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The concept proposing a major role for interorgan crosstalk
as a link between dysmetabolism and inflammation largely
builds on two major conceptual advances that developed
mainly in the last two decades.The first one is the recognition
that endocrine-type crosstalk exists between virtually all
organs and tissues, extending way beyond very specific,
“classical” endocrine glands. This has relied on various lines
of experimental approaches, including “omics” types of data,
revealing that a large fraction of the expressed genome of
many tissues encodes known and predicted secreted proteins.
Complementarily, tissue-specific genetic manipulations pro-
vided in vivo evidence for the ability to alter the function
of a tissue distant from the site directly affected by the
genetic intervention. The second conceptual advance is the
huge expansion in our understanding of the homeostatic-
physiological roles, as well as the pathophysiological involve-
ment, of the immune system in diverse types of diseases.
In this context, two decades ago, the finding that tumour
necrosis factor-𝛼 (TNF-𝛼) is overexpressed in adipose tissue
of obese mice provided the first clear link between obesity
and chronic inflammation [1]. Almost at the same time, the
discovery of leptin, the first adipokine that signals through a
cytokine receptor familymember, sparked the understanding
that inflammatory changes within adipose tissue may alter
the way this tissue communicates with various organs, even
the brain [2]. More recently, a wealth of data established
the concept that obesity is associated with systemic and
tissue-level low-grade chronic inflammation, initially recog-
nized by adipose tissue infiltration with inflammatory cells
in response to an excessive energetic nutrient load [3, 4].

The concept of “metabolic inflammation” or “metaflamma-
tion” was eventually formulated and fueled by examples of
specific mechanisms tying metabolic mediators to inflam-
matory cascades and inflammatory mediators to alterations
in metabolic regulation [5]. The metabolic inflammation,
possibly initiated in response to excess calories/high fat
feeding in the adipose tissue, may subsequently involve
other metabolic organs such as the liver, skeletal muscle,
and pancreas, contributing to metabolic dysfunction and
insulin resistance. This multiorgan involvement of obesity-
associated inflammation presents a challenge to researchers
attempting to clarify the complex signaling mechanisms of
the interorgan crosstalk leading to metabolic dysfunction.
Alongside inflammation pertaining to “metabolic” organs,
studies published during the past decade have convincingly
demonstrated a pathophysiological role for the inflamma-
tory response in the development of cardiovascular disease
(CVD), the most important complication of the metabolic
syndrome and diabetes [6]. In addition, a multitude of
mediators of metabolic inflammation have been found to
modulate vascular homeostasis, suggesting further mecha-
nisms of interorgan crosstalk between metabolic tissues and
the vasculature. Therefore, the low chronic inflammatory
state may be responsible for both insulin resistance and
endothelial dysfunction, providing deleterious connections
between inflammation and metabolic/CVD processes.

This special issue aims to highlight selected topics project-
ing on advances in our current understanding of the players
involved in interorgan communication in obesity-associated
metabolic diseases.
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In their review, S. Raschke and J. Eckel present an update
on bioactive proteins secreted by adipose tissue and skeletal
muscles (termed “adipokines” and “myokines”, resp.), reveal-
ing their peculiar interplay, which represents a yin/yang-type
balance: adipokines, upregulated in the obese state, tend to
contribute to establish a chronic inflammatory environment
that promotes pathological processes such as atherosclerosis
and insulin resistance, whereas myokines seem to largely
counteract these effects of adipokines, likely reflecting their
essential regulatory role in muscle metabolism during con-
traction. Yet, as more than half of the described myokines are
also secreted by adipocytes, the authors suggest to term these
cytokines “adipo-myokines,” whose beneficial or adverse
effects are strictly dependent on their local concentration and
kinetics.

A confirmation of this general principle can be found
in the review by T. Romacho and colleagues describing the
cellular effects of the recently identified adipokine Visfatin/
Nampt. Within the adipose tissue, Visfatin/Nampt is not
only synthesized and released by adipocytes but also by
inflammatory cells, like activatedmacrophages. Very recently,
Visfatin/Nampt expression has been reported in cardiomy-
ocytes, hepatocytes, andmyoblasts, thus suggesting its poten-
tial role in an even more intricate interorgan metabolic
crosstalk. The authors summarize convincing evidence for
its deleterious effects on the cardiovascular system, including
monocyte/macrophage activation, vascular inflammation,
and remodeling. At the same time, the authors quote several
papers on beneficial actions of Visfatin/Nampt in ischemia-
related clinical conditions.

In their research article, R. Schlich and colleagues inves-
tigate the role of vascular endothelial growth factor (VEGF).
This well-known growth factor is also released from visceral
adipose tissue in obesity and from perivascular adipose
tissue of patients with type 2 diabetes and may constitute
yet another interorgan mediator, in this instance, linking
adipose tissue inflammation to abnormal vascular smooth
muscle cells (VSMC) proliferation. Using a model of VSMC
proliferation induced by adipocyte-conditioned medium
(CM), the authors clearly show that this effect was mainly
mediated byVEGF.Moreover, they demonstrate that CMalso
induced the release of VEGF by VSMC, which in turn could
stimulate proliferation via “second-level” autocrine/paracrine
communication.

Another immune system (complement-related) medi-
ator, adipose-derived factor with potential autocrine/para-
crine and endocrine functions is the acylation stimulating
protein (ASP).Using an in vivomodel of diet-induced obesity,
which mimics a typical unhealthy western diet with both
high fat and high sucrose intakes, A. Fisette and colleagues
demonstrate the paradoxical effects of acute administration
of ASP. Particularly, they show that ASP supplementation
improved glucose clearance through a short-term insulin
sensitizing process in spite of its proinflammatory properties,
as demonstrated by increased serum and tissue levels of IL-6
and TNF-𝛼. This may represent a growing current notion
expanding our view of the links between inflammation and
metabolic regulation [7].

E. Benetti and colleagues focus their attention on the
deleterious effects of high sugar intake. They demonstrated
that mice chronically fed a sugar-enriched diet develop
dyslipidemia and hyperinsulinemia. These metabolic effects
were associated with increased infiltration of inflammatory
cells into skeletal muscle. Most notably, dyslipidemia and
hyperinsulinemia could be prevented by oral administration
of a selective agonist of the nuclear receptor peroxisome
proliferator activated receptor-𝛿, which positively correlated
with increased muscular levels of the myokine FGF-21, a
mediator with expanding roles in metabolic and energy
regulation [8].

The role of diet components/additives in affecting sub-
clinical inflammation and insulin resistance is further investi-
gated by S. Bhattacharyya and colleagues.They provide novel
insights into themechanisms of carrageenan-induced inflam-
mation. Interestingly, mice lacking Bcl10, a key molecule
in the activation of the inflammatory cascade in epithelial
and immune cells, were partly protected from carrageenan-
induced inflammation, and such effect was related to an
inhibition of both canonical and noncanonical pathways of
NF-𝜅B activation.

A potential intestinal participation in the pathogenesis of
insulin resistance is more widely addressed in the review by
B. M. Carvalho and colleagues, showing how gut microbiota
modulation promoted by a bacterial diversity shift mediated
by overnutrition increases intestinal permeability, culminat-
ing in inflammation and insulin resistance. Herein, activation
of inflammatory pathways by gut-derived bacteria products
and metabolites is discussed, with particular reference to the
key role of the inflammasome multiprotein complex. This
recently identified novel player of the intercellular crosstalk
linking chronic inflammation tometabolic disease pathogen-
esis is also the main topic of the review article by B. Benetti
et al.

The role of selective inflammatory mediators in pancre-
atic 𝛽-cell dysfunction has been investigated in two different
research articles. L. Quintana-Lopez and colleagues demon-
strate in cultured islet 𝛽-cells that nitric oxide (NO) is an
important mediator of the antiproliferative effect induced by
proinflammatory cytokines, such as IL-1𝛽, IFN-𝛾, and TNF-
𝛼. In keeping with these in vitro data, the same authors
report that early treatment of biobred rats (inbred laboratory
rats spontaneously developing autoimmune type 1 diabetes)
with the NO synthase inhibitor L-NMMA improved 𝛽-cell
proliferation compared to untreated animals. In addition,
A. Puddu and colleagues demonstrate that the detrimental
effects evoked by exposing the hamster pancreatic 𝛽-cell
line HIT-T15 to a pool of advanced glycation end products
are prevented by cell treatment with the incretin hormone
glucagon-like peptide-1 (GLP-1), which was shown here to
restore selective pathways regulating proinsulin production.

Two additional articles discuss the molecular mecha-
nisms underlying the positive association between obesity-
associated insulin resistance and cardiac hypertrophy or
destructive periodontal disease. Specifically, M. Asrih and
colleagues report evidence on the dual role of the cytoso-
lic signaling proteins mitogen-activated protein kinases in
inducing synthesis of both specific mediators of cardiac
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hypertrophy (such as the gap junction protein connexin
43 and the cardiotrophin-1) and glucose transporters (by
affecting the insulin signaling pathway) in cardiomyocytes,
thus suggesting selective intracellular mechanisms of cardiac
adverse remodeling associated with insulin resistance. R.
Khosravi and colleagues offer in their overview potential
explanations for the higher risk of destructive periodontal
disease in obesity and insulin resistance; that is, they provide
evidence for TNF-𝛼 and IL-6 as crucial inflammatory medi-
ators connecting these different diseases.

Finally, R. Murphy and colleagues propose an intriguing
approach to better elucidate the firm cause-effect relation-
ships between obesity and insulin resistance development.
In fact, although obesity is often reported to confer the
highest risk for the development of metabolic diseases, the
key events in this process are difficult to disentangle from
compensatory effects and epiphenomena.The authors of this
review support the suggestion that a deep investigation on key
monogenic disorders may significantly contribute to unravel
the pathogenic links between the defined molecular defect
and the related exaggerated metabolic disorders, without the
confounding effects of all the other components. For instance,
they show how the key role of components of pancreatic 𝛽-
cell function can be confirmed by evidence, demonstrating
that common monogenic pancreatic 𝛽-cell defects lead to
early onset of diabetes even in the absence of obesity-related
insulin resistance.

Overall, we hope that readers will find the articles in this
issue not only interesting but also instructive. They might
even serve as a source of inspiration for future investigations
aiming to further elucidate the intricate inflammatory mech-
anisms operational in the pathogenesis, and potentially also
the resolution, of obesity-associated insulin resistance and
type 2 diabetes. Such lines of research may raise hope for
discovering new strategies to battle one of the key drivers of
human morbidity in modern sedentary times.

Massimo Collino
Assaf Rudich

Daniel Konrad
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Obesity has become a worldwide health burden in the last two decades. Obesity has been associated with increased comorbidities,
such as coronary artery disease, diabetes, and destructive periodontal disease. Obesity is also part of a group of risk factors occurring
together in an individual, which is referred to as metabolic syndrome. Clinical studies have shown higher risk for destructive
periodontal disease in obesity and metabolic syndrome. However, the role of obesity and metabolic syndrome in the onset and
development of destructive periodontal disease has not yet been fully understood. In this review, we discuss a workingmodel, which
focuses on interorgan inflammation as a common etiological factor for destructive periodontal disease associated with obesity and
metabolic syndrome. Specifically, we suggest that elevated levels of tumor necrosis factor-𝛼 (TNF-𝛼) or interleukin 6 (IL-6)—
both adipokines and known risk factors for destructive periodontal disease—in obesity and metabolic syndrome contribute to the
onset and development of destructive periodontal disease. The connections between destructive periodontal disease and systemic
conditions, such as obesity or metabolic syndrome, are complex and potentially multidirectional. This review largely focuses on
TNF-𝛼 and IL-6, inflammatory mediators, as potential common risk factors and does not exclude other biological mechanisms.

1. Periodontal Diseases

Periodontal diseases are inflammatory diseases affecting the
surrounding and supporting tissues of teeth—the periodon-
tium. Gingivitis and destructive periodontal disease (peri-
odontitis) are the two most common forms of periodon-
tal diseases. Gingivitis is an inflammatory reaction often
induced by the pathogens residing in dental plaque (biofilm),
which forms on the adjacent tooth surfaces [1]. Destructive
periodontal disease results in an apical loss of epithelial
attachment along with the periodontal soft and hard tissues
[2]. Unlike gingivitis, which is cured following the removal
of local etiological factors, destructive periodontal disease
is irreversible. Destructive periodontal disease is mediated
by various intrinsic and acquired factors; two individuals

with similar microbiological profile could show different
susceptibility to periodontal diseases [3]. Several case-control
and cohort studies have reported the contribution of systemic
conditions and diseases in the onset and exacerbation of
destruction periodontal disease. Preterm birth [4], cardio-
vascular diseases [5], and diabetes [6] are examples of these
conditions. In addition, a growing body of evidence during
the last decade suggests obesity as a risk factor for destructive
periodontal disease [7, 8]. Metabolic syndrome has also
been shown to be positively associated with destructive
periodontal disease [9–22]. Although the majority of studies
on destructive periodontal disease in individuals with obesity
or metabolic syndrome concentrated on adults, some studies
reported on evidence proposing that this potential link in
children and adolescence exists [23]. In this paper, we review
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the evidence suggesting that destructive periodontal disease
is linked to obesity and metabolic syndrome, as an exam-
ple of interorgan crosstalk under inflammatory conditions.
Additionally, we discuss a working biological model on the
onset of destructive periodontal disease in individuals with
obesity or metabolic syndrome based on elevated levels of
tumor necrosis factor-𝛼 (TNF-𝛼) and interleukin 6 (IL-6) in
these conditions.

2. Obesity

Obesity is a multifactorial condition with a wide range of
etiological factors including genetic, biological, social, and
behavioral factors, all of which likely interact to ultimately
lead to a chronic imbalance between energy intake and
energy expenditure. This imbalance could cause excessive
fat accumulation and result in adverse health consequences.
Obesity has reached epidemic proportion worldwide, largely
because of increased consumption of high caloric diet
and a sedentary lifestyle. According to the World Health
Organization [24], approximately 2.3 billion adults will be
overweight and more than 700 million will be obese by 2015.
This phenomenon affects particularly developed countries.
Over the past two decades, the overall obesity rates have
reached 24.1% and 34.4% in Canada and the United States,
respectively [25].

Based on current Health Canada guidelines, a body mass
index (BMI, kg/m2) of 25–30 and over 30 are considered
overweight and obese, respectively [26]. Obesity is catego-
rized into 3 classes according to the increased health risks
associated with increasing BMI levels: class I (BMI 30–34.9),
class II (BMI 35–39.9), and class III (BMI ≥ 40) [27]. Pediatric
obesity has also become a public health concern since it
is more common for children to experience the negative
health consequences of obesity, which used to be only seen
in adulthood. In 2010, more than 40 million children under
the age of five were estimated to be overweight worldwide
[28]. In 2004, 26% of Canadian children and adolescents
aged 2 to 17 years were overweight or obese [29]. Obesity
has been associated with a wide spectrum of comorbidities,
such as coronary artery disease, strokes, diabetes, arthritis,
reproductive dysfunctions, and various cancers [30].

3. Metabolic Syndrome

Metabolic syndrome is a cluster of risk factors (abdominal
obesity, diabetes, high cholesterol, high blood pressure, and
raised fasting glucose) that increases the chance of developing
type 2 diabetes and cardiovascular diseases [31]. Metabolic
syndrome is also known as syndrome X, insulin resistance
syndrome, dysmetabolic syndrome X, Reaven’s syndrome,
multiple metabolic syndrome, and metabolic cardiovascu-
lar syndrome [18, 32–34]. Several definitions for metabolic
syndrome in adult populations have been proposed by dif-
ferent organizations including the World Health Organiza-
tion (WHO), the International Diabetes Federation (IDF),
the American Heart Association/National Heart, Lung, and
Blood Institute (AHA/NHLBI), the National Cholesterol
Education Program Adult Treatment Panel III P(NCEP-ATP

III), and the European Group for the Study of Insulin
Resistance (EGIR) [15]. Although these diagnostic criteria are
similar, there is variability with the different cut-off values set
for each criterion. The unified criteria to diagnose metabolic
syndrome include at least 3 of the following: abdominal
obesity, high level of plasma triglycerides, low level of high-
density lipoprotein (HDL) cholesterol, high blood pressure,
and impaired fasting glucose or insulin resistance [35].

The reported prevalence of metabolic syndrome varies
depending on the diagnostic criteria opted by different
studies, nonetheless the prevalence of metabolic syndrome
has increased at epidemic rates for the past decade. Findings
from the National Health and Nutrition Examination Survey
(NHANES) 2003–2006 showed that 34% of Americans, 20
years and older, met the criteria to be diagnosed with
metabolic syndrome based on the NCEP-ATP III definition
[36]. Canadian Health Measures Survey revealed that about
one in five Canadian adults (20% of the population) had
metabolic syndrome [37]. No standard diagnostic criteria for
metabolic syndrome in children and adolescents have been
developed, which makes studying metabolic syndrome in
children challenging. Nonetheless, theThird National Health
andNutrition Examination Survey (NHANES III, 1988–1994)
reported on a 4.2% prevalence of metabolic syndrome among
12- to 19-year-old American adolescents (approximately 1
million adolescents) [38]. In addition, nearly 30% of over-
weight adolescents met the criteria of metabolic syndrome
according the definition proposed by the NCEP-ATPIII [38].
De Ferranti and colleagues reported an increase of 38% in the
prevalence of metabolic syndrome in adolescents of the same
age group between 1988 and 2000 using the same definition
[39].

4. Periodontal Diseases in Obesity and
Metabolic Syndrome

Periodontal diseases, a chronic inflammation by its nature,
have been linked to many systemic conditions. The findings
frommeta-analyses suggest that cardiovascular diseases [40–
42] and obesity [43–45] increase the chance of destructive
periodontal disease by 20% and 35%, respectively. Moreover,
studies on diabetic patients indicate that type 2 diabetes
is a risk factor for advanced form of destruction peri-
odontal disease [46]. Metabolic syndrome is also positively
correlated with destructive periodontal disease [9–22]. A
recent meta-analysis reported that the odds of destructive
periodontal disease to occur was 1.71 to 2.09 higher in
individuals with metabolic syndrome compared to those
without this syndrome [47]. Despite all these evidence indi-
cating the higher risk of destructive periodontal disease in
obesity and metabolic syndrome, the underlying biological
mechanism(s) is yet to be fully understood. Studying the
common etiological factors in obesity, metabolic syndrome,
and destructive periodontal disease would be a potential
approach to delineate biological mechanisms explaining the
higher risk of destructive periodontal disease under these
conditions. Inflammation is indeed one of the common
factors in the pathogenesis of destructive periodontal dis-
ease, obesity, and metabolic syndrome. Figure 1 represents
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Figure 1: A biological working model on the onset of destructive periodontal disease in obesity and metabolic syndrome adapted from
Nishimura et al., 2003 [8]. This scheme represents a potential working model in which the systemic elevated levels of TNF-𝛼 in obesity and
metabolic syndrome potentially contribute to the onset and development of destructive periodontal disease. Specifically, the elevated levels
of systemic inflammatory mediators, such as TNF-𝛼 or IL-6, in obesity or metabolic syndrome enhance the host response to periodontal
pathogens hence increase the chance to develop destructive periodontal disease. In destructive periodontal disease, periodontal pathogens
induce inflammation prompting the destruction of connective tissues and bone in the periodontium. The connections between destructive
periodontal disease and systemic conditions, such as obesity, are complex and often multidirectional; the working model presented here is a
simplified picture of these connections.

a simplified working model explaining how inflammation
connects these diseases. Indeed, this workingmodel does not
exclude other potential biological mechanisms.

In this review we focus on a potential interorgan inflam-
matory mechanism explaining the higher prevalence of
destructive periodontal disease in obesity and metabolic
syndrome. Higher risk of destructive periodontal disease
associated with obesity and/or metabolic syndrome is most
likely bidirectional, and here we only concentrate on how
obesity or metabolic syndrome induces or enhances destruc-
tive periodontal disease.

Tumor necrosis factor-𝛼 (TNF-𝛼) is the best candidate
connecting higher destructive periodontal disease in obesity
or metabolic syndrome. TNF-𝛼 levels are systemically ele-
vated in both obesity and metabolic syndrome [48]. Studies
on human and animal models in the 1990s indicated that
adipocytes secrete TNF-𝛼, and hence the excess of fat in
obesity leads to a systemic chronic inflammation [49, 50].
TNF-𝛼 was also reported to induce insulin resistance in both
diabetes and obesity [51]. It is known that other cytokines
from adipose tissues also contribute to the chronic systemic
inflammation in obesity [48].

TNF-𝛼 is one of the key periodontal pathogens-induced
early inflammatory cytokines in destructive periodontal dis-
ease [52]. Elevated levels of TNF-𝛼 are a well-known risk fac-
tor for destruction periodontal disease [52]. Increased levels
of TNF-𝛼 contribute to the onset of destructive periodontal
disease via several mechanisms. Examples of these mech-
anisms are (i) TNF-𝛼 prompts the destruction of alveolar
bone by stimulating the formation of bone-resorbing cells
(osteoclasts) [53]; (ii) TNF-𝛼, as one of the early promoters
of host response to periodontal bacterial pathogens, regulates
matrix metalloproteinases (MMPs), which are capable of
degrading the connective tissues. Interestingly, studies on
the immune response to periodontal pathogens showed that

TNF-𝛼 enhanced the immune response to these pathogens
[54]. Previous studies on human subjects reported on the
elevated levels of TNF-𝛼 in gingival crevicular fluid (GCF) of
obese individuals. The authors reported on a 0.74 pg increase
in GCF TNF-𝛼 with an increase of one BMI unit. 32 obese
subjects aged between 13 and 24 years was recruited in this
study [55]. In a larger scale study on the third National
Health and Nutrition Examination Survey (NHANES II)
dataset, Genco and colleagues showed that serum TNF-𝛼
levels were not correlated with the severity of destructive
periodontal disease in BMI over 30 kg/m, and proposed
the notion that TNF-𝛼 mainly contributes to the initial
stage of destructive periodontal disease development [56].
In addition, our group has been investigated the potential
development of destructive periodontal disease in children
at risk of obesity and metabolic syndrome as they age. We
are studying the Oral Health component within a cohort of
600 children in Quebec (the Quebec Adipose and Lifestyle
Investigation in Youth; QUALITY cohort), which aims to
investigate the natural history of obesity and its vascular and
metabolic consequences [57]. Our results from the baseline
visit of the QUALITY cohort so far indicate that obese boys,
but not girls, have 37%higher levels of TNF-𝛼, a risk factor for
destructive periodontal disease, in their gingival crevicular
fluid (GCF) compared to nonobese boys [58]. We also found
that metabolic syndrome in boys was associated with 49
percent increase in the levels of TNF-𝛼 in gingiva crevicular
fluid (Ka et al.; unpublished data).

The second candidate explaining a mechanism for the
higher prevalence of destructive periodontal diseases in
obesity or metabolic syndrome is interleukin 6 (IL-6). IL-
6 is a multifunctional cytokine produced by variety of cells
including macrophages, neutrophils, and endothelial cells
(reviewed in [59]).The double edge effects (i.e., pro- and anti-
inflammatory) of IL-6 create a complexity in investigating its
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roles in normal or diseased conditions [59]. IL-6 systemic
and GCF levels increase in destructive periodontal diseases
(reviewed in [60]). Additionally, controversial studies sug-
gested an increase or no change in serum IL-6 levels in obesity
and metabolic syndrome (reviewed in [61]). Unfortunately,
to the best of our knowledge, no evidence from animal or
human studies supports the hypothetical model in which
obesity or metabolic syndrome-induced IL-6 increases the
risk of destructive periodontal disease.

Taken together, these evidence support the notion that, in
obesity and metabolic syndrome, the elevated levels of TNF-
𝛼, and possibly IL-6, may increase the chance of destructive
periodontal diseases development, which could be directly
through mechanisms discussed earlier and also indirectly by
enhancing the bacterial-induced host immune response in
obesity and metabolic syndrome.

5. Conclusion

The obesity epidemic in North America and worldwide is an
alarming public health issue. The prevalence of childhood
obesity and overweight is rising rapidly in Canada [62, 63].
The total direct costs attributable to overweight and obesity
in Canada was $6.0 billion in 2006, representing 4.1% of the
total health expenditures in the country [64]. Similarly, data
from American adults showed an increase in the prevalence
of metabolic syndrome from 24 to 27% between 1988–1994
and 1999–2000 [65]. Similar trends were seen in American
adolescents particularly in overweight and obese subjects, for
whom the prevalence of metabolic syndrome was 32.1% [32].
Moreover, higher health care cost with increased number of
metabolic syndrome components has been reported [66–68].
The annual health care cost associated for an individual with
1 component was estimated to be $5564 compared to $12,287
for someone with 4 components [68].

Understanding the multidirectional and dynamic links
among obesity, metabolic syndrome, and destructive peri-
odontal disease can improve current preventive and ther-
apeutic modalities for these conditions. For example, one
could screen the GCF TNF-𝛼 levels of obese individuals to
identify a subgroup of obese subjects, who are more suscep-
tible to develop destructive periodontal disease.
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Adipose tissue secrets adipokines and fatty acids, which may contribute to obesity-associated vascular dysfunction and
cardiovascular risk. This study investigated which factors are responsible for the synergistic effect of adipokine and oleic acid-
(OA-) induced proliferation of human vascular smooth muscle cells (VSMC). Adipocyte-conditioned medium (CM) from human
adipocytes induces proliferation of VSMC in correlation to its vascular endothelial growth factor (VEGF) content. CM increases
VEGF-receptor (VEGF-R) 1 and 2 expression and VEGF secretion of VSMC, while OA only stimulates VEGF secretion. VEGF
neutralization abrogates CM- and OA-induced proliferation and considerably reduces proliferation induced by CM and OA in
combination. VEGF release is higher from visceral adipose tissue (VAT) of obese subjects compared to subcutaneous adipose
tissue (SAT) and VAT from lean controls. Furthermore, VEGF release fromVAT correlates with its proliferative effect. Perivascular
adipose tissue (PAT) from type 2 diabetic patients releases significantly higher amounts of VEGF and induces stronger proliferation
ofVSMCas compared to SAT and SAT/PATof nondiabetics. In conclusion,VEGF ismediatingCM-induced proliferation ofVSMC.
As this adipokine is released in high amounts from VAT of obese patients and PAT of diabetic patients, VEGF might link adipose
tissue inflammation to increased VSMC proliferation.

1. Introduction

Obesity has become a major worldwide health problem,
especially in industrial countries, and is associated with a
number of metabolic diseases and secondary complications,
including insulin resistance, type 2 diabetes, atherosclerosis,
and cardiovascular disease [1]. It is well established that
adipose tissue is an endocrine organ releasing lipidmediators
and a variety of proteins, the so-called adipokines [2].
Increasing evidence indicates that obesity is causally linked

to a chronic low-grade systemic inflammatory state [3, 4]
that contributes to obesity-associated vascular dysfunction
and cardiovascular risk [5]. Obesity is strongly related to
the development of atherosclerosis in humans as well as
in various animal models [6, 7]. In this context, visceral
obesity confers the highest risk for the development of
metabolic and cardiovascular diseases [8]. Specifically in the
pathophysiology of vascular diseases, perivascular adipose
tissue might play an important role because almost all blood
vessels are surrounded by this fat depot, and due to the fact
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that perivascular adipocytes are not separated from the
blood vessel wall by an anatomic barrier, the secretion of
adipokines by this fat depot may provide a new link between
obesity and vascular complications [9]. However, till now the
mechanism how visceral and perivascular fat enhances the
risk ofmetabolic and cardiovascular disease is not completely
unraveled. Besides endothelial cells, vascular smooth muscle
cells (VSMC) represent one of the major cell types of the
vascular wall retaining homeostasis of the vessel wall. Arterial
wall thickening is mediated by migration of VSMC from
the media to intima and their concomitant proliferation.
We previously established a model of adipocyte-conditioned
medium (CM) inducingVSMCproliferation [10].The combi-
nation of CMwith oleic acid (OA) increased the proliferation
in a synergistic way via induction of iNOS expression, NO
production, and proinflammatory signaling. However, until
now the mechanisms and factors, which are responsible for
aberrant VSMC proliferation induced by lipid mediators and
adipokines, are not fully understood. Therefore, the main
objective of this study was to identify potential candidates
that mediate the crosstalk between adipose tissue and VSMC
potentially linking obesity and atherosclerosis. Using paired
biopsies of visceral and subcutaneous adipose tissue (VAT
and SAT) as well as perivascular adipose tissue (PAT) derived
from lean, obese, and obese type 2 diabetic patients, this study
is also aimed at relating the in vitro findings to a more phys-
iological setting. Our study demonstrates that the vascular
endothelial growth factor (VEGF) content of CM is positively
correlated with CM-induced VSMC proliferation and that
VEGF neutralization completely abrogates CM- and OA-
induced proliferation. CM and VEGF regulate expression of
VEGF-receptor (VEGF-R) 1 and 2.The secretory output from
VAT and PAT of patients with type 2 diabetes and/or obesity
contains high amounts of VEGF and stimulates proliferation
and VEGF-R1/2 expression as compared to SAT.

2. Materials and Methods

2.1. Materials. Reagents for SDS-PAGE were supplied by
Amersham Pharmacia Biotech (Braunschweig, Germany)
and by Sigma (Munich, Germany). Polyclonal antibodies
raised against VEGF-R 1 and 2 were supplied by cell sig-
nalling technology (Frankfurt, Germany), and the anti-actin
antibody came from Abcam (Cambridge, Great Britain).
Vascular endothelial growth factor (VEGF) neutralization
was achieved by pretreatment of CM with 1 𝜇g/mL VEGF-
neutralizing antibody from R&D Systems (Wiesbaden-
Nordenstadt, Germany) for 1 hour. HRP-conjugated goat
anti-rabbit and goat anti-mouse IgG antibodies came from
Promega (Mannheim, Germany). Collagenase NB4 was
obtained from Serva (Heidelberg, Germany). Troglitazone
and BSA (fraction V, fatty acid free, low endotoxin) were
obtained from Sigma (München, Germany). Human recom-
binant VEGF was purchased fromMillipore GmbH (Schwal-
bach, Germany). The cell proliferation ELISA (BrdU, chemi-
luminescent) and protease inhibitor cocktail tablets were
from Roche (Mannheim, Germany). VEGF ELISA kits were
purchased from BioVendor GmbH (Heidelberg, Germany).

FCS was supplied by Gibco (Invitrogen, Carlsbad, USA).
Sodium salt of OA (Sigma, München, Germany) was dis-
solved in water as a 6mM stock solution and was further
diluted in sterile serum-free VSMC medium containing 4%
(wt/v) BSA for coupling. OA was applied to VSMC at a
final concentration of 100𝜇mol/L for 18 h. All controls of
experiments involving fatty acids were treated with BSA
alone. All other chemicals were of the highest analytical grade
commercially available and were purchased from Sigma.

2.2. Culture of Human Adipocytes and CM Generation. Sub-
cutaneous adipose tissue was obtained from healthy lean or
moderately overweight women (𝑛 = 23, body mass index
(BMI) 26.1 ± 1.1, and aged 36.6 ± 2.0 years) undergoing
plastic surgery. The procedure was approved by the ethical
committee of the Heinrich-Heine-University (Düsseldorf,
Germany). All subjects were healthy and free of medication
and had no evidence of metabolic diseases according to
routine laboratory tests. Preadipocytes were isolated by colla-
genase digestion of adipose tissue as previously described by
us [11]. Seeded preadipocytes were induced to differentiation
into adipocytes over 15 days as previously described by us [10].
The degree of differentiation was determined by oil red stain-
ing and induction of adiponectin. Differentiated adipocytes
were used for the generation of adipocyte-CM, as recently
described by us [12]. Briefly, CM was generated by culturing
adipocytes for 48 h in VSMC basal medium (PromoCell)
with addition of 50 ng/mL amphotericin b and 50 𝜇g/mL
gentamycin. Each CM was tested for its proliferative effect
and the content of adiponectin (negatively correlated to
proliferation) [10]. A more-detailed characterization of CM
was described previously by us [12, 13]. CM generated from
in vitro differentiated adipocytes was used for all experiments
presented in Figures 1 and 2.

2.3. Generation of CM from Explants of SAT, VAT, and
PAT. Paired biopsies from subcutaneous (SAT) und visceral
adipose tissue (VAT) were obtained from lean patients
without diabetes (𝑛 = 10, body mass index (BMI) of
21 ± 1 kg/m2 aged 67 ± 6), obese patients without diabetes
(𝑛 = 11, BMI of 38 ± 3 kg/m2 aged 56 ± 6 years) and
obese patients with type 2 diabetes (𝑛 = 6, BMI of 37 ±
6 kg/m2 aged 56 ± 5 years) undergoing elective surgery such
as hernia, gall bladder surgery, and other noninflammatory
and nonmalignant causes. Human perivascular (PAT) and
SATbiopsieswere obtained frompatientswith type 2 diabetes
(𝑛 = 5, BMI 29 ± 7 kg/m2, aged 68 ± 9 years) and patients
without type 2 diabetes (𝑛 = 9, BMI 28 ± 4 kg/m2, aged
69 ± 12 years) undergoing coronary artery bypass surgery.
Information on the diabetes status was obtained from the
medical records of the patients. PAT was collected from the
coronary artery and used to generate CM as described [14, 15]
using 100mg of adipose tissue explant to generate 1mL of
CM. After 24 h, CM was collected and stored in aliquots at
−80∘C until further use. CM generated from SAT and VAT
was used for all experiments presented in Figure 3, and CM
generated from SAT and PAT was used for all experiments
presented in Figure 4.
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Figure 1: CM-induced proliferation is mediated by VEGF. (a) VSMC were serum starved for 24 h and subsequently incubated with CM,
100𝜇mol/L OA, or the combination of CM and OA in the presence of BrdU for 18 h. Incorporation of BrdU into DNA was measured. Data
are expressed relative to control, taken as 100%. Data are mean values ± SEM of three independent experiments. ∗𝑃 < 0.05 compared to
control or designated treatment. (b) The proliferative effect of CM correlates significantly with its VEGF content as measured by ELISA.
Statistical result of linear regression analysis is indicated in the graph. (c) VSMC were serum starved for 24 h and subsequently incubated
with 250 pg/mL VEGF, 100𝜇mol/L OA, or the combination of VEGF and OA in the presence of BrdU for 18 h. Incorporation of BrdU into
DNA was measured. Data are expressed relative to control, taken as 100%. Data are mean values ± SEM of three independent experiments.
∗
𝑃 < 0.05 compared to control or designated treatment. (d–f) VSMC were treated with CM, OA, and their combination for 24 h. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with specific VEGF-R1 and -2 antibodies. A representative blot is shown. Data are
mean values ± SEM of three independent experiments. All data were normalized to the level of actin expression and are expressed relative to
the control.

2.4. Culture of Human Vascular SmoothMuscle Cells (VSMC).
Primary human coronary artery VSMC were obtained from
PromoCell (Heidelberg, Germany). VSMC from four differ-
ent donors (Caucasian, male, 23, 31, and 40 years old; female,
56 years old) were used as subconfluent cells of passage 3.
Cells were characterized as VSMC by morphologic criteria
and by immunostaining with smooth muscle 𝛼-actin.

2.5. In Vitro Analysis of VSMC Proliferation. To monitor
DNA synthesis, VSMC were seeded in 96-well culture dishes
and allowed to attach for 24 h, followed by serum starvation

for an additional 24 h period. Cells were then stimulated
for 18 h as outlined above in the presence of BrdU (10 𝜇M).
10.000 VSMC per 15mm2 well were incubated with the
CM of 35.000 adipocytes. The BrdU ELISA Kit was used
to determine proliferation according to the manufacturer’s
protocol. Signals were visualized and evaluated on a LUMI
Imager work station (Boehringer, Mannheim, Germany).

2.6. Immunoblotting. VSMC were treated as indicated and
lysed in a buffer containing 50mM HEPES, pH 7.4, 1%
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Figure 2: VEGF neutralization prevents CM- and OA-induced proliferation. Cells were treated with 250, 500, and 1000 pg/mL VEGF (a),
CM, OA and CMOA (b and d), and accordingly VEGF, OA, and VEGFOA (c) as described in the legend to Figure 1 in the presence or
absence of a specific neutralizing VEGF antibody for 24 h. (a–c) BrdU incorporation into DNA was determined as described in the legend to
Figure 1. Data are expressed relative to control. (d) Total cell lysates were resolved by SDS-PAGE and immunoblotted with a specific VEGF-R1
antibody. For VEGF-R1, lanes were excised from a single western blot and displayed in the present order. Data are mean values ± SEM of
three independent experiments. All data were normalized to the level of actin expression and are expressed relative to the control. ∗𝑃 < 0.05
compared to untreated control or designated data.

TritonX100, complete protease inhibitor, and PhosStop phos-
phatase inhibitor cocktail. After incubation for 2 h at 4∘C, the
suspension was centrifuged at 10.000×g for 15min. There-
after, 5 𝜇g protein of lysates were separated by SDS-PAGE
using 10% horizontal gels and transferred to polyvinylidene
fluorid filters in a semidry blotting apparatus [16]. Filters were
blockedwith Tris-buffered saline, containing 0.1%Tween and
5% nonfat dry milk, and subsequently incubated overnight
with a 1 : 1000 dilution of the appropriate antibodies. After
washing, filters were incubated with secondary HRP-coupled
antibody and processed for enhanced chemiluminescence

detection using Immobilon HRP substrate (Millipore, Bil-
lerica, USA). Signals were visualized and evaluated on a
VersaDoc work station (Bio-Rad Laboratories, Munich, Ger-
many).

2.7. Presentation of Data and Statistics. Data are expressed as
mean ± SEM. One-way ANOVA (post hoc test: Bonferroni’s
multiple comparison test) was used to determine statistical
significance. All statistical analyses were done using Prism
(GraphPad, La Jolla, USA) considering a 𝑃 value of less than
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Figure 3: VEGF release is higher fromVATof obese subjects correlatingwith induction of VSMCproliferation. (a) VEGF content of CM from
VAT and SAT was measured in duplicates by ELISA. (b and d) VSMC were treated with CM from paired SAT and VAT of lean nondiabetic
(ND), obese ND, and obese type 2 diabetes (Diab) patients for 24 h. For (d), VSMC were treated in the presence or absence of a VEGF-
neutralizing antibody. VSMC proliferation was determined by measuring the incorporation of BrdU into DNA. Data are expressed relative to
the basal control value, which was set as 100%. Data are presented as mean ± SEM from five independent experiments. For (d), all data were
normalized to the level of actin expression and are expressed relative to the control ∗𝑃 < 0.05 compared to control or designated data. For
(d), lanes were excised from a single western blot and displayed in the presented order. (c)The proliferative effect of CM from VAT correlates
significantly with its VEGF content as measured by ELISA. Statistical result of linear regression analysis is indicated in the graph.

0.05 as statistically significant. Corresponding significance
levels are indicated in the figures.

3. Results

3.1. VEGF Content of CM Correlates with CM-Induced Pro-
liferation. We have previously shown that CM from in vitro
differentiated human adipocytes induces proliferation of
human coronary artery VSMC with a large majority of the
CMs tested inducing a prominent proliferation of more than
2-fold compared to control [10]. While CM and OA induce
similarly strong proliferation of VSMC, their combination
increased the proliferation in a synergistic way (Figure 1(a)),
as reported previously [10]. The proliferative effect of CM
negatively correlated with its adiponectin concentrations, but
no correlation was found with IL-6 in CM [10]. Correlating
CM content of growth inducing factors to CM-induced pro-
liferation, we found that CM-induced proliferation strongly

correlated with the VEGF content of the respective CM
(Figure 1(b)). When replacing CM by VEGF at the average
concentration found in the tested CM (250 pg/mL human
recombinant VEGF), the proliferative effect of CM could
be mimicked (Figure 1(c)) in accordance with previous data
[10]. Treatment with CM, OA, or the combination of CMOA
induced VEGF secretion of VSMC (control 178 ± 20 pg/mL,
CM-treated 507 ± 20 pg/mL, OA-treated 414 ± 52 pg/mL,
and CMOA-treated cells 1109 ± 69 pg/mL, 𝑛 = 4) as
previously described [10]. These data suggest that VSMC
significantly contribute to proliferation by releasingVEGF for
autocrine/paracrine stimulation. CM and the combination
of CMOA also increased the expression of VEGF-R1 and -2,
whereas OA had no effect on its expression (Figures 1(d)–
1(f)).

3.2. VEGF Is an Important Factor for CM- and OA-Induced
VSMC Proliferation. In order to assess the importance of
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Figure 4: VEGF release is higher from PAT of type 2 diabetic patients correlating with VSMC proliferation and VEGF-R1/2 expression.
(a) VEGF content of CM from PAT and SAT was measured in duplicates by ELISA. (b) VSMC were treated with CM from paired SAT and
PAT of patients with type 2 diabetes (Diab) and nondiabetics controls (ND) for 24 h. The proliferation was determined by measuring the
incorporation of BrdU into DNA. Data are expressed relative to the basal control value, which was set as 100%. Data are presented as mean ±
SEM from five independent experiments. (c–e) Total cell lysates were resolved by SDS-PAGE and immunoblotted with specific VEGF-R1 and
2 antibodies. Data are mean values ± SEM of three to five independent experiments. All data were normalized to the level of actin expression
and are expressed relative to the control. ∗𝑃 < 0.05 compared to control or designated data.

VEGF in CM-induced proliferation, VEGF was neutralized
with a specific antibody. To establish effective VEGF neutral-
ization, VEGF was applied at concentrations ranging from
250 pg/mL to 1 𝜇g/mL, whichmimics both the average VEGF
concentration in CM and spans to the highest VEGF release
by VSMC observed after CMOA treatment (Figure 2(a)).
Neutralizing VEGF prevented the CM-, VEGF-, and OA-
induced proliferation completely (Figures 2(b) and 2(c)),
underlining our hypothesis that CM and OA increase VSMC
proliferation via VEGF. VEGF blocking significantly reduced
the proliferative effect of the combination CMOA, which is
still elevated compared to untreated control (Figure 2(b)),
illustrating that under this condition VEGF is not the only
factor involved in the proliferative effect. Furthermore, the
induction of VEGF-R1 by CM and the combination of CM
and OA was also completely prevented by VEGF blocking
(Figure 2(d)).

3.3. VEGF Release Is Higher from VAT of Obese Subjects Com-
pared to SAT and VAT from Lean Controls Correlating with

VSMC Proliferation. VEGF release from VAT was signifi-
cantly higher compared to SAT in both obese subjectswithout
type 2 diabetes and with type 2 diabetes (Figure 3(a)). On the
other hand, VEGF release was low and comparable fromVAT
and SAT of lean subjects. Accordingly, VSMC proliferation
was induced by CM from VAT of obese subjects, but not
by CM from SAT, VAT from lean patients, and SAT from
obese patients (Figure 3(b)). Similar to CM derived from
human adipocytes (see Figure 1(b)), the VEGF content of CM
fromVAT correlated significantly with the proliferative effect
of the respective CM (Figure 3(c)). However, VEGF content
of CM from SAT was not correlated to proliferation (data
not shown). Neutralization of VEGF prevented proliferation
induced by CM from VAT of obese subjects with type 2
diabetes (Figure 3(d)).

3.4. PAT of Type 2 Diabetic Patients Releases Increased
Amounts of VEGF and Induces Significant Proliferation of
VSMC. The release of VEGF was comparable from SAT and
PAT of the nondiabetic subjects and from SAT of patients
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with type 2 diabetes (Figure 4(a)) while its release by PAT of
type 2 diabetic patients was significantly increased. Accord-
ingly, CM from PAT of type 2 diabetic patients induced
the strongest proliferative effect on VSMC (Figure 4(b)). In
both groups of patients, CM from PAT induced a stronger
proliferation as compared to CM from SAT. Furthermore,
CM from PAT of patients with type 2 diabetes induced a 2-
to 4-fold increase of VEGF-R1 and -2 expression in VSMC
(Figures 4(c) and 4(d)). In contrast, PAT of nondiabetics
exerted a comparable effect to the respective SAT. Our
findings suggest that VEGF may be an important adipokine
produced in PAT especially frompatients with type 2 diabetes
that might directly induce proliferation and expression of
VEGF-R1 in VSMC.

4. Discussion

Obesity is strongly related to the development of cardiovas-
cular diseases, and adipokines have been suggested to be a
molecular link in this relationship [4, 17]. This study was
designed to elucidate mechanisms on how the secretory out-
put from adipose tissue is related to VSMC proliferation. We
could show in a previous study that CM of in vitro differen-
tiated adipocytes induces proliferation of VSMC in negative
correlation to the adiponectin content of CM [10]. Searching
for an active component of CM being responsible for VSMC
proliferation, we found VEGF in CM to be significantly
correlated with proliferation. VEGF is traditionally known as
an endothelial cell-specific growth factor, which modulates
vascular disease by inducing endothelial proliferation mainly
through the VEGF-R2 [18]. However, an increase of VEGF
and VEGF-Rs could be observed in other injured cells of
the arterial wall like monocytes and VSMC [19]. Vascular
inflammation and the proliferation of endothelial cells as
well as VSMC are enhanced through angiotensin II-induced
VEGF release and expression of VEGF-R [20–23].

Here, we report that CM and OA as well as their
combination induce release of VEGF also by VSMC, which in
turnmight autostimulate proliferation.This effect is similar to
hypoxia-induced proliferation of VSMC, where an autocrine
proliferative action ofVEGFhas been described [24]. In addi-
tion, it has been described that proinflammatory stimulation
with angiotensin II and IL-1beta and activation of JNK induce
VEGF release by VSMC [25, 26]. It might be speculated that
proinflammatory adipokines present in CM are, therefore,
responsible for the induction of VEGF. Furthermore, VEGF
might autostimulate its release whichmight be worth to study
in the future. In addition to stimulating the release of VEGF
fromVSMC, CM induced VEGF-R1 and -2 expression which
mediate proliferation and migration of VSMC [27]. Our data
suggest that both VEGF-Rs are regulated by VEGF itself,
as neutralizing VEGF prevented CM-induced expression of
these receptors in parallel to proliferation. In fact, a regulation
of VEGF-R2 by VEGF has already been proposed [28].
Interestingly, OA stimulates VEGF secretion but not the
expression of VEGF-Rs. As oleic acid has complex effects on
VSMC, it can only be speculated that it directly or indirectly
affects VEGF-R expression by still unknown mechanisms.

VEGF is a proinflammatory factor [29, 30], and we
previously demonstrated that CM activates NF-𝜅B signaling
that is essential for CM-induced proliferation [10]. VEGF is
not primarily activating NF-𝜅B at concentrations measured
and used in this study [29]. However, CM contains various
adipokines including MCP-1 and chemerin [12, 31] that have
been described to strongly activate NF-𝜅B. Activated NF-
𝜅B could then in turn lead to increased VEGF expression
and release as described in the literature [32]. Thereby,
proinflammatory factors in CM may contribute to prolifer-
ation by inducing VEGF via NF-𝜅B. Blocking VEGF with a
specific neutralizing VEGF-antibody reduced the CM, OA,
and VEGF-induced proliferation of VSMC completely. In
contrast, the strong proliferative effect of the combination
of CM and OA was not totally prevented, illustrating that
VEGF is not the only important factor for the synergism of
CMOA. As CM contains various adipokines such as IL-6,
IL-8, or MCP-1 [12], it is possible that some of these factors
induce proliferation in addition to VEGF and that these
factors might also be involved in the synergistic effects of
CM and OA. Several adipokines such as leptin and resistin
affected VSMC proliferation and function [33, 34] but are
not probable to play a role in this scenario. Leptin release by
adipocytes differentiated in vitro is too low to explain CM-
induced proliferation [35], and resistin is only secreted from
mouse but not from human adipocytes [12].

We show here that VEGF release is higher from VAT
of obese subjects irrespective of their metabolic status. Pre-
vious studies have shown that VEGF expression is already
increased along with increased inflammatory adipokines in
VAT of children compared to SAT [36]. In adults, VEGF
expression in obese patients is higher in VAT as compared
to SAT [37]. Increased VEGF expression might be associated
with higher inflammation in VAT as VEGF expression, and
secretion is stimulated by inflammatory cytokines such as
IL-6 [38]. Recently, it has also been suggested that hypoxia
can induce VEGF expression in expanded adipose tissue
[39]. VEGF in adipose tissue is recently discussed both
as a “bad” and a “good” guy. One important function of
VEGF within adipose tissue is to stimulate angiogenesis,
which is crucial for increasing blood capillaries in expanding
adipose tissue by stimulating endothelial cell growth. Here,
VEGF is described as beneficial for preventing adipose tissue
hypoxia and thus inflammation. In fact, several groups have
demonstrated that inducible overexpression of VEGF in
adipose tissue prevents obesity-induced hypoxia and inflam-
mation in adipose tissue in parallel to improved metabolic
phenotype [40–42]. Conversely, adipose-specific ablation of
VEGF decreases vascularization and increases inflammation
together with deteriorated metabolic control in high-fat diet-
treatedmice [42]. In the context of existing obesity, increased
VEGF expression is rather seen as another stimulator of
proinflammatory adipocytes further deteriorating adipose
tissue function. Here, inducible ablation of VEGF in adipose
tissue protects fromobesity and induces brown adipose tissue
within white adipose tissue in mice [43]. Taken together
with another similar study using different mouse models
[41], it has been suggested that the effects of VEGF within
adipose are context dependent. While high VEGF expression



8 Mediators of Inflammation

in already expanded adipose tissue deteriorates metabolic
control, increased angiogenic activity by VEGF induction
during expansion of adipose tissue is beneficial to maintain
normal metabolic function. As no detailed studies on VEGF
expression of human adipose tissue during obesity develop-
ment exist, further work is needed to expand this view to the
human situation.

It has been proposed that PAT is involved in a paracrine
crosstalk with cells of the vascular wall and that adipokines
are major players in mechanisms linking PAT to inflamma-
tion and vascular dysfunction [44, 45]. Here, we demonstrate
that PAT from patients with type 2 diabetes is characterized
by a significantly higher VEGF release as compared to SAT
and also compared to PAT from nondiabetics. Higher VEGF
release is paralleled by a stronger induction of VEGF-R1 and
-2. The use of paired biopsies from human SAT and PAT
further strengthens the notion of VEGF release from PAT
for a potential paracrine crosstalk. The VEGF content of CM
from SAT and PAT from patients without diabetes as well as
SAT from type 2 diabetic subjects was similar but did not have
the same effect onVSMCproliferation. It should be noted that
the use of adipose tissue explants is a more complex setting
than using CM from adipocytes as the secretory output from
adipose tissue explants also contains factors derived from
other cell types present in adipose tissue as preadipocytes and
macrophages. Further work will be needed to elucidate the
differences in adipokine expression and secretion between
PAT and other fat depots in health and disease in order to
identify other putative factors responsible for PAT-induced
vascular dysfunction.

A limitation of the study is that the small amounts of
CM that could be prepared from the surgical biopsies from
PAT disallowed experiments assessing the impact of VEGF
neutralizing antibodies. In this respect, it should be noted that
the secretory profile of human adipocytes and adipose tissue
biopsies is complex, as illustrated for example, by disease and
depot-specific differences in the adipokines released [15, 46].
The fact that VEGF content and the potential of PAT-derived
conditioned media to induce VSMC proliferation do not
seem to fully correlate suggests that a contribution of other
adipokines cannot be excluded. For example, activinA,which
is released in substantial amounts from epicardial adipose
tissue, which is highly related to PAT [15, 47], has also been
linked to VSMC proliferation [48]. Notably, activin A release
is elevated in epicardial adipose tissue from patients with
type 2 diabetes and may thus explain higher proliferation
of VSMC treated with CM from PAT of patients with type
2 diabetes and PAT of patients without diabetes compared
to SAT of patients without diabetes despite similar VEGF
content in these CMs. Differently from PAT-induced VSMC
proliferation, VAT-induced proliferation could be explained
by higher VEGF content in CM from VAT of obese patients
with type 2 diabetes and completely prevented by VEGF
neutralization. Therefore, further studies remain required
to further detail the impact of PAT-derived adipokines on
VSMC proliferation.

In conclusion, our results demonstrate that VEGF
is mediating CM-induced proliferation of VSMC. As an
adipokine and growth factor that is released in high amounts

from VAT of obese patients and PAT of patients with type 2
diabetes compared to SAT of lean and nondiabetic controls,
VEGF might be a link between adipose tissue inflammation
and abnormal VSMC proliferation.
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Peroxisome Proliferator Activated Receptor (PPAR)-𝛿 agonists may serve for treating metabolic diseases. However, the effects of
PPAR-𝛿 agonism within the skeletal muscle, which plays a key role in whole-body glucose metabolism, remain unclear. This study
aimed to investigate the signaling pathways activated in the gastrocnemiusmuscle by chronic administration of the selective PPAR-
𝛿 agonist, GW0742 (1mg/kg/day for 16 weeks), in male C57Bl6/J mice treated for 30 weeks with high-fructose corn syrup (HFCS),
themajor sweetener in foods and soft-drinks (15%wt/vol in drinkingwater).Mice fedwith theHFCS diet exhibited hyperlipidemia,
hyperinsulinemia, hyperleptinemia, and hypoadiponectinemia. In the gastrocnemius muscle, HFCS impaired insulin and AMP-
activated protein kinase signaling pathways and reduced GLUT-4 and GLUT-5 expression and membrane translocation. GW0742
administration induced PPAR-𝛿 upregulation and improvement in glucose and lipid metabolism. Diet-induced activation of
nuclear factor-𝜅B and expression of inducible-nitric-oxide-synthase and intercellular-adhesion-molecule-1 were attenuated by drug
treatment. These effects were accompanied by reduction in the serum concentration of interleukin-6 and increase in muscular
expression of fibroblast growth factor-21. Overall, here we show that PPAR-𝛿 activation protects the skeletal muscle against the
metabolic abnormalities caused by chronic HFCS exposure by affecting multiple levels of the insulin and inflammatory cascades.

1. Introduction

In healthy humans, skeletal muscle accounts for ∼70–80%
of the insulin-stimulated glucose uptake, being the major
site of glucose disposal and, thus, exerting a key role in
regulating whole body glucose homeostasis. Accordingly,
understanding changes that occur to this tissue during
obesity and diabetes development is crucial to elucidate the
underlying causes of insulin resistance and to reveal new
targets for its treatment. Insulin resistance in skeletal muscle
has long been recognized as a characteristic feature of type
2 diabetes and plays a major role in the pathogenesis of
the disease [1]. Although several epidemiological data have

shown that the consumption of added sugars as ingredients
in processed or prepared foods and caloric beverages has
dramatically increased over the last decades, most of the
experimental studies investigating the development of insulin
resistance in the skeletal muscle have been based on genetic
manipulation or use of high fat diets [2–4]. In contrast, the
molecular mechanisms underlying the detrimental effects of
sugar, mainly those on skeletal muscle, are not completely
understood. In the present study, we used a previously
developedmousemodel of chronic exposure to high-fructose
corn syrup (HFCS) [5] to investigate the deleterious effects
of high sugar intake on skeletal muscle. HFCS syrup, used
as an ingredient in processed or prepared foods and caloric
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beverages, is synthesized by refining corn starch, contains
55% fructose and 42% glucose and to date accounts for over
40% of all added caloric sweeteners [6].

The Peroxisome Proliferator Activated Receptor (PPAR)
superfamily of transcription factors, that includes the iso-
forms PPAR-𝛼, PPAR-𝛿, and PPAR-𝛾, has been widely shown
to exert crucial roles in energy homeostasis regulation and
glucose metabolism. PPAR isoforms display tissue-specific
expression and gene-regulatory profiles. PPAR-𝛿, one of
the most promising pharmacological target implicated in
obesity-associated insulin resistance [7], is highly expressed
in skeletal muscle, at 10- and 50-folds higher levels compared
with PPAR-𝛼 and PPAR-𝛾, respectively [8]. However, its
potential effects in affecting skeletal muscle glucose intake
and insulin sensitivity are only now being elucidated. Schuler
et al. [9] showed that mice in which PPAR-𝛿 is selectively
ablated in skeletal myocytes exhibit fiber-type switching,
obesity, and type 2 diabetes. Besides, a very recent paper
has suggested that the improvement of glucose homeostasis
by angiotensin receptor blockers in hypertensive patients
involves a selective PPAR-𝛿 activation in the skeletal muscle
[10]. So far, the exact molecular mechanisms underlying the
observed PPAR-𝛿-induced changes have not yet been deter-
mined. Hence, the present study aimed to determine whether
chronic administration of the selective PPAR-𝛿 agonist
GW0742 in HFCS-fed mice may ameliorate the impairment
of signaling pathways triggered in skeletal muscles by chronic
high sugar intake. Several studies have revealed that a large
number of muscle-derived secretory cytokines (collectively
termed myokines) can act locally in an autocrine/paracrine
manner, linking skeletal muscle to regulation of physiological
processes in other tissues. We have, thus, also investigated
whether PPAR-𝛿 agonism may affect the serum levels of the
well-known myokine interleukin-6 (IL-6) and the muscular
expression of a member of the fibroblast growth factor (FGF)
superfamily, FGF-21, a recently identified myokine involved
in the interorgan communication [11]. To further extend our
investigation on the ability of PPAR-𝛿 agonism to modulate
inflammatory pathways involved in local insulin resistance
pathogenesis, the effects of PPAR-𝛿 activation on nuclear
translocation of the transcription nuclear factor-kappaB (NF-
𝜅B) and expression of its target genes have also been studied.

2. Materials and Methods

2.1. Animals and Diets. Four-week-old male C57Bl6/J mice
(Harlan-Italy; Udine, Italy) were housed in a controlled
environment at 25 ± 2∘C with alternating 12-h light and dark
cycles. They were provided with a Piccioni pellet diet (n. 48,
Gessate Milanese, Italy) and water ad libitum. All the animals
were fed with a normal pellet diet for 1 week prior to the
experiment. The animals were then allocated to two dietary
regimens, chow diet and normal drinking water (control)
or a chow diet and 15% (wt/vol) HFCS solution in drinking
water (HFCS) for 30 weeks. All diets contained a standard
mineral and vitamin mixture. The concentration of HFCS
solution as well as the period of dietary manipulation was
chosen according to previous animal studies investigating the

metabolic effects of long-term (6-7 months) access to HFCS.
Body mass, intake of water, and food were recorded weekly.
Animal care was in compliance with Italian regulations on
the protection of animals used for experimental and other
scientific purposes (DM 116/92), and the experiment was
approved by the Turin University Ethics Committee.

2.2. Drug Administration. After the initial period of 14 weeks
of dietary manipulation, each of the two diet groups (control
and HFCS diet) was further subdivided to obtain four
different treatment groups: chow diet and normal drinking
water (control, 𝑛 = 10), chow diet supplemented with
GW0742 (1mg/kg/day) and normal drinking water (control+
GW, 𝑛 = 6), chow diet and 15% (wt/vol) HFCS solution in
drinking water (HFCS, 𝑛 = 10), and chow diet supplemented
with GW0742 (1mg/kg/day) and 15% (wt/vol) HFCS solution
in drinking water (HFCS + GW, 𝑛 = 10). The drug was
daily administered with the food for the last 16 weeks, and
the mice were allowed to continue to feed on their respective
diets until the end of the study. GW0742 is a highly potent
and selective PPAR-𝛿 agonist (murine EC

50
: 28 nM for PPAR-

𝛿; 8,900 nM for PPAR-𝛼; >10,000 nM for PPAR-𝛾), with an
acceptable pharmacokinetic profile and activity in vivo [12].
The dose and the kinetics of administration were chosen
based on those we have previously shown to improve glucose
tolerance and insulin sensitivity in vivo [5].

