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Abstract: Inflammatory bowel diseases (IBDs), chronic inflammatory disorders affecting the gas-
trointestinal tract, include Crohn’s disease and ulcerative colitis. There are increasing clinical and
experimental data showing that obesity, especially visceral adiposity, plays a substantial role in the
pathogenesis of IBD. Obesity seems to be an important risk factor also for IBD disease severity and
clinical outcomes. Visceral adipose tissue is an active multifunctional metabolic organ involved
in lipid storage and immunological and endocrine activity. Bowel inflammation penetrates the
surrounding adipose tissue along the mesentery. Mesenteric fat serves as a barrier to inflammation
and controls immune responses to the translocation of gut bacteria. At the same time, mesenteric
adipose tissue may be the principal source of cytokines and adipokines responsible for inflammatory
processes associated with IBD. This review is particularly focusing on the potential role of adipokines
in IBD pathogenesis and their possible use as promising therapeutic targets.
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1. Introduction

Inflammatory bowel diseases (IBDs), chronic inflammatory disorders affecting the gas-
trointestinal tract, include Crohn’s disease (CD) and ulcerative colitis (UC). Approximately
25% of IBD patients experience the onset of symptoms before 21 years of age. Pediatric
IBD is considered more severe and extensive [1]. The incidence of IBD in both adults and
children is increasing worldwide. According to a 2018 review, the highest incidence rates
of pediatric IBD were 23 and 15.2 per 100,000 person-years in Europe and North America,
respectively [2].

The etiopathogenesis of IBD results from imbalance between genetic predisposition,
environmental factors (infections, diet, smoking, drugs, stress and socioeconomic status),
and the gut microbiome [3]. A crucial role in bowel inflammation is played by modulation
of the cytokine function. Apart from being involved in energy homeostasis, adipose tissue
is an endocrine and immune organ significantly contributing to inflammatory processes.
A number of adipokines (hormones and cytokines secreted by adipose tissue), especially
from the mesenteric fat, can influence the pathogenesis of IBD [4]. Despite progress in this
field of research, the etiopathogenetic mechanisms of IBD are not fully elucidated.

2. Obesity and IBD

Obesity is characterized by weight gain above normal ranges—body mass index
(BMI) ≥ 30 kg/m2; overweight is defined as BMI ≥ 25 kg/m2. IBD is often associated
with underweight (BMI < 18 kg/m2); however, numerous studies find overweight and
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obesity also common in UC/CD patients [5]. Overweight may be present in 20–40% of IBD
patients in Western countries, while obesity may affect about 15–40% of this population [6].
Approximately 20% of children with CD and 30% with UC are overweight or obese [7].
There is a direct association between childhood BMI and CD diagnosed before 30 years
of age as well as an inverse association between childhood BMI and UC irrespective of
age. This supports the hypothesis of obesity being a risk factor for CD and suggests that
childhood underweight might be a risk factor for UC. A recently published systematic
review of more than 23,000 IBD adult cases also verified obesity as the risk factor of IBD.
Obesity and underweight were independently associated with an increased risk of CD,
while there was no evident association between BMI and the risk of UC [8].

Patients with IBD have higher abdominal adiposity and less skeletal muscle mass than
healthy individuals [9]. Increasing rates of obesity coincide with decreases in lean muscle
mass over time [10]. Muscle mass decreases may even result in osteoporosis and more
frequent bone fractures in IBD patients [11]. Sarcopenia is common in overweight and
obese patients with IBD and was described as a predictor of the need for surgery [12,13].
Sarcopenia also correlated with an increased rate of major postoperative complications,
and improved perioperative intervention may diminish this risk [14]. Most overweight
patients would not be identified as malnourished using traditional measurement methods.
An exact quantification of skeletal muscle mass is possible with abdominal computed
tomography [15]. Computed tomography examination of patients after surgical treatment
due to refractory IBD observed significant changes in body composition compared to
healthy controls. Patients were characterized by increased fat deposition and reduced
skeletal muscles. The authors emphasize that patients that are refractory to IBD treatment
may have an increased risk of sarcopenic obesity [9].

Obesity, in particular visceral adiposity, might contribute to the course of IBD and its
outcome. Adult obese patients with IBD need more frequent hospitalizations compared to
those with normal body weight [16]. Similar conclusions were drawn in the pediatric IBD
population; both low and high BMI upon diagnosis was associated with a worse course
of illness [17]. However, it is not entirely clear whether obese IBD patients are at higher
risk of complications, such as surgery, hospitalization, and infection. Studies in patients
with Crohn’s disease suggest that overall obesity (as measured by BMI) is not consistently
associated with an increased prevalence of IBD-related complications. Similarly, in patients
with ulcerative colitis, obesity has not been associated with disease severity [6]. On the
contrary, in a study of Malik et al., obese CD patients were approximately 2.5 times more
likely to have a poor surgical outcome than patients with CD who were not obese [18].
A body mass index above 25 predicts poorer outcome and a shorter time to first surgery
in adult CD patients [19]. Obesity has repeatedly been recognized as a risk factor for
perioperative morbidity, which is largely driven by surgical site infections, but it is also
by impaired wound healing, potentially increased thromboembolic complications, longer
length of hospital stay, and the need for short-term rehabilitation [20]. Obesity has been
shown to be a risk factor for conversion from laparoscopic to open surgery [21]. In children,
obese pediatric IBD patients may also have a more severe disease course, as indicated by
an increased need for surgery [22]. On the contrary, one meta-analysis revealed that obese
patients were significantly less likely to undergo IBD-related surgery, receive hormone
therapy, and experience hospitalization compared with non-obese patients [23].

Several studies suggest that obesity also negatively impacts overall quality of life
in IBD patients [20,21]. For example, recently, a large internet-based study of more than
7000 participants with IBD demonstrated that those who were obese were significantly
more likely to have higher rates of anxiety, depression, fatigue, pain, and reduced social
function [24]. Whether obesity influences the IBD phenotype is still unclear, few studies
exploring this issue have produced conflicting results [20]. One retrospective review
suggested that obese patients may have higher rates of perineal disease [25]; other studies
found no differences in disease distribution or behavior for CD or UC patients [9,26]. These
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inconsistencies may be related to significant limitations of BMI as a biomarker of adiposity,
as it is unable to differentiate between subcutaneous and visceral adipose tissue [27].

There are data suggesting that obesity does influence the efficacy of specific drugs
commonly used to treat IBD. It is associated with the rapid clearance of biologic agents
that could result in low trough concentrations and in suboptimal response to biological
therapy [5,6]. A reduction in clinical outcome and lower trough levels in response to
infliximab [28] and adalimumab [29] have been reported. More recently, trough levels
of vedolizumab were found to be reduced by the presence of obesity in patients with
IBD [30]. Decreased clinical response and lower 6-thioguanine levels on treatment with
azathioprine have been reported, too [21]. On the other hand, in pediatric IBD patients
on maintenance infliximab therapy, excess weight gain was not associated with higher
weight-based dosing, lower serum trough levels, or increased risk of treatment failure [31].
A pooled data analysis of infliximab-treated IBD patients from landmark clinical trials
did not identify any difference in clinical remission or response based on BMI [32]. These
findings were supported by a systematic review and meta-analysis demonstrating that
obesity was a risk factor for anti-TNF therapy failure in several rheumatic diseases but not
in IBD [33].

3. Adipose Tissue as an Active Endocrine Organ Visceral Adipose Tissue and IBD

Adipose tissue is an active multifunctional metabolic organ involved in lipid storage
and immunological and endocrine activity. It is composed of adipocytes, preadipocytes,
macrophages, adipose-derived stromal cells, endothelial cells, fibroblasts, and leukocytes.

