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   Foreword   

 The concept of metabolic syndrome was articulated by Gerald Reaven in 1988 at 
the Banting Lecture of the American Diabetes Association annual meeting. Reaven 
proposed that insulin resistance led to hyperglycemia, hyperinsulinemia, hyperlip-
idemia, central obesity, and hypertension [1]. The term “syndrome X,” a  physio-
logic construct , was introduced to emphasize the role of insulin resistance in the 
clustering of the clinical manifestations. Ten years later, after the recognition that 
this cluster increased the risk for cardiovascular disease, the World Health 
Organization (WHO) proposed clinical criteria to identify such individuals, and the 
term  metabolic syndrome  was coined [2, 3]. Fast forward a few years and a large 
number of publications, scientifi c societies promoted harmonization of the diag-
nostic criteria for metabolic syndrome [4]. These include an elevated fasting glu-
cose, elevated triglycerides, low high-density lipoprotein cholesterol (HDL-C), 
elevated waist circumference, and elevated blood pressure [4]. The diagnosis 
required 3 of the 5 to be present. The popularity of the subject is beyond dispute (at 
the time of this writing, there are over 54,000 publications recorded in PubMed). 
In 2010, Reaven refl ected on the evolution of, utility, and insight provided by the 
term metabolic syndrome [5]. 

 The evolutionary origin of insulin resistance can be attributed to viviparity. The 
fetus is an obligate parasite, requiring fuel (i.e., glucose and lipids) and nutrients for 
growth and survival. Relative insulin insensitivity is a transient and normal physio-
logic adaptation of pregnancy. The mechanisms responsible for the relative insulin 
resistance of pregnancy are largely attributed to the endocrine milieu, and particu-
larly, placental lactogens. However, recent observations suggest that the gut micro-
biome of pregnant women may also play a role. The gut microbiota of pregnant 
women changes dramatically from the fi rst to the third trimester, and when stool 
from pregnant women in third trimester is administered to germ-free mice, this 
results in adiposity and insulin resistance [6, 7]. Since microorganisms interact pri-
marily with the host immune system, the observations support a role for a complex 
interaction among the maternal diet (which can alter the microbiota), the maternal 
immune system, and the placenta. 

 However, this process can go awry and have profound short- and long-term 
implications for mother and child. Gestational diabetes can be viewed as excessive 
carbohydrate intolerance during pregnancy, which can become maladaptive when 
there is fetal overgrowth (macrosomia). Metabolic syndrome is a risk factor for 
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preterm delivery [8], preeclampsia [9], and unexplained fetal death [10]. However, 
the problem does not stop here. Longitudinal studies have shown that the offspring 
of diabetic mothers who are large for gestational age at birth are more likely to 
develop metabolic syndrome than those whose birthweight is appropriate for gesta-
tional age at birth and born to mothers without gestational diabetes [11, 12]. This 
also applies to fetuses of obese mothers [13]. 

 What are the implications of this? Prevention in medicine can be primary, 
secondary, or tertiary. For diabetes, primary prevention could be exercise and 
weight control to avoid insulin resistance. Secondary prevention is the adminis-
tration of insulin once carbohydrate intolerance is diagnosed, while tertiary pre-
vention consists of treatment of end-organ damage (i.e., retinopathy). Yet, the 
most powerful preventive strategy is the one that begins in utero. The compelling 
role of environmental factors during fetal life in determining health and disease 
during childhood and in adult life and the opportunities to intervene through 
maternal nutrition and lifestyle during pregnancy and breastfeeding represent a 
new frontier in medicine [14]. 

 The publication of  Metabolic Syndrome and Complications of Pregnancy  with 
an emphasis on the preventive role of nutrition is timely, important, and visionary. 
Professor Enrico Ferrazzi of the University of Milan, Italy, and Professor Barry 
Sears of the Infl ammation Research Foundation in Massachusetts, USA, have 
brought together the leading experts in the fi eld and provide a uniquely informed 
treatise that integrates the current understanding of the importance of diet, infl am-
mation, metabolism, with an emphasis on pregnancy and its outcomes. This impor-
tant contribution will enrich the reader, promote research and understanding of this 
fascinating fi eld, and I believe will set the stage for a fundamental reappraisal of the 
role of diet and nutrition in pregnancy. 

 Roberto Romero, M.D., D.Med.Sci. 
 Chief, Perinatology Research Branch, 

 Program Head for Perinatal Research and Obstetrics, 
  Intramural Division,  Eunice Kennedy Shriver  NICHD, 

NIH, Bethesda, MD and Detroit, MI, USA 

  Professor of Obstetrics and Gynecology, University of Michigan, 
Ann Arbor, MI, USA 

  Professor of Epidemiology and Biostatistics, 
Michigan State University, East Lansing, MI, USA 

  Professor of Molecular Obstetris and Genetics, 
Center for Molecular Medicine, Wayne State University, 

Detroit, MI, USA 
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1.1            Introduction 

 The human body has developed an extraordinary number of systems to maintain sta-
ble blood glucose and to avoid broad swings in its level. These systems include hor-
mones that are directly or indirectly generated by the diet as well as the ability to 
directly sense dietary nutrients to send appropriate neural signals to the brain 
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(specifi cally the hypothalamus) to orchestrate fuel usage for either oxidation into 
energy or long-term storage. This metabolic fl exibility is crucial for survival and repro-
duction. The central hormone in this metabolic communication system is insulin. 

 Insulin is the primary regulator of carbohydrate, fat, and protein metabolism 
[ 1 – 3 ]. It inhibits lipolysis of stored fat in the adipose tissue, it inhibits gluconeogen-
esis in the liver, it stimulates the translocation of the GLUT-4 protein to bring glu-
cose into the muscle cells, it stimulates gene expression of proteins required for the 
optimal cellular function as well as cellular repair and growth, and it indicates the 
metabolic availability of various fuels to the brain. Therefore keeping insulin within 
balanced values or “appropriate zone” is critical for our survival. 

 In the past, access to adequate nutrients was a major concern. Today, we have a 
new concern: excess nutrient intake. However, even in this regard, insulin also plays 
a primary role in defending the body against the potential damage due the excess 
consumption of surplus nutrients using the adipose tissue, liver, and skeletal muscle 
as biological buffers against excess nutrient intake. This is important since all 
dietary nutrients are naturally infl ammatory because their metabolism into other 
biological materials or conversion to energy can generate molecular responses that 
can activate increased infl ammation [ 4 ]. This means that the intake of excess nutri-
ents sets the foundation for the generation of excess infl ammation. In the face of 
increased infl ammation, the ability of insulin to orchestrate metabolism becomes 
compromised.  

1.2     Inflammation 

 The body’s infl ammatory response needs to be maintained within a balanced zone. 
Too limited of an infl ammatory response would make us easy targets for microbial 
invasion, and our physical injuries would never heal. Too strong of an infl ammatory 
response or insuffi cient resolution of the infl ammatory responses will generate 
chronic infl ammatory damage to our organs. 

 All infl ammatory responses ultimately start with the most primitive part of our 
immune system, the innate immune system that we share with plants. This is why 
many of the agents that turn on and turn off infl ammatory responses can be found in 
our diet. Furthermore, these nutrients act through gene transcription factors to con-
trol the expression of our infl ammatory genes. Thus the diet can either be proinfl am-
matory or anti-infl ammatory depending on its composition. 

 To add even further complexity is the fact that there are two separate biochemical 
phases that control infl ammation [ 5 ]. The fi rst is the initiation response that starts 
the infl ammatory response. This is the cellular destruction phase normally associ-
ated with acute infl ammation that represents the classical defi nition of infl ammation 
in terms of heat, pain, swelling, and redness. However, infl ammation is not like a 
burning log that eventually dies out. There is second active phase of infl ammation 
known as the resolution phase that activates the expression of those genes necessary 
to bring the infl ammatory system back to equilibrium. In an ideal world, both phases 
(initiation and resolution) of the infl ammatory response are balanced. Unfortunately, 

B. Sears



5

in the real world, there is often a mismatch of these two phases of the infl ammatory 
response that can lead to chronic low-level infl ammation that is beneath the percep-
tion of pain. This type of infl ammation can be termed as cellular infl ammation. As 
the levels of cellular infl ammation rise, it can cause disruptions in signaling systems 
used by insulin that can lead to insulin resistance, metabolic syndrome, and eventu-
ally diabetes. 

 At the molecular level, this balance of the initiation and resolution responses can 
be focused on the gene transcription factor, nuclear factor-kappaB (NF-κB) that acts 
as the genetic master switch for infl ammation. There are nutrients (directly or indi-
rectly) that can either activate or inhibit NF-κB activity as shown in Table  1.1 .

   The body requires a balance of these proinfl ammatory and anti-infl ammatory 
nutrients in the diet to maintain a balance in the initiation and resolution phases of 
the infl ammatory process. However, an imbalance in either an excess of proinfl am-
matory nutrients or defi ciency of anti-infl ammatory nutrients will increase the activ-
ity of NF-κB. 

 Once NF-κB is activated, it travels from the cytoplasm into the nucleus of the 
cell to cause the transcription of a wide variety of infl ammatory proteins such as 
proinfl ammatory cytokines (IL-1β, IL-6, TNF-α, and others) as well as the 
increased production of the COX-2 enzyme which is needed for the production of 
proinfl ammatory eicosanoids such as prostaglandins. These infl ammatory media-
tors expressed as a result of NF-κB activation act as paracrine hormones to activate 
nearby cells via their cytokine or prostaglandin receptors to amplify their infl am-
matory responses. 

 How these dietary factors impact both the initiation and resolution of infl amma-
tion at the molecular level is described in the next section.  

1.3     Proinflammatory Nutrients 

 Foremost of the proinfl ammatory nutrients are omega-6 fatty acids as these are the 
building blocks required for the formation of hormones known as eicosanoids that 
are key players in the infl ammatory process. Although there are hundreds of known 
eicosanoids, the primary eicosanoids important for the initiation phase of infl amma-
tion are prostaglandins and leukotrienes. In particular, the most common dietary 
omega-6 fatty acid, linoleic acid, must be fi rst converted into arachidonic acid (AA) 
that is the building block for prostaglandins and leukotrienes. The synthesis of AA 
is tightly controlled by two distinct enzymes, delta-6 and delta-5 desaturase. 

 These two particular rate-limiting enzymes are controlled by the hormones insu-
lin and glucagon that are generated by the balance of carbohydrates and protein in 

  Table 1.1    Infl ammatory 
potential of various nutrients  

 Proinfl ammatory  Anti-infl ammatory 

 Omega-6 fatty acids  Omega-3 fatty acids 

 Saturated fatty acids  Polyphenols 

 Excess carbohydrates 
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the diet [ 6 ]. It is the balance of these carbohydrates and protein at each meal that 
infl uences the secretion of insulin (an activator for both desaturase enzymes) and 
glucagon (an inhibitor of both desaturase enzymes). The dietary levels of long- chain 
omega-3 fatty acids (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) 
are also important as they can be weak feedback inhibitors of the activity of both 
desaturase enzymes [ 6 ]. However, under conditions of insulin resistance, the levels 
of insulin in the blood will increase often causing an overproduction of AA because 
of the activation of both desaturase enzymes. This increases the potential for the 
generation of proinfl ammatory prostaglandins and leukotrienes derived from AA. 

 Linoleic acid is also very prone to oxidation thus increasing the formation of 
increased oxidative stress within the cell. Oxidative stress is another activator of 
NF-κB [ 7 ]. This is especially true if the diet is low in polyphenols that can function 
as powerful antioxidants to retard the oxidation of linoleic acid [ 8 ]. Finally, as the 
levels of omega-6 fatty acids increase in the diet, the endogenous production of anti- 
infl ammatory omega-3 fatty acids (EPA and DHA) is decreased [ 9 ]. 

 Saturated fatty acids are not as proinfl ammatory as omega-6 fatty acids, but they 
still have the potential to activate NF-κB. This is done by binding to toll-like recep-
tors (TLR), especially TLR-4 [ 10 ]. Once TLR-4 is activated, through a series of 
signaling mechanisms, it can also increase the activation of NF-κB [ 11 ]. Saturated 
fatty acids also can increase the formation of lipid rafts in the cell membrane that 
amplifi es the signals coming from TLR-2 and TLR-4 to further increase NF-κB 
activation [ 12 ]. 

 The body (in particular the brain) needs a certain level of glucose for optimal 
function. Similar to linoleic acid, glucose is also prone to oxidation and can form 
advanced glycosylated end products (AGE), which are glycosylated proteins that 
can interact with their receptors (RAGE) on the cell surface that likewise activate 
NF-κB [ 13 ]. Excess intake of carbohydrates (especially those containing high levels 
of glucose such as grains and pasta) will increase the secretion of insulin by the 
pancreas to bring the elevated levels of blood glucose back within a normal operat-
ing range. However, with the development of insulin resistance, insulin levels 
remain continuously elevated increasing the likelihood of more dietary linoleic acid 
becoming transformed into AA.  

1.4     Anti-inflammatory Nutrients 

 Just as there are proinfl ammatory nutrients that activate NF-κB, there is a wide 
range of nutrients that decrease its activity. Thus an anti-infl ammatory nutrient is 
defi ned as one that ultimately inhibits activation of NF-κB. 

 The anti-infl ammatory potential of EPA and DHA is manifold. As pointed out 
above, they are weak inhibitors of the delta-5 and delta-6 desaturase enzymes that 
will thus decrease the production of AA [ 6 ,  9 ]. Any decrease in AA will restrict the 
production of proinfl ammatory eicosanoids. They also compete with AA as sub-
strates for the lipo-oxygenase (LOX) enzymes and cyclooxygenase (COX) enzymes 
required to make leukotrienes and prostaglandins. However, the bulky 
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three- dimensional structure of DHA makes it a poor substrate for the COX enzymes. 
Since the COX-2 enzyme is one of those proteins that have increased expression by 
the activation of NF-κB, this suggests that EPA may be the more anti-infl ammatory 
of the two omega-3 fatty acids to reduce the impact of diet-induced infl ammation. 

 Omega-3 fatty acids also can be sensed by nutrient receptors such as GPR120 on 
the cell surface to signal the inactivation of NF-κB [ 14 ,  15 ]. 

 Polyphenols also represent anti-infl ammatory nutrients [ 16 ]. Although not as strong 
regulators of resolution as are the omega-3 fatty acids, they do act on different aspects of 
the initiation of infl ammation and therefore are complimentary to omega-3 fatty acids. 

 The fi rst of these polyphenol pathways is their action as antioxidants [ 16 ,  17 ]. 
Increased oxidation within the cell can increase NF-κB activation [ 7 ]. One of the 
primary sources of diet-induced infl ammation is increased consumption of calories 
[ 4 ,  18 ]. Any excess calories that cannot be immediately converted into chemical 
energy are typically stored for future use. This conversion of excess calories into new 
molecules for long-term storage will generate excessive levels of free radicals that 
are the underlying cause of oxidative stress. As powerful antioxidants, polyphenols 
are key to preventing the excess buildup of free radicals. Furthermore, polyphenols 
can interact with other gene transcription factors, such as Nrf2, to cause the increased 
production of additional antioxidative enzymes such as superoxide dismutase and 
glutathione peroxidase that will further reduce oxidative stress [ 16 ,  17 ,  19 ]. 

 At higher levels of dietary intake, polyphenols (as well as omega-3 fatty acids) 
can activate the anti-infl ammatory gene transcription factor PPARγ which not only 
inactivates NF-κB but also increases the production of new healthy fat cells needed 
to prevent the lipotoxicity of stored fat from spreading into other tissues such as the 
liver and muscles that can increase insulin resistance in those organs [ 20 ,  21 ]. 

 At still higher levels of dietary intake, polyphenols can activate the gene tran-
scription factor SIRT-1 that causes the increased production of AMP kinase (AMPK) 
that acts as the controller of metabolism [ 22 ,  23 ]. With the activation of AMPK, 
catabolism and autophagy are activated to increase ATP levels and the anabolism is 
decreased [ 23 ].  

1.5     Pro-resolution Nutrients 

 The defi nition of a pro-resolution nutrient is one that promotes the resolution of 
infl ammation. This is a very different concept than simply the inhibition of infl amma-
tion. The initiation phase of infl ammation will continue unless bought back to equilib-
rium by the resolution phase of infl ammation. Increased levels of neutrophils at the 
injury site characterize the acute initiation of infl ammation [ 5 ,  24 ]. On the other hand, 
increased levels of macrophages at the same site characterize the potential beginning 
of the resolution phase [ 5 ,  24 ]. However, without adequate levels of resolvins, these 
macrophages at the injury site are maintained in the activated M1 state and remain as 
potent generators of proinfl ammatory cytokines [ 25 ]. It is the resolvins that cause the 
reversion of the activated, proinfl ammatory macrophages in the M1 state to become 
anti-infl ammatory M2 state macrophages (Fig.  1.1 ). Without this macrophage 
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transition mediated by resolvins, the infl ammatory response continues at a lower but 
still proinfl ammatory level. This constitutes cellular infl ammation.  

 The combination of adequate dietary intake of long-chain omega-3 fatty acids 
and polyphenols coupled with the dietary restriction of omega-6 and saturated fats 
as well as excess carbohydrates and calories represents the best therapeutic approach 
to maintain a balanced infl ammatory response of initiation and resolution.  

1.6     Adipose Tissue and Inflammation 

 The most effective site for storage of excess fat calories is the adipose tissue includ-
ing those excess calories from carbohydrates that are converted to fat in the liver 
[ 26 ]. The fat cells of the adipose tissue are the only cells in the body that are designed 
to safely contain large amounts of fat. This is why the adipose tissue is extremely 
rich in stem cells that can be converted to new fat cells to contain large levels of 

panel A
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  Fig. 1.1    PANEL ( A ) Specialized pro-resolving mediators (SPM) such as lipoxins, resolvins, pro-
tectins and maresins stimulate cellular events that counter-regulate pro-infl ammatory mediators and 
regulate PMN, monocyte and macrophage response, leading to resolution. PANLE ( B ) Nutritional 
abundance of Omega-3, PUFA yields precursors of specialized pro-resolving mediators of infl am-
mation, and eventually the M1 to M2 macrophage turnaround. Modifi ed after Serhan [ 25 ]       
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excess energy as triglycerides [ 27 ]. As long as those fat cells are healthy, there are 
no adverse metabolic effects (except excess weight) for the person. This is why 
approximately one-third of obese individuals fall into the category of “metaboli-
cally healthy obese” [ 28 ]. They have excess body fat but no metabolic disturbances 
that characterize the manifestation of insulin resistance. 

 However, fat cells do not have an unlimited capacity to expand. Even though the 
adipose tissue is highly vascularized, the overexpansion of existing fat cells can cre-
ate hypoxia that activates the HIF-1 gene [ 29 ,  30 ]. This results in the increased 
expression of both JNK and IKK, thereby creating infl ammation within the fat cell 
[ 31 ]. This infl ammation in turn creates insulin resistance within the fat cell. 

 In the adipose tissue, insulin is normally an anti-lipolytic hormone as it 
decreases the activity of the hormone-sensitive lipase (HSL) that is required to 
release stored fatty acids [ 32 ]. With the development of cellular infl ammation and 
insulin resistance in the fat cell, higher levels of FFA can leave the fat cell to enter 
into the circulation to be taken up by other organs such as the liver and the skeletal 
muscles that are unable to safely store large amounts of fat. As described later, 
this leads to developing insulin resistance in these organs. With increased infl am-
mation in the fat cells, there also is a migration of greater numbers of M1 macro-
phages into the adipose tissue with a corresponding release of infl ammatory 
cytokines such as TNF-α and a family of proinfl ammatory cytokines that further 
increases insulin resistance and lipolysis [ 33 ] (Fig.  1.2 ). In the lean individual, 
only about 10 % of the adipose tissue mass is composed of macrophages, and 

 Chronic
inflammation

Acute
inflammation

Resolution

Resolvins

Omega-3

Lipoxins

Sepacialized mediators

“unresolved”Chemical mediators:
prostaglandins

leukotrienes

  Fig. 1.2    Chronic infl ammation can result from unresolved infl ammatory responses. Arachidonic-
acid- derived lipid mediators such as proinfl ammatory prostaglandins and leukotrienes can amplify 
this process. Bioactive products of omega-3 were originally isolated from mouse resolving exu-
dates. The structure of these products was elucidated, and the biosynthesis of each new omega-3 
family from EPA and DHA was recapitulated and analyzed in humans       
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those macrophages are primarily in the anti-infl ammatory M2 state [ 34 ]. In the 
obese individual, up to 50 % of the mass of the adipose tissue may contain mac-
rophages but now in the activated proinfl ammatory M1 state [ 34 ]. Theoretically, 
new healthy fat cells could be generated from stem cells within the adipose tissue. 
However, that process requires the activation of the gene transcription factor 
PPARγ [ 35 ]. The activity of this gene transcription factor is inhibited by infl am-
matory cytokines such as TNF-α [ 36 ]. On the other hand, the activity of PPARγ is 
increased in the presence of anti-infl ammatory nutrients such as omega-3 fatty 
acids and polyphenols [ 37 ]. Without the ability to form new healthy fat cells, the 
continued expansion of the existing fat cells eventually leads to cell death and 
further adipose tissue infl ammation caused by incoming neutrophils and macro-
phages to clean the cellular debris caused by the necrotic fat cells [ 38 ].  

 As stated earlier, insulin resistance can inhibit the action of hormone-sensi-
tive lipase (HSL) leading to the elevation of insulin levels in the blood due to 
systemic insulin resistance in the muscle cells. Ironically, the increased hyper-
insulinemia activates the lipoprotein lipase at the surface of the fat cell that 
hydrolyzes lipoprotein triglycerides to release free fatty acids [ 39 ] as well as 
increases the synthesis of fatty acid-binding proteins that bring the newly 
released FFA from the lipoproteins to the fat cells for deposition [ 40 ]. The 
increase in fatty acid fl ux into the fat cells also requires greater synthesis of the 
FFA into triglycerides, but this can lead to ER stress activating the JNK pathway 
thus further increasing insulin resistance in the fat cells [ 41 ]. This sets up a 
vicious cycle in which insulin resistance results in greater hunger (via insulin 
resistance in the hypothalamus) with increasing fl ux of FFA both into and out of 
the adipose tissue [ 42 ]. The cytokines being released by the proinfl ammatory 
M1 macrophages being attracted to the adipose tissue due to increasing cellular 
infl ammation only increase this process by accelerating insulin resistance in the 
fat cells. This is why obese individuals with insulin resistance have greater lev-
els of both the uptake and release of FFA into and from the adipose tissue. The 
increase in lipid infl ux causes an overload of the synthetic capacity to make 
triglycerides, and as a result, both DAG and ceramide levels begin to increase 
which only further increases insulin resistance in the fat cells [ 43 ]. 

 The speed of the infl ammatory changes in the adipose tissue is not as rapid as 
they are in the hypothalamus. Whereas infl ammatory changes can be seen in the 
hypothalamus within 24 h after beginning an HFD, it often takes 12–14 weeks to 
see similar changes in infl ammation in the adipose tissue [ 44 ]. 

 If the fat cells cannot expand rapidly enough to store this increasing fatty acid 
fl ow, then the excess released fatty acids begin to accumulate in other tissues such 
as the liver and skeletal muscles, and this begins the process of lipotoxicity that 
further increases systemic insulin resistance [ 45 ]. It is with the development of lipo-
toxicity that the real metabolic consequences of insulin resistance begin. 

 We often think of obesity as the only cause of insulin resistance, yet the gen-
esis of insulin resistance appears to start in the hypothalamus with a disruption 
in the normal balance of hunger and satiety signals. As hunger increases, so does 
calorie intake.  
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1.7     Hypothalamus 

 In many ways, early commands to develop insulin resistance in the body appear to 
start in the hypothalamus. The hypothalamus acts to match energy intake to energy 
expenditure to prevent excess accumulation of stored energy [ 46 ]. In particular, 
satiety signals from the gut are matched to adiposity (primarily leptin) and blood 
(primarily insulin) hormonal signals to control food intake [ 47 ]. Unfortunately, 
either excess calories or saturated fats (especially palmitic acid) can cause infl am-
mation in the hypothalamus leading to resistance to the satiety signaling of both 
insulin and leptin [ 48 ,  49 ]. As a result, satiety is attenuated and hunger increases. 
Since the hypothalamus also contains GPR120 binding proteins, the presence of 
adequate levels of omega-3 fatty acids in this tissue can also decrease infl ammation 
within the hypothalamus [ 50 ]. In fact, intracerebroventricular (icv) injections of 
omega-3 fatty acids into obese rats decrease insulin resistance [ 51 ]. Likewise simi-
lar icv injections of anti-TLR-4 and anti-TNF-α antibodies also decrease insulin 
resistance [ 52 ]. 

 High-fat diet (HFD), especially those rich in saturated fats, is the standard 
method to cause diet-induced obesity. Increased infl ammation appears in the hypo-
thalamus within 24 h after beginning an HFD as indicated by increases in JNK and 
IKK proteins as well as increased expression of TLR-4 receptors and detection of 
ER stress [ 53 ]. IKK induces infl ammation via activation of NF-κB that inhibits the 
normal hormonal signaling of leptin and insulin that is necessary to create satiety. 
Activation of JNK is often preceded by the increase in ER stress [ 54 ]. This sets up 
a vicious cycle of increased hunger that eventually leads to the accumulation of 
excess calories as stored fat in the adipose tissue. It should be noted that the infl am-
mation in the hypothalamus precedes any weight gain in the adipose tissue [ 55 ]. 
This also explains why signifi cant calorie restriction can reduce insulin resistance 
before any signifi cant loss in excess body fat in the adipose tissue. These experi-
mental observations suggest that the hypothalamus is the central control point for 
the development of insulin resistance. 

 Excess nutrient intake (especially saturated fat) can also indirectly cause infl amma-
tion in the hypothalamus by activation of the TLR-4 receptors in the microglia in the 
brain eventually causing infl ammatory damage to neurons in the hypothalamus [ 49 ]. It 
has been shown that with an extended use of an HFD, there is a decrease in the number 
of neurons responsible for generating satiety signals in the hypothalamus [ 56 ]. 

 HFD diets are also associated with increased production of palmitic acid- 
enriched ceramides in the hypothalamus which would provide still another link to 
the increased insulin and leptin resistance that gives rise to increased hunger as 
satiety depends on functioning insulin pathways in the hypothalamic neurons [ 57 ]. 

 Besides the presence of the GPR120 receptors in the hypothalamus, which if 
activated by omega-3 fatty acids decreases infl ammation, there are other fatty acid 
nutrient sensors in the hypothalamus that can be activated to increase infl ammation. 
In particular, any increase in the free fatty acid (FFA) levels in the blood can be 
sensed by CD36/FATP-1 transporter at the surface of blood-brain-barrier (BBB). If 
those fatty acids are rich in palmitic acid (the primary product of de novo lipid 
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production in the liver caused by excess dietary glucose), then the HPA axis is acti-
vated to release more cortisol that increases insulin resistance [ 58 ]. On the other 
hand, if the fatty acid being sensed is primarily oleic acid, there will be a reduction 
in NPY (a powerful appetite-inducing hormone) expression in the hypothalamus 
that promotes satiety [ 59 ]. 

 Finally there is the interaction of the hypothalamus with the liver via signaling 
through the vagus nerve [ 53 ]. This may explain why any inhibition of TNF-α or 
TLR-4 signaling in hypothalamus also decreases glucose production in the liver [ 60 , 
 61 ]. 

 As you can begin to appreciate, the central regulation of appetite control by the 
hypothalamus is a very complex orchestration of the levels of infl ammation and 
nutrient intake generated by the diet and the sensing of those levels by the 
hypothalamus.  

1.8     Insulin Resistance 

 Although the defi nition of insulin resistance is deceptively simple (a condition in 
which cells are no longer responding appropriately to circulating insulin), the 
molecular causes of insulin resistance are diverse and extremely complex. 

 It is known that certain short-term dietary changes can rapidly reduce insulin 
resistance before any signifi cant fat loss occurs. This would include strict calorie 
restriction that can reduce insulin resistance within a matter of days [ 62 ]. Likewise 
certain drugs such as corticosteroids can rapidly increase insulin resistance [ 63 ]. 

 Furthermore, there are various metabolic adaptations to stressors that can induce 
insulin resistance. These stressors include pregnancy, hibernation, and sepsis [ 1 ]. The 
increase in insulin resistance in response to these stressors is a method of diverting 
stored nutrients to address the necessary metabolic adaptation. Likewise sleep depri-
vation is another effective way of increasing insulin resistance in the short- term [ 64 ]. 

 However, the chronic insulin resistance appears to be directly or indirectly 
related to diet-induced infl ammation. The mechanisms at the molecular level are 
complex and manifold, but they are based on the ability of increased cellular infl am-
mation to interrupt insulin’s action by disruption of the signaling mechanisms 
within the cell. The primary suspects appear to be the infl ammatory cytokine tumor 
necrosis factor alpha (TNF-α) and other infl ammatory protein kinases such as c-Jun 
N-terminal kinase (JNK) and the inhibitor of IκKβ kinase (IKK) [ 65 ]. 

 TNF-α knockout models are resistant to the development of insulin resistance in 
animal strains prone to diet-induced obesity (DIO mice) or those that lack leptin 
(Ob/Ob mice) [ 31 ,  66 ]. Activation of JNK and IKK interrupts insulin-signaling 
pathways via separate mechanisms. Activation of IKK causes the dissociation of 
the inhibitory protein that prevents the translocation of NF-κB into the nucleus 
[ 67 ]. Once IKK releases that inhibitory protein from NF-κB, that gene transcrip-
tion can now move to the nucleus to cause the expression of infl ammatory proteins. 
The JNK pathway is stress activated and is associated with the presence of 
M1-activated macrophages [ 41 ]. 
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 The realization that infl ammation was related to insulin resistance was more than 
century ago when it was observed that certain anti-infl ammatory drugs (salicylates 
and aspirin) were effective in reducing the hyperglycemia observed in diabetes [ 68 ,  69 ]. 
It is now known that these drugs are inhibitors of IKK [ 70 ]. 

 Additional molecular mechanisms of insulin resistance include the lipid over-
load hypothesis in which there is a buildup of diacylglycerides (DAG) or ceramides 
that inhibit the signaling of insulin as well as endoplasmic reticulum (ER) stress 
(induced by excess calories) or oxidative stress (induced by the generation of excess 
free radicals) [ 39 – 41 ,  71 ]. Making these diverse molecular mechanisms even more 
complex is that they are operative in some organs and not in others.  

1.9     Individual Organ Responses to Diet-Induced 
Inflammation and Insulin Resistance 

1.9.1     Liver 

 The liver can be viewed as the central manufacturing plant in the body. Raw materi-
als (primarily carbohydrates and fats) are bought into the body to be processed by 
the liver and either stored (as liver glycogen) or repackaged as newly formed tri-
glycerides (in the form of lipoproteins). The liver helps maintain stable glucose 
levels between meals by balancing glycogenesis (glycogen formation) and glycoly-
sis of stored glycogen [ 72 ]. It should be pointed out that the glycogen stored in 
muscles can only be used internally as a source of energy and can’t be released back 
into the circulation to help maintain stable blood glucose levels. 

 Unlike the adipose tissue that can safely store excess fat, the liver cannot. 
Therefore of the fi rst adverse metabolic consequences of insulin resistance is the 
buildup of fatty deposits in the liver. This is known as nonalcoholic fatty liver dis-
ease or NAFLD. Currently 20–30 % of Americans have NAFLD and 90 % of obese 
type 2 diabetic patients have NAFLD [ 73 ]. Ominously, it is estimated that 50 % of 
all Americans will have NAFLD by 2030 [ 72 ]. 

 Another difference between the liver and the adipose tissue is the lack of infi ltrat-
ing macrophages. Whereas a signifi cant increase is observed in the levels of macro-
phages in the adipose tissue upon infl ammation, it is the internal macrophages 
(Kupffer cells) in the liver that become activated. These activated Kupffer cells can 
now release cytokines that will further activate NF-κB in the liver cells. 

 Like hypothalamic infl ammation, NAFLD can be rapidly generated in animal 
models within 3 days of starting an HFD [ 74 ]. This may be due to the direct linkage 
of the hypothalamus to the liver via the vagus nerve [ 75 ]. Once NAFLD is estab-
lished, the ability of insulin to suppress liver glucose production is diminished with-
out changes in weight, fat mass, or the appearance of any indication of insulin 
resistance in the skeletal muscle [ 76 ]. 

 Because of the rapid buildup of fatty acids in the liver, the ability to convert them 
to triglycerides is also overwhelmed and DAG formation in liver increases [ 77 ,  78 ]. 
This is why the levels of DAG in the liver are the best clinical marker that chronic 
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insulin resistance has begun to develop in that organ. The primary source of the fatty 
acids coming to the liver is via the adipose tissue because as the adipose tissue devel-
ops insulin resistance, the increased fl ow of FFA from the fat cells into the blood and 
therefore into the liver increases [ 79 ]. De novo lipid synthesis of fats from glucose in 
the liver is a smaller contributor to this increased fl ux of FFA into the liver [ 80 ]. 
Furthermore, liver insulin resistance is related only to the fatty acid levels in the liver, 
not the levels of visceral fat [ 81 ]. This may explain why many normal- BMI individu-
als (especially Asians) can have high levels of insulin resistance in the liver [ 82 ]. 

 Since the liver also controls cholesterol synthesis, insulin resistance in this organ is 
refl ected in growing dysfunction in lipoprotein synthesis. In particular VLDL parti-
cles are increased and HDL levels are decreased [ 72 ]. This is easily measured by the 
TG/HDL ratio that is a good general clinical marker for liver insulin resistance [ 83 ].  

1.9.2     Skeletal Muscle 

 Skeletal muscle represents the key site for glucose uptake. Thus reducing insulin 
resistance in this organ becomes a primary strategy for managing diabetes. Unlike 
the adipose tissue, where macrophage infi ltration is a key indicator of infl ammation, 
there is very little macrophage infi ltration observed in the skeletal muscle in indi-
viduals with insulin resistance [ 84 ]. It appears that cytokines coming from other 
organs (adipose tissue and liver) may have the important impact on the development 
of insulin resistance in the muscle. However, enhanced signaling through the TLR-4 
receptor by saturated fatty acids can reduce fatty acid oxidation of the lipids in the 
muscle [ 85 ]. In addition, palmitic acid is the preferred substrate for ceramide synthe-
sis [ 86 ]. Whereas ceramide levels are not related to insulin resistance in the liver, 
they are strongly related to insulin resistance in the muscle [ 87 ]. This suggests that 
the molecular drivers of insulin resistance can be different from organ to organ.  

1.9.3     Pancreas 

 Although the beta cells of the pancreas sense glucose levels in the blood and secrete 
insulin in response to those levels, the beta cells of this organ are not normally con-
sidered targets of insulin resistance. However, the beta cells are very prone to toxic-
ity mediated by infl ammatory agents. In particular, 12-HETE, derived from AA, is 
very toxic to the beta cells [ 88 ]. With the destruction of the beta cells by 12-HETE, 
the pancreas is no longer able to maintain compensatory levels of insulin secretion 
to reduce blood glucose levels, and the development of type 2 diabetes is rapid.  

1.9.4     Gastrointestinal (GI) Tract 

 Like the pancreas, the GI tract is not considered a standard target organ for insulin 
resistance, but it is the fi rst organ in the body for nutrient sensing of molecules that 
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can ultimately affect insulin resistance. This begins in the oral region. Fatty acid 
receptors such as GPR120 and GPR40 and fatty binding proteins such as CD36 are 
present in the mouth and line the entire GI tract [ 89 ]. Essentially these receptors 
allow for the “tasting” of the fatty acid content of the diet. CD36 binds oleic acid 
and helps convert it into oleoylethanolamide (OEA) [ 90 ]. OEA activates PPARα 
gene transcription factor to increase satiety and also the expression of the enzyme 
required for fatty acid oxidation [ 91 ]. Thus the type of fat sensed in the mouth and 
gut provides satiety signals to the hypothalamus. The increased satiety lowers the 
overall caloric intake and reduces development of ER and oxidative stress thus indi-
rectly reducing the development of insulin resistance. 

 Although the GI tract is a long and complicated organ, the enteroendocrine cells 
that produce hormones in the GI tract represent less than 1 % of its total cells. These 
specifi c cells sense and respond to specifi c nutrients by secreting more than 20 dif-
ferent hormones. The primary hormones secreted by these cells that relate to insulin 
resistance include CCK (from the proximal I cells) and GLP-1 and PYY (from the 
distal L cells). 

 CKK is the hormone secreted from the I cells in response to the fat content in a 
meal [ 92 ]. This is a short-acting hormone and works in association with serotonin 
to suppress hunger by directly interacting with the hypothalamus via the vagus 
nerve [ 77 ]. In animals being fed with an HFD, the satiety signals of CCK to the 
hypothalamus can become attenuated probably by increased infl ammation in the 
hypothalamus [ 93 ]. CCK can also reduce glucose synthesis in the liver probably 
through its interaction with the hypothalamus [ 94 ], but only if its hormonal signal 
pathway is not being disrupted by infl ammation within the hypothalamus. 

 PYY and GLP-1 are the hormones released by protein and glucose, respectively, 
when sensed by the L cells more distal in the GI tract. Both of these hormones are 
powerful inducers of satiety [ 78 ]. It has been shown that PYY responses are lower in 
obese individuals compared to lean individuals [ 95 ]. Animal models that have increased 
levels of PYY due to transgenic manipulation are resistant to diet-induced obesity [ 96 ]. 
It should be noted that PYY levels rapidly rise after gastric bypass surgery helping to 
explain the long-term weight loss success of this surgical intervention [ 97 ].  

1.9.5     GI Microbiota 

 Finally, any mention of the GI tract would not be complete without discussing the 
microbial composition of the gut. It is known that the microbiota is different in lean 
and obese individuals [ 98 ]. The microbial composition also may be a source of low- 
grade intestinal infl ammation especially via endotoxemia mediated by the lipopoly-
saccharide (LPS) component of gram-negative bacteria that interacts with the 
TLR-4 receptor. TNF-α is upregulated in the ileum of the GI tract by HFD before 
weight gain is observed in animal models [ 99 ]. It is also known that a single high-fat 
or high-carbohydrate meal can induce such endotoxemia during the increased per-
meability of the gut during digestion [ 100 – 102 ]. Any LPS fragments that enter the 
bloodstream are carried by chylomicrons to the lymph system where it can then 
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interact with the TLR-4 receptors in the body to increase TNF-α levels that can 
generate insulin resistance in a wide variety of organs [ 103 ].  

1.9.6     Cardiovascular System 

 The description of the impact of chronic infl ammation of insulin resistance on the 
cardiovascular system would require a chapter by itself. Figure  1.3  summarizes for the 
purposes of this contribution the enormous impact that the proinfl ammatory state and 
the oxidative stress infl ict to the endothelium and cardiovascular system as a whole. 
Oxidative stress, due to caloric overload and/or chronic low-grade infl ammation 
induced by adipose tissue dysfunction, represents a vicious cycle favoring the pro-
gression of endothelial dysfunction, atherothrombosis, and cardiac overload and dys-
function. Increased food intake and insulin resistance have been shown also to rapidly 
enhance plasma leptin levels and subsequently tissue leptin resistance. Normal fl uctu-
ating levels of leptin do reduce appetite and enhance energy expenditure. Opposite to 
this, chronic elevated levels of leptin deregulate its original signals pathways, bringing 
into this scenario leptin resistance and the activation of the sympathetic nervous sys-
tem to increase blood pressure and heart rate frequency. The higher heart rate in the 
hyperleptinemic individuals will impose a greater myocardial workload and eventu-
ally predispose the heart to pathophysiological changes that encroach on the other 
adverse conditions established by the “partners” of metabolic syndrome.   
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  Fig. 1.3    Schematic representation of metabolic syndrome       
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1.9.7     Metabolic Syndrome 

 All the above metabolic derangements concur to defi ne both at a clinical level and a 
molecular level what we defi ne as a metabolic syndrome (Fig.  1.3 ). Currently in the 
USA, there are 80 million individuals with metabolic syndrome and approximately 
26 million with type 2 diabetes [ 104 ]. Metabolic syndrome is associated with 
increased mortality from both cardiovascular disease and non-cardiovascular causes 
[ 105 ]. 

 The effects of constant hyperinsulinemia induced by insulin resistance will have 
adverse effects on pregnancy outcomes, especially in the long-term metabolic con-
sequences such as obesity, diabetes, and heart disease for the offspring via fetal 
programming [ 106 ]. Therefore reduction of insulin resistance during pregnancy has 
major public health implications.      
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2.1            Introduction 

 Pregnancy is a window of opportunity to prevent metabolic complications for the 
mother and for the unborn baby and its future development. A key role for an 
uneventful pregnancy is played by the immune system. Adverse effects of maternal 
immune adaptation to pregnancy may result from a variety of elements that interfere 
with the fabric of pregnancy: stress, infections, and nutritional habits stand among 
these. Higher maternal age at fi rst pregnancy, obesity, and pregnancies conceived 
after assisted reproduction technology all pound on the natural adaptation to placen-
tal implantation and development and decidual immune traffi cking. 

 In order to appreciate in full scale how nutrition in pregnancy can infl uence the 
process of immune tolerance, it might be useful to think from an evolutionary per-
spective. Nausea and vomiting in the fi rst trimester and the cravings in the last 
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trimester of gestation might even represent the evolutionary necessity of restricting 
food variety during placentation and opposite to this to expose the fetus to an 
increasing number of antigens to educate the immune system to the alien world of 
food antigens (Fig.  2.1 ).  

 Food-specifi c immunoglobulin G (IgG) values may refl ect exposure to specifi c 
antigens. The immune system does not recognize food antigens by a strong specifi c-
ity, as is the case of IgE, but rather by an approach of similarity, reacting to food 
clusters that can refl ect different eating habits of different populations. The excessive 
and recurrent intake of similar food clusters and the excessive production of corre-
sponding antibodies could start a cause-effect reaction and an increase of infl amma-
tory mediators. This mechanism, together with possible disease evolution, offers the 
very opportunity to avoid or to modulate the activation of infl ammatory response.  

2.2     Hormones and Cytokines Cross Talk 

 If in the past pregnancy was seen exclusively as a process to bring offspring to a 
stage of maturity suffi cient for survival, similar to an incubation process, pregnancy 
is today interpreted as a complex process that determines the environment of the 
fi rst stages of development and programs the genomic unfolding of fetal metabo-
lism and its future health in adulthood. 

 The interaction between the mother and embryo begins with the implantation 
of blastocyst. The prerequisite of successful implantation depends on achieving 

FIRST
TRIMESTER
= protection

• NAUSEA,
 VOMITING can
 protect pregnant
 women and their
 embryos from
 harmful
 substances in
 food.

• STRATEGY rely on
 simple selected
 foods that do not
 trigger these
 symptoms

LAST
TRIMESTER
= knowledge

• CRAVINGS FOR
 FOODS can
 expose the fetus
 to an increased
 number of
 antigens to
 provide immune
 inprinting

• STRATEGY rely on
 a variety of foods
 within your “food
 culture”.

  Fig. 2.1    A tentative holistic model of fi rst trimester symptoms and third trimester eating habits       
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appropriate embryo development to the blastocyst stage and at the same time the 
development of an endometrium that is receptive to the embryo. Implantation is a 
very intricate process, which is controlled by a number of complex molecules like 
hormones, cytokines, and growth factors and their cross talk. A network of these 
molecules plays a crucial role in preparing receptive endometrium and blastocyst 
[ 1 ]. Viviparity has many evolutionary advantages but brings in the problem of the 
semi- allogeneic fetus having to coexist with the mother for the duration of preg-
nancy. In species with hemochorial placentation, such as the human species, this 
problem is particularly evident as fetal trophoblast cells are extensively inter-
mingled with maternal tissue and are directly exposed to maternal blood. 
Fascinating adaptations on both the fetal side and maternal side have allowed for 
this interaction to be redirected away from an immune rejection response, not 
only toward immune tolerance but, in fact, toward actively supporting reproduc-
tive success [ 2 ]. The implantation of the blastocyst is the result of a balance 
between infl ammation and immune tolerance (Table  2.1 ). Infl ammation-like 
responses are already induced by sperm and are necessary, or at least benefi cial, 
for implantation [ 3 ]. Prominent roles for proinfl ammatory cytokines in implanta-
tion and decidualization have been attributed, for example, to IL-1, IL-6, and 
IL-11 [ 1 ,  4 ,  5 ], whereas TNF-alpha seems to have the opposite function in restrict-
ing the number of implantation sites. If progesterone is essential for pregnancy 
maintenance, Erlebacher et al. describe that TNF-alpha- induced infl ammation has 
been shown to inhibit progesterone production in mouse ovaries [ 6 ] as well as 
TNF-alpha-receptor knockout mice have an increased fertility [ 7 ] (Fig.  2.2 ).

   Table 2.1    Description of the positive or negative effects of cytokines in the process of implanta-
tion of the blastocyst [ 1 ,  4 – 7 ]   

 Cytokines 
 Effect on implantation 
of blastocyst  Description 

 IL-1  +  IL-1 stimulates endometrial IL-6 protein production, 
regulating the activity of this interleukin 

 IL-6  +  The crucial role of IL-6 during implantation is defi ned 
using IL-6-defi cient mice, which show reduced 
implantation sites and reduced fertility. Leukemia 
inhibitory factor (LIF), a member of IL-6 family, is 
secreted from the uterus, and it is regarded as an 
important factor in both adhesive and invasive phases of 
implantation due to its anchoring effect on the trophoblast 

 IL-11  +  The lacking of the receptor of IL-11 brings female mice 
to infertility for a defective uterine response to 
implantation 

 TNF-alpha  –  TNF-alpha restricts the number of implantation sites, and 
TNF-alpha-induced infl ammation has been shown to inhibit 
progesterone production in mouse ovaries, and TNF-alpha- 
receptor knockout mice have an increased fertility 
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2.3        A Balance Between Inflammation and Immune 
Tolerance 

 In a pregnancy that progresses normally, maternal adaptation to pregnancy occurs, 
resulting in the maintenance of fetal immune tolerance. The tolerance in pregnancy 
is the result of a complex network of changes that interest both the innate immune 
system with the rise of a new decidual natural killer population and adaptive immune 
system with the generation of CD4+ T reg and CD8+ T suppressor cells which 
together direct the production of cytokines and immunoglobulin with the aim of 
inducing tolerance in the maternal immune system. This successful adaptation is 
refl ected by a well-developed immune system and a healthy child after birth [ 8 ,  9 ]. 
Adverse effects of maternal immune adaptation to pregnancy may result from or be 
aggravated by exogenous or endogenous threats [ 10 ]. Endogenous threats may 
include low amounts of maternal progesterone [ 11 ] and higher maternal age [ 12 ], 
whereas exogenous ones may include stress perception, infections [ 13 ] and possibly 
vitamin D defi ciency [ 14 ], and last but not least nutritional habits. These threats 
may result in a failure to maintain fetal immune tolerance and may lead to preg-
nancy complications, such as infertility, fetal loss, preterm labor, hypertensive dis-
eases of pregnancy, and poor fetal development. These complications may adversely 
affect children’s health and compromise their immunity later in life.  
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2.4     An Evolutionary Perspective 

 For a better understanding of how the environment and in particular the diet of preg-
nant women can infl uence the process of immune tolerance, it is useful to look at 
these complex phenomena from an evolutionary perspective. Common symptoms 
such as nausea, vomiting, and cravings in pregnancy could also be interpreted from 
an evolutionary point of view. Sherman et al. fi nd great support in the hypothesis 
that normal levels of nausea and vomiting in the fi rst trimester of pregnancy (exclud-
ing hyperemesis) protect pregnant women and their embryos from harmful sub-
stances in food, particularly pathogenic microorganisms in meat products and toxins 
in strong-tasting plants [ 15 ]. Likewise the cravings in the last trimester of gestation 
might represent the evolutionary necessity of exposing the fetus to an increasing 
number of antigens raising immune contact with the outside world so as to provide 
immune imprinting. 

 As a matter of fact, recent studies have shown that food-specifi c immunoglobulin 
G (IgG) values may refl ect exposure to a specifi c antigen [ 16 ,  17 ]. For the fetus, the 
immune knowledge of the outside world is achieved through the IgG produced by 
the mother. IgG antibodies cross the placental barrier, and colostrum and breast 
milk as well are rich in maternal IgG (Fig.  2.2 ). 

 IgG antibodies and in particular IgG4 are strictly connected to immune tolerance 
to food antigens. Protective antibodies have the capacity to modulate the response 
by preventing allergen binding to surface-bound IgE or inhibiting dendritic cell 
maturation [ 18 ]. IgG4 antibodies differ functionally from other IgG subclasses in 
their anti-infl ammatory activity, which includes a poor ability to induce comple-
ment and cell activation because of low affi nity for C1q and Fc receptors. In addi-
tion, these antibodies do not precipitate antigens owing to their ability to bind 
different antigens in different places [ 19 ]. 