2.3. Oral Glucose Tolerance Test (OGTT). One day before the
mice were due to be killed, the OGTT was performed after
a fasting period of 6 h by administering glucose (2 g/kg) by
oral gavage. Once before administration and 15, 30, 60, 90,
120, and 150min afterward, blood was obtained from the
saphenous vein, and glucose concentration was measured
with a conventional Glucometer (Accu-Check Compact kit,
Roche Diagnostics Gmbh, Mannheim, Germany).

2.4. Blood Biochemical Analysis. After 16 weeks from the
start of the drug treatment (i.e., after 30 weeks of dietary
manipulation), the mice were anaesthetised with i.p. injec-
tion (30mg/kg) of Zoletil 100 (Laboratories Virbac, France)
and killed by aortic exsanguination. Blood samples were
collected, and plasma was isolated. Glycemia was measured
using the Accu-Check Compact kit. The serum lipid profile
was determined by measuring the content of triglycerides,
total cholesterol, high-density lipoprotein (HDL), and low
density lipoprotein (LDL) by standard enzymatic procedures
using reagent kits (Hospitex Diagnostics, Florence, Italy).
Plasma leptin and adiponectin levels were measured using
enzyme-linked immunosorbent assay (ELISA) kits (Leptin
and Adiponectin Mouse ELISA Kits, Abcam, Cambridge
UK).The gastrocnemius muscle and epididymal fat were iso-
lated, weighed, rapidly freeze-clamped with liquid nitrogen,
and stored at −80∘C.

2.5. Tissue Extracts. Gastrocnemius extracts were prepared
using the Meldrum method [13] with modification. Briefly,
gastrocnemius were homogenised at 10%(w/v) in a Potter-
Elvehjem homogenizer (Wheaton, NJ, USA) using a
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homogenisation buffer containing 20mM HEPES, pH
7.9, 1mM MgCl

2
, 0.5mM EDTA, 1mM EGTA, 1mM

dithiothreitol (DTT), 0.5mM phenylmethylsulfonyl fluoride
(PMSF), 5 𝜇g/mL aprotinin, and 2.5𝜇g/mL leupeptin.
Homogenates were centrifuged at 4000 RPM at 4∘C for
5min. Supernatants were removed and centrifuged at
14000 RPM at 4∘C for 40 minutes to obtain the cytosolic
fraction. The pelleted nuclei were resuspended in an
extraction buffer and centrifuged at 14000 RPM for 20
minutes at 4∘C. The supernatants thus obtained, containing
nuclear proteins, were carefully removed. The amount of
proteins contained in the cytosolic and nuclear fraction
was determined using a BCA protein assay following the
manufacturers’ instructions. Samples were stored at −80∘C
until use.

2.6. Skeletal Muscle Triglyceride Level. Skeletal muscle trigly-
cerides were extracted from gastrocnemius homogenates and
assayed using reagent kits according to the manufacturer’s
instructions (TriglycerideQuantificationKit, AbnovaCorpo-
ration, Aachen, Germany).

2.7. Western Blot Analysis. About 60𝜇g of total proteins was
loaded for western blot experiments. Proteins were separated
by 8% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to a polyvinyldene
difluoride (PVDF) membrane, which was then incubated
with a primary antibody (rabbit anti-PPAR-𝛿, dilution 1 : 500;
rabbit antitotal GSK-3𝛽, dilution 1 : 200; goat anti-pGSK-3𝛽
Ser9, dilution 1 : 200; rabbit antitotal Akt, dilution 1 : 1000;
mouse anti-pAkt Ser473, dilution 1 : 1000; goat anti-ICAM-
1, dilution 1 : 500; rabbit antitotal IRS-1, dilution 1 : 200; goat
anti-pIRS-1 Ser307, dilution 1 : 200; rabbit anti-GLUT-4, dilu-
tion 1 : 2000; rabbit anti-GLUT-5, dilution 1 : 100; rabbit anti-
iNOS, dilution 1 : 200; rabbit anti-NF-𝜅B dilution 1 : 1000;
rabbit antitotal AMPK, dilution 1 : 1000; rabbit anti-pAMPK
Thr172, dilution 1 : 1000; rabbit antitotal ACC, dilution 1 : 500;
rabbit anti-pACC Ser79, dilution 1 : 1000; rabbit anti-CPT-1,
dilution 1 : 200). Blots were then incubated with a secondary
antibody conjugated with horseradish peroxidase (dilution
1 : 10000) and developed using the ECL detection system.The
immunoreactive bands were visualised by autoradiography
and the density of the bands was evaluated densitometrically
using Gel-Pro Analyzer 4.5, 2000 software (Media Cybernet-
ics, Silver Spring, MD, USA). The membranes were stripped
and incubated with tubulin monoclonal antibody (dilution
1 : 5000) and subsequently with an anti-mouse antibody
(dilution 1 : 10000) to assess gel-loading homogeneity.

2.8. Immunohistochemistry. Immunohistochemical staining
was performed on 10-𝜇m acetone fixed cryostatic sections of
gastrocnemius. Nonspecific binding sites were blocked for 1 h
with 3% BSA in PBS. For immunodetection of glucose trans-
porter type-4 (GLUT-4), sections were incubated overnight
with rabbit anti-GLUT-4 antibody (Abcam), dilution 1 : 200,
and for 1 hour with goat anti-rabbit IgG-HRP conjugated
secondary antibody (Bio-Rad Laboratories, Hercules, CA,
USA). For detection of glucose transporter type 5 (GLUT-5),

sections were incubated overnight with rabbit anti-GLUT-5
antibody (Abcam), dilution 1 : 50, for 1 hour with swine anti-
rabbit IgG-biotinylated secondary antibody (Dako, Glostrup,
Denmark), and for 1 hour with Streptavidin HRP conjugate
(Southern Biotech, Birmingham, AL, USA). The specific
staining was detected with diaminobenzidine (DAB, Sigma-
Aldrich), and sections were visualized with Olympus-Bx4I
microscope connected by a photographic attachment (Carl
Zeiss, Oberkochen, Germany). For each antibody, a negative
control was included in which the primary antibody was
replaced with a nonimmune isotypic control antibody.

2.9. Determination of IL-6 and FGF-21. Serum levels of IL-
6 and FGF-21 levels in gastrocnemius homogenates were
measured by ELISA according to the manufacturer’s instruc-
tions (Mouse FGF-21 and IL-6 ELISA kits, R&D Systems,
Abingdon, UK).

2.10. Materials. Unless otherwise stated, all compounds were
purchased from the Sigma-Aldrich Company Ltd. (St. Louis,
MO, USA). The BCA Protein Assay kit and SuperBlock
blocking buffer were from Pierce Biotechnology Inc. (Rock-
ford, IL, USA), and PVDF was from the Millipore Corpora-
tion (Bedford, Massachusetts, USA). Antibodies were from
Cell-Signaling Technology (Beverly, MA, USA), Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and Abcam (Cam-
bridge, CB, UK). The anti-mouse, anti-rabbit, and anti-goat
horseradish peroxidase-linked antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), and Luminol
ECL was from PerkinElmer (WalthamMassachusetts, USA).

2.11. Statistical Analysis. All values in both the text and
figures are expressed as mean ± SD for n observations.
One-way analysis of variance with Dunnett’s post-hoc test
was performed using the GraphPad Prism version 4.02 for
Windows (GraphPad Software, San Diego, California, USA),
and 𝑃 values below 0.05 were considered as significant.

3. Results

3.1. Effects of HFCSDiet and GW0742 Administration on Body
Mass Change, Food Intake, and Blood Parameters. After 30
weeks of dietary manipulation, mice on HFCS group had
significantly higher body mass than the control group, with
an increase in body mass over 30% (36.00 ± 1.41 g versus
32.25 ± 1.67 g; 𝑃 < 0.01), whereas GW0742 administration
induced a slight but not significant reduction in body mass
(35.00 ± 2.83 g). Epididymal fat mass was increased by HFCS
manipulation in comparison to control diet (4.22 ± 0.35%
body mass versus 3.66 ± 0.29% body mass; 𝑃 < 0.01), and
values were reduced to the control level by drug administra-
tion (3.86 ± 0.33% body mass). In contrast, neither dietary
manipulation nor drug treatment affected gastrocnemius
mass (% body mass: 0.97 ± 0.19 control, 0.92 ± 0.09 HFCS,
and 0.92 ± 0.06 HFCS + GW). As we previously reported
[5], the HFCS diet caused a significant increase in serum
triglycerides, total cholesterol, and LDL concentrations and a
marked decrease in the HDL levels. GW0742 administration
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reverted the deleterious effects of HFCS diet on the serum
lipid profile. Interestingly, theHFCSdiet significantly affected
insulin sensitivity. A significant increase in serum insulin
levels was observed in mice of HFCS group compared to
controlmice (2.26±0.51 𝜇g/L versus 1.27±0.07 𝜇g/L), and this
increase was almost completely abolished by GW0742 (1.51±
0.46 𝜇g/L). Fasting glucose concentrations were elevated in
serum of HFCS animals in comparison to control animals
(103.4 ± 12.0mg/dL versus 78.7 ± 0.3mg/dL) and reduced
to control levels by GW0742 (81.3 ± 10.9mg/dL). Moreover,
HFCS mice showed a significant impairment in glucose
tolerance to exogenously administered glucose. Although all
the groups reached a glycemic peak at 15min postglucose
challenge (control: 223.1 ± 12.0mg/dL; HFCS: 212.7 ±
7.3mg/dL; HFCS+GW: 198.8 ± 10.3mg/dL), glycemic levels
at 30–60min post glucose challenge in HFCS-fed mice were
higher than those recorded in the control group (30min:
182.9±8.3mg/dL versus 129.4±8.0mg/dL, 𝑃 < 0.05; 60min:
130.7 ± 10.3mg/dL versus 96.8 ± 4.0mg/dL, 𝑃 < 0.05).
GW0742 significantly (𝑃 < 0.05) improved glucose tolerance
in HFCS-fed mice, showing significantly reduced glucose
concentrations at both 30 and 60min postglucose challenge
(89.7 ± 5.2mg/dL and 86.7 ± 4.3mg/dL, resp.).

Data on the effects of dietary manipulation and chronic
GW0742 treatment on serum levels of IL-6, adiponectin, and
leptin are reported in Table 1. The experimental diet caused
a more than fourfold increase in serum IL-6 concentrations,
whereas GW0742 administration significantly decreased the
IL-6 levels. Adiponectin and leptin showed different patterns:
in fact, the level of adiponectin in HFCSmice was lower than
in control mice, while that of leptin increased versus controls.
When GW0742 was administered to HFCS mice there was
a significant increase (𝑃 < 0.01) in the adiponectin levels
associated with a significant decrease (𝑃 < 0.01) in leptin
serum concentration.

It must be noted that in control mice GW0742 had no
significant effect on any of the previously describedmetabolic
parameters.

3.2. Effect of GW0742 on Skeletal Muscle PPAR-𝛿 Expression.
As shown in Figure 1, HFCS diet did not affect PPAR-
𝛿 protein level expression in the mouse gastrocnemius.
In contrast, daily administration of GW0742 resulted in a
twofold increase in expression of its pharmacological target,
withmaximumeffect in the presence of dietarymanipulation.

3.3. The Effects of HFCS Diet on Insulin Signal Transduction
Were Reverted by GW0742 Administration. The HFCS diet
did not alter the protein expression of IRS-1, Akt, or GSK-
3𝛽 compared to the control group. However, HFCS caused
a marked increase in Ser307 phosphorylation of IRS-1 in
parallel with reduced Ser473 phosphorylation of Akt (Figures
2(a) and 2(b)). Ser9 phosphorylation of GSK-3𝛽, a down-
stream target of Akt, was also reduced in the presence of
HFCS (Figure 2(c)), suggestive of impaired insulin signaling
downstream of IRS-1. Most notably, GW0742 significantly
attenuated all the effects of HFCS on IRS-1, Akt, and GSK-3𝛽
phosphorylation, measured at the steady state.
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Figure 1: Effects of dietary manipulation and GW0742 treat-
ment on PPAR-𝛿 expression in the mouse gastrocnemius. Protein
expression was measured by western blot analysis in gastrocnemius
homogenates of mice fed with a standard (control) or HFCS
diet (HFCS) in the absence or presence of GW0742 treatment
(1mg/kg/day) (control+GW; HFCS+GW). Densitometric analysis
of the bands is expressed as relative optical density (O.D.), corrected
for the corresponding tubulin, and normalized using the related
control band. Data are means ± SD of three separate experiments.
∗
𝑃 < 0.01 versus HFCS.

3.4. Effects of HFCS Diet and GW0742 Treatment on GLUT-
4 and GLUT-5 Expression and Translocation. In compari-
son to control animals, GLUT-4 expression was reduced
in the gastrocnemius of HFCS mice, without reaching a
statistical significance, and increased following drug treat-
ment (Figure 3(a)). Similarly, the HFCS diet markedly
reduced GLUT-5 expression, whereas GW0742 administra-
tion resulted in a significant increase in GLUT-5 expression
(Figure 3(c)). Notably, GW0742 treatment not only increased
carriers expression levels but also induced a significant mem-
brane translocation, thus increasing muscle glucose uptake
(Figures 3(b) and 3(d)).

3.5. Effects of HFCS Diet and GW0742 Treatment on Skeletal
Muscle Triglyceride Content and AMPK/ACC and CPT-1 Sig-
naling Pathway. The triglyceride content was doubled in the
gastrocnemius ofHFCSmice in comparisonwith control ani-
mals, whereas skeletal muscle triglyceride accumulation was
significantly reduced by GW0742 administration (Figure 4).

Changes in the phosphorylation/activation of the AMP-
activated protein kinase (AMPK)/acetyl-CoA carboxylase
(ACC) system, whose central role in the regulation of
cellular lipid homeostasis is well known, were evalu-
ated by immunoblotting experiments on gastrocnemius
homogenates. As reported in Figure 5, there was no signifi-
cant effect of HFCS feeding or drug treatment on total AMPK
and ACC protein content. In contrast, chronic HFCS expo-
suremarkedly reducedThr172 phosphorylation of AMPK and
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Table 1: Effects of chronic in vivo treatment with GW0742 on mouse blood parameters after 30 weeks of dietary manipulation.

Control (𝑛 = 10) Control + GW0742 (𝑛 = 6) HFCS (𝑛 = 10) HFCS + GW0742 (𝑛 = 10)
IL-6 (pg/mL) 20.80 ± 2.11 18.90 ± 4.22 91.55 ± 16.47∗ 28.80 ± 7.99§

Adiponectin (𝜇g/mL) 4.53 ± 0.23 4.75 ± 0.46 1.93 ± 0.08∗ 3.69 ± 0.43∗§

Leptin (pg/mL) 206.65 ± 18.77 198.07 ± 22.17 446.67 ± 52.61∗ 266.12 ± 41.21∗§

HFCS: high-fructose corn syrup; IL-6: interleukin-6.
Data are means ± S.D.
∗
𝑃 < 0.01 versus Control.

§
𝑃 < 0.01 versus HFCS.
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Figure 2: Effects of GW0742 treatment on insulin signal transduction in the gastrocnemius of mice fed with HFCS diet. Total IRS-1 protein
expression and Ser307 phosphorylation (a), total Akt protein expression and Ser473 phosphorylation (b), and total GSK-3𝛽 protein expression
and Ser9 phosphorylation (c) were analyzed by western blot on the gastrocnemius homogenates obtained from mice fed with a standard
(control) or HFCS diet (HFCS) for 30 weeks and treated with GW0742 (1mg/kg/day) added during the last 16 weeks (control +GW; HFCS+
GW). Densitometric analysis of the bands is expressed as relative optical density (O.D.), corrected for the corresponding tubulin contents,
and normalized using the related control band. The data are means ± SD of three separate experiments. ∗𝑃 < 0.01 versus HFCS.
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Figure 3: Effects of two dietary regimens either normal (control) or a diet enriched with 15%HFCS solution (HFCS) onGLUT-4 andGLUT-5
expression (resp., (a) and (c)) and membrane translocation (resp., (b) and (d), original magnification: 400x) in the gastrocnemius of mice
treated with GW0742 (1mg/kg/day, control +GW; HFCS +GW). Densitometric analysis of the bands is expressed as relative optical density
(O.D.), corrected for the corresponding tubulin, and normalized using the related control band. Data are means ± SD of three separate
experiments. ∗𝑃 < 0.01 versus HFCS.

its substrate Ser79 ACC. Interestingly, GW0742 treatment led
to a robust increase in phosphorylation of both AMPK and
ACC in HFCS-fed mice (Figures 5(a) and 5(b)). The effects
of PPAR-𝛿 agonism on fatty acid oxidation in skeletal muscle
cells are further indicated by the significant increase in the
protein expression of carnitine palmitoyl transferase-1 (CPT-
1) elicited by GW0742 in HFCS-fed mice (Figure 5(c)).

3.6. Effects of HFCS Diet and GW0742 Treatment on NF-𝜅B
Activation, ICAM-1, and iNOS Expression. To investigate the
muscle inflammatory response induced by HFCS-diet and
the intracellular signaling pathway(s) that might be involved
in the protective mechanisms evoked by GW0742, we firstly
evaluated the effects on NF-𝜅B activation. When compared
to control mice, HFCS mice developed significant increase
in the nuclear translocation of the p65 NF-𝜅B subunit in
the mouse gastrocnemius, indicating the activation of this
transcriptional factor (Figure 6(a)). Treatment with GW0742

resulted in a significant reduction in nuclear translocation of
p65 and, hence, in the activation of NF-𝜅B. The intercellular
adhesion molecule-1 (ICAM-1), whose role in the recruit-
ment of neutrophils is widely accepted, was slightly detected
in the gastrocnemius of control animals, whereas its expres-
sion was dramatically increased by HFCS diet (Figure 6(b)).
As shown in Figure 6(c), also the expression of the inducible
nitric oxide synthase (iNOS) was increased in the presence
of dietary manipulation. Interestingly, these changes were
suppressed by GW0742 administration, as evidenced by
densitometric analysis of the related autoradiograms.

3.7. Effects of HFCS Diet and GW0742 Treatment on Skeletal
Muscle FGF-21 Production. The beneficial effects of PPAR-𝛿
activation were associated with a dramatic increase of FGF-
21 production in the mouse gastrocnemius. As shown in
Figure 7, in comparison to control mice (46.45 ± 1.13 pg/mg
protein), HFCS diet did not affect the production of this



Mediators of Inflammation 7

Control Control + GW HFCS HFCS + GW
0

5

10

15

M
us

cle
 tr

ig
ly

ce
rid

es
(𝜇

g/
m

g 
tis

su
e)

∗

∗

∗

Figure 4: Triglyceride content in gastrocnemius of mice fed with
a standard diet (control) or a HFCS diet (HFCS) for 30 weeks
and treated with GW0742 (1mg/kg/day) added during the last 16
weeks (control + GW; HFCS + GW). Data are means ± SD of eight
animals/group. ∗𝑃 < 0.01 versus HFCS.

myokine (49.38 ± 4.12 pg/mg protein), whereas GW0742
treatment induced a twofold increase (87.08 ± 6.37 pg/mg
protein).

4. Discussion

In agreement with previous observations [14, 15], the present
study shows that chronic exposure to the most widely
used added sugar HFCS caused a significant increase in
body mass associated with increases in serum levels of
triglycerides, LDL-cholesterol, glucose, insulin, IL-6, leptin,
and hypoadiponectinemia. Using the same experimental
protocol here reported, we have recently demonstrated that
the molecular mechanism underlying the deleterious effects
of HFCS involves the hepatic upregulation of fructokinase,
the main fructose-metabolizing enzyme, which may account
for the increase in serum levels of free fatty acids and
hyperuricemia [5]. We also reported that the documented
increase in serum uric acid level significantly contributed
to the development of chronic kidney injury. Interestingly,
we demonstrated that chronic administration of the PPAR-𝛿
ligand GW0742 exerted beneficial effects by preventing the
upregulation of fructokinase in the liver and activation of
the inflammatory signaling complex NLRP3 inflammasome
in the kidney. Despite these preliminary data, so far, there
are no studies on the effects of long-term exposure to HFCS,
the major sweetener added to beverages and food, on skeletal
muscle, which is a major site of postprandial glucose disposal
and is therefore one of the insulin-sensitive tissuesmost likely
to manifest early signs of insulin resistance. Here, we investi-
gated (i) the mechanisms underlying metabolic disturbances
in skeletal muscle of mice exposed for 30 weeks to high
intake of HFCS and (ii) the local effects evoked by PPAR-𝛿
chronic activation.The sugar was added to the drink water at
a concentration that covers 10% of the daily caloric intake,
corresponding to the average energy intake in the form of
ingested sweeteners in the western diet. We documented the
HFCS-induced alteration in the insulin signal transduction

pathway, as shown by the impaired phosphorylation of IRS-
1 protein as well as of the downstream key insulin signaling
molecules, Akt, and GSK-3𝛽, an Akt substrate [16]. This is
in keeping with previous studies showing that IRS-1 serine
phosphorylation can interfere with subsequent Akt andGSK-
3𝛽 phosphorylation, disrupting insulin signal transduction
[17]. In our experimental model, oral administration of the
selective PPAR-𝛿 agonist GW0742 was associated with a
significant improvement of the defective insulin signaling
in the skeletal muscle, which may account at least in part
for the changes in serum lipid profile and insulin sensitivity.
As the inhibition of GSK-3𝛽 evokes an increase in the
glycogen synthesis [18, 19], we may speculate that GW0742
administration modulates muscle glycogen storage through
inactivation of GSK-3𝛽. Although no direct evidence of
drug treatment on glucose storage has been reported in
our study, we documented the effects of chronic PPAR-
𝛿 activation on glucose transporters expression and distri-
bution. Specifically, we found that PPAR-𝛿 activation by
GW0742 evoked an increase in expression of GLUT-4, the
most abundant glucose transporter isoform in skeletalmuscle
[20], and its translocation from intracellular compartments
to the plasma membrane, thus facilitating glucose transport.
Similarly, GLUT-5, the fructose carrier with low capacity to
transport glucose [21], was scarcely detectable in the gastroc-
nemius muscle of HFCS-fed mice, and its expression and
membrane translocation were enhanced by chronic PPAR-
𝛿 activation. Because fructose is highly present in the HFCS
diet and contributes to carbohydrate metabolism in muscle
[22], the increase in GLUT-5 may favor a better utilization
of fructose supplied in the diet. In any case, the reduction in
GLUT-4 and GLUT-5 expression and translocation detected
in the HFCS group could represent an adaptation to the
chronic exposure to a sugar-enriched diet, while the increases
in these carrier isoforms in the presence of the selective
PPAR-𝛿 agonist GW0742 may account, at least in part, for
the improvement in insulin-induced muscle glucose uptake.
Recent data have shown that Akt inhibitors or dominant-
negative Akt constructs regulate the translocation, targeting,
and fusion of GLUT-4-containing vesicles [23, 24]. Sim-
ilarly, IRS-1 phosphorylation has been reported to affect
GLUT-4 translocation and subsequent glucose uptake in
mouse skeletal myocytes [25]. We may, thus, speculate that
the beneficial effects of the PPAR-𝛿 ligand GW0742 are
secondary to activation of the IRS-1/Akt/GSK-3𝛽 pathway.
This is also supported by previous findings showing that
the chronic administration of GW0742 in rats results in
phosphoinositide-dependent kinase phosphorylation and,
hence, increased Akt phosphorylation [26]. Another enzyme
complexwhich could be involved inPPAR-𝛿metabolic effects
within the skeletal muscle is AMPK, a serine/threonine
protein kinase that has emerged as a key player in both
lipid and glucose metabolism in skeletal muscles [27, 28].
In mouse C2C12 myotubes, AMPK activation potentiated
insulin action by reducing IRS-1 serine phosphorylation [29],
while reduced muscle AMPK activity has been reported
to aggravate muscle insulin resistance following a high-fat
diet over 30 weeks [30]. In agreement with these obser-
vations, we found that GW0742 increased phosphorylation
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Figure 5: Effects of GW0742 treatment on AMPK/ACC phosphorylation and CPT-1 expression in the gastrocnemius of mice fed with HFCS
diet. Total AMPK protein expression andThr172 phosphorylation (a), total ACC protein expression and Ser79 phosphorylation (b), and CPT-1
expression (c) were analyzed by western blot on the gastrocnemius homogenates obtained from mice fed with a standard (control) or HFCS
diet (HFCS) for 30 weeks and treated with GW0742 (1mg/kg/day) added during the last 16 weeks (control+GW;HFCS+GW). Densitometric
analysis of the bands is expressed as relative optical density (O.D.), corrected for the corresponding tubulin contents, and normalized using
the related control band. The data are means ± SD of three separate experiments. ∗𝑃 < 0.01 versus HFCS.

of Thr172 regulatory site on AMPK which, in turn, causes
ACC phosphorylation. When ACC is inactive (phosphory-
lated form), a fall in malonyl-coenzyme A occurs, which
disinhibits CPT-1 and increases mitochondrial import and
oxidation of long-chain fatty acids [31]. Our data demonstrate
that chronic exposure to GW0742 administration increased
skeletal muscle CPT-1 expression, thus shunting toward fatty
acid oxidation, and this effect was associated with reduced
triglyceride accumulation. These findings suggest that the
beneficial effects evoked by the PPAR-𝛿 agonist GW0742 are
at least partially dependent on AMPK activation. The direct
involvement of PPAR-𝛿 agonism inmediating improvements

in muscle insulin sensitivity and lipid metabolism is also
confirmed by results showing that PPAR-𝛿 is expressed in the
gastrocnemius of both control andHFCS-fedmice and, more
importantly, that its expression is substantially increased by
chronic administration of GW0742, thus suggesting that the
observed drug effects are due to a ligand-dependent PPAR-
𝛿 activation. This is consistent with previous works showing
that PPAR-𝛿 activation is involved in regulating myogenesis
[32–35]. In search of the mechanism(s) underlying the pro-
tective action of GW0742, we investigated whether PPAR-𝛿
activation may affect the local inflammatory response associ-
ated with muscular metabolic injury. Although PPAR-𝛿 has
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Figure 6: Effects of dietary manipulation and GW0742 treatment on NF-𝜅B p65 translocation (a), ICAM-1 (b) and iNOS (c) protein
expression in themouse gastrocnemius. Protein expression wasmeasured byWestern blot analysis in gastrocnemius homogenates ofmice fed
with a standard (control) or HFCS diet (HFCS) in the absence or presence of GW0742 treatment (1mg/kg/day) (control+GW; HFCS+GW).
Densitometric analysis of the bands is expressed as relative optical density (O.D.), corrected for the corresponding tubulin contents, and
normalized using the related control band. NF-𝜅B p65 subunit levels in cytosolic and nuclear fractions are expressed as nucleus/cytosol ratio
normalized using the related control band. Data are means ± SD of three separate experiments. ∗𝑃 < 0.01 versus HFCS.

been implicated in the regulation of systemic inflammatory
responses associated with metabolic dysregulation [7], so
far, reports on anti-inflammatory effects of PPAR activation
in skeletal muscle are rather scarce. Here, we show for the
first time that in the skeletal muscle GW0742 reverts the
diet-induced increase in the nuclear translocation of NF-𝜅B
p65, a transcriptional factor that plays an important role in
regulating the transcription of a number of genes, especially
those involved in producing mediators of local and sys-
temic inflammation (such as cytokines, chemokines, and cell
adhesion molecules). This observation is in agreement with
previous studies reporting that PPAR-𝛿 activation induces the
physical interaction between PPAR-𝛿 and the p65 subunit

of NF-𝜅B and reduced the LPS-induced degradation of the
inhibitory protein “Inhibitor of kappa B,” thus preventingNF-
𝜅B activation [36, 37]. The reduction of NF-𝜅B activation by
GW0742 treatment may account for the observed reduction
in the serum levels of IL-6, which is known to be mostly
released from skeletal muscle, and in the local expression
of the NF-𝜅B-dependent proteins iNOS and ICAM-1, whose
role in the development of insulin resistance has been recently
documented [38, 39]. As several studies have reported an
association between GSK-3𝛽 and NF-𝜅B activity [40], we
might speculate that PPAR-𝛿 activation phosphorylates, and
hence, activates the Akt pathway, which in turn phospho-
rylates, and hence, inhibits GSK-3𝛽, presumably resulting
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Figure 7: Fibroblast growth factor-21 (FGF-21) levels were analyzed
by ELISA in gastrocnemius homogenates ofmice fedwith a standard
(control) or HFCS diet in the absence or presence of GW0742
(1mg/kg/day). Data aremeans±SD of five animals/group. ∗𝑃 < 0.01
versus HFCS.

in the inhibition of NF-𝜅B and, in turn, NF-𝜅B-dependent
proinflammatory gene transcription. Although this cross
talk among different signaling pathways by pharmacological
PPAR-𝛿 modulation is intriguing, it must be stressed, how-
ever, that the lack of direct experimental evidence of a causal
relationship between the improved local and systemic insulin
sensitivity and the treatment-induced reduction of NF-𝜅B
activation in our experimental model limit the interpretation
of the molecular mechanism(s) underlying our findings.
One of the most recently identified mediators that facilitates
organ cross talk and the related control of impaired glucose
homeostasis in metabolic diseases is a member of the FGF
family, FGF-21. FGF-21 has been previously shown to lower
blood glucose levels in several diabetic rodent and monkey
models [41, 42], to regulate lypolisis in white adipose tissue
[43, 44] and substrate utilization in the liver [45]. FGF-21 was
also shown to directly enhance skeletalmuscle glucose uptake
[46]. The metabolic effects of FGF-21 on glucose metabolism
involve selective regulation by different PPAR isoforms.
Liver-derived FGF-21 is stimulated by PPAR-𝛼 ligands [47].
Conversely, PPAR-𝛾 activation with feeding promotes FGF-
21 production in adipocytes but not in liver [48, 49]. To
our knowledge, this is the first paper that demonstrates a
correlation between PPAR-𝛿 activation and increased FGF-
21 levels in skeletal muscle, thus adding an original piece of
evidence to the complex mechanisms by which PPAR-𝛿 can
regulate several biological functions. Our observation is also
in keeping with a previous study showing that circulating
FGF-21 levels consistently increase in human subjects in
response to pharmacological activation of PPAR-𝛿 [50].
Although a previous investigation has revealed that PPAR-𝛾
directly regulates expression of the FGF-21 gene through ele-
ments located within the 500-bp upstream region of the gene
[49], to date, a consensus sequence of PPAR-𝛿 binding site
in the promoter region of the FGF-21 gene has not yet been
identified. Besides in vitro experiments with FGF-21, small
interfering RNA are warranted to clarify whether GW0742
beneficial effects are related to the direct modulation of

FGF-21 biological functions. The recent findings on FGF-
21 ability to prevent insulin resistance in human myoblasts
by inhibiting NF-𝜅B activation [51] may also suggest that
the muscle-derived FGF-21 acts in an autocrine fashion to
amplify PPAR-𝛿 inhibitory effects on the expression of NF-
𝜅B-dependent inflammatory genes.This further supports the
existence ofmultiple anti-inflammatory pathways involved in
the beneficial effects evoked by PPAR-𝛿 activation.

In conclusion, we have shown that feeding mice with
a HFCS diet for 30 weeks evoked skeletal muscle insulin
resistance and lipid accumulationwhich were associated with
activation of inflammatory pathways. All these effects were
attenuated by selective PPAR-𝛿 activation. In addition, this
study, showing a strong induction of FGF-21 in the skeletal
muscle after chronic administration of the PPAR-𝛿 ligand
GW0742, enhances our knowledge of the mechanisms of
action of PPAR-𝛿 agonism and provides further insights
into the role of FGF-21 as mediator of the tissue cross-
talk that underlines the integrated control of the metabolic
inflammation.
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Adipose tissue is acknowledged as an endocrine organ that releases bioactive factors termed adipokines. Visfatin was initially
identified as a novel adipokine with insulin-mimetic properties in mice. This adipokine was identical to two previously described
molecules, namely, pre-B cell colony-enhancing factor (PBEF) and the enzyme nicotinamide phosphoribosyltransferase (Nampt).
Enhanced circulating visfatin/Nampt levels have been reported inmetabolic diseases, such as obesity and type 2 diabetes.Moreover,
visfatin/Nampt circulating levels correlate with markers of systemic inflammation. In cardiovascular diseases, visfatin/Nampt was
initially proposed as a clinical marker of atherosclerosis, endothelial dysfunction, and vascular damage, with a potential prognostic
value. Nevertheless, beyond being a surrogate clinical marker, visfatin/Nampt is an active player promoting vascular inflammation,
and atherosclerosis. Visfatin/Nampt effects on cytokine and chemokine secretion, macrophage survival, leukocyte recruitment by
endothelial cells, vascular smooth muscle inflammation and plaque destabilization make of this adipokine an active factor in the
development and progression of atherosclerosis. Further research is required to fully understand the mechanisms mediating the
cellular actions of this adipokine and to better characterize the factors regulating visfatin/Nampt expression and release in all these
pathologic scenarios. Only then, we will be able to conclude whether visfatin/Nampt is a therapeutical target in cardiometabolic
diseases.

1. Introduction

Theadipose tissue (AT) is no longer considered a triglyceride-
storing depot but a real endocrine organ that synthesizes
and secretes a wide range of diverse bioactive factors, called
adipokines. These adipokines can act locally within the
adipose tissue, but can also trigger an effect on distant
organs or tissues through their release to the systemic
circulation. Adipokines comprise cytokines and chemokines,
such as tumor necrosis factor- (TNF-) 𝛼, interleukins (IL),
or monocyte chemotactic protein-1 (MCP-) 1, vasoactive and
coagulation factors, such as angiotensinogen or plasminogen
activator inhibitor-1, (PAI-1), and proteins more specifically
secreted by the adipose tissue, such as leptin or adiponectin.
In the last years, the number of the adipokines has notably
increased with novel adipokines such as visfatin/Nampt,
resistin, apelin, or dipeptidyl peptidase-4 (DPP-4) among
many others [1–4].

Adipokines exhibit a wide range of functions including
the regulation of food intake and body weight homeostasis,
insulin sensitivity, reproduction, immunity, inflammation, or
vascular homeostasis [4, 5]. In obesity and type 2 diabetes
mellitus, there is an imbalanced adipokine production that
has been locally associated with AT inflammation, and the
onset of insulin resistance, but also with chronic systemic
inflammation, cardiovascular disease, and endothelial dys-
function [6]. In the context of metabolic diseases, adipokines
are not only key mediators in the complex crosstalk between
AT with other insulin-sensitive organs such as liver, skeletal
muscle, and AT itself, but also have an impact on the
cardiovascular system. Therefore, in the last years, there
is a growing interest in the potential role of adipokines
as biomarkers of low-grade inflammation and metabolic-
related cardiovascular complications. In this review, we will
specifically focus on the adipokine visfatin/Nampt and its
impact on the cardiovascular (CV) system.
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2. Visfatin/Nampt: An Adipokine and Beyond

In 2005, Fukuhara et al. firstly described visfatin as an
adipokine exhibiting insulin mimetic properties in mice
[2]. However, the expectation initially arisen by the novel
adipokine was soon blunted when the authors had to retract
their paper due to the lack of reproducibility of the hypo-
glycemic properties [5]. Visfatin was found identical to pre-B
cell colony-enhancing factor (PBEF), a previously described
cytokine promoting maturation on early B-lineage precursor
cells [6].

The term visfatin refers to visceral fat, since it was initially
suggested that visfatin was mainly produced in visceral fat
compared to subcutaneous fat in both mice and humans [2].
Nevertheless, other groups have later reported similar visfatin
levels in human subcutaneous and visceral fat tissue [7, 8].
Importantly, visfatin is also found in other fat depots such as
perivascular and epicardial fat [9, 10], where it might exert
a paracrine cardiovascular effect as will be further discussed.
Within the adipose tissue, visfatin is not only synthesized and
released by adipocytes but also by inflammatory cells, like
activated macrophages, whose infiltration in AT is markedly
increased in relation with obesity [11].

Visfatin displays intrinsic enzymatic activity as a nicoti-
namide phosphoribosyltransferase (Nampt), as reported in
2002 by Rongvaux et al. [12]. In mammals, intracellu-
lar Nampt catalyzes the rate-limiting step in the salvage
pathway leading to the synthesis of nicotinamide adenine
dinucleotide (NAD+), an essential coenzyme in multiple
cellular redox reactions [13, 14]. More specifically, Nampt
synthesizes nicotinamide mononucleotide (NMN) and inor-
ganic pyrophosphate by condensing nicotinamide and 5-
pyrophosphoribosyl-1-pyrophosphate (PRPP). In a second
step, NMN is transformed into NAD by nicotinamide
mononucleotide adenylyltransferase (Nmnat) [14].

In mammals, two isoforms of Nampt have been de-
scribed. Intracellular Nampt (iNampt), which plays a central
role in maintaining the activity of NAD-dependent enzymes,
is implicated in the regulation of cellular metabolism in
response to nutrient availability, maturation and cell survival
[14–17]. On the contrary, the other isoform, extracellular
Nampt (eNampt), is secreted by different cell types [18]. In
this review, we will mainly focus on eNampt as this isoform
may represent a mediator of interorgan crosstalk.

In the current literature, we find indistinctly the terms
visfatin/Nampt/PBEF to refer to this adipokine. According
to the HUGO Gene Nomenclature Committee (HGNC) and
the Mouse Genomic Nomenclature Committee (MGNC) the
official nomenclature of the gene and the protein is Nampt
[19]. However, since the Nampt activity is not always medi-
ating visfatin/Nampt effects, we will employ visfatin/Nampt
throughout this review.

In the last years, visfatin/Nampt has indeed arisen as a
multifaceted and ubiquitously expressed molecule that exerts
multiple biological actions beyond the adipose tissue [20,
21]. Indeed, among adipocytes, visfatin/Nampt is expressed
in a wide range of cell types from the immune system,
chondrocytes, and amniotic epithelium cells among others
[11, 22, 23]. In 1994, Samal et al. initially provided qualitative

evidence for visfatin expression in lysates from human heart,
pancreas, liver, and skeletal muscle at mRNA levels [6]. More
recently, visfatin protein expression has been reported in
human myoblasts [24] and human hepatocytes, from which
visfatin is actively secreted [25].Moreover, visfatin expression
in liver and skeletal muscle has been further confirmed by
other studies [26, 27], raising the possibility that these organs
could be potential sources of visfatin plasma levels and thus
contributing to metabolic interorgan crosstalk.

3. Circulating Visfatin/Nampt as a Biomarker
of Inflammation, and CV Disease

3.1. Obesity, Type 2 Diabetes and the Metabolic Syndrome.
Obesity and type 2 diabetes represent two independent risk
factors for inflammation-related atherothrombotic diseases.
In the context of metabolic diseases, most studies have
reported elevated circulating levels of visfatin/Nampt in
different clinical conditions, such as obesity, type 2 diabetes
mellitus, and the metabolic syndrome which represent inde-
pendent risk factors for inflammation-related atherothrom-
botic diseases [28, 29]. Nevertheless, as reviewed by others,
there are conflicting results in different reports studying the
variation of visfatin/Nampt levels in these disease states,
where circulating visfatin/Nampt levels have been found
unmodified or even lower compared to healthy controls
[29, 30]. However, in the last years, several studies have
established positive associations between enhanced circu-
lating visfatin/Nampt levels and atherogenic inflammatory
diseases, therefore supporting a role for visfatin as a potential
biomarker of cardiovascular complications associated to
metabolic disorders.

In the last years, visfatin/Nampt has been proposed as
a marker of endothelial dysfunction, an initial and crucial
step in the progression of the atherosclerotic process [31].
In type 2 diabetic patients, it has been reported a strong
correlation between visfatin/Nampt levels and impaired vas-
cular endothelial function determined as brachial artery
flow-mediated dilation (FMD) and creatinine clearance [32].
Although in this latter work, no association was found
between inflammatory markers, such as high-sensitivity
C-reactive protein (hsCRP) and fibrinogen, neither with
atherosclerosis, as evaluated by assessing intima-media thick-
ness (IMT), and so the authors concluded that visfatin/Nampt
is more likely not a surrogate marker of inflammation nor
atherosclerosis. Additionally, Uslu et al. have found that type
2 diabetic patients display enhanced circulating visfatin levels
which positively correlate with enhanced levels of the marker
of endothelial dysfunction homocystein. Surprisingly, this
work could not find a positive correlation between visfatin
levels in type 2 diabetic patients and asymmetric dimethy-
larginine (ADMA), the major endogenous inhibitor of the
endothelial nitric oxide synthase (eNOS) [33]. Homocysteine
has been proposed as an intermediate factor in the rela-
tionship between endothelial dysfunction and renal function
[34].

In both patients with the metabolic syndrome and type 2
diabetes, it has been suggested that enhanced visfatin/Nampt
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levels are associated with advanced carotid atherosclero-
sis, estimated as the intima-media thickness (IMT) in this
artery [35, 38]. Indeed, Kadoglou et al. have proposed
visfatin/Nampt circulating levels as a marker of advanced
carotid atherosclerosis for type 2 diabetic patients. In mor-
bid obese patients, epicardial fat thickness as assessed by
echocardiography was related to enhanced visfatin/Nampt
and plasminogen activator inhibitor-1 (PAI-1) levels as well
as visceral obesity [36].

On the contrary, some authors claim that high vis-
fatin/Nampt levels, instead of depicting changes in the
atherosclerotic process are more likely reflecting changes in
the systemic inflammation in patients with renal and cardio-
vascular disease. Thus, in patients undergoing hemodialysis,
visfatin/Nampt levels are associated with high-sensitivity
C-reactive protein (hsCRP), considered one of the most
powerful predictors of atherosclerosis and vascular death,
but not with other parameters of atherosclerosis such as
ADMA levels, aortic pulse wave, brachial pressure index in
the ankle, or the percentage of calcification in the abdominal
aortic wall [45]. In this line, Visfatin/Nampt expression is
upregulated in circulating blood monocytes from obese type
2 diabetic patients compared to nondiabetic obese patients
[50], indicating that enhanced visfatin/Nampt expression
may be related to type 2 diabetes rather than obesity. On
the contrary, Oki et al. [51] have reported that serum
visfatin/Nampt levels positively correlate with inflamma-
tory markers, independently of the insulin resistance state.
Hence, the significance of visfatin/Nampt levels variations in
metabolic diseases remains to be more accurately addressed.
However, it seems clear that visfatin/Nampt levels are posi-
tively associated to a series of inflammatory conditions, inde-
pendently of other potential metabolic implications. Thus,
serum visfatin/Nampt levels have been positively correlated
with circulating inflammatory markers, such as IL-6, CRP,
and MCP-1 [40, 45, 51].

3.2. Chronic Kidney Disease. Diabetes is the main risk factor
for the development and progression of chronic kidney
disease (CKD) [52, 53]. In patients with CKD, visfatin/Nampt
levels positively correlate with soluble markers of endothelial
dysfunction such as vascular, intercellular, and melanoma
cells adhesion molecule-1 (VCAM-1, ICAM-1, and MCAM-
1, resp.) [43, 44]. The relation between visfatin/Nampt levels
and endothelial function in CKD is not merely descriptive,
but may also have a functional impact, since visfatin/Nampt
levels negatively correlate with endothelial function esti-
mated as flow-mediated dilation (FMD) in brachial artery
or glomerular filtration rate (GFR) [41, 42]. Indeed, the
improvement of endothelial function after kidney trans-
plantation correlates with a reduction in circulating vis-
fatin/Nampt levels [46].

3.3. Polycystic Ovary Syndrome. Visfatin/Nampt has been
recently proposed as a candidate in the pathogenesis
of endothelial dysfunction in polycystic ovary syndrome
(PCOS), the main androgen excess disorder in women [39].
PCOS is characterized by obesity, insulin resistance, and
endothelial dysfunction. It has been previously proposed that

PCOS is associated with a dysfunctional secretion pattern of
adipokines. In this regard, enhanced visfatin/Nampt levels
and expression in AT have been previously reported in PCOS
[8, 54]. Interestingly, enhanced visfatin/Nampt levels have
been associated with reduced brachial artery flow-mediated
vasodilatation in patients with PCOS and significantly pre-
dicted impaired endothelial function [39]. Similar to what
described for type 2 diabetic patients by Takebayashi et al.
visfatin/Nampt levels did not correlate with inflammatory
markers as hsCRP or carotid IMT.

3.4. Preeclampsia. Preeclampsia is a hypertensive disorder in
pregnancy and is associated with increased cardiovascular
disease (CVD) risk later in life and is a major cause of
maternal and fetal mortality and morbidity in pregnancy
[55]. Preeclampsia shares cardiovascular risk factors with
the metabolic syndrome such as subclinical inflammation,
insulin resistance, and obesity. Since visfatin/Nampt levels
are enhanced in all these pathological conditions, several
groups have aimed to determine if visfatin/Nampt may
contribute to preeclampsia. Thus, different groups have
reported enhanced maternal visfatin/Nampt serum levels in
preeclamptic patients compared to their matched pregnant
controls [37, 56, 57]. Furthermore, Fasshauer et al. also
found positive correlations between visfatin/Nampt serum
concentrations and age, blood pressure, creatinine, free fatty
acids (FFA), and the inflammatory markers IL-6 and CRP
[37]. On the contrary, other groups suggest that decreased
expression of visfatin, as a proangiogenic factor, may be
associated with the pathogenesis of preeclampsia. Thus, Hu
et al. have reported that maternal plasma visfatin/Nampt
levels were downregulated in women with mild preeclampsia
and to a higher extent in women with severe preeclampsia
[58]. In this line, it has been recently reported by Kim
et al. that in placental biopsies visfatin/Nampt expression
is reduced compared to the visfatin/Nampt levels in pla-
centas from normotensive women [59]. Reduced placental
perfusion is an initial event in preeclampsia, initiating a
sequence of events leading to altered vascular function and
hypertension. Thus, decreased placental perfusion-induced
endothelial dysfunction has been suggested as the cause
leading to progressive vasoconstriction, hyperresponsive-
ness, and impaired relaxation of uterine arcuate arteries [60].
However, it has been recently demonstrated that impaired
placental perfusion is not the mechanism responsible for
visfatin/Nampt induction in preeclampsia [56]. Ognjanovic
et al. have demonstrated that visfatin/Nampt is also locally
expressed in foetal membranes and secreted from amniotic
epithelium cells in the human placenta and that its secretion
is increased in response to proinflammatory stimuli such as
lipopolysaccharide (LPS) and IL-1𝛽 [23]. On the other hand,
exogenous administration of visfatin/Nampt to human foetal
membranes leads to an increase in inflammatory cytokines
such as IL-1𝛽, TNF-𝛼, and IL-6 [23, 61]. Visfatin/Nampt
also prevented actinomycin D-induced apoptosis, therefore
suggesting a protective role for visfatin/Nampt in preventing
apoptosis induced by chronic distension, labor, or infection
in the placenta [61]. Thus, whether enhanced visfatin/Nampt
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levels is a deleterious factor promoting endothelial dysfunc-
tion in placenta and leading to preeclampsia or, if on the
contrary, is a beneficial factor preventing apoptosis under
inflammatory conditions and promoting angiogenesis in the
placenta, or if it is just a biomarker, is still an open question
[62].

3.5. Acute Coronary Syndromes. Enhanced circulating vis-
fatin/Nampt levels have been proposed to correlate with
the development of atherosclerotic plaques, and thus vis-
fatin/Nampt has been proposed as amarker of atherosclerosis
by several groups [35, 40]. It has been described that in
coronary artery diseases (CADs), and more specifically in
acute coronary syndrome, circulating inflammatory mark-
ers such as IL-6 and MCP-1 positively correlate with vis-
fatin/Nampt levels [40]. In patients with coronary artery
disease (CAD) and acute myocardial infarction, a positive
association between visfatin/Nampt expression and unsta-
ble atherosclerotic lesions has been established [63]. Inter-
estingly, another positive correlation has been established
between visfatin/Nampt expression in both pericardiac and
periaortic fat and coronary artery atherosclerosis [64], which
underpins that not only circulating but also perivascular
visfatin/Nampt may exert an important paracrine effect
promoting the development of atherosclerotic lesions. A
higher expression of visfatin/Nampt has been found not only
in the smooth muscle within atherosclerotic plaques [64]
but also in foam cells of unstable plaques from patients
that suffered an acute myocardial infarction [63]. There-
fore, it has been proposed that visfatin/Nampt localization
within the lesions may be related to atherosclerotic plaque
destabilization [63]. In this line, Yu et al. have recently
described that visfatin/Nampt levels are upregulated in the
circulation of patients suffering a ST-segment elevation
myocardial infarction (STEMI), the most acute form of MI.
Furthermore, the authors found enhanced visfatin/Nampt
expression in macrophages present in the coronary rupture
plaques.These results support the hypothesis that leukocytes-
derived visfatin/Nampt may play a role in the pathogenesis
of coronary plaques rupture. Importantly, this group has pre-
viously proposed that enhanced circulating visfatin/Nampt
levels associate with the occlusion of infarct-related artery
(IRA) and circulating hsCRP levels [48] and associate with
the degree of myocardial damage [49]. In the light of the
bulk of evidence presented herein, visfatin/Nampt arises as
a relevant molecule promoting plaque destabilization and
rupture in different types of acute coronary syndromes.

3.6. Cerebrovascular Diseases. Visfatin/Nampt has also been
proposed to play a role in cerebrovascular diseases [65].Thus,
Lu et al. have demonstrated that plasma visfatin/Nampt was
increased in a Chinese population of patients with ischemic
stroke and correlatedwith hsCRP levels in these patients [47].
In this line, it has been recently proposed that aging decreases
intracellular visfatin/Nampt expression in the murine brain,
in parallel to increased visfatin/Nampt circulating plasma
levels, and may contribute to endothelial dysfunction in the
brain [66].

3.7. Non-metabolic Chronic Inflammatory Diseases. In the
context of other non-metabolic chronic inflammatory dis-
eases characterized by systemic inflammation enhanced vis-
fatin/Nampt levels have been additionally reported. Thus,
visfatin/Nampt circulating levels are enhanced in osteoarthri-
tis [67, 68], Crohn’s disease, and ulcerative colitis [20, 69].
Moreover, in patients with acute lung injury (ALI), vis-
fatin/Nampt is currently considered a biomarker of this dis-
ease [70]. Visfatin/Nampt also seems to play a role in several
types of infections like sepsis [71] or intrauterine infection
(chorioamnionitis) [61, 72]. Additionally, visfatin/Nampt also
mayhave a crucial role in autoimmune inflammatory diseases
since enhanced visfatin/Nampt levels have been reported in
psoriasis [53], rheumatoid arthritis (RA) [43], and inflam-
matory bowel disease (IBD). Interestingly, visfatin/Nampt
has been identified as a novel “universal marker of chronic
inflammation” whose RNA is upregulated in the mononu-
clear cells from peripheral blood from patients suffering any
of these three chronic inflammatory diseases, which allows to
discriminate patients with chronic inflammation and healthy
controls mRNA expression levels [73].

In RA, it has been proposed that visfatin/Nampt can be a
potent mediator of inflammation [67]. However, Senolt et al.
provided evidence for a positive correlation between the
levels of serum visfatin/Nampt and total number of B cells
in RA, more than activity of the disease [74]. Indeed both
visfatin/Nampt levels and B cell number were reduced after
treatment with rituximab.

In patients with psoriasis, it has been speculated that
visfatin enhanced levels may lead to atherosclerosis and
vascular complications as frequent comorbidities found in
this disease [75]. Analogously, it has been suggested that the
proinflammatory and matrix-degrading activities of visfatin
reported in the context of RA [67] may contribute to the
enhanced risk for CVD in these patients [76]. However, the
relation between enhanced visfatin levels and CVD in these
inflammatory diseases needs to be further explored.

In the light of all these studies, we can conclude that
visfatin/Nampt is upregulated and may play a role in both
atherosclerosis and endothelial dysfunction (Table 1). But
beyond being a marker for CVD, growing evidence supports
a role for visfatin/Nampt as direct factor triggering vascular
injury. Here, we will try to summarize the most relevant
previous and recent evidences about visfatin/Nampt direct
actions on the cardiovascular system (Figure 1). More specif-
ically, we will focus on visfatin/Nampt effect on proliferation,
and angiogenesis of vascular cells, visfatin/Nampt inflam-
matory effects, extracellular matrix degradation and finally
apoptosis/cell survival.

4. Direct Cardiovascular Actions of
Visfatin/Nampt

4.1. Cell Proliferation and Angiogenesis. Proliferation of vas-
cular smooth muscle cell (VSMC) is a hallmark of the
development of atherosclerotic lesions. Importantly, perivas-
cular visfatin/Nampt can act as a growth factor in vascular
smoothmuscle cells, promoting cell proliferation in rat aortic
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Figure 1: Diagram summarizing the main reported direct actions of visfatin/Nampt in cells in the cardiovascular system, namely, cardiac
fibroblast and cardiomyocytes, mesangial cells, monocytes and macrophages, smooth muscle cells, and endothelial cells. eNOS: endothelial
nitric oxide synthase, IL-8: interleukin-8, MMP-2/9: matrix metalloproteinase-2/9, NO: nitric oxide, RAS: renin-angiotensin system, and
TNF-𝛼: tumor necrosis factor-𝛼.

Table 1: Summary of the main correlations reported between visfatin circulating levels and CV disease in human subjects.

Clinical condition Main correlations found References
↔TD2 +Endothelial dysfunction (FMD) [32]
↑TD2 +Homocystein, ±ADMA [33]
↑TD2 +Carotid IMT [35]
↑Morbid obesity +Epicardial fat thickness, +PAI-1 [36]
↑Preeclampsia +CRP, +IL-6, +blood pressure, and +free fatty acids [37]
↑Metabolic syndrome +IL-6, +MCP-1, and +IMT [38]
↑Metabolic syndrome +Blood pressure [29]
↑PCOS +Endothelial dysfunction (FMD), ±hsCRP, and ±IMT [39]
↑CAD +MCP-1, +IL-6 [40]
↑CKD −GFR, +TD2, and +endothelial dysfunction (FMD) [41]
↑CKD +GFR, +IL-6, +CRP, and +sVCAM-1 [42]
↑CKD +sVCAM-1, +sICAM-1, and +MCAM [43, 44]
↑Hemodialysis ±Atherosclerosis, +hsCRP [45]
↑Renal transplantation +Endothelial function (FMD) [46]
↑Ischemic stroke +hsCRP, −LDLc [47]
↑STEMI +Occlusion IRA, +hsCRP, and +myocardial damage [48, 49]
↔: no change in circulating visfatin levels. ↑: enhanced circulating visfatin levels. ↓: reduced circulating visfatin levels. +: positive correlation reported, −:
negative correlation reported, ±: no significant correlation reported. CAD: coronary artery disease, FMD: flow-mediated dilation, GFR: glomerular filtration
rate, hsCRP: high-sensitivity C-reactive protein, IL: interleukin, IMT: intima-media thickness, IRA: infarct-related artery, LDLc: low-density lipoprotein-
associated cholesterol, MCAM: melanoma cell adhesion molecule, MCP-1: monocyte chemotactic protein-1, PAI-1: plasminogen activator inhibitor-1, PCOS:
polycystic ovary syndrome, sICAM: soluble intercellular adhesionmolecule, sVCAM: soluble vascular cell adhesionmolecule, andTD2: type 2 diabetesmellitus.

smooth muscle cells though Nampt enzymatic activity [10].
Visfatin/Nampt emerges as a player in the development and
progression of atherosclerotic lesions by directly promoting
smooth muscle cell proliferation.

Aberrant angiogenesis is now considered a feature of
the atherogenic process in both coronary and carotid dis-
eases [77]. In this line, it has also been described that

visfatin/Nampt can promote endothelial cell proliferation,
migration, and capillary tube formation in a concentration-
dependent manner in HUVEC [78–81]. These proliferative
effects of visfatin/Nampt seem to be mediated, or at least
partially mediated, by a master molecule in endothelial pro-
liferation and neovessel formation: vascular endothelial cell
growth factor (VEGF) [78].Thus, visfatin/Nampt upregulates
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VEGF synthesis and secretion as well as the expression of
the VEGF receptor 2, which has been proposed to mediate
the angiogenic actions of VEGF [78, 82]. Besides VEGF,
visfatin/Nampt upregulates the production of other pro-
angiogenic soluble factors, such as fibroblast growth factor-
2 (FGF-2), MCP-1, and IL-6, in endothelial cells [82–84].
Indeed, both MCP-1 and FGF-2 have also been identified
as mediators of visfatin/Nampt-induced angiogenesis [82,
83]. Beyond in vitro studies, the angiogenic activities of
visfatin/Nampt have been demonstrated in ex vivo and
in vivo approaches [78, 79]. Thus, visfatin/Nampt is able
to induce the formation of functional neovessels in chick
chorioallantoic membrane and mouse Matrigel plug [79]. In
this line, it has been described that the injection delivery of a
plasmid containing visfatin/Nampt improved limb perfusion
in a mouse undergoing unilateral hindlimb ischemia [80].

Furthermore, visfatin/Nampt enhances the expression,
protein levels and activity of matrix metalloproteinases,
MMP-2/9, which are enzymes promoting angiogenesis
through the degradation of the extracellular matrix, while
it decreases the levels of their tissue inhibitors, TIMP-1
and -2, respectively [78]. The impact of visfatin on matrix
remodelling will be discussed in more detail below.

The forementioned proangiogenic properties of vis-
fatin/Nampt make of this adipokine a potential therapeutic
candidate in diseases where neovascularisation is necessary
to overcome restricted blood flow supply such as ischemic
stroke or macrovascular peripheral limb ischemia. Very
recently, Kim et al. have proposed that visfatin/Nampt
proangiogenic effects are mediated by the induction of
thromboxane synthase (TSA) with the subsequent TXA

2

release by endothelial cells (HMECs and HUVECs) [85]. The
authors more specifically demonstrate that visfatin/Nampt
upregulation of IL-8 via TXA

2
is the responsible mechanism

for visfatin/Nampt-induced angiogenesis [85].
It has been recently proposed that visfatin/Nampt exerts a

neuroprotective role for photothrombosis-induced ischemia
with both in vitro and in vivo approaches/models [86].
Thus, heterozygous visfatin/Nampt knockout mice (Pbef+/−)
display larger size of ischemic lesions than wild-type mice
[86]. On the other hand, visfatin/Nampt may contribute to
exacerbated angiogenesis leading to ischemic heart disease,
diabetes, or atherosclerosis andmay therefore arise as a novel
pharmacological target for treating such conditions.

Visfatin/Nampt proangiogenic actions also promote
tumor growth. Thus, circulating visfatin/Nampt levels are
enhanced in several malignancies such as endometrial [87],
gastric, or colorectal cancers [88, 89]. Inhibition of NAD
enzymatic activity is an emerging therapeutic strategy for
cancer treatment [25, 90]. In this context, two Nampt
inhibitors, APO866 (or FK866) and CSH-828, are being used
in clinical trials as NAD-depleting anticancer agents [91, 92].

Visfatin/Nampt proliferative effects are not restricted to
the vascular wall, since visfatin/Nampt also promotes prolif-
eration in rat cardiac fibroblasts. The proliferation of cardiac
fibroblasts together with an excessive accumulation of extra-
cellular matrix represents the basis of myocardial fibrosis.
In vitro stimulation of cardiac fibroblasts by visfatin/Nampt

requires the activation of Akt/PKB and the MAPKs p38 and
JNK, but not ERK 1/2 [93]. Pillai et al. have described that
cardiac-specific overexpressing Nampt transgenic mice show
increased cardiac fibrosis. Moreover, both recombinant and
adenoviral Nampt delivery increased proliferation in vitro in
rat cardiomyocytes, which was inhibited by Nampt-blocking
antibody [94]. Taking into account that visfatin/Nampt is
expressed in periadventitial and apical epicardial adipose
tissues [64], and with the recent evidence that it is also
secreted by rat cardiomyocytes [94], not only circulating
visfatin/Nampt but also visfatin/Nampt locally produced in
the CV system could play a detrimental role in promoting
myocardial fibrosis and remodeling.

