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    Abstract  

  Non-communicable diseases are, by defi nition, those chronic diseases that 
are non- infectious and non-transmissible. The most common non-commu-
nicable diseases are obesity, diabetes, cancer, and cardiovascular, chronic 
respiratory and neurological diseases. Altogether, they are the commonest 
cause of death and disability in modern world. Recent investigations show 
that many of these diseases share common pathophysiological mecha-
nisms and are, at least in part, different manifestations in different organs 
of similar molecular alterations. Mitochondrial alterations, oxidative stress 
and infl ammation are inextricably linked and play major roles in the onset 
and development of non-communicable diseases. Therefore, it is conceiv-
able that pharmacological or nutritional manipulation of oxidation and 
infl ammation allows a signifi cant decrease in the mortality and morbility 
associated to these diseases.  

  Keywords  

  Infl ammation   •   Metabolism   •   Non- communicable diseases   •   Oxidation  
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 1      Introduction: Oxidation 
and Infl ammation, A Molecular 
Link Between Non-communicable 
Diseases 

           Jordi     Camps      and     Anabel     García-Heredia   

     Alchemists, from Ancient India and China to the 
Middle Ages, developed great and fruitless efforts 
to fi nd the elixir of eternal life. This is a mythical 
potion that, when drunk from a certain cup at a cer-
tain time, supposedly grants the drinker eternal life 
and/or eternal youth. Certainly, to prolong youth, 
health, and life span as much as possible is also the 

avowed goal of Medicine and biomedical research, 
although the procedures have changed consider-
ably since the introduction of the scientifi c method. 
For many years, the different diseases have been 
considered as separate entities and, consequently, 
deserved different treatments. However, recent 
investigations show that many diseases share com-
mon pathophysiological mechanisms and are, at 
least in part, different manifestations in different 
organs of very similar molecular alterations. This 
allows a more holistic approach to the disease 
 processes, considered as a response from the 
 organism to the aggressions of the  environment. 
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Whole genome sequencing, Epigenetics, and 
the different Omics technologies (Genomics, 
Transcriptomics, Proteomics, Metabolomics, 
Fluxomics) provide researchers with very  powerful 
tools to study the human organism as a whole. 
Therefore, the question arises: If different  diseases 
share common molecular mechanisms, is it pos-
sible to fi nd common therapeutic agents? Or: Is it 
possible that fi nding a treatment for a specifi c dis-
ease would decrease the probability of develop-
ment of several others? The issue of the elixir of 
eternal life, in a more modest and realistic  version, 
is again put on the table. 

 Non-communicable diseases (NCD) are, by 
defi nition, those chronic diseases that are non- 
infectious and non-transmissible. The most com-
mon NCD are obesity, cardiovascular disease, 
diabetes, cancer, chronic respiratory diseases, 
and neurological diseases. Altogether, they have 
been the commonest cause of death and disability 
globally for at least the last three decades [ 1 ]. 
Even in sub-Saharan Africa, NCD contribute a 
third of the disability-adjusted life year burden 
[ 2 ]. Mitochondrial alterations, oxidative stress 
and infl ammation underpin NCD and are molec-
ular mechanisms playing major roles in their 
onset and development (Fig.  1.1 ) [ 3 – 8 ]. Oxidation 
and infl ammation are inextricably linked. For 
example, chronic infl ammation is associated with 
oxidation, anti-infl ammatory cascades are linked 
to decreased oxidation, increased oxidative stress 
triggers infl ammation, and a proper redox bal-
ance inhibits the infl ammatory cellular response. 
Whether or not oxidative stress and infl ammation 
represent the causes or the consequences of cel-
lular pathology, they contribute signifi cantly to 
the pathogenesis of NCD. The incidence of dis-
eases involving oxidative stress, infl ammation, 
and their related metabolic disturbances is rising, 
as are age-related diseases due to progressively 
aging populations. Interrelations between the 
mechanisms of oxidative stress and of infl amma-
tory signaling and metabolism are, in the broad 
sense of energy transformation, being increas-
ingly recognized as part of the problem in NCD 
[ 9 ]. Obesity and associated metabolic distur-
bances, for example, are important factors that 
underlie NCD and are the consequences of 

unhealthy diets and physical inactivity [ 10 ]. 
Obesity predisposes to diabetes mellitus, hyper-
tension, atherosclerosis, dyslipidemia, cancer, 
and coronary heart disease [ 11 ]. Growing evi-
dence links a low-grade, chronic infl ammatory 
state to obesity and its coexisting conditions as 
well as to noncommunicable diseases [ 12 – 18 ]. 
This low-grade infl ammatory state is aggravated 
by the recruitment of infl ammatory cells, mainly 
macrophages, to adipose tissue. Infl ammatory 
cell recruitment is likely due to the combined 
effects of the complex regulatory network of cells 
and mediators that are designed to resolve infl am-
matory responses. Anti-infl ammatory drugs have 
shown to reverse insulin resistance and other 
related conditions that result from circulating 
cytokines that cause and maintain insulin resis-
tance [ 19 – 24 ]. Therefore, it is likely that infl am-
mation  per se  is a causal factor for NCD rather 
than an associated risk factor.

   The objective of this book  Oxidative Stress 
and Infl ammation in Non-communicable Diseases: 
Molecular Mechanisms and Perspectives in 
Therapeutics , belonging to the  Advances in 
Experimental Medicine and Biology  series, is to 
review some current concepts indicating that oxi-
dation and infl ammation are key mechanisms 
linking the major NCD and, therefore, it is con-
ceivable that their therapeutic manipulation 
allows the treatment of the most prevalent dis-
eases in our societies. 

 We are going to pay special attention to some 
molecules that appear to play a crucial role in 
oxidative and infl ammatory processes. The para-
oxonases are a family of three enzymes that 
degrade lipid peroxides and play an antioxidant 
role in both circulation and cells [ 25 ]. Desaturases 
are the rate-limiting enzymes for the conversion 
of polyunsaturated fatty acids, and their altera-
tions have been associated with several NCD 
[ 26 ]. The chemokine (C-C motif) ligand 2 is a 
chemokine, the suppression of which reduces the 
attraction of immune cells to the sites of infl am-
mation and prevents atherosclerosis and obesity 
[ 27 ]. The advanced glycation end products are 
products of chronic renal diseases that have 
been associated with the higher risk for cardio-
vascular disease and diabetes in these patients [ 28 ]. 

J. Camps and A. García-Heredia
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8-oxo- 7,8-dihydro-2’-deoxyguanosine is a highly 
mutagenic altered nucleobase produced by oxida-
tive stress that may be a link between obesity and 
cancer [ 29 ]. Other metabolic processes that are 
going to be described in the following chapters 
include the relationship between autophagy/
mitophagy and infl ammation, the role of adipo-
kines, the polarisation of pro-infl ammatory and 
anti-infl ammatory macrophages, and the infl uence 
of the postprandial state on infl ammation. Finally, 
the possibilities of therapeutic improvement by 

using synthetic high-density lipoproteins, apolipo-
protein A-I mimetic peptides, or plant-derived 
polyphenols, are also going to be discussed.    
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    Abstract  

  Reactive oxygen species induce oxidative modification of critical 
macromolecules. Oxygen derived free radicals may act as potential cyto-
toxic intermediates inducing infl ammatory and degenerative processes, or 
as signal messengers for the regulation of gene expression. This dual 
effect mainly depends on the availability of free radicals in terms of 
concentration, as well as on the environmental characteristics in which 
they are produced. The formation of free radicals has been proposed to be 
the linking factor between certain metabolic disturbances and cancer. 
Circulating mononuclear cells of patients with high cholesterol levels, 
insulin resistance, metabolic syndrome or obesity present lower levels of 
antioxidant enzymes and increased concentrations of oxidative stress by-
products such as isoprostanes or the DNA oxidized and highly mutagenic 
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base 8-oxo-7,8-dihydro-2′-deoxyguanosine. Overweight or obese subjects 
also exhibit hormonal changes as a consequence of the increase of mass 
fat, and these hormonal alterations have been implicated in the alteration 
of different signal transduction mechanisms and in cell growth and differ-
entiation. A signifi cant correlation has been found between body mass 
index and cancer. The biological factors and molecular mechanisms impli-
cated in obesity associated cancer susceptibility will be reviewed.  

  Keywords  

  Cancer   •   DNA damage   •   Free radicals   •   Obesity  

2.1         Introduction 

 Oxidative stress (OS) is a major mechanism in 
the initiation and progression of different forms 
of non-communicable diseases, including cardio-
vascular disease, atherogenesis, neurodegenera-
tion and cancer, all of which are associated with 
the aging process [ 1 ,  2 ]. 

 A critical point of OS is the formation of reac-
tive oxygen radicals (ROS), overwhelming the 
antioxidant defence systems of the cells and 
interacting with different macromolecules, which 
include carbohydrates, proteins, phospholipids 
and nucleic acids, that become structurally modi-
fi ed by the process of oxidation. This is not only 
a consequence but also the cause of tissue homeo-
static disturbances and represents a plausible 
mechanism underlying the pathophysiology of a 
wide number of metabolic diseases. Of special 
importance is the oxidative modifi cation of DNA 
which renders different by-products with an 
important mutagenic potential. This is the 
case of the damaged base 8-oxo-7,8-dihydro-2′-
deoxiguanine (8-oxo-dG) which implication in 
tumour development has been extensively stud-
ied and demonstrated [ 3 – 8 ]. During the last 
decades, growing interest has been centered on 
the role of OS in metabolic disorders such as 
diabetes mellitus, metabolic syndrome, dyslipi-
daemia, insulin resistance and obesity. In addi-
tion to OS, high levels of damaged DNA products 
have been reported [ 9 – 14 ]. The increase of the 
mutagenic base 8-oxo-dG may represent a critical 

step in the link between metabolic disorders and 
cancer incidence based on the ability of this base 
to induce mismatch incorporation during DNA 
replication by DNA polymerase [ 15 ,  16 ]. This 
effect emphasises the importance of an effi cient 
DNA repair mechanism [ 17 ]. 

 As has been commonly accepted, overweight 
and obese patients present an increased incidence 
of tumour development. Although metabolic and 
hormonal alterations have been proposed as 
possible induction mechanisms, the role of ROS- 
induced OS and DNA damage cannot be 
discarded. The biological changes which take 
place in overweight or obese patients may have a 
profound implication in the carcinogenesis 
mechanism. An increase of fat mass due to adi-
pogenesis results in an enhanced production of 
leptin which has been related to a special meta-
bolic milieu favouring cell growth and inhibiting 
apoptotic signalling. In addition, the increase of 
the mutagenic base 8-oxo-dG observed in obese 
patients may accelerate the mutational rate of 
cells and or interfere with DNA repair mecha-
nisms leading to an increase and accumulation of 
genetic events which characterize tumour devel-
opment. The role of obesity in cancer incidence 
and mortality is based on large cohort studies and 
the evidence of a biological relationship  including 
metabolic, endocrinological and infl ammatory 
processes. There is also experimental evidence 
related with enhanced cell proliferation and 
decreased programmed cell death in experimen-
tal models of obesity, together with epidemio-
logical studies showing a reduced incidence of 
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cancer in women who have had sustained weight 
loss. Therefore, the link between obesity and 
cancer is thought to be causal [ 18 ,  19 ].  

2.2     Obesity, A Growing Social 
Epidemics 

 To maintain a healthy weight by eating proper 
food in a society surrounded by large propor-
tions of palatable, low cost and high energy food 
is an extraordinarily diffi cult task. The preva-
lence of obesity has increased all along the 
developed countries. In the US, 33.8 % of men 
and women aged >20 year were found to be 
obese in the 2008 Examination Survey. The 
World Health Organization (WHO) defi nes 
obese as having a body mass index (BMI) 
>30.0 kg/m 2 . Overweight is defi ned as having a 
BMI between 25 and 29.9 kg/m 2  and this was 
found in an additional 34.2 % of the US popula-
tion. WHO estimated that >1.6 billion people 
worldwide are overweight, about one quarter of 
whom are obese. There are some differences in 
rates of obesity among Americans with different 
ancestry origins, but an increased prevalence of 
obesity has been observed in every ethnic group. 
Different studies have been conducted to exam-
ine the prevalence of obesity in Europe. The 
most comprehensive data are from the WHO 
study termed MONICA. The fi nal result was a 
prevalence of 10–20 % for men and 15–25 % for 
women. The prevalence was also higher in the 
Mediterranean countries and Eastern European 
countries than to that of North and West-central 
Europe. The prevalence of obesity is higher in 
women and increases with age and a low social 
and economic status. In men, the BMI was posi-
tively associated with age, alcohol consumption 
and the percentage of energy provided by fat. 
Obesity in infants and young people is especially 
dramatic, since it is the cause of future diseases. 
In Europe the highest prevalence of childhood 
obesity is found is Spain, along with Malta, Italy, 
UK and Greece [ 20 – 23 ]. 

 The SESPAS (Spanish Society of Public 
Health and Health Administration) study reported 
in 2010 a prevalence of 35 % of excessive weight 

in children and adolescents in Spain. In the group 
between 8 and 13 years, excess weight exceeds 
45 %, while for the group of 14–17 years, over-
weight is 25 %. This factor is, again, associated 
with the lowest social and educational strata [ 24 ]. 

 Therefore, we are aware of a risk factor of 
increasing magnitude, and of great clinical impor-
tance, which should be monitored systematically 
and rigorously. Future can be very worrying, if 
remedy is not provided, as the WHO extrapola-
tion of existing data suggests that by 2025 obesity 
levels could be 45–50 % in the US and Western 
Europe, 30–40 % in Australia, and over 20 % in 
Brazil [ 25 ].  

2.3     Obesity and Cancer 
Incidence and Risk 

 Knowledge on the harmful effects of obesity on 
human health is as old as the fi rst manifesto by 
the father of medicine, Hippocrates (460–370 BC). 
He warned about the dangers of too much 
food and too little exercise [ 26 ]. It was almost 
2,000 years later when the fi rst link between 
obesity and endometrial cancer was established 
by Robert Thomas [ 27 ]. 

 Over the past century a signifi cant improve-
ment of our understanding on the interrelation-
ships between overweight/obesity, energy balance 
and cancer risk as well as cancer recurrence and 
survival has been highlighted with a great amount 
of experimental data. Epidemiological studies 
show an elevated risk for cancer in people with a 
high BMI. Stratifi cation of BMI allows to estab-
lish a relationship between normal weight, over-
weight and obesity, and the risk for cancer. Large 
cohort studies support a substantial relation-
ship between overweight- associated metabolic 
changes and tumour outcome in overweight popu-
lation [ 28 – 32 ]. 

 Other factors such as the infl ammatory milieu, 
the alteration of signal transduction pathways 
and transcription factors linked to cell prolifera-
tion and cell survival have also been implicated 
in the underlying mechanisms of obesity-induced 
carcinogenesis [ 19 ]. Therefore, the role of obesity 
in cancer incidence and cancer-induced mortality 
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seems to be causal. As it was concluded from the 
Cancer Prevention Study II of the American 
Cancer Society (started in 1982 with a total of 
900,000 adults), the death rate caused by all can-
cers in an extremely obese (BMI >40.0 kg/m 2 ) 
cohort was 52 % higher for men and 62 % higher 
for women than that of normal weight individu-
als. The relative risk for death from cancer in this 
group increased for both, men and women paral-
leling the BMI increase over the normal upper 
limit [ 18 ,  33 ]. Indeed, it has been estimated that 
about 20 % of all cancers are caused by excess 
weight [ 34 ] and the Million Women Study, which 
is considered the largest study of its kind on 
women, has shown that approximately a half of 
them can be attributed to obesity in postmeno-
pausal women [ 35 ]. 

 A meta-analysis of prospective observational 
studies with 282,000 incident cancer and a fol-
low- up greater than 133 million person-years, 
has demonstrated that the obesity and cancer 
association is sex specifi c over a wide range of 
malignancies, and this remain mostly true for dif-
ferent geographic populations. 

 Epidemiological studies have also empha-
sized the role of obesity as a contributing fac-
tor in both increased incidence and mortality 
from different types of cancer. The higher rate 
of cancer deaths in obese population accounts 
for a decreased survival index which may be 
due to the enhancing effects of obesity on can-
cer potency and progression. The highest quar-
tiles of BMI are associated with a higher 
tumour malignant phenotype, as has been 
shown in different cancer studies. In a study of 
1,177 women with invasive ductal breast can-
cer, it was observed that those in the highest 
quartile of BMI developed tumours with a 
higher histological grade, mitotic cell count, 
and larger tumour size than those in the lower 
quartiles. In these patients, those in the highest 
BMI quartile expressed signifi cantly higher 
levels of markers of proliferation and fast 
growth of tumour cells [ 36 ]. 

 The association between increased BMI and 
cancer incidence is not equally extensive to all 
tumour types [ 37 ,  38 ]. Different meta-analyses 
have shown that there is a good association 

between BMI and endometrial, colorectal and 
postmenopausal breast cancer. In addition obe-
sity has been also been shown to be associated 
with increased risk of oesophageal adenocarci-
noma, renal cancer, gallbladder cancer in women, 
pancreatic cancer and ovarian cancer. Other 
cancer presentations such as thyroid cancer, 
malignant melanoma, non-Hodgkin’s lymphoma, 
multiple myeloma and leukemia are less close 
associated with obesity while in the case of 
prostate cancer the reported data show that 
high BMI is associated with a higher risk of high-
grade prostate cancer but with a lower risk of 
low-grade cancer [ 39 ].  

2.4     The Biological Factors 
Linking Obesity and Cancer 
Susceptibility 

 Overweight or obese individuals present a num-
ber of differentiated metabolic and clinical 
characteristics when compared with the lean 
population. Regarding cancer incidence or sus-
ceptibility, there are a number of general 
aspects to be fi rst considered. Excess body 
weight is usually a consequence of increase 
body fat accumulation with a more or less spe-
cifi c localisation. This abnormal situation is 
known to be associated with a number of differ-
ent hormonal and metabolic changes which 
may compromise the whole organism or a spe-
cifi c tissue in a site specifi c manner. Therefore, 
conclusions on the mechanisms leading to cell 
degeneration in overweight or obese patients 
must be carefully considered. 

 Most of the types of cancer that are clearly 
associated with obesity are those related with 
endocrine or metabolic disturbances or affecting 
tissues with hormone activity. What have the 
scientifi c community learned and concluded 
from these data? The answer is a great amount 
of information that may be useful in the future 
for the better understanding and management of 
the patients with obesity associated cancer dis-
eases. Different aspects must be reviewed in 
relation to the biological implications of obesity 
induced tumours. 
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 Alterations in caloric intake or in the quality 
of diet may infl uence the risk of cancer develop-
ment. An excess of calories and positive energy 
balance are critical factors in the induction of 
cell differentiation and progression leading to a 
tumour phenotype. On the contrary, a long-term 
caloric restriction decreases cancer incidence 
and extends longevity in different animal mod-
els [ 40 ,  41 ]. It has been also postulated that 
restriction of caloric intake reduces the forma-
tion of intracellular ROS and therefore prevents 
the oxidative damage to DNA which is consid-
ered an important step in cancer induction and 
progression [ 42 ]. 

 Diet is an important factor in the induction or 
prevention of cancer. An increased intake of 
calories, alcohol beverages, and animal fats, and 
a reduced intake of vegetables and fruits are 
commonly associated as potentially harmful for 
health. On the contrary, low cancer risk has been 
associated with a higher intake of fruit and veg-
etables. High fi bre cereal consumption has been 
related with reduced risk of colon cancer [ 43 ]. A 
negative energy balance has been also consid-
ered as a positive factor towards lowering can-
cer susceptibility. 

 Obesity also correlates with low serum levels 
of 25-hydroxy vitamin D (25-OH-D). The defi -
ciency in this vitamin may be responsible for 
20 % of the cancer risk linked to an excess of 
BMI [ 44 ]. In overweight patients, BMI positively 
correlates with circulating insulin levels, and 
insulin resistance is a common characteristic of 
obese persons. High levels of insulin are known 
to promote cell growth and this effect has been 
proposed as the mechanism of hyperinsulinaemia 
induced cancer development [ 45 ,  46 ]. It has been 
postulated that hyperinsulinaemia, by inhibiting 
the production of insulin-like growth factor-1 
binding protein (IGFBP)-1 and IGFBP-2, would 
increase the availability of free IGF-1 which in 
turn may favour tumour development. Obese 
patients have high levels of circulating IGF-1 
[ 47 ]. The IGF system represents a complex 
molecular machinery with different protein com-
ponents interacting with two ligands IGF-1 and 
IGF-2. There are two principal receptors IGF-1R 
and IGF-2R and at least six high-affi nity binding 

proteins IGFBP-1 to IGFBP-6 in addition to 
several binding protein proteases. IGF ligands 
bind to IGFBP-3 which is the main circulating 
binding protein together with an acid-labile sub-
unit to form a very stable ternary complex [ 19 ]. 
Different epidemiological studies have shown a 
direct correlation between the serum levels of 
C-peptide and the development of some tumours 
[ 48 – 51 ]. Insulin activation of the insulin receptor 
(IR) triggers an intracellular signal transduction 
in both extracellular (ERK) and phospatidylino-
sitol-3 kinase (PI-3 K) pathway, a mechanism 
which explains the mitogenic and antiapoptotic 
effect of the hormone at supraphysiological lev-
els and probably in collaboration with IGF-I 
receptors [ 52 ]. It is has been show that, in obese 
patients, free IGF-1 does not respond to insulin 
administration, maintaining higher plasma con-
centrations compared with lean subjects [ 53 ]. 
Insulin and IGF-1 are believed to induce car-
cinogenesis through binding to the insulin 
receptor (IR) and IGF-1R. IGF-1 activates the 
phosphatidyl- Inositol 3-kinase (PI3K)-AKT sys-
tem and the Ras/Raf/mitogen activated – protein-
kinase (MAPK) system respectively with 
secondary inhibition of apoptosis and cell prolif-
eration stimulation [ 54 ]. In addition to these car-
cinogenic effects, IGF-1 also exerts proangiogenic 
stimulation and induces tumour-related lymphan-
giogenesis through the induction of hypoxia- 
inducible factor-1a (HIF-1α) which together with 
vascular endothelial growth factor (VEGF) leads 
to neovascularisation and metastases of colon 
cancer cells [ 55 ]. Moreover, IGF-1 have been 
shown to inhibit tumour suppressor protein p53 
by MDM2-dependent degradation in response to 
DNA damage [ 56 ] and, in so doing, to inhibit 
apoptosis and to induce metastasis [ 57 ]. 

 The concept about the metabolic activity of 
adipose tissue has changed substantially over the 
years from an inert to an active tissue and even 
with attributed hormonal functions. There are 
more than 50 different types of adipokines 
 identifi ed and characterised which are synthe-
sised in and released by adipose tissue. The most 
abundantly produced and studied in cancer devel-
opment adipokines are leptin and adiponectin. 
Leptin is known to have marked effects on the 

2 Oxidative Stress and DNA Damage in Obesity-Related Tumorigenesis



10

synthesis of infl ammatory mediators, such as 
interleukins IL6, IL1 and TNFα. These mole-
cules activate the transcription factor NFκB and 
induce downstream effects through the mecha-
nistic target of rapamycin (serine/threonine 
kinase) (mTOR) to initiate transcription. This 
sequence of molecular events is infl uenced by 
sex hormones such as oestradiol and testosterone, 
as well as by the vascular endothelial growth 
factor (VEGF). There is a notable molecular 
relationship between leptin and insulin. The 
expression of leptin is positively regulated by 
insulin to suppress appetite. Leptin acts as a 
pleiotrophic hormone with mitogenic effects for 
various cell types, including hematopoietic pro-
genitor cells, normal and transformed epithelial 
cells, and vascular endothelial cells. It has also 
antiapoptotic and proangiogenic effects by itself 
and in synergy with VEGF [ 58 ,  59 ]. Long form 
leptin receptor (LRb) activates PI3 kinase, the 
mitogen-activated protein kinase (MAPK) and 
the signal transducer and activator transcription 3 
(STAT3), which are essential mediators for cell 
survival, proliferation and differentiation. This 
receptor is present in nonmalignant and in cancer 
cell lines [ 60 ,  61 ]. 

 Adiponectin is secreted by visceral adipose 
tissue. It is the most abundant adipokine secreted 
by mature adipocytes. Circulating adiponectin 
concentrations are mainly determined by genetic 
factors, nutrition and adiposity. With the increase 
of adiposity adiponectin concentrations are 
reduced. It has been proposed that adiponectin 
may be a biological link between obesity and 
increase cancer risk. Although adiponectin may 
infl uence cancer risk through its effects on insulin 
resistance, it has been also proposed that this 
cytokine acts on tumour cells directly. Indeed, 
several cancer cell types express adiponectin 
receptors that may mediate the effect of adipo-
nectin on cellular proliferation [ 62 ]. Adiponectin 
and adiponectin receptors have been shown to 
play a role in the activation of the PPARγ pathway, 
which, in turn induces the transcription of different 
genes involved in the regulation of cell prolifera-
tion and differentiation. It has been proposed that 
functional reduction of PPARγ signalling, may 
lead to reduce levels of BRCA1 and the impairment 

of DNA repair mechanism [ 63 ]. Epidemiological 
studies show an inverse association between cir-
culating adiponectin concentrations and the 
presence of some tumour types such as endom-
etry [ 64 ], breast [ 65 ], prostate [ 66 ] and colon 
cancer [ 67 ]. 

 Treatment with adiponectin has been shown to 
inhibit tumour progression although its precise 
mechanism is not fully understood. It has been 
proposed that adiponectin inactivates MAPK 
kinases 1 and 3 and ERK2 and ERK1, and the 
concomitant decrease of glucose uptake. On the 
other hand, the apoptotic effects induced by 
adiponectin can be related with the increase of 
p53 and Bax expression and the decrease of Bcl-2 
[ 68 ]. In addition, the antiangiogenic effect of this 
cytokine is thought to occur through an apoptotic 
effect on vascular endothelial cells and the inhi-
bition of cell migration [ 69 ]. Although extensive 
experimental and epidemiological data support 
the relationship between overweight and/or obe-
sity and cancer, with solid established biological 
links, the precise involved mechanisms are not 
yet fully understand and require further identifi -
cation of molecules and molecular interactions 
for better knowledge and interpretation.  

2.5     Oxidative Stress in Obesity 

 Obesity and associated metabolic disturbances 
such as type 2 Diabetes (T2D) or the metabolic 
syndrome (MetS) are frequently associated with 
OS [ 12 ,  70 ]. Experimental studies in animal 
models reported that OS plays an important role 
in the pathophysiology of obesity. However, 
what remains to be resolved is whether OS is a 
cause or a consequence of body fat accumula-
tion. Obesity has been reported to contribute to a 
pro- oxidant and pro-infl ammatory status. 
Overweight or obese subjects are considered to 
be under a chronic OS state and this is a continu-
ous potential danger for their health. The pro-
duction of ROS in obese patients induces the 
oxidative modifi cation of different macromole-
cules, the biological function of which becomes 
altered and can trigger different pathophysiolog-
ical processes. All the disturbances associated 
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with obesity are known to develop with a 
concomitant OS which has been demonstrated 
through the increase of OS by products in whole 
blood, circulating mononuclear cells or in the 
urine of affected subjects. OS may be linked to 
obesity and related complications through dif-
ferent mechanisms. High fat feed mice present 
an increased production of H 2 O 2  within the 
heart, an effect which is rapidly accompanied by 
the expression of the antioxidant enzyme cata-
lase [ 71 ]. Intracellular triglycerides inhibit ade-
nosine nucleotide translocator (ANT) leading to 
the accumulation of ATP inside the mitochondria 
and the reduction of oxidative phosphorylation 
due to the decrease of ADP. This uncoupling 
effect results in the leakage of electrons and the 
partial reduction of molecular oxygen in form of 
superoxide ions (O 2  .− ) [ 72 ]. A similar effect has 
been mechanistically related to the increase of 
reduced intermediates (NADH 2  and FADH 2 ) 
produced by the glycolytic and tricarboxylic 
pathways leading to electron release at the 
mitochondrial complex III. The production of 
O 2  .−  results in different and important carbohydrate 
metabolic changes and the activation of PKC 
with secondary formation of ROS and nitrous 
species. Advanced glycation end- products (AGEs) 
are also formed which may induce the produc-
tion of ROS/RNS species by activating Nox 
and NFκB [ 73 ]. In obese patients, the intake of 
high energy nutrients is known to increase the 
expression of p47phox subunit of Nox2, the intra-
cellular NFκB binding activity and the plasma 
concentrations of MMP-9, when compared with 
normal weight subjects. All these processes 
enhance the production of ROS [ 74 ]. Fat accu-
mulation increases Nox activity and endoplas-
mic reticulum stress leading to ROS production 
[ 70 ]. In obese subjects, high levels of free fatty 
acids and carbohydrates induce the production 
of ROS which maintain reversible interactions 
with the transcription factor NFκB in the 
modulation of immunity, inflammation and 
cell survival [ 75 ]. Obesity is considered a mild 
infl ammatory state where adipose tissue is infi l-
trated by macrophages thus leading to ROS pro-
duction together with infl ammatory cytokines 
which in turn produce and release more ROS to 

the environment and favours more macrophage 
recruitment to the adipose tissue in a vicious 
cycle [ 76 ] (Fig.  2.1 ). Different regulatory pro-
teins have been recently implicated in the pro-
duction of ROS-induced oxidative stress. 
Nuclear factor E2-related factor 2 (Nrf2) is a 
basic leucine zipper transcription factor encoded 
by the NFE2L2 gene in humans. Upon OS, Nrf2 
enters into the cell nucleus to form a complex 
with Maf and Jun proteins, binds to the antioxi-
dant response element (ARE) and induces the 
transcription of many antioxidant genes [ 77 ]. 
This molecular mechanism can be considered as 
a primary step in the cellular defence against the 
cytotoxic effects of OS. The production and 
reactivity of ROS under normal circumstances is 
controlled by different antioxidant molecules. 
The Nrf2 pathway also plays an important role in 
energy metabolism although with reported con-
troversial effects. Nonetheless, the role of 
Nrf2 in adipose tissue regulation has been clearly 
established by using different experimental 
approaches showing a benefi cial effect of the 
transcription factor in the prevention of body 
weight gain and the accumulation of white adi-
pose tissue [ 78 ]. The levels and/or activities of 
antioxidants seem to be overwhelmed is obese 
patients and in those situations with impairment 
of the lipid profi le. Alteration of oxidation 
defence mechanisms has been observed in over-
weight and obese people but without a direct 
correlation with BMI, or body fat [ 79 ]. In other 
studies, the activities of antioxidant enzymes 
superoxide dismutase, catalase and glutathione 
peroxidase have been found to be inversely 
related to BMI, both in obese children and adults 
[ 80 ]. The lower activity of antioxidants in obese 
patients may be related with their special charac-
teristics, habits and increased requirements due 
to their special metabolic situations. The antioxi-
dant enzyme paraoxonase-1 (PON1) has also 
been shown to be decreased in obese subjects 
[ 81 ] and the decline of the enzyme activity has 
been recently related with an increased OS and 
infl ammatory state [ 82 ], insulin resistance and 
the metabolic syndrome (MetS) [ 83 ]. The multi-
centre prospective population study of diet and 
cancer in Europe (EPIC) showed that plasma 
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vitamin C levels was inversely related to central 
fat distribution [ 84 ]. As well as in other patho-
logical situations, OS in obesity can be moni-
tored by the assay of most representative 
by-products. These are produced as a result of 
the oxidative modifi cation of phospholipids, pro-
teins and nucleic acids. Circulating oxidized low 
density lipoproteins and thiobarbituric acid-
reactive substances are higher in obese patients 
compared with normal weight subjects [ 85 ]. In 
addition, BMI, total fat and waist circumference 
have been shown to be positive correlated with 
urinary F2-isoprostane levels and inversely cor-
related with PON1 [ 81 ]. The concentrations of 
malondialdehyde in circulating mononuclear 
cells [ 86 ,  87 ] and urinary F2-isoprostanes [ 88 ] 
are positive associated with circulating pro-
infl ammatory cytokines and clinical markers. It 
has been also proposed that F2-isoprostane lev-
els may predict loss of total adiposity over time. 

A signifi cant inverse correlation between urinary 
F2-isoprostanes and weight gain was demon-
strated in two different follow-up studies [ 89 , 
 90 ]. Morbid obese patients were examined for 
their levels of OS markers in circulating mono-
nuclear cells and compared with those in a nor-
mal weight volunteers. The intracellular 
concentrations of malondialdehyde and of oxi-
dised glutathione were found to be signifi cantly 
higher in the morbid obese group than in the 
control group. Reduced glutathione was signifi -
cantly reduced in the morbid obese patients with 
a marked increase of the oxidised/reduced gluta-
hione ratio, indicating a high level of OS in these 
subjects. The comorbidities in the obese group 
did not infl uence the levels of OS markers. 
However after bariatric surgery, OS by-products 
progressively decreased, arriving, 1 year after 
intervention, to levels similar to those found in 
healthy people [ 86 ,  87 ].

NADPH-
OXIDASE
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TNFa

ROS-INDUCED OXIDATIVE MOLECULE MODIFICATIONS
AND DAMAGE

8-oxo-dG-induced
genetic instability

MDA and
F2 –Isoprostanes formation

Protein oxidation and
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MACHROPHAGES INFILTRATION 
AND CELL TISSUE INFLAMMATION
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mediators

Inflammatory
mediators

  Fig. 2.1    Relationship between macrophage infi ltration and reactive-oxygen species (ROS) in obesity.  8-oxo-dG  8-oxo- 
7,8-dihydro-2′-deoxyguanosine;  IL-6  interleukin-6;  MDA  malondialdehyde;  TNFα  tumour necrosis factor alpha       
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2.6        DNA Damage in Obese 
Associated Metabolic 
Disturbances 

 Systemic alterations involved in obesity and 
related metabolic disturbances such as the meta-
bolic syndrome are characterised by an increase 
of the circulating pro-infl ammatory cytokines 
(TNFα, IL-1, IL-6 and others). These cytokines 
are known to induce the production of ROS 
which, due to their highly reactivity, modify the 
structure and function of lipids, proteins and 
nucleic acids [ 2 ]. Oxidative modifi cation of DNA 
induces the formation of 8-oxo-dG, which 
increases genetic instability due to its mutagenic 
potential [ 5 ,  15 ,  16 ]. Indeed, the repair of oxida-
tive lesions such as the formation of 8-oxo-dG 
has been proposed as part of the cellular response 
to OS. This has been observed by different exper-
imental approaches. Oxidative DNA damage has 
been reported in mice with obesity and liver ste-
atosis [ 91 ]. 8-oxoguanine DNA glycosylase 
(OGG1) defi cient mice (Ogg1−/−) exposed to a 
high fat diet, had an increase of adiposity and 
hepatic steatosis. These animals also had higher 
insulin levels and impaired glucose tolerance 
upon a high fat feeding that that of their wild type 
counterparts [ 92 ]. Mice defi cient in the antioxi-
dant enzyme PON1, exhibit severe steatosis after 
feeding with high fat and high cholesterol diet. 
This derangement was associated with signifi cant 
increases of the hepatic levels of lipid peroxides 
(8-isoprostanes and MDA), protein carbonyl con-
centrations and 8-oxo-dG together with a 
decrease in the activities of glycolysis and the 
urea and Krebs cycle [ 93 ]. Due to its mutagenic 
potential, 8-oxo-dG may be implicated in the 
pro-carcinogenic state which characterizes non 
alcoholic liver steatosis. 

 It seems to be an association between fat accu-
mulation and DNA damage and DNA damage 
response (DDR). Overweight and obese patients 
have higher levels of DNA damage products in 
their white cells and in their urine [ 86 ,  87 ]. DNA 
damage has been also found in obesity associated 
metabolic alterations such as the MetS [ 12 ]. 
However, the role of DNA damage in the early 

stage of MetS has been recently challenged [ 94 ]. 
In some studies, higher levels of urine 8-oxo-dG 
have been found in the control group compared 
with the MetS group. This result has been 
explained by assuming a constant exposure to OS 
in the MetS group and an progressive adaptive 
response producing more antioxidant molecules. 
Similar results and explanation were reported in 
the cells of type 1 and 2 diabetic patients [ 95 ]. 

 Finally, another aspect of great interest in rela-
tion with overweight and OS-induced DNA dam-
age can be found in the mechanisms affecting 
decreased fertility. There has been a growing 
interest over the past few years in the impact of 
male nutrition on fertility. Infertility has been 
related with an increase of male overweight and 
obesity. Conventional semen parameter values 
seem to be altered in subjects with high 
BMI. Levels of sperm with high DNA damage 
were signifi cantly higher in obese men than in 
normal-weight subjects [ 96 ,  97 ]. 

 The metabolic interactions and molecular sig-
nalling underlying the carcinogenic mechanisms 
associated with overweight and obesity is an 
open research fi eld in which many factors seems 
to be implicated and where the ROS-induced OS 
theory although consistent requires further efforts 
and support by the scientifi c community and the 
national and international health institutions.     
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    Abstract  

  The clinical importance of high density lipoproteins has grown in recent 
years with demonstrations of their impact on diverse pathological mecha-
nisms implicated not only in vascular disease, but also in other physiological 
systems. This is related to the multiple functions associated with high-density 
lipoproteins (HDL), notably their ability to limit oxidant and infl ammatory 
processes, which are common to different disease states. A second feature of 
particular clinical relevance is the possibility of synthesising a simplifi ed 
form of HDL that exhibits some of the functions of the mature lipoprotein. 
The therapeutic potential of synthetic HDL is already under clinical scrutiny. 
To illustrate these points, the present chapter will discuss the role of HDL in 
limiting damage to the heart consequent to myocardial ischemia. It will 
review molecular survival pathways stimulated by HDL to combat oxidative 
stress and the potential of synthetic HDL to activate such pathways.  
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 3      High Density Lipoproteins 
and Ischemia Reperfusion Injury: 
The Therapeutic Potential of HDL 
to Modulate Cell Survival 
Pathways 

           Richard     W.     James      and     Miguel     A.     Frias    

3.1         Introduction 

 Myocardial infarction is a frequently fatal, acute 
coronary syndrome arising from oxygen depriva-
tion of heart tissue. Rapid re-oxygenation of 

ischemic tissues is the primary aim of remedial 
treatment. Paradoxically, the revascularisation 
procedure itself can further damage heart tissue 
due to oxidative stress, a well-established clinical 
complication termed ischemia reperfusion injury 
(IRI). Thus one major goal in cardiology is to 
limit the extent and reduce the clinical conse-
quences of IRI. 

 High density lipoproteins (HDL) are a 
central component of algorithms currently 
used to assess risk of vascular disease. Their 
importance arises from their long-established 
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association with atherosclerotic disease where 
raised concentrations of HDL cholesterol are 
associated with reduced risk. Attempts to 
explain the benefi cial effects have focused on 
their ability to modulate blood cholesterol 
metabolism. HDL are suggested to facilitate 
cholesterol evacuation from the artery wall and 
its transfer to the bile for excretion. The pro-
cess, referred to as reverse cholesterol trans-
port, is thought to reduce risk by limiting 
availability of cholesterol for initiation and 
development of the atherosclerotic plaque [ 1 ]. 

 Whilst the process presently remains central 
to explanations of the benefi cial effects of HDL, 
its clinical importance has been called into ques-
tion by the disappointing results of clinical trials 
aimed at reducing risk by pharmacologically 
increasing HDL-cholesterol [ 2 ]. It has cast the 
spotlight on growing evidence that HDL can 
infl uence vascular health by other mechanisms, 
not necessarily associated with cholesterol 
metabolism. These include anti-infl ammatory, 
anti-oxidant, anti-apoptotic and anti-thrombotic 
functions [ 3 ], all of which are implicated in vas-
cular diseases. 

 The present chapter will address one such 
novel function of HDL, its clinical implications 
and its potential as a therapeutic tool. It will 
review the impact of HDL on IRI and describe 
our present understanding of the molecular 
mechanisms by which the lipoprotein acts. It will 
also discuss how these observations could be 
exploited for therapeutic purposes.  

3.2     Structure, Composition 
and Function of HDL 

 HDL constitute one of the three lipoprotein 
(lipid – protein) complexes that are present in 
fasting plasma. Their primary function is to 
enable transport of hydrophobic lipids (primarily 
triglycerides, esterifi ed cholesterol) in the hydro-
philic blood compartment. HDL are heteroge-
neous with respect to size, as well as protein and 
lipid composition [ 4 ]. 

 The principal protein component of HDL is 
apolipoprotein AI (apoAI) which is present on 

all HDL particles. Together with apoAII, it 
constitutes >80 % of the total protein content 
of the lipoprotein. An extensive number of 
other peptides is also associated with HDL and 
the list has grown substantially with the advent 
of sophisticated proteomic techniques (Fig.  3.1 ) 
[ 5 ]. Whilst the historically recognised peptide 
components have functions primarily linked to 
lipid/HDL metabolism, many of those more 
recently identifi ed do not. Their presence on 
HDL particles underlines the potential for the 
lipoprotein to influence areas of vascular 
physiology that are independent of lipid 
metabolism.

   The principal lipid components of HDL are 
phospholipids, cholesterol and triglycerides, but 
there is a growing list of other lipids, albeit in 
minor quantities, associated with the complex 
[ 6 ]. Whilst this may refl ect in part the role of 
lipoproteins to offer a hydrophobic refuge for lip-
ids in blood, other HDL lipids appear to be meta-
bolically active. A notable example is the 
sphingolipid group and particularly sphingosine-
1- phosphate (S1P), which will be discussed in 
detail below. 

 There is an expanding list of HDL activities 
that can impact on vascular disease, although the 
depth of experimental evidence supporting these 
observations varies (Table  3.1 ). Moreover, the 
impact of HDL appears to extend beyond the vas-
culature, with effects on pancreatic beta-cells [ 7 ], 
muscle function [ 8 ] and the eye [ 9 ] having been 
reported. In this context, it has been suggested 
that specifi c HDL functions may be associated 
with discrete HDL particles. This could translate 
into the HDL compositional heterogeneity men-
tioned previously and allow a certain compart-
mentalisation of HDL activities.

   The concept of discrete HDL particles 
defi ned by peptide composition was proposed 
over 50 years ago by Alaupovic and colleagues 
[ 10 ]. It is assuming greater relevance with the 
need to understand and explain the functional 
diversity of HDL. In the light of more recent 
studies, we must also add lipid composition as 
factor in HDL particle heterogeneity, as has 
been elegantly illustrated for S1P [ 11 ]. 
Unfortunately, there are virtually no studies 
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that have been based, as yet, on HDL  subfractions 
that are homogenous with respect to composi-
tion and/or function. It refl ects technical diffi -
culties in isolating such  subfractions and is 
a challenge for future studies. Thus the data dis-
cussed below on the impact of HDL on IRI are 
derived from the use of total, non- fractionated 
HDL preparations.  

3.3     HDL and IRI 

 It is unsurprising, given its clinical importance, 
that there is a vast literature on IRI. Interest has 
notably focused on the effects of ischemic pre- or 
post-conditioning, processes by which subjecting 
the heart to brief periods of ischemia reduces the 
clinical consequences of life-threatening, pro-
longed oxygen deprivation. The reader is referred 
to excellent reviews in this area [ 12 ,  13 ]. This 
chapter will focus on the impact of HDL on IRI, 
specifi cally with regard to cardiomyocytes. 

 The impact of HDL on the atherosclerotic pro-
cess has largely dominated considerations of its 
favourable infl uence on myocardial infarction. 
However, even some 40 years ago, there were 
indications of a more direct impact of HDL on 
the myocardium. Several studies noted that low 
HDL cholesterol concentrations were a marker 
for less favourable recovery of ventricular func-
tion after infarction, irrespective of the severity of 
coronary atherosclerosis [ 14 ,  15 ]. Mochizuki 
et al. [ 16 ] were the fi rst to investigate this obser-
vation using a rat model of the isolated, ex vivo 
heart. They reported a reduction in post-ischemic 
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  Fig. 3.1    Functionally related HDL-associated proteins identifi ed by proteomic analyses       

   Table 3.1    Benefi cial effects of HDL on the vascular 
system   

 Endothelial cell function 
  Vasorelaxation 
  Proliferation and migration 
  Precursor cell differentiation and maturation 
 Infl ammatory reactions 
  Reduced expression of adhesion molecules 
  Regulates adaptive immunity (leukocytosis) 
  Reduces T-lymphocyte activation 
 Thrombosis 
  Inhibit platelet activation and aggregation 
  Reduces platelet production 
  Modulates coagulation pathway 
 Oxidative stress 
  Prevents oxidation of LDL 
  Limits ischemia reperfusion injury 
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arrhythmia following infusion of isolated HDL 
and invoked a possible impact on prostaglandin 
metabolism. Their report was not followed up 
until studies by Calabresi et al. [ 17 ,  18 ] con-
fi rmed the initial observations. They reported, 
also in an ex vivo model, that infusion of HDL 
improved several aspects of cardiac function. In 
their model, HDL were infused prior to inducing 
ischemia in the heart (pre-conditioning). An 
impact on prostaglandin metabolism, and, in par-
ticular, pro-infl ammatory TNFα was observed. 
The authors suggested that HDL may bind and 
thus neutralise secreted TNFα preventing dam-
age to the myocardium. In subsequent studies, 
Marchesi et al. [ 19 ] postulated that HDL may 
also act by reducing oxidative stress (see below). 

 Theilmeier et al. [ 20 ] extended these obser-
vations to an in vivo mouse model. They 
reported a 20–40 % reduction in the size of the 
infarct area (and a comparable reduction in car-
diomyocyte apoptosis) in mice subjected to 
experimentally- induced coronary ischemia then 
reperfused for 24 h. As in the ex vivo studies, 
the model employed pre-treatment with HDL 
prior to inducing ischemia (Fig.  3.2 ). A strong 
infl ammatory component was proposed based 
on neutrophil recruitment to the infarcted area. 
Theilmeier et al. [ 20 ] also demonstrated that the 
sphingolipid, sphingosine-1-phosphate (S1P), 
was as effective as HDL in their model. HDL 
are the principal source of S1P in plasma, sug-

gesting that the effects of the lipoprotein may be 
mediated by associated S1P (see below for fur-
ther discussion).

   An important question is whether HDL act 
directly or indirectly on cardiomyocytes. There is 
an abundant literature showing that endothelial 
cells are particularly receptive to HDL, which 
can, by infl uencing nitric oxide metabolism, 
modulate various aspects of vascular physiology 
[ 21 ]. Indeed, Theilmeier et al. [ 20 ] suggest that in 
their model the protective effects of HDL were 
mediated by nitric oxide. In vitro, cardiomyocyte 
culture models have been used to address this 
question. Paralleling studies with the in vivo 
model, Theilmeier et al. [ 20 ] showed that the 
lipoprotein reduced apoptotic cell death in a 
rat neonatal cardiomyocytes, although it was 
not based on an ischemia-induced apoptosis 
model. Our studies also demonstrate a direct, 
protective effect of HDL on doxorubicin-
induced oxidative stress in rat neonatal cardio-
myocytes [ 22 ,  23 ]. We have recently confi rmed 
the observations in an ischemic, in vitro model 
(hypoxia- reoxygenation) more closely resembling 
the ex vivo and in vivo experimental settings 
(Frias    et al. submitted). Cell death was reduced 
by some 60–70 % in the doxorubicin model, and 
by 55 % in the hypoxia model. We have also 
investigated the role of S1P (see below). Our 
observations are corroborated by Tao et al. [ 24 ]. 
They reported a 25 % increase in HDL-mediated 

  Fig. 3.2    Transverse sections of mouse hearts subjected to 
myocardial ischemia. Isolated, beating mouse hearts (ex vivo, 
Langendorff procedure) were subjected to ischemia (45 min 

without perfusion) then reperfused without ( a ) or with 
( b ) added HDL. The whole heart was cut transversally into 
sections that were stained to identify infarcted areas ( white )       
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cell survival using adult rat cardiomyocytes in a 
hypoxia- reoxygenation model. A role for S1P 
was likewise observed. 

 The ex vivo and in vivo studies outlined above 
have employed a pre-treatment procedure with 
HDL to analyse their effects on IRI. Virtually no 
studies have analysed the impact of HDL on the 
myocardium when administered at the time of 
reperfusion, which more accurately refl ects the 
clinical context for treatment of acute myocardial 
infarction. Our recent studies have addressed this 
question using in vivo and ex vivo models. In 
both cases, HDL proved to be as effective when 
administered in a post-ischemic context, that is at 
the time of reperfusion. Infarct size was reduced 
35 % (ex vivo) and 50 % (in vivo) respectively 
(Frias et al. submitted). These observations are of 
particular relevance to a potential therapeutic 
application of HDL in IRI (see below). 

3.3.1     Signalling Pathways 

 There is an extensive literature on signalling 
pathways implicated in the survival of cardio-
myocytes subjected to IRI [ 25 ,  26 ]. A role for 
HDL has, however, only been identifi ed in the 
last decade, and thus data on signalling path-
ways relaying the infl uence of HDL are more 
sparse. This overview will focus on our current 
understanding of the pathways linked to the 
impact of HDL. 

 An evident candidate to link HDL with intra-
cellular signalling pathways is the scavenger 
receptor type BI (SRBI), an extensively charac-
terised receptor for the lipoprotein. It is present 
on a wide variety of cell types, including car-
diomyocytes. HDL activates several signalling 
pathways via the receptor [ 27 ]. However, sur-
prisingly little attention has been paid to a pos-
sible role for SRBI in protection against 
IRI. Interest has centred primarily on S1P, 
which has a widespread impact on signalling in 
the vascular system [ 28 ]. HDL is a major source 
(50–70 %) of S1P in serum [ 11 ]. 

 In their earlier studies, Calabresi et al. [ 17 ] pro-
posed that HDL-mediated cardio-protection 
involved down regulation of TNFα expression and 

up-regulation of cardio-protective prostaglandins. 
There was no investigation, however, of signalling 
pathways that could effect these changes. As 
described above, Theilmeier et al. [ 20 ] confi rmed 
the impact of HDL but also fi rmly fi xed attention 
on the S1P component of HDL. S1P alone was 
suffi cient to reproduce the protective effects of 
HDL. In particular, they attributed a major role to 
the S1P receptor type 3 (S1P3R) as S1P3R defi -
cient mice could not be protected against IRI by 
S1P or HDL. An equally important role for nitric 
oxide was also observed as inhibition of NO syn-
thase abrogated the impact of HDL. The study did 
not analyse the involvement of signalling path-
ways. However, Egom et al. [ 29 ] working with 
S1P alone in myocyte cultures and the ex vivo, 
whole heart model, have demonstrated a potential 
pathway. They propose activation via PI3K of Akt/
Pak 1 (p21 activated kinase) leading to increased 
NO synthase activity and NO production, although 
only the role of Pak 1 activation was confi rmed 
(using cardiac-specifi c Pak 1 knockout mice). The 
authors also postulated that IRI-induced produc-
tion of TNFα by myocytes may also play a key 
role by stimulating myocyte production of 
S1P. Early studies by Lecour et al. [ 26 ,  30 ] had 
already provided evidence for a role of TNFα in 
protection against IRI. Our recent use of TNFα 
knockout models confi rm the importance of the 
cytokine for HDL-mediated protection against IRI 
[ 31 ]. There would appear to be a contradiction 
between the results outlined above and those out-
lined earlier from Calabresi et al. [ 17 ]. As dis-
cussed by Lecour and James [ 26 ], an explanation 
may reside in the relative concentrations of TNFα, 
where the cytokine may have deleterious effects if 
the concentration rises excessively. Indeed, 
Calabresi et al. [ 17 ] proposed that one role of HDL 
was to absorb excess TNFα. 

 Our own studies [ 22 ,  23 ,  31 ] have analysed 
signalling pathways participating in HDL- 
mediated survival pathways. Using cardiomyo-
cyte cultures and the ex vivo whole heart model, 
we have identifi ed pivotal roles for ERK1/2 and 
STAT3 as well as TNFα as indicated above. 
These studies have entailed the use of specifi c 
agonists and antagonists, as well as cardiospe-
cifi c STAT3 knockout mice. Inhibition of PI3K 
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and p38 MAPK did not affect protection by 
HDL or S1P. Our observations also underlined 
the role of S1P receptors, and specifi cally iden-
tifi ed the importance of the S1PR2 subtype 
using pharmacological activation or inhibition of 
the receptor subtypes. Comparable results were 
obtained using either HDL isolated from human 
serum or purifi ed S1P. Our studies also clearly 
demonstrated the central importance of the S1P 
component of HDL to cardio-protection: syn-
thetic HDL lacking S1P had a greatly reduced 
protective capacity (discussed below). Further 
refi nements of survival pathways mediated by 
HDL/S1P were provide by Tao et al. [ 24 ], 
although they have also added to the complexity 
of HDL mediated signalling pathways in cardio-
myocytes. Using an in vitro hypoxia model of 
IRI, they observed that HDL could protect 
against cell death by pathways involving 
S1PR1-MEK-ERK1/2 and S1PR3-PI3K-Akt 
(with GSKβ inactivation). 

 With so little data available, it is not, as yet, 
possible to achieve a consensus of the pathways 
involved. The variability in signalling pathways 
indicated above may refl ect several factors 
including different IRI protocols and different 
models. It is also possible that given the impor-
tance of limiting damage to the heart, several 
survival pathways are available, as described for 
ischemic pre-conditioning [ 32 ]. One should also 
be wary of interpreting data obtained with S1P 
alone as being equivalent to the impact of S1P 
associated to HDL. As discussed by Sattler and 
Levkau [ 11 ], there are valid reasons for suggest-
ing that the two sources of S1P are not function-
ally identical. HDL associated S1P is the form 
prevalent in human serum.   

3.4     Therapeutic Potential of HDL 

 Studies of HDL as a therapeutic are greatly facili-
tated by the relative ease with which a synthetic 
form of the lipoprotein can be manufactured. It 
also circumvents potential safety problems aris-
ing from the use of HDL isolated from human 
serum. A basic form of HDL can be prepared 

from phospholipids and apoAI, the structural 
 peptide of the lipoprotein. Termed reconstituted 
HDL (reHDL), it exhibits many of the functional-
ities of native HDL [ 33 ]. 

 Synthetic HDL (reHDL) is a clinically 
acceptable therapeutic formulation of the lipo-
protein that has already been investigated in 
several small scale studies in man. Nissen et al. 
[ 34 ] analysed the impact in coronary patients of 
weekly infusions of reHDL on the properties of 
atherosclerotic plaques. They reported a signifi -
cant regression in plaque volume after 5 weeks, 
suggesting that it refl ected the reverse choles-
terol transport function of HDL. Shaw et al. 
[ 35 ] also observed a favourable impact on 
plaque morphology 1 week after a single infu-
sion of reHDL. Other studies in man have 
shown that reHDL can improve endothelium 
function in hypercholesterolemic men [ 36 ] and 
reduce infl ammatory reactions in type 2 dia-
betic patients [ 37 ]. 

 Such clinical applications are addressing 
chronic features of vascular disease. It would 
presumably entail repeated infusions of reHDL 
perhaps over a prolonged period of time, which 
may limit its use. In contrast, exploiting reHDL 
in acute coronary syndromes, such as limiting 
IRI during cardiac reperfusion appears a more 
attractive and feasible therapeutic application. 
Surprisingly, investigations of this use of syn-
thetic HDL are very limited, whilst virtually no 
studies have been undertaken with a post- 
ischemic model of HDL treatment. 

 Studies in experimental models of ischemia 
(ex vivo (rat) [ 17 ] and an in vivo (rabbit) [ 38 ]) 
showed that reHDL was capable of reducing the 
infarct size. Both involved treatment with the 
lipoprotein prior to initiating ischemia. 
Moreover, Calabresi et al. [ 17 ] suggested that 
post-ischemia treatment with reHDL was less 
effective in preventing IRI. Our own studies, 
both in vitro and ex vivo [ 23 ,  31 ], clearly indi-
cate that HDL used at the time of reperfusion 
effi ciently protects the cardiomyocytes from IRI, 
reducing the size of the infarct area in the ex vivo 
model. Moreover, our recent studies (Frias et al., 
submitted) have confi rmed that post-ischemic 
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treatment is equally effective in reducing infarct 
size with an in vivo mouse model, although 
such studies are presently limited to native 
HDL. Confi rmation of the suitability of using 
reHDL as a therapeutic arises from our studies 
showing that native and reHDL activate similar 
signalling pathways, suggesting that reHDL is 
mimicking the activity of the native lipoprotein 
(Frias et al., submitted). 

 Finally, a notable advantage of reHDL is that 
modulating its composition can improve or add 
to its functionalities. We have underlined this 
point in our studies demonstrating the impor-
tance of S1P to protection against IRI afforded by 
HDL. reHDL lacking S1P is unable to, or weakly 
protects against IRI in vitro and ex vivo [ 23 ,  31 ] 
(the studies referred to above used reHDL con-
taining S1P).  

3.5     Conclusions 

 There is convincing evidence that HDL can 
reduce the consequences of oxidative stress in 
cardiac tissues subjected to ischemia. The signal-
ling pathways involved are being identifi ed, but 
we have, as yet, few indications of the target 
genes for these pathways. Available data suggest 
that synthetic HDL can be as effective as native 
HDL in reducing oxidative stress. The feasibility 
of using reHDL in man has already been demon-
strated in other small scale, clinical studies. 
Treatment of myocardial infarction, which is a 
major clinical problem, offers a propitious clini-
cal context for analysing and exploiting the thera-
peutic potential of reHDL. Future studies should 
focus on extending observations in animal mod-
els to studies in man.     
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    Abstract  

  Human paraoxonase 1 (hPON-1) is a protein that has been studied in 
relation to its antioxidant and anti-atherosclerotic properties. Despite 
extensive studies, the molecular mechanisms responsible for its functional 
properties remain unclear. During the last decade, a new partner of hPON-1 
has been identifi ed. Hidden for a long time because of a similar molecular 
weight with hPON-1, this protein, termed human phosphate-binding 
protein (HPBP), may contribute to the biological functions of hPON-1. 
Belonging to the DING protein, a sub-family of phosphate binding 
proteins (PBP or pstS), HPBP stabilizes hPON-1 and might prevent calci-
fi cation of arteries in case of advance atherosclerosis. The role of other 
DING proteins in some calcifi cation processes ( i.e.  nephrolithiasis) and 
the identifi cation of HPBP in the atheroma plaque support this hypothesis. 
Nevertheless, the relevance of hPON-1/HPBP as well as the molecular 
determinants in atherosclerosis remains to be elucidated.  
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 4      The DING Family of Phosphate 
Binding Proteins in Infl ammatory 
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4.1         The Serendipitous Discovery 
of HPBP 

 Human paraoxonase-1 (hPON-1) is largely studied 
due to its relationship with human atherosclerosis. 
Nevertheless, the molecular determinants respon-
sible of its anti-atherosclerotic properties remain 
unclear. While performing structural studies on 
hPON-1, Morales  et al . serendipitously discovered 
a hPON-1 associated protein [ 1 ]. Astonishingly, 
from a supposedly “pure” sample of hPON-1, 
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they crystallized a new protein, absent from 
genomic databases. This protein, termed human 
phosphate binding protein (HPBP), has been for 
a long time hidden behind hPON-1 glycosylated 
isoforms on SDS-PAGE because they have similar 
molecular weight ( i.e.  38 kDa) [ 1 ]. Since HPBP 
was absent from genomic databases, the sequence 
of the protein has been determined using crystal-
lographic data, coupled with mass spectrometry [ 2 ]. 
The obtained sequence and structure shows that 
HPBP belongs to the phosphate binding proteins 
(PBP) and more precisely to a sub-family called 
“DING proteins”. 

 The structure of HPBP is composed of two 
globular domains linked together with a fl exible 
hinge (Fig.  4.1 ). The phosphate anion binding 
site is located at the interface of both domains. 
Due to its ability to fi x phosphate (with sub- 
micromolar affi nity), HPBP constitutes the fi rst 
phosphate transporter identifi ed from human tissues, 
being homologous to the prokaryotic periplasmic 
PBP associated with the ABC transporter system 
( i.e.  PstS) [ 3 ]. Noteworthy, some differences are 
noticed between HPBP’s and PstS’ structure, 

such as the presence of two disulfi de bridges and 
four protuberant loops (Fig.  4.1 ). Nevertheless, 
the physiological role of these differences 
remains to be elucidated.

4.2        Properties of DING Proteins 

 DING proteins constitute a poorly characterized 
family of proteins, having usually 38–40 kDa, 
which were named for their eponymous 
N-terminus extremity (D-I-N-G-G-G) [ 1 ]. The 
fi rst DING proteins were identifi ed in animals and 
in some plants at the end of the 1990s. The genomic 
era has greatly increased the number of new 
DING protein sequences, especially in bacteria. 
Moreover, it allowed the fi rst identifi cations of 
DING protein’s genes in prokaryotes (and mainly 
from genus  Pseudomonas ). Today, more than 50 
DING proteins (and genes) have been identifi ed 
in the prokaryote kingdom [ 4 ,  5 ]. 

 The situation is different in eukaryotes: 
although DING-coding sequences were amplifi ed 
from eukaryotic genomic sequences; no open 

  Fig. 4.1     Structure of HPBP (pdbid: 2V3Q) . HPBP 
presents two globular domains colorized in  green  ( upper 
domain ) and  blue  ( bottom domain ). The disulfi de bridges 
have been represented as sticks. The phosphate has been 

represented as spheres. At the interface of both domains, 
there is the phosphate binding cleft. Residues involved in 
phosphate binding have been represented as sticks and 
colorized using the same color-code as the domain       
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reading frame nor locus has yet been identifi ed 
on published eukaryotic genomes [ 5 ]. This criti-
cal absence of eukaryotic genetic information 
constitutes a major barrier which has drastically 
hampered their studies. As a consequence, 
eukaryotic DING proteins were serendipitously 
identifi ed due to their implication in pathological 
processes and, in particular, in infl ammation 
processes [ 6 ]. 

 In humans, six different DING proteins have 
been identifi ed; HPBP, synovial stimulatory 
Protein (SSP), X-DING-CD4, crystal adhesion 
inhibitor (CAI), genistein-binding protein and a 
DING protein from GSS database. In the next part, 
we will focus on DING proteins which have been 
clearly involved in infl ammatory diseases [ 1 ,  7 – 11 ]. 