 IgG may be responsible for a process of attenuation of the immune response, but 
at the same time this class of immunoglobulins is also able to activate infl ammatory 
processes. Studies with mouse models demonstrate two pathways of systemic ana-
phylaxis and activation of immune response: a classic pathway mediated by IgE, 
FcεRI, mast cells, histamine, and platelet-activating factor (PAF) and an alternative 
pathway mediated by total IgG, FcγRIII, macrophages, and PAF [ 20 ]. The impor-
tance of the alternative pathway in humans is discussed, but human IgG, IgG recep-
tors, macrophages, mediators, and their receptors have appropriate properties to 
support this pathway if enough IgG and antigens are present [ 21 ]. 

 According to this model, an excess of IgG may be responsible for the activation 
of an immune response even in pregnant women, altering the balance of immune 
tolerance to the fetus, which is a very delicate process. IgG antibodies express a pre-
vious immune contact with food. The production of IgG is linked to the “knowledge” 
of food and the delicate immune balance that allows alien food antigens to land on 
the gastrointestinal mucosa, the largest external surface of our body, two hundred 
times wider than our skin, to be accepted by the cross talk with the immune system 
and the microbiota. The excessive production of antibodies and the excessive and 
recurrent intake of food corresponding to these antibodies could overrun this balance 
and cause a reaction and an increase of infl ammatory mediators (Fig.  2.2 ). 
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 Western supermarket-to-fridge diet is prone to cause this unbalance: excess of 
refi ned carbohydrates, excess of long-chain saturated omega-6 fatty acids, excess of 
cholesterol, excess of proteins from red meat and dairy products, low insuffi cient 
consumptions of veggies and fruit, absence or poor consumption of freshly prepared 
food, absent or insuffi cient consumption of natural antioxidants and anti- 
infl ammatory spices, iterative quasi-constant food items in the diet, and absence of 
seasonality in food consumption. All these factors conjure to determine excessive 
clusters of antibodies against food antigen clusters in parallel with unbalanced com-
position of the microbiota devoid of natural prebiotic (fi bers) environment, whose 
role might even be overturned from an anti-infl ammatory partner of dendritic cells 
of the intestinal mucosa into an aggressive bunch of proinfl ammatory bacteria.  

2.5     BAFF and PAF, Two Cytokines at the Root 
of Maternal and Fetal Health 

 One of the main effectors of the infl ammatory pathway supported by an excess of 
IgG is PAF (platelet-activating factor, also known as PAF-acether or AGEPC 
(acetyl- glyceryl-ether-phosphorylcholine)). PAF is a potent phospholipid activator 
and mediator of many immune functions, including platelet aggregation and degran-
ulation, infl ammation, and anaphylaxis. It is also active in vascular permeability, the 
oxidative processes, and chemotaxis. 

 In the chain of activation of the infl ammatory response to IgG for food, it is essen-
tial to mention a second proinfl ammatory cytokine, called BAFF (B-cell- activating 
factor). BAFF and PAF have already been linked in nonatopic subjects to food reac-
tions [ 22 ], and many studies suggest that BAFF could probably be one of the corner-
stones of IgG pathway of immune reaction to food. A recent observational study by 
our group found a highly signifi cant correlation between PAF and BAFF values in all 
three trimesters of pregnancy [ 23 ] in nonobese pregnant women with uneventful 
pregnancies. BAFF is a member of the TNF superfamily and an important regulator 
of peripheral B-cell survival and immunoglobulin class-switch recombination. 

 These properties of PAF and BAFF probably allow the use of any of these two 
molecules as a marker of infl ammation in pregnancy and as a marker of the role of 
the IgG pathway in immune reaction. These fi ndings are part of a larger research on 
immune system adaptation in pregnancy and their relation with the production of 
specifi c IgG for food, the enteric immune system, and the accelerated infl ammation 
in pregnancy of women at risk of metabolic syndrome. 

 The excessive production of IgG associated with unbalanced nutrition may even-
tually generate an increase in low-grade infl ammation through the activation of a 
pathway that involves IgG, PAF, and BAFF, probably. Future investigations should 
study the possible risks of immune response of the mother against the placenta. 
These changes in the levels of maternal infl ammation may have an infl uence on the 
long-term health of the offspring. As mentioned previously, the increased levels of 
infl ammatory cytokines like TNF-alpha reduce the maternal capacity to tolerate the 
trophoblast invasion and the production of progesterone and its effectiveness in the 
maintenance of pregnancy.  
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2.6     The Connection Between IgG for Food 
and Inflammation 

 A brief summary of a recent work conducted by our group could help sketch the 
connection between IgG and infl ammatory responses [ 24 ,  25 ]. Specifi c IgG anti-
bodies against 44 common food antigens were measured in sera of 11,488 Italian 
patients self-selected for gastrointestinal symptoms related to food reaction. 
Allergies, that is, IgE-mediated reactions, were not included. 

 In the study, we used an unsupervised hierarchical clustering algorithm to explore 
varying degrees of similarity among food antigens. The algorithm initially had 44 
clusters (one for each food antigen) and then gradually grouped them together as a 
function of their similarities. The algorithm requires a notion of similarity between 
individual food antigens being clustered and between clusters. The algorithm stops 
when all food antigens belong to the same cluster. 

 We identifi ed fi ve great food clusters (Table  2.2 ). The fi rst group consists of 
foods with higher concentration of nickel salts such as tomatoes, kiwi, peanuts, 
almonds, buckwheat, and so on. Within this group, it is possible to identify the sec-
ond cluster that includes wheat and related grains such as Kamut, barley, spelt, etc. 
The third group contains dairy products starting from cow and goat milk as well as 
parmesan cheese, mozzarella cheese, and ricotta cheese. The fourth group gathers 
yeasts such as  Candida albicans  and  Saccharomyces cerevisiae  and contains also 
porcini mushrooms and champignon mushrooms. This cluster is probably con-
nected with fermented foods. In the fi fth group, less homogeneous contains foods 
with the higher concentration of natural salicylates: products such as honey, tea, 
courgette, orange, and so on.

   The distribution of food in the different food groups most likely refl ects different eating 
habits of the population. Presumably we can expect to identify different groups in different 
ethnic groups in accordance with the particular eating habits of each population. 

 In the Italian cuisine, which has wheat as a reference cereal, a high consumption of 
dairy products and fermented products (like bread and pizza), and higher 

   Table 2.2    Description of the fi ve great food clusters in Italian population [ 24 ,  25 ]   

 Great food 
clusters  Description 

 Nickel  This group consists of foods with higher concentration of nickel salts such as 
tomatoes, kiwi, peanuts, almonds, buckwheat, and so on 

 Wheat  This great food cluster consists of wheat and related grains such as Kamut, 
barley, spelt and in general grains with gluten. Interestingly this group is part 
of the great food cluster of nickel 

 Milk  This cluster contains dairy products such as cow and goat milk as well as 
parmesan cheese, mozzarella cheese, and ricotta cheese 

 Yeasts  This group is about yeasts such as  Candida albicans  and  Saccharomyces 
cerevisiae  and contains also mushrooms. This group is probably connected 
with fermented foods 

 Natural 
salicylates 

 In this cluster, there are foods with higher concentration of natural salicylates 
such as honey, tea, courgette, orange, and so on 
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concentrations of nickel- and salicylate-containing products, the great food groups are 
wheat, fermented products, nickel-containing foods, dairy products, and foods with 
higher content of natural salicylates. Instead, we can imagine that in the Japanese 
population the major food groups are rice, fi sh, soy, and also in this case fermented 
products. 

 As mentioned before, the levels of IgG against foods refl ect exposure to foods, 
and the immune system recognizes foods by IgG not with a strong specifi city, as is 
the case for IgE, but rather by an approach of similarity. This, on the one hand, 
determines a greater capacity to recognize foods and maintain tolerance and, on the 
other hand, determines the possibility of inducing infl ammation not only with foods 
that are eaten more frequently but also with foods that the immune system recog-
nizes as similar to those.  

2.7     Food Personal Profile for a Balanced Nutrition 
During Pregnancy 

 These concepts and these fi ndings altogether allow us to understand the importance 
of investigating antigen recognition pathways by the immune system and derive from 
this knowledge, albeit still incomplete, a proper nutritional approach for pregnant 
women [ 26 ]. IgG production represents the expression of the process – developed by 
millions of years of evolution started a long time before the defi nition of the current 
structure of our immune system – through which mammalians have learned to esti-
mate the makeup of a specifi c food being introduced into the body for energy pur-
poses, to understand if that food is suitable to get such an intimate contact with the 
organism as the alimentary one. 

 Nowadays, the evolution of science is leading toward a very important step into 
the understanding of events linked to nutrition and food-related infl ammation. From 
the old concept of “food intolerances,” no longer scientifi cally accepted, we are 
fi nally moving toward the understanding of the meaning of infl ammatory food- 
related reactions, thanks to the ability of measuring and monitoring the levels of 
cytokines (infl ammatory and signaling molecules) and of understanding the nutri-
tional personal profi le, upon which it is possible to defi ne specifi c nutritional 
changes able to modulate infl ammation. 

 Many studies already suggest that increasing food diversity in infancy reduces the 
risk of asthma and allergies in childhood [ 27 ]. In an interesting way, Nwaru et al. [ 28 ] 
noted that by 3 and 4 months of age, food diversity was not associated with any of the 
allergic end points. By 6 months of age, less food diversity was associated with 
increased risk of allergic rhinitis but not with the other end points. By 12 months of age, 
less food diversity was associated with increased risk of any asthma, atopic asthma, 
wheeze, and allergic rhinitis. This discrepancy in the results compared to the age of the 
child can be justifi ed by the fact that probably in the fi rst 3–4 months of life, the mother 
imprinting on the immune system of the unborn child is still determinant and it would 
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be more useful to investigate maternal food variability. The increased variability in 
maternal food has never been considered either, and indeed in clinical practice for a 
long time, it is recommended to pregnant women to eliminate from their diet foods 
more allergenic with the result of further reduction of food variability. Although mater-
nal avoidance of suspected allergenic foods during pregnancy and lactation has been 
perceived as a primary prevention strategy for the development of allergies in child-
hood, this strategy has not been effective thus far, and the recommendation on maternal 
dietary avoidance is now subject to change, and studies generally have not supported a 
protective effect of a maternal exclusion diet (including the exclusion of cow milk and 
eggs) during pregnancy on the development of atopic disease in infants [ 29 ]. Opposite 
to this, the increased variability of food in the maternal diet could contribute positively 
to the tolerance of the fetus. A repetitive diet is likely to lead to a higher production of 
IgG antibodies to food in response to major intake of foods belonging to the same great 
food group, and the subsequent continuous consumption of these foods is likely to 
activate the IgG-mediated pathway with the enhancement of infl ammation and, conse-
quently, reduction of the ability of immune tolerance of the mother.  

2.8     Varying Diet for the Best Outcome 

 From a nutritional point of view, during pregnancy, it is important to promote as much 
as possible the variability of food, counseling pregnant women to vary as much as pos-
sible the foods on their table, for instance, a variety of cereals instead of a wheat-based 
diet and a variety of protein sources from fi sh, poultry, vegetables, and nuts instead of 
the red meat and cheese fast-food choice, and exploit the seasonality of fruit and veg-
etables around the 9 months of pregnancy. A broader contact antigenic food leads to the 
production of specifi c IgG for a large number of different foods without a large abso-
lute prevalence for a specifi c food group. In this way it could be possible to avoid the 
activation of infl ammatory response. If the consumption of a specifi c cluster of foods 
becomes excessive, the production of PAF and BAFF in response of IgG rises with the 
resulting increased level of infl ammation. IgG is also refl ected in the maintenance of 
food tolerance, and a wider and more varied contact with food is fundamental, espe-
cially in the third trimester, for a greater and better immune imprinting for the unborn 
child. In addition to this, the reduction of infl ammation from food brings, on a clinical 
level, a reduction of disorders, major and minor, typical of the pregnancy from consti-
pation to bloating, from the modulation of excessive weight gain to risk prevention of 
gestational diabetes and hypertensive diseases, conditions which are more and more 
recognized as a state of infl ammation. In clinical practice, the determination of specifi c 
IgG to foods and the defi nition of a food personal profi le, according to the logic of the 
great food clusters designed for each population, can be of great help in setting up a 
weekly rotation diet that does not point to the complete elimination of the food belong-
ing to the food groups, but rather to a rebalancing of the immune contact with food with 
the aim of starting infant weaning from maternal feeding habits.      
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  3      The Effect of Diet and Probiotics 
on the Human Gut Microbiome 

             Lorenzo     Morelli     and     Maria     Luisa     Callegari   

3.1            Introduction 

 The term microbiome defi nes the overall amount of microbial genes harbored by the 
microbiota, the microbes inhabiting the human intestinal tract [ 1 ]. Probiotics, on the 
other hand, will be defi ned according to the FAO/WHO documents [ 2 ] as recently 
revised by an ISAPP consensus meeting [ 3 ]. Recent genomic studies are clearly 
suggesting that microbiota and microbiome are playing a role in a large number of 
physiological functions, far beyond the digestive ones. Just as examples it could be 
worthwhile to remind that the microbial community structure and its genomic com-
position strongly contribute to the relevant functions of the human host such as 
resistance to the infections, also infl uencing the immune system activity [ 4 – 6 ] 
which in turn modulates the composition of the gut microbiota (Fig.  3.1 ). Recent 
advances in neurosciences have also shown the relevant role of the so-called gut- 
brain axis, meaning that the bacterial load of the gut has a deep impact on the ner-
vous system [ 7 ]. The role of gut bacteria and their genomic structure is then relevant 
for the human health and well-being; it seems worthwhile to elucidate which are the 
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factors with a role in shaping the microbiota and microbiome composition. The 
composition of microbiota in terms of species is indeed infl uenced by several inter-
nal and external factors such as the initial intestinal colonization occurred at birth, 
the genetic background of the host, the antibiotic treatments, and, on top of that, diet 
(Fig.  3.2 ). As regards pregnancy the scenario is still under debate. A recent paper 
has demonstrated that gut microbiota is subjected to a dramatic remodeling over the 
course of pregnancy [ 8 ]. Authors reported that the fi rst trimester is characterized by 
a gut microbiota composition very similar to those of healthy nonpregnant control 
group, whereas analysis of pregnant stool samples collected at the third trimester 
showed an enrichment in Proteobacteria and Actinobacteria, similar to the situation 
detected in infl ammatory bowel disease and obesity. Furthermore, the number of 
health-related bacteria such as  Faecalibacterium , a butyrate-producing bacterium 
with antiinfl ammatory effects, is less abundant in this trimester. However, these 
results are in contrast with those reported later by other studies [ 9 ,  10 ] in which little 
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or no modifi cations of the fecal microbiota composition were reported during early 
and late pregnancy.   

 In the following sections, we will review some of the most recently published 
papers on the impact of diet on microbiota/microbiome structure, focusing on data 
obtained in humans.  

3.2     Diet and Microbiota 

 The mutualistic relationship between the host and its microbiota leads to the produc-
tion of benefi cial microbial metabolites that contribute to the fi tness of the host. The 
latter factor can infl uence the gut environment modifying the transit time, the pH, and, 
as regards the distal part, the richness in terms of carbohydrates, proteins, and fats 
related to food intake. These macronutrients are directly degraded by the host enzymes, 
while the degradation of plant structural polysaccharides, contained in the diet, is car-
ried out by microbial enzymes encoded by specifi c microbial genes above all those of 
the colonic microbiota. Fermentation of these complex polysaccharides produces 
short-chain fatty acids such as butyrate, which represents one of the major energy 
sources for colonocytes, or propionate and acetate involved in gluconeogenesis and in 
lipogenesis respectively [ 11 ]. The dietary residues in the colon can represent a sub-
strate for bacteria growth as well as the sloughed epithelial cells and mucin. The ability 
of bacteria to utilize different substrates may be crucial for the fi nal microbiota compo-
sition, which is the fi nal result of complex selection mechanisms of ingested bacteria. 

 Observational studies have shown that long-term diet infl uences the structure 
and activity of the trillions of microorganisms residing in the human gut, and it was 
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also suggested that it could be possible to divide the human beings into three major 
groups according to their bacterial content. 

 Indeed, each of them is characterized by the dominance of  Bacteroides , 
 Prevotella , and  Ruminococcus , respectively [ 12 ]. It is still unknown which environ-
mental or genetic factors are involved in this clustering although it appears indepen-
dent of nationality, sex, age, or other host properties. Wu et al. [ 13 ] described that 
dietary effects primarily distinguish the Prevotella enterotype (carbohydrate) from 
the Bacteroides enterotype (high protein and fat), and in this study a short diet inter-
vention was insuffi cient for switching between the two groups. Moreover, it is 
important to underline that the enterotype hypothesis is a topic of debate. Some 
microbial groups exhibit high stability, but important quantitative fl uctuation can be 
detected among bacteria that comprise the intestinal microbiota. These fl uctuations 
move around an individual microbiota composition, and they can be due to variation 
of external environmental factors such as diet or drug treatments. When these spe-
cies fl uctuations do not exceed the limits that characterize a specifi c enterotype, but 
they remain at the borderline, no changes in enterotype can be detected. 

 This could be the reason of some contradictory reports. Indeed, recent data [ 14 ] 
described how even short-term intervention can modify gut microbiota composi-
tion: red meat based diets increase the prevalence of  Alistipes ,  Bilophila , and 
 Bacteroides , while decreasing the abundance of Firmicutes (plant polysaccharide 
metabolizers). The enterotype clusterization was not taken in consideration, and 
maybe this could justify the divergent results.  

3.3     Microbiome, Macro Ethnicities, and Local Diets 

 A very interesting approach for evaluating the effect of diet on gut microbiota com-
position was adopted in a publication [ 15 ] in which the gut microbiota composition 
of children from a rural area in Africa (Burkina Faso) and Italian children were 
compared. The European subjects eat a typical Western diet (rich in proteins and 
fats), whereas the African children eat carbohydrate-rich diets with a very low sup-
ply of animal proteins.  Xylanibacter ,  Prevotella ,  Butyrivibrio , and  Treponema  were 
distinctive of Burkina Faso children, whereas European children microbiota were 
characterized by the abundance of Firmicutes and Proteobacteria. The African chil-
dren harbored microbiota in which it was possible to detect bacteria able to use 
xylan, xylose, and carboxymethylcellulose. It is possible to suppose that these 
polysaccharide- degrading bacteria are selected by the diet and are the responsible of 
short-chain fatty acids production using plant polysaccharides allowing the host to 
maximize the energy intake from the diet. 

 These results strongly indicate the important role of diet in shaping the microbial 
composition of the gut and revealed specifi c adaptations of gut microbiota commu-
nities to the lifestyles of the host. Confi rmation of this founding is provided by a 
recent publication in which the gut microbiota composition of two different rural 
farming groups living in Tanzania (the Hadza population) was analyzed [ 16 ]. The 
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gut microbiota of African voluntaries resulted in enriched  Prevotella ,  Treponema , 
and unclassifi ed Bacteroidetes. Interesting is the differences found comparing 
woman and men gut microbiota composition; indeed  Treponema  was more abun-
dant in woman, whereas  Eubacterium  and  Blautia  were more represented in men. 
Women normally have a vegetarian diet, while men have the opportunity to eat meat 
and honey. Comparing the results of Hadza subjects with those obtained from the 
Italian control group, the total absence of  Bifi dobacterium  was highlighted. Authors 
supposed that the postweaning in this population could explain this lack of bifi do-
bacteria, while Western adult diet includes also meat, milk, and dairy products. 

 It is necessary to underline that Burkina Faso lifestyle differs from that of 
Tanzanian subjects overall in terms of diet; indeed around 70 % of Hadza diet is 
represented by plant foods (tubers, fruits, and vegetables) and the remaining 30 % 
by meat derived from hunting. Concerning Burkina Faso, children’s diet [ 15 ] con-
sists mainly of cereals, legumes, and vegetables; therefore, the content of carbohy-
drate, fi ber, and vegetable protein is very high. Comparison between these 
populations and the European subjects showed that microbial composition refl ects 
differences between herbivorous and carnivorous mammals, and for this reason it 
became relevant, for human’s well-being, to try to modulate the composition of the 
bacterial population inhabiting the gastrointestinal tract. One of the key mecha-
nisms to maintain gut health is the consumption of diet rich in nondigestible carbo-
hydrates and poor in proteins and fats [ 17 ]. 

 Alterations of the gut microbiota with the consequent dysregulation of interac-
tions between host and microbial community have been described as implicated in 
a number of intestinal disorders and illnesses [ 18 ,  19 ].  

3.4     Gut Microbiota and Probiotics 

 The rationale of probiotic use is to introduce microorganisms with specifi c and ben-
efi cial functions in order to obtain positive effects on the health of the host. Indeed 
the defi nition of probiotic is “live microorganisms which, when administered in 
adequate amounts, confer a health benefi t to the host” [ 2 ]. 

 The fi rst condition to satisfy is to administer living probiotic cells. We know 
that sonicates, particles of dead probiotics, can stimulate the immune system, yet 
only viable bacteria cells may be able to reproduce and exercise a longer benefi -
cial effect on the bacterial communities of the gastrointestinal tract. To achieve 
this goal, it is essential that probiotic bacteria pass beyond the gastric and ileal 
tract and reach in a viable form the large intestine. The second important aspect to 
be evaluated is the administration of an effective dose. This is a very unsettled 
frontier. Gut’s pH, bile salt, and trilions resident microbiota outnumber low dose, 
short term supplementation of probiotics. All these factors play against the 
chances of an adequate  impact on the microbial ecology of gut environment. 
Large doses, by hundred billions of viable cells for long periods of supplementa-
tion are required to provide benefi cial effects. 
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 The defi nition of the effective dose is not easily defi ned depending on several 
factors, and it depends on the strain-specifi c feature, the chemical and physical char-
acteristics of the vector food, and the host-related factors as well as the desired tar-
get effect [ 20 ]. 

 The guidelines of the French Agency for Food Safety dedicated to probiotics and 
prebiotics [ 21 ] suggest that the number of viable cells in the gut present after con-
sumption of product containing probiotic must be more than or equal to 10 6   CFU/
ml in the small intestine and 10 8  CFU/g in the colon, even if the same agency 
acknowledges that “the scientifi c basis for these statements is relatively weak.” 

 One of the more important concepts that need to be taken into consideration is 
that a probiotic must be a microorganism or a combination of microorganisms taxo-
nomically well defi ned. The identifi cation at species and strain level is very relevant 
for different reasons. The correct identifi cation of a probiotic as a member of a 
recognized and well-known species corresponds to the evaluation of its safety. 
Indeed the bacterial species used as probiotic have a very long history of use in 
food, and this contributed to defi ne them as safe for human consumption. On the 
other hand, the identifi cation at strain level is relevant since the benefi cial properties 
are strain specifi c that means the health benefi t assigned to one strain is not neces-
sarily applicable to another strain even belonging to the same species. 

 Adhesion to the intestinal mucosa is considered a prerequisite for bacterial colo-
nization, and this event is important for the immune system modulation and for the 
antagonistic action of probiotic against pathogens. These adhesion properties can be 
mediated by secreted bacterial proteins that are able to interact directly with mucus 
(Figs.  3.3  and  3.4 ).   

 As already mentioned, probiotics have also important involvement concerning the 
immune response in enhancing signaling in host cells reducing the infl ammatory 
response, delivering antiinfl ammatory molecules, and reducing the production of 
infl ammatory substances [ 22 – 24 ]. Unfortunately, to demonstrate the positive effect of 

  Fig. 3.3    Scanning electron 
microscopy picture of  L. 
crispatus  cells that adhere 
to intestinal mucus       
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probiotic bacteria intake in healthy adults is extremely diffi cult. One of the problems 
to face is the stability, in healthy adults, of the complex composition of the gut micro-
biota which unlikely can be altered by the introduction of a single bacterial strain and 
even a combination of more strains. For this reason the ecological use of probiotic 
should be held when specifi c conditions of altered microbiota occur as a consequence 
of infl ammatory diseases or antibiotic treatments. In these conditions there are strong 
evidences concerning the benefi t of probiotic administration [ 25 – 27 ]. 

 However, it has been described that probiotic strains can replace other indigenous 
strains even if administered to healthy individuals with a stable microbiota. In these 
cases the introduction of probiotic strains did not alter the overall microbiota compo-
sition, but it was possible to obtain its benefi cial modulation. This replacement effect 
was demonstrated in a study [ 28 ] in which a  L. paracasei  strain was administered to 
seven healthy subjects; after 15 days of administration no statistically signifi cant dif-
ference in the total amount of lactobacilli was found, but the probiotic strain repre-
sented 66.6 % of the total facultative heterofermentative colonies isolated from fecal 
stools. The probiotic strain in these cases replaced the lactobacilli originally present 
in the fecal samples of the treated volunteers. Another aspect in which the adminis-
tration of probiotic to healthy subjects could be very interesting is the impact of 
probiotics on intestinal transit. This is an increasingly important measure of well-
being because of the high incidence of constipation particularly in the elderly women 
and overall in pregnant women. The probiotic administration can represent an effi ca-
cious and safe treatment well suited for these groups of individuals. The administra-
tion of probiotics for 4 weeks to 20 young pregnant women with functional 
constipation improved the defecation frequency [ 29 ] that signifi cantly increased 

  Fig. 3.4    Scanning electron 
microscopy picture of  L. 
gasseri  cells adherent to 
intestinal epithelium       
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from 3.1 at baseline to 6.7 at the end of the trial. Also some secondary effects nor-
mally correlated with constipation such as stool consistency, sensation of incomplete 
evacuation, or abdominal pain were reduced, and no side effects were reported. 

 The common cold very common especially in winter is responsible for many 
absences at school and from job and causes important economic losses. In a recent 
meta-analysis [ 30 ] in which ten studies were taken in consideration, the effect of 
probiotics on the prevention of the common cold was evaluated. The total number 
of participant was 2,894 participants, including 1,588 in the probiotic group and 
1,306 in the control group. The relative risk used to evaluate the effi cacy of probi-
otic intake was of 0.92 for the control group whereas 0.87 for the group receiving 
probiotics. The authors report that probiotics have a marginal effect on the preven-
tion of the common cold, but it is important to underline that probiotics do not cor-
respond to a medication, and no side effects are related to their administration as it 
sometimes happens for drug treatments. 

 Probiotics might  fi nd another area of application in healthy individuals. Consistent 
data show that they can be used to treat babies suffering of infantile colics in the fi rst 
months of life [ 31 ]. The cause of infantile colic still remains unclear, but this syndrome 
is observed with the same frequency in male and female babies (10–30 %), and is not 
associated with different feeding patterns. In 2007, it was described that  L. reuteri  ATCC 
77530 was able to reduce infantile colic in the 95 % of the infants belonging to the 
supplemented group compared with only the 7 % reduction in the control group; unfor-
tunately these interesting results were obtained in an unblinded study, where simethi-
cone had been used as control intervention [ 31 ]. Six years later, the anti-colic properties 
of another  L. reuteri  strain, the DSM 17938, was evaluate in a double-blind study in 
exclusively and predominantly (>50 %) breastfed infants [ 32 ]. The primary outcome 
measures were the percentage of children achieving a reduction in the daily crying epi-
sodes (50 %) and the duration of crying at different sampling times. The administration 
of  L. reuteri  DSM 17938 gives benefi cial effects to breastfed infants with infantile colic; 
indeed the crying time was signifi cantly reduced as well as the duration of crying in this 
group compared with the control one. Even if some pediatricians consider insuffi cient 
the scientifi c evidence for recommending the use of probiotic to relieve colic, this appli-
cation can represent a very interesting aspect of the use of probiotic in healthy subjects 
encouraged by these recent data that support the effi cacy of the treatment [ 32 ]. 

 Pregnancy induces dramatic immune and physiological changes fi nalized to 
accommodate fetus development. Many efforts are done to prevent maternal mortal-
ity and morbidity and enhance unborn health trying to prevent specifi c complica-
tions of pregnancy. 

 Supplementation with probiotics can be used as an alternative strategy to prevent 
intestinal dysbiosis, mucosal immunity, urogenital infections in pregnancy, and reduc-
tion of allergies in babies. Few clinical trials concerning probiotic supplementation in 
pregnancy are available, and they are focused on complication such as gestational 
diabetes mellitus, weight gain, preterm delivery, and preeclampsia (Table  3.1 ).

   The maternal obesity and its subsequent health outcomes can impact public 
health, and prevention strategies are required. Overweight pregnant women provide 
an excess of energy to the fetus, which can in turn be overweight with risk of 
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complications at delivery. The overweight newborn has at risk of becoming over-
weight or obese adult. Strategies based on balanced diet and physical activity 
showed limited success, and for this reason alternative approaches are urgently 
needed. Overweight or obese women already have an altered gut microbiome, and 
these differences remain in pregnancy. Only few clinical trials of probiotic supple-
mentation in pregnancy that focus on reported gestational weight gain and gesta-
tional diabetes mellitus are available. 

 A randomized trial on 256 Finnish pregnant women showed that a combination 
of diet and probiotic intervention with  L. rhamnosus  GG and  Bifi dobacterium lactis  
Bb12 reduced the risk of elevated concentrations of plasma glucose during and after 
pregnancy [ 10 ]. 

 The only randomized placebo-controlled trial concerning probiotic effi cacy in 
reducing the gestational weight gain consisted of 256 women who were enrolled in 
function of their prepregnancy body mass index. 

 Probiotic supplementation was not able to interfere with gestational weight gain 
or postpartum weight retention, but the postpartum waist circumference was 
decreased in the probiotic-treated group compared with the control group. Moreover 
a statistically signifi cant reduction of gestational diabetes mellitus was noted in the 
probiotic-supplemented group compared with the control group [ 33 ]. 

 Probiotics can represent a potential safe strategy for the prevention of pregnancy 
complications and adverse outcomes related to maternal metabolism. Randomized con-
trolled trials are urgently required to provide more data for the role of probiotic in the 
prevention of metabolic disorders, such as overweight and obesity in pregnant women.     
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4.1            Introduction 

 Pregnancy is a biologic example of a successful semi-allogenic graft: at the feto-
maternal interface, the semi-allogenic embryonic cells that adhere and “dig” into the 
decidua are protected from maternal immune rejection. The feto-maternal interface 
is localized between the maternal uterine mucosa and the trophoblastic cells [ 1 ]. 
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 Maternal decidua does not represent a passive tissue in which blastocyst implants 
and develops its placenta. Maternal tissues not only do not reject trophoblastic cells 
but play an active role to support the placental development and function: the endome-
trium undergoes a specialized tissue reaction called decidualization whereby cell mor-
phology, cell activity, gene expression, and immune cell distribution contribute to 
support the blastocyst apposition, adhesion, and implantation within the decidua [ 2 ]. 

 The placenta originates from the extraembryonic portion of the polar zone of the 
blastocyst that adheres to the uterus during the implantation process. From the adhe-
sion process of the blastocyst to the uterine decidua, the trophoblastic tissue under-
goes a series of differentiations to develop into its fi nal aspect of villi composed of 
stromal tissue containing fetal vessels and surrounded by trophoblastic cells: cyto- 
and syncytiotrophoblast, the inner and outer villous trophoblastic layers, respectively 
[ 3 ]. Meanwhile, a specifi c type of villi, called anchoring villi, permits to anchor the 
placenta to the decidua, by means of cytotrophoblast cells, named trophoblastic 
anchoring columns. Some of these trophoblastic cells detach from the columns and 
migrate through the decidual stroma, reach the spiral arteries, penetrate the wall of the 
maternal vessels, and colonize the lumen of the spiral arteries. This ignites the com-
plex and essential process of vascular remodeling of spiral arteries. Maternal infl am-
matory cells now start to work against their natural mission and tolerate and accept 
this invasion of these extravillous, semi-allogenic, trophoblastic cells. 

 A cross talk between trophoblast and decidua is a fundamental prerequisite to 
maintain maternal immune tolerance toward the semi-allogenic embryo and to 
allow trophoblast invasion, placental development, and pregnancy evolution. This 
cross talk includes the expression of immune cells, dynamically dependent on the 
pregnancy progression [ 4 ]:

•    The fi rst trimester of pregnancy is a phase of physiological infl ammation [ 5 ]: leu-
cocytes not only tolerate pregnancy but also they support gestation [ 6 ]. Immune 
cells in the fi rst trimester are mainly natural killer (NK) cells (about 70 %) and 
macrophages (about 20 %), whereas the number of T cells is variable (about 
10–20 %) and dendritic cells, B cells, and regulatory T cells are rare [ 7 ] (Fig.  4.1 ).   

•   The second trimester of pregnancy is a phase of predominant anti-infl ammatory 
state. In this time frame, the mother and fetus are in symbiosis and the fetus 
undergoes rapid development and growth [ 5 ].  

•   The late third trimester of pregnancy is a phase characterized by a reconversion 
to a pro-infl ammatory condition that characterizes human parturition of an altri-
cial newborn [ 5 ].     

4.2     Natural Killer Cells 

 In pregnancy, decidual natural killer cells have a characteristic and specifi c pheno-
type (CD56 BRIGHT , CD16 −  , CD3 − ). They change their structure as pregnancy pro-
gresses to adapt themselves to the role of pregnancy supporters. 
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 During the fi rst trimester, NK cells contain specifi c granules rich in angiogenic 
growth factor and vascular endothelial growth factor C. Moreover, during the fi rst 
stage of pregnancy, decidual NK cells secrete matrix metalloproteinases MMP2 and 
MMP9. These enzymes break down the extracellular matrix. This process directly 
helps trophoblast migration and invasion. At this stage, NK cells play a decisive role 
for the proper placental development, promoting spiral artery remodeling. The 
number and the function of uterine NK cells are crucial for the physiological evolu-
tion of pregnancy. Their abnormalities have been associated with implantation fail-
ure [ 8 ], miscarriage [ 9 ], preeclampsia, and fetal growth restriction [ 10 ]. 

 In the second trimester, decidual NK cells undergo a degranulation process. This 
will stop the production of angiogenic and vascular growth factors. Interferon-γ 
(INF- γ) secretion starts to oppose vascular development. During the third trimester, 
the uterine NK cells in the decidua are degranulated. In this stage, their production 
of INF-γ inhibits the trophoblastic invasiveness, protecting the uterus from a too 
deep trophoblastic migration [ 6 ].  
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  Fig. 4.1    Normal distribution of infl ammatory cells at the feto-maternal interface. Decidual natural 
killer and macrophages accumulate near the maternal spiral artery during the remodeling process. 
The vessel undergoes dramatic anatomic modifi cation, lacking the smooth muscular wall and the 
elastic fi bers and transforming in a low-pressure, high-conductance vessel. Infl ammatory cells play 
a role in the removal of dying cells and cellular debris, to facilitate trophoblast migration and inva-
sion. Moreover, infl ammatory cells contribute to maternal tolerance versus the semi-allograft con-
ceptus. Extravillous trophoblasts invade into the decidua from the anchoring villi and progressively 
replace the endothelium of the vessel. This type of extravillous trophoblast takes the name of 
“endovascular trophoblast,” and it is directly in contact with the maternal circulation. To avoid 
maternal reject reaction, extravillous trophoblast expresses a nonclassical major histocompatibility 
complex class I: it expresses a specifi c type of human leukocyte antigen (HLA), the HLA- 
G. HLA-G enters the maternal circulation and binds with the leukocyte immunoglobulin-like 
receptor on decidual natural killer cells, macrophages, and T lymphocytes, inactivating leukocytes 
and, in turn, inducing tolerance       
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4.3     Macrophages 

 At the feto-maternal interface, macrophages represent the second most abundant 
leukocyte population within the human decidua. Commonly, macrophages are clas-
sifi ed in two different types: M1, the proinfl ammatory type, and M2, the immune- 
regulatory type [ 11 ]. The type of decidual macrophages appears to be predominantly 
M2 [ 12 ]. Their function is that of immune suppression, scavenging of apoptotic 
cells, clearing cellular debris, and promoting tissue remodeling. 

4.3.1     Decidual Macrophages 

 Decidual macrophages are maternal cells and protect human pregnancy throughout 
gestation by inhibiting the immune response by decidual NK, T lymphocytes, and 
other circulatory macrophages [ 6 ]. Thanks to their additional production of matrix 
metalloproteinases 9 and vascular endothelial growth factor, decidual macrophages 
are believed to play a role in the spiral artery remodeling [ 12 ]. Despite this role in 
spiral artery modifi cation, the association between abnormal number or function of 
decidual macrophages and preeclampsia is controversial [ 7 ].  

4.3.2     Placental Macrophages 

 Placental macrophages, also called “Hofbauer cells,” are CD68 +  fetal cells early 
detectable in pregnancy in the villous stroma. Since Hofbauer cells appear in the 
placental villi prior to the appearance of the fetal circulation, they may originate in 
the early stage of pregnancy from progenitor cells within the population of mesen-
chymal cells in the villous stroma; then, later in pregnancy, they may originate from 
penetration of embryonic bone marrow-derived monocytes into the villous stroma 
[ 3 ]. Generally, macrophages intervene in phagocytosis of apoptotic bodies and cel-
lular debris as well as antigen presentation in response to infl ammation and infec-
tious insults; the specifi c role of placental macrophages has not been fully understood 
yet [ 13 ]. Their close contact with endothelial progenitor cells and primitive vessels 
suggests that Hofbauer cells intervene in early placental vascular genesis [ 14 ]. 
Moreover, the identifi cation of proteins regulating branching morphogenesis local-
ized to Hofbauer cells permits to hypothesize a role of placental macrophages in the 
development of the placental villous tree [ 15 ]. Alterations in the number and aspect 
of Hofbauer cells may be associated with complications of pregnancy such as fetal 
immune or nonimmune hydrops and fetal metabolic storage diseases such as GM1 
gangliosidosis, glucuronidase defi ciency, and type VII mucopolysaccharidosis [ 13 ]. 
Histological features of elevated concentration of Hofbauer cells have been related 
to adverse pregnancy outcome in association with villitis of unknown etiology or 
acute chorioamnionitis (see below) [ 13 ].   
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4.4     T Cells 

 T cells are poorly represented within the human decidua. Their role is not com-
pletely understood. 

 During the early stages of pregnancy, a successful implantation occurs in a 
fi nely regulated pro-infl ammatory/anti-infl ammatory microenvironment; T cells 
seem to play a crucial role in this balance. T-helper (Th) cells can be classifi ed into 
Th1 cells, which are involved in cellular immunity, and Th2 cells, which are 
involved in humoral immunity [ 16 ]. In the past, maternal tolerance of the semi-
allogenic graft was explained by an absolute predominance of the Th2-type immu-
nity, which overrules Th1-type immunity, therefore protecting the fetus from 
maternal Th1-cell attack [ 17 ]. More recently, the role of Th1 has been reconsid-
ered, showing that Th1 activity plays an important role in pregnancy, promoting 
Th2 response, regulating the placentation process, defending the maternal–fetal 
microenvironment against infections, and later cooperating in the initiation of 
delivery [ 18 ]; therefore, the concept of absolute Th2 predominance has been recon-
sidered and the hypothesis of “Th1–Th2 cooperation” has been introduced [ 18 ]. 
Moreover, it has been suggested that differences in the expression of the Th1 pro-
infl ammatory action and Th2 anti- infl ammatory action depend on the phase of 
pregnancy: early and late pregnancy needs a Th1 milieu, whereas Th2 cells prevail 
in mid gestation (Table  4.1 ) [ 5 ]. Abnormal pregnancy outcome may occur in the 
presence of an aberrant Th1/Th2 profi le: an excessive Th1 reaction may be associ-
ated with recurrent miscarriage, preterm delivery, and preeclampsia [ 18 ,  19 ], but 
even an increase of Th2 secretion at the feto-maternal interface could be associated 
with miscarriage and preeclampsia [ 18 ].

   Histological features of placental elevated concentration of T cells have been 
associated with adverse pregnancy outcome as may occur in chronic deciduitis, 
chronic chorioamnionitis, and villitis of unknown etiology [ 7 ] (see below). 

4.4.1     T Regulatory Cells 

 T regulatory cells (Treg) are a subset of T lymphocytes that act as strong suppres-
sors of infl ammatory immune response with a fundamental role in preventing 
destructive immune response and auto-infl ammatory and autoimmune disease, 
warranting peripheral self-tolerance and immune homeostasis [ 20 ,  21 ]. Treg cells 
levels are high in maternal blood during the fi rst and second trimesters of preg-
nancy and decline prior to delivery and postpartum [ 20 ]. Moreover, Treg cells 
physiologically accumulate in the maternal decidua. A defi ciency in Treg cells 
number has been associated with recurrent miscarriage and preeclampsia [ 20 ]. 
Indeed, it is of interest to underline that there are two developmental pathways of 
Tregs: thymic (tTreg) and extrathymic or peripheral (pTreg). tTregs appear to sup-
press autoimmunity, whereas pTregs operate to downregulate responses to 
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antigens, such as those from ingested food, symbiotic bacteria, and allergens. 
Genomic analysis allowed to hypothesize that pTregs emerged in eutherian (pla-
cental) mammals to protect from maternal–fetal confl ict. As a matter of fact, con-
served noncoding sequence 1 (CNS1), which is required for pTreg development, 
has been detected present in all placental mammals, whereas it is absent in non-
placental mammals such as the wallaby, opossum, and platypus, as it is expected to 
be absent in non-mammals such as zebra fi sh. pTregs specifi cally sort out paternal 
antigens in the trophoblastic cells and suppress effector T cells in an active process 
to induce tolerance [ 22 ]. Figure  4.2  shows the quasi-perfect correspondence 
between wild-type pregnant mice and knocked-out ones as regards embryonic 
reabsorption and number of females that presents reabsorbed embryos [ 23 ].    

   Table 4.1    Infl ammatory balance in pregnancy   

 Phase of 
pregnancy 

 Predominant 
immunological 
features  Physiological events  Comment 

 Early 
pregnancy 

 Th1  Blastocyst apposition to 
the uterus 

 In this phase, an infl ammatory 
microenvironment needs for 
removing of apoptotic cells and 
cellular debris, for achieving an 
adequate repair of the uterine 
epithelium, and for the maternal 
tolerance versus the semi- 
allogenic embryo 

 Decidual breaking for 
the blastocyst 
implantation 

 Trophoblast invasion of 
the decidua 

 Breaking into the spiral 
artery and disruption of 
the smooth muscular 
wall by the extravillous 
trophoblast, to warrant 
an adequate placental–
fetal blood supply 

 Trophoblast 
replacement of the 
spiral arteries 
endothelium 

 Mild 
pregnancy 

 Th2  Placental development  In this phase, an anti- 
infl ammatory status predominates, 
but the mother maintains her 
ability to respond against 
infective–immunological insults 

 Fetal growth 

 Fetal organ maturation 

 Late 
pregnancy 

 Th1  Cervical ripening  In this phase, a recrudescence of 
an infl ammatory status is 
necessary to promote parturition 

 Myometrial contraction 

 Labor and delivery 

 Expulsion of the 
placenta 

 Uterine involution 

  Modifi ed from Mor [ 17 ]  
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4.5     Dendritic Cells 

 Dendritic cells (DCs) are at the biological bridge between the innate and the adap-
tive immune system and their activation and modulation is critical for the outcome 
of the immune response. DCs localize in the peripheral tissue and act as sentinel of 
the immune response. After an infl ammatory stimulus, DCs migrate via lymphatic 
vessels to the lymph node to present antigen to T cells [ 7 ]. According to their state 
(activated or not activated), DCs can secrete pro- or anti-infl ammatory cytokines, 
thereby inducing immune responses or suppressing them, respectively. 

 In pregnancy, the number of DCs in the decidua is very low and the cells are 
phenotypically immature. The role of decidual DCs has not been fully elucidated; 
recently, it was suggested that DCs, as well NKs and macrophages, could act at the 
feto-maternal interface, intervening in the tissue remodeling and promoting mater-
nal immune tolerance [ 7 ]. An increased number of phenotypically mature DCs have 
been associated with spontaneous miscarriage [ 24 ].  

4.6     B Cells 

 B cells are a component of the humoral immunity of the acquired immune system. 
The main function of B cells is the production of antibodies (IgG, IgM, IgE, IgA), 
but B cells can also uptake, process, and present antigens and can produce several 
cytokines infl uencing immunity. The role of B cells during pregnancy has been 
poorly studied, but it was postulated that they may contribute toward pregnancy 
tolerance by regulating the production of the immune-modulatory cytokine IL-10 [ 25 ]. 
A physiological decrease of B cells was noted in the third trimester of normal 
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pregnancy while preeclampsia has been associated with a persistence of a higher 
number of B cells. In women with autoimmune disease, it is possible that B cells 
compromise gestation, producing excessive autoantibodies [ 25 ].  

4.7     Trophoblast as Regulator of Innate Immune Cell 

 Trophoblastic cells express pattern recognition receptors that act as “sensors” of the sur-
rounding microenvironment [ 5 ]. These sensors allow the recognition of the presence of 
bacteria, viruses, damaged tissues, and dying cells by the trophoblast. Trophoblastic 
cells can secrete a specifi c set of cytokines infl uencing the immune cells within the 
decidua with the aim of instructing infl ammatory cells to create an adequate microenvi-
ronment, to promote pregnancy evolution [ 5 ]. The success of the pregnancy depends on 
the trophoblastic ability to communicate with any immune cell type (monocytes/macro-
phages, pTreg and NK cells) and to coordinate their interrelated work [ 5 ,  26 ].  

4.8     The Alteration of the Maternal–Fetal Equilibrium 
of the Inflammatory Cells 

 Alterations in type, number, aspect, or interrelationship of any component of the 
cells of the infl ammatory milieu may be detrimental for pregnancy outcome. This 
might be the consequence of infections or of maternal immunological problems, 
either in clinical or in subclinical conditions. 

 Infection can reach the placenta and the fetus through the maternal blood circula-
tion or by ascending into the uterus from the vagina or by descending into the uterus 
from the peritoneal cavity, by activation of the pathogenic phenotype of preexisting 
bacteria, or even by sudden immune reaction toward preexisting symbiotic bacteria. 

4.8.1     Acute Chorioamnionitis 

 These processes could develop into acute chorioamnionitis. In these cases, most of 
infecting agents originate in the cervicovaginal tract and gain access to the uterine 
cavity breaching the normal cervical barrier. Maternal neutrophils infi ltrate the cho-
rionic plate and membranous chorioamnion (Fig.  4.3 ) [ 27 ]. Normally, neutrophils 
are a population of infl ammatory cells that do not infi ltrate placental compartments. 
When an infective insult occurs, neutrophils can invade placental structures; they 
can derive both from the intervillous space and the venules of decidua capsularis. In 
case of acute chorioamnionitis, a maternal and/or a fetal infl ammatory response 
should be distinguished. The stage (progression of the disease) and the grade (inten-
sity of the disease) of the infl ammatory response are summarized in Table  4.2 . 
Acute chorioamnionitis has been associated with adverse pregnancy and neonatal 
outcome, in relation to prematurity due to preterm delivery and/or preterm prema-
ture rupture of the membrane [ 29 ]. Fetal infl ammatory response is the main factor 
that affected fetal–neonatal well-being; fetal infl ammatory response involves 
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a

c d

b

  Fig. 4.3    Placental acute infl ammatory lesions. Images show maternal and fetal infl ammatory 
response in term placentas.  A  severe acute chorioamnionitis in the free membranes; note the 
patchy–diffuse accumulations of neutrophil in the subchorionic plate, involving also the chorion 
and amnion.  B  severe acute chorioamnionitis in the placental chorionic plate, involving both the 
amnion and chorion.  C  severe acute chorioamnionitis with acute intervillitis. Note the large accu-
mulations of neutrophils (microabscesses) under the chorion and between placental villi.  D  fetal 
infl ammatory response involving the umbilical vein. Note the accumulation of the infl ammatory 
infi ltration across the wall of the vessel       
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chorionic plate vessels and/or umbilical vein prior to the involving of umbilical 
arteries. The association between fetal infl ammatory response and adverse neonatal 
condition and outcome takes place especially when umbilical arteries are involved. 
Neonatal sepsis could be a consequence of fetal infl ammatory response but also 
neurological impairment may develop including cerebral palsy [ 30 ]. 

   When fetal neutrophils are found in fetal capillaries and stroma of distal villi, 
with minimal intervillous component, the lesion is called  acute villitis  and it could 
represent an expression of intrauterine fetal sepsis due to a bacterial hematogenous 
infection such as  Escherichia coli  or group B streptococcus. 

4.8.2      Chronic Chorioamnionitis 

 The differential diagnosis of acute chorioamnionitis includes chronic chorioamnio-
nitis, a placental lesion characterized by an infi ltration of maternally derived T lym-
phocytes CD3 +  in the chorioamniotic membranes [ 27 ]. Viral infection can be 
associated with chronic chorioamnionitis, but the actual cause of this lesion is still 
unknown. A frequent association between chronic chorioamnionitis and villitis of 
unknown etiology and the altered chemokine profi le observed in the amniotic fl uid 
of cases affected by chronic chorioamnionitis permit to hypothesize an immuno-
logical cause of this histological placental lesion, suggesting a reaction consistent in 
maternal anti-fetal rejection [ 31 ,  32 ]. Chronic chorioamnionitis has been associated 
with spontaneous preterm birth and intrauterine fetal growth restriction [ 27 ].  

