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Preface

Over the last few decades, obesity has become one of the most prevalent metabolic disorders.

Excess adiposity favors the development of cardiometabolic alterations, such as type 2 diabetes

(T2D), cardiovascular disease, dyslipidemia, non-alcoholic fatty liver disease, and cancer. In the

last years, adipose tissue inflammation represents one of the major mechanisms underlying adipose

tissue dysfunction, contributing to the development of metabolic derangements in other organs. The

contribution of the different adipose tissue depots, the discovery of the function of new adipokines,

the involvement of the inflammasome, or the dual effect of macrophage polarization have greatly

contributed to the improved understating produced in previous years, of the role played by adipose

tissue inflammation in the development of metabolic derangements. This reprint presents recent

advances in understanding the molecular processes that take place in adipose tissue inflammation;

moreover, it discusses the impact of adipose tissue inflammation on systemic metabolic alterations

associated with excess adiposity, as well as its repercussion in several pathological conditions.

Javier Gómez-Ambrosi

Editor
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Adipose Tissue Inflammation
Javier Gómez-Ambrosi 1,2,3

1 Metabolic Research Laboratory, Clínica Universidad de Navarra, 31008 Pamplona, Spain; jagomez@unav.es
2 Centro de Investigación Biomédica en Red-Fisiopatología de la Obesidad y Nutrición (CIBEROBN),

Instituto de Salud Carlos III, 31008 Pamplona, Spain
3 Obesity and Adipobiology Group, Instituto de Investigación Sanitaria de Navarra (IdiSNA),

31008 Pamplona, Spain

In recent decades, obesity has become one of the most common metabolic diseases.
Excess adiposity increases the risk of developing type 2 diabetes (T2D), cardiometabolic
diseases, dyslipidemia, fatty liver, and several types of cancer [1]. Much progress has
been made in understanding the major regulatory pathways underlying adipose tissue
inflammation, which represent one the main drivers of adipose tissue dysfunction and,
consequently, of obesity-associated metabolic alterations [2].

This Special Issue presents recent advances in understanding the molecular processes
that take place in adipose tissue inflammation; moreover, it discusses the impact of adipose
tissue inflammation on systemic metabolic alterations associated with excess adiposity, as
well as its repercussion in several pathological conditions.

Although obesity has traditionally been considered a single medical entity, in recent
years, greater importance has been placed on phenotyping the different obesities in order
to improve their clinical management [3,4]. In their cross-sectional and prospective study,
Goldstein et al. analyze the usefulness of determining mast cell accumulation in human
adipose tissue as a proxy of metabolic phenotyping [5]. They suggest that patients with
obesity with high expression of mast cell genes exhibit a healthier metabolic phenotype than
individuals with low expression. The authors also find that higher mast cell accumulation
in adipose tissue in patients undergoing bariatric surgery is a predictor of greater weight
loss after surgery. They conclude that a high number of mast cells defines a clinically
favorable obesity phenotype [5].

Several studies discuss the molecular mechanisms that regulate the impact of adipose
tissue inflammation. Lempesis et al. show that low physiological oxygen tension decreases
the expression and secretion of proinflammatory adipokines in adipocytes obtained from
patients with obesity, an effect that is not found in cells derived from donors of normal
weight [6]. Kochumon and colleagues report that the adipose tissue expression of steroid
receptor RNA activator 1 (SRA1) may represent a novel surrogate marker of metabolic
inflammation through its association with Toll-like receptors (TLRs) [7].

Other studies provide interesting information regarding the regulation of inflamma-
tion in adipose tissue in mouse models. In one such study, Sandrini et al. study the effects
of physical exercise on BDNF Val66Met mice, a model of increased adiposity associated
with a proinflammatory and prothrombotic profile [8]. They find that four weeks of volun-
tary wheel running changes epididymal adipose tissue morphology and the expression of
proinflammatory genes, inducing reversion of the prothrombotic phenotype; this suggests
that a reduction in adipose tissue inflammation is important in promoting the positive
effects of physical activity [8]. In another study, Mendes de Farias and colleagues find
that daily melatonin supplementation for 10 weeks in mice on a high-fat diet reduces fat
accumulation, adipocyte size, and the expression of proinflammatory adipokines in adipose
tissue and the circulation; this suggests that melatonin could be considered as a therapeutic
molecule for the treatment of obesity [9].
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Adipokines and adipose tissue inflammation have been shown to play a role in several
physiologic and pathophysiologic conditions [10,11], as stated in several studies included
in this Special Issue. Morais et al. show that an adequate balance between adiponectin
and leptin concentrations in human milk may regulate colostrum mononuclear cell activity,
eliciting a more effective response against neonatal infection in breastfeeding infants [12].
Another adipokine, fatty acid-binding protein 4 (FABP4), implicated in the control of
cellular lipid metabolism, is also involved in inflammation and the development of insulin
resistance. In an exhaustive review, Trojnar et al. detail the different mechanisms by which
FABP4 is involved in inflammation and insulin resistance and the potential role of this
adipokine in T2D, gestational diabetes, and fatty liver, among other conditions [13]. Chang
and Eibl describe the relevance of adipose tissue inflammation as an important driver
of obesity-associated pancreatic ductal adenocarcinoma, and consider strategies aimed
at reducing inflammation in this tissue as a weapon against this type of cancer [14]. In
another interesting review, Cornide-Petronio and colleagues reinforce current knowledge
regarding the interaction between the liver and adipose tissue during liver surgery. The
scientific and clinical controversies in this area are reviewed, as are potential therapeutic
approaches. The information provided could help to develop protective measures focused
on manipulating the liver–visceral adipose tissue axis to enhance the postoperative results
of hepatic surgery [15]. Finally, Demeulemeester et al. summarize scientific research on the
link between obesity and COVID-19 severity, and analyze probable mechanisms that could
help to understand why patients living with obesity exhibit an increased risk of serious
consequences during COVID-19 [16].

In recent years, there have been significant advancements in the understanding of the
cellular and molecular mechanisms involved in adipose tissue inflammation. Thanks to
this progress, more tools and approaches are available for the treatment of obesity and T2D.
However, in order to optimize the management of patients with obesity, more research
needs to be conducted.
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Abstract: The identification of human obesity sub-types may improve the clinical management of patients
with obesity and uncover previously unrecognized obesity mechanisms. Here, we hypothesized that
adipose tissue (AT) mast cells (MC) estimation could be a mark for human obesity sub-phenotyping
beyond current clinical-based stratifications, both cross-sectionally and prospectively. We estimated MC
accumulation using immunohistochemistry and gene expression in abdominal visceral AT (VAT) and
subcutaneous (SAT) in a human cohort of 65 persons with obesity who underwent elective abdominal
(mainly bariatric) surgery, and we validated key results in two clinically similar, independent cohorts
(n = 33, n = 56). AT-MC were readily detectable by immunostaining for either c-kit or tryptase and by
assessing the gene expression of KIT (KIT Proto-Oncogene, Receptor Tyrosine Kinase), TPSB2 (tryptase
beta 2), and CMA1 (chymase 1). Participants were characterized as VAT-MClow if the expression
of both CMA1 and TPSB2 was below the median. Higher expressers of MC genes (MChigh) were
metabolically healthier (lower fasting glucose and glycated hemoglobin, with higher pancreatic beta cell
reserve (HOMA-β), and lower triglycerides and alkaline-phosphatase) than people with low expression
(MClow). Prospectively, higher MC accumulation in VAT or SAT obtained during surgery predicted
greater postoperative weight-loss response to bariatric surgery. Jointly, high AT-MC accumulation may be
used to clinically define obesity sub-phenotypes, which are associated with a “healthier” cardiometabolic
risk profile and a better weight-loss response to bariatric surgery.

Keywords: obesity; type 2 diabetes; bariatric surgery; adipose tissue; mast cells
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1. Introduction

The inflammation of adipose tissue (AT) may link obesity to its cardiometabolic comorbidities.
Although macrophages (CD68+ cells) were the first immune cell type realized to infiltrate adipose
tissue (AT) in obesity and to associate with obesity-related metabolic dysfunction [1], the current view
in the field engages virtually all immune cell types in obesity-associated AT inflammation, including T
and B lymphocytes (and their sub-classes), dendritic cells, neutrophils, and natural killer (NK) cells [2].
Within the changing environment of adipose tissues in obesity, these cell types undergo complex
phenotypic alterations, rendering them highly diverse. This challenges the efforts to establish clear
contributions of specific cell types to obesity-associated metabolic deterioration, even for adipose tissue
macrophages [3] (also recently reviewed in [4,5]). In 2009, elevated numbers of mast cells (MC) were
demonstrated in obese AT, located mainly near micro-vessels, both in humans and in mouse models [6].
Mast cells are hematopoietic, bone-marrow-derived immune cells, which mature and differentiate in
the tissue in which they eventually reside. Although mainly found in tissues with greater interaction
with the outer environment such as the reticular layers of the skin, gastrointestinal system, and the
airways, MC can be found in all organs and tissues. In AT of lean mice, MC are more abundant in
subcutaneous AT (SAT) than in epididymal, mesenteric, or perirenal fat pads. Interestingly, obesity is
associated with increases in MC numbers in all white AT depots besides SAT [7].

The physiological/functional impact of increased numbers of AT-MC in obesity currently remains
controversial: Two independent groups demonstrated that MC-deficient mice by mutation in the
growth factor receptor KIT (KitW-sh/W-sh), which is required for MC development, are protected
from diet-induced obesity and its co-morbidities [6,8]. In contrast, two different, none KIT-dependent
MC-deficient mouse models (Cpa3cre/+ (Cre recombinase in the carboxypeptidase A locus) and
Mcpt5-Cre+ R-DTA+ (MC specific expression of diphtheria toxin A)) exhibited no phenotypic impact
on the development of obesity or on its metabolic consequences, including insulin resistance, hepatic
steatosis, or inflammation [9,10].

In humans, the AT of people with obesity exhibited higher MC numbers compared to lean patients,
both in SAT [6,11] and VAT [11]. Importantly, this finding was particularly evident among patients
with obesity and type 2 diabetes [11], suggesting a link between high AT-MC infiltration and the
severity of obesity-related metabolic disturbance. Consistently, a sub-analysis among 20 persons with
obesity suggested that higher MC numbers associate with higher fasting glucose and HbA1c [11].
Interestingly, in that study, two sub-populations of AT-MC were assessed based on the expression of
their proteases—tryptase+ and tryptase+/chymase+ MC (MCT and MCTC, respectively), rendering
tryptase, the gene product of tryptase beta-2 (TPSB2), a common marker for MC. Yet, the ratio
between these two sub-populations remained similar in different depots and in leanness versus obesity.
Isolated MC from the SAT of patients with obesity and type 2 diabetes were more activated, releasing
more inflammatory cytokines and proteases such as tryptase [11]. Correspondingly, serum tryptase
concentrations were higher in people with obesity compared to lean [6]. In a different study examining
a mixed cohort of persons without or with obesity, the expression of MC-tryptase (TPSB2) in VAT did
not associate with parameters of glucose homeostasis or insulin sensitivity [12]. Collectively, obesity
seems to associate with increased numbers of MC in AT. Mouse models so far yielded conflicting results.
Human studies suggest that higher AT-MC numbers (i.e., accumulation), and perhaps their activation,
may associate with poor glycemic control, but assessment of whether and how AT-MC associate within
cohorts of patients with obesity, and whether it corresponds to obesity sub-phenotypes, is limited.

In the present study, we aimed to address this current gap of knowledge by hypothesizing
that among persons with obesity, higher numbers of AT-MC associate with an obesity phenotype
characterized by a poorer metabolic profile. We sought to assess the relevance of such MC-based
obesity sup-phenotyping both in cross-sectional analyses of patients with obesity, with and without
type 2 diabetes, and for predicting patients’ response to bariatric surgery.
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2. Materials and Methods

2.1. Human Cohorts

We recruited persons with obesity (Body mass index (BMI) ≥ 30 kg/m2) undergoing elective
abdominal surgery (mainly bariatric surgery or elective cholecystectomy) as part of the coordinated
human adipose tissue bio-banks in Beer-Sheva, Israel (n = 65, main cohort) and in Leipzig, Germany
(n = 32 and n = 56, validation cohorts 1 and 2, respectively) (Table 1). Prior to operation, under
overnight fasting conditions, body weight and blood samples were obtained. Both visceral (omental)
and superficial-subcutaneous adipose tissues biopsies were obtained during the surgery and processed
for histology and gene expression using coordinated methodologies, as we previously described in
detail [13,14]. Persons were identified as normoglycemic if fasting plasma glucose (FPG) levels were
lower than 5.6 mmol/L, HbA1c ≤ 38 mmol/mol (5.6%), and with no anti-diabetic medications on
the day of operation. Prediabetes was defined as FPG 5.6–6.9 mmol/L and HbA1c 39–46 mmol/mol
(5.7–6.4%), and type 2 diabetes if glucose ≥ 7.0 mmol/L or HbA1c ≥ 48 mmol/mol (6.5%). In 13 patients
(20%), in whom glycemic status was ambivalent, medical records were screened up to 4 months
pre-operation for additional FPG and HbA1c measurements, and final categorization was made
by co-author IFL, who is a Diabetologist. A homeostatic model assessment of insulin resistance
(HOMA-IR) and homeostatic model assessment of beta cells reserve (HOMA-β) were calculated as
follows: HOMA-IR: (FPG (mmol/L) × Insulin (µIU/mL)/22.5) and HOMA-β: (20 × Insulin (µIU/mL)/
FPG (mmol/L)-3.5) [15]. For post-operation follow-up sub-study, only people undergoing bariatric
surgery for the first time and for whom postoperative information was available were included.
In addition to the main Beer-Sheva cohort, we included two independent cohorts—validation cohorts
1 and 2, with n = 32 and n = 56 individuals, respectively, all with obesity (BMI range: 30–75 kg/m2,
Table 1), from the University of Leipzig Obesity Treatment Center. Paired abdominal subcutaneous
and omental adipose tissue biopsies were taken during elective sleeve gastrectomy, Roux-en-Y gastric
bypass, hernia, or cholecystectomy surgeries and processed as previously described [16]. As for
validation cohort 2, we included data from 56 patients who underwent a two-step bariatric surgery
strategy with laparoscopic gastric sleeve resection as the first step and a Roux-en-Y gastric bypass as
the second step 12 ± 2 months later (Table 1). At both time points, serum/plasma samples, omental,
and abdominal subcutaneous adipose tissue biopsies were obtained. All patients provided before the
study a written informed consent to participate, and all procedures were approved in advance by
the local ethical committees and conducted in accordance with the declaration of Helsinki guidelines
(0348-15-SOR; for Leipzig cohorts:, 017-12-23012012, and Reg. No. 031-2006).
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2.2. RNA Extraction and Quantification

mRNA was extracted as described previously [13]. Briefly, 300 mg of tissue were minced and
extraction was done with an RNeasy lipid tissue minikit (Qiagen. Hilden Germany). cDNA was
produced using the reverse transcriptase kit (Applied Biosystems. Beverly, MA, USA). mRNA was
quantified using the Taqman system, where expression levels of selected genes were calculated as a
fold from AT-specific endogenous control genes (PGK1 and PPIA) [17] and calculated as 2−∆∆ct [18].
Probes assay IDs are in Table S1. For the Leipzig validation cohort 1, mRNA expression of candidate
genes (cKIT, CMA1, TPSB2) was analyzed using Illumina human HT-12 expression chips. RNA integrity
and concentration were examined using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA).
In validation cohort 2, additional measurements of cytokine serum concentrations and adipose tissue
expression (Interleukin -6 (IL-6), Interleukin -1beta (IL-1beta), Tumor necrosis factor alpha (TNFalpha))
were performed as described previously [3].

2.3. Histology and Immunostaining

Immunostaining for C-Kit (Dako (Agilent), Santa Clara, CA USA) or Tryptase (ThermoFisher.
Waltham, MA USA), and CD68 (Dako (Agilent), performed in a sub-cohort of n = 30 from the Beer-Sheva
cohort), is performed routinely in clinical pathology to stain tissue MC and macrophages, respectively.
Immunostaining was performed in 5 microns-thick sections from paraffin embedded visceral AT (VAT)
and subcutaneous (SAT) samples as described before [14]. Cell count/field was performed, blindly
and independently, by two pathologists (Y.K and R.S-L) using an Olympus BX43 light microscope,
in 10 consecutive high-power fields (X400), and the number of C-Kit+ and tryptase+ per 100 adipocytes
was calculated.

2.4. Statistical Analyses

Baseline clinical characteristics values are presented as mean ± SD. An independent t-test was
used to compare between groups with Levene’s test for equality of variances. In cases of non-normal
distribution, ln-transformation was made. Comparison between percentages of medications usage was
calculated with a chi-square test. An ANOVA test was used to compare between the four groups when
sex, age, and diabetes stratification was used in combination with MC high/low stratifications. In order
to detect differences between the four groups, Least Significant Difference (LSD) post-hoc analysis was
used. A 2 × 2 ANOVA was performed to test the relationship between non- and type 2 diabetes groups
and the MC group (MClow/high) using an age-adjusted model. Extreme outliers were excluded using
the interquartile range 3 × (Q3-Q1). We also used Spearman’s correlation to test the association between
c-Kit+, tryptase+, and CD68+ cells, clinical parameters, and MC-related genes. A linear regression
model was used to assess the association between VAT-CMA1 high/low expression and percentage
of weight loss. The model was adjusted for baseline BMI or surgery type. Analyses were performed
using SPSS Version 20.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad prism (8.4.2., San-Diego, CA,
USA). All tests were two-tailed and p < 0.05 was considered statistically significant.

3. Results

3.1. Assessing AT-MC Histologically and by Gene Expression

To test if the degree of AT-MC accumulation may reflect obesity sub-phenotypes, we first
investigated a cohort of persons with obesity (BMI ≥ 30 kg/m2, n = 65) (Table 1, Beer–Sheva cohort).
Among the persons with obesity, 38 persons (58.5%) were morbidly obese (Class III, BMI ≥ 40 kg/m2).
Compared to those with 30 ≤ BMI < 40 kg/m2, persons with morbid obesity differed only in weight,
BMI, waist circumference, and low-density lipoprotein (LDL).

We contemplated both histological and gene expression approaches to estimate AT-MC
accumulation, utilizing several genes/proteins considered as MC-specific, including KIT/c-Kit (c-KIT
Proto-Oncogene Receptor Tyrosine Kinase), TPSB2/Tryptase (mast cell tryptase beta II), and CMA1
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Cells 2020, 9, 1508

(mast cell chymase 1 [19]). The specificity of selected genes to MC is presented in Supplemental
Figures S1–S3. By immunohistochemistry, c-Kit+ or tryptase+ cells were readily discernable in human
visceral AT from obese patients (Figure 1A,B). When assessing serial sections, the number of c-Kit+
cells per 100 adipocytes (percentage of c-Kit+) highly correlated with the percentage of tryptase+

cells (Figure 1C). AT-MC could be detected both in fibrotic areas within AT and dispersed between
the adipocytes, being more prevalent in VAT sections rated by Clinical Pathologists (co-authors YK
and RSL) as exhibiting more severe fibrosis (Figure 1D, for SAT see Figure S4). Interestingly, AT-MC
correlated with CD68+ macrophages only within fibrotic areas of the tissues (Figure 1E), but not in
parenchymal areas between adipocytes (r(%) = 0.264, p = 0.159, n = 30). Using a gene expression
approach, the expression of all three MC genes was significantly intercorrelated in both VAT (Figure 1F)
and SAT (not shown). Moreover, VAT-KIT gene expression levels correlated with visceral percentage
of c-Kit+ cells (log-transformed, r = 0.363, p = 0.038), and VAT-CMA1 expression correlated with
both percentage of c-Kit+ and percentage of tryptase+ (r(%) = 0.348, p = 0.044; r(%) = 0.561, p = 0.008,
respectively). Consistent with the proposed association between MC and fibrosis, we found significant
associations between AT-MC genes and the expression of collagens 1A1, 3A1, and 6A1 in VAT (Table 2),
but less so in SAT that exhibited only correlations between SAT-MC genes with collagen 6A1 (Table S3).
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Figure 1. Identification of human visceral (omental) adipose tissue mast cells (AT MC). AT stained 
for c-KIT Proto-Oncogene Receptor Tyrosine Kinase (C-Kit+, white arrows) with (A) ×100 and (B) ×400 
magnification (left), or stained for tryptase+ cells ×400 (B, right). (C) Spearman’s correlation between 
%C-Kit+ and %tryptase+ cells (percentage being per 100 adipocytes) in serial AT sections (n = 14). (D) 
C-Kit+ is discernable both within fibrotic areas (black arrows) and around adipocytes (white arrow), 
and bar graph—the number of C-Kit+ cells in sections rated by clinical pathologists (co-authors YD 
and RSL) as exhibiting mild, moderate, or severe degree of fibrosis. (E) Representative histological 
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Figure 1. Identification of human visceral (omental) adipose tissue mast cells (AT MC). AT stained
for c-KIT Proto-Oncogene Receptor Tyrosine Kinase (C-Kit+, white arrows) with (A) ×100 and
(B) ×400 magnification (left), or stained for tryptase+ cells ×400 (B, right). (C) Spearman’s correlation
between %C-Kit+ and %tryptase+ cells (percentage being per 100 adipocytes) in serial AT sections
(n = 14). (D) C-Kit+ is discernable both within fibrotic areas (black arrows) and around adipocytes
(white arrow), and bar graph—the number of C-Kit+ cells in sections rated by clinical pathologists
(co-authors YD and RSL) as exhibiting mild, moderate, or severe degree of fibrosis. (E) Representative
histological sections from two representative patients—one with low and the second with high MC in
fibrotic areas within VAT, stained for either C-Kit (MC) or CD68 (macrophages). Graph below depicts
Spearman’s correlation between %C-Kit+ and %CD68+ cells (i.e., macrophages, percentage being per
100 adipocytes) in serial VAT sections within the fibrotic areas, n = 30. (F) Spearman’s intercorrelations
(n = 65) between VAT MC-related genes (KIT, TPSB2, and CMA1). In each correlation, the upper line
indicates r(%) value and lower line—p-value.
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Table 2. Intercorrelation between VAT-MC and collagens’ gene expression in the Beer-Sheva cohort
(n = 65). n.s, not significant. Values are r and p value (upper and lower line respectively) of Spearman’s
correlations. CMA1: mast cell chymase 1, TPSB2: mast cell tryptase beta II, COLA1A1: collagen type I
alpha 1 chain, COLA3A1: collagen type III alpha 1 chain, COLA6A1: collagen type VI alpha 1 chain.

KIT TPSB2 CMA1 COLA3A1 COLA6A1

COLA1A1
0.342 n.s. 0.236 0.895 0.305
0.007 0.065 <0.001 0.015

COLA3A1
0.333 n.s. 0.275 0.303
0.009 0.032 0.017

COLA6A1 n.s. 0.435 0.26
<0.001 0.038

In the independent validation, cohort 1 of n = 32 patients with obesity whose VAT gene expression
was assessed by microarrays [16], all MC genes probe sets (KIT, TPSB2, CMA1) exhibited significant
negative correlations with macrophage gene probes (CD68, Mac2, IGTAX(CD11c)). Most significant
were correlations between higher VAT-KIT and lower expression of CD68 (r(%) = −0.559, p = 0.001,
n = 32), and between higher VAT-CMA1 and lower expression of Mac2 (r(%) = −0.448, p = 0.010, n = 32).
Consistently, AT-MC genes’ expression in VAT negatively associated with the number of macrophage
crown-like structures (CLS) in validation cohort 2 (r(%) = −0.294, p = 0.047, n = 56). Jointly, these
analyses demonstrate (1) that AT-MC accumulation can be estimated confidently by histology and
gene expression, (2) that histologically, AT-MC may correlate with the abundance of macrophages only
within fibrotic regions. By gene expression, AT-MC do not positively correlate, and may even exhibit a
negative association with the total abundance of AT macrophages.

3.2. Cross-Sectional Analyses

Next, we wished to challenge our hypothesis that higher AT-MC accumulation would signify an
obese sub-phenotype characterized by worse cardiometabolic risk. For this purpose, we used the larger
Beer-Sheva cohort of n = 65 patients with obesity to compare those with obesity and high versus low
VAT-MC accumulation. Given the suspicion that KIT may not be sufficiently MC-specific [9], but that
c-Kit and TPSB2 largely identify the same cells in the tissue (Figure 1D), and that AT-MC express
TPSB2−/+ CMA1 [11], we based MC gene expression stratification on the combined VAT expression
levels of TPSB2 and CMA1: Patients were categorized as VAT-MClow only if the AT expression of both
TPSB2 and CMA1 genes was below the median level of expression in the entire cohort, whereas VAT-
MChigh were all those with above-median gene expression in either or both genes.

Contrary to our hypothesis, patients with obesity and low VAT-MC gene expression (below
median expression of both TPSB2 and CMA1) were either not significantly different, or in some
parameters trended to, or exhibited significantly worse clinical parameters (Table 1, Figure 2A).
Significant differences between patients with obesity and VAT-MClow and VAT-MChigh were observed
in triglyceride (TG) levels and HDL (high-density lipoprotein) ratio, in circulating alkaline phosphatase
and in HOMA-β. Sensitivity analysis in which outliers were excluded rendered the difference in
HOMA-β between those with VAT-MClow versus VAT-MChigh insignificant. We could not attribute the
differences to the different use of medications (Table S4). Validation cohorts 1 and 2 exhibited similar
trends to those observed in the main cohort (Table 1), and such trends were less robust when defining
VAT-MC accumulation based on the expression of KIT alone (Table S2). To further explore if this
unexpected association between higher VAT-MC expression and seemingly improved clinical markers
of cardiometabolic risk are contributed by specific sub-groups of patients, the analysis was repeated
after stratification of the main cohort by either sex, age (above/below median of 45 years old), T2DM
status, and obesity class (Figure 2 and Figure S5, respectively). Remarkably, significant differences
exhibiting improved parameters in VAT-MChigh were more readily observed in females (Figure S5A),
in participants whose age was above median (Figure 2B), in patients with type 2 diabetes mellitus
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(T2DM) (Figure 2C), and in those with BMI 30.0–39.9 kg/m2 (Figure S5B). Intriguingly, a significant p
interaction was observed between diabetes status and VAT-MC in FPG and in HbA1c (p = 0.016 and
p = 0.041, respectively). This could not be attributed to different diabetes duration or different use of
medications (Tables S4 and S5).Cells 2020, 9, x 3 of 18 
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Figure 2. Comparison of clinical parameters between participants with high versus low MC
accumulation in VAT. MClow (white bars) were defined as people in whom the expression of both TPSB2
and CMA1 were below the median value of the cohort for each of the genes; all others were defined as
MChigh (i.e., with either one or two of the genes expressed above median, gray bars). (A) Differences in
triglycerides (TG)/HDL ratio, alkaline phosphatase, FPG, Hemoglobin A1c (HbA1c), and HOMA-β
between VAT- MClow versus VAT- MChigh. (B,C) Same analysis as in A, but the cohort was stratified by
age (below/above median = 45 years, B), or type 2 diabetes status (C). Age-adjusted 2 by 2 ANOVA
was used to test for variance. Age-adjusted Least Significant Difference (LSD) post-hoc test was used to
compare between groups. Values are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

Indeed, by correlation (rather than group statistics) analysis, a significant negative association was
observed between VAT-CMA1 expression level and FPG or HbA1c among the sub-group of patients
with obesity and T2DM (association with TPSB2 exhibited a similar trend) (Figure 3A,B, respectively).
Importantly, this association was also evident in the two independent Leipzig cohorts (Figure 3C,D).
In SAT, associations between the expression of MC genes and clinical parameters in the 3 cohorts
is presented in Table S6, displaying less consistent cross-sectional associations than those observed
with VAT-MC. Jointly, these cross-sectional analyses disproved our initial hypothesis that increased
VAT-MC accumulation would signify a worse obesity sub-phenotype. Rather. they provided evidence
that the reverse association may in fact hold true. This was particularly apparent in certain sub-groups
of patients with obesity, such as females, older patients, in those whose obesity was also complicated
with T2DM, and in patients with obesity class I + II.
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prediabetes (orange square), or type 2 diabetes (red triangle). r denotes Spearman’s rank correlation 
coefficient (Rho, ρ) among participants with type 2 diabetes. (C) Spearman’s rank correlation between 
log-transformed CMA1 expression in VAT assessed by microarray and HbA1c in the Leipzig 
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4A). HepG2 cells treated with CM from VAT-MChigh were more insulin-responsive compared to cells treated 
with CM from VAT-MClow, as determined by the insulin-induced phosphorylation level of GSK3 (Figure 4B,C). 