4.2.1     Implications of DING Proteins 
in Infl ammatory Processes 

4.2.1.1     Rheumatoid Arthritis 
 DING proteins were discovered because of their 
involvement with rheumatoid arthritis (RA), an 
infl ammatory auto-immune disease causing a 
deformation or destruction of articulations. In the 
aim to unravel the poorly understood origin of 
RA, the composition of rheumatoid fl uids were 
widely studied, leading to the identifi cation of the 
synovial stimulatory protein (SSP) [ 7 ]. This protein 
has been partially sequenced, revealing the 
characteristically N-terminus “D-I-N-G-G-G” and 
leading to the fi rst isolation of a DING protein in 
a human disease. SSP has been shown to interact 
with human sera containing rheumatoid factor 
( i.e.  auto-antibody) and to possess stimulatory 
capacity of T cell proliferation. Both abilities 
suggest that SSP is involved in the RA infl amma-
tory process [ 7 ].  

4.2.1.2    Nephrolithiasis 
 The implication of DING proteins in infl ammatory 
processes is not only limited to SSP, and numerous 
examples show that this family of proteins is 
tightly correlated with infl ammation [ 9 ,  12 ]. 
Nephrolithiasis, also known as kidney stone disease 
is a common derangement with an increasing 
prevalence in the population (up to 5 %) [ 13 ]. 

This illness is caused by the aggregation of calcium 
oxalate or calcium phosphate with proteins and/
or bacteria [ 14 ]. Growth and migration of renal 
calculi into the lower urinary tract cause severe 
pain and in some cases complications and infl am-
mation leading to death [ 14 ]. However, the exact 
mechanism of renal calculi formation remains 
unclear even if many theories have been proposed 
(saturation of urine, nanobacteria) [ 13 ,  15 – 17 ]. 

 The crystal adhesion inhibitor (CAI) is a 
DING protein studied in relation to renal calculi 
formation. CAI is a 39 kDa protein which has been 
isolated in monkey renal epithelial cells [ 10 ,  18 ]. 
It has been demonstrated that CAI inhibits renal 
calculi growth by signifi cantly reducing the bind-
ing of calcium oxalate monohydrate (COM) onto 
crystal [ 10 ]. Indeed, CAI sequesters/covers 
crystal surface avoiding its growth. This fi xation 
capability may be due to CAI affi nity towards 
phosphate (like other DING) since renal calculi 
crystals are often composed of calcium  phosphate 
[ 13 ,  14 ]. Even whether the implication CAI in 
inhibition of renal calculi growth is clear, other 
proteins seem to be more crucial (for instance the 
Tamm-Horsfall Protein) [ 18 ].  

4.2.1.3    Atherosclerosis 
 Atherosclerosis represents the leading cause of 
mortality/morbidity in western countries [ 19 ]. 
The molecular mechanisms involved in the for-
mation of the atheroma plaque are complex, and 
a key phenomenon is the accumulation of oxi-
dized low density lipoprotein particles (oxLDL) 
in the inner walls of arteries [ 20 ,  21 ]. The athero-
sclerotic plaque, once unhooked, may lead to 
ischemic stroke/heart attack [ 22 ,  23 ]. The accu-
mulation of oxLDL in the atheroma plaque is 
counteracted by high density lipoproteins (HDL) 
that modify the balance oxLDL/LDL, slowing 
down the formation of atherosclerotic plaque [ 24 ]. 
Particularly, it has been found that hPON-1, a 
HDL-associated protein, plays a protective role 
by degrading peroxidized lipids and reducing 
the level of oxLDL in human plasma [ 25 – 28 ]. 
Nevertheless, the exact the molecular determi-
nants remain unclear. 

 Recent studies showed that HPBP, a DING 
protein, is associated with hPON-1 [ 1 ,  29 ], and 
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stabilizes the active conformation of this enzyme 
[ 29 – 31 ]. The association hPON-1/HPBP may 
thus infl uence the related anti-atherosclerotic 
properties of hPON1. Moreover, since DING 
proteins belong to the phosphate binding protein 
superfamily, it has been hypothesized that HPBP 
may have a role in preventing phosphate salt 
formation, specifi cally with calcium. HPBP may 
thus be implicated in calcifi cation processes 
which are widely common in advance athero-
sclerosis. This hypothesis is consistent with the 
co- localization of DING proteins and hPON1 
within the atheroma plaque. 

 Even if the biochemical mode of action of 
HPBP is yet unclear, the relationships between 
infl ammation and other DING proteins closely 
related to HPBP have been recently investi-
gated. DING proteins have been related to the 
phosphorylation of several proteins in the 
mitogen- activated protein (MAP) kinase path-
way, including extracellular signal-regulated 
kinases (ERK) 1 and 2 and c-Jun N-terminal 
kinases (JNK) [ 32 ]. This impacts their down-
stream targets like the signal transducer and 
activator of transcription (STAT) 3, the cyclic 
AMP response element-binding (CREB), c-Jun 
and more importantly NF-κB [ 32 ]. Moreover, 

it has been shown that some DING proteins 
interact with the p50 sub-unit of NF-κB [ 33 ], a 
major pathway in infl ammatory response. Indeed, 
the production of numerous pro-infl ammatory 
cytokines has been shown to be NF-κB-dependent 
in atherosclerosis [ 34 ]. The modulation of the 
association of NF-κB subunits may thus lead 
to the modulation of infl ammatory response in 
atherosclerosis process. Furthermore, DING 
proteins interact with the CCAAT/enhancer-
binding protein (C/EBP) β binding site altering 
its nuclear localization. This was demonstrated 
by DNA band-shift assay, that showed that 
the presence of DING proteins reduces signifi -
cantly the ability of C/EBP β to bind to DNA 
[ 35 ]. C/EBP β is important in the regulation of 
genes involved in immune and infl ammatory 
responses and has been shown to bind to regula-
tory regions of several acute- phase and cytokine 
genes, and is critical for normal macrophage 
functioning, and in the modulation of infl amma-
tory cytokine such as interleukins-1 and -6 [ 35 ,  36 ]. 
All these molecular mechanistic insights, and 
the presence of DING proteins  in situ  ( i.e.  in 
atheroma, Fig.  4.2 ) suggests that DING pro-
teins may play a role in the pathophysiology of 
atherosclerosis.

  Fig. 4.2     Immunohistochemical staining of DING 
proteins in an atheroma . The endothelium is sub-divided 
in two parts, the intima and the media. The separation 

between the two layers is represented as a  dashed line . 
The atheroma has been limited with  dashed line        
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4.3          Conclusion 

 Results from recent research show that DING 
proteins are probably involved in infl ammatory 
process. In the case of human atherosclerosis, 
the association between HPBP and hPON1 may 
be relevant since it contributes to stabilize this 
antioxidant and anti-inflammatory enzyme. 
However, numerous questions remain and future 
structural/mechanistic studies on HPBP/hPON-1 
complexes may unravel new potential functions 
of DING proteins in atherosclerosis.     
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    Abstract  

  The paraoxonase (PON) gene family consists of three members, PON1, 
PON2 and PON3. All PON proteins possess antioxidant properties and 
lipo-lactonase activities, and are implicated in the pathogenesis of several 
infl ammatory diseases including atherosclerosis, Alzheimer’s, Parkinson’s, 
diabetes and cancer. Despite the role of PON proteins in critical cellular 
functions and associated pathologies, the physiological substrates and 
molecular mechanisms by which PON proteins function as anti-infl ammatory 
proteins remain largely unknown. PON1 is found exclusively extracellular 
and associated solely with high-density lipoprotein (HDL) particles in the 
circulation, and, in part, confers the anti-oxidant and anti-infl ammatory 
properties associated with HDL. Recent studies demonstrated that the 
intracellular PON proteins; PON2 and PON3 (i) are associated with 
mitochondria and mitochondria-associated membranes, (ii) modulate 
mitochondria-dependent superoxide production, and (iii) prevent apoptosis. 
Overexpression of PON2 and PON3 genes protected (i) mitochondria 
from antimycin or oligomycin mediated mitochondrial dysfunction and 
(ii) ER stress and ER stress mediated mitochondrial dysfunction. These 
studies illustrate that the anti-infl ammatory effects of PON2 and PON3 
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may, in part, be mediated by their role in mitochondrial and associated 
organelle function. Since oxidative stress as a result of mitochondrial dys-
function is implicated in the development of infl ammatory diseases includ-
ing atherosclerosis and cancer, these recent studies on PON2 and PON3 
proteins may provide a mechanism for the scores of epidemiological stud-
ies that show a link between PON genes and numerous infl ammatory dis-
eases. Understanding such mechanisms will provide novel routes of 
intervention in the treatment of diseases associated with pro-infl ammatory 
oxidative stress.  

  Keywords  

  Antioxidants   •   Atherosclerosis   •   Cancer   •   Endoplasmic reticulum stress   • 
  Infl ammation   •   Paraoxonase 1   •   Paraoxonase 2   •   Paraoxonase 3   •   Quorum 
sensing  

  Fig. 5.1    PON genes are implicated in the mechanisms of 
oxidative stress       

5.1         Introduction 

 The biology of oxidative stress underlies the 
molecular mechanisms responsible for the devel-
opment of a number of infl ammatory and 
infectious diseases, including atherosclerosis, 
diabetes mellitus, systemic lupus erythematosus, 
rheumatoid arthritis, cancer, and several ailments 
associated with age. A number of enzymes have 
evolved with pro-oxidant or anti-oxidant func-
tions for maintaining oxidative homeostasis in 
cells and tissues. Understanding the function of 
such enzymes will pave way for the discovery of 
novel therapeutic agents in the fi ght against 
infl ammatory diseases including atherosclerosis. 

 The paraoxonase (PON) gene family consists 
of three members, PON1, PON2, and PON3. 
Epidemiological studies suggest that expression 
of all three PON genes negatively correlates with 
a number of infl ammatory diseases including 
atherosclerosis [ 1 ,  2 ]. PON genes are located on 
the long arm of chromosome 7 in human and 
chromosome 6 in mice [ 3 ]. PON2 appears to be 
the oldest member of the family, followed by 
PON3 and PON1, which most likely resulted 
from gene duplication [ 4 ]. PON1 was not only 
the fi rst one of the family to be identifi ed    in a 
screen for plasma hydrolases of paraoxon, the 
active metabolite of insecticide parathion [ 5 ,  6 ], 
but also the predominant member of the PON family 
in the circulation. Most of the early investigations 

were centered on toxicological research on 
PON1. Following the discovery that PON1 is 
associated with high-density lipoproteins (HDL) 
in the circulation and that PON1 plays an impor-
tant role in the protective antioxidant and anti-
infl ammatory effects of HDL [ 6 ], a new area of 
research emerged for PON1 in both its disease 
association and physiological function. In 
contrast to PON1, both PON2 and PON3 are 
predominantly localized to intracellular compart-
ments (although small amounts of hPON3 
is also associated with HDL) and modulate 
cellular oxidative stress generated both by intra-
cellular mechanisms and in response to extracellular 
stimuli [ 1 ] (Fig.  5.1 ).

   Battacharya et al. provided evidence for a 
mechanistic link between genetic determinants and 
activity of PON1 with systemic oxidative stress 
and prospective cardiovascular risk, indicating a 
potential mechanism for the atheroprotective 
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function of PON1 [ 7 ]. Stevens et al. showed that 
recombinant human PON1 protects against organo-
phosphate poisoning [ 8 ]. Stoltz et al. demonstrated 
that PON proteins can interfere with quorum sens-
ing  in vivo  and suggested a potential role for PON 
proteins as regulators of normal bacterial fl orae, a 
link between infection/infl ammation and cardio-
vascular disease [ 9 ]. Witte et al. [ 10 ] demonstrated 
that PON2 provides apoptosis resistance and stabi-
lizes tumor cells, and Schweikert et al. [ 11 ] showed 
that PON3 is upregulated in cancer tissue and 
prevents cell death. Each of the studies described 
above [ 7 – 11 ] make the compelling argument for a 
role for paraoxonases in infl ammation, toxicology, 
infection, and cancer.  

5.2     Infl ammation 
and Atherosclerosis 

 A defi nitive proof for the antiatherogenic role for 
PON genes came fi rst from PON1 defi cient and 
transgenic mice, which are susceptible to organo-
phosphate toxicity and atherosclerosis [ 12 – 14 ] and 
more recently from PON2 defi cient [ 15 ], which are 
also susceptible to atherosclerosis. In contrast, 
overexpression of human PON3 [ 16 ] as well as the 
human paraoxonase gene cluster rendered mice 
resistant to atherosclerosis [ 17 ]. Thus, all three 
members of the PON gene family are antiathero-
genic in mouse models of atherosclerosis (Fig.  5.2 ) . 

5.2.1       PON1 

 PON1 protects LDL against oxidation and 
preserves function of HDL [ 18 ,  19 ]. PON1 null 
mice by gene targeting [ 12 ,  13 ] and transgenic 

mice [ 14 ] corroborate the hypothesis that PON1 
protects against atherogenesis and is an impor-
tant contributor to HDL’s antioxidant capacity. 
The  in vivo  studies combined with the antioxi-
dant and antiatherogenic nature of PON1 under-
score the potential of PON1 as a therapeutic 
agent to prevent atheroma [ 20 ,  21 ]. The associa-
tion of PON1 with HDL and its functional con-
sequences support a causal relationship between 
PON1 and cardiovascular and its associated 
infl ammatory pathologies [ 22 – 26 ]. 

 Multiple  in vitro , animal and human studies 
have demonstrated anti-infl ammatory and anti-
oxidative functions of PON1. For example, 
PON1 defi cient mice have been shown to be 
more susceptible to lipoprotein oxidation, infl am-
mation, atherosclerosis [ 12 ,  13 ,  27 ], and hepatic 
steatosis [ 28 ], whereas PON1 transgenic mice 
over-expressing human PON1 are more resistant 
to infl ammation and atherosclerosis [ 14 ]. PON1 
has been shown to prevent LDL oxidation  in vitro  
[ 18 ,  19 ] and decreased levels of PON1 are associ-
ated with increased risk for cardiovascular disease 
in humans [ 7 ,  29 – 32 ]. 

 Recent detailed biochemical studies have 
further elucidated how PON1 exerts its anti- 
infl ammatory and anti-oxidative functions [ 23 ,  33 ]. 
Besler et al. [ 33 ] demonstrated a role of HDL-
associated PON1 activity in maintaining the 
endothelial atheroprotective effects of HDL, 
namely HDL-mediated stimulation of endothelial 
NO production. The study showed PON1 prevented 
the formation of the lipid peroxidation product 
malondialdehyde (MDA) in HDL. Increased 
MDA in HDL leads to activation of endothelial 
lectin-like oxidized LDL receptor 1 (LOX-1), 
triggering endothelial PKCβII activation, which 
in turn inhibited eNOS-activating pathways and 
eNOS-dependent NO production. The authors 
showed that HDL from PON1 defi cient mice 
failed to stimulate NO production in mouse aortic 
endothelial cells. Subsequent supplementation of 
HDL from PON1 defi cient mice with purifi ed 
PON1 partially improved the capacity of HDL to 
stimulate endothelial NO production. Huang 
et al. [ 23 ] demonstrated that under infl ammatory 
condition, myeloperoxidase (MPO), PON1, and 
HDL bind to one another, forming a ternary 

  Fig. 5.2    PON genes are anti-atherogenic in mouse mod-
els of atherosclerosis       
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complex, wherein PON1 partially inhibits MPO 
activity, while MPO inactivates PON1. MPO is a 
leukocyte-derived heme protein that promotes 
protein and lipid oxidation [ 34 ,  35 ]. During 
infl ammation, MPO binds to HDL and increases 
oxidant stress and promotes atherosclerosis. 
MPO-generated oxidant caused site-specifi c 
oxidative modifi cation of certain tyrosine and 
methionine residues of PON1, leading to 
reduced PON1 activity [ 23 ]. Conversely, PON1 
binds and partially inhibits MPO activity. 
Therefore, recent evidence suggests that PON1 
may exert its anti-infl ammatory, anti-oxidative 
functions, in part, by the prevention of MDA for-
mation leading to HDL-mediated eNOS activa-
tion in endothelial cells, and inhibition of MPO 
activity of infl ammatory HDL. PON1 has been 
and continues to be a target/candidate for devel-
oping therapeutic interventions for both infl am-
matory diseases and toxicology applications.  

5.2.2     PON2 

 PON2 defi ciency impairs respiratory complex 
activity and mitochondrial oxidative stress in 
liver, peritoneal macrophages, and aorta. PON2 
protects against atherogenesis  in vivo  by modulat-
ing lipoprotein oxidation through the reduction of 
intracellular oxidative stress [ 36 ]. The principal 
source of cellular free radicals and oxidative 
stress, ROS generated by mitochondria play a 
fundamental role for many of the signaling path-
ways contributing to cardiovascular pathologies 
[ 37 ]. Devarajan et al. [ 15 ] hypothesized that 
PON2 defi ciency may be infl uencing mitochon-
drial oxidative status. The authors evaluated the 
activities of mitochondrial ETC complexes from 
the livers of PON2 defi cient and control 
C57BL/6 J mice administered an atherogenic diet, 
and results revealed that complex I and complex 
III activities were more than 50 % lower in PON2 
defi cient mice than in controls on a corresponding 
diet [ 15 ]. Moreover, the mitochondrial superoxide 
levels were signifi cantly increased in PON2 defi -
cient mice fed an atherogenic diet, and the ATP 
levels were reciprocally decreased when com-
pared to control mice [ 15 ]. PON2 defi cient mice 

showed a signifi cantly lower level of basal 
mitochondrial oxygen consumption than the control 
peritoneal macrophage. Mitochondrial superox-
ide levels in peritoneal macrophages from PON2 
defi cient mice were signifi cantly higher (p < 0.05) 
and ATP levels were signifi cantly lower compared 
with control mice [ 15 ]. Furthermore, superoxide 
levels (using Mitosox) were signifi cantly higher 
in the supernatants of whole aorta lysates of 
PON2 defi cient mice relative to controls. PON2 
defi cient mice backcrossed onto the hyperlipid-
emic apoE defi cient background develop signifi -
cantly larger atherosclerotic lesions in the aorta 
and higher levels of macrophage immunoreactiv-
ity in the aortic sections compared to their apoE 
defi cient controls [ 15 ]. These results demon-
strated that the anti- atherogenic activity of PON2 
might be linked with mitochondrial function. 

5.2.2.1     PON2 Is Associated 
with Mitochondria, ER, 
and Plasma Membrane 

 To determine whether the changes in mitochon-
drial oxidative stress are due to a direct or indirect 
effect of PON2 on mitochondrial function, 
Devarajan et al. [ 15 ] isolated and analyzed mito-
chondria from HeLa cells for the presence of 
PON2. PON2 protein is present in percoll- purifi ed 
mitochondria from HeLa cells. To further deter-
mine the precise submitochondrial localization of 
PON2, inner and outer mitochondrial membrane 
preparations from the livers of C57BL/6 J mice 
were utilized to demonstrate that PON2 is associ-
ated with the inner mitochondrial membrane 
(IMM). Moreover, individual ETC complex pull-
down experiments showed that PON2 is associ-
ated with complex III. Western blot analyses for 
COX IV, an IMM associated protein, and VDAC, 
an outer mitochondrial membrane-associated pro-
tein, showed negligible cross-contamination of 
the two preparations in these experiments. Similar 
results were observed with mitochondria isolated 
from mouse heart tissue (unpublished STR). 
Altenhöfer et al. [ 38 ] demonstrated that PON2 
reduced superoxide release from the inner mito-
chondrial membrane, irrespective whether result-
ing from complex I or complex III of the electron 
transport chain by modulating quinones.  
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5.2.2.2     PON2 Overexpression Protects 
Against Mitochondrial 
Dysfunction 

 HeLa cells overexpressing human PON2 under the 
control of a tetracycline-inducible promoter [ 39 ] 
were treated with antimycin, a compound known 
to release ubisemiquinone from the ETC, thereby 
generating mitochondrial superoxide [ 40 ], or with 
oligomycin, a compound known to inhibit ATP 
synthesis [ 41 ]. HeLa cells overexpressing PON2 
had signifi cantly lower superoxide and signifi -
cantly higher ATP levels than control cells [ 15 ].  

5.2.2.3     PON2 Protects Against 
Endoplasmic Reticulum Stress 

 Horke S et al. [ 42 ] were the fi rst to show that 
PON2 decreases endoplasmic reticulum stress 
(ER)-induced caspase activation. PON2 was 
found associated with the nuclear membrane and 
endoplasmic reticulum and induced at both the 
promoter and protein levels by endoplasmic 
reticulum stress pathway unfolded protein 
response [ 42 ]. The authors concluded that PON2 
is an endogenous defense mechanism against 
vascular oxidative stress and unfolded protein 
response-induced cell death. Horke et al. [ 43 ] 
demonstrated that PON2 protects against ER 
stress mediated cell death by modulating calcium 
homeostasis. Devarajan et al. [ 44 ] reported that 
macrophage PON2 regulates calcium homeosta-
sis and cell survival under ER stress conditions 
and is suffi cient to prevent the development of 
aggravated atherosclerosis in PON2 and apoE 
double-defi cient mice on a Western diet, suggest-
ing that macrophage PON2 modulates mecha-
nisms that link ER stress, mitochondrial 
dysfunction and the development of atheroscle-
rosis. Taken together, these studies above [ 10 ,  15 , 
 36 ,  38 ,  39 ,  41 – 44 ] suggest that PON2 plays an 
important protective anti-oxidant role in the 
development of infl ammatory diseases.   

5.2.3     PON3 

 Of the three members of the PON family, PON3 
appears to be the least studied to date. Although 
these two proteins; PON2 and PON3 appear to 

be similar in function and their cell-type associa-
tion [ 1 ,  45 ,  46 ] recent studies suggest that both 
intracellular localization and role in infl amma-
tory diseases are likely to be distinct from each 
other [ 11 ,  16 ]. 

5.2.3.1    PON3 Protects Against 
the Development of Diabetes 
and Atherosclerosis in Mice 

 Reddy et al. [ 46 ]. were the fi rst to demonstrate 
that PON3 prevents the oxidation of low-density 
lipoprotein  in vitro . To test the role of PON3 in 
atherosclerosis and related traits, Shih et al. [ 16 ] 
generated two independent lines of human PON3 
transgenic (Tg) mice on the C57BL/6 J (B6) and 
showed that atherosclerotic lesion areas were 
signifi cantly smaller in both lines of male PON3 
Tg mice as compared with the male non-Tg lit-
termates on C57B6 background fed an athero-
genic diet. When bred onto the low-density 
lipoprotein receptor knockout mouse back-
ground, the male PON3 Tg mice also exhibited 
decreased atherosclerotic lesion areas. In addi-
tion, decreased adiposity and lower circulating 
leptin levels were observed in both lines of male 
PON3 Tg mice as compared with the male non-
Tg mice. Shih et al. demonstrated for the fi rst 
time that elevated PON3 expression signifi cantly 
decreases atherosclerotic lesion formation and 
adiposity in male mice. 

 Interestingly, isolated mitochondria from the 
PON3 defi cient livers exhibited impaired mito-
chondrial function as compared to the wild type 
mitochondria [ 11 ], suggesting that PON3 defi -
ciency, similar to PON2 defi ciency, affects mito-
chondrial function.    

5.3     Infection and Quorum 
Quenching 

 All PON proteins possess lipo-lactonase activ-
ity [ 47 ] and hydrolyze acyl- homoserine lac-
tones (AHLs) [ 48 ], which mediate bacterial 
quorum- sensing (QS) signals. The mechanism 
of QS has been extensively characterized in 
several pathogenic bacteria including  P. aerugi-
nosa , which causes catastrophic infections in 
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immunocompromised hosts, such as individuals 
with cystic fi brosis, cancer and severe burns 
[ 49 ]. About a decade ago, Greenberg’s labora-
tory was the fi rst to show that PON proteins 
possess AHL- inactivation activity [ 50 ] laying 
the foundation for a role for PON proteins in 
infection and quorum quenching. 

 Stoltz et al. [ 51 ] investigated the role of PON1, 
PON2, and PON3 in airway epithelial cell inacti-
vation of N-(3-oxododecanoyl)-l-homoserine 
lactone (3OC12-HSL), a quorum-sensing mole-
cule produced by gram-negative microbial patho-
gens such as  P. aeruginosa  (PAO1). Lysates of 
tracheal epithelial cells from PON2, but not 
PON1 or PON3, defi cient mice had impaired 
3OC12-HSL inactivation compared with wild- 
type mice. Overexpression of PON2 enhanced 
3OC12-HSL degradation by human airway 
epithelial cell lysates. 

 Devarajan et al. [ 53 ] examined the susceptibility 
of PON2 defi cient mice towards  P. aeruginosa  
and demonstrated that both intact cells and 
membrane- enriched protein lysates obtained 
from PON2 defi cient macrophages reveal a 
marked impairment in their ability to hydrolyze 
3OC12-HSL. A decrease in bacterial clearance 
was noted in the spleen, lungs, and liver of PON2 
defi cient mice by 2.5, 5.7, and 14.8 fold, respec-
tively, following administration of 1.6×10 7 CFU 
of PAO1. In an ex vivo model, macrophages of 
PON2 defi cient mice had signifi cantly reduced 
phagocytosis function compared to control 
macrophages following PAO1 infection. These 
results suggested that PON2 regulates innate 
immune defense in PAO1 infection model [ 52 ]. 

 Kim JB et al. [ 53 ] investigated the common 
and distinct pro-infl ammatory pathways acti-
vated by atherogenic lipids and quorum sensing 
lactones, in PON2 defi cient endothelial cells. 
Using expression profi ling and network model-
ing, identifi ed the unfolded protein response 
(UPR), cell cycle genes, and the mitogen-acti-
vated protein kinase-signaling pathway to be 
heavily involved in the HAEC response to 
3OC12-HSL. The network also showed striking 
similarities to a network created based on HAEC 
response to Ox-PAPC, a major component of 
minimally modifi ed low-density lipoprotein. 

HAECs in which small interfering RNA silenced 
PON2 showed increased pro-infl ammatory 
response and UPR when treated with 3OC12-
HSL or Ox-PAPC. 3OC12-HSL and Ox-PAPC 
infl uence similar infl ammatory and UPR path-
ways. The authors concluded that the antiathero-
genic effects of PON2 might include destruction 
of quorum sensing molecules, such as 3OC12-
HSL, which contribute to the proatherogenic 
effects of chronic infection. 

 Recent work by Schweikert et al. [ 54 ] demon-
strated that the anti-oxidative and anti- 
infl ammatory functions of PON2 and PON3 are 
an important part of innate defense system 
against  P. aeruginosa  infections. Taking the work 
described above on PON2 and PON3 [ 50 – 54 ] 
together with the demonstration by Stoltz et al. [ 9 ] 
that  Drosophila  are protected from  P. aeruginosa  
lethality by transgenic expression of PON1, it is 
very clear that PON proteins are natural quorum 
quenchers. Similar to PON2, PON3 not only 
hydrolyzes 3OC12-HSL, but also diminishes the 
oxidative stress and NF-κb activation induced 
by pyocyanin [ 54 ], a virulent factor produced by 
 P. aeruginosa . These studies suggest involvement 
of PON gene family in innate immunity.  

5.4     Cancer  

 Witte et al. [ 10 ] hypothesized that since ER stress 
is also relevant to cancer and associated with anti-
cancer treatment resistance, PON2 may play a 
role in tumorigenesis. Human tumors had upregu-
lated PON2, and PON2 knockdown caused apop-
tosis of tumor cells [ 10 ]. Schweikert et al. [ 11 ] 
demonstrated that PON3 is overexpressed in 
human tumors and diminishes mitochondrial 
superoxide formation by sequestering ubisemi-
quinone in cancer cells, leading to enhanced cell 
death resistance. The authors suggest that PON3, 
similar to PON2, may aid in tumor cell develop-
ment. In a review of functions and mechanisms of 
PON2 and PON3 proteins, Witte et al. [ 55 ] sug-
gest that although PON2 and PON3 proteins are 
protective from a cardiovascular standpoint, they 
may not be protective but may actually promote 
cancer cells by preventing cell death [ 55 ]. 

A. Devarajan et al.



39

 Currently,  in vivo  proof for a pro-tumorigenic 
role of PON2 and PON3 proteins is lacking and 
future studies in animal models will determine 
whether PON protein family indeed aids in can-
cer development.  

5.5     Conclusions 

 Expression of  all  three PON genes negatively 
correlates with a number of infl ammatory dis-
eases including atherosclerosis and cancer. Based 
on published studies, it is evident that all three 
PON proteins play important roles in infl amma-
tion, infection, toxicology, and cancer (Fig.  5.3 ). 
However, there is a gap in our knowledge on the 
mechanisms of action and function of PON pro-
teins. Future studies aimed at understanding the 
molecular targets of PON proteins will unravel 
novel markers and therapeutic targets for the 
treatment of infl ammatory diseases associated 
with ER and mitochondrial dysfunction mediated 
oxidative stress including atherosclerosis, bacte-
rial infections, and cancer.
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    Abstract  

  The infl ammatory response is an energy-intensive process. Consequently, 
metabolism is closely associated with immune function. The autophagy 
machinery plays a role in metabolism by providing energy but may also be 
used to attack invading pathogens (xenophagy). The autophagy machinery 
may function to protect against not only the threats of infection but also the 
threats of the host’s own response acting on the central immunological toler-
ance and the negative regulation of innate and infl ammatory signaling. The 
balance between too little and too much autophagy is critical for the survival 
of immune cells because autophagy is linked to type 2-cell death pro-
grammed necrosis and apoptosis. Changes in infl ammatory cells are driven 
by extracellular signals; however, the mechanisms by which cytokines medi-
ate autophagy regulation and govern immune cell function remain unknown. 
Certain cytokines increase autophagy, whereas others inhibit autophagy. 
The relationship between autophagy and infl ammation is also important in 
the pathogenesis of metabolic, non-communicable  diseases. Infl ammation 
 per se  is not the cause of obesity-associated  diseases, but it is secondary to 
both the positive energy balance and the  specifi c cellular responses. In meta-
bolic tissues, the suppression of autophagy increases infl ammation with the 
overexpression of cytokines, resulting in an activation of autophagy. The 
physiological role of these apparently contradictory fi ndings remains uncer-
tain but exemplifi es future challenges in the therapeutic modulation of 
autophagy in the management of disease.  
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6.1         Basic Concepts 
and Background 

 Disturbances in the normal function of cells 
( cellular stress) result in the accumulation of 
damaged molecules and dysfunctional organelles 
that may be deleterious. To mitigate this damage, 
cells clean up the accumulated end products 
using the following two major systems: the ubiq-
uitin proteasome system and the autophagy (from 
the Greek for “self-digestion” or “self-eating”) 
lysosome system. The key elements in the recog-
nition and processing of ubiquitin-protein conju-
gates have been recently summarized [ 1 ], but the 
exact mechanisms by which cells regulate 
 self- cannibalism are still under investigation. 
Chaperone-mediated autophagy, microautoph-
agy, and macroautophagy (hereafter referred to 
as autophagy) are currently considered distinc-
tive forms [ 2 ] (Fig.  6.1 ). Each form differs from 
the others in its physiological functions and the 
mode and nature of cargo delivery.

   The overall process of autophagy can be sep-
arated into the following seven discrete steps: 
induction or selection/packaging of cargo, 
nucleation, vesicle expansion, completion, 
fusion, degradation, and export (Fig.  6.2 ). A dis-
cussion of the known (and supposed) molecular 
mechanisms is beyond the scope of this manu-
script, but it appears that autophagy is generally 
induced to provide an alternate source of certain 
basic building blocks required for cell survival 
(the non- selective pathway). The mechanistic 
target of rapamycin (MTOR) kinase coordinates 
nutrient availability and cell growth. When the 
supply is suffi cient, MTOR is active and phos-
phorylates important proteins for cellular 
growth. When nutrients are in a limited supply, 
MTOR is  inactivated and limits protein transla-

tion, focusing on those required for cell survival 
[ 3 ]. This  mechanism might be easily modulated 
by the action of common and inexpensive drugs, 
such as metformin [ 4 ] and chloroquine [ 5 ], but 
might also be regulated by selected stimuli 
( i.e.,  the selective pathway initiated from the 
cargo itself).

6.1.1       Autophagy: A Tightly 
Regulated Process 

 Autophagy is a simple process and is used to 
provide energy under starvation conditions, but 
it must be tightly regulated because it has the 
capacity to be harmful ( i.e.,  it can degrade entire 
organelles). In mammals, as opposed to yeasts, 
the regulation of this process is exquisitely 
 complex because it is also used, among other 
functions, for the purposes of development; 
consequently, the mechanisms of autophagy 
must be initiated at precise times. The targeted 
degradation of a cellular component requires 
signals derived from either the cargo selected 
for degradation or the particular function of the 
cell. The regulation of this process is poorly 
understood, but it is likely that certain selective 
autophagy pathways are relevant to disease. 

 For example, autophagy of mitochondria 
(mitophagy) is involved in the response of the 
cell to pernicious stimuli and, particularly, in 
the avoidance of effects from infl ammation or 
oxidative stress (details are summarized in 
Fig.  6.3 ). This response is clearly observed in 
conditional knockout mouse models [ 6 ], which 
accumulate deformed mitochondria in the liver 
under defective autophagy conditions. It has 
also been observed that chemical inhibitors of 
autophagy and mitochondrial depolarization 
(cyclosporine) jeopardize the defensive role of 
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mitophagy in hepatocytes [ 7 ]. The autophagy of 
peroxisomes (pexophagy) has only been 
explored in yeasts, and it is diffi cult to differen-

tiate the process from peroxisomal biogenesis; 
however, a role in mammals is likely to exist. To 
further complicate the issue, there is cross 

  Fig. 6.1    Autophagy was fi rst described in mammalian cells 
over 50 years ago, but the molecular basis for this process 
has not been completely elucidated. The following three 

autophagy forms have been identifi ed: chaperon-mediated 
autophagy, microautophagy and macroautophagy (autoph-
agy).  LAMP  lysosomal associated membrane protein       

  Fig. 6.2    Several steps, including nucleation, expansion, 
completion, fusion, breakdown, and export, have been 
identifi ed in autophagy. The signal to initiate autophagy 

may be selective (changes in nutrient availability) or 
 nonselective (the nature of the cargo itself)       
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 communication between the two major path-
ways of protein degradation,  i.e. , substrates that 
are  normally degraded by the ubiquitin-protea-
some pathway can be selectively degraded by 
 autophagy under certain circumstances [ 8 ]. The 
induction of autophagy is also critical in the 
maintenance of glycogen stores. Glycogen 
autophagy in the liver, heart and diaphragm is a 
selective and highly regulated process that is 
most likely due to the abrupt increases in the 
energy requirement under critical conditions, 
such as birth [ 9 ].

6.2         The Relevance of Autophagy 
in Disease 

6.2.1     Autophagy Is Important 
in the Pathogenesis of Cancer, 
Neurodegeneration 
and Myopathies 

 Autophagy has been implicated in the pathogen-
esis of several diseases, primarily as the conse-
quence of an imbalance in its dual role of adapting 
to cellular stresses and/or contributing to cell 
death. Mitochondria are particularly important in 
the process. 

 There are at least three different types of 
 programmed cell death as follows: type I (nuclear 
or apoptotic), type II (autophagic), and type III 
(cytoplasmic). The autophagic and apoptotic path-
ways are closely related [ 10 ], although autophagy 
is relatively unknown compared to apoptosis, and 
it is unclear whether autophagy represents a failed 
effort to preserve cell viability. This observation is 
particularly evident in cancer. Several fi ndings 
have led to the hypotheses that BECN1 (beclin-1) 
and other genes involved in autophagy may func-
tion as tumor suppressors and that defects in 
autophagy may promote cancer. Similarly, the 
PI3K (phosphoinositide 3 kinase)/AKT (protein 
kinase B)/MTOR pathway is frequently activated 
in response to mutations in genes encoding nega-
tive regulators, thereby constraining autophagy in 
certain tumors [ 5 ,  11 – 13 ]. Many signals promot-
ing unrestricted cell proliferation also inhibit 
autophagy, which is normally induced to sustain 

cells under conditions of nutrient limitation. 
Interestingly, the uncoupling of the cellular 
response to the nutrient availability renders cells 
more susceptible to a metabolic catastrophe; thus, 
the concept of “oncometabolite” and the require-
ment for further insights in cancer metabolism are 
rapidly evolving. This concept may be a fi rst step 
in understanding why the defensive metabolic and 
infl ammatory responses to tumor necrosis may 
promote rather than entangle an increase in the 
overall tumor burden [ 14 ]. Cancer in adults, but 
not in children, arises under chronic infl ammation 
circumstances, in a tumor microenvironment that 
is characterized by hypoxia, glycolysis, perpetual 
autophagy and the resultant necrosis under condi-
tions of stress. The regulation of autophagy in 
tumor cells provides possible therapeutic strate-
gies, although given the complexity of the signal-
ing pathways, these should be tailored to the 
different classes of tumors. For example, in tumors 
that do not outgrow their food supply, the inhibi-
tion of autophagy may render cells more suscepti-
ble to conventional treatments. Conversely, the 
stimulation of autophagy in tumors with constitu-
tive activation of the PI3K/AKT pathway can 
 render them more susceptible to apoptosis. 

 Autophagic activity is essential for the normal 
function of the nervous system. A defi ciency of 
basal autophagy in the mouse brain (with a 
knockout of autophagic proteins) results in 
 neurodegeneration [ 15 ]. Although the role of 
autophagy may vary in different neurodegenera-
tive diseases, age-related neurodegenerative 
 diseases are generally characterized by the accu-
mulation of protein aggregates in the affected 
brain. These protein aggregates may be degraded 
by autophagy [ 16 ], suggesting that a regulated 
and specifi c increase in autophagy may become a 
protective response in both Alzheimer’s and 
Parkinson’s diseases. Lysosomal storage disor-
ders, which result in alterations of the lysosomal 
function, should inhibit autophagosome matura-
tion and the subsequent accumulation of autoph-
agic vacuoles in the affected cells. Ineffi cient 
 autophagolysosomal recycling of mitochondria 
may generate fragmented mitochondria and an 
increased sensitivity to apoptosis, thus compli-
cating the course of the disease [ 17 ]. Many 
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 congenital myopathies are characterized by the 
presence of myofi brillar disorganization and the 
accumulation of autophagic vacuoles. In this 
context, increased autophagy appears to be 
involved in pathways leading to muscle wasting, 
an effect that should be considered in the phar-
macological modulation of this process [ 18 ].  

6.2.2     The Role of Autophagy 
in Infection and Infl ammatory 
Disorders 

 Recent studies have demonstrated the role of 
autophagy in processes affecting the immune 
system, including the coordination of metabolic 
signals, immune cell differentiation, secretion of 
cytokines and both innate and adaptive immune 
defenses against pathogens. Therefore, it is 
tempting to speculate that detailed insights into 
the function of autophagy may provide novel 
therapeutic strategies in the management of 
infl ammatory disorders. 

6.2.2.1     The Relationship Between 
Autophagy and Immunity 

 Autophagosomes play an important role in the 
major histocompatibility complex (MHC) class 
II antigen presentation. The endocytosis of pro-
tein antigens from the extracellular space is fol-
lowed by autophagy and subsequent lysosomal 
degradation and transfer to the MHC class II 
loading compartment prior to transport to the 
cell surface [ 19 ]. Other studies have indicated 
that dendritic cells (DCs) require autophagy to 
effi ciently process and present antigens on the 
MHC class II molecules. This process is not 
limited to certain antigens, and autophagy also 
appears to be important in the MHC class I anti-
gen presentation [ 20 ]. Other studies have impli-
cated the signaling lymphocyte activation 
molecule, a cell adhesion protein, as a bacterial 
sensor that regulates the degradation of endocy-
tosed gram- negative bacteria in macrophages 
via NADPH oxidase activity and autophagy 
[ 21 ]. Receptor ligation is also important in the 
defense against other pathogens and in the func-
tion of other cells, such as neutrophils, to induce 

autophagy, a  potential mechanism for clearing 
pathogens that has also been associated with 
facilitating the  recognition of pathogen-associated 
molecular patterns. Autophagy is involved in 
the mechanisms by which neutrophils capture 
microbes through neutrophil extracellular traps 
(NETs) that induce a form of cell death, termed 
NETosis [ 22 ]. Several autophagy proteins also 
play a role in B cell development and survival. 
Beclin 1–defi cient chimeric mice have reduced 
numbers of lymphoid progenitor cells in the 
bone marrow, indicating a role for Beclin 1 in 
early B cell development. These and other avail-
able results demonstrate that autophagy plays a 
role in several aspects of B cell physiology, 
development, and maintenance, MHC class II 
presentation, and co-stimulation through sur-
face receptors [ 23 ]. Moreover, autophagic path-
ways intersect with a variety of T cell functions, 
including the development of CD4+ T cell self-
tolerance. Similar to B cells, multiple autophagy 
proteins are essential for the development, 
maintenance, and survival of T cells. An investi-
gation of autophagy- defi cient peripheral T cells 
showed that they had excess mitochondria and 
elevated reactive oxygen species (ROS) produc-
tion. Autophagy maintains mitochondrial 
homeostasis, and mitophagy is responsible for 
removing damaged mitochondria and prevent-
ing their accumulation (Fig.  6.3 ). Proliferating 
T cells clear the mitochondria as they shift to a 
more glycolytic metabolism after activation, 
and blocking autophagy can impair ATP 
production in T cells [ 24 ]. Other results indicate 
that autophagy plays a role in regulating the 
endoplasmic reticulum (ER) and calcium 
homeostasis in T cells and that impaired 
autophagy can lead to ER stress and impaired 
calcium homeostasis. Alternatively, autophagy 
can be induced by ER stress–signaling path-
ways independent of the unfolded protein 
response that activates NF-κB (nuclear factor 
kappa-light- chain-enhancer of activated B cells). 
Therefore, these roles in maintaining the ER 
and mitochondrial homeostasis and in control-
ling the ROS  levels could explain the impor-
tance of autophagy proteins in the survival of 
immune cells [ 25 ,  26 ].  
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6.2.2.2     The Role of Autophagy Against 
Pathogens (Xenophagy) 

 The mechanisms by which autophagy mediates 
resistance to infection are not fully understood 
but are likely to involve a combination of the 
effects summarized in Fig.  6.4 . The process of 
removing large amounts of protein aggregates 
may be selective and may be used to clear 
 intracellular bacteria, parasites, and viruses. 
Autophagy appears to be the only pathway to 
address this function, and if it fails, the only other 
option for infected cells is cell death and clear-
ance by phagocytes.

   The fi rst line of defense during pathogen 
infection is the activation of innate immune 
responses. The autophagy machinery is also used 
to attack invading pathogens (fi rst described in 
2004, [ 27 ]). This fact and other fi ndings could 
explain the evolution in certain pathogens of 
mechanisms that aim to evade, inhibit, and usurp 
the host cell autophagy to promote survival and 
replication. 

   The Antibacterial Role of Autophagy 
 Bacteria may enter mammalian cells by mecha-
nisms that are different for gram-negative and 
gram-positive bacteria [ 28 ]. Once inside the host 
cells, the predominant strategy against bacterial 

pathogens appears to involve compartmentaliza-
tion within membrane-bound vacuoles, including 
autophagosomes [ 29 ]. The cellular autophagic 
response differs according to the nature of the 
intracellular bacterial pathogen and is involved in 
sequestering and eliminating intracellular bacteria 
such as Group A  Streptococcus ,  Salmonella 
typhimurium ,  Shigella fl exneri , and  Listeria mono-
cytogenes . The exact mechanisms are unknown, 
but the role of autophagy in macrophages com-
pared with that in  epithelial cells differs. In epithe-
lial cells, autophagy limits bacterial growth, and in 
macrophages, mitophagy leads to cell death [ 30 ]. 
Alveolar macrophages ingest the  M. tuberculosis  
bacilli and enclose them in phagosomes, which 
are arrested in maturation. The bacilli survive and 
grow within the phagosomes until the macrophages 
die. Alternatively, the activation of infected macro-
phages by an interferon induces autophagy, and 
phagosomes fuse with autophagosomes with the 
subsequent degradation of the bacilli [ 31 ]. In con-
trast, infection with  Legionella pneumophila  or 
 Porphyromonas gingivalis  activates autophagy, a 
mechanism that provides a replicative, noxious 
niche. At least  in vitro , the suppression of 
autophagy results in the traffi cking of  internalized 
bacteria to phagolysosomes and degradation of 
the organism [ 32 ].  

  Fig. 6.4    The relationship between autophagy and immunity is likely to involve a combination of xenophagy, the activa-
tion of innate and adaptive immune responses, and alterations in pathogen-induced cell death       
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   The Autophagic Responses to Fungal 
Infections 
 Although knowledge in this area is limited, the 
chemical or genetic disruption of autophagy in 
murine macrophages resulted in decreased 
 Cryptococcus neoformans  uptake, replication, 
and escape from host cells [ 33 ]. The goal of the 
ongoing studies is to understand the mechanisms 
by which autophagy proteins determine the abil-
ity of  C. neoformans  to establish a replicative 
niche and how these functions are coordinated 
with other host factors.  

   The Autophagic Responses to Parasites 
 Knowledge regarding the autophagic responses 
to parasites is also limited. However, following 
infection in macrophages,  Toxoplasma gondii , 
an obligate intracellular protozoan parasite, 
 replicates in specialized vacuoles that are pro-
tected from fusion with lysosomes. Experiments 
in animal models have indicated a role for 
autophagy involving cell-cell receptor-ligand 
interactions in activated macrophages that elimi-
nate the parasite [ 34 ].  

   The Autophagic Responses to Viruses 
 In this particular type of infection, the virus and 
the host cell type determine the functions of the 
autophagy-mediated responses. For example, 
autophagy is antiviral in response to herpes sim-
plex virus type 1, but viruses have evolved mech-
anisms to perturb autophagy, most likely using 
Beclin 1 as a preferential target. Antagonistic 
interactions between viral proteins and Beclin 1 
can subvert autophagosome formation and 
 ultimately promote virulence. Certain viruses, 
including hepatitis B, hepatitis C, and the Dengue 
viruses, promote autophagy as a means to encour-
age viral replication. The exact mechanisms are 
poorly understood but have been extensively 
studied concerning infection with human immu-
nodefi ciency virus (HIV-1). For example, HIV-1 
blocks autophagy in dendritic cells by activating 
the MTOR pathway, most likely via the 
 interaction of envelope glycoproteins with the 
CD4 receptor, which leads to an increased cellu-
lar viral content, an increased transfer of HIV-1 
to CD4+ T cells, an increased virus survival and 
reduced antigen presentation [ 35 ,  36 ]. Other 

studies have indicated a major role for autophagy 
in HIV-1-mediated cell death in uninfected CD4+ 
T cells. HIV-1 inhibits autophagy in infected 
CD4+ T cells by downregulating Beclin 1 at the 
transcriptional level and induces autophagy in 
uninfected CD4 + T cells [ 37 ,  38 ]. Therefore, 
HIV-1 manipulates autophagy during infection to 
evade the immune response and illustrates the 
risks and benefi ts induced by the exogenous 
manipulation of the host autophagy [ 39 ,  40 ].   

6.2.2.3     Autophagy and Immunity 
 Autophagy may also be implicated in autoimmu-
nity by some of the mechanisms listed in Fig.  6.4  
( i.e.,  promotion of the MHC class II presentation 
of antigens, control of T lymphocyte homeosta-
sis, induction by Th1 cytokines and possibly by 
facilitation of specifi c serum autoantibodies) 
[ 41 ]. The role of autophagy in the innate immune 
system has been extensively studied but remains 
poorly understood. Pathogen recognition and 
intracellular killing can be controlled by autoph-
agy, but this process might also act beyond patho-
gen control and be related to the general function 
of the clearance of dead cells. In the absence of 
autophagy, apoptotic cells fail to signal for 
 effi cient removal [ 42 ], and LC3 II (Microtubule- 
associated protein 1 light chain 3 alpha)-associated 
phagocytosis is a requirement for dead cell clear-
ance [ 43 ]. This defect may be linked to suscepti-
bility to autoimmunity in mice [ 42 ,  43 ], and it is 
clinically evident that a number of autoimmune 
diseases are precipitated or aggravated after 
infections. 

 Induced autophagy may exacerbate the 
 process of presentation on MHC-II of peptides 
from intracellular sources [ 44 ]. Dendritic 
 cell- mediated antigen presentation in the context 
of MHC-II is most likely an area in which 
autophagy might infl uence immune diseases 
because this is the major activator of the adaptive 
immune cells. Dendritic cells are also important 
in the pathogenesis of Crohn’s disease because 
impaired autophagy facilitates the replication of 
adherent- invasive  Escherichia coli , an important 
factor in the pathogenesis of the disease [ 45 ]. 

 Diseases resulting from increased activation 
of the immune system comprise the following 
two different categories: autoinfl ammatory 
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 diseases and autoimmune diseases in which the 
adaptive immune cells target the self-antigens. 
Infl ammasome activation modulates cytokine 
secretion, and autophagy plays a negative role 
with respect to infl ammasome activation; autoph-
agy defi ciency leads to the increased production 
of IL-1β and IL-18. The IL-1β receptor blockade 
has benefi cial effects in rheumatoid arthritis and 
has been suggested as a therapy for autoinfl am-
matory diseases [ 46 ]. Autophagy is also involved 
in a number of secretory processes in immune 
cells (and non-immune cells). Proteins with a sig-
nal peptide are secreted through a canonical path-
way involving the endoplasmic reticulum. A 
secretion of proteins without a signal peptide 
appears to be mediated by autophagy [ 47 ]. 
Interestingly, autophagy is involved in interferon 
(IFN) secretion. Elevated levels of IFN-α are the 
hallmark of systemic lupus erythematosus, and 
ongoing clinical trials are testing the effective-
ness of monoclonal antibodies against IFN-α 
[ 48 ]. The paucity of data in humans using agents 
that modulate autophagy is intriguing. However, 
the antimalarial drug chloroquine has been used 
for decades as an anti-infl ammatory agent for the 
treatment of systemic lupus erythematosus and 
rheumatoid arthritis. A mechanistic explanation 
has been recently reported indicating that chloro-
quine promotes the transrepression of proinfl am-
matory cytokines by the glucocorticoid receptor. 
The fact that glucocorticoid signaling is regulated 
by lysosomes provides a mechanistic basis for 
treating autoimmune diseases with a combination 
of glucocorticoids and lysosomal inhibitors [ 49 ].    

6.3     Nutritional Stress, 
Autophagy 
and Infl ammation 

6.3.1     Infl uence of Changes 
in the Metabolic State 
on the Immune System 

 Nutritional factors ( i.e.,  obesity, metabolic 
 syndrome, nutritional restriction, among others) 
have an important regulatory role in modulating 
the function of the immune system. Possible 

mechanisms include changes in secretion of 
immune mediators by metabolic tissues, altera-
tions in the composition of resident populations 
of T cells or macrophages, direct effects of 
metabolites on immune cells and intrinsic defects 
in signaling pathways. Changes in the autophagic 
activity of different cell populations are likely to 
infl uence the quality of the immune responses 
that occur in response to nutritional stress or 
nutritional intervention, particularly in the con-
text of a high fat diet [ 50 – 54 ]. Metabolic compli-
cations are associated with a state of subclinical 
chronic infl ammation that has been identifi ed as a 
pathogenic risk. Because infl ammation is not the 
cause of obesity, we speculate that it may repre-
sent a superimposed mechanism that may be 
defensive and is related to autophagy, oxidation, 
dietary factors and the consequent metabolic 
response in specifi c types of cells.  

6.3.2     Chemokine (C-C motif) 
Ligand 2, Autophagy 
and Infl ammation 

 Obese adipose tissue, characterized by adipocyte 
hyperplasia and hypertrophy, is a mediator of 
low-grade infl ammation of the white adipose 
 tissue that is due to a chronic activation of the 
innate immune system leading to an increase in 
cytokines, which mediate the recruitment of mac-
rophages and T cells. Certain cytokines, primar-
ily chemokine (C-C motif) ligand 2 (CCL2), also 
support vasculogenesis. 

 Autophagy modifi es pancreatic beta cell 
 functions regulating glucose homeostasis [ 55 ]. 
Because ER stress is involved in insulin resis-
tance, autophagy might also be involved in insulin 
resistance by modulating the ER stress response 
[ 56 ]. Infl ammation apparently represents an indi-
cator of the failure of adipose tissue in its major 
function of energy storage. We have recently 
developed an animal model overexpressing CCL2 
that is designed to characterize the relationship 
between autophagy and cytokine gene expression. 
The preliminary data suggest that metabolism 
( i.e.,  dietary variations) plays a contributory fac-
tor; animals overexpressing CCL2 displayed an 
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increased number of autophagosomes and a 
 differential rate of mitophagy as compared with 
CCL2 defi cient animals (Fig.  6.5 ) [ 57 ]. However, 
the role of CCL2 may vary in response to different 
environments [ 58 ]. Ongoing studies in our model 
may add information about the regulation of 
autophagy by cytokines, which is based on rela-
tively limited data obtained in mammalian cells. 
IFN-γ, a Th1 cytokine, induces autophagy [ 59 ], 
but Th2 cytokines (IL-4 and IL-13) act as sup-
pressors of autophagy and most likely activate the 
MTOR cascade [ 60 ]. More importantly, in vascu-
lar smooth muscle cells (VSMC) from atheroscle-
rotic plaques, the expression of autophagy genes 
in VSMC was controlled by insulin growth factor 
like-1 (IGF-1) and TNF-α; TNF-α may induce 
autophagy [ 61 ]. This result suggests that IGF-1 
can induce cell survival by inhibiting autophagy 
in plaque- associated VSMC [ 62 ,  63 ]. This effect 

could be important to provide novel strategies to 
increase stability of atherosclerotic plaques.

   This fi nding is also relevant in obesity, a con-
dition associated with a frightening disease 
 burden. Although the search for a simple and 
acceptable nutritionally based therapeutic 
approach continues, other strategies are clearly 
needed. The effect on liver morphology and func-
tion of obesity and the consequent development 
of fatty liver disease has received substantial 
attention in our laboratory [ 64 – 66 ]. It has been 
repeatedly invoked that autophagy may play a 
dual role in cell fate, depending on the stimuli 
and cell type. Therefore, it is essential to consider 
the effect of autophagy in every metabolic tissue 
involved in obesity-associated disturbances. Most 
likely, the effect has been predominantly investi-
gated in adipose tissue and the liver, especially in 
nonalcoholic fatty liver disease (NAFLD). 

  Fig. 6.5    The ingestion of highly caloric, fat-rich, food 
elicited significant differences in weight increase 
among mice overexpressing CCL2 when compared to 
CCL2 knockout animals ( a ). Additionally, dietary 

 conditions were also responsible for significant 
changes in the fusion-fission balance in mitochondrial 
biogenesis ( b ) and the amount of autophagosomes in 
the liver ( c )       
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Intriguingly, the degree of steatosis is heteroge-
neous among obese patients and a substantial 
number of patients do not develop this complica-
tion. Obese patients with steatosis display a 
higher number of autophagosomes in the liver 
and toroidal mitochondria are constantly 
observed in obese patients without steatosis 
(Fig.  6.6 ). Apparently, in the liver, these effects 
are not related to infl ammation but autophagy 
affects the infl ammatory status of the adipocyte. 
The reported data are confl icting and even coun-
terintuitive. Patients with steatosis  displayed higher 
adipocytes than those without and may constitute 
a predictive factor, which is associated with 
circulating C-reactive protein (Fig.  6.6 ).

   The absence of autophagy in adipocytes, as 
identifi ed in adipocyte-specifi c ATG7 knockout 
mice, or the mitigation observed in CCL2 defi -
cient mice, protect against high-fat diet-induced 
obesity and insulin resistance in mice [ 67 – 69 ]. 

However, other data report that autophagy may 
function to limit excessive infl ammation in adi-
pose tissue during obesity [ 70 ]. In addition, obese 
patients do not necessarily display insulin resis-
tance. The inhibition of autophagic action by 
insulin could partly explain an expected increase 
of autophagy in obese patients with insulin resis-
tance, and consequently steatosis should be more 
likely associated with metabolic disturbances. In 
these patients, however, changes in autophagy 
could also play a role in both infl ammatory gene 
expression and secretion of cytokines. This role 
may not be exactly the case for other types of 
cells ( i.e.,  macrophages) that are present in 
expanded adipose tissue. Therefore, it remains 
plausible that the inhibition of autophagy in adi-
pose tissue might worsen insulin sensitivity via 
its effects on infl ammatory cytokine production, 
and that infl ammation is associated with 
 autophagy as part of the induced effects of 

  Fig. 6.6    The degree of steatosis is considerably heteroge-
neous among obese patients and this may be associated 
with the presence of autophagy (mostly mitophagy) ( a ). In 
addition, the adipocytes in subcutaneous adipose tissue are 

 signifi cantly higher in patients with steatosis ( b ). It remains 
to be ascertained whether this measurement could be qual-
ifi ed as a clinical biomarker but it is apparently associated 
with circulating C-reactive protein concentration ( c )       
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 obesity. Other fi ndings [ 71 ,  72 ] suggest that 
obesity- associated infl ammation in adipose  tissue 
up- regulates autophagy to mitigate the produc-
tion of proinfl ammatory cytokines ( i.e.,  autoph-
agy could be a consequence rather than a cause of 
obesity- induced adipose tissue infl ammation).  

6.3.3     Lipophagy and the Lipolytic 
Role of Macrophages 
in Adipose Tissue 

 The function of autophagy in regulating intracel-
lular lipid droplets (LDs) is also relevant for obe-
sity, especially in tissues that are not designed for 
energy storage, such as the liver or muscle (lipo-
phagy). Whether impaired lipophagy is a suffi -
cient condition to cause NAFLD is debatable [ 73 ]. 
Among other data, the existence of lipophagy has 
been suggested, via different mechanisms, to 
degrade LDs through autophagy, indicating that 
lysosomes do not fuse directly with LDs but with 
LD-containing autophagosomes [ 74 ]. In the con-
text of NAFLD, we have previously shown the 
synergic roles of both dietary energy ingestion 
and the tissue CCL2 response [ 75 – 77 ]. LDs were 
initially viewed as storage lipid depots, but it is 
now known that these organelles may participate 
in different cell functions [ 78 ]. Moreover, when 
induced by oxidized lipids, LDs are active in the 
arachidonic acid conversion into leukotrienes 
through the 5-LO pathway, a key component in 
the pathogenesis of atherosclerosis [ 79 – 81 ]. 
Prostaglandins and leukotrienes are important 
infl ammation mediators; consequently, LDs may 
act in the coordination of immune responses. 
Different subpopulations of LDs that may differ 
in their lipid and protein concentrations have been 
observed in different type cells within the same 
cell and/or in response to different stimuli, 
 suggesting maturation and integration in multiple 
cellular processes [ 82 ]. Curiously, emerging 
evidence suggests a linkage between LDs and the 
regulation of immune responses in the context 
of host-pathogen interactions, which have been 
previously reviewed [ 83 ]. The  regulatory network 
of autophagy in the  development of NAFLD may 
also involve  signaling through AMP-activated 

protein kinase (AMPK), which is a central regula-
tor of cellular metabolism [ 84 ]. AMPK regulates 
metabolism through its effects on glucose homeo-
stasis, lipid metabolism, protein synthesis, and 
oxidative metabolism. However, ongoing studies 
in a model of hyperlipidemia suggest that the 
modulation of AMPK by metformin may have 
different effects according to the baseline meta-
bolic context. AMPK may up-regulate glycolysis 
and decrease the synthesis of glycogen [ 85 ]. The 
control of lipid metabolism by AMPK is most 
likely the result of both a decrease in lipogenesis 
and the stimulation of mitochondrial fatty acid 
oxidation. The possible mechanisms remain 
unclear, but the former is most likely due to the 
inactivation of 3-hydroxy- 3-methylglutaryl-
coenzyme A reductase and acetyl CoA carboxyl-
ase 1. The ability of AMPK to promote fatty acid 
oxidation may be due to the decreased synthesis 
of malonyl CoA or a decrease in transcription of 
lipogenic genes via the inhibition of the sterol 
regulatory element-binding protein- 1c. AMPK 
most likely regulates PGC-1α, which subse-
quently increases mitochondrial biogenesis [ 86 ]. 
All of these fi ndings are particularly important 
because metformin has been considered an agent 
against fatty liver disease. Moreover, the invoked 
mechanisms of action are continuously revisited 
[ 87 – 89 ]. A certain alteration in the mitochondrial 
function is likely and deserves future research. 
Metformin may also attenuate infl ammatory 
responses by suppressing the production of 
TNF-α, suppressing the expressions of scavenger 
receptors in  macrophages [ 90 ], and exacerbating 
the allergic eosinophilic infl ammation in high 
fat-diet-induced obesity in mice [ 91 ]. 

 To further complicate the issue, macrophages 
in adipose tissue (ATMs) play a role in lipolysis 
that is independent of infl ammatory action. In an 
attempt to identify the cellular functions of ATMs 
that are regulated by adiposity, a program of 
obesity- associated lysosome biogenesis has been 
recently identifi ed, which suggests that ATM 
lysosomes are important in lipid metabolism 
[ 92 ]. A class of antimalarial drugs, including 
chloroquine, inhibits the acidifi cation of 
 lysosomes ( i.e.,  decreased autophagy), conse-
quently leading to the accumulation of LDs in 
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macrophages. Macrophages are cells that possess 
distinct noninfl ammatory trophic functions that 
are regulated by the cellular and/or metabolic 
context. These new fi ndings indicate that ATMs, 
which are the dominant immune cell in AT, 
respond to increases in adiposity and are closely 
coupled to lipid accumulation ( i.e.,  the net effect 
is to buffer increased concentrations of lipids). 
Moreover, the traffi cking of lipids differs between 
lean and obese individuals. In large adipocytes, 
the released lipid is taken up by macrophages and 
targeted to lysosomes for metabolism. This pro-
cess may be central to the development of meta-
bolic diseases [ 93 ]; however, attempts to target 
autophagy and lysosome function require further 
extensive research (Fig.  6.7 ).