4.2. Inflammation. Growing scientific evidence supports that
visfatin/Nampt can directly promote vascular inflammation
by activating different cell types including endothelial cells
and vascular smooth muscle cells. Moreover, visfatin/Nampt
can also contribute to vascular inflammation through its
immunomodulatory properties on immune cells [69]. Thus,
visfatin/Nampt can exert direct actions onmonocytes.Hence,
visfatin/Nampt promotes the synthesis and release of pro-
inflammatory cytokines, such as tumor necrosis factor-
(TNF-) 𝛼 and IL-8, by peripheral mononuclear cells [63].
Additionally, visfatin/Nampt promotes macrophage survival
[95], which may help perpetuating vascular inflammation.

In cultured human vascular smooth muscle cells, our
group demonstrated for the first time that visfatin/Nampt
could directly exert inflammatory effects. Thus, exogenous
administration of visfatin/Nampt activates ERK 1/2 and NF-
𝜅B, resulting in enhanced expression of the inducible nitric
oxide synthase (iNOS) [96]. iNOS is a pro-inflammatory
enzyme contributing to dysregulated NO production and
subsequent peroxynitrite formation. Thus, iNOS induction
plays a key role in endothelial dysfunction and vascular injury
in diabetes-related vascular complications [104].

Several reports suggest that visfatin/Nampt can addi-
tionally promote endothelial activation. In HUVEC, vis-
fatin/Nampt activates the inflammation-related transcription
factor NF-𝜅B [82, 84, 97] and promotes the expression of
cell adhesion molecules, such as ICAM-1, VCAM-1, or E-
selectin [84, 97], as key molecules implicated in leuko-
cyte recruitment and early proatherosclerotic events [105].
Visfatin/Nampt further upregulates the release of several
cytokines and chemokines by endothelial cells, including IL-
6, IL-8, or MCP-1 and its putative receptor CCR2 [84, 98],
and thus promotes the adhesion of human THP-1 monocytes
to endothelial cells [98]. The MAPK ERK 1/2 and p38, as
well as PI3K and the intracellular generation of reactive
oxygen species, have been proposed as responsible molecules
in endothelial cell inflammation induced by visfatin/Nampt
[97, 98].

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is a superoxide anion-generating and proinflamma-
tory enzyme closely associated to endothelial dysfunction
[106]. Boini et al. have proposed that visfatin/Nampt induces
the activation of NADPH oxidase, increasing superoxide
anion production resulting in the disruption of microtubular
networks in GECs and increased glomerular permeability
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Table 2: Direct vascular proinflammatory actions of visfatin and their proposed underlying mechanisms.

Target cell type Cellular actions Mechanism of action References

Smooth muscle cells ERK 1/2-NF-𝜅B activation
iNOS induction

Nampt activity,
insulin receptor independent [96]

Endothelial cells

NF-𝜅B activation Insulin receptor independent [82, 84, 97]
IL-6, IL-8 release N.D. [84, 98]
MCP-1 release N.D. [82, 98]
CCR2 expression N.D. [82]
ICAM-1, VCAM-1, and E-selectin Insulin receptor independent [84, 97]
induction
MMP-2 and MMP-9 activation N.D. [99]
NADPH oxidase activation Nampt activity (HUVEC) [100]

Lipid rafts (BCAEC and GEC) [101, 102]

Monocytes Binding to endothelial cells N.D. [84]
MMP-9 activation Insulin receptor independent [63]

Macrophages Cell survival STAT3/IL-6 release Nampt- and
insulin receptor-independent [95]

Lipid accumulation SR-A, CD36 activation [103]
Peripheral blood mononuclear cells Cytokine release (IL-8, TNF-𝛼) Insulin receptor [63]
N.D.: not determined. BCAEC: bovine coronary artery endothelial cells, CCR2: chemokine receptor type 2, CD36: cluster of differentiation 36, ERK 1/2:
extracellular signal-regulated kinase 1/2, GEC: glomerular endotelial cells, HUVEC: human umbilical vein endothelial cells, ICAM-1: intercellular adhesion
molecule-1, IL: interleukin, MCP-1: monocyte chemotactic protein-1, MMP: matrix metalloproteinase, NF-𝜅B: nuclear factor-𝜅B, iNOS: inducible nitric oxide
synthase, SR-A: scavenger receptor-A, STAT3: signal transducer and activator of transcription 3, TNF-𝛼: tumor necrosis factor-𝛼, and VCAM-1: vascular cell
adhesion molecule-1.

[101]. Analogously, visfatin/Nampt triggers NADPH oxi-
dase subunits assembly and activation through lipid rafts
in bovine coronary artery endothelial cells [107], thereby
contributing to endothelial dysfunction in coronary cir-
culation. Alternative to NADPH activation, it has been
suggested that visfatin/Nampt deleterious effect on dia-
betic nephropathy may be due in part to the activation
of intrarenal renin-angiotensin system [108]. Inappropriate
activation of the renin-angiotensin system is known to be
implicated in CV diseases related to CKD. Thus, it has been
reported that visfatin/Nampt leads to activation of the renin-
angiotensin system by upregulating the expression levels of
renin, angiotensinogen and angiotensin I and II in a dose-
dependent manner in cultured rat mesangial cells [108].

In another clinical condition such as myocardial infarc-
tion, and more specifically in STEMI, visfatin/Nampt cir-
culating levels and intracellular expression in macrophages
and monocytes are enhanced [109]. Thus, Chiu et al. con-
clude that male patients with STEMI show increased vis-
fatin/Nampt expression in leukocytes, which may aggravate
the development of instability of atherosclerotic plaques
[109]. Interestingly, Zhou et al. have recently reported that
visfatin/Nampt promotes lipid accumulation mainly through
excessive cholesterol uptake in RAW264.7 macrophages and
in peritoneal macrophages isolated from ApoE knockout
mice and accelerates the process of atherosclerosis mainly
through modulating the expression of the macrophage scav-
enger receptor class A (SR-A) and CD36 [103] (Table 2).

4.3. Extracellular Matrix. Adya et al. reported that on one
hand visfatin/Nampt upregulated the expression and activity

of the matrix metalloproteinases (MMP)-2/9 and downreg-
ulated the expression of the inhibitors of these MMPs such
as TIMP-1 and -2, in monocytes and endothelial cells [78].
MMP-2 and -9 are pivotal enzymes in the degradation of
extracellular matrix (ECM), thus facilitating atherosclerotic
plaque vulnerability [110].

Cardiac fibrosis is the consequence of excessive accu-
mulation of ECM. As we have previously mentioned, vis-
fatin/Nampt may also contribute to cardiac fibrosis. Thus,
visfatin/Nampt not only promotes proliferation in rat cardiac
fibroblasts but also upregulates the mRNA expression and
protein levels of procollagen I and II in this cell type, leading
to enhanced types I and III collagen release [93].

Visfatin/Nampt has also been proposed to promote renal
fibrosis, a typical feature of CKD. In the context of CKD,
visfatin/Nampt promoted fibrosis in rat mesangial cells by
upregulating the synthesis of key profibrotic molecules such
as transforming growth factor-𝛽1 (TGF-𝛽1), PAI-1 and type I
collagen, thus increasing the risk for CVD [111]. These results
provide evidence for visfatin/Nampt as a novel factor promot-
ing cardiac and renal fibrosis whether directly upregulating
procollagen andMMPs secretion or indirectly contributing to
fibrosis by upregulating the secretion of other classic fibrosis
mediators such as TGF-𝛽 or PAI-1.

4.4. Cell Survival/Apoptosis. There are conflicting results
regarding the role of visfatin/Nampt in the regulation of
cell survival and apoptosis. On one hand, intracellular vis-
fatin/Nampt plays a central role in maintaining the activity
of NAD-dependent enzymes regulating cellular metabolism
[14–17]. On the other hand, extracellular visfatin/Nampt
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exerts antiapoptotic effects and promotes cell survival in sev-
eral cardiovascular cells. Thus, it has been demonstrated that
visfatin/Nampt attenuates cell apoptosis induced by hydrogen
peroxide in human endothelial cells [99], rat VSMC [10], and
in both rat cardiac fibroblasts [93] and cardiomyocytes [94].

Several works have suggested that visfatin/Nampt could
exert direct cardioprotective effects. In cultured murine
cardiomyocytes undergoing hypoxia and reoxygenation, vis-
fatin/Nampt administered at the time of reoxygenation,
triggered delayed cell death, due at least in part to a delayed
opening of the mitochondrial permeability transition pore
(mPTP) by oxidative stress. The mPTP is a nonspecific
mitochondrial channel, whose opening in the first minutes
of reperfusion is a critical determinant of cardiomyocyte
death [112]. Cardiac specific Nampt overexpression in mice
has been proposed to prevent myocardial injury in response
to myocardial ischemia and reperfusion [113]. Intravenous
administration of visfatin/Nampt at the time of reperfusion
reduced the infarct size in a mouse model of ischemia-
reperfusion [114]. On the contrary, Pillai et al. have reported
that both exogenous visfatin/Nampt and visfatin/Nampt
overexpressions promote cardiac hypertrophy and adverse
ventricular remodeling [94].

On the other hand, intracellular Nampt activity is
acknowledged to play a central role in cell maturation and
survival in smooth muscle cells in vitro [16, 17]. Van der
Veer et al. have demonstrated that iNampt is crucial in order
to induce maturation and prevent premature senescence in
human VSMC [16, 17].

Zhang et al. have reported that visfatin/Nampt knockout
heterozygousmice (Pbef+/−) subjected to photothrombosis, a
cerebral ischemiamodel, displayedmore severe brain damage
and neuronal degeneration compared to wild-typemice [86].
In a model for cerebral ischemia in rats, Nampt overex-
pression in brain prevented neuronal death [115]. Therefore,
visfatin/Namptmay represent an interesting pharmacological
tool to treat both cardiac and cerebral damage derived from
ischemia-reperfusion.

Importantly, visfatin/Nampt promotes macrophage sur-
vival through a mechanism involving the release of IL-6 [95].
Moreover, visfatin/Nampt also inhibits neutrophile apoptosis
in clinical and experimental sepsis [71].Thus, visfatin/Nampt
can help to perpetuating cell-mediated inflammation at the
sites of elevated concentrations of this adipocytokine.

4.5. Vascular Tone. Impairment of endothelial vasodilatory
responses is one of the earliest markers of vascular disease
[116]. To date, there are only scarce and conflicting reports
analyzing the direct actions of visfatin/Nampt vascular tone
regulation.

In human umbilical vein and coronary artery endothelial
cells (HUVEC; HCAEC), extracellular visfatin/Nampt can
enhance endothelial nitric oxide synthase (eNOS) expression
and activity resulting in enhanced NO production [80]. This
in vitro study does not support a role for visfatin/Nampt as
a biomarker of endothelial dysfunction in clinical conditions
such as CKD or type 2 diabetes as previously summarized.
Hence, this effect on eNOS and NO production was not
considered beneficial by the authors, who associated them to

endothelial cell proliferation and angiogenesis considered as
two deleterious proatherosclerotic events [80]. Analogously,
it has been reported that visfatin, addition to an organ bath
triggers the relaxation of noradrenaline (NA) precontracted
rat aortic rings [117].

On the contrary, Xia et al. have shown that visfatin/Nampt
inhibits the vasorelaxant response to BK in bovine coronary
arteries through NADPH oxidase activation by membrane
raft clustering [102]. In this line, our group has provided
the first evidence for visfatin/Nampt as an active player
in endothelial dysfunction in humans. Thus, we propose
that besides a novel biomarker in this clinical condition,
visfatin/Nampt is an active agent promoting endothelial dys-
function.We have demonstrated that visfatin/Nampt impairs
endothelium-dependent relaxations in both rat and human
mesenteric microvessels [100]. Importantly, the impair-
ment of endothelium-dependent relaxation exerted by vis-
fatin/Namptwasmediated byNADPHoxidase activation and
required Nampt enzymatic activity. Visfatin/Nampt directly
enhancedNADPHoxidase activity as determined inHUVEC
and rat microvessels. On the contrary, both the Nampt
inhibitors, APO866 or the NADPH inhibitor apocynin, pre-
vented visfatin/Nampt-induced impaired endothelial vasore-
laxation [100]. In opposition to the relaxation exerted by
visfatin/Nampt in noradrenaline precontracted aortic rings
described byYamawaki et al. we did not observe any influence
of visfatin/Nampt on NA-induced vasoconstriction in rat
mesenteric microvessels [117]. Our results are in line with
the activation of NADPH oxidase by visfatin/Nampt in
bovine coronary artery endothelial cells reported by Xia et
al.Therefore, more in-depth studies using both in vivo and in
vitro approaches are needed to fully understand the capacity
of visfatin/Nampt to impair vasodilation.

5. Mechanisms of Action of Visfatin/Nampt in
the CV System

5.1. The Insulin Receptor. Visfatin/Nampt was initially pro-
posed by Fukuhara et al. as a potential beneficial tool
able to bind and activate the insulin receptor triggering
glucose-lowering properties [2]. However, two years later,
the authors retracted their paper, and the role of insulin
receptor in visfatin/Nampt-mediated actions is still a matter
of controversy [5]. In this line, the glucose-lowering actions of
visfatin/Nampt have been hardly reproduced.However, in the
context of CV diseases it has been proposed that the insulin
receptor mediates some of the in vitro effects reported for
visfatin/Nampt on IL-8 and TNF-𝛼 secretion of by human
peripheral blood mononuclear cells [63], the upregulation
of MMP-9 in THP-1 monocytes [63], or enhanced glucose
uptake by rat mesangial cells [118]. On the contrary, a role for
insulin receptor has been discarded in a wide range of cell
types, including vascular cells and macrophages [10, 95, 97].

5.2. Nampt Activity. Nampt enzymatic activity has been pro-
posed as an alternativemechanism for visfatin/Nampt actions
in the CV system. Thus, the pharmacological inhibition of
iNampt by APO866 decreased cell survival and promoted
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senescence in VSMC [17]. On the contrary, eNampt activity
has been proposed to exert proatherogenic effects in smooth
muscle cells. Wang et al. have reported that visfatin/Nampt
from PVAT can promote smooth muscle cells proliferation
through an eNampt-dependent mechanism [10].

Moreover, blockade of the insulin receptor did not
affect the reported inflammatory effect of visfatin/Nampt in
smooth muscle cells while APO866, the inhibitor of Nampt,
completely prevented visfatin/Nampt-induced inflammatory
signaling [96]. Additionally, we demonstrated that vis-
fatin/Nampt impaired endothelium-dependent relaxation in
rat and human mesenteric microvessels through its intrinsic
eNampt activity [100]. Thus, in the presence of the Nampt
inhibitor APO866, visfatin/Nampt deleterious effects on the
endotheliumwere prevented.This proinflammatory profile of
eNampt activity is further supported by the observation that
inflammatory cytokine secretion by leukocytes is regulated by
eNampt activity [119].

On the other hand, it has been proposed that eNampt
may enhance intracellular NAD+ levels conferring a higher
resistance of cardiomyocytes to oxidative stress in ischemia-
reperfusion [113]. On the contrary, a deleterious role has also
been proposed for eNampt activity in myocardial infarction.
Thus, Montecucco et al. have very recently shown that
treatment with of the Nampt inhibitor APO866 reduced
myocardial infarct size, neutrophil infiltration, and reactive
oxygen species (ROS) generation within infarcted hearts in
vivo in a mouse model of ischemia and reperfusion [120].
Moreover, exogenous administration of APO866 prevented
CXCL2-induced neutrophil recruitment and thereby reduced
neutrophil-mediated tissue injury in mice in vitro [120].
Thus, the pharmacological inhibition of Nampt emerges
as an effective therapeutic tool to reduce smooth muscle
cell proliferation, inflammation, endothelial dysfunction,
and oxidative stress-mediated tissue damage in myocardial
infarction.

In this line, some of the vascular and renal actions of
visfatin/Nampt have also been attributed to the product of
Nampt activity, NMN [10, 96, 100, 115]. NMN, the product
of Nampt, exerted growth-factor-like activity in rat smooth
muscle cells, through the activation of MAPKs ERK 1/2 and
p38 [10]. Analogously, our group demonstrated that NMN,
the product of Nampt is able to reproduce the activation
of the ERK 1/2-NF-𝜅B signaling pathway induced by vis-
fatin/Nampt, leading to iNOS upregulation in human VSMC
[96]. Moreover, NMN was able to both impair endothelium-
dependent relaxation in rat and human microvessels. Anal-
ogously, NMN upregulated NADPH oxidase activity in rat
microvessels and HUVEC mimicking the effects exerted by
visfatin/Nampt. However, NMN does not always reproduce
visfatin/Nampt actions [95], indicating that visfatin/Nampt
may have other additional mechanisms of action.

Interestingly, it has been recently proposed that vis-
fatin/Nampt can induce prostaglandin E(2) (PGE(2)) syn-
thesis in chondrocytes by both Nampt activity and insulin
receptor activation [121]. Whether this dual mechanism of
action can be extrapolated to some of the detrimental effects
of visfatin/Nampt in the CV system needs to be further
explored.

5.3. Other Mechanisms. As stated before, PBEF was first
identified as an immunomodulatory cytokine able to syner-
gize with interleukin 7 (IL-7) and stem cell factor (SCF) to
promote pre-B cell colony formation [6]. A role for insulin
receptor in visfatin/Nampt-mediated cytokine release has
been discarded [69]. Analogously, the upregulation of the
CAMs induced by visfatin/Nampt human endothelial cells
did not depend on insulin receptor activation [84, 97]. In
this regard, Li et al. reported that visfatin/Nampt-induced
survival of macrophages under endoplasmic reticulum stress
was not mediated by Nampt activity nor through the insulin
receptor [95]. Therefore, Li and other authors have proposed
that the effects of visfatin/Nampt onmonocytes and endothe-
lial cells activation may be mediated by a yet unidentified
receptor. Interestingly, Xia et al. have proposed that vis-
fatin/Nampt may act as a ligand of inflammatory or death
receptor [102].Thus, they propose that visfatin/Nampt effects
on the impairment of endothelium-dependent vasodilation
in bovine coronary arteries may be mediated through a
death receptor, which leads to the formation of the signalling
platforms called membrane rafts (MRs) [102].This opinion is
supported by the observation that visfatin/Nampt enhanced
acid sphingomyelinase (ASMase) activity. ASMase is an
enzyme that promotes the clustering of membrane rafts
(MR) resulting in MR-associated transmembrane signaling.
This ASMase is translocated onto the plasma membrane via
membrane proximal lysosome trafficking and fusion upon
stimulation of death receptors [122]. Visfatin/Nampt phar-
macological or genetic silencing prevented MR clustering
and consequent formation of the MR signalling platforms
or signalosomes in coronary arterial ECs. Both the phar-
macological inhibition of ASMase with amitriptyline and
genetic silencing with siRNA almost completely abolished
visfatin/Nampt effects on endothelial injury. Moreover, the
authors claim that the death receptor agonist FasL mim-
icked the effect exerted by visfatin/Nampt on endothelium-
dependent vasodilation [102]. However, this hypothesis does
not match with the proposed antiapoptotic effects of vis-
fatin/Nampt in cardiomyocytes. Furthermore, it has been
recently reported that visfatin/Nampt has a protective effect
on oxygen peroxide-induced myocardial apoptosis, not by
inhibiting the death receptor-dependent apoptotic pathways,
but most likely acting on p53-mediated, mitochondria-
dependent apoptotic signaling and via involvement of the
AMPK signaling pathway in H9c2 cardiomyocytes [123].

6. Sources of Visfatin/Nampt with
Potential CV Impact

Visceral adipose tissue was initially proposed as the main
source of circulating visfatin/Nampt in humans [2]. Vis-
fatin/Nampt plasma levels were proposed to correlate with
the amount of visceral fat in humans as determined by com-
puterized tomography [2]. Nevertheless, further evidence has
demonstrated that visfatin/Nampt is expressed in similar
levels in human subcutaneous AT [7, 8]. As previously men-
tioned, visfatin/Nampt is found in perivascular and epicardial
fat and can therefore act in a paracrine manner on the CV
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system [9, 10]. Indeed, epicardial AT explants virtually release
the same levels as upper abdominal SAT [9]. Epicardial fat
(EF) is now considered a true kind of visceral adipose tissue
(VAT) depot surrounding the heart. The impact of epicardial
fat remains relatively unstudied and is now under intensive
investigation in order to explore its contribution to CVD due
to its ability to synthesize and release several inflammatory
adipokines. Indeed, epicardial fat has been proposed as a
marker of visceral adiposity [124] and as an indicator of
cardiovascular risk [125].

Aswe have previouslymentioned,macrophages represent
a major source of visfatin/Nampt in AT [11]. In line with
the proposed inflammatory properties of visfatin/Nampt,
other circulating cytokine-producing cell types have been
described as sources of visfatin/Nampt, namely, activated
lymphocytes, monocytes, or neutrophiles [6, 63, 71].

Therefore, it is not striking that visfatin/Nampt expression
has been reported in macrophages from atherosclerotic
plaques [35, 63, 109]. However, besides being expressed in
macrophages and foam cells, visfatin/Nampt is also found in
different cell types present in the vascular wall. Thus, visfatin
expression has been reported in both coronary and aortic
VSMCs [64]. A single report by Lovren et al. has proposed
the human endothelial cells (HUVECs and HCAECs) as an
additional source for visfatin/Nampt within the vascular wall
[80]. In this line, visfatinmRNAexpression has been reported
in endothelial cells [126].

These observations suggest that, besides cells of circulat-
ing origin, other cell types from the atherosclerotic lesion can
represent an additional source of this adipocytokine, which
may then reach high local concentrations within the vascular
wall.

Cardiomyocytes have very recently been discovered
as a visfatin/Nampt-secreting cell type [94]. Indeed, vis-
fatin/Nampt secretion by cardiomyocytes is enhanced in
response to stress and has been proposed to induce cardiac
hypertrophy and fibrosis through the activation of JNK1,
p38, and ERK. These results suggest that visfatin/Nampt
is a positive regulator of cardiac hypertrophy and adverse
ventricular remodeling [94]. Therefore, although VAT may
be the main source contributing to circulating levels of vis-
fatin/Nampt, we cannot ignore the impact of visfatin/Nampt
from other adipose depots such as PVAT or EF that can
act in a paracrine manner in the CV system. Moreover,
visfatin/Nampt from activated immune cells, prone to be
recruited into the vascular wall, or locally synthesized vis-
fatin/Nampt by cardiomyocytes or vascular cells may also
contribute in an autocrine manner to the reported impact of
visfatin/Nampt in the CV system.

7. Conclusions

In 2005, visfatin/Nampt was identified as a novel adipocy-
tokine with suggested beneficial effects in the context of
metabolic disorders, as an insulin-mimetic with glucose-
lowering properties. The retraction of Fukuhara and col-
leagues combined with growing evidence supporting a role
for visfatin/Nampt in metabolic diseases suddenly shifted
the role of this adipokine from friend to foe. However, in

light of the recent advances in the field, to the question “vis-
fatin/Nampt: friend or foe?”, the answer should be “depending
on the scenario.”

As discussed in this review, there is growing clinical
evidence supporting a role for visfatin as a biomarker or even
a predictor of inflammation, and endothelial injury in several
metabolic diseases.

Importantly, in vitro and ex vivo approaches have now
provided evidence that visfatin/Nampt may exert direct
deleterious actions on the cardiovascular system, includ-
ing cell proliferation, monocyte/macrophage activation and
recruitment, vascular inflammation and remodeling, all of
which leading to the development of atherosclerotic lesions.
In this context, the pharmacological inhibition of the car-
diovascular actions of visfatin might represent a novel
therapeutic approach to prevent and treat cardiometabolic
complications. In the same line, the inhibition of visfatin
proangiogenic actions might also be useful in treating but
pathologies implying excessive neovascularization. Indeed,
there are currently ongoing clinical trials at an early phase in
this direction. In this context, the pharmacological inhibition
of the cardiovascular actions on the visfatin/Nampt might
represent a novel therapeutic approach to prevent and treat
cardiometabolic complications.

On the other hand, beneficial actions have also been
proposed for visfatin/Nampt, since the administration of
visfatin/Nampt has shown beneficial effects in ischemia-
related clinical conditions, such as stroke, peripheral limb
ischemia, or myocardial ischemia-reperfusion, where it may
become a beneficial pharmacological tool.

Although visfatin has emerged in the last years as a
promising pharmacological target in the context of cardio-
vascular complications, further research is still required to
understand the impact of visfatin in different scenarios and
clinical conditions and to evaluate the real value of visfatin as
a therapeutical target in the cardiovascular system.
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[7] J. Berndt, N. Klöting, S. Kralisch et al., “Plasma visfatin concen-
trations and fat depot-specific mRNA expression in humans,”
Diabetes, vol. 54, no. 10, pp. 2911–2916, 2005.

[8] B. K. Tan, J. Chen, J. E. Digby, S. D. Keay, C. R. Kennedy, and H.
S. Randeva, “Increased visfatin messenger ribonucleic acid and
protein levels in adipose tissue and adipocytes in women with
polycystic ovary syndrome: parallel increase in plasma visfatin,”
Journal of Clinical Endocrinology andMetabolism, vol. 91, no. 12,
pp. 5022–5028, 2006.

[9] K. H. Cheng, C.S. Chu, K.T. Lee et al., “Adipocytokines and
proinflammatory mediators from abdominal and epicardial
adipose tissue in patients with coronary artery disease,” Inter-
national Journal of Obesity, vol. 32, no. 2, pp. 268–274, 2008.

[10] P.Wang, T. Xu, Y. Guan, D. Su, G. Fan, and C.Miao, “Perivascu-
lar adipose tissue-derived visfatin is a vascular smooth muscle
cell growth factor: role of nicotinamide mononucleotide,” Car-
diovascular Research, vol. 81, no. 2, pp. 370–380, 2009.

[11] C. A. Curat, V. Wegner, C. Sengenès et al., “Macrophages
in human visceral adipose tissue: increased accumulation in
obesity and a source of resistin and visfatin,” Diabetologia, vol.
49, no. 4, pp. 744–747, 2006.

[12] A. Rongvaux, R. J. Shea, M. H. Mulks et al., “Pre-B-cell colony-
enhancing factor, whose expression is up-regulated in activated
lymphocytes, is a nicotinamide phosphoribosyltransferase, a
cytosolic enzyme involved in NAD biosynthesis,” European
Journal of Immunology, vol. 32, no. 11, pp. 3225–3234, 2002.

[13] L. Formentini, F. Moroni, and A. Chiarugi, “Detection and
pharmacological modulation of nicotinamide mononucleotide
(NMN) in vitro and in vivo,” Biochemical Pharmacology, vol. 77,
no. 10, pp. 1612–1620, 2009.

[14] J. R. Revollo, A. A. Grimm, and S. Imai, “TheNAD biosynthesis
pathway mediated by nicotinamide phosphoribosyltransferase
regulates Sir2 activity in mammalian cells,” Journal of Biological
Chemistry, vol. 279, no. 49, pp. 50754–50763, 2004.

[15] C. Ho, E. van der Veer, O. Akawi, and J. G. Pickering, “SIRT1
markedly extends replicative lifespan if the NAD+ salvage
pathway is enhanced,” FEBS Letters, vol. 583, no. 18, pp. 3081–
3085, 2009.

[16] E. van der Veer, Z. Nong, C. O’Neil, B. Urquhart, D. Free-
man, and J. G. Pickering, “Pre-B-cell colony-enhancing factor
regulates NAD+-dependent protein deacetylase activity and
promotes vascular smooth muscle cell maturation,” Circulation
Research, vol. 97, no. 1, pp. 25–34, 2005.

[17] E. van der Veer, C. Ho, C. O’Neil et al., “Extension of human cell
lifespan by nicotinamide phosphoribosyltransferase,” Journal of
Biological Chemistry, vol. 282, no. 15, pp. 10841–10845, 2007.

[18] J. R. Revollo, A. Korner, K. F.Mills et al., “Nampt/PBEF/Visfatin
regulates insulin secretion in beta cells as a systemic NAD

biosynthetic enzyme,” Cell Metabolism, vol. 6, no. 5, pp. 363–
375, 2007.

[19] S. Imai, “Nicotinamide phosphoribosyltransferase (Nampt): a
link between NAD biology, metabolism, and diseases,” Current
Pharmaceutical Design, vol. 15, no. 1, pp. 20–28, 2009.

[20] S. Pilz, H. Mangge, B. Obermayer-Pietsch, and W. März,
“Visfatin/pre-B-cell colony-enhancing factor: a protein with
various suggested functions,” Journal of Endocrinological Inves-
tigation, vol. 30, no. 2, pp. 138–144, 2007.

[21] J. M. Stephens and A. J. Vidal-Puig, “An update on visfatin/pre-
B cell colony-enhancing factor, an ubiquitously expressed,
illusive cytokine that is regulated in obesity,” Current Opinion
in Lipidology, vol. 17, no. 2, pp. 128–131, 2006.

[22] M. Gosset, F. Berenbaum, C. Salvat et al., “Crucial role of
visfatin/pre-B cell colony-enhancing factor in matrix degrada-
tion and prostaglandin E2 synthesis in chondrocytes: possible
influence on osteoarthritis,” Arthritis and Rheumatism, vol. 58,
no. 5, pp. 1399–1409, 2008.

[23] S. Ognjanovic, T. L. Ku, and G. D. Bryant-Greenwood, “Pre-B-
cell colony-enhancing factor is a secreted cytokine-like protein
from the human amniotic epithelium,” American Journal of
Obstetrics and Gynecology, vol. 193, no. 1, pp. 273–282, 2005.

[24] S. R. Costford, S. Bajpeyi, M. Pasarica et al., “Skeletal muscle
NAMPT is induced by exercise in humans,” American Journal
of Physiology, vol. 298, no. 1, pp. E117–E126, 2010.

[25] A. Garten, S. Petzold, A. Barnikol-Oettler et al., “Nicotinamide
phosphoribosyltransferase (NAMPT/PBEF/visfatin) is consti-
tutively released from human hepatocytes,” Biochemical and
Biophysical Research Communications, vol. 391, no. 1, pp. 376–
381, 2010.

[26] L. Frydelund-Larsen, T. Akerstrom, S. Nielsen, P. Keller, C.
Keller, and B. K. Pedersen, “Visfatin mRNA expression in
human subcutaneous adipose tissue is regulated by exercise,”
American Journal of Physiology, vol. 292, no. 1, pp. E24–E31,
2007.
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The combination of obesity and type 2 diabetes is a serious health problem, which is projected to afflict 300 million people
worldwide by 2020. Both clinical and translational laboratory studies have demonstrated that chronic inflammation is associated
with obesity and obesity-related conditions such as insulin resistance. However, the precise etiopathogenetic mechanisms linking
obesity to diabetes remain to be elucidated, and the pathways that mediate this phenomenon are not fully characterized. One of the
most recently identified signaling pathways, whose activation seems to affect many metabolic disorders, is the “inflammasome,”
a multiprotein complex composed of NLRP3 (nucleotide-binding domain and leucine-rich repeat protein 3), ASC (apoptosis-
associated speck-like protein containing a CARD), and procaspase-1. NLRP3 inflammasome activation leads to the processing
and secretion of the proinflammatory cytokines interleukin- (IL-) 1𝛽 and IL-18. The goal of this paper is to review new insights
on the effects of the NLRP3 inflammasome activation in the complex mechanisms of crosstalk between different organs, for a
better understanding of the role of chronic inflammation in metabolic disease pathogenesis. We will provide here a perspective on
the current research on NLRP3 inflammasome, which may represent an innovative therapeutic target to reverse the detrimental
metabolic consequences of the metabolic inflammation.

1. The NLRP3 Inflammasome: An Overview
The inflammasomes are signaling platforms, which are asse-
mbled in response to pathogen-associated and damage-asso-
ciated molecular pattern molecules and environmental irri-
tants. Currently, inflammasomes are distinguished into two
families: the NOD-like receptor (NLR) family and the pyrin
and HIN200 (haematopoietic interferon-inducible nuclear
antigens with 200 amino-acid repeats) domain-containing
protein (PYHIN) family. The NLR family consists of NLRP1,
NLRP2, NLRP3, NLRP6, NLRC4, and NLRP12. The PYHIN
family consists of AIM2 and IFI16. Each inflammasome is
induced by numerous different exogenous and endogenous
signals. This review will focus on the NLRP3 inflamma-
some. The NLRP3 inflammasome is a multiprotein, large
cytoplasmic complex (>700 kDa), composed of a specific
member of theNOD-like receptor protein (NLRP) subfamily,
the adaptor protein named apoptosis-associated speck-like
protein containing a CARD (ASC), and procaspase-1, which

are preferentially expressed in adipose tissue macrophages
(ATMs) [1]. Unlike the typical signaling cascades down-
stream of many innate receptors such as other NLRP mem-
bers, the NLRP3 inflammasome is a proteolytic caspase-
1-activating platform. The activation of NLRP3 leads to
oligomerization and recruitment of ASC. NLRP3 contains an
N-terminal pyrin domain (PYD), which is used to physically
interact with the PYD domain of ASC, thus facilitating
the subsequent recruitment and activation of procaspase-1.
Caspase-1 is then autocatalytically cleaved to its active form
(Figure 1). Caspase-1 does not play a major role in apoptosis.
Instead, once activated, caspase-1, as far as we are currently
aware, cleaves the proforms of two potent proinflammatory
cytokines interleukin- (IL-) 1𝛽 and IL-18 in the cytoplasm.
This has twomain effects; firstly it activates the two cytokines
and secondly in this mature form these cytokines can be
released from the cell. The active form of caspase-1 also
has the ability to induce the release of IL-1𝛼 and HMGB-1



2 Mediators of Inflammation

Cell death (pyroptosis)
HMGB1and IL1𝛼 release

NLRP3 inflammasome
oligomerization

Active caspase-1Procaspase-1

CARD

ASC

PYD

NBD

LRR

Pro-IL1𝛽

Pro-IL18

IL1𝛽

IL18

Obesity-induced danger signals
Reactive oxygen species
Lysosomes
Saturated fatty acids

Figure 1: The release of obesity-related danger signals such as reactive oxygen species, lysosomes, and other obesity-induced danger signals
resulting in the oligomerization of NLRP3 in adipose tissue. The NLRP3 inflammasome is made up of carboxy terminal leucine-rich repeats
(LRRs), a nucleotide-binding domain (NBD), and an N-terminal pyrin domain (PYD).The resulting oligomerization causes the recruitment
of procaspase-1 via homotypic binding of caspase activation and recruitment domain (CARD) or through the PYD by means of the adapter
apoptosis-associated speck-like protein containing a CARD (ASC). Caspase-1 is therefore activated and initiates the cleavage of prointerleukin
(IL)1𝛽 and pro-IL18 to form the active cytokines IL1𝛽 and IL18.The activation of caspase-1 also results in pyroptosis (a form of lytic cell death
during inflammation) and the release of high mobility group box 1 (HMGB1) and IL1𝛼.

(high mobility group box 1), as well as initiate a lytic
form of cell death called pyroptosis [2–4] (Figure 1). The
primary role of the inflammasome and its products seems
to be as part of the body’s innate immune system, in
that they can be triggered to assist in the defense against
invading pathogens. Indeed much of the data published on
the inflammasome/caspase 1 is on its role in the body’s
response to microbial molecules (bacterial, fungal, or viral)
with conserved molecular structures known as “pathogen
associated molecular patterns” (PAMPs) [5, 6]. In addition
to PAMPs, the NLRP3 inflammasome is also proficient in
sensing stress to endogenous (nonmicrobial) danger signals
(“danger associated molecular patterns,” DAMPs) from dam-
aged cells. DAMPs can include molecules such as reactive
oxygen species (ROS), adenosine triphosphate (ATP), hypo-
tonic stress, uric acid crystals, or noxious exogenous factors
such as environmental insults, asbestos, andUV radiation [7].

There are a number of potential mechanisms for the
assembly of the NLRP3 inflammasome, as described earlier.
According to one hypothesis, mitochondria are the principal
source of reactive oxygen species (ROS) required for inflam-
masome activation; several recent studies have implicated
ROS produced by mitochondria, rather than phagosomes,
in NLRP3 activation exerting an indirect effect on pathways
of metabolism [8, 9]. A second mechanism involves the
disruption of lysosomal membrane integrity by crystalline
materials and peptide aggregates [10, 11]. Upon uptake of
such substances, lysosomal rupture leads to the leakage of
lysosomal proteases, specifically cathepsins B and L, into

the cytosol where they could possiblymediateNLRP3 inflam-
masome activation by an as-yet-undefined cleavage event.
In addition, type-2 diabetic patients and mice fed a high-fat
diet demonstrate IL-1𝛽 production following inflammasome
activation from obesity-induced danger signals [12]. Mice
have also been shown to become glucose intolerant following
activation of the inflammasome in hematopoietic cells by the
saturated fatty acid palmitate [13]. Very recently, Vajjhala and
colleagues [14] have shed light on the molecular details of
the complex mechanisms of NLRP3 inflammasome assembly
and activation, identifying multiple binding sites on the
PYD domain of the adaptor protein ASC which allow self-
association and interaction with binding partners.

2. The NLRP3 Inflammasome in
Obesity and Type 2 Diabetes

Several in vitro, in vivo studies and clinical trials provide
evidence that supports a causative role of IL-1𝛽 in the patho-
genesis of type 2 diabetes [15], and elevation in circulating
levels of IL-1𝛽 predicts type 2 diabetes when combined
with serum IL-6 levels [16]. Prolonged IL-1𝛽 treatment has
been demonstrated to reduce the insulin-induced glucose
uptake in murine adipocytes [17]. In contrast, addition
of the IL-1𝛽 receptor antagonist to adipocytes resulted in
increased insulin sensitivity as reflected by increased levels of
phosphorylated AKT in response to insulin. Similarly, IL-1𝛽
can inhibit the insulin-stimulated glycogen synthesis in rat
hepatocytes [18]. These results were confirmed by showing
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that IL-1𝛽 knockout mice were more insulin sensitive as
compared to wild-type control animals [19]. In humans, elev-
ated plasma levels of IL-1𝛽 have been found to be predictive
of type 2 diabetes [16], and clinical studies have suggested
that treatment with the IL-1𝛽 receptor antagonist anakinra
has beneficial effects in type 2 diabetic patients [20]. A
number of recent landmark studies have pointed out a
key role for an excessive NLRP3 inflammasome activation
in the IL-1𝛽-related development of type 2 diabetes. The
association between the NLRP3 inflammasome and both
insulin resistance and obesity has been suggested by animal
studies showing that genetic ablation of NLRP3 improved
insulin sensitivity and glucose homeostasis [21]. Specifically,
adipocytes isolated from NLRP3-deficient mice showed an
increase in insulin sensitivity as determined by phosphory-
lation of Akt. In line with the rise in insulin sensitivity, IL-1𝛽
production of adipose tissue isolated from NLRP3 knockout
mice was significantly reduced as compared to white adipose
tissue from wild-type animals. Other studies [12, 13] have
shown that improvement in insulin sensitivity (increased
phosphorylation of the insulin receptor subtrate-1 and Akt)
can also be detected in liver and muscle of NLRP3 knockout
mice on a high-fat diet for 12 weeks.This effect was associated
with a significant reduction in the tissue mRNA expression
of inflammatory cytokines compared to wild-type control
[13]. Ablation of the NLRP3 in mice has been also reported
to protect from obesity-associated macrophage activation in
adipose tissue, reducing M1-like macrophage gene expres-
sion (tumor necrosis factor-𝛼, chemokine ligand 20, and
chemokine ligand 11) and increasing the expression of M2-
like cytokines (interleukin-10).This effect was associatedwith
an increase in the number of M2 macrophages in NLRP3-
deficient obese mice, without affecting the M1 macrophage
frequency [12]. To confirm the clinical relevance of these
data generated from mouse models, the same authors have
demonstrated that weight loss reduced NLRP3 expression
in abdominal subcutaneous adipose tissue in obese patients
with type 2 diabetes, which was accompanied by improved
glucose homeostasis [12]. Furthermore, strong correlations
between the expression of NLRP3 inflammasome-related
genes and insulin resistance have been recently reported
in obese male subjects with impaired glucose tolerance
[22]. Additionally, type 2 diabetic patients showed elevated
levels of NLRP3, ASC, IL-1𝛽, and IL-18 mRNA and protein
expression in monocyte-derived macrophages, compared
with those in healthy control subjects. Besides, the cleavage
of caspase-1 and release of mature IL-1𝛽 were significantly
elevated in monocyte-derived macrophages from type 2
diabetic patients compared with controls [23]. Inflammatory
cytokines are known to contribute crucially to the devel-
opment of insulin resistance by activating different kinases
that disrupt insulin signaling. The endoplasmatic reticulum
(ER) is an extensive membrane network which has been
recently demonstrated to be involved in the transduction of
cytokines effects into activation of different kinases.The early
steps of insulin biosynthesis occur in the ER of pancreatic
𝛽 cells, thus further suggesting the key role of ER load and
folding activity in the insulin biosynthesis [24]. A major
role of the ER is to ensure the synthesis and folding of

membrane and secreted proteins, and any disturbance in this
function (e.g., excessive protein synthesis or accumulation
of unfolded or misfolded proteins in the ER lumen) leads
to an “ER stress” response, also known as the unfolded
protein response (UPR). The recent literature suggests that
ER stress may act directly as a negative modulator of the
insulin biosynthesis and insulin signaling pathways but also
indirectly by promoting lipid accumulation [25, 26]. ER
stress also plays a role in the dysregulation of adipokine
secretion by adipose tissue, frequently observed in obesity
and insulin resistance [27, 28], and CD14+ monocytes iso-
lated from diabetic patients showed evidence of ER stress,
which may underlie the functional defects in these cells
[29]. Interestingly, ER stress has been recently demonstrated
to activate the NLRP3 inflammasome, resulting in the
subsequent release of IL-1𝛽 by human macrophages, with
an activation mechanism similar to that of other known
NLRP3 activators, requiring ROS generation and potassium
efflux [30]. The thioredoxin-interacting protein (TXNIP), a
critical node in the development of ER stress leading to
programmed cell death of pancreatic 𝛽 cells, activates the
NLRP3 inflammasome, causing procaspase-1 cleavage and
IL-1𝛽 secretion in human monocytic cells [31]. The role of
ER stress in promoting NLRP3 inflammasome activation is
consistent with the subcellular localization of NLRP3. In
resting cells, NLRP3 is associated with ER membranes, and
then upon activationNLRP3 is redistribute to the perinuclear
space where it colocalizes with endoplasmic reticulum and
mitochondria organelle clusters [9].

3. The NLRP3 Inflammasome and the Organ
Crosstalk in the Metabolic Inflammation

NLRP3 inflammasome plays a substantial role in sensing
obesity-associated inducers of caspase-1 activation and there-
fore regulates the magnitude of the inflammation and its
downstream effects on insulin signaling in different organs,
as reported here later.

3.1. Immune Effector Cells. NLRP3 expression is detected
mainly in the cytosol of granulocytes, monocytes, dendritic
cells, T and B cells, and osteoblasts [32]. Thus, most of
the first studies characterizing the role of NLRP3 signaling
have been conducted in cells of the immune system. Several
studies on innate immune cells have demonstrated that
the myeloid-derived NLRP3 inflammasome complex may
contribute to promote inflammatory cytokine production
and insulin resistance through reduction of insulin signaling.
In vitro experiments have shown that elevated concentration
of saturated fatty acids (SFAs), caused by a high-fat diet, may
activate the NLRP3 inflammasome in macrophages through
a newly identified AMP-activated protein kinase and unc-
51-like kinase-1 autophagy signaling cascade [13]. Besides,
both ex vivo and in vivo exposure of bone marrow derived
dendritic cells to dietary SFA resulted in increased NLRP3
inflammasome activation and reduced adipocyte insulin
sensitivity. More specifically, dietary SFA may act as a primer
of the NLRP3 inflammasome protein complex enhancing
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NLRP3, caspase-1, and pro-IL-1𝛽 mRNA expression. A sec-
ond signal is then required to induce maturation of IL-1𝛽
from inactive pro-IL-1𝛽. This second step can be triggered
by exposure to ATP, ROS, or ceramide [33]. Overall, these
data suggest that exposure to dietary SFA represents the key
metabolic stressor relevant to both priming and processing of
IL-1𝛽 in both adipocytes and innate immune cells. However,
it must be stressed that the high expression of NLRP3
in primary adipocyte fractions of enzymatically digested
adipose tissue may be attributable in large part to lipid-laden
macrophages that contaminate enriched adipocyte fractions,
as also suggested by immunofluorescence and qRT-PCR data,
showing that NLRP3 is highly expressed in adipose tissue
macrophages with low expression in adipocytes [12]. Besides,
standard isolation procedures for isolating primary adipose
cells often involve collagenase digestion, which have been
shown to be a potent inducer of cytokine gene transcrip-
tion and protein secretion [34]. These findings highlight
a new model of organ crosstalk, in which leukocyte and
macrophage recruitment in key insulin target tissues, such
as liver, adipose, and muscle, may promote insulin resistance
by enhancing inflammasome activation. This is in keeping
with recent studies showing that IL-1𝛽’s role in regulating
the endocrine function of adipose tissue is mediated by its
own ability to evoke local macrophage recruitment and lipid
accumulation in an autocrine/paracrine manner [35]. As in
diabetic patients pancreas, adipose tissue, liver, and kidney,
with infiltrated macrophages, are major sites of origin of
inflammation, itmight be intriguing to investigate the specific
contribution of NLRP3 inflammasome activation in these
different insulin target tissues and to identify the specific
inducers that selectivity participate in the mechanism of
tissue NLRP3 inflammasome activation.

3.2. Pancreas. Pancreatic islets of type 2 diabetic patients
have amyloid deposition and increased production of proin-
flammatory cytokines and chemokines. The unique, primary
component of islet amyloid deposits is the islet amyloid
polypeptide (IAPP; also known as amylin).Mice overexpress-
ing IAPPproduce higher amounts of IL-1𝛽 [36], and exposure
to high levels of IL-1𝛽 has been demonstrated to induce
beta cell death in cell culture, interfering with signaling to
NF-𝜅B through IKK𝛽 or the I𝜅B𝛼 super-repressor [37]. In
keeping with these results, neutralizing IL-1𝛽 on isolated beta
cells using IL-1 receptor antagonist significantly improves
𝛽-cell survival [38]. However, the precise mechanism(s) by
which IL-1𝛽 affects pancreatic 𝛽-cell failure is still debated.
Zhou et al. [39] were the first to identify a possible signaling
pathway involved in NLRP3 inflammasome activation under
conditions ofmetabolic stress.They showed that thioredoxin-
interacting protein (TXNIP), also known as vitamin D3
upregulated protein 1 (VDUP1), is an upstream and highly
selective activating ligand for NLRP3, with no effect on the
activity of other inflammasomes (e.g., NLRC4 and AIM2).
TXNIP-dependent NLRP3 inflammasome activation drives
IL-1𝛽 secretion from pancreatic islets in response to chronic
elevated glucose, thus suggesting, for the first time, that
NLRP3, activated under conditions ofmetabolic stress, medi-
ates IL-1𝛽-driven islet failure. Other authors have identified

oligomers of IAPP, as a key trigger for NLRP3 inflamma-
some activation and the following processing of IL-1𝛽 [40].
Obesity-induced pancreatic 𝛽-cell death is regulated, at least
in part, by the NLRP3 inflammasome, as demonstrated
in NLRP3-deficient mice in late-stage obesity, where the
ablation of NLRP3 is associated with reduced cell death and
increase in pancreatic islet size and local insulin levels [41].

3.3. Adipose Tissue. As noted by Vandanmagsar et al., the
NLRP3 inflammasome is activated in adipose tissue inmouse
models of obesity and attenuated by calorie restriction.
NLRP3 inflammasome levels also correlate with glycaemia in
type 2 diabetes patients after weight loss interventions [12].
Besides, mice deficient in inflammasome components are
protected from body-weight gain and adipocyte hypertrophy,
induced by chronic exposure to a high-fat diet [1]. NLRP3
inflammasome components have been reported to be abun-
dantly represented in adipocytes of patients with metabolic
syndrome, mainly in adipocytes from samples of visceral
adipose tissue. In contrast, the inflammasome in subcuta-
neous adipose tissue adipocytes did not seem to be grossly
influenced by the presence of the metabolic syndrome [42].
Interestingly, caspase-1 activation in adipose tissue of obese
animals takes place partly independent of macrophage infil-
tration. Partial depletion of macrophages from adipose tissue
of obese animals decreased the expression of the macrophage
marker CD68, with no significant alteration in the expression
of caspase-1, thus suggesting that the effects of the NLRP3-
ASC-caspase-1 protein complex on adipose tissue are not only
exerted though infiltrating macrophages. This observation
was also confirmed in in vitro experiments showing caspase-
1 activation in adipocytes in settings free of inflammatory
cells [43] and increased insulin sensitivity in adipocytes
lacking of caspase-1 or the inflammasome componentNLRP3
[21]. In addition, adipocyte upregulation of IL-1𝛽 expression
and secretion in response to inflammatory stimuli has been
shown to induce hepatic insulin resistance, thus suggesting a
further intriguing role for NLRP3 inflammasome activation
in the dysfunctional communication between adipocytes
and hepatocytes [35, 43]. Overall these data reveal a novel
metabolic function of the NLRP3 inflammasome in adipose
tissue, suggesting that its pharmacological modulation in
obese and/or patients with type 2 diabetes may restore
the metabolic function of adipose tissue and subsequently
improve insulin sensitivity.

3.4. Liver. The involvement of the inflammasome in nonal-
coholic fatty liver disease (NAFLD) and non-alcoholic steato-
hepatitis (NASH) is slowly being elucidated. The presence of
NLRP3 inflammasome and/or inflammasome activation has
been shown in sinusoidal endothelial cells [44], stellate cells
[45], and hepatocytes [46]. Recently, inflammasome activa-
tion has been associated with NASH, and long-term high-
fat diet administration resulted in reduced hepatic steato-
sis in NLRP3 knockout mice [12]. Selective deficiency in
IL-1𝛽 in liver parenchymal cells, but not in bone-marrow-
derived cells, protected mice from diet-induced steatohepati-
tis and fibrosis [47]. Increased mRNA expression of NLRP3
inflammasome components was found in human livers
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of NASH patients [46] where NLRP3 levels were decreased
after weight loss. These observations suggest that inflamma-
some activation by different cell types may contribute to dif-
ferent aspects of steatohepatitis. In contrast, to date, there are
no data suggesting a potential role of NLRP3 inflammasome
activation on impaired glycogen synthesis and/or augmented
glycogenolysis.

3.5. Gut. There is evidence that the inflammasome comp-
onents are important in the maintenance of the integrity of
the intestinal epithelium and the defense against pathogenic
organisms that can invade the gastrointestinal tract. For
instance, mice lacking the inflammasome components
NLRP3 and caspase-1 are hypersusceptible to gastrointestinal
inflammation induced by Citrobacter rodentium, an ent-
eric bacterial pathogen of the mouse intestinal tract that
triggers inflammatory responses resembling those of humans
infectedwith enteropathogenic and enterohemorrhagicEsch-
erichia coli. The increased host susceptibility to C. rodentium
is due to the failure to produce normal levels of IL-1𝛽 and
IL-18 in the presence of NLRP3 and Caspase-1 deficiency
[48]. NLRP3-deficient mice had been reported to show
increased susceptibility to dextran-sulfate-sodium- (DSS-)
induced colitis with increased mortality and weight loss in
three different studies [49–51]. However, other authors did
not show a negative regulatory effect of NLRP3 on colitis,
showing that NLRP3-null mice or mice pretreated with the
caspase-1 inhibitor pralnacasan had less severe colitis when
treated with DSS, which was related to decreased IL-1𝛽
secretion of DSS-exposed NLRP3-deficient macrophages
in vitro [52, 53]. This discrepancy could be due not only to
differences in protocols but also to baseline differences in
the gut microbiota that might account for the dissimilar
phenotypes. The crucial role of inflammasome components
in the impairments of the gut microbiota composition is
also suggested by recent studies demonstrating that NLRP3
inflammasome regulates the gastrointestinal microbiome
and can thereby affect host susceptibility to diseases beyond
the gastrointestinal tract, including obesity and diabetes. In
particular, modulation of the intestinal microbiota through
multiple inflammasome components has been recently
demonstrated to be a critical determinant of NAFLD/NASH
progression as well as multiple other aspects of metabolic
syndrome such as weight gain and glucose homeostasis
[54]. Inflammasome-deficiency-associated changes in the
configuration of the gut microbiota are associated with
exacerbated hepatic steatosis and inflammation through
influx of TLR4 and TLR9 agonists into the portal circulation,
leading to enhanced hepatic tumour-necrosis factor- (TNF-)
𝛼 expression that drives NASH progression [54].

3.6. Kidney. Little is known of the role of the NLRP3 inflam-
masome complex in the development of renal metabolic
damage. In humans, IL-18 and caspase-1 are expressed in
renal tubular epithelium, and patients with chronic kidney
disease or the nephrotic syndrome exhibit elevated levels of
IL-18 [55–57]. In a cohort of renal biopsies from patients
with nondiabetic kidney disease, levels of mRNA encoding
NLRP3 correlate with renal function [58], strongly suggesting

thatNLRP3 contributes to the pathogenesis of chronic kidney
disease. This is supported by experimental data showing
that inflammasome-regulated cytokines such as IL-1𝛽 and
IL-18 are implicated in animal models of chronic kidney
disease, including glomerulonephritis and renal ischemic
injury [59]. In an animal study aimed to evaluate the renal
consequences of the chronic administration of high-fructose
corn syrup (HFCS-55), the major sweetener in foods and
soft-drinks, we have recently demonstrated that HFCS-55
feeding caused a significant increase in bodyweight andmore
importantly dyslipidemia, hyperinsulinemia, and an increase
in insulin resistance due to impaired insulin signaling [60].
Most notably, the HFCS-55 diet evoked upregulation of renal
NLRP3 expression, resulting in activation of caspase-1 and
the subsequent cleavage of pro-IL1𝛽 to the biologically active
secreted form IL-1𝛽. These effects were due, at least in part,
to the marked hyperuricemia afforded by the dietary manip-
ulation, as also confirmed by a previous study demonstrating
that increased levels of uric acid directly activate the NLRP3
inflammasome [61]. Similarly, rats fed with fructose, which is
known to raise uric acid levels, showed a significant increase
in renal protein levels of NLRP3 [62]. However, one impor-
tant question that remains to be answered regards the specific
cell types involved in renal NLRP3 activation. As several
studies have shown that monocyte/macrophage recruitment
to the kidney significantly contributes to the renal injury, we
cannot rule out that the increased NLRP3 activation in the
kidney is due to an increase in the infiltrating macrophages
or, more likely, to a crosstalk between macrophages and
tubular/glomerular cells.

3.7. Skeletal Muscle. Although it has been recently proposed
that sarcopenia (loss of muscle mass) and myosteatosis (fat
infiltration in skeletal muscle) exert a key role in triggering
insulin resistance in obese patients, so far the potential role
of NLRP3 complex activation in muscle activity and muscle
production of inflammatory mediators has not yet been
investigated. However, there is evidence that components
of the inflammasome complex are upregulated in dysferlin-
deficient human muscle, thus suggesting that skeletal muscle
cells can actively participate in inflammasome activation [63].
This is a crucial point as recent studies have demonstrated
that skeletal muscle cells produce and release cytokines
(myokines) that act in an autocrine, paracrine, and/or
endocrine manner to modulate metabolic and inflammatory
process. For example, it has been demonstrated very recently
thatmuscular expression of PGC-1 alpha stimulates the secre-
tion of a newly identified myokine, irisin, which improves
glucose homeostasis and causes weight loss [64]. However,
the interactions between localNLRP3 expression/activity and
myokines production as well as the effects of these interac-
tions on muscle structure, function, and insulin-sensitivity
in animals and humans have never been investigated. Inter-
estingly, both IL-1𝛽 and IL-18 seem to exert a crucial role
also in the initiation and progression of the idiopathic
inflammatory myopathies, a heterogeneous group of chronic
disorders with predominant inflammation in muscle tissue,
including dermatomyositis, polymyositis, and myositis [65–
67]. Studies elucidating the detailed involvement of muscular
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inflammasome protein complex may thus provide promising
targets for new therapies for this heterogeneous group of
inflammatory muscle diseases.

4. NLRP3 Activation and Cardiovascular
Complications of Metabolic Disorders

Individuals with obesity and insulin resistance have an
increased burden of cardiovascular disease (CVD). In the
Kuopio Ischemic Heart Disease study, Lakka et al. [68]
reported a 4.26-fold relative risk for mortality due to heart
disease and a 1.77 relative risk for all-cause mortality in
obese, insulin-resistant patients. Similarly, in the Botnia study
the risk for coronary heart disease (CHD) and stroke was
shown to be increased threefold and the risk for cardio-
vascular mortality was increased six fold [69]. The Hoorn
Study examined 615 men and 749 women aged 50 to 75
years without diabetes or a history of CVD at baseline and
reported that the development of insulin resistance and/or
obesity was associated with about a twofold increase in
age-adjusted risk of fatal CVD in men and nonfatal CVD in
women [70]. The pathophysiological mechanism by which
metabolic disorders increase cardiovascular risk remains
under debate. Studies published during the past decade have
convincingly demonstrated a pathophysiological role for the
inflammatory response in the development of both insulin
resistance and related CVD.The finding a little over a decade
ago that the secretion of IL-1𝛽 and IL-18 was increased
in an ischemia/reperfusion (I/R) model of suprafused human
atrial myocardium [71] provided the first clear link between
inflammasome activation and CVD development. Experi-
mental studies in mice with genetic deletion of caspase-1
have identified caspase-1 inhibition as a potential target for
pharmacological intervention in the setting of CVD [72–74].
A recent report described formation of the inflammasome
in a mouse model of myocardial I/R, mainly in cardiac
fibroblasts and infiltrating cells, and reported that ASC
knockout mice were protected, with a significant decline
in cardiac infiltration of phagocytes, inflammatory cytokine
levels, infarct size, and myocardial fibrosis and dysfunction
[75].The inflammasome was also detected in cardiomyocytes
bordering the infarct zone during the infarct process, and
prevention of inflammasome activation limited infarct size
and cardiac enlargement after acute myocardial I/R injury
in the mouse [76]. NLRP3 deficiency protects mice also
from renal I/R injury [77, 78]. Both studies showed that
the absence of NLRP3 protected kidneys against renal I/R
injury to a greater extent than the absence of ASC, sug-
gesting that NLRP3 may play an additional role in renal
I/R injury independently of ASC and caspase-1. Overall, the
ability of members of the NLRP3 inflammasome protein
complex to target molecular and cellular pathways involved
in both metabolic and cardiovascular diseases suggest that
selective pharmacological modulation of NLRP3 inflam-
masome has the potential to exert synergistic effects in
the control of metabolic disorders and its cardiovascular
complications. Thus, this unique therapeutic strategy could
decrease the burden of cardiovascular morbidity and mor-
tality in the presence of obesity and insulin resistance,

although, to date, there are no clinical data to support this
concept.

