	lower	rate	of	relapse,	and	decreased	use	of	corticosteroids,	a	number	of	trials	do	not	
report	such	benefits.	Meta-analyses	conclude	that	there	is	currently	no	clear	evidence	of	efficacy	
of	ω-3	fatty	acids	in	human	IBD.	It	is	not	clear	why	the	anti-inflammatory	effects	observed	after	
fish	oil	treatment	do	not	translate	into	clinical	improvements	in	IBD,	and	there	is	a	need	to	under-
stand	this	issue	further.	

TAKE-HOME MESSAGES

•	 Cells	involved	in	the	inflammatory	response	are	typically	rich	in	the	ω-6	fatty	acid	arachi-
donic	acid,	which	is	the	precursor	of	inflammatory	eicosanoids.

•	 Omega-3	fatty	acids	from	fish	oil	are	readily	incorporated	into	inflammatory	cells.
•	 The	fatty	acid	composition	of	inflammatory	cells	affects	membrane	fluidity,	lipid	raft	for-

mation,	cell	signaling	processes	leading	to	altered	gene	expression,	and	the	pattern	of	lipid	
and	peptide	mediators	produced.

•	 Fatty	acids	can	also	act	through	cell	surface	and	cytosolic	receptors	that	influence	inflam-
matory	signaling.

•	 Eicosapentaenoic	acid	(EPA)	derived	eicosanoids	are	often	weaker	in	activity	than	those	
produced	from	arachidonic	acid.

•	 EPA	and	docosahexaenoic	acid	(DHA)	give	rise	to	resolvins,	and	DHA	to	protectins,	which	
are	anti-inflammatory	and	inflammation	resolving.

•	 Fatty	acid	exposure	and	the	fatty	acid	composition	of	human	inflammatory	cells	influences	
their	function:	the	contents	of	arachidonic	acid,	EPA,	and	DHA	appear	to	be	especially	
important.

•	 As	a	result	of	their	anti-inflammatory	actions,	ω-3	fatty	acids	may	have	therapeutic	effi-
cacy	in	patients	with	inflammatory	diseases.

•	 Evidence	 from	 studies	 in	 rheumatoid	 arthritis	 indicates	 clinical	 benefit	 from	 ω-3	 fatty	
acids.

•	 Evidence	from	studies	in	inflammatory	bowel	disease	is	inconsistent	and	allows	no	clear	
conclusion	about	clinical	benefit	to	be	made.
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23.1  INTRODUCTION

Adipose tissue produces proteins that are classical mediators of the inflammatory response. Pro-
inflammatory cytokines like tumor necrosis factor alpha (TNF-α), plasminogen activator  inhibitor-1, 
interleukin-1β (IL-1β), C-reactive protein, and IL-6 are secreted by adipocytes, resulting in the 
enhanced systemic levels of these cytokines in obese subjects [1]. These observations provided the 
first link between metabolic conditions such as obesity, insulin resistance, and diabetes. Obesity 
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and diabetes have since then been considered inflammatory conditions and the pathogenesis of 
inflammation in obesity and diabetes is an emerging field of research. 

23.2  OBESITY AND DIABETES AS MAJOR PUBLIC HEALTH ISSUES

Changes in the human diet and lifestyle have surpassed the ability of the human genome to make 
adjustments to a changing environment, and as a result billions of people worldwide are now over-
weight. The World Health Organization declared obesity as a global epidemic in 2003, and the 
latest data from the National Health and Nutrition Examination Survey (NHANES) indicated that 
in the United States by 2008 the overall prevalence of obesity was 32.2% for adult men and 35.5% 
for adult women [2]. Further, it is predicted that by 2040, 100% of adults will be either overweight 
or obese [3]. Because of the increasing prevalence of obesity and overweight, the economic impact 
has become significant. Since 1995, the direct costs have steadily risen with an estimated cost of 
overweight and obesity being $167 billion in 2006 [4], and, in addition, Medicare, Medicaid, and 
private insurers increased spending due to obesity from 6.5% in 1998 to 9.1% in 2006.

One of the major consequences of obesity apart from coronary heart disease is non-insulin-
dependent diabetes mellitus (NIDDM) and metabolic syndrome. The prevalence of diabetes world-
wide is also increasing rapidly in association with the increase in obesity. With approximately 30% 
of obese adolescents having metabolic syndrome, the personal and financial cost of associated com-
plications of diabetes could become overwhelming [5]. According to National Institute of Diabetes 
and Digestive and Kidney Diseases (NIDDK), diabetes is the leading cause of kidney failure, heart 
disease, and stroke and is the seventh leading cause of death in the United States with about 8.3% 
of the population being affected. Estimated total costs associated with diabetes in 2007 were $174 
billion with the medical expenses for people with diabetes being two-fold higher than for people 
without diabetes.

23.3  ADIPOSE TISSUE AS A SECRETORY ORGAN

Obesity is often associated with an increase in adipose tissue mass, and the overall regulation of 
adipose tissue mass involves complex interactions between endocrine, paracrine, and autocrine sys-
tems. Recent developments in understanding the pathophysiology of adipose tissue indicate that adi-
pose tissue is no longer considered merely an energy storage unit and is recognized as an endocrine 
organ that is biologically active. 

There are two types of adipose tissues: white adipose tissue (WAT) and brown adipose tissue 
(BAT). Scientists have extensively studied WAT but less has been known about BAT in humans 
until the past decade. The major difference between WAT and BAT is that WAT mainly acts as an 
energy storage tissue while BAT is a thermogenic tissue. To facilitate thermogenesis, the number 
and size of mitochondria are much greater in BAT than in WAT. BAT is present in concentrated 
masses in humans during infancy but gets dispersed to various parts of the body during adulthood, 
although it may still play some important roles. WAT secretes a variety of peptides known as adipo-
kines, and most of these adipokines are pro-inflammatory in nature. A number of these adipokines 
and receptors contribute to adipocyte growth and development.

Until the late 1990s, it was believed that adipocyte number does not change over one’s lifetime. 
However, the finding that adipocytes can be both gained and lost opened new doors in understand-
ing adipocyte biochemistry and has led to the proposition of a life cycle for adipocytes. Studies on 
the life cycle for adipocytes have shown that the molecular changes that occur during various stages 
of adipocyte life cycle can be controlled [6] by dietary factors, resulting in a net effect on adipose 
tissue mass. Adipocytes are derived from mesenchymal stem cells (MSCs), which are also precur-
sor cells for osteoblasts. The life cycle of the adipocyte includes a growth phase followed by growth 

arrest, clonal expansion, and a complex sequence of changes in gene expression leading to storage of 
lipids and finally cell death [7]. Appropriate environmental and gene expression cues will facilitate 



325Anti-Inflammatory Phytochemicals, Obesity, and Diabetes

the conversion of preadipocytes to mature adipocytes. Further, a coordinated interplay between 
adipokines, transcription factors, hormones, and dietary factors influence the adipogenesis and lipo-
genesis processes. Modulation of these factors will result in either hyperplasia or hypertrophy of 
adipocytes and storage or mobilization of lipid. No attempt will be made to discuss all the factors 
affecting adipogenesis but only major factors that significantly affect the adipocyte life cycle, and, 
consequently, adipose tissue mass will be discussed briefly in this chapter.

Molecular control of adipogenesis is initiated by activation of a series of transcription factors. 
These transcription factors ultimately upregulate the genes necessary for adipocyte function and 
lipogenesis such as lipoprotein lipase, glucose transporter-4 (GLUT4), and acetyl co-A carboxyl-
ase. The major transcription factors involved in the differentiation of adipocytes are peroxisome 
proliferator-activated receptor gamma (PPARγ), the CCAAT/enhancer binding protein (C/EBP) 
family, and the steroid regulatory element binding protein 1 (SREBP1). PPARγ is considered a 
master regulator of adipogenesis, and both PPAR and C/EBP families must function cooperatively 
to transactivate adipocyte genes to bring about adipocyte differentiation [7]. Hormones like insulin, 
leptin, glucocorticoids, and insulin-like growth factor-1 (IGF-1) also significantly influence adipos-
ity. Leptin is produced by adipocytes and is involved in regulating feed intake and appetite. Insulin 
promotes adipocyte differentiation by upregulating GLUT4 and activating lipogenic enzymes. 
Glucocorticoids and IGF-1 are necessary to trigger the differentiation program in preadipocytes [7]. 

23.4  RELATIONSHIP BETWEEN OBESITY, DIABETES, AND INFLAMMATION

Obesity is associated with low-grade inflammation of adipose tissue resulting in activation of the 
immune system, which subsequently leads to insulin resistance and diabetes. Adipose tissue as dis-
cussed earlier is not a simple energy storage organ but exerts important immune functions that are 
achieved primarily through the release of adipocytokines like leptin, resistin, plasminogen activator 
inhibitor type-1 (PAI-1), and adiponectin, as well as TNF, IL-6, and IL-1. These cytokines are criti-
cally involved in chronic inflammation under obesity conditions.

TNFα is generally considered a major mediator of inflammation leading to obesity and insulin 
resistance. Genetically obese mice are known to overexpress TNFα, and in human adipocytes, 
TNFα expression is elevated in obese subjects and is decreased after weight loss. Also, mice lack-
ing TNFα are protected from obesity and insulin resistance, indicating that TNFα is directly linked 
to obesity; therefore, targeting this pathway may have huge potential in prevention and therapy of 
metabolic diseases. Like TNFα, NF-kB, a transcription factor regulating the expression of a major-
ity of genes that control inflammation, is also evidenced to be closely linked to obesity and insulin 
resistance. TNFα itself is a potent activator of NF-kB, and, in turn, expression of TNFα is regulated 
by NF-kB. Moreover, antidiabetic drugs upregulate an inhibitor of NF-kB to suppress NF-kB acti-
vation, indicating that NF-kB could be a target in diabetes. Additionally, adiponectin and insulin 
also inhibit NF-kB activation. 

Toll-like receptors (TLRs), a family of pattern-recognition receptors that play a critical role in 
the innate immune system by activating pro-inflammatory signaling pathways in response to micro-
organisms, are also considered to play a critical role in the development of insulin resistance in 
obese people. Recent studies indicate that TLR4-deficient mice are protected against the develop-
ment of diet-induced obesity and inflammation through NF-kB activation and insulin resistance 
[8]. NF-kB in turn regulates PAI-1, IL-6, and several other pro-inflammatory signaling molecules. 
Thus, these molecules play an important role in the obesity-associated low-grade inflammation, 
recently termed as metaflammation, and could therefore be another important target for obesity and 
diabetes management.

It is now understood that under obese conditions WAT is infiltrated with macrophages, and 
these locally present macrophages are responsible for the major part of the locally produced pro-
inflammatory cytokines. High glucose intake may result in reactive oxygen species production by 
these infiltrated macrophages leading to activation of NF-kB. TNFα also plays a major role in the 
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pathophysiology of insulin resistance and diabetes by phosphorylating insulin receptor substrate-1 
protein, thereby preventing its interaction with insulin receptor beta subunit and inhibiting the insu-
lin signaling pathway. Likewise, the receptors for IL-6 and many of the other interleukins interact 
with the insulin signaling pathway, leading to an impaired biological effect of insulin. Thus, with 
obesity a chronic increase in circulating cytokine levels is seen, which contributes to insulin resis-
tance (reviewed in [9] and [10]).

23.5  COMPLICATIONS OF OBESITY AND DIABETES

Obesity and osteoporosis share several features including a common progenitor cell, the mesen-
chymal stem cell. It was once believed that a positive correlation exists between body mass index 
and bone mass, leading to the suggestion that fat mass may have beneficial effects on bone [11]. 
However, more recent studies reveal that adiposity does not protect against decreases in bone 
mass, and may in fact contribute to reduced bone mass [12]. For example, overweight children were 
reported to have lower lumbar spine and total body bone mineral content and bone area relative to 
weight, compared to children with normal body mass index-for-age percentiles [12]. Furthermore, 
adipocytes in bone marrow secrete IL-6, which can promote osteoclastogenesis and inhibit osteo-
blast activity in culture [13], and once a certain level of bone marrow adiposity is reached, condi-
tions will promote further adipogenesis at the expense of osteogenesis. Additional evidence from 
environmental factors and medical interventions also support an inverse correlation between fat 
mass and bone mass.

On the other hand, hyperglycemia and hyperlipidemia under diabetic conditions are associated 
with oxidative stress. Increased levels of fatty acids and modified lipoproteins induce inflammatory 
immune responses and oxidative stress reactions leading to generation of free radicals that account 
for the cardiovascular complications and mortality of obesity and type 2 diabetes [14]. Thus, con-
trolling inflammation could have multiple beneficial effects in the prevention and treatment of obe-
sity, diabetes, osteoporosis, and other related diseases.

23.6  PHYTOCHEMICALS IN OBESITY AND DIABETES

Phytochemicals and plant extracts have numerous beneficial effects on insulin sensitivity and other 
parameters related to metabolic health, as evidenced both in rodents and human clinical trials 
[15, 16]. Among phytochemicals, polyphenols in fruits, vegetables, berries, and beverages modify 
imbalanced lipid and glucose homeostasis, thereby reducing the risk of the metabolic syndrome 
and type 2 diabetes complications. A vegetarian diet comprised of fruits and vegetables is reported 
to be associated with a more favorable profile of metabolic risk factors and a lower risk of meta-
bolic syndrome [17]. Research reports that people adhering to a vegetarian diet are at a 56% lower 
risk for developing the metabolic syndrome than nonvegetarians, and that triglycerides, blood glu-
cose, waist circumference, and body mass index are all significantly lower in vegetarians than in 
 nonvegetarians [17]. 

Although the specific mechanisms by which the majority of polyphenols act is not clear, it is 
understood that most of the phytochemicals act on multiple targets and have numerous signaling 
pathways, making them ideal for multifocal signal modulation therapy in metabolic syndrome and 
cancer. Since inflammation is an underlying factor in both obesity and diabetes, anti-inflammatory 
phytochemicals have been investigated extensively as a treatment for obesity and diabetes. 

In vitro experiments frequently employ 3T3-L1 adipocytes to examine the anti-inflammatory 
effects of phytochemicals in adipocytes. This cell line is considered a well-established cell model 
for studying adipocyte differentiation in vitro. Upon stimulation with pro-adipogenic agents like 
insulin and glucocorticoids, 3T3-L1 fibroblasts that are under growth arrest undergo one or two 
rounds of cell division, which is accompanied by induction of C/EBPβ and C/EBPδ followed by 
an increased expression of C/EBPα and PPARγ. As the adipocytes mature, they become spherical 
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and start accumulating fat droplets. Mature adipocytes will later undergo either apoptosis or lipoly-
sis followed by apoptosis. Several phytochemicals have the potential to reduce adipogenesis in vitro 
(reviewed in [18]). Among the phytochemicals studied, curcumin, resveratrol, epigallocatechin-3-
gallate (EGCG), and genistein received considerable attention.

23.6.1  CurCumin

Curcumin is a yellow pigment derived from the spice turmeric, which is very popular in Asia. In 
3T3-L1 cells, curcumin suppressed adipocyte differentiation and induced apoptosis [19]. Curcumin 
is considered the best example for multifocal signal modulation therapy as it modulates numerous 
targets that have been linked to obesity and insulin resistance. Curcumin interacts with a wide 
range of cells including adipocytes, pancreatic cells, hepatocytes, myocytes, and even macrophages. 
The major anti-inflammatory effects of curcumin include downregulation of TNFα and NF-kB in 
various tissues and cell lines including adipocytes. Curcumin suppresses activation of NF-kB by 
first inhibiting the degradation of IkBα, an inhibitory protein that keeps NF-kB in an inactivated 
state in the cytosol. Second, curcumin also inhibits the activation of IkB kinase, an enzyme that 
phosphorylates IkBα and causes degradation by the proteosome, which will eventually result in the 
activation of NF-kB. Third, curcumin suppresses NF-kB activation through induction of adiponec-
tin, a protein made almost exclusively by adipose tissue. Other pro-inflammatory cytokines like 
IL-1, IL-6, and monocyte chemotactic protein-1 (MCP-1) are suppressed by curcumin in numerous 
cell lines [10].

In adipocytes, curcumin decreases adipocyte differentiation by inhibiting the Wnt/β-catenin 
signaling pathway. Curcumin also inhibited the expression of adipocyte-specific transcription 
 factors—C/EBPs, PPARγ, SREBP-1c—and fatty acid synthase in adipocytes. AMP-activated pro-
tein kinase (AMPK), which regulates several intracellular processes including glucose uptake and 
beta oxidation of fatty acids, is activated by curcumin in adipocytes, leading to fatty acid oxidation 
and downregulation of PPAR-γ, thus inhibiting adipocyte differentiation. Inhibition of adipocyte 
differentiation by curcumin is also accompanied by inhibition of phosphorylation of extracellular 
signal-related protein kinase (ERK) 1/2, c-Jun NH2 terminal kinase (JNK), and p38. Since inhibi-
tors of JNK block TNF-alpha upregulation, it is possible that the anti-inflammatory effects of cur-
cumin in adipocytes are mediated via inhibition of JNK signaling [10]. 

Direct effects of curcumin on pancreatic beta cells contribute to its antidiabetic effects. Curcumin 
causes enhanced insulin release from the beta cells and also decreases beta cell volume. In hepatic 
cells, curcumin increases AMPK activation and decreases gluconeogenic genes. AMPK-mediated 
suppression of gluconeogenesis may also be a potential mechanism mediating glucose-lowering 
effects of curcumin [19]. Curcumin also decreased glucose-6-phosphatase activity in hepatocytes, 
contributing to a reduction of hepatic glucose production. Finally, curcumin also acts as a free radi-
cal scavenger as evidenced by its protective effects on pancreatic islets from streptozotocin-induced 
oxidative stress.

23.6.1.1  Rodent Studies
When curcumin was administered intraperitoneally, the progression of streptozotocin-induced dia-
betes was prevented, accompanied by suppression of inflammatory cytokines like TNFα and IL-1 
in serum. Curcumin also lowered relative liver weight and reduced serum and liver cholesterol lev-
els in diabetic rats. In hamsters fed a high-fat and high-cholesterol diet, curcumin lowered free fatty 
acid and triglyceride levels in serum and also suppressed insulin resistance. Even in leptin-deficient 
ob/ob mice, curcumin ameliorated diabetes.

It is evident that infiltration of WAT with macrophages leads to increased production of inflam-
matory cytokines. Curcumin decreases macrophage infiltration of WAT and increases adipose tis-
sue adiponectin, which in turn inhibits NF-kB activation. Similar to its effects in in vitro studies, 
curcumin supplementation lowered the production of TNFα, IL-6, and MCP-1 in rodents.
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23.6.1.2  Human Clinical Trials
Curcumin dates back to 3000 b.c.e. and has been quoted in Ayurveda for several medical conditions 
including obesity. Although the anti-inflammatory, antiobesity, and antidiabetic effects of curcumin 
are demonstrated both in vitro and in vivo using rodent models, so far there are only pilot stud-
ies undertaken with human subjects to examine its effects on obesity and diabetes. These studies 
confirm that curcumin lowers blood sugar levels in diabetic patients. In healthy human volunteers, 
curcumin reduced serum lipid peroxides and serum cholesterol. 

 A search on ClinicalTrials.gov currently reveals about sixty human trials using curcumin, of 
which three trials are investigating curcumin therapy in diabetic patients while the majority are 
investigating its chemopreventive or chemotherapeutic potential in cancer. Scientists believe that the 
preliminary data from rodents and pilot studies using human subjects hold promise, and interest in 
curcumin as a therapeutic agent for obesity and diabetes continues to grow [20].

23.6.2  resveratrol

Among all the phytochemicals, resveratrol has received enormous attention lately. Resveratrol 
belongs to a class of polyphenolic compounds called stilbenes and was initially known just as a 
phytoalexin produced in high amounts in the skin of grapes in response to infection or mechanical 
injury. Resveratrol subsequently became popular when it was found in red wine. An observation 
that high red wine consumption by the French is the primary reason for their low incidence of coro-
nary heart disease, despite having a diet relatively rich in saturated fats, has been called the French 
Paradox. Some have attributed the beneficial effects of red wine to resveratrol. However, there is 
no evidence that resveratrol has cardioprotective effects in humans, particularly with the amounts 
present in one to two glasses of red wine. In fact, resveratrol can be found in fresh grape skins at 
higher concentrations of 50–100 mg per gram, compared to 0.2 to 7.7 mg/L of red wine [21].

There are reports of anti-inflammatory, antiproliferative, apoptotic, and antioxidant effects of 
resveratrol in several cell lines, including tumor cell lines. In adipocytes, resveratrol has been 
shown to have specific effects, particularly the ones that contribute to its anti-inflammatory effects. 
In addition to decreasing the synthesis of lipids, resveratrol reduced the levels of pro-inflammatory 
mediators, TNFα, IL-6, and COX-2 in murine adipocytes [22, 23]. Also, the TNFα-induced secre-
tion and mRNA expression of plasminogen activator inhibitor-1, IL-6, and adiponectin are reduced 
by resveratrol [24]. Like curcumin, resveratrol is also a potent inhibitor of NF-kB activation, indi-
rectly influencing adipocyte differentiation [25]. 

Reactive oxygen species belong to the family of free radicals, which are highly reactive oxidizing 
agents. The presence of unpaired electrons ready to be shared by other molecules makes free radicals 
very reactive. Polyphenols like resveratrol are potent ROS scavengers reducing the oxidative stress, 
which contributes to the suppression of inflammation. Particularly in tumor cells, resveratrol’s antioxi-
dant effects suppress tumorigenesis. Further, resveratrol exhibits a protective effect against lipid per-
oxidation in cell membranes and DNA damage caused by ROS. The antioxidant activity of resveratrol 
in adipocytes caused a decrease in membrane potential, resulting in an increased number of apoptotic 
cells associated with an increase in caspase-3 activity and downregulation of Bcl2 proteins [26].

SIRT-1, AMPK, PGC1-α, and SREBP-1c were reported as targets for resveratrol in various stud-
ies. In adipocytes, a decrease in adipogenesis was associated with a decrease in adipocyte-specific 
transcription factors PPARγ, C/EBPα, and SREBP-1c. Activation of SIRT1 by resveratrol results 
in mobilization of lipids from adipocytes in vitro. Resveratrol also increased cAMP levels in vari-
ous cell lines, which is crucial for lipolysis. In human adipocytes, resveratrol increased basal and 
insulin-stimulated glucose uptake. It should be noted that the anti-adipogenic effects of  resveratrol 
are also influenced by its effects on mitochondrial biogenesis. Genes that modulate mitochondrial 
function such as uncoupling protein 1, mitofusin, and PGC-1α are upregulated by resveratrol. 
Finally, resveratrol also promotes osteoblast differentiation and increases alkaline phosphatase 
activity in vitro (reviewed in [27]). 



329Anti-Inflammatory Phytochemicals, Obesity, and Diabetes

23.6.2.1  Rodent Studies 
A majority of animal studies with resveratrol are focused on prevention of cancer. There are com-
paratively few rodent studies examining the antiobesity and antidiabetic effects of resveratrol. 
Supplementation of 400 mg/kg/day of resveratrol with high-fat diets to mice increased their resis-
tance to obesity by causing a decrease in total body fat content without altering food intake [28]. 
Increased energy expenditure as evident with the upregulation of mitochondrial genes like UCP-1 
and PGC-1α with resveratrol treatment likely contributed to the resistance to weight gain. In con-
trast, a low dose of 22.4 mg/kg/day of resveratrol with a high-fat diet did not alter the weight gain 
but improved insulin sensitivity and increased the survival rate in mice [29]. Interconnected SIRT1 
and AMPK pathways are identified as key targets of resveratrol in these studies [30]. Activation 
of SIRT1 and AMPK leads to upregulation of several downstream factors like PGC-1α, FOXO, 
and SREB-1c, contributing to reduced lipogenesis, increased energy expenditure and resistance 
to weight gain. Recently, intracerebroventricular infusion of resveratrol was reported to normalize 
hyperglycemia in diet-induced obese and diabetic mice [31]. 

23.6.2.2  Human Clinical Trials
Although there are no human clinical trials with resveratrol exploring the beneficial effects on obe-
sity and diabetes, currently available studies have described various aspects of resveratrol’s safety 
and bioavailability, indicating that resveratrol is well tolerated without any toxic side effects but has 
poor bioavailability [32]. Resveratrol from grape juice is reported to be absorbed in biologically 
active quantities and amounts that are likely to reduce the risk of atherosclerosis [33]. According to 
ClinicalTrials.gov, there are about 35 trials either completed or currently ongoing with resveratrol 
in humans. Seven or eight of these trials are investigating the beneficial effects of resveratrol under 
conditions of obesity, diabetes, impaired glucose tolerance, and insulin resistance. From these stud-
ies, both in vitro and in vivo, it is clear that resveratrol holds great potential in the prevention and 
therapy of obesity, diabetes, and other complications of metabolic syndrome. 

23.6.3  epigalloCateChin-3-gallate

Green tea is a widely consumed beverage, and the body of evidence regarding the health-promoting 
effects of green tea has grown considerably since 2000. Green tea catechins are polyphenolic fla-
vonoids, and health benefits of green tea are primarily associated with epigallocatechin-3-gallate 
(EGCG). There are several in vitro and in vivo reports that EGCG lowers the incidence of cancers. 
Identification of the EGCG receptor 67-kDa laminin receptor (LR) has helped scientists explain the 
numerous biological effects of EGCG. Initially, 67-kDa LR was found in cancer cells but was later 
found to be present in several isoforms even in normal cells. EGCG receptor associates with lipid 
rafts of other types of receptors, and lipid rafts are known to contain specific kinases that enable 
generation of second messengers by phosphorylating proteins, thus explaining the marked effects 
of EGCG on kinase activity and the subsequent selective phosphorylation of downstream proteins. 
In addition to decreasing the activity of 67-kDa LR receptor, EGCG also decreases the activity of 
IGF-1, FGF, insulin, TLR-4, estrogen, and VEGF receptors [34]. The anti-inflammatory effects of 
EGCG in vitro were mainly attributed to its inhibitory effects on NF-kB activation as well as sup-
pression of other pro-survival pathways such as AKT, mTOR, and MAPKs [35]. 

Increase in adipose tissue mass associated with obesity is a result of both increased adipocyte 
size and increased adipocyte number. EGCG acts at both levels by decreasing adipocyte size by 
promoting lipolysis and decreasing adipocyte number by either inducing adipocyte apoptosis or 
by inhibiting adipocyte differentiation. These effects of EGCG are mediated by acting specifically 
on the MAPK family, which is an essential part of the signal transduction machinery in  transmitting 
signals from cell surface receptors and exogenous stimulants. In particular, EGCG acts on ERK 
1/2  and not other MAPKs by decreasing its phosphorylation in adipocytes, suggesting that the 
 antimitogenic effect of EGCG on 3T3-L1 preadipocytes is dependent on the ERK MAPK. EGCG 
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also activates AMPK and downregulates lipogenic enzymes such as ACC, FAS, and GPDH and 
transcription factors such as PPARγ and C/EBPα, resulting in decreased adipogenesis and enhanced 
lipolysis. It is interesting to note that the effects of green tea on thermogenesis are mediated through 
an interaction between EGCG and caffeine. EGCG and caffeine synergistically interact with nor-
epinephrine to stimulate the thermogenesis of brown adipose tissue in rodents.

23.6.3.1  Rodent Studies
Dietary supplementation of EGCG to diet-induced obese rats decreased body weight and adipose 
tissue mass. In a similar study, intraperitoneal administration of EGCG to female Sprague-Dawley 
rats for 7 days resulted in rats losing 29% of their body weight relative to control weight. In sup-
port of these antiobesity effects of EGCG, other in vivo data have shown that EGCG or EGCG-
containing green tea extract reduces food uptake, lipid absorption, and serum triglycerides and 
cholesterol, as well as stimulates energy expenditure and fat oxidation. Like resveratrol, EGCG also 
activated AMPK, which is now considered a novel target for the treatment of obesity and type 2 
diabetes. Thus, dietary supplementation with EGCG contributes to the prevention and treatment of 
both obesity and type 2 diabetes.

23.6.3.2  Human Clinical Trials
Intervention studies in humans have demonstrated that green tea containing EGCG lowered body 
weight and body fat. However, these results have not always been repeatable. Although studies have 
not provided clear-cut evidence for a link between tea consumption and body weight, tea intake has 
been associated with decreased serum levels of total cholesterol and LDL cholesterol. Likewise, 
green tea consumption was also associated with an increased proportion of HDL cholesterol. More 
recently, consuming green tea extract containing 25% EGCG for 3 months was reported to reduce 
body weight and waist circumference in obese patients. However, the concentration of EGCG in 
human plasma has been reported to reach no higher than 1 µmol/L, raising concerns about the 
amount of EGCG to be consumed to attain physiological levels. Interestingly, EGCG-containing 
green tea extracts that contain caffeine are more potent than caffeine alone at stimulating 24-h 
energy expenditure and fat oxidation in humans. Scientists believe that long-term but not short-term 
consumption of green tea containing EGCG may have beneficial effects of reducing body weight 
and body fat [34].

23.6.4  genistein

Genistein, a phytoestrogen, is an isoflavone primarily found in soy, which possesses a high affinity 
for estrogen receptor β (ERβ). Due to its possible influence on the physiology of the mammalian 
reproductive tract, there is an increasing interest in genistein. Structurally, genistein, like other 
flavonoids, has two benzene rings linked together with a heterocyclic pyran or pyrone ring and has 
potent antioxidant and anti-inflammatory properties. The anti-inflammatory effects of genistein are 
also mediated in part by its inhibitory effects on NF-kB activity. Further, genistein decreased the 
activity of inducible nitric oxide synthase (iNOS), which is responsible for prolonged production of 
larger amounts of nitric oxide (NO). In general, NO production is increased in inflammation and 
has pro-inflammatory effects. Genistein also decreases signal transducer and activator of transcrip-
tion 1 (STAT-1), which is a transcription factor for iNOS resulting in decreased NO production in 
response to inflammatory stimuli [36].

In vitro, genistein decreased lipid accumulation and the expression of a wide variety of adipocyte 
specific genes including PPARγ, C/EBPα, aP2, LPL, and FAS in murine and human adipocytes 
[18]. Lipogenesis is also suppressed and lipolysis is enhanced by genistein in rat and human adipo-
cytes. A decrease in lipid synthesis and promotion of lipolysis in adipocytes with genistein is also 
associated with an inhibition of adipocyte differentiation and induction of adipocyte apoptosis, 
resulting in a decrease of both adipocyte number and adipocyte size (reviewed in [18]). Additionally, 
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genistein directly modulates beta-cell function by activation of the cAMP/PKA-dependent ERK1/2 
signaling pathway [37], suggesting that genistein might be a useful dietary supplement to control 
insulin-independent diabetes mellitus.

23.6.4.1  Rodent Studies
In rodents, high doses of genistein decreased body weight and adipose tissue mass. It should be 
noted that the decrease in adipose tissue mass was in part due to induction of apoptosis in adi-
pocytes. In ovariectomized female mice, genistein at 1500 mg/kg reduced food intake and body 
weight, while body composition was not significantly affected. Weights of parametrial and inguinal 
fat depots were decreased, and decrease in fat depot weights correlated with an increase in apop-
tosis compared to control. However, lower doses of genistein were either ineffective in females or 
increased fat mass in males [38, 39]. 

Genistein possesses the capacity to reduce hyperglycemia via minimization of islet cell loss in a 
dosage-dependent manner after the onset of diabetes [40]. In streptozotocin diabetic mice, admin-
istration of 6 mg/kg of genistein for 4 weeks reverted the pro-inflammatory cytokine and reactive 
oxygen species overproduction and restored the nerve growth factor content in the diabetic sciatic 
nerve, improved the antioxidant enzymes activities, and restored vascular deficits associated with 
diabetes [41]. 

23.6.4.2  Human Clinical Trials
Healthy, normal-weight postmenopausal women did not experience improvement in metabolic 
parameters when given high-dose isoflavones despite an increase in serum adiponectin levels 
[42]. Soy isoflavone supplements containing genistein, diadzein, and other flavonoids moderately 
decreased the bone resorption marker deoxypyridoline but did not affect the bone formation mark-
ers bone alkaline phosphatase and osteocalcin in menopausal women [43]. Thus, clinical studies in 
humans have overall failed to detect a decrease in body weight perhaps due to differences in bacte-
rial flora in the gut resulting in different metabolites and varying levels of absorption. Scientists 
believe that better results could be achieved with higher doses of genistein [39]. On the other hand, 
circulating concentrations of genistein are markedly higher in Japanese men and women than those 
reported for a UK population due to a higher soy intake in the Japanese population, and this may 
explain, in part, the lower incidence of metabolic syndrome in Asian populations compared with 
Western populations [44].

23.7  PERSPECTIVES

Genomics and proteomics have led to considerable progress in the life sciences, but the questions 
regarding the role of herbs and natural products remain unanswered. The lack of concrete results 
in clinical studies using anti-inflammatory phytochemicals for treating metabolic diseases can to 
some extent be explained by the difficulty in translating doses from in vitro studies to in vivo situa-
tions. Furthermore, phytochemicals may be metabolized differently across species and in different 
population groups. Data on the optimal concentration required to produce a specific effect in vivo 
need to be generated, and in order to determine whether ingestion of phytochemicals will result in 
biological effect, better intake data are required on how much the human population is exposed to 
on a daily basis through fruits, vegetables, and other food supplements.

On the contrary, targeting several signaling pathways simultaneously using multiple phytochem-
icals at much lower doses to achieve synergistic effects, called multifocal signal modulation therapy 
for metabolic disorders, is gaining considerable attention. Studies indicate that phytochemicals like 
resveratrol, genistein, and quercetin are more potent in combination and synergistically inhibiting 
adipogenesis in vitro than either compound alone [45, 46]. Likewise, several other combinations of 
phytochemicals have been investigated both in vitro and in rodent models with significant success 
in decreasing body weight gain and decreasing bone loss. Phytochemicals used in these studies may 
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act by blocking one or more targets in signal transduction pathways, by potentiating effects of other 
phytochemicals, or by increasing the bioavailability or half-life of other chemicals [47, 48]. 

23.8  CONCLUSIONS AND FUTURE DIRECTIONS

The majority of in vitro rodent and human studies suggests that anti-inflammatory phytochemicals 
like curcumin, resveratrol, genistein, and EGCG favorably modulated the levels of various biomark-
ers linked with insulin resistance and obesity (Figure 23.1). However, more research, particularly 
in humans, is needed to strengthen the link between phytochemicals and metabolic disorders like 
obesity and insulin resistance and also to establish the effective dose required to modulate these 
metabolic responses. The clinical studies performed so far with phytochemicals for metabolic dis-
orders are limited by their small sample size and lack of long-term follow-up. 

Obesity and related metabolic disorders are epidemic in nature, and according to the Centers for 
Disease Control and Prevention, three out of four Americans are overweight. It seems absurd to sug-
gest that 75% of the U.S. population be on weight-reduction medications. Also, the treatment strat-
egy for the prevention of obesity and type 2 diabetes is difficult since the process of the metabolic 
deregulation takes years to manifest in clinical disease. Therefore, lifestyle changes accompanied 
by the intake of dietary supplements that reduce overall inflammation accompanied by reduction of 
weight gain could be a plausible recommendation. As in this quote from Hippocrates, “Let food be 
thy medicine and medicine be thy food,” consumption of fruits and vegetables rich in phytochemi-
cals could ameliorate obesity-induced inflammatory responses and pathologies by suppressing the 
inflammatory signals. Further, phytochemicals have the potential to act on multiple targets, and this 
approach needs to be further explored for the basis of synthesizing new and more powerful drugs 
that could help prevent compensatory mechanisms in obesity and type 2 diabetes.

TAKE-HOME MESSAGES

• Obesity and metabolic syndrome are major public health crises not only in the United 
States but also globally.

• Obesity is associated with low-grade chronic inflammation.
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FIGURE  23.1  An overview of antiobesity and antidiabetic effects of phytochemicals. Phytochemicals 
inhibit NF-kB activation, leading to a decrease of pro-inflammatory cytokines and indirectly decreasing insu-
lin resistance. Phytochemicals also directly act on adipocytes to decrease adipogenesis and promote lipolysis. 
PPARγ: peroxisome proliferator-activated receptor gamma; C/EBP: CCAAT/enhancer binding protein; FAS: 
fatty acid synthase; TNFα: tumor necrosis factor alpha; IL: interleukin; NF-kB: nuclear factor kappa B.
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• Adipose tissue is not a simple energy storage site but is a source of hormones, growth fac-
tors, cytokines, and signaling molecules that regulate body metabolism. 

• Major pro-inflammatory cytokines, for example, tumor necrosis factor and interleukins 1 
and 6, are secreted by adipose tissue.

• Phytochemicals suppress the pro-inflammatory transcription factor nuclear factor-
kappa B, leading to the downregulation of the adipocytokines tumor necrosis factor and 
 interleukin-6 and the upregulation of antiobesity factors such as adiponectin.

• Adipocyte-specific transcription factors such as peroxisome proliferator activated 
receptor γ and the CCAAT/enhancer binding protein family and lipogenesis-related 
genes such as fatty acid synthase are downregulated; and lipolysis-associated genes 
such as hormone sensitive lipase and lipoprotein lipase are upregulated by most anti-
inflammatory phytochemicals.

• In vitro doses of phytochemicals are difficult to translate into in vivo treatments owing to 
differences and variability in bioavailability, absorption, and metabolism.

• Phytochemicals act by blocking one or more targets in signal transduction pathways, mak-
ing them ideal for multifocal signal modulation therapies to avoid compensatory mecha-
nisms associated with obesity and related diseases.

• Using combinations of natural products holds greater promise for the prevention and 
treatment of obesity and type 2 diabetes through targeted decreases in adipogenesis and 
enhanced lipolysis in adipocytes and hepatocytes.

• More human studies are needed to establish the therapeutic potential of anti-inflammatory 
phytochemicals for chronic diseases associated with aging such as obesity and insulin 
resistance.
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24.1  INTRODUCTION

Metabolic	syndrome,	previously	known	as	syndrome	X	and	insulin	resistance	syndrome,	refers	to	a	
constellation	of	disorders	including	central	obesity,	insulin	resistance,	glucose	intolerance,	dyslipi-
demia,	and	hypertension.	These	risk	factors	have	been	linked	to	an	increased	probability	of	cardio-
vascular	diseases	and	type	2	diabetes	mellitus.	The	World	Health	Organization	(WHO)	estimates	
that	by	2015,	approximately	2.3	billion	adults	worldwide	will	be	overweight,	and	more	than	700	mil-
lion	adults	will	be	obese	(WHO	2006).	Additionally,	the	global	prevalence	of	type	2	diabetes	will	
rise	to	336	million	by	2030	(International	Diabetes	Foundation	2009).	

Among	the	complex	interactions	between	genetic,	metabolic,	and	environmental	factors	that	are	
associated	with	the	present	prevalence	of	obesity	and	metabolic	syndrome,	diet	is	considered	as	the	
major	culprit	(Babio et al.	2009a).	The	increasing	incidence	of	metabolic	syndrome	relates	to	the	
adoption	of	modern	lifestyles,	which	consist	of	high-fat,	high-carbohydrate,	and	low-macronutrient	
foods,	long-term	and	continuous	stress,	and	disruption	of	chronobiology.	Recent	meta-analysis	and	
clinical	 trials	 illustrate	 that	 the	 Mediterranean	 diet	 (low	 carbohydrate,	 high	 in	 polyunsaturated	
fats)	is	associated	with	a	significantly	lower	prevalence	of	metabolic	syndrome	and	its	associated	
cardiovascular	risk	(Babio et al.	2009b;	Esposito et al.	2004;	Kastorini et al.	2011;	Kastorini	and	
Panagiotakos	2010;	Panagiotakos	and	Polychronopoulos	2005).	

