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Preface

The biology of wound healing and tissue repair are increasingly being
defined. At the same time, the availability of recombinant peptide growth
factors for clinical investigation has prompted numerous trials of growth
factor administration as adjunctive therapy to enhance the rate and quality
of acute and chronic wound repair. New basic science information on
growth factor function and regulation obtained in the research laboratory is
actively being applied in animal studies and in clinical research settings. In
addition to studies of surface wounds, an increasing number of investiga-
tions on growth factor administration have focused on healing and repair in
nondermal tissues such as the intestinal tract and other organs.

While the amount of new information on the molecular biology of
growth factor expression, signaling, and function has been exponential in
recent years, results of many clinical trials on growth factor administration
in wound healing have been disappointing. This may be due, in part, to the
heterogeneity of clinical wounds and the patients who harbor them, less
than adequate standardization of care in experimental and control groups,
issues related to drug dosing, and inadequate control for important issues
relevant to healing such as nutrient intake and underlying nutritional status.
Nonetheless, several clinical trials of recombinant growth factor adminis-
tration in human wound healing have been positive and numerous addi-
tional trials are in progress. In addition, growth factors are being investi-
gated as adjunctive anabolic therapy in settings as diverse as short bowel
syndrome, severe catabolic illness, and wasting syndromes.

This book contains the proceedings from the International Symposium
on Growth Factors and Wound Healing: Basic Science and Potential
Clinical Applications, held September 28 to October 1, 1995, in Boston,
Massachusetts. The meeting drew a large and diverse group of individuals
from the basic and clinical research community, as well as a number of
industry representatives, from around the world. The symposium was
convened to provide an overview of basic science studies, animal experi-
ments, and clinical trials defining the potential clinical applications of
recombinant growth factors in wound healing and tissue repair. The

vii
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meeting was designed to include presentations covering pure basic science
aspects of growth factor biology, including molecular mechanisms of
action, interactions and tissue-specific effects, and the results of recent
clinical trials on growth factor administration in wound healing and
catabolic states. The symposium also included several presentations on the
role of nutritional status, specific nutrients, and the interactions of nutri-
ents with growth factors in healing, topics that have been little covered in
previous wound healing symposia. Several interesting posters highlighting
new work were also presented by the symposium participants.

This volume begins with an overview of general concepts relevant to
wound healing. Wound healing biology and angiogenesis are discussed, as
is regulation of important peptides such as fibroblast growth factor and the
growth hormone/insulin-like growth factor (GH/IGF) axis. New informa-
tion on the use of cultured skin cells and other novel products for wound
closure is also covered. This information provides a basis for subsequent
sections on the role of nutrients in wound healing responses and endoge-
nous growth factors in wound healing. The discussions on nutrient-growth
factor interactions support the concept that both underlying nutritional
status and exogenous administration of specific nutrients such as zinc,
vitamin A, arginine, and glutamine are important for optimal tissue repair
under certain conditions. The section on endogenous growth factors
highlights the important molecular biology of growth factor expression and
signaling in wound healing.

Because of the great number of studies now published on clinical
applications of GH and IGF-I therapy in catabolic states and tissue healing,
a section is devoted to covering important clinical trials and animal studies
using these agents. Specific presentations were made on GH therapy in burn
injury, GH effects in experimental colonic healing and repair, use of GH in
the postoperative setting and other catabolic states, and the modulation of
IGF-I therapy with IGF binding protein-3. The final section focuses on
potential clinical applications of other peptide growth factors, including
keratinocyte growth factor (KGF), hepatocyte growth factor (HGF), and
vascular endothelial growth factor (VEGF). The presentations include
state-of-the-art information on KGF, HGF, and VEGF molecular biology,
and the relevance of these factors in cell function and healing of specific
tissues, such as the gut, wounds, and optic tissue. The final chapter, from
the Food and Drug Administration, discusses important governmental
regulatory concerns for wound healing biologics.

The editors thank the attendees and poster presenters for their out-
standing contributions to the symposium and for the lively and informative
discussions. We are particularly grateful for the help of Leslie Nies and her
outstanding staff for their assistance with the organization of the meeting
and the publication of these proceedings. We are also thankful for the
provision of travel funds to young investigators and for the staff’s help and
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patience throughout the editorial process of this book. Finally, we thank the
contributors to this volume and hope that its publication will spur research
in the area of growth factors and wound healing biology.

THoMAS R. ZIEGLER
GLENN F. PIERCE
Davip N. HERNDON
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An Overview of Wound
Healing Biology

I. KeLmaN CoHEN

This introductory chapter on growth factors and wound healing presents a
brief summary of the biologic principles of wound healing and relates this
information to the current status of growth factors in the modulation and
control of tissue repair. I will add a few of my own philosophical
observations as to the rather flamboyant, disjointed history of cytokines,
wound healing, and industry during the past decade, Although I may be
somewhat critical of the past, I will try to predict some of the exciting
clinical advances with the use of cytokines we may expect in future decades.

For centuries, man has described new and better ways to promote healing
of wounds. However, no one lotion, potion, or medication has ever been
demonstrated to be superior to any other. Over the past decade, there has
been a wave of excitement about the idea that cytokines will enhance the
healing of chronic wounds. Although chronic wounds represent only a
small segment of the potential for cytokines in the process of tissue repair,
it is the chronic wound that has received the major focus of industrial
research support. Industry reasoned that since chronic wounds represented
a major health problem, development of drugs to heal these wounds would
be very profitable. Many pharmaceutical companies jumped into clinical
growth factor studies for the healing of chronic wounds without careful
planning. Millions of dollars were wasted! Rather than careful preplanning
(“Ready, aim, fire!”) investigators and industry said, “Fire, ready, aim!”
Rather than focus on the biology of the chronic wound environment, they
rushed to dump cytokines into the “black box” of the open chronic wound.
As one looks back at the disappointing results over the past decade, it is not
surprising that industry is now somewhat gun-shy about putting money into
this controversial area. However, most current clinical studies in this area
have been designed well, and perhaps some efficacious results will now be
found. My view is that efficacy of any cytokine will be limited until one
understands and controls the basic biology of the chronic wound itself; the
“black box” must be illuminated. The chapters in this book demonstrate
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some of the ongoing efforts to do just this—define the biology of the
chronic wound.

I have always been surprised that applied cytokine wound healing
research has focused so much attention on the chronic wound. There are so
many variables in any clinical study of chronic wound healing that results
are always difficult to interpret and end points rather vague. This book
touches on liver, gut, and the immune response, with some discussion of
hard tissue healing (bone and cartilage). I believe that this latter area will be
the most productive and lucrative areas for industry to support with
research dollars.

Biology and Definitions of the Normal Healing Process

A basic understanding of tissue repair is required for an appreciation of the
chapters in this book. A basic foundation of information on tissue repair
can be found elsewhere (1-4).

Any type of tissue injury may result in regeneration, normal repair by
scar formation, deficient healing, or excessive healing with overabundant
matrix deposition. Mechanisms of repair include epitheliazation, contrac-
tion, and matrix deposition (mainly collagen). The nature of the tissue
injury dictates the quantity of each repair mechanism necessary for healing.
For example, a skin wound that is primarily closed heals mainly by matrix
deposition from the suture coapted margins of tissue. The new collagen
deposition at the margin of closure provides strength and integrity.
Partial-thickness wounds heal by epitheliazation, while full-thickness open
wounds heal mainly by contraction (with some epithelialization) as the
wound margins are drawn together (1).

Wounds may also be divided into those that heal normally after injury,
where there is an orderly and timely reparative process that results in
sustained restoration of anatomical and functional integrity, and chronic
wounds, which are the result of an underlying problem (3). Chronic wounds
fail to proceed through an orderly and timely process to produce anatomical
and function integrity, or they proceed through the repair process without
establishing a sustained anatomical and functional result (3).

Normal healing is a finely orchestrated and overlapping sequence of
events: coagulation, inflammation, fibroplasia, and remodeling (2). Cyto-
kines are the messengers that mediate all the events of the healing process
from the moment of injury until the final repair of the tissue. The cytokines
from the coagulation process and throughout the inflammatory process
[platelet-derived growth factor (PDGF), transforming growth factor-g
(TGF-B), epidermal growth factor (EGF), basic fibroblast growth factor
(bFGF) and many others] are major factors in repair (4). The role of these
and other cytokines will become apparent as this book progresses. It is
amazing to me how the role of inflammatory cytokines in the repair process
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was overlooked for so long. Equally amazing is that Cohnheim and
Virchow predicted the presence of these messengers a century ago.

Growth factors, or cytokines, the subject of this book are a family of
peptides that act on cells in a hormone-like fashion to regulate cell activity.
They attach to specific cell membrane receptors and direct the cells
intercellular activity. They can function in endocrine, paracrine autocrine,
and intracrine fashion. They regulate cell migration, proliferation, matrix
synthesis, and remodeling. These peptides gained the attention of tissue
repair biologists and clinicians, leading to the hypothesis that the proper
application of growth factors in wounds, sutures, and dressings, or growth
factors systemically administered may promote the healing of chronic ulcers
and accelerate the development of strength in the normal repair of acute
wounds of skin, bone, tendon, and gut.

Among the most popular factors studied have been (a) TGF-3, which
increases collagen accumulation by increasing collagen synthesis and de-
creasing collagen deposition and suppressing epithelial mitosis (5); (b)
PDGF, which enhances collagen metabolism and is associated with the
migration of fibroblasts and macrophages, and enhances chemotaxis,
angiogenesis, and fibroblast proliferation (6, 7); (c) EGF, which increases
both epitheliazation and fibroblast proliferation and angiogenesis (8, 9);
and (d) bFGF, which is angiogenic, enhances epitheliazation and collagen
deposition, and binds to a variety of heparin (10, 11).

There are several types of chronic wounds, each of which has a unique
pathogenesis and responds in a specific fashion to different therapies. These
include venous stasis ulcer, diabetic ulcers, vascular ulcers, pressures ulcers,
drug-compromised wounds, and wounds resulting from malnutrition,
radiation, and trauma (2).

Connective tissue matrix is “turning over” constantly, but under normal,
healthy conditions the rate is slow. The rate of matrix metabolism is
increased during the repair process. Matrix is composed mainly of collagen
but also contains elastin, fibronectin, and various glycosoaminoglycans of
which hyaluronic acid seems to be most important. Collagen is the most
abundant protein in the body and a major component of skin, bone,
tendon, and all supporting structures. Collagen is unique among proteins
because it undergoes significant modification after initial synthesis and
after being secreted from the cell where it is cross-linked, attaining the
strength of steel on a per weight basis. There are several genetically distinct
types of collagen that vary according to tissue source and age, and these
collagens can be altered by various disease states. Collagen is normally
degraded by a very specific enzyme, collagenase, which splits the collagen
molecule at a specific amino acid site into three-quarter and one-quarter
pieces.

Contraction is the process wherein wound edges are drawn together by
inward movement of surrounding tissue. In contrast, a contracture is the
pathologic result of excessive contraction. Briefly, this process appears to
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be performed by specialized fibroblasts that contain smooth muscle actin
and have been termed myofibroblasts. The extracellular matrix is also
thought to regulate the process of contraction. TGF-3 also seems to
stimulate contraction.

Clinically, several local and systemic factors can alter the healing process.
These include tissue hypoxia, denervation, hematoma, infection, irradia-
tion, mechanical forces, and dressing materials. Several general factors may
be important as well, including age, drugs, infections, and malnutrition
(12). Little is known as to how these conditions alter cytokine production
and response.

Clinical Challenges

There are many areas in which cytokine therapy or inhibition of specific
cytokines may be very important in tissue repair. In conditions of excessive
scar formation, such as keloid, hypertrophic scar, and hepatic fibrosis,
agents that block TGF-B receptor sites may have significant clinical
usefulness. TGF-8 enhances collagen deposition by increasing synthesis and
inhibiting degradation, thereby leading to a net deposition of collagen,
which is the end result in all the aforementioned disease process. If one
could prevent TGF-3 from stimulating particular cells, then these condi-
tions may be controlled. Perhaps these agents and their antagonists could
also help to prevent the formation of contractures. EGF and other epithelial
stimulating growth factors should be helpful to the healing of partial
thickness injuries. Although we have published work that EGF did not
promote donor site healing in normal adult volunteers (1), it may very well
be that various proteases in the wound site destroy the EGF before it has
time to increase epithelial cell mitosis and migration.
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Growth Factors and Angiogenesis
in Wound Healing

StePHANIE RoHOVSKY AND PaTrICIA A. D’AMORE

Several detailed reviews exist for this topic (1-3) and the mechanics of
wound healing itself are mentioned in this chapter by way of introduction
to regulators of angiogenesis and tissue repair.

Inflammation

Inflammation in wound healing can be divided into four major events:
coagulation, fibrinolysis, neutrophil invasion, and macrophage recruit-
ment. At the time of injury, the coagulation cascade is initiated, and clot
formation ensues. Thrombin, which is activated by clotting, catalyzes the
degradation of fibrinogen to fibrin, which binds to platelet surface recep-
tors (for review see 4). Platelet adhesion to clot thus forms a thrombus. At
the same time, platelets from injured blood vessels bind to surrounding
collagen fibers (3). A platelet shape change ensues, leading to degranula-
tion, which releases fibrinogen, fibronectin, von Willebrand factor, and
thrombospondin. All of these factors promote additional platelet aggrega-
tion and thrombus formation (4). The thrombus then functions as a
provisional matrix, not only for hemostasis, but also for subsequent cellular
migration (5, 6).

Neutrophils migrate to the site of injury in response to signals from
products of the coagulation cascade, activated complement products, and
fibrin degradation products. Neutrophils clear wound bacteria by phagocy-
tosis and intracellular lysis, and they debride the injured extracellular
matrix through protease-mediated degradation (7). Macrophages, recruited
from both circulating monocytes and resident tissue macrophages (8), are
thought to be the main cell type responsible for the degradation of ex-
tracellular matrix. They debride a healing wound and phagocytose unused
neutrophils at the site of injury (9). Macrophages release many substances,
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including reactive oxygen intermediates, prostaglandins, cytokines, growth
factors [platelet-derived growth factor (PDGF), basic fibroblast growth
factor (bFGF), transforming growth factor-3 (TGF-B)], and chemoattrac-
tants for peripheral monocytes (for review see 11).

Tissue Formation

Approximately 12 hours after wounding, epithelial migration begins from
the wound edges and proceeds inward (10). The dissolution of basement
membrane at the site of injury allows the dermal-epidermal junction to
loosen, facilitating epithelial cell migration (11) over a matrix of fibrin,
fibronectin, and collagen (6, 8). Epithelial cells can also traverse desiccated
tissue via activation of collagenases and plasminogen activators (12, 13).

After a few days, fibroblasts migrate from surrounding tissue matrix to
the wound in response to growth factors and other chemotactic agents (8).
During migration, they retract several intracellular organelles, form cyto-
plasmic actin condensations, and undergo a phenotypic change (14). They
adopt the retractile properties and actin filaments characteristic of myofi-
broblasts, and they have been shown to contract in response to smooth
muscle cell stimuli (15). Myofibroblasts, the most numerous cells in
granulation tissue, are thought to be responsible for the wound contraction
that occurs 4 days after injury. The signals for contraction have not yet been
clearly defined, but they are hypothesized to be transmitted through
intercellular channels that then trigger myofibroblast contractility (16).
Contraction promotes orientation of a previously random matrix. As a
wound matures, more collagen is deposited, cross-linked, and organized
(for review see 17).

Angiogenesis begins at the same time as fibroblast migration and
continues until the healing process is complete (18). It is thought that
endothelial cells (ECs) in venules adjacent to wounded tissue initiate
angiogenesis by projecting pseudopods across damaged basement mem-
branes. Additionally, ECs are induced to produce matrix-degrading en-
zymes in response to various growth factors (17). In this way, endothelial
cells traverse the perivascular space and form capillary sprouts (18, 19).
After a hollow tube is formed, cell division occurs, and the sprouts go on to
form capillary plexuses. Recruitment of smooth muscle cells and extracel-
lular matrix allows formation of arterioles. The number of new vessels in
experimental wounds has been shown to be highest at days 5 to 6 (20). New
vessels function to regulate nutrient and cellular access to the provisional
matrix. The mechanism of injury also impacts angiogenesis; the amount of
debris and necrosis differ in crush injury, incisions, infarction, and
ischemia (21).
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Tissue Remodeling

Tissue remodeling is an ongoing process that continues after a wound has
visibly healed the components of granulation tissue; components dynami-
cally change (for review see 1), collagen becomes organized, the fibers
become thicker, and cross-linking increases. The resulting scar eventually
becomes acellular.

Regulators of Angiogenesis in Tissue Repair

A variety of factors have been postulated to contribute to the wound
healing process (Table 2.1). Below we review the best studied of these as
they relate to their role in angiogenesis.

Basic Fibroblast Growth Factor

Basic fibroblast growth factor (bFGF) is a member of a family of
heparin-binding growth factors that has been implicated as an important
mediator in wound healing. It exists as a single polypeptide in different
molecular weight forms ranging from 18 to 25 kd, with the largest forms

TasLe 2.1. A partial listing of action of angiogenic factors in vivo and in vitro.

Factors In vitro actions In vivo actions in wound healing models
bFGF Tube formation in 3D collagen gel Angiogenic response in rabbit ear after
(29) treatment with bFGF (36)

Angiogenic in rat aortic explant (22) Increased wound tensile strength, wound
maturation, and organization (22)
Shortened wound healing in organ Increased neovascularization in hairless

culture (30) mouse ear (37)
PDGF-BB Mitogenic for brain capillary EC (57) 30% accelerated wound healing in rabbit
ear (61)
Increased capillary number, Increased tissue repair in skin graft
myofibroblasts and collagen in model (e.g., increased fibornectin,
microvessel coculture (60) proliferating cells, fibroblasts,

collagen, neovessels, and
glycosaminoglycans (65)
Angiogenic in rat aortic ring (59)
TGF-b Alters matrix accumulation by EC Enhances wound healing (117)
@1
Monocyte chemoattractant (80)
Inhibits EC proliferation (76)
VEGF Mitogenic for vascular EC (84) Angiogenic in vivo (94, 95)
Induces monocyte migration and Increases vascular permeability (126)
activation (126)

Relevant references in parentheses.
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resulting from the use of an alternative upstream translation initiation site
(for review see 23). Macrophages, smooth muscle cells, vascular ECs,
fibroblasts, and some malignant tumor cells have all been shown by
immunohistochemistry to contain bFGF (22, 23). bFGF is a cell-associated
protein that has been localized to the cytoplasm and extracellular matrix
(24-26). It does not have a secretion signal peptide (27), and its mechanism
of release has not been clearly elucidated. bFGF can be released from
heparan sulfate binding sites on the cell surface and in the matrix, or by
proteinase degradation of the extracellular matrix (for review see 23).
Researchers have shown that it can be released from cytosolic storage sites
through plasma membrane disruptions (22, 24, 28), as well as through an
uncharacterized mechanism of exocytosis independent of the endoplasmic
reticulum-Golgi pathway (25). The cellular membrane damage theory has
been invoked to explain elevated serum bFGF levels in some pathologic
conditions (28).

Basic fibroblast growth factor has been shown to be angiogenic in vitro
in a number of studies. ECs, in a three-dimensional collagen gel model,
have been shown to form tubes in response to bFGF (29). In an in vitro rat
aorta ring model, addition of bFGF increased both the length and number
of microvessels sprouting from the explants (22); a 40% reduction in
angiogenesis occurred after neutralizing bFGF antibodies were added. In a
human cornea organ culture wound healing model, addition of bFGF
shortened the wound healing time and increased corneal endothelial cell
migration at the wound site (30). Finally, bFGF stimulated epidermal
outgrowth in an in vitro epithelial explant model of wound healing (31).

Basic fibroblast growth factor has been shown to be angiogenic in vivo in
both the chorioallantoic membrane (32, 33) and the corneal pocket assay as
well (32). bFGF increased DNA synthesis in a dose-dependent manner in an
in vivo rat sponge model (34). Continuous dosing in this model resulted in
an amplified angiogenic response with an increased number of fibroblasts
and blood vessels. Interestingly, a decrease in collagen content at 7 days was
also noted, leading the authors to hypothesize that bFGF may have some
collagenolytic activity. Degradation of collagen is a key event in clearing
debris and allowing new cells to infiltrate during the tissue formation stage
of wound healing. In another in vivo study, introduction of bFGF
neutralizing antibodies led to decreased DNA synthesis, granulation tissue,
and number of blood vessels as compared to control (35).

The effects of bFGF on tissue repair were demonstrated in three in vivo
models. An angiogenic response was elicited in a rabbit ear wound healing
model after treatment with bFGF, with increased numbers of ECs and
neovessels compared with control (36). Tissue repair was accelerated by 4
days (30%) in the first 10 days, and an elevated wound collagenolytic rate
was noted as well. Linear deposition of granulation tissue occurred in
bFGF-treated wounds, and, by day 14, bFGF wounds contained twofold
more new tissue than controls. A threefold increase in glycosaminoglycans
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and fibronectin was also present after 21 days. An absence of collagen at
day 21 prompted study of the possibility of ongoing collagenolytic activity.
A 50% increase in collagen degradation in the surrounding dermis was seen
in the bFGF-treated wounds. This is consistent with other observations and
lends credence to the role of bFGF in collagen breakdown. In support of
this possibility, bFGF has been shown to lead to increased collagenase
production by vascular ECs (17). In a second in vivo model, addition of
bFGF not only increased wound tensile strength over controls but stimu-
lated better wound maturation and organization (22). In a hairless mouse
ischemic ear model, subcutaneous injections of bFGF resulted in increased
neovascularization (37). The wound surface area in this model was mark-
edly reduced at both 7 and 10 days as compared with controls.

Also, bFGF has been implicated in a number of experimental injury
models that attempt to approximate human disease states. In a rat carotid
balloon injury model, administration of bFGF caused a twofold increase in
intimal thickening (38). This effect was blocked up to 80% by administration
of anti-bFGF antibodies (39). Consistent with this observation, administra-
tion of anti-bFGF antibody at the time of carotid injury was found to lead
to an 80% reduction in smooth muscle cells (40). In this carotid balloon
model, the smooth muscle cell replication rate was increased by 50% (41).
It was thus postulated that the bFGF synthesized by smooth muscle cells is
released by arterial injury, stimulating the neighboring migration and rep-
lication of neighboring smooth muscle cells. bFGF has also been detected at
the site of muscle damage in a rat myocyte crush injury/regeneration model
(42). bFGF expression has been noted to change in an optic nerve injury
model (43), at the site of focal brain injury (44), and in a cardiac myocyte
injury model (45). Finally, an acid-stabilized form of bFGF has been shown
to accelerate duodenal ulcer healing in a rat model (46); a ninefold increase
in angiogenesis at the ulcer site was noted in the bFGF-treated ulcers.

In addition, bFGF has been implicated in a number of human disease
states. Elevated levels of bFGF have been measured in the urine of some
cancer patients (47), the cerebral spinal fluid of patients with brain tumors
(48), and in the sera of patients with severe lower extremity atherosclerosis
(49) and Duchenne’s muscular dystrophy (33). Although the mechanism of
bFGF release remains unknown, a unifying hypothesis in all of these cases
is that bFGF may be either an effect of, or a reaction to, injury and thus aid
in the healing process. bFGF has therefore earned the nickname of a “wound
hormone.” To support this title, future studies will have to demonstrate a
causal role of bFGF in wound healing in vivo. The wound healing process
would have to be reversed or altered by addition of a bFGF-neutralizing
substance to prove that bFGF is necessary for effective wound healing.

Platelet-Derived Growth Factor

Platelet-derived growth factor (PDGF) is a dimeric glycoprotein with a
molecular weight of 30,000, composed of A and B chains, that exists as
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both a heterodimer and a homodimer (for review see 50). PDGF is
undetectable in normal human plasma and has a very short half-life in vivo
(<2 minutes) (51). The activity of PDGF is thus thought to result from
local (i.e., paracrine) effects rather than circulating effects. PDGF has
demonstrated mitogenic and chemotactic activity, primarily in me-
senchymal target cells. Many cells express receptors for PDGF, including
some microvascular ECs (52), dermal fibroblasts, and vascular smooth
muscle cells (SMCs) (reviewed in 50). Platelets (53), macrophages (54), ECs
(55), and vascular SMCs (56) have all been shown to secrete PDGF. PDGF
is a chemoattractant for neutrophils (57), monocytes (57), fibroblasts (58),
SMC:s (59), and macrophages (60). It is also a more potent vasoconstrictor
than angiotensin II (61). The chemotactic activity coupled with evidence for
a role in angiogenesis makes PDGF an important candidate as a wound
healing growth factor.

Also, PDGF has been shown to be angiogenic both in vitro and in vivo.
The PDGF-BB has been shown to be mitogenic for rat brain capillary ECs
in culture (62), but not for adrenal capillary ECs (63). PDGF-AA and
PDGF-BB both stimulated angiogenesis in vitro in a rat aortic ring model
(64). PDGF-BB induced capillary tube formation fourfold over control in
an in vitro microvessel fragment-myofibroblast coculture system (65). An
increased amount of collagen synthesis by these myofibroblasts facilitated
capillary network formation in vitro. The effect of PDGF-BB on capillary
tube formation in culture could be reduced up to 47% by addition of
anti-PDGF-BB antibodies (66). An increase in DNA synthesis by these
cultured tube-forming ECs was noted, as was an increase in PDGF
receptor mRNA. Finally, PDGF-BB has been shown to be angiogenic on
the chick chorioallantoic membrane (CAM) (62). PDGF activity and the
resulting increase in vessel density on the CAM was blocked by anti-PDGF
antibodies.

The demonstration of PDGF as an angiogenic factor has led to intense
study of its activity in wound healing. PDGF was shown to stimulate
myofibroblast proliferation in vitro as well as to increase production of
collagen type I (65). PDGF also increased wound fibroblast proliferation in
vitro (67). This, coupled with the potent vasoconstrictor activity of PDGF,
makes it an interesting possibility in the mediation of wound healing, as
myofibroblast contraction and collagen synthesis are both well-
characterized events in the wound healing process. PDGF-BB accelerated
wound healing in a rabbit ear model by up to 30% over control after 10 days
(66). An increased amount of glycosaminoglycans, specifically hyaluronic
acid and proteoglycan sulfates, was noted in PDGF-stimulated wounds.
Increased amounts of fibronectin deposition and provisional wound matrix
were also noted. Initially, a lower amount of collagen was found in the
PDGF-treated wounds, but by 21 days postwounding, the amount of
collagen in the scar tissue was greater than control. PDGF was also shown
to improve corneal wound strength in a rabbit model of corneal laceration
and keratoplasty (68). Histologic examination of these wounds showed an
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increase in the number of fibroblasts as well as levels of collagen (types 111
and IV) in the PDGF-treated eyes. In addition, injured retinal pigment
epithelial cells in culture increased the expression of PDGF-BB and
PDGF-8 receptors (69). In an in vivo skin graft neotissue model, PDGF was
also shown to accelerate normal tissue repair (70). An increased amount of
fibronectin, proliferating cells, fibroblasts, glycosaminoglycans, collagen,
and new vessels were measured compared with control. Finally, increased
levels of PDGF-BB have been detected in healing wounds in normal but not
diabetic rats (71).

Clinical trials have been conducted examining PDGF-BB as an adjunct to
wound healing. Using a randomized, prospective, double-blind, placebo-
controlled study, Steed and Group (72) showed PDGF to stimulate healing
in lower extremity diabetic neurotrophic ulcers. Forty-eight percent of the
patients randomized to the PDGF-BB-treated group achieved complete
wound healing compared with 25% of the control group. In another human
study examining pressure ulcers, PDGF-BB was shown to increase fibro-
blast proliferation and new vessel formation in biopsy specimens (73).
Accelerated wound healing was also noted. Normal skin and granulation
tissue both contain PDGF-8 receptors, hence the rationale for treating
wounds with PDGF-BB. Interestingly, wounds treated with PDGF-BB
showed markedly increased levels of PDGF-AA (74). Studies like these
prompt further investigation into the efficacy of the PDGF family as wound
healing agents.

Transforming Growth Factor-Beta (TGF-(3)

Transforming growth factor-B, is the prototypic member of a large family
of polypeptide growth regulators (for review see 75). It is a 25-kd
homodimer originally isolated from a variety of sources including platelets.
The functions of TGF-3 are varied; it can stimulate or inhibit cell
proliferation, depending on the cell type. Many of its actions are suspected
to be mediated by the alterations that it induces in the nature and
accumulation of extracellular matrix components.

Also, TGF-3 has been widely implicated in the wound healing process,
primarily because of its ability to induce connective tissue accumulation.
TGF-3 has been demonstrated to mediate fibrosis in a variety of conditions
including glomerulonephritis (76). Use of TGF-8 null mice should provide
an excellent system in which to examine the contribution of the various
TGF-g isoforms to the healing process. Unfortunately, these studies have
been hampered by the fact that the homozygous null mice die at an early age
as a result of diffuse inflammation (77). Therefore, most of the null mice
studied are born to TGF-8 heterozygotes and maternal transfer of TGF-3 to
the embryos has been demonstrated (78). This topic is outside of the scope
of this chapter and the reader is referred to a number of comprehensive
reviews regarding the role of TGF-8 in connective tissue formation (79, 80).
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The role of TGF-B in controlling microvascular growth is complex.
TGF-8 has been shown to be a potent inhibitor of capillary EC growth in
vitro (81). Further, we (82) and others (83) have demonstrated, using
coculture models, that contact between ECs and mural cells (pericytes in the
microvasculature or smooth muscle cells in larger vessels) leads to the
activation of latent TGF-8, which in turn inhibits EC proliferation. On the
other hand, a bolus administration of TGF-8 to an in vivo assay leads to
angiogenesis (84). Although these observations are, at first glance, contra-
dictory, there are several potential explanations. First, TGF-3 has been
shown to be a potent chemoattractant for monocytes (85), which via the
release of a variety of peptide growth factors induce angiogenesis. Thus,
TGF-B has been said to be an “indirect” angiogenic factor. Second, it is
likely that there are significant differences between the bolus administration
of high levels of TGF-3 and the local delivery of low levels. The differences
are both as the level of dose and as “mode of delivery.” Locally high levels
may be equivalent to what occurs in early wound healing when high
concentrations of TGF-8 are generated by release of platelet granules. At
this stage TGF-8 may have many effects including monocyte recruitment.
Monocytes then release their granule constituents including the potent
angiogenic factors bFGF and vascular endothelial growth factor (VEGF).

Other aspects of TGF-f action may occur later in the wound healing,
process once significant angiogenesis has taken place. Once the early
capillary tubes have formed, pericyte precursors are recruited. We speculate
that once the pericyte makes contact with the endothelium, TGF-8 is
activated locally and acts to inhibit endothelial proliferation and induce the
formation of a basement membrane, leading to a quiescent, differential
capillary. Although some have called this phenomenon “anti-angiogenic,” it
seems more likely that under ‘these conditions the TGF-8 is acting to
stabilize growing vessels, thus limiting continued remodeling (86).

Vascular Endothelial Growth Factor (VEGF)/Vascular
Permeability Factor (VPF)

VEGF/VPF is a 34- to 42-kd homodimeric glycoprotein (for more complete
review, see 87). The primary target of VEGF/VPF is a vascular endothe-
lium that possesses two high-affinity tyrosine kinase receptors called flt-1
and flk-1 (or in humans KDR). VPF was first purified from tumor cells on
the basis of its ability to cause hyperpermeability in a guinea pig skin model
(88). Subsequently, two other groups purified a material from normal
pituitary follicular cells that was a specific mitogen for vascular endothe-
lium in vitro (89, 90).

VPF, the permeability inducing factor, and VEGF, the endothelial cell
mitogen, have been conclusively demonstrated to be encoded by the same
gene. The single gene leads to at least three splice variants: VEGFyq,
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VEGF 45, and VEGF,,,. The three vary in their affinity for heparin, with
VEGF,,, displaying a minimal heparin affinity, VEGF,4, a strong heparin
affinity, and VEGF,¢s an intermediate heparin binding. Considering the
relevance of heparin affinity in the biology of growth factor molecules
(91-93), it is possible that this characteristic will eventually be shown to
reflect some in vivo functional differences. Studies in which the VEGF gene
(94, 95) or one of its receptors, flt-1 (96), has been deleted by targeted
disruption and has been shown to lead to early embryonic lethality with
phenotypes suggest a critical role for VEGF in the process of vasculoge-
nesis. Early studies of the expression patterns of VEGF in tumors revealed
elevated expression in cells bordering necrotic areas of tumors (97). These
observations, in turn, lead to the suggestion that VEGF might be regulated
by low local oxygen tensions, that is, hypoxia. A number of subsequent
studies have shown this to be true and have begun to investigate the
molecular basis of the hypoxic regulation of VEGF (97, 98). The angiogenic
capacity of VEGF/VPF has been shown in a variety of in vivo experimental
models (99, 100). Subsequently, a number of labs have demonstrated
reduced tumor growth in vitro using neutralizing VEGF reagents (101,
102) as well as in models of ocular angiogenesis (103, 104).

The ability of VEGF to be regulated by hypoxia and the knowledge that
the wound is a particularly low oxygen environment suggest a role for
VEGF in wound healing. In addition, VEGF has a number of other
characteristics that would be particularly consistent with the role in wound
healing. In addition to its angiogenic capacity, VEGF has been shown to
alter local protease production including plasminogen activator (105) and
interstitial collagenase (106). In addition, VEGF has been shown to induce
monocyte migration and activation (107) events critical to the successful
wound healing response. VEGF has been shown to be expressed by
macrophages in healing and to be dramatically increased in the keratocytes
at the ages of healing wounds (108). Consistent with this, the VEGF
receptor flt-1 has been shown to be upregulated in blood vessels at the
wound edge (109). Finally, a defect in VEGF regulation during wound
healing has been documented in diabetic db/db mice that show character-
istic delay in wound repair (110). Definitive studies in which VEGF
expression is experimentally blocked and delays in wound repair are
documented have not been yet reported, yet the indirect evidence strongly
suggests an important role for VEGF/VPF in the normal wound repair
process.

Cytokines

The term cytokine was initially used to encompass a wide variety of
substances, including growth factors, interleukins, and interferons. The
definition of these low molecular weight polypeptides and glycoproteins
was instituted before many of their specific actions and molecular biologic
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characteristics were characterized (for reviews see 23, 111, 112). Cytokines
were thought to be released from leukocytes in response to specific stimuli
and to act upon tumor cells (tumor necrosis factor) or the leukocytes
themselves (interleukins). However, additional study has revealed the
release of cytokines by and their action on a variety of cells in addition to
leukocytes. As a group, cytokines generally exhibit more autocrine and
paracrine than endocrine effects (112). Cytokines work in conjunction with
one another, and their net effect is a result of the balance of synergistic and
antagonistic actions of hormones and other soluble receptors. The inte-
grated action of the many cytokines represent a way to introduce fine tuning
and flexibility into the complicated process of wound healing.

Macrophages are a major source of most cytokines, and they have been
shown to release a variety of substances, including interleukin-1 (IL-1),
tumor necrosis factor-o. (TNF-a), PDGF, and TGF-£ (for review see 11). As
noted above, macrophages play a critical role in wound healing and
debridement.

Interleukins in Angiogenesis

Many of the interleukins have been studied in terms of their angiogenic
effects. IL-1, which is released from both macrophages and epithelial cells,
has been shown to stimulate angiogenesis in a rat sponge model (113). This
activity was abolished by addition of IL-1 receptor blockers. IL-1 has been
shown to stimulate macrophage synthesis of other cytokines as well (112).
Interleukin-8 (IL-8) stimulated angiogenesis in vivo, and its activity was
blocked by IL-8 antisera (113). IL-8 has also been identified at high levels
in burn blister fluid and may be important in stimulating wound healing
under these conditions (114). IL-12 inhibits angiogenesis in vivo, an action
that is postulated to be mediated by interferon-y (115). IL-6 and IL-2 are
currently under investigation for their possible roles in angiogenesis. The
varied effects of these interleukins suggest that the wound healing response
could be moderated by subtle changes in a variety of signals.

Tumor Necrosis Factor-a

Tumor necrosis factor oo (TNF-a) has been demonstrated to play a role in
angiogenesis as well. It is a single-chain polypeptide (MW 17 kd) that is
synthesized and secreted by macrophages and some tumor cells (for review
see 116). TNF-« has biphasic actions both in vitro and in vivo; at high doses
it inhibits angiogenesis, whereas at low doses it stimulates angiogenesis
(117). TNF-« is found at low doses in serum where it may function as an
angiogenesis promoter (23). However, locally high concentrations such as
those at the site of macrophage release may serve to inhibit angiogenesis.
TNF-o has also been shown to promote tissue debridement both through
direct and indirect actions (111). Finally, hypoxia has been reported to
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stimulate TNF-« release as well as TNF-« receptor expression in a macro-
phage cell line in vitro (118). This may be an important regulatory
mechanism for TNF-« availability at times of ischemic injury. All of these
characteristics make TNF-o an important factor in the initial inflammation
and tissue formation stages of wound healing.

Interferons

The interferons (IFNs) are a group of proteins with molecular weights
ranging from 16 to 24 kd. Studies of the role of IFN-a have been motivated
by its demonstrated efficacy in the treatment of pediatric hemangiomas
(119). This cytokine had been shown to inhibit capillary EC migration in
vitro (120), and its use was then expanded to the clinical arena. It is
currently being used clinically as a chemotherapeutic agent in the treatment
of advanced melanoma. IFN-y has also been demonstrated to have
anti-angiogenic actions in vitro (121), inhibiting growth factor-stimulated
EC proliferation in a dose-dependent manner.

Experiments in which angiogenesis itself is inhibited (and not the actions
of a particular growth factor) are necessary to directly assess the role of
neovascularization in wound healing. The fungus-derived angiogenesis
inhibitor, AGM-1470, inhibits wound healing in a dose-dependent manner
(Brem and Folkman, manuscript in preparation), and it has been shown to
inhibit EC proliferation and migration in culture (122). Other reagents that
appear to act “downstream” of the angiogenic factors themselves to block
vessel formation should be useful in these studies. For instance, inhibition
of the integrin «,3; has been shown to prevent new vessel growth (123), and
the endothelial inhibitor angiostatin appears to block blood vessels inde-
pendent of the nature of the stimuli (124). Although additional investiga-
tions will be necessary to be certain that these agents act only on forming
vessels, they represent potential approaches to determining the precise role
of angiogenesis in the wound healing process.

Summary

In spite of the well-accepted fact that angiogenesis is a critical component of
wound healing, to our knowledge no studies have been published that
definitively demonstrate this point. Numerous growth factors and cytokines
with angiogenic potential have been shown to accelerate or otherwise
improve wound healing; however, virtually all of these factors have many
other effects and it is impossible to assign the improved wound healing
solely to its effects on angiogenesis. The development of models that permit
a quantitative assessment of the angiogenesis during wound repair (125,
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126) will facilitate these investigations and permit a systematic examination
of the role of angiogenesis in wound healing.
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The Regulation of Basic Fibroblast
Growth Factor (FGF-2) Through

Limited Bioavailability

ANDREW BAIRD

There are at least nine distinct but structurally related members of the
fibroblast growth factor (FGF) family of growth factors (1-5), and they are
presented in schematic form in Figure 3.1. They include acidic FGF
(FGF-1), basic FGF (FGF-2), int-2 (FGF-3), Kaposi-FGF or hst-1 (FGF-4),
FGF-5, FGF-6, keratinocyte growth factor (FGF-7), androgen inducible
growth factor (FGF-8), and glia activating factor (FGF-9). The superfamily
also includes the cytokines interleukin (IL)-1a and IL-18 (not shown) that
are homologous albeit not considered direct members of the family.
Although the FGFs have numerous common characteristics, they also have
significant differences. For example, while most FGFs are potent mitogens
for cells derived from the mesoderm and neuroectoderm, KGF (FGF-7) is
specific for epithelial cells.

All nine members of the FGF family contain a common domain in which
most of their structural homology can be found. There are two FGFs that
are dramatically distinct from other members of the family: FGF-1 and
FGF-2. Their precursors do not have a single peptide that might account
for their secretion, although both are found outside cells. Unlike the FGFs
3t0 9, FGF-1 and -2 are widely distributed in tissues, and are expressed by
a large number of cells in culture. Like all FGFs, however, they can
stimulate the proliferation and differentiation of numerous cell types,
presumably because they act through a common family of high-affinity
receptors (3).

Numerous studies have shown that despite the absence of a known
mechanism to account for basic FGF (FGF-2) export from cells, it appears
to be translocated to the cell surface. For example, immunohistochemical
studies show FGF-2 localizes to the basement membrane in vivo and to the
extracellular matrix of numerous tissues, suggesting it is sequestered outside
of the target cell. If so, then it is in a biologically inert form, because the
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cells surrounding this FGF are quiescent and often unresponsive to the
growth factor when infused (6).

A number of investigators observed when FGF-2 (or FGF-1) is conferred
with the ability to enter the secretory pathway (by engineering a signal
peptide into its primary sequence), it becomes a transforming molecule
(7-9). These findings were largely interpreted to mean that, under the right
circumstances, FPF-2 could have oncogenic potential. Alternatively, the
absence of a signal peptide in FGF-2 could reflect the cell’s desire to limit
FGF-2 action by preventing secretion. To account for this observation, and
in consideration of the fact that FGF-2 can be found outside cells,
Florkiewicz et al. (10) suggested specific mechanisms must exist to “export”
FGF outside cells. This hypothetical mechanism of export translocates
FGF-2 from the cytoplasm to the cell surface. The mechanism would be
tightly controlled, independent of the Golgi-endoplasmic reticulum secre-
tion pathway, and protect the cell from the transforming potential of a
secreted FGF described above. In any case, this selective release of FGF-2
(which also applies to FGF-1) is most likely a process that tightly regulates
the growth factors’ activities by limiting their respective bioavailability.

Because a molecule like FGF-2 stimulates the growth responses of a
broad range of cell types, it was initially not clear how a molecule that is so
pleiotropic could play a physiologic role in the control of cell growth and
differentiation. This activity was further complicated by the observation
that the growth factor could be purified from almost any tissue in which the
target cells are found. If this protein is important in vivo, how could it be
present in so many tissues in which the target cells are essentially quiescent?
One possibility is that it is not a growth factor in vivo, and plays some other
function (11). Yet it is found in the extracellular matrix, where it is
presumably sequestered and stored in an inactive form. Three mechanisms
regulating this bioavailability have been proposed: through its receptors, by
limited proteolysis, or by structural modification (1, 12). These possibilities
are described here.

Regulation of FGF Activities by Its Low- and
High-Affinity Receptor

The high-affinity receptors for FGF-2 (of which there are four known
genes) are tyrosine kinases and ligand binding, extracellular domains of the
immunoglobulin G (IgG) superfamily. Alterative splicing leads to the
expression of numerous forms of the high affinity receptors encoded by any
one gene. It is generally assumed the expression of different combinations
of receptor isoforms predetermines ligand action.
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The low-affinity proteoglycan FGF receptors also play a major role in
regulating FGF action (7-9). But it is important to note first that there are
at least three types of low affinity FGF receptors: syndecans, 3-glycan, and
glypican. Syndecans are transmembrane receptors with heparan sulfate
attached to a protein core sequence encoded by one of four genes. 3-Glycan
is also a transmembrane heparan sulfate proteoglycan that is better known
for its ability to bind transforming growth factor-8 (TFG-G). Glypican, on
the other hand, is an FGF-binding proteoglycan that is not a transmem-
brane, but is linked to the cell surface through a phosphoinositol. In
contrast, perfecan is a heparan sulfate proteoglycan that is not associated
with the cell surface, but localizes to the extracellular matrix (ECM). It is
assumed all of these heparan sulfate proteoglycans bind FGF, and their role
is to deliver FGF to high affinity receptors (13-15).

High-Affinity Receptor Regulation of FGF Activity

If the high-affinity receptors for FGF are involved in the regulation of
FGF-2 activities, it is most likely mediated through their restricted expres-
sion in vivo (Fig. 3.2). Recent studies have now shown these receptors are
present during embryonic development. Their distribution is also cell type
specific (16). In normal adult tissues there is little expression, but expression
is readily detectable after injury, in tumors, or in proliferative disease.
There are also certain exceptions to this observation: in the central nervous
system, there are focal sites of FGF synthesis that include the hippocampus,
ependymal cells of the lateral and third ventricles, and the subfornical
organ, to name a few. Generally, however, receptor expression is low in
peripheral tissues.

If there is indeed limited receptor expression, then FGF-2 may have a
specificity in spite of it being both multifunctional, pluripotent, and
ubiquitous. For example, there is compelling evidence that cells have
specific signatures of high-affinity receptor isoform expression on their cell
surface (16). Increased receptor concentrations at the cell surface could
also, by mass action, promote the transfer of the ligand from low-affinity
to high-affinity sites of binding. These hypotheses are supported in part by
the findings that the infusion of FGF-2 into animals does not appear to
have impact on the function of many of its target cells (6). Furthermore,
when FGF-2 is made cytotoxic by linking it to the ribosomal inactivating
protein saporin, the mitotoxin is highly specific in vivo for proliferating
cells, but not to all of its presumed cell targets (17-19). That being the case,
cells can be seen as refractory to FGF, unless there is an injury that
activates the FGF high-affinity receptor system. Similarly, numerous cells
are responsive to FGF in vitro, because under the conditions of cell culture,
they have an injured and activated phenotype with an activated FGF
receptor system.
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Ficure 3.2. Complexity of FGF regulation. Shown are the high affinity receptors
for FGF (labeled A-D) on the cell surface. FGF-2 is represented by the diamonds
made up of solid and shaded triangles. Heparan sulfate proteoglycans are repre-
sented by the tree-like structures. After expression of the FGF-2 gene (an event
highly regulated in its own right) and the translation of its mRNA (another highly
regulated event) into the appropriate molecular form of FGF-2 (see ref. 10), FGF-2
is presumably exported from cells where it is sequestered in the extracellular matrix
(step 1). From the matrix, it must be translocated to low-affinity heparan sulfate
proteoglycans on the cell surface (step 2), which then have to present it to the
appropriate high-affinity receptor (step 3). Upon formation of a receptor complex,
the ligand triggers intracellular tyrosine kinase phosphorylation, sets off a cellular
response, and is internalized (step 4). (Adapted from Klagsbrun and Baird [15].)

Low-Affinity Receptor Regulation of FGF Activity

There are many possible mechanisms through which proteoglycan low-
affinity receptors might regulate FGF activity. The most likely is they serve
a dual function to sometimes sequester, and other times deliver (after the
appropriate signal), FGF to its high-affinity receptor. The nature of the
signal that elicits the transfer is not known (see below). Accordingly, the
low-affinity receptor complex should be viewed as another step in the
regulation of FGF action.

Because there are several different types of low-affinity receptor protein
cores, and each may have multiple patterns of complexity (depending on the
extent of heparan sulfate glycosylation and sulfation), it is exceedingly
difficult to dissect a specific function for any one low-affinity receptor
proteoglycan. Each isoform may have different effects on FGF specificity
and function, some inhibiting FGF action and others promoting it.
Certainly it appears that the sites of sequestration where a cell deposits its
FGF-2 appear to be different from the low-affinity binding sites where
exogenous FGF-2 binds. Some cells that synthesize FGF-2 do not recognize
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their own FGF-2, but respond well to exogenous FGF-2. Thus, it appears
that one of the key processes in the formation of a functional ligand-
receptor complex at the cell surface is the transfer of ligand from different
low-affinity receptors to the high-affinity receptor (7-9).

Proteolytic Regulation of FGF-2 Activity

One possible mechanism that might account for the transfer of FGF-2 from
the ECM to the cell surface is selected proteolysis. This is a particularly
attractive hypothesis, because when bound to heparin, the ligand is
protected from proteolysis. When fixed sections of tissues are stained with
anti-FGF antibodies (20), immunoreactive FGF is clearly associated with
the ECM. There are also areas in which the immunoreactive staining is
associated with the cell surface. When FGF is associated with the ECM, it
can be released in a soluble form by proteolysis (21-23). Brem et al (24) also
showed an immunoreactive FGF-2 (when assayed by enzyme- linked
immunosorbent assay [ELISA]) is detected in the fluids of partial-thickness
and full-thickness wounds, suggesting the FGF present in these fluids may
have been released because of degradation of the ECM during wounding. In
the retina where FGF-2 staining can be observed in the basement mem-
branes of the retinal pigmented epithelial (RPE) cells, heparinase treatment
eliminates FGF staining (25). FGF-2 can also be released from the cell
surface by the treatment of cells with phospholipase C (26), suggesting there
is an active release of the growth factor and translocation between the ECM
and its tyrosine kinase receptors.

If limited proteolysis is a physiologic mechanism regulating the release of
FGF-2 from the ECM, there should be instances in vivo where FGF is
detectable in serum or biologic fluids. Over the course of the last several
years, there have been isolated reports that have described the presence of
FGF-like molecules in urine, vitreous, and blood. Most recently, the
availability of a highly sensitive ELISA for FGF has resulted in the
systematic analysis of FGF in cancer patients (27). Whether this FGF
derives directly from tumor cells or after the proteolysis that accompanies
tissue remodeling remains to be determined.

Regulation of FGF by Posttranslational Modification

The low-affinity FGF receptor is not just a means of sequestering the
growth factor, as it participates in the regulation of FGF-2 activity. The
next question that arises is to understand how the growth factor translocates
from one receptor to another. As described above, there could be a release
of soluble FGF that would then be available to the general circulation (as
described above). Yet there are a number of instances when FGF-2 is
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available to cells that have both low-affinity and high-affinity receptors on
their surfaces, yet they do not seem to utilize their endogenous growth
factor. These same cells respond to exogenous FGF. How can a cell that
synthesizes FGF (presuming it translocates it onto the cell surface) be
unable to respond to this same growth factor?

To explain this observation, we hypothesized that there might exist a
specific extracellular process to catalyze the growth factor’s shift from
low-affinity receptors of sequestration toward low-affinity receptors of
delivery, and ultimately toward high-affinity receptors of signal transduc-
tion. This is illustrated in Figure 3.3. We also reasoned this molecular event
might involve a posttranslational modification of the growth factor. In
particular, we observed FGF-2 could be phosphorylated, so we examined
whether FGF could be phosphorylated extracellularly (28). We also re-
ported the detection of a non-adenosine 3',5-cyclic monophosphate
(cAMP) activated protein kinase capable of phosphorylating FGF-2 on the
outer cell surface of human hepatoma cells (SK-Hep cells). During the
course of its characterization, we also detected a second, distinct kinase that
is CAMP independent. The addition of [y->?P]-adenosine triphosphate
(ATP) results in a rapid (<5 min) incorporation of [>?P] into FGF-2. The
reaction is time, ATP, and substrate dependent. It is unaffected by
inhibitors of cAMP-dependent phosphorylation (PKI, K562b), but is
modulated by calcium, magnesium, and manganese. Heparin also modu-
lates phosphorylation on FGF-2. Gel permeation chromatography of
SK-Hep cell membranes identifies two constitutes of 350 and 90 kd. From
these results, we have developed our current working hypothesis that a cell
surface protein kinase is a potential signal that modifies FGF-2 such that it

Ficure 3.3. Potential role of ecto-phosphorylation in the regulation of FGF activity.
Establishing that FGF-2 is the physiologic cell surface substrate for this kinase
remains to be shown. (Adapted from Klagsbrun and Baird [15].)
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can be translocated from extracellular sites of sequestration and recognized
by its signal transducing high-affinity receptor. The structural characteriza-
tion of this molecule, which will be the ultimate test of this hypothesis, is
under way to determine whether its physiologic substrate on the cell surface
is FGF, whether it is involved in FGF regulation, and what its function
might be.

Conclusion

The physiology of FGF regulation is complex and far from understood. It
involves extracellular low- and high-affinity receptors, sequestered and
active forms of extracellular FGF, and potentially various posttranslational
modifications of FGF including phosphorylation. FGF appears to be
regulated at numerous steps: (1) at the level of its synthesis, where gene
expression (in peripheral tissues) is low and activated by injury and/or
physicochemical insult; (2) at the level of its export from cells, where it
appears to remain cell-associated with heparan sulfate-related proteogly-
cans; (3) at the level of these matrix proteoglycans, which can serve to
sequester the growth factor and keep it away from the target cell; (4) at the
level of cell-associated proteoglycans, which can serve to deliver the growth
factor to its signal transducing high-affinity receptor; (5) at the level of the
high-affinity receptor, whose expression is exceedingly low in normal
quiescent tissues; and (6) by the sheer complexity of the ligand receptor
complex, that can include four genes encoding numerous isoforms of
high-affinity receptors, seven genes encoding low-affinity receptors that are
differentially sulfated and glycosylated, and at least nine genes encoding
different structurally related FGFs.
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Cultured Skin Cells for Wound
Closure and for Promoting
Wound Healing

Joun F. HansBrouGH AND HANS OLIVER RENNEKAMPFF

The Need for Accelerating Wound Closure

Burn clinicians have developed great expertise in treating patients with
severe burns, and survival of extensively burned patients has markedly
improved in the past several decades (1, 2). However, technologies are
greatly needed to improve the functional and cosmetic outcomes of burn
injury. For example, although meshing and stretching of skin grafts permit
wider areas of skin coverage, the cosmetic and functional results of meshed
skin grafting are frequently unsatisfactory. We must develop technologies
and expertise to decrease scar formation and improve the quality of life of
burn patients. We hope that biotechnology research and the biotechnology
industry can help us to achieve these goals.

If we examine the refinements in burn care over the past three decades, it
appears that excisional therapy has been associated with the most signifi-
cant increase in survival of seriously burned patients (2, 3). Increasingly
early after injury and stabilization of the patient, patients are moved to the
operating room where their wounds are surgically excised (4, 5) (Fig. 4.1).
Burn wound excision has important benefits in terms of reducing the dead
tissue that can serve as a culture medium for microorganisms (6), and
perhaps decreasing the metabolic responses to burn injury (7). However,
surgical excision creates extensive open wounds that in many patients
cannot be immediately closed with autologous skin. We must develop
improved technologies for closing these wounds with both temporary and
permanent skin replacements.

A number of skin replacements have been tested, and several are
currently clinically available. These include both temporary and permanent
skin replacements, epidermal and dermal skin replacements, and synthetic/
biosynthetic and biologic skin replacements (8).

The gold standard for providing temporary wound coverage following

37
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Ficure 4.1. Within days of admission, this patient, who had sustained extensive
burns, is taken to the operating room where burned tissue is surgically excised. In
this case, two separate operating teams are working to speed the process.

surgical excision is cadaver allograft skin. Allograft skin is utilized by most
burn centers in this country for this purpose. Cadaver skin is effective for
providing temporary closure of these wounds and it can be lifesaving for
patients with massive burn injuries. Allograft effectively closes the wound
and prepares the wound for subsequent definitive autografting. When
viable allograft skin has adhered to the wound and is subsequently
removed, a well-vascularized wound base remains behind that can then
readily accept skin autografts. However, there are significant problems with
cadaver skin that will be addressed later, including the very serious problem
of the danger of infectious disease transmission. These problems make it
important that effective replacements for cadaver skin be developed.

A larger patient population than that of burn patients is those individuals
who have developed chronic wounds that are slow to heal, or that
completely fail to heal over a long time period. This population includes
patients with venous stasis skin ulcers, with diabetic and vascular ulcers,
and with pressure ulcers (decubiti). Trials of various products have been
performed or are under way in attempts to improve healing of these
wounds. One approach has been to apply biologic agents such as growth
factors or tissue extracts to these wounds to attempt to accelerate wound
closure. Another method has been to apply various types of cultured grafts
to these wounds, with the hypothesis that the cultured cells will elaborate
various cytokines that will stimulate the wound and accelerate wound
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closure. Some of these biologic agents and graft materials will be briefly
discussed.

Cultured Epithelium

One method to permanently close the wound is to culture the epithelial cells,
the keratinocytes, after separation of the epidermis from the dermis with
the use of enzymatic digestion. Over 15 years ago, successful technologies to
rapidly propagate human keratinocytes in tissue culture were developed (9,
10), utilizing several different methods of tissue culture. Cultured kerati-
nocyte sheets were then applied to burn wounds (11), with varied success.
Numerous trials have been subsequently performed to determine the ability
of cultured epithelium to permanently close full-thickness wounds (8, 12,
13). Reports of clinical trials from multiple burn centers are contained in the
January/February 1992 issue of the Journal of Burn Care and Rehabilita-
tion, and the results were summarized (12). Cultured epithelial sheets are
exceedingly fragile, they are difficult to handle and affix to the wound, and
their transport from the laboratory to the site for transplantation can be
complex. The subsequent wound care must be meticulous and cultured
grafts appear to be highly susceptible to infection. The success of cultured
epithelium for closing wounds is quote variable. Rives’s group (14) from
France has reported some of the best results; however, the intensity of
wound care that is required to apparently achieve these results can be
extraordinary in terms of time and personnel. In addition, several studies
have reported that the healed epithelium can be quite fragile and the skin is
prone to breakdown and contractions (15-18). Clinical results following
grafting of cultured epithelium appear to be optimized when the grafts are
placed over cadaver dermis, following previous application of cadaver skin
to the wounds and mechanical removal of the epidermis (12, 19, 20).
Removal of the epidermal layer is facilitated by the rejection response of the
host to the epidermis. In contrast, dermis is relatively nonantigenic and may
remain attached to the wound bed following sloughing of the epidermis.

Culturing keratinocytes on flexible, biocompatible membranes can theo-
retically facilitate the transfer of cell sheets to the wound bed, by elimi-
nating the need to cleave the attachments between cells and the culture
surface with proteolytic enzymes prior to transfer of grafts. In addition, the
handling of delicate cultured epithelium is difficult and labor intensive, and
the simple transfer of cell-coated membranes to the wound would greatly
simplify graft transfer, operative surgery, and wound care, particularly if
the membrane could be left in place postoperatively to secure the cells to the
wound surface. These experiments are under way in our own laboratory
(21) and will be described in a following section.

When cultured epithelial sheets are placed on the full-thickness wound,
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which by definition lacks dermis elements, there is delayed basement
membrane formation with initial development of a flat dermal-epidermal
junction (Fig. 4.2). This may have very important consequences for wound
healing. In normal skin, rete ridges are present that result in interdigitation
of epidermis and dermis; this markedly increases the surface area of the
dermal-epidermal junction that furnishes strength and durability of the skin
(22). On a molecular level, the dermis is important for epithelial develop-
ment and maturation (23), including the development of ultrastructural
elements such as anchoring fibrils that help attach epidermis to the dermis.
Because the full-thickness wound by definition lacks dermis, and dermis
does not regenerate or does so very slowly, developing of attachment
structures is delayed (24). This may account for the disappointing take of
epithelial sheet grafts. One of the largest clinical series published 3 years ago
from the U.S. Army Burn Center showed disappointingly poor take of
cultured epithelial autograft (25). A take rate as low as 13% to 20% was
found in deeper wounds that had been excised to the level of the fascia. It
is disastrous to wait 3 to 4 weeks and spend many thousands of dollars for
cultured epithelium only to achieve limited take of the grafts. Other reports
describe an adequate initial take of cultured epithelium but later wound
problems such as shearing and wound contraction (15).

Ficure 4.2. Two weeks after application of cultured epithelial grafts to full-
thickness wounds on athymic mice, a flat dermal-epidermal junction is found
without evidence of rete ridge interdigitations that occur between epidermis and
dermis in normal skin. Formation of basement membrane structures, in the absence
of dermis, is very slow to occur in this situation.
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Development of Composite (Epidermal-Dermal)
Skin Grafts

We and increasingly other groups believe that it is necessary to replace the
dermal layer of the skin, as well as the epidermis, for achieving optimal
results for covering full-thickness wounds. The best means to accomplish
this remains to be determined. Several years ago our group developed a
dermal analogue composed of human fibroblasts cultured in a collagen-
glycosaminoglycan (GAG) membrane (26, 27). We found that inclusion of
fibroblasts in the membrane was necessary to obtain confluent growth of
keratinocytes on the surface of the dermal substrate. Without the inclusion
of fibroblasts, we were not able to achieve satisfactory epithelial growth on
the surface. We subsequently showed that levels of collagen type IV, a
structural protein component of basement membrane, were far higher in the
culture medium when keratinocytes were cultured together compared with
cultures of the individual cell types (28). Keratinocytes cultured alone
produced little laminin, another structural protein component of basement
membrane, while fibroblasts as well as composite cultures produced high
amounts of laminin. Clearly, fibroblasts play an important role in the
development of the basement membrane.

These composite grafts reproducibly closed full-thickness, excised
wounds in athymic mice (29). When we placed the composite grafts on
patients following burn wound excision (30), we found some areas of
excellent wound take with good skin appearance and minimal hypertrophic
scar formation. As early as 10 days postgrafting, we found extensive rete
ridge interdigitation, far different from the flat dermal-epidermal junction
that occurs when cultured epithelial sheets are applied to wounds. This was
a very uniform finding in our seven patients. Basement membrane proteins
laminin and type IV collagen were identified immunohistochemically in all
patients. We believe that early formation of normal anatomic structures is
facilitated in these composite grafts that contain both epidermal and dermal
components.

However, overall take of this composite skin was approximately 50%,
not successful enough to make this a routinely acceptable skin replacement.
We believe that graft take was limited for several reasons. The wounds that
receive autologous cultured grafts are really chronic wounds, since we must
wait 3 to 4 weeks after injury to produce the cultured grafts. Many of these
wounds probably contain high levels of proteases, which probably attack
the collagen-GAG membrane. In addition, many of the wounds have high
bacterial counts (31), which also limits the success of the fragile grafts.

We have evaluated a variety of dermal replacements, including fibro-
blasts cultured on polyglyactin mesh. Surgeons routinely utilize sutures and
grafts composed of these biodegradable fibers. We have worked with
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Advanced Tissue Sciences, Inc. (La Jolla, CA) to develop living dermal
replacements by culturing human neonatal fibroblasts on polyglactin mesh
(32, 33). Because the polyglactin fibers undergo hydrolysis in the wound,
rather than degradation by proteases and inflammatory cells, we believe
that these materials will be noninflammatory when placed on the wound.
The cultured fibroblasts secrete matrix proteins that are deposited in the
dermal analogue during the culture process. This material, Dermagraft, is
undergoing clinical evaluation as a replacement for human dermis (34). We
and others are also investigating the attributes of other biodegradable
matrix supports.

We have cultured keratinocytes on the surface of Dermagraft, and have
achieved confluent growth of the keratinocytes resulting in a multilayered
epithelium (Fig. 4.3). These composite grafts successfully closed wounds on
athymic mice and resulted in early formation of basement membrane
structures including appearance of laminin and type IV collagen (35).

Very importantly, these composite grafts are easy to handle, which
benefits the cell culture technician as well as the surgeon. The grafts are easy
to remove from the culture vessel since they have good structural integrity
and they do not require enzymatic treatment to release them from the

Ficure 4.3. A composite graft composed of keratinocytes cultured for 17 days on a
polyglactin biodegradable mesh (Vicryl, Ethicon, Inc., Somerville, NJ) containing
fibroblasts (Dermagraft, Advanced Tissue Sciences, Inc.), ready for graft place-
ment. The polyglactin fibers are cut transversely; spaces between the fibers are filled
with fibroblasts and secreted collagen and other matrix proteins, while the kerati-
nocytes form a multilayered epithelium. H&E, X 200.
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culture vessel (Fig. 4.4). The grafts drape easily and can be moved around
on the wound bed, they have good resistance to tearing, and they can be
easily sutured or stapled to the wound. Thus, an important advantage of
using a dermal replacement in conjunction with the cultured cell epithelium
is that graft handling and placement are greatly facilitated.

Bell et al. (36) developed one of the first composite skin replacements,
comprising fibroblasts cast in bovine collagen lattices that were allowed to
contract and then seeded with dispersed, noncultured epidermal cells. A
multilayered keratinizing epidermis with desmosomes, tonofilaments, and
hemidesmosomes developed with formation of basement membrane within
2 weeks. It was suggested that the dermal replacement could provide better
interactions between fibroblasts and other cell types in vitro, compared with
cells cultured on a plastic or glass surface. Organogenesis, Inc. (Canton,
MA) has further developed this composite skin replacement (Graftskin). In
our laboratory (37, 38), Graftskin placed on full-thickness excised wounds
on athymic mice persisted for the 60-day study period with minimal
contraction and resulted in well-differentiated epidermis with stratum

Ficure 4.4. When epithelial cells are cultured on a dermal support that has
structural integrity, the composite grafts can be easily handled and transported from
the culture flask to the wound. This is in contrast to the difficulty involved in
manipulating and transporting delicate epithelial sheet grafts. The cultured grafts
are easy to handle because of the inherent strength of the polyglactin mesh, and
enzymatic release of the cultured epithelium, which can damage the cells and results
in shrinkage of the epithelial sheets, is not required prior to placement of the grafts
on wounds.
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corneum. Basement membrane proteins were identified by immunohisto-
chemical staining and electron microscopy within 2 weeks of placement.
Graftskin is currently under investigation in clinical trials as a temporary
skin replacement for burn wounds, and as a dressing to facilitate the closure
of cutaneous ulcers (39).

Cultured Grafts for Delivery of Cytokines for
Accelerating Wound Healing

Several types of cultured grafts have been utilized in clinical care to deliver
cytokines to wounds. These include Dermagraft, (Advanced Tissue Sci-
ences, Inc.), which is composed of human neonatal foreskins cultured on a
polyglactin mesh, and Graftskin (Organogenesis, Inc.), containing both
keratinocytes and fibroblasts, and which is described above. These grafts
are used primarily with the idea that the cultured cells will elaborate growth
peptides into the underlying wounds. Both materials are currently in clinical
trials for treating chronic nonhealing wounds.

Regulatory peptides such as cytokines and growth factors are multifunc-
tional molecules with both stimulatory and inhibitory actions, depending on
the cellular context. All peptide growth factors initiate their effects by
binding to and activating specific, high-affinity receptor proteins located in
the plasma membrane of the target cells. Thereby they may act in autocrine,
paracrine, juxtacrine, or endocrine fashions.

There are five major growth factor families that appear to contribute
significantly to the wound healing process: epidermal growth factor (EGF),
transforming growth factor-38 (TGF-@), insulin-like growth factor (IGF),
platelet-derived growth factor (PDGF), and the fibroblast growth factor
(FGF) family (40). In addition a number of keratinocyte-derived cytokines
are critically involved in the wound healing process: interleukin (IL)-183,
IL-6, IL-10, chemokines, and the colony stimulating factors (41).

In contrast to EGF, TGF-« is detected in normal skin. TGF-« expression
is markedly increased in healing skin wounds (42). Like EGF, TGF-« is
highly mitogenic for keratinocytes. Furthermore, it was shown that TGF-«
can stimulate additional TGF-« release and also its own receptor expression
(43). These in vitro findings for mitogenicity and positive autoregulation
underline the importance of TGF-« as a major autocrine mitogen in the
epidermis. In a number of studies, topically applied EGF and TGF-« have
been shown to accelerate the healing of cutaneous wounds (44, 45).
Moreover, TGF-« is angiogenic and has been shown to increase the number
of dermal fibroblasts and granulation tissue (42). Therefore, beneficial
effects of TGF-a on epithelialization are not simple to associate with
epidermal proliferation alone.

Interestingly these studies have found rather limited, albeit significant
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improvements in healing over placebo controls. This is likely due to the fact
that multiple other growth peptides are present in the healing wound.
Synergistic, additive, and converse findings with combinations of growth
factors are reported (46). The importance of the combination of growth
factors to control an appropriate healing is underlined by our findings (44)
that synergistically applied basic FGF (bFGF) reduced the effect of EGF on
the rate of epithelialization in experimental wounds.

A number of autocrine functioning interleukins have gained new atten-
tion. Interleukin-6 is a multifunctional cytokine produced at high levels by
activated keratinocytes. It stimulates the proliferation of human kerati-
nocytes (47). Recent findings demonstrated transient upregulation of the
integrin os8,, the major fibronectin receptor on keratinocytes (48). This
integrin is critically involved in the migration process of keratinocytes. As
two major processes in wound healing are affected by IL-6, it is not
surprising that IL-6 has been shown to facilitate wound healing in vivo (49).

A new superfamily of chemokines, apparently encoding chemotactic and
inflammatory cytokines—hence their name —has been described in recent
years (50). One of the most recently described and important chemokines
that may be particularly important to the skin is interleukin-8. IL-8 has been
detected in large quantities in psoriasis (51), a hyperproliferative benign
skin disease. Furthermore, a gradient of IL-8 release was detected in partial
thickness burn wounds (52). IL-8 is produced by keratinocytes under the
influence of various stimuli. Our own studies (53) and those of others (54)
demonstrated that the chemokines IL-8 and melanoma growth stimulating
activity/gro (MGSA/gro) are mitogenic for keratinocytes, but not for
fibroblasts. In addition, we demonstrated that chemokines can induce
overexpression of various integrin receptors, critically involved in wound
healing processes. Functionally this is underlined by the chemotactic
response of keratinocytes to IL-8 (55). Furthermore, IL-8 was found to be
angiogenic (56).

While many growth factors and cytokines enhance healing in acute
experimental wounds in animals, their topical application in human chronic
wounds frequently does not achieve the same success (57). This indicates
that chronic wounds may lack an orderly progression of growth peptides,
and this may not be remedied by the application of a single growth factor.
Cultured keratinocytes either as an autologous or allogeneic sheet graft may
provide growth factors in the appropriate type, amounts, and sequence
most favorable for promoting wound healing. Application of cultured cells
to wounds may also provide matrix material for cell growth. While
autologous keratinocyte sheets may generate growth peptides and provide
tissue for permanent wound closure, the major action of keratinocyte
allografts would be to provide a growth peptide stimulation of the healing
process even though the cells would be ultimately rejected. A number of
reports of accelerated healing by grafting of leg ulcers and partial-thickness
burns and donor sites with allogeneic epidermis are evidence for the action
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of keratinocyte-derived growth peptides. Grafting of donor sites and
partial-thickness wounds with allogeneic epidermis accelerated healing
compared with mirror image control sites (58). The treatment of leg ulcers
with autologous and allogeneic cultured keratinocyte sheets showed im-
proved healing of otherwise unresponsive wounds (59). However, time
requirements and costs for fabricating these grafts have limited their
application. Furthermore, basal keratinocytes and parabasal keratinocytes
depict an activated state and release cytokines such as TGF-« (60).