6.4         Conclusion and Perspectives 

 The crosstalk between the signaling pathways 
and autophagy, particularly the link between 
MTOR downregulation and autophagy induc-
tion, requires further exploration considering the 
possible regulatory effects of infl ammation. 
Caloric restriction apparently delays the onset of 
chronic diseases, which are more common later 
in life. Caloric restriction also favors autophagy, 
which provides energy to cells from self-
degraded components and removes harmful 
compounds that play a role in oxidative stress 
and immune function. In older organisms, 
autophagic activity decreases, which may possi-
bly favor the genesis of chronic diseases and 

  Fig. 6.7    Despite their apparent complexity and the 
 possible variations among metabolic tissues, infl amma-
tion, lipolysis and autophagy are closely related in meta-
bolic diseases. Treatment with available drugs may 
require further elucidation of the uptake of lipids by 

 adipose tissue and cells in the environment, particularly 
 macrophages, the signaling effects of lipid sensing, the 
fate of lysosomal products of lipid hydrolysis, and the 
anabolic factors released by autophagy       
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 partially explain the relationship between these 
diseases and an excessive energy intake. 
Although caloric restriction does not appear to 
be feasible in the human population, the induced 
decrease in chronic systemic low-grade infl am-
mation may be focal in the development of many 
typical Western diseases centered on obesity. For 
example, epidemiological studies indicate that 
the consumption of polyphenol- rich foods, 
which may have a caloric restriction mimetic 
effect, may be associated with a lower chronic 
disease risk. 

 Autophagy research may lead to either the dis-
covery of future therapeutic targets or to the effi -
cient use of either marketed or newly developed 
drugs under safe and benefi cial conditions. It 
should be particularly important to uncover the 
multiple interactions between autophagy and cyto-
kines, suggesting important roles for autophagy in 
the control of infl ammation and  fi ne- tuning of the 
immune response. In this setting, atherosclerosis 
appears to be a relatively novel target. Certain 
experiments in mice demonstrate defective 
autophagy in macrophages of atherosclerotic 
plaques. Complete defi ciency of macrophage 
autophagy resulted in a pro-infl ammatory state 
and enhanced plaque progression via an infl am-
masome-dependent mechanism mediated by cho-
lesterol crystals [ 94 ]. The infl ammasomes, recently 
discovered multi-protein complexes, seem to be 
crucial to understand how the immune system 
sense perturbations of cellular homeostasis, and at 
which stage of metabolic disease the subsequent 
interactions impact disease progression. 

 Knowledge on the mechanisms and pathways 
involved in autophagy might reveal a consider-
able potential for pharmacological modulation of 
the process in the management of infl ammation 
and related conditions. Noninfl ammatory func-
tions of immune cells should also be considered 
in the context of potential improvements in the 
therapeutic approach for the devastating meta-
bolic diseases.     
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    Abstract  

  Polyunsaturated fatty acids (PUFA) play pleiotropic and crucial roles in 
biological systems. Both blood and tissue levels of PUFA are infl uenced 
not only by diet, but to a large extent also by genetic heritability. Delta-5 
(D5D) and delta-6 desaturases (D6D), encoded respectively by FADS1 
and FADS2 genes, are the rate-limiting enzymes for PUFA conversion and 
are recognized as main determinants of PUFA levels. Alterations of D5D/
D6D activity have been associated with several diseases, from metabolic 
derangements to neuropsychiatric illnesses, from type 2 diabetes to car-
diovascular disease, from infl ammation to tumorigenesis. Similar results 
have been found by investigations on FADS1/FADS2 genotypes. Recent 
genome-wide association studies showed that FADS1/FADS2 genetic 
locus, beyond being the main determinant of PUFA, was strongly associ-
ated with plasma lipids and glucose metabolism. Other analyses suggested 
potential link between FADS1/FADS2 polymorphisms and cognitive 
development, immunological illnesses, and cardiovascular disease. 
Lessons from both animal models and rare disorders in humans further 
emphasized the key role of desaturases in health and disease. Remarkably, 
some of the above mentioned associations appear to be infl uenced by the 
environmental context/PUFA dietary intake, in particular the relative prev-
alence of ω-3 and ω-6 PUFA. In this narrative review we provide a sum-
mary of the evidences linking FADS1/FADS2 gene variants and D5D/
D6D activities with various traits of human physiopathology. Moreover, 
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we focus also on the potentially useful therapeutic application of D5D/
D6D activity modulation, as suggested by anti-infl ammatory and tumor-
suppressing effects of D6D inhibition in mice models.  

  Keywords  

  Cancer   •   Cardiovascular disease   •   Delta-5 desaturase   •   Delta-6 desaturase   
•   FADS   •   FADS2   •   Infl ammation   •   Polyunsaturated fatty acids  
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  Fig. 7.1    The heterogeneous functions and pleiotropic effects of polyunsaturated fatty acids (PUFA)       

7.1         Introduction: 
From the Pleiotropic Effects 
of PUFA to the Increasing 
Interest on Desaturases 

 Polyunsaturated fatty acids (PUFA) have het-
erogeneous and crucial functions in the human 
body (Fig.  7.1 ). First of all, they are fundamen-
tal structural components of cell membranes, in 
particular at level of central nervous system, 
and their incorporation into the phospholipid 
layer may alter membrane’s fl uidity and selec-
tive permeability (e.g. an increase of PUFA 
incorporation enhances membrane’s fl uidity, 
while saturated fatty acids make the membrane 
more rigid). By this way they can infl uence the 
function and activity of membrane-associated 
receptors and enzymes [ 1 – 4 ]. As paradigmatic 
example, the increase of membrane’s fl uidity 
has been associated with improved insulin sen-
sitivity due to both augmented number and 
higher affi nity of insulin receptors on cellular 
surface [ 5 ]. PUFA are also well recognized to 
be a major fuel source for energy metabolism 

and are beta-oxidized within mitochondria by 
most of cells in the body [ 6 ].

   PUFA can infl uence cellular function by reg-
ulating several metabolic pathways, acting as 
both direct and second messengers. Long-chain 
PUFA may act directly as ligands for transcrip-
tion factors like sterol regulatory element bind-
ing protein 1 (SREBP-1), nuclear factor κB 
(NF-κB), hepatocyte nuclear factor 4α (HNF-4α), 
and peroxisome proliferator-activated receptors 
(PPARs), which are involved in lipogenesis, 
steroid hormones synthesis, and FA oxidation 
[ 7 ]. For instance, ω-3 PUFA are known to infl u-
ence several nuclear receptors modulating lipid 
metabolism (e.g. PPARs, HNF-4α, liver X receptor 
(LXR), and farnesol X receptor (FXR)) with 
hypotriglyceridemic effects [ 8 ]. As second mes-
sengers, PUFA regulate the synthesis of several 
infl ammatory mediators, like eicosanoids that 
represent the key link between PUFA and infl am-
mation. Eicosanoids are lipid mediators of 
infl ammation and include a variety of compounds 
(prostaglandins, thromboxanes, leukotrienes, 
lipoxins, isoprostanes, hydroxyl and epoxy fatty 
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acid). In particular arachidonic acid (AA, 20:4 
ω-6) is the most important substrate for the 
synthesis of the strongest pro-infl ammatory eico-
sanoids [ 9 ]. AA-derived metabolites have been 
demonstrated to play crucial roles in chronic 
infl ammation, as well as in cardiovascular disease 
(CVD) and cancer [ 10 – 13 ]. Noteworthy, AA is 
also the substrate for the synthesis of anandamide 
and other endocannabinoids, which are neuro-
modulatory mediators with a very broad range of 
biological effects involved in several pathophysi-
ological conditions, from neurodegenerative to 
infl ammatory disorders, metabolic derange-
ments, CVD, cancer, and cachexia [ 14 – 16 ]. A 
recent study showed that the activation of Nlrp3 
infl ammasome by endocannabinoids promotes 
beta cell failure in type 2 diabetes [ 17 ]. 

 From a chemical point view, fatty acids are 
carboxylic acids with a long aliphatic chains, 
which may be either saturated or unsaturated. 
Long-chain fatty acids having 16–20 carbon units 
are the most abundant cellular fatty acids, while 
very long-chain fatty acids having more than 20 
carbon units are much less abundant. PUFA are 
chemically characterized by the presence of two 

or more double bonds in their hydrocarbon chain. 
They are classifi ed according to (i) the number of 
carbon atoms, (ii) the number of double bonds 
and (iii) the position of the double bond nearest 
to the terminal methyl group. Four families of 
PUFA have been identifi ed on the basis of these 
structural characteristic, that are ω-3, ω-6, ω-7, 
and ω-9 PUFA. However, ω-3 and ω-6 PUFA are 
universally recognized as the most important 
series [ 3 ,  4 ]. From this point of view it should be 
emphasized that both ω-3 and ω-6 long-chain 
PUFA are particularly important in humans in 
order to maintain the function of brain and cen-
tral nervous system [ 18 ,  19 ]. On the other hand, 
ω-3 and ω-6 PUFA appear to differ profoundly 
for some of their biological and clinical conse-
quences. It is worth noting that ω-6 PUFA- 
derived eicosanoids (e.g. prostaglandin E 2 , 
thromboxane A 2 , leukotriene B 4 ) have strong pro-
infl ammatory effects, while those derived from 
ω-3 PUFA (e.g. prostaglandin E 3 , thromboxane 
A 3 , leukotriene B 5 ) may have anti-infl ammatory 
action (Fig.  7.2 ) [ 20 ,  21 ]. The different properties 
of ω-3 and ω-6 PUFA are particularly evident 
in cardiovascular fi eld, where ω-3 PUFA – in 
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particular the long chain eicosapentenoic (EPA, 
20:5 ω-3) and docosahexaenoic acid (DHA, 22:6 
ω-3) – are usually considered as good friends for 
cardiovascular health. The favorable effects of 
ω-3 PUFA are complex and pleiotropic, includ-
ing preventing cardiac arrhythmias, lowering 
plasma triglycerides, decreasing blood pressure, 
and reducing platelet aggregability [ 22 ,  23 ]. The 
pioneering GISSI-Prevention trial showed that 
1 g daily consumption of ω-3 PUFA reduced car-
diovascular mortality after myocardial infarction, 
mainly by preventing sudden death [ 24 ]. Already 
in 2002, the American Heart Association (AHA) 
recommended ω-3 PUFA for patients with isch-
emic heart disease and subjects with hypertri-
glyceridemia [ 25 ]. In 2004, the United States 
Food and Drug Administration (FDA) also 
approved ω-3 PUFA for hypertriglyceridemia 
therapy [ 23 ,  26 ]. In contrast, ω-6 PUFA with their 
proinfl ammatory effects appear as a potentially 
dangerous bad company for heart and vessel. 
Consistently, high levels of AA in adipose tissue 

have been associated with an increased risk of 
myocardial infarction [ 27 ,  28 ].

   The PUFA profi le in human body refl ects both 
dietary intake and endogenous metabolism. The 
precursors of both ω-3 and ω-6 PUFA (α-linolenic 
(ALA, 18:3 ω-3) and linoleic acid (LA, 18:2 
ω-6), respectively) are essential fatty acids and 
therefore cannot be synthesized in mammals. 
Dietary sources for ALA are canola, fl axseed and 
rapeseed oils, walnuts and leafy green vegetables, 
while LA is contained in eggs, poultry, cereals, 
margarine, sunfl ower and corn oils [ 29 ]. In the 
most of Western diets, ALA and in particular LA 
contribute more than 95 % of dietary PUFA 
intake, that in turn represents up to 20 % of 
dietary fat [ 30 ]. Long chain-PUFA are then syn-
thesized endogenously from ALA and LA by 
reactions of both insertion of additional double 
bonds, catalyzed by desaturases, and elongation 
of the acyl chain, catalyzed by elongases 
(Fig.  7.3 ). The conversion of LA and ALA into 
longer PUFA involves only a relatively small 
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proportion of the essential fatty acids introduced 
with the diet, since the majority undergoes beta- 
oxidation reactions to accomplish the needs of 
energy metabolism [ 31 ]. Noteworthy, both ω-3 
and ω-6 PUFA compete for the same set of 
enzymes in this pathway, although a preferential 
affi nity for ω-3 rather than ω-6 PUFA has been 
demonstrated [ 3 ].

   Elongation involves the addition of two car-
bon units to aliphatic chain and this process 
takes place mainly in the endoplasmic reticulum 
catalyzed by membrane-bound enzymes [ 32 ]. 
Seven isozymes of elongation of very long chain 
fatty acid proteins (ELOVL 1–7) have been iden-
tifi ed so far, each characterized by specifi c sub-
strate specifi city and function [ 32 ,  33 ]. 
ELOVL1-3-6-7 show a selective preference for 
saturated and monounsaturated fatty acids, 
whereas ELOVL2- 4-5 have that for 
PUFA. ELOVL1-5-6 genes are ubiquitously 
expressed, while ELOVL2-3-4-7 genes are char-
acterized by specifi c tissue expression (although 
the physiological role of such differentiated dis-
tribution remains still unknown) [ 34 ]. 

 Desaturases are microsomal enzymes. They 
are thought to be a component of a three-enzyme 
system which includes also cytochrome b5 and 
NADH-cytochrome b5 reductase [ 35 ,  36 ]. The 
delta-5 (D5D) and delta-6 desaturases (D6D) are 
key enzymes in both ω-3 and ω-6 PUFA metabo-
lism, allowing the formation of long chain metab-
olites from dietary ALA and LA. Noteworthy, the 
D6D-mediated conversion of either ALA to stea-
ridonic acid (SA, 18:4 ω-3) or LA to γ-linolenic 
acid (GLA, 18:3 ω-6) is the rate limiting step of 
both ω-3 and ω-6 PUFA metabolic pathways. 

 D5D and D6D are encoded by FADS1 and 
FADS2 genes, respectively. The FADS gene clus-
ter is located on chromosome 11 (11q12-13.1) 
and includes a third gene, i.e. FADS3, that shares 
52–62 % sequence identity with FADS1/FADS2 
genes and encodes for a yet unidentifi ed protein 
[ 37 ]. Both blood and tissue levels of PUFA are 
infl uenced to a large extent by genetic heritabil-
ity. Up to 28 % of variation of blood levels AA is 
due to genetic variation, while such value is about 
10 % for AA precursors [ 38 ]. Preliminary studies 
in the German and Italian populations showed 
very strong associations between FADS1-FADS2 

polymorphisms and PUFA levels in both serum 
phospholipids and red blood cell membranes [ 38 , 
 39 ]. Minor alleles of single nucleotide polymor-
phisms (SNPs) in FADS1/FADS2 genes were 
usually associated with higher LA and lower AA 
levels, suggesting a corresponding impairment of 
desaturases activity. Subsequent analyses repli-
cated such associations in several different popu-
lations of European, Asian, and African descent 
[ 40 – 45 ]. Consistently with these results, genome- 
wide association studies (GWAS) confi rmed 
FADS locus as the strongest genetic predictor of 
plasma phospholipid PUFA [ 46 ]. If the relation-
ship between FADS genetic variants and PUFA 
levels is unquestionable, it should be noted that 
the mechanisms by which FADS polymorphisms 
may infl uence desaturase activity and PUFA con-
centration remain largely unknown. Only few 
functional studies have been performed on this 
topic so far. A recent study showed an infl uence 
of polymorphism rs968567 on FADS2 promoter 
activity by luciferase reporter gene assays [ 47 ]. 
On the other hand, in another study the polymor-
phism rs3834458 did not appear to directly affect 
FADS2 promoter activity [ 48 ]. 

 PUFA status has been related with several out-
comes in human health, from neuronal develop-
ment to psychiatric illnesses [ 49 ,  50 ], from 
infl ammatory to immunologic response [ 51 ], from 
metabolic disorders to CVD [ 13 ,  23 ]. Both FADS 
polymorphisms and desaturase activities have 
been accordingly associated with the same dis-
eases during the last decades [ 13 ,  52 ]. Hence, the 
interest on FADS genes and desaturases exponen-
tially increased, as testifi ed by the progressively 
higher number of publications on these issues 
(Fig.  7.4 ). In this narrative review we try to sum-
marize the main evidences linking FADS genes, 
D5D, and D6D with human diseases, addressing 
also the potential therapeutic applications.

7.2        Delta-5 and Delta-6 
Desaturase Activities 
in Human Diseases 

 Desaturase activity is assessed in vitro or in ani-
mal studies by measuring the rate of the conver-
sion of radiolabeled fatty acids to their respective 
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products [ 53 ], but ethical and practical reasons 
preclude this possibility in humans. On the other 
hand, FADS gene expression could be deter-
mined in liver cells, but this approach would 
require obtaining liver biopsies. Therefore, the 
direct measurement of desaturase activity is not 
feasible for the use in large scale epidemiological 
studies [ 54 ]. Nonetheless, the use of product to 
precursor ratio as a surrogate measure to estimate 
desaturase activity is well established. Indirect 
information can be acquired by the analysis of 
lipid composition of either human plasma or cell 

membranes (usually from the easily collectable 
red blood cells) [ 13 ,  53 ]. The product to precur-
sor ratios are commonly performed on ω-6 fatty 
acids (owing to the ω-3 fi nal products, like EPA 
and DHA, may be more strongly infl uenced by 
dietary intake) and can estimate the global desat-
urase activity (with AA/LA ratio), as well as the 
specifi c D5D (with AA/DGLA ratio) or D6D 
activity (with GLA/LA). The product to precur-
sor ratio approach has been used in many clinical 
studies linking desaturase activities and diseases 
in humans (Fig.  7.5 ) [ 13 ].
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   Several studies have associated desaturase 
activity with dysmetabolic phenotypes and car-
diovascular risk factors. An increased whole 
desaturase activity was found in patients with 
essential hypertension [ 55 ], as well as in subjects 
with insulin resistance, obesity, and metabolic 
syndrome [ 56 ,  57 ]. 

 The relationship with type 2 diabetes is par-
ticularly impressive. Several studies have investi-
gated the potential link between desaturase 
activity and alteration in glucose metabolism (for 
a review, see reference n. [ 54 ]). Most of these 
studies showed independent and signifi cant cor-
relations of estimated desaturase activities with 
diabetes risk, inverse for D5D and direct for D6D. 

 High D6D activity and low D5D activity were 
shown to be associated with insulin resistance [ 58 ] 
and, most importantly, to predict the development 
of diabetes [ 59 – 62 ]. Moreover, an increased D6D 
and a decreased D5D activity have been found in 
Japanese children with abdominal obesity [ 63 ] and 
both could predict the long-term development of 
the metabolic syndrome, which is a cluster of met-
abolic abnormalities with a physiopathological 
core represented by insulin resistance [ 64 ]. All 
these results prompt to hypothesize that desaturase 
activity plays a role in the pathogenesis of diabetes 

and may infl uence the individual susceptibility to 
diabetes. 

 Non-alcoholic steatohepatitis (NASH) is a 
disease characterized by infl ammation and fat 
accumulation in the liver. It is usually associated 
with metabolic derangements, like obesity, 
plasma lipids abnormalities, insulin resistance, 
and type 2 diabetes. NASH is increasingly recog-
nized as a common liver condition, may progress 
to cirrhosis, and potentially would become the 
leading cause of liver transplantation worldwide 
[ 65 ]. Increased D6D and decreased D5D esti-
mated activities have been found in patients with 
non-alcoholic fatty liver disease as compared 
with normal subjects [ 66 ]. Consistently, mice 
with high-fat diet-induced obesity and NASH 
showed an increased expression of D5D and 
D6D at both mRNA and protein level in the cells 
of the liver. Noteworthy, a combined D5D/D6D 
inhibitor, CP-24879, signifi cantly reduced intra-
cellular lipid accumulation and infl ammatory 
injury in hepatocytes [ 67 ]. Moreover, CP-24879 
exhibited superior antisteatotic and anti- 
infl ammatory actions in hepatocytes from fat-1 
mice, that express an ω-3 desaturase allowing the 
endogenous conversion of ω-6 into ω-3 fatty 
acids and restoring hepatic ω-3 content [ 68 ]. 

Cardiovascular Disease

High D6D and low D5D activity, 
high whole desaturase activity

Insulin Resistance

Diabetes

High D6D and low D5D activity, 

AA

LALA

Fatty Acid

Product to Precursor Ratio

to estimate desaturase activity

Non-alcoholic steatohepatitis 
(NASH)

High D6D and low D5D activity

Inflammation

Whole desaturase activity 
directly correlated with hs-CRP

Cancer

High D6D activity

Neuropsychiatric Disease

High D6D activity in 
schizophrenia
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D5D activity inversely 
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High whole desaturase activity
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  Fig. 7.5    Associations of delta-5 (D5D)/delta-6 desaturase 
(D6D) activity with clinical phenotypes and human dis-
eases. D5D and D6D activities were generally estimated 

by fatty acid product to precursor ratio. “Whole desaturase 
activity” refers to arachidonic to linoleic acid ratio, thus 
including the metabolic passages of both D5D and D6D       

 

7 Delta-5 and Delta-6 Desaturases: Crucial Enzymes in Polyunsaturated Fatty…



68

 A relationship between desaturases activities 
and CVD has been also proposed. In a community- 
based prospective population of 50-year old men 
D6D activity showed a direct association with 
cardiovascular mortality (HR 1.12 with 95% CI 
1.00–1.24), while D5D had an inverse correlation 
(HR 0.88 with 95% CI 0.80–0.98) [ 69 ]. 
Accordingly, high D6D activity was associated 
with most of cardiovascular and metabolic risk 
factors, while triglycerides and fasting insulin 
were benefi cially related to D5D activity [ 70 ]. In 
a previous work of our group within the 
angiographically- controlled Verona Heart Study, 
using the AA/LA ratio as a surrogate measure of 
“overall” desaturase activity, we found that this 
ratio was higher in patients with coronary artery 
disease (CAD). The proportion of CAD increased 
progressively from the lowest to the highest AA/
LA tertile and after adjustment by multiple logis-
tic regression AA/LA remained associated with 
CAD independently from all the traditional car-
diovascular risk factors (the highest  versus  the 
lowest tertile OR 2.55 with 95 % CI 1.61–4.05). 
Moreover, the serum concentration of C-reactive 
protein measured by high sensitivity methods 
(hs-CRP) also increased progressively across 
AA/LA tertile [ 71 ]. Thus, it appeared reasonable 
to hypothesize that inappropriately high desatu-
rase activity may indicate a peculiar susceptibil-
ity to the infl ammatory stimuli involving the 
arterial wall during the atherosclerotic process. 
Actually, an increased desaturase activity – espe-
cially in an ω-6 rich environment, like that gener-
ated by the current Western diet – may lead to a 
greater AA bioavailability, thus favoring the syn-
thesis of AA-derived mediators and vascular 
infl ammatory damage involved in the pathogen-
esis of atherosclerosis [ 13 ,  71 ]. There is a great 
interest in the role of AA-derived eicosanoids in 
atherosclerosis [ 9 ]. The leukotriene pathway has 
been associated with CVD in both mice and 
humans [ 9 ,  72 ,  73 ]. Consistently with such point 
of view, accumulation of AA in adipose tissue 
has been associated with a greater risk of myo-
cardial infarction (MI), suggesting a proathero-
sclerotic/prothrombotic role of AA excess [ 27 , 
 28 ], although the results were sometimes object 
of controversy [ 74 ]. Remarkably, a recent study 

in Chinese Han population confi rmed that AA/
LA ratio level was higher in CAD patients [ 75 ]. 

 Our result suggesting that high “overall” 
desaturase activity may be harmful for cardiovas-
cular health [ 71 ] is consistent with those about 
D6D activity [ 69 ,  70 ]. Taking into account that 
D6D is the rate-limiting step of the whole PUFA 
pathway, this concordance appears as biologi-
cally plausible. On the other hand, D5D is the key 
enzyme in synthesizing long-chain PUFA and 
increased D5D activity has been associated with 
high plasma levels of EPA and DHA [ 76 ]. 
Accordingly, D5D activity has been inversely 
associated with triglycerides, fasting insulin [ 70 ], 
cardiovascular mortality [ 69 ], and incident risk 
of ischemic heart disease [ 76 ]. 

 Infl ammation and AA-derived mediators play 
crucial roles also in cancer biology. Increased 
AA metabolism and the related eicosanoid for-
mation are characteristic in various types of can-
cer cells [ 77 ,  78 ]. AA-derived pro-infl ammatory 
and pro-angiogenic eicosanoids, which are pro-
duced by tumor cells and their surrounding stro-
mal cells, are key mediators in their crosstalk and 
can accelerate tumor growth and metastasis 
development through several mechanisms [ 10 ]. 
Selective inhibition of D6D with SC-26196 (a 
highly selective inhibitor of D6D) has been 
shown to inhibit tumorigenesis in two mice mod-
els of intestinal cancer. Noteworthy, this effect on 
tumorigenesis was abrogated by concomitant 
treatment with dietary AA, suggesting that such 
infl uence was due to the interference with 
AA-related pathways [ 79 ]. More recently, the 
group of Kang showed that D6D activity was up- 
regulated during melanoma and lung tumor 
growth in mice and AA/LA ratio was positively 
correlated with tumor size. Most importantly, the 
suppression of D6D activity, either by knocking 
down D6D expression with RNAi or by inhibit-
ing D6D enzyme activity with SC-26196, 
reduced tumor growth. Accordingly, the content 
of AA and AA-derived eicosanoids was signifi -
cantly decreased in tumor tissues. Both D6D- 
RNAi and SC-26196 did not show any signifi cant 
tumor growth suppression in vitro, suggesting 
that blocking D6D is not directly toxic for can-
cer cells. The authors rather proposed that the 
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 anti- tumor effect of D6D inhibition could be due 
to its impact on the tumor microenvironment, 
modulating infl ammation and angiogenesis [ 80 ]. 

 The composition of phospholipid fatty acids 
of separated mononuclear blood cells was altered 
and an increased D6D activity has been found in 
patients with acute lymphoblastic leukemia, but 
not in acute myeloid leukemia [ 81 ]. Moreover, 
in vitro studies showed that the inhibition of D6D 
could reduce the growth of different leukemia 
cell types [ 82 ]. A study evaluating PUFA compo-
sition of subcellular fractions from healthy and 
cancerous kidney tissues, revealed lower LA con-
tent and D5D activity, and higher AA, ALA, EPA 
contents and D6D activity in renal cell carcinoma 
than in healthy renal tissue [ 83 ]. An increased 
D6D activity was found in human breast cancer 
tissue [ 84 ]. On the other hand, a previous case–
control study evaluating fatty acid composition 
of erythrocyte membrane could not clearly sup-
port that desaturase activity infl uence the devel-
opment of breast cancer [ 58 ]. 

 Long-chain PUFA are fundamental constitu-
ents of human central nervous system. The avail-
ability of both ω-3 and ω-6 PUFA infl uences 
brain development and growth, particularly dur-
ing the perinatal period and in early life. 
Alterations in PUFA composition have been 
associated with different neurological and neuro-
psychiatric illnesses [ 85 ,  86 ]. Therefore, also 
desaturase activities have been hypothesized to 
infl uence neurological and psychiatric functions 
in health and disease. Post-mortem studies on 
prefrontal cortex of patients with schizophrenia 
showed a greater D6D activity index. Moreover, 
FADS2 mRNA expression was higher in patients 
with schizophrenia than in controls and such dif-
ference was independent of antipsychotic medi-
cations [ 87 ,  88 ]. FADS2 mRNA expression was 
signifi cantly elevated also in the prefrontal cortex 
of patients with bipolar disorder [ 89 ]. On the 
other hand, D6D and D5D activities were not dif-
ferent between patients with recurrent major 
depressive disorders and age- and sex-matched 
healthy controls [ 90 ]. 

 Finally, a reduction of D5D activity has been 
estimated from analysis of whole blood fatty 
acids in patients with cystic fi brosis, especially in 

the case of severe disease [ 91 ]. In contrast, further 
studies showed that cystic fi brosis cells in culture 
had an increased expression of D5D and D6D 
enzymes [ 92 ,  93 ].  

7.3     FADS1/FADS2 Gene Variants 
in Human Diseases: 
From the Earlier Reports 
to Genome-Wide Association 
Studies (GWAS) 

 FADS1 and FADS2 genes encode D5D and 
D6D, respectively. They are located on chromo-
some 11 (11q12-13.1), in reverse orientation, 
and separated by <11 kb region. Cloning of both 
D5D and D6D was performed in 1999 [ 35 ,  36 ]. 
A third gene, named FADS3, is included in this 
cluster, but no functional role has been yet attrib-
uted to the FADS3 putative transcriptional prod-
uct [ 94 ]. A recent study showed that FADS3 
does exist under multiple protein isoforms 
depending on the mammalian tissues [ 95 ]. Since 
all the three FADS genes share a common loca-
tion and had a similar structure, it has been 
hypothesized that they arose evolutionary from 
gene duplication, acquiring substrate specifi city 
during the evolution [ 37 ,  52 ]. 

 Earlier studies on FADS1-FADS2 polymor-
phisms disclosed a very strong associations 
with PUFA levels in both serum phospholipids 
and red blood cell membranes [ 38 ,  39 ]. As pre-
viously mentioned, minor alleles of single 
nucleotide polymorphisms (SNPs) in FADS1/
FADS2 genes were usually associated with 
higher precursor and lower product levels, sug-
gesting an impairment of desaturases activity. 
Remarkably, GWAS confi rmed FADS locus as 
the strongest genetic predictor of plasma phos-
pholipid PUFA [ 46 ,  96 ]. 

 Taking into account the pleiotropic effects of 
PUFA, it appears biologically plausible that 
FADS gene variants associated with different 
desaturase activity can have an impact on several 
pathological conditions. Therefore, although the 
mechanisms by which FADS polymorphisms 
infl uence desaturase activity and PUFA concen-
tration remain largely unknown, studies analyzing 

7 Delta-5 and Delta-6 Desaturases: Crucial Enzymes in Polyunsaturated Fatty…



70

the possible relationship between FADS genotype 
and human diseases fl ourished (Fig.  7.6 ).

   The pioneering study of Schaeffer et al. sug-
gested that FADS genotypes associated with 
low desaturase activity (and thus low AA bio-
availability) may have a lower risk of immuno-
logical disease, like allergic eczema and atopic 
rhinitis [ 38 ]. Noteworthy, about 20 years ago the 
results of genome-wide search for linkage to 
traits associated with allergic asthma identifi ed 
one linkage on chromosome 11q13, i.e. where 
FADS gene cluster is located [ 97 ]. More recent 
studies suggested that the association between 
dietary intake of PUFA and allergic diseases, as 
well as the association between breastfeeding 
and asthma, might be modulated by FADS gene 
variants in children [ 98 ,  99 ]. Furthermore, a 
recent study found that FADS polymorphisms 
may infl uence hs-CRP plasma concentration in 
young adults [ 100 ]. 

 According to the concept of the potentially 
harmful effects of an excess of AA-derived pro- 
infl ammatory mediators, we showed within the 
Verona Heart Study population that FADS poly-
genic models (including rs174545, rs174570, 
rs17583, and rs1000778 SNPs) and FADS haplo-
types associated with high AA/LA ratio had 
increased hs-CRP plasma concentration and were 
more represented in CAD patients than in  CAD- free 

subjects [ 71 ]. Noteworthy, we emphasized the 
deleterious effects of FADS genotypes associated 
with high desaturase activity could be particu-
larly evident in an ω-6 rich diet, like it was that of 
Verona Heart Study. Previously, another study 
investigated the possible relationship between 
FADS genes and CVD. In the Costa Rican popu-
lation a common deletion variant in the FADS2 
promoter (rs3834458) was associated with a 
decrease in serum AA and EPA, as well as tri-
glyceride, but not with MI. Interestingly, the 
authors of this work suggested that the results 
may have been masked by the high availability of 
the ω-3 ALA in the diet of Costa Rican popula-
tion [ 101 ]. It should be noted that GWAS did not 
found so far any signifi cant association between 
FADS gene locus and CAD/MI [ 102 ], specula-
tively because of the diet variability in the differ-
ent populations included. 

 In contrast, GWAS approach identifi ed FADS 
locus as an important genetic determinant of 
plasma concentration of all plasma lipids, from 
triglyceride to HDL- and LDL-cholesterol [ 103 –
 105 ], even in populations with different ethnic 
background [ 106 ]. FADS1 variant associated 
with high transcription level were linked with 
both high production of long chain ω-3 PUFA 
and favorable effects on plasma lipids, like low-
ering triglyceride and increasing  HDL-cholesterol 
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  Fig. 7.6    Associations of FADS genotypes with clinical phenotypes and human diseases. Those relations which have 
been confi rmed by genome-wide studies are accordingly indicated (GWAS)       
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plasma concentration [ 103 ]. Noteworthy, a very 
recent study examining 188,577 individuals 
using genome-wide and custom genotyping 
arrays identifi ed FADS locus as one of the four 
(the others were CETP, TRIB1, and APOA1) 
which were associated with all lipid traits, i.e. 
total, HDL-, and LDL-cholesterol, and triglyceride 
[ 107 ]. Overall, these data suggest a direct genetic 
infl uence on lipid parameters, but not so strong to 
affect secondarily also the clinical (cardiovas-
cular) outcomes. 

 A relationship between FADS gene locus and 
glucose metabolism has been also disclosed. In a 
GWAS involving more than 120,000 subjects 
FADS1 rs174550 polymorphism was associated 
with fasting glucose and had a weak relation with 
diabetes risk [ 108 ]. In another study FADS1 
rs174550 was associated with abnormalities in 
early insulin secretion [ 109 ]. In the EPIC- Potsdam 
Study FADS1 rs174546, which is in complete 
linkage with the above mentioned rs174550, was 
associated with both D5D and D6D activities 
(with minor allele carriers having both lower D5D 
and D6D activities) [ 40 ]. As previously cited in 
the paragraph on D5D and D6D activities in 
human diseases, most of studies investigating the 
association between desaturase activity and dia-
betes disclosed opposite trends of correlation for 
either D5D or D6D activity. More precisely, there 
was an inverse correlation of D5D and a direct 
correlation of D6D with diabetes risk [ 59 – 62 ]. 
Analysis of FADS polymorphisms by adjusting 
for the estimated D5D and D6D activities con-
fi rmed contrasting infl uences on diabetes risk 
[ 62 ]. Consequently, it was suggested that a recip-
rocal counterbalance (e.g. FADS genotypes asso-
ciated with both high D5D and high D6D activity, 
or vice versa) might result in an overall weak 
association of FADS genotypes with diabetes [ 54 , 
 62 ]. This concept may provide a possible explana-
tion for some controversial results about the rela-
tionship between FADS gene locus and glucose 
metabolism traits [ 109 – 114 ]. 

 The key role of desaturases in human metabo-
lism has been further emphasized by a comprehen-
sive analysis of phenotypes using a GWAS with 
non-targeted metabolomics. In such analysis FADS 
gene locus presented one of the strongest associa-

tion with metabolic traits (P = 8.5×10 −116  for 
FADS1 rs174547 association with 1-arachidonoyl- 
glycerophosphoethanolamine/1-linoleoyl- 
glycerophosphoethanolamine ratio) [ 115 ]. 

 Long-chain PUFA, like AA and DHA, are 
crucial to enhance cognitive development. 
Breastfeeding exposes babies to increased con-
centration of AA and DHA and has been found to 
improve signifi cantly the cognitive development 
with higher later intelligence quotient (IQ) [ 116 ]. 
Remarkably, the association between breastfeed-
ing and IQ was moderated by FADS2 rs174575 
polymorphism in two birth cohorts. More pre-
cisely, there was no effect of breastfeeding on IQ 
in GG homozygotes, while breastfed children 
carrying the C allele had a striking IQ advantage 
over those who were no breastfed [ 116 ]. In con-
trast with these data, in a subsequent study 
rs174575 GG homozygotes exhibited the greatest 
difference between feeding methods with no 
breastfed GG children performing worse than 
other no breastfed children [ 117 ]. It is worthy to 
note that FADS1 and FADS2 genetic variants 
have been shown to infl uence the PUFA compo-
sition of breast milk in pregnancy and lactation 
[ 118 ]. Subsequent studies indicated that FADS1/
FADS2 gene locus controls brain expression of 
FADS1 and that its genetic variance in combina-
tion with breastfeeding and/or food intake might 
alter PUFA composition in the brain, thereby 
potentially infl uencing cognition [ 119 ]. Another 
recent study confi rmed the favorable role of 
maternal AA and DHA on fetal neural develop-
ment and suggested that the endogenous synthe-
sis of long-chain PUFA regulated by FADS 
genes, in particular FADS2, may also be impor-
tant [ 120 ]. Therefore, although some results are 
controversial and no defi nitive proof has been 
provided, FADS1/FADS2 and D5D/D6D may 
have a role in the complex and still shadowy fi eld 
of cognitive development.  

7.4     Lessons from Animal Models 

 Mice models have provided precious information 
about the biological role of desaturases and their 
various effects in different pathological conditions 
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(Fig.  7.7 , top panel). Stoffel and colleagues 
investigated a model of genetically defi ned 
FADS2-defi cient (fads2 −/− ) mice [ 121 ]. FADS2 
defi ciency was confi rmed to prevent the process-
ing of LA and ALA to long-chain ω3- and 
ω6-PUFA. Consistently, eicosanoids synthesis 
was abolished and macrophages failed to syn-
thesize leukotrienes in immune response. 
Surprisingly, the viability of fads2 −/−  mice was 
unimpaired. Key parameters of carbohydrate and 
lipid metabolism remained unchanged in spite of 
the lack of long-chain PUFA. Male and female 
mice were sterile with disrupted spermiogenesis 
and folliculogenesis, respectively. Platelet aggre-
gation and thrombus formation were inhibited. 
Thus, bleeding time was increased, while fads2 −/−  
mice were protected from vessel thrombosis 
inducted by vascular injury [ 121 ].

   Fan and colleagues investigated a model of 
FADS1 knockout mice [ 122 ]. As expected, the 

levels of DGLA and AA were reciprocally altered 
in all the tissues. The lack of AA-derived eico-
sanoids was associated with perturbed intestinal 
crypt proliferation, immune cell homeostasis, 
and an amplifi ed sensitivity to acute infl ammatory 
challenge. Mice failed to thrive and died before 
12 weeks of age. Noteworthy, dietary supplemen-
tation with AA extended the longevity of FADS1 
knockout mice to levels comparable to wild-type 
mice [ 122 ]. 

 Pharmacological interventions on mice fur-
nished intriguing data. Studies in mice treated 
with CP-24879, a mixed D5D/D6D inhibitor, 
suggested that desaturase inhibition may have 
anti-infl ammatory properties by decreasing the 
levels of AA and, consequently, of AA-derived 
eicosanoids [ 123 ]. The specifi c D6D inhibitor 
SC-26196 had marked anti-infl ammatory proper-
ties and decreased edema to the same extent as 
indomethacin did in mice [ 123 ]. All these results 

FADS2-deficient mice
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genesis, no long-chain ω3- and ω-6 PUFA, abolished synthesis of eicosanoids,
carbohydrate and lipid metabolism unchanged, platelet aggregation and
thrombus formation inhibited
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• Failure to thrive and death before 12 weeks of age, perturbed intestinal crypt
proliferation, immune cell homeostasis, amplified sensitivity to acute
inflammatory challenge

CP-24879, a mixed D5D/D6D inhibitor

• Anti-inflammatory effects

• Reduction of both lipid accumulation and inflammatory injury in hepatocytes in
mice with NASH
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• Reduction of tumor growth
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  Fig. 7.7    Lessons on desaturases from animal models and rare clinical disorders in humans       
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supported the hypothesis of a signifi cant role of 
desaturases in infl ammation and suggested desat-
urases as a target for the development of new 
anti-infl ammatory drugs. Moreover, the mixed 
inhibitor CP-24879 was shown to reduce lipid 
accumulation and infl ammatory injury in hepato-
cytes of mice with NASH induced by high-fat 
diet [ 67 ]. 

 Finally, the selective inhibition of D6D with 
SC-26196 has been shown to block tumorigene-
sis and/or reduce tumor growth in different mice 
models of neoplasia, such intestinal cancer, lung 
cancer, and melanoma (see also the previous 
paragraph “Delta-5 and delta-6 desaturase activities 
in human diseases”) [ 79 ,  80 ]. Thus, D6D inhibi-
tion could be a potential target as well for the 
therapy and the prevention of cancer.  

7.5     Lessons from Rare Clinical 
Disorders in Humans 

 The thorough observation of rare, genetic and 
metabolic disorders has often represented a use-
ful source of clinical and scientifi c information in 
the history of medicine. Very low levels of D6D 
activity have been described in patients with the 
Sjögren-Larsson syndrome, a genetic disease 
which is caused by mutations in ALDH3A2 gene 
codifying for fatty aldehyde dehydrogenase and 
is characterized by ichthyosis, spastic diplegia, 
and mental retardation [ 124 ,  125 ]. About 10 
years ago, a nucleotide insertion in the transcrip-
tional regulatory region of the human FADS2 
gene (i.e. an insertion of thymidine between posi-
tions −942 and −941 upstream of the translation 
start site) was described [ 126 ]. This mutation 
caused a sixfold decrease in promoter activity 
and thus D6D defi ciency with severe impairment 
of LA to AA conversion. The subject carrying 
this mutation was clinically characterized by 
feeding intolerance, growth failure, corneal 
ulcerations, marked photophobia, and skin abnor-
malities. Noteworthy, all these clinical signs and 
symptoms signifi cantly improved after diet sup-
plementation with a mixture of LA and DHA 
[ 126 ]. D5D defi ciency has been suggested in two 
brothers with multineuronal degeneration,  mental 

retardation, neurosensory hearing loss, retinitis 
pigmentosa, progressive muscular atrophy, hepa-
tosplenomegaly, and adrenal failure (Fig.  7.7 , 
bottom panel) [ 127 ].  

7.6     A “Desaturase Hypothesis” 
for Atherosclerosis 

 The infl uence of desaturases on biological sys-
tems is extremely complex and pleiotropic, so 
that every oversimplifi cation about clinical con-
sequences of such activities (e.g. high desaturase 
activity is dangerous, while low desaturase activ-
ity is advantageous, or vice versa) looks as inad-
equate. Most importantly, the biological effects 
of desaturase activity could be modulated by the 
different balance between ω-3 and ω-6 PUFA. The 
case of CVD may represent a paradigmatic 
example from this point of view. A high desatu-
rase activity in a ω-3 PUFA-rich environment 
would increase the cardioprotective EPA and 
DHA. On the other hand, a high desaturase activ-
ity in a ω-6 PUFA-rich environment would 
increase the AA bioavailability, potentially favor-
ing the synthesis of proinfl ammatory eicosanoids 
and the consequent infl ammatory vascular dam-
age. In the Verona Heart Study population, within 
a clinical context characterized by a larger preva-
lence of ω-6 PUFA, a higher desaturase activity 
estimated by means of AA/LA ratio was associ-
ated with both hs-CRP concentration and 
increased risk of CAD. Moreover, FADS haplo-
types associated with higher AA/LA ratio had 
also higher hs-CRP concentration and were more 
represented within the CAD population [ 71 ]. 

 Desaturases appear therefore as Janus-faced 
enzymes with both favorable and unfavorable 
effects according the relative balance/imbalance 
of PUFA [ 13 ]. In the current Western diet the ω-6/
ω-3 PUFA ratio is estimated to be about 15/1, 
instead of 1/1 as in prehistoric or tribal human 
populations. Noteworthy, a balance between ω-6 
and ω-3 PUFA is thought to have existed for mil-
lions of years during the evolution of mankind 
[ 128 ] and only recently the imbalance to ω-6 
PUFA may have unraveled the proinfl ammatory 
and potentially harmful consequences of high 

7 Delta-5 and Delta-6 Desaturases: Crucial Enzymes in Polyunsaturated Fatty…



74

desaturase activity [ 13 ]. Finally, the variants in 
FADS genes suggest that individuals with differ-
ent genotype may require different amount of 
dietary PUFA to achieve comparable biological 
effects [ 129 ]. Accordingly with this hypothesis, 
subjects with FADS genotype predisposing to 
high desaturase activity may be more susceptible 
to the proinfl ammatory effects of diets rich in ω-6 
PUFA and defi cient in ω-3 PUFA (Fig.  7.8 ), but at 
the same time may have particular benefi ts from 
approaches reducing the ω-6/ω-3 PUFA ratio 
imbalance, like ω-3 PUFA supplementation [ 13 ].

7.7        An Evolutionary Hypothesis 
for Desaturases 

 The synthesis of long-chain PUFA is particularly 
important in humans. Actually, humans are 
extremely dependent on long-chain PUFA because 

of their large brain, which requires high amounts 
of long-chain PUFA, like DHA and AA, in order 
to maintain its function [ 18 ,  19 ]. A recent and fas-
cinating study of Gyllensten’s group performed 
genome-wide genotyping and targeted rese-
quencing of FADS region in different human 
populations, as well as analyzed genomic data 
from archaic hominids and other primates [ 130 ]. 
Present-day humans were shown to have mainly 
two common haplotypes associated with differ-
ent desaturase activity: the haplotype D (fre-
quency 62.1 %) associated with a higher ability 
to  generate long-chain PUFA and the haplotype A 
(frequency 33.0 %). Noteworthy, the results sug-
gested that the haplotype D appeared after the 
split from Neanderthals – around 500,000 years 
ago – but prior to the exodus of modern humans 
from Africa – 50,000–100,000 years ago. 
Moreover, this haplotype showed evidence of 
positive selection, possibly by providing  advantage 

ωω-3 pathway ω-6 pathway

High desaturase activity

ω-6/ω3 ratio 
~ 15/1

ω6 PUFA

(LA)

ω3 PUFA

(ALA)

Cardiovascular 
Harmful Effects

Cardiovascular 
Favorable Effects

Proinflammatory 
Effects

≠  ≠  ≠  

≠  ≠  ≠  AA EPA
DHA

Atherosclerosis

Coronary Artery Disease

Myocardial Infarction

FADS genotype
predisposing to high
desaturase activity

more susceptible to 
proinflammatory effects of 

Western diet

Western diet

  Fig. 7.8    A “desaturase hypothesis” for atherosclerosis. 
Desaturases could be considered as Janus-faced enzymes 
with both favorable and harmful effects for cardiovascular 
health. In subjects following a Western diet rich in ω-6 
PUFA, a high desaturase activity would predispose to more 
pronounced vascular infl ammatory damage. Accordingly, 

subjects with FADS genotype predisposing to high 
 desaturase activity may be more susceptible to the proin-
fl ammatory effects of diets rich in ω-6 PUFA and  defi cient 
in ω-3 PUFA.  AA  arachidonic acid,  ALA  α-linolenic,  DHA  
docosahexaenoic acid,  EPA  eicosapentaenoic acid,  LA  
linoleic acid       
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in  environments with limited availability of 
dietary long-chain PUFA. The authors hypothe-
sized that the advantage of having a faster bio-
synthesis of long-chain PUFA might have turned 
into a disadvantage with the modern Western 
diet, like in a sort of evolutionistic Yin-Yang. 
Actually, haplotype D might have been benefi -
cial when food sources of long-chain PUFA were 
scarce. On the other hand, within an environmen-
tal context characterized by high ω-6 PUFA 
intake the haplotype D might favor the synthesis 
of AA-derived eicosanoids leading to infl amma-
tory damage and its harmful clinical conse-
quences, including CVD (Fig.  7.9 ) [ 130 ]. This 
idea seems to fi t perfectly with the above men-
tioned “desaturase hypothesis” for  atherosclerosis 

[ 13 ] according to an evolutionistic and holistic 
point of view.

   In summary, the more effi cient ability to gen-
erate long-chain PUFA could have been selected 
as a favorable trait during the evolution of man-
kind. Only during the last century (the genetic 
selection pressure needs much more time than 
one century to be effective), the dramatic and 
rapid changes in environmental context and 
dietary intake have unraveled the potentially 
harmful effects of high desaturase activity. More 
precisely, the skill to generate long-chain PUFA 
(and the related FADS genotypes) may change 
into detrimental if ω-6 PUFA are largely preva-
lent, favoring eicosanoids-mediated infl amma-
tory damage [ 11 ,  13 ].  

500.000 B.C. 100.000 B.C.

Environment

poor in long-chain PUFA

Environment

rich in w-6 PUFA

1900 A.D. 2000 A.D. At present day

Human brain needs
high amounts of 
long-chain PUFA A high desaturase activity may

provide the advantage of faster
biosynthesis of long-chain PUFA and 

enhance brain development… 

FADS haplotype D  
(favoring long chain-PUFA 
synthesis) appeared after 

the split from Neanderthals…

…might be beneficial
when food sources of long-
chain PUFA were scarce. 

Harmful effects

• Inflammation

• Tumorigenesis

• Atherogenesis

…may be detrimental

within an environmental 
context rich of ω6-PUFA 

(Western diet).

… but might have turned into a 
disadvantage with the modern

life-style

At present day 

FADS haplotype D…

  Fig. 7.9    An evolutionary hypothesis for desaturases. 
Humans are extremely dependent on long-chain PUFA 
because of their large brain, which requires high amounts 
of long-chain PUFA. FADS haplotype associated with a 
higher ability to generate long-chain PUFA (haplotype D) 
might have been benefi cial when food sources of long-
chain PUFA were scarce. On the other hand, within an 

environmental context characterized by high ω-6 PUFA 
intake the haplotype D may favor the synthesis of eico-
sanoids leading to infl ammatory damage and its harmful 
clinical consequences. Therefore, the advantage of having 
a faster biosynthesis of long-chain PUFA might have 
turned into a disadvantage with the modern Western diet, 
like in a sort of evolutionistic Yin-Yang       
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7.8     Concluding Remarks 

 PUFA metabolism is crucial in humans. D5D and 
D6D are well recognized as main predictors of 
PUFA variability, thereby infl uencing several bio-
logical mechanisms [ 13 ,  30 ,  52 ]. Both alterations 
of D5D/D6D activities and FADS1/FADS2 poly-
morphisms have been associated with a lot of dif-
ferent diseases. However, the complex and 
heterogeneous effects of desaturase activity, as well 
as the multifaceted interactions with PUFA dietary 
intake, have made it diffi cult so far to moving this 
group of enzymes from the bench to the bedside. 

 Nonetheless, the modulation of D5D/D6D 
activity appears as a potentially promising target 
in different pathological conditions, as testifi ed by 
both anti-infl ammatory and tumor- suppressing 
effects of D6D inhibition in mice models [ 79 ,  80 , 
 123 ]. On the other hand, the deleterious conse-
quences which have been observed in case of 
severe lack of desaturase activity in both animal 
models [ 121 ,  122 ] and humans [ 124 – 127 ], advise 
against an indiscriminate inhibition of desatu-
rases. Rather they address the need for search of 
tissue-specifi c modulators of D5D/D6D activity. 
To this aim, we require a better comprehension of 
the processes, like the epigenetic ones, differently 
regulating FADS1/FADS2 expression. Moreover, 
the specifi city of either D5D or D6D activity 
should be taken into account (e.g. D6D and D5D 
activities have been differently associated with 
different diseases), as well as the environmental 
context in which the enzymes are working (e.g. 
ω-6-rich diets may enhance the pro-infl ammatory 
effect of high desaturase activity). Further studies 
addressing all these issues are strongly warranted 
and may contribute to the development of both 
tailored dietary strategies for reducing the risk of 
illness and specifi c modulations of D5D/D6D 
activity for treating diseases associated with alter-
ations in PUFA homeostasis.     
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    Abstract  

  Serum paraoxonase 1 (PON1) has been shown to act as an important 
guardian against cellular damage from oxidized lipids in low-density lipo-
protein (LDL), plasma membrane, against toxic agents such as pesticide 
residues including organophosphates and against bacterial endotoxin. 
PON1 associated with circulating high-density lipoprotein (HDL) has the 
ability to prevent the generation of pro infl ammatory oxidized phospholipids 
by reactive oxygen species. The activities of the HDL-associated PON1 
and several other anti-infl ammatory factors in HDL are in turn negatively 
regulated by these oxidized lipids. In rabbits, mice, and humans there 
appears to be an increase in the formation of these oxidized lipids during 
the acute phase response. This results in the association of acute phase 
proteins with HDL and inhibition of the HDL-associated PON1 that renders 
HDL pro infl ammatory. 

 In populations, low serum HDL-cholesterol is a risk factor for athero-
sclerosis and efforts are directed toward therapies to improve the quality 
and the relative concentrations of LDL and HDL. Apolipoprotein A-I 
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(apoA-I) has been shown to reduce atherosclerotic lesions in laboratory 
animals. ApoA-I, however, is a large protein that is costly and needs to be 
administered parenterally. Our group has developed apoA-I mimetic 
peptides that are much smaller than apoA-I (18 amino acids long vs 243 in 
ApoA-I itself). These HDL mimetic peptides are much more effective in 
removing the oxidized phospholipids and other oxidized lipids. They 
improve LDL and HDL composition and function and reduce lesion for-
mation in animal models of atherogenesis. Following is a brief description 
of some of the HDL mimetic peptides that can improve HDL and the effect 
of the peptide on PON1 activity.  

  Keywords  

  Apolipoprotein A-I   •   D-4F   •   Dysfunctional HDL   •   HDL   •   Infl ammation   • 
  Intestine   •   L-4F   •   Proinfl ammatory HDL  

8.1         In Search of Agents 
to Improve HDL Function 

 Experiments in animal models of atherosclerosis 
[ 1 ,  2 ] and preliminary human studies [ 3 ] have 
made apolipoprotein A-I (apoA-I), the main protein 
in high-density lipoprotein (HDL), an attractive 
therapeutic target. The preliminary human 
studies [ 3 ] suggested that therapeutic benefi t might 
be achieved by administering weekly intravenous 
doses over a period of 5–6 weeks. Subsequent 
larger clinical trials [ 4 ], however, suggested that 
longer periods of intravenous administration will 
be required for signifi cant improvements to be 
achieved. This made the idea an unlikely therapy for 
the large number of patients with atherosclerosis.  

8.2     The Search for an Ideal 
Agent: HDL Mimetic Peptide 

 Anantharamaia and colleagues originally 
designed an 18 amino acid peptide that mimicked 
the class A amphipathic helixes contained in 
apoA-I while it did not have any sequence homol-
ogy with apoA-I but [ 5 – 7 ]. Because it contained 
18 amino acids and formed a class A amphipathic 
helix the peptide was called 18A. The lipid- binding 
properties and stability of the 18A peptide were 
improved by blocking the carboxy terminus 
using an amide group and blocking the amino 

terminus through the addition of an acetyl group. 
Because of the presence of the two phenylalanine 
residues on the hydrophobic face this peptide 
was named 2F. The 2F peptide failed to alter 
lesions in a mouse model of atherosclerosis [ 8 ] 
while mimicking many of the lipid-binding 
properties of apoA-I. We tested a series of peptides 
for their ability to inhibit low-density lipoprotein 
(LDL)-induced monocyte chemotactic activity, 
which is primarily due to the production of 
monocyte chemoattractant-1 (MCP-1). This was 
achieved using a human artery wall cell culture 
assay. Subsequently, the peptide 4F was shown 
to be superior [ 8 ]. The peptide 4F has the same 
structure as 2F except for two additional phenyl-
alanine residues on the hydrophobic face of the 
peptide (replacing two leucine residues).  

8.3     Animal Models 
of Atherosclerosis 
and the Effects of HDL 
Mimetic Peptides 

 ApoAI mimetic peptides reduced the development 
of atherosclerotic lesions in young mice [ 9 ,  10 ]. 
Lesion regression in old apolipoprotein E null mice 
was produced when 4F was given together with a 
statin [ 11 ]. Synergy between D-4F (made from all 
D amino acids) and pravastatin was then tested 
in these studies. The oral doses for each that 
were ineffective when given as single agent was 
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fi rst determined. Signifi cant increase in HDL 
cholesterol levels, apoA-I levels, and paraoxonase-1 
(PON1) activity was achieved with oral adminis-
tration of the combination. Rendering HDL 
anti-infl ammatory, signifi cantly preventing lesion 
formation in young apolipoprotein E null mice, and 
causing regression of established lesions in old 
apolipoprotein E null mice were among additional 
effects observed. Mice that received the combi-
nation for 6 months had lesion areas that were 
much smaller when compared to those before the 
start of treatment [ 11 ]. In mice maintained on 
chow alone en face lesion area was three times 
higher than that after 6 months of treatment with 
the combination. In addition in the remaining 
lesions there was a signifi cant 22 % reduction in 
macrophage content, indicating an overall 79 %. 

Reduction in macrophages. The combination of 
statin and D-4F increased intestinal apoA-I synthesis 
by a signifi cant 60 %. In studies in Cynomolgous 
monkeys also, oral administration of D-4F plus 
pravastatin rendered HDL anti-infl ammatory [ 11 ]. 
These results suggested that the combination of 
an HDL-based therapy and a statin might be a 
useful anti-atherosclerosis treatment strategy. 
The fact that the benefi t of apolipoprotein mimetic 
peptides in atherosclerosis was not limited to 4F 
was unraveled subsequently. We found that 
peptides including D-[113–122] apoJ, an apolipo-
protein J mimetic peptide [ 12 ], and peptides too 
small to form a helical structure [ 13 ] were effi ca-
cious as well (Fig.  8.1 ). The effi cacy of these 
peptides was demonstrated in a rabbit model of 
atherosclerosis as well [ 14 ].

  Fig. 8.1    D-[113–122]apoJ in apoE-null mouse plasma 
in vitro. D-[113–122]apoJ or scrambled D-[113–122]apoJ 
(Scr.[113–122]apoJ peptide) were added to apoE-null 
mouse plasma at a concentration of 250 ng/mL. The solu-
tions were gently mixed, layered with argon gas, and the 
tubes were sealed and incubated for 1 h at 37 °C with 

gentle mixing. The samples were then fractionated by 
FPLC and lipid hydroperoxide content of LDL ( a ), lipid 
hydroperoxide content of HDL ( b ), and PON1 activity ( c ) 
were determined. The values shown are the 
Mean ± SD. The data shown are representative of two 
separate experiments       
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8.4        The Mechanism of Action 
of HDL Mimetic Peptides 

 The mechanism of action of the HDL mimetic 
peptides seems to be based to their ability to 
remove oxidized lipids from lipoproteins [ 15 – 17 ], 
promote reverse cholesterol transport from 
macrophages, and render HDL anti- infl ammatory 
[ 15 ,  16 ]. Atherosclerosis is a long-term infl am-
matory process that is mediated in part by the 
oxidation of phospholipids, which induce vascular 
cells to express cytokines, adhesion molecules, 
and procoagulant molecules [ 18 ,  19 ]. The mech-
anism of action of the HDL mimetic peptides 
appears to be related to their ability to bind and 
remove these pro infl ammatory oxidized lipids 
[ 15 ,  16 ]. In addition, the HDL mimetic peptides 
are effi cacious in infl ammatory processes that 
have an infectious etiology and in models of 
vascular diseases that are not classifi ed as athero-
sclerosis. This suggests that oxidized lipids may be 
important mediators of a variety of infl ammatory 
conditions other than atherosclerosis as they have 
been shown to effective in preventing diabetic 
manifestations, graft rejection, cognitive defi ciency 
in mouse model of hyperlipemia, in collagen 
induced arthritis model and in animal model of 
Alzheimer’s Disease.  

8.5     HDL Mimetic Peptides, 
Oxidized Lipids and PON1 

 On an atherogenic diet, PON1 activity decreased 
by 52 % in atherosclerosis susceptible mice, 
C57BL/6 J (BL/6), but not in fatty streak resistant 
mice, C3H/HeJ (C3H) [ 20 ]. In apolipoprotein E 
knockout mice on the chow diet also plasma 
PON1 activity was signifi cantly decreased as 
compared to controls. Furthermore, in LDL 
receptor knockout mice when they were fed a 
0.15 %-cholesterol-enriched diet a signifi cant 
decrease in PON1 activity was observed. Injection 
of mildly oxidized LDL but not native LDL 
resulted in a 59 % decrease in PON1 activity in 
BL/6 mice but not in C3H mice on a chow diet. 
A threefold reduction in mRNA levels for PON1 

was observed following treatment of HepG2 
cells in culture with mildly oxidized LDL (but not 
native LDL). We additionally reported that, the 
total cholesterol/HDL cholesterol ratio was 
3.1 ± 0.9 as compared to 2.9 ± 0.4 in the controls 
in normolipidemic patients with angiographically 
documented coronary artery disease who did not 
have diabetes and were not on lipid- lowering 
medication [ 20 ]. This difference was however 
not statistically signifi cant. In a subset of these 
normolipidemic patients, despite similar normal 
HDL levels, the PON1 activity was low (48 ± 6.6 
versus 98 ± 17 U/ml for controls;  p  = 0.009). 
As predicted the HDL from these patients failed 
to protect against LDL oxidation in co-cultures 
of human artery wall cells. Forte and colleagues 
showed [ 21 ] that compared with controls on 
the chow diet, ApoE −/−  mice had elevated lyso-
phosphatidylcholine and bioactive oxidized 
phospholipids (1-palmitoyl- 2-oxovaleryl- sn - 
glycero -3-phosphocholine and 1-palmitoyl-2- 
glutaryl- sn -glycero- 3-phosphocholine). In these 
mice on a chow diet elevated oxidized phospho-
lipids may, in part, contribute to spontaneous 
lesions. PON1 activity in these mice decreased 
by 38 %. It has been suggested that removal of 
oxidized fatty acids from HDL might cause the 
return of PON1 activity. We have observed that 
when ApoE-defi cient mouse plasma is incubated 
with PON1 and FPLC fractionation of lipopro-
teins is performed, PON1 is found in the post 
HDL region in addition to in HDL-containing 
fractions. We have shown that early during the 
incubation, PON is present in HDL-like particles 
that contain cholesterol, apoA-I, and other HDL 
constituents and co-elute with albumin. It is 
possible that 4F accelerates apoA-I cycling, 
pre-beta formation and remodeling of HDL. We 
have also observed that when human plasma is 
incubated with 4F in vitro, PON1 activity is 
increased. As for the underlying mechanism, 
one possibility could be the removal of oxidized 
lipids from HDL and reactivation of PON1 by 
4F. Another might be the changes in lipid–protein 
interaction such as that in phospholipid–apoA-I–
PON1 interactions. The peptide 4F therefore 
might have benefi cial effects supporting HDL 
function in individuals under conditions that 
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result in low PON1 by removing oxidized 
lipids and reactivating antioxidant enzymes 
including PON1.  