Adipose tissue is distributed in two main compartments, subcutaneous and visceral—
see Figure 1 [27,34]. Exact differentiation of subcutaneous and visceral adipose tissue
(VAT) is possible by abdominal magnetic resonance imaging or computed tomography
used to measure the visceral fat area and subcutaneous fat area [15,35]. VAT could be a
better predictor of disease progression and a risk factor for CD complications than obesity
determined by BMI [36]. Computed tomography suggested that the ratio of the area of
VAT to that of subcutaneous fat is a good marker for the CD progression and correlated
with the postoperative recurrence of CD more strongly than BMI [37]. Pediatric patients
with CD were observed with higher VAT volumes than healthy controls and CD-related
hospitalization correlated with the increase in VAT volume [38]. Visceral adiposity, as
measured by VAT volume, may be associated with a significant increase in the risk of
penetrating disease and surgery in CD [39]. VAT is an independent risk factor for the
endoscopic recurrence of CD after surgery. Measures of VAT may help to stratify risk
in post-operative management strategies [12]. The peri-intestinal compartment of VAT,
mesenteric adipose tissue, appears to play a particularly important role in IBD [34].
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3.1. Mesenteric Adipose Tissue

Mesenteric adipose tissue (MAT) is a biologically very active fat compartment [34,40,41].
MAT may influence the gut barrier function by promoting the innate immune response to
the gut flora. MAT may be the principal source of cytokines responsible for inflammatory
processes associated with IBDs, for example interleukins (IL): IL-1β, IL-4, IL-6, IL-8, IL-10,
tumor necrosis factor-α (TNF-α), adipokines, and other mediators (e.g., angiotensinogen,
plasminogen activator inhibitor-1) [40,41]. The degree of cytokine expression has been
shown to correlate with adipocyte mass [42]. Furthermore, preadipocytes and adipocytes
can express a broad spectrum of functional innate immune receptors, namely Toll-like
receptors and nucleotide-binding oligomerization domain-containing proteins 1 and 2 as a
reaction to bacterial stimuli [40,43].

MAT is frequently visible by ultrasound imaging, but only magnetic resonance imag-
ing or computed tomography (CT) enterography is an accurate and precise imaging modal-
ity for measuring both visceral and subcutaneous adipose tissue. Increased mesenteric
fat density evaluated by CT enterography was found to correlate with elevated serum
C-reactive protein (CRP) levels in patients with CD [44].

3.2. Creeping Fat (Fat Wrapping)

Bowel inflammation penetrates the surrounding adipose tissue along the mesentery
in CD patients. MAT extends from the mesenteric attachment toward the root of the
mesentery [3]. This hypertrophic mesenteric fat, surrounding the inflamed bowel, is called
“creeping fat” or “fat wrapping”—see Figure 2 [34,40]. MAT hypertrophy was described
a long time ago, in 1932, by B. B. Crohn as a consistent symptom of CD [45]. Creeping
fat is pathognomonic of CD. It consisted of adipocytes, endothelial cells, immune cells,
fibroblasts, pre-adipocytes, and stem cells. This activated adipose tissue secretes a broad
spectrum of mediators, including cytokines, adipokines, fatty acids, and growth factors.
Creeping fat is interpositioned between serosa and muscularis propria, which suggests
that adipocytes are in direct contact with intestinal smooth muscle cells. In this way, the
presence of creeping fat is associated with muscularis propria hyperplasia, transmural
inflammation, and intestinal fibrosis. Fat wrapping, together with muscular hypertrophy
and intestinal fibrosis, may participate in the stricturing form of CD [46,47].

In a retrospective study of intestinal resections, fat wrapping was found only in pa-
tients with CD and not in resections performed for other diagnoses (intestinal ischemia,
tumors, etc.). Fat wrapping was positively correlated with transmural inflammation, fi-
brosis, stricture formation, and macrophage and lymphocyte perivascular infiltration on
histology [48]. The development of mesenteric creeping fat in CD has been hypothesized
to be caused by adipocyte hyperplasia rather than hypertrophy [27], resulting in an ap-
proximately four-fold increase in the number of mesenteric adipocytes compared with
healthy controls [41]. There are also some observations of edematous adipose tissue and
enlarged lymph nodes in patients with UC undergoing an abdomino-perineal resection [3].
However, there are probably differences in MAT from patients with ileal CD, colonic CD,
and UC [49]. Creeping fat appears to be restricted to ileal specimens; it is less prominent
in colonic CD and in UC. Moreover, creeping fat contains in the ileum significantly more
fibrotic tissue and T cells than colonic fat from CD or UC patients. Colonic fat from CD
patients shared features of both ileal fat from CD patients and colonic fat from UC patients,
supporting the concept that these entities should be considered separately [27,49].

A close link and interaction between MAT and the bowel lymphatic system has been
described. Lymph nodes are surrounded by perinodal adipose tissue that can also interact
with lymph node cells during chronic inflammatory conditions [50]. It is supposed that
impaired intestinal or mesenteric lymphatic drainage during intestinal inflammation could
favor mesenteric adipocyte hyperplasia and creeping fat [3]. A recent in vitro investigation
suggested that activated muscularis propria muscle cells secrete a distinct matrisome, with
increased amounts of the extracellular matrix component fibronectin which, through an
integrin α5ß1-mediated signaling, induces the migration of preadipocytes out of mesenteric
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fat and de novo formation of creeping fat [33]. Lymphatic insufficiency was demonstrated
to cause adipose tissue accumulation [51]. Mesenteric lymphatic obstruction has been
reported in patients with CD undergoing surgery [52].
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Figure 2. Differences between mesenteric adipose tissue in healthy individuals and patients with
IBD. Adapted from [3]. In contrast to lean state, creeping fat is characterized by smaller, highly active
adipocytes, with enhanced expression of pro-inflammatory mediators (TNF-α, IL-6, etc.). Mesenteric
adipose tissue is infiltrated by immune cells (macrophages, lymphocytes) with enhanced production
of chemokines (MCP-1, M-CSF). In addition, pre-adipocytes can differentiate into macrophages.
TNF-α, Tumor necrosis factor α; IL, Interleukin; MCP-1, Monocyte chemotactic protein-1; M-CSF,
Macrophage colony-stimulating factor.

Recently, a working model for the interactions between lymphatics, fat, and inflamma-
tion in CD has been proposed by von der Weid and Rainey [53]. Impaired lymph drainage
causes increased fluid volume/pressure in the interstitium and edema. Lymph leak out of
dysfunctional lymphatics induces, via lymph factors, preadipocytes to differentiate and
form MAT. Conversely, both adipose deposition and interstitial fluid accumulation, alter
lymphatic drainage and lead to lymphangiogenesis. Dysfunction of lymphatic vessels also
impairs immune cell trafficking to lymph nodes, altering an appropriate immune response.
Moreover, mesenteric adipocytes may, by their production of key chemokines in response
to inflammatory/bacterial stimuli, arrange the formation of tertiary lymphoid organs rich
in both T- and B- memory cells as well as plasma cells [54]. Whole transcriptional analysis
also supports the role of CD-associated MAT as a site for T-, B-, and plasma cells activation,
which suggests that it could act as a reservoir of memory immune response [55].
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3.3. Intestinal Microbiota, Visceral Obesity, and IBD

It has been shown that MAT may contribute to the development of CD by reacting to
the gut microbiome. Viable bacteria were found in about 20% of mesenteric lymph nodes
and adipose tissue in healthy humans, showing the physiological presence of bacteria
within adipose tissue. About 95% of the total viable bacteria cultured from mesenteric
tissues are physiologically located in adipocytes and only 5% are translocated to mesenteric
lymph nodes, indicating that adipocytes might be the main reservoir of bacteria in the
mesentery [41]. This suggests that bacteria invading MAT in the course of colitis could
affect the local release of inflammatory mediators [3]. The interaction of adipocytes with
gut bacteria results in adipocyte hyperplasia, induction of pro-inflammatory genes, and
the secretion of chemokines attracting various leukocyte populations. The accumulation
of pathogenic bacterial species in mesenteric lymph nodes drives the immune response,
resulting in persistent inflammation in the MAT. This aggravates the destruction to the
adjacent ileal wall, which further impairs the intestinal barrier and allows more gut bacteria
to translocate to the mesentery [27].