Viability of cultured epithelial sheets, evaluated with propidium iodide
exclusion combined with fluorescence activated cell sorting (FACS) analy-
sis, is linked to basal and immediately suprabasal cells and may be as low as
20% (unpublished data). Therefore, it seems obvious that a single layer of
active, proliferating keratinocytes may be a sufficient method to deliver
growth peptides. The application of cultured keratinocytes dispersed in a
fibrin glue (61) or cultured to subconfluent stage on a polyurethane film
inverted onto the wound bed (21, 62) are methods in favor of this approach.
As described above, certain polyurethane membranes have been shown to
serve as excellent surfaces for supporting the growth of epithelial cells.
These membranes have been considered as “intelligent” dressings, allowing
control of moisture vapor permeability according to their degree of
hydration following placement on the wound. These polyurethane mem-
branes in combination with seeded keratinocytes can be considered as an
analogue to the stratified layers in cultured keratinocyte sheets, which may
provide a barrier function for the wound. We have seeded human kerati-
nocytes onto the surface of such membranes (Fig. 4.5). The keratinocytes
readily attach to the membrane and proliferate, and they can be transferred
to the wound in a subconfluent state without the necessity of removing them
from the membrane.

As shown in Figure 4.6, polyurethane membranes with a confluent layer
of keratinocytes released substantial amounts of interleukin-6 into the
culture medium. These cytokine levels have been shown by others to
promote wound healing (49). Substantial levels (TGF-«) were also released
into the culture medium, as shown in Figure 4.7.

A Laboratory-Prepared Replacement for
Cadaver Allograft Skin

As noted earlier, cadaver allograft skin is the standard material for
temporary skin replacement in patients with extensive burns (8, 63).
However, allograft skin is not without its problems. There is high demand
for allograft skin and it frequently is unavailable at individual burn centers.
Since the U.S. Food and Drug Administration has recently increased its
regulations regarding skin banking, the supply of cadaver skin has become
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Ficure 4.5. We have developed a technique of culturing human keratinocytes on a
hydrophilic polyurethane membrane (Hydroderm, Wilshire Medical, Inc.), which is
shown in a device designed to hold the membrane taut while it is submerged in
culture medium. The cells attach and proliferate on the membrane; following
inversion and transfer to the wound, the membrane provides a moisture vapor
barrier to protect the cells and the wound while keratinocytes continue to proliferate
and close the wound.

even more limited. In addition the quality is variable, since donors may be
quite elderly and sometimes only limited areas of the body are able to be
harvested. The potential for infection, both bacterial and viral, is always
present. It will probably never be possible to ensure that allograft skin is
free of contaminating viruses. The donor of the skin may be recently
infected but actually be seronegative, and the donor of skin, unlike the
blood donor, can obviously not be serologically retested at a later time
point.

Allograft skin is rejected within several weeks of placement on the
wound. Twenty years ago, allograft skin routinely survived a month or even
longer. However, as our overall care for burn patients has improved,
particularly in the area of early excision and nutritional support, immune
function is greatly improved so that allograft skin is rejected much more
quickly.

Utilizing our experience with cultured fibroblasts and Dermagraft, we are
attempting to develop a laboratory-grown temporary replacement for
human skin. An important aspect of human fibroblasts is that they are
relatively nonimmunogenic, so they do not stimulate a rejection response in
the allogeneic host. Thus, allogeneic fibroblasts can be utilized to produce
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Ficure 4.6. Similarly to the previous figure, culture medium was assayed for IL-6
levels using a bioassay.

a storable tissue culture product that can be used immediately after injury
on the patient. We utilized a biosynthetic dressing, Biobrane (Dow Hickam
Inc., SugarLand, TX), which had been moderately successful as a tempo-
rary skin replacement, and have attempted to improve its performance as a
biologic skin replacement. Biobrane is composed of nylon fibers that are
bonded to a thin silicone membrane; the membrane provides a barrier
against water-vapor transmission from the wound and bacterial invasion
from the environment. Although Biobrane has been utilized as a temporary
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Ficure 4.7. Culture medium from cultured epithelial sheets and Kkeratinocytes
cultured on Hydroderm polyurethane membrane and from allograft skin soaked in
culture medium were assayed for transforming growth factor-o (TGF-c) using an
enzyme-linked immunosorbent assay (ELISA) technique.
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skin replacement by some burn centers, it does not encourage the excellent
fibrovascular ingrowth that results following the application of human
skin. As a result, Biobrane has not been universally accepted as a temporary
skin replacement for excised wounds. We attempted to improve the biologic
and clinical performance of Biobrane by seeding human fibroblasts in the
nylon mesh of Biobrane. We found that the cells proliferated rapidly within
the mesh and after several weeks a densely cellular “tissue” formed
surrounding the nylon fibers (Fig. 4.8), which contained high levels of
secreted human matrix proteins as well as multiple growth factors. Animal
testing showed that this skin replacement could be used either fresh or
cryopreserved (viable), or as a nonviable product, to close full-thickness
wounds. We believe that the matrix proteins and growth factors contained
in the “tissue” encourage fibrovascular ingrowth from the wound bed and
decrease the inflammatory response to the foreign materials (nylon and
silicone).

Ficure 4.8. Histologic section of human fibroblasts cultured 2 weeks in the biosyn-
thetic dressing Biobrane. Biobrane is composed of a nylon mesh covered with a thin
silicone “epidermal” barrier. During cell culture a dense cellular “tissue” is formed,
and human matrix proteins can be identified in the tissue that surrounds the nylon
fibers, which are cut transversely in this section. In addition, messenger RNA
encoding multiple growth factors has been identified. A thin silicone membrane
layer, which provides a moisture vapor barrier for the graft, is faintly visible on the
upper surface of this section. These grafts have been termed Dermagraft-
Transitional Covering (Dermagraft-TC), and they are being tested in clinical trials in
burn patients as a temporary covering (Advanced Tissue Sciences, Inc., La Jolla,
CA) for excised burn wounds.
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These grafts were successful in closing full-thickness wounds in athymic
mice (64). Even though the human fibroblasts are nonimmunogenic in the
allogeneic situation, they would quickly incite a rejection response in the
heterograft situation. Thus we utilize athymic mice to test these grafts, since
the animals lack a cell-mediated immune response. The grafts stimulated
excellent fibrovascular ingrowth and also appeared to completely inhibit the
wound contract process. In vivo a dense array of fibroblasts and blood
vessels was visible 10 days after placement of grafts on the wound. We
quantified the adherence of these grafts, working with our bioengineering
colleagues. We found that this material, which is now termed Dermagraft-
Transitional Covering (DG-TC), was actually more adherent to the wound
over a 2-week-period compared with cryopreserved human allograft skin.

When we measured messenger RNAs (mRNAs) for various growth
factors in the DG-TC, high levels of message was found for multiple
cytokines including acidic and basic FGFs, keratinocyte growth factor, and
TGF-a and -8 (64). Levels of cytokine-specific message were far higher than
those found in specimens of adult skin. In fact, there was very little message
for cytokines in adult skin, but interestingly, neonatal skin contained very
high levels of messenger RNAs for multiple trophic cytokines. Thus, the
cytokine profile of DG-TC parallels that of neonatal skin rather than adult
skin. We believe that the high levels of growth factors that are reflected by
this mRNA profile will improve the physiologic performance of this
temporary skin replacement.

Handling of skin replacements is very important for the burn surgeons,
who must work with extensive wounds and close them rapidly. Many of
these wounds are irregular in shape and configuration. DG-TC has good
handling characteristics and can be moved on the wound easily and sutured
or stapled quickly. Very importantly, the material is safe for human use
since the mother, the baby, and the cultured cells can be screened over a
period of time for multiple pathogenic agents including viruses. Because the
donor and mother can be retested for viral infections after the cells are
obtained, there should be essentially zero incidence of viral contamination
with these grafts. This is very important, since as discussed above the
potential for viral contamination with human cadaver skin is always
present.

A material such as this can be stored “on the shelf” and utilized
immediately to close excised wounds. Ready availability is very important
for these patients because it has been shown that patients who are excised
soon after admission have a better outcome than the former technique of
waiting for the burn tissue or “eschar” to gradually separate over time (4).
It is critically important to have a temporary graft material readily available
for wound coverage. It would be a further advantage to have a skin
replacement that will not be rejected. Because human fibroblasts appear to
be nonimmunogenic in the allogeneic situation, this offers a further
advantage to skin replacements that contain human fibroblasts. On the
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other hand, human keratinocytes are highly immunogenic. Although early
studies suggested that the culture process would decrease their antigenicity,
perhaps by decreasing expression of surface transplantation antigens, in
clinical practice the cultured allogeneic epithelium is rapidly rejected.

Pilot clinical studies in ten patients with this temporary skin replacement,
Dermagraft-TC, have been successfully completed. The material functioned
well and in several patients it outperformed adjacent areas of cryopreserved
cadaver skin, which developed early sloughing of the epidermal layer either
from immunologic rejection or as a result of damage to the dermal-
epidermal junction from the cryopreservation process.

Conclusion

There is much progress to be made to develop optimal laboratory-grown
temporary and permanent skin replacements. It seems clear that replace-
ment of both epidermal and dermal layers will be important for final
optimal wound healing. Although the use of retained cadaver allodermis on
the wound bed appears to improve the performance of cultured epithelium
(12), utilization of this technique imposes complexities of care and timing
on the part of the clinician. It is hoped the development of more complete
unified skin replacements will improve and also simplify burn care in the
future.
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The Growth Hormone Insulin-Like
Growth Factor-1 Axis

ARVIND Y. KrisHNA AND LAWRENCE S. PHILLIPS

Growth Hormone

Somatotropin or growth hormone (GH) is the most abundant hormone in
the human pituitary. GH is a peptide synthesized and secreted by the
anterior pituitary, and is an important regulator of growth and differenti-
ated function. Human GH differs from that of other species, including
primates, making it unique among pituitary hormones; whereas adrenocor-
ticotropic hormone (ACTH), prolactin, and thyroid stimulating hormone
extracted from other species have bioactivity in humans, GH from other
species has no effect in humans (1). As opposed to all other anterior
pituitary hormones, which act only on specific target organs, GH has
effects on multiple target tissues throughout the body. Interestingly, GH
exerts its effects directly on some tissues, and on other tissues the
insulin-like growth factors (IGFs, particularly IGF-I) mediate the growth-
promoting and anabolic effects of GH.

Regulation of Growth Hormone Secretion

The release of GH is regulated by stimulatory and inhibitory hypothalamic
drive, mediated through the release of growth hormone-releasing hormone
(GHRH) and somatostatin/somatotropin release inhibiting factor (SRIF),
respectively, by the hypothalamus. The interrelationship of specific neural
centers controlling GH secretion and the modulation of these centers by
metabolic events is complex (2). It is now thought that the secretion of GH
is modulated by at least three neural centers: the ventromedial nucleus
(VMN), the arcuate nucleus (AN), and the limbic system (LS) (1). Although
the neural transmitters for each locus are different, the centers have a
common final action—the discharge of GHRH from the median eminence
into the hypophysial portal system. GHRH release thus is thought to act as
the final pathway for the release of GH from the anterior pituitary. GH
release is inhibited by somatostatin, a peptide released from the hypothal-
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amus. Since somatostatin’s actions are not specific for GH, somatostatin is
considered as a more general neuroinhibitory agent (1).

Various stimuli induce or inhibit GH secretion, with final action through
somatostatin or GHRH. However, the mechanisms for these actions are
often complex, and not totally understood. At the VMN level, the major
provocative stimuli appear to be hypoglycemia (3), and «-adrenergic agents.
Vasopressin and arginine also are presumed to act at this level (1). L-dopa
probably acts through the AN. The LS, which is activated during slow-wave
sleep, has been suggested as an important center controlling the typical
“spikes” of GH secretion that occur in deep sleep (1). Other hormones, most
notably estrogen, can sensitize centers of this system to provocative stimuli,
and thus enhance GH release (4).

Other stimuli of GH release have no clear locus of action. These include
stress, exercise, and protein depletion. Evidence is emerging that the latter
is probably mediated in part by decreased levels of IGF-I. There is even less
understanding of underlying mechanisms in conditions of inhibited GH
release, such as obesity, elevation of free fatty acid levels, and chronic
glucocorticoid administration.

The secretion of GH is regulated at several levels via negative feedback
pathways. An ultrashort-loop feedback mechanism refers to the negative
feedback by GH at the level of the pituitary itself. Such a process is
suggested by the presence of GH receptors on the pituitary gland (5). In
human subjects in whom lipolysis and somatostatin (SRIF) secretion are
blocked (6), the endogenous GH response to GHRH is blunted by exoge-
nous GH, consistent with autoinhibition of GH secretion at the pituitary
level. Exogenous GH therapy or elevations in endogenous GH secretion (7)
also reduce pulsatile GH release (8) and GH responses to pituitary-acting
stimuli [GHRH and thyrotropin-releasing hormone (TRH)] (8), indicating
autoregulatory actions of GH at pituitary (or hypothalamic) sites.

Acting in a short loop, GH stimulates the release of somatostatin/SRIF
and inhibits the release of GHRH by the hypothalamus. GH may also
stimulate synthesis of IGF-I and IGF-II in the hypothalamus. These
centrally produced IGFs inhibit GHRH synthesis (9) and release (10), and
stimulate SRIF synthesis and release (9). It has been suggested that GH also
exerts a direct inhibitory effect on GHRH production, independent of
central IGF-I (9).

In addition to pituitary and central mechanisms participating in GH
autoregulation, slower onset long-loop feedback pathways are also well
established. These pathways are mediated by GH-induced IGF-I production
in sites outside the central nervous system; these IGFs exert negative
feedback at the level of the hypothalamus and the pituitary. In the
hypothalamus, systemic IGF-I has been shown to stimulate SRIF synthesis
and release and inhibit GHRH synthesis and release (9). In the pituitary,
systemic IGF-I directly inhibits pituitary GH gene transcription (11), and
inhibits both basal and adenosine 3',5-cyclic monophosphate (cAMP)-,
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protein kinase C-, GHRH-, and TRH-induced GH release (12). However,
IGF-1 is relatively less effective than SRIF in inhibiting GH release (13), and
may only inhibit GH release from a subpopulation of GH-secreting cells
that are not responsive to SRIF inhibition (13). The involvement of IGFs in
long-loop GH autoregulation is also indicated by the elevated circulating
GH concentrations in Laron dwarfs (14), a condition in which GH is unable
to induce IGF-I synthesis due to lack of functional GH receptors. GH levels
are also high in patients with anorexia nervosa (15), cirrhosis (16), diabetes
(17), or malnutrition (18), as GH is unable to induce adequate IGF-I
production in these conditions. In contrast, GH secretion is impaired in
disease states characterized by elevated IGF-I concentrations (19); the
elevated IGF-I levels in obese children and patients with affective disorders
may thus account for blunted GH responses to GHRH stimulation in these
situations (20).

Direct Effects of Growth Hormone

Some effects of GH do not require the mediation of the IGFs and thus are
direct effects of GH on target tissues. GH exerts an initial, transitory
insulin-like effect on carbohydrate metabolism in humans, followed by an
anti-insulin (diabetogenic) effect (21). The initial insulin-like effect of GH is
probably mediated in part by increased substrate availability, due to
increased glucose transport and also to changes in the content/activity of
key enzymes in metabolic pathways (22). On the other hand, peripheral
uptake and utilization of glucose are reduced by chronic administration of
GH. GH lowers the apparent sensitivity/responsiveness of adipose tissue to
insulin, downstream from the insulin receptor (22). In vitro studies suggest
that chronic exposure to GH decreases the synthesis of Glut 1, the major
glucose transporter in the plasma membranes of adipocytes, thereby
exerting an anti-insulin action (23).

Chronic exposure of adipose tissue to GH results in lipolysis (hydrolysis
of triglyceride to free fatty acids and glycerol). This appears to be a direct
action of GH (24). There is evidence that GH can also increase the
sensitivity and/or responsiveness of adipose tissue to agents such as
epinephrine and norepinephrine that influence lipolysis (25, 26). GH may be
exerting these effects by increasing the 3;-adrenergic receptor number, or
reducing inhibitory influences. GH also exerts an antilipogenic/anti-insulin
effect in reducing fatty acid synthesis in the presence of insulin or insulin
and dexamethasone (27, 28).

GH exerts a protein anabolic action and leads to muscle protein synthesis.
The GH-induced restraint on proteolysis and promotion of lipolysis spares
nitrogen and facilitates use of alternate metabolic fuels. IGF-I acts as an
important mediator of this protein anabolic action of GH, but at high
physiologic concentrations GH has been shown to stimulate muscle protein
synthesis directly as well (29).
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GH exerts a modulatory role in human reproduction. GH has been shown
to potentiate the increase of both testosterone and androstenedione evoked
by human chorionic gonadotropin (hCG) (30). It is unclear whether or not
IGF-I mediates the GH action in the human testis, because both GH and
IGF-I receptors have been found in the testis, and IGF-I is able to induce
effects similar to those observed after GH administration (31). GH has also
been found to enhance both basal and follicle-stimulating hormone (FSH)-
stimulated aromatization of testosterone to estradiol (E,) by human granu-
losa cells in vitro (32). Studies in animal models suggest that the induction
and/or maintenance of estrogen receptors in the liver requires GH (33).

GH receptors are present in tissues involved in immunologic reactions
(34), although clinical studies do not provide a clear picture of the effect of
GH on immune function in humans. However, in mice, the administration
of antisera to bovine GH results in decreased growth and large reductions
in the weights of the thymus and spleen (35).

GH receptors and binding proteins are widely distributed within the
central nervous system. GH is believed to play a role in neurotransmission,
central behavior, growth, and development of the CNS (36).

Insulin-Like Growth Factors

Until about four decades ago, it was unclear whether promotion of skeletal
elongation resulted directly from GH or from other factors stimulated by
GH. In 1957 Salmon and Daughaday (37) established the existence of
GH-dependent intermediary factors. In classic studies, they first showed
that sulfate incorporation into cartilage chondroitin sulfate was reduced by
hypophysectomy, and then demonstrated that the factors inducing sulfate
uptake by cartilage were GH dependent, but not GH itself. Earlier, these
factors were named somatomedins to acknowledge mediation of the skeletal
growth-promoting effects of somatotropin. Subsequently, two factors were
purified, and it was recognized that these polypeptides have structural
similarity to proinsulin, and biologic actions similar to insulin as well.
Therefore, they are now referred to as the insulin-like growth factors (IGF-I
and IGF-II). The major site of production of circulating IGFs is the liver
(38), but they are also produced locally in numerous organs and tissues. GH
is an important regulator of both hepatic and local IGF-I production, but
the local production of IGF-I is influenced by local factors as well.

Insulin-Like Growth Factors Binding Proteins (IGFBPs)

Both the endocrine and autocrine/paracrine actions of IGF-I are subject to
positive and negative modulation by interstitial and plasma IGFBPs. In the
circulation, both IGF-I and IGF-II are predominantly bound in a 150-kd
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insulin-like growth factor binding protein (IGFBP) complex. A subunit of
this complex is one of six specific IGFBPs (IGFBP-1 to IGFBP-6) (21). The
combination of IGFBPs with either IGF-I or IGF-II often acts to reduce the
activity of the IGFs (32). However, there is evidence that a complex of
IGF-I to at least one IGFBP (IGFBP-1 or -3) can enhance the activity of the
growth factor in some systems.(33). The levels of IGFBPs are themselves
regulated by several factors, including GH, IGF-I, insulin, nutritional
status, and physiologic states including puberty, pregnancy, and the stage
of development.

IGFBP-3 is the predominant carrier of IGF-I in the circulation, and more
than 90% of the IGFs in serum circulate as part of this binding protein
complex. This complex is composed of an acid-stable subunit (IGFBP), an
acid-labile subunit, and IGF-I or IGF-II linked to the IGFBP (39). There is
strong evidence that production of IGFBP-3 from the liver is GH dependent
(or dependent on IGF-I, which itself is GH dependent) (21). There is also
evidence that GH increases IGFBP-3 indirectly via elevated IGF-I (25). The
concentrations of IGFBP-3 are reduced when nutrients are restricted, and
are restored by feeding (40).

In addition to different regulatory mechanisms, the IGFBPs are believed
to have distinct functions. As the concentration of IGFBP-3 is the highest
in the serum, it may play the principal role as a serum carrier protein for the
IGFs. On the other hand, the concentrations of IGFBP-1 and IGFBP-2 are
higher in lymph than in serum, and may play a role in transporting IGFs out
of the vascular space (40). This concept is supported by the observation that
IGFBP-1 can cross intact vascular endothelium (41).

Systemic Effects of IGF-I

An intravenous bolus of IGF-I in a dose that overcomes the binding
capacity of IGFBPs causes hypoglycemia. The hypoglycemic effect of
IGF-I due largely to the concentration of free IGF-I, whereas IGF-I
attached to binding proteins (BPs) has less insulin-like action (42). Al-
though the glucose-lowering effects of IGF-I and insulin are similar, the
levels of free fatty acids decrease to a greater extent and remain lower for
a longer duration with insulin as compared with IGF-I (42). This can be
attributed to the abundance of insulin receptors as opposed to IGF-I
receptors in human adipocytes (42). On the other hand, the IGF-1/insulin
potency ratio is higher in muscle than in adipose tissue (42).

IGF-I administration leads to broad anabolic responses, including a
decrease in creatinine and urea levels. IGF-I levels are decreased in
insulin-dependent diabetes mellitus and this disease state is associated with
growth retardation (43, 44). Control of diabetes mellitus with insulin
therapy can improve growth (45). Scheiwiller et al. (46) suggested that this
improvement in growth is due to an increase in IGF-I synthesis induced by
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insulin. They showed that (rh)IGF-I infusion in diabetic rats restores
normal growth even in the presence of uncontrolled diabetes mellitus.
Administration of IGF-I also stimulates growth in hypophysectomized rats,
and mimics the effects of human GH (hGH) treatment (47, 48).

There is disagreement as to the relative importance of IGF-I reaching
cartilage from the circulation and action as an endocrine factor, as
compared with IGF-I synthesized by cartilage and acting as an autocrine/
paracrine factor. Some evidence suggests that the autocrine/paracrine
pathway of IGF-I action on growth cartilage is of less quantitative
importance than the endocrine mode (49). Moreover, autocrine/paracrine
action cannot explain the failure of GH added to isolated cartilage, even if
obtained from growth plates, to stimulate parameters of growth and to
reproduce the changes observed with IGF-I addition (49). In addition, the
stimulation of cartilage growth by local administration of GH in vivo (50)
is only a small fraction of that which can be achieved by systemic
administration of GH with its attendant rise in serum IGF-I (51).

The specific pattern of organ growth observed with continuous,
subcutaneous, or intravenous infusion of IGF-I suggests a relatively small
effect of IGF-I on long-bone growth as compared with that of GH (42).
There can be several explanations for this observation. First, IGF-I induced
suppression of GH release may attenuate the expression and release of
paracrine IGF-I in growth plates. Second, GH acts as a protein-anabolic
hormone in part through mobilization of endogenous substrate. The
lipolytic and gluconeogenic effects of GH provide a supply of free fatty
acids and glucose, while IGF-I does not have this action. Third, IGF-I
suppresses insulin release, in contrast to GH, which stimulates insulin
release, and the lack of insulin may lead, in part, to growth retardation.
Fourth, access of parenterally administered IGF-I to the local target sites is
decreased, due to binding by IGFBPs (32). Fifth, the changes in IGFBP
profile induced by IGF-I treatment are different from those observed with
GH administration. In vivo, GH induces a rise in IGFBP-3 (52), but rat
IGF-I (rIGF-I) lowers IGFBP-3 acutely (53). In cocultures of hepatic
nonparenchymal and parenchymal cells, expression and secretion of
IGFBP-3 are stimulated by addition of IGF-I but not by GH (54). As the
IGFBPs are important regulators of IGF-I action (see below), differences
in the IGFBP profile induced by IGF-I as compared with GH may also
account for some of the differences between the growth promoting effects
of IGF-I vs. GH treatment.

Local Actions of IGF-1

The IGFs act primarily as mitogens in some tissues, stimulate differentia-
tion without proliferation in others, and in all responding tissues stimulate
the production of cell products that are characteristic of that tissue.



62 A.Y. Krishna and L.S. Phillips

Although IGFs were first described as growth factors for skeletal tissues,
IGF-I or IGF-II in fact stimulate DNA synthesis and cell proliferation in
cells of diverse embryologic origin.

The interaction of IGFs with other local growth factors is complex. Often,
in the absence of other hormones or growth factors, the effects of IGF-I or
IGF-II are relatively weak, and many of these actions can be demonstrated
only in the presence of other growth factors or hormones. Thus, amplifi-
cation of the effect of other agonists is a common theme of IGF-I action (55).

In general, transcripts for IGF-II are more abundant than those for IGF-1
in the fetus, whereas IGF-I messenger RNA predominates postnatally (56).
A striking exception to this developmental pattern is present in the brain,
where IGF-II mRNAs predominate over those for IGF-I and appear to be
regulated by GH (57).

IGFs are synthesized in the adrenals and the gonads in response to
stimulation by their respective trophic hormones. Although inactive by
themselves, IGFs potentiate the steroidogenic actions of ACTH and
angiotensin II in the adrenals (58), of FSH in ovarian granulosa cells (59),
and of LH on androgen production by theca-interstitial cells in the ovary
(60) and Leydig cells in the testis (61).

The IGFs probably play an important role in the regulation of uterine and
placental growth during pregnancy, as well as of early embryonic and fetal
development (62). The endometrial content of IGF-I and IGF-I mRNA is
high at implantation and during early embryogenesis in the sow (63).
Autocrine and paracrine roles for the IGFs in uterine and placental tissues
are postulated.

In muscle, IGFs stimulate the proliferation of myoblasts and differenti-
ation into myotubes (40). The IGFs also appear to be involved in the
proliferation and differentiation of lens epithelium. In the chick embryo,
IGF-I serves as a differentiation factor for lens epithelium, an effect
characterized by elongation of the cells and synthesis of the specific lens
protein delta-crystallin (40).

The growth-promoting actions of GH on skeletal elongation are thought
to be mediated in part by systemic production of IGF-I, and in part by the
local production of IGF-I by prechondrocytes or neighboring cells in the
epiphyseal growth plate (40). The importance of IGFs in the growth of
established cancellous bone is less well understood. Although IGF-I plays a
central role in epiphyseal growth, IGF-II may play the major role in
maintenance of cancellous bone (40, 64).

Regulation of IGF-I Production

Regulation of IGF-I by Growth Hormone

GH regulates IGF-I at two main levels. At one level, GH is thought to
regulate circulating concentrations of IGF-I through actions on the liver to
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stimulate IGF-I production and release. There is considerable evidence that
the liver is the major source of plasma IGF-I (38). Estimated IGF-I
production rates are sufficient to account for IGF-I turnover in the
circulation. Moreover, hepatectomy reduces circulating IGF-I activity,
whereas liver regeneration following partial hepatectomy restores circulat-
ing IGF-I activity (65). Thus, circulating IGF-I acts in an endocrine mode
to mediate GH action on various tissues. This has been shown in animal
models as well as in humans. Purified human IGF-I, administered
subcutaneously as a constant infusion, has been shown to mimic the effects
of GH in increasing growth (body weight gain, tibial epiphyseal width and
[*H]thymidine incorporation into cartilage) in hypophysectomized rodents
(66). Growth is also stimulated by IGF-I in humans. For instance, IGF-I
administration is reported to be effective in stimulating growth in patients
with Laron-type dwarfism who lack GH receptors (67). Moreover, IGF-I
reduces circulating concentrations of uric acid and creatinine (42, 68).
Arguably, this reflects shifts in nitrogen metabolism (42, 68).

It has also become evident that at another level, GH induces production
and release of IGF-I in target tissues, and locally produced IGF-I can act in
a paracrine or autocrine mode to promote organ-specific growth and
nutritional homeostasis. Local stimulation of cartilage proliferation is
observed when GH is infused directly into the tibial cartilage plate (69).
Similarly, infusion of GH into one limb by way of a catheterized femoral
artery, or administration directly into the growth plate, results both in
cartilage development in the growth plate and in enhanced linear growth of
the infused limb compared to the contralateral limb (70). Thus, all the key
components for a local GH-IFG-I response mechanism are present in
growth plate cartilage, including GH and IGF-I receptors (71). In cardiac
and skeletal muscle, IGF-I acting as an endocrine factor may predominate
in responses to GH, but the autocrine or paracrine mode may be involved
in work hypertrophy and regeneration of muscle fibers (49).

The ability of IGFs to act in an autocrine and paracrine mode is also
shared by other growth factors such as the transforming growth factors
(TGFs) and platelet-derived growth factor (PDGF). Like these other
factors, the IGFs should be considered as pleiotropic modulators of
multiple aspects of cell physiology, involved not only in proliferation and
calorie storage via mitogenic and anabolic actions, but also in the induction
and maintenance of differentiation (72).

However, not all GH effects are mediated by IGF-I. For example,
Ohlsson et al. (73) found that local infusion of GH stimulated the
incorporation of [’H]thymidine into the germinal layer of the rat tibial
epiphyseal plate in vivo, whereas IGF-I was inactive (73). The same selective
action of GH has also been demonstrated on isolated rabbit prechon-
drocytes by Lindahl et al. (74). Accordingly, Lindahl et al. have hypothe-
sized that GH action is focused on a precursor cell population, and when
the cells have started to differentiate, IGF-I promotes clonal expansion of
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these cells (74). It is also possible that GH directly influences the growth of
muscle and other tissues.

Local Regulation of IGF-I

IGFs were initially considered to be derived only from the liver, but now
both their expression and local production have been demonstrated in
numerous organs and tissues. Local regulation of IGFs is under the
influence of GH as well as locally acting factors. Glucocorticoids appear to
reduce the local abundance of IGF-I mRNA in several tissues in intact rats,
and decrease the induction of IGF-I mRNA after treatment with GH in
hypophysectomized animals (75). In contrast, thyroid hormone, estrogens
and androgens affect the circulating IGF-I level indirectly, via effects on
GH production (62). However, estrogens exert a direct regulatory action on
the endometrium to control local IGF-I production in this tissue, indepen-
dent of GH (76). Similarly, IGF-I production in the adrenals is stimulated
by ACTH, angiotensin II, and fibroblast growth factor (FGF) (77), and in
the gonads by gonadotropic hormones (78).

Local production of IGF-I is under the influence of GH in chondrocytes
of various origins, including those of the growth plate (79). Locally acting
IGF-I is also involved in bone growth. In adult skeletal muscle, immu-
nostaining for IGF-I is not found in the muscle fibers (80). However, during
regeneration after ischemic or toxic injury, immunostaining for IGF-I
appears in activated satellite cells, and continues to be expressed when these
cells develop into myoblasts and myotubes. With subsequent maturation of
the regenerated muscle cells, the IGF-I staining eventually returns to normal
low levels (80). The exact stimulus for this reappearance of local expression
of IGF-I is unclear.

IGF-1I appears to be produced by specific cell types in the kidney.
Unilateral nephrectomy causes compensatory growth of the contralateral
remaining kidney. A role for IGF-I in this growth process has been
indicated by several studies (79). During compensatory renal growth, there
is no increase in IGF-I in serum or in other organs, and there is no increase
in hepatic IGF-I mRNA (81). IGF-I synthesis during compensatory growth
after nephrectomy appears to be at least partly independent of GH (82), and
may be regulated by systemic factors.

Local expression of IGF-I also plays a role in the reproductive system. In
the ovary, the expression of IGF-I mRNA and levels of IGF-I both vary
during the estrous cycle in rats, with increased levels between proestrus and
estrus (83). Although the local production of IGFs is regulated predomi-
nantly by gonadotropic hormones, the effect of IGFs in responsive ovarian
cells is also regulated by IGFBPs (40).

Des(1-3)IGF-I is a naturally occurring variant of IGF-I present in many
tissues, which is biologically more potent than full-length IGF-I (84). This
variant of IGF-I can be generated in serum by a trypsin-like acid protease.
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The protease activity is significantly enhanced in states of GH deficiency,
and replacement of GH normalizes this activity in serum (85). This
represents another potential site of GH regulation of IGF-I.

Regulation of IGF-I by Insulin and Nutritional Status

Both the circulating levels of IGF-I protein and hepatic IGF-I abundance
are reduced in situations of insulin-dependent diabetes mellitus (IDDM) and
during nutritional deficiency. The low levels of IGF-I in these conditions are
not entirely due to a decrease in GH secretion, based on evaluation of
24-hour profiles.

IGF-I levels are decreased in insulinopenic/type I diabetes mellitus in
association with impaired skeletal elongation and diminished weight gain.
Strasser-Vogel et al. (44) have reported a negative correlation between
hemoglobin Alc (HbAlc) and the standard deviation scores (SDS) of
IGF-1, and a positive association between HbAlc and IGFBP-1SDS or
IGFBP-2SDS. Strong correlations were also observed between height SDS
and IGF-ISDS and IGFBP-3SDS in prepubertal subjects who had IDDM
for at least 2 years, but not in adolescents (44). This suggests that the lower
plasma concentrations of serum IGF-I may play a role in the pathogenesis
of growth impairment of poorly controlled prepubertal children with
IDDM (44). Other studies have also reported lower height velocity in
children with elevated HbAlc (43), and/or with elevated glucose levels
found by home blood glucose monitoring (45). The decreased circulating
IGF-I levels and defective anabolism are due in part to impaired GH action,
since growth failure in insulinopenic states occurs despite increased circu-
lating levels of GH. Tamborlane et al. (86) observed that an improvement
in metabolic control in IDDM resulted in a 70% to 75% increase in IGF-I
levels and a fall in GH levels; in two growing adolescents, growth velocity
doubled during 13 to 15 months of insulin pump treatment (86). Levels of
IGF-I are also significantly decreased in patients with diabetic ketoacidosis
(87), whereas subjects with more typical metabolic control usually exhibit
normal levels of IGF-I with significant increases in IGFBP-1 (88, 89).
Possibly due to the rise in IGFBP-1, diabetes depresses the levels of free
IGF-I more than the levels of total IGF-I, as estimated by radioimmu-
noassay (RIA) after separation from circulating IGFBPs in animal models
(90); free IGF-I fell more rapidly and further below control levels in animals
with progressive severity of diabetes, and free IGF-I was restored less than
total IGF-I by insulin therapy in diabetic animals. Similar observations have
been made in human subjects; Guler et al. (91) reported that rises in
circulating free IGF-I were greater than changes in total IGF-I in patients
receiving IGF-I infusions.

A blocked IGF-I response to exogenous GH has been found in IDDM
(92). Thus, insulin is required for the GH-induced release of IGF-I. Insulin
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has been shown to influence IGF-I gene expression at the transcriptional
level in vivo (93). Under more controlled conditions, IGF-I expression and
gene transcription also been shown to be regulated by the provision of
insulin in rat hepatocytes maintained in primary culture (94).

In addition to GH and other hormones, IGF-I is also dependent on
nutritional status (95). In protein-energy malnourished children, levels of
IGF-I are low (96). In girls with anorexia nervosa, levels of IGF-I are low
despite high concentrations of GH (97). There appears to be a hierarchy of
dietary components influencing GH, IGF-I, and their binding proteins. In
healthy men of normal weight, a 5-day fast reduced the IGF-I levels by
approximately half (98). Refeeding with a protein-deficient isocaloric diet
restored the IGF-I levels to some extent, but a diet deficient in both protein
and energy led to a further fall in the IGF-I levels (98). In obese adult
women, 14 days of a hypocaloric diet enriched in fat or carbohydrate
resulted in a 40% decrease in IGF-I levels, while a hypocaloric protein-
enriched diet prevented the fall in IGF-I (99). In addition to the amount of
protein ingested, the essential amino acid content of the dietary protein also
appears to be important. Refeeding with an essential amino acid rich diet
after fasting causes a larger increase in serum IGF-I than refeeding with a
diet rich in nonessential amino acids (100). In another study, fasting
followed by refeeding with normal protein but a low energy 11 kcal/kg diet
failed to increase IGF-I levels, while refeeding with isocaloric but variable
protein content diets revealed that in the presence of an adequate caloric
intake, even low protein intake can increase IGF-I synthesis (101). There-
fore, protein intake may be relatively more important than caloric intake,
but there is a threshold of energy requirement below which even optimal
protein intake fails to raise IGF-I.

The close relationship between the individual anabolic/catabolic state
and the serum concentrations of IGF-I has also initiated interest in the use
of IGF-I as a marker of nutritional status in severely ill patients, and as a
guideline for nutritional support (42). The mechanism by which nutritional
factors influence serum IGF-I in humans is not clear. Deprivation of food
causes a state of GH resistance, as shown by the low concentration of IGF-I
despite a normal to high level of GH in fasting humans (42). In fasting
subjects, administration of GH is unable to restore IGF-I levels (102).

Studies in animal models suggest that the resistance to GH and the low
serum concentrations of IGF-I that occur during fasting are due in part to
a decrease in the GH receptors on hepatocytes (103). However, under
conditions of protein restriction alone, serum IGF-I is decreased without a
change in GH receptors, suggesting that a postreceptor defect exists (104).
Adaptation of the GH-IGF-I axis to chronic and severe calorie and protein
malnutrition was studied in young adult rats by Oster et al. (105). Caloric
deprivation to 40% for 30 days resulted in a decrease in serum GH, growth
hormone binding protein (GHBP), IGF-I, IGFBP-3, and liver IGF-I
mRNA. Caloric restriction to 60% calories had no impact on IGFBP levels
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and only slightly lowered IGF-I levels, despite a 95% fall in GH levels.
Protein deprivation lowered serum GH, IGF-I, IGFBP-3, and liver IGF-I
mRNA, while GHBP levels were normal. The reduced total IGF-I under
these dietary conditions could not be explained by an increase in IGFBP-3
protease activity, or a decrease in the association of IGF-I with IGFBP-3
and the acid labile subunit (105).

In cultured rat hepatocytes, amino acid availability modulates hepatic
production of IGF-I independent of the contributions of regulatory hor-
mones, which change along with circulating metabolic fuels in the malnour-
ished state in vivo (106). Amino acids have been shown to regulate IGF-I
gene expression at the transcriptional level in primary cultures of rat
hepatocytes (107). Fasting for 48 hours has been shown to result in a
reduction of IGF-I mRNA and an increase in IGFBP-1 mRNA in both
spontaneous GH-deficient dwarf rats (SDRs) and normal rats (108). This
suggests that a cause other than changes in GH levels is responsible for these
fasting-induced changes.

Regulation of IGF-I During Catabolic
States and Tissue Regeneration

In conditions such as malnutrition, surgery, severe infection, or burns,
there is an increased release of “stress hormones” such as catecholamines,
corticosteroids, and cytokines. This leads to a state of protein wasting and
catabolism. However, in these states GH production is also increased. This
may constitute a protective response of the body, as GH has protein
anabolic actions. But the hypermetabolic states also involve some degree of
GH resistance. This is suggested by the decreased circulating levels of IGF-I
despite elevated GH levels in catabolic patients (109). Rapid changes in
circulating IGFs and IGFBPs were observed in a study assessing alterations
in the GH-IGF system in trauma patients (110). GH levels increased 25-fold
on the first day of admission to the surgical intensive care unit (SICU), and
were still elevated more than fivefold on the last day of the SICU stay. In
contrast, trauma decreased the circulating levels of IGF-I by 50% to 60%
and IGFBP-3 by 55% to 75%, while IGFBP-1 increased more than
threefold. A subset of these patients was also studied within 24 hours of
their discharge from the hospital (23 to 35 days after admission to SICU)
and the IGF-I level was still reduced (30%), despite adequate nutritional
intake and overall improvement in the patient’s condition (110). In another
study, the circulating levels of IGF-I in the catabolic flow phase of injury
were measured in multiple trauma victims, before nutritional support was
instituted and again 4 days after intravenous feeding (111). It was observed
that feeding could restore IGF-I levels in nonobese, young patients, but
obese and elderly subjects exhibited a decreased responsiveness to feeding
(111).
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Although the hepatic production and the systemic levels of IGF-1
decrease in catabolic states, increased local synthesis of IGF-I is observed in
many regenerating tissues during these states (112, 113). In the normal state,
GH appears to regulate the synthesis of IGF-I in most tissues. This is
suggested by the significantly lower levels of both IGF-I and IGF-I mRNA
in a large number of tissues after hypophysectomy (114). However, it is
likely that factors other than GH act as potent activators of local IGF-I
production in injured regenerating tissue. The observation that IGF-I
expression is increased in the regenerating tissues of both normal as well as
GH-deficient hypophysectomized animals (113) supports this hypothesis.
Precisely which factors regulate the local synthesis of IGF-I during tissue
repair remains to be investigated.

Different tissues vary with regards to the specific growth factors synthe-
sized at the local sites of injury. For example, local factors other than the
IGFs may be responsible for regeneration of organs such as the liver. In a
study assessing the relation of IGFs to tissue regeneration, partial hepatec-
tomy, a potent stimulus for liver cell growth, was not accompanied with
major changes in the tissue level of IGF-I or IGF-II (112). In another study,
a decrease in hepatic and serum concentrations of IGF-I was observed
during the course of hepatic regeneration (115). In contrast to liver repair,
regeneration of muscle appears to be a potent stimulus of IGF-I mRNA
levels. Studies suggest that IGF-I is locally produced and may take part in
the regenerative process in muscle (112).

Conclusion

Alterations in the GH-IGF-I-IGFBP axis at several levels helps to maintain
homeostasis in catabolic states. Increased production of GH by the
pituitary acts directly in the periphery to restrain proteolysis and promote
lipolysis, helping to spare nitrogen and facilitating use of alternate meta-
bolic fuels. However, at the level of the liver, production of IGF-I is
decreased, due in part to downregulation of hepatic GH receptors, and in
part to postreceptor mechanisms. Levels of circulating “free” IGF-I may be
decreased further because of an increase in hepatic release of IGFBP-1.
Despite the decrease in circulating levels of IGF-I, there is increased
expression of IGF-I at sites of tissue injury, aiding the regenerative
response. Thus, the response to injury includes the increased pituitary
secretion of GH, depressed production of endocrine IGF-I by the liver, and
increased production of autocrine/paracrine IGF-I at local sites. These
changes constitute an adaptive response, helping to promote local healing
while conserving anabolic resources for vital tissues (Fig. 5.1).

Continued advances in understanding of the regulation of GH, IGFs, and
IGFBPs should provide further insight into the regulation of both physio-
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Ficure 5.1. GH-IGF-] axis in the normal state and in catabolic states/tissue injury.
The response to injury includes (a) increased pituitary secretion of GH due to de-
creased negative feedback, (b) decreased production of endocrine IGF-I by the liver,
and (c) increased production of autocrine/paracrine IGF-I and other local growth
factors at sites of injury, induced by GH and other as yet unidentified factors.

logic and pathophysiologic processes, and may lead to new therapies to
enhance anabolism at both whole animal and local tissue levels.
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Host metabolism and physiology greatly influence the outcome of wound
repair. Overall nutritional status has been shown to affect the healing
process (1, 2). Human protein-calorie malnutrition (PCM) or experimen-
tally induced PCM correlate with increased wound complications and
decreased wound mechanical strength (3-5). Experimentally this is a
reflection of decreased wound collagen synthesis (Fig. 6.1), while clinically
there is an added component of reduced specific and nonspecific immune
response. In humans the degree of PCM need only be mild and of short
duration (1), as evidenced by the fact that patients with brief preoperative
illness or reduced nutritional intake in the immediate postoperative or
postinjury phase demonstrate impaired fibroplasia (6). The reverse is also
true, namely that short-term and not necessarily full-target nutritional
intervention can reverse or prevent the decreased deposition of connective
tissue seen with protein-calorie malnutrition or with postoperative starva-
tion (7, 8).

Under experimental conditions protein deprivation also leads to impaired
wound healing, although the degree of deficiency needs to be quite
extensive. Individual sulfur-containing amino acids have been shown to
abrogate some of the healing defects in protein-deficient animals (9, 10),
but the clinical relevance of these findings is not clear as pure protein
deficiencies are rarely seen.

While deficiencies of many nutrients impair wound healing, there has
been a recent surge of interest in the use of individual nutrients to promote
normal healing, either in situations where there is need for enhanced healing
or where healing failure has occurred (2). Often these nutrients are used in
amounts well in excess of normal nutritional requirements and thus they are
said to possess “pharmacologic” effects, to differentiate these uses from
standard nutritional uses. In this regard several amino acids have been used
most extensively. This chapter reviews the accumulated body of knowledge
and makes some recommendations regarding clinical applications.
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Ficure 6.1. Effect of acute protein-calorie malnutrition (PCM) on wound collagen
accumulation. Beginning 7 days prior to wounding, one group of rats was rendered
malnourished by restricting its food intake to 50% of the level for the ad libitum-fed
control group. Hydroxyproline (OHP) content in subcutaneously implanted poly-
vinyl alcohol sponges, an index of collagen deposition, was measured 10 days
postwounding. Data show the means + SEM of 10 animals.

Arginine

Arginine, a dibasic amino acid, is considered to be a dietary conditionally
dispensable amino acid (11). Arginine is synthesized endogenously from
ornithine via citrulline as a result of interorgan reactions. The quantities
produced, sufficient to maintain muscle and connective tissue mass, may be
less than that required for optimal protein biosynthesis and therefore
optimal growth. In times of immaturity and severe stress, such as sepsis,
trauma, and nitrogen overload, endogenous synthesis arginine is insuffi-
cient to meet the increased demands that increased protein turnover
requires. Therefore, in such situations arginine is an indispensable amino
acid for optimal growth and maintenance of positive nitrogen balance
(12-14).

Arginine is a normal constituent of numerous body proteins and is
associated with a variety of essential reactions of intermediary metabolism.
The intestinal absorption of arginine involves a transport system shared
with lysine, ornithine, and cysteine. This system is energy and sodium
dependent and has substrate specificity. Arginine, ornithine, and lysine also
share a common uptake and transport system in the brain involving
leukocytes, erythrocytes, and fibroblasts (15).

Arginine serves as a vehicle for the transport, storage, and excretion of
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nitrogen. The transamidation between arginine and glycine results in
guanidioacetic acid, which is further methylated to form the high-energy
phosphagen creatine phosphate. The reversible release of fumaric acid by
dismutation of argininosuccinic acid further links arginine metabolism with
cellular energetics via the tricarboxylic acid cycle. Arginine and its metab-
olite ornithine are also utilized for polyamine biosynthesis, an important
requirement for cellular division. The urea cycle represents the major
metabolic pathway for ammonia detoxification, and arginine plays a key
regulatory role within this cycle (16).

Recently, L-arginine has been shown to be the unique substrate for the
production of the biologic effector molecule nitric oxide (NO). This
important pathway has been shown to be present in many tissues and cells
including endothelium, brain, inflammatory cells (lymphocytes, macro-
phages, neutrophils, mast cells), platelets, and hepatocytes (17).

The feeding of arginine deficient diets to young adult rats subjected to
dosal skin incisions and subcutaneous implantation of polyvinyl alcohol
sponges resulted in decreased wound mechanical strength and wound
collagen accumulation (Fig. 6.2) (14). Furthermore, arginine deficiency
resulted in increased postoperative weight loss and mortality when com-
pared with controls fed a normal laboratory chow. Subsequently, chow-fed
animals were given a 1% arginine supplement and this resulted in increased
wound mechanical strength and collagen deposition (Fig. 6.2) (14). Im-
provement of wound healing was also reported after intravenous hyperali-
mentation with high arginine levels (65 mg/kg body weight/hr) when
compared to controls (36 mg arginine/kg body weight/hr) (18). Mature and
old rats fed a diet supplemented with both arginine (2.4%) and glycine
(1.0%) demonstrated improved nitrogen retention, increased wound col-
lagen deposition, and higher ratios of type I11/type I collagen (19). Type 111
collagen is the dominant collagen isoform during the early phases of healing
(20, 21) and is found in significantly higher concentrations in granulation
tissue than in normal skin (22). Although type I collagen constitutes most of
the collagen in mature wounds, there is chemical evidence that types I and
III are linked and can be present in the same fibril (23). The effect of
arginine on wound repair in rats is dependent on the presence of an intact
hypothalamic-pituitary axis. Hypophysectomized rats, whether or not
treated with growth hormone, do not demonstrate any beneficial effects on
wound healing from arginine supplementation (24).

Two studies in healthy human volunteers looked at the effect of arginine
supplementation on wound collagen accumulation. Young healthy human
volunteers (25 to 35 years) were found to have significantly increased wound
collagen accumulation and enhanced lymphocyte immune response fol-
lowing oral supplementation with either 30 g of arginine aspartate (17 g of
free arginine) or 30 g of arginine hydrochloric acid (HCI) (24.8 g of free
arginine) daily for 14 days (Fig. 6.3) (25). In a subsequent experiment of
healthy aged humans (67 to 82 years) daily supplements of 30 g arginine
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Ficure 6.2. Effect of arginine-free diet (defined diet) (A) and arginine-supplemented
chow (B) on wound healing in rats. FBS, fresh breaking strength of scar, g + SEM;
FxBS, formalin-fixed breaking strength, g + SEM; OHP, hydroxyproline content
of subcutaneously implanted polyvinyl alcohol sponges, ug/100 mg sponge dry
weight + SEM.

aspartate resulted in enhanced collagen and total protein deposition in
subcutaneously implanted polytetrafluoroethylene catheters (Fig. 6.4). No
effect on the rate of epithelialization of superficial skin defects, however,
was noted, suggesting that the main effect of arginine on wound healing is
mediated by increased collagen formation (26).

The mechanism of action by which arginine promotes wound healing is
not clear. Arginine levels are essentially undetectable in wound fluid.
Arginine can be metabolized to ornithine and urea by arginase and to NO
and citrulline by NO synthase. Sustained substrate utilization for these
metabolic pathways may account for undetectable arginine levels in the
wound (27). Ornithine is a precursor of proline, a potentially limiting
substrate for collagen production (28, 29). Ornithine supplementation of
animal diet has been shown to have stimulatory effects on wound breaking
strength (30). Thus, some of the effects of arginine on wound repair may be
mediated through ornithine synthesis (29). Systemic treatment of Balb/C
mice with competitive inhibitors of NO synthase, including methyl isothiou-
ronium and aminoguanidine, has been found to decrease wound collagen
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Ficure 6.3. Effect of 2 weeks of arginine supplementation on hydroxyproline
(OHP) accumulation in subcutaneously implanted polytetrafluoroethylene catheters
in young human volunteers. Each group of 12 volunteers received a placebo syrup
(control), 30 g arginine aspartate (Arg, Asp), or 30 g arginine HCI (Arg HCI) for 2
weeks.

deposition and wound mechanical strength (31). Also, impaired wound
healing caused by acute protein-calorie malnutrition was accompanied by
decreased wound NO synthesis. Diminished wound collagen accumulation
was paralleled by decreased type III, but not type I, collagen gene
expression (32).

In the treatment of severely burned patients a low-fat enteral diet
supplemented with 0.4% arginine, 0.25% cysteine, and 0.5% omega-3 fatty
acids has been found to reduce wound infection when compared with other
standard enteral formations (33, 34). In another prospective trial, surgical
patients undergoing surgery for upper gastrointestinal malignancies were
randomized to receive either a supplemented (arginine 12.5 g/L, RNA 1.25
g/L, and omega-3 fatty acids 1.7 g/L) diet or a standard enteral diet
postoperatively (35). Wound complications were decreased and length of
hospital stays were found to be reduced in the supplemental group.

Ornithine a-Ketoglutarate

Ornithine a-ketoglutarate (OKG) is formed of two molecules of ornithine
and one molecule of a-ketoglutarate. When given parenterally or enterally
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Ficure 6.4. Effect of arginine on wound healing parameters in healthy elderly
human volunteers. Accumulation of hydroxyprolin (OHP) and total a-amino
nitrogen (N) in subcutaneously implanted polytetrafluoroethylene catheters was
measured at the end of 2 weeks. Controls (n = 15) received a placebo syrup; the
arginine group (n = 30) received 30 g of arginine aspartate in double-blind fashion.

to animals or humans, OKG decreases muscle protein catabolism and
enhances liver anabolism in trauma, sepsis, and burn injury (36). In
addition, in patients having undergone reconstructive surgery, daily sup-
plements of 10 to 15 g OKG resulted in significantly enhanced healing rates
and decreased wound complications (36). The mechanism of action of OKG
is thought to be due to its stimulatory effect on anabolic hormone secretion
and to the synthesis of active metabolites, including ornithine, glutamine,
arginine, polyamines, and ketoacids. The interaction between ornithine and
a-ketoglutarate seems to be critical for at least some of the effects of OKG,
since individual applications did not show similar results (37).

Glutamine

Glutamine is the most abundant amino acid in the body, accounting for
approximately 20% of the total circulating free amino acid pool and for
more than 60% of the free intracellular amino acid pool (38). It is an
important vehicle for nitrogen transfer between tissues (39). In addition,
glutamine is a regulator of protein synthesis (40) and an essential precursor
for nucleotide biosynthesis in all cells (41). It serves as an energy fuel for the
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gut mucosa (42) and other rapidly dividing cells such as fibroblasts,
lymphocytes, and epithelial cells (43, 44). Trauma, severe illness, and sepsis
are followed by a rapid fall of muscle and plasma glutamine levels (45, 46).
Intracellular loss is thought to be due to impaired sodium-dependent
glutamine transport (47, 48). The decrease in glutamine concentration
correlates, in general, with the severity of the underlying pathologic
condition, and a greater than 5S0% decrease in muscle glutamine levels is
associated with increased mortality (46). Glutamine-enriched parenteral
nutrition has been shown to improve postoperative nitrogen balance in
humans (49, 50).

In acutely undernourished rats (animals were fed a 3.5% agar diet for 6
days preoperatively, resulting in a 10% decrease of body weight and mild
hypoalbuminemia), glutamine-enriched (1.2%) parenteral nutrition has
been reported to increase mucosal protein content. However, no improve-
ment of healing of colonic anastomosis was seen (51). The effect of
glutamine as a single amino acid on human would healing is unknown.

Branched-Chain Amino Acids

The branched-chain amino acids (BCAAs), leucine, iso-leucine, and valine,
have been shown to promote protein synthesis and inhibit protein break-
down in postraumatic situations (52-54). BCAAs have been shown also to
increase nitrogen retention during trauma and sepsis (55, 56). It has been
hypothesized that trauma patients may have an enhanced consumption of
BCAAs as they may be metabolized as caloric substrates as an alternative
energy fuel; the secondary depletion of the intracellular BCAA pool may
thus reduce their availability for protein synthesis (57, 58). Exogenous
BCAA supply may not only restore intracellular levels (59), but may also
increase muscle sensitivity to insulin, resulting in enhanced protein synthesis
(60). Clinical trials examining the effect of BCAA supplementation on
protein synthesis in severely injured patients have obtained conflicting
results (61, 62). This points out the need for further clinical studies to
identify those patients that would most benefit from enhanced BCAA
intake.

The effects of BCAAs on posttraumatic nitrogen metabolism led to
several experimental studies examining the possible effects of BCAAs on
wound healing. However, no improvement in wound healing has been
noted using high supplements of these amino acids. Total parenteral
nutrition utilizing amino acid mixtures containing 45% BCAA showed no
stimulating effect on the healing of musculo-aponeurotic wounds in rats
with acute PCM when compared with conventional mixtures (8% BCAA)
(63). Another study failed to show any effect on the healing of colonic
anastomoses in jaundiced rats given a BCAA-enriched formula (43%
BCAA) when compared with two standard solutions containing 21%
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BCAA (64). Rats subjected to a 40% burn and tibial osteotomy were found
to have impaired bone healing 3 weeks postinjury when treated with an
enriched BCCA solution (45%) (65). Overall it appears that although
BCAA may improve host nitrogen metabolism postinjury, no beneficial
effect on wound healing has been noted.

Topical Amino Acid Application

In a prospective controlled trial, topical irrigation with an amino acid
solution has been shown to result in faster healing of chronic leg ulcers
when compared with treatment with normal saline (66). Osmolarity had no
significant effect on the outcome of healing. Local hyperalimentation, i.e.,
application of glucose and amino acid mixtures, has been found to improve,
both experimentally and clinically, the healing of open wounds of traumatic
origin and second- and third-degree burns (67-69). A mixture of amino
acids and glucose, electrolytes, and vitamins increases the number of
collagen-producing cells and causes a changeover of metabolism from
anaerobic toward a more oxidative pathway in subcutaneously implanted
viscose cellulose sponges (67). Histologic examination of human wounds
treated with amino acid solutions showed enhanced capillary growth and
increased numbers of fibroblasts (69).

Amino Acid Metabolism

This topic is discussed in greater detail by Jorge Albina and Michael
Caldwell in this volume. The wound environment, as represented by wound
fluid, mirrors cell metabolic activity and contains a complex mixture of
active and nonactive extracellular factors. Wound amino acid concentra-
tions represent the net effect of change of wound water content, equilibra-
tion with plasma amino acid levels, proteolysis within the wound, synthesis
and degradation of individual amino acids, and release of intracellular
stores of amino acid levels. Wound amino acid levels increase from day 1 to
day 10 postwounding and reach concentrations close to those recommended
for optimal cell proliferation, except for arginine, cysteine, glutamine,
isoleucine, and phenylalanine (70, 71). Also, the stimulatory effect of
growth factors on fibroblast replication has been shown to be dependent on
the concentration of certain amino acids (71).

Relative deficiencies of amino acids may occur during excessive ammonia
concentrations, growth, pregnancy, trauma, or protein-calorie malnutrition
(72). Intestinal absorption of arginine involves an energy and sodium-
dependent transport system shared with lysine, ornithine, and cysteine. This
active process, however, may be compromised in situations of increased
amino acid demands, such as sepsis, and may limit the ability of enteral
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feeding alone to supply nutritional requirements (73). Wounds containing a
marked dead space or large regenerative area exhibit chronic lack of oxygen
and other nutrients. Local imbalance of wound amino acid metabolism,
combined with impaired intestinal absorption and systemic metabolic
disorders, provides the biologic rationale for exogenous supplementation of
amino acids to support the healing process in compromised patients.
Nutritional requirements, however, may differ for individual patients, due
to the kind and size of wound, underlying diseases, and acute systemic
metabolic complications.

Summary

Exogenous amino acids have been shown to improve wound healing;
notably individual amino acids, in particular arginine, exhibit a pharmaco-
logic effect and promote normal wound repair in rodents and humans. The
exact mechanism of action is not known. Recent studies, however, suggest
that arginine metabolic products, including ornithine and nitric oxide, play
a key role in mediating the stimulatory effect of arginine on wound healing.
Clinically it is important to maintain as normal an intake of calories and
amino acids as possible and to start such intake as close to the time of
injury/surgery as possible. The specialized use of individual amino acid
awaits further definition.
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Vitamin A-Growth Factor
Interactions in Wound Healing

ANDERS E. ULLaAND AND MicHAEL D. CALDWELL

Vitamin A and Wound Healing

Early work by Ehrlich and Hunt (1) demonstrated that vitamin A improved
the impairment of wound healing induced by cortisone treatment. Their
studies were based on the hypothesis that the inhibition of wound healing
caused by cortisone was mediated through the lysosome. Cortisone was
known to stabilize lysosomal membranes, while vitamin A had the opposite
effect (2). In these experiments they showed that cortisone treatment
reduced incisional tensile strength in rats. Rats treated with both cortisone
and vitamin A had tensile strength unchanged from that of controls.
Vitamin A alone did not increase tensile strength. In a subsequent study (3),
these investigators tested topical vitamin A on open wounds in cortisone-
treated and control rabbits. Vitamin A treatment of nonimpaired wounds
showed no increase in the rate of healing. Rabbits that received cortisone
and topical vitamin A had healing rates that were similar to controls. The
improved rate of healing was the result of improved epithelialization.
Vitamin A appeared to have no effect on cortisone-impaired wound
contraction. They also examined the effects of cortisone and vitamin A on
inflammation and collagen synthesis (4). In these rodent experiments, they
demonstrated that vitamin A stimulated fibroplasia and collagen accumu-
lation and restored polymorphonuclear leukocyte infiltration, all of which
had been depressed by cortisone treatment.

The impairment of wound healing by other mechanisms has also been
shown to be improved by treatment with vitamin A. Wound healing
impaired by streptozocin-induced diabetes, traumatic stress, and radiation
are all improved with supplemental vitamin A (5-7). Weinzweig et al. (8)
demonstrated that supplemental dietary vitamin A mitigated the impair-
ment of wound healing seen in tumor-bearing mice. Some studies have
suggested that vitamin A can improve normal wound healing as well. A
study of wound healing accelerators by Herrmann and Woodward (9)
demonstrated that local and systemic vitamin A treatment increased the rate
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of collagen accumulation in polyvinyl alcohol sponges and increased
incisional breaking strength relative to normal. In a double-blind, placebo-
controlled, prospective, randomized study of 16 human males, Hevia et al.
(10) examined the effect of topical retinoic acid on healing after a chemical
skin peel. They found that pretreatment with topical retinoic acid for 14
days prior to tochloroacetic acid peel accelerated healing of the peeled
areas. Topical retinoic acid pretreatment of photoaged skin in humans also
accelerated healing of punch biopsies (11).

These experiments, and others, established vitamin A as an important
factor in improving wound healing that has been impaired by a variety of
causes, and possibly in normal healing as well. Several other important points
emerged from these studies. First, both systemic and local application of
vitamin A appear to be effective in improving impaired healing. Second, the
effects of vitamin A on healing are not species specific, but have been
observed in rats, mice, rabbits, and humans. Third, the effects appear to be
most pronounced and consistent in situations of impaired healing. Fourth,
the observation that vitamin A increases epithelialization but not contraction
in cortisone-treated wounds (3) suggests that vitamin A antagonizes some,
but not all, aspects of impaired healing. Thus, the mechanism of vitamin A’s
effect on healing appears to be somewhat selective.

These important observations led to extensive interest in and investiga-
tion of the mechanism of action of vitamin A’s effects on wound healing.
Despite this effort, the mechanisms of vitamin A action have remained
somewhat elusive. Ehrlich’s original hypothesis of lysosomal mediation of
these effects was consistent with available data, but no direct evidence
supported it. Even so, it proved to be a useful paradigm for continued study
of the mechanisms involved in vitamin A-improved wound healing.

Retinoic Acid Receptor

The discovery that the retinoic acid receptor (RAR) belongs to the steroid-
thyroid hormone receptor superfamily of transcriptional activators (12, 13)
was a tremendous advance in understanding how vitamin A might exert its
effects. The steroid-thyroid hormone receptor superfamily is the largest
known family of transcription factors in eukaryotes. It includes receptors for
the steroids progesterone and estrogen, glucocorticoids, mineralcorticoids,
and androgens. Also included are the thyroid hormone and vitamin D
receptors, as well as the receptors for retinoic acid and 9-cis retinoic acid
(RXR). A variety of isoforms of RAR exist that may be expressed in distinct
cell types and developmental stages, thereby offering a potential broad
diversity of physiologic roles for the retinoids. At least three distinct genes
have been identified that encode high-affinity RARs, termed «, (3, and .
Each of these isoforms is able to bind to specific elements of DNA, termed
retinoic acid response elements (RARES), and activate transcription of target
genes in response to nanomolar concentrations of retinoic acid.
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The general structure and functional domains of steroid receptors are
reviewed by Tsai and O’Malley (14). The defining feature of this family of
receptors is the highly conserved DNA-binding domain, termed the C
region. In the RAR it consists of 69 amino acids with nine invariantly placed
cysteine residues, eight of which make up two zinc fingers. These are
responsible for DNA recognition and dimerization. Directly downstream
from the DNA binding domain (DBD) is a variable hinge region (D region)
that may allow bending of the protein or conformational alterations. The E
region or ligand binding region, is large (about 250 amino acids) and
functionally complex. The most important function of the E region appears
to be ligand binding. It is also a major site of protein-protein interactions
and dimerization. No specific function is as yet described for the F region.
The N-terminal A/B region is variable in sequence and length, contains a
transactivation function, and may be important for enabling different RAR
isoforms to recognize the same response elements.

In the case of the RAR there appears to exist a large number of cell-type
specific proteins (termed coregulators) capable of interacting with the RAR
to enhance binding to various retinoic acid response elements (15). Binding
to DNA by the RAR, therefore, can take place both in the absence of
coregulators (intrinsic binding) or in their presence (enhanced binding).
Intrinsic binding to DNA does not appear to depend on the ligand-binding
domain, whereas enhanced binding depends on it completely. These
properties of RAR binding offer even more complexity to the control and
regulation of retinoic acid responsive genes.

Earlier work on the steroid receptors demonstrated that the progesterone,
glucocorticoid, and mineralcorticoid receptors could all recognize identical
response elements. In a similar manner, Umesono et al. (16) showed that
the RAR can bind to the thyroid response element. Further work by
Graupner et al. (17) demonstrated that the thyroid hormone receptor, in the
absence of thyroid hormone, can inhibit transcription activated by the RAR
by binding to two distinct thyroid hormone response elements. With these
findings in mind, it seems likely that the RARs could participate in the
complex regulation of the overlapping gene networks belonging to this
extensive family of nuclear receptors. Furthermore, the varying isoforms of
the RAR, and complex DNA binding modulated by cell-type specific
coregulators, offer a complex array of potential physiologic roles for RAR
and may begin to explain some of the seemingly conflicting data regarding
vitamin A effects both in vivo and in vitro.

Fibroblast Proliferation, Collagen Metabolism,
and Phenotypic Transformation

Because wound breaking strength is directly dependent on collagen content,
the observations of increased breaking strength and increased collagen
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accumulation are roughly equivalent. Increased reparative collagen has
been consistently observed in the studies of vitamin A action on impaired
wound healing. It seems useful, therefore, to examine the effect of vitamin
A on fibroblast replication and collagen synthesis. Numerous studies of
fibroblast in culture indicate that like steroids, retinoids usually suppress
fibroblast replication and collagen synthesis, suggesting that the vitamin
A-stimulated increase in reparative collagen is not the result of a direct
effect of vitamin A on fibroblasts. For example, Hein et al. (18) demon-
strated a dose-dependent inhibition of the growth rate of human adult and
fetal fibroblasts with vitamin A, 13-cis retinoic acid, and etritiniate. This
study also demonstrated inhibition of collagen production induced in a
dose-dependent manner in the same cells. Oikarinin et al. (19) used all-trans
retinoic acid and 13-cis retinoic acid at a concentration of 10~> M in normal
and keloid human fibroblasts in culture. Both forms of retinoic acid
induced significant decreases in procollagen production as measured by
3H-hydroxyproline production. They also showed a 51% reduction in
procollagen messenger RNA (mRNA) levels in normal human fibroblast,
and an even more pronounced reduction of procollagen mRNA and
product in keloid fibroblast cultures.

In addition to inhibiting fibroblast proliferation and collagen production,
retinoic acid appears to inhibit transformation of certain cell types to
fibroblast-like phenotypes in fibrotic diseases. The process of hepatic
fibrosis in rats appears to be mediated in part through the transformation
of the rat Ito cell from an adipocyte-like phenotype to a collagen-
producing, fibroblast-like phenotype (20). Retinoic acid treatment inhibits
rat Ito cell proliferation and interstitial collagen production in culture as
well as in vivo. Inhibition of collagen mRNA was observed in these cells in
cultures, but could not be demonstrated in vivo. These data suggested that
retinoic acid modulation of collagen metabolism of rat Ito cells in vitro may
occur via a different mechanism from in vivo inhibition of collagen
production.

In contrast to these findings, other investigators found that vitamin A
may increase collagen production by fibroblasts. Demetriou et al. (21), for
example, demonstrated that while vitamin A and retinoic acid decreased
Balb 3t3 mouse fibroblast replication in culture, collagen accumulation was
enhanced. They also observed morphologic differentiation induced by
retinoid treatment. In a similar way, Kim et al. (22) demonstrated a
differential effect of retinoic acid on radiation-damaged versus normal skin
in mice. Topical retinoic acid applied to the skin of ultraviolet B irradiated
hairless mice increased types I and III collagen mRNA in the skin. Retinoic
acid had no effect on age-matched, nonirradiated controls. These investi-
gators also found an increase in transforming growth factor-8, (TGF-83,)
protein immunostaining in the epidermis of these animals. Corresponding
changes in TFG-3; mRNA could not be demonstrated. The time course of
TFG-B, increase paralleled that of the increase collagen mRNA. Since
TFG-3, is known to promote collagen and matrix synthesis in general, they
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proposed that retinoic acid improved healing in radiation-damaged skin via
an initial stimulation of TFG-3,, which then stimulates dermal fibroblasts
to synthesize collagen.

A variety of factors have been postulated to account for these seemingly
conflicting data. The age of the cells in culture, culture conditions, and the
source of the cells have all been suggested to affect the response to retinoids.
To begin to address these factors, Varani and Mitra (32) studied the effect
of all-trans retinoic acid on growth-inhibited human dermal fibroblasts in
culture. They showed that retinoic acid can stimulate fibroblast prolifera-
tion in growth-inhibited cultures, but has no effect on rapidly proliferating
cells. Furthermore, the concentration range within which retinoic acid
promoted proliferation was very narrow. They also examined the effect of
retinoic acid on thrombospondin and laminin production, two components
of extracellular matrix. Retinoic acid stimulated production of these two
components under both conditions (growth inhibited and proliferating), but
the effect was see within the same narrow concentration range that
stimulated proliferation.

Collagenase Metabolism

Because wound breaking strength depends on collagen content, and col-
lagen content, in turn, must depend on the relative balance of synthesis and
degradation, it is possible that regulation of the collagen degradation
pathway may influence vitamin A effects on wound healing as well. No
studies that directly addressed the effects of retinoids on collagenase activity
in healing wounds in vivo have been done. But a large body of work has
been devoted to the study of collagenase production in disease conditions
such as rheumatoid arthritis and epidermolysis bullosa. In these diseases,
overproduction of collagenase by synoviocytes and fibroblasts, respec-
tively, is thought to play a major role in producing the pathologic,
destructive lesions that characterize these conditions. Brinkerhoff et al. (24)
studied the effects of all-frans and 12-cis retinoic acid on collagenase
production in monolayers of human synovial tissue. With both all-¢rans and
13-cis retinoic acid treatment, collagenase production was inhibited. Reti-
noic acid also inhibits interleukin-1-stimulated collagenase gene expression
in human synovial cells (25). In their experiments, Lafyatis et al. (25) found
that the ligand-bound RAR complex inhibits, and interleukin-1 stimulates,
collagenase gene expression through the 5’ phorbol-ester response element
(TRE) of the collagenase gene. The DNA-binding protein activator protein-
1 (AP-1) enhances transcription of the collagenase gene by binding to the
TRE. Activator protein-1 is a complex composed of the jun and fos
oncoproteins. Fos is necessary for AP-1 function. Retinoic acid inhibits
IL-1-stimulated fos, thereby inhibiting the collagenase gene activa-
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tion. This finding raises the possibility that other fos-dependent gene
interactions may be modulated by retinoic acid and the RAR as well.