Emerging	scientific	evidence	has	demonstrated	that	low-grade	chronic	inflammation	is	one	of	
the	pivotal	mechanisms	in	the	induction	of	metabolic	syndrome	and	its	associated	pathophysiologi-
cal	consequences	(Gustafson	2010;	Konner	and	Bruning	2010).	Although	there	is	a	suite	of	phar-
macological	interventions,	the	management	of	metabolic	syndrome	and	its	complications	remains	
unsatisfactory.	

In	the	past	few	decades,	traditional	Chinese	medicine	(TCM)	has	been	increasingly	used	in	the	
treatment	of	metabolic	syndrome,	and	a	growing	body	of	evidence	supports	the	usage	of	medicinal	
herbs,	foods,	and	spices	to	alleviate	the	development	of	metabolic	syndrome	and	its	associated	com-
plications	(Omar	et	al.	2010;	Xie	and	Du	2010;	Yin et al.	2008).	A	literature	search	was	performed	on	
Web	of	Science,	PubMed,	and	Medline	using	inflammation,	metabolic syndrome,	herb,	nutraceutic,	
and	 natural product	 as	 the	 key	 words.	 Over	 thirty	 herbs	 and	 nutraceuticals	 have	 been	 compre-
hensively	studied	and	show	promising	clinical	applications	for	hyperglycemia,	anti-inflammation,	
antioxidation,	and	lipid	lowering.	These	common	herbs	and	nutraceuticals	include	aloe	(Aloe vera),	
Andrographis paniculata,	 Astragalus membranaceus,	 baical	 skullcap	 (Scutellaria baicalensis),	
bilberry	 (Vaccinium myrtillus),	 bitter	 melon	 (Momordica charantia),	 cinnamon	 (Cinnamomum 
zeylanicum),	clove	(Syzygium aromaticum),	evening	primrose	oil	 (Oenothera biennis),	 fenugreek	
(Trigonella foenum graecum),	 fish	 oil,	 flaxseed	 oil	 (Linum usitatissimum),	 garlic	 (Allium sati-
vum),	 ginger	 (Zingiber officinale),	 ginkgo	 (Ginkgo biloba),	 ginseng	 (Panax ginseng),	 goldenseal	
(Hydrastis canadensis),	grape	seed	(Vitis vinifera), green	tea	(Camellia sinensis), Gymnema mon-
tanum,	hawthorn	(Crataegus monogyna),	honey,	licorice	(Glycyrrhiza glabra), oats	(Avena sativa),	
olive	 (Olea europaea),	 psyllium	 (Plantago ovata),	 turmeric	 (Curcuma longa),	 yam  (Dioscorea 
opposita),	Withania somnifera,	wolfberry	(Lycium barbarum),	fish	oil,	flaxseed	oil	(Linum usitatis-
simum),	onion	(Allium cepa),	Gotu	kola (Centella asiatica),	pomegranate	(Punica granatum),	kudzu	
(Pueraria lobata),	and propolis.	Among	the	list,	three	categories	of	nutraceuticals	are	most	promi-
nent	for	 tackling	 inflammation	 in	metabolic	syndrome:	TCM	heat	clearing	herbs	(such	as	baical	
skullcap),	foods	(such	as	green	tea),	and	fatty	acids	(such	as	evening	primrose	oil	and	fish	oil),	and	
they	will	be	further	evaluated	in	this	chapter	(Table	24.1).	

24.2   TREATMENT OF METABOLIC SYNDROME IN 
TRADITIONAL CHINESE MEDICINE 

In	TCM,	metabolic	 syndrome,	 including	obesity,	prediabetes,	hypertension,	and	hyperlipidemia,	
is	closely	 related	 to	“Phlegm”	(fat	 issue,	 sputum,	coagulated	blood,	gull	 stone,	greasy	and	 thick	
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TABLE 24.1
Herbal Medicines with Scientific Evidence for the Management of Metabolic Syndrome

Common 
Name Dose Methods Pharmacological Actions References

Fish	oil Decreased	production	of	prostaglandin	
E2,	thromboxane	B2,	leukotriene	B4	and	
E4,	5-hydroxyeicosatetraenoic	acid.

(Caughey et al.	
1996;	Calder	2006)

Flaxseed	oil 0.4	g/day LDL	receptor-
deficient	mouse

Effectively	inhibited	the	expression	of	
inflammatory	markers,	including	IL-6,	
mac-3,	and	VCAM-1	in	aortic	
atherosclerotic	tissue.

(Dupasquier et al.	
2007)

Pomegranate 50	mL/day Double	blinded,	
randomized,	
placebo-
controlled	trial

No	significant	effect	on	diabetic	
parameters,	including	fasting	blood	
sugar,	HbA1c	levels,	and	serum	insulin	
levels,	but	significantly	lowered	serum	
C-peptide.

(Rock et al.	2008;	
Rosenblat,	Hayek,	
and	Aviram	2006)

40	g/day Type	2	diabetic	
patients	with	
hyperlipidemia

Reduction	in	serum	total	cholesterol	and	
LDL	levels,	total	cholesterol:HDL	and	
LDL:HDL	ratios.

(Esmaillzadeh et al.	
2004,	2006)

100	and	300	
mg/kg/day

Diabetic	Wistar	
rats

Reduced	serum	glucose,	urine	glucose	and	
urinary	protein	levels,	serum	angiotensin	
converting	enzyme	(ACE)	levels.

(Mohan,	Waghulde,	
and	Kasture	2010)

Green	tea Cross-sectional	
study

Significantly	reduced	the	plasma	level	of	
total	cholesterol,	LDL,	VLDL,	and	
triglyceride	levels,	and	increased	HDL.

(Sasazuki et al.	
2000)

50	µL	of	0.75%	
green	tea	
polyphenols

SD	rats,	
adipocytes

Improved	insulin	sensitivity	by	
significantly	increasing	basal	and	
insulin-stimulated	glucose	uptake.

(Wu et al.	2004)

0.5	g/day	of	
lyophilized	green	
tea	powder

SD	rats Reduced	fasting	serum	triglyceride	and	
free	fatty	acid	levels.

(Wu et al.	2004)

Baical	
skullcap

Streptozotocin-
induced	
diabetic	rats

Decreased	blood	glucose	levels,	increased	
body	weight,	and	reversed	increase	of	
sucrase	activity	in	small	intestine	of	rats.

(Gu et al.	2009)

Rat	mesenteric	
arteries

Relaxed	rat	mesenteric	arteries	via	
large-conductance	Ca2+-activated	K+	
(BKCa)	channel	activation	and	
voltage-dependent	Ca2+	channel	(VDCC)	
inhibition	by	endothelium-independent	
mechanisms.

(Lin et al.	2010)

Macrophage	
foam	cells

Promoted	cholesterol	efflux	by	increasing	
protein	phosphatase	2B-dependent	
dephosphorylation	at	ATP-binding	
cassette	transporter-A1,	leading	to	
reduced	cholesterol	accumulation.

(Chen et al.	2011)

Goldthread L6	muscle	cells	
model

Inhibited	fatty	acid	uptake	by	reducing	
peroxisome	proliferator-activated	
receptor-α	and	fatty	acid	transferase/	
CD36	expressions,	and	through	
AMP-activated	protein	kinase	(AMPK)	
and	p38	mitogen	activated	protein	kinase	
(MAPK)	pathway.	

(Chen et al.	2009;	
Cheng et al.	2006)

(continued)
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tongue	coating)	accumulated	in	the	body	(Zhang	and	Chen	2004).	There	are	complete	theories	on	
the	pathology	and	the	management	of	each	condition	of	metabolic	syndrome.	

24.2.1  Obesity 

Similar	to	Western	medicine,	TCM	considers	obesity	as	the	overconsumption	of	heavy	and	greasy	food.	
In	TCM,	fat	or	adipose	tissue	is	mostly	due	to	“Phlegm”	(fat	issue)	and	“Dampness”	(related	to	heavi-
ness	and	turbidness)	evils,	which	means	the	“Spleen”	(referring	to	the	digestive	and	metabolic	system)	
fails	to	process	and	move	waste	fluids	and	foods;	they	consolidate	and	transform	into	“Phlegm.”	TCM	
takes	a	holistic	approach	to	obesity	by	focusing	on	the	underlying	changes	in	the	body.	The	principle	of	
the	treatment	is	to	strengthen	and	balance	the	whole	body	by	focusing	on	the	“Spleen,”	and	efficiently	
dissolve	and	discharge	turbidity	and	“Phlegm”	from	the	body	(Li	and	Wu	2011).	

24.2.2  Prediabetes 

According	to	the	Chinese	medicine	textbook	Huang Di Nei Jing	(The Yellow Emperor’s Canon of 
Medicine,	25–225	c.e.),	obesity	causes	cardiovascular	complications.	Obesity	 is	accompanied	by	
anxiety,	gradual	damage	of	the	“Heart”	(which	controls	blood	and	vessels,	facial	complexion,	and	
the	mind),	“Spleen,”	“Liver”	(mainly	for	storing	blood),	and	“Kidney”	(which	stores	the	“Essence”	
and	is	essential	in	the	growth	and	development	of	the	human	body),	leading	to	disharmony	of	Yin	
(negative	and	inactive	sides	of	all	phenomena)	and	Yang	(positive,	active	sides	of	all	phenomena;	
Zhang	and	Chen	2004).	As	a	result,	obesity	causes	excessive	Yang	energy	and	Yin	energy	disorder,	
and	then	consumes	Yin	fluids	of	the	body	to	its	depletion	(Covington	2001).	The	“Dryness-Heat”	in	
the	body	(related	to	inflammatory	conditions	in	orthodox	medicine)	leads	to	prediabetes.	In	treat-
ment,	the	insufficiency	of	Yin	will	disappear	only	when	excessive	Yang	is	corrected	(Li et al.	2004).	
Therefore,	the	TCM	treatment	of	prediabetes	focuses	on	replenishing	Yin	(promoting	fluid	produc-
tion	in	the	body)	and	evacuating	“Fire”	(Heat)	from	the	body	(Li et al.	2004;	Liu	and	Tang	2000).	

24.2.3  HyPertensiOn 

TCM	treats	the	symptoms	and	resulting	medical	problems	of	hypertension	as	insufficient	blood	flow	
to	the	brain	and	other	organs.	The	symptoms	present	themselves	in	the	form	of	dizziness,	headache,	
fatigue,	shortness	of	breath,	chest	pains,	irregular	heartbeat,	and	vision	problems	(Ping	1997).	The	
pathology	is	divided	into	four	categories:	disorder	of	the	“Liver”	causing	hyperactivity,	headache,	
and	dizziness;	deficiency	of	“Blood”	and	“Qi”	(the	energy	of	the	body,	the	meridians,	the	food,	and	

TABLE 24.1
Herbal Medicines with Scientific Evidence for the Management of Metabolic Syndrome 
(Continued)

Common 
Name Dose Methods Pharmacological Actions References

Goldthread Type	2	diabetes	
mellitus	Wistar	
rats

Decreased	fasting	blood	glucose	and	
triglyceride	levels,	and	improved	
endothelium-dependent	vasorelaxation	in	
aorta	through	enhanced	NO	
bioavailability	by	upregulating	
endothelial	nitric	oxide	synthase	(eNOS)	
expression	and	downregulating	
expression	of	NADPH	oxidase.

(Wang et al.	2009)
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the	universe),	which	fail	 to	nourish	 the	brain	and	lead	to	dizziness;	deficiency	in	 the	“Kidneys,”	
which	 causes	 insufficient	 blood	 flow	 to	 the	 brain;	 and	 the	 interior	 retention	 of	 “Phlegm-Damp”	
(obesity;	Zhang	and	Chen	2004).	The	treatment	of	hypertension	includes	promotion	of	bowel	move-
ments	(remove	stagnation),	promotion	of	urination	(relieving	water	retention	within	vessels),	promo-
tion	of	circulation,	and	nourishing	the	“Liver,”	“Lung,”	and	“Kidney”	organs.	

24.2.4  HyPerliPidemia 

Hyperlipidemia	is	diagnosed	as	the	accumulation	of	“Damp”	and	“Phlegm”	(in	the	form	of	blood	
lipids)	in	the	blood	vessels	(Zhang	et	al.	1990).	The	pathology	is	closely	related	to	the	disorder	of	
the	“Liver,”	“Spleen,”	and	“Kidney”	in	obesity.	Due	to	the	weakness	of	the	“Spleen”	and	“Kidney,”	
incorrect	transferral	of	fluids	occurs	and	results	in	“Interior	Phlegm,”	which	causes	elevated	blood	
lipids.	TCM	treatment	for	lowering	lipids	focuses	on	nourishing	Yin,	strengthening	“Kidney”	and	
“Spleen,”	clearing	“Fire”	(Heat)	and	discharging	“Phlegm.”

Therefore,	based	on	the	disorder	differentiation	of	metabolic	syndrome,	the	treatment	principles	
in	TCM	are	 to	 remove	 the	“Phlegm”	and	“Dampness,”	 to	 replenish	Yin	and	clear	 the	excessive	
heat	from	the	body.	Herbs	and	spices	used	to	remove	the	“Phlegm”	and	“Dampness”	include	green	
tea	 (Camellia sinensis),	 hawthorn	 (Crataegus monogyna),	 turmeric	 (Curcuma longa),	 cinnamon	
(Cinnamomum zeylanicum),	 and	 clove	 (Syzygium aromaticum).	 The	 heat	 clearing	 natural	 prod-
ucts	 include	 goldthread (Coptis chinensis),	 bitter	 melon	 (Momordica charantia),	 baical	 skullcap	
(Scutellaria baicalensis),	rhubarb	(Rheum officinalis),	and	propolis.	

In	summary,	TCM	has	a	unique	theory	on	the	pathology	and	the	management	of	metabolic	syn-
drome.	However,	scientific	evidence	is	required	to	evaluate	the	efficacy,	safety,	and	quality	of	these	
nutraceuticals,	herbal	medicines,	spices,	and	teas.	

24.3  HEAT CLEARING CHINESE HERBS FOR METABOLIC SYNDROME

In	TCM,	herbs	classified	as	“Heat	Clearing	Herbs”	have	 the	primary	 function	of	clearing	 inter-
nal	Heat	and	expelling	Dampness,	cooling	Blood,	and	eliminating	Toxins	from	the	human	body.	
Traditionally,	these	herbs	have	been	used	effectively	as	antipyretic,	antimicrobial,	and,	to	a	certain	
extent,	as	antitumor	hemostatics	for	bleeding	conditions	and	sedative	agents	(Joseph	and	Jin	2005).	
Likewise,	modern	 science	has	 revealed	 that	 patients	with	 a	 “Heat	Pattern”	demonstrated	higher	
levels	of	neuroendocrine	activation,	thermogenesis,	and	metabolism	when	compared	with	normal	
people.	These	changes	could	be	found	in	patients	with,	for	example,	hypertension,	diabetes,	thyroid-
ism,	or	schizophrenia	(Jiang	2005).	In	TCM,	baical	skullcap, goldthread, and Phellodendron amu-
rense,	collectively	known	as	the	“San	Huang”	(the	three	yellow)	are	popular	heat	clearing	herbs.	
Used	in	combination,	they	synergize	the	therapeutic	actions	of	one	another.	

24.3.1  baical skullcaP 

In	 TCM,	 baical	 skullcap	 clears	 Heat,	 particularly	 in	 the	 Lungs,	 and	 Damp-Heat	 in	 the	 Large	
Intestine.	It	is	traditionally	used	to	treat	acute	upper	and	lower	tract	infections	such	as	acute	bron-
chitis,	pneumonia,	acute	tonsillitis,	and	inflammatory	conditions	of	the	intestines	such	as	enteritis,	
colitis,	Crohn’s	disease,	and	intestinal	parasitic	diseases	(Joseph	and	Jin	2005).	Current	pharmaco-
logical	research	has	confirmed	the	strong	anti-inflammatory	properties	of	baical	skullcap	through	
its	 inhibition	 of	 particular	 inflammatory	 cascades,	 including	 lipopolysaccharide	 (LPS)-induced	
nitric	 oxide,	 inducible	 nitric	 oxide	 synthase	 (iNOS),	 cytokines	 (e.g.,	 interleukin	 (IL)-1B,	 IL-2,	
IL-6,	 and	 tumor	 necrosis	 factor	 (TNF)-α),	 chemokines,	 and	 vascular	 endothelial	 growth	 factor	
(VEGF)	production	 in	macrophages,	nuclear	 factor-kappa	B	 (NF-κB),	cyclooxygenase	 (COX)-2,	
and		mitogen-activated	protein	kinase	(MAPK)	signalling	pathways	(Kim et al.	2009;	Yoon et al.	
2009;	Kim et al.	2006).	Thus,	this	herb	has	been	given	extensive	attention	by	researchers	for	the	
treatment	of	metabolic	syndrome.
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Four-week	 treatment	 with	 baicalin	 (the	 main	 active	 compound	 of	 baical	 skullcap)	 decreased	
blood	glucose	levels,	reversed	the	decreased	body	weight,	and	reversed	the	increase	of	sucrase	activ-
ity	in	the	small	intestine	of	streptozotocin-induced	diabetic	rats.	It	is	believed	that	baicalin’s	anti-
diabetic	effect	is	partly	via	the	inhibition	of	disaccharidases	in	the	small	intestine	(Gu et al.	2009).

It	has	been	demonstrated	that	baicalin	could	be	a	potential	agent	for	the	management	of	cardio-
vascular	disorders.	In	another	study,	baicalin	relaxed	rat	mesenteric	arteries	via	large-conductance	
Ca2+-activated	K+	(BKCa)	channel	activation,	and	voltage-dependent	Ca2+	channel	(VDCC)	inhibi-
tion	by	endothelium-independent	mechanisms	(Lin et al.	2010).

An	antiobesity	herbal	formula,	which	includes	baical	skullcap,	inhibits	fat	accumulation	in	3T3-
L1	adipocytes	and	in	high-fat-diet–induced	obese	mice	through	the	modulation	of	the	adipogenesis	
pathway	(Lee,	Kang,	and	Yoon	2010).	Wogonin,	another	active	compound	in	baical	skullcap	extract,	
promoted	 cholesterol	 efflux	 by	 increasing	 protein	 phosphatase	 2B-dependent	 dephosphorylation	
at	 the	ATP-binding	cassette	 transporter-A1,	 thus	 leading	 to	 reduced	cholesterol	 accumulation	 in	
macrophage	foam	cells	(Chen et al.	2011).	In	a	different	study	performed	on	type	2	diabetic	Goto-
Kakizaki	 rats,	 baicalin	 demonstrated	 a	 potent	 antioxidant	 property	 by	 reducing	 hyperglycemia-
induced	oxidative	stress	through	the	increased	expression	of	antioxidant	enzyme	activities.	It	was	
also	associated	with	anti-hypertriglyceridemic,	as	well	as	anti-hypercholesterolemic,	effects,	when	
compared	to	metformin	(Waisundara et al.	2011).

24.3.2  GOldtHread 

In	contrast,	goldthread	enters	the	“‘Heart	and	Stomach	Meridians.”	In	TCM,	it	is	used	as	a	remedy	
for	restlessness,	insomnia,	irritability,	thirst,	and	a	bitter	taste	in	the	mouth,	hypochondriac	pain	and	
distention,	acid	regurgitation,	poor	appetite,	and	nausea	symptoms	originating	from	the	“Stomach”	
or	“Spleen”	(Joseph	and	Jin	2005).	Goldthread	and	its	most	prominent	compound,	berberine,	have	
been	shown	to	play	a	vital	role	in	anti-inflammatory,	immunomodulating,	and	antioxidant	processes	
(Yan et al.	2011;	Zhang et al.	2011;	Hsiang et al.	2005;	Song,	Chen,	and	Zhu	1992;	Kim et al.	2010;	
Ko et al.	2007).	These	multitargeted	actions	may	indicate	the	beneficial	properties	of	goldthread	for	
the	treatment	of	metabolic	syndrome.	Based	on	an	in vivo study,	it	has	been	suggested	that	a	Chinese	
herbal	formula	containing	goldthread may	be	a	new	oral	agent	for	treating	the	metabolic	syndrome	
and	preventing	type	2	diabetes	(Tan et al.	2011).

Berberine	improved	the	free	fatty	acid-induced	insulin	resistance	in	an	L6	muscle	cell	model	
through	inhibiting	fatty	acid	uptake,	partly	by	reducing	peroxisome	proliferator-activated	receptor-α	
(PPAR-α)	and	fatty	acid	transferase/CD36	expressions	(Chen et al.	2009),	as	well	as	through	the	
AMP-activated	protein	kinase	(AMPK)	and	p38	mitogen-activated	protein	kinase	(MAPK)	path-
way,	which	may	account	for	the	antihyperglycemic	effects	of	this	compound	(Cheng et al.	2006).	
Furthermore,	 Kong  et  al.	 (2009)	 reported	 that	 berberine	 increased	 insulin	 receptor	 mRNA	 and	
protein	expression	in	a	dose-	and	time-dependent	manner	in	cultured	human	liver	cells	and	L6	rat	
skeletal	muscle	cells,	through	a	protein	kinase	C-dependent	activation	of	its	promoter.	In	animal	
models,	treatment	of	type	2	diabetes	mellitus	rats	with	berberine	also	lowered	fasting	blood	glucose	
and	fasting	serum	insulin,	 increased	 insulin	sensitivity,	and	elevated	 insulin	receptor	mRNA,	as	
well	as	PKC	activity,	in	the	liver	(Kong et al.	2009;	Wang et al.	2011).	

In	an	in vivo	study	investigating	the	dysfunction	of	aortas	in	type	2	diabetes	mellitus	Wistar	rats,	
berberine	not	only	significantly	decreased	 fasting	blood	glucose	and	 triglyceride	 levels,	but	also	
improved	endothelium-dependent	vasorelaxation	in	aorta	through	enhanced	NO	bioavailability	by	
upregulating	endothelial	nitric	oxide	synthase	(eNOS)	expression	and	downregulating	expression	of	
NADPH	oxidase	(Wang et al.	2009).	This	finding	may	support	the	use	of	goldthread	in	the	manage-
ment	of	high	blood	pressure	resulting	from	endothelial	dysfunction.

Following	treatment	with	berberine,	the	mRNA	and	protein	expression	levels	of	specific	genes	
for	adipocyte	differentiation,	GATA-2	and	GATA-3,	were	elevated	and	accompanied	by	inhibited	
adipogenesis	(Hu	and	Davies	2009).	It	was	demonstrated	that	diabetic	rats	treated	with	berberine	
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(100	mg/kg)	had	lower	plasma	triglyceride	levels	compared	with	the	controls	(Wang et al.	2009).	In	
a	current	comprehensive	review,	the	effects	and	the	underlying	mechanisms	of	berberine	on	carbo-
hydrate	and	lipid	metabolism	in	relation	to	endothelial	function	and	the	cardiovascular	system	has	
been	described	(Affuso et al.	2010).	

24.4  ANTI-INFLAMMATORY FOOD AND TEA

24.4.1  POmeGranate

Punica granatum Linn.,	commonly	known	as	pomegranate	(Figure	24.1),	belongs	to	 the	Punicacae	
family.	It	is	a	well-recognized	fruit	and	beverage	with	high	antioxidant	content.	A	recent	review	high-
lighted	the	anti-inflammatory	activities	of	pomegranate	in	the	treatment	of	cancer	(Lansky	and	Newman	
2007).	Thus,	pomegranate	shows	great	potential	for	treating	the	conditions	of	metabolic	syndrome.	

Four	weeks	of	oral	consumption	of	pomegranate	 juice	(100	and	300	mg/kg/day)	significantly	
reduced	the	serum	glucose,	urine	glucose,	and	urinary	protein	levels	in	diabetic	Wistar	rats	with	
or	without	hypertension	(Mohan et al.	2010).	Pomegranate	juice	consumption	has	also	shown	posi-
tive	antihypertensive	effects	in	several	studies.	The	consumption	of	pomegranate	juice	orally	for	
4	weeks	(100	and	300	mg/kg/day)	significantly	lowered	the	serum	angiotensin	converting	enzyme	
(ACE)	levels	in	both	diabetic	and	diabetic	hypertensive	rats,	compared	to	controls	(Mohan et al.	
2010).	In	addition,	pomegranate	juice	caused	a	significant	reduction	in	the	mean	levels	and	changes	
in	arterial	blood	pressure	in	response	to	several	catecholamine	drugs	(i.e.,	adrenaline,	noradrena-
line,	phenylalanine,	angiotensin	II,	and	5-hydroxytryptamine)	in	angiotensin	II-induced	hyperten-
sive	diabetic	rats	(Mohan et al.	2010).	

Aviram	 and	 Dornfeld	 (2001)	 conducted	 two	 clinical	 studies	 to	 evaluate	 the	 effectiveness	 of	
pomegranate	juice	on	blood	pressure.	The	study	found	that	50	mL	of	pomegranate	juice	per	day	for	
2 weeks	reduced	systolic	blood	pressure	in	hypertensive	patients	by	5%,	together	with	an	inhibition	of	
ACE	activities	by	36%	(Aviram	and	Dornfeld	2001).	Another	clinical	study	that	involved	19	patients	
with	asymptomatic	carotid	artery	stenosis	revealed	that	pomegranate	juice	resulted	in	a	reduction	
in	systolic	blood	pressure	by	21%	after	1	year	of	consumption.	However,	the	blood	pressure	was	not	
further	 reduced	with	3-year	consumption	(Aviram et al.	2004).	The	consumption	of	concentrated	
pomegranate	juice	(40	g/day)	in	22	type	2	diabetic	patients	with	hyperlipidemia	showed	a	significant	
reduction	in	serum	total	cholesterol	and	low-density	lipoprotein	(LDL)	levels,	as	well	as	total	choles-
terol:	high-density	lipoprotein	(HDL)	and	LDL:HDL	ratios	(Esmaillzadeh et al.	2004,	2006).	Two	

FIGURE 24.1  Pomegranate	plant	and	fruit.	
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clinical	trials	that	involved	20	and	30	human	subjects,	respectively,	demonstrated	that	the	consump-
tion	of	pomegranate	juice	did	not	significantly	affect	diabetic	parameters,	 including	fasting	blood	
sugar,	HbA1c	levels,	and	serum	insulin	levels,	but	significantly	lowered	serum	C-peptide	(a	cleavage	
product	of	pro-insulin)	by	23%	in	diabetic	patients	(Rock et al.	2008;	Rosenblat et al.	2006).

24.4.2  Green tea

Biological	and	clinical	evidence	has	illustrated	the	role	of	green	tea	in	the	management	of	metabolic	
syndrome.	A	recent	review	has	highlighted	its	anti-inflammatory	activities	(Tipoe et al.	2007).	

It	has	been	reported	that	the	oral	consumption	of	green	tea	for	12	weeks	reduced	blood	glucose	
and	insulin	levels	in	rats	(Wu et al.	2004).	Similarly,	4-week	oral	consumption	of	green	tea	signifi-
cantly	reduced	serum	glucose	level	in	high-cholesterol-fed	rats	(Ramadan et al.	2009).	Green	tea	
improved	insulin	sensitivity,	as	reflected	by	a	significant	increase	in	basal	and	insulin-stimulated	
glucose	uptake	by	adipocytes	(Wu et al.	2004).

Green	tea	extracts	significantly	attenuated	the	increase	in	blood	pressure	caused	by	angiotensin-
II	in	rats	(Antonello et al.	2007).	Green	tea	supplementation	for	12	weeks	reduced	fasting	serum	
triglycerides	and	free	fatty	acid	levels	in	rats	(Wu et al.	2004).	In	high-cholesterol-fed	rats,	4	weeks	
of	oral	 consumption	of	green	 tea	attenuated	 the	 total	 lipid,	 triglyceride,	 and	phospholipid	 levels	
when	compared	to	the	control	(Ramadan et al.	2009).	It	has	been	shown	that	oral	administration	of	
green	tea	extract	for	4	weeks	significantly	reduced	the	body	weight	and	liver-to-body	weight	ratio	in	
high-cholesterol-diet-fed	rats	(Ramadan et al.	2009).

A	single	consumption	of	green	tea	extract	reduced	carbohydrate	absorption	by	25%	and	atten-
uated	 the	plasma	glucose	 levels	 following	an	oral	glucose	 tolerance	 test	 in	humans	 (Zhong et al.	
2006;	Tsuneki et al.	2004).	Chronic	consumption	of	green	tea	for	30	days	also	significantly	reduced	
plasma	glucose	and	insulin	levels	in	type	2	diabetic	patients	(Hosoda et al.	2003).	A	cohort	study	that	
involved	600	subjects	reported	that	the	consumption	of	tea	(>120	mL/day)	for	1	year	was	associated	
with	a	46%	reduction	in	the	risk	of	developing	hypertension	(Yang et al.	2004).	Two	cross-sectional	
studies	demonstrated	that	the	daily	consumption	of	green	tea	significantly	reduced	the	plasma	level	
of	total	cholesterol	and	triglyceride	levels	(Imai	and	Nakachi	1995;	Sasazuki et al.	2000).	The	plasma	
level	of	HDL	was	also	significantly	increased,	together	with	a	reduction	in	LDL	and	very	low	density	
lipoprotein	(VLDL)	levels	(Sasazuki et al.	2000).	Several	clinical	studies	reported	that	the	consump-
tion	of	green	tea	for	12	weeks	was	associated	with	a	significant	reduction	in	body	weight,	body	fat	
mass,	and	BMI	in	overweight	subjects	(Nagao et al.	2007;	Nagao et al.	2005).

24.5   ANTI-INFLAMMATORY EFFECTS OF POLYUNSATURATED FATTY 
ACIDS IN THE MANAGEMENT OF METABOLIC SYNDROME

It	 is	well	known	 that	 the	harmful	 impact	of	high-fat	diets	 relates	 to	 the	amount	and	 the	 type	of	
dietary	fatty	acids.	While	a	high	intake	of	saturated	and	trans	fatty	acids	has	been	associated	with	
an	increased	incidence	of	metabolic	syndrome	and	its	cardiovascular	complications,	the	consump-
tion	of	polyunsaturated	 fatty	acids	 (PUFAs)	has	been	associated	with	 lower	cardiovascular	 risk.	
More	scientific	evidence	has	emerged	on	the	beneficial	role	of	PUFAs,	both	vegetable	n-6	PUFAs	
and	marine	n-3	PUFAs	(e.g.,	fish	oil),	including	eicosapentaenoic	acid	(EPA,	20:5,	n-3)	and	docosa-
hexaenoic	acid	(DHA,	22:6,	n-3),	in	cardiovascular	and	metabolic	protection.	Clinical	evidence	sug-
gests	that	1.2–2	g/day	of	the	polyunsaturated	fatty	acids	(PUFAs)	was	associated	with	a	significant	
reduction	in	blood	pressure,	improvements	in	vascular	function,	and	reduction	in	inflammation	in	
patients	with	symptoms	of	metabolic	syndrome	(Dangardt et al.	2010;	Cicero et al.	2010).	Alpha-
linolenic	acid	(ALA,	18:3,	n-3),	a	plant-derived	n-3	PUFA,	and	its	biosynthetic	form,	stearidonic	
acid,	represent	a	relatively	high	proportion	of	the	total	fatty	acids	in	some	vegetable	oils,	such	as	
flaxseed	oil,	soybean,	evening	primrose	oil,	perilla,	canola,	grape	seed,	and	walnut.	
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The	observed	beneficial	effects	on	cardiovascular	complications	are	mainly	correlated	with	the	
effect	of	PUFAs	in	the	reduction	of	plasma	triacylglycerols.	However,	recent	studies	suggest	that	
the	anti-inflammatory	potential	of	PUFAs	could	play	a	pivotal	role	in	the	prevention	and	treatment	
of	metabolic	syndrome.	In	obese	diabetic	mice,	it	has	been	shown	that	n-3	PUFA	could	mediate	a	
beneficial	effect	on	the	development	of	diabetes	and	metabolic	complications	by	preventing	adipose	
tissue	inflammation	induced	by	a	high-fat	diet,	and	may	ameliorate	insulin	sensitivity	(Todoric et al.	
2006).	In	the	same	study,	n-3	PUFAs	also	changed	the	inflammatory	gene	expression	associated	with	
macrophage	infiltration.	Furthermore,	it	has	been	reported	that	n-3	PUFAs	significantly	decreased	
circulating	inflammatory	markers	in	elderly	patients	with	chronic	heart	failure	(Zhao et al.	2009).	

A	variety	of	molecular	mechanisms	underlying	 the	 anti-inflammatory	 effects	 of	 n-3	PUFAs	
have	been	described.	Fish	oil	supplementation	of	the	human	diet	has	been	shown	to	result	in	the	
decreased	 production	 of	 prostaglandin	 E2,	 thromboxane	 B2	 (Caughey  et  al.	 1996),	 leukotriene	
B4,	 leukotriene	E4,	5-hydroxyeicosatetraenoic	acid,	and	 inflammatory	cells	 (Calder	2006).	The	
high	intake	of	long-chain	n-3	PUFAs	also	results	in	an	increased	proportion	of	these	fatty	acids	
in	inflammatory	cell	phospholipids	(Yaqoob et al.	2000).	At	sufficiently	high	intake,	n-3	PUFAs	
decrease	the	production	of	inflammatory	eicosanoids,	pro-inflammatory	cytokines,	and	reactive	
oxygen	species,	and	the	expression	of	adhesion	molecules.	Long-chain	n-3	PUFAs	act	both	directly	
(e.g.,	 by	 replacing	 arachidonic	 acid	 as	 an	 eicosanoid	 substrate	 and	 inhibiting	 arachidonic	 acid	
metabolism)	and	indirectly	(e.g.,	by	altering	the	expression	of	inflammatory	genes	via	transcrip-
tion	factor	activation;	Calder	2006).	In	addition,	a	recent	in vivo	study	has	shown	that	stearidonic	
and	eicosapentaenoic	acids	inhibited	obesity-associated	increases	of	IL-6	expression	in	genetically	
obese	ob/ob	mice	(Hsueh et al.	2011).	Furthermore,	it	was	demonstrated	that	ALA	significantly	
reduced	tumor	necrosis	factor-α	(TNF-α)	and	interleukin-6	(IL-6)	concentrations as	well	as	super-
oxide	production	and malonaldialdehyde	formation in	ischemic	hearts	of diabetic	rats	(Xie	et	al.	
2011).	

The	beneficial	effect	of	flaxseed	is	likely	due	to	the	omega-3	fatty	acid	content	of	its	oil	frac-
tion,	which	is	also	one	of	the	richest	sources	of	ALA	(57%).	Flaxseed	and	its	constituents	may	have	
protective	and/or	therapeutic	effects	against	cardiovascular	and	metabolic	complications	through	
numerous	mechanisms,	including	antioxidant	effect,	and	reduction	in	serum	total	cholesterol,	LDL-C,	
inflammatory	markers,	platelet	aggregation,	and	expression	of	adhesion	molecules.	Dietary	flaxseed	
(0.4	g/day)	has	been	shown	to	effectively	inhibit	the	expression	of	inflammatory	markers,	including	
IL-6,	Mac-3,	and	VCAM-1,	in	aortic	atherosclerotic	tissue	in	LDL	receptor-deficient	mice	after	24	
weeks	of	diet	intervention	(Dupasquier et al.	2007).	In	addition,	a	study	on	a	metabolic	syndrome	
animal	model	reported	that	flax	oil	feeding	is	associated	with	a	reduction	of	hepatic	lipid	accumula-
tion	through	the	activation	of	PPAR-γ	(Chechi et al.	2010).	

24.6  DISCUSSION AND SUMMARY

Metabolic	 syndrome	 is	a	chronic	disease	 that	will	 target	all	 age	groups	due	 to	 the	modern	sed-
entary	and	convenience	 lifestyle.	 It	 is	a	collection	of	dysfunctions	 including	glucose	 intolerance,	
central	 obesity,	 dysliplidemia,	 and	 hypertension,	 which	 have	 been	 associated	 with	 chronic	 low-
grade	inflammation.	Many	herbs	and	nutraceuticals	are	used	in	the	management	of	this	complex	
disease	due	 to	 their	multitargeted	actions.	Heat	clearing	herbs	 in	TCM,	teas,	and	fatty	acids	are	
well known	for	their	anti-inflammatory	properties	and	have	been	shown	clinically	to	be	effective	
agents	against	the	symptoms	of	metabolic	syndrome.	Several	reviews	have	demonstrated	the	strong	
linkage	 between	 low-grade	 chronic	 inflammation	 and	 metabolic	 syndrome.	 To	 the	 best  of  our	
knowledge, however, there	is	a	lack	of	literature	revealing	the	potential	clinical	mechanism	of	action.	
Therefore,	this	chapter	gives	us	a	platform	to	evaluate	the	use	of	herbal	medicines	and	nutraceuti-
cals	for	the	treatment	of	metabolic	syndrome	in	targeting	inflammation.	The	literature	on	selected	
nutraceuticals	and	herbs	indicates	a	strong	link	between	the	anti-inflammatory	mechanism	and	their	
effects	in	metabolic	syndrome	(Figure	24.2).	



346 Chronic Inflammation

The	 three	 categories	 discussed	 here	 have	 been	 used	 worldwide	 for	 thousands	 of	 years.	
Documented	traditional	use,	safety,	and	the	multiconstituent	profile	are	the	perceived	advantages	
over	pharmaceuticals	with	narrow	therapeutic	windows.

Due	to	the	complexity	of	chemical	components	in	nutraceuticals	and	herbal	medicines,	a	com-
prehensive	platform	is	required	to	define	the	nature	of	the	chemical	mixture	that	is	used	for	biologi-
cal	testing	and	clinical	studies	(Li,	et al.	2010a,	2010b;	Razmovski-Naumovski et al.	2010).	To	meet	
the	requirements	of	evidence-based	medicine,	and	to	prove	their	safety,	quality,	and	efficacy,	high-
quality	preclinical	and	clinical	studies	are	warranted.	In	conclusion,	nutraceuticals	and	herbal	medi-
cines,	particularly	those	with	anti-inflammatory	activity,	offer	considerable	scope	in	the	discovery	
and	for	the	development	of	novel	therapeutic	agents	for	the	prevention	and	treatment	of	metabolic	
syndrome	and	associated	cardiovascular	complications.

TAKE-HOME MESSAGES

•	 Low-grade	 chronic	 inflammation	 is	 one	 of	 the	 crucial	 mechanisms	 in	 the	 induction	 of	
metabolic	syndrome	and	its	associated	pathophysiological	complications.

•	 A	growing	body	of	evidence	supports	the	usage	of	medicinal	herbs	and	nutraceuticals	to	
alleviate	the	development	of	metabolic	syndrome.

•	 In	 TCM,	 metabolic	 syndrome	 refers	 to	 “Phlegm”	 and	 “Dampness”	 (fat	 issue,	 sputum,	
coagulated	blood,	gull	stone,	greasy	and	thick	tongue	coating)	accumulated	in	the	body.

•	 The	treatment	principles	in	TCM	are	to	remove	the	“Phlegm”	and	“Dampness,”	to	replenish	
Yin	and	clear	the	excessive	Heat	from	the	body.	