4.8.3     Chronic Villitis of Unknown Etiology 

 Chronic villitis of unknown etiology is a placental lesion characterized by the pres-
ence of villous mononuclear cell infi ltrates composed of maternal CD8 +  T lympho-
cytes [ 33 ]. An increased number of placental Hofbauer cells may coexist and a 
histiocytic infi ltrate within the intervillous space (chronic intervillositis) may 
accompany the chronic villitis. The origin of this lesion is still unknown but a mater-
nal immune response against the fetus has been advocated, similar to host-versus- 
graft rejection [ 33 ]. Although a low grade of villitis of unknown etiology could 
affect placentas from normal pregnancies without clinical consequences, high-grade 
lesions could be associated with severe abnormal pregnancy outcome. Clinical 
associations are summarized in Table  4.3 . Recurrent villitis in the subsequent preg-
nancies is associated with maternal obesity (a known condition of immune dysfunc-
tion) and multigravidity (in relation to the repeated exposure to the fetal antigens).

4.8.4        Chronic Villitis in Oocyte Donation 

 Pregnancies derived from donated oocyte also present a high prevalence of villitis 
of unknown etiology. Egg donation pregnancies represent an interesting challenge 
for the feto-maternal interface immunological aspect: the mother must tolerate a 
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completely allogenic conceptus. The higher incidence of villitis of unknown etiol-
ogy, as well as other placental histological lesions (chronic deciduitis, massive 
chronic intervillositis, increased infi ltration of T-helper cells, and natural killer 
cells), in the basal plate of egg donation pregnancies seems to be related to a more 
pronounced immune-mediated response in this particular type of medical achieved 
pregnancies. The placental histological damages and the frequently abnormal clini-
cal evolution of egg donor pregnancies may be the consequence of a reaction similar 
to graft-versus-host disease and/or organ rejection [ 34 ].  

4.8.5     Chronic Deciduitis 

 Chronic deciduitis corresponds to a mixed lymphoplasmacytic infi ltrate in the 
decidua, identifi able either in the free membrane or along the maternal surface, 
sometimes encroaching the anchoring villi. The presence of plasma cells in the 
endometrium is always considered an abnormal feature (Fig.  4.4 ). It may develop as 
a consequence of antigen-stimulating events related both to infection and noninfec-
tion insults [ 35 ]. A source of antigen is bacterial subacute endometritis that may 
cause recurrent acute chorioamnionitis and preterm delivery in the subsequent preg-
nancies [ 36 ]; otherwise, an alloimmune response may be at the base of chronic 
deciduitis. When there is not an acute infl ammation, decidual plasma cells are asso-
ciated with infertility, miscarriage, and chronic villitis [ 28 ].  

 In summary, an acute neutrophilic infi ltrate of the placenta is generally related to 
infective insults, as occurs in acute chorioamnionitis; a chronic placental infl amma-
tory infi ltrate (including lymphocytes, histiocytes, plasma cells) generally represents 

   Table 4.3    Chronic Villitis of unknown etiology   

 Grade 
 Histological 
features  Distribution 

 Association with 
other placental 
lesions 

 Possible clinical 
association 

 Low  Lesion affecting 
less than 10 villi 
per focus 

 Focal (only one slide 
involved) 
 Multifocal (more than 
one slide involved) 

 No specifi c 
association 

 No specifi c 
association 

 High  More than 10 villi 
affected per focus 

 Patchy 
 Diffuse (involving 
more than 5 % of all 
distal villi) 
 Involving proximal 
stem villi 
 Involving anchoring 
villi and the adjacent 
terminal villi (basal 
villitis) 

 Diffuse perivillous 
fi brin deposition 
 Obliterative fetal 
vasculopathy 
 Chronic deciduitis 
with plasma cells 

 IUGR, IUFD, 
PD 
 NE, CP 
 PL, SM 

   CP  cerebral palsy,  NE  neonatal encephalopathy,  IUGR  intrauterine fetal growth restriction,  IUFD  
intrauterine fetal death,  PD  preterm delivery,  PL  periventricular leukomalacia,  SM  spontaneous 
miscarriage  
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an infl ammatory noninfective placental reaction, as occurs in chronic villitis, chronic 
chorioamnionitis, chronic intervillositis, and chronic deciduitis. These four last lesions 
often coexist as a tetrad, suggesting an alloimmune response. Maternal characteristics 
such as obesity and autoimmune disease (including systemic lupus erythematosus, 
antiphospholipid syndrome, type 1 diabetes mellitus, and thyroiditis) could constitute 
a predisposing factor for the development of these placental damaging lesions. 

 Schematic exemplifi cation of the distribution of the infl ammatory cell during the 
placental lesions is shown in Fig.  4.5     

a b c

  Fig. 4.4    Chronic placental infl ammatory lesions.  A  chronic villitis of unknown etiology. Note the 
infl ammatory infi ltration within the placental villi. The  inset  permits to appreciate the characteristic 
predominant lymphocytic composition of the infi ltrate.  B  chronic intervillositis. Note the aggregates of 
infl ammatory cells in the intervillous space admixed with fi brin deposition. The  inset  permits to appre-
ciate the characteristic predominant histiocytic composition of the infi ltrate.  D  chronic deciduitis in fi rst 
trimester spontaneous miscarriage. Note the massive plasma cells infi ltration within the decidua ( inset )       
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  Fig. 4.5    Schematic example of the distribution of infl ammatory cells during placental pathology. 
Many types of infl ammatory cells may pathologically inhabit multiple compartments of the pla-
centa, leading to damages of placental function and conducting to adverse pregnancy outcome. For 
a detailed description of any lesions, see the text       
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4.9     Inflammatory Lesions of the Decidua 

 Annetine Staff defi nes the decidua basalis “the decidual battleground” [ 37 ]. This is 
the place, the no man’s land, where all these cells rush, live, cooperate, and fi ght in 
human reproduction. A more subtle immune-infl ammatory lesion that dramatically 
impacts on placental function in late gestation is acute atherosis. This lesion affects 
20–40 % of cases of late preeclampsia but is observed also as a minor lesion in a 
subset of “normal” pregnancies, suggesting a continuum of unbalanced interaction 
from subclinical to clinical to severe disease. This local process occurs without 
systemic vascular lesions. Histologically acute atherosis is characterized by CD68- 
positive subendothelial lipid-fi lled foam cells. These cells derive macrophages and 
possibly smooth muscle cells. This process is associated with an infi ltration of 
infl ammatory mononuclear cell like early stages of atherosclerosis in coronary 
artery disease. This lesion is seldom seen in the myometrial tract of spiral arteries 
and is not caused by hypertension. This process is immune-infl ammatory in nature 
and not caused by dyslipidemia. It might be observed in pregnancies with fetal 
growth restriction and immune diseases. It is of interest to observe that this lesion 
might be found not only in abnormal spiral arteries as per early shallow trophoblas-
tic invasion but also and mainly in normal spiral arteries. Atherosis ignites a vicious 
circle of under-perfusion, oxidative stress, infl ammation, and atherosis. According 
to Staff and coworkers [ 38 ], the hyperlipidemia of normal pregnancy worsens in 
women with a pro-atherogenic lipid profi le that develop preeclampsia. 

 These recent fi ndings suggest a possible link between low-grade infl ammation, 
dyslipidemia that characterize metabolic syndrome and excess, and/or severity of 
late gestation acute atherosis and late preeclampsia, associated with a normal fetal 
growth. 

 The full understanding of these pathological concepts should induce clinical 
counselors to underline the importance of prepregnancy lifestyle and nutrition for a 
successful pregnancy.     
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  5      Obesity and Inflammation in Pregnancy 

             Raffaella     Cancello    

5.1            Introduction 

 The role of obesity and obesity-linked chronic infl ammation in adverse pregnancy 
outcomes is an intense developing research area. Maternal-fetal obesity is a com-
plex paradigm, characterized by factors related to overnutrition, adipose tissue mor-
phologic and molecular modifi cations, and infl ammatory processes, impacting 
negatively the development of the fetus and compromising the maternal health state. 
Further studies are urgently required to better characterize the biology of adipose 
tissue in obese pregnant women. 

 Nutritional intervention is actually the only therapeutic target to reduce  maternal-fetal 
complications. Weight loss, specifi c dietary interventions, and physical activity should 
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be encouraged in obese women who intend to be pregnant, while in obese pregnant 
women healthy food choices and moderate exercise, rather than a weight- loss program 
institution, should be encouraged in order to prevent excessive gestational weight gain 
and possible controlling/reducing complication appearance.  

5.2     Obesity and Chronic Low-Grade Inflammation 

 Obesity is a condition of fat mass excess in the body associated with serious 
health consequences [ 1 – 4 ]. Obese individuals are more prone to several medical 
conditions such as cardiovascular disease, type 2 diabetes, and some cancers 
[ 1 – 4 ]. The most commonly used anthropometric tool to classify obesity is body 
mass index (BMI), which is expressed as the ratio of total body weight over 
height squared (kg/m 2 ). Individuals with a BMI ≥30 kg/m 2  are classifi ed as 
obese and with a BMI ranging between 25 and 29.9 kg/m 2  as overweight, and 
individuals with a BMI between 18.5 and 24.9 kg/m 2  are in acceptable range of 
weight (Table  5.1 ). This index, despite some limitations, is strongly correlated 
with body fat mass amount. The distribution of fat mass excess in the body is 
also important: visceral and perivisceral adipose tissues are more linked to 
increased metabolic and cardiovascular risks than other depots (such as the sub-
cutaneous adipose tissue in the gluteo- femoral region). In practice, waist and 
hip circumferences and waist to hip ratio (WHR) should be coupled to BMI 
calculation to estimate the distribution of fat mass excess, evaluate the risks, and 
recommend the optimal weight gain during pregnancy. There is evidence for age 
and ethnicity-linked variations in waist circumference and WHR. In fact, com-
pared to Europeans, Asian populations have greater visceral adipose tissue, and 
African populations have less visceral adipose tissue or body fat percentage at 

    Table 5.1    BMI and recommended body weight gain in pregnancy   

 BMI (kg/m 2 )  Classifi cation 
 Waist circumference 
≥88 cm 

 Waist to hip ratio 
(WHR) ≥0.85 

 Recommended weight 
gain in pregnancy 

 Below 18.5  Underweight  –  –  28–40 pounds 
 (from 13 to 18 kg) 

 18.5–24.9  Normalweight  –  –  25–35 pounds 
 (from 11 to 16 kg) 

 25.0–29.9  Overweight  High risk a   Risk 
substantially 
increased a  

 15–25 pounds 
 (from 7 to 11 kg) 

 30.0 and 
above 

 Obese  Very high risk a   Risk 
substantially 
increased a  

 11–20 pounds 
 (from 6 to 9 kg) 

   a Disease risk for type 2 diabetes, hypertension, and cardiovascular diseases  
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any given waist circumference [ 5 ,  6 ]. Women’s BMI, waist, and WHR cutoff are 
reported in Table  5.1 .

   There is still an open debate regarding the concept of obesity as pathology or a 
simple consequence of overfeeding and physical inactivity. Anyhow, the excess of 
fat mass in the body should be always considered pathologic when in concomitance 
with a disease state. Even in the absence of a disease state, fat mass excess is associ-
ated with an increased risk of cardiovascular disease [ 7 – 9 ]. 

 In humans we should talk about “obesities” instead of “obesity,” since the same 
excess of fat mass can be generated by different mechanisms: primary obesity is due 
to excessive food intake coupled with decreased energy expenditure due to physical 
inactivity, whereas secondary obesity refers to obesity secondary to endocrine, met-
abolic, or even genetic disorders. Genetic forms of obesity are rare, explaining at 
most 3–4 % of human obesities [ 10 – 12 ]. 

 Obesity alters lipid metabolism and it is characterized by a rise in total triglycer-
ides, reduced HDL cholesterol, and an increase of VLDL, although total cholesterol 
and LDL cholesterol are signifi cantly modifi ed. In obesity also glucose metabolism 
is altered and characterized by hyperinsulinemia (reaching levels approximately 
twofold higher than those found in nonobese women) [ 8 ]. Besides metabolic com-
plications, it is now widely recognized that obesity is associated with a state of 
“chronic low-grade infl ammation” [ 13 – 15 ]. Serum levels of many pro-infl amma-
tory and anti-infl ammatory mediators are chronically altered in obesity, negatively 
affecting organs such as the liver, skeletal muscle, pancreas, gut, and heart [ 13 – 15 ]. 
This low-grade infl ammation is then viewed as the common pathophysiological 
mechanism underlying the appearance of chronic and obesity-related complications 
such as hypertension, type 2 diabetes, metabolic syndrome, cardiovascular disease, 
and several type of cancers [ 8 ,  15 – 18 ]. Obesity-linked infl ammation is character-
ized by a modest, but chronic, increase in circulating levels of mediators such as 
tumor necrosis factor alpha (TNFα), interleukin 6 (IL-6), interleukin 1 beta (IL-1), 
monocyte chemoattractant protein 1 (MCP-1), and serum amyloid A protein (SAA) 
together with the increase of leptin and decrease in circulating adiponectin, a cyto-
kine with well-known anti-infl ammatory properties [ 8 ,  13 ,  19 ]. 

5.2.1     Leptin and Adiponectin 

 Leptin and adiponectin are also called “adipokines” since these two cytokines are 
almost exclusively secreted by white adipose cells [ 19 – 21 ]. Leptin and adiponectin 
have a crucial role in infl ammation modulation. Leptin exerts proliferative and anti-
apoptotic activities in a variety of cell types, including T lymphocytes, leukemia cells, 
and hematopoietic progenitors, and its levels are acutely increased by infl ammatory 
stimuli, such as in endotoxemia, and by pro-infl ammatory cytokines such as TNFα 
and IL-1 [ 22 ]. Adiponectin has anti-infl ammatory, antiatherogenic, antioxidant, and 
antiapoptotic effects, inhibiting TNF-induced endothelial adhesion and macrophage 
transformation to foam cells and suppressing TNF expression by macrophages, as 
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well as by adipocytes [ 19 ,  20 ]. Of note, even a modest weight loss (5–10 % of weight) 
is able to positively modulate these infl ammatory circulating mediators [ 23 ].   

5.3     The Molecular Role of White Adipose Tissue in Obesity 

 During the last decade, white adipose tissue has been recognized as more than sim-
ply a storage depot for triglycerides. White adipose tissue is an active endocrine 
organ secreting adipokines, infl ammatory mediators, and many bioactive molecules 
[ 19 ]. Obesity dramatically alters the morphology, as well as the molecular physiol-
ogy, of white adipose cells [ 24 ]. In obesity, adipose tissue is characterized by hyper-
trophy and hyperplasia of unilocular adipocytes, with a dramatic change in the 
relative abundance of stromal vascular fraction cells, composed by adipocyte pre-
cursors ( i.e ., preadipocytes), hematopoietic progenitor cells, endothelial cells, and 
immune cells, 10 % of which are CD14 + /CD31 +  macrophages [ 25 ]. The accumula-
tion of adipose tissue macrophages (ATMs) in visceral adipose tissue of obese indi-
viduals has been well described [ 13 ,  14 ]. The number of macrophages in white 
adipose tissue (WAT) is directly correlated with adiposity and adipocyte mean size, 
with a higher abundance in visceral than in subcutaneous compartment [ 14 ]. The 
accumulation of T lymphocytes in adipose tissues (ATLs) was also demonstrated, 
and in mice submitted to high-fat diet, this phenomenon precedes the accumulation 
of ATMs. Moreover, the increased expression of T-lymphocyte markers was con-
comitant with the initiation of insulin resistance characterized by a reduction in 
systemic glucose tolerance and insulin sensitivity [ 25 ]. Early ATL infi ltration in 
adipose tissue might be considered as a “primary” event that orchestrates the adi-
pose tissue infl ammation. In the adipose tissue of obese subjects, all lymphocyte 
types were detected: NK (natural killer) and NKT (natural killer T) cells that belong 
to the innate immune system, B lymphocytes and CD4 + /CD8 +  lymphocytes that 
belong to the adaptive immune system, and T lymphocytes responsible for the 
innate and adaptive immunity [ 25 ]. 

5.3.1     Extracellular Matrix in the Adipose Tissue 

 In addition to the infl ammatory components in the adipose tissue, it should be 
noted that also the extracellular matrix components are modifi ed in obesity [ 26 ]. 
The extracellular matrix is extremely important for the structure and functions of 
almost any cell type. Furthermore, it is involved in numerous processes such as cell 
adhesion, proliferation, differentiation, migration, apoptosis, and gene expression. 
During obesity progression, the connective fi ber content of the adipose tissue 
increases dramatically, due to an upregulation of several types of collagens. As the 
collagen content increases, the overall rigidity of adipose tissue also increases, 
likely contributing to an increase in its mechanical strength. In adipose tissue, 
“fi brosis” appears to be initiated in response to adipocyte hypertrophy, which 
occurs as the initial step toward fat expansion through enlargement of the lipid 
droplet size in adipocytes [ 26 ]. The cellular factors associated with adipocyte 
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expansion and collagen activation are currently unknown and a matter of intense 
investigations, but tissue hypoxia could be certainly involved. Fibrosis of the adi-
pose tissue represents then another pro-infl ammatory factor in dysregulation of 
adipocyte biology. The cellular components of adipose tissue in obesity are sum-
marized in Fig.  5.1 .    

5.4     Obesity and Inflammation in Pregnancy 

 As a consequence of the rise in worldwide global obesity, the prevalence of obesity 
in reproductive-age women is currently 30 % and in the early pregnancy it is about 
20 % [ 27 – 32 ]. Pregnancy is a physiological state characterized by changes in weight, 
maternal fat deposition, and fl uid redistribution. An unambiguous assessment of the 
complications induced by obesity in pregnant women is made diffi cult by the fre-
quent inability to distinguish the effects of obesity from those due to its complica-
tions [ 33 ,  34 ]. It is therefore interesting to focus our attention to the infl uence that 

Normal Weight Obesity

Stromavascular Fraction cells (SVF):

Unilocular Adipocytes

Adipose
Tissue

Adipocyte precursors
Endothelial cells
Fibroblasts
Resident Monocyte/Macrophages

Proliferations of adipocyte precursors
Increased Vascularization
Fibrosis

CD14+CD31+ Macrophages

CD4+CD8+ Lymphocytes

Adipocyte Hyperplasia/Hypertrophy

  Fig. 5.1    List of cell types in adipose tissue of normal weight  vs . obese subjects ( upper panel ). The 
 lower panel  shows the histology of human visceral adipose tissue from an obese donor. Fully 
mature hypertrophic adipocytes are clearly visible together with infl ammatory infi ltrations (mac-
rophages and lymphocytes). Green fi bers represent adipose tissue fi brosis (60×, Masson’s Trichrom 
staining; R. Cancello, personal unpublished image)       
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excess of weight has on the mother. The literature shows that pregnancy in obese 
women is complicated by different medical conditions [ 33 – 41 ], such as:

•    Higher incidence of adverse pregnancy outcome for the mother and newborn 
when compared to women with a BMI in a normal range  

•   Type 2 diabetes at the time of conception  
•   Hypertensive disease in pregnancy and preeclamptic toxemia  
•   Mechanical complication (i.e., pelvic pain and lower back pain)  
•   Reduced mobility during pregnancy (increased venous thromboembolism risk)  
•   Overall higher rate of labor induction with higher doses of oxytocin and 

prostaglandins  
•   Higher cesarean section rates  
•   Macrosomic babies with fat mass excess at birth  
•   Increased risk of postpartum depression    

 Pregnancy could be considered as a natural “pro-infl ammatory” state, as demon-
strated by the activation of maternal leukocytes and by mild elevations in circulating 
levels of both pro- and anti-infl ammatory cytokines [ 39 ]. It has been suggested that 
at the local uterine/placental level, implantation ( i.e. , early pregnancy phase) and 
delivery ( i.e ., late pregnancy) may be considered as pro-infl ammatory states while 
mid-pregnancy as an anti-infl ammatory state [ 39 ]. However, few studies have exam-
ined longitudinal changes in circulating cytokines, during pregnancy progression 
and during postpartum transition. 

 Numerous studies have shown that maternal obesity is associated with an 
increased risk of gestational hypertension, but few studies have made a distinction 
between gestational hypertension and preeclampsia (PE) [ 35 ,  36 ,  41 ]. A maternal 
exaggerated infl ammatory response to pregnancy, exacerbated by excessive body 
fatness, is associated with endothelial dysfunction, hypertension, proteinuria, and 
varying degrees of ischemic end-organ damage that characterizes PE [ 29 – 33 ]. The 
risk of developing gestational hypertension is directly correlated with maternal BMI 
[ 29 – 33 ]. However, the results are not entirely in agreement for high maternal BMI 
and increased risk for development of PE. Several studies show a strong association 
of maternal obesity with the PE (indicating a doubled risk for every increase of BMI 
of 5–7 kg/m 2 ), while others denote only a slight tendency in this direction [ 29 – 33 ]. 
The pathogenesis of vascular damage that underlies PE may also be explained as a 
manifestation of a state of insulin resistance. 

 A condition of hyperinsulinemia, typical of obesity, is able to alter the intracel-
lular cationic pumps regulating vascular tone and blood pressure, to stimulate the 
sympathetic nervous system and to induce hypertrophy of smooth muscle cells 
[ 42 – 44 ]. An increased level of vasoactive peptides that is associated with hyperin-
sulinemia may then contribute to endothelial damage that is characteristic of PE. In 
confi rming a strong correlation between obesity and the onset of PE, several authors 
have emphasized a common condition: the activation of the infl ammatory system 
[ 42 – 44 ]. The fi nding of high serum concentrations of IL-6 and CRP in obese preg-
nant women is a key point in the condition of chronic infl ammation typical of 
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obesity, which correlates negatively with endothelial function and positively with 
the levels of fasting insulin, thus demonstrating a possible implication in the patho-
genesis of gestational diabetes mellitus (GDM) [ 44 ,  45 ]. 

 From these observations it emerges as the metabolic and infl ammatory features 
of obese women may predispose to vascular damage then helping the mechanism 
through which the maternal adiposity is associated with the emergence of 
PE. Epidemiological studies demonstrated that women with pregnancies compli-
cated by PE are more likely to develop coronary heart diseases later in life [ 29 ,  30 ]. 
However, TNF and IL-6 expression, well-known acute-phase reactant, are increased 
in obese pregnant women independently of PE, then suggesting the involvement of 
other sources to the circulation than the placenta itself. A role for maternal adipose 
tissue, particularly visceral fat, could then be suggested [ 8 ]. 

 Abdominal obesity is frequently associated with a condition of hyperinsulinemia. 
High concentrations of insulin reduce the number of insulin receptors and, as a 
consequence, the effect of insulin itself. The maintenance of a euglycemia condition 
therefore requires a progressive increase in insulin secretion. Pregnancy, which is a 
condition of stress on carbohydrate metabolism, may affect this delicate balance. 
Multiple studies document an increased risk of GDM among obese pregnant 
women, in particular between those with morbid obesity (BMI > 35 kg/m 2 ) [ 42 – 46 ]. 
An incidence of 24.5 % for GDM in pregnant women with BMI greater than 40 kg/
m 2  compared to 2.2 % in women with BMI between 20 and 24.9 kg/m 2  was reported 
[ 42 – 46 ]. Women who develop GDM are also more likely to develop diabetes in 
their lifetime [ 29 ]. Such considerations make it necessary to identify patients poten-
tially at risk of developing GDM, in order to implement preventive measures. It is 
demonstrated that even a modest weight loss between two subsequent pregnancies 
modifi es the risk of GDM development [ 42 – 46 ]. Obesity fi nally exposes pregnant 
women to a worsening of preexisting diabetes with an increased risk of fetal macro-
somia, nervous system defects, cardiovascular diseases, and increased mortality 
risk, as well as an increased likelihood of developing obesity in childhood [ 29 , 
 32 – 34 ].  

5.5     Adipose Tissue in Pregnancy 

 The functional/morphologic changes of adipose tissue in pregnancy have been 
poorly studied in humans, but it is possible that the obesity-linked metabolic and 
infl ammatory adipose tissue alterations represent an additional factor contributing 
to a pro-infl ammatory state in pregnancy [ 35 ]. High subcutaneous abdominal adi-
pose tissue thickness during pregnancy has been associated with elevated infl amma-
tory marker levels [ 46 ]. It was described that abdominal thickness ≥15 mm (by 
ultrasounds techniques) is a strong predictor of high CRP and HbA1c circulating 
levels in pregnant women [ 47 ]. In addition, higher values of fat thickness during 
24–28 weeks of gestation are associated with pregnancy-related complications that 
could be observed during later periods of gestation [ 47 ,  48 ]. Measurement of 
abdominal fat might then be helpful to identify groups at risk [ 47 ,  48 ]. 
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 The weight gain in pregnant women is due to the placenta,  fetus , and increasing 
 uterus  and breast volumes, including increase of plasma mass and general body 
water retention. In pregnancy, the correct measurement of waist circumference or 
WHR, as well as calculation of BMI, might be diffi cult due to the progressive weight 
gain and fl uid redistribution. Indeed, waist circumference measurement does not dif-
ferentiate between visceral and subcutaneous depots and has not been validated for 
pregnant women. Changes in body-composition characteristics during pregnancy, 
such as hydration and frequently edema, may affect the validity of the interpretation 
of other instrumental measurements, such as body impedance analysis. 

 During pregnancy there is a progressive increase of fat deposits useful to protect 
the  fetus  from any nutritional defi ciencies and to support lactation. The extent of 
these fat deposits is proportional to the increase of weight of the woman, and there-
fore, the greater the difference between the weight prepregnancy and that at the end 
of pregnancy, the greater the amount of adipose tissue remaining in the new mother 
[ 28 ]. Considering the methods and extent of weight loss in the  puerperium , it is seen 
that the real cause of weight retention after pregnancy is to be found in increasing 
weight in pregnancy [ 28 ]. The demonstration of little infl uences of factors, such as 
maternal age, socioeconomic conditions, mode of delivery, smoking, type of work, 
and the use of oral contraceptives, underlines the importance of an adequate control 
of the pregnant weight, in order to avoid the onset of a condition of obesity from an 
overweight or worsen a pre-existing obesity [ 27 – 29 ]. 

5.5.1     Leptin and Adiponectin in Pregnancy 

 Focusing on adipokines, it is known that maternal leptin levels increase during the 
fi rst and second trimesters, peaking in the late second or in the early third trimester. 
Leptin levels remain high throughout all the gestation period and drastically decline 
after delivery. Together with low-grade systemic infl ammatory state, the high leptin 
levels of pre-gravid obese women are believed to be the primer for placental infl am-
mation during pregnancies. The placenta itself is a source of leptin and signifi cantly 
contributes to the increased circulating levels observed in pregnancy. High leptin 
concentrations during pregnancy are emerging as potential predictor of PE develop-
ment in obese women [ 49 – 53 ]. 

 Adiponectin plays an important role in maternal, placental, and fetal physiology. 
During gestation, there is an early increase in serum adiponectin levels followed by a 
decline in the second half of gestation. Interestingly, changes in serum adiponectin 
levels are correlated with maternal insulin sensitivity, and low adiponectin levels are 
associated with severe PE, GDM, and increased risk of delivering “large for gesta-
tional age” (macrosomic) infants. In normal weight pregnant women, serum adipo-
nectin is inversely correlated with birth weight even though the molecular mechanisms 
underlying this relation are still unknown. Interestingly, with the exception of adipo-
nectin, the placenta has a similar secretory profi le as white adipose tissue [ 54 – 58 ]. 

 Several studies demonstrated that the number of CD68 + /CD14 +  macrophages 
was increased two- to threefold in the placenta of obese, compared with lean, 
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pregnant women [ 59 ]. Of interest, the source of the CD14 +  macrophages in the pla-
centa was confi rmed to be of maternal and not fetal origin [ 60 ]. Based on these 
studies, maternal obesity seems to be the main cause of the infl ammation involving 
maternal white adipose tissues, plasma, as well as placenta [ 33 ]. There is now 
agreement on the fact that many chronic diseases, including obesity, can negatively 
affect the  fetal programming ,  i.e ., the epigenetic adaptation of cells and tissues to an 
early nutritional stress (with trans-generational heritable effects) [ 33 ,  40 ]. 

 The biological mechanisms mediating these connections are not completely 
known at present, but are likely related to programming of insulin and leptin resis-
tance  in utero . Despite evidence of maternal obesity complications, infl ammation, 
and negative effects in offspring, there is a little knowledge on the effectiveness of 
nutrients with anti-infl ammatory properties during pregnancy in obese women.      
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  6      The Role of Placental Inflammasomes 
in Linking the Adverse Effects 
of Maternal Obesity on Fetal 
Development 
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6.1            Introduction 

 In the United States, over two-thirds of women of reproductive age have a high 
body mass index (BMI >25 kg/m 2 ), and more than one-third are obese (BMI 
>30 kg/m 2 ) [ 1 ]. Maternal obesity represents signifi cant health risks for both 
mother and child. Pregnant mothers who are obese have an increased risk of 
developing hypertension, preeclampsia, and gestational diabetes. Infants born to 
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obese and gestational diabetic mothers are likely to have greater adiposity, ele-
vated levels of proinfl ammatory cytokines, and insulin resistance [ 2 ]. Children of 
obese mothers are susceptible to childhood obesity and to develop cardiovascular 
disease, type 2 diabetes, and obesity as adults [ 3 ]. Animal models and clinical 
studies suggest that the intrauterine environment plays a critical role in mediating 
the adverse effects of maternal obesity on the offspring and therefore offers a 
unique window of opportunity for intervention. However, few strategies are cur-
rently available for the prevention of obesity or metabolic dysfunction in children 
of obese mothers. Recent studies demonstrate that children born to women who 
had undergone bariatric surgery and weight loss had a lower prevalence of obesity 
compared to their siblings born before surgical weight loss [ 4 ]. Although bariatric 
surgery is limited to morbidly obese patients, this fi nding establishes the impor-
tance of the maternal metabolic environment on the in utero transmission of obe-
sity to the next generation. 

 In the past decade, the search for potentially unifying mechanisms underlying 
the pathogenesis of obesity-associated diseases has revealed a surprisingly close 
relationship between signaling pathways regulating cellular immune response and 
metabolic homeostasis. This has given rise to the concept of “metafl ammation” 
(metabolically induced infl ammation) which refers to a distinct set of infl amma-
tory responses principally triggered by nutrients and metabolites [ 5 ]. In contrast 
to the acute innate immune response induced by microbial stimuli, metafl amma-
tion is characterized by multisystemic chronic low-grade infl ammation leading to 
insulin resistance in several tissues including the adipose, liver, and muscle [ 6 ]. 
While pregnancy itself represents a physiologic infl ammatory state, women enter-
ing pregnancy with preexisting obesity exhibit enhanced systemic infl ammation 
associated with peripheral insulin resistance [ 7 ], which may lead to the develop-
ment of gestational diabetes. In recent years, placental infl ammation has emerged 
as a common observation in these pregnancy disorders [ 8 – 12 ], although the mech-
anisms regulating placental infl ammatory processes in maternal obesity have been 
a matter for debate [ 8 ,  10 ,  11 ]. 

 The human placenta is the direct interface between maternal and fetal circula-
tions. The placenta performs many indispensable tasks including hormone produc-
tion, nutrient transfer, and gas exchange. Optimal placental function is thus 
paramount to support the growth and development of a healthy infant. Maternal diet 
and disease can infl uence placental development and function, leading to changes in 
the supply of nutrients, hormones, and oxygen to the fetus. The placenta therefore 
plays a central role in determining the impact of maternal obesity on fetal develop-
ment and the long-term health of the infant. Clinical studies now indicate that 
maternal obesity is associated with changes in placental function [ 13 – 17 ]. In par-
ticular, placental circulation [ 17 ,  18 ], nutrient transporters [ 13 ,  19 ,  20 ], and meta-
bolic function [ 14 ,  15 ] have been reported to be infl uenced by maternal adiposity. 
Whether these changes are associated with or caused by placental infl ammatory 
processes is currently unclear.  
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6.2     Inflammatory Mechanisms Involved in Metabolic 
Disorders 

 All tissues possess infl ammatory mechanisms which mediate a highly coordinated 
homeostatic response to harmful stimuli. The short-term adaptive infl ammatory 
response is a crucial component of tissue repair involving the integration of multiple 
signals in distinct cells and tissues. However, if left unresolved, long-term infl am-
mation may result in permanent organ damage. The chronic nature of obesity pro-
duces low-grade infl ammation that disrupts metabolic homeostasis over time. An 
adverse in utero environment may place individuals at risk of lifelong metafl amma-
tion predisposing the infant to the development of metabolic syndrome in later life. 

 Insulin resistance is a hallmark of the metabolic syndrome, occurring as a result of 
decreased insulin sensitivity in the adipose, liver, and muscle. To maintain homeostasis, 
insulin secretion from pancreatic β-cells is increased. Over time, β-cells may fail to 
meet the increasing demand for insulin, resulting in hyperglycemia and diabetes. A link 
between infl ammation and insulin resistance was fi rst established by the demonstration 
that TNFα knockout mice were protected against obesity-induced insulin resistance 
[ 21 ]. Compared to wild-type obese mice, TNFα- null obese mice exhibited increased 
insulin signaling in adipose and muscle tissues, improved glucose metabolism, and 
reduced circulating levels of free fatty acids. Indeed, TNFα levels during pregnancy 
predicted maternal insulin resistance even in euglycemic women [ 22 ], and a proinfl am-
matory maternal  milieu  is associated with a number of pregnancy disorders. 

 Infl ammation is initiated by cytokines and pathogen-associated molecular patterns 
(PAMPs), such as carbohydrates, lipoproteins, and lipopolysaccharide components of 
bacterial and fungal cell walls, that stimulate plasma membrane-bound cytokine recep-
tors or toll-like receptors (TLR) to initiate an infl ammatory signaling cascade. These 
signaling pathways in turn activate transcription factors which drive the expression of 
genes which collectively assist in the recruitment and activation of immune cells and 
removal of pathogens and accelerate tissue repair. In recent years, TLR4 has emerged as 
a sensor for both microbial products and nutrients. The archetypal TLR4 agonist is lipo-
polysaccharide (LPS), a component of Gram-negative bacteria cell wall. Interestingly, 
saturated fatty acids (SFAs) acylated in the lipid A moiety of LPS were suffi cient to 
invoke TLR4-mediated biological effects [ 23 ], implicating a role for circulating fatty 
acids in the infl ammatory response. The effect of fatty acids on TLR4 activity depends 
on chain length and saturation [ 24 ]. Saturated fatty acids such as palmitic (C16:0) and 
stearic (C18:0) acid promote TLR4-mediated infl ammatory response, whereas the 
omega-3 polyunsaturated fatty acid (n-3 PUFA) docosahexaenoic acid (C22:6) attenu-
ates TLR4 signaling. Additionally, TLR4 is activated by other endogenous molecules 
especially in response to stress. Otherwise known as danger-associated molecular pat-
terns (DAMPs), these endogenous TLR4 agonists include heat shock proteins, oxidized 
lipids and sterols, and breakdown products of the extracellular matrix [ 25 – 27 ]. 

 TLR4 activates two major signaling pathways, the mitogen-associated protein 
kinase (MAPK) pathways (p38 MAPK and c-Jun N-terminal kinases (JNK)) and 
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nuclear factor kappa B (NF-κB). Activation of JNK results in nuclear translocation 
where it regulates the activity of activating protein-1 (AP-1), a heterodimeric protein 
composed of multiple transcription factors belonging to c-Fos, c-Jun, ATF, and JDP 
families that regulate a vast array of genes. Conversely, NF-κB activation results in 
nuclear translocation of one of its fi ve subunits which directly controls gene transcrip-
tion. Moreover, reports of AP-1 regulation of NF-κB and vice versa suggest signifi cant 
crosstalk between these signaling pathways [ 28 ,  29 ]. Collectively, activation of these 
signaling pathways results in increased transcription of cytokines, such as IL-6, IL-1β, 
and TNFα, which inhibit insulin signaling in many tissues. Research in the last decade 
provides signifi cant evidence for the involvement of these pathways in the initiation, 
propagation, and development of metabolic diseases [ 30 ,  31 ]. Figure  6.1  illustrates an 
overview of the major infl ammatory mechanisms implicated in metabolic disorders.   
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  Fig. 6.1    Regulation of placental infl ammatory response by dietary fatty acids. Saturated and monoun-
saturated fatty acids activate TLR4 leading to downstream infl ammatory pathways JNK and NF-κB. JNK 
activates AP-1 transcription factors, while NF-κB subunits directly translocate to the nucleus and bind 
promoter regions of proinfl ammatory cytokines. Omega-3 fatty acids bind to the GPR120 plasma mem-
brane receptor to inhibit infl ammatory pathways. The intracellular NLRP3 infl ammasome, which is 
responsible for IL-1β maturation, is also activated by dietary fatty acids and inhibited by omega-3 fatty 
acids.  AP-1  activating protein-1,  GPR120  G protein-coupled receptor 120,  IKK-β  inhibitor of nuclear 
factor kappa B kinase,  JNK  c-jun-N-terminal kinase,  MUFA  monounsaturated fatty acid,  NF-κB  nuclear 
factor kappa B,  NLRP3/Infl ammasome  nod-like receptor 3 infl ammasome,  SFA  saturated fatty acid       
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6.3     Placental Inflammation in Maternal Obesity 

 While there have been numerous animal models of maternal obesity in pregnancy 
demonstrating placental infl ammation [ 18 ,  32 – 34 ], we have limited our discussion 
to human studies. Several studies show increased expression of proinfl ammatory 
cytokines IL-6, IL-1β, and TNFα in placental tissues of obese mothers [ 8 ,  10 – 12 ]. 
The mechanism(s) of placental infl ammation in maternal obesity, however, has been 
a source of contention. Analogous to adipose tissues, increased accumulation of 
maternal macrophages in placentas of obese mothers has been reported by some 
investigators [ 9 ,  10 ], while others were unable to show any differences [ 11 ]. 
Similarly, Saben et al. have implicated placental JNK and NF-κB with maternal 
obesity [ 12 ,  35 ], while we could not fi nd any changes in these pathways, but discov-
ered increased STAT3 and p38 MAPK activity in placentas of obese mothers [ 8 ]. 
One possible explanation for these differences may be related to subject selection, 
since maternal obesity is also associated with several comorbidities including 
hypertension and gestational diabetes, conditions potentially more likely to invoke 
a greater multisystemic infl ammatory response than obesity per se. 

 While activation of placental infl ammatory processes in maternal obesity has 
been described [ 8 ,  12 ,  35 ,  36 ], the physiological signifi cance of placental infl am-
mation has not been addressed in adequate detail. Infl ammation of the fetal mem-
branes (chorioamnionitis) is a major risk factor for preterm birth, which may result 
in premature rupture of the membranes (PROM). Recent epidemiological studies 
demonstrate increased risk of preterm deliveries in obese mothers [ 37 ,  38 ]. 
However, it is currently unclear if placental infl ammation associated with maternal 
obesity increases the risk of PROM. Systemic or placental infl ammation may also 
result in endothelial dysfunction. Pre-gravid obesity increases maternal levels of 
markers of endothelial dysfunction [ 39 ] and is associated with impaired vascular 
function in placental arteries [ 17 ]. Consequently, this may impact upon fetal heart 
development, because uteroplacental circulation has been linked with fetal vascu-
lar function [ 40 ]. 

 Previous work from our lab demonstrated that proinfl ammatory cytokines infl u-
ence placental nutrient transport functions [ 41 ,  42 ]. Using concentrations similar to 
circulating cytokine concentrations in obese women, IL-6 and TNFα were shown to 
stimulate amino acid transport activity [ 41 ], while higher concentrations were 
required to stimulate fatty acid uptake into primary trophoblasts [ 42 ]. STAT3 activ-
ity was required for IL-6 (and leptin)-stimulated amino acid uptake [ 41 ,  43 ], while 
our preliminary data suggests a role for p38 MAPK in regulating the TNFα response 
(Aye et al, 2015 unpublished observations). In addition to cytokines, insulin and 
leptin (hormones elevated in maternal obesity) also signifi cantly increase placental 
amino acid transport [ 44 ,  45 ]. Interestingly, IL-1β which is also upregulated in the 
placentas of obese mothers [ 8 ,  10 ,  11 ] was shown to inhibit insulin-dependent [ 46 ] 
and insulin-independent [ 47 ,  48 ] amino acid transport in placental primary tropho-
blasts and trophoblast cell lines. These fi ndings suggest complex interactions 
between proinfl ammatory cytokines and maternal hormones in the regulation of 
placental nutrient transfer to the fetus.  

6 The Role of Placental Infl ammasomes



82

6.4     The Emerging Role of Placental Inflammasomes 
in Pregnancy Disorders 

 Infl ammasomes are multi-protein complexes composed of a cytoplasmic receptor, 
an apoptosis-associated speck-like protein (ASC) containing a caspase activation 
and recruitment domain (CARD) adaptor, and pro-caspase-1, which associate upon 
cellular exposure to microbial or endogenous danger signals. Upon activation, the 
infl ammasome complex formation results in caspase-1 maturation leading to pro-
teolytic cleavage of pro-IL-1β into mature IL-1β (Fig.  6.2 ). This is then followed by 
either secretion of IL-1β into the circulation which may lead to systemic infl amma-
tory effects or more locally induced pyroptosis. Currently, six members of the nod- 
like receptor (NLR) family are known to function as “pathogen” or “danger” sensors 
to initiate infl ammasome complex formation. Of these, NLRP3 is best characterized 
for its role in both immune and metabolic disorders.  

 The placenta expresses the cytosolic NLRP1, NLRP3, and NLRC4 [ 49 ], which 
respond to multiple factors associated with both pathogenic and sterile infl amma-
tion. Activation of infl ammasomes in gestational tissues has been reported in a num-
ber of pregnancy complications including preterm birth [ 50 – 52 ], preeclampsia 
[ 53 – 55 ], and microbial infections [ 56 ]. The resulting release of mature IL-1β medi-
ates a myriad of effects in gestational tissues including induction of IGFBP-1 
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expression in decidual tissues thereby decreasing the bioavailability of IGF-I in the 
feto-maternal interface and in the maternal circulation [ 57 ] and stimulating placen-
tal production of progesterone [ 58 ], hCG [ 59 ], and activin-A [ 60 ]. Furthermore, 
IL-1β is a highly apoptotic agent in human gestational tissues [ 61 ]. Hence knowl-
edge of the mechanisms governing IL-1β production in the placenta plays a critical 
role in understanding the pathogenesis of several pregnancy disorders. 

 We recently identifi ed increased caspase-1 activation in placentas of women with 
high BMI ([ 62 ] and Fig.  6.2 ), despite no changes in placental NF-κB DNA-binding 
activity. Likewise, expression of the mature IL-1β protein (17 kDa) in placental tis-
sues was also positively correlated with maternal BMI, whereas pro-IL-1β (32 kDa) 
was not signifi cantly altered by maternal BMI. These fi ndings indicate a novel 
mechanism in which IL-1β is regulated at the posttranslational level by maternal 
obesity. We further determined the impact of IL-1β on placental function and dem-
onstrated that IL-1β inhibits insulin signaling and function (as measured by insulin- 
mediated amino acid transport) in primary human trophoblasts [ 46 ]. Inhibition of 
insulin signaling was mediated at the level of the insulin receptor substrate-1 (IRS- 
1), where IL-1β increased the inhibitory serine phosphorylation of IRS-1 (Ser307), 
decreased tyrosine phosphorylation-mediated activation of IRS-1 (Tyr612), and 
reduced total IRS-1 levels. Decreased IRS-1 activity led to inactivation of both the 
PI3K and GRB2 signaling pathways downstream of IRS-1. Taken together, these 
fi ndings suggest that the increased infl ammasome activation in placentas of high 
BMI mothers may lead to decreased placental insulin sensitivity. However, the sig-
nals activating infl ammasomes in these placentas are currently unclear. 

 Because the classical infl ammatory pathways associated with the microbial 
response (namely, NF-κB and JNK) were not altered in the placenta in pregnancies 
complicated by maternal obesity, we hypothesized that placental infl ammasome acti-
vation is a result of DAMPs or nutritional and/or oxidative stress. Robust activation 
of the infl ammasomes requires two signals: a fi rst “priming” signal, which promotes 
NF-κB activity leading to pro-IL-1β expression, and a second “activating” signal that 
activates caspase-1. In the placenta, constitutive NF-κB activity is likely to contrib-
ute to pro-IL-1β expression, whereas caspase-1 activation requires a specifi c event. 
DAMPs including cholesterol crystals, ATP, potassium effl ux, and ceramide initiate 
caspase-1 maturation in many cell types [ 63 ]. However, it is currently unclear if 
DAMPs provide the mechanistic link to placental infl ammasome activation because 
these factors have not been implicated in maternal obesity. On the other hand, mater-
nal obesity is associated with oxidative stress, which may provide the necessary 
signal required for caspase-1 activation [ 12 ,  14 ,  64 ]. Dietary SFAs activate infl am-
masomes in a cell-specifi c manner [ 65 ,  66 ]. In immune cells palmitic acid, but not 
oleic acid, triggered infl ammasome activation [ 67 ]. In contrast, both these saturated 
fatty acids increased caspase-1 activity and IL-1β maturation in cultured primary 
human trophoblast cells (Fig.  6.2 ). This discrepancy is particularly relevant in preg-
nancy because obese mothers typically have high circulating levels of SFA, espe-
cially palmitic acid and monounsaturated fatty acid (MUFA) such as oleic acid [ 68 ]. 
Interestingly, both palmitic and oleic acids are capable of activating TLR4 [ 35 ,  69 ], 
suggesting that these fatty acids stimulate both the necessary pathways required for 
robust infl ammasome activation. Moreover, most Western diets have low levels of 

6 The Role of Placental Infl ammasomes



84

long-chain n-3 PUFA – in particular docosahexaenoic acid (DHA) [ 70 ], which has 
previously been shown to prevent infl ammasome activation in macrophages [ 71 – 73 ]. 
Consistent with these reports, our preliminary data demonstrates that DHA decreases 
(pro-)caspase-1 expression thereby attenuating IL-1β maturation (Fig.  6.2 ). The high 
dietary SFA and MUFA combined with low n-3 PUFA may therefore favor infl am-
masome activation in the placentas of high BMI mothers (Fig.  6.3 ). 

 The clinical signifi cance of increased infl ammasome activation leading to IL-1β- 
mediated insulin resistance in the placenta may be substantial. Although, increased 
placental amino acid transport activity has been reported in obese [ 13 ] or diabetic 
mothers [ 74 ], other studies demonstrate either no changes [ 75 ] or reduced transport 
activity [ 76 ,  77 ]. The discrepancy between these reports may be due to the infl am-
matory status of these placentas. It is possible that an increased placental infl amma-
tory response associated with maternal obesity [ 8 ,  10 – 12 ,  35 ] or diabetes [ 78 – 81 ] 
may limit placental insulin-mediated transport, featuring an adaptive mechanism to 
limit excessive fetal growth in the presence of maternal hyperinsulinemia. Providing 
circumstantial support for this concept are reports demonstrating that the infl amma-
tory processes associated with fetal growth restriction also inhibit placental 
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transport activity in pregnancies complicated by malaria, a condition which 
increases the risk of fetal growth restriction [ 48 ].  

 Glyburide is a sulfonylurea agent which stimulates insulin release in the pan-
creas. The use of glyburide in the management of gestational diabetes has been 
actively explored, due to its glucose-lowering effects. While generally considered a 
safe alternative to insulin treatment in gestational diabetes pregnancies [ 82 ], a recent 
meta-analysis demonstrated that glyburide use in pregnancy is associated with 
increased fetal growth [ 83 ]. Although it is currently unclear if the association repre-
sents a cause and effect, it is interesting to note that glyburide is a potent inhibitor 
of infl ammasome activation [ 84 ]. Hence inhibition of infl ammasomes by glyburide 
may reduce IL-1β maturation, resulting in unrestricted insulin signaling in the pla-
centa. Because insulin stimulates placental amino acid transport [ 45 ,  85 ], this may 
result in increased nutrient transfer to the fetus. In vitro studies testing this hypoth-
esis will establish a mechanistic link between glyburide use in pregnancy and fetal 
growth.  