This effect of retinoic acid inhibition of collagenase is not limited to
mesenchymal cells such as the synoviocyte. Skin fibroblasts derived from
both healthy human volunteers and patients with dystrophic epidermyosis
bullosa responded to retinoic acid treatment in culture with reduced
collagenase production also (26). Furthermore, retinoic acid inhibited
gelatinase activity. Gelatinase is the second enzyme in the collagen degra-
dation pathway.

The Inflammatory Response

The majority of studies of vitamin A effects on collagenase production in
various systems indicate that in general vitamin A is inhibitory. But the
effects on collagen production and fibroblast proliferation are variable. In
this regard, the effects of vitamin A are likely dependent on a number of
factors including age and state of differentiation of the cells or tissue,
culture (or in vivo) conditions, and the influence of other factors in the
local environment. With this in mind, it seems unlikely that the consistent
effects of improved wound healing that have been observed in a wide
variety of conditions could be attributed to a direct effect of vitamin A on
fibroblast collagen metabolism. This implies that vitamin A may be
influencing collagen metabolism and ultimately wound healing through
indirect mechanisms.

One such possible indirect mechanism that has received considerable
attention has been the ability of vitamin A to restore the early inflammatory
response. Ehrlich and Hunt, in addition to the findings discussed above,
demonstrated that vitamin A restored depressed polymorphonuclear leu-
kocyte infiltration into the wound site that was depressed by cortisone
treatment. They could not evaluate the effects on monocytic cells because of
small numbers (4). Seifter et al. (5) fed supplemental vitamin A to rats made
diabetic by streptozocin and showed that diabetes induced a peripheral
leukopenia and monocytopenia. The rats fed supplemental vitamin A had
less leukopenia, and the peripheral monocytopenia was returned to normal.
Barbul et al. (27) studied the effect of vitamin A on various white cell
populations in normal rats and rats injured by unilateral femoral fracture.
Supplemental dietary vitamin A induced a temporary peripheral leukocy-
tosis (45-50% greater WBC) compared with the unsupplemented (chow fed)
controls prior to fracture. After injury these differences persisted for one
day only, after which time no significant difference was observed in
peripheral total WBC between the groups. The differential WBC was
further characterized by lymphocytosis, monocytosis, and a relative neu-
tropenia in the vitamin A-supplemented rats prior to fracture. These
differences persisted for one day after injury. On days 2 and 3 after fracture
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the percentage of lymphocytes and neutrophils was not different between
the groups. However, the vitamin A-supplemented rats maintained a 50%
greater percentage of circulating monocytes compared with their chow-fed
controls on days 1 through 5 after fracture. These findings were reflected at
the wound site as well. Polyvinyl alcohol sponges implanted next to the
fracture site showed increased migration of white blood cells into the wound
area in the vitamin A supplemented rats. This increased cellular infiltrate
included significantly larger numbers of monocytes and macrophages (27).

Macrophage Function

The critical role of macrophages in normal wound healing had been firmly
established. In the classic experiments by Leibovich and Ross (28), systemic
hydrocortisone given to guinea pigs induced a circulating monocytopenia as
well as reduced numbers of wound macrophages. Debridement within the
wound was reduced in these animals, but fibrosis appeared unaffected.
However, when local subcutaneous injection of antimacrophage serum was
given in conjunction with systemic hydrocortisone, wound macrophages
were eliminated from the wound. This resulted in delayed wound debride-
ment and fibroblast infiltration, as well as reduced fibrosis (28). Hunt et al.
(29) showed that macrophages aspirated from subcutaneous rabbit wounds
and transplanted autogenously into the cornea released substances that
stimulate angiogenesis, fibroplasia, and collagen synthesis. If these wound
macrophages are exposed to steroids prior to corneal transplantation, these
effects are prevented (29).

Considering, then, the central role the macrophage and its factors plays
in normal wound healing and the apparent ability of vitamin A to restore
depressed circulating and local macrophage numbers, the hypothesis that
the beneficial effects of vitamin A on impaired wound healing are mediated
via the macrophage is very appealing. However appealing it may be, it still
is little more than a description of events and begs the question, How does
vitamin A stimulate macrophage function? Retinoids are known to have
complex effects on immune cell function. For example, retinoic acid
treatment of human promyelocytic leukemia cells induces their differenti-
ation into granulocytes. Lower concentrations of retinoic acid induce these
cells to express both TGF-3 mRNA and TGF-B protein (30). Thus, it is
possible that retinoids may influence differentiation via an autocrine action
of TGF-B. One study that examined directly the effects of retinoids on
macrophage function demonstrated a mixed effect on guinea pig peritoneal
macrophage function in culture. Retinoids were shown to increase concen-
trations of the bacteriocidal and tumoricidal enzyme arginase. On the other
hand, Fc receptor-mediated binding and phagocytosis were inhibited by
vitamin A. Regulation of cytokine production by macrophages may play a
central role in mediating vitamin A effects. Interleukin-1 and -3 are
stimulated in a dose-related fashion by retinoic acid in human peripheral



7. Vitamin A-Growth Factor Interactions 99

monocytes and murine WEHI-3 cells, respectively (31). In another experi-
ment suggesting mediation of retinoid effects via the macrophage Szabo et
al. demonstrated that retinoic acid could modulate TGF-8 production in
both THP-1, human myelomonocytic cells, and in human peripheral blood
monocytes.

Growth Factor Interactions

EGF Peptide and Receptor, PDGF-a, and RAR

Many interactions of vitamin A and growth factors have been described but
mostly with regard to embryogenesis and tumorigenesis. However, several
studies with potential applications in healing deserve mention. In 1980
Harper and Savage (32) demonstrated that vitamin A potentiated the mi-
togenic effects of epidermal growth factor (EGF) in human skin fibroblasts
(32). Retinoic acid alone had no effect on growth. Epidermal growth factor
alone stimulated growth by 69%. When EGF and retinoic acid were added
in combination, cell growth increased 159% to 224%. Subsequent study of
this interaction has suggested this potentiation of EGF mitogenicity by
retinoic acid may be due to upregulation of EGF receptors, possibly through
EGF receptor gene promotion. Interestingly, other investigators have dem-
onstrated inhibition of EGF receptor gene expression (33). Two other gene-
encoding receptors, platelet-derived growth factor-a (PDGF-co) receptor (34)
and retinoic acid receptor-8, (35), exhibit retinoid responsiveness as well.

Transforming Growth Factor-£3

Of the multitude of growth factors and peptides that participate in events
associated with inflammation and tissue repair, TGF-83 seems to be the key
mediator of vitamin A effects. Transforming growth factor-8 is a potent
chemoattractant for macrophages and fibroblasts (36) and may potentiate
recruitment and differentiation of the cellular components needed for ef-
fective repair (37). In general, TGF-@ strongly inhibits epithelial cell growth
(38), but promotes production of extracellular matrix components such as
collagen and fibronectin (39). Several investigators have demonstrated ac-
celerated healing of impaired wounds by TGF-3 treatment (40-42). The
mechanistic interrelationships among the steroid/retinoid receptors and
TGF-B are complex and extensive (reviewed in 43). Pioneering work of Glick
et al. (44) demonstrated for the first time the widespread regulation of TGF-8
expression by retinoic acid in vivo. Using polyclonal antibodies to TGF-3,,
TGF-3,, and TGF-f;, these investigators examined the effect of retinoic acid
on the expression of these three TGF-3 isoforms in the rat epithelia of the
epidermis, intestine, respiratory tract, and vagina. Retinoic acid induced the
expression of all isoforms in the epidermis, and TGF-8, and TGF-3; in
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respiratory epithelium as well as in intestinal mucosa and lamaina propria.
Vitamin A-deficient rats had basal diminution of TGF-3, expression except
in the vaginal epithelium, where all three isoforms were increased. Subse-
quent retinoic acid treatment reduced expression of all three in the vagina
(44). Danielpour et al. (45) studied the effects of various hormone and growth
factors on TGF-8, and TGE-3 expression. They showed that retinoic acid
increased in TGF-8, and NRK-49F normal rat kidney fibroblasts and human
lung carcinoma cells, and decreased the level of TGF-3; peptide in both cell
lines. Also, epidermal growth factor (EGF) blocked the induction of TGF-8,
mRNA and peptide induced by retinoic acid in the NRK-49F cells. These
studies and others illustrate an important feature of TGF-8 regulation. The
expression of TGF-8 depends on the particular milieu of growth factors and
hormones acting on the cells, the cell type, and its state of differentiation.
In our lab, we have examined the effect of corticosterone and retinoic acid
on TGF-B, concentrations in rats’ wound fluid recovered from polyvinyl
alcohol sponges implanted subcutaneously under an incisional wound. Cor-
ticosterone treatment resulted in diminished TGF-3, peptide concentrations
from day 1 through day 15 postwounding. Concomitant treatment with
retinoic acid restored TGF-3, concentration to normal by day 10 postwound-
ing. This time course correlated with the improvement of incisional breaking
strength observed in this model (45). These data suggest that the in vivo
effects of retinoic acid may be mediated by TGF-8; in this steroid-impaired
wound healing model.

To understand the molecular mechanisms operative in the interaction of
retinoids and TGF-8, Salbert et al. (46) examined the ability of RARs to
inhibit TGF-B3; promotion via AP-1 binding sites. Transforming growth
factor-B promotion is controlled by three AP-1 binding sites on two pro-
moters. They showed repression of TGF-8; promoter activity by RAR-«,
RAR-B, and RXR-a. Furthermore, RXR-« inhibited three different AP-1
controlled promoters (TGF-3,, collagenase, and c-fos). Based on the dem-
onstration that RXR inhibits jun and fos DNA binding (which is necessary
for AP-1 function), they suggested that these inhibitory effects may involve
a mechanism of direct protein-protein interaction between RXR and AP-1.
These findings are consistent with the work of Lafyatis et al. (25). Clearly
more work needs to be done to determine which cells make and respond to
TGF-B in response to retinoids, and under what conditions they do so.
Nevertheless, based on these data, the proposition put forward by Roberts
and Sporn that the effects of retinoids on growth and differentiation of target
cells and tissues are often mediated locally by TGF-8 is well grounded.

Summary

Vitamin A treatment can improve impaired wound healing by increasing
collagen accumulation, even though in many circumstances it appears to
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inhibit fibroblast proliferation and collagen production. This can be
explained by the wide range of responses to retinoids by cells both in vitro
and in vivo. Responses to retinoids appear to vary according to the age of
the cells, culture conditions, concentration of retinoid, and the local
environment, and appear to be mediated via regulation of other growth
factors and hormones. This mediation is likely carried out through the
retinoic acid receptor, which belongs to the steroid-thyroid hormone
receptor superfamily, the largest known family of transcription factors in
eukaryotes. Complex interactions among the steroids and retinoids confer a
great degree of variety on the regulation of retinoid responsive genes. Of the
many growth factors that interact with the retinoids, TGF-8 appears to be
the key mediator of retinoid action in wound healing.
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Interactions BAetween Nutrients
and Growth Factors in Cellular
Anabolism and Tissue Repair

TuoMas R. ZIEGLER, ALAN B. Puckert, DANIEL P. GRrIFFITH,
AND Joun L. GaLLowAay

Appropriate administration of nutrient substrates appears to be important
for optimal wound healing and growth factor-induced tissue anabolism in
animals and in man. Endogenously derived and dietary amino acids are
utilized as key substrates for new protein and collagen synthesis. Energy
sources (amino acids, carbohydrate, fat) support the wound healing process
directly, and indirectly by providing fuel for neutrophils, macrophages,
lymphocytes, and other cells. Generalized protein-energy malnutrition
(marasmus-like), protein depletion (kwashiorkor-like), or specific micronu-
trient deficiency (e.g., zinc, vitamin C, and vitamin A) may delay or impair
normal tissue regeneration and healing in vivo. Nutritional repletion in
these settings often improves wound healing and tissue function and tissue
repair. Recent work suggests that “pharmacologic” doses of specific amino
acids or novel nutrient substrates (e.g., glutamine, arginine, ornithine-a-
ketoglutarate) may enhance tissue restoration during catabolic states in
humans.

Endogenous peptide growth factors, including growth hormone (GH),
insulin-like growth factor-I (IGF-I), epidermal growth factor (EGF), kera-
tinocyte growth factor (KGF), and platelet-derived growth factor (PDGF),
appear to mediate many of the key processes required for normal tissue
growth and repair. In addition, several growth factors (e.g., insulin, GH,
and IGF-I) promote tissue amino acid uptake, enhance protein synthesis,
and/or decrease protein degradation, and thus facilitate anabolic processes
by healing tissues. Exogenous administration of recombinant growth
factors such as GH, IGF-I, and PDGF enhances wound healing and tissue
repair in animal and human studies. Other studies have demonstrated
marked whole body and tissue-specific anabolic effects of certain growth
factors when combined with nutritional support. Many of these studies
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have focused on wounds, skeletal muscle, and intestine as target tissues for
growth factor action.

A large proportion of the data on nutrition-growth factor interactions
involves studies on the nutritional regulation of the GH-IGF-I axis.
Generalized malnutrition or protein depletion diminishes serum IGF-I
levels, alters circulating IGF binding proteins, and reduces tissue IGF-I
messenger RNA (mRNA) levels. Depletion of certain micronutrients (e.g.,
magnesium, thiamine, and zinc) also decreases plasma IGF-I levels and
reduces tissue IGF-I production in animal models. Additional studies
suggest that specific nutrients may upregulate tissue production or secre-
tions of certain hormones, as evidenced by the increase in plasma insulin,
GH, and IGF-1 with enteral arginine supplementation. For example,
administration of large doses of the amino acid glutamine in combination
with GH, IGF-I, or EGF induces additive or synergistic effects on intestinal
growth and adaptation in short bowel syndrome or in states of gut atrophy.

Nutrients and growth factors may interact to facilitate specific processes
critical to wound and tissue repair. Both IGF-I and glutamine administra-
tion enhance blood flow in tissues such as gut and muscle, while exoge-
nously administered nutrient antioxidants including vitamin E, cysteine,
zinc, and selenium diminish oxidative tissue damage in catabolic states.
Effects such as these may facilitate cell growth and repair induced by
specific nutrients and growth factors. Thus, several lines of evidence
support the concept that nutrient metabolism and growth factor physiology
are interactive. The molecular basis for the specific interaction among
general nutritional status, single nutrients, and growth factor action
pathways is being increasingly investigated. This chapter reviews some of
the interactions between nutritional status and growth factors in cellular
anabolism and tissue repair.

General Nutritional Status and Specific Nutrients
in Protein Anabolism and Tissue Repair

Effects of Protein-Energy Malnutrition
and Nutritional Repletion

It has long been recognized that adequate nutritional status is an important
determinant of somatic growth, tissue function, tissue regeneration, and
repair (1-8). For example, both endogenously derived and dietary amino
acids are utilized as key substrates for new protein and collagen synthesis.
Amino acids, carbohydrate, and fat support cellular reactions in tissues and
the wound healing process directly as energy sources for cells. Nutrients also
play an indirect role in wound healing and tissue repair by providing fuel for
neutrophils, macrophages, lymphocytes, and other cells that are critical for
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these processes. The quantity and quality of dietary fat intake is known to
regulate cell membrane composition, and possibly cell function (5). It has
been shown that either generalized protein-energy malnutrition or defi-
ciency of specific micronutrients (e.g., zinc, vitamin C, and vitamin A)
delays or impairs normal tissue regeneration and healing in vivo (6). In
addition, macro- or micronutrient repletion after nutritional depletion
often results in protein accrual and anabolic effects such as improved
wound healing (1-6). The underlying mechanisms involved in nutrient-
mediated effects in individual cell types remain poorly understood (7).

Either protein malnutrition or combined protein-energy malnutrition is
associated with poor growth throughout infancy, childhood, and adoles-
cence in animals and in humans (8). In addition, generalized malnutrition
reduces whole body and tissue mass, and inhibits tissue repair and wound
healing throughout the life cycle (4, 8-13). In 1972 Daly et al. (4) showed
that protein depletion in rats significantly impaired bursting strength of
colonic anastomoses (an index of intestinal healing) by 17% after 1 week
and 26% after 6 weeks of protein restriction. Other studies in animal
models demonstrated that prolonged administration of protein-free diets
significantly impaired colonic anastomoses (9) and healing of abdominal
wall wounds (10). After a 24- to 96-hour period of fasting in otherwise
healthy rats, both noncollagen and, especially, collagen production in bone
and cartilage rapidly declined (11). Refeeding resulted in a rapid return of
noncollagen protein and a slower recovery of collagenous proteins (11).

In rats subjected to a 72-hour fast, marked small intestinal atrophy
(decreased intestinal wet weight, DNA, and protein content) occurred in
association with loss of body weight (13). The atrophic response in gut
tissue was rapidly reversed with 24 to 72 hours of enteral refeeding, and
body mass also rapidly increased (13). The loss and repletion of intestinal
mass with fasting and refeeding is proportionally greater than changes in
whole body mass, suggesting that certain tissues may be differentially
sensitive to alterations in general nutritional status (12, 13). Additional
studies in animals demonstrate that enteral feeding after catabolic stress,
such as burn injury or abdominal operation, is associated with decreased
body weight loss, increased tissue protein anabolism, and improved wound
healing responses (6, 14, 15).

Clinical studies also suggest that nutrition plays an important role in
protein anabolism, organ regeneration, and wound healing in humans;
however, data on this issue are in many cases conflicting (1, 2, 6, 16). In
1936 Studley (1) demonstrated that increased postoperative morbidity and
mortality occurred in surgical patients with preoperative body weight loss of
>20%. However, Moore (2) noted that wounds heal reasonably well in
most patients with concomitant weight loss and malnutrition. Nonetheless,
in the face of either (a) chronic moderate to severe protein or protein-energy
malnutrition or (b) rapid weight loss and protein catabolism (as occurs
during critical illness), marked erosion of lean body mass occurs in humans
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2, 5, 16). Loss of body protein is associated with changes suggesting
deleterious effects on structural and functional protein-rich tissues. These
alterations include immunosuppression (17), increased hospital infections
(18), delayed wound healing and tissue repair (19, 20), skeletal muscle
weakness (21), and reduced muscle bioenergetic capacity (22).

While it seems clear that general nutritional repletion after starvation or
semistarvation facilitates growth, tissue anabolism, and wound repair in
humans (1), clinical data on the effects of nutritional repletion on anabolic
processes during catabolic states remain limited. However, several studies in
hospitalized patients do suggest that increased protein and energy intake is
beneficial in human wound healing (23-25) and other clinical outcomes (26,
27). Accumulation of hydroxyproline (a measure of collagen content) in
standardized subcutaneous wounds was significantly decreased in patients
with protein-energy malnutrition compared with well-nourished individuals
undergoing general surgical procedures (0.48 + 0.3 ug/cm versus 0.34 +
0.23 pg/cm; p < .05) (23). However, a marked increase in hydroxyproline
content occurred after 7 to 11 days of total parenteral nutrition support (to
0.88 =+ 0.62 ug/cm) (23). Another study indicated that early postoperative
tube feedings in patients undergoing intestinal operations were associated
with improved wound healing responses compared with patients receiving
routine hypocaloric fluids and gradual progression to enteral diet (24).
Adequate preoperative enteral food intake was associated with improved
wound healing in adult patients compared with those with a history of poor
dietary intake in the immediate 7 days prior to operation (25). Alexander et
al. (26) demonstrated that increasing enteral dietary protein intake (from
16% of total calories to 23% of calories) significantly improved survival in
children with moderate- to large-sized burns. Miiller et al. (27) found that
preoperative parenteral nutrition improved overall morbidity and mortal-
ity, but not wound healing in postoperative patients. In contrast to these
findings, the VA Cooperative Trial (28), conducted during the 1980s and
published in 1991, found that only severely malnourished patients (=5%
of the subjects studied) appeared to benefit from preoperative parenteral
feeding in terms of noninfectious complications. No overall effects of
parenteral nutritional support on wound healing were observed. However,
subjects deemed to absolutely require parenteral feeding were not random-
ized in this trial; thus, the design may have been biased against an effect of
nutritional support.

Despite limited and somewhat conflicting data on clinical outcome, the
current standard of care in patients with catabolic illness, significant
wounds, and/or organ dysfunction is to prevent significant malnutrition
with specialized feeding as appropriate and to nutritionally replete patients
with moderate to severe forms of protein-energy malnutrition (29). How-
ever, it is now appreciated that current forms of nutrition support are
relatively inefficient in stimulating protein synthesis or inhibiting protein
breakdown rates during critical illness, and are usually unable to induce
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positive nitrogen balance (16). Numerous studies have investigated the role
of growth factors in enhancing the efficiency of nutritional repletion in
catabolic states (30), and these are discussed in more detail below.

The actual contribution of underlying nutritional status and nutritional
repletion in patient morbidity and tissue recovery is difficult to determine in
malnourished patients with an associated illness. Nutritional depletion may
be a result of the underlying condition, rather than a direct cause or
contributor to morbidity. As an example, the interactions between whole
body nutritional status, immune cell function, and infection rates have been
well documented (7, 17). Infection accelerates body protein loss (7), while
protein-calorie malnutrition itself decreases host resistance to bacterial,
fungal, and viral infection (17). Nonetheless, general nutritional status and
specific nutrients are believed to play key roles in wound healing and tissue
anabolism (Table 8.1).

Effects of Specific Nutrients

Vitamins and Minerals

Studies both in animal models and in humans suggest that deficiencies of
specific nutrients, including amino acids, electrolytes, vitamins, and trace
elements, impair growth and inhibit normal tissue regeneration and repair
in vivo. Micronutrients are critical cofactors involved in cell structure and
function. For example, inadequate zinc, vitamin C, and vitamin A nutriture
have been classically associated with poor wound healing (6). Isolated
riboflavin deficiency in rats impairs skin wound healing (31). Dietary
deficiencies of the electrolytes potassium and magnesium each individually
induce poor somatic growth, inhibit protein synthesis, and reduce protein
accrual in animal models or in in vitro cell culture systems (32). Correction
of micronutrient deficiencies by dietary supplementation often results in
improved protein synthesis, enhanced growth, and improved wound healing
in these settings.

Zinc is a critical trace element in cell proliferation and cell differentiation

TasLe 8.1. Some roles of nutrients in wound healing and tissue growth
and regeneration.

Amino acids, CHO, fat serve as energy sources
For new cell renewal (direct support)
For PMNSs, macrophages, lymphocytes, other immune cells

Dietary fat regulates cell membrane composition

Endogenous and exogenous amino acids are substrates for synthesis of collagen and other
key proteins involved in tissue repair

Micronutrients (vitamins and trace elements) are critical cofactors involved in cell structure,
tissue functions, and cellular reactions

Nutrient antioxidants diminish oxidative tissue damage and may facilitiate tissue repair




8. Interactions Between Nutrients and Growth Factors 109

reactions and in normal cellular immune function (6, 33-36). Zinc defi-
ciency causes growth failure and inhibits poor protein synthesis in animal
models (33). In addition, zinc depletion is associated with immune cell
dysfunction, poor wound healing, depressed gut mucosal turnover, diar-
rhea, and hypogonadism that can be reversed with zinc repletion (34, 35).
Zinc deficiency occurs commonly in catabolic, hospitalized patients, espe-
cially those with diarrhea or other gastrointestinal losses (6, 30, 36, 37).
Serum and tissue zinc concentrations are also reduced due to poor zinc
intake, urinary losses, and zinc redistribution in tissue compartments in
these settings (35-37). Several studies in human subjects indicate that zinc
supplementation improves wound healing responses (35-38). However, it
appears that zinc is beneficial in tissue repair only when concomitant
depletion of zinc exists (38). As discussed in detail below, zinc nutrition has
significant interactions with the GH-IGF-I system in vivo (32).

Vitamin C is a critical micronutrient involved in collagen synthesis, che-
motaxis, and macrophage function (36). Vitamin C is essential for appro-
priate hydroxylation of lysine and proline residues in the synthesis of pro-
collagen and for cross-linking of extracellular collagen (39). Scurvy, or
vitamin C deficiency, is associated with poor accumulation of extracellular
matrix and collagen into wounds and microhemorrhages, which inhibits
angiogenesis, and thus healing (6). Although available data are somewhat
conflicting, vitamin C depletion is not uncommeon in hospitalized patients,
and vitamin C supplementation enhances wound healing in such subjects (6,
36). Administration of supplemental vitamin A also enhances wound healing
in animal models and in some clinical settings, particularly when given during
administration of corticosteroids, which are known inhibitors of tissue repair
(6, 36, 40, 41). While the mechanisms of vitamin A action in tissue repair
remain unclear, vitamin A may influence healing via fibroblast differenti-
ation (42) or collagen formation (43). In addition to the nutrients noted
above, other vitamins and minerals, including thiamine, copper, manganese,
and pantothenic acid, are important cofactors in collagen production and
other important cellular aspects of tissue repair (6, 36).

Specific Amino Acids

The amino acids arginine and glutamine are both classified as nonessential
amino acids during health; however, they appear to become conditionally
essential during certain catabolic states (44, 45). Consistent improvement in
wound healing indices has been noted with enteral arginine administration
in rats and in humans (44, 46-49). In a study focusing on the effects of oral
arginine on experimental wound healing, Barbul et al. (47) studied healthy
adults with subcutaneously implanted polytetrafluoroethylene (PTFE)
tubing inserted into the deltoid region. The subjects were randomized into
three groups, and given 30 g arginine HCL (24.8 g free arginine), 30 g
arginine aspartate (17 g free arginine), or placebo, daily for 2 weeks with an
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ad libitum diet. Mitogenic responses of peripheral blood lymphocytes to
PHA and concanavalin A (ConA) were assessed at baseline and after 2
weeks. The hydroxyproline content in the PTFE tubes was assessed after 2
weeks as an index of collagen formation and wound healing (47). Both
arginine-supplemented groups demonstrated significantly enhanced hy-
droxyproline concentrations in the experimental wounds, and a greater
response occurred with oral arginine HCL. Both arginine regimens signif-
icantly increased lymphocyte blastogenic responses versus the controls (47).

A similar randomized, double-blind protocol was performed by Kirk et
al. (48) in healthy elderly adults. The experimental subjects (mean age 72
years) were given 30 g arginine aspartate for 14 days; age-matched control
patients received placebo. Subcutaneously placed deltoid PTFE tubes were
assessed for nitrogen, DNA, and hydroxyproline content. Also 2 X 2 cm
split-thickness wounds were created on the upper thigh for evaluation of
skin re-epithelialization. Peripheral blood mitogenic responses were also
assessed before and after the 14 days of treatment. In these elderly, healthy
subjects, oral arginine supplementation significantly enhanced wound
catheter hydroxyproline content (an index of collagen deposition) and
protein content (48).

In a randomized, blinded, prospective trial, Daly et al. (49) evaluated
immune and metabolic effects of L-arginine (25 g/day) or isonitrogenous
L-glycine added to enteral feeding solutions given via needle-catheter
jejunostomy for 7 days postoperatively in 30 elderly patients with GI
malignancies (49). Immune parameters were measured preoperatively, and
on days 1, 4, and 7 postoperatively. The L-arginine-supplemented group
demonstrated significantly increased plasma arginine levels by day 7 (from
a preoperative value of 87 uM to 213 uM postoperatively). In addition,
enteral arginine administration significantly increased plasma ornithine
levels (approximately fourfold) and tended to improve nitrogen balance.
Supplemental arginine significantly enhanced mean T-lymphocyte re-
sponses to mitogens versus control group responses on postoperative days 4
and 7 (49). Serum levels of IGF-I were ~50% higher in the arginine group
by day 7 (49), reflecting arginine’s known effect as a GH secretagogue (50).
The interaction between arginine administration and GH and IGF-I secre-
tion is discussed below. Arginine’s role in wound healing is considered in
more detail elsewhere in this volume.

Glutamine (Gln), which has classically been considered a nonessential
amino acid, has received increasing attention by the research community as
a potentially beneficial amino acid under certain conditions (45). Data are
now available to support the concept that Gin is conditionally essential in
various catabolic states (51, 52). Gln is the most abundant free amino acid
in plasma, skeletal muscle, and in the human body as a whole (45). GIn
exhibits dynamic interorgan metabolism, particularly between skeletal
muscle and the splanchnic bed and kidney, and plays an important
physiologic role in several key metabolic processes that are involved in
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tissue synthesis, repair, and regeneration (Table 8.2). The small intestine
extracts 25% to 30% of circulating Gln in the postabsorptive state; thus,
intestinal tissues (and other rapidly replicating cells) are perhaps the major
utilizer of circulating Gln (53). Gln concentrations in plasma, and especially
skeletal muscle pools, may decrease markedly during various catabolic
states, including sepsis, burns, or trauma (35, 53). In animal models and
postoperative humans, a relationship exists between Gln concentrations and
rates of muscle protein synthesis and breakdown (45).

Dietary GIn requirements increase markedly during catabolic states
because cellular requirements of the primary Gln-utilizing tissues (such as
intestinal and immune cells, kidney, and wounds) are increased (45, 53). A
relative Gln deficiency may develop if increased Gln requirements are not
met by adequate dietary provision of Gln. Reduced Gln concentrations in
intracellular and plasma pools appears to be coupled with altered structure
and function of the key tissues that synthesize and/or utilize Gln (45, 51,
53). Net catabolism of skeletal muscle and muscle GIn efflux may increase
during stress to provide increased quantities of Gln for certain tissues and
wounds.

Numerous animal and human studies indicate that dietary supplementa-
tion of Gln during catabolic states improves structure and function of
organs and tissues, in association with reduced morbidity and mortality
(Table 8.3). For example, in animal studies, the beneficial effects of
Gln-enriched nutrition have been compared with isonitrogenous, isocaloric
control diets containing little or no Gln (45, 51). Benefits of dietary Gln
include increased whole body protein anabolism, attenuation of intestinal
and pancreative atrophy during parenteral feeding, increased gut mucosal
repair after burn injury, trauma, sepsis, chemotherapy and/or irradiation,
improved gut nutrient absorption and barrier function after trauma and
sepsis, increased immune cell number and function after injury, and
increased animal survival (45, 51-53).

In human studies, little data on the clinical effects of enteral diets
enriched in Gln have been published to date, although a number of trials are
in progress. However, Gln enriched parenteral nutrition given to catabolic
hospitalized patients improves nitrogen retention and protein synthesis

TasLE 8.2. Some important metabolic functions of glutamine.

Essential substrate for nucleotide synthesis
Constituent amino acid in synthesis of body proteins
Regulator of protein synthetic and breakdown rates
Important metabolic fuel source for rapidly replicating cells
(e.g., enterocytes and immune cells)
Major substrate for gluconeogenesis
Prominent amino acid in interorgan nitrogen and carbon transport
Substrate for renal ammoniagenesis
Stimulation of glycogen synthesis
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TasLE 8.3. Beneficial effects reported with enteral and/or parenteral glutamine
supplementation in animal models and in clinical trials of hospitalized patients.

Improved nitrogen retention (animals and humans)

Reduced skeletal muscle protein breakdown during catabolic stress (animals)

Maintained skeletal muscle glutamine concentrations (animals and humans)

Increased protein synthesis (animals and humans)

Enhanced intestinal mucosal cellularity, decreased pancreatic atrophy, and reduced hepatic
steatosis during elemental enteral feeding (animals)

Improved gut mucosal repair, decreased bacteremia, and improved survival after
irradiation, chemotherapy, or sepsis (animals)

Reduced ulceration and enhanced mucosal repair in experimental colitis (animals)

Increased intestinal adaptation in experimental short bowel syndrome (animals)

Enhanced growth and nutrient absorption in transplanted small intestine and enhanced gut
water and electrolyte absorption across inflamed small bowel (animals)

Maintained or improved intestinal and systemic immune functions during parenteral feeding
(animals and humans)

Attenuated extracellular fluid expansion after bone marrow transplantation (humans)

Maintained intestinal villus height and gut barrier function during parenteral nutrition
(humans)

Imcreased p-xylose absorption in critical illness (humans)

Improved intestinal nutrient absorption in severe short bowel syndrome, combined with a
modified diet and growth hormone (humans)

Reduced microbial colonization and clinical infection, enhanced lymphocyte recovery, and
shortened hospital length of stay after bone marrow transplantation (humans)

(54-56), and maintains plasma Gln concentrations in muscle and plasma
(54, 55). Intravenous GIn administration exerts gut-trophic effects in
clinical settings, including increased villus height with decreased intestinal
permeability in patients requiring total parenteral nutrition (57) and en-
hanced absorption of p-xylose in critical illness, indicating improved small
bowel mucosa functional capacity (58). Two randomized, double-blind,
controlled studies in catabolic adult bone marrow transplant (BMT)
patients demonstrated that Gln-supplemented parenteral nutrition short-
ened hospital length of stay (56, 59). In the first trial, nitrogen balance was
significantly improved by =2.8 g/day with Gln treatment (Gln, 1.4 + 0.5
g/day versus control, 4.2 + 1.2 g/day), with a significant reduction in the
3-methylhistidine (3-MH)/creatinine excretion ratio, suggesting that dietary
L-GIn diminished the rate of whole body protein breakdown (56). In
addition, post-BMT infectious morbidity was diminished with Gln supple-
mentation (Table 8.2). The incidence of clinical infection, both total and
site-specific microbial colonization, and the length of hospital stay were
significantly reduced versus the controls (56). Additional blinded studies in
a subgroup of this patient population demonstrated that Gln-enriched
parenteral feeding attenuated the expansion of extracellular and total body
water observed in controls receiving standard, Gln-free parenteral feeding
following BMT (60). The latter finding suggests that dietary Gln may affect
cell membrane function or other factors related to alterations in both water
compartments during catabolic stress. Additional studies in this patient
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population and in postoperative patients suggest that circulating lympho-
cyte recovery is enhanced with 1-Gln supplementation (61, 62).

Animal and in vitro studies support a key role for Gln in wound healing
processes (63). Dietary GIn supplementation was able to modulate both
acute and chronic inflammation in rats, in association with diminished
inflammatory granulation and tissue edema after experimental injury (64).
This anti-inflammatory effect has also been observed with oral administra-
tion of other amino acids, including L-tryptophan, cysteine, and alanine in
experimentally induced inflammation models (65). Of interest, standard
parenteral feedings do not contain GIn and few enteral products are
currently enriched in this amino acid. The apparent interactions between
Gln and the GH-IGF-I system are covered in detail below.

Antioxidant Nutrients

Oxygen free radicals are known to be mediators of tissue damage during
catabolic states (66, 67). The body utilizes antioxidant substances, made
endogenously or provided in the diet as free radical scavengers, to attenuate
oxidant-mediated peroxidation of lipid membranes and disruption of cell
proteins in extracellular fluid and in tissues (68-71). Several dietary
nutrients, including zinc, selenium, vitamins A, C, and E, and glutamine,
appear to function as antioxidants or are involved directly or indirectly in
the generation of critical antioxidants such as glutathione (GSH) (52,
66-71). Maintenance of GSH concentrations in tissues and in the circulation
serves to inhibit lipid peroxidation of cell membranes; thus, GSH (a
glutamate-cysteine-glycine tripeptide) is a key antioxidant in the body (68).
The metabolism of nutrient antioxidants are interrelated. For example,
tissue protection by ascorbate and glutathione against microsomal lipid
peroxidation is dependent on vitamin E (72). Enzymes involved in GSH
generation, such as glutathione peroxidase, are dependent on adequate
supplies of the trace metal cofactors such as zinc and selenium (68, 70, 71).

It is known that catabolic illnesses associated with tissue damage, organ
failure, and oxidant injury (e.g., sepsis, trauma, burn injury, pancreatitis,
and surgical operations) are associated with marked depletion of both
nutrient antioxidants and GSH in blood and tissues (73-75). It follows that
depletion of key nutrients involved in scavaging oxygen radicals may
increase tissue damage caused by oxidant-mediated processes and also may
impair wound healing via this mechanism (52, 66-71, 76, 77). Several
studies indicate beneficial effects on tissue GSH production with Gin
administration in animal models of tissue injury and inflammation (67, 78,
79). Emerging clinical trials suggest that administration of single antioxi-
dants, such as vitamins C and E, or antioxidant nutrient “cocktails” reduces
indices of oxidant damage and tissue injury in selected groups of catabolic
patients, including those with pancreatitis or burn injury and after opera-
tion (80-85). In addition, several studies suggest that beneficial clinical
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effects occur with administration of enteral diets enriched in combinations
of antioxidant and “immunomodulating” nutrients, including arginine,
glutamine, fish oil, selenium, zinc, and vitamin C (86-91). Although there
is as yet little evidence for interactions between growth factor hormones and
antioxidant nutrient action pathways, it is likely that diminution of
oxidative tissue damage by certain nutrients serves to facilitate growth
factor-induced tissue growth and repair. In addition, as discussed below,
several individual micronutrients appear to be critical for normal func-
tioning of the GH-IGF-I axis.

Mechanisms of Cellular Nutrition

The metabolic and molecular mechanisms that underlie cellular responses to
nutritional status or specific nutrients are not well understood (92).
However, amino acids taken in the diet or derived endogenously (primarily
from skeletal muscle protein breakdown) are utilized as substrates for new
structural and circulating proteins. Energy sources (amino acids, carbohy-
drate, fat) directly support cells involved in tissue reparative processes
directly, and also indirectly by providing fuel for neutrophils, macrophages,
lymphocytes, and other cells critical to wound healing and tissue regener-
ation (Table 8.1).

As outlined by Bettger and McKeehan (92), it is clear that (a) specific
nutrients are required for cell survival, proliferation, and differentiation;
(b) cells require available energy sources; and (c) critical nutrients and
nutrient sources for energy production contribute to the chemical milieu
constituting the external environment of cells. The concentration of nutri-
ents in the cellular microenvironment appears to be an important determi-
nant of cell function, as graded reductions in nutrients such as glutamine
(93), magnesium (94), and zinc (95) result in significantly reduced cell
proliferation. Cellular nutrient requirements also clearly differ both quali-
tatively and quantitatively in different cell types and under different
conditions. It is known that deficiency in certain nutrients, including amino
acids, glucose, or lipids, arrests certain cells within the G, portion of the cell
cycle (96); however, the exact role of nutrition in the progression of cells
through the cell cycle is poorly understood at the molecular level (92).
Cellular nutrient deficiency eventually leads to cell death by either passive
degeneration (cell necrosis) or programmed cell death (apoptosis) (97).
However, the effects of specific nutrient deficiencies on cell death has not
been well investigated (92).

Nutrients may serve as substrates or products to determine the rate of
biochemical reactions or may serve as reaction catalysts or allosteric
effector molecules (92). Certain nutrients are compartmentalized within
cells, and the intracellular nutrient concentration may then determine
certain biochemical reactions and processes. For example, it has been
suggested that the intracellular concentration of the amino acid glutamine
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(the most abundant intracellular amino acid involved in protein synthesis)
in the skeletal muscle intracellular pool is a key regulator of muscle protein
synthesis rates (98). Finally, certain nutrients may regulate the control of
gene expression in specific cell types. In vitro studies indicate that mRNA
levels of IGF-I are significantly decreased in rat hepatocytes maintained in
medium depleted of the essential amino acid tryptophan, while significant
recovery of cellular IGF-I mRNA occurs after tryptophan supplementation
(99). This example demonstrates that specific nutrients may be critical for
endogenous growth factor production.

Role of Growth Factor Hormones in
Tissue Anabolism and Wound Repair

Endogenous hormones and peptide growth factors play essential roles in
normal cellular growth and function. Growth factors mediate anabolic
effects in tissues via endocrine, paracrine, or autocrine mechanisms (100).
Available animal and limited human studies indicate that the sequence of
events involved in wound healing processes, including inflammation, cell
migration to the wound, angiogenesis and collagen, and wound protein
synthesis, may be favorably modulated by exogenous administration of
selected growth factors (101). Details on the effects of specific growth
factors and their mechanisms of action are covered in more detail elsewhere
in this volume. This chapter focuses primarily on studies concerning the
GH-IGF-I axis in tissue anabolism, particularly when combined with
nutritional support in catabolic states.

Insulin

Insulin is the major anabolic hormonal growth factor in the body and is
critical for cellular amino acid and glucose uptake and metabolism (92). A
number of studies have demonstrated reduced nitrogen loss with insulin
administration in nondiabetic injured patients (102-104). Marked reduc-
tions in body protein breakdown rates and urea generation occurred with
administration of high doses of regular insulin (200 to 600 units/day or 2 to
20 units/hr, respectively) with hypertonic dextrose in burn or trauma
patients (102, 103). Addition of insulin at a dose of 25 units/L to parenteral
nutrition in stable malnourished patients significantly improved lean body
mass compared with effects with parenteral nutrition alone, as determined
by body composition analysis (104).

PDGF, EGF, KGF, and FGF

PDGF mediates chemotaxis and fibroblast proliferation after platelet
aggregation in wounds (105), and appears to accelerate healing rates when
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given topically in patients with diabetic foot ulcers (106) and in the elderly
with decubitus ulcers (107). EGF enhances epidermal repair in animal burn
injury models (108) and appears to modestly stimulate wound healing in
burn-injured patents (109). Exogenous administration of EGF, normally
secreted in saliva and gastric/duodenal secretions into the gut lumen, has
trophic effects on the intestinal mucosa in rat models of intestinal atrophy,
mucosal injury, and in mucosal adaptation after bowel resection (110-112).
KGF is made by fibroblasts and is a key mediator of epithelial cell
differentiation and proliferation in many tissues (101, 113). KGF expression
has been shown to be significantly increased in wounds, and thus may be
involved in normal wound healing processes (101). Fibroblast growth factor
(FGF) stimulates angiogenesis and has been shown to increase wound
granulation tissue (101, 114), but no significant effects on wound healing in
humans have been published to date.

GH, IGF-I, and IGF Binding Proteins
in Wound Healing

GH undoubtedly plays a role in normal anabolic responses because GH
deficiency is characterized by erosion of lean body mass in otherwise
healthy individuals (115). Endogenous production of IGF-I is thought to
mediate many of the anabolic effects of GH on body tissues (100). IGF-I
synthesis quantitatively occurs primarily by liver, but this growth factor is
also made in most other cells and tissues of the body, including in
fibroblasts, wounds, and wound fluid (101, 116, 117). IGF-I synthesis in
tissues is dependent on GH and to a lesser extent insulin secretion, but is
also markedly sensitive to nutritional status (13, 118). IGF-I circulates in
plasma largely bound to one of several IGF binding proteins (IGFBP), with
IGFBP-3 being by far the most abundant (118). Six IGFBPs have been
characterized to date and they are synthesized in multiple tissues throughout
the body, including fibroblasts and epithelial cells. IGFBPs appear to
variously potentiate or inhibit IGF-I action, and may influence plasma and
tissue IGF-I half-life and/or tissue distribution. However, the regulation
and biologic actions of the IGFBPs are still incompletely understood (118).

Human skin has been shown to express GH receptor, IGF-I receptor, and
IGF-I mRNA and protein, suggesting that the GH-IGF-I axis is important
in normal skin growth and repair after injury (119). Studies in animals
demonstrate that parenteral administration of recombinant GH enhances
formation of wound granulation tissue (120), increases the mechanical
strength of skin graft wounds (121), and stimulates healing and breaking
strength of intestinal anastomoses (122, 123). Parenteral IGF-I significantly
enhanced tissue healing indices when administered alone in rats given
corticosteroids to inhibit wound healing responses (124). IGF-I also en-
hanced re-epithelialization when administered topically in an ex vivo system
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using human skin biopsies (125). The IGFBPs appear to be able to
upregulate IGF-I-induced wound healing responses. For example, com-
bining topical IGF-I with IGFBP-1 significantly enhanced healing of dermal
wounds and skin ulcers in rodents (126, 127). Topical IGFBP-3 complexed
to IGF-I is significantly more effective than IGF-I alone in reversing
corticosteroid-impaired wound healing (128). Several studies also indicate
that combining IGF-I with other growth factors, such as PDGF, may be
synergistic in wound healing (101, 129). Unfortunately, the role of dietary
nutrient intake or underlying nutritional status in investigations of growth
factors and wound healing has often not been well characterized or
controlled.

Interactions Between Specific Nutrients, Nutritional
Status, and Peptide Growth Factors

General Concepts

Proliferation and function of many cell types has been shown to be
dependent on both an appropriate hormonal milieu and an adequate supply
of nutrients (92). It has been proposed that hormones influence the external
concentrations of specific nutrients in the cellular environment by alter-
nating such points of control as cell membrane permeability, local nutrient
metabolism, and/or nutrient compartmentalization inside the cell (92).
Thus, EGF reduced the requirement for magnesium and calcium in
multiplication of human fibroblasts in culture (130). Various other growth
factor hormones regulate nutrient uptake in specific cell types. For exam-
ple, insulin and IGF-I are well known to increase tissue uptake and
metabolism of glucose in adipocytes and skeletal muscle cells (92, 118). In
addition, both the quantity and quality of food intake are known to
regulate gastrointestinal hormones, including somatostatin, gastrin, EGF,
and IGF-I that are important in gut growth and repair (131). Milk of
various species, including man, is a nutrient source rich in a variety of
gut-trophic growth factors including GH, IGF-I, insulin, prolactin, and
EGF (132). These may interact with receptors in gut mucosa to stimulate
regeneration and function of enterocytes or may be absorbed for systemic
effects on the whole body (133). In fact, the gut is a target tissue for
nutrient-stimulated growth factors, such as IGF-I, which are derived from
the circulation (endocrine route), the gut lumen (via milk, saliva, and
pancreatic-biliary secretions), and mucosal cells themselves (autocrine/
paracrine route) (Table 8.4).

Although the mechanisms for nutrient-induced growth factor production
remain elusive, Bettger and McKeehan (92) propose that nutritional status
can have four major effects on growth factor production: (a) generalized
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TasLE 8.4. Sources of nutrient-stimulated IFG-I
for gut mucosal growth and regeneration.

Circulation (interaction with basolateral region)
Mucosal cells (autocrine/paracrine effects)
Gut lumen (interaction with apical region)
Saliva
Milk .
Pancreatic-biliary secretions
Mucosal secretions/sloughed enterocytes

overnutrition or undernutrition may stimulate or depress synthesis of
growth factor hormones in tissues; (b) stimulation of synthesis may be due
to the presence or absence of a specific nutrient that corrects an imbalance
of that nutrient in the cellular environment; (c) particular growth factors
may require specific nutrient sets for optimal synthesis; and (d) particular
growth factors may require particular specific nutrients for their synthesis.
For example, in rats a 3-day total fast reduced jejunal IGF-I mRNA levels
to 18% of fed controls, but with enteral refeeding gut IGF-I mRNA levels
were rapidly normalized (13) (Fig. 8.1). Similar up- and downregulation of
IGF-I production are seen in liver cells in response to fasting and refeeding
and with the depletion or repletion of specific amino acids (99, 118).

Interactions Between Nutritional Status and Specific
Nutrients and the GH/IGF-I Action Pathway

Effects of Generalized Malnutrition and Nutritional Repletion

It is well documented that nutritional status markedly effects the GH-IGF-I
axis in humans (134-136). For example, it was demonstrated in the 1970s
that the bioactivity of somatomedin C (IGF-I) was significantly reduced in
children with primarily protein depletion (kwashiorkor) and in those with
combined protein-energy malnutrition (137, 138). In humans and animal
models, serum levels of total IGF-I are reduced in general proportion to the
severity of malnutrition, and rise over time in response to refeeding (13,
134-136). In contrast, circulating GH levels are often elevated during
starvation and other states of malnutrition, indicative of a GH-resistance
state (136, 139-141). For example, fasting increases GH pulse amplitude
and pulse frequency (140), while after 2 days of fasting endogenous GH
production increased 2.4-fold (141).

A total fast in otherwise healthy adults causes a significant decrease in
plasma IGF-I levels after 2 to 3 days (in association with markedly negative
nitrogen balance (142). In one study, IGF-I levels in plasma continued to
decrease steadily over a 9-day period of fasting, and were increased to only
50% of baseline with 3 days of refeeding (142). In obese individuals or
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Ficure 8.1. Rat jejunal IGF-I mRNA expression with fasting and enteral refeeding.
A Northern blot of total jejunal RNA derived from control fed (C), 72-hour fasted
(F), and 24-hour, 48-hour, and 72-hour refed conditions is shown on the left.
Quantitative data for the 7.8-kb IGF-I transcript is shown on the right. *p < .05 vs.
72-hour refed; **p < .01 vs. all other groups. (Based on ref. 13.)
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patients with hyperphagia, IGF-I levels are either normal or only modestly
increased (136). Available data in animals and humans suggest that both
energy and protein intake are important for IGF-I production. Adequate
protein and energy intake is required to normalize plasma IGF-I levels after
a period of fasting (143). With adequate protein intake, the rise in IGF-I
levels after a 5-day fast was generally proportional to the level of calories
provided (144). Further, it appears that provision of nonprotein calories
primarily in the form of carbohydrates has a more potent effect on raising
IGF-I levels after a period of undernutrition than isocaloric diets with fat as
the primary energy source (145).

The level of protein intake also markedly effects IGF-I mRNA and
protein production in liver, as well as IGF-I levels in human plasma (136).
Enteral protein refeeding with 80% of the dietary protein as essential amino
acids significantly increased plasma IGF-I levels (and nitrogen balance)
compared with results with diets providing 80% of protein as nonessential
amino acids (146). In addition, IGF-I levels in hospitalized patients
generally correlate with general nutritional status, protein intake, and
nitrogen balance (134-136). Available data suggest that the impact of
protein nutritional status on IGF-I production is more marked than the
effects of caloric intake (134, 135). In rats, IGF-I clearance from plasma is
increased with protein restriction (136), and protein restriction is associated
with resistance to the anabolic effects of both GH and IGF-I infusions.
Undoubtedly, the degree of underlying illness affects these relationships in
hospital patients, as IGF-I levels are also reduced in proportion to the
degree of catabolic stress (115, 147). Animal studies demonstrated that
mRNA levels for the GH receptor, a proximal mediator of GH-induced
IGF-I production, is significantly reduced by fasting (134, 148). Additional
studies in rats suggest that protein restriction is associated with normal
hepatic GH-receptor binding with a blunted hepatic IGF-I response at the
protein and mRNA level (149). Taken together, the available data suggest
that malnutrition (protein depletion) induces GH resistance at both receptor
and postreceptor sites. It is possible that undernutrition deprives cells of
essential nutrients required for IGF-I production (99), but also reduces
cellular exposure to insulin, a peptide known to be important for IGF-I
synthesis in tissues (134).

The metabolic effects of IGF-I are mediated through its heterotetrameric
receptor, a tyrosine kinase that shares structural and functional homology
with the insulin receptor (13). IGF-I, insulin, and IGF-II all may bind to the
IGF-I receptor in descending order of affinity (150). Fasting for 48 hours
was shown to increase IGF-I binding and IGF-I receptor mRNA in several
nonintestinal tissues in rats (151). We found a nonsignificant rise in rat
jejunal IGF-I receptor number and mRNA in response to a 3-day fast (13).
However, with 24 to 74 hours of enteral refeeding, IGF-I receptor expres-
sion in small bowel rose significantly (60-80%) at the same time that plasma
IGF-I and jejunal IGF-I mRNA levels were increased (Fig. 8.2). This
finding suggests that the small intestinal population of IGF-I receptors (and
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Ficure 8.2. IGF-I receptor mRNA expression in jejunum during fasting and refeed-
ing. A Northern blot demonstrating the 11.0-kb rat IGF-I-R transcript from control
(C), 72-hour fasted (F), and 24-hour, 48-hour, and 72-hour refed conditions is
shown on the left. Quantitative data from multiple experiments are shown on the
right. *p < .01 vs. control; **p < .05 vs. fasted. (Based on ref. 13.)

thus the capacity for IGF-I action) is maintained during fasting-induced
intestinal atrophy and increased during nutrient-induced intestinal growth
with refeeding (13).

Nutritional status also appears to regulate IGFBPs in plasma and in
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tissues (118). IGFBP-3 is the most abundant IGFBP in human plasma and,
like IGF-I, exhibits a decline with protein- or protein-energy malnutrition
and an increase with nutritional repletion (135, 136). In contrast, IGFBP-1
and -2 levels in plasma are reduced by food intake and increase with
starvation (135). IGFBP-2 levels in particular have been shown to be
inversely regulated by dietary protein intake (141), and the IGFBP-2 mRNA
is increased in liver with fasting, depletion of energy alone, or protein alone
(135). Little is known regarding the nutritional regulation of IGFBP-4, -5,
and -6 in plasma and tissues.

Effects of Specific Nutrients on the GH-IGF-I Axis

A number of animal studies and limited human data suggest that specific
nutrients upregulate the GH-IGF-I axis, and thereby increase IGF-I
production and plasma levels of this growth factor. Often these results
occur in association with protein anabolism induced by administration of
these nutrients. As noted above, tryptophan repletion was shown to
specifically increase IGF-I production by cultured hepatocytes deprived of
this essential amino acid (99).

The GH secretagogue effects of intravenously administered amino acids
such as arginine and lysine are well documented (44, 152-154). Arginine
administration also potently stimulates insulin and prolactin release (44).
Few studies have examined the effects of orally administered amino acids
on GH secretion in humans. One study evaluated the daily oral adminis-
tration of arginine aspartate (250 mg/kg) over a 1-week period. All subjects
had a 60% increase in slow wave sleep-related GH peaks as compared with
their control periods (155). Daly et al. (49) and Kirk et al. (48) demonstrated
that oral L-arginine supplements significantly increased plasma IGF-I levels
in postoperative and elderly patients, respectively, versus controls given
glycine. These findings demonstrate the specific effect of the amino acid
arginine in stimulating GH release and IGF-I production. Isidori and
colleagues (156) found that combined oral administration of arginine and
lysine significantly enhanced plasma GH levels compared with similar doses
of these amino acids given separately. These data suggest that specific
combinations of amino acids synergistically stimulate GH release.

Zinc depletion is common in catabolic and hospitalized patients due to a
combination of urinary, gastrointestinal, and wound losses, coupled with
insufficient intake. Zinc deficiency is associated with poor wound healing,
reduced protein synthesis, immunosuppression, diarrhea, dermatitis, and
diminished gonadal steroid concentrations (34, 35). Zinc nutritional status
has been shown to markedly influence the GH-IGF-I axis (157-162) (Table
8.5). In rats prefed a low-zinc, low-protein diet, plasma levels of IGF-I fell
significantly, but increased in response to the amount of zinc or zinc and
protein in the diet. However, no increase in IGF-I occurred when only
dietary protein was increased (157). Growing lambs fed a zinc-deficient diet
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TasLe 8.5. Zinc nutrition and growth factor regulation.

Zinc depletion is comon in catabolic and hospitalized patients

Zinc deficiency is associated with poor wound healing, reduced protein synthesis,
immunosuppression, diarrhea, dermatitis, and diminished gonadal steroid concentrations

Zinc depletion is associated with reduced plasma concentrations of GH and GHBP, and
diminished hepatic GH binding capacity

Zinc deficiency is associated with diminished hepatic IGF-I mRNA levels and reduced
plasma IGF-I concentrations

Zinc repletion in zinc deficient animals normalizes the GH-IGF-I axis at the protein and
mRNA level

GHBP, GH binding protein.

demonstrated significantly reduced plasma insulin, GH, and IGF-I levels,
and insulin levels rose significantly more in response to feeding with zinc
repletion (158). Of interest, topical zinc treatment in full-thickness wounds
in pigs improved wound healing in association with a 50% increase in IGF-I
mRNA levels in the wound granulation tissue (160). In rats, experimental
zinc deficiency significantly reduced body weight, serum IGF-I and GH
concentrations, hepatic GH receptor abundance, and serum GHBP levels
(an index of GH receptor number) versus pair-fed controls (161). Liver
IGF-I mRNA levels were also specifically reduced by zinc depletion (161).
These data suggest that the reduction in IGF-I levels with zinc deficiency is
due, in part, to reduced GH concentrations in plasma and reduced GH
receptors in tissues. Zinc repletion in zinc-deficient animals normalizes the
GH-IGF-I axis at both the protein and mRNA levels. Zinc deficiency also
impairs intestinal growth and adaptation in response to massive small bowel
resection (163), a process believed to be mediated, in part, by local
generation of IGF-I (164). The relationship between zinc status and the
GH-IGF-I and insulin axes is outlined in Table 8.5.

Another example of an interaction between specific nutrients and growth
factors is the reduction in plasma and tissue IGF-I concentrations with
potassium or magnesium depletion (32, 165, 166). When rats were given
magnesium-deficient diets for 12 days, serum magnesium fell markedly,
growth and protein synthesis rates diminished, and serum IGF-I levels fell
by 44% versus pair-fed animals. Magnesium repletion reversed these
alterations (32, 165). Similarly, potassium depletion in rats led to growth
retardation, a fall in protein synthesis, and a significant fall in serum IGF-I
and insulin levels. These effects are reversed with potassium repletion (32,
166). These findings are consistent with those of Rudman et al. (167), who
demonstrated that deficiency of phosphorus, potassium, sodium, or ni-
trogen each individually impairs nitrogen and mineral retention in adults
receiving parenteral feeding. Finally, recent data suggest that experimental
thiamine deficiency in rats reduces IGF-I levels in plasma and tissues by
40% (168). Thiamine repletion enhanced the IGF-I response to GH
administration in this model (168).

These examples demonstrate that specific nutrients are able to modulate
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major somatic growth factor systems in vivo (Table 8.6). Therefore,
adequate intake of these nutrients appears to be critical to ensure optimal
anabolic responses mediated by the GH-IGF-I and/or insulin action
pathways, including wound healing, protein retention, and intestinal
growth and repair.

Anabolic Effects of GH and IGF-I Combined with
Specialized Nutrition During Catabolic States

Growth Hormone

Pituitary GH administration in clinically stable non-GH-deficient patients
has long been known to enhance retention of nitrogen, phosphorus,
potassium, sodium, magnesium, and calcium (16, 115). GH also causes
lipolysis, diminishes urea production, and increases plasma insulin levels
(115). A number of early studies in severely catabolic burn patients given
pituitary GH (5-10 mg/day s.c. or i.m.) demonstrated improved nitrogen
and mineral retention, increased appetite, and improved wound healing
with this agent (169, 170). Recombinant GH as an adjunct to nutritional
support has been extensively studied in clinical stable patients during the
postoperative period (171-174) and in malnourished patients with end-stage
renal disease (175, 176), chronic obstructive lung disease (177), acquired
immunodeficiency syndrome (178), or gastrointestinal diseases including
inflammatory bowel disease, intestinal fistulas, chronic pancreatitis, and
short bowel syndrome (179-181).

In general, these studies in noncritically ill patients demonstrated mark-
edly improved nutrient utilization efficiency with recombinant GH therapy.
In one study positive nitrogen and mineral balance was achieved in patients

TasLe 8.6. Specific nutrients known to
modulate the GH-IGF-I axis.*

Amino acids
Arginine
Glutamine
Lysine
Tryptophan

Trace metals
Zinc

Vitamins
Thiamine

Electrolytes
Potassium
Magnesium

*Downregulation with depletion of these nutrients
and upregulation with nutrient repletion.



8. Interactions Between Nutrients and Growth Factors 125

receiving parenteral nutrition that provided adequate protein and micronu-
trients but only 60% of calorie needs (181) (Fig. 8.3). This demonstrates that
exogenous GH enhances the efficacy of nutritional support, compared with
responses in individuals receiving identical isonitrogenous, isocaloric diets.

In clinically stable patients, GH at doses ranging from 0.06 to 0.20
mg/kg/day improved whole body protein synthesis rates (171), reduced
muscle amino acid efflux (171, 173), diminished urea generation (171-176,
179-181), and enhanced whole body retention of nitrogen, potassium,
phosphorus, and sodium (171-182). Of interest, the anabolic effects of GH
were consistently observed over a wide range of nutrient intakes and clinical
conditions. Significantly increased plasma insulin and IGF-I levels were
observed in patients receiving GH, and these anabolic peptides undoubtedly
facilitate the GH-induced protein-anabolic effects.

Limited data are available on skeletal muscle function with GH therapy
in stable patients. In two studies, GH administration significantly improved
skeletal muscle strength as shown by maintained hand grip strength in the
postoperative period (171) and improved respiratory muscle strength (177).
However, in another study in stable chronic obstructive pulmonary disease
(COPD) patients, anabolic responses occurred, but these were not associ-
ated with improved indices of respiratory muscle strength (182).

A recent double-blind randomized study from Spain demonstrated that
GH may improve clinically important end points in stable patients (172). In
this study, hypocaloric parenteral nutrition (=900 kcal/day) with adequate
protein was given with either s.c. GH (8 IU/day or =2.5 mg/day) or saline
placebo for 7 days after cholecystectomy. The patients were clinically and
demographically matched at entry, and underwent similar operative courses
(93 controls and 87 GH treated). With GH, a significant reduction in post-
operative nitrogen and potassium excretion was noted, despite hypocaloric
feedings (172). Blood levels of GH, insulin, and IGF-I rose significantly, and
blood glucose slightly during GH treatment (NS). In control patients, serum
albumin, prealbumin, transferrin, retinol binding protein, and immunoglo-
bulins A, G, and M fell significantly by the fifth postoperative day. In
contrast, levels of circulating proteins and immunoglobulins were main-
tained at levels significantly above controls with GH therapy (172).

Patients receiving GH in this study were significantly less likely to become
hypoanergic or anergic to skin test antigens after operation than controls.
The number of normergic patients in the control group fell from 60% to
43%, and the number of hypoanergic patients rose from 28% to 45% after
operation (172). In contrast, in GH-treated patients the number of nor-
mergic patients rose from 68% to 93% after operation, while the number of
hypoergic patients fell from 29% to 7%. Importantly, GH treatment was
associated with significantly lower wound infections (control 17% versus
GH 3%), and a shorter hospitalization time (12.5 days versus 9.6 days)
compared with the control group (172).

Several studies evaluating short-term (3 days to 6 weeks) recombinant GH
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Ficure 8.3. Improved nutrient utilization efficiency with growth hormone (GH)
therapy (181). Body weight and elemental balances of sodium, nitrogen (N),
potassium (K), and phosphorus (P) were determined in clinically stable adults with
gastrointestinal disease receiving total parenteral nutrition. Patients were studied
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treatment in critically ill patients receiving specialized nutrition have been
reported (183-191). In general, these studies document significantly im-
proved net protein anabolism; enhanced nitrogen, potassium, and phos-
phorus retention; reduced urea generation; and stimulated wound healing
with GH therapy at doses ranging from 0.1 to 0.2 mg/kg/day. However,
minimal anabolic effects were seen in three studies using lower GH doses
for short periods following sepsis, trauma, or burn injury (192-194). These
data suggest that some critically ill patients are resistant to the anabolic
effects of GH, especially as plasma levels of IGF-I (believed to be the major
mediator of GH-induced anabolism) were significantly elevated (192, 194).

The metabolic and clinical effects of up to 6 weeks of recombinant GH
therapy (10 mg/day; dose range 0.096 to 0.172 mg/kg/day) were studied in
severely catabolic adult patients receiving conventional enteral/parenteral
nutrition support following severe burn injury (=60% body surface area)
or trauma (184). Body protein, potassium, and phosphorus losses decreased
markedly and rapidly with GH treatment in all patients, and these anabolic
effects persisted throughout GH therapy. Serum IGF-I levels rose approx-
imately fivefold, and serum calcium rose slightly during GH therapy.
Potassium, sodium, and phosphorus levels also rose in serum, despite
significant retention of these with GH therapy. This finding suggests that
the minerals were incorporated into protein-rich tissue in these critically ill
patients (182).

Additional studies in other groups of critically ill and septic patients have
documented increased whole body and limb protein synthetic rates, im-
proved nitrogen balance, increased plasma amino acid levels, and increased
fat oxidation rates with short-term GH administration compared with
clinically similar patients receiving placebo injections and comparable diets
(185-187). The improvement of nitrogen balance with GH in these studies
has ranged from =2 to 5 g/day versus results with comparable feeding
without GH. This change represents a relative improvement in protein-rich
tissue of between 0.35 and 0.875 kg/week with GH therapy (180).

In a blinded, controlled trial in adult burn patients, 2 weeks of GH
therapy (10 mg/day) was shown to attenuate expansion of the extracellular

-«

during an initial control period, a GH treatment period and a post-GH control
period, during which constant hypocaloric (60% of requirements) parenteral
feedings with adequate protein were administered. During hypocaloric feeding,
body weight fell and nutrient balances were near equilibrium (sodium and K) or
negative (N and P). With GH therapy, body weight increased in association with
positive sodium and water balances. GH induced a rapid increase in N balance,
despite hypocaloric feeding. Protein anabolism occurred in association with positive
K and especially P balance. After GH discontinuation, K and P balances returned
toward baseline, while N balance remained positive. The upper line for each nutrient
represents intake, the hatched area above the zero line represents positive nutrient
balance, and the black area denotes negative nutrient balance.
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water (ECW) compartment and to minimize loss of intracellular water
(ICW), effects opposite those in control patients, who demonstrated the
usual expansion of ECW and contraction of ICW common in the critically
ill (190). This study suggests that GH may affect cell membrane stability or
permeability. A recent study in trauma patients appeared to confirm these
effects of GH on water metabolism (194).

Although several authors report anecdotal improvements in respiratory
muscle strength, weaning from the ventilator, and other indices of physical
rehabilitation during GH therapy in critical illness, such end points have not
been well characterized in the small patient groups reported on to date.
Thus, whether or not skeletal muscle function is improved by GH in ICU
patients is unclear at present. Negative data have recently been published
suggesting that GH is not effective in facilitating ventilator weaning in
elderly COPD patients (183). Significantly improved wound healing of skin
graft donor sites with GH administration in burn patients was confirmed in
two blinded, randomized trials (188, 189). In addition, markedly decreased
hospital length of stay occurred in the pediatric burn patients given GH
therapy (189).

The mechanisms of GH anabolic effects when combined with nutritional
support are multifactorial. For example, consistent and marked elevations
in blood IGF-I occur with GH in these clinical settings and undoubtedly
play a role in tissue anabolic responses. Of interest, this IGF-I response is
attenuated as injury severity increases in ICU patients (191). The IGF-I
response is also directly related to nutritional status (115, 118). Thus,
certain severely ill patients, for example those receiving low caloric or
protein intakes, or patients with cirrhosis or multiple organ failure, may not
generate adequate IGF-I responses to induce significant anabolic effects.
The stimulation of insulin release, production of endogenous fuel as free
fatty acids via enhanced lipolysis, and regulation of circulating or tissue
IGF binding proteins with GH treatment represent additional mechanisms
of GH anabolic action (115). Although short-term GH treatment has been
well tolerated in the studies published to date in catabolic patients, GH
therapy may cause hyperglycemia and insulin resistance, hypercalcemia,
mild fluid and sodium retention, and arthralgias in some individuals, and as
a growth factor, may theoretically stimulate neoplastic growth (115). Some
of the beneficial metabolic and clinical effects observed with GH therapy in
catabolic states to date are shown in Table 8.7.

Insulin-Like Growth Factor (IGF-I)

A number of studies have evaluated the protein-anabolic effects of IGF-I
(or somatomedin C) in humans without GH deficiency (195-201).

When administered intravenously in acute studies in healthy humans,
IGF-I increased peripheral glucose disposal and suppressed hepatic glucose
production (195). Free fatty acid (FFA) levels fell significantly with IGF-I
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TasLe 8.7. Metabolic and functional effects of growth hormone
in patients receiving specialized nutrition.

Metabolic effects
Insulin resistance
Improved nitrogen retention and stimulated protein synthesis
Reduced amino acid efflux from muscle and urea generation
Enhanced potassium, magnesium, sodium, and phosphorus retention
Maintained skeletal muscle intracellular glutamine concentrations
Enhanced lipolysis
Increased metabolic rate
Increased serum IGF-I, IGFBP-3, and insulin concentrations
Clinical and functional effects
Improved wound healing in burn patients
Variable effects on skeletal and respiratory muscle strength
Shortened length of hospital stay (postoperative and burn patients)

infusion, indicating reduced lipolysis, while total branched-chain amino acid
levels fell by ~50%, indicating a possible protein-anabolic effect (195).
Clemmons et al. (196) documented that parenteral IGF-I could reverse the
protein catabolic effects of hypocaloric (20 kcal/kg/day) oral diets in healthy
adults (196). Subjects were fed the hypocaloric diets for 8 days prior to a
6-day infusion of either recombinant IGF-I (12 ug/kg/hr over 16 hr/day) or
GH (50 pg/kg/day s.c.). IGF-I significantly attenuated nitrogen losses,
similar to the protein-anabolic effect observed with GH. In a subsequent
study, these authors compared the protein anabolic effects of combined
6-day GH plus IGF-I infusion versus IGF-I infusion alone (197). Combined
GH plus IGF-I therapy resulted in a significantly improved nitrogen balance
over the baseline diet period compared with results with IGF-I alone. Both
therapies significantly reduced urea appearance; however, combination ther-
apy with GH and IGF-I was more potent in lowering blood urea nitrogen and
in reducing urea and potassium excretion compared to IGF-I treatment alone
(197). In another study, healthy adult subjects were given hypocaloric,
adequate protein intravenous nutrition for 10 days prior to a 6-day infusion
of saline or IGF-I at a dose of 25 ug/kg/hr (198). Subjects receiving IGF-I
demonstrated improved nitrogen balance and reduced amino acid efflux
from skeletal muscle, without changes in fat oxidation (198).