•	 Heat	clearing	herbs	such	as	baical	skullcap	and	goldthread	are	used	clinically	for	metabolic	
syndrome,	and	have	been	shown	to	have	anti-inflammatory	activities	in	preclinical	studies.	

•	 Both	preclinical	and	clinical	studies	on	pomegranate	and	green	tea	have	indicated	both	are	
beneficial	in	metabolic	syndrome.	

•	 Polyunsaturated	fatty	acids	in	vegetable	oils,	such	as	flaxseed,	evening	primrose	oil,	and	
fish	oil	are	now	well	recognized	to	be	beneficial	in	metabolic	syndrome	and	cardiovascular	
diseases.	

•	 Specific	studies	on	herbal	medicines	to	show	their	inhibition	effects	on	the	expression	of	
inflammatory	markers	and	underlining	mechanisms	are	still	required.	

Chronic low-grade
inflammation

Heat clearing
herbs
Green tea
Pomegranate

Flaxseed oil
Fish oil

Glucose intolerance

Central obesity

Metabolic stress

Metabolic syndrome

FIGURE 24.2  Anti-inflammatory	pathway	contributing	 to	 the	effects	of	nutraceuticals	 in	metabolic	syn-
drome.	 Metabolic	 syndrome	 is	 caused	 by	 various	 factors	 such	 as	 metabolic	 stress	 and	 chronic	 low-grade	
inflammation,	which	can	be	ameliorated	by	the	aforementioned	nutraceuticals	and	herbal	medicines	including	
green	tea,	pomegranate,	flaxseed	oil,	fish	oil,	and	heat	clearing	herbs	such	as	goldthread	and	baical	skullcap.
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•	 There	is	a	lack	of	large	sample	size,	multicenter,	and	multinational	clinical	trial	in	investi-
gating	the	efficacy	of	herbal	medicine	on	metabolic	syndrome.

•	 To	meet	the	requirements	of	evidence-based	medicine,	high-quality	preclinical	and	clini-
cal	studies	are	warranted.
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25.1   LUNG INFLAMMATION AND PATHOGENESIS OF 
CHRONIC LUNG DISEASES (ASTHMA AND CHRONIC 
OBSTRUCTIVE PULMONARY DISEASE) 

Chronic	obstructive	pulmonary	disease	(COPD)	and	asthma	are	the	most	prevalent	lung	diseases	
characterized	 by	 progressive/persistent	 lung	 inflammation.	 The	 inflammatory	 pattern	 is	 distinct	
in	each	disease;	however,	oxidants	play	a	potential	role	 in	 increasing	the	pro-inflammatory	gene	
expression	and	development	of	the	disease.	Oxidants	generated	from	inhaled	noxious	agents,	such	
as	cigarette	smoke,	allergens,	or	environmental	pollutants,	disrupt	the	oxidant-antioxidant	balance,	
which	results	in	oxidative	stress.	Increased	level	of	oxidative	stress/damage	and	decreased	antioxi-
dant	defense	are	found	in	the	lungs	of	asthmatics	and	patients	with	COPD.	Oxidizing	environments	
induce	activation	of	transcription	factors,	which	regulate	inflammatory	molecules,	such	as	nuclear	
factor-kappaB	(NF-κB)	and	activator	protein-1	(AP-1)	via	several	redox	sensitive	kinases.	Activated	
transcription	factors	are	translocated	to	the	nucleus	and	bind	to	specific	promoter	regions	of	DNA	
to	induce	transcription	of	pro-inflammatory	genes	(Rajendrasozhan et al.	2008a).	

Posttranslational	modifications	of	transcription	factors,	such	as	phosphorylation	and	acetylation,	
can	facilitate	their	DNA	binding	ability.	As	the	DNA	is	present	in	the	form	of	chromatin	(DNA-
histone	protein	complex)	 in	eukaryotic	cells,	 the	chromatin	structure	 is	critical	 for	 the	access	of	
transcription	factors	to	DNA.	Tight	coiling	of	DNA	around	core	histones	(H2A,	H2B,	H3,	and	H4)	
renders	it	 inaccessible	for	binding	of	transcription	factors	to	DNA,	which	results	in	inhibition	of	
gene	transcription	(gene	silencing).	Uncoiling	stretches	the	DNA	into	a	linear	structure	and	exposes	
the	gene	promoters	for	access	of	transcription	factors.	This	leads	to	the	formation	of	transcription	
co-activator	assembly	and	gene	 transcription.	Thus,	 regulation	of	coiling	and	uncoiling	of	DNA	
plays	a	pivotal	role	 in	gene	expression	(Figure	25.1).	This	chapter	focuses	on	epigenetic	changes	
that	modulate	chromatin	structure	and	inflammatory	conditions	in	the	lungs	(Rajendrasozhan et al.	
2008a;	Rajendrasozhan et al.	2009).	It	also	focuses	on	how	natural	dietary	products	influence	these	
phenomena	that	are	defined	as	nutriepigenomics	under	a	broad	category	of	nutrigenomics.

25.2  EPIGENETIC/EPIGENOMIC CHANGES

Potentially	reversible	modifications	in	gene	expression	caused	by	heritable	changes	in	chromatin	
structure	 that	 occur	 without	 any	 changes	 in	 genetic	 code	 are	 termed	 as	 epigenetics.	 Epigenetic	
events	can	alter	 the	chromatin	structure	by	modifying	DNA	structure	 (via	DNA	methylation)	or	
highly	 conserved	 core	 histone	 proteins	 (via	 posttranslational	 modifications	 such	 as	 acetylation,	
methylation,	phosphorylation,	ubiquitination,	SUMOylation,	and	poly-ADP-ribosylation).	Histone	
acetylation	 and	 histone/DNA	 methylation	 are	 relatively	 well-studied	 epigenetic	 modifications	 in	
chronic	inflammatory	lung	diseases	(Rajendrasozhan et al.	2009).	

Acetylation/deacetylation	 of	 histone	 tails	 at	 the	 ε-amino	 groups	 of	 lysine	 residues	 is	 directly	
linked	to	transcriptional	activity.	Acetylation	neutralizes	the	basic	charge	of	the	histone	tails,	and	
thereby	reduces	the	histone-DNA	as	well	as	histone-histone	interactions.	Moreover,	acetylated	his-
tones	(H3	and	H4)	form	a	molecular	tag	for	the	recruitment	of	chromatin	remodeling	enzymes,	such	
as	CREB-binding	protein	(CBP)/p300,	Brg1,	and	Brg3,	which	allows	chromatin	unwinding	and	the	
recruitment	of	other	transcription	factors.	Thus,	acetylation	of	histones,	by	histone	acetyltransferases	
(HATs),	 facilitates	 gene	 expression.	 Deacetylation	 of	 histones,	 by	 histone	 deacetylases	 (HDACs),	
suppresses	gene	expression	by	facilitating	DNA	rewinding	(tight	coiling	of	DNA	on	histones).	

Methylation	of	histones,	by	histone	methyltransferases	(HMTs),	provides	a	binding	site	or	inter-
acting	domain	for	other	regulatory	proteins	to	be	recruited	on	promoters.	Interestingly,	depending	
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on	 the	 methylated	 lysine	 residues,	 the	 histone	 methylation	 can	 signal	 either	 gene	 expression	 or	
repression	(Gosden	and	Feinberg	2007).	Methylation	of	DNA	in	CpG	islands	is	also	an	epigenetic	
heritable	 event	 regulated	 by	 DNA	 methyltransferases.	 DNA	 methylation	 represses	 gene	 expres-
sion	 by	 the	 recruitment	 of	 methyl-CpG-binding	 protein	 MeCP2,	 which	 in	 turn	 recruits	 HDACs	
(Rajendrasozhan et al.	2009).

25.2.1  EpigEnEtic changEs in cOpD

COPD	 is	characterized	by	airflow	 limitation	 in	 the	 lungs	 that	 is	not	 fully	 reversible	and	associ-
ated	with	progressive	inflammatory	condition.	The	molecular	mechanism	of	COPD	pathogenesis	is	
considered	to	be	mediated	by	epigenetic	chromatin	changes.	Lung	tissues	of	current	smokers	and	
ex-smokers	with	COPD	showed	an	increased	acetylation	in	histones	H4	and	H3,	respectively,	as	
compared	to	nonsmokers.	Increased	H4	acetylation	is	correlated	with	an	increased	expression	of	
inflammatory	protein	(p40	subunit	of	 interleukin-12)	(Szulakowski et al.	2006).	Cigarette	smoke	
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FIGURE 25.1 (see color  insert)  Regulatory	role	of	dietary	polyphenols	 in	epigenetic	modifications	and	
gene	 expression.	Epigenetic	modifications	 by	 chromatin	modification	 enzymes	play	 a	 vital	 role	 in	 regula-
tion	of	gene	expression.	Unwinding	and	 rewinding	of	DNA	 is	 regulated	by	epigenetic	 alterations,	 such	as	
histone	acetylation/deacetylation	and	histone	methylation/demethylation.	This	includes	histone	acetylation	by	
histone	acetyltransferases	(HATs),	histone	deacetylation	by	histone	deacetylases	(HDACs),	histone	methyla-
tion	by	histone	methyltransferases	(HMTs),	DNA	methylation	by	DNA	methyltransferases	(DNMTs),	histone	
demethylation	by	histone	demethylases	(HDMs),	and	histone	phosphorylation	and	ubiquitination	by	kinases	
and	ubiqutination	enzymes,	 respectively.	These	epigenetic	modifications	result	 in	conformation	changes	 in	
the	chromatin	structure	that	can	lead	to	alterations	in	DNA	accessibility	for	transcription	factors,	coactiva-
tors,	and	polymerases,	thereby	resulting	in	either	gene	expression	(transcriptional	activation)	or	gene	repres-
sion	(silencing).	Dietary	polyphenols	can	affect	these	epigenetic	chromatin	modification	enzymes	specifically	
to	 modulate	 several	 cellular	 and	 molecular	 events.	 Ac,	 Acetylation;	 Me,	 Methylation;	 Ub,	 Ubiquitination;	
P,	Phosphorylation.
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exposure,	a	major	etiological	factor	for	COPD,	induces	histone	H3	phosphorylation	(H3S10)	and	
acetylation	(H3K9	and	H4K12),	which	are	associated	with	increased	pro-inflammatory	cytokine/
chemokine	release	in	mouse	lungs	(Yang et al.	2008).	

Unlike	histone	acetylation,	DNA	methylation	in	COPD	is	complicated	and	poorly	understood.	
Cigarette	smoking	has	been	shown	to	influence	DNA	methylation.	Variable	DNA	methylation	pat-
terns	may	be	useful	to	identify	smokers	susceptible	to	develop	COPD	(DeMeo et al.	2009).	An	inter-
national	COPD	genetic	network	study	reported	the	aberrant	CpG	hypermethylation	in	patients	with	
COPD.	Moreover,	DNA	from	patients	with	stage	4	COPD	(GOLD)	are	more	likely	to	be	methylated	
as	compared	to	stage	2	(DeMeo et al.	2010).	Patients	with	COPD	showed	elevated	hypomethylation	
of	CpG	sites	in	tumor	suppressor	genes	that	include	p16	and	Wnt	inhibitory	factor	1	(Suzuki et al.	
2010).	These	heritable/imprintable	epigenetic	changes	may	be	responsible	for	the	increased	risk	for	
patients	with	COPD	to	develop	lung	cancer.

The	 inflammatory	process	 is	markedly	different	between	asthma	and	COPD,	but	clinical	signs	
overlap	 in	many	cases.	Asthma	and	COPD	can	be	distinguished	based	on	 their	DNA	methylation	
profiles	in	bronchial	epithelial	cells	obtained	from	brushings	of	small	airways.	Both	diseases	showed	
distinct	 DNA	 methylation	 profiles	 in	 genes	 encoding	 matrix	 metalloproteinases	 (MMPs),	 pro-	
inflammatory	cytokines,	and	chemokines,	which	regulate	inflammatory	processes	(Vucic et al.	2010).	

25.2.2  EpigEnEtic changEs in asthma

Bronchial	asthma	is	characterized	by	reversible	airflow	obstruction	due	to	airway	inflammation	and	
hyperresponsiveness.	Aberrant	epigenetic	regulation,	such	as	histone	acetylation	and	DNA	methyla-
tion,	are	involved	in	the	development	and	progression	of	asthma.	Asthmatic	lungs	show	hypometh-
ylation	of	genes	involved	in	lymphocyte	proliferation,	leukocyte	activation,	cytokine	biosynthesis,	
cytokine	secretion,	immune	responses,	inflammation	and	immunoglobulin	binding,	and	hypermeth-
ylation	of	genes	involved	in	ectoderm	development,	hemostasis,	wound	healing,	calcium	ion	binding,	
and	oxidoreductase	activity	(Cheong et al.	2011).	Exposure	to	high	levels	of	airborne	pollutants	could	
cause	hypermethylation	of	the	forkhead	box	transcription	factor	3	(FOXO3)	locus,	which	results	in	
impaired	regulatory	T-cell	function	and	increased	asthma	risk	and	morbidity	(Nadeau et al.	2010).

Asthma	is	the	most	common	chronic	disease	in	both	children	and	adults.	Interestingly,	several	
groups	have	shown	 that	maternal	dietary	supplementation	of	methyl	donors	 (diets	 rich	 in	 folate,	
choline,	 betaine)	 or	 exposure	 to	 airborne	 pollutants	 can	 have	 a	 profound	 impact	 on	 the	 pheno-
type	of	the	offspring	through	epigenetic	reprogramming	(Hollingsworth et al.	2008;	Perera et al.	
2009).	Transplacental	exposure	to	polycyclic	aromatic	hydrocarbons	(abundant	in	high-traffic	areas)	
induces	DNA	methylation	in	acyl-CoA	synthetase	long-chain	family	member	3	gene	that	might	be	
mechanistically	related	to	childhood	asthma	or	airway	inflammation	(Perera et al.	2009).	Prenatal	
dietary	exposure	to	high-methyl	donor	diet,	as	mentioned	earlier,	has	been	shown	to	induce	airway	
hyperresponsiveness	in	mice	due	to	hypermethylation	of	various	promoters	(Hollingsworth et al.	
2008).	In	addition,	histone	acetylation	is	significantly	elevated	in	asthmatic	lungs	(Ito et al.	2002),	
which	plays	a	pivotal	role	in	sustained	pro-inflammatory	gene	expression	as	seen	in	asthmatics.	

25.3   MOLECULAR EPIGENOMIC TARGETS FOR 
THERAPEUTIC INTERVENTIONS 

Epigenetic	 changes	 in	 chronic	 lung	 inflammatory	 diseases	 can	 be	 maintained	 through	 cell	 divi-
sion	and	 inherited	across	generations,	 although	 there	 is	no	change	 in	genetic	 code.	The	epigene-
tic	changes	and	chromatin	modifications	are	reversible	and	can	be	regulated	by	specific	enzymes/
proteins	involved	in	the	process.	Emerging	epigenetic	paradigm	in	chronic	and	allergic	airways	dis-
eases,	such	as	asthma	and	COPD,	include	epigenetic	marks	that	affect	gene	expression	in	the	lung,	
which	will	provide	novel	insight	regarding	these	complex	epigenetic	mechanisms	and	pathways	that	
harness	the	dynamic	biology	of	epigenetic	chromatin	remodeling	in	the	lung.	Understanding	these	
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epigenetic	mechanisms/pathways	may	lead	to	the	development	of	novel	diagnostic	and	epigenetics-
based	therapeutic	approaches	to	treat	and	manage	chronic	lung	diseases	(Martino	and	Prescott	2011;	
Yang	and	Schwartz	2011).

25.3.1  histOnE acEtyltransfErasEs

Histone	acetyltransferases	(HATs)	catalyze	the	acetylation	of	lysine	residues	in	histone	amino-ter-
minal	domains,	which	has	been	positively	linked	to	transcriptional	activation.	It	also	acetylates	a	
wide	range	of	non-histone	proteins,	including	transcription	factors,	in	which	the	effect	of	acetylation	
depends	on	the	functional	domain.	Several	HATs	or	proteins	with	intrinsic	HAT	activity	have	been	
identified.	CBP	and	p300	are	ubiquitously	expressed	HATs	with	high	structural	homology.	CBP	
and	p300	are	of	particular	interest	as	they	are	the	key	co-activators	in	regulating	pro-inflammatory	
gene	transcription.	The	co-activator	function	of	CBP/p300	is	regulated	via	phosphorylation	by	p38	
mitogen-activated	protein	kinase,	which	is	activated	in	oxidative	stress	conditions.	

The	 activities	 of	 HATs	 are	 shown	 to	 be	 affected	 in	 inflammatory	 conditions.	 Elevated	 HAT	
activity	 is	 found	in	asthmatic	airways	as	compared	to	 those	 in	normal	subjects	(Ito et al.	2002).	
Interestingly,	lung	tissues	(bronchial	biopsies)	of	asthmatics	showed	increased	HAT	activity,	with-
out	any	changes	in	protein	levels	or	site	of	expression	of	CBP/p300	and	p300/CBP-associated	factor	
(PCAF)	(Ito et al.	2002).	In	contrast	with	asthmatics,	lungs	of	patients	with	COPD	showed	no	sig-
nificant	change	in	HAT	activity	(Ito et al.	2005).	These	observations	suggest	that	increased	histone	
acetylation	and	pro-inflammatory	gene	expression	seen	in	asthma	and	COPD	is	mediated	by	differ-
ent	molecular	mechanisms.

Corticosteroids	reduces	the	nuclear	HAT	activity	in	patients	with	severe	asthma;	however,	they	
are	not	effective	in	reducing	pro-inflammatory	response	and	improving	lung	function	(Hew et al.	
2006).	The	corticosteroid	insensitivity	to	inhibit	inflammatory	response	is	due	to	the	reduction	in	
HDAC2	activity.	This	observation	suggests	the	use	of	a	therapeutic	drug	with	a	multiple	mode	of	
action	or	a	combination	of	multiple	drugs	(HAT	inhibitors	and	HDAC	activators)	may	be	important	
in	treatment	of	COPD	and	asthma.

25.3.2  histOnE DEacEtylasEs

Histone	deacetylases	(HDACs)	catalyze	the	removal	of	the	acetyl	group	from	lysine	residues	of	the	
core	 histone	 tails	 and	 non-histone	 proteins,	 such	 as	 transcription	 factors	 (e.g.,	 NF-κB	 and	 AP-1).	
Counter-regulatory	to	acetylation,	HDAC-mediated	deacetylation	is	linked	to	transcriptional	repres-
sion.	To	date,	18	different	HDACs	have	been	identified	in	humans	and	mice.	The	role	of	HDAC2	and	
sirtuin	1	(SIRT1)	is	more	extensively	studied	in	lung	inflammatory	processes	than	other	HDACs.

HDAC2	is	a	class	I	HDAC	and	is	primarily	 localized	 in	 the	nucleus	 to	regulate	gene	expres-
sion.	Monocyte-derived	macrophages,	 the	main	orchestrators	of	chronic	 inflammatory	 response,	
show	a	decreased	HDAC2	level	in	smokers	and	patients	with	COPD	as	compared	to	healthy	non-
smokers	(Mercado et al.	2011).	Peripheral	lung	tissues	of	patients	with	COPD	showed	decreased	
levels	of	both	mRNA	and	protein	expression	of	HDAC2,	which	subsequently	leads	to	a	reduction	
in	HDAC2	activity.	The	extent	of	reduction	is	associated	with	increased	histone	H4	acetylation	and	
pro-inflammatory	gene	transcription	(interleukin-8	mRNA)	in	different	stages	of	COPD	severity	
(GOLD	stages	1	to	4)	(Ito et al.	2005).	

Asthmatic	lungs	show	a	distinct	pattern	of	HDAC	level/activity	depending	on	disease	severity,	
cell	type	and	heterogeneity	of	the	disease	phenotype.	Reduction	in	HDAC2	activity	was	observed	in	
peripheral	monocytes	derived	from	patients	with	severe	asthma	as	compared	to	non-severe	asthma	
(Hew et al.	2006).	Interestingly,	mild	intermittent	asthmatics	showed	reduction	in	HDAC2	activ-
ity	and	HDAC2	protein	expression	 in	alveolar	macrophages	and	bronchial	biopsies	compared	 to	
normal	subjects	(Ito et al.	2002;	Cosio et al.	2004).	In	contrast,	no	significant	reduction	in	HDAC2	
activity	was	observed	in	lungs	of	mild	asthmatics	(Ito et al.	2005).	Decreased	HDAC2	activity	is	
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directly	related	to	increased	acetylation	of	histone	proteins	and	transcription	factors,	such	as	NF-κB,	
which	lead	to	increased	pro-inflammatory	gene	expression.	The	reduction	in	HDAC2	is	induced	by	
cigarette	smoke/oxidant-mediated	phosphorylation	of	serine/threonine	residues	by	a	protein	kinase	
CK2-mediated	mechanism,	which	 resulted	 in	ubiquitin-proteasome-dependent	HDAC2	degrada-
tion	(Adenuga et al.	2009).

The	reduction	in	HDAC2	is	directly	correlated	with	corticosteroid	insensitivity	seen	in	severe	
asthmatics	 and	 patients	 with	 COPD	 because	 corticosteroids	 recruit	 HDAC2	 to	 switch	 off	 pro-
inflammatory	gene	expression.	Reduced	HDAC2	activity	in	COPD	is	correlated	with	acetylation	
of	nuclear	factor	erythroid-related	factor	2	(Nrf2,	which	regulates	antioxidant	gene	expression)	and	
the	subsequent	loss	of	Nrf2	stability	(Mercado et al.	2011).	Interestingly,	Nrf2	deficiency	leads	to	
reduced	HDAC2	levels	and	deacetylase	activity	in	lungs.	The	dysregulation	of	HDAC2-Nrf2	bal-
ance	results	in	impaired	antioxidant	defenses	and	steroid	insensitivity	that	worsen	the	inflammatory	
condition	(Adenuga et al.	2010).	This	suggests	the	use	of	HDAC2	as	a	potential	target	to	increase	
corticosteroid	sensitivity	and	manage	chronic	inflammatory	lung	diseases.

SIRT1	is	a	metabolic	NAD+-dependent	class	III	HDAC.	It	regulates	a	range	of	biological	processes	
including	stress	resistance,	inflammation,	apoptosis,	autophagy,	and	aging	by	deacetylating	histone	
H3K56,	 NF-κB,	 AP-1,	 p53,	 FOXO3,	 and	 poly(ADP-ribose)-polymerase-1	 (PARP-1).	 Smokers	 and	
patients	with	COPD	show	a	decreased	nuclear	SIRT1	level	in	peripheral	lungs	as	compared	to	non-
smokers	(Rajendrasozhan et al.	2008b).	Exposure	to	cigarette	smoke,	oxidants,	or	aldehydes	induces	
posttranslational	modifications,	such	as	formation	of	nitrotyrosine,	aldehyde	carbonyl	adducts,	and	
alkylation	 of	 SIRT1,	 which	 results	 in	 ubiquitin-proteasome-dependent	 degradation	 and	 decreased	
enzymatic	activity	(Rajendrasozhan et al.	2008b;	Caito et al.	2010).	Loss	of	SIRT1	is	associated	with	
increased	acetylation	(K310)	of	the	RelA/p65	subunit	of	NF-κB	and	subsequently	increased	inflam-
mation	(Rajendrasozhan et al.	2008b).	SIRT1	deficiency	also	increased	the	autophagy	of	lung	cells	via	
the	PARP-1-dependent	mechanism,	which	is	involved	in	the	pathogenesis	of	cigarette	smoke-	mediated	
age-related	diseases,	such	as	emphysema	and	COPD	(Hwang et al.	2010).	An	anti-inflammatory	effect	
of	SIRT1	overexpression	against	cigarette	smoke	exposure	is	shown	(Rajendrasozhan et al.	2008b),	
suggests	the	potential	use	of	SIRT1	activators	to	treat	chronic	inflammatory	lung	diseases.

25.3.3  histOnE mEthyltransfErasEs 

Histone	 methyltransferases	 (HMTs)	 are	 enzymes	 that	 cause	 histone	 methylation	 either	 at	 lysine	
(lysine	methyltransferase)	or	arginine	(arginine	methyltransferase)	residues.	HMTs	are	deregulated	
in	several	chronic	lung	diseases,	thereby	affecting	global	methylation.	Histones	H3	(H3K4,	H3K9,	
and	H3K27)	and	H4	(H4K20)	are	frequently	and	preferentially	methylated	as	mono-,	di-,	or	 tri-
methylated	histone	H3	and	histone	H4	(Seligson et al.	2009).	Interestingly,	histone	methylation	is	
associated	with	both	gene	activation	and	repression,	depending	on	the	lysine	residue	that	is	methyl-
ated	in	the	histones	(H3	and	H4).	For	instance,	methylation	at	H3K4,	H3K36,	and	H3K79	is	linked	
to	gene	activation,	whereas	H3K9,	H3K27,	and	H3K20	methylation	is	associated	with	gene	repres-
sion	(Gosden	and	Feinberg	2007).	However,	it	remains	to	be	known	whether	these	modifications	
occur	on	various	pro-	and	anti-inflammatory,	pro-	and	anti-apoptotic,	protease	and	anti-protease,	
antimicrobial	and	antioxidant	genes	in	response	to	cigarette	smoke	in	lungs	of	patients	with	asthma	
and	COPD.	Furthermore,	it	is	not	known	whether	dietary	natural	products	would	have	any	influence	
on	these	modifications	that	would	either	occur	in utero	or	later	in	adult	life.	

25.3.4  histOnE DEmEthylasEs

Histone	demethylases	(HDMs)	catalyze	the	removal	of	the	methyl	group	from	lysine	or	arginine	
residues	of	histones.	The	HDMs	are	classified	into	two	types,	that	is,	lysine-specific	demethylase	
1	(LSD1)	and	Jumonji	C	(JmjC)	domain	family	proteins,	which	are	involved	in	regulation	of	gene	
expression.	Identification	of	several	HDMs	suggests	their	dynamic	role	in	regulation	of	biological	
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processes	including	histone	methylation	(Lim et al.	2010).	The	role	of	HDMs	in	asthma	and	COPD	
is	not	known.	Depletion	of	H3K4	demethylase	JMJD1A	sufficiently	reduces	tumor	growth	in vivo,	
demonstrating	 its	 role	 in	 regulating	 histone	 methylation	 in	 response	 to	 hypoxia.	 Under	 hypoxic	
conditions,	the	increased	levels	of	H3K4me3	in	human	alveolar	A549	and	bronchial	Beas-2B	epi-
thelial	cell	lines	occur	because	of	inhibition	of	the	demethylation	process,	particularly	demethylase	
(JARID1A).	Knockdown	of	 JARID1A	 induces	H3K4me3	at	 the	promoters	of	heme	oxygenase-1	
(HMOX1)	and	decay-accelerating	factor	(DAF)	genes	in	Beas-2B.	Therefore,	hypoxia	(which	occurs	
in	 the	 lungs	 of	 patients	 with	 COPD	 and	 cancer)	 targets	 JARID1A	 demethylase,	 which	 induces	
H3K4me3	both	globally	and	at	gene-specific	promoters	(Zhou et al.	2010).	This	has	implications	in	
epigenetic	targeting	of	cigarette	smoke-induced	COPD	and	lung	cancer.	

25.3.5  nf-κB

NF-κB	 is	 a	 pleiotropic	 transcription	 factor	 involved	 in	 the	 regulation	 of	 inflammatory	 and	 immune	
responses.	Five	family	members	of	NF-κB	exist	 in	mammals:	NF-κB1	(p50	and	the	precursor	p105),	
NF-κB2	(p52	and	the	precursor	p100),	RelA	(p65),	RelB,	and	c-Rel	that	exist	in	cells	as	hetero-	or	homo-
dimers.	NF-κB	regulates	the	expression	of	cytokines,	chemokines,	and	inducible	enzymes	that	are	involved	
in	the	inflammatory	processes.	NF-κB	is	activated	via	phospho-acetylation	and	causes	a	pro-inflamma-
tory	response	in	lungs	of	asthmatics	and	patients	with	COPD	(Edwards et al.	2009).	The	RelA/p65-p50	
heterodimer,	the	most	abundant	form	of	NF-κB,	is	released	from	the	inhibitor	kappaB	(IκB)	by	the	IκB	
kinase	(IKK)-mediated	mechanism.	Subsequently,	RelA/p65	is	phosphorylated	at	S276	and	S311	by	pro-
tein	kinase	A	(PKA),	mitogen-	and	stress-activated	protein	kinases	1	and	2	(MSK1	and	MSK2),	and	pro-
tein	kinase	C	zeta	(PKCζ).	This	phosphorylation	facilitates	its	interaction	with	p300/CBP,	which	acetylates	
RelA/p65	at	K218,	K211,	and	K310.	Acetylation	of	RelA/p65	at	K218/K221	increases	the	DNA	binding,	
while	acetylation	at	K310	increases	the	transactivation	potential.	However,	post-translational	modifications	
of	chromatin	are	critical	for	the	binding	of	RelA/p65	with	DNA.	Unwinding	of	DNA,	primarily	by	acety-
lation	of	histones,	increases	the	accessibility	of	NF-κB	to	pro-inflammatory	gene	promoters.

Impaired	HAT-HDAC	balance	mediates	histone	acetylation	and	DNA	unwinding.	In	addition,	
NF-κB	plays	a	pivotal	role	in	histone	acetylation	as	it	recruits	transcription	co-activators,	including	
p300/CBP,	to	the	chromatin.	All	four	histone	proteins	(H2A,	H2B,	H3,	and	H4)	can	be	acetylated	
by	p300/CBP	in	the	nucleosomes	in	concert	with	PCAF.	NF-κB	also	has	intrinsic	HAT	activity.	
Recruitment	of	NF-κB	in	the	chromatin	is	accompanied	by	the	ordered	elevation	of	histone	H4	and	
H3	acetylation.	Moreover,	NF-κB-induced	acetylation	occurs	preferentially	on	histone	H4	at	K8	
and	K12	at	NF-κB-responsive	regulatory	elements,	which	leads	to	transcriptional	activation.	Thus,	
pro-inflammatory	gene	expression	requires	coordination	of	transcription	factors,	co-activators,	and	
chromatin	remodeling.	Because	of	the	central	role	of	NF-κB	in	inflammatory	conditions,	it	is	now	
considered	as	the	primary	target	in	therapeutic	intervention	of	chronic	inflammatory	lung	diseases.	

25.3.6  micrOrnas 

MicroRNAs	(miRNAs)	are	small	noncoding	RNAs	that	regulate	mRNA	stability	and/or	transla-
tion,	which	play	an	important	role	in	a	variety	of	biological	processes	ranging	from	developmental	
patterning	and	stress	responses	to	epigenetic	inheritance	(Oglesby et al.	2010).	MicroRNAs	bind	
to	target	sites	in	the	3'	UTR	of	mRNAs,	causing	posttranscriptional	repression	or	degradation	of	
mRNAs.	Schembri et al.	(2009)	found	that	microRNA-218	modulates	smoking-induced	gene	expres-
sion	changes	in	human	airway	epithelium,	and	plays	a	role	in	the	host	response	to	environmental	
exposures	and	in	pathogenesis	of	smoking-related	lung	disease.	However,	miRNA	expression	is	not	
altered	in	response	to	anti-inflammatory	corticosteroid	(budesonide)	treatment	in	mild	asthmatics	
(Schembri et al.	2009).	Furthermore,	certain	microRNAs	(e.g.,	microRNA-18	and	microRNA-124a)	
downregulate	glucocorticoid	receptor	levels	(Uchida et al.	2008;	Kotani et al.	2009),	which	impli-
cates	the	involvement	of	microRNA	signaling	in	glucocorticoid	responsiveness.	However,	there	is	
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no	 information	 available	 regarding	 the	 involvement	 of	 specific	 microRNA	 in	 steroid	 sensitivity.	
Future	studies	on	severe	asthmatics	with	steroid	resistance	may	reveal	changes	in	miRNA	expres-
sion	(Schembri et al.	2009;	Williams et al.	2009).

Recent	studies	have	also	demonstrated	that	miRNA	expression	levels	are	downregulated	in	lungs	
of	mice	and	rats	exposed	to	cigarette	smoke,	which	correlates	with	the	miRNA	expression	changes	
observed	 in	human	airway	epithelium	 (Izzotti  et  al.	 2009;	 Izzotti  et  al.	 2010).	Pottelberge et  al.	
(2011)	identified	8	miRNAs,	including	let-7c	and	miR-125b,	which	are	expressed	lower	in	sputum	
cells	of	patients	with	COPD	who	are	current	smokers	compared	to	never	smokers	without	airflow	
limitations.	TNFRII	was	identified	as	a	predicted	target	of	let-7c,	which	is	shown	to	be	elevated	in	
the	sputum	of	current	smokers	with	COPD	(Pottelberge et al.	2011).	Thus,	it	is	possible	that	miRNA	
alterations	have	potential	clinical	and	biological	relevance	in	phenotypic	characterization	and	dis-
ease	 progression	 of	 smoking-related	 lung	 diseases	 and	 possibly	 in	 asthma	 (Oglesby  et  al.	 2010;	
Pottelberge et al.	2011).

25.4  NUTRIEPIGENOMICS 

Food	 and	 food	 components	 (phytochemicals)	 are	 of	 considerable	 interest	 in	 the	 management	 of	
various	 chronic	 lung	 diseases	 because	 of	 their	 presumed	 safety	 and	 traditional	 use.	 Natural	
product–	containing	compounds—such	as	curcumin,	resveratrol,	catechins,	garcinol,	and	anacardic	
acid—regulate	epigenetic	programming	termed	nutriepigenomics	(Figure	25.2).	Dietary	intake	of	
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FIGURE  25.2  (see  color  insert)  Dietary	 polyphenols	 from	 different	 plant	 sources	 and	 their	 molecular	
nutriepigenomics	functions.	Plant-derived	polyphenols	attenuate	epigenetic	alterations	involved	in	several	cel-
lular	processes,	such	as	anti-inflammatory,	immune	modulation,	reversal	of	steroid	resistance,	as	well	as	act	as	
antiasthmatic,	anticancer,	and	antiaging	agents.	The	dietary	polyphenols	obtained	from	each	of	these	plants	
are	given	in	parentheses.	
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fruits	and	vitamin	E	 is	correlated	with	decreased	severity	of	COPD	and	mortality	 (Walda et al.	
2002).	Consumption	of	tea,	apples,	and	other	food	products	that	contain	catechin,	flavonol,	and	fla-
von	(polyphenols,	58	mg/day)	has	been	reported	to	improve	pulmonary	function	and	reduce	COPD	
symptoms,	such	as	chronic	cough	and	breathlessness	(Tabak et al.	2001).	Intake	of	polyphenols,	
such	as	quercetin,	naringenin,	and	hesperetin	is	negatively	correlated	with	the	incidence	of	asthma	
(Knekt et al.	2002).	These	studies	indicate	that	natural	products	have	significant	therapeutic	potential	
in	the	management	of	chronic	inflammatory	diseases,	including	COPD	and	asthma	(Mathers et al.	
2010;	vel	Szic et al.	2010).	Further	research	on	anti-inflammatory	effects	of	phytochemicals,	espe-
cially	on	gene	expression/chromatin	remodeling,	may	also	provide	potential	therapeutic	strategies	
for	the	treatment	and	management	of	lung	inflammation	in	chronic	lung	diseases.	

25.4.1  curcumin

Curcumin	(diferuloylmethane)	is	the	major	constituent	in	the	rhizomes	of	Curcuma longa,	which	is	
known	as	turmeric	and	Indian	saffron.	It	is	used	as	a	spice	or	coloring	agent	in	food	preparations	and	
has	a	long	history	of	use	to	treat	a	wide	variety	of	inflammatory	conditions.	Accumulating	experi-
mental	evidence	suggests	that	curcumin	is	a	highly	pleiotropic	molecule	capable	of	interacting	with	
numerous	molecular	targets	involved	in	inflammation,	such	as	transcription	factors,	inflammatory	
cytokines,	protein	kinases,	and	other	enzymes	involved	in	epigenetic	regulation.	While	the	mecha-
nism	of	action	of	curcumin	is	complicated	and	well	studied,	curcumin-mediated	epigenetic	regula-
tion	via	its	anti-inflammatory	activity	is	less	studied.	

Curcumin	 regulates	 the	 epigenetic	 silencing	 of	 pro-inflammatory	 genes	 by	 shifting	 the	 his-
tone	 acetylation-deacetylation	 balance	 toward	 the	 deacetylation	 side.	 It	 is	 a	 potent	 p300/CBP-
specific	HAT	 inhibitor,	whereas	 it	 does	not	 affect	 the	 activities	 of	PCAF	and	methyltransferase	
(Balasubramanyam et al.	2004).	Curcumin-mediated	HAT	inhibition	is	closely	correlated	with	its	
ability	to	act	as	a	Michael	reaction	acceptor	due	to	the	presence	of	alpha,	beta-unsaturated	carbonyl	
groups	in	the	side	chain	(Marcu et al.	2006).	Presumably,	curcumin	binds	not	only	to	the	active	
site,	but	to	some	other	specific	site	in	p300/CBP	that	leads	to	conformational	changes,	resulting	in	a	
decreased	binding	efficiency	of	both	histones	and	acetyl	CoA	to	the	enzyme	(Balasubramanyam et al.	
2004).	It	can	effectively	repress	the	acetylation	of	histone/non-histone	proteins	and	HAT-dependent	
chromatin	transcription	(Balasubramanyam et al.	2004).	

In	addition	 to	 the	 inhibition	of	p300/CBP,	curcumin	can	also	 induce	HDAC2	levels,	which	is	
	associated	 with	 decreased	 NF-κB-DNA	 binding	 and	 inhibition	 of	 pro-inflammatory	 cytokine	
release	(Yun et al.	2011).	This	is	supported	by	the	finding	that	cigarette	smoke/oxidant-mediated	
reduction	 in	HDAC2	protein	 level	 and	 activity	was	 attenuated	by	 curcumin	 treatment	 in	mono-
cytes	and	macrophages	 (Meja et al.	2008).	Curcumin-mediated	 restoration	of	HDAC2	is	associ-
ated	 with	 increased	 corticosteroid	 sensitivity	 in	 response	 to	 cigarette	 smoke	 exposure	 because	
	corticosteroid-mediated	 repression	of	pro-inflammatory	gene	expression	 that	occurs	via	HDAC2	
recruitment	(Meja et al.	2008).	

Curcumin	has	the	ability	to	regulate	microRNA	expression,	thereby	impacting	signaling	pathway	
and	cellular	function	(Li et al.	2010).	However,	it	is	unknown	whether	the	regulation	of	microRNA	
by	 curcumin	 contributes	 to	 its	 ability	 to	 reverse	 steroid	 resistance.	 Curcumin	 also	 regulates	 the	
transcription	 factor	 activity	 to	 mitigate	 pro-inflammatory	 gene	 expression.	 It	 inhibits	 cigarette	
smoke–induced	activation	of	NF-κB	through	inhibition	of	IKK,	which	is	involved	in	degradation	of	
inhibitory	protein	κB.	By	inhibiting	the	activation,	curcumin	indirectly	prevents	the	NF-κB-DNA	
binding,	co-activator	assembly	on	chromatin,	and	thereby	prevents	the	NF-κB-mediated	epigenetic	
changes	and	pro-inflammatory	gene	expression.	Curcumin	has	been	shown	to	inhibit	CS-induced	
lung	 inflammatory	 cell	 influx	 and	 COPD-like	 airway	 inflammation	 in	mice	 (Moghaddam et  al.	
2009;	Suzuki et al.	2009).	