5. Conclusions

In conclusion, NLRP3 inflammasome is a novel protein
complex that integrates multiple exogenous and endogenous
danger signals into the immediate secretion of IL-1𝛽 and IL-
18. Most recent data suggest that activation of the NLRP3
inflammasome complex contributes to the pathophysiolog-
ical mechanisms that explain the development of visceral
obesity and insulin resistance.Thanks to its wide distribution
in different tissues and organs, the NLRP3 inflammasome
protein complex may represent a crucial signaling pathway
that facilitates organ crosstalk and local injury in tissues
target of metabolic damage. A better understanding of this
novel pathway could help to clarify the crucial role of the
molecularmechanisms of interorgan crosstalk during obesity
and insulin resistance development. Studies using animal
models and human biopsies will be useful to determine
the spatial and temporal expression of inflammasome com-
ponents inside the organs and to correlate these findings
with disease activity or prognosis. Gene polymorphism
studies on suitable patient cohorts could help to determine
the functional significance of the protein expression data.
Finally, the identification of selective pharmacological tools
able to affect expression and/or activity of this novel pathway
could represent the ultimate proof of significance of the
inflammasome-caspase-1-IL-1𝛽/18 axis in the development
of metabolic inflammation. The effects evoked by these
novel pharmacological tools should be compared with effects
obtained by targeting selective cytokine receptor activities in
order to better elucidate the potential crucial role of NLRP3
inflammasome protein complex in mediating inflammatory
diseases. This approach may not only offer a potentially
fruitful area of research, but it will also hopefully lead to
novel and specific therapies for obesity-related conditions
such as insulin resistance and its associated cardiovascular
complications.
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Nitric oxide (NO) is involved in several biological processes. In type 1 diabetesmellitus (T1DM), proinflammatory cytokines activate
an inducible isoform of NOS (iNOS) in 𝛽 cells, thus increasing NO levels and inducing apoptosis.The aim of the current study is to
determine the role of NO (1) in the antiproliferative effect of proinflammatory cytokines IL-1𝛽, IFN-𝛾, and TNF-𝛼 on cultured islet
𝛽 cells and (2) during the insulitis stage prior to diabetes onset using the Biobreeding (BB) rat strain as T1DM model. Our results
indicate that NOdonors exert an antiproliferative effect on 𝛽 cell obtained from cultured pancreatic islets, similar to that induced by
proinflammatory cytokines. This cytokine-induced antiproliferative effect can be reversed by L-NMMA, a general NOS inhibitor,
and is independent of guanylate cyclase pathway. Assays using NOS isoform specific inhibitors suggest that the NO implicated
in the antiproliferative effect of proinflammatory cytokines is produced by inducible NOS, although not in an exclusive way. In
BB rats, early treatment with L-NMMA improves the initial stage of insulitis. We conclude that NO is an important mediator of
antiproliferative effect induced by proinflammatory cytokines on cultured𝛽 cell and is implicated in𝛽-cell proliferation impairment
observed early from initial stage of insulitis.

1. Introduction

Type 1 diabetes mellitus (T1DM) is characterized by a loss
of beta cell mass due to an autoimmune process. In a phase
prior to the onset, immune cells infiltrate the islets creating
an inflammatory microenvironment responsible for the 𝛽-
cell-specific toxicity. Proinflammatory cytokines, such as
interleukin-1 beta (IL-1𝛽), tumor necrosis factor alpha (TNF-
𝛼), and interferon gamma (IFN-𝛾), secreted by activated
lymphocytes andmacrophages during insulitis, induce NFkB
mediated iNOS expression which has a key role in 𝛽-cell
apoptosis in the early T1DM stage [1].

Nitric oxide is a ubiquitous molecule which acts as mes-
senger in diverse biological processes. It is produced in tissues
by the enzyme nitric oxide synthase (NOS) by oxidation of
the amino acid L-arginine. There are three different tissue-
specific NOS isoforms: Ca2+/calmodulin-independent and
inducibleNOS (iNOS), neuronalNOS (nNOS), and endothe-
lial NOS (eNOS). These last two isoforms also exhibit consti-
tutive expression and Ca2+/calmodulin-dependent activity.

Expression of NOS isoforms has been studied in pan-
creatic islets, and the nNOS form has been observed in 𝛽-
cell cells, located, mainly, in insulin secretory granules. It
exhibits cytochrome C reductase activity in addition to NO
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production activity, and a balance between both functions is
essential for a normal insulin secretion in response to glucose
stimulation. In contrast, eNOS expression has not been found
in rat islets under basal conditions [2, 3].

Several mechanisms have been proposed in explaining
NO-mediated𝛽-cell cell apoptosis. Prooxidant agents formed
from NO induce damages in DNA which activate p53 which
induces proapoptotic expression of genes such as BAX, FAS,
NOXA, andPUMA.Ap53-independentmechanismhas been
described in which NO acts by inhibiting the sarcoendoplas-
mic reticulum pump Ca2+ ATPase 2b (SERCA2b) protein
and, subsequently, by inducing the endoplasmic reticulum
stress mechanisms [4, 5]. The importance of the mitochon-
drial pathway has also been highlighted in NO-mediated 𝛽-
cell cell apoptosis [6, 7]. Paradoxically, an antiapoptotic effect
of low concentration of NO has been reported in several
systems, including 𝛽 cells [8–12].

In addition to apoptosis, cell proliferation has been
described as a NO-regulated process. Although certain acti-
vating effects have been reported in physiological systems
[13, 14], the main role of NO in cellular proliferation is
inhibitory. In the subventricular zone, NO induces inhibition
of stem cell proliferation by a nitrosylation process [15]. Other
proposedmechanism forNO antiproliferative action is aG1-S
inhibitionmediated by an induction of the cell cycle inhibitor
p21 [16] or cyclins inhibition [17]. Very few studies have
examined the role of NO in proliferation in 𝛽 cells. Recently,
NO-mediated neogenesis stimulation has been observed in
an alloxan-induced murine model of diabetes [18].

A proinflammatory cytokine-mediated inhibition of cul-
tured 𝛽-cell proliferation in addition to the apoptotic effect
has been observed by our group. As described previously, NO
production is one of the most important events mediated by
proinflammatory cytokines. Therefore, the aim of this study
was to assess the importance of NO in the cytokine-mediated
antiproliferative effect on cultured 𝛽 cells and to determine
the role(s) of different NO synthase isoforms present in
pancreatic islets.

2. Methods

2.1. Animals. All animal procedures were performed with
the approval of the Cádiz University School of Medicine
(Cádiz, Spain) Committee for the Ethical Use and Care of
Experimental Animals.

Bio-Breeding (BB) and Wistar rats were kept under
conventional conditions in an environment-controlled room
(20-21∘C, 12 h light-dark cycle) with water and standard
laboratory rat chow available ad libitum and their weight was
daily recovered. Blood extracted from the tail vein was used
in BB rats for weekly random glucose measurements using
an automatic glucose monitor (Accu-Chek Optimum, Roche
Diagnostic, Basel, Switzerland).

2.2. Isolation and Culture of Rat Islets. Pancreatic islets were
isolated from adult male Wistar rats as described previously
by McDaniel et al. [19]. Isolated islets were cultured in RPMI
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented

with 2mM L-glutamine (Gibco Invitrogen, Carlsbad, CA,
USA), 100U/mL penicillin, 100 𝜇g/mL streptomycin (Pen-
Strep, Bio-Whittaker Europe, Verviers, Belgium), and 10%
fetal bovine serum (FBS, Gibco Invitrogen, Carlsbad, CA,
USA). Glucose concentration used was 5.5mM. Proinflam-
matory cytokines (PeproTech EC Ltd, London, UK) used in
the experiments were recombinant human IL-1𝛽 (50U/mL),
recombinant rat IFN-𝛾 (1000U/mL), and recombinant rat
TNF-𝛼 (1000U/mL). These concentrations were selected as
being appropriate based on the results of previous published
studies [20, 21].

2.3. Culture Treatment. Pancreatic islet cultures were treated
with different drugs related toNOmetabolism.NOdonors, S-
nitroso-N-acetyl-DL-penicillamine (SNAP), and diethylen-
etriamine/nitric oxide adduct (DETA-NO), obtained from
Sigma-Aldrich (St. Louis, MO, USA) show different NO
release rates. DETA-NO is a member of the NONOates
family and has a half-life (𝑡

1/2
) of 20 h at 37∘C, pH 7.4. It

generates 2moles of NO following simple first-order kinetics.
The 𝑡
1/2

of SNAP is approximately 6 h at 37∘C and pH 6–
8 although its biological activity is highly influenced by the
molecular environment of the parent thiol. Inhibitors of NOS
7-nitroindazole (7-Ni), N-[[3-(aminomethyl)phenyl]meth-
yl]-ethanimidamide, dihydrochloride (1400W), and N5-
(1-iminoethyl)-L-ornithine, dihydrochloride (L-NIO), pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) were used
to inhibit the activity of neuronal, inducible, and endothelial
isoforms of NOS, respectively.

2.4. Proliferation Assays in Cultured Islets. Proliferating 𝛽
cells were detected using 5-bromo-2-deoxyuridine (BrdU)
5 𝜇mol/L label (Sigma-Aldrich, St. Louis, MO, USA) which
was added to the cultures from the start of the assay together
with the drugs being tested, when appropriate. Following
the appropriate culture duration, the islets were recovered
and incubated for 15min with trypsin-EDTA (0.25% trypsin,
1mM EDTA) in Hanks’ balanced salt solution without
Ca2+ and Mg2+ (Gibco Invitrogen, Carlsbad, CA, USA) at
37∘C, and the islets were gently dispersed. After washing
with PBS, cells were cytospin on poly-L-lysine-coated slides
and fixed in 4% methanol-free formaldehyde. Slides were
immuno-stained using monoclonal mouse anti-BrdU (Dako
Cytomation, Denmark) and polyclonal guinea pig anti-
insulin (Sigma-Aldrich, St. Louis, MO, USA) antibodies,
according to the manufacturer’s instructions. Cells were
permeabilized by incubation for 30min with 0.1% Triton-
X100 in PBS and washed twice with 100mM glycine buffer
containing 0.1% Triton-X100 and 3% bovine serum albumin.
Cells were then treated with HCl (2N) in PBS for 30min,
neutralized with borax/borate buffer (0.1M, pH 8.9) for
30min, washed, and incubated overnight at 4∘C with anti-
BrdU and anti-insulin antibodies. Stained cells were revealed
using anti-mouse IgG antibody (alexa-546 conjugated) and
anti-guinea pig IgG (alexa-488 conjugated) antibody (Molec-
ular Probes Inc, Eugene, OR, USA). Cell nuclei were stained
with 4-6-diamidino-2-phenylindole (DAPI). To determine
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the proliferating fraction, total and insulin-positive/BrdU-
positive cells were analyzed using a fluorescence microscope
in randomized conditions, by a single investigator. For statis-
tical purposes, the percentage of positive cells was calculated
for each incubation condition.

2.5. Immunofluorescence Staining of Cultured Pancreatic Islets.
48 h cultured islets in presence and absence of cytokines
were processed for histology study by histogel and paraffin
inclusion. 10𝜇m sections were stained using a polyclonal
rabbit anti-iNOS (ab15323, Abcam, Cambridge, UK) and a
polyclonal guinea pig anti-insulin (Sigma-Aldrich, St. Louis,
MO) and examined using a microscope equipped with a dig-
ital camera and the image analysis CellDsoftware (Olympus,
Hamburg, Germany).

2.6. Treatment Protocol. Randomly grouped BB rats daily
received an intraperitoneal injection of vehicle (0.1% DMSO
diluted in injection water) alone or containing L-NMMA at
a dose of 30mg/kg, from 4 to 9 weeks of age. Animals were
sacrificed at 4 (before treatment), 7, and 9 weeks of age.

2.7. IPGTT Assay. Wistar, BB, and thymectomized BB rats
were fasted overnight (16–18 h) and a blood sample was
collected from the tail vein (fasting or 0min sample). Then,
an intraperitoneal injection of 40% solution of glucose
was administered (2 g/kg), followed by blood sampling at
15, 30, 60, and 120min after the glucose administration.
Glycemia was measured with an automatic glucose monitor
(Accu-Chek Optimum, Roche Diagnostic, Basel, Switzer-
land). Blood samples obtained from fasting and 15min after
glucose administration were also used to plasma extraction
and insulin quantification by ELISA technique (Insulin rat
ultrasensitive kit. ALPCO, Salem, MA, USA).

2.8. Quantification of 𝛽-Cell Mass. 7 and 9 weeks of age
BB rat pancreas were resected, weighed, fixed in Bouin’s
solution for 6 h, and postfixed in formalin for 12 h. Then,
they were dehydrated, paraffin embedded, and longitudinal
10 𝜇mmicrotome sections were obtained. Insulin was stained
in obtained pancreas by immunohistochemical techniques
using a mouse anti-rat insulin monoclonal antibody and a
peroxidase conjugated goat anti-mouse IgG antibody and
revealed with DAB kit (Sigma Aldrich, St. Louis, MO,
USA). Insulin-positive areas were quantified in two complete
sections of each pancreas using a microscope equipped
with a digital camera and the image analysis Cell D soft-
ware (Olympus, Hamburg, Germany).The investigators were
blinded with respect to the provenance of the samples. 𝛽-cell
mass values were calculated by multiplying the total insulin-
positive area/total pancreatic area ratio by the total pancreas
weight.

2.9. Western Blotting. Equivalent numbers of islets under the
different experimental conditions described previously were
lysed in lysis buffer (125mM Tris-HCl buffer pH 6–8, 2%
SDS, 1mM DTT and containing protease and phosphatase
inhibitors). Protein (40 𝜇g) was loaded and electrophoresed

on 8% SDS-PAGE. Proteins were transfer-blotted on to
polyvinylidene fluoride (PDFV) membranes and then incu-
bated in blocking buffer (5% nonfat milk in 10mM Tris-HCl,
1.15M NaCl and 0.1% Tween-20) for 1 h at room tempera-
ture. The blots were then incubated with rabbit polyclonal
antibody against eNOS (Santa Cruz Biotechnology, Santa
Cruz CA, USA) and iNOS (Transduction Laboratories BD,
NJ, USA) overnight according to the manufacturer’s instruc-
tions, followed by incubation with peroxidase conjugated
anti-rabbit IgG for 1 h at room temperature. Stained bands
were revealed using Immun-Star Western C kit (Bio-Rad,
Hercules CA, USA) and quantified by Quantity One software
Version Upgrade (Bio-Rad, Hercules, CA, USA). 𝛽-tubulin
expression was used as loading control and eNOS expression
was calculated as ratio of eNOS: 𝛽-tubulin densities.

2.10. Histological Examination of 𝛽-Cell Infiltration. Histo-
logical examination of 7 and 9 weeks of age rat pancreatic
islets was performed in Harris’ H&E stained pancreas sec-
tions using ×20 objective lens. The severity of insulitis was
graded as a function of themononuclear cell infiltration of the
pancreatic islets: 0 = no infiltrate; 1 = periductular infiltrate;
2 = periislet infiltrate; 3 = intraislet infiltrate; 4 = intraislet
infiltrate associated with 𝛽-beta cell destruction. Thirty islets
were examined in each pancreas and the mean score was
calculated by dividing the total score by the number of islets
examined.

2.11. Statistical Analysis. Results are presented as means ±
SEM of measurements performed in at least 3 animals. Sta-
tistical comparisons were performed by Mann-Whitney test.
All 𝑃 values ≤ 0.05 were considered statistically significant.

3. Results

3.1. Effect of NO Donors on 𝛽-Cell Proliferation in Cultured
Pancreatic Islets. To determine the role of NO donors on 𝛽-
cell proliferation, pancreatic islets were treated with proin-
flammatory cytokines or different concentrations of NO
donors SNAP and DETA, alone or in combination with
the caspase-3 inhibitor z-VAD-fmk. 𝛽-cell proliferation mea-
sured by BrdU incorporation showed that the NO donors,
DETA-NO (Figure 1(a)) and SNAP (Figure 1(b)) exert an
antiproliferative action on 𝛽 cells in a dose-dependent man-
ner. This antiproliferative effect was similar to that obtained
by proinflammatory cytokines. This effect of NO donors was
not modified by addition of z-VAD-fmk to the cultures.

3.2. Role of NO in Antiproliferative Effect of Proinflammatory
Cytokines on Pancreatic 𝛽 Cells. To determine the contribu-
tion of NO to the antiproliferative effect of proinflammatory
cytokines on pancreatic 𝛽 cells, pancreatic islets were cul-
tured over a 48 h period and treated with proinflammatory
cytokines, alone or in the presence of L-NMMA (an inhibitor
of nitric oxide synthase). Inhibition of 𝛽-cell proliferation
induced by proinflammatory cytokines was completely abol-
ished by L-NMMA treatment (Figure 2).
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Figure 1: Effect of NO donors in cultured beta cell proliferation. Rat islets were cultured for 48 h and treated with NO donors DETA-NO (a)
and SNAP (b) at increasing concentrations, alone or in combination with zVADfmk (100𝜇M), a caspase inhibitor, and with the combination
of proinflammatory cytokines IL-1𝛽 (50U/mL) + IFN-𝛾 (1000U/mL) + TNF-𝛼 (1000U/mL) (CTKS). Cultures were stained with BrdU over
the course of the culture period. Bar graphs are percentage means ± SEM of accumulated BrdU/insulin-positive cells over the culture period
relative to insulin-positive cells. Values are the means of 4 experiments. ∗𝑃 < 0.05 treated versus control.
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Figure 2: Effect of NO inhibition on islet 𝛽-cell proliferation. Rat
islets were cultured for 48 h in the presence of cytokines IL-1𝛽
(50U/mL) + IFN-𝛾 (1000U/mL) + TNF-𝛼 (1000U/mL) (CTKS)
alone or in combination with NOS inhibitor L-NMMA and stained
with BrdU over the course of the culture period. Results are
presented as percentage means ± SEM of combined BrdU/insulin
positive cells relative to insulin-positive cells in a minimum of 5
experiments. ∗𝑃 < 0.05 treated versus control.

3.3. Role of Guanylate Cyclase in the NO Effect on 𝛽-
Cell Proliferation. Guanylate cyclase is the enzyme through
which NO exerts the greater part of its effect. To assess
the implication of the guanylate cyclase pathway in the
NO effect on 𝛽-cell proliferation, cultures of pancreatic islet
were treated for 48 h with 8Br-cGMP (a guanylate cyclase
analogue) and its inhibitor ODQ, alone or in combination
with proinflammatory cytokines. As shown in Figure 3, the
cGMP analogue exerts no effect on 𝛽-cell proliferation, and
the antiproliferative effect of cytokines is not altered by the
cGMP inhibitor ODQ.
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Figure 3: Effect of cGMP pathway alterations in 𝛽-cell proliferation
in response to proinflammatory cytokines. Rat islets were cultured
for 48 h in the presence of cGMP pathway activator 8BrGMPc
(100𝜇M) and a mixture of cytokines IL-1𝛽 (50U/mL) + IFN-𝛾
(1000U/mL) + TNF-𝛼 (1000U/mL) (CTKS) alone or in combina-
tionwithODQ(10 𝜇M), an inhibitor of guanylate cyclase. Results are
presented as percentage means ± SEM of combined BrdU/insulin-
positive cells relative to insulin positive cells in a minimum of 5
experiments. ∗∗𝑃 < 0.01 treated versus control.

3.4. Involvement of Different Isoforms of NOS in Proinflam-
matory Cytokine-InducedDecrease on𝛽-Cell Proliferation. To
study the role of constitutive and inducible NOS isoforms
in the antiproliferative action of cytokines, cultured pan-
creatic islets were treated with proinflammatory cytokines
in addition to 1400W and 7-Ni, inhibitors of inducible
and constitutive isoforms of nitric oxide synthase, respec-
tively; the resultant 𝛽-cell proliferation was quantified. The
antiproliferative effect of proinflammatory cytokines under-
went no modification when islet cultures were incubated
with the constitutive NOS inhibitor (Figure 4(e)). Related
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Figure 4: Role of different NOS isoforms in cytokine-induced antiproliferation in cultured 𝛽 cells. (a) and (c) iNOS and eNOS expression
was assessed using western blot analysis in pancreatic islets cultured over 48 h under basal conditions and treated with a mixture of cytokines
IL-1𝛽 (50U/mL) + IFN-𝛾 (1000U/mL) + TNF-𝛼 (1000U/mL) (CTKS) over 6, 12, 24, and 48 h. A representative image is shown (Cont: positive
brain control in eNOS Western blot). (b) Representative image of iNOS (green) and insulin (red) immunostaining of control and cytokines
treated (CTKS) pancreatic islets cultured over 48 h. (d), (e), and (f) rat islets cultured over 48 h in the presence of 7 Ni (e), 1400W (d), and L-
NIO (f) alone or with themixture of cytokines (CTKS). Results are presented as percentage means ± SEM of combined BrdU/insulin-positive
cells relative to insulin-positive cells in a minimum of 5 experiments. ∗𝑃 < 0.05 treated versus control.

to iNOS, cytokine-dependent induction of protein was
observed from 24 h of culture (Figure 4(a)). iNOS expression
study by immunohistochemical techniques in control cul-
tured pancreatic islets showed a scarce stain with peripheral
profile. However, cultured islet in presence of cytokines
showed an increased iNOS expression localized internally in

the islet (Figure 4(b)). The specific inhibitor 1400W partially
reverted cytokine-induced decreased proliferation in a dose-
dependent manner (Figure 4(d)). Endothelial isoform of
NOS expression was initially examined in pancreatic islets
cultured under control condition, or after stimulation with
proinflammatory cytokines. As shown in Figure 4(c), eNOS
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Figure 5: (a) Body weights were daily recorded in untreated (solid line) and L-NMMA-treated (dotted line) BB rats between 4 and 9 weeks of
age. (b) Random blood glucose levels were weekly determined in untreated (solid line) and L-NMMA-treated (dotted line) BB rats between
4 and 9 weeks of age. The results are presented as means of weight (g) and glycemia (mg/mL) in a 𝑛 = 5 animals.

isoformwas expressed in pancreatic islets and was not altered
by exposure to proinflammatory cytokines. To study the role
of eNOS on the antiproliferative effect of cytokines, L-NIO
(an inhibitor with higher affinity for eNOS than the other
isoforms) was added to cultures in addition to cytokines,
and 𝛽-cell proliferationwas quantified. A partial inhibition of
the antiproliferative effect of proinflammatory cytokines was
observed in treated cultures (Figure 4(f))mediated by L-NIO.

3.5. Effect of Early Treatment with L-NMMA on BB Rats
Weight and Glucose Homeostasis during Insulitis Stage.
Weight and random glycemia monitoring along treatment
period show no differences in those parameters between
control and L-NMMA-treated animals. Glucose homeostasis
was studied by IPGTT and insulin determination before
and 15min after intraperitoneal glucose administration. As
shown in Figure 5, IPGTT displays a normal curve at studied
times in L-NMMAtreated as in control animals (Figure 6(a)).
In addition, insulin quantification also shows no changes
between control and treated animals at none of studied times
(Figure 6(b)).

3.6. Effect of Early Treatment with L-NMMAon 𝛽-CellMass in
BB Rats during Insulitis Stage. BB rats treated with L-NMMA
from 4 to 7 or 9 weeks of age were sacrificed and pancreas
was removed from each rat to quantify beta cell mass by
immunohistological techniques. In Figure 7, a beta cell mass
loss undergone by BB rats between 7 and 9weeks of age can be
observed. L-NMMA reverts this effect at both studied times.

3.7. Effect of Early Treatment with L-NMMA on Infiltra-
tion Levels during Insulitis Stage. To test the effect of L-
NMMA treatment on infiltration levels, H&E-stained sec-
tions obtained from treated and control BB rats were evalu-
ated and infiltration scores were calculated. No changes were
observed in infiltration level in response to L-NMMAat none
of studied times (Figure 8).

4. Discussion

Currently, NO is considered an important mediator of cell
signaling via its classical guanylate cyclase pathway or by
exerting posttranslational modifications on an increasing
number of proteins and hence regulating their activity. In
the present study, we analyzed the role of NO in the previ-
ously described antiproliferative action of proinflammatory
cytokines on pancreatic 𝛽 cells. Different NO donors have
been testedwith respect to apoptosis induction in𝛽 cells. Loss
of membrane integrity and cytochrome C release induced
by DETA-NO and SNAP in insulin producing cell lines has
been reported [22, 23]. In our system, NO donors SNAP and
DETA-NO induced a decrease in cultured𝛽-cell proliferation
at concentrations up to 50𝜇M for DETA-NO and up to
400 𝜇Mfor SNAP.This effect is dose dependent and similar to
that obtained with proinflammatory cytokines (IL-1𝛽+TNF-
𝛼+ IFN-𝛾) treatment (Figure 1). The antiproliferative effect
observed in response to NO donors is not dependent on
the biological 𝑡

1/2
and suggests that NO exerts its biological

action in the first hours after exposure. To discard the
possibility that the decrease in proliferation was due to
a cytokine-induced apoptosis in proliferating 𝛽 cell, we
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Figure 6: (a) IPGTT was performed in BB rats treated with vehicle (circle) or L-NMMA (square) at 4, 7, and 9 weeks of age. The results
are presented as means ± SEM of glycemia (mg/mL) at the stated times after glucose injection in an 𝑛 = 5 animals. (b) plasma insulin was
quantified in blood samples obtained from BB rats treated with vehicle (white bars) or L-NMMA (black bars) at 4, 7, and 9 weeks of age. The
results are presented as means ± SEM of insulin concentration (mU/mL) at fasting and 15min after glucose injection in an 𝑛 = 5 animals.

treated pancreatic 𝛽-cell cultures with the caspase-3 inhibitor
zVADfmk, in addition to the NO donors. 𝛽-cell apoptosis
inhibition induced by zVADfmk exerts no effect on the
antiproliferative effect of NO donors suggesting that the two
processes are unrelated.

The mechanism by which NO induces 𝛽-cell apoptosis
has been extensively studied. Although studies in neonatal
rat islets indicated that cytokine-induced NO production

regulates the expression of up to 42 proteins, a considerable
number of proteins are regulated in a NO-independent
manner [24].Thus, the cytokine-induced apoptosis in mouse
𝛽 cells is not caused by the inducible isoform of NOS alone
[25]. Endoplasmic reticulum stress has been described as a
possible mechanism by which NO induces apoptosis [26]. Its
presence regulates unfolded protein response (UPR) signal-
ing pathway that determines apoptotic response to reticulum
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Figure 7: 𝛽-cell mass was determined in pancreatic sections from
BB rats treated with vehicle (white bars) or L-NMMA (black bars)
at 7 and 9 weeks of age. 𝛽-cell mass is presented in the bar graph
as means ± SEM of values calculated as the ratio of insulin-positive
area/total pancreatic area multiplied by the total pancreatic weight.
Values are obtained from a mean of 5 animals. ∗𝑃 < 0.05 treated
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Figure 8: Infiltration scores were determined in Harris’ H&E
stained pancreatic sections of BB rats between 7 and 9 weeks of age
treated with vehicle (white bars) and L-NMMA (black bars). Results
are expressed as themeans ± SEMof infiltration scores derived from
a mean of 5 animals.

stress [27]. In addition to cytokines, there is evidence of NO
participation in mitochondrial dysfunction and cell death
occurring in PC12 cells in response to amyloid 𝛽 [28].

Results from our study suggest that, in addition to
apoptosis, NO can be implicated in the antiproliferative effect
of proinflammatory cytokines on pancreatic𝛽 cell since treat-
ment with NOS inhibitor L-NMMA is capable of reverting
this cytokine-induced effect (Figure 2). Very few studies have

investigated the possible mechanisms underlying the effect
of NO on cellular proliferation. In pulmonary microvascular
smooth muscle cells, exogenous NO upregulates p21, a
protein which mediates cell cycle arrest [16]. Further, NO
is capable of inhibiting ERK 1/2 and AKT activation in
breast cancer cell lines and pancreatic 𝛽 cells [29, 30]. These
results are in accord with those observed by our group;
that is, proinflammatory cytokines induced an inhibition of
ERK 1/2 in islet cultures [31] and in early stages of insulitis
[32]. However, NO has also been described as an inducer
of proliferation, when acting at low concentrations. For
example, in mesangial cells, the NO donor SNAP increases
proliferation at concentrations of up to 200𝜇M and inhibits
proliferation at higher concentrations, in a process implying
AKT signaling and cox-2 protein [33].

Activation of NO-sensitive guanylyl cyclase by NO bind-
ing to the enzyme’s prosthetic heme group has been described
as one of the most important NO-mediated cellular effects
[34].Nevertheless, results observed in our system suggest that
this pathway is not involved in the NO-mediated antipro-
liferative effect observed in 𝛽 cells from islets treated with
proinflammatory cytokines (Figure 4). These results are in
accord with those previously reported in tumor cell lines
in which the proliferative effect of low NO concentration
is mediated by the cGMP pathway, but the antiproliferative
effect induced by high concentrations of NO is independent
of this pathway [14]. A proposed cGMP-independent mech-
anism of NO action is its direct interaction with protein and,
as such, performing posttranslational modifications such as
nitration or s-nitrosylation. For example, s-nitrosylation of
EGF receptor has been reported in human neuroblastoma
NB69 as amechanismofNO-mediated antiproliferative effect
[35].

The role of NOS isoforms in NO production in response
to proinflammatory cytokines has not been well defined.
Our results show that iNOS, the expression of which is
induced in our system after 24 h culture in the presence of
proinflammatory cytokines, is implicated while constitutive
isoform is not implicated in cytokine-induced antiprolifera-
tive response in 𝛽 cells (Figure 4). Of note is that although
iNOS inhibitor 1400W inhibited the cytokine-mediated
antiproliferative effect, its effect was only partial, and was
unlike the total reversion by L-NMMA (a general NOS
inhibitor). It is also interesting the effect of 1400W increasing
beta cell proliferation in absence of cytokines which could be
due to a certain level of islet cells iNOS activation induced by
islet isolation process. This partial effect of 1400W suggests
that other NOS isoforms are participating in antiproliferative
response to cytokines. Endothelial NOS determination by
western blotting was performed in cultured rat islets in the
presence of proinflammatory cytokines and, contrary to the
results reported by Lajoix et al. [2], eNOS expression was
observed. This expression is maintained in culture and was
not affected by the presence of cytokines (Figure 4(b)) and
could be attributed to endothelial cells in the profuse vascular
network present in pancreatic islets. Once the presence
of eNOS in islets is confirmed, its implication in 𝛽-cell
antiproliferative response to cytokines was tested in islet
cultures treatedwith L-NIO [36] (an inhibitor whose primary
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target is eNOS) alone or in combination with cytokines. L-
NIO induced a partial reversion of cytokine-induced 𝛽-cell
antiproliferation in a similar manner to that induced by the
iNOS inhibitor 1400W.These results suggest participation of
both NO isoforms in the antiproliferative response induced
by proinflammatory cytokines, possibly by eNOS producing
NO in a paracrine manner. In this sense, it has recently
reported that inflammatory environment induces changes in
eNOS which may adopt functional features of iNOS in a
Ca2+-independent way [35].

To assess NO involvement in the pathophysiology of
T1DM, we treated Biobreeding rats, an animal model of
autoimmune diabetes, with the general NOS inhibitor L-
NMMA at early stages of the insulitis process. Previous
observations from our group indicated a halting of 𝛽-cell
proliferation between 4 and 7 weeks of age and which can be
reversed by administering neutralizing antibody against IFN-
𝛾 [37]. Treatment with L-NMMA of BB rats from 5 weeks of
age induced a reversal of 𝛽-cell proliferation loss observed in
untreated animals (Figure 5). In addition, a relative recovery
of 𝛽-cell area with a regional pattern in treated animals at 7
weeks of age was observed.The effects, either on proliferation
of 𝛽 cell or on 𝛽-cell area, were very much more evident in
the head than in the tail of the pancreas. A similar regional
pattern of response was reported in earlier studies using a
malnutrition model [38]. A plausible explanation for this
regional effect could be a different vascularization in the head
area compared to that in the tail which precluded equivalent
drug availability in all areas of the pancreas volume. Further, a
different response to environmental factors due to a different
islet composition could underlie this observed effect [39].
This issue warrants further investigation.

In conclusion, T1DM prevention strategies focus,
essentially, on early stages of the disease before clinical onset
when there is enough 𝛽-cell mass in the pancreas to maintain
its metabolic function. Our present study highlights the
importance of NO as a mediator of the observed impaired 𝛽-
cell proliferative response from the initial stages of insulitis.
This impairment in proliferative capacity precludes an
appropriate regenerative response of 𝛽 cells to autoimmune
damage. Our data also highlight the property of L-NMMA
to maintain 𝛽-cell proliferative capacity in early insulitis
stage and, as such, confirms that nitric oxide might be an
important therapeutic target in the strategies of T1DM
prevention.
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Obesity is the main condition that is correlated with the appearance of insulin resistance, which is the major link among its
comorbidities, such as type 2 diabetes, nonalcoholic fatty liver disease, cardiovascular and neurodegenerative diseases, and several
types of cancer. Obesity affects a large number of individuals worldwide; it degrades human health and quality of life. Here, we
review the role of the gutmicrobiota in the pathophysiology of obesity and type 2 diabetes, which is promoted by a bacterial diversity
shift mediated by overnutrition. Whole bacteria, their products, and metabolites undergo increased translocation through the gut
epithelium to the circulation due to degraded tight junctions and the consequent increase in intestinal permeability that culminates
in inflammation and insulin resistance. Several strategies focusing onmodulation of the gut microbiota (antibiotics, probiotics, and
prebiotics) are being experimentally employed in metabolic derangement in order to reduce intestinal permeability, increase the
production of short chain fatty acids and anorectic gut hormones, and promote insulin sensitivity to counteract the inflammatory
status and insulin resistance found in obese individuals.

1. Introduction

Insulin resistance is the main outcome caused by nutrient
overload, lipids, infections, and sepsis-induced inflammation
that affects insulin-sensitive tissues, such as the liver, muscle,
adipose tissue, and hypothalamus, and which also promotes
defects in cell signaling pathways and homeostasis [1]. The
ingestion of an unbalanced diet and low physical activity
observed in recent years in the global population are themain
drivers of the epidemic rates of obesity reached in the past
few decades [2]. A prospective study evaluated more than
9 million people worldwide over the last three decades and
observed that, globally, the average body mass index (BMI)
increased by 0.4-0.5 kg/m2 per decade; moreover, subregion
trends showed that the average BMI increased by 1.4 kg/m2
in men and 1.9 kg/m2 in women, per decade [3]. However,
not only developed countries such as the United States are
affected by this epidemic of obesity, but also countries under
development, such as Brazil and other countries, are also
affected in a similar way [4].

The World Health Organization has observed that more
than 1.4 billion adults are overweight and, of these, at least
200 million men and 300 million women are clinically obese
[5]. Some studies have shown that the increased rate of
obesity has slowed down over the last five years, trended by
some specific population groups, in eastern Europe, South
America, and even in some specific population groups in the
United States. However, the prevalence of obesity remains
high and the health costs associated with obese individuals
are huge, ranging from 2 to 7% of the health budgets in
high income countries, which is followed by the low income
nations, while the mortality among obese people is increased
[3, 6, 7].

Obesity is characterized by chronic subclinical inflamma-
tion that affects insulin activity in its metabolically sensitive
tissues, notably the liver, muscle, and adipose tissue, and
drives a metabolic disorder that culminates in the dereg-
ulation of glucose homeostasis [8]. Since the observation
that obese adipose tissue shows increased expression of the
proinflammatory cytokine TNF-𝛼 [9], extensive research
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efforts have been made regarding inflammation in metabolic
tissues, trying to determinewhat primes the insulin resistance
phenomenon, the consequences of obesity, how to improve
the molecular knowledge of insulin activity attenuation
mediated by obesity, and how it can be managed in order
to improve patient quality of life. Attempts have also been
made to reduce or prevent the incidence of obesity and its
comorbidities.

Here, we will focus on reviewing the latest contributions
to the literature on the influence of the intestine on the
pathogenesis of insulin resistance and the consequences of
insulin resistance on the liver, muscle, adipose tissue, and
hypothalamus, as well as the mechanisms by which the gut
microbiota influences systemic insulin resistance.

2. Intestinal Participation in
Insulin Resistance

For several decades, it has been known that the mammalians
intestine harbors a great number of bacteria (∼1014 bacteria)
that even surpasses the total number of cells that comprise
mammalian tissues, systems, and, ultimately, the entire body
[10]. Furthermore, it is estimated that the gut microbiota
contains, at least, 100-fold more genes than the mammalian
genome. These bacteria can live in a symbiotic way but, in
certain cases, promote disease [11]. However, over the last
ten years, this community that lives within the mammalian
body has been gaining the status of a microbial organ that
contributes to homeostasis and impacts directly on energy
metabolism and insulin sensitivity [12, 13].

3. The Obese Microbiome Has Increased
Energy Harvesting Ability

One of the first and foremost important observations on
the role of the gut microbiota in insulin sensitivity and
body weightmanagement was observed when germ-freemice
that were infected with the gut microbiota content of a
conventionally raised mice showed an increase (by about
60%) in body fat content. Moreover, the occurrence of
insulin resistance and glucose intolerance was seen within 14
days, even with a reduction in food intake (standard chow),
providing novel evidence that the bacteria community, in
some way, controlled energy metabolism [14]. Additionally,
it was described that the activity of a lipoprotein lipase (LPL)
suppressor, known as fasting-induced adipocyte factor (Fiaf)
or angiopoietin-like protein 4 (ANGPTL4), controlled the fat
storage abnormalities observed in conventionalized germ-free
mice, where the gutmicrobiota induced selective suppression
of this protein in intestinal cells and promoted an increase in
LPL activity.This resulted in increased triglyceride storage in
adipocytes, which was prevented upon the conventionaliza-
tion of Fiaf−/− germ-freemice [14].

It was also shown that the resistance of germ-free mice
against diet-induced obesity relied on increased liver and
skeletal muscle AMPK activity and its downstream targets.
This induced the activation of fatty acid oxidation and
increased energy expenditure, which regulated body weight

gain, since Fiaf expression in the gut epithelium was highly
suppressed in germ-free mice fed a high-fat diet, keeping
the body weight almost unaltered, a feature that was not
maintained in Fiaf−/− germ-freemice [15].

The great increase in interest in the relationship between
the gut microbiota and mammalian metabolism has led to
the utilization of very elegant and novelmolecular techniques
based on microbial DNA sequencing [16, 17]. This interest
has also brought new insight into the epidemic obesity rates
throughout the world and the consequent incidence of type 2
diabetes, comorbidities, and cancer.

Metagenomic analyses of human volunteers showed that
almost all bacteria present in the distal gut and feces belong
to two main bacterial phyla, Bacteroidetes and Firmicutes
[18]. The predominance of these phyla is also seen in lean
mice, with a balance among the bacterial phyla, but in
genetically obese ob/ob mice, this balance is broken. In
obese mice, a great increase in bacteria from the phylum
Firmicutes and a comparable decrease in the prevalence of
Bacteroidetes were observed, indicating gut microbiota alter-
ation driven by obesity, predisposing for or associated with
this metabolic condition [19]. Moreover, it was demonstrated
that microbiota transplantation from ob/ob mice to germ-
free recipients induced a greater increase in body fat content
when compared with germ-freemice that were the recipients
of lean mice gut microbiota, indicating that this difference
in the intestinal flora induced the obese phenotype [20].
Additionally, it was shown that the microbiota in the feces
of lean and obese humans was different in a similar way as
that observed in mice [20]. All this information led to the
hypothesis that the gut microbiota from ob/ob genetically
obesemice is capable of harvestingmore energy from the diet
[21, 22], probably by the presence and/or increased prevalence
of bacteria that produce enzymes that are more efficient in
degrading the nutrients available in the diet.

The relationship between the phyla Bacteroidetes and
Firmicutes is the main focus of discussion when obesity
is studied, with a considerable amount of data showing
an increase in Firmicutes prevalence and a reduction in
Bacteroidetes [19, 20, 23–26]. However, this issue has not yet
been completely addressed, as we can find several studies
in the literature that maintain the opposite, where the
prevalence of Firmicutes is decreased in overweight and obese
individuals, as well as in obese mice, with an accompanying
increase in Bacteroidetes prevalence [27–30]. Additionally,
the presence of nonsignificant prevalent bacteria phyla in
the gut of lean mice, such as Verrucomicrobia, has not
been well explored until now, with very few observations
on increases in pathological conditions (obesity and cancer)
and no mechanistic evaluations [27, 31]. The differences
observed among gut microbiota human studies still have to
be addressed, evaluating the ethnics and feeding behavior of
the studied population as well as the standardization of the
methods used. In animal studies, the probable cause of the
opposite outcomes may be a factor of different mouse strains
used. The issue of the “healthy” bacterial group profile is a
very important point in gut microbiota research and needs to
be further explored.Thus, no proposed treatment attempting
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to induce the proliferation of certain bacterial phyla has been
suggested until now.

4. Obesity and High-Fat Diet Increase
Circulating Endotoxin Levels and Activation
of the Inflammatory Response

A structural particularity of bacteria splits them into Gram
positive and Gram negative, based on the cell wall structure.
Each of the two most prevalent phyla belongs to one of
these groups; that is, Firmicutes are Gram positive and
Bacteroidetes are Gram negative bacteria. The latter group
harbor lipopolysaccharides (LPS) in their cell wall, which is
a large molecule formed by a lipid and a polysaccharide that
elicits a strong immune response, promoting inflammation
to protect the organism from bacterial infection [32]. LPS is
a potent activator of pathogen-associated molecular pattern
(PAMP) responses, primarily via toll-like receptor 4 (TLR4),
which activates an extensive cell signaling pathway that
induces the inflammatory response and cytokine expression
and secretion [33] (Figure 1).

Several studies have shown that circulating levels of LPS
are elevated in obese mice, rats (genetically or induced by
diet), and humans. In rodents, this is directly related to
increased intestinal permeability [34–36]. This phenomenon
occurs due to reduced expression and activity of tight
junction proteins, such as zonula occludens-1 (ZO-1) and
occludin, that create, together with gut epithelial cells, a
barrier that separates the intestinal lumen and its bacte-
rial population and products from peritoneal tissues. This
degradation of tight junction function leads to the leakage of
bacterial products, such as LPS, and bacterial translocation,
which have recently been described as key factors in both
human andmice insulin resistance and inflammation [26, 35,
37–39] (Figure 1). Recent evidence also indicates that LPS can
be transported along with chylomicrons into the circulation
instead of depending on epithelial injury to reach insulin
sensitive organs; the inhibition of chylomicron synthesis
blocks endotoxin uptake [40].

LPS is a very specific TLR4 ligand with great affinity.
Its cell signaling pathway, composed of a diverse number
of proteins, culminates with the inflammatory response
mediated by LPS contact with cells [41–43]. Beyond the high
specificity of TLR4 in identifying LPS from Gram negative
bacteria, which can reach insulin sensitive tissues through
the circulation from the gut and drive the inflammatory
response to protect the host from bacterial infection, TLR4
has a direct role in insulin resistancemediated by obesity. LPS
from the gut can react with free-fatty acids (FFA), mostly the
saturated type, that are increased in the circulation of obese
individuals due to an increase in adipose tissue-mediated
lipolysis, de novo liver lipogenesis and ectopic lipid accumu-
lation [44]. TLRs have been related to the gut microbiota,
whereas single TLR-deficient mice, such as TLR2−/− [26]
and TLR5−/− [45] mice, show a different microbiotic profile
when compared to their control littermates. This immune
modulation of the intestinal flora can induce symptoms of
metabolic syndrome, such as increased body weight, blood

glucose, and insulin resistance. The TLR4−/− mice do not
present an altered prevalence of gut microbiota bacteria as
seen in the TLR-deficient mice cited above [46]. In obesity
and conditions related to intestinal permeability, TLR4 is
known to be involved in the inflammatory response that
culminates in insulin resistance and metabolic derangement,
as those responses are attenuated by the inhibition of this
protein activity [27, 34, 47–49], such as in TLR4 loss-of-
function C3H/HeJ mice [50], in CD14−/− mice [51], and in
TLR4−/− mice [52] (Figure 1). Recent investigations have
shown that fatty acids do not activate TLR4 directly, ques-
tioning the real influence of this receptor in lipid-induced
insulin resistance caused by obesity [53, 54]. Nevertheless, a
hepatic protein has been identified, called fetuin-A (FetA),
which is a major carrier of FFAs in the circulation [55],
that acts as an endogenous ligand of TLR4, thus activating
its signaling pathway, promoting insulin resistance, which
was blocked in the absence of FetA, and attenuating insulin
resistance induced by FFA [56]. There is evidence that shows
increased FetA expression in HepG2 cells, a liver cell lineage,
after treatment with thapsigargin, an ER stress inducer, in
a time- and dose-dependent manner, which is blocked by
pretreating the cells with 4-phenylbutyrate, a compound that
inhibits ER stress [57]. These results were similar in diet-
induced obese mice, which exhibited ER stress, attenuated by
4-phenylbutyrate treatment and accompanied by a reduction
in FetA expression and improved insulin resistance [57].
Additionally, it was demonstrated that in obese individuals
and rodents, circulating levels of FetA are increased and
correlate with body weight [58, 59] and that body weight loss
brings the FetA circulating levels back to normal in children
[59]. As well, FetA−/− mice are protected from obesity and
insulin resistance induced by aging [60, 61].

Other PAMPs, as well as damage-associated molecular
patterns (DAMPs), such as the inflammasome seem to
be related to intestinal epithelial integrity. The activation
of DAMPs and PAMPs in the gut is necessary for the
maintenance of barrier function, while nucleotide-binding
oligomerization domain protein-like receptor 3 (NLRP3) and
NLRP6-deficientmice show increased intestinal permeability
and increased risk of colitis [28, 62], allowing the occurrence
of dysbiosis and insulin resistance and a greater possibility
of nonalcoholic steatohepatitis (NASH). The inflammasome
is a group of protein complexes that recognizes a wide
range of bacterial, damage and stress signals; it results
in caspase-1 activation and subsequent proinflammatory
cytokine secretion and cell death [63]. Mice deficient in
inflammasome proteins show altered gut microbiota when
compared to wild-type littermates, with an increased preva-
lence of bacteria from the Prevotellaceae family, which is
part of the Bacteroidetes phylum, and higher translocation
of bacterial products from the gut to the circulation. In
particular, TLR4 and TLR9 agonists induced inflamma-
tion and insulin resistance; this feature is transmissible to
newborn and adult mice that come in direct contact with
inflammasome-deficient animals [28, 62]. In addition to gut
microbiotamodulation, inflammasomeproteins are activated
in macrophages by LPS, which enter into the circulation due
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Figure 1: The gut microbiota is modulated by metabolic derangement, such as nutrition overload and obesity, which promote a cluster
of metabolic disease-associated processes that culminate in bacterial products and whole bacteria translocation to the circulation through
increased intestinal permeability caused by a reduction in tight junction expression. This triggers an immune response, inflammation, and
immune cell infiltration of liver and adipose tissue. It induces insulin resistance in various tissues by diverse mechanisms and food intake
deregulation in the hypothalamus promoted by the insulin and leptin resistance and also inhibited expression of gut-secreted anorectic
hormones, such as GLP-1 and PYY. Additionally, there is a reduction in the intestinal Fiaf expression mediated by bacteria that deregulate the
fat storage and lipid metabolism favoring the obese phenotype.

to increased intestinal permeability under obese conditions.
The macrophage inflammatory activity is regulated by the
TLR-induced activation of nuclear factor 𝜅B (NF-𝜅B) [64,
65].

In addition to the bacterial immune response mediated
by TLR4, viral infections also activate pattern recognition
receptors (PRRs) and trigger a specific cellular signaling
pathway that terminates with the activation of c-Jun N-
terminal kinase (JNK), inhibitor of nuclear factor-𝜅B kinase
subunit 𝛽 (IKK𝛽), NF-𝜅B, and transcription of proinflam-
matory cytokines, which are mediators of insulin resistance.
The double-stranded RNA-activated protein kinase (PKR) is
one of the molecules responsible for protection from viral
infections, as it identifies double-stranded RNA (dsRNA)
viruses and activates the innate immune response against
these pathogens [66, 67]. PKR is also related to obesity and
insulin resistance, as its phosphorylation is increased in high-
fat diet fed mice, leading to activation of JNK [68] and IKK𝛽
[69], and culminating in serine phosphorylation of IRS-1 and
insulin resistance [70]; all these inflammatory features are
absent or attenuated in PKR−/− mice [71, 72]. It has been
described that PKR is also activated by bacterial products,
such as LPS [73, 74], in a dsRNA-independent way, possibly
by the action of a cellular protein designated PKR-activating
protein (PACT), which possesses dsRNA binding domains
and interacts with other molecules that bind to PKR [75] to
trigger the same signaling pathway as viral infection [76].
This could integrate the PKR signaling pathway with gut

microbiotametabolic effects on insulin resistance, but has not
yet been investigated (Figure 1).

The activation of inflammatory pathways by gut-derived
LPS, mainly via TLR4, leads to increased expression of
inducible nitric oxide synthase (iNOS) [77, 78]. In obesity,
an increase in iNOS expression is also observed in insulin
sensitive tissues, which promotes a phenomenon known as
S-nitrosation/S-nitrosylation, where nitric oxide (NO) reacts
with cysteine residues to form S-nitrosothiol adducts, thereby
modulating protein function [79, 80]. Thus, LPS induce S-
nitrosation/S-nitrosylation of the insulin signaling pathway
(IR, IRS-1, and Akt), inducing insulin resistance in the liver,
muscle, and adipose tissue in a more particular way than ser-
ine phosphorylation of IRS-1 [81–83].The targeted disruption
of iNOS and its pharmacological inhibition attenuates the S-
nitrosation/S-nitrosylation of insulin signaling proteins and
inflammation and consequently improves insulin sensitivity
[84–87] (Figure 1). Besides gut-derived LPS, other bacteria
metabolites could induce S-nitrosation/S-nitrosylation of
diverse proteins, modulating their activity and promoting
biological effects in several tissues. Therefore, this field needs
more attention and further studies.

5. Metabolic Role of Short-Chain Fatty Acids
Derived from Gut Microbiota

The gut microbiota has an impact on mammalian physiology
(mostly metabolic and immune functions) through several
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mechanisms. Some of them are discussed previously, but the
gut bacteria can also interact with the host system through
their metabolites, mainly short-chain fatty acids (SCFA),
which are their principal end-products and are represented
for the most part by acetate, propionate, and butyrate,
which have physiological effects in different tissues [88]. Gut
microbiota fermentation, due to anaerobic bacteria, degrades
polysaccharides that are not cleaved bymammalian enzymes,
in other words, nondigestible carbohydrates, to produce
short-chain fatty acids and other subproducts in the cecum
and colon [89]. Moreover, SCFA diversity demonstrates
metabolic cooperation among the bacterial community, as
no bacterial genus can hydrolyze all kinds of nutrients
nor produce all metabolites found in the gut lumen [90],
indicating that most of the physiological interactions of the
gut microbiota with the host are not dependent on just one
particular bacterial type, but the entire community.

As metabolites, SCFA have diverse effects on various
cells. They are taken up by the host through passive dif-
fusion and via mono-carboxylic acid transporters, such as
monocarboxylate transporter 1 (MCT1) [91]. Primarily, they
work as an energy source for colonic epithelial cells, which
derive 60%–70% of their fuel influx from SCFA. Butyrate
has a particular importance as an energy source for those
cells, as almost 65% is cleared by the mucosa and more than
70% of oxygen consumption in isolated colonocytes is due
to butyrate oxidation [89]. Butyrate may also play a critical
role in cell growth and differentiation [92, 93]. Acetate is
likely to be used as a cholesterol or fatty acid precursor,
and propionate is a gluconeogenic substrate [94, 95]. The
relative levels of the specific enzymes for SCFA degradation
(acetyl-CoA, propionyl-CoA, and butyryl-CoA) in different
tissues are the determinants of SCFA metabolization [96].
Other molecules with metabolic regulatory functions can be
released by gut bacteria, such as conjugated linoleic acids
(CLA) [97, 98], which are lipid metabolites, or bile acids [99]
and gases, such as methane and H

2
S [100, 101], but they have

minor roles inmammal physiology when compared to SCFA.
SCFA also act as anti-inflammatory molecules, as acetate,

propionate, and butyrate are capable of inhibiting NF-𝜅B
activation in the host immune cells by binding to G-protein-
coupled receptor, 43 and 41 (GPR43 and GPR41), thereby
blocking inflammatory responses and suppressing TNF-𝛼
and IL-6 release; butyrate also reduces IL-12 and increases
IL-10 expression [102–105]. GPR43 seems to have great
importance in mediating acetate-induced anti-inflammatory
stimuli since the deletion of this gene promotes an increased
inflammatory response in dextran sodium sulfate- (DSS-)
induced colitis, which is attenuated by the administration
of acetate in mice that express GPR43 [106]. Moreover,
GPR43−/− immune cells are hyperactive and promote an
increased response to chemoattractants, such as C5a and
proinflammatory cytokines [106].

Acetate and butyrate are also important in epithelial bar-
rier function maintenance as they stimulate the production
and secretion of mucus, by goblet cells, which protect the
epithelium through increased expression of mucin [107].
Butyrate increases MUC-2 expression by 23-fold in a goblet

cell line in vitro, demonstrating the importance of this func-
tion in modulating intestinal permeability [108]. Butyrate
also affects tight junction protein expression, that is, zonulin
and occludin, and even low concentrations of this SCFA
seem to reduce intestinal permeability [109, 110]. Even with
this potent mucus releasing effect by butyrate, it seems that
acetate has more pronounced effects in epithelial protection,
as activation of GPR43 by acetate protects mice from a lethal
infection with an E. coli strain [111]. Moreover, the inhibition
of GPR strongly attenuates the effects of acetate in terms of
epithelial survival and integrity [112].

The products of gut microbiota fermentation, such as
acetate and butyrate, are able to increase fatty acid oxidation
and energy expenditure. There is evidence that acetate intake
by humans promotes a reduction in body weight, circulating
cholesterol, and triglyceride levels [113]. The administration
of acetate or an increase in gut production mediated by the
gut microbiota modulates activated 5-AMP-activated pro-
tein kinase (AMPK), which inhibits acetyl-CoA carboxylase
(ACC), thereby promoting fatty acid oxidation and energy
expenditure [114] and leading to increased insulin sensitivity
and reduced glucose intolerance in diabetic rats and in
high-fat diet fed mice [27, 115]. Butyrate administration
also increases AMPK activation in muscle, culminating in
increased energy expenditure, as observed by an increase in
brown adipose tissue mass and UCP1 expression [116].

It has been shown in cell culture experiments that short-
chain fatty acids, in particular propionate and butyrate, can
modulate the expression of Fiaf in intestinal cells, which was
proposed as a gut microbiota mediator of fat storage [14].
Intestinal cell culture lines were exposed to short-chain fatty
acids, which promoted an increase in Fiaf expression via
PPAR𝛾 in colon cells. This was not reproduced in adipocyte
cell lines, leading to the inhibition of LPL, adipogenesis and
a proposed increase in fat storage mechanism control and
metabolic improvement [117–119].

The activity of gut hormones in the control of appetite
has been shown [120], and it is likely that the gut microbiota
should interfere with the expression and activity of these
hormones. Gut bacteria seem to modulate the secretion of
glucagon-like peptide-1 (GLP-1), which is produced by L-cells
in the colon, and peptide YY (PYY) [121], produced by ileum
and colon cells, as well as leptin production by adipose tissue
cells via GPR41 [122]. All of these have anorectic effects in
the hypothalamus and thus promote satiety.This modulation
seems to be, at least in part, mediated by the SCFA produced
by fermentative bacteria. Evidence of SCFA and satiety show
that an acetate infusion induces an increase in the circulating
levels of GLP-1 and PYY in hyperinsulinemic overweight
women [123]. Propionate reduces food intake in animal
feeding studies [124–126], whereas supplementation of a dairy
beverage fermented by propionic acid bacteria producer
also increases satiety in humans [127]. In a similar way to
propionate, butyrate induces satiety, upregulating anorectic
neuropeptide expression, such as PYY and proglucagon in
rat epithelial cells [126, 128]. It is possible that these SCFA
mechanisms of appetite regulation are mediated by GPR41
and dependent on the intestinal transit rate, as a deficiency in
this receptor is associated with reduced PYY expression and
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faster intestinal transit with reduced energy harvesting from
the diet [129]. Most of the observations on SCFA-regulated
appetite are descriptive, and the mechanisms controlled by
these gut microbiota-derived molecules are not yet known.

6. Gut Microbiota Modulation

In the last decade, a great body of evidence and knowl-
edge about the gut microbiota and its interaction with the
host, immunity, and metabolism has provided new insight
regarding the influence of this forgotten “organ” on the most
prevalent metabolic disease, obesity. By several mechanisms,
gut bacteria influence the chronic low grade inflammation
that culminates in insulin resistance and the increase in fat
deposition and body weight gain, characteristic of obese
individuals. With the acknowledgement of these obesity and
inflammation induction mechanisms, several strategies to
block or attenuate them are being developed and tested, in
order to benefit obese and type 2 diabetic patients.

6.1. Antibiotic Therapy. It has been shown that the use
of broad spectrum antibiotic therapy greatly modifies the
gut microbiota profile in mice, improving the metabolic
derangement induced by genetic obesity and/or high-fat diet
feeding, but the prevalence of surviving bacteria and the
benefits for the host have not been determined, as the concept
of a “healthy” gut microbiota is still under investigation.
The main mechanism suggested by antibiotic administration
is a reduction in circulating LPS levels, which attenuates
inflammation and improves the insulin resistance induced
by obesity in the liver, muscle, and adipose tissue [27, 35,
130, 131]. Additionally, intestinal permeabilitymay be reduced
after the evaluation of tight junction protein expression
in epithelial cells of antibiotic-treated animals, showing
increased expression and function [35].This improvement in
insulin resistance was also observed in high-fat diet fed mice
even in absence of a difference in body weight, which was
achieved by submitting a group of animals to pair-feeding
in comparison to the antibiotic-treated animals, which pre-
sented lower circulating LPS levels and TLR4 activation.This
probably led to reduced intestinal permeability, leading to a
reduction in JNK and IKK𝛽 activation and reduced serine
phosphorylation of IRS-1 in the liver, muscle, and adipose
tissue, altogether seen as increased activation of the insulin
signaling pathway, and to inhibition of macrophage infil-
tration into adipose tissue. Moreover, antibiotic treatment
increases the portal acetate levels, which activates AMPK,
fatty acid oxidation, and, possibly, energy expenditure [27].
However, even with this striking metabolic improvement in
antibiotic therapy experiments, it seems that translating this
strategy to humans is not the best option, as there are complex
issues such as antibiotic resistance in chronic administration
panels and evidence that indicates a relationship between
chronic low-dose antibiotic therapy and body weight gain
[132, 133] (Figure 2).

6.2. Probiotics. Probiotics are defined as live microorganisms
that confer unspecified health benefits to the host [134].

Evidence frommetagenomic profiles indicates that the obese
phenotype shows an increased prevalence of Firmicutes
[20, 26] in the gut microbiota profile, inferring a negative
correlationwithmetabolism and insulin sensitivity. However,
apart from these inconclusive observations on the “healthy”
gut microbiota, the most commonly used probiotics are
Lactobacillus, which belong to Firmicutes and Bifidobac-
terium [135]. Lactobacillus strain administration leads to
several metabolic benefits in both rodents and humans,
that is, a reduction in adipocyte cell size and body fat in
high-fat diet fed mice [136], a reduction in fat mass and
BMI, the promotion of insulin sensitivity [137, 138], and
restriction of excessive body weight gain in the first years
of life of young children [139]. Although the mechanism by
which Lactobacillus control excessive adiposity has not been
described, changes in fat storage genes expression, such as
Fiaf, have been proposed to mediate this probiotic effect
[140]. Data from Bifidobacterium administration show that
the production of acetatemediates gut epithelial integrity and
barrier function, protecting animals from a lethal bacterial
infection [111], but no mechanism as to how acetate induces
this effect has been proposed. It is tempting to suggest that
acetate binding to GPR43 and its activation mediate the
beneficial effects of treatment with Bifidobacterium.