The results of IGF-I use in catabolic patients have recently been reported
(199-201). In one trial, recombinant IGF-I (10 ug/kg/hr) or saline was
infused for 14 days after severe head trauma in 24 adult patients. In
controls, daily nitrogen balance was negative (— 2.9 g/day), and worsened
to —5.0 g/day during the second week after injury. Nitrogen was signifi-
cantly conserved during the first week postinjury with IGF-I (4 1.3 g/day),
and IGF-I serum concentrations rose significantly from 78 to 466 ng/ml.
However, IGF-I levels subsequently fell to 220 ng/ml by day 14, despite
continued IGF-I infusion, and the nitrogen-retaining effect of IGF-I was
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lost (199). In a more recent short-term study, recombinant IGF-I infused
over a several hour period significantly reduced protein oxidation rates in
burn patients (200). Finally, IGF-I (80 ng/kg/day s.c.) or placebo was given
for 5 days to patients after gastric surgery in a double-blind, randomized
trial in Germany (201). IGF-I was well tolerated, but had no effect on
postoperative nitrogen balance or 3-methylhistidine excretion, despite sig-
nificantly increased plasma IGF-I levels with hormonal therapy (201). Thus,
IGF-I therapy appears to be less efficacious than GH in promoting
protein-anabolism in catabolic patients receiving otherwise adequate nutri-
tional support.

Trophic Effects of Growth Factors
During Malnutrition

Several studies in rats indicate that administration of peptide growth factors
overcomes the catabolic effects of malnutrition during wound healing and
intestinal growth. In one study, rats subjected to protein malnutrition
exhibited a marked reduction in skin wound tensile strength after open
laparotomy (202; Table 8.8). Wound tensile strength was further dimin-
ished when malnourished animals were given corticosteroids. However,
perioperative administration of GH abolished the inhibitory effects of
protein malnutrition combined with corticosteroids on wound healing, and
values in this group were similar to controls (Table 8.8). In rats kept
undernourished from birth to 24 days of age, marked atrophy of the small
intestinal mucosa and loss of body weight was reversed in the undernour-
ished group given s.c. EGF during the final 7 days of malnutrition (203).
These data are consistent with studies demonstrating that positive nitrogen
balance can be achieved in hospitalized patients given recombinant GH even
with hypocaloric feeling (172, 181). Thus, exogenous growth factors are
able to improve nutrient utilization for anabolism in both the whole body
and in specific target tissues such as intestine and wounds.

TasLE 8.8. Improved skin wound healing with GH in protein-malnourished rats
treated with corticosteroids.

Wound breaking strength

Group (mm Hg)
Controls 136£13
Protein-malnourished 110 +23*
Protein-malnourished + corticosteroids 77 £T7*F
Protein-malnourished + corticosteroids + GH 124 2019

GH, perioperative growth hormone treatment.
*p < .025 vs. controls; tp < .05 vs. protein malnourished; §p < .05 vs. protein malnourished
and corticosteroids.
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Interactive Effects of Glutamine and
Growth Factors In Vivo

Several studies suggest that the anabolic and tissue-specific trophic effects
of dietary Gln are enhanced by exogenous EGF or GH administration in a
synergistic or additive fashion. These and other data support the concept
that the metabolism of GIn and certain peptide growth factors may be
physiologically interactive. As noted previously, both EGF and dietary Gln
administration each individually are trophic to gut mucosa in experimental
animals (30, 52, 110-112). Jacobs et al. (204) studied the effects of dietary
GIn with or without EGF s.c. in rats given standard Gln-free parenteral
nutrition for 4 days, which rapidly results in gut mucosal atrophy when
enteral food is given. When GIn was added to the parenteral nutrient
solution, colonic mucosal thickness, DNA content, and protein content
were moderately increased compared with controls given isonitrogenous,
isocaloric parenteral diets (NS; Fig. 8.4). EGF treatment with Gln-free
feeding had little effect on mucosal cellularity. However, the combination
of Gln and EGF resulted in a marked additive effect on colonic mucosal
mass and DNA content (204; Fig. 8.4). In other studies, jejunal glutamine
transport was shown to be significantly upregulated in rats given exogenous
EGF, probably due to an induction of GIn transporter proteins by this
growth factor (205). In an in vitro study, glutamine was found to be
essential for EGF-stimulated cell proliferation and DNA, RNA, and protein
synthesis in IEC-6 cells, a rat small intestinal crypt cell line (206). Taken
together, these reports indicate that Gln is a key nutrient that interacts with
EGF to support intestinal cell growth, and that EGF is able to regulate gut
GIn metabolism.

Enteral administration of L-GlIn to healthy adults stimulates GH release
(207, 208). Administration of recombinant GH to postoperative patients
significantly decreases skeletal muscle Gln efflux (171, 173) and attenuates
the usual fall in muscle intracellular Gln concentrations (209). In hypophy-
sectomized rats, GH administration upregulates hepatic specific activity
and mRNA levels for Gln synthetase, the rate-limiting enzyme involved in
endogenous GIn synthesis (210). In experimental short bowel syndrome in
rats, the combination of GIn-enriched enteral diet and IGF-I s.c. adminis-
tration synergistically increased ileal protein content (Fig. 8.5), ileal wet
weight, and plasma IGF-I and GlIn levels compared with treatment with GIn
or IGF-I alone (211). Of interest, dietary Gln has been shown to signifi-
cantly increase splanchnic blood flow in rats, and this effect may facilitate
delivery of nutrients and growth factors to the intestinal mucosa (212). The
available studies suggest that Gln metabolism and the GH-IGF-I action
pathways are interactive in animal tissues.

Based on the above data, one strategy to enhance tissue anabolism in
humans is to combine anabolic hormones such as GH with key nutrient
substrates such as Gln. In a series of studies, Byrne et al. (180) recently
investigated the combined effects of Gln (0.45 g/kg/day by the intravenous



Ficure 8.4. Colonic mucosal DNA content (top) and protein content (bottom) in
rats maintained on parenteral nutrition (PN) for 4 days. Control rats received
standard Gln-free PN and saline injection; Gln-treated rats (Gln) received isonitro-
genous, isocaloric diets with 2% GIn and saline injections; EGF-treated animals
(EGF) received daily s.c. injections of recombinant EGF (0.1 pg/g body weight twice
daily) for 3 days; the final group received both Gln-enriched diet and EGF
(gln + EGF). A marked additive effect of combined treatment on colon cellularity
was noted.
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Ficure 8.5. A: Ileal DNA content after 7 days of diet-hormone infusion. The five
experimental groups are from left to right: (1) transected/non-Gln-supplemented
diet/vehicle infused (control); (2) resected/non-Gln-supplemented diet/vehicle-
infused (resected); (3) resected/non-Gln-supplemented diet/IGF-I-infused (resected/
IGF-I); (4) resected/Gln-supplemented diet/vehicle-infused (resected/Gln); and
(5) resected/Gln-supplemented diet/IGF-I-infused (resected/IGF-I + Gln). *p <
.01 vs. control; tp < .01 vs. resected; §p < .05 vs. resected/Gln. B: Ileal protein
content per centimeter. The combination of IGF-I plus Gln-enriched diet synergis-
tically increased ileal protein content during intestinal adaptation. *p < .01 vs.
control; §p < .01 vs. all other groups.
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or enteral route), parenteral GH (0.14 mg/kg/day), and a modified enteral
diet in parenteral nutrition-dependent adult patients with gastrointestinal
failure and short bowel syndrome (SBS) (180, 213, 214). After 3 weeks of
combined diet-GIn-GH therapy, the treated patients gained minimal body
fat, but significantly more lean body mass (4.3 + 0.6 kg vs. 2.0 + 0.2;
p < .03) and more protein (1.4 = 0.3 kg vs. 0.9 = 0.1; p < .03) than
individuals treated with standard therapy. In contrast, the patients receiving
standard therapy deposited a greater proportion of body weight as extra-
cellular water and body fat (180).

Markedly improved intestinal absorption of protein, carbohydrate, cal-
ories, sodium, and water occurred using this combined therapy in a
subgroup of patients with SBS (Fig. 8.6), suggesting that this treatment
enhanced bowel function, possibly through increased mucosal surface area
and/or alterations in gut blood flow or transit time (213). A larger group of
SBS patients was given the combined nutrient-growth factor therapy for 3
weeks, then were maintained on a Gln-supplemented modified diet (without

TN

Calories Protein CHO Water Sodium  Stool
Weight

Ficure 8.6. Enhanced intestinal nutrient absorption with combined Gln-enriched
modified diet and recombinant GH administration in adults with long-standing
short bowel syndrome. The percent change in nutrient absorption and stool weight
from the initial baseline (pretreatment) period to the final week of study after 3
weeks of combined therapy is shown. Significantly improved intestinal absorption
of calories, protein and water occurred and stool weight also fell significantly. *p <
.01 versus the baseline period.
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GH) indefinitely. Therapy was associated with an 80% elimination or
reduction in parenteral nutrition requirements after an average of 1 year of
follow-up (214). Further work in progress to determine the molecular
mechanisms and the nature of the apparent additive or synergistic effect of
combined GIn and GH therapy. However, these studies illustrate the
potential efficacy of combining gut-trophic and growth-promoting hor-
mones and specific nutrients in a patient model of catabolic stress and
intestinal adaptation.

Summary and Conclusions

Growth factors, general nutritional status, and specific nutrients are
interactive in protein and tissue anabolism and wound healing. Exogenous
administration of certain growth factors, such as GH, EGF, and IGF-I,
appears to enhance the efficiency of nutrient utilization during cellular
growth. Conversely, both general nutritional status and administration of
specific nutrients are able to upregulate endogenous production of some
peptide growth factors. Thus, specific growth factors appear to act
synergistically with certain nutrients in tissue anabolism and repair. Growth
factors and dietary components may also interact to facilitate wound
healing by nonspecific mechanisms, such as via altering blood flow to
tissues (GIln, GH, IGF-I) or by diminishing oxidative tissue damage
(nutrient antioxidants).

Adequate nutritional status clearly seems to be important for optimal
organ function and tissue anabolism. However, the role of dietary intake or
underlying nutritional status is often not well controlled or characterized in
most of the published studies on growth factor administration and wound
healing. The available data suggest that the potential clinical efficacy of
recombinant growth factor administration for wound healing may be
increased with concomitant prevention of malnutrition during therapy,
treatment of preexisting malnutrition, and/or provision of specific nutri-
ents with growth-promoting effects.
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Fibroblast Growth Factor Receptors
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Fibroblast growth factor (FGF) was discovered in the 1970s as an activity
that stimulates the proliferation of 3T3 cells (1). Currently, FGFs comprise
a family of nine structurally related proteins (FGF-1 to -9) (reviewed in
2-6). FGFs are expressed in specific spatial and temporal patterns and are
involved in developmental processes, angiogenesis, wound healing, and
tumorigenesis (3, 4, 7). The purification of basic FGF (FGF-2) and other
related growth factors has been facilitated by the discovery that FGFs have
a high affinity for heparin (2). These growth factors can be assayed on a
variety of cells or embryos, in vitro, resulting in growth, survival, or
differentiation (8-11).

Recently, four distinct high-affinity FGF receptors have been cloned (cor-
responding to four distinct genes) (12-19). These receptors bind members of
the FGF family of growth factors with varying affinity (19-22). Alternative
messenger RNA (mRNA) splicing patterns lead to isoforms of these receptors
that have unique ligand binding properties (21, 23). An additional mecha-
nism regulating FGF activity involves heparin or heparan sulfate proteogly-
cans (HSPGs), molecules that are required for ligand-receptor interactions
in vitro and possibly in vivo (18, 24). The proposed mechanism by which FGF
activates its receptor involves the formation of a trimolecular complex be-
tween ligand, receptor, and a heparin-like molecule (24). The heparin-FGF-
receptor complex facilitates receptor dimerization, which is required for the
activation of downstream signaling pathways (25, 26).

This chapter discusses regulatory mechanisms that mediate FGF receptor
activation and signaling, reviews mutations in FGFs and FGF receptors that
have been engineered in mice, and reviews a series of mutations that have
been discovered in three of the four FGF receptors that result in skeletal and
craniofacial diseases in humans.

Primary Structure of the FGF Receptor

FGF receptors are members of the receptor tyrosine kinase superfamily
(27). These proteins contain an extracellular ligand-binding domain, a
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single transmembrane domain, and an intracellular tyrosine kinase
domain. Structural features of the FGF receptor must provide binding
specificity for the nine FGF ligands, a mechanism to be activated by ligand,
and a mechanism to activate downstream signaling pathways. The
extracellular region is responsible for ligand-binding specificity and for
ligand-mediated receptor dimerization. Upon receptor dimerization, the
intracellular region becomes activated by one or more transphosphoryla-
tion events (28) and then becomes competent to interact with downstream
signaling molecules.

The FGF receptor extracellular region contains three immunoglobulin
(Ig)-like domains, a heparin-binding domain, and a stretch of seven
conserved acidic amino acids (Fig. 9.1) (12). Alternative mRNA splicing in
the extracellular domain creates several forms of the FGF receptor that have
differential ligand-binding properties. One major splicing event results in
the skipping of exons encoding the amino-terminal Ig-like domain (domain
I) leading to a two Ig-like domain form of the receptor (Fig. 9.1) (29). The
ligand-binding properties of the two and three Ig-like domain receptors are
similar. However, the short form of the receptor may have higher affinity
toward some FGFs than the long form (30). A change in splicing from the
three Ig-like domain form of FGF receptor 1 to the two Ig-like domain
receptor correlates with the progression of low-grade astrocytomas toward
malignant astrocytomas (31) and with the progression of pancreatic tumors
toward malignancy (32). Although this correlation in the expression of FGF
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Ficure 9.1. The primary structure of FGF receptors. Top: The full-length FGF
receptor with three Ig-like domains. The major alternative splicing pathways will
express either Ig-like domain IIIb or IIlc. The stippled region beginning in Ig-like
domain III is the sequence subject to alternative splicing. Middle: Short form of the
FGF receptor expressing Ig-like domains II and III. Bottom: Secreted form of the
FGF-receptor expressing Ig-like domains II and IIla. SP, signal peptide; A, acidic
amino acid domain; I, II, III, Ig-like domains; TM, transmembrane domain; KI,
kinase insert domain; P, site of putative receptor autophosphorylation; s-s, disulfide
bond.
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splice variants is not necessarily an etiologic event in the progression of
these tumors, it may account for an increased responsiveness of these
tumors to available ligand and give these cells a growth advantage.

Another RNA splicing event uses one of two unique exons and results in
three alternative versions of Ig-like domain III (referred to as domains Illa,
IIIb, IIIc) (21, 29, 33). FGF receptors containing alternatively spliced
Ig-like domains IIIb (“b”) and IIlc (“c”) are expressed on the cell surface
and bind FGF ligands. The IIla (“a”) splice form of the FGF receptor
terminates within Ig-like domain III to yield a secreted extracellular FGF
binding protein (34) with no known signaling capability. Homologous
isoforms of FGF receptors 1 to 4 (containing domains I, II, and IIIc) as well
as alternatively spliced forms of FGF receptors 1 to 3 (containing domains
I, II, and IIIb) have unique ligand-binding specificities (see below).
Ligand-binding specificity is therefore determined both by sequence differ-
ences between homologous FGF receptors as well as by alternative splicing
within a given FGF receptor. In addition to the splicing events discussed
here, several other splicing events have been reported, both in the extra- and
intracellular domains of FGF receptors 1 and 2 (35, 36). The biologic
significance of these “minor” splicing events is not known.

The intracellular region of the FGF receptor can be divided into several
regions (27). The region between the transmembrane domain and tyrosine
kinase domain, referred to as the juxtatransmembrane region, is moderately
conserved between the four FGF receptors (39-76%). The tyrosine kinase
domain is split by a kinase insert sequence. The two tyrosine kinase domains
are highly conserved (75-92%), while the kinase insert sequence is poorly
conserved between the four FGF receptors (7-50%). The carboxy-terminal
regions of the FGF receptors are only moderately conserved, sharing 42%
to 62% amino acid identity (27). The capacity to signal a mitogenic response
clearly differs among the FGF receptors. For example, in BaF3 cells, FGF
receptors 1 and 2 signal well, FGF receptor 3 signals poorly, and FGF
receptor 4 is inactive (33, 37-40). Presumably the less highly conserved
regions of the intracellular domains confer specificity to the different FGF
receptors toward downstream signaling molecules.

Alternative Splicing in Immunoglobulin-Like
Domain III

DNA encompassing the carboxy-terminal half of Ig-like domain III in FGF
receptors 1, 2, and 3 has a remarkable conservation in both the number and
arrangement of the intron/exon boundaries (33, 41-43). Alternative
splicing of these exons results in either “b” or “c” isoforms of the FGF
receptor and dramatically effects ligand-receptor binding specificity (Fig.
9.2; Table 9.1) (23, 33). Expression of these various receptor isoforms
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Ficure 9.2. Alternative splicing of FGF receptors in the immunoglobulin-like
domain III region. Alternatively spliced exons, IIla, IIlb, and Illc are shown.
Abbreviations as in Fig. 9.1.

appears to be regulated in a tissue-specific manner (44-46). Although the
expression patterns of FGF receptor 1, 2, and 3 are distinct, analysis of this
splicing event demonstrates that utilization of either the “b” or “c” exon is
dependent on the identity of the cell that synthesizes the mRNA. The “b”
exon appears to be expressed in epithelial lineages, while the “c” exon is
expressed in mesenchymal lineages (43, 44, 47). Thus, the exon that is
utilized during mRNA splicing reflects the cells relationship to mesodermal
and ectodermal lineages.

The tissue-specific expression of FGF receptor splice variants and of
individual FGF ligands are critical elements that regulate the activation of
the FGF receptor signaling pathways. Both misexpression of an FGF ligand
or aberrant splicing of an FGF receptor can result in the activation of an
autocrine signaling pathway and ensuing uncontrolled cell proliferation.
For example, NIH3T3 fibroblasts normally express keratinocyte growth
factor (KGF/FGF-7) and the “c” splice forms of FGF receptors 1 and 2.
These cells do not exhibit a transformed phenotype because FGF-7 shows
no binding activity for “c” splice forms of FGF receptors. In contrast,
expression of the “b” splice variant of FGF receptor 2 in fibroblasts
establishes an autocrine signaling pathway and is transforming for these
cells (48). Switching in splice form expression from FGF receptor 2b to that
of FGF receptor 2c has also been implicated in the progression of prostate
cancer from a nonmalignant, stromal-dependent, epithelial tumor to an
invasive, stromal-independent, undifferentiated tumor (44). This splice
form change alters the ligand-binding profile of FGF receptor 2 for both
FGF-2 and FGF-7, and is likely to contribute to the stromal-independence
of the tumor. Concomitantly with this FGF receptor 2 isoform switch,
upregulation of alternative ligands such as FGF-2 have been observed
within these epithelial cells. This expression of alternate ligands by the
tumor itself may induce a stimulatory autocrine loop that can also lead to
tumor cell autonomy (44).
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Ligand-Binding Specificities

Receptor-binding specificity is an essential mechanism for regulating FGF
activity and is regulated by both alternative splicing of the FGF receptor
and by sequence differences between the nine FGF ligands. Since the
discovery of FGF receptors, investigators have been attempting to deter-
mine which ligand-receptor pairs are biochemically functional. More im-
portantly, physiologically relevant ligand-receptor pairs must be identified.
Knowledge of the paired interactions between the nine known FGFs and the
major splice forms of the four known FGF receptors is essential to begin to
discern the functions of FGFs during development.

Most if not all FGF receptors bind FGF-1 (aFGF) with high affinity (13,
20-22, 24, 33, 34, 36, 49-54). FGF-1 thus appears to be a universal FGF
ligand and may functionally define a core binding domain of the FGF
receptor molecule. In contrast to FGF-1, the best example of a highly
specific FGF ligand is FGF-7 [keratinocyte growth factor (KGF)]. As
discussed above, this ligand interacts exclusively with the “b” splice forms of
FGF receptor 2 (FGF receptor 2b). However, FGF receptor 2b still can be
activated by a number of other FGF ligands, including FGF-1, FGF-3, and
FGF-4 (23, 38, 39). The ability to bind FGF-7 depends on the primary
sequence of the “b” exon of FGF receptor 2. For example, FGF receptors 1b
and 3b cannot be activated by FGF-7 and do not bind this ligand. FGF
receptor 3 can, however, be engineered to bind FGF-7 simply by replacing
the carboxyl terminal sequence of Ig-like domain III with the corresponding
“b” exon of FGF receptor 2 (33). The “b” exons are poorly conserved
between FGF receptor 2 and FGF receptor 3 and the net effect of FGF
receptor 2 “b” exon sequence is to permit FGF-7 binding. One study using
FGF receptors 1 and 2 indicates that additional sequences located in Ig-like
domain II may also be required for FGF-7 binding (53). However, a second
study demonstrates that FGF-7 binding only requires the “b” sequences
from FGF receptor 2 (55). The requirement for Ig-like domain II sequence
for FGF-7 binding will need further evaluation. The construction of
chimeric molecules between FGF receptors 1 and 3 should help to resolve
this issue.

The above-mentioned experiments suggest that the mechanism by which
the FGF receptor 2 “b” exon confers FGF-7 binding is by allowing direct
positive contacts between the FGF receptor and FGF-7. However, addi-
tional experiments utilizing tryptic digests of the FGF receptor 2 extracel-
lular domain suggest that “b” sequences may function by masking a short
conserved sequence (SD(P/A)QP), which may specifically block the
binding of FGF-7 (55). The resolution of these two models will require
specific mutations in the SD(P/A)QP sequence in an otherwise intact FGF
receptor.

Receptor activation assays can be used to determine ligand specificity.
Several cell types have been used to analyze the activity of expressed FGF
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receptors. These include Xenopus oocytes (42), CHO cells (56), L6 myo-
blast cells (21), MM 14 myoblast cells (57, 58), Rat-2 cells (54), FDCP1 cells
(54, 59), and BaF3 (24) cells. FDCP1 and BaF3 cells have the advantage of
being dependent on interleukin-3 (IL-3) for growth. When expressing an
FGF receptor, these cells can be made dependent on FGF for growth in the
absence of IL-3. Table 9.1 shows a summary of the activity of the nine
known FGF ligands and the alternatively spliced variances of the four
known FGF receptors. These data demonstrate that all FGF receptors can
be activated by FGF-1 (20, 33, 37-39, and unpublished data). In contrast,
FGF-7 only activates the “b” splice forms of FGF receptor 2, while FGF-3
can activate the “b” splice forms of both FGF receptor 1 and FGF receptor
2 (39). The most specific receptor thus far identified is the “b” splice form
of FGF receptor 3, which is activated only by FGF-1 and FGF-9 (38). The
diversity in the binding specificity of FGF receptors and FGF clearly can
lead to a large combinatorial set of possible interactions. In addition to the
combinatorial interactions shown in Table 9.1, the possibility exists that
heterodimers can form between FGF ligands and between FGF receptors.
Heterodimers may further increase the repertoire of interactions between
FGFs and FGF receptors. Furthermore, the interactions of FGF ligands
with heparan sulfate proteoglycans may further affect or modulate speci-
ficity toward specific FGF receptors. These in vitro studies should lay the
groundwork for determining specificity in FGF signaling. The important
next step will be to determine physiologically and pathophysiologically
relevant ligand-receptor pairs.

Glycosaminoglycan Interactions

For many years it has been known that FGFs bind the glycosaminoglycans
heparin and heparan sulfate (3, 60). Heparin is a heterogeneously sulfated
polysaccharide consisting of repeating disaccharide subunits of hexuronic
acid and p-glucosamine. Heparin can stabilize FGF from both proteolytic
and thermal degradation (61, 62). Additionally, bFGF is thought to
undergo a conformational change upon binding to heparin (63). Heparan
sulfate proteoglycans (HSPGs) are located on the cell surface and within the
extracellular matrix. HSPGs serve as “low-affinity” (K, = 10~° M), high-
capacity, cell-surface FGF binding sites (60). The interaction of FGF with
HSPGs has been established by demonstrating decreased binding of FGFs
to cells deficient in cell-surface heparan sulfate (HS) (18). Additionally,
treating cells with heparin-degrading enzymes or with inhibitors of sulfation
decreases their ability to bind and respond to FGFs (64, 65). The affinity of
FGFs for heparin-like molecules may severely limit the diffusion and release
of growth factor into interstitial spaces (60, 66). FGFs may therefore exert
their effects very close to their site of production, making the spatial and
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temporal patterns of expression of FGFs and FGF receptors an important
biologic regulatory mechanism.

Recently, heparin and heparan sulfate proteoglycans have been directly
implicated in the mechanism by which FGF activates the FGF receptor. In
heparan sulfate proteoglycan-deficient cells that express FGF receptor 1,
high-affinity FGF binding (K; = 2-20 X 10~ M) requires heparin in the
binding media (18, 64). Furthermore, heparin is required for FGF to bind
to a soluble FGF receptor in a cell-free system and for FGF to activate its
receptor when expressed in growth factor (IL-3) dependent lymphoid cell
lines (20, 24, 33). The mechanism by which FGF interacts with its receptor
may involve the formation of a low-affinity complex between FGF and the
FGF receptor, which can then be stabilized by heparin. The increase in
affinity between FGF and the FGF receptor in the presence of heparin is
estimated to be approximately 4- to 10-fold (67, 68). Kinetic measurements
demonstrate that heparin decreases the dissociation rate between FGF and
the FGF receptor (by 22.7-fold) with little effect on initial binding (69).
Consistent with these data, maximal DNA synthesis requires a minimum
FGF exposure of 12 hours (70). This observation suggests that stable
FGF-FGF receptor complexes are important for signaling a mitogenic
response. However, in such mitogenic assays additional factors, such as
FGF stability, must also be considered. Notably, transient activation of the
FGF receptor (assayed by immediate early gene induction) may occur in the
absence of heparin (67). Together, these studies suggest that to fully activate
the FGF receptor a trimolecular complex forms between FGF, the FGF
receptor, and heparin, but that in the absence of heparin less stable
complexes between FGF and FGF receptor can still form resulting in partial
receptor activation.

Heparin and heparan sulfate are very heterogeneous oligosaccharide
polymers varying in molecular weight from 5000 to 100,000 kd (71). To
understand the mechanism by which heparin activates FGF, binding and
mitogenic assays have been used to examine both synthetic and size-
fractionated heparin oligosaccharides for biologic activity. Size-
fractionated heparin oligosaccharides, derived from chemically cleaved
heparin, containing at least 8 to 10 sugar residues retain nearly full biologic
activity, whereas heparin oligosaccharides containing six or fewer sugars are
inactive (24, 72, 73). Tetra-, penta-, and hexa- saccharides derived from
heparin nevertheless can bind to FGF and compete with its binding to native
heparin and to heparan sulfate proteoglycans (73-76). Surprisingly, syn-
thetic heparin oligosaccharides containing as few as two to three sugar
residues also retain significant biologic activity (25). These synthetic
heparan-derived di- and trisaccharides, heparin, and heparin-derived octa-
saccharides (and larger fragments) all bind to FGF, induce the formation of
FGF dimers, and lead to FGF receptor dimerization (24-26; D. M. Ornitz
and J. Xu, unpublished data).
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Because dimerization of receptor tyrosine kinases is a necessary step for
the activation of downstream signal transduction pathways (77), it is
necessary to explain the activity of both large heparin fragments and small
oligosaccharides in terms of ligand and receptor dimerization. Ligand
dimerization assays demonstrate that heparin, a heparin-derived hexadeca-
saccharide, and a heparan-derived trisaccharide can all induce FGF dimer-
ization (24-26). A crystal structure of FGF with a synthetic heparan-derived
trisaccharide shows that the trisaccharide binds at a previously identified
heparin-binding site (site 1 in Fig. 9.3) and to two additional binding sites
forming a dimer interface between two FGF molecules (at site 2 and 2’ in
Figs. 9.3 and 9.4). The role of trisaccharide binding may be to stabilize this
dimer interface (25). In contrast, larger heparin molecules may have the
same net effect on FGF; however, they may tether two FGF molecules
together in a functional dimer using binding site 1 on respective FGF
molecules (Fig. 9.4). Intermediate-sized heparin molecules (tetra- to hexa-
saccharides) that are inactive may be too large to bind in the dimer interface
(site 2, 2') yet too small to bridge two FGFs at site 1 (R. Sasisekhasam,
personal communication) (Fig. 9.4).

In addition to the interactions between heparin and FGF it is also possible
that heparin may bind directly to the FGF receptor, thus directly stabilizing
FGF-FGF receptor interactions (78); however, the ability of heparin to bind
directly to native FGF receptors is still controversial (25). Regardless of the
precise mechanism, heparin and heparan sulfate proteoglycans appear to be
essential modulators of FGF activity. Factors that affect proteoglycan
biosynthesis and degradation may therefore also modulate FGF activity in
vivo.

Ficure 9.3. Crystal structure of FGF-2 complexed with a heparan-derived synthetic
trisaccharide. Two FGF molecules are shown as ribbon diagrams. Each of these
FGF molecules have three binding sites for trisaccharide (shown as a stick figure).
Two of the binding sites (2 and 2) participate in the formation of a dimer interface
between two FGF molecules.
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Ficure 9.4. Model for the dimerization of FGF-2 in the presence of (A) synthetic
trisaccharides or (B) heparin-derived oligosaccharides. Trisaccharides can fit within
a pocket formed by two FGF molecules at binding sites 2 and 2'. Octasaccharides are
large enough to tether two FGF molecules together at site 1. Tetra- to hexasaccha-
rides can bind to site 1 but cannot link two FGF molecules. These intermediate-sized
oligosaccharides may be too large to fit within the binding pocket formed by site 2
and 2.

Signal Transduction

Following ligand binding and receptor dimerization, autophosphorylation
activates the FGF receptor and allows it to bind to and transphosphorylate
intracellular signal transduction proteins (79). The two primary pathways
activated by FGF receptors are the Ras-Raf-MAP kinase pathway and the
phospholipase C-y (PLC-y) pathway (80-84). PLC-v is directly recruited to
the intracellular domain of the FGF receptor through the binding of its SH2
domain to phosphorylated Tyr 766 (85). Src homology 2 (SH2) domains are
protein domains that have evolved to recognize specifically phosphorylated
tyrosine residues and their C-terminal sequence context {86). Recruitment
of PLC-v results in the activation of protein kinase C and an increase in
intracellular Ca?* (82). However, mutation of Tyr 766 to Phe prevents
recruitment of PLC-v to the FGF receptor without affecting FGF-induced
mitogenesis, or FGF-induced cell differentiation, suggesting that the PLC-
vy-dependent pathway may control cellular responses other than mitogenesis
(81, 82, 87). Interestingly, recent results by Huang et al. (88) demonstrate
that stimulation by FGF of cells expressing Tyr766Phe mutated FGF
receptors causes an approximately threefold reduced activation of Raf-1
and MAP kinase relative to activation levels found in cell expressing
wild-type FGF receptors, indicating a possible link between phosphatidyli-
nositol hydrolysis and the MAP kinase pathway.

One mechanism by which the FGF signal may also be relayed to the MAP
kinase cascade is via the activation of the guanosine triphosphate (GTP)-
binding protein Ras (89). By analogy with other growth factor receptor
tyrosine kinases, activation of FGF receptors may stimulate the formation
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of a complex consisting of the protein SHC (Src homologous and collagen),
GRB-2, and the Ras activator protein mSOS (90). Ras-GTP then recruits the
serine/threonine kinase Raf-1 to the plasma membrane, where Raf-1 be-
comes activated and promotes the sequential activation of the cascade of
protein kinases (91). Although FGF-induced phosphorylation of SHC has
been demonstrated, direct binding of SHC to the receptor has not (87).
Moreover, recent reports suggest that activation of MAP kinases in the FGF
system may involve yet uncharacterized pathways (83, 84, 92). For example,
studies of the SH2-containing protein tyrosine phosphatase Syp and its
involvement in Xenopus development showed that Syp signals upstream of
the MAP kinase and downstream of the FGF receptors. However, no direct
binding of Syp to the FGF receptor has been demonstrated, suggesting that
interaction with yet unidentified proteins may be required.

Other proteins such as the protein tyrosine kinase Src (92) and phospho-
lipase A, (83) have been shown to be involved in or associated with FGF
signal transduction pathways. Association of Src with activated FGF
receptors may be responsible for the tyrosine phosphorylation of cortactin
during the middle to late G, phase of the cell cycle. Activation of cytosolic
phospholipase A, by FGF may be a result of MAP kinase activation and is
responsible for the release of arachidonate in endothelial cells.

The overall picture of signal transduction by FGF that emerges from
these studies is that of a diversified range of pathways, reflecting the
diversity of structures and biologic functions that characterize FGF and
FGF receptors. The ability of FGFs to regulate mitogenic response,
differentiation, and embryonic patterning may involve any or all of these
signaling pathways or novel pathways. Importantly, sequence differences
between the four FGF receptors, as well as alternative splicing, may
significantly affect their ability to transmit a signal in diverse cell types and
to interact with diverse signaling pathways (40; Ornitz, unpublished data).

Cell Growth and Development

The biologic response to FGFs vary depending on the cell type, tissue, and
developmental stage. FGFs are required for survival and growth of 3T3 cells
(93), endothelial cells (94), and receptor-expressing lymphoid cells (20, 24,
54). In primary culture FGF-2 is a necessary mitogen for growth plate
chondrocytes and also functions to inhibit their terminal differentiation
(95-97). In tissue culture, FGFs induce cells of neuroectodermal origin to
express a more mature neuronal phenotype (98-102). FGF-2 is also effective
in maintaining certain hematopoietic lineages in long-term primary bone
marrow culture (103) and promotes the survival and possible differentiation
of hematopoietic progenitor cells in vitro (104). FGF receptors 1 and 2 are
expressed in some myeloid, erythroid, and megakaryocytic cell lines (95)
and may therefore play a role in the growth and differentiation of these
lineages. These diverse types of responses to FGFs (cell growth, survival,
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and differentiation) may result from the activity of alternative initial
signaling pathways in different cell types, or from committed cells re-
sponding differentially to a common initial signaling pathway.

A large body of evidence shows that FGF pathways are essential for
vertebrate embryogenesis. Early in development, FGF-2, FGF-3, and
FGF-4 induce ventral mesoderm in Xenopus embryos (8, 11). Later in
development, several studies demonstrate that FGF-2, -4, and possibly -8
are essential for limb development, a paradigm for patterning complex
structures (105-108). Targeted disruptions of FGFs in mice also demon-
strate that these growth factors are essential for cell growth and develop-
ment. In mice homozygous for a disruption in the FGF-3 gene, inner ear
defects as well as caudal vertebral defects are observed (109), suggesting
that (a) FGF-3 may affect the rate of growth of cells that give rise to the tail
bud; (b) FGF-3 may affect the relative rates of proliferation of cells within
developing vertebrae; or (¢) FGF-3 may affect the intercalation of meso-
dermal cells into the developing vertebral column (109). The inner ear
phenotype may signify a role for FGF-3 in the induction of the endolym-
phatic duct from sites of FGF-3 synthesis in the hindbrain or in the otocyst.
A null mutation in the FGF-5 gene results in viable mice with the surprising
phenotype of long hair (110). This phenotype is identical to that seen in the
angora mouse. Not surprisingly, careful analysis of the angora mutation
revealed a deletion in the FGF-5 gene. Analysis of both the angora mouse
and the FGF-5 null mouse suggests that FGF-5 is an essential regulator of
hair cell growth, possibly by affecting the transition from an actively
growing hair follicle to the stage of hair follicle regression (110, 111). Unlike
with FGF-3 and FGF-5, a null mutation in the FGF-4 gene results in
embryonic lethality (112). FGF-4 null embryos die shortly after uterine
implantation. Examination of FGF-4 null blastocysts demonstrated poor
proliferation of the inner cell mass. Because of this early embryonic
lethality, roles for FGF-4 later in development remain unresolved and will
need to be addressed by other means.

FGF receptor activity has been examined in mice by expressing dominant
negative receptors using tissue-specific promoters and by modifying the
endogenous genes by homologous recombination. A null mutation in the
FGF receptor 1 gene results in early embryonic lethality (113, 114). These
mice die around the time of gastrulation. Analysis of these animals
demonstrate possible patterning defects in axial structures as well as general
growth retardation. A null mutation in FGF receptor 2 (C. Deng, personal
communication) also results in embryonic lethality. Embryonic death
occurs in mid-gestation embryos; however, the precise etiology has not been
determined. Null mutations in the FGF receptor 3 gene (J. Colvin, B.
Bohne, and D. M. Ornitz, unpublished data) are viable; however, these
mice develop severe defects in bone and cartilage growth and in the
development of the organ of Corti of the inner ear. Unlike FGF receptors
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1 to 3, null mutations in FGF receptor 4 (C. Deng, personal communica-
tion) demonstrate no apparent abnormalities.

Because null mutations in FGF receptors 1 and 2 result in embryonic
lethality, other approaches are required to study the role of these receptors
later in development and in adult physiology. The expression of dominant
negative forms of the FGF receptors using tissue-specific promoters has
been particularly informative. Targeting a dominant negative FGF receptor
to the developing lung has revealed an essential role for FGF receptor 1 in
branching morphogenesis (115). Targeting dominant negative forms of
FGF receptors 1 and 2 to skin using keratin 10 and 14 promoters,
respectively, has revealed a role for FGF signaling in epithelial development
and wound healing (116, 117).

FGF Receptor Mutations in Human Disease

Recently, several human genetic diseases have been identified as having
point mutations in the genes encoding FGF receptors 1, 2, and 3 (Fig. 9.5).
These disorders result in the skeletal dysplasia syndromes: hypochondro-
plasia (Hch) (118), Achondroplasia (Ach) (119, 120) thanatophoric dys-
plasia (TD) (121), Crouzon syndrome (CS) (122, 123), Pfeffer syndrome
(PS) (123-127), Jackson-Weiss syndrome (JWS) (128), and Apert syndrome
(AS) (129). All these mutations are dominant and inheritable and can occur
de novo.

D PS cs D
(FGFR3) (FGFR1) (FGFR2) cs (FGFR3)
R248C P252R vazec  (FGFHZ) x807R,C,G

/ (FGFR3)
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E i A344G

Ficure 9.5. Mutations in the FGF receptor genes in human skeletal dysplasia. The
FGF receptors involved are indicated (FGFR1, FGFR2, FGFR3). The specific
syndrome (Ach, achondroplasia; AS, Apert syndrome; CS, Crouzon syndrome;
Hch, hypochondroplasia; JWS, Jackson-Weiss syndrome; PS, Pfeiffer syndrome;
TD, thanatophoric dysplasia) and the point mutation are indicated. The structural
features of the FGF receptor gene are the same as in Fig. 9.1. The stippled line at the
c-terminus represents an extension of FGF receptor 3 caused by a stop-codon
mutation in some cases of TD.
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Hch, Ach, and TD all result from dominant mutations in the FGF
receptor 3 gene that maps to human chromosome 4p16.3 (118, 120, 121).
Hch is a mild and relatively common skeletal disorder with clinical features
similar to that of Ach. Ach, the most common form of genetic dwarfism,
arises de novo in 20% of cases. Ach is characterized by rhizomelic
shortening of the proximal, and to some extent, distal long bones. The
cranium of Ach patients is characterized by frontal bossing, and the face is
characterized by a depressed nasal bridge. Histologic examination reveals
well-organized endochondral ossification (130). However, the rate of
endochondral growth relative to periosteal ossification may be decreased.
Rare homozygous cases of Ach usually result in neonatal lethality. These
patients have similar features to that of Ach patients, except significantly
more severe. Histologically, the endochondral growth zone is disorganized
and narrow (131). However, other cartilaginous regions appear normal.

TD results from three dominant mutations in the FGF receptor 3 gene
resulting in three closely related syndromes (121, 132). TD is the most
common lethal-neonatal skeletal disorder and is clinically similar to ho-
mozygous Ach (133). Histologic analysis of TD growth plates indicates an
abnormal ossification process. Islands of ossification form within the
cartilaginous matrix of the growth plate (133). The common features of
these syndromes and their increasing degree of severity suggests that these
mutations in the FGF receptor 3 gene affects the activity of FGF receptor 3
in a graded and dose-dependent manner, with Hch < Ach < homozygous
Ach = TD.

PS, CS, JWS, and AS are clinically distinct syndromes characterized by
craniosynostosis (premature closure of the sutures), distinct facial features,
and variable phenotypes in the distal limbs. PS and JWS are characterized
by broad thumbs and toes, whereas CS patients do not have limb
abnormalities (134). Interestingly, a single point mutation at cys-342 of the
FGF receptor 2 gene results in a phenotype characteristic of either PS or CS.
However, families with this mutation breed true with respect to the PS or
CS phenotypes. Therefore, modifier loci may be involved in the pathogen-
esis of these syndromes (123).

The human genetic disorders caused by mutations in the FGF receptors
implicate the skeleton as an important target for the action of FGFs. FGF
receptors are highly expressed in chondrocytes and their mesenchymal
precursors. During limb morphogenesis, FGFs are found to have essential
roles both in the progressive elongation of a developing limb and in the
maintenance of spatial clues leading to the correct anatomic pattern of the
limb. An abundance of evidence demonstrates that these effects of FGFs
are transmitted and augmented through feedback signaling loops. Although
incompletely defined, these circuits require BMP-2 (bone morphogenetic
protein) for normal development (105, 106, 135-138). Similar feedback
loops involving BMPs exist during the development of the vertebral
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column, perhaps suggesting a role of FGF receptors in the formation of the
axial skeleton.

All of the identified mutations in FGF receptors 1 and 2 and one of the
mutations identified in FGF receptor 3 are located in the extracellular
region (Fig. 9.5). These mutations are clustered into two locations—the
linker region between Ig-like domains II and III and the region surrounding
the carboxy terminal part of Ig-like domain III. This clustering of point
mutations in three different FGF receptors suggests that these sites are
particularly important for regulating FGF receptor activity. It is likely that
these mutations either change ligand-binding specificity, change ligand
affinity, or modulate receptor dimerization and subsequent activation.
Because all of these mutations are dominant the net effect of these
mutations is likely to be a gain of function. However, if some of these
mutations decrease ligand binding, they may function as dominant negative
mutations. Biochemical analysis of these mutations should be able to
distinguish between these mechanisms. In FGF receptor 3, but not in FGF
receptors 1 and 2, point mutations have also been found in the transmem-
brane and intracellular region. The transmembrane mutation is likely to be
activating because a similar mutation in the neu receptor tyrosine kinase is
activating and results in cell transformation (139, 140). The intracellular
mutations in FGF receptor 3 may also be activating or may alter substrate
specificity. The discovery of several mutations in the intracellular region of
FGF receptor 3 suggests that the signal transduction activity of this receptor
may be particularly sensitive to specific downstream signaling molecules.
This is consistent with the observed decreased signaling capacity of FGF
receptor 3 (compared with FGF receptors 1 and 2) in BaF3 cells.

Conclusion

Mutations in both FGFs and FGF receptors demonstrate that FGF signaling
pathways are essential for both embryonic development and for normal
adult physiology. FGFs are important regulators of angiogenesis and
wound healing. When inappropriately expressed, some FGFs cause cancer.
The nine ligands and four receptors in this family form a complex signaling
array. Not surprisingly, several mechanisms have evolved to regulate FGF
signaling. These include cell type-specific alternative splicing of receptors,
cell type-specific expression of receptors and ligands, selective binding of
ligands to receptors, a glycosaminoglycan (GAG) cofactor requirement for
ligand binding, and multiple signaling pathways that are differentially
activated by the FGF receptors. Future studies will have to address the
biochemical mechanisms regulating FGF receptor activity at all of these
levels. Physiologically and pathophysiologically relevant ligand-receptor
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pairs will need to be identified and pharmacologic modulators of FGF
activity will need to be developed.
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Arginine and Nitric Oxide (NO)
Interactions in the Healing Wound

JorGe E. ALBINA

The appearance, accumulation, degradation, and biologic activity of dif-
ferent cytokines at sites of injury and inflammation have attracted consid-
erable attention. These signal peptides synthesized by inflammatory cells
are justifiably thought to convey fundamental intercellular messages that
regulate the process of repair.

The presence of cytokines is not, by any means, the only distinctive
feature of the extracellular space of wounds. It has been shown in this
regard that wound fluid is a veritable “third space” that, among other
distinctive features, contains less glucose and oxygen, more lactate, and a
different amino acid composition than plasma (1). These compositional
differences between plasma and wound fluid reflect specifics of substrate
flux between both compartments and the local metabolism of plasma-borne
substrates by the inflammatory cells of the wound. Most importantly, it
appears that some of the substrates and metabolites accumulating in the
wound space share with the cytokines the ability to elicit specific cellular
responses and are, thus, coregulatory of repair.

The amino acid composition of wound fluid differs from that of plasma.
Most prominent among the specific alterations in amino acid composition
that distinguish wound fluid are those resulting from the expression of two
different enzymes of arginine metabolism —arginase and nitric oxide syn-
thase—in the wound space (2, 3). Evidence recently obtained indicates that
molecules with potential regulatory roles to the process of repair are derived
from the local metabolism of arginine within the wound through these two
enzymes.

The nitric oxide synthases (NOS) catalyze the catabolism of arginine to
citrulline and NO, this last a short-lived moiety associated with a variety of
biologic effects (reviewed in 4). Arginase, while also utilizing arginine as a
substrate, results in the formation of different products: ornithine and urea.
This chapter presents current knowledge on the expression of both path-
ways in wounds and discusses their potential relevance to the process of
tissue repair.
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Most of the data reported here were obtained from experimental wounds
in rats. The presence of these distinct enzymes of arginine metabolism and
the particulars of their temporal segregation have not been investigated in
humans to any significant extent. Results, then, that form the basis of this
chapter were obtained mainly from the dead-space wound created in rats
through the subcutaneous implantation of sterile polyvinyl alcohol sponges
(2). This model allows for the harvesting of the sponges and subsequent
isolation of viable wound cells or of wound fluid over time. Data to be
shown are not unique to this model. Almost identical findings were
obtained in muscle wound models or using the Schilling-Hunt stainless steel
mesh cylinder (2).

Examination of extracellular fluid obtained from these experimental
wounds provided evidence for the temporally restricted expression of NOS
and arginase that was mentioned earlier. Evidence in this regard was given
by changes in the concentrations of arginine and its enzyme-specific
metabolites in wound fluid over time that are shown in Figure 10.1. Data in
this figure, derived from wound fluid and plasma obtained from animals
with implanted polyvinyl alcohol sponges, show that wound fluid and
plasma arginine concentrations are lower than the normal fasting plasma
arginine level in the rat (approximately 200 xM) for the initial 12 hours after
wounding. While the arginine plasma concentration returns to normal by 24
hours, that in wound fluid remains below the corresponding plasma
concentration for 72 hours. Following a brief period of identity between
plasma and wound fluid arginine levels, the concentration of this amino
acid in wound fluid decreases progressively and profoundly. In many
experiments arginine is undetectable in wound fluid harvested 10 to 15 days
after injury (3).

An explanation for the early (6 to 72 hours after wounding) decline in
wound fluid arginine concentration is given by the accumulation of
citrulline and NO, ™, two metabolites of the NOS reaction, in wound fluid.
The late and persistent reduction in arginine content appears to be explained
by its local metabolism through arginase. This is so because ornithine, the
product of arginine metabolism through arginase, accumulates in wound
fluid to concentrations almost sixfold those found in normal rat plasma.
Moreover, analysis of wound fluid also revealed the presence and accumu-
lation of arginase activity, most prominently in wounds harvested from day
5 after injury (3).

That the composition of wound fluid accurately reflects the local
metabolism of arginine in the wound at the different time points was
established using whole sponge cultures. In these experiments, the previ-
ously implanted sponges were harvested over time and cultured in media
containing surfeit arginine (4 mM). Results obtained, shown in Figure 10.2,
closely resemble those from wound fluid analysis in that citrulline accumu-
lates only in cultures of sponges harvested during the initial 24 to 48 hours
after injury and ornithine in cultures of sponges obtained at later times.
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Ficure 10.2. Arginine metabolism by wounded tissue. PVA sponges implanted in
rats were harvested at the times indicated in the figure and cultured in media
contairing 4 mM arginine. The concentrations of ornithine and citrulline in culture
supernatants were determined at the end of a 6-hour culture.

Additional experiments included [guanido-'*-L-arginine in similar sponge
cultures. This approach takes advantage of the specific distribution of label
among metabolites that results from the metabolism of arginine through
NOS or arginase. Arginine labeled as indicated and metabolized through
NOS will only give rise to radiolabeled citrulline and, when processed
through arginase, only to radiolabeled ornithine. These wound culture
experiments confirmed that the pattern of arginine metabolism discerned
through changes in its concentration and those of its metabolites in wound
fluid revealed the metabolic capacity of the wound cells since radiolabeled
arginine was mainly converted to radiolabeled citrulline in sponges less than
2 days old, while older wounds processed labeled arginine exclusively to
ornithine.

Which cells are responsible for the temporally restricted expression of
these two different enzymes of arginine metabolism in the wound? It
appears that polymorphonuclear (PMN) leukocytes can explain the early
expression of NOS. This is so because PMNs harvested from wounds within
2 days of injury account for over 95% of all cells present in the wound at
the time, contain immunoreactive inducible NOS, and can express it in
culture by converting labeled arginine to labeled citrulline. Evidence for
NOS activity is temporally restricted to the period of the initial PMN
infiltrate in wounds, and is found in other examples of acute PMN
infiltration like that which occurs in the lungs following sublethal endotoxin
administration, where the activity of NOS in the tissues is increased for less
than 24 hours (5).
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The production of NO by the PMNs that constitute the very early
inflammatory infiltrate of the wound could explain some of the events
known to follow tissue injury. It is reasonable, for example, to propose that
NO-mediated vasodilatation could mediate the hyperemia associated with
the acute inflammation. Additionally, it has been reported that inhibitors of
NOS suppress the appearance of edema following the injection of substance
P (6), carrageenan, or dextra (7), thus supporting a role of NO in the
development of Celsus’s tetrad at the site of injury. Contrasting with this
proinflammatory role of NO in early repair, NO also reduces platelet
aggregation and adhesiveness (8), leukocyte adherence to vascular endo-
thelia (9, 10), and microvascular permeability (11). Inhibition of NOS in
PMN:ss in vitro was also shown to result in an increase in the expression of
the adhesion molecules CD11/CD18 (9). These effects of NO could be
interpreted as potentially downregulatory of inflammatory responses. Fur-
ther work is needed in this area to fully understand the specific role of
PMN-derived NO in the early stages of inflammation and repair.

There is controversy regarding the end result of the reaction of NO with
other reactive species, most particularly with O, . In combining, NO and
O, result in the production of peroxynitrite (ONOO) (12-16). This
reaction occurs with extraordinary velocity, with a rate constant ap-
proaching the diffusion-controlled limit. In fact, the affinity of NO for O,
is larger than that of the former for heme compounds and the latter for
superoxide dismutase. As a result of their reaction, then, NO and O, can
be mutually eliminated. Indeed, evidence in the literature demonstrates that
O, scavengers, for example, can enhance the biologic activity of NO by
prolonging its half-life. In a similar fashion, NO can quench O, and thus
act as an antioxidant. The reaction, then, of NO and O, could serve to
decrease the biologic activity of both compounds. However, the product of
their reaction, ONOO, either by itself or through its putative by-products
OH’ or HOONO?®, is a potent oxidant that can attack a variety of biologic
targets. It appears, then, from the preceding discussion that local circum-
stances should determine the outcome of the concurrent production of NO
and O,~. It is quite easily conceivable that the PMNs accumulating in a
restricted area of injury or inflammation could produce sufficient NO,
0,7, or ONOQO to result in significant collateral damage to surrounding
tissues.

Returning to the biphasic pattern of arginine metabolism in the wounds,
arginase is the predominant, and almost exclusive, enzyme capable of
catabolizing this amino acid during the period of predominant macrophage
infiltration. Macrophages, in turn, are the most likely source of arginase at
that time. That macrophages contain this enzyme and that arginase activity
characterizes areas of chronic inflammation has long been known.

Edlbacher and Merz (17) first described in 1927 the presence of arginase
in granulation tissue. Dry and others (reviewed in 18) proposed an important
role for macrophage arginase in the regulation of immune responses. In this
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context, arginase actively secreted from macrophages would consume ex-
tracellular arginine at different sites and different circumstances of immune
activation, like those resulting from tumor development or parasitic or viral
infection. By catabolizing arginine to levels incompatible with the metabolic
requirements of the tumor cells or the infectious agents, arginase-dependent
arginine deprivation would limit tumor growth or assist in infection control.
Alternatively, macrophage-derived arginase could be immunosuppressive by
preventing lymphocyte proliferation, also through an identical mechanism
of substrate deprivation. Can a similar role be conceived for extracellular
arginase in wounds? First, work from this and other laboratories failed to
find evidence for the active secretion of arginase (18). While arginase has
been often listed as a secretory protein of macrophages, data obtained from
wounds correlates best with the hypothesis that the release of arginase from
macrophages is a by-product of cell lysis within the wound. This conclusion
emerges from the strict correlation of arginase activity in wound fluid with
the lactic dehydrogenase activity in the fluid, which is a clear marker for cell
lysis (3). It does not appear, then, that macrophage arginase release is a
specific response triggered by stimuli found in wounds. Second, while it is
conceivable that the low arginine content of the wound fluid could become
limiting for the proliferation of cells involved in the healing response, this
is contrary to the simple fact that fibroblasts are known to proliferate in
wounds. It can, however, be proposed that arginase activity and arginine
concentrations are not uniformly distributed throughout the wound. In this
connection, it has been clearly shown that oxygen tensions in a healing wound
change as a function of distance from neo-vessels (19). While the central,
macrophage-rich area of the wound is virtually anoxic, peripheral areas of
fibroblast proliferation and neovascularization contain higher tensions of
oxygen. It could, in a similar fashion, be that arginase activity mainly resides
in the macrophage core of the wound where it truly restricts fibroblast
proliferation and premature repair. Vessel-rich areas of active granulation
of the wound could possess, in contrast, less if any arginase and maintain
arginine concentrations sufficient to support reparative cell division.

A teleologic explanation for the high arginase activity in wounds can
alternatively be built on the role of one of its products, ornithine, in the
synthesis of collagen. In this connection, ornithine is a synthetic precursor
for proline. Due to the high proline and hydroxyproline content of collagen,
its accelerated synthesis during repair can be predicted to increase the local
demand for proline. It has been demonstrated that the size of the locally
available proline pool determines the rate of collagen synthesis in conditions
of rapid collagen deposition and that the local synthesis of proline from its
precursors, namely ornithine, glutamate, and glutamine, is accelerated
under these circumstances to accommodate the relative deficiency of
preformed proline (20, 21). It is conceivable, then, that a similar relative
proline deficiency exists in healing wounds, and that the massive production
of ornithine from arginine through arginase serves to alleviate this defi-
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ciency by the subsequent conversion of ornithine to proline. Indeed, results
reported from this laboratory confirmed that wound-derived fibroblasts
can take up and convert ornithine to proline and incorporate ornithine-
derived proline into secretory proteins (22). Therefore, arginase may
facilitate the process of repair by increasing the availability of ornithine for
its conversion and incorporation as proline into collagen.

While the examination of the amino acid composition of wound fluid
presents a tidy picture of early NOS activity and late arginase activity,
macrophages harvested from the wound produce abundant citrulline in
culture. Data in Table 10.1 show results of experiments where rat wound-
derived macrophages were harvested 10 days following injury; resident
peritoneal or C. parvum-activated peritoneal macrophages were cultured in
the presence of radiolabeled arginine for 24 hours. As can be seen in the
table, wound macrophages in culture were capable of producing more
citrulline than resident peritoneal macrophages and virtually as much as
their activated counterparts. Interestingly, while all three macrophage types
contain intracellular arginase activity, only wound-derived cells manifested
this enzyme activity in culture by producing radiolabeled urea from
radioactive arginine.

The preceding data indicate that wound macrophages, while fully capable
of expressing NOS in culture, do not appear to express this enzyme in
wounds in vivo. Several hypotheses were tested in investigating the lack of
NOS activity in macrophage-infiltrated wounds. The most obvious and
immediate was that the dramatic arginine depletion caused by its catabolism
by arginase deprived NOS of substrate. Indeed, culture of any macrophage
in arginine-deficient medium markedly reduces the amount of citrulline and
NO, ™~ produced. Wound cores are hypoxic-anoxic environments. Because
the synthesis of NO consumes molecular oxygen, it seemed reasonable to
predict that reductions in oxygen tension would decrease arginine flux
through NOS. Experiments performed, then, to explore the relationship
between oxygen availability and NO production demonstrated that culture
of macrophages obtained from wound or from the peritoneal cavity at
oxygen tensions below 37 torr (5% O,) reduced the production of NO and

TasLe 10.1. Arginine metabolism by wound-derived, resident peritoneal or
C. parvum-activated rat peritoneal macrophages.

Macrophage type Urea Citrulline
Wound-derived 4.5 £ 0.1 5.8 £03
Resident peritoneal 0.1 £ 0.1 1.4 £+ 0.1
C. parvum-activated peritoneal 0.1 £ 0.1 54 £ 0.5

Rat wound-derived macrophages harvested 10 days after injury and resident peritoneal or C.
parvum-activated peritoneal macrophages were cultured in media containing {guanido-'*C]-
L-arginine. The distribution of radiolabel into urea and citrulline was determined at the end
overnight culture. Data are nmol/h/10° cells and were calculated from the radioactivity in the
products and the specific radioactivity of arginine at the beginning of culture.
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that arginine flux through NOS was completely suppressed in anoxic
cultures (23).

These experiments provided additional fascinating information. Wound-
derived macrophages, but not resident or C. parvum-elicited peritoneal
macrophages, remarkably enhanced their arginase activity when cultured in
an anoxic environment (23). In regard to wound macrophages, therefore,
anoxia suppressed NOS activity both directly through lack of oxygen and
indirectly by accelerating arginine consumption through arginase. All
macrophage types studied enhanced their tumor necrosis factor-a (TNF-c)
and interleukin-6 (IL-6) release in anoxic cultures. Anoxia appeared thus to
provide some activating signal to the macrophages. Interestingly, and
connecting these findings with those in the literature, it has been shown that
anoxia promotes the release of angiogenic factors from macrophages and
that TNF-a may mediate angiogenesis (24, 25). Lastly, immunoblotting for
NOS in wound macrophages demonstrated that they contain little immu-
noreactive NOS when freshly harvested, that they increase their NOS
content during overnight culture, and that this increase is markedly
enhanced in anoxic cultures (23).

These findings warrant further discussion. First, they indicate that
culture in serum-free medium for less than 12 hours results in a manyfold
increase in the immunoreactive NOS content of the wound-derived macro-
phages. This increase does not appear to result from the adherence of the
cells to plastic since it also occurs in cells cultured in suspension. Studies
under way will explore whether it is the retrieval of the cells from the wound
environment that removes a suppressive signal curtailing the appearance of
NOS protein in the cells in vivo. The most likely candidates for such a
suppressive role are transforming growth factor-8 (TGF-8) and corticoste-
rone, both potent inhibitors of the induction of NOS. Their potential
suppressive role in vivo on the expression of NOS by wound macrophages
is currently being investigated. A second observation, derived from studies
using anoxic cultures, is that conditions inimical to the expression of NOS,
including anoxia, arginine deprivation, or the inclusion in culture media of
an inhibitor of NOS, lead to marked increases in the NOS content of the
cells. While evidence for a feedback inhibitory effect of NO on the activity
of NOS has been reported (26, 27), current data indicate that the production
of NO could actually lead to a decrease in the NOS protein of the cells. The
molecular level at which this control could be effected is presently being
explored.

Wound macrophages do not appear to express NOS in vivo, and multiple
elements, including extracellular arginase activity, a depleted arginine pool,
and hypoxia, virtually guarantee that little if any NO will be produced
during the macrophage phase of wound healing.

Work in progress indicates, in addition, that NOS can easily be induced
by interferon-y (IFN-y), TNF-a, and other cytokines in wound-derived
fibroblast. These cells, however, do not express NOS when freshly obtained
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from experimental wounds. Why is this so? NO has gained recognition as a
mediator of macrophage antitumor and anti-infectious actions. In this
connection, abundant data correlate the production of reactive nitrogen
intermediates by macrophages and their capacity to lyse or arrest the
growth of some tumor cell lines and to kill certain intracellular parasites. It
is, however, also true that NO is profoundly toxic for the cell that produces
it. Work from this laboratory has shown that the production of NO by
macrophages correlates with decreases in the production of O, , pha-
gocytic capacity, electron transport chain activity, and total protein syn-
thesis (28, 29). Moreover, continued production of NO by macrophages or
fibroblasts results in the death of the producing cells (30, 31). Beyond these
deleterious effects of NO on its producer cell, NO is immunosuppressive.
Evidence from this and other laboratories (32-35) indicates that macrophage-
derived NO suppresses T-cell proliferation and may even result in apoptosis
in the targeted lymphocytes. It may well be, then, that it is because of its
antiproliferative and cytotoxic activities that NO production in healing
wounds is significantly curtailed.

Conclusion

Arginine is the only amino acid whose utilization in wounds exceeds its
availability. It serves as a substrate to two distinct enzymes, NOS and
arginase, in a temporally segregated fashion. The early phase, characterized
by the presence of NOS, coincides with the appearance of PMNs in the
wounds. In this context, NO may serve to regulate acute inflammation.
Later, when macrophages populate the wound, arginase becomes the
predominant enzyme of arginine metabolism in wounds and by-products of
this reaction may support collagen synthesis in the wound. The expression
of NOS by wound macrophages is, as described above, severely curtailed
through a variety of mechanisms. These mechanisms may ensure that the
toxic effects of NO do not derail the process of repair.
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Endogenous Growth Factors and
Nutrients in the Healing Wound

WEs J. ArRLEIN AND MicHAEL D. CALDWELL

This chapter focuses on the temporal sequence of endogenous growth
factors and nutrients in the healing wound. We propose that the function
and proliferation of wound cells are dependent on the concentration of
substrates, hormones, growth factors, cytokines, matrix, etc. in the local
wound environment and less dependent on serum factors. The consistent
proliferative effect of early wound fluid and inhibitory effect of late wound
fluid is supportive of this hypothesis (1).

This stimulation of proliferation by wound fluid is consistent with
current concepts that extracellular factors determined whether quiescent
cells begin to proliferate and whether proliferating cells in the G, phase will
continue to cycle or become quiescent (2). The G, state of the cell cycle has
been divided into competence, entry, and progression subphases (3).
Competence has been produced in untransformed fibroblasts by platelet-
derived growth factor (PDGF) (4, 5). In the absence of amino acids the cell
cycle stops at the competence subphase (2). Competent cells progress
toward the S phase in the presence of epidermal growth factor (EGF),
insulin, - insulin-like growth factors, or plasma (4-7). Only insulin-like
growth factor-I (IGF-I) has been shown to be required for the progression
subphase of 3T3 fibroblasts (6, 7).

Although Carrell (8) first described the stimulation of fibroblast prolif-
eration by wound cells in 1922, only recently have the factors responsible for
this proliferation begun to be elucidated. Many of the cell cycle regulatory
growth factors and nutrients discussed above have been identified in wounds.
Classical metabolism and immunology has delineated altered fuel sources,
macromolecule synthesis, and amino acid metabolism in the wound. Anal-
ysis of temporal and spatial variations in messenger RNA (mRNA) and
protein using the newest developments in molecular biology and immunology
have sparked major advances in our understanding of growth factors in the
wound. To follow is both a review of what is currently known about the
endogenous growth factors and nutrients in the healing wound as well as an
analysis of the temporal relationships among these factors.

186
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Growth Factors

Epidermal Growth Factor

Epidermal growth factor (EGF) is a 53 amino acid polypeptide shown to
affect keratinocyte migration and stimulate DNA, RNA, and protein
synthesis in a variety of cell types (9). It was first identified in salivary
glands by Cohen (10) in 1962. As EGF is present in saliva and animals lick
their wounds, it has been postulated that EGF has a role in wound healing
(11). EGF is released by platelets, suggesting a role in early wound healing.
Exogenously applied EGF has been shown to speed epithelialization in burn
and surgical wounds (12-14).

We measured the time course of EGF messenger RNA in healing wounds
(15). Using the polymerase chain reaction (PCR), we detected message for
EGF in unwounded skin, polymorphonuclear leukocytes (PMN), and
wounded skin. The amount of message in scar varied over time with a
bimodal peak at a half day and 15 days post-wounding and a nadir at 3 days
post-wounding. Peaks of EGF message were considerably higher than
message in unwounded skin. Although PMNs expressed EGF message,
levels were much lower than in scar samples, making it unlikely that PMNs
contribute significantly to EGF expression in the wound.

Rappollee and colleagues (16) also examined EGF message in a wound
model. Glass adherent cells were isolated from Hunt-Schilling chambers 6
days after they were implanted subcutaneously. These adherent cells were
50% to 80% macrophages. Using PCR, this cell population was found to
express EGF message. However, no EGF transcript was found in either a
highly purified macrophage culture or in macrophage cell lines. These data
suggest non-macrophage adherent cells as the source of the EGF message.

Whereas EGF message has been found consistently in wounds, EGF
protein data is more equivocal. Ono and associates (17) in Japan measured
cytokines in wound fluid from human skin graft donor sites. EGF was
examined by human EGF (hEGF)-specific radioimmunoassay using anti-
hEGF serum developed by the investigators. Human EGF antibodies were
purified, *°I labeled, and used in a standard radioimmunoassay. No EGF
was identified in the donor fluid using this method. A major limitation of
these data is the absence of a positive control for EGF. Other cytokines were
measured in this study by standard commercially available immunoassays.

Grayson and colleagues (18) found appreciable levels of EGF in skin graft
donor fluid. Similarly to the study of Ono et al. (17), split-thickness skin
graft donor sites in humans were covered with an occlusive dressing.
Wound fluid was harvested on the first postoperative day and every day
thereafter until no more fluid could be obtained. EGF was measured by
standard enzyme immunoassay (mouse primary monoclonal, rabbit anti-
mouse peroxidase labeled secondary). EGF levels in donor fluid were
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elevated as compared with serum with a nadir at days 2 to 3 and peaks at
days 1 and 4 (Fig. 11.1).

Wenczak and colleagues (19) investigated EGF receptor (EGF-R) protein
in human burn wounds. Protein was detected by immunohistochemistry in
excised wound, both partial and full thickness. EGF-R was detected in the
migrating epithelial sheet and hair follicles in the early burn wounds. Late
burn wound showed less superficial staining but continued moderately
positive staining in sweat glands and hair follicles. EGF-R functional status
was confirmed by radiolabeled EGF binding.

From the above studies, we conclude that EGF is translated in the wound
with an initial early peak and a late peak. This EGF message is not
synthesized by wound macrophages or PMNs. As Ono et al.’s (17) study
may be flawed by lack of a positive control, we believe EGF protein is
present in wound fluid as demonstrated by Grayson et al. (18). EGF
product has a similar bimodal distribution to message with an early peak at
1 day and a nadir at days 2 to 3. EGF-R is prominent in the early burn
wound in the migrating epithelial sheet. The temporal correlation of
message and product for EGF suggests translation within the wound.

Fibroblast Growth Factor

Fibroblast growth factor (FGF) has both acidic and basic forms. Basic FGF
is the more potent and in general more studied of the two forms. Basic FGF
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Ficure 11.1. Each point represents the concentration of EGF measured from a
patient’s wound fluid on that particular postoperative day (POD). Horizontal lines
represent the mean values for all patients on that particular POD. Control serum
had no detectable levels of EGF. p < .007 for POD 4 compared with POD 2 and 3;
p = .05 for POD 1 compared with POD 2. (From Grayson LS, Hansbrough JF,
et al. Quantitation of cytokine levels in skin graft donor site wound fluid. Burns
1993;19(5):401-40S, with permission.)
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(bFGF) is a potent mitogen, angiogenic agent, and chemoattractant. It
affects all cells involved in wound healing (20). Basic FGF is stored in
inactive form in extracellular matrix and cell cytoplasm and in cell injury is
activated (Gibran). It does not have a signal sequence and thus is likely
released secondary to cell damage and subsequent cytolysis and proteolysis
(21). Normal skin contains bFGF and it immunolocalizes to the
dermal-epidermal junction, capillaries, and dermal appendages (22, 23).
Because it is found in normal skin and is released with injury, bFGF has
been postulated to play a prominent role in wound and burn healing.
Exogenous bFGF has been shown to accelerate dermal and epidermal
healing (24).

Werner and colleagues (25) measured mRNA in the healing wound for
the whole family of FGFs including acidic FGF, bFGF, keratinocyte growth
factor (KGF), and FGF3-6. They also investigated message for FGF
receptors (FGFR1-3). Message was examined by either RNase protection
or, for KGF and FGFR-2, in situ hybridization. RNA was obtained from
biopsies of full-thickness excisional wounds from a half day to 7 days after
wounding. Message for a-FGF, bFGF, FGF-5, and KGF were all increased
post-wounding as compared with unwounded skin. No message for either
FGF3, 4, or 6 was found in either normal or wounded skin. bFGF message
peaked at fourfold induction 5 days post-wounding. a-FGF, bFGF, and
FGF-5 message all returned to baseline 7 days post-wounding. Message for
KGF was induced 160-fold within 24 hours after wounding and was still
100-fold elevated 7 days post-wounding. FGFR message levels did not
change appreciably post-wounding. In situ hybridization for KGF and its
receptor (a splice variant of FGFR-2) showed KGF to be produced primarily
in the dermis and hypodermis and its receptor confined predominantly in
the epidermis.

Using Hunt-Schilling chambers, Steenfos and associates (26) investigated
endogenous growth factors (protein) in chamber granulation tissue. Basic
FGF was detected by immunohistochemistry in all types of inflammatory
cells. Staining was variable and predominantly cytoplasmic. Faint immu-
noreactivity in the extracellular matrix was present. Addition of exogenous
PDGF or EGF did not change the immunostaining intensity or location.
Kurita et al. also used immunohistochemistry to identify bFGF in the wound.
Their wound model was punch biopsies in mice. Contrary to Steenfos, they
found immunoreactive FGF in epithelial cells but not in the inflammatory
infiltrate. Given the pronounced staining of these inflammatory cells in vitro,
the authors suggest that the in vivo staining may somehow be masked and
likely varies depending on which bFGF antibody is used.