Figure 3. Associations between VAT CMA1 gene expression and glycemic parameters in the Beer–Sheva
and Leipzig independent cohorts. Spearman’s associations between VAT CMA1 gene expression and
FPG (A) or HbA1c (B) among the Beer–Sheva cohort (n = 65, all with body mass index ≥ 30 kg/m2),
stratified into those with normal glucose homeostasis (normoglycemic, blue circle), prediabetes (orange
square), or type 2 diabetes (red triangle). r denotes Spearman’s rank correlation coefficient (Rho, %)
among participants with type 2 diabetes. (C) Spearman’s rank correlation between log-transformed
CMA1 expression in VAT assessed by microarray and HbA1c in the Leipzig validation cohort 1 (n = 32,
all with BMI ≥ 30 kg/m2). (D) Spearman’s rank correlation between CMA1 expression in VAT and FPG
in Leipzig validation cohort 2 (n = 56, all with BMI ≥ 30 kg/m2).

3.3. In Vitro Analyses

The results described so far suggest that increased VAT-MC infiltration may cross-sectionally
associate with a more favorable obese sub-phenotype, but the underlying mechanism remains obscure.
To this end, given the centrality of the VAT–liver access in metabolic health/dysfunction in obesity,
particularly when complicated with diabetes, we hypothesized that secreted factors from VAT-MChigh

AT mediate a more metabolically favorable communication with liver cells compared to VAT-MClow

AT. To test this hypothesis, we treated human hepatocyte-derived cells with conditioned media (CM)
obtained from the VAT of obese people with either high or low MC gene expression and assessed the
ensuing acute signaling response to insulin stimulation (Figure 4A). HepG2 cells treated with CM
from VAT-MChigh were more insulin-responsive compared to cells treated with CM from VAT-MClow,
as determined by the insulin-induced phosphorylation level of GSK3 (Figure 4B,C).
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Figure 4. Insulin signaling in HepG2 cells after treatment with condition media from the VAT of obese 
MC low/high. (A) Schematic experimental design: VAT explants were incubated in media for 24 h for the 
preparation of conditioned media (CM). CM was used to expose human hepatocyte cell line (HepG2) 
for 24 h, followed by insulin (100 nM) stimulation for 7 min. (B) Representative blots of Western blot 
analysis for the following antibodies: p(Ser473)Akt, tAkt, p(Ser21/9)GSK3, and tGSK3. (C) Expression 
quantification of the proteins above (B) from two independent experiments, n = 4 for each group. 
Mann–Whitney non-parametric test was performed in order to compare means. Values are expressed 
as mean ± standard error of the mean (SEM), * p < 0.05. 
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level based on both TPSB2 and CMA1, patients with VAT-MChigh (above median value of the entire cohort) lost 
significantly more weight 6 months after bariatric surgery compared to VAT-MClow (31.7 ± 1.6% versus 13.4 ± 
6.5% of baseline body weight, corresponding to 79.1 ± 5.7% and 30.7 ± 14.5% loss of excess body weight, 
respectively, p = 0.002). For this analysis, we found a yet stronger association when using VAT-CMA1 expression 
only (Figure 5A,B): People with obesity and high VAT-CMA1 expression achieved 1.74-fold greater weight 
reduction compared to obese people with low VAT-CMA1 expression 6 months post-surgery (p = 0.016). This 
difference remained significant (p = 0.038) even when the two patients that showed minimal weight loss were 
excluded. Different weight losses corresponded to a 1.9-fold greater loss of excess body weight among the VAT-
CMA1High compared to the VAT-CMA1Low, p = 0.008, Figure 5C). The difference in weight reduction between the 
two groups remained significant even when adjusting to either baseline BMI or surgery type (Figure 5D). 
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Figure 4. Insulin signaling in HepG2 cells after treatment with condition media from the VAT of obese
MClow/high. (A) Schematic experimental design: VAT explants were incubated in media for 24 h for the
preparation of conditioned media (CM). CM was used to expose human hepatocyte cell line (HepG2)
for 24 h, followed by insulin (100 nM) stimulation for 7 min. (B) Representative blots of Western blot
analysis for the following antibodies: p(Ser473)Akt, tAkt, p(Ser21/9)GSK3, and tGSK3. (C) Expression
quantification of the proteins above (B) from two independent experiments, n = 4 for each group.
Mann–Whitney non-parametric test was performed in order to compare means. Values are expressed
as mean ± standard error of the mean (SEM), * p < 0.05.

3.4. Prospective Analyses

Beyond the potential to utilize the estimation of MC accumulation of VAT for sub-typing obese
patients in a cross-sectional analysis, we aimed to determine in a subset of patients from the main
cohort, for whom post-bariatric surgery data was already available, whether the expression level of
MC genes in VAT can predict clinically meaningful outcomes of intervention. Using the same approach
to assess the VAT-MC accumulation level based on both TPSB2 and CMA1, patients with VAT-MChigh

(above median value of the entire cohort) lost significantly more weight 6 months after bariatric surgery
compared to VAT-MClow (31.7 ± 1.6% versus 13.4 ± 6.5% of baseline body weight, corresponding to
79.1 ± 5.7% and 30.7 ± 14.5% loss of excess body weight, respectively, p = 0.002). For this analysis,
we found a yet stronger association when using VAT-CMA1 expression only (Figure 5A,B): People
with obesity and high VAT-CMA1 expression achieved 1.74-fold greater weight reduction compared
to obese people with low VAT-CMA1 expression 6 months post-surgery (p = 0.016). This difference
remained significant (p = 0.038) even when the two patients that showed minimal weight loss were
excluded. Different weight losses corresponded to a 1.9-fold greater loss of excess body weight among
the VAT-CMA1High compared to the VAT-CMA1Low, p = 0.008, Figure 5C). The difference in weight
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reduction between the two groups remained significant even when adjusting to either baseline BMI
or surgery type (Figure 5D). Intriguingly, people with obesity and low VAT-CMA1 had higher levels
of FPG (Figure 5E), HbA1c (Figure 5F), and triglycerides (Figure 5G) pre-operation, and despite
lower extent of weight loss, exhibited a greater reduction, particularly in triglycerides, 6 months
postoperatively. Yet, unlike with the weight change, these differences could be explained by their
higher baseline values (data not shown). We did not observe any additional difference in the other
clinical parameters that reached statistical significance (data not shown).
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2-step bariatric surgery cohort in the Methods section). As expected, there were significant declines in weight 
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Figure 5. Six months postoperative weight reduction and metabolic changes comparison between
people with VAT CMA1 high or CMA1 low. (A) Body weight change between operation day (0) and
6 months post-surgery in persons with low expression (i.e., below median) of CMA1 (n = 6, circles) or
high CMA1 mRNA levels (n = 12, squares). Percentage of weight loss (B) from preoperative weight
and of excess weight loss six months following bariatric surgery (C). A paired t-test was used to
compare between pre-operation (0) and 6 months post-surgery (6). A Mann–Whitney non-parametric
test was performed in order to compare means between CMA1 low and CMA1 high. * p < 0.05,
** p < 0.01. (D) Multi-variant model for association between VAT CMA1 groups and 6 months weight
changes as dependent variable, adjusted to baseline BMI and surgery type. Change in FPG (E),
HbA1c (F), and triglycerides (G) between operation day (0) and 6 months post-surgery in persons
with low expression CMA1 or high CMA1 mRNA levels. The percentage of change in FPG, HbA1c,
and triglycerides (insets). Values are expressed as mean ± standard error of the mean (SEM).

To strengthen the limited observation achievable with our main cohort, we utilized validation
cohort 2 of the Leipzig bio-bank, in which 1 year post-laparoscopic sleeve gastrectomy data was
available (see details of this 2-step bariatric surgery cohort in the Methods section). As expected, there
were significant declines in weight and anthropometric measures, in glycemic and insulin resistance
indices, and in lipids (increase in HDL) (Table 3).
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Table 3. Changes in clinical and inflammatory markers and AT genes, 12 months following bariatric
surgery in validation cohort 2. Values are mean ± SD. CLS—crown-like structures, VAT—visceral
adipose tissue, SAT—subcutaneous adipose tissue. ns—not significant (p > 0.05).

Characteristics Baseline
(n = 56)

After 12 Months
(n = 56) p-Value

Weight (kg) 144.2 ± 30.3 105.6 ± 23.8 <0.0001
BMI (kg/m2) 50.5 ± 8.6 37.1 ± 8.0 <0.0001
Body fat (%) 45.1 ± 7.6 35.5 ± 8.2 <0.0001

FPG (mmol/L) 6.6 ± 1.7 5.6 ± 1.5 <0.0001
HbA1c (%) 6.4 ± 1.1 5.4 ± 0.8 <0.0001

Insulin (pmol/L) 206.1 ± 163.4 88.8 ± 102.4 <0.0001
HOMA-IR 8.9 ± 7.4 3.8 ± 5.3 <0.0001

Total cholesterol (mmol/L) 5.3 ± 1.1 4.9 ± 0.9 0.067
LDL-c (mmol/L) 3.3 ± 1.0 3.1 ± 1.0 ns
HDL (mmol/L) 1.2 ± 0.3 1.4 ± 0.4 <0.0001

Triglycerides (mmol/L) 2.0 ± 1.0 1.3 ± 0.6 <0.0001

CRP (nmol/L) 59.4 ± 65.0 32.9 ± 42.8 0.024
Interleukin 6 (pg/mL) 5.5 ± 3.4 2.6 ± 2.0 <0.0001

Interleukin 1 beta (pg/mL) 9.6 ± 6.7 9.1 ± 8.0 ns
Tumor necrosis factor alpha (pg/mL) 8.3 ± 3.1 8.0 ± 3.7 ns

VAT
CLS (per 100 adipocytes) 9.0 ± 2.9 7.7 ± 3.3 <0.0001

TNF (AU) 2.3 ± 1.9 1.7 ± 1.9 ns
IL1b (AU) 1.9 ± 1.2 1.2 ± 0.9 0.003
TGFb (AU) 1.5 ± 1.4 1.4 ± 1.1 ns
KIT (AU) 1.1 ± 0.7 1.1 ± 0.7 ns

TPSB2 (AU) 1.0 ± 1.0 1.1 ± 1.0 ns
CMA1 (AU) 1.2 ± 1.1 0.8 ± 1.0 0.044

SAT
CLS (per 100 adipocytes) 4.3 ± 2.1 3.6 ± 2.3 0.005

TNF (AU) 1.9 ± 1.8 1.5 ± 1.2 ns
IL1b (AU) 1.9 ± 1.8 1.3 ± 0.9 0.035
TGFb (AU) 1.5 ± 0.9 1.2 ± 0.7 0.024
KIT (AU) 1.3 ± 0.7 1.1 ± 0.8 ns

TPSB2 (AU) 1.2 ± 0.9 1.1 ± 0.7 ns
CMA1 (AU) 1.3 ± 0.8 1.4 ± 1.0 0.146

Among circulating cytokines tested, IL-6 robustly declined (p < 0.0001), and a significant reduction
was observed in CRP levels (p = 0.024). Several inflammatory markers were measured in both VAT and
SAT. In VAT, both macrophage CLS number and IL1b expression decreased significantly (p < 0.0001 and
p = 0.003, respectively). Among MC genes, only CMA1 expression exhibited a significant expression
reduction (delta of 0.3 ± 1.0, p = 0.044). Similar results were achieved in SAT, with significant reductions
in macrophages CLS and IL1b (p = 0.005, p = 0.035, respectively), but with no significant change
in CMA1 expression but with a reduction in TGFbeta expression (p = 0.024). Next, we looked for
associations between baseline VAT and SAT MC genes expression and selected inflammatory markers
and changes in anthropometric parameters 1 year following bariatric surgery (Figure 6). In this
cohort of extremely obese patients (average: BMI > 50 kg/m2, Table 1), the baseline expression of
KIT and TPSB2 in VAT seemed to be better predictors of greater weight loss 1 y postoperatively,
reaching statistically significant associations (r(%) = 0.295, p = 0.044, r(%) = 0.313, p = 0.03, respectively).
Baseline VAT-KIT was also associated with BMI loss (p = 0.04) and trended with percentage of weight
loss (r(%) = 0.283, p = 0.054). This is somewhat consistent with the results of the main cohort of less
obese patients (Table 1); baseline VAT-CMA1 in validation cohort 2 trended to associate with a greater
loss in BMI 1 y after surgery (r(%) = 0.229, p = 0.099). In addition, baseline VAT-TGFbeta was also
associated with a greater reduction in WC 1 year postoperatively (r(%) = 0.284, p = 0.048).
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4. Discussion 

In this study, we hypothesized that AT-MC accumulation may aid in characterizing obesity sub-
phenotypes, and we addressed this hypothesis by cross-sectional and prospective/predictive analyses of three 
independent cohorts of patients, all with obesity. Our results suggest the following: (1) We anticipated that 
greater AT-MC accumulation of VAT would characterize a more adverse obese phenotype as determined by 
cardiometabolic risk parameters. This hypothesis could be clearly rejected by the data. Moreover, contrasting 
our initial hypothesis, we found that MC numbers and MC-related gene expression in omental fat (VAT) 
associated in 3 independent cohorts with a better cardiometabolic risk profile, associations that are not 
consistently observed with SAT. Conducting post-hoc exploratory analyses, this association was strengthened 
when stratifying the larger cohort by basic clinical sub-groups, such as sex, age, and type 2 diabetes status. In 
the latter group, high VAT-MC gene expression associated with a metabolically healthier phenotype compared 
to those with low MC gene expression pattern. In some parameters, patients with obesity and diabetes, and with 
high MC gene expression in VAT were indistinguishable from patients with obesity without diabetes. (2) In vitro 
studies suggest that VAT with high MC gene expression communicates more favorably with liver-derived cells, 
rendering them more insulin-responsive compared to cells exposed to VAT with low MC gene expression. (3) 
We observed that analyzing VAT-MC gene expression in samples obtained during bariatric surgery can provide 
predictive information on the degree of weight loss and metabolic response to bariatric surgery: high pre-
operative VAT CMA1 or KIT expression predicted significantly greater weight loss 6 months or 1 year 
postoperatively, respectively. Unlike in the cross-sectional analyses, higher SAT-MC gene expression also 
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Figure 6. Correlation between baseline parameters and 1 year postoperative weight loss response in
validation cohort 2. Values are r(%) of Spearman’s correlations. WC: waist circumference. * p < 0.05;
** p < 0.01.

Interestingly, unlike the cross-sectional analyses (Section 3.2), in which VAT-MC exhibited more
robust associations with patients’ clinical characteristics than SAT-MC (Figure 3 and Figure S5 and Table
S6), SAT-MC genes and inflammatory markers exhibited more associations with 1 year postoperative
outcomes (Figure 6). Higher SAT-CMA1 associated with greater weight, waist circumference (WC),
and BMI loss (r(%) = 0.328, p = 0.015, r(%) = 0.354, p = 0.015 and r(%) = 0.296, p = 0.030, respectively).
Baseline SAT-KIT similarly associated with greater WC loss (p = 0.045). Intriguingly, higher
SAT-TNFalpha expression highly associated with greater weight, percentage weight, and BMI losses
(r(%) = 0.400, p = 0.004, r(%) = 0.319, p = 0.024 and r(%) = 0.391, p = 0.005, respectively), as did a
higher baseline expression of SAT-IL1beta (association with WC decline—r(%) = 0.321, p = 0.028).
Baseline macrophages CLS numbers, in both VAT and SAT, and circulating cytokines were not
significantly associated with a reduction in any anthropometric parameters. Moreover, although
non-significantly, they exhibit negative r(%) coefficients with 1 year postoperative weight loss measures,
which is opposite to the associations (both statistically significant or non-significant) between higher
baseline VAT or SAT-MC gene expression and greater weight loss following surgery.

Jointly, these results provide proof-of-principle for VAT and SAT MC and inflammatory gene
expression as putative molecular predictors of weight loss and metabolic improvement six months to
1 y following bariatric surgery.

4. Discussion

In this study, we hypothesized that AT-MC accumulation may aid in characterizing obesity
sub-phenotypes, and we addressed this hypothesis by cross-sectional and prospective/predictive
analyses of three independent cohorts of patients, all with obesity. Our results suggest the following:
(1) We anticipated that greater AT-MC accumulation of VAT would characterize a more adverse obese
phenotype as determined by cardiometabolic risk parameters. This hypothesis could be clearly rejected
by the data. Moreover, contrasting our initial hypothesis, we found that MC numbers and MC-related
gene expression in omental fat (VAT) associated in 3 independent cohorts with a better cardiometabolic
risk profile, associations that are not consistently observed with SAT. Conducting post-hoc exploratory
analyses, this association was strengthened when stratifying the larger cohort by basic clinical
sub-groups, such as sex, age, and type 2 diabetes status. In the latter group, high VAT-MC gene
expression associated with a metabolically healthier phenotype compared to those with low MC
gene expression pattern. In some parameters, patients with obesity and diabetes, and with high
MC gene expression in VAT were indistinguishable from patients with obesity without diabetes.
(2) In vitro studies suggest that VAT with high MC gene expression communicates more favorably
with liver-derived cells, rendering them more insulin-responsive compared to cells exposed to VAT
with low MC gene expression. (3) We observed that analyzing VAT-MC gene expression in samples
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obtained during bariatric surgery can provide predictive information on the degree of weight loss and
metabolic response to bariatric surgery: high pre-operative VAT CMA1 or KIT expression predicted
significantly greater weight loss 6 months or 1 year postoperatively, respectively. Unlike in the
cross-sectional analyses, higher SAT-MC gene expression also correlated with greater weight-loss
response to bariatric surgery.

Whether AT MC accumulation plays a role in obesity is still debatable. In mice,
results are contradictory depending on the models used to generate MC deficiency [6,8–10].
Moreover, MC depletion via c-kit prevented obesity development [6,8–10], and therefore it may
not contribute to uncovering MC’s role when obesity is established, and how it relates to the
development of obesity-associated cardiometabolic morbidity. In humans, particular interest in obesity
sub-typing/sub-phenotyping is emerging [20], since with its high prevalence, there is a pressing need to
increase the identification of obesity subtypes that may require more intensive treatment. Compared to
lean people, persons with obesity exhibit higher numbers of MC both in VAT and SAT [6,11], especially
if obesity was accompanied with type 2 diabetes mellitus [11]. Compared to the study by Divoux et al.
that examined persons with obesity with/without type 2 diabetes (albeit with a limited n = 10 in each
group) [11], we could not detect a clear increase in MC parameters in VAT from persons with diabetes
compared to those without (n = 40 and 25, respectively). Our findings suggest that a larger cohort than
that previously analyzed may have been required to uncover heterogeneity within the group of patients
with obesity and type 2 diabetes. Indeed, associations between VAT-MC and metabolic parameters
were mainly discernable among those with diabetes and higher expression levels of MC genes in
VAT. In those patients, VAT-MC gene expression was associated with a healthier metabolic phenotype,
suggesting a possible compensatory increase in VAT-MC in response to metabolic impairment, which,
differently than previously suspected, exerts protective effects on metabolic health.

This work has some limitations. Our main cohort’s size (n = 65), though the largest (to our
knowledge) used to examine in humans AT-MC, is still relatively small, and the sub-analysis for
predicting response to surgery includes an even smaller sub-cohort (n = 18). In addition, the high
HOMA-β values may indicate the possibility that we investigated a specific obesity sub-group with
relatively high beta cell reserve. Yet, we confirmed the key findings in 2 independent cohorts,
using different approaches to estimate AT-MC gene expression. Findings were opposite to our
pre-defined hypothesis that increased MC accumulation would associate with a worse metabolic
outcome, and subsequent post-hoc analyses are more prone to biases and type 2 error and should best
be viewed as hypothesis-generating observations. Yet, the original hypothesis was clearly rejected,
so MC accumulation, at least in VAT, is not associated with a worse metabolic phenotype. Regarding the
estimation of MC accumulation, we did not use flow-cytometry methods that would have enabled
characterizing MC sub-types, and potentially their activation state. Rather, we critically assessed
the use of several, nicely intercorrelated, “MC-specific genes”, defining the AT-MClow sub-group
stringently, using combined thresholds for two genes (TPSB2 and CMA1) that would capture the
two MC sub-populations. We also verified gene expression agreement with immunohistochemical
assessment of AT-MC accumulation. Therefore, we cannot draw conclusions about MC activation state,
including a possible association with LDL particles—which are known regulators of MC activity [21],
although most of the associations we observed were between AT-MC accumulation and triglycerides,
not with LDL or total cholesterol levels. Limiting the clinical implementation of our results is our use
of VAT measures as a biomarker, since this AT is not accessible for sampling in the regular clinical
setting. People with obesity have been shown to have higher levels of serum tryptase compared to lean
people [6], and a positive association has been noted with BMI [22]. Yet, the source for serum tryptase
is not restricted to MC in VAT, and therefore it is likely a poor correlate of visceral AT-MC accumulation.
Therefore, future studies are required to assess whether MC-derived, circulating blood biomarkers,
such as serum tryptase and/or chymase levels, could be clinically used to estimate visceral AT-MC
accumulation and obesity sub-types. Our results suggest that clinically meaningful information may
be obtained for those undergoing abdominal surgery for obesity management, by assessing tissues
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obtained during bariatric surgery molecularly and/or histopathologically. Although such analyses
could be predictive of post-operative endpoints and may guide post-operative care, before obtaining
more supportive evidence by other groups, it may still be premature to propose adipose tissue MC
accumulation as a clinical predictor for the outcome of a bariatric surgery.

Although speculative, the data suggest putative mechanisms to explain the seemingly-positive
effect of VAT-MC. Although our study was not focused on providing a systematic analysis of adipose
tissue fibrosis, we report that in VAT, MC also populate fibrotic areas, and their gene expression
correlates with several AT collagens (in SAT, correlations were only with COL6A1). Yet, recent studies
suggest that in certain contexts, MC can exert anti-fibrotic/collagen-degrading effects that may result in a
protective, rather than a pathogenic, role [23,24]. In addition, while AT fibrosis in mice is largely thought
to contribute to tissue dysfunction [25,26], in humans, the pathological role of AT fibrosis may be more
complex: higher SAT fibrosis may associate with poor metabolic and weight loss response to bariatric
surgery [27], but VAT fibrosis associates with smaller adipocytes, potentially by limiting visceral
adipocyte hypertrophy, thereby mediating better metabolic profile [28,29]. Additionally, MC secrete
prostaglandins including 15-deoxy-delta PGJ2, which is an endogenous ligand for PPARγ, particularly in
response to high-glucose conditions, resulting in increased adipogenesis [8]. Such MC-mediated PPARγ
activation may support “healthy” AT expansion [30]. Indeed, the expression of CPA3, an MC marker,
is associated with Uncoupling Protein 1 (UCP1) in the SAT of lean people, and MC-related histamine
and IL-4 induce UCP1 expression in adipocytes, promoting AT beiging [31,32]. MC also contribute to
angiogenesis, as demonstrated in cancer [33,34]. Thus, AT-MC adjacent to micro-vessels may imply
their involvement in increased angiogenesis, possibly further supporting healthy AT expansion by
limiting hypoxia. Finally, we show that AT-MC correlate with macrophages only in fibrotic areas,
and at the whole-tissue level, MC genes may in fact inversely correlate with macrophage-specific
genes or with macrophage CLS numbers. This suggests that higher MC accumulation in VAT might
in fact associate with lower macrophage infiltration/activity, which in turn is indicative of a lower
inflammatory burden-related adipose tissue dysfunction. Furthermore, MChigh exhibited greater
postoperative weight loss. A putative explanation might be high preoperative fasting insulin that
enabled greater postoperative decline in insulin levels, thereby contributing to more substantial
weight loss.

5. Conclusions

Clinically used methods for better phenotyping people with obesity are still insufficient and
greatly limit stratified or more precision obesity management. Our study suggests that VAT-MC
accumulation estimates could be used as a tool for obesity sub-phenotyping. This can rely on relatively
available laboratory procedures, such as molecular (real-time PCR) and/or histopathological assays
using clinically common, known cell markers. Moreover, we propose that molecular and/or histological
examinations of tissues obtained during surgery can uncover clinically important information, such as
the prediction of post bariatric-surgery outcomes. This could aid in the post-operative management to
optimize patient care in an individualized manner, similar to the common practice in the management
of other diseases, such as cancer. Jointly, we propose that adipose tissue composition holds clinically
relevant information that should be better exploited for improving the care provided to people
with obesity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1508/s1,
Figure S1: The expression of KIT in cells that can be found in human AT, Figure S2: The expression of TPSB2 in
cells that can be found in human AT, Figure S3: The expression of CMA1 in cells that can be found in human AT,
Figure S4: SAT C-Kit+ cells within fibrotic area and fibrosis grading. Figure S5: Comparison of clinical parameters
between participants with high versus low MC accumulation in VAT, stratified by sex or obesity category. Table S1:
PCR probe ID. Table S2: Clinical characteristics of participants with obesity from the Beer–Sheva and Leipzig
cohorts, each also stratified by VAT-MC low/high based on expression of KIT. Table S3: Inter-correlation between
SAT-MC gene expression and SAT-collagens. Table S4: Usage of medications in persons with VAT MChigh and
MClow among the entire main cohort. Table S5: Diabetes duration and medication among persons with type
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2 diabetes stratified to VAT MChigh and MClow, main cohort. Table S6: Association between SAT-MC genes
expression and clinical parameters in the three cohorts.
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Abstract: Adipose tissue (AT) inflammation may increase obesity-related cardiometabolic complica-
tions. Altered AT oxygen partial pressure (pO2) may impact the adipocyte inflammatory phenotype.
Here, we investigated the effects of physiological pO2 levels on the inflammatory phenotype of abdom-
inal (ABD) and femoral (FEM) adipocytes derived from postmenopausal women with normal weight
(NW) or obesity (OB). Biopsies were collected from ABD and FEM subcutaneous AT in eighteen post-
menopausal women (aged 50–65 years) with NW (BMI 18–25 kg/m2, n = 9) or OB (BMI 30–40 kg/m2,
n = 9). We compared the effects of prolonged exposure to different physiological pO2 levels on
adipokine expression and secretion in differentiated human multipotent adipose-derived stem cells.
Low physiological pO2 (5% O2) significantly increased leptin gene expression/secretion in ABD and
FEM adipocytes derived from individuals with NW and OB compared with high physiological pO2

(10% O2) and standard laboratory conditions (21% O2). Gene expression/secretion of IL-6, DPP-4,
and MCP-1 was reduced in differentiated ABD and FEM adipocytes from individuals with OB but
not NW following exposure to low compared with high physiological pO2 levels. Low physiological
pO2 decreases gene expression and secretion of several proinflammatory factors in ABD and FEM
adipocytes derived from individuals with OB but not NW.