    Conclusions 
 The incidence of maternal obesity and its comorbidities (diabetes and cardiovas-
cular disease) continues to surge, with major public health ramifi cations. Maternal 
obesity not only affects newborn health, but it also impacts the long-term health of 
the child leading to increased risk of childhood obesity and diabetes. Given all the 
evidence for the critical role of the in utero environment for lifelong health, under-
standing the impact of obesity in pregnancy represents a signifi cant challenge, but 
also an intriguing opportunity to improve the health of future generations. Obesity 
is associated with the triad of metabolic complications: insulin resistance, dyslip-
idemia, and infl ammation. Studies in recent years have demonstrated intimate 
links between these metabolic pathways, for example, infl ammation causes insu-
lin resistance and dyslipidemia, and dyslipidemia causes infl ammation and insulin 
resistance. Excess nutrients, in particular dietary fatty acids, have emerged as a 
common instigator of these metabolic complications infl uencing insulin signaling 
and infl ammatory pathways. As an organ of exchange, the placenta is a critical 
mediator of fetal health and is highly responsive to maternal health and diet. We 
recently reported infl ammasome activation in the placentas of high BMI mothers, 
which inhibits placental insulin signaling and nutrient transport function. In vitro 
data suggests that placental infl ammasomes are highly responsive to dietary fatty 
acids, with SFA and MUFA promoting infl ammasome activation and n-3 PUFA 
inhibiting its activity. Future clinical studies are warranted to determine whether 
dietary interventions during pregnancy can impact upon infant and placental 
health by altering placental infl ammatory pathways.     
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7.1            Introduction 

 Polycystic ovary syndrome (PCOS) is one of the most common endocrine–meta-
bolic disorders, affecting 4–7 % of women in reproductive age with signifi cant 
racial and ethnic variations. PCOS is characterized by both gynecological and endo-
crine symptoms, and it is defi ned by an international consensus defi nition that 
includes at least two of three component criteria: ovarian dysfunction, hyperan-
drogenism, and polycystic ovaries by ultrasound [ 32 ]. The Excess Androgen Society 
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uses an alternate criteria and includes only hyperandrogenism and ultrasound fea-
tures. Even though 50 % of women with PCOS are overweight or obese [ 28 ] and a 
high proportion (30–70 %) have reduced insulin sensitivity, featuring core aspects 
of metabolic syndrome, these are not prerequisites for the diagnosis of the syn-
drome and vary signifi cantly among phenotypes and among subjects with the same 
phenotype [ 7 ]. However, the variability in phenotype expression continues to render 
the clinical care and research of these women challenging. Besides metabolic abnor-
malities, the endocrine dysfunction of PCOS has complex effects on the endome-
trium, contributing to infertility and adverse pregnancy outcome, observed in 
women with this syndrome ([ 13 ] Amsterdam ESHRE/ASRM-Sponsored PCOS 
Consensus Workshop Group).  

7.2     Origin of PCOS 

 The origin of PCOS includes genetic factors and lifestyle infl uences [ 15 ]. The 
PCOS phenotype may be found from early infancy to puberty, based on predis-
posing genetic factors. PCOS is unlikely to be driven by a single gene defect and 
is more likely to be a polygenic or oligogenic syndrome (Fig.  7.1 ). The intrauter-
ine environment may also infl uence the programming of genes associated with the 
development of PCOS in adult life. The current hypothesis for a developmental 
origin of PCOS suggests an epigenetic phenomenon induced by fetal androgen 
excess. One possible pathway could be the enhancement of transforming growth 
factor (TGF)-β-regulated extracellular matrix protein production which would 
disrupt ovarian differentiation causing a polycystic phenotype. This possibility is 
particularly attractive as androgen exposure increases the expression of these pro-
teins and, additionally, other TGF-β family members, including anti-Mullerian 
hormone (AMH), regulate the expression of CYP17, the main androgen-producing 
enzyme [ 23 ].   

Genetics Life-style

Hormonal changes
Obesity exacerbates hormonal changes

Gestational diabetes Preeclampsia Preterm birth

Adverse pregnancy outcome

Anovulation

↑Insulin↑ Androgens

Low birth weight

  Fig. 7.1    The etiological, 
hormonal, and obstetric 
clinical outcomes of PCOS 
(Modifi ed from Teede 
et al. [ 38 ])       
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7.3     PCOS: Infertility and Early Pregnancy Loss 

 The reproductive dysfunction in women with PCOS relates both to anovulation and 
to early pregnancy loss. Anovulation is the cause of infertility in about one third of 
couples seeking infertility treatment, and PCOS accounts for 90 % of those cases 
[ 1 ]. To conceive many of PCOS women require assisted reproductive techniques, 
such as ovulation induction or IVF [ 12 ]. 

 Complications associated with PCOS such as hyperandrogenemia, hyperinsu-
linemia, and obesity have a major impact on ovulation and pregnancy outcome 
(Fig.  7.1 ). Miscarriage rate is high in PCOS women and varies between 15 and 35 % 
of all conceptions. This may be explained by the negative effect of the whole array 
of cofactors associated with PCOS, metabolic dysfunction, low-grade infl amma-
tion, endocrine abnormalities on ovulatory function, oocyte quality, and endome-
trial receptivity. Ovarian hyperandrogenism and hyperinsulinemia may promote 
premature granulosa cell luteinization, and paracrine dysregulation of growth fac-
tors may disrupt the intrafollicular environment and impair cytoplasmic and nuclear 
maturation of oocytes ([ 13 ] Amsterdam ESHRE/ASRM-Sponsored PCOS 
Consensus Workshop Group). Endometrial receptivity is disrupted by a number of 
altered mechanisms. The overexpression of androgen receptors in the endometrium 
and reduced biomarkers of endometrial receptivity to embryonic implantation con-
tribute to lower implantation rates in women with PCOS. Elevated estrogen, low 
levels of progesterone, no ovulation, and hyperinsulinemia with elevated free IGFs 
all contribute to abnormal decidualization and increased miscarriage rate [ 18 ]. 

 These features are not universal to all women with PCOS, as oocyte quality, 
fertilization, and implantation rates can be normal in some women with PCOS [ 32 ]. 
Diverse differences in fertility and pregnancy outcome between women with PCOS 
are clinically challenging, and risk factors need to be identifi ed in this group of 
women to improve management of reproduction.  

7.4     PCOS and Adverse Pregnancy Outcome 

 Several studies suggest that PCOS has a negative impact on pregnancy outcomes 
with an increased risk of gestational diabetes, pregnancy-induced hypertension, pre-
eclampsia, preterm birth PTB, and need of cesarean section, even in the absence of 
obesity [ 2 ,  3 ,  26 ,  31 ]. A greater risk of neonatal complications has been reported 
and includes higher neonatal intensive care admissions; neonates were shown to 
have signifi cantly increased risk of meconium aspiration, lower birth weights, and a 
low Apgar score (<7 at 5 min) [ 31 ]. In addition, multiple pregnancy contributes to 
increased risk of perinatal morbidity observed following fertility treatments of 
PCOS women [ 12 ]. 

 PCOS pregnancies are further complicated by hyperinsulinemia and an 
increased risk of gestational diabetes. Normal pregnancy induces a state of insu-
lin resistance which may result in impaired glucose tolerance or gestational dia-
betes mellitus. Since women with PCOS are predisposed to glucose intolerance, 
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they are at increased risk of developing gestational diabetes. In addition obesity 
affects 5–40 % of pregnant women with PCOS [ 39 ] which can also increase the 
risk of gestational diabetes. Mexican women with a history of infertility and 
PCOS have 2.8 times greater risk of developing gestational diabetes when com-
pared to Caucasians [ 30 ]. 

 The prevalence of gestational hypertension and preeclampsia is estimated at 
10–30 and 8–15 %, respectively, in women with PCOS. This prevalence may be 
even higher when PCOS women are obese and hyperinsulinemic. 

 Preterm delivery complicates 6–15 % of pregnancies in women with PCOS [ 41 ]. 
However, PCOS by itself is not an independent risk factor because these patients 
have more assisted reproductive technologies, more chance of multiple pregnancies, 
and pregnancy-induced hypertension contributing to more preterm deliveries [ 17 ]. 
A high frequency of cervical insuffi ciency was found in PCOS, with a prevalence in 
the range of 3 % and incidence rate of 18 per 1,000 births, particularly in South 
Asian and Black women [ 14 ]. Indeed, the increased risk of preterm birth is confi ned 
to hyperandrogenic women with PCOS who had a twofold increased risk of preterm 
delivery and preeclampsia compared to non-hyperandrogenic ones.  

7.5     PCOS and Adverse Pregnancy Outcome: Pathogenetic 
Mechanisms 

 The spectrum of pregnancy complications associated with PCOS may be driven by 
impaired decidual trophoblast invasion and defects in placentation, related to hor-
monal and metabolic dysfunction. Alterations in the endovascular trophoblast inva-
sion and in the macroscopic and microscopic structure of the placenta have been 
reported [ 29 ]. 

 The alterations in early trophoblast invasion and placentation detected in 
PCOS patients vary among PCOS phenotypes. In particular, a higher rate of 
abnormalities in relation to trophoblastic invasion and placental development 
was observed in patients with hyperandrogenism and ovarian dysfunction regard-
less of whether they were diagnosed with PCOS or not. PCOS patients who had 
a complicated pregnancy were reported to have more severe serum androgen 
concentrations and insulin sensitivity indexes in comparison to subjects without 
any pregnancy and/or neonatal complications [ 11 ]. However, the exact mecha-
nisms by which hyperandrogenemia and insulin resistance/compensatory hyper-
insulinemia affect endovascular trophoblast invasion and induce placental 
alterations are unknown. Furthermore, the comorbidity of obesity may increase 
the risk of adverse pregnancy outcome in PCOS through enhanced hyperan-
drogenism, hyperinsulinemia, and, since excess adipose tissue acts as an endo-
crine and infl ammatory organ, altered concentrations in leptin, TNF-α, and IL-6 
[ 23 ] (Fig.  7.2 ). This obese phenotype of PCOS adds to possible abnormal tropho-
blastic invasion the preexisting endothelial dysfunction that might damage 
women affected by metabolic syndrome [ 9 ].   
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7.6     Hyperandrogenism 

 Ovarian hyperandrogenism is a cardinal feature of PCOS. Intrinsic amplifi ed ste-
roidogenetic capacity of theca cells results in increased ovarian androgen secretion. 
Several endocrine mechanisms may contribute to hyperandrogenism, and these 
include pituitary LH hypersecretion, relative FSH insuffi ciency, and high levels of 
insulin and AMH inhibiting aromatase activity. Obesity also amplifi es hyperan-
drogenism in PCOS resulting in increased total testosterone, free androgen index, 
and decreased sex hormone-binding globulin (SHBG). Obese women with PCOS 
exhibit a higher degree of insulin resistance and compensatory hyperinsulinemia 
which contributes to androgen excess. 

 A number of studies have reported elevated levels of some, but not all, 
 circulating androgens during normal pregnancy from the fi rst trimester and 
toward term. In contrast, maternal circulating dehydroepiandrostenedione sulfate 
(DHEAS) levels fall across gestation to 50 % of the nonpregnant levels, and 
SHBG levels increase during the fi rst trimester of pregnancy and continue to 
increase dramatically throughout mid- and late gestation. In the fetus, levels of 
some androgens are dependent on fetal sex; in fact in fetal blood, testosterone 
levels are higher in males, whereas dihydrotestosterone levels are similar in both 
sexes. Although testosterone levels are higher in the fetal compartment of male 
fetuses, there is no association between fetal sex and maternal serum 
 concentrations of any androgen [ 23 ]. 
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  Fig. 7.2    Pathogenetic mechanisms of obstetric complications in PCOS       
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 Elevated androgen levels during pregnancy are associated with low birth weight 
in humans and animals, and women experiencing hyperandrogenism associated 
with PCOS and preeclampsia have a higher than normal prevalence of small for 
gestational age newborn babies at delivery. Increased maternal testosterone concen-
trations do not cross the placenta to directly suppress fetal growth but affects amino 
acid nutrient delivery to the fetus by downregulating specifi c amino acid transporter 
activity. Thus, the fetus appears to be protected from excess maternal androgen 
perhaps due to effective enzymatic inactivation by the placenta, and in the absence 
of these protective mechanisms, high levels of androgens would cause hirsutism and 
virilization of both mother and female fetus. 

 Maternal mechanisms that protect the fetus from androgens include the physio-
logical increase of maternal circulating SHBG and the pregnancy-induced rapid 
elevation of progesterone and androstenedione resulting in an inhibition of the con-
version of testosterone to dihydrotestosterone. The fetus is further protected by the 
placenta which metabolizes androgens; in particular the placental aromatase com-
plex rapidly converts testosterone or androstenedione to estrone and estradiol, 
respectively [ 23 ]. 

 Fetal growth restriction may arise in the presence of hyperandrogenism by the 
specifi c downregulation of amino acid transporters within the placenta which results 
in a decrease of available nutrients to the fetus [ 34 ]. A rat model of excess maternal 
androgen reported a decrease in placental size, increased circulating androgens and 
increased circulating estradiol concentrations, and increased expression of androgen 
and estrogen receptors, potentially affecting the ability of the placenta to deliver nutri-
ents to the fetus [ 36 ]. 

 Other testosterone-induced alterations in endometrial, stromal, decidual, and 
placental function could infl uence fetal growth and pregnancy outcome in PCOS 
pregnancies. Testosterone regulates the endometrial expression of homeobox A10 
(HOXA10) [ 5 ], and it is proposed that hyperandrogenism could impair the cell–
cell and cell–extracellular matrix interactions during the fi rst phases of pregnancy, 
thereby reducing HOXA10 expression. Furthermore, dihydrotestosterone exerts a 
direct effect on the ultrastructural changes associated with decidual transformation 
in human endometrial stromal cells. These early pregnancy events induced by 
androgens could reduce implantation success and increase the risk of miscarriage. 
Later in gestation testosterone can promote placental macrophage- and trophoblast- 
mediated low-density lipoprotein oxidation and cytotoxicity which could affect 
fetal development. Finally, the human placenta expresses CYP17 and produces 
androgens de novo, and a higher 3β-hydroxysteroid dehydrogenase type 1 activity 
and a lower P450 aromatase activity were detected in the placental tissue of PCOS 
patients, suggesting that the steroidogenic function of the placenta in PCOS women 
is altered per se, contributing to a higher androgen concentration observed in 
maternal blood of PCOS patients and therefore increasing the effects of hyperan-
drogenism in pregnancy [ 24 ].  
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7.7     Hyperinsulinism 

 Hyperinsulinemia can have multiple effects on fertility, pregnancy success, and 
fetal growth and well-being. PCOS-related secondary hyperinsulinemia may inter-
fere with paracrine, and perhaps autocrine, signaling in the endometrium, causing 
inadequate cell differentiation during the fi rst phases of pregnancy. In addition, the 
reduction in IGFBP-1 could increase the mitotic effect of insulin-like growth factor 
(IGF)-I on the endometrium [ 4 ], whereas the reduction of glycodelin could decrease 
the physiological immune suppression observed during the early phases of gestation 
and alter the modulation of trophoblast invasiveness. In the endometria of hyperin-
sulinemic hyperandrogenic PCOS patients, there is a reduced insulin-related expres-
sion of the transmembrane glucose transporter 4 (GLUT4) reducing the glucose 
uptake, with subsequent alterations in the metabolism of the endometrial cells. 

 During pregnancy, PCOS women are predisposed to peripheral tissue resistance 
to insulin, with consequent hyperinsulinism and fetal hyperglycemia. Moreover, 
hyperandrogenemia and hyperinsulinemia observed during pregnancy in PCOS 
women result in an abnormal lipid profi le and a decrease in adiponectin concentra-
tions, predisposing women to the onset of gestational diabetes [ 35 ]. 

 Hyperinsulinemia in PCOS women is also associated with having low levels of 
insulin-like growth factor binding globulin-1 (IGFBP-1), a regulator of the activity 
of IGF-1, which may be implicated as a cause of higher incidence of growth abnor-
malities of the fetus and increased risk of preeclampsia.  

7.8     Inflammation and Obesity 

 Clinical data demonstrated that hyperandrogenic and/or hyperinsulinemic PCOS 
patients are characterized by an abnormal pattern of low-grade chronic infl amma-
tion that may be responsible for abnormal immune regulation during pregnancy in 
PCOS patients, thereby increasing the frequency and the extent of immune- mediated 
placental pathologies [ 33 ] and possibly increasing the risk of preterm birth in 
women with PCOS. 

 PCOS has been characterized by chronic low-grade infl ammation, with complex 
associations to insulin resistance, visceral adiposity, hyperandrogenism, and resul-
tant increased production of specifi c cytokines and chemokines including TNF- 
alpha, IL-6 and IL-1, adhesion molecules, follistatin, and C-reactive protein. 
Furthermore, a panel of six proteomic biomarkers was similarly expressed in women 
with preterm birth and women with PCOS compared to their respective controls, 
including pyruvate kinase M1/M2, vimentin, fructose bisphosphonate aldolase A, 
heat-shock protein beta-1, peroxiredoxin-1, and transferrin, which could be poten-
tially used to better understand the pathophysiological mechanisms linking PCOS 
and preterm birth [ 16 ]. 
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 Molecular and biochemical fi ndings support the theory that in some situations, 
labor may be viewed as part of an infl ammatory cascade model, including pathways 
involving specifi c leukocyte subsets and proinfl ammatory mediators. As such, under-
lying infl ammatory mediators associated with PCOS may also contribute to predispo-
sition for preterm delivery. This is an area that requires further investigation.  

7.9     Long-Term Effects of PCOS 

 It is now well established that women with PCOS are at increased risk for develop-
ing diabetes mellitus, glucose intolerance, hypertension, hyperlipidemia, the meta-
bolic syndrome, and cardiovascular disease. Although the high prevalence of insulin 
resistance in women with PCOS, especially those who are also obese, has been 
largely held accountable for these long-term sequelae, there is now emerging evi-
dence for a role of androgen excess in these processes which is more than merely 
permissive [ 20 ]. There is a strong association between hyperandrogenemia, an 
increased free androgen index, and the metabolic syndrome in premenopausal 
women with or without PCOS ([ 13 ] Amsterdam ESHRE/ASRM-Sponsored PCOS 
Consensus Workshop Group). Moreover, among obese hyperandrogenic adoles-
cents, hyperandrogenemia was found to be a signifi cant predictor of the metabolic 
syndrome, independent of obesity and insulin resistance. 

 The association of androgen excess, abdominal adiposity, insulin resistance, and 
metabolic derangements in women with PCOS is a vicious cycle [ 21 ] that may start 
during early stages of life or even prenatally, whereby androgen excess regulates 
abdominal deposition of fat which further facilitates androgen secretion by the ova-
ries and adrenals in PCOS patients [ 10 ]. 

 If the exposure to androgen excess starts during intrauterine life of the female fetus 
and is perpetuated and maintained by a series of feed forward mechanisms, then since 
PCOS is clearly a familial syndrome, the pregnant woman with PCOS closes the 
androgen cycle by either passing on her “PCOS genes” or exposing her female fetus 
to androgen excess, thus commencing another cycle and another generation of PCOS 
women. Acceptance of this concept may lead to more direct treatment of PCOS 
throughout a woman’s life cycle with it being a major focus on women’s health. 

 Lifestyle modifi cation in PCOS is a reasonable approach to the management of 
obesity and hyperinsulinemia, which would include dietary modifi cations and exer-
cise interventions with a focus on caloric restrictions and psychological support. All 
interventions would be targeted to improving biochemical and endocrinological 
parameters including body composition, insulin resistance, and hyperandrogenism, 
preventing progression to type 2 diabetes and cardiovascular diseases.  

7.10     Nutritional Interventions 

 The metabolic background of PCOS itself involves a possible therapeutic interven-
tion by using an appropriate nutritional profi le. Randomized studies in overweight 
or obese PCOS patients proved that a reduction of carbohydrates in diet improves in 
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fasting insulin, fasting glucose, HOMA-IR, total testosterone, and all cholesterol 
measures, with a signifi cant increase of insulin sensitivity and dynamic (“fi rst- 
phase”) β-cell response [[ 8 ], [ 19 ]]. Besides moderate decrease in carbohydrate, 
these isocaloric diets included higher levels of polyunsaturated fatty acids and lower 
cholesterol. A nutritional approach based on a low glycemic index carbohydrate 
isocaloric iso-carbohydrate diet was compared to a healthy diet and achieved a bet-
ter metabolic result and a better glucose challenge test profi le [ 25 ]. 

 Metformin has a more signifi cant impact on women on low glycemic index diet 
as regards insulin sensitivity (Fig.  7.3 ).  

 This fi nding brings into the debate on metformin its role in women with PCOS (who 
have type 2 diabetes or impaired glucose tolerance test) who fail lifestyle modifi cation 
or in PCOS women with menstrual disorders who cannot take or do not tolerate HCs 
[ 22 ]. The role of metformin with lifestyle modifi cations and oral contraceptives ranged 
fi rst (33 %) among the most common treatments reported by a recent European survey 
of the European Society of Endocrinology [ 6 ]. Metformin is a natural molecule (origi-
nally extracted and modifi ed from the French lilac  Galega offi cinalis ), with 

  Fig. 7.3     Galega offi cinalis  
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symptoms of diabetes 
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galegine, that by further 
chemical processes led 
ultimately to the discovery of 
metformin       
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insulin-lowering effects by improving insulin sensitivity and, in turn, decreases circu-
lating androgen levels. A recent systematic review showed a signifi cant reduction of 
IL-6 by metformin in agreement with its role in improving insulin receptors damaged 
by low-grade infl ammation in overweight–obese women affected by PCOS [ 40 ]. 

 Among other possible therapeutical molecules (rosiglitazone, pioglitazone, 
D-chiro-inositol), D-chiro-inositol deserves to be sorted out. A randomized study 
on D-chiro-inositol vs placebo on a small cohort of 44 PCOS overweight or obese 
women [ 27 ] showed a signifi cant reduction of serum LH concentration paralleled 
by a signifi cant increase of ovulation rate after 6–8 weeks of treatment by D-chiro- 
inositol (1,200 mg/day). In spite of a large number of prospective interventional 
studies on this nutraceutical approach, only a randomized study, of moderate qual-
ity, proved a possible effect of D-chiro-inositol in PCOS on ovulation (OR 5.39; CI 
0.7–41.3) [ 37 ]. Like all nutraceutical interventions with moderate effi cacy, this mol-
ecule risks to become a fashionable “remedy” before any requested prospective 
randomized study. D-chiro-inositol is a member of the inositol family that encom-
passes several isomers and may play a role in insulin signal transduction, a role that 
deserves additional prospective randomized studies. 

 Additional dietary suggestions might be derived by the prevalence of PCOS in 
different macro-ethnicities, whose affected women increase when moving into a 
Western-style diet, and in these cases a signifi cant change in lifestyle and nutrition to 
prevent the vicious cycle of polygenic predisposition and ongoing damage of seden-
tary lifestyle and refi ned carbohydrate-rich Western-style diet is recommended.     
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  8      Gastrointestinal Symptoms 
and Nutritional Profile During Pregnancy 

             Carlo     Selmi    ,     Maria     De     Santis    ,     Luigi     Laghi    , 
and     Elena     Generali   

8.1               Introduction 

 Gastrointestinal disturbances are common complaints during pregnancy and are 
generally of mild intensity, even if associated to signifi cant subjective discom-
fort. Previous gastrointestinal diseases can worsen during pregnancy, or a new 
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onset of gastrointestinal diseases can be observed. Many factors are involved in 
the pathogenesis of these disturbances among which pregnancy itself, weight 
gain, and nutrition are of particular importance albeit overlooked by most gyne-
cologists. In some cases, nutritional defi cits may cause gastrointestinal symp-
toms, but this is a very rare occurrence in Western countries. In general terms, a 
careful nutritional evaluation using validated questionnaires and diaries [ 1 ,  2 ] 
should be part of the workup dedicated to all pregnant women, particularly if 
nutritionally at risk, because recommended dietary allowances change during 
pregnancy. We are now becoming more aware that nutritional impairment has a 
signifi cant impact on the offspring [ 3 – 5 ]. Human interventional studies on nutri-
tion are limited to few studies in developing countries [ 6 ]. Opposite to this, 
excess weight gain during pregnancy represents a major challenge for healthcare 
providers in high-income countries. This condition exposes both the mother and 
fetus at high-risk conditions in pregnancy, exposes the children to a higher risk 
of metabolic syndrome in the future [ 3 ,  7 ], and identifi es women at risk of meta-
bolic syndrome in the fi fth decade.  

8.2     Nausea and Vomiting 

 Nausea and vomiting are very common symptoms during pregnancy, affecting 
50–90 % of pregnant women, more often during the fi rst trimester and, in up to 
15 % of the cases, beyond 15 weeks [ 8 – 13 ]. The severity of nausea and vomiting 
during pregnancy can vary signifi cantly from mild to severe or even unremitting 
in the form coined  hyperemesis gravidarum  [ 8 – 13 ] for which an etiology is still 
unknown, but an interaction of genetic, biological, and psychological factors is 
likely [ 14 ]. Weight loss or electrolyte imbalance due to nausea and vomiting 
represents also the fi rst cause of hospitalization in the fi rst half of pregnancy 
[ 15 ,  16 ]. Risk factors include young age, obesity, fi rst pregnancy, smoking [ 17 ], 
and vitamin B6 defi ciency [ 18 ]. Adequate tests to rule out possible vitamin defi -
ciencies are encouraged in the case of clinical suspicion. In the pathophysiology 
of nausea and vomiting during pregnancy, changes in gastric motility, preg-
nancy-associated alterations of the vestibular system, taste and smell, and 
behavioral and psychological factors seem to have a role [ 11 ,  17 ]. Moreover, a 
complex metabolic and hormonal background seems to be implicated as 
increased human chorionic gonadotropin (HCG), low levels of prolactin, and 
high levels of estradiol are observed [ 19 – 21 ]. Recent reports have suggested an 
association between HCG and  Helicobacter pylori  infection [ 22 ] and with 
increased concentrations of cell-free fetal deoxyribonucleic acid (DNA) and 
activation of natural killer and cytotoxic T cells in women with  hyperemesis 
gravidarum  [ 23 ]. This special repulsion toward foods might represent also an 
intricate evolutionary protective mechanism, an adaptation to protect the embryo 
from phytotoxins and other environmental hazards [ 24 ] in the 1st weeks of 
embryogenesis and of placental development.  
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8.3     Food-Related Causes of Nausea and Vomiting 

 In some cases, nausea and vomiting are directly triggered by food or food manipula-
tion [ 25 ]. Bacterial toxins or whole bacteria and fungi grown in leftovers from pre-
vious meals can induce nausea or vomiting, such as  Salmonella, Aspergillus , 
 Fusarium ,  Claviceps ,  Penicillium , or  Stachybotrys.  

 Moderate coffee intake may increase intestinal peristalsis, while high amounts 
cause nausea in selected individuals [ 25 ], similar to the paradoxical effects of coffee 
withdrawal [ 26 ]. Monosodium glutamate, primarily used in Chinese cooking, but 
also commonly used as a fl avor enhancer in industrial food products, fast food, and 
sweets, is thought to be responsible for the “Chinese restaurant syndrome,” charac-
terized by nausea, headaches, and vomiting [ 27 ]. 

 Polycyclic aromatic carbohydrates (PAC) can also cause nausea [ 25 ] as they enter 
food products through the atmosphere and accumulate in small quantities during bak-
ing. PAC can be found mainly in smoked and grilled foods, breakfast cereals, root 
vegetables, and especially in olive trester oil, i.e., olive pomace oil, olive residue oil, 
refi ned olive residue oil, and olive oil, obviously not in extra virgin olive oil [ 28 ]. 

 Other causes of nausea and vomiting are heavy metals typically found in food 
boiled in copper pots and cans, which can cause also pronounced diarrhea as a spon-
taneous reaction. These metals are also found in drinking water delivered via lead 
pipes, in native beer and juices served from some lead-glazed pottery (as in Mexico), 
in wines served from pewter goblets in Italy and other European countries, and in 
coffee or alcohol from “tin” cups in Norway [ 25 ]. In the case of single metals, lead 
(Pb) is more specifi cally found in milk, beef, or cereals; cadmium (Cd) in kidney, 
mussels, and soybean; and mercury (Hg) in fi sh, especially tuna, swordfi sh, and 
mackerel, so pregnant women should be aware of the mercury levels present in fi sh, 
particularly farm-raised or big-size fi sh like swordfi sh, if consumed more than three 
times per week [ 25 ].  

8.4     Immune-Mediated Mechanisms 

 Specifi c nutrients may cause nausea and vomiting in almost all individuals depending 
on the nutrient dosage, whereas other nutrients cause adverse reactions such as nausea 
and vomiting only in sensitive individuals because of specifi c immune- mediated aller-
gies or most likely because of nonallergic food hypersensitivity [ 25 ]. As such is the 
most frequent case, a dedicated food diary is encouraged to determine which cluster 
of similar nutrients may cause nausea and vomiting, for instance, an excess of gluten, 
an excess of caseins, etc. About 20–30 % of the adult population in the UK, USA, and 
Germany suffer from adverse reactions to food [ 25 ]. Only in a quarter of children and 
a tenth of adults are these reactions caused by IgE-mediated allergic mechanisms; all 
other forms are broadly considered food intolerances, now more properly defi ned by 
some authors as food antigen hypersensitivity [ 29 ]. The latter induces immune cell 
activation by antigens of food clusters or by additives such as salicylates, benzoates 
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and tartrazine. These reactions differ and may superimpose pharmacological reactions 
(e.g., to histamines found in cheeses, white wine, and scombroid fi sh such as tuna and 
salmon; tyramine, found in chocolate, herrings, tinned fi sh, brewer’s yeast, red wine, 
and cheese such as  Roquefort  and cheddar; and additives such as sulfi tes, tartrazine, 
monosodium glutamate, and other amines) (Table  8.1 ) [ 25 ].

   Some major genetic-based phenotypes are largely ignored by healthcare provid-
ers. Thirty percent of southern Europeans and a little less of northern Europeans are 
nonlactose tolerant. This percentage sums up to 80 % in Amerinds and 90 % of the 
Chinese Hun population. After weaning, like in all other mothers in these human 
phenotypes, the lactase gene progressively is switched off (Fig.  8.1 ). As a result of 
the lack of lactase, lactose cannot be split in its two composing sugars in the small 
intestine; as a cosequence, lactose acts either as an irritant molecule attracting fl uids 
into the small intestine, determining immediate bowel emptying after consumption 
(subjects with chronic constipation that assume glasses of milk in the morning to 
evacuate thus making GI infl ammation worse),  or proceeds into the colon to feed 
otherwise marginal bacterial populations, which take advantage of lactose presence 
and produce hydrogen and fi nally cause the complex dysbiosis.  

 We also note rare inherited genetic carbohydrate intolerance (e.g., fructose intol-
erance, glucose or galactose intolerance) or protein intolerance (e.g., tryptophan 
intolerance or methionine intolerance) [ 25 ]. 

   Table 8.1    Synoptic list of toxic substances, active compounds, and immune mechanisms that can 
activate nausea and vomiting   

 Direct toxic substances 

 Bacterial and fungal toxins  Meal leftovers or “fast food” 

 Coffee  Excess 

 Glutamate  Chinese food 

 Polycyclic aromatic hydrocarbon  Grilled meat and vegetables 

 Heavy metals  Big fi sh, lead-covered pipes, glasses 

 Pharmacologically active compounds 

 Histamine  Cheese, white wine, tuna, and salmon 

 Tyramine  Chocolate, cheese, red wine 

 Sulfi tes  Wine 

 Immune mechanisms 

 IgE allergy mechanisms  IgE-mediated mast cell reactions 

 IgG-mediated food hypersensitivity  Excess of similar food active antigens in weekly diet 
(caseins, gluten, nickel compounds, etc.) 

 Celiac disease  Acquired antibodies to epithelial cells, negative IgE, 
villous damage – atrophy 

 Nonceliac gluten sensitivity  Excess submucosal lymphocytes 

 Genetics 

 Lactose nontolerant genotype  Lactase gene progressively switched off after 
weaning 

 Fructose nontolerant genotype  Rare mutation of the aldolase B gene 
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 Celiac disease is considered as a separate nosological entity, but its paradigms 
and continuity with other immune-mediated gluten sensitivity are still under inves-
tigation (Fig.  8.2 ).  

 Approximately 2–8 % of children and 1–2 % of adults suffer from food allergies. 
Typically, nausea and vomiting are predominant symptoms if the site of allergy is in 
the upper gastrointestinal tract. The food allergens that most frequently trigger nau-
sea and vomiting are those inducing the oral allergy syndrome consisting of swell-
ing and reddening of the lips and the buccal, pharyngeal, and laryngeal mucosa. 
These allergens are most frequently the pollen-associated food allergens such as 
pipfruits, drupes, nuts [ 25 ], and shellfi sh.  

Random mutation in
the nonsense DNA
polymerases (star) by
chance now
finds another sequence
to work as intron
(triangle) and goes
straight to
read the exon, the
genetic information
to bring back as RNA to
the molecular machines
that will make lactase

methylated promoter (red
segment) blocks the
polymerases,the gene is
switched off

single base
randoms
mutations

intron
polymerase

exon

ab

  Fig. 8.1    Schematic representation of the typical switching of the lactase gene in mammalians. In 
some macro-ethnicities a relevant percentage of the population became lactose tolerant thanks to 
random mutations in the intron that allowed the polymerases to read the exon even in methylated 
gene. These random mutations are widespread among population that adopted cattle raising in the 
last 10,000 years. This allowed these lucky individuals to win the selective pressure given the 
advantage of being able to exploit cattle raising not only for meat but also for the reproducible rich 
source of protein, fat, and sugars provided by milk and dairy products. Unfortunately, this advan-
tage is not universal among humans, and the introduction of dairy product in lactose-intolerant 
individual is a source of chronic disease       

Spectrum of related gluten disorders

Investigation

Coeliac serology (endomysial and tissue
transglutaminase antibodies)

Duodenal biopsies

Positive

Villous atrophy

Negative

Negative

Normal

Negative

Negative

Normal or near normal with raised
intraepithelial lymphocytes

PositiveIgE serology or skin prick test to wheat

Coeliac disease*
(adaptive immune response)

Wheat allergy
(allergic immune response)

Non-coeliac gluten sensitivity
(innate immune response)

  Fig. 8.2    Simplifi ed criteria to identify the possible clinical conditions based on gluten interac-
tions with the digestive system. Unfortunately the present selected wheat esaploid species are far 
more rich in gluten, up to 14 % net weight, than the ancestral tetraploid species       
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8.5     Miscellaneous Causes of Nausea and Vomiting 

 Finally, additional causes of nausea and vomiting include acute pancreatitis, obstet-
ric cholestasis, acute fatty liver of pregnancy and HELLP (hemolysis, elevated liver 
enzymes, low platelets) syndrome, as well as intestinal conditions such as appendi-
citis, and these apparently rare conditions need to be ruled out in the presence of a 
strong suspicion [ 19 ].  

8.6     Gastroesophageal Reflux 

 The percentage of women who experience symptoms associated with GERD at any 
time during pregnancy range from 30 to 80 %, being highest in the third trimester 
[ 30 ]. The clinical features of pregnancy-associated GERD do not differ from those 
seen in the general population, with predominant symptoms being heartburn and 
regurgitation, that aggravate following meals and when lying in a supine position. 
For women already diagnosed with GERD prior to pregnancy, symptoms often 
worsen as pregnancy progresses [ 17 ]. There are a number of functional and struc-
tural alterations that occur at the gastroesophageal junction during pregnancy that 
may at least explain the high prevalence of refl ux symptoms in this population. 
Refl ux is due to a combination of factors that may be worsened in late pregnancy by 
the enlarging uterus, including an increase in gastric pressure, reduction in lower 
esophageal sphincter tone, decrease in gastric peristalsis, delayed gastric emptying, 
and a reduction in pyloric sphincter competence. Both estrogen and progesterone 
may relax the lower esophageal sphincter, which is also under the control of a vari-
ety of humoral agents including motilin, acetylcholine, noradrenaline, histamine, 
5-HT, and prostaglandins [ 31 ]. 

 Overall, available evidence indicates that  H. pylori  status does not have any 
effect on severity of or recurrence of symptoms in GERD, nor impact treatment 
effi cacy, and that the eradication of  H. pylori  is not associated with development or 
exacerbation of GERD [ 32 ,  33 ]. Antacids taken before meals and at bedtime, 
together with the avoidance of late-night meals; excluding some foods, as choco-
late; and sometimes raising the head of the bed, can help in controlling GERD 
symptoms. However, when a therapy is necessary, symptomatic treatments include 
alginate-based formulations, which create a foamy raft over the gastric walls, and 
do not account for adverse effects both for the mother and baby [ 34 ], and H2-receptor 
antagonists, as ranitidine, which are commonly used in pregnancy to control refl ux 
symptoms and seem to have no adverse effects on the fetus [ 35 ]. Conversely, there 
are concerns about proton pump inhibitor use during pregnancy and their effects on 
the fetus, especially regarding the risk of asthma [ 36 ]. Generally speaking, 
H2-receptor antagonist and proton pump inhibitors use should be discouraged 
because they may alter the digestive functions of the stomach if assumed for several 
months in a row. When heartburns and refl ux become evident, lifestyle changes 
should be encouraged as regards composition of meals (check for food hypersensi-
tivity), time from meal to bedtime, and moderate exercise after eating.  
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8.7     Constipation 

 The reported prevalence of constipation in pregnant women varies between 11 and 
38 % and occurs mostly during the second and third trimester, although symptoms 
can also be present since the 12th week of gestation [ 37 ] and last until 3 months 
after delivery [ 38 ,  39 ]. The pathophysiology of constipation is multifactorial and 
not yet well clarifi ed but recognized primarily as a functional basis. Progressively 
rising progesterone and estrogen levels have been suggested as cause of constipa-
tion during pregnancy that inhibits gut smooth muscle function [ 40 ]. Other factors 
involved in pregnancy constipation are decreased colon motility, oral iron supple-
ments, poor fl uid intake as a consequence of nausea, and pressure on the rectosig-
moid colon by the gravid uterus in the third trimester, as well as functional bowel 
disorders [ 41 ]. Management usually involves reassurance and advice about increas-
ing fl uid and fi ber intake, while laxatives are rarely required [ 17 ]. 

 Moreover, dietary supplements of fi bers, as bran or wheat fi ber, are likely to help 
pregnant women experiencing constipation [ 37 ]. Fiber intake is usually well below 
the standard recommendations in the daily health plate and thus is frequently forgot-
ten by healthcare providers. Five to six hundred grams of vegetables and fruit per day 
is far above the common daily plate in most Western-style nutritional profi le. No fi ber 
means inadequate microbiota, possibly a critical immune cross talk with the intestinal 
immune system and low-grade infl ammation, and decreased motility; for sure it 
means less hydrophilic stools, all summed up to create a chronic constipation, just 
made worse by pregnancy hormones and abdominal “mass.” Most women consider 
minor constipation and minor irritable colon a “normal condition” that just turns 
“unpleasant” in pregnancy, to be treated by drugs as it is common practice nowadays 
when doctors are confronted with lifestyle problems. Figure  8.3  could represent an 
interesting standard of counseling for women suffering from obstetrical constipation.   

8.8     Probiotics in Pregnancy 

 Probiotics are defi ned as live microorganisms which when administered in adequate 
amounts confer a health benefi t on the host [ 42 ]. Probiotics probably have at least 
two modes of action in improving constipation: fi rstly improving dysbiosis that is 
assumed to play a role in constipation [ 43 ,  44 ] and secondly lowering the colon pH 
by producing lactic, acetic, and other short-chain fatty acids and consequently 
enhancing colonic peristalsis and subsequently decreasing colonic transit time [ 43 , 
 44 ]. Pilot studies have shown the benefi cial use of probiotic mixtures for the treat-
ment of constipation in pregnancy [ 39 ], as Ecologic®Relief (a mixture of 
 Bifi dobacterium bifi dum  W23,  Bifi dobacterium lactis  W52,  Bifi dobacterium longum  
W108,  Lactobacillus casei  W79 nn ,  Lactobacillus plantarum  W62, and  Lactobacillus 
rhamnosus  W71) [ 39 ]. Probiotics might also reduce the risk of developing gesta-
tional diabetes [ 45 ]. In case of failure in resolving the constipation with both dietary 
supplements and probiotics, polyethylene glycol-based laxatives represent the ideal 
treatment for pregnant women [ 46 ] due to their very limited absorption.  

8 Gastrointestinal Symptoms and Nutritional Profi le During Pregnancy



112

8.9     Diarrhea 

 Together with the causes previously described for nausea and vomiting, irritable 
bowel disease, infl ammatory bowel disease, and enteric infection have to be consid-
ered in case of diarrhea appearing or worsening during pregnancy. 

 The incidence of gastrointestinal infections in pregnancy is not increased.  Salmonella 
enteritidis  and  Campylobacter jejuni  infections have been associated with fetal mortal-
ity due to the transplacental passage of microorganisms [ 47 ,  48 ]. Infection with  Listeria 
monocytogenes  is a well-recognized very rare cause of intrauterine infection and peri-
natal death. The infection is acquired through eating foods contaminated with the 
organism, and appropriate dietary advice should be given to all pregnant women about 
the avoidance of foods such as  pâtés  and soft and blue- veined cheese [ 19 ]. Pregnancy 
has little effect on symptoms associated with infl ammatory bowel disease [ 17 ], but, 
similar to other chronic infl ammatory conditions, most guidelines advise optimizing 
lifestyle during pregnancy, such as dietary changes. 
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 These include increasing fi ber and water intake for those with predominant con-
stipation, and reduced fat and dairy consumption for patients diagnosed with pre-
dominant diarrhea, and relaxation therapy [ 17 ,  19 ]. Symptoms of irritable bowel 
disease may be exacerbated by pregnancy, especially if constipation is the promi-
nent feature [ 19 ], and also in this case careful reduction of food antigens that might 
determine food hypersensitivity and immune infl ammatory response, a high-fi ber 
diet, and a reduction of unhealthy proteins and animal fats might be helpful. Stool- 
bulking agents may be helpful for short courses as well as the prescription of high 
dosages of probiotics.  

8.10     Concluding Remarks 

 Pregnancies in Westernized countries are seldom burdened by malnutrition, but evi-
dences on the impact of nutritional factors on the offspring [ 49 ] are rapidly becoming 
available and encourage all physicians to carefully assess the nutritional status and 
micronutrient intake in women potentially at risk. Nutritional questionnaires [ 50 ] 
could help to fi gure out unhealthy habits compared to typical food pyramids (Fig.  8.3 ). 

 As we have shown the frequency of gastrointestinal disturbances in pregnancy is 
frequent, but mainly represented by mild symptoms that can be treated with educa-
tion of the patient, diet adjustment, and possibly the introduction of specifi c dietary 
supplements as fi ber and probiotics [ 39 ,  40 ]. Sometimes though, serious conditions 
underlie these symptoms, for example, appendicitis, gallbladder disease [ 51 ], and 
 hyperemesis gravidarum , and so it is crucially important that the physician recog-
nizes the importance of these symptoms to address the patient.  

8.11     Summary 

 Gastrointestinal disturbances are common complaints during pregnancy and are 
generally of mild intensity, though leading to signifi cant subjective discomfort. 
Nutritional factors including micronutrient defi ciencies or malnutrition have not 
been fully addressed in adequate studies. Preexisting gastrointestinal diseases can 
worsen during pregnancy, or a new onset of gastrointestinal diseases can be 
observed. The main gastrointestinal symptoms found during pregnancy include 
nausea and vomiting (most commonly during the fi rst trimester), gastroesophageal 
refl ux, constipation (especially in the third trimester), and fi nally diarrhea, which is 
likely the least common than other symptoms. During pregnancy it may be diffi cult 
to assess if a specifi c symptom is an expression of a gastrointestinal disease or if it 
is caused by the pregnancy itself that simply adds on the preexisting subclinical 
gastrointestinal abnormalities. The aim of every healthcare provider is to identify 
gastrointestinal symptoms during pregnancy, refuse the idea that all of them are 
simple “normal” side effects of being pregnant, and, through them, identify pre-
pregnancy subclinical conditions and to address the best treatment options, focusing 
particularly on nutritional mechanisms.     
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  9      Micronutrients and the Obstetrical 
Syndromes 

             Irene     Cetin      and     Maddalena     Massari    

9.1            Introduction 

 During recent years, awareness has increased that a healthy balanced diet provides 
the best basis for optimal pregnancy outcome. Nutritional status is an important 
aspect of health and wellness before and during pregnancy: as the foundations for a 
healthy life are already laid in the womb, adequate nutrition in this period is of great 
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importance. Adequate nutrition is very important for adequate intake not only of 
macronutrients like proteins, carbohydrates, and fats but also of micronutrients for 
which we may more easily incur into defi ciencies or inadequacies. 

 Micronutrients are vitamins and minerals required in minute amounts for metab-
olism and normal organism functioning. With their numerous functions in the body, 
micronutrients are essential for growth and development. Their requirements 
increase exponentially during pregnancy  in order to meet the growing demands of 
the fetoplacental unit . Moreover, nutritional needs for micronutrients are increased 
during pregnancy not only for support of fetal growth and development but also for 
adaptations occurring in maternal tissues and metabolism. Energy needs increase 
only slightly during the course of pregnancy: indeed energy needs during the fi nal 
months of pregnancy are only about 10 % higher than before pregnancy. So, com-
pared to the increase in energy needs, the need for certain vitamins and minerals in 
pregnancy shows a much greater increase [ 26 ] (Fig.  9.1 ).  

 Micronutrient defi ciencies have been associated with signifi cantly high repro-
ductive risks, ranging from infertility to fetal structural defects and long-term dis-
eases. On the other side, healthy dietary patterns and micronutrient supplementation, 
particularly during the periconceptional period, are related to improved birth out-
comes, probably through alterations in maternal and fetal metabolism due to micro-
nutrient role/involvement in enzymes, signal transduction, transcription pathways, 
oxidative stress, and epigenetic modifi cations [ 11 ]. Since different pregnancy stages 
represent a continuum, from the preconception to the postpartum period, an injury 
acting before conception or in early pregnancy may have long-lasting effects on the 
well-being of the mother and the fetus and may further infl uence the health of the 
baby at a later age. 

 It has been estimated that more than two billion people in the world today suffer 
from micronutrient defi ciencies caused largely by a dietary defi ciency of vitamins 
and minerals. Nutritional defi ciencies are known to lead to adverse pregnancy 
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  Fig. 9.1    Recommended intakes for pregnant women expressed as percentages of the reference 
intake values for nonpregnant women. The recommended intakes of iron and folate show great 
increases of 100 and 50 %, respectively, compared with those for the nonpregnant state, while 
energy needs, calcium, and vitamin D show a smaller change (Adapted from Koletzko et al. [ 26 ])       
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outcomes involving the great obstetrical syndromes such as preterm delivery, small 
for gestational age (SGA) offspring, and maternal hypertensive disorders as well as 
to long-term effects in the offspring. The chapter will focus primarily on the follow-
ing outcomes: intrauterine growth restriction, preeclampsia, and preterm delivery.  

9.2     Micronutrient Malnutrition 

 Contrary to previous thinking, micronutrient malnutrition is not uniquely the con-
cern of poor countries. While micronutrient defi ciencies are certainly more frequent 
and severe among disadvantaged populations, they do represent a public health 
problem also in most industrialized countries where obesogenic unbalanced diets 
have a major impact on macro- and micronutrients. Worldwide micronutrient 
intakes do not fi t pregnancy requirements. 

 Since 1989 it has been shown that dietary surveys of pregnant women in indus-
trialized countries consistently demonstrate Fe intake well below current recom-
mendations. A recent review [ 6 ] summarizes the best available evidence related to 
the food-derived vitamin and mineral intakes of pregnant women in developed 
countries demonstrating that  folate, iron, and vitamin D intakes are consistently 
below nutrient recommendations in each geographical region.  In particular ,  despite 
folate recommendations varying across geographical regions, average folate intakes 
in all regions were between 13 and 63 % lower than recommendations .  Similarly ,  
iron intakes reported by pregnant women were below nutrient recommendations in 
almost all developed regions. However, these results underestimate the number of 
pregnant women who met national pregnancy micronutrient targets on the basis of 
combined food and supplement intakes. 

 Moreover, many micronutrients with important roles during pregnancy (e.g., 
iodine) were not commonly reported within the included studies, and thus, nutri-
tional adequacy could not be evaluated. In the last 10 years, median urinary iodine 
below the recommended values has been reported in pregnant women of many 
countries in the world (Argentina, Greece, Italy, Wales, Ireland). However, there are 
no studies about a potential role of iodine in the great obstetrical syndromes. 

 In fact, although a balanced diet is generally accessible in industrialized coun-
tries, a switch to highly processed energy-dense but micronutrient-poor foods is 
likely to adversely affect micronutrient intake and status.  

9.3     From Requirements to Recommendations: 
The Strange Case of Pregnancy 

 The ideal defi nition of a physiological requirement is the amount and chemical form 
of a nutrient that is needed systematically to maintain normal health and develop-
ment without disturbing metabolism of any other nutrient. The physiological 
requirement is very diffi cult to be estimated, and for this reason micronutrient 
requirement is defi ned as the minimum amount needed by an individual to avoid 
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defi ciency.. However, micronutrient recommendations are designed for populations 
or subgroups of populations, and they are defi ned as intakes of micronutrients suf-
fi cient to meet the requirements of the majority of healthy individuals (generally 
97.5 %) of that population or group. 

 Many countries have developed recommendations for intake of micronutrients in 
the normal diet. However, there is considerable variation in the recommended micro-
nutrient intakes used by countries in particular within Europe, partly due to different 
methodologies and concepts used to determine requirements and different approaches 
used to express the recommendations. The EURRECA Project was designed in 
Europe. Specifi cally, the EURopean micronutrient RECommendations Aligned 
(EURRECA) Network of Excellence has worked to provide an evidence- based 
framework for establishing micronutrient requirements. EURRECA is a network of 
excellence funded by the European Commission and established to address the prob-
lem of differences between countries in micronutrient recommendations [ 15 ]. 