Gibran and colleagues (27) studied bFGF antigen using immunolocaliza-
tion as well. They investigated human excised burn wounds, both partial
and full thickness. Strong bFGF staining was found extracellularly in the
area of tissue destruction; no bFGF was in the extracellular matrix
containing viable cells or in normal skin. Intense staining was found days 4
to 11 post-burn (4 days was the earliest time examined) and was absent
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extracellularly 30 days post-burn. bFGF specificity was confirmed by
competition assays and Western immunoblot with three different anti-
bFGF antibodies.

Grayson and associates (18) also looked for bFGF in their covered skin
graft donor site model (see above for details). Donor site fluid contained
bFGF protein detected by enzyme immunoassay in 5 of 13 donor sites. No
variation with time in bFGF levels could be detected. Control serum had no
detectable bFGF.

Chen and colleagues (28) investigated the interrelationship between
fibroblast proliferation factors and urokinase production factors in the
wound. Their experimental model involved Yorkshire White pigs in which
full-thickness wounds were made, covered by an occlusive dressing, and
wound fluid underneath the dressing harvested. They found that whereas
the mitogen for fibroblasts in wound fluid was not effected by a neutral-
izing antibody to FGF, anti-FGF antibody neutralized urokinase produc-
tion. The wound urokinase production was heat labile, as is FGF.

From the above studies we conclude that both acidic and basic FGF are
transcribed within a few days post-wounding. This augmentation in tran-
scription, however, is relatively small compared with the massive 160-fold
KGF induction at 24 hours, implying that KGF has a large role in early
wounding and is likely translated in the wound. Basic FGF protein is found
in high concentration in areas of tissue destruction in burns and less
consistently in donor fluid. It likely is present in the inflammatory infiltrate,
although this finding is equivocal. As basic FGF is not secreted, its release
in early wound healing may be from cytolysis and it may therefore have a
larger role in wounds with extensive tissue destruction. FGF is responsible
for wound urokinase production.

Insulin-Like Growth Factor

The insulin-like growth factors (IGFs) consist of IGF-1 and IGF-2 and are
also known as somatomedins. They are polypeptide proteins of approxi-
mately 7500 daltons and are potent mitogens for many cells. Somatomedins
increase DNA synthesis and RNA synthesis and stimulate the transport of
amino acids and glucose into the cell (29). They are primarily under the
control of growth hormone in vivo, but do have other stimuli (30, 31).
IGF-2 has been found in high concentrations in fetal tissue and thus has
been proposed to be a fetal growth factor (32-35). Given their role as
mitogens, anabolic agents and collagen stimulators, they have been postu-
lated to play a role in wound healing.

Spencer and colleagues (36) investigated the role of somatomedins in
wound healing. They removed fibroblasts from Hunt-Schilling chambers 21
days post-subcutaneous implantation in the rat. Using solution hybridiza-
tion they found 15 IGF-I mRNA copies per cell in active fibroblasts inside
the chambers as compared with seven in less active fibroblasts outside the
chamber. By comparison, the liver, the largest producer of somatomedins,
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has 30 copies or IGF-I per cell. They also measured IGF-I protein using
radioimmunoassay as a function of time post-chamber implantation in the
rabbit. They found less IGF-I in wound fluid than in serum and no
variation in wound fluid levels over time.

Our group has also investigated IGF message in the healing wound. We
used two models —one sponge model (subcutaneously implanted sponges)
and one incisional (4 cm dorsal incision) —and measured IGF mRNA in the
cellular infiltrate and scar, respectively (37). Message was semi-quantitated
with PCR using [*H] deoxyguanosine triphosphate (dGTP). Both in the scar
and in the cellular infiltrate IGF-I message increased markedly over time,
with levels by day 3 post-wounding markedly higher than that in serum
(Figs. 11.2 and 11.3). PMN had a lower mRNA copy number than wound
fibroblasts derived from day 5 sponges. Two mRNA were found for IGF-2,
one expected at 383 base pairs (bp) and one unexpected at 650 bp. The
283-bp transcript increased markedly over time in both cellular infiltrate,
and scar and was significantly greater than in unwounded skin by day 5
post-wounding. The 650-bp fragment has fewer copies in the wound than in
normal skin.

Stefanos and colleagues (26) used immunohistochemistry to measure
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Ficure 11.2. The [PH] deoxyguanosine triphosphate (dGTP) incorporation for
IGF-1 message, expressed as cpm/ng ¢cDNA in the total cellular infiltrate. The
results show temporal variation with low levels at the early time points and higher
levels at later times points after wounding. Low copy number is also seen in PMN
and a higher level in fibroblasts (FIB). (From Grayson LS, Hansbrough JF, et al.
Quantitation of cytokine levels in skin graft donor site wound fluid. Burns 1993;
19(5):401-405, with permission.)
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Ficure 11.3. The [*'H]dGTP incorporation for IGF-1 message in the scar. The values
are from three animals assayed in triplicate. The relative copy number on day a half
wound and unwounded skin is less than that found on all other days and increases
over time.

somatomedins in granulation tissue. Using standard Hunt-Schilling cham-
bers implanted into rats, they harvested granulation tissue inside of the
chamber 14 days post-subcutaneous implantation. A polyclonal antibody
to IGF-I was strongly positive in fibroblasts and less so in macrophages,
endothelium, and smooth muscle cells. IGF-II immunoreactivity was
strongest in smooth muscle, less so in the other cell types. Both somatome-
dins had predominantly cytoplasmic staining.

From the above studies we conclude that IGF-I message is expressed in
the wound increasingly over time. Wound fibroblasts play a prominent role
in this IGF-I production. IGF-II transcripts also may increase in the wound
over time, although this finding is a bit more equivocal secondary to the
presence of two PCR transcripts. Both somatomedins are produced by cells
in the wound and fibroblasts are a major player in IGF-I production.
Wound fluid likely contains little wound cell derived IGF-I as less IGF-1 is
found in wound fluid than in serum.

Macrophage Colony Stimulating Factor

Macrophage colony stimulating factor (M-CSF) is a homodimer of two
identical polypeptide chains linked by a disulfide bridge. Varying degrees of



11. Endogenous Growth Factors and Nutrients 193

glycosylation result in molecular weights between 45 and 90 kd. The main
source of M-CSF is the monocyte or macrophage, although fibroblasts can
constitutively produce it. Although M-CSF stimulates macrophage colony
formation, its major role may be in stimulating the production of tumor
necrosis factor (TNF) and interferon and increasing macrophage cytotoxic
activity (38). ,

Ford and associates (39) have measured the stimulation of colony
formation by wound fluid. Using the colony-forming assay, they found
stimulation of colony production over that of serum on all days post-
wounding studied (days 3, 5, 8, and 13). Colonies were predominantly
macrophage colonies. Specific bioassays for multi-CSF [interleukin-3 (IL-
3)], granulocyte-macrophage colony stimulating factor (GM-CSF), and
granulocyte CSF failed to detect these factors. M-CSF levels as measured by
radioimmunoassay were high throughout the time period studied and could
account for all of the CSF bioactivity measured. Ford et al. concluded that
M-CSF likely has a prominent role in the healing wound.

Platelet-Derived Growth Factor

Platelet derived growth factor (PDGF) is one of several growth factors
contained in the a-granule of the platelet. It is a 30-kd basic protein
consisting of two peptide chains A and B, which form two homodimers (AA
or BB) or a heterodimer (AB) (40). PDGF is a mitogen and chemoattractant
for fibroblasts and smooth muscle cells. At low concentrations (0.5 to 1.0
ng/ml) it causes fibroblast migration, and at slightly higher concentrations
it causes fibroblast replication (41). A similar peptide is produced by
macrophages and endothelial cells (42-44).

Rappolee and associates (16) studied the production of PDGF message by
wound macrophages. As detailed above, they harvested cells from wound
cylinders in mice 6 days postimplantation. Glass adherent cells (mostly
macrophages) were analyzed by PCR for growth factor message. Wound
macrophages expressed PDGF-a mRNA. In addition they tested the
P388D1 macrophages cell line and thiogycollate-elicited mouse peritoneal
macrophages stimulated with lipopolysaccharide (LPS) and found they also
expressed PDGF mRNA.

Antoniades and colleagues (45) studied PDGF and PDGF receptor
(PDGF-R) messages by in situ hybridization using a Yorkshire pig partial-
thickness wound model. Fibroblasts and epithelial cells did not constitu-
tively express PDGF mRNA; fibroblasts normally express PDGF-R recep-
tor. They found marked increase in message in epithelial cells and
fibroblasts for both hormone and receptor within 1 day of injury. Levels
were either low or nondetectable 9 days post-wounding. Using immuno-
histochemistry, they also identified PDGF and PDGF-R like proteins 1 day
postinjury. These proteins were identified in both the epithelial layer and
connective tissue layer, paralleling the message data.



194 W.J. Arlein and M.D. Caldwell

Although no PDGEF protein has been detected in wound fluid, PDGF-like
peptides with PDGF activity has been found. Grayson and associates (18)
measured PDGF protein in fluid from covered skin graft donor sites in
humans. PDGF, detected by commercially available radioimmunoassay,
was not found in wound fluid in any of 13 patients tested.

Native PDGF was not detected by Matsuoka and Grotendorst (46) in
wound fluid. Their wound model was human postmastectomy wound
drainage. Antibodies against PDGF and PDGF A- and B-chain components
were prepared using standard techniques. Specificity and sensitivity were
tested and were excellent. No PDGF chain or protein was detected in any of
the six wound fluid samples tested. Western blots revealed two peptides
with PDGF activity, one 16 to 17 kd and one 34 to 36 kd in all six patients
(native human PDGEF is 30 kd). The smaller peptide peaked early (day 1
post-wounding) the larger late (day 7 post-wounding). Data suggested that
the 16- to 17-kd protein acted through the PDGF receptor.

From the above studies we conclude that PDGF (or a PDGF-related
factor) and the PDGF receptor are transcribed in the wound by multiple
cells including fibroblasts and epithelial cells. Although authentic native
PDGF has not been identified in wound fluid, numerous studies show a
PDGF-related factor with PDGF chemoattractant and mitogenic proper-
ties. PDGF activity increases markedly by day 1 post-wounding and returns
to baseline 7 days postinjury. This PDGF-related protein is likely 16 to 17
kd and acts through the PDGF receptor.

Tumor Necrosis Factor-o

Tumor necrosis factor-o (TNF-a), also known as cachectin, is a 17-kd
protein initially synthesized as a prohormone prior to secretion. TNF is
produced by macrophages, monocytes, lymphocytes, and keratinocytes.
Cachectin lowers transmembrane potential in muscle and may be respon-
sible for the third spacing seen in sepsis. In addition, it has a marked
catabolic affect on many cell types. T-cell-mediated responses are enhanced
with TNF-« and T cells treated with TNF show an enhanced proliferation
to IL-1. Cachectin is a mitogen for fibroblasts and increases fibroblast
collagenase (47). Given TNF’s production by macrophages and its role in
inflammation and catabolism, it has been postulated to play a role in early
wound healing.

TNF-« protein has been found in wound fluid; TNF-o message has not
been investigated (18, 39). Grayson et al. (18) used commercially available
enzyme-linked immunosorbent assay (ELISA) kit to measure TNF-« levels
over time in donor fluid. They found increasing concentrations of TNF-«
over time (days 1 to 4 measured) with elevated levels in all 13 patients
studied. TNF-a was measured by Ford et al. (39) in wound fluid obtained
from sponges implanted subcutaneously in mice. TNF was measured by cy-
totoxicity assays with standard curves generated with recombinant TNF-c.
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TNF-« levels in this study peaked 3 days after wounding and decreased
thereafter. From these studies, we conclude that TNF-« likely has a role in
the early (days 1 to 4 postinjury) wound. Whether or not it is transcribed,
its cell of origin and its specific effects have yet to be elucidated.

Transforming Growth Factor-o

Transforming growth factor-a (TGF-a) is a member of the epidermal
growth factor family. It has homology to EGF and binds to the EGF
receptor. In a wide variety of cell lines, TGF-« acts as a mitogenic for EGF
responsive cells. TGF-« is secreted by macrophages, keratinocytes, and
fibroblasts and may have important functions in the regulation of inflam-
mation. Most studies have not found a significant difference in potency or
activity between TGF-a and EGF. However, TGF-a may be more potent in
promoting angiogenesis and in keratinocyte colony formation (48). Given
its prominent role as a director of inflammation, TGF-a has been postu-
lated to play a role in the healing wound.

Rappollee et al. (16), as detailed above, investigated mRNA of growth
factors in wound macrophages. Using quantitative PCR, they found
transcripts for TGF-« in glass-adherent cells from all wound chambers.
They also found transcripts in the macrophage cell line P388D1 and the
copy number increased with LPS treatment. TGF-«a protein concentration
as measured by ELISA in wound fluid was 51 ng/L. Both highly purified
macrophages and a macrophage cell line did not constitutively express
TGF-« antigen. Both expressed the protein after LPS stimulation.

Our group also investigated TGF-a message and protein in the wound.
Using a subcutaneously implanted sponge model, we found a peak of
message at days 3 and 5 as detected by competitive PCR (49). TGF-a
protein peaked at day 10 as measured by radioimmunoassay. As protein
temporally followed message, we concluded that TGF-« is likely transcribed
in the wound.

Ono et al. (17) found TGF-a in 5-day-old covered human skin graft
donor sites by ELISA. Mean TGF-« concentration was 2.04 ng/ml. They
found a negative correlation of TGF-« levels with the age of the patient
from whom the graft was taken.

From the above studies, we conclude that TGF-a is transcribed and
translated within the wound. The wound macrophage likely plays a large
role in this TGF-a production. TGF-« is present in skin graft donor site
wounds, wound chambers, and wound sponges, suggesting a prominent
role in wound healing.

TGF-3

The original transforming growth factor-3 (TGF-3) was a 25-kd homodi-
meric peptide purified from human platelets. There are now known to be
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many other isoforms of the peptide, the most studied of which are TGF-(32
and TGF-833 (the original is TGF-31). These three isoforms have extensive
homology and similar potency. The TGF-8s have profound effects on cell
growth and differentiation. They are potent chemoattractants for inflam-
matory cells, fibroblasts, smooth muscle cells, and T cells. TGF-3 is found
in the a-granule of the platelet and is secreted after injury (50). Exogenously
applied TGF-3 has been shown to enhance wound healing in animals (51).
Numerous studies have investigated the role of endogenous TGF-8 in the
wound.

Schmid and colleagues (52) investigated message for TGF-31, 2, and 3
and the TGF-8 type II receptor in a human nonhealing wound model. In
situ hybridization as well as immunocytochemistry was performed on
biopsies from chronic nonhealing decubitus ulcer in elderly patients with
normal skin and an acute burn wound used as controls. Strong constitutive
expression of TGF-33 was seen in keratinocytes in intact epidermis. No
TGF-31 or 32 mRNA was seen in intact skin. TGF-33 message continued to
be strongly expressed in both chronic and acute wounds in the epidermis
and migrating epithelial sheet (acute wound). Importantly, TGF-81 was
found in the keratinocytes of the re-epithelialization front of the acute
wound but not found at all in the chronic decubitus ulcers. TGF-32 was not
detected in any wound biopsies. TGF-8 type II receptors were detected in
both normal, acute, and chronic wounds in the epidermis. They suggested
from this study that “constitutive expression of TGF-33 is important for
maintenance of epidermal differentiation and that an induction of TGF-G1
expression is essential for re-epithelialization in human skin wounds.”

Cromack et al. (53) measured TGF-8 protein levels over time in rat
wound fluid harvested from Hunt-Schilling chambers. This study from
1986 predated the discovery of the TGF-3 isoforms. Cromack et al. used
both a biologic colony forming assay and a radioreceptor binding assay to
measure TGF-8. Biologically active TGF-@ first appeared in wound cham-
bers 3 days post-wounding, peaked at 7 days post-wounding, and then
gradually declined. One possible limitation of the study cited by the authors
was the persistent PMN predominance in the cellular infiltrate, suggesting
chronic inflammation and likely a result of daily aspiration of the wound
cylinders.

Kane and colleagues (54) investigated TGF-31 protein using immunocy-
tochemistry in both a human blister model and partial-thickness porcine
wound model. They used two previously described antibodies to TGF-1,
anti-CC and anti-LC. Anti-LC was constitutively expressed in the numerous
layers of the epidermis in both models (human more intense than porcine).
There was no significant change in anti-L.C staining post-wounding in either
model. Anti-CC was not expressed in normal skin. In the human blister
wound within 24 hours anti-CC had increased and was concentrated in the
keratinocytes adjacent to the wound. By day 3 the staining had changed,
with fewer peri-wound keratinocytes staining and in both models marked
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staining in the migrating epithelial sheet. By day 7, when re-epithelialization
has been completed, both models show a marked decrease in anti-CC
staining. Kane et al. then investigated a human incisional wound model
following myeloplasty and found that this anti-CC expression appeared as
early as 5 minutes following injury and was concentrated in the incisional
margin.

Numerous other studies have shown a prominent role for TGF-3 in
wounding. McMullen et al. (55) investigated TGF-81-3 isoforms in ovine
excisional and incisional models. They found characteristic changes in
immunohistochemical localization of these isoforms in the wounded skin,
the extracellular matrix, and the inflammatory infiltrate. Even by day 21
immunostaining had not returned to normal with immunoreactive fibro-
blasts (for all isoforms) in a dense, immunostained extracellular matrix.
This finding was more prominent in the excisional wound model. Shah and
colleagues (56), using an incisional model in rats, investigated the effect of
neutralizing antibodies to the TGF-8 isoforms. They found a synergistic
effect on anti-TGF-81 and TGF-32 with reduced scarring and reduced
macrophage infiltration, neovascularization, and collagen deposition. Con-
siderable less effect was seen with either isoform alone.

From the above studies we conclude that TGF-8 has a prominent role in
wound healing. TGF-31 and -3 message is transcribed in the wound.
Message for TGF-83 is constitutively expressed; TGF-G1 message is not
found in normal skin and is induced in the migrating epithelial sheet.
TGF-B1 protein likely undergoes a conformational change post-wounding
as evidenced by a change in staining with two TGF-B1 isoforms. The
isoform identified by anti-CC antibody initially is found in the kerati-
nocytes around the wound and then shifts to less replicating epidermis and
the migrating epithelial sheet. This induction of anti-CC occurs as early as
5 minutes post-wounding. Finally, the combination of neutralizing anti-
bodies to TGF-31 and TGF-B82 is synergistic when exogenously added and
reduces scarring.

Table 11.1 summarizes the temporal variation of growth factor message
and product in the wound. As some of the data are equivocal, this table is
only a rough guide.

Nutrients

Amino Acids in Wound Fluid

Rationale for the Changes in Amino Acid Concentration

We have investigated the temporal changes in amino acids in wound fluid
and attempted to provide a rationale for this change (57). Our model is
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Tasre 11.1. Temporal variation in growth factor message and product.

Message peak Protein peak
Growth factor (post-wounding)  Cell or origin  (post-wounding) Cell of origin
EGF Days 1/2 and 5 Not macrophages Days 1 and 5 In wound fluid
or PMNs

KGF 24 hours Dermal ? ?

bFGF Day 5 ? Day 4 Areas of tissue
destruction

IGF-1 Day 3 Fibroblasts? ? Fibroblasts

IGF-2 Day 5 ? ? Smooth muscle

M-CSF ? ? No peak In wound fluid

PDGF Day 1 Macrophage? Day 1 Multiple cells, but
not in wound fluid

TNF-« ? ? Days 3-4 ?

TGF-«a Days 3-5 Macrophage? Day 10 In wound fluid

TGF-41 ? Keratinocytes Days 1-7 Keratinocytes and

other cells

wound fluid derived from subcutaneously implanted sponges in Fisher rats.
Amino acids are quantitated by a Durrum D-500 amino acid analyzer.

In general amino acids accumulate over time in the wound. Notable
exceptions are cysteine, tryptophan, arginine, and citrulline. The increase in
serine and leucine may be explained by an increase in these amino acids in
the serum. The remainder of the amino acids are concentrated in wound
fluid. Phenylalanine, threonine, glutamine, proline, alanine, valine, me-
thionine, leucine, isoleucine, histidine, and asparagine plus aspartic acid
accumulation in the wound are possibly due to proteolysis. The temporal
increase in taurine, glutamic acid, and aspartic acid may be due to cytolysis.
Decreasing arginine and accumulation of ornithine is related to an increase
in extracellular arginase accompanying macrophage lysis (58). Proline and
hydroxyproline may accumulate as a result of collagen synthesis and
turnover. Glycine, alanine, valine, and lysine accumulate out of proportion
to what would be expected from proteolysis, suggesting either increased
synthesis, decreased degradation, or release from other pools.

Ornithine as a Proline Precursor

Albine and colleagues (59) investigated the local synthesis of collagen in
wounds by focusing on proline production from ornithine. They found
increased concentration of proline and its metabolic precursors ornithine,
glutamate, and glutamine in wound fluid using a subcutaneously implanted
polyvinyl alcohol sponge model in rats. They then investigated the incor-
poration of radiolabeled proline precursors into protein-bound proline and
found, predictably, that proline was the preferential precursor. Other
precursors in order of contribution to protein-bound proline were orni-
thine, arginine, and glutamine. No glutamate was converted into protein-
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bound proline. In a wound fibroblast culture system, ornithine was not
found to be an efficient competitive inhibitor to proline in proline incor-
poration into protein, for even at the greatest excess of ornithine tested,
ornithine incorporation was <30% that of preformed proline. More
ornithine was converted to free proline than protein-bound proline and this
conversion was increased by increasing concentrations of free proline. From
this study they concluded that direct incorporation of ornithine into
protein-bound proline is a relatively minor pathway.

Glutamine Metabolism

Glutamine is considered to be a major fuel for many cells including
enterocytes, reticulocytes, stimulated lymphocytes, fibroblasts in culture,
and malignant cells (60-67). These cells all share the common characteristics
of rapid growth rates, poor glucose oxidative capacity, and high glutami-
nase activity. Given the cell types that use glutamine as well as their
characteristics, we postulated a significant role for glutamine in the wound
(68).

Our wound model was \-carrageenan-injected rodent hindlimbs. By 12
hours there was a decrease in intracellular glutamine in the wound that
progressed to a 50% reduction by 24 hours. Glutamine levels had returned
to preinjury values by 10 days postinjection. Glutamine synthetase activity
increased with a peak corresponding to the nadir of glutamine concentra-
tion and suggesting induction of glutamine synthetase by low ambient
glutamine concentrations. Wounded muscle was found to produce more
[*C]O, and more glutamate from U-['*C] glutamine than nonwounded
muscle. When peritoneal macrophages were co-incubated with skeletal
muscle in numbers equal to those found in wounded tissue, the co-
incubated complex reproduced the glutamine oxidation found in injured
muscle. Inflammatory cells isolated from subcutaneously implanted poly-
vinyl alcohol sponges also consumed glutamine. From the above studies we
proposed that the local depression in tissue glutamine concentration
followed injury was the result of glutamine utilization by the inflammatory
cells.

Arginine Metabolism

Wounded muscle contains less free arginine and more ornithine than
nonwounded muscle in the A-carrageenan wound model (69). Our further
investigations characterized the mechanism of altered arginine metabolism
in Hunt-Schilling chambers, 1-carrageenan-injected muscle, and subcuta-
neously implanted polyvinyl alcohol sponges (58). All three models showed
decreased arginine, increased ornithine, and increased arginase. Peritoneal
macrophages were assayed for arginase. Resident peritoneal macrophages
contained little arginase and this was not increased by LPS;
1-carrageenan-stimulated peritoneal macrophages had a tenfold induction
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in arginase with further augmentation by LPS. Arginase was not detectable
in the supernatants of these cultures, and when labeled arginine was added
to these cultures labeled citrulline was the principal product produced
(likely from arginine deaminase). Lysed macrophage cultures, however,
contained large amounts of arginase with corresponding large increases in
radiolabeled urea. From the above studies we concluded that the arginase
increase in the wound was independent of injured muscle and may be the
result of macrophage lysis.

Collagen and Glycosaminoglycan Precursors

Dolychuk and Bowness (70) investigated the time course of collagen and
noncollagenous glycoprotein synthesis from their precursors in the wound.
They created full-thickness wounds in rats and harvested wounds at various
times post-wounding. They incubated these wounds with radiolabeled
sulfate (incorporated into glycosaminoglycan) and either radiolabeled fu-
cose (incorporated into insoluble glycoproteins) or radiolabeled proline
(incorporated into collagen). Wounds were solubilized and the above
molecules measured. Structural glycoprotein synthesis was found to peak at
days 2 to 3 post-wounding; glycosaminoglycan peaked at day 5. Collagen
peaked at day 5 post-wounding, consistent with previous published reports
of maximal collagen synthesis at this time period. These data support the
hypothesis that significant metabolic activity including matrix synthesis
precedes the period of maximal collagen synthesis.

Fukasawa and colleagues (71) investigated the effect of macrophage
factors on uptake of collagen and glycosaminoglycan precursors in a wound
model. They abraded the peritoneum of rabbits to produce an injury and
harvested the cells from the abraded area. They took these cells (morpho-
logically similar to fibroblasts) that they called tissue repair cells (TRCs)
and cultured them with macrophage-conditioned media derived from
peritoneal exudate cells. Macrophage-conditioned media caused prolifera-
tion of the TRCs as well as increased incorporation of glucosamine and
proline, precursors of glycosaminoglycans and collagen, respectively. How-
ever, glucosamine and proline incorporation per cell was unchanged,
showing no metabolic effect of the macrophage conditioned media.

Glucose Metabolism

Tischler and Fagan (72) used a rat hindleg blunt wound model to investigate
carbohydrate and amino acid metabolism. Uptake of glucose, glycolysis,
and glucose oxidation were increased in injured muscle as compared with
contralateral uninjured muscle, which served as a control. Insulin increased
glucose uptake and glycolysis but had no effect on glucose oxidation.
Alanine synthesis from leucine was found to be increased in injured muscle;
no difference was found in glutamine or glutamate synthesis.



11. Endogenous Growth Factors and Nutrients 201

Shangraw and Turinsky (73) investigated local glycolysis and amino acid
release in burns. Their model was isolated soleus muscle underlying a
nonlethal scald burn in rats. Burned muscle was found to have a higher
lactate pyruvate ratio, higher glucose uptake, and greater alanine, glutamic
acid, and tyrosine release. Hypoxia only partly explained these augmenta-
tions. Alanine release in burned muscle likely was secondary to increased
glycolysis; the release of other amino acids studied may be secondary to
proteolysis.

Although lactate is consistently elevated in wounds, we postulated wound
aerobic glycolysis based on improved glycolysis with increasing oxygen
concentrations, improved blood flow to injured extremities, and normal
oxygen consumption in wounded tissue (33). We used an isolated \-carragee-
nan-injected rat hindlimb wound model to test this hypothesis. Oxygen
consumption was equal to that in unwounded controls, as was pyruvate and
glucose oxidation. Glucose uptake as a function of glucose concentration
reached a early plateau between 5 and 10 mM perfusate glucose concentra-
tion; in nonwounded limbs glucose uptake continued to increase with
increasing glucose concentrations. Lactate production in wounded muscle
was consistently higher at all glucose concentrations. Further study of a
simulated wound combining macrophages and normal muscle showed that
70% of the glucose uptake, 87% of the lactate produced from exogenous
glucose, and 52% of the total lactate production from wounded tissue could
be accounted for by macrophages present in the healing wound.

We have shown from the above review that endogenous growth factors and
nutrients play a prominent role in the healing wound. Although we have
focused on individual growth factors and nutrients in the wound in isolation,
clearly many of these factors in this complicated system interact. Future and
current research are focusing on these interactions (see Chapter 8).
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General Background of Skin Wound Healing

Wound healing in the skin is a complex biological process that has been
extensively characterized at the light microscope level. However, regulation
of skin wound healing is only partially understood at the molecular level.
Skin wound healing can be divided into three general phases: (a) the
inflammatory phase, (b) the repair phase, and (c) the remodeling phase.
There is considerable temporal overlap of these stages of healing and the
entire process lasts for several months (1, 2).

The process of wound healing begins when the skin is injured intention-
ally (e.g., a surgical incision) or unintentionally (accidental trauma). Injury
to blood vessels initiates blood clotting and platelet degranulation (Fig.
12.1). Contained within the alpha granules of platelets are several growth
factors including platelet-derived growth factor (PDGF) (3), insulin-like
growth factor-I (IGF-I) (4), epidermal growth factor (EGF) (5), and
transforming growth factor-3 (TGF-8) (6). The burst of growth factors
released from platelets quickly diffuses from the wound into the sur-
rounding tissue and blood system. TGF-8 released from platelets chemo-
tactically recruits inflammatory cells into the injured area, which initiates
the inflammatory phase that peaks during the first 2 to 3 days. Neutrophils
are the first major inflammatory cell to enter the wound. Neutrophils in the
wound secrete more proinflammatory cytokines, engulf and destroy bacte-
ria, and release proteases including the matrix metalloproteinases (MMPs),
elastase and collagenase (7, 8, 9), which remove damaged extracellular
matrix components. This early burst of protease activity in the wound is
important in debriding the wound and is distinct from the later release of
MMPs from fibroblasts during the remodeling phase of healing. Monocytes
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Ficure 12.1. Molecular pathophysiology of chronic wounds.

are chemotactically drawn into the wound by TGF-8 or fragments of
fibronectin about a day later than neutrophils and become activated
macrophages (10). Macrophages also secrete proinflammatory cytokines
including tumor necrosis factor-a (TNF-«) and interleukin-1 (IL-1) and
engulf and destroy bacteria. Macrophages also synthesize and secrete
additional growth factors including TGF-3, transforming growth factor-o
(TGF-a), leukocyte-derived growth factor (LDGF, a PDGF-like protein),
basic fibroblast growth factor (bFGF), and heparin-binding epidermal
growth factor (HB-EGF). If the wound does not become infected and is not
subjected to repeated trauma or ischemia, the neutrophils disappear,
probably by undergoing apoptosis, and the inflammatory phase begins to
decline. The growth factors secreted by macrophages continue to stimulate
migration of fibroblasts, epithelial cells, and vascular endothelial cells into
the wound, setting up the repair phase of wound healing.
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As the fibroblasts and vascular endothelial cells migrate into the site of
injury, they begin to proliferate, and the cellularity of the wound increases.
The repair phase often lasts several weeks. As the number of macrophages
in the wound begins to decrease, other cells in the wound such as
fibroblasts, endothelial cells, and keratinocytes continue to synthesize
growth factors. Fibroblasts secrete IGF-1, bFGF, TGF-3, PDGF, and
keratinocyte growth factor (KGF). Endothelial cells produce bFGF and
PDGF. Keratinocytes synthesize TGF-8 and TGF-«. These growth factors
continue to stimulate proliferation, synthesis of extracellular matrix pro-
teins, and angiogenesis.

After the initial scar forms, proliferation and neovascularization cease,
and the wound enters the remodeling phase, which can last for many
months. During this last phase, a balance is reached between the synthesis
of new components of the scar matrix and their degradation by MMPs such
as collagenase, gelatinase, and stromelysin. Fibroblasts are the major cell
type responsible for synthesis of the extracellular matrix components
collagen, elastin, and proteoglycans. Fibroblasts also are an important
source of the MMPs that degrade the matrix. They also secrete the tissue
inhibitors of metalloproteinases (TIMPs) and lysyl oxidase, which cross-
links components of the extracellular matrix. In later stages, angiogenesis
ceases and capillary density in the wound site decreases. Eventually the scar
tissue reaches equilibrium between deposition and removal of matrix,
although the mature scar is never as strong as uninjured skin.

General Background of Chronic Wound
Pathophysiology

Most skin wounds heal without difficulty, but in some people with
predisposing factors an acute wound fails to heal, resulting in a chronic
wound. There are several types of chronic wounds that are recognized
clinically, including diabetic foot ulcers, decubitus ulcers, venous stasis
ulcers, and arterial insufficiency ulcers. However, based on our biochemical
analyses of the molecular environment of acute and chronic human
wounds, we propose there is a common molecular pathophysiology of
chronic human wounds that prevents the wounds from healing. Although
chronic wounds appear to be rather heterogeneous superficially, they are
similar in that each is characterized by repeated tissue injury due to one or
more of the following: recurring trauma, ischemia, or low-grade bacterial
contamination (Fig. 12.1). For example, diabetic foot ulcers typically occur
when there is repeated trauma to an area of the foot due to lack of sensation
caused by neuropathy. This leads to local tissue ischemia and tissue injury
with breakdown of the skin, which leads to secondary bacterial contami-
nation from the open wound and inflammation. Pressure ulcers (decubitus)
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have a similar pattern of events. Repeated tissue injury from ongoing
pressure and shear forces occurs in insensate areas when the pressure in the
tissue exceeds capillary perfusion pressure. This leads to local ischemia and
the sequence of tissue breakdown, bacterial contamination of the open
wound, and inflammation. Venous stasis ulcers are characterized by venous
hypertension and edema in the lower extremity. This stems from faulty
venous valves, which produce elevated venous pressure within the leg.
When the venous pressure exceeds the capillary perfusion pressure of skin,
local tissue injury due to ischemia occurs. When this is combined with a
minor local trauma, the sequence of tissue breakdown, bacterial contami-
nation of the open wound, and inflammation occurs. Ischemic ulcers of the
lower extremity secondary to arterial insufficiency follow a similar pattern.
Minor trauma leads to an open wound that fails to heal because of poor
oxygen perfusion. Bacterial contamination of the open wound occurs and
inflammation follows. Once these different types of wounds have reached
the point where the skin barrier is broken, bacterial colonization occurs. We
propose that a common cascade pathway is initiated that prevents healing.

Inflammatory molecules from bacteria such as endotoxin, platelet prod-
ucts such as TGF-8 or fragments of extracellular matrix molecules such as
fibronectin stimulate inflammatory cells (neutrophils and macrophages) to
enter the wound. The next step is the prolonged secretion of TNF-« and
IL-18 by macrophages and neutrophils and other wound cells such as
keratinocytes, fibroblasts, and vascular endothelial cells. The prolonged
secretion of TNF-« is amplified because TNF-« stimulates its own synthesis
(11) and stimulates the synthesis of IL-18 (12). Elevated levels of TNF-«
and IL-13 then synergistically stimulate synthesis of MMPs by inflamma-
tory cells and wound tissue cells while suppressing synthesis of TIMPs (13,
14). Elevated levels of activated MMPs degrade important components of
the extracellular matrix (ECM) such as fibronectin and collagen, and
perhaps more importantly, degrade growth factors and their receptors on
cells in the wound. The proteolytic destruction of essential ECM compo-
nents and growth factor/receptor systems prevents healing from pro-
gressing by interrupting the integrated sequence of processes that are
necessary for healing including migration and mitosis of tissue cells and
regeneration of the ECM. Furthermore, proteolytic degradation fragments
of ECM molecules such as fibronectin are chemotactic for inflammatory
cells and help to amplify the cytokine cycle.

It is important to note that both acute and chronic wounds begin with a
similar proinflammatory cytokine response to the tissue injury that includes
release of TNF-« and IL-18. In healing wounds, however, tissue injury is a
single occurrence, and the stimulus for the inflammatory stage is limited
and transient. The normal sequence of inflammatory events then follows,
with neutrophils and macrophages removing bacteria and denatured ECM
components from the wound. The macrophages, fibroblasts, vascular
endothelial cells, and keratinocytes secrete growth factors that promote



210 R.W. Tarnuzzer et al.

epithelialization, ECM production, angiogenesis, and scar formation. In
chronic wounds that fail to heal, however, tissue injury is recurrent and the
proinflammatory cytokine cascade becomes prolonged and amplified,
leading to elevated levels of proteases. The increase in proteases leads to
destruction of ECM, growth factors, and receptors, which prevents the
wounds from entering the repair phase and ultimately healing.

Current treatments for chronic wounds are only partially successful.
Treatment protocols are generally limited to nonspecific and generalized
attempts to reduce the conditions that initially lead to the injury rather than
to treatments to correct the molecular pathophysiology responsible for the
failure of the wound to heal. For example, frequently used treatments
include physical devices such as special shoes designed to reduce tissue
trauma, antibiotics to reduce bacterial contamination, and dressings de-
signed to remove necrotic or ischemic tissue. However, even with appro-
priate use of these agents, chronic wounds frequently fail to heal or heal
very slowly. This may be because dressings and treatments only indirectly
and suboptimally alter the molecular environment of chronic wounds by
decreasing tissue injury or bacterial colonization but are ineffective in
altering the pathophysiology of most chronic wounds by blocking the
activity of cytokines or proteases.

The Role of Endogenous EGF Family
Proteins in Wound Healing

Epidermal growth factor (EGF) was the first true growth factor to be
biochemically characterized and was named for its ability to stimulate
mitosis and hypertrophy of the epidermis when injected subcutaneously
into neonatal mice (5). EGF is synthesized as a single chain, 1207 amino
acid, transmembrane precursor protein and is proteolytically cleaved to
generate a soluble 53 amino acid protein. EGF contains three intrachain,
disulfide loops that are essential for maintaining the biologically active
conformation. This three-loop structure is characteristic for the members of
the EGF family of proteins. Since the identification of EGF, several
additional proteins with structural similarities to EGF have been identified
in humans. These include TGF-a (15), amphiregulin (AR) (16), and
HB-EGF (17). Each of these growth factors binds to the same receptor
protein on target cells, the EGF receptor.

The first major process that occurs after a skin injury is the formation of
a blood clot in the injured area and degranulation of platelets (1, 2).
Platelets contain prepackaged growth factors including EGF, PDGEF,
TGF-B, and IGF-I that are released at the site of skin injury in active forms
even as the blood clot is forming. Thus, EGF is present in skin wounds from
the earliest point after injury, suggesting that it is important in helping to
initiate the cascade of processes that occur in normal wound healing.
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Several biological actions of EGF and other members of this growth
factor family suggest they play important roles in local wound repair. EGF
and TGF-o are potent mitogens for epidermal cells, fibroblasts, and
vascular endothelial cells in vitro, which are the three major cell types
involved in healing skin wounds. EGF and TGF-a promote migration of
cultured human keratinocytes (18, 19), and EGF is chemotactic for corneal
cells (20) and for vascular endothelial cells (21). EGF and TGF-«a also
stimulate angiogenesis in animal models (22). EGF increases the amount of
extracellular matrix deposited in subcutaneous wound chamber implants in
animals probably by increasing the rate of synthesis of extracellular matrix
per cell and increasing the number of cells (23).

TGF-« is made in high levels by normal basal keratinocytes and is a
potent keratinocyte mitogen (24). This has led to the concept that TGF-« is
an important autocrine stimulator of mitosis of basal keratinocytes. In situ
hybridization revealed the expression of EGF receptor and TGF-a mes-
senger RNAs (mRNAs) increased dramatically in the epithelial cells adja-
cent to partial-thickness injuries created in pig skin within one day after
injury (25). The elevated levels of TGF-a mRNA steadily decreased over 17
days until reaching the lower levels detected in unwounded skin. Levels of
EGF receptor mRNA remained more highly elevated for the first 5 days
then also decreased to the lower levels detected in unwounded skin on day
9. Similar results were found with EGF receptor distribution in burn
wounds (26). In the early post-burn period (day 2 to 4), prominent
immunostaining was detected in basal keratinocytes and epithelial cells
lining hair follicles, sweat ducts, and sebaceous glands. During the late
post-burn period (5 to 16 days), EGF receptor immunostaining decreased in
migrating epithelial cells but remained intense in hypertrophic epidermis
and all skin appendages. Eosinophils (27) and activated macrophages (28,
29) also synthesize and secrete TGF-o,, which suggests that TGF-« is an
important growth factor produced by macrophages during wound healing.
Macrophages and their products play crucial roles in wound healing as
demonstrated by the impaired healing of skin incisions that occurs when
rats were made deficient in macrophages by administration of antimonocyte
antibodies (30).

One experimental approach to evaluate the roles of EGF or TGF-« in
wound healing is to create mice that are deficient in the growth factor and
then analyze their process of wound healing. TGF-a-deficient mice were
created using gene knockout technology. In addition, mice that are
spontaneously deficient in TGF-« were identified and designated the wav-1
strain due to their peculiar wavy hair. Skin injuries created in both the
wav-1 and TGF-a gene knockout mice healed normally (31, 32). This
suggests that either TGF-a does not play a key role in healing skin injuries
or that other growth factors in the EGF family such as HB-EGF compen-
sated for the lack of TGF-«. Evidence suggests that the latter explanation is
probably more correct. Recently, the levels of HB-EGF mRNA and protein
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were found to increase dramatically in biopsies and fluids collected 2 days
after partial-thickness injuries were made to pig skin (33).

Effects of Exogenously Applied EGF
Family Proteins in Wound Healing

The ability of EGF and TGF-« to stimulate processes in vitro that are
important in wound healing such as migration, mitosis, angiogenesis, and
ECM deposition suggested that exogenously applied EGF or TGF-a might
enhance healing of wounds in vivo. EGF and other members of the EGF
family were first evaluated for their effects on enhancing healing of wounds
in animal models. Topical application of EGF accelerated the rate of
epidermal regeneration of partial-thickness burns or dermatome wounds
created on pigs (34-37). EGF was also reported to increase tensile strength
of surgical skin incisions during the early period of healing in normal rats
(38) and to increase formation of granulation tissue in subcutaneous
sponges in rats when applied in a slow release vehicle (23). EGF also
increased deposition of collagen in cylinders implanted subcutaneously in
rats treated with streptozocin to impair healing (39).

In the first clinical trial of a peptide growth factor, recombinant human
EGF accelerated epidermal regeneration of paired dermatome wounds in
patients requiring skin grafting (40). Paired donor sites were created in 12
patients who required skin grafting for burns or reconstructive surgery. One
donor site of each patient was treated daily with vehicle (silver sulfadiazine
cream) containing recombinant human EGF (10 pg/ml) while the other
donor site was treated with the vehicle. Treatment with EGF significantly
decreased the average length of time to 50% healing by 1 day and decreased
the average time to complete healing by 1.5 days (p = .02).

The eye is another organ that has been studied extensively for the effects
of growth factors on wound healing (41-44). EGF is a mitogen in vitro for
all three types of corneal cells—epithelial cells, stromal fibroblasts, and
endothelial cells—and stimulates chemotactic migration of all three cell
types in Boyden chambers (20). Topical eye drops of EGF have been
reported to accelerate the rate of corneal epithelial regeneration in rabbits,
rats, and primates, and in patients with a variety of epithelial wounds
(45-47). EGF also increased the tensile strength of corneal incisions in
rabbits (48) and increased central endothelial cell density of primates
corneas (49) and cat corneas (50, 51) following injury to the endothelium.

Two prospective, randomized, double-blind, placebo-controlled clinical
trials have evaluated topical eye drops of mouse EGF for treatment of
traumatic corneal epithelial injuries (52, 53). In both studies, EGF treat-
ment significantly accelerated the rate of epithelial regeneration. In 1992
Pastor and Calonge (52) reported the results of 47 patients treated with
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mEGF eye drops five times daily at 10 ug/ml compared with healing of 57
patients treated with vehicle. Epithelial defects were detected by fluorescein
staining, and healing was considered complete when no staining was
observed. Mean epithelial healing time was significantly decreased for the
EGF-treated group (44.17 hours) compared with the placebo-treated group
(61.05 hours) (p < .01). The number of epithelial defects healed completely
at 24, 48, and 72 hours after onset of treatment was significantly greater in
the EGF-treated group.

In 1993 Scardovi and colleagues (53) reported results of 20 patients
treated with two drops of mouse EGF (10 ug/ml) four times daily and 20
patients treated with vehicle until healing occurred or for 7 days. Epithelial
defects were detected by fluorescein staining using a slit lamp biomicro-
scope and covered at least 20% of the entire corneal surface. On day 4 of
treatment, all EGF-treated ulcers were healed while 85% of vehicle-treated
ulcers were healed (p < .05). On day 6 all placebo-treated ulcers were
healed. No adverse reactions were detected in either clinical trial.

Although EGF and TGF-« consistently stimulate the processes in vitro that
are required for wound healing, topical treatment with the growth factors in
acute and chronic human wounds in vivo has not been as consistent. For
example, recombinant human EGF was used to topically treat chronic
venous stasis ulcers in a prospective, randomized, double-blind, placebo-
controlled study (54). In this study of 35 patients (17 h-EGF and 18 placebo),
ulcers with a median baseline size of 18.5 cm? were treated twice a day with
an aqueous solution of EGF (10 pg/ml) for a maximum of 10 weeks. Ulcers
were evaluated weekly for size and granulation tissue suitable for grafting.
By study end, six (35%) of the EGF treated ulcers had healed and two (11%)
of the placebo group had healed completely (p = .10).The median ulcer size
reduction per week was 7% for EGF and 3% for placebo (p = .32); total
healing was 73% versus 33% at the end of the study (p = .32). EGF treatment
was safe but the level of healing enhanced by EGF treatment was not
statistically significant at the p = .05 level.

EGF has also failed to improve healing in corneal wound healing studies.
Kandarakis and colleagues (49) evaluated the efficacy of mouse EGF eye
drops on epithelial healing after penetrating keratoplasty. All patients had
7.5-mm grafts placed in 8-mm beds. The epithelium of the donor cornea
was removed, antibiotics were given, and the eye was pressure-patched.
Eight patients were treated four times a day on the day of surgery and twice
a day for the next two days with one drop of mouse EGF at 2 mg/ml
solution. Eight patients received placebo eye drops. Eyes were stained with
fluorescein, photographed twice a day for 2 days after surgery, and the area
of epithelial defect was measured by planimetry. No difference in the
percent of epithelial defect area was found between the two treatment
groups. In a second study, nine patients were treated with one drop of
mouse EGF at 1 mg/ml and 10 patients received a placebo dose eight times
a day beginning 1 day before surgery and continuing until epithelial healing
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occurred. No difference in the percent of epithelial defect area was found
between the two treatment groups. Intraocular pressures were normal in all
patients during the course of the study and there was no evidence of toxicity
by slit lamp biomicroscopy. The mixed success of EGF treatment of human
wounds suggests that the molecular environment is much more complex
than was initially thought. This concept led us to biochemically characterize
the molecular environment of acute and chronic wounds to better under-
stand what factors may influence the effect of growth factor treatment of
human wounds.

Biochemical Differences in Environments
of Healing and Chronic Wounds

Cytokine Levels

Our concept of normal wound healing is based on the model that wound
healing is regulated by the sequential, balanced action of cytokines,
proteases, and growth factors. A corollary to this concept is our hypothesis
that elevated levels of cytokines induce excessive levels of proteases that
impair wound healing by degrading ECM proteins, growth factors, and
their receptors. If this concept is true, then therapies that reestablish an
environment in chronic wounds that permit growth factors to function
normally should lead to healing of chronic wounds. To investigate this
hypothesis, we collected fluids from human wounds that represent the
extreme ends of the spectrum of wound healing: acute, healing mastectomy
incisions and chronic, nonhealing skin ulcers.

Cytokine Levels in Acute Human Wound Fluids

The initial component of our hypothesis of the molecular pathogenesis of
chronic human skin wounds states that levels of proinflammatory cytokines
are chronically elevated. Our initial analysis of cytokines in 21 samples of
acute wound fluid collected from five patients during their postsurgery
period and five samples of chronic wound fluid are shown in Figure 12.2.
TNF-« levels peaked on days 2 and 4 after surgery (50 pg/ml) and returned
to near baseline values on days 5, 6, and 7 after surgery. Levels of IL-18
(25 pg/ml) and IL-6 (35 pg/ml) were highest on day 1 after surgery and
progressively decreased to baseline levels from days 2 to 7. Levels of IL-8
(5,000 pg/ml) and interferon-y (INF-y) (4 pg/ml) were relatively constant
across the time from days 1 to 8 after surgery.

In addition to regulation at the level of transcription, the activities of
TNF-a and IL-18 can be modulated posttranslationally by naturally
occurring proteins that can bind to the cytokine or its receptor. A soluble
form of the TNF-a receptor protein, p55, binds TNF-o much like a
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Ficure 12.2. Cytokine levels in acute and chronic wound fluids. A. Concentrations
of TNF-a in mastectomy fluids. B. Concentrations of TNF-« in chronic wound
fluids. C. Concentrations of IL-18 in mastectomy fluids. D. Concentrations of
IL-18 in chronic wound fluids. POD, postoperative day in mastectomy fluids; I,
chronic wound fluids from various samples.

neutralizing antibody and inhibits TNF-« activity. Levels of p55 were
approximately 300 pg/ml in acute wound fluid samples collected during the
8 days following mastectomy. Thus, the ratio of p55/TNF-« in acute
wound fluids is about 6 to 1 in favor of p55 to TNF-« (300 pg/ml vs. 50
pg/ml). Levels of IL-1ra, the natural inhibitor of IL-la and IL-183, were
approximately 8,000 pg/ml in the 21 acute wound fluid samples. The ratio
of IL-1ra to IL-13 in acute wound fluids was about 320 to 1 in favor of the
IL-1ra (8,000 pg/ml vs. 25 pg/ml). In summary, the ratios of antagonist/
inflammatory cytokines for TNF-« and IL-13 in the molecular environment
of acute wounds strongly favor the inhibitors, indicating that the effects of
TNF-a and IL-18 are finely regulated.

Cytokine Levels in Chronic Human Wound Fluids

In chronic wound fluids, the levels of TNF-« and IL-18 were higher and
more variable than in acute wound fluids (Fig. 12.2). TNF-« levels averaged
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500 pg/ml, which was 10-fold higher than in acute wound fluids. IL-18
levels averaged 2,500 pg/ml, which was about 100-fold higher than levels in
acute wound fluids. Levels of INF-y were about threefold higher in chronic
wounds than acute wounds (4 vs. 15 pg/ml). Levels of IL-6 (30 pg/ml) were
two- to fourfold higher in chronic wounds than the levels measured in late
acute wound fluids. Levels. of IL-8 were low and similar in chronic and
acute wound fluids (about 5,000 pg/ml). While the levels of p55 in chronic
wound fluids were substantially higher than in acute wound fluids (approx-
imately 1,700 pg/ml vs. 300 pg/ml), the ratio of p55/TNF-« in chronic
wound fluids had decreased twofold to about 3 to 1 in favor of p55 (1,700
pg/ml vs. 500 pg/ml). In contrast, the average level of IL-1ra in chronic
wound fluids was lower than in acute wound fluids (approximately 3,000
pg/ml vs. 8,000 pg/ml). The decrease in IL-1ra caused the ratio of IL-1ra
to IL-18 in chronic wound fluids to decrease from 320 to 1 in acute wounds
to about an approximately equal ratio of 1.2 to 1 in chronic wounds. In
summary, these data indicate that the biological effects of TNF-«, IL-183,
INF-y, and IL-6 should be much greater in the environment of chronic
wounds than in acute wounds.

Protease and Inhibitor Levels

The second component of our hypothesis of the molecular pathophysiology
of chronic wounds is that elevated levels of TNF-« and IL-18 synergistically
increase levels of MMPs and decrease levels of TIMPs in chronic wounds.
The elevated protease activities degrade components in the wound environ-
ment that are essential for healing, including extracellular matrix proteins,
growth factors, and their receptors. In addition, the fragments of ECM
components, such as fibronectin, generated by the proteases act as chemo-
tactic factors for inflammatory cells. This further increases the number of
inflammatory cells drawn into the wound and creates a self-amplifying cycle
that elevates protease levels. We have analyzed a substantial number of
fluids from acute and chronic human wounds for several proteases and
inhibitors using a number of different assays. These include gelatin
zymography, casein zymography, Azocoll proteolysis assay, Azocasein
proteolysis assay, growth factor degradation assay, neutrophil elastase
assay, neutrophil elastase inhibitor assay, and cathepsin G assay. The
results of these assays consistently demonstrate elevated levels of proteases
and reduced levels of inhibitors in chronic wound fluids compared with
acute wound fluids.

Azocoll Assay of Acute, Chronic, and
Sequential Wound Fluids

Our initial data indicate there are major differences in the levels of protease
activity between acute and chronic wound fluids. The average level of
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protease activity in 20 different acute wound fluids collected from
mastectomy incisions, determined using Azocoll as the substrate (55), is low
(0.75 pg collagenase equivalents/ml), with a range of 0.1 to 1.3 ug
collagenase equivalents/ml. Also, the average levels do not change substan-
tially during the first 7 days after surgery. In addition, the levels of TIMP-1
determined using an enzyme-linked immunosorbent assay (ELISA) in three
acute wound fluids is 38 + 6 pg/ml (Fig. 12.3A). The ELISA detects both
free TIMP-1 and TIMP-1/MMP complexes, although not with the same
efficiency as free TIMP-1. This suggests that protease activity is tightly
controlled during the early phase of wound healing.

In contrast, the range of Azocoll protease activity in chronic wound
fluids collected before clinical treatments had begun is quite large, ranging
from 5 to 584 ug collagenase equivalents/ml. The average level of protease
activity in 32 different chronic wound fluids was 87 + 24 ug collagenase
equivalents/ml, which is 116-fold higher (p < .05) than in mastectomy
fluids. Furthermore, addition of the MMP inhibitor Galardin to chronic
wound fluids reduced hydrolysis of Azocoll by an average of 90%. This
indicates that the majority of proteases in these chronic wound fluids that
degrade Azocoll are MMPs (Fig. 12.3B). In addition, the levels of TIMP-1
measured in five of these chronic wounds was inversely related to the level
of Azocoll hydrolysis activity. As shown in Figure 12.3A, samples I-33 and
I-25 had low levels of Azocoll hydrolysis and had high levels of TIMP-1. In
contrast, chronic wound fluids I-24, I-29, and 1-42 had low levels of
TIMP-1 that were 50- to 100-fold lower than levels in acute wound fluids
that had low levels of Azocoll hydrolysis. Similar results were found for
neutrophil elastase and its inhibitor and cathepsin G.

We also analyzed an initial series of sequential wound fluids collected
from 10 patients with venous stasis ulcers before beginning treatments and
collected again after 2 weeks of treatment when the ulcers typically are
about 30% healed. Our hypothesis predicts that the levels of MMPs should
decrease in chronic wound fluids as healing progresses. To standardize the
collection process, these patients were hospitalized the night before begin-
ning treatment and had no fluids after midnight. At 8 A.M. the next
morning, they drank 1 L of water, and the ulcer was covered with occlusive
dressing and placed in a dependent position. After 1 hour the fluid that had
spontaneously collected was removed and analyzed.

The average level of Azocoll hydrolysis was quite high in the 10 samples
collected before therapy began (52 + 12 pug collagenase equivalents/ml).
After 2 weeks of treatment, the levels of Azocoll hydrolysis decreased in 8
of 10 of the patients to an average level of 15 + 6 ug collagenase/ml.
Overall, this is a 3.4-fold decrease in protease levels of the 10 patients. We
also assessed the effects of addition of the MMP inhibitor Galardin on the
Azocoll hydrolysis by the sequential wound fluids. Galardin inhibited
almost all the Azocoll hydrolysis activity in the sequential wound fluids. For
example, Galardin decreased the average Azocoll hydrolysis activity by
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FiGure 12.3. Determination of protease and inhibitor levels in wound fluids. A.
Protease levels in mastectomy and chronic wound fluids were determined by Azocoll
assay. TIMP-1 levels in wound fluids were determined by ELISA. B. Determination
of protease levels in chronic wound fluids with Azocoll and inhibition by Galardin.
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99.2% from 52 pg collagenase/ml to 0.4 pg/ml in the samples collected
before treatment began. Galardin also effectively decreased protease ac-
tivity in fluids collected 2 weeks after treatment began from 15 pug
collagenase/ml to 0.4 pg/ml.
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Gelatin and Casein Zymography of Acute,
Chronic, and Sequential Wound Fluids

Results of the Azocoll assay and Galardin inhibition indicated that the
wound fluids contained activated MMPs. To help identify which MMPs
might be present and activated, we performed gelatin and casein zymo-
grams of acute and chronic wound fluids (56). As shown in Figure 12.4,
analysis of three acute wound fluids collected on postoperative days 1, 2,
and 3 revealed the presence of one major band of molecular weight 92 kd
and two minor bands at molecular weights of approximately 130 kd and 200
kd. Based on migration of purified samples of MMPs, we identified these
bands as the pro-MMP-9 (92-kd gelatinase, gelatinase B) and complexes of
MMP-9 with other proteins. The activated forms of MMP-9 and MMP-2
migrated as slightly lower molecular weight bands. There was an extremely
faint band migrating at 89 kd in acute fluid POD-1, which is probably
activated MMP-9, consistent with the results of the Azocoll assay that
showed very low levels of protease activity.

The gelatin zymogram of five chronic wound samples showed dramati-
cally different patterns of bands from the acute wound fluids. The samples
1 through 5 (Fig. 12.4) had a large range of protease activity determined by
the Azocoll assay of 3, 3.5, 22, 584, and 130 pg/ml, respectively. The band
pattern for sample 2 was very similar to the acute wound fluid with three

Ficure 12.4. Gelatin zymography of wound fluids. Visualization of gelatinolytic
proteinases in acute and chronic wound fluids.
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major bands, but the higher molecular weight bands were more intense and
there was a faint diffuse band at a molecular weight range of 35 to 55 kd.
Chronic wound sample 1 had an intense band at 85 kd and the diffuse band
at 35 to 55 kd. Samples 3, 4, and 5 all had multiple, intense bands especially
at 85 kd (activated MMP-9), 68 kd (probably activated MMP-2), and 35 to
55 kd (probably MMP-3). MMP-1, or collagenase, is not readily detected by
gelatin zymography since it makes a single cut in native collagen. Thus,
gelatin zymograms of acute and chronic wound fluids support the quanti-
tative measurements of protease activity made with the Azocoll assay and
indicate the presence of several active MMPs in chronic wound fluids.

We also analyzed the sequential wound fluids using gelatin and casein
zymography. The patterns of the fluids collected from 10 patients with
chronic venous stasis ulcers before they began conventional compression
therapy had six intense bands at approximate molecular weights of
>200 kd, 150 kd, 100 kd, 85 kd, 65 kd, and 45 kd. These patterns were
more intense in the sample collected from each patient before treatment
began compared with the second sample collected after 2 weeks of
treatment. This is particularly apparent in a pair of samples where the initial
sample collected before treatment had very intense bands especially at the
three higher molecular weights (>200 kd, 150 kd, 100 kd) and faint bands
at <45 kd. In contrast, the bands generated by the second sample collected
2 weeks after treatment began were much less intense and no activated
MMP-9 (92-kd gelatinase B) was detected. Incubation of an identical gel in
buffer containing Galardin during the development period totally blocked
band formation indicating that all the bands detected by the gelatin
zymogens were MMPs.

QO-RT-PCR Analysis of MMP and TIMP
of Chronic Wound Biopsies

Using competition-based quantitative reverse transcription polymerase
chain reaction (Q-RT-PCR), we also measured the levels of mRNAs for
MMP-1, MMP-2, MMP-3, MMP-9, TIMP-1, and TIMP-2 in biopsies from
normal skin, the edge of each ulcer, and from the base of eight different
chronic wounds (Fig. 12.5) (57). The levels of mRNAs agreed well with the
levels of proteins measured in chronic wound fluids. Specifically, levels of
mRNAs in the biopsies from the base of the wounds were elevated 300-fold,
200-fold, 100-fold, and 450-fold for MMP-1, MMP-2, MMP-3, and
MMP-9, respectively, compared with normal skin. In contrast, the levels of
mRNAs for TIMP-1 and TIMP-2 were only increased 30-fold and 15-fold
in the wound tissue compared with normal skin. Levels of mRNAs at the
edge of the wound tended to be about half as high as the levels in the base
of the ulcers. Thus, the levels of mRNAs for MMPs were consistently
elevated several hundred-fold in chronic wounds compared with levels in
normal skin, whereas mRNAs for TIMPs were increased substantially less.
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Ficure 12.5. Quantitative RT-PCR measurement of mRNA levels for MMPs and
TIMPs.

In summary, these data indicate that the environment of acute wounds
have low levels of active MMPs and high levels of TIMP-1 proteins. In
contrast, most chronic wound fluids contain high levels of activated MMPs
and low levels of TIMP-1. Levels of mRNAs measured by Q-RT-PCR agree
with the trend seen in the protease measurements. The physiologic impli-
cations of these data are that MMP activity is tightly controlled in acute
wounds due to the presence of TIMPs (and to low levels of TNF-a and
IL-18 and elevated levels of p55 and IL-1ra). In chronic wounds, however,
levels of active MMPs are elevated and levels of TIMPs are decreased
(presumably induced by high levels of TNF-a and IL-13 and by low levels
of pS5 and IL-1ra). These data support our hypothesis that the elevated
inflammatory cytokines induce synthesis of MMPs in chronic wounds. In
the next section, we examine what biologic effects the elevated levels of
proteases may have on the biologic activities of essential ECM proteins,
growth factors, and receptors.

Growth Factor Degradation

Our hypothesis of the molecular pathophysiology of chronic wounds
predicts that elevated levels of proteases in chronic wound fluids destroy
essential ECM, growth factors, and their receptors, which prevent wounds
from healing. To assess if growth factors are stable or are destroyed in acute
and chronic wound fluids, we added iodinated EGF, PDGF, and IGF-I to
samples of acute and chronic wound fluid and measured their stability by
precipitation with trichloroacetic acid (TCA). These growth factors are
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insolublein 15% TCA, whereas small fragments generated by proteolysis are
soluble in 15% TCA. As shown in Figure 12.6, the results were essentially
the same as we found using Azocoll as the substrate. Only 2 of 20 mastectomy
fluids caused any measurable destruction (0.05%) of the added EGF (0.15
+ 0.01 pg EGF degraded/ml wound fluid/24 hours) while all 14 different
chronic wound fluids caused substantial destruction of the added EGF
(average of 16.72 = 6.07 pg EGF degraded/ml wound fluid/24 hours, 60%
of the added EGF). Addition of Galardin or ethylenediaminetetraacetic acid
(EDTA) prevented the destruction of EGF to the low levels measured in acute
wound fluids. Similar results were obtained for PDGF and IGF-I using
samples of our acute and chronic wound. The different amounts of degra-
dation of growth factors in acute and chronic wound fluids are not due to
higher levels of total proteins in acute wound fluids simply acting as a
“protease sink” and sparing the growth factors since the levels of total
proteins in acute and chronic wound fluids are both approximately 6 to 8 g
per 100 ml. In addition, the pH and osmolarity of chronic wound fluids were
not significantly different from normal serum: the average pH was 7.26 +
0.16 and the average osmolarity was 312 + 13 mOsm.

Our hypothesis predicts that the levels of biologically active growth
factors should be high in acute wound fluids while levels in chronic wound
fluids should be low. Our initial analyses of growth factors in acute and
chronic wound fluids support this general concept. Mastectomy fluids
contained physiologically significant levels of four growth factors (TGF-a,
EGF, TGF-3, and IGF-I) at concentrations that can stimulate mitosis and
migration of cells in culture as well as induce or suppress transcription of
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Ficure 12.6. Degradation of EGF by wound fluids. Radiolabeled EGF was incu-
bated with samples of acute and chronic wound fluids and degradation determined
by measurement of TCA precipitable counts.
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genes in vitro. Also, the levels of EGF and IGF-I are lower in chronic
wound fluids compared with acute wound fluids. However, average levels
of TGF-a and TGF-3 are slightly elevated in chronic wound fluids. This
may be due to the detection of proteolytic fragments of TGF-« in wound
fluids by the RIA.

Growth Factor Receptor Degradation

Receptor proteins are another class of proteins that are necessary for
growth factors and cytokines to function in wound healing. In an initial
experiment investigating the stability of EGF receptors incubated with acute
and chronic wound fluids, we found that the EGF receptor was indeed
stable in acute wound fluids but not in chronic wound fluids. Preincubation
of human placental microvili membranes (a very rich source of EGF
receptors) with two mastectomy fluids for 2 hours did not reduce binding of
125I.EGF to receptors. In contrast, preincubation of the placental mem-
branes with two chronic wound fluids reduced EGF binding by 40% and
60%. Addition of EDTA or Galardin prevented the destruction of EGF-R
by chronic wound fluids, indicating that MMPs were responsible for the
inactivation of the EGF-R. Thus, proteases in chronic wound fluids can
degrade EGF receptors and may impede wound healing in vivo by de-
grading both growth factors and their receptors.

Biological Effects of Acute and Chronic
Wound Fluids on Wound Cells

The final stage of our hypothesis of chronic wounds predicts that fluids
from acute wounds should stimulate essential processes of wound healing
such as DNA synthesis of wound cells, while chronic wound fluids would
not. We evaluated the ability of a series of acute and chronic wound fluids
to influence DNA synthesis of the three major types of wound cells:
fibroblasts, keratinocytes, and vascular endothelial cells.

Addition of mastectomy fluids to serum-free chemically defined medium
stimulated high levels of DNA synthesis by cultures of human foreskin
fibroblasts. As seen in Figure 12.7A, mastectomy fluids collected during
days 1 and 2 after surgery stimulated DNA synthesis to levels slightly higher
than addition of 10% calf serum, while fluids collected during days 4, 5,
and 7 after surgery stimulated levels slightly below 10% serum. In marked
contrast, 13 of 14 fluids collected from chronic wounds decreased DNA
synthesis of fibroblast cultures when added to serum-free medium (Fig.
12.7B). Similar effects were found when acute and chronic wound fluids
were added to cultures of human umbilical vein endothelial cells held in low
serum (2%). Mastectomy fluids collected on days 1, 2, 3, and 5 after surgery



224 R.W. Tarnuzzer et al.

A

”
2 150
»
w
Z 125
o
s
E 100
@ 75
<«
£ 50
u 25 o
o i
E o :-r,il'.‘
=) 5 7
AFTER SURGERY
—
w
w
i 2501| O
1 7
= Z
Z
2 1l
W 7
@ 1507 Ly’
..l 7
o] 2
o 7
B 7
'E 50 2
(o] PR «
O 7
'S . 2
i 501
E -
w
O -150
o *QPN”QI‘!QNQON”I&I\
w O = - e ——————TT T T
o == Ll

Ficure 12.7. Effects of wound fluids on DNA synthesis. A. Effect of mastectomy
fluids on wound fibroblasts tritiated thymidine incorporation. B. Effect of chronic
wound fluids on wound fibroblast tritiated thymidine incorporation.

increased DNA synthesis approximately twofold above low serum, while
four of five chronic wound samples substantially decreased DNA synthesis.
Wound fluids produced similar effects on keratinocyte cultures. Acute
wound fluids collected from five patients on days 1, 2, 3, 4, 5, and 7
supported DNA synthesis, while fluids from 8 of 12 chronic wounds
reduced DNA synthesis an average of 55%. Thus, fluids from acute wounds
promote DNA synthesis while fluids from chronic wounds impair DNA
synthesis.
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Future Concepts for the Treatment of Chronic Wounds

Our biochemical analyses of the molecular environments of acute and
chronic human wounds support our hypothesis that chronic wounds fail to
heal because the environment degrades essential ECM proteins, growth
factors, and receptors. It is reasonable to propose that new treatment
strategies for chronic, nonhealing wounds can be developed that reestablish
the balance between cytokines and proteases with their inhibitors, ECM,
growth factors, and receptors found in acute, healing wounds.

Identification of the active proteases in wound fluids is essential to
designing strategies to reduce the elevated levels. Our data clearly indicate
that a high percentage of the protease activity in chronic wound fluids is
attributable to the metalloproteinase class as defined by inhibition by
nonspecific chelators of zinc such as EDTA. Of particular interest is our
result that Galardin, a specific inhibitor of MMP activity, is also very
effective in reducing proteolysis of Azocoll, EGF, and the EGF receptor by
chronic wound fluids. The inhibition of a high percent of total protease
activity in chronic wound fluids by Galardin would justify using MMP
inhibitors for the treatment of chronic wounds. In data not presented, we
also have recently found that Galardin and doxycycline both inhibit the
specific metalloproteinase that processes TNF-a from itsinactive, membrane-
bound precursor form to the active secreted molecule. Since Galardin and
doxycycline block both MMPs and TNF-a processing enzyme in vitro,
treatment of chronic wounds with Galardin or doxycycline may have a
double beneficial effect by blocking secretion of TNF-o and blocking
activity of MMPs. Finally, serious consideration should be given to
combination therapies for chronic wound treatment based on the molecular
pathophysiology of chronic wounds. Specifically, inhibitors of MMPs and
TNF-a processing enzyme in combination with growth factors might well
act synergistically to promote healing. Combination therapies of EGF and
protease inhibitors have proven to be superior to single agent treatments in
a variety of animal models of wound healing in the eye (58) and in the skin.
Understanding the molecular pathophysiology of chronic human wounds
should lead to more logical design of treatment strategies that will promote
healing of these difficult wounds.
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Improvements in burn care have lowered mortality rates significantly over
the last 40 years. Survival rates of 50% are now evident in children with
98% total body surface area (TBSA) burns, while in the 1950s children with
at most 49% TBSA burns were the only ones accorded such favorable odds
(Table 13.1). Advances in fluid resuscitation, infection control, and tech-
niques designed to achieve early wound closure all contribute to improved
survival rates; strategies for supporting the metabolic responses to burn
injuries have been of particular importance. Burn injuries covering more
than 40% TBSA prompt a stress response accompanied by a release of
catabolic hormones, which increase metabolic rate by 50% to 150% above
basal levels. This hypermetabolic response contributes to increases in
oxygen consumption, fat and protein wasting, cardiac output, elevated
body temperature, and immunologic compromise as well as impaired
wound healing. During prolonged periods of burn induced catabolism, loss
of lean muscle mass and lipolysis result in peripheral muscle wasting and
hepatic fat deposition. Improvements in resuscitation, wound treatment,
antibiotic therapies, and nutritional support are often unable to prevent the
devastating effects of this hypermetabolic response to burn injury. This
catabolic state can endure long after wound closure is achieved, up to 180
days after injury in cases of massive thermal injury. Pediatric burned
patients often display significant growth arrests for up to 3 years after
injury (1).

An inflammatory response to trauma or sepsis is a physiologic survival
mechanism; however, when this response becomes overwhelming, it can
initiate a self-destructive sequence that can result in multiple organ failure
and death (2). After thermal injury, counterregulatory hormones such as
catecholamines and cortisol exhibit significant increases, while levels of
anabolic hormones such as insulin, growth hormone (GH), and insulin-like
growth factor-I (IGF-I) are decreased. These initial hormonal changes
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TasLe 13.1. Percent of the total body surface area (TBSA) burned
for an expected 50% mortality in 1952 and 1993.