Antioxidant	activity	of	curcumin	plays	a	complementary	role	to	regulate	epigenetic	modifica-
tions	 by	 reducing	 the	 oxidative	 modifications	 on	 epigenetic	 enzymes.	 Curcumin	 exhibits	 potent	
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antioxidant	activity	by	quenching	 free	 radicals	and	activating	Nrf2-mediated	expression	of	anti-
oxidant	genes,	such	as	heme	oxygenase-1,	glutathione	peroxidase,	modulatory	subunit	of	glutamyl-
cysteine	ligase,	and	NAD(P)H	quinone	oxidoreductase	1	(Goel	and	Aggarwal	2010).	The	phenolic	
hydroxyl	groups	are	important	for	antioxidant	activities	of	curcumin.	Oral	administration	of	cur-
cumin	induced	the	expression	of	Nrf2-regulated	antioxidants	and	attenuated	CS-induced	pulmo-
nary	inflammation	and	emphysema	in	mice	(Suzuki et al.	2009).

Human	clinical	trials	indicated	that	curcumin	is	safe	even	at	a	dose	of	12	g/day.	Few	clinical	
studies	have	shown	that	oral	intake	of	curcumin	has	a	protective	effect	in	inflammatory	diseases	
(White	and	Judkins	2011).	However,	 the	major	obstacle	for	 the	use	of	curcumin	as	a	 therapeutic	
drug	 is	 its	 low	bioavailability.	Poor	absorption	due	 to	 its	hydrophobic	nature,	 rapid	metabolism,	
such	as	conjugation/glucuronidation,	and	rapid	systemic	clearance	contribute	to	the	low	plasma	and	
tissue	levels	of	curcumin	upon	administration.	Multiple	approaches	are	being	sought	to	increase	the	
bioavailability	of	curcumin	that	include	coadministration	with	an	adjuvant	(like	piperine)	to	delay	
metabolic	clearance	and	improve	formulations	for	curcumin	delivery,	such	as	liposome,	nanoparti-
cles,	and	phospholipid	complex.	Enhanced	bioavailability	of	curcumin,	and	clinical	trials	in	patients	
with	asthma	or	COPD,	are	likely	to	address	its	potential	therapeutic	benefit	for	the	intervention	of	
lung	inflammation	in	chronic	lung	diseases.

25.4.2  rEsvEratrOl

Resveratrol	(a	phytoalexin),	found	in	grapes,	wine,	peanuts,	and	soy,	possesses	diverse	pharmaco-
logic	properties,	such	as	anticancer,	anti-inflammatory,	neuroprotective,	and	antiaging.	The	ben-
eficial	effects	of	resveratrol	are	mediated	primarily	by	SIRT1	activation.	Resveratrol	 increases	
SIRT1	activity	by	lowering	the	Km	value	for	both	acetylated	substrate	and	NAD+	(Howitz et al.	
2003).	

The	 anti-inflammatory	 activity	 of	 resveratrol	 has	 been	 reported	 against	 cigarette	 smoke	
exposure	 in	 cells	 in	 culture.	 Resveratrol	 inhibits	 NF-κB	 activation	 and	 expression	 of	 pro-
inflammatory	cytokines	(Yang et al.	2007;	Csiszar et al.	2008),	via	SIRT1-mediated	deacety-
lation	of	RelA/p65	subunit	of	NF-κB	at	K310,	which	 results	 in	 transcriptional	 repression	of	
pro-inflammatory	 genes	 (Yang  et  al.	 2007).	 Interestingly,	 the	 anti-inflammatory	 activity	 of	
resveratrol	was	abolished	by	knockdown	of	SIRT1,	suggesting	that	resveratrol	exerts	its	activ-
ity	through	a	SIRT1-dependent	mechanism	(Csiszar et al.	2008).	Resveratrol	also	induces	the	
association	between	SIRT1	and	p300,	which	leads	to	inhibition	of	NF-κB	acetylation	and	sub-
sequent	nuclear	translocation	(Shakibaei et al.	2011).	Radical-scavenging	and	Nrf2-activating	
activities	of	resveratrol	are	also	important,	because	resveratrol-induced	downregulation	of	pro-
inflammatory	cytokines	 in	airway	 inflammation,	which	 is	 shown	 to	be	mediated	by	NF-κB-
independent	mechanism	(Kode et al.	2008).

Resveratrol-induced	activation	of	SIRT1	is	associated	with	decreased	expression	of	MMP-9	and	
autophagy,	 which	 play	 a	 pivotal	 role	 in	 COPD	 pathogenesis	 (Hwang  et  al.	 2010;	 Lee	 and	 Kim	
2011).	 Resveratrol	 mitigates	 the	 release	 of	 steroid-resistant	 inflammatory	 cytokines	 and	 MMP-9	
from	 alveolar	 macrophage	 isolated	 from	 patients	 with	 COPD	 (Knobloch  et  al.	 2011).	 The	 anti-
inflammatory	activity	of	resveratrol	is	more	potent	than	corticosteroids,	and	therefore	resveratrol	
could	be	an	alternative	to	corticosteroids	in	COPD	therapy	(Knobloch et al.	2011).	Resveratrol	has	
also	been	shown	to	possess	anti-inflammatory	and	anti-asthmatic	effects	in	a	mouse	model	of	aller-
gic	asthma	(Lee et al.	2009).

About	75%	of	orally	administered	resveratrol	is	absorbed	in	humans;	however,	the	bioavailability	
is	considerably	low	because	of	extensive	metabolism	in	the	intestine	and	liver.	Variable	approaches	
are	 being	 used	 to	 overcome	 these	 limitations,	 which	 include	 the	 use	 of	 methylated	 derivatives,	
micronized	 resveratrol,	 and	Tween-80	 as	 an	 adjuvant.	The	 aforementioned	 observations	 showed	
that	resveratrol	studies	warrant	further	research	for	the	development	of	a	potential	therapeutic	agent	
involving	resveratrol	in	management	of	asthma	and	COPD.	
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25.4.3  catEchins

Catechins	are	the	major	component	of	green	tea	extract.	There	are	several	 isomers	of	catechins,	
which	include	catechin,	catechin	gallate	(CG),	gallocatechin,	gallocatechin	gallate	(GCG),	epicat-
echin,	epicatechin	gallate	(ECG),	epigallocatechin,	and	epigallocatechin	gallate	(EGCg).	Dietary	
intake	of	catechin	has	been	reported	to	independently	improve	the	lung	function	(as	measured	by	
FEV1)	 and	 reduce	 the	 symptoms	 of	 COPD,	 such	 as	 chronic	 cough,	 breathlessness,	 and	 chronic	
phlegm	(Tabak et al.	2001).	The	potential	use	of	catechins	as	a	therapeutic	agent	has	raised	consider-
able	interest	due	to	its	mechanism	of	action.	EGCG	is	the	most	effective	catechin	and	specific	global	
inhibitor	of	HAT	activity.	

EGCG	inhibits	p300-mediated	acetylation	of	NF-κB	and	thereby	abrogates	acetylation-depen-
dent	 activation	 and	 nuclear	 translocation	 of	 NF-κB.	 It	 also	 inhibits	 the	 binding	 of	 p300	 to	 the	
pro-inflammatory	gene	promoter	with	an	increased	recruitment	of	HDAC3,	which	results	in	down-
regulated	expression	of	NF-κB-related	inflammatory	proteins	(Choi et al.	2009).	EGCG	showed	a	
potent	anti-inflammatory	activity	against	cigarette	smoke	exposure	by	inhibiting	NF-κB	activation,	
which	is	independent	of	its	antioxidant	activity	(Yang et al.	2001).	EGCG	showed	poor	oral	bio-
availability	due	 to	 its	 limited	absorption	and	intestinal	metabolism.	Peracetate	protected	EGCG,	
nano-lipidic	EGCG,	or	coadministration	with	piperine	are	useful	approaches	 to	 increase	 its	oral	
bioavailability.

25.4.4  garcinOl

Garcinol	(polyisoprenylated	benzophenone	derivative)	is	derived	from	kokum	(Garcinia indica)	fruit.	
It	is	a	potent	nonspecific	inhibitor	of	CBP/p300	and	PCAF	HATs.	Garcinol	inhibits	HAT-mediated	
histone	acetylation	in vivo	by	acting	as	a	competitive	inhibitor	for	core	histones	and	an	uncompetitive	
type	of	inhibitor	for	acetyl-CoA	(Balasubramanyam et al.	2004).	Phenolic	catechol	and	β-diketone	
groups	in	garcinol	are	important	in	inhibiting	acetyltransferase	activity	through	binding	with	histone	
and	acetyl-CoA	binding	sites	of	HAT	(Arif et al.	2009).	It	is	reported	to	repress	chromatin	transcrip-
tion	and	downregulate	global	gene	expression	 (Balasubramanyam et al.	2004).	Garcinol	pretreat-
ment	downregulated	the	expression	of	pro-inflammatory	mediators	in	response	to	cigarette	smoke	
exposure.	The	anti-inflammatory	activity	of	garcinol	is	mediated	by	inhibition	of	HAT	activity	and	
presumably	the	disruption	of	interaction	between	HAT	and	NF-κB	(Yang et al.	2009).

25.4.5  anacarDic aciD

Anacardic	acid	(6-pentadecyl	salicylic	acid)	is	derived	from	cashew	nuts	and	many	other	medici-
nal	plants,	such	as	Amphipterygium adstringens and	Ozoroa insignis.	It	inhibits	the	HAT	activity	
of	CBP/p300	 and	PCAF	 (Sung et  al.	 2008).	Anacardic	 acid	 interferes	with	 the	NF-κB	pathway	
by	 inhibiting	 NF-κB	 activation	 and	 acetylation,	 which	 results	 in	 downregulated	 expression	 of	
pro-inflammatory	gene	products.	Knockdown	of	the	p300	histone	acetyltransferase	gene	by	RNA	
interference	 abrogated	 the	 anti-inflammatory	 effect	 of	 anacardic	 acid,	 suggesting	 that	 anacardic	
acid	inhibits	NF-κB-mediated	gene	expression	by	a	HAT-dependent	mechanism	(Sung et al.	2008).	
Further	research	is	needed	to	determine	the	therapeutic	potential	of	anacardic	acid	against	asthma	
and	COPD.	

The	elucidation	of	potential	therapeutic	agents	based	on	epigenetic	modifications	from	the	vast	
range	of	phytochemicals	remains	a	major	challenge	in	the	management	of	chronic	lung	diseases.

25.5  PERSPECTIVES

Epigenetic/epigenomic	mechanisms	of	disease	pathogenesis	have	an	impact	in	both	basic	sciences	
and	clinical	areas	of	research.	
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25.5.1  clinical

•	 Epigenetic/epigenomic	changes	could	be	used	as	diagnostic	tools	for	asthma	and	COPD	
and	their	disease	severity.

•	 Epigenetic/epigenomic	 therapy	 as	 nutriepigenomics/nutrigenomics,	 using	 phytochemicals/
natural	products,	may	provide	comparatively	nontoxic	and	less-expensive	alternatives	to	cur-
rent	therapy	for	chronic	inflammatory	lung	diseases.	Furthermore,	the	use	of	phytochemicals	
(especially	HDAC2	and	SIRT1	activators)	in	conjunction	with	conventional	medications	may	
be	useful	to	improve	the	therapeutic	potential	in	managing	chronic	lung	diseases.

25.5.2  Basic sciEncEs

•	 Understanding	the	mechanism	of	phytochemical-mediated	epigenetic	modifications	is	not	
only	useful	for	evaluation	of	novel	compounds	for	inflammatory	processes	but	also	has	an	
effect	in	chronic	inflammatory	diseases.

•	 Optimization	 of	 natural	 products	 to	 improve	 absorption,	 bioavailability,	 and	 biological	
action	by	preparing	analogues,	derivatives,	nanoparticles,	or	coadministration	with	adju-
vant	will	be	a	useful	approach	to	develop	effective	pharmacological	agents.

•	 Structural	research	on	anti-inflammatory	phytochemicals	will	provide	effective	synthetic	
chemicals	in	the	management	of	asthma	and	COPD.

25.6  CONCLUSIONS AND FUTURE DIRECTIONS

In	this	chapter,	we	have	discussed	the	epigenetic	alterations	in	asthma	and	COPD,	as	well	as	their	
role	in	pro-inflammatory	gene	expression.	However,	further	epigenome-wide	research	is	needed	on	
histone	acetylation	and	methylation	patterns	and	DNA	methylation	to	understand	the	distinct	patho-
logical	differences	between	asthma	and	COPD.	Natural	products	showed	a	potential	regulatory	role	
in	epigenetic	modifications	as	nutriepigenomic/nutrigenomic	agents.	Within	the	anti-inflammatory	
phytochemicals	discussed,	curcumin	and	resveratrol	appear	to	be	promising	because	of	their	mul-
tiple	modes	of	action,	such	as	their	ability	to	cause	HDAC2	activation/HAT	inhibition	and	NF-κB	
inactivation.	However,	larger-scale	double-blind	clinical	trials	are	required	to	establish	the	role	of	
those	natural	products	in	management	of	asthmatics	and	patients	with	COPD.	Further	research	is	
needed	to	establish	whether	nutritional	intake	of	natural	products	(as	a	food/dietary	supplements)	
can	result	in	epigenetic	alterations	and	anti-inflammatory	effect	against	asthma	and	COPD	as	nutri-
epigenomics/nutrigenomics	therapies.

TAKE-HOME MESSAGES

•	 Cigarette	smoke	and	environmental	pollutants	are	known	to	impose	oxidative	burden	in	
lungs,	and	thereby	activate	redox-sensitive	transcription	factors,	which	regulate	the	expres-
sion	of	genes	encoding	pro-inflammatory	cytokines/chemokines.

•	 Epigenetic	changes,	such	as	posttranslational	modifications	of	histone	proteins	and	DNA	
methylation,	regulate	chromatin	(DNA-protein	complex)	structure	and	thereby	modulate	
pro-inflammatory	gene	expression.

•	 Epigenetic	mechanisms	underpin	the	pathogenesis	of	chronic	inflammatory	lung	diseases,	
such	as	asthma	and	COPD.	

•	 Environmental	factors	influence	on	pathogenesis	and	progression	of	asthma	and	COPD,	at	
least	in	part,	is	due	to	epigenetic	modifications.	

•	 Histone	 acetyltransferases,	 histone	 deacetylases,	 histone	 methyltransferases,	 histone	
demethylases,	nuclear	factor-kappaB,	and	microRNAs	are	potential	molecular	targets	by	
nutraceuticals	for	epigenetic	modifications.
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•	 Epigenetic	therapy	based	on	dietary	agents	may	be	useful	to	switch	off	the	expression	of	
pro-inflammatory	genes	and	hence	manage	chronic	inflammatory	lung	diseases.

•	 Natural	products,	such	as	curcumin,	resveratrol,	catechins,	garcinol,	and	anacardic	acid	
regulate	epigenetic	programming,	known	as	nutriepigenomics/nutrigenomics,	in	the	lung	
in	response	to	cigarette	smoke/oxidant	exposure,	and	thereby	play	an	anti-inflammatory	
role	in	chronic	lung	inflammation	(Table	25.1).

•	 Understanding	the	epigenetic	regulation	will	be	helpful	in	elucidation	of	novel	and	specific	
nutriepigenomics	therapy	in	the	management	of	asthma	and	COPD.

TABLE 25.1 
Molecular Targets of Phytochemicals and Their Potential Cellular and Functional Roles 
in Epigenetic Regulation and Inflammation

Phytochemicals Molecular Targets Cellular and Functional Roles

Curcumin HATs	(CBP/p300)	at	
H3K9,	H4K8	and	
H4K12,	HDAC2,	
RelA/p65	at	K218,	
K221	and	K310,	
NF-κB-dependent	
pro-inflammatory	
genes,	miRNAs,	and	
Nrf2-mediated	
antioxidant	genes

Regulates	epigenetic	silencing	of	pro-inflammatory	genes.
Represses	acetylation	of	histones	and	non-histone	proteins.
Induces	HDAC2	expression	and	decreases	NF-κB-DNA	binding	and	
pro-inflammatory	gene	expression.

Restores	HDAC2,	thereby	increases	corticosteroid	sensitivity	in	response	
to	CS.

Regulates	miRNA	expression,	thus	impacting	signaling	pathways	and	
their	cellular	functions.

Induces	expression	of	Nrf2-regulated	antioxidant	genes	such	as	HO-1,	
GPx,	GCL,	and	NQO1.

Resveratrol SIRT1,	HAT,	H4K8	
and	H4K12,	NF-κB,	
RelA/p65	at	K310,	
Nrf2,	and	MMP9

SIRT1	activation	decreases	MMP-9	and	autophagy	proteins.
Anti-inflammatory	activity	against	CS	in vitro.
Demonstrates	anti-inflammatory	and	anti-asthmatic	effects	in	
experimental	model	of	allergic	asthma	in	mice.

Inhibits	NF-κB	activation	and	expression	of	pro-inflammatory	genes.
Mitigates	the	release	of	steroid-resistant	inflammatory	cytokines.	

Catechins	(EGCG) HATs,	NF-κB	and	
NF-κB-dependent	
pro-inflammatory	
genes,	and	HDAC3

Improves	lung	function	and	reduces	symptoms	of	COPD.
Global	inhibitor	of	HAT	activity.
Inhibits	p300-mediated	acetylation	of	NF-κB.
Increases	HDAC3	recruitment,	downregulates	expression	of	NF-κB-
dependent	pro-inflammatory	genes.

Anti-inflammatory	activity	against	CS	exposure	by	inhibiting	NF-κB	
activation.

Garcinol HATs,	and	NF-κB Nonspecific	inhibitor	of	CBP/p300	and	PCAF	(inhibits	HAT	activity).
Represses	chromatin	transcription	and	downregulates	global	gene	
expression.

Anti-inflammatory	activity	due	to	inhibition	of	HAT	activity	and	
disruption	of	interaction	between	HATs	and	NF-κB.

Anacardic	acid HATs,	and	NF-κB Inhibits	HAT	activity	of	CBP/p300	and	PCAF.
Blocks	NF-κB	activation	and	acetylation	thereby	downregulates	
pro-inflammatory	gene	expression.

CBP,	CREB-binding	protein;	PCAF,	p300/CBP-associated	factor;	CS,	Cigarette	smoke;	GCL,	Glutamyl-cysteine	ligase;	
GPx,	 Glutathione	 peroxidase;	 HATs,	 Histone	 acetyltransferases;	 HDAC2,	 Histone	 deacetylase	 2;	 HMT,	 Histone	
	methyltransferase;	 HDM,	 Histone	 demethylase;	 NF-κB,	 Nuclear	 factor-κB;	 HO-1,	 Hemeoxygenase-1;	 MMP-9,	 Matrix	
metalloproteinase-9;	miRNAs,	MicroRNAs;	NF-κB,	Nuclear	factor-kappa	B;	NQO1,	NAD(P)H	quinone	oxidoreductase	1;	
SIRT1,	Sirtuin	1.	
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26.1  INTRODUCTION

Owing	to	the	recent	advancement	of	science	and	technology,	the	use	of	biological	agents	has	opened	
a	novel,	effective,	and	relatively	target-specific	approach	to	the	treatment	of	autoimmune	diseases.	
These	biological	agents,	commonly	called	biologics,	are	therapeutic	serum,	toxin,	antitoxin,	vac-
cine,	 virus,	 blood,	 blood	 component	 or	 derivative,	 allergenic	 product,	 or	 analogous	 product,	 or	
derivatives	used	for	the	prevention,	treatment,	or	cure	of	human	diseases.	In	this	chapter,	we	discuss	
the	biologics	used	in	the	treatment	of	autoimmune	diseases.

Biologics	are	proteins	of	high	molecular	weight,	designed	by	genetic	engineering,	with	inherent	
immunologic	activity	targeting	specifically	different	components	of	the	immune	and	inflammatory	
cascade	and	leading	to	the	modulation	of	the	disease.	These	agents	are	expensive	and	associated	
with	immediate	and	delayed	hypersensitivity	reactions	and	immunodeficiency	and	immune	imbal-
ance	categories	of	adverse	reactions	(Borchers et al.	2011),	requiring	continuous	laboratory	monitor-
ing	during	therapy.	In	spite	of	their	cost,	side	effects,	and	difficulty	in	administration,	patients	have	
accepted	them	as	a	new	hope	for	their	unfulfilled	wishes	in	the	treatment	of	autoimmune	diseases.

26.2   INTERPLAY OF THE IMMUNE SYSTEM IN THE 
DEVELOPMENT OF AUTOIMMUNE DISEASE

Autoimmune	 diseases	 are	 characterized	 by	 the	 presence	 of	 autoantibodies	 and	 inflammation,	
including	 mononuclear	 phagocytes,	 autoreactive	 T	 lymphocytes,	 and	 plasma	 cells.	 Autoimmune	
diseases	can	be	classified	as	organ-specific	or	non-organ-specific	depending	on	whether	the	autoim-
mune	response	is	directed	against	a	particular	tissue	like	the	synovium	in	rheumatoid	arthritis	or	
against	widespread	antigens	such	as	cell	nuclear	antigens	in	lupus.

Pathogenesis	 of	 autoimmune	 disease	 includes	 a	 complex	 interplay	 of	 immune	 cells.	 The	
major	 infiltrating	 cells	 include	 macrophages,	 neutrophils,	 self-reactive	 CD4+T	 helper	 cells	 and	
CD8+cytolytic	T	cells,	with	natural	killer	cells,	mast	cells,	and	dendritic	cells.	These	immune	cells	
destroy	the	tissue	architecture	by	damaging	the	cells	or	by	releasing	cytotoxic	cytokines,	prosta-
glandins,	reactive	nitrogen,	or	oxygen	intermediates.	Tissue	macrophages	and	monocytes	play	the	
role	of	antigen-presenting	cells	to	begin	an	autoimmune	response,	or	as	effector	cells	to	establish	an	
immune	response	that	has	already	been	initiated.	

26.2.1  T Cells in AuToimmuniTy

A	defect	in	thymic	selection	may	result	in	clonal	expansion	of	auto-reactive	CD4	and	CD8	T	cells	
in	autoimmune	diseases.	Although	both	CD4	and	CD8	T	cells	take	part	in	autoimmune	processes,	
due	to	molecular	complexities,	the	exact	role	of	CD8	cells	can	only	be	elucidated	in	animal	models	
of	type	1	diabetes,	experimental	autoimmune	encephalomyelitis	(EAE),	and	rheumatoid	arthritis	
(Najafian et al.	2003;	Davila et al.	2005).	Naïve	CD4	T	cells	are	progenitors	of	at	least	four	dis-
tinct	types	of	effector/regulatory	cells:	Th1,	Th2,	Th17,	and	Treg	cells.	Local	cytokine	environment	
orchestrates	the	CD4	T	cell	subset	differentiation	to	different	effector	lineages.	In	the	presence	of	
IL-12,	naïve	T	cells	differentiate	to	Th1	cells,	which	activate	macrophages	and	cytotoxic	T	cells	and	
mount	a	cell-mediated	immune	response	in	rheumatoid	arthritis,	psoriasis,	psoriatic	arthritis,	acute	
allograft	rejection,	graft-versus-host	disease,	and	many	other	autoimmune	diseases.	They	produce	
pro-inflammatory	cytokines	TNF-α,	IFN-γ,	IL-2,	and	IL-18.	Similarly,	in	the	presence	of	IL-23	and	
TGF-β	and	IL-6	naïve	T	cells,	they	differentiate	to	Th17	cells	and	induce	their	signature	cytokines	
IL-17A,	IL-17F,	IL-22,	and	IL-26,	which	are	also	pro-inflammatory	in	nature.	Th17	cells	constitute	
a	division	of	the	adaptive	immune	system	that	clears	extracellular	pathogens	mounting	a	massive	
inflammatory	response.	Animal	studies	reveal	the	role	of	Th17	cells	and	Th17-associated	cytokines	
in	infectious	diseases,	autoimmune	conditions,	transplantation	reactions,	allergy,	and	tumor	biol-
ogy.	Experimental	evidence	also	suggests	the	role	of	Th17	cells	in	human	psoriasis	(Krueger et al.	
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2007),	 rheumatoid	arthritis	 (Kirkham et al.	2006),	multiple	 sclerosis	 (Matusevicius et  al.	1999),	
inflammatory	bowel	disease	(Duerr et al.	2006),	asthma	(Barczyk et al.	2003),	and	some	bacterial	
and	fungal	infections.	In	psoriasis,	T	cells	extracted	from	psoriatic	skin	lesions	showed	predomi-
nantly	a	Th17	phenotype	(Pene et al.	2008),	which	is	in	line	with	the	observation	that	CCL20/CCR6	
signaling	is	an	important	pathway	for	chemoattraction	of	inflammatory	cells	to	epithelial	tissues.	
Similarly,	 in	 rheumatoid	 arthritis	 patients,	 cytokine	 expression	 of	 IL-17	 was	 prognostic	 of	 joint	
destruction	(Kirkham et al.	2006).	IL17	induces	a	plethora	of	pro-inflammatory	cytokines,	chemo-
kines,	and	proteases	in	the	chondrocytes	and	osteoblasts.	Furthermore,	RANKL	expression	on	the	
surface	of	Th17	cells	induces	osteoclastogenesis	(Kotake et al.	1999;	Miranda-Carus et al.	2006),	
promoting	cartilage	and	bone	destruction/resorption	(Koenders et al.	2006).	It	is	quite	intriguing	to	
find	that	an	immunosuppressive	cytokine	is	inducing	a	highly	inflammatory	T	helper	cell	line.	In	the	
molecular	level,	TGF-β	induced	differentiation	of	Tregs	and	Th17	cells	is	necessary	to	maintain	a	
balance	between	tolerance	and	autoimmunity.	Normally,	TGF-β	induces	Tregs,	which	are	a	regula-
tory	subset	of	the	naïve	T	cell,	taking	part	in	maintaining	self-tolerance.	In	the	presence	of	patho-
logical	triggers,	immune	cells	start	producing	IL-6,	which	prevent	the	development	of	the	Tregs	and	
induce	the	development	of	Th17	cells	leading	to	a	blast	of	immune	response.	Experiments	with	the	
rheumatic	synovium	showed	that	Tregs	are	present	in	abundance	in	the	synovial	fluid	(Lawson et al.	
2006)	but	are	incapable	of	suppressing	an	immune	response.	In	contrast,	if	the	naïve	T	helper	cell	
encounters	IL-4,	it	will	differentiate	into	a	Th2	cell,	which	secretes	anti-inflammatory	cytokines	
IL-4,	IL-5,	IL-9,	IL-10,	and	IL-13.	Th2	cells	also	stimulate	B	cells	to	make	antibodies	that	bind	to	
mast	cells,	basophils,	and	eosinophils.	

26.2.2  B Cells in AuToimmuniTy

B	 lymphocytes	 express	 cell-surface	 immunoglobulin	 (Ig)	 receptors	 skilled	 to	 recognize	 antigens	
(Ags).	The	major	role	of	these	cells	is	to	generate	antibody-secreting	plasma	cells	and	memory	B cells	
in	response	to	specific	Ags.	Secreted	antibodies	are	involved	in	humoral	immunity,	which	takes	an	
active	part	in	neutralizing	toxins	and	pathogens	and	also	in	assisting	their	elimination	by	activating	
several	effector	mechanisms,	such	as	phagocytosis	or	complement	system	proteins.	B cells	can	also	act	
as	antigen	presenting	cells	because	they	exclusively	arrest	and	internalize	Ag	to	an	endocytic	vacuole	
optimized	for	peptide	loading	onto	class	II	MHC	through	their	receptors.	The	MHC-peptide	complex	
is	transported	to	the	cell	surface	and	is	recognized	by	the	T-cell	receptor	of	the	CD4	T	cells.	Genetic	
perturbations	that	affect	B-cell	activation	thresholds	(e.g.,	CD19,	CD22,	lyn,	SHP2)	or	that	regulate	
apoptosis	(e.g.,	bcl-2,	bcl-x,	Fas/FasL)	dictate	the	escapade	of	an	autoreactive	B	cell,	its	clonal	expan-
sion,	and	the	induction	of	an	autoimmune	process	(Maniati et al.	2008).	These	autoreactive	B	cells	
secrete	autoantibodies	directed	 to	 self-peptides	or	cell	 surface	 receptors.	 In	patients	with	systemic	
lupus	erythematosus	(SLE)	and	rheumatoid	arthritis	(RA),	autoantibodies	form	immune	complexes	
with	circulating	auto-Ags,	which	accumulate	in	the	kidneys	and	joint	synovium	and	activate	comple-
ment	cascade,	resulting	in	local	inflammation	and	tissue	destruction.	Although	commonly	regarded	as	
a	T	cell–dependent	disease,	the	therapeutic	success	of	monoclonal	antibody	(mAb)	against	the	B-cell	
surface	molecule	CD20	in	RA	shifted	focus	on	the	role	of	B	cells	in	autoimmune	diseases.	

26.2.3  CyTokines in AuToimmuniTy

Cytokines	 are	 small	 cell-signaling	 protein	 molecules	 produced	 throughout	 the	 body	 by	 a	 wide	
variety	of	cells.	They	mainly	act	as	chemical	messengers	that	recruit	inflammatory	cells	(T	cells,	
neutrophils)	to	the	site	of	inflammation.	Normally,	the	pro-inflammatory	cytokines	(such	as	TNF-
alpha,	interleukin	(IL)	IL-1,	IL-6,	IL-8,	IL-12,	IL-17)	as	well	as	the	anti-inflammatory	cytokines	
(such	as	IL-4,	IL-10,	IL-11,	IL-13)	walk	hand	in	hand	during	inflammation.	The	role	of	these	pro-
inflammatory	cytokines	is	well	established	in	respect	to	tissue	destruction	in	autoimmune	diseases.	
TNF-α,	 the	 signature	pro-inflammatory	cytokine	of	Th1	cells,	 induces	 apoptotic	 cell	death	and	
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inflammation,	and	inhibits	tumorigenesis	and	viral	replication.	TNF-α	stimulates	the	release	of	the	
inflammatory	cytokines	(IL-1beta,	IL-6,	IL-8,	GM-CSF),	upregulates	a	series	of	critical	chemo-
kines	(MCP-1,	MIP-2,	RANTES,	MIP-1α),	and	activates	endothelial	adhesion	molecules	(ICAM-1,	
VCAM-1,	E-selectin).	These	functions	of	TNF-α	regulate	initiation	and	perpetuation	of	important	
events	associated	with	an	inflammatory	reaction.	Levels	of	TNF-α	are	elevated	both	locally	and	sys-
temically	in	autoimmune	disorders	such	as	RA,	ankylosing	spondylitis,	psoriasis,	and	Crohn’s	dis-
ease,	suggesting	that	higher	levels	of	TNF-α	may	directly	contribute	to	tissue	damage	(Braun et al.	
1995;	Feldman et al.	1996).	Similarly,	IL-1	is	involved	in	the	pathogenesis	of	autoimmune	arthritis	
by	activating	T	cells	and	stimulating	matrix	metalloproteinases	(MMP)	from	fibroblasts	and	chon-
drocytes.	Studies	of	 arthritis	 in	 animals	have	 strongly	 implicated	 interleukin-1	 in	 joint	 damage.	
IL-6	stimulates	both	B	and	T	cell	functions	as	well	as	the	production	of	acute	phase	reactants	(Van	
Snick	1990).	 IL-17	 induces	pro-inflammatory	 cytokines,	 cyclooxygenase-2	 in	 chondrocytes,	 and	
osteoclast	differentiation	factor	expression	in	osteoblasts,	thus	causing	development	of	autoimmune	
arthritis.	Similarly,	 the	anti-inflammatory	cytokines	produced	by	 the	Th2	cells	 inhibit	prolifera-
tion	and	activation	of	Th1	lymphocytes,	activated	macrophages,	and	dendritic	cells,	which	in	turn	
decreases	 the	production	of	 pro-inflammatory	 cytokines	 like	 IL-1,	TNF-α,	 IL-6,	 and	 IL-8,	 and	
inhibits	tissue	damage.	Furthermore,	B	cells	also	produce	a	vast	array	of	cytokines	and	chemokines,	
including	IL-1,	IL-4,	IL-6,	IL-8,	and	IL-7,	granulocyte	colony-stimulating	factor	(CSF),	granulo-
cyte	macrophage-CSF,	IL-10	IL-12,	TNF-α,	lymphotoxin,	TGF-β,	bone	morphogenic	protein-6/7,	
vascular	endothelial	growth	factor-A,	macrophage	inflammatory	protein-1α/β,	IL-16,	and	CXCL13,	
which	take	part	in	inflammation	and	activation	of	T	cells.	

26.3  TARGETS FOR BIOLOGICS

Important	 components	 of	 the	 pathological	 apparatus	 that	 are	 being	 targeted	 for	 therapy	 include	
cytokines,	 chemokines	 responsible	 for	 chemotaxis	 of	 lymphocytes	 to	 target	 tissues,	 enzymes	
responsible	for	extracellular	matrix	and	vascular	penetration	by	immune	cells,	pathogenic	cell	pop-
ulation	(T	and	B	cells),	cell	bound	receptors	and	receptors	on	immune	cells	(e.g.,	the	T	cell	receptor),	
immunoglobulins,	and	complement	components	(Figure	26.1).	
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FIGURE 26.1 (see color insert)  Different	cell	types	associated	with	autoinflammation	and	tissue		destruction	
and	the	potential	targets	for	biologics.
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26.3.1  AnTi-CyTokine TherApy

Anti-cytokines	are	molecules	that	modulate	functions	of	cytokines	either	by	interfering	with	their	
binding	to	membrane-associated	cytokine	receptors	or	by	blocking	different	steps	of	their	synthesis	
and	maturation	(Tartour et al.	1994).	

26.3.1.1  Targeting Tumor Necrosis Factor-α
TNF-α	is	involved	in	systemic	inflammation	and	is	a	member	of	a	group	of	cytokines	that	stimulate	
the	acute	phase	reaction.	Human	TNF-α	is	translated	as	a	transmembrane	precursor	protein	mol-
ecule.	It	is	then	cleaved	in	the	extracellular	domain	by	matrix	metalloproteinases	to	release	mature	
soluble	TNF-α.	Both	the	transmembrane	precursor	and	the	cleaved	soluble	form	of	TNF	are	biolog-
ically	active	and	require	trimerization	of	three	TNF	monomers	to	form	trimeric	TNF	for	biological	
activity.	This	trimeric	TNF	binds	to	one	of	two	types	of	receptors:	TNFR1	or	TNFR2,	also	known	
as	p55	and	p75,	respectively.	Most	tissues	express	TNF-R1	constitutively,	which	can	be	fully	acti-
vated	by	both	the	membrane-bound	and	soluble	trimeric	forms	of	TNF,	while	TNF-R2	is	only	found	
in	immune	cells	and	responds	to	the	membrane-bound	form	of	the	TNF	homotrimer.	This	binding	
causes	a	conformational	change	 in	 the	 receptor,	 leading	 to	dissociation	of	 the	 inhibitory	protein	
SODD	from	the	intracellular	death	domain,	thus	enabling	the	adaptor	protein	TRADD	to	bind	to	the	
death	domain,	serving	as	a	platform	for	intracellular	signal	transduction	and	activation	of	NF-κB	
and	MAPK.	These	transcription	factors	then	translocate	to	the	nucleus	and	mediate	the	transcrip-
tion	of	a	vast	array	of	proteins	involved	in	cell	survival	and	proliferation,	inflammatory	response,	
and	anti-apoptotic	factors.	Thus,	TNF	inhibitors	offer	a	targeted	strategy	inhibiting	these	critical	
steps	in	the	inflammatory	cascade.	There	has	been	a	major	clinical	breakthrough	with	the	use	of	
TNF-α	blocking	biologics.	TNF-α	blockers	are	being	used	in	a	number	of	immunological	diseases	
like	psoriasis,	psoriatic	arthritis,	Crohn’s	disease,	RA,	and	ankylosing	spondylitis	(Table 26.1).	As	
of	2010,	millions	of	patients	have	been	treated	with	TNF-α	blockers	for	the	treatment	of	inflam-
matory	diseases	(Taylor et al.	2006;	Finckh et al.	2006;	Gall	and	Kalb	2008;	Gordon et al.	2006).

The	Food	and	Drug	Administration	(FDA)	has	thus	far	approved	five	TNF-α	inhibitors	for	the	
treatment	 of	 a	 variety	 of	 inflammatory	 conditions	 (Table	 26.2).	 Extensive	 information	 has	 been	
gathered	on	etanercept,	infliximab,	and	adalimumab	over	the	years	and	has	been	fully	illustrated	
in	a	series	of	publications	(Raychaudhuri	and	Raychaudhuri	2011).	In	this	chapter	we	are	mainly	
focusing	on	the	newer	agents	like	golimumab	and	certolizumab.	

Golimumab	 (a	 human	 monoclonal	 anti-TNF-α	 antibody)	 and	 certolizumab	 (a	 pegylated	 Fab	
fragment	of	humanized	monoclonal	TNF-α	antibody)	are	the	two	latest	additions	to	the	anti-TNF	
regimen.	Both	of	these	medicines	were	approved	by	the	FDA	in	the	early	part	of	2009	for	rheuma-
toid	arthritis	(RA)	and	are	likely	to	be	used	for	various	autoimmune	diseases.	