8.6     The Role of Intestine 
in Systemic Infl ammation 
and Effect on PON1 

 In recent years our group has focused on the role 
of small intestine in systemic infl ammation, HDL 
protective capacity and cardiovascular function. 
This came about when we observed that oral 
administration of the peptide 4F reduced systemic 
infl ammation while the plasma levels of the 
peptide were very low [ 22 ]. To test the hypothesis 
that intestine is a major site of action for D-4F, 
we fed LDLR −/−  mice a Western diet (WD) and 
administered the peptide orally or subcutane-
ously (SQ). Whereas peptide levels in small 
intestine only varied by 1.66 ± 0.33-fold, plasma 
and liver D-4F levels were 298-fold and 96-fold 
higher, respectively, after SQ administration. 
Levels of metabolites of arachidonic and linoleic 
acids known to bind with high affi nity to D-4F 
were signifi cantly reduced liver, hepatic bile and in 
intestine, to a similar degree whether administered 
orally or SQ. Levels of 20-HETE however, which 
is known to bind the peptide with low affi nity, 
were unchanged. D-4F treatment increased HDL-
cholesterol levels, PON 1 activity and reduced 
plasma serum amyloid A (SAA) and triglyceride 
level similarly after oral or SQ administration. 
SAA levels correlated signifi cantly with plasma 
levels of metabolites of arachidonic and linoleic 
acids. Feeding 15-HETE in chow (without WD) 
signifi cantly decreased HDL-cholesterol and 
PON1 activity and increased plasma SAA and 
triglyceride levels, all of which were signifi cantly 
ameliorated by SQ D-4F. Administering 4F along 
with 15-HETE prevented the reduction in PON 1 
activity (Fig.  8.2 ). We therefore concluded that 
D-4F administration reduced levels of free 
metabolites of arachidonic and linoleic acids in 
the small intestine and this was associated with 
increased PON1 activity and decreased infl am-
mation in LDL receptor defi cient mice [ 22 ].

8.7        Summary 

 Under conditions of excess infl ammatory pres-
sure the ability of HDL to protect itself and other 
lipid-containing molecules and structures might 
be reduced, HDL be damaged, antioxidant 
enzymes such as PON1 be inactivated, and even 
HDL itself act as a proinfl ammatory molecule. 
Fortunately PON1 has the ability to prevent lipid 
oxidation and may even inactivate oxidized lipids 
once formed, and thus protect HDL against the 
infl ammatory pressure. Reduction of lipid and 
protein oxidation by agents such as HDL mimetic 
peptides may prove to be an effective way of 
supporting the protective role of HDL.     

  Fig. 8.2    Feeding LDLR −/−  mice 15-HETE administered 
in mouse chow (without the WD) decreased plasma HDL- 
cholesterol levels, increased plasma triglyceride levels, 
decreased PON activity, and increased plasma SAA 
levels, all of which was ameliorated by D-4F treatment. 
Female LDLR −/−  mice (10–11 months of age; n = 20 per 
group) were fed laboratory rodent chow (Ralston Purina) 
prepared and presented to the mice as described in 
Materials and Methods. The chow did or did not contain 
15-HETE at a concentration of 1 ug per gram diet to 
provide each mouse on average with 5 ug of 15-HETE per 
day. The mice received daily SQ injections of saline or SQ 
saline containing D-4F at a dosage of 900 ug/mouse/day. 
After 2 weeks on the diet, 2–3 h after the last SQ dose, 
the mice were bled, and their plasma was analyzed for 
PON1 activity and other analytes. The data shown are 
mean ± SD       
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    Abstract   

 Macrophages display a ample plethora of effector functions whose acquisition 
is promoted by the surrounding cytokine and cellular environment. 
Depending on the stimulus, macrophages become specialized (“polarized”) 
for either pathogen elimination, tissue repair and wound healing or immu-
nosuppression. This “polarization” versatility allows macrophages to 
critically contribute to tissue homeostasis, as they promote initiation and 
resolution of infl ammatory responses. As a consequence, deregulation of 
the tissue macrophage polarization balance is an etiological agent of 
chronic infl ammation, autoimmune diseases, cancer and even obesity and 
insulin resistance. In the present review we describe current concepts on 
the molecular basis and the patho-physiological implications of macro-
phage polarization, and describe its modulation by serotonin (5-HT), a 
neurotransmitter that regulates infl ammation and tissue repair via a large 
set of receptors (5-HTR 1-7 ). 5-HT modulates the phenotypic and functional 
polarization of macrophages, and contributes to the maintenance of an 
anti-infl ammatory state mainly via 5-HTR 2B  and 5-HTR 7 , whose activa-
tion has a great impact on macrophage gene expression profi le. The iden-
tifi cation of 5-HTR 2B  and 5-HTR 7  as functionally-relevant polarization 
markers suggests their therapeutic value in infl ammatory pathologies as 
well as their potential involvement in linking the immune and nervous 
systems.  
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9.1         Macrophages 

 Macrophages are bone marrow-derived cells that 
constitute the fi rst line of defense of tissues 
against pathogens and potentially damaging and 
harmful stimuli. Macrophages provide a fast and 
unspecifi c response and, together with dendritic 
cells, are essential for the coordinated orchestra-
tion of innate and adaptive immune responses. 
Since the original description of “phagocytes” 
by Metchnikoff [ 1 ], numerous studies have 
addressed their developmental origin as well as 
their phenotypic and functional diversity. 
Although still a matter of debate, macrophages 
can differentiate from peripheral blood mono-
cytes and become effector cells whose huge 
functional plasticity allows them to play essen-
tial roles in pathophysiological processes as 
diverse as pathogen clearance, tissue repair, 
angiogenesis and tumor progression and metasta-
sis [ 2 ]. The functional plasticity of macrophages 
arises from their ability to respond to endogenous 
and non- self stimuli while adapting to the sur-
rounding tissue environment [ 3 – 6 ], and explains 
both the existence of tissue-specifi c macro-
phages (microglia, osteoclasts, Kupffer cells) 
and the wide variety ( continuum ) of macrophage 
activation (or polarization) states. The huge plas-
ticity of macrophage responses ultimately results 
from their ability to differentiate in a tissue- 
specifi c manner, and their constitutive expression 
of a large array of receptors for cytokines, che-
mokines, pathogen-associated molecular pat-
terns (PAMP) and danger-associated molecular 
patterns (DAMP). 

9.1.1     Macrophage Polarization 

 In response to microbe-derived factors, cytokines 
from Th1 cells (    e.g.  IFNγ) or other cytokines 
such as GM-CSF or TNFα, macrophages acquire 
pro- infl ammatory, bactericidal, tumor suppressive 
and immunogenic activities, in a process com-
monly referred to as “classic” or M1 polarization, 
and whose hallmark is the ability to release large 
amounts of IL-12/IL-23, reactive nitrogen and 

oxygen intermediates, and expression of Th1-cell 
attracting chemokines [ 2 ,  4 ] (Fig.  9.1 ). M1 
macrophages also drive the polarization and 
recruitment of Th1 cells through the expression 
of cytokines and chemokines like IL-12, CXCL9 
and CXCL10, thereby amplifying Type-1 
immune responses [ 2 ]. Conversely, Th2-derived 
cytokines like IL-4, IL-13, IL-10, TGFβ or 
M-CSF, as well as glucocorticoids, promote the 
acquisition of anti-infl ammatory, scavenging, 
tumor-promoting, tissue repair and pro- 
angiogenic functions, all of which are grouped 
under the terms “alternative” or M2 polarization, 
that endows them with the ability to produce high 
levels of IL-10 [ 2 ,  5 – 8 ] (Fig.  9.1 ). It is now 
widely accepted that M1 and M2 macrophage 
polarization states are just two extreme examples 
of a wide range of functionally distinct macro-
phages activation states [ 3 – 6 ].

9.1.1.1       Macrophages in Homeostasis 
 Under homeostatic  in vivo  conditions, tissue- 
resident macrophages also exhibit a wide variety 
of polarization states, which are ultimately 
 determined by the extracellular environment and 
the surrounding cell types. Thus, macrophages 
exhibit tissue-specifi c phenotypes and functions 
under homeostatic conditions. As representative 
examples, bone macrophages (osteoclasts) display 
potent bone-degrading functions, brain macro-
phages (microglia) [ 9 ] contribute to development 
of neural circuitry and modulation of angiogenesis 
and fl uid balance in the brain [ 10 ], and liver mac-
rophages (Kupffer cells) are primarily specialized 
in scavenging [ 11 ]. Due to their localization in 
liver sinusoids, Kupffer cells come in contact with 
antigens absorbed via the gastrointestinal tract 
and, therefore, play a crucial role in identifying 
and detoxifying bacteria, endotoxins [ 12 ], cell 
debris, apoptotic cells and immune complexes as 
well as toxic agents such as ethanol [ 13 ]. 

 The existence of IL-10-producing (M2-polarized) 
macrophages has already been demonstrated in 
lungs [ 14 ] and gut [ 15 ,  16 ], tissues that are con-
tinuously exposed to exogenous and potentially 
damaging substances. Gut macrophages func-
tion in host defense through the recognition, 
phagocytosis, and killing of microorganisms 
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[ 17 ,  18 ], and display a weak pro- infl ammatory 
cytokine profi le. The same applies for lung 
macrophages, that constitutively secrete IL-10 
and whose ability for pro-infl ammatory cytokine 
production is low [ 14 ]. Other tissues that prefer-
entially contain M2-skewed macrophages in 
homeostasis include brain and liver, since 
microglia [ 9 ] and most liver Kupffer cells (80–
90 % of tissue macrophages of the body) [ 19 ] are 
M-CSF-dependent [ 20 ]. In the CNS, M2 polar-
ized macrophages appear to regulate learning 
and memory [ 21 ]. Meningeal myeloid cells are 
polarized by Th2-derived IL-4 in response to a 
cognitive task, but acquire a pro-infl ammatory 
phenotype in the absence of IL-4-producing Th2 
cells [ 21 ]. Peritoneal fl uid also contains large 
amounts of M-CSF [ 22 ], that ultimately results 
in peritoneal macrophages acquiring an M2-like 
phenotype [ 22 ,  23 ] characterized by a low 
capacity for T-cell activation and high IL-10 
secretion levels after stimulation [ 23 ]. Therefore, 
macrophages display M2-associated effector 

functions in various tissues under basal conditions, 
implying that the control of macrophage polar-
ization is of fundamental importance for tissue 
homeostasis.  

9.1.1.2     Macrophages in Infl ammation, 
Infl ammation Resolution 
and Tissue Repair 

 It is during infl ammatory responses when the 
pathological importance of fi ne-tuning macro-
phage polarization is most easily understood. 
Thus, M1-polarized macrophages predominate at 
the initial stages of an infl ammatory response, 
when cytotoxic and tissue-damaging activities 
are more robust. Later, M2-type macrophages 
increase in number, as a means to promote reso-
lution of infl ammation [ 24 ]. Therefore, a critical 
issue for infl ammation resolution is a change in 
the polarization state (“polarization switch”) of 
the macrophages that are recruited towards 
infl amed tissues. Such a switch was elegantly 
demonstrated in the case of peritoneal infection 
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  Fig. 9.1    Stimuli that trigger M1 or M2 macrophage polarization, with indication of the most representative chemo-
kines, cytokines and markers expressed by each macrophage subtype       
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by  L. monocytogenes , where the initial infl ux of 
pro-infl ammatory M1 monocytes is followed 
(after 6–8 h) by a potent increase in “resolving” 
M2 monocytes [ 25 ]. In fact, and in the resolution- 
phase, macrophages express a unique M1/M2 
mixed phenotype, with cAMP being essential to 
restrain M1 activation [ 26 ]. However, it remains 
to be fully established whether pro-infl ammatory 
macrophages within infl amed tissues are later 
converted into M2 macrophages. It is generally 
accepted that the capture of apoptotic cells is an 
important trigger for the M1-to-M2 polarization 
switch that takes place during infl ammation [ 27 ]. 
This idea has gained considerable support after 
the studies of Brüne’s group, who demonstrated 
that apoptotic cell-derived Sphingosine-1- 
Phosphate (S1P) triggers the expression of Heme 
Oxygenase 1 (HO1) and pushes macrophages 
towards the M2/anti-infl ammatory polarization 
state [ 28 ]. However, and regardless of the polar-
ization switch-triggering event, the sequential 
occurrence of both polarization states is required 
for adequate resolution of infl ammation and 
return to tissue homeostasis. Some representative 
examples are briefl y commented below. 

 In animal models of ischemic heart disease, 
the M1-to-M2 dynamic change in macrophage 
recruitment has been observed. After heart isch-
emia, macrophages primarily exhibit a “classical 
activation” (M1) phenotype, as exemplifi ed by 
their high expression of TNF-α, whereas their 
phenotype shifts into an “alternatively activated” 
phenotype (M2) (high Arginase 1 and 2 expres-
sion) during the transition from infl ammation to 
scar tissue formation [ 29 ]. Similarly, after spinal 
cord injury, activated microglia rapidly release 
pro-infl ammatory cytokines, which contribute to 
the infl ux of neutrophiles and macrophages from 
the circulation [ 30 ]. However, the resolution 
phase is characterized by the infl ux of macro-
phages that exhibit anti-infl ammatory and tissue- 
repair properties (M2), and whose injection 
promotes full recovery [ 31 ]. All current evi-
dences indicate that the misbalance of the M1/
M2 polarization equilibrium, or an inadequate 
switch in the macrophage polarization state 
within infl amed tissues, invariably leads to 
chronic infl ammatory pathologies that include 
tumour development, autoimmune diseases 

(multiple sclerosis), modulation of T cell–mediated 
nervous system autoimmune disease [ 32 ], fat 
mass development, obesity-associated cardiovas-
cular pathologies and insulin resistance [ 33 – 35 ]. 
Human chronic venous ulcers (CVUs) represent 
a good example where macrophages fail to 
resolve a chronic infl ammatory condition proba-
bly because of the failure in the M1-to-M2 switch 
[ 36 ]. In CVUs, iron overload appears to sustain 
M1 polarization, thus leading to ROS-mediated 
DNA damage, fi broblast cellular senescence and 
defective tissue repair [ 36 ]. Obesity-associated 
insulin resistance, diabetes and metabolic syn-
drome are also sustained by a chronic subclinical 
infl ammation. In obesity, adipocytes release 
mediators (CCL2, TNFα, free fatty acids) that 
promote the recruitment and subsequent M1-like 
activation of Adipose Tissue Macrophages 
(ATM) [ 27 ]. ATM activation by infl ammatory 
cytokines and saturated fatty acids provokes the 
inhibition of the insulin signaling pathway by 
JNK, IKK and IRS, the activation of AP-1 and 
NF-κB (further increasing pro-infl ammatory 
cytokine secretion) and, consequently, leads to 
insulin resistance [ 33 ,  37 ]. In fact, whereas nor-
mal ATMs express high levels of M2-associated 
genes, including IL-10 and Arg1, ATMs from 
obese mice and human exhibit an M1-like pro-
fi le, with up-regulation of TNFα and NOS2 [ 34 ]. 
In brown adipose tissue, the IL-4-dependent 
polarization of ATM has been shown to orches-
trate adaptive thermogenesis through the produc-
tion of catecholamines [ 38 ]. 

 Tumor progression probably constitutes the 
paradigmatic example of the pathological conse-
quences of de-regulated macrophage polarization 
[ 39 ]. Macrophages play a key role in cancer- 
related infl ammation, and their presence usually 
correlates with a poor outcome. The link between 
infi ltration by Tumor Associated Macrophages 
(TAM) and a bad prognosis now extends to the 
case of Classic Hodgkin’s Lymphoma [ 40 ], colon 
cancer [ 41 ], breast cancer [ 42 ], hepatocellular 
carcinoma [ 43 ], melanoma [ 44 ] and many other 
tumors. As an illustrative example, the antitumor 
activity of trabectedin has been recently shown to 
exert its activity by inducing apoptosis in TAM 
[ 45 ]. The tumor environment has a key role in 
determining the immune suppressive capacity 
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of TAM. Monocytes from peripheral blood are 
recruited into the tumor by M-CSF and chemo-
kines like CCL2 and CXCL12. At the early 
stages of tumor-promoted infl ammation, macro-
phages secrete pro-infl ammatory cytokines 
(TNFα, IL-12, IL-1 and IL-6), which might 
reduce tumour growth and progression and initiate 
an anti-tumor immune response [ 46 ,  47 ]. 
However, this anti-tumor behavior turns immu-
nosuppressive and pro-tumoral as cancer progresses 
[ 48 ]. This is so because tumor and stroma cells 
contribute to the modulation of macrophage 
effector functions (polarization) by secreting 
M-CSF, IL-10, IL-6 and VEGF [ 49 ], all of which 
drive the acquisition of M2-associated properties. 
Moreover, and through the production of 
M2-skewing IL-4, IL-13 (   mainly produced by 
tumor-infi ltrating Th2 lymphocytes) [ 42 ], CCL2 
and IL-6, tumor-recruited myeloid cells also 
favour tumor survival by committing TAM to a 
pro-tumoral setting [ 50 ]. In this scenario, TAM 
block cancer-induced immune responses, elimi-
nate or switch off M1 macrophages, limit innate 
immune responses by impairing NK cells and T 
cells activation, display defective production of 
infl ammatory cytokines and produce high levels 
of the Treg-inducing cytokine IL-10 [ 48 ,  51 – 54 ]. 
Therefore, macrophages are capable of destroying 
cancer cells and promoting anti-tumoral immune 
responses through their antigen- presentation 
capacity, but might also contribute to tumor pro-
gression via immune [ 39 ] and non- immune 
mechanisms [ 54 ] like promotion of angiogenesis 
[ 55 ], facilitation of tumor cell invasion and 
metastasis [ 56 ] and protection of tumor cells 
from chemotherapy-induced apoptosis [ 57 ]. As a 
consequence, TAM polarization represents a 
critical process in tumor development, and has 
become a target for the development of anti- 
tumoral therapeutic strategies.   

9.1.2     Macrophage Polarization: 
Markers and Metabolism 

 A number of well-known markers are currently 
used to defi ne the polarization state of mouse 
macrophages. Murine M1 “classically activated” 
macrophages (exposed to LPS and/or IFNγ) are 

usually identifi ed by their high expression of 
NOS2, CD11c or CCR7 [ 58 – 60 ]. On the other 
hand, the IL-4-dependent M2 macrophage polar-
ization is usually defi ned through the expression 
of Arginase-1, macrophage mannose receptor 
(CD206), the chitinase-like Ym1 molecule, and 
Fizz-1 (found in infl ammatory zone-1) [ 60 ] 
(Fig.  9.1 ). 

 Cellular metabolism appears to lie at the 
basis of the opposite effector functions of M1 
and M2 macrophages. The differential expres-
sion of NOS2 and Arginase-1 has become the 
best- established difference between classical 
and alternative mouse macrophages in terms of 
metabolism: while M1 macrophages use argi-
nine to generate bactericidal nitric oxide 
through the stimulation of inducible nitric oxide 
synthase (NOS2), Arginase-1-expressing M2 
macrophages produce the polyamine precursors 
urea and ornithine, needed for collagen synthe-
sis and cell proliferation, respectively [ 61 ]. 
There are, however, other metabolic differences 
between M1 from M2 macrophages. Regarding 
lipid metabolism, M2 macrophages show sig-
nifi cantly higher fatty-acid uptake and fatty acid 
oxidation than M1 macrophages [ 61 ]. This dif-
ference correlates with the opposite expression 
of COX-2 and COX-1, considered as M1 and 
M2 markers, respectively [ 62 ]. Iron metabolism 
also differs between both macrophage subsets. 
M1 macrophages are set to an iron-retention 
phenotype defi ned as CD163 Low , Ferritin High  and 
Ferroportin Low , a profi le that agrees with their 
bacteriostatic and tumoricidal activity. 
Conversely, M2 macrophages are set to an iron- 
export mode that supports immune-regulation, 
matrix remodeling and cell proliferation [ 63 , 
 64 ]. Molecules implicated in folate capture and 
metabolism are also differentially expressed in 
M1 and M2 macrophages [ 65 ,  66 ]. In the case of 
the glucose metabolism, M1 macrophages 
exhibit high expression of 6-Phospho-fructo-2-
kinase (PKF2) and elevated glycolysis, probably 
to fulfi ll their high-energy requirements and to 
override potentially hypoxic microenviron-
ments. Along this line, chronic activation of bone 
marrow derived-macrophages increases intra-
cellular succinate, thus stabilizing HIF-1α and 
synergizing with Toll-like receptors for 
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enhanced glycolysis [ 67 ]. On the contrary, 
M2-macrophages display a stronger oxidative-
glucose metabolism and a potent beta-oxidation 
in lipid metabolism. The relevant contribution 
of the intrinsic glucose metabolism to macro-
phage polarization is illustrated by the ability of 
CARKL, an enzyme of the pentose phosphate 
pathway, to promote M2-polarization [ 68 ]. 
Therefore, glucose metabolism regulation is 
also linked and determines macrophage polar-
ization [ 67 ,  68 ]. 

 Numerous studies have now provided evi-
dences of “diffi culties of mouse-to-human 
extrapolation” regarding human macrophage 
polarization markers [ 4 ]. Although the functions 
attributed to M1 and M2 macrophages are usu-
ally common in both species, transcriptional 
comparison of monocyte-derived human macro-
phages and bone marrow-derived mouse macro-
phages demonstrated that only 26 % of the 
polarization-associated genes are conserved 
between both species [ 59 ]. In an attempt to iden-
tify human macrophage polarization markers 
with potential diagnostic and therapeutic value, 
numerous groups, including our own, have deter-
mined the transcriptional profi ling of various  ex 
vivo -isolated macrophage populations as well as 
of  in vitro  generated monocyte-derived macro-
phages exposed to M1 and M2-polarizing cyto-
kines (IFNγ, GM-CSF, LPS, IL-4, M-CSF, 
IL-10, etc.) [ 3 ,  4 ,  39 ,  69 ]. The gene expression 
profi les of GM-CSF- and M-CSF-polarized 
macrophages indicates that  CCL1, CCL5, 
CCL22, CCR6, CSF1, FLT1  and  ADORA1  are 
more highly expressed in human M1 macro-
phages, while  IL- 10, THBS1, ALK, DLL1, IGF-1, 
ADRB2  and  MSR1  are preferentially expressed by 
human M2 macrophages [ 59 ]. In addition, CD163, 
LXR, CD200R, CD36, c-Myc, FRβ, HTR2B, 
HO1 and DC-SIGN are preferentially expressed 
by human anti-infl ammatory M2 macrophages as 
well as by tumour-associated macrophages 
(TAM) [ 2 ,  65 ,  69 – 74 ], whereas CD80, Activin 
A, PHD3, IRF5 and IRF4 are preferentially 
expressed in human M1 macrophages [ 59 ,  73 , 
 75 – 77 ] (Fig.  9.1 ).  

9.1.3     Factors and Signaling 
Pathways That Regulate 
Macrophage Polarization 

 A network of signaling molecules, transcription 
factors, epigenetic mechanisms and post- 
transcriptional regulators underlies the existence 
of the distinct M1 and M2 polarization/activation 
states. For M1 polarization, macrophages respond 
to TLR ligands (like LPS) by activating the NF-κB 
transcription factor family (RelA/p65, c-Rel, 
RelB, p50 and p52) [ 78 ] (Fig.  9.2 ). By contrast, 
the NFκB signaling pathway seems to be absent or 
defective in M2 polarization, where the presence 
of inhibitory NFκB p50 homodimers is augmented 
[ 79 – 81 ]. NFκB p50 homodimers enhance IL-10 
gene transcription, inhibit the NFκB-dependent 
production of IFNγ and negatively regulate STAT1 
activity, whereas their absence leads to increased 
levels of TNFα and IL-12 [ 81 ,  82 ]. Consequently, 
NFκB p50  homodimers impair M1 macrophage-
mediated responses [ 79 ], and promote a defective 
infl ammatory NFκB-dependent cytokine profi le 
(IL-10 high /IL-12 low ) [ 80 ,  81 ].

   The interferon-related molecules of the IRF, 
STAT and SOCS families also regulate macro-
phage polarization, with the TRIF/IRF3/INFγ/
STAT1 axis being involved in M1 polarization 
[ 27 ,  83 ] (Fig.  9.2 ). Stimulation of the IFNγ recep-
tor triggers a JAK-mediated tyrosine phosphory-
lation and the subsequent dimerization of STAT1, 
which promotes the expression of “classical” M1 
genes such as NOS2, MHC class II transactivator 
(CIITA), IL-12 and TNFα [ 84 ]. Although TAM 
display an M2-skewed phenotype with low 
expression of M1-associated genes, high levels of 
expression and activation of IRF3 and STAT1 has 
been found in some TAM [ 80 ], suggesting that 
the IRF3/STAT1 axis exerts a dual role in macro-
phage polarization. Several studies have also 
suggested that the expression of IL-10, which 
characterizes M2 macrophages and is required 
to avoid damage caused by an excess of pro- 
infl ammatory cytokines, can be promoted in 
some settings by the TRIF/IRF3/INFγ/STAT1 
pathway, thus highlighting the critical role of 
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STAT1 in both initiating and limiting M1 macro-
phage polarization [ 80 ,  85 ]. 

 The contribution of IRF5 to human M1 polar-
ization is somewhat controversial. Whereas 
Udalova’s group provided evidence that IRF5 is 
required for the acquisition of M1-associated 
genes and functions [ 77 ], others have found no 
evidence for such a role and propose that, instead, 
IRF4 might play that function [ 59 ]. In fact, epi-
genetic studies have demonstrated the participa-
tion of the histone demethylase JMJD3 in the 
increased transcription of M2-associated genes 
triggered by M-CSF or chitin, and that JMJD3 
inhibits the IRF4-mediated transcription of typi-
cal M1-associated genes [ 86 ] (Fig.  9.3 ). Recently, 
it has been demonstrated that SOCS also control 
macrophage polarization. The use of SOCS2- and 
SOCS3-defi cient macrophages has led to the 
fi nding that SOCS2 depletion causes STAT1 acti-
vation and enrichment in M1-like macrophages. 
Conversely, the lack of SOCS3 leads to enhanced 
STAT6 phosphorylation and accumulation of 
M2-like macrophages [ 87 ] (Fig.  9.3 ). In fact, 
STAT6 is well-known to be critical for the IL-4-
driven M2 polarization, and the IL-4Rα- triggered 
activation of STAT6 results in enhanced expres-
sion of many M2-associated gene markers, 
including  Arg1  and  Cd206  [ 88 ]. Along the same 
line, the antagonism between STAT1 and STAT6 
has been described for the Th1 and Th2 cell 
polarization induced by IFNγ and IL-4, respec-
tively [ 27 ,  84 ]. STAT6 also induces PPARδ in 
adipose tissue macrophages (ATM), driving them 
towards M2 polarization [ 89 ]. The transcription 
factor PPARγ, a master regulator of lipid metabo-
lism in macrophages, inhibits pro-infl ammatory 
gene expression through trans-repression of 
NF-κB [ 84 ], and is also required for M2 macro-
phage polarization [ 33 ,  90 ]. At present, the col-
laboration of STAT6 and PPARγ for M2 
macrophage polarization in murine macrophages 
is widely accepted [ 91 ]. Similarly, STAT3 also 
contributes to M2 polarization. As an example, 
macrophage polarization in response to IL-10 is 
primarily dependent on STAT3, c-MAF, and 
NF-κB p50 homodimers, and the expression of 
IL-10, required for resolution of infl ammation, is 
regulated by PU-1, STAT3 and c-MAF [ 90 ,  91 ].

   Apart from NFB and STAT, the CREB and 
C/EBP families of transcription factors are also 
important factors involved in macrophage polar-
ization (Fig.  9.2 ). Both STAT6 and C/EBPβ are 
essential for  Arg1  expression in macrophages in a 
stimulus-specifi c manner. C/EBPβ also regulates 
the expression of M2-associated genes, since the 
CREB-dependent activation of the CEBPβ pro-
moter is needed for the expression of Arginase-1, 
IL-10 [ 92 – 94 ] and  SERPINB2  [ 95 ]. Recent stud-
ies have also demonstrated the implication of C/
EBPδ in the GM-CSF-promoted M1-polarization 
on bone marrow derived macrophages, where it 
inhibits M2 polarization [ 96 ]. Conversely, in the 
case of the M-CSF-induced M2-like polarization, 
CREB has been proposed to exert a key role 
because it contributes to IL-10 expression, and 
because M-CSF-initiated signaling induces 
CREB phosphorylation [ 95 ].  

9.1.4     Signaling Pathways Driving 
TAM Polarization 

 Like M2 macrophages, TAMs express high levels 
of M2-related genes [ 40 ,  97 ,  98 ]. TAM polariza-
tion has been dissected at the transcriptional level 
in several models, including murine fi brosarcoma 
and human ovarian carcinoma [ 79 ]. In those 
cases, TAMs displayed a defective M1 polariza-
tion caused by the nuclear accumulation of 
NF-κB p50 homodimers, which ultimately impair 
anti-tumoral responses and promote tumor 
growth [ 79 ,  80 ]. On the other hand, murine 
fi brosarcoma- derived TAM exhibited high levels 
of STAT1 [ 80 ]. In line with their role in M2 mac-
rophage polarization fact, STAT transcription 
factors contribute to the immunosuppressive and 
pro-tumoral actions of TAM: STAT6 KO macro-
phages display an M1 phenotype [ 99 ], and 
STAT3 fosters tumor survival and dissemination 
by inducing IL-10, IL-23/p19 and inhibiting 
IL12/p35 expression [ 100 ,  101 ]. Altogether, 
these observations point to STAT3 as a potential 
therapeutic target in cancer, as demonstrated in 
the case of human squamous cell carcinoma 
[ 102 ] and animal models of glioma [ 103 ] and 
melanoma [ 104 ]. With all these signaling pathways 
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acting together, the stimulation of an M2-to-M1 
switch in TAM appears as a desirable strategy to 
improve anti-tumoral therapies. Thus, it has been 
described that TLR9-mediated activation of 
NFκB in combination with anti-IL-10 treatment 
promotes a switch in the polarization state of 
TAMs in a mouse mammary carcinoma model 
[ 105 ]. Moreover, the fact that the M1-to-M2 
polarization in TAMs might be driven by apop-
totic-derived molecules (like S1P) within the 
tumor environment [ 106 ,  107 ] is in agreement 
with the reduced tumor progression detected 
after prevention of apoptotic cell recognition by 
macrophages [ 108 ]. A schematic representation 
of the factors and signaling pathways that regu-
late macrophage polarization is shown in 
Figs.  9.2  and  9.3 .   

9.2     Serotonin 

 The biogenic amine serotonin (5-hydroxytrypta-
mine, 5-HT) has been known for more than a 
century. However, although its role as neu-
rotransmitter is well established, evidences for 
its role in many other fundamental aspects of 
physiology and behavior (mood, aggression, 
sleep, appetite, pain sensation, bone mass, tissue 
regeneration, platelet coagulation, gastrointesti-
nal function and thermo-regulation) [ 109 – 112 ] 
are still being gathered. Approximately 2 % of 
the tryptophan present in the diet is used for 
5-HT synthesis. The rate-limiting enzyme 
involved in the synthesis of 5-HT is tryptophan 
hydroxylase (TPH), which converts L-tryptophan 
to 5-hydroxy-1-tryptophan through oxidation at 
position 5 of the pyrrole ring. A later step medi-
ated by 5-OH-tryptamine decarboxylase leads to 
the generation of 5-HT. Two different isoforms 
of TPH exist: TPH-1 (expressed in the pineal 
gland and peripheral tissues) and TPH-2 (exclu-
sively expressed in the dorsal raphe nucleus of 
the brain) [ 111 ]. TPH-1 provides 5-HT to non-
neural cells whereas TPH-2 supplies 5-HT to the 
brain and mesenteric plexus, thus establishing 
the existence of two independent serotonin sys-
tems (brain and periphery), and whose indepen-
dency is further supported by the hydrophobic 

nature of the molecule, unable to cross the 
blood–brain barrier [ 113 ]. It is still currently 
unclear, however, whether these two serotonin 
systems are completely independent as some 
evidences suggests a certain level of communi-
cation between them. 

 In the brain, 5-HT is one of the most widely 
distributed neurotransmitters. Serotonergic fi bers 
originate in the brain raphe nuclei and their syn-
aptic connections, where 5-HT mediates circa-
dian rhythms and endocrine-related physiologic 
functions such as food intake, sleep, reproductive 
activity, cognition mood and anxiety [ 109 ]. 
However, almost 95 % of the whole body amounts 
of 5-HT is present outside the central nervous 
system, as it is produced by enterochromaffi n 
cells (EC) of the gut [ 109 ]. Once released from 
EC, 5-HT is taken up and primarily stored by 
platelets, but also by other cells like lymphocytes, 
monocytes, macrophages, mast cells and pulmo-
nary neuro-endocrine cells [ 111 – 113 ]. 

9.2.1     Serotonin Receptors 

 Seven families of 5-HT receptors (5-HTR 1  to 
5-HTR 7 ) have been described to mediate the 
physiological and pathological functions of 5-HT 
in brain and periphery (Fig.  9.4 ). Up to 15 genes 
have been identifi ed within these families, corre-
sponding to a total of 20 subtypes with several 
alternative splicing variants [ 112 ]. Differences in 
the tissue distribution of each 5-HTR subclass 
explain the amplitude and tissue-specifi city of 
5-HT activities, and also serve to fi ne-tune physi-
ological and cellular responses to 5-HT. This has 
led to the suggestion that each particular 5-HTR 
type is linked to a specifi c biological response to 
5-HT [ 112 ].

   At the molecular level, 5-HT receptors are G 
protein–coupled receptors (GPCRs) (except for 
the ligand-gated ion channel 5-HTR 3 ). 5-HT 
receptors possess seven transmembrane spanning 
helices, three intracellular and three extracellular 
loops, an extracellular amino-terminus, and an 
intracellular carboxy-terminal region [ 112 ] 
(Fig.  9.4 ). The intracellular domains couple these 
receptors to various intracellular signaling 
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effectors, with the various receptors triggering 
different intracellular signaling cascades and 
distinct functional outcomes [ 112 ] (Fig.  9.4 ). 
Since 5-HTR 2B  and 5-HTR 7  receptors have been 
shown to regulate macrophage polarization and 
pro- infl ammatory cytokine expression ( see 
below ), their most relevant roles in physiology 
and pathology are outlined below.  

9.2.2     5-HTR 2B  Serotonin Receptor 

 5-HTR 2B  was fi rst identifi ed as the 5-HTR 1 -like 
receptor that mediated 5HT-induced contraction 
of rat stomach fundus [ 114 ,  115 ]. Human 
5-HTR 2B  is homologous to 5-HTR 2A  and 5-HTR 2C  
(45 % and 42 % identity, respectively), shares 
with both receptors a similar pharmacological 
profi le [ 116 ], and is encoded by a gene located at 
chromosomal position 2q36.3–2q37.1 [ 117 ]. 
5-HTR 2B  has low affi nity for ritanserin but higher 
affi nity for yohimbine than 5-HTR 2A  or 5-HTR 2C . 
Along the same line, SB200646 and SB206553 
have higher affi nity for 5-HTR 2C/2B  and lower 
affi nity for 5-HTR 2A , while spiperone shows an 
opposite binding properties [ 118 ]. 5-HTR 2B - 
specifi c antagonist (SB206741, 20-to-60-fold 
more selective for 5-HTR 2B  than for other 5-HTR 2  
receptors) and agonist (BW723C86, with about 
10-times higher selectivity for the 5-HTR 2B   versus  
5-HTR 2A/2C ) have recently become available 
[ 118 ] and proven useful to identify 5-HTR 2B - 
dependent actions of 5-HT. 

9.2.2.1     5-HTR 2B  Expression, Signaling 
and Physiological Role 

 5-HTR 2B  is strongly expressed during embryo-
genesis, and mediates 5-HT actions that are 
essential for normal development [ 119 ,  120 ]. In 
adults, 5-HTR 2B  is mainly distributed in periph-
eral organs, but its expression is also detected in 
some restricted areas of the brain (at least at the 
mRNA level) [ 112 ]. A robust link exists between 
5-HTR 2B  activation and cellular proliferation. 
The activation of 5-HTR 2B  leads to the stimula-
tion of phospholipase C (PLC) pathway via the α 
subunit of the Gq GTP-binding protein. In 
5-HTR 2B -expressing mouse fi broblasts, 5-HTR 2B  

stimulates ERK1/2 (p42/44) in a G protein- and 
p21 Ras -dependent manner [ 121 ]. 5-HTR 2B  also 
activates the tyrosine kinase p60 Src , which induces 
both cyclin D1 and cyclin E via MAPKs- 
dependent or -independent pathways, respec-
tively [ 122 ]. These cyclins lead to the induction 
of retinoblastoma protein and the transcription 
factor E2F, which subsequently activate the tran-
scription of genes involved in DNA replication. 
The activation of the 5-HTR 2B  downstream targets 
p21 Ras  and p60 Src , together with the contribution 
of PDGFR and ErbB-2 growth factor receptors, 
seems to play a pivotal role in 5-HTR 2B - induced 
mitosis [ 123 ]. However, 5-HTR 2B  has also been 
proposed to exert anti-apoptotic activity via 
MAPKs and PI3-Kinase (PI3K). Consequently, it 
is accepted that 5-HTR 2B  receptors mediate 
cardiac development during embryogenesis by 
promoting proliferation and differentiation of 
cardiomyoblasts [ 123 ]. In adult heart, some 
groups have proposed that 5-HTR 2B  participates 
in the progression of myocardial hypertrophic 
remodeling [ 124 ], and activation of 5-HTR 2B  
results in increased proliferation of interstitial 
cells of Cajal  in vivo  [ 125 ]. Small intestinal 
neuro-endocrine tumors also exhibit 5-HTR 2B -
dependent mitosis [ 126 ], and blocking of 
5-HTR 2B  signaling in pregnant mice limits beta 
cell expansion and causes glucose intolerance 
[ 127 ]. Further supporting the physiological rele-
vance of this receptor, HTR 2B  −/−  mice present 
embryonic and neonatal lethality. Histological 
analysis of these HTR 2B  −/−  embryos reveals 
increased apoptosis in the heart and decreased 
cell number in the ventricular  trabeculae , as well 
as abnormal sarcomeric organization in the sub- 
epicardial layer [ 128 ,  129 ]. Importantly, HTR 2B  −/−  
mice exhibit reduced bone density, confi rming its 
involvement in osteogenesis [ 130 ], and treatment 
with a 5-HT 2  receptor inverse-agonist of develop-
ing mouse embryos induces apoptosis in the 
cephalic region, neural tube and heart [ 123 ]. All 
these examples illustrate that 5-HTR 2B -dependent 
mitosis takes place in many physiological set-
tings, and the crucial role of 5-HTR 2B  in 
development. 

 In the specifi c case of the nervous system, 
the role of 5-HTR 2B  has not been completely 
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elucidated. Some studies implicate this receptor 
in the control of the respiratory network, 
because local administration of an 5-HTR 2B -
specifi c agonist in the pre-Bötzinger complex 
increases respiratory frequency [ 131 ,  132 ]. 
However, HTR 2B  −/−  mice respiratory activity is 
unaltered, thus suggesting that 5-HTR 2B  might 
not be the only 5-HT receptor implicated in this 
process. In fact, 5-HTR 2B  is present in all respi-
ratory nuclei and is co- expressed with low levels 
of 5-HTR 2A  in many cells. It has been postu-
lated that, once circulating 5-HT concentration 
exceeds the levels required to activate 5-HTR 2A , 
5-HTR 2B  receptor activation would modulate 
the respiratory rhythm in a dose-dependent 
manner [ 132 ].  

9.2.2.2    5-HTR 2B  in Pathology 
 As indicated above, abnormal 5-HTR 2B  expres-
sion/function is strongly linked with the appear-
ance of cardiac pathologies. In the 1980s and 
1990s, the administration of the effective appetite 
suppressant fenfl uramine was widely used until 
its use was linked to valvular heart disease (VHD) 
and Pulmonary arterial hypertension (PAH) [ 133 , 
 134 ]. Patients taking the fenfl uramine/phenter-
mine (Fen-Phen) drug combination for 1–28 
months developed heart valve abnormalities, 
with high myofi broblast proliferation [ 133 ]. 
Later studies reveled that fenfl uramine and its 
metabolite norfenfl uramine are potent agonists of 
5-HTR 2B.  Therefore, activation of 5-HTR 2B  on 
heart valve interstitial cells leads to the formation 
of proliferative foci and subsequent changes that 
compromise tissue functions (e.g. increased 
extracellular matrix deposition and leukocyte 
infi ltration) [ 135 ,  136 ]. 

 Pulmonary arterial hypertension (PAH), a pro-
gressive and fatal disorder that results from an 
increase in pulmonary blood pressure associated 
with abnormal vascular proliferation [ 137 ], is 
also associated with abnormal 5-HTR 2B  activa-
tion. Analysis of a chronic-hypoxic-mouse model 
demonstrated that hypoxia-dependent increase in 
pulmonary blood pressure and lung remodeling 
is associated with a 5-HT- and 5-HTR 2B - 
dependent increase in vascular proliferation, 
elastase activity and TGFβ levels [ 138 – 140 ]. 

Very recently, bone marrow progenitor cells have 
been implicated in the etiology of PAH [ 141 ]. 
Thus, it seems that 5-HT contributes to pulmo-
nary vascular remodeling and the pathogenesis of 
PAH by activating bone marrow progenitor 
through 5-HTR 2B  [ 142 ]. Altogether, all these 
observations point to 5-HTR 2B  as a key mediator 
of 5-HT-induced proliferation both under physi-
ological and pathological conditions.   

9.2.3     5-HTR 7  Serotonin Receptor 

 5-HTR 7  was identifi ed as a serotonin receptor in 
1993 [ 143 – 145 ] and, since then, has been 
described in numerous species. 5-HTR 7  is highly 
expressed in the brain, particularly in the neocor-
tex, hippocampus, and hypothalamus, as well as 
in the suprachiasmatic nucleus [ 146 ]. In periph-
ery, 5-HTR 7  is predominantly detected in smooth 
muscle cells of the cardiovascular [ 140 ], gastro-
intestinal [ 147 ] and reproductive system [ 148 , 
 149 ], and in corneal epithelial cells [ 150 ]. The 
5-HTR 7 -encoding gene is located on human 
chromosome 10q21–q24, and gives rise to at 
least fi ve splice variants in human, mouse, and 
rat. So far, three splice variants have been identi-
fi ed in human (5-HTR 7A , 5-HTR 7B , and 5-HTR 7D ), 
three in mouse (5-HTR 7A , 5-HTR 7B , and 
5-HTR 7C ), and four in rat (5-HTR 7A , 5-HTR 7B , 
5-HTR 7C , and 5-HTR 7E ) [ 146 ]. The three human 
splice variants encode proteins of 448 (5-HTR 7A ), 
435 (5-HTR 7B ), and 479 (5-HTR 7D ) amino acids. 
The 5-HTR 7A  isoform is more widely expressed, 
followed by the 5-HTR 7B  variant, while the 
frequency of the 5-HTR 7C  and the 5-HTR 7D  iso-
forms is low. Splicing variants, however, do not 
seem to possess functional differences and are 
pharmacologically indistinguishable [ 146 ]. The 
availability of selective 5-HTR 7  ligands has been 
the limiting factor for elucidating the functions 
of this receptor. It is well established that 
5-Carboxamidotryptamine (5-CT) and 8-OH-
DPAT act as agonists for 5-HTR 7 , but they can 
also activate other serotonin receptors. 
Fortunately, in the last years, 5-HTR 7 -specifi c 
agonists have been described, including LP-12 
[ 151 ] and AS-19 [ 152 ]. On the other hand, selective 
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antagonists of 5-HTR 7 , such as SB-258719 and 
SB-269970, have also helped in the analysis of the 
activity and functions of this receptor [ 112 ,  146 ]. 

9.2.3.1     5-HTR 7  Expression, Signaling 
and Physiological Role 

 5-HTR 7  is a GPCR that interacts with Gα 12 . 
5-HTR 7  activation leads to stimulation of adenylyl 
cyclase (AC), resulting in the conversion of ATP 
to cyclic AMP (cAMP) [ 146 ], an ubiquitous 
intracellular messenger that interacts with the 
phosphorylating enzyme protein-kinase-A 
(PKA) [ 153 ] and the exchange-protein-activated- 
by-cAMP (Epac) [ 154 ]. PKA phosphorylates 
cAMP-responsive transcription factors, such as 
the cAMP-response-element-binding-protein 
(CREB), thus affecting gene expression, whereas 
Epac activates Rap and Ras GTPases [ 112 ]. The 
activation of the 5-HTR 7 -Gα 12  signalling path-
way also leads to stimulation of Cdc42 and 
RhoA, resulting in serum response element- 
mediated gene transcription, fi lopodia formation 
and cell rounding [ 155 ]. Ligation of 5-HTR 7  also 
activates ERK1/2 but in a cell-specifi c manner. 
5-HT induces a rapid 5-HT 7 -dependent phos-
phorylation of ERK and IκBα that enhances early 
T-cell activation and proliferation [ 156 ]. In the 
case of astrocytoma and microglia cell lines, the 
stimulation of 5-HT 7  triggers the expression of 
IL-6 via p38 and PKC activation [ 157 ,  158 ]. 

 The activation of 5-HTR 7  in the central nervous 
system and the periphery modifi es a number of 
cellular functions. In response to elevated con-
centrations of 5-HT in periphery, 5-HTR 7  medi-
ates smooth muscle relaxation of the human 
colon [ 112 ,  159 ], and promotes IGF-1 synthesis 
in hepatocytes via cAMP/CREB/AKT [ 160 ]. 
Peripheral 5-HTR 7  also regulates the micturition 
refl ex [ 161 ,  162 ], and modulates gut infl amma-
tion, since the blockade of 5-HTR 7  in dendritic 
cells improves the resolution of infl ammation 
[ 163 ]. The role of 5-HTR 7  in the central nervous 
system has been addressed using  Htr7   −/−   mice 
and selective antagonists (SB-269970).  Htr7   −/−   
mice exhibit a “antidepressant-like” phenotype 
[ 164 ,  165 ], whereas 5-HTR 7  antagonists increase 
the time to onset of REM sleep and reduce the 
time spent in REM [ 165 ,  166 ]. Antagonists of 

5-HTR 7  also block 5-HT-induced hypothermia in 
both guinea pigs and rats. Interestingly, the role of 
5-HTR 7  in thermoregulation has been confi rmed 
in  Htr7   −/−   mice, where 5-HT or 5-HTR 7  agonists 
fail to produce hypothermia [ 167 ]. Moreover, 
5-HTR 7  has been implicated in anxiety, schizo-
phrenia, nociception, epilepsy, and memory [ 146 ].   

9.2.4     Serotonin and the Immune 
System 

 The determination of the role of 5-HT on immune 
cells has become a trendy objective when 
addressing the links between the nervous and 
immune systems. As mentioned above, 90 % of 
whole body serotonin is produced by enterochro-
maffi n cells, and about 98 % of the remaining 
5-HT is found in platelets, whereas only 2 % is 
located within CNS [ 110 ]. In platelets, 5-HT is 
stored in granules and constitutes a major secreted 
product upon platelet activation. Under physio-
logical conditions, the plasmatic and vascular 
concentrations of 5-HT are maintained at low 
levels (nM) by mechanisms like uptake, storage 
or monoamine oxidase-mediated degradation 
[ 109 ]. Under infl ammatory conditions, like 
thrombosis and ischemia, activated platelets 
release 5-HT and signifi cantly increase its con-
centration around the infl amed area [ 110 ,  168 ]. 
Besides, pro-infl ammatory stimuli (LPS, IFNγ) 
can directly induce platelet activation, causing a 
further elevation in peripheral blood 5-HT level 
[ 169 ,  170 ]. 

9.2.4.1     Cellular and Functional Effects 
of 5-HT on Immune Cells 

 5-HT has an immune-modulator role as it stimu-
lates or inhibits numerous effector functions of B 
and T lymphocytes, NK cells and monocyte/mac-
rophages/dendritic cells through interaction with 
distinct cell surface receptors (Fig.  9.5 ). 5-HT 
induces adhesion and chemotaxis in mouse and 
human mast cells, promoting their migration 
towards infl ammatory sites through 5-HTR 1A  
[ 171 ]. By contrast, the 5-HT-induced infi ltration 
and migration of eosinophils is 5-HTR 2A - 
dependent [ 172 ,  173 ], as the lack of 5-HTR 2A  
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diminishes allergen-induced pulmonary eosino-
philia in allergic asthma [ 173 ]. 5-HT also 
enhances the cytolytic function of NKs  in vitro  
[ 174 ], and a long-term treatment with 5-HT reup-
take inhibitors increases NK cell proliferation 
[ 175 ]. 5-HT can be shuttled from dendritic cells 
to T lymphocytes as a means to modulate activa-
tion, proliferation, and differentiation through 
5-HTR 7  [ 156 ], and 5-HT appears to be necessary 
for optimal macrophage accessory function 
[ 176 ]. 5-HT also induces chemotaxis in imma-
ture human DC and enhances pulmonary DC 
migration to draining lymph nodes via the 
5-HTR 1  and 5-HTR 2  receptor families [ 177 ]. In 
the case of macrophages, physiological concen-
trations of 5-HT (55 nM) suppress IFNγ–induced 
MHC class II expression and phagocytosis 
[ 178 – 180 ], regulate macrophage-mediated 
angiogenesis by reducing MMP12 expression in 
tumor-infi ltrating macrophages [ 181 ], and 

modulate the production of chemotactic factors 
and cytokines from various immune cells [ 182 ]. 
Therefore, 5-HT participates in the control of 
numerous steps during immune and infl ammatory 
responses.

9.2.4.2        5-HT and Cytokine Release 
from Immune Cells 

 The balance between pro-infl ammatory and anti- 
infl ammatory cytokines is crucial for the adequate 
control of infl ammatory responses. As described 
above, the presence of 5-HT at infl ammatory 
sites suggests its possible involvement in the 
control of the infl ammation promotion/resolution 
equilibrium. The effect of 5-HT on immune cells 
has been studied in different cell models and 
most  in vitro  results have been obtained in the 
presence of foetal bovine serum. A potential 
experimental problem with previously published 
information, only recently appreciated, is the 

  Fig. 9.5    Expression of serotonin receptors by immune cells       
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presence of considerable amounts of 5-HT in 
culture media, primarily derived from serum or 
from 5-HT producing cells. Indeed, 10 % of heat- 
inactivated foetal bovine serum contains 300 nM 
5-HT as detected by ELISA [ 111 ]. These levels 
of 5-HT, assuming that immunoreactive 5-HT is 
bioactive, are suffi cient to activate many 5-HT 
receptors. Thus, there is real danger that contami-
nating 5-HT may have altered experimental 
results published in the past. A brief list of 
reported actions of 5-HT on immune cell-derived 
cytokine production is presented. 

 In the case of NK cells, 5-HT has been shown 
to increase the production of IFNγ in the presence 
of monocytes through the activation of 
5-HTR 1A  [ 183 ], but to suppress the production of 
the cytokine in whole blood cells [ 184 ]. In whole 
blood, 5-HT also appears to decrease TNF-α and 
IL-6 production, but has no effect on the LPS- 
induced production of IL-10 [ 185 ,  186 ]. Along 
this line, human CD14 +  monocytes respond to 
5-HT by increasing the production of LPS- 
stimulated IL-1β and IL-8, and by decreasing that 
of TNF-α [ 187 ]. Several studies have also 
revealed a role for 5-HT in DC cytokine secretion. 
Thus, 5-HT alters the cytokine profi le of DC, 
enhancing IL-1β, IL-8, IL-6 and IL-10, and 
decreasing IL-12 and TNF- α [ 177 ,  188 ]. It has 
also been demonstrated that 5-HT impairs 
GM-CSF/IL-4–driven human monocyte-derived 
dendritic cell differentiation by reducing co- 
stimulatory molecule expression, CD1a levels 
and Mixed Lymphocyte Response stimulatory 
activity, and by increasing CD14 expression and 
IL-10 production through 5-HTR 1  or 5-HTR 7  [ 189 ]. 
In addition, 5-HT-treated DC show increased 
production of CCL22 (Th2 chemokine) and 
decreased levels of CXCL10 (Th1 chemokine) 
[ 177 ]. Consequently, DC treated with 5-HT 
induce Th2 polarization in naïve CD4 T cells 
[ 177 ]. However, recent studies have shown that 
gut DC produce IL-12 in response to 5-HT and 
LPS [ 190 ], and that the lack of 5-HTR 7  amelio-
rates mucosal infl ammation [ 163 ]. 

 Regarding macrophages, 5-HT is now known to 
modulate many of their effector functions, includ-
ing phagocytosis [ 191 ]. 5-HT decreases the LPS-
evoked production of TNF-α and IL-6 in murine 

peritoneal macrophages [ 192 ] and up-regulates the 
expression of CCL2 in 5-HTR 2c -expressing 
alveolar macrophages [ 193 ]. In human alveolar 
macrophages and macrophage-like synovial 
cells, 5-HT stimulation leads to overexpression 
of PGE2 [ 194 ,  195 ], enhances LPS-stimulated 
IL-10 production and decreases LPS-induced 
TNF- α secretion [ 195 ], all of which have a net 
anti-infl ammatory effect. As a whole, it is therefore 
clear that 5-HT modifi es a plethora of effectors 
functions of macrophages and dendritic cells, the 
essential links between the innate and adaptive 
branches of the immune response.   

9.2.5     Serotonin and Macrophage 
Polarization 

 The range of 5-HT receptors in macrophages has 
been recently found to be dependent on the cyto-
kine environment [ 196 ]. Both 5-HTR 2B  and 
5-HTR 7  are preferentially expressed by macro-
phages polarized by M-CSF, and their expression 
is considerably lower in macrophages exposed to 
GM-CSF [ 196 ]. In fact,  HTR2B  gene expression 
in macrophages is inhibited  in vitro  by stimuli 
inducing either M1 (LPS, GM-CSF) or M2 (IL-4, 
IL-10) polarization, whereas  HTR7  expression is 
downregulated by LPS, GM-CSF or IL-4.  In 
vivo , expression of 5-HTR 2B  can be primarily 
detected in M2-skewed macrophages, including 
human liver Kupffer cells, tissue-resident macro-
phages with anti-infl ammatory ability (alveolar, 
colonic macrophages) and even TAM [ 196 ]. 

 Since macrophage polarization is critically 
determined by the environment [ 197 ], it could be 
anticipated that 5-HT would infl uence both the 
macrophage phenotype and the range of tissue 
macrophage effector functions. Indeed, our results 
have revealed that 5-HT modulates macrophage 
functions and phenotype by acting through both 
5-HTR 2B  and 5-HTR 7  receptors [ 196 ] (Fig.  9.6 ). 
Regarding the phenotypic side of macrophage 
polarization, both 5-HT and the 5-HTR 2B  agonist 
BW723C86 reduce the expression of GM-CSF-
dependent M1 polarization markers  ALDH1A2, 
CD1B  and  MMP12 , whereas both agents enhance 
the expression of M-CSF- dependent M2 markers 
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 SERPINB2, COL23A1, THBS1  and  STAB1 . 
Besides, 5-HT, but not the 5-HTR 2B  agonist, 
reduces the expression of GM-CSF-dependent 
M1 polarization markers  INHBA, CCR2  and 
 SERPINE1 , an effect that is hypothesized to be 
mediated by 5-HTR 7 . In fact, 5-HTR 7  is also 
involved in the modulation of macrophage polar-
ization by 5-HT since the 5-HTR 7 -specifi c antag-
onist SB269970 prevents the 5-HT-induced 
upregulation of  STAB1, SERPINB2, THBS1  and 
 COL23A1  gene expression [ 196 ] (Fig.  9.6 ). Even 
more, the M-CSF- dependent macrophage polar-
ization  in vitro  is inhibited by blockade of 
5-HTR 2B  and 5-HTR 7 . In this case, and regarding 
polarization- associated markers,  SERPINB2 , 
 HTR2B ,  ALDH1A2  and  CCR2  expression is con-
trolled by 5-HTR 2B  activation,  STAB1  and  THBS1  
expression is regulated by 5-HTR 7  activation, and 
both receptors infl uence  COL23A1 ,  MMP12  and 
 CD1B  expression [ 196 ]. Therefore, 5-HT skews 
macrophages towards an M2 phenotype by induc-
ing a set of M2-specifi c genes and repressing M1 
markers [ 196 ]. Further transcriptomic analysis 
have now demonstrated that 5-HT exerts a fast 
effect on the macrophage gene expression profi le, 

as two hours of exposure to 5-HT modify the 
mRNA levels of a signifi cant number of genes. 
This fast effect is only partially mediated by 
5-HTR 2B  and mostly mediated by 5-HTR 7  ( de las 
Casas-Engel and Corbí, unpublished ).

   At the functional level, 5-HT inhibits the LPS- 
stimulated release of IL-12p40 and TNFα from 
M-CSF-dependent macrophages, an effect that is 
almost abrogated in the presence of the 5-HTR 7  
antagonist SB269970. Therefore, 5-HT modu-
lates the profi le of pro-infl ammatory cytokines 
through interaction with the 5-HTR 7  receptor 
[ 196 ]. Although 5-HT stimulation or 5-HTR 2B  
activation activates ERK1/2 and its downstream 
targets MSK1/2, the precise intracellular signal-
ing pathways underlying the modulator action of 
5-HT on the cytokine production from M-CSF- 
dependent macrophages is currently unknown. 

 In summary, it can be concluded that 5-HTR 2B  
and 5-HTR 7  are crucial receptors that mediate 
the skewing effect of 5-HT on human macro-
phage polarization, and that might also regulate 
the 5-HT-dependent pro-proliferative and tissue- 
repair activity of macrophages during physiological 
and pathological processes ( see below ).  

  Fig. 9.6    Schematic representation of the infl uence of 5-HT on macrophage polarization, with indication of 
5-HT-regulated cytokines and markers       
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9.2.6     Potential Implications 
of the Effect of Serotonin 
on Macrophage Polarization 

9.2.6.1     5-HT and Cell Proliferation 
 The link between 5-HT and cell proliferation has 
been known for a long time, and is more evident 
in organs like heart and liver, where 5-HT levels 
have a clear pathophysiological infl uence. Both 
liver regeneration and hepatocyte proliferation 
are regulated by 5-HT. TPH1 −/−  hepatectomized 
mice (where lack of TPH1 impairs the 5-HT 
synthesis in peripheral tissues) display a robust 
reduction of several markers associated to hepa-
tocyte proliferation [ 198 ], indicating that 5-HT is 
involved in the induction of liver regeneration. 
Interestingly, activation of 5-HT 2B  improves 
animal survival in small liver grafts transplanta-
tions [ 199 ] and age-associated impairments in 
regenerative capacity [ 200 ]. In fact, through its 
interaction with the 5-HTR 2B  receptor, 5-HT 
promotes cell proliferation in numerous cell 
types, including smooth muscle cells, fi broblasts, 
hepatocytes [ 201 ] and tumor cells [ 202 ]. Besides, 
5-HT affects the expression of certain growth 
factors, as it upregulates TGFβ 1  synthesis in car-
diac fi broblasts [ 203 ,  204 ] and potentiates TGFβ 1  
signaling [ 205 ] in a 5-HTR 2B -dependent manner. 
In the case of cardiac fi broblasts, a cross-talk 
between EGF- and 5-HTR 2B -initiated signals has 
been proposed to explain the up-regulation of 
TGFβ 1  by 5-HT [ 204 ]. Along the same line, 5-HT 
stimulates IGF-1 and HGF production by hepato-
cytes in a 5-HTR 7 -dependent manner [ 160 ]. 

 The existence of the 5-HT/EGF, 5-HT/TGFβ 1  
and 5-HT/IGF-1 axis in various cell types sug-
gests that a similar link between 5-HT and 
growth factor production might be operative in 
macrophages. Macrophages are, in fact, capable 
of secreting a number of 5-HT-inducible prolif-
erative factors such as EGF [ 206 ], VEGF [ 2 , 
 207 ], PDGF, HGF [ 208 ], IGF-1 and TGFβ [ 2 ] a 
capacity that is specially prominent upon M2 
polarization. Interestingly, preliminary profi ling 
experiments have revealed that 5-HT triggers 
the expression of previously unnoticed growth 
factors in M-CSF-polarized M2 macrophages 
( de las Casas-Engel and Corbí, unpublished ). 

The production of 5-HT-inducible growth factors 
by macrophages might explain the contribution 
of bone marrow-derived myeloid cells to the 
5-HTR 2B -dependent development of pulmonary 
arterial hypertension [ 142 ]. Similarly, since 
Kupffer cells secrete factors that participate in 
liver regeneration and repair [ 209 ], it is tempt-
ing to speculate that 5-HTR 2B  on Kupffer cells 
[ 196 ] might have an impact on liver regenera-
tion. Such hypothesis would be supported by the 
fact that 5-HT and the 5-HTR 2B  agonist 
BW723C86 favor the  in vitro  maintenance of 
the M2 macrophage polarization state (charac-
terized by its tissue- repair and cell growth-pro-
moting properties) [ 196 ]. 

 Also related to the link between 5-HT and cell 
growth, the presence of 5-HTR 2B  on tumor- 
growth promoting TAM further suggests the 
putative contribution of M2 macrophages to the 
infl uence of 5-HT on tumor growth. 5-HT directly 
fosters tumor cell proliferation in some cases 
[ 210 – 212 ], and the growth of murine colon can-
cer allografts is dependent on the 5-HT-mediated 
reduction in MMP12 levels by TAM [ 181 ]. The 
fact 5-HT downregulates MMP12 and increases 
the expression of growth factors by M2 macro-
phages through 5-HTR 2B  [ 196 ] further suggests 
that the pro-tumoral actions of M2 macrophages 
might be explained, at least in part, through the 
5-HT receptor-mediated modifi cation of the 
macrophage gene expression program.  

9.2.6.2     5-HT and Wound Healing 
 Wound healing is a second aspect that is worth 
mentioning regarding the infl uence of 5-HT on 
macrophage polarization. A subset of M2 macro-
phages are specialized and play an important role 
in wound healing, a process where platelets and 
5-HT are well-defi ned players [ 213 ]. During 
wound healing, platelet aggregation and 5-HT 
release are rapidly followed by macrophage 
recruitment and release of pro-infl ammatory 
 cytokines in response to potentially damaging 
exogenous or altered endogenous products 
[ 213 ]. Therefore, it could be hypothesized that 
platelet- derived 5-HT might act on macro-
phages, limiting pro-infl ammatory cytokine 
production and enhancing the release of growth 
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factors that would enhance fi broblast/endothelial 
cell proliferation to restore tissue integrity and 
functionality.  