Age 1952 1993*
0-14 49%TBSA 98%TBSA
15-44 46%TBSA 72%TBSA
45-64 27%TBSA 51%TBSA
>65 10%TBSA 25%TBSA

*Galveston Burn Unit.
From Herndon et al. (62), with permission.

produce increases in metabolic rate, oxygen consumption, and cardiac
output, and they cause concomitant rises in serum glucose, free fatty acids,
and lactate. Persistently elevated levels of cortisol and catecholamines
characterize the hypermetabolic response to burn injury, and can result in
gluconeogenesis, hyperglycemia, glycogenolysis, skeletal muscle pro-
teolysis, and lipolysis. The erosion of body protein that is produced by the
catabolic response is associated with increased infection rates, delayed
tissue repair, reduced wound healing, and diminished skeletal muscle
function. Chronically elevated levels of catecholamines produce pathologic
conditions such as cardiomyopathy as well as increases in heart rate and
contractility (3), which can lead to heart failure. Catecholamines also
promote fat and protein catabolism, which result in peripheral muscle
wasting and a redistribution of subcutaneous fat (especially to the liver) (4,
5). Liver size often increases to two or three times normal and can impair
respiration due to restricted diaphragmatic excursion. As the hypermeta-
bolic response continues, patients with larger burns lose skeletal muscle
mass to the point of becoming feeble. This delays independence and self
care. While total body weight can be maintained with generous caloric
intakes supplemented with protein and other nutrients, parenteral caloric
intakes above maximally tolerated enteral nutrition can lower the immune
response and, according to randomized prospective studies, heighten risk of
mortality (6). Early enteral feeding (within a few hours of an injury)
prevents protein-caloric malnutrition, reduces gastric atrophy, and limits
bacterial translocation and sepsis (7-9). Weeks after a burn injury, GH and
IGF-I concentrations are still decreased, while glucagon, catecholamines,
and cortisol levels remain elevated. Prolongation or exaggeration of the
hypermetabolic response can result in added morbidity and increased
incidence of mortality in severe thermal injury.

‘While the exact mechanisms of postburn hypermetabolism are not fully
understood, it is thought to begin with a bacterial toxin as the stimulus.
Monocytes and macrophages secrete prostaglandins (especially thrombo-
xane and PGE,, which inhibits lymphocyte activation) and incite the
production of inflammatory cytokines, especially tumor necrosis factor
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(TNF). Many metabolic alterations seen with burn injuries can be attributed
to upregulations of TNF, thromboxane, and PGE, (10). TNF receptors can
be found on nearly all somatic tissues except for erythrocytes (11). Animal
studies suggest that TNF, which is cytotoxic for damaged cells and active in
host defense (12), may cause body wasting which is seen in some chronic
diseases. The sera of septic, thermally injured patients exhibit elevated
levels of TNF (13), and animals that have been treated with TNF antibodies
can survive subsequent lethal injections of endotoxin (14). TNF acts in a
synergistic manner with epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), and insulin to produce a mitogenic effect in several
cell lines (15). Upon encountering bacterial products, macrophages secrete
monokines such as TNF and interleukin-1. These factors interact with
others and create a cascade of events that serves to mediate the body’s
response to shock by increasing concentrations of epinephrine, norepineph-
rine, and glucagon. In sepsis, thromboxanes are increased and contribute to
tissue damage, while cytokines, such as interleukin-1 (IL-1), interleukin-2
(IL-2), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-«), act as
intermediaries in bringing about immunologic depression and catabolism
(16, 17). Cytokines and prostanoids prompt the hypothalamus to reset the
core body temperature to about 2° higher than normal. A typical compen-
sation mechanism of a burned patient is to increase his resting energy
expenditure (REE). Maintaining environmental temperatures at 30° to
32°C can reduce a patient’s REE and relieve stress. Septic patients are
especially vulnerable to environmental temperatures as they cannot respond
to cold stress by appropriately elevating REE, and their core temperatures
drop when they are exposed to cold. Sepsis may limit a patient’s ability to
raise REE or may inhibit mediators or cellular functions that usually
respond to cold stress. Metabolic derangements and infections that threaten
such basic regulations are critical to survival.

In addition to the typical complications of severe thermal injuries, pedi-
atric patients frequently experience growth delays after severe burn injuries
without subsequent growth compensation. In a review by Herndon et al. (18)
of 80 patients sustaining 40% or greater TBSA burns, the catabolic processes
that lead to growth delays are not averted by early wound excision and
coverage (within 72 hours) combined with aggressive nutritional supplemen-
tation designed to maintain weight. In spite of this support and treatment,
along with maximum exercise, these pediatric patients display profound
growth arrests during the first year after their burn injuries. These children
do not return to near normal growth rates until 3 years postinjury. Possibly,
the hypermetabolic response consumes energy resources that would other-
wise contribute to anabolic growth. These profound growth delays and
muscle wasting with a concomitant lower production of GH and IGF-I
suggest that exogenous administration of growth hormone could be advan-
tageous for severely burned pediatric patients.
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The Role of Growth Hormones in Burn
Wounds and Hypermetabolism

Burn wounds themselves prompt neural pain impulses, thromboxane
release, and the production of cytokines such as IL-1, IL-2, IL-6, and TNF.
Lymphocytes produce interleukins, TGF-8, TNF, and interferons, all of
which play important roles in the local inflammatory response process.
Normally, an orderly release of chemicals follows specific stimuli in a
controlled manner so as to coordinate the wound healing process. A platelet
plug forms, and fibroblasts, neutrophils, and macrophages follow after and
prompt the appearance of collagen fibers and other matrix components.
Granulation tissue macrophages clean damaged areas; fibroblasts deposit
collagen in order to seal rifts, and endothelial cells provide resources for
growing dermal tissue by way of neovessels (19). Growth factors and
cytokines influence the formulation of granulation tissue involved in wound
healing. Initially, growth factors congregate near wound sites and, when
sufficiently elevated concentrations are attained, they repress chemotaxis
and activate mitogenesis or matrix production. Some growth factors
promote cell division and others enhance DNA synthesis. While some T
lymphocytes enhance the processes involved in wound healing, others have
the opposite effect (20). Fibroblasts, endothelia, and keratinocytes promote
local tissue repair and can enhance the function of white cells, but with time
they cause generalized immunosuppression. Animal studies and clinical
trials demonstrate that growth hormones, growth factors, and interleukin-4
(21) and interleukin-8 (22) may ease some the devastating effects of the
hypermetabolic response and improve wound healing.

The radical metabolic changes and hormonal shifts seen in burned
patients are exceptionally difficult to control because of complicated
interactions within an interconnected network of chemical messengers.
Mediators are produced in wounds and carried by the circulation to distant
organs and tissues that secrete growth factors. Cytokines such as IL-6, IL-1,
and TNF; growth factors; prostaglandins; and thromboxanes A, and B,
move to target tissues. These mediators cause changes in permeability,
decrease circulating plasma volume, and result in hypovolemia. Thrombo-
xanes A,, catecholamines, and superoxide ions prompt systemic vasocon-
striction and increased cardiac rate. Thromboxanes can cause gastroin-
testinal vasoconstriction, which, along with hypovolemia, can cause
damage to the mucosal barrier of the bowel and thereby permit bacterial
translocation into the circulatory and lymphatic systems. Arachidonic acid,
a dietary polyunsaturated fatty acid, is a precursor from which thrombo-
xanes and prostaglandins are produced. Prostacyclin (PGE, in particular)
can provide some benefit to burned patients by causing vasodilation, and by
attracting neutrophils (23-25); it can also amplify vascular permeability,
which results in wound edema, erythema, and pain. Damaged tissues release
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proteases that can be harmful, and many of the proteins released during the
acute phase in response to an injury act to inhibit such proteases.

Growth factors appear to govern the production and dissemination of
cells into and away from wound sites so as to coordinate the processes of
coagulation, inflammation, and repair. PDGF promotes chemotaxis in
fibroblasts, endothelia, and inflammatory cells (26). Monocytes and neu-
trophils can be activated by low levels of PDGF. This growth factor
increases fibroblast and inflammatory cell infiltration as well as the
production of collagen and granulation tissue (27). PDGF gathers and
degranulates neutrophils and augments their ability to produce superoxide
and lysosomal enzymes (28). Animal studies show that PDGF expedites
healing for partial-thickness (29), full-thickness (30), and incisional wounds
(31). The presence of additional growth factors may be necessary in order
for PDGF to act. Macrophages secrete large quantities of PDGF, trans-
forming growth factors, fibroblast growth factor (FGF), and interleukins.
Fibroblasts and endothelia are then able to produce autocrine growth
factors such as endothelins and insulin-like growth factors. The most
significant function of FGF probably involves the stimulation of angioneo-
genesis where injury occurs or repair is needed (32, 33). Further, FGF
stimulates endothelial cells to proliferate, and secrete proteases that lyse the
basement membranes of vessel walls (34-37). Endothelial cells form capil-
lary sprouts and then capillary tubes that run parallel to one another and
perpendicular to the wound surface. The newly formed vessels create arched
loops that conjoin. If these newly formed endothelial junctions leak, edema
can result (38). FGF prompts new vessel growth, and in vitro studies suggest
that it stimulates the multiplication and migration of endothelia as well as
tube formation. Transforming growth factor-3 (TGF-3), PDGF, and IGF
influence the creation of collagen, which is an essential product of
fibroblasts and provides tensile strength in healing skin.

The hypermetabolic response to traumatic injury is driven by many
hormonal changes, and a treatment aimed at hormonal modulation is apt to
be complex. 8-blockade mitigates some of the consequences of hypermeta-
bolism; it reduces free fatty acid levels, cardiac rate, basal metabolic rate,
and blood pressure (39). Unfortunately, when catecholamine-induced li-
polysis is reduced, proteolysis sometimes increases because the process of
gluconeogenesis requires fuel. 3;-blockers, which influence cardiovascular
function but leave protein and fat kinetics untouched, show some success in
preliminary clinical trials (40). Additionally, 8,-agonists (e.g., clenbuterol)
can stimulate protein synthesis so that, in combination with 8,-blockers, the
harmful effects of catecholamines can be thwarted without causing dam-
aging side effects. Efforts to block prolific mediators, to stimulate insuffi-
cient factors, or to replace lost biologic mechanisms, however, could result
in an unexpected cascade.

Growth hormone is an anabolic agent that stimulates cell proliferation,
fat mobilization, skeletal growth, and amino acid entry into cells for protein
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synthesis. One of the detrimental effects of the hypermetabolic response to
traumatic injury, loss of nitrogen, can be abated or even reversed by
recombinant human growth hormone. Early studies of Liljadahl et al. (41),
Soroff et al. (42), Roe and Kinney (43), and others (44-46) show that thGH
reduces nitrogen losses and up-regulates protein metabolism in traumati-
cally injured patients. Administration of rhGH can improve nitrogen
balance by 2 to 4 g per day (143 to 246 mmol per day). Early investigations
suggest that rhGH acts to increase oxygen utilization, promote nitrogen
retention, enhance electrolyte storage, and increase levels of circulating
insulin-like growth factor-I (IGF-I) (47). Furthermore, thGH can promote
a positive nitrogen balance, reduce protein oxidation, increase lipolysis, and
produce a positive mineral and trace element balance even with hypocaloric
nutritional support. Growth hormones are necessary for cell repair and
development and also have the capacity to cause cellular migration; they
organize cellular proliferation.

Recombinant human growth hormone is noted for its ability to reverse
protein catabolism by increasing cellular uptake of amino acids and stim-
ulating translation and transcription of nucleic acid. It prompts adipose
tissue to release fatty acids that are transformed in the liver into acetyl
coenzyme A; fat is a preferred energy source. Growth hormone enhances
wound healing by increasing epithelial cell mitosis, the rate of collagen
deposition, and tensile strength. Histologic studies of skin biopsies of pa-
tients who received exogenous rhGH for 7 days demonstrate that growth
hormone upregulates IGF-I surface receptors, increases levels of types IV
and VII collagen, and improves the formation of basal lamina at chosen
donor harvest sites. Clinical studies suggest that protein synthesis is greatly
augmented in burn wounds and becomes significant in the course of the
healing process compared with protein synthesis rates in the rest of the body
(48).

GH can produce deleterious side effects such as insulin resistance and
hyperglycemia. Hyperinsulinemic euglycemic clamp studies demonstrated
that administration of exogenous rhGH may reduce peripheral protein
wasting in severely injured patients via a mechanism that is similar to that
of insulin (49). A group of severely burned patients treated with 0.2
mg/kg/day of thGH were given an infusion of insulin to maintain serum
concentrations at 500 pU/ml. A primed constant infusion of N15 lysine was
administered before and after the clamp procedure in order to measure
protein synthesis rate. Patients treated with rhGH showed protein synthesis
rates three times above those of placebo-treated patients; however, no
additional protein synthesis increases were noted during the clamp proce-
dure. Like rhGH, insulin produces anabolic effects on protein kinetics;
recent studies by Sakurai et al. (50) on the effects of long-term administra-
tion of insulin on protein and glucose kinetics in burned patients indicate
that insulin levels maintained at 250 to 500 pU/ml markedly stimulate
protein synthesis and also increase protein breakdown, with protein syn-
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thesis in muscle mass increased by 352% above basal value. The combina-
tion of rhGH and insulin does not cause significant improvement over
administration of either one alone, and the effect of insulin on muscle
protein synthesis is as large as that of GH at these doses. Fleming et al. (51)
examined the effects of rhGH on circulating levels of catabolic hormones in
pediatric burned patients. Patients with burns greater than 40% TBSA were
randomly assigned to receive placebo or 0.2 mg/kg/day rhGH throughout
their hospitalization. The rhGH-treated group showed a significant increase
in plasma levels of IGF-I, total catecholamines, norepinephrine, insulin,
glucagon, and free fatty acids compared with the placebo group.

IGF-I alone can produce significant reductions in hypermetabolic re-
sponses; it can decrease oxygen consumption and promote weight retention
in thermally injured animals (52). IGF-I, an anabolic agent synthesized
primarily in the liver, encourages body weight and height gains and
increases organ tissue weights. IGF-I acts to increase peripheral glucose
uptake and reduce protein breakdown and circulating amino acid levels
(53). Growth hormone stimulates production of IGF-I. It is hypothesized
that thGH enhances wound healing by stimulating hepatic and local
production of IGF-I. In a 40% TBSA scald rat model (54), a combination
treatment with GH and IGF-I shows a significant increase in epithelializa-
tion rate, body weight retention, and attenuation of hypermetabolism. Rats
receiving 2.5 mg/kg/day rhGH and 5.0 mg/kg/day IGF-I are compared
with those receiving rhGH alone (Fig. 13.1). Insulin-like growth factor
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Ficure 13.1. Epitheliazation rates for rats with 40% TBSA burns treated with
rhGH, IGF-I, both or placebo.
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reduces stress related responses to traumatic injury, accelerates wound
healing rates, and increases tensile strength.

Growth Hormone Improves Donor Site Healing Rates

Administration of thGH accelerates the healing rates of skin graft donor
sites by 25% in children with burns covering an average of 60% of TBSA.
Thus, severely burned children treated with rhGH can tolerate repeated skin
grafting procedures in which donor sites are reharvested on an average of 2
days earlier than those not treated. Exogenous rhGH treatment is expen-
sive, but it is cost-effective for patients with burns greater than 40% TBSA
because it significantly decreases the time required for wound closure and
thereby decreases the overall length of hospital stay (Table 13.2). Patients
with burns greater than 50% TBSA are completely dependent on donor site
re-epithelialization for achievement of wound coverage, and rhGH therapy
is particularly beneficial for them.

Forty-six children with burns covering 53% + 19% TBSA participated in
a double blind, randomized study to receive 0.2 mg/kg/day of rhGH from
the time of admission until complete wound coverage. Donor sites were
harvested at 0.006 to 0.010 inches in depth and dressed with Scarlet Red
impregnated fine mesh gauze (Sherwood Medical, St. Louis , MO). Donor
site healing time was recorded as the day when the gauze could be removed

TasLe 13.2. Cost-effectiveness of recombinant growth hormone.

Untreated patient
54% % 0.80 days/% burned = 43.2 days LOS

$1,881 (1991 SHCC stats*) x 44 days = $82,764 total hospital cost
rhGH-treated patient

54% x 0.54 days/% burned = 29.2 days LOS

$1,881 (1991 SHCC stats*) x 30 days = $56,430 total hospital cost
plus

39 kg x 0.2 mg/kg/day rhGH = 7.8 mg

7.8 mg GH/day X 29 days = 226.2 mg total

227 mg GH/day X% $35/mg for GH = $7,945 cost for GH

$7,945 + $56,430 = $64,375 total cost hospital plus GH therapy

$82,764 Total cost for untreated patient
—$64,375 Total cost for treated patient

$18,389 savings for treated patient
Savings of 22.2% for patients treated with rhGH

Composite patient = 8.2 + 5.3 years old, 39.1 + 24 kg weight, 54 = 13% TBSA burned
(Mean = SD, based on 24 patients enrolled into a double-blinded study).

LOS, length of stay in hospital.

*Based on all patients admitted to the Shriners Burn Institute in Galveston.

From Pierre et al. (63), with permission.



13. Growth Hormone Therapy in Human Burn Injury 239

without any trauma to the healed site (55). Two forms of growth hormone
were tested in this study: 18 patients received Protropin, 20 received
Nutropin, and 26 received placebo. Donor site healing times for these
groups were 6.0, 6.8, and 8.5 days, respectively. Length of hospital stay
decreased concomitantly with healing times so that rhGH treated patients
stayed 0.76 = 0.04 days per % TBSA of third-degree burn as compared
with 1.01 + 0.07 days per % TBSA of third-degree burn for untreated
patients. Therapeutic growth hormone was administered in conjunction
with morning feedings, although the optimal timing has not yet been
determined. While the precise mechanisms at work in growth hormone
therapy in burned patients have not been fully understood, it appeared that
GH exerted a direct influence on wound healing as well as improving
protein synthesis (56-58).

Recently, nine patients with full-thickness burns covering greater than
40% of their TBSAs were selected for a study to determine the wound
healing effects of growth hormone (59). Levels of IGF-I and IGF-I
receptors, laminin, collagen, and cytokeratin systemically and locally in
wound sites were the focus of the study. The patients, whose ages ranged
from 6 to 30 years, were resuscitated with a standard formula and their
urinary outputs were maintained at 0.5 to 1.0 ml per kg per hour. Fluids
were supplemented with electrolytes, and nutritional support was provided
enterally to deliver 1500 Kcal per m?> of TBSA plus 1500 Kcal per m? of
TBSA burned per day (60). Two surgeons were alternately responsible for
excising and grafting burn wounds (except for the face and perineum)
within 48 hours of admission. Two evaluators, blinded to the treatments,
alternately examined donor sites beginning on the third day after surgery.
Harvested donor sites were dressed with a Scarlet Red impregnated fine
mesh gauze. Forceps were used to gently lift the corners of the gauze via
sterile technique to assess the adherence of the dressing to the underlying
tissue, and any detached dressing was trimmed away. Daily repetitions of
this procedure continued until the Scarlet Red gauze no longer adhered to
the wound. The number of days until achievement of atraumatic removal of
the Scarlet Red gauze constituted the healing time.

At the time of the second split-thickness skin harvest, treated patients
began rhGH therapy via subcutaneous injection of 0.2 mg per kg of body
weight per day, and control patients received placebo. A biopsy of the
second donor site was performed 7 days later for the patients receiving
rhGH therapy and for those receiving placebo. Skin biopsies were evaluated
via immunohistochemical assay. The results of the study showed that the
therapy caused a threefold increase in IGF-I serum concentrations and a
decrease in healing time for donor sites by about 1.5 days. Growth hormone
therapy also caused more extensive basal lamina formation (28% =+ 14%
for placebo as compared with 73% = 15% for rhGH therapy), produced
increased expression of cytokeratin (CK14) in the keratinocytes of the
middle layer of the epidermis (0.7 + 0.3 for placebo and 2.3 + 0.06 for
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TasLE 13.3. Means and standard deviation of staining intensities for laminin,
cytokeratin 14, IGF-I receptors, collagen IV, and collagen VII with placebo and
rhGH.

Laminin Cytokeratin 14  IGF-1 receptors  Collagen IV Collagen VII

Placebo 0.2 = 0.3 0.7 = 0.3 0.8 + 0.3 04 + 0.5 0.6 =+ 0.5
rhGH 2.8 +2.0 2.3 = 0.6 2.3 £ 0.6 23+ 1.5 23+ 1.5

From Herndon et al. (59), with permission.

rhGH therapy on a scale of 0 to 4 in staining intensity), and prompted a
significant increase in IGF-I receptors present in keratinocyte cytoplasm, in
type IV collagen, and in type VII collagen along the dermal-epidermal
junction (Table 13.3).

This study was the first to quantitatively investigate the structural effects
of growth hormone therapy on wound healing in human patients. Previous
work on sheep tracheal epithelium (61) coupled with the recognized effects
of growth hormone led to the hypothesis that growth hormone therapy
would activate mitosis and proliferation of epidermal cells and would
prompt earlier and more complete reformation of structures that were
needed for dermal-epidermal attachment and growth. Various components
of the basement membrane were quantified. Laminin and type IV collagen
were known to be principle components of the basal lamina. Cytokeratin 14
was understood to be a keratin species associated with epidermal basal cells,
and collagen type VII was known as the principle component of anchoring
fibrils that extend from the hemidesmosomes into the dermis. Growth
hormone’s action may have directly stimulated cell division or protein
synthesis via its own surface receptors or it may have stimulated its
intermediary, IGF-I, to be released from the liver into the circulation or to
be produced at wound sites. IGF-I was known to be mitogenic for cultured
human keratinocytes, and IGF-I receptors have been found in human
epidermis where they were altered in the presence of increased keratinocyte
proliferation. The study measured completeness of newly formed basal
lamina, levels of protein components of basal lamina (laminin and collagen
type 1V), and presence of the major component of anchoring fibrils (type
VII collagen) with and without growth hormone treatment. The study
determined that growth hormone enhanced re-epithelialization in healing
donor site wounds either directly or indirectly.

Conclusion

Wound healing and the hypermetabolic response to a burn injury are
regulated by an interconnected network of chemical messengers. Mediators
produced at the wound site are carried by the circulation to distant tissues
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and organs that secrete growth factors targeted at other tissues. Traumatic
injuries and severe infections cause metabolic changes and hormonal shifts
that cannot be pharmacologically controlled unless they are better under-
stood. Growth hormones and growth factors that are intimately involved in
the hypermetabolic response to burn injury may hold the key to controlling
and alleviating the devastating sequelae of severe burn injuries.

Evidence suggests that rhGH increases concentrations of IGF-I and its
receptors at wound sites. Growth hormone therapy has the capacity to
improve body mass composition and weight retention, and it has been
shown to improve healing rates for burn wounds and donor sites. Further,
rhGH can stimulate cell mitosis and increase the synthesis of laminin,
collagen types IV and VII, and cytokeratin 14. In combination with IGF-I,
GH therapy is especially effective in attenuating the hypermetabolic re-
sponse to burn injury and in accelerating the processes of wound healing.

Administered subcutaneously, rhGH improves donor site healing rates by
about 2 days and can shorten the overall length of hospital stay for burned
patients by nearly 25%. Treatment with GH and IGF-I has been shown to
improve body mass composition, weight retention, and re-epithelization
rates at both burn wound and donor sites more than GH therapy alone. The
combination of these anabolic hormones may produce an even more
marked improvement. Future studies of treatment with GH in combination
with insulin or with IGF-I are warranted.
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Effects of Exogenous Growth
Hormone in Postoperative Immune
Function and Other Clinical
Outcomes

RAFAEL VARA-THORBECK, ESTRELLA RU1zZ-REQUENA, AND
José ANTONIO GUERRERO

The use of human growth hormone (hGH) in humans as a means of
inducing nitrogen storage is attractive to the surgeon, since he or she is
continually confronted with patients who could regain their health if only a
means were found to heal their wounds and reverse their protein malnutri-
tion. This can be done by providing an adequate intake of nitrogen and by
activating an endocrine mechanism that would reverse catabolic predomi-
nance.

In 1974 Wilmore et al. (1) suggested that adequate nutritional intake was
necessary for hGH to have a nitrogen-saving effect. In 1986 Phillips (2)
demonstrated that hGH stimulates hepatic production of somatomedin-C
[insulin-like growth factor (IGF-I)], whose action promotes diverse ana-
bolic processes such as the synthesis of RNA, DNA, proteins, proteogly-
cans, and so on. Poor nutrition, on the other hand, stimulates the
production of somatomedin inhibitors, which leads to a decrease in
somatomedin activity. In previous papers (3-5) we have shown that the
administration of hGH in patients receiving total parenteral nutrition
(TPN) following major gastrointestinal surgery and in those receiving
hypocaloric parenteral nutrition (HPN) following moderate surgical trauma
produces an increase in protein synthesis in the postoperative period.

To our knowledge, until 1993 no clinical study had dealt with the immune
function after surgery and exogenous growth hormone administration, and
only the experimental studies in rats undertaken by Saito et al. (6) have dealt
with the issue.

The purpose of our study was thus to determine whether the adminis-
tering of hGH could improve the systemic host defenses and promote
wound healing, thereby reducing the risk of infection.
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Materials and Methods

The subjects in this placebo-controlled randomized double-blind trial were
180 patients suffering from cholecystitis/cholelithiasis with or without
choledocholithiasis requiring cholecystectomy with or without choledocho-
duodenostomy.

All the patients satisfied the following eligibility criteria:

* They were between the ages of 45 and 60.

¢ They were not obese; body mass index (BMI) = 30.

¢ They showed no evidence of diabetes mellitus or other chronic disease.

¢ They had no evidence of sepsis or malignant disease.

¢ Their hepatic and renal function was normal; this was determined by
means of standard clinical and biochemical tests.

Design of the Study

The patients were admitted to the hospital 3 days before the date scheduled
for operation. On the day immediately before the operation urine was
collected from each patient and a sample was analyzed for urea, creatinine,
electrolytes, and glucose. A venous blood sample was also analyzed for
glucose, BUN, electrolytes (Na*, K*, Cl~) creatinine, insulin, GOT,
glutamic pyruvic transaminase (GPT), cholesterol, total bilirubin, prealbu-
min, transferrin, retinol-binding protein (RBP), albumin, total proteins,
immunoglobulins (IgG, IgM, IgA) growth hormone, and somatomedin-C
(IGF-1).

All patients were operated on under general anaesthesia, with tracheal
intubation, and a standard cholecystectomy with or without choledocho-
duodenostomy was performed.

After the operation all patients were given HPN using a PE-500
Kabi-Pfrimmer nutrition solution (40 ml/kg/day). The diet provided 1 to
1.5 g of protein/kg body weight/day and 900 kcal/day; that is, approxi-
mately 40% of energy requirements. The energy was only provided in
carbohydrate form (120 to 150 g/day).

Hypocaloric nutrition was administered in a peripheral vein for 6 days
and the patients were not allowed to eat until the 6th postoperative day.

hGH (8.IU GRORM-Serono) or placebo (saline serum) was given subcu-
taneously for 1 week, at 9:30 a.m. daily.

During the postoperative period, urine was collected every 24 hours, and
a sample was analyzed for urea, creatinine, electrolytes (Na*, K*, C17),
and glucose. A venous blood sample was also analyzed daily for BUN,
glucose, creatinine, and electrolytes (Na*, K*, Cl17).

On the day before the operation, as we mentioned above, and on the 5th
and 12th day after the operation blood was measured using a standard
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hospital autoanalyzer for GOT, GPT, total bilirubin, cholesterol, alkaline
phosphatase, albumin, and total proteins.

We also performed a nephelometric-assay using an ARRAY Protein
system (Beckman) to measure prealbumin, transferrin, and RBP. Growth
hormone was measured using an hGH radioimmunoassay kit (Sorin
Biomedica, 13040 Saluggia, Italy) and IGF-I using the SM-C radioimmu-
noassay kit (Nichols Institute, San Juan de Capistrano, California). Insulin
was also determined by means of a radioimmunoassay kit Insi-5 (Sorin
Biomedica).

The host defense mechanism was also tested. This was determined on the
day before the operation and on the 5th and 12th postoperative days using
radioimmunoassay techniques (Nephelometric Immunsera Behring). Immu-
noglobulins (IgG, IgM, and IgA) were measured to provide a rough check
on the humoral response, or B-cell function.

We performed the skin antigen test (Multitest IMC, Institut Mérieux,
Lyon, France) to obtain an approximate estimate of the cell-mediated
response. This test was applied on the surface of the volar forearms 3 days
before the operation and on the 3rd and 10th days after it. The skin
response was examined after 24 and 48 hours, this last measurement being
the significant one.

According to the Institut Mérieux, the skin test can be considered positive
(that is, the patient can be considered normoergic) when the diameter of
induration (at a 48-hour reading) is > 10 mm in men and >5 mm in women.
Male hypoergic patients show results ranging from 2 to 10 mm, while in
women the range is from 2 to S mm. The patient is considered anergic if the
diameter is < 2 mm. Finally, we also checked wound infection and average
hospitalization time.

Results

Wound Infections and Clinical Outcome

Wound infection was found in 16 patients of the control group (17.2%), but
in only 3 patients of the hGH-treated group (3.4%) (Fig. 14.1). Total
hospitalization averaged 12.5 + 7.1 days for patients in the control group,
whereas those in the hGH-treated group remained in hospital an average of
9.6 + 3.6 days. In fact, if we discount the 3 hospitalization days before the
date scheduled for operation, which were necessary to ensure a reliable
design for this study, mean hospitalization was 9.5 x 7.1 days for patients
in the placebo-control group and 6.6 += 3.6 days for patients in the
hGH-treated group.

In modern clinical practice it is difficult to understand the extraordinarily
high infection rate (17.2%) observed in the placebo-control group, but we
should note that in our social milieu in the South of Spain 30% of patients
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Ficure 14.1. Postoperative infections (A) and average sick leave (B). Control group
and hGH treated.

are hypoergic or anergic preoperatively and, as is well known, after the
operation the number of normoergic patients decreases significantly due to
the posttraumatic systemic immunosuppressive state (7, 8). These deficien-
cies in the host defense mechanism, together with the frequently prolonged
hospital stay, may explain the high rate of wound infection.

In Spain (especially in the South), there are no private patients in university
hospitals since hospital expenses are covered by the Social Security (Health
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Service). The insured patient thus tends to exercise his “rights” and declines
any release from hospital until all sutures have been removed.

Mechanisms Involved in the Low Infection
Rate in the hGH-Treated Group

Maintenance of the B-Cell Function or Humoral Immune Function after
Surgery (Fig. 14.2)

Our study shows that on the 5th day after the operation no significant
changes were observed in serum levels of immunoglobulins (IgG, IgM, IgA)
in the hGH-treated group compared with the preoperative basal levels.
On the other hand, in the placebo-control group immunoglobulin levels
in serum fell significantly on this day. These results agree with those obtained
by Gebhardt et al. (9), who demonstrated in humans that pulmonary re-
section resulted in a statistically significant decrease in IgG, IgM, and IgA.

Increase in the Cell-Mediated Host Defense Mechanism (Fig. 14.3)

In our study we performed the skin antigen test (Institut Mérieux score) to
obtain an estimate of the cell-mediated response, since delayed hypersensi-
tivity skin testing appears to be a useful and simple method of checking the
cell-mediated host defense mechanisms.

We found the following:

e Placebo-control group: After the operation the number of normoergic
patients fell from 56 (60%) to 40 (43%), whereas the number of hypoergic
patients rose from 26 (27.6%) to 42 (45%). The number of anergic
patients remained constant (11 patients).

e hGH-treated group: Here the opposite was the case: the number of
normoergic patients increased from 59 (67.8%) to 81 (93.1%), whereas
the number of hypoergic patients fell from 25 (28.7%) to 6 (6.9%). The
number of anergic patients fell from 3 to 0.

Our conclusion is that our study (5) demonstrates that administering
hGH can improve the systemic host defenses, both cellular and humoral.

Promotion of Wound Healing

Wound healing is a dynamic process involving complex mechanisms that
manifest themselves in various stages: from blood clotting through inflam-
mation, cellular proliferation, new blood vessel and lymphatic formation,
and reconstitution of extracellular matrix.

Some of the key steps in the healing processes are affected by the
metabolic changes induced by surgical stress. However, it should be
emphasized that the problems of wound healing and wound infection are
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Ficure 14.2. Immunoglobulins (mg/dl) measured preoperatively (A) and by post-
operative day 5 (B).
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Ficure 14.3. Immunocompetence index (Institut Mérieux scores). Control group
(A) and hGH-treated group (B).

interrelated and when wound healing is impaired, infection is a frequent
complication, and vice versa: when wound infection is present, healing is
delayed.

Thus, if the systemic catabolic response after surgical trauma can be

restrained, wound healing will be promoted and the risk of infection will be
reduced. This was done by administering exogenous growth hormone. In
our studies we have checked the following functions after cholecystectomy:
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e nitrogen and mineral kinetics

¢ some acute-phase proteins, albumin, and total proteins
¢ anthropometric parameters

e carbohydrate metabolism

¢ fat metabolism.

We obtained the following results:

Nitrogen and Mineral Kinetics (Fig. 14.4)

While on fixed nitrogen and caloric intake, a reduction of nitrogen
excretion occurred in all patients from the hGH-treated group. In this
group, then, there was a positive nitrogen balance from the first 24 hours
after the operation onward.

There was a significant difference between the placebo-control and
hGH-treated groups. Potassium excretion decreased in the hGH-treated
group and tended to follow the same positive balance as the nitrogen
measurements. No differences in sodium or chloride excretion were noted
between the two groups. Creatinine excretion was unaltered in both groups.
Similar results were obtained in other studies (1, 10, 11).

Proteins (Table 14.1)

In the placebo-control group a significant decrease in serum levels of
prealbumin, transferrin, RBP, albumin, and total protein was observed on
postoperative day 5. In the hGH-treated group, on the other hand, the
serum levels of acute-phase proteins, albumin, and total proteins did not
change significantly if compared to the initial basal values on the day before
the operation. Kinetic studies have demostrated that the anabolic effects of
hGH are associated with increased protein synthesis (12-14).

Anthropometric Parameters (Table 14.2)
In the control group we observed the following:

¢ pronounced weight loss (3 kg) on the 5th day, with full recovery to
preoperative values on the 30th day;

¢ changes in triceps skinfold (TSk) thickness similar to those observed in
weight loss;

¢ arm muscle circumference decreased significantly from preoperative
values to those registered on the 5th and 30th days after the operation.

In the hGH-treated group we observed the following:

® a slight decrease in body weight (1 kg) on the 5th day, and weight
continued to drop until the 30th postoperative day (mean weight loss =
4.7 kg);

e slight but continuous reduction in TSk thickness;

¢ arm muscle circumference did not change significantly during the post-
operative period.
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Ficure 14.4. Nitrogen and potassium balance. Control group (A) and hGH-treated
group (B).
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Tasie 14.1. Serum levels of total proteins (g/dl), albumin (g/dl), prealbumin
(mg/dl), transferrin (mg/dl), retinol-binding protein (RBP) (mg/dl)
preoperatively and on the Sth postoperative day.

Test Preoperatively Day 5
Total proteins (g/dl)

Control ) 7.18 = 0.5 6.61 + 0.7*

GH group 6.96 + 0.05 6.80 + 0.5
Albumin (g/dl)

Control 4.03 = 0.7 3.41 £ 0.5**

GH group 393 £ 0.5 3.77 £ 0.5
Prealbumin (mg/dl)

Control 269 + 7.4 17.8 + 5.5%*

GH group 26.7 + 8.5 252 + 7.3
Transferrin (mg/dl)

Control 277.0 + 60.1 212.6 + 49.0**

GH group 280.9 + 67.2 270.3 + 56.6
RBP (mg/dl)

Control 3.81 =+ 0.9 2.32 + 0.7%*

GH group 3.90 = 0.7 3.65 = 0.7

*p < .05; **p < .01.

We can conclude that administering exogenous growth hormone overcomes
the protein catabolic effects of the trauma response induced by surgical
stress, by increasing protein synthesis. Moreover, it preserves or increases
lean body mass and reduces adipose tissue mass. Similar results were
obtained in other studies (15, 16).

These effects are related to the fact that administering exogenous growth
hormone stimulates hepatic production and release of somatomedin-C
(IGF-I). In fact, our studies demonstrated that administering hGH resulted
in a statistically significant increase in serum levels of growth hormone and
somatomedin-C (IGF-I) by the 5th postoperative day (3-5).

TasLe 14.2. Changes in anthropometrics parameters.

Test Preoperatively S5th Day 30th Day
Weight loss
Control 66.11 = 7.20 63.90 + 7.88 65.27 + 4.21
GH group 60.31 + 6.88 59.34 + 8.34 55.67 + 2.85
Triceps Skinfold
Control 14.33 + 1.95 12.11 = 1.97 14.83 + 1.90
GH group 11.25 + 2.13 10.42 + 1.54 9.92 + 0.89
Arm muscle circulation
Control 24.12 + 3.58 21.85 £ 2.75 23.15 + 2.88*
GH group 22.87 + 2.95 22.35 + 3.15 22.12 + 3.45

*n < .01.



14. Effects of Exogenous Growth Hormone 255

Glucose and Insulin (Fig. 14.5)

As is well known (7, 8), low insulin serum levels are associated with trauma
and infection. In our placebo-control group of patients who had suffered
moderate surgical stress (cholecystectomy) the initial basal levels of insulin
concentration had fallen significantly by postoperative day 5, whereas there
was no change in glucose serum levels.

In the hGH-treated group insulin levels on postoperative day 5 had
greatly increased in relation to preoperative levels and in comparison with
the values obtained in the control group. Thus exogenous growth hormone
administration was associated with hyperinsulinemia.

Given that insulin is more effective in promoting glucose uptake than
IGF-1, exogenous growth hormone-induced increases in serum insulin
concentration might be expected to enhance glucose delivery to injured
tissue, thereby providing improved nutrient delivery for wound repair.

Although glucose serum concentration increased in the hGH-treated
group, this rise occurred without the normal inversely proportional rela-
tionship with the level of insulin. It seems, as other authors have pointed
out, that the marked insulin resistance induced by growth hormone
administration may be due to a deficiency in glucose transport (17).

In our patients no hyperglucemia (plasma glucose levels 250 mg/dl) or
glycosuria was observed, perhaps due to the small amount of glucose
present in the hypocaloric diets (120 to 150 g/day).

Cholesterol Metabolism (Fig. 14.6)

It has been shown (18, 19) that 24 hours after a surgical stress the serum
levels of cholesterol decrease, and in our study the lower values of
cholesterol were reached on day 2 after the operation. Thereafter choles-
terol showed a tendency toward more or less complete normalization, which
occurred between the Sth and 10th postoperative days, depending on the
severity of the surgical trauma.

In our placebo-control group cholesterol values on the 5th postoperative
day were lower than those registered preoperatively, but this decrease was
not statistically significant. In the hGH-treated group the decrease of
cholesterol levels in serum were statistically significant, if compared to the
preoperative values and those registered in the placebo-control group. The
cholesterol loss in both groups was mainly due to a decrease in S-
lipoproteins [low-density lipoproteins (LDL)]. Our results agree with those
obtained by other authors (19-21).

We can speculate, along with Aufenanger et al. (19), that the shortened
half-lives of LDL in serum favor lipoprotein delivery to the traumatized
tissue for the formation of water-insoluble membranes and, more generally,
for the purpose of wound healing.
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Summary

If

we reconsider, then, the mechanisms that prevent wound infection in

patients treated with exogenous growth hormone, we can report the
following:

1.

2.
3.

BN

The maintenance of the B-cell function or humoral immune function
after surgery.

The increase in the cell-mediated host defense mechanism.

The promotion of wound healing by overcoming the protein catabolic
effects induced by trauma response.

Other relevant mechanisms may include:

. hGH-induced hyperinsulinemia

. hGH-induced hyperglucemia

. hGH-induced hypocholesterolemia, mainly due to a decrease in LDL

. hGH effects on the granulation tissue by increasing collagen content or

by inducing the liberation of other growth factors in the wound (22).

Acknowledgment. We are grateful to Dr. Neil McLaren of the University
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15

Effect of Growth Hormone
Administration on Colonic Healing
and Repair

Henrik CHRISTENSEN

The understanding of anastomotic healing and wound management is
fundamental in surgery because leakage of a colorectal anastomosis in-
creases threefold the postoperative morbidity and remains the most impor-
tant mortality factor in gastrointestinal surgery (1, 2). Rates of clinically
manifest leaks of colonic anastomoses have been reported to reach 14%,
and x-ray inspection of extraperitoneal anastomoses has revealed leakage
rates of up to 51% (3, 4).

Recent decades have seen improvements of surgical techniques, preope-
rative bowel preparation, antimicrobial agents, advances in anesthesia, and
better facilities for intensive postoperative care. Cuthbertson’s (5) classic
studies from the 1930s established that the body’s response to surgery
involves both a local healing process and a systemic metabolic response,
followed by a greatly increased catabolic rate and a negative nitrogen
balance. Because catabolism and depletion of protein inhibit normal
healing, nutrition has been proposed to promote anabolism and prevent
postoperative catabolism. However, postoperative and severely ill patients
remain in negative nitrogen balance for a long period despite enteral and
parenteral nutrition (6).

Growth hormone (GH), with its promotion of lipolysis, muscle synthesis,
and retention of nitrogen, is another choice for improving the nitrogen
balance of a critically ill patient (7). Several recent studies have shown that
GH treatment improves patient outcome after injury and major surgery
(8-12). These observations have now replaced the traditional adoption of
GH as a “growth-mediator” promoting linear growth in childhood with
knowledge about a much more complex action of the hormone throughout
life, for example, as a potent anabolic regulator of body metabolism, an
important stress hormone, and an agent stimulating healing.

260
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Normal intestinal healing may be influenced by complex, clinically
indeterminable interactions between growth, nutritional, and local or
systemic supportive elements (13). Most studies of gastrointestinal healing
have therefore been performed on rats.

GH and the Gastrointestinal Tract: Background

Several endogenous and exogenous factors reportedly influence the growth
of the gastrointestinal tract (14-16). There is growing evidence of a
symbiosis between intraluminal growth factors from the stools such as
epidermal growth factor (EGF), transforming growth factor-«, glutamine,
and short-chain fatty acids (17-19) and endogenous growth factors such as
GH, insulin-like growth factor-I (IGF-I), and somatostatin (20, 21). GH is
a 191 amino acid, 22-kd polypeptide secreted from the anterior lobe of the
pituitary gland. Secretion of GH (somatotropin) is controlled by two
hypothalamic hormones: the inhibitory somatostatin and the stimulatory
growth hormone-releasing factor (GRF). Moreover, this release is regulated
by peptides, e.g., vasoactive intestinal peptide (VIP), and by stimulatory
glucocorticoids and inhibitory thyrotropin-releasing hormone (TRH)
(22, 23).

Leblond and Carriere (24) in 1955 were the first to ascertain a local effect
of GH on the gastrointestinal tract by reporting its effect on mitosis in the
crypts of Lieberkiihn in the duodenum of hypophysectomized rats. Hy-
pophysectomy of rats was later shown to lead to atrophy of the small
intestine with reduced intestinal length and mucosal weight and a decrease
in the height of the villi (25, 26), changes that were reversed after GH
treatment (27, 28). Others have shown an effect of GH on the weight and
length of the small and large intestine, so that GH may have a trophic effect
on intact gastrointestinal tissues (29, 30). In addition, GH reportedly has an
effect on gastrointestinal physiology, including the regulation of electrolyte
and fluid transportation, the effect of vitamin D-dependent calcium-
binding protein synthesis and calcium absorption, and the ventral release of
somatostatin and gastrin (31-34).

Early studies on the effect of GH were hampered by the limited
commercial availability of GH and were often performed in hypophysec-
tomized rats that therefore contained other pituitary hormones than GH
itself. The amino acid sequence of GH was deduced in 1971 and biosyn-
thetic GH (bGH) was approved for human use in 1985. Manufacturing of
bGH by means of modern DNA technology has now improved the economy
and availability of the hormone, which has prompted studies of the
hormone in clinical situations other than those in which patients are GH
deficient.
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How to Elicit GH’s Effects

A target cell’s responsiveness to a hormone is regulated by the concentration
of circulating hormone and by the availability and affinity of the receptors
with which the hormone can interact. GH actions also depend on age, sex,
species, steroids, estrogens, testosterone, pregnancy, insulin, thyroid hor-
mones, IGF-I, sleep, and nutritional state. The somatomedin hypothesis
predicts that GH acts via stimulation of synthesis and release of somato-
medins (IGFs) from the liver (35). IGF-I acts on specific intestinal IGF-I
receptors and stimulates the gastrointestinal tract (36, 37). Salub et al. (38)
found that GH administration stimulates IGF-I expression in the gastroin-
testinal tract of hypophysectomized rats. GH transgenetic mice reportedly
have a significantly increased jejunal, ileal, and colonic length, mucosal
weight, and villus height compared with normal controls (29, 30). Their
jejunal and colonic IGF-I messenger ribonucleic acid (mRNA) levels are
also significantly higher and their mucosa weighs more because the mucosal
cells live longer, not because GH spurs mucosal cell proliferation (29, 30).
Studying transgenetic mice with an overproduction of GH, Lund et al. (20)
proposed that GH is a promoter of intestinal adaption via mediation of
IGF-I action. The observation of a direct stimulating effect of GH on
cartilage explants and incubated muscle preparations in vitro (39) was
followed by demonstration of specific local GH receptors in a variety of
different organs (40). According to Lobie et al. (41), specific GH-receptors
are localized throughout the rat’s gastrointestinal tract, and the most intense
immunoreactivity appears in the intestinal mucosa. These findings confirm
that GH partly acts directly on specific GH receptors in the gastrointestinal
tract, and that the effect may be synergistic with IGF-1. Furthermore, GH
has recently been shown to stimulate the intestinal uptake of glutamine,
which is the preferred substrate for small intestine, fibroblasts, macro-
phages, and lymphocytes (42).

Healing of Colon: The Repair Process

The healing cascade primarily ensures recovery of the mechanical strength
of the cut gut and secondarily reestablishment of normal intestinal function
and the complicated and complex structure of the intestinal wall. An
electron micrograph of a through-cut of a normal rat’s left colon (Fig. 15.1)
shows that the strength-bearing submucosal collagen fiber is composed of
bundles of collagen fibrils.

The fibroblasts, and to a lesser extent the smooth muscle cells, are
believed to be responsible for the formation and remodeling of new collagen
in a healing anastomosis and the fibroblast has been shown to be stimulated
by GH in vitro (43). Fibroblasts appear at the edges of an anastomosis
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Ficure 15.1. Scanning electron micrograph of a through-cut rat colon representing
a part of a collagen fiber from submucosa composed of bundles of collagen fibrils.
(% 42,000, bar = 100 nm).

already within the first 24 hours after surgery, and collagen synthesis is
accelerated as early as 12 hours after anastomosis is performed (44). The
number of fibroblasts peaks 3 to 5 days after surgery. Together with the
invasion of inflammatory cells starting the reparative process, the fibro-
blasts start to proliferate and synthesis of collagen begins. In the ground
substance proteoglycans and glycosaminoglycans play specific roles in the
extracellular maturation of collagen, the regulation of the development of
collagen fibrils, and the intestinal growth regulation (45). The submucosal
remodeling ends with the simultaneous reestablishment of the mechanical
strength of the intestine and re-epithelialization at the anastomotic interface
by crypt cell mitosis, and ultimately migration ends the healing process.
Studies on the healing of colonic anastomoses have therefore focused on
two main processes: the anastomotic strength and the anastomotic collagen
metabolism.

GH and Anastomotic Strength

Background

Almost 200 years ago Larrey (46), surgeon to the Elite Guard of Napoleon,
described the seminal principles of intestinal anastomosis: “In suturing
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wounds of the intestine it is necessary to . . . preserve the lips in exact
contact . . . to include within the points of the suture the least possible
portion of the intestinal tube . . . to keep in view that union is effected by
the bowel’s own vessels.” Still, although the intervening period has seen
consistent progress in surgical techniques and an ensuing drop in leakage
rates, anastomotic leakage remains a substantial clinical problem with an
unsatisfactory high mortality rate, and attention has therefore spread to
other factors that may also affect the healing process.

In 1958 and 1968 Prudden et al. (47) and Kowalewski and Yong (48)
suggested that bovine GH injected intraperitoneally or subcutaneously
could increase wound tensile strength and hydroxyproline accumulation in
dermal skin wounds in rats. In 1966 Meffert and Liebow (49) reported a
GH-stimulated development of collateral vessels after lung surgery. Later,
Hollander et al. (50) and Pessa et al. (51) showed that treatment with
synthetic GH enhances the incisional wound-breaking strength of the skin
of normal and tumor-bearing rats, and the use of met-hGH did not
augment tumor growth. Later studies have demonstrated that GH has a
stimulating effect on the healing of incisional wounds and bone fractures,
and on donor sites, postresectional mucosal hyperplasia following extensive
intestinal resection, and the production of collagens in subcutaneously
implanted cellulose sponges (52-56).

Biomechanical strength is an important criterion for the success of
anastomotic repair. The strength of intestinal anastomoses reportedly is at
its lowest point 2 to 3 days after surgery, which is when clinical leaks from
colorectal surgery often happen (2). The early postoperative days are
therefore, clinically, the most important and interesting period for studying
healing.

The methods used for evaluating the strength of experimental colonic
anastomosis have either been the bursting strength test or the breaking
strength test. The former measures maximal intracolonic pressure at the
burst of the anastomosed segment caused by inflation of liquid or air. The
latter measures the uniaxial force required to break the anastomosis.
Chlumsky (57) was the first to describe bursting strength, which he tested in
a study of gastrointestinal healing by measuring the maximal intraluminal
pressure at disruption following inflating of sodium chloride into the closed
anastomosed segment. The bursting strength measures the weakest point of
the anastomotic line in which a leakage occurs, a factor of obvious clinical
significance (58, 59). In addition, this technique evenly distributes tran-
smural pressure from which the actual bursting wall tension (BWT) can be
calculated if the radius of the anastomosis is measured at burst. Further-
more, the test can be performed in vivo without disrupting vascular supply
and with a minimum of manipulation of the anastomosis before the test
procedure. Finally, the bursting pressure is a valid strength parameter
because a burst takes place at the time of maximum intraluminal pressure
(60). The breaking strength test has been preferred by several investigators
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because it can provide complete load-deformation curves and thereby give
detailed information about the uniaxial biomechanical properties of a
wound or an anastomosis (61). Furthermore, breaking strength is more
specifically related to the strength of the suture line than to the entire
anastomosed segment as such. The in vivo bursting strength test with
sutures left in place allows minimal manipulation before the test procedure
and seems to be the most useful method for measuring anastomotic strength
until days 4 to 5. The in vitro breaking strength test then becomes the
method of choice since the anastomosis can be tested without sutures and
up to 3 to 4 weeks after surgery. In the following studies both tests have
been used.

bGH and the Strength of Left Colonic Anastomoses

The effect of exogenous administration of bGH was studied after 2, 4, and
6 days of healing of standardized left colonic anastomoses (the design of the
healing studies is shown in Fig. 15.2). Daily treatment with 2.0 mg
bGH+kg ! raised bursting pressures twofold after 2 days and threefold
after 4 days of healing compared with controls when begun 7 days before
surgery (Fig. 15.3) (62). Initiation of bGH treatment at the time of surgery
yielded a 55% higher bursting pressure after 2 days compared with controls,

STUDY DESIGN

bGH - treatment Ref.

W (62,76)
% (63)
W (65)

l I (66)

-7 -4 * 2 4 6 Days
Surgery

Ficure 15.2. Design of the healing studies. Horizontal lines indicate bGH treatment
periods.
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Ficure 15.3. The effect of 2.0 mg bGH+kg~'+day~! on the anastomotic bursting
pressure on postoperative day 2 and day 4. (Data derived from refs. 62 and 63, with
permission.)

but no significant increase was noted after 4 days (63). After 6 days the
bursting strengths had reached the strength of intact colons.

The dose-response relationship between bGH treatment and bursting
strength was studied by treating rats with saline or with 0.125 mg, 0.5 mg,
2.0 mg, or 8.0 mg of bGH kg ! daily from 4 days before surgery until day
4 after surgery. The normal secretory pattern of GH is pulsative with
“basal” GH levels below 10 pg/L and with peak levels from 200 to 800
pgeL ™! (64). Rats given a subcutaneous dose of 1.0 mg bGH/kg twice daily
reached serum levels of 420 to 760 ug bGH.L™! after 1 hour; the
concentration was halved after another 2 hours and unmeasurable after 8
hours (53). It was shown that bGH had a dose-dependent effect on the
anastomotic bursting strength (65). There was no difference in the degree of
intraabdominal adhesion between the groups. The anastomotic breaking
strength test was used to measure the effect of bGH on anastomotic
strength without sutures after 4 days of healing (66). The same dose of bGH
increased the anastomotic breaking strength both with and without preop-
erative treatment by 59% and 34%, respectively (Fig. 15.4). However, there
was no difference in the anastomotic breaking strength on the same day
between the groups if bGH was only given prior to surgery, and not in the
healing period.
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The use of the bursting strength test requires that sutures are left in place.
Removal of the sutures may weaken the anastomosis before testing, and a
higher capacity for suture-binding could hence contribute to improve
bursting strength. To test this assumption, rats were given bGH for 7 days
before operation and the breaking strength of sutured anastomoses was
then tested immediately after surgery. One week of preoperative bGH
treatment did not alter the colon’s ability to hold sutures (66), although it
did accelerate the biosynthesis rate of the intact colon from 0.6% to 1.%

per hour. Long-term bGH treatment also increased the strength of the
intact colon (67).

GH and Anastomotic Collagen

Background

Reestablishment of intestinal anastomotic strength can only be achieved by
deposition of collagen of sufficient quality in the healing zone. Anastomotic
collagen changes massively during the first postoperative days (68, 69)
mainly due to disturbances between the normal collagen degradation and
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formation. The early phase of colonic healing is characterized by lysis of
mature collagen by collagenolytic enzymes and loss of tensile strength, and
maximal collagenolysis occurs during the first 24 hours and predominates
over collagen synthesis in the early days (70). When collagen synthesis
surpasses collagen degradation, a net gain of the collagen content is
obtained. It is generally accepted that synthesis of new collagen in the
anastomotic line begins at the end of inflammatory phases 2 to 3 after
operation. However, collagen synthesis begins much earlier according to
Martens and Hendriks (44), who reported a much higher level of anasto-
motic collagen synthesis 12 hours after anastomosis than in the intact colon.

The amino acid hydroxyproline is a unique characteristic of the a-chains
of collagen molecules, and it is formed by hydroxylation of proline before
the «-chains are wrapped together, forming a triple helix. In mammalian
tissues it is found in about 14% of the collagen type I molecule and, to a
minor extent, in elastin (1-2%). Hydroxyproline from colonic anastomoses
stems predominantly from collagen. Small amounts may originate from
elastin, acetylcholinesterase, and the Clq component of the complement.
Determination of the hydroxyproline content is therefore a useful way of
measuring the amount of collagen. However, the amount of hydroxyproline
varies with the type of collagen and any calculation of the amount of
collagen based on hydroxyproline values therefore necessarily requires
precise knowledge of the composition of the tissue in question. This is
important also when intact colonic tissue is compared with healing anasto-
motic tissue, since the latter is relatively rich in type III collagen (45).

The hydroxyproline content is closely related to the strength of both
intact tissues and healing wounds (68, 69), but the biomechanical strength
is also influenced by the quality of the properties such as alterations in the
number and quality of interfibrillar cross-links, changes in collagen fiber
structure, and alterations in collagen types. Some studies have shown a
decrease in the rate of cross-link stability in tail tendons of old hypophy-
sectomized rats (71), and bGH treatment has contributed to raise the
number of reducible collagen cross-links (72). Another study demonstrated
that long-term treatment with bGH increased the quality of biomechanical
properties of left colonic collagen in aged rats (73).

bGH and the Effect on Anastomotic Collagen

The administration of bGH to colon-operated rats at the time of surgery
caused the hydroxyproline content of the anastomosed segment to rise on
days 4 and 6 after the operation (63, 66). The effect on the deposition of
anastomotic hydroxyproline was dose dependent up to a dose of 8.0 mg
bGH per day (65). bGH had a similar dose-dependent effect on collagen
deposition into subcutaneous implanted cellulose sponges (52). Garrel et al.
found that stimulation of wound-breaking strength with GRF was accom-
panied by an accelerated maturation of wound collagen. Previous studies
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on the effect of GH on collagen metabolism have proposed that the GH
effect results from both an increased de novo synthesis and an increased
collagen degradation (72). Surgery with simultaneous bGH administration
improved the anastomotic strength on day 2, at which time the amount of
collagen was unchanged, a situation that is presumably due to a bGH-
induced stimulation of the chemical stability of the anastomotic collagens,
but also caused by the large amount of old collagen compared with newly
synthesized collagen.

The identification and quantification of certain specific enzymes, e.g.,
collagenases, is still fraught with a number of methodological problems. The
collagenases are involved in the collagen degradation process (70, 74). The
effect of bGH on the newly formed anastomotic collagen was assessed by in
vivo quantification of the synthesis by way of injection of “C-labeled
proline and measurement of the production of *C-hydroxyproline per hour
(66). To minimize reutilization of radioactive proline and to keep the
specific radioactivity constant during the labeling period, we added a large
flooding dose of “cold” proline and used a relatively short incorporation
period (4 hours). Four days after surgery the collagen biosynthesis rate of
the anastomosed segment of untreated rats was 4.4%. In rats receiving bGH
at surgery, the collagen biosynthesis rate was increased to 9.0%, and to
12.9% when treatment was started 7 days before surgery and continued
during the healing period (Fig. 15.5). Although the effect of bGH on the
healing parameters was more pronounced when treatment was started
before surgery, it was important from a clinical point of view that bGH was
able to improve healing also when treatment was started at the time of
surgery, since anastomotic dehiscence is most common in unplanned
surgery.

Systematic studies aimed at visualizing the healing zone of healing
anastomoses by means of light microscopy (75) have established that
various staining methods can be used to specific visualization of collagen
(Van Gieson). The use of a scanning electron microscope (magnification
% 70,000) made it possible to morphometrically evaluate the collagens in the
healing zone and hence paved the way for a study of the visualizability of
collagen increases and strength parameters with bGH (76). After 4 days the
healing zone in bGH rats was markedly different from that of controls. The
normal anastomoses were characterized by relatively unorganized collagen
fibrils, whereas the anastomoses from bGH-treated rats showed a much
more structured network of collagen fibrils with early organization of the
fibrils into new collagen fibers. After 6 days the bGH rats showed advanced
healing with dense organization of collagen fibrils in the healing zone
compared with controls. In this study it was not possible to quantify the
number of vessels in the splanchnicus, but others have shown that exoge-
nous GH stimulates the development of collateral vessels in the lung (49), a
factor that may be important in the intestine also. In addition, somatosta-
tin, which inhibits the secretion of GH from the pituitary gland, reportedly
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decreases the mesenteric blood flow and increases mesenteric vascular
resistance in a dose-dependent manner (77).

In conclusion, bGH seems to stimulate the reorganization of new
collagen fibrils in the healing zone and accelerate the collagen biosynthesis
rate, which leads to higher content of collagen of the anastomosed segment.

GH and Experimental Colitis

Background

In Crohn’s disease the combination of colitis, diarrhea, small intestinal
inflammation, malabsorption, and strictures contributes to chronic anorex-
ia, malnutrition, weight loss, and failure of linear growth. Nutritional
supplementation has been shown to diminish both symptoms and disease
activity, and to lead to partial or full restoration of linear growth failure
(78). Nutritional intake and GH are both important regulating factors of
IGF-I, and serum IGF-I is considered a useful index of the nutritional status
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in critically ill patients (79). IGF-I is also reduced in serum from children
and adolescents with chronic inflammatory bowel disease, and normaliza-
tion of the IGF-I levels due to higher caloric intake has both improved
growth velocity and reduced disease activity in patients with inflammatory
bowel disease (80). The effect of bGH administration found on healing
colonic anastomoses invites the question whether GH has an effect on the
repair of another type of colonic damage, i.e., experimental colitis.

The ideal experimental colitis model should mirror the pathologic
features and pathophysiologic mechanisms in human disease. Moreover, it
should be reproducible and applicable in experiments with laboratory
animals, e.g., rats. The serious limitations pertaining to any comparison
between chemically induced experimental colitis in animal studies and the
pathogenesis of ulcerative colitis and Crohn’s disease in the colon of man
have not discouraged the pursuit of experimental experience in induction of
colitis in animals. One such well-described experimental colitis model
consists in the instillation of trinitrobenzene (TNB) sulfonic acid into the
intestinal lumen. This method is widely used since the inflammatory
response after TNB instillation shows a transmural affection of the colonic
wall, which has histopathologic similarities to Crohn’s disease in man (81).
The inflammatory activity can be determined by a macroscopical and
microscopical evaluation, and by measuring the activity of myeloperoxidase
(MPO) in colon. MPO is an enzyme contained in the azurophilic granules
of the neutrophils. It is a suitable marker of these inflammation cells and
has therefore been used in several studies of inflamed intestinal tissue (82).

bGH and Experimental Colitis

In an experimental study the effect of bGH was investigated in rats
instillated with TNB (83). After 4 days the rats treated with bGH had lower
macroscopical and microscopical damage scores than controls, which indi-
cates that bGH attenuates the inflammatory response of chemical colitis.
Also, the infiltration of neutrophils, measured as MPO activity, was lower
in the rats given bGH (Fig. 15.6).

Patients with Crohn’s disease are reported to have a higher collagenolytic
activity level. This disturbance of collagen metabolism may be due to the
stricturing process that precedes the gross pathologic changes in this disease
(84). It therefore seemed relevant to test possible alterations of the biome-
chanical properties after induction of TNB-colitis, since migration of pha-
gocytic inflammatory cells into the colon may be accompanied by increased
collagenase activity, which could change the stability of the strength-bearing
submucosal collagens (85). The breaking strength and energy absorption per
unit length of colon from TNB-instilled control rats has been reported to
decline, a deterioration that was attenuated by bGH (83).

The higher colonic damage score, MPO activity, and biomechanical
properties induced by bGH were associated with a smaller fall in IGF-I
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levels in serum from the bGH treated rats than in the TNB-instilled
controls. The concerted dependence of IGF-I levels on GH stimulation and
the patient’s nutritional status (80, 86) and the local effect of bGH on the
repair of inflamed colon may suggest that a combination of bGH and
conventional treatment supplemented with parenteral and enteral nutrition
represents a therapeutic potential in the treatment dependent not only on
GH stimulation but also on the nutritional state of the patient (80, 86).
These observations, together with the local effect of bGH on the repair of
inflamed colon, suggest a potential therapeutic role for bGH in combina-
tior of conventional treatment and parenteral and enteral nutrition in the
treatment of patients with inflammatory bowel disease. However, these
suggestions call for further clinical studies.

Surgery, bGH, and Postoperative Weight Loss

The development in body weight (BW) after surgery reflects important
parameters such as appetite, recovery, healing complications, and balance
between catabolism and anabolism. In rats undergoing colon resection and
anastomosis, and even in sham-operated rats, the BW decreased during the
first postoperative days (66, 83). Colon-anastomosed control rats had a
lower BW after 6 days than at surgery, whereas bGH-treated rats had
regained their initial weight loss after 4 days (62, 63). bGH stimulation of
the development of postoperative BW was dose dependent (65). Rats with
experimentally induced colitis also experienced a decrease in BW, which
remained continuously lower than the initial BW after 7 days. Inversely,
bGH induction attenuated the fall in BW (83).

The BW of rats with experimental colitis was not higher than the BW of
rats treated with bGH because they had had a higher daily food intake.
However, the anastomosed rats treated with bGH did have a higher average
daily food intake than the controls after 6 days, whereas there was no
difference between bGH rats and controls 2 and 4 days after surgery. There
is convincing evidence that the higher food intake of the bGH-treated rats
stimulates the growth of intestinal mucosa, whereas the stimulation of other
layers seems to happen also without food passage (87). It was demonstrated
that bGH administration stimulated the mucosal weight (lamina epithelialis
and muscularis mucosa) and the weight of muscularis externa of intact
colon from rats of both sexes (88). The layers stimulated by bGH were the
same as those in which specific GH receptors were found to be localized
(41). The stimulating effect of bGH on normal colon may therefore be
induced by a higher food intake (76) associated with a better passage of
growth factors from the stools (19), but it remains unknown whether this
also affects the repair of colon.

GH/IGF-I Axis in Rats and in Man

Operative procedures in the gastrointestinal tract increase the metabolic
demands and may overwhelm the reparative process, and a negative
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nitrogen balance and malnutrition are both associated with diminished
healing (89, 90). Clinical studies have demonstrated that patients improve
when nutritional support is combined with GH treatment (10, 91, 92). GH
may be useful in all patient groups with a negative nitrogen balance, such as
inflammatory bowel disease with its complications in the form of chronic
anorexia, malnutrition, weight loss, and failure of linear growth. Nutrition
has been shown to diminish symptoms and disease activity, and it may lead
to partial or full restoration of linear growth failure (78, 93). Administra-
tion of bGH to rats with colitis has been shown to reverse BW loss and
attenuate the fall in IGF-I levels associated with a lower colonic inflamma-
tion (83).

GH secretion rises markedly in man in response to surgery (94) and may
be an important stress hormone by increasing lipolysis and sparring
carbohydrate and protein metabolism when nutrition is insufficient (95).
The rise in pituitary GH secretion in response to stress has been reported to
be proportional to the severity of the operation and to be relatively
short-lived (96). In the rat, however, GH secretion is inhibited by stress (97).
Both in humans and in rats the stress-induced alterations in GH secretion
occur concomitantly with reductions in circulating IGF-1. This dissociation
between GH levels and IGF-I levels in man implies resistance to endogenous
GH secretion during stress, and it has been suggested that this is a
mechanism by which it is possible to secure the preferential utilization of
lipids due to the direct actions of GH without simultaneously expending
precious nitrogen stores for growth. Improvement of this “normal”
GH/IGF-I axis in severe catabolism by means of bGH treatment, perhaps
in combination with nutrition, could elevate circulating IGF-I and thereby
accelerate recovery. The lower GH levels in rats under stress may indicate
that rats need smaller doses and may be easier to stimulate than man. In
normal volunteers in negative nitrogen balance, a high dose of GH was
shown to stimulate IGF-I and thereby improve nitrogen balance, and it was
demonstrated that simultaneous use of GH and IGF-I treatment may
further enhance the anabolic effect of both agents (98).

bGH could not raise serum IGF-I levels after colonic surgery nor after
experimentally induced colitis, but the abrupt fall in IGF-I usually seen
after operation was less pronounced with bGH treatment. The same effect
of bGH on IGF-I levels has been shown in humans in negative nitrogen
balance and in tumor-implanted rats with cachexia (99). The potential
effect on colonic healing of IGF-I itself was shown by treating
colon-operated rats with 500 ug IGF-I per day from surgery until test day
4. At this dose level IGF-I raised the anastomotic collagen content
compared with controls, although the dose had no effect on the
anastomotic strength parameters (100). Therefore, some of the healing
effects induced by bGH treatment could be mediated by the higher IGF-I
levels acting as a local growth factor on specific IGF-I receptors found
throughout the gastrointestinal tract (36).
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Future Directions: Can bGH Treatment Help Prevent
Postoperative Complications?

It is known from clinical studies that an improved postoperative protein
economy may shorten the convalescence period and hasten recovery. GH
administration seems to have a beneficial effect in situations when the
nitrogen balance is negative, e.g., during the catabolic phase after major
surgery, burns, and in severely malnourished and ill patients with low IGF-I
levels (8, 80, 101-103).

The use of bGH in the early postoperative period invites new questions.
Of special interest from a surgical point of view is whether administration
of bGH, alone or in combination with nutrition and growth factors such as
IGF-I, may reduce the number of wound, fascial, and anastomotic leaks. It
is expected to be particularly rewarding to conduct such studies on patients
expected to have many postoperative healing complications, as after
unplanned surgery (104) or on elderly malnutritioned patients (105).
However, there is evidence that factors such as GH and IGF-I, which
improve the healing process, also may lead to lower numbers of complica-
tions and may result in decreased mortality after colorectal surgery. Hence,
GH and IGF-I may also reduce the number of complications and may
decrease mortality after colorectal surgery.
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Modulation of IGF-I Therapy by
IGFBP-3: Potential Utility in
Wound Healing

Davip M. RoseN, STEVEN Apams, JEROME A. MOORE,
CHRISTOPHER A. MAACK, AND ANDREAS SOMMER

Insulin-like growth factor-I (IGF-I) is one of the most abundant growth
factors in circulation (~200 ng/ml); however, very little of it exists in its
free form. Normally, IGF-I is bound to one of its six known binding
proteins designated as IGFBPs1-6 (1, 2). These IGFBPs exhibit variable
tissue distributions and are believed to be involved in modulation of IGF
activity (3-7). In circulation, IGF-I exists primarily as part of a ternary
complex comprised of equimolar ratios of IGF-I, IGFBP-3, and a protein
known as acid labile subunit (ALS) (1, 8). IGFBP-3 is by far the most
abundant IGF binding protein and the only form that can bind to ALS to
form the large 150-kd ternary complex. This complex found in serum
greatly extends the circulating time of IGF-I and is believed to modulate the
availability of free IGF-I (1, 9).