A probiotic compound that has been well studied and
appears in a great number of articles, named VSL#3, com-
posed of a blend of probiotic bacteria, modulates the gut
microbiota profile [141] and shows interesting effects, such
as the promotion of epithelial integrity by modulation of
tight junctions [142], a reduction in inflammatory status in
a chronic colitis animal model [141], protection against DSS-
induced colitis, and near reversal of atherosclerotic lesions in
ApoE−/− mice, which develop atherosclerosis spontaneously
[143]. In a clinical trial, VSL#3 promoted reduced intestinal
permeability and improved immune activity [144]. Bacterial
translocation to mesenteric adipose tissue, which seems to
precede type 2 diabetes onset, is prevented by probiotic
treatment. Apparently, thismechanism ismediated by acetate
production and increased gut epithelial integrity [39]. It
has also been shown that probiotic treatment-induced gut
microbiota modulation can suppress high-fat-diet induced
NF-𝜅B activation and inflammation-induced insulin resis-
tance [145]. Probiotics can also mimic commensal bacte-
ria and modulate protective epithelial mucus production,
reduce bacterial adhesion, increase tight junction expres-
sion, enhance epithelial and immune cell survival, induce
defensins, and stimulate IgA production as well as stimulate
TLRs to promote gut homeostasis [146–148] (Figure 2).

6.3. Prebiotics. Prebiotics are defined as a nonviable food
component that confers a health benefit on the host asso-
ciated with gut microbiota modulation [149]. The most
common prebiotics used in gut microbiota modulation
studies are the inulins, fructooligosaccharides, various types
of galactooligosaccharides, and resistant starches. Prebiotics
act by modulation of the gut microbiota profile and serve
as a substrate for the production of metabolically active
metabolites, in particular, SCFA, that are, acetate, propionate,
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Figure 2:The advent of products (antibiotics, probiotics, and prebiotics) capable of modulating the gut microbiota profile, their products and
metabolites (i.e., LPS, short-chain fatty acids), promotes a shift on the bacterial community prevalence, which favored the increase in tight
junctions expression and function, reducing intestinal permeability and bacterial products circulation levels. Thus, the LPS circulating levels
and inflammatory status in insulin-sensitive tissues are reduced, as well as muscle S-nitrosylation and liver and adipose tissue macrophage
infiltration, promoting increased insulin sensitivity and the whole body metabolism. GLP-1 and PYY circulating levels are increased after
treatment with gut microbiota modulators which together with the improvement in insulin sensitivity in the hypothalamus promoted
reduction in food intake by satiety mechanisms and in conjunction with the increased Fiaf expression, contributed to reduce body weight.

and butyrate [150, 151]. Several studies have related prebiotic
treatment to a reduction in ectopic lipid accumulation such
as steatosis, reduced fat storage in white adipose tissue,
in systemic inflammation, and insulin resistance in high-
fat diet fed and genetically obese models [152–154], and
also reduced endotoxemia [155]. In clinical experiments,
beneficial effects of prebiotic administration were observed,
such as a reduction in BMI, waist circumference, fat mass,
and insulin resistance [156–158]. The food intake regulation
is another important feature of gut microbiota modulation
by prebiotics, which induce gut hormone production, such
as GLP-1 and PYY, that signal via anorectic pathways in
the hypothalamus, and a reduction in ghrelin expression,
a gastric orexigenic peptide, thereby reducing food intake
[159, 160]. Even fibers that do not change the gut microbiota
profile, in a similar way to inulin-type fructans, induce food
intake reduction by increasing circulating levels of GLP-1
and PYY [161–165], evidencing the important role of SCFA
derived from prebiotic fermentation. Data from a 12-week
prebiotic treatment in obese subjects showed a modulated
gut microbiota profile, increased PYY, and decreased ghrelin
circulating levels, while a single dose of prebiotics (inulin)
also decreased plasma ghrelin and increasedGLP-1 [166, 167].
Prebiotics also induce the production and secretion of GLP-2
by L cells; this hormone has relevant activity on gut barrier
function and reduces gut permeability in obese animals [168]
(Figure 2).

6.4. Bariatric Surgery. Recent data on obese subjects who
have undergone gastric bypass surgery indicate that six
months after the procedure, the gut microbiota profile was
changed and bacteria diversity was reduced in comparison
with the subjects that were obese and did not undergo
the surgical procedure [169]. In addition to the changes
promoted by gastric bypass, physiologically and anatomically,
a number of factors could contribute to this gut profile
alteration throughout this six months, primarily food intake
behavior and weight loss, placing the direct influence of
bariatric surgery in doubt. An early evaluation of the gut
microbiota after the procedure is not viable due to the antibi-
otic treatment indicated for surgical recovery. Nevertheless,
a recent study brought new light to this issue, where mice
that underwent gastric bypass surgery presented a distinct gut
microbiota profile when compared with the sham-operated
mice one week after of the procedure, when no body weight
difference was detected. Furthermore, the authors placed a
group of mice under diet restriction to mimic the weight
loss achieved by the gastric bypass group for 10–12 weeks
and found that the microbiota profile was different as well,
indicating that, indeed, the bariatric surgery modifies the
bacterial composition of the gut [170]. In addition, they
showed that gut microbiota transplantation from a sham-
operated animal to germ-free mice increased adiposity as
well as circulating leptin levels concomitantly with reduced
food intake, as was previously demonstrated [14]. However,
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in the recipients of gut microbiota frommice that underwent
gastric bypass, none of those parameters were altered when
compared to germ-free mice. There was also a reduction in
bodyweight, suggesting that the gastric bypass-associated gut
microbiotamay either reduce energy harvesting from the diet
or produce signals to regulate energy expenditure and/or lipid
metabolism in a Fiaf-independentmanner since colonization
of germ-free mice with either sham or gastric bypass gut
microbiota inhibits Fiaf expression in intestinal cells, but this
is still unknown [170]. Based on the studies cited previously,
gastric bypass seems to promote gut microbiota modulation
that induces beneficial effects in obese humans and rodents.

7. Conclusions

In summary, the literature presents incontestable data that the
gut microbiota and its modulation by nutrients and excessive
energy intake heavily influence glucose metabolism, lipid
storage, inflammation, and insulin activity in a negative way,
as observed in obesity and diabetes. Furthermore, there are
intense investigations going on in this field, highlighting
several strategies to modulate the gut microbiota profile to a
“healthier” status in an attempt to increase insulin sensitivity
by blockage of the insulin resistance inductors mediated by
the interaction between bacteria and the intestinal environ-
ment of the host.

Some issues have been raised from these studies and
have not been fully explored until now, such as PKR activity
modulated by gut microbiota. Besides bacterial products,
viruses are also found in metagenomic profiles, and viral
signaling could contribute to the increased inflammation
promoted by intestinal products in obesity. In a similar way,
the nitrosative contribution from gut microbiota has not yet
been raised as having an impact on the metabolic derange-
ment mediated by obesity and microbial products. Also, it is
unknown if attempts to ameliorate themetabolic status by gut
microbiota modulation will regulate both phenomena. SCFA
seem to have an important role in food intake regulation,
but the mechanisms of inducing GLP-1 and PYY production
in intestinal cells are still poorly described and need further
investigation. Saturated fatty acids are known to promote
inflammation and insulin resistance and are prevalent in the
high-fat diet administered to experimental rodents in these
studies and in the western diet that has led to epidemic
rates of obesity. However, the utilization of unsaturated fatty
acid supplementation, which is known as a lipid with anti-
inflammatory properties, has not yet been related to gut
microbiota modulation. This is an interesting nutritional
field, as probiotic and prebiotic strategies can have irrefutable
benefits to the host’s metabolism.

Ongoing efforts will try to determine the best set of
symbiotic bacteria for mammals to harbor in the intestine in
a metabolic evaluation, avoid excessive energy uptake from
the diet, preserve gut barrier function, and reduce bacteria
and the translocation of their inflammatory products; it is
hoped that this will culminate in reduced inflammation.This
issue is under debate, as articles do not show coherence
regarding bacterial prevalencemodulation in the gut induced

by obesity and its treatment, which will need further studies
and standardization. It seems that studies from different
facilities bring distinct results. This issue has to be addressed
in order to define what bacterial colony is more interesting to
have grown in the mammalians gut.
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This review summarizes the current literature regarding the most discussed contraction-regulated moykines like IL-6, IL-15, irisin,
BDNF, ANGPTL4, FGF21, myonectin and MCP-1. It is suggested that the term myokine is restricted to proteins secreted from
skeletal muscle cells, excluding proteins that are secreted by other cell types in skeletal muscle tissue and excluding proteins which
are only described on the mRNA level. Interestingly, many of the contraction-regulated myokines described in the literature are
additionally known to be secreted by adipocytes. We termed these proteins adipo-myokines. Within this review, we try to elaborate
on the question why pro-inflammatory adipokines on the one hand are upregulated in the obese state, and have beneficial effects
after exercise on the other hand. Both, adipokines and myokines do have autocrine effects within their corresponding tissues. In
addition, they are involved in an endocrine crosstalkwith other tissues. Depending on the extent and the kinetics of adipo-myokines
in serum, these molecules seem to have a beneficial or an adverse effect on the target tissue.

1. Skeletal Muscle and Adipose Tissue as
Endocrine Organs

In line with the acceptance of adipose tissue as an endocrine
organ [1–3], path-breaking work during the last decade
demonstrated that skeletal muscle is an active endocrine
organ releasing myokines, which might in part be respon-
sible for the beneficial effect of exercise [4–6]. These
myokines are described to communicate with cells in an
autocrine/paracrinemanner, locally within themuscles, or in
an endocrine fashion to distant tissues.

Obesity in a combinationwith a lack of exercise is a strong
risk factor to develop metabolic diseases and type 2 diabetes.
Physical inactivity causes the accumulation of visceral fat and
the health consequences of both are related to systemic low-
grade inflammation [7, 8]. Adipocytes from obese patients
are characterized by altered endocrine function, leading to
increased secretion of proinflammatory adipokines, such as
TNF𝛼, chemerin,MCP-1, dipeptidyl peptidase 4 (DPP4), and
others [9–14]. Thus, the dysregulation of adipokine secretion
is related to metabolic diseases. The activation of inflamma-
tory pathways leads to insulin resistance in peripheral tissues

such as skeletal muscle and adipose tissue itself, constituting
an early defect in the pathogenesis of type 2 diabetes [15].
Different research strategies revealed the complexity of the
adipocyte secretome, and to date more than 600 potentially
secretory proteins were identified [2].

In addition, it is well accepted that contracting skeletal
muscle secretes enhanced levels of myokines which have a
beneficial endocrine effect on other organs, presenting novel
targets for the treatment of metabolic diseases and type 2
diabetes [16].

2. Identification of Contraction-Regulated
Myokines

It is well accepted that physical activity exertsmultiple benefi-
cial effects on the prevention of chronic diseases, both due to
an improved energy balance and due to effects independent
of obesity. It is assumed that contraction-regulated myokines
play a pivotal role in the communication betweenmuscle and
other tissues such as adipose tissue, liver, and pancreatic cells
[16–18].
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Table 1: Contraction-regulated myokines. A search of original articles in pubMed was performed for all myokines described to identify
contraction regulation of a myokine on the level of enhanced muscle mRNA expression and enhanced serum level. In addition, studies
describing basal secretion of the indicated myokine frommyotubes (in vitro studies) are given.The search terms used were “skeletal muscle,”
“myokine,” “exercise,” “secretion,” and the indicated myokine. Reference lists of identified articles were also used to search for further papers.

Myokine Secreted by cells Enhanced muscle mRNA
level after exercise

Enhanced serum
level after exercise

ANGPTL4 ✓ [157] ✓ [32] ✓ [75]
BDNF n.d. [19] ✓ [19] ✓ [63, 64]
FGF21 ✓ [79] — ✓ [83]#

FSTL1 ✓ [112, 113] ✓ [31] ✓ [112]
IL-6 ✓ [24] ✓ [158] ✓ [35]
IL-7 ✓ [159] ✓ [159] —
IL-8 ✓ [140] ✓ [51, 70, 160, 161] —

IL-15 n.d. [162–164] ✓ [48, 52, 55]
× [47]

✓ [49–51]
× [52, 165]

Irisin ✓ [55] ✓ [55, 57]
× [56]

LIF ✓ [166] ✓ [166, 167] —
MCP-1 ✓ [68, 140] ✓ [70, 72] ✓ [32, 69]

Myonectin ✓ [86, 87] ✓ [86] ✓ [86]
[88]#

Myostatin ✓ [147] ✓ [168–172]# ✓ [173]#

PAI-1 ✓ [31] ✓ [31]
PEDF ✓ [31] ✓ [31]
VEGF ✓ [24] ✓ [174] ✓ [51]
✓: secretion, enhanced muscle mRNA level, or serum level of myokines have been shown in indicated publications. ×: contraction regulation of myokine has
not been shown. #Myokine serum levels are described to be decreased after exercise, n.d.: not detected in supernatants of myotubes.

Research of the last decade revealed that several
myokines are regulated by contraction, like angiopoietin-like
4 (ANGPTL4), brain-derived neurotrophic factor (BDNF),
fibroblast growth factor (FGF) 21, follistatin-like 1 (FSTL1),
interleukin (IL)-6, IL-7, IL-15, irisin, leukemia inhibitory
factor (LIF), myonectin, myostatin, and vascular endothelial
growth factor (VEGF) (for references see Table 1). For
some of these reported myokines, the description as a
myokine is based on mRNA data of skeletal muscle biopsies.
For example, Matthews et al. [19] report increased BNDF
mRNA level in human contracting skeletal muscle biopsies.
Although the authors could prove enhanced serum levels
after exercise in humans and increased BDNF protein level
after electrical pulse stimulation of C2C12 cells, BDNF basal
secretion could not be detected in the media from skeletal
muscle cells in vitro [19]. Secretion is the critical characteristic
of a myokine and it is preferable to restrict the term myokine
to those proteins that are released by skeletal muscle cells
themselves.

Nevertheless, the term myokine has also been employed
to describe a protein that is synthesized by skeletal muscle
tissue, rather than by the skeletal muscle cell. The initial
characterization of a candidate myokine is frequently the
detection of the gene expression in skeletal muscle tissue by
mRNA expression or immunodetection of protein lysates.
One dilemma in only determining gene expression or protein
level in skeletal muscle biopsies is that aside from skeletal

muscle fibres, skeletal muscle contains extended layers of
connective tissues, capillaries, and nerve cells among others.
Thus satellite cells, endothelial cells, fibroblasts, and motor
neurons are included in the analysis. Gene expression must
be followed by the detection of the encoded protein in skeletal
muscle fibers. Additional immunostaining of the skeletal
muscle tissue sections shows that the protein production
is indeed intramyocellular. When the expression is first
identified in skeletal muscle tissue, the validation of a protein
as a myokine has to include that secretion from skeletal
muscle cells is demonstrated. In practice, this will generally
reflect selective release from skeletal muscle cells in vitro
either by the use of primary human or animal skeletal muscle
cells or from clonal cell lines. Equally, proteins that have been
identified in skeletal muscle cells needs to be verified for
the native tissue. We recommend that the term myokine is
used for a protein that is synthesized and secreted by skeletal
muscle cells.

The identification of a protein as a contraction-regulated
myokine represents an additional critical step in the analysis.
Repeated biopsy sampling from one muscle is necessary to
investigatemuscular adaptation to different forms of exercise.
The adaptation is thought to be the result of cumulative
effects of transient changes in gene expression in response
to single exercise bouts. Nevertheless, it was shown that
multiple fine needle biopsies obtained from the same muscle
region can per se influence the expression of marker genes
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induced by an acute bout of resistance exercise [20]. Thus,
repeated biopsies have to be taken carefully in regard to
avoiding an inflammatory response in the tissue. In the
case that contraction regulation of a protein is first identi-
fied in muscle biopsies on the mRNA level, it is essential
to determine whether the enhanced mRNA expression is
translated to enhanced protein level. An additional elegant
approach is to induce contraction of human skeletal muscle
cells or clonal cell lines by electrical pulse stimulation [21–
24]. The potentially contraction-regulated myokine can be
analyzed on the mRNA and protein level. Most importantly,
enhanced secretion can be determined in the supernatants by
immunodetection.

3. Secretome of Muscle Cells

To gain a broader view, recent efforts have focused on
exploring the complete secretome of skeletal muscle by
proteomic studies. New technological advances, like array
studies and proteomic analysis, made the analysis of the
qualitative and quantitative analysis of the secretome of
skeletalmuscle possible.These approaches extended the list of
describedmyokines rapidly. Chan et al. andHenningsen et al.
have investigated altered regulation of secretome components
at different time points of muscle differentiation of murine
C2C12 cells by a quantitative proteomics approach [25–27],
while Yoon et al. have studied the regulation of myokine
secretion by rat skeletal muscle cells after insulin stimulation
[28] and TNF𝛼 treatment [29]. Recently, Hittel et al. have
explored the secretome from cultured myotubes derived
from extremely obese compared with healthy nonobese
women [30]. All these studies found hundreds of secreted
proteins from skeletal muscle, some regulated by insulin
or TNF𝛼, others during differentiation. A drawback of all
these studies is the use of noncontracting cells although
contraction is a major characteristic of skeletal muscle acti-
vating intracellular signalling pathways, changing the secre-
tory profile, inducing metabolic adaption and the change
of its plasticity. To overcome this problem, Norheim et al.
combined the proteomic analysis of the secretome of human
myotubes with mRNA expression data of muscle biopsies
in response to strength training. Using this approach the
authors identified 15 novel contraction-regulated myokines
[31]. Recently, Catoire et al. described the effect of endurance
exercise on gene expression in exercising and nonexercising
human muscle by one-legged cycling [32]. Noticeably, acute
exercise also caused substantial gene expression changes
in nonexercising leg [32]. This effect might be mediated
by changes in circulating factors such as free fatty acids,
adrenalin, and lactate, but might also support the myokine
concept.

Nevertheless, all these studies indicate that skeletal mus-
cle cells are, like adipocytes, major secretory cells. Clustering
these skeletal muscle-derived proteins according to their
postulated function revealed that these myokines can be
sorted to several groups, including myokines contributing
to energy metabolism, angiogenesis, blood vessel regulation,
and myogenesis [33].

4. IL-6: The Best Characterized Myokine

Some of the first reports in this research field identified
IL-6 as a secreted protein from skeletal muscle [34, 35].
The identification that contracting human skeletal muscle
releases significant amounts of IL-6 into the circulation
during prolonged single-limb exercise was a milestone in this
research field and identified skeletal muscle as an endocrine
organ [36]. Up to now, IL-6 is the most prominent muscle-
derived protein, which was demonstrated to be upregulated
in plasma after exercise without muscle damage [34, 37].
The level of circulating IL-6 increases in an exponential
fashion in response to exercise [36, 38, 39] and declines in
the postexercise period [40].Themagnitude bywhich plasma
levels increase is related to exercise duration, intensity, and
the muscle mass involved in the mechanical work [36, 38, 39,
41]. However, during one year of training intervention plasma
levels of IL-6 remained unchanged [42]. Plasma IL-6 levels
can increase up to 100-fold in response to exercise although
less strong effects are more frequent [43]. In addition to
human serum and skeletal muscle biopsy data, IL-6 has been
shown to be secreted by primary human skeletal muscle
cells in vitro and its secretion was increased by contraction
[24].

5. IL-15: A Contraction-Regulated Myokine?

IL-15 is discussed as a contraction-regulated myokine in
the literature which may play a role in muscle-fat crosstalk
[44, 45] mediating some of the beneficial effects of physical
activity [46]. Until today, five groups analyzed the regulation
of IL-15 after different exercise protocols in humans. How-
ever, conflicting data are published whether physical activity
affects IL-15 expression, protein level, and secretion from
skeletal muscle.

In a first report, no change in IL-15 mRNA level was
described in human vastus lateralis muscle biopsy samples,
which were taken immediately after 2 h intensive resistance
training [47]. Although, Nielsen et al. observed that IL-15
mRNA content was upregulated twofold in human vastus
lateralismuscle 24 hours following a single bout of resistance
exercise, this increase in mRNA level was not accompanied
by an increase in muscular IL-15 protein level or plasma IL-15
[48]. In addition, Riechman et al. demonstrated that imme-
diately after the end of one resistance exercise bout, plasma
IL-15 increased slightly (approximately 5%) [49]. Recently,
it has been shown that 30min treadmill running at 70%
of maximum heart rate resulted in a significant increase in
circulating IL-15 level in untrained healthy youngmen (about
12%), measured 10min after exercise [50]. Different from
these acute exercise studies, Yeo et al. described that both
8-week moderate- and high-intensity resistance exercises
enhanced IL-15 serum levels [51]. In this study, the authors
showed that IL-15 blood level was significantly enhanced after
8 weeks of moderate intensity resistance exercise (250%),
while the increase of the myokine prototype IL-6 was rather
small (115%).High intensity resistance training also enhanced
IL-15 blood levels, but to a lower extent (150%).
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In addition, training studies were performed in mice and
rats. It has been shown that IL-15 mRNA expression in soleus
and gastrocnemiusmuscle is increased after 8-week treadmill
running training in rats, while plasma IL-15 level was not
changed [52]. Yang et al. observed about 1.7-fold increase
in IL-15 mRNA expression after three weeks of free wheel
running in mice but did not analyze protein or serum level.

Nevertheless, while the observed increase in plasma IL-15
levels in humans is rather small (5–12%) after acute exercise
and not depending on the mode of exercise, particularly
moderate intensity resistance exercise had a significant effect
on IL-15 blood levels. However, to the best of our knowledge,
secretion of IL-15 from muscle cells has not been described
yet, and it has not been shown that the observations on mus-
cle mRNA level are translated to meaningful contributions to
IL-15 serum levels.

6. Irisin: A Novel Myokine

Just recently, a novel identified myokine has drawn the
attention as a novel preventive and therapeutic target to
treat obesity and metabolic diseases like type 2 diabetes.
Bostrom et al. observed that overexpression of PGC1𝛼 in
mice muscle as well as exercise induces the expression of
the FNDC5 (fibronectin type III domain containing protein
5) gene, a gene which has scarcely been studied before.
FNDC5 is described as a protein containing a signal pep-
tide, fibronectin type III repeats, and hydropathy analysis
revealed a hydrophobic region, which is likely to encode a
transmembrane domain. Previous studies linked the gene
to differentiation of myoblasts and neurones [53, 54], and
it has been suggested that FNDC5 is located in the matrix
of peroxisomes [53]. Bostrom et al. described that the C-
terminal tail of the protein is located in the cytoplasm,
whereas the extracellular N-terminal part is supposed to
be cleaved and released as novel messenger molecule called
irisin [55]. Mice subjected to three weeks of free wheel
running showed enhanced muscle mRNA expression and
elevated irisin plasma concentrations (65%). In addition, ten
weeks of supervised endurance exercise training revealed a
twofold increase in circulating irisin levels compared to the
nonexercised state in a cohort of older subjects [55]. Both
the mice and human study analyzed the long-term effect
of exercise on irisin plasma levels. It is not described if
enhanced serum levels of FNDC5 after muscle contraction
are dependent on enhanced gene expression or dependent on
enhanced cleavage of the membrane protein.

However, using gene-chip probe sets Timmons et al.
observed no effect on FNDC5 mRNA level neither after
6 weeks of intense endurance cycling in younger subjects
nor after supervised resistance training [56]. Timmons et al.
demonstrated that FNDC5 induction in muscle occurred
only in highly active elderly subjects compared to sedentary
controls (1.3fold), whichwere aminority of analyzed subjects.
They failed to confirm FNDC5 gene expression by aerobic
exercise in younger subjects. Huh et al. observed minor
effects on irisin plasma levels after 1 week of exercise (increase
of about 18%) and no effect after prolonged training over

8 weeks [57]. Up to now, there is only one study showing
a robust activation of FNDC5 after exercise in humans
measured by RT-PCR in muscle biopsies [24], however,
limited to a very small number of subjects.

Although Bostrom et al. described the discovery of the
novel myokine irsin, the authors showed that the release of
irisin exclusively in HEK 293 cells transfected with a vector
expressing FNDC5 followed immunodetection of culture
media protein. It has not been confirmed thatmuscle FNDC5
mRNA is translated to protein in primary or clonal skeletal
muscle cells, and, most importantly, it has not been shown
that irisin is secreted from skeletal muscle cells. Furthermore,
to demonstrate the secretion of irisin from HEK293 cells
and to analyze murine and human serum samples, the
authors used an antibody, which most likely cannot detect
the cleaved irisin, since the antibody used is directed against
the C-terminal part of the protein (Abcam 149–178, C-
terminal) [58]. Taken together, future studies should address
FNDC5/irisin precise expression and cleavage mechanism to
clarify the controversy of current literature.

7. BDNF: Released from the Muscle or
the Brain?

BDNF belongs to the family of neurotrophins (NT), which
includes nerve growth factor, BDNF, NT-3, NT-4/5, and NT-
6. These proteins are produced as large precursor proteins
that are then cleaved to form themature neurotrophic protein
(reviewed in [59]). In the literature BDNF is discussed
as a contraction-regulated myokine [6]. During myogenic
differentiation, the expression of BDNF is drastically reduced
and is hardly detectable in adult rat skeletal myofibers
[60]. By reverse transcription PCR, in situ hybridization,
and immunofluorescence, it was shown that BDNF is not
expressed at significant levels within mature myofibers [60].
In situ hybridisation analysis revealed that in adult rat muscle
the constitutive expression of muscular BDNF is confined to
the myofibres. Satellite cells, Schwann cells, endothelial cells,
fibroblasts, or axons did not appear to contribute to BDNF
production in normal muscle [61]. In complementary cell
culture experiments, it has been shown that levels of BDNF
correlate with the population of satellite cells [60]. BDNF is
required for early phases of myogenic differentiation, which
is delayed in the absence of BDNF [62]. Nevertheless, BDNF
protein level was determined in lysates of rat L6 cells [60] and
murine C2C12 cells [19].

Serum BDNF levels increased after a graded cycling exer-
cise test in humans (30%) [63] and at the point of exhaustion
at the end of a ramp test (about 25%) [64]. Matthews et al.
reported enhanced BDNF mRNA and protein expression in
human skeletal muscle and after bicycle exercise [19]. Cell
culture experiments using murine C2C12 cells stimulated
by electrical pulse stimulation confirmed that contractile
activity enhanced BNDF mRNA and protein level. Although
Matthews et al. report increased serum levels after exercise
in humans, BDNF basal secretion by C2C12 that underwent
contraction has not been proven and overexpression of BDNF
inmouse skeletal muscle did not lead to differences in plasma
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BDNF [19], leading the authors to the conclusion that BNDF
exerts its action locally and is not released into the circulation.
Matthews et al. reported an autocrine effect of BNDF since
treatment of skeletal muscle cells with recombinant BDNF
resulted in enhanced phosphorylation of AMP-activated
protein kinase (AMPK) and ACC in rat L6 cells which leads
to enhanced fatty acid oxidation [19].

In mice, treadmill exercise induced an increase in BDNF
mRNA expression in the hippocampus and cortex (three-
to fivefold) [65]. In humans, a BDNF release from the
brain was observed at rest and increased two- to threefold
during exercise. Both at rest and during exercise, the brain
contributed 70–80% of circulating BDNF [65]. These results
suggest that the brain is a major, but not the sole contributor
to circulating BDNF after exercise.

8. MCP-1

MCP-1 is a chemokine and member of the small inducible
cytokine family. It plays a crucial role in the recruitment of
monocytes and T lymphocytes into tissues [66, 67]. MCP-
1 was detected in supernatants of C2C12 cells [68]. In mice,
plasma IL-6 levels were markedly increased 3 h following
maximumprogressive swimming, whileMCP-1 plasma levels
were not altered by exercise [69]. However, a single bout of
intense resistance exercise increased MCP-1 mRNA expres-
sion in muscle biopsy samples obtained from vastus lateralis
muscle about 35-fold after two hours. In comparison, IL-
6 mRNA expression, the myokine prototype, was enhanced
about 400-fold [70]. One bout of moderate-intensity cycle
exercise increased MCP-1 mRNA levels in vastus lateralis
muscle biopsy samples after 40min [71]. One-legged cycling
of male subjects induced a significant change in MCP-1
mRNA levels in the exercising leg and enhanced MCP-1
plasma levels after exercise and after 3 hours of recovery [72].
In addition, increased MCP-1 mRNA expression in skeletal
muscle was reported in elderly individuals following one
bout of resistance exercise [73] and in young men after a
repeated eccentric exercise bout [74]. Immunohistochem-
istry analysis of muscle biopsies colocalized MCP-1 with
residentmacrophage and satellite cell populations, suggesting
that alterations in cytokine signalling between these cell
populations may play a role in muscle adaptation to exercise
[74].

9. ANGPTL4: Regulated by Free Fatty Acids

ANGPTL4 represents a prominent long chain fatty acid-
responsive gene in human myotubes. Kersten et al. reported
that plasma ANGPTL4 levels in humans increased signif-
icantly in response to long-term fasting, chronic caloric
restriction, and endurance training. All these states are char-
acterized by enhanced circulating FFA [75]. Fasting plasma
ANGPTL4 levels of healthy, untrained male volunteers
increased during endurance exercise at 50% VO

2
max for 2 h

and especially during subsequent recovery. Importantly, the
increase in plasma ANGPTL4 was abolished when subjects
were given oral glucose, which induces insulin release and

thereby suppresses plasma FFA levels [75]. While ANGPTL4
is below the detection limit in supernatants of differentiated
C2C12 cells, long-term treatment of human myotubes (48 h)
with the PPAR𝛿-specific activator GW501516 results in the
accumulation of ANGPTL4 in the supernatant [76]. In addi-
tion, incubation of human primary myocytes with oleic acid
and linoleic acid enhanced ANGPTL4 mRNA expression.
Nevertheless, this effect was not only observed in primary
human myocytes, but also in FAO hepatoma cells and mouse
intestinal MSIE cells [75].

Catoire et al. have shown in a human one-legged exercise
study that target genes of PPAR transcription factors includ-
ingANGPTL4were induced equally in exercising and nonex-
ercising muscle [77]. Although PPAR𝛿 is known to be acti-
vated by high-intensity exercise [78], Catoire et al. have con-
cluded that the increase of plasma free fatty acid levels due to
acute exercise activates PPARs and therefore ANGPTL4 [77].

Long-term changes in plasma ANGPTL4 levels are most
likely mediated by changes in plasma free fatty acids, which
raise ANGPTL4 gene expression in target tissues. Neverthe-
less, ANGPTL4 is ubiquitously expressed in human tissues
and highest expression levels were found in liver, followed
by adipose tissue, thyroid, brain, small intestine, and less
in skeletal muscle [75]. Thus, skeletal muscle might not be
the only tissue which is responsible for enhanced ANGPTL4
plasma levels in states of increased FFA levels like endurance
training. Furthermore, ANGPTL4 stimulates adipose tissue
lipolysis, leading to elevation of plasma free fatty acid levels.
Kersten et al. speculated that both mechanisms operate
as a positive feedback loop. Free fatty acids raises plasma
ANGPTL4 and ANGPTL4 raises plasma free fatty acids by
the stimulation of adipose tissue lipolysis [75].

10. FGF21

FGF21 is a member of the fibroblast growth factor super
family, a large family of proteins involved in cell proliferation,
growth, and differentiation. The first evidence that FGF21 is
an Akt-regulated myokine was published by Izumiya et al.
[79]. FGF21 protein expression and secretion are upregulated
by insulin and inhibited by PI3-kinase inhibitor in cultured
C2C12 myocytes [79]. Skeletal muscle mRNA level and
plasma level are induced by hyperinsulinemia studied in
young healthy men during a hyperinsulinemic-euglycemic
clamp [80]. In line with this observation, circulating FGF21
is elevated in impaired glucose tolerance and type 2 diabetes
patients and correlates with muscle and hepatic insulin
resistance [81].

Interestingly, an acute bout of treadmill exercise did
not change FGF21 serum levels in sedentary young women.
However, after two weeks of exercising there was a 1.6-fold
increase in serum FGF21 [82]. In contrast, twelve-week
exercise program combining aerobic and resistance exercise,
five times per week, reduced FGF21 plasma levels in
nondiabetic, obese women (from 230.2 ± 135.9 versus 102.6 ±
117.8 pg/mL) [83]. Nevertheless, nothing is known about the
acute effect of contraction on the expression, protein level,
and secretion of FGF21 from skeletal muscle cells.
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11. Myonectin

Myonectin belongs to the C1q/TNF-related protein family
(C1QTNF isoform 5) and shows a sequence homology with
adiponectin in the shared C1q domain, the signature that
defines this protein family [84]. Before myonectin was
described as a myokine, the protein was reported to be
expressed in the retinal pigment epithelium, andmutations in
this gene caused abnormal high molecular weight aggregate
formation, which results in late-onset retinal macular degen-
eration in humans [85].

Myonectin is supposed to be myokine due to the detec-
tion of the myonectin transcript in mice skeletal muscle, with
significantly lower expression in other tissues, immunoblot
detection of myonectin in mouse skeletal muscle lysates [86],
and L6 supernatants [87] aswell as induced expression during
differentiation of mouse C2C12 cells [86].

Currently, one human and one mice exercise stud-
ies report divergent results regarding the regulation of
myonectin by contraction. Lim et al. reported that a 10-
week exercise training program in younger and older groups
of healthy women decreased significantly myonectin serum
levels, while training increased VO

2
max, mitochondrial

DNA density in skeletal muscle, and plasma adiponectin
levels significantly [88].

On the other hand, free wheel running for two weeks
increased myonectin expression in soleus und plantaris
muscle of mice and circulating serum levels, suggesting a
potential role of myonectin in exercise-induced physiology
[86]. Recombinant myonectin induced the phosphorylation
of AMPK, leading to increased cell surface recruitment of
GLUT4, enhanced glucose uptake, and stimulated fatty acid
oxidation [87]. Thus, enhanced myonectin secretion induced
by contraction could activate signaling pathways providing
enhanced energy demands during contraction.

Most intriguingly, Seldin et al. reported that recombinant
myonectin promotes fatty acid uptake in mouse adipocytes
and rat hepatocytes in vitro by enhancing CD36, FATP1,
and Fabp4 mRNA expressions, which are known to play
important roles in fatty acid uptake. In addition, recombinant
myonectin had no effect on adipose tissue lipolysis [86].
A question that should be addressed by future studies is
why physical activity activates the secretion of a myokine
that induces fatty acid uptake by adipose tissue. Enhanced
myonectin serum levels after exercise would therefore lead
to an endocrine signal that would deplete energy sources
in the blood which is needed by the exercising muscle. On
the other hand, long-lasting increase in myonectin serum
levels could increase fatty acid uptake in adipose tissue and
therefore improve fat metabolism and lipid handling.

12. Adipo-Myokines

In a recently published review, Pedersen and Febbraio sug-
gest that skeletal muscle might mediate some of the well-
established protective effects of exercise via the secretion of
myokines that counteract the harmful effects of proinflam-
matory adipokines [6].

Table 1 summarizes themost prominentmyokines, which
are described to be contraction regulated. For more than half
of the described myokines, ten out of seventeen, secretion
by adipocytes has also been described (Figure 1). We termed
these cytokines adipo-myokines. How should a cytokine
exert on the one hand inflammatory signalling in the obese
state and have beneficial effects after exercise? Is it likely that
a bidirectional communication between fat and muscle cells
takes place? Just recently, Christiansen et al. reported that
acute exercise increases circulating inflammatory markers in
overweight and obese compared with lean subjects [89].Why
should inflammatory markers increase after exercise?

13. IL-6: The Prototype Adipo-Myokine

IL-6 seems to be a good example for an adipo-myokine that
is released by both tissues and has the potential to act on
both tissues. As described before, the level of circulating IL-
6 increases after an acute bout of exercise in an exponential
fashion [36, 38, 39] and declines in the postexercise period
[40].

In addition, the quantitative release from adipose tis-
sue correlates positively with increased body fat content,
which results in systemic elevation of IL-6 plasma levels
[90]. It is overexpressed in human fat cells from insulin-
resistant subjects [91], increased in the plasma of obese
patients [92, 93], and associated with type 2 diabetes [90,
94], while it was described to be decreased after bariatric
surgery [95]. IL-6 expression was known to be activated
by proinflammatory IKK𝛽/NF𝜅B signalling pathway which
is thought to contribute to the development of obesity-
induced insulin resistance [96, 97]. In addition, it has been
shown to inhibit insulin-signalling pathways in the liver
[98, 99] and adipocytes [91]. In vitro experiments revealed
that IL-6 induced insulin resistance in hepatocytes [99],
adipocytes [91], and in skeletal muscle cells after treatment
with high doses [100]. Incubation of the rat L6myotubes with
200 ng/mL recombinant IL-6 induced insulin resistance on
the level of diminished Akt phosphorylation after 96 h [101]
and in primary human myotubes after 48 h [100].

Since exercise is thought to increase insulin sensitivity,
the observation that IL-6 is also increased after exercise
seemed quite paradoxical. Interestingly, for skeletal muscle
cells, in vitro studies showed that a rather brief challenge
of minutes to few hours with recombinant IL-6 had a pos-
itive autocrine effect on skeletal muscle cells. Recombinant
IL-6 enhanced insulin-stimulated Akt phosphorylation in
primary human myotubes (20 ng/mL) [102, 103] and rat
L6 myotubes (about 200 ng/mL) [101]. In addition, basal
and insulin-stimulated glucose uptake and translocation of
GLUT4 to the plasma membrane were enhanced after 5–
120min in L6 myotubes (1–100 ng/mL) [104]. Furthermore,
IL-6 rapidly and markedly increased AMPK and increased
fatty acid oxidation [104, 105]. Interestingly, the regulation of
intracellular signalling mechanisms, mediating IL-6 expres-
sion, differs from the classical proinflammatory pathway. IL-
6 expression in contracting muscle is regulated by c-Jun
terminal kinase (JNK)/activator protein-1 [106] and increases
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[149–156]
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Figure 1: Adipokines, myokines, and adipo-myokines. A search of original articles in pubMed was performed for all myokines described in
Table 1 to identify myokines that were also secreted by adipocytes.The search terms used were “adipose tissue,” “adipocyte,” and the indicated
cytokine/protein. Reference lists of identified articles were also used to search for further papers. Indicated references published data that the
cytokines/proteins are secreted or not secreted by adipocytes or adipose tissue. No data was published on the secretion of LIF and irisin from
adipocytes or adipose tissue.

insulin-stimulated glucose disposal in humans and glucose
uptake as well as fatty acid oxidation in rat myotubes in vitro
[104].

Although one study reported that acute IL-6 admin-
istration in resting healthy young men in physiological
concentrations did not affect whole-body glucose disposal,
net leg-glucose uptake, or endogenous glucose production
[107], some evidence is published that IL-6 might have
systemic effects. IL-6 knock-out mice develop late onset
obesity and impaired glucose tolerance [108]. In healthy
humans IL-6 infusion increases glucose disposal without
affecting the complete suppression of endogenous glucose
production during a hyperinsulinemic-euglycemic clamp
[104]. This insulin-sensitizing effect of IL-6, without influ-
encing glucose output from the liver, indicates that the main
effect of IL-6 on insulin-stimulated glucose metabolism is
likely to occur in peripheral tissues and might just affect
skeletal muscle itself or adipose tissue as well. IL-6 was
described as a potentmodulator of fatmetabolism in humans,
increasing fat oxidation and fatty acid reesterificationwithout
causing hypertriacylglyceridemia [109]. Infusion of rhIL-6 in
physiological concentrations into healthy humans increased
whole-body fat oxidation [109].

In summary, IL-6 is released by contracting human
skeletal muscle and seems to have a beneficial effect on
insulin-stimulated glucose disposal and fatty acid oxidation
after acute stimulation.These findings support the hypothesis

that the myokine IL-6 is important for muscle metabolism
during contraction, whereas the chronic elevation of IL-6
released from adipocytes may induce insulin resistance. In
addition, Weigert et al. propose a different influence of IL-
6 depending on the target tissue. In energy-supplying tissues
like the liver and fat the insulin signal is attenuated, whereas
in energy-utilizing tissues like the skeletal muscle insulin
action is improved [102].

14. Follistatin Like 1: An Adipo-Myokine

FSTL1 is the smallest member of the SPARC protein fam-
ily and a secreted glycoprotein of 45–55 kDa that, despite
limited homology, has been grouped in the follistatin family
of proteins. A proteomic approach found FSTL1 in the
supernatant of primary human adipocytes [110]. FSTL1 is
highly expressed and secreted in 3T3-L1 preadipocytes and
dramatically downregulated early in their differentiation to
adipocytes [111]. Nevertheless, subcutaneous white adipose
tissue, lung and heart are the primary sites of FSTL1 tran-
script expression, compared to brown adipose tissue and
muscle of adult murine tissues [111].Three proteomics studies
performed in murine C2C12 and rat L6 cell lines identified
FSTL1 as a myokine which is secreted by skeletal muscle
cells [25, 27, 28]. These studies found that FSTL1 is secreted
by murine and rat skeletal muscle cells, and its secretion
is decreased during insulin stimulation and myogenesis.
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In addition, Görgens et al. recently showed that FSTL1 is
also secreted by primary human skeletal muscle cells [112].
Data have shown that FSTL1 is secreted into the media
by cultured C2C12 skeletal muscle cells, and it can directly
act on endothelial cell-signalling pathways that promote
function and survival. FSTL1 overexpression in endothelial
cells was found to enhance endothelial cell differentiation
and migration and diminish endothelial apoptosis [113].
Thus, FSTL1 might be a myokine that mediates some of the
well-established protective effects of exercise that counteract
the harmful effects of proinflammatory adipokines on the
vasculature. In addition, treatment of neonatal rat ventricual
cardiomyocyteswith recombinant FSTL1 induced a time- and
dose-dependent increase in AMPK and ACC phosphoryla-
tion [114]. Given that FSTL1 mRNA expression was increased
after strength training [31] and after an acute bout of cycling
at 70% VO

2
max [112], it might be speculated that exercise

activates FSTL1 expression and secretion in skeletal muscle,
which might act in an autocrine and/or endocrine manner
and activate muscular and/or adipogenic AMPK. However,
the biological role of adipocyte-derived and muscle-derived
FSTL1 has still to be defined.

15. Leptin: An Adipokine rather than
a Myokine

Originally, leptin was described as an adipokine which
controls food intake [115]. It is synthesized and released in
response to increased energy storage in adipose tissue [115–
117]. Leptin was detected on themRNA level in several tissues
including skeletal muscle tissue [118]. Recently, Wolsk et
al. published that human skeletal muscle releases leptin in
vivo [119]. The secretion of leptin from skeletal muscle was
measured by insertion of catheters into the femoral artery
and vein draining the skeletal muscle. The secretion from
adipose tissue was measured by an epigastric vein draining
the abdominal subcutaneous adipose tissue. The authors
measured a leptin release of 0.8 ± 0.3 ngmin−1 100 g tissue−1
from adipose tissue and 0.5 ± 0.1 ngmin−1 100 g tissue−1 from
skeletal muscle. From these results the authors conclude that
the contribution of whole-body leptin production could be
substantial greater than skeletal muscle compared to fat due
to the greater muscle mass in lean subjects. Earlier work
also observed leptin release from human skeletal muscle
tissue and subcutaneous adipose explants, with more than
ten times less secretion from muscle explants compared
to fat explants [120]. Here, we measured the leptin release
of differentiated primary human adipocytes and myotubes.
The myotubes do not secrete leptin or at levels close to
the detection limit (Figure 2). Even in concentrated super-
natants of myotubes leptin secretion was barely detectable
and contraction induced by electrical pulse stimulation had
no effect on leptin secretion (Raschke, unpublished obser-
vation). Nevertheless, increasing evidence revealed inter-
and intramuscular accumulation of nonmyogenic cell types,
which might contribute to the observed leptin secretion
of skeletal muscle tissue. Preadipocytes of unknown origin
are observed in skeletal muscle [121, 122], and macrophage
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Figure 2: Leptin secretion from primary human myotubes and
adipocytes. Primary human skeletal muscle cells and preadipocytes
were differentiated in vitro for 6 and 14 days, respectively. Super-
natants were collected on day 2/6 and day 0/14 of differentia-
tion, respectively. Leptin secretion was measured by ELISA (R&D
Systems), 𝑛 ≥ 8. Samples were measured according to the
manufacturer’s instructions.

accumulation is slightly enhanced in skeletal muscle in obese
type 2 diabetic subjects or in elderly individuals [123]. From
the current data, wewould conclude that leptin is rather a true
adipokine, instead of an adipo-myokine.

16. IL-15: A Myokine rather than
an Adipokine

Besides BDNF, IL-7, irisin, LIF, and myonectin, IL-15 is a
myokine, which is mainly expressed in skeletal muscle and
not in adipose tissue. The most prominent effect of exercise
on IL-15 serum levels was observed after moderate intensity
resistance training [51]. IL-15 mRNA level in muscle biopsies
taken from marathon runners increased more compared to
other cytokines like IL-6, IL8, and TNF𝛼 [47]. Most inter-
estingly, it is higher expressed in skeletal muscle compared
to adipocytes [46], while most adipo-myokines are higher
expressed in adipocytes compared to myotubes (Table 3).
Since IL-15 has been described to have anabolic effects, it
may play a role in reducing adipose tissue mass as part of
muscle-adipose tissue crosstalk [124]. In 3T3-L1 adipocytes,
the administration of IL-15 inhibited lipid accumulation
and stimulated secretion of the adipocyte-specific hormone
adiponectin [46]. In addition, IL-15 overexpression in mice
promotes endurance and oxidative energy metabolism and
enhances exercise-related transcription factors in muscle
[125] andmost interestingly IL-15 treatment improves glucose
homeostasis and insulin sensitivity in obese mice [126]. In
human subjects, negative correlations between circulating
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Table 2: Overview of selected adipo-myokines which are associated with obesity and insulin resistance.

Adipo-Myokine Associated with obesity Associated with insulin
resistance/T2D

Associated with improved glucose
metabolism

IL-6
✓

Plasma IL-6 is positively related to fat
mass [175], elevated in type 2 diabetics
[90, 94]

✓

IL-6 promotes insulin resistance
[91, 98, 99]

✓

Insulin-sensitizing effect on skeletal
muscle [102, 104] increases whole
body fat oxidation [109]

IL-7

?
Increased mRNA level in omental
adipose tissue [139] although mice
overexpressing IL-7 have reduced
adipose tissue mass [177]

n.d. n.d.

IL-8
✓

Higher expression in visceral adipose
tissue in type 2 diabetics and insulin
resistant subjects [91, 178]

✓

IL-8 plasma levels correlate with
measures of insulin resistance
[97, 179]

n.d.

MCP-1
✓

SerumMCP-1 is increased in obesity
[129]

✓

Promotes insulin resistance [12, 129] n.d.

PEDF
✓

PEDF serum levels increased in
obesity [180, 181]

✓

PEDF serum levels associated with
insulin resistance [180–183], PEDF
promotes insulin resistance [141]

n.d.

✓: association has been shown in indicated publications; ✓: contradictory data published; n.d.: not described.

Table 3: Concentrations of various factors in conditioned medium from primary human adipocytes and primary humanmyotubes. Primary
human skeletal muscle cells were differentiated for 5 days and primary human preadipocytes were differentiated for 14 days in vitro to mature
cells. During the last 24 h cells were incubated with serum-free medium to obtain conditioned medium. Concentrations of secreted factors
from cells within this conditioned medium were analyzed by enzyme-linked immunosorbent assay. Data are means ± SEM, 𝑛 ≥ 3.

Secreted factor Concentration in adipocyte-conditioned
medium (ng/mL)

Concentration in skeletal muscle-conditioned
medium (ng/mL)

Chemerin 2.12 ± 0.3 [141] 0.006 ± 0.001
DPP4 2.19 ± 1.4 [11] 0.69 ± 0.18
IL-6 0.03 ± 0.002 [141] 0.02 ± 0.003
IL-8 0.15 ± 0.04 0.07 ± 0.01
MCP-1 0.35 ± 0.06 0.33 ± 0.08
Myostatin 12.64 ± 4.44 3.44 ± 1.64
PEDF 45.7 ± 0.82 [141] 5.4 ± 0.86
VEGF 0.33 ± 0.09 [141] 0.05 ± 0.03

IL-15 levels and both total and abdominal fat have been
demonstrated [127]. Since both IL-15 and physical exercise
have positive effects on body composition, IL-15 is discussed
as a contraction-regulated myokine in the literature which
may play a role in muscle-fat cross-talk [44, 45] mediating
some of the beneficial effects of physical activity. Yang et al.
published just recently a direct link between treadmill exer-
cise of high-fat diet rats, enhanced expression of IL-15 in
muscle, and increased IL-15 receptor alpha expression in
adipose tissue [52].

17. Other Adipo-Myokines

MCP-1 is one of these adipo-myokines. Before MCP-1 was
characterized as a myokine, it was described to be produced

in isolated adipocytes, associated with adiposity and reduced
after weight loss in morbid obese subjects [128]. It is overex-
pressed in obese rodents [129, 130] and reaches significantly
higher plasma levels in diabetic patients [131]. In addition,
MCP-1-induced macrophage infiltration in adipose tissue
leads to a chronic state of low-grade inflammation [132],
which is linked to insulin resistance. In vitro data demonstrate
that this factor has the ability to induce insulin resistance in
adipocytes and skeletal muscle cells [12].

Nevertheless, while IL-6, IL-7, IL-8, MCP-1, and pigment
endothelial derived factor (PEDF) are associated with obe-
sity and insulin resistance, these proteins are contraction-
regulated myokines (Table 1), and only for IL-6 a beneficial
effect has been described (Table 2). The description of a ben-
eficial effect for thesemyokines is lacking and is an interesting
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open question for future studies (Table 2).Myostatin is a well-
known myokine, but our group recently identified myostatin
as an adipokine [2].

18. Conclusion

Taken together, one protein can be a myokine as well as an
adipokine, indeed two sides of the same coin. In healthy,
normal weight subjects skeletal muscle is the largest tissue in
the human body, accounting for 40–50% of total human body
mass, while body fat accounts for 20–35%. In obese subjects
the percentage of total body fat increases to 40–60% resulting
in an increased secretion of proinflammatory adipokines,
while the percentage of proteins secreted from skeletal mus-
cle during a sedentary lifestyle is decreased. However, for
many adipo-myokines the local tissue concentration may be
divergent from the serum level, and substantial differences
between auto- and endocrine effects of these molecules need
to be considered.

As Paracelsus (1493–1541) already coined the famous
phrase; “dosis sola facit venenum,” “Only the dose makes the
poison”.Thismight also be true for adipo-myokines. Findings
support the hypothesis that the myokines are essential for
muscle metabolism during contraction, whereas the chronic
elevation of adipokines released from adipocytes may induce
adverse effects, even leading to insulin resistance.
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The common food additive carrageenan is a known activator of inflammation in mammalian tissues and stimulates both the
canonical and noncanonical pathways of NF-𝜅B activation. Exposure to low concentrations of carrageenan (10 𝜇g/mL in the
water supply) has produced glucose intolerance, insulin resistance, and impaired insulin signaling in C57BL/6 mice. B-cell
leukemia/lymphoma 10 (Bcl10) is amediator of inflammatory signals fromToll-like receptor (TLR) 4 inmyeloid and epithelial cells.
Since the TLR4 signaling pathway is activated in diabetes and by carrageenan, we addressed systemic and intestinal inflammatory
responses following carrageenan exposure in Bcl10 wild type, heterozygous, and null mice. Fecal calprotectin and circulating
keratinocyte chemokine (KC), nuclear RelA and RelB, phospho(Thr559)-NF-𝜅B-inducing kinase (NIK), and phospho(Ser36)-I𝜅B𝛼
in the colonic epithelial cells were significantly less (𝑃 < 0.001) in the carrageenan-treated Bcl10 null mice than in controls. IL-
10-deficient mice exposed to carrageenan in a germ-free environment showed an increase in activation of the canonical pathway
of NF-𝜅B (RelA) activation, but without increase in RelB or phospho-Bcl10, and exogenous IL-10 inhibited only the canonical
pathway of NF-𝜅B activation in cultured colonic cells. These findings demonstrate a Bcl10 requirement for maximum development
of carrageenan-induced inflammation and lack of complete suppression by IL-10 of carrageenan-induced inflammation.

1. Introduction

Carrageenans are sulfated polygalactans and are obtained
from several species of red seaweed (Rhodophyceae). Chemi-
cally, they are composed of repeating disaccharide units and
consist of sulfated or unsulfated D-galactose residues that
are linked in alternating 𝛽-1,4 and 𝛼-1,3 bonds. They resem-
ble the endogenous, human, galactose-containing sulfated
glycosaminoglycans, chondroitin sulfate, and keratan sulfate,
but differ by the presence of the unusual 𝛼-1,3 linkages [1, 2].
Carrageenans predictably induce an inflammatory response
and can activate immune responses that are mediated by
B-cell leukemia/lymphoma (Bcl) 10 and Toll-like receptor

(TLR) 4 [3, 4]. Due to their marked chemical reactivity,
carrageenans are widely used in processed foods to improve
the texture of food products, although their harmful effects
are well recognized [5, 6].

Animal models have demonstrated that ingestion of car-
rageenan induces colonic inflammation, with development of
inflammatory infiltrates, ulcerations, and clinical evidence of
colitis [5, 6]. In studies of the effects of carrageenan on human
colonic epithelial cells in cell culture, carrageenan stimulated
NF-𝜅B activation and increased secretion of IL-8 by TLR4-
Bcl10-dependent and Bcl10-independent pathways [3, 4, 7,
8]. Specific phosphorylations of Bcl10 were required for the
NF-𝜅B responses [9], and prolongation of the effects of



2 Mediators of Inflammation

carrageenan in colonic epithelial cells on both noncanonical
and canonical inflammatory pathways occurred due to the
presence of an NF-𝜅B binding site in the Bcl10 promoter [10].

The carrageenan-induced activation of the innate
immune response in the colonic epithelial cells was attributa-
ble to its distinctive chemical structure, and, in particular,
its unusual 𝛼-D-Gal (1→ 3) D-Gal link [11]. Carrageenan
exposure was shown to produce NF-𝜅B activation by three
distinct mechanisms, including (1) TLR4-Bcl10-IKK𝛾-IKK𝛽-
inhibitory factor (I𝜅B)𝛼-NF-𝜅B (RelA) pathway; (2) TLR4-
Bcl10-NF-𝜅B-inducing kinase (NIK)-IKK𝛼-NF-𝜅B (RelB)
pathway; and (3) a reactive-oxygen-species-(ROS-) mediated
pathway that involves Hsp27-IKK𝛽-I𝜅B𝛼-NF-𝜅B (RelA) that
does not require Bcl10 [3, 4, 7, 8]. These pathways indicate
that Bcl10 is a key signaling molecule in the carrageenan-
initiated inflammation in vitro in colonic epithelial cells.
Recently, the impact of carrageenan on glucose tolerance,
insulin resistance, and impaired insulin signaling in a mouse
model was reported [12], consistent with the evidence that
TLR4-mediated inflammation is involved in diabetes [13–15].
Inhibition of inflammation by Bcl10 silencing or TLR4
blocking antibody reduced the carrageenan-induced impair-
ment of insulin signaling [12].

Many recent investigations involve carrageenan, includ-
ing almost 500 published reports in 2012. Most of these pub-
lications address the effects of anti-inflammatory treatments
to alleviate carrageenan-induced inflammation, including
effects of lactobacilli [16], but without specific attention to the
mechanistic pathways by which carrageenan causes inflam-
mation. Other reports consider a variety of topics, including
the chemical characteristics of carrageenan as a gel in food
products [17], the use of carrageenan hydrogels as therapeutic
delivery vehicles [18], carrageenan as a therapy, including for
the common cold [19], and thrombotic effects of carrageenan
[20].

This is the first report to address the requirement for Bcl10
as a mediator of carrageenan-induced inflammation in the
in vivo animal model and extends previous findings about
the mechanisms by which carrageenan produces inflamma-
tion. Prior work has shown the role of Bcl10 in normal
development and function of lymphocyte populations [21].
Overexpression of Bcl10 by the translocation t(1; 14)(p22; q32)
was associated with development of the mucosa-associated
lymphoid tissue (MALT) lymphomas and with the consti-
tutive overexpression of NF-𝜅B [22] by both non-canonical
and canonical pathways of NF-𝜅B activation [23]. Bcl10 has
been reported to mediate inflammatory cascades in colonic
epithelial cells, mouse embryonic fibroblasts, hepatocytes,
and human embryonic kidney 293T cells, as well as in
cells of myeloid origin [3, 24–26]. Other recent work has
identified Bcl10 as a link between fat (palmitate) intake
and hepatic NF-𝜅B activation and insulin resistance [27],
and Bcl10 was reported to coordinate the NF-𝜅B-mediated
response associated with endosomal trafficking and F-actin
remodeling in human macrophages [28]. Recognition of
the participation of the CARMA-Bcl10-Malt1 (CBM) sig-
nalosome in vital processes in cells continues to emerge,
including distinct roles of CARMA1 in immune cells and
CARMA3 in epithelial/endothelial cells. The CBM complex

appears to be a signaling platform, enabling the integration of
effects from receptors with downstream cascades, including
effects from G-protein coupled receptors [29]. The CBM
complex was shown to promote angiotensin II-dependent
vascular inflammation and atherogenesis, and these effects
were reported to be reduced in Bcl10-deficient mice [30].
The protein A20, also known as tumor necrosis factor alpha-
induced protein 3 (TNFAIP3), acts as a negative regulator
of the Bcl10-CARMA interactions in both the lymphoid and
nonlymphoid cells due to its effects as a ubiquitin ligase and
deubiquitinase [31].

In this report, we evaluate the effect of carrageenan in
Bcl10 null mice and the pathways of carrageenan-induced
inflammation mediated by activation of canonical and non-
canonical cascades. Also, since the microbiome and IL-10 are
both widely recognized to impact intestinal inflammation,
the effects of the germ-free environment and of exogenous
IL-10 on carrageenan-induced inflammation are evaluated in
order to provide additional insights into the mechanisms and
mediators by which carrageenan provokes inflammation.

2. Materials and Methods

2.1. Animal Care and Carrageenan Exposure. Eight-week-
old male C57BL/6J mice were purchased (Jackson Labora-
tories, Bar Harbor, ME, USA) and housed in the Veterinary
Medicine Unit (VMU) at the Jesse Brown VAMedical Center
(JBVAMC, Chicago, IL, USA). Principles of laboratory ani-
mal care were followed, and all procedures were approved by
the Animal Care Committee. Adult mice were fed a standard
diet and maintained in individual cages with routine light-
dark cycles. After acclimatizing to the environment, the water
supply was changed to ddH

2
Owith undegraded carrageenan

(𝜆-𝜅 carrageenan 10mg/L; Sigma Chemical Co., St Louis,
MO, USA; 𝑛 = 6) or without carrageenan (𝑛 = 6) for
∼12 weeks. Weight and water consumption were measured
regularly. Bcl10 null (𝑛 = 8), heterozygote (𝑛 = 3),
and wild type (𝑛 = 6) mice were bred and genotyped at
St. Jude Children’s Research Hospital by study investigators
(Stephen Morris and Liquan Xue) [21–23]. Adult mice were
shipped to the JBVAMC VMU. Following quarantine, adult
mice were treated with carrageenan in their water supply.
Stool was collected, and mice were euthanized after receiving
carrageenan for∼14weeks. Total carrageenan intake averaged
∼11.5mg/30 g mouse. Blood was collected by cardiac punc-
ture at the time of euthanasia, and organs were immediately
harvested and frozen. Carrageenan (10mg/L × 19 days +
100mg/L × 9 days) was also given in the water supply to adult
C57BL/6 mice (𝑛 = 5) and IL-10-deficient mice (𝑛 = 4)
in the germ-free facility at the University of Chicago under
an approved protocol and direction of study investigators
(Eugene Chang and Suzanne Devkota) [32]. Control litter-
mates were not given carrageenan. Mice were euthanized
by carbon dioxide and exsanguination by cardiac puncture,
blood was collected, and stool and organs were harvested
and frozen pending further studies. Germ-free status was
assessed by detection of 16S rRNA by PCR from stool and
cecal contents.
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2.2. NCM460 Cells in Tissue Culture. NCM460 cells
(INCELL, San Antonio, TX, USA) were grown in M3:10A
media under the established conditions as previously
described [3, 4, 33]. Bcl10 siRNA was used as previously
described [3, 4]. Cells were exposed to 𝜆-CGN (1mg/L ×
24 h) in the presence or absence of bioactive, exogenous
IL-10 (Sigma-Aldrich Chemical Co., St. Louis, MO, USA 10
or 20𝜇g/L × 24 h). At the end of the treatment, spent media
were collected from control and treated wells and stored at
−80∘C. Total cell protein was measured by the BCA protein
assay kit (Pierce, Rockford, IL, USA) using BSA as the
standard.