Keywords: adipose tissue; adipokines; inflammation; body fat distribution; obesity pathophysiology;
hypoxia

1. Introduction

Excess fat mass in obesity poses a major health risk [1]. The research in the past
decades has clearly demonstrated that body fat distribution is a better predictor of car-
diometabolic complications than total fat mass, with abdominal obesity increasing and
lower-body (gluteofemoral) fat accumulation conferring relative protection against chronic
cardiometabolic diseases [2–6]. This seems related to the distinct functional properties of
these different AT depots. Many studies in rodents and humans have shown that AT dys-
function in obesity is characterised by adipocyte hypertrophy, mitochondrial dysfunction,
reactive oxygen species (ROS) production, impaired lipid metabolism, reduced blood flow,
and inflammation, together contributing to an increased risk of developing cardiometabolic
diseases and cancer [6–11].

The AT microenvironment impacts metabolic and inflammatory processes [8,9]. We,
and others, have previously demonstrated that AT oxygen partial pressure (pO2), which
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is determined by the balance between local oxygen supply (determined by adipose tissue
blood flow) and consumption (primarily mitochondrial oxygen consumption), may be an
important determinant of the AT phenotype and whole-body insulin sensitivity [9,12–14].
Interestingly, differences in adipose tissue blood flow and/or adipose tissue oxygen con-
sumption between individuals with normal weight and obesity, and between upper and
lower AT depots, have previously been demonstrated [9,10,12,15,16]. Although AT pO2
is reduced in rodent models of obesity [17–19], conflicting findings on AT pO2 have been
reported in humans [9,20–24]. We have previously shown that AT pO2 was higher in individ-
uals with obesity and was positively associated with AT gene expression of proinflammatory
markers and whole-body insulin resistance [22,25]. Moreover, we found that AT pO2 was
lower in femoral than in abdominal subcutaneous AT in women with obesity [16].

The normal physiological range of AT pO2 in human AT is ~3–11% O2
(~23–84 mmHg) [9,21–23,25]. Therefore, the outcomes of experiments comparing the
effects of pO2 below and well above these physiological levels should be interpreted with
caution, because the results may not directly translate to the human in vivo situation [9].
Several in vitro studies have demonstrated that the expression and secretion of many
adipokines are sensitive to changes in pO2 levels, as extensively reviewed [9,26]. Most of
these studies have shown that acute exposure to severe, non-physiological hypoxia (1% O2
for 1–24 h) induces a proinflammatory expression and secretion profile in (pre)adipocytes,
while prolonged exposure to mild physiological hypoxia (5% O2 for 14 days) seems to elicit
a different adipokine expression/secretion profile [9,16,27]. Recently, we found that pro-
longed exposure to low physiological hypoxia decreased proinflammatory gene expression
in abdominal and femoral adipocytes derived from women with obesity [16]. The metabolic
and inflammatory responses to changes in the AT microenvironment may differ between
individuals and AT depots. Thus, oxygen levels might exert distinct effects on AT function
in people with different adiposity and in different AT depots. Importantly, however, studies
investigating the impact of altered pO2 levels on the inflammatory phenotype of adipocytes
derived from people with normal weight and obesity are lacking.

Therefore, the aim of the present study was to investigate the impact of prolonged expo-
sure to various physiological oxygen levels on gene expression and secretion of inflammatory
factors within upper and lower body differentiated human multipotent adipose-derived
stem (hMADS) cells derived from women with normal weight or obesity.

2. Materials and Methods
2.1. Upper and Lower Body Adipose Tissue Biopsies

Paired abdominal (ABD) and femoral (FEM) subcutaneous AT needle biopsies were
obtained from eighteen postmenopausal women (aged 50–65 years) with normal weight
(NW: BMI 18–25 kg/m2, n = 9) or obesity (OB: BMI 30–40 kg/m2, n = 9) (Table 1). The U.K.
Health Research Authority National Health System Research Ethics Committee approved
the present study (approval no. 18/NW/0392). Briefly, the biopsy specimens (up to
∼1 g) were collected 6 to 8 cm lateral from the umbilicus (ABD AT) and from the anterior
aspect of the upper leg (FEM AT) under local anaesthesia (1% lidocaine) after an overnight
fast. Samples were immediately rinsed with sterile saline, and visible blood vessels were
removed with sterile tweezers. Isolation of hMADS cells followed, as described before [16].

2.2. Human Primary Adipocyte Experiments

Human multipotent abdominal (ABD) and femoral (FEM) adipose-derived stem
cells, an established human white adipocyte model [28], were seeded at a density of
2000 cells/cm2 and kept in proliferation medium for seven days. Thereafter, these cells
were differentiated under different physiological O2 levels (10% O2, high physiological pO2;
5% O2, low physiological pO2) [9,16,22,29] as well as standard laboratory conditions (room
air, 21% O2) for 14 days. Gas mixtures were refreshed every 8 h (to maintain variation
<0.1% O2), whereas the medium was refreshed three times per week.
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Table 1. Subjects’ characteristics.

Parameter Normal Weight (n = 9) Obesity (n = 9) p Value

Age (years) 56.7 ± 1.8 56 ± 1.3 0.566
BMI (kg/m2) 22.8 ± 0.4 34.8 ± 1.3 <0.001

Waist circumference (cm) 79.4 ± 3.1 105.2 ± 3.8 <0.001
Hip circumference (cm) 94.4 ± 2.8 119.9 ± 4.8 <0.001

Waist-to-hip ratio 0.84 ± 0.02 0.88 ± 0.04 0.127
Visceral fat mass (g) 402.5 ± 118 1,325 ± 153.3 0.003

Abdominal fat mass (kg) 10.01 ± 1.48 24.4 ± 2.37 <0.001
Leg fat mass (kg) 7.67 ± 0.86 16.03 ± 1.43 0.001

Fasting glucose (mmol/L) 4.91 ± 0.10 5.10 ± 0.23 0.416
2-hour glucose (mmol/L) 4.90 ± 0.34 4.70 ± 0.33 0.684
Fasting insulin (pmol/L) 28.40 ± 5.80 43.30 ± 10.20 0.202

HOMA2 IR 0.46 ± 0.10 0.72 ± 0.20 0.187
SBP (mmHg) 119.6 ± 4.4 133.0 ± 3.1 0.039
DBP (mmHg) 73.6 ± 4.3 81.7 ± 1.9 0.153

BMI, body mass index; DBP, diastolic blood pressure; HOMA2 IR, Homeostasis Model Assessment 2 Insulin
Resistance; SBP, systolic blood pressure. Data are mean ± SEM.

2.3. Adipocyte Gene Expression

Total RNA was extracted from hMADS cells using TRIzol reagent (Invitrogen, Breda,
The Netherlands), and SYBR-Green-based real-time PCRs were performed to assess the gene
expression of leptin, dipeptidyl-peptidase (DPP)-4, interleukin (IL)-6, plasminogen activator
inhibitor (PAI)-1, adiponectin, tumour necrosis factor (TNF)α, and monocyte chemoat-
tractant protein (MCP)-1; the adipocyte differentiation markers peroxisome proliferator-
activated receptor γ (PPARγ), CCAAT-enhancer binding protein α (C/EBPα), fatty acid
synthase (FAS), and perilipin 1 (PLIN1); as well as the hypoxia markers glucose trans-
porter 1 (GLUT1), Bcl-2 interacting protein 3 (BNIP3), and vascular endothelial growth
factor A (VEGFA) using an iCycler (Bio-Rad, Veenendaal, The Netherlands). Results were
normalised to 18S ribosomal RNA.

2.4. Adipokine Secretion

The medium of the hMADS cells was collected over 24 h, from day 13 (after replace-
ment of medium) to day 14 of differentiation, to determine the secretion of adipokines
using high-sensitive ELISAs (leptin and DPP-4 from R&D Systems, Inc., Minneapolis, MN,
USA; IL-6 and MCP-1 from Diaclone SAS, Besancon Cedex, France; adiponectin and PAI-1
from BioVendor–Laboratorni medicina a.s., Brno, Czech Republic). If necessary, samples
were diluted with the dilution buffer provided by the manufacturer prior to the assay,
which was performed in duplicates according to the manufacturer’s instructions.

2.5. Statistical Analyses

Data are presented as mean ± SEM. The effects of exposure to different oxygen
levels on adipocyte gene expression and adipokine secretion were analysed using one-
way ANOVA or the Friedman test when data were not normally distributed, followed
by post hoc comparison using Student’s paired t-tests or the Wilcoxon signed-rank test
in case of skewed data. GraphPad Prism version 8 for Windows (GraphPad Software,
San Diego, CA, USA) was used to perform statistical analyses. p < 0.05 was considered
statistically significant.

3. Results
3.1. The Effects of Oxygen Partial Pressure on Adipocyte Gene Expression

The exposure of differentiated hMADS cells derived from ABD and FEM AT to dif-
ferent pO2 levels induced distinct gene expression patterns. Specifically, exposure to low
physiological pO2 (5% O2) increased leptin expression compared with exposure to high
physiological pO2 (10% O2) or room air (21% O2) in differentiated ABD and FEM hMADS
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derived from individuals with NW as well as OB (all p < 0.01, Figure 1A). Furthermore,
low physiological pO2 markedly reduced the gene expression of the proinflammatory factors
DPP-4 and IL-6 in both ABD and FEM differentiated hMADS derived from donors with OB
(all p < 0.01) but not NW compared with high physiological pO2 (Figure 1B,C). Low physio-
logical pO2 levels did not significantly alter the gene expression of PAI-1, TNFα, or MCP-1 in
differentiated ABD and FEM hMADS derived from NW and OB individuals (Figure 1D–G),
except for a modest but significant (p = 0.041) increase in adiponectin gene expression in
FEM differentiated hMADS derived from individuals with obesity (Figure 1E). In addi-
tion, high physiological AT pO2 (10% O2) increased the PAI-1 (p = 0.005) and reduced the
adiponectin expression (p = 0.010) in FEM differentiated hMADS derived from individuals
with OB compared with those at 21% O2 exposure. As expected, exposure to physiological
oxygen levels, i.e., lower oxygen levels compared with standard laboratory conditions,
increased the gene expression of the classical hypoxia markers GLUT1 and VEGFA, and,
to a lesser extent, increased that of BNIP3 (Figure S1A–C). Furthermore, exposure to low
physiological oxygen levels (5% O2) did not alter the gene expression of adipocyte differenti-
ation markers compared with room air (21% O2) in differentiated hMADS derived from
individuals with NW as well as OB (Supplemental Figure S1D–G). In the differentiated
hMADS derived from individuals with OB, the gene expression of PPARγ, C/EBPα, and
FAS was lower, and expression of PLIN1 higher, following exposure to 5% compared with
10% O2.
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Figure 1. Adipokine and inflammatory markers’ gene expression in hMADS cells following differen-
tiation under different pO2s (21% vs. 10% vs. 5% O2) (n = 9 paired samples): (A) leptin, (B) dipeptidyl-
peptidase (DPP)-4, (C) interleukin (IL)-6, (D) plasminogen activator inhibitor (PAI)-1, (E) adiponectin,
(F) tumour necrosis factor (TNF)α, and (G) monocyte chemoattractant protein (MCP)-1. Data are expressed
as mean ± SEM. * p < 0.05.

3.2. The Effects of Oxygen Partial Pressure on Adipokine Secretion

Next, we investigated whether exposure to different pO2 levels elicited functional
changes in adipokine secretion from differentiated ABD and FEM hMADS. We found that
adipokine secretion from both differentiated ABD and FEM hMADS was significantly
affected by changes in oxygen availability (Figure 2). Specifically, low physiological pO2
(5% O2) exposure increased leptin secretion in differentiated ABD and FEM hMADS derived
from individuals with OB compared with exposure to high physiological pO2 (10% O2: ABD,
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p = 0.009; FEM, p = 0.021), and in differentiated ABD and FEM hMADS derived from
individuals with NW compared with exposure to room air (21% O2: ABD, p = 0.014; FEM,
p = 0.006) (Figure 2A). Furthermore, DPP-4 secretion was significantly lower following
exposure to low (5% O2) compared with high (10% O2) physiological pO2 in differentiated
ABD (p = 0.027) and FEM hMADS (p = 0.004) and IL-6 secretion in differentiated FEM
hMADS only (p = 0.007), derived from donors with OB but not NW (Figure 2B,C). Moreover,
low physiological pO2 (5% O2) reduced MCP-1 secretion (p = 0.030) but did not alter PAI-1
secretion from differentiated ABD hMADS derived from individuals with OB compared
with 10% O2 (Figure 2D,E). Finally, low physiological pO2 (5% O2) reduced both MCP-1
(p = 0.028) and PAI-1 (p = 0.003) secretion from differentiated FEM hMADS derived from
donors with NW compared with 21% O2 (Figure 2D,E). Adiponectin secretion was not
detectable, and these data are therefore not reported.
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Figure 2. Adipokine and inflammatory markers’ secretion in hMADS cells following differentiation
under different pO2s (21% vs. 10% vs. 5% O2) (n = 9 paired samples). (A) Leptin, (B) dipeptidyl-
peptidase (DPP)-4, (C) interleukin (IL)-6, (D) plasminogen activator inhibitor (PAI)-1, and (E) mono-
cyte chemoattractant protein (MCP)-1. Data are expressed as mean ± SEM. * p < 0.05.

4. Discussion

In the present study, we investigated the impact of oxygen tension on adipokine
gene expression and secretion in differentiated human multipotent ABD and FEM adipose-
derived stem cells from women with NW or OB. Here, we demonstrate that low physiological
pO2 decreased gene expression and secretion of the proinflammatory factors DDP-4 and
IL-6 in both differentiated ABD and FEM hMADS derived from individuals with OB, while
these responses were not present in differentiated hMADS cells from NW individuals. Our
findings highlight that the changes in pO2 within the human physiological range in the
adipocyte microenvironment contribute to alterations in the AT inflammatory phenotype
and that these effects may differ between individuals with normal weight and obesity.

To determine whether the amount of oxygen present in the AT microenvironment af-
fects the gene expression of adipokines, we exposed differentiating hMADS cells from ABD
and FEM AT to low (5%) and high (10%) physiological pO2 levels in human AT [9,16,21–24].
As expected, low physiological pO2 levels increased the gene expression of several hypoxia
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markers. Strikingly, we show for the first time that low physiological pO2 during adipogene-
sis consistently decreased the expression and secretion of the proinflammatory markers IL-6
and DPP-4 in both differentiated FEM and ABD hMADS derived from individuals with
OB, but not NW. Moreover, the present data suggest that these cells maintain a memory
of origin (i.e., a normal-weight or obese microenvironment) in vitro, even after 14 days
of exposure to the same experimental conditions. In agreement with our findings, we
have previously reported that in vivo ABD AT pO2 was positively associated with the
AT gene expression of several proinflammatory markers [22] and that low physiological
pO2 exposure reduced the gene expression of IL-6 and DPP-4 in adipocytes derived from
women with obesity [16]. In addition, the present results show that low physiological pO2
levels consistently increased leptin gene expression and secretion in differentiated ABD
and FEM hMADS derived from donors with NW or OB. Leptin is an important regulator
of appetite and energy expenditure, providing important feedback in relation to energy
storage in the body through the hypothalamus, and is involved in multiple physiological
processes such as the regulation of immunity [9,30–32]. Changes in leptin secretion due to
altered oxygen tension in the AT microenvironment may thus affect these processes. No-
tably, pO2-induced alterations in adipokine gene expression were paralleled by comparable
changes in adipokine secretion. Importantly, the modest effects of pO2 levels on adipocyte
differentiation, if present at all, do not seem to explain the observed changes in adipokine
expression and secretion, exemplified by the opposing effects of low pO2 on the expression
and secretion of leptin and the proinflammatory markers Il-6 and DPP-4. Famulla et al. [27]
previously showed increased DPP-4, adiponectin, and IL-6 secretion following prolonged
exposure to high physiological pO2 (10% O2), while low physiological pO2 (5% O2) tended to
reduce the secretion of adiponectin. These differences between studies may at least partly
be explained by differences in donor characteristics.

A strength of the present study is the paired comparisons between differentiated
adipose-derived multipotent stem cells derived from ABD and FEM AT of individuals with
NW and OB. Previous studies examining the effects of pO2 levels on adipocyte inflam-
mation have either used cell lines, adipose-derived multipotent stem cells from a single
donor, or a pool of stem cells obtained from different donors. Because our findings demon-
strate that the impact of changes in the AT microenvironment (i.e., different physiological
pO2 levels) on adipokine expression and secretion depends on the characteristics of the
donors, future studies in the field of AT biology should take this ‘memory-of-origin effect’
into account. Secondly, in contrast to many studies showing that acute exposure to severe
(non-physiological) hypoxia evokes a proinflammatory response in murine and human
(pre)adipocytes [13,14], we aimed to mimic physiological in vivo conditions in terms of pO2
levels as well as the prolonged exposure duration in the present study. This study also has
some limitations. We examined the effects of various oxygen levels in cells derived from
postmenopausal women. Therefore, our findings cannot be translated to other subgroups
of the population such as men or individuals of different age. Furthermore, we used a
targeted approach to examine the gene expression and secretion of several adipokines.
Future studies using an untargeted approach (e.g., microarray analysis, RNA sequencing,
or proteomics) are warranted.

5. Conclusions

In conclusion, the present findings demonstrate that physiological oxygen levels regu-
late adipokine expression and secretion in differentiated ABD and FEM hMADS. Differenti-
ated hMADS cells derived from women with OB display lower expression and secretion
of several (proinflammatory) adipokines at low (5% O2) compared with high (10% O2)
physiological oxygen tension. Except for the effects on leptin expression, no significant
effects of low compared with high physiological oxygen levels were observed in differen-
tiated hMADS cells derived from individuals with NW. Our findings thus indicate that
pO2 levels alter the expression and secretion of several adipokines in differentiated human
ABD and FEM hMADS, and that donor characteristics determine experimental outcomes.
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This has important implications for future mechanistic in vitro studies in the field of AT
biology. For example, the outcomes of studies in which the effects of certain interventions
on adipocyte inflammation and related biological mechanisms are investigated may depend
on the microenvironmental oxygen tension. Furthermore, our findings highlight that it is
important to report detailed the characteristics of the cell donor(s) in studies examining
human adipocyte biology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11223532/s1, Figure S1: Adipocyte differentiation and hypoxia
markers’ gene expression in adipose tissue-derived mesenchymal stem cells following differentiation
under different pO2s (21% vs. 10% vs. 5% O2).
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Abstract: Steroid receptor RNA activator gene (SRA1) emerges as a player in pathophysiological
responses of adipose tissue (AT) in metabolic disorders such as obesity and type 2 diabetes (T2D). We
previously showed association of the AT SRA1 expression with inflammatory cytokines/chemokines
involved in metabolic derangement. However, the relationship between altered adipose expression of
SRA1 and the innate immune Toll-like receptors (TLRs) as players in nutrient sensing and metabolic
inflammation as well as their downstream signaling partners, including interferon regulatory factors
(IRFs), remains elusive. Herein, we investigated the association of AT SRA1 expression with TLRs,
IRFs, and other TLR-downstream signaling mediators in a cohort of 108 individuals, classified based
on their body mass index (BMI) as persons with normal-weight (N = 12), overweight (N = 32), and obe-
sity (N = 64), including 55 with and 53 without T2D. The gene expression of SRA1, TLRs-2,3,4,7,8,9,10
and their downstream signaling mediators including IRFs-3,4,5, myeloid differentiation factor 88
(MyD88), interleukin-1 receptor-associated kinase 1 (IRAK1), and nuclear factor-κB (NF-κB) were
determined using qRT-PCR and SRA1 protein expression was determined by immunohistochemistry.
AT SRA1 transcripts’ expression was significantly correlated with TLRs-3,4,7, MyD88, NF-κB, and
IRF5 expression in individuals with T2D, while it associated with TLR9 and TRAF6 expression in all
individuals, with/without T2D. SRA1 expression associated with TLR2, IRAK1, and IRF3 expression
only in individuals with obesity, regardless of diabetes status. Furthermore, TLR3/TLR7/IRAK1
and TLR3/TLR9 were identified as independent predictors of AT SRA1 expression in individuals
with obesity and T2D, respectively. Overall, our data demonstrate a direct association between the
AT SRA1 expression and the TLRs together with their downstream signaling partners and IRFs in
individuals with obesity and/or T2D.

Keywords: steroid receptor RNA activator 1/SRA1; TLRs; IRFs; adipose tissue; obesity; type-2
diabetes; inflammation

1. Introduction

Obesity is known as a complex disease due to an excessive amount of body weight,
and mainly the body fat associated with expansion and function of white adipose tis-
sue. The expanded white adipose tissue in individuals with obesity produces a wide
range of adipocytokines, such as proinflammatory cytokines, chemokines, hormones, and
similar mediators [1–4]. Adipocytes, resident monocytes/macrophages, and other cell
populations in the adipose tissue are actively involved in production and secretion of
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adipocytokines [5–8]. It is speculated that the mechanisms of obesity-induced insulin re-
sistance are initiated and stimulated by these adipocytokines, mainly by proinflammatory
cytokines in the white adipose tissue [9–13].

Toll-like receptors (TLRs) are the surface, innate immune receptors that identify the
pathogen-associated molecular patterns (PAMPs) to activate and initiate inflammatory
responses. In humans, 11 different TLRs have been so far identified [14,15]. Structurally,
TLRs have an extracellular, leucine-rich repeat (LRR) domain which recognizes PAMPs,
and a cytoplasmic Toll/IL-1 (TIR) domain that activates TLR-downstream signaling after
ligand binding with its cognate TLR. LRR and TIR are involved in the recognition of
PAMPs and activation of downstream adaptor proteins and signaling molecules, including
myeloid differentiation factor 88 (MyD88), interleukin-1 (IL-1) receptor-associated kinases
(IRAKs), and tumor necrosis factor receptor-associated factor (TRAF)-6, respectively [15].
After the activation of these adaptor proteins, stimulation of multiple pathways is initiated
such as extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38
mitogen-activated protein kinases (MAPK), NF-κB, and interferon regulatory factors (IRFs)
pathways. The activation of NF-κB signaling results in the up-regulation of inflammatory
markers including cytokines, chemokines, adhesion molecules, type-I interferons (IFN-
α/β), tumor necrosis factor (TNF)-α, and IL-6) which offset the homeostasis between
beneficial host innate immune responses and immunopathology [16–19].

TLRs such as TLR2, TLR3, TLR4, TLR7, TLR9, and TLR10 have been identified in multi-
ple immune cell populations within the adipose tissue namely adipocytes, monocytes, and
macrophages. Each of these TLRs has distinct ligands such as free fatty acids (FFAs), lipids,
lipoproteins, nucleic acids, and proteins which indicate the potential role of innate immune
TLRs as nutrient sensors involved in obesity [20,21]. The important roles of TLR signaling
cascades in adipose tissue inflammation and impairment in obesity and type-2 diabetes
(T2D) have been addressed and reported by us and others [22–24]. Expression changes in
TLR1, TLR2, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10 have been often reported
in obesity, metabolic syndrome, inflammation and insulin resistance, T2D, and related com-
plications such as cardiovascular disease, diabetic nephropathy, and atherosclerosis [23–34].
Specifically, TLR4/TLR2 have emerged as metabolic sensors of lipopolysaccharide (LPS)
and saturated free fatty acids (sFFAs), both of which are abundantly found in individuals
with obesity and T2D [35].

Steroid receptor RNA activator 1 (SRA1) was originally identified as an intergenic
long non-coding RNA (lncRNA) which acts as an RNA coactivator of nuclear receptors to
enhance steroid receptor-dependent gene expression [36]. It binds with DNA via interac-
tions with other proteins that bind directly or indirectly with the DNA. Therefore, serving
as a natural organizer by regulating physiological processes that dictate the epigenetic
modifications including changes in chromatin and gene expression [37–39]. Increased
SRA1 expression in the human liver, skeletal muscle, and in the white/brown adipose
tissues as key organs regulating metabolic homeostasis, compared to other tissues, has been
documented [36,40,41]. We recently showed that in individuals without T2D, adipose SRA1
expression was significantly higher in obese people compared with normal weight people
and the adipose tissue SRA1 expression associated directly with metabolic markers includ-
ing body mass index (BMI), percentage of body fat (PBF), serum insulin, homeostasis model
assessment of insulin resistance (HOMA-IR), proinflammatory cytokines and chemokines
or their receptors including C-X-C motif ligand-9 (CXCL9), CXCL10, CXCL11, TNFα, trans-
forming growth factor-β (TGFβ), IL2RA, and IL18, but inversely with CCL19 and CCR2
expression. We further showed that TGFβ and IL18 were independent predictors of SRA1
expression in individuals without T2D, while TNFα and IL2RA were the independent
predictors in individuals with T2D. TNFα also predicted SRA1 adipose expression in both
normal weight and obese populations, regardless of diabetes status. Taken together, this
study revealed specific association patterns of the adipose SRA1 expression with diverse
immune markers, most of them being inflammatory by nature [42].
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In the current study, we examined whether the human adipose tissue SRA1 expression
associated with TLRs expression, their adaptor proteins and TLR-downstream signaling
molecules including NF-κB, IRF3, 4, and 5 in obesity and/or T2D.

2. Materials and Methods
2.1. Study Population and Anthropometry

This study included 108 participants who were classified based on BMI as persons
with normal weight (NW) (BMI < 25 kg/m2, n = 12), overweight (25 ≤ BMI < 30 kg/m2,
n = 32), or obese (BMI ≥ 30 kg/m2, n = 64). Among these participants, 53 were with
and 55 were without T2D. Diagnosis of T2D was based on fasting blood glucose and
glycated hemoglobin (HbA1c) levels. HbA1c levels of <5.7, 5.7–6.4%, and >6.4% represented
normal, prediabetes, and diabetes status, respectively. Height, weight, waist and hip
circumferences, BMI, and PBF were measured and calculated as previously described [42].
For the assessment of insulin resistance (HOMA-IR) and insulin sensitivity, fasting blood
glucose and insulin levels were used to determine HOMA index [43]. This study was
approved by ethics committee of the Dasman Diabetes Institute, Kuwait in line with
the ethical guidelines of the Declaration of Helsinki (Grant#: RA 2010-003). The written
informed consent was obtained from each participant at the time of enrolment in the study.
The individuals with chronic diseases of the heart, liver, kidney, lung, or those with type
1 diabetes, immune dysfunction, hematologic disorders, pregnancy, or malignancy were
excluded previously stated [42,44]. Clinical and demographic features of the study cohort
are presented in Supplementary Table S1.

2.2. Collection of Subcutaneous Adipose Tissue Samples

Biopsies of the human adipose tissue, about 0.5 g in size, were collected from the
abdominal subcutaneous adipose tissue, next to the umbilicus by using sterile surgical
technique as described [42,45]. The sample was further cut into smaller pieces, about
50–100 mg in size, and added to RNAlater (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and stored at −80 ◦C until use for RNA extraction.

2.3. Measurement of Metabolic Markers

Peripheral blood was collected from the individuals fasting overnight and the sam-
ples were analyzed for metabolic markers such as plasma glucose, insulin, and lipid pro-
files including triglycerides (TGL), low-density/high-density lipoproteins (LDL/HDL),
and total cholesterol using Siemens Dimension RXL Analyzer (Diamond Diagnostics,
Holliston, MA, USA). Glycated hemoglobin (HbA1c) was measured by Variant device
(BioRad, Hercules, CA, USA).