9.2.6.3     5-HT and Psychiatric Diseases 
 The link between 5-HT and macrophages goes 
beyond infl ammatory responses and extends to 
pathologies of psychiatric nature and even to the 
“sickness response”. It is becoming increasing 
clear that some psychiatric disorders have an 
immune origin, especially those where sensory 
inputs result in altered behavior responses (e.g. 
schizophrenia, bipolar disorders, autism). 
Microglia cells are known to contribute to brain 
function regulation and play crucial role in psy-
chiatric pathologies [ 214 – 217 ]. In this regard it 
is worth mentioning that 5-HTR 2B  is required for 
the antidepressant activity of 5-HT [ 218 ], and 
regulates severe impulsivity [ 219 ]. Therefore, 
the ability of 5-HT to modify the effector func-
tions of myeloid cells (e.g., microglia) poses the 
question of whether 5-HT lies at the basis of 
these neurological pathologies by modifying 
macrophage polarization. A similar line of rea-
soning might apply to “sickness response”, com-
monly used to refer to the changes in behaviour 
and physiology that take place during an infec-
tious process, and whose occurrence is triggered 
by the activity of proinfl ammatory cytokines on 
brain cells [ 220 ]. During an infection, proinfl am-
matory cytokines enhance the activity of the 
indoleamine 2,3 dioxygenase (IDO1) enzyme, 
thus increasing pro-depressive kynurenine levels 
and decreasing tryptophan (and 5-HT) levels 
[ 217 ]. The fact that IDO1 is preferentially 
expressed upon M1 polarization (its expression is 
greatly enhanced by TLR ligands and interferons), 
and that proinfl ammatory cytokines in the brain 
are downregulated by IL-10, IL-1Ra and IGF-1 
(all of which are primarily produced by M2 
macrophages), further strengthens the relevance 
of the physiological link between 5-HT and 
macrophage polarization.  

   9.2.6.4 5-HTR 7 -Mediated Macrophage 
Polarization 

 A fi nal, and purely speculative, putative link 
between 5-HT and macrophage polarization 

stems from the range of physiological processes 
where IL-4-polarized M2 macrophages are now 
known to participate. Recent reports have pro-
vided evidences that M2 ATM participate in 
adaptive thermogenesis in brown adipose tissue 
[ 38 ], and that M2 microglia cells regulate mem-
ory and learning in brain [ 21 ]. Intriguingly, both 
processes (memory/learning and thermogenesis) 
are under the control of 5-HT, and are known to 
be altered in  Htr7   −/−   mice [ 221 ]. Given the pres-
ence of 5-HTR 7  in M-CSF-polarized human M2 
macrophages and the ability of 5-HTR 7  antago-
nists to block the anti-infl ammatory response to 
5-HT [ 196 ], it might be worth determining the 
polarization state of  Htr7   −/−   microglia cells, as 
well as assessing whether 5-HTR 7  expression in 
macrophages/microglia contributes to cognitive 
processes and adaptive thermogenesis.       
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    Abstract  

  We are as old as our adult stem cells are; therefore, stem cell exhaustion is 
considered a hallmark of aging. Our tumors are as aggressive as the 
number of cancer stem cells (CSCs) they bear because CSCs can survive 
treatments with hormones, radiation, chemotherapy, and molecularly 
targeted drugs, thus increasing the diffi culty of curing cancer. Not surpris-
ingly, interest in stem cell research has never been greater among members of 
the public, politicians, and scientists. But how can we slow the rate at 
which our adult stem cells decline over our lifetime, reducing the regen-
erative potential of tissues, while effi ciently eliminating the aberrant, life-
threatening activity of “selfi sh”, immortal, and migrating CSCs? Frustrated 
by the gene-centric limitations of conventional approaches to aging diseases, 
our group and other groups have begun to appreciate that bioenergetic 
metabolism,  i.e.,  the production of fuel & building blocks for growth and 
division, and autophagy/mitophagy,  i.e.,  the quality-control, self- 
cannibalistic system responsible for “cleaning house” and “recycling the 
trash”, can govern the genetic and epigenetic networks that facilitate stem 
cell behaviors. Indeed, it is reasonable to suggest the existence of a “meta-
bostem” infrastructure that operates as a shared hallmark of aging and 
cancer, thus making it physiologically plausible to maintain or even 
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increase the functionality of adult stem cells while reducing the incidence 
of cancer and extending the lifespan. This “metabostemness” property 
could lead to the discovery of new drugs that reprogram cell metabotypes 
to increase the structural and functional integrity of adult stem cells and 
positively infl uence their lineage determination, while preventing the 
development and aberrant function of stem cells in cancer tissues. While it 
is obvious that the antifungal antibiotic rapamycin, the polyphenol resve-
ratrol, and the biguanide metformin already belong to this new family of 
metabostemness-targeting drugs, we can expect a rapid identifi cation of 
new drug candidates ( e.g.,  polyphenolic xenohormetins) that reverse or 
postpone “geroncogenesis”,  i.e.,  aging-induced metabolic decline as a 
driver of tumorigenesis, at the stem cell level.  

  Keywords  

  Aging   •   Autophagy   •   Cancer   •   Metabolism   •   Mitophagy   •   Stem cells   • 
  Stemness  

10.1         Introduction 

 We are as old as our stem cells are. Adult somatic 
stem cells persist throughout our lifespan and are 
required to rejuvenate tissues. However, in most 
tissues, adult somatic stem cell function declines 
during the aging process. Because this decline in 
stem cell function with age contributes to tissue 
dysfunction and age-associated diseases by 
reducing the regenerative potential of tissues, 
stem cell exhaustion is considered a hallmark of 
aging [ 1 – 5 ]. When adult stem cells are damaged 
or mutated, they usually die. However, occasion-
ally, these compromised stem cells become cancer 
stem cells (CSCs), special forms of malignant 
cells that have the frightening power to develop 
an entire tumor from a single cell [ 6 – 10 ]. Indeed, 
it would be reasonable to say that tumors are as 
aggressive as the number of CSCs they bear. 
Furthermore, we have recently learned that CSCs 
are  made  and not just  born . That is, either normal 
or non-tumorigenic cancer cells can be endowed 
with stem cell-like abilities, including immortal-
ity and metastatic potential  via  the activation of 
largely unknown pathways [ 11 – 15 ]. CSCs 
increase the diffi culty of curing cancer because 
they can survive treatment with hormones, radiation, 
chemotherapy, and molecularly targeted drugs. 
Thus, CSCs are ultimately responsible for the 

clinical failure of the majority of currently 
available oncology therapies. Developing tech-
niques to reactivate and direct the activity of 
adult stem cells could create revolutionary 
opportunities to clinically manage age-related 
degenerative diseases. Moreover, strategies for 
eliminating drug-resistant CSCs and controlling 
their metastasis will create novel opportunities 
for the clinical management of deadly cancers. 
But how can we slow the rate at which adult stem 
cells decline over our lifetime while effi ciently 
eliminating the aberrant, life-threatening activity 
of immortal CSCs? (Fig.  10.1 ). Learning how to 
maintain and/or increase adult stem cell function 
while reducing cancer rates will undoubtedly 
have important implications for human health.

   One of the most commonly accepted para-
digms in the fi eld is that loss of function in aging 
stem cells correlates with reduced potential for 
adult stem cell transformation ( i.e.,  CSC genera-
tion). In other words, there is a balance between 
functional senescence and cancer risk. Therefore, 
the maximum potential lifespan of an organism 
may be limited by the increased risk of deadly 
cancer and the effectiveness of surveillance 
mechanisms that maintain stem cell function. 
Intriguingly, calorie restriction, which increases 
adult stem cell function to levels found in younger 
subjects, does not increase the incidence of 
cancer [ 16 – 20 ]. Regardless of the ultimate route 
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by which calorie restriction circumvents the 
balance between reduced adult stem cell function 
( via  activation of tumor suppressor-regulated 
cellular senescence) and increased risk of cancer 
with age, calorie restriction studies demonstrate 
that is physiologically plausible to maintain or 
even increase the number and/or function of adult 
stem cells while reducing the incidence of cancer 
and extend maximal lifespan, at least in rodents. 
Indeed, we are beginning to understand a meta-
bolic hallmark of adult stem cells and CSCs that 
may create a therapeutic bridge between the 
fi elds of aging and cancer [ 21 – 31 ].  

10.2     Aging & Cancer: 
A Metabolic View 

 Age-related diseases ( e.g.,  atherosclerosis, dia-
betes, cancer, and others) appear to refl ect a syn-
ergistic interaction between our evolutionary 
path to sedentarism – which increases a number 
of gero-promoting factors ( e.g.,  nutrients, 
growth factors, cytokines, insulin) that overacti-
vate key gerogenes ( e.g.,  the nutrient-sensing 
mammalian Target Of Rapamycin (mTOR)) – 
and the “defective design” of central energy 
metabolism sensors that function either as 

  Fig. 10.1    Metabostemness: a new-dimensional hallmark 
shared by aging & cancer stem cells. Because the decline 
in stem cell function with age contributes to age-associ-
ated diseases by reducing the regenerative potential of 
tissues, stem cell exhaustion is considered a hallmark of 
aging. Occasionally, adult stem cells become cancer 
stem cells (CSCs), special forms of “selfi sh”, immortal 
and migrating malignant cells with an intrinsically aber-
rant life-threatening stemness activity. Moreover, either 
normal or non-tumourigenic cancer cells can be endowed 
with “stemness powers”, including immortality, drug 
resistance, and metastatic potential. We now know that the 
molecular circuitries that switch  on&off  bio-energetics 

metabolism,  i.e.,  the production of  fuel&building blocks  
for growth and division, and autophagy/mitophagy, 
 i.e.,  the quality-control,  self-cannibalistic  system 
responsible for “cleaning house” and “recycling the trash”, 
are wired differently in adult stem cells and cancer stem 
cells. The new cellular attribute at the intersection of 
aging and cancer has been called metabostemness. 
While the prolonged activation of critical metabostem-
ness components leads to depletion of adult stem cell 
function and reduced health, the activation of analogous 
metabostemness machineries causally contributes to the 
aberrant acquisition of tumour-initiating and metastatic 
abilities in CSCs       
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metabolic gerogenes ( e.g.,  mTOR) or metabolic 
gerosuppressors ( e.g.,  the AMP-activated protein 
kinase (AMPK), which antagonizes the gerogenic 
activity of mTOR) [ 32 – 43 ]. In this scenario, 
aging can be viewed as the ability of metabolic 
gerogenes to continue, in an aimless but harmful 
manner, a developmental program that was 
benefi cial early in life but was not switched off 
upon its completion. In other words, overactiva-
tion of metabolic gerogenes limits the lifespan 
by accelerating age- related diseases. A crucial 
element in understanding this metabolic frame-
work for aging-related diseases is the weakness 
of the metabolic gerosuppressors that antagonize 
the metabolo- gerogenic pathway. The respon-
siveness of metabolo-gerosuppressor signaling 
should decline with aging because robust, con-
tinuous activation of metabolic suppressors in 
response to metabolic stresses results in acceler-
ated aging [ 44 ,  45 ]. In summary, the ability of 
metabolic gerogenes to drive aging can be trig-
gered or accelerated by the loss of responsiveness 
to the activation of critical metabolic gerosup-
pressors. Understandably, if the overactivity of 
metabolic gerogenes limits lifespan by accelerat-
ing the progression of age-related diseases such 
as atherosclerosis or cancer, direct or indirect 
behavioral or pharmacological suppression of 
metabolic gerogene-driven aging ( e.g., via  non-
permanent activation of metabolic gerosuppressors) 
should increase the healthy lifespan.  

10.3     Aging, Cancer, and Stemness: 
A Metabolic Intersection 

 Aging and cancer could be seen as opposite 
processes: whereas aging is characterized by a 
loss of fi tness, cancer is the consequence of an 
aberrant gain of cellular fi tness. From a meta-
bolic perspective, however, aging and cancer 
can be regarded as two different manifestations 
of the same underlying process: cancer and most 
aging- associated pathologies such as athero-
sclerosis and infl ammation involve uncontrolled 
cellular overgrowth or hyperactivity. Current 
evidence strongly supports the idea that anabolic 

metabolic signaling ( e.g.,  deregulated nutrient 
sensing and mitochondrial dysfunction, both 
hallmarks of aging) accelerates aging and that 
decreased nutrient signaling extends longevity. 
Further, treatment with drugs that mimic a state 
of limited nutrient availability, such as rapamy-
cin, can extend longevity in mice [ 46 – 53 ]. It is 
worth noting that metabolism in cancer tissues 
is reorganized to increase the anabolic reactions 
linked to cell growth and proliferation, which 
are negatively impacted by energy states that 
mimic limited nutrient availability [ 54 – 60 ]. 
This apparent metabolic paradox can be easily 
resolved in the context of stemness as an inte-
grative framework for understanding the antag-
onistic metabolic features that occur in aging 
and in aging-related diseases such as cancer 
(Fig.  10.2 ). In other words, metabolic gerosup-
pressors in adult stem cells are tumor suppres-
sors in CSCs. Upon activation, these suppressors 
inhibit the geroconverting activity of gerogenes 
in adult stem cells and transformation of CSCs. 
This “metabostemness” property is the only sce-
nario that explains how pharmacological inhibi-
tors of gerogene activity ( e.g.,  mTOR inhibitors 
such as rapalogs) that signifi cantly postpone 
aging by affecting energy sensing may also 
improve “normal” stem cell function in several 
tissues ( e.g.,  epidermis, hematopoietic system, 
intestine) and simultaneously blocking specifi c 
stemness-related functions in CSCs [ 61 ]. 
Similarly, the agonistic activity of molecules 
such as metformin toward metabolic gerosup-
pressors could signifi cantly improve the struc-
tural and functional integrity of adult stem cells 
by preventing their entrance into potentially del-
eterious hyperproliferative cancer-like modes 
[ 62 – 80 ].

   The most essential hallmark of aging and 
cancer ( i.e.,  stemness) is highly intertwined 
with a specifi c cell-intrinsic metabolism, either 
as consequence or as a cause. Therefore, an 
integrated “metabostemness” hallmark could 
be considered as ultimately responsible for 
both the depletion of adult stem cell function 
and the aberrant acquisition of tumor-initiating 
and metastatic abilities in CSCs.  
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10.4     A Metabostem Infrastructure 
Is Shared Hallmark of Aging 
and Cancer: Lessons 
from Induced Pluripotent 
Stem (iPS) Cells 

 The discovery that somatic cells can be induced 
to enter a pluripotent stem state by the exogenous 
expression of reprogramming factors ( e.g.,  Oct4, 
Sox2, Klf4, c-Myc) has enormous potential for 
human disease modeling and therapeutics [ 81 –
 89 ]. It is quite clear that reprogramming can reset 
an aged, somatic cell to a more youthful, pluripo-
tent state. There are currently confl icting data 
regarding the ability of reprogramming to fully 
reset the aging clock by reversing the effects of 
damaged macromolecules, nuclear and mito-
chondrial mutations, telomere shortening, epig-
enomic changes, increased oxidative stress, and 
numerous other alterations that accrue with age. 
However, it is clear that reprogramming reverses 
many aspects of aging by resetting metabolic sig-
natures, mitochondrial networks, and other fac-
tors to a youthful state. If the acquisition of stem 

cell-like properties in iPS cells is closely associated 
with the maintenance and/or enhancement of 
adult stem cell function, then determining the 
molecular mechanisms that  positively  regulate the 
effi ciency and kinetics of reprogramming could 
provide proof-of-concept for novel mechanisms 
that regulate the number and function of adult 
stem cells (Fig.  10.3 ). Several reprogramming 
factors that can “reset” the epigenetic status of the 
somatic cells and allow them to adopt a plethora 
of possible fates were previously known for their 
oncogenic activity. A fundamental principle of cell 
biology is that stem cells with greater potential 
for self-renewal and pluripotency also have a 
higher probability of causing tumors [ 90 – 94 ]. 
Therefore, much research in the fi eld has focused 
on the tumorigenic capacity traits of iPS cells to 
facilitate the development of safe, tumorigenesis- 
free iPS cell-based therapies. If the acquisition of 
stem cell-like properties in induced pluripotency is 
associated with the mechanisms underlying cancer 
stem cell-driven tumorigenesis, then determining 
the molecular mechanisms that  negatively  regulate 
tumorigenesis in iPS cells could provide proof-of-
concept that novel self-renewing tumor-initiating 

  Fig. 10.3    The AMPK-mTOR axis: an example of the 
metabostemness machinery. Drugs able to inhibit the pro-
aging activity of the mTOR gerogene ( e.g.,  rapamycin) 
and gerosuppressants of mTOR ( e.g.,  the AMPK agonist 

metformin) can simultaneously affect the aging-cancer 
signature in ways that signifi cantly promote cell death in 
immortal CSCs and that weaken aging phenotypes in 
normal tissues       
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mechanisms regulate both the development 
and aberrant function of CSCs (Fig.  10.3 ). 
Remarkably, iPS cell-based studies have revealed 
that metabolic gerogenes ( e.g.,  mTOR) are 
involved in pivotal housekeeping pathways that 
may limit the decline in the number or function 
of adult stem cells. In contrast, deactivation of 
metabolic gerosuppressors ( e.g.,  AMPK) appears 
to regulate tumorigenesis in stem cells.

10.4.1       The Metabolic Gerogene 
mTOR and Stem Cells: Lesson 
from iPS Cells 

 Adult stem cells exist in most mammalian organs 
and tissues and are indispensable for normal tissue 
homeostasis and repair. The integrity, function, 
and proliferative capacity of adult stem cells is 
impaired by aging. Although stem cell function 
declines with age, it should be noted that there is 
not an age-related depletion of stem cells. 
Importantly, some age-related functional changes 
may be reversible, suggesting that aging stem cells 
could be rejuvenated. iPS cells are valuable tools 
that can be used to address stem cell aging and the 
metabolic pathways that are involved in this pro-
cess. For example, if blockade of gerogene activity 
( e.g.,  mTOR) signifi cantly impacts both the speed 
and effi ciency of iPS cell generation by alleviating 
aging-related roadblocks to somatic reprogram-
ming ( e.g.,  cell senescence), then this would pro-
vide proof-of-concept that housekeeping metabolic 
pathways can drive aging ( e.g.,  mTOR-regulated 
cell senescence). Two inhibitors of mTOR activity 
(rapamycin and PP242) accelerate the early stages 
of the reprogramming process [ 95 ]. This is consis-
tent with earlier studies that suggest that mTOR-
regulated activation of the downstream effector 
p70S6K1 is a critical molecular mechanism for 
pluripotent cell differentiation [ 96 ]. mTOR inhibi-
tors likely function in the very early stages of 
somatic cell reprogramming by helping to bypass 
at least two critical reprogramming barriers, 
namely the epithelial- to-mesenchymal transition 
(EMT) and cellular senescence, and by mediating 
the activity of transcription factors that lead to the 
acquisition of stemness. 

10.4.1.1     mTOR and the Epithelial-to- 
Mesenchymal Transition 
(EMT) 

 Inhibition of the mTOR gerogene may facilitate 
the mesenchymal-to-epithelial (MET), as cells 
of mesenchymal origin such as fi broblasts are 
thought to undergo MET before reprogramming 
can be initiated [ 97 – 100 ]. TGFβ-induced EMT 
is regulated by activation of the mTOR pathway, 
and the stable inhibition of mTORC1 (Raptor) 
and mTORC2 (Rictor) induce MET in cancer 
cells [ 101 ,  102 ]. Therefore, it is plausible that 
mTOR blockade could circumvent a major bar-
rier to reprogramming by suppressing microen-
vironmental pro-EMT signals and activating an 
epithelial program. EMT processes are a crucial 
link between cellular senescence and self- 
limiting mechanisms that limit fi brogenesis 
[ 103 – 105 ]. Fibrosis may lead to deleterious 
consequences and loss of tissue function, par-
ticularly in association with infl ammation, if the 
rapid synthesis and deposition of extracellular 
matrix continues unchecked. Further studies 
should elucidate whether mTOR functioning is 
a pivotal regulator of the balance between EMT-
related fi brosis and cellular senescence in aging 
stem cells.  

10.4.1.2     mTOR and Cellular Senescence 
 Inhibition of mTOR may fi ne-tune its gerogenic 
activity to avoid cellular senescence, which is an 
initial barrier that limits the effi ciency of somatic 
cells reprogramming. Indeed, the reprogramming 
process itself appears to trigger a stress response 
similar to senescence, known as reprogramming- 
induced senescence (RIS) [ 106 ,  107 ]. Senescence 
pathways including the p19 ARF /p53/p21 WAF1/CIP1  
pathway and the p16 INK4a /pRB pathway constitute 
critical barriers to the reprogramming process 
[ 108 – 114 ]. Because intrinsic senescence pathways 
may already be activated in cells from aging tis-
sues (pre-senescent cells), the reprogramming 
process may push them into a fully senescent 
state, further hampering reprogramming. Notably, 
the pharmacological blockade of mTOR with 
rapamycin prevents the permanent loss of prolif-
erative potential that occurs when cells enter 
senescence, and the cell cycle, but not cell growth, 
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is arrested. Therefore, mTOR inhibition can 
induce “rejuvenated” cellular states that deceler-
ate cellular senescence by turning irreversible 
arrest into a reversible condition. Indeed, when 
the cell cycle is arrested by inducing the expres-
sion cyclin dependent kinase inhibitors (CDKis), 
such as p21 WAF1/CIP1  and p16 INK4a  in the presence 
of rapamycin, the cells remain quiescent but not 
senescent because they can resume proliferation 
when the CDKis are removed [ 115 – 121 ]. This 
unique mechanism by which gerogenes such as 
mTOR link senescence to reprogramming is 
crucial for understanding how drugs that sup-
press the inappropriate inactivation of growth-
promoting mTOR signaling without escaping 
from cell cycle arrest may be used to safely 
improve reprogramming without increasing the 
risk of cancer. Unlike the genetic abrogation of 
cell cycle arrest that is facilitated by losing  bona 
fi de  tumor suppression ( e.g.,  p53) during repro-
gramming of somatic cells and malignant trans-
formation, mTOR inhibition transiently inhibits 
senescence without permanently disabling tumor 
suppression because it does not reverse cell cycle 
arrest unless the initial cell cycle inhibitors ( e.g.,  
p21 WAF1/CIP1  and p16 INK4a ) are removed. The 
mTOR inhibitor rapamycin extends the maximal 
lifespan in cancer-prone mice but does not 
increase cancer incidence and/or the biological 
aggressiveness of the tumors that do arise.  

10.4.1.3    mTOR and Autophagy 
 The ability of the mTOR gerogene to regulate 
the sensitivity of somatic cells to reprogramming 
can also be explained by mTOR regulation of 
autophagy. Autophagy is the homeostatic pro-
cess of cytoplasmic degradation and recycling 
that evolved to respond to stress conditions. 
Cellular hypertrophy associated with senescence 
is driven by cell cycle arrest (a p53-regulated 
response to the overexpression of stemness fac-
tors that markedly decreases the effi ciency of 
reprogramming), continuous protein synthesis, 
and insuffi cient autophagy [ 122 – 125 ]. It is there-
fore plausible that autophagy activation may bal-
ance cellular hypertrophy and proliferative 
potential to suppress cellular senescence and 
enhance reprogramming. Consistent with this 

notion, Wang et al .  [ 126 ] recently reported that 
transient activation of autophagy is a key mecha-
nism underlying the ability of the  Sox2  stemness 
factor to promote cellular reprogramming. First, 
the authors confi rmed that depletion of autopha-
gic proteins (Atg5, Atg3, Atg7) completely 
abrogates the formation of iPS cells from mouse 
embryonic fi broblasts. They did not observe any 
changes in the mRNA levels of various autoph-
agy-related genes (Atg) during reprogramming; 
however, they did observe a dramatic decrease in 
mTOR mRNA on the fi rst day of iPS cell genera-
tion. mTOR protein levels were also repressed 
for the fi rst two days of the reprogramming pro-
cess but were then restored to basal levels at day 
3 of iPS cell generation. These results provide a 
mechanistic explanation for earlier observations 
by Chen et al .  [ 95 ], who evaluated the dynamics 
of rapamycin-enhanced iPS cell generation. The 
authors observed that previous treatment with 
rapamycin correlated with enhanced reprogram-
ming effi ciency. He et al .  [ 127 ] similarly reported 
that elaborate regulation of mTOR activity is 
required for somatic cell reprogramming induced 
by defi ned transcription factors. Taken together, 
these results strongly suggest that an initial short 
burst of mTOR suppression at an early stage fol-
lowed by restoration of mTOR activity at a later 
stage are both required for successful repro-
gramming to occur. Perhaps more importantly, 
these results clearly indicate that proper autoph-
agy driven by mTOR activation is indispensable 
for transcription factor-induced reprogramming, 
thus supporting the notion that stemness genes 
may have evolved as components of metabolic 
regulation. Thus, Sox2 initiates autophagy 
exclusively by suppressing the gerogene mTOR 
during reprogramming, including the cellular 
reprogramming that occurs in early embryo-
genesis [ 126 ].  

10.4.1.4    mTOR and Mitophagy 
 mTOR-regulated autophagy may enable cells to 
overcome cellular senescence barriers by remodel-
ing the cell cycle machinery or promoting the turn-
over of the “senescent” subcellular architecture, 
which may counterbalance the indefi nite cellular 
growth of senescent cells. In addition, ever-growing 
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genome-, proteome-, and metabolome- based 
studies have shown that during the fi rst 3 days of 
reprogramming, multiple protein and metabolite 
profi le changes occur in a highly coordinated 
fashion. Given this evidence, it is tempting to 
suggest that mTOR inhibition- induced (mitochon-
drial) autophagy may induce the early metabolic 
switch from mitochondrial respiration to glycolysis 
that underlies the acquisition of stemness. 

 Mitochondrial structure and function have 
been suggested as indicators of stem cell compe-
tence. Specifi cally, low mitochondrial activity 
and a relatively under-developed mitochondrial 
network are common features of stemness. 
Prigione et al. [ 128 ], Prigione and Adjaye [ 129 ] 
have pioneered the “metabolic state hypothesis” 
that links mitochondrial state and cellular 
metabolism to differentiation. According to this 
hypothesis, self-renewal of iPS cells is supported 
by glycolysis and mitochondrial properties that 
are similar to embryonic stem cells, including 
immature organelle shape with under-developed 
cristae and low levels of oxidative stress. The 
idea that alteration of mitochondrial homeostasis 
and cellular bioenergetics metabolism may be 
essential for the acquisition and maintenance of 
and exit from self-renewing pluripotent states in 
human cells is strongly supported by landmark 
studies by Folmes et al .  [ 130 ], who showed that: 
(a) stemness factors, remarkably, induce the 
reversion of mitochondrial networks into cristae- 
poor structures, (b) functional metamorphosis of 
somatic-oxidative phosphorylation into acquired 
pluripotent-glycolytic metabolism corresponds 
to an embryonic-like pattern, (c) cell fate is deter-
mined by the upregulation of glycolytic enzymes 
and downregulation of electron transport chain 
complex I subunits, and (d) the  a priori  energy 
infrastructure of somatic cells is a crucial molec-
ular feature for achieving stemness. Glycolytic 
gene potentiation occurs prior to the induction of 
pluripotent markers. Accordingly, stimulating 
glycolysis promotes reprogramming and inhibit-
ing glycolytic enzyme activity inhibits repro-
gramming. Reprogramming to pluripotency is 
also more effi cient the closer the glycolytic and 
OXPHOS energy metabolism profi le of the starting 
somatic cells are to the pattern observed in 

embryonic stem cells [ 131 – 137 ]. Thus, it is tempting 
to suggest a type of “metabolic memory” that, 
similar to the “epigenetic memory” contained 
within specifi c chromatin modifi cations, may be 
partially retained through the reprogramming 
process. Metabolic reprogramming plays an early, 
active role in the acquisition of stemness and 
therefore presents a barrier that must be overcome 
to enhance reprogramming effi ciency. Beyond this 
role, however, it is largely unknown how a retained 
metabolic memory could infl uence not only the 
differentiation potential and function of iPS cells 
but also resetting to a metabolic program that is 
compatible with stem cell function. This leads 
to the attractive hypothesis that gerogenes such 
as mTOR can regulate mitochondrial dynam-
ics to segregate mitochondria that are destined 
for clearance through autophagy. Because this 
process results in  compartmentalized cellular 
catabolism, loss of mitochondrial function, 
increased glucose uptake and, consequently, 
accelerated onset of glycolysis, mTOR-driven 
mitophagy may play a crucial role in regulating 
the number and quality of mitochondria to 
achieve stemness. 

 Mitochondrial homeostasis in pluripotency 
relies on mitochondrial biogenesis and dynamics 
(fi ssion and fusion), as well as degradation through 
mitophagy [ 138 – 143 ]. Interestingly, although 
early studies suggested that iPS cells contain fewer 
mitochondria and lower copy numbers of mtDNA 
compared to somatic cells, recent studies have 
clarifi ed that the ratio between mitochondrial mass 
and total cellular mass, is similar in iPS cells and 
differentiated cells [ 144 ,  145 ]. Intriguingly, we are 
beginning to accumulate evidence that mitochon-
drial dynamics are also actively involved in stem 
cell biology ( e.g.,  blockade of mitochondrial fi s-
sion drastically decreases the effi ciency of repro-
gramming to stemness) [ 143 ], indicating that not 
only functional but also structural changes in mito-
chondria are required to successfully acquire a 
stem cell- like state. Oncogene-induced mitophagy 
mediates mitochondrial functional loss ( i.e.,  
decreased respiration that is not related to changes 
in mitochondrial biogenesis) during early tumori-
genesis [ 146 – 148 ]. Similarly, mTOR activity-
regulated mitophagy could be a crucial mechanism 
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that regulates the transition to a glycolytic, rejuve-
nated metabotype that is able to bypass cellular 
senescence. An mTOR-regulated increase in mito-
chondrial fi ssion during the reprogramming to 
stemness may upregulate mitophagy, which would 
therefore lead to signifi cant reductions in both the 
number and the size of mitochondria, thus achieving 
the “mitochondrial phenotype” that is associated 
with stem cells. But how? 

 We know that the mTOR pathway regulates 
mitochondrial oxygen consumption and oxida-
tive capacity. Indeed, mTOR activity plays an 
important role in determining the balance 
between mitochondrial and non-mitochondrial 
glycolytic sources of ATP [ 149 ,  150 ]. First, dis-
rupting the mTOR-Raptor (mTORC1) complex 
with rapamycin lowers mitochondrial membrane 
potential, oxygen consumption and ATP synthe-
sis. Second, altering mTOR-Raptor expression 
modulates the total oxidative capacity of cells 
and signifi cantly alters the mitochondrial phos-
phoproteome. Third, mTOR inhibition modulates 
the relative contribution of mitochondrial metab-
olism to cytosolic glycolysis and therefore does 
not merely refl ect a secondary response to 
changes in the energy demand. These metabolic 
peculiarities of the mTORC1 complex support a 
putative mitophagic role for mTOR during the 
acquisition of stemness. Impairing mitochondrial 
oxidation and increasing glycolysis-driven 
energy production may be necessary but not suf-
fi cient to convert somatic cells to a pluripotent 
state. The bioenergetic switch must be accompa-
nied by alterations in the mitochondrial dynamics 
that facilitate bypass of the senescence check-
point ( e.g.,  an increase in mitochondrial fusion 
could downregulate mitophagy, thus generating 
giant mitochondria that are associated with cell 
senescence). Notably, pharmacological blockade 
of mTOR activity with rapamycin promotes the 
colocalization of lysosomes with mitochondria 
[ 151 – 153 ], and the rapamycin-induced autopha-
gosomal clearance of damaged mitochondria is 
partially blocked by specifi c suppression of 
autophagy-related genes ( i.e.,  ATG5). The fact 
that the mTOR-Raptor (mTORC1) complex 
directly associates with mitochondria and the 
recent discovery that inhibition of mTORC1 (but 
not mTOR-Rictor/mTORC2) is essential for the 

initiation of autophagy during iPS cell generation 
[ 126 ] strongly suggest that the dynamic (early) 
repression and (late) repression of mTOR activity 
during reprogramming to stemness is likely to be 
related to mitophagy induction. 

 Dai et al .  [ 151 ] recently tested the hypothesis 
that enhancing mTOR-regulated mitophagy 
drives selection against dysfunctional mitochon-
dria harboring high levels of mutations, thereby 
decreasing mutation levels over time. In their 
hands, pharmacological inhibition of mTOR 
activity with rapamycin induced colocalization of 
mitochondria with autophagosomes and increased 
the number of autophagic vacuoles containing 
mitochondria-like organelles, resulting in a strik-
ing decrease in heteroplasmic mtDNA mutations. 
The decreased mutational burden was not due to 
rapamycin-induced cell death or mtDNA deple-
tion, but rather to the unique ability of mTOR 
inhibition to activate mitophagy as a way to select 
against heteroplasmic mtDNA mutations. This 
raises the exciting possibility that mTOR may 
have therapeutic potential as a target for the treat-
ment of mitochondrial disorders associated with 
heteroplasmic mtDNA mutations. Reprogramming 
somatic cells from patients with mitochondrial 
dysfunction caused by mutations in heteroplasmic 
mtDNA would give rise to two populations of iPS 
cells: Mt-mutation-rich iPS cells with high levels 
of mutant mtDNA, and Mt-mutation-free iPS 
cells with undetectable levels of mutant mtDNA 
[ 154 ,  155 ]. Thus, it would be of interest to evalu-
ate whether reprogramming in the presence of an 
early, transient blockade of mTOR activity drasti-
cally alters the above-mentioned balance of 
Mt-mutation-rich/Mt-mutation-free mtDNA and 
generates fully Mt-mutation-free iPS cell popula-
tions as a promising resource for the potential 
autologous cell therapy.    

10.5     The Metabolic 
Gerosuppressor AMPK 
and Cancer Stem Cells: 
Lessons from iPS Cells 

 CSC-driven tumorigenesis is closely associated 
with the acquisition of stem cell-like properties in 
induced pluripotency. For example, the acquisition 
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of both CSC and iPS cellular states requires a 
specifi c combination of oncogenes and tumor 
suppressor genes that leads to the loss of the 
cell’s original identity and produces a less- 
differentiated cell that can proliferate and self- 
renew indefi nitely [ 15 ]. Therefore, determining 
the mechanisms that negatively regulate the effi -
ciency and kinetics of somatic reprogramming to 
iPS cells could provide proof-of-concept for the 
existence of pivotal self-renewing tumor- 
initiating mechanisms. These mechanisms could 
then be targeted to regulate both the number and 
aberrant function of CSCs. As discussed above, 
iPS cells appear to share all of the core compo-
nents of metabolic reprogramming that have been 
observed in human tumors since the end of the 
1920s, when Otto Warburg fi rst described that the 
glycolytic pathway is favored over mitochondrial 
oxidative phosphorylation (OXPHOS) as the pri-
mary form of energy metabolism in tumor cells, 
even in the presence of oxygen. Indeed, it appears 
that the glycolytic phenotype is necessary for and 
promotes the acquisition of pluripotency [ 131 –
 137 ]. Stimulation of aerobic glycolysis favors 
reprogramming, while blockade of glycolytic 
enzymes inhibits reprogramming. These fi ndings 
strongly support cell bioenergetics as a novel pre- 
requisite for acquired stemness in normal and 
malignant cells. Accordingly, an experimental 
model comparing oncogenic transformation and 
nuclear reprogramming confi rmed that somatic 
cells must fi rst acquire changes that lead to the 
downregulation of cell differentiation machinery 
as well as the activation of glycolysis and other 
glycolysis-related metabolic pathways. Only 
then do the oncogenic transformation/induced 
pluripotency pathways diverge, depending on 
other factors, such as the activity of pluripotency 
genes. Therefore, it is reasonable to suggest that 
the acquisition of, and exit from, malignant stem-
ness in CSCs is governed not only by genetic and 
epigenetic factors but also by metabolic repro-
gramming. If energy metabolism plasticity facili-
tates the self-renewal and differentiation of CSCs 
in cancer tissues, then it is plausible that yet-to-
 be described cellular metabotypes defi ned by 
specifi c cellular energetic machineries and their 
quality control systems could regulate CSC-like 
states. Accordingly, only a few “permitted” cell 

metabotypes would possess the necessary plasticity 
to reprogram the tumor cell-of-origin so that it 
can become a CSC [ 30 ,  156 ]. The intrinsic and 
extrinsic genetic, epigenetic, and microenviron-
mental factors that regulate the transition to a 
CSC-like state could not operate in the presence 
of “protected” cell metabotypes. In this scenario, 
the activation status of metabolic gerosuppres-
sors such AMPK, a master metabolic master that 
senses and decodes intracellular changes in the 
energy status [ 157 – 160 ], would play a crucial 
role in regulating the ability of oncogenes, tran-
scription factors, or onco-microRNAs to promote 
the acquisition of a CSC-like state. 

 AMPK, whose ancestral role may have been 
related to the glucose starvation response, appears 
to have arisen very early during eukaryotic evolution 
[ 157 – 160 ]. Rapid cell growth requires the active 
synthesis of proteins, rRNA and lipids, all of 
which are switched off by activation of the gero-
suppressor AMPK. Not surprisingly, expression of 
the catalytic subunit of AMPK is signifi cantly 
downregulated in iPS cells [ 154 ], mimicking a 
mechanism employed by many tumor cells to 
escape the growth-restraining effects imposed by 
switching from anabolic to catabolic metabolism 
that may occur upon activation of AMPK. Loss of 
sensitivity to activation of the tumor-suppressor/
gerosuppressant activity of AMPK in response to 
metabolic stresses may allow normal and non-
CSC tumor cells to de- differentiate and acquire 
properties of CSCs. Therefore, characterizing the 
role of AMPK in inhibiting nuclear reprogram-
ming during iPS cell generation could facilitate the 
development of clinically applicable AMPK acti-
vation strategies directed against stemness. In this 
regard, we have shown that AMPK activators can 
endow somatic cells with an energetic infrastruc-
ture that is protected against reprogramming to 
stemness [ 80 ]. Importantly, the metabolic barrier 
imposed by AMPK activation strategies cannot be 
bypassed even through p53 defi ciency. p53 is the 
guardian of the genomic and metabolic check-
point, and its loss greatly enhances the effi ciency 
of stem cell production by facilitating immortal-
ization [ 110 – 113 ]. How is the cell metabotype 
acquired in response to AMPK activation associ-
ated with a cellular state that is refractory to the 
induced acquisition of stemness? 
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10.5.1     AMPK and the OXPHOS/
Glycolytic Metabotype 

 There is an overall correlation between the bioen-
ergetic state of the cell-of-origin and the effi -
ciency of reprogramming it into a stem cell. Cells 
with an oxidative: glycolytic energy production 
ratio closer to that of pluripotent cells are repro-
grammed more quickly and effi ciently [ 133 ]. 
Therefore, it is reasonable to suggest that AMPK 
activation may effi ciently impede nuclear repro-
gramming by preventing a glycolytic metabo-
type. Although data directly linking AMPK 
activation status with glycolysis are scarce, recent 
evidence shows that the activation status of 
AMPK either promotes (AMPK  on ) or inhibits 
(AMPK  off ) tumor development by regulating 
the Warburg effect [ 161 – 163 ]. While earlier stud-
ies suggested that AMPK may suppress glycolysis 
in tumor cells by inhibiting mTOR, AMPK regu-
lation of glycolysis is also affected by p53, the 
best-known tumor suppressor that regulates the 
expression of several genes intimately linked to 
OXPHOS and glycolysis. Because the net effect 
of p53 defi ciency is a reduction in mitochondrial 
respiration and strong activation of glycolysis, 
leading to the Warburg effect [ 164 – 168 ], AMPK 
activation may promote p53-driven suppression 
of the glycolytic fl ux. AMPK antagonizes the 
pro-immortalizing glycolysis triggered by p53 
loss. Importantly, a direct link between aberrant 
glucose metabolism and CSCs was been recently 
confi rmed in glioblastoma. The antidiabetic drug 
metformin promoted differentiation of stem-like 
glioma-initiating cells into non- tumorigenic cells 
 via  activation of AMPK, which is sensitive to 
glucose availability [ 169 ]. 

 The activation status of the metabolic gero-
suppressor AMPK can also affect reprogram-
ming to stemness by regulating  primum movens  
that establish the Warburg effect regardless the 
presence or absence of driver genetic alterations. 
First, the activity and protein expression level of 
H + -ATPase synthase, a reversible engine in the 
inner mitochondrial membrane that regulates 
energy conservation by synthesizing or hydrolyzing 
ATP in response to changes in metabolic cellular 
conditions, are repressed in human carcinomas 

[ 170 – 177 ]. Overexpression of the ATPase inhibitor 
factor 1 (IF1) limits the activity of H + -ATPase 
and triggers the metabolic switch to enhanced 
aerobic glycolysis, while silencing IF1 has the 
opposite metabolic effect. IF1 expression is 
generally negligible in normal tissues, and IF1 is 
highly overexpressed in numerous carcinomas. 
IF1 overexpression is suffi cient to limit H + -
ATPase activity and promote the acquisition of 
the Warburg phenotype without any genetic 
changes. IF1 is highly expressed in iPS cells, 
whereas expression of the catalytic β-F1-ATPase 
subunit, which is the rate-limiting component of 
mitochondrial OXPHOS, is specifi cally repressed 
in iPS cells [ 156 ]. Notably, exposure to the 
AMPK agonist metformin drastically decreases 
IF1 levels. Conversely, AMPK activation by 
metformin promoted a signifi cant increase in 
β-F1- ATPase content in individual iPS cells. 
Remarkably, AMPK activation-driven reversal of 
the IF1/β-F1-ATPase expression status concomi-
tantly induced a switch to an SSEA1-negative 
state in smaller iPS cell colonies. This strongly 
suggests that AMPK can operate as an upstream 
regulator of the H + -ATPase synthase-geared 
metabolism switch and that a mitochondria- 
mediated energy adaptation is suffi cient to pro-
mote the acquisition of a stemness-competent 
Warburg-like metabotype [ 156 ]. Further studies 
should more clearly elucidate whether the 
AMPK-driven IF1/β-F1-ATPase ratio and H + /
ATPase activation status play an instrumental role 
in establishing and/or maintaining CSC-like states. 

10.5.1.1    AMPK and the Lipogenic 
Metabotype 

 One reason for the high glycolytic rate of rapidly 
proliferating cells is that the TCA cycle ceases to 
be a purely catabolic pathway and becomes at 
least partially anabolic, actively providing pre-
cursors for biosynthesis, particularly citrate for 
lipid synthesis [ 178 – 181 ]. Indeed, the Warburg 
effect has been correctly redefi ned in terms of 
the obligatory dependence of some cellular 
states, including stem cell-like states, on maxi-
mizing the production of macromolecules and 
organelles. This is because aerobic glycolysis, 
but not OXPHOS, facilitates the rapid and 
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efficient diversion of key metabolites into the 
major cellular biosynthetic pathways (amino 
acid synthesis, nucleic acid synthesis, and  de 
novo  fatty acid biogenesis). We recently demon-
strated that, similar to biologically aggressive 
subtypes of human carcinomas and CSCs, iPS 
cells supercharge lipogenesis by triggering regu-
latory circuits that activate and provide sub-
strates for the key lipogenic enzymes, including 
acetyl-CoA carboxylase (ACACA) and fatty 
acid synthase (FASN) [ 156 ]. Coincidentally, 
when the activity of ACACA and FASN is inhib-
ited, the reprogramming effi ciency decreases 
signifi cantly. Treatment with the AMPK agonist 
metformin at concentrations that suppress the 
early self- renewal marker SSEA-1 signifi cantly 
and specifi cally blocked the increase in ACACA 
and FASN proteins expression in iPS cells com-
pared to the parental MEF population. Therefore, 
the activation of an AMPK-regulated lipogenic-
phenotypeis instrumental in reprogramming 
somatic cells to induced pluripotency [ 156 ], 
most likely by enabling a rapid regeneration of 
NAD +  by consuming large amounts of NADPH 
and avoiding low NAD + /NADH ratios that would 
eventually inhibit glycolysis through feedback 
mechanisms.  

10.5.1.2    AMPK and DNA Damage 
 The metabolic gerosuppressor AMPK may also 
render cells metabolically protected against the 
acquisition of stemness in response to DNA dam-
age. The p53-dependent counterselection of 
DNA-damaged cells during reprogramming 
[ 109 – 113 ] has been demonstrated by increased 
DNA damage foci and increased phosphorylation 
of the serine/threonine kinase ataxia telangiecta-
sia mutated (ATM), a primary regulator of the 
cellular response to DNA double-strand breaks 
that operates as a central DNA damage check-
point connecting cancer predisposition with cel-
lular bioenergetics [ 182 ,  183 ]. Thus, it has been 
suggested that the DNA damage response (DDR) 
activated during the induction of reprogramming 
might be equivalent to the oncogene-induced 
DDR that occurs during oncogene-induced 
senescence [ 107 ,  113 ]. In this case, the cell 
proliferation and transformation induced during 

oncogene activation in early tumorigenesis are 
inhibited by cellular senescence. AMPK activation 
may lower the threshold for cellular senescence 
by activating an ATM-dependent pseudo-DDR 
[ 184 ], which can occur regardless of the p53 sta-
tus. This “pre-activation” of AMPK may protect 
cells against further damage, thus mimicking the 
precancerous stimuli that induce an intrinsic bar-
rier against carcinogenesis [ 67 ,  68 ,  72 ,  184 ], 
which, in turn, would accelerate the onset of cel-
lular senescence (RIS/OIS). The AMPK agonist 
metformin establishes a DDR- dependent cell 
cycle arrest that interacts synergistically with 
hyperoxic culture-induced DNA damage and cel-
lular senescence in human diploid fi broblasts and 
accelerates the DDR-related cellular senescence 
response induced by DNA- damaging drugs [ 71 ]. 
This strongly suggests that activating the meta-
bolic gerosuppressor AMPK could favor a meta-
bolic imbalance that would lower the threshold 
for stress-induced senescence in response to the 
overexpression of stemness factors. Therefore, 
if AMPK-activating drugs strengthen RIS to 
decrease the rate of conversion of somatic 
cells into iPS cells, then drug strategies that 
promote AMPK activation should lead to 
an effi cient entrance to senescence in pre- 
malignant and malignant tissues, preventing 
the acquisition of stemness in cell populations 
with tumor-propagating capacity.  

10.5.1.3    AMPK and Stemness Factors 
 AMPK activation may negatively impact acquisi-
tion of a stem cell-like state by preventing the 
activation of transcriptional regulators that link 
the genetic and epigenetic regulation of stem cell 
states. The AMPK agonist metformin negatively 
regulates  Oct4 , a well-known transcription factor 
(also known as  Pou5f1 ) that plays a fundamental 
role in stem cell self-renewal, pluripotency and 
somatic cell reprogramming [ 80 ,  81 ,  185 ,  186 ]. 
Some poorly differentiated, biologically aggressive 
carcinomas appear to hijack the  Oct4 -driven self-
renewal machinery to support aberrant prolifera-
tion and tumor initiation.  Oct4  overexpression 
was suffi cient to promote the growth of tumor-
initiating cells in a mouse model of breast cancer, 
and subpopulations of self-renewing breast and 
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ovarian cancer cells overexpress  Oct4  [ 187 – 191 ]. 
Indeed, transducing  Oct4  into primary human 
mammary epithelial breast cells is suffi cient to 
generate cell lines that have a gene signature 
comparable to CSC-like-enriched claudin- low 
breast carcinomas that possess tumor-initiating 
and colonization capacities. The anti- Oct4  activ-
ity of AMPK activators could translate into anti-
cancer effects if  Oct4 -driven transcriptional 
networks are specifi cally reactivated in CSCs. 
Our group performed a study in which iPS cells 
were transplanted into immunodefi cient mice. 
We showed that pharmacological activation of 
AMPK using systemic metformin fully recapitu-
lated the ability of an increased dose of tumor 
suppressors (like  p53  and  Ink4a/ARF ) to prevent 
the occurrence or drastically reduce the size and 
weight of teratoma-like masses in these mice 
[ 81 ]. Importantly, AMPK activation facilitated 
the specifi c elimination of the teratoma-initiating 
pluripotent stem cells that are intermixed with the 
desired, non-tumorigenic iPS derivatives, at least 
in part by suppressing  Oct4  expression [ 80 ,  81 ]. 
The specifi c, effi cient elimination of the  Oct4 -
positive malignant iPS cells that give rise to 
teratocarcinomas strongly supports the hypothe-
sis that the metabolic infrastructure of stem 
cells is an indispensable component of the CSC 
machinery. 

 Another  Oct4 -related molecular candidate 
that may link activation of the metabolic gero-
suppressor AMPK to the reprogramming block-
ade is the Lin28/let-7 axis [ 192 – 198 ]. Lin28 is a 
gatekeeper of the pluripotent state that binds to 
and inhibits the processing of let-7, a gatekeeper 
of the differentiated state, in an intricately 
designed auto-regulatory loop. Let-7 opposes the 
actions of cell cycle-regulating miRNAs that 
maintain self-renewal in embryonic stem cells. 
Thus, inhibiting let-7 in human cells promotes 
reprogramming as much as the oncogene  c-Myc  
when combined with the stemness factors Oct4, 
Sox2, and Klf4. Conversely, persistence of let-7- 
based signaling counteracts the activity of stem-
ness factors by promoting the expression of 
pro-differentiation genes. Lin28 can functionally 
replace the oncogene  c-Myc  in the original 
Yamanaka cocktail of stemness transcription 

factors, supporting the idea that Lin28 promotes 
reprogramming by preventing the production of 
mature, tumor-suppressive let-7 miRNAs. 
Indeed, we are accumulating evidence that Lin28 
acts as a  bona fi de  oncogene in the absence of 
canonical genetic alterations. Moreover, CSCs 
could arise through a reprogramming-like 
 mechanism regulated by a double-negative feed-
back loop between the reprogramming factor 
Lin28 and the microRNA let-7, which regulates 
aldehyde dehydrogenase-1 (ALDH1)-positive 
CSCs [ 199 ]. In our hands, short-term exposure to 
metformin was suffi cient to drastically upregu-
late the expression of let-7 and coincidentally 
reduces the stem cell-like features of breast 
cancer cells, including the formation of mam-
mospheres in non-adherent/non-differentiating 
conditions [ 200 ]. Bao et al .  [ 185 ] later confi rmed 
that AMPK activation causes de-represses 
expression of let- 7, which is typically loss in 
pancreatic cancer, especially in pancreato-
spheres enriched with tumor-propagating CSC-
like cells. Further mechanistic studies are needed 
to explore whether AMPK activation antagonizes 
Lin28 expression and/or activity. However, the 
impact of metformin on let-7 expression raises 
the tantalizing possibility that activation of the 
metabolic gerosuppressor AMPK impedes the 
acquisition of stemness by altering the differen-
tiation  vs.  pluripotency states driven by the 
Lin28/let-7 loop. It should be noted that Lin28 
binds to and enhances translation of mRNAs for 
several metabolic enzymes, thereby regulating 
glycolysis and OXPHOS. Lin28-mediated 
enhancement of tissue repair was negated by 
OXPHOS inhibition, whereas a pharmacologi-
cally induced increase in OXPHOS enhanced 
repair. Therefore, it could be relevant to evaluate 
whether upstream activation of AMPK upstream 
regulates the ability of Lin28 to exert anti-stem-
ness activities by reprogramming cellular bio-
energetics [ 201 – 204 ]. Moreover, let-7 on its 
own markedly reduces the expression of key 
transcriptional inducers of stemness, including 
 Oct4 , whereas Lin28 directly upregulates  Oct4  
expression [ 205 ,  206 ]. The Lin28/let-7 signaling 
pathway is a central regulator of glucose metabo-
lism [ 201 – 204 ], so it is reasonable to suggest that 
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the interconnected metabolic controllers AMPK 
and Lin28/let-7 fi ne-tune the activation status of 
core reprogramming factors such as  Oct4 , rather 
than acting as on/off reprogramming switches.    

10.6     A Therapeutic Corollary 

 We are beginning to understand how the molecular 
networks that switch bioenergetic metabolism on 
& off,  i.e.,  the production of fuel and building 
blocks for growth and division, and autophagy/
mitophagy,  i.e.,  the quality-control, self- 
cannibalistic system responsible for “cleaning 
house” and “recycling trash”, are wired differ-
ently in adult stem cells and CSCs. We propose 
that the term “metabostemness” is an appropriate 
designation for this new cellular attribute at the 
intersection of aging and cancer (Figs.  10.1  and 
 10.2 ). While the prolonged activation of critical 
components of metabostemness ( e.g.,  the gero-
gene mTOR) could lead to depletion of adult 
stem cell function and reduced health, the acti-
vation of analogous metabostemness machinery 
(or the loss of their negative regulators,  e.g.,  the 
gerosuppressor AMPK) could promote the aber-
rant acquisition of tumor-initiating and metastatic 
abilities in CSCs. In addition to the involvement 
of key metabolic sensors, we predict that metab-
ostemness will likely include yet-to-be discov-
ered metabolic parameters at the cell-intrinsic, 
tissue-microenvironmental, and systemic levels 
enable stem cells to self-renew and differentiate. 

 The metabostemness hallmark may offer a 
unique opportunity for developing innovative, 
effective metabolic drugs that target the meta-
bolic infrastructure of stem cells (Fig.  10.4 ). 
Moreover, the co-development of drugs directed 
against metabostemness and diagnostic devices 
able to detect and monitor metabostemness 
function would revolutionize our current per-
ception of stem cell-based healthcare. On the 
one hand, drugs that target features of metab-
ostemness will improve the health of normal tis-
sues by ameliorating the expansion, cell-fate 
plasticity, and lifespan of their resident adult 
stem cells. Drugs that target features of metab-
ostemness will concomitantly impede the gen-

eration and maintenance of CSCs that are 
addicted to and, consequently, dependent on 
aberrant metabostemness function. At the same 
time, the metabostemness property could help 
delineate the structural and functional changes 
that allow adult stem cells and CSCs to produce 
specifi c or enriched “gerometabolites” and 
“oncometabolites” (or “gerometabolomic” or 
“oncometabolomic” expression profi les), respec-
tively. Coupling the testing of drugs that target 
metabostemness with the use of non-invasive 
devices ( e.g.,  RMN, circulating metabolome) to 
accurately monitor the spatio-temporal distribu-
tion and function of adult and cancer stem cells 
in real time could accelerate the discovery and 
development of metabostemness drugs. 
Consequently, “all-in- one” theranostic approaches 
could take pharmacometabolomics- based per-
sonalized medicine from the lab to the “point-
of-care”, the patient.

   Metabostemness could help identify and 
develop a new generation of drugs that reprogram 
cell metabotypes to increase the structural and 
functional integrity of adult stem cells and posi-
tively infl uence their lineage determination, while 
preventing the acquisition of stemness in human 
carcinomas (Fig.  10.4 ). The antidiabetic biguanide 
metformin exemplifi es the anti-aging and anti-
cancer effects that can be expected from drugs that 
target adult stem cells and CSCs [ 207 ]. Freda 
Miller and her colleagues recently showed that 
metformin promoted the repair and regeneration 
of endogenous adult stem cells [ 69 ]. Their group 
showed that the gerosuppressant drug metformin 
harnessed endogenous repair mechanisms to pro-
mote regeneration in situation in where regenera-
tion does not normally occur. These results support 
the idea that inducing self-renewal and prolifera-
tion of endogenous adult stem cells using non-
invasive and non-toxic therapies may eventually 
constitute a legitimate alternative to stem cell 
transplantation. Indeed, the fi ndings of Miller and 
her colleagues [ 69 ] unambiguously confi rm the 
potential of exploring the gerosuppressant activity 
of AMPK activators from a stem cell-centered per-
spective. In a series of experiments in cell culture, 
metformin-induced activation of AMPK was 
found to promote neurogenesis in both mouse and 
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human neural stem cells. Compared to stem cells 
from control mice, stem cells from metformin-
treated mice exhibited a nearly doubled capacity to 
produce new neurons. Notably, in living mice, 
metformin treatment induced an approximately 
30 % increase in the number of new neurons in the 
hippocampus, a region of the brain that is closely 

involved in forming new memories. Perhaps more 
importantly, Miller and her colleagues [ 69 ] con-
fi rmed that mice treated with the gerosuppressant 
metformin formed new memories more rapidly 
than mice that were given a control substance. 
Notably, the enhanced spatial memory of 
metformin- treated mice was directly dependent on 

  Fig. 10.4    Metabostemness drugs: decelerating aging 
and postponing cancer. Metabostemness targeting drugs 
( e.g.,  rapamycin, resveratrol, metformin) will improve 
the health of normal tissues by improving the expansion 
capacity, cell- fate plasticity, and lifespan of their resi-
dent adult stem cells. Metabostemness targeting drugs 
will concomitantly impede the generation and mainte-
nance of CSCs that are addicted to and, consequently, 
dependent on aberrant metabostemness function for their 
life-threatening activities. By metabolically impeding the 

generation and maintenance of CSCs while metabolically 
protecting adult stem cells from initiating cell deteriora-
tion programs, a new generation of metabostemness 
drugs will simultaneously permit the treatment of the 
underlying causes of cancer and metastasis while delay-
ing aging. The metabostemness hallmark offers, for the 
fi rst time, a combinatorial and interdisciplinary molecu-
lar scenario in which to acquire the power to manipulate 
a stem cell’s destiny, and therefore life expectancy, using 
metabolic means       
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neurogenesis, as pharmacological killing of neural 
precursor cells effi ciently blocked the effect of 
metformin on memory formation and reduced the 
number of new neurons. 

 The action of the gerosuppressant metformin 
as an AMPK agonist provides an effi cient barrier 
to the reprogramming of somatic cells to stem 
cells, while uncoupling pluripotency from tumori-
genesis [ 30 ,  156 ,  207 ]. The ability of individual 
somatic cells to enter reprogramming at different 
time points after induction with stemness factors 
and the length of time required to complete the 
reprogramming sequence are greatly affected by 
the bioenergetic and anabolic status of the cell, 
namely the activation status of the gerosuppressor 
AMPK. Activation of AMPK with metformin 
allows fewer cells to undergo the required sto-
chastic epigenetic events and consequently 
become fully reprogrammed stem cells. Sustained 
mitochondrial OXPHOS and the suppression of 
cell anabolism in response to metformin-induced 
AMPK activation will therefore reduce the num-
ber of cells that activate the expression of essen-
tial transcription factors that regulate self-renewal 
and pluripotency. A model can be proposed in 
which the development of an AMPK-driven 
metabotype in response to metformin is a crucial 
stochastic event that imposes an  a priori  road-
block to dedifferentiation from somatic cells to 
pluripotent stem cells. This road block does not 
require the participation of oncogene-driven met-
abolic and non-metabolic changes. If metformin- 
dependent remodeling of the cell metabotype 
determines cell fate and the transition between 
non-CSC and CSC-like states, then metformin- 
like AMPK activating strategies could be used to 
pharmacologically manipulate the self-renewal 
and pluripotency that underlie CSC-driven tumor-
igenesis and metastasis. A growing number of 
studies have demonstrated that metformin selec-
tively ablates CSCs, as evidenced by decreased 
expression of pluripotency-associated genes, 
CSC-associated surface markers, and other CSC-
specifi c properties. We are thus beginning to 
delineate a new and complex scenario in which 
metformin-like gerosuppressant drugs specifi -
cally impact the expression of CSC- specifi c 
molecular networks to effi ciently disrupt the stem 

cell compartment in multiple cancers, while also 
maintaining the precise balance between self-
renewal and differentiation in adult stem cells. 
Although a fundamental principle of cell biology 
is that stem cells, which have a greater potential 
for self-renewal and pluripotency, are also more 
likely to cause tumors, the existing evidence 
strongly suggests that activation of AMPK  via  the 
systemic delivery of metformin may interfere 
with mechanisms that are important for stem cell-
related tumorigenesis but are dispensable for 
adult stem cell development and function in 
mature tissues. Using iPS cells implanted into 
immunodefi cient mice, we have provided proof-
of-concept that systemic metformin effi ciently 
suppresses the  Oct4 -driven compartment of 
malignant stem cells responsible for teratocarci-
noma growth, while safeguarding the Oct4-
independent ability to generate terminally 
differentiated tissues [ 81 ]. iPS cells implanted 
into metformin-treated mice produced the same 
number of distinct tissue types derived from the 
three embryonic germ layers as observed in 
untreated mice. If metformin can indeed uncouple 
tumorigenicity from pluripotency in stem cells, 
then new gerosuppressant approaches using 
AMPK-targeting drugs could potentially rejuve-
nate the tissue maintenance and repair processes 
driven by endogenous stem cells while decreasing 
the tumorigenic predisposition of aging tissues. 

 The recently proposed “geroncogenic” scenario 
suggests that metabolic changes during aging ( i.e.,  
the normal decline in oxidative metabolism and the 
development of Warburg-like glycolytic metabo-
lism in normal tissues) constitute an early and 
important “hit” that drives tumorigenesis. This sce-
nario correlates well with our hypothesis that cer-
tain gerosuppressant agents that decelerate aging in 
turn can postpone cancer (anage-related disease), 
due to the “metabostemness” property described 
here. While it is clear that the antifungal antibiotic 
rapamycin, the polyphenol resveratrol, and the big-
uanide metformin already belong to this new family 
of metabostemness targeting drugs (Fig.  10.4 ), we 
expect a rapid identifi cation of new drug candidates 
( e.g.,  polyphenolic xenohormetins [ 32 ]) that may 
reverse or postpone geroncogenesis [ 208 ] at the 
stem cell level.     
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    Abstract 

 The use of plant-derived polyphenols for the management of diseases has 
been under debate in the last decades. Most studies have focused on the 
specifi c effects of polyphenols on particular targets, while ignoring their 
pleiotropic character. The multitargeted character of polyphenols, a plau-
sible consequence of their molecular promiscuity, may suppose an oppor-
tunity to fi ght multifactorial diseases. Therefore, a wider perspective is 
urgently needed to elucidate whether their rational use as bioactive food 
components may be valid for the management of diseases. In this chapter, 
we discuss the most likely targets of polyphenols that may account for 
their salutary effects from a global perspective. Among these targets, the 
modulation of signalling and energy-sensitive pathways, oxidative stress 
and infl ammation-related processes, mitochondrial functionality, epigen-
etic machinery, histone acetylation and membrane- dependent processes 
play central roles in polyphenols’ mechanisms of action. 
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 Suffi cient evidence on polyphenols has accumulated for them to be 
considered a serious option for the management of non- communicable 
diseases, such as cancer and obesity, as well as infectious diseases. The 
remaining unresolved issues that must be seriously addressed are their bio-
availability, metabolite detection, specifi c molecular targets, interactions 
and toxicity. The Xenohormesis hypothesis, which postulates that poly-
phenols are the product of plant evolutive adaptation to stress and conferee 
their resistance to mammals, offers a reasonable explanation to justify the 
benefi cial and non- toxic effects of plant mixtures, but do not fully meet 
expectations. Hence, future research must be supported by the use of com-
plex polypharmacology approaches and synergic studies focused on the 
understanding of the pleiotropic effects of polyphenols. Revisiting poly-
phenol mechanisms of action with the help of these techniques may allow 
for the improvement of human health and wellness by using intelligent 
nutritional intervention.  