2.3. Measurement of Bcl10 and Phospho-Bcl10. Bcl10 protein
in the colonic epithelium of control and carrageenan-fed
mice was determined by a solid-phase ELISA reported pre-
viously [34]. To determine phospho-Bcl10 in mouse colonic
epithelium and in control and CGN-treated NCM460 cells,
Bcl10 in the samples was captured in a 96-well ELISA plate
that was precoated with Bcl10 antibody, sandwiched by a
phospho(Ser138)-Bcl10 second antibody, and then detected
by a specific anti-rabbit IgG and hydrogen peroxide-TMB
chromogenic substrate [8, 9]. Intensity of the developed
color was proportional to the quantity of phospho-Bcl10
in the sample, and optical density values were determined
(FLUOstar, BMG, Cary, NC, USA) and normalized using the
total cell protein determined by a protein assay kit (Pierce).
Results were expressed as percent of total Bcl10 in the
untreated control.

2.4. ELISA for Phospho-I𝜅B𝛼 in Colon of Carrageenan-
Exposed Mice and in NCM460 Cells. Commercial sandwich
ELISA for phospho(Ser32)-I𝜅B𝛼 (Cell Signaling Technol-
ogy, Inc., Danvers, MA, USA) was used to determine the
phosphorylation of I𝜅B𝛼 that was produced following car-
rageenan exposure in the mouse colonic epithelial tissue
and in NCM460 cells [3, 4]. Briefly, the I𝜅B𝛼 in the cell
extracts was captured in a 96-well ELISA plate that was pre-
coated with mouse monoclonal antibody against I𝜅B𝛼.
Phospho-I𝜅B𝛼was determined by a specific phospho(Ser32)-
I𝜅B𝛼 antibody and detected by horseradish peroxidase-
(HRP-) conjugated secondary antibody and hydrogen per-
oxide-tetramethylbenzidine (TMB) chromogenic substrate.
Phospho-I𝜅B𝛼 was expressed as percent of total I𝜅B𝛼 in the
untreated control.

2.5. Oligonucleotide-Based ELISA for Measurement of Nuclear
RelA and RelB. Nuclear extracts were prepared from either
the colonic epithelial cells of control and carrageenan-fed
mice or carrageenan-treated and control NCM460 cells by
a nuclear extraction kit (Active Motif, Carlsbad, CA, USA).
ActivatedNF-𝜅Bs, includingRelA andRelB,were determined
by oligonucleotide-based ELISA (ActiveMotif), as previously
described [8]. Treated and control samples were incubated
in 96-well microtiter plates that were coated with the NF-𝜅B
consensus nucleotide sequence (5-GGGACTTTCC-3). NF-
𝜅B from the samples attached to thewells andwas captured by
specific antibody to either RelA or RelB.The extent of binding

of the antibody was detected by anti-rabbit-HRP-conjugated
IgG, and color was developed with hydrogen peroxide-TMB
chromogenic substrate. Intensity of the developed color was
proportional to the quantity of either RelA or RelB in the
sample. Specificity of the NF-𝜅B binding to the nucleotide
sequence was determined by the premixing of either free
consensus nucleotide or mutated consensus nucleotide to the
nuclear extract sample before adding the sample to the well.
The optical density values were normalized using the total cell
protein determined by a protein assay kit (Pierce), and results
were expressed as percent of the unexposed control.

2.6. ELISA for Measurement of KC and Other Cytokines
in Mouse Serum. Serum keratinocyte chemokine (KC),
the mouse homolog of IL-8, was detected in control and
carrageenan-exposed Bcl10 wild type, heterozygotic, and null
mice, and untreated control C57BL/6J mice (total 𝑛 = 12)
by DuoSet ELISA (R&D Systems, Minneapolis, MN, USA),
as previously described [4]. In addition to the KC ELISA,
a custom cytokine ELISA array that included TNF-𝛼, IL-
6, IFN𝛾, IL-1𝛽, IL-10, IL-12, MCP- (monocyte chemotactic
protein-) 1, IL-12, and IL-23 was prepared (Signosis, Sun-
nyvale, CA, USA) and serum of carrageenan-treated Bcl10
wild type, heterozygotic, null mice, and untreated control
C57BL/6Jmice (total 𝑛 = 12) was tested. Hydrogen peroxide-
TMB chromogenic substrate was used to develop the color;
color development was stopped with a stop solution, and the
concentrations of the cytokines were directly proportional
to the intensity of color measured spectrophotometrically
at 450 nm in an ELISA plate reader (FLUOstar; BMG). KC
concentrations were extrapolated from a standard curve.
Other chemokines and cytokines were expressed as percent
of control, based on determinations from mice unexposed
to carrageenan. Technical duplicates were performed for all
measurements, and the mean of the two readings was used in
subsequent comparisons.

2.7.Measurement of Fecal Calprotectin. Fecal calprotectinwas
measured in stools of control and carrageenan-treated mice
by ELISA (Alpco Diagnostics, Salem, NH, USA) [35]. Feces
were collected from control and treated animals at the time
of euthanasia, and recommended procedures were followed.
Stool samples were extracted in the supplied extraction
buffer, centrifuged for 5 minutes at 13,000 g, then used in
the sandwich ELISA. TMB was used for the development of
color, which was read at an OD of 450 nm in a plate reader
(FLUOstar) and compared to the standard curve.

2.8. Western Blots for Phospho(Thr559)-NIK and Phos-
pho(Thr184)-Tak1. Tissue homogenates were prepared from
colonic epithelial tissue of control and carrageenan-exposed
mice in lysis buffer (Cell Signaling Technology, Inc., Dan-
vers, MA, USA) with protease and phosphatase inhibitors
(Halt Protease and Phosphatase Inhibitor Cocktail, Thermo
Scientific, Pittsburgh, PA, USA). Western blots were per-
formed on 10% SDS gels with commercial antibodies
to phospho(Thr559)-NIK, phospho(Thr184)-TAK, and 𝛽-
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
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Immunoreactive bands were visualized using enhanced
chemiluminescence (Amersham, GE Healthcare, Piscataway,
NJ, USA). ImageJ software (NIH, Bethesda, MD, USA) was
used for densitometry. The density of the protein of interest
was normalized with the density of 𝛽-actin or tubulin from
the same specimen, and density of treated and control sam-
ples was compared.

2.9. Histopathology of Colon from Bcl10 Wild Type and Null
Mice Following Carrageenan. Intestine and other organs
from control and carrageenan-fed mice were sampled, pro-
cessed in 10% neutral-buffered formalin and paraffin blocks
were made by standard procedures. The paraffin blocks were
sectioned, and tissues were stained with hematoxylin and
eosin by the Veterinary Diagnostic Laboratory of the Uni-
versity of Illinois (Urbana, IL, USA). Slides of duodenum,
jejunum, ileum, cecum, colon, and rectum from three Bcl10
wild type, three Bcl10 heterozygotic, and three Bcl10 nullmice
exposed to carrageenanwere analyzed by a veterinary pathol-
ogist (Susan Ball-Kell Global Path Imaging, Germantown
Hills, IL, USA), who examined blindly the tissue sections
from the gastrointestinal sites and recorded on a standard-
ized scale ratings of inflammation, corresponding to the
Ameho criteria with six gradations [36]. These grades were:
occasional = 0–3 inflammatory cells/hpf, grade 0 of normal;
normal to trace inflammatory infiltrate = 4–10 inflammatory
cells/hpf, grade “1” or small; mild inflammatory infiltrate =
11–20 inflammatory cells/hpf, grade “2” or small-medium;
mild-moderate inflammatory infiltrate = 21–30 inflammatory
cells/hpf, grade “3” ormedium;moderate inflammatory infil-
trate = 31–40 inflammatory cells/hpf, grade “4” or medium-
large; moderate to severe inflammatory infiltrate = 41–50
cells/hpf, grade “5” or large; severe inflammatory infiltrate
=>50 inflammatory cells/hpf, grade “6” or marked. Photomi-
crographs were taken with 20x objective.

2.10. Statistical Analysis. Data were analyzed using InStat3
software (GraphPad, La Jolla, CA, USA). Mean values ±
standard deviation (S.D.) were calculated, and differences
between carrageenan-treated and control results were com-
pared by one-way ANOVA with Tukey-Kramer post-test
for multiple comparisons or by unpaired t-tests, two-tailed.
Unless stated otherwise, the one-way ANOVA test was used
for the reported comparisons. All measurements are the
result of independent experiments with at least three biolog-
ical samples and two technical replicates, with the exception
of the control IL-10-deficient mice in which the 𝑛 was 2. In
the figures, ∗ is for 𝑃 ≤ 0.05, ∗∗ is for 𝑃 ≤ 0.01, and ∗∗∗ is for
𝑃 ≤ 0.001.

3. Results

3.1. Histopathology of Colonic Tissue Following Carrageenan
Exposure. Following exposure to ∼18mg of carrageenan in
thewater supply over 14weeks, Bcl10wild type, heterozygotic,
and null mice and unexposed C57BL/6J mice were eutha-
nized, and the intestine and other organs were excised. No

gross differences in the length of the intestine or in macro-
scopic lesions were evident. The intestine was immersed in
10% neutral-buffered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin. Disruption
of the mucosal surface with hemorrhage and inflammatory
infiltrate was seen in the cecal tissue of one Bcl10 wild
type mouse (Figure 1(a)), but not in any of the other mice
(Figure 1(b)). No macroscopic abnormalities were observed,
and the intestine did not appear shortened.

The intestines were evaluated for microscopic changes
using a six-point scale based on the extent of leukocyte
infiltration, as described in Section 2. Throughout the small
and large intestines, the wild-type mice had more leukocyte
infiltration, including granulocytes, plasma cells, and lym-
phocytes, than the Bcl10 null mice, consistent with increased
inflammation when Bcl10 was present (Figure 1(c)). The
differences in the scores among the Bcl10 WT, heterozygous,
and null mice were not statistically significant. Leukocyte
infiltrationwas greater in the small intestine than in the colon
and rectum for all of the mice (𝑃 < 0.01). The Bcl10 WT
mice hadmore cecal infiltration than the null or heterozygous
mice. No edema was seen in the null mice, in contrast to
edema of the lamina propria and submucosa in the cecum
and rectum of the heterozygous andWTmice.The initial and
final weights of the mice indicated no significant differences
among the groups (Figure 1(d)).

3.2. KC and Fecal Calprotectin Increased Less in Bcl10
Null Mice Following Carrageenan. The serum keratinocyte
chemokine (KC), the mouse homolog of IL-8, increased to
∼2.0 times the no carrageenan baseline value in the wild type
and heterozygous Bcl10 mice (𝑃 < 0.001). The increase in
serum KC following carrageenan was less (to ∼1.5 times the
baseline) in the Bcl10 null mice than in the Bcl10 wild type
or heterozygous mice (𝑃 < 0.001) (Figure 2(a)). Similarly,
the increase in fecal calprotectin following carrageenan was
less in the Bcl10 null mice than in the Bcl10 wild type or het-
erozygous mice (𝑃 < 0.001) (Figure 2(b)). These findings are
consistent with reduced intestinal and systemic inflammation
in the absence of Bcl10.

3.3. Increased Serum IL-6 and MCP-1 Following Carrageenan
Exposure in Bcl10 Mice. Serum was collected from the
Bcl10 WT, heterozygous, and null mice after exposure to
carrageenan for 14 weeks. Cytokine ELISA was performed
and indicated significant and similar increases following car-
rageenan in MCP-1 and IL-6 in the Bcl10 WT, heterozygous,
and controlmice, compared to controls that were not exposed
to carrageenan (𝑃 < 0.001) (Figure 3). Serum TNF𝛼, IFN𝛾,
IL-1𝛽, IL-10, IL-12, and IL-23 were unchanged following
carrageenan.

3.4. Activation of NF-𝜅B RelA Reduced and of RelB Inhibited
in Bcl10 Null Mice Following Carrageenan. Measurements of
activated nuclear RelA and RelB in the colonic epithelium
of carrageenan-exposed mice and controls revealed that
activation of RelA was significantly increased in wild type,
heterozygous, and Bcl10 null mice after carrageenan expo-
sure, but the increase was significantly less in the Bcl10 null
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Figure 1: Histopathology of intestinal tissue in Bcl10wild type and nullmice following carrageenan exposure. (a), (b) Bcl10WT, heterozygous,
and null mice were sacrificed after ingestion of carrageenan (10𝜇g/mL) added in their water for 30 days. Histopathology of H&E sections
of cecum demonstrated disruption of the mucosa in a WT mouse, with no similar findings in the Bcl10 null mice, consistent with reduced
inflammation in the absence of Bcl10 [WT: wild type]. (c) Throughout the mouse intestine, the extent of inflammatory infiltrate, including
granulocytes, lymphocytes, and plasma cells, was greater in the Bcl10WTmice, than in the Bcl10 null mice.The histopathology was scored for
3WT, 3 heterozygous, and 3 null mice, and the mean scores for leukocyte infiltration for each site are compared. The scores for the WTmice
are higher at each site than for the null mice, although the differences are not statistically significant. The extent of inflammatory infiltrate
was significantly greater in the small intestine than in the colon and rectum for each of the groups (𝑃 < 0.01). Cecal inflammation, including
leukocyte infiltration and edema, was greater in theWTmice than in the heterozygous or null mice. (d)Themouse weights at the onset of the
carrageenan exposure and at termination are presented and indicate no significant differences in weight and slight weight gain in all groups.
(n for no CGN control=3; n for WT with CGN = 6; n for het with CGN = 3; n for null with CGN = 8) (WT: wild type; het: heterozygous;
CGN: carrageenan).

mice (𝑃 < 0.001) (Figure 4(a)). Activated RelB was increased
∼75% in wild type and heterozygous mice, but this increase
was completely inhibited in the Bcl10 null mice (𝑃 < 0.001)
(Figure 4(b)).

3.5. Phosphorylations of Bcl10 and of I𝜅B𝛼. Phosphorylations
of Bcl10 and I𝜅B𝛼 were measured by ELISAs in colonic
epithelial tissue, following exposure to carrageenan in the
Bcl10 transgenic mice and in control, untreated C57BL/6
mice. Four fold increases in phospho(Ser138)-Bcl10 were
measured in the carrageenan-exposed Bcl10 wild type and
heterozygous mice (𝑃 < 0.001), but not in the Bcl10 null

mice, as anticipated (Figure 5(a)). Phospho(Ser32)-I𝜅B𝛼 level
was measured by ELISA in the colonic epithelial tissue of
the carrageenan-treated Bcl10 wild type, heterozygous, and
homozygous null mice and control, untreated C57BL/6 mice.
Following carrageenan, phospho-I𝜅B𝛼 increased to almost
twice the level of the untreated control value in the wild type
and heterozygousmice, but in the Bcl10 nullmice the increase
was nearly 50% less (𝑃 < 0.001) (Figure 5(b)).

3.6. Phosphorylations of NIK and of Tak1. To compare the
activation of the canonical and non-canonical pathways in
the Bcl10 transgenic mice, phospho-NIK, which is required
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Figure 2: Carrageenan-induced increases in KC and calprotectin
are less in Bcl10 null mice. (a) KC, the mouse homolog of IL-8,
increased less in the Bcl10 null mice (𝑛 = 8) than in the wild type
(𝑛 = 6) or heterozygous (𝑛 = 3)mice following carrageenan to∼77%
of the higher value (142.2 ± 9.0 ng/L versus 188.5 ± 6.4 ng/L; 𝑃 <
0.001). (b) Fecal calprotectin, an indicator of colonic inflammation,
also increased less following carrageenan in the Bcl10 null mice
than in the wild type or heterozygous mice, to 115.1 ± 8.0 𝜇g/kg
versus 182.7 ± 14.3 𝜇g/kg in the wild type mice (𝑃 < 0.001). CGN:
carrageenan; KC: keratinocyte chemokine; WT: wild type; het:
heterozygous.

for RelB activation by the non-canonical pathway, and
phospho-Tak, which is involved in the canonical pathway,
were determined. Western blots of colonic epithelial tis-
sue from untreated C57/BL6 mice and carrageenan-treated
Bcl10 wild type and null mice indicated no increase in
phospho(Thr559)-NIK in the Bcl10 null mice, in contrast
to the wild type mice (Figure 6(a)). Densitometry confirms
the visual impression of the greater increase in phospho-
NIK in the Bcl10 wild type than in the Bcl10 null mice
(𝑃 = 0.01) (Figure 6(b)). The carrageenan-induced increase
in phospho(Thr184)-Tak in the mouse colonic epithelium
was significantly greater in the Bcl10 wild type mice than in
the Bcl10 null mice (Figure 6(c)), compared to the untreated
control (𝑃 < 0.05 by densitometry) (Figure 6(d)). Absence
of phospho(Thr559)-NIK in the Bcl10 null mice is consistent
with the requirement for Bcl10 in the non-canonical RelB
pathway ofNF-𝜅B activation by carrageenan. In the Bcl10 null
mice, the increase in phospho(Thr184)-Tak was less than in
the Bcl10 wild type mice, consistent with the presence of both
Bcl10-dependent and Bcl10-independent pathways by which
carrageenan increases phospho(Thr184) Tak1.
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Figure 3: Serum IL-6 and MCP-1 increase post-carrageenan expo-
sure, and increases are similar in Bcl10 WT, heterozygous, and
null mice. Carrageenan exposure produced significant increases in
serum levels of IL-6 and MCP-1 in the WT, heterozygous, and null
mice (𝑃 < 0.001), compared to the unexposed controls. WT, heter-
ozygotes, and null mice serum levels of MCP-1 and IL-6 both
increased ∼85%. Serum levels of TNF-𝛼, IFN𝛾, IL-1𝛽, IL-10, IL-12,
and IL-23 did not change.

3.7. Effects of Carrageenan in the Germ-Free Environment
and in IL-10 Null Mice. C57BL/6 mice were exposed
to carrageenan in the germ-free environment. The
germ-free environment did not affect the responses of
KC (Figure 7(a)), fecal calprotectin (Figure 7(b)), Bcl10
(Figure 7(c)), RelA (Figure 7(d)), RelB (Figure 7(e)), or
phospho-Bcl10 (Figure 7(f)). These findings enabled the
comparison between the C57BL/6 mice and the IL-10 mice
which require the germ-free environment due to their
compromised immunity.

In the IL-10 null mice in the germ-free environment,
the baseline values without carrageenan of KC (𝑃 < 0.05)
(Figure 7(a)), fecal calprotectin (𝑃 < 0.05) (Figure 7(b)),
Bcl10 (𝑃 < 0.001) (Figure 7(c)), and RelA (𝑃 < 0.05)
(Figure 7(d)) were all significantly greater than in the C57BL/
6 mice. Carrageenan exposure produced larger increases in
these measures in the IL-10 null mice than in the C57BL/
6 mice (𝑃 < 0.001). In contrast, the baseline values and
carrageenan-stimulated increases in RelB (Figure 7(e)) and
phospho-Bcl10 (Figure 7(f)) were similar in the IL-10-
deficient mice, in the C57BL/6 mice, and in the germ-free
environment, indicating that IL-10 deficiency did not affect
activation of the non-canonical NF-𝜅B pathway.

3.8. Inhibition of the Carrageenan-Activated Canonical, but
Not the Non-Canonical NF-𝜅B Pathway by Exogenous IL-
10. When human colonic NCM460 cells were exposed to
carrageenan and exogenous IL-10, the RelA (Figure 8(a))
and phospho-I𝜅B𝛼 (Figure 8(b)) responses to carrageenan
declined, but the RelB (Figure 8(c)) and phospho-Bcl10
(Figure 8(d)) responses were unaffected. These results are
consistent with the in vivo findings above and indicate that
IL-10 acts only on the canonical pathway of NF-𝜅B activation
that involves phospho-I𝜅B𝛼 and RelA. Phospho-Bcl10 and
RelB, which participate in the non-canonical pathway, are not
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Figure 4: Carrageenan-induced increase in RelA is reduced and
is absent in RelB in Bcl10 null mice. (a) Nuclear RelA, measured
by oligonucleotide assay, increased by ∼89% in the wild type and
heterozygous mice following carrageenan but only by about 40% in
the Bcl10 null mice (𝑃 < 0.001). (b) In contrast, the increase in RelB
was completely inhibited in the Bcl10 null mice but increased by
∼75% in the heterozygous and wild typemice following carrageenan
(𝑃 < 0.001). CGN: carrageenan; WT: wild-type; Het: heterozygous;
N.D.: no difference.

inhibited, since the anti-inflammatory cytokine IL-10 inhibits
the activation of the phospho-I𝜅B𝛼-mediated pathway.

4. Discussion

BCL10 has emerged as a key molecule in the activation of
the inflammatory cascade in epithelial cells as well as in
immune cells [3, 24–26]. Recent investigations in colonic
epithelial cells demonstrated the requirement for Bcl10 Ser138
phosphorylation for the activation of the non-canonical
pathway of NF-𝜅B activation [9]. The identification of an
NF-𝜅B-Bcl10 loop by which an NF-𝜅B binding site in the
Bcl10 promoter can lead to transcriptional effects on Bcl10
expression presents a mechanism by which carrageenan, and
other Bcl10 stimulators, can lead to prolonged stimulation of
inflammatory responses [10].

The studies in this report demonstrate a profound impact
of Bcl10-mediated inflammation on the mammalian intes-
tine. In Bcl10 null mice, histopathology following exposure to
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Figure 5: Phosphorylation of Bcl10 is absent and of I𝜅B𝛼 is reduced
in Bcl10 nullmice following carrageenan. (a) Phospho(Ser138)-Bcl10
was increased to ∼400% of the no carrageenan baseline when the
Bcl10 wild type and heterozygousmice were exposed to carrageenan
(𝑃 < 0.001) but not in the Bcl10 null mice. (b) The increase in
phospho(Ser32)-I𝜅B𝛼 is less in the Bcl10 null mice, compared to the
wild type and heterozygous mice (increase of ∼37% versus ∼91%),
but the increase from the baseline no carrageenan value is also
significant (𝑃 < 0.001). CGN: carrageenan; WT: wild type; Het:
heterozygous.

carrageenan showed less intense inflammatory response than
in the wild type mice. Decline in activation of both canonical
and non-canonical NF-𝜅B activation occurred when Bcl10
was absent, as indicated by reductions in RelA and RelB.
In contrast, studies in IL-10-deficient mice treated with car-
rageenan demonstrated effects on the canonical, but not the
non-canonical pathway ofNF-𝜅B activation. Complementary
studies in NCM460 cells with exogenous IL-10 following
exposure to carrageenan showed effects of IL-10 on RelA,
but not on RelB activation. IL-10 gene-knockout mice are
known to develop a colitis that resembles IBD [37], and IL-10
gene and IL-10 receptor mutations have been associated with
clinical IBD [38]. However, IL-10 therapy has not become
as useful clinically as anticipated [39]. By the demonstration
of Bcl10-mediated non-canonical inflammation in the IL-
10 deficient mouse model, the study findings suggest that
specific therapeutic targeting of the non-canonical pathway
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Figure 6: Different responses of phospho(Thr559)-NIK and of phospho(Thr184)-Tak1 following carrageenan in Bcl10 null mice. (a) The
immunoblot shows that phospho-NIK does not increase following exposure to carrageenan in the Bcl10 null mice, in contrast to the finding
in the wild type mice. (b) Densitometry confirms the increase in phospho-NIK in the Bcl10 WT mice treated with carrageenan compared to
the Bcl10 null mice (𝑃 = 0.01, unpaired t-test, two-tailed). (c) In contrast, phospho-Tak1(Thr184) was somewhat increased in the Bcl10 null
mice’s intestinal tissue, although less than in the wild type mouse tissue. (d) Densitometry confirms the visual impression that the phospho-
Tak1 is significantly reduced in the Bcl10 null versus Bcl10 WTmouse following CGN exposure (𝑃 < 0.05, unpaired t-test, two-tailed). CGN:
carrageenan; WT: wild type; NIK: NF-𝜅B inducing kinase; Tak: TGF-𝛽 activated kinase.

of NF-𝜅B activation, as well as targeting of the canonical
pathway by IL-10, may lead to improved clinical outcomes.
Recent findings that oral Lactobacillus significantly reduced
carrageenan-induced paw edema and downregulated TNF-
𝛼 and upregulated IL-10 [16] are suggestive that combined
interventions, which impact upon both canonical and non-
canonical NF-𝜅B signaling pathways, may lead to improved
responses.

The study findings include data that indicate that car-
ageenan-induced inflammation was not suppressed in the
germ-free environment. This result suggests that the fecal

microflora, as constituted in the C57BL/6 mice under stan-
dard conditions, either do not modify carrageenan or do not
modify carrageenan in any way that enhances inflammation.
The response to Lactobacillus noted above suggests that the
specificmicroflora can affect the response to carrageenan, but
the effect appears to be indirect, through changes in cytokines
or circulating immune cells.

Carrageenan has been widely used in the laboratory for
decades to stimulate inflammation in animal models and
in cell-based experiments [5, 6]. The animal models have
included injection of carrageenan directly into rat hind paw,
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Figure 7: Effects of carrageenan exposure in IL-10-deficient mice compared to C57BL/6 control in germ-free environment and in standard
housing. (a) KC was not different in the C57BL/6 germ-free mice versus mice with standard housing at baseline or following carrageenan
exposure. In the IL-10-deficient mice, KC was greater at baseline (𝑃 < 0.05) and following carrageenan (𝑃 < 0.001) than in the control mice,
and the increase in KC was greater in the IL-10-deficient mice than in the controls (∼271 ng/L versus ∼87 ng/L). (b) Fecal calprotectin was
not different in the germ-free mice versus the standard housing control mice with or without carrageenan exposure. Fecal calprotectin was
greater in the IL-10-deficient mice at baseline (𝑃 < 0.05) and following CGN (𝑃 < 0.001). (c) Bcl10 was similar in the C57BL/6 mice in the
germ-free environment as in standard housing. Baseline Bcl10 was significantly greater in the IL-10 null mice than in the controls (𝑃 < 0.001),
and increased more in the IL-10-deficient mice (∼229% versus ∼144%) following carrageenan (𝑃 < 0.001) than in the control mice. (d) The
germ-free environment did not affect the RelA results in the C57BL/6mice. Baseline RelA was significantly greater in the IL-10 null mice than
in the control C57Bl/6mice (𝑃 < 0.05) and increasedmore following carrageenan in the IL-10-deficient mice than in the controls (𝑃 < 0.001).
(e) Carrageenan-induced increase in RelB was unaffected by IL-10 deficiency. (f) Carrageenan-induced increase in phospho(Ser138)-Bcl10
was unaffected by IL-10 deficiency or the germ-free environment. CGN: carrageenan; N.D.: no difference.
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Figure 8: InNCM460 cells, exogenous IL-10 inhibits the canonical but not the non-canonical NF-𝜅B pathway that is activated by carrageenan
and mediated by Bcl10. (a) Increase in RelA following exposure to carrageenan was partially inhibited by exogenous IL-10 in the NCM460
cells. When Bcl10 was silenced by siRNA, the increase in RelA was reduced and completely inhibited by IL-10 (20𝜇g/L × 24 h). (b) The
increase in phospho(Ser32)-I𝜅B𝛼 was partially inhibited by exogenous IL-10 in the control and control siRNA cells. The increase was less
when Bcl10 was silenced and was almost completely inhibited by exogenous IL-10. (c) In contrast to the above findings, the increase in RelB
was unaffected by exogenous IL-10. (d) Phospho(Ser138)-Bcl10 increased to over four times the baseline in the control and control siRNA
cells, and the increases were not inhibited by exogenous IL-10. ND: no difference; IL-10: interleukin-10; si: small interfering siRNA; CGN:
carrageenan.

pleura, peritoneum, bursa, subcutaneous air bleb, or large
joints, and oral ingestion to induce colonic inflammation.
The signaling mechanisms by which carrageenan induces
inflammation have been investigated [3, 4, 7, 8], and the
mediators by which carrageenan exposure can lead to sys-
temic effects have been reported [3, 4, 7, 8, 40–42].The tissue
and systemic effects of carrageenan are also mediated by
effects on immune cells, including neutrophils, macrophages,

and lymphocytes. Mediation of carrageenan-induced inflam-
mation by an inflammatory cell infiltrate was recognized
in early experiments in which macrophages in the lamina
propria, spleen, and liver were observed to contain fibrillar
inclusions and/or havemetachromatic staining following oral
exposure to carrageenan [43, 44]. Extracolonic manifesta-
tions of carrageenan exposure leading to inflammation and
impaired insulin signaling in the mouse liver were associated
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with glucose intolerance and insulin resistance in recent
experiments [12].

In B and T cells, and in epithelial cells, Bcl10 is involved
in NF-𝜅B signal transduction involving TLR4 and TAK1
[3, 4, 24–26, 45–47]. The assembly of the lipid raft-asso-
ciated CARMA-Bcl10-MALT1 (CBM) signalosome involves
CARMA1 in the immune cells and CARMA3 in nonimmune
cells [23, 48, 49]. The CBM complex promotes the activation
and ubiquitination of IKK𝛾 (NEMO), the regulatory compo-
nent of the IKK signalosome, leading to RelA nuclear translo-
cation. Additional experiments that better characterize the
components of the inflammatory infiltrate in the intestine
by FACS analysis and that study chimeric mice in which the
effects of Bcl10 deficiency in the colonic epithelial cells versus
the bone marrow can be differentiated will clarify specific
subsets that mediate the response to carrageenan. Immune
effects of carrageenan have been recognized for decades
[43], and increased attention to the role of Bcl10 provides
an opportunity to further differentiate the specific signaling
mediators and mechanisms involved in innate and adaptive
immunity.

In the experiments in this report, the Bcl10 transgenic
mice, weighing about 30 grams, received carrageenan
in their water supply at a concentration of 10 𝜇g/mL
and drank about 5 mL/day, for a dose of 50𝜇g/30 g/day
(=∼1.7 𝜇g/g/day = ∼1.7mg/kg/day). The reported average
daily intake of carrageenan in the typical Western diet
is reported to be 250mg/day [50], corresponding to
250mg/60 kg/day (=∼4.2mg/kg/day), considerably more
than the amount ingested by themice. Greater understanding
of the mediators by which carrageenan exerts inflammatory
effects in vivo and consideration of interventions that might
inhibit carrageenan-induced inflammation are relevant to
human diseases, such as diabetes and atherosclerosis in
which inflammation is involved, and may yield new insights
into the role of inflammation on initiation and progression
of human diseases.
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Identifying rare human metabolic disorders that result from a single-gene defect has not only enabled improved diagnostic and
clinical management of such patients, but also has resulted in key biological insights into the pathophysiology of the increasingly
prevalent metabolic syndrome. Insulin resistance and type 2 diabetes are linked to obesity and driven by excess caloric intake
and reduced physical activity. However, key events in the causation of the metabolic syndrome are difficult to disentangle from
compensatory effects and epiphenomena. This review provides an overview of three types of human monogenic disorders that
result in (1) severe, non-syndromic obesity, (2) pancreatic beta cell forms of early-onset diabetes, and (3) severe insulin resistance.
In these patients with single-gene defects causing their exaggerated metabolic disorder, the primary defect is known. The lessons
they provide for current understanding of the molecular pathogenesis of the common metabolic syndrome are highlighted.

1. Introduction

Insulin resistance is implicated in the pathophysiology of
the twin epidemics of type 2 diabetes and obesity. Both
conditions are associated with a high burden of premature
morbidity and mortality globally; however, the dependence
of one on the other is not complete. Despite intensive
efforts, the molecular mechanisms underlying the relation-
ship between obesity, insulin resistance, and type 2 diabetes
in the metabolic syndrome are incompletely understood.

The accelerating discovery of single-gene defects resulting
in rare types of diabetes, obesity, or severe insulin resistance
over the past 20 years provides the opportunity to unravel
the role of several key mediators in these separate groups
of disorders through firmer cause-effect relationships. We
summarise the key monogenic disorders that result in non-
syndromic obesity, pancreatic beta-cell diabetes, or severe
insulin resistance and discuss how the insights they provide
may be applied to the understanding of more prevalent
metabolic disease (see summary Table 1).

2. Monogenic Nonsyndromic Obesity

Lesson 1: Proof That Humans Can Become Obese as a Result
of Single-Gene Defects Controlling Key Central Components of
Appetite. At a very fundamental level, obesity is the result
of excess energy intake over energy expenditure over a
prolonged period of time. The rapid increase in worldwide
rates of overweight and obesity over the last 30–40 years
suggests a predominant change in environmental, diet, and
lifestyle factors rather than any change in genetics as themain
cause of the obesity epidemic. However, it is clear that there
are important genetic contributions to the susceptibility to
becoming obese and to the associated comorbidities. Over
the last 2 decades, there has been an increased understand-
ing of mechanisms controlling energy balance and appetite
regulation in particular.Much of this has come about through
the discovery of genes responsible for appetite regulation (see
Figure 1). These genes have been identified by characteriza-
tion of genetic variants of candidate genes in severely obese
rodent models and subsequently humans.
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Table 1: Summary of lessons learned from monogenic disorders resulting in nonsyndromic obesity, pancreatic beta cell diabetes, and severe
insulin resistance.

Lessons Human examples References

1
Proof that humans can become obese as a result of
single-gene defects controlling key central
components of appetite

Several etiologies of severe human obesity result from
single genes involved in appetite pathways for example,
LEP, LEPR, POMC,MC4R, BDNF, TrkB

[1–6]

2
Genetically mediated differences in satiety are
likely to underly the difference in body weight
seen in the current obesogenic environment

Several common single-nucleotide polymorphisms
involving similar appetite components for example,MC4R
and BDNF have been identified at greater frequency in
those with common obesity

[7, 8]

3

Proof of key components of pancreatic beta cell
function and responsiveness of certain genetic
etiologies to oral glucose lowering drugs acting
distal to the monogenic defect

Those with mutations in KCNJ11, ABCC8, HNF1A, HNF4A
are able to be treated with sulphonylurea tablets rather
than insulin, given that their molecular defects are
upstream of the SUR1 receptor where sulphonylureas act
to promote insulin secretion

[9]

4
Glucose toxicity is not seen in those with lifelong,
mild hyperglycaemia resulting from a
heterozygous glucokinase mutation

Those with heterozygous GCK mutations have stable, mild
hyperglycaemia with no deterioration in beta cell function
with age

[10]

5
Exposure to mild hyperglycaemia in utero does
not program non-mutation carrying offspring to
have reduced beta cell function

Non-mutation carrying offspring born to mothers with
GCK who have experienced mild hyperglycaemia in utero
do not have reduced beta cell function compared to those
born to fathers with GCK

[11]

6

Pancreatic beta cell defects in type 2 diabetes are
likely to be multifocal including sites distal to the
SUR1 receptor where sulphonylureas act to
promote insulin secretion

The progressive failure of sulphonylurea therapy in those
with type 2 diabetes compared to durable response seen in
monogenic causes upstream of SUR1 receptor

[12]

7
Insulin receptor signaling on pancreatic islets is
not required for beta cell compensatory response
to severe insulin resistance

Those with a global defect in their insulin receptor due to
INSRmutations have dramatically high levels of
circulating insulin

[13]

8

Acanthosis nigricans and ovarian
hyperandrogenism are likely to be mediated by
hyperinsulinemia acting through non-insulin
receptor pathways

Those with a global defect in their insulin receptor due to
INSRmutations have marked acanthosis nigricans and
such women have ovarian hyperandrogenism

[14]

9 Development of fatty liver and dyslipidemia are
dependent on adequate insulin-receptor signalling

Those with a global defect in their insulin receptor due to
INSRmutations do not develop fatty liver or dyslipidemia,
despite markedly elevated levels of circulating insulin

[15]

10

Selective postreceptor (partial) hepatic insulin
resistance occurs in common metabolic
dyslipidemia rather than total postreceptor
insulin resistance

Fatty liver and dyslipidemia frequently coexist with
common metabolic syndrome insulin resistance [15]

11 Not all fat is bad
Those with inherited defects in fat metabolism resulting in
partial or complete loss of body fat have exaggerated
dyslipidemia, fatty liver, and insulin resistance

[16]

2.1. Leptin and Leptin Receptor Mutations. Leptin was one
of the earliest hormones involved in energy balance to be
identified [17] and found to be the responsible factor deficient
in the severely obese ObOb mouse model of obesity. Leptin
is released from adipocytes in proportion to adipose tissue
mass and circulating levels are greater in women than men
[18]. Leptin has many biological roles including effects on
reproduction, bonemineral density, and the immune system;
however, one of the main functions is in appetite regulation
by signaling of adipose stores by binding to leptin receptors
in the arcuate nucleus of the hypothalamus [19].

The downstream effect of leptin receptor activation is reg-
ulation of neuropeptides such as those from the proopiome-
lanocortin (POMC) and agouti-related peptide (AGRP) neu-
rons. Leptin downregulates orexigenic (appetite promoting)

neuropeptides such as neuropeptide Y (NPY) and agouti-
related peptide (AGRP) but also upregulates anorexigenic
neuropeptides such as 𝛼 melanocyte stimulating hormone
(𝛼MSH) and cocaine and amphetamine-regulated transcripts
(CART) [20]. It might therefore be predicted that circulat-
ing leptin concentrations would be reduced in those with
obesity, therefore resulting in inadequate appetite regulation.
However, leptin levels are increased in common obesity in
proportion to excess fat mass [21], raising the possibility of
so-called “leptin resistance”.

Leptin also has an important reproductive function. The
development of adequate adipose stores to allow puberty
to begin is signalled by leptin to the hypothalamus. Thus
leptin has a permissive effect on puberty [22]. Furthermore,
if adipose stores reduce and leptin levels fall, gonadotrophin
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Figure 1: Diagram showing the sites of knownmonogenic causes of
obesity which affect the central regulators of appetite. Leptin is one
of the major adiposity signals which circulates to the brain in the
region of the arcuate nucleus (ARC) within the hypothalamus and
binds to its receptors located in two groups of ARC neurons. Leptin
action promotes the synthesis of proopiomelanocortin (POMC)
which is cleaved to 𝛼-melanocyte stimulating hormone (𝛼MSH), a
neurotransmitter which acts at melanocortin 4 receptors (MC4R)
on neurons in other hypothalamic areas to reduce food intake.
Leptin acts to inhibit the synthesis and secretion of Agouti-related
peptide (AgRP) from the second group of ARC neurons, which is an
antagonist at MC4R.

levels and pulsatility are affected such that ovulation is
inhibited [22].

Evidence for the important role of leptin in energy regu-
lation in humans comes from the observations of O’Rahilly
et al., who identified children with severe early onset of
obesity who had undetectable levels of leptin [1]. They were
found to be homozygous for a frameshift mutation in the
leptin gene which resulted in a truncated protein which was
not secreted. They were morbidly obese with excess fat mass,
hyperphagia, but no changes in restingmetabolic rate or total
energy expenditure adjusted for body composition. These
children were the human equivalent of the obese (ob/ob)
mouse, resulting from a recessive homozygous mutation
in the leptin gene and confirmed a critical role for leptin
in human appetite regulation. This was reinforced by the
observation that replacement of recombinant human leptin
in these children resulted in a rapid reversal of the hyper-
phagia, promoted weight loss, and normalization of body
composition [23]. Further support for the importance of
leptin comes from identification of a leptin receptormutation
and characterization of humans with homozygous loss of
leptin receptor function [2].These individuals have very high
circulating leptin concentrations but a very similar pheno-
type to those with leptin deficiency. However, as would be
predicted, they do not respond to treatment with additional
leptin.

2.2. Proopiomelanocortin Gene Mutations. Further evidence
for the central role of appetite regulation comes from other
monogenic defects of the POMC gene, which codes for

a number of important proteins including adrenocorti-
cotrophin hormone (ACTH) and melanocortin peptides (𝛼
and 𝛽melanocyte stimulating hormone (MSH)). Individuals
have been identified with homozygous mutations of the
POMC gene resulting in complete loss of function of all
POMC-derived peptides [24]. They present early in life with
hypocortisolemia secondary to ACTH deficiency. Obesity
with hyperphagia develops even with cortisol deficiency but
becomes accelerated after cortisol replacement.

Further insights are provided by mutations of specific
POMC-derived peptides. Point mutations that disrupt the 𝛼-
MSH or 𝛽-MSH peptides have been linked with early onset
of human obesity depending on the location of the mutation
[3, 25, 26].

2.3. Melanocortin Receptor Mutations. The importance of
the melanocortin peptides is confirmed by the demonstra-
tion of severe obesity associated with mutations of the
melanocortin receptor (MC4R). The melanocortin receptor
MC4R is expressed on neurons in the paraventricular nucleus
of the hypothalamus. Activation of MC4R results in release
of anorexigenic peptides such as brain-derived neurotrophic
factor (BDNF) [4]. Mutations of MC4R are found in up
to 6% of severe childhood obesity [27, 28]. Whilst obesity
appears to be dominantly inherited, the penetrance of obesity
withMC4Rmutations is variable with mutations resulting in
complete loss of function having a more severe phenotype.
This is demonstrated by the variation in the degree of
hyperphagiawith ad libitum energy intake.Thosewith partial
MC4R deficiency have less excess intake comparedwith those
with complete deficiency [27]. This relationship between
degree of function of the mutant receptors and energy intake
highlights the importance of theMC4R in energy balance.

However, the complexity of the system and the interrela-
tionship of the signals are also demonstrated by the variability
in the ad libitum energy intake seen when comparing those
with leptin deficiency, inactive and partially active MC4R
mutations. Those with leptin deficiency have the greatest
energy intake, those with inactive MC4R mutations are less
hyperphagic, and those with partially active mutations have
similar intake to those with treated leptin deficiency [27].

The discovery of peptides and receptors critical to the
pathways of energy balance opens the opportunity for ther-
apeutic targets for common obesity. This is demonstrated by
the effectiveness of the replacement of leptin in those with
leptin deficiency [23]. However, in common obesity, where
circulating leptin levels are already high, supplemental leptin
therapy has little additional effect on appetite or fat mass [29].
To date no therapeutic agents acting on the other peptides or
receptors described have been successfully developed.

2.4. Brain-Derived Neurotrophic Factor and Receptor Muta-
tions. Other players in the central control of appetite have
also been identified through rare genetic mutations resulting
in reduced production of peptides such as brain-derived
neurotrophic factor (BDNF) [5] or loss of function of
receptors such as the BDNF receptor tropomyosin-related
kinase B (TrkB) [6]. Both mutations result in hyperphagia
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and obesity. These mutations also highlight the pleiotropic
function of these peptides and the activation of their recep-
tors. In addition to obesity, those with BDNF mutations also
have impaired cognitive function, delayed developmental
milestones, and hyperactivity. Those with loss of function of
the TrkB receptor also have memory deficits.

Lesson 2: GeneticallyMediated Differences in Satiety Are Likely
to Underly the Difference in Body Weight Seen in the Current
Obesogenic Environment. Defects in single genes causing
severe non-syndromic human obesity result mainly through
impacts on appetite.The recent rapid rise in obesity epidemic
is clearly linked with the technological and social advances
which have reduced the need for strenuous physical activity
at work and at home, with abundant cheap, high-density food
propagated with aggressive advertising. Nonetheless, the per-
sistence of lean people in the current obesogenic environment
suggests that either these people are able to withstand the
toxic environment through conscious choices about diet and
exercise and/or that they may have a genetic predisposition
to stronger satiety signals, which enable them to achieve
their leanness largely through unconsciousmechanisms [30].
Already several common genetic variants predisposing to
common obesity have been identified and appear to affect
the same processes as monogenic causes of obesity (albeit of
small effect size), supporting the latter explanation [7, 8].

3. Monogenic Pancreatic Beta Cell Diabetes

Lesson 3: Proof of Key Components of Pancreatic Beta Cell
Function and Responsiveness of Certain Genetic Etiologies to
Oral Glucose Lowering Drugs Acting Distal to the Monogenic
Defect. The beta-cell monogenic diabetes are characterised
by genetic mutations that result in early onset diabetes in
absence of obesity or insulin resistance [31–33]. Most of
the earlier mutations were identified via the candidate gene
approach, that is, the selection of genes known to play a
significant role in beta cell function and the subsequent
demonstration of critical beta cell dysfunction when a muta-
tion is present both under laboratory conditions and in
humans who harbour mutations. More recently, novel and
unexpected mutations that result in beta cell dysfunction
have been demonstrated and have shed further light on
normal beta cell physiology [34].

The beta cell is the major component of the pancreatic
islets of Langerhans, which collectively account for 1-2% of
the total pancreatic mass. The normal human beta cell has
3 functions that are critical to achieve its contribution to
maintaining normoglycaemia. Firstly, the cell must be able
to “sense” ambient glucose levels thus allowing any insulin
output to be appropriate to requirements; secondly, the beta
cell must be able to manufacture and store insulin; and
thirdly, the cell must be able to rapidly secrete this insulin
when required. Dysfunction of any of these roles will result in
impairments of glucose homeostasis (see Figure 2). Typically,
the mutations that result in manifestation of diabetes in
early life, that is, neonatal diabetes mellitus (NDM), may be
interpreted as more intrinsic to this process than those that

Glucokinase
defects

Mitochondrial
disorders

HNF defects

KATP/SUR1
mutations

Figure 2: Location of common monogenic pancreatic beta cell
defects leading to early onset of diabetes in absence of obesity-
related insulin resistance. Hepatocyte nuclear factor (HNF), potas-
sium adenosine triphosphate (KATP) channel, sulphonylurea recep-
tor (SUR).

are manifested later in life; however, the genotype-phenotype
relationship for most of the pancreatic beta cell mutations are
still unclear.

3.1. Neonatal Diabetes Mellitus (NDM). NDM refers to dia-
betes diagnosed in the first 6 months of life, which can
be transient (approximately 70% of cases) or permanent,
and is most commonly the result of a monogenic mutation
[9, 35–37]. The incidence of permanent NDM (PNDM) has
recently been calculated at 1 in 260,000 live births from
a European registry, suggesting that the overall incidence
of neonatal diabetes is considerably higher than previously
recognized [37, 38]. Transient neonatal diabetes (TNDM)
presents in the first weeks of life, remits spontaneously within
1–18 months, and may relapse to permanent diabetes during
adolescence or early adulthood [9, 39, 40]. Genetic defects
within the imprinted chromosomal 6q24 region are identified
in the majority of cases of TNDM, with segmental paternal
uniparental disomy, paternally inherited duplication of chro-
mosome 6q24, or loss of methylation in the maternal copy
of 6q24 seen. Overexpression of two paternally expressed
genes: hydatidiformmole associated and imprinted (HYMA1,
involved in mRNA encoding) and pleomorphic adenoma
gene like 1 (PLAGL1, regulating cellular apoptosis) can be
identified in 80% of these patients [41].

Activating mutations of the KATP channel genes (either
potassium inwardly-rectifying channel, subfamily J, member
11 (KCNJ11), or ATP-binding cassette transporter subfamily
C member 8 (ABCC8)) or insulin gene (INS) are the most
common causes of permanent neonatal diabetes mellitus
(PNDM), whilst KCNJ11 and ABCC8 mutations have been
shown to account for a minority of cases of TNDM [35, 40,
42, 43].The KATP channels link the ATP produced by cellular
glucose metabolism to potassium flux and thus membrane
excitability [44]. KCNJ11 and ABCC8 mutations cause an
increase in the opening of the KATP channel resulting in
hyperpolarisation, preventing beta cell membrane depolar-
ization and insulin release [35, 42, 45]. Oral sulphonylurea
(SU) drugs (such as glipizide, gliclazide, and glibenclamide)
have long been used to treat type 2 diabetes and act through
specific binding to the sulphonylurea receptor (SUR1) located
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on the KATP channel. The resultant closure of these channels
stimulates insulin secretion, thus bypassing the effect of the
KCNJ11 and ABCC8 mutations. Further validation of the
function of the KATP channel is provided by the excellent
response of many patients harbouring KCNJ11/ABCC8muta-
tions to SU therapy; indeed, it is now standard practice
for all patients with diabetes diagnosed before 6 months
of age to undergo diagnostic testing for mutations in these
two genes, with attempts to transfer those with confirmed
mutations from insulin therapy to oral SUs [9, 46]. Fur-
thermore, in those patients with KATP channel dysfunction
evident in extrapancreatic structures (brain and muscle, as
seen in cases of DEND (Developmental delay, Epilepsy, and
Neonatal Diabetes syndrome)) the use of a nonbeta cell
selective SU (glibenclamide) is also effective in treating the
neuromuscular phenotype [46–48]. Cases of NDM caused by
INS gene mutations do not respond to SU medications and
currently require lifelong insulin therapy.

The reason why certain mutations within the KATP
channel give rise to TNDM while others result in PNDM
is unknown, but changes in pancreatic beta cell turnover or
compensation at the level of the beta cell or whole body that
is able to overcome the effects of these genes may be possible
explanations [49].

Several more rare genetic etiologies of NDM have been
identified, most of which are autosomal recessively inherited
and are associated with extrapancreaticmanifestations.These
include pancreas-specific transcription factor 1A (PTF1A,
pancreatic and cerebellar agenesis) [50], insulin promoter
factor 1 (IPF1, pancreatic agenesis) [51], GLIS family zinc fin-
ger 3 (GLIS3, congenital hypothyroidism, glaucoma, kidney
cysts and hepatic fibrosis) [52], regulatory factor X6 (RFX6,
pancreatic hypoplasia, intestinal atresia and gall bladder
hypoplasia) [53], GATA-binding factor 6 (GATA6, congenital
heart defects) [54], neurogenin 3 (NEUROG3, congenital
malabsorptive diarrhea) [55], neurogenic differentiation 1
(NEUROD1, sensorineural deafness and visual impairment)
[56], forkhead box P3 (FOXP3, enteropathy and dermatitis)
[57], eukaryotic translation initiation factor 2-alpha kinase
3 (EIF2AK3, exocrine pancreatic dysfunction, spondyloepi-
physeal dysplasia, developmental delay, acute liver failure,
osteopenia and hypothyroidism) [58], solute carrier family
2 (SLC2A2, aminoaciduria, proteinuria, short stature and
rickets) [59], and solute carrier family 19member 2 (SLC19A2,
thiamine responsive megaloblastic anemia) [60].

The majority of infants with neonatal diabetes of diverse
genetic etiologies are born with reduced birth weight, result-
ing from lower fetal insulin production, as fetal insulin is a
major growth factor in utero [61].

3.2. Glucokinase (GCK) Mutations. Glucokinase (GCK) is
a hexokinase enzyme that is found in the beta cell, liver,
brain, andmultiple other tissues inmost mammalian species.
GCK has many roles within expressing tissues but functions
primarily as an ambient glucose sensor for the pancreatic beta
cell [62]. The enzyme facilitates the conversion of glucose to
glucose-6-phosphate at glucose levels of above 4.0mmol/L,
with adenosine triphosphate (ATP) produced as a secondary

product. The increase in intracellular ATP initiates a cascade
of membrane depolarisation that results in the extracellu-
lar release of preformed insulin containing granules [63].
Homozygous or compound heterozygous inactivating muta-
tions in the GCK gene result in a severe diabetes phenotype,
presenting at birth as permanent neonatal diabetes mellitus
[64, 65]. Heterozygous, inactivating GCK mutations result in
a higher concentration of glucose being required to stimulate
use of the substrate and therefore insulin secretion. However,
once this threshold is reached, insulin secretion therafter is
relatively normal. Humans who harbour such heterozygous
inactivating GCK mutations therefore demonstrate mild
fasting hyperglycaemia but normal post meal time glucose
levels [9]. Those who harbour heterozygous activating GCK
mutations have the opposite clinical syndrome of hyperinsu-
linemic hypoglycaemia [66].

The population prevalence of heterozygous inactivating
GCK mutations is approximately 0.1%, accounting for 20–
50% of all cases of monogenic diabetes [67]. Mild fast-
ing hyperglycaemia (5.5–8.0mmol/L) is present from birth,
whilst insulin response, and therefore postprandial glucose
levels, are normal such that most patients demonstrate only
small glucose excursions after meals (<3.0mmol/L following
a 75 g oral glucose tolerance test) [68]. Furthermore, there is
no deterioration in the fasting hyperglycaemia with age, the
HbA1c is normal or mildly elevated, and microvascular and
macrovascular complications associated with other diabetes
subtypes are not seen in persons harbouring GCK mutations
[9, 69]. For this reason, ownership of aGCK mutation result-
ing in mild hyperglycaemia does not require any glucose
lowering therapy.

Lesson 4: Glucose Toxicity Is Not Seen in Those with Life-
long Mild Hyperglycaemia Resulting from Heterozygous GCK
Mutations. The glucose toxicity theory proposes that con-
tinual exposure to modest increases in blood glucose over
a long period of time could has adverse effects on beta cell
glucose sensitivity and function [70, 71]. No difference in
the deterioration in glucose sensitivity with age has been
found among GCK mutation carriers with lifelong mild
hyperglycaemia compared with normoglycaemic controls
[10]. This is in keeping with the stable glycaemia seen on
prolonged followup of patients with heterozygous mutation
and the modest decline with age seen in cross-sectional
studies of patients with GCKmutations [68, 72]. Continuous
exposure to the level of hyperglycaemia experienced by GCK
mutation carriers has no significant progressive glucose toxic
effect on the beta cell.

Up to 17.8% of pregnant women are diagnosed with
gestational diabetes on the basis of recent guidelines, and up
to 10% of these women will have a GCK mutation [73, 74].
However, the importance of suspecting and diagnosing a
GCK mutation is high in pregnancy; treatment for “hyper-
glycaemia” in a pregnant woman with a GCK mutation may
result in reduced birthweight if the foetus has inherited the
mutation [75]. Conversely, if the foetus does not inherit the
mutation, foetal hyperinsulinemia with resultant increased
foetal growth, as a consequence of ambient hyperglycaemia in
uteromay occur, unless maternal blood glucose is reduced by
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insulin therapy. As the likelihood of inheriting themutation is
50%, and prenatal genetic diagnosis is currently too invasive
to perform solely for clarifyingGCK mutation status, current
advice is to perform serial ultrasonography to monitor foetal
growth with consideration of treatment only in those with
accelerated growth (i.e., those carrying babies presumed not
to have inherited the GCK mutation) [74, 76].

Lesson 5: Exposure to Mild Hyperglycaemia in Utero Does Not
Program Offspring to Have Reduced Beta Cell Function.There
is animal and human evidence for maternal hyperglycaemia
exposure in utero programming offspring to have beta cell
dysfunction [77], however, these studies are confounded by
polygenic predisposition to type 2 diabetes in such offspring.
Non-mutation carrying offspring of mothers carrying the
heterozygous inactivating GCK mutation was a good human
model for studying the impact of exposure to hyperglycaemia
in utero on offspring beta cell function. Such offspring had
marked increase in birthweight as a result of being exposed to
increased glycemia in utero but, despite this, had no evidence
of altered beta cell function or glucose intolerance as adults,
suggesting a lack of detrimental impact of hyperglycaemia
exposure in utero in those without genetic predisposition to
type 2 diabetes [11].

The significance of GCK in sensing ambient glucose has
led to the hypothesis that pharmaceutical manipulation of
this physiological mechanism in the form of glucokinase
activators could present an effective method of treating
hyperglycaemia as a result of type 2 diabetes [63]. No
additional response of incretin hormone stimulation is likely
from such GCK activators, as GCK is not the gut glucose
sensor by which incretin cells release incretin hormones [10]
as was previously hypothesized [78].

3.3. Hepatocyte Nuclear Factor (HNF) Mutations. The hep-
atocyte nuclear factor (HNF) family of proteins are ubiqui-
tous and function primarily as transcription factors. Whilst
predominantly expressed within the liver, their key role in
regulating both pancreatic beta cell growth and function is
demonstrated by mutations leading to progressive beta cell
failure and childhood or early-adult onset of diabetes [79, 80].

Mutations in HNF1A are the most commonly encoun-
tered form of monogenic diabetes with a minimum preva-
lence of 50–60 cases per million population (accounting
for 52% of all cases of monogenic diabetes) or 1-2% of all
patients with diabetes [81]. Patients present in the second
or third decade, although marked variability in the clinical
phenotype (age of onset of diabetes, presenting features) are
seen and relate in part to the type of mutation inherited [82].
Penetrance increases with age such that approximately two
thirds of HNF1A mutation carriers will have diabetes by the
age of 25, and >95% by the age of 40 [9]. Initially, insulin
secretion at lower glucose levels is preserved, producing
a characteristic glycaemic pattern with a normal fasting
glucose and large excursion (>4.5mmol/L) following a 75 g
oral glucose challenge [83]. Progressive beta cell failure over
time, however, leads to generalised hyperglycaemia, and
unlike GCK-related monogenic diabetes, the risk of micro-
and macrovascular complications appears to be comparable

to type 1 and type 2 diabetes and is directly related to
glycaemic control [84]. Patients with HNF1Amutations have
an increased all-cause and cardiovascular-specific mortality
rate when compared with nonaffected relatives (hazard ratios
1.9 and 2.3 resp.) [85]. The risk of coronary heart disease
appears to be greater than that seen in type 1 diabetes which
appears paradoxical when one considers the elevated high-
density lipoprotein levels observed in those with HNF1A
mutations (traditionally considered cardioprotective) [86].
Patients withHNF1Amutations frequently demonstrate high
glucose lowering sensitivity to SU therapy [87–89]. As noted
previously, SUs stimulate insulin secretion by binding directly
to the beta cell membrane KATP receptor, thereby bypassing
the metabolic pathways is rendered dysfunctional by anHNF
mutation [87]. Consequently, patients misdiagnosed as type
1 diabetes and treated with insulin can be switched to oral
SU therapy once the genetic diagnosis of HNF1A diabetes is
made.

HNF1A directly regulates renal tubular expression of the
sodium-glucose cotransporter (SGLT); HNF1A mutations
consequently result in a low renal threshold for glucose (i.e,
glycosuria despite normal or only slightly elevated blood
glucose levels) as a result of impaired tubular glucose reab-
sorption [90]. This clinical feature often predates the onset
of overt diabetes and can therefore be useful as a screening
tool [83]. Additionally, HNF1A-binding sites are located at
promoter sites in the gene coding for C-reactive peptide
(CRP). Consequently, markedly lower high sensitivity CRP
(hsCRP) levels are seen in monogenic diabetes as a result
of an HNF1A mutation than in other forms of diabetes
[91]. An hsCRP value of <0.4mg/L has a sensitivity of 71%
and specificity of 77% for diagnosing HNF1A (as opposed
to type 2 diabetes) once type 1 diabetes and glucokinase
mutations have been excluded. Furthermore, a urinary c-
peptide to creatinine ratio appears useful in distinguishing
HNF1A/4A monogenic diabetes from type 1 diabetes when
diabetes has been present formany years given that C-peptide
progressively declines in type 1 diabetes but is retained in
HNF1A/4Amonogenic diabetes [92].