Golimumab	(Simponi®),	marketed	by	Centocor,	received	FDA	approval	 in	April	2009	for	 the	
treatment	 of	 moderate	 to	 severe	 rheumatoid	 arthritis,	 active	 psoriatic	 arthritis,	 and	 ankylosing	

TABLE 26.1
Food and Drug Administration (FDA)-Approved Clinical Indications for the Use of TNF-α 
Inhibitors

Indications  Medical Conditions

Rheumatologic	 Moderately	to	severely	active	rheumatoid	arthritis	(RA)
Moderately	to	severely	active	polyarticular	juvenile	idiopathic	arthritis	(JIA)	in	children	ages	
2 years	and	older	

Ankylosing	spondylitis
Psoriatic	arthritis

Gastrointestinal	 Moderate	to	severe	Crohn’s	disease	(including	fistulating	Crohn’s	disease)

Dermatological	 Chronic	moderate	to	severe	plaque	psoriasis	in	adults	ages	18	years	and	older
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TABLE 26.2
FDA-Approved TNF Inhibitors for Clinical Use

TNF-α Inhibitor  Description  Half-Life 
Frequency of

Administration  Indications

Infliximab	(Remicade®)	 Chimeric	mouse–human	
anti-TNF	α	monoclonal	
antibody	(mAb);	risk	of	
immunogenicity	

8–10	days	 Intravenous	infusion	with	first	
3 doses	within	10	weeks	and	
thereafter	once	every	8	weeks	

Crohn’s	disease,	ulcerative	colitis,	ankylosing	spondylitis,	
psoriatic	arthritis,	severe	plaque	psoriasis	and	first-line	
therapy	with	Mtx	in	moderate-severe	RA	

Adalimumab	(Humira®)	 Fully	humanized	anti-
TNF-α mAb;	low	risk	of	
immunogenicity	

14	days	 Subcutaneous	injections	(SQ)	once	
every	2	weeks	

Psoriasis,	psoriatic	arthritis,	rheumatoid	arthritis,	ankylosing	
spondylitis	and	Crohn’s	disease

Etanercept	(Enbrel®)	 Soluble	p75	TNF-α	receptor	
fusion	protein	formed	by	
fusing	two	soluble	TNFR2	
molecules	and	Fc	fragment;	
inhibits	TNF-α	with	LT-α

4–6	days	 SQ	once	or	twice	per	week	 Plaque	psoriasis,	psoriatic	arthritis,	ankylosing	spondylitis,	
rheumatoid	arthritis,	and	juvenile	rheumatoid	arthritis

Golimumab	(Simponi®)	 Fully	humanized	anti-TNF-α	
mAb;	low	risk	of	
immunogenicity	

14	days	 SQ	once	in	a	month	 Moderate	to	severe	rheumatoid	arthritis,	active	psoriatic	
arthritis,	and	ankylosing	spondylitis

Certolizumab	pegol	(Cimzia®)	 Pegylated	Fab	fragment	of	
humanized	monoclonal	TNF-α	
antibody,	no	chance	of	ADCC	
due	to	absence	of	Fc	fragment	

14	days	 SQ	once	in	a	month Crohn’s	disease	and	treatment	of	moderate	to	severe	
rheumatoid	arthritis
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spondylitis.	It	 is	a	fully	human	anti-TNFα	monoclonal	antibody.	It	 is	developed	by	genetic	engi-
neering	 of	 transgenic	 mice	 with	 the	 insertion	 of	 human	 antibody	 genes	 into	 its	 genome,	 which	
suppresses	 mice	 antibody	 genes	 and	 can	produce	human	 anti-TNF	 antibodies	 when	 immunized	
with	a	target	antigen	(Ishida et al.	2002;	Shealy et al.	2007).	Golimumab	forms	high-affinity,	stable	
complexes	with	human	TNF.	It	acts	by	neutralizing	both	circulating	and	membrane-bound	forms	of	
human	TNF	(Shealy et al.	2007;	FDA	2009b).	It	is	given	once	a	month	subcutaneously.	In	several	
multicenter,	randomized,		double-blind,	controlled	trials,	the	efficacy	and	safety	of	golimumab	in	
RA	have	been	evaluated.	Studies	done	are	RA-1	study,	known	as	GO-AFTER;	RA-2,	known	as	
GO-FORWARD;	and	RA-3	(Melmed et al.	2008;	McCluggage et al.	2009).	Study	RA-1	evaluated	
461	patients	who	were	previously	treated	(at	least	8	to	12	weeks	prior	to	administration	of	the	study	
agent)	with	one	or	more	doses	of	a	TNF-blocker	without	any	serious	adverse	reaction.	Study	RA-2	
evaluated	444	patients	who	had	active	RA	despite	a	stable	dose	of	minimum	15	mg/week	of	MTX	
and	who	had	never	been	treated	with	a	biologic	TNF-blocker.	Study	RA-3	evaluated	637	patients	
with	active	RA	who	were	MTX-naïve	and	had	never	been	exposed	to	a	TNF-blocker.	The	primary	
endpoint	in	study	RA-1	and	study	RA-2	was	the	percentage	of	patients	achieving	an	ACR	20	(ACR:	
American	College	of	Rheumatology)	response	at	week	14,	and	the	primary	endpoint	in	study	RA-3	
was	the	percentage	of	patients	achieving	an	ACR	50	response	at	week	24	(FDA	2009b;	Emery et al.	
2009;	Keystone et al.	2009).	Golimumab	was	found	to	be	more	effective	than	the	placebo	and	meth-
otrexate	(MTX)	in	these	trials.	The	combination	therapy	of	golimumab	and	MTX	achieved	higher	
percentage	ACR	responses	at	week	14	(studies	RA-1	and	RA-2)	and	week	24	(studies	RA-1,	RA-2,	
and	RA-3)	versus	patients	treated	with	the	MTX	alone	(FDA	2009b).	However,	there	was	no	clear	
evidence	of	improved	ACR	response	with	the	higher	golimumab	dose	group	(100	mg)	compared	to	
the	lower	golimumab	dose	group	(50	mg).

Safety	and	efficacy	studies	have	been	carried	out	in	RA,	psoriatic	arthritis,	psoriasis,	and	anky-
losing	spondylitis.	A	majority	of	the	studies	have	been	done	in	RA	patients,	including	early	onset	
untreated	patients.	In	a	recent	phase	III,	multicenter,	randomized,	double-blind,	placebo-controlled	
study,	it	has	also	been	reported	that	in	RA	golimumab	can	be	considered	as	first-line	therapy	for	
early	onset	rheumatoid	arthritis	(Emery et al.	2009).	Similarly,	the	safety	and	efficacy	of	golimumab	
have	also	been	evaluated	 in	a	multicenter,	 randomized,	double-blind,	placebo-controlled	 trial	 in	
psoriatic	arthritis	(PsA).	This	study	was	done	in	405	adult	patients	with	moderate	to	severe	forms	
of	active	PsA	(≥	3	swollen	joints	and	≥	3	tender	joints;	Shealy et al.	2007;	Kavanaugh et al.	2009).	
Patients	having	PsA	with	a	median	duration	of	5.1	years	and	with	a	psoriatic	skin	lesion	of	at	least	
2 cm	in	diameter	were	randomly	assigned	to	placebo,	golimumab	50	mg,	or	golimumab	100	mg	
given	subcutaneously	every	4	weeks.	Although	patients	included	may	have	received	methotrexate/
oral	corticosteroid/NSAID,	they	were	naïve	to	TNF-blocker.	The	primary	endpoint	was	the	percent-
age	of	patients	achieving	ACR	20	response	at	week	14.	At	week	14	ACR20	responses	occurred	in	
9%,	51%,	and	45%	of	the	three	groups,	respectively,	and	at	least	75%	improvement	in	the	Psoriasis	
Area	and	Severity	Index	(PASI)	scores	occurred	in	3%,	40%,	and	58%,	respectively.	There	was	no	
clear	evidence	of	improved	ACR	response	with	the	higher	golimumab	dose	group	(100	mg)	com-
pared	to	the	lower	golimumab	dose	group	(50	mg).	In	another	randomized,	double-blind,	placebo-
controlled,	phase	III	trial,	golimumab	has	been	found	to	be	effective	in	356	adult	patients	with	active	
ankylosing	spondylitis	(FDA	2009b;	Inman et al.	2008).	

Certolizumab	pegol,	also	known	as	Cimzia®,	was	approved	in	April	2008	for	 the	treatment	of	
Crohn’s	disease,	and	in	2009	for	the	treatment	of	moderate	to	severe	rheumatoid	arthritis.	It	is	com-
prised	of	the	pegylated	Fab	fragment	of	a	humanized	monoclonal	antibody	directed	against	TNF.	
It	does	not	contain	an	Fc	portion,	and	therefore	does	not	induce	complement	activation,	antibody-
dependent	cellular	cytotoxicity,	or	apoptosis	(Melmed et al.	2008).	The	pegylation	of	the	antibody	
delays	 elimination	 and	 extends	 the	half-life	of	 certolizumab.	As	 a	 result,	 the	medication	may	be	
administered	monthly	 subcutaneously.	 In	RA,	efficacy	and	 safety	data	of	certolizumab	are	avail-
able	from	a	series	of	studies	denoted	as	RAPID	1,	RAPID	2,	and	FAST4WARD.	Certolizumab	has	
been	compared	 to	placebo	 in	1,821	patients	with	moderate	 to	 severe	 forms	 of	 active	 RA	 in	 these	
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multicenter,	double-blind,	randomized	controlled	trials.	Outcomes	of	efficacy	were	determined	by	
percentage	of	patients	achieving	ACR	20	response	at	week	24.	In	the	FAST4WARD	trial,	Cimzia	400	
mg	demonstrated	a	significant	therapeutic	response	in	terms	of	ACR20,	ACR50,	and	ACR70	as	com-
pared	to	placebo	in	RA	patients	who	failed	at	least	one	prior	disease-modifying	antirheumatic	drug	
(DMARD).	Patient-reported	outcomes	and	physical	function	were	also	better	 in	 the	certolizumab	
arm	(Fleischmann et al.	2009).	Patients	were	randomized	into	two	treatment	groups:	Cimzia	400	mg	
(n	=	111)	every	4	weeks	from	baseline	to	week	20;	placebo	(n	=	109)	every	4	weeks	from	baseline	to	
week	20.	ACR	20	response	rate	at	week	24	was	defined	as	the	primary	endpoint;	ACR	50	and	ACR	70	
were	considered	secondary	endpoints	of	this	study.	RAPID	1	compared	the	combination	of	MTX	and	
certolizumab	to	MTX	monotherapy	 in	TNF-inhibitor-naïve	patients	with	active,	uncontrolled	RA	
despite	treatment	with	MTX	monotherapy.	Primary	efficacy	outcomes	included	ACR	20	response	
rate	at	week	24	and	total	modified	Sharp	score	at	week	52.	At	week	24,	higher	numbers	of	patients	
in	 the	combination	 treatment	arms	achieved	 the	primary	endpoint	of	ACR	20	response.	At	week	
52,	modified	total	Sharp	score	in	patients	who	received	combination	treatment	compared	to	MTX	
monotherapy	indicated	less	bone	erosion	and	joint-space	narrowing.	RAPID 2	compared	the	combi-
nation	of	certolizumab	and	MTX	with	MTX	monotherapy	in	patients	with	active	RA	whose	symp-
toms	were	inadequately	controlled	with	≥6	months	of	treatment	with	MTX	monotherapy.	Patients	
(n =	619)	were	randomized	2:2:1	to	subcutaneous	certolizumab	pegol	(liquid	formulation)	400	mg	at	
weeks	0,	2,	and	4,	followed	by	200	mg	or	400	mg	plus	MTX,	or	placebo	plus	MTX,	every	2	weeks	
for	24	weeks.	The	results	showed	that	significantly	more	patients	in	the	certolizumab	pegol	200	mg	
and	400	mg	groups	achieved	an	ACR	20	response	versus	placebo.	Certolizumab	pegol	200	and	400	
mg	also	significantly	inhibited	radiographic	progression.	Most	adverse	events	were	mild	or	moder-
ate,	with	low	incidence	of	withdrawals	due	to	adverse	events.	Five	patients	developed	tuberculosis	
(Smolen,	Landewé, et al.	2009).	Randomized,	double-blind,	placebo-controlled	trials	(also	known	as	
PRECiSE1	and	PRECiSE2)	to	evaluate	the	efficacy	and	safety	of	certolizumab	pegol	in	the	treatment	
of	Crohn’s	disease	demonstrated	that	in	moderate	to	severe	Crohn’s	disease,	induction	and	mainte-
nance	therapy	with	certolizumab	pegol	was	associated	with	a	modest	improvement	in	response	rates,	
as	compared	with	placebo	(Sandborn et al.	2007;	Scheiber et al.	2007;	Allez et al.	2009).

On	 the	 basis	 of	 experience	 gained	 in	 cytokine	 modulation	 therapy	 of	 chronic	 inflammatory	
diseases	 such	 as	 rheumatoid	 arthritis,	 psoriasis,	 psoriatic	 arthritis,	 ankylosing	 spondylitis,	 and	
inflammatory	bowel	disease,	the	application	of	TNF-inhibitors	shifted	our	vision	from	nonspecific	
immunomodulatory	agents	to	a	novel,	targeted	therapeutic	option	for	distinct	chronic	inflammatory	
diseases.	Studies	have	also	demonstrated	the	efficacy	of	anti-TNF	therapy	in	inflammatory	condi-
tions	 like	 Behçet’s	 disease,	 pyoderma	 gangrenosum,	 cutaneous	 Crohn’s	 disease,	 and	 subcorneal	
pustular	dermatitis	(Jacobi et al.	2006).

26.3.1.2  Adverse Effects Associated with Anti-TNF Agents
As	TNF-α	is	responsible	for	transcription	of	a	vast	array	of	proteins	involved	in	cell	survival	and	pro-
liferation,	inflammatory	response,	and	anti-apoptotic	factors,	it	plays	a	critical	role	in	host	defenses	
against	bacterial	infections,	particularly	against	mycobacterial	infections.	Blocking	of	TNF-α	will	
counter	 these	critical	processes	required	for	 immuno-surveillance	of	pathologic	microbial	agents.	
Therefore,	 it	 is	 not	 surprising	 that	 all	 anti-TNF-α	 agents	 have	 been	 associated	 with	 a	 variety	 of	
serious	 and	 “routine”	 opportunistic	 infections	 because	 they	 suppress	 the	 inflammatory	 response	
(Raychaudhuri et al.	2009).	Both	clinical	trials	and	post-marketing	surveillance	show	evidence	of	
multiple	 adverse	 effects	 due	 to	TNF	 inhibition	 (Day	2002).	Side	 effects	 of	 anti-TNF	 therapy	 are	
mentioned	in	Table	26.3.	Although	TNF-α	blockers	are	generally	well	tolerated,	physicians	need	to	
be	extremely	cautious	about	the	potential	of	serious	side	effects	of	anti-TNF	drugs	and	should	review	
the	indications/contraindications	of	anti-TNF	agents	in	every	patient.	Before	the	use	of	TNF-α	block-
ers,	detailed	history	of	heart	failure,	chronic	liver	disease,	neurological	disorders,	and	neoplasia	is	
mandatory.	TNF-α	blockers	are	contraindicated	in	heart	failure	of	NYHA	III	or	IV	class	and	have	
to	be	used	with	caution	in	patients	with	chronic	liver	disease,	neurological	disorders,	or	history	of	
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TABLE 26.3
Adverse Effects Associated with Anti-TNF Therapy

Infections (Listing et al. 2005) Noninfectious Side Effects

	 1.	 Upper	and	lower	respiratory	tract	infections	including	
pneumonia	(Wolfe	et	al.	2006)

	 2.	 Pulmonary	TB	(Askling	2009;	Dixon	et	al.	2008;	
Favalli	et	al.	2009)

	 3.	 Viral	infections	
	 4.	 Skin	and	subcutaneous	tissue	infections	(Dixon	et	al.	

2006;	Favalli	et	al.	2009)
	 5.	 Meningitis
	 6.	 Bone	and	joint	infections
	 7.	 Gastrointestinal	and	urogenital	tract	infections
	 8.	 Sepsis
	 9.	 Opportunistic	infections	(Tubach	et	al.	2005):

a)	 Atypical	mycobacterium
b)	 Histoplasmosis
c)	 Listeriosis	
d)	 Candidiasis
e)	 Aspergillosis
f)	 Pneumocystis carinii

	10.	 Risk	of	malignancies	including	lymphoma/leukemia	
(Tubach	et	al.	2005)

	11.	 Congestive	heart	failure
	12.	 Induction	of	autoimmunity	and	autoimmune	diseases	

(e.g.,	SLE)
	13.	 Aplastic	anemia
	14.	 Intestinal	perforation
	15.	 Diabetes	mellitus	(etanercept)
	16.	 Vasculitis	
	17.	 Infusion	and	injection	site	reactions

TABLE 26.4
Suggested Screening Tests for Specific Infections in TNF-α Inhibitor Recipients 
(Crum et al. 2005; Winthrop 2006)

Infection Recommended Screening

Tuberculosis	(TB) 	 1.	 Chest	radiograph	and	PPD	at	baseline	and	PPD	every	12	months
	 2.	 Screen	patients	for	risk	factors	for	Mycobacterium tuberculosis	
	 3.	 Risk	factors	comprise	of	birth	or	residence	in	a	TB	endemic	country,	or	history	of	residing	

in	a	mass	setting,	a	positive	PPD,	substance	abuse,	exposure	to	TB	patients	in	health	care	
facility	and	chest	radiographic	findings	consistent	with	prior	tuberculosis

	 4.	 Diagnosis	and	treatment	of	latent	tuberculosis	infection	(LTBI)	
	 5.	 Assume	TB	as	a	potential	cause	of	febrile	or	respiratory	infection	in	all	patients	receiving	

TNF-blocking	agents

Histoplasmosis	 	 1.	 Chest	radiograph	and	urine	histoplasmin	antigen	testing	at	baseline	and	every	3–4	months	
for	patients	who	live	or	have	lived	in	endemic	areas

	 2.	 Histoplasmin	skin	tests	at	baseline

However,	neither	skin	nor	serologic	testing	for	histoplasmosis	is	recommended	in	HIV-infected	
persons.	

Coccidioidomycosis	 	 1.	 Chest	radiograph	and	serologic	testing	with	IgM	and	IgG	tests	at	baseline	and	follow-up	
testing	every	3–4	months	for	patients	who	live	or	have	lived	in	endemic	areas

	 2.	 Not	recommended	for	HIV-infected	persons

Listeria	 	 1.	 Patient	education	regarding	food	preparation	and	safety
	 2.	 To	stay	away	from	unpasteurized	milk	products,	undercooked	meat,	and	ready-to-eat	foods
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malignancy,	 especially	 lymphoma.	 Moderate	 and	 severe	 infections	 require	 appropriate	 treatment	
before	biologic	therapy	is	started	because	active	and	quiescent	infections	may	worsen	during	therapy.	
The	existence	of	any	contraindications	to	the	use	of	these	agents	(Table	26.4)	needs	to	be	screened	
before	the	commencement	of	therapy.	The	development	of	anti-TNF	agent	has	been	a	major	suc-
cess	in	the	management	of	patients	with	autoimmune	diseases.	Although	there	are	risks	associ-
ated	with	anti-TNF	therapy,	still	the	role	of	these	agents	cannot	be	underestimated	in	patient	care.	

26.3.1.3  Targeting IL-1 
IL-1	superfamily	includes	IL-1α,	IL-1β,	and	the	IL-1	receptor	antagonist	(IL-1RA).	The	IL-1RA	
blocks	the	role	of	IL-1α	and	IL-1β	in	immune	activation	by	competing	with	them	for	their	recep-
tor.	IL-1α	and	IL-1β	are	produced	by	macrophages,	monocytes,	and	dendritic	cells.	Although	IL-1	
blockers	showed	efficacy	in	preclinical	animal	models	of	RA,	they	are	not	as	effective	as	TNF-α	
in	humans.	Approaches	to	IL-1	inhibition	include	IL-1RA	gene	therapy,	IL-1	trap,	and	anakinra.	
Among	these	IL-1	inhibitors,	anakinra	(Kineret®)	is	only	available	for	treatment.	Anakinra	(recom-
binant	form	of	human	IL-1	receptor	antagonist)	is	FDA	approved	for	the	treatment	of	moderate	to	
severe	 refractory	 rheumatoid	 arthritis	with	MTX	(Donahue et  al.	 2008).	 It	 is	 administered	 sub-
cutaneously	once	a	day.	It	suppresses	the	inflammation	and	cartilage	degradation	associated	with	
rheumatoid	 arthritis	 and	 has	 been	 reported	 as	 safe	 and	 well	 tolerated	 for	 up	 to	 3	 years	 of	 con-
tinuous	use	in	patients	with	the	disease.	Headache,	nausea,	flu-like	symptoms,	and	local	injection	
site	reactions	are	common.	Severe	adverse	events	include	infections	(mainly	pneumonia	and	upper	
respiratory	tract	infections),	sinusitis,	and	diarrhea.	Sepsis	and	opportunistic	infections,	including	
mycobacterial	 infection	and	histoplasmosis,	have	occasionally	been	reported	(Fleischmann et al.	
2006;	Donahue et al.	2008;	Mertens	and	Singh	2009;	Weisman	2002).

Although	both	TNF-α	and	IL-1	represent	a	group	of	acute	phase	reactants	responsible	for	inflam-
mation,	 a	combination	of	 anti-TNF	and	anti-IL-1	 therapy	could	be	potentially	dangerous.	Trials	
involving	the	combination	of	etanercept	and	anakinra	in	patients	of	rheumatoid	arthritis	with	MTX	
failure	showed	no	added	benefit	but	increased	risks	of	serious	infection,	injection	site	reaction,	and	
neutropenia	(Genovese et al.	2004).	In	comparison	to	anti-TNF	agents,	IL-1	inhibitors	could	not	
make	a	significant	impact	on	the	treatment	of	rheumatic	disease.

26.3.1.4  Targeting IL-6
IL-6	plays	essential	roles	not	only	in	the	immune	response	but	also	in	hematopoiesis	and	the	central	
nervous	system.	Deregulated	production	of	IL-6	has	been	found	in	chronic	inflammatory	autoim-
mune	diseases	such	as	RA,	systemic	onset	juvenile	idiopathic	arthritis	(soJIA),	Crohn’s	disease,	and	
SLE.	IL-6	accounts	for	the	symptoms	of	these	diseases,	and	disease	activity	can	be	correlated	with	
the	serum	levels	of	IL-6.	IL-6	binds	to	both	soluble	and	membrane-bound	receptors	and	leads	to	the	
transduction	of	intracellular	signals	through	the	interaction	of	this	complex	with	gp130,	mediating	
gene	activation,	and	a	wide	range	of	biologic	activities	(Hirano	1998).	IL-6	has	the	ability	to	activate	
T	cells,	B	cells,	macrophages,	and	osteoclasts,	and	is	a	pivotal	mediator	of	the	hepatic	acute-phase	
response.	Toclizumab	(Actemra®)	is	a	humanized	anti	IL-6	receptor	antibody,	which	suppresses	IL-6	
signaling	mediated	by	both	membranous	and	soluble	IL-6	receptor.	It	was	tested	in	patients	with	RA	
and	showed	reduced	disease	activity	and	dose-dependent	improvement	in	ACR	20	(Nishimoto et al.	
2004).	The	FDA	approved	toclizumab	in	January	2011	for	treatment	of	moderate	to	severe	rheumatoid	
arthritis	in	adults	who	have	failed	other	approved	therapies.	Main	side	effects	include	elevated	liver	
enzymes,	elevated	low-density	lipoprotein	(LDL),	hypertension,	and	gastrointestinal	perforations.

26.3.1.5  Other Interleukin Antagonists 
A	human	monoclonal	Ig	G1	kappa	anti-IL-15	Ab,	AMG714,	is	currently	under	phase	I	and	phase	
II	trials	for	the	treatment	of	rheumatoid	arthritis	(McInnes et al.	2004).	Reports	suggest	reduction	
of	colitis	severity	with	IL-18	antibody	in	animal	models	(Siegmund et al.	2001).	Clinical	trials	of	
a	human	anti-IL-18	antibody	or	IL-18	binding	protein	are	expected	(Holmes et al.	2000).	Among	
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these	therapies,	the	most	promising	approach	is	to	target	IL-23,	which	is	necessary	for	differentia-
tion	and	survival	of	Th17.	Mice	deficient	in	IL-23	are	found	to	be	resistant	to	experimental	autoim-
mune	encephalitis,	collagen	induced	arthritis	(CIA),	and	inflammatory	bowel	disease	(Cua et al.	
2003;	 Murphy  et  al.	 2003;	 Hue  et  al.	 2006).	 ROR	 gamma	 transcription	 factor	 and	 IL-17A	 and	
IL-17F	are	expressed	by	Th17	cells.	IL-17	plays	an	important	role	in	the	induction	of	TNF	alpha	
and	IL-6,	growth	factor	(GM-CSF	and	G-CSF),	and	chemokines	CXCL8,	CXCL1,	and	CXCL10.	
Th17	blockade	has	been	shown	to	be	effective	in	a	number	of	animal	models	of	disease	including	
CIA	(Nakee et al.	2003;	Lubberts et al.	2001;	Lubberts et al.	2004)	and	thus	is	a	potential	target	for	
psoriasis	and	RA.	Moreover,	IL-23	induces	production	of	IL-22	in	the	Th-17	cells.	IL-22	and	its	
receptor	IL-22R1	are	expressed	in	synovial	tissues	in	RA.	The	pro-inflammatory	role	of	IL-22	is	
evident	by	an	increase	in	MCP-1	expression	and	proliferation	of	fibroblast	in	vitro.	IL-22,	IL-17,	and	
Th17	cells	are	an	important	area	of	research	in	the	development	of	therapy	for	psoriasis.	Targeting	
the	shared	 IL-12/IL-23	p40	subunit	as	an	effective	 treatment	 for	psoriasis	 is	 the	area	of	current	
interest.	Ustekinumab	(Stelara,	Centocor),	a	human	monoclonal	antibody	against	 IL-12/IL-23,	 is	
approved	in	Canada,	Europe,	and	the	United	States	 to	 treat	moderate	 to	severe	plaque	psoriasis.	
It	 is	now	being	 tested	 for	psoriatic	 arthritis.	 In	phase	 III	 placebo	controlled	 trials,	 ustekinumab	
for	a	12-week	period	showed	a	greater	number	of	patients	achieving	PASI	75	than	in	the	placebo.	
The	dosing	of	ustekinumab	is	more	spaced	out	 than	previous	biologics	with	subcutaneous	injec-
tions	given	at	week 0,	week	4,	and	then	at	12-week	intervals,	making	treatment	more	convenient.	
A	major	limitation	of	ustekinumab	is	the	development	of	neutralizing	antibodies,	resulting	in	partial	
response	(defined	as	achievement	of	PASI	50	but	not	PASI	75	by	28 weeks)	in	patients.

Another	IL-12/IL-23	targeted	antibody	is	briakinumab	(ABT-874,	Abbott),	which	has	just	com-
pleted	phase	III	trials	for	treatment	of	plaque	psoriasis.	A	recent	study	found	that	etanercept	rapidly	
downregulates	expression	of	Th17-associated	cytokines	like	IL-17,	IL-22,	IL-6,	IL-1β,	and	IL-23	as	
well	as	CCL20	(Zaba et al.	2007).	

A	recent	report	(Genovese et al.	2010)	showed	that	LY2439821	(Eli	Lilly),	a	humanized	anti-
IL-17	monoclonal	antibody,	along	with	oral	DMARDs	improves	signs	and	symptoms	of	RA	with	
no	major	 adverse	 events.	Percentages	of	ACR20,	ACR50,	 and	ACR70	 responses	were	higher	 in		
the	LY2439821-treated	group	than	placebo-controlled	groups	at	multiple	time	points.	Patients	also	
showed	improvement	in	28-joint	disease	activity	score	(DAS28)	as	early	as	week	1	of	study	and	
lasted	for	at	least	16	weeks	(8	weeks	after	the	last	dose	of	drug).	Apart	from	a	few	cases	of	mild	
to	moderate	leukopenia	and	neutropenia,	no	major	adverse	events	were	reported,	and	these	events	
did	not	 increase	with	escalation	of	drug	doses.	Phase	 II	clinical	 trials	are	being	conducted	with	
LY2439821	in	moderate	to	severe	psoriasis.	

A	recent	study	(Hueber et al.	2010)	showed	the	efficacy	of	human	anti-IL-17A	monoclonal	anti-
body,	AIN457	(Novartis),	 in	psoriasis,	RA,	and	uveitis.	 In	 that	study,	140	patients	were	enrolled	
(60,	AIN457	treated,	and	44,	placebo	treated).	Single	administration	of	AIN457	(3	mg/kg)	caused	
significant	reduction	in	PASI	score	and	investigator	global	assessment	score	(IGA)	in	the	psoriasis	
trial.	In	immunohistochemical	assessment,	treatment	with	AIN457	showed	a	significant	decrease	
in	 the	area	occupied	by	IL-17A+	and	CD3+	T	cells	at	week	4.	Reverse	 transcription	polymerase	
chain	reaction	(RT-PCR)	and	microarray	analysis	of	gene	expression	for	different	pro-inflammatory	
cytokines	apart	from	TNF-α	showed	downregulation	with	AIN457	treatment.	In	general,	AIN457	
treatment	for	12	weeks	caused	a	faster	and	greater	relief	than	placebo	at	all	time	points.	In	the	RA	
trial,	the	DAS28,	C	reactive	protein	(CRP)	values	decreased	with	AIN457	treatment.	The	ACR	20	
rate	was	higher	with	AIN457	treatment	than	with	placebo	at	week	6.	A	phase	II	clinical	trial	with	
AIN457	is	now	going	on	in	patients	with	psoriatic	arthritis.	

26.3.2  TArgeTing T Cells 

In	 the	 absence	 of	 antigenic	 stimulus,	 naïve	 T	 cells	 remain	 in	 a	 dormant	 state	 as	 they	 circulate	
through	secondary	lymphoid	tissues,	the	blood	and	lymph.	T	cell	activation	by	antigen-presenting	
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cells	(APC)	is	dependent	on	two	distinct	signals.	Signal	one	is	mediated	through	the	T	cell	receptor	
(TCR),	which	forms	a	trimolecular	complex	with	the	antigenic	peptide	and	MHC	class	II	molecule	
from	 the	antigen-presenting	cell.	Full	 activation	of	 the	T	cell	 requires	another	 signal,	known	as	
the	signal	two,	which	results	from	the	interaction	of	costimulatory	receptors	CD28	and	cytotoxic	
T	 lymphocyte-associated	 antigen-4	 (CTLA4)	 (CD152)	 on	 the	 T	 cell	 surface,	 with	 their	 respec-
tive	ligands	CD80	(B7-1)	and	CD86	(B7-2)	on	the	antigen-presenting	cells.	Binding	of	CD28	with	
CD80/86	leads	to	phosphorylation	of	a	number	of	intracellular	signaling	pathways	that	lead	to	the	
recruitment	of	transcription	factors	(e.g.,	NFAT,	AP-1,	and	NF-κB)	critical	to	the	transcription	of	
the IL2 gene.	This	IL-2	is	a	multifunctional	cytokine	which	acts	via	the	IL-2	receptor	resulting	in	
stimulation	of	growth	of	activated	T	cells	via	paracrine	and	autocrine	signaling	(Malek	and	Castro	
2010).	It	can	promote	Th1	and	Th2	cell	differentiation;	it	is	required	for	the	generation	of	CD8+	T	
cell	memory	responses	and	plays	a	crucial	role	in	the	maintenance	and	homeostasis	of	Treg	cells	
in	the	periphery. In	contrast,	CTLA4-Ig	binds	to	B7-1	and	B7-2	molecules	on	APCs	and	blocks	the	
CD28	mediated	costimulatory	signal	for	T	cell	activation.	Therefore,	the	B7	family	of	molecules	
on	APCs	regulates	T	cell	activation	by	delivering	stimulatory	signals	through	CD28	and	inhibitory	
signals	through	CD152.	There	are	other	ligands	like	the	CD40L	(CD154)	present	on	the	T	cell	which	
bind	CD40	on	 the APC surface.	This	 results	 in	 activation	of	 the	APCs	and	 induction	of potent 
microbicidal substances in	them,	including	reactive	oxygen	species and nitric	oxide,	leading	to	the	
destruction	of	ingested	microbe.	The	binding	of	CD40L	to	the	CD40	receptor	on	B	cells,	along	with	
IL-4	secretion	from	the	T	cells	causes	resting	B	cell	activation.	As	a	result,	the	B	cell	can	undergo	
division, antibody isotype	switching,	and	differentiation	to antibody	producing	plasma	cells.

This	unique	mechanism	of	T	cell	activation	has	provided	several	target	molecules	for	therapeutic	
manipulation	of	immune	responses.	These	include:

	 1.	Targeting	the	T	lymphocyte	costimulatory	systems	such	as	CD28,	CTLA4	(an	inhibitory	
receptor),	and	CD80	or	CD86	on	antigen	presenting	cells	or	to	target	the	CD40/CD40	ligand	
system.	Costimulatory	signal	blockade	with	CTLA4-Ig	inhibited	graft	rejection	and	induced	
long-term	tolerance	in	mice	(Lenschow et al.	1992),	which	led	to	successful	clinical	trials	
with	CTLA4-Ig	 in	psoriasis	and	rheumatoid	arthritis	 (Abrams et al.	1999;	Kremer et al.	
2003).	Although	phase	I	studies	with	intravenous	infusion	of	abatacept	(Orencia®)	in	patients	
with	moderate	 to	severe	psoriasis	were	successful,	but	due	 to	 lack	of	additional	efficacy	
and	safety	data,	it	is	thus	far	not	approved	for	psoriasis.	In	a	multicenter	open-labeled	trial	
(Abrams et al.	1999),	it	showed	that	after	26	weeks	of	treatment,	46%	of	the	treated	patients	
achieved	greater	than	50%	improvement	in	disease	activity,	compared	with	baseline	values	
as	compared	to	only	4%	of	the	control	patients.	Abatacept	was	approved	in	the	United	States	
and	Europe	in	2005	for	treatment	of	RA	in	adult	patients	with	an	inadequate	response	to	
DMARDs	or	TNF	inhibitors.	In	January	2010,	it	was	approved	in	Europe	for	moderate	to	
severe	active	polyarticular	juvenile	idiopathic	arthritis	in	patients	6	years	of	age	and	older.	
It	is	marketed	by	Bristol-Myers	Squibb.	It	is	self-administered	subcutaneously.	Structurally,	
ABT	 consists	 of	 the	 extracellular	 domain	 of	 human	 cytotoxic	 T-lymphocyte–associated	
antigen	4	(CTLA4)	linked	to	the	modified	Fc	portion	of	human	immunoglobulin	G1.	ABT	
selectively	modulates	the	CD80/CD86:CD28	costimulatory	signal	required	for	full	T	cell	
activation,	 downregulating	 subsequent	 immune-effector	 mechanisms	 (e.g.,	 production	 of	
pro-inflammatory	cytokines,	autoantibodies).	The	modified	Fc	portion	of	ABT	is	not	active;	
thus,	ABT	is	not	associated	with	adverse	events	(AEs)	resulting	from	either	complement-	or	
antibody-dependent	cell-mediated	cytotoxicity.	Abatacept	should	not	be	used	concurrently	
with	 TNF	 inhibitors	 or	 with	 the	 interleukin-1	 receptor	 antagonist	 because	 of	 significant	
immunosuppression	leading	to	severe	infections.	Live	vaccines	should	not	be	given	concur-
rently	or	within	3	months	of	stopping	abatacept.

	 	 	 Recently,	 we	 demonstrated	 that	 a	 monoclonal	 anti-CD28	 antibody	 (FR255734)	 pre-
pared	by	Fujisawa	Pharmaceutical	Co.,	Ltd.	(now	Astellas	Pharmaceuticals	Inc.,	Tokyo,	
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Japan)	 effectively	 inhibits	 cell	 activation	 by	 blocking	 CD28/B7	 co-stimulatory	 interac-
tions	(Raychaudhuri ,	Kundu-Raychaudhuri,	et al.	2008).	FR255734	is	a	humanized	IgG2κ	
anti-human	CD28	antibody	having	complementary	determining	regions	of	the	mouse	anti-
human	monoclonal	antibody	TN228	(developed	by	immunizing	BALB/c	mice	with	human	
CD28-transfected	mouse	fibroblast	L	cells	 and	 fusing	 immune	 splenocytes	with	P3	U1	
myeloma	cells)	and	the	Fc	domain	of	human	IgG2M3	with	two	amino	acid	mutations	into	
human	γ2	chain	to	abolish	binding	of	the	antibody	to	FcγR.	In	vitro	studies	with	activated	
human	 T	 lymphocytes	 purified	 from	 human	 peripheral	 blood	 mononuclear	 cells	 found	
that	FR255734	inhibits	proliferation	of	human	T	cells	stimulated	with	anti-CD3	and	P815/
human	CD80+	cells	as	well	as	pro-inflammatory	cytokine	production	in	a	concentration-
dependent	manner.	We	also	used	the	severe	combined	immunodeficiency	(SCID)	mouse–
psoriasis	xenograft	model	to	evaluate	the	therapeutic	efficacy	of	this	compound	in	vivo,	
where	we	noticed	significant	improvement	in	epidermal	thickness	and	reduction	in	inflam-
matory	infiltrates	in	the	FR255734-treated	group	as	compared	to	negative	controls.	These	
results	 definitely	 form	 a	 platform	 for	 the	 development	 of	 novel	 therapeutic	 agents,	 like	
FR255734,	targeting	the	interaction	of	CD28	and	B7	costimulatory	molecules	of	activated	
T	cells,	which	play	an	active	role	in	psoriasis,	rheumatoid	arthritis,	and	multiple	sclerosis.

	 2.	Therapies	can	be	developed	exploiting	T	cell	receptor	(TCR)	and	MHC-antigen	interac-
tions.	The	first	approach	is	to	identify	and	target	the	TCR	of	the	pathogenic	T	cells	with	
monoclonal	antibodies.	Another	strategy	will	be	to	block	T	cell	recognition	at	the	level	of	
the	antigen-presenting	cell	by	using	an	altered	peptide	sequence	mimicking	the	antigenic	
peptide	responsible	for	disease	initiation.	This	approach	remains	ineffective	because	of	the	
lack	of	information	regarding	the	specific	antigen(s)	recognized	by	pathogenic	T	cells.	

	 3.	Targeting	the	effector	memory	T	cells	(TEM):	It	is	well	recognized	that	naïve	and	memory	
cells	have	diverse	capacities	to	travel	in	lymphoid	and	nonlymphoid	tissues.	Recent	evi-
dence	indicates	that	memory	CD4+	and	CD8+	T	cells	comprise	at	least	two	functionally	
distinct	 subsets:	 (1)	 nonpolarized	 “central	 memory”	 T	 cells	 (TCM),	 which	 express	 the	
chemokine	receptor	CCR7	and	CD62	ligand	and	home	to	the	T	cell	areas	of	secondary	
lymphoid	organs;	and	(2)	polarized	“effector	memory”	T	cells	(TEM),	which	have	lost	the	
expression	of	CCR7	and	have	acquired	the	capacity	to	migrate	to	nonlymphoid	tissues.	It	
has	been	reported	that	most	T	cells	in	psoriatic	lesions	are	of	the	TEM	phenotype.	LFA-3/
IgG1	 fusion	 protein	 (alefacept)	 preferentially	 targets	 TEM	 cells	 and	 has	 been	 used	 for	
treatment	of	psoriasis	with	partial	 success	 (Krueger	and	Ellis	2003).	The	exact	mecha-
nism	of	action	 is	very	 intricate,	 involving	 inhibition	of	activation	of	effector	T	cells	by	
blocking	the	costimulatory	molecule	LFA-3/CD2	interaction	and	also	inducing	apoptosis	
of	memory-effector	T	 lymphocytes.	The	activated	T	cells	would	 stimulate	proliferation	
of	keratinocytes,	resulting	in	the	typical	psoriatic	symptoms.	Therefore,	it	leads	to	clini-
cal	 improvement	of	moderate	 to	 severe	psoriasis	by	blunting	 these	 reactions.	The	FDA	
approved	alefacept	for	treatment	of	adult	patients	with	moderate	to	severe	chronic	plaque	
psoriasis	who	receive	systemic	therapy	or	phototherapy.	Administered	as	15	mg	intramus-
cular	injections	weekly	for	12	weeks,	it	is	required	to	check	CD4	cell	counts	every	week	or	
every	other	week	while	on	therapy,	and	the	dose	should	be	stopped	if	the	count	is	less	than	
250/µL	and	should	be	discontinued	if	the	CD4	count	remains	below	250/µL	for	1	month.	
Due	to	its	effect	on	the	CD4	cell	counts,	it	is	contraindicated	in	patients	infected	with	HIV.	