Intestinal flora comprises bacteria, viruses, and fungi. It has complicated interactions
that probably play a pathogenic role in both obesity and IBD. There are five main phyla of
bacteria in the intestinal flora: Bacteroidetes, Firmicutes, Proteobacteria, Verrucomicrobi, and
Actinobacteria. A shift in the microbiome composition leads to dysbiosis in visceral obesity
as well as in IBD. There are some discrepancies among studies; however, major differences
in bacterial phyla between obesity and IBD seem to be consistent. They comprise the
increase in Firmicutes and the decrease in Actinobacteria in obese subjects compared to
IBD cases [56]. In IBD, in addition to the reduction in Firmicutes, there is a quantitative
and qualitative change in Bacteroidetes [57]. Apart from Actinobacteria, IBD patients have
increased amounts of Enterobacteriaceae and Proteobacteria [58]. However, there exist not
only differences but also similarities in the dysbiosis of obesity and IBD. In both IBD
and obesity, there is an increase in Proteobacteria, Ruminococcus gnavus, and a decrease in
Clostridium (leptum) and Faecalibacterium prausnitzii [56].

Compared to UC, VAT in CD is more inflamed and more colonized by intestinal
commensal bacteria of type Enterococcus faecalis, increasing adipocyte proliferation [59].
In CD, as opposed to UC, the translocation of intestinal bacteria to mesenteric fat depots
has been demonstrated, leading to increased CRP secretion in systemically relevant levels
in these adipocytes [43]. Significant differences in the microbiota between CD and UC
patients were found by using next-generation sequencing in the mesenteric lymph nodes
from IBD patients undergoing bowel resection. They with CD were characterized by the
overexpression of Proteobacteria (containing such pathogens as E. coli, Shigella, Salmonella,
and Helicobacter spp.). Moreover, the ratio of Firmicutes-to-Bacteroides was found to be
decreased in CD but increased in UC [60].

Although the pathogenic significance of dysbiosis is still not clear, changes in bacterial
composition may lead to changes in gut barrier function. Due to the reduction in the
number of commensal bacteria, the production of short-chain fatty acids (SCFA) is also
reduced. SCFAs are a nutrient for colonocytes, which show a beneficial effect in maintaining
the integrity of the intestinal barrier [61]. An important contributor is butyrate, which
is a SCFA that is a product of plant polysaccharides fermentation. A low concentration
of butyrate enhances the integrity of the intestinal barrier, whereas a high concentration
promotes epithelial cell death [62]. The production of another SCFA, acetate, increases
protection against the enteropathogen Escherichia coli 0157:H7 by maintaining epithelial
barrier function and restricting the translocation of bacterial toxins to the blood supply [63].
In addition, bacterial lipopolysaccharide (LPS) may trigger low-grade inflammation that
contributes to IBD, promotes an inappropriate inflammatory response—leading to an
imbalance in local pro- and anti-inflammatory factors, and becomes a factor in promoting
IBD [5]. These data show that probably different molecules produced by the bacterial
microbiota can modulate the balance between colonic health and disease [62]. Bacteria
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involved in the production of SCFA such as Faecalibacterium prausnitzii, and Bifidobacteria
are reduced in IBD, but reporting of such changes is somewhat variable [56].

Recently, Serena et al. tested the hypothesis that creeping fat may be a bacterial
reservoir in patients with CD. They found a microbiome signature within creeping fat
and MAT from CD patients, but not in subcutaneous fat. Proteobacteria was the most
abundant phylum in both creeping fat and MAT, and it was positively correlated with
fecal calprotectin and CRP. Notably, the clinical status of patients seemed to be related to
the microbiome signature, as those with the inactive disease showed a reduction in the
abundance of pathogenic bacteria. These findings demonstrated that microbiota dysbiosis
associated with CD pathophysiology is reflected in VAT, which might contribute to disease
by potential bacterial translocation across a disrupted intestinal barrier [64].

3.4. Mesenteric Fat as a Source of Inflammatory Peptides

Adipocytes are an extrahepatic source of CRP. In a study by Anty et al., CRP gene
expression was not only increased in the liver but also in the adipose tissue of obese patients
compared with controls subjects. In human adipose tissue, levels of CRP mRNA were
positively correlated with those of IL-6, and the CRP expression was enhanced in vitro by
IL-6 and lipopolysaccharides [65]. Mesenteric fat is an important source of CRP also in CD
patients. In a study by Peyrin-Biroulet et al., CRP expression was higher in the mesenteric
fat of CD patients than those with UC; the samples were obtained during surgery. Increased
mesenteric fat density correlated with serum CRP levels in CD [43]. CRP production by
mesenteric adipocytes may be triggered by inflammatory and bacterial stimuli during
bacterial translocation to mesenteric fat. It has been hypothesized that increased cytokine
production in the inflamed mesentery, together with translocating bacteria, may trigger
CRP production by mesenteric adipocytes in CD patients.

Moreover, the VAT expresses the whole machinery of inflammatory peptides, in-
cluding classical cytokines (IL-1β, IL-6, TNF-α), chemokines (monocyte chemoattractant
protein-1, C-C motif chemokine ligand 2), complement components (C1q, C3a), Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs),
and C1q/TNF-related proteins [66]. Thus, VAT could link innate immune reactions during
gut inflammation to adjacent adipose tissue alterations such as creeping fat [67]. Intestinal
adipocytes residing within the VAT adjacent to inflamed gut express major functional
components of the innate immune recognition system, such as TLRs and NODs/NLRs.
Consequently, visceral adipocytes are able to sense a wide variety of microbial components
that cross the disturbed intestinal barrier seen in IBD [68]. Thus, the observed inflamma-
tory transformation of VAT seems to be a consequence rather than the cause of IBD. The
physiological meaning behind this mechanism is most likely to provide an additional an-
timicrobial barrier surrounding the affected gut. This adipose tissue barrier might reduce
the risk of intestinal perforation, bacterial translocation to the peritoneum, and finally,
systemic inflammation and sepsis [69].

VAT also actively participates in immune responses via secretion of fat-derived hor-
mones, so-called adipokines.

4. Adipokines

Adipokines represent a group of mediators primarily released by adipocytes that
modulate a variety of metabolic functions in the adipose tissue, liver, brain, muscles,
pancreas, and immune system [70]. Adipokines play a central role in controlling energy
metabolism. Regulatory immune function has been identified in many of them. The role of
several adipokines in the creeping fat as well as in intestinal inflammation was recently
explored [71].

4.1. Adiponectin

Adiponectin is a hormone exclusively secreted by adipocytes at a level inversely
proportional to fat mass [41]. Adiponectin acts as an anti-diabetic and anti-atherogenic fac-
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tor [72]. It is a key mediator in the pathogenesis of chronic inflammation-related metabolic
diseases such as atherosclerosis or type-1 diabetes. Adiponectin activates adiponectin
receptor-1 and adiponectin receptor-2. The expression of adiponectin receptors has been
reported on human monocytes, B-lymphocytes, and NK cells. Adiponectin induces the di-
rect inhibition of pro-inflammatory pathways, including those regulated by TLRs, through
inhibition of nuclear factor-kappa B (NF-κB) in several cell types. Pro-inflammatory cy-
tokines (e.g., TNF-α and IL-6) suppress adiponectin secretion in adipocytes. Adiponectin
also increases the secretion of anti-inflammatory cytokines such as IL-10 and IL-1 receptor
antagonist by human monocytes, macrophages, and dendritic cells. Therefore, adiponectin
acts as an anti-inflammatory mediator [3]. Hypoadiponectinemia is associated with obesity,
diabetes, hypertension, mixed dyslipidemia, metabolic syndrome, nonalcoholic steatohep-
atitis, coronary artery disease, and others [73].