  Keywords 

 AMPK   •   Cancer   •   CCL2   •   Infl ammation   •   Obesity   •   Polyphenols   •   Synergy   
•   Xenohormesis  

11.1        Introduction 

 Eighty years ago, and most likely unwittingly, 
Linus Pauling made his fi rst contribution to the 
fi eld of the relationship between oxidative stress 
and ageing by predicting the existence of the 
superoxide radical, which was confi rmed based 
on quantum mechanics a few decades later [ 1 ]. 
He also established that a quadratic function fi t 
the relationship between weight and shorter lifes-
pan [ 2 ] and predicted that the elimination of oxi-
dative stress-related factors, such as smoking or 
medical radiology, would considerably increase 
life expectancy. Throughout his life, Pauling was 
convinced that vitamin C consumption would be 
the right approach to controlling age-related dis-
eases such as cancer and cardiovascular diseases. 
Although he was not aware at that time of the 
importance of these contributions, he was a 
visionary that provided the basis for the current 
knowledge of the molecular biology of ageing. 

 For decades, plant polyphenols have been con-
sidered as “simple” antioxidant molecules, and 

most of their benefi ts have been related to their 
radical-scavenging properties. Several  studies 
have recently questioned the correlation between 
their antioxidant activity and their effi cacy in 
health promotion [ 3 ]. Nevertheless, there is 
increasing evidence that these compounds must 
have multiple targets, most of which remain to be 
discovered. First, it was believed that some plant 
polyphenols specifi cally targeted the nucleotide- 
binding site of protein kinases [ 4 ]. However, 
 crystallographic studies on polyphenol- protein 
complexes revealed that polyphenols bind to sev-
eral hydrophobic pockets in the  protein structure 
and do not compete with nucleotides [ 5 ]. Many 
other studies have reported the  capability of poly-
phenols to modulate pro- infl ammatory gene 
expression, such as cyclooxygenase, lipoxygen-
ase, nitric oxide synthases and several pivotal 
cytokines regulated by nuclear factor-kappa B 
(NF-κB) and mitogen-activated protein kinase 
(MAPK) signalling [ 6 ,  7 ]. Polyphenols also inter-
act with phospholipid membranes, establishing 
hydrogen bonds and hydrophobic interactions 
through their hydroxyl groups and phenolic rings, 
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which may lead to the modulation of many 
 membrane-dependent proteins and processes [ 8 –
 10 ]. Recent evidence also supports the capability 
of polyphenols to modulate pathways related to 
chronic infl ammation and energy metabolism. 
Such is the case of the CCL2 (chemokine [C-C 
motif] ligand 2)/CCR2 (chemokine [C-C motif] 
receptor 2) pathway and the energy sensor AMP-
activated protein kinase (AMPK), which are 
altered in obesity-related pathologies and may 
become attractive therapeutic targets as preven-
tive management of disease [ 11 ,  12 ]. It has been 
postulated that polyphenols active the gerosup-
pressor AMPK, which leads to the inhibition of 
the mammalian target of rapamycin (mTOR) 
gerogene, which is overactivated in ageing and 
human chronic diseases. Some plant polyphenols 
also demonstrate signifi cant anticancer activity 
that is concomitant with the activation of endo-
plasmic reticulum (ER) stress and the unfolded 
protein response signature (UPR), sirtuin-1 
 activation (SIRT1), AMPK up- regulation and 
 epithelial-to-mesenchymal (EMT) transition inhi-
bition [ 13 ]. In summary, considering the large 
diversity of this class of compounds (Fig.  11.1 ), 
there is suffi cient evidence to believe that poly-
phenols possess a multitargeted mechanism of 
action. In this chapter, the potential molecular 
 targets of plant polyphenols, their putative syner-
gistic mechanism of action and their xenohor-
metic effects on human age-related diseases will 
be reviewed based on recent evidence.

11.2        Metabolic Stress in Non- 
communicable Diseases 

11.2.1     The Relationship Between 
Oxidative Stress and Chronic 
Infl ammation 

 Chronic infl ammation is accepted as linked to 
 oxidative stress via the immune response, especially 
through monocyte/macrophage cell activation. An 
altered red/ox state caused by an increase in oxida-
tive stress is able to recruit and activate infl ammatory 
cells. In most cases, these actions are mediated by 
CCL2, also called MCP-1 (monocyte  chemotactic 

protein) [ 14 ]. CCL2 is produced when tissue cells 
are not able to control their red/ox state and attract 
monocytes to their surroundings. Once there, the 
monocytes differentiate to macrophages and initiate 
the immune response that ultimately will lead to an 
infl ammatory state, which may develop into a 
chronic situation. In this scenario, a vicious cycle 
begins as the infl ammation state increases oxida-
tive stress and the latter leads to a subsequent 
infl ammation state. In most tissues, there is an 
autoprotective system to counterbalance oxidative 
stress, including intracellular enzymes and specifi c 
antioxidant mechanisms. It seems reasonable, 
therefore, to postulate that when oxidative stress is 
reduced by polyphenols, there is reduced CCL2 
production and secretion, and decreased monocyte 
recruitment and infl ammation. 

 Dietary plant polyphenols can help to reduce 
this oxidative stress by acting as direct antioxi-
dants and/or promoting endogenous defences 
against oxidative stress. The antioxidant defence 
system includes paraoxonases (PON), which are 
associated in serum with HDL, protecting serum 
lipids from oxidation, most likely as a result of 
their ability to hydrolyse specifi c oxidised lipids 
[ 15 ]. PONs are very important in atherosclerosis, 
and their failure causes circulating monocytes to 
be drawn into the subendothelium, where they 
differentiate into macrophages, become activated 
and secrete proinfl ammatory cytokines such as 
CCL2 [ 16 ], which accelerates atherosclerosis 
and increases the infl ammatory state [ 17 ,  18 ]. 

 Other members of the endogenous antioxidant 
arsenal are glutathione-related enzymes, such as 
glutathione reductase (GR). We have described a 
correlation between decreased oxidative damage 
in blood cell lipids and proteins, a decrease in 
blood pro-infl ammatory cytokines and a concom-
itant activation of blood cell antioxidant enzymes, 
such as GR, in athletes supplemented with plant 
polyphenols who performed an aerobic training 
routine [ 19 ,  20 ]. All this evidence confi rms that 
polyphenols, which were fi rst known as antioxi-
dants, also possess an anti-infl ammatory activity 
that underlies their benefi cial cardiovascular 
properties [ 21 ,  22 ]. Nonetheless, the capability of 
polyphenols to interact other molecular targets 
cannot be ruled out, as discussed below.  
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  Fig. 11.1    Representative polyphenolic compounds with 
multitargeted action in human age-related diseases: main 
scaffolds are fl avonoids (fl avanols, anthocyanins, fl avones, 
fl avonols and fl avanones), ellagitannins, phenylpropanoids 

(phenolic acid derivatives), stilbenes, curcuminoids, 
 secoiridoids, norlignans and diterpenes. A large variability 
of structures is achieved by substitutions, interaction and 
polymerization to generate polypharmacological effects       
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11.2.2     Non-communicable Diseases 
Such as Obesity and Cancer 
Are Linked Through 
Infl ammation 

 Obesity is commonly recognised as a chronic 
infl ammation state. This situation is accompa-
nied by altered metabolism, atherosclerosis and 
insulin resistance in correlation with macrophage 
activation and increased plasma levels of CCL2 
[ 11 ]. In fact, abnormal plasma CCL2 levels and 
macrophage activation are associated with differ-
ent manifestations of cardiovascular disease and 
heart injury conditions [ 17 ]. However, the rela-
tionship between cancer and infl ammation is less 
evident. Chemokines such as CCL2 and macro-
phages also appear to be involved in tumourigen-
esis [ 11 ], and infl ammatory infi ltration is similar 
in both cancer and atherosclerosis [ 23 ]. Although 
the pro- and anti-tumour effects of CCL2 are 
controversial, it appears to be well supported that 
this chemokine is directly related to tumour cell 
physiology [ 24 ], and, in breast cancer, tumour- 
associated macrophages (TAMs) are present to a 
great extent in the tumour cell mass [ 25 ]. It is 
reported that, at least in breast tumours, CCL2 
expression and macrophage infi ltration are 
related to a poor prognosis and metastatic disease 
[ 26 ,  27 ]. Therefore, it is plausible to propose that 
searching for CCL2 inhibitors may represent an 
important therapeutic target, not only in obesity, 
but also in cancer [ 28 ]. 

 In obesity, the links among CCL2, infl amma-
tion and their associated disturbances are gener-
ally accepted [ 29 ]. In obesity, metabolic 
homeostasis is altered in adipose tissue, and its 
regulation is coordinated by adipokines, among 
which the role of leptin and adiponectin must be 
stressed. Recently, the pro-carcinogenic effect of 
leptin and the anticarcinogenic effect of adiponec-
tin have been reported [ 30 ,  31 ]. In addition, tumour 
necrosis factor-α (TNFα) produced by monocytes 
and released in the infl ammatory milieu of adipose 
tissue may also contribute to the pathogenesis of 
tumours in the obese state [ 32 ]. It is widely recog-
nised that the chemokines released by macro-
phages and other immune cells are closely related 
to infl ammation-related  tumourigenesis and 

 atherogenesis in mice models [ 16 ,  29 ] but remains 
elusive for human diseases [ 33 ]. Obesity is usually 
accompanied by an increase in the production of 
pro-infl ammatory cytokines, macrophage recruit-
ment, an increase in circulating lipids and an aber-
rant insulin response. All this metabolic stress 
promotes phosphatidylinositol 3-kinase (PI3K) 
deregulation, leading to a decreased capacity to 
control the cell proliferation, growth, apoptosis 
and metabolism present in cancer, obesity and 
other human diseases. Therefore, pharmacological 
PI3K inhibitors have been proposed to play a role 
in the management of cancer and obesity [ 34 ,  35 ]. 

 In summary, atherosclerosis and cancer share 
common pathways linked by adipokines, infl am-
mation, CCL2, macrophages activation and 
 proliferative signaling. Recent evidence on poly-
phenol research, in both cell and animal models, 
reveals that these compounds may be useful for 
managing such metabolic stress at  different 
stages [ 13 ,  22 ,  36 – 38 ]. Finding polyphenols tar-
gets is likely the most challenging task in the 
future. Recently, we have shown that quercetin 
glucoside colocalises with activated macrophages 
using a novel antibody against this polyphenol 
and immunohistochemical detection [ 36 ]. 
Nevertheless, the  in vivo  metabolic targets of 
polyphenols are still an unresolved issue due to 
limitations on the absorption and metabolism of 
polyphenols and to undeveloped metabolite 
detection techniques.  

11.2.3     The Putative Interconnection 
of AMPK and CCL2 
in Metabolic Stress: 
The Mammalian Target 
of Rapamycin (mTOR) 

 Recently, the energy sensor enzyme AMPK has 
been proposed as a therapeutic target for the 
treatment of non-communicable diseases, such as 
cancer and obesity [ 39 ,  40 ]. This enzyme is a key 
regulator of lipid and glucose metabolism (sensi-
tive to the ATP/ADP ratio) and is activated by 
drugs such as metformin and salicylate [ 39 ,  41 ] 
and also by glucose restriction [ 42 ]. Once acti-
vated, AMPK switches off biosynthetic pathways 
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and cell cycle progression while switching on 
catabolic pathways that yield ATP and the NAD +  
biosynthetic enzyme Nampt, leading to SIRT1 
activation and the deacetylation of a variety of 
substrates. In fact, many polyphenols, such as 
stilbenes, fl avonols and secoiridoids (Fig.  11.1 ), 
have shown the capability to active AMPK [ 13 , 
 36 ,  43 ]. 

 There is a growing body of evidence showing 
that AMPK inhibition is linked to the infl amma-
tory status and CCL2 signalling [ 44 – 46 ]. In this 
chapter, we propose that polyphenols act as 
AMPK activators counteracting the AMPK- 
suppressed signature present in some age-related 
chronic diseases based on our own and extensive 
experience and that of others [ 11 ,  13 ,  47 ,  48 ]. The 
relationship between CCL2 and AMPK is not 
evident and may be understood on the basis of 
energetic balance, infl ammation and changes in 

mitochondrial function and morphology 
(Fig.  11.2 ). Metabolic stress induced by excess 
caloric intake and low physical activity may 
develop into the metabolic disturbances associ-
ated with obesity, i.e. oxidative stress, infl amma-
tion and insulin resistance. Adipose tissue is the 
major player in metabolic stress, in which a series 
of events occurs: oxidative stress, CCL2 release, 
macrophage infi ltration, aerobic glycolysis 
enhancement (“Warburg effect”), insulin resistance, 
mitochondria rearrangement and infl ammatory 
status. Later, this abnormal response and the 
systemic action of CCL2 and other chemokines 
extend further to the liver and vascular endothe-
lium, eventually resulting in atherosclerosis.

   One of the potential convergence points 
between CCL2 and AMPK may be mTOR 
(Fig.  11.3 ), a serine/threonine kinase that is 
located downstream in the PI3K/Akt signalling 

  Fig. 11.2    AMPK and CCL2 pattern in obesity-related 
metabolic disorders: metabolic stress, as a result of 
low physical activity and energy excess, upregulates 
CCL2 and inhibits AMPK activity leading to chronic 

inflammation and oxidative stress that turn into most 
metabolic  disturbances in obesity. Polyphenols are 
capable to invert this signature by adiponectin 
up-regulation       
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pathway and has pleiotropic functions mainly 
related to the response to nutrients and energy, 
growth stimuli and cell progression. mTOR has 
been implicated in the pathogenesis of both cancer 
and diabetes. This protein is hyperactivated in 
almost 50 % of human cancers [ 49 ] and modu-
lates mitochondrial biogenesis, hypoxia signal-
ling, autophagy and cell cycle progression [ 50 ]. 
Autophagy attenuates infl ammation by  maintaining
mitochondrial homeostasis, and it has been 
found to be defective in obesity and atherosclero-
sis models. Therefore, the activation of autoph-
agy by mTOR inhibition would become a 
therapeutic target in such diseases [ 51 ]. 
Infl ammatory factors (e.g., CCL2) and oxidative 
stress in adipose tissue progress into altered 
metabolism, resulting in mitochondrial failure 
and insulin resistance. In the opposite scenario, 
polyphenols and physiological conditions such as 
glucose restriction would lead to reduced infl am-
mation (macrophage infi ltration) and oxidative 

stress, triggering AMPK activation. This situation 
restores glucose homeostasis and cytokine regu-
lation in several tissues and responds to hormones 
such as leptin and adiponectin [ 52 ]. Adiponectin 
has been proposed as a systemic functional link 
for the activation of AMPK in different tissues 
[ 11 ,  53 ,  54 ] (Fig.  11.2 ). Indeed, selected polyphe-
nols have shown the capability of increasing 
adiponectin expression while decreasing that of 
leptin [ 37 ,  55 ,  56 ]. Therefore, we propose that 
dietary polyphenols act as AMPK activators and 
decrease CCL2 expression by reducing infl am-
mation, oxidative stress and insulin resistance. 
Although these actions appear to be clearly 
related, polyphenols may not be direct effectors. 
Polyphenols are expected to increase insulin 
sensitivity in a mechanism mediated by the per-
oxisome proliferator-activated receptor gamma 
(   PPAR-γ)-dependent transcriptional up-regulation 
of adiponectin, in a manner similar to thiazolidin-
ediones or glitazones [ 57 ].

  Fig. 11.3    Antagonic effects of infl ammation vs. 
 polyphenols on the regulation of the AMPK/mTOR 
energy sensing metabolic regulator: age-related diseases 
are associated to a loss of the AMPK activation capability 

by infl ammation and subsequent overactivation of mTOR 
gerogene. The blockade of infl ammation by polyphenols 
is proposed to restore activation of AMPK with the con-
comitant mTOR repression          
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11.3         Plant Polyphenols: 
A Therapeutic Arsenal 
with Multiple Targets 

11.3.1     Plant Polyphenols Modulate 
Multiple Metabolic Pathways 

 Polyphenols have been proposed to act through a 
wide variety of mechanisms. Recently, we 
reviewed the multiple molecular targets of poly-
phenols, which are mostly mediated by changes 
in gene expression and regulation of signalling 
pathways [ 11 ,  13 ]. Although the proposed 
 molecular targets of polyphenols are individually 
considered, most of them are interconnected due 
to the pleiotropic character of the pathways and 
proteins involved. The putative mechanisms for 
polyphenol action and their proposed metabolic 
checkpoints are as follows:
    1.     Direct antioxidant activity : regulation of oxi-

dative stress-sensitive factors and increased 
expression of antioxidant proteins: The  in vivo  
antioxidant effects of a myriad of polyphenols 
have been proven in both animal models and 
human trials. In some cases, polyphenols have 
promoted a direct decrease in ROS, reactive 
carbonyls derived from proteins or malondial-
dehyde from lipid oxidation. Polyphenols 
(e.g., resveratrol, verbascoside, secoiridoids) 
(Fig.  11.1 ) have also demonstrated the capac-
ity to increase the expression and/or activity 
of several antioxidant enzymes, such as cata-
lase (CAT), PONs, GR, glutathione peroxi-
dase (GPx), glutathione-S-transferase (GST) 
and γ-glutamyl cysteine synthetase (γ-GCS), 
[ 19 ,  20 ,  58 ,  59 ], mostly mediated by the 
 activation of nuclear redox factor 2 (NRF2) 
[ 60 – 62 ]. As a consequence of the capacity of 
polyphenols to modulate redox-sensible net-
works, the transcription factor NF-κB and p38 
MAPK kinase pathways, which modulate sev-
eral of a large number of genes mediating 
immune and infl ammatory responses and 
apoptosis, are also negatively modulated [ 63 ].   

   2.     Blockade of pro-infl ammatory cytokines : The 
regulation of the infl ammatory response by 
polyphenols through their capacity to decrease 
CCL2 expression in macrophages and other 

tissues may be due, in part, to their radical- 
scavenging capacity, which has been fully 
reviewed [ 11 ,  14 ,  22 ]. This anti-infl ammatory 
action appears to be clearly linked to the acti-
vation of AMPK and the inhibition of mTOR, 
which restores altered energy metabolism. 
However, the specifi c targets of polyphenols 
in macrophages, if any, are still unknown.   

   3.     Modulation of endoplasmic reticulum stress 
(ERS) signalling and the unfolded protein 
response (UPR) : Polyphenols have been 
reported to induce the up-regulation of several 
heat shock proteins (HSPs) during ER stress, 
leading to the activation of UPR and subse-
quent cell cycle arrest. The prolonged expo-
sure to ER stress can switch cell survival to 
cell death. This has been proposed as the puta-
tive mechanism of the antiproliferative and 
cytotoxic effects of polyphenols such as res-
veratrol and secoiridoids from extra virgin 
olive oil [ 13 ,  64 ] (Fig.  11.1 ).   

   4.     SIRT1 and histone acetylation inhibition : 
Since the discovery of the effects of  resveratrol 
[ 65 ] (Fig.  11.1 ), a growing list of polyphenols 
have shown the ability to up-regulate the 
expression of SIRT1, a class of histone deacet-
ylases (HDACs) that play a major role in the 
“organ morphology” gene network inhibiting 
histone hyperacetylation [ 13 ,  66 ]. The 
changes in the gene expression machinery 
exerted by polyphenols have been associated 
with the silencing of genes responsible for 
infl ammation or cell hyperproliferation [ 67 ]. 
Interestingly, polyphenols offer an allegedly 
contradictory response with regard to histone 
acetylation by promoting regeneration and 
lifespan in normal cells but inducing tumour- 
suppressive activity in cancer cells, which 
surely will lead to challenging future research.   

   5.     Modulation of genes that regulate metabolic 
and energy-sensing pathways : the Warburg 
effect and AMPK/mTOR signalling: Major 
human diseases such as cancer and obesity 
have been closely related to the energetic sig-
nature consisting of the exacerbated induction 
of glycolysis with limited respiration and 
Krebs cycle in mitochondria, the so-called 
“Warburg effect”. Many polyphenols have 
shown the capacity to restore mitochondrial 
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function in obesity by fi ghting infl ammation 
and oxidative stress [ 11 ,  12 ]. The potential 
inhibitory role of polyphenols against the 
Warburg effect has also been documented in 
cancer cells [ 13 ], which is in agreement with 
their capacity to down-regulate lactate dehy-
drogenase (LDH). A high lactate level is a key 
feature of the “aerobic glycolysis” signature 
in cancer cells and is associated with a poor 
prognosis and metastasis in cancer [ 68 ]. 
Furthermore, several polyphenols (e.g., resve-
ratrol, secoiridoids, fl avonols) (Fig.  11.1 ) are 
activators of the energy sensor AMPK, mim-
icking the effects of caloric restriction. We 
have proposed that this action is closely 
related to the inhibition of the nutrient- sensing 
mTOR gerogene and that repairing the 
AMPK/mTOR-driven programme may lower 
the impact of ageing-related diseases [ 13 ,  47 ] 
(Fig.  11.3 ).   

   6.     Epigenetic regulation by modulating 
microRNA (miRNA) expression : miRNAs are 
small, gene-silencing RNAs that regulate 
mRNA translation by blockage or degrada-
tion. A number of miRNAs appear to play 
important regulatory roles in cell differentia-
tion, insulin action and fat metabolism in adi-
pocytes. Recent studies have demonstrated 
that miRNA deregulation is involved in liver- 
associated metabolic disturbances in obese 
mice and humans [ 36 ]. Several polyphenols 
(e.g., curcumin, galloylated catechins, soy 
polyphenols and  Hibiscus sabdariffa  polyphe-
nols) (Fig.  11.1 ) signifi cantly modify the 
expression of several miRNAs in cell and ani-
mal models [ 67 ].    

11.3.2       Biological Membranes Are 
Underexploited Molecular 
Targets of Polyphenols 

 A signifi cant number of polyphenols have been 
shown to interact strongly with the lipid domains 
of cell membranes, altering the properties of the 
immediate lipidic environment in which a repre-
sentative number of crucial protein receptors are 
embedded. In such a scenario, the goal is to discern 
whether the metabolic effects of some polyphenols 

are due to their direct modulation of receptors or 
to the modifi cation of the lipid bilayer, which 
subsequently alters membrane protein activity. 
We have shown that a variety of phenolic com-
pounds (Fig.  11.1 ), such as stilbenes [ 69 ], 
galloylated catechins [ 10 ], secoiridoids [ 70 ], 
phenylpropanoids [ 8 ], diterpenes [ 71 ,  72 ] and 
norlignans [ 73 ], promote signifi cant  perturbations 
in the physical properties of phospholipid bilay-
ers (e.g., viscosity, lipid packing, phase transition 
temperature, lateral segregation, surface charge) 
and can be considered factors infl uencing cell 
metabolism. 

 These reports have established how the bio-
logical activity of polyphenols (i.e., antioxidant, 
anticancer, anti-infl ammatory or antimicrobial 
effects) is strongly infl uenced by their interaction 
with lipid membranes. For instance, the strong 
antioxidant properties of rosemary diterpenes 
and green tea catechins have been demonstrated 
through different assays. Nevertheless, these 
compounds partition into phospholipid membranes 
and signifi cantly increase lipid order, also modi-
fying the phospholipid-water interface. These effects 
contribute to their antioxidant capacity and coop-
erate with their electron donating ability in 
protecting lipid membranes against oxidative 
damage [ 10 ,  71 ,  72 ]. Other phenolic compounds 
are known to target cell surface receptors and 
proteins that are localised in detergent- insoluble 
ordered membrane domains, so-called “lipid 
rafts”. These structures participate in cellular signal 
transduction, endocytosis and the transmembrane 
translocation of different compounds [ 74 ]. The 
immunomodulatory and anticancer effects of 
galloylated catechins have also been related to 
their capacity to modulate the activity of the cell 
receptors that are located in lipid rafts [ 75 – 78 ]. 
Moreover, these compounds incorporate into the 
membrane of methicillin- resistant  Staphylococcus 
aureus  (MRSA), modifying the composition and 
fl uidity of the bilayer that result in the modula-
tion of the cell-surface properties necessary to 
maintain the beta-lactam- resistant phenotype 
[ 79 – 81 ]. The fl avones quercetin and luteolin are 
also able to modulate cell surface receptors by 
altering membrane lipid rafts [ 82 ,  83 ]. The anti-
infl ammatory activity of anthocyanins has also 
been proposed to occur through the regulation of 
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cholesterol distribution in lipid rafts, preventing 
CD40-induced proinfl ammatory signalling [ 84 ]. 

 In addition, the lipid environment is also an 
important issue to consider with regard to increas-
ing the bioavailability of certain polyphenols to 
cellular targets. In this sense, the polyphenols cur-
cumin and resveratrol (Fig.  11.1 ), with reported 
anticancer activity in cell models, exhibit mark-
edly increased cytotoxic activity in human breast 
cancer cells when incorporated into liposomes, 
indicating that these compounds  preferentially 
partition in membranes and increase their uptake 
capacity in cells through a lipid pathway [ 85 ]. All 
these data strongly suggest that future research on 
polyphenols should be partially reoriented toward 
the study of the effects of these compounds on the 
lipid environment of protein receptors to fully 
understand their modes of action. Lipid nano-
emulsions offer promising options to increase the 
bioavailability of many polyphenolic compounds 
[ 86 ]. Nevertheless, much work needs to be per-
formed in relation to the stability and absorption 
of these formulations and, more importantly, to 
test their safety in human nutrition. Once all these 
aspects are solved, formulations to enhance the 
bioavailability and effi cacy of polyphenols will 
become part of human nutrition.  

11.3.3     Mitochondria Are Also 
a Therapeutic Target 
for Polyphenols 

 All the above-mentioned evidence clearly shows 
that the correct management of energy and food 
intake and the control of excessive oxidative stress 
are crucial to lowering the impact of  atherosclerosis 
and cancer. In such a scenario, mitochondria play 
a central role, and severe mitochondrial dysfunc-
tion due to mitochondrial DNA mutations or 
mitochondrial proteins oxidation is a key process 
leading to a number of diseases (e.g., myopathies, 
neuropathies, diabetes). Overdeveloped mito-
chondrial dysfunction is the cause of the opening 
of the mitochondrial permeability transition pore 
(MPT) in the inner  membrane, an end-stage that 
can lead to  mitochondrial swelling and cell death 
(Fig.  11.4a ). Mitochondria adapt to  environmental 
factors and respond to energetic demand by 

producing effectors that activate multiple pathways 
related to oxidative stress and infl ammation. 
Therefore, mitochondria are self-targets in the 
management of human diseases [ 87 ].

   Animal studies using antioxidant vitamins 
have yielded positive effects in the management 
of diabetes but have revealed severe limitations in 
targeting oxidative stress at specifi c molecular 
sites. Paradoxical effects of green tea and  vitamins 
C and E have been obtained in their administra-
tion to diabetic rats. Although these antioxidants 
improved several diabetes-related cellular dys-
functions, such as mitochondrial protein integrity 
and respiration, conversely, extracellular matrix 
glycoxidation worsened considerably [ 88 ]. These 
data suggest that targeting cellular oxidative stress 
should be addressed and demonstrate that some 
antioxidants are potentially double-edged swords; 
accordingly, their dosage and delivery route 
should be carefully studied [ 89 ]. 

 Mitochondrially targeted antioxidants have 
been recently reviewed as a potential therapeutic 
option for a vast range of oxidative stress-related 
diseases [ 90 ,  91 ]. One of the strategies is to exploit 
the highly negative internal mitochondrial poten-
tial by targeting lipophilic cations such as MitoQ 
(ubiquinone derivative) or MitoE 2  (vitamin E ana-
logue) (Fig.  11.4b ) [ 92 ]. The second strategy is 
based on the utilisation of  cell- permeable mito-
chondria-targeted cationic peptides (SS-peptides) 
(Fig.  11.4b ), which are resistant to hydrolysis and 
contain antioxidant residues (Tyr). A third alterna-
tive employs the unique expression of enzymatic 
systems (i.e., monoamine oxidases, cysteine con-
jugation or β-oxidation) that catalyse the release of 
antioxidants from prodrugs in mitochondria. 
When administered orally to mice, Mito Q and 
MitoE 2  reached the liver, heart and skeletal muscle 
and were even able to cross the blood-brain barrier 
[ 93 ]. Some of these mitochondrially targeted anti-
oxidants have shown promising results in preclini-
cal models for hypertensive cardiovascular disease, 
cardiomyopathy and amyotrophic lateral sclerosis. 
Nevertheless, preclinical toxicological studies are 
mandatory to evaluate their potential for therapeu-
tic development. At the moment, only MitoQ and 
SS-31 have reached human clinical trials. Although 
MitoQ exhibited the capacity to decrease serum 
alanine transaminase in patients suffering from 
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  Fig. 11.4    ( a ) Mitochondrial dysfunction is a key point in 
the development of a number of diseases: energy excess 
and oxidative stress triggers the impairment of mitochon-
drial function that in turn increases mitochondria-derived 
ROS production and promotes infl ammation. In this sce-
nario, antioxidant enzymes are not capable to fi ght ROS, 
leading to mitochondrial DNA mutations and respiratory 
chain proteins oxidation and eventually mitochondrial 
failure. ( b ) A selection of synthetic  compounds espe-

cially designed to target mitochondrial  oxidative stress: 
MitoQ (a triphenylphosphonium synthetic analog of 
 ubiquinol), MitoE2 (a triphenylphosphonium synthetic 
analog of α-tocopherol) and SS-peptide (a tetrapeptide 
containing the antioxidant 2′,6′-dimethyltyrosine resi-
due). Dequalinium (DQA), a cationic bola-amphiphilic 
compound that shows self-assembly properties in lipo-
some-like vesicles (DQAsomes) with capability to accu-
mulate into mitochondria       
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chronic hepatitis C virus infection, no effi cacy was 
observed in the progression of Parkinson’s disease 
in human  subjects. Clinical trials on SS-peptides 
are currently anticipated. 

 Another alternative for the mitochondrial 
targeting of compounds and macromolecules is 
the use of subcellular nanocarriers. Dequalinium 
(DQA) is an antimicrobial agent that has been 
used in mouthwashes, lozenges and ointments for 
more than 50 years (Fig.  11.4b ). The cationic 
bola-amphiphilic structure of DQA gives it the 
ability to self-assemble into liposome-like vesicles 
containing single-chain bola lipids, structures 
known as DQAsomes [ 94 ]. The preferential loca-
tion of DQAsomes to energised mitochondria has 
been shown. DQAsomes have been successfully 
used for the selective mitochondrial delivery of 
DNA fragments, which were not found in other 
cytosolic organelles or nuclei [ 95 ]. In this chapter, 
we discussed that relatively hydrophobic plant 
polyphenols (i.e., catechins, fl avonols, fl avones, 
fl avanones, diterpenes and dicatechols) have a 
signifi cant affi nity for phospholipid membranes 
and would thus be susceptible to incorporation 
into DQAsomes or similar nanocarriers. Catalase 
and superoxide dismutase are crucial antioxidant 
enzymes for mitochondria viability. When these 
enzymes are seriously damaged by ROS, mito-
chondrial function is compromised. We postulate 
that targeting these antioxidants to intracellular 
sites such as the mitochondrial membrane with the 
use of nanoparticles opens a variety of therapeutic 
possibilities for the treatment of  diseases triggered 
by  intracellular ROS.   

11.4     Molecular Promiscuity 
Enables the Synergic Effects 
of Polyphenols: 
An Evolutionary Response 
of xenohormetins 

11.4.1     Xenohormesis, Lifespan 
and Human Disease 

 In the last decades, a considerable body of 
 science on plant polyphenols has supported that 
a signifi cant number of these compounds exert 

similar effects on human health. Far from being 
a  coincidence, several authors have attempted to 
explain the putative connection between the 
presence of these compounds in nature and their 
multiple positive effects on human health on an 
evolutionary basis [ 96 ]. The Xenohormesis 
hypothesis [ 65 ,  97 ] proposes that plants synthe-
sise signalling molecules (xenohormetins) such 
as polyphenols under stressful condition; when 
incorporated into the heterotroph diet, these 
compounds induce defence responses, leading 
to an extended lifespan [ 98 ]. Therefore, these 
molecules work as interspecies transference sig-
nals to prepare living beings for adversity [ 65 ]. 
In a manner similar to caloric restriction, some 
polyphenols appear to modulate the expression 
of certain genes, leading to increased lifespan in 
invertebrates and insects [ 99 ]. Within this 
response, PI3K/Akt down-regulation, AMPK 
and SIRT activation and NF-κB suppression 
appear to be the common signatures of the 
potential benefi cial effects of polyphenols on 
lifespan as antiatherogenic or antineoplastic 
agents [ 100 ]. Resveratrol, quercetin, catechins 
and curcumin (Fig.  11.1 ) are just a few exam-
ples of compounds that are being thoroughly 
investigated. 

 The effects of xenohormetins appear to be 
under the control of the endocrine system in a 
coordinated manner. Thus, although most cel-
lular studies may be useful from a mechanistic 
point of view, their severe limitations would 
require the use of animal models. Because the 
bioavailability of polyphenols is still an unre-
solved issue, the main challenge now is to 
prove the  in vivo  effi cacy of plant products and 
to detect reasonable concentrations of poly-
phenol metabolites in plasma or tissues to 
account for their activity. Currently, a new 
human species named  Homo obesus  has been 
proposed, as a new phenotype of  Homo sapiens  
that is defi cient in metabotrophins (endoge-
nous factors playing a role in the maintenance 
of energy metabolism, infl ammation and wound 
healing) [ 101 ]. Factors most likely to contrib-
ute to this species are a sedentary lifestyle and 
nutrition habits. At this moment, the situation 
may not be evolutionarily irreversible, but it 
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is expected to worsen. The consumption of 
selected polyphenols may  suppose a plausible 
therapeutic or nutritional approach for the 
reversion of senescence/ageing signature, once 
safety issues are resolved.  

11.4.2     Promiscuity and Molecular 
Diversity of Polyphenols: 
An Evolutionary Consequence 

 The paradigm of Western medicine in drug dis-
covery is to fi nd highly selective compounds 
against individual targets. Traditional herbal med-
icine has provided numerous examples of natural 
drugs based on this “reverse pharmacology” 
approach. Taxol, colchicine, digitoxin, morphine 
and tetrahydrocannabinol are just a few examples 
of natural compounds with strong specifi city for 
their targets. Nevertheless, approximately 60 % of 
fairly specifi c drugs in their initial research fail 
because of toxicity or ineffectiveness in late-stage 
preclinical studies [ 102 ]. 

 Plants generate a myriad of secondary 
metabolites that are ubiquitous in most species, 
which has been interpreted as positive selection 
of biosynthetic gene clusters [ 103 ]. This strat-
egy of nature may be a result of cost-benefi t 
selection. For plants, it may be more effi cient to 
produce many small physiological mediators 
acting on multiple targets (biosynthetic molec-
ular promiscuity), rather than single pharmaco-
logically potent compounds. Therefore, those 
conserved and successful combinations may 
have been  positively selected through evolu-
tion. Polyphenols are an example of this class 
of compounds. The polyphenol family encom-
passes a certain number of molecular scaffolds, 
but their variability increases enormously with 
minimal substitutions (hydroxyl or methoxy 
moieties) (Fig.  11.1 ), the ability to interact by 
hydrogen bonds (among them and with pro-
teins) and the capacity to polymerise. In line 
with this hypothesis, it has been postulated that 
plants have evolved molecular promiscuity as a 
 strategy to achieve maximal pharmacological 
potency, generating a limitless number of 
 pharmacological compounds for various targets 

[ 104 ]. Although the cause for such variability 
remains unresolved, the Xenohormesis 
 hypothesis satisfi es most of the questions arisen 
from a theoretical point of view [ 65 ]. 
Surprisingly, most of these mixtures are also 
safe to  mammals and easily metabolised and 
detoxifi ed. 

 The current goal is to ascertain whether the 
polyphenolic mixtures found in plants are more 
effective than target-selective monosubstances. 
Although mixtures of compounds in botanical 
extracts have provided abundant evidence on 
their potential for the management of multifac-
torial diseases, only a few have shown high 
pharmacological potency. In the last two 
decades, synergy has become the only explana-
tion for this behaviour [ 105 ], an hypothesis tak-
ing shape in recent years due to recently found 
evidence that will be discussed later in this 
chapter. Altogether, these data suggest a new 
direction in the strategies for drug discovery, 
which may be valid not only for non-communi-
cable diseases but also for infectious diseases. 
Many studies focusing on the mechanism of 
action of botanical mixtures have failed due to 
the diffi culty of conventional biochemical meth-
odology to interpret the complexity of the 
observed effects. This does not mean that the 
benefi cial effects of plant polyphenols are 
magic, but intense research must be aimed in 
this direction. In this scenario, the emerging 
“omics” technologies may give rise to a break-
through in the understanding of plant polyphe-
nols effects. The polypharmacology approach 
appears to be valid for explaining the way that 
some botanical mixtures target different pro-
teins within the same signalling pathway and in 
several biochemical pathways at once. Network 
pharmacology [ 106 ], a subdiscipline of systems 
biology, may also provide interesting tools for 
the study of herbal medicine by joining complex 
experimental approaches and  in silico  analysis. 
Recent examples for these strategies have been 
provided to explain the biological effects of 
 Ruta graveolens  constituents [ 107 ], the effects 
of  Hibiscus sabdariffa  polyphenols on meta-
bolic disturbances [ 11 ] and the anticancer 
effects of olive oil polyphenols [ 13 ].  
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11.4.3     Evidence for the Synergic 
Behaviour of Polyphenol 
Mixtures 

 Monotherapy has been the classical approach uti-
lised to address most natural or synthetic bioac-
tive compounds. However, there is increasing 
evidence that combined therapies are much more 
effi cient than single-drug-based treatments, most 
likely due to the multi-causal aetiology of many 
diseases and/or the existence of several therapeu-
tic targets. Multidrug therapy is now extended 
worldwide to treat not only infectious diseases 
but also AIDS, cancer, hypertension and rheu-
matic disorders [ 108 ]. Combined therapies may 
provide the advantage of synergistic effects 
among different drugs [ 105 ]. 

 Several authors have highlighted the relevance 
of synergic effects in phytotherapy research [ 104 , 
 108 ,  109 ], both for non-communicable and for 
infectious diseases. Recently, examples of the 
synergic effects of polyphenolic mixtures have 
been reported for several therapeutic targets, such 
as obesity-related pathologies [ 37 ,  110 ], antimi-
crobial susceptibility [ 111 ] and cancer [ 112 ,  113 ]. 
Synergy is especially relevant for antimicrobial 
therapy [ 114 ]. Natural compounds alone (e.g., 
terpenes, fl avonoids, phenolic acids, fl avanols) 
(Fig.  11.1 ) or in combination with antibiotics 
have been used to limit infection or to reduce 
microbial resistance [ 115 – 119 ]. The Berenbaum’s 
isobole method is most likely the simplest method 
for verifying the synergy between two com-
pounds. It supposes an affordable experimental 
design and provides incontrovertible graphical 
results (Fig.  11.5 ). To verify the existence of a 
synergistic effect of a mixture of two compounds 
A and B, the inhibitory concentration (IC) of 
mixtures at certain proportions of the compounds 
are determined and represented in the isobolo-
gram: when synergy is present, a concave curve 
towards the zero point is obtained in the isobole 
plot, whereas the representation becomes convex 
when there is antagonism between the two com-
pounds or a straight line when no interaction is 
present [ 105 ,  108 ]. However, as the isobole 
method does not provide a quantitative evalua-
tion of the synergy, calculation of the fractional 

inhibitory concentration index (FICI) is utilised 
as a complementary numerical approach [ 120 ]. 
The FICI value for a combination of compounds 
is calculated by adding IC (A in the presence of B) /
IC (A alone)  + IC (B in the presence of A) /IC (B alone) . A synergis-
tic effect is considered when FICI ≤ 0.5, an addi-
tive effect when 0.5 < FICI ≤ 1, indifferent 
effect when 1 < FICI < 2 and antagonism when 
FIC ≥ 2 [ 121 ].

11.5         Conclusions 
and Perspectives 

 Non-communicable diseases account for more 
than three out of fi ve deaths in developed coun-
tries. Current remedies and pharmaceutical drugs 
for major human diseases, such as obesity, diabe-
tes, cancer and cardiovascular diseases, are of 
limited effi cacy. Although one-third of the cur-
rent top 20 drugs on the market are plant derived, 
only one out of 5,000–10,000 of the new syn-
thetic molecules in development becomes a com-
mercial pharmaceutical drug [ 65 ]. Hence, the 
search for new natural therapies is an interesting 
research fi eld that can improve the results of 

  Fig. 11.5    Schematic representation of the Berenbaum’s 
isobole method for the verifi cation of synergy between 
two hypothetical compounds A and B: a concave curve 
indicates synergy (over-additive effect), whereas convex 
curve or straight line indicate antagonism or no interac-
tion respectively. The fractional inhibitory concentration 
index (FICI) is a quantitative measurement to confi rm 
synergy (synergistic effect, FICI ≤ 0.5; additive effect 
0.5 < FICI ≤ 1; indifferent effect, 1 < FICI < 2; antagonism, 
FIC ≥ 2)       
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existing treatments. However, polyphenol  therapy 
has been controversial due to questions raised 
about adequate polyphenolic sources, purity and 
dosage. In this chapter, we have provided sub-
stantial evidence to support that the modulation 
of signalling pathways and the epigenetic regula-
tion of gene expression are underlying mecha-
nisms for plant dietary polyphenols. These 
compounds have pleiotropic effects reaching 
multiple targets, such as ROS, membrane recep-
tors, membrane phospholipid domains, nuclear 
receptors, signalling proteins, energy sensors, 
histone acetylation, miRNA expression, chemo-
kines and infl ammatory mediators. 

 A large body of evidence has revealed that 
mixtures of polyphenols in plants may be valid for 
the management of age-related diseases. In some 
cases, these mixtures work in a synergistic man-
ner, and special combinations are exceptionally 
effective. Shall we then pay more attention to 
attempt to discover the magic polyphenolic 
potions that reach their multiple targets with max-
imum effi cacy? Current limitations to the discov-
ery of the mechanisms of action of polyphenols 
may due to the use of conventional molecular 
biology techniques, which hamper the identifi ca-
tion of their complex pleiotropic effects. 
Therefore, much research remains to be per-
formed using imaginative approaches that may 
lead to a signifi cant breakthrough. To reach these 
targets and answer all these questions, we may 
need to implement polypharmacology and net-
work pharmacology. Plant polyphenols have been 
used for centuries by human beings as food and 
medicine, and the time for their rational use in 
human health has most likely arrived. In the 
future, in our race for drug discovery, we may 
look back to herbal medicine for new candidates.     
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    Abstract  

  Many risk factors have been identifi ed as being responsible for the process of 
atherogenesis. Several of these risk factors are related to infl ammation, which 
is an obligatory feature of the atherosclerotic plaque. Increasing evidence 
suggests that postprandial lipoproteins and glucose may be involved in the 
infl ammatory process preceding the development of atherosclerosis. During 
the postprandial situation, remnants of chylomicrons and very low-density 
lipoproteins bind to circulating leukocytes and endothelial cells, leading to a 
state of acute activation with the expression of integrins on different cells, 
the generation of oxidative stress, production of cytokines and complement 
activation. Elevated plasma glucose levels may also induce leukocyte activa-
tion in humans. In addition, advanced glycation end products, formed during 
hyperglycemia, cause infl ammation and endothelial damage. This chain of 
events results in a situation of acute infl ammation causing endothelial 
dysfunction, which may be one of the earliest defects in atherogenesis. 
Interestingly, while this may occur several times each day after each meal, 
there is only limited information on the contribution of different nutrients on 
the postprandial infl ammatory processes. In this review, we will focus on the 
available evidence and we will discuss the role of lifestyle and pharmaceu-
tical interventions in modulating postprandial infl ammation.  
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12.1         Introduction 

 Atherosclerosis is the major cause of death in the 
Western World. The classical risk factors involved 
are smoking, diabetes mellitus, hyperlipidemia, 
hypertension and obesity. In fact, a limited set of 
risk factors seems to explain most part of the 
cardiovascular risk [ 1 ]. In the past decades, it has 
become evident that infl ammation plays a key 
role in the development of atherosclerosis. Several 
infl ammatory markers, including C-reactive 
protein (CRP), total leukocyte count and the third 
component of complement (C3) have been asso-
ciated with cardiovascular disease [ 2 – 5 ]. 

 Postprandial infl ammation starts with the 
increase of remnant lipoproteins and glucose in the 
circulation. This leads to activation of circulating 
leukocytes, which interact with the endothelium 
[ 6 – 10 ]. When stimulated by cytokines, endothelial 
cells express adhesion molecules, such as vascular 
cell adhesion molecule 1 (VCAM-1), which allow 
activated leukocytes to bind to the vessel wall. 
The expression of certain molecules on activated 
leukocytes, such as the CD11b integrin, is obligatory 
in this process. Once leukocytes have adhered to 
the endothelium, they are stimulated by chemoat-
tractant signals, in particular monocyte chemotactic 
protein-1 (MCP-1), to migrate into the arterial 
wall [ 10 ]. Subendothelial migrated monocytes 
differentiate into macrophages, which can take 
up modifi ed lipoproteins, leading to foam cell 
formation and the development of an athero-
sclerotic plaque [ 6 ]. 

 Here we will provide an overview of the pro-
cesses involved in postprandial infl ammation and 
potential lifestyle and pharmaceutical interven-
tions, which may help to modulate postprandial 
infl ammation.  

12.2     Chylomicron and VLDL 
Synthesis 

 Lipids and fat-soluble vitamins ingested with the 
diet are transported from the intestine to the cir-
culation by chylomicrons. In the intestine, dietary 

triglycerides are hydrolyzed into free fatty acids 
(FFAs) and 2-monoacylglycerols (MAG) [ 11 ]. 
These FFAs and MAG are then transported from 
the intestinal lumen to the smooth endoplasmatic 
reticulum (SER) of the enterocyte, where they 
are resynthesized into triglycerides [ 11 ,  12 ]. The 
formation of chylomicrons starts in the rough 
endoplasmatic reticulum (RER), where nascent 
apolipoprotein (apo) B48 is translocated into the 
lumen of the endoplasmatic reticulum (ER) [ 13 ]. 
The microsomal transfer protein (MTP) shuttles 
triglycerides from within the ER to an acceptor 
apo B48 molecule, giving rise to a primordial apo 
B-containing lipoprotein [ 13 ]. This particle is 
then enriched and expanded with lipids present 
within the ER, resulting in a prechylomicron, 
with a core containing triglycerides, cholesteryl 
esters and fat-soluble vitamins, and an outer layer 
with phospholipids, free cholesterol, apo B48 
and apo A-IV [ 11 ,  13 ]. The prechylomicron 
leaves the ER and is transported to the Golgi 
apparatus in prechylomicron transport vesicles. 
Several proteins, including apo B48 and CD36, 
are involved in this transport [ 14 ]. Within the 
Golgi, apo A-I is attached, resulting in the forma-
tion of a mature chylomicron, which is secreted 
into the lymphatic system [ 15 ,  16 ]. 

 In the circulation, the triglycerides present 
in chylomicrons are hydrolyzed into MAG and 
FFAs by the endothelium-bound enzyme lipopro-
tein lipase (LPL), giving rise to chylomicron 
remnant particles [ 17 ]. The dietary FFAs and 
chylomicron remnants can be taken up by the 
liver, to be used for the synthesis of very low- 
density lipoproteins (VLDL) [ 18 ]. The assembly 
of VLDL begins in the ER of hepatocytes. 
In humans, the liver lacks an editing enzyme 
complex such as in the intestine and therefore, 
hepatic triglyceride-rich lipoproteins (TRLs) 
contain solely apo B100 as structural apolipopro-
tein [ 19 ]. Apo B100 is synthesized in the RER 
and under the infl uence of MTP, the nascent lipo-
protein becomes enriched with triglycerides 
which are synthesized in the SER [ 19 ]. This gives 
rise to pre-VLDL, which can be further processed 
to form triglyceride-poor VLDL 2 . The VLDL 
synthesis in the liver is a continuous process, 
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and VLDL secretion is controlled mainly by 
intracellular degradation, depending largely on 
lipidation of the nascent VLDL particles [ 20 ]. 
Therefore, pre-VLDL that is not transformed to 
VLDL 2  is subject to posttranslational degrada-
tion [ 20 ]. Otherwise, VLDL 2  is transported to the 
Golgi, where it is either secreted into the circula-
tion, or converted to triglyceride-rich VLDL 1 , 
which is then released into the circulation. 

 The large VLDL particles in the circulation 
are hydrolyzed by LPL, resulting in the formation 
of intermediate-density lipoproteins (IDL) and 
eventually low-density lipoproteins (LDL) [ 21 ]. 
However, since chylomicrons and VLDL largely 
share the same lipolytic pathway, competition at 
the level of several steps involved in the lipolysis 
and removal of TRLs from the circulation may 
occur. These include not only LPL [ 17 ], but also 
hepatic lipase, the low-density lipoprotein receptor 
(LDL-R), the LDL receptor-related protein 1 
(LRP-1) and heparan sulfate proteoglycans [ 21 ,  22 ]. 
This competition may lead to accumulation of 
TRLs in the circulation.  

12.3     Postprandial Lipids Induce 
Infl ammation 

 Lipids induce a state of infl ammation, with 
increased levels of adhesion molecules, cytokines, 
oxidative stress and leukocyte activation. An 
in vitro study demonstrated that TRLs with a 
high triglyceride and cholesterol content stimu-
late human aortic endothelial cells to express 
VCAM-1 [ 23 ], and during hypertriglyceridemia, 
the adhesion of monocytes to VCAM-1 is 
increased [ 24 ]. Not only TRLs itself, but also the 
FFAs released by hydrolysis of these particles 
stimulate endothelial cells to express adhesion 
molecules and to produce infl ammatory cyto-
kines [ 25 ]. In an in vivo study, ingestion of a 
high-fat meal resulted in an increase in neutrophil 
count, interleukin-6 (IL-6) and hydroperoxides, with 
a simultaneous decrease in endothelial function, 
refl ected by fl ow-mediated endothelium- dependent 
dilatation [ 26 ]. Others showed that ingestion of a 

high-fat meal by healthy volunteers increased 
serum bacterial endotoxin, or lipopolysaccharide 
(LPS), which may also lead to leukocyte activa-
tion and infl ammation [ 27 ]. The ingestion of fat 
therefore results in increased leukocyte activa-
tion, which is refl ected by an increase of surface 
expression of CD11b, CD11c and CD14 on 
monocytes, and CD11b, CD66b and CD62L on 
neutrophils, as has been shown in vitro [ 28 ,  29 ] 
and in vivo [ 8 ,  24 ,  30 ,  31 ]. These data point at 
a pro-infl ammatory effect of dietary lipids on 
circulating infl ammatory cells with detrimental 
effects on the vessel wall. 

 Apo B-containing lipoproteins have been 
shown to adhere to postprandial leukocytes in the 
circulation [ 7 ]. By adding labeled palmitic acid to 
an oral fat load, it was demonstrated that leuko-
cytes become enriched with dietary FFAs [ 7 ]. 
The uptake of TRLs by leukocytes is most likely 
mediated by different receptors, such as the LDL- R, 
LRP-1 and the apo B48 receptor [ 24 ,  32 ,  33 ]. 
Opsonization of remnants in the circulation may 
be directly related to leukocyte activation. 

 The molecular mechanism behind lipid- induced 
infl ammation probably involves activation of 
the transcription factor nuclear factor kappaB 
(NF-κB). The remnants of TRLs migrate into the 
subendothelial space, where they induce the 
production of reactive oxygen species (ROS). 
This may lead to the oxidative modifi cation of 
LDL, and these oxidized lipoproteins (oxLDL) 
are easily taken up by macrophages, smooth 
muscle cells and endothelial cells via scavenger 
receptors, such as CD36, SR-AI/II, SR-BI and the 
lectin-like oxidized LDL receptor 1 (LOX-1) [ 34 ,  35 ]. 
Internalized lipoproteins can induce activation of 
the protein kinase C (PKC) pathway, resulting in 
activation of the IκB kinase complex and subse-
quently NF-κB. Activated NF-κB will induce the 
transcription of genes encoding for several 
cytokines, including tumor necrosis factor-alpha 
(TNF-α), interferon-gamma (IFN-γ), interleukin-1 
beta (IL-1β), IL-6 and IL-8, chemokines, such as 
MCP-1 and macrophage infl ammatory protein-1 
alpha (MIP-1α) and cellular adhesion molecules, 
such as VCAM-1 (Fig.  12.1 ).
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12.4        Glucose and Postprandial 
Infl ammation 

 Not only lipids, but also glucose may be involved 
in postprandial infl ammation. In fact, the genera-
tion of oxidative stress due to hyperglycemia has 
been proposed to be a key event in the development 
of diabetic complications [ 36 ]. In vivo studies 
have demonstrated that ingestion of glucose results 

in increased production of TNF-α and IL-1β by 
peripheral blood mononucleated cells [ 37 ], reduced 
fl ow-mediated endothelium- dependent dilatation 
[ 26 ,  38 ], increased formation of ROS and oxidative 
stress [ 38 ] and increased leukocyte activation [ 9 ]. 

 Hyperglycemia may induce infl ammation via 
several mechanisms. One is the increased activa-
tion of the PKC pathway in endothelial cells, 
macrophages and smooth muscle cells. Activation 
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  Fig. 12.1    The cellular processes involved in lipid- and 
glucose-induced infl ammation: The remnants of 
triglyceride- rich lipoproteins and oxidized low-density 
lipoprotein ( oxLDL ) are taken up by circulating leuko-
cytes, macrophages, endothelial cells and smooth muscle 
cells via several scavenger receptors, including CD36, 
SR-AI/II, SR-BI and lectin- like oxidized LDL receptor 1 
( LOX-1 ). Intracellular, remnants and oxLDL activate the 
protein kinase C ( PKC ) pathway, resulting in activation of 
nuclear factor kappaB ( NF-κB ). NF-κB induces the tran-
scription of several infl ammatory genes, including genes 
encoding for cytokines, chemokines and adhesion mole-
cules. During hyperglycemia, the intracellular synthesis 
of diacylglycerol ( DAG ) in endothelial cells, smooth 
muscle cells, monocytes an macrophages is increased, 

leading to further activation of the PKC pathway. 
Activation of the PKC pathway in monocytes also results 
in the release of the integrins CD11b, CD11c and CD14 
stored in intracellular vesicles. In addition, during hyper-
glycemia, advanced glycation end products ( AGEs ) are 
formed. These AGEs are taken up by endothelial cells, 
monocytes and macrophages via the receptor for AGE 
( RAGE ) and lactoferrin-like polypeptide ( LF-L ) complex, 
resulting in activation of mitogen-activated protein kinase 
( MAPK ) and subsequently NF-κB activation. AGEs also 
enhance the formation of oxLDL, and during hypergly-
cemia the expression of LOX-1 on monocytes and macro-
phages increases. These processes further facilitate the 
uptake of oxLDL by macrophages and thus enhance the 
infl ammatory process       
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of PKC results in increased cytokine production 
via activation of NF-κB [ 39 ]. This increased PKC 
activity is probably stimulated by an increased de 
novo synthesis of diacylglycerol in endothelial 
cells during hyperglycemia, which is an important 
activator of PKC [ 40 ]. 

 Glucose can modify proteins to form advanced 
glycation end products (AGEs), which exert a 
pro-infl ammatory effect in several ways [ 41 ]. 
AGEs can interact with cellular binding sites, 
such as the receptor for AGE (RAGE) and 
lactoferrin- like polypeptide (LF-L) on endothelial 
cells and macrophages. This AGEs-RAGE 
interaction results in uptake of AGEs by these 
cells and subsequently generation of ROS and 
activation of NF-κB via activation of mitogen- 
activated protein kinase (MAPK) [ 42 – 45 ]. The 
interaction between AGEs and RAGE on circu-
lating monocytes also induces chemotaxis, leading 
to increased migration of these cells into the 
subendothelial space [ 44 ]. The presence of AGEs 
induces increased expression of RAGE on endo-
thelial cells [ 46 ], which functions as a receptor for 
the integrin CD11b on monocytes and neutrophils, 
promoting leukocyte adhesion to the vessel wall [ 47 ]. 

 Furthermore, AGEs induce the glycosylation 
of apo B and phospholipids on LDL particles, 
making these lipoproteins more susceptible to 
oxidative modifi cations, resulting in enhanced 
uptake by macrophages via scavenger receptors 
[ 43 ]. During hyperglycemia, the surface expres-
sion of LOX-1 on macrophages is increased, 
thereby enhancing the uptake of oxLDL by these 
cells [ 39 ]. 

 Moreover, glycation of the regulatory mem-
brane protein CD59 on endothelial cells, which 
inhibits the deposition of the membrane attack 
complex (MAC) of complement, leads to reduced 
activity of this protein and thus a higher suscepti-
bility of the endothelium for the MAC-induced 
release of pro-infl ammatory cytokines [ 48 ]. 

 Finally, hyperglycemia results in a reduced 
antioxidant capacity. Hyperglycemia leads to 
increased reduction of glucose to sorbitol by 
aldose reductase, and during this process NADPH 
is consumed [ 41 ]. Since the cellular antioxidant 
capacity depends on the energy provided by 
NADPH to the antioxidants gluthathione and 

thioredoxin, reduction of NADPH will result in 
increased oxidative stress [ 41 ,  49 ]. The cellular 
processes involved in infl ammation induced by 
lipids and glucose are summarized in Fig.  12.1 .  

12.5     Lifestyle and Pharmaceutical 
Interventions Modulating 
Postprandial Infl ammation 

 Evidence from clinical trials is starting to emerge, 
demonstrating that postprandial infl ammation 
can be reduced by lifestyle modifi cations. Several 
studies have established a positive effect of dietary 
antioxidants on postprandial infl ammation. 
Foods rich in polyphenols, such as strawberries 
and black raspberries, reduce postprandial 
infl ammation [ 50 ,  51 ]. The daily consumption of 
strawberry beverages during 6 weeks, reduced 
the postprandial oxidative modifi cation of LDL 
in hyperlipidemic patients [ 50 ]. The consumption 
of black raspberries for 4 days attenuated the 
high-fat meal-induced production of IL-6 [ 51 ]. 
Flavonoids seem to reduce postprandial infl am-
mation as well. An in vitro study demonstrated 
that the fl avonoid epigallocatechin-3-gallate sup-
pressed the hyperglycemia-induced expression of 
VCAM-1 on human umbilical vein endothelial 
cells and reduced the adhesion of monocytes to 
these cells, via inhibition of PKC and NF-κB 
activation [ 52 ]. This benefi cial effect of fl avo-
noids on postprandial infl ammation has been 
confi rmed in vivo. In a randomized trial with 30 
healthy volunteers, the consumption of orange juice, 
which contains fl avonoids, with a high-fat meal 
reduced the postprandial production of ROS and 
prevented the postprandial increase in LPS [ 53 ]. 
Food containing carotenoids may also decrease 
postprandial infl ammation. The consumption of 
tomatoes containing this antioxidant reduced 
postprandial IL-6 production and prevented LDL 
oxidation, even though the tomatoes exaggerated 
postprandial lipemia [ 54 ]. This anti- infl ammatory 
effect, despite an increase in serum lipids, has 
also been observed with the consumption of red 
wine. Although the addition of red wine to a meal 
resulted in a higher increase in serum lipids, 
red wine prevented the production of NF-κB by 
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peripheral blood mononucleated cells [ 55 ]. 
In contrast, addition of vodka to the meal did not 
attenuate the NF-κB activation, indicating that 
this effect was not due to the alcohol content of 
the wine [ 55 ]. The anti-infl ammatory effect of red 
wine is more likely the result of the antioxidants 
quercetin and α-tocopherol succinate, since treat-
ment of human mononuclear cells with VLDL in 
the presence of these antioxidants inhibited the 
activation of NF-κB [ 55 ]. Collectively, these 
data suggest a benefi cial effect of dietary antioxi-
dants, such as polyphenols, fl avonoids, carot-
enoids, quercetin and α-tocopherol succinate, on 
postprandial infl ammation. 

 In addition to antioxidants, a diet rich in 
monounsaturated fatty acids (MUFA), as opposed 
to saturated fatty acids (SFA), reduces postprandial 
infl ammation. In a small study, the consumption 
of a meal based on extra virgin olive oil, which is 
rich in MUFA, did not elicit NF-κB activation in 
peripheral blood mononucleated cells, in contrast 
to ingestion of a meal based on butter, rich in 
SFA, or walnuts, which contained an equal 
amount of MUFA, SFA and polyunsaturated fatty 
acids (PUFA) [ 56 ]. This benefi cial effect of MUFA 
was confi rmed in another trial with 20 elderly 
healthy subjects. In this study, a Mediterranean 
diet with a high virgin olive oil content not only 
reduced total cholesterol, LDL-C and apo B, but 
also the postprandial expression of MCP-1, matrix 
metalloproteinase 9 (MMP-9) and the NF-κB 
subunit p65 in peripheral blood mononucleated 
cells [ 57 ]. In another small study, the addition of 
avocado, rich in MUFA, to a hamburger meal 
attenuated the postprandial increase of IL-6, via 
reduced activity of the NF-κB pathway [ 58 ]. 

 The effect of exercise on postprandial infl am-
mation remains controversial. In a study among 
20 cigarette smokers, those who reported to 
exercise two or more hours a week had lower post-
prandial levels of malondialdehyde than untrained 
smokers [ 59 ]. However, in a small randomized trial, 
exercise before a high-fat meal did not reduce 
postprandial serum lipid hydroperoxides [ 60 ]. 
In a cross-sectional study among  middle- aged 
men, active men had lower fasting levels of IL-6 
and CRP than sedentary men, but no difference in 
postprandial infl ammation was observed [ 61 ]. 