	 4.	K+	channels	in	the	immune	system:	K+	channels	regulate	membrane	potential	and	Ca2+	
signaling	 in	both	 excitable	 and	nonexcitable	 cells	The	voltage-gated	Kv1.3	 expression	 is	
increased	four-	to	five-fold	in	activated	CD4+	and	CD8+	memory	T	cells,	whereas	human	
naïve	 or	 TCM	 cells	 upregulate	 the	 calcium-activated	 KCa3.1	 channel	 to	 regulate	 mem-
brane	potential	and	Ca2+	signaling	in	the	activated	state.	Binding	of	APC	with	the	TCR	
triggers	a	Ca2+	influx	through	voltage-independent	Ca2+	channels,	leading	to	an	increase	
in	cytosolic	Ca2+	resulting	in	translocation	of	NFAT	to	the	nucleus	ultimately	resulting	in	
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cytokine	secretion	and	T	cell	proliferation.	The	membrane	potential	of	this	Ca2+	influx	is	
maintained	by	K+	efflux	through	Kv1.3	and/or	KCa3.1.	So	targeting	KCa3.1	for	naïve	T	cell-
mediated	acute	immune	reactions	and	Kv1.3	for	memory	T	cell-induced	chronic	immune	
reactions	offer	potential	for	novel	therapeutic	molecules.	As	KV1.3	channels	are	expressed	
predominantly	in	the	memory	T	cell,	Kv1.3	blockers	may	constitute	a	promising	new	drug	
candidate	for	the	treatment	of	TEM-cell-mediated	inflammatory	skin	diseases	like	allergic	
contact	dermatitis	and	psoriasis	(Azam et al.	2007).	Gilhar et al.	(2011)	found	that	there	was	
suppression	of	development	of	psoriatic	features	in	three	of	six	human	grafts	in	the	SCID	
mice	model	by	ShK,	a	known	Kv1.3	channel	blocker.	It	also	reduced	T	cell	infiltrates	and	
cytokine	(IFN-γ	and	TNF-α)	production.	However,	there	was	incomplete	recovery	of	the	
psoriaform	grafts	with	ShK	treatment.	This	may	be	due	to	production	of	TNF-α	by	kera-
tinocytes,	Langerhans	cells,	and	mast	cells,	which	most	likely	are	not	affected	by	ShK.	Still,	
this	drug,	due	to	its	varied	mechanism	of	action	from	other	immunotherapies,	has	enormous	
potential	to	be	a	highly	effective	anti-psoriatic	agent	with	fewer	side	effects	in	humans.

26.3.3   TArgeTing B Cells in The TreATmenT of sysTemiC 
And CuTAneous AuToimmune diseAses

Preclinical	 studies	 with	 autoimmune-prone	 MRL-lpr/lpr	 mice	 lacking	 B	 cells	 failed	 to	 develop	
autoimmune	kidney	destruction,	vasculitis,	or	autoantibodies	(Chaudhari et al.	2001),	but	MRL-lpr/
lpr	mice	with	B	cells	not	capable	of	producing	antibodies	still	develop	autoimmune	disease.	B	cells	
have	a	double	role	in	the	pathogenesis	of	autoimmune	diseases,	including	presentation	of	antigen	
to	the	T	cells	and	antibody	production.	So	targeting	the	B	cells	will	be	a	novel	approach	that	will	
not	only	remove	the	B	cell	antigen	presenting	cells	(APCs)	but	also	will	get	rid	of	the	autoantibody	
producing	B	cells.	Keeping	this	in	mind,	various	markers	of	B	cells	such	as	CD20,	CD22,	and	B	cell	
growth	factors	like	Blys	and	APRIL	have	been	targeted	to	treat	autoimmune	diseases.	

26.3.3.1  Anti CD20 Therapies
•	 Rituximab:	 Rituximab	 is	 a	 chimeric	 monoclonal	 IgG1	 antibody	 directed	 against	 the	

B-lymphocyte	 surface	 antigen,	 CD20.	 Its	 exact	 mechanism	 of	 action	 remains	 unclear,	
believed	to	induce	CD20-positive	B-cell	lysis	by	several	mechanisms	including	comple-
ment-dependent	toxicity,	antibody-dependent	cell	cytotoxicity,	and	induction	of	apoptosis.	
RTX	 has	 been	 FDA	 approved	 for	 the	 treatment	 of	 patients	 with	 RA	 who	 have	 had	 an	
inadequate	response	to	anti-TNF-α	therapy.	It	is	given	as	an	intravenous	infusion	500	to	
1000	mg	every	2	weeks	for	two	doses	for	RA.	Rituximab	has	a	half-life	of	approximately	
21	days	and	can	deplete	peripheral	B	cells	for	up	to	9	months	or	longer	after	a	single	course	
of	therapy.	Shown	to	improve	the	signs	and	symptoms	of	disease,	functional	status,	qual-
ity	of	 life,	and	 retard	 radiographic	progression	of	disease	 in	patients	with	RA	who	had	
previously	failed	to	respond	to	methotrexate	or	TNF	inhibitors.	Although	rituximab	can	
be	used	alone	or	in	combination	with	DMARDs,	combination	therapy	yielded	better	clini-
cal	outcome.	Moreover,	patients	seropositive	for	rheumatoid	factor	(RF)	seemed	to	have	
a	greater	clinical	response	than	seronegative	patients	(Quartuccio et al.	2009).	Rituximab	
has	also	shown	promising	results	in	the	treatment	of	other	autoimmune	diseases	such	as	
SLE,	primary	Sjögren	syndrome,	idiopathic	thrombocytopenic	purpura,	chronic	inflam-
matory	 demyelinating	 polyneuropathy,	 multiple	 sclerosis,	 and	 vasculitis	 (e.g.,	 Wegener	
granulomatosis,	relapsing	polychondritis).

•	 Frequent	infusion	reactions	and	potentially	neutralizing	antichimeric	antibody	associated	
with	rituximab	have	prompted	development	of	several	humanized	and	fully	human	anti-
CD20	mAbs.	Two	humanized	anti-CD20	monoclonal	antibodies	that	target	CD20	in	RA	are	
in	phases	2	and	3	of	clinical	development:	ocrelizumab	(Genentech,	South	San	Francisco,	
California)	 and	 ofatumumab	 (Genmab,	 Copenhagen,	 Denmark).	 Both	 ocrelizumab	 and	
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ofatumumab	are	given	 intravenously	 and	have	 shown	promising	 results	 among	patients	
with	RA	who	have	failed	to	respond	to	at	least	one	DMARD	and/or	TNF	inhibitors.	

•	 TRU-015:	CD20-directed	small	modular	immunopharmaceutical	protein	(SMIP):	These	
are	 dimeric,	 single-chain	 polypeptides	 approximately	 one-third	 to	 one-half	 the	 size	 of	
mAbs.	Although	SMIPs	can	induce	antibody-dependent	cell	cytotoxicity	and	apoptosis,	
by	 design,	 they	 have	 attenuated	 complement	 activation	 and	 subsequent	 lower	 levels	 of	
	complement-dependent	toxicity.	TRU-015	is	a	SMIP	that	binds	to	CD20	on	pre-B	to	mature	
B cells	and	causes	dose-dependent	B-cell	depletion.	Earlier	studies	have	been	promising	
with	favorable	clinical	response	and	safety	profile	among	patients	with	RA	(Burge et al.	
2008;	Stromatt et al.	2009).	Studies	are	ongoing	to	assess	the	long-term	efficacy	and	safety	
in	the	treatment	of	RA	and	lymphoma.

26.3.3.2  Targeting B-Cell Activating Factor and a Proliferation-Inducing Ligand
B	cell–activating	 factor	 (BAFF)	or	B-lymphocyte	 stimulator	 (BLyS)	and	a	proliferation-inducing	
ligand	(APRIL)	are	members	of	TNF	cytokine	family	and	are	essential	for	survival	and	growth	of	
B	cells.	Belimumab	is	a	recombinant	fully	human	anti-BLyS	monoclonal	antibody	(LymphoStat-B)	
that	binds	to	soluble	BAFF	and	prevents	its	binding	to	BAFF-R.	In	SLE,	in	phase	I,	II,	and	III	trials	
showed	stabilization	of	disease	activity	with	fewer	side	effects.	In	RA,	in	a	phase	II	trial,	although	
belimumab	decreased	the	levels	of	B	cells	and	RF,	it	failed	to	improve	the	overall	RA	disease	activity.

Atacicept	is	a	recombinant	fusion	protein	comprised	of	a	portion	of	the	transmembrane	activa-
tor	and	calcium-modulator	and	an	immunoglobulin	chain	(TACI-Ig	or	atacicept)	fused	with	the	Fc	
fragment	of	human	IgG1	and	is	designed	to	have	a	broader	effect	on	different	stages	of	B-cell	differ-
entiation.	Atacicept	targets	molecules	on	the	B	cell	surface	that	promote	B	cell	survival	(BLyS	and	
APRIL).	Several	early	studies	in	patients	with	RA	and	SLE	have	shown	that	atacicept	can	reduce	
peripheral	blood	B	cells	and	serum	immunoglobulin	without	associated	toxicity	(Tak et al.	2008).	
Phase	II	and	III	clinical	trials	are	currently	under	way	to	assess	the	efficacy	and	safety	of	atacicept	
in	the	treatment	of	SLE,	RA,	and	relapsing	multiple	sclerosis.	

26.3.4  Angiogenesis fACTor

Vascular	endothelial	growth	factor	(VEGF),	a	potent	endothelial	cell	mitogen	and	vascular	perme-
ability	factor,	may	play	a	pivotal	role	in	psoriasis	and	RA,	by	supplying	oxygen	and	nutrients	neces-
sary	for	cell	metabolism	and	division,	as	well	as	by	bringing	in	leukocytes	and	signaling	mediators	
such	 as	 cytokines,	 chemoattractants,	 and	 growth	 factors.	 Within	 the	 synovium,	 resident	 macro-
phages	and	fibroblast-like	synovial	cells	have	been	found	to	express	VEGF	protein,	while	mRNA	
encoding	for	both	VEGF	receptors	(Flt-1	and	KDR)	has	been	detected	on	microvascular	endothelial	
cells.	Elevated	levels	of	VEGF	have	been	detected	in	the	synovial	fluid	and	serum	from	RA	patients	
when	compared	to	healthy	controls,	and	serum	VEGF	levels	have	been	shown	to	correlate	with	dis-
ease	severity	(Miotia et al.	2000;	Afuwape et al.	2003).	Inhibition	of	VEGF	in	vivo	is	accompanied	
by	side	effects,	such	as	impaired	wound	healing,	hemorrhage,	and	gastrointestinal	perforation.	

Placental	growth	factor	(PlGF),	like	VEGF,	binds	to	VEGF-R1	(and	soluble	VEGF-R1),	but,	in	
comparison	to	VEGF,	PlGF	does	not	bind	VEGF-R2	(Autiero et al.	2003;	Tjwa et al.	2003).	PlGF	
in	 preclinical	 studies	 may	 play	 a	 more	 pronounced	 role	 in	 pathological	 angiogenesis,	 shown	 by	
impaired	tumor	growth	and	vascularization	without	accompanying	major	vascular	abnormalities	
(Oosthuyse et al.	2001).	Furthermore,	PlGF	is	expressed	in	synovial	fluid,	making	it	a	potentially	
important	therapeutic	target	(Bottomley et al.	2000).

26.3.5  drugs ThAT inhiBiT leukoCyTe Adhesion

Inflammation	can	be	downregulated	by	blocking	leukocyte	migration.	Intercellular	adhesion	mol-
ecule-1	 (ICAM-1)	 is	 a	 transmembrane	 glycoprotein	 that	 facilitates	 propagation	 of	 inflammatory	
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cells.	Communication	between	T	cells	and	mononuclear	phagocytes	is	mediated	by	their	interaction	
with	lymphocyte	function-associated	antigen	1	(CD11a)	and	ICAM-1	(CD54).

Efalizumab:	Multicenter	randomized,	controlled	trials	have	shown	that	efalizumab	(Raptiva®),	
a	humanized	monoclonal	antibody	to	CD11a,	has	benefit	in	the	treatment	of	psoriasis	(46),	but	in	
April	2009,	it	was	voluntarily	withdrawn	from	the	market	due	to	the	risks	of	progressive	multifocal	
leukoencephalopathy	(FDA	2009a).

23.3.6  TArgeTing nerve growTh fACTor

The	 recognition	 that	nerve	growth	 factor	 (NGF)	and	 its	 receptor	 system	 (NGF-R)	has	 a	 critical	
role	in	pathogenesis	of	inflammation,	inflammatory	disease,	and	pain	mechanisms	has	provided	an	
astonishing	and	attractive	opportunity	to	develop	a	novel	class	of	therapeutics	for	inflammatory	dis-
eases	and	chronic	pain	syndromes.	Raychaudhuri et al.	(2008)	demonstrated	that	increased	levels	of	
NGF	in	transplanted	psoriatic	plaques	led	to	marked	proliferation	of	murine	cutaneous	nerve	fibers	
with	upregulation	of	neuropeptides	 in	 transplanted	plaques	 as	 compared	 to	 transplanted	normal	
human	skin	on	SCID	mouse.	They	have	shown	further	that	K252a,	a	high-affinity	receptor	inhibitor	
and	neutralizing	NGF	antibody,	is	therapeutically	effective	in	psoriasis	(Raychaudhuri,	Jiang, et al.	
2008).	Interestingly,	K252a	is	now	in	phase	II	clinical	trial	as	a	novel	topical	treatment	for	psoriasis.	
In	2005,	Shelton et al.	reported	that	treatment	with	anti-NGF	antibody	is	efficacious	for	autoimmune	
arthritis	of	rats	(Shelton et al.	2005),	it	reversed	weight	loss	and	decreased	joint	pain,	and	moder-
ately	decreased	inflammatory	cytokine	levels.	These	results	encouraged	Lane et al.	to	do	a	phase	I	
study	in	osteoarthritis	(OA;	Lane et al.	2005)	with	RN624	(anti-NGF),	where	RN624	improved	pain	
and	function	in	subjects	with	moderate	knee	OA.

26.4  CONCLUSIONS

Development	of	biologics	for	autoimmune	diseases	has	revolutionized	the	treatment	of	chronic	auto-
immune	diseases	like	RA,	psoriasis,	and	many	others.	These	agents	have	transformed	our	perspec-
tive	toward	the	modern-day	therapeutic	armamentarium	using	highly	“targeted	immunotherapy”	
focusing	 specific	 steps	 in	 the	 immune	 and	 pro-inflammatory	 response	 in	 autoimmune	 diseases.	
The	development	of	TNF-α	blocker	biologics	for	the	treatment	of	psoriasis,	psoriatic	arthritis,	RA,	
Crohn’s,	and	ankylosing	spondylitis	is	a	major	breakthrough.	Similarly,	B	cell-depletion	therapy	has	
provided	a	very	effective	therapeutic	option	for	critical	patients	of	lupus,	pemphigus,	rheumatoid	
arthritis,	and	ANCA-associated	vasculitis.

A	major	challenge	in	biologic	therapy	is	the	development	of	serious	side	effects,	its	cost	of	ther-
apy	 as	 well	 as	 for	 side	 effects,	 and	 the	 development	 of	 autoantibodies	 decreasing	 its	 long-term	
efficacy.	Clinical	 familiarity	of	biological	 therapies	 is	presently	an	ongoing	process	and	still	 the	
long-term	safety	is	uncertain.	The	future	aim	will	be	to	improve	the	safety	and	efficacy	of	immu-
notherapy	from	the	current	state	of	establishing	remission	to	eventually	cure	of	the	diseased	state	
without	increasing	adverse	effects	and	costs	of	treatment.

TAKE-HOME MESSAGES

•	 The	development	of	TNF-α	blockers	for	the	treatment	of	psoriasis,	psoriatic	arthritis,	RA,	
Crohn’s,	and	ankylosing	spondylitis	is	a	major	breakthrough.	

•	 Anti-TNF	agents	have	considerable	advantages	over	the	existing	immunomodulators.	They	
are	designed	to	target	a	very	specific	component	of	the	immune-mediated	inflammatory	
cascades	and	may	have	lower	risks	of	systemic	side	effects.	

•	 B	cell-depletion	therapy	has	provided	a	very	effective	therapeutic	option	for	critical	patients	
of	lupus,	pemphigus,	rheumatoid	arthritis,	and	ANCA-associated	vasculitis.
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•	 PML	 (progressive	 multifocal	 leukoencephalopathy)	 is	 a	 severe	 emerging	 infection	 in	
immunocompromised	patients.	Unexpected	cases	of	PML	have	been	reported	in	patients	
who	received	the	immune	modulatory	monoclonal	antibodies	rituximab,	efalizumab,	and	
natalizumab.

•	 IL-23	induces	production	of	IL-17	and	IL-22	in	the	Th17	cells.	IL-23,	IL-22,	IL-17,	and	
Th17	cells	are	an	important	area	of	research	for	novel	therapies	of	autoimmune	diseases.

•	 High	cost	and	the	potential	for	serious	side	effects	of	biologics	are	social	and	clinical	chal-
lenges	to	the	current	generation	of	physicians.
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27.1  INTRODUCTION

A	 disease	 modifying	 antirheumatic	 drug	 (DMARD)	 is	 defined	 by	 Outcome	 Measures	 in	
Rheumatology	(OMERACT)	as	a	drug	 that	 retards	 the	progression	of	structural	 joint	damage.	
They	are	immunosuppressive	drugs	that	have	the	capacity	to	not	only	modify	the	immune	response	
in	the	body	but	also	to	modify	the	course	of	the	rheumatic	disease.	The	term	is	generally	used	
with	reference	to	the	treatment	of	rheumatoid	arthritis	(RA),	and	so	traditional	DMARDs	may	
not	have	“disease	modifying”	ability	in	conditions	like	ankylosing	spondylitis	(AS).	DMARDs	
have	an	onset	of	action	that	is	typically	slow,	and	it	can	be	weeks	to	months	before	clinical	effect	
is	evident.	

The	 classic	 DMARDs	 are	 methotrexate	 (MTX),	 sulfasalazine	 (SSZ),	 hydroxychloroquine	
(HCQ),	and	 leflunomide	(LEF).	Cyclosporine	(Cys)	and	azathioprine	(AZA)	are	also	considered	
DMARDS.	Although	 steroids	 and	biological	 response	modifiers	have	disease	modifying	ability,	
only	traditional	DMARDs	are	discussed	in	this	chapter.

27.2  METHOTREXATE

Methotrexate	(MTX)	is	considered	by	most	rheumatologists	to	be	the	pivotal	DMARD	in	the	man-
agement	of	RA.	MTX	was	primarily	used	as	an	antineoplastic	agent,	and	at	much	lower	doses	it	is	
used	as	an	immunosuppressive	for	the	management	of	rheumatic	diseases.	It	has	been	successfully	
used	to	treat	some	nonrheumatic	conditions	as	well,	including	psoriasis	and	bronchial	asthma.	

27.2.1  MechanisM of action 

MTX	is	a	well-known	folate	antagonist.	Folic	acid	plays	a	cardinal	role	in	1-carbon	metabolism.	
The	 transfer	 of	 1-carbon	 units	 is	 critical	 to	 the	 synthesis	 of	 DNA,	 RNA,	 membrane	 lipids	 and	
neurotransmitters.	Based	on	this	known	link,	 it	was	proposed	that	MTX	affects	cell	survival	by	
decreasing	the	availability	of	folate.	

Methylene	tetrahydrofolate	(MTHF)	is	critical	in	the	synthesis	of	thymidilate	(dTMP)	by	trans-
ferring	a	methyl	group	to	uridylate	(dUMP).	This	reaction	(Figure	27.1)	is	catalyzed	by	the	enzyme	
thymidilate	 synthase	 (TS)	and	 in	 the	process	MTHF	 is	converted	 to	dihydrofolate	 (DHF).	DHF	
is	 converted	 to	 tetrahydrofolate	 (THF)	 by	 dihydrofolate	 reductase	 (DHFR).	 MTX	 inhibits	 this	
enzyme,	thereby	depleting	the	1-carbon	supplier	(MTHF)	required	for	dTMP	synthesis.	By	deplet-
ing	the	cell	of	its	sole	source	of	dTMP,	cell	death	is	triggered.

Adenosine	 accumulation	 is	 also	 considered	 to	 contribute	 to	 the	 immunosuppressive	 effect	 of	
MTX.	MTX	can	inhibit	the	enzyme	amino	imidazole	carboxamide	ribonucleotide	transformylase	
(AICAR-T),	which	converts	AICAR	to	formyl-AICAR.	AICAR	accumulation	leads	to	the	inhibi-
tion	of	adenosine	deaminase	(ADA),	an	enzyme	that	metabolizes	adenosine	and	deoxy-adenosine	
to	 inosine.	The	accumulation	of	adenosine	has	been	shown	to	have	anti-inflammatory	effects	on	
immune	cells	including	inhibiting	the	release	of	pro-inflammatory	cytokines	[1,	2].

In	addition	to	 the	aforementioned	mechanisms,	MTX	is	also	known	to	 inhibit	other	enzymes	
including	TS	and	amidophosphoribosyltransferase.	There	may	be	other	anti-inflammatory	mecha-
nisms	of	MTX	that	are	yet	to	be	discovered.	MTX	is	effective	in	a	weekly	dose	even	though	the	
serum	half-life	is	very	short.	This	is	possible	because	MTX	is	converted	to	polyglutamates	after	
entering	cells.	MTX	polyglutamates	have	anti-inflammatory	properties	like	MTX	and	are	retained	
in	the	cell	increasing	the	half-life.
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Take-Home	Messages	....................................................................................................................403
References	......................................................................................................................................403
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27.2.2  Dose

MTX	is	used	in	a	dose	range	of	7.5	to	25	mg	weekly	as	a	single	dose.	The	minimum	clinically	effec-
tive	dose	in	RA	is	considered	to	be	7.5	mg.	An	increase	in	dose	to	between	12.5	and	20	mg	weekly	
has	 been	 shown	 to	 increase	 the	 efficacy,	 while	 toxicity	 increases	 at	 doses	 above	 25	 mg	 weekly	
[3].	The	toxicity	is	also	higher	if	given	on	a	split-daily	basis	than	as	a	single	weekly	dose.	As	the	
half-life	of	MTX	polyglutamate	is	3	days,	a	twice-weekly	dose	was	tried	with	negative	results	[4].	
Subcutaneous	dosing	of	MTX	can	increase	the	bioavailability	of	the	drug	and	has	been	shown	to	
have	better	efficacy	[5].

Folic	acid	(FA)	should	be	taken	along	with	MTX	to	reduce	the	adverse	effects.	The	dose	of	FA	
to	be	taken	and	the	schedule	is	still	debated	but	a	minimum	of	5	mg	weekly	is	recommended	by	
the	 3e-initiative	 (Table	 27.1).	 The	 two	 commonly	 followed	 FA	 dosing	 regimens	 are	 5	 mg	 twice	
weekly	or	1	mg	daily	for	5	days	in	a	week.	Folic	acid	decreases	the	incidence	of	oral	mucosal	and	
gastrointestinal	side	effects	by	79%	[6].	It	has	also	been	shown	that	FA	taken	along	with	MTX	does	
not	affect	its	clinical	efficacy.	Folinic	acid	may	decrease	the	clinical	efficacy	of	MTX	without	any	
additional	benefit	over	folic	acid	and	so	is	recommended	only	to	reverse	toxicity	[7].	Folinic	acid	
can	bypass	the	DHFR	step	and	directly	replenish	the	cellular	level	of	tetrahydrofolates,	thus	being	
very	effective	in	MTX	toxicity.	

27.2.3  Use in RheUMatic Diseases

MTX	is	effective	in	RA,	including	early	arthritis,	and	has	been	shown	to	reduce	the	progression	
of	 erosions.	MTX	 is	 also	used	 for	 treating	peripheral	 arthritis	 in	patients	with	 spondyloarthritis	
although	 the	evidence	 to	 support	 this	 is	 thin.	Other	 indications	 include	psoriatic	arthritis	 (PsA),	
chronic	sarcoidosis,	resistant	arthritis	in	SLE	and	scleroderma,	limited	non-life	threatening	granu-
lomatosis	with	polyangiitis,	and	chronic	or	recurrent	iritis.

The	long-term	safety	of	MTX	has	been	well	established	and	is	considered	an	effective	and	rela-
tively	safe	drug	in	the	management	of	RA	[8].	MTX	is	known	to	reduce	progression	of	erosions	in	
RA	[9].	In	case	of	suboptimal	response,	a	combination	with	other	DMARDs	may	be	effective	[10].	
However,	 a	 recent	 meta-analysis	 showed	 that	 combining	 conventional	 DMARDs	 was	 beneficial	
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FIGURE 27.1  The	1-carbon	cycle	and	the	role	of	methotrexate	(enzymes	marked	with	a	star	are	inhibited	
by	MTX).
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only	in	reducing	pain	and	functional	capacity	as	measured	by	HAQ	[11].	Smoking,	female	gender,	
younger	age,	and	longer	disease	duration	are	predictors	of	poor	response	to	MTX	[12].

27.2.4  aDveRse effects of MethotRexate

Gastrointestinal	adverse	effects	are	common	in	patients	on	low-dose	MTX	therapy.	The	common	
gastrointestinal	adverse	effects	seen	are	oral	ulcers,	nausea,	vomiting,	anorexia,	abdominal	pain,	
diarrhea,	and	elevated	liver	enzymes.	Gastrointestinal	side	effects	can	be	effectively	reduced	by	
folic	 acid	 supplementation.	 In	 those	 patients	 without	 a	 response	 to	 folic	 acid	 supplementation,	
either	a	reduced	dose	or	change	to	subcutaneous	route	of	administration	can	help.	Alcohol	inges-
tion	should	be	avoided	in	patients	on	MTX	as	the	risk	of	adverse	effects,	especially	hepatotoxicity,	
is	increased.

Hematological	adverse	effects,	though	rare,	can	be	life	threatening	in	patients	on	low	dose	MTX.	
The	prevalence	of	pancytopenia	is	estimated	to	be	1%	in	patients	on	MTX	and	is	usually	reversible	
[13].	Bone	marrow	toxicity	increases	with	renal	failure,	older	age,	alcohol	use,	folic	acid	deficiency,	
and	combination	with	other	marrow-toxic	drugs.	The	use	of	MTX	on	a	split	multiple	dose	regimen	
is	more	toxic	than	a	single	weekly	dose.	This	can	be	explained	by	the	fact	that	MTX	acts	only	dur-
ing	the	DNA	synthesis	phase	(S-phase)	of	cells,	and	the	longer	the	marrow	is	exposed	to	the	drug,	
the	greater	the	number	of	cells	in	S-phase	is	affected.	Hence,	by	decreasing	the	marrow	exposure	to	
once	weekly,	the	chance	of	marrow	suppression	is	significantly	decreased.

TABLE 27.1
Multinational Evidence-Based Recommendations from the 3e Initiative for the Use of MTX 
in Rheumatic Disorders

Recommendations Grade 

In	DMARD-naive	patients,	the	efficacy/toxicity	favors	MTX	monotherapy	over	combination	with	other	
conventional	DMARDs;	MTX	should	be	considered	as	the	anchor	for	combination	therapy	when	MTX	alone	
does	not	achieve	disease	control.

A

Taking	at	least	5	mg	folic	acid	per	week	with	MTX	is	strongly	recommended. A

Oral	MTX	should	be	started	at	10–15	mg/week,	with	escalation	of	5	mg	every	2–4	weeks	up	to	20–30	mg/week,	
depending	on	clinical	response	and	tolerability;	parenteral	administration	should	be	considered	in	the	case	of	
inadequate	clinical	response	or	intolerance.

B

MTX,	as	a	steroid-sparing	agent,	is	recommended	in	giant-cell	arteritis	and	polymyalgia	rheumatica	and	can	be	
considered	in	patients	with	systemic	lupus	erythematosus	or	(juvenile)	dermatomyositis.

B

MTX	can	be	safely	continued	in	the	perioperative	period	in	RA	patients	undergoing	elective	orthopaedic	surgery. B

Based	on	its	acceptable	safety	profile,	MTX	is	appropriate	for	long-term	use. B

MTX	should	not	be	used	for	at	least	3	months	before	planned	pregnancy	for	men	and	women	and	should	not	be	
used	during	pregnancy	or	breast	feeding.

C

When	starting	MTX	or	increasing	the	dose,	ALT	with	or	without	AST,	creatinine	and	CBC	should	be	performed	
every	1–1.5	months	until	a	stable	dose	is	reached,	and	every	1–3	months	thereafter;	clinical	assessment	for	side	
effects	and	risk	factors	should	be	performed	at	each	visit.

C

The	work-up	for	patients	starting	MTX	should	include	assessment	of	risk	factors	for	toxicity	(including	alcohol	
intake),	patient	education,	AST,	ALT,	albumin,	CBC,	creatinine,	chest x-ray	(obtained	within	the	previous	year);	
consider	serology	for	HIV,	hepatitis	B/C,	blood	fasting	glucose,	lipid	profile,	and	pregnancy	test.

C

MTX	should	be	stopped	if	there	is	an	increase	in	ALT/AST	>	3X	the	normal	upper	limit	and	restarted	at	a	lower	
dose	following	normalization.	If	the	ALT/AST	levels	are	persistently	elevated,	the	dose	should	be	adjusted.	
Diagnostic	procedures	should	be	considered	in	case	of	persistently	elevated	ALT/AST	more	than	three	times	the	
normal	upper	limit	after	discontinuation.

C

Source:	 Visser,	K.,	Katchamart,	W.,	Loza,	E.,	Martinez-Lopez,	J.	A.,	Salliot,	C.,	Trudeau,	J., et al.	Annals of	the Rheumatic 
Diseases,	68,	7,	2009.	With	permission.
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Pulmonary	toxicity	is	a	well-known	complication	of	MTX.	The	best	characterized	type	of	pul-
monary	toxicity	is	acute	interstitial	pneumonitis.	As	the	name	suggests,	the	symptoms	start	acutely	
and	unpredictably	with	shortness	of	breath	and	cough.	There	are	associated	systemic	symptoms	like	
fever,	and	investigation	shows	hypoxemia	reduced	diffusion	capacity	of	the	lung	and	bilateral	fluffy	
interstitial	radiological	opacities.	Histopathology	shows	interstitial	pneumonitis	with	lymphocytic	
infiltration	and	occasionally	granulomas.	Other	pulmonary	adverse	effects	include	interstitial	fibro-
sis,	pulmonary	nodulosis,	pleurisy,	and	pulmonary	edema.

Apart	 from	 these	 well-defined	 adverse	 effects,	 rarer	 adverse	 effects	 seen	 with	 MTX	 include	
MTX-induced	accelerate	subcutaneous	nodulosis	(MIAN),	hyperhomocysteinemia,	osteopathy,	and	
headache.	MTX	is	FDA	category	X	and	should	not	be	used	during	pregnancy.	MTX	can	result	in	
fetal	death	and	congenital	abnormalities.

27.3  LEFLUNOMIDE

Leflunomide	(LEF)	was	first	introduced	for	the	management	of	RA	in	1998	and	has	since	become	
an	important	DMARD	in	the	management	of	RA	with	efficacy	similar	to	that	of	MTX.	

27.3.1  MechanisM of action

LEF	is	a	prodrug	that	is	metabolized	in	the	gut	wall	and	the	liver	to	the	active	metabolite	“teriflu-
nomide” (A77	1726).	The	precise	mechanism	of	action	of	LEF	is	not	known.	In	therapeutic	doses	
A77	1726	selectively	inhibits	de	novo	pyrimidine	synthesis	by	inhibiting	the	enzyme	dihydroorotate	
dehydrogenase	(DHODH)	[14].	When	lymphocyte	pools	proliferate	they	require	an	almost	eight-
fold	expansion	of	their	pyrimidine	pool,	which	is	achieved	by	activation	of	both	de	novo	and	salvage	
pathways	of	pyrimidine	synthesis.	By	inhibiting	the	rate-limiting	step	in	de	novo	pyrimidine	syn-
thesis,	lymphocyte	proliferation	is	restricted	because	a	sufficient	pool	of	pyrimidines	required	for	
DNA	synthesis	is	unavailable.	Other	modes	of	action	include	suppression	of	interleukin	1	(IL-1)	and	
tumor	necrosis	factor	α	(TNFα)	secretion	upon	T	lymphocyte/monocyte	contact	activation,	as	well	
as	suppression	of	activation	of	NFκB.	A77	1726	may	also	reduce	cell-cell	contact	activation	during	
inflammation	by	downregulating	glycosylation	of	adhesion	molecules	[14].

27.3.2  Dose

LEF	is	available	in	oral	tablets	at	doses	of	10	mg,	20	mg,	and	100	mg.	The	standard	recommendation	
is	to	start	therapy	with	a	loading	dose	of	100	mg	daily	for	3	days	and	then	switch	to	a	maintenance	
dose	of	20	mg	daily.	However,	many	clinicians	avoid	the	loading	dose	due	to	higher	gastrointestinal	
toxicity.

Food	does	not	interfere	with	drug	absorption.	Circulating	A77	1726	is	bound	by	>99%	to	plasma	
proteins	and	has	low	apparent	volume	of	distribution.	The	half-life	of	A77	1726	is	approximately	
2	weeks,	and	steady	state	is	reached	in	7	weeks	after	daily	dosing.	In	healthy	subjects,	90%	of	LEF	
is	excreted	by	28	days	but	some	may	be	present	for	much	longer	periods.	The	apparent	half-life	of	
A77	1726	can	be	reduced	to	1	to	2	days	by	the	oral	administration	of	cholestyramine,	8	g	three	times	
daily.	Activated	charcoal,	50	g	every	6	hours,	can	reduce	plasma	levels	by	50%	within	24	hours.

27.3.3  Use in RheUMatic Diseases

27.3.3.1  Rheumatoid Arthritis
LEF	was	demonstrated	to	be	superior	to	placebo	in	improving	signs	and	symptoms	in	a	6-month	
randomized	 dose-ranging	 controlled	 trial.	 Mladenovic  et  al.	 demonstrated	 that	 compared	 to	
	placebo, LEF	in	doses	of	10	mg	and	25	mg	was	safe	and	efficacious,	whereas	5	mg	was	not	[15].	
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Subsequently,	two	pivotal	trials	compared	LEF	to	MTX	and	SSZ.	Strand et al.	compared	LEF	to	
MTX	and	placebo	[16].	To	patients	in	the	LEF	arm,	treatment	protocol	included	a	loading	dose	of	
LEF	(100	mg	for	3	days)	followed	by	20	mg	daily.	Patients	in	the	MTX	arm	received	the	drug	ini-
tially	at	a	dose	of	7.5	mg	daily.	If	active	disease	was	still	present	at	week	6,	the	dose	of	MTX	was	
increased	to	15	mg	over	weeks	7	through	9	and	continued	thereafter.	All	patients	received	folate	
supplementation.	LEF	was	found	to	be	superior	to	placebo	and	the	response	rates	similar	to	that	
obtained	with	MTX.	Radiographs	demonstrated	less	damage	progression	with	LEF	and	MTX	ther-
apy	than	with	placebo.	Both	LEF	and	MTX	treatment	improved	measures	of	physical	function	and	
health-related	quality	of	life	[16].	In	a	24-week	randomized	controlled	trial	(RCT),	Smolen et al.	
compared	LEF	(100	mg	daily	on	days	1–3,	then	20	mg	daily)	to	sulfasalazine	(0.5	g	daily,	titrated	
progressively	to	2.0	g	daily	at	week	4)	and	placebo	[17].	LEF	was	found	to	be	more	effective	than	
placebo	and	showed	similar	efficacy	to	sulfasalazine.	Radiographic	damage	progression	was	also	
significantly	slower	with	LEF	and	sulfasalazine	than	with	placebo	[17].	The	two	RCTs	thus	estab-
lished	the	role	of	LEF	in	the	management	of	RA.

27.3.3.2  Psoriatic Arthritis
The	efficacy	of	LEF	in	PsA	was	evaluated	in	one	RCT	that	compared	LEF	to	placebo	[18].	In	this	
study	LEF	was	found	to	be	superior	to	placebo	for	the	treatment	of	arthritis	as	well	as	psoriasis.	
Unfortunately,	radiographs	were	not	included	in	the	study;	therefore,	the	effect	of	LEF	on	progres-
sion	of	joint	damage	was	not	studied.

27.3.3.3  Other Rheumatic Diseases
In	AS,	LEF	was	found	to	be	effective	in	treating	peripheral	arthritis	but	not	axial	arthritis	in	a	small	
open	label	study	with	20	patients	[19].	 In	systemic	lupus	erythematosus,	 in	a	small	double-blind	
RCT	in	which	12	patients	were	randomized	to	either	LEF	or	placebo,	LEF	was	more	effective	than	
placebo	in	treating	patients	with	mild	to	moderate	disease	activity	and	was	safe	and	well	tolerated	
[20].	Tam et al.	(2006)	also	found	LEF	to	be	effective	in	the	treatment	of	lupus	nephritis	refractory	
or	 intolerant	 to	 traditional	 immunosuppressive	 therapy	in	an	open	label	 trial	 [21].	LEF	at	a	dose	
of	30	mg	daily	was	shown	to	be	useful	in	maintaining	remission	after	induction	of	remission	with	
cyclophosphamide	in	patients	with	granulomatosis	with	polyangiitis	[22].

27.3.4  aDveRse effects of LefLUnoMiDe

In	the	major	clinical	trials	withdrawal	due	to	side	effects	were	significantly	higher	in	LEF-treated	
patients	compared	to	placebo	as	well	as	MTX,	but	similar	to	sulfasalazine.	Diarrhea	is	the	most	
common	 side	 effect	 that	 limits	 treatment;	 the	 incidence	 is	 lower	 if	 a	 loading	 dose	 is	 not	 used.	
Diarrhea	usually	responds	to	reducing	the	dose,	but	may	require	drug	discontinuation.	Liver	toxic-
ity	is	another	major	side	effect;	therefore,	liver	function	tests	need	to	be	monitored.	Hypertension	
occurs	more	frequently	in	LEF-treated	patients	compared	to	placebo-treated	patients.	Pneumonitis	
and	peripheral	neuropathy	have	been	reported.	Skin	rash,	sometimes	severe,	most	commonly	occur-
ring	between	months	2	and	5,	may	require	drug	discontinuation.	Other	reported	side	effects	include	
cytopenia,	nausea,	and	vomiting,	abdominal	pain,	and	weight	loss.	In	case	of	significant	side	effects,	
the	active	metabolite	of	LEF	may	be	washed	out	by	the	oral	administration	of	cholestyramine,	8	g	
three	times	daily	for	11	days.

LEF	 is	 rated	FDA	pregnancy	category	X	since	animal	studies	have	shown	substantial	 tera-
togenic	effects	with	small	doses.	Therefore,	LEF	should	not	be	prescribed	for	women	who	are	
not	practicing	reliable	birth	control	methods.	It	 is	also	recommended	that	nursing	mothers	not	
receive	LEF.	If	a	woman	who	has	previously	received	LEF	desires	to	become	pregnant,	A771726	
levels	should	be	measured.	Active	elimination	of	LEF	from	the	body	using	one	or	more	courses	
of	cholestyramine	8	g	three	times	daily	for	11	days	should	be	considered	for	levels	greater	than	
0.02	mg/L.	Before	attempting	pregnancy,	levels	less	than	0.02	mg/L	should	be	confirmed	on	two	
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separate	occasions,	at	least	14	days	apart,	and	women	should	wait	an	additional	three	full	men-
strual	cycles.	

LEF	is	contraindicated	in	patients	with	impaired	liver	function,	severe	renal	impairment,	cyto-
penia,	severe	immunodeficiency,	severe	hypoproteinemia,	or	known	hypersensitivity	to	the	drug.	
Patients	taking	LEF	should	have	a	baseline	complete	blood	count	and	liver	and	kidney	function	tests	
and	chronic	hepatitis	serology.	The	complete	blood	count	and	liver	tests	should	be	repeated	monthly,	
with	dosage	adjustments	for	abnormal	test	results.	While	patients	are	on	treatment	with	LEF,	live	
vaccinations	should	be	avoided.