Heterozygous inheritance of an HNF4Amutation results
in a similar phenotype to the patients with HNF1A muta-
tions and accounts for approximately 5–10% of all cases of
monogenic diabetes. As with HNF1A mutation carriers, SU
therapy remains an effective therapeutic strategy for these
patients, but the elevated high density lipoprotein (HDL)
levels and glycosuria are not seen in those with HNF4A
mutations [93]. Somewhat paradoxically, hyperinsulinaemic
hypoglycaemia has been documented in neonates with het-
erozygous HNF4A mutations, with resultant macrosomia
(average increased birth weight of approximately 800 g).
Consideration of genetic testing for HNF4A should therefore
be considered in patients with clinical features suggestive
of HNF1A monogenic diabetes but negative genotyping
and those with a positive family history of macrosomia or
neonatal hypoglycaemia.

In contrast, mutations in HNF1B, which account for
approximately 5% of cases of monogenic diabetes, lead
to clinical syndromes more reflective of the widespread
expression of this transcription factor [94]. Most carriers



Mediators of Inflammation 7

of this mutation appear to develop renal disease (cysts and
dysplasia, glomerulocystic kidney disease, familial juvenile
hyperuricemic nephropathy, and single kidney) which is the
predominant clinical feature of this genotype. Indeed, only
approximately 50% also develop diabetes. Unlike, HNF1A
and HNF4Amonogenic diabetes, pancreatic atrophy is com-
mon in those with HNF1B mutations, therefore carriers do
not display the same sensitivity to SU therapy and often
require insulin therapy. Other associated features include
genital tract abnormalities, gout, biliary tree abnormalities
and abnormal liver function tests.

3.4. Mitochondrial Disorders Associated with Diabetes. Mito-
chondria are energy-generating organelles identifiable in
most human cells [95]. Eachmitochondrion,many thousands
of whichmay be foundwithin a single cell, contains abundant
copies of mitochondrial DNA (mtDNA) which encode for
components ofmitochondrial oxidative phosphorylation and
respiration.Maternal oocytes containmultiplemitochondria,
whereas spermatozoa contain only a few hundred, most of
which are destroyed during fertilisation.Thus, mitochondrial
DNA, and any mutations contained within, can only be
inherited maternally.

Mitochondrial DNA mutations can result in a wide
range of multiorgan dysfunction with a number of recog-
nised syndromes. Maternally inherited diabetes and deafness
(MIDD) is the most commonly encountered mitochondrial
diabetes syndrome and accounts for up to 1% of diabetes
[96]. The syndrome is defined by the presence of diabetes
and deafness with an inheritance pattern consistent with a
mitochondrial disorder and is most commonly the result of
a point mutation (m.3243A>G) [97]. These defects impair
cellular energy generation, and therefore organs that aremore
metabolically activemore frequently display clinical dysfunc-
tion.The endocrine pancreas is one such organ, thus diabetes
is seen commonly in those with mitochondrial disorders
generally. Beta cell failure with deficient insulin production
is the characteristic feature, whilst insulin resistance is only
seen in the presence of classical risk factors [98]. Most of the
patients with MIDD display an insidious onset of glycaemic
dysfunction, but occasionally more abrupt loss of beta cell
function is seen. Indeed, onemulticentre study demonstrated
ketoacidosis as the presenting feature in 8% of carriers [99].
There is a wide age range of presentation of diabetes in
carriers ranging from childhood to adulthood [96], and the
penetrance for glycaemic dysfunction approaches 100% by
the age of 70 years [100].

Deafness in MIDD is sensorineural in nature and results
from defects in the cochlear and affects the majority of
those with mitochondrial (m.3243A>G) diabetes [101]. Other
systems that are frequently defective in MIDD include cere-
brovascular (strokes, cerebral/cerebellar atrophy), opthal-
mological (macular dystrophy), cardiac (congestive cardiac
failure), nephrological (focal glomerulosclerosis), muscular
(myopathies), and endocrine systems (short stature sec-
ondary to hypothalamic dysfunction) [96]. Cellular hetero-
plasmy (i.e., a mixture of both functional and dysfunctional
with respect to mitochondrial DNA) is likely to explain

the significant variation in clinical phenotype in those who
harbour these mutations [102].

Lesson 6: Pancreatic Beta Cell Defects in Common Type 2
Diabetes Is Unknown but Is Likely to Be Multiple.Monogenic
pancreatic beta cell diabetes arising from key defects within
the insulin secretory pathway results in diabetes without the
confounding effects of obesity. Despite the contribution of
obesity in type 2 diabetes, insufficient pancreatic beta cell
function is the most likely cause. However, the site of the beta
cell defect in type 2 diabetes is not known. Most common
genetic variants identified as associated with type 2 diabetes
are within genes important for beta cell function, beta cell
development, or the regulation of beta cell mass [103] and
overlap with some of the known causes of monogenic dia-
betes. Certain monogenic subtypes of diabetes have resulted
in dramatic success of transferring from insulin therapy to
oral sulfonylurea therapy, based on the location of the genetic
defect upstream from the target of the sulfonylurea drug.
If impaired beta cell regulation of KATP channel activity or
glucokinase activity or HNF activity was the only problem in
type 2 diabetes, then its phenotype would resemble that of
patients with neonatal diabetes or GCK or HNF mutations,
which it does not. Impaired mitochondrial metabolism has
been postulated to contribute to type 2 diabetes, and an age
dependent decline in mitochondrial function might explain
why type 2 diabetes develops later in life. Collectively, the
characteristics of the various monogenic defects and the
temporary response to SU therapy observed in type 2 diabetes
suggest thatmultiple processes downstreamofmitochondrial
metabolism and the KATP channel within the pancreatic
beta cell, that regulate the amplification response to glucose
or insulin exocytosis itself are most likely involved in the
progression of type 2 diabetes [12]. The concurrent obesity-
related insulin resistance is likely to place an increased
functional demand on the beta cell and accelerate beta cell
failure as is seen in cases of severe insulin resistance.

4. Monogenic Severe Insulin Resistance

Two groups of monogenic defects have been detected in
patients with severe insulin resistancemanifested in early life,
(a) those that affect insulin signaling and (b) those that affect
adipocyte development and/or function.

4.1. Insulin Signalling Disruption

4.1.1. Insulin ReceptorMutations. Themost common group of
patients with monogenic insulin resistance have a mutation
in the insulin receptor (INSR), leading to a global reduction
of insulin receptor function in target cells. Mutations in the
INSR gene result in a clinical spectrum of disease severity
ranging frommild to severe [13]. Less severe disease is usually
caused by an autosomal dominant genemutation in the INSR
gene, in which patients present in the peri-pubertal stage
or beyond with acanthosis nigricans, dysglycemia (either
fasting hypoglycemia and postprandial hyperglycaemia or
frank diabetes) in the presence of severe hyperinsulinemia,
oligomenorrhea, and hyperandrogenism in women. In men,
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the presentation is less obviouswith only acanthosis nigricans
and sometimes fasting hypoglycaemia. Men often remain
undiagnosed even after the development of diabetes requir-
ing high doses of insulin.

The most severe disorders, caused by rare, autosomal
recessive mutations in the insulin receptor gene, result in
almost complete lack of residual insulin receptor function.
Such extreme insulin resistance is seen in patientswithDono-
hue syndrome (or leprechaunism [104, 105]) and Rabson-
Mendenhall syndrome [14]. Clinical manifestations include
intrauterine and postnatal growth restriction, fasting hypo-
glycemia, postprandial hyperglycaemia, massive hyperinsu-
linemia, impaired muscle, and adipose tissue development.
Death from intercurrent infection usually occurs inDonohue
syndrome; however, Rabson-Mendenhall syndrome differs
by the additional presence of dysplastic dentition, coarse
facial features, severe diabetic ketoacidosis, pineal hyperpla-
sia, and survival beyond infancy [106].

Patients with INSR mutation differ biochemically from
patients with more common insulin resistance associated
with the metabolic syndrome by having high levels of
adiponectin, sex-hormone-binding globulin (SHBG), and
insulin-like growth factor-binding protein 1 (IGFBP1) [107].
Adiponectin, SHBG- and IGFBP1 are all commonly reduced
in people with obesity-related insulin resistance and various
lipodystrophies, so thesemarkers are helpful diagnostically in
distinguishing those with insulin receptor dysfunction from
those with other causes of severe insulin resistance.

Lesson 7: Insulin Receptor Signalling on Pancreatic Islets Is
Not Required for Beta Cell Compensatory Response to Severe
Insulin Resistance.The severe hyperinsulinemia seen even in
those with almost complete loss of insulin receptor function
suggests that the insulin receptor on pancreatic islets is not
necessary for beta cell functioning, as has been suggested by
some studies inmice [108]. However, the pancreatic beta cells
eventually fail to compensate for severe insulin resistance and
diabetes that follows over a variable period of time from a few
days to beyond 40 years of age [13].

Lesson 8: Acanthosis Nigricans and Ovarian Hyperandro-
genism Are Likely to Be Mediated by Hyperinsulinemia Acting
through Non-Insulin Receptor Pathways.Acanthosis nigricans
(a velvety hyperpigmentation of the skin) and ovarian hyper-
androgenism (manifesting as hirsutism, oligomenorrhea, and
polycystic ovaries in women) are seen both in patients with
severe insulin receptor mutations who have reduced activity
of the insulin receptor as well as in those with common
obesity-related insulin resistance. This suggests that these
clinical features are likely to bemediated by insulin signalling
through a noninsulin receptor pathway such as by stimulating
the insulin-like growth factor-1 (IGF-1) receptor [109]. Insulin
is known to be capable of binding IGF receptors (although at
lower affinity than to the insulin receptor) so when present in
high concentrations it may bind and activate these receptors
which have been found in skin and ovaries [14, 110] (see
Figure 3(a)).

Lesson 9: Development of Fatty Liver and Dyslipidemia Is
Dependent on Adequate Insulin-Receptor Signalling. Despite

severe insulin resistance and compensatory hyperinsuline-
mia, patients with insulin receptor mutations appear to
be protected from fatty liver and atherogenic lipid pattern
[15]. This finding suggests that insulin action through the
downstream insulin receptor pathway is required to produce
these elements of insulin resistance, commonly observed
in patients with highly prevalent obesity-related insulin
resistance and hyperinsulinemia.

4.1.2. AKT2 Mutations. Surprisingly few mutations have
been identified in genes encoding the multiple downstream
components of the insulin signaling pathway. A mutation in
v-akt murine thymoma viral oncogene homolog 2 (AKT2)
has been identified accounting for the clinical features of
acanthosis nigricans, ovarian hyperandrogenism, diabetes
mellitus, and in contrast to those with insulin receptor
mutations, both metabolic dyslipidemia and fatty liver in the
proband [111]. In addition, the presence of partial lipodys-
trophy seen in AKT2 highlights the importance of AKT2 in
adipocyte differentiation as well as its role in the direct effects
of insulin signaling.

The presence of metabolic dyslipidemia and fatty liver in
those with AKT2 mutations but not in those with an insulin
receptor mutation suggests that the pathway required for
hyperinsulinemia to drive liver fat accumulation and athero-
genic very low-density lipoprotein (VLDL) secretion depends
on the insulin receptor but not on AKT2. This supports
the concept of selective postreceptor insulin resistance, also
relevant to the highly prevalent form of insulin resistance [15]
(see Figure 3(a)).

Lesson 10: Selective Postreceptor (Partial) Hepatic Insulin
Resistance Occurs in Common Metabolic Dyslipidemia rather
than Total Postreceptor Insulin Resistance. Although hyper-
insulinemia in the context of normal blood glucose is often
thought to be the hallmark of insulin resistance, the possi-
bility of partial insulin resistance was not clear until studies
of monogenic cases of insulin resistance were examined for
the effect of hyperinsulinemia on actions such as suppressing
hepatic lipogenesis [15]. It has been shown that the lipid
metabolism in patients with primary lipodystrophy, AKT2
mutations, or severe insulin resistance of unknown etiology
have exaggerated forms of metabolic dyslipidemia and fatty
liver in contrast to those with INSR mutations who did
not [15]. Those who had INSR mutations were found to
have normal hepatic de novo lipogenesis in association with
normal lipid profiles, while those with AKT2 mutations or
lipodystrophy had elevated de novo lipogenesis and liver
fat suggesting that reduced liver fat synthesis plays a key
role in the protection from dyslipidemia in patients with
insulin receptor mutations. It also supports that the signaling
pathway responsible for insulin activation of hepatic de novo
lipogenesis diverges from the insulin activation of glucose
disposal pathway proximal to AKT2 activation, which is
consistent with observations in mice [112] (see Figure 3(a)).

4.2. Monogenic Lipodystrophies. Lipodystrophy refers to het-
erogeneous disorders characterized by loss of body fat either
from discrete or generalized areas, ranging from severe to
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mild.The molecular genetic cause of many types of inherited
lipodystrophies has recently been discovered.

4.2.1. Congenital Generalized Lipodystrophy. Congenital gen-
eralized lipodystrophy (CGL) patients are recognized very
early in life due to their near-total lack of body fat and
strikinglymuscular appearance [113]. Despite lack of body fat,
diabetes, acanthosis nigricans, severe dyslipidemia (hyper-
triglyceridemia, and low high-density lipoprotein choles-
terol), and fatty liver develop commonly in the teenage years
or later. Most women have polycystic ovaries with impaired
ovulation and fertility [114, 115].

Autosomal recessive (either homozygous or compound
heterozygous) mutations in several genes have been impli-
cated in the pathogenesis of CGL. Mutations in two genes:
1-acylglycerol-3-phosphate-O-acyltransferase 2 (AGPAT2)
and Berardinelli-Seip congenital lipodystrophy 2 (BSCL2)
account for the majority of cases and were identified through
linkage analysis with positional cloning in affected families
[114, 115]. AGPAT2 is highly expressed in the adipose tissue
and is one of the critical enzymes involved in the biosynthesis
of triglyceride and phospholipids from glycerol-3-phosphate
[116]. BSCL2 is highly expressed in the brain and adipose
tissue and its protein seipin is thought to be involved in
lipid droplet formation and adipocyte differentiation [117,
118]. Patients with both AGPAT2 and BSCL2 mutation have
similar metabolic abnormalities; however, there are certain
distinguishing phenotypic differences. Higher prevalence of
mental retardation and cardiomyopathy is seen patients with
BSCL2 mutations, and the presence of lytic lesions in the
appendicular skeleton in patients withAGPAT2 likely reflects
the altered tissue expression and function of the two gene
products [119].

Autosomal recessive mutations in polymerase 1 and
transcript release factor (PTRF) [120, 121] and caveolin 1
(CAV1) [122] have also been identified in much rarer CGL
cases. PTRF is involved in the biogenesis of caveolae which
are invaginations of the plasmamembrane found inmany cell
types but particularly abundant in adipocytes, muscle, and
endothelia. PTRF regulates expression of caveolins 1 and 3,
which are proteins found within caveolae, that are required
for caveolae formation within many tissues [120]. CAV1 is an
integral component of caveolae, which binds fatty acids and
translocates them to lipid droplets [123].

Patients with BSCL2mutations have the most severe loss
of body fat including loss of fat frommechanical sites such as
retroorbital, palm, sole, and periarticular regions, in addition
to themetabolically active adipose tissue in the subcutaneous,
intra-abdominal, intrathoracic, and other regions. However,
those with AGPAT2, CAV1, and PTRF mutations do not
have loss of mechanical fat. Both PTRF and CAV1 mutation
carriers have preserved bone marrow fat, which is absent in
those with AGPAT2 and BSCL2mutations [124].

Lesson 11: Not All Fat Is Bad. Given that obesity is associated
with insulin resistance both longitudinally within individuals
and cross-sectionally between individuals, this suggests that
adipose tissue itself causes insulin resistance. However, the
exaggerated appearance of insulin resistance features in rare

patients with congenital lack of adipose tissue suggests that
a normal amount of adipose tissue is critical for metabolic
health. The different adipocyte-related cellular functions
of the various congenital generalized lipodystrophy genes
suggest that the common severe insulin resistance phenotype
(diabetes, dyslipidemia, fatty liver) seen in these disorders is
a result of the loss of adipose tissue rather than their specific
gene functions in other tissues [16].

4.2.2. Familial Partial Lipodystrophy. Thefirst gene identified
as causative of familial partial lipodystrophy (FPL) of the
Dunnigan variety was lamin A/C (LMNA) gene [125], which
remains the most common cause of FPL. LMNA encodes the
protein lamin A/C which forms part of the nuclear lamina,
andmutations have been linked tomany other disorders such
as Charcot-Marie-Tooth neuropathy, progeria syndromes,
restrictive dermopathy, limb-girdle muscular dystrophy, and
mandibulo-acral dysplasia [126]. The second gene to be
identified in FPL was in peroxisome proliferator-activated
receptor gamma (PPARG), which is a nuclear hormone
receptor most highly expressed in adipose tissue [127]. It
is important in adipocyte differentiation and the target of
thiazolidinediones class of diabetes medications. Since then,
further genes have been identified including AKT2 [111],
cell-death inducing DFFA-like effector c (CIDEC) [128],
and perilipin 1 (PLIN1) [129]. Both CIDEC and PLIN1 are
important in lipid droplet dynamics and regulate triglyceride
mobilization.

In all these FPLs, the failure of fat development is often
not manifested until puberty and women are much more
severely affected than men. This may relate to the higher
adiposity seen in females than males, particularly with the
onset of puberty. The phenotypic heterogeneity between the
various genetic types of FPL is not clear; however, the partial
loss of subcutaneous fat from the extremities is seen in all
types. In the LMNA variety, the trunk is also affected but
face and neck are spared, while there is preserved abdominal
fat in the remaining types [124]. Despite this heterogeneity
in truncal sparing of fat and overall less loss of body fat
compared to CGL, the metabolic derangements in terms
of diabetes, fatty liver, and dyslipidemia are similar among
the different forms of FPL and comparable to that observed
in CGL, yet more severe than that observed with common
obesity-related metabolic syndromes.

The lipodystrophies suggest that there is a critical amount
of adipose tissue required for buffering episodic excess caloric
intake by serving as a sump for free fatty acids and glucose.
Loss of this capacity produces increased uptake in other
metabolically less suited tissues such as liver, muscle, and
pancreatic beta cells where harmful effects include fatty
liver, dyslipidemia, and loss of insulin sensitivity and insulin
secretion. An exacerbating factor may include the loss of
adipocyte-tissue-derived leptin which signals adequacy of
adipose tissue to the brain. Loss of leptin in CGL (and to a
less extent FPL) suggests that whole body energy stores are
low and leads to compensatory hyperphagia. The resulting
increase in ingested calories worsens systemic metabolic
stress. Proof of this has been illustrated by the dramatic
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Figure 3: (a) Model of partial insulin resistance within different tissues highlighted by those carrying the insulin receptor mutation who
have very high levels of circulating insulin which is able to bind to the insulin-like growth factor-1 (IGF1) receptor and stimulate the
development of polycystic ovaries and acanthosis nigricans. In contrast to those with AKT2 (v-akt murine thymoma viral oncogene homolog
(2) mutations and those with common obesity-related insulin resistance, those with insulin receptor mutations do not have fatty liver
or suppression of insulin-like growth factor binding protein 1 (IGFBP1) or sex hormone binding globulin (SHBG) or adiponectin, which
most likely requires active signaling through the nonglucose metabolism arms of the insulin receptor substrate (IRS) downstream pathway.
(b) Tissue expandability theory model represents the individual set point up to which adipose tissue can be expanded without metabolic
morbidity, which is likely to depend on genetic factors.The two curves represent the relationship of increasing bodyweight to reducing insulin
sensitivity; however, the curve on the left represents the extremely limited adipose expandability in those who have a geneticmutation causing
lipodystrophy, while those who have common obesity-associated reduction in insulin sensitivity have a more rightward shifted curve.

efficacy of leptin replacement in patients with most lipodys-
trophies [130, 131].

The rare lipodystrophy syndromes support the adipose
expandability hypothesis [132, 133]. This proposes that indi-
viduals have a fixed capacity for adipose tissue expansion to
cope with excess energy consumption (very low in those with
lipodystrophy but very high in those with morbid obesity
without associated features of metabolic syndrome). With
chronic consumption of excess calories, this threshold is
exceeded (quickly in those with lipodystrophy and more
slowly in most people with common metabolic syndrome),
and fat is forced to accumulate in other organs such as
the liver, skeletal muscle and pancreatic beta cells where
they result in fatty liver, dyslipidemia, insulin resistance, and
diabetes [13] (see Figure 3(b)).

5. Conclusions

The observation that loss of function of certain genes in
humans leads to either severe obesity, early diabetes, or
severe insulin resistance (with or without lipodystrophy) is
very powerful in illustrating how defects in specific encoded
proteins located predominantly in the brain, pancreatic beta
cell, muscle, and or fat give rise to these distinct components
of themetabolic syndrome.They challenge the view that envi-
ronmentally driven obesity leads to insulin resistance which
leads to type 2 diabetes, as supported bymany cross-sectional
and longitudinal epidemiological studies. The monogenic
disorders provide particular insights that (1) there are clear
biological driven origins of obesity affecting appetite, which
predisposes to insulin resistance and type 2 diabetes, (2)

specific defects in pancreatic beta cell function predispose to
diabetes in absence of either obesity or insulin resistance, and
(3) specific defects in insulin signaling or fat storage capacity
can lead to severe insulin resistance in absence of obesity,
which leads to diabetes through pancreatic exhaustion.

All single-gene defects discovered to be responsible for
human obesity have been identified to impact on appetite
[134]. Common genetic variants predisposing to obesity
appear to affect the same processes [135]. This suggests that
although the recent obesogenic environment has resulted
in an overall tendency to gain weight in all, interindividual
differences in susceptibility to this environment may have a
biological explanation (likely through differences in satiety),
rather than necessarily a moral explanation through con-
scious individual efforts to diet and exercise [30].

Various monogenic pancreatic beta cell diabetes arising
from key defects within the insulin secretory pathway results
in diabetes, manifesting from early infancy to early adult-
hood. Certain monogenic subtypes of diabetes have resulted
in dramatic success of transferring from insulin therapy to
oral sulfonylurea therapy, based on the location of the genetic
defect upstream from the target of the sulfonylurea drug.The
confounding effects of obesity are less important in these
disorders, so it is possible to translate some of these findings
to the etiology of type 2 diabetes. Common genetic variants
predisposing to type 2 diabetes have been identified in many
beta cell targets overlappingwith known causes ofmonogenic
diabetes [103]. Current evidence favours that insufficient
glucose-stimulated insulin secretion is primarily responsible
for type 2 diabetes; however, the site of the beta cell defect
in type 2 diabetes is not known. Collectively, the monogenic
diabetes phenotypes and the temporary response of type
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2 diabetes to SU therapy suggest that multiple processes
downstream of mitochondrial metabolism and the KATP
channel within the pancreatic beta cell, that regulate the
amplification response to glucose or insulin exocytosis itself,
is involved in type 2 diabetes [12]. The associated obesity-
related insulin resistance in type 2 diabetes is likely to place an
increased functional demand on the beta cell and accelerate
beta cell failure, as is seen in cases of severe insulin resistance.

In contrast to insulin resistance commonly observed in
relation to obesity, patients with monogenic defects resulting
in severe insulin resistance occur in absence of obesity or in
the presence of generalized or regional lack of adipose tissue.
Such lipodystrophic patients from diverse genetic etiologies
in fat metabolism have a defect of triglyceride storage in
adipose tissue, which results in lipid accumulation elsewhere
in the body. This leads to severe insulin resistance associated
with the usual accompanying characteristics of fatty liver
and atherogenic dyslipidemia. At a more direct level, those
who have a defect in their insulin receptor have very high
levels of insulin resistance and frequently develop diabetes
from compensatory beta cell exhaustion, yet are protected
from fatty liver and atherogenic dyslipidemia. Patients with
insulin receptor defects also differ biochemically from other
types of insulin resistance by displaying elevated adiponectin,
IGFBP1, and SHBG, which are all commonly suppressed
in common insulin resistance or lipodystrophy-associated
severe insulin resistance. This highlights the mechanisms
behind partial insulin resistance or postreceptor selective
defect in signaling through one arm of the insulin signaling
pathway evident in common obesity-related insulin resis-
tance.

Several monogenic disordersmanifesting the key compo-
nents of the metabolic syndrome have enabled us to unravel
the pathogenic link between the defined molecular defect
(or groups of defects) and obesity, early diabetes, or severe
insulin resistance, each without the confounding effects of all
the other components. Moving forward, we should continue
to discover additional monogenic causes for the remaining
portion of patients with severe disorders who currently do
not have any defined etiology, which will not only help
improve theirmanagement butmay uncover future novel and
therapeutic targets for the increasingly common metabolic
syndrome.
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Acylation stimulating protein (ASP) is an adipokine derived from the immune complement system,which stimulates fat storage and
is typically increased in obesity, type 2 diabetes, and cardiovascular disease. Using a diet-induced obesity (DIO) mouse model, the
acute effects of ASP on energy metabolism and inflammatory processes in vivo were evaluated. We hypothesized that ASP would
specifically exert proinflammatory effects. C57Bl/6 wild-type mice were put on a high-fat-high-sucrose diet for 12 weeks. Mice
were then subjected to both glucose and insulin tolerance tests, each manipulation being preceded by recombinant ASP or vehicle
(control) bolus injection. ASP supplementation increased whole-body glucose excursion, and this was accomplished with reduced
concomitant insulin levels. However, ASP did not directly alter insulin sensitivity. ASP supplementation induced a proinflammatory
phenotype, with higher levels of cytokines including IL-6 and TNF-𝛼 in plasma and in adipose tissue, liver, and skeletal muscle
mRNA. Additionally, ASP increased M1 macrophage content of these tissues. ASP exerted a direct concentration-dependent role
in the migration andM1 activation of cultured macrophages. Altogether, the in vivo and in vitro experiments demonstrate that ASP
plays a role in both energy metabolism and inflammation, with paradoxical whole-body glucose-sensitizing yet proinflammatory
effects.

1. Introduction

The past decades of obesity research have seen a change
of paradigm. Adipose tissue was once labeled as a passive
storage organ, while obesity comorbidities were predomi-
nantly linked with energy metabolism disorders. Currently,
it is widely recognized that adipose tissue also plays a major
endocrine role and that progressive metabolic diseases such
as type 2 diabetes and atherosclerosis manifest a strong
immune component. Moreover, molecules secreted by the
expanding adipose tissue modulate systemic inflammation
and contribute heavily to the pathology of the aforemen-
tioned diseases [1].

Acylation stimulating protein (ASP), identical to
C3adesArg, is a protein generated through the alternative
complement pathway of the immune system [2]. C3a/C3a-
desArg is rapidly produced during acute immunological

responses such as bacterial infection, which triggers the
classical or lectin pathways of the complement system.
However, in the absence of acute immune response, sponta-
neous activation of the alternative pathway of complement,
mediated through adipsin, factor B, and complement C3
convertase, leads to the generation of C3a. C3a is rapidly
desarginated by carboxypeptidase B or N to generate C3a-
desArg, termed ASP based on its specific metabolic effects.
ASP acts through its only known receptor, C5L2. This
7-transmembrane receptor is widely expressed, with expres-
sion in tissues such as liver, muscle, adipose tissue, immune
cells, and brain, and C5L2 shares significant homology with
other complement receptors such as C3a receptor and C5a
receptor [3].

In vitro, the functional role of ASP/C3adesArg has been
extensively studied on adipocytes. Its primary effect is the
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promotion of fat storage, accomplished by increasing diacyl-
glycerol acyltransferase activity [4] and GLUT4 translocation
[5, 6], which drive fatty acid and glucose uptake into cells
and provide the substrates for triglyceride synthesis. These
effects have been shown to be independent and additive to
those of insulin [7]. In adipocytes, ASP action is mediated
through activation of PI3kinase, phospholipases C and A2,
Akt phosphorylation, and protein kinase C [8].

The presence of C5L2 is required for ASP response in
adipocytes [9–12], but in other cell types, the interaction of
ASP with C5L2 remains controversial. However, C5a is also
a ligand for both C5L2 and C5aR [13–15]. While C3a binds
C3a receptor (C3aR), initiating a potent proinflammatory
signaling cascade, C3adesArg does not bind C3aR, and it has
canonically been considered as an inert fragment, indicative
of complement system activation, and subsequent proteolytic
cleavage of C3a [16]. However, C3adesArg has also been
shown to be implicated in several immune processes, with
less potency than C3a [17–20]. For example, C3adesArg
retains indirect chemotactic properties on hematopoietic
cells [19] and can also induce cytokine secretion by cultured
macrophages and modulate liver regeneration [20].

ASP has been shown to possess a metabolic role in both
humans and rodents. Acute postprandial production of ASP
within the adipose tissue bed has been demonstrated in
human studies, and this acute production directly correlates
with dietary fatty acid uptake into adipose tissues [21, 22].
By contrast, ASP levels are chronically increased in obesity,
type 2 diabetes, and cardiovascular diseases in humans [23],
and higher circulating levels of fasting ASP in humans are
associated with a delayed clearance of postprandial triglyc-
eride [24]. This suggests that acute ASP responses may be
very different from the metabolic profile associated with
chronically elevatedASP, and the exact consequences of acute
versus chronic ASP in these diseases remain unclear.

The aim of the present study was to assess the effects
of acute ASP administration on in vivo glucose metabolism
and rapid inflammatory responses in a diet-induced obesity
(DIO) mouse model. We hypothesized that ASP could mod-
ulate both adipose inflammation and alter systemic glucose
disposal.

2. Materials and Methods

2.1. Animals. Male C57Bl/6 wild-type mice were obtained
through breeding in our internal colony. All mice were
individually housed in a sterile barrier facility with a 12 h light
12 h dark cycles. At 8 weeks, mice were placed on high-fat-
high-sucrose (HF/HS) diet (58% kcal fat D12331; Research
Diets Inc., New Brunswick, NJ, USA) for 12 weeks. All mice
were weighed and randomly separated into two groups of
equal body weight at week 11. Throughout the study, treated
mice received a total of three ASP doses (high physiological)
intraperitoneally (1.5 𝜇g/g body weight), and control mice
received three PBS (vehicle) injections at the following times:
(i) before glucose tolerance test (GTT) early week 11, (ii)
ITT late week 11, and (iii) GTT sacrifice week 12, with a
minimum of 5 days recovery between each injection. Blood

was collected through cardiac puncture, and tissues were
harvested and immediately frozen in liquid nitrogen. Tissues
were subsequently transferred to−80∘Cand stored for further
analysis. All protocols were approved and were conducted
in accordance with the Canadian Council of Animal Care
(CCAC) guidelines and approved by the Laval University
Animal Care Committee.

2.2. Recombinant ASP. Recombinant human ASP was pre-
pared as previously described, using a Ni2+-Sepharose col-
umn for initial purification via binding to the 6XHis-tag
sequence at the amino-terminal, followed by HPLC purifi-
cation as described in detail elsewhere [25]. No denaturing
agents were used at any step in the purification to avoid
ASP inactivation. Recombinant ASP purity was assessed with
mass spectrometry and was endotoxin-free as evidenced by
the Limulus amebocyte lysate (LAL) endotoxin assay (Lonza,
Walkersville, MD).

2.3. Plasma Analysis. Blood was collected through cardiac
puncture. Plasma triglycerides, non-esterified fatty acids
(NEFA), and glucoseweremeasured using colorimetric enzy-
matic kits as follows: plasma triglyceride (Roche Diagnostics,
Richmond, VA, USA), NEFA (Wako Chemicals, Richmond,
VA, USA), and glucose (Sigma, Saint Louis, MO, USA). IL-6,
IL-10, G-CSF, GM-CSF, KC, MCP-1, MIP-1𝛼, TNF-𝛼, insulin,
leptin, and PAI-1 were measured using suspension bead array
immunoassay kits following themanufacturer’s specifications
(Bio-Plex Pro Mouse Cytokine Assay 23-plex and Bio-Plex
Pro Mouse Diabetes Assay 8-plex, Biorad, Mississauga, ON,
Canada) on a Bio-Plex series 100 instrument (BioRad,Missis-
sauga,ON,Canada), and information on intra- and interassay
CVs IS provided by the manufacturer and is freely available.

2.4. Glucose and Insulin Tolerance Tests. A glucose tolerance
test (GTT) was performed on mice (at week 11 of their diet)
after an overnight fast. Following an intraperitoneal glucose
injection (2mg/g body weight) supplemented with/without
ASP (1.5 𝜇g/g body weight), blood samples were taken at
0, 15, 30, 60, and 90 min. Mice were allowed 5 days to
recover. An insulin tolerance test (ITT) was then performed
following a 4-hour fast. Blood samples were taken at 0, 15,
30, 60, and 90 min after an intraperitoneal insulin injection
(1mU/g of body weight) supplemented with/without ASP
(1.5 𝜇g/g body weight) as indicated. Glucose was measured
using a colorimetric enzymatic kit (Sigma, Saint Louis, MO,
USA), while insulin was measured using a RIA kit (Linco, St.
Charles, MO, USA), and information on intra- and interassay
CVs is provided by the manufacturer and is freely available.

2.5. Tissue Glucose Uptake. At the end of the 12-week diet
protocol, overnight-fasted mice received an intraperitoneal
injection of glucose (2mg/g body weight) supplemented with
radioactive deoxyglucose (0.5𝜇Ci (3H) deoxyglucose/g of
body weight) and ASP (1.5 𝜇g/g body weight) and were euth-
anized exactly 2 hours later. Radioactive glucose uptake in
visceral adipose tissue, muscle, and liver was evaluated using
(3H) deoxyglucose tracer uptake in tissue homogenates. Raw
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Table 1: Real-time qPCR primers.

F4-80 forward CTTTGGCTATGGGCTTCCAGTC
F4-80 reverse GCAAGGAGGACAGAGTTTATCGTG
CD11c forward CTGGATAGCCTTTCTTCTGCTG
CD11c reverse GCACACTGTGTCCGAACTC
CD163 forward GGGTCATTCAGAGGCACACTG
CD163 reverse CTGGCTGTCCTGTCAAGGCT
IL-6 forward GAGGATACCACTCCCAACAGACC
IL-6 reverse AAGTGCATCATCGTTGTTCATACA
KC forward TCTCCGTTACTTGGGGACAC
KC reverse CCACACTCAAGAATGGTCGC
MCP-1 forward ATTGGGATCATCTTGCTGGT
MCP-1 reverse CCTGCTGTTCACAGTTGCC
MIP-1𝛼 forward GTGGAATCTTCCGGCTGTAG
MIP-1𝛼 reverse ACCATGACACTCTGCAACCA
PAI-1 forward GCCAGGGTTGCACTAAACAT
PAI-1 reverse GCCTCCTCATCCTGCCTAA
TNF-𝛼 forward CATCTTCTCAAAATTCGAGTGACAA
TNF-𝛼 reverse TGGGAGTAGACAAGGTACAACCC
Quantitative real-time PCR primer sequences used in evaluation of expres-
sion.

dpm results were corrected for total protein content (muscle
and liver) or weight (adipose tissue) and are expressed as
relative deoxyglucose uptake.

2.6. Tissue Lipid. Adipose tissue, liver and muscle triglyc-
erides, and NEFA were extracted from tissues using hep-
tane : isopropanol (3 : 2). The organic extract was transferred,
while the remaining tissue (liver and muscle) was air
dried, dissolved in 0.3N NaOH, and assessed for protein
content using the Bradford method (Bio-Rad, Mississauga,
ON, Canada). Organic extracts were lyophilized, and lipids
were redissolved in 10% Triton X-100 aqueous solution.
Triglycerides and NEFA were measured using commercial
colorimetric kits as described above. Results are expressed as
𝜇moles of triglycerides or NEFA per gram (g) of protein.

2.7. Real-Time Quantitative PCR. Tissue or cell mRNA was
extracted, purified, and reverse transcribed into cDNA using
RNeasy Mini Kits or RNeasy Lipid Tissue Mini Kits and
QuantiTect Reverse Transcription Kits (Qiagen, Gaithers-
burg, MD, USA). mRNA for F4-80, CD11c, CD163, IL-
6, KC, MCP-1, MIP-1𝛼, PAI-1, and TNF-𝛼 was quantified
using custom primers (Table 1). Relative gene expression was
calculated and corrected using GAPDH (QuantiTect Primer
Assay, Qiagen, Gaithersburg, MD, USA) as housekeeping
gene. All procedures followed themanufacturer’s instructions
and minimum information for publication of quantitative
real-time PCR experiments (MIQE) guidelines [26].

2.8. Macrophage Migration. Macrophage migration was
assessed usingQCMChemotaxis 5𝜇M24-well cell migration
assay (Millipore, Billerica, MA, USA) following themanufac-
turer’s instructions. Briefly, confluent RAW 264.7 cells were

harvested and resuspended in serum-free media, and 1 × 106
cells were added to each insert. Adipocyte-conditionedmedia
was obtained by incubating 3T3-L1 differentiated adipocytes
overnight in serum-free DMEM/F12. 3T3-L1-conditioned
media or serum-free medium control was then added to the
lower chambers, with or without ASP (50 nM or 200 nM).
Cells were incubated for 20 hours at 37∘C in a CO

2
incubator.

Macrophages that migrated through the membrane were
quantified following the manufacturer’s instructions.

2.9. Macrophage Polarization. RAW 264.7 cells were seeded
in 25 cm2 flasks (1 × 106 cells per flask) in DMEM/F12 with
10% FBS medium. Cells were incubated for 24 h to permit
attachment and cultured to reach 80% confluence. Flasks
were then subjected to a combination of a polarization treat-
ment with/without a fixed ASP concentration. Polarization
treatments were as follows: Control treatment consisted of
serum-free media; M1-polarization treatment consisted of
100 ng/mL LPS and 100 ng/mL of IFN-𝛾; M2-polarization
treatment consisted of 10 ng/mL of IL-4 and 10 ng/mL of IL-
13. Concentrations of ASP used in conjunction with each
treatment were 0 nM (baseline), 50 nM (low physiological),
and 200 nM (high physiological). Cells were incubated 6
hours at 37∘C in a CO

2
incubator. After incubation, cells were

immediately lysed, and mRNA was extracted.

2.10. Statistical Analysis. Results are expressed as mean ±
SEM. Groups were compared using the appropriate statistical
test, either one-way ANOVA with linear trend post hoc test,
two-wayANOVAwith Student-Newman-Keuls post hoc test,
or 𝑡-test using Prism 5.0 software (GraphPad, CA, USA).
Statistical significance was set as 𝑃 < 0.05, where ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 and where 0.05 < 𝑃 < 0.1 was

considered a tendency.

3. Results

3.1. ASP Injections Did not Alter Body Weight or Food Intake.
Mice were injected with high-physiological doses of ASP
at the indicated time periods, as described in the methods.
No change in body weight or food intake between ASP-
treated animals and controls was recorded during the 12-week
treatment period.

3.2. ASPAlters Substrate Partitioning. An intraperitoneal glu-
cose tolerance test (GTT) with/without ASP was performed.
The recombinant ASP dose was chosen to represent a high-
physiological concentration of endogenous ASP, such as seen
in severely obese individuals [22]. Glucose and insulin levels
were monitored throughout a 90-minute timeframe after
the injection (Figure 1). A more efficient glucose clearance
was achieved with acute ASP supplementation (Figure 1(a),
𝑃 < 0.05). Concomitant insulin levels showed a statistical
tendency to be lower in the ASP-treated mice (Figure 1(b),
𝑃 = 0.08). In order to assess if ASP acutely influenced insulin
sensitivity, an intraperitoneal insulin tolerance test (ITT) was
performed in the same animals, supplemented or not with
ASP. No difference in insulin-mediated glucose response was
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Figure 1: Glucose excursion is altered by ASP. Glucose with/without ASP was administered, and plasma glucose and insulin were measured
over 90 minutes. Glucose levels are shown in (a) and concomitant insulin levels in (b). Incremental area under the curve for each graph is
shown in the insert. Data are presented for glucose (mmol/L, (a)) and insulin (ng/mL, (b)). Results are expressed as mean ± SEM where
differences versus controls (vehicle) are expressed as ∗𝑃 < 0.05, with 𝑛 = 7-8 per group.
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Figure 2: ASP affects substrate partitioning. Relative 3H-deoxyglucose uptake in adipose tissue (AdT), liver and skeletal muscle is shown in
(a). Relative nonesterified fatty acid content of liver, and skeletal muscle is shown in (b). Results are expressed as relative absorption or content
compared with controls (vehicle) which are set as 1.0. Results are expressed as mean ± SEM where differences versus controls (vehicle) are
expressed as ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01, with 𝑛 = 7-8 per group.

detected in mice treated acutely with/without ASP (data not
shown).

A GTT with (3H) deoxyglucose supplemented with/
without ASP was used to evaluate ASP effects on glucose
uptake in specific tissues. Acute ASP treatment altered glu-
cose uptake in a tissue-specific fashion; tissues relying mostly
on active transport showed increased or tended to increase
glucose uptake (adipose tissue, 𝑃 = 0.08, and skeletal muscle,

𝑃 < 0.01), while the liver, relyingmainly on passive transport,
exhibited lower glucose uptake (𝑃 < 0.01), as shown in
Figure 2(a).

Acute ASP treatment did not alter muscle or liver triglyc-
eride (data not shown). However, cellular NEFA content was
increased in skeletal muscle (𝑃 < 0.05) and reduced in liver
(𝑃 < 0.05), as seen in Figure 2(b). Circulating NEFA was
decreased as well (𝑃 < 0.05) (Table 2).
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Table 2: Plasma lipids and cytokines.

Cytokine (unit) Control (𝑛 = 8) ASP (𝑛 = 7)
TG (mmol/L) 1.2 ± 0.2 1.1 ± 0.1

NEFA (mmol/L) 0.76 ± 0.07 0.53 ± 0.04
∗

IL-6 (pg/mL) 1.8 ± 0.9 22.8 ± 3.7
∗∗∗

IL-10 (pg/mL) 6.8 ± 2.3 18.6 ± 4.8
#

G-CSF (pg/mL) 38.8 ± 7.7 70.2 ± 12.9
#

GM-CSF (pg/mL) 14.3 ± 2.5 29.3 ± 5.9
∗

KC (pg/mL) 65.3 ± 12.2 403.4 ± 95.1
∗∗

MIP-1𝛼 (pg/mL) 3.2 ± 0.7 6.76 ± 1.2
∗

TNF-𝛼 (pg/mL) 39.6 ± 4.4 105.0 ± 24.1
∗

PAI-1 (ng/mL) 827 ± 167 1382 ± 84
∗∗

Leptin (𝜇g/mL) 16.1 ± 4.0 6.5 ± 2.2
∗

Plasma characteristics of mice, with/without ASP injection. Plasma lipids
and cytokines were compared by 𝑡-tests. Results are expressed asmean± sem
where #
𝑃 = 0.08, ∗𝑃 < 0.05, and ∗∗𝑃 < 0.01.

3.3. ASP Increased Plasma Cytokine Concentrations and Al-
tered Liver and Adipose Tissue Cytokine Expression. The
ASP bolus also induced acute changes in adipokine and
cytokine profiles. Plasma leptin was reduced, while several
inflammation-related cytokines including IL-6, IL-10, PAI-
1, TNF-𝛼, KC, and MIP-1𝛼 were significantly increased
(Figure 3(a), Table 2). mRNA levels for these same cytokines
were evaluated in liver and adipose tissue, with increased
expression of IL-6, KC, TNF-𝛼, and MCP-1 in both tissues
and increased MIP-1𝛼 and PAI-1 in liver (Figure 3(a)). A
global inflammatory phenotype is clearly induced by acute
ASP injection in obese mice, mediated by both adipose tissue
and liver changes.

3.4. Macrophage Infiltration and Polarization Is Influenced by
ASP. Macrophage infiltration and polarization were evalu-
ated in adipose tissue, skeletal muscle, and liver. As shown in
Figure 3(b), macrophage marker F4/80 was not significantly
altered by ASP treatment, although it tended to increase in
the skeletal muscle (𝑃 = 0.07). No change was seen in anti-
inflammatory M2 polarization marker (CD163). However,
in all tissues, proinflammatory M1 polarization marker was
significantly higher or tended to increase (adipose tissue, 𝑃 <
0.05, skeletal muscle, 𝑃 = 0.07, liver, 𝑃 = 0.10), suggesting
a preferential activation of infiltrating macrophages to an
M1 phenotype with acute ASP treatment. In order to
further investigate the direct role of ASP in the physio-
logical changes observed in mice, in vitro effects of ASP
on macrophage migration and polarization in RAW 264.7
macrophages were evaluated. ASP showed dose-dependent
chemoattractant migration properties when incubated alone
with macrophages (Figure 4(a)), and these effects were
further additive to those of 3T3-L1 adipocyte-conditioned
media. ASP by itself had very limited capacity to induce
macrophage M1 or M2 phenotype polarization (Figures 4(b)
and 4(c)). However, RAW 264.7 macrophages treated with
INF-𝛾 and LPS to stimulate M1 polarization, as assessed
by CD11c mRNA expression (Figure 4(b)), showed further
M1 polarization with ASP treatment, in a dose-dependent
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Figure 3: ASP induces proinflammatory effects in vivo. Relative
plasma levels, adipose tissue, and liver mRNA content of several
cytokines are shown in (a), for mice that were injected with ASP
as compared to controls (PBS as vehicle). For the same animals,
relative mRNA levels of total macrophages marker (F4/80), M1
macrophagesmarker (CD11c), andM2macrophagemarker (CD163)
within adipose tissue, liver, and muscle are shown in (b). Results
are expressed as relative concentration or expression compared with
controls (vehicle) which are set as 1.0. Results are expressed as mean
± SEMwhere differences versus controls are expressed as #

𝑃 = 0.08,
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001, with 𝑛 = 7-8 per group.

fashion (Figure 4(b)). By contrast, while treatment with IL-
4 and IL-13 increased M2 polarization, as assessed through
CD163 mRNA expression (Figure 4(c)), ASP did not further
enhance this effect.

4. Discussion

In the present study, the inflammatory role of acute high-
physiological ASP administration in a context of established
obesitywas evaluated. Previous studies have focused either on
the metabolic role of ASP in adipocytes or the immune role
of ASP/C3adesArg in immune cells. This study examines a
broader,more integrative physiological role ofASP.This study
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Figure 4: ASP induces proinflammatory effects in vitro. In (a), in vitro chemoattractive effects of three concentrations of ASP combined or
not with adipocyte conditionedmedia onmacrophages are shown. ASP effects onmacrophage polarization toM1 phenotype are shown using
M1 macrophage marker CD11c in (b) while ASP effects on M2 polarization are shown using M2 macrophage marker CD163 in (c). Results
are expressed as relative expression or migration compared with Controls. Results are expressed as mean ± SEM where differences versus
Control are expressed as #

𝑃 = 0.08, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, with 𝑛 = 4. & are used in (a) to indicate a 𝑃 < 0.05 significant
difference in between 200 nM and 50 nMASP concentration effect. Arrows are used to indicate a significant linear trend by ANOVA analysis
where ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001.

clearly demonstrated that ASP/C3adesArg acutely enhances
glucose-insulin clearance mechanisms in spite of its acute
paradoxical in vivo and in vitro proinflammatory effects.

One advantage of the current study is that acute ASP
effects rather than chronic effects were evaluated. In pre-
vious studies, effects of chronic administration of ASP
were evaluated in either C3KO or wild-type mice [27, 28],
demonstrating effects on decreased insulin sensitivity, weight
gain, and lipid/glucose metabolism. However, it is difficult
to establish whether these effects are direct or indirect or

a consequence of resistance induced by chronic stimulation.
Similar concerns are an issue in knockoutmicemodels where
the proinflammatory effects [27, 29] may result from indirect
disruptions in the immune system. Specifically, C3KO mice
lackASP but also lack an active complement system; C5L2KO
mice lack ASP/C5L2 interaction but also lack C5a/C5L2
interaction which could disrupt the balance in C5a/C5aR-
mediated effects.

The results shown in this study are not consequent to
changes in body weight or food intake, which could have
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been confounding factors.We can therefore directly relate the
changes observed to acute bolus ASP-mediated effects. The
dose of ASP used was high physiological-pathological, as it
theoretically could increase circulating ASP levels in obese
mice by up to tenfold (from 400 nM to 4,2 𝜇M) and would
mimic the high concentration of ASP generated following an
acute immune activation of the complement system or seen
in obese individuals. The most striking results obtained are
the rapid, global increases in plasma inflammatory cytokines
and the M1 polarization of tissue macrophages upon acute
ASP treatment. We show additional in vitro evidence that
supports a direct role for ASP in macrophage recruitment
and M1 activation that is additive to classic cytokine effects.
Notwithstanding the demonstrated proinflammatory ASP
effects, acute ASP enhances plasma glucose excursion in DIO
mice, with increased uptake into skeletal muscle and adipose
tissue and reduced liver glucose uptake, and this effect is
mediated in the presence of lower circulating insulin levels.
While this could point towards increased insulin sensitivity,
we also demonstrated that a single acute dose of ASP does
not directly alter insulin sensitivity. We therefore speculate
that the known in vitro activating effect of ASP on GLUT4
translocation in adipocyte and muscle cells [6] could explain
the increase in muscle and adipose tissue glucose uptake,
while passive concentration-dependent uptake in the liver,
relying mostly on GLUT2 transporters, would indirectly be
lowered.

Our study, while demonstrating intriguing novel prop-
erties of ASP, is also consistent with previously published
results. Chronic ASP supplementation decreased plasma
NEFA, as in the present study [28]. An acute ASP bolus, on
the other hand, has been shown to increase glucose excursion
following a fat load [30], while C5L2−/− (ASP receptor)
deficient mice showed delayed glucose clearance [12]. Addi-
tionally, the potential chemoattractive role proposed for ASP
[19, 20] has been demonstrated specifically in this study. He
et al. also showed that high levels of ASP increased TNF-
𝛼 and IL-6 liver expression [20]. We demonstrate here that
this phenotype is also present in other tissues as well as
in the circulation and extends to other major cytokines.
By contrast, leptin levels were acutely decreased by ASP
bolus. This effect could be potentially linked with the reduc-
tion of insulin secretion, a well-known stimulator of leptin
release.

Inflammation and macrophage recruitment are inherent
components of several biological systems related to tissue
injury and infections and are beneficial in the short term.
At the same time, the capacity of immune cells to exert
their respective functions is modulated by their metabolic
status. To label ASP acute effects as deleterious because of the
proinflammatory capacities is likely an oversimplification of
a potentially complex process. Certain cytokines exhibit both
proinflammatory and glucose-sensitizing effects, while others
have dual roles (that are either concentration dependent or
time dependent) in immunity. Adiponectin is a well-known
adipokine that improves insulin sensitivity but has been
shown to exert both anti-inflammatory and proinflammatory
effects, depending on the context [31]. IL-6 is another prime
example of a cytokine with paradoxical effects; IL-6 increases

glucose excursion through a short-term insulin-sensitizing
process in spite of its role in inflammation [32, 33]. Long-
term exposure to IL-6may then, paradoxically, induce insulin
resistance [34].

Humans with obesity, type 2 diabetes, and cardiovas-
cular disease have been shown to exhibit higher chronic
plasma ASP levels [2]. These morbidities are associated with
macrophage infiltration and M1 polarization within several
tissues. However, even in the absence of chronically increased
ASP, adipose tissue acutely increases local ASP production
postprandially [21, 22]. Thus, the response to an acute
increase versus chronically elevated levels may differ andmay
depend on the concomitant diet (such as high-fat and high-
sucrose diet). While it has been suggested that C3adesArg
is simply an inactive immune by-product representative of
complement activation, we clearly demonstrate in this study a
direct role of ASP within these inflammatory processes. The
relative contribution of acute ASP-stimulated inflammation
in obesity-related diseases remains to be investigated. As with
several signaling pathways in obesity, it could be that chronic
substrate overload leads to excessive activation of the ASP
signaling pathway, eliciting a deleterious response that could
exacerbate the development of comorbidities through a low-
grade proinflammatory phenotype transition [3].

5. Conclusion

The present study sheds new light on the dual role of ASP
in energy metabolism and inflammation. ASP exhibits both
substrate storage and proinflammatory properties that have
been strongly associated with several pathologies. Effectively,
neutralizing a hormone that can be both produced locally
and acts locally represents a strong pharmaceutical challenge.
A TNF-𝛼 inhibitor, for example, failed at altering insulin
sensitivity in a human cohort [35]. Additional studies on
C5L2, the only known receptor for ASP, are needed to better
understand ASP-C5L2 signal transduction and to assess the
potential of C5L2 as a pharmaceutical target in obesity and
metabolic syndrome.
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Mélanie Cianflone, for paper preparation.

References

[1] E.Maury and S.M. Brichard, “Adipokine dysregulation, adipose
tissue inflammation and metabolic syndrome,” Molecular and
Cellular Endocrinology, vol. 314, no. 1, pp. 1–16, 2010.

[2] K. Cianflone, Z. Xia, and L. Y. Chen, “Critical review of
acylation-stimulating protein physiology in humans and ro-
dents,”Biochimica et Biophysica Acta—Biomembranes, vol. 1609,
no. 2, pp. 127–143, 2003.

[3] A. Fisette and K. Cianflone, “The ASP and C5L2 pathway:
another bridge between inflammation and metabolic home-
ostasis,” Clinical Lipidology, vol. 5, no. 3, pp. 367–377, 2010.

[4] Z. Yasruel, K. Cianflone, A. D. Sniderman, M. Rosenbloom, M.
Walsh, and M. A. Rodriguez, “Effect of acylation stimulating
protein on the triacylglycerol synthetic pathway of human
adipose tissue,” Lipids, vol. 26, no. 7, pp. 495–499, 1991.

[5] M. Maslowska, A. D. Sniderman, R. Germinario, and K.
Cianflone, “ASP stimulates glucose transport in cultured human
adipocytes,” International Journal of Obesity, vol. 21, no. 4, pp.
261–266, 1997.

[6] Y. Tao, K. Cianflone, A. D. Sniderman, S. P. Colby-Germinario,
and R. J. Germinario, “Acylation-stimulating protein (ASP)
regulates glucose transport in the rat L6 muscle cell line,” Bi-
ochimica et Biophysica Acta—Lipids and Lipid Metabolism, vol.
1344, no. 3, pp. 221–229, 1997.

[7] V. Van Harmelen, S. Reynisdottir, K. Cianflone et al., “Mecha-
nisms involved in the regulation of free fatty acid release from
isolated human fat cells by acylation-stimulating protein and
insulin,” Journal of Biological Chemistry, vol. 274, no. 26, pp.
18243–18251, 1999.

[8] M. Maslowska, H. Legakis, F. Assadi, and K. Cianflone, “Tar-
geting the signaling pathway of acylation stimulating protein,”
Journal of Lipid Research, vol. 47, no. 3, pp. 643–652, 2006.

[9] D. Kalant, S. Cain, M. Maslowska, A. Sniderman, K. Cianflone,
and P. Monk, “The chemoattractant receptor-like protein C5L2

binds the C3a des-Arg(77)/acylation-stimulating protein,” Jour-
nal of Biological Chemistry, vol. 278, no. 11, pp. 123–129, 2003.

[10] D. Kalant, R. MacLaren, W. Cui et al., “C5L2 is a functional
receptor for acylation-stimulating protein,” Journal of Biological
Chemistry, vol. 280, no. 25, pp. 23936–23944, 2005.

[11] W. Cui, M. Simaan, S. Laporte, R. Lodge, and K. Cianflone,
“C5a- and ASP-mediated C5L2 activation, endocytosis and
recycling are lost in S323I-C5L2mutation,”Molecular Immunol-
ogy, vol. 46, no. 15, pp. 3086–3098, 2009.

[12] S. Paglialunga, P. Schrauwen, C. Roy et al., “Reduced adipose
tissue triglyceride synthesis and increased muscle fatty acid
oxidation in C5L2 knockout mice,” Journal of Endocrinology,
vol. 194, no. 2, pp. 293–304, 2007.

[13] N. P. Gerard and C. Gerard, “The chemotactic receptor for
human C5a anaphylatoxin,” Nature, vol. 349, no. 6310, pp. 614–
617, 1991.

[14] P. N. Monk, A. M. Scola, P. Madala, and D. P. Fairlie, “Function,
structure and therapeutic potential of complement C5a recep-
tors,” British Journal of Pharmacology, vol. 152, no. 4, pp. 429–
448, 2007.

[15] N. J. Chen, C. Mirtsos, D. Suh et al., “C5L2 is critical for the
biological activities of the anaphylatoxins C5a and C3a,”Nature,
vol. 446, no. 7132, pp. 203–207, 2007.

[16] V. A. Bokisch and H. J. Müller-Eberhard, “Anaphylatoxin
inactivator of human plasma: its isolation and characterization
as a carboxypeptidase,” Journal of Clinical Investigation, vol. 49,
no. 12, pp. 2427–2436, 1970.

[17] N. Haeffner-Cavaillon, J. M. Cavaillon, M. Laude, and M. D.
Kazatchkine, “C3a(C3adesArg) induces production and release
of interleukin 1 by cultured human monocytes,” Journal of
Immunology, vol. 139, no. 3, pp. 794–799, 1987.

[18] T. Takabayashi, E. Vannier, B. D. Clark et al., “A new biologic
role for C3a and C3a desArg: regulation of TNF-𝛼 and IL-1𝛽
synthesis,” Journal of Immunology, vol. 156, no. 9, pp. 3455–3460,
1996.

[19] M. Honczarenko, B. Lu, A. Nicholson-Weller, N. P. Gerard, L.
E. Silberstein, and C. Gerard, “C5L2 receptor is not involved
in C3a/C3a-desArg-mediated enhancement of bone marrow
hematopoietic cell migration to CXCL12 [7],” Leukemia, vol. 19,
no. 9, pp. 1682–1683, 2005.

[20] S. He, C. Atkinson, F. Qiao, K. Cianflone, X. Chen, and S.
Tomlinson, “A complement-dependent balance between hep-
atic ischemia/reperfusion injury and liver regeneration inmice,”
Journal of Clinical Investigation, vol. 119, no. 8, pp. 2304–2316,
2009.

[21] J. Saleh, L. K. M. Summers, K. Cianflone, B. A. Fielding, A. D.
Sniderman, and K. N. Frayn, “Coordinated release of acylation
stimulating protein (ASP) and triacylglycerol clearance by
human adipose tissue in vivo in the postprandial period,”
Journal of Lipid Research, vol. 39, no. 4, pp. 884–891, 1998.

[22] D. Kalant, S. Phélis, B. A. Fielding, K. N. Frayn, K. Cianflone,
and A. D. Sniderman, “Increased postprandial fatty acid trap-
ping in subcutaneous adipose tissue in obese women,” Journal
of Lipid Research, vol. 41, no. 12, pp. 1963–1968, 2000.

[23] A. Onat, G. Can, R. Rezvani, and K. Cianflone, “Complement
C3 and cleavage products in cardiometabolic risk,” Clinica
Chimica Acta, vol. 412, no. 13-14, pp. 1171–1179, 2011.

[24] K. Cianflone, R. Zakarian, C. Couillard, B. Delplanque, J.
P. Despres, and A. Sniderman, “Fasting acylation-stimulating
protein is predictive of postprandial triglyceride clearance,”
Journal of Lipid Research, vol. 45, no. 1, pp. 124–131, 2004.



Mediators of Inflammation 9

[25] W. Cui, M. Lapointe, D. Gauvreau, D. Kalant, and K. Cianflone,
“Recombinant C3adesArg/acylation stimulating protein (ASP)
is highly bioactive: a critical evaluation of C5L2 binding and
3T3-L1 adipocyte activation,” Molecular Immunology, vol. 46,
no. 16, pp. 3207–3217, 2009.