2.4. Quantitative, Real-Time, Reverse-Transcription Polymerase Chain Reaction (RT-qPCR)

Fat samples were used for total RNA collection by using RNeasy kit (Qiagen, Valencia,
CA, USA), following the protocol as recommended by the manufacturer. RNA template
(0.5 µg) was used for cDNA synthesis using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster, CA, USA) as earlier stated [45]. Real-time qRT-PCR was carried
out as per the protocol [42,45,46]. Briefly, 50 ng of cDNA was amplified using TaqMan Gene
Expression Master Mix (Applied Biosystems, CA, USA) and gene-specific 20 X TaqMan
gene expression assays including forward and reverse primers (Supplementary Table S2),
target-specific TaqMan 5′FAM-labeled and 3′NFQ-labeled MGB probe, using 7500 Fast
Real-Time PCR System (Applied Biosystems, CA, USA) as described elsewhere [42]. Target
gene expression relative to control (NW fat samples) was determined using comparative Ct
method [47] and data were normalized to GAPDH gene expression as described [48–52].

2.5. Immunohistochemistry (IHC)

Expression of SRA1, TLR4, IRAK1 or NF-kB was measured in the fat tissue by IHC
as described elsewhere [42,53]. Briefly, subcutaneous fat tissue (paraffin-embedded) was
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cut in 4µm thick sections, deparaffinized by xylene, and rehydrated by serial immersions
in 100%, 95%, and 75% ethanol in water. Antigen was retrieved by retrieval solution
(pH 6.0; Dako, Glostrup, Denmark) with 8 min boiling and 15 min cooling steps. After
3 washes with PBS, internal peroxidase was blocked by 30 min treatment with 3% H2O2
and non-specific antibody binding was blocked by 1 h treatment, each, with 5% non-fat
milk and 1% BSA. The primary antibody treatment was carried out overnight at room
temperature, using anti-human SRA1 rabbit polyclonal antibody (1:800 dilution) (Thermo-
Scientific PA5-62145, pH 6.0), rabbit monoclonal anti-IRAK antibody (ab302554, Abcam®

Cambridge, UK), 1:400 dilution of rabbit monoclonal anti-IRF5 antibody (ab181553, Abcam®

Cambridge, UK), 1:1000 dilution of rabbit polyclonal anti-NFkB antibody (ab16502, Abcam®

Cambridge, UK), and 1:1000 dilution of mouse monoclonal anti-TLR4 antibody (ab13556,
Abcam® Cambridge, UK). After washing 3 times using PBS (0.5% Tween), samples were
incubated for 1 h with secondary antibody (HRP-conjugated goat anti-rabbit; EnVision™
Kit from Dako, Glostrup, Denmark) and the substrate (3,3′-DAB chromogen) was added
to develop color. After washing 3 times in running water, samples were counterstained
(Harris hematoxylin), dehydrated by immersion in 75%, 95%, and 100% ethanol in water,
clarified by xylene, and mounted in DPX. Later, digital photomicrographs were taken (40X
magnification) and regional heterogeneity was assessed in 4 different regions of tissue
sample (PannoramicScan, 3DHistech, Budapest, Hungry). The data were expressed as the
staining intensity measured in arbitrary units (AU) and analyzed using imageJ software
(NIH, Bethesda, MD, USA).

In addition, we also performed H&E staining on lean and obese adipose tissue samples,
5 each, to represent sample quality for standard tissue staining (Supplementary Figure S1).

2.6. Statistical Analysis

The data obtained were presented as mean ± SEM values and analyzed using Graph-
Pad Prism (GraphPad, San Diego, CA, USA) and SPSS (IBM SPSS Inc., Chicago, IL, USA)
software. Means between two groups were compared using unpaired t-test, and between
more than two groups were compared using One-way ANOVA, Kruskal-Wallis and Mann-
Whitney tests. Spearman correlation and multivariate regression analyses were performed
to determine associations between variables. All p-values ≤ 0.05 were considered signifi-
cant. For multivariate linear regression, the Enter method was used, selecting the variables
that significantly correlated with SRA1 expression as predictor variables and were entered
simultaneously to generate the model. F-test was used to test whether the independent
variables collectively predicted the dependent variable. R-squared evaluated how much
variance in the dependent variable was accounted for by the set of independent variables.
The p-value assessed the significance and the β-value identified the magnitude of prediction
for each independent variable.

3. Results
3.1. SRA1 Adipose Expression and Its Association with TLRs, Downstream Signaling Mediators
and IRFs Expression in the Study Population

We sought to determine SRA1 protein expression in adipose tissue samples from
NW individuals and those with obesity, 10 individuals each, and the data show that
the expression was significantly higher in people with obesity compared to their NW
counterparts, whether with or without T2D (p < 0.0001) (Figure 1).

We next sought to determine the adipose SRA1 gene expression and assessed its
relationship with typical inflammatory sensing and signaling components such as TLRs,
their downstream signaling mediators, and IRFs. The expression of these markers was
first compared among populations defined as those with NW, overweight, and obesity. To
this end, adipose SRA1 mRNA expression differed significantly only between non-diabetic
NW and those with obesity individuals (p = 0.015) whereas it differed non-significantly
between all other BMI groups, with or without T2D (Table 1). Regarding expression
of TLRs, their downstream signaling mediators and IRFs, adipose expression of TLR2
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(p = 0.018), TLR3 (p = 0.010), TLR8 (p = 0.048), IRAK1 (p = 0.047), and IRF5 (p = 0.016)
was significantly higher in participants with obesity compared to NW participants. IRF5
expression in both overweight (p = 0.031) and those with obesity (p = 0.016) differed
significantly from that of NW participants. Expression of IRF3 (p = 0.047), IRF4 (p = 0.020),
and IRF5 (p = 0.039) was significantly higher in individuals with T2D compared with
those without T2D. Furthermore, adipose SRA1 expression was associated with TLR2
(r = 0.218, p = 0.036), TLR3 (r = 0.218, p < 0.0001), TLR4 (r = 0.226, p = 0.027), TLR7 (r = 0.196,
p = 0.045), NF-κB (r = 0.297, p = 0.002), and IRAK1 (r = 0.201, p = 0.044) expression in the
total (N = 108) study population (Table 2; Figure 2A–F).
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Figure 1. Adipose SRA1 protein expression in adipose tissue. SRA1 protein expression was deter-
mined in adipose tissue samples from non-diabetic individuals with NW and obesity, as well as from
persons with type-2 diabetic (T2D), as NW and those with obesity, 10 each, using by immunohisto-
chemistry (IHC) as described in Materials and Methods. IHC staining intensity was expressed as
arbitrary units (AU) and the data (mean ± SEM) were compared between NW and obese popula-
tions, with or without T2D, using unpaired t-test and p < 0.05 was considered significant. (A) The
representative IHC images are shown for non-diabetic NW/obese and T2D NW/obese individuals,
one each. (B) IHC staining data (AU) show the elevated adipose SRA1 expression in persons with
obesity compared to NW persons, whether with or without T2D (p < 0.0001).

Furthermore, to confirm the expression of protein levels in the adipose tissue, we
performed immunohistochemistry analysis on TLR4, IRAK1 and NF-kB as representatives.
Immunohistochemistry analysis showed that TLR4 (Figure 3A,B), IRAK1 (Figure 4A,B)
and NF-kB (Figure 5A,B) were significantly upregulated in individuals with obesity. Our
protein data show that SRA1 positively correlated with TLR4 protein (r2 = 0.623; p = 0.0002;
Figure 3C). IRAK1 protein (r2 = 0.0649; p < 0.0001; Figure 4C) and NF-kB protein (r2 = 0.379;
p = 0.0085; Figure 5C).

34



C
el

ls
20

22
,1

1,
40

07

Ta
bl

e
1.

A
di

po
se

ex
pr

es
si

on
(m

R
N

A
)o

fT
LR

s,
th

ei
r

do
w

ns
tr

ea
m

si
gn

al
in

g
m

ed
ia

to
rs

,I
R

Fs
,a

nd
SR

A
1

in
pa

rt
ic

ip
an

ts
w

it
h

an
d

w
it

ho
ut

T
2D

.

In
fla

m
m

at
or

y
M

ar
ke

r

To
ta

lP
ar

ti
ci

pa
nt

s
(N

=
10

8)

W
it

ho
ut

T
2D

(N
=

55
)

W
it

h
T

2D
(N

=
53

)

N
or

m
al

W
ei

gh
t

(N
=

8)

O
ve

rw
ei

gh
t

(N
=

19
)

O
be

se
(N

=
28

)

N
or

m
al

W
ei

gh
tv

s.
O

ve
rw

ei
gh

t
(p

V
al

ue
)#

N
or

m
al

W
ei

gh
tv

s.
O

be
se

(p
V

al
ue

)#

N
or

m
al

W
ei

gh
t

(N
=

4)

O
ve

rw
ei

gh
t

(N
=

13
)

O
be

se
(N

=
36

)

N
or

m
al

W
ei

gh
tv

s.
O

ve
rw

ei
gh

t
(p

V
al

ue
)#

N
or

m
al

W
ei

gh
tv

s.
O

be
se

(p
V

al
ue

)#

W
it

ho
ut

T
2D

(N
=

55
)

vs
.W

it
h

T
2D

(N
=

53
)

(p
V

al
ue

)$

SR
A

1
1.

7
±

0.
24

1.
8
±

0.
61

2.
2
±

0.
62

0.
33

5
0.

02
5

*
2.

3
±

0.
95

1.
7
±

0.
55

1.
9
±

1.
17

0.
17

5
0.

43
6

0.
37

3

TL
R

2
1.

95
±

1.
04

2.
88
±

1.
96

3.
20
±

1.
31

0.
19

7
0.

01
8

*
2.

18
±

0.
76

2.
82
±

1.
17

3.
27
±

1.
66

0.
46

5
0.

27
2

0.
30

5

TL
R

3
1.

49
±

0.
30

1.
79
±

1.
17

2.
57
±

1.
50

0.
62

9
0.

01
9

*
3.

24
±

2.
20

1.
74
±

1.
06

2.
07
±

0.
59

0.
16

8
0.

61
6

0.
61

8

TL
R

4
1.

31
±

0.
23

1.
42
±

0.
41

1.
67
±

0.
65

0.
66

1
0.

26
7

2.
04
±

0.
89

1.
33
±

0.
31

1.
57
±

0.
45

0.
14

4
0.

44
1

0.
60

9

TL
R

7
2.

06
±

0.
83

3.
15
±

2.
27

3.
38
±

2.
17

0.
50

2
0.

14
1

2.
89
±

1.
51

1.
92
±

1.
36

3.
78
±

2.
04

0.
38

7
0.

63
8

0.
54

6

TL
R

8
1.

68
±

0.
69

3.
51
±

2.
90

3.
31
±

1.
96

0.
11

7
0.

06
1

*
2.

85
±

0.
75

2.
71
±

1.
60

3.
94
±

2.
78

0.
77

6
0.

65
5

0.
20

2

TL
R

9
8.

51
±

3.
91

7.
85
±

3.
37

7.
32
±

3.
87

0.
80

3
0.

29
2

7.
02
±

5.
62

7.
63
±

2.
54

7.
91
±

3.
47

0.
37

9
0.

35
7

0.
85

2

TL
R

10
21

.8
8
±

22
.2

8
23

.0
4
±

22
.1

5
29

.8
8
±

37
.1

5
0.

71
9

0.
54

9
24

.9
6
±

15
.5

2
23

.9
7
±

24
.6

2
23

.0
5
±

20
.0

7
0.

62
5

0.
65

0.
97

6

N
F-
κ

B
1.

18
±

0.
20

1.
28
±

0.
33

1.
38
±

0.
28

0.
47

6
0.

05
3

1.
47
±

0.
29

1.
28
±

0.
42

1.
26
±

0.
37

0.
34

2
0.

28
2

0.
55

9

M
yD

88
1.

62
±

0.
47

1.
86
±

0.
73

1.
85
±

0.
57

0.
42

1
0.

34
6

2.
71
±

0.
77

1.
96
±

0.
57

1.
92
±

0.
59

0.
16

6
0.

11
2

0.
24

0

IR
A

K
1

6.
14
±

2.
83

8.
19
±

3.
37

9.
12
±

3.
28

0.
11

9
0.

04
2

*
8.

01
±

1.
11

9.
45
±

3.
46

9.
69
±

3.
23

0.
43

2
0.

35
3

0.
11

6

TR
A

F6
2.

49
±

0.
35

2.
26
±

1.
18

2.
36
±

0.
98

0.
11

3
0.

25
5

2.
12
±

0.
80

2.
26
±

0.
75

2.
33
±

0.
64

0.
92

2
0.

71
2

0.
54

4

IR
F3

1.
81
±

0.
57

2.
31
±

0.
68

2.
54
±

0.
61

0.
15

2
0.

06
5

2.
45
±

0.
80

2.
73
±

0.
56

2.
65
±

0.
59

0.
45

42
0.

67
5

0.
04

7
*

IR
F4

2.
21
±

0.
84

3.
61
±

2.
18

3.
40
±

1.
99

0.
22

8
0.

16
9

3.
74
±

3.
41

4.
32
±

2.
10

3.
95
±

1.
46

0.
70

2
0.

82
8

0.
02

0
*

IR
F5

1.
53
±

0.
33

2.
82
±

1.
44

2.
73
±

1.
08

0.
02

7
*

0.
01

6
*

2.
72
±

0.
93

2.
90
±

1.
31

3.
13
±

1.
13

0.
87

9
0.

58
4

0.
03

9
*

#
=

O
ne

w
ay

A
no

va
,K

ru
sk

al
-W

al
lis

te
st

,$
=

M
an

n-
W

hi
tn

ey
te

st
.*

Si
gn

ifi
ca

nt
.

35



Cells 2022, 11, 4007

Table 2. Spearman’s correlation analysis of adipose gene expression of SRA1 with TLRs, their
signaling mediators, and IRFs in the total study population.

All participants (N = 108)

Adipose Marker r p Value

TLR2 0.218 0.036 *
TLR3 0.406 <0.0001 ****
TLR4 0.226 0.027 *
TLR7 0.196 0.045 *
TLR8 0.071 0.481
TLR9 0.080 0.411
TLR10 0.074 0.459
NF-κB 0.297 0.002 **
MyD88 0.149 0.134
IRAK1 0.201 0.044 *
TRAF6 0.032 0.746

IRF3 0.139 0.187
IRF4 −0.009 0.931
IRF5 0.175 0.080

p ≤ 0.05 *, p < 0.01 **, p < 0.0001 ****.

Cells 2022, 11, x FOR PEER REVIEW 7 of 19 
 

 

Table 2. Spearman’s correlation analysis of adipose gene expression of SRA1 with TLRs, their sig-

naling mediators, and IRFs in the total study population. 

All participants (N = 108) 

Adipose Marker r p Value 

TLR2 0.218 0.036 * 

TLR3 0.406 <0.0001 **** 

TLR4 0.226 0.027 * 

TLR7 0.196 0.045 * 

TLR8 0.071 0.481 

TLR9 0.080 0.411 

TLR10 0.074 0.459 

NF-κB 0.297 0.002 ** 

MyD88 0.149 0.134 

IRAK1 0.201 0.044 * 

TRAF6 0.032 0.746 

IRF3 0.139 0.187 

IRF4 −0.009 0.931 

IRF5 0.175 0.080 

p ≤ 0.05 *, p ˂ 0.01 **, p ˂ 0.0001 ****. 

 

Figure 2. Adipose tissue SRA1 gene expression is correlated with TLRs and signaling molecules. 

Subcutaneous adipose tissues were obtained from lean, overweight, obese individuals. In this case, 

mRNA expression of SRA1, TLR2, TLR3, TLR4, TLR7, IRAK1 and NF-kB was detected by real-time 

RT-PCR and represented as fold change over controls. (A–F) In the studied population, SRA1 tran-

script levels, in adipose tissue, are positively correlated with TLRs and their signaling molecules. 

Furthermore, to confirm the expression of protein levels in the adipose tissue, we 

performed immunohistochemistry analysis on TLR4, IRAK1 and NF-kB as representa-

tives. Immunohistochemistry analysis showed that TLR4 (Figure 3A,B), IRAK1 (Figure 

Figure 2. Adipose tissue SRA1 gene expression is correlated with TLRs and signaling molecules.
Subcutaneous adipose tissues were obtained from lean, overweight, obese individuals. In this case,
mRNA expression of SRA1, TLR2, TLR3, TLR4, TLR7, IRAK1 and NF-kB was detected by real-
time RT-PCR and represented as fold change over controls. (A–F) In the studied population, SRA1
transcript levels, in adipose tissue, are positively correlated with TLRs and their signaling molecules.

36



Cells 2022, 11, 4007

Cells 2022, 11, x FOR PEER REVIEW 8 of 19 
 

 

4A,B) and NF-kB (Figure 5A,B) were significantly upregulated in individuals with obe-

sity. Our protein data show that SRA1 positively correlated with TLR4 protein (r2 = 0.623; 

p = 0.0002; Figure 3C). IRAK1 protein (r2 = 0.0649; p < 0.0001; Figure 4C) and NF-kB protein 

(r2 = 0.379; p = 0.0085; Figure 5C). 

 

 

Figure 3. Adipose TLR4 protein expression in adipose tissue and its correlation with SRA1 protein 

expression. TLR4 protein expression was determined in adipose tissue samples from lean (normal 

weight; NW) and obese individuals (n = 8 for each group) using by immunohistochemistry (IHC) as 

described in Materials and Methods. IHC staining intensity was expressed as arbitrary units (AU) 

and the data (mean ± SEM) were compared between NW and obese populations using unpaired t-

test and p < 0.05 was considered significant. (A) The representative IHC images are shown for NW 

and obese individuals. (B) IHC staining intensity data (AU). (C) Correlation between TLR4 protein 

expression with SRA1. 

Figure 3. Adipose TLR4 protein expression in adipose tissue and its correlation with SRA1 protein
expression. TLR4 protein expression was determined in adipose tissue samples from lean (normal
weight; NW) and obese individuals (n = 8 for each group) using by immunohistochemistry (IHC) as
described in Materials and Methods. IHC staining intensity was expressed as arbitrary units (AU)
and the data (mean ± SEM) were compared between NW and obese populations using unpaired
t-test and p < 0.05 was considered significant. (A) The representative IHC images are shown for NW
and obese individuals. (B) IHC staining intensity data (AU). (C) Correlation between TLR4 protein
expression with SRA1.
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Figure 4. Adipose IRAK1 protein expression in adipose tissue and its correlation with SRA1 protein
expression. IRAK1 protein expression was determined in adipose tissue samples from lean (normal
weight; NW) and obese individuals (n = 8 for each group) using by immunohistochemistry (IHC) as
described in Materials and Methods. IHC staining intensity was expressed as arbitrary units (AU)
and the data (mean ± SEM) were compared between NW and obese populations using unpaired
t-test and p < 0.05 was considered significant. (A) The representative IHC images are shown for NW
and obese individuals. (B) IHC staining intensity data (AU). (C) Correlation between IRAK1 protein
expression with SRA1.
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Figure 5. Adipose NF-kB protein expression in adipose tissue and its correlation with SRA1 protein
expression. NF-kB protein expression was determined in adipose tissue samples from lean (normal
weight; NW) and obese individuals (n= 8 for each group) using by immunohistochemistry (IHC) as
described in Materials and Methods. IHC staining intensity was expressed as arbitrary units (AU)
and the data (mean ± SEM) were compared between NW and obese populations using unpaired
t-test and p < 0.05 was considered significant. (A) The representative IHC images are shown for NW
and obese individuals. (B) IHC staining intensity data (AU). (C) Correlation between NF-kB protein
expression with SRA1.

3.2. Association of Adipose SRA1 Expression (mRNA) with TLRs, Their Signaling Mediators, and
IRFs in Individuals Classified as Those with NW, Overweight, and Obesity

Regarding the association between adipose SRA1 gene expression and meta-inflamma-
tory markers studied (Table 3), we found that SRA1 correlated with TLR2 (r = 0.317,
p = 0.017), TLR3 (r = 0.531, p < 0.0001), TLR4 (r = 0.311, p = 0.022), TLR7 (r = 0.305, p = 0.015),
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TLR9 (r = 0.374, p = 0.002), MyD88 (r = 0.324, p = 0.010), IRAK1 (r = 0.255, p = 0.044), NF-κB
(r = 0.454, p < 0.001), IRF3 (r = 0.290, p = 0.030) and IRF5 (r = 0.321, p = 0.010) expression
in individuals with obesity. SRA1 associated inversely with TLR9 expression (r = −0.489,
p = 0.005) only in overweight group. In NW participants, SRA1 was associated with MyD88
(r = 648, p = 0.043), IRF3 (r = 0.0857, p = 0.014), and IRF5 (r = 0.929, p = 0.003) expression.
Heat map shown in Figure 6.

Table 3. Spearman’s correlation analysis of adipose gene expression of SRA1 with TLRs, their
signaling mediators, and IRFs in individuals differing by obesity levels.

Obesity Level
Normal Weight Overweight Obese

(N = 12) (N = 32) (N = 64)

Adipose Marker r p Value r p Value r p Value

TLR2 0.095 0.823 −0.026 0.895 0.317 0.017 *
TLR3 0.310 0.456 −0.016 0.934 0.531 <0.0001 ****
TLR4 0.405 0.320 −0.164 0.386 0.311 0.022 *
TLR7 0.224 0.533 −0.190 0.297 0.305 0.015 *
TLR8 0.267 0.488 −0.347 0.060 0.229 0.071
TLR9 0.098 0.762 −0.489 0.005 ** 0.374 0.002 **

TLR10 0.105 0.746 −0.248 0.194 0.192 0.134
NF-κB 0.266 0.404 −0.071 0.699 0.454 <0.001 ***
MyD88 0.648 0.043 * −0.347 0.060 0.324 0.010 *
IRAK1 0.429 0.289 0.044 0.818 0.255 0.044 *
TRAF6 −0.378 0.226 −0.327 0.073 0.233 0.064

IRF3 0.857 0.014 * −0.322 0.088 0.290 0.030 *
IRF4 0.429 0.397 −0.330 0.075 0.195 0.136
IRF5 0.929 0.003 ** −0.105 0.575 0.321 0.010 *

p ≤ 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****.
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3.3. Association of Adipose SRA1 Expression (mRNA) with TLRs, Their Signaling Mediators, and
IRFs in Individuals with/without T2D

In the analysis whether diabetic status affected associations between adipose SRA1
expression and other markers of inflammation, we found that in people with T2D, SRA1
expression was associated with TLR3 (r = 0.555, p < 0.0001), TLR4 (r = 0.302, p = 0.044), TLR7
(r = 0.292, p = 0.040), TLR9 (r = 0.398, p = 0.003), NF-κB (r = 0.381, p = 0.005, MyD88 (r = 0.311,
p = 0.030), TRAF6 (r = 0.286, p = 0.038), and IRF5 (r = 0.288, p = 0.043) expression (Table 4;
Figure 7). On the other hand, in participants without T2D, SRA1 was inversely associated
with TLR9 (r = −0.290, p = 0.034) and TRAF6 (r = −0.318, p = 0.019) expression (Table 4).

Table 4. Spearman’s correlation analysis of adipose gene expression of SRA1 with TLRs, their
signaling mediators, and IRFs in individuals with/without T2D.

Diabetes Status
Without T2D With T2D

(N = 55) (N = 53)

Adipose Marker r p Value r p Value

TLR2 0.206 0.165 0.223 0.136
TLR3 0.247 0.080 0.555 <0.0001 ****
TLR4 0.096 0.522 0.302 0.044 *
TLR7 0.140 0.309 0.292 0.040 *
TLR8 0.028 0.843 0.180 0.210
TLR9 −0.290 0.034 * 0.398 0.003 **

TLR10 0.062 0.667 0.084 0.556
NF-κB 0.191 0.162 0.381 0.005 **
MyD88 0.014 0.918 0.311 0.030 *
IRAK1 0.220 0.117 0.239 0.099
TRAF6 −0.318 0.019 * 0.286 0.038 *

IRF3 0.051 0.739 0.220 0.137
IRF4 0.066 0.649 −0.017 0.909
IRF5 0.167 0.243 0.288 0.043 *

p ≤ 0.05 *, p < 0.01 **, p < 0.0001 ****.
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or IRF5 in the adipose tissues obtained from individuals with T2D (A–G).
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3.4. Analysis of the Independent Associations between SRA1 and TLRs, Their Signaling Mediators,
and IRFs

In order to determine independent associations, the markers showing significant
associations with adipose SRA1 expression were further assessed by multivariable stepwise
linear regression analysis (Table 5). We found that in the total population (N = 108), TLR3
and IRAK1 independently predicted the adipose SRA1 expression. In participants with T2D
(N = 53), TLR3 and TLR9 were identified as the independent predictors of adipose SRA1
expression, but not in participants without T2D (N = 55). Regression analysis stratified
by obesity status revealed the independent association of adipose SRA1 expression with
MyD88 in NW (N = 12), and with TLR9 in overweight (N = 32) participants. In individuals
with obesity (N = 64), TLR3, TLR7 and IRAK1 were detected as the independent predictors
of adipose SRA1 expression.

Table 5. The multiple linear regression analysis.

All participants
(N = 108)

ANOVA r2 = 0.21 p value < 0.0001

Predictor Variable
TLR3 β value = 0.392 p value < 0.0001

IRAK1 β value = 0.279 p value = 0004

With T2D
(N = 53)

ANOVA r2= 0.35 p value < 0.0001

Predictor Variable
TLR3 β value = 0.499 p value < 0.001
TLR9 β value = 0.329 p value = 0.010

Normal Weight
(N = 12)

ANOVA r2= 0.64 p value = 0.005
Predictor Variable MyD88 β value = 0.801 p value = 0.005

Overweight
(N = 32)

ANOVA r2= 0.25 p value = 0.004
Predictor Variable TLR9 β value = −0.499 p value = 0.004

Obese
(N = 64)

ANOVA r2= 0.38 p value < 0.0001

Predictor Variable
TLR3 β value = 0.464 p value < 0.0001

IRAK1 β value = 0.317 p value = 0.005
TLR7 β value = 0.246 p value = 0.027

Multiple linear regression analysis is performed to identify TLRs and their signaling
molecules associated with SRA1 as predictor variables.

4. Discussion

There is a relative lack of data highlighting the role and significance of long noncoding
RNAs in metabolic inflammation and insulin resistance. In the present study, we show
that the adipose tissue SRA1 protein expression is significantly increased in individuals
with obesity, as compared to their normal weight counterparts, regardless of T2D status.
While SRA1 mRNA expression is significantly elevated, only in people with obesity people
without T2D as compared to normal-weight counterparts. We further demonstrate that
adipose SRA1 gene expression is associated with the expression of TLRs, their signaling
mediators and IRFs including TLR2, TLR3, TLR4, TLR7, TLR9, MyD88, IRAK1, NF-κB,
IRF3, and IRF5. There is a general consensus that obesity is associated with low-grade
chronic inflammation, marked by the abnormal production of pro- and anti-inflammatory
cytokines and adipokines by the expanding white adipose tissue, which influences changes
in adipose tissue expression of the innate immune receptors such as TLRs. The growing
evidence now supports that TLRs play a role in inducing a systemic acute phase response
characterized by chronic inflammation and oxidative stress [1–4]. Apart from PAMPs, FFAs
also act as TLR agonists which consolidates emerging role of TLRs as metabolic sensors and
as receptors of immune-metabolic significance [20]. Regarding nutrient sensing mechanism
and ensuing inflammatory responses, TLR signaling is initiated in the TIR domain and the
TLR-downstream signaling is propagated through the pathways dependent or independent
of MyD88 adaptor protein [16,17]. MyD88-dependent signaling is induced after TLR-ligand
engagement and TLR dimerization, leading to recruitment of MyD88 and IRAKs to the
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TIR domain [54,55]. IRAKs are known as the death domain-containing serine/threonine
kinases and adapter proteins which play key roles in signaling pathways of the IL-1 family
receptors and TLRs. IRAK1 is activated after phosphorylation by IRAK4 and associates
with TRAF6. The IRAK1/TRAF6 complex then engages with the TGFβ-activated kinase
(TAK)-1 and TAB-1/2 adapter proteins to yield a macromolecular complex [56]. IRAK1,
following its phosphorylation, disengages from the signaling complex and TAK1 activates
the inhibitor of NF-κB kinase alpha/beta (IKKα/β), which leads to the phosphorylation,
ubiquitination, and degradation of IκBα to allow nuclear translocation of the p65 NF-κB
complexes [57]. In parallel, TAK1 phosphorylates MAPKs such as MKK4, MKK3, or MKK6
which, in turn, activate the ERK, JNK, p38 MAPK, NF-κB, and IRFs cascades. Activation
of these signaling pathways leads to the increased expression of inflammatory markers
including cytokines, chemokines, and adhesion molecules [16–19,58].