27.4  SULFASALAZINE

Sulfasalazine	(SSZ)	was	originally	known	as	sulfasalazopyridine	and	was	synthesized	as	a	combi-
nation	of	mesalazine	or	5-aminosalicylic	acid	(5-ASA)	and	sulfapyridine.	This	was	possibly	syn-
thesized	 in	 this	 combination	 because	 of	 the	 theory	 that	 RA	 is	 an	 inflammatory	 disease	 caused	
by	 an	 infection,	 hence	 the	 combination	 of	 an	 anti-inflammatory	 substance	with	 an	 antibacterial	
agent.	Less	than	30%	of	SSZ	is	absorbed	in	the	small	intestines,	and	the	rest	is	broken	down	in	the	
large	intestine	into	the	individual	components	sulfapyridine	and	mesalazine.	While	sulfapyridine	is	
entirely	absorbed,	less	than	30%	of	mesalazine	is.	

Initially,	SSZ	was	thought	to	act	by	antibacterial	effects	on	the	host,	especially	in	the	gut.	This	
hypothesis	has	long	been	discarded,	and	SSZ	is	now	considered	to	be	a	good	immunosuppressive drug.

27.4.1  MechanisM of action

SSZ	has	more	immunosuppressive	activity	than	the	individual	components.	The	exact	mechanism	
of	action	of	SSZ	is	controversial.	It	is	known	to	suppress	neutrophil	activities	including	chemotaxis,	
degranulation,	and	proteolytic	enzyme	production	[23].	It	is	also	known	to	suppress	activation	of	
T, B,	and	NK	cells,	with	decrease	in	pro-inflammatory	cytokine	and	immunoglobulin	production.	
SSZ	can	directly	inhibit	proliferation	of	endothelial	cells	and	fibroblasts,	as	well	as	suppress	osteo-
clasts	and	angiogenesis.	These	effects	lead	to	the	disease-modifying	effect	on	rheumatoid	synovitis.	
In	addition,	SSZ	 is	known	 to	 inhibit	prostaglandin	E2	synthetase,	 the	arachidonic	acid	cascade,	
as	well	as	the	extracellular	release	of	phospholipase	A2	[24].	Like	MTX,	SSZ	is	known	to	inhibit	
AICAR-T,	resulting	in	the	accumulation	of	adenosine	[25].

27.4.2  Dose

Sulfasalazine	is	given	at	doses	ranging	from	2.0	to	3.0	g/day.	It	is	generally	started	at	a	lower	dose	
and	increased	on	a	weekly	basis.	This	is	known	to	improve	the	tolerability	of	the	drug,	especially	
to	the	gastrointestinal	toxicity.	

27.4.3  Use in RheUMatic Diseases

SSZ	is	a	good	DMARD	for	RA.	A	meta-analysis	of	placebo-controlled	trials	enrolling	a	total	of	
335	patients	showed	a	significant	improvement	in	joint	counts	and	erythrocyte	sedimentation	rate	
(ESR)	[26].	A	meta-analysis	comparing	the	efficacy	of	DMARDs	in	RA	showed	similar	efficacy	
of	SSZ	with	MTX,	antimalarials,	and	injectable	gold	[27].	SSZ	has	been	reported	to	have	similar	
efficacy	to	LEF	[17].	SSZ	may	have	a	quicker	onset	of	action	compared	to	HCQ	[28].	

Apart	from	RA,	SSZ	has	been	used	successfully	in	PsA,	reactive	arthritis	(ReA),	inflammatory	
bowel	disease	associated	arthritis,	AS,	and	juvenile	idiopathic	arthritis	(JIA).	A	meta-analysis	of	SSZ	
in	AS	showed	benefits	in	improving	ESR	and	the	severity	of	back	stiffness	[29].	In	one	of	the	trials	
included	in	the	meta-	analysis,	patients	had	relatively	shorter	disease	duration	and	more	peripheral	
arthritis	[30].	This	was	the	only	study	in	which	there	was	improvement	in	back	pain	and	metrology.	
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This	led	to	the	conclusion	that	SSZ	may	be	effective	in	early	AS	and	in	those	with	peripheral	arthritis.	
The	benefit	of	SSZ	in	peripheral	arthritis	has	been	established	in	another	trial	enrolling	patients	with	
AS,	ReA,	and	PsA	[31].	Clinical	benefit	of	SSZ	was	seen	only	in	patients	with	peripheral	arthritis.

In	a	Cochrane	review	including	13	RCTs,	SSZ	was	found	to	be	significantly	better	than	placebo	
in	the	treatment	of	PsA	[32].	SSZ	is	used	in	ReA	and	it	has	been	found	in	a	trial	to	start	working	as	
early	as	after	4	weeks	of	initiation	[33].	The	trial	showed	significantly	higher	response	rates	to	SSZ	
compared	to	placebo.

27.4.4  aDveRse effects

The	most	common	adverse	effects	seen	with	SSZ	are	gastrointestinal,	including	nausea,	vomiting,	
dyspepsia,	and	anorexia.	Other	common	adverse	effects	include	headache	and	skin	rash.	Bone	mar-
row	toxicity	is	rare,	and	oligospermia	leading	to	male	infertility	is	reversible.	The	adverse	effects	
are	more	common	during	the	early	weeks	to	months	of	treatment	and	relatively	rarer	later.	Enteric-
coated	tablets	reduce	the	rate	of	achieving	peak	plasma	concentrations	and	result	in	lower	adverse	
effects.	Starting	therapy	at	a	lower	dose	of	500	mg	per	day	and	increasing	slowly	has	resulted	in	
fewer	failures	due	to	intolerance.

27.5  ANTIMALARIALS

The	4-aminoquinolines	chloroquine	(CHQ)	and	HCQ	are	the	most	commonly	used	antimalarials.	
HCQ	differs	from	CHQ	by	a	hydroxyl	group	and	is	less	toxic.	The	remarkable	feature	of	antimalari-
als	is	the	low	incidence	of	adverse	effects.	In	lupus	it	is	considered	a	universal	treatment	that	should	
not	be	stopped	if	possible.	They	have	not	only	therapeutic	but	also	preventive	effects	in	lupus.	In	
RA,	HCQ	can	be	used	in	combination	with	other	DMARDS,	resulting	in	higher	efficacy.	In	combi-
nation	with	MTX	in	RA,	they	are	known	to	prevent	or	improve	MIAN	[34].

27.5.1  MechanisM of action

The	exact	mechanism	of	action	of	antimalarials	is	not	known.	They	are	thought	to	interfere	with	lyso-
somal	acidification,	leading	to	effects	on	antigen	presentation	[35].	Lysosomal	acidification	can	also	lead	
to	inhibition	of	Toll-like	receptors	(TLR)	[35].	They	affect	phagocytosis,	suppress	inflammatory	cytokine	
production,	and	dampen	the	calcium	signaling	by	T	and	B	cell	receptors	[36–38].	Antimalarials	bind	and	
stabilize	the	DNA.	They	can	decrease	the	matrix	metalloproteinase	MMP9	and	increase	tissue	inhibitor	
of	metalloproteinase	(TIMP),	thereby	favorably	affecting	the	balance	of	metalloproteinases	[39].

Recently	 a	 unique	 function	 of	 HCQ	 to	 help	 prevent	 thrombosis	 was	 identified.	 Annexin	 A5,	
a	natural	 anticoagulant,	binds	 to	phospholipids,	preventing	 the	activation	of	coagulation	 factors.	
In	antiphospholipid	antibody	syndrome	(APLA),	the	antibodies	inhibit	the	action	of	annexin	A5,	
which	can	be	normalized	with	HCQ	[40].

27.5.2  Dose

Chloroquine	is	used	at	a	dose	of	500	mg	and	HCQ	at	a	dose	of	400–600	mg	per	day.	Antimalarials	
may	be	given	as	a	single	dose	at	night	to	reduce	nausea,	dose-related	transient	vision	problems,	and	
possibly	photosensitivity.	

27.5.3  Use in RheUMatic Diseases

The	classic	rheumatic	indications	for	using	HCQ	are	RA	and	SLE.	Other	indications	include	myo-
sitis,	Sjögren’s	syndrome,	palindromic	rheumatism,	and	sarcoidosis.	It	is	now	being	used	in	APLA	
to	prevent	thrombosis.	
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Although	HCQ	has	a	slower	onset	of	action,	it	has	been	found	to	be	as	effective	as	MTX	and	SSZ	
in	a	meta-analysis	[27].	

27.5.4  aDveRse effects

The	adverse	effects	of	antimalarials	are	rare	but	can	be	dramatic	and	sometimes	irreversible,	espe-
cially	if	late	to	recognize.	The	adverse	effects	include	retinopathy,	myopathy,	cardiomyopathy,	tin-
nitus,	hearing	difficulty,	ataxia,	dizziness,	nightmares,	and	psychotic	behavior.

More	 common	 and	 less	 severe	 adverse	 effects	 include	 abdominal	 pain,	 nausea,	 vomiting,	
anorexia,	and	diarrhea.	Skin	pigmentation	can	be	a	major	deterrent	for	young	patients	despite	the	
tremendous	benefits	of	treatment	with	HCQ.	Rarely,	hemolysis	can	occur	with	glucose-6-phosphate	
dehydrogenase	(G6PD)	deficiency.	

27.6  AZATHIOPRINE

Since	its	first	use	as	a	“disease	modifying”	agent	in	the	early	1960s,	AZA	has	been	commonly	used	
in	the	treatment	of	chronic	inflammatory	diseases	such	as	inflammatory	bowel	disease,	systemic	
lupus	erythematosus,	vasculitis,	and	RA.	

27.6.1  MechanisM of action

AZA	is	a	long-lived	prodrug	of	6-mercaptopurine	(6-MP),	a	purine	analogue	that	acts	as	an	antago-
nist	to	the	endogenous	purines	that	are	essential	for	synthesis	of	DNA,	RNA,	and	some	coenzymes.	
It	exerts	its	cytotoxic	effects	after	activation	by	the	enzyme	hypoxanthine-guanine	phosphoribosyl	
transferase	(HGPRT).	Both	in	vitro	and	in	vivo,	AZA	is	metabolized	to	6-MP	through	reduction	
by	glutathione	and	other	sulfhydryl-containing	compounds	and	then	enzymatically	converted	into	
6-thiouric	 acid,	 6-methyl-MP,	 and	 6-thioguanine	 (6-TG).	 AZA	 then	 becomes	 incorporated	 into	
replicating	DNA	and	also	blocks	the	de	novo	pathway	of	purine	synthesis	[41].	However,	blockade	
of	DNA	replication	does	not	fully	explain	all	of	the	laboratory	and	clinical	findings	of	AZA-induced	
immunosuppression.	Tiede et al.	[42]	recently	showed	that	AZA	and	its	metabolites	induce	apop-
tosis	of	T	cells.	The	induction	of	apoptosis	requires	co-stimulation	with	CD28	and	is	mediated	by	
specific	blockade	of	Rac1	activation	through	binding	of	AZA-generated	6-thioguanine	triphosphate	
(6-Thio-GTP)	to	Rac1	instead	of	GTP.	The	activation	of	Rac1	target	genes	such	as	mitogen-	activated	
protein	kinase,	NF-κB,	and	bcl-x(L)	is	suppressed	by	AZA,	leading	to	a	mitochondrial	pathway	of	
apoptosis.	AZA	thus	converts	a	co-stimulatory	signal	into	an	apoptotic	signal	by	modulating	Rac1	
activity	[42].	

27.6.2  Dose

The	drug	is	available	as	50	mg	tablets.	The	dose	of	AZA	ranges	from	1–2.5	mg/kg.	It	is	usually	
started	at	a	dose	of	50	mg	daily,	and	the	dose	titrated	to	2	mg/kg	with	close	monitoring	of	complete	
blood	count.

The	oral	bioavailability	of	AZA	ranges	from	27%	to	83%	and	is	inversely	proportional	to	the	
dose.	After	absorption,	 the	prodrug	AZA	undergoes	approximately	90%	conversion	 to	6-MP	by	
nonenzymatic	attack	by	sulfhydryl-containing	compounds	such	as	glutathione	or	cysteine.	6-MP	
is	 a	 substrate	 for	 the	 enzyme	 thiopurine	 methyl	 transferase	 (TPMT)	 that	 catabolizes	 6-MP	 to	
6-methyl-MP.	6-MP	is	converted	to	thioxanthine	and	thiouric	acid	by	xanthine	oxidase.	When	the	
xanthine	oxidase	inhibitor	allopurinol	is	administered	with	AZA,	plasma	6-MP	concentrations	are	
five-fold	higher,	and	the	toxicity	of	6-MP	is	enhanced	[43].	Determining	a	patient’s	TPMT	genotype	
or	phenotype,	a	priori,	can	identify	the	rare	patient	(1	in	300)	who	should	not	receive	a	thiopurine	
because	of	little	or	no	TPMT	enzyme	activity	that	can	lead	to	severe	neutropenia	on	exposure	to	
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AZA.	 Patients	 with	 intermediate	 TPMT	 levels	 can	 safely	 receive	 AZA	 at	 lower	 doses	 and	 can	
undergo	dose	escalation	safely	under	close	monitoring	[43].

27.6.3  Use in RheUMatic Diseases

Although	AZA	is	an	effective	immunosuppressant	and	is	commonly	used	in	the	management	of	
severe	manifestations	of	systemic	 lupus	erythematosus	and	systemic	vasculitides,	 it	has	a	minor	
role	in	the	management	of	inflammatory	arthritides.	At	least	6	RCTs	have	evaluated	the	efficacy	of	
AZA	in	RA.	Compared	to	placebo,	there	is	some	evidence	of	efficacy	on	swollen	joint	count	[44].	
However,	MTX	has	been	shown	to	be	superior	to	AZA,	and	therefore,	with	the	availability	of	MTX	
and	a	number	of	agents	with	superior	efficacy,	AZA	is	seldom	used	in	the	management	of	RA	but	is	
an	option	if	other	drugs	are	contraindicated,	failed,	or	are	unavailable.

Although	 there	are	no	randomized	 trials,	AZA	has	been	used	 in	patients	with	 refractory	
PsA.	 Data	 from	 an	 observational	 cohort	 showed	 that	 there	 was	 no	 statistically	 	significant	
	difference	 in	 the	 reduction	 in	 number	 of	 actively	 inflamed	 joints	 between	 AZA-treated	
patients	and		controls	treated	with	other	agents.	Some	patients	had	a	significant	improvement	
in	psoriasis	[45].

AZA	is	used	in	the	management	of	severe	manifestations	of	SLE,	especially	proliferative	nephri-
tis.	In	the	original	studies	conducted	by	the	National	Institutes	of	Health	(NIH),	AZA	was	not	infe-
rior	to	cyclophosphamide	as	an	induction	treatment	for	lupus	nephritis.	More	recent	studies	show	
that	 AZA	 and	 cyclophosphamide	 suppress	 the	 clinical	 and	 histologic	 activity	 of	 lupus	 nephritis	
to	a	similar	extent,	but	cyclophosphamide	may	be	more	effective	 in	preventing	 relapse	and	pro-
gression.	For	other	manifestations	of	SLE,	including	cutaneous	disease,	AZA	is	widely	used	as	a	
corticosteroid-sparing	agent.	AZA	in	combination	with	corticosteroids	is	useful	in	the	treatment	of	
a	number	of	other	autoimmune	diseases,	 including	inflammatory	myositis,	Behçet’s	disease,	and	
systemic	vasculitis.	

27.6.4  aDveRse effects

Common	side	effects	include	nausea,	vomiting,	and	abdominal	pain.	The	most	serious	early	toxic-
ity	is	neutropenia.	Therefore,	complete	blood	counts	need	to	be	monitored	closely	after	initiating	
therapy.	Consideration	should	be	given	to	undergoing	TPMT	testing	to	identify	the	rare	patient	(1	in	
300)	who	should	not	receive	AZA	because	of	little	or	no	TPMT	enzyme	activity.	However,	TPMT	
testing	cannot	substitute	for	complete	blood	count	monitoring	in	patients	receiving	AZA.	Other	side	
effects	include	increased	risk	of	infection	and	drug-induced	hepatitis	(rare).	Long-term	therapy	may	
increase	risk	of	malignancies.	

AZA	 is	 rated	 FDA	 pregnancy	 category	 D.	 Whenever	 possible,	 use	 in	 pregnancy	 should	 be	
avoided.	 However,	 AZA	 may	 be	 continued	 or	 used	 to	 treat	 severe	 disease	 manifestations	 after	
weighing	risk	and	benefits.	Use	in	nursing	mothers	is	not	recommended.	

AZA	is	contraindicated	in	patients	with	absent	TPMT	activity	but	may	be	given	in	lower	doses	
in	patients	with	intermediate	activity	with	careful	dose	adjustment.	Since	one	of	the	pathways	for	
inactivation	of	AZA	is	inhibited	by	allopurinol,	the	two	drugs	should	not	be	given	together.	In	the	
rare	clinical	situation	when	the	two	drugs	have	to	be	given,	the	dose	of	AZA	should	be	reduced	to	
one-quarter.	

27.7  CYCLOSPORIN A

Cyclosporin	A	(CsA)	was	first	used	in	the	management	of	autoimmune	disease	in	the	late	1980s.	
It	 is	 now	 used	 only	 in	 refractory	 disease	 given	 the	 significant	 risk	 of	 toxicity	 on	 long-term	
therapy.
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27.7.1  MechanisM of action

Cyclosporine	is	a	lipophilic	endecapeptide	first	isolated	from	the	fungus	Tolypocladium infla-
tum.	Cyclosporine	impairs	production	of	interleukin-2	and	other	cytokines,	reducing	lympho-
cyte	proliferation.	Cyclosporine	complexes	with	a	cytosolic-binding	protein	(immunophilin)	
called	cyclophilin.	The	CsA-cyclophilin	complex	binds	to	and	inhibits	calcineurin,	a	serine/
threonine	phosphatase.	Inhibition	of	calcineurin	phosphatase	activity	prevents	the	transloca-
tion	of	cytosolic	nuclear	factor	of	activated	T	cells	(NFAT)	to	the	nucleus.	Translocation	of	
NFAT	 is	 required	 for	 the	 transcription	of	genes	 for	cytokines	 such	as	 interleukin-2	and	 for	
T	 cell	 activation.	 Inhibition	 of	 this	 translocation	 thus	 prevents	 IL-2	 production	 and	 T	 cell	
activation.	

27.7.2  Dose

CsA	is	available	in	25	mg	and	100	mg	capsules.	It	is	usually	started	at	a	dose	of	2.5	mg/kg/day,	
administered	in	divided	doses.	Clinical	response	is	seen	only	after	a	period	of	4	to	8	weeks	and	is	
maximal	after	12	weeks	or	more	of	treatment.	To	improve	efficacy,	the	dosage	can	be	increased	by	
0.5	mg/kg/day	at	4-	to	8-week	intervals	to	a	maximal	dosage	of	4	mg/kg/day.	If	there	is	no	clinical	
response	in	6	months,	CsA	should	be	discontinued.	

The	 newer	 microemulsion-based	 Neoral	 formulation	 has	 better	 bioavailability	 and	 less	 inter-
subject	and	 intra-subject	variability	 than	 the	older	oil-based	Sandimmune	 formulation.	The	bio-
availability	 is	 about	 30%.	 CsA	 is	 lipophilic	 and	 widely	 distributed	 in	 body	 tissues.	 Metabolism	
of	CsA	depends	on	P-glycoprotein	(Pgp),	a	drug	efflux	pump	that	pumps	CsA	out	of	cells.	Pgp	is	
expressed	on	intestinal	epithelial	cells	and	in	the	liver.	CsA	is	metabolized	by	the	CYP3A	enzyme	
system,	which	is	also	active	 in	 the	 liver	and	intestinal	epithelium.	Pgp,	by	 limiting	drug	uptake,	
and	CYP3A4,	by	facilitating	drug	metabolism	in	the	gut	and	liver,	act	to	limit	the	bioavailability	
of	CsA	[46].	CsA	elimination	is	not	altered	in	renal	failure;	however,	because	of	its	nephrotoxicity,	
cyclosporine	is	avoided	in	patients	with	impaired	renal	function.	Liver	disease	impairs	the	excretion	
of	cyclosporine	metabolites.

27.7.3  Use in RheUMatic Diseases

In	RA,	CsA	is	effective	as	a	single	agent	and	in	combination	with	MTX	or	hydroxychloroquine.	
When	 compared	 to	 placebo,	 CsA	 improves	 swollen	 joint	 count,	 pain,	 and	 disability,	 as	 well	 as	
ACR20	response	criteria.	The	combination	of	CsA	+	MTX	or	LEF	was	more	efficacious	on	swollen	
joint	count	and	ACR50	and	ACR70	response	than	cyclosporine	monotherapy,	but	not	on	pain,	dis-
ability,	radiographic	damage,	or	ACR	[44].	

CsA	is	effective	in	controlling	psoriasis.	A	three-arm	RCT	comparing	CsA	3	mg/kg/day	added	
to	standard	therapy,	SSZ	2	g/day	added	to	standard	therapy,	and	standard	therapy	alone	showed	
that	CsA	was	well	tolerated	and	was	more	efficacious	that	standard	therapy	and	SSZ	[47].	In	the	
most	recently	published	RCT,	CsA	was	compared	to	placebo	as	an	add-on	treatment	in	patients	
with	 PsA	 demonstrating	 an	 incomplete	 response	 to	 MTX	 monotherapy.	 There	 was	 significant	
improvement	 at	 12	 months	 in	 the	 swollen	 joint	 count,	 C-reactive	 protein,	 PASI,	 and	 synovitis	
detected	 by	 high-resolution	 ultrasound.	 There	 was	 no	 improvement	 in	 the	 Health	 Assessment	
Questionnaire	or	pain	scores	[48].	Thus,	CsA	has	a	role	in	the	management	of	PsA	either	on	its	
own	or	as	an	add-on	treatment	to	MTX.	However,	it	is	not	well	tolerated.	Its	effect	on	joint	dam-
age	has	not	been	assessed.	

In	SLE,	small	uncontrolled	studies	have	shown	that	CsA	improves	disease	activity,	has	a	steroid-
sparing	effect,	and	 improves	proteinuria,	 thrombocytopenia,	and	 leukopenia.	CsA	has	also	been	
used	in	the	maintenance	phase	of	ANCA	associated	vasculitis	and	for	macrophage-activation	syn-
drome	and	Behçet’s	disease.	
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27.7.4  aDveRse effects

Short-term	 treatment	with	CsA	 is	usually	well	 tolerated.	Common	side	effects	 include	gastroin-
testinal	upset,	hypertrichosis,	gingival	hyperplasia,	tremor,	paresthesias,	breast	tenderness,	hyper-
kalemia,	hypomagnesemia,	and	hyperuricemia.	Important	side	effects,	especially	with	long-term	
treatment,	include	hypertension	and	renal	dysfunction.	In	transplant	recipients,	CsA	use	has	been	
associated	with	an	increased	risk	of	skin	cancer	and	lymphoma,	but	data	from	patients	treated	for	
inflammatory	arthritides	are	limited.	

Cyclosporine	is	rated	FDA	category	C,	and	its	use	in	pregnancy	is	not	recommended	unless	the	
potential	benefit	exceeds	 the	potential	 risk	 to	 the	fetus.	Breastfeeding	should	be	avoided	when	a	
patient	is	on	treatment	with	CsA.

CsA	has	a	number	of	significant	drug	interactions	because	of	the	influence	of	Pgp	and	CYP3A4	
enzyme	activity	on	its	metabolism.	Drugs	that	inhibit	CYP3A4	and	Pgp—such	as	erythromycin,	
azole	antifungal	drugs,	and	some	calcium	channel	antagonists—may	result	in	a	two-	to	five-fold	
increase	in	CsA	concentrations,	resulting	in	increased	toxicity.	Hepatic	enzyme	inducers	such	as	
rifampicin,	phenytoin,	and	phenobarbitone	decrease	CsA	concentration.	Aminoglycosides,	quino-
lone	antibiotics,	amphotericin	B,	NSAIDs,	and	ACE	inhibitors	may	 increase	 renal	 toxicity.	CsA	
increases	the	risk	of	myotoxicity	of	statins.

Prior	to	starting	CsA,	renal	function	and	blood	pressure	should	be	confirmed	to	be	normal.	Liver	
enzymes,	serum	potassium,	magnesium,	uric	acid,	and	lipid	levels	should	also	be	monitored	prior	
to	and	during	therapy	with	CsA.	Live	vaccines	should	be	avoided.

27.8  OTHER DMARDs

Intramuscular	gold	therapy	is	beneficial	for	RA	and	was	shown	to	improve	swollen	joint	count,	pain,	
and	disability	when	compared	to	placebo.	There	is	no	clear	evidence	for	better	efficacy	of	MTX	(at	
tested	doses)	versus	intramuscular	gold	[44].	Early	use	of	gold	salt	injections	may	retard	progres-
sion	of	joint	erosions.	Although	not	shown	to	protect	from	progression	of	joint	damage,	gold	has	
been	used	in	the	treatment	of	PsA,	with	intramuscular	gold	being	more	efficacious	[49].	Despite	the	
known	benefits,	gold	salts	are	being	used	less	by	rheumatologists	because	of	the	need	for	meticulous	
monitoring	for	serious	toxicity	(e.g.,	cytopenias,	proteinuria)	and	the	costs	of	administration	and	
monitoring.	Oral	gold	therapy	with	auranofin	has	different	and	less	severe	toxicity	than	intramuscu-
lar	gold.	Cytopenia	and	proteinuria	do	not	occur,	but	diarrhea	is	not	uncommon.	Auranofin	is	less	
efficacious	than	MTX,	injectable	gold,	or	SSZ.

D-penicillamine	was	used	 in	 the	management	 of	RA.	However,	 that	 drug	has	 shown	no	 sig-
nificant	advantage	versus	placebo	and	also	has	serious	adverse	effects	including	aplastic	anemia,	
agranulocytosis,	thrombocytopenia,	Goodpasture’s	syndrome,	myasthenia	gravis,	and	membranous	
nephritis,	and	is	therefore	best	avoided.	

The	broad	spectrum	tetracycline	antibiotic	minocycline	that	also	inhibits	matrix	metalloprotein-
ases	and	decreases	synovial	T	cell	proliferation	and	cytokine	production	was	shown	to	have	some	
efficacy	on	swollen	joint	count	but	not	joint	damage	or	function	in	RA.	There	is	limited	data	com-
paring	this	drug	to	other	standard	drugs.	Side	effects	include	feelings	of	light-headedness,	vertigo,	
and	liver	toxicity.	Drug-induced	lupus	is	an	important	side	effect	with	chronic	therapy.

With	the	advent	of	newer,	more	effective	therapy,	and	with	better	understanding	of	the	use	of	
older	DMARDs,	these	drugs	are	rarely,	if	ever,	used.	

27.9  CONCLUSIONS

A	number	of	DMARDs	are	currently	used	in	the	management	of	peripheral	inflammatory	arthritis,	
with	MTX,	LEF,	SSZ,	and	HCQ	the	most	commonly	studied	and	used	by	practitioners.	These	drugs	
have	a	major	role	as	the	first-line	agent	in	the	management	of	early	disease	(especially	RA)	and	also	
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in	combination	with	newer	biologic	agents.	Some	of	these	drugs	are	also	effective	in	the	manage-
ment	of	peripheral	spondyloarthritis.	They	are,	however,	not	effective	in	the	management	of	axial	
spondyloarthritis.

TAKE-HOME MESSAGES

•	 Disease	modifying	antirheumatic	drugs	(DMARD)	are	antirheumatic	agents	referring	to	
their	ability	to	modify	the	course	of	disease,	as	opposed	to	simply	treating	symptoms	such	
as	inflammation	and	pain.	

•	 Agents	in	this	group	include	azathioprine,	cyclosporine,	gold	salts,	hydroxychloroquine,	
leflunomide,	methotrexate,	D-penicillamine,	and	sulfasalazine.	

•	 MTX	is	considered	by	most	rheumatologists	to	be	the	pivotal	DMARD	in	the	management	
of	RA.	

•	 MTX	was	primarily	used	as	an	antineoplastic	agent,	and	at	much	lower	doses	it	is	used	as	
an	immunosuppressive	for	the	management	of	rheumatic	diseases.

•	 Sulfasalazine	and	leflunomide	are	also	very	effective	DMARDs	for	rheumatoid	arthritis.
•	 In	addition	to	treating	the	disease	process,	DMARDs	also	help	reduce	use	of	corticoste-

roids	and	thus	reduce	the	toxicities	of	corticosteroids.
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28.1  INTRODUCTION

Inflammation	is	a	host	defense	mechanism	initiated	by	foreign	molecules,	generating	a	cascade	of	
mediators	including	prostaglandins	leading	to	tissue	damage	as	a	bystander	effect	in	an	attempt	by	
the	body	to	get	rid	of	the	foreign	antigen.	Inflammation	needs	to	be	controlled	when	it	is	inappropri-
ate,	aberrant,	or	sustained	or	leads	to	significant	tissue	damage.	There	are	different	mechanisms	to	
halt	the	inflammatory	cascade,	one	of	which	targets	the	key	pathway	of	production	of	key	mediators	
of	inflammation—the	cyclooxygenase	pathway.

Nonsteroidal	anti-inflammatory	drugs	(NSAIDs)	are	a	heterogeneous	group	of	chemical	com-
pounds	 that	 share	 the	 common	property	of	 having	 anti-inflammatory,	 analgesic,	 and	 antipyretic	
actions.	These	drugs	are	mostly	organic	acids.

28.2  HISTORY

The	search	for	remedies	for	pain	relief	is	old.	In	the	past,	willow	(Willow spp.)	and	other	salicylate-
rich	plants	were	serendipitously	discovered	to	be	the	source	of	herbal	pain	relief	medications.	In	
1853,	Charles	Frédéric	Gerhardt	produced	acetyl	salicylic	acid	for	the	first	time	by	reacting	acetyl	
chloride	with	sodium	salicylate.	By	the	end	of	the	19th	century,	the	then	dye	firm	Bayer	commer-
cially	produced	 acetylsalicylic	 acid	 and	 branded	 it	 as	 aspirin.	Today,	 aspirin	 and	 acetylsalicylic	
acid	are	used	synonymously	as	a	generic	name.	Acetaminophen	(paracetamol)	and	ibuprofen	were	
subsequently	discovered.	The	mechanism	of	action	of	aspirin	was	subsequently	elucidated	by	John	
Vane,	who	received	a	Nobel	Prize	for	his	work	(Vane	1971;	Vane	1996).

28.3  MECHANISM OF ACTION

All	drugs	categorized	under	NSAIDs	inhibit	cyclooxygenase	(COX),	 the	enzyme	responsible	for	
conversion	of	arachidonic	acid	(derived	from	cell	membrane	phospholipid	by	phospholipase	A2)	
to	prostaglandins.	All	the	agents	are	competitive	and	reversible	antagonists	of	COX	except	aspirin,	
which	 acetylates	 the	 enzyme	 and	 thus	 is	 irreversible.	 This	 is	 important	 because	 the	 antiplatelet	
activity	(inactivated	for	the	platelet’s	life)	persists	longer.

The	enzyme	COX	is	now	known	to	be	present	in	two	isoforms	(Hawkey	1999):	COX-1	and	
COX-2.	 COX-1	 is	 constitutive	 (“housekeeping”)	 and	 ubiquitous—present	 in	 gastrointestinal	
tract,	kidneys,	and	platelets—and	it	performs	a	homeostatic	function	during	physiological	situ-
ations.	Thus,	 inhibition	of	COX-1	 results	 in	 the	gastrointestinal	 side	effects	on	one	hand	and	
useful	antiplatelet	activities	on	the	other.	COX-2	is	induced	during	inflammation	and	facilitates	
inflammatory	response.	Thus,	inhibition	of	COX-2	results	in	the	anti-inflammatory,	antipyretic,	
and	analgesic	action	(Vane	1971,	1996;	Figure	28.1).	There	is	another	type	of	this	enzyme,	COX-
3,	which	is	a	splice	variant	of	COX-1,	the	role	of	which	is	less	clear	(Timothy	2002).	It	has	been	
proposed	that	acetaminophen’s	actions	could	be	mediated	by	its	ability	to	inhibit	COX-3	in	brain	
(Botting	2005).

There	are	 some	other	 less-characterized	mechanisms	of	 action	of	 these	drugs	as	well.	These	
drugs	downregulate	interleukin-1	(IL-1)	production,	decrease	production	of	free	radicals,	interfere	
with	intracellular	calcium-mediated	events,	and	inhibit	chemotaxis	(Daniel	2009).	Further,	NSAIDs	
decrease	the	sensitivity	of	vessels	to	histamine	and	bradykinin.

While	the	agents	that	inhibit	both	the	cyclooxygenase	enzymes	are	labelled	as	“nonselective”	
or	“traditional”	NSAIDs,	 those	that	preferentially	block	cyclooxygenase-2	are	called	“coxibs”	
(Lipsky	1998).	The	drugs,	however,	vary	in	their	relative	selectivity	for	COX-1	and	COX-2	in	
vitro	 (FitzGerald	 2001;	 Grosser	 2006).	 The	 COX-2	 selective	 drugs	 were	 thought	 to	 be	 safer	
in	respect	to	the	gastrointestinal	toxicity,	but	they	are	more	likely	to	increase	thrombotic	car-
diovascular	 events	 because	 of	 their	 inability	 to	 inhibit	 platelets	 (which	 only	 express	 COX-1;	
FitzGerald 2003).
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The	mechanism	of	action	of	acetaminophen	is	less	clear.	It	is	believed	to	act	by	inhibiting	cyclo-
oxygenase	 in	 the	 brain,	 thereby	 explaining	 its	 superior	 antipyretic	 action	 and	 less	 demonstrable	
anti-inflammatory	action.	For	this	reason,	it	is	often	not	classified	under	NSAIDs.

28.4  CLASSIFICATION

The	NSAIDs	are	weak	acids.	The	different	chemical	classes	of	the	drugs	are	salicylates	(aspirin	
[acetylsalicylic	acid]);	propionic	acid	derivatives	(ibuprofen,	naproxen,	ketoprofen,	fenoprofen,	flur-
biprofen,	oxaprozin);	acetic	acid	derivatives	(indomethacin,	etodolac,	ketorolac,	diclofenac,	nabu-
metone,	sulindac);	enolic	acid	(oxicam)	derivatives	(piroxicam,	meloxicam,	lornoxicam);	fenamic	
acid	derivatives	(mefenamic	acid);	sulfonanilides	(nimesulide);	selective	COX-2	inhibitors	or	coxibs	
(celecoxib,	etoricoxib).	This	classification	has	little	clinical	value	except	that	the	coxibs	are	a	distinct	
class.	Acetaminophen	(paracetamol),	although	often	discussed	within	NSAIDs	and	sharing	some	
properties	with	them,	is	a	different	molecule	with	limited	anti-inflammatory	property.

28.5  PHARMACOKINETICS

•	 Bioavailability:	The	drugs	are	rapidly	absorbed	and	the	oral	bioavailability	of	most	of	the	
agents	is	high	with	peak	concentrations	occurring	within	1	to	4	hours.

•	 Protein	binding:	The	drugs	are	highly	protein-bound	(average	95%	to	99%).
•	 Half-lives:	The	agents	differ	widely	in	their	duration	of	action	and	half-lives	(Table	28.1).
•	 Metabolism	and	clearance:	The	drugs	are	metabolized	in	the	liver	to	inactive	metabolites	

and	are	then	excreted.	The	excretion	of	salicylate	(aspirin)	occurs	with	first-order	kinetics	
with	a	half-life	between	0.5	and	19	hours,	depending	on	the	dose	of	aspirin	administered.

28.6  PHARMACODYNAMICS

Most	of	the	NSAIDs	are	weak	organic	acids.	Nabumetone	is	an	exception;	it	is	the	only	non-
acid	 NSAID	 in	 current	 use.	 The	 NSAIDs	 act	 by	 inhibiting	 the	 COX	 pathway	 as	 illustrated	
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COX-2 gene
[inducible]
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FIGURE 28.1  Mechanisms	of	action	of	NSAIDs.
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before.	 There	 are	 subtle	 differences	 among	 the	 different	 agents.	 A	 single	 dose	 of	 aspirin	
	suppresses	thromboxane	production	in	platelets	for	several	days.	This	alters	the	thromboxane	
	versus	prostacyclin	 (TXA2-PGI2)	balance	 toward	PGI2,	which	 leads	 to	 inhibition	of	platelets	
and	 vasodilation;	 thus,	 it	 is	 an	 antithrombotic	 (David	 2005).	 Acetaminophen	 has	 very	 little	
anti-inflammatory	effect	because	it	inhibits	COX-2	only	weakly.	It	is	not	technically	considered	
to	be	an	NSAID.

Regarding	 efficacy,	 coxibs	 and	 other	 NSAIDs	 are	 similar	 at	 comparable	 doses	 (FitzGerald	
2001).	 However,	 there	 are	 differences	 in	 the	 response	 of	 individual	 persons	 to	 the	 particular	
drugs.	For	this	reason,	a	trial	with	a	different	agent	is	necessary	if	the	patient	fails	to	respond	to	
one	NSAID.

28.7  CLINICAL USES OF NSAIDs

NSAIDs	are	used	(1)	for	symptomatic	relief	of	acute	musculoskeletal	pain,	(2)	 to	 treat	fever	and	
malaise	and	headache,	(3)	to	treat	inflammatory	arthritides	like	rheumatoid	arthritis,	and	(4)	as	an	
antiplatelet	agent	to	treat	ischemic	heart	disease	and	ischemic	stroke	(aspirin	only),	other	conditions	
like	systemic	mastocytosis,	Bartter’s	syndrome,	and	so	forth.

28.7.1  OsteOarthritis

The	LOGICA	study	demonstrated	that	most	patients	with	osteoarthritis	(OA)	requiring	NSAIDs	for	
pain	control	showed	a	high	prevalence	of	gastrointestinal	(GI)	and	cardiovascular	(CV)	risk	factors.	

TABLE 28.1
Brief Comments on Individual NSAIDs

Drug Name Half-Life (hours) Notes

Aspirin 4	to	6 Decrease	dose	in	renal	failure	and	hepatic	disease.	

Celecoxib 11 Contraindicated	with	sulfonamide	allergy.
Less	gastrointestinal	toxicity.

Diclofenac 2 Incidence	of	increased	transaminase	levels	higher	than	with	other	NSAIDs.

Etodolac 6	to	7 Relatively	less	GI	toxicity.

Etoricoxib 22 Contraindicated	in	severe	renal	or	liver	disease	patients.	Caution	in	mild	to	
moderate	disease.

Flurbiprofen 3	to	4 Rarely	causes	neurotoxicity	(ataxia,	myoclonus,	tremor,	rigidity).

Ibuprofen 2 Reports	of	septic	meningitis.

Indomethacin 2	to	13 Approved	for	treatment	of	patent	ductus.

Ketorolac 4	to	6 Renal	toxicities	are	more	common	than	others.
Used	mainly	as	analgesic.

Nabumetone 24 Food	increases	peak	concentration.	Rarely	causes	phototoxicity,	
pseudoporphyria.

Naproxen 12	to	15 Does	not	increase	cardiovascular	risk.
Rarely	causes	allergic	vasculitis,	pseudoporphyria.

Oxaprozin 49	to	60 Mild	uricosuric.
Decrease	dose	in	renal	failure	and	low	body	weight.	