Local Tissue Repair

IGF-I is known to be present in wound fluid and platelet releasates (10, 11).
Numerous groups have reported activities such as stimulation of cell
proliferation and matrix production (12). We have demonstrated that local
application of the IGF-I/IGFBP-3 complex can promote granulation tissue
deposition in Schilling-Hunt wound chambers. In rats, local application of
the IGF-I/IGFBP-3 complex appears to be more effective than free IGF-I
in promoting granulation tissue in this model (Fig. 16.1). In this study,
IGF-I (100 pg) was injected into the Schilling-Hunt chambers daily for 17
days either alone or complexed with an equimolar amount of IGFBP-3.
IGF-I alone or complexed with IGFBP-3 resulted in an increase in
deposition of collagen in the chambers. Treatment with an equimolar dose
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Ficure 16.1. Comparison of equimolar doses of IGFBP-3 (64 ug), IGF-I (16 pg),
and the IGF-I/IGFBP-3 complex (80 pg) on collagen accumulation in Schilling-
Hunt chambers. Each component was injected daily for 17 days into wire mesh
chambers (18 mm X 6 mm diameter). Chambers were implanted in subcutaneous
pockets created on either side of midline incisions made on the backs of Sprague-
Dawley rats (300-350 g). The cylinder contents were analyzed for hydroxyproline
and DNA by standard methodology using the Chloromine T/perchloric acid and
diphenylamine methods respectively. Data are expressed relative to placebo and are
mean = SEM for n = 5. (Adapted from ref. 24.)

Ficure 16.2. Effect of the IGF-I/IGFBP-3 complex on collagen accumulation in
Schilling-Hunt chambers implanted in rats. The IGF-I/IGFBP-3 complex was
injected daily for 17 days at the indicated doses of IGF-I (complexed with an equal
molar amount of IGFBP-3) into wire mesh chambers as described for Figure 16.1.
Wound chamber tissue was collected and analyzed as described for Figure 16.1.
Data are expressed as mean = SEM for n = 5. (Adapted from ref. 24.)
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of IGFBP-3 alone at this dose did not have any significant effect on tissue
deposition. One possible explanation for this might be that the complex
may serve as a local slow release vehicle for IGF-I. In a subsequent study,
various doses of the IGF-I/IGFBP-3 complex were evaluated and were
found to increase DNA and collagen content of the enclosed tissue by more
than twofold over a dose range of 1 to 6 ug/day (Fig. 16.2).

The ability of the IGFBP-3 to modulate the activity of IGF-I was further
evaluated in the experiment summarized by Figure 16.3. In this experiment,
addition of increasing doses of IGFBP-3 were able to inhibit normal tissue
accumulation in the chambers. The high doses of IGFBP-3 may be
sufficient to bind endogenously produced IGF-I and thereby limit the
amount of available free IGF-1. Together, these studies are consistent with
IGF’s known activities on cell proliferation and matrix production as well as
supporting the idea that the binding protein plays an important role in
modulating the availability of free IGF-I.

The IGF-1/IGFBP-3 complex was also evaluated in partial-thickness
wounds in pigs. In these studies, IGF-I + IGFBP-3 was formulated in 3%
methylcellulose and applied to dermal wounds. In Figure 16.4, an equimolar
dose of IGF-I, IGFBP-3, or the complex was applied daily for 6 days. The
data indicate that both IGF-I and the complex increased the extent of
re-epithelialization after 6 days; however, application of the IGF-1/IGFBP-3
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Ficure 16.3. Effect of exogenous IGFBP-3 on collagen accumulation in the Schilling-
Hunt chambers. Chambers were implanted in rats as above and injected daily with
the indicated doses of IGFBP-3 for 17 days. Tissue was collected and hydroxy-
proline was measured as previously described. Data are expressed relative to placebo
and are mean + SEM for n = 5. (Adapted from ref. 24.)
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Ficure 16.4. Comparison of equimolar doses of IGFBP-3 (373 ug), IGF-I (100 ug),
and the IGF-1/IGFBP-3 complex (475 ug) in split-thickness wounds in pigs. Dermal
wounds (1200 um deep; 2.5 cm X 2.5 cm in area) were made in domestic pigs.
Wounds were either treated with vehicle (3% methylcellulose in PBS, 0.1% BSA),
or the indicated drug formulated in above formulation in a final volume of 1 ml.
Wounds were treated daily and analyzed on day 6. Wounds were analyzed
histologically for the percentage of the wound resurfaced by epithelium. Wounds
covered by a layer of epithelium were considered “fully healed” for the purposes of
scoring. Data are expressed as the mean of four wounds from two animals.
(Adapted from ref. 24.)

complex led to more extensive healing. Similarly, Figure 16.5 demonstrates
a dose-dependent increase in the percent of wounds fully healed (as mea-
sured by re-epithelialization) over the range of 30 to 300 ug IGF-I per day.
In an attempt to evaluate a different dosing regime, the IGF-1/IGFBP-3
complex was administered either once (on day 1) or twice (on days 1 and 2)
followed by evaluation at day 6. These data (Fig. 16.6) indicate that less
frequent dosing or even a one-time application is sufficient to result in a
significant effect on re-epithelialization. In conjunction with the Schilling-
Hunt experiments done in rats, these data suggest that IGF-I/IGFBP-3 may
be a useful agent for local wound healing.

Systemic Activities

Unlike most other growth factors being evaluated for enhancement of
wound healing, the IGF-I/IGFBP-3 complex has the potential advantage of
also being useful for systemic wound healing applications. IGF-I/IGFBP-3
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Ficure 16.5. Effect of the IGF-I/IGFBP-3 complex (SomatoKine) on dermal wound
healing in domestic pigs. Wounds were prepared and analyzed as described in Figure
16.4. Wounds were treated daily with the indicated doses of SomatoKine for 6 days.
Doses are expressed as IGF-I equivalents (indicated doses of IGF-I complexed to an
equimolar amount of IGFBP-3). Data are expressed as the % of wounds fully healed
(as described for Figure 16.4) and are the mean of four wounds from two animals.
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Ficure 16.6. Effect of limited dosing with SomatoKine on wound healing. Wounds
were created in pigs as described previously. SomatoKine (300 pg IGF-1 + 1130 pg
IGFBP-3) was applied to wounds either on day 1 (1x) or twice 2x; on days 1 and 2),
and then analyzed on day 6. Data are expressed as percentage of wounds fully healed
(as described for Figure 16.4) and are the mean of four wounds from two animals.
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Ficure 16.7. Effect of systemic administration of SomatoKine on corticosteroid
suppressed wound healing. Rats were implanted with Schilling-Hunt chambers as
described for Figure 16.1 and were given methylprednisolone (8 mg/rat) at the time
of surgery to suppress the healing response. Chambers were injected daily for 17 days
with the indicated doses of IGF-I either alone (— IGFBP-3) or complexed to an equal
molar amount of IGFBP-3. Data are expressed as the mean + SEM for n = 5.

administered by SQ injection in rats was found to increase granulation
tissue in Gortex tubes implanted remote from the injection site (not shown).
In a different model, the effects of the IGF-I/IGFBP-3 complex was
evaluated in corticosteroid treated rats implanted with Schilling-Hunt
chambers. In this model, administration of methylprednisolone at the time
of surgery results in a significant decrease in accumulation of granulation
tissue compared with controls. Administration of IGF-I + IGFBP-3 in this
model resulted in a reversal of the corticosteroid-induced suppression (Fig.
16.7). As in previous studies, administration of IGF-I as a complex with
IGFBP-3 resulted in a more pronounced effect compared with IGF-I alone.

One of the key limitations to administration of free IGF-I is its ability to
bind to the insulin receptor resulting in acute hypoglycemia. Evaluation of
the pharmacodynamic effects of IGF-I + IGFBP-3 in rats and monkeys
demonstrate that when IGF-I is administered as a complex with IGFBP-3,
the complex provides substantial protection from this hypoglycemic re-
sponse. Figure 16.8 portrays an experiment where IGF-I is given as an IV
bolus injection at a dose of 2 mg/kg (+ IGFBP-3). At this dose, the
monkeys become severely hypoglycemic with the free IGF-1, but exhibit no
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Ficure 16.8. Comparison of equimolar doses of IGF-I (2 mg/kg), IGFBP-3
(8 mg/kg), and the IGF-I/IGFBP-3 complex (10 mg/kg) on blood glucose levels
in cynamologous monkeys. IGF-I (open squares), IGFBP-3 (open circles), or
IGF-1/1IGFBP-3 (solid squares) were formulated in 105 mM NaCl, 20 mM sodium
acetate, pH 5.5, and injected by IV administration into cynamologous monkeys.
Blood was drawn at the indicated times and analyzed for glucose. Data are the mean
+ SEM for n = 3.

significant change in blood glucose when IGF-I is administered as a
complex with IGFBP-3. Similarly, equivalent doses of IGFBP-3 alone had
no significant effect on blood glucose levels. In other studies, we have been
able to demonstrate that administration of IGF-I as a complex with
IGFBP-3 also prevented acute side effects, such as hypoglycemia, with
doses as much as 20-fold higher (on an equal molar basis).

Recent pharmacokinetic studies have shown that there is a substantial
difference in the systemic exposure of free IGF-I compared with Somato-
Kine as determined by the area under the serum concentration versus time
curve (AUC) values. In both rats (Fig. 16.9) and monkeys (not shown), the
AUC for SomatoKine is significantly greater than it is for an equimolar
concentration of free IGF-I, indicating an enhanced systemic exposure for
SomatoKine compared with an equivalent dose of IGF-I. Together these
data suggest that SomatoKine represents a potentially safer and more
efficacious method of administering IGF-I.
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Ficure 16.9. Comparison of IGF-I and the IGF-I/IGFBP-3 complex on serum
concentration versus time (AUC). Rats were injected with an IV bolus of either 0.2
or 2.0 mg/kg of free IGF-I (solid bars) or the IGF-I complexed to IGFBP-3 (hatched
bars). Blood was collected at various times over a 24-hour period and analyzed for
the presence of human IGF-I using an immunoradiometric assay (IRMA) (DSL
laboratories). Data are expressed as ng-hr/ml and are presented as the mean + SEM
forn = 3.

Potential Clinical Utility

Published reports by several investigators have demonstrated that circu-
lating levels of IGF-I1 and IGFBP-3 are significantly reduced after severe
trauma, such as burns (13-16) or major surgery (17, 18). These patients also
exhibit an impaired ability to heal. Growth hormone therapy has been
shown to successfully stimulate or enhance wound healing in children with
burns (19, 20). However, it has also been reported that critically ill patients
have near-normal levels of growth hormone, but significantly reduced levels
of circulating IGF-I (21). In addition, septic patients who have been given
growth hormone have also been reported to have a significantly attenuated
response in terms of IGF-I production (22). Thus, in critically ill or
traumatized patients, the normal growth hormone-IGF-I axis may be
altered and growth hormone treatment may not result in the expected or
desired increase in circulating levels of IGF-I (23). Therefore, these patient
populations might be particularly well suited to IGF-I/IGFBP3 therapy.
These findings, along with the well-documented anabolic activity of IGF-I,
suggest that the IGF-I/IGFBP-3 complex may be an attractive therapeutic
or hormone replacement therapy for patients who have experienced severe
trauma, such as those with severe burns.
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Keratinocyte growth factor (KGF) is a cytokine that was first identified in
1989 as a mesenchymally derived paracrine mediator of epithelial cell
growth (1-3). Upon sequencing, approximately 35% to 40% homology was
found with other members of the fibroblast growth factor (FGF) family;
hence, KGF is designated as FGF7. In contrast to many other members of
the FGF family, cells responsive to KGF appear to be confined to epithelial
lineages (4). The KGF receptor (KGFR) is an alternatively spliced tyrosine
kinase product of the FGF receptor 2 gene (FGFR2, bek) (5, 6). KGF and
acidic FGF (FGF1) bind with high affinity to KGFR, while basic FGF
(FGF2) binds with lower affinity (7, 8). The basis for a more KGF selective
binding to the KGFR is found in a 49 amino acid stretch beginning in the
C-terminal half of the third immunoglobulin loop in FGFR2 (9). A
synthetic peptide from this region can block KGF interaction with the
KGFR, demonstrating the specificity for KGF conferred by the alternative
splicing event (10). Further work suggests elements of the second 1 g loop
are also important for high-affinity binding to KGF (11). In contrast to
acidic and basic FGF, KGF has a signal sequence and is secreted from
mesenchymal cells in a conventional manner.

Target Tissues of KGF

Finch, Rubin, and coworkers (1) first identified KGF in a human lung
fibroblast line, and purified the activity using the BALB/MK keratinocyte
line as a target. Early work demonstrated that KGF messenger RNA
(mRNA) was present in the dermis, while KGFR mRNA was present in the
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epidermis, implying a paracrine role for KGF. Subsequent work from
several laboratories has supported and extended this hypothesis.

KGF and the KGF receptor have frequently been detected within the same
organs by ribonuclease (RNase) protection assay analyses (12). In general,
epithelial organs having mesenchymal components contain high levels of
ligand and receptor mRNA (e.g., lung, skin, gastrointestinal tract). In situ
hybridization studies have supported the hypothesis that the ligand is
usually synthesized in underlying mesenchyme while the KGF receptor is
present in overlying epithelia (3, 13, 14; reviewed in 15). This relationship is
not absolute, however, since ligand mRNA has been detected in the
developing heart and both ligand and receptor mRNAs have been found in
developing cartilage and bone (14).

KGF can stimulate proliferation, and in some cases, differentiation of a
number of specific epithelial lineages contained within many organs.
Collectively, these observations indicate KGF may function in normal tissue
homeostasis, and in epithelial regeneration following injury. An autocrine
role for KGF in malignancies has not been established, although a paracrine
role in tumor growth and benign cellular proliferations (e.g., psoriasis) has
not been ruled out.

KGF and the Skin

Werner and colleagues (16) first demonstrated an enormous upregulation of
KGF expression in the surrounding dermis of full-thickness skin excisions
made in rats, suggesting elevated KGF levels were a response to injury.
Subsequent work using porcine excisions and rabbit ear excisions that were
treated with topical recombinant KGF (tKGF) demonstrated enhanced
reepithelialization, but also accelerated maturation of the neoepidermis (17,
18). These observations were supported by finding increased differentiation
of cultured keratinocytes in response to KGF (19). In addition, increased
proliferation of hair follicle keratinocytes and sebocytes and increased size
(i.e., differentiation) of the corresponding hair follicles and sebaceous
glands were detected within dermis adjacent to wounds treated with topical
rKGF. These observations prompted further analysis of KGF’s therapeutic
potential in a chemotherapy-induced alopecia model, a nude mouse model,
and a porcine partial-thickness burn model (20, 21).

In all three models, increased proliferation of hair follicle keratinocytes
was detected following systemic treatment with rKGF. In the chemotherapy-
induced alopecia model in newborn rats, pretreatment with rKGF was
required prior to administration of cytosine arabinoside. Approximately
50% of the hair remained on animals pretreated with rKGF, versus
complete hair loss in placebo-treated animals. Hair regrowth was not
accelerated in rKGF treated animals, suggesting KGF has a cytoprotective
mechanism of action for existing follicles subjected to the toxic insult.
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The precise genetic defect in the nu/nu mouse responsible for lack of hair
is unknown, but is probably unrelated to the immune deficiency, since a
partial chromosomal deletion is present in these animals. Minoxidil, a drug
used to treat male-pattern baldness, is ineffective in stimulating hair
follicles in the nude mouse. In contrast, systemic delivery of rKGF resulted
in abundant but variable hair growth in the nude mouse (20). These results
suggest the hair follicles in the nude mouse are capable of synthesizing hair,
but may either lack sufficient stimulus or be unresponsive to a stimulatory
signal, for which pharmacologic doses of rKGF can partially compensate.

KGF is induced by proinflammatory cytokines such as interleukin (IL)-1
and IL-6 (22, 23), which presumably contributes to the increase in KGF
expression following injury. The large induction of KGF seen in mouse skin
following full-thickness lesion is reduced and delayed during wound healing
in the skin of genetically diabetic mice (24). Similarly, the inhibitory effect
of glucocorticoids on healing may be due in part to its inhibitory effects on
KGF expression (25, 26). A role for the KGF signaling pathway in skin
healing was inferred from a transgenic study in which a dominant negative
KGFR was expressed in the epidermis (via keratin 14 promoter) (27).
Knockout of KGF itself did not appear to impair wound healing in a couple
of models, nor did the concomitant knockout of transforming growth
factor-a (TGF-o) (28), implying there is indeed redundancy of growth
factors involved in wound healing.

A growth factor capable of stimulating adnexal elements within the
dermis may be of use in partial-thickness skin injuries, which heal via the
sprouting of keratinocytes from remaining viable adnexa. Previous findings
in the partial-thickness rabbit ear model supported the development of a
porcine burn model to evaluate the ability of topically applied rKGF to
stimulate reepithelialization (18). The porcine burn model is considered a
more relevant wound than the acute partial-thickness skin wound for
predicting therapeutic utility of a candidate drug (29). Despite detecting
KGFR and marked stimulation by topical KGF of hair follicles and wound
border keratinocytes, clinically insignificant effects on wound closure and
time to full healing were observed (21). Combination therapy with epi-
dermal growth factor or platelet-derived growth factor-BB (PDGF-BB)
failed to accelerate closure, although PDGF-BB markedly enhanced under-
lying granulation tissue formation. These results were surprising, in light of
the expected synergy one might expect in using either two epithelial cell
growth factors [KGF and epidermal growth factor (EGF)] signaling via
different signal transaction pathways, or the combination of an epithelial
and fibroblast/vascular stimulator (KGF and PDGF-BB) and the recog-
nized contribution of a healthy granulation tissue bed toward promoting
re-epithelialization. However, in light of no detectable synergism between
these growth factors, perhaps the limiting variables within healing wounds
require reevaluation (29).
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KGF and the GI Tract

In situ hybridization and RNase protection studies in the embryonic and
adult mouse and rat demonstrate the genes for KGF and the KGF receptor
are expressed throughout the gastrointestinal system to varying degrees
(12-14). This information as well as the data obtained from molecular and
cellular studies in vitro demonstrate that KGF is synthesized mainly in
stroma or mesenchyme and may function primarily as a paracrine growth
factor for epithelial tissues of the gut. Thus, it was of interest to charac-
terize KGF’s activity when administered in vivo to adult animals.

Systemic treatment with rKGF produced striking changes in the gastroin-
testinal tract of rodents. Epithelial hyperplasia was induced in the pancre-
atic ductal system of adult rats (30). The first change observed after rKGF
administration was the appearance of proliferating cells throughout the
entire pancreatic ductal system within 24 hours after rKGF administration.
This increase in proliferation was followed by histologic evidence of ductal
epithelial cell proliferation mainly within the intralobular ducts adjacent to
or within the islets of Langerhans. Of importance is the fact that these
intralobular ducts, along with intercalated ducts, are thought to be the site
of stem cells required both for regeneration of islet and acinar cell
populations. rKGF is one of the first purified proteins known to induce
pancreatic ductal epithelial proliferation in normal adult rats that have not
undergone a preceding injury to the pancreas. The role of rKGF in
regenerating islet cells postinjury is currently under investigation.

Recombinant KGF also has been demonstrated to elicit potent mitogenic
and differentiative effects on specific epithelial tissues of the gastroin-
testinal system following in vivo administration of pharmacologic doses of
rKGF to adult rats (12). The liver demonstrates a marked increase in
hepatocyte proliferation peaking at one day post-rKGF administration. The
proliferative index 24 hours post-rKGF is six- to eightfold higher than
proliferation in the normal, quiescent, liver. This increase in proliferation is
accompanied by an increase in liver weight. as well. These results are
consistent with findings obtained in cultured hepatocytes, which showed
KGF could induce proliferation (31, 32).

Besides a stimulatory effect on hepatocyte mitogenesis, numerous serum
parameters of liver function such as albumin, cholesterol, and triglycerides
were significantly elevated in sera obtained from rKGF-treated animals (1
and 5 mg/kg/day, qd X 4) compared with control animals (12). In rats
treated with 5 mg/kg/day rKGF, serum albumin and total protein were
increased at 4 days and remained elevated through day 7, suggesting KGF
accelerates hepatocyte differentiation following proliferation. A rapid
increase of serum triglycerides and cholesterol beginning after 1 day of
rKGF treatment indicated an influence on fat metabolism. The increased
cholesterol levels were due to increased high- and low-density lipoprotein
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(HDL and LDL) fractions (33). The serum transaminases, aspartate
aminotransferase, and alanine aminotransferase were minimally elevated.

Because hepatocyte cell size did not change in treated animals, the
increased liver weight was due primarily to a transient increase in the
number of hepatocytes. However, because rKGF did not induce all
hepatocytes to enter the cell cycle, the target cells could be a subpopulation
that retains relatively more proliferative capacity, such as oval cells derived
from a hepatic stem cell compartment (34). At day 7, mild biliary duct
hyperplasia was present in animals treated with rKGF daily for 4 days.
Finding bile duct hyperplasia and pancreatic ductal hyperplasia also in
rKGF-treated rats is consistent with their shared lineage with hepatocyte
precursors.

One day after a single intraperitoneal injection of rKGF, proliferation of
epithelial cells was detected in the stomach, small intestine, and large
intestine as well as the liver and pancreas. Daily treatment resulted in the
marked selective induction of mucin-producing cell lineages throughout the
GI tract in a dose-dependent fashion. Other cell lineages were either
unaffected (e.g., Paneth cells), or relatively decreased (e.g., parietal cells) in
rKGF-treated rats.

In the stomach, 1, 4, and 7 days of rKGF treatment induced a widening
of the isthmus above the mucus neck cell layer, and numerous
bromodeoxyuridine (BrdU) positive proliferating cells were visible. The
isthmus above the mucus neck layer of the glandular stomach is the
location of progenitor cells within the stomach. Following cell division,
cells from this layer migrate upward, toward the gut lumen, to form mucin
surface cells or downward, toward the serosal surface, to generate other
differentiated cell types that occupy the gastric glands. By 4 and 7 days of
rKGF treatment, increased numbers of gastric pit mucin-producing cells
were detected throughout the glandular gastric mucosa. While rKGF
promotes selective proliferation of mucus neck cells that move toward the
lumen, it appears to induce a depletion of parietal cells, suggesting both
cell types arise from the same multipotential lineage that responds to rKGF
selectively. Animals treated with rKGF for 4 and 7 days had mildly
elongated gastric glands and the depth of the mucous layer from the
luminal surface of the gastric mucosa was also markedly increased after 4
and 7 days of rKGF treatment.

The small intestine of adult mice and rats treated with rKGF demon-
strated markedly increased numbers of mucus-producing goblet cells within
the proliferative crypt region and along the length of the villi after
treatment. The duodenum, jejunum, and ileum regions were all affected by
rKGF administration. Because the size or length of the villi within the small
intestine were not increased in rKGF-treated rodents, this suggests that the
transit time of mucin-positive cells in the villi may be accelerated by KGF
treatment.
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A dramatic increase in mucus-producing goblet cells throughout the pro-
ximal and distal colon was detected in rKGF-treated rats and mice. In
control animals, the number of goblet cells decreased toward the luminal
surface of colonic crypts, leaving only an occasional positive cell in the
upper one-third of the crypt. In contrast, treated animals as early as 4 days
showed marked increases in goblet cells in the upper one-half of the colonic
crypts. By 7 days of treatment, the crypt lumen was obscured and appeared
packed throughout the entire length of the crypt. Alcian blue and periodic
acid-Schiff (PAS) staining yielded similar results, indicating that mucins
induced by rKGF were qualitatively normal although markedly increased.
Concomitant with these changes in cellular content, the net weight of the
colon was increased in rKGF-treated rats. As with the effects on other
organs, all the effects observed in the GI tract were entirely reversible by
discontinuing KGF administration (12, 30, 35, 36).

Thus, rKGF is a uniquely potent inducer of proliferation and differenti-
ation in specific lineages throughout the GI tract and suggests a role for
KGF in normal maintenance of the gut. As has been observed in the lung,
skin, pancreas, and male genital tract, selective stimulation of cell lineages
by rKGF may yield new insights on stem cells, and differentiation processes
within the gastrointestinal tract and liver as well.

Specific diseases where mucosal proliferation and/or mucin production
in the gastrointestinal tract are limited, or states of liver hepatocyte or
endocrine pancreas injury may be candidates for pharmacologic interven-
tion with rKGF. In that regard, rKGF has been administered in several
models of epithelial cell injury. In a model of acetic-acid-induced gastric
mucosal injury in the rat, KGF demonstrated a modest effect on the area of
the ulcer when measured at 10 to 24 days postinjury (37). In this model,
therapy was begun on day 4 after injury when the ulcer size is at its
maximum size and was continued until day 10. By delaying the initiation of
therapy until injury is at its maximum, rKGF elicited its effects through
accelerating epithelial repair. Other investigators have demonstrated KGF
mRNA expression in the normal rat gastric submucosal and muscular layers
that was not increased after an acute gastric mucosal injury induced with
indomethecin (38). rKGF has also been tested for efficacy in atrinitrobenzene-
induced experimental colitis model in rats (39). In this model, rKGF
induced a 40% to 50% decrease in the macroscopic and microscopic
ulceration induced in the colon when it was administered systematically for
1 week beginning 24 hours after colitis induction. KGF mRNA has also
been demonstrated to be elevated in colonic tissue from patients with
inflammatory bowel disease (40). Recently, rKGF has been found to
prolong survival of mice if administered prior to chemotherapy and
radiation (Farrell et al., personal communication). Taken together, these
results suggest KGF may be therapeutically useful in treating diseases of the
gut requiring epithelial regeneration.
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KGF and the Lung

Because KGF was initially purified from a lung fibroblast line, lung
epithelia was considered a potential paracrine target of the cytokine. Ulich
and coworkers (35) administered KGF to normal rats via intratracheal
administration, and saw a highly specific, transient burst of type II
pneumocyte proliferation. The micropapillary epithelial proliferation
within alveoli was shown by surfactant protein B immunohistochemistry
and electron microscopy to consist of proliferating and differentiated type
II pneumocytes. The effect of exogenous KGF treatment, as in the GI tract,
was entirely reversible. Simultaneously, Panos and colleagues (41) demon-
strated that KGF directly stimulates cultured type II pneumocytes, pro-
viding further support for the in vivo observations. Small brochiolar
epithelium was also transiently stimulated by KGF treatment, while large
airways were unaffected, consistent with the pattern of KGF receptor
expression. In contrast to the GI tract, mucus-producing goblet cells of the
lung were unaffected by KGF. Further studies have shown that KGF can
ameliorate oxygen-induced injury to rat lungs (42), suggesting a potential
clinical role in treating alveolar injury in premature infants and adults.

KGF and Other Epithelial Targets

Many normal tissues can respond to exogenous KGF, extending the
hypothesis that endogenous KGF may play a role in normal epithelial tissue
homeostasis. Systemic administration of KGF to normal adult rats results in
a profound stimulation of ductal epithelium in the mammary glands of both
male and nulliparous female animals (36). Ductal epithelium became
stratified and markedly increased ductal arborization was detected. No
lactational differentiation was found. In contrast, in mice KGF adminis-
tration caused marked dilation of mammary ducts in addition to the focal
ductal epithelial hyperplasia seen in rats (43). In mice, estrogen appeared to
potentiate the effects of KGF. The cystic dilation of ducts seen in mice in
response to KGF resembles fibrocystic disease in humans, and is fully
reversible upon cessation of KGF treatment.

KGF is also a candidate andromedin. Cunha and coworkers (44, 45) have
found that testosterone stimulates differentiation of fetal prostate and
seminal vesicles via KGF synthesis by stromal cells in these organs. Thus
KGF appears to be a major endogenous modulator of male sex organ
differentiation in the newborn period (3, 45; reviewed in 46). KGF also
appears to be a progestomedin in primate endometrium (47). KGF is
induced by progesterone within stromal cells and vascular smooth muscle
cells, suggesting it may stimulate adjacent endometrial glandular cells.

Recently, systemic KGF was found to stimulate proliferation of urothe-
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lium in the bladder, as well as the epithelial lining of the ureters and
collecting tubules of the kidney by Yi and coworkers (48). High levels of
KGF message were found in the underlying mesenchyme of the bladder
wall, while KGF receptor expression was found in the epithelium of all three
responsive tissues. These results suggest that a KGF antagonist might be of
use in treating bladder cancer.

In the thymus, high levels of KGF receptor were localized by in situ
hybridization to thymic nurse cells (49). These cells are epithelial in origin,
and are thought to participate in the differentiation of T lymphocytes
within the thymic milieu. Administration of KGF increases the number of
nurse cells, and decreases cellularity of the thymic medulla. The functional
significance of these changes has not yet been established. Activated v6-T
cells from skin and intestine express KGF in contrast to lymphoid ~8-T cells,
which do not express this mitogen. This observation suggests a role for y6-T
cells in surveillance and/or repair of damaged epithelium (50).

Summary

Since its discovery in 1989, KGF has been found to have remarkable
proliferative, differentiative, and cytoprotective effects on epithelial tissues
in numerous organs. The widespread distribution of the ligand and its
specific receptor, coupled with the response of many tissues in normal adult
animals, suggests KGF has a role in normal homeostasis and epithelial cell
turnover, in addition to its likely roles in embryonic development and
specific disease states. While the mechanisms of action of KGF in each
organ system are not fully understood, preclinical models have suggested
several relevant clinical targets that may benefit from KGF treatment. In
addition, the results suggest that specific antagonists of KGF may be of
benefit in diseases of excess epithelial proliferation. For instance, psoriasis,
which is caused by excess keratinocyte proliferation possibly due to growth
factors released from infiltrating T lymphocytes, may respond to a KGF
antagonist. Likewise, specific epithelial tumors bearing KGF receptors,
such as breast, stomach, colon, kidney, and bladder, might be candidates
for therapy that targeted KGF receptor bearing cells.
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Hepatocyte Growth Factor

DonaLp P. Borraro, VirToria Cioce, ANDREW M.-L. CHAN,
Davip H. Apams, aND JEFFREY S. RUBIN

Hepatocyte growth factor (HGF) was originally detected in the circulation
of hepatectomized animals on the basis of its ability to stimulate hepatocyte
proliferation in another animal with an intact liver (1-3). It was purified
from serum, plasma, or blood platelets in the form of a disulfide-linked
heterodimer of ~ 60-kd heavy (alpha) and ~ 32-kd light (beta) polypeptide
chains (1-3). HGF was independently isolated from the conditioned me-
dium of cultured fibroblasts based on its mitogenic activity on a variety of
cellular targets (4), or its ability to stimulate the dispersion of epithelial and
vascular endothelial cells (5-7). These sources yielded a ~90-kd monomeric
polypeptide that copurified with the aforementioned heterodimer (4-6).
Analysis of these polypeptides and subsequent molecular cloning and
recombinant expression of HGF revealed that it was synthesized and
secreted in the monomeric ~90-kd form (4), and proteolytically converted
to the disulfide-linked heterodimer. Several laboratories have shown that
proteolytic conversion of the monomeric precursor to the heterodimer,
which can occur in situ, is required for biologic activity (8-10). The strong
affinity of HGF for heparin was exploited as a major enrichment step in
many of the purification schemes (1-6, 11), and the interaction between
HGF and this ubiquitous extracellular matrix component may play an
important role in HGF sequestration and signaling, as has been demon-
strated for members of the fibroblast growth factor family (reviewed in 12).

Structural and Biologic Properties

Oligonucleotide probes based on HGF amino acid sequence were used to
obtain cDNA clones from placental (13), liver (14), and fibroblast libraries
(4, 15). Analysis of these clones revealed a single open reading frame
encoding a 728 amino acid molecule with a striking sequence similarity to
plasminogen: 38% overall amino acid identity, conservation of repeated
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kringle motifs (~80 amino acids containing a characteristic set of three
internal disulfide bonds), and a serine protease-like domain (4, 13, 14).
HGF has four kringle domains, while plasminogen has five; all of these
kringles are roughly 40% to 50% identical to each other. The serine
protease-like region of HGF differs from that of plasminogen at two of the
three amino acids required for catalysis (14), and HGF appears to lack
proteolytic activity.

HGEF stimulates DNA synthesis and/or the proliferation of hepatocytes
(1-3), biliary epithelial cells (16), mammary epithelial cells (4), kerati-
nocytes (4), renal tubular epithelial cells (4, 17), melanocytes and melanoma
cells (4, 18), and vascular endothelial cells (4). HGF also supports the
proliferation and differentiation of myeloid progenitor cells from bone
marrow (19), and the differentiation of the promyelocyte leukemia cell,
HL-60, into granulocyte-like cells (20). “Scatter activity” was first charac-
terized using Madin-Darby canine kidney (MDCK) cells, which do not
proliferate in response to HGF treatment (21). These polygonal epithelial
cells normally form tightly adherent colonies in culture, but are dispersed as
single cells in the presence of HGF and acquire a spiky, fibroblastoid
phenotype. Primary mammary epithelial cells (21), several carcinoma cell
lines (6), as well as vascular endothelial cells (7) also respond to HGF by
changes in cell shape and motility, in some cases in addition to a
proliferative response.

When grown in collagen gels, MDCK cells form organized tubular
structures in response to HGF (22). HGF stimulates the formation of
similar structures by epithelial carcinoma cells, and activated HGF recep-
tors have been observed on the luminal surface of cells forming these
structures both in vitro and in sections of whole breast tissue (23). HGF also
has been reported to induce angiogenesis in vivo (24, 25). The pleiotropic
effects of HGF, and the temporal and spatial distribution of its expression,
suggest that it may be an important mediator of both mesenchymal-
epithelial interaction and interconversion (reviewed in 26). The morpho-
logic changes that accompany cell scattering and tubular morphogenesis in
vitro have been compared to epithelial-mesenchymal transitions that occur
during development when cell migration is required (27). Alternatively,
fibroblasts overexpressing HGF and its receptor appear to undergo me-
senchymal to epithelial conversion when injected into nude mice (23). Other
studies, examining the coexpression of HGF and its receptor during
development and/or testing the effects of added HGF or antibodies against
HGF in model systems, implicate this pathway in the development of
several organs including kidney, liver, and spleen (26).

The fundamental role of HGF in early development has been evaluated
by studying the effects of targeted disruption of the HGF gene (28, 29).
Mice lacking the HGF gene were smaller than normal, showed abnormal
development of several organs, and died in utero. Two organs affected most
noticeably were liver and placenta. Reduction in liver mass was noted
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between embryonic days 12 and 15; he liver structure appeared to be
disrupted by enlarged sinusoidal spaces and dissociation of the parenchymal
cells, which showed obvious signs of apoptosis (28). The most striking
placental abnormality was a marked reduction in the number of labyrin-
thine trophoblast cells (29). The growth of trophoblast cells was stimulated
by HGF in vitro, and HGF activity was produced by primary cultures of
allantoic fibroblasts from normal but not mutant embryos. These observa-
tions suggest that HGF mediates interactions between allantoic me-
senchyme and trophoblastic epithelia that are required for placental orga-
nogenesis (29).

In the adult, HGF may participate in differentiation associated with
tissue renewal, in cell growth associated with wound healing, and possibly
in the onset and progression of cancer. Coexpression of HGF and its
receptor in fibroblasts can confer tumorigenicity when these cells are
injected into mice (30), and HGF stimulates the motility and invasiveness of
carcinoma cells (31). HGF is angiogenic, and thus may contribute to the
growth and metastasis of solid tumors (25). Overexpression of HGF and/or
its receptor occurs in a variety of tumors, and a high level of HGF in
primary breast tumors is a strong, independent predictor of relapse and
death (32). HGF produced by normal stromal cells can stimulate adjacent
tumor tissue in a paracrine manner, and tumor factors may enhance this
mesenchymal-epithelial interaction abnormally (31, 33). It is by no means
clear, however, that HGF expression inevitably leads to tumor progression;
HGF also has cytotoxic or growth-inhibitory properties in some situations
(20, 34). Cytotoxic effects were potent on certain mouse sarcoma cell lines,
but more modest on a few human carcinoma cell lines (20). HGF inhibits
the proliferation of several gastric and hepatocellular carcinomas in culture,
although there are other examples of these tumor cell types that respond
positively to the factor (35, 36). While the mechanisms underlying these
divergent effects are not understood, similar phenomena have been re-
ported for other growth regulators such as transforming growth factor-8
(35).

Although HGF is generally considered as a mesenchymally derived factor
with epithelial targets, it also has mesenchymal targets, including lympho-
cytes (37), chondrocytes (38), and peripheral blood T-cells (39). HGF is
released from cells involved in inflammation and wound repair, including
platelets, monocytes, and fibroblasts (1, 4, 40). HGF can enhance both
neutrophil and B-lymphocyte functions (37, 41), and can stimulate motility
in cultured monocytes (34). HGF has also been detected on the surface of
vascular endothelial cells in vivo (42), presumably immobilized by heparin-
like proteoglycans in the extracellular matrix. HGF was found to stimulate
the chemokinetic migration of resting human T-cells through polycarbonate
membranes when present in solution or when immobilized by heparan
sulfate proteoglycan (39). HGF acted within seconds, and with equal or
greater potency than other T-cell chemokines such as interleukin-6 (IL-6),



18. Hepatocyte Growth Factor 307

IL-8 and macrophage inflammatory protein-18 (39). Concomitantly, HGF
triggered integrin-mediated adhesion to fibronectin, dramatic cytoskeletal
rearrangement and actin polymerization, and the tyrosyl-phosphorylation
of intracellular proteins (39). Thus HGF, released at a wound site by
infiltrating inflammatory cells and immobilized by heparin-like pro-
teoglycan present on the endothelial surface, might in turn recruit passing
lymphocytes by activating T-cell integrins and initiating T-cell adhesion and
subsequent migration into tissue.

HGF Receptors

The binding of HGF to immobilized heparin proteoglycan (HPG) is likely
to profoundly influence the deposition, availability, and biological sig-
naling of HGF (21, 43, 44). Although initially exploited as a means of
affinity purification, the affinity of growth factors for HPG has become
increasingly important in understanding how, when, and where heparin-
binding growth factors will act; the fibroblast growth factors (FGFs) serve
as a model in this regard. HPG serves as a reservoir of FGF storage; FGF
bound to HPG in the extracellular matrix is protected from proteolytic
cleavage and thermal breakdown (reviewed in 12). FGF delivery is thus
controlled at several levels: protein synthesis, secretion, or by enzymatic
turnover of the extracellular matrix. Finally, the interaction of FGFs with
tyrosine-kinase cell surface receptors, and subsequent FGF signaling, is
modulated by (or may even require) simultaneous interaction with HPG
(12). Several parallels between the FGFs and HGF can already be made:
HGEF can be retained in the extracellular matrix in a biologically active form
(39). The mitogenic effects of HGF on epithelial and endothelial cells can be
blocked by the addition of soluble heparin in vitro (4), while in primary
hepatocytes enhanced HGF potency has been reported (43, 45). HPG has
not been shown to be required for HGF signaling, but all known biologi-
cally active forms of HGF bind HPG, and research aimed at identifying the
structural determinants of HGF/HPG interactions may be the first step
toward an accurate assessment of the biologic significance of HPG and
HGF signaling.

HGEF binds with high affinity to the c-Met proto-oncogene product (46,
47). The met oncogene was originally identified in a chemical carcinogen-
treated human osteogenic sarcoma cell line by NIH 3T3 transfection
analysis (48). Its cloning revealed that the oncogene encoded a truncated
tyrosine kinase activated by chromosomal rearrangement (49). While the
oncogene product is predominantly a cytosolic kinase, the proto-oncogene
product is a transmembrane receptor-like protein composed of disulfide-
linked 50-kd «- and 145-kd B-subunits (50). In the fully processed Met
product, the a-subunit is extracellular, and the 3-subunit has extracellular,
transmembrane and tyrosine kinase domains as well as sites of tyrosine
phosphorylation (51, 52). HGF binding results in the rapid autophosphory-
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lation and activation of the intracellular catalytic domain of this enzyme.
Several subsequent intracellular events have been characterized that are
likely to constitute portions of intracellular HGF signaling pathways
(reviewed in 53). Several studies have demonstrated that Met is required for
most known HGF biological effects (47). Thus, the variety of HGF
responses may reflect cell-specific differences in the expression of signal
transduction pathway components downstream of the receptor itself.

In at least one case, however, HGF effects may be mediated by another,
yet undiscovered receptor: evidence of Met expression in biologically
responsive T-cells could not be demonstrated by immunoblotting, Northern
blotting, or polymerase chain reaction (PCR) analysis (39). A Met-related
receptor-like molecule, the c-Sea proto-oncogene product, is expressed by
circulating lymphocytes in chickens (54, 55), and this molecule is strikingly
similar to the receptor for human macrophage-stimulating protein (MSP),
an HGF-related cytokine (see below; 56). Evidence presented in the latter
study, however, suggests that HGF does not interact with the MSP
receptor. Clearly more research is needed to clarify the ligand-binding
characteristics of known Met receptor-like molecules and/or identify other,
yet uncharacterized molecules that might mediate the potent biologic effects
of HGF on T cells.

Isoforms and Related Molecules

Northern blot analysis and comparison of different HGF ¢cDNA clones
demonstrated the existence of multiple mRNA transcripts with lengths of 6,
3,2, and 1.3 kd (4). The 6- and 3-kb transcripts each specify transcripts that
either contain or lack a 15-bp stretch encoding the 5 amino acids FLPSS in
the first HGF kringle domain (4). The resulting variant HGF isoforms of
728 and 723 amino acids exhibit comparable mitogenic, scattering, and
cytotoxic activities, although quantitative differences have been reported
(57). Whether these variants have any unique biologic functions remains to
be elucidated.

The presence of the 1.3-kb transcript was associated with the expression
of a smaller molecule that was immunologically cross-reactive with HGF
(58). This transcript was recognized by oligonucleotide probes derived from
HGF heavy chain, but not light chain, sequences. Based on this pattern of
hybridization, cDNA clones corresponding to the 1.3-kb transcript were
isolated and nucleotide sequencing revealed that it encoded a protein
extending from the HGF signal peptide sequence to the end of the second
kringle domain, followed by an additional three amino acids, a termination
codon, and a distinct 3'-untranslated sequence (58). The 1.3-kb transcript is
produced by the alternative splicing of a kringle 2 exon with an exon having
an in-frame termination signal, rather than a portion of the kringle 3
sequence (13, 58).

This truncated HGF isoform, designated HGF/NK2, was purified from
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conditioned medium of a human tumor cell line that expressed relatively
high levels of the 1.3-kb transcript (58). HGF/NK2 lacked mitogenic
activity on either a normal cultured mammary epithelial cells or mela-
nocytes, but it specifically blocked HGF mitogenic activity when present at
a tenfold molar excess (58). It has been reported to have scattering activity,
although with only ~3% the potency of full-length HGF (59). Covalent
affinity cross-linking experiments with ['>’I]-HGF/NK2 demonstrated that
it and HGF bound specifically to the same high-affinity cell surface
receptor, the c-Met protein (58, 59). A survey of several different cell lines
suggests that the physiologic impact of HGF in vivo may be transcription-
ally regulated by varying the expression of full-length HGF, and by
alternative splicing to generate its own competitive antagonist (58). A
similar hypothesis has been proposed to explain alternative splicing of
transcripts from the acidic fibroblast growth factor gene (60).

The 2-kb HGF transcript also encodes a truncated form of HGF (61). The
¢DNA clone was isolated by the same strategy used to isolate the HGF/NK2
transcript, and encoded 210 amino acids consisting of the HGF signal
peptide, amino-terminal, and first kringle domains (61). This isoform,
designated HGF/NK1, terminated immediately downstream of kringle 1
and included two additional amino acids and a stop codon not found in the
corresponding region of HGF. Recombinantly expressed HGF/NK1 pro-
tein bound to immobilized heparin similar to full-length HGF, but exhibited
unique biological properties (61). Unlike HGF/NK2, HGF/NK1 showed
mitogenic activity on cultured mammary epithelial cells, although it was less
potent than HGF itself. Interestingly, the maximal mitogenic activity of
HGF could not be attained with HGF/NKI1 at any dose, and HGF/NK1
partially blocked HGF-stimulated DNA synthesis when present in 40-fold
molar excess. HGF/NK1 could also stimulate cell scattering, although with
~50-fold lower potency than HGF (61). All of the known HGF isoforms
appear to bind and induce the autophosphorylation of the c-Met receptor-
kinase. Subtle differences in receptor phosphorylation, and in downstream
events relevant to biologic signaling, may account for the distinct biologic
responses elicited by these different ligands.

Another molecule related to HGF, but encoded by a different gene, was
cloned from a genomic library by hybridization with a cDNA probe
encoding the kringle domains of prothrombin under reduced stringency
conditions (62). The predicted protein sequence of 711 amino acids included
a signal peptide and an internal proteolytic processing site that would yield
a disulfide-linked heterodimer. Like HGF, the amino-terminal chain con-
tained four kringle domains while the carboxy-terminal portion had serine
protease structure but lacked an intact catalytic triad. The complete amino
acid sequence is approximately 50% identical to that of HGF (62). Similar
to the convergence of research that led to the identity of HGF and scatter
factor, this HGF-like protein was found to be identical to MSP (56). MSP
was purified from human plasma and makes resident peritoneal macro-
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phages capable of responding to the chemoattractant complement compo-
nent C5a, and it causes marked macrophage spreading and morphologic
changes in vitro (56). These observations link MSP to activation of the C3b
receptor (CR1) of peritoneal macrophages and cultured human blood
monocytes, which has been implicated in host defense against microbial
pathogens, cellular injury in immune complex disease, and the destruction
of neoplastic cells (56).

Interestingly enough, MSP binds and activates a cell surface molecule
that closely resembles the c-Met proto-oncogene product (63, 64). The
cDNA encoding the MSP receptor, designated Ron, was obtained by
screening several libraries with oligonucleotide probes coding for highly
conserved sequences of protein tyrosine kinase genes (65). Among known
tyrosine kinases, Ron is most closely related to Met an a chicken proto-
oncogene product known as c-Sea (55, 65). Despite the sequence similarity
between Ron and Sea, it remains uncertain as to whether Ron represents the
human homologue of the chicken Sea protein (65).

The v-sea oncogene was isolated from the S13 avian erythroblastosis
retrovirus, which produces a syndrome characterized by sarcomas, erythro-
blastosis, and anemias, and encoded a tyrosine kinase fused in frame with
the viral envelope gene, resulting in the expression of a cell surface tyrosine
kinase molecule resembling an unregulated growth factor receptor (54, 55).
The c-sea counterpart encodes a membrane spanning, tyrosine kinase
receptor expressed in peripheral white blood cell populations and in the
intestine, with ~34% overall amino acid identity to human Met, and
~46% overall identity to human Ron (54-66). In addition to conserved
sequence in their intracellular tyrosine kinase domains, both Ron and Sea
share similarities with Met in the structural organization and processing of
their extracellular domains, including conserved cysteine residues and
proteolytic cleavage of the nascent monomer into mature «- and $-subunits
(55, 63, 64). Identification of the Sea ligand and further investigation of the
possible interactions between HGF-related and Met-related molecules
should broaden our perspective of the overall importance of these molec-
ular families in normal development, homeostasis, and disease.

Potential Clinical Relevance

The expression of HGF and its receptor (reviewed in 53) in a variety of
organs both during development and in the adult suggests a wide range of
effects and possible applications. Serum HGF levels appear to have
prognostic value in monitoring fulminant hepatic failure (67). In view of
HGEF induction in models of liver injury (68, 69) and elevated circulating
levels in conditions characterized by active liver regeneration (70), systemic
administration of HGF may augment the rate of hepatocyte proliferation
and reduce liver damage in some instances of liver injury (71). Similarly, the
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correlation of HGF induction with the compensatory hypertrophic response
to unilateral nephrectomy suggests that HGF may contribute to repair in the
kidney (72). In addition to stimulating the proliferation of parenchymal
cells, HGF may foster wound healing by promoting angiogenesis (24, 25).
The ability of HGF to stimulate endothelial cell migration, proliferation,
and tubular morphogenesis might be particularly useful when angiogenesis
is compromised by an underlying disease. Alternatively, the potential
contribution of HGF to neovascularization associated with pathologic
conditions like diabetic retinopathy might be selectively blocked by the
administration of antagonists, such as HGF/NK2.

Blocking the HGF signaling pathway may also be a useful adjunct to
conventional cancer therapy. HGF receptor overexpression has been docu-
mented in carcinomas of the lung, pancreas, thyroid, colon, and stomach
(53). Half of all thyroid follicular carcinomas examined exhibited as much
as a 100-fold increase in c-Met protein, and were associated with a poor
prognosis (73). A high frequency of c-met gene amplification was observed
in scirrhous-type stomach cancer (74), and the oncogenic ¢pr-met rearrange-
ment was identified in cell lines derived from other gastric carcinomas and
in premalignant gastric lesions (75). Based on its ability to stimulate certain
epithelial cells to invade collagen gels (6) or grow in soft agar (76), HGF is
suspected of promoting tumor expansion and metastasis in certain settings.
Autocrine expression of HGF and Met has been observed in some sarco-
mas, and appears to confer an enhanced metastatic potential (77, 78). The
detection of HGF in malignant pleural effusions associated with primary
lung, mesothelial, and breast malignancies is consistent with a role for this
molecule neoplasia (79). Paradoxically, the cytotoxic effects of HGF for
certain tumor cells in vitro suggest the possibility that some tumors might
regress following HGF treatment.

The widespread and pleiotropic effects of HGF that occur throughout
development and adulthood underscore the fundamental importance of
HGEF signaling pathways. In light of this it is not surprising that the
expression, availability, and cellular responses to HGF are regulated at
several levels. As a consequence of this complexity, the contribution of
HGF in various systems, and the outcome of artificially modulating HGF
pathways therapeutically, are not easily predicted. Gaining a better under-
standing of the regulatory mechanisms, signal transduction events, and the
structure-function relationships that govern HGF actions are important
goals that may lead ultimately to the successful application of this knowl-
edge to complex clinical problems.
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The Biology of Vascular Endothelial
Growth Factor, a Specific Regulator
of Angiogenesis

NAaPOLEONE FERRARA

The establishment of a vascular supply is required for organ development
and differentiation as well as for tissue repair and reproductive functions in
the adult (1-3). Neovascularization (angiogenesis) is also implicated in the
pathogenesis of a number of disorders: proliferative retinopathies, age-
related macular degeneration, tumors, rheumatoid arthritis, and psoriasis.
In the case of proliferative retinopathies and age-related macular degener-
ation, the new blood vessels are responsible for many of the destructive
events characteristic of these conditions, as leakage and bleeding may
ultimately lead to retinal detachment or irreversible damage to the macula
(4). Conversely, in neoplasms neovascularization provides nourishment to
the growing tumor, thus allowing tumor cells to express their critical growth
advantage (2, 3). Accordingly, a strong correlation has been noted between
density of microvessels in primary breast cancers and their nodal metastases
and patient survival (5, 6). Similarly, a correlation has been reported
between vascularity and invasive behavior in several other tumors (7-11).

A variety of factors have been previously identified as potential positive
regulators of angiogenesis (1-3). This chapter reviews the molecular prop-
erties of vascular endothelial growth factor (VEGF), an endothelial cell
mitogen and angiogenesis inducer, and discusses its role in normal and
pathologic angiogenesis (12-15). VEGF and its receptors appear to play a
major role in the regulation of physiologic angiogenesis, such as embryonic
and reproductive angiogenesis (16-18). Also, VEGF administration is
sufficient to achieve therapeutic end points in animal models of coronary or
limb ischemia (19-22). Furthermore, recent studies point to VEGF as a key
mediator of neovascularization associated with a variety of disorders
(23-25).

Biologic Activities of VEGF

VEGF is a potent mitogen [median effective dose (EDsy) 2 to 10 pM] for
vascular endothelial cells derived from small or large vessels but is
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apparently devoid of appreciable mitogenic activity for other cell types.
VEGEF is also able to induce angiogenesis in a variety of in vivo models
(26-28). VEGF has been shown to promote angiogenesis in a tridimensional
in vitro model (29). Also, VEGF induces sprouting from rat aortic rings
embedded in a collagen gel (30). This model emphasizes the specificity of
the growth factor for endothelial cells, as the proliferation induced by
VEGF consisted almost exclusively of vascular endothelial cells (30).

Furthermore, VEGF induces expression of the serine proteases urokinase-
type and tissue-type plasminogen activators (PA) and of PA inhibitor-1
(PAI-1) in cultured bovine microvascular endothelial cells (31). Also, VEGF
induces expression of the metalloproteinase interstitial collagenase in
human umbilical vein endothelial cells but not in dermal fibroblasts (32).
Recent studies have shown that VEGF induces expression of urokinase
receptor in vascular endothelial cells (33).

VEGF has been independently purified and cloned as a vascular perme-
ability factor (VPF) based on its ability to induce vascular leakage in guinea
pig skin (34, 35). It has been proposed that an increase in microvascular
permeability is a crucial step in angiogenesis associated with tumors and
wounds (36, 37). According to this hypothesis, a major function of VEGF
in angiogenesis is to induce plasma protein leakage. This would result in the
formation of an extravascular fibrin gel, a substrate for endothelial and
tumor cell growth.

Additional effects of VEGF on the vascular endothelium are the stimu-
lation of hexose transport (38) and the induction of tissue factor expression
39).

Interestingly, VEGF has also been shown to induce vasodilatation in vitro
in a dose-dependent fashion (40). This results in a transient hypotension in
vivo (unpublished observations). Such effects appear to be mediated
primarily by endothelial cell-derived nitrous oxide (NO), as assessed by the
requirement for an intact endothelium and the prevention of the effect by
N-methyl-arginine (41).

It has been recently shown (42) that the mitogenic and the permeability-
enhancing activity of VEGF can be potentiated by placenta growth factor
(PIGF), a molecule having significant structural homology with VEGF (43).
While PIGF has little or no direct mitogenic or permeability-enhancing
activity, it significantly potentiates the activity of low, marginally effica-
cious, concentrations of VEGF (42).

The VEGF Proteins

By alternative messenger RNA (mRNA) splicing of a single gene, VEGF
may exist as one of four different molecular species, having respectively
121, 165, 189, and 206 amino acids (VEGF,,;, VEGFs, VEGFz,
VEGF,) (26, 43, 44). VEGF purified from a variety of species and sources
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is a basic, heparin-binding, homodimeric glycoprotein of 45,000 daltons
(13). These properties correspond to those of VEGF ¢, the predominant
isoform. VEGF,,; is a weakly acidic polypeptide that fails to bind to
heparin (48). VEGF,4, and VEGF,, are more basic and bind to heparin
with greater affinity than VEGF,¢s (45). VEGF,,, is secreted as a freely
soluble protein in the conditioned medium of transfected cells. VEGF ¢ is
also secreted but a significant fraction remains bound to the cell surface or
the extracellular matrix (ECM). In contrast, VEGF,g, and VEGF,, are
almost completely sequestered in the ECM (46). However, they may be
released from the bound state by suramin, heparin or heparinase. Further-
more, these longer forms may be released in a biologically active form by
plasmin cleavage (45, 46). Recent studies have shown that the bioactive
product of plasmin action is composed of the 110 NH,, terminal amino acids
of VEGF (unpublished observations). Plasminogen activation and genera-
tion of plasmin have been shown to play an important role in the
angiogenesis cascade (47). However, loss of heparin binding, whether due
to alternative splicing or plasmin cleavage, results in a substantial loss of
mitogenic activity for vascular endothelial cells (unpublished observations).

Interestingly, evidence has been provided for the existence in the condi-
tioned medium of a rat glioma cell line of heterodimers between VEGF and
PIGF (48). The VEGF.PIGF heterodimer was ~7-fold less potent than the
VEGF homodimer in promoting endothelial cell growth.

Regulation of VEGF Expression

Oxygen tension has been shown to play a major role in the regulation of
VEGF gene expression, both in vitro and in vivo. VEGF messenger RNA
(mRNA) expression is rapidly and reversibly induced by exposure to low
pO, in a variety of cultured cells (49-51). Occlusion of the left anterior
descending coronary artery results in a dramatic increase in VEGF RNA
levels in the pig myocardium, suggesting that VEGF is a mediator of the
spontaneous revascularization that follows myocardial ischemia (52).

Goldberg and Schneider (53) have shown that similarities exist between
the mechanisms leading to hypoxic regulation of VEGF and erythropoietin
(Epo). Also, hypoxia-inducibility appears to be conferred to both genes by
homologous sequences. A 28-base sequence has been identified in the 5
promoter of the rat VEGF gene, which mediated hypoxia-induced tran-
scription in transient assays (54). Such sequence reveals a high degree of
homology and similar protein binding characteristics as the hypoxia-
inducible factor-1 (HIF-1) binding site within the Epo gene, which behaves
like a classic 3’ transcriptional enhancer (55). HIF-1 has been identified as
a mediator of transcriptional responses to hypoxia (56). Also, activation of
c-Src has been shown to participate in the hypoxic upregulation of VEGF
gene expression (57).
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Several cytokines of growth factors upregulate VEGF mRNA expression
and/or induce release of VEGF protein. Exposure of quiescent human
keratinocytes to serum, epidermal growth factor (EGF), transforming
growth factor-8 (TNF-g) or keratinocyte growth factor (KGF) resulted in a
marked induction of VEGF mRNA expression (58). In addition, treatment
of quiescent cultures of several epithelial and fibroblastic cell lines with
TGF-0 resulted in induction of VEGF mRNA and release of VEGF protein
into the medium (59). Furthermore, interleukin-18 (IL-18) induces VEGF
expression in aortic smooth muscle cells (60).

Differentiation appears to play a pivotal role in the regulation of VEGF
gene expression, at least in some models of cellular differentiation (61). The
VEGF mRNA was markedly upregulated during the conversion of 3T3
preadipocytes into adipocytes. Conversely, VEGF gene expression was
dramatically suppressed during the differentiation of the pheochromocy-
toma cell line PC12 into nonmalignant, neuron-like, cells. These studies
also indicate that induction of VEGF mRNA expression requires pathways
mediated by both protein kinase C and protein kinase A activation (61).

Specific transforming events also result in induction of VEGF gene
expression. For example, a mutated form of the murine p53 tumor
suppressor gene (alal35 > val) has been shown to induce VEGF mRNA
expression and potentiate phorbol ester stimulated VEGF mRNA expres-
sion in NIH 3T3 cells in transient transfection assays (62). Likewise,
oncogenic mutation or amplification of Hras led to VEGF upregulation in
rat-1 cells (unpublished observations). It is tempting to speculate that
VEGF-induced angiogenesis is a final common pathway for multiple and
apparently unrelated alterations in cell growth regulatory pathways, leading
to uncontrolled in vivo proliferation and tumorigenesis.

The VEGF Receptors

Two classes of high-affinity VEGF binding sites have been identified on the
cell surface of cultured bovine endothelial cells (63, 64). The K, values are
10 pM and 100 pM, respectively (63, 64). Thieme et al. (65) have recently
shown that hypoxia increases VEGF receptor number by 50%, without
changing the affinity, in cultured bovine retinal capillary endothelial cells.

In agreement with the hypothesis that VEGF is an endothelial cell-specific
factor, ligand autoradiography studies on fetal and adult rat tissue sections
have demonstrated that high-affinity VEGF binding sites are localized to
the vascular endothelium of large or small vessels, but not to other cell types
(66, 67).

Two tyrosine kinases have been identified as VEGF receptors (68-71).
The fms-like tyrosine kinase (Flt-1) and kinase domain region (KDR)
proteins have been shown to bind VEGF with high affinity (68, 69). Fetal
liver kinase-1 (Flk-1), the murine homologue of KDR, also binds VEGF (70,
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71). Both Flt-1 and KDR/FIk-1 have seen immunoglobulin (Ig)-like do-
mains in the extracellular domain (ECD), a single transmembrane region
and a tyrosine kinase sequence that is interrupted by a kinase-insert domain
(68-71). In addition, a soluble form of FIt-1, consisting of the six
NH,-terminal domains in the ECD, has been identified in human umbilical
vein endothelial cells (72).

The Flt-1 and KDR proteins have been shown to have different signal
transduction properties (73). Porcine aortic endothelial cells lacking endo-
genous VEGF receptors display chemotaxis and mitogenesis in response to
VEGF when transfected with an expression vector coding for KDR. In
contrast, transfected cells expressing Flt-1 lack such responses (73, 74).
While KDR/FIk-1 undergoes strong ligand-dependent tyrosine phosphory-
lation in intact cells (70, 71), Flt-1 reveals a very weak or undetectable
response (68, 73, 74). Transfection of Flt-1 cNDA in NIH 3T3 led to a weak
VEGF-dependent tyrosine phosphorylation that did not generate any
mitogenic signal (74). Accordingly, PIGF, which binds with high affinity to
Flt-1 but not to KDR/Flk-1, lacks direct mitogenic or permeability-
enhancing properties or the ability to effectively stimulate tyrosine phos-
phorylation in endothelial cells (41). These findings indicate that interaction
with KDR/FIk-1 is a critical requirement to elicit the full spectrum of VEGF
biologic responses.

Recent studies have demonstrated that both Flt-1 and KDR/FIk-1 are
essential for normal development of embryonic vasculature, although their
respective roles appear to be distinct (75, 76). Mouse embryos homozygous
for a targeted mutation in the Flt-1 locus died in utero at day 8.5 (75).
Endothelial cells developed in both embryonic and extraembryonic sites but
failed to organize in normal vascular channels. Mice in which the Flk-1 gene
had been inactivated revealed a more profound deficit, as they not only
lacked vasculogenesis but also failed to develop blood islands (76). Hema-
topoietic precursors were severely disrupted and organized blood vessels
failed to develop throughout the embryo or the yolk sac, resulting in death
in utero between day 8.5 and 9.5.

Expression of VEGF During Physiologic Circumstances

VEGF mRNA is expressed within the first few days following implantation
in the giant cells of the trophoblast (16, 67). At later developmental stages
in mouse and rat embryos, the VEGF mRNA is expressed in a variety of
organs, including heart, vertebral column, kidney, and along the surface of
the spinal cord and brain. In the developing mouse brain, the highest levels
of mRNA expression are associated with the choroid plexus and the
ventricular epithelium (16, 67).

In the human fetus (16 to 22 weeks), VEGF mRNA expression is
detectable in virtually all tissues and is most abundant in lung, kidney, and
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spleen. VEGF protein, as assessed by immunocytochemistry, is expressed in
epithelial cells and myocytes, but not vascular endothelial cells (77).
Interestingly, VEGF expression is also detectable, both in the fetus and in
the adult, around microvessels in areas where endothelial cells are quies-
cent, such as kidney glomerulus, pituitary, heart, lung, and brain (13, 77,
78). These findings raise the possibility that VEGF is required not only to
induce active vascular proliferation but also for the maintenance of the
differentiated state of blood vessels, at least in some circumstances (13).

In situ hybridization studies on the rat and primate ovary (17, 79) have
shown that VEGF mRNA expression is temporally and spatially related to
the proliferation of microvessels. Minimal hybridization was detected in
avascular granulosa cells of preovulatory follicles while a strong hybridiza-
tion signal was present in the corpus luteum, where 50% to 60% of the total
cell population is represented by capillary endothelial cells and pericytes.
These findings suggest that VEGF is involved in a major physiologic event
such as corpus luteum angiogenesis.

Cultured human keratinocytes express VEGF mRNA, suggesting that
VEGF may be important in processes such as wound healing (58). Interest-
ingly, decreased expression of VEGF mRNA has been observed in the skin
of genetically diabetic db/db mice (58). Therefore, an altered regulation of
VEGEF gene expression could contribute to the defective angiogenesis and
impaired wound healing characteristic of this genetic disorder.

The Role of VEGF in Pathologic Angiogenesis

Angiogenesis Associated with Tumors

In situ hybridization studies have shown that the VEGF mRNA is markedly
upregulated in most human tumors examined. These include renal, bladder,
breast, ovarian, and gastrointestinal tract carcinomas (80), and several
intracranial tumors including glioblastoma multiforme (50, 81, 82) and
sporadic as well as von Hippel-Lindau syndrome-associated capillary
hemangioblastoma (83, 84). Only sections of lobular carcinoma of the
breast and papillary carcinoma of the bladder failed to reveal significant
VEGF mRNA expression (80). In all of these circumstances, VEGF mRNA
is expressed by tumor cells but not by endothelial cells. Interestingly, the
VEGEF protein is detectable by immunohistochemistry not only in the tumor
cells but also in the vasculature (50, 80). This discrepancy indicates that
tumor-secreted VEGF accumulates in the target cells. A strong correlation
exists between degree of vascularization of the malignancy and VEGF
mRNA expression (83). In addition, the mRNA for the VEGF receptors,
Flt-1 and KDR, is upregulated in the tumor vasculature (80, 81, 85). These
findings are consistent with the hypothesis that VEGF-expressing tumor
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cells may have a growth advantage in vivo due to stimulation of angioge-
nesis (86).

More direct evidence for a role of VEGF in tumorigenesis has been made
possible by the availability of specific monoclonal antibodies capable of
inhibiting VEGF-induced angiogenesis in vivo and in vitro (87). Such anti-
bodies exert a dramatic inhibitory effect on the growth of a variety of human
tumor cell lines injected subcutaneously in nude mice, including glioblastoma
multiforme, rhabdomyosarcoma, leiomyosarcoma, and colon and ovarian
carcinoma (23, 85). Neither the antibodies nor VEGF itself had any effect
on the in vitro growth of the tumor cells. In agreement with the hypothesis
that inhibition of angiogenesis is the mechanism of tumor suppression, the
density of microvessels was significantly lower in sections of tumors from
antibody-treated animals as compared with controls (23, 85).

It has been shown that VEGEF is a major mediator of the in vivo growth
of human colon carcinoma cells in a nude mouse model of liver metastasis
(85). Treatment with anti-VEGF monoclonal antibodies resulted in a
dramatic decrease in the number and size of metastases. Most of the tumors
in the treated group were under 1 mm in diameter and all were under 3 mm.
Also, neither blood vessels nor Flk-1 mRNA expression could be demon-
strated in such metastases.

An independent verification of the hypothesis that VEGF action is
necessary for tumorigenesis has been provided by the finding that retrovirus-
mediated expression of a negative dominant Flk-1 mutant suppresses
growth of glioblastoma cells in vivo (88).

Angiogenesis Associated with Other Conditions

Diabetes mellitus, occlusion of the central retinal vein, and prematurity
with subsequent exposure to oxygen can all be associated with intraocular
vascular proliferation (89). The new blood vessels may lead to vitreous
hemorrhage, retinal detachment, neovascular glaucoma, and eventual
blindness (4). Diabetic retinopathy is the leading cause of blindness in the
working population (90). All of these conditions are known to be associated
with retinal ischemia (91). As early as 1948, Michaelson (92) proposed that
the key event in pathogenesis of such disorders is the release, by the
ischemic retina, of diffusible angiogenic factor(s). Until now, the identity of
such factor(s) has been unknown. VEGF, by virtue of its diffusible nature
and hypoxia inducibility, is an attractive candidate. Recently, elevations of
VEGF levels in the aqueous and vitreous of eyes with proliferative
retinopathy have been reported (24, 93, 94). In a large series in which 164
patients and 210 samples of ocular fluid were examined, a strong correla-
tion was found between levels of immunoreactive VEGF in the aqueous and
vitreous humors and active proliferative retinopathy (24). In agreement
with these findings, in situ hybridization studies demonstrated upregulation
of VEGF mRNA in the retina of patients with proliferative retinopathies
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secondary to diabetes, central retinal vein occlusion, retinal detachment, or
intraocular tumors (95).

More direct evidence for the hypothesis that VEGF is a mediator of
intraocular neovascularization has been provided in a primate model of iris
neovascularization that closely mimics human disease and in a mouse model
of retinopathy of prematurity. In the former model, intraocular adminis-
tration of anti-VEGF antibodies dramatically inhibited the neovasculariza-
tion that follows occlusion of central retinal veins (96). Likewise, soluble
Flt-1 or Flk-1 fused to an IgG suppressed retinal angiogenesis in the mouse
model (97). Therefore, treatment with inhibitors of VEGF may prevent the
consequences of neovascularization secondary to ischemic retinal disorders.

It has been proposed that VEGF is involved in the angiogenesis associated
with rheumatoid arthritis (98, 99). Levels of immunoreactive VEGF were
high in the rheumatoid synovial fluid while they were very low or
undetectable in the synovial fluid of patients affected by other forms of
arthritis or by degenerative joint disease.

It has been also shown that VEGF mRNA expression is increased in
psoriatic skin (80). Increased vascularity and permeability are characteristic
of psoriasis. Also, elevations in VEGF expression in the skin have been
recently described in three bullous disorders: bullous pemphigoid, erythema
multiforme, and dermatitis herpetiformis (100).

Interestingly, Lyttle et al. (101) have identified at least two sequences
having a significant homology to VEGF in the genome of orf virus, a
parapoxvirus that affects goats, sheeps, and occasionally humans. Intrigu-
ingly, the lesions of goats and humans following orf virus infection are
characterized by extensive microvascular proliferation in the skin, raising
the possibility that the product of the viral VEGF-like gene is responsible
for such lesions.

VEGF as a Therapeutic Agent

Growth factors able to promote the growth of new collateral vessels would
be potentially of major therapeutic value for the treatment of disorders
characterized by inadequate tissue perfusion. For example, chronic limb
ischemia, most frequently secondary to obstructive atherosclerosis affecting
the superficial femoral artery, is associated with a high rate of morbidity
and mortality and treatment is currently limited to surgical revasculariza-
tion or endovascular interventional therapy (102). No pharmacological
therapy has been shown to be effective for this condition. Intraarterial or
intramuscular administration of rhVEGF,; significantly augments perfu-
sion and development of collateral vessels in a rabbit model where chronic
hindlimb ischemia was created by surgical removal of the femoral artery
(21, 103). Arterial gene transfer with a cDNA encoding VEGF 4 also led to
revascularization of rabbit ischemic limbs (22). In addition, the angioge-
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nesis initiated by the administration of VEGF results in improved muscle
function as well as increased exercise-induced hyperemia (104). Similarly, it
has been shown that both maximal flow velocity and maximal blood flow,
as assessed by Doppler, are significantly increased in ischemic limbs
following VEGF administration (91). Thus, the neovascularization seen in
response to rhVEGF,qs results in improvements of clinically relevant
physiologic parameters. Recent studies have shown that VEGF administra-
tion also leads to a recovery of normal endothelial reactivity in dysfunc-
tional endothelium (105).

Furthermore, intraluminal VEGF administration promotes increase in
coronary blood flow in a dog model of coronary insufficiency (19). In
addition, Harada et al. (20) have recently demonstrated that extraluminal
administration of as little as 2 ug of thVEGF results in a significant increase
in coronary blood flow in a pig model of chronic myocardial ischemia
created by ameroid occlusion of the proximal circumflex artery. In this
model, VEGF treatment led to 2.6-fold decrease in the size of left
ventricular infarct (20).