TLRs, especially, the TLR4 and TLR2 have emerged as key players in metabolic
inflammation by nutrient sensing of LPS as well as sFFAs, both of which are abundantly
found in individuals with obesity/T2D [35]. Increased expression of TLR2 and TLR4 has
been found in patients with T2D, highlighting their associations with the pathogenesis
of diabetes [24,28]. We previously showed that the elevated adipose gene expression of
TLR4, TLR2, and MyD88 in people with obesity/T2D was associated with the IRAK1 gene
expression [59]. Overall, several studies have reported the altered expression of TLRs (TLRs
1/2, TLRs 4-10) in people with obesity and/or T2D [25–27].

LncRNAs are emerging as key players in inflammatory and innate immune signaling
cascades and are involved in pre- and post-transcriptional gene regulation [60,61]. Many
lncRNAs are known to be differentially expressed in different tissues from individuals with
obesity. SRA1 expression is more notable in the tissues or organs that have high energy
demand such as heart, adipose tissue, skeletal muscle, and liver [36,62,63]. Furthermore,
in these tissues/organs, SRA1 regulates several pathophysiological processes such as
myocyte/adipocyte differentiation, hepatic steatosis, stem cell function, steroidogenesis,
mammary gland development, and tumorigenesis [64]. Increased SRA1 expression has been
reported, in order, in adipocyte fractions from white adipose tissue, brown adipose tissue,
and in preadipocytes [40,41]. SRA1 is involved in regulation of adipocyte differentiation as
well as in glucose homeostasis and insulin sensitivity of adipocytes [37,40,41].

Using a mouse model, Liu et al. demonstrated that SRA1 knockout mice, compared to
wild-type controls, had reduced body weight, an increased percentage of lean mass, and
less fat percentage, less epididymal/subcutaneous white fat mass, and less liver mass [40].
Two different studies using this mouse model present congruent data showing better insulin
sensitivity, less proclivity for obesity development under high-fat diet feeding, reduced
hepatic steatosis, and improved glucose tolerance together with less inflammation and
lower plasma TNFα levels as well as reduced expression of inflammatory genes (Tnfα, and
Ccl2) in the white fat [40,41]. We also reported that the adipose SRA1 expression was higher
in non-diabetic persons with obesity compared with non-diabetic lean participants, and that
the changes associated directly with BMI, PBF, fasting serum insulin, HOMA-IR, certain
inflammatory markers but inversely with HbA1c level [42]. The results from previous
studies collectively suggest that SRA1 may play a role in the adipose tissue function,
pathobiology, as well as in inflammatory cascades implicated with insulin resistance,
presenting it as a new target for therapeutic intervention of metabolic inflammation and
insulin resistance.

Our data further show significant association of SRA1 expression with that of TLR3,
TLR4, TLR7, TLR9, NF-κB, IRF5, MyD88, and TRAF6 in the adipose tissue. Interestingly,
TLR9 and TRAF6 associated differentially with the adipose SRA1 expression depending on
the diabetic status: TLR9/TRAF6 associated positively with SRA1 expression in individuals
with T2D but associated negatively with SRA1 expression in individuals without T2D. We
speculate that the negative association between these factors and adipose SRA1 expression
in the absence of diabetes factor imparts tenacity to the positive relationship of these factors
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with SRA1 expression in the cohort with diabetes. These observations need to be further
validated in larger cohorts with more diverse populations.

Our data further show that TLR3/TLR9 expression was associated independently
with the expression of SRA1 in individuals with T2D, while TLR3, TLR7 and IRAK1
were identified as the independent predictors of adipose SRA1 expression in individuals
with obesity. Taken together, TLR3 remains the independent predictor of adipose SRA1
expression in settings of both obesity and T2D. Overall, these data support the plausibility
of adipose SRA1 expression to be considered as a novel, surrogate biomarker of adipose
inflammation in obesity/T2D. However, caution will be needed for interpreting results of
this primarily correlative study and further investigations will be required to determine:
(i) which immunometabolic insults such as adipocytokines, chemokines, as well as gluco-
lipotoxic and oxidative stresses may lead to the induction or upregulation of adipose SRA1
expression, (ii) how does the SRA1 expression differ between adipocytes and stromal
vascular fraction, especially in monocytes/macrophages, and (iii) how will SRA1 gene
silencing and overexpression in adipocytes and monocytes/macrophages affect the insulin-
stimulated glucose uptake as a measure of cellular function modulation.

5. Conclusions

In conclusion, our data show that the AT SRA1 expression correlates with TLRs-3,4,7,9,
MyD88, NF-κB, and IRF5 expression in individuals with T2D and with TLR2, IRAK1, and
IRF3 expression in individuals with obesity. AT-SRA1 expression was independently pre-
dicted by TLR3/TLR7 and IRAK1 in those with obesity and by TLR3/TLR9 in individuals
with T2D. An association between the increased SRA1 expression in the adipose tissue and
the markers of immune signaling derangement in this compartment suggest that SRA1
molecules may have significance as new surrogate biomarkers of metabolic inflammation.
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Abstract: Adipose tissue accumulation is an independent and modifiable risk factor for cardiovascular
disease (CVD). The recent CVD European Guidelines strongly recommend regular physical exercise
(PE) as a management strategy for prevention and treatment of CVD associated with metabolic
disorders and obesity. Although mutations as well as common genetic variants, including the
brain-derived neurotrophic factor (BDNF) Val66Met polymorphism, are associated with increased
body weight, eating and neuropsychiatric disorders, and myocardial infarction, the effect of
this polymorphism on adipose tissue accumulation and regulation as well as its relation to
obesity/thrombosis remains to be elucidated. Here, we showed that white adipose tissue (WAT) of
humanized knock-in BDNFVal66Met (BDNFMet/Met) mice is characterized by an altered morphology
and an enhanced inflammatory profile compared to wild-type BDNFVal/Val. Four weeks of voluntary
PE restored the adipocyte size distribution, counteracted the inflammatory profile of adipose tissue,
and prevented the prothrombotic phenotype displayed, per se, by BDNFMet/Met mice. C3H10T1/2
cells treated with the Pro-BDNFMet peptide well recapitulated the gene alterations observed in
BDNFMet/Met WAT mice. In conclusion, these data indicate the strong impact of lifestyle, in particular
of the beneficial effect of PE, on the management of arterial thrombosis and inflammation associated
with obesity in relation to the specific BDNF Val66Met mutation.

Keywords: BDNF; Val66Met polymorphism; adipose tissue; adipogenesis; arterial thrombosis;
physical exercise

1. Introduction

Despite the huge growth in knowledge and advances in the prevention and treatment of
cardiovascular disease (CVD), this pathology is still the leading cause of morbidity and mortality in the
world and is predicted to reach 23.3 million by 2030 [1]. It is well known that an important modifiable
risk factor for CVD mortality and morbidity is represented by excessive weight [2], and several follow-up
studies demonstrated that a body mass index (BMI) >25 (>75th percentile based on percentile curves
of BMI in the US reference population) is associated with a higher mortality rate [3,4]. Excessive body
weight may influence CVD through its effect on risk factors such as hypertension, glucose intolerance,
and dyslipidemia and may contribute through not already identified mechanisms [5]. In overweight
and obese patients, adipose tissue accumulation is associated with a low-grade inflammatory profile
and a higher secretion of cytokines and chemokines in the circulation compared to normal weight
people [6]. The resulting subclinical inflammation is associated, among others, with hypercoagulability
and increased thrombotic risk due to the enhanced platelet and leukocyte numbers and reactivities [7–9].
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International guidelines, including 2016 European Guidelines on CVD prevention in clinical
practice [10], strongly recommended regular physical exercise (PE) as management for the prevention
and treatment of CVD, in particular when related to obesity and metabolic disorders. Regular PE
reduces adipose-derived systemic inflammation, improves endothelial function, decreases platelet and
leukocyte activation, and halts the progression of coronary stenosis in both obese and normal-weight
individuals [8,11–14].

Starting from the discovery that several rare forms of obesity, called monogenic obesity, result
from a mutation in single genes primarily located in the leptin–melanocortin pathway [15,16], recent
evidence has identified additional selected genes associated with obesity, providing that the genetic
background can play a pivotal role in causing or triggering susceptibility to the pathology when
associated with environmental factors such as overeating and PE reduction [17,18]. Of note, brain-derived
neurotrophic factor (BDNF) is included among these genes. Genome-wide association studies (GWAS)
have shown a strong association between the BDNF locus and anorexia nervosa, bulimia nervosa [19],
or obesity [20,21]. Indeed, it is well known that BDNF plays an important role in energy metabolism
food intake and weight control [22,23].

In this context, the common human BDNF Val66Met variant through reduction of the
activity-dependent secretion and signaling of mature BDNF, is associated not only to neuro-psychiatric
disorders [24] and CVD [25] but also to eating disorders and obesity in humans [26–30]. Interestingly,
a knock-in mouse carrying the human BDNF Val66Met polymorphism has a significantly higher
body weight than wild-type littermates [31], associated with a proinflammatory and prothrombotic
phenotype [25]. The frequency of the Met allele has a wide range of values: in Asians, Met allele
frequency is nearly 50% heterozygous, while is about 20%–30% homozygous [32,33]. In the Caucasian
population the Met allele is less frequent, with a frequency of 20%–30% heterozygous and only about
4% homozygous [33,34].

The aim of the present study was to investigate the relationship between the BDNF Val66Met
polymorphism, obesity, and thrombosis, by analyzing the adipose tissue profile in BDNFMet/Met mice,
and to evaluate the ability of PE to affect adipose tissue and reduce the prothrombotic phenotype in
BDNF Val66Met knock-in mice. Finally, in vitro studies were performed to investigate the functional
relevance of BDNF Val66Met polymorphism on adipogenesis.

2. Materials and Methods

2.1. Mice

All experiments were performed in adult (3–4 months old) wild-type BDNFVal/Val and BDNFMet/Met

littermate mice, generated by Chen Z-Y et al. [31]. Only male mice were used to avoid the
potential impact of hormones involved in the ovarian cycle in adipose tissue present in female
mice. All experiments were approved by the National Ministry of Health-University of Milan
Committee and of DGSA (12/2015 and 349/2015). Surgical procedures were performed in mice
anesthetized with ketamine chlorhydrate (75 mg/kg; Intervet, Segrate, Milan, Italy) and medetomidine
(1 mg/kg; Virbac, Milan, Italy). Mice were housed under standard conditions (20–22 ◦C, 12 h light/dark
cycle, light on at 7 a.m.) with water and food ad libitum. All efforts were made to minimize animal
distress and to reduce the numbers of animals used in this study.

2.2. Voluntary Physical Exercise (PE) Protocol

Mice underwent voluntary PE protocol as previously described [35,36]. Briefly, BDNFVal/Val and
BDNFMet/Met mice were weighed and allocated randomly into running (RUN) and control (sedentary,
SED) groups in cages equipped with or without running wheels, respectively, for 4 weeks with free
access to food and water. Four sedentary control mice were housed in a standard polypropylene
mice cage. Four runner mice were housed in standard polypropylene rat cages, with free access to
two running wheels (12 cm diameter and 5.5 cm width). The greater dimensions of cages for runner
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mice were necessary for an adequate setup of running wheels. Running wheels were connected to an
electronic counter, and the total distance ran was recorded daily. The average distance ran by a single
mouse was calculated by dividing by 2 the total distance recorded per wheel (two running wheels ×
cage × four mice). The average distance ran by a single mouse, in our model, was comparable with the
average distance reported by others [35–38].

2.3. Arterial Thrombosis Model

Experimental arterial thrombosis was induced as previously described [39]. Briefly, the left carotid
artery of anesthetized mice was freely dissected, and a flow probe (model 0.7 VB, Transonic System,
Ithaca, NY, USA) connected to a transonic flowmeter (TransonicT106) was used to measure blood flow.
When blood flow was constant for 7 min (at least 0.8 mL/s), a strip of filter paper (Whatman N◦1)
soaked with FeCl3 (7% solution; Sigma-Aldrich, Saint Louis, MO, USA) was applied for 3 min, and the
flow was recorded for 30 min. An occlusion was considered to be total and stable when the flow was
reduced by >90% from baseline until the 30 min observation time.

2.4. Whole Blood Counts

Blood was collected by cardiac venipuncture into 3.8% sodium citrate (1:10 vol:vol) from
anesthetized mice, and white blood cells and platelets were counted optically.

2.5. Platelet–Leukocyte Aggregate Analysis

Platelet/leukocyte aggregates were analyzed as previously described [40]. Briefly, citrated blood
was stimulated with 5 µM ADP (Sigma-Aldrich, Saint Louis, MO, USA) for 5 min, red blood cells were
lysed by FACS Lysing solution, and samples were stained with anti-CD45 and anti-CD41 and analyzed
by flow FACS “Novocyte 3000”. A minimum of 5000 events were collected in the anti-CD45+ gate.

2.6. Cell Culture, Treatment, and Differentiation

The C3H10T1/2 cell line has been used to evaluate the effect of different compounds on adipogenesis
processes, as previously shown [41–43]. C3H10T1/2 cells (ThermoFisher Scientific, Paislay, Scotland,
UK) were cultured in DMEM medium supplemented with 100 U/mL penicillin (Gibco, Rodano,
Milan, Italy), 100 µg/mL streptomycin (Gibco, Rodano, Milan, Italy) and 10% FBS at 37 ◦C in 5%
CO2/95% air atmosphere. Cells were plated in 6-well plates at a concentration of 3.5 × 104 cells/mL,
and when they reached 80% confluence (day –2), they were treated with 10 ng/mL of ProBDNFVal
or ProBDNFMet synthetic peptide (Alomone Labs, Jerusalem, Israel) [44–46] to simulate the kinetics
of BDNF expression occurring in physiological conditions during adipogenesis [47]. Forty-eight
hours later (day 0), cells were treated with adipogenic commitment mix (5 µg/mL insulin, 2 µg/mL
dexamethasone, 0.5 mM IBMX, and 5 µM rosiglitazone; all from Cayman Chemical, Arcore, Italy).
Insulin (5 µg/mL) was added at days 3, 5, and 7, and complete differentiation of the cells was reached
at day 9.

2.7. Adipogenesis Evaluation by Flow Cytometry and Oil-Red-O

After ProBDNFVal or ProBDNFMet treatment, C3H10T1/2 cells were analyzed during adipogenesis
by flow cytometry, as previously described [48]. Briefly, at days 3, 5, and 9, cells were harvested in
ice-cold PBS, analyzed by flow cytometry, and, according to granularity (SSC-H), were divided into
four categories that correlated with the increased level of cell lipid accumulation after adipogenic
commitment. In particular, noninduced cells were detected in the R1 gate, while cells with increasing
granularity were identified in the regions from R2 to R4.

Oil-Red-O staining was performed as already described [49] on day 9. Lipid content was quantified
as absorbance at a wavelength of 518 nm using a Tecan Infinite M1000 plate reader spectrophotometer
(TECAN, Männedorf, Switzerland).
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2.8. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from mouse adipose tissue or C3H10T1/2 cells with TRIzol Reagent
(Sigma-Aldrich, Saint Louis, MO, USA) and a Direct-zol RNA extraction kit (Zymo Research, Irvine, CA,
USA) according to the manufacturer’s instructions. One microgram of RNA was reverse-transcribed
using an iScript Advanced cDNA Synthesis Kit (Bio-Rad Laboratories, Segrate, Milan, Italy).

Samples of cDNA were incubated in 15 µL Luna® Universal qPCR mix containing the specific
primers and fluorescent dye SYBR Green (New England Biolabs, Pero, Milan, Italy). RT-qPCR was
carried out in triplicate for each sample on the CFX Connect real-time System (Bio-Rad Laboratories,
Segrate, Milan, Italy) as previously described [39]. Gene expression was analyzed using parameters
available in CFX Manager Software 3.1 (Bio-Rad Laboratories, Segrate, Milan, Italy). qPCR was then
carried out using the primer sequences shown in Table S1. In particular, the expression of genes
relevant in adipogenesis, inflammation, and the BDNF pathway were assessed (Pparγ, C/ebp-α and
C/ebp-β, Adipoq, Fabp4, Adra2a, Il-6, Mcp-1, Tnf-α, Tgf-β, Pai-1, Tf, CD163, CD80, Sorl1, Sirt1, Bdnf,
TrkB full and TrkB-T1).

2.9. Adipose Tissue Histology and Quantification of Adipocyte Size and Number

Immunocytochemistry and the analysis of adipocytes were performed in inguinal (ingWAT) and
epididymal (epiWAT) white adipose tissue. Tissues were fixed overnight in 4% formalin, embedded in
paraffin, cut at 5 µm, and mounted on polarized slides [50]. Five sections at three different levels along
the whole length of epiWAT for each animal were analyzed. In particular, the mean values for each
group were obtained from a total of 90 sections (5 sections × 3 points × 6 animals/group). The tissue
contiguous to the epididymis were excluded from the analyses since its structure is different from that
of general adipose tissue [51].

The number and size of adipocytes were evaluated in hematoxylin and eosin stained sections
by counting five 5× microscopic fields for each tissue sample using the ImageJ-Macro Adipocytes
Tool. Images were taken with a Zeiss Axioskop (Carl Zeiss, Milan, Italy) equipped with an intensified
charge-coupled device (CCD) camera system (Photometrics, Tucson, AZ, USA).

2.10. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 7.0 and SAS versus 9.4 software (SASA
Institute, Cary, NC, USA). Data were analyzed by Student’s t-test, two-way or three-way ANOVA with
or without repeated measures for main effects of genotype and treatment or time and stimuli, as reported
in every graph, followed by a Bonferroni post hoc analysis as appropriate. When data distribution was
not normal, the variables were included in the analyses after logarithmic transformation. Values of
p < 0.05 were considered statistically significant. Data are expressed as mean ± SEM.

3. Results

3.1. Characterization of the White Adipose Tissue Depots in BDNFMet/Met Mice

As previously shown, BDNFMet/Met mice have a significantly greater body weight compared to
wild-type BDNFVal/Val littermates (Figure 1A). In addition, we observed that the percentage of both
inguinal white adipose tissue (ingWAT) and epididymal white adipose tissue (epiWAT) on total body
weight were significantly enhanced in BDNFMet/Met mice compared to BDNFVal/Val (Figure 1B,C).
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Figure 1. Characterization of white adipose tissue depots in BDNFVal/Val and BDNFMet/Met mice. (A) 
Body weight, percentage of (B) inguinal (ingWAT) and (C) epidydimal (epiWAT) white adipose 
tissue on total mouse body weight. (i) Representative hematoxylin and eosin (H&E) staining images 
and (ii) analysis of the frequency distribution of adipocyte sizes in (D) ingWAT and (E) epiWAT. Size 
bar: 100 µm. Black arrow: large adipocytes, green arrow: medium adipocytes, and red arrow: small 
adipocytes. Data are expressed as mean ± SEM. n = 6 mice/group. (A–C) Student’s t-test and (D,E) 
two-way ANOVA followed by Bonferroni post hoc analysis. * p < 0.05, ** p < 0.01. 

The histological examination of adipose depots revealed no difference in the frequency 
distribution of adipocyte sizes in ingWAT, while the BDNFMet/Met mice showed enrichment in small-
size and a reduction in middle-size adipocytes in the epiWAT when compared to BDNFVal/Val (Figure 
1D,E). 

Then, the molecular signatures underlying the distinct morphological features of the epiWAT 
were investigated. Mutant mice had significantly lower levels of Pparγ, C/ebp-α and C/ebp-β genes 
involved in the adipogenic program, as well as Adipoq, but a similar expression of Fabp4 compared to 
BDNFVal/Val mice (Figure 2A). Interestingly, the BDNF Val66Met polymorphism affected also the 
expression of Adra2a, Sirt1, and Sorl1, genes involved in both adipose tissue energy balance and 
adipocyte morphology (Figure 2A–C). 

In addition, a significant increase in the expression of Il-6, Tnf-α, Tgf-β, Mcp-1, and Pai-1 in 
BDNFMet/Met mice compared to BDNFVal/Val was found, whereas similar levels of TF between the two 
groups were found (Figure 2B). The enhanced inflammatory profile of BDNFMet/Met epiWAT was 
associated with a greater expression of CD80, an M1 inflammatory macrophage marker, and with a 
reduction of CD163, an alternatively activated M2 macrophage marker (Figure 2B). 

Finally, BDNFMet/Met mice had a higher BDNF mRNA level in epiWAT, whereas no differences in 
the expression of both TrkB-full length and the truncated isoform TrkB-T1 were found (Figure 2C). 

Figure 1. Characterization of white adipose tissue depots in BDNFVal/Val and BDNFMet/Met mice.
(A) Body weight, percentage of (B) inguinal (ingWAT) and (C) epidydimal (epiWAT) white adipose
tissue on total mouse body weight. (i) Representative hematoxylin and eosin (H&E) staining images
and (ii) analysis of the frequency distribution of adipocyte sizes in (D) ingWAT and (E) epiWAT.
Size bar: 100 µm. Black arrow: large adipocytes, green arrow: medium adipocytes, and red arrow:
small adipocytes. Data are expressed as mean ± SEM. n = 6 mice/group. (A–C) Student’s t-test and
(D,E) two-way ANOVA followed by Bonferroni post hoc analysis. * p < 0.05, ** p < 0.01.

The histological examination of adipose depots revealed no difference in the frequency distribution
of adipocyte sizes in ingWAT, while the BDNFMet/Met mice showed enrichment in small-size and
a reduction in middle-size adipocytes in the epiWAT when compared to BDNFVal/Val (Figure 1D,E).

Then, the molecular signatures underlying the distinct morphological features of the epiWAT
were investigated. Mutant mice had significantly lower levels of Pparγ, C/ebp-α and C/ebp-β genes
involved in the adipogenic program, as well as Adipoq, but a similar expression of Fabp4 compared
to BDNFVal/Val mice (Figure 2A). Interestingly, the BDNF Val66Met polymorphism affected also the
expression of Adra2a, Sirt1, and Sorl1, genes involved in both adipose tissue energy balance and
adipocyte morphology (Figure 2A–C).

In addition, a significant increase in the expression of Il-6, Tnf-α, Tgf-β, Mcp-1, and Pai-1 in
BDNFMet/Met mice compared to BDNFVal/Val was found, whereas similar levels of TF between the
two groups were found (Figure 2B). The enhanced inflammatory profile of BDNFMet/Met epiWAT was
associated with a greater expression of CD80, an M1 inflammatory macrophage marker, and with
a reduction of CD163, an alternatively activated M2 macrophage marker (Figure 2B).

Finally, BDNFMet/Met mice had a higher BDNF mRNA level in epiWAT, whereas no differences in
the expression of both TrkB-full length and the truncated isoform TrkB-T1 were found (Figure 2C).
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Figure 2. Gene expression profile of epidydimal white adipose tissue (epiWAT) in BDNFVal/Val and 
BDNFMet/Met mice. mRNA levels of genes related to (A) adipogenesis, (B) inflammation, and (C) 
BDNF/TrkB pathway in epidydimal white adipose tissue (epiWAT) of BDNFVal/Val and BDNFMet/Met 

mice. Data are expressed as mean ± SEM. n = 6 mice/group. Student’s t-test. * p < 0.05, ** p < 0.01, and 
*** p < 0.005. 

3.2. Evaluation of the Role of Mutant BDNF Val66Met Protein on Adipogenesis 

Next, in vitro studies were performed to investigate the role of the BDNF Val66Met protein on 
adipogenesis. Pre-confluent C3H10Ts1/2 murine mesenchymal stem cells were exposed to 
ProBDNFVal or to ProBDNFMet synthetic peptides before inducing the adipocyte differentiation 
program. Synthetic peptide treatment did not affect cell number and morphology (Figure S1). 

Notably, gene expression analysis at late (day 9) stages of differentiation showed that 
pretreatment with the peptide carrying the Met mutation determined a significant down-regulation 
of adipogenic genes, including Pparγ, C/ebpα and C/ebpβ mRNA levels (Figure 3A). In addition, 
ProBDNFMet treatment decreased the percentage of cells with low granularity (noninduced; R1) and 
increased those with high granularity (R4) both at 3 and 9 d post-induction (Figure 3B and Figure S2). 
However, at day 9, as provided by the oil-red-O staining, a similar accumulation of lipid droplets 
was detected in both samples (Figure 3C). 

In this experimental condition, among the genes that were previously modulated in epiWAT of 
BDNFMet/Met mice, only Sorl1 was enhanced by ProBDNFMet treatment at late stages of differentiation 
(day 9) (Figure 3A and Figure S3). 

 

Figure 2. Gene expression profile of epidydimal white adipose tissue (epiWAT) in BDNFVal/Val and
BDNFMet/Met mice. mRNA levels of genes related to (A) adipogenesis, (B) inflammation, and (C)
BDNF/TrkB pathway in epidydimal white adipose tissue (epiWAT) of BDNFVal/Val and BDNFMet/Met

mice. Data are expressed as mean ± SEM. n = 6 mice/group. Student’s t-test. * p < 0.05, ** p < 0.01,
and *** p < 0.005.

3.2. Evaluation of the Role of Mutant BDNF Val66Met Protein on Adipogenesis

Next, in vitro studies were performed to investigate the role of the BDNF Val66Met protein on
adipogenesis. Pre-confluent C3H10Ts1/2 murine mesenchymal stem cells were exposed to ProBDNFVal
or to ProBDNFMet synthetic peptides before inducing the adipocyte differentiation program. Synthetic
peptide treatment did not affect cell number and morphology (Figure S1).

Notably, gene expression analysis at late (day 9) stages of differentiation showed that pretreatment
with the peptide carrying the Met mutation determined a significant down-regulation of adipogenic
genes, including Pparγ, C/ebpα and C/ebpβ mRNA levels (Figure 3A). In addition, ProBDNFMet
treatment decreased the percentage of cells with low granularity (noninduced; R1) and increased those
with high granularity (R4) both at 3 and 9 d post-induction (Figure 3B and Figure S2). However, at day
9, as provided by the oil-red-O staining, a similar accumulation of lipid droplets was detected in both
samples (Figure 3C).

In this experimental condition, among the genes that were previously modulated in epiWAT of
BDNFMet/Met mice, only Sorl1 was enhanced by ProBDNFMet treatment at late stages of differentiation
(day 9) (Figure 3A and Figure S3).
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Figure 3. Effect of proBDNFMet on adipogenic differentiation of C3H10T1/2 cells. (A) mRNA levels 
of (i) Pparγ, (ii) C/ebp-α, (iii) C/ebp-β, and (iv) Sorl1. (B) Percentage of different cell populations based 
on their granularity profile analyzed by flow cytometry (R1: noninduced, R2-R3: growing granularity, 
and R4: high granularity) at day 3 (D3), day 5 (D5), and day 9 (D9) of differentiation, and (C) Oil-Red-
O staining absorbance measurement in C3H10T1/2 cells. Data are expressed as mean ± SEM. n = 5 
independent experiments/group. (A) Two-way ANOVA followed by Bonferroni post hoc analysis. 
(B,C) Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001. 