Piroxicam 3	to	86 Decrease	dose	in	hepatic	disease.

Sulindac 16 Used	in	polyposis.

Tolmetin 1	to	1.5 Rarely	causes	thrombotic	thrombocytopenic	purpura	(TTP).
Ineffective	in	gout.

Note:	 Drugs	are	listed	alphabetically.
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Over	half	of	the	patients	were	at	either	high	GI	or	CV	risk,	or	both,	such	that	the	prescription	of	OA	
treatments	should	be	very	carefully	considered	(Lanas	2010).

28.7.2  Other inflammatOry arthrOpathies

NSAIDs	are	used	for	anti-inflammatory	and	analgesic	properties	in	rheumatoid	arthritis,	spondy-
loarthropathy,	juvenile	idiopathic	arthritis,	and	so	forth.	They	are	mostly	used	short	term.	In	anky-
losing	spondylitis,	NSAIDs	given	for	prolonged	periods	of	up	to	a	year	have	led	to	improvement	in	
spinal	mobility	and	acute-phase	reactants,	and	continuous	therapy	retards	radiographic	progression	
(Dougados	1999;	Wanders	2005).

28.7.3  Other rOles Of nsaiDs

NSAIDs	have	been	noted	to	prevent	the	development	of	certain	diseases	and	experimentally	tried	
in	such	situations	as	cancer	chemoprevention	and	Alzheimer’s	disease	(Thun	2002;	McGeer	2000).

28.8  HOW TO GUIDE THERAPY

In	a	recent	study	of	prescription	patterns	in	osteoarthritis	patients,	it	was	observed	that	prescrip-
tion	of	NSAIDs	was	not	in	accordance	with	current	recommendations	made	by	regulatory	agencies	
(Lanas	2011).	NSAIDs	are	prescribed	in	two	fashions:	short	duration	in	local	injury	or	inflammation	
for	pain	relief	and	also	as	antipyretic	in	fever	and	for	a	relatively	longer	duration	in	some	situations	
demanding	anti-inflammatory	as	well	as	analgesic	properties	 such	as	 rheumatic	conditions	 (e.g.,	
rheumatoid	arthritis,	juvenile	arthritis,	ankylosing	spondylitis).

The	clinician	must	ask	the	patient	for	any	history	of	allergy	to	such	drugs	in	the	past,	exacerba-
tion	of	bronchial	asthma,	history	suggestive	of	peptic	ulcer	disease	or	gastrointestinal	bleeding,	and	
any	significant	cardiovascular,	renal,	or	hepatic	disease.	Before	starting	therapy	for	longer	duration,	
it	is	prudent	to	check	baseline	hemoglobin,	blood	counts	(total	and	differential,	platelets),	liver	func-
tion	tests,	serum	creatinine,	and	serum	electrolytes	(Table	28.2).	For	subjects	who	have	any	of	the	
aforementioned	issues,	the	therapy	has	to	be	tailored	accordingly,	if	not	contraindicated.	The	situa-
tions	are	discussed	in	detail	in	Section	28.13.

Regarding	monitoring	of	long-term	NSAID	therapy,	the	patient	needs	to	be	clinically	assessed	
periodically	during	follow-up.	The	follow-up	protocol	depends	on	the	baseline	risk	profile.	Serum	
creatinine,	electrolytes,	blood	counts,	and	 liver	 function	 tests	need	 to	be	 repeated	at	appropriate	
intervals.

TABLE 28.2
Checklist for Therapy with NSAIDs

Check

Initiation Allergy
Asthma
Peptic	ulcer,	GI	bleeding
CAD,	heart	failure
Renal	dysfunction
Full	blood	counts
Creatinine,	electrolytes
Liver	function	tests

Monitoring Full	blood	counts
Creatinine,	electrolytes
Liver	function	tests
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28.9  ADVERSE REACTIONS AND TOXICITIES OF NSAIDs

The	drugs	share	some	common	adverse	effects.	They	are	summarized	in	Table	28.3.

28.10  CHOICE OF NSAIDs

The	different	NSAIDs	are	comparable	 in	 terms	of	efficacy;	however,	 there	may	be	considerable	
interindividual	variation	in	response	to	particular	molecules.	The	factors	that	have	bearing	while	
choosing	 a	 particular	 NSAID	 are	 individual	 response,	 toxicity,	 half-life,	 cost,	 and	 physician	 or	
patient	preferences.	Important	issues	regarding	particular	agents	are	briefly	summarized	in	the	fol-
lowing	(Table	28.1).

28.11  PRECAUTIONS FOR USE OF NSAIDs

•	 Gastrointestinal	disease:	Discussed	in	Section	28.13
•	 Cardiovascular	disease:	Discussed	in	Section	28.13
•	 Renal	disease:	Discussed	in	Section	28.13
•	 Concomitant	medications:	Discussed	in	Section	28.12

28.11.1  anemia

The	risk	of	NSAID-induced	gastrointestinal	blood	loss	is	increased	in	the	presence	of	severe	ane-
mia.	Anemia,	especially	if	iron	deficiency,	even	in	absence	of	overt	blood	loss	in	a	patient	taking	
NSAIDs,	requires	investigation	to	rule	out	GI	blood	loss.

28.11.2  hypersensitivity reactiOns: asthma

The	coexistence	of	hypersensitivity	to	aspirin	(and	to	other	NSAIDs)	with	upper	airway	(rhinosinus-
itis/nasal	polyps)	and	lower	airway	(asthma)	disease	is	referred	to	as	aspirin	triad,	asthma	triad,	or	
Samter’s	syndrome	(Samter	1968).	This	condition	is	now	termed	as	aspirin-exacerbated	respiratory	
disease	(AERD)	because	it	is	not	drug	hypersensitivity	but	exacerbation	of	the	underlying	chronic	
inflammatory	respiratory	disease	by	aspirin	or	other	NSAIDs	(Berges-Gimeno	2002).	It	is	proposed	
to	be	due	to	deprivation	of	PGE2	by	NSAIDs,	which	leads	to	activation	of	inflammatory	pathways,	

TABLE 28.3
Adverse Reactions to NSAIDs

System Toxicities

Mucocutaneous Allergy,	urticarial,	angioedema,	toxic	epidermal	necrolysis,	photosensitivity

Gastrointestinal Anorexia,	nausea,	vomiting,	diarrhea,	peptic	ulcer,	gastrointestinal	bleeding

Hepatic Elevated	transaminases,	cholestasis,	acute	liver	injury

Renal Acute	interstitial	nephritis,	papillary	necrosis,	renal	tubular	acidosis,	sodium	retention,	
hyperkalemia,	renal	failure

Cardiovascular Hypertension,	ischemic	heart	disease,	myocardial	infarction,	worsening	of	heart	failure

Pulmonary Exacerbation	of	allergic	asthma	(aspirin	sensitive),	vasomotor	rhinitis

Hematologic Cytopenias,	anemia	(from	gastrointestinal	bleeding)

Neurologic Confusion,	drowsiness,	dizziness,	aseptic	meningitis,	seizure

Others Reye’s	syndrome
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including	increased	leukotriene	synthesis.	Management	would	be	avoidance	of	NSAIDs	and	use	of	
alternative	drugs	like	acetaminophen	and	possibly	COX-2	inhibitors	(Celik	2005).

28.11.3  DelayeD hypersensitivity

Cutaneous	symptoms	are	the	most	frequent	manifestations	of	delayed	hypersensitivity	to	NSAIDs.	
Prompt	discontinuation	is	recommended	to	decrease	the	mortality.	Symptomatic	treatment	involves	
systemic	 corticosteroids	 and	 antihistamines	 (Kowalski	 2011).	 Patients	 with	 SJS/TEN	 should	 be	
treated	in	intensive	care	units	offering	typical	management	as	for	burns.	There	is	no	specific	phar-
macological	treatment,	and	use	of	corticosteroids,	plasmapheresis,	intravenous	immunoglobulins,	
or	immunosuppressive	drugs	is	still	controversial	(French	2006).

28.11.4  pregnancy

NSAIDs	 are	 not	 recommended	 during	 pregnancy,	 particularly	 during	 the	 third	 trimester.	 They	
may	 cause	 premature	 closure	 of	 the	 fetal	 ductus	 arteriosus	 and	 renal	 dysfunction	 in	 the	 fetus.	
Additionally,	they	are	linked	with	premature	birth	(Østensen	2004).	In	contrast,	acetaminophen	is	
regarded	as	relatively	safe	and	well	tolerated	in	pregnancy	(Graham	2005).	However,	aspirin	is	used	
in	pregnant	women	with	antiphospholipid	antibodies	(Cervera	2004).

28.11.5  elDerly

The	elderly	are	at	higher	risk	of	adverse	reactions	to	NSAIDs.	Furthermore,	the	aged	person	might	
be	taking	other	drugs	for	comorbid	conditions,	increasing	the	chance	of	drug	interactions.	If	at	all	
required,	NSAIDs	should	be	used	at	the	lowest	possible	dose	for	the	shortest	period.	It	is	prudent	to	
use	acetaminophen	in	such	conditions	(Zachary	2010).

28.11.6  surgery

Surgical	or	wound	site	bleeding	can	occur	theoretically	due	to	inhibition	of	platelet	TXA2	produc-
tion.	NSAIDs	should	be	discontinued	for	a	period	equal	to	five	times	their	half-life	prior	to	surgery	
to	ensure	hemostasis.	Aspirin	should	be	discontinued	1–2	weeks	before	surgery	because	its	effect	
on	platelets	is	irreversible.

28.12  DRUG INTERACTIONS

Recognizing	drug	interaction	and	its	avoidance	is	of	paramount	importance	for	any	clinician.	Many	
new	drugs	are	introduced	each	year,	and	new	interactions	are	recognized	with	use.	There	is	soft-
ware	to	detect	potential	interactions.	However,	they	tend	to	flag	each	interaction	and	prescription	
becomes	 difficult.	The	 important	 (i.e.,	 clinically	 relevant)	 interactions	 are	 to	 be	 taken	 seriously.	
NSAIDs	often	need	to	be	co-prescribed	with	other	drugs.	For	example,	a	patient	with	rheumatoid	
arthritis	who	is	on	therapy	with	methotrexate	might	require	the	NSAID	for	control	of	pain	from	the	
disease	itself.	On	the	other	hand,	a	patient	with	diabetes	mellitus	who	is	being	treated	with	sulfonyl-
urea	drugs	may	take	an	NSAID	for	another	reason.	The	clinician	needs	to	be	very	careful	in	such	
situations	and	patients	need	to	be	explained	what	could	happen	so	as	to	avoid	inadvertent	drug	inter-
actions.	The	different	categories	of	possible	drug	interactions	follow	(Table	28.4).	The	list	is	only	
illustrative	and	not	exhaustive.	Physicians	are	advised	to	follow	a	software-based	drug	interaction	
checker	(such	as	PDR	Network,	http://www.pdr.net/drugpages;	British	National	Formulary,	http://
bnf.org/bnf/index.htm;	Medscape,	http://reference.medscape.com)	and	standard	references	includ-
ing	product	information	brochures.

http://www.pdr.net
http://bnf.org
http://bnf.org
http://reference.medscape.com
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28.13  SPECIAL SITUATIONS AND TOXICITIES

The	 three	most	 important	 issues	while	prescribing	NSAIDs	 are	gastrointestinal,	 cardiovascular,	
and	renal	toxicities.	In	the	perspective	of	an	average	primary	care	grouping	of	100,000	(Bandolier	
2000),	in	the	population	with	3,500	over-65s	taking	NSAIDs,	there	would	be	18,	10,	and	22	hospital	
admissions	every	year	for	upper	gastrointestinal	bleeding,	acute	renal	failure,	and	congestive	heart	
failure,	respectively.

The	key	issues	are	described	below.

28.13.1  nsaiD-inDuceD gastrOintestinal tOxicity

Since	 COX-1	 pathway–derived	 prostaglandins	 are	 responsible	 for	 regulating	 gastric	 acid	 secretion	
(PGE2	and	PGI2	reduces	acid	secretion)	and	maintenance	of	mucosal	defense	and	cytoprotection	(PGE2	
stimulates	epithelial	mucus	production,	bicarbonate	secretion;	while	PGE2	and	PGI2	maintains	mucosal	
blood	flow	by	vasodilation	and	epithelial	proliferation)	in	the	GI	tract,	blocking	them	with	NSAIDs	
would	be	expected	to	cause	ulcerations	by	altering	these	(Scheiman	1996;	Wolfe	1999).	All	NSAIDs	
are	associated	with	GI	toxicity,	including	prophylactic	low-dose	aspirin	(Lanas	2007;	Sostres	2011).	The	

TABLE 28.4
List of Common Drug Interactions

Drug Category Drugs Effect Mechanisms

Antidiabetic	drugs Oral	hypoglycemic	drugs
(e.g.,	glibenclamide,	glipizide,	
glimipiride)

Increased	risk	of	
hypoglycemia

Competition	for	plasma	
protein	binding,	inhibition	of	
metabolism

Anticoagulant	drugs Anticoagulants
(e.g.,	warfarin)

Increased	risk	of	bleeding Competition	for	plasma	
protein	binding,	inhibition	of	
metabolism

Antihypertensive	
drugs

All	antihypertensives
(e.g.,	angiotensin	converting	
enzyme	inhibitor,	β-blocker)

Blunted	control	of	
hypertension

Sodium	retention	by	NSAIDs

Angiotensin	converting	
enzyme	inhibitor,	angiotensin	
receptor	blockers

Renal	toxicity Blocking	renal	prostaglandin	
mediated	vasodilation	
maintaining	blood	flow

Diuretics All	diuretics Renal	toxicity Hypovolemia

K+	sparing	diuretics Hyperkalemia Blocking	aldosterone	axis

Antimicrobial	drugs Quinolones Seizure Competition	for	plasma	
protein	binding

Aminoglycosides Increased	blood	level	of	
the	drug

Decreased	renal	excretion	of	
the	drug

Antiepileptic	drugs Phenytoin,	valproate Increased	blood	level	of	
the	drug

Competition	for	plasma	
protein	binding,	inhibition	of	
metabolism

Drugs	used	in	
psychiatry

Lithium Increased	blood	level	of	
the	drug

Decreased	renal	excretion	of	
the	drug

Alcohol Increased	risk	of	
gastrointestinal	bleeding

Additive	effect

Immunosuppressive	
drugs

Corticosteroids,	cyclosporine Increased	nephrotoxicity Additive	effect

Methotrexate Increased	blood	level	of	
the	drug

Decreased	renal	excretion	of	
the	drug

Cardiovascular	
drugs

Digoxin Increased	blood	level	of	
the	drug

Decreased	renal	excretion	of	
the	drug
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coxibs	can	also	cause	asymptomatic	GI	ulcers	and	are	found	in	around	30%	of	patients	receiving	long-
term	NSAIDs	(Bombardier	2000).	The	prevalence	of	asymptomatic	ulcers	with	low-dose	prophylactic	
aspirin	is	7.3%	at	3	months	(Wilcox	1994).	H. pylori	infection	increases	the	risk	of	these	complications	
and	eradication	of	the	infection	would	be	advantageous	in	reducing	the	risk	(Aalykke	1999;	Laine	2002;	
Ghosh	2005).	Even	the	COX-2	inhibitors	are	also	associated	with	a	definite	GI	toxicity,	although	lower	
than	nonselective	NSAIDs.	In	the	CLASS	study,	the	GI	toxicity	with	celecoxib	was	lower	than	with	
diclofenac,	however,	this	difference	was	not	observed	at	one	year	(Silverstein	2000).

The	risk	factors	for	gastrointestinal	toxicity	are	history	of	peptic	ulcer	or	gastrointestinal	bleed-
ing,	 use	of	 concomitant	medications	 (glucocorticoid,	 anticoagulants	 like	warfarin),	 use	of	 higher	
doses	of	NSAIDs,	use	of	NSAIDs	for	long	duration,	presence	of	other	medical	problems	(diabetes,	
hypertension,	cardiovascular	disease,	 renal	 insufficiency,	hepatic	 impairment),	 and	older	age	 (age	
>60	years;	Wolfe	1999).	The	 risk	would	be	highest	 if	 the	patient	has	a	history	of	 recent	compli-
cated	peptic	ulcer	or	at	least	two	risk	factors	(history	of	uncomplicated	ulcer;	use	of	high	dose	of	
NSAID;	concomitant	use	aspirin	 [including	 low	dose],	anticoagulant	or	corticosteroids;	age	older	
than	65	years)	(Lanza	2009).	Using	COX-2	with	PPI	has	the	lowest	rebleeding	risk	when	NSAIDs	
are	used	in	such	patients	(Chan	2007).	A	number	of	large	studies	(OMNIUM—omeprazole	vs.	miso-
prostol;	ASTRONAUT—ranitidine	vs.	omeprazole;	MUCOSA—Misoprostol	Ulcer	Complications	
Outcomes	 Study	 Assessment)	 and	 a	 recent	 meta-analysis	 (Rostom	 2007)	 demonstrate	 that	 miso-
prostol,	PPIs,	and	double	doses	(not	standard	dose)	of	H2RAs	are	effective	at	reducing	the	risk	of	
endoscopic	gastric	and	duodenal	NSAID-induced	ulcers.	Standard	doses	of	H2RAs	are	ineffective	in	
this	regard.	Regarding	prophylaxis,	the	only	agent	studied	in	outcome	trial	is	misoprostol,	and	it	was	
shown	to	reduce	the	risk	of	NSAID-induced	ulcer	complications.	However,	the	poor	tolerance	limits	
the	use	of	the	drug.	There	had	been	interest	in	using	a	lower	dose	of	misoprostol	(400	μg	compared	
to	800	μg)	to	avoid	the	intolerance,	mostly	diarrhea.	Both	doses	are	associated	with	diarrhea,	and	
the	effectiveness	of	misprostol	at	the	lower	dose	is	not	documented.	Thus,	possibly	the	use	of	low-
dose	misoprostol	to	prevent	NSAID-related	ulcers	is	not	justified.	Regarding	use	of	COX-2	selective	
blockers,	the	Celecoxib	Long-Term	Arthritis	Safety	Study	(CLASS)	had	demonstrated	superior	toler-
ance	to	celecoxib	compared	to	others	(Silverstein	2000).	In	the	MEDAL,	VIGOR,	and	other	studies,	
COX-2	 inhibitors	 are	 demonstrated	 to	 have	 lower	 GI	 toxicity	 (Cannon	 2006;	 Bombardier	 2000).	
The	best	way	to	prevent	the	gastrointestinal	toxicities	of	NSAIDs	is	to	avoid	the	use	of	nonselective	
NSAIDs	with	or	without	cotherapy	with	mucosal	protective	agent	or	proton	pump	 inhibitors.	An	
alternative	would	be	to	use	acetaminophen,	which	has	very	little	gastric	adverse	effects	(Cryer	1998).

28.13.2  hepatOtOxicity

NSAIDs	are	common	causes	of	Drug-Induced	Liver	Injury	(DILI).	The	incidence	is	low,	however,	
ranging	from	0.29/100,000	to	9/100,000.	NSAIDs	can	cause	a	wide	spectrum	of	liver	damage	rang-
ing	from	asymptomatic,	transient,	hyper-transaminasemia	to	fulminant	hepatic	failure.	Presence	of	
jaundice	is	prognostically	bad,	with	25%	developing	severe	disease	(Bessone	2010).	Ibuprofen	has	
the	highest	liver	safety	profile	among	NSAIDs	and	showed	no	severe	liver	injury	in	larger	studies.	
Uncommonly,	piroxicam	may	cause	severe	hepatocellular	damage.	Nimesulide	was	removed	from	
the	market	in	several	countries	due	to	severe	liver	damage;	in	others	it	is	recommended	for	use	in	
adults	for	short	term.	Coxib-induced	liver	injury	is	an	uncommon	event,	occurring	in	1	per	100,000	
exposed	persons	(Boelsterli	2002).

28.13.3  nsaiD-inDuceD carDiOvascular tOxicity

Endothelial	 cell	 COX-2	 produces	 PGI2,	 which	 leads	 to	 dilation	 of	 vascular	 smooth	 muscle	 and	
blocks	platelet	aggregation.	On	the	other	hand,	platelets,	expressing	only	COX-1,	produce	TXA2,	
which	leads	to	platelet	aggregation.	In	stress,	COX-2	expression	overwhelms	COX-1.	Thus,	blocking	
COX-2	leads	to	the	adverse	cardiac	events	as	may	be	expected	(Cheng	2006).	The	three	landmark	
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trials—Celecoxib	Long-Term	Arthritis	Safety	Study	(CLASS),	Vioxx	Outcomes	Research	Study	
(VIGOR),	and	Adenomatous	Polyp	Prevention	On	Vioxx	(APPROVe)	(Silverstein	2000;	Bombardier	
2000;	Bresalier	2005)—pointed	out	 that	 the	adverse	cardiovascular	“class	effect”	was	an	 inher-
ent	property	of	all	coxibs.	The	conclusions	of	a	recent	meta-analysis	(31	trials	in	116,429	patients	
with	more	than	115,000	patient	years	of	follow-up)	of	randomized	trials	broadly	confirm	previous	
research	showing	an	increased	risk	of	cardiovascular	events	with	many	NSAIDs.	Compared	with	
placebo,	rofecoxib	(withdrawn	from	the	market)	was	associated	with	the	highest	risk	of	myocardial	
infarction	(rate	ratio	2.12).	Ibuprofen	was	associated	with	the	highest	risk	of	stroke	(3.36,	1.00	to	
11.6),	followed	by	diclofenac	(2.86,	1.09	to	8.36).	Etoricoxib	(4.07,	1.23	to	15.7)	and	diclofenac	(3.98,	
1.48	to	12.7)	were	associated	with	the	highest	risk	(approximately	four-fold)	of	cardiovascular	death	
(Trelle	2011).	The	risk	is	present	for	both	traditional	NSAIDs	(risk	average	1.19;	diclofenac	1.38;	
Singh	2006)	and	COX-2	selective	NSAIDs.	Naproxen	is	associated	with	the	lowest	CV	risk	overall.	
Interpretation	of	the	results	for	ibuprofen	is	hampered	by	the	absence	of	stratification	by	dose,	which	
other	work	suggests	is	important.	The	cardiovascular	safety	issues	led	to	the	withdrawal	of	a	num-
ber	of	coxibs	like	rofecoxib.	Presently,	there	is	concrete	evidence	of	cardiovascular	risk	with	most	
NSAIDs,	and	this	should	guide	clinicians	to	modify	their	prescription	habit.

The	Framingham	risk	factors	like	blood	pressure,	glycemic	status,	lipid	profile,	smoking	status,	
and	family	history	of	ischemic	heart	disease	should	be	noted.	The	cardiovascular	risk	assessment	can	
objectively	be	done	using	online	calculators	such	as	that	from	the	National	Cholesterol	Education	
Initiative	(http://hp2010.nhlbihin.net/atpiii/calculator.asp);	therapy	may	be	planned	accordingly.	For	
patients	with	high	cardiovascular	risk,	naproxen	is	preferred,	if	there	is	low	GI	risk.	These	patients	
are	also	supposed	to	be	on	low-dose	prophylactic	aspirin,	which	increases	their	GI	risk.	Thus,	addi-
tion	of	a	PPI	would	be	prudent	(Rostom	2009).	In	patients	with	both	GI	and	CV	risk,	it	is	advisable	
to	avoid	any	NSAID.	The	American	Heart	Association	had	issued	a	guideline	for	use	of	NSAIDs	in	
patients	with	CV	risk	(Antman	2007).

28.13.3.1  Patient on Low-Dose Aspirin
Patients	on	 low-dose	aspirin	 for	cardiac	protection	present	a	complex	situation.	NSAIDs	dimin-
ish	the	protective	effect	of	aspirin	(Catella-Lawson	2001),	probably	competing	with	aspirin	to	the	
acetylation	site	of	platelet	COX-1,	but	they	are	weak	in	this	regard	(as	they	are	a	reversible	inhibitor	
as	compared	to	aspirin).	Clopidogrel	may	be	used	as	a	rational	alternative	to	low-dose	aspirin	for	
the	patient	with	significant	cardiovascular	risk	factors	who	requires	chronic	NSAIDs.	The	coxibs	
do	not	interfere	with	the	inhibitory	effects	of	low-dose	aspirin	on	platelets,	but	they	increase	the	
cardiovascular	risk	as	explained	previously,	and	there	is	no	evidence	that	low-dose	aspirin	provides	
consistent	protection	against	this	increased	risk	(FitzGerald	2001;	Grosser	2006).

Further,	NSAIDs	can	cause	volume	overload	and	a	modest	elevation	in	blood	pressure,	can	blunt	
the	therapeutic	effect	of	antihypertensive	drugs,	and	can	worsen	heart	failure.	Etoricoxib	may	be	
associated	with	more	frequent	problems	with	blood	pressure	control.	An	approximately	5	mmHg	
rise	in	supine	blood	pressure	may	be	expected	with	NSAIDs	(Johnson	2003).	This	should	also	be	
taken	into	consideration	when	prescribing	NSAIDs	in	patients	with	cardiovascular	disease.

28.13.4  nsaiD-inDuceD renal tOxicity

Renal	prostaglandins	are	important	in	maintaining	the	renal	perfusion	in	individuals	with	paren-
chymal	 renal	disease	and	when	 the	person	 is	dehydrated	or	 the	circulating	volume	 is	decreased	
(e.g.,	heart	failure).	In	these	states,	the	renin-angiotensin-aldosterone	axis	is	stimulated,	leading	to	
vasoconstriction.	Prostaglandins	compensate	this	by	dilating	the	vessels.	Thus,	NSAIDs	alter	the	
intrarenal	hemodynamics	(reduce	renal	blood	flow)	by	blocking	the	COX	enzyme,	leading	to	a	fall	
in	glomerular	filtration	and	consequent	sodium	and	water	retention	(Whelton	2000).

NSAIDs	can	cause	sodium	retention	and	edema,	hyperkalemia,	acute	renal	failure,	and	rarely	
proteinuria,	 interstitial	 nephritis,	 renal	 papillary	 necrosis/chronic	 interstitial	 nephritis	 (De	 Broe	

http://hp2010.nhlbihin.net
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2005).	There	are	also	reports	of	subclinical	nephrotoxicity	(Calvo-Alen	1994).	Hyperkalemia	is	an	
unusual	complication	occurring	mainly	when	used	with	potassium	sparing	diuretics,	ACE	inhibi-
tor,	or	in	myeloma	or	heart	failure.	Renal	papillary	necrosis/chronic	interstitial	nephritis	occur	with	
massive	dosage	of	NSAIDs.	Acute	interstitial	nephritis	may	develop	at	any	time	during	treatment,	
but	typically	occurs	months	after	the	therapy.	Although	it	generally	resolves	upon	discontinuation	
of	therapy,	it	is	a	significant	cause	of	acute	renal	failure.

The	 risk	 factors	 for	predisposing	NSAID-induced	 renal	 failure	are	advanced	age;	preexisting	
intrinsic	renal	disease;	volume	depleted	states	(dehydration);	use	of	diuretics	or	angiotensin-converting	
enzyme	 inhibitor;	 and,	 comorbid	 conditions	 like	 cirrhosis	 and	heart	 failure.	NSAIDs	 (including	
the	coxibs)	should	be	prescribed	(if	it	is	a	compelling	situation)	with	extreme	caution	when	one	or	
more	of	the	risk	factors	for	NSAID-induced	hemodynamically	mediated	renal	failure	is	present	and	
should	not	be	used	when	the	creatinine	clearance	is	less	than	30	mL/min.

28.13.5  tOpical nsaiDs

The	clinical	knowledge	may	be	summarized	as	in	Table	28.5.

28.14   TREATMENT OPTIONS FOR PATIENTS WITH 
GASTROINTESTINAL AND CARDIOVASCULAR RISK

Topical	preparations	(gel,	ointment,	etc.)	of	NSAIDs	are	in	use	for	localized	musculoskeletal	
pain	and	inflammation	like	sprains.	There	is	clinical	evidence	of	efficacy	of	topical	NSAIDs	in	
strains	and	sprains	and	in	arthritic	conditions	(a	systematic	review	of	86	randomized	controlled	
trials	involving	10,160	patients;	Moore	1998).	The	drugs	found	to	have	efficacy	are	ketoprofen	
(NNT	 2.6),	 felbinac	 (3.0),	 ibuprofen	 (3.5),	 and	 piroxicam	 (4.2).	 In	 a	 more	 recent	 Cochrane	
review	(Massey	2010),	topical	diclofenac,	ibuprofen,	ketoprofen,	and	piroxicam	were	of	simi-
lar	 efficacy,	 but	 indomethacin	 and	 benzydamine	 were	 not	 significantly	 better	 than	 placebo.	
Local	skin	reactions	were	generally	mild	and	transient	and	did	not	differ	from	placebo.	Plasma	
concentrations	are	low	after	topical	application	(usually	less	than	5%),	and	there	are	very	few	
systemic	adverse	events.	Data	were	inadequate	to	reliably	compare	individual	topical	NSAIDs	
with	each	other	or	 the	same	oral	NSAID.	Topical	NSAIDs	are	effective	 in	both	acute	(NNT	
3.9	[3.4–4.4])	and	chronic	(NNT	3.1	[2.7–3.8])	conditions.	Topical	NSAIDs	are	safer	than	oral	
NSAIDs,	especially	with	 less	 severe	gastrointestinal	 toxicity.	However,	a	 substantial	propor-
tion	of	older	adults	report	systemic	adverse	reactions	with	topical	agents	(Makris	et	al.	2010).	
Topical	preparations	should	not	be	used	if	there	are	broken	skin,	ulcerations,	and	so	forth,	for	
obvious	reasons.

TABLE 28.5
Treatment Options with NSAIDs Based on Risk Stratification

Risk Group Treatment Options

Low	GI	and	low	CV	risk NSAIDs

Low	GI	and	high	CV	risk Naproxen	+	possibly	PPI	+	clopidogrela	(PPI	is	added	as	the	GI	toxicity	of	the	combination	
is	as	much	as	adding	low-dose	aspirin)

High	GI	and	low	CV	risk NSAIDs	+	PPI
Coxibs	±	PPI	(added	depending	upon	risk)

High	GI	and	high	CV	risk Avoid	NSAIDs,	use	acetaminophen

a	 Effectiveness	of	low-dose	aspirin	may	be	reduced	with	NSAIDs.
PPI,	proton	pump	inhibitors,	such	as	omeprazole	(Grosser	2006;	Wolfe	1999;	Bijlsma	2010).
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TAKE-HOME MESSAGES

•	 NSAIDs	are	a	heterogeneous	group	of	chemical	compounds	that	share	the	common	prop-
erty	of	having	anti-inflammatory,	analgesic,	and	antipyretic	action.

•	 Most	of	the	NSAIDs	are	weak	organic	acids.	The	NSAIDs	act	by	inhibiting	the	COX	path-
way	as	illustrated	previously.

•	 The	three	most	important	issues	while	prescribing	NSAIDs	are	gastrointestinal,	cardiovas-
cular,	and	renal	toxicities.

•	 NSAIDs	are	common	causes	of	drug-induced	liver	injury	(DILI).	The	incidence	is,	how-
ever,	low.

•	 NSAIDs	should	be	prescribed	with	extreme	caution	in	the	following	conditions:	advanced	
age;	preexisting	intrinsic	renal	disease;	volume-depleted	states	(dehydration);	use	of	diuret-
ics	 or	 angiotensin-converting	 enzyme	 inhibitor;	 comorbid	 conditions	 like	 cirrhosis	 and	
heart	failure.

•	 Instruction	to	patients:	Patients	being	prescribed	NSAIDs	need	to	be	informed	about	the	
drug	and	necessary	precautions	(Table	28.6).
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TABLE 28.6
Instructions to Patients

•	 Do	not	take	the	drug	unless	prescribed.

•	 Do	not	take	this	medicine	if	you	have	ever	suffered	allergic	or	other	adverse	reactions	to	aspirin	or	any	analgesic	
(NSAIDs).

•	 Consult	with	your	physician	if	you	have	a	history	of	gastrointestinal	bleeding	or	ulcer	before	taking	NSAIDs.

•	 Tell	your	physician	if	you	are	pregnant,	intend	to	become	pregnant,	or	are	breastfeeding	as	the	drugs	might	harm	your	
baby.

•	 Tell	your	physician	if	you	are	taking	any	other	medicines	for	other	reasons	so	that	he	or	she	knows	if	the	drugs	are	
compatible.	

•	 Inform	your	physician	if	you	have	any	bleeding	or	blood	clotting	problems.

•	 Some	NSAIDs	can	cause	drowsiness;	thus	take	precautions	for	performing	jobs	requiring	alertness	like	driving/using	
machinery.

•	 Remember,	NSAIDs	can	also	affect	other	medical	conditions	like	hypertension,	heart	problems,	kidney	problems,	
asthma,	and	others.	

•	 Inform	your	physician	if	you	regularly	consume	alcohol.

http://www.pdr.net
http://bnf.org
http://reference.medscape.com
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FIGURE 6.1 Schematics of normal artery and development of atherosclerosis. (a) Schematics of normal 
arterial sectional view, where blood flows without any obstruction. The lumen of the artery is lined by the 
endothelium followed by the arterial intima and the lining of vascular smooth muscle cells followed by adven-
titia. Normally a small number of circulating immune cells and progenitor cells and a large number of red 
blood cells along with white blood cells containing blood circulate within the lumen. (b) Atherosclerosis is 
an inflammatory disorder that develops within the arteries due to the injury caused to the endothelium in the 
presence of a high-cholesterol diet and other risk factors. Modified lipids such as oxidized low-density lipo-
protein (ox-LDL) interact with the endothelium. The injured endothelium upregulates chemotactic proteins 
and adhesion molecules such as VCAM1, ICAM1, and selectins. These molecules attract the circulating leu-
kocytes and platelets, which migrate into the arterial intima. In the arterial intima, ox-LDL is phagocytosed 
by macrophages that express scavenger receptor (SR) and convert into foam cells. The vSMCs also become 
pro-inflammatory and migrate to the intima, secrete extracellular matrix, and form lipid core that starts to 
obstruct the arterial blood flow. Pro-inflammatory endothelial cells, platelets, foam cells, and other immune 
cells (B, T, DC, and mast cells) also get trapped in the lipid-necrotic core forming a plaque, which if it rup-
tures, will block the blood supply, causing ischemia in adjacent tissues.
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FIGURE 6.2 Mobilization and recruitment of progenitor cells. Injured vessel and ischemic zones release 
chemotactic factors (SDF-1, VEGF, PDGF, etc.) into the circulation. Release of mobilizing factors causes 
egress of progenitor cells (HSC, EPC, or vSMC) from bone marrow and recruits proteases such as MMP9, 
which mediates cleavage of c kit+ HSCs from the bone marrow. The positive regulators of mobilization of pro-
genitor cells include ischemic zones, exercise, mobilizing agents, etc. Factors such as smoking, hypertension, 
lifestyle choices, and certain cardiovascular conditions cause decreased levels of circulating progenitor cells. 
The progenitor cells replace and regenerate injured endothelial cells and pro-inflammatory smooth muscle 
cells and may lead to intimal hyperplasia. In ischemic zones, progenitor cells help regenerate damaged tissues 
by inducing neovascularization and tissue remodeling.
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FIGURE 6.3 Stem cell therapy–mediated neovascularization in myocardial ischemia. (a) Schematics of 
autoMACS-mediated isolation of CD133+ cells. (b) Seeding of CD133+ isolated stem cells on the nanofiber 
(polyether sulfone, PES)-coated plates. (c) Expansion of stem cells over 10 days of culture in serum-free 
media supplemented with cytokines and growth factors. (d) Injection of either freshly isolated stem cells or 
nanofiber-expanded stem cells in immunocompromised rat model of myocardial ischemia via intra cardio-
ventricular route. Media was used as control. (e) Besides the paracrine effect, exogenous and endogenous host 
stem cells take part in the neovascularization process. (f) After 4 weeks of therapy, the rat was sacrificed and 
cardiac tissues were stained for detection of blood vessels using alkaline phosphatase staining. In ischemic 
condition like myocardial ischemia, exogenous HSCs as well as circulating endogenous HSCs give rise to 
appropriate cell type, increase angiogenesis, and reduce fibrosis, resulting in recovery of cardiac function.
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FIGURE 7.1 CD45 immunohistochemistry following myocardial infarction demonstrates markedly less cel-
lular inflammatory response in fetal versus adult hearts. One week following myocardial infarction, the fetal 
heart (B) shows minimal numbers of inflammatory cells while the adult heart (A) demonstrates a significantly 
increased inflammatory infiltrate. One month following infarction, the inflammatory cell infiltrate in the fetal 
myocardium (D) has decreased, while it persists within the adult myocardium (C). 
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FIGURE 7.2 Immunohistochemical staining for CD45, the common leukocyte antigen, in 8mm (A) or 2mm 
(B) dermal wounds in fetal sheep 7 days after injury. Note: Increased wound size was associated with a dra-
matic increase in the number of inflammatory cells in the wound and subsequent scar formation. 
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FIGURE 7.3 Trichrome staining of adult (A) and fetal (B) myocardium demonstrates increased collagen 
deposition and scar formation in the adult compared to the fetus 1 month following myocardial infarction. 
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FIGURE 9.2 Lipid biosynthesis pathways that regulate inflammation and resolution. The pro- as well and 
anti-inflammatory lipid mediators regulate both initiation as well as the resolution phases of wound inflam-
mation. These lipids are synthesized from polyunsaturated fatty acids, such as arachidonic acid (AA), eicos-
apentaenoic acid (EPA), and docosahexaenoic acid (DHA) by the enzymes cyclooxygenase (Cox) and/or 
lipoxygenase (LO). AA is converted to pro-inflammatory thromboxanes (TX), prostacyclin (PC), and prosta-
glandins (PG) via the cyclooxygenase (COX) pathway. In the LO pathway, hydroperoxyeicosatetraenoic acids 
(HPETEs) are produced that can be further enzymatically reduced to the hydroxylated form (HETE). LO 
enzymes are also involved in the production of anti-inflammatory lipoxins (LX), resolvins (RvEs and RvDs), 
and protectins (PD) from AA, EPA, and DHA. Lipoxins and resolvins are generated from AA and EPA/DHA 
by the enzymatic actions of both LO and acetylated COX-2.
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FIGURE 25.1 Regulatory role of dietary polyphenols in epigenetic modifications and gene expression. 
Epigenetic modifications by chromatin modification enzymes play a vital role in regulation of gene expres-
sion. Unwinding and rewinding of DNA is regulated by epigenetic alterations, such as histone acetylation/
deacetylation and histone methylation/demethylation. This includes histone acetylation by histone acetyl-
transferases (HATs), histone deacetylation by histone deacetylases (HDACs), histone methylation by histone 
methyltransferases (HMTs), DNA methylation by DNA methyltransferases (DNMTs), histone demethylation 
by histone demethylases (HDMs), and histone phosphorylation and ubiquitination by kinases and ubiqutina-
tion enzymes, respectively. These epigenetic modifications result in conformation changes in the chromatin 
structure that can lead to alterations in DNA accessibility for transcription factors, coactivators, and poly-
merases, thereby resulting in either gene expression (transcriptional activation) or gene repression (silencing). 
Dietary polyphenols can affect these epigenetic chromatin modification enzymes specifically to modulate sev-
eral cellular and molecular events. Ac, Acetylation; Me, Methylation; Ub, Ubiquitination; P, Phosphorylation.
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and antiaging agents. The dietary polyphenols obtained from each of these plants are given in parenthesis. 
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