An additional potential therapeutic application of VEGF is the preven-
tion of restenosis following percutaneous transluminal angioplasty (PTA).
It has been proposed that damage to the endothelium is the crucial event
triggering fibrocellular intimal proliferation (106). Interestingly, VEGF
administration accelerates re-endothelialization and attenuates intimal hy-
perplasia in balloon-injured rat carotid artery (107) or rabbit aorta (108).
Therefore, it is tempting to speculate that rapid re-endothelialization
promoted by VEGF may prove effective at preventing the cascade of events
leading to neointima formation and restenosis in patients.

Conclusion

The recent finding that targeted mutations inactivating the VEGF receptors
genes result in a profound deficit in vasculogenesis and blood island
formation, leading to early intrauterine death, emphasizes the pivotal role
played by the VEGF/VEGF-receptor system in the development of the
vascular system.

An intriguing possibility is that the VEGF protein or gene therapy with a
VEGF cDNA may be used in the future to promote endothelial cell growth
and collateral vessel formation. This would represent a novel therapeutic
modality for conditions that frequently are refractory to conservative
measures and unresponsive to pharmacologic therapy.

The high expression of VEGF mRNA in the vast majority of human
tumors, and the presence of the VEGF protein in ocular fluids of
individuals with proliferative retinopathies and in the synovial fluid of RA
patients support the hypothesis that VEGF is a key mediator of angioge-
nesis associated with various pathologic conditions. The ability of anti-
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VEGF antibodies or soluble VEGF receptors to block tumor growth or
neovascularization associated with ischemic retinal disorders provide more
compelling evidence for such hypothesis. Therefore, VEGF antagonists
have the potential to be of therapeutic value for a variety of highly
vascularized and aggressive malignancies as well as for other angiogenic
disorders.
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FDA Regulatory Concerns for
Wound Healing Biologics

KURT STROMBERG

Major recent changes within the Food and Drug Administration (FDA)
include the Prescription Drug User Fee Act of 1992 with its associated
managed review process, and substantial involvement of the FDA with the
International Conference on Harmonization (ICH). Within the Center for
Biologics Evaluation and Review (CBER) the effect of the former has been
(1) to expand the number of clinical reviewers, (2) to enhance the staff
training and computer capabilities, and (3) to facilitate a reorganization of
CBER that has streamlined the biologics approval process. The global
regulatory activity of the ICH is expected to also result in greater consis-
tency and promptness in regulatory review. Specifically in respect to wound
healing, a new development has been the formation of a tricenter Wound
Healing Clinical Focus Group in which reviewers from the Centers for
Drugs, Devices, and Biologics meet monthly to exchange information and
promote consistency. In addition, many FDA documents are now available
by FAX: CDER, 301-827-0577; CBER, 301-594-1939; and CDRH, 301-827-
0111. These will assist a sponsor in preparing for product submission.

The basic biology of the healing process is unclear and clinical trials of
wound healing agents are difficult and expensive to carry out due to the
length of treatment, level of compliance, etc. To reduce complexity, several
common sense suggestions are offered: (1) focus the clinical indication and
enroll a homogeneous patient population; (2) include a standardized care
arm at the phase 2 stage to evaluate the effect of the vehicle alone on
healing; (3) establish an effective clinical dosage, formulation, and admin-
istrative regime prior to phase 3 pivotal trials; and (4) enroll an adequate
number of patients to overcome individual patient variability and to obtain
adequate statistical power to support the primary end point.

Particular issues in wound healing regulation include (1) product sterility;
(2) combinations of wound healing products, in which increasing flexibility
is developing on regulation of multiple agent therapy, in part because
synergistic interaction and safety concerns for the individual components
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often can be established in preclinical studies; (3) standard of clinical care,
or optimum basic wound care in clinical trials; and (4) product jurisdiction,
which is based upon the primary mode of action of the proposed product.
These first three topics, among many other issues, are discussed in an article
in Wound Repair and Regeneration (1994;2:155-64); the last, product
jurisdiction, is discussed in a forthcoming article in Tissue Engineering.

In summary, changes are under way at the FDA to speed the regulatory
process, and to increase the consistency of review. However, the most
expeditious path of a sponsor to product approval remains solid basic,
preclinical, and clinical science.

FDA Regulation of Growth Factors

As a background for clinical and laboratory investigators, my first aim is to
briefly provide an overview of the FDA regulatory process for biologics.
What is an IND application and what are the steps in the review process?
Second, I address several recent developments at FDA: the ICH and the
Prescription Drug User Fee Act of 1992 with its associated managed review
process. I then describe how the three FDA centers (CBER, CDER, and
CDRH) meet to deal in common with wound healing products. Collectively,
these efforts illustrate the increasing integration, consistency, and accessi-
bility of these three FDA centers. Third, I make suggestions for clinical
trials of wound healing agents and address FDA concerns particular to
wound healing such as topical product sterility, combination products,
product jurisdiction among the three centers, and the design and perfor-
mance of clinical trials.

Recent Clinical Trials

A press release (September 18, 1995) announced the results of a phase 3 trial
done under an IND of rhPDGF-BB in nonhealing diabetic foot ulcers. The
company (Johnson and Johnson/Chiron) plan is to continue to develop this
product. If this PDGF-BB were to go successfully through the subsequent
product license application process, it would be the first recombinant
biologic or drug approved for a chronic wound indication. On the other
hand, in 1994 alone there were 74 new noninteractive products cleared for
marketing through the 510k (i.e., premarket notification) process. These
dressing-type products are hydrogels, hydrocolloids, occlusive tapes, and
porcine products for which there is much experience relating to safety and
effectiveness. Only one interactive wound dressing (Biobrain II for third-
degree burns) has been approved via the premarket approval (PMA)
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process. Overall, the biotech INDs received in CBER increased in a linear
manner during the 1980s to essentially plateau thus far in the early 1990s. I
suspect this was true for wound healing products in particular as well.

Brief Review of the IND Process

Because recombinant growth factors are overwhelmingly regulated as
biologics, a brief overview of their regulation by the CBER is appropriate.
The statutes that regulate biologic products are section 351 of the PHS Act
and the Food, Drug, and Cosmetic Act (FDCA). The former defines
biologics and prohibits their interstate transport unless approved and
manufactured in a licensed facility. Sections 201 and 301 of the FDCA note
that biologics may be drugs or devices according to their intended use. It
prohibits interstate commerce of a drug or a device that is misbranded or
adulterated. It is important to realize that the definition of interstate
commerce also includes shipment of any of a product’s components across
state lines, as well as the finished product itself. Exemptions to this
prohibition are biologics approved as safe and effective for a given
indication, i.e., licensed for a defined indication. To permit movement
across state lines for products under clinical investigation for determination
of their safety and efficacy, an investigational new drug (IND) application
is made (Section 505 (i), FDCA). This exempts investigational drugs from
the new drug approval requirements, and thus permits their interstate
commerce. Section 21 of the Code of Federal Regulations (CFR) Part
601.21 states that investigational biologics also fall within this exemption
from new drug regulations. The manufacturing aspects of drug regulation
of product purity, potency, consistency, and stability are not considered in
this chapter.

The use of an investigational drug in a clinical investigation begins with
filing an IND for review. An IND is effective 30 days after filing unless
notified by the FDA. The IND review team consists of at least three
reviewers: primary product or manufacturing, pharmacology/toxicology,
and clinical. In addition, consultant reviewers with special knowledge may
be brought into the process. Basically, the questions asked are: What is the
product? Can it be consistently made? Does it work in animal models?
What is the risk of using it in humans? How would it work in the human
body (biological rationale)? How will efficacy be shown? Have good
science, statistics, and medicine been employed? In summary, is it safe and
effective?

Besides manufacturing deficiencies, grounds for withholding permission
for a product to enter clinical trials can be patient risk, unqualified clinical
investigators, an inadequate investigator brochure or informed consent
form, or lack of information to assess risk. Avoiding these problems comes
about by seeking early interaction with FDA in the development process,
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usually in the form of a pre-IND meeting. These can occur within 4 to 6
weeks after a request is made, and meeting packages should contain
information on manufacturing, preclinical work completed, prior experi-
ence in humans, the clinical protocol, and most importantly, a list of what
issues the sponsor wishes to discuss.

The traditional three phases of clinical investigation are well known. The
objectives of phase 1 are primarily devoted to safety considerations, i.e.,
determining side effects with increasing doses, and the pharmacology of the
product. Trials of biologics for dermal ulcers have generally enrolled 15 to
20 patients per arm. Phase 2 objectives are controlled studies designed to
identify some measure of patient benefit, to define an active dose and
manner of administration, and to learn the common short-term side effects
and risks. About 50 to 75 patients per arm have generally been included in
phase 2 wound healing trials. Phase 3 generally represents expanded
(usually 120 to 150 patients per arm), adequate and well-controlled,
statistically powered, studies that determine overall risk-benefit informa-
tion on safety and efficacy, and provide the basis for product labeling.

FDA Developments

Wound Healing Clinical Focus Group

Changes within the FDA affect the regulation of wound healing products.
The regulation of recombinant wound healing biologics is not unique; they
are regulated like other recombinant biologics. Overall, I think the FDA is
moving toward greater integration, consistency, and more accessibility. In
respect to wound healing, an example of this is a tricenter Wound Healing
Clinical Focus Group in which reviewers from the Centers for Drugs,
Devices, and Biologics meet monthly to exchange information. The aim is
to educate one another on the various disciplines within wound healing and
to achieve greater regulatory consistency within the three centers. We
sponsor conferences, develop FDA response positions vis-a-vis industry,
organizational, or academic groups, and invite academic experts to speak
on topics such as wound healing animal models, instrumentation to provide
quantitative assessments of efficacy of wound closure, and burn wound
biology and clinical care.

International Conference on Harmonization

Two major developments within the FDA during the last several years are
the International Conference on Harmonization (ICH) and the Prescription
Drug User Fee Act of 1992. Changes brought by the ICH will benefit
sponsors and regulators alike, a process that began several years ago and is
now issuing position statements in nearly final form in the areas of product



20. FDA Regulatory Concerns for Wound Healing Biologics 337

quality, safety, and efficacy. The impact of these changes will be to smooth
and codify the regulatory process of an international basis. Briefly, drug
regulatory bodies of the three regions and their respective pharmaceutical
trade organizations have been meeting periodically since 1991 to harmonize
the drug approval process, and in the process bring new drugs to the market
sooner. The objectives are to remove the need for duplicate studies, thus
avoiding repetitious clinical studies, reducing animal usage, and making
research more economical. In the United States, the ICH/FDA procedures
are integrated, and are presented in the Federal Register in proposal form
for public comment and then in final form. For example, the Federal
Register issues of July 9, 1993, and August 2 and 9, September 22, and
November 28, 1994, presented notices about various stages of the ICH
process. In summary, this global regulatory activity should expedite the
development of wound healing products, which are often sponsored by
multinational pharmaceutical corporations.

Prescription Drug User Fee Act of 1992

Within CBER, I believe the effect of the Prescription Drug User Fee Act of
1992 has been to expand the number of clinical reviewers, to enhance the
staff training and development programs and computer capabilities, and to
facilitate a reorganization of CBER that is intended to streamline the
biologics approval process by what is termed the “managed review process.”
Briefly, this process sets a regulatory framework and timetable for re-
viewing products. For CBER, a joint PLA/ELA filing will be accepted or
rejected with explanations within 45 days, and a decision made within 6 or
12 months depending on whether it receives a priority or standard review.
Consequently, if a novel and clearly safe and effective wound healing
product is received today, its PLA could be processed to approval within 6
months. CBER’s S-year goal is to have 80% of submissions processed
within these time frames by 1996, and 100% by 1998.

In respect to accessibility of information, a wide array of FDA informa-
tion is now available by fax (Table 20.1). The CBER Fax Information
System, or “Fax On DEMAND” number is 301-594-1938, which provides a
voice-prompt menu that includes guidelines and Points to Consider docu-
ments, Federal Register notices, memoranda, letter to manufacturers, to
sponsors, to health professionals, draft background information, etc. In
all, 96 documents are listed for CBER alone. The Center for Drug
Evaluation and Research (fax 301-827-0577) has a list of guidelines that
runs 17 pages. The Center for Devices and Radiological Health’s fax on
demand number is 301-827-0111, and its list of publications is also
extensive. Consequently, the range of information and speed of response of
this system are impressive.

Another change for CBER is found in the July 11, 1995, Federal Register
announcement that states that pilot manufacturing facilities of recombinant
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TasLe 20.1. Points to consider and related documents.

Available without costs for Biologics from the Congressional and Consumer Affairs
Branch, HFM-11, Woodmont Office Center, Suite 200 North, 1401 Rockville Pike,
Rockville, MD 20852-1448, 301-594-2000 (phone), 301-594-1939 (fax on demand); for
Medical Devices from Division of Small Manufacturers Assistance, HFZ-220, 1350 Piccard
Drive, Rockville, MD 20850-4307, 800-638-2041 (phone), 800-899-0381 or 301-827-0111 (fax
on demand); and for Drug Products from Executive Secretariat Staff, CDER, HFG-8
Room 151, 7520 Standish Place, Rockville, MD 20855, 301-594-1012 (phone), 800-342-2722
or 310-827-0577 (fax on demand). A list of documents and corresponding codes on each
facsimile system can be obtained by dialing either “1” (DCER and CDRH) or follow
voice-prompts (CBER).

Points to Consider in the Manufacture of In Vitro Monoclonal Antibody Products Subject
to Licensure (1983).

Points to Consider in the Manufacture and Testing of Monoclonal Antibody Products for
Human Use (1987). Updated 1994.

Points to Consider in the Production and Testing of Interferon Intended for Investigational
Use in Humans (1983).

Points to Consider in the Manufacture of In Vitro Monoclonal Antibody Products for
Further Manufacture into Blood Grouping Reagent and Anti-Human Globulin (1992).
Points to Consider in the Manufacture and Clinical Evaluation of In Vitro Tests to Detect

Antibodies to the Human Immunodeficiency Virus, Type 1 (1989) (draft).

Points to Consider in the Production and Testing of New Drugs and Biologicals Produced
by Recombinant DNA Technology (1985).

Supplement to the Points to Consider in the Production and Testing of New Drugs and
Biologicals Produced by Recombinant DNA Technology: Nucleic Acid Characterization
and Genetic Stability (1992). Update 1995.

Guidelines for Research Involving Recombinant DNA Molecules (1986).

Points to Consider in the Characterization of Cell Lines Used to Produce Biologicals
(1993).

Points to Consider in the Collection, Processing, and Testing of Ex Vivo-Activated
Mononuclear Leukocytes for Administration to Humans (1989).

FDA, CDER: Guideline for the Format and Content of the Clinical and Statistical Sections
of New Drug Applications. July 1988.

Points to Consider in Computer Assisted Submissions for License Applications (1990).

FDA'’s Policy Statement Concerning Cooperative Manufacturing Arrangements for Licensed
Biologicals (1992).

OELPS Advertising and Promotional Labeling Staff Procedural Guide (1993).

Cytokine and Growth Factor Prepivotal Trial Package: With a Special Emphasis on
Products Identified for Consideration Under 21 CFR 312 Subpart E. “Drugs Intended to
Treat Life-Threatening and Severely Debilitating Illnesses” (1990) (Draft).

Points to Consider in Human Somatic Cell Therapy and Gene Therapy (1991).

Points to Consider in the Safety Evaluation of Hemglobin-Based Oxygen Carriers (1990).

Guildelines on Validation of the Limulus Amebocyte Lysate Test as an End Product
Endotoxin Test for Human and Animal Parenteral Drugs, Biological Products, and
Medical Devices (1987).

Guideline for Submitting Documentation for the Stability of Human Drugs and Biologics
(1987).

Submitting Documentation for Packaging for Human Drugs and Biologicals (1987).

Sterile Drug Products Produced by Aseptic Processing (1987).

Guideline on General Principles of Process Validation (1987).

Test for Residual Moisture for Biological Products (1990).

Draft Guideline for Adverse Experience Reporting for Licensed Biological Products (1995).
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TasLe 20.1. (Continued)

Draft Guidance for the Preparation of an IDE Submission for an Interactive Wound and
Burn Dressing (CDRH, revised 1995).

Draft Guidance for the Preparation of a Premarket Notification for a Non-Interactive
Wound and Burn Dressing (CDRH, revised 1995).

Three Intercenter Agreements of 1991 Regarding Product Jurisdiction Among the Centers
for Biologics Evaluation and Research, Drug Evaluation and Research, and Devices and
Radiological Health.

CFR, Federal Register Notices, and Articles Relevant to Wound Healing:

56 F.R. 58756 of November 21, 1991 and 21 CFR 3.2 define “Combination Products.”

58 F.R. 65514 of December 14, 1993 for regulatory jurisdiction of “minially processed
human tissue.”

21 CFR 600.3 (h), Federal Register announcement of October 14, 1993 (58 F.R. 53248)
for definition if somatic cell therapy.

Institutional Review Board approval is described in 21 CFR 56, and that for informed
patient consent is in 21 CFR 50.

60 F.R. 36808 of July 18, 1995, regarding “Public Hearing: Products Comprised of
Living Autologous Cells Manipulated Ex Vivo and Intended for Implantation for
Structural Repair or Reconstruction.”

60 F.R. document of July 11, 1995 concerning “Use of Pilot Manufacturing Facilities for
the Development and Manufacture of Biological Products.”

Regulatory Concerns in the Development of Topical Recombinant Ophthalmic and

Cutaneous Wound Healing Biologics. Wound Repair and Regeneration 1994;2:155-164.
Responses from the Wound Healing Clinical Focus Group at the FDA to the

Government Relations Committee of the Wound Healing Society. Scars and Stripes

Autumn 1994;4:5-12.

Product Jurisdiction Considerations for Tissue-Engineered Products. Tissue Engineering,

in press.

biologics are eligible for licensure if they are qualified, validated, and
operate in accordance with GMPs. This might be thought of as part of a
more general move toward uncoupling of the PLA and ELA approval
process. Thus, the Center for Biologics is considering allowing biotech
products that are well characterized to be regulated under a single applica-
tion. One would think that many recombinant growth factors for wound
healing would qualify for consideration under these procedures.

Wound Healing Regulatory Concerns

Overall, the only modest success thus far of single growth factors in wound
healing may be related to several issues. The basic biology of the healing
process and its essentials in content and sequence are only emerging and are
very complicated, as this book has demonstrated. Within this context of
relative ignorance and absolute complexity, a number of single biologics
have been evaluated in clinical trials that were themselves full of variables.
To reduce this complexity, and in the process to clarify the results of
clinical trials, several “common sense” suggestions seem appropriate.
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1. Narrow the clinical indication and make the patient population as
homogeneous as possible. For example, inclusion criteria for a diabetic
foot ulcer trial might include (a) assurance that the diabetes is under
control via hemoglobin Alc determination; (b) one nonhealing stage III
chronic ulcer present for a minimum of about 8 weeks; (c) a narrow size
range of approximately 2 to 10 cm? in area after sharp surgical
debridement; (d) a transcutaneous oxygen tension measurement of, for
example, at least 30 mm Hg; (e) infection under control as defined by a
wound infection score, or by quantitative bacteriology of less that
100,000 colonies per gram of tissue; (f) as a measure of adequate
nutrition, a serum albumin level greater than 3 g/dl; and, most impor-
tantly; (g) assurance that pressure off-loading can be maintained. This
would require that all principal investigators agree on a uniform defini-
tion and manner of debridement and non-weight bearing.

2. Include a standardized care arm at the phase 2 stage to evaluate the effect
of the vehicle itself on healing, and to judge the quality of the wound care
the patients are receiving.

3. Establish an optimized clinical dosage and treatment method prior to
phase 3 “pivotal” trials. This implies that a sponsor has completed
dose-ranging in phase 2, and the manner of use and formulation are set.
Issues such as whether to use single or multiuse dispensing, whether the
product is to be sterile, whether or not a preservative will be included,
and other such manufacturing questions should be resolved early in
development.

4. Enroll an adequate number of patients to overcome individual patient
variability, and to obtain adequate statistical power to support the
primary end point.

Beyond these suggestions to clarify clinical trials, I think other relevant
issues include product sterility, combinations of wound healing products,
standard of clinical care or optimum basic wound care in clinical trials, and
product jurisdiction.

As noted in an article in Wound Repair and Regeneration (1994;
2:155-64), there currently are insufficient data to support a scientifically
based decision concerning a requirement for the sterility of the final
formulation of all topical wound healing products. However, the safest
approach for a topical product is to make it sterile with a preservative or in
a single-use container, and therefore this is strongly recommended. While
this recommendation is clearly true for ocular products, it is also probably
appropriate for burn wounds. Chronic cutaneous ulcers are microbially
contaminated at the outset, and so the issue is one of avoiding an additional
microbial load in a product that might further delay healing. This becomes
particularly true if a nonsterile product contains particularly invasive
pathogenic flora, such as Staphylococcus aureus and Bacteroides fagilis. In
addition, the presence of bacteria can reduce product stability. Conse-
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quently, sterility for both recombinant protein(s) and vehicle is recom-
mended also in the case of topical biologics for chronic ulcers. Appropriate
preservatives, single-use containers, and a very low bioburden (e.g., less
than 10 colony-forming units per gram or milliliter with both aerobic and
anaerobic species are examined) are required in topical products that are not
manufactured to be sterile. The specific expectations in the nonsterile
product, including microbial identity and preservative effectiveness tests,
are detailed in the article in Fall, 1994 issue of Wound Repair and
Regeneration cited above. In addition, there is an FDA Guideline on Sterile
Drug Products Produced by Aseptic Processing (Table 20.1), and the USP
Preservative Effectiveness Test and the Microbial Limits and Identity Tests,
which are also available to guide manufacturers.

With regard to wound healing combination products, it is clear that the
topical healing process is mediated by a cascade of multiple endogenous
growth factors. The preclinical research of many investigators has docu-
mented the additive or synergistic benefit of using multiple growth factors.
Consequently, intuition and animal model research provide a rationale for
use of more than one biologic, or perhaps their use in a sequential manner,
to enhance healing in humans. Traditionally, the constituent biologics of
combination products have been examined for their individual contribution
to safety and efficacy. I think there is a move toward increasing flexibility
on multiple-agent therapy for chronic wound indications. The experimental
basis for additive and synergistic interaction among growth factors can be
established in preclinical studies, and by increasing dosing to toxic levels in
animal models; it is hoped that major safety in humans can be anticipated.
The aim should be to reduce, by phase 2-level clinical studies, the number
of therapeutic compartments or trial arms so that the phase 3 trials will be
sufficiently powered for a robust statistical evaluation.

There is a widely acknowledged need for consensus on standardized
wound care for any given type of chronic ulcer or burn wound indication.
Good clinical trial science, managed care considerations, and reimburse-
ment concerns drive this need to establish clinical care guidelines. By
agreement of all investigative sites to use identical wound care, the
contribution of vehicle or formulation, as well as actual product, to the
healing process can be determined. In addition, until “optimum™ clinical
care of a particular type of chronic wound is established, this approach
permits a comparison among studies as to what, in fact, is the best care.
Having a standardized care arm, over time and in the aggregate, will help
establish better guidelines for clinical care. I think the FDA’s view is that the
standardized care arm should be incorporated into a phase 2-level study, at
the same stage when a sponsor is trying to determine the optimal dosage and
treatment method.

An aspect of disagreement in wound management is how to debride the
chronic wound. Should it be sharp surgical? Done under sterile conditions
in the operating room? Done with the assistance of enzymatic products? In
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fact, these questions lend themselves to analysis by clinical trials, and
research is needed to address these issues. Touching upon this is the impact
of containment of wound infection, and bacterial “balance” (less than
100,000 colonies per gram of tissue). The treatment impact of debridement
and infection are subjects that may be clarified by inclusion of a standard-
ized care arm in wound healing trials.

Wound healing product jurisdiction is important because it governs
which of the three FDA centers will review the proposed vulnerary product,
and under which regulatory authority, either an IND, NDA, or IDE
depending on the product’s primary mode of action. For example, if the
product is a device that is not a significant risk, a sponsor need not even file
an IDE prior to beginning clinical studies. Only permission of the institu-
tional review board of an investigative site is required. Also, the designation
of product jurisdiction influences the nature and extent of the regulatory
process. For instance, a Premarket Notification Application, i.e., 510(k),
for a device that is substantially equivalent to an already legally marketed
device will entail less review.

Formal determination of product jurisdiction for a product that is not
obvious is obtained through a Request For Designation (from Amanda
Peterson, HF-7, Room 14-84, FDA, 5600 Fisher’s Lane, Rockville, MD
20857, phone 301-443-1306, and fax 301-594-6807). Each center has a
coordinator for product jurisdiction: Eugene Berk for devices (301-594-
1190), Janet Jones for drugs (301-594-6758), and Joy Cavagnaro for
biologics (301-827-0372). There are intercenter agreements among CDER,
CBER, and CDRH that clarify which center will regulate which products.
These agreements can be obtained from the Dockets Management Branch,
HFA-305, FDA, Room 1-23, 12420 Parklawn Dr., Rockville, MD 20857. In
brief, for wound healing products, the Center for Biologics handles
recombinant products, and products derived from living tissues and fluids;
the Center for Drugs regulates low molecular weight molecules that can be
manufactured through organic synthesis; the Center for Devices has
traditionally overseen dressings, burn, and bone products.

An area of some controversy is the FDA’s regulation of autologous
products that have been manipulated, particularly products derived from a
patient’s own cells or fluids, because these can often merge into the practice
of medicine, which is outside of the FDA’s purview. To address some of
these issues, a public FDA hearing was held on November 16-17, 1995 in
Gaithersburg, Maryland, on “Products Comprised of Living Autologous
Cells Manipulated Ex Vivo and Intended for Repair or Reconstruction.” In
respect to wound healing, these waters can become merky as the following
hypothetical composite skin product illustrates: a releasate from a patient’s
platelets, added to a bovine collagen gel matrix that has been impregnated
with several protease inhibitors and infiltrated with the patient’s ex vivo
amplified dermal fibroblasts and then overlaid with allogenic keratinocytes
transfected with plasmids expressing relevant human growth factor genes.
This obviously extreme example serves to illustrate the profound potential
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complexity of wound healing regulation and product jurisdiction, and the
inevitable shared involvement in the regulatory process of the Centers for
Drugs, Biologics, and Devices. I want to emphasize that, despite the
complexity of wound healing products, real progress has been made in
coordinating tricenter activities to make the regulation of wound healing
products more consistent and expeditious.

In summary, wound healing biologic products are not regulated differ-
ently than other recombinant biologics. However, as the complexity of the
product increases, involving potentially a drug, biologic, and a device
component, new regulatory arrangements among the three centers are
required, and they are developing. Today’s FDA aims to be increasingly fast
and responsive, as well as consistent, while remaining science based.
Ultimately, the basic requirement for regulatory success with any proposed
product is good science in its manufacture and preclinical studies, and good
science in clinical trials supporting the product’s safety and efficacy.
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in developmental feedback
loops, 164-165
Brain, insulin-like growth factor-II in,
62
Breaking strength test, for colonic
anastomoses, 263-264
Breast tumors, hepatocyte growth
factor expression in, 306
Burns
epidermal growth factor receptor
distribution in, 211
fibroblast growth factors in healing
of, 189-190
glycolysis and amino acid release in,
201
growth hormone effects on, 127-128
insulin-like growth hormone-I effects
in, 130
survival rate, and dietary protein
intake, 107
treating, 37-38
with growth hormone, 231-244

dissolution of, at the site of injury, 9 Bursting strength, of colonic

fibroblast growth factor-2
localization to, 27
B-cells, function after surgery, 249-258
bFGF (basic fibroblast growth factor
FGF-2), 10-12, 188-190
actions of, 5

anastomoses, 264

Cachectin. See Tumor necrosis
factor-a

Calcium, effect of, on fibroblast
proliferation, 117



Capillary sprouts, formation of, 9
Carbohydrate metabolism, direct
effects of growth hormone on,
58
Carcinoma cells, epithelial, effect of
hepatocyte growth factor on,
305, 311 :
Carcinomas, thyroid follicular, c-Met
protein in, 311
Cartilage, proliferation of, after
growth hormone infusion, 63
Catabolic states, anabolic effects of
nutrients and growth factors in,
124-130
Catabolism
of arginine, during macrophage
infiltration of wounds, 179-180
burn-induced, 231-232
effects of antioxidants in, 105
insulin-like growth factor-I
regulation during, 67-69
nitric oxide synthases catalyzing, 175
ornithine a-ketoglutarate effect on,
in muscle, 84
pharmacologic dose of nutrients
affecting, 104
reversal of, by recombinant growth
hormone, 236
after surgery, 260
inhibiting, 251-252
Cell cycle
G, phase, 186
effects of nutrients on arrest of,
114
S phase, growth factors involved in,
186
Cells
division of, roles of arginine and
ornithine in, 81
growth of
critical nutrients for, 114-115
fibroblast growth factor
interactions during, 161-163
necrosis of, effect of nutrients on,
114
Center for Biologics Evaluation and
Review (CBER), 333
Fax Information System of, 337
Centers for Drugs, Biologics, and
Devices, 343
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Central nervous system, growth
hormone receptors of, 59
Chemoattractants
bFGF as, 189
platelet-derived growth factor, 13
transforming growth factor-3, 196,
206-207
for monocytes, 15
Chemokines, 45
affecting migration of T-cells,
hepatocyte growth factor,
306-307
Cholesterol metabolism, effect on, of
growth hormone after surgery,
255, 257
Chondrocytes
effect of hepatocyte growth factor,
306
growth plate, fibroblast growth
factor-2 as a mitogen for,
161-162
local production of insulin-like
growth factor-I in, 64
Chorioallantoic membrane,
angiogenesis in, 11
Chromosome 4, mapping of fibroblast
growth factor receptor 3 gene
to, 164-165
Citrulline
accumulation in wound fluid,
176-178
production of, by macrophages, 181
Clinical trials
of Dermagraft, 42, 44
of Dermagraft-TC, 51
of epidermal growth factor,
exogenously applied, 212-214
of Graftskin, 44
of growth factor
effects on healing after surgery,
245-258
recombinant, effects in burn
injury, 239-240
of platelet-derived growth factor in
wound healing, 14, 334-335
C-Met protein, in thyroid follicular
carcinomas, 311
C-Met receptor-kinase, hepatocyte
growth factor isoforms binding
to, 309-310
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Coagulation cascade, 8
Code of Federal Regulations (CFR),
335
Colitis, experimental
effects of growth hormone on,
270-274
effects of keratinocyte growth .
hormone on, 298
Collagen
creation of, in burn injuries, 235
degradation of, role of basic
fibroblast growth factor in, 11,
12
effect on
of insulin-like growth factor
binding protein-3, 283
of protein-calorie malnutrition,
80, 106
metabolism of, 94-96
organization of fibrils in healing
anastomoses, 269-270
precursors of, 200
synthesis of, in a healing colonic
anastomosis, 263, 267-270
type 1
platelet-derived growth factor
effect on production of, 13
type IV, in cultured skin grafts, 41
Collagenases, 269-270
metabolism of, 96-97
production of
effect of tumor necrosis factors
on, 194
effect of vascular endothelial
growth factor on, 16, 318
release by neutrophils, 206
Collagen gel model, formation of tubes
in response to bFGF, 11
Collagen-glycosaminoglycan (GAG)
membrane, 41-44
Colon
carcinoma cells, effect of vascular
endothelial growth factor on,
323
healing of, 262-263
Connective tissue
accumulation of, induction by
transforming growth factor-g3,
14-15
matrix of, defined, 5

Contraction, in healing, defined, 5-6
Cornea, response to epidermal growth
factor by cells of, 211, 212-214
Corneal pocket assay, effect of basic
fibroblast growth factor in, 11
Corticosteroids
effect of, on wound healing, 286
and vitamin A, effects in tissue
repair, 109
Corticosterone, effect of, on
transforming growth factor-g,,
100
Cortisone, effect of, on wound
healing, 92
Cost-effective treatment, in burn
injury, 238
C region, of steroid receptors, 94
Crohn’s disease, 270-271
collagenolysis associated with,
271-272
Crouzon syndrome (CS), and point
mutation in a fibroblast growth
factor receptor gene, 163-164
Cytokines
cultured grafts for delivery of, 44-46
defined, 5
expectations of, 3
in the extracellular space of wounds,
175
levels of
in acute wounds, 214-215
in chronic wounds, 215-216
proinflammatory, induction of
keratinocyte growth factor by,
295
roles in healing, 4-5, 16-17
upregulation of vascular endothelial
growth factor mRNA by, 320
Cytotoxic activity
of hepatocyte growth factor, 306,
311
of macrophages, effect of colony
stimulating factor on, 193
of nitric oxide, 183

Debridement, evaluation of processes,
341-342

Degranulation, platelet, in thrombus
formation, 8

Dermagraft



clinical evaluation of, 42, 44
structure of, 47-49
Transitional Covering, 49
Development
effects of hepatocyte growth factor
gene on, 305
effects of vascular endothelial
growth factor receptors on, 321
Diabetes
control of, and growth, 60-61
insulin-like growth factor-I levels in,
65-67
in mice
keratinocyte growth factor
induction in, 295
vascular endothelial growth factor
deficiency in, 16
in rats, platelet-derived growth
factor-BB role in healing, 14
streptozocin-induced, effect of
vitamin A on wound healing in,
92, 97-98
DNA binding domain (DBD), of
steroid receptors, 94
Domain, common, to fibroblast
growth factors, 27
Donor site healing, effect on, of
growth hormone, 238-239
Dose-response relationship, growth
hormone and bursting strength
of colonic anastomoses, 266-267
Doxycycline, treatment of chronic
wounds with, 225
D region, of steroid receptors, 94

Elastase, release by neutrophils, 206
Electrolytes, effect of, on wound
healing, 108
Embryogenesis, roles of fibroblast
growth factors pathways in, 162
Endothelial cells (ECs)
effect on
of epidermal growth factor, 211
of transforming growth factor-3,
15
formation of tubes by, collagen gel
model, 11
role of, in angiogenesis, 9
vascular, effect of hepatocyte growth
factor on, 306
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vascular endothelial growth factor
receptor on the surface of,
320-321
Epidermal growth factor (EGF)
activities of, §
effect of
in burn injury, 116
in burn injury and surgical
wounds, 187
on magnesium and calcium
requirements of fibroblasts, 117
on transforming growth factor-3,,
100
effect on, of vitamin A, 99-100
endogenous, role in wound healing,
210-212
exogenous, effects on wound
healing, 212-214
as a keratinocyte mitogen, 44
for reversal of intestinal atrophy in
undernourished rats, 130, 131
role of
in the cell cycle S phase, 186
in wound healing, 206-228
Epidermal growth factor receptor
(EGF-R), in burn wounds, 188
Epidermolysis bullosa, collagenase
production in, 96
Epiphyseal growth, effects of
insulin-like growth factor on, 62
Epithelial explant model, epidermal
outgrowth in response to bFGF,
11
Epithelium, cultured, 39-40
E region, of steroid receptors, 94
Estrogens, effects of, on insulin-like
growth factor-I production, 64
Etritiniate, effect on fibroblast growth,
95
Evaluation
of cultured skin grafts, take rates,
40, 41
experimental, of transforming
growth-factor-a to promote
wound healing, 211-212
Excisional therapy, in burn care, 37
Extracellular matrix (ECM)
degradation of
by matrix metalloproteins, 209
and wound healing, 225
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effect on, of epidermal growth
factor, 211

fibroblast growth factor-2
localization to, 27-29

Fasting, growth hormone and
insulin-like growth factor-I
levels in, 66-67, 118-120
Fat
dietary, effect on cell membranes,
106
metabolism of, effect of keratinocyte
growth factor on, 296
Fatty acids, growth hormone effect on
synthesis of, 58
Federal Register, notices about the
International Conference on
Harmonization, 337-339
Feedback, negative, in growth
hormone secretion, 57
Fetal liver kinase-1 (Flk-1), binding of,
to vascular endothelial growth
factor, 320-321
Fetus, insulin-like growth factor-II in,
62
Fibrin, role of, in thrombus formation,
8
Fibroblast growth factor (FGF)
effect on angiogenesis, 116
in burn injury, 235
family of, 151
acidic and basic forms, 188-190
FGF-2, crystal structure of complex
with a synthetic trisaccharide,
159
FGF-3, effects of, on development,
162-163
homology with keratinocyte growth
factor, 293
interactions with hepatocyte growth
factor, 307-308
See also bFGF (basic fibroblast
growth factor)
Fibroblast growth factor receptors,
151-174
ligand-receptor specificity, 155
Fibroblasts
effect on, of vitamin A, 99
immunogenic characteristics of,
50

insulin-like growth factor of,
190-191
keratinocyte growth factor from, 116
ornithine conversion to proline by,
181
in PDGF-treated eye injury, 14
proliferation of, 94-96, 186
requirements of, for magnesium and
calcium, 117
role of
in cultured skin graft formation,
41-44
in healing anastomoses, 262-263
in tissue formation and wound
repair, 9, 208
Fibronectin, increase in
and basic fibroblast growth factor,
12
and platelet derived growth factor,
13
Food, Drug, and Cosmetic Act
(FDCA), 335
Food and Drug Administration (FDA),
U.S., 333-343

Galardin, treatment of chronic wounds
with, 225
Gastrointestinal tract
and growth hormone, 261
and keratinocyte growth factor,
296-298
Gelatinase, place in the collagen
degradation pathway, 97
Genes
collagenase, 96
hepatocyte growth factor, 305
mutant, and associated disorders,
162-164
for retinoic acid receptor isoforms,
93-94
for vascular endothelial growth
factor isoforms, 15-16
Glioblastoma multiforme, vascular
endothelial growth factor
MRNA upregulation in,
322-323
Glomerulonephritis, effect of
transforming growth factor-8
in, 14-15
Glucocorticoids



effect on insulin-like growth factor-I
production, 64
effect on keratinocyte growth
factor-I production, 295
stimulatory, role in growth hormone
regulation, 261
Glucose metabolism, 200-201
effect of growth hormone on, 255,
256
Glutamine (Gln), 84-85
effect of
on catabolic states, 110-113
on cell proliferation, 114
on intestinal growth and
adaptation, 105
on muscle protein synthesis,
114-115
interaction with growth factors,
130-135
intestinal uptake of, effect of growth
hormone on, 262
metabolism of, 199
Glutathione (GSH), generation of,
nutrients required for, 113
Glycan, as a receptor for fibroblast
growth factor, 30
Glycine, transamidation with arginine,
81
Glycoproteins, platelet-derived growth
factor, 12-14
Glycosaminoglycans
increase of
in the presence of basic fibroblast
growth factor, 11-12
in the presence of platelet-derived
growth factor, 13
interactions of, with fibroblast
growth factors, 157-160
precursors of, 200
Glypican, as a receptor for fibroblast
growth factor, 30
Goblet cells
response to keratinocyte growth
factor, 297-298
in the lung, 299
Gonads, insulin-like growth factor
synthesis in, 62
Graftskin, cultured composite skin
replacement, 43-44
Granulation, active, in wounds, 180
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Granulation tissue, insulin-like growth
factors in, 192
Granulocyte-macrophage colony
stimulating factor (GM-CSF),
193
Growth
delay of, after burn injuries in
children, 233
effect on
of potassium and magnesium
deficiency, 123
of protein and protein-energy
malnutrition, 106
in height, and IGF-I and IGFBP-2
levels, 65
Growth factor hormones, role in tissue
anabolism and wound repair,
115-117
Growth factors
and angiogenesis, in healing, 8-26
degradation of, in chronic wounds,
221-223
endogenous, and nutrients in wound
healing, 186-197
interactions among, 99-100
interactions with nutrients
in cellular anabolism and tissue
repair, 104-147
vitamin A in wound healing,
92-103
message and product in injury,
temporal variations in, 198-201
receptors for, degradation in chronic
wound fluids, 223
regulation by, in burn injury
responses, 235
studies of, 3
See also Cytokines
Growth hormone (GH)
and anabolic responses, normal, 116
biosynthetic
effect on breaking strength of
incisional wounds, 264
effect on strength of colonic
anastomoses, 265-267
effect of arginine on, 110
effect on colonic healing and repair,
260-280
exogenous, effects on postoperative
immune function, 245-259
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in the growth hormone insulin-like
growth factor-I axis, 56-76,
105, 118-130, 273-274
and glutamine metabolism, 131
and nutrition, 122-124
interaction with nutrition
in clinically stable patients,
124-128
glutamine administration, 131
nitrogen balance in critically ill
patients, 260
recombinant, effect on
hypermetabolic nitrogen loss in
burn injury, 236
Growth hormone-releasing factor
(GRF), 261
Growth hormone-releasing hormone
(GHRH), 56-58
Guanosine triphosphate-binding
protein, and activation of
protein kinases, 160-161
Gut
mucosal atrophy of, with
glutamine-free nutrition, 131
target for nutrient-stimulated growth
factors, 117-118

HB-EGF, role of, in wound healing,
210
Healing, process of, biology and
definitions, 4-6
Heart, responses in burn injury, 232
Hemangioblastoma, capillary, vascular
endothelial growth factor
MRNA upregulation in,
322-323
Hemangiomas, pediatric, effect of
interferon-a on, 18
Hematopoietic progenitor cells, effect
on, of fibroblast growth
factor-2, 161-162
Heparan sulfate proteoglycans
(HSPGs)
as fibroblast growth factor binding
sites, 157-158
regulation of fibroblast growth
factor by, 151
Heparin
affinity for
of fibroblast growth factor, 151

of hepatocyte growth factor,
304
of vascular endothelial growth
factor, 16
fibroblast growth factor-2
phosphorylation modulation by,
33-34
and fibroblast growth factor
complex with fibroblast growth
factor receptor, 158
fibroblast growth factor interactions
with, 157
Heparin-binding domain, of fibroblast
growth factor receptor, 152
Heparin-binding growth factors, basic
fibroblast growth factor,
10-12
Heparin proteoglycan (HPG),
hepatocyte growth factor
binding to, 307-308
Hepatocyte growth factor, 304-316
Hepatocyte growth factor receptors,
307-308
Hepatocytes
insulin-like growth factor-I
production in, 122
rats, 67
Hepatoma, human, fibroblast growth
factor-2 phosphorylation on the
surface of, 33-34
Hexose transport, effect of vascular
endothelial growth factor on,
318
Homeostasis
in catabolic states, 69
normal tissue, role of keratinocyte
growth factor in, 294, 299
Homogeneity, of patient populations,
in drug evaluation, 340-343
Homology
between fibroblast growth factor
(FGF) and keratinocyte growth
factor, 293
between plasminogen and hepatocyte
growth factor, 304-305
Hormones, effect of, on nutrient
concentrations, 117
Hospitalization, duration of, and
growth hormone
supplementation, 125



Hyaluronic acid, in platelet derived
growth factor-stimulated
wounds, 13

Hydrocortisone, effects of, on
macrophages, 98

Hydroxyproline (OHP)

accumulation in colonic wounds, as
a measure of collagen, 267-270
accumulation in subcutaneous
wounds
effect of nutrition on, 107
effect of arginine on, 110
in anastomosed colonic segments,
effects of growth hormone on,
268-269
effect of arginine supplementation
on, 83-84

Hyperglucemia, after surgery, 255

Hypermetabolism, growth hormone
effects in, 234-237

Hyperplasia

bile duct, response to keratinocyte
growth factor, 297

epithelial, of the pancreatic ductal
system, 296

Hypochondroplasia (HcH), and point
mutation in a fibroblast growth
factor receptor gene, 163-164

Hypoglycemia, from administration of
IGF-I, 60, 286-287

Hypothalamic hormones, regulation of
growth hormone secretion by,
261

Hypothalamic-pituitary axis, 81

Hypothalamus

body temperature regulation by, in
burn patients, 233

growth hormone regulation by,
56-58

insulin-like growth factor-I in,
57

Hypoxia

effect on vascular endothelial growth
factor, 16

effect on vascular endothelial growth
factor receptors, 320-321

and tumor necrosis factor-a release,
17-18

Hypoxia-inducible factor-1 (HIF-1),
319
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IL-1
and angiogenesis, 17
collagenase gene expression
stimulation by, 96
keratinocyte growth factor induction
by, 295
retinoic acid effect on, 98-99
IL-18
in acute wounds, 214-215
in chronic wounds, 209-210,
215-216
IL-3
dependence of FDCP1 and BaF3
cells on, for growth, 157
retinoic acid effect on, 98-99
IL-6
keratinocyte growth factor induction
by, 295
keratinocyte production of, 45
release of, in anoxic cultures, 182
IL-8
angiogenic effect of, 17
keratinocyte production of, 45
IL-12, angiogenesis inhibition by, 17
Immune response
growth hormone effects on, 245-259
regulation of, role macrophage
arginase in, 179-180
Immunoglobulin G (IgG), as a receptor
for fibroblast growth factor-2,
29-30
Immunoglobulin-like domains
of fibroblast growth factor receptor,
152
alternative splicing in, 153-154
mutations in, 165
Immunomodulation, nutrients
affecting, 114
Immunosuppression
by fibroblasts, endothelia and
keratinocytes, 234
by nitric oxide, 183
Infection, effect on, of growth
hormone treatment after
surgery, 247-258
Inflammation
in burn healing, 232
effect of vitamin A on, 97-98
role of nitric oxide in, 179
as a wound healing stage, 8-9
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Inflammatory bowel disease
chronic, insulin-like growth factor-I
levels in, 271
growth hormone and nutritional
support in, 274
Insulin
as an anabolic hormonal growth
factor, 115
binding of insulin-like growth
factor-I to receptors for, 286
cell cycle S phase role of, 186
levels of, after surgery and growth
hormone therapy, 255, 256
muscle sensitivity to, effect of
branched-chain amino acids on,
85
and protein synthesis in burn injury,
236-237
regulation of insulin-like growth
factor-I by, 65-67
Insulin-dependent diabetes mellitus
(IDDM), insulin-like growth
factor-I levels in, 65-67
Insulin-like growth factor binding
proteins (IGFBPs), 59-60, 116
effect of on wound healing and
ulcers, in combination with
IGF-1, 117
insulin-like growth factor therapy
modulation by, 281-290
regulation of, and nutritional status,
121-122
Insulin-like growth factor-I, 59
des(1-3) variant, 64-65
effect of, on hypermetabolism in
burn injury response, 237
effect of fasting and renutrition on,
118
effect of malnutrition on, 105
growth hormone axis with, 56-76
interaction of
with growth hormone, 116
with insulin-like growth factor
binding protein-3, 281-290
levels of, responses to stress, 274
protein-anabolic effects of, 128-130
response to growth hormone
therapy, 254
Insulin-like growth factor-II, 59
Insulin-like growth factors, 190-192

cell cycle S phase role of, 186
response to growth hormone
therapy, 245
in skin graft patients, 239-240
Insulin receptors, of adipocytes, 60
Integrins, keratinocyte migration
mediated by, 45
Interferon, production of, stimulation
by M-CSF, 193
Interferon-
interaction with IL-12 to inhibit
angiogenesis, 17
nitric oxide synthase induction by,
182-183
Interferons (IFNs), clinical uses of, 18
Interleukins, angiogenic effects of,
17-18. See also IL- entries
International Conference on
Harmonization ( ICH), 333,
336-337
Investigational new drug (IND)
application, 335
Ischemia
limb, chronic, 324-325
myocardial, effect of vascular
endothelial growth factor in,
325
retinal, 323-324
Isoforms
of hepatocyte growth factor,
308-310
retinoic acid receptor, genes for,
93-94
of vascular endothelial growth
factor, 318-319

Jackson-Weiss syndrome (JWS), and
point mutation in a fibroblast
growth factor receptor gene,
163-164

Jejunum

glutamine transport in, 131
insulin-like growth factor-I receptor
response during fasting, 120

Juxtatransmembrane region, of
fibroblast growth factor
receptor, 153

Keratinocyte growth factor
(KGF/FGF-7)



and fibroblast growth factor
receptor signaling pathways, 154
homology with fibroblast growth
factor, 293
mediation of epithelial cell
differentiation by, 116
production of
in the dermis and hypodermis,
189-190
during early wounding, 190
role in epithelial growth and
regeneration, 293-303
specificity of, 27, 156-157
Keratinocyte growth factor receptor,
293
Keratinocytes
chemokines affecting mitogenesis of,
45
cultured
on a Biobrane dressing, 49
expression of vascular endothelial
growth factor MRNA by, 322
migration of, 211
for wound closure, 39-40, 45-46
immunogenic characteristics of,
50-51
role of, in tissue repair, 208
transforming growth factor-« in, 211
Ketoacidosis, diabetic, insulin-like
growth factor levels in, 65
Kidney
effect of hepatocyte growth factor
on repair of, 311
local production of insulin-like
growth factor-I in, 64
Kinase domain region (KDR), binding
of vascular endothelial growth
factor by, 320-321
Knockout mice, growth factor
deficient, 211-212, 295
Kringles, of hepatocyte growth factor,
305
Kwashiorkor, insulin-like growth
factor-I activity in, 118

Lactic dehydrogenase, in wound fluid,
correlation with arginase levels,
180
Laminin
in cultured skin grafts, 41
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effect of retinoic acid on production
of, 96
Laron-type dwarfism, effect of
insulin-like growth factor-I in,
63
Lens epithelium, effects of insulin-like
growth factor in, 62
Leukocytes. See Polymorphonuclear
(PMN) leukocytes
Ligand binding, region of steroid
receptors responsible for, 94
Ligand-binding specificity, of
fibroblast growth factor
receptor, 156-157
Limbic system (LS), growth hormone
secretion modulation by, 56
Lipoproteins, response to growth
hormone therapy after surgery,
255, 257
Liver
effect on, of hepatocyte growth
factor, 310-311
embryonic, effect of hepatocyte
growth factor on, 305-306
estrogen receptors of, effects of
growth hormone on, 59
insulin-like growth factor binding
proteins of, 60
insulin-like growth factor production
in, 59, 62-63, 116, 191, 262
effect of zinc on, 123
nude mouse model of metastasis to,
323
repair of, local factors affecting, 68
responses in burn injury, 232
responses to keratinocyte growth
factor administration, 296
Lung, keratinocyte growth factor in,
299
Lymphocytes
effect of glutamine supplementation
on, 113
effect of hepatocyte growth factor
on, 306
immune response after arginine diet
supplementation, 81
Lysine, uptake and transport system,
80
Lysyl oxidase, secretion by fibroblasts,
208
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Macrophage colony stimulating factor
(M-CSF), 192-193
Macrophages
platelet-derived growth factor
production by, 193-194
role of
in inflammation, 8§-9

in wound healing, 98-99, 207-208,

211
as a source of cytokines, 17
Macrophage-stimulating protein
(MSP), as a cytokine, 308
Macular degeneration, age-related, 317
Madin-Darby canine kidney (MDCK)
cells, response to hepatocyte
growth factor, 305
Magnesium, effect of
on cell proliferation, 114
on fibroblast proliferation, 117

on insulin-like growth factor-I levels,

105
on protein synthesis and growth,
123
on wound healing, 108
Mammary ducts, effects of
keratinocyte growth factor on,
299
MAP kinase pathway, link with
phosphatidylinositol hydrolysis,
160-161
Matrix metalloproteinases (MMPs)
release by neutrophils, 206-207
roles of, in the remodeling phase of
wound healing, 208
synthesis of, in chronic wounds,
209-210
Matrix metalloproteins, Q-RT-PCR
analysis of, in chronic wound
biopsied, 220
Melanoma
interferon chemotherapy for, 18
melanoma growth stimulating
activity (MGSA/gro), 45
Metalloproteinases
collagenase, induction by vascular
endothelial growth factor, 318
in wound fluids, 225
Methylprednisolone, 286
Micronutrients, effects on tissue
regeneration and healing, 106

Milk, gut-trophic growth factors of,
117
Mitogens
for epidermal cells, fibroblasts and
vascular endothelial cells, 211
fibroblast growth factor-2, 161-162
insulin-like growth factor, 190
transforming growth factor-c«, 195,
211
tumor necrosis factor-o, 194
Models
cardiac myocyte injury, 12
carotid balloon injury, rat, 12
corneal laceration and keratoplasty,
rabbit, 13
gastric mucosal injury, 298
hairless mouse ischemic ear, 12
myocyte crush injury/regeneration.
rat, 12
ocular angiogenesis, vascular
endothelial growth factor effects
on, 16
optic nerve injury, 12
three-dimensional collagen gel, 11
in vitro
epithelial explant, 11
rat aortic ring, 11, 13
skin graft neotissue, 14
in vivo
rabbit ear wound healing, 13
rat sponge, 11, 17
Monocytes
activation of, effect of vascular
endothelial growth factor, 16
hepatocyte growth factor effect on
motility of, 306
transforming growth factor-8 as a
chemoattractant for, 15
Morbidity, postoperative, association
with weight loss, 106-107
Morphogenesis, tubular, induced by
hepatocyte growth factor, 305
Mortality
in gastrointestinal surgery, and
leakage of colorectal
anastomoses, 260
and glutamine levels, in pathologic
conditions, 85
postoperative, association with
weight loss, 106



Mucin-producing cells, induction of,
by keratinocyte growth factor,
297
Muscle
growth hormone effects on, 58, 63
insulin-like growth factor-I synthesis
in, 64
insulin-like growth factor synthesis
in, 62
protein synthesis in, effect of
glutamine on, 115
repair of, insulin-like growth factor-I
mRNA levels in, 68-69
skeletal, effect of insulin and
insulin-like growth factor-I on,
117
Mutation
of fibroblast growth factor receptor
genes in human disease,
163-165
lethal
involving fibroblast growth factor
genes, 162-163
in tanatophoric dysplasia, 164
Myeloperoxidase (MPO), as a measure
of inflammatory activity, 271
Myocardial ischemia, revascularization
after, vascular endothelial
growth factor role in, 319
Myofibroblasts, 6
role of, in wound contraction, 9

Neovascularization, intraocular,
vascular endothelial growth
factor as a mediator of, 324
Neutrophils
effect of hepatocyte growth factor
on, 306
role of, in inflammation, 8-9,
206-207
Nitric oxide (NO)
L-arginine substrate for production
of, 81
interactions with arginine, in wound
healing, 175-185
Nitric oxide synthase
inhibition of, and wound healing,
82-83, 182
metabolism of arginine by, 82
in wound fluid, 175
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Nitrite ion, accumulation in wound
fluid, 176
Nitrogen balance, and nutritional
status, effects of growth
hormone on, 274
Nitrogen metabolism
effect of branched-chain amino acids
on, 85-86
effect of growth factor on, 252-253
effect of insulin-like growth factor-I
on, 63
Nucleotide biosynthesis, glutamine as a
precursor in, 84-85
Nude mouse, model for keratinocyte
growth factor effects on hair
growth, 295
Nutrients
parenteral, glutamine-enriched, 85
specific, effects in cellular anabolism
and tissue repair, 108-114
supplemental, pharmacologic effects
of, 79
utilization of, and growth hormone
administration, 125-128
in wound fluid, 197-201
Nutritional status
and insulin-like growth factor-I
levels, 66, 270-271
and nitrogen balance, in illness,
274

Oncogenes
c-sea, 310
met, 307-308
Oncoproteins, jun and fos, 96-97
Ornithine
accumulation of, in wound fluid,
176-178
synthesis of arginine from, 80-83
synthesis of proline from, 82,
198-199
in healing wounds, 180-181
Ornithine o-ketoglutarate (OKG),
83-84
Oxygen tension
distribution in healing wounds, 180
and nitric oxide production,
181-182
and vascular endothelial growth
factor regulation, 319
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Pancreas, ductal system hyperplasia,
response to keratinocyte growth
factor, 296

Pathophysiology

of chronic wounds, 208-210
molecular, of chronic wounds, 207,
221-223

PDGF. See Platelet-derived growth
factor

Peptide growth factors, interactions
with nutrients and nutritional
status, 117-135

Peptides, cytokines as, 5

Percutaneous transluminal angioplasty
(PTA), prevention of restenosis
with vascular endothelial growth
factor, 325

Perfecan, as a fibroblast growth factor
receptor, 30

Pericytes, interaction with
transforming growth factor-3,
15

Peroxidase, glutathione, dependence
on trace metal cofactors, 113

Peroxynitrite, formation of in vivo,
179

Pfeffer syndrome (PS), and point
mutation in a fibroblast growth
factor receptor gene, 163-164

Phagocytosis, effect on, of vitamin A,
98

Phospholipase A,, in fibroblast growth
factor signal transduction
pathways, 161

Phospholipase C, fibroblast growth
factor-2 release from the cell
surface by, 32

Phospholipase C- (PLC-) pathway,
160-161

Pituitary

growth hormone from, 56
insulin-like growth factor-I in, 57-58

Pituitary gland, secretion of growth
hormone by, 261

Placenta, effect of hepatocyte growth
factor on, 305-306

Placenta growth factor (PIGF),
stimulation of vascular
endothelial growth factor by,
318

Plasma, role of, in the cell cycle S
phase, 186
Plasmin cleavage, to release vascular
endothelial growth factor in
active form, 319
Plasminogen activators, and vascular
endothelial growth factor, 16,
318
Platelet-derived growth factor-«
(PDGF-o), receptor for,
response to retinoids, 99
Platelet-derived growth factor (PDGF),
12-14, 115-116
actions of, 5
autocrine and paracrine modes of
action of, 63
in burn injury response, 235
effect on wound healing, 295
interaction with insulin-like growth
factor-I, 117
production by wound macrophages,
193-194
role of, in the cell cycle G, state,
186
Platelets
role in thrombus formation, 8
role in wound response, 206-207,
210
Pneumocytes, proliferation of, in
response to keratinocyte growth
factor, 299
Polyglyactin biodegradable mesh, for
cultured skin graft preparation,
41-42
Polymorphonuclear (PMN) leukocytes
epidermal growth factor message
expressed by, 187
insulin-like growth factor message
expressed by, 191
nitric oxide synthases expressed by,
178-179
Polyurethane membranes,
keratinocytes supported on, for
chronic wound treatment, 46
Posttranslational modification,
fibroblast growth factor
regulation by, 32-34
Potassium
effect on protein synthesis, 123
effect on wound healing, 108



and growth hormone treatment for
surgery patients, 252-253
Pregnancy, effects of insulin-like
growth factor synthesis in, 62
Premarket Notification Application,
342
Prescription Drug User Fee Act of
1992, 333, 336-339
Procollagen, effect on production of,
by vitamin A, 95
Progestomedin, keratinocyte growth
factor as, 299
Prostacyclins, effects of, in burn
injuries, 234
Prostaglandin E,, and burn injury
responses, 232-233, 234
Prostate cancer, changes in fibroblast
growth factor receptor in,
154
Protease
in burn injuries, 234-235
in chronic wounds, 216
production of inhibitors to, in
chronic wounds, 216
vascular endothelial growth factor
effect on production of, 16
in wound fluids, 225
Protein
serum levels after surgery, 260
effects of growth hormone on,
252-254
synthesis of
role of branched-chain amino
acids, 85-86
role of glutamine, 84-85
role of growth hormone, 125
Protein anabolism, effect of growth
hormone on, 58
Protein-calorie malnutrition (PCM),
79-80
association with decreased nitric
oxide synthesis, 83
Protein-energy malnutrition
effects of, on protein anabolism and
tissue repair, 105-108
insulin-like growth factor-I activity
in, 118
Protein kinases
C, activation in the phospholipase
C- pathway, 160
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fibroblast growth factor-2
phosphorylation by, 33-34
Protein-protein interactions, E region
function, in steroid receptors,
94
Protein tyrosine kinase, Src, 161
Protein tyrosine phosphatase, Syp, 161
Proteoglycans, as receptors for
fibroblast growth factors, 30, 31
Proteoglycan sulfates, in platelet
derived growth factor-stimulated
wounds, 13
Proteolysis, and regulation of
fibroblast growth factor-2
activity, 32
Proto-oncogene product
c-Met, hepatocyte growth factor
binding to, 307-308
c-Sea, hepatocyte growth factor
binding to, 308
Psoriasis
IL-8 associated with, 45
vascular endothelial growth factor
associated with, 324
Public Health Service Act, 335

Q-RT-PCR analysis, of MMP and
TIMP, in chronic wound
biopsies, 220-221

Quality of life, of burn patients, 37

Quantitative reverse transcription
polymerase chain reaction, for
analysis of chronic wound
biopsies, 220-221

Radiation, effect of vitamin A on
wound healing impairment
after, 92
Ras-Raf-MAP kinase pathway,
160-161
Receptors
degradation of, in chronic wound
fluids, 223
for epidermal growth factor, in burn
wounds, 188
for fibroblast growth factor,
151-174
for fibroblast growth factor-2, 29-32
for growth factor, 262
for hepatocyte growth factor,
307-308
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for insulin, binding of insulin-like
growth factor-I to, 286-287
for platelet-derived growth factor, 13
for retinoic acid, 93-94
for vascular endothelial growth
factor, 320-321
Regulation
of angiogenesis in tissue repair,
10-18
of growth factor use, by the Food
and Drug Administration, 334
of wound healing drugs, by the
Food and Drug Administration,
339-343
Rejection, of allograft skin, 47-51
Remodeling, 10
in wound healing, 208
Reproduction, human, effect of
growth hormone on, 59
Reproductive system, local production
of insulin-like growth factor-I
in, 64
Request for Designation, names,
addresses, phone and fax
numbers, 342
Retinal pigmented epithelial (RPE)
cells, fibroblast growth factor-2
staining in, 32
Retinoic acid
12-cis, effect on collagenase
production, 96
13-cis, effect on fibroblast growth,
95
all-trans, effect on human dermal
fibroblasts, 96
effect of, on transforming growth
factor-3,, 100
receptor for, 93-94
topical, effect on wound healing, 93
Retinoic acid receptor
9-cis, effect on jun and fos DNA
binding, 100
8,, retinoid responsiveness of, 99
effect of
on collagenase gene expression, 96
on transforming growth factor-3,
promotion, 100
Retinoic acid response elements
(RARESs), 93-94
Retinopathies

proliferative, 317
angiogenesis in, 323-324
Retrovirus, avian erythroblastosis, 310
Rheumatoid arthritis
angiogenesis in, and vascular
endothelial growth factor, 324
collagenase production in, 96
Riboflavin, effect of, on wound
healing, 108
Ron protein, 310
RXR. See Retinoic acid receptor, 9-cis

Saccharides, binding to fibroblast
growth factor, 158-159. See also
Glucose metabolism

Saporin, cytotoxicity of fibroblast
growth factor-2 linked to, 30-31

Sarcomas, autocrine expression of
hepatocyte growth factor and
Met in, 311

Scar formation, excessive, controlling,
6

Scatter activity, of hepatocyte growth
factor, 305

Scatter factor, identity with
macrophage-stimulating protein,
309-310

Sea protein, 310

Secretory pathway, fibroblast growth
factor-2 in, 29

Selenium, cofactor for glutathione
peroxidase, 113

Serine proteases, urokinase-type,
induction of by vascular
endothelial growth factor, 318

Short bowel syndrome

effect of glutamine in, 105
interaction with growth hormone,
134

Side effects, of growth hormone
therapy, 128, 236-237

Signaling pathways

dimerization of receptor tyrosine
kinases in, 159

fibroblast growth factor activation
of, 160-161

fibroblast growth factor receptor,
154

hepatocyte growth factor, 307-308

blocking in cancer therapy, 311



keratinocyte growth factor, 295
Skeleton, as a site of fibroblast growth
factor receptor action, 164-165
Skin
basic fibroblast growth factor of,
189
cultured cells for wound closure,
37-55
keratinocyte proliferation in,
294-295
receptors of, for growth hormone
and insulin-like growth factor-I,
116-117
Skin grafts
basic fibroblast growth factor in
donor wound fluid, 190
composite epidermal-dermal, 41-44
epidermal growth factor in donor
wound fluid, 187-188
growth factor and donor wound
healing, 239-240
Sleep, slow wave, and growth
hormone, 122
Small intestine, effect of keratinocyte
growth factor on epithelial
growth in, 297
Sodium-dependent transport, of
glutamine, 85
SomatoKine (IGF-1/IGFBP-3
complex), effect on dermal
wound healing, 285-286
Somatomedin C
bioactivity of, in kwashiorkor, 118
production of, response to growth
hormone, 245
Somatomedins. See Insulin-like growth
factors
Somatostatin, growth hormone release
inhibition by, 56-58
Somatropin. See Growth Hormone
Sterility, of wound-healing products,
333, 340-341
Steroid receptors, functional domains
of, 94
Stomach, effect of keratinocyte growth
factor on epithelial growth in,
297
Stress
catabolic, enteral feeding after, 106
glutamine utilization during, 111
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traumatic, effect of vitamin A on
wound healing in, 92
Stress hormones
growth hormones as, 274
and insulin-like growth factor-I
regulation, 67
Superoxide anion, reactions with nitric
oxide, 179
Syndecans, 30
Synovial cells, collagenase production
in, 96

Tanatophoric dysplasia (TD), and
point mutation in a fibroblast
growth factor receptor gene,
163-164

T-cells, peripheral, effect of hepatocyte
growth factor, 306

Therapy, vascular endothelial growth
factor for, 324-325

Thiamine, effect on insulin-like growth
factor-I levels, 105, 123

Thrombin, role of, in thrombus
formation, 8

Thrombospondin, effect of retinoic
acid on production of, 96

Thromboxanes

effects of, in burn injury, 234-235
production of, in burn injury,
232-233

Thymus, keratinocyte growth factor
receptor of, 300

Thyroid, carcinoma of, c-Met protein
levels in, 311

Thyroid hormone, effects of, on
insulin-like growth factor-I
production, 64

Thyroid response element, retinoic acid
receptor binding to, 94

Thyrotropin-releasing hormone (TRH),
role in growth hormone
regulation, 261

Tissue factor, induction by vascular
endothelial growth factor, 318

Tissue formation

regeneration, insulin-like growth
factor-I regulation during,
67-69

repair, interactions between nutrients
and growth factors, 104-147
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Tissue formation, process of, after
wounding, 9, 281-284
Tissue inhibitors of metalloproteinases
(TIMPs), 208, 209
Q-RT-PCR analysis of, in chronic
wound biopsies, 220-221
Transcriptional activators,
steroid-thyroid hormone
receptor superfamily of, 93-94
Transforming growth factor (TGF-g),
195-197
cytotoxic effects of, 306
effects of vitamin A on, 99-100
Transforming growth factors (TGFs),
63
transforming growth factor-o
as a keratinocyte mitogen, 44
role of, in wound healing, 195,
210
transforming growth factor-8, 14-15
actions of, §
exogenous, effect on wound
healing, 196
mRNA for, induction by retinoic
acid, 98
role in contraction, 6
transforming growth factor-3,,
response to retinoic acid, 95-96
Trauma
effect on growth hormone and
insulin-like growth factor-I
levels, 67
effect on insulin-like growth
factor-I, 129-130
Tricarboxylic acid cycle, arginine in, 81
Trinitrobenzene (TNB) sulfonic acid,
experimental colitis induced by,
271
Trophic effects, of growth factors
during malnutrition, 130
Trophoblast, vascular endothelial
growth factor MRNA
expression after implantation,
321
Tryptophan, effect of, on insulin-like
growth factor in hepatocytes,
122
Tumor necrosis factor-«, 194-195
production of

in acute wounds, 214-215
in chronic wounds, 209-210,
215-216
stimulation by M-CSF, 193
release of, in anoxic cultures, 182
role of, in angiogenesis, 17-18, 182
Tumor necrosis factors, role of, in
burn injury responses, 232-233
Tumors
colon carcinoma cells, effect of
vascular endothelial growth
factor on, 323
hepatocyte growth factor
overexpression in, 306
melanoma
interferon chemotherapy for, 18
melanoma growth stimulating
activity (MGSA/gro) of, 45
sarcoma, autocrine expression of
hepatocyte growth factor and
Met in, 311
vascular endothelial growth factor
expression in, 16, 322-323
Tyrosine kinases
as receptors for fibroblast growth
factor-2, 29-30
as receptors for insulin-like growth
factor-I, 120
as receptors for keratinocyte growth
factor, 293
as receptors for vascular endothelial
growth factor, 320-321
receptor superfamily, fibroblast
growth factor receptors of,
151-153

Ulcers

angiogenesis at the site of, with
BFGF treatment, 12

chronic, effects of epidermal growth
factor on healing of, 213

decubitus, transforming growth
factor-83 in, 196

diabetic

platelet-derived growth factor

effect on, 334-335

diabetic neurotrophic, PDGF-BB
effect on, 14

leg



keratinocyte cultured sheets for
treating, 45-46
topical irrigation with amino acid
solutions, 86
platelet-derived growth factor effect
on, 14
sterile products for treating,
340-341
Urea cycle, arginine in, 81
Urokinase
production of, in wounds, 190
receptor for, induction by vascular
endothelial growth factor,
318

Vascular endothelial growth factor,
15-16
and regulation of angiogenesis,
317-332
Vascular endothelial growth factor
receptors, 320-321
Vascular permeability factor (VPF),
15-16, 318
Vasoactive intestinal peptide (VIP),
role in growth hormone
regulation, 261
Vasoconstriction, by platelet-derived
growth factor, 13
Ventromedial nucleus (VMN), growth
hormone secretion modulation
by, 56
Vitamin A
effect of, on wound healing, 108,
109
interaction with growth factor in
wound healing, 92-103
Vitamin C
effect in catabolic states, 113
effect on wound healing, 108, 109
Vitamin E, role of, in protection
against microsomal lipid
peroxidation, 113
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Water, growth hormone effects on
metabolism of, 127-128
Weight, postoperative loss of, effects

of growth hormone on, 273
Wound cells, effects on, of acute and
of chronic wound fluids,

223-224
Wound Healing Clinical Focus Group,
Food and Drug Administration,
336
Wound hormone, basic fibroblast
growth factor as, 12
Wounds
acute, cytokine levels in fluids of,
214-215
chronic
biochemical environments of,
214-223
defined, 4
healing of, 38-39
pathophysiology of, 208-210
research on healing of, 3
types of, 5
effect of exogenous growth hormone
on healing of, 249-254
standardization of care of, for
clinical evaluations, 341

Zinc
cofactor for glutathione peroxidase,
113
effect of
on cell proliferation, 114
on the growth-
hormone-insulin-like growth
factor axis, 122-123
on insulin-like growth factor-I
levels, 105
on wound healing, 108-109
Zinc fingers, of the steroid receptor
DNA-binding domain, 94
Zymography, gelatin and casein, of
wound fluids, 219-220
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