 First of all the EURRECA network developed a selection process to identify a 
list of micronutrients to focus on. The prioritization of micronutrients was based on 
the availability of new scientifi c evidence, the public health relevance, and the het-
erogeneity of the recommendations [ 10 ]. Ten micronutrients were identifi ed as most 
urgently in need of review: vitamin D, iron, folate, vitamin B12, zinc, calcium, 
vitamin C, selenium, iodine, and copper. Of these, vitamin C, vitamin D, folate, 
calcium, selenium, and iodine were the nutrients showing a higher prevalence of 
inadequate intakes in Europe. In particular, a lack of harmonized and evidence- 
based recommendations was found for the supply of vitamin D, folate, and iron 
during pregnancy, lactation, and infancy [ 21 ]. 

9.3.1     Identification and Reference Values of Micronutrients 

 Once the most important micronutrients are identifi ed, valid information on micro-
nutrient intakes and status of a population (Fig.  9.2 ) is fundamental for deriving 
micronutrient reference values.  

 For this purpose, biomarkers of micronutrient status need to be identifi ed for 
each micronutrient. Examples of types of status biomarkers include plasma concen-
trations, the size of body pools, enzyme levels and activities, urinary excretion, and 
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a range of other biochemical and/or functional indicators which have varying 
degrees of specifi city and sensitivity (Table  9.1 ). Indeed, nutritional status, when 
applied to specifi c micronutrients, refl ects a continuum, from short-term (hours) 
exposure (to long-term (months/years) effects. Moreover, a rigorous selection pro-
cess needs to be carried out also for identifying health outcomes of interest for each 
micronutrient: for example, EURRECA identifi ed the most relevant health out-
comes by determining the number of hits that emerged in preliminary searches of 
the literature combined with the opinion of scientifi c nutritional experts [ 17 ].

   Finally, there are different approaches for deriving reference dietary values. The 
association approach addresses the dose–response relationship between dietary 
micronutrient intake and body status or health outcomes. The factorial approach 
addresses micronutrient losses and maintenance, absorption/bioavailability, and 
additional requirements for specifi c life stages. Currently, most of the available 
studies evaluate the role of different nutrients such as micronutrients in pathologies 
and health outcomes. However, foods are not consumed in isolation. An overall 
dietary pattern might have a greater effect on health than a single food or nutrient. 
Methods most often used to characterize diet and dietary pattern have been based 
either on a priori knowledge (hypothesis-oriented DP) or derived from food fre-
quency questionnaires using data-driven dimension reduction techniques, such as 
principal components analysis (PCA) (empirically derived DP).  

9.3.2     Genetics and Individualization 

 It is important to recognize the multiple ways by which a nutritional defi ciency may 
arise. First, a defi ciency can occur as a consequence of an inadequate dietary intake 
of an essential nutrient. But a secondary defi ciency may occur even if the dietary 
content of the essential nutrient appears to be adequate. Conditioned defi ciencies 
can arise through several mechanisms as genetic factors, nutritional interactions, 
effects of drugs or chemicals, or diseases (as diabetes or hypertension). 

  Table 9.1    The reliable 
biomarkers or indicators 
of status of the main 
micronutrients  

 Micronutrient  Biomarkers 

 Folate  Erythrocyte folate 

 Serum/plasma folate 

 Serum/plasma total homocysteine 

 Vitamin B12  Serum/plasma vitamin B12 

 Serum/plasma methylmalonic acid (MMA) 

 Iron  Hemoglobin 

 Serum ferritin 

 Serum transferrin receptor 

 Vitamin D  Plasma 25-hydroxyvitamin-D [25(OH)D] 

 Iodine  Urinary iodine excretion in 24 h 

 Serum thyroid-stimulating hormone (TSH) 
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 Critical to this consideration will be the need for a better understanding of the 
infl uence of maternal and conceptus genotype on their susceptibility to the toxicity 
as well as the defi ciency of essential micronutrients. 

 In addition, a new reference intake, the tolerable upper intake level (UL), has 
also been established to assist an individual in knowing how much is “too much” of 
a nutrient. Where adequate scientifi c data are available, determining tolerable upper 
intake levels for each micronutrient in specifi c population subgroups should be a 
primary goal.  

9.3.3     Vulnerable Groups: Pregnant Women 

 A critical step is also to identify vulnerable population groups who are at greater 
nutritional risk: i.e., population groups in a healthy population having a higher 
requirement. Pregnant women are considered a “vulnerable group,” as their nutri-
tional requirements increase signifi cantly to support fetal and infant growth and 
development as well as maternal metabolism and tissue accretion. 

 From a nutritional point of view, pregnancy can be simplifi ed by a three- compartment 
model, i.e., mother/placenta/fetus. Each of them has a different metabolism and they 
interact. Apart from maternal diet and from metabolism of the various organs, placenta 
transport function determines the composition of the umbilical cord blood providing 
nutrients and oxygen to the fetus. Fetal growth is regulated by the balance between 
fetal nutrient demand and maternal–placental nutrient supply. Maternal nutrition and 
metabolism, uteroplacental blood fl ow, size, and transfer capabilities of the placenta all 
determine the maternal–placental supply of nutrients. On the other hand, pregnancy is 
a dynamic state, during which adjustments in nutrient metabolism evolve continuously 
as the mother switches from an anabolic condition during early pregnancy to a cata-
bolic state during late pregnancy. Consequently, qualitative differences in dietary 
requirements exist during early and late pregnancy [ 3 ] (Fig.  9.3 ).  

 Dietary assessment using food frequency questionnaire (FFQ) during pregnancy 
may be complex. Some recommendations should be applied when dietary patterns 
during pregnancy are analyzed: (1) to employ a validated food frequency question-
naire designed for use in pregnancy, (2) to consider the special role exerted by 

Nutritional phenotype of pregnancy
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  Fig. 9.3    Nutritional 
phenotype of pregnancy       
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mineral and vitamin supplements in this particular population group, (3) to ade-
quately select the time in which dietary data are collected, and (4) to adjust the 
results for lifestyle and educational characteristics [ 34 ].   

9.4     Preeclampsia 

 Preeclampsia is one of the leading causes of maternal morbidity and mortality and 
preterm delivery in the world. Nutritional interventional studies to prevent hyper-
tension and different end-organ diseases grouped under the same syndrome are 
biased by the different prevalence of clinical phenotypes that are the results of vari-
ous pathological process. Abnormal placentation with release of anti-angiogenetic 
factors in the maternal circulation, together with a predisposed maternal phenotype, 
seems to be involved. In particular, preeclampsia is associated with an increased 
infl ammatory state, but the role of maternal nutrition in infl uencing the risk of 
developing preeclampsia is unclear.  

9.5     Preterm Delivery 

 Low body mass index (BMI) before pregnancy and inadequate body weight gain of 
pregnant women in the second and third trimesters have been shown to be signifi -
cantly associated with spontaneous preterm delivery in the USA and in Europe. 
Moreover, recent data obtained in 66,000 women in Norway showed that high 
scores on the “prudent” dietary pattern in the fi rst months of pregnancy are associ-
ated with signifi cantly reduced risk of preterm delivery hazard ratio [ 16 ]. This 
dietary pattern is characterized by intake of vegetables, fruit, whole grains, fi sh, and 
water, suggesting higher intake of micronutrients. 

 In this context, several studies suggest that multivitamin and mineral use before 
and during pregnancy may potentially prevent preterm birth. However, there is still 
not enough evidence to support multivitamin supplementation for reduction of pre-
term delivery. 

 A trial by Catov et al. [ 8 ] demonstrates a reduced risk of preterm delivery and 
small for gestational age in a cohort of 1,823 women who reported periconceptional 
multivitamin use, even if this fi nding was limited to women with a BMI <30. In 
2011 data from more than 35,000 women in the Danish National Birth Cohort [ 9 ] 
confi rmed that women who reported periconceptional multivitamin use had a 
reduced risk of preterm birth and a reduced risk of SGA (<5th percentile). The risk 
of an SGA birth was reduced in multivitamin users regardless of their prepregnancy 
BMI, with the strongest association in regular users in the post-conception period. 
However, these fi ndings should be interpreted with caution because multivitamin 
use also correlated strongly with other lifestyle factors. 

 Although mechanisms that may link periconceptional multivitamin use to pre-
term delivery are not understood, impaired placentation seems to be implicated. 
Placentation is characterized by vascular remodeling, oxidative stress, infl ammation, 
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and rapid cell division, all of which may be affected by nutritional status. During 
pregnancy, oxidative stress has been implicated not only in the pathophysiology of 
preeclampsia but also of preterm birth leading to poor birth outcome. Moreover, 
hyperhomocysteinemia, as a consequence of altered micronutrients like folic acid 
and vitamin B12, is associated with increased production of reactive oxygen spe-
cies that generate oxidative stress. One case–control study related the preconception 
suffi ciency of vitamins B6 and B12 in maternal serum to a 50–60 % reduced risk of 
a PTB. Nevertheless a large prospective national birth cohort study in Norway did 
not fi nd a protective effect of dietary folate intake or folic acid supplementation on 
spontaneous preterm delivery in uncomplicated pregnancies [ 33 ].  

9.6     Low Birth Weight and Intrauterine Growth Restriction 

 Mothers in low-income countries frequently have inadequate micronutrient intakes. 
They often consume inadequate levels of micronutrients due to limited intake of 
animal products, fruits, vegetables, and fortifi ed foods. Low birth weight (LBW) is 
common in undernourished populations in low- and middle-income countries, pre-
dominantly because of intrauterine growth restriction. Micronutrient supplementa-
tion and fortifi cation are currently being used as strategies to improve nutrition even 
in resource-poor settings since many girls and women are chronically undernour-
ished. Many trials have assessed the effect on birth weight of giving women of low 
socioeconomic status micronutrient supplements during pregnancy. 

 In 2001 the Pune (India) Maternal Nutrition Study showed the lack of associa-
tion between size at birth and maternal energy and protein intake but strong associa-
tions with folate status and with intakes of foods rich in micronutrients that suggested 
that micronutrients may be important limiting factors for fetal growth in this under-
nourished community [ 30 ]. However, in another trial performed in the Indian popu-
lation, a daily snack providing additional green leafy vegetables, fruit, and milk 
before conception and throughout pregnancy had no overall effect on birth weight. 
Subgroup analyses indicated a possible increase in birth weight if the mother was 
supplemented >3 months before conception and was not underweight. 

 In the USA a prospective cohort study of 1,116 low-income and minority preg-
nant women showed that suboptimal maternal calcium intake and vitamin D status 
might affect fetal growth [ 32 ]. Studies in India have shown a low dietary consump-
tion of vitamin B12 due to dietary pattern of vegetarianism and poor consumption 
of milk and milk products. In vegetarian Indians, defi ciency of vitamin B12 is com-
monly seen, while concentrations of folate are adequate. Together with folic acid, 
vitamin B12 is also an important determinant of fetal growth and development. 
During pregnancy, the increased requirement of folic acid is met with supplementa-
tion, while vitamin B12 remains untreated and possibly defi cient. In addition to 
vitamin B12 and folate defi ciencies alone, there may be adverse birth outcomes 
associated with unbalanced vitamin B12 and folate intakes or status during preg-
nancy. Folate to vitamin B12 ratio was correlated to neonatal anthropometric mea-
sures. Imbalance in the maternal micronutrients with increasing ratios of folate to 
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vitamin B12 was associated with an increase in plasma homocysteine and lowering 
of neonatal birth weight, birth length, head circumference, and chest circumference, 
while no signifi cant association to other anthropometrics was observed. 

 In 2009 a meta-analysis on original data from 12 randomized, controlled trials 
concluded that compared with iron–folic acid supplementation alone, maternal sup-
plementation with multiple micronutrients during pregnancy in low-income coun-
tries resulted in a small increase in birth weight and a reduction in the prevalence of 
LBW of about 10 %. The effect was greater among women with higher BMI [ 18 ]. 

 A recent meta-analysis of 21 randomized controlled trials on the effects of multiple 
supplementation on pregnancy outcome found that low-/middle-income women who 
received multiple supplements had a signifi cant reduction in the risk of SGA offspring 
compared with women who received iron/folate supplements alone also in developing 
countries [ 19 ]. However, this study failed to show a signifi cant impact on any of the 
other outcomes of pregnancy. The Generation R Study in Rotterdam provided evi-
dence that low adherence to the Mediterranean diet in the periconceptional period 
signifi cantly increased the risk of intrauterine growth restriction [ 37 ]. 

9.6.1     Iron Requirements in Pregnancy and Small Fetuses 

 Indeed, current studies indicate that micronutrient defi ciencies might increase the 
risk of preterm delivery and impair fetal growth also in industrialized countries. 
Specifi cally, iron depletion in pregnancy has been associated with maternal anemia, 
reduced fetal and neonatal iron stores, increased risk of SGA offspring, and preterm 
delivery. Placental iron transport against a concentration gradient fi rstly allows to 
minimize the effect of fetal defi ciencies by upregulating the proteins involved in 
iron transfer. 

 Iron defi ciency is one of the most prevalent nutritional defi ciencies worldwide and 
often leads to iron defi ciency anemia (IDA). An inadequate dietary intake is the leading 
cause of IDA development, although other physiological and pathologic conditions, 
including impaired absorption or transport of iron, physiological losses, or chronic 
blood loss secondary to disease, could contribute as well. Worldwide, the prevalence of 
anemia (defi ned as a hemoglobin level <11 g/dl) has recently been estimated around 
38 % in pregnancy, translating into 32 million pregnant women (Nutrition Impact 
Model Study 1995–2011) [ 36 ], with a small reduction compared with the 1990s. Even 
in high-income countries, it is estimated that approximately 45 % of women have 
serum ferritin <30 μg/l, indicating small or absent iron reserves, while only 15–20 % 
have ferritin >70 μg/l, which nearly balances the net iron loss during pregnancy. 

 From the meta-analysis of Blumfi eld et al. [ 6 ], iron intakes reported by pregnant 
women in developed countries were below the nutrient recommendations in all 
regions except the UK. 

 Another reason for risk of IDA is that the major fraction of dietary iron (about 
90 %) is nonheme iron, which, in the average European diet, has a bioavailability of 
only 10–15 %. Although iron status is strongly dependent on adequate iron intake, 
it is still unclear whether prophylactic iron supplementation can reduce the rates of 
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preterm delivery or LBW. Potentially harmful effects of routine iron supplementa-
tion during pregnancy in iron-suffi cient women are still a matter of discussion 
because results related to clinical endpoints are confl icting. 

 The WHO recommends to supplement the diet of all pregnant women with 
60 mg of iron plus 400 μg of folic acid/day for at least 6 months even in countries 
with a low anemia prevalence (<40 %) [ 40 ]. Intermittent iron supplementation (one 
to three times/week) appears to be as effective as daily supplementation for prevent-
ing anemia at term, and it is better tolerated [ 28 ]. 

 However, due to the possibility of adverse side effects and to the potential pla-
cental oxidative stress in supplemented women, the European trend is that of an 
individualized supplementation, as opposed to general supplementation in the 
USA. Individualized supplementation should be based on the periconceptional fer-
ritin value, with a cutoff of 70 μg/l to decide on supplementation [ 27 ]. 

 In a 2013 systematic review including 48 randomized trials (17,793 women) and 
44 cohort studies (1,851,682 women), daily prenatal iron supplementation/fortifi ca-
tion with or without folic acid increased the mean maternal hemoglobin and signifi -
cantly reduced the risk of anemia, iron defi ciency, and iron defi ciency anemia 
compared with controls [ 20 ]. Preterm birth was not signifi cantly reduced, but for 
each 1 g/l increase in mean hemoglobin level, the birth weight increased by 14.0 g 
and the risk of low birth weight was signifi cantly reduced. The results were con-
fi rmed even in the subgroup analysis separating trials from high-income and from 
low-to-middle-income countries.  

9.6.2     Calcium 

 An inverse relationship between calcium intake and hypertensive disorders of preg-
nancy was fi rst described in 1980s. This was based on the observation that popula-
tions where diet contained high levels of calcium had a very low prevalence of 
preeclampsia. 

 Low calcium intake may cause high blood pressure by stimulating either para-
thyroid hormone or renin release, thereby increasing intracellular calcium in vascu-
lar smooth muscle and leading to vasoconstriction. Calcium supplementation 
reduces parathyroid release and intracellular calcium and so reduces smooth muscle 
contractility. Calcium might also have an indirect effect on smooth muscle function 
by increasing magnesium levels. In fact magnesium defi ciency has been linked with 
preeclampsia and preterm delivery. Moreover, recent evidence indicates that cal-
cium supplementation affects uteroplacental blood fl ow and may be lowering the 
resistance index in uterine and umbilical arteries. 

 Calcium supplementation was tested in several randomized trials: some studies 
suggest that supplementation with calcium have benefi cial effects in the treatment 
of preeclampsia. On the other hand, other studies suggest that dietary supplementa-
tion with calcium and dietary intake of magnesium do not aid in reducing the risk 
of preeclampsia. 
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 In 2014 a Cochrane review reported that calcium supplementation with at least 
1 g of calcium reduces by 50 % the risk of preeclampsia, but it does not appear to 
be effective for healthy nulliparous women in whom the baseline dietary calcium 
intake is adequate. This review also presented a 35 % reduction in the risk of gesta-
tional hypertension, with the greatest effect also among women at high risk and 
those with low-calcium diets [ 22 ]. Based on evidence included in the previous ver-
sion of this review, which was limited to high-dose calcium supplementation, the 
WHO recommends supplementation with 1.5–2.0 g/day in case of low calcium 
intake and for preeclampsia prevention in high-risk populations. In settings in which 
the recommended dosage of 1.5–2 g daily is not feasible, using a lower dose, rather 
than nothing, seems to be a reasonable approach.  

9.6.3     Antioxidants 

 Oxidative stress has also been implicated in the pathophysiology of preeclampsia. 
Oxidative stress is a condition of overabundance of reactive oxygen species (nitric 
oxide, superoxide anion, and hydrogen peroxide (H 2 O 2 )) versus antioxidants. The 
consequence of this unbalanced condition can be observed as increased levels of 
markers of oxidative stress, such as lipid peroxides. Abnormal placentation leads in 
fact to placental ischemia, resulting in generation of placental oxidative stress and 
increased levels of lipid peroxidation. Trophoblastic oxidative stress might also be 
the result of the mismatch in term, otherwise normal, placentas between terminal 
villi overgrowth and reduced intervillous space [ 31 ]. Throphoblastic oxidative stress 
might be worsened in dyslipidemic pregnant women that might suffer of diffuse 
acute decidual atherothrombosis [ 35 ]. 

 The use of antioxidants could theoretically be useful to reduce the damage on pla-
centa, thereby the risk of preeclampsia, especially because of its limited antioxidant 
enzyme capacity in the fi rst trimester. The pathogenesis of adverse pregnancy out-
comes including preeclampsia and intrauterine growth restriction (IUGR) and a num-
ber of neonatal outcomes have been shown to be associated with oxidative stress. 

 Although the concentrations of these vitamins remain signifi cantly reduced in 
women with preeclampsia, supplementation with higher doses of vitamin C and E has 
not been shown to prevent development of preeclampsia in either high-risk or lower-
risk women [ 12 ]. This was confi rmed by Vadillo-Ortega et al. [ 38 ] who found a 50 % 
reduction of preeclampsia recurrence in overweight/obese women who suffered late 
preeclampsia in their previous history. In 2014 similar to this a review by Dean et al. 
[ 14 ], pooling two cohort studies, found a signifi cant 27 % reduction in the risk of pre-
eclampsia obtained by maternal periconceptional multivitamin supplementation.  

9.6.4     Folate 

 Maternal folate status has also been associated with adverse pregnancy outcomes such 
as preeclampsia, fetal growth restriction, and preterm delivery, although these results 
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still remain inconclusive. Higher risk of preeclampsia in women with higher homo-
cysteine and lower folate concentrations and vitamin B12 levels has been reported. 

 Some “placenta events” are postulated to arise from defi ciencies of either 
folate and/or vitamin B12 or defects within the methionine–homocysteine meta-
bolic pathways. In this context, hyperhomocysteinemia has been shown to pro-
voke vascular infl ammation and to decrease the bioavailability of nitric oxide 
that is an important endothelium vasodilatator and seems to be associated with 
the production of reactive oxygen species. This means that folate defi ciency or 
hyperhomocysteinemia may underlie endothelian dysfunction and therefore pla-
cental endovasculature, a theory supported by the observation that elevated 
serum homocysteine concentrations have been associated with an increased risk 
of diseases, such as atherosclerotic, thromboembolic, and neurodegenerative dis-
orders. Hyperhomocysteinemia has been implicated in other adverse pregnancy 
outcomes such as placental abruption or infarction. In contrast, other studies 
indicate no association of vitamin B12 with preeclampsia. Further, folic acid 
supplementation studies are inconsistent with some indicating benefi cial effects 
and others indicating no benefi ts.  

9.6.5     Vitamin D 

 It has been hypothesized that dysregulated vitamin D action in uteroplacental tis-
sues disrupts extravillous trophoblast invasion leading to abnormal placentation. 
Maternal vitamin D defi ciency early in pregnancy, defi ned as 25(OH)D <30 nmol/l, 
may therefore represent an independent risk factor for preeclampsia [ 1 ]. For this 
reason, vitamin D supplementation for women of childbearing age should be a strat-
egy for reducing preeclampsia. 

 Previous recommendations to protect from vitamin D defi ciency report a recom-
mended daily intake of 400 IU (10 μg), derived from the observation that this 
amount of vitamin D was suffi cient to prevent rickets. However, nowadays the Food 
and Drug Administration recommends a daily vitamin D intake during pregnancy of 
600 IU (15 μg). 

 Classic vitamin D defi ciency is rare in developed countries; however, there is 
evidence, based on plasma levels, that the recommendations do not meet the indi-
vidual requirements of 97.5 % of healthy individuals. The meta-analysis by 
Blumfi eld et al. [ 6 ] showed vitamin D intakes below the recommendations for all 
developed regions except Europe, which reported an intake within the acceptable 
range of intake (ARI) compared with European recommendations (ARI: 0–10 μg/
day). However, obviously these recommendations are not appropriate since they are 
starting from a value of 0. A recent study by Johnson et al. [ 25 ] showed that 97 % 
of African-American, 81 % of Hispanic, and 67 % of Caucasian pregnant women 
were vitamin D defi cient or insuffi cient based on 25(OH)D levels. Data from the 
German National Nutrition Survey (2008) showed that the mean intake of vitamin 
D from food of pregnant and lactating females was 3.1 μg/day, an amount far below 
the recommended. Therefore, recently, the German Nutrition Society indicated that 
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pregnant women with an increased risk of vitamin D defi ciency for lack of exposure 
to sunlight should be provided with supplements of 20 μg (800 IU)/day [ 26 ]. 

 Even if there is no evidence of a benefi t with general supplementation and 
screening of defi ciency during pregnancy, given the low intake and maternal vita-
min D status, the IOM [ 24 ] and the US Endocrine Task Force on Vitamin D [ 23 ] 
commented that 600 IU/day may not be suffi cient to correct vitamin D defi ciency 
in pregnant and lactating women, increasing the recommendation to 1,500–
2,000 IU/day of vitamin D for pregnant and lactating women with vitamin D defi -
ciency [ 5 ].   

9.7     Supplementation: What Is the Evidence? 

 It is now well recognized that the frequency and severity of pregnancy complica-
tions may be reduced through an improvement in the micronutrient status of the 
mothers. The best way of preventing micronutrient malnutrition is to ensure con-
sumption of a balanced diet that is adequate in every nutrient. Unfortunately, this is 
far from being achievable everywhere since it requires universal access to adequate 
food and appropriate dietary habits. Supplementation and/or fortifi cation can make 
a contribution when the high demands for growth and development are diffi cult to 
be met through food alone. 

 Nutritional counseling for pregnant women should be a public health priority. 
Many women are still unaware of how much their nutritional status impacts their 
pregnancy outcomes, and improving women’s nutrition and weight-related behav-
iors should therefore begin during their earlier reproductive years. Dietary recom-
mendations for women of childbearing age should promote greater consumption of 
green leafy vegetables, whole-grain breads/cereals, oily fi sh, eggs, and fortifi ed 
food products. Furthermore, each woman, who does not avoid a pregnancy, should 
be advised to use folic acid supplements during the periconceptional period. 

 However, there is no clear consensus on need of other supplements. In general, stud-
ies show that multiple micronutrient supplementation improves outcomes as far as low 
birth weight, preterm delivery, and preeclampsia. On the other hand, in medium- to 
high-income countries, there is currently insuffi cient evidence to support a routine 
supplementation at the population level, except for periconceptional folate supplemen-
tation. Therefore, for most pregnant women, a more individualized approach is recom-
mended with a specifi c focus on iron, calcium, and vitamin D status (Table  9.2 ).

   In general, there is growing interest in multiple micronutrient supplementation in 
at-risk populations in whom multiple defi ciencies often coexist. In the USA, the 
Institute of Medicine (IOM) and the Centers for Disease Control and Prevention 
(CDC) recommend multivitamin supplements for pregnant women who do not con-
sume an adequate diet. Women considered at higher risk of dietary defi ciencies 
include also those who are carrying a multiple gestation as well as heavy smokers, 
adolescents, vegetarians, substance abusers, and those with a short inter-pregnancy 
interval. Women at extremes of BMI like underweight or obesity should also be 
considered at risk for micronutrient defi ciencies. 
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9.7.1     Folate: Is Current Supplementation Adequate? 

 Folic acid supplementation is recommended worldwide in the periconceptional 
period for the prevention of neural tube defects. Since 1990s, internationally, women 
are advised to use folic acid supplements during the periconceptional period. The 
US Preventive Services Task Force (USPSTF) recommends supplementation con-
taining 0.4–0.8 mg of folic acid for all women 1 month before and for the fi rst 2–3 
months after conception to reduce the risk of NTDs. The current recommendation 
to supplement 400 μg folic acid daily starting at least 4 weeks before conception is 
likely inadequate to achieve optimal red cell folate levels within 4 weeks, because 
this requires at least 8–12 weeks of daily intake. In fact Daly et al. [ 13 ] found that 
red cell folate levels higher than 906 nmol/l are associated with maximal risk reduc-
tion of NTDs. In 1998 the German Nutritional Survey evaluated folate concentra-
tions in serum and in red cells of women of childbearing age. Only 13 % of the 
women showed a red cell folate level higher than 906 nmol/l. With a daily dosage 
of 800 mg folic acid, the preventive red blood cell level of 906 nmol/l is reached 
within an average 4 weeks after the start of supplementation [ 2 ] (Table  9.3 ).

   The biologically active derivate [6S]-5-methyltetrahydrofolate ([6S]-5-MTHF) 
has been found to be more effective than folic acid supplementation in improving 
folate status, and since it represents the main folate form in cord blood (mean 
89.4 % of total folate), it may be hypothesized that 5-MTHF can provide an imme-
diate source for folate to be transported to the fetus. 

 Folate intake and status has been consistently reported to be related to birth weight, 
and recently the periconceptional folate status has been also related to embryonic 
growth in the fi rst trimester. However, lowest embryonic growth was found both in the 
lowest and in the highest quartiles of red blood cell folate levels [ 39 ]. 

 Although major health organizations promote the use of folic acid by women of 
reproductive age and the prevalence of folic acid use is reportedly high in the prena-
tal period, most women do not take folate supplements in the periconceptional 
period, even if they are aware of its benefi ts. 

 A recent study among 1,296 pregnant women sampled in the NHANES demon-
strated that only 55–60 % of the women reported taking folic acid-containing sup-
plementation in their fi rst trimester, with red blood cell folate showing the lowest 

  Table 9.2    Adequate intakes 
during pregnancy for the 
main micronutrients  

 Adequate intake during pregnancy 

 Folic acid  600 μg/day 

 Iron  27 mg/day 

 Iodine  220 μg/day 

 Vitamin D  15 μg/day–600 UI/day 

 Calcium  1,000 mg/day 

  The adequate intake is a recommended average daily nutrient 
intake level based on observed or experimentally determined 
approximations or estimates of nutrient intake by a group (or 
groups) of apparently healthy people who are assumed to be 
maintaining an adequate nutritional state. AI is derived for a 
nutrient if suffi cient scientifi c evidence is not available to set a 
Recommended Dietary Allowance (RDA)  
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level in the fi rst trimester compared with the last part of pregnancy [ 7 ]. Even in most 
European countries, pregnant and childbearing-aged women showed a folate intake 
of less than half the recommended amount of 600 μg/day. Recent trials carried out 
in Italy and the UK found that only 11.3 % of the Italian and 45.1 % of the British 
reached the optimal dietary folate intake of 400 μg/day. Of the women, all at child-
bearing age, almost 70 % of Italian women had inadequate folate serum levels [ 29 ]. 
A recent English study on 466,860 women showed that the proportion of women 
taking folic acid supplements before pregnancy declined from 35 % in 1999–2001 
to 31 % in 2011–2012, with an increase in supplementation use with maternal age 
[ 4 ]. All these data show that the policy of folic acid supplementation is failing in 
industrialized countries. It is necessary to improve awareness and use folic acid 
supplements among all women of reproductive age so that even women with 
unplanned pregnancies are protected. Moreover, it is likely that public health policy 
cannot rely on prepregnancy folic acid supplementation alone, and programs of 
food fortifi cation and social education need to be promoted.      
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10.1            Maternal Cardiovascular and Metabolic Adaptation 
to Pregnancy in a Nutshell 

 Pregnancy, actually the changes driven by feto-placental unit in maternal organism, 
tantamount to a cardiovascular and metabolic stress test. 

10.1.1     Cardiovascular Stress 

 In a few weeks from the beginning of pregnancy, plasma volume is increased by 
30 % with a net increase of the visceral venous reservoir. Cardiac output is increased 
through higher heart rate frequency and diastolic function improvements. 

 The complex infl ammatory balance plays a major role as well. The TH1 pro- 
infl ammatory state of early pregnancy and placental development soon leaves the 
stage for a long period of balanced anti-infl ammatory TH2 milieu. In late gestation, 
TH1 returns to be prevalent. 

 This latter process favours the expression of a new array of genes among which 
the expression of decoy progesterone receptors that in humans block the progester-
one function and lead to functional changes in the myometrium and eventually to 
labour and delivery. This immune process in late gestation is favoured or paralleled 
by a possible increasing oxidative stress of the syncithiotrophoblast of the tertiary 
villi. These parts of the villi tree grow more than the volume of the intervillous 
space to the point of causing an imbalance of perfusion and the production of reac-
tive oxygen species [ 1 ]. 

 All these changes might be interpreted in the light of adaptative mechanisms of 
human pregnancy. The increase of plasma volume reservoir, together with pro- 
coagulatory changes, might have represented a survival advantage in epochs when 
postpartum haemorrhage was a real life-threatening event in human reproduction 
and was among of the strongest pressures in genomic selection. Similarly the unique 
“invention” of decoy receptors for progesterone allowed for “premature” onset of 
labour when bipedalism and cephalisation were conjuring against survival of our 
species for the high toll of lives lost in labour. The “solution” resulted in an altricial 
neonate, a neonate that needs weeks of gestation outside the uterus, in a manner 
totally different from his anthropoid relatives [ 2 ].  

10.1.2     Metabolic Stress on Insulin, Glucose and Lipids 

 All these adaptive mechanism plus feto-placental growth itself require a profound 
“protected” adaptation of metabolism to meet energy requirements. During preg-
nancy, metabolic rates in human mothers quickly approach 2.5 times the basal meta-
bolic rate (BMR), and by the sixth month BMR is twice the pre-pregnancy state. 
Only athletes can go much further than that and for a limited period of time 
(Fig.  10.1 ). Part of this increment is due to the oxidation of 20–25 g of glucose per 
day by the placenta and the fetus that evenly absorb this metabolic strain.  
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 To summarise extensive reviews on pregnancy energy metabolism, among which 
one is by Nancy Butte [ 3 ], one can depict glucose and insulin changes as follows. In 
early pregnancy, basal glucose concentrations and hepatic basal glucose production 
do not differ signifi cantly from pre-pregnancy values; muscle and hepatic sensitiv-
ity to insulin is normal. Insulin incretion is normal or even increased in its fi rst 
minute response to glucose. 

 By the third trimester, basal glucose concentrations go 10–15 mg/dL below pre- 
pregnancy levels (0.56–0.83 mmol/L), and insulin is almost twice the concentration. 
Postprandial glucose concentrations are signifi cantly elevated and the glucose peak 
is prolonged. These changes are paralleled by an increase of 16–30 % in basal 
endogenous hepatic glucose production to meet the increasing energy needs of the 
placenta and fetus. In late gestation these changes are driven by the combination of 
rising concentrations of human chorionic gonadotropin, prolactin, cortisol and glu-
cagon that overall exert anti-insulinogenic and anti-lipolytic effects to achieve avail-
ability of alternative fuels, especially fatty acids, by peripheral tissues. 

 Changes in hepatic and adipose metabolism alter lipids profi le as well. In preg-
nancy we observe a steady increase in triglycerides; cholesterol, with a higher LDL 
rise; fatty acids; lipoproteins; and phospholipids. The HDL triglycerides ratio goes 
up from 2 to 4–5, pretty in the range of dyslipidemia in non-pregnant women. These 
are good news for the fetus that can claim its share of glucose and amino acids while 
the mother diverts her energy metabolism with mobilisation of lipid store.   
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  Fig. 10.1    Metabolic constraint on gestation length and fetal size. ( Y  axis). Fetal energy demands 
( green line , kcal/day) increase exponentially during gestation ( X  axis). Maternal energy expendi-
ture ( red line ) rises during the fi rst two trimesters but reaches a metabolic ceiling in the third, as 
total energy requirements approach 2.0× basal metabolic rate (4)       
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10.2     The Paradox of Type 2 Diabetes in Pregnancy 

 The variable prevalence of gestational diabetes is a consequence of mixed effects 
of different diagnostic criteria in different populations: American Diabetes 
Association, 2–19 %; Carpenter and Coustan, 3.6–38 %; National Diabetes Data 
Group, 1.4–50 %; and the World Health Organization, 2–24.5 % [ 4 ]. According to 
the criteria of the international consensus of the International Association of 
Diabetes and Pregnancy Study, this prevalence ranges around 16 % in a large 
mixed population of 23 thousand women recruited in different countries and ethni-
cally diverse, with 48 % white Caucasians, 12 % black, 29 % Asian/Oriental and 
8 % Hispanic/mestizos. 

 Indeed, this huge variability appears to be the obvious clinical result of two evi-
dences: fi rst, there is a continuous positive linear association between maternal glu-
cose and increased fetal birthweight, as well as fetal hyperinsulinaemia [ 5 ] and 
eventually abnormal short-term and long-term outcome (Fig.  10.2 ); second, there is 
a strict association between lifestyle, macro-ethnicity and metabolic syndrome, 
altogether major risk factors for insulin resistance, and abnormal lipid and carbohy-
drate metabolism.  

 These aspects compose a puzzle where pieces of epidemiology and pieces of 
diagnostic tests are confronted with the objective to fi t the fi nal design of chronic 
diseases: changing thresholds in different or mixed populations might cause huge 
variations in prevalence estimates. 

 But why this puzzle should happen in the 9 months span of a pregnancy, not at 
all a chronic scenario? 

 A dominant party of Western medicine look at this phenomena from the point of 
view of higher prevalence of the disease (ICD-9, 648.83) therapy, health-care costs 
and hence insurance costs: thresholds are brought as high as decently possible, the 
prevalence of the disease reduced, and its costs cut [ 4 ]. Others, when faced with 
chronic degenerative diseases, favour prevention. Low screening thresholds yield 
the opportunity to intervene before the full-blown disease is established. 
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 We totally embrace the following vision of the Society of Maternal-Fetal 
Medicine: “There are three times during a woman’s life that she accesses the health 
care system on a regular basis and is seen by a trained health-care provider: as an 
infant, for pregnancy and postpartum care and when she develops a chronic disease. 
Given that chronic diseases like cardiovascular disease are usually decades in devel-
opment, for the majority of women of reproductive age, pregnancy and the postpar-
tum provides a new early window of opportunity to identify risk factors and improve 
their long-term health”.  

10.3     Gestational Diabetes: A Clinical Phenotype 
of an Accelerated Metabolic Syndrome in Pregnancy 

10.3.1     Anti-insulin Effects of Pregnancy 

 The anti-insulin effects of pregnancy are a well-known history. At the end of the 
day, a few weeks with high glycaemic values do not represent a health problem 
for the adult woman and a large baby can be safely delivered by caesarean sec-
tion, and its possible neonatal metabolic disturbances might be safely treated in 
any hospital setting. So what? This fi rst player in the unbalanced “metabolism” 
frequently covers in the clinical practice the more complex picture that is asso-
ciated with maternal gestational diabetes and promotes a critical intrauterine 
environment.  

10.3.2     Dyslipidaemia 

 The role of lipids has been frequently overlooked by obstetricians in gestational 
diabetes. Indeed, dyslipidaemia is a constitutional part of metabolic syndrome in 
adults and, more specifi cally, in type 2 diabetes in a way that resemble normal gesta-
tion: dense LDL and triglyceride increases versus low level of HDL. Elevated levels 
of free fatty acids (FFA) cause insulin resistance in muscle and liver cells. Saturated 
fatty acids are among the most detrimental of FFA, being the main culprit of insulin 
resistance and infl ammation. On the other hand, FFAs act on the beta cell of the 
pancreas to stimulate insulin secretion, both directly improving the glucose- 
stimulated insulin secretion and potentiating glucose-stimulated insulin secretion. 
To some extent, this counterbalances peripheral insulin resistance.  

10.3.3     The Microbiota 

 A third player comes on stage to promote an accelerated metabolic syndrome in 
pregnancy. The pregnant state modify the intestinal microbiome [ 6 ] in a way that 
faeces of third-trimester mothers showed increased signs of infl ammation and 
energy loss. In a germ free mice, transplant of faeces of third trimester human 
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pregnant women, but not fi rst trimester pregnant women, increased adiposity, insu-
lin resistance and infl ammation were determined (Fig.  10.3 ).  

 The higher prevalence of fi rmicutes over bacteroides observed by Koren et al. [ 6 ] 
in human pregnancy matches similar fi ndings in obese adults [ 7 ].  

10.3.4     Unbalanced Western Supermarket-Style Nutrition 

 The fi nal fourth player of this picture introduces us to the substantial impact of life-
style in nutrition in Western societies of lipid metabolism. The original balance of 
n-6 (linoleic acid metabolised to arachidonic acid) and n-3 (alfa linolenic metabo-
lised to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) essential 
fatty acid that at the best of our knowledge as qualifi ed human diets for at least 160 
thousand years in a 2:1 and 1:1 ratio has been dramatically changed in Western diets 
up to a ratio of 10:1 and 25:1. n-3 essential fatty acids are indeed essential in an 
array of positive human metabolic pathways [ 8 ]. Beyond this, it might be of relevant 
interest the recent association of n-3 essential fatty acid with the biosynthesis of a 
specialised family of pro-resolving mediators of infl ammation [ 9 ] (resolvins, pro-
tectins and maresins). This is probably what is needed to soothe the strained insulin 
receptors and the endothelium.  
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10.3.5     Macro-Ethnicities 

 These two latter elements, microbiota and nutrition interact to lessen or increase the 
risk of the accelerated metabolic syndrome of pregnancy. What is not widely and 
properly acknowledged in nutritional counselling is the importance of the pheno-
type of different macro-ethnicities in which this interaction takes place. Asian, mes-
tizos and AmerInds (sometimes defi ned as Hispanics in North American literature) 
and Native American women, as compared with white women of Caucasian ances-
try, have an increased risk of GDM [ 10 ]. The large human migrations from Asia and 
South America [ 11 ] into Europe and the USA and the spread of Western-style diet 
(Fig.  10.4 ) have proved that the metabolic syndrome, originally a rare phenomenon 
in these macro-ethnicities, has become a major health problem both in Western 
countries and in these original countries [ 12 ,  13 ].  

 A special mention is deserved to slave trade from Western Africa and the fate of 
these macro-ethnicities in North America and the Caribbean. Agriculture and farm-
ing entered East Africa eight thousands years ago. We can trace its slowly spreading 
south in millennia, thanks to archaeological fi ndings, and the prevalence of lactose 
persistence in micro-ethnicities of Eastern Africa [ 14 ]. When slave trade was started 
by “colonial powers”, in the sixteenth century, farming products as we know them 
(protein-rich grains such as wheat, cow milk and dairy products; fat-rich meat from 
cattle raising) had not yet entered the nutritional profi le of black ethnicities of West 

  Fig. 10.4    More than 40 million people feed every day similar unbalanced food, frequently associ-
ated with a sugary carbonated drink and fried starch. The bread is usually made with wheat fl our 
type 0, added with glucose, rapeseed oil, potato starch and chemical colours. The meat comes from 
intensive cattle raising, and the part of the cow from which it is minced is an “industrial secret”. 
The cheese is a complex mix of reconstituted dairy products and artifi cial colours. A few human 
dishes are so far from a balanced nutritional profi le. A touch of green, less than 20 g in weight, and 
here we go promoting the metabolic syndrome       
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Africa. The descendants of the forced migration exposed to Western-style diet are 
even more prone to obesity and abdominal obesity than populations of Caucasian 
ancestry in whom such a prevalence occurs only in areas of very low income (  http://
www.cdc.gov/obesity/data/prevalence     see maps 2011–2013 of white adults - and 
maps of Black Adults). 

 Metabolic syndrome in these macro-ethnicities is not just eating too much but is an 
accelerated consequence of the mismatch between their genome and their nutritional 
profi le that is even more alien to them than to population of Caucasian ancestry. 

 All these “players” conjure to make pregnancy a possible pray of an accelerated 
metabolic syndrome both igniting a trans-generational legacy of diabetes-causing 
diabetes [ 15 ] and signalling the future risk to develop a full-blown type 2 diabetes 
in the fi fth decade [ 16 ] up to 11 times the risk of women who did not suffer of GDM.   

10.4     The Magic Challenge of Prevention Through 
Food and Exercise 

 We all have, somewhere in a box, images of our grand grandparents, not necessar-
ily during wartime: abdominal obesity was then a rare condition if ever existed in 
a family in two generation spans. That was the waistline then, not only for people 
of Caucasian ancestry in Europe and the USA but also for Afro-Americans, 
natives, fi rst-generation Chinese and Asians. In 1950 the average BMI of white 
Americans was 22.4. In 2012 the average BMI was up to 27.8. Unfortunately 
Europe and Arabian countries are “catchin’ up” this “Western inequality” very 
rapidly. Among all variables interwoven in the social fabric that lead to present 
epidemics of obesity, it is likely that industrial processing of food, food market-
ing, quantity vs. quality policy and fast food eateries bear the largest responsibil-
ity for the epidemics (Fig.  10.4 ). 

 Poor food, according to the Alternate Healthy Eating Index 2010 (AHE) 
adherence score, overweight and inactivity yield a risk of up to 45 % of develop-
ing gestational diabetes in future pregnancies [ 17 ]. According to the same study, 
based on a cohort of 14 thousand, mostly white Caucasian women, the risk of 
gestational diabetes was 83 % lower (RR 0.17) in women with normal weight, 
good diet, exercise and no cigarette smoking. This is a proof of principle that 
gestational diabetes could be preventable just by changing lifestyle and reverting 
it back to a more “human lifestyle”, nothing more. To make it simple we can 
summarise the adherence to AHE under the name of prudent diet characterised 
by a high intake of fruits, green leafy vegetables, poultry and fi sh. A “poor” diet 
can be characterised by a high intake of red meat, processed meat, refi ned grain 
products, sweets, French fries, pizza, sugary beverages and sugary snacks or 
Western-pattern diet. 

 Unfortunately, lifestyle and nutrition cannot be changed at the snap of the fi ngers 
or just through a medical consultation. This is why pregnancy and the special com-
pliance that can be nurtured in this delicate frame are a window of opportunity to 
win bad habits and introduce a healthier lifestyle and nutrition. 
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10.4.1     Healthy Diet or Healthy Diets? 

 Troubles begin when one has to enter the fi eld of defi ning what a healthy diet is. For 
decades this has been defi ned just by relative amounts of protein, fats and carbohy-
drates. Such useless profi le avoids to meet the real-world problems where govern-
mental regulatory bodies live under tremendous pressure of the agro-industrial 
system. A huge amount of literature on dietary prevention and treatment of gesta-
tional diabetes came to almost no conclusions until a few years ago [ 18 ]. However 
some pillars can be deducted by good-quality pre-pregnancy studies [ 10 ] and by the 
few more recent studies [ 19 ,  20 ] . 

 According to these studies, the culprit of an increased incidence of gestational 
diabetes in pre-pregnancy studies are (a) insuffi cient consumption of vegetables and 
fruit; (b) refi ned cereal that deprives the organism of the natural fi bre content of 
these nutrients; (c) sugar-sweetened beverages, sugary snacks and fruit juices; (d) 
products rich in cholesterol and other animal fats; and (e) overconsumption of red 
meat and processed meats. The latter item comes to a surprise and requires some 
explanatory notes. First of all, red meat from farm-raised cattle is rich in cholesterol 
that was pretty scarce in the game meat of our ancestors; nitrites used in processed 
meat might be transformed into nitrosamine that might damage the pancreatic beta 
cell; heating cholesterol-rich meat produced glycated compounds, excess of haem 
iron in women without iron defi ciency, and eventually the pro-infl ammatory role of 
the sialic acid of cell walls of mammalians ( N -glycolylneuraminic acid) that differ 
from human sialic acid by one acetyl compound ( N -acetylneuraminic acid) [ 21 ]. 
This latter unwanted interaction of mammalian red meat with our immune system is 
caused by a single gene mutation that sets human cell membrane apart from anthro-
poid monkeys and all other mammalians including cattle. This mutation makes the 
human red cell membrane free from the aggression of the lethal malaria agent, the 
 Plasmodium reichenowi  that infects monkeys [ 22 ]. However, the continued supple-
mentation of this molecule through diet stimulates a low-grade immune reaction 
and eventually this alien immunogenic sialic acid might be incorporated in high 
turnover tissues, such as the endothelium [ 23 ]. 

 One single aspect has been sorted out by many studies and requires a proper 
focus. We know that pregnancy in patients fed on a Western diet induces diabeto-
genic changes in the intestinal microbiota [ 6 ]. The intestinal microbiota modulates 
the immune system and this might balance the low-grade infl ammation of visceral 
obesity and of term pregnancy. Obviously, negligible supplementation with one bil-
lion single-strain bacteria for a negligible number of weeks does not achieve any 
results in reducing risk factors [ 24 ]. Positive results were observed by single trials 
adopting proper dosage and length of administration [ 25 – 27 ]. In addition to this, 
preliminary data show how probiotic yogurt can reduce the infl ammatory profi le in 
pregnancy [ 20 ] as well as it has been proved in non-pregnant adults [ 28 ]. 

 The nutritional prevention of gestational diabetes should then be tailored on each 
woman who requires the assistance of health-care providers. 

 Macro-ethnicity, cultural values, nutritional traditions and family habits, indi-
vidual intolerance to food, lactose non-persistence and gastrointestinal signs and 
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symptoms – all these elements should be investigated and become the background 
for nutritional advice. The healthy plate should accommodate all nutritional bal-
ances based on vegetable and fruit carbohydrate oligo elements and fi bres, a variety 
of whole grains, healthy vegetable fats and healthy proteins including a prudent 
weekly share of fermented dairy products and red meat.   

10.5     The Paradox of Hypertensive Diseases of Pregnancy: 
Preeclampsia 

 For almost 100 years preeclampsia had been defi ned by the coexistence of hyper-
tension and proteinuria in a pregnant woman. Eventually, recently major scientifi c 
bodies such as the Royal College, the American College and The Canadian 
Society of Obstetricians and Gynaecologists picked out foamy urine – or protein-
uria as more properly diagnosed by chemical reagents – from the defi nition of 
preeclampsia. This syndrome now accommodates a huge variety of signs, clinical 
conditions and laboratory abnormalities, and some guidelines even include fetal 
growth restriction to allow for a diagnosis of preeclampsia; others exclude this 
condition. A more generalized name could probably better fi t the whole scenario: 
hypertensive diseases of pregnancy. Besides guidelines, or ahead of offi cial scien-
tifi c bodies, single scholars or international working groups, such as the Global 
Pregnancy CoLaboratory [ 29 ], proposed novel strategies to diagnose the different 
clinical phenotypes and possible different diseases, included unto the huge 
umbrella of preeclampsia. 

 For more than a scholar, this confl icting inclusive defi nition appears totally 
devoid of any explicatory pathogenesis, a criterion that is otherwise a paradigm in 
Western scientifi c medicine. We need to go back a few centuries to fi nd such another 
big “clinical” vague defi nition articulated in a variety of signs and symptoms, some 
of them on the opposite site of pathophysiology: consider “dropsy”. The Emperor 
Adriano suffered of dropsy and died of this disease in 138 AD. Was it a cardiac 
insuffi ciency, was it nephrosis, was it a pre-renal cause, or was it hepatic cirrhosis? 
The detailed array of clinical conditions, organ damages, criteria of severity, etc., 
included by recent guidelines without any attempt to reassemble clinical pheno-
types on the ground of their “pathophysioloy” might appear alien to doctors not 
familiar with our specialty, a kind of modern “dropsy”.  