 Weight loss seems to have a favorable effect 
on postprandial infl ammation. Moderate weight 
loss reduced the postprandial soluble intercellu-
lar adhesion molecule (s-ICAM), MCP-1 and 
high-sensitivity CRP (hs-CRP) increment in 11 
normolipidemic moderately obese men [ 62 ]. In 
another study, weight loss reduced postprandial 
IL-6 levels in eight men with impaired glucose 
tolerance [ 63 ]. 

 Several lipid-lowering drugs are effective in 
lowering postprandial infl ammation as well. 
Simvastatin, atorvastatin and pitavastatin have all 
shown to attenuate postprandial infl ammation 
[ 64 – 66 ]. In addition, fenofi brate reduces the 
production of TNF-α, IL-1β, IL-6, MCP-1 and 
MIP-1α [ 67 ,  68 ]. Anti-diabetic drugs may also 
reduce postprandial infl ammation. Rosiglitazone 
and metformin have been shown to increase 
levels of the antioxidant enzyme paraoxonase 
(PON)-1 and decrease postprandial levels of 
MCP-1 [ 69 ,  70 ]. Treatment of patients with 
type 2 diabetes mellitus with nateglinide, an 
anti- diabetic drug belonging to the meglitinides 
class of drugs, signifi cantly reduced postprandial 
oxidative stress and increased endothelial 
function [ 38 ]. Infusion of glucagon-like peptide 1 
during hyperglycemia signifi cantly reduced 
oxidative stress, infl ammation and endothelial 
dysfunction in patients with type 1 diabetes 
mellitus [ 71 ]. To the best of our knowledge, 
no studies have compared the effect of lipid-
lowering versus glucose- lowering therapy on 
postprandial infl ammation in patients with diabe-
tes mellitus. The effects of different dietary and 
pharmaceutical interventions are summarized in 
Table  12.1 .

12.6        Conclusion 

 In the postprandial phase, lipids and glucose 
induce a state of systemic infl ammation, with the 
increased production of cytokines, generation 
of oxidative stress, complement activation and 
enhanced adhesion of monocytes to the endothe-
lium, resulting in transient endothelial dysfunc-
tion. A diet rich in MUFAs and antioxidants, such 
as polyphenols, fl avonoids and carotenoids, 
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weight loss and several drugs, such as statins, 
fi brates and anti-diabetic drugs, are effective in 
reducing postprandial infl ammation.     
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    Abstract   

  Obesity and its co-morbidities as metabolic syndrome, type 2 diabetes 
mellitus and cardiovascular diseases are major health problems world-
wide. Several reports indicated that nutrient excess and metabolic syn-
drome are linked with altered immune response. Indeed, metabolic 
syndrome is characterized by insulin resistance and chronic low-grade 
infl ammation, which conditions are the consequences of the complex 
interaction between adipocytes and immune cells. Enlarged white adi-
pose tissue is infi ltrated by immune cells and secretes various bioactive 
substances, like adipokines, cytokines and other infl ammatory mediators. 
Due to its special architecture in which metabolic and immune cells are in 
intimate proximity, metabolic and immunologic pathways are closely 
integrated in adipose tissue. With the contribution of altered gut micro-
biota, adipokines and cytokines modulate insulin signaling and immune 
response leading to adipose tissue infl ammation and systemic insulin 
resistance. In this chapter, we focus on the cellular and molecular mecha-
nisms that lead to impaired insulin sensitivity and chronic low-grade 
infl ammation in obesity. We also detail the potential role of adipokines 
and immune cells in this deleterious process, and the concerns of vaccina-
tion in metabolic syndrome. Finally, we address the links between obesity 
and gut microbiota as an emerging new fi eld of interest, and scratch the 
surface of potential therapeutic opportunities.  
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13.1         Introduction 

 Affecting about the one third of the population in 
the Western countries, metabolic syndrome 
(MetS) is a cluster of conditions that, when being 
present together, increase the risk of type 2 dia-
betes mellitus (T2DM) and cardiovascular dis-
eases (CVDs) [ 1 ]. The concept of metabolic 
syndrome was created in 1988 [ 2 ]. Refi ned sev-
eral times since then, recent diagnostic criteria of 
MetS include abdominal (central) obesity, 
increased triglyceride and decreased high-
density lipoprotein- cholesterol levels, increased 
blood pressure and elevated fasting glucose lev-
els [ 3 ]. Although no obligatory component is 
articulated and the presence of three fi ndings out 
of fi ve qualifi es a person for metabolic syndrome, 
the existence of central obesity is agreed to be 
useful in preliminary screening for MetS. 

 Being the hallmark of MetS, obesity repre-
sents a major health burden worldwide with a 
high prevalence in the Western countries [ 4 ]. The 
enlarged white adipose tissue (WAT) secretes 
several biological substances termed adipo(cyto)
kines with various metabolic and immunologic 
effects. Generated upon the complex interplay of 
immune and fat cells (adipocytes), altered adipo-
kine secretion and pro-infl ammatory stimuli 
make the bed for subsequent insulin resistance, 
which is the central etio-pathological feature of 
MetS. Insulin resistance is characterized by (1) 
the failure of insulin to stimulate glucose uptake 
into the skeletal muscle, (2) impaired inhibition 
of hepatic glucose output and (3) the failure of 
insulin to inhibit lipolysis in the adipocytes. 

 The progression of insulin resistance shares 
several molecular pathways with immunologic 
processes and obesity is characterized by a 
chronic low-grade infl ammation with elevated 
C-reactive protein (CRP) levels [ 5 ,  6 ]. Several 
human studies indicated the ties between 
 infl ammation and metabolic alterations leading to 
the concept of “metabolic infl ammation”. In fact, 

regulation of metabolic and infl ammatory path-
ways, or nutrient- and pathogen-sensing are 
highly conserved throughout various species, 
while metabolic and immune systems are funda-
mental for the organisms to survive [ 7 ]. Also, 
insulin-sensitive organs (especially WAT and 
liver) are structured in a special tissue architecture 
in which metabolic and immune cells are in close 
proximity with excellent blood supply. In this 
setup, the tight integration of metabolic and 
immune processes fosters the development of a 
special milieu in which the dysfunction of one 
system has a pronounced impact on the other. 
Indeed, acute infl ammatory response is consid-
ered to be a major part of the defensive mecha-
nisms; however, long-term infl ammation, as it is 
present in obesity, has deleterious effects on met-
abolic functions. On the other hand, excess nutri-
ent intake and chronic metabolic surplus trigger 
an infl ammatory response by activating immune 
cells that are typically involved in classical defen-
sive mechanisms against pathogens. Therefore, it 
is not surprising that obesity and metabolic syn-
drome portray a “metabolic infl ammation” with 
abnormal secretion of adipokines, cytokines and 
other infl ammatory mediators together with an 
increased infi ltration of pro-infl ammatory 
immune cells into the adipose tissue.  

13.2     Clinical Studies 

 Early observations revealed the possible involve-
ment of infl ammation in insulin resistance, when 
high-dose sodium salicylate administration dra-
matically diminished glycosuria in diabetic 
patients [ 8 ]. This effect was further corroborated 
in the middle of the twentieth century, when acetyl 
salicylate treatment was successful to discon-
tinue the insulin treatment in diabetic subjects 
[ 9 ]; however, the impact of salicylates on insulin 
sensitivity was not suspected at that time. Several 
latter epidemiological studies also confi rmed the 
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relationship between infl ammation and insulin 
resistance, since increased levels of infl ammatory 
markers were found to be signifi cant predictors of 
T2DM [ 10 ,  11 ]. The role of chronic infl ammation 
was also confi rmed in the development of athero-
sclerosis, which is a major consequence of 
insulin-resistant conditions leading to increased 
cardiovascular morbidity and mortality [ 12 ]. 
Alternatively, lifestyle modifi cation or drug 
treatment of patients with impaired glucose toler-
ance resulted in a signifi cant improvement in 
CRP levels in a 1-year period [ 13 ]. 

 White adipose tissue is no longer considered to 
be a mere energy depository tissue but rather a bio-
logically active endocrine organ that secretes vari-
ous substances, like adipokines, cytokines and 
chemokines. Therefore, WAT plays fundamental 
roles in the regulation of appetite and satiety, glu-
cose and lipid metabolism, energy expenditure, 
insulin sensitivity, immune response, coagulation, 
blood pressure and endothelial function [ 14 ]. 
Indeed, altered secretion of various adipokines were 
observed in several insulin-resistant conditions 
including metabolic syndrome, type 2 diabetes mel-
litus and cardiovascular diseases [ 15 ,  16 ]. Also, 
altered adipokine profi le is already present in obese 
non-diabetic patients and abnormal secretion of adi-
pokines were found in subjects with increased fast-
ing glucose (IFG) and impaired glucose tolerance 
(IGT), indicating the importance of excess weight 
in the early stages of insulin resistance [ 17 ,  18 ].  

13.3     Molecular Mechanisms 
of Insulin Signaling 
and Resistance 

 To maintain normoglycemia, insulin is secreted 
by the β cells of islets of Langerhans that are 
located in the pancreas. It acts on the above men-
tioned insulin sensitive tissues and promotes glu-
cose uptake, glycogen storage and lipogenesis. 
Insulin also inhibits glycogenolysis and 
gluconeogenesis and reduces lipolysis. Several 
 mechanisms, including infl ammation, excess 
nutrient availability, hypoxia, oxidative stress 
and endoplasmatic reticulum (ER) stress are 
linked to the decreased sensitivity of the insulin-

targeted tissues. When the subsequent increase in 
insulin secretion can no longer compensate for 
the impaired sensitivity, hyperglycemia and man-
ifest T2DM develop. 

 When insulin sensitivity is not impaired, bind-
ing of insulin to the α-subunit of its receptor results 
in the autophosphorylation of the β-subunit and 
induces the recruitment and binding of a substrate 
adaptor insulin receptor substrate- 1 (IRS-1) [ 19 ]. 
Downstream tyrosine phosphorylation of the 
IRS-1 activates phosphatidyl- inositol 3-kinase 
(PI3K)-Akt/protein kinase B (PKB) pathway to 
induce several downstream signaling mechanisms 
including glucose transporter-4 (GLUT4) translo-
cation to the cell membrane and promoting glu-
cose uptake into the cell [ 20 ]. PI3K-PKB/Akt 
activation is also responsible for the other meta-
bolic effects of insulin in (1) suppressing glycogen 
synthase kinase-3 (GSK3) and glycogen synthesis 
[ 21 ] and (2) forkhead box protein O1 (FOXO)-1/
phosphoenolpyruvate carboxykinase (PEPCK)-
mediated gluconeogenesis [ 22 ] together with (3) 
modulating mammalian target of rapamycin 
(mTOR) activity and protein synthesis [ 23 ]. 
Insulin also activates the Ras-mitogen-activated 
protein kinase (MAPK)/extracellular signal regu-
lated kinase (ERK) pathway and regulates cell 
growth [ 24 ]. 

 Alternative serine phosphorylation of IRS-1 
proteins is a key step in the negative regulation of 
insulin signaling that causes insulin resistance. 
Ser312, Ser636, or Ser 1101 residues in human 
IRS-1 may be phosphorylated by several kinases 
including inhibitor of κB (IκB) kinase (IKK, an 
upstream activator of nuclear factor κB [NFκB]) 
or c-Jun N-terminal kinase (JNK) that are key 
components of major pro-infl ammatory path-
ways [ 25 ]. Inhibition of insulin signaling by these 
pro-infl ammatory kinases provides an important 
link between infl ammation and insulin resistance, 
which was fi rst revealed by  Hotamisligil et al.  
clearly indicating the role of tumor necrosis 
factor-α (TNF-α) on impairing insulin action 
[ 26 ]. In their milestone manuscript, they found 
increased TNF-α mRNA and protein expression 
locally and systemically in obese rats, while neu-
tralization of TNF-α resulted in a signifi cant 
improvement in insulin sensitivity. 
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 TNF-α is a potent inductor of IKK and JNK 
signaling and several studies have indicated the 
crucial role of various hallmarks of MetS includ-
ing fatty acid and ceramide accumulation, ER 
stress, hypoxia, reactive oxygen species (ROS) 
and certain cytokines (e.g., interleukin- [IL]-6 or 
IL-1β) in the activation of these pathways in mod-
els of insulin resistance [ 27 ,  28 ]. Conversely, 
genetic or chemical inhibition of IKK and JNK 
signal transduction abolishes insulin resistance 
and improves insulin sensitivity [ 29 ]. Besides ser-
ine phosphorylation of IRS-1, IKK and JNK acti-
vation enhances systemic infl ammation by 
increasing the expression of pro-infl ammatory 
genes through NFκB and activator protein-1  (AP- 1) 
in the target tissues, therefore closing the vitious 
cycle [ 30 ]. Target genes of NFκB include various 
chemokines and cytokines (e.g., TNF-α, 
interferon-γ [IFN-γ], IL-1β, IL-6, monocyte che-
moattractant protein-1 [MCP-1]), receptors of 
these molecules, toll-like receptors (TLRs), selec-
tins, adhesion molecules and CRP, cyclooxygen-
ase- 2 (COX2) or inducible nitric oxide synthase 
(iNOS) [ 29 ]. Induction of these molecules leads to 
the recruitment of monocytes and their differentia-
tion to macrophages in insulin sensitive tissues, 
especially in the white adipose tissue ( see later ). 

 The importance of IKK and JNK pathway in 
obesity-related insulin resistance and infl amma-
tion was demonstrated by elegant investigations 
[ 31 ,  32 ]. Briefl y, myeloid cell IKKβ- and JNK- 
null mice were generated by different techniques 
to disrupt macrophage infl ammatory pathways in 
cells derived from the bone marrow, while the 
expression of IKKβ- and JNK remained intact in 
the insulin-sensitive tissues. The authors demon-
strated that the knockout animals were protected 
from high-fat diet (HFD)-induced insulin resis-
tance, although they developed the same degree 
of obesity as their wild-type littermates. These 
results demonstrated the key role of macrophages 
in systemic insulin resistance, since in the 
absence of the myeloid-driven infl ammatory cell 
activation, obesity  per se  did not lead to insulin 
resistance as characterized by hyperinsulinemia 
and glucose intolerance. 

 In addition, pattern recognition receptors (PRRs) 
like TLRs and the receptor for advanced glycation 

end products (RAGE) are also able to activate IKK 
and JNK signaling. Ligands of TLRs include satu-
rated fatty acids (SFAs), gut microbiome-derived 
lipopolysaccharide (LPS) and lipopeptides, while 
RAGE may also bind microbial products and 
advanced glycation end products (AGEs), thus pro-
viding another mechanistic link between obesity, 
insulin resistance and infl ammation [ 28 ,  29 ,  33 ]. 

 Infl ammation is also closely related with ath-
erosclerosis, which is a major contributor to CVDs 
that develop in patients with metabolic syndrome. 
Even early lipid deposition in the arterial wall is 
paralleled by the upregulation of P- and E-selectin, 
together with the increased expression of intercel-
lular adhesion molecule-1 (ICAM-1) and vascular 
cell adhesion molecule-1 (VCAM-1) to adhere 
immune cells [ 34 ]. Endothelial and smooth mus-
cle cells, lymphocytes and macrophages secrete 
TNF-α and increase the local production of IL-6 in 
the atheroma [ 35 ]. Increased expression of cluster 
of differentiation (CD)40 and its counterpart 
CD40L and subsequent matrix metalloproteinase 
(MMP) activation lead to increased vulnerability 
of the atherosclerotic plaque and may result in 
thrombosis in the vessel wall [ 36 ]. 

 In addition to the IKK- and JNK-mediated 
insulin resistance, WAT-related adipokines such as 
TNF-α, IL-6 and IL-1β may block insulin signal-
ing by inducing suppressors of cytokine signaling 
(SOCS)1 and SOCS3, thus causing subsequent 
ubiquitin-mediated degradation of IRS-1 and 
IRS-2 [ 37 ,  38 ]. Overexpression of SOCS1 and 
SOCS3 in mouse liver leads to insulin resistance 
and increased expression of sterol regulatory ele-
ment-binding protein-1c (SREBP-1c), which is 
the major regulator of fatty acid synthesis. In turn, 
inhibition of SOCS1 and SOCS3 in obese diabetic 
mice restored insulin sensitivity, normalized the 
expression of SREBP-1c, while ameliorated 
hepatic steatosis and hypertriglyceridemia [ 39 ].  

13.4     The Role of Adipokines 
in Insulin Resistance 

 As mentioned above, the discovery of TNF-α in 
promoting insulin resistance was a breakthrough 
in understanding the association between obesity 
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and infl ammation. WAT, as an active endocrine 
organ and recently also considered as part of the 
innate immune system, secretes a variety of adi-
pokines and cytokines, thus providing a potential 
interplay between metabolic alterations and 
immune response (Table  13.1 ) .  Adipose tissue 
enlargement (both hyperplasia and hypertrophy 
of the adipocytes) and subsequent microhypoxia 
are accompanied by immune cell infi ltration and 
activation [ 40 ]. Adipocytes and immune cells 
share several metabolic and infl ammatory func-
tions including pathogen and nutrient sensing, 

complement activation, phagocytosis or secretion 
of infl ammatory mediators [ 40 ,  41 ]. Besides pre- 
adipocytes and mature adipocytes, WAT contains 
macrophages, leukocytes, T and B lymphocytes, 
fi broblasts and endothelial cells. While adipo-
cytes seem to be the exclusive source of leptin and 
adiponectin (as considered to be true adipokines), 
the other mediators are primarily expressed by the 
activated macrophages and/or other cells [ 29 ]. 
Once immune cells are recruited and activated in 
the WAT, their communication with the adipo-
cytes perpetuates the metabolic- infl ammatory 

   Table 13.1    The potential role of selected adipokines in insulin resistance and infl ammation   

 Adipokine  Source  Role in insulin resistance and infl ammation 

 Leptin  Adipocytes  Induces JAK/STAT signaling 
 Enhances NFκB- and JNK-mediated gene transcription 
 Stimulates TNF-α and IL-6 production 
 Activates monocytes and macrophages 
 Enhances pro-infl ammatory Th1 and suppresses anti-
infl ammatory Th2 cytokines 

 Adiponectin  Adipocytes  Inhibits NFκB activation and TNF-α production 
 Promotes the production of anti- infl ammatory cytokines 
 Decreases macrophage IFN-γ secretion 
 Promotes anti-infl ammatory M2 phenotypic of macrophages 
 Inhibits oxLDL-induced endothelial cell proliferation 

 IL-6  Adipocytes  Induces JAK/STAT signaling 
 Macrophages  Promotes SOCS-3 induction 
 T cells  Increases energy expenditure when acting centrally 

 TNF-α  Adipocytes  Induces NFκB- and JNK-mediated gene transcription 
 Macrophages  Increases hepatic lipogenesis 
 T and B cells 

 Resistin  Macrophages  Enhances IL-6 and TNF-α secretion 
 Adipocytes (?)  Activates JNK, p38 MAPK and SOCS-3 signaling when 

acting centrally 
 RBP4  Adipocytes  Interferes with GLUT4 expression and IRS-1 phosphorylation 

 Macrophages 
 Visfatin  Monocytes  Induces pro-infl ammatory cytokine production 

 Macrophages 
 Dendritic cells 
 Adipocytes (?) 

 Chemerin  Adipocytes  Regulates adipocyte maturation 
 β cells  Interferes with IRS-1 phosphorylation 
 Neutrophils  May act towards or against infl ammation 

 Adipsin  Adipocytes  Alternative complement activation 
 Monocytes 
 Macrophages 

 Omentin-1  Stromal vascular cells  Exerts insulin-mimetic effects 
 Attenuates NFκB activation 
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vitious cycle leading to self- sustained cell recruit-
ment and activation, together with enhanced 
secretion of pro-infl ammatory mediators and 
abnormal adipokine secretion.

13.4.1       Leptin 

 Leptin is a pro-infl ammatory cytokine-like product 
of the  ob  gene that regulates energy expenditure 
and food intake [ 42 ,  43 ]. Serum leptin concentra-
tion was shown to increase along with the amount 
of body fat [ 44 ], while leptin production of 
adipose tissue is elevated signifi cantly by TNF-α, 
IL-1 or LPS in acute infections [ 45 ]. Leptin defi -
ciency was demonstrated to cause monogenic 
obesity both in humans and rodents with severe 
obesity and insulin resistance that can be restored 
by exogenous administration of leptin [ 46 ,  47 ]. In 
contrast, when obesity develops fi rst as a conse-
quence of sedentary lifestyle and excess nutrient 
intake, it results in increased serum leptin con-
centrations suggesting the existence of leptin 
resistance in obese subjects [ 43 ]. Leptin resis-
tance can be mediated by various mechanisms 
including hyperleptinemia-induced SOCS3 acti-
vation and ER stress [ 48 ,  49 ]. 

 The structure of leptin is similar to pro- 
infl ammatory cytokines like IL-2 or IL-6; and 
leptin exerts its biological effects by binding to its 
receptor ObR, which is a member of the class I 
cytokine receptor family [ 50 ]. Indeed, leptin 
induces several pro-infl ammatory responses by 
activating Janus kinase 2 (JAK2)/signal trans-
ducer and activator of transcription 3 (STAT3), 
PI3K/Akt and MAPK pathways and initiates 
JNK- and NFκB-mediated infl ammatory gene 
transcription [ 51 ,  52 ]. Leptin is known to stimu-
late the production of TNF-α and IL-6 by activat-
ing monocytes and macrophages [ 53 ] and 
increases the hepatic stellate cell-derived produc-
tion of CCL2 and hypoxia-inducible factor-1α 
(HIF-1α) [ 54 ]. Leptin was reported to enhance 
pro-infl ammatory T helper (Th)1 and suppress 
anti-infl ammatory Th2 cytokines; and leptin 
administration reversed the immunosuppressive 
effects of acute starvation [ 55 ]. Also, leptin- 
induced nutrient sensor Akt-mTOR pathway was 

demonstrated to set the responsiveness of  regulatory 
T (Treg) lymphocytes, since the anergic state of 
Treg cells depended on the increased activity of the 
mTOR pathway [ 56 ]. These data also indicate the 
impact of metabolic/energy status on immune 
 tolerance and autoimmunity.  

13.4.2     Adiponectin 

 Circulating in various forms in the plasma, adi-
ponectin shares homologies with collagens, 
complement factors and TNF-α, and its expres-
sion is reduced in the WAT of obese humans and 
mice [ 57 ]. Plasma concentration of adiponectin 
was reported to be decreased in T2DM patients 
[ 58 ] and it shows an inverse relationship with the 
risk of myocardial infarction [ 59 ], while it cor-
relates positively with antioxidant markers such 
as paraoxonase- 1 (PON1), too [ 60 ]. Adiponectin 
enhances glucose uptake and fatty acid 
β-oxidation while decreasing gluconeogenesis in 
the skeletal muscle and liver, by activating ade-
nosine monophosphate-activated protein kinase 
(AMPK) and the peroxisome proliferator- 
activated receptor-γ coactivator 1-α (PGC-1α), 
therefore it promotes insulin sensitivity and con-
trols energy metabolism [ 61 ]. 

 Adiponectin negatively regulates TNF-α pro-
duction in macrophages by inhibiting NFκB 
activation [ 62 ] and  vice versa , TNF-α and other 
pro-infl ammatory cytokines such as IL-6 reduce 
adiponectin secretion in the adipocytes [ 63 ]. 
Besides immune mediators, weight loss has 
been shown to increase adiponectin levels in 
obese subjects [ 64 ]. 

 Adiponectin promotes the production of anti- 
infl ammatory cytokines including IL-10, or IL-1 
receptor agonist (IL-1RA) in monocytes, macro-
phages and dendritic cells (DCs), while decreasing 
macrophage IFN-γ secretion [ 65 ]. Additionally, 
adiponectin was shown to promote the anti-
infl ammatory M2 phenotypic switch of macro-
phages and apoptotic cell clearance [ 66 ] and it 
might serve as a negative regulator of natural 
killer (NK) cell function through interfering with 
NFκB activation and subsequent death receptor 
expression [ 67 ]. Providing an additional link 
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between adipose tissue-derived mediators and 
atherosclerosis, adiponectin inhibits oxidized 
low-density lipoprotein-(oxLDL)-induced prolif-
eration of endothelial cells [ 68 ]. 

 Contrary to the above mentioned, recent stud-
ies have questioned the benefi cial role of adipo-
nectin in atherosclerosis or infl ammation. 
Circulating adiponectin levels were found to be 
increased in patients with rheumatoid arthritis or 
end-stage kidney failure [ 69 – 71 ]. Indeed, globu-
lar adiponectin activated NFκB and induced pro- 
infl ammatory gene expression in vascular 
endothelial cells [ 72 ], indicating a rather harmful 
role of this adipokine in infl ammation. This para-
dox might be explained by the presence of vari-
ous forms of adiponectin in the circulation that 
may exert opposing effect on certain infl amma-
tory mechanisms.  

13.4.3     IL-6 

 IL-6 is a pro-infl ammatory cytokine that, simi-
larly to leptin, activates the JAK/STAT signaling 
pathway in various cells and regulates energy 
homeostasis and infl ammatory response [ 73 ]. 
IL-6 is secreted by adipocytes and immune cells, 
including macrophages and T cells [ 74 ]. About 
30 % of circulating IL-6 originates from the 
 adipose tissue in humans and IL-6 levels show 
positive correlations with the amount of body fat 
and insulin resistance [ 75 ,  76 ]. IL-6 administra-
tion inhibited insulin receptor autophosphoryla-
tion, IRS-1 tyrosine phosphorylation, and 
subsequent PI3K/Akt activation in HepG2 cells 
via IL-6- mediated SOCS3 induction [ 77 ]. These 
data indicate that SOCS3 induction in the liver 
may serve as an important mechanism of IL-6-
mediated insulin resistance. 

 However, the role of IL-6 in obesity-related 
insulin resistance is still controversial, possibly 
due to its tissue-specifi c action. IL-6 knockout 
mice were reported to develop mature-onset obe-
sity, which was partly reversible by IL-6 replace-
ment. Also, central (intracerebroventricular) IL-6 
treatment increased energy expenditure and 
reduced obesity, suggesting that centrally acting 
IL-6 exerts anti-obesity effects [ 78 ]. The  complex 

impact of IL-6 on obesity and hepatic insulin 
resistance was also demonstrated in recent 
 investigations indicating the role of IL-6 defi -
ciency in HFD-induced hepatic insulin resistance 
and infl ammation, due to the defects in mito-
chondrial metabolism including oxidative phos-
phorylation, electron transport chain and 
tricarboxylic acid cycle [ 79 ].  

13.4.4     TNF-α 

 Providing the fi rst evidence of the interplay 
between obesity and infl ammation, expression 
of TNF-α mRNA was found to be increased in 
the adipose tissue in various rodent models of 
obesity and diabetes [ 26 ]. The authors also 
demonstrated that neutralization of TNF-α in 
obese, leptin receptor-defi cient  fa/fa  rats 
enhanced insulin secretion, indicating the role 
of TNF-α in insulin resistance that accompa-
nies obesity. Indeed, TNF-α levels were ele-
vated in obese people and showed strong 
positive correlations with waist-to-hip ratios 
(WHRs) and insulin levels [ 80 ]. 

 Accumulation of free fatty acids (FFAs) in the 
liver leads to steatosis and non-alcoholic fatty 
liver disease (NAFLD), which is part of the meta-
bolic syndrome and confers a vulnerable condi-
tion to exogenous  noxas  with increased risk of 
insulin resistance and CVDs [ 81 ,  82 ]. Hepatic 
FFA accumulation leads to dramatic lipotoxicity 
and lysosomal destabilization with releasing cys-
teine protease cathepsin B and inducing NFκB- 
mediated TNF-α generation [ 83 ]. Cathepsin B 
and TNF-α may perpetuate the vitious cycle by 
inducing hepatic lipogenesis and decreasing adi-
ponectin secretion, therefore aggravating steato-
sis and infl ammation [ 84 ,  85 ]. TNF-α triggers 
insulin resistance by inducing IKKβ/NFκB- 
mediated gene transcription and by activating 
JNK and Ser-307 phosphorylation of IRS1 [ 86 , 
 87 ]. Although TNF-α blockade seems to be a 
promising perspective to improve insulin sensi-
tivity, the clinical outcomes of TNF-α neutraliza-
tion in humans are still controversial. Indeed, 
administration of TNF-α-neutralizing antibody 
to T2DM patients resulted in unaltered insulin 

13 Dynamic Interplay Between Metabolic Syndrome and Immunity



178

sensitivity and glycemic control while suppress-
ing infl ammation [ 88 ].  

13.4.5     Resistin 

 Resistin circulates in blood as a high-molecular- 
weight hexamer and a low-molecular-weight tri-
mer. The hexamer form is more abundant 
although less bioactive compared to the trimer 
form [ 89 ]. Contrary to previous fi ndings localiz-
ing resistin expression predominantly into adipo-
cytes, recent evidence indicate that macrophages 
are the major source of this adipokine which is 
under the negative control of peroxisome 
proliferator- activated receptor (PPAR)γ activa-
tors such as rosiglitazone [ 90 ]. Early studies 
demonstrated that circulating resistin levels are 
elevated in obesity and anti-resistin antibody 
administration improved insulin sensitivity in 
mice with diet-induced obesity [ 91 ]. However, 
human data are controversial showing variable 
levels of resistin in obese subjects with inconsis-
tent fi ndings of its association with insulin sensi-
tivity and cardiovascular morbidity [ 92 ].  In vitro  
data suggest that resistin mRNA expression is 
increased by IL-1, IL-6, TNF-α and LPS in 
peripheral blood mononuclear cells [ 93 ], while 
resistin was shown to upregulate IL-6 and TNF-α 
secretion that could be mitigated by inhibiting 
NFκB signaling [ 94 ]. In addition, resistin binds 
to hypothalamic TLR4, leading to systemic insulin 
resistance through activating JNK, p38 MAPK 
and SOCS3 signaling [ 95 ].  

13.4.6     Retinol Binding Protein-4 

 Expressed in adipose tissue, liver and macro-
phages, serum RBP4 concentrations were shown 
to be increased in insulin resistant mice and 
humans with obesity and T2DM [ 96 ]. 
Expressions of RBP4 and GLUT4 were also 
found to correlate inversely in adipocytes, 
whereas RBP4 interferes with insulin-stimulated 
phosphorylation of IRS-1 at Ser307 residue in 
human fat cells [ 97 ]. Human data also indicated 
the correlation of serum RBP4 levels with the 

magnitude of insulin resistance in subjects with 
obesity, IGT or T2DM; and serum RBP4 levels 
were associated with components of MetS, 
including increased body mass index (BMI), 
WHR, serum triglyceride levels, systolic blood 
pressure and decreased high- density lipoprotein 
cholesterol levels [ 98 ]. However, others ques-
tioned the role of RBP4 in insulin resistance 
[ 99 ], therefore further investigations are of inter-
est to clarify the association of RBP4 with meta-
bolic consequences.  

13.4.7     Visfatin 

 The role of visfatin (known also as pre B cell 
colony-enhancing factor-1 [PBEF1]) in insulin 
signaling is still a matter of debate, also. Its 
plasma levels were measured to be increased in 
T2DM patients compared to non-diabetic sub-
jects [ 100 ]; and visfatin was shown to induce 
MCP-1 in human adipocytes [ 101 ]. Its pro- 
infl ammatory properties were also demonstrated 
on CD14 +  monocytes by enhancing the produc-
tion of IL-1β, TNF-α and especially IL-6, 
together with an enhanced surface expression of 
costimulatory molecules CD54, CD40, and 
CD80 [ 102 ]. In contrast, central visfatin adminis-
tration was recently reported to improve glyce-
mic control by increasing both insulin secretion 
and sensitivity and β cell mass in type 2 diabetic 
rats [ 103 ].  

13.4.8     Chemerin 

 Chemerin and its receptor (chemokine-like 
receptor 1, CMKLR1 or ChemR23) are expressed 
at high levels in WAT [ 104 ]. Chemerin levels are 
increased even in obese non-diabetic individuals 
and in subjects with prediabetes [ 17 ,  18 ]. Recent 
data indicate that chemerin impairs glucose 
uptake and promotes insulin resistance by induc-
ing serine phosphorylation of IRS-1 and interfer-
ing with downstream insulin signaling [ 105 ]. The 
exact effect of chemerin on infl ammation has yet 
to be elucidated since it might serve as a pro- and 
anti-infl ammatory mediator, too [ 106 ]. In fact, 
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chemerin levels were found to correlate with 
CRP, IL-6 and TNF-α concentrations together 
with the components of metabolic syndrome in 
patients with stable chest pain [ 107 ]. Chemerin 
also serves as a chemoattractant for macrophages 
and DCs [ 108 ] besides regulating adipogenesis 
and adipocyte metabolism [ 109 ]. In contrast, 
chemerin was able to inhibit macrophage activa-
tion, neutrophil and monocyte recruitment in 
zymosan-induced peritonitis [ 110 ]. A similar 
anti-infl ammatory property of chemerin was 
demonstrated in a mouse model of LPS-induced 
acute lung infl ammation [ 111 ]. These data indicate 
that the various isoforms of chemerin may play 
distinct roles in the stages of infl ammation.  

13.4.9     Adipsin 

 Derived from adipocytes and monocytes/macro-
phages, adipsin (complement factor D46) is a 
key enzyme in the alternative complement path-
way [ 112 ]. It also promotes triglyceride deposi-
tion and inhibits lipolysis in adipocytes [ 113 ]. 
Serum levels of adipsin are found to be variable 
in obese humans being either unchanged or 
increased [ 114 ].  

    13.4.10 Omentin-1 

 Omentin-1 levels have been reported to be 
decreased and inversely correlated with BMI 
and the degree of insulin resistance [ 115 ]. 
Omentin-1 concentrations also show inverse 
association with the presence and angiographic 
severity of coronary artery disease in patients 
with MetS [ 116 ]. This novel adipokine origi-
nates predominantly from the stromal vascular 
cells of the omental (visceral) adipose tissue and 
is barely detectable in subcutaneous fat. Also, 
omentin-1 enhances insulin-stimulated glucose 
uptake in both subcutaneous and omental adipo-
cytes and increases Akt phosphorylation [ 117 ]. 
Also, omentin-1 levels correlated negatively 
with CRP levels while attenuating NFκB activa-
tion in women with polycystic ovary syndrome 
(PCOS) [ 118 ].   

13.5     Obesity and Innate 
Immunity 

 Adipose tissue infl ammation results as a conse-
quence of complex interplay between adipocytes 
and immune cells (Fig.  13.1 ). A decade ago, a 
signifi cant interest was generated by a couple of 
articles demonstrating the key role of macro-
phage infi ltration into the enlarged adipose tissue, 
leading to increased expression of infl ammatory 
markers such as TNF-α and IL-6 [ 74 ,  119 ]. 
Adipose tissue macrophages (ATMs) may consti-
tute up 40 % of the WAT cell population and their 
role in insulin resistance has been confi rmed 
since then [ 31 ,  32 ]. As we discussed above, dis-
rupting macrophage infl ammatory pathways in 
mice caused a relative protection from HFD-
induced insulin resistance. In line with increasing 
body weight, ATMs accumulate in WAT and their 
content correlates positively with insulin resis-
tance [ 119 ,  120 ]. Adipose tissue macrophages 
show phenotypic heterogeneity with two dis-
tinct activation/polarization states: M1 macro-
phages are classifi ed as “classically activated” 
pro-infl ammatory cells, while M2 macrophages 
are defi ned as “alternatively activated” anti- 
infl ammatory cells [ 121 ]. M1 macrophages are 
activated by pro-infl ammatory mediators and 
show enhanced infl ammatory gene expression 
with increased reactivity to IFN-γ and LPS/fatty 
acids through their TLRs; while M2 macrophages 
secrete anti-infl ammatory substances and have 
low reactivity to LPS and fatty acids [ 121 ]. Also, 
insulin sensitizing (i.e. thiazolidinedione, TZD) 
drug treatment promotes M2 polarization state by 
activating PPARγ-mediated transcription [ 122 ]. 
M2 cells predominate WAT in lean state and 
weight gain leads to a pro- infl ammatory environ-
ment in WAT by inducing M1 macrophage accu-
mulation with enhanced expression of TNF-α, 
IL-1, IL-6, MCP-1 and iNOS [ 123 ]. In conclu-
sion, both recruitment and pro-infl ammatory M1 
phenotypic switch are required for the develop-
ment of obesity-induced insulin resistance.

   Despite the expanding literature data, the exact 
mechanism of macrophage infi ltration to WAT has 
yet to be elucidated. However, several mechanisms 
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including altered adipokine, chemokine and 
cytokine secretion ( see above ), microhypoxia and 
adipocyte death are presumed to participate in this 
process. Adipose tissue microhypoxia may 
develop when enlarged, lipid- laden adipocytes 
become distant from the vasculature, leading to 
decreased oxygen pressure and subsequent cell 
death and infl ammatory response [ 124 ]. Indeed, 
HIF-1α, the major regulator of oxygen homeosta-
sis and a known immune mediator for immune 
cells was found to be increased in the WAT of 
obese subjects [ 120 ]. It was also demonstrated that 
more than 90 % of ATMs reside around dead adi-
pocytes forming crown- like structures (CLSs) and 
scavenging residual lipid droplets [ 125 ]. 

 Besides the monocyte/macrophage system, 
other cells of the innate immunity also partici-
pate in obesity-induced WAT infl ammation. 
Neutrophil granulocytes are one of the fi rst cells 

that respond to infl ammation and may exacerbate 
the chronic infl ammation by recruiting macro-
phages and by interacting with antigen- 
presenting cells. In fact, treatment of 
hepatocytes with neutrophil elastase was 
demonstrated to result in cellular insulin resis-
tance, and deletion of neutrophil elastase in 
obese mice led to a less extended  tissue infl am-
mation together with improved glucose toler-
ance and increased insulin sensitivity [ 126 ]. 

 The role of mast cells and eosinophils in 
obesity- related infl ammation is less detailed. 
Mast cells were found to be activated in human 
adipose tissue and localized preferentially in 
fi brosis depots. Also, mast cell number correlated 
with WAT fi brosis, macrophage accumulation 
and endothelial cell infl ammation [ 127 ]. 
Eosinophils were reported to be the main source 
of IL-4 in mouse WAT and were responsible for 

Microhypoxia accompanied
by immune cell infiltration

and activation

Enlarged white adipose tissue
(hyperplasia and hypertrophy) Self-sustained cell recruitment and 

activation, enhanced secretion of pro-
inflammatory mediators and abnormal

adipokine production

Adipokines, cytokines, 
pro-inflammatory

mediators

  Fig. 13.1    Interaction between adipocytes and immune 
cells. Enlarged white adipose tissue secretes various adi-
pokines and infl ammatory mediators. Lipid-laden adipo-
cytes become distant from the vasculature resulting in 
adipose tissue microhypoxia and cell death. Adipose tis-
sue macrophages undergo a pro-infl ammatory M1 phe-
notypic switch and scavenge cellular debris. Additionally, 

other types of immune cells including neutrophils, B and 
T lymphocytes infi ltrate the adipose tissue and become 
activated due to their interaction with each other and as a 
consequence of abnormal adipokine secretion, thus 
resulting in a self-sustained cell recruitment and pro-
infl ammatory activation while aggravating altered adipo-
kine secretion       
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the maintenance of M2 phenotypic state, thus 
indicating the protective role of eosinophils 
against metabolic syndrome [ 128 ]. Additionally, 
the number of invariant natural killer T (iNKT) 
cells was shown to be reduced in expanded WAT, 
correlating with pro-infl ammatory macrophage 
infi ltration, while iNKT cell numbers were 
restored after weight loss both in mice and 
humans. Also, iNKT cell-depleted mice dis-
played enhanced weight gain, steatosis and insulin 
resistance on high-fat diet [ 129 ].  

13.6     Obesity and Adaptive 
Immunity 

 The role of adaptive immune cells in obesity- 
induced infl ammation is less detailed; however, 
recent investigations indicate the signifi cance 
of adaptive immunity in adipose tissue infl am-
mation. Indeed, infi ltration of adaptive immune 
cells is thought to precede the accumulation of 
macrophages in WAT [ 130 ] and adipocytes are 
able to activate CD4 +  cells independently from 
macrophages [ 131 ]. Depletion of CD8 +  lym-
phocytes lowered macrophage infi ltration and 
adipose  tissue infl ammation and ameliorated 
systemic insulin resistance in obese mice on 
HFD, while adoptive transfer of CD8 +  T cells to 
CD8-null mice aggravated adipose tissue 
infl ammation [ 130 ]. 

 CD4 +  cells include pro-infl ammatory Th1 and 
Th17 lymphocytes and anti-infl ammatory Th2 
and Treg cells. Compared to lean littermates, a 
higher CD8 + :CD4 +  T cell ratio was found in mice 
with HFD-induced obesity, whereas a dramatic 
increase in the number of Th1-polarized cells 
was detected together with a signifi cant decrease 
in the Th2-polarized fraction and Foxp3 +  CD4 +  
Treg cell number [ 132 – 134 ]. Additionally, as we 
discussed above, leptin enhances Th1-mediated 
IFN-γ cytokine secretion and suppresses Th2 
cytokine profi le (IL-4, IL-10, IL-13) and Treg 
proliferation [ 55 ,  135 ]. 

 B lymphocytes were shown to accumulate in 
adipose tissue before T cells, shortly after the ini-
tiation of a high-fat diet [ 136 ]. B cells secrete 
pathogenic immunoglobulin G (IgG) and promote 

pro-infl ammatory T cell activation, thus inducing 
M1 macrophage polarization and development of 
insulin resistance [ 137 ]. Also, impaired TLR 
function, increased pro-infl ammatory IL-8 and 
lack of anti-infl ammatory/protective IL-10 
production were reported in the B cells of dia-
betic patients [ 138 ]. 

 In conclusion, obesity appears to promote the 
accumulation of B cells and predisposes to a 
Th1-Th17 switch and CD8 +  T cell recruitment 
with a reduced Treg cell compartment in adipose 
tissue, therefore leading to a pro-infl ammatory 
microenvironment and increased recruitment of 
macrophages that is accompanied by an abnormal 
adipokine secretion of the adipocytes.  

13.7     The Vaccination Theory: 
A Potential Link 
with Metabolic Syndrome? 

 The incidence of life-threatening infectious 
diseases has been decreasing in the developed 
countries due to the wide use of vaccines with 
obvious benefi ts for both the individual and the 
society. The levels of infl ammatory markers 
increase after vaccination due to the immune 
response that is necessary for the development of 
immunity. Besides stimulating the immune system 
and increasing cytokine secretion, vaccines also 
increase cortisol production [ 139 ,  140 ]. Infl uenza 
and pneumococcal vaccine are known to increase 
CRP levels [ 141 ], while diphteria-tetanus-polio- 
typhim and infl uenza vaccination boost the pro-
duction of IL-6 [ 142 ,  143 ]. 

 These data suggest that vaccinations might 
modulate the metabolic alterations that character-
ize MetS; and  vice versa , metabolic changes may 
also have an impact on the degree and the extent of 
infl ammation triggered by vaccinations. Activation 
of the immune system with vaccinations may 
cause a hypothalamic reprogramming leading to 
increased cortisol response. Indeed, metabolic 
syndrome shares several similarities with mild 
Cushing syndrome [ 140 ] and intrauterine pro-
gramming of the hypothalamic-pituitary- adrenal 
axis was proposed to be a potential mechanism 
underlying the association between low birth 
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weight and insulin resistance in the adulthood 
[ 144 ]. Noteworthy, the incidence of the adolescent 
MetS has also been increased [ 145 ] concomitantly 
with increasing the rate and dose of vaccinations; 
however, there are no large epidemiological stud-
ies confi rming this association. These data raise 
the potential link between vaccination and MetS, 
although do not provide frank evidence about pos-
sible unfavorable metabolic effects of vaccinations 
and do not question the benefi ts of modern disease 
control. Further studies are highly needed to clar-
ify this interesting question.  

13.8     Gut Microbiota and Obesity 

 The human intestine contains a vast and com-
plex microbial community named as gut micro-
fl ora or microbiota [ 146 ]. Gut microbiota is 
estimated to consist of at least 10 14  bacteria and 
archaea with approximately 1,100 species, 
with an estimated 160 such species per indi-
vidual [ 147 ]. Gut microbiota harbors four pre-
dominant phyla: the Gram- positive  Actinobacteria  
and  Firmicutes  and the Gram-negative 
 Bacteroidetes  and  Proteobacteria . Leptin-
defi cient  ob/ob  mice were shown to have a sig-
nifi cant reduction in the abundance of 
 Bacteroidetes  with a proportional increase in 
 Firmicutes  [ 148 ]. Consistent with these data, a 
similar increase in the ratio of  Firmicutes/
Bacteroidetes  was found in obese humans 
[ 149 ], however, latter studies have questioned 
these alterations [ 150 ]. Overall, it is presumed 
that “obese microbiota” interacts with the host 
epithelial cells indirectly controlling energy 
expenditure and storage to harvest more energy 
from the diet [ 151 ,  152 ]. 

 Diets rich in fat affects epithelial integrity 
of the intestine leading to increased permea-
bility and absorption of gut-derived peptido-
glycans (PGs), LPS and antigens associated 
with chylomicrons [ 147 ], as it is depicted on 
Fig.  13.2 . Nucleotide-binding oligomerization 
domain- containing protein (NOD)-like recep-
tors (NLRs) and TLRs are members of pattern 
recognition receptors that play major roles in 
mediating inflammation and immune mecha-
nisms in adipocytes. PRRs are expressed by 

adipocytes and cells of the innate immune sys-
tem recognizing bacterial carbohydrates like 
LPS, nucleic acids or peptidoglycans. 
Increased bacterial permeability leads to 
inflammatory cell recruitment and activation 
in adipose tissue and may induce systemic 
inflammation via PRR ligands. Also, NOD1 
activation has recently been reported to modu-
late adipocyte differentiation while inducing 
NFκB activation, pro-inflammatory gene 
expression and leading to alternative serine 
phosphorylation of IRS-1, thereby causing 
insulin resistance [ 153 ,  154 ].

   The importance of the toll-like receptors 
 linking gut microbiota with metabolic syn-
drome has also been demonstrated. TLR5-
defi cient mice developed hyperphagia and 
MetS characterized by hyperlipidemia, hyper-
tension, insulin resistance, and increased adi-
posity [ 155 ]. These metabolic alterations 
correlated with the changes in the composition 
of gut microbiota, and transfer of gut microbi-
ota from TLR5-defi cient mice to wild-type 
germ-free mice conferred several features of 
MetS to the recipients. In addition, mRNA 
expressions of PAI-1, IL-1 and TNF-α were 
increased in the visceral adipose tissue of mice 
with HFD-induced obesity and this pro- 
infl ammatory induction was abolished by anti-
biotic treatment (ampicillin and neomycin) 
[ 156 ]. Also, prebiotic carbohydrates and antibi-
otics were effective in reducing systemic endo-
toxin concentration and hepatic infl ammatory 
cytokine expression [ 156 ,  157 ]. Notably, wide-
spread use of antibiotics in young children are 
supposed to contribute to the obesity epidemic 
by causing alterations in the composition of 
their intestinal microbiota [ 158 ].  

13.9     Therapeutic Options 

 The benefi cial effect of salicylates on diabetic 
complications dates back to the nineteenth cen-
tury, however, the molecular target has just 
recently been identifi ed to be the IKKβ/NFκB 
axis [ 159 – 161 ]. Aspirin treatment seems to be a 
promising option by decreasing metabolic and 
immunologic complications, although its use is 
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limited due its various side effects. Investigations 
on TNF-α blockade have also been inconclusive 
[ 162 ]. Therefore, only with a mastery of the 
above mentioned molecular and cellular inter-
play would make us able to develop specifi c and 
individually tailored immunologic treatments 
against infl ammation and insulin resistance with-
out severe complications. 

 In fact, several drugs with established anti- 
infl ammatory effects are already in clinical use. 
Thiazolidinediones are administered to type 2 dia-
betics; however, their use have been questioned due 
to unexpected side effects [ 163 ]. TZDs are potent 
PPARγ-activators with pronounced insulin sensitiz-
ing effects [ 164 ]. PPARγ is known to be expressed 
not only in adipocytes, but also in hepatocytes or 
endothelial cells, and it is required for the infi ltra-
tion of alternatively activated (M2) macrophages 
into the adipose tissue [ 165 ]. The anti-infl ammatory 

action of TZDs are thought to be mediated via the 
trans-repression of NFκB causing decreased expres-
sion of the target genes; a mechanism that is possi-
bly carried out by small ubiquitin-like modifi er 
(SUMO) proteins and SUMOylation of the nuclear 
PPARγ [ 166 ]. PPARγ-independent nuclear translo-
cation of glucocorticoid receptor has also been pro-
posed to be, at least partly, responsible for the 
anti- infl ammatory properties of TZDs [ 167 ]. 

 Statin are widely used lipid lowering drugs that 
inhibit 3-hydroxy-3-methyl-glutaryl coenzyme A 
(HMGCoA) reductase, which is the rate- limiting 
enzyme of cholesterol biosynthesis. Statins are 
reported to be effective in decreasing CRP levels 
and downregulating the activities of NFκB, AP-1 
and HIF-1α [ 168 ]. Concerns have recently been 
arisen regarding statin-induced diabetes mellitus; 
however, benefi ts of lipid lowering therapy seem 
to outweigh potential diabetic consequences [ 169 ]. 

TLR

LPS

NLR
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Microbial 
particles

PRR

Inflammation and 
insulin resistance

Intestinal lumen

Circulation

Intestinal epithelium

Gut microbiota

  Fig. 13.2    The role of gut microbiota in obesity. 
Damaged epithelial barrier leads to increased intestinal 
permeability and absorption of peptidoglycans, lipo-
polysaccharide and microbial particles. Originating 
from gut microbiota, these molecules are ligands of 
various pattern recognition receptors including NLRs 

and TLRs that are located on adipocytes and immune 
cells. Subsequent activation of these cells results in a 
local and systemic infl ammation and insulin resistance. 
 Abbreviations :  LPS  lipopolysaccharide,  NLR  NOD-like 
receptor,  PG  peptidoglycan,  PRR  pattern recognition 
receptor,  TLR  toll-like receptor       
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 Together with acetyl salicylate (aspirin), non- 
acetylated salicylates (sodium salicylate, sal-
salate) also inhibit NFκB action [ 159 ], although 
they do not prolong bleeding time. Despite the 
expectations, a recent study named as “Targeting 
Infl ammation Using Salsalate in Patients With 
Type 2 Diabetes: Effects on Flow-Mediated 
Dilation” (TINSAL-FMD) has resulted in con-
fl icting results. While being effective in glycemic 
control and signifi cantly reducing hemoglobin 
A1C (HbA1C), salsalate did not have an impact 
on vascular infl ammation [ 170 ]. 

 Several other mechanisms are suggested to 
target obesity-related infl ammation, including 
CD20-mediated B cell depletion with rituximab, 
or modulation of transcription factors, NK cells 
or interleukins; however, to date, there are no 
convincing data about the effectiveness and 
safety of these methods. The safest and most 
effective of all is still the combination of exercise 
and gradual weight loss. Indeed, such lifestyle 
intervention was reported to reduce infl ammation 
and macrophage infi ltration in obese subjects and 
improved insulin sensitivity [ 171 ].  

13.10     Concluding Remarks 

 Obesity and its connotations as metabolic syndrome, 
type 2 diabetes mellitus and cardiovascular dis-
eases share a special metabolic-immunologic 
milieu that is built upon the complex interplay of 
adipocytes and immune cells. These cells and 
their secretory products mutually target each 
other resulting in insulin resistance and chronic 
low-grade infl ammation. The vast majority of the 
known adipokines impair insulin signaling and 
interfere with infl ammatory pathways. Immune 
cells infi ltrate adipose tissue in a chronological 
sequence and enhance the pro-infl ammatory 
microenvironment together with gut-derived sig-
nals. Vaccination has recently been suggested to 
alter metabolic pathways and may lead to MetS; 
however, further studies are needed to clarify this 
issue. In this regard, a deeper knowledge of these 
complex regulatory mechanisms would provide 
novel therapeutic approaches to control obesity- 
related diseases and metabolic syndrome.     
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    Abstract  

  Chronic kidney disease (CKD) has been shown to be associated with 
high oxidative stress and cardiovascular disease. In this chapter our focus 
will be on the role of advanced glycation end products (AGE) and their 
receptor, RAGE in CKD progression and their role on cardiovascular 
complications. We provide a succinct, yet comprehensive summary of the 
current knowledge, the challenges and the future therapeutic avenues that 
are stemming out from novel recent fi ndings. We fi rst briefl y review glyca-
tion and AGE formation and the role of the kidney in their metabolism. 
Next, we focus on the RAGE, its signaling and role in oxidative stress. We 
address the possible role of soluble RAGEs as decoys and the controversy 
regarding this issue. We then provide the latest information on the specifi c 
role of both AGE and RAGE in infl ammation and perpetuation of kidney 
damage in diabetes and in CKD without diabetes, which is the main pur-
pose of the review. Finally, we offer an update on new avenues to target the 
AGE-RAGE axis in CKD.  
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 14      The Axis AGE-RAGE-Soluble RAGE 
and Oxidative Stress in Chronic 
Kidney Disease 

           Alejandro     Gugliucci      and     Teresita     Menini    

14.1         Introduction 

 Chronic kidney disease (CKD) can be described 
in terms of etiology and in terms of the loss of the 
kidney homeostatic function [ 1 ,  2 ]. The main 
etiologies are diabetes, hypertension, pyelonephri-
tis and a variety of immune nephritis. Regarding 
renal function loss, CKD is currently classifi ed 
into fi ve stages considering the level of glomeru-
lar fi ltration rate (estimated GFR). From these 
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fi ve stages mild CKD (CKD 1-2) is probably the 
most common in the elderly while end-stage 
renal disease (ESRD) or CKD 5 is less common 
and is predominantly associated with atheroscle-
rosis, diabetes and glomerular diseases [ 1 ,  2 ]. 

 Cardiovascular disease is very prominent in 
CKD mostly in stages 4 and 5 with patients being 
treated with hemodialysis (HD) having a shorter 
life expectancy than same age healthy subjects. 
More than one million patients with ESRD across 
the globe are surviving with the support of renal 
replacement therapy. Over 80 % patients receive 
hemodialysis (HD), the most common modality. 
Survival on HD has increased gradually, even 
though vascular complications, such as hemor-
rhagic stroke and ischemic heart disease continue 
to be key problems. All patients with chronic 
renal failure (CRF) have increased risk for death 
from cardiovascular disease. They have multiple 
metabolic abnormalities that may accelerate 
atherosclerosis, such as hypertension, insulin 
resistance, and dys-lipoproteinemia, along with 
other ESRD-related risk factors. In fact cardio-
vascular disease (CVD) is the leading cause of 
death in this patient population. It is important 
then to focus on the prevention of the causes of 
renal failure but also on the prevention of the 
associated complications [ 2 – 6 ]. 

 Advanced glycation-end-products (AGE) 
accumulate in ESRD patients as part of a group of 
molecules called uremic-toxins [ 7 – 11 ]. The accu-
mulation of AGEs in these patients occurs mostly 
due to two mechanisms, increased production and 
impaired excretion. AGE formation refers to the 
non-enzymatic reaction between proteins and glu-
cose in the Maillard reaction, forming reversible 
early glycation products that with time became 
AGEs by a slow and complex rearrangement [ 9 , 
 10 ,  12 – 14 ]. Other mechanisms by which AGEs 
are formed include lipoxidation and oxidative 
stress, a process that involves carbonyl compounds 
like methylglyoxal (MG). There is a specifi c 
pathway, the glyoxalase system that acts as defense 
mechanism against MG [ 15 – 17 ]. 

 The importance of exogenous AGEs from food 
and smoke needs to be considered in CKD patients 
[ 18 – 21 ]. In healthy individuals, circulating AGEs, 
mostly derived from degradation of AGE-attached 

proteins, which are referred to as glycation free 
adducts and glycation adduct residues of proteins, 
are excreted via the kidney as we and others dem-
onstrated in the nineties [ 9 ,  10 ,  22 ]. In the case of 
renal failure patients, this excretion mechanism is 
defective or nonexistent. AGEs will accumulate in 
the tissues where they may cross-link with other 
proteins perpetuating the damage. They are also 
able to interact with the receptor for AGE (RAGE) 
or other receptors producing the release of cyto-
kines and further infl ammation [ 3 ]. 

 Several excellent reviews can be found in the 
literature on specifi c aspects of this complex issue 
[ 4 ,  23 – 25 ]. In this chapter we aimed at providing 
a succinct, yet comprehensive summary of the 
current knowledge, the challenges and the future 
therapeutic avenues that are stemming out from 
novel recent fi ndings. Our main focus is on the 
role of AGE and RAGE in CKD independent of 
the presence of diabetes. We will fi rst briefl y 
review the glycation pathway and AGE produc-
tion and the role of the kidney in their metabo-
lism. Next, we will focus on the RAGE, its 
signaling mechanisms and the key role in oxida-
tive stress. We will address the role of soluble 
RAGEs as putative decoy molecules and the con-
troversy regarding this issue. We will then provide 
the latest information on the specifi c role of both 
AGE and RAGE in infl ammation and perpetua-
tion of kidney damage in diabetes and in CKD 
without diabetes, which is the main purpose of the 
review. Finally we will provide an update on new 
avenues to target the AGE-RAGE axis in CKD.  

14.2      AGE Production and Renal 
Metabolism 

 Advanced glycation end products (AGE) are pro-
duced in the classical Maillard reaction, discov-
ered in 1913 [ 11 – 14 ,  26 ,  27 ]. In humans AGE 
have two sources, endogenous and exogenous. 

14.2.1     Endogenous AGE 

 Protein glycation is a complex series of sequential 
reactions collectively called the Maillard reaction, 
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present in all tissues and fl uids where enough 
concentration of glucose reacts with proteins 
[ 11 – 14 ,  26 – 30 ]. In early stages the glycation 
adduct fructosyl-lysine (FL) is formed, the reaction 
then proceeds to form advanced glycation end 
products (AGE) as depicted in Fig.  14.1 . Degradation 
of glycated proteins, glycolytic intermediates, 
and lipid peroxidation give rise to glyoxal (G), 
methylglyoxal (MG), and 3- deoxyglucosone 
(3-DG) which are also potent glycating agents 
[ 31 ]. These compounds are able to react with proteins 
to form more AGEs directly. Other important 
sources of AGE products are hydroimidazolones 
derived from arginine residues modified by 
glyoxal, MG and 3-DG. Other key AGEs 
compounds are Nε-carboxymethyl- lysine (CML), 
Nε-carboxyethyl-lysine (CEL), pentosidine, 
pyrraline and glucosepane [ 32 – 34 ].

14.2.2        Exogenous AGE 

 AGEs are also present in ingested food. The 
content importantly depends on the nutrient 

composition and on the way food is processed, 
roasting, smoking and baking producing the 
highest levels of AGE [ 18 – 21 ]. This exogenous 
source of AGEs seems to be important since 
modulation of the intake has been proved to 
modify the circulating levels of AGE. In CKD 
patients there are increased concentrations of 
many α-oxoaldehydes, particularly glyoxal, MG, 
and 3-DG [ 15 ,  16 ,  31 ,  35 – 39 ]. Even short-term 
modifi cations of dietary AGE intake can signifi -
cantly alter circulating AGE levels in renal fail-
ure patients on maintenance peritoneal dialysis 
[ 20 ]. These fi ndings support the hypothesis that 
exogenous glycotoxins derived from common 
diets, including those recommended for dialysis 
patients, play a signifi cant role in maintaining 
high circulating AGE levels in uremia. Recently, 
it has been shown that circulating AGE levels 
decreased after dietary AGE restriction in diabetic 
patients with normal renal function as well as in 
non-diabetic subjects with renal failure [ 19 ,  20 ]. 
In a study on CKD, the patients consumed self-
selected diets prepared by them at home indicating 
that these dietary modifi cations are feasible as an 
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  Fig. 14.1    The glycation reaction and the production of 
advanced glycation endproducts (AGE). Protein glycation 
is a complex series of sequential reactions collectively 
called the Maillard reaction. In early stages the glycation 
adduct fructosyl-lysine (FL) is formed, the reaction then 
proceeds to form advanced glycation end products (AGE). 
Degradation of glycated proteins, glycolytic intermediates, 

and lipid peroxidation give rise to glyoxal, methylglyoxal, 
and 3- deoxyglucosone which are also potent glycating 
agents. Other important sources of AGE products are 
hydroimidazolones derived from arginine residues modifi ed 
by glyoxal, MG and 3-DG. Other key AGEs compounds 
are Nε-carboxymethyl-lysine, Nε-carboxyethyl-lysine, 
pentosidine, pyrraline and glucosepane       
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intervention in this population [ 21 ,  40 ]. Dietary 
restriction of AGE may prove a reasonable method 
to reduce the excessive burden of toxic AGE in vital 
tissues and presumably the morbidity and mortal-
ity associated with their accumulation.  

14.2.3     Iatrogenic Sources 
of AGEs in CKD 

 Specifi cally in CKD patients under replacement 
therapy, there is a third source of AGE to be 
considered. This is the α-oxoaldehydes present in 
fl uids used for peritoneal dialysis (PD) [ 23 ,  41 ]. 
These compounds formed by thermal sterilization 
are introduced into the peritoneal cavity and 
greatly contribute to the glycation reaction and 
AGE formation in these patients [ 1 ,  4 ]. This is 
aggravated by the fact that the renal clearance of 
AGE free adducts is impaired which triggers an 

increase in the concentrations of free AGE in 
plasma. Contributing factors to aggravate oxida-
tive stress and related endothelial dysfunction 
could also include defective dialysis membranes.  