3.3. Effect of Physical Exercise (PE) on Adipose Tissue Phenotype of BDNF Val66Met Mice 

According to international cardiovascular guidelines [10] that recommend regular PE as 
management for the prevention and treatment of CVD, we evaluated the potential beneficial effect of 
PE on adipose tissue and on prothrombotic phenotypes in BDNF Val66Met knock-in mice. 

BDNFVal/Val and BDNFMet/Met mice underwent 4 weeks of voluntary PE in cages equipped with a 
running wheel. As previously reported [35], no difference in the daily running distance was found 
between BDNFVal/Val and BDNFMet/Met mice (BDNFVal/Val: 6.676 ± 0.720 Km/d and BDNFMet/Met 6.657 ± 
0.602 Km/d; p = 0.9837) in our experimental setting. In addition, we showed that PE did not affect the 
percentage of ingWAT and epiWAT on the total body weight in both BDNFVal/Val and BDNFMet/Met 
mice, compared to sedentary mice, whereas the morphology of adipose depots was modified as 
provided by histological analyses (Figure 4). 

PE induced a change in the profile of the frequency distribution of adipocyte sizes in the ingWAT 
of both genotypes; however, this effect was more evident in BDNFVal/Val than in BDNFMet/Met mice 
(Figure 4A). 

Interestingly, in the epiWAT, BDNFVal/Val running mice displayed a significant enrichment in 
small-size adipocytes and a reduction in medium-size ones compared to sedentary mice, whereas 
BDNFMet/Met mice showed an opposite trend, even if less marked (Figure 4B). 

Figure 3. Effect of proBDNFMet on adipogenic differentiation of C3H10T1/2 cells. (A) mRNA levels of
(i) Pparγ, (ii) C/ebp-α, (iii) C/ebp-β, and (iv) Sorl1. (B) Percentage of different cell populations based on
their granularity profile analyzed by flow cytometry (R1: noninduced, R2-R3: growing granularity,
and R4: high granularity) at day 3 (D3), day 5 (D5), and day 9 (D9) of differentiation, and (C) Oil-Red-O
staining absorbance measurement in C3H10T1/2 cells. Data are expressed as mean ± SEM. n = 5
independent experiments/group. (A) Two-way ANOVA followed by Bonferroni post hoc analysis.
(B,C) Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001.

3.3. Effect of Physical Exercise (PE) on Adipose Tissue Phenotype of BDNF Val66Met Mice

According to international cardiovascular guidelines [10] that recommend regular PE as
management for the prevention and treatment of CVD, we evaluated the potential beneficial effect of
PE on adipose tissue and on prothrombotic phenotypes in BDNF Val66Met knock-in mice.

BDNFVal/Val and BDNFMet/Met mice underwent 4 weeks of voluntary PE in cages equipped with
a running wheel. As previously reported [35], no difference in the daily running distance was found
between BDNFVal/Val and BDNFMet/Met mice (BDNFVal/Val: 6.676 ± 0.720 Km/d and BDNFMet/Met 6.657
± 0.602 Km/d; p = 0.9837) in our experimental setting. In addition, we showed that PE did not affect
the percentage of ingWAT and epiWAT on the total body weight in both BDNFVal/Val and BDNFMet/Met

mice, compared to sedentary mice, whereas the morphology of adipose depots was modified as
provided by histological analyses (Figure 4).

PE induced a change in the profile of the frequency distribution of adipocyte sizes in the ingWAT
of both genotypes; however, this effect was more evident in BDNFVal/Val than in BDNFMet/Met mice
(Figure 4A).

Interestingly, in the epiWAT, BDNFVal/Val running mice displayed a significant enrichment in
small-size adipocytes and a reduction in medium-size ones compared to sedentary mice, whereas
BDNFMet/Met mice showed an opposite trend, even if less marked (Figure 4B).
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Figure 4. Impact of voluntary physical exercise (PE) on epiWAT morphology. (A) Inguinal (ingWAT) 
and (B) epidydimal (epiWAT) white adipose tissue on total mouse body weight. (i) Representative 
hematoxylin and eosin (H&E) staining images and (ii) analysis of the frequency distribution of 
adipocyte sizes in (A) ingWAT and (B) epiWAT. Size bar: 100 µm. Black arrow: large adipocytes, 
green arrow: medium adipocytes, and red arrow: small adipocytes. Data are expressed as mean ± 
SEM. n = 6 mice/group. Two-way ANOVA followed by Bonferroni post hoc analysis. * p < 0.05, ** p < 
0.01, and **** p < 0.001. 

Notably, PE strongly influenced the gene expression profile of epiWAT. In particular, in 
BDNFVal/Val, 4 weeks of PE enhanced mRNA levels of Adipoq, whereas it did not modify the expression 
of genes involved in the adipogenic program (Figures 5A and S4) and in inflammation compared to 
the sedentary mice. In BDNFMet/Met mice, PE was not sufficient to affect the expression of adipogenic 
genes, but it was sufficient to improve the inflammatory profile, decreasing the expression of Il-6, 
Tnf-α, Tgf-β, Mcp-1, and Pai-1 , and to switch M1/M2 macrophage polarization, reducing the 
expression of CD80 and increasing the expression of CD163, (Figure 5B). 

In addition, the expression of Sorl1 was markedly reduced by PE in both BDNFVal/Val and 
BDNFMet/Met mice, whereas Adra2a and Sirt1 were only slightly, but not significantly, decreased in 
BDNFMet/Met running mice (Figures 5C and S4). 

Conversely, PE modulated the BDNF expression in the two groups of mice. In particular, BDNF 
mRNA levels increased in BDNFVal/Val running mice and reduced in BDNFMet/Met running mice when 
compared to their respective sedentary controls (Figure 5C). Of note, the expression of both TrkB full 
length and the TrkB-T1 isoform were slightly, but not significantly, increased in both groups of mice 
after PE (Figure S4). 

Figure 4. Impact of voluntary physical exercise (PE) on epiWAT morphology. (A) Inguinal (ingWAT)
and (B) epidydimal (epiWAT) white adipose tissue on total mouse body weight. (i) Representative
hematoxylin and eosin (H&E) staining images and (ii) analysis of the frequency distribution of adipocyte
sizes in (A) ingWAT and (B) epiWAT. Size bar: 100 µm. Black arrow: large adipocytes, green arrow:
medium adipocytes, and red arrow: small adipocytes. Data are expressed as mean ± SEM. n = 6
mice/group. Two-way ANOVA followed by Bonferroni post hoc analysis. * p < 0.05, ** p < 0.01,
and **** p < 0.001.

Notably, PE strongly influenced the gene expression profile of epiWAT. In particular, in BDNFVal/Val,
4 weeks of PE enhanced mRNA levels of Adipoq, whereas it did not modify the expression of genes
involved in the adipogenic program (Figure 5A and Figure S4) and in inflammation compared to the
sedentary mice. In BDNFMet/Met mice, PE was not sufficient to affect the expression of adipogenic
genes, but it was sufficient to improve the inflammatory profile, decreasing the expression of Il-6, Tnf-α,
Tgf-β, Mcp-1, and Pai-1, and to switch M1/M2 macrophage polarization, reducing the expression of
CD80 and increasing the expression of CD163, (Figure 5B).

In addition, the expression of Sorl1 was markedly reduced by PE in both BDNFVal/Val and
BDNFMet/Met mice, whereas Adra2a and Sirt1 were only slightly, but not significantly, decreased in
BDNFMet/Met running mice (Figure 5C and Figure S4).

Conversely, PE modulated the BDNF expression in the two groups of mice. In particular,
BDNF mRNA levels increased in BDNFVal/Val running mice and reduced in BDNFMet/Met running mice
when compared to their respective sedentary controls (Figure 5C). Of note, the expression of both TrkB
full length and the TrkB-T1 isoform were slightly, but not significantly, increased in both groups of
mice after PE (Figure S4).
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Figure 5. Impact of voluntary physical exercise (PE) on the gene expression profile of adipose tissue 
isolated from BDNFVal/Val and BDNFMet/Met mice. (A) Adipogenesis, (B) inflammation, and (C) 
BDNF/TrkB pathway related to mRNA levels in epiWAT of sedentary and running BDNFVal/Val and 
BDNFMet/Met mice. Data are expressed as mean ± SEM. n = 6 mice/group. Two-way ANOVA followed 
by Bonferroni post hoc analysis. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001. 

3.4. Effect of Physical Exercise (PE) on the Pro-Thrombotic Phenotype in BDNFMet/Met Mice 

Finally, we investigated the ability of 4 weeks of PE to improve the prothrombotic phenotype 
already observed in BDNFMet/Met [25], in terms of platelet and leukocyte aggregates and FeCl3-induced 
arterial thrombosis. 

As previously shown, in the BDNFMet/Met mice there was a higher number of circulating blood 
cells, a higher platelet activation state, and enhanced arterial thrombosis [25]. PE restored the 
physiological number of platelets and leukocytes, and the natural percentage of platelet/leukocyte 
aggregates in response to ADP in BDNFMet/Met mice, without affecting significantly these parameters 
in BDNFVal/Val mice (Figure 6A–C). 

Application of FeCl3 to the carotid artery reduced the blood flow in all BDNFMet/Met sedentary 
mice, leading to a stable occlusion in 100% of mice, whereas only a slight reduction was observed in 
BNDFVal/Val mice. Of note, PE ameliorated arterial thrombosis, preventing completely the occlusion of 
the carotid artery in BDNFMet/Met mouse group (Figure 6D). In addition, no statistical differences were 
observed among sedentary BNDFVal/Val mice and running BNDFVal/Val and/or running BDNFMet/Met mice 
in terms of carotid artery occlusion (Figure 6D). In line with these data, total occlusion (flow reduction 
>90%) was reached only in sedentary BDNFMet/Met mice after an average time of 15 min (Figure 6E). 

Overall, these data show that a paradigm of 4 weeks of voluntary PE is able to prevent the 
prothrombotic phenotype of BDNFMet/Met mice. 

Figure 5. Impact of voluntary physical exercise (PE) on the gene expression profile of adipose tissue
isolated from BDNFVal/Val and BDNFMet/Met mice. (A) Adipogenesis, (B) inflammation, and (C)
BDNF/TrkB pathway related to mRNA levels in epiWAT of sedentary and running BDNFVal/Val and
BDNFMet/Met mice. Data are expressed as mean ± SEM. n = 6 mice/group. Two-way ANOVA followed
by Bonferroni post hoc analysis. * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001.

3.4. Effect of Physical Exercise (PE) on the Pro-Thrombotic Phenotype in BDNFMet/Met Mice

Finally, we investigated the ability of 4 weeks of PE to improve the prothrombotic phenotype
already observed in BDNFMet/Met [25], in terms of platelet and leukocyte aggregates and FeCl3-induced
arterial thrombosis.

As previously shown, in the BDNFMet/Met mice there was a higher number of circulating blood cells,
a higher platelet activation state, and enhanced arterial thrombosis [25]. PE restored the physiological
number of platelets and leukocytes, and the natural percentage of platelet/leukocyte aggregates in
response to ADP in BDNFMet/Met mice, without affecting significantly these parameters in BDNFVal/Val

mice (Figure 6A–C).
Application of FeCl3 to the carotid artery reduced the blood flow in all BDNFMet/Met sedentary

mice, leading to a stable occlusion in 100% of mice, whereas only a slight reduction was observed in
BNDFVal/Val mice. Of note, PE ameliorated arterial thrombosis, preventing completely the occlusion of
the carotid artery in BDNFMet/Met mouse group (Figure 6D). In addition, no statistical differences were
observed among sedentary BNDFVal/Val mice and running BNDFVal/Val and/or running BDNFMet/Met

mice in terms of carotid artery occlusion (Figure 6D). In line with these data, total occlusion (flow
reduction >90%) was reached only in sedentary BDNFMet/Met mice after an average time of 15 min
(Figure 6E).

Overall, these data show that a paradigm of 4 weeks of voluntary PE is able to prevent the
prothrombotic phenotype of BDNFMet/Met mice.
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Figure 6. Effect of voluntary physical exercise (PE) on the prothrombotic phenotype of BDNFVal/Val and 
BDNFMet/Met mice. Numbers of circulating (A) platelets and (B) leukocytes. (C) Percentage of 
platelet/leukocytes in whole blood analyzed by flow cytometry. Arterial thrombosis induced by 
topical application of FeCl3 to the carotid artery: (D) blood flow and (E) time to occlusion measured 
in sedentary and running BDNFVal/Val and BDNFMet/Met mice. n = 6 mice/group. (A–C and E) Two-way 
ANOVA followed by Bonferroni post hoc analysis. (D) Three-way ANOVA with repeated measures 
followed by Bonferroni post hoc analysis. ** p < 0.01, *** p < 0.005. 

4. Discussion 

Although mutations, as well as genetic variants, including BDNF Val66Met polymorphism, have 
been associated with increased body weight and eating disorders in both human and animal models 
[19–23,31,35,52–55], the factors and mechanisms involved in the development of obesity in presence 
of the BDNF Met homozygosity remain to be elucidated. It is only known that BDNF-to-TrkB 
signaling is an important downstream target of MC4R-mediated signaling involved in the regulation 
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Figure 6. Effect of voluntary physical exercise (PE) on the prothrombotic phenotype of BDNFVal/Val

and BDNFMet/Met mice. Numbers of circulating (A) platelets and (B) leukocytes. (C) Percentage
of platelet/leukocytes in whole blood analyzed by flow cytometry. Arterial thrombosis induced by
topical application of FeCl3 to the carotid artery: (D) blood flow and (E) time to occlusion measured in
sedentary and running BDNFVal/Val and BDNFMet/Met mice. n = 6 mice/group. (A–C and E) Two-way
ANOVA followed by Bonferroni post hoc analysis. (D) Three-way ANOVA with repeated measures
followed by Bonferroni post hoc analysis. ** p < 0.01, *** p < 0.005.

4. Discussion

Although mutations, as well as genetic variants, including BDNF Val66Met polymorphism,
have been associated with increased body weight and eating disorders in both human and animal
models [19–23,31,35,52–55], the factors and mechanisms involved in the development of obesity in
presence of the BDNF Met homozygosity remain to be elucidated. It is only known that BDNF-to-TrkB
signaling is an important downstream target of MC4R-mediated signaling involved in the regulation
of energy balance and food intake [55–57].

Using a knock-in BDNF Val66Met mouse model, here we confirmed that BDNFMet/Met mice had
a higher body weight when compared to BDNFVal/Val [31], and we showed that this increase was related
to the enhanced percentage of epiWAT and ingWAT. In particular, adipocytes from epiWAT of mutant
mice had a different size distribution, with an enrichment in the percentage of small-sized adipocytes.
The presence of small adipocytes in epiWAT of BDNFMet/Met might trace back to hyperplasia or
expansion of the small cell population, which are mechanisms of defense that the adipose tissue
can undergo in obesity after a threshold of hypertrophy is reached [58–60]. This hypothesis is also
supported by the higher expression of Adra2a and Sorl1 found in epiWAT of BDNFMet/Met. Indeed,
overexpression of Adra2a in animal models has been associated with adipose tissue hyperplasia [61].
In addition, it is well known that the activation of Adra2a has an antilipolytic effect, and the increased
alpha/beta adrenoreceptor ratio as well as the gain of function mutations of Adra2 have been associated
with obesity in humans [62–64]. Similarly, upregulation of the expression of Sorl1, which encodes for
the protein Sorla, has been related to reduced lipolytic activity in adipocytes [65], and GWAS analyses
have associated Sorl1 with obesity in humans and in mouse models [21,66], suggesting its key role in
metabolic diseases.
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The adipose tissue accumulation found in BDNFMet/Met mice was accompanied by a higher
expression of the M1 proinflammatory marker CD80, of the monocyte chemoattractant protein-1
(Mcp-1) and of the mediators of inflammation such as Pai-1, Tnf-alpha, and Il-6, which is in line with the
well-established paradigm that overweight and obesity are related to adipose tissue inflammation [67].
In addition, the higher levels of these inflammatory transcripts, concomitant with the lower expression
of Adipoq measured in the epiWAT of BDNFMet/Met mice and the higher number of circulating leukocytes
and platelets as well as their activation state, might well summarize the relationship between adipose
tissue inflammation and thrombosis. Indeed, the inflammatory profile of adipose tissue in obese
subjects as well as the increased presence of these proteins in the circulation have a direct role in the
onset and progression of the pathology [68–70], enhancing platelet activation and ability of leukocytes
to produce, in turn, inflammatory factors such as Il-6, Tnf, and Cox-2 [9,68,71–74]. All these findings
thoroughly summarize data obtained in human adipose tissue samples. Indeed, a positive correlation
between proinflammatory cytokines, including IL-6, TNF-α and MCP-1, and adipocyte size was found.
Interestingly, the small adipocytes expressed anti-inflammatory factors such as IL-10 and IL-8 [75].

Of note, the reduced levels of Pparγ along with those of adiponectin found in BDNF mutant
mice might also contribute to the observed adipose tissue inflammation. It is well known that PPARγ,
alongside the role of master regulator of adipogenesis, is also involved in the regulation of adipose tissue
inflammation. In particular, it was demonstrated that PPARγ downregulates inflammatory adipokines
in WAT. Specifically, PPARγ activation downregulates the expression of inflammatory markers such as
MCP-1 and TNFα and, thus, reduces inflammation in activated macrophages [56,76–78]. Moreover,
PPARγ activation induces adiponectin expression, thus further contributing to the reduction of chronic
inflammation [79].

Remarkably, BDNF expression was markedly greater in epiWAT of mutant mice, supporting our
hypothesis that the BDNF Val66Met polymorphism contributes to adipose tissue pathophysiology.

Indeed, studies performed using BDNF-(si)RNA-mediated knockdown in the 3T3 cell line showed
a reduced adipogenic differentiation ability, supporting the hypothesis that BDNF expression is of
functional relevance for adipogenesis. In addition, it was reported that BDNF expression is dramatically
downregulated during adipocyte differentiation, and mature adipocytes only marginally contribute to
the production of BDNF in the adipose tissue [80].

Interestingly, we showed that the treatment of C3H10T1/2 cells with Pro-BDNFMet before cell
commitment well recapitulated the expression profile of genes that were found altered in the epiWAT
of mutant mice. Pro-BDNFMet reduced Pparγ and upregulated Sorl1 expression, and it increased the
percentage of mature adipocytes evaluated in the flow cytometry analysis, suggesting a direct role of
the BDNF Val66Met polymorphism in the regulation of adipogenesis. However, Pro-BDNFMet was not
able to affect Adipoq and Adra2a as well as Pai-1 expression, leading us to hypothesize a more complex
process that may involve the fraction stromal vascular cells. Indeed, it is suggested that mesenchymal
progenitor/stem cells, preadipocytes, endothelial cells, pericytes, T cells, and macrophages, and not
mature adipocytes, are the main source of adipokines and PAI-1 in adipose tissue. Of note, the stromal
vascular fraction in adipose tissue increases with an increasing degree of obesity [81].

Adipose tissue accumulation represents an independent and modifiable risk factor for CVD [5],
and regular PE was recently recognized and strongly recommended as a valuable management strategy
for the prevention and treatment of CVD and metabolic disorders from the European Guidelines of
cardiology [10,82].

In the present study, we provide evidence that, in mutant BDNFMet/Met mice, four weeks of PE was
sufficient to change epiWAT morphology and the inflammatory profile with a concomitant reversion
of the prothrombotic phenotype. In particular, the change in adipose tissue morphology observed
in BDNFMet/Met running mice was accompanied with a reduction in Sorl1 and Adra2a expression,
thus suggesting that PE might improve the metabolic profile of mutant mice, ultimately affecting
lipolysis [65,83,84].
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The beneficial effect of PE has been provided in animal studies and human trials, showing
an impact on both systemic [14,85] and specific reduction of visceral fat mass [86,87], protecting against
chronic inflammation-associated disease [88]. Several mechanisms have been proposed to explain the
beneficial anti-inflammatory effect of PE. By affecting AMPK and PGC-1α pathways, PE decreases
mitochondrial dysfunction and reduces oxidative stress [89,90], with the consequent reduction of
proinflammatory adipokines released from the visceral fat mass. Moreover, PE increased production of
anti-inflammatory molecules from skeletal muscle and leukocytes [91]. PE decreases Toll-like receptors
on monocytes and macrophages, thus preventing their infiltration into adipose tissue and inducing the
M1 to M2 macrophage switching to limit macrophage M1 polarization [88].

In line with this evidence, we showed that PE in BDNFMet/Met mice reduced the levels of
inflammation mediators, induced a switch in macrophage polarization, and decreased the number of
circulating leukocytes and platelets, modifications that, in turn, occur to improve the prothrombotic
phenotype observed in mutant mice. Interestingly, for the first time, we provide evidence that PE
influenced differently the expression of BDNF in the two genotypes, increasing and decreasing its levels
in BDNFVal/Val and BDNFMet/Met, respectively. These results might be related to the intrinsic adipose
tissue morphology of BDNFVal/Val and BDNFMet/Met mice, suggesting a strong relationship between
adipocyte dimension and BDNF levels. In fact, the great number of small adipocytes was associated
with high levels of BDNF (e.g., sedentary BDNFMet/Met and running BDNFVal/Val), and conversely,
low levels of transcript were measured in epiWAT when the mean adipocyte dimension was higher
(e.g., sedentary BDNFVal/Val and running BDNFMet/Met). The different involvement of the stromal
vascular cell fraction in sustaining the adipocyte turnover, as well as the potential contribution of
the peripheral nervous system, might explain the different mRNA levels of BDNF detected in our
experimental setting [92–94]. In this regard, the inability of PE to enhance BDNF transcripts in the
central nervous system of mutant mice [35] might have important consequences on the levels of
BDNF in the peripheral nervous system, thus affecting their levels in epiWAT. Interestingly, it is worth
mentioning that, contrary to data presented here related to CVD, the BDNF Val66Met polymorphism
impairs the beneficial neurobiological changes induced by physical exercise in mice [35].

5. Conclusions

Cardiovascular disease still represents the first cause of mortality worldwide, and obesity is
a well-known modifiable risk factor for this pathology. Of note, PE is highly recommended to manage
the prevention and treatment of CVD and obesity, showing beneficial cardiometabolic effects.

In human subjects, the BDNF Val66Met polymorphism is known to be related to adipose tissue
accumulation and cardiovascular risk.

Interestingly, our in vitro data well support the role of Pro-BDNFMet in adipogenesis, in line with
data obtained in the BDNFMet/Met WAT mice.

Taking advantage of a mouse model carrying the human BDNF Val66Met polymorphism,
we showed that 4 weeks of voluntary physical exercise was sufficient to induce positive morphological
changes and reduce the inflammatory profile of the adipose tissue.

These beneficial effects might be the bases of the observed reduction in the prothrombotic
phenotype detected in this animal model. Future studies are required to assess this relationship.

These data indicate the strong impact of lifestyle, in particular the beneficial effect of PE, on the
management of arterial thrombosis and obesity-associated inflammation in relation to genetic mutations
that predisposes one, per se, to these pathologies. Nevertheless, human studies need to support
these results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/8/875/s1,
Figure S1: Cell number and morphology are not altered by ProBDNFVal and ProBDNFMet treatment. Figure S2:
Representative flow cytometry graphs showing gate selected for cell granularity analyses at day 3, 5 and 9.
Figure S3: Evaluation of the functional relevance of BDNF Val66Met protein on C3H10T1/2 cells adipogenic
differentiation. Figure S4: Impact of voluntary physical exercise on gene expression profile of adipose tissue.
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Abstract: Obesity is defined as a condition of abnormal or excessive fat accumulation in white
adipose tissue that results from the exacerbated consumption of calories associated with low energy
expenditure. Fat accumulation in both adipose tissue and other organs contributes to a systemic
inflammation leading to the development of metabolic disorders such as type 2 diabetes, hypertension,
and dyslipidemia. Melatonin is a potent antioxidant and improves inflammatory processes and
energy metabolism. Using male mice fed a high-fat diet (HFD—59% fat from lard and soybean
oil; 9:1) as an obesity model, we investigated the effects of melatonin supplementation on the
prevention of obesity-associated complications through an analysis of plasma biochemical profile,
body and fat depots mass, adipocytes size and inflammatory cytokines expression in epididymal
(EPI) adipose depot. Melatonin prevented a gain of body weight and fat depot mass as well as
adipocyte hypertrophy. Melatonin also reversed the increase of total cholesterol, triglycerides
and LDL-cholesterol. In addition, this neurohormone was effective in completely decreasing the
inflammatory cytokines leptin and resistin in plasma. In the EPI depot, melatonin reversed the
increase of leptin, Il-6, Mcp-1 and Tnf-α triggered by obesity. These data allow us to infer that
melatonin presents an anti-obesity effect since it acts to prevent the progression of pro-inflammatory
markers in the epididymal adipose tissue together with a reduction in adiposity.

Keywords: adipose tissue; leptin; adiponectin; Il-6; Mcp-1; Tnf-α

1. Introduction

Obesity results from an imbalance between energy consumption and energy expenditure,
promoting an abnormal or excessive accumulation of fat in various regions of the body. Associated
with the fat increase, a chronic low-grade inflammation that contributes to systemic metabolic disorders
such as dislipidemia, hypertension, nonalcoholic fatty liver diseases, steatohepatitis, cardiovascular
diseases, type-2 diabetes and even some cancers has been observed.

Despite the fact that the molecular mechanisms that associate obesity with higher incidences of
these diseases are not yet fully defined, evidence indicates that white adipose tissue(s) is one of the
first tissues to develop inflammatory responses in obesity conditions, as evidenced by the activation
of classical proinflammatory pathways, exacerbated infiltration of macrophages, neutrophils and
lymphocytes and a variety of pro-inflammatory mediators secretion [1–3]. It is now well established that
white adipose tissue (WAT) is not only involved in energy storage but also functions as an endocrine
organ that secretes various bioactive substances or adipo (cyto)kines such as leptin, adiponectin,
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tumor necrosis factor-alfa (TNF-α), interleukin-6 (IL-6), resistin and macrophage chemoattractant
protein 1 (MCP-1), which are known to be involved in a wide range of physiological processes [4].
These adipokines play an important role in the pathophysiological link between increased adiposity
and cardiometabolic alterations [4,5]. Indeed, it is also now established that an imbalance of pro- and
anti-inflammatory adipokines secretion by WAT due to the expansion of fat mass in obesity exerts
potential effects on obesity-linked metabolic disorders [6,7]. Since obesity-associated increases in these
adipokines present a great contribution to the development of a dysfunctional WAT, characterized by
the infiltration of pro-inflamatory immune cells in this tissue and unresolved inflammation, in addition
to inappropriate extracellular matrix remodeling and impaired angiogenesis [8], all of which lead to
the development of chronic low grade inflammation [9].

High levels of leptin resulting from leptin resistance and reduced adiponectin levels have been
associated with obesity pathophysiology disorders [10]. On the other hand, insulin resistance has
been associated with leptin resistance and a reduction of plasma adiponectin, which is reverted by the
simultaneous administration of leptin and adiponectin [11,12]. Indeed, a dysregulated expression of
these (and others) adipokines by WAT that occurs in obesity is one of the most important components
that predisposes one to insulin resistance and that is predictive of the development of metabolic
syndrome [13,14]. This occurs because a lot of adipokines interact with the insulin pathway and
interfere in glucose and lipid metabolism.