10.6     The Major Clinical Phenotypes of Preeclampsia 

10.6.1     Early Preeclampsia or Preeclampsia Associated 
with Fetal Growth Restriction 

 A relatively rare, approximately less than 1 % of pregnancies, well-known cause of 
preeclampsia, if fetal growth restriction is allowed into the defi nition, is caused by 
shallow trophoblastic invasion and placental insuffi ciency [ 30 ]; this abnormal 
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feto- maternal interface causes an early syncytiotrophoblastic oxidative stress that 
alters the balance of placental growth factors and its soluble blocking binding fac-
tors [ 31 ] and the development of villi and intervillous space. This condition starting 
in the fi rst trimester later causes fetal growth restriction and in most of the cases 
subsequently determines a maternal endothelial dysfunction that results in high 
blood pressure and a possible variety of organ and function damages [ 32 ]. 
Approximately one in ten cases of preeclampsia adhere to this pathophysiological 
course, both in countries not affected by obesity epidemics [ 33 ] and in those affected 
[ 34 ]. Mothers do not adapt to pregnancy cardiovascular request developing a low 
cardiac output and high total vascular resistance from the early trimesters [ 35 ], just 
opposite to normal pregnancy physiology [ 36 ]. Its clinical differential diagnosis is 
centred on the fi nding of abnormal uterine Doppler velocimetry, abnormal PLGF/
Sfl it-1 ratio and poor fetal growth as assessed by abdominal circumference at ultra-
sound. In high-income or in Western countries, this condition is usually screened at 
prenatal visits and mothers and fetuses can be treated by antihypertensive drugs, 
fetal and maternal monitoring and timing of delivery. 

 For sure we cannot accept that the clinical phenotype of “early onset” preeclamp-
sia ends at 33 weeks and 6 days, and that, 1 day later, it becomes a brand new dis-
ease under the name of “late-onset” preeclampsia, as one should assume according 
to present clinical practice guidelines. Placental insuffi ciency due to shallow tro-
phoblastic invasion, and possible coexisting risk factors, varies in severity, clinical 
signs, and symptoms, obviously might appear at any gestational age and can be 
diagnosed with the same tools adopted in early gestation: uterine Doppler velocim-
etry fetal growth assessment and PLGF/Sfl it-1 ratio. Hypertensive diseases associ-
ated with fetal growth restriction due to shallow trophoblastic invasion do become 
clinically evident also well after 33 weeks of gestation. Unfortunately, under present 
classifi cations, this disease remains nameless.  

10.6.2     Maternal Preeclampsia Associated with Normal 
or Accelerated Fetal Growth 

 The clinical experience of each obstetrician recognises two main clinical pheno-
types: the fi rst, in which gestational hypertension is associated with fetal growth 
restriction (IUGR) as we briefl y described in the previous paragraph, and the sec-
ond, in which hypertension is associated with a fetus appropriate for gestational 
age, or sometimes even with large for gestational age fetuses, and a placenta that is 
normal for weight and number of primary villi. The latter occurs more commonly in 
the last weeks of pregnancy and even after birth and recognises the pre-existence of 
cardiovascular or metabolic risk factors related to the context of the metabolic syn-
drome [ 32 ,  37 ,  38 ] which is superimposed on the normal condition of pro- 
infl ammatory normal placenta at term [ 39 ]. 

 Total vascular resistance is decreased in the vast majority of preeclampsia occur-
ring late in gestation, and cardiac output is increased, in an opposite fashion to 
preeclampsia, due to shallow trophoblastic invasion [ 36 ]. 
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 We have already discussed in previous paragraphs, as regards gestational diabe-
tes, the common pathway of metabolic syndrome as a pro-infl ammatory condition. 
The infl ammatory endothelial dysfunction is the common pathway that merges this 
clinical phenotype of preeclampsia with the more “famous”, but less frequent, phe-
notype caused by shallow trophoblastic invasion.  

10.6.3     Oxidative Stress of the Trophoblast in Late Gestation 

 Unfortunately for the pregnant women, other partners of infl ammation come on 
stage to add on their effects on metabolic syndrome in the late part of pregnancy. 
Recently, the appearance of macroscopically normal placenta has been redefi ned as 
a condition of overcrowding of the tertiary villi at the expense of the intervillous 
space [ 40 ], leading to conditions of hypoxia and oxidative stress on the syncytiotro-
phoblast [ 1 ]. This latter condition is similar to the oxidative stress of the syncytio-
trophoblast caused by the growth-restricted placenta but occurs in normally 
developed placenta in late gestation.  

10.6.4     Microbiota 

 A special recent focus has been put forward by the studies of Emry Koren on the 
changes and the role of intestinal microbiota in pregnancy [ 6 ]. As we have already 
described in previous paragraphs with the authors own words, “Third trimester stool 
is associated with greater infl ammation and energy content”.  

10.6.5     Dyslipidaemia and Late Decidual Changes 

 The late histological abnormality of placental tissue is associated with infl ammatory 
changes of the basal decidua [ 41 ] with a population of infl ammatory immune cells 
that increases in the fi nal stages of gestation, thereby contributing with other “part-
ners”, dyslipidemia, low-grade infl ammation driven by visceral adipocytes, syncy-
tiotrophoblastic oxidative stress, to acute atherosis at the level of spiral arteries [ 42 ]. 

 The role of decidua as an “immune battleground” probably explains why pre-
eclampsia is fi ve to six times more frequent in pregnancies conceived from ovodo-
nation [ 43 ], that is, a complete allograft for the maternal immune systems. In 
ovodonated mothers, unique and typical immune-adaptive changes are found in 
successful pregnancies, but not in those developing preeclampsia [ 44 ].  

10.6.6     Abdominal Venous Pressure in Late Gestation 

 Finally a new area of investigation is focusing on venous pressure in the abdominal 
compartment. The post-glomerular venous pressure in kidneys is increased in late 
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preeclampsia. This decreased venous fl ow from the kidneys results in lower glo-
merular fl ow and fi ltration rate. This activates the local renin-angiotensin- aldosterone 
system in order to “increase” glomerular fi ltration rate [ 45 ] (Fig.  10.5 ).  

 There are other phenotypes of preeclampsia caused by predisposing conditions 
such as (1) immune damage that alters the development of the trophoblast (acquired 
autoimmune diseases), (2) severe chronic infl ammatory diseases such as coeliac 
disease, (3) conditions such as some congenital thrombophilia, (4) the causes that 
lead to fetal hypoxic injury of the placenta (fetal heart failure, multi-fetal preg-
nancy) and (5) the conditions of peculiar disturbance of the immune decidual bal-
ance such as in oocyte donation.   

10.7     Maternogenic Preeclampsia: Good News for a Possible 
Prevention 

 Good news for the possible prevention of maternogenic preeclampsia! So far, we 
have learned that the gestational age at which hypertensive disorder of pregnancy 
occurs is just a poor proxy of the different pathogenesis of hypertensive diseases of 
pregnancy, based on the more frequent epoch at which the clinical disease becomes 
apparent. Obviously when obesity and metabolic syndrome become epidemics, the 
overlapping of this cause with other causes of preeclampsia become more and more 
common so as to blur the information we can derive from epidemiology. 

 Indeed, the hard numbers are there; worldwide the major phenotype of pre-
eclampsia is the one occurring late in gestation, in association with normal weight 
or large fetuses [ 46 ], in women affected by metabolic syndrome [ 47 ]. Contradictory 
reports as regards the risk of later cardiovascular risks are often retrospective stud-
ies based on regions with epidemics of obesity over 30 % of female population [ 48 ] 
or from studies in which the borders of “early preeclampsia” are moved up to 37 
weeks of gestation [ 49 ]. In longitudinal prospective studies in regions where obe-
sity is not making its disease toll on large shares of the female population, such as 
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in Norway [ 37 ], maternogenic preeclampsia is signifi cantly associated with a 
higher risk of developing cardiovascular disease in the fi fth decade, due largely to 
pre-pregnancy risk factors. 

 From the point of view of those who believe that lifestyle might prevent at least 
part of this great obstetrical syndrome, these are good news. This allows drug regi-
men aimed at reducing endothelial dysfunction as nitric oxide donors [ 47 ], proper 
antihypertensive drugs that do not primarily reduce vascular peripheral resistance, 
or mainly action might and should be taken by tackling abdominal obesity since 
early gestation by adequate nutritional counselling and exercise promotion. 

 Smoke reduction has been more and more received by the general public when 
the perception of cancer later in life had become widespread; similarly changes in 
lifestyle during pregnancy might be better received and compliance improved when 
a more simple and lifelong perspective of health is envisioned to women since the 
very beginning of pregnancy.     
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11.1            Introduction 

 Hypertension represents the most common syndrome of pregnancy. Its diverse clini-
cal phenotypes affect up to 7–15 % of pregnancies worldwide [ 1 ,  2 ]. Hypertensive 
disorders of pregnancy (HDP) include gestational hypertension, generally defi ned 
as new-onset hypertension (≥140 mmHg systolic or 90 mmHg diastolic blood pres-
sure) arising after 20 week’s gestation, and pre-eclampsia, defi ned as gestational 
hypertension accompanied by proteinuria (excretion of ≥300 mg protein every 
24 h) and or other end organ diseases associated with hypertension [ 1 ,  3 ]. Less 
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frequent phenotypes include chronic hypertension, and chronic hypertension with 
superimposed pre-eclampsia. 

 The central hypothesis of HDPs is that these disorders might result either from 
shallow trophoblastic invasion in early gestation and utero-placental underpefusion 
and subsequent oxidative stress or from over-croweded terminal villi near term with 
abnormal intervillous perfusion, hypoxia and oxidatively stressed syncythiotropho-
blast. Both these abnormal placental diseases release dysregulated vascular active 
proteins into the maternal circulation that are capable of inducing the clinical mani-
festation of the disease [ 4 ]. The former disease, with its typical early onset, has be 
defi ned in the last 10 years by many scholars as “placental pre-eclampsia” whereas 
the second phenotype, whose clinical severity is associated with preexixting or 
pregnancy-accelerated maternal metabolic syndrome and occurs usually later in 
pregnancy, might be defi ned as “maternal pre-eclampsia” [ 3 ,  4 ] assuming that pre- 
existing maternal subclinical endothelial dysfunction sums up to oxidatively 
stressed syncythiotrophoblast and maternal dyslipidemia facilitate the process of 
decidual arteries thrombosis near term. 

 Hypertension disorders of pregnancy are a major cause of maternal and perinatal 
morbidity and mortality [ 2 ], and result in an increased future risk for cardiovascular 
disease [ 5 ] and type 2 diabetes mellitus [ 6 ] for both mother and offspring. These 
lifelong and inter-generational adverse health consequences highlight the need for 
identifi cation of preventive strategies. 

 Nutrition and systemic infl ammation may play a role in the genesis of HDPs. In 
particular both placental and maternogenic preeclampsia are characterized by their 
impact on fi nal pathways similar to those found in cardiovascular diseases, includ-
ing endothelial dysfunction, infl ammation, oxidative stress [ 4 ,  7 ]. A dysregulation 
of natural killer cells, activation of CD4_T lymphocytes, and the release of antian-
giogenic and proinfl ammatory factors such as the soluble VEGF receptor-1 (sFlt-1) 
and s-endoglin, the angiotensin II type-1 receptor autoantibody (AT1-AA), and 
cytokines such as TNF-α and IL-6 and IL-17 [ 1 ,  2 ] have been described. Many of 
these pro-infl ammatory factors are able to stimulate maternal endothelial dysfunc-
tion, circulating and local endothelin (ET-1), reactive oxygen species (ROS) and 
enhanced vascular sensitivity to angiotensin II, and consequently to hypertension in 
pregnancy. 

 Diet is a well-known risk factor for cardiovascular disease [ 8 ].  

11.2     Nutrition and Placental Preclampsia 

 Unhealthy diets (such as elevated polyunsaturated fatty acids, and decreased vita-
mins C and E, zinc, and iron) have been associated with increased infl ammation, 
oxidative stress, and dyslipidemia [ 9 ,  10 ]. Yet, current evidences from observational 
studies on the association between dietary factors and HDP is limited. Intervention 
trials have examined the effects of single nutrient supplementation in pregnant 
women on HDP risk, and recently several systematic reviews and meta-analyses 
have synthesized the results [ 11 – 15 ]. 
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11.2.1     Total Energy Intake 

 Based on a review of the current literature maternal dietary intake of total energy 
was higher for preeclampsia cases compared with non-cases [ 9 ,  10 ]. 

 Findings from cohort studies [ 19 ,  21 ,  23 ,  36 ,  39 ,  41 – 43 ,  48 ,  49 ] indicated that 
preeclampsia cases reported an energy intake of 87 kcal/day higher than women 
without pre-eclampsia (95 % CI 5.99 to 168.11; I2 = 0.0 %,  P  = 0.45). Results from 
a Norwegian prospective cohort study [ 39 ] showed higher odds for developing pre- 
eclampsia with higher early second trimester energy intake (OR = 3.7, 95 % CI 
1.5–8.9, highest versus lowest quartile). Kazemian et al. [ 54 ] reported a positive 
association between higher energy intake and pre-eclampsia in a case–control study 
(OR = 1.33, 95 % CI 1.17–1.52, per 200 kcal). 

 Furthermore, data suggest that higher calcium and magnesium intake and a diet 
rich in fruit and vegetables may be benefi cial for placental pre-eclampsia. In line 
with existing guidelines, pregnant women should be advised to avoid excessive 
energy intake and excessive weight gain during their pregnancy and an adequate 
calcium and magnesium intake may be achieved by increasing intake of low-fat 
dairy and fruit and vegetables [ 35 ,  38 ,  53 ].  

11.2.2     Calcium 

 Calcium supplementation during pregnancy is recommended for prevention of pre- 
eclampsia in women with low dietary calcium intake and for those at high risk 
[ 16 – 18 ,  34 ]. Four case–control studies [ 20 ,  24 ,  26 ,  54 ] and two cohort studies [ 41 , 
 42 ] reported adjusted estimates for the association between calcium intake and 
HDP. Calcium intake in the highest (>1,600 mg/day approximately) compared with 
the lowest (<1,000 mg/day approximately) quintile consistently showed lower odds 
for gestational hypertension (OR = 0.63, 95 % CI 0.41–0.97; I2 = 0.0 %,  P  = 0.53) 
and overall HDP (OR = 0.76, 95 % CI 0.57–1.01; I2 = 0.0 %,  P  = 0.79) [ 44 ,  45 ].   

11.2.3     Magnesium 

 Two case–control studies [ 20 ,  54 ] and four cohort studies [ 21 ,  41 ,  42 ,  48 ] reported on 
insuffi cient magnesium intake in women with and without pre-eclampsia. Pooled 
results revealed statistically signifi cantly lower mean magnesium intake of 8 mg/day 
for women with pre-eclampsia (95 % CI −13.99 to −1.38; I2 = 0.0 %,  P  = 0.41). Five 
studies [ 20 ,  41 ,  42 ,  48 ,  54 ] reported multivariate results for the association between 
magnesium intake and pre-eclampsia. Studies consistently trended towards an inverse 
association between magnesium intake and gestational hypertension [ 41 ,  42 ,  54 ] and 
pre-eclampsia [ 20 ,  41 ,  42 ,  48 ], although this was not statistically signifi cant. 

 Magnesium may lower blood pressure by changing nitric oxide synthesis [ 60 ]. In 
addition, it has been suggested that lower magnesium intake may reduce the 
prostacyclin:thromboxane ratio, and thereby with a direct infl uence on HDP [ 61 ].  
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11.2.4     Associations Between Food Groups/Dietary 
Patterns and Pre-Eclampsia 

 Results for associations between food groups and overall dietary patterns and HDP sug-
gested benefi cial effects of fruit and vegetable consumption. Infl ammation and endothe-
lial dysfunction may play a role in the development of pre-eclampsia and lower 
concentrations of infl ammatory markers have been found to be associated with consump-
tion of a diet rich in fruit and vegetables. These aliments are low in fat and calories and 
are important sources of nutrient related to hypertension even in non pregnant population 
including dietary fi ber, calcium, magnesium, potassium and vitamin C [ 47 ,  57 ,  58 ]. 

 Six case–control [ 20 ,  22 ,  52 ,  55 ,  56 ,  59 ] and four cohort studies [ 25 ,  36 ,  39 ,  40 ] 
examined the association between fruit and/or vegetable consumption and pre- 
eclampsia. These studies consistently suggested a benefi cial effect of higher fruit 
and/or vegetable consumption on pre-eclampsia, although they were not all statisti-
cally signifi cant. Three studies reported on the associations between overall dietary 
patterns and HDP [ 37 ,  46 ,  50 ,  51 ]. In the MoBa study (23.423 women, including 
1.267 pre-eclampsia cases) [ 37 ] inverse associations were found with development 
of pre- eclampsia in women with high scores on a dietary pattern characterized by 
vegetables, plant foods, and vegetable oils (third versus fi rst tertile OR = 0.72, 95 % 
CI 0.62–0.85), and higher odds of pre-eclampsia were found in women with a 
dietary pattern characterized by processed meat, salty snacks, and sweet drinks 
(OR = 1.21, 95 % CI 1.03–1.42) [ 27 – 30 ]. 

 In the Generation R study [ 50 ], an association was found between low adherence to 
a Mediterranean-style dietary pattern and high adherence to a traditional dietary style 
but these patterns were not associated with gestational hypertension or pre- eclampsia 
outcomes. In the US cohort study Project Viva [ 46 ], diet quality, as measured by the 
Alternate Healthy Eating Index slightly modifi ed for pregnancy (AHEI-P), was not 
associated with pre-eclampsia (OR = 0.96, 95 % CI 0.84–1.10, 5 point increase) when 
assessed in the fi rst trimester, but slightly lowered the odds of developing pre-eclampsia 
when assessed in the second trimester of pregnancy (OR = 0.87, 95 % CI 0.76–1.00). 

 Torjusen studied the potential health effects of eating organic food either in the 
general population or during pregnancy and his study shows that choosing organi-
cally grown vegetables during pregnancy is associated with reduced risk of pre- 
eclampsia. A possible explanations for an association between pre-eclampsia and 
use of organic vegetables could be that organic vegetables may change the exposure 
to pesticides, secondary plant metabolites and/or infl uence the composition of the 
gut microbiota [ 62 ]. Increased consumption of plant food, including vegetables, is 
recommended to all pregnant women, and this study shows that choosing organi-
cally grown vegetables may yield additional benefi ts. 

 Lindsay et al. systematically reviewed the literature on the use of probiotics in 
pregnancy and their impact on maternal outcomes. Results demonstrated that probi-
otic use in pregnancy can signifi cantly reduce maternal fasting glucose, incidence of 
GDM and pre-eclampsia rates and levels of C-reactive protein. Probiotics hold 
potential as a safe therapeutic tool for the prevention of pre-eclampsia and adverse 
outcomes related to maternal metabolism [ 63 ].   
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11.3     Immune System and Placental Preclampsia 

 The partial failure of the maternal immune tolerance mechanisms precedes the 
development of placental oxidative stress and ischemia, which we know to be major 
players in the pathophysiology of placental pre-eclampsia. Maternal-fetal immune 
recognition during early trophoblastic invasion is controlled by two polymorphic 
gene system: HLA-C molecules of trophoblast and their receptors (killer cell immu-
noglobulin-like receptor of natural killer cells – KIRs). Two types of HLA-C (C1 e 
C2) are know: HLA-C2 interacts with KIRs more strongly than HLAC1. Promoters 
of trophoblast invasion as chemochine, angiogenic factors and cytokines are 
increased upon binding of HLA-C antigens to stimulatory KIRs, whereas they are 
reduced by antigen binding to KIRs. Mothers carrying HLA-C2 fetuses might have 
an increased susceptibility to placental pre-eclampsia [ 72 ]. 

 During placentation fetal cells and maternal cells come into contact in the 
decidua; successful pregnancy requires that the maternal immune system does not 
reject the trophoblast; changes in the immune tolerance of the embryo, whose full 
genome is not concordant with the recipient’s, is the principal explication of the 
more than threefold higher risk of hypertension and pre-eclampsia found in preg-
nancies following egg donation (Fig.  11.1 ) [ 73 ].  

Placental Ischemia

T helper cell & B cell activation

Endothelin-1 Reactive Oxygen Species

HYPERTENSION

sFlt-1 Vascular Sensitivity
to ANG II

Inflammatory cytokines and Agonistic autoantibodies to ANGII type 1 receptor (AT1-AA)

  Fig. 11.1    Hypertension in response to placental ischemia: proceeds via immune activation, CD4+ 
T-cells mediating the release of angiotensin II type-1 receptor autoantibody ( AT1-AA ), and infl am-
matory cytokines that contribute to the increased vasoactive peptide ET-1 increased sensitivity to 
ANGII, oxidative stress, and sFlt-1, all known players in the pathophysiology of preeclampsia 
(Modifi ed from La Marca et al. [ 75 ])       
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 The following paragraphs will highlight the importance of infl ammatory cells 
and products to cause the characteristic rise in blood pressure and decline in renal 
function that occur during placental pre-eclampsia. 

11.3.1     Natural Killer Cells 

 Natural killer (NK) cells play an important role in the innate immune response pro-
viding viral protection and effi ciently killing tumor cells by secreting granulosymes 
and cytotoxins. 

 NK cells compose a large portion of uterine lymphocytes from which they are 
distinguished by specifi c markers such as CD56 bright [ 64 ,  65 ]. These cells secrete 
angiogenic cytokines and proteins such as angiopoietin 1 and 2 and vascular endo-
thelial growth factor (VEGF) and placenta growth factor (PlGF) [ 65 ]. Uterine NK 
cells prefer close association with the trophoblasts and secrete cytokines that play 
an important role in trophoblasts differentiation, growth, and spiral arteriole inva-
sion during normal pregnancy and thus contribute to the success of trophoblasts 
invasion [ 64 ,  65 ]. 

 Uterine NK cells can induce lysis of trophoblast cells lacking specifi c cellular 
surface antigens that would normally invade the spiral arteries. Incomplete loss of 
such cells results in the shallow trophoblast invasion and thus the defi cient oxygen 
and nutrient supply to the developing placenta, which has been described as the 
genesis of placental pre-eclampsia. Furthermore, during pre-eclampsia inadequate 
vasculogensis of the placenta leads to hypoxia, thus stimulating production of the 
VEGF and PlGF antagonist sFlt, thereby stimulating a viscous cycle of events that 
worsens throughout the pregnancy. These data indicate the importance of the func-
tional profi le of the uterine NK cell to either maintain or compromise a potentially 
healthy pregnancy.  

11.3.2     CD4_ T Helper Lymphocytes 

 The maternal immune tolerance involves crucial interactions between regulatory 
CD4_T cells and uterine NK cells recognizing and accepting the fetal antigens and 
facilitating placental growth. Complete failure leads to poor placentation and dys-
functional placental perfusion and chronic immune activation originating from the 
placenta. Analysis of blood collected from preeclamptic women has demonstrated a 
decrease in the proportion of circulating regulatory CD4_ T cells [ 66 ,  67 ].  

11.3.3     B Lymphocytes 

 An important function of CD4_ T cells is to facilitate the B lymphocyte memory 
immune response and specifi c antibody production toward a single antigen. This 
process is known as the T-cell-dependent antibody response [ 68 ]. 
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 Auto-antibodies are produced during pre-eclampsia, suggesting an important role 
for B lymphocytes in the pathogenesis of this disease. Moreover, Liao et al. demon-
strated that the percentage of circulating memory B-lymphocytes were signifi cantly 
greater in preeclamptic women than in the Non Preeclamptic (NP) cohort [ 69 ]. B-2 
B lymphocytes are the conventional memory B cells that undergo antigen processing 
via recognition of MHC class II peptide complex with the activated CD4_T lympho-
cyte [ 68 ]. For B-cell maturation and IgG production, several co-stimulatory signals 
must occur between the antibody producing B lymphocyte and CD4_ T-helper cell 
[ 68 ]. One of these includes stimulation of the CD20 receptor on the surface of the B 
cell. This recognition stimulates the B cell to enter the circulation and produce 
antigen- specifi c immunoglobulin. Another necessary co-stimulatory molecule for 
B-cell maturation is the CD40 on the surface of the B cell. This molecule binds with 
the CD40 ligand on the surface of the T cell [ 68 ]. B cells then proceed through pro-
liferation, differentiation, and internal isotype switching, inducing to production of 
specifi c antigen-stimulated antibodies, which leads to the formation of short-lived 
plasma cells that secrete antibody and memory B cells residing in the germinal lymph 
node centers, which will be available for future interactions with specifi c T cells. B 
lymphocytes can be characterized as either B1 or B2 cells, each having distinct 
markers and roles in facilitating immune reactions. B1 lymphocytes can be divided 
into B1a or B1b cells [ 68 ,  69 ]. These cells express IgM in greater quantities than IgG 
and are the primary source of natural antibodies produced in the absence of antigenic 
stimulation. These antibodies are polyreactive and cross-react with multiple antigens 
such as autoantigens, other immunoglobulins, and bacterial polysaccharides. 
Recently, Jensen et al. uncovered an important role for B1 lymphocytes in the pro-
gression of pre-eclampsia [ 70 ]. Preeclamptic placentas stained positive for markers 
of B1 B lymphocytes (CD19_CD5_). Furthermore, these authors demonstrated that 
B1 lymphocytes were stimulated to produce AT1-AA when co-cultured with sera 
from preeclamptic women but not from normal pregnant women. This study further 
illustrates the importance of B cells in the preeclamptic placenta and their stimula-
tion by a soluble factor to produce AT1-AA and contribute to the progression of this 
disease. Furthermore, high levels of B1 cells is yet another important characteristic 
that preeclamptic women share with patients presenting with autoimmune diseases.  

11.3.4     Activating Autoantibodies to the Angiotensin II 
Type I Receptor (AT1-AA) 

 Many studies in preeclamptic women have demonstrated increased circulating con-
centrations of an agonistic autoantibody to the angiotensin type 1 receptor 
(AT1-AA) .  AT1-AAs are implicated as a central mediator of several pathophysio-
logical mechanisms in pre-eclampsia. During pre-eclampsia, AT1-AA induce 
NADPH oxidase and the MAPK/ERK pathway leading to NF-_B and tissue factor 
activation. AT1-AA stimulate sFlt-1 expression from trophoblast cells and IL-6 pro-
duction from mesangial cells; they cause increased intracellular Ca 2 _ signaling in 
platelets in women who went on to develop pre-eclampsia (Fig.  11.2 ) [ 65 ,  68 ,  71 ].   
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11.3.5     Inflammatory Cytokines 

 Several studies have shown an important role for infl ammatory cytokines such as 
IL-6, IL-17 and TNF-α in the etiology of pre-eclampsia. 

 Studies in animal models have been important to show that moderate, long-
term increases in cytokines during pregnancy raise blood pressure and compro-
mise renal function. Mechanisms of hypertension during pregnancy in response 
to elevated cytokines appear to involve activation of ET-1, increased oxidative 
stress, and activation of AT1 receptors by AT1-AA. In addition, many laborato-
ries have shown that TNF-α directly stimulates endothelial cells in culture to 
secrete ET-1 and sICAM, thus attracting leukocytes to adhere to vascular tissues 
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  Fig. 11.2    Signal cascades of the angiotensin II type 1 receptor autoantibodies. AT1-AA induce 
signaling by the angiotensin II type 1 receptor ( AT1-receptor ), inhibited by AT1-receptor blocker 
(ARB) or the seven-amino acid peptide ( AFHYESQ ) mimicking the epitope of the AT1-AA in the 
second extracellular domain of the AT1-receptor. Intracellular cascades and promoter activations 
in the nucleus lead to an upregulation of endothelin-1 ( ET-1 ), tissue factor, soluble fms-like 
 tyrosine    kinase-1 ( sFlt1 ), soluble endoglin ( sEng ), and oxidative stress (Modifi ed from La Marca 
et al. [ 75 ])       
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determining edema, which could lead to temporary increases in blood pressure 
[ 67 ]. TNF-α mRNA is increased in preeclamptic placentas and thus could 
directly increase ET-1 in the placental unit. 

 IL-6 is important in both anti-infl ammatory and pro-infl ammatory processes and 
is a pivotal cytokine to infl uence activation of B cells as well as effector or regula-
tory T cells [ 68 ]. IL-6 is elevated in preeclamptic women, and AT1-AA-induced 
hypertensive pregnant mice. 

 IL-17 is a cytokine that has mostly been associated with autoimmune diseases 
but has recently gained attention in the aetiology of pre-eclampsia [ 67 ,  68 ]. Recent 
studies have shown that circulating IL-17 secreting TH17 cells are increased in 
preeclamptic patients compared with non pregnant patients [ 67 ]. Additionally, an 
important role for TH17 cells and IL-17 in the clearing of bacterial infections has 
been shown [ 68 ]. One important function of IL-17 producing TH17 cells is to recruit 
neutrophils and other phagocytic cells to a site of infection. IL-17 stimulates neutro-
phil activation, production of antimicrobial substances such as defensins and ROS, 
and phagocytosis of microbes or necrotic tissues [ 68 ]. Macrophages and neutrophils 
convert molecular oxygen into ROS by the phagocyte NADPH oxidase system. 
Activated neutrophils cause injury to normal host tissues, such as the placental unit, 
by the release of lysosomal enzymes, ROS, or nitric oxide. Preeclamptic women 
display oxidative stress, increased NADPH oxidase subunits within the placental 
unit, and elevated blood, urinary, and placental 8-isoprostanes, an indicator of whole 
body oxidative stress. 

 An additional cytokine gaining attention in the area of preeclamptic research is 
CD40/CD40 ligand. The CD40 antigen binds to the CD40 ligand on T cells and is 
important to stimulate B-lymphocyte proliferation, as previously mentioned [ 68 ]. A 
recent study compared the effect of maternal serum from preeclamptic patients and 
NP patients to induce apoptosis in cultured endothelial cells [ 72 ]. This study showed 
that endothelial dysfunction may be induced by this CD40/CD40 ligand. These 
authors found that altered morphology, decreased cell growth, and increased apop-
tosis were greater with CD40/CD40 ligand increased expression following expo-
sure to preeclamptic sera versus sera from healthy normal pregnant women. 
However, in vivo studies revealing an important role for CD40/CD40 ligand during 
pregnancy are lacking. Furthermore, inhibition of this interaction would inhibit T 
cell-B cell communication and could clarify the role of either memory B cells vs. 
non memory B cells in the production of AT1-AA, as mentioned previously. Non 
memory B cells do not require this interaction with T cells for antibody secretion. 
Therefore, this could be a defi ning study revealing a role for the memory immune 
response as well as the route of production of AT1-AA during pre-eclampsia 
(Fig.  11.3 ).       
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  12      Lifestyle Intervention and Prevention 
of Spontaneous Preterm Delivery 
in Obese Pregnant Women 

             Christina     Anne     Vinter     

12.1            Introduction 

 Obesity in pregnancy is a major source of preventable perinatal morbidity and one 
of the greatest challenges to practicing clinicians worldwide. Maternal obesity is 
associated to a number of complications during pregnancy and poor birth outcomes 
[ 1 ,  2 ] and represents an increasing public health burden [ 3 ,  4 ]. Maternal obesity 
during pregnancy also contributes to offspring obesity in early and later life. 

 During the last decades, we have seen a dramatic increase in the incidence of 
obesity. Among women aged 20–39 years of age in the USA, the prevalence of 
obesity (defi ned as body mass index (BMI) ≥ 30 kg/m 2 ) (Table  12.1 ) has reached 
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36 % [ 7 ], and based on the latest WHO estimates, in European Union countries, 
overweight affects 30–70 % and obesity affects 10–30 % of adults. Unfortunately 
these epidemics encroached on urban rich people also in Africa and Asia mostly 
among those who adopted westernized lifestyles (Fig.  12.1 ). In England the preva-
lence of obesity is about 16 % [ 8 ]. Another major source of infant morbidity and 
mortality is preterm birth (PTB), defi ned as delivery before 37 weeks of gestation. 
Preterm birth affects 5–18 % of pregnancies in different settings [ 9 ].

    There is evidence that obesity may be a risk factor for PTB, but the details of this 
relationship are not completely understood and often inconsistent [ 6 ,  10 – 12 ]. 
Results from new large population-based studies from Sweden [ 13 ] and California 
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  Fig. 12.1    WHO statistics on obesity worldwide stratifi ed for income       

   Table 12.1    The Institute of Medicine (IOM) recommendations for total weight gain during 
pregnancy   

 Prepregnancy BMI (WHO classifi cation)  Recommended gestational weight gain (kg) 

 Underweight (BMI < 18.5 kg/m 2 )  12.5–18 

 Normal weight (BMI 18.5–25 kg/m 2 )  11.5–16 

 Overweight (BMI 25–30 kg/m 2 )  7–11.5 

 Obese (BMI ≥ 30 kg/m 2 )  5–9 
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[ 14 ] take into account a more complex interaction. In a review including results 
from both the Swedish and Californian studies, all together including almost 3.5 
million deliveries, the phenotype of PTB is considered [ 5 ]. In the analysis the 
authors have in details looked at both spontaneous and medically induced deliver-
ies, the impact of gestational age by dividing deliveries into extreme preterm (22–
27 weeks), very preterm (28–31 weeks), and moderately preterm deliveries 
(32–36 weeks) as well as the dose-response relationship with increasing BMI and 
across ethnic backgrounds. They fi nd that increasing levels of obesity leads to pre-
term delivery via two mechanisms: fi rst of all by increasing the PTB-associated 
comorbidities of gestational diabetes (GDM) and hypertensive disorders in preg-
nancy. Preterm births secondary to these comorbidities occur in both spontaneous 
and medically induced deliveries and across all gestational ages. When removing 
women with the comorbidities, a second relationship reveals that appears to be due 
to obesity per se (Table  12.2 ). This relationship is mostly in the very preterm deliv-
eries. Based on these studies, it is suggested that initiatives and intervention to 
reduce obesity are important strategies to reduce both spontaneous and medically 
induced PTB. Considering the high morbidity and mortality associated with extreme 
preterm-delivered infants, even small differences in risk may have consequences for 
future outcomes.

   This chapter goes through a number of lifestyle intervention studies in obese 
pregnant women and the considerations about the diffi culties in reducing clinical 
complications. Furthermore, the need for future clinical trials with focus on differ-
ent aspects of PTB as a complex phenomenon is discussed.  

12.2     Lifestyle Intervention in Obese Pregnant Women 

 Pregnancy offers the opportunity to manage or prevent obesity as many women are 
concerned with the health of their babies during pregnancy and are in frequent con-
tact with their healthcare professionals. Excessive gestational weight gain (GWG) 
is associated with increased risk of maternal and fetal complications as well as 
postpartum weight retention. A recent meta-analysis found that excessive weight, 
also in the normal weight women, infl uences offspring obesity over the short and 
long term (Fig.  12.2 ) [ 15 ].  

 A number of clinical trials about lifestyle intervention in overweight and obese 
women have been published. The majority of these studies have focused on lifestyle 
changes including dietary or physical activity or a combination of both attempts. 
Several of the studies have used GWG as the primary outcome and/or whether 
women gained below, within, or above the American Institute of Medicine (IOM) 
recommendations on GWG. The IOM recommendations were revised in 2009 sug-
gesting overweight women to gain 7–11.5 kg and obese women to gain 5–9 kg dur-
ing pregnancy (Table  12.3 ) [ 16 ]. Most studies have not been powered to look at the 
clinical maternal and neonatal outcomes.
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  Fig. 12.2    Pooled estimates of offspring obesity due to maternal excess weight gain during preg-
nancy by quality effect model [ 15 ]       

  Table 12.3    WHO’s BMI 
classifi cation  

 BMI (kg/m 2 )  Classifi cation 

 < 18.5  Underweight 

 18.5–24.9  Normal weight 

 25–29.9  Overweight 

 ≥ 30  Obesity 

 30–34.9    Obesity class I 

 35–39.9    Obesity class II 

 ≥ 40    Obesity class III 
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12.2.1       The Australian LIMIT Study 

 The Australian LIMIT study is the so far the largest published randomized con-
trolled trial (RCT) with 2,212 overweight or obese pregnant women included [ 17 ]. 
Women randomized to lifestyle intervention were provided with dietary advices and 
individual diet plans and were encouraged to exercise. The behavioral strategies 
were provided during a face-to-face visit after inclusion and in gestational week 28 
with a research dietician and followed up by three personal phone calls in between. 
The study did not succeed in reducing infants born large for gestational age (LGA) 
which was the primary outcome. Furthermore, there was no signifi cant reduction in 
GWG between groups. But they found a signifi cant reduction in the risk of birth 
weight above 4.5 kg, a reduction in respiratory distress in the neonates, as well as a 
shorter length of postnatal hospitalization. They also found a 26 % reduction in PTB 
and a 53 % reduction in preterm primary rupture of the membranes (PPROM), 
although these differences did not reach statistical signifi cance [ 18 ].  

12.2.2     The Irish ROLO Study 

 In the ROLO study (Randomized Control trial of low glycemic index diet to prevent 
macrosomia in euglycemic women) in Ireland, 800 euglycemic pregnant women in 
all BMI categories were randomized to receive low glycemic index and healthy eat-
ing diary advice in a group session before 22 weeks of gestation or to a standard 
control group [ 19 ]. Based on a 3-day food diary during each trimester, the interven-
tion group had a signifi cantly lower energy intake and reduced intake of food with 
high glycemic index. The intervention group had signifi cantly lower GWG (kg) 
compared to the control group mean 11.5 ± 4.2 vs. 12.6 ± 4.4 kg,  p  = 0.003 and a 
lower percentage of women in the intervention group exceeded the IOM recommen-
dations on GWG. No difference in birth weight or neonatal abdominal circumfer-
ence was seen. A lower neonatal waist circumference/length ratio was reported in 
the intervention, suggesting that a low glycemic index food intake limited central 
adiposity [ 20 ].  

12.2.3     The Danish LiP Study 

 Among one of the most comprehensive randomized controlled trials on obese preg-
nant women is the Danish LiP (Lifestyle in Pregnancy) study [ 21 ]. In total, 360 
obese pregnant women were included and randomized to intervention or control 
before 14 weeks of gestational age. Women randomized to intervention group 
received four individual diet counseling sessions during pregnancy and an exercise 
program consisting of aerobic classes (1 h weekly), free fi tness membership during 
pregnancy, and exercise-motivating initiatives. The intervention group had signifi -
cantly lower GWG (kg) compared to the control group (median [IQ-range]): 7.0 
[4.7–10.6] vs. 8.6 [5.7–11.5]) ( p  = 0.01). No signifi cant differences in the clinical 
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outcomes with respect to preeclampsia or pregnancy-induced hypertension, gesta-
tional diabetes, cesarean section, large for gestational age (LGA) infants, and admis-
sion to the neonatal intensive care unit were found. The study measured a number 
of metabolic outcomes throughout pregnancy and found that lifestyle intervention 
resulted in attenuation of the physiologic pregnancy-induced insulin resistance [ 22 ]. 
The intervention had no effect on duration of breastfeeding or postpartum weight 
retention [ 23 ]. The study is the fi rst pregnancy intervention trial to publish detailed 
follow-up in the offspring, showing no anthropometric or metabolic effects at 
2.5–3 years of age [ 24 ,  25 ].  

12.2.4     The Danish TOP study 

 The TOP study (Treating Obesity in Pregnancy) is another Danish RCT with 425 
obese pregnant women randomized into three intervention arms with physical activ-
ity (pedometer), physical activity and dietary counseling (dietician every second 
week), or control group [ 26 ]. Renault et al. found that physical activity intervention 
assessed by pedometer with or without dietary intervention reduced the GWG sig-
nifi cantly compared to controls. They found no differences in any of the obstetric or 
neonatal outcomes. The study reported only a few cases of very preterm and pre-
term deliveries without any difference between groups.  

12.2.5     Single-Center Interventional Studies 

 A number of other studies have focused on GWG and found different results. Wolff 
et al. [ 27 ], Claesson et al. [ 28 ], and Thornton et al. [ 29 ] reported signifi cantly lower 
GWG in the intervention groups of obese women compared to controls, whereas 
Jeffries showed that overweight – but not obese women – gained signifi cantly less 
weight after lifestyle intervention [ 30 ]. Quinlivan et al. [ 31 ] and Asbee et al. [ 32 ] 
succeeded in limiting GWG in women in the intervention group with mixed BMI 
categories. The “Fit for Delivery Study” by Phelan et al., a low-intensity behavioral 
RCT with 410 normal and overweight to obese women in the USA, found that the 
intervention signifi cantly decreased the percentage of normal weight women who 
exceeded the 1990 Institute of Medicine (IOM) recommendations on GWG, but did 
not signifi cantly affect GWG in overweight and obese women [ 33 ]. Olson’s group 
reported signifi cantly lower GWG in a subgroup of low-income women only [ 34 ]. 
Regarding obstetric outcomes, Quinlivan et al. found a signifi cant reduction in 
GDM in the intervention group [ 31 ], Asbee reported a signifi cant reduction in emer-
gency cesarean delivery in the intervention group [ 32 ], and Luoto found a signifi -
cant reduction in birth weight [ 35 ]. In a Belgian RCT from Guelinckx et al., a less 
intensive lifestyle education from nutritionists did not signifi cantly affect GWG [ 6 ]. 
However, a later Belgian RCT found a signifi cant reduction in GWG in the inter-
vention group receiving antenatal lifestyle intervention focusing on mental and 
physical health [ 36 ]. 
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 Randomized controlled trials focusing on physical exercise only have evalu-
ated on the effect of exercise intervention on GWG [ 37 – 40 ]. In these trials the 
group of exercising women had less GWG compared to control groups. However, 
these GWG differences were insignifi cant probably due to small sample sizes. 
A large Norwegian RCT with 855 healthy women reported results from a 12-week 
exercise program performed during the second trimester [ 41 ]. The primary aim of 
the study was to prevent GDM, but no effect was seen between intervention and 
control groups. 

 The use of online or electronic pregnancy interventions as a new and innovative 
initiative has not been much reported. To address this, the “e-Moms of Rochester” 
in the USA was developed and implemented in a RCT as an e-health intervention 
including a website and mobile phone applications [ 42 ]. Included in the interven-
tion were a weight gain tracker and diet and physical activity goal-setting tools. The 
intervention had the highest engagement in high-income women in general but 
reached a relatively large group among minority and low-income women as well. 
A pilot study with SMS texts promoting appropriate GWG showed that this is a 
promising vehicle for behavior change among pregnant women [ 43 ].  

12.2.6     Meta-Analysis and Systematic Reviews 
on Gestational Weight Gain Trials 

 Furthermore, a number of systematic reviews and meta-analysis have been per-
formed recently. From these, we can conclude that despite the magnitude of the 
clinical problem with obesity in pregnancy and despite considerable efforts set in to 
prevent complications, we still do not have any specifi c evidence-based intervention 
to recommend. This knowledge gap is important to address in future studies. The 
latest systematic reviews consistently conclude that antenatal intervention is associ-
ated with restricted GWG [ 44 – 47 ], and it seems that dietary intervention was asso-
ciated with the greatest reduction in GWG. Intervention might reduce the risk of 
preeclampsia and GDM, but this is not shown consistently. Furthermore, it is con-
cluded that existing studies are of low to moderate quality, and therefore results 
should be interpreted with caution. Ongoing individual patient data (IPD) meta- 
analysis has provided data from 36 collaborators joining the network of interna-
tional Weight Management in Pregnancy (iWIP) collaborative group [ 48 ]. Results 
from more than 9,000 women participating in RCTs about weight management in 
pregnancy will be included. The primary outcome of the study is GWG, but a num-
ber of secondary outcomes will be analyzed as well. Preterm delivery is one of the 
issues that will be addressed. The IPD meta-analysis will allow identifying and 
subsequently targeting the intervention to those groups that shows benefi t with 
interventions in pregnancy with the so far best powered sample size. 

 Importantly, the benefi cial effects as concluded from the mentioned studies need 
balancing against potential adverse outcomes as SGA, low birth weight, stillbirth, 
etc. From the performed studies, there has been no reporting of any adverse effects 
to the intervention programs.  
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12.2.7     Ongoing Interventional Trials on Gestational Weight Gain 

 Well-powered and comprehensive interventional trials are ongoing, and results are 
awaited. The UPBEAT study (UK Pregnancy Better Eating and Activity Trial) is a 
RCT designed to improve glycemic control and with the primary aim to reduce 
GDM and LGA [ 49 ]. The study randomizes more than 1,500 obese pregnant women 
into a behavioral intervention comprising dietary and physical activity changes. The 
DALI study (vitamin D and lifestyle intervention for gestational diabetes mellitus 
prevention) is a European multicenter trial with almost 900 obese pregnant women 
[ 50 ]. The intervention is based on coaching using the principles of motivational 
interviewing with focus on diet and physical activity and with an arm adding vita-
min D or placebo. Primary outcome measures are GWG, fasting glucose, and insu-
lin sensitivity. The Australian SPRING study (the Study of Probiotics IN the 
prevention of Gestational diabetes) is a RCT of probiotics in the prevention of GDM 
in 540 overweight and obese pregnant women [ 51 ]. Preterm birth is a secondary 
outcome in all these mentioned ongoing trials. However, the specifi c details of PTB 
are not predefi ned in the published protocols. 

 The RCTs listed above targeted and measured different lifestyle behaviors and 
interventions. Some studies included interventional force to behavioral changes, 
dietary habits, and physical activities, from the low-intensity behavioral studies to 
rather intense and repeated individual counseling and exercises. The inconsistency 
in setting, BMI, and intervention type and intensity makes comparison diffi cult. 
Furthermore, the low sample size in most of the performed studies makes it diffi cult 
to conclude on the clinical effects of intervention. Other reasons for lack of clinical 
effect may be the fact that intervention trials attract the healthiest women and not 
always representing the background population of overweight and obese pregnant 
women. Blinding of the intervention is not possible in most cases; thus, controls are 
motivated and aware of the ongoing intervention and may be infl uenced on lifestyle 
due to that. Another important issue is that interventions beginning in the second 
trimester, as most of the studies, may be all too late to overcome the early program-
ming and preconceptional unfavorable metabolic state. The short period of preg-
nancy may be too short a window to change the implications of preexisting obesity. 
This fact may indeed be relevant for the risk of very preterm delivery. 

 A number of studies and clinical trials have been done toward the prediction and 
prevention of spontaneous PTB. Most clinical trials published have been on the 
administration of vaginal progesterone to women with a short cervix, the use of 
progesterone in women with a prior spontaneous preterm delivery, cervical cer-
clage to women with prior spontaneous delivery, and the use of antibiotics and 
tocolytics [ 9 ]. In a recent systematic review of interventions for PTB prevention, 
Meher and Alfi veric found that among 103 RCTs, no fewer than 72 different out-
comes were reported [ 52 ], and this is a serious hindrance to progress in research 
and makes it diffi cult to draw useful conclusion about the clinical management and 
prevention of PTB. Based on that, the CROWN (CoRe Outcomes in WomeN’s 
health) initiative has started [ 53 ]. In the CROWN collaboration, more than 50 edi-
tors and medical journals have come together to support researchers in the 
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development of a set of core outcomes lists to be used in future studies when 
reporting on outcomes from RCTs (  www.crowne-initiative.org    ). These outcomes 
are important to recognize and consider when planning future RCTs also on the 
managing of obesity in the prevention of PTB.   