Adiponectin exerts anti-inflammatory effects through the modulation of signaling
pathways and may therefore play a critical role in IBD severity and treatment [4]. However,
human studies have yielded conflicting results. In one study, mesenteric adiponectin ex-
pression was lower in patients resected for CD than those resected for other reasons (with
the normal distal ileum). The authors suppose that the lower levels of serum and mesenteric
adiponectin in active CD suggest a defective regulation of anti-inflammatory pathways
in CD pathogenesis [74]. By contrast, another study found significantly increased tissue
concentrations and release of adiponectin (adiponectin mRNA levels) in hypertrophied
MAT of CD patients as compared with normal MAT of CD patients, UC patients, and con-
trols [75]. Serum adiponectin levels were also found decreased [74,76,77], increased [78,79],
or unchanged [80–82] in IBD patients. Circulating adiponectin levels in patients with IBD
treated with anti-inflammatory therapy do not seem to be affected [80,83]. The discrepancy
in these results in part could be explained by small data cohorts used in some of the studies,
inadequate controls, and different treatment status of the patients [62].

The results of many studies suggest that adiponectin can promote the anti-inflammatory
response through the modulation of phagocytosis or suppression of pro-inflammatory
cytokines, such as TNF-α and IL-6, by suppressing NF-κB signaling [84]. However, some
studies have revealed that the role of adiponectin in intestinal inflammatory disease may be
pro-proliferative and pro-inflammatory through the activation of some kinases and NF-κB
signaling in colonic epithelial cells [85]. These controversial findings support the concept
that adiponectin plays an important role in maintaining intestinal homeostasis, but its exact
action in bowel inflammation remains unclear and more studies need to be elucidated.

4.2. Leptin

Leptin (also known as OB protein) was initially identified as a hormone and satiety
factor. Its name is derived from the Greek word leptos, which means “thin” [86]. This
peptide, encoded by the ob gene, is primarily secreted by adipocytes and is a critical
hormone that controls body weight due to its central effects [87]. Leptin mediates several
physiological functions including elevated blood pressure, tumorigenesis, cardiovascular
pathologies, and enhanced immune response in many autoimmune diseases [88].

This adipokine is overexpressed in the MAT of CD and UC subjects. All studies investi-
gating the leptin secretion/mRNA expression in MAT in IBD patients found unequivocally
increased levels [67]. Leptin mRNA levels were shown to be significantly higher in the
MAT of CD and UC patients than in controls [88]. However, circulating serum leptin levels
were found decreased [78,80,81,89], increased [77,90,91], or unchanged [74,76,82,92,93] in
IBD patients. One study documented low serum leptin associated with an increased risk of
IBD and also with an increased disease activity on endoscopy [94]. These different findings
reflect different treatment status of the IBD patients, small cohorts of included participants,
and different disease subgroups (CD versus UC). Moreover, the data from treatment-naïve
individuals is not always available, and the control groups are not homogenous as they may
include healthy individuals, IBD patients in remission, or patients with gastrointestinal
diseases other than IBD [27,62,67].
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Leptin exerts strong pro-inflammatory effects by synergizing with TNF-α to activate
macrophages and generate reactive oxygen species in neutrophils [3,27]. It stimulates and
promotes the proliferation of human peripheral blood mononuclear cells. It is necessary for
appropriate T-cell response, increases the proliferation of CD4+ T cells, and also promotes
dendritic cell differentiation. Inflamed colonic epithelial cells express and release leptin
into the intestinal lumen. In response to luminal leptin, model intestinal epithelia critically
activate the NF-κB, which is a key signaling system to pro-inflammatory stimuli; luminal
leptin can induce colonic epithelial neutrophil infiltration [86]. Recently, Ziegler et al. have
described a patient with the unique combination of acquired generalized lipodystrophy
and Crohn’s disease featuring a lack of adipose tissue, leptin deficiency, and intestinal
inflammation. Recombinant leptin exerts diverse pro-inflammatory effects on immune cell
differentiation and function, including the metabolic reprogramming of immune cells and
the induction of TNFα, ultimately aggravating Crohn’s disease, which can be reversed
by anti-TNFα therapy. These results indicate that leptin is required for human immune
homeostasis and contributes to autoimmunity in a TNFα-dependent manner [95].

4.3. Resistin

Resistin is an adipokine expressed and produced in adipocytes and immune cells,
mainly peripheral blood mononuclear cells and macrophages [4]. Resistin is named after its
resistance to insulin. This adipokine plays a role in the murine pathogenesis of obesity and
diabetes. Circulating resistin levels are decreased by the anti-diabetic drug rosiglitazone
and increase in diet-induced and genetic forms of obesity. Insulin-stimulated glucose
uptake by adipocytes is enhanced by the neutralization of resistin and is reduced by
resistin treatment [96]. In humans, resistin may be a link between inflammation and insulin
resistance [3].

This adipokine has been associated with inflammatory processes because its expres-
sion in adipose tissue is induced by pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α)
via the NF-κB signaling pathway [21,27]. Resistin acts as a pro-inflammatory factor. Sev-
eral studies have demonstrated circulating levels of resistin increased in patients with
IBD [80,82]. Resistin levels was an independent predictor of disease activity in patients
with CD according to one study [97]. Another study did not find an association between
resistin and endoscopic activity of IBD [94]. Anti-inflammatory therapy in patients with
IBD significantly reduced serum levels of resistin [80,83]. However, there was no apparent
differences in serum resistin between IBD and other diseases characterized by chronic
inflammation, which may indicate it is a non-specific marker of inflammation [27].

4.4. Chemerin

Chemerin is produced by adipocytes and displays dual functions in immune response
and metabolism control. Chemerin expression and secretion increase dramatically with
adipogenesis. It is a pro-inflammatory cytokine implicated in adipocyte differentiation and
metabolism, insulin resistance, and blood pressure control [98]. Chemerin has been shown
to promote the chemotaxis of dendritic cells and macrophages. Therefore, it serves as a
chemoattractant for cells of innate immunity [71]. Chemerin levels correlate with serum
concentrations of TNF-α, IL-6, and CRP, and they may reflect the inflammatory status
associated with obesity [3]. Chemerin mRNA expression in tissue biopsies from patients
with UC correlated with disease activity [99]. Moreover, circulating levels of chemerin
was increased in patients with IBD compared with healthy controls [79]. This finding was
confirmed by some [100] but not all studies [80].

4.5. Visfatin

The term visfatin was adopted because of its predominant production in VAT. Al-
though initially reported to be produced preferentially by VAT [101], now, it is known to be
secreted also by other cells [102]. Visfatin expression is strongly correlated with the amount
of visceral fat and MAT. It could be associated with the pathogenesis of IBD by inducing in-
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flammatory pathways. Visfatin stimulates human leukocytes to produce pro-inflammatory
cytokines including TNF-α, IL-6, and IL-1β [4]. Moreover, it was found to act as a potent
chemotactic factor for monocytes and B cells and an activator of antigen-presenting cells,
phagocytes, and T cells [27]. Circulating visfatin levels have been found to be significantly
elevated in both CD and UC patients compared with controls. Visfatin was also higher in
UC patients in the activation period than in post-treatment remission patients and healthy
controls [103]. Its higher expression was found in colonic biopsies from children with IBD
naïve to therapy [104]. Visfatin mRNA expression was significantly upregulated in the
colonic tissue of patients with CD or UC [105]. Multiple actions in inflammation and cell
proliferation make visfatin a potential therapeutic target [27].

4.6. Apelin

Apelin is a relatively novel adipokine produced and secreted by adipocytes [106].
Apelin mRNA levels in adipocytes and its plasma concentrations were increased in various
mouse models of obesity. Apelin is also related to the pathophysiology of oxidative stress
and inflammation [107]. Its production is upregulated in colonic tissues of IBD patients.
Synthetic apelin significantly enhanced the proliferation of mice colonic epithelial cells,
suggesting that its enhanced expression in the intestinal recovery stage may result in the
repair of the intestinal epithelium in rodent colitis models and in patients with IBD [108].
Apelin is highly produced in the adipose tissue of patients with CD compared with that
from controls, and the systemic delivery of apelin significantly ameliorates the disease
activity by downregulating inflammatory cytokines such as TNF-α and IL-6 [109]. Further
studies have revealed the critical role of apelin signaling in the polarization of endothelial
cells [110], in lymphatic endothelial cell migration [111], and in inflammation inhibition by
enhancing lymphatic function [112]. These results demonstrated that apelin may have a
supportive role in intestinal lymphatic drainage of IBD.

4.7. Other Adipokines and Hormones Related to IBD

Ghrelin, a gut–brain peptide, directly and indirectly participates in biological activities
including energy metabolism, control of food intake, and stimulation of growth hormone
release [4]. Ghrelin plays a role in modulating immune responses and inflammatory
processes. It antagonizes leptin by inhibiting leptin-induced pro-inflammatory responses in
macrophages and T cells, reducing the expression of pro-inflammatory cytokines (including
TNF-α, IL-1β, IL-6, and IL-8), and decreasing the expression of leptin in the gastrointestinal
tract [113]. Ghrelin levels were shown to be higher in active IBD cases [76,83,114–116].
No significant differences of serum ghrelin levels were found in CD patients in remission
compared to healthy controls [92]. Another study did not observe ghrelin levels to be
associated with a risk of IBD nor with a disease activity on endoscopy [94]. Therefore,
similar to other adipokines, systemic ghrelin levels do not change consistently in IBD.
Moreover, there is a possible link between ghrelin levels and the loss of appetite from
which patients with IBD suffer [116].

Omentin-1 is expressed predominantly in omental tissue and plays an anti-inflammatory
role by inhibiting TNF-α in vascular endothelial cells [117]. It was found to be decreased in
obesity, type 2 diabetes, coronary artery disease [27,117], and also in IBD [118]. Ometin-1
levels correlated inversely with disease activity. Moreover, omentin-1 mRNA expression
was found to be reduced in colonic tissue from active CD patients [118].

Serum concentration of vaspin is associated with obesity and insulin resistance in
humans [102]. No difference in vaspin levels between IBD patients and healthy controls
was observed [100]. There are reports that serum levels of retinol-binding protein 4, another
adipokine linked to the metabolic syndrome [73,119], has been reported to be elevated in
IBD patients [76] and inversely correlated with disease activity [120]. Finally, meteorin-
like, a novel adipokine with insulin sensitizing and anti-inflammatory properties, has
been recently detected as decreased in patients with IBD [121]. Meteorin-like levels were
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inversely related with BMI, TNF-α, and IL-6, which suggested a possible relation with the
inflammatory process in IBD.

5. Adipokines and IBD Treatment
5.1. Adipokines for Therapeutic Use

Adiponectin is intended as a potential therapeutic modality, because it plays an
important role in maintaining intestinal homeostasis [36]. A plant-derived homolog of
adiponectin exerted protective effects during murine dextran sodium sulfate-induced
(DSS) colitis [122]. In addition, the administration of adiponectin by adenovirus infection
significantly reduces DSS colitis severity in mice [123]. Adiponectin attenuated the stress
signals and apoptotic status in colonic epithelial cells and reducing adiponectin resistance
or using adiponectin homologs may become therapeutic options in IBD [124]. However,
the use of adiponectin as a pharmacological agent is difficult due to its multiple forms and
high levels in the blood [125].

The emerging role of a leptin antagonist as a potential therapeutic option for IBD
has been also described [87]. Leptin antagonists may ameliorate chronic colitis in IL-
10 deficient mice [126]. In addition to adiponectin, apelin significantly promotes the
proliferation of epithelial cells in intestinal tissues [108] and also plays a critical role
in stabilizing the development of lymphatic vessels [111,112]. The administration of
apelin can enhance the lymphatic function of intestinal tissues and reduce colitis in IL-10-
deficient mice model [127]. Recently, FK886, a small molecule inhibitor of intracellular
visfatin, showed an improved course of DSS colitis in mice with a shift in macrophage
sub-populations toward an anti-inflammatory M2 phenotype [128]. These results denote
that adipokines may serve as future therapeutic targets for patients with IBD [36].

5.2. Adipokines and Anti-TNF Therapy

TNF-α is a critical mediator of inflammatory process in IBD pathogenesis. Associations
between TNF-α, VAT, and adipokines have been described. A study by Karmiris et al.
showed no significant alterations in serum levels of leptin and adiponectin, whereas
serum resistin levels were significantly decreased after infliximab therapy in IBD patients,
suggesting its possible pro-inflammatory status in IBD and role as a marker of successful
therapy [83]. In patients with CD, leptinemia significantly increased at one and four weeks
after infliximab administration, suggesting that TNF-α exerts major inhibitory actions on
leptin production in these patients [129]. In the pediatric population, an association between
anti-TNF therapy and changes in circulating adipokines has been recently reported. During
infliximab induction treatment, transient elevation of adiponectin has been described, with
a subsequent decline. The study authors concluded that the marked early increase of the
potent anti-inflammatory adiponectin may contribute to the rapid response to infliximab in
CD patients [130]. Conventional therapy (prednisone, 5-aminosalicylate, and azathioprine
for CD patients) in IBD patients was associated with a decrease in the serum visfatin in
CD subjects and a decrease in resistin levels in UC patients. There were no differences in
concentrations of other adipokines—leptin, adiponectin, and chemerin [80].

6. Conclusions

There are increasing clinical and experimental data showing that the adipose tissue,
especially VAT, is involved in the pathogenesis of IBD. VAT exhibits pro-inflammatory,
immunoregulatory, and endocrine activity. Obesity seems to be an important risk factor
also for IBD disease severity and clinical outcomes. The exact mechanisms by which obesity
mediates these effects are not exactly clear. However, this is probably achieved by VAT
participating in immune responses to gastrointestinal microbiota and by secreting a number
of key mediators with inflammation-modulating activities leading to changes in local
cytokine and hormone production. Adipokines participate in many functions, including the
regulation of lipid metabolism, insulin sensitivity, inflammation, angiogenesis, hemostasis,
and immunity. There are increasing clinical and experimental data showing that the



Int. J. Mol. Sci. 2021, 22, 4226 12 of 17

adipokines may act as important mediators involved in IBD. Further research is still
required to fully understand the potential role of adipokines in IBDs pathogenesis and to
clarify their possible use as promising therapeutic targets.
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73. Spurná, J.; Karásek, D.; Kubíčková, V.; Goldmannová, D.; Krystyník, O.; Schovánek, J.; Zadražil, J. Relationship of Selected
Adipokines with Markers of Vascular Damage in Patients with Type 2 Diabetes. Metab. Syndr. Relat. Disord. 2018, 16,
246–253. [CrossRef]

74. Rodrigues, V.S.; Milanski, M.; Fagundes, J.J.; Torsoni, A.S.; Ayrizono, M.L.; Nunez, C.E.; Dias, C.B.; Meirelles, L.R.; Dalal, S.; Coy,
C.S.; et al. Serum levels and mesenteric fat tissue expression of adiponectin and leptin in patients with Crohn’s disease. Clin. Exp.
Immunol. 2012, 170, 358–364. [CrossRef] [PubMed]

75. Yamamoto, K.; Kiyohara, T.; Murayama, Y.; Kihara, S.; Okamoto, Y.; Funahashi, T.; Ito, T.; Nezu, R.; Tsutsui, S.; Miyagawa, J.I.; et al.
Production of adiponectin, an anti-inflammatory protein, in mesenteric adipose tissue in Crohn’s disease. Gut 2005, 54,
789–796. [CrossRef]

76. Valentini, L.; Wirth, E.K.; Schweizer, U.; Hengstermann, S.; Schaper, L.; Koernicke, T.; Dietz, E.; Norman, K.; Buning, C.;
Winklhofer-Roob, B.M.; et al. Circulating adipokines and the protective effects of hyperinsulinemia in inflammatory bowel
disease. Nutrition 2009, 25, 172–181. [CrossRef]

77. Kahraman, R.; Calhan, T.; Sahin, A.; Ozdil, K.; Caliskan, Z.; Bireller, E.S.; Cakmakoglu, B. Are adipocytokines inflamma-
tory or metabolic mediators in patients with inflammatory bowel disease? Ther. Clin. Risk Manag. 2017, 13, 1295–1301.
[CrossRef] [PubMed]

78. Karmiris, K.; Koutroubakis, I.E.; Xidakis, C.; Polychronaki, M.; Voudouri, T.; Kouroumalis, E.A. Circulating levels of leptin,
adiponectin, resistin, and ghrelin in inflammatory bowel disease. Inflamm. Bowel Dis. 2006, 12, 100–105. [CrossRef]

79. Weigert, J.; Obermeier, F.; Neumeier, M.; Wanninger, J.; Filarsky, M.; Bauer, S.; Aslanidis, C.; Rogler, G.; Ott, C.; Schäffler, A.; et al.
Circulating levels of chemerin and adiponectin are higher in ulcerative colitis and chemerin is elevated in Crohn’s disease.
Inflamm. Bowel Dis. 2010, 16, 630–637. [CrossRef]

80. Waluga, M.; Hartleb, M.; Boryczka, G.; Kukla, M.; Zwirska-Korczala, K. Serum adipokines in inflammatory bowel disease. World
J. Gastroenterol. 2014, 20, 6912–6917. [CrossRef]

81. Chouliaras, G.; Panayotou, I.; Margoni, D.; Mantzou, E.; Pervanidou, P.; Manios, Y.; Chrousos, G.P.; Roma, E. Circulating leptin
and adiponectin and their relation to glucose metabolism in children with Crohn’s disease and ulcerative colitis. Pediatr. Res.
2013, 74, 420–426. [CrossRef]

82. Ortega Moreno, L.; Sanz-Garcia, A.; Fernández de la Fuente, M.J.; Arroyo Solera, R.; Fernández-Tomé, S.; Marin, A.C.; Mora-
Gutierrez, I.; Fernández, P.; Baldan-Martin, M.; Chaparro, M.; et al. Serum adipokines as non-invasive biomarkers in Crohn’s
disease. Sci. Rep. 2020, 10, 18027. [CrossRef]

83. Karmiris, K.; Koutroubakis, I.E.; Xidakis, C.; Polychronaki, M.; Kouroumalis, E.A. The effect of infliximab on circulating levels of
leptin, adiponectin and resistin in patients with inflammatory bowel disease. Eur. J. Gastroenterol. Hepatol. 2007, 19, 789–794.
[CrossRef] [PubMed]

84. Wulster-Radcliffe, M.C.; Ajuwon, K.M.; Wang, J.; Christian, J.A.; Spurlock, M.E. Adiponectin differentially regulates cytokines in
porcine macrophages. Biochem. Biophys. Res. Commun. 2004, 316, 924–929. [CrossRef] [PubMed]

85. Ogunwobi, O.O.; Beales, I.L. Adiponectin stimulates proliferation and cytokine secretion in colonic epithelial cells. Regul. Pept.
2006, 134, 105–113. [CrossRef] [PubMed]

86. Sitaraman, S.; Liu, X.; Charrier, L.; Gu, L.H.; Ziegler, T.R.; Gewirtz, A.; Merlin, D. Colonic leptin: Source of a novel proinflammatory
cytokine involved in IBD. FASEB J. 2004, 18, 696–698. [CrossRef] [PubMed]

87. Singh, U.P.; Singh, N.P.; Guan, H.; Busbee, B.; Price, R.L.; Taub, D.D.; Mishra, M.K.; Fayad, R.; Nagarkatti, M.; Nagarkatti, P.S. The
emerging role of leptin antagonist as potential therapeutic option for inflammatory bowel disease. Int. Rev. Immunol. 2014, 33,
23–33. [CrossRef]

88. Barbier, M.; Vidal, H.; Desreumaux, P.; Dubuquoy, L.; Bourreille, A.; Colombel, J.F.; Cherbut, C.; Galmiche, J.P. Overexpression of
leptin mRNA in mesenteric adipose tissue in inflammatory bowel diseases. Gastroenterol. Clin. Biol. 2003, 27, 987–991. [CrossRef]

89. Aurangzeb, B.; Leach, S.T.; Lemberg, D.A.; Day, A.S. Assessment of nutritional status and serum leptin in children with
inflammatory bowel disease. J. Pediatr. Gastroenterol. Nutr. 2011, 52, 536–541. [CrossRef]

http://doi.org/10.20524/aog.2016.0077
http://doi.org/10.1097/MCO.0b013e32833cf0f4
http://doi.org/10.1038/mi.2012.33
http://doi.org/10.1016/j.jab.2018.05.005
http://doi.org/10.3389/fimmu.2018.01974
http://doi.org/10.1038/nature01705
http://www.ncbi.nlm.nih.gov/pubmed/12802337
http://doi.org/10.1089/met.2017.0179
http://doi.org/10.1111/j.1365-2249.2012.04660.x
http://www.ncbi.nlm.nih.gov/pubmed/23121676
http://doi.org/10.1136/gut.2004.046516
http://doi.org/10.1016/j.nut.2008.07.020
http://doi.org/10.2147/TCRM.S140618
http://www.ncbi.nlm.nih.gov/pubmed/29033577
http://doi.org/10.1097/01.MIB.0000200345.38837.46
http://doi.org/10.1002/ibd.21091
http://doi.org/10.3748/wjg.v20.i22.6912
http://doi.org/10.1038/pr.2013.114
http://doi.org/10.1038/s41598-020-74999-6
http://doi.org/10.1097/MEG.0b013e3282202bca
http://www.ncbi.nlm.nih.gov/pubmed/17700265
http://doi.org/10.1016/j.bbrc.2004.02.130
http://www.ncbi.nlm.nih.gov/pubmed/15033490
http://doi.org/10.1016/j.regpep.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16529829
http://doi.org/10.1096/fj.03-0422fje
http://www.ncbi.nlm.nih.gov/pubmed/14977884
http://doi.org/10.3109/08830185.2013.809071
http://doi.org/10.1016/S0016-5085(00)83460-5
http://doi.org/10.1097/MPG.0b013e3181f87a95


Int. J. Mol. Sci. 2021, 22, 4226 16 of 17

90. Biesiada, G.; Czepiel, J.; Ptak-Belowska, A.; Targosz, A.; Krzysiek-Maczka, G.; Strzalka, M.; Konturek, S.J.; Brzozowski, T.; Mach,
T. Expression and release of leptin and proinflammatory cytokines in patients with ulcerative colitis and infectious diarrhea.
J. Physiol. Pharmacol. 2012, 63, 471–481.

91. Tuzun, A.; Uygun, A.; Yesilova, Z.; Ozel, A.M.; Erdil, A.; Yaman, H.; Bagci, S.; Gulsen, M.; Karaeren, N.; Dagalp, K. Leptin levels
in the acute stage of ulcerative colitis. J. Gastroenterol. Hepatol. 2004, 19, 429–432. [CrossRef]

92. Nishi, Y.; Isomoto, H.; Ueno, H.; Ohnita, K.; Wen, C.Y.; Takeshima, F.; Mishima, R.; Nakazato, M.; Kohno, S. Plasma leptin and
ghrelin concentrations in patients with Crohn’s disease. World J. Gastroenterol. 2005, 11, 7314–7317. [CrossRef]

93. Hoppin, A.G.; Kaplan, L.M.; Zurakowski, D.; Leichtner, A.M.; Bousvaros, A. Serum leptin in children and young adults with
inflammatory bowel disease. J. Pediatr. Gastroenterol. Nutr. 1998, 26, 500–505. [CrossRef]

94. Trejo-Vazquez, F.; Garza-Veloz, I.; Villela-Ramirez, G.A.; Ortiz-Castro, Y.; Mauricio-Saucedo, P.; Cardenas-Vargas, E.; Diaz-
Baez, M.; Cid-Baez, M.A.; Castañeda-Miranda, R.; Ortiz-Rodriguez, J.M.; et al. Positive association between leptin serum
levels and disease activity on endoscopy in inflammatory bowel disease: A case-control study. Exp. Ther. Med. 2018, 15,
3336–3344. [CrossRef]

95. Ziegler, J.F.; Böttcher, C.; Letizia, M.; Yerinde, C.; Wu, H.; Freise, I.; Rodriguez-Sillke, Y.; Stoyanova, A.K.; Kreis, M.E.;
Asbach, P.; et al. Leptin induces TNFα-dependent inflammation in acquired generalized lipodystrophy and combined Crohn’s
disease. Nat. Commun. 2019, 10, 5629. [CrossRef] [PubMed]

96. Kaser, S.; Kaser, A.; Sandhofer, A.; Ebenbichler, C.F.; Tilg, H.; Patsch, J.R. Resistin messenger-RNA expression is increased by
proinflammatory cytokines in vitro. Biochem. Biophys. Res. Commun. 2003, 309, 286–290. [CrossRef] [PubMed]

97. Konrad, A.; Lehrke, M.; Schachinger, V.; Seibold, F.; Stark, R.; Ochsenkühn, T.; Parhofer, K.G.; Göke, B.; Broedl, U.C. Resistin
is an inflammatory marker of inflammatory bowel disease in humans. Eur. J. Gastroenterol. Hepatol. 2007, 19, 1070–1074.
[CrossRef] [PubMed]

98. Bozaoglu, K.; Bolton, K.; McMillan, J.; Zimmet, P.; Jowett, J.; Collier, G.; Walder, K.; Segal, D. Chemerin is a novel adipokine
associated with obesity and metabolic syndrome. Endocrinology 2007, 148, 4687–4694. [CrossRef]

99. Lin, Y.; Yang, X.; Yue, W.; Xu, X.; Li, B.; Zou, L.; He, R. Chemerin aggravates DSS-induced colitis by suppressing M2 macrophage
polarization. Cell Mol. Immunol. 2014, 11, 355–366. [CrossRef]

100. Terzoudis, S.; Malliaraki, N.; Damilakis, J.; Dimitriadou, D.A.; Zavos, C.; Koutroubakis, I.E. Chemerin, visfatin, and vaspin serum
levels in relation to bone mineral density in patients with inflammatory bowel disease. Eur. J. Gastroenterol. Hepatol. 2016, 28,
814–819. [CrossRef]

101. Fukuhara, A.; Matsuda, M.; Nishizawa, M.; Segawa, K.; Tanaka, M.; Kishimoto, K.; Matsuki, Y.; Murakami, M.; Ichisaka,
T.; Murakami, H.; et al. Visfatin: A protein secreted by visceral fat that mimics the effects of insulin. Science 2005, 307,
426–430. [CrossRef]

102. Chang, Y.C.; Chang, T.J.; Lee, W.J.; Chuang, L.M. The relationship of visfatin/pre-B-cell colony-enhancing factor/nicotinamide
phosphoribosyltransferase in adipose tissue with inflammation, insulin resistance, and plasma lipids. Metabolism 2010, 59,
93–99. [CrossRef]

103. Dogan, S.; Guven, K.; Celikbilek, M.; Deniz, K.; Saraymen, B.; Gursoy, S. Serum Visfatin Levels in Ulcerative Colitis. J. Clin. Lab.
Anal. 2016, 30, 552–556. [CrossRef] [PubMed]

104. Starr, A.E.; Deeke, S.A.; Ning, Z.; Chiang, C.K.; Zhang, X.; Mottawea, W.; Singleton, R.; Benchimol, E.I.; Wen, M.; Mack, D.R.; et al.
Proteomic analysis of ascending colon biopsies from a paediatric inflammatory bowel disease inception cohort identifies protein
biomarkers that differentiate Crohn’s disease from UC. Gut 2017, 66, 1573–1583. [CrossRef] [PubMed]

105. Moschen, A.R.; Kaser, A.; Enrich, B.; Mosheimer, B.; Theurl, M.; Niederegger, H.; Tilg, H. Visfatin, an adipocytokine with
proinflammatory and immunomodulating properties. J. Immunol. 2007, 178, 1748–1758. [CrossRef] [PubMed]

106. Boucher, J.; Masri, B.; Daviaud, D.; Gesta, S.; Guigné, C.; Mazzucotelli, A.; Castan-Laurell, I.; Tack, I.; Knibiehler, B.;
Carpéné, C.; et al. Apelin, a newly identified adipokine up-regulated by insulin and obesity. Endocrinology 2005, 146,
1764–1771. [CrossRef]

107. Yu, S.; Zhang, Y.; Li, M.Z.; Xu, H.; Wang, Q.; Song, J.; Lin, P.; Zhang, L.; Liu, Q.; Huang, Q.X.; et al. Chemerin and apelin are
positively correlated with inflammation in obese type 2 diabetic patients. Chin. Med. J. 2012, 125, 3440–3444.

108. Han, S.; Wang, G.; Qiu, S.; de la Motte, C.; Wang, H.Q.; Gomez, G.; Englander, E.W.; Greeley, G.H., Jr. Increased colonic apelin
production in rodents with experimental colitis and in humans with IBD. Regul. Pept. 2007, 142, 131–137. [CrossRef] [PubMed]

109. Masoud, A.G.; Lin, J.; Azad, A.K.; Farhan, M.A.; Fischer, C.; Zhu, L.F.; Zhang, H.; Sis, B.; Kassiri, Z.; Moore, R.B.; et al. Apelin
directs endothelial cell differentiation and vascular repair following immune-mediated injury. J. Clin. Investig. 2020, 130,
94–107. [CrossRef]

110. Kwon, H.B.; Wang, S.; Helker, C.S.; Rasouli, S.J.; Maischein, H.M.; Offermanns, S.; Herzog, W.; Stainier, D.Y. In vivo modulation
of endothelial polarization by Apelin receptor signalling. Nat. Commun. 2016, 7, 11805. [CrossRef] [PubMed]

111. Berta, J.; Hoda, M.A.; Laszlo, V.; Rozsas, A.; Garay, T.; Torok, S.; Grusch, M.; Berger, W.; Paku, S.; Renyi-Vamos, F.; et al. Apelin
promotes lymphangiogenesis and lymph node metastasis. Oncotarget 2014, 5, 4426–4437. [CrossRef] [PubMed]

112. Sawane, M.; Kidoya, H.; Muramatsu, F.; Takakura, N.; Kajiya, K. Apelin attenuates UVB-induced edema and inflammation by
promoting vessel function. Am. J. Pathol. 2011, 179, 2691–2697. [CrossRef] [PubMed]

113. Tiaka, E.K.; Manolakis, A.C.; Kapsoritakis, A.N.; Potamianos, S.P. Unraveling the link between leptin, ghrelin and different types
of colitis. Ann. Gastroenterol. 2011, 24, 20–28. [PubMed]

http://doi.org/10.1111/j.1440-1746.2003.03300.x
http://doi.org/10.3748/wjg.v11.i46.7314
http://doi.org/10.1097/00005176-199805000-00003
http://doi.org/10.3892/etm.2018.5835
http://doi.org/10.1038/s41467-019-13559-7
http://www.ncbi.nlm.nih.gov/pubmed/31822667
http://doi.org/10.1016/j.bbrc.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/12951047
http://doi.org/10.1097/MEG.0b013e3282f16251
http://www.ncbi.nlm.nih.gov/pubmed/17998831
http://doi.org/10.1210/en.2007-0175
http://doi.org/10.1038/cmi.2014.15
http://doi.org/10.1097/MEG.0000000000000617
http://doi.org/10.1126/science.1097243
http://doi.org/10.1016/j.metabol.2009.07.011
http://doi.org/10.1002/jcla.21901
http://www.ncbi.nlm.nih.gov/pubmed/26668098
http://doi.org/10.1136/gutjnl-2015-310705
http://www.ncbi.nlm.nih.gov/pubmed/27216938
http://doi.org/10.4049/jimmunol.178.3.1748
http://www.ncbi.nlm.nih.gov/pubmed/17237424
http://doi.org/10.1210/en.2004-1427
http://doi.org/10.1016/j.regpep.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17391779
http://doi.org/10.1172/JCI128469
http://doi.org/10.1038/ncomms11805
http://www.ncbi.nlm.nih.gov/pubmed/27248505
http://doi.org/10.18632/oncotarget.2032
http://www.ncbi.nlm.nih.gov/pubmed/24962866
http://doi.org/10.1016/j.ajpath.2011.08.024
http://www.ncbi.nlm.nih.gov/pubmed/21983637
http://www.ncbi.nlm.nih.gov/pubmed/24714276


Int. J. Mol. Sci. 2021, 22, 4226 17 of 17

114. Peracchi, M.; Bardella, M.T.; Caprioli, F.; Massironi, S.; Conte, D.; Valenti, L.; Ronchi, C.; Beck-Peccoz, P.; Arosio, M.; Piodi, L.
Circulating ghrelin levels in patients with inflammatory bowel disease. Gut 2006, 55, 432–433. [CrossRef] [PubMed]

115. Ates, Y.; Degertekin, B.; Erdil, A.; Yaman, H.; Dagalp, K. Serum ghrelin levels in inflammatory bowel disease with relation to
disease activity and nutritional status. Dig. Dis. Sci. 2008, 53, 2215–2221. [CrossRef]

116. Ghomraoui, F.A.; Alotaibi, S.T.; Alharthi, M.A.; Asiri, S.S.; Almadi, M.A.; Alharbi, O.R.; Azzam, N.A.; Aljebreen, A.M.; Saeed, M.;
Hajkhder, B.; et al. Plasma ghrelin and leptin in patients with inflammatory bowel disease and its association with nutritional
status. Saudi J. Gastroenterol. 2017, 23, 199–205. [CrossRef]

117. Yamawaki, H.; Kuramoto, J.; Kameshima, S.; Usui, T.; Okada, M.; Hara, Y. Omentin, a novel adipocytokine inhibits TNF-induced
vascular inflammation in human endothelial cells. Biochem. Biophys. Res. Commun. 2011, 408, 339–343. [CrossRef]

118. Lu, Y.; Zhou, L.; Liu, L.; Feng, Y.; Lu, L.; Ren, X.; Dong, X.; Sang, W. Serum omentin-1 as a disease activity marker for Crohn’s
disease. Dis. Markers 2014, 2014, 162517. [CrossRef] [PubMed]

119. Tabesh, M.; Noroozi, A.; Amini, M.; Feizi, A.; Saraf-Bank, S.; Zare, M. Association of retinol-binding protein 4 with metabolic
syndrome in first-degree relatives of type 2 diabetic patients. J. Res. Med. Sci. 2017, 22, 28.

120. Roma, E.; Krini, M.; Hantzi, E.; Sakka, S.; Panayiotou, I.; Margeli, A.; Papassotiriou, I.; Kanaka-Gantenbein, C. Retinol Binding
Protein 4 in children with Inflammatory Bowel Disease: A negative correlation with the disease activity. Hippokratia 2012,
16, 360–365.

121. Gholamrezayi, A.; Mohamadinarab, M.; Rahbarinejad, P.; Fallah, S.; Barez, S.R.; Setayesh, L.; Moradi, N.; Fadaei, R.; Chamani, E.;
Tavakoli, T. Characterization of the serum levels of Meteorin-like in patients with inflammatory bowel disease and its association
with inflammatory cytokines. Lipids Health Dis. 2020, 19, 230. [CrossRef]

122. Arsenescu, V.; Narasimhan, M.L.; Halide, T.; Bressan, R.A.; Barisione, C.; Cohen, D.A.; de Villiers, W.J.; Arsenescu, R. Adiponectin
and plant-derived mammalian adiponectin homolog exert a protective effect in murine colitis. Dig. Dis. Sci. 2011, 56, 2818–2832.
[CrossRef] [PubMed]

123. Nishihara, T.; Matsuda, M.; Araki, H.; Oshima, K.; Kihara, S.; Funahashi, T.; Shimomura, I. Effect of adiponectin on murine colitis
induced by dextran sulfate sodium. Gastroenterology 2006, 131, 853–861. [CrossRef]

124. Saxena, A.; Chumanevich, A.; Fletcher, E.; Larsen, B.; Lattwein, K.; Kaur, K.; Fayad, R. Adiponectin deficiency: Role in chronic
inflammation induced colon cancer. Biochim. Biophys. Acta 2012, 1822, 527–536. [CrossRef]

125. Peng, Y.J.; Shen, T.L.; Chen, Y.S.; Mersmann, H.J.; Liu, B.H.; Ding, S.T. Adiponectin and adiponectin receptor 1 overexpression
enhance inflammatory bowel disease. J. Biomed. Sci. 2018, 25, 24. [CrossRef] [PubMed]

126. Singh, U.P.; Singh, N.P.; Guan, H.; Busbee, B.; Price, R.L.; Taub, D.D.; Mishra, M.K.; Fayad, R.; Nagarkatti, M.; Nagarkatti, P.S.
Leptin antagonist ameliorates chronic colitis in IL-10−/− mice. Immunobiology 2013, 218, 1439–1451. [CrossRef] [PubMed]

127. Ge, Y.; Li, Y.; Chen, Q.; Zhu, W.; Zuo, L.; Guo, Z.; Gong, J.; Cao, L.; Gu, L.; Li, J. Adipokine apelin ameliorates chronic colitis in
Il-10-/- mice by promoting intestinal lymphatic functions. Biochem. Pharmacol. 2018, 148, 202–212. [CrossRef] [PubMed]

128. Gerner, R.R.; Klepsch, V.; Macheiner, S.; Arnhard, K.; Adolph, T.E.; Grander, C.; Wieser, V.; Pfister, A.; Moser, P.; Hermann-Kleiter, N.; et al.
NAD metabolism fuels human and mouse intestinal inflammation. Gut 2018, 67, 1813–1823. [CrossRef] [PubMed]

129. Franchimont, D.; Roland, S.; Gustot, T.; Quertinmont, E.; Toubouti, Y.; Gervy, M.C.; Deviere, J.; Van Gossum, A. Impact of
infliximab on serum leptin levels in patients with Crohn’s disease. J. Clin. Endocrinol. Metab. 2005, 90, 3510–3516. [CrossRef]

130. Frivolt, K.; Schwerd, T.; Schatz, S.B.; Freudenberg, F.; Prell, C.; Werkstetter, K.J.; Bufler, P.; Koletzko, S. Hyperadiponectinemia
During Infliximab Induction Therapy in Pediatric Crohn Disease. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 915–919. [CrossRef]

http://doi.org/10.1136/gut.2005.079483
http://www.ncbi.nlm.nih.gov/pubmed/16474110
http://doi.org/10.1007/s10620-007-0113-x
http://doi.org/10.1016/S0016-5085(17)32844-5
http://doi.org/10.1016/j.bbrc.2011.04.039
http://doi.org/10.1155/2014/162517
http://www.ncbi.nlm.nih.gov/pubmed/24659847
http://doi.org/10.1186/s12944-020-01404-6
http://doi.org/10.1007/s10620-011-1692-0
http://www.ncbi.nlm.nih.gov/pubmed/21479819
http://doi.org/10.1053/j.gastro.2006.06.015
http://doi.org/10.1016/j.bbadis.2011.12.006
http://doi.org/10.1186/s12929-018-0419-3
http://www.ncbi.nlm.nih.gov/pubmed/29540173
http://doi.org/10.1016/j.imbio.2013.04.020
http://www.ncbi.nlm.nih.gov/pubmed/23726523
http://doi.org/10.1016/j.bcp.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29309764
http://doi.org/10.1136/gutjnl-2017-314241
http://www.ncbi.nlm.nih.gov/pubmed/28877980
http://doi.org/10.1210/jc.2004-1222
http://doi.org/10.1097/MPG.0000000000001876

	Introduction 
	Obesity and IBD 
	Adipose Tissue as an Active Endocrine Organ Visceral Adipose Tissue and IBD 
	Mesenteric Adipose Tissue 
	Creeping Fat (Fat Wrapping) 
	Intestinal Microbiota, Visceral Obesity, and IBD 
	Mesenteric Fat as a Source of Inflammatory Peptides 

	Adipokines 
	Adiponectin 
	Leptin 
	Resistin 
	Chemerin 
	Visfatin 
	Apelin 
	Other Adipokines and Hormones Related to IBD 

	Adipokines and IBD Treatment 
	Adipokines for Therapeutic Use 
	Adipokines and Anti-TNF Therapy 

	Conclusions 
	References