14.2.4     Systemic Metabolism 
and Handling of AGEs, 
the Key Role of the Kidney 

 Two decades ago it became apparent that human 
serum contains partially hydrolyzed AGE pep-
tides and free AGE adducts [ 10 ,  29 ,  42 ]. They are 
increased in diabetes due to excess production 
and much more so in ESRD even in the absence 
of diabetes. We have shown that endogenous 
AGE peptides are fi ltered and then reabsorbed in 
the proximal tubules followed by excretion of 
free AGE adducts [ 10 ], as depicted in Fig.  14.2 . 
These processes, largely dependent on GFR and 
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  Fig. 14.2    The role of the kidney in overall metabolism of 
AGEs. In the circulation and tissues, AGEs have several 
sources, intracellular as shown in Fig.  14.1 , plasma or 
extracellular matrix and fi nally AGEs that come from food. 
Human serum contains partially hydrolyzed AGE peptides 
and free AGE adducts, stemming from incomplete cellular 
or macrophage catabolism. Endogenous AGE peptides are 
fi ltered and then reabsorbed in the proximal tubules 

followed by excretion of free AGE. These processes, 
largely dependent on GFR and tubular function, are, by 
defi nition, severely impaired in CKD and ESRD. Therefore, 
as can be seen CKD patients are prone to and certainly 
have the highest level of AGEs, AGE peptides and free 
adducts, due to increased production via oxidative stress 
and impaired clearance       
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tubular function, are, by defi nition, severely 
impaired in CKD and ESRD [ 15 ,  16 ,  35 ,  36 ]. 
Therefore, CKD patients are prone to and certainly 
have the highest plasma level of AGEs, AGE 
peptides and free adducts, due to increased produc-
tion via oxidative stress and impaired clearance. 
In that sense AGEs qualify as one of the classical 
“middle toxins” typical of uremia [ 42 ,  43 ]. Precisely, 
we have shown that HD increases clearance of 
AGE peptides and that is associated with an 
increase in the antioxidant enzyme PON1, sug-
gesting that ROS increase by AGEs further compro-
mise the patient’s antioxidant defenses, adding 
one more element to the vicious cycle we have 
just described [ 44 ,  45 ]. Patients on dialysis 
regardless if diabetic or not have high plasma 
pentosidine and CML levels and HD techniques 
are unable to completely clear the AGE from 
plasma [ 36 ,  37 ,  40 ]. AGE and RAGE, as we will see 
on the next section may contribute to amplifi ca-
tion and perpetuation of infl ammatory processes 
in non-diabetic patients with renal failure.

14.2.5        Pathogenic Consequences 
of AGE Accumulation 

 AGEs accumulate predominantly in tissues with 
slow turnover and as a consequence these tissues 
will show more damage. AGE crosslinking of colla-
gen and other ECM proteins leads to matrix changes, 
hardening of arteries and complex sequences of 
signaling via integrins that aggravate the damage 
[ 12 ,  27 ,  46 ]. Increased production and retention 
of AGEs directly leads to vascular damage in 
ESRD, which aggravates the condition, and this 
is compounded by the effects mediated by RAGE, 
as we will discuss below.  

14.2.6     Circulating AGEs May 
Underestimate Tissue AGE 
Accumulation: Alternative 
Practical Approaches 

 Because in plasma the AGEs have a relatively high 
turnover rate, several authors have suggested that 
plasma levels of AGEs may not  accurately refl ect 
tissue damage. Although the levels of plasma 

AGE are very high in ESRD patients, skin 
autofl uorescence (SAF), which correlates with AGE 
damage to dermal collagen, may be a better marker 
of tissue damage in these patients [ 1 ,  4 ]. In a recent 
report it was shown that in ESRD patients both 
SAF and serum pentosidine correlated with carotid 
intima-media thickness, and SAF also inversely 
correlated with endothelial progenitor cells, but there 
was no correlation with serum pentosidine [ 1 ,  4 ].  

14.2.7     A Special Case for Diabetics: 
The “Glycemic Memory” 

 The Diabetes Control and Complications Trial- 
Epidemiology of Diabetes Interventions and 
Complications (DCCTEDIC) study evaluated the 
effectiveness of intense therapy. This study has 
revealed that in type 1 diabetic patients the risk of 
developing progressive nephropathy persist for 
several years after the end of aggressive treatment 
[ 47 ]. There was also a 50 % reduced risk of car-
diovascular events up to 11 years after the end of 
the trial. When AGE levels where studied in skin 
biopsies as part of a sub-study of DCCT, it was 
found that higher levels of AGE were independent 
predictors of worse renal and cardiovascular out-
comes. It is apparent that vascular abnormalities 
are not easily reversed, even with a better control 
in the blood glucose levels [ 47 ]. This fact has been 
suggested by these clinical trials and is referred to 
as “glycemic memory”. It is likely that glycemic 
memory is related to the vascular complications 
derived from the glycation of proteins, AGE for-
mation and accumulation [ 2 ]. AGEs in long-lived 
proteins may be a link to this puzzling fi nding. 
These adducts remain on these long-lived proteins 
even when hyperglycemia has been corrected and 
may perpetuate the damage. Indeed, studies that 
examined the relevance of skin autofl uorescence 
(SAF) as a surrogate marker of tissue damage 
on cardiovascular morbidity and mortality pro-
vide strong evidence of the importance of the 
AGE accumulation in ESRD patients. SAF is then 
a strong and independent predictor of cardiovas-
cular mortality in ESRD patients [ 1 ,  4 ]. Even in 
non-diabetic CKD patients, initial accumulation 
of AGEs in long- lived proteins would perpetuate 
the damage even under optimal therapy. 
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 In renal patients with ESRD the mechanism of 
increased presence of AGE products is mostly 
related to oxidative stress compared to the dia-
betic patients in whom it is related to both glyca-
tion and oxidative stress [ 5 ,  23 ,  48 ]. In ESRD 
patients there is increased lipid peroxidation with 
a decrease ratio of oxidized to reduced glutathi-
one and an increase in malondialdehyde-lysine 
[ 49 ,  50 ]. This increased oxidative stress is prob-
ably related to impaired renal function or to 
replacement therapy.   

14.3     The RAGE Signaling Pathway 
and Oxidative Stress 

 AGEs are recognized by a wide array of cellular 
receptors, some pro- and some anti- infl ammatory. 
In this review we focus on the RAGE. The receptor 
for advanced glycation end-products (receptor 
for AGEs, RAGE) is a multi-ligand protein fi rst 
isolated from bovine lung [ 6 ,  51 – 56 ]. RAGE inte-
grates the immunoglobulin superfamily of recep-
tors. As depicted in Fig.  14.3  it has an extracellular 
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  Fig. 14.3    The RAGE, its ligands and main signaling 
pathways enhance oxidative stress. The receptor for 
advanced glycation end-products (receptor for AGEs, RAGE) 
is a multi-ligand protein that integrates the immunoglobu-
lin superfamily of receptors. RAGE recognizes a variety 
of ligands including high mobility group box 1 protein 
(HMGB1), the leukocyte integrin Mac-1, S100⁄calgranulins, 
modifi ed LDL, DNA, RNA and amyloid fi brils. When 
activated, RAGE leads to a sequence of signaling with 
activation of NF-kB, oxidative stress and infl ammation. 
RAGE signals via phosphatidylinositol- 3 kinase (PI-3 K), 

Ki-Ras and the MAPKs, Erk1 and Erk2 In a coordinated 
fashion these pathways promote and sustain the transloca-
tion of nuclear factor-κB (NF-κB) from the cytoplasm to the 
nucleus. Activation promotes inflammation and tis-
sue injury sustained by a RAGE-dependent expression 
of pro- infl ammatory mediators such as monocyte 
 chemoattractant protein-1 (MCP-1) and vascular cell 
adhesion molecule-1 (VCAM-1). RAGE can also trigger 
spurs a surge of reactive oxygen species (ROS)via 
reduced nicotinamide adenine dinucleotide phosphate, 
NAD(P)H oxidase       
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region containing one ‘V’-type immunoglobulin 
domain and two ‘C’-type immunoglobulin domains. 
The receptor has an hydrophobic trans-membrane 
segment and a greatly charged, cytoplasmic domain. 
The latter orchestrates intracellular RAGE 
signaling [ 3 ,  25 ,  57 – 59 ]. RAGE recognizes a 
variety of ligands including high mobility group 
box 1 protein (HMGB1), the leukocyte integrin 
Mac-1, S100 ⁄ calgranulins, modifi ed LDL, DNA, 
RNA and amyloid fi brils. These ligands share 
structural features: multiple β-sheets, and RAGE 
recognizes its ligands through them [ 25 ,  60 ,  61 ].

14.3.1       What Are the Consequences 
of RAGE Occupancy? 

 When activated, RAGE leads to a sequence of 
signaling with activation of NF-kB, oxidative 
stress and infl ammation as we show in Fig.  14.3 . 
RAGE signals via phosphatidylinositol-3 kinase 
(PI-3K), Ki-Ras and the MAPKs, Erk1 and Erk2 
[ 24 ,  25 ,  57 ,  60 ,  62 ,  63 ]. In a coordinated fashion 
these pathways promote and sustain the 
translocation of nuclear factor-κB (NF-κB) from 
the cytoplasm to the nucleus. This occurs in a 
variety of cell types: monocytes, endothelial 
cells, microglia, podocytes, etc. Activation promotes 
infl ammation and tissue injury sustained by a 
RAGE-dependent expression of pro- infl ammatory 
mediators such as monocyte chemoattractant 
protein-1 (MCP-1) and vascular cell adhesion 
molecule-1 (VCAM-1). In this way, RAGE 
activity is associated with diabetic microvascular 
complications including nephropathy, retinopa-
thy and neuropathy [ 24 ,  25 ,  57 ,  60 ,  62 ,  63 ]. In 
the special case of CKD, given the fact that AGE 
levels are even higher than in diabetes, those 
events are magnifi ed and compounded by an 
increase in oxidative stress from multiple sources 
associated with the impaired renal homeostatic 
function and of an iatrogenic nature (HD and 
PD). In humans, RAGE gene  polymorphisms are 
indeed associated with the incidence of diabetic 
nephropathy [ 57 ].  

14.3.2     Activation of NADPH Oxidase 
and ROS Generation 

 In parallel with the aforementioned cascades 
 leading to infl ammation, in endothelial (glomeru-
lar) and mesangial cells, RAGE triggers a surge of 
reactive oxygen species (ROS). As we depict in 
Fig.  14.3 , this pathway involves reduced nicotin-
amideadenine dinucleotide phosphate, NAD(P)H 
oxidase, which, akin to other situations (e.g.: neu-
trophils) is a key player in oxidative stress and dys-
function [ 61 ,  64 ]. A cardinal feature of progressive 
CKD is an exaggerated chronic infl ammation 
associated with persistent activation of monocytes ⁄ 
macrophages as well as mesangial cells: accumu-
lation of AGEs as described in Sect.  14.2  surely 
plays a signifi cant function via engagement of 
RAGE [ 23 ,  49 ,  50 ,  57 ,  65 ]. Indeed, in monocytes 
from subjects with CKD, RAGE expression is inti-
mately associated with its severity or stage. 

 Beyond the local renal level, whether RAGE 
is augmented in atherosclerotic lesions in CKD 
remains unclear for humans. CKD prominently 
hastens atherogenesis in apo E-defi cient mice. 
Blocking RAGE decreases the pro-atherogenic 
effects of CKD, conceivably mediated by a 
reduction in oxidative stress.  

14.3.3     Soluble RAGE May Act 
as Decoy, Protective 
Molecules in Some Cases 

 The C-terminal truncated form of RAGE mRNA 
lacks the sequences encoding the transmembrane 
and intracytoplasmic domains [ 66 – 68 ]. The 
extracellular domain of RAGE thereby produced, 
is released from cells, found in the circulation 
in humans. It has been named endogenous secre-
tory RAGE (esRAGE) and may play a role in 
 cardiovascular disease (Fig.  14.3 ). This esRAGE 
 cancels the effects of AGEs on cells in culture 
[ 24 ]. Overexpression of esRAGE in mice reverses 
diabetic vascular dysfunction. EsRAGE may then 
exert a decoy function: a feedback  mechanism 

14 The Axis AGE-RAGE-Soluble RAGE and Oxidative Stress in Chronic Kidney Disease



198

has been proposed by which esRAGE prevents 
RAGE signaling [ 24 ,  66 ,  69 – 72 ]. It has also been 
suggested that some sRAGE isoforms that could 
act as decoy receptors may be cleaved proteolyti-
cally from the native RAGE expressed on the cell 
surface, suggesting heterogeneity of the origin 
and nature of sRAGE [ 57 ,  61 ,  64 ,  70 ]. This pro-
teolytic generation of sRAGE was initially 
described as occurring in mice. Recent fi ndings 
by screening chemical inhibitors and genetically 
modifi ed mouse embryonic fi broblasts suggest 
that a disintegrin and metalloprotease 10 (ADAM10) 
and metalloprotease9 (MMP 9) are the membrane 
proteases responsible for RAGE cleavage (Fig.  14.3 ). 
ADAM is known to shed several infl ammatory 
receptors and can be involved in regulation of 
RAGE ⁄ sRAGE balance [ 57 ,  61 ,  64 ,  70 ]. Thus, the 
molecular heterogeneity of the diverse types of 
sRAGE in human plasma could exert signifi cant 
protective effects against RAGE-mediated toxic-
ity. However, the endogenous action of sRAGE 
may not be confi ned to a decoy function against 
RAGE- signaling. In an HMGB1-induced arthritis 
model, for example, sRAGE is found to interact 
with Mac-1 and act as an important proinfl ammatory 
and chemotactic molecule [ 57 ]. Further analyses 
are warranted to understand more about the 
endogenous activity of sRAGE. ELISA assays 
are available to assess the levels of these circulating 
forms of RAGE and multiple studies have been 
conducted and others are under way.  

14.3.4     Clinical Signifi cance of Serum 
sRAGE Measurement 

 As sRAGE and esRAGE may be involved in 
feedback regulation of the toxic effects of RAGE- 
mediated signaling, recent clinical studies have 
focused on the potential signifi cance of circulating 
sRAGE and esRAGE in a variety of pathophysi-
ological conditions [ 66 ,  69 – 71 ,  73 – 79 ]. Total 
sRAGE levels were shown to be signifi cantly lower 
in non-diabetic patients with angiographically 
proven coronary artery disease than in age-matched 
healthy controls [ 78 ]. In contrast to non-diabetic 
population, evidence so far with regard to a 
mechanistic association between sRAGE and 
vascular disease in diabetes is contradictory. 

 A study shows that serum sRAGE is positively 
associated with coronary artery disease in type 1 
diabetic patients [ 79 ]. However, a recent longitu-
dinal study in small numbers of type 1 diabetic 
subjects showed that annual increase in carotid 
IMT was inversely associated with arithmetic 
average of plasma sRAGE, although this report 
failed to show a signifi cant relation between basal 
sRAGE and IMT. Similarly, the fi ndings regarding 
plasma levels of the sRAGE in diabetes are quite 
confusing; many reports showed increased levels, 
whereas substantial contradictory fi ndings also 
exist. These discrepancies might be the results of 
co-existing renal insuffi ciency, which markedly 
infl uences plasma sRAGE levels [ 70 ].  

14.3.5     Can sRAGE/RAGE 
Be Modulated by Current 
Therapies? 

 It is important to determine whether currently 
available pharmacological agents can regulate 
plasma sRAGE or esRAGE. Inhibition of 
angiotensin- converting enzyme (ACE) in rats 
increased renal expression of sRAGE, and this was 
associated with the decreases in expression of renal 
full-length RAGE protein [ 68 ,  80 ]. Plasma sRAGE 
levels were signifi cantly increased by inhibition of 
ACE in both diabetic rats and in human subjects 
with type 1 diabetes. Thus, one attractive scenario 
is that the protective effect of ACE inhibition 
against progression of renal dysfunction is medi-
ated through regulation of RAGE versus soluble 
RAGE production [ 68 ,  80 ]. Other potential agents 
that may affect circulating soluble RAGE include 
the thiazolidinediones and statins both of which are 
known to modulate the AGEs-RAGE system in 
culture [ 81 – 83 ]. An open-label, parallel group 
study was performed with 64 participants random-
ized to receive add-on therapy with either rosigli-
tazone or sulfonylurea to observe the effect on 
plasma soluble RAGE [ 84 – 86 ]. At 6 months, both 
rosiglitazone and sulfonylurea resulted in a signifi -
cant reduction in HbA1c, fasting glucose and 
AGE. However, signifi cant increases in total 
sRAGE and esRAGE were only seen in the rosigli-
tazone group. Thus, thiazolidinedione could be one 
promising candidate drug to increase circulating 
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levels of esRAGE and sRAGE [ 84 – 86 ]. Changes in 
serum levels of sRAGE and esRAGE were assessed 
on a clinical trial that explored the cardiovascular 
effects of atorvastatin in hypercholesterolemic 
Chinese type 2 diabetic patients. Atorvastatin indeed 
increased circulating esRAGE levels in these 
groups of patients [ 85 ]. A randomized clinical 
trial is underway comparing the effect of piogli-
tazone with glimepiride on plasma sRAGE and 
esRAGE, expression of RAGE on peripheral mono-
nuclear cells and RAGE shedase gene expression 
in type 2 diabetic patients [ 85 ].   

14.4     Pathogenic Roles of RAGE 
Activation in CKD 

 By virtue of its multi-ligand nature RAGE partici-
pates in diverse facets of the pathogenesis and pro-
gression of renal disease [ 2 ,  5 ,  23 ,  40 ,  57 ,  60 ,  61 , 
 63 ,  64 ,  82 ,  87 ]. In diabetes and in experimental 
high-fat feeding, AGE, advanced oxidation protein 
products (AOPP) and AGE- oxidized LDL form 
swiftly and contribute to initial cell stress and sig-
naling, all of which are elements theoretically linked 
to origination of renal disease [ 4 ,  5 ,  25 ,  61 ]. Once 
renal disease is initiated, the subsequent attraction 
of infl ammatory cells to the nephron and their 
 activation, results in release of pro-infl ammatory 
RAGE ligands such as S100/calgranulins and 
HMGB1 [ 5 ,  64 ,  88 ,  89 ]. The unimpeded feed-for-
ward cycle of oxidative stress and infl ammatory 
signaling generates more AGE, leads to crosslink-
ing of local ECM and to the formation of amyloid 
fi brils, further perturbing kidney function [ 63 ,  64 ]. 
Intriguingly, post- hoc glycation of pre-existing kid-
ney amyloid might itself augment the burden of 
ligands triggering RAGE signaling [ 5 ,  64 ,  88 ,  89 ]. 

14.4.1     Local Feed Forward 
Mechanisms 
in the Glomerulus 

 The kidney glomerulus indeed offers a very special 
microenvironment, whereby RAGE- dependent 
infl ammation and oxidative stress, fuels the 

accretion of numerous ligand families that in 
turn activate RAGE. 

 The podocyte is the principal RAGE- 
expressing cell in the glomerulus, followed by 
the endothelium [ 63 ,  64 ]. Studies in vitro suggest 
that RAGE-dependent signal transduction in 
podocytes produces apoptosis, production of 
monocyte chemoattractant peptide-1 and infl am-
matory mediators at least in part via NF-κB [ 63 , 
 64 ]. These pathways enhance the progress of 
glomerular sclerosis [ 8 ,  58 ,  63 ]. Multiple evidence 
points to RAGE-dependent Rac-1 as a crucial 
downstream target of RAGE, given its fundamen-
tal roles in oxidative stress and cytoskeleton/
structural integrity. RAGE modulates podocyte 
vascular endothelial growth factor (VEGF) 
expression and the upregulation of VEGF receptors 
in the glomerular endothelial cell can damage 
glomerular basement membrane integrity leading 
to albuminuria [ 8 ,  58 ,  63 ]. There is actual physiologic 
evidence for “back-fl ow” across the glomerular 
basement membrane (GBM) at the extremes of 
pulse pressure at least in animal models [ 8 ,  58 , 
 63 ]. If this occurs in humans, cytokines and 
growth factors produced by the podocyte might 
engage receptors on endothelial and mesangial 
cells [ 63 ]. Accordingly, VEGF and MCP-1 upreg-
ulation by the podocyte could be pivotal steps in 
inducing leakiness of the GBM, infl ux of infl am-
matory cell and development of established renal 
disease. Curtailing the cycle of RAGE-dependent 
stress in the glomerulus may thus provide a means 
to treat renal disease of diverse etiologies. 

 AGE – RAGE is up-regulated in the kidney of 
diabetic and lupus patients, where key roles for 
RAGE in T lymphocyte priming and early differen-
tiation were revealed [ 53 ,  64 ,  90 ]. In murine models 
of infl ammation as well as in the diabetic kidney, 
non-AGE ligands of RAGE accumulate, such as the 
S100/calgranulins, HMGB1, and amyloid-β pep-
tide and β-sheet fi brils. HMGB1 (which interacts 
with RAGE and toll-like receptors) is a key com-
ponent of DNA-containing immune complexes 
that stimulate cytokine production, a process that 
involves RAGE as well. AGEs and RAGE were 
identifi ed in the glomeruli and tubules and corre-
lated with amyloid deposits [ 53 ,  64 ,  90 ].  
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14.4.2     Soluble RAGEs and CVD 
in CKD 

 Association of circulating sRAGE or esRAGE 
with vascular diseases in CKD or ESRD subjects 
is an important topic to be elucidated. So far, only 
limited reports are available. In a cohort study 
with 206 ESRD patients including 35 diabetics 
the clinical signifi cance of circulating esRAGE 
on cardiovascular outcomes was assessed. In 
patients with ESRD, plasma esRAGE levels at 
base line were inversely associated with body 
mass index as was shown for healthy and diabetic 
populations [ 91 ]. Plasma esRAGE was also 
signifi cantly associated with plasma adiponectin 
in these populations. Serum esRAGE was signifi -
cantly and inversely associated with carotid 
IMT. In another study, sRAGE was inversely 
associated with IMT or plaque numbers in the 
carotid artery of 142 CKD patients [ 67 ,  70 ,  72 ]. 
Prominently, the subjects in the lowest tertile of 
plasma esRAGE levels displayed signifi cantly 
higher cardiovascular mortality, but not non- 
cardiovascular mortality even though the plasma 
esRAGE levels at baseline were higher in ESRD 
patients than in those devoid of kidney disease. 
In the subpopulation of non-diabetic subjects 
alone, low circulating esRAGE level was also a 
predictor of cardiovascular mortality, independent 
of the other classical risk factors. It is not known 
at present how esRAGE is involved in cardiovascu-
lar mortality, they may simply be valuable surro-
gate marker. In these studies the AGEs pentosidine 
or carboxymethyl-lysine did not predict cardiovas-
cular mortality. Moreover, the inverse correlation 
between low circulating esRAGE level and cardio-
vascular mortality was not dependent of plasma 
AGEs levels.  

14.4.3     Non-AGE Ligands Are Equally 
Important in CKD 

 Thus, the protective effect of esRAGE against 
cardiovascular mortality may not be entirely 
dependent on neutralization of toxic AGEs. As 
we depict in Fig.  14.3 , other endogenous ligands 
for RAGE, for instance calgranulins such as 
S100A12, may also be involved in the function of 

esRAGE. The plasma level of S100A12 has been 
shown to be increased in diabetes and inversely 
correlated with serum sRAGE level [ 66 ,  74 ]. 
Low sRAGE levels are also shown to be associ-
ated with a 2–3 times higher risk for mortality 
especially after correction for creatinine clear-
ance in a large cohort after renal transplantation. 
Thus,  low  circulating esRAGE level appears to be 
a predictor for atherosclerosis and cardiovascular 
events in patients with ESRD.  

14.4.4     Podocytes Are Activated 
by RAGE 

 AGEs are associated with podocyte apoptosis via 
the FOXO4 transcription factor. Incubation of 
cultured podocytes with AGE or CML-AGE, or 
AGE retrieved from the serum of subjects with 
chronic kidney disease resulted in their apoptosis 
[ 58 ,  59 ,  63 ]. The cytoplasmic domain of RAGE 
is devoid of endogenous tyrosine kinase activity, 
suggesting that different molecules in the intra-
cellular space are involved in signal transduction. 
Extracellular signal-regulated kinases (ERK) and 
diaphanous-1 ormDia-1, are the two suggested can-
didates that demonstrate strong links to RAGE 
biology [ 58 ,  59 ,  63 ]. In models of glomerular 
sclerosis RAGE plays key roles in cellular migra-
tion, and ligand–RAGE interaction stimulates 
activation of cdc42 and Rac-1 in podocytes which 
promotes cytoskeletal reorganization resulting in 
foot process effacement [ 63 ]. Given the multi-
ligand nature of RAGE, it is reasonable to test the 
premise that RAGE is linked to the pathogenesis 
and/or acceleration of non-diabetic kidney disease, 
driven by immune/infl ammatory stimuli and/or 
oxidative stress. 

 Diabetes is the main cause of end-stage renal 
failure. Studies testing sRAGE showed chief 
roles for RAGE in the pathogenesis of diabetes- 
associated nephropathy [ 77 ,  79 ,  86 ,  90 ,  92 ]. 
Neutralizing anti-RAGE antibodies benefi cially 
impacted the course of renal disease in mouse 
models of type 1 and type 2 diabetes [ 6 ]. However, 
results in mice models are to be taken with 
 caution. Humans are not rodents and a well-
known drawback of mouse models of diabetes, is 
the failure of progression to advanced stages of 
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 disease similar to ESRD in humans. We lack a 
robust animal model of ESRD, although a transgenic 
mouse model that overexpresses megsin (a glo-
merular-specifi c serpin), RAGE and iNOSmay 
offer promise [ 93 ]. These triple transgenic mice 
developed massive albuminuria, glomerular hyper-
trophy, diffuse mesangial expansion, infl ammatory 
cell infi ltration and interstitial fi brosis [ 93 ].  

14.4.5     Towards a Delineation 
of the Pathogenic Role 
of the AGE-RAGE Axis 
in Cardiovascular 
Complications of CKD 

 The fi ndings discussed here implicate the pivotal 
role of AGEs-RAGE system in initiation and pro-

gression of cardiovascular disease in patients 
with CKD that we summarize in Fig.  14.4 . There 
appears to be vicious positive feedback mecha-
nisms in AGE accumulation through AGE-RAGE 
induced oxidative stress in the course of CKD 
progression. sRAGE or esRAGE could be poten-
tially important in dampening this vicious cycle. 
Measuring tissue AGE accumulation could be 
useful to estimate how long and to what extent 
the patient have been exposed to oxidative stress. 
Moreover, plasma sRAGE or esRAGE could 
serve as novel biomarkers for estimation of the 
risk stratifi cation of atherosclerotic disorders. 
Further examination of the molecular mechanisms 
underlying RAGE and esRAGE regulation will 
provide important insights into potential targets 
for the prevention and treatment of cardiovascular 
diseases associated with CKD.
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RAGE activation
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AtherogenesisEndothelial dysfunction and
inflammation
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  Fig. 14.4    Pathogenic roles of the AGE-RAGE-soluble 
RAGE axis in CKD. By virtue of its multi-ligand nature 
RAGE participates in diverse facets of the pathogenesis 
and progression of renal disease. AGE, advanced oxidation 
protein products (AOPP) and AGE- oxidized LDL form 
swiftly in oxidative stress and contribute to initial cell 
stress and signaling, all of which are elements theoretically 
linked to origination of renal disease. Once renal disease 
is initiated, the subsequent attraction of infl ammatory 
cells to the nephron and their activation, results in release 

of pro-infl ammatory RAGE ligands such as S100/calgranulins 
and HMGB1. The unimpeded feed-forward cycle oxidative 
stress and infl ammatory signaling which generates more 
AGE leads to crosslinking of local ECM which leads 
to the formation of amyloid fi brils, further perturbing 
the kidney. There appears to be vicious positive feedback 
mechanisms in AGE accumulation through AGE-RAGE 
induced oxidative stress in the course of CKD progression. 
sRAGE or esRAGE could be potentially important in 
dampening this vicious cycle       
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14.5         Therapeutic Avenues 
to Target the AGE-RAGE Axis 

 The evidence presented in this review points to a 
key role of AGE accumulation and AGE engagement 
of RAGE in the progression and aggravation of 
CKD and ESRD. In this regard strategies to 
reduce the burden of both arms of the pathways 
are warranted as therapeutic avenues. Several 
approaches have been proposed that can be sub-
divided in strategies to lower the ligand burden 
(AGEs and other RAGE ligands) and strategies to 
dampen RAGE activation. We summarize these 
strategies in Fig.  14.5 .

14.5.1       Strategies to Lower 
the Ligand Burden 

14.5.1.1     Nutrition of Hemodialysis 
Patients 

 AGE intake correlates with circulating AGE levels 
in ESRD patients. As described earlier, AGEs in 
food are absorbed (albeit poorly), circulate and 
may be an important source of ligands for RAGE 
as well as directly damage tissue proteins. In CKD 
this burden may become more important due to 
the critical loss in elimination [ 20 ,  21 ]. Therefore, 
AGE intake is a modifi able risk factor amenable 
to be considered as a strategy. There is, however 
controversy on whether a reduction in tissue AGE 
accumulation (as measured by skin autofl uores-
cence) can be achieved by reduction of AGE food 
intake in HD patients.  

14.5.1.2     Low Advanced Glycation 
End-Products in Peritoneal 
Dialysis (PD) Solutions 

 PD solutions are sterilized by heat, which produces 
AGEs in most standard glucose-based PD solutions 
[ 4 ,  41 ]. The length of PD and the glucose exposure 
dose are independently associated with the level 
of SAF in PD patients. The diffi culty with increased 
AGE accretion due to PD treatment may be fi xed 
using neutral PD solutions with low AGE content 
[ 4 ,  41 ]. They have been available for more than 
10 years on the market and only recently approved 
by the FDA in the USA.  

14.5.1.3     Advanced Hemodialysis 
Techniques 

 The practice of diverse HD techniques to reduce 
AGE accumulation in HD patients has been studied 
[ 41 ,  94 – 97 ]. A comparison of the removal of free 
plasma AGE and AGE peptides by low, high, and 
super fl ux HD revealed that all of them effi ciently 
remove free plasma AGE during a single HD ses-
sion. Protein-bound AGE were not reduced during 
dialysis sessions with either modality. Super fl ux 
HD may be capable of reducing AGE peptides in 
the long-term [ 95 ]. 

 Polysulfone membranes produce lower levels 
of plasma AGE than other membranes, such as 
modifi ed or unmodifi ed cellulose [ 95 ]. Vitamin 
E-coated HD membrane reduced plasma AGE 
levels. The use of ultrapure HD fl uid results in 
lower AGE levels in HD patients. Consequently, 
reduction of AGE accumulation can be achieved 
by using emergent HD techniques that employ 
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  Fig. 14.5    Therapeutic avenues to target the 
AGE-RAGE axis. The diagram summarizes 
some of the approached to reduce ligand 
burden in CKD: nutrition, better dialysis 
solutions, advanced dialysis procedures, 
transplantation and some drugs       
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large pores membranes such as super fl ux, HDF 
or protein leaking HD since they fi lter protein- bound 
AGE. Employing biocompatible membranes and 
ultra-pure HD fl uid can curtail AGE accumula-
tion, by diminishing the level ofi nfl ammation and 
immune response [ 41 ,  94 – 96 ,  98 ]. 

 Daily or home dialysis could accomplish better 
removal of plasma AGE and thus lower AGE accu-
mulation. Clinical data on the effects of this kind 
of alternative HD techniques on CVD events and 
mortality are lacking and deserve exploration.  

14.5.1.4     Advanced Glycation End-
Products Reducing Drugs  

  In vitro  and animal experiments have shown that 
the specifi c AGE inhibitor aminoguanidine and 
the AGEs crosslink breaker alagebrium, as well 
as the B vitamins pyridoxamine, thiamine, and its 
synthetic derivative, benfotiamine [ 3 ,  39 ,  88 ,  99 ]. 
Several herbal medicines and experimental drugs 
can reduce of AGE accumulation as we and oth-
ers have shown  in vitro  [ 100 – 108 ]. The conceiv-
able clinical usefulness of these interventions, 
however, remains to be established. Clinical stud-
ies with the specifi c AGE inhibitor, aminoguani-
dine and the AGE breaker, alagebrium, unraveled 
problems with safety or effi cacy [ 1 ,  7 ,  8 ,  38 ,  39 , 
 109 – 113 ]. The clinical evidence on the potential 
AGE-inhibiting effects of B vitamins is still lim-
ited [ 1 ,  38 ,  39 ,  114 ,  115 ]. There is some evidence 
for AGE inhibition by treatments established for 
pathways unrelated to glycation [ 46 ,  99 ,  116 ]. 
Some examples are angiotensin receptor blockers 
and statins in PD patients [ 116 ]. However, due to 
a sizeable heterogeneity in the available studies 
design and techniques, there is no consensus [ 1 , 
 80 ,  99 ,  116 ,  117 ]. Nonetheless, no long-term 
study has been conducted in CKD patients with 
either benfothiamine, piridoxamine or alagebrium 
[ 46 ,  99 ,  118 – 120 ]. Overall, the clinical evidence 
on interventions to inhibit AGE formation is pres-
ently weak and unpersuasive [ 46 ,  99 ,  118 – 120 ].  

14.5.1.5     Renal Transplantation 
 Renal transplantation is the ultimate treatment 
of CKD and consequently should lead to total 
reversibility of AGE accumulation, at least in 
theory [ 4 ,  97 ]. Certainly, protein-bound serum 

pentosidine from renal transplant patients are 
similar to healthy subjects. Data on SAF how-
ever, indicates that patients with renal transplant 
maintain high tissue levels AGE [ 4 ,  97 ]. AGE 
accumulation in skin and other tissues with slow 
turnover is obviously not easily reversible, a 
concept already explained earlier in regards to 
the diabetic “glycemic memory” hypothesis.   

14.5.2     Upcoming Therapeutic 
Strategies for CKD 
in Diabetes: The Role 
of the Mesangial Cell 

 Mesangial cells occupy a central anatomical 
position in the glomerulus, playing crucial roles 
in maintaining structure and function of glomerular 
capillary tufts. AGE can induce mesangial apop-
tosis and dysfunction which may contribute in 
part to glomerular hyperfi ltration, an early renal 
dysfunction in diabetes [ 121 ,  122 ]. The incretin 
receptor GLP-1R is expressed in mesangial cells 
and proximal tubular cells and administration of 
GLP-1 reduces RAGE mRNA and protein levels 
and consequently inhibits the AGEs-induced 
ROS generation and MCP- 1 expression in human 
cultured mesangial cells [ 121 ]. These and other 
fi ndings suggest that GLP-1 could inhibit the 
harmful effects of AGEs- RAGE axis on mesan-
gial cells via GLP-1R- mediated cAMP elevation. 
AGEs induce RAGE and MCP-1 expression in 
mesangial cells via NADPH oxidase-mediated 
ROS generation. AGEs-RAGE-induced ROS 
generation augments RAGE expression in mesan-
gial cells engaging in a vicious cycle [ 121 ]. So, 
the positive feedback loop between RAGE and 
NADPH oxidase- mediated ROS generation may 
be a molecular target of GLP-1- GLP-1R-cAMP 
axis in mesangial cells. Decreased production 
and/or bioavailability of NO play a role in vascular 
complications in diabetes. Serum levels of asymmet-
ric dimethylarginine (ADMA), an endogenous 
NO synthase inhibitor, is increased in early diabetic 
nephropathy in type- 1 diabetes and associated with 
future cardiovascular events in these individuals. 
Serum levels of AGEs are positively associated 
with soluble form of RAGE and ADMA in patients 
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with chronic kidney disease, thus suggesting the 
active involvement of the AGEs-RAGE system in 
the elevated levels of ADMA. Suppression of 
the AGEs-RAGE-induced ADMA generation 
by GLP-1 may be a novel therapeutic target for 
nephropathy and other vascular complications in 
diabetes [ 121 ].      
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    Abstract  

  Among all the chemokines known so far, chemokine (C-C motif) ligand 2 
(CCL2) is probably the best characterized. This is mainly due to the thera-
peutic potential attributed to its regulation. The suppression of CCL2 func-
tion may reduce the attraction of immune cells to the sites of infl ammation 
and therefore slow down the progression of infl ammation and the tissue 
damage that may be associated to it. While this has proven to be right in 
diverse conditions, it has also been described to have deleterious conse-
quences such as a dual effect that is also frequently observed in other 
endogenous defense systems. This review discusses current knowledge 
about CCL2 involvement in different neurodegenerative diseases as well 
as its  anti- infl ammatory and neuro-protective actions.  
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 15      The Chemokine (C-C Motif) Ligand 2 
in Neuroinfl ammation 
and Neurodegeneration 

           José     L.    M.     Madrigal      and     Javier     R.     Caso    

15.1         Introduction 

 As it can be inferred from its common name 
(MCP-1 or monocyte chemoattractant protein-1), 
the chemokine (C-C motif) ligand 2 (CCL2) was 
initially categorized as an attractor for mononu-
clear cells [ 1 ]. Soon after its characterization, 
many other actions were attributed to this chemo-
kine. Most of these actions were related to its role 
as a mediator of infl ammation and immune func-
tion, but further research allowed to discover dif-
ferent actions of CCL2, not only related to cell 
migration, but seeming to work in the opposite 
direction allowing for tissue regeneration or even 
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preventing damage and protecting against different 
types of injuries. 

 CCL2 and its main receptor (CCR2) are 
expressed by astrocytes, endothelial cells, microg-
lia and neurons [ 2 – 8 ], in different brain regions 
[ 3 ,  4 ]. This gives us an idea of the relevance of its 
functions within the central nervous system 
(CNS). In fact, due to its role in the development 
of the infl ammatory and immune responses, 
CCL2 is considered as an indicator that allows the 
detection and quantifi cation of the progression of 
such process [ 9 ]. This gains special relevance in 
the CNS, an area where the initiation of infl am-
mation can be more diffi cult to notice, and where 
its exaggerated progression can have worse con-
sequences than in other areas.  

15.2     CCL2 and Alzheimer’s 
Disease 

 Alzheimer’s disease (AD) is considered as one 
of the most important neurodegenerative dis-
eases nowadays due to its prevalence which is 
expected to increase in the forthcoming years. In 
addition to this point, despite multiple efforts 
from different research perspectives and all the 
advances made towards the elucidation of the 
mechanisms regulating AD, there is no medica-
tion available that can really decelerate the dis-
ease progression. One interesting approach is the 
reduction of the neuroinfl ammation associated 
to AD and the subsequent tissue damage which 
is undoubtedly responsible for the neuronal 
degeneration characteristic of AD. It is at this 
point when chemokines and, particularly, CCL2 
become relevant since they are key players in the 
development of the infl ammatory response. 
However, while many studies propose CCL2 as a 
therapeutic target whose blockade would help 
reduce infl ammation, others demonstrate that 
this strategy should be carefully considered 
because CCL2 correct functioning may be neces-
sary to achieve recovery. 

 The elevation of CCL2 levels observed in 
brain tissue extracts [ 10 ], cerebrospinal fl uid 
[ 11 ], and plasma [ 12 ] of AD patients as well as 
in cases of mild cognitive impairment [ 13 ], 

allows to propose it as an indicator that can help 
predict the development of AD. Even whether 
CCL2 by itself may not be a very reliable bio-
marker, its combination with the cerebrospinal 
fl uid concentration of Tau, P-tau and Aβ42 [ 13 ] 
may altogether constitute a relatively reliable 
AD biomarker. On the other hand, the lack of 
CCL2 modifi cations observed by other authors 
[ 14 ] reduces the consistency of such suggestion. 
A possible explanation for this discrepancy 
could be that proposed by Galimberti et al. 
according to which the induction of CCL2 would 
take place during the fi rst stages of the disease 
and be followed by a progressive reduction to 
pre-AD conditions [ 15 ]. 

 This suggests that the role of CCL2 in AD 
would be more complex than the mere attraction 
of microglia and astrocytes towards damaged 
areas. The accumulation of CCL2 in the vicinity 
of Aβ plaques has been described by studies 
performed in human brains [ 16 ]. For this reason 
CCL2 has been regarded as a mediator that 
attracts cells which identify Aβ as a noxious 
agent to be isolated in order to prevent further 
damages [ 17 ]. However, overproduction of 
CCL2 (like many other infl ammatory media-
tors) can become and added factor that expands 
the damage initially caused by Aβ [ 18 ]. In 
agreement with this hypothesis, overexpression 
of CCL2 in APP transgenic mice (Tg2576) has 
been described to result in enhanced Aβ deposi-
tion, oligomer formation and acceleration of 
memory impairments [ 19 ]. Aβ accumulation in 
this animal mode was proposed to be mediated 
through the increased expression of apolipopro-
tein E [ 20 ]. Based on these data, it seems rea-
sonable to propose CCL2 as a therapeutic target 
since its inhibition could decrease Aβ produc-
tion and accumulation reducing the damage 
associated to AD. 

 However, while the pro-infl ammatory role of 
CCL2 is well known and its deleterious conse-
quences have been abundantly described, its sup-
pression by genetic alterations has proven to have 
the opposite effect to that expected. One study 
performed with APP transgenic mice (Tg2576) 
crossed with CCL2 KO concluded that the pres-
ence of both alterations results in accelerated 
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β-amyloidosis, oligomer formation and memory 
impairment as well as reduced neurogenesis [ 21 ]. 
In agreement with these observations, two separate 
studies analyzed the consequences of reducing 
the activity of CCL2 main receptor (CCR2) in 
APP-AD mouse models by crossing APP and 
CCR2 KO mice. The fi rst work observed an 
acceleration of Aβ accumulation together with an 
elevated rate of mortality [ 22 ]. Likewise, the sec-
ond work also found that the resulting mice had a 
larger accumulation of Aβ and developed mem-
ory impairment and cognitive decline earlier that 
APP mice [ 23 ]. In a related study, the authors 
observed that the absence of CCL2 or CCR2 
worsens the damage caused to photoreceptor 
cells by subretinal injections of Aβ [ 24 ]. 
According to the results presented in that paper, 
the attraction of activated microglial cells is regu-
lated by CCL2 and these cells are responsible for 
the phagocytosis of Aβ and photoreceptor cells 
debris. These data suggest that some of the detri-
mental alterations characteristic of AD cannot be 
attributed to CCL2 and, more interestingly, that 
CCL2 may help to contain the progression of the 
disease. Indeed, AD is characterized by a reduc-
tion of brain noradrenaline levels [ 25 ] and the 
treatment of mice with the NA precursor 
 l-threo- 3,4-dihydroxyphenylserine induces astro-
cyte production of CCL2 [ 26 ] indicating that the 
loss of noradrenergic neurons may be associated 
to CCL2 defi cits and this could be partly respon-
sible for some AD symptoms. 

 While these conclusions are based on experi-
mental models that reproduce AD only partially, 
they could be in agreement with the previously 
mentioned alterations of CCL2 found in AD 
patients. This lead us to analyze the mechanisms 
through which CCL2 may affect the neuronal 
damage caused by Aβ and the accumulation of 
plaques. One explanation for this is the attraction 
of microglia and astrocytes that can phagocyte 
Aβ. Supporting this concept, it has been proven 
that CCL2 functions as a signal that stimulates 
astrocytes migration towards Aβ plaques, and 
once in contact with the plaque, astrocytes stop 
their movement and proceed to degrade the 
deposit [ 27 ]. In parallel, similar effects have been 
described for microglia [ 28 ]. 

 Regardless of the possible indirect effects that 
CCL2 may have on neurons through the attraction 
of astrocytes or microglia, it may also affect 
neuronal viability through a direct interaction 
with these cells.  In vitro  analysis have shown that 
the treatment with Bindarit, an inhibitor of CCL2 
synthesis, reduces neuronal damage in primary 
mixed neuronal cultures [ 18 ]. While CCL2 may 
be toxic to neurons in culture, previous studies 
showed that CCL2 is neuroprotective against 
excitotoxic injuries [ 29 ,  30 ]. This is not directly 
opposing to the results obtained with the inhibi-
tion of CCL2 synthesis, but the possible involve-
ment of glutamate and glutamate receptors in 
Aβ-induced neuronal alterations [ 31 ,  32 ] makes 
diffi cult to segregate both observations.  

15.3     CCL2 and Parkinson’s 
Disease 

 Like AD, Parkinson’s disease (PD) is a degenera-
tive disorder characterized by a progressive loss 
of neurons, being the dopaminergic ones the 
main type of neurons affected in PD. In addition, 
AD and PD have some other features in common. 
Interestingly from this review’s perspective, one 
of these common features could also be the pro-
duction and expression of CCL2 which is 
increased in the peripheral mononuclear cells 
obtained from PD patients [ 33 ]. Additionally, the 
production of CCL2 caused by lipopolysaccha-
ride treatment in cells from PD patients is higher 
than in the cells obtained from healthy controls. 
When the analysis of CCL2 levels was performed 
in cerebrospinal fl uid, a correlation was found 
between the concentration of CCL2 (and other 
infl ammatory markers) and the degree of certain 
symptoms characteristic of PD such as depres-
sion, anxiety, fatigue or cognition [ 34 ]. In agree-
ment with this, animal studies in which 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) administration was used as a model to 
reproduce PD symptoms, observed that this treat-
ment causes an increase in CCL2 mRNA levels 
in mice striatum [ 35 ]. CCL2 seems to play a key 
role in the development of PD, however, a direct 
cause-effect connection between CCL2 and 
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dopaminergic neuronal loss or disease progression 
could not be established. Furthermore, inspired 
by this possibility, different authors analyzed the 
effects of CCL2 suppression on MPTP toxicity, 
and contrarily to what could be expected, no dif-
ferences were found between CCL2/CCR2 KO 
and WT animals. In both types of mice, MPTP 
caused a similar degree of toxicity for dopami-
nergic neurons [ 36 ] and dopamine levels were 
similar [ 37 ]. 

 According to these data, we can conclude 
that CCL2 production is induced in the brain of 
PD patients but this chemokine may not be 
responsible for the loss of dopamine and dopa-
minergic neurons characteristic of this disease. 
Indeed, it seems to have the opposite effect; 
Guyon et al. described how CCL2 intranigral 
injections in rats increase the excitability of 
dopaminergic neurons, dopamine release and 
locomotor activity [ 38 ]. In a parallel process, 
CCL2 could also help recover the population of 
dopaminergic neurons since it can promote the 
differentiation of precursor cells into dopami-
nergic neurons and neuritogenesis in midbrain 
dopaminergic neuron cultures [ 39 ]. 

 In conclusion, similarly to its potential effects 
in AD, the levels of CCL2 in PD could be ele-
vated as a result of a compensatory mechanism 
that in this case may help restore dopamine 
concentrations.  

15.4     CCL2 and Stroke 

 Cerebrovascular accidents represent one of the 
most common causes of permanent disability in 
adults of the developed world, being acute isch-
emic stroke the third leading cause of death in 
these regions. A stroke is caused by the suppres-
sion of blood supply to the brain; it can be pro-
duced by an obstruction of blood vessels or by 
the loss of their structural integrity, which would 
result in hemorrhage. Obviously, this type of 
lesion results in numerous alterations of brain 
conditions, and depending of the magnitude of 
the lesion and the time until blood fl ow is restored, 
the degree of the damage can range between a 
minor lesion without functional alterations to the 

loss of tissue viability and consequently death. 
One of the main mediators responsible for the 
cell damage characteristic of this kind of injuries 
is the excitatory amino acid glutamate which, due 
to the decreased production of ATP, accumulates 
in the synaptic space and over activates N-methyl- 
D-aspartate (NMDA) receptors causing an exces-
sive infl ux of calcium into the cells [ 40 ]. This 
excitotoxic process is associated to an infl amma-
tory response that seems to be induced by the 
release of reactive oxygen species and cytokines 
resulting from the death of neurons and other 
cells [ 41 ]. Chemokines are part of this infl amma-
tory response as they attract leukocytes to the 
injured area [ 42 ]. Experimental studies confi rm 
the induction of CCL2 in ischemic areas [ 43 ] and 
propose the inhibition of CCL2 function as a 
therapeutic strategy [ 44 ,  45 ]. Accordingly, studies 
performed on mice using the middle cerebral 
artery occlusion model of stroke indicate that the 
genetic suppression of CCL2 [ 46 ] or CCR2 [ 47 ] 
results in smaller infarct volumes. 

 The analysis of cerebrospinal fl uid samples 
shows an elevation of CCL2 in patients with 
ischemic stroke [ 48 ]. This strengthens the ther-
apeutic potential of those strategies aimed at 
lowering CCL2 function in stroke. However, 
the increased concentration of CCL2, while 
attracting immune- related cells, may not be 
directly responsible for the neuronal damage. 
In fact, the use of transgenic bone marrow chi-
meras allowed Schilling et al. to prove that 
CCL2 is necessary for recruiting blood-borne 
cells to the injury site but it does not affect 
microglia activation and migration [ 49 ]. 

 The chemoattractant effects of CCL2 seem to 
contribute to the positioning of immune cells in 
the vicinity of the injured area and help to con-
tain the progression of the damage, remove 
debris or attack harmful cells. It is well known 
that this process can have deleterious conse-
quences in the CNS when the by-products of 
such reaction become toxic for the properly-
functioning nervous cells. In addition to neuro-
nal regeneration and migration of progenitor 
cells, another function was discovered for CCL2: 
This chemokine can also attract neuronal precur-
sors and direct them towards injured areas [ 50 ]. 
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This effect becomes particularly relevant in 
pathologies where the brain damage is not 
widely distributed (as is in AD) but is rather pre-
cisely located, such as certain types of trauma or 
stroke. In ischemic lesions is relatively easy to 
detect if progenitors migrate to the lesion site. 
For example, it was shown that CCL2 attracts 
neural progenitor cells from the subventricular 
zone towards the injured area created by middle 
cerebral artery occlusion in rodent brains, and 
also stimulates their differentiation into neurons 
[ 51 ]. Similar results were found by Yan et al. 
using CCL2 infusion into the striatum to demon-
strate that this chemokine induces the migration 
of neuroblasts [ 52 ]. Besides attracting cells from 
different brain areas, CCL2 has also been 
described to promote transendothelial recruit-
ment of neural stem cells [ 53 ]. This process 
could be mediated by the expression of CCL2 
from endothelial cells which seems to be neces-
sary for the translocation of monocytes through 
the blood brain barrier [ 54 ]. 

 In addition to attracting progenitor cells, 
CCL2 has shown to reduce infarct volumes by 
cooperating in the development of hypoxic 
preconditioning- induced resistance to ischemic 
injuries [ 55 ]. Interestingly, the authors of this 
study point to neurons as the main source of 
CCL2 caused by hypoxic pre-conditioning. 
While CCL2 expression has been observed for 
different brain cell types [ 3 ], astrocytes seem to 
be the main source within the CNS [ 56 ,  57 ]. 
Given the particular conditions leading to the 
production CCL2 in this model, this chemokine 
could be considered to act here as a messenger 
that propagates an alarm signal and helps to 
prepare the cells for a new aggression of the 
same nature but of greater intensity. This 
reminds of another chemokine for which such 
an effect has been largely described: CX3CL1, 
also called fractalkine. This chemokine is 
known to be released by neurons and to activate 
microglial CX3CR1 [ 58 ] receptors inhibiting 
the activation of these cells and therefore indi-
rectly protecting neurons against an excessive 
infl ammatory response [ 59 ]. Thereby, neuronal 
CCL2 may have an effect similar to that 
described for CX3CL1. 

 The main agents responsible for neuronal 
death during ischemic conditions are considered 
to be oxygen and glucose deprivation (OGD). 
Based on this, an  in vitro  model consisting of 
temporary removal of nutrients and oxygen dis-
placement from the culture medium is commonly 
used to reproduce ischemic conditions in cell cul-
tures. Thereby, we could observe how astrocytic 
CCL2 can prevent neuronal death caused by 
OGD when CCL2 was induced by noradrenaline 
treatment of astrocytes [ 60 ]. However, a similar 
effect of neuronal CCL2 cannot be discarded.  

15.5     CCL2 and Multiple Sclerosis 

 Multiple sclerosis (MS) is an autoimmune 
infl ammatory disease characterized by the 
destruction of myelin sheaths and the loss of 
axons which results in neurological impairment. 
This damage is mainly attributed to the infi ltra-
tion of autoreactive T cells. In order for this infi l-
tration to be produced, the blood brain barrier 
integrity has to be altered and a transendothelial 
passage of leukocytes must take place. Since the 
migration of immune cells can be directed by 
chemokines, CCL2 is considered a key factor in 
the development of MS. In support of this 
hypothesis, CCL2 serum levels have been found 
to be elevated in MS patients, being their concen-
tration directly related to the severity of the dis-
ease [ 61 ]. Deeper examinations performed on 
brain samples obtained from human MS patients 
confi rm the involvement of CCL2 in MS lesions. 
In these studies, immunohistochemical and  in 
situ  hybridization techniques allowed to localize 
CCL2 in the injured areas [ 62 ]. Similar studies 
performed by Simpson et al. confi rm the pres-
ence of CCL2 within MS lesions and indicate 
that this chemokine is produced by reactive astro-
cytes in the parenchyma surrounding the injured 
area [ 63 ]. This research group also described the 
presence of foamy macrophages, infi ltrating lym-
phocytes and activated microglia expressing 
CCR2 in the vicinity of MS lesions [ 64 ]. 

 These data are reinforced by animal studies 
using a MS model such as experimental autoim-
mune encephalomyelitis (EAE). In this model, 
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the correct functioning of CCR2 receptor [ 65 ,  66 ] 
is necessary for the induction of EAE. 

 In agreement with this, the use of bindarit, 
an inhibitor of CCL2 synthesis, has been shown 
to reduce the incidence and onset of the dis-
ease, and even produce some signs of reversal 
[ 67 ]. However, another study performed on 
mice with a genetic modifi cation that caused a 
sustained expression of CCL2 in astrocytes, 
indicates that this alteration prevents the devel-
opment of EAE [ 68 ].  

15.6     CCL2 in Other CNS 
Pathologies 

 Probably due to the large number of situations 
where chemoattraction is involved, CCL2 has 
been related to many other CNS-related pathologies 
besides from those mentioned above. One of 
them is amyotrophic lateral sclerosis (ALS), a 
neurodegenerative disease characterized by a 
degeneration of motor neurons that causes pro-
gressive muscle atrophy and weakness. As for 
other neurodegenerative diseases, elevated 
concentrations of CCL2 have been found in 
serum and cerebrospinal fl uid samples obtained 
from ALS patients [ 69 ] as well as in peripheral 
blood mononuclear cells [ 70 ]. These data suggest 
that CCL2 function may contribute to the pro-
gression of ALS-associated neurodegeneration. 

 The ability of human immunodefi ciency virus 
(HIV) to cross the blood-brain barrier can be the 
cause of alterations in brain homeostasis. These 
alterations result in neurological complications 
comprised in the medical term HIV-associated 
neurocognitive disorders (HAND). This disorder, 
depending on the degree and type of lesion pres-
ent, may have different manifestations, being 
dementia the most characteristic, and it is com-
monly referred to as HIV-associated dementia 
(HAD). Before the use of antiretroviral therapies, 
between 40 and 60 % of patients infected with 
HIV developed HAD; fortunately, new medica-
tions helped to reduce the prevalence of this 
pathology, but still there is a large proportion of 
HIV patients who develop HAD, particularly at 
advanced stages of the disease. HAD is charac-

terized by the activation of glial cells and the 
death of neurons throughout the brain [ 71 ]. This 
death could be due to the direct interaction of 
neurons with viral proteins released from infected 
monocyte-derived cells [ 72 ], it could also be the 
result of the infl ammatory response mounted by 
non-neuronal cells [ 73 ,  74 ]. 

 Regardless of the mechanism responsible for 
neuronal degeneration, in order to exert a direct 
effect on brain cells, HIV must fi rst cross the 
blood-brain barrier. This step is in part regulated 
by chemokines since they are responsible for the 
attraction of perivascular macrophages and CD4 +  
T cells that serve as vehicles for HIV and allow 
its entrance into the CNS. CCL2 concentrations 
have been found to be elevated in cerebrospinal 
fl uid samples obtained from HAD patients [ 75 , 
 76 ]. The elevation of CCL2 can be induced by 
Tat protein, the transactivator of HIV-1 long- 
terminal repeat necessary for viral replication. 
Direct induction of CCL2 by Tat has been 
described in rat hippocampal slice cultures [ 77 ], 
and in the vascular endothelium [ 78 ]. 

 The increase of CCL2 found in HAD samples, 
the direct induction of CCL2 caused by Tat and 
the ability of CCL2 to attract glial cells (which 
could be responsible for the neuronal damage 
associated to HAD), all suggest that CCL2 may 
contribute to the progression of HAD. However, 
the analysis of CCL2 effect on cultured human 
neurons and astrocytes revealed a protective 
effect for this chemokine against Tat-induced 
apoptosis. This neuroprotection seems to be 
related to the excitotoxic pathway of glutamate 
because CCL2 treatment reduced the increase of 
extracellular glutamate and the expression of 
NMDA receptor 1 induced by Tat in this  in vitro  
model of HAD [ 30 ]. Further analysis of this 
effect allowed confi rming it and discovering that 
CCL2 requires viable transient receptor potential 
canonical channels to suppress Tat toxicity [ 79 ]. 

 While the involvement of CCL2 in other neu-
rological disorders has not been so thoroughly 
examined as for those here mentioned so far, 
CCL2 elevations have also been found in 
 schizophrenia [ 80 ], traumatic brain injury [ 81 ] 
and epilepsy [ 82 ] among others. These data con-
fi rm the clinical relevance of CCL2, but more 
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 information is still needed in order to be able to 
decide whether CCL2 blockade would be help-
ful from a therapeutic point of view or on the 
contrary, a potentiation of its actions is neces-
sary to help our defense mechanisms cope with 
these pathologies.  

15.7     Neuroprotection by CCL2 

 Some of the best known neuroprotective actions 
of CCL2 have already been mentioned above, 
particularly the prevention of glutamate toxic-
ity observed in stroke and HAD models. This 
anti- excitotoxic potential of CCL2 was previ-
ously described by Bruno et al. in a study ana-
lyzing thr protective actions of several 
chemokines against NMDA and β amyloid pep-
tide [ 29 ]. CCL2 may share it anti-excitotoxic 
effects with other chemokines; for example, 
CXCL16 can prevent the degeneration of neu-
rons caused by exposure to elevated amounts of 
glutamate or to OGD. More interestingly, this 
effect seems to be mediated by CCL2 too, 
because CXCL16 stimulates astrocytes to 
release CCL2 and the neuroprotection provided 
by CXCL16 is reduced in the presence of a 
CCL2 neutralizing antibody [ 83 ]. 

 Besides glutamate and NMDA receptor acti-
vation, CCL2 has also shown to reduce neuronal 
damage caused by methyl mercury (MeHg), a 
pollutant known to affect brain development and 
neuronal activity that can lead to the destruction 
of these cells. The protection provided by 
CCL2 in this instance is proposed by the authors 
of the study to be mediated by the upregulation of 
antioxidant systems [ 84 ]. 

 CCL2 has also proven to provide protection 
against another potentially neurotoxic agent such 
as ethanol [ 85 ]. In this case, a genetic alteration 
causing chronically elevated levels of CCL2 in 
the hippocampus was shown to prevent the devel-
opment of long term depression produced by 
ethanol exposure. 

 The ability of CCL2 to help reduce neuronal 
damage in such different scenarios suggests its 
regulation of additional anti-infl ammatory mech-
anisms other than just the interference with 

NMDA-related excito-toxic pathways. Semple 
et al. analyzed this possibility using astrocyte 
cultures obtained from wild type and CCL2- 
defi cient mice. They observed that CCL2 sup-
pression results in an exacerbation of the 
production of infl ammatory cytokines, while pre- 
treatment with CCL2 not only did not induce the 
production of infl ammatory cytokines, but 
reduced IL-6 protein and gene expression induced 
by IL-1β treatment [ 86 ]. Another infl ammatory 
cytokine such as IL-12 has also been described to 
be regulated by CCL2 in human monocytes, 
avoiding the induction caused by the infl amma-
tory agents Staphylococcus aureus Cowan strain 
1 (SAC) and IFN-gamma [ 87 ]. 

 The lack of infl ammatory alterations or the 
suppression of cytokine release found in cell 
cultures treated with CCL2 may not accurately 
reproduce CCL2 actions  in vivo  where those 
cells are interacting with many other cell types 
and substances present in their environment. 
This way, while protecting neurons against glu-
tamate or reducing the production of infl amma-
tory cytokines from astrocytes, CCL2 may 
attract and activate microglia, the CNS main 
infl ammatory cells, a process that could result to 
be toxic for neurons. In an attempt to explore 
this possibility, we treated primary rat microglia 
cultures with different concentrations of CCL2 
and could not fi nd any signs of activation or the 
production of pro- infl ammatory mediators. 
Additionally, CCL2- treated microglia cells 
were cultured on top of primary neurons while 
separated by a membrane that prevented cell 
migration but allowed for the passage of smaller 
molecules. This conditions did not cause the 
death of neurons, suggesting that CCL2 does 
not activate microglia or cause any change on 
them that leads to the production of neurotoxic 
substances [ 88 ]. 

 Moreover, in this study we also considered the 
possible inhibition of microglial trophic factors 
by CCL2 as a way to alter neuronal viability. 
None of the factors analyzed was found to be 
inhibited by CCL2 but, surprisingly, insulin like 
growth factor 1 (IGF) was induced. IGF is known 
to protect neurons and to promote the prolifera-
tion of neuronal progenitors [ 89 ].  
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15.8     Conclusions 

 The review of all available information regarding 
CCL2 involvement in neuroinfl ammation and 
neurodegeneration confi rms the relevance of this 
chemokine in CNS activity. CCL2 was fi rst 
known for its ability to attract leukocytes to 
injured areas. Therefore, it was commonly thought 
that the suppression of its actions would help to 
slowdown the progression of infl ammation and in 
this way reduce the associated damage. However, 
later fi ndings attributed more complex roles to 
CCL2 and warned about the risk of CCL2 block-
ade which, not only may not reduce the progres-
sion of infl ammation, but can also develop new 
unexpected alterations. Having this point in mind, 
it does not seem unreasonable to propose that 
CCL2 actions may depend on its concentration, 
having a protective/homeostasis- maintenance 
function at constitutive levels and being toxic at 
higher concentrations. This phenomenon has 
been observed in retinal ganglion cells [ 90 ] and is 
in agreement with our recent observations [ 91 ]. In 
this study we observed that while in control con-
ditions a stimulus such as noradrenaline, induces 
CCL2 expression and synthesis by astrocytes, in 
the presence of an infl ammatory agent such as 
lipopolysaccharide that causes the production of 
large amounts of CCL2, the same stimulus has the 
opposite effect lowering CCL2 levels. This sug-
gests the existence of mechanisms that control 
CCL2 synthesis preventing an excessive release 
while maintaining the levels necessary to support 
homeostasis. The elucidation of these mecha-
nisms will probably provide new information that 
will help understand CCL2 nature and provide the 
basis for the development of new therapeutic 
strategies for neurodegenerative diseases.     
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