    Conclusion 
 Lifestyle intervention in obese pregnant women may have the potential to limit 
the gestational weight gain which is important for reducing postpartum weight, 
limiting pregestational weight in the next pregnancy as well as the future weight 
trajectory. High-quality evidence proves the relationship between overweight, 
obesity, and preterm birth. However, interventional studies on diet and lifestyle 
have not been successful in reducing maternal and neonatal outcomes as PTB, 
GDM, preeclampsia, and macrosomia. Complications may all be associated with 
an unfavorable metabolic milieu in early gestation, and thus, interventions begin-
ning in the second trimester might be too late and too short to overcome the nega-
tive impact of an early dysmetabolic condition. No lifestyle intervention studies 
in overweight and obese women have been designed with the specifi c primary 
aim to reduce the risk of spontaneous preterm delivery, and the existing interven-
tion studies have not been powered to look into different outcomes about 
PTB. Results from the upcoming individual patient data meta-analysis on weight 
management in pregnancy (iWIP) will probably be able to shed light to some of 
the above-listed questions. Future intervention studies should carefully consider 
reporting and analyzing outcomes concerning PTB in a more detailed pheno-
typic way and not only reporting the simple dichotomy of birth before 37 com-
pleted weeks of gestation. Efforts should be considered to optimize pregestational 
bodyweight and the metabolic conditions before conception. Prevention of spon-
taneous PTB in obese women should be multidisciplinary and involve dieticians, 
physiotherapists, psychologists, endocrinologists, and obstetricians.     
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13.1            Introduction: Maternal Prenatal Diet 
and the Developmental Origins of Health and Disease 

 During the late 1980s, British researchers were developing a new hypothesis about 
the causes of cardiometabolic disease in adults. Their theory pointed to critical win-
dows of growth and development in utero in the etiology of many cardiometabolic 
disorders. Eventually named the “thrifty phenotype” hypothesis [ 1 ], it offered an 
alternative explanation to Neel’s highly infl uential “thrifty genotype” hypothesis as 
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means of explaining obesity and cardiometabolic health problems—especially 
among the world’s highest-risk populations. Hales and Barker’s alternative hypoth-
esis moved beyond simplistic (and inadequate) genetic or lifestyle explanations and 
eventually led to a new paradigm for understanding chronic disease risk. Their more 
integrated approach incorporates genetic heritability and lifestyle factors such as 
diet and activity levels into human health analysis but also recognizes the powerful 
role of  developmental plasticity , the ability of a gene to generate a range of possible 
phenotypes depending on environmental experience. Indeed, life history theorists in 
evolutionary ecology and comparative biology were already familiar with these 
developmentally plastic biophysiological capacities, processes, and associated con-
sequences [ 2 ,  3 ], but up until this time, they had largely been ignored in biomedi-
cine. Now referred to as the Developmental Origins of Health and Disease (DOHaD), 
human developmental plasticity research within a biomedical context includes sci-
entists from a broad range of disciplines. The paradigm has been especially useful 
in understanding the etiology of obesity and related cardiometabolic disorders such 
as metabolic syndrome. 

 A great deal of DOHaD research has focused on the investigation of the life 
course diet sequence associated with “nutrition transitions” in developing and 
developed countries around the world. Accordingly, there are two primary path-
ways associated with the developmental origins of cardiometabolic disease: the 
“famine” pathway and the “feast” pathway [ 4 ]. Much of the early DOHaD research 
investigated the famine developmental pathway to cardiometabolic disorders. The 
famine pathway is distinguished by a poor nutrition diet early in life (e.g., maternal 
undernutrition during pregnancy and while nursing), followed by energetically 
adequate diet in adulthood. Environments where this life course diet sequence has 
been most noted are in rapidly developing countries such as India where urbaniza-
tion is spreading quickly [ 5 ] and among poor minority populations in developed 
countries [ 4 ]. The famine developmental pathway is further distinguished by an 
array of growth and adult phenotype characteristics, including low birth weight 
(especially < 2.5 kg), “catch-up” growth and an earlier adiposity rebound in child-
hood, abdominal obesity, dyslipidemia, hypertension, insulin resistance, and glu-
cose intolerance in adulthood [ 4 ,  6 ]. 

 Spurred by a worsening global obesity epidemic in recent years, the alternative 
feast developmental pathway to cardiometabolic disorders is increasingly receiv-
ing more attention. This pathway is typifi ed by nutritional excess in early life 
(e.g., maternal high fat/sugar/energy diets), followed by a “Western” high-energy/
low- fi ber diet in adulthood [ 4 ,  7 ,  8 ]. The critical “early” nutrition/metabolic envi-
ronment factors underpinning this dysregulated cardiometabolic developmental 
pathway go well beyond a mother’s nutrition during pregnancy and nursing or 
formula feeding [ 9 – 11 ]. Indeed, preconceptual obesity and excessive weight gain 
during pregnancy are now considered independent risk factors for overweight off-
spring and those who exhibit abdominal obesity [ 12 – 15 ]. The hallmarks of the 
feast developmental cardiometabolic pathway include both low and high birth 
weight (especially > 4.0 kg), adolescent and adult obesity, dyslipidemia, hyperten-
sion, insulin resistance, and glucose intolerance [ 4 ,  16 – 18 ]. In both the feast and 
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famine developmental pathways, developmentally programmed adjustments to 
early nutritional conditions represent pathological cardiometabolic traits in the 
context of their adult nutritional environments. Furthermore, these adjustments 
signify important factors in recent global epidemiological shifts that are often not 
recognized in the “nutrition transition” model or in current conventional efforts to 
stop the worldwide obesity epidemic [ 19 ]. 

 In the past, DOHaD research focused simply on the associations between mater-
nal diet during pregnancy and while nursing (e.g., under-/overnutrition) and the 
subsequent risk of cardiometabolic dysfunction. Researchers today are looking 
beyond those well-established correlations to fi nd more nuanced, causal processes 
at work. DOHaD research now includes how early developmental environments 
affect regulatory systems, organs, and tissues that play important roles in cardio-
metabolic functioning. Some of these studies include hormone regulatory systems 
(e.g., hormones such as insulin and leptin and their interaction with appetite regula-
tion and energy metabolism) [ 20 ], the hypothalamic-pituitary-adrenal axis [ 21 ], adi-
pose tissue signaling and metabolism [ 22 ], cellular mitochondria [ 23 ], the structure 
and function of the pancreas [ 24 ,  25 ], and vascular system [ 26 ,  27 ] and altered pla-
cental function [ 28 ]. 

 Today, the forefront of research into the developmental origins of health 
and disease is epigenetics—the investigation of the primary mechanisms that 
drive developmental programming and its transmission from one generation to 
the next. 

 The fundamental principles of epigenetics are not new; in fact they were fi rst 
theorized by Waddington in 1942 (he also coined the term) [ 29 ]. Yet, his ideas are 
only now being fully appreciated and applied. Modern epigenetics investigates the 
system that turns genes on and off in plants and animals. Indeed, the study of the 
developmental origins of health and disease owes much to epigenetics, as it pro-
vides the primary mechanism by which developmental programming works. 

 One of the many facets of epigenetics is chromatin modifi cation (the complex of 
nucleic acids and histone proteins that make up chromosomes), including DNA 
methylation, histone, and protamine modifi cation. Additionally, changes to noncod-
ing RNAs have also recently been implicated in epigenetic effects (see [ 30 ]). 
Presently, DNA methylation is an aspect of epigenetics that is fairly well under-
stood, although much still remains a mystery [ 31 ]. Methyl groups are organic com-
pounds that attach to DNA and signal a cell to either use or ignore a particular gene. 
Methyl groups adhere to DNA or to histone or protamine proteins that form DNA 
structural units, and this process is called methylation. The process works by block-
ing the attachment of transcription factors and other signaling proteins, thereby 
insuring a gene stays turned off [ 32 ]. Conversely, the process of demethylation turns 
a gene on. The precise role of methylation, histone and protamine modifi cations, 
and other epigenetic mechanisms remain an important focus of much research, par-
ticularly in the developmental origins of health and disease and more generally in 
phenotypic plasticity (see [ 33 ,  34 ]). Given the focus of the present chapter, the dis-
cussion of epigenetics will be limited to the latest research involving the transmis-
sion of developmentally programmed traits to subsequent generations.  

13 Maternal Diet, Developmental Origins, and the Intergenerational Transmission



184

13.2     The Intergenerational Transmission of Developmentally 
Altered Cardiometabolic Traits: Epigenetics 
and Alternative Developmental Pathways 

 Both human and animal studies surmise that the effects of developmentally pro-
grammed traits may be transmitted to subsequent generations and are not solely lim-
ited to the generation that was initially involved in the study [ 35 ,  36 ]. In rodent 
subjects, developmentally programmed traits, such as insulin resistance, are initially 
produced by directly exposing the rodent to early environmental conditions (e.g., 
poor-quality maternal diet). Those traits are then found in subsequent generations of 
offspring that  have not  been exposed to the same environmental conditions (e.g., ade-
quate maternal diet) although often the traits diminish with each successive new gen-
eration [ 37 ,  38 ]. This pattern points to a fairly stable and heritable phenotypically 
plastic response (i.e., epigenetic), instead of one mediated by changes in DNA 
sequence (i.e., genomic change). According to Drake and Lui [ 36 ], there are three 
possible mechanisms that bring about these multigenerational outcomes: those due to 
persistent early development environmental exposures generation after generation, a 
single exposure to a maternal environment that produces identical traits in successive 
generations, and epigenetic effects that are transmitted through the germline.  

13.3     Exposure to Persistent Environmental Conditions 

 One scenario is that persistent environmental exposure during critical developmental 
stages over many generations results in the same developmentally programmed traits 
each time. For instance, some researchers have hypothesized that perpetual sociopo-
litical disruptions, prejudice, and economic disadvantages suffered by ethnic/racial 
minority populations represent repeated environmental exposures to multiple genera-
tions that result in developmentally programmed traits. Those traits may play a role in 
the cardiometabolic health problems rampant in these populations [ 39 ]. Benyshek and 
colleagues have argued that the political/economic hardships and poor nutritional 
health suffered by many Native Americans during the reservation era are the very 
environmental conditions that bring about cardiometabolic disease via developmen-
tally programmed pathways and suggest reassessing the type 2 diabetes epidemic 
among Native Americans in this light [ 40 ]. Similarly, Kuzawa and Sweet [ 41 ] make 
this same case for the disproportionate cardiovascular disease cases among African-
Americans in the USA, suggesting it may be associated with the adverse social and 
economic conditions they have endured for so many generations (Fig.  13.1a  repre-
sents this mechanism schematically). Thus, persistent, “external” (e.g., ecological, 
economic) environmental conditions “encode” the same developmentally formative 
traits generation after generation. This creates, the authors say, a trend that appears to 
be inherited and, therefore, genetically based. Such trends could be largely develop-
mental, however, and thus conceivably preventable.  

 Experimental animal studies have produced similar generational effects when 
environmental stressors are placed upon successive generations of offspring. In a 
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mouse study that used a persistent high-fat diet for each generation, F0 grandmothers 
and F1 mothers (all fed a high-fat diet during pregnancy and lactation) produced F2 
male offspring that were also shown to be predisposed to obesity and hepatic steatosis 
[ 42 ]. In a study using rats that were overfed after birth, Plagemann and colleagues [ 43 ] 
purport an epigenetic model of obesity and the metabolic syndrome that is under-
pinned by the developmentally programmed dysregulation of hypothalamic body 
weight regulation. They conclude, based on their fi ndings, that the “vicious intergen-
erative circle” of obesity and cardiometabolic disorders remains closed unless the 
maternal diet is modifi ed during the nursing period ([ 43 ], p4974) (Fig.  13.1 ).  

13.4     Maternal Environment Effects 

 Researchers have found that a single maternal (F0) environmental exposure can 
produce effects in F1 and F2 generation offspring via developmental programming. 
These observations are distinct from the developmentally programmed changes 
found only in the generations of offspring that are directly exposed to the stressed 
maternal environment (as discussed in the previous section). Thus, Skinner [ 44 ] has 
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  Fig. 13.1    Mechanisms for the intergenerational transmission of programming effects. ( a ) 
Persistence of an adverse external environment can result in the reproduction of the phenotype in 
multiple generations. ( b ) The induction of programmed effects in the F1 offspring following in 
utero exposure (e.g., programmed changes in maternal physiology or size) results in programmed 
effects on the developing F2 fetus and so on (Reproduced with permission Drake and Walker [ 35 ])       

 

13 Maternal Diet, Developmental Origins, and the Intergenerational Transmission



186

put forth that persistent exposure to environmental conditions should be referred to 
as a “multigenerational phenotype,” distinguishable from “transgenerational inheri-
tance” that is transmitted epigenetically via the germline (see below). In the case of 
the multigenerational phenotype, when a pregnant mother is consuming an inade-
quate, low-protein diet, three generations are effectively being exposed simultane-
ously to this dietary insult: the pregnant mother (F0), her fetal offspring (F1), and 
the primordial germ cells (PGCs)—the precursors of sperm and eggs—within the 
F1 fetus (Fig.  13.2 ).  

 As discussed previously, it has been well established in experimental animal stud-
ies and epidemiological literatures that a connection exists between low birth weight 
and subsequent adult risk for cardiometabolic syndrome [ 4 ,  45 ]. “Maternal con-
straint” was one of the fi rst “maternal effects” studied by researchers. The maternal 
constraint of birth weight has been described in both maternal “supply” and “demand” 
terms [ 46 ]. Maternal constraint in terms of supply may be due to decreased uteropla-
cental blood fl ow, reduced blood volume, decreased oxygen- carrying capacity, pre-
natal nutrition, teratogens, and short birth intervals. Demand factors limiting fetal 
growth include such things as multiple gestations [ 47 ]. By using artifi cial insemina-
tion to cross small Shetland horses and large, draft, Shire horses, Walton and 
Hammond [ 48 ] demonstrated in their renowned crossbreeding study that offspring 
birth size was largely governed by the size of the gestating mother. In other words, 
smaller Shetland mothers gave birth to small foals regardless of parental genotype. A 
37-year-long epidemiological study in Norway found concurring results. By analyz-
ing birth weight, the researchers discovered that genetic factors accounted for only 
31 % of birth weight variation [ 49 ]. Furthermore, several other population-based 
studies compared maternal birth weight and paternal birth weight with offspring 
birth weight and found the maternal effect to be considerably stronger [ 49 – 52 ], 

F0 mother

Germ cells

F1 fetus

  Fig. 13.2    Multigenerational exposure to an environmental effect. An environmental insult during 
pregnancy to a mother (F0 generation) might affect not only the developing fetus (F1 generation) 
but also the germ cells which will go on to form the F2 generation (Reproduced with permission 
Drake and Walker [ 35 ])       
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although there have been a few report fi ndings to the contrary [ 53 ]. In the Cebu, 
Philippines, cohort study, however, maternal intergenerational birth weight correla-
tions were not found to be stronger among taller women [ 50 ]. The authors surmised 
that reduced adult stature caused by a history of nutritional insuffi ciency did not lead 
to a further increased constraint of offspring birth weight. According to the authors, 
some of the mechanisms that might explain their fi ndings include sex-linked genetic 
effects and indirect genetic, epigenetic, and shared environmental/cultural effects. It 
was noted that in every case the mechanism exerted its effect on birth weight for both 
the mother and child in utero [ 50 ]. In sum, maternal effects that disproportionately 
affect birth weight are complex and are probably infl uenced by a number of factors 
that reach well beyond adult maternal size and stature. 

 There is also corroborating evidence from human cohort studies concerning mul-
tigenerational maternal environment effects. In the Dutch “hunger winter” studies, 
it was found that mothers who were exposed to the famine during pregnancy (living 
on as little as 500 kcal/day) had female offspring (F1) with dysregulated lipid pro-
fi les (i.e., cholesterol and triglycerides) as opposed to offspring not exposed to fam-
ine conditions in utero [ 54 ]. They further found that the children of the exposed F1 
females exhibited higher rates of neonatal obesity and were nearly twice as likely to 
develop cardiometabolic disease than the unexposed control group [ 55 ]. 

 Multigenerational (i.e., F1, F2) effects have been documented through extensive 
experimental animal studies as well [ 36 ]. Using mostly rodent models, researchers 
have shown that a  single  (F0) maternal exposure generates cardiometabolic program-
ming effects on F1 and F2 animals. A number of these studies restricted (F0) mothers 
to protein and/or energy diets during pregnancy and/or lactation and observed pro-
grammed effects in both F1 and F2 generation animals on insulin sensitivity and 
glucose tolerance [ 56 – 58 ], birth weight, blood pressure, kidney structure [ 59 ], and 
obesity [ 58 ]. Other studies exposed F0 mothers to excess glucocorticoids [ 60 ] or 
made surgical alterations to the placenta [ 61 ] and observed developmentally pro-
grammed effects on birth weight, glucose tolerance, and blood pressure. 

 Multigenerational effects linked to prenatal exposures to restrictive maternal 
diets are not the only models used in experiments of this kind. In feast pathway 
studies (as discussed above), researchers examined the cardiometabolic structure 
and function effects of maternal nutritional excess and/or obesity on offspring prior 
to conception, during pregnancy, and/or while nursing (see [ 8 ]). Studies have shown 
that  multigenerational  effects on obesity and other cardiometabolic traits can be tied 
to initial (F0) maternal nutritional excess. This environment during pregnancy infl u-
ences body size and insulin sensitivity in both F1 and F2 offspring [ 62 ]. In an exper-
iment utilizing mice, Gniuli et al. [ 63 ] report that a prenatal high-fat diet, especially 
if followed by a maternal high-fat diet while nursing, induces a “type 2 diabetes 
phenotype” in F1 offspring, which can then be transmitted to their F2 progeny, even 
if additional dietary insults are not provided. Indeed, the perinatal maternal nutri-
tional environment alone has far-reaching implications. Srinivasan and colleagues 
[ 64 ] fed female rat pups a high-fat diet during the suckling period, resulting in obese 
adults. Their adult F2 offspring also became obese, even though their F1 mothers 
were fed a standard chow diet after weaning. 
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 It remains unclear what mechanisms account for the intergenerational transmis-
sion of these developmentally programmed traits. Possible mechanisms include 
altered organ development, cellular signaling dysregulation, and epigenetic modifi -
cations. Perhaps, at least in some cases, the multigenerational programming effects 
of both the F1 and F2 generations are not due to the same, single maternal in utero 
exposure (e.g., F0 maternal low-protein diet) (Fig.  13.3 ). Alternatively, it could be 
that cardiometabolic dysfunction resulting from the early environment exposure of 
the F1 female gives rise to an altered intrauterine environment during her own preg-
nancy that is distinct from the one in which she was gestated (F0) but that also leads 
to the same developmentally programmed trait in her (F2) offspring. Indeed, some 
animal models of multigenerational transmission of glucose intolerance from F1 to 
F2 generations point to such a sequence. Several rodent studies have shown that 
glucose-intolerant, adult F1 animals whose mothers (F0) were fed a low-protein diet 
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  Fig. 13.3    Transmission of epigenetic effects through gametes. ( a ) An environmental exposure 
affects the developing F1 fetus but also has direct effects on the developing germ cells which form 
the F2 generation. ( b ) Alternatively, effects induced in the developing F1 fetus can be transmitted 
to the germ cells which will form the F2 generation (somatic induction) (Reproduced with permis-
sion Drake and Walker [ 35 ])       
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during pregnancy are insulin sensitive but have insuffi cient insulin secretory capac-
ity as adults, which in turn results in glucose intolerance [ 65 ]. The glucose- intolerant 
adult (F2) offspring of these (F1) females, on the other hand (whose F1 mothers 
consumed a control diet during gestation/lactation), are insulin resistant (rather than 
insulin sensitive) and hyperinsulinemic (as opposed to insulin defi cient) [ 56 ]. In this 
example, both F1 and F2 generation animals are glucose intolerant, apparently due 
to different developmental disruptions in glucose-insulin metabolism and due to 
distinct developmental programming pathways in the intrauterine environment. In 
this scenario, the intrauterine perturbation in one generation causes a metabolic 
cascade that leads to another (similar or dissimilar) cascade in the subsequent gen-
eration and so on (Fig.  13.1b ).  

 Importantly, in most of the aforementioned multiple-generation animal studies, 
the research design did not include an F3 generation. Of the two studies that did 
include an F3 generation in their research design [ 59 ,  60 ], no evidence of transmis-
sion to F3 animals was found. The lack of F3 inheritance might suggest that the 
observed F1 and F2 effects were due to direct exposure (of the F1 fetus and F2 
PGCs) in the (F0) intrauterine environment—lending some support to Skinner’s 
notion of a “multigenerational phenotype” [ 44 ]. Both types of developmental pro-
gramming inheritance may occur (Figs.  13.1b  and  13.2 ).  

13.5     Transgenerational Inheritance: Epigenetic Traits 
Transmissible Through the Germline 

 In order for developmentally programmed cardiometabolic traits to be transmitted 
to the F3 generation and subsequent generations after that (i.e., “transgenerational 
inheritance”), information about paternal and/or maternal exposure must be trans-
mitted through the germline, since no direct exposure of the initial insult could exist 
for F3. Epigenetic inheritance research is now uncovering how this non-genomic 
inheritance may be possible in the germline when there are no changes in genetic 
structure (i.e., base pairs of DNA). 

 A relatively rare process of genomic imprinting was discovered in the 1980s [ 66 ], 
putting the epigenetic regulation of gene expression on the map. So although this 
mechanism has been recognized for some time, the possibility and importance of the 
transgenerational inheritance of epigenetic marks, and how it works, is only now 
beginning to be widely accepted and understood. Why did it take decades to come to 
light? The answer is that the traditional view in developmental biology and genetics 
held that epigenetic marks are erased and “reset” in the primordial germ cells (PGCs) 
in each generation. Since the epigenetic germline is reset, it allows the genetic regu-
latory system to be reestablished in each generation. This commonly known process 
has put the frequency and importance of epigenetic inheritance into doubt. However, 
new research discoveries have begun to alter that viewpoint [ 67 ,  68 ]. Through a pro-
cess of chemical conversion and subsequent dilution during cell division, Hackett 
and colleagues [ 69 ] recently discovered how methylation marks are erased in mouse 
PGCs. They also determined how some (rare) methylation marks escape erasure, 
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thereby providing a potential pathway for true transgenerational epigenetic inheri-
tance. Researchers, in another breakthrough study, demonstrated that approximately 
1 % of histone marks (located at key sequences with gene regulatory functions) 
remain in mouse sperm after cell differentiation, thereby furthering our nascent 
understanding of the inner workings of epigenetic inheritance [ 70 ]. 

 These new fi ndings may help us understand several epidemiological research 
discoveries that appear to refl ect such processes at work in humans. In one such 
study, researchers analyzed three Swedish birth cohorts born in the late 1800s and 
early 1900s who experienced fl uctuating food availability. The study’s goal was to 
determine if food supply during the slow-growth phase (ages 8–2) of paternal 
grandfathers and grandmothers was linked to the risk of diabetes, cardiovascular 
disease, and longevity in their children and grandchildren. They discovered that low 
food intake by fathers during their slow-growth phase was associated with lower 
risk of diabetes and cardiovascular disease of sons. Conversely, an increased food 
intake during the paternal grandfather’s slow-growth period was linked to increased 
risk for diabetes among grandsons [ 71 ,  72 ]. Food supply during the slow-growth 
phase of paternal grandfathers was associated with lifespan in grandsons, and like-
wise, food supply during fetal/infant life or the slow-growth period of paternal 
grandmothers was associated with lifespan in granddaughters [ 73 ]. 

 The goal of Soubry and coworkers [ 74 ] was to determine if there is a relationship 
between parental obesity and DNA methylation at the insulin-like growth factor II 
(IGF-II) gene in their children (IFG-II is linked to a risk for obesity, gestational 
diabetes, and some forms of cancer). The researchers compared information about 
parental obesity to methylation patterns found in DNA from the umbilical cords of 
the fathers’ newborn children. The results showed that the offspring of obese fathers 
had signifi cantly lower DNA methylation at the IGF-II gene than did the children of 
nonobese fathers. The data augmented evidence for the transmission of epigenetic 
effects associated with obesity from males to their offspring. 

 Some animal studies have shown similar transgenerational effects. Throughout 
India, Southeast Asia, and Polynesia, chewing betel nuts is a popular practice. The 
betel nut contains the toxin nitrosamine and is known to increase risk for the cardio-
metabolic syndrome [ 75 ]. Three generations of experimental animals were used to 
model the effects of betel nut consumption on blood glucose. Boucher and col-
leagues [ 76 ] fed young mice betel nut in their standard chow for 4–6 days and then 
administered glucose tolerance tests to the F0 animals in adulthood. Consuming 
betel nut was found to signifi cantly increase the risk of glucose intolerance in F0 
animals. They also saw an increased risk in the F1 and F2 offspring of males that 
consumed betel nuts in their chow before mating. 

 Three consecutive generations were used in another rodent study to determine 
the effects of a (F0) maternal high-fat diet on offspring body size and glucose- 
insulin metabolism. Results revealed that, compared to control animals, both F1 and 
F2 generation animals were insulin resistant and had increased body length even 
though they were fed control diets. These effects were seen in both the paternal and 
maternal lineages. Animals were no longer insulin resistant in the F3 generation, but 
females inherited increased body length through the paternal line [ 77 ]. 
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 We [ 37 ] also experimented with three generations of rats. F0 female rats were 
fed a low-protein diet during pregnancy and lactation. The results showed reduced 
insulin secretory capacity in F1 rats and insulin resistance in their F2 offspring 
through the maternal line. F3 generation males also exhibited insulin resistance 
compared to controls, although it was less severe than in F2 animals. Changes in 
glucose-insulin metabolism in the F1, F2, and F3 generations can be traced to 
dietary alterations in F0 females, just as in the previous study. After weaning, all 
animals were fed control diets, as were pregnant and lactating F1 and F2 females. 
This means that at least some epigenetic effects connected with insulin-glucose 
metabolism survived germline epigenetic mark erasure by the F3 generation. 

 While evidence of inherited epigenetic alterations in the F2 generation has been 
confi rmed in other animal studies, they found no evidence of transgenerational 
effects in F3 animals. Some of these experiments subjected pregnant F0 females to 
glucocorticoid overexposure [ 60 ] and low-protein diets during gestation [ 59 ]. 

 The presence of F3 transgenerational epigenetic effects in some studies but not 
others requires explanation. A number of investigations modeled Skinner’s “multi-
generational phenotype” [ 44 ] that is due to direct exposure (Fig.  13.2 ) and therefore 
may lack F3 effects. In contrast, other studies were set up to allow the capture of 
“transgenerational inheritance” through the germline, via either direct effects on the 
developing germ cells in utero (Fig.  13.3a ) or indirectly via “somatic induction” of 
the developing fetus [ 78 ] (Fig.  13.3b ). Another possibility is that an epigenetic 
threshold was reached in some studies, but in others it was not. A threshold effect 
may calibrate to the type, intensity, duration, and/or timing of the initial F0 exposure 
and may determine the durability of epigenetic marks undergoing intergenerational 
epigenetic reprogramming. Or perhaps under some conditions, epigenetic marks 
that initially accumulate in the F1 generation and manage to avoid epigenetic era-
sure in F2 have become so “diluted” in subsequent generations that the phenotypic 
traits can no longer be identifi ed. This might explain why some transgenerational 
studies found programmed effects diminished from F2 to F3 (e.g., 37). Since the 
reason(s) are still unclear, a comprehensive explanation of the mechanistic differ-
ences between multigenerational phenotypes and epigenetic transgenerational 
inheritance will have to wait for future studies of more than three generations, of 
which there are very few to date (Fig.  13.3 ).  

13.6     The Intergenerational Transmission of Developmentally 
Programmed Cardiometabolic Traits: Implications 
for Prenatal Interventions 

 The existing worldwide obesity epidemic [ 79 ], in tandem with persistent undernu-
trition and poor food availability [ 80 ], emphasizes the importance of research 
involving the developmental origins and the intergenerational transmission of car-
diometabolic dysregulation. The public health challenges associated with the scale 
of these disorders are staggering, and cost-effective and effi cacious interventions 
are desperately needed. Is it possible that the principles of the developmental origins 
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of cardiometabolic disease can also be leveraged to slow or reverse the current epi-
demiological trends? Based on the prevailing state of research, there is reason for 
both optimism and caution. Theoretically, the same physiological bases of develop-
mental plasticity that lead to cardiometabolic dysregulation should be able to pre-
vent, slow, or reverse the current trends. At the same time, developmental plasticity 
is itself shaped by evolutionary principles and processes that must be understood—
and accounted for—if such interventions are to reach their full potential. 

 It has been over 20 years since the “thrifty phenotype” was fi rst proposed, and 
today many researchers and public health offi cials continue to believe that the same 
developmentally plastic features of cardiometabolism that cause adult disease can 
be “reverse engineered” to improve health instead. Much of the research has tar-
geted optimized fetal growth, with the goal of improved health later in life. To be 
sure, the possibilities surrounding the promise of such approaches during pregnancy 
and early postnatal are well represented in the DOHaD literature [ 40 ,  81 ,  82 ]. And 
indeed, a steadily increasing number of clinical trials and pharmacological and, 
especially, experimental animal studies continue to suggest the potential of inter-
ventions targeting the prenatal period to signifi cantly improve cardiometabolic 
health outcomes later in life [ 83 ]. Some of the most promising metabolic syndrome- 
preventative strategies targeting early growth and development include maternal 
prenatal dietary supplementation with genistein, (−)-epigallocatechin-3-gallate 
(EGCG), vitamin D, and omega-3 fatty acids (see Table  13.1 ). Of these, maternal 
prenatal supplementation with omega-3 long-chain polyunsaturated fatty acids has 
been the most thoroughly studied, via experimental animal studies, human observa-
tional studies, and clinical trials.

   Several experimental animal studies have investigated the effects of maternal 
prenatal/lactation diets rich in omega-3 LCPUFAs on systolic blood pressure, as 

   Table 13.1    Metabolic syndrome prevention via prenatal maternal diet   

 Dietary factor  Findings  References 

 Genistein  Experimental animal studies suggest that early exposure to 
genistein may infl uence the adipogenesis processes and obesity- 
related diseases such as type 2 diabetes 

 [ 84 ] 

 EGCG  Experimental animal studies show maternal prenatal diet 
supplemented with green tea extract a rich source of 
(−)-epigallocatechin-3-gallate (EGCG) attenuates high-fat 
diet-induced insulin resistance in adult male offspring 

 [ 85 ] 

 Vitamin D  Several clinical trials have demonstrated improved insulin 
sensitivity and glucose tolerance among women with GDM when 
diets are supplemented with vitamin D and calcium 

 [ 86 ] 

 Omega-3 
fatty acids 

 Experimental animal studies show improved insulin sensitivity 
among offspring whose mothers were fed omega-3 rich diets 
during pregnancy and pregnancy/lactation but were then fed 
either control or high-saturated-fat diets post-weaning; clinical 
trials suggest maternal prenatal omega-3 supplementation protects 
against low-birth-weight phenotype and is associated with 
improved body composition and insulin sensitivity in neonates 

 [ 87 – 90 ] 

D.C. Benyshek



193

well as levels of serum leptin and insulin in neonatal offspring [ 91 ]. Researchers 
have also investigated adult offspring weaned onto control [ 87 ] and “Western” diets 
high in saturated fat [ 88 ]. These studies all found that maternal diets rich in omega-3 
LCPUFAs lead to improved cardiometabolic function (e.g., insulin resistance) in 
adult offspring consuming adequate or more than adequate diets. Observational and 
prospective studies have also associated higher intakes of omega-3 LCPUFAs dur-
ing pregnancy with increased gestation duration and birth size (see [ 92 ] references) 
and reduction in deep placentation disorders. These associations, thereby, provide a 
possible mechanism for improved fetal growth and its associated improved cardio-
metabolic health outcomes [ 93 ]. Zhao and colleagues [ 94 ] recently assessed mater-
nal and cord plasma fatty acids in relation to indicators of fetal insulin sensitivity in 
108 mother-newborn pairs. Their fi ndings showed that lower circulating levels of 
docosahexaenoic acid (DHA)—an important omega-3 LCPUFA—were associated 
with lower fetal insulin sensitivity. Several recent randomized clinical trials have 
confi rmed and extended these fi ndings by demonstrating that maternal prenatal 
omega-3 supplementation protects against the metabolic syndrome-inducing low-
birth- weight phenotype [ 92 ] and is associated with improved body composition and 
insulin sensitivity in neonates [ 90 ]. It should be noted, however, that a study of the 
19-year-old offspring of mothers supplemented with LCPUFA-rich fi sh oil during 
the third trimester of pregnancy failed to show enduring improvements in plasma 
lipids, blood pressure, or heart rate [ 95 ,  96 ].  

13.7     Accounting for Evolution in Future Metabolic Syndrome 
Prevention Strategies 

 While the studies referred to above do offer hope that the current metabolic syn-
drome global pandemic might be slowed or reversed, to date, evidence from dozens 
of observational studies and controlled trials has tempered some of the more unbri-
dled early optimism regarding the potential effectiveness of such interventions. In 
efforts to improve fetal growth as well as maternal and child health outcomes, 
researchers in many early studies supplemented maternal diet during pregnancy 
with targeted macro- and micronutrients. These studies have reported mixed results, 
however, and even when supplementation interventions were successful, often only 
small improvements were observed (see [ 97 – 99 ]). Although some of these 
approaches do appear to have potential [ 100 ], it is the species-specifi c timescales on 
which the developmental pathways are calibrated that may be to blame for their less 
than remarkable successes. As Kuzawa and Thayer point out, the “principles of 
evolutionary biology and adaptation lead us to hypothesize that many short term 
interventions that trigger large biological changes in short lived species, will have 
comparably small effects in humans” ([ 101 ], p229). In other words, differences in 
body size, lifespan, variability in the physical environment, and reproductive strat-
egy of various mammalian species (e.g., rodents, guinea pigs, sheep, and humans) 
exert signifi cant infl uence on the magnitude of developmentally programmed effects 
due to early life environments. Because of this, phenotypic plasticity operates under 
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very different constraints for small-bodied, short-lived species that are subject to 
relatively little physical environmental variation over multiple generations (e.g., 
rodents) versus large-bodied, long-lived species that often occupy highly variable 
physical environmental conditions—often over just one reproductive life history 
stage (e.g., humans). Data from experimental animal studies, for example, assessing 
the effects—and effect sizes—of perturbations during gestation (e.g., maternal 
dietary restrictions during pregnancy), provide clear evidence of the consequence of 
these species-specifi c evolutionary processes (Fig.  13.4 ).  

 Recognizing these differences calls into question the “predictive adaptive 
response” (PAR) concept, which is one of the main tenets of a core concept in devel-
opmental origins research. PAR asserts that poor health results when there is a “mis-
match” between early life environments and adult environments (e.g., poor maternal 
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  Fig. 13.4    Magnitude of change in offspring outcomes induced by maternal diet restriction during 
pregnancy, ordered by species. All animals born to mothers who experienced caloric restriction 
during early gestation (30–50 % caloric restriction). All values are calculated as the percentage 
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values. ( a ) Birth weight. Rat [ 102 ], guinea pig [ 103 ], sheep [ 104 ], human [ 105 ]: value represents 
conceived after famine control group versus conceived in middle or late gestation. ( b ) Glucose. Rat 
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3 years of age; human [ 105 ], value represents conceived after famine control versus early gestation 
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represents difference at 200 days postnatal; sheep [ 104 ], value represents difference at 3 years of 
age; human [ 105 ], value represents conceived after famine control versus early exposure, mea-
sured in adulthood. ( e ) Triglycerides. Rat [ 102 ], value represents difference at 200 days postnatal; 
sheep [ 107 ], value represents difference at 1 year of age; human [ 105 ], value represents conceived 
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nutrition during pregnancy followed by overnutrition in adulthood) [ 108 ]. The epi-
demiological and experimental animal evidence consistent with the PAR theory is 
extensive; yet, several authors remain dubious of the concept. These authors are 
skeptical that environmental cues during early life (e.g., maternal nutrition during 
gestation) are reliable predictors of future adult environments in long-lived species 
like humans [ 109 ,  110 ]. These authors argue, alternatively, that the entire maternal 
phenotype—expressed as nutrients, hormones, metabolites, and growth and immune 
factors—transmits to the developing offspring (through the placenta and lactation) 
an integrated and averaged signal of multigenerational matrilineal experience. If it 
is true that maternal (and paternal) epigenomes do transmit multigenerational infor-
mation that affects developmental programming, then this aspect of the evolution of 
phenotypic plasticity in humans must be accounted for in the structure and content 
of interventions to improve adult health. 

 To improve birth weight and other neonatal and maternal health outcomes that 
have proven resistant to short-term interventions in the past, one scenario might be 
to extend future interventions over longer periods of time and/or target multiple 
ages across reproductive life. If the hypothesis of a transmitted integrated signal that 
refl ects longer-term nutritional conditions is correct [ 101 ,  109 ,  110 ], then possibly 
a more sustained intervention would be effectual, perhaps one that targets multiple 
generations in high-risk communities. There have been promising results from this 
kind of approach [ 100 ]. For example, nutritional supplement interventions for 
women could be used, not only throughout pregnancy but also immediately prior to 
conception and during lactation. Innovative interventions might even target boys’ 
nutrition during the slow-growth phase of preadolescence and extend nutrition and 
body weight/composition interventions among fathers in the preconceptual period 
as well. Still others might analyze the crucial elements of metabolism by studying 
energy expenditure and physical activity during multiple sensitive periods of devel-
opment [ 111 ,  112 ]. Finally, future efforts aimed at prevention might also seek to 
intervene with exogenous hormones and growth factor treatments, among others, 
postnatally, that might provide shortcuts to the type of long-term trend signals being 
transmitted to offspring during critical periods of early development [ 83 ,  101 ,  113 ]. 

 At present, it remains uncertain whether or not the fi ndings from these animal 
model treatment studies will ultimately provide the conceptual and empirical basis 
from which analogous interventions might be developed for humans. The results of 
the aforementioned studies do provide some reason for considerable optimism, 
however. Indeed, if such programs can be calibrated to account for humans’ unique 
life history parameters, these interventions likely hold great promise in preventing 
metabolic syndrome in future generations.     
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14.1            Introduction 

 This entire book is dedicated to addressing the impact of obesity, metabolic syn-
drome, and diabetes on gestational problems. All of these clinical conditions are 
related to diet-induced infl ammation. As a result, the use of anti-infl ammatory diets 
in high-risk populations may be the most cost-effective way to engender improved 
pregnancy outcomes for both the mother and child. 

 Infl ammation is a two-edged sword. It allows us to defend ourselves against 
microbial invasion and allows our injuries to heal. Yet on the other hand, if the 
infl ammatory response is not suffi ciency attenuated, infl ammation can attack our 
own organs leading to earlier development of chronic diseases [ 1 ]. Maintaining 
infl ammation in a zone that is not too low, but not high, is one of the key factors not 
only for a successful pregnancy but also a successful aging by the reduction of the 
earlier onset of chronic disease. However, in addition to microbial invasion or physi-
cal injuries that can activate our infl ammatory responses, so can the diet. 

 Diets can be either pro-infl ammatory or anti-infl ammatory depending on the hor-
monal responses they generate. This is because these hormonal responses as well as 
specifi c nutrients in the diet are intimately connected with the most primitive part of 
our infl ammatory responses: the innate immune system. This part of our immune 
system has been evolutionarily conserved for hundreds of millions of years and can 
be considered our fi rst line of defense in the generation of infl ammation. What is 
important is that the innate immune system is under considerable dietary control.  

14.2     Inflammation at the Molecular Level 

 The central hub of the innate immune system is the gene transcription factor, nuclear 
factor kappaB (NF-κB). This is the master switch that turns on the expression of 
infl ammatory gene products (COX-2, TNFα, IL-1β, IL-6, etc.) that amplify the ini-
tial infl ammatory signals to nearby cells [ 2 ]. 

 There are a number of dietary factors that can activate NF-κB. These factors 
include oxidative stress from excess calories and hormones derived from arachi-
donic acid [ 3 ,  4 ]. Additional dietary factors include saturated fatty acids, advanced 
glycosylated end products (AGE), and infl ammatory cytokines from nearby cells all 
acting through specifi c receptors at the cell surface that can also activate NF-κB [ 5 ]. 

 However, infl ammation is not like a burning log whose fi re eventually dies out. 
The infl ammatory response consists of two distinct phases [ 5 ]. The fi rst phase is the 
initiation of the infl ammatory response. The second phase is the resolution of the 
infl ammatory response. The resolution phase is controlled by a unique group of hor-
mones (resolvins, protectins, and maresins) derived from omega-3 fatty acids [ 6 ]. As 
long as the initiation and resolution phases of infl ammation are balanced, then you 
have homeostasis. On the other hand, if the initiation phase is too strong or the reso-
lution phase is too weak, the end result is chronic low-level cellular infl ammation. It 
is this chronic cellular infl ammation below the perception of pain that is the driving 
force in the development of obesity, metabolic syndrome, and diabetes [ 7 ].  
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14.3     Measuring Cellular Inflammation 

 Since cellular infl ammation is below the perception of pain, measuring it has posed 
a challenge. The earliest marker of cellular infl ammation was high sensitivity 
C-reactive protein (hs-CRP) [ 8 ]. This protein is synthesized in the liver in response 
to elevated levels of IL-6 in the blood [ 9 ]. Unlike infl ammatory cytokines that either 
have short half-lives or only enter the blood in very low concentrations [ 10 ], hs- 
CRP is relatively long-lived protein in the blood and therefore is more easily mea-
sured [ 11 ]. The major clinical drawback of hs-CRP is that even slight bacterial 
infections can rapidly elevate its levels, and as consequence it is not a very reliable 
marker [ 12 ]. Furthermore, it is a downstream marker of cellular infl ammation as 
opposed to an early warning of the buildup of chronic cellular infl ammation. 

 Infl ammatory cytokines expressed by the activation of NF-κB (such as TNF, 
IL-1β, and IL-6) are better potential markers of cellular infl ammation, yet there 
levels in the blood are very low and they are have very short half-lives making their 
use as analytical markers of cellular infl ammation less feasible [ 9 ,  10 ]. 

 Perhaps, the best upstream marker of cellular infl ammation is the ratio of two 
fatty acids in the blood, the omega-6 fatty acid arachidonic acid (AA) and the 
omega-3 fatty acid eicosapentaenoic acid (EPA). AA is the building block of pro- 
infl ammatory eicosanoids that stimulate infl ammation. On the other hand, EPA is 
not only the competitive inhibitor of AA for the enzymes necessary for the produc-
tion of infl ammatory eicosanoids but also the building block for very powerful pro-
resolution mediators such as resolvin E1 (RvE1) and resolvin E2 (RvE2). Thus, the 
AA/EPA ratio in the blood provides a detailed insight into the balance of infl amma-
tion and resolution in every cell in the body. Furthermore, unlike hs-CRP, the AA/
EPA ratio is stable and reliable and often becomes elevated years ahead of the eleva-
tion of hs-CRP [ 13 ].  

14.4     Definitions of Chronic Conditions That Can Be 
Treated by Anti-inflammatory Nutrition 

 Although virtually every chronic disease can be connected with increasing cellular 
infl ammation, the three that are most germane to pregnancy are obesity, metabolic 
syndrome, and diabetes. 

14.4.1     Obesity 

 Obesity can be defi ned as excess fat accumulation. Obesity presents little obstacle 
in becoming pregnant. However, it is when that excess fat becomes infl amed that 
obesity presents the problem during pregnancy [ 14 ]. Under normal conditions, the 
adipose tissue operates like a bank, taking in energy from the diet and storing them 
in the fat cells and then releasing that energy through the day. Normally, this process 
works very well unless disrupted by increased cellular infl ammation [ 5 ,  13 ]. As the 
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result, the subject is constantly fatigued. At the same time, cellular infl ammation 
disturbs the intricate satiety mechanisms in the hypothalamus leading to increased 
hunger.  

14.4.2     Metabolic Syndrome 

 Metabolic syndrome can be considered the fi rst stage of the metastasis of cel-
lular infl ammation from the adipose tissue to other organs, in particular the liver 
and the muscles. Metabolic syndrome is not a defi ned condition but a cluster of 
associated clinical markers such as elevated waist measurement, high triglycer-
ides, low HDL cholesterol, and hyperinsulinemia. All of these symptoms can be 
linked to insulin resistance [ 15 ]. Metabolic syndrome can be considered to be 
“prediabetes” as if left untreated the conversion rate to type 2 diabetes is 5–10 % 
per year [ 16 ].  

14.4.3     Diabetes 

 Type 2 diabetes occurs with two different conjuring mechanisms: insulin resistance, 
due to lipid and cytokine damage to insulin receptors, occurring primarily within 
the muscles, liver, and fat tissue, and the destruction of beta cells in the pancreas 
leading to the inability to secrete suffi cient amounts of insulin to control blood sugar 
levels. The proportion of insulin resistance versus beta cell dysfunction differs 
among individuals. 

 With this comes a rapid increase in blood glucose levels with a potential corre-
sponding in increase advanced glycosylated end products (AGE) that can bind to 
receptors known as RAGE that also activates NF-κB [ 17 ]. 

 The hydroxylated fatty acid (12-HETE), which is derived from arachidonic acid, 
appears to be a major player in the destruction of beta cells in the pancreas [ 18 ].  

14.4.4     Hypertension and Cardiovascular Disease 

 Oxidative stress, due to caloric overload, chronic low-grade infl ammation 
induced by adipose tissue dysfunction, represents a vicious cycle favoring the 
progression of endothelial dysfunction atherothrombosis, cardiac overload, and 
dysfunction. Increased food intake and insulin resistance have been shown also 
to rapidly enhance plasma leptin levels and subsequently tissue leptin resistance. 
The higher heart rate in the hyperleptinemic individuals will impose a greater 
myocardial workload and eventually predispose the heart to pathophysiological 
changes that encroach on the other adverse condition established by the “part-
ners” of metabolic syndrome.   
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14.5     Building an Anti-inflammatory Diet 

 Since obesity, metabolic syndrome, and diabetes all ultimately rise from diet- 
induced infl ammation, the logical approach to minimize their impact of these 
infl ammation-related conditions on both the mother and fetus during pregnancy is 
to have the mother follow an anti-infl ammatory diet. Before I describe the practical 
aspects of such an anti-infl ammatory diet, let us fi rst describe how various macro-
nutrients in any diet can either be pro-infl ammatory or anti-infl ammatory [ 19 ]. 

14.5.1     Macronutrients and Inflammation 

 Omega-6 fatty acids are the basic building blocks for making a wide variety of pro- 
infl ammatory eicosanoids. However, the real molecular foundation for pro- 
infl ammatory eicosanoids is arachidonic acid, whereas the vast bulk of dietary 
omega-6 fatty consists of linoleic acid. The metabolic conversion of linoleic acid 
into arachidonic acid goes through several steps: the enzymes delta-6 and delta-5 
desaturase are rate-limiting enzymes that normally control the fl ux of linoleic acid 
into arachidonic acid. Both of these enzymes are under hormonal and dietary con-
trol [ 20 ]. The hormone insulin (controlled by the amount of carbohydrate at a meal) 
activates these enzymes, whereas the hormone glucagon (controlled by the amount 
of protein at meal) inhibits their activity. The amount of insulin released in a meal 
depends on the glycemic load of the carbohydrates consumed. Refi ned carbohy-
drates such as found in bread, pasta, and processed foods are rapidly broken down 
to glucose. The more rapidly the glucose enters the bloodstream, the more rapidly 
insulin is released from the pancreas to remove excess glucose from the blood-
stream. On the other hand, carbohydrates such as fruits and vegetables have a much 
lower glycemic load in a meal, meaning that they have a more limited impact (espe-
cially non-starchy vegetables) in the rise of blood glucose levels. As a result, insulin 
secretion is signifi cantly reduced, and this reduces the potential activation of delta-6 
and delta-5 desaturases. 

 Long-chain omega-3 fatty acids such eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) are weak feedback inhibitors of these rate-limiting delta-6 
and delta-5 desaturase enzymes necessary for the production of arachidonic acid. So 
as the levels of linoleic acid increase without a corresponding rise in omega-3 fatty 
acids, there is constant pressure to generate more arachidonic acid. When high lev-
els of insulin (generated by a high-glycemic load diet) are coupled with high levels 
of linoleic acid from the diet, then the conversion of excess linoleic acid into arachi-
donic acid considerably increased. This is especially true if the levels of EPA and 
DHA are low. With the increased levels of arachidonic acid in cells, the likelihood 
of producing more pro-infl ammatory eicosanoids is signifi cantly enhanced. 

 The role of saturated fats in the generation of infl ammation is more indirect com-
pared to omega-6 fatty acids. Toll-like receptor 4 (TLR-4) interacts with the saturated 
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fatty acid component of lipopolysaccharide (LPS). Saturated fats can also activate 
TLR-4, thus activating NF-κB although at a lower intensity than LPS itself [ 21 ,  22 ]. 

 Whereas omega-6 and saturated fats are pro-infl ammatory, omega-3 have anti- 
infl ammatory effects. As mentioned above, omega-3 fatty acids are weak inhibitors 
of the rate-limiting enzymes required for the generation of arachidonic acid (AA). 
They also compete with AA for the enzymes required to generate eicosanoids. 
However, the different three-dimensional structures of EPA and DHA are quite dif-
ferent therefore imparting different effects. In particular, EPA and AA are very simi-
lar in three-dimensional structure, thus making EPA a better competitive inhibitor 
than DHA of the cyclooxygenase (COX) enzyme required to convert AA into eico-
sanoids, especially into prostaglandins and thromboxanes. As a result, the higher 
the level of EPA in the cell membrane relative to AA, the less likely that pro- 
infl ammatory eicosanoids can be synthesized. 

 However, the real anti-infl ammatory power of omega-3 fatty acids lies in their 
ability to function as substrates, a wide range of pro-resolution mediators that 
include resolvins, protectins, and maresins [ 5 ,  6 ]. These pro-resolution mediators 
are the key to reducing the levels of chronic cellular infl ammation to bring any ini-
tial pro-infl ammatory response back to homeostasis. 

 Monounsaturated fats such as oleic acid are virtually neutral in terms of eico-
sanoid actions. As a result, monounsaturated fats should be considered to be 
noninfl ammatory. 

 Finally, there is the role of polyphenols in infl ammation [ 23 ,  24 ]. Polyphenols 
are the chemicals that give fruits and vegetables their color. At high enough levels, 
they have anti-infl ammatory actions by activating the gene transcription factor 
PPAR-γ that inhibits the activation of NF-κB [ 23 ].   