[26] S. A. Bustin, V. Benes, J. A. Garson et al., “TheMIQE guidelines:
minimum information for publication of quantitative real-time
PCRexperiments,”Clinical Chemistry, vol. 55, no. 4, pp. 611–622,
2009.

[27] M.N.Munkonda,M. Lapointe, P.Miegueu et al., “Recombinant
acylation stimulating protein administration to C3(-/-) mice
increases insulin resistance via adipocyte inflammatory mech-
anisms,” PLoS One, vol. 7, Article ID e46883, 2012.

[28] S. Paglialunga, A. Fisette, M. Munkonda, Y. Gao, D. Richard,
and K. Cianflone, “The effects of acylation stimulating protein
supplementation VS antibody neutralization on energy expen-
diture in wildtype mice,” BMC Physiology, vol. 10, no. 1, article
4, 2010.

[29] A. Fisette, M. N. Munkonda, K. Oikonomopoulou, S.
Paglialunga, J. D. Lambris, and K. Cianflone, “C5L2 receptor
disruption enhances the development of diet-induced insulin
resistance in mice,” Immunobiology, vol. 218, no. 1, pp. 127–133,
2012.

[30] I. Murray, A. D. Sniderman, and K. Cianflone, “Enhanced
triglyceride clearance with intraperitoneal human acylation
stimulating protein in C57BL/6 mice,” American Journal of
Physiology—Endocrinology and Metabolism, vol. 277, no. 3, pp.
E474–E480, 1999.

[31] M. Y. Jung, H. S. Kim, H. J. Hong, B. S. Youn, and T. S.
Kim, “Adiponectin induces dendritic cell activation via PLC𝛾/
JNK/NF-𝜅B pathways, leading to Th1 and Th17 polarization,”
The Journal of Immunology, vol. 188, pp. 2592–2601, 2012.

[32] B. K. Pedersen,M. A. Febbraio, and R. A.Mooney, “Interleukin-
6 does/does not have a beneficial role in insulin sensitivity and
glucose homeostasis,” Journal of Applied Physiology, vol. 102, no.
2, pp. 814–819, 2007.

[33] R. A. Mooney, “Counterpoint: interleukin-6 does not have a
beneficial role in insulin sensitivity and glucose homeostasis,”
Journal of Applied Physiology, vol. 102, no. 2, pp. 816–819, 2007.

[34] J. J. Senn, P. J. Klover, I. A. Nowak, and R. A. Mooney, “In-
terleukin-6 induces cellular insulin resistance in hepatocytes,”
Diabetes, vol. 51, no. 12, pp. 3391–3399, 2002.

[35] L. E. Bernstein, J. Berry, S. Kim, B. Canavan, and S. K. Grin-
spoon, “Effects of etanercept in patients with the metabolic
syndrome,” Archives of Internal Medicine, vol. 166, no. 8, pp.
902–908, 2006.



Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2013, Article ID 317120, 10 pages
http://dx.doi.org/10.1155/2013/317120

Research Article
Glucagon-Like Peptide-1 Triggers Protective Pathways in
Pancreatic Beta-Cells Exposed to Glycated Serum

Alessandra Puddu,1 Roberta Sanguineti,1 Arianna Durante,1 Alessio Nencioni,1

François Mach,2 Fabrizio Montecucco,1,2 and Giorgio L. Viviani1

1 Department of Internal Medicine and Medical Specialties, University of Genova, 6 Viale Benedetto XV, 16132 Genova, Italy
2 Division of Cardiology, Geneva University Hospitals, Faculty of Medicine, Foundation for Medical Researches,
64 Avenue de la Roseraie, 1211 Geneva, Switzerland

Correspondence should be addressed to Fabrizio Montecucco; fabrizio.montecucco@unige.ch

Received 21 January 2013; Revised 3 April 2013; Accepted 4 April 2013

Academic Editor: Massimo Collino

Copyright © 2013 Alessandra Puddu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Advanced glycation end products (AGEs)might play a pathophysiological role in the development of diabetes and its complications.
AGEs negatively affect pancreatic beta-cell function and the expression of transcriptional factors regulating insulin gene. Glucagon-
like peptide-1 (GLP-1), an incretin hormone that regulates glucose homeostasis, might counteract the harmful effects of AGEs on
the beta cells in culture. The aim of this study was to identify the intracellular mechanisms underlying GLP-1-mediated protection
from AGE-induced detrimental activities in pancreatic beta cells. HIT-T15 cells were cultured for 5 days with glycated serum (GS,
consisting in a pool of AGEs), in the presence or absence of 10 nmol/L GLP-1. After evaluation of oxidative stress, we determined
the expression and subcellular localization of proteins involved in maintaining redox balance and insulin gene expression, such as
nuclear factor erythroid-derived 2 (Nrf2), glutathione reductase, PDX-1, and MafA. Then, we investigated proinsulin production.
The results showed that GS increased oxidative stress, reduced protein expression of all investigated factors through proteasome
activation, and decreased proinsulin content. Furthermore, GS reduced ability of PDX-1 andMafA to bindDNA.Coincubationwith
GLP-1 reversed these GS-mediated detrimental effects. In conclusion, GLP-1, protecting cells against oxidants, triggers protective
intercellular pathways in HIT-T15 cells exposed to GS.

1. Introduction

Pancreatic beta cell dysfunction is a key pathophysiological
target in diabetes mellitus [1–3]. The concept that glucose
via glycation as well as glucotoxicity is one of the main
damaging molecules is widely accepted [4, 5]. Furthermore,
hyperglycemia increases the production of AGEs, a group
of compounds derived from the nonenzymatic reaction
between reducing sugars and proteins, lipids, and DNA [6]. It
is well known that a long-lasting deleterious effect of hyper-
glycemia persists independently of the level of glucose [7–9].
This “memory”might be explained by the persistent overpro-
duction of reactive oxygen species (ROS) directly induced by
AGEs via the activation of their receptors [10]. Furthermore,
the increase in pancreatic beta-cell responsiveness to oxidants

[11, 12] might result in a decreased nuclear availability of
the regulators of insulin promoters PDX-1 (pancreatic and
duodenal homeobox-1) and MafA (v-maf musculoaponeu-
rotic fibrosarcoma oncogene homologueA) [13–16]. Recently,
we also showed that exposure of pancreatic beta-cells to
AGEs decreased glutathione (GSH) availability and neg-
atively affected expression and subcellular localization of
PDX-1 [11, 16]. Since GSH is a pivotal antioxidant factor
[17] regulated via the new synthesis of GSH from GSSG
(glutathione disulphide) by glutathione reductase (GSR), we
also focused on these molecular mechanisms. It has been
reported that both GSH synthesis and GSR expression are
regulated by nuclear factor erythroid 2 p45-related factor
2 (Nrf2), a basic leucine zipper transcription factor that
in response to oxidative stress translocates to the nucleus
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Table 1: DNA sequences of the sense and antisense primers for RT-PCR analysis and cycler conditions.

Gene Accession number
(GeneBank) Primer sequences Product

size (bp)
Annealing

temperature (∘C)
Number of

cycles

Preproinsulin XM 003508080.1 5-CTTTTGTCAAACAGCACCTTTGTG-3 (sense)
5-TCAGTTGCAGTAGTTCTCCAGTTGG-3 (antisense) 263 48 25

PDX-1 XM 003496658.1 5-CAGCTCCCTTTCCCGTGG A-3 (sense)
5-GAGCATCACTGCCAGCTCCA-3 (antisense) 204 55 28

Nrf2 XM 003498316.1 5-CTCACTGGATAAAGAAGTC-3 (sense)
5-CCGCCCAGAAGTTCAGAGA-3 (antisense) 240 60 40

𝛽-Actin NM 031144.2 5-AAGAGAAGCTGTGCTATGTTGC-3 (sense)
5-CCTTGATCTTCATGGTGCTAGG-3 (antisense) 324 48 25

PDX-1, Pancreatic and duodenal homeobox 1; Nrf2, Nuclear factor (erythroid-derived 2)-like 2.

and binds to antioxidant-response elements (AREs) in the
promoters of target genes [18, 19]. Interestingly, it has been
also reported that Nrf2 is upregulated by analogues of
glucagon-like peptide-1 (GLP-1) [20]. Given the potential
regulatory activity of GLP-1 (an incretin hormone that par-
ticipates to glucose homeostasis [21]), the aim of the present
study was to identify the potential protective pathways trig-
gered byGLP-1 to counteract pancreatic beta-cell dysfunction
mediated by glycated serum (GS).

2. Materials and Methods

2.1. Cell Culture and Stimulation. The hamster pancreatic
beta-cell line, HIT-T15, was purchased from the American
Type Culture Collection (Manassas, VA, USA). These cells
were grown in RPMI 1640 medium supplemented with 10%
FBS, 4mM L-glutamine, 100 IU penicillin-G, and 100 𝜇g/mL
streptomycin at 37∘C in a humidified atmosphere of 5% CO

2
.

Culturemediawere replaced every 2 days.When cells reached
confluence, they were passaged after trypsin-EDTA detach-
ment and seeded in multiwell plates for various experiments.
Then, HIT-T15 cells were plated in 6-well dishes (7× 105 cells
per well) and incubated for 5 days in media containing GS in
the presence or absence of 10 nmol/LGLP-1.The investigation
protocol was conformed to the principles outlined in the
Declaration of Helsinki.

2.2. Preparation of GS. GS was prepared by incubation at
37∘C for 7 days of heat-inactivated FBS with 50mmol/L
ribose.The serumwas then extensively dialyzed against 0.1M
PBS, pH 7.4, to remove surplus sugar. Aliquots of FBS were
processed in the sameway butwithout ribose (NGS) andwere
used for standard culture (CTR). Content of pentosidine, a
well-known marker of glycoxidative stress, was evaluated by
HPLC and used as a measure of proteins’ glycation [22]. The
concentration of pentosidine in the experimental medium
containing GS ranged between 1.5 and 4 × 105 pmol/l, which
corresponds to the plasma levels of pentosidine detected in
the plasma of diabetic patients [23].

2.3. Reactive Oxygen Species Detection. Intracellular reac-
tive oxygen species (ROS) level was measured using the
cell-permeable fluorescent probe, 2,7-dichlorofluorescein

diacetate (DCFH-DA) (Sigma-Aldrich,Milan, Italy). In brief,
cells were seeded into 6-well culture plates at 7 × 105 cells/well
and treated for 5 days with GS with or without GLP-1 then
washed twice with Hank’s Buffered Salt Solution (HBSS) and
incubated with fresh DCFH-DA (10𝜇M) in HBSS for 30min
at 37∘C in 5% CO

2
. DCFH-DA stock solution (20.5mM)

was prepared in DMSO and stored at −20∘C for maximum
one month. After that, cells were washed twice in HBSS,
and wells were filled with 1mL HBSS before fluorescence
acquisition in a plate reader (TECAN InfinitePro200) (Ex:
𝜆485/Em: 𝜆535 nm). Fluorescent emission was normalized to
total protein content.

2.4. Reverse Transcriptase Polymerase Reaction. Total RNA
was extracted from HIT-T15 with RNeasy kit (QIAGEN
s.r.l., Milan, Italy) according to manufacturer’s instructions.
The RNA concentrations were determined spectrophoto-
metrically and equal quantities of total RNA were used
from different samples. One microgram of RNA was reverse
transcripted to cDNA using GoScript Reverse Transcrip-
tion System (PROMEGA ITALIA, Milan, Italy) and then
amplified by PCR. As reported in Table 1 all the samples
were amplified in a linear amplification range established
using a serial cDNA dilution and varying the number of
cycles (28 cycles for Actin, Preproinsulin and PDX-1; 40
cycles for Nrf2). PCR products were electrophoresed onto
a 1.5% agarose gel containing EuroSafe Nucleic Acid Stain
(EUROCLONE S.p.A, Milan, Italy) and visualized under UV
light. The relative intensities of the bands were quantified by
densitometric analysis.

2.5. Cell Lysis and Subcellular Fractionation. At the end of the
experiments, a set of HIT-T15 cells were lysed in RIPA buffer
(50mmol/L Tris HCl pH 7.5, 150mmol/L NaCl, 1% NP40,
0.1% SDS), supplemented with protease and phosphatase
inhibitors. Another set of HIT-T15 cells was processed for
subcellular fractionation using the Subcellular Protein Frac-
tionation Kit (Pierce Biotechnology, Rockford, IL, USA)
according to the manufacturer’s instructions. Briefly, various
cellular compartments were isolated by sequential addition
of different extraction buffers to the cell pellet. Each subcel-
lular fraction was collected after centrifugation and stored
at −80∘C. Nuclear soluble and chromatin-bound protein
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extracts obtained from each experimental condition were
used for immunoblot analysis. Protein concentration of each
sample was determined using BCA Protein Assay Kit (Pierce
Biotechnology, Rockford, IL, USA).

2.6. Immunoblot. Thirty micrograms of total cell lysate were
separated on an SDS-PAGE and transferred onto nitrocellu-
lose. Filters were blocked in 5% BSA and incubated overnight
at 4∘C with primary specific antibodies (against: GSR, Nrf2,
and 𝛽-Actin from Santa Cruz Biotechnology, Inc. Santa Cruz,
CA, USA; against: PDX-1 from Millipore, Billerica, MA,
USA; against MafA from Bethyl Lab.). Secondary specific
horseradish-peroxidase-linked antibodies were added for 1 h
at room temperature. Bound antibodies were detected using
an enhanced chemiluminescence lighting system (Luminata
Classico, Millipore, Billerica, MA, USA), according to man-
ufacturer’s instructions. Bands of interest were quantified by
densitometry using the NIH program ImageJ. To verify equal
loading of the proteins, membranes were stripped again,
reblocked, and reprobed to detect 𝛽-actin. Values of proteins
of interest were normalized to total amounts of 𝛽-actin and
expressed as percentages of NGS control (defined as 100%).

2.7. siRNA. For the GLP-1R siRNA experiment a pool of 4
prevalidated siRNAsdesigned for hamster GLP-1R were used
(Riboxx GmbH, Radebeul, Germany). HIT-T15 cells were
seeded in 12-well plates in culturemediumwithout antibiotics
and grown overnight to reach 40% confluency. The next day,
FECT-siRNA complexes were prepared according to manu-
facturer’s instructions. Cells were transfected with 20 nmol/L
GLP-1RsiRNA or control siRNA (which correspond to a
nontargetting 23-nucleotide siRNA designed as negative
control) for 24 h before switching to fresh culture medium.
Forty-eight hours after transfection cells were incubated for
5 days in media containing GS and GLP-1. We tested GLP-1R
protein level by immunoblotting. Transfection results in 50%
knockdown of GLP-1R at 48 h, and 7 days after transfection.

2.8. Proinsulin Content. To evaluate proinsulin content
another set of cells, grown in the same conditions, waswashed
twice with PBS, pH 7.4, at 0∘C, extracted with acid/ethanol
(0.15mol/L HCl in 75% ethanol in H

2
O) for 16 h at 0∘C, then

centrifuged at 15,000×g at 4∘C. Supernatants were collected
and stored at –20∘C until the proinsulin determination was
performed by ELISA (Mercodia AB, Uppsala, Sweden). The
results were normalized to total protein concentration.

2.9. Statistical Analysis. The results are representative of
at least 3 experiments. All analyses were carried out with
the GraphPad Prism 4.0 software (GraphPad Software, San
Diego, CA, USA). Data were expressed as the mean±SE
and then analysed using Student’s 𝑡-test. P value <0.05 was
considered as statistically significant.

3. Results

3.1. GLP-1 Reduces GS-Mediated ROS Release. Exposure of
HIT-T15 cells to GS significantly increased (by 1.5-fold)
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Figure 1: GLP-1 abrogates AGE-induced intracellular ROS pro-
duction. After treatment for 5 days in standard medium (CTR) or
in medium containing AGEs (GS) in the presence or absence of
10 nmol/L GLP-1, HIT-T15 cells were prelabeled with DCFH-DA
for 30min and fluorescence was analyzed. Data were expressed as
the mean ± SE of four independent experiments. ∗∗𝑃 < 0.01 and
∗∗∗
𝑃 < 0.001 versus CTR; §§𝑃 < 0.01 versus GS.

the release of ROS as compared to control (CTR). Coincu-
bation with GLP-1 abrogated GS-mediated ROS production
(Figure 1).

3.2. GLP-1 Restores Nrf2 Protein Levels in Pancreatic Beta-
Cells Exposed to GS. We have recently shown that incubation
with GS alters oxidative stress and the availability of the
reduced formof glutathione (GSH) in the same culturemodel
of pancreatic beta-cells [11]. Since lower levels of GSH were
found in mice lacking the transcriptional repressor Nrf2
[24], which is implicated in the regulation of detoxification
enzymes [25], we investigated whether Nrf2 expression (both
mRNA and protein) was affected byGS and/or GLP-1. mRNA
expression of Nrf2 was not affected by the incubation with
GS in the presence or absence of GLP-1 (Figures 2(a) and
2(b)). However, GLP-1 significantly upregulated the protein
expression of Nrf2 (Figures 2(c) and 2(d)) in cells cultured
with GS for 5 days. Since Nrf2 has been shown to maintain
GSH homeostasis by upregulating the expression of GSR
[19], we further investigated whether GS and GLP-1 might
affect expression of GSR. Our results showed that GS did not
affect GSR protein expression (Figures 3(a) and 3(b)). On the
other hand, GLP-1 increased GSR protein expression in both
control and GS-treated cells. However, the statistical analysis
revealed a significant increase only for control cells (Figures
3(a) and 3(b)).

3.3. GLP-1 Restores MafA and PDX-1 Levels in Pancre-
atic Beta-Cells Exposed to GS. Oxidative stress-induced
damage has been shown as related to the downregu-
lation of the endocrine transcription factors MafA and
PDX-1 [26]. Figure 4 showed that a glycated environ-
ment (GS) significantly decreased MafA expression. Coin-
cubation with GLP-1 to the GS restored MafA protein
expression (Figures 4(a) and 4(b)). GLP-1 also improved
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Figure 2: GLP-1 restores Nrf2 protein levels in HIT-T15 cells cultured in the presence of GS. (a)-(b) Semiquantitative RT-PCR of Nrf2 mRNA
expression in HIT-T15 cells cultured 5 days in standard medium (CTR) or in medium containing AGEs (GS) in the presence or absence of
10 nmol/L GLP-1. (a) Representative agarose gel of three different experiments. (b) Quantification of densitometries of agarose gel bands.
Data were represented as mean±SE of percentage change from CTR level (100%) (𝑛 = 3). (c)-(d) Western blot analysis of Nrf2 protein
intracellular expression in HIT-T15 cells cultured in the same conditions as mRNA experiments. (c) Representative western blot of three
different experiments. (d) Quantification of densitometries of western blot bands. Data were expressed as mean ± SE of fold induction relative
to 𝛽-actin (𝑛 = 3). ∗𝑃 < 0.05 versus CTR; ∗∗∗𝑃 < 0.001 versus CTR; §§𝑃 < 0.01 versus GS.

the downregulation of PDX-1 induced by GS (Figure 5).
Although no statistically significant effect was observed
at mRNA expression level (Figures 5(a) and 5(b)), GLP-
1 completely reverted the GS-mediated reduction of PDX-
1 at protein level (Figures 5(c) and 5(d)). The discrepancy
between gene and protein expression observed in the results
shown above suggests the involvement of a posttranslational
mechanism. The ubiquitin-proteasome system is the main
mechanism degrading intracellular altered proteins and it
might be altered by AGEs [27]. To verify this hypothesis,
we evaluated the levels of PDX-1 and MafA in HIT-T15
cells treated for the last 15 h in the presence or absence of
the proteasome inhibitor MG-132. The low concentration of
MG-132 (150 nmol/L) and reduced time of exposure (15 h)
were selected to avoid cytotoxicity [28]. As shown in Fig-
ure 6, treatment of cells with MG-132 induced accumulation
of PDX-1 and MafA within the cells. Furthermore, the
nuclear distribution ofMafA and PDX-1 was also investigated
(Figure 7). We found that GS did not affect distribution
of MafA in the nuclear soluble compartment but reduced
the immunoreactivity of MafA in the chromatin-bound frac-
tions (Figures 7(c) and 7(d)). GLP-1 increased both nuclear
soluble and chromatin-bound fraction of MafA in cells
cultured with GS (Figure 7). Stimulation with GS reduced
the presence of PDX-1 in the chromatin-bound fractions

as compared to control CTR (Figures 7(c) and 7(d)). Coin-
cubation with GLP-1 selectively increased immunoreactivity
of PDX-1 in the chromatin-bound fractions of GS-cultured
cells (Figures 7(c) and 7(d)).

3.4. GLP-1 Reverses GS-Induced Reduction of Proinsulin Pro-
duction in Pancreatic Beta-Cells. We recently demonstrated
that exposure to GS decreased insulin content in HIT-T15
cells [12, 29]. To assess whether the GLP-1-mediated improve-
ments on expression and subcellular localization of MafA
and PDX-1 were associated with the increase in proinsulin
production, we evaluated preproinsulin gene expression and
proinsulin content. GS did not affect preproinsulin mRNA
expression (Figures 8(a) and 8(b)). However, incubation
with GS decreased proinsulin content (Figure 8(c)). GLP-
1 significantly increased proinsulin content in HIT-T15 cells
treated in standard condition (CTR) or in the presence of GS
(Figure 8(c)).

3.5. Loss of GLP-1R Expression Abrogates GLP-1-Mediated
Effects. To confirm that GLP-1-mediated amelioration of
GS-induced damage is mediated through the interaction
with its transmembrane receptor, the expression of GLP-1R
was downregulated by siRNA. Expression of GLP-1R
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Figure 3: GLP-1 does not affect GSR expression inHIT-T15 cells cul-
tured with AGEs. (a) Representative western blot of three different
experiments. (b) Quantification of densitometries of western blot
bands. Data were expressed as mean ± SE of fold induction relative
to 𝛽-actin (𝑛 = 3). ∗𝑃 < 0.05 versus CTR.

was analyzed at the beginning (48 hours after transfection)
and at the end of the treatment (7 days after transfection). As
shown in Figures 9(a) and 9(b), transfection of HIT-T15 cells
with GLP-1R siRNA results in more than 50% knockdown
of protein content up to 7 days after transfection. Then,
we investigated the beneficial effects induced by GLP-1 on
the expression of PDX-1 and MafA. The results showed
that downregulation of GLP-1R expression prevented the
protective effects of GLP-1 on GS-induced depletion of
PDX-1 and MafA (Figure 9(c)).

4. Discussion

We stimulated cells in the presence of GS (consisting in
a pool of AGEs), showing that the detrimental effects of
GS on the pancreatic beta-cell line HIT-T15 are due to the
deprivation of proteins involved in the maintenance of the
redox balance, and to the downregulation of transcription
factors of the insulin gene. Furthermore, we showed that
GLP-1 was able to counteract AGE-mediated dysfunction,
restoring selective pathways regulating proinsulin production
in pancreatic beta-cells.

We previously reported that AGE-induced pancreatic
beta cell dysfunction was associated with an increase in
oxidative stress [11, 12]. In the present paper, we found that
GS increased ROS production and reduced Nrf2 expression.
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Figure 4: GLP-1 increases MafA protein expression levels in
HIT-T15 cells cultured in the presence of GS. (a) Representative
western blot of three different experiments. (b) Quantification of
densitometries of western blot bands. Data were expressed as mean
± SE of fold induction relative to 𝛽-actin (𝑛 = 3). ∗𝑃 < 0.05 versus
CTR; §𝑃 < 0.05 versus GS.

These findings suggest that AGE-induced damage in pan-
creatic beta-cells is not only due to ROS overproduction,
but also to an increased susceptibility to oxidative stress.
Furthermore, we showed that GLP-1 upregulated the protein
expression of Nrf2 and GSR (the enzyme converting GSSG to
GSH), thus resulting in an improvement of the antioxidant
response. Since we recently showed that AGEs increased
GSSG and decreased GSH levels in pancreatic beta-cells,
it could be possible that GLP-1-mediated protection might
prevent redox imbalance increasing GSH availability [11].
In addition, the molecular pathway responsible for GLP-1-
mediated increase of GSH levels might be related to the
upregulation of Nrf2 expression. The production of ROS
has been often associated with the decrease in the nuclear
availability of MafA and PDX-1, two transcription factors,
which synergistically activate the insulin gene promoter [30].
Importantly, it has been reported that AGEs reduce insulin
synthesis in pancreatic beta-cells by decreasing expression
of PDX-1 through repression of PDX-1 protein expression
at the posttranslational level [29, 31]. According to these
findings, we showed that GS did not affect mRNA expression
level of PDX-1 but decreased the intracellular protein. Sim-
ilar results were showed also for MafA protein levels. We
found that the pharmacological inhibition of proteasome
resulted in the prevention of PDX-1 and MafA depletion
in cells cultured in the presence of GS, confirming that
AGEs may reduce PDX-1 and MafA protein expression
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Figure 5: GLP-1 restores PDX-1 protein levels in HIT-T15 cells cultured in the presence or absence of AGEs. (a)-(b) Semiquantitative RT-
PCR for PDX-1 mRNA expression in HIT-T15 cells cultured 5 days in standard medium (CTR) or in medium containing AGEs (GS) in the
presence or absence of 10 nmol/L GLP-1. (a) Representative agarose gel of three different experiments. (b) Quantification of densitometries
of agarose gel bands. Data were represented as percentage change from CTR level (100%) (𝑛 = 3). (c)-(d) Western blot analysis for PDX-1
protein intracellular expression on HIT-T15 cells, cultured in the same conditions of mRNA experiments. (c) Representative western blot of
three different experiments. (d) Quantification of densitometries of western blot bands. Data were expressed as mean ± SE of fold induction
relative to 𝛽-actin (𝑛 = 3). ∗∗𝑃 < 0.01 versus CTR; §𝑃 < 0.05 versus GS.
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Figure 6: Pharmacological inhibition of proteasome increased accumulation of MafA and PDX-1. HIT-T15 cells were cultured for the last
15 h in the presence or absence of the proteasome inhibitor MG-132, and whole cell extracts were analyzed by western blotting using specific
antibodies against PDX-1 and MafA. Actin amounts were analyzed as a loading control. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 versus CTR
or versus the same condition without MG132.
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Figure 7: Effects of AGEs on nuclear distribution ofMafA and PDX-1.Western blot analysis of nuclear soluble (a-b) and chromatin-bound (c-
d) localization of MafA and PDX-1. (a) Representative western blot of three different experiments. SP-1 amounts were analyzed as a loading
control. (b) Quantification of densitometries of western blot bands. Data were represented as percentage change from CTR level (100%)
(𝑛 = 3). (c) Representative western blot of three different experiments. Histone H3 (H3) amounts were analyzed as a loading control. (d)
Quantification of densitometries of western blot bands. Data were represented as percentage change from NGS level (100%) (𝑛 = 3). ∗∗∗𝑃 <
0.001 versus CTR; §𝑃 < 0.05 and §§

𝑃 < 0.01 versus GS.

targeting proteasome degradation. Furthermore, our results
indicate that GS also decreased the ability of these tran-
scriptional factors to bind DNA. Indeed, we found that
GS decreased the immunoreactivity of these transcription
factors in the chromatin-bound fraction, suggesting that,
although they still localized in the nucleus, their activity
might be reduced. These results are in accordance with those
of Poitout and coworkers, reporting that glucotoxicity and
lipotoxicity inhibited insulin expression through reduction
of both DNA-binding activity and protein levels of MafA
and PDX-1 [32]. Since it has been reported that insulin
gene expression can be regulated by epigenetic mechanisms
and that methylation of the insulin promoter negatively
correlates with insulin gene expression [33], our results
suggest that AGEs may alter DNA making it less accessible
to transcription factors of the insulin gene. Despite these
detrimental GS-mediated effects on MafA and PDX-1, we
did not observe any reduction in preproinsulin mRNA
expression levels. These results suggest that the residual

binding activity of MafA and PDX-1 might be sufficient for
maintaining acceptable levels of insulin gene transcription.
Similarly to PDX-1, the discrepancy between conserved
mRNA expression and decreased proinsulin content suggests
the involvement of a posttranslational mechanism. Given a
high secretory demand, the endoplasmic reticulum (ER) is
very well developed and highly active in pancreatic 𝛽-cell.
This also likely increases the susceptibility of these cells to ER
stressors, which might produce signals mediating glucose-
induced impairment of cell function and death. Experimental
evidence indicated a role of ER stress in the progressive
reduction of insulin secretion [34–36]. Since GLP-1R lig-
ands have been described to potentiate the expression of
proteins involved in the response to ER stress [37], GLP-
1/GLP-1R might directly trigger ER protective pathways
restoring proinsulin content. Importantly, we showed that
coincubation with GLP-1 selectively restored these insulin-
related transcriptional pathways. Indeed, GLP-1 treatment
was also associated with an improvement in the binding
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Figure 8: GLP-1 restores proinsulin content in HIT-T15 cells. (a)
Semiquantitative RT-PCR for preproinsulin. Representative agarose
gel of three different experiments. (b) Quantification of densitome-
tries of agarose gel bands. Data are represented as percentage change
from CTR level (100%) (𝑛 = 3). (c) Intracellular proinsulin was
measured after acidified ethanol extraction. Data were expressed as
mean ± SE of at least 3 independent experiments. ∗∗𝑃 < 0.01 and
∗∗∗
𝑃 < 0.001 versus CTR; §§𝑃 < 0.01 versus GS.

to the chromatin of these transcription factors. Given the
silencing experiments, GLP-1-mediated beneficial effects
were due to its binding to GLP-1R on cell surface. These
results demonstrated that GLP-1 via its transmembrane
receptor might ameliorate the DNA accessibility to the
protective transcriptional factors, thus reversing GS-induced
pancreatic beta-cell injury.
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Figure 9: GLP-1R downregulation in HIT-T15 cells. HIT-T15 cells
were transfectedwith specific siRNA forGLP-1R (GLP-1R-siRNA) or
a random sequence (scrambled-siRNA). (a) Expression of GLP-1R
was analyzed 48 hours and 7 days after transfection. (b) Transfection
of HIT-T15 cells with GLP-1R siRNA results in more than 50%
knockdown of GLP-1R expression. (c) Five days after treatment with
GS, cells were lysed and immunoblotted with specific antibodies
against MafA, PDX-1, and 𝛽-actin proteins. Blots are representative
of three independent experiments. ∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001
versus scrambled siRNA.

Although HIT-T15 cells are among the most widely
used insulin-secreting cell lines and might provide valuable
information about both physiological and pathophysiological
processes [38], their use represents a limitation of this study.
In fact, the use of a cell line represents a simplified in
vitro model that is characterized by low variation between
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experiments and potentially different from in vivo pancreatic
islets or primary beta-cell pathophysiology. Another limita-
tionmight be represented by the use of GS that might contain
artificial AGEs due to the preparation method. These points
render our conclusions as highly speculative and potentially
might not reflect the in vivo human pathophysiology.

5. Conclusions

We provided evidence that GLP-1 protects against the detri-
mental effects of GS on insulin production in the HIT-T15
pancreatic beta-cell line. GLP-1 has been shown to potently
counteract ROS release and prevent transcriptional factor
level reduction as well as pancreatic beta cell dysfunction.
GLP-1 might be considered as a potential antagonist of
the acceleration of pancreatic beta-cell deterioration in the
presence of GS.

Glossary

AGEs: Advanced glycation end products
GLP-1: Glucagon-like peptide-1
GLP-1R: Glucagon-like peptide-1 receptor
PDX-1: Pancreatic and duodenal homeobox-1
MafA: v-Maf musculoaponeurotic fibrosarcoma

oncogene homologue A
GSH: Glutathione
GSSG: Glutathione disulfide
Nrf2: Nuclear factor erythroid-derived 2
GSR: Glutathione reductase
FBS: Foetal bovine serum
GS: Glycated serum
NGS: Nonglycated serum
PBS: Phosphate saline buffer
RT-PCR: Reverse transcriptase polymerase reaction
siRNA: Short-interfering RNA.
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Metabolic syndrome has been widely associated with an increased risk for acute cardiovascular events. Emerging evidence supports
metabolic syndrome as a condition favoring an adverse cardiac remodeling, which might evolve towards heart dysfunction and
failure. is pathological remodeling has been described to result from the cardiac adaptive response to clinical mechanical
conditions (such as hypertension, dyslipidemia, and hyperglycemia), soluble in�ammatory molecules (such as cytokines and
chemokines), as well as hormones (such as insulin), characterizing the pathophysiology of metabolic syndrome. Moreover, these
cardiac processes (resulting in cardiac hypertrophy and �brosis) are also associated with the modulation of intracellular signalling
pathways within cardiomyocytes. Amongst the different intracellular kinases, mitogen-activated protein kinases (MAPKs) were
shown to be involved in heart damage in metabolic syndrome. However, their role remains controversial. In this paper, we will
discuss and update evidence on MAPK-mediated mechanisms underlying cardiac adverse remodeling associated with metabolic
syndrome.

1. Introduction

eprevalence ofmetabolic syndrome is rapidly increasing in
the western world [1]. Metabolic syndrome has been de�ned
as a cluster of multiple disorders including insulin resistance,
abdominal obesity, dyslipidemia, increased blood pressure,
hypercholesterolemia, and proin�ammatory state [2]. Several
de�nitions have been historically proposed during the last
decades, also including oxidative stress, leptin resistances and
endothelial dysfunction as key pathophysiological mecha-
nisms contributing to the increase of cardiovascular risk that
affect metabolic syndrome patients [2, 3]. Considering these
paradigms, it is clear that the metabolic syndrome is a fully
heterogeneous construction, raising important scienti�c lim-
itations for meta-analyses of clinical investigations. Although

some common components (such as dyslipidemia, hyperten-
sion, and hyperglycemia) are recurrent in the different de�ni-
tions [4], these other disorders might represent an important
variable in the analysis of different cohorts. Several condi-
tions included in the metabolic syndrome have been shown
as strongly associated with an acceleration of atherogenesis
and an increased incidence of acute ischemic events [1]. In
addition, some processes (mainly systemic insulin resistance
and in�ammation) have been proposed to contribute to
physiological organ remodelling and pathological damage in
metabolic syndrome. In particular, different chronic adverse
heart remodeling and the development of liver steatosis have
been widely described [5, 6]. In this paper, we will focus on
the pathophysiology of heart remodelling and damage during
metabolic syndrome.Metabolism syndrome patients affected
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by diabetes are associated with altered myocardial substrate
metabolism, which has emerged as an important contributor
to the development of cardiomyopathy [7]. In diabetes
and concomitant metabolic syndrome, an increased cardiac
fatty acid metabolism and reduced glucose metabolism have
been reported [7]. Although initially pro�table, the rate
of fatty acid uptake reaches a point where it exceeds the
rate of fatty acid oxidation, thereby promoting the accu-
mulation of lipids, resulting in lipotoxicity and associated
cardiac dysfunction [8]. is leads to some complications,
such as cardiac hypertrophy, which is identi�ed as a car-
diac pathological remodeling. However, cardiac remodeling
does not necessarily refer to pathological adaptation of the
myocardium. Indeed, short-term compensatory mechanisms
are bene�cial for the heart because it adapts cardiac output
to physiological or pathological loading conditions such
as exercise, hypertension, or aortic stenosis. In contrast,
sustained overload leads to maladaptive and detrimental
remodeling, as reported in detail by Buckberg and coworkers
[9]. Altogether, these studies suggest that cardiac remodeling
in metabolic syndrome depends on the different component
disorders and might not be a disease per se but rather an
adaptive response.

Several intracellular signaling pathways, continuously
sensing the extracellular stimuli andmodulating the different
intracellular responses, have been investigated to character-
ize their role in cardiomyocyte modi�cations and poten-
tial injury associated with metabolic syndrome. Mitogen-
activated protein kinases (MAPKs) are cytosolic signaling
proteins that become activated aer speci�c phosphorylation
[10]. In response to wide extracellular stimuli, MAPKs have
been shown to modulate various cellular processes, such
as cell growth and cell size regulation [11]. Although not
speci�cally performed in models of metabolic syndrome, in
vitro studies using isolated cardiomyocytes have shown that
MAPKs might be involved in cardiac hypertrophy via three
traditional phases� (i) the activation of speci�c transmem-
brane proteins; (ii) intracellular signal transduction; (iii) the
activation of cytosolic and nuclear events [12]. Since cardiac
hypertrophy is characterized by increased cell size, it has
been suggested that MAPKs might play a critical role in
cardiac remodeling in hypertensive patients with metabolic
syndrome. is appears to be achieved by modulating the
activity of numerous transcription factors that target speci�c
genes involved in structural response of the myocardium.
In this paper, we will provide an overview on the role of
MAPKs in the adverse cardiac remodeling that is associated
with metabolic syndrome.

2. Different Structural Adverse Cardiac
Remodeling inMetabolic Syndrome

Diagnostic criteria of metabolic syndrome (as indicated by
ATP III classi�cation [24]) have been reported to inde-
pendently predict the development of diastolic dysfunction
and cardiac hypertrophy [13, 19, 20] (Table 1). Cardiac
hypertrophy is commonly de�ned as an increase in heart
size or more particularly as an increase in ventricular size

with or without increased wall thickness relative to body size
[25]. is cardiac modi�cation was shown to be a common
alteration in subjects with different stages of obesity, which is
one of the central features inmetabolic syndrome [15, 16, 26–
28]. ese studies have used noninvasive methods such as
echocardiography and magnetic resonance imaging (MRI)
to assess cardiac adaptations in obese patients. e results
indicate that obesity is associated with a high prevalence of
cardiac hypertrophy, characterized by an enhancement of le
ventricular cavity size as well as wall thickness. Moreover, it
has been observed thatwall thicknesswas increased to greater
extent than le ventricular cavity size, revealing a concentric
instead of eccentric cardiac hypertrophy. Indeed, computed
tomography and MRI demonstrated that fat tissue deposits
are well detectable within the heart of obese subjects and
commonly accumulate anterior to the right ventricle [29–
31]. Although noninvasivemethods are useful to characterize
cardiac size, structure, and function, they have limitations; in
that they do not allow analyzing the biochemical composition
of the hypertrophic heart in metabolic syndrome. Interest-
ingly, postmortem studies con�rmed the presence of cardiac
hypertrophy and cardiac fat tissue deposits in obese patients
[17, 18]. e amount of epicardial fat has been reported
to be correlated with both visceral fat and the severity
of ventricular hypertrophy [14]. Several studies have been
conducted in animal models to better understand the cardiac
adaptation in diabetes [32, 33]. Diabetes was associated with
an increase in le ventricular internal dimension during
diastole (LVIDD) and systole (LVIDS) in rats [34]. is
adverse cardiac remodeling was independent of hypertension
[34]. ese results are consistent with a previous study,
demonstrating that diabetic rats develop an eccentric le
ventricular hypertrophy associated with a decreased cardiac
systolic function, and related to impaired collagen turnover
[35].

e Prospective Cardiovascular Münster (PROCAM)
study, recruiting a cohort of 2754 males aged 40–65 years
over a four-year period, showed that patients, who had either
hypertension or diabetes, had a 2.5-fold increased risk of
cardiovascular morbidity. However, when developing both,
patients had an eightfold increase in cardiovascular risk.
is multiplicative relevance was con�rmed by a twentyfold
increase of cardiovascular risk in patients with concomi-
tant diabetes mellitus, hypertension, and abnormal lipid
pro�le [36]. Since the metabolic syndrome might include
all these disorders by de�nition, it is easy to understand
that the alterations of an atherosclerotic targeted organ,
such as the myocardium, might result from both acute and
chronic ischemia. However, also in the absence of traditional
atherosclerotic complications, the measurement of diastolic
function worsened progressively during metabolic syndrome
[13], indicating an adverse cardiac remodeling independent
of cardiac necrosis and potentially related to the soluble
mediators increased during the disease. In line with these
results, different studies have con�rmed the development of
le ventricular diastolic dysfunction in subjects presenting
metabolic syndrome [20, 21, 37, 38].

Interestingly, hypertensive patients with concomitant
metabolic syndrome have been shown to present increased
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T 1: Different disorders in metabolic syndrome are associated with cardiac structural and functional changes.

Metabolic syndrome
characteristic Adverse cardiac remodelling Reference Method of assessment

Obese women have higher end-diastolic
septal and posterior wall thickness, le
ventricle mass, and relative wall thickness
than nonobese

[13] Echocardiography and tissue Doppler
imaging

Obesity
Uncomplicated severe obesity is
associated with adapted and appropriate
changes in cardiac structure and function

[14] Echocardiography

Reduced le ventricle systolic and
diastolic function and increased
myocardial re�ectivity characterize obese
patients as compared to referents

[15]

Transthoracic echocardiography,
myocardial Doppler-derived systolic and
early diastolic velocity, strain and strain
rate imaging, and tissue characterization
with cyclic variation and calibrated
integrated backscatter

Diabetes, fasting glucose, and fasting
insulin levels are associated with le
ventricular hypertrophy

[16] Echocardiography and laboratory testing

Diabetes Increased heart size in obese men [17] Autopsy
Postmortem analysis of obese patients
that died from gastric bypass
complication revealed cardiac
hypertrophy

[18] Autopsy

Hypertension

Le ventricle mass is positively associated
with the number of metabolic risk factors
in normotensive and hypertensive
participants

[19] Echocardiography

Increased le ventricular mass and
reduce le ventricular relaxation [20]

Echocardiography was used to assess
pulse-wave Doppler and tissue Doppler
imaging

Metabolic syndrome
(de�ned as a cluster of
all previously cited
disorders [2])

Ventricular diastolic dysfunction, mean
le ventricular mass, and le ventricular
diameter signi�cantly increase with the
number of features of the metabolic
syndrome

[21]
Structured clinical interview with a
physician, ECG and a transthoracic
M-mode, and 2D echocardiogram

High levels of IL-6 that could be observed
in metabolic syndrome induce cardiac
�brosis

[22] Blood-perfused isolated heart

Cardiotrophin-1 treatment, mimicking
the upregulated level found in metabolic
syndrome, induces cardiac �brosis

[23] Echocardiography, Doppler, and echo
tracking device and ex vivo approach

le ventricular mass and wall thickness as compared to
patients exclusively affected by hypertension [39]. Fur-
thermore, the authors showed that metabolic syndrome
might induce an adverse cardiac remodeling via different
pathophysiological mechanisms with a multiplicative effect.
Metabolic syndrome patients had not only abnormal dias-
tolic le ventricular relaxation, but also increased cardiac
hypertrophy [40]. Cardiac hypertrophy predisposes individ-
uals to cardiac arrhythmias, congestive heart failure, and
diastolic dysfunction [41]. Consistently, several evidences
have revealed a positive association between the metabolic
syndrome and the severity of le ventricular hypertrophy
[39, 40, 42]. Indeed, metabolic syndrome induces abnormal
loading, which may favor the le ventricular hypertrophy.

Since pathological cardiac hypertrophy has been associated
with sudden cardiac death, heart failure, and stroke [43],
it was proposed that this cardiac alteration might further
increase cardiovascular risk in metabolic syndrome [44].

Increased myocardial �brosis and stiffness have been
also observed in animal models of obesity and metabolic
syndrome [45]. Since collagen and �brosis determine tissue
compliance, cardiac deposition of this proteinmight promote
le ventricular diastolic dysfunction and negatively affect
diastolic function [46, 47]. Several other molecular mech-
anisms (i.e., insulin resistance aggravating asymptomatic
myocardial in�ammation and association between visceral
obesity andmyocardial adiposity) have also been suggested to
potentially induce such cardiac structural alterations [48, 49].
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Most importantly, the renin-angiotensin-aldosterone
(RAA) system might also be involved cardiac �broblast pro-
liferation and collagen synthesis, thereby increasing cardiac
�brosis [50]. e active role for RAA system was con�rmed
by the �nding that pharmacologic inhibition of this pathway
ameliorates heart failure [51, 52], also inmetabolic syndrome
patients [53]. us, these studies suggest that RAA system
could be a critical player underlying cardiac modi�cations in
hypertensive metabolic syndrome patients.

3. Pathophysiological Mediators of Adverse
Cardiac Remodeling inMetabolic Syndrome

Cardiac structural remodeling in metabolic syndrome might
be due to different pathological triggers. Hypertrophic
growth accompanies heterogeneous metabolic syndrome
disorders, including not only diabetes and hypertension, but
also coronary heart disease and ischemic cardiac remodeling.
Mechanical alterations have been classically described as
major causes inducing an adverse cardiac remodelling [54].
However, metabolic syndrome has been associated with le
ventricular hypertrophy [40] independently of ischemic car-
diac remodeling. Given the upregulation of several hormones
and cytokines in metabolic syndrome patients [55], a poten-
tial role on cardiac remodeling has been proposed for these
molecules [56]. In particular, a hormonal and in�ammatory
dysregulationmight contribute to the development of cardiac
hypertrophy and �brosis [55]. For instance, increased aldos-
terone plasma levels in patients with metabolic syndrome
[57, 58] might be directly associated with the development
of le ventricular hypertrophy [59] or cardiac �brosis [60].
Although clinical studies have reported that aldosterone
induces le ventricular hypertrophy [61], the mechanism by
which aldosterone promotes cardiac hypertrophy remains
unclear. Okoshi and coworkers showed that aldosterone
directly induced cardiac hypertrophy and atrial natriuretic
peptide (ANP) mRNA expression (a molecular marker of
cardiac hypertrophy) in neonatal rat ventricular myocytes
[62]. ese results were accompanied by enhanced activation
of ERK1/2- and JNK-mediated pathways. is critical role of
the ERK pathway in the development of cardiac hypertrophy
(in response to endothelin-1) was also con�rmed by the
in vitro abrogation of cardiomyocyte hypertrophy in the
presence of the pharmacological inhibitor of ERKs [63, 64].

On the other hand, aldosterone has been shown as a
potent inducer of cardiac �brosis [60, 65, 66]. erefore,
emerging evidence indicates a crucial role for aldosterone
in maladaptive cardiac remodeling in metabolic syndrome
[67, 68].

Considering the hypothesized in�ammatory etiology of
the metabolic syndrome [69], it was proposed that ele-
vated circulating levels of cytokines, adipocytokines, and
chemokines might actively regulate cardiac remodeling and
via the activation of in�ammatory signaling pathways [70–
72]. Amongst several mediators, tumor necrosis factor (TNF)
and interleukin-6 (IL-6) were shown to promote both insulin
resistance [73] and cardiac hypertrophy [74], suggesting that
in�ammation in metabolic syndrome might be a central

feature in atherogenesis as well as in cardiac hypertrophy.
In particular, TNF expression, which was shown to be
increased in response to pressure overload in the adult heart
[75], might be one of the most important mediators of
cardiac hypertrophy in metabolic syndrome with hyperten-
sion [76]. e molecular pathways potentially involved in
metabolic syndrome-induced cardiac hypertrophy have been
only partially investigated. To summarize, mechanical stress
remains the main responsible of adverse cardiac remodelling
in metabolic syndrome, such as hypertension. However,
considering the potential dysregulation of in�ammatory and
hormonal systems, the cardiac pathophysiology in metabolic
syndrome might be partially in�uenced also by these soluble
molecules. In the following sections, we will review the
pathophysiological role ofMAPKs in cardiac remodeling in a
general context and also particularly in metabolic syndrome.

4. Role of MAPK in Cardiac Remodeling

4.1. Extracellular Signal RegulatedKinases (ERKs). Oneof the
most studied MAPK pathways is the Ras/Raf/ERKs pathway.
Extracellular stimuli such as stress or hormones activate
diverse receptors at the cell surface, driving intracellular
recruitment and activation of the guanosine triphosphate
(GTP) small G-protein (Ras). is, in turn, induces Raf-1
kinase translocation to the plasma membrane and Raf-1-
mediated phosphorylation of MEK proteins (MEK1 and 2).
ereaer, ERKs are activated by MEKs and regulate a large
number of nuclear and cytosolic proteins [77] that directly
modulate numerous intracellular processes.

For instance, pressure overload was shown to in�uence
ERK-mediated intracellular signaling as well as extracellular
matrix deposition within the heart [78]. In response to
chronic pressure overload, cardiomyocytes start to grow lead-
ing to heart enlargement and hypertrophy. Pressure overload
induced by transverse aortic constriction (TAC) in rodents
was shown to mediate hypertrophic effect through ERK
activation [79]. In addition, Esposito and coworkers showed
that TAC procedure is associated with the activation of all
three major MAPKs (ERK1/2, p38 MAPK, and JNK) in mice
[80]. Consistent with the animal studies, clinical researches
reported increased cardiac activation of ERK1/2, JNK, and
p38 MAPK in failing human hypertrophic hearts [81]. In line
with these results, ERK1/2 activation has been shown as a key
element directly promoting cardiac hypertrophy [26, 82].

It was proposed that ERK1/2 induces the activation of
various transcription factors by modulating their phospho-
rylation level, hence leading to hypertrophy. Indeed, using a
model of phenylephrine-induced cardiac myocyte hypertro-
phy, Babu and coworkers revealed that ERK1/2 pathway is
involved in Elk-1 upregulation in a model of phenylephrine-
mediated hypertrophy [83].erefore, these studies suggest a
central role for ERK in the pathophysiological development
of cardiac hypertrophy. e molecular mechanisms down-
stream of this pathway remains to be clearly de�ned.

4.2. Janus Kinases (JNKs). e hypertrophic effects of JNKs
are still controversial. Wang and coworkers showed that
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speci�c activation of the JNK pathway was associated
with hypertrophy in neonatal cardiomyocytes overexpressing
MEK7 [84]. In line with these results, transfection of ventric-
ular myocytes with MEK1 (a MAPK-activating JNK) leads
to cardiac hypertrophy via JNK activation [85]. By contrast,
transgenic mice selectively overexpressing MEK7 in the
cardiac tissue were not shown to develop cardiac hypertrophy
despite JNK1 and JNK2 upregulation [86]. Although these
mice died from congestive heart failure, they had normal
cardiomyocytes size and they did not develop ventricular
hypertrophy. Importantly, mice overexpressing MEK7 also
presented diastolic dysfunction and paradoxically high levels
of ANF mRNA, which is considered a marker for cardiac
hypertrophy [86]. e reduction in connexin 43 and gap
junctions between ventricular cardiomyocytes might explain
the absence of hypertrophy in the presence of increased
ANF expression [86]. Also in the case of JNK, the exact
mechanisms through which it regulates cardiac hypertrophy
remains poorly determined.

4.3. p38MAPK. In addition to JNK and ERK1/2, p38 MAPK
was also intensively investigated. ere are at least four
isoforms of p38 MAPK that have been involved in cardiac
remodeling and in�ammation [87]. is signaling pathway is
predominantly involved in the in�ammatory response, and it
can be activated by proin�ammatory cytokines, chemokines,
and hormones [88–90]. MEK 3, 4, and MEK 6 are the
upstream kinases that directly activate p38MAPK [82]. Sev-
eral downstream transcription factors have been identi�ed
as potential p38MAPK substrates, including activating tran-
scription factor-1 (ATF-1), ATF-2, Elk-1, serum response
factor (SRF), growth arrest, and myocyte enhance factor 2C
(MEF 2C) [91–93]. Since a large amount of studies has been
performed in vitro in neonatal rat cardiomyocytes, the role
of p38 MAPK in cardiac clinical modi�cations remains to
be con�rmed. Nevertheless, p38 MAPK has been implicated
in the regulation of both cardiac growth and hypertrophy
[94]. Indeed, the inhibition of the p38 MAPK pathway via
pharmacological inhibitors or adenovirus blunted the hyper-
trophic effect associated with p38 MAPK activation [94–96].
ese hypertrophic effects of p38 MAPK phosphorylation in
cardiomyocytes are also supported by another study where
speci�c activation via adenovirus in ventricular muscle cells
induced cardiac hypertrophy [84].

By contrast, Choukroun and coworkers have shown that
p38 MAPK is not required for agonist-induced hypertrophy
in cardiomyocytes [98]. To determine the role of the p38
MAPK pathway in the response to endothelin-1 (ET-1,
a hypertrophic agent), neonatal rat cardiomyocytes were
concomitantly treated with ET-1 and the selective p38MAPK
inhibitor, SB203580. e results revealed that this inhibitor
had no effect on ET-1-induced hypertrophy, hence suggesting
that p38 MAPK activation may not be required during
cardiac cell hypertrophy [98]. Since these preliminary studies
present some limitations (due to the use of the cardiomyocyte
model [immature neonatal cells] and the modest speci�city
of pharmacological inhibitor, that can inhibit also other
intracellular pathways), a genetic approach was also per-
formed. Transgenic mice speci�cally overexpressing MEK 3

and MEK 6 (upstream activators of p38 MAPK) in the heart
do not exhibit cardiac hypertrophy, despite the development
of ventricular wall thinning and premature death with signs
of congestive heart failure [99].

Taken together, these basic research studies suggest that
p38 MAPK, ERKs, and JNKs may all be involved in pro-
moting cardiac hypertrophy (Figure 1). In particular, p38
MAPK activation might also contribute to cardiac �brosis,
while ERK and JNK activation might promote cardiomy-
ocyte growth and defects in gap junctions, respectively. e
activation of a single MAPK-mediated cascade might not be
sufficient to determine a clinically relevant adverse cardiac
remodeling.

5. Potential Role of MAPK in
Metabolic Syndrome-Related Cardiac
Adverse Remodeling

As suggested above, the alterations in cardiac MAPK acti-
vation might be induced in metabolic syndrome by insulin
resistance and abnormal in�ammation. e association
between these molecular dynamics was so relevant that an
altered MAPK activation pattern might also be a potential
cause of hyperinsulinemia [100].is pathophysiological role
of MAPK in metabolic syndrome-induced heart remodel-
ing was con�rmed for JNK activation that was associated
with both developments of insulin resistance and cardiac
hypertrophy in metabolic syndrome [82, 101]. Assessing the
role of ERKs in metabolic syndrome cardiac remodeling
is much more complicated since ERK2-knockout mice are
not viable [102, 103]. On the other hand, ERK1 knockout
mice are viable and fertile. us, ERK1-de�cient mice were
investigated, and they were shown to be protected from diet-
induced obesity and insulin resistance [104]. Nonetheless,
mice lacking the ERK1 negative regulator p62 presented
altered metabolism with increased adipogenesis, reduced
energy expenditure, and reduced insulin sensitivity [105].
However, these animals were not investigated on concomi-
tant cardiac remodeling and might be considered a good
model to assess metabolic syndrome adverse heart remodel-
ing.

In�ammatory mediators such as TNF are elevated
in metabolic syndrome [106]. Condorelli and coworkers
showed that Akt and the JNK MAPK mediate TNF-
induced hypertrophy in cultured cardiomyocytes [107].
TNF-mediated eccentric cardiac hypertrophy in response to
intermittent hypoxia was shown to be mediated by ERK and
STAT3 activation in adult rat myocardium [97]. On the other
hand, IL-6 levels might also be involved in the determinism
of cardiac hypertrophy [22]. Consistent with this hypothesis,
Hirota and coworkers demonstrated a concomitant overex-
pression of both IL-6 and IL-6 receptor in a mouse model
of cardiac hypertrophy [108]. Although these observations
suggest a potential role for IL-6 in metabolic syndrome,
the potential activation of intracellular signaling pathways
by this cytokine remains unclear. Cardiotrophin-1 (CT-1),
a newly discovered member of the IL-6 family and a key
regulator of metabolism were also reported to be upregulated
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in metabolic syndrome [109, 110]. is cytokine was shown
to favor cardiac hypertrophy and �brosis in mice [23]. us,
CT-1 might also underlie adverse remodeling in metabolic
syndrome and thus represent an attractive pathophysiological
target.

Although evidence for the role of p38MAPK inmetabolic
syndrome is still lacking (except for some animal studies in
diabetic �brotic cardiomyopathy) [111], enhanced MAPK
signaling was shown to increase both insulin sensitivity and
promote hypertrophic cardiac remodeling (Table 2). us,
these proteins might represent a promising target to improve
metabolic, in�ammatory, and cardiac pathophysiology in
metabolic syndrome.

6. Conclusions

In the past decades, relevant progresses have been made
in the attempt to de�ne the role of MAPKs in metabolic
syndrome and in its clinical manifestations, including heart
adverse pathophysiological remodelling. e heart structure

has been described to be directly in�uenced by the mechani-
cal stress, characterizing certain components of themetabolic
syndrome (such as hypertension). Importantly, this adverse
cardiac remodelling might be partially regulated by elevated
hormones and in�ammatory cytokines.MAPKsmight repre-
sent the �nal pathways commonly activatedwithin cardiomy-
ocytes by both mechanical and soluble determinants. Despite
some limitations due to animal and in vitro models, MAPK
(mainly JNK and ERK) activation in the peripheral organs
(including the heart) in metabolic syndrome was shown to
induce insulin resistance and to increase in�ammation. �n
the other hand, although the effect of p38 MAPK and JNK
phosphorylation remains controversial, mounting evidence
indicates ERK1/2 as responsible for promoting cardiomy-
ocyte growth. We believe that MAPKs might be considered
as potential therapeutic targets for drugs aimed to improve
metabolic and cardiac dysfunctions in metabolic syndrome.
Indeed several inhibitors of MAPK signaling proteins are
currently available. Some of them are already being tested in
clinical trials for oncological disorders and may theoretically
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T 2: Role of MAPK activation in metabolic syndrome-associated cardiac hypertrophy.

Author and reference
number Year Experimental model MAPK phosphorylation Cardiac remodeling

Okoshi et al. [62] 2004 Primary cultures of neonatal rat
cardiomyocytes

Increased
P-ERK1/2

Aldosterone induces hypertrophy
through ERK1/2 activation

Yue et al. [63] 2000 Primary cultures of neonatal rat
cardiomyocytes

Increased
P-ERK1/2

ERK1/2 activation mediates
endothelin-1- and
phenylephrine-induced cardiac
hypertrophyWang and Proud [64] 2002 Adult rat ventricular

cardiomyocytes

Chen et al. [97] 2007 Rat myocardium Increased P-ERK5;
P-STAT-3; P-p38 MAPK

Long-term intermittent hypoxia is
associated to induced cardiac
hypertrophy through the activation
of MAPK pathways

Takeishi et al. [79] 2001 Guinea pigs Increased
P-ERK1/2, P-p38 MAPK

Chronic pressure-overload and
acute mechanical stretch-induced
cardiac hypertrophy is mediated by
ERK1/2 and p38 MAPK activation

Esposito et al. [80] 2010

Mice le ventricle and white blood
cells from mice and
hypertensive patients with
controlled blood pressure values

Increased P-ERK1/2,
P-p38 MAPK, P-JNK

MAPKs are sensors of pressure
overload

Rose et al. [82] 1998 Primary cultures of neonatal rat
cardiomyocytes

Increased P-JNK and
P-p38 MAPK

JNK activation induces
hypertrophy, while concomitant
activation of p38 MAPK and JNK
inhibits hypertrophic response

Wang et al. [84] 1998 Primary cultures of neonatal rat
cardiomyocytes

Increased P-JNK and
P-p38 MAPK

JNK induces hypertrophy, while
concomitant activation of p38
MAPK and JNK fails to promote
hypertrophic response

Zechner et al. [96] 1997 Primary cultures of neonatal rat
cardiomyocytes Increased P-p38 MAPK

Transfection of the cell with
constructs activating MAPKs
revealed a central role of p38 MAPK
activation in cardiac hypertrophy

Choukroun et al. [98] 1998 Primary cultures of neonatal rat
cardiomyocytes

Increased SAPK and not
P-ERK

In contrast to SAPK, ERK activation
is not required for hypertrophic
response induced by endothelin

�nd application also for the treatment or prevention of heart
dysfunction in metabolic syndrome. Alternatively, strategies
targeting downstream effectors/transcription factors in these
cascades could also be a viable therapeutic option.
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