Evidence in the literature indicates that melatonin has a modulatory effect on energy
metabolism [15–17], insulin secretion and insulin action, as well as the glucose end lipid metabolism of
adipose tissue from rats [18–21]. Therefore, we hypothesized that the melatonin used as a therapeutic
strategy could be used as a way to improve the low-grade inflammation observed in obesity conditions.
According to some studies, the use of melatonin, a neurohormone produced by the pineal gland only in
the night phase and which is responsible for the synchronization of innumerable physiological effects,
is related to beneficial effects on the control of obesity and its complications [22,23]. Additionally,
chronobiological melatonin aspects and their interrelationship with cytokines produced by adipocytes
such as leptin and adiponectin have been evaluated [10,24] and promising results in the prevention
and control of complications caused by obesity have been suggested.

Though some studies have evaluated the effects of melatonin and/or pinealectomy on the
repercussions of adiponectin and leptin gene expression [19,24], there are a lack of studies related with
the role of melatonin on the expression of these and other adipokines involved in the inflammatory
response and insulin signaling in WAT by fat depots. Thus, we herein investigate whether melatonin
supplementation could prevent the characteristic increase of pro-inflammatory adipokines produced
by epididymal WAT during the development of obesity in mice.

2. Materials and Methods

2.1. Animals and Melatonin Supplementation

The study was performed according to protocols approved by the Ethics Committee of the Federal
University of São Paulo (CEUA 5998280515). Eight-week-old male C57BL/6 mice obtained from
the Center for Development of Experimental Models (CEDEME), Federal University of São Paulo,
were housed at 3 mice per cage in a room with light–dark cycle (12-h light, 12-h dark cycle, lights on at
0600) and temperature of 24 ± 1 ◦C. Mice were divided into three groups: (a) Control (low fat) diet
(CO), (b) high-fat diet (Obese), and (c) high-fat diet supplemented with melatonin 1 mg/kg (Obese +

Mel). The CO diet contained 76% carbohydrate, 15% protein and 9% fat, and the high-fat diet (HFD)
contained 26% carbohydrate, 15% protein, and 59% fat, in % kcal. Lard and Soybean oil (9:1) was
used as fat source The detailed composition of the diet and energy distribution was provided in our
previous study [25].

During obesity induction, the animals were supplemented with melatonin (1 mg/kg) [26] in
drinking water during the dark phase, daily, for 10 weeks. Body weight and food intake were measured
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weekly. After 10 weeks of the experimental protocol, 12-hour fasted mice were killed by cervical
dislocation, which occurred between 9am and 11am, after isoflurane anesthesia. Blood samples were
centrifuged at 1500 rpm for 20 min at 4 ◦C, and serum were stored at −80 ◦C. Adipose depots were
collected and weighted, and epididymal adipose fat (EPI) was processed as described below.

2.2. Glucose and Insulin Tolerance Tests

An oral glucose tolerance test (oGTT) and an insulin tolerance test (ITT) were evaluated after a
6-hour fast. For oGTT analysis, we administrated by gavage a 20% glucose 20% solution (1 g/kg b.w.).
The blood glucose measurements were performed at 0, 15, 30, 45, 60 or 90 min. For ITT, animals were
injejected intraperitoneally. with insulin (Humulin R, Lilly, 0.75 UI/kg b.w.), and glucose measurements
were performed at 0, 10, 20, 30, 40, 50 or 60 min after injection. In both tests, blood samples were
collected from the tail vein. This method was not stressful, as indicated by the low basal levels of the
stress hormone corticosterone. oGTT and ITT were determined by using a glucometer (One Touch
Ultra, Johnson and Johnson, New Brunswick, NJ, USA). The assays were always performed in all
groups concomitantly in order to avoid any interference in the obtained results.

2.3. Adipocyte Isolation

Adipocyte isolation was performed as previously described [27] with slight modifications [28].
Briefly, Epi fat pads were diced in small fragments in a flask containing 4 mL of DMEM supplemented
with HEPES (20 mM), glucose (5 mM), bovine serum albumin (BSA, 1%), and collagenase type II
(1 mg/mL) at pH 7.4 and incubated for approximately 40 min at 37 ◦C in an orbital shaker. Isolated
adipocytes were filtered through a plastic mesh (150µm) and washed three times in a fresh buffer without
collagenase. After washing and brief spinning, the medium was thoroughly aspirated, and adipocytes
were harvested. Aliquots of isolated adipocytes suspensions were placed in a microscope slide, and 6
fields were photographed under an optical microscope (×100 magnification) coupled to a microscope
camera (AxioCam ERc5s; Zeiss, Oberkochen, Germany), and mean adipocyte volume (4/3 × π × r3)
was determined by measuring 100 cells using AxioVision LE64 software.

2.4. Blood Measurements

Triacylglycerol (TG) [29], fasting glucose, total cholesterol (TC), LDL-cholesterol [30], and
HDL-cholesterol levels [31] were determined by colorimetric assays (Labtest Diagnostics, Lagoa
Santa, MG, Brazil).

2.5. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was extracted from an EPI depot, reverse transcribed, and destined for quantitative
PCR analysis as previously described [25]. An analysis of real-time PCR data was performed
using the 2−∆∆C

T method [32]. Data are expressed as the ratio between the expression of the
target gene and housekeeping gene (18S gene). Primers used are presented: Adipoq (5’-3’sense:
GCAGAGATGGCACTCCTGGA; 5’-3’antisense: CCCTTCAGCTCCTGTCATTCC), Tnf-α (5’-3’sense:
CCCTCACACTCAGATCATCTTCT; 5’-3’antisense: GCTACGACGTGGGCTACAG), Il-6 (5’-3’sense:
TTCTCTGGGAAATCGTGGAAA; 5’-3’antisense: TCAGAATTGCCATTGCACAAC), Lep (5’-3’sense:
CATCTGCTGGCCTTCTCCAA; 5’-3’antisense: ATCCAGGCTCTCTGGCTTCTG), Mcp-1 (5’-3’sense:
GCCCCACTCACCTGCTGCTACT; 5’-3’antisense: CCTGCTGCTGGTGATCCTCTTGT) and 18S
(5’-3’sense: GGCCGTTCTTAGTTGGTGGAGCG; 5’-3’antisense: CTGAACGCCACTTGTCCCTC).

2.6. Adipokine Measurements

Lysates from the EPI depot and peripheral blood were used to perform the ELISA test. The
concentrations of the adipokines IL-6, resistin, adiponectin and leptin were determined using specific
commercially available DuoSet ELISA kits according to instructions supplied by the manufacturer (R&D
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Systems, Minneapolis, MN, USA; Catalog numbers DY406, DY1069, DY1119, DY 498, respectively).
The concentrations of the cytokines were expressed in ng per 100 mg of tissue or in ng/ml, as indicated.

2.7. Statistical Analysis

Data are presented as mean ± SEM. A one-way ANOVA and a Tukey post-test were used for the
comparison between groups. GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA,
USA) was used for analysis. The level of significance was set at p < 0.05.

3. Results

3.1. Melatonin Supplementation Decreased Body Mass (BM), Adipose Depots Mass, Adipocytes Hypertrophy
and Blood Biochemical Parameters Triggered by HFD-Induced Obesity

After 10 weeks of diet-induced obesity (DIO), it was found that the HFD was efficient in increasing
the body mass of the animals (between approximately two- and five-fold). Concerning food, calories,
and fat intake, as compared to CO diet, mice fed with the HFD presented a reduction (by 44%, p < 0.05)
in food intake but an increase (by three-fold, p < 0.05) in fat intake, whereas a slight reduction was
observed in calorie (by 20%) and water (by 22%) intake. However, mice that received the HFD
associated with melatonin supplementation presented a lower body mass gain (between approximately
three- and eight-fold compared to the control group). Though the mice supplemented with melatonin
gained less body mass, when the food intake was mesured, both the Obese and Obese + Mel groups
presented the same pattern of food, calories and fat consumption (Figure 1A and Table 1).
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Figure 1. Effects of a high-fat diet (HFD) and melatonin supplementation (Mel, 1 mg/kg b.w., diluted in
drinking water, daily, for 10 weeks) on body weight and adipocytes size. (A) Mice body mass gain at
the end of experimental protocol. (B) Volume (in picoliters) of epididymal (EPI) isolated adipocytes.
(C) Isolated EPI adipocytes photographed under optic microscope (×100 magnification). Adipocyte
volume (4/3 × π × r3) was determined by measuring 100 cells per animal (six fields for each slide).
Results were analyzed by a one-way ANOVA and a Tukey post-test. Values are mean ± SEM (Control
n = 21; Obese n = 17; Obese + Mel n = 20). * p < 0.05 vs. control; # p < 0.05 vs. obese.
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Table 1. Body mass (BM), food intake, organ weights and blood biochemical parameters after 10 weeks
of a high-fat diet feeding and melatonin suplementation in mice.

Control Obese Obese +Mel

Initial BM (g) 22.70 ± 0.25 23.47 ± 0.29 22.56 ± 0.31
Final BM (g) 25.56 ± 0.30 38.22 ± 1.15* 33.44 ± 0.66*#

Water intake (ml/day/mice) 3.97 ± 0.20 3.08 ± 0.11* 3.20 ± 0.08*
Food Intake (g/day/mice) 4.76 ± 0.30 2.45 ± 0.20* 2.34 ± 0.22*

Calories intake 18.09 ± 0.32 13.08 ± 0.30* 12.51 ± 0.34*
Fat intake (g/day/mice) 0.43 ± 0.03 1.44 ± 0.12* 1.38 ± 0.13*

Relative ING weight (g/100g BM) 1.52 ± 0.07 4.67 ± 0.21* 3.86 ± 0.16*#
Relative EPI weight (g/100g BM) 2.04 ± 0.13 6.51 ± 0.20* 5.54 ± 0.17*#
Relative RP weight (g/100g BM) 0.45 ± 0.04 1.84 ± 0.05* 1.70 ± 0.04*

Relative BAT weight (g/100g BM) 0.25 ± 0.01 0.34 ± 0.02* 0.31 ± 0.01*
Fasting blood glucose (mg/dl) 175.64 ± 12.72 243.53 ± 8.20* 202.08 ± 13.61#

Total Cholesterol (mg/dl) 173.57 ± 13.19 265.50 ± 18.65* 209.30 ± 18.38
Triglycerides (mg/dl) 83.04 ±5.34 129.12 ±14.55* 94.87 ± 9.08

HDL (mg/dl) 69.56 ± 6.40 82.28 ±15.24 84.13 ± 11.62
LDL (mg/dl) 92.29 ± 9.74 148.34 ± 16.90* 114.22 ± 17.92

Results were analyzed by a one-way ANOVA and a Tukey post-test. Values are mean ± SEM. Control n = 20; Obese
n = 17; Obese + Mel n = 21 to body mass, food, and fat intake and depots weight; Control n = 10; Obese n = 9; Obese
+ Mel n = 9 to blood biochemical parameters). *p < 0.05 vs. Control; #p < 0.05 vs. Obese.

Corroborating the lower body mass gain, we observed that the adipocyte size from the visceral
(epididymal—EPI) region of the Obese + Mel group was 42% smaller than the obese group,
thus preventing the hypertrophy triggered by the HFD (Figure 1B,C). In the same way, a significant
reduction was observed in the EPI and inguinal (ING) depots mass from the animals supplemented
with melatonin. The retroperitoneal (RP) and the brown fat (BAT) depots’ mass did not present a
significant reduction (Table 1).

The analysis of glucose and lipids serum concentrations indicated that the HFD significantly
increased fasting glucose (21%), triglycerides (55%), total-cholesterol (52%) and LDL-cholesterol (60%)
in the Obese group when compared to the Control group. This increase was prevented in animals that
were supplemented with melatonin (Obese + Mel group), since the fasting glucose levels remained
similar to the control group, and the serum levels of triglycerides, total cholesterol and LDL-cholesterol
were reduced (a reduction of 26%, 21%, and 23%, respectively, in relation to the obese group). There
were no significant differences in serum HDL-cholesterol between the groups (Table 1).

3.2. Melatonin Supplementation Did Not Alter Glycemic Curve after Glucose and Insulin Tolerance Test (GTT
and ITT Test)

After glucose load, both groups receiving the HFD (Obese and Obese + Mel) presented higher
blood glucose levels (Figure 2A). The HFD groups showed lower responsiveness to insulin compared
to the control group (Figure 2B). Melatonin supplementation did not alter both the oGTT and ITT
tests—that is, it did not prevent the development of insulin intolerance or the response to oral
glucose loading.
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epididymal (EPI) WAT from mice. (A) mRNA levels of Lep; (B) mRNA levels of Il-6; (C) mRNA levels 

of Mcp-1; (D) mRNA levels of Tnf-α; (E)mRNA levels of Adipoq. Results were analyzed by a one-way 
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Figure 2. Effects of the high-fat diet (HFD) and melatonin supplementation (Mel, 1 mg/kg b.w., diluted
in drinking water, daily, for 10 weeks) on glucose and insulin tolerance tests (GTT and ITT, respectively)
in mice. (A) GTT or glucose concentration versus time after administration of glucose (2 g/kg b.w.);
(B) ITT or glucose decay curve versus time after insulin administration (0.75 mU/g b.w.). Values are
mean ± SEM (Control n = 11, Obese n = 7; Obese + Mel n = 11). * p < 0.05 versus Control.

3.3. Melatonin Supplementation Decreased the Gene Expression of Inflammatory Cytokines on EPI Depot

Whereas obesity is accompanied by a low-grade systemic inflammation, we evaluated the gene
expression of the main adipokines produced in the visceral adipose depot from mice under an obesity
condition. It was found that the HFD significantly increased the gene expression of Lep, Il-6, Mcp-1
and Tnf-α ((Figure 3A–D) compared to the Control group. Melatonin was able to prevent some of
these effects, since the Obese + Mel group presented a significant reduction in the expression of Lep
(50%) and Mcp-1 (55.8%) in relation to the Obese group. Moreover, the expressions of Il-6 and Tnf-α
in the EPI depot of mice supplemented with melatonin were partially prevented (44.6% and 44.8%,
respectively), when compared to the Obese group. No change was observed in the Adipoq gene
expression (Figure 3E).
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Figure 3. Effects of the high-fat diet (HFD) and melatonin supplementation (Mel, 1 mg/kg b.w., diluted
in drinking water, daily, for 10 weeks) on mRNA levels of genes related to inflammation in epididymal
(EPI) WAT from mice. (A) mRNA levels of Lep; (B) mRNA levels of Il-6; (C) mRNA levels of Mcp-1;
(D) mRNA levels of Tnf-α; (E) mRNA levels of Adipoq. Results were analyzed by a one-way ANOVA
and a Tukey post-test. Values are mean ± SEM (Control n = 9; Obese n = 8; Obese + Mel n = 10).
* p < 0.05 vs. Control; # p < 0.05 vs. Obese.
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3.4. Melatonin Supplementation Reduced the Protein Expression of Inflammatory Cytokines on EPI Depot and
Peripheral Bood

The protein expression analysis by ELISA corroborated the data presented by the gene expression
analysis. Lep expression in the EPI depot was significantly increased in the Obese group compared
to the control group (82%, p < 0.05). In contrast, the Obese + Mel group showed a reduction by
30% (p < 0.05) compared to the Obese group (Figure 4A). Thus, melatonin supplementation partially
prevented this increase, indicating its important action in reducing these adipokine levels. In plasma,
we observed an even more pronounced effect, where the Obese group showed an increase in plasma
leptin of approximately three-fold compared to the Control group, and melatonin supplementation
reduced these levels by 28% (Obese vs Obese + Mel group, p < 0.05, Figure 4E).
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Figure 4. Effects of the high-fat diet (HFD) and melatonin supplementation (Mel, 1 mg/kg b.w., 

diluted in drinking water, daily, for 10 weeks) on ELISA analysis of cytokine levels in lysates from 
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Figure 4. Effects of the high-fat diet (HFD) and melatonin supplementation (Mel, 1 mg/kg b.w., diluted
in drinking water, daily, for 10 weeks) on ELISA analysis of cytokine levels in lysates from epididymal
(EPI) WAT and peripheral blood from mice. (A) Leptin expression on the EPI depot, (B) Il-6 expression
on the EPI depot, (C) adiponectin expression on the EPI depot, (D) resistin expression on the EPI depot,
(E) leptin expression on peripheral blood, and (F) resistin expression on peripheral blood. Results were
analyzed by a one-way ANOVA and a Tukey post-test. Values are mean ± SEM (Control n = 10; Obese
n = 9; Obese + Mel n = 11). * p < 0.05 vs. Control; # p < 0.05 vs. Obese.

Melatonin supplementation also prevented the increase of IL-6 protein in the EPI depot triggered
by the HFD since the Obese + Mel group showed a reduction of 51% (p < 0.05) when compared to
the Obese group (Figure 4B). No statistical differences in adiponectin and resistin protein levels were
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observed in this adipose depot (Figure 4C,D). However, adiponectin expression showed a tendency
(p = 0.0629) to increase in the Obese + Mel group (39% increase compared to the Obese group).

Finally, the HFD increased the resistin expression in plasma by 34%. Melatonin supplementation
partially prevented this effect, since the Obese + Mel group presented an increase of only 11% compared
to the Control group (Figure 4E).

4. Discussion

In this study, we evaluated the effects of melatonin on WAT inflammatory aspects in obese mice
induced by an HFD. Initially, we verified that the experimental model adopted for DIO was efficient,
since we observed that the animals fed an HFD showed a greater gain of body mass (with greater
adiposity) and an increase in fasting glucose, triglycerides, total cholesterol and LDL-cholesterol in
plasma, glucose intolerance and insulin resistance, corroborating the results obtained previously by our
group [25]. Melatonin supplementation was effective in preventing most of the alterations triggered by
the HFD, significantly hampering the gain of body mass and preventing the dyslipidemia progression.

There are, in the literature, some works showing the effect of melatonin decreasing body weight,
and this hormone has therefore been considered as a possible therapeutic agent against obesity [33,34].
Herein, using a daily melatonin dose of 1 mg/kg (close to the endogenous physiological level), it was
observed that the Obese + Mel group had an attenuation of their body mass gain in relation to the
non-supplemented group. Taken together with a reduction in both the EPI and ING depots, melatonin
suplemmentation performed a protective effect on the development of obesity and adiposity in animals
fed an HFD.

Similarly to the findings reported here, using HFD-induced obese Wistar rats and supplementing
them with melatonin (25 ug/ml) for 11 weeks, Rios Lugo et al. [34], observed a decrease in the body
mass gain of these animals. Favero et al. [33], using a leptin-deficient (ob/ob) mouse supplemented with
melatonin in drinking water (100 mg/kg) for eight weeks, also observed a decrease of approximately
5% in total body mass and a decrease in the weight of visceral and subcutaneous fat depots (53% and
41%, respectively) in animals supplemented with melatonin.

In contrast, melatonin supplementation in humans (3 mg daily for three months) did not promote
changes in the body mass gain or loss of these individuals [35]. In the same way, Nduhirabandi
et al. [36], using obese rats treated with melatonin (4 mg/kg), did not observe any decrease in the body
mass despite having presented a cardioprotective effect. These controversial data may be due to the
different doses and methods of melatonin administration.

It is believed that melatonin’s effect on reducing body mass observed in rodents is probably
mediated by central and peripheral target tissues, which leads to the synchronization of circadian
rhythms and improved glucose uptake acting directly in adipocytes [24,34]. Here, we showed that
dietary-induced obese animals supplemented with melatonin presented a significant reduction in fasting
glycemia, indicating again the beneficial action of melatonin on glucose homeostasis, Corroborating
these data, other studies employing pinealectomized animals have presented a significant reduction
in the expression of the glucose transporter (GLUT 4), as well as glucose intolerance and insulin
resistance, which were reverted by melatonin treatment [16,37]. The direct action of melatonin on the
adipocytes and myocytes metabolism has been reported. In isolated adipocytes from the inguinal fat
of rats, melatonin inhibited isoproterenol-stimulated lipolysis through the inhibition of the cAMP-PKA
pathway [38]. In C2C12 skeletal muscle cells, melatonin activates the IRS-1 insulin receptor, thus
stimulating GLUT4 expression [39], and these data corroborate a reduced glucose uptake in the skeletal
muscle from melatonin receptor-1 knockout mice [40].

It is known that dyslipidemia triggered by obesity plays an important role in the development
and worsening of the inflammatory state [41]. Here, we have shown that melatonin supplementation
was effective in partially preventing the increase in total cholesterol, LDL-cholesterol and triglycerides
characteristic of DIO. Previous studies have already shown this action of melatonin on lipid
homeostasis [42–44]. Wistar rats induced to diabetes by streptozotocin and treated with melatonin
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(10 mg/kg and 20 mg/kg) i.p. for two weeks also showed significant reductions in TG, TC and
LDL-cholesterol levels [45]. However, in another study [46], C57Bl/6 mice induced to obesity by an
HFD and treated with melatonin (10 mg/kg) for 12 weeks presented a reduction in body mass and LDL
levels but not in TG levels. Considering melatonin supplementation in humans, it was observed that
after three months of treatment, the daily use of melatonin (3 mg) was effective in significantly lowering
TC and TG levels [35]. It is important to note that dyslipidemia is frequently observed in obese and/or
diabetic individuals and that high plasma concentrations of total cholesterol and LDL-cholesterol are
associated with an increased risk of cardiovascular disease [47,48]. On the other hand, the effects
of melatonin on the cardiovascular system are well known. The removal of circulating melatonin
causes hypertension in rats, and melatonin replacement prevents or reduces this effect [49,50]. Thus,
the attenuation of serum triglyceride levels, total cholesterol and LDL-cholesterol reported here in
animals treated with melatonin suggests a role for melatonin in the atherosclerosis prevention, one of
the main complications of obesity.

There is a positive correlation between the increase in visceral WAT and hypertension, dyslipidemia,
fasting glucose, non-alcoholic steatosis, age, and gender [51,52]. Thus, visceral obesity leads to increased
risk of insulin resistance and cardiovascular disease. This fat depot displays a higher production of
inflammatory cytokines in obese individuals [53,54].

We observed that the melatonin supplementation reduced the mass of the EPI depot by preventing
cell hypertrophy because the adipocyte volume was reduced by 42%. Favero et al. [33], through
histological and morphometric observations in WAT of animals supplemented with melatonin, observed
that adipose depots from non-obese animals are composed of smaller and regular adipocytes, whereas
in obese animals the adipocytes are larger and have a wide lipid droplet with presence of inflammatory
infiltrate, macrophages and monocytes with degranulation signs which characterize the inflammatory
tissue state (wherein there is a greater adipokines pro-inflammatory expression). Taken together,
we suggest that melatonin contributes to the prevention of the inflammatory process in the visceral
WAT (here represented by the EPI depot) because prevented the adipocytes hypertrophy.

As expected, we observed a significant increase in the expression of genes encoding
proinflammatory cytokines, such as IL-6, Lep, Mcp-1, and Tnf-α in the EPI depot of animals with
DIO. Melatonin fully reversed the increase of Lep and Mcp-1 and partially reversed Il-6 and Tnf-α
gene expression. Melatonin supplementation also prevented an increase of leptin and IL-6 protein
expression in the EPI depot triggered by the HFD. Moreover, melatonin was effective in decreasing the
levels of leptin and resistin in plasma of animals induced to obesity by an HFD.

In the subcutaneous adipose tissue of ob/ob mice, immunofluorescence analyses also revealed
melatonin’s effects in reducing the expression of TNF-α, resistin, and visfatin, as well as in increasing
the expression of adiponectin and its receptors [33]. In the liver of obese mice, Sun et al. [46] found
that melatonin treatment also reduced the expression of proinflammatory markers Tnf-α, Il-1β, and
Il-6. The same downregulation of these markers was observed in the liver of senescence accelerated
prone male (SAMP8) mice [55]. In Wistar rats induced to obesity by an HFD, the plasma analyses
demonstrated that melatonin attenuated the increase of the leptin observed in obese animals [34].

It is important to emphasize that the increase of these cytokines, such as leptin and IL-6, establishes
a pathophysiological link between increased adiposity and obesity-associated cardiovascular disease,
insulin resistance, type 2 diabetes, hypertension, and dyslipidemia [4,5,9]. On the other hand, obesity
due to the ingestion of an HFD may be a consequence of a desynchronization in the biological rhythms of
important metabolic processes [56,57] Consequently, the obese phenotype may be originated from this
circadian desynchronization. Corroborating this, the clock genes and adipocytokines show circadian
rhythmicity. The dysfunction of these genes is involved in the alteration of these adipokines during the
development of obesity. Desynchronization between the central and peripheral clocks by an altered
diet composition can lead to the uncoupling of peripheral clocks from the central pacemaker and to the
development of metabolic disorders, leading to obesity. While CLOCK expression levels are increased
with HDF-induced obesity, peroxisome proliferator-activated receptor (PPAR) alpha increases the

74



Cells 2019, 8, 1041

transcriptional level of brain and muscle ARNT-like 1 (BMAL1) in obese subjects. Consequently, the
disruption of clock genes results in dyslipidemia, insulin resistance and obesity [58]. Since melatonin is
recognized by its important synchronization of diurnal and circadian rhythms [59], the supplementation
with melatonin, respecting its physiological pattern of secretion (exclusively at night as performed in
this work), is an important synchronizer to break changes triggered by diet [59] and could prevent
changes observed in the obese phenotype.

Other assays need to be performed so that we can conclude in more detail how melatonin acts
to reduce proinflammatory cytokines in adipose tissue. However, based on the facts that chronic
inflammation in visceral WAT is one of the first steps in triggering obesity-associated diseases and
that supplementation with melatonin for 10 weeks revealed significant effects in reducing body mass
gain, adiposity and visceral adipocytes hypertrophy, plasma lipids and fasting glucose, as well as the
expression of proinflammatory markers in visceral adipose tissue, we can infer here that melatonin
must be considered to be a reliable therapeutic agent for the treatment of obesity.
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Abstract: Adiponectin and leptin play roles in the hunger response, and they can induce the
inflammatory process as the initial mechanism of the innate immune response. It is possible for
alterations in the levels of these adipokines to compromise the functional activity of human colostrum
phagocytes. Therefore, the objective of this study is to analyze the effects of adiponectin and leptin
on colostrum mononuclear (MN) cells. Colostrum was collected from 80 healthy donors, who were
divided into two groups: the control group and the high body mass index (BMI) group. MN cells
were used to analyze phagocytosis by flow cytometry, and reactive oxygen species (ROS), intracellular
calcium, and apoptosis were assessed by fluorimetry using a microplate reader. Adipokines restored
the levels of phagocytosis to the high BMI group (p < 0.05), with a mechanism that is action-dependent
on the release of ROS and intracellular calcium. However, adiponectin and leptin simultaneously
contributed to better microbicidal activity, thus reflecting an increase in the apoptosis level (p < 0.05)
in the high BMI group. Probably, the maintenance of the balance between adiponectin and leptin
levels enhances the protection and decreases the indices of neonatal infection in the breastfeeding
infants of women with high BMI values. Therefore, policies that support pre-gestational weight
control should be encouraged.

Keywords: adiponectin; body mass index; colostrum; leptin; phagocytes; obesity; overweight;
oxidative stress

1. Introduction

Obesity is considered a complex, recurrent, and progressive chronic disease. It can be characterized
as an inflammatory condition involving elevated oxidative stress, and it is associated with other
diseases [1,2] due to the risk of developing comorbidities such as asthma, musculoskeletal and sleep
disorders, diabetes mellitus type 2, liver and kidney dysfunction, cardiovascular diseases, infertility,
and cancer [1,3,4].
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It is important to highlight that women are more affected by obesity than men, which has the
potential to cause an impact on the health of future generations [5,6], whether through metabolic
changes transmitted to the fetus during pregnancy [6] or through the changes in an infant’s nutritional
programming. Having adequate nutrition in the early stages of life is essential for the development of
a child’s metabolic programming, with human milk being the most recommended food for newborns,
as it provides inclusive protection against metabolic changes associated with various conditions such
as obesity and diabetes. In this way, breastfeeding represents an important pathway that impacts
on the reduction of excess weight in both the mother and the child [7–12], because infants who are
breastfed and mothers who breastfeed have lower rates of obesity [7,10].

For the mother, breastfeeding facilitates postpartum weight loss; it is positively associated with
the lean mass index and inversely associated with visceral fat thickness [9,12]. Thus, this is a way to
improve a woman’s health after pregnancy, as it may help her to return to a normal metabolic profile
and to lose the weight she gained during pregnancy. In infants, breastfeeding may protect against
obesity through the components of human milk and behaviors related to infant feeding [8]. In any
case, the programing of satiety control is one of the main breastfeeding mechanisms that helps to
control obesity [12]. However, in the literature, the number of studies in this area is still scarce, so the
mechanisms involved in this process have not yet been totally described.

Studies have demonstrated that metabolic changes due to maternal obesity can lead to
changes in the constituents of colostrum and human milk, thereby modifying the different
concentrations of hormones regulating appetite and metabolism, such as adiponectin and leptin,
through breastfeeding [13–17]. In previously published results from this research group, it was found
that the colostrum adiponectin concentration was 8.61 and 13.82 ng/mL, and the leptin concentration
was 0.19 and 0.32 mg/dL in normal weight and obese groups, respectively. Furthermore, it was
shown that changes in maternal serum constituents caused by maternal obesity are not necessarily
reflected in colostrum constituents, especially the adiponectin levels, which were negatively correlated
in colostrum and serum [15].

Adiponectin and leptin are mainly secreted by the adipose tissue and inhibit feeding by different
mechanisms, acting on their respective receptors (AdipoRs and LepRs) located in neurons in the
hypothalamus [18]. These adipokines levels are important indicators for the development of obesity
and metabolic syndrome, since there is a reduction in the endogenous concentrations of adiponectin
and an increase in leptin levels in overweight and obese individuals [19,20].

It is interesting to note that the actions of adiponectin and leptin are not restricted only
to the hunger response. They also have binding sites in the cells of the immune system and
activate monocytes/macrophages, triggering the inflammatory process in order to eliminate invading
microorganisms. This process can also undergo alterations due to obesity and metabolic syndrome. It is
emphasized that these adipokines usually act differently during the inflammatory process; adiponectin
acts in a more anti-inflammatory manner, whereas leptin is more proinflammatory [3,21–25].

Several studies in the literature have reported that having a high maternal body mass index (BMI)
is correlated with alterations in the constituents of colostrum and human milk [15,26–29]. However,
the impact of maternal BMI on the functional activity of colostrum phagocytes is not entirely clear.

It is emphasized that the mother, through breastfeeding, transmits colostrum phagocytes to the
infant, which are activated in the presence of microorganisms. So, the colostrum phagocytes encompass
the invading particles, and during the process of phagocytosis, microbicidal activity develops via an
oxidative burst, and consequently, there is an increase in the release of reactive oxygen species (ROS).
Thus, colostrum phagocytes represent an additional mechanism of protection for the baby in case of
neonatal infections until the infant’s immune system is developed [30–32].

In this study, we investigate the actions of adiponectin and leptin on human colostrum phagocytes.
It is possible that changes in adiponectin and leptin in human colostrum due to maternal overweightness
can lead to alterations in the responses of mononuclear phagocytes in human colostrum and compromise
this fundamental mechanism of infant protection, thus increasing the risk of neonatal infection.
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Therefore, the aim of this study is to analyze the effects of exogenous adiponectin and leptin and their
repercussions on human colostrum mononuclear phagocytes as a function of maternal body mass
index (BMI).

2. Materials and Methods

2.1. Design and Sample

A cross-sectional study was carried out with the participation of 80 clinically healthy colostrum
donors enrolled at the Hospital of the University of São Paulo, SP, Brazil, in 2017.The women were
divided into two groups according to their pre-maternal BMI: normal BMI (18.5–24.9 kg/m2) and high
BMI (≥30.0 kg/m2).

The inclusion criteria of the study were as follows: aged from 18 to 35 years; pre-gestational weight
known or measured until the end of the 13th gestational week; gestational age at delivery between 37
and 416/7 weeks; negative serological reactions for hepatitis, HIV, and syphilis; prenatal and non-food
restrictions; and informed consent form signed. The exclusion criteria were as follows: gestational
diabetes; twin pregnancy; fetal malformations; and delivery before the 36th week of gestation.

The study was approved by the Institutional Committee for Ethics in Research of the Hospital of
the University of São Paulo (HU/USP) (CAAE 46643515.0.3001.0076), and all the subjects gave informed
written consent before entering the experimental protocol.

2.2. Obtaining Colostrum and Cell Separation

About 5 mL of colostrum was collected manually from both breasts of each woman into sterile
plastic tubes between 48–72 h postpartum. Colostrum was collected between feeding intervals,
in the daytime period (between 10:00 and 12:00). The samples were stored at –80 ◦C until analysis.
The experimental assays were carried out in 2017 and 2018.

The samples were thawed and then centrifuged for 10 min (160× g, 4 ◦C), which separated
colostrum into three different phases: cell pellet, an intermediate aqueous phase, and an upper fat layer.
The upper fat layer and the aqueous supernatant were discarded, and the cell pellet was separated using
the Ficoll–Paque concentration gradient (Pharmacia, Uppsala, Sweden). The cells were resuspended
in Medium 199 (Gibco, Grand Island, NE, USA) at a concentration of 1 × 106 cells/mL [30–32] and
immediately used in the assays.

2.3. Treatment of Mononuclear Cells with Adipokines and Zymosan

The activation of mononuclear (MN) cells was performed by incubation with Zymosan in the
presence and absence of the exogenous adipokines human adiponectin (Sigma, St Louis, MO, USA)
and human leptin (Thermo Fisher, Carlsbad, CA, USA), each at a concentration of 100 ng/mL.
The concentrations were in accordance with data from the scientific literature [25], and preliminary
pilot tests were conducted to standardize the concentrations used.

The MN cells were incubated with Zymosan (for 2 h at 37 ◦C under gentle shaking) and treated
with 199 medium (negative control), adiponectin, leptin, and adiponectin+leptin.

The phagocytosis assays were performed with Zymosan pHrodo Green™ (Thermo Fisher,
Carlsbad, CA, USA), because it emits green fluorescence in the presence of an acidic pH during the
phagocytosis process. Free radical release, apoptosis, and intracellular calcium assays were performed
with Zymosan (Sigma, St Louis, MO, USA) without conjugated fluorochrome to avoid interference in
the fluorescence intensity of the reagents used in each assay.

2.4. Phagocytosis Assays

The phagocytosis assay using Zymosan pHrodo Green™ (Thermo Fisher, Carlsbad, CA, USA) did
not require wash steps and quencher dyes. So, after the incubation period, 10,000 cells were analyzed
by flow cytometry using FACSCalibur™ (BD Biosciences, San Jose, CA, USA) with excitation/emission
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maxima of 509/533 nm. The results were expressed by the Phagocytosis Index (%). The experiments
were performed in duplicate.

2.5. Tests for the Analysis of Free Radicals

The cells were incubated with Zymosan in the presence of 5 µ/mL of dihydrorhodamine 123
(DHR123) (Sigma, St Louis, MO, USA). The intensity of fluorescence emitted was proportional
to the amount of reactive oxygen species released [33]. The Fluoroskan Ascent FL™ plate reader
(Thermo Scientific, Vantaa, Finland) was used, with the 485-nm excitation and 538-nm emission
filters. The results were expressed as the DHR123 mean fluorescence intensity. The experiments were
performed in duplicate.

2.6. Intracellular Calcium Assay

The cells were incubated with Zymosan in the presence of the 5-µL Fluo-3 AM solution
(Sigma, St Louis, MO, USA). The cells were washed and resuspended in HBSS (Hank’s Balanced
Salt Solution) containing bovine serum albumin (BSA). The fluorescence intensity was measured
by a Fluoroskan Ascent FL™ Microplate reader (Thermo Scientific, Vantaa, Finland) using 485-nm
excitation and 538-nm emission filters. The rate of intracellular Ca2+ release was expressed as the mean
fluorescence intensity of Fluo-3. The experiments were performed in duplicate.

2.7. Apoptosis Assay

Cells undergoing apoptosis were detected using FITC Annexin V (BD Biosciences, Erembodegem,
Belgium). The fluorescence intensity was obtained with the Fluoroskan Ascent FL™ Microplate reader
(Thermo Scientific, Vantaa, Finland) using 485-nm excitation and 538-nm emission filters. The results
were expressed as Apoptosis Index values (%). The experiments were performed in duplicate.

2.8. Statistical Analysis

Statistical analyses were performed with BioEstat® version 5.0 software (Mamirauá Institute,
Belém, Brazil). The results are presented as mean (± standard deviation). The D’Agostino normality
test and variance analysis (ANOVA) were used, followed by Tukey’s test. Significant differences were
considered when p < 0.05, and the power of the test for the sample size used was 80%.

3. Results

The women who had a high pre-pregnancy BMI also presented higher BMI values at the time of
delivery. The other maternal/infant parameters did not differ between groups (Table 1).

Table 1. Maternal and neonate characteristics according to maternal pre-gestational body mass index
(BMI) (normal or high BMI).

Maternal and Child Characteristics Normal BMI (n = 40)
(18.5–24.9 kg/m2)

High BMI (n = 40)
(≥30 kg/m2)

Age (years) 26.02 (±5.43) 25.60 (±4.88)
Diabetes or gestational diabetes (%) 00 (0.00%) 00 (0.00%)
Maternal pre-gestational BMI (kg/m2) 21.51 (±2.32) 31.05 (±3.77) #

Delivery BMI (kg/m2) 25.72 (±2.32) 34.77 (±3.78) #

Gestational weight gain 10.52 (±4.08) 9.11 (±3.24)
Gestational age at delivery (weeks) 38.77 (±1.10) 38.70 (±1.04)
Infant sex—female (%) 23 (57.50%) 21 (52.50%)
Birth weight (g) 3263.00 (±430.31) 3367.375 (±495.50)
Birth height (cm) 47.31 (±2.84) 47.58 (±2.69)

Maternal and neonatal data are shown as mean (±SD) or number (%). They were assessed by ANOVA and Tukey’s
test. # Statistical difference among the normal and high BMI groups (p < 0.05).
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Pre-gestational excess weight caused a reduction in the phagocytosis index of the human colostrum
mononuclear cells (p < 0.05). However, the addition of adiponectin and leptin (100 ng/mL) increased
the percentage of phagocytosis in the group with high BMI (p < 0.05) (Figure 1).
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Figure 1. Effects of adiponectin and leptin on phagocytosis by colostrum mononuclear (MN) cells from
women with normal BMI and high BMI values. Phagocytosis Index (%) values were determined by the
assessment of pHRodo™ Green zymosan in MN cells from human colostrum. The results are presented
as mean ± SD (n = 10 per group). They were assessed by ANOVA and Tukey’s Test. * Statistical
difference between colostrum cells incubated with 119 medium and hormones within groups (p < 0.05).
# Statistical difference among groups with the same treatment and samples (p < 0.05).

The human colostrum mononuclear phagocytes from mothers with obesity decreased the release
of reactive oxygen species. When the cells were treated with adiponectin, the reactive oxygen species
release was similar between groups. Higher concentrations of reactive oxygen species were observed
in cells treated with leptin from the group with high BMI values (p < 0.05). The association with
adiponectin (adipo) and leptin (lep) increased the release of reactive oxygen species when compared
with untreated cells in the high BMI group, and showed similar rates of release to the cells from normal
BMI individuals (Figure 2).Cells 2019, 8, x FOR PEER REVIEW 6 of 12 
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Figure 2. The effects of adiponectin and leptin on the oxidative burst of colostrum mononuclear cells
from women with normal BMI and high BMI values incubated with Zymosan A from Saccharomyces
cerevisiae. Reactive oxygen species were released by colostrum mononuclear phagocytes. The results
are presented as mean ± SD (n = 10 per group) and assessed by ANOVA and Tukey’s Test. * Statistical
difference between colostrum cells incubated with 199 medium and hormones within groups (p < 0.05).
# Statistical difference among groups with the same treatment and sample (p < 0.05).
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Figure 3 shows intracellular Ca2+ release in the presence of adiponectin and leptin. Adiponectin
increased the intracellular Ca2+ release by colostrum phagocytes in the obesity group, whereas this
was decreased by leptin. Similar rates of release were observed between groups when the colostrum
cells were treated with both hormones simultaneously.

Cells 2019, 8, x FOR PEER REVIEW 6 of 12 

 

 

Figure 2. The effects of adiponectin and leptin on the oxidative burst of colostrum mononuclear cells 

from women with normal BMI and high BMI values incubated with Zymosan A from Saccharomyces 

cerevisiae. Reactive oxygen species were released by colostrum mononuclear phagocytes. The results 

are presented as mean ± SD (n = 10 per group) and assessed by ANOVA and Tukey’s Test.* Statistical 

difference between colostrum cells incubated with 199 medium and hormones within groups (p < 

0.05). # Statistical difference among groups with the same treatment and sample (p < 0.05). 

Figure 3 shows intracellular Ca2+ release in the presence of adiponectin and leptin. Adiponectin 

increased the intracellular Ca2+ release by colostrum phagocytes in the obesity group, whereas this 

was decreased by leptin. Similar rates of release were observed between groups when the colostrum 

cells were treated with both hormones simultaneously. 

 

Figure 3. The effects of adiponectin and leptin on the release of intracellular calcium by colostrum 

mononuclear phagocytes from women with normal BMI and high BMI values incubated with 

Zymosan A from Saccharomyces cerevisiae. Intracellular calcium release was performed with 

Fluo-3AM (n = 10). The results are presented as the mean ± SD (n = 10 per group). They were assessed 

by ANOVA and Tukey’s Test.* Statistical difference between colostrum cells incubated with 119 

medium and hormones within groups (p < 0.05). # Statistical difference among groups with the same 

treatment and sample (p < 0.05). 

Irrespective of the BMI status of the women tested, their colostrum cells showed similar 

apoptosis rates when treated with adiponectin or leptin compared to untreated cells. When the 

colostrum cells from higher BMI group were treated with both hormones, they exhibited higher 

apoptosis rates than in cells from normal BMI group (Figure 4). 

0

5

10

15

20

25

30

 199 Medium Adiponectin Leptin Adipo+Lep

D
H

R
12

3 
 

M
ea

n
 F

lu
o

re
sc

en
ce

 I
n

te
n

si
ty

 

Colostrum Cells

Normal BMI

High BMI

0

2

4

6

8

10

199 Medium Adiponectin Leptin Adipo+Lep

F
lu

o
-3

 A
M

 

M
ea

n
 F

lu
o

re
sc

en
ce

 I
n

te
n

si
ty

 

Colostrum Cells

Normal BMI

High BMI

*# 

*# 

# 

*# 

* 

Figure 3. The effects of adiponectin and leptin on the release of intracellular calcium by colostrum
mononuclear phagocytes from women with normal BMI and high BMI values incubated with Zymosan
A from Saccharomyces cerevisiae. Intracellular calcium release was performed with Fluo-3AM (n = 10).
The results are presented as the mean ± SD (n = 10 per group). They were assessed by ANOVA and
Tukey’s Test. * Statistical difference between colostrum cells incubated with 119 medium and hormones
within groups (p < 0.05). # Statistical difference among groups with the same treatment and sample
(p < 0.05).

Irrespective of the BMI status of the women tested, their colostrum cells showed similar apoptosis
rates when treated with adiponectin or leptin compared to untreated cells. When the colostrum cells
from higher BMI group were treated with both hormones, they exhibited higher apoptosis rates than
in cells from normal BMI group (Figure 4).
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Figure 4. The effects of adiponectin and leptin on the apoptosis index of colostrum mononuclear
phagocytes from women with normal BMI and high BMI values incubated with Zymosan A from
Saccharomyces cerevisiae. The apoptosis assay was performed by Annexin V-fluorescein isothiocyanate
(FITC) staining (n = 10). The results are presented as mean ± SD. They were assessed by ANOVA and
Tukey’s test. * Statistical difference between colostrum cells incubated with 119 medium and hormones
within groups (p < 0.05). # Statistical difference among groups with the same treatment and sample
(p < 0.05).
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4. Discussion

Obesity is characterized by an increase in adipose tissue, which is considered a large organ with
plastic and endocrine properties [34]. Adipocytes secrete inflammatory cytokines and hormones called
adipokines that have complex interactions with each other and are altered in overweight and obese
individuals. In obese individuals, an increase in proinflammatory adipokine levels and a reduction
in anti-inflammatory adipokines occurs, promoting a state of chronic inflammation [35]. The most
abundant adipokines secreted by adipocytes are adiponectin and leptin [36,37].

In obese mothers, a state of chronic inflammation can trigger an exaggerated inflammatory
response in the placenta, leading to the accumulation of macrophages and the production of
proinflammatory mediators [38]. However, a different mechanism that leads to the production
and regulation of inflammatory mediators probably operates in colostrum from obese mothers,
which exhibits immunological components that protect newborns without triggering inflammatory
processes [15]. This suggests that breastfeeding may represent a strategy for enhance maternal and
child health, as well as controlling weight in overweight and obese individuals [7,8,12].

The findings of the present study indicate that as an inflammatory agent, obesity alters phagocytosis
and reactive oxygen species release in colostrum phagocytes. In addition, colostrum cells from obese
mothers showed differences in functional activity in the presence of adiponectin and leptin.

Colostral macrophages produce reactive oxygen species (ROS) and show phagocytic
activity [30–32]. Reactive oxygen species (ROS) release is one of the last events in the course of the
innate immune response and plays an essential role in the death process of invasive microorganism [39].
In this study, colostrum phagocytes from women with high BMI values were associated with lower
phagocytosis index values and ROS release in the presence of Zymosan.

Several studies have reported that maternal obesity causes alterations in the components of
colostrum and human milk [15,26–29]. Some authors have shown that obesity is associated with a
decreased macrophage phagocytic index [40,41], whereas others suggest an increase in phagocytes and
oxidative stress in these cells [42].

Interestingly, the treatment of colostrum cells with adiponectin and leptin restored the phagocytic
capacity of colostrum cells from obese mothers to similar phagocytic index values to normal weight
mothers. However, ROS release only showed higher levels when the cells were treated with leptin.

Leptin also plays an important role in the action of phagocytes, and can be used as a potent
phagocytosis-inducing agent [43]. Immunomodulatory effects have been attributed to this hormone,
which represents a link between nutritional status and neuroendocrine and immunological functions [44]
because of its dual action as both a hormone and cytokine [45] that can control macrophage activation [46].
Its mechanism of action involves the activation of the JAK/STAT signaling pathways, which induce
phagocytosis, oxidative burst, and the increased secretion of proinflammatory cytokines [22].

Studies have shown a significant relationship between high levels of leptin and the inflammatory
state present in obesity [47,48]. Increased ROS production modifies the response of intracellular Ca2+

during oxidative metabolism [49]. It is important to note that although leptin is related to ROS elevation,
when macrophages are in a hyperinflammatory state, they may alter the oxidative burst [21]. In this
study, it is possible that the alteration in ROS by colostrum cells treated with leptin may have been
associated with the reduction of intracellular calcium released by the cells from the high BMI group.

In contrast to leptin, although the presence of adiponectin in colostrum cells from obese mothers
increased phagocytosis and intracellular calcium release, it did not alter the ROS release. Adiponectin,
despite being known for its anti-inflammatory action, is derived from its ability to stimulate the
expression of macrophage markers of the M2 phenotype. This adipokine also causes stimuli in
macrophages [50,51]. Adiponectin promotes macrophage activation, inducing a proinflammatory
response that resembles M1 more than M2. It induces a limited program of inflammatory activation
that likely desensitizes these cells to future proinflammatory stimuli [50]. Cot/tpl2 also play an
important role in the production of inflammatory mediators upon the stimulation of macrophages with
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adiponectin. Furthermore, activation of this axis plays an important role in the M1 proinflammatory
program induced by adiponectin in macrophages [52].

Through phosphatidyl inositol 3-kinase (PI3K)/Akt, adiponectin induces the activation of the
enzyme IkB kinase. This enzyme is responsible for the degradation of inhibitory protein kB and thus
the consequent activation of NF-kB, which will promote the release of proinflammatory cytokines in
the nucleus and trigger the inflammatory response [51].

It must be highlighted that intracellular calcium levels are fundamental for the phagocytosis
process and to control the subsequent steps involved in phagosome maturation [53]. Here, colostrum
cells from mothers with high BMI values treated with adiponectin exhibited higher concentrations of
intracellular calcium, suggesting that it plays an important role in its mechanism of action. Intracellular
calcium is responsible for the control of various cellular processes including proliferation, differentiation,
and cell death [54]. Alterations in the intracellular Ca2+ influx by human cells may cause cell damage
and have been associated with apoptosis [55].

Considering that leptin was able to activate cellular oxidative mechanisms and that adiponectin
increased the calcium influx, we suggest that treatment with adiponectin plus leptin induces a more
efficient phagocytic response with an association mechanism that is dependent on ROS and intracellular
calcium, which culminated in increased rates of apoptosis. Possibly, this association potentiated the
microbicidal activity of these phagocytes, and thus led to the consequent increase in the levels of
apoptosis in the high BMI group.

According to the scientific literature, adipokines can enhance the cellular response, possibly
through activation of the classical NF-kB pathway, which regulates the genes responsible for the
production of most ROS in the cells [56].

From the literature, it is already known that the ratio between leptin and adiponectin is an
important parameter that can be used to indicate the risk of developing obesity and even metabolic
syndrome [19,20].

However, in this study, the data suggest that the actions of adiponectin and leptin on the functional
activity of colostrum cells occur by different mechanisms. Adiponectin is probably associated with
microbicidal activity, which is essential for the immunological response. Leptin induces high levels of
ROS, which, although important for microbicidal mechanisms, may be responsible for the inflammatory
processes generated by the activation of macrophages. Thus, their association is a considerable defense
strategy, because in addition to inducing apoptosis, it reduced oxidative stress to levels similar
to those of the non-obese group, and consequently may have controlled inflammatory processes.
The maintenance of the balance of adiponectin and leptin concentrations is essential for the adequate
function of mononuclear phagocytes and is extremely important for the immunologic and metabolic
programming that breastfeeding can confer to the child.

This study used a cross-sectional design that brings limitations to the research. It would be
interesting to develop a prospective cohort study to evaluate the effect of adipokines on human
colostrum phagocytes and on the health outcomes of infants during the childhood. Such research could
add important contributions that may allow the development of new strategies against the obesity
epidemic, for example, through the encouragement of maternal weight control or initiatives that use
colostrum and breast milk as an intervention strategy. In this sense, breastfeeding could be used at
strategic hours which take into account the serum fluctuations of adipokines. Thus, we could create
new alternatives with potential impacts against possible inflammatory processes caused by obesity as
well as reduce the prevalence of childhood infections.

5. Conclusions

Pre-gestational maternal overweightness and obesity alter the functional activity of human
colostrum phagocytes. In this study, the action of adiponectin on colostrum phagocytes did not alter
the level of reactive oxygen species and increased the release of intracellular calcium in obese women.
In contrast, leptin increased the level of reactive oxygen species and reduced the intracellular calcium
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concentration. The association of adiponectin with leptin was shown to be essential to restore the level
of reactive oxygen species and maintain the intracellular calcium level. It also contributed to better
microbicidal activity, thus reflecting an increase in the apoptosis level.

These data reinforce the importance of maternal weight control from the pre-gestational period to
ensure a balance among the endogenous concentrations of adipokines and to provide to the infant,
through breastfeeding, colostrum mononuclear cells that are capable of eliciting a more effective
response against childhood infection. Moreover, these data support the importance of breastfeeding in
the context of obesity to control the inflammatory process and reduce childhood infections.
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Abstract: There is ample scientific evidence to suggest a link between the fatty acid-binding protein 4
(FABP4) and insulin resistance, gestational (GDM), and type 2 (T2DM) diabetes mellitus. This novel
proinflammatory adipokine is engaged in the regulation of lipid metabolism at the cellular level.
The molecule takes part in lipid oxidation, the regulation of transcription as well as the synthesis of
membranes. An involvement of FABP4 in the pathogenesis of obesity and insulin resistance seems to
be mediated via FABP4-dependent peroxisome proliferator-activated receptor γ (PPARγ) inhibition.
A considerable number of studies have shown that plasma concentrations of FABP4 is increased in
obesity and T2DM, and that circulating FABP4 levels are correlated with certain clinical parameters,
such as body mass index, insulin resistance, and dyslipidemia. Since plasma-circulating FABP4 has
the potential to modulate the function of several types of cells, it appears to be of extreme interest
to try to develop potential therapeutic strategies targeting the pathogenesis of metabolic diseases
in this respect. In this manuscript, representing a detailed review of the literature on FABP4 and
the abovementioned metabolic disorders, various mechanisms of the interaction of FABP4 with
insulin signaling pathways are thoroughly discussed. Clinical aspects of insulin resistance in diabetic
patients, including women diagnosed with GDM, are analyzed as well.

Keywords: adipose tissue; fatty acid-binding protein 4; proinflammatory adipokine; insulin
resistance; gestational diabetes mellitus; type 2 diabetes mellitus

1. Introduction

Type 2 diabetes mellitus (T2DM) represents a common metabolic disorder that is characterized by
chronic hyperglycemia. For more than half a century, the link between insulin resistance and T2DM has
been well recognized. Insulin resistance is not only the most powerful predictor of future development
of T2DM, but it is also a therapeutic target. On the other hand, gestational diabetes mellitus (GDM) is
one of the most common metabolic disorders of pregnancy and its incidence has considerably increased
by 10–100% in the last 20 years [1]. It should be emphasized that women with a previous history of
GDM have a significantly increased risk of developing T2DM, obesity, and cardiovascular diseases
in the future [2–5]. Women who had prior GDM are nearly eight times more likely to develop future
T2DM compared with those with normal glucose tolerance during their pregnancy [6]. Up to one-third
of women with T2DM have been previously diagnosed with GDM [7,8]. The identification of women
with GDM who are at high risk of developing subsequent diseases offers a remarkable opportunity to
alter their future health [1,9].
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There is ample evidence to suggest a link between fatty acid-binding protein 4 (FABP4) and
insulin resistance, GDM, and T2DM.

2. Fatty Acid-Binding Protein 4

FABP4, also referred to in the literature as adipocyte fatty acid-binding protein (AFABP), is a
relatively novel adipokine [10], which belongs to the calycin protein superfamily. This protein has also
been termed adipocyte P2 (aP2) since there is high sequence similarity (67%) with the myelin P2 protein
(M-FABP/FABP8) [11]. FABP4 is highly expressed in adipocytes and represents approximately 1% of
all soluble proteins in adipose tissue [11]. FABP4 is able to reversibly bind to hydrophobic ligands, such
as saturated and unsaturated long-chain fatty acids, eicosanoids, and other lipids. Accordingly, it takes
part in the regulation of lipid trafficking and responses at the cellular level [12–15]. FABPs, a family
of intracellular lipid chaperones, are engaged in the transport of fatty acids to specific organelles in
the cell, including mitochondria, peroxisomes, the nucleus, and the endoplasmic reticulum [12,16].
Therefore, FABPs play a significant role in lipid oxidation, lipid-mediated transcriptional regulation,
and the signaling, trafficking, and synthesis of membranes. In addition, FABPs are also engaged in the
regulation of the enzymatic activity and storage of lipid droplets in