14.6     Putting It All Together 

 With the above short background on the hormonal effects of nutrients, it is now pos-
sible to put together the outlines of an anti-infl ammatory diet. 

 A major problem in nutrition is that if one macronutrient nutrient goes up, then 
another must come down. That also means that the hormonal responses caused by 
a particular macronutrient nutrient will also rise and fall accordingly. The chal-
lenge is to fi nd the right macronutrient combination to maintain the appropriate 
synergy of hormonal responses consistent with the continuous control of cellular 
infl ammation. 

 In trying to fi nd the appropriate balance of macronutrients, it follows a bell- 
shaped curve based on the protein-to-glycemic load ration as shown in Fig.  14.1 .  

 If dietary carbohydrate content in the diet is too high, this will generate excess in 
insulin production. If this is coupled with high levels of omega-6 fatty acids, this 
can lead to increased cellular infl ammation. At the other extreme when the carbohy-
drate content is too low, this can generate ketosis with corresponding rise in cortisol 
[ 25 ]. Between these two hormonal extremes lies a zone in which insulin levels and 
blood sugar levels are stabilized resulting in greater satiety and less fatigue. 
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 Another important question that has to be addressed is the level of calories 
required for an anti-infl ammatory diet to be successful. This is important since it has 
been shown that the consumption of excess calories also creates infl ammation in the 
hypothalamus leading to increased appetite [ 26 ].  

14.7     History of Anti-inflammatory Diets 

 The fi rst anti-infl ammatory diet was proposed in the book,  The Zone , published 20 
years ago [ 19 ]. The central focus of this anti-infl ammatory diet was one that was 
based on a bell-shaped curve of the protein-to-glycemic load described in Fig.  14.1 . 
In addition there was a strong emphasis to reduce the levels of omega-6 and satu-
rated fats with most of the fats in the diet coming from noninfl ammatory monoun-
saturated fats. 

 The midpoint of the protein-to-glycemic load for this anti-infl ammatory diet had 
a slight excess of carbohydrates to low-fat protein. When the overall fat content was 
factored in the overall composition of the anti-infl ammatory diet, it would be 
approximately 40 % low-glycemic-load carbohydrates, 30 % low-fat protein, and 
30 % fat high in monounsaturated fats and low in omega-6 and saturated fatty acids. 
However, this proposed anti-infl ammatory diet was also a calorie-restricted one to 
prevent the infl ammatory effect of excess calories. Thus, the absolute levels of the 
various macronutrients of the proposed anti-infl ammatory diet are shown in 
Table  14.1  at various total caloric intakes. The usual recommendation for females 
would be 1,200 cal per day and 1,500 cal per day for males.

   It can be seen from Table  14.1  that at these caloric levels, the absolute levels of 
protein are adequate, the absolute levels of low-glycemic-load carbohydrates are 
moderate (although the volume on the plate would be signifi cant), and the abso-
lute levels of fats would be considered low. The macronutrient composition on a 

High-Corbohydrate Diets

Protein-to-Glycemic Load Ratio

Excess Insulin Production

Fat Accumulation Loss of Inflammatory Fat

Insulin Balance

Low-Carbohydrate Diets

Excess Glucagon
Production

Cortisol Increase

  Fig. 14.1    Hormonal changes as a consequence of changing macronutrient composition       
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gram basis is 1 g of fat (primarily monounsaturated fats) for every 2 g of low-fat 
protein and 3 g of low-glycemic-load carbohydrates (primarily non-starchy veg-
etables and fruits).  

14.8     Clinical Support for an Anti-inflammatory Diet 

 The fi rst clinical trial to support such a macronutrient ratio in treating diabetics was 
reported in 1998 [ 27 ]. In this study, it was demonstrated that insulin resistance was 
signifi cantly reduced within 4 days and before any weight loss. Carefully controlled 
clinical trials at Harvard Medical School in 1999 gave further support to the rapid 
hormonal changes and improvement in satiety using such the same macronutrient 
ratio in overweight children [ 28 ]. Researchers at Harvard Medical School confi rmed 
these fi ndings in satiety in 2000 in overweight adults [ 29 ]. More recent studies at 
Harvard Medical School have demonstrated that this macronutrient ratio is superior 
in reducing infl ammation compared to isocaloric high-carbohydrate diets, even 
though the weight loss is identical [ 30 ]. 

 In 2007, the Joslin Diabetes Center at Harvard Medical School announced their 
new dietary guidelines for treating obesity, metabolic syndrome, and diabetes [ 31 ]. 
These guidelines in terms of macronutrient composition and calorie content were 
virtually identical to those proposed more than a decade earlier [ 19 ]. Subsequent 
studies and other publications from the Joslin Diabetes Research Foundation have 
supported this anti-infl ammatory diet concept [ 32 ,  33 ]. 

 Numerous other clinical studies of this anti-infl ammatory diet having 40 % of 
calories as carbohydrates, 30 % the calories as protein, and 30 % of calories as 
fat have demonstrated superior weight loss, fat loss, improved insulin levels, 
increased fat loss, increased satiety, and most importantly reduction of cellular 
infl ammation [ 34 – 39 ]. 

 From a visual standpoint, the composition of the plate for each meal is shown in 
Fig.  14.2 .  

 At every meal, the plate should be divided into three equal sections. On one sec-
tion should contain low-fat protein approximately the size and thickness of the palm 
of the hand. Appropriate protein choices would be chicken, fi sh, or protein-rich 
vegetarian sources. The other two-thirds of the plate should be fi lled with colorful 
carbohydrates (primarily non-starchy vegetables and limited amounts of fruits). 
This will simultaneously maintain a low glycemic load as well as provide adequate 
levels of polyphenols. Finally, the ideal added fat would be a dash of extra virgin 
olive oil (approximately 5 ml). The hormonal success of this dietary balance will be 
indicated by the lack of hunger and maintenance of mental acuity for the next 5 h.  

   Table 14.1    Macronutrient 
amounts of an anti- 
infl ammatory diet at various 
caloric levels  

 Macronutrient  1,200 cal/day  1,500 cal/day 

 Carbohydrate  120 g/day  150 g/day 

 Protein  90 g/day  112 g/day 

 Fat  40 g/day  50 g/day 
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14.9     Clinical Markers of Inflammatory Risk and Their Ideal 
Ranges 

 There are three clinical markers that are important to achieve for an anti- infl ammatory 
diet to be considered successful. Each of these markers relates to a different compo-
nent of the infl ammatory response, and all three markers should be within appropri-
ate ranges to truly ensure that cellular infl ammation is being managed. 

14.9.1     AA/EPA Ratio 

 The fi rst of these markers is the AA/EPA ratio. As discussed earlier, this is the fi rst 
clinical marker that cellular infl ammation is beginning to increase. The ideal ratio 
should be between 1.5 and 3. The average AA/EPA ratio in the Japanese popula-
tion is 1.5 [ 40 ], whereas it is 18 in the average American population [ 41 ]. If the 
AA/EPA is less than 1, then the potential for bleeding increases, although there is 
signifi cant reduction of cardiovascular events compared to the use of statins [ 42 ]. 
As long as the AA/EPA ratio remains above 1.2, there is no indication of any 
increased bleeding [ 43 ].  

14.9.2     TG/HDL Ratio 

 This is a surrogate marker for insulin resistance in the liver and the beginning of the 
development of metabolic syndrome [ 44 ,  45 ]. The ideal ratio should be less than 1 
(using mg/dl) or less than 0.4 (using mmoles/ml).  

14.9.3     HbA1c 

 Glycosylated hemoglobin is a marker of long-term blood glucose control and is an 
indicator that type 2 diabetes is developing. It is generally accepted that HbA1c 
levels of greater 6.5 % is indicative of diabetes and increasing mortality [ 46 ]. 

Fruits &
Vegetables

Low-Fat
Protein

  Fig. 14.2    Visual 
composition of typical 
anti-infl ammatory meal       
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However, the optimal level of HbA1c should be 5 % as lower levels are also associ-
ated with increased mortality [ 47 ]. 

 These optimal ranges are shown in Table  14.2 .
   All three clinical parameters must be within their optimal ranges to ensure the 

cellular infl ammation is being controlled. If not, either a more strict anti- 
infl ammatory diet should be employed, or the addition of anti-infl ammatory supple-
ments should be considered.   

14.10     Potential Use for Anti-inflammatory Supplements 

 Often even a strict anti-infl ammatory diet sometimes will not be suffi cient to reach 
the desired ranges of the clinical markers described above. Under these circum-
stances, there are two additional anti-infl ammatory supplements to consider. 

14.10.1     Omega-3 Fatty Acids 

 The most important of these anti-infl ammatory supplements would be highly refi ned 
omega-3 fatty acids that will help reduce the AA/EPA ratio and thus increase pro- 
resolution potential of the diet. The defi nition of a highly refi ned omega-3 fatty acid 
product would be one that has very low in PCB levels (5 ppb or lower). This is 
because all fi sh and the fi sh oils derived from them contain PCBs, which are known 
endocrine disruptors [ 48 ,  49 ]. 

 A suggested serving would be about 2.5 g of supplemental EPA and DHA per 
day. However, the ideal dosage will be determined by titrating the blood levels of 
the mother to an appropriate AA/EPA ratio between 1.5 and 3. Adequate levels of 
these omega-3 fatty acids are critical not only for the proper neurological develop-
ment of the fetus but also in reducing existing cellular infl ammation in mother.  

14.10.2     Polyphenol Extracts 

 As mentioned earlier, fruits and vegetables contain polyphenols. At high enough 
concentrations, polyphenol extracts can activate AMP kinase via interaction with 
the SIRT-1 gene [ 5 ,  23 ]. AMP kinase can be considered the central molecular switch 
that controls metabolism including blood glucose control. The supplementation 
with purifi ed polyphenol extracts can further increase AMP kinase activity. An 
appropriate dose would be 500–1,000 mg of polyphenols per day.   

  Table 14.2    Clinical 
markers of an anti-
infl ammatory diet  

 Clinical maker  Optimal range 

 AA/EPA ratio  1.5–3 

 TG/HDL ratio  <1 (mg/dl) or <0.4 (mmoles/ml) 

 HbA1c  5 % 
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14.11     Summary 

 Reducing the potential problems during pregnancy is best accomplished by fi rst iden-
tifying high-risk populations with existing metabolic dysfunction caused by diet-
induced infl ammation and then working with such populations to reduce cellular 
infl ammation by the use of an anti-infl ammatory diet as described above. There are 
various time points at which such dietary interventions might be contemplated. 

14.11.1     Peri-conception 

 The best time to prepare for the dramatic hormonal changes caused by pregnancy is 
lower cellular infl ammation prior to conception. This is true for both parents. The 
rise in IVF treatments is an indication of the increasing diffi culty of successful 
conception.  

14.11.2     Pregnancy 

 It is known that the maternal diet can have signifi cant effect on fetal programming 
with dramatic infl uence on the future health of the child [ 50 – 57 ]. The more closely a 
mother follows an anti-infl ammatory diet, the better the future outcome for the child.  

14.11.3     Postnatal 

 After birth, the brain is the most rapidly growing organ in the body of the child. 
Reducing cellular infl ammation throughout the newborn’s body with an anti- 
infl ammatory diet is perhaps the best insurance policy for long-term metabolic 
health of the child. This is especially true as it is estimated that one-third of the 
children born in the United States after the year 2000 will develop diabetes [ 58 ]. 

 Anti-infl ammatory diets are ultimately based on new breakthroughs in molecular 
biology that support the ability of such a dietary strategy to reduce infl ammation, 
increase resolution, and alter gene expression. The more quickly such diets are 
implemented in high-risk populations, the less the likelihood of long-term negative 
metabolic consequences for the offspring.      
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  15      Let’s Make It the Real Mediterranean 
Diet Not the “Supermarket Standard 
Feeding Plus a Leaf of Basil” 

             Angela     Spadafranca      and     Lidia     Lewandowski   

15.1            Mediterranean Diet: Origins and Definition 

 The Mediterranean diet is born in the Mediterranean basin, a portion of land unique for 
its geography and considered by the historians “the cradle of society,” because within 
its borders the whole history of the ancient world took place. The Mediterranean dietary 
pattern is the mirror of the history and the traditions of the people of Mediterranean 
basin. Besides foods as symbol of rural and agricultural culture such as bread, olive oil, 
and wine, triad of Greek and Roman tradition, other features of the Mediterranean diet 
are the results of the progress of the history; an example is the great historical impact 
of the discovery of America by Europeans. This discovery is also refl ected in an impor-
tation of new foodstuffs such as potatoes, tomatoes, corn, peppers, and chili, as well as 
different varieties of beans. The tomato, “exotic curiosity,” ornamental fruit only belat-
edly considered edible, was the fi rst red vegetable that enriched our basket of plants and 
later became a symbol of the Mediterranean cuisine [ 1 ]. 
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 The defi nition of Mediterranean diet is not consensual, partly because this dietary 
pattern is fairly heterogeneous among Mediterranean countries and also within the 
countries themselves [ 2 ,  3 ]. However, many studies have defi ned the Mediterranean 
pattern identifying several typical foods, some of the common features of which are 
[ 4 – 7 ] a high consumption of plant foods such as legumes, cereals, fruits and vege-
tables, and nuts and seeds, low consumption of meat and dairy products and olive 
oil as main source of fat, and moderate consumption of wine.  

15.2     Mediterranean Diet: A Choice of Good Health 

 Overall, the Mediterranean diet is considered a healthy prudent dietary pattern, and 
high adherence to it has been associated with a better health status, due to the pro-
tective effect against various chronic diseases such as coronary diseases and certain 
cancers [ 8 – 12 ]. 

 The discovery of the health benefi ts of the Mediterranean diet is attributed to the 
American scientist Ancel Keys of the University of Minnesota School of Power, 
which pointed out the correlation between cardiovascular disease and diet for the 
fi rst time [ 13 ]. Ancel Keys, in the 1950s, was struck by a phenomenon, which could 
not, at fi rst, provide a full explanation. The poor population of small towns of south-
ern Italy was, against all predictions, much healthier than the wealthy citizens of 
New York, either of their own relatives who emigrated in earlier decades in the 
United States. Keys suggested that this depended on food and tried to validate his 
original insight, focusing his attention on foods that made up the diet of these popu-
lations. Thus, he led the famous “Seven Countries Study” (conducted in Finland, 
Holland, Italy, United States, Greece, Japan, and Yugoslavia) in order to document 
the relationship between lifestyles, nutrition, and cardiovascular disease between 
different populations, including cross-sectional studies, being able to prove scien-
tifi cally the nutritional value of the Mediterranean diet and its contribution to the 
health of the populations that adopted it [ 8 ]. From this study emerged clearly, as the 
populations that had adopted a diet based on the Mediterranean pattern presented a 
very low rate of cholesterol in the blood and, consequently, a minimum percentage 
of coronary heart disease. This was mainly due to the plentiful use of olive oil, 
bread, pasta, vegetables, herbs, garlic, red onions, and other foods of vegetable ori-
gin compared to a rather moderate use of meat [ 14 ]. 

 Starting from Keys’ studies, many other scientifi c researchers have analyzed the 
association between dietary habits and chronic diseases. It is now possible to say 
that there is a convergence of assessments agreed in the direction of full recognition 
of the benefi cial qualities of the Mediterranean way of eating. Many studies and 
clinical trials have shown that the Mediterranean diet reduces the risk of cardiovas-
cular disease and metabolic syndrome. A remarkable decrease of abdominal cir-
cumference, an increase in high-density lipoprotein (HDL), a decrease in 
triglycerides, a lowering of blood pressure, and a decrease in the concentration of 
glucose in the blood have been put into evidence [ 15 ,  16 ]. 
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 In a recent meta-analysis, the Mediterranean eating pattern turned out to be more 
effective than low-fat diets in inducing important long-term changes in cardiovascu-
lar risk factors and infl ammatory markers [ 17 ]. Further evidence comes from the 
study conducted by the Epicor team in Italy which showed that women in the high-
est quartile of vegetables and olive oil consumption resulted to have lower incidence 
of coronary heart disease compared to those in the lowest quartile [ 18 ]. Good news 
came also for mental wellness. In addition to many studies supporting the benefi cial 
effects of Mediterranean diet on the incidence of neurodegenerative disease as 
Parkinson’s and Alzheimer’s diseases [ 10 ,  19 ], a group of Spanish researchers 
found that higher adherence to Mediterranean diet is positively associated with bet-
ter health-related quality of life [ 20 ].  

15.3     Mediterranean Diet: In Pregnant Women 

 Recently, Mediterranean diet has been associated with the prevention of premature 
birth in pregnant women [ 21 ], lower incidence of gestational diabetes, and better 
degree of glucose tolerance [ 22 ]. 

 The degree of adherence to the diet in 3,206 Caucasian pregnant mothers in 
Rotterdam was positively associated with plasma folate and serum vitamin B 12  
concentrations and showed an inverse relationship with homocysteine and high- 
sensitivity C-reactive protein plasma concentrations ( P  < 0.05). Important fetal 
size and placental parameters were associated with the degree of adherence to the 
diet, revealing a 72 g lower birth weight (95 % CI −110.8, −33.3) and a 15 g lower 
placental weight (95 % CI −29.8, −0.2) for women with low adherence to the diet. 
Therefore, low adherence to a Mediterranean diet in early pregnancy seems associ-
ated with decreased intrauterine size with a lower placental and a lower birth 
weight. 

 In the present study, women with low adherence to the Mediterranean diet did 
not only have smaller placentas but also tended toward higher uteroplacental vascu-
lar resistance [ 23 ]. 

 This seems biologically plausible since early placentation is characterized 
by vascular remodeling, increased infl ammation, oxidative stress, and rapid cell 
division. 

 The Mediterranean diet is an important source of methyl donors. Differences in 
quantitative methylation may affect genes implicated in placental and fetal size. 
These results might also suggest that fetal and placental programming can be 
affected by the use of the Mediterranean dietary pattern in early pregnancy. This is 
supported by recent fi ndings that periconception folic acid use is associated with 
epigenetic changes in the insulin-like growth factor 2 gene in the child, thereby 
potentially affecting intrauterine programming [ 24 ]. This suggests that maternal 
diet may cause epigenetic modifi cations in the embryo, resulting in altered growth 
patterns. These results substantiate the importance of the Mediterranean diet and 
suggest the need for more attention and awareness in pregnancy.  
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15.4     Mediterranean Diet: Features and Practice 

 In January 1993, international experts on diet, nutrition, and health convened to 
review research on the composition and health implications of Mediterranean diets 
consumed during the past half century. In this conference called “Conference on 
The Diets of Mediterranean,” the following Mediterranean patterns were defi ned:

•    Abundant plant foods – fruits, vegetables, breads (whole grain), other forms of 
whole grain cereals, crucifers (broccoli and caulifl ower), beans, nuts, and seeds)  

•   Minimally processed, seasonally fresh, and locally grown foods  
•   Fresh fruit as the typical daily dessert, with sweets based on nuts, olive oil, and 

concentrated sugars or honey consumed during feast days only  
•   Olive oil as the principal source of dietary fats  
•   Dairy products (mainly cheese and yogurt) consumed in low to moderate amounts  
•   Fewer than four eggs consumed per week  
•   Red meat consumed in low frequency and amounts, 1 per week  
•   Wine consumed in low to moderate amounts, generally with meals (red wine, 

only during meals and less than 125 ml, during pregnancy)    

 However, it must be said that this characteristic defi nition of the Mediterranean 
diet and its typical composition is not without ambiguities, which require certain 
considerations. 

 Due to multiple factors such as globalization and economic development, changes 
in food consumption have infl uenced and are still challenging traditional healthy food 
patterns in Mediterranean countries. Rui da Silva et al. [ 25 ] carried out a study aimed 
to analyze the worldwide trends of adherence to the Mediterranean diet, in 1961–1965 
and 2000–2003. In order to have a sample from across the world, forty-one countries 
were selected, and data were obtained from the FAO food balance sheets in two peri-
ods: 1961–1965 and 2000–2003. The majority of the 41 countries in this study have 
tended to drift away from a Mediterranean-like dietary pattern. Mediterranean Europe 
and the other Mediterranean country groups suffered a signifi cant decrease in their 
Mediterranean Index Adherence (MAI) values. The Mediterranean European group, 
especially Greece, experienced the greatest decrease in MAI value. 

 We cannot hide that Mediterranean societies are rapidly withdrawing from this eat-
ing pattern orienting their food choices toward products typical of the western diet pat-
tern, which is rich in refi ned grains, animal fats, sugars, and processed meat but is quite 
poor in legumes, cereals, fruits, and vegetables. The reasons people keep on shifting 
from healthy to unhealthy dietary habits remain open to several interpretations. Social 
changes appear to have consistently contributed to radical reversal in dietary habits in 
European Mediterranean societies even though developing countries are somewhat 
turning into westernized diets as well. Among possible causes, increasing prices of 
some of the major food items of Mediterranean pyramid seem to have led people to give 
up this eating pattern in favor of less expensive products which allow to save money but 
are defi nitively unhealthy [ 26 ]. Nutrition policy actions to tackle dietary westernization 
and preserve the healthy prudent Mediterranean Diet are required.  
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15.5     Mediterranean Diet Pyramid: An Easy Model 
to Make the Real Mediterranean Diet 

 The “food pyramid” is an effective image designed for the fi rst time in 1992 by the 
US Department of Agriculture which simply represents a fair and balanced way of 
eating, displaying the proportions and the frequencies with which foods should be 
consumed, a style that coincides with the Mediterranean model identifi ed by the 
physiologist Ancel Keys. 

 The main concepts of the food pyramid are the “proportionality,” that is, the right 
amount of foods to choose from each group; the “portion” standard quantity of food 
in grams, which is assumed as the unit of measurement to be a balanced feeding; the 
“variety,” i.e., the importance of changing the choices within a food group; and 
“moderation” in the consumption of certain foods, such as fat or sweets. 

 In Fig.  15.1  there is a reproduction of Mediterranean pyramid: we can see 
that every day, we have to drink at least 8 glasses of water; to eat cereals (to 
avoid refi ned and to prefer wholemeal cereals), vegetables, and fruit; to dress 
with olive oil, herbs, and spices; to consume yogurt/milk/low-fat cheese, nuts, 
or dried fruit; and to drink a glass of red wine during the meal. This is an effi -
cacy way to introduce energy, fi bers, vitamins, antioxidants and anti-infl amma-
tory compounds, minerals, and unsaturated fat (i.e., oleic acid from olive oil or 
balanced omega-3 and omega-6 from nut or dried fruit) with healthy effects. 
Interesting is to refl ect upon the possible red wine consumption by pregnant 
women: until now generally gynecologists indicate to abstain from alcohol con-
sumption in pregnancy for possible negative effects on fetal development; how-
ever, red wine is a rich source of polyphenol compounds with antioxidant effects 
that, if moderately consumed, could improve oxidative status of the women 
without damages for the baby. Few studies investigated this topic in pregnant 
women until now, controlling for smoking habits and binge drinking [ 27 ], and 
proved that when red wine is part of a healthy meal it improves placental weight 
and has no impact on fetus and newborn.  

 The food protein sources are important, and they must be in the diet every day, 
but it is mandatory to vary adequately the weekly frequency in order to modulate the 
impact of saturated fat associated to animal protein; for this reason, the consump-
tion of vegetable proteins from legumes should be encouraged. We can fi nd in 
Mediterranean diet a big variety of legumes: kidney beans, romano beans, fava 
beans, lima beans, chickpeas, peas, and lentils. 

 It is important to know that legumes associated with cereals improve their pro-
tein quality, because essential amino acid pool is completed. Legumes could be 
consumed with pasta, rice, spelt or couscous, and polenta in a plate but also as 
ingredient in a mixed salad or in a soup. The use of legumes as side dish is possible 
but only if associated with a moderate portion of other protein food such as fi sh, 
meat, or eggs; this is important to avoid an excess of protein intake. 

 Legumes, such as also whole grain, are a rich source of prebiotic fi ber that stimu-
lates in the colon the growth of  Bifi dobacterium , a benefi cial bacterial genus. 
Moreover, many studies have shown the healthy effects of legumes on lipid and 
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glycemic serum human profi le. Therefore, there are a lot of reasons to introduce the 
consumption of this typical Mediterranean food at least two to three times for week. 

 Besides legumes, fi sh consumption is advised at least twice a week. Health ben-
efi ts (decreased risk of cardiovascular events and mortality) from fi sh consumption 
are ascribed to n-3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA), and 
docosahexaenoic acid (DHA). DHA also appears important for neurodevelopment 
during gestation and infancy [ 28 ]. Women of childbearing age and nursing mothers 
should consume 2 seafood servings/week. Observational studies show positive 
associations between maternal DHA levels or fi sh intake during pregnancy and 
behavioral attention scores, visual recognition memory, and language comprehen-
sion in infancy. However, fi sh also contain contaminants such as mercury, dioxins, 
and polychlorinated biphenyls. The Environmental Protection Agency determined a 
reference dose, i.e., the allowable upper limit of daily intake, for methylmercury of 
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  Fig. 15.1    Mediterranean diet pyramid: an easy model to make the real Mediterranean diet       
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0.1 ug/kg per day (50 μg/week for a 70-kg woman, calculated from the lower 95 % 
confi dence limit at which gestational exposure to mercury may produce abnormal 
neurologic test scores, multiplied by a tenfold uncertainty factor), and published a 
focused advisory for women of childbearing age, nursing mothers, and young chil-
dren. The advisory specifi cally advises such individuals to avoid shark, swordfi sh, 
golden bass, and king mackerel (each containing 50 μg methylmercury per serving); 
sardines, salmon, crab, tuna, and trout are instead allowed [ 29 ]. 

 The meat is a food with high protein content (from 15th to 25 %) and of high 
biological value, able to make all the amino acids necessary for protein synthesis 
(essential amino acids) in optimal amounts. It also provides B-complex vitamins, 
especially B12, and trace elements, particularly iron, zinc, and copper. However, 
among meat sources, it is better to prefer poultry and to limit red meat and white 
meat from small mammals – rabbit and hare – red meat is okay but only a few times 
per month since they are rich in cholesterol and saturated fat meat. A special char-
acteristic of meat from mammalians is the different sialic acid of cell membrane, the 
difference between N-glycolylneuraminic acid (Neu5Gc) and  N -acetylneuraminic 
acid (Neu5Ac) is tiny, but Neu5Gc is a weak immunogenic compound and its unbal-
anced and frequent consumption might be on the pro-infl ammatory stimuli that play 
a negative role in long lifespan expected in modern humans [ 30 ]. 

 Physical activity and other diet-related lifestyle factors contribute to wellness 
with Mediterranean patterns. Certain lifestyle factors are of particular interest: the 
social support and sense of community that accompanies sharing food with family 
and friends; lengthy meals that provide relaxation and relief from daily stress; and 
delicious meals, carefully prepared, that stimulate enjoyment of healthy diets. 

 “The Mediterranean diet is a set of traditional practices, knowledge and skills 
passed on from generation to generation and providing a sense of belonging and 
continuity to the concerned communities.” This is the fi rst reason cited by the 
UNESCO for recognizing the Mediterranean diet as an intangible cultural heritage. 
This international organization has offi cially ratifi ed what science has been continu-
ously demonstrating during the last decades. From what we read in the 5-point 
motivation, it appears quite clear that the UNESCO does not consider MD just as a 
mere collection of some selected foods but ascribes to the eating habits typical of 
the Mediterranean basin a cultural-promotion role deserving a special mention as 
plainly stated in the description of MD: “The Mediterranean diet encompasses more 
than just food. It promotes social interaction, since Mediterranean diet communal 
meals are the cornerstone of social customs and festive events. It has given rise to a 
considerable body of knowledge, songs, maxims, tales and legends. The system is 
rooted in respect for the territory and biodiversity, and ensures the conservation and 
development of traditional activities and crafts linked to fi shing and farming in the 
Mediterranean communities of which Soria in Spain, Koroni in Greece, Cilento in 
Italy and Chefchaouen in Morocco are examples. Women play a particularly vital 
role in the transmission of expertise, as well as knowledge of rituals, traditional 
gestures and celebrations, and the safeguarding of techniques.” 

  Mediterranean diet is a model culture of human health so let ’ s make it the real 
Mediterranean diet not the  “ supermarket standard feeding plus a leaf of basil !” 
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 To this purpose, don’t forget the following  ten rules :

    1.    Use olive oil as main dressing (40 ml/day).   
   2.    Eat a portion of seasonal vegetables at every meal partly fresh or partly cooked 

(at least 200 g).   
   3.    Eat a portion (150 g) of legumes at least twice a week.   
   4.    Eat at least two portions of fi sh (200 g each) per week, including bluefi sh.   
   5.    Limit meat once per week or one every fortnight, be it of good quality from 

extensive lawn breeding.   
   6.    Eat fresh fruit every day and dry fruit as a snack (at least 200 g) (packaged 

juices do not belong to the healthy fruit category but rather to soft drinks or 
worse junk food if added with sugar and chemical colors).   

   7.    Consume yogurt or milk every day, but use cheese in moderation (twice per 
week) (avoid milk and dairy products if you are lactose intolerant, as 25 % of 
Caucasians or 70 % of South Americans or 90 % of Chinese of Han ancestry).   

   8.    Be sure to include whole grain bread or wholemeal cereals during your meals 
(consider to rotate among the variety of grains: wheat, rice, maize, spelt, buck-
wheat, barley; never use refi ned grains or refi ned fl ours, but as exceptions).   

   9.    Drink wine (1–2 small glasses per day) always during meals (red wine is richer 
in polyphenols than white wine).   

   10.    Leave sweets and soft drinks for special occasions.   
   11.    Remember: Spices (ground black pepper, curcuma, chili pepper, oregano, basil, 

etc.) are good and great antioxidants; use them in abundance to make tasty 
plates and limit salt!    

  Tables  15.1  and  15.2  reported suggestions to easy practice Mediterranean diet.

   Table 15.1    One day of Mediterranean diet: an example of 2,000 kcal   

 Breakfast  250 g of yogurt 
 40 g (4 spoons) of breakfast cereals or muesli 
 1 portion of fresh season fruit 

 Morning snack  30 g of whole crackers 

 Lunch  80 g of pasta with tomato sauce at pleasure, basil and/or vegetables 
 80 g of legumes (fresh, frozen, or tinned) 
 1 portion of cooked or uncooked seasonal vegetables (at least 200 g) 

 Afternoon snack  1 portion (20 g) of dry fruit (e.g., nuts, almonds) 

 Dinner  80 g of whole wheat bread 
 200 g of low-fat fi sh (codfi sh, place, or trout) 
 1 portion of cooked or uncooked seasonal vegetables (at least 200 g, 
except 50 g for salad) 
 1 portion of fresh season fruit 

 Throughout the day  40 g of virgin olive oil (4 spoons) to be added preferably after cooking 
(just before serving) 
 125 ml (1 glass) of red wine 

 Vinegar, lemon juice, aromatic herbs, and spices to taste 
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  16      Nutrition Around the Clock 
and Inflammation: The Right Food 
at the Right Time Makes the Difference 

             Attilio     Speciani    

16.1            Introduction 

 The metabolic effects of circadian desynchronization, and their apparent promotion 
of an obese phenotype, often in the absence of increased energy intake, are intrigu-
ing fi ndings that underscore the signifi cance of the endogenous timing system in the 
regulation of metabolism. 

 This might have even a greater impact in pregnancy, when hormonal and meta-
bolic factors change the metabolic plasticity to adapt to changes in circadian 
rhythms. The perception of circadian rhythms depends on internal and environmen-
tal signaling: light or darkness, available energy from meals or from tissue storage, 
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daily physical activity and adequate night rest, psychological and metabolic stress-
ors such as caffeine, etc. In order to achieve a correct circadian rhythm, both the 
excess of sleep and its deprivation should be prevented to avoid adverse affect on 
weight gain during pregnancy. The proper distribution of meals during the day, with 
a hearty breakfast and a light dinner; a good balance in all meals of complex carbo-
hydrates from veggies, fruit, and cereals and healthy proteins; a proper overnight 
fasting; all of them are key issues to meet the requirements of circadian rhythms 
both in terms of metabolism and of interaction of nutrients with intestinal 
microbiota.  

16.2     Pregnancy: A Unique Opportunity to Focus 
on Healthy Diet for the Whole Family 

 The Institute of Medicine guidelines for weight gain in pregnancy were initially 
developed in 1990 to promote adequate gestational weight gain with the goal of 
preventing premature births and small-for-gestational-age infants [ 1 ]. However, 
with an increasing number of women entering pregnancy who are overweight and 
obese, the Institute of Medicine guidelines for weight gain in pregnancy were 
recently updated in 2009 with a shift of focus toward maternal health outcomes and 
the reduction of postpartum weight retention and childhood adiposity [ 2 ]. 

 Pregnancy for a woman, but more generally for the entire family, represents a 
unique moment in which there is greater attention to the recommendations to 
improve health through nutrition. This should prompt physicians, gynecologists, 
and researchers to understand which aspects of everyday life most infl uence the 
metabolic response of the organism and to correct them. 

 The metabolic effects of circadian desynchronization, and their apparent promotion 
of an obese phenotype, often in the absence of increased energy intake, are intriguing 
fi ndings that underscore the signifi cance of the endogenous timing system in the 
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regulation of metabolism (Fig.  16.1 ) [ 3 ]. It can be hypothesized that the circadian sys-
tem could be implicated in the effectiveness of weight loss intervention. Indeed, the 
most important factors of energy homeostasis, including the sleep–wake cycle, thermo-
genesis, feeding, and glucose, protein, and lipid metabolism, are subjected to time 
regulation. This circadian rhythm synchronizes energy intake and expenditure with 
changes in the external environment. Interestingly the reduced response to circadian 
synchronizing found in low responders to diet intervention is one of the hallmarks of 
aging. An attenuated amplitude of this response has been observed in elderly subjects 
as well as in obese and in Alzheimer’s patients [ 4 ]. This evidence has fostered increas-
ing interest in the notion that metabolic syndrome and obesity are associated with chro-
nodisruption. This is also supported by the fact that obese individuals appear to be less 
responsive to environmental cues, and diurnal variations in body temperature are 
diminished in obese humans. Bandin et al. [ 4 ] investigated the possible relationship 
between total weight loss and circadian rhythmicity in order to assess whether it could 
be a marker of weight loss effectiveness. He found that low diet-responder women had 
signifi cant alterations of circadian wrist temperature usually measured to monitor 
physiologic temperature changes during the day.   

16.3     Day and Night: Different Signals for Losing Weight 

 Circadian rhythmicity infl uences the central regulation of behavior, reproduction, 
metabolism, and virtually every other physiological parameter. The disruption of the 
key signal of the circadian pacemaker, environmental light, might explain part of the 
many of the chronic diseases associated with western lifestyle and social organiza-
tion. The highly inheritable functional properties of the circadian pacemaker could be 
at the root of genetic vulnerability to obesity. Epidemiological evidence links human 
obesity to exposure to electrical light [ 5 ] and to circadian desynchronization [ 6 ]. 
Furthermore, genetic evidence supports an association between obesity and variations 
in the expression of genes induced by time in humans [ 7 ]. Taken together, this data 
supports the concept that human phenotype is driven toward obesity and metabolic 
dysfunction also through an interaction of circadian desynchronization induced by 
artifi cial light and the individual inheritable properties of the circadian pacemaker. 

 In 2012, Wise and coworkers [ 8 ] explained why light is so important in the regula-
tion of circadian rhythm of the human body. He found that latitude lines are signifi -
cantly related to the properties of circadian pacemaker and can affect individual 
susceptibility to circadian desynchronization and its metabolic consequences. For 
example, humans recently migrating north from equatorial zones seem to be more vul-
nerable to the metabolic effects of circadian desynchronization and susceptibility to 
obesity when they are exposed to the variable day length of northern latitudes [ 9 ]. 
Furthermore, these migrants are generally considered to be at increased risk of obesity, 
with individuals of African ancestry particularly susceptible to obesity and metabolic 
dysfunction as they migrate to the north. An interesting corollary to this argument is the 
question of whether humans native in northern zones are more compliant to circadian 
rhythms that make them less vulnerable to the effects of circadian desynchronization. 
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Additional epidemiological evidence is provided by the reduced susceptibility to meta-
bolic syndrome of Yup’ik Eskimos in spite of westernization and a high prevalence of 
increased central adiposity [ 10 ]. Although these native North American people acquire 
a more modern American lifestyle, their circadian resilience might protect them against 
some of the effects of obesity. This data in humans are in agreement with fi ndings in 
lower animals. As early humans migrated north of the Equator, they encountered pho-
toperiods that were less predictable, with the timing of sunrise and sunset showing 
daily variation. It is likely that human fi tness was optimized by the regular photoperiod 
at the Equator and that migration into the variability of northern places came at the 
expense of circadian resonance. But this was most likely a worthwhile trade-off for 
better climatic conditions, food, or extended territories. 

 Data on the relationship between sleep–wake cycle in pregnancy and weight gain 
are confl icting, and Restall et al. [ 11 ] fi nd that more than 10 h of night sleep on 
weekdays are positively correlated with higher gestational weight gain than women 
who reported sleeping less than 8 h. These results are opposite to the fi ndings by 
Althuizen, who correlated short nocturnal sleep with increased gestational weight 
gain [ 12 ]. Recently a larger study concluded that sleep deprivation is a risk factor 
for higher gestational weight gain [ 13 ].  

16.4     Ruler of Circadian Hormones 

 One of the possible connections between alteration of the phases of light and metab-
olism is the production of melatonin. In humans, the melatonin is produced by the 
pineal gland, a small endocrine gland located in the center of the brain but outside 
the blood–brain barrier. Production of melatonin is inhibited by light hitting the 
retina and facilitated by darkness. The melatonin signal forms part of the system 
that regulates the sleep–wake cycle by chemically causing drowsiness and lowering 
the body temperature, although it is the central nervous system (specifi cally the 
suprachiasmatic nuclei) that controls the daily cycle in most components of the 
paracrine and endocrine systems rather than the melatonin signal alone. The anti- 
obesogenic and the weight-reducing effects of melatonin depend on several mecha-
nisms and actions [ 14 ]. Experimental evidence demonstrates that melatonin is 
necessary for the proper synthesis, secretion, and action of insulin [ 15 ]. Melatonin 
is a powerful chronobiotic being partly responsible for the daily distribution of met-
abolic processes: daytime activity/feeding phase is associated with high insulin sen-
sitivity; nighttime rest/fasting is associated with insulin-resistant metabolic phase of 
the day [ 16 ]. Furthermore, melatonin commands energy fl ow to and from the stores 
and energy expenditure through the activation of brown adipose tissue. Table  16.1  
summarizes some of the major aspects of melatonin functions [ 18 ].

   Finally, there is a large body of evidence that melatonin is one of the major scav-
engers of both oxygen- and nitrogen-based reactive species. The lipophilic nature of 
melatonin helps indolamine to cross cell membranes to easily reach subcellular 
compartments, including the mitochondria: melatonin interacts with lipid bilayers 
and stabilizes mitochondrial inner membranes, which may improve electron trans-
port chain activity, and, consequently ATP production (Fig.  16.2 ) [ 19 ].  
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 The reduction in melatonin production, as during aging, night-working shifts, or 
illuminated environments, induces insulin resistance, glucose intolerance, sleep dis-
turbance, and metabolic circadian disorganization characterizing a state of chro-
nodisruption leading to obesity. It is evident that the complex actions of melatonin 
on both the metabolic side and the control of oxidative stress go in the direction of 
explaining how the respect of a proper circadian rhythm with an appropriate sleep 
can help prevent metabolic disorders of pregnant women and, consequently, even an 
excessive weight gain.  

16.5     The Importance of a Correct Timing of the Three 
Daily Meals  

 Current evidence suggests that the timing of meals can infl uence metabolic syn-
drome by affecting circadian rhythms. In particular, there is huge scientifi c evi-
dence that breakfast is one of the most important daily moments to give a strong 
signal of metabolic activation to the whole body, in order to stop obesity and 

   Table 16.1    Biochemical effects to explain the anti-obesogenic and the weight-reducing roles of 
melatonin [ 14 – 19 ]   

 Biochemical effects of melatonin 

 Experimental evidence demonstrates that melatonin is necessary for proper synthesis, 
secretion, and action of insulin. The reduction in melatonin production induces insulin 
resistance and glucose intolerance 

 Melatonin is responsible for the establishment of an adequate energy balance mainly by 
regulating energy fl ow to and from fat stores 

 Melatonin may improve electron transport chain activity and, consequently, ATP production 

 Melatonin is one of the major scavengers of both oxygen- and nitrogen-based reactive species 

 The complex actions of melatonin on both the metabolic side and the control of oxidative 
stress go in the direction of explaining how the respect of a proper circadian rhythm with 
appropriate sleep duration can help to prevent metabolic disorders 

MELATONIN DONOR OF ELECTRONS
Increase the activity of
Electron Chain Transfer

Increase the syntesis of ATP

Decreased oxidative damage to
mitochondrial membrane, mDNA
complexes of Electron Chain Transfer

INTERACTION WITH mDNA

ANTIOXIDANT

  Fig. 16.2    A synoptic view of the roles of melatonin on energy metabolism via mitochondria [ 19 ]       
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ease weight loss. Odegaard et al. described the strategic importance of breakfast 
in the fi ght against at least four “wealth diseases” [ 20 ]: obesity, metabolic syn-
drome, hypertension, and diabetes. This study, like many others under different 
perspectives, found that those subjects having breakfast only occasionally had 
the tendency to put on weight, while those having breakfast regularly were sig-
nifi cantly protected against the abovementioned disorders, showing a very sig-
nifi cant loss of weight compared to the controls: almost 2 kg less in those 
regularly having breakfast compared to the subjects having it only occasionally 
or never. To comply with a proper circadian rhythm, breakfast should be the 
most rich meal of the day.  

16.6     Breakfast: The Most Important 
Signal of Richness to Activate Metabolism 

    After breakfast, caloric intake should be reduced gradually until having a light 
dinner early in the evening. Also the composition of breakfast has great impor-
tance in the regulation of the mechanisms of satiety during the day. An interesting 
scientifi c work proposed by Fallaize et al. [ 21 ] compared three different types of 
breakfasts, with equal energy intake, to evaluate its effect on satiety, hunger, and 
subsequent calorie intake throughout the day. The fi rst proposed breakfast con-
sisted of eggs with toast, the second cereals, milk, and toast, while the third was a 
croissant and juice. The ones who had eaten eggs in the morning had signifi cantly 
reduced their energy intake during lunch and dinner, despite having available 
unlimited amount of food. The fi rst choice, which showed the highest effect on 
satiety, was characterized by having a higher protein intake and the lowest per-
centage in carbohydrates. The choices that are made in the morning affect diet 
throughout the day by modulating feeding behavior. These evidences are totally 
forgotten by the lifestyle counseling offered by the vast majority of doctors in 
southern European countries where breakfast is limited to refi ned carbohydrates, 
like biscuits, white bread, or sugar disguised in jam, coffee, or tea or even worse 
is totally skipped but for a cup of coffee.  

16.7     Proteins in Every Meal to Stimulate 
Metabolism and Build Lean Mass 

 To lose weight properly, every meal has to be combined with the right amount of 
protein. Mamerow et al. [ 22 ] have in fact precisely defi ned that the amount of pro-
tein required during a day must be distributed in a balanced manner among all three 
meals. The authors of this study examined the effects of protein distribution on 
skeletal muscle protein synthesis in healthy adult men and women and measured 
changes in muscle protein synthesis in response to isoenergetic and isonitrogenous 
diets with protein at breakfast, lunch, and dinner evenly distributed or skewed. The 
authors of this study proved that the best balance occurs when the amount of protein 
of the day is distributed evenly within the three meals.  
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16.8     Eating and Fasting at the Right Time to Activate 
Metabolism and Fat Consumption 

 Studies on lipid metabolism in the liver and in the white adipose tissue underline the 
importance given to fasting overnight. Vilà-Brau et al. [ 23 ] studied how the expres-
sion of certain molecules deposit of lipids is modifi ed in response to fasting. One of 
these accumulated liver proteins is the fat-specifi c protein 27 (FSP27), which 
belongs to a family of proteins that play critical roles in controlling metabolic 
homeostasis (Table  16.2 ) [ 24 ,  25 ]. This data suggest that FSP27 protein could play 
a role in the accumulation/export of the newly synthesized triglyceride in the early 
steps of the fasting adaptation process. In the fi rst phase of fasting, the body mobi-
lizes fat reserves to support the metabolic needs of the organism. The fatty acids 
from adipose tissue to the liver are reesterifi ed and sent to various tissues through 
the formation of VLDL. This process of adaptation to fasting is effective only in the 
fi rst 12–15 h. With more prolonged period of caloric restriction, the body changes 
its strategy, preserving fat reserves in the liver and white adipose tissue. So, proper 
distribution of meals allows taking advantage of the period of physiological over-
night fasting to induce better mobilization and use of fat reserves in excess [ 26 ].

16.9        Microbioma and Distribution of Meals During the Day 

 The distribution of meals during the day also infl uences the response of the intestinal 
bacterial fl ora. At every meal the intestinal fl ora is modifi ed by the specifi c composi-
tion of the meal, timing of meals, the digestive capacity of the individual, and the 

   Table 16.2    Molecular and metabolic role of fat-specifi c protein 27 (FSP27) [ 23 – 26 ]   

 Molecular role  Metabolic role 

 FSP27 is a lipid-droplet-associated protein that is 
expressed in white adipose tissue or in the liver and 
is a direct mediator of PPAR-dependent hepatic 
steatosis, which suggests that expression of FSP27 
may promote lipid-droplet formation in hepatocytes 

 Studies on lipid metabolism in the liver 
and in the white adipose tissue have 
given more importance to the mechanism 
of the metabolic adaptation to fasting 
overnight 

 FSP27 during adaptation to fasting is highly 
induced (about 800-fold), mainly in the early 
period (up to 15 h of fasting). Over longer periods 
of fasting (24 h), the expression of PPARα target 
genes remains high, but the expression of FSP27 
decreases fourfold with respect to its levels after 
15 h of fasting 

 In the fi rst phase of fasting, the body 
mobilizes fat reserves to support the 
metabolic needs of the organism. This 
process of adaptation to fasting is 
effective only in the fi rst 15 h. With more 
prolonged period of caloric restriction, 
the body changes its strategy, storing fats 
in liver and white adipose tissue 

 Another member of the family of proteins linked to 
FSP27 may be involved in the maturation of VLDL 
by interacting with apoB-100/-48 suggesting that 
FSP27 protein could play a role in the accumulation/
export of newly synthesized triglyceride in the early 
steps of fasting adaptation process 

 The fatty acids from adipose tissue to the 
liver are reesterifi ed and sent to various 
tissues through the formation of VLDL 

16 Nutrition Around the Clock and Infl ammation: The Right Food at the Right Time



236

bacterial fl ora already present in the gut. The framework is made extremely compli-
cated by the fact that the gut itself follows an intrinsic homeostatic clock [ 27 ]. 
Alterations of symbiosis between microbiota and intestinal epithelial cells are associ-
ated with intestinal and systemic pathologies. Interactions between bacterial products 
and Toll-like receptors are known to be mandatory for intestinal epithelial cells 
homeostasis. Mukherji et al. [ 28 ] explain how the interactions between the intestinal 
bacterial fl ora and intestinal epithelial cells are essential to defi ne a proper circadian 
rhythm in the intestine. To quote the authors own words “Alterations of symbiosis 
between microbiota and intestinal epithelial cells (IEC) are associated with intestinal 
and systemic pathologies. Interactions between bacterial products (MAMPs) and 
Toll-like receptors (TLRs) are known to be mandatory for IEC homeostasis, but how 
TLRs may time homeostatic functions with circadian changes is unknown. 
Interestingly, microbiota signaling defi ciencies induce a prediabetic syndrome due to 
ileal corticosterone overproduction consequent to clock disruption.” According to this 
seminal paper, gut infl ammation depends not only on the type of food usually eaten, 
but also on the circadian dietary habits chosen. These can defi nitely make the differ-
ence between those who gain weight without knowing why and those, instead, who 
can eat without getting fat. For a few years now, it has become clearer that a low-grade 
infl ammatory state promoted by abnormal relationship between the intestinal micro-
biota and the gastroenteric immune cells may lead to insulin resistance. An interesting 
study analyzed the differences in gut microbioma sometimes found in identical twins, 
one of which is lean while the other one fat despite following the same diet. Ridaura 
et al. [ 29 ] showed that by transferring gut bacteria from a fat mouse into a germ-free 
mouse, the latter starts to put on weight; instead, if gut bacteria from a lean mouse are 
also transferred together with those from the fat one, the balancing effect given by the 
lean mouse microbes is suffi cient to stop weight gain. Alterations in the gastrointesti-
nal microbiota have been implicated in obesity in mice and humans, and the key 
microbial functions infl uencing host energy metabolism and adiposity is mediated by 
a microbe–host dialogue that functionally regulates host lipid metabolism and plays a 
profound role in cholesterol metabolism and weight gain in the host [ 30 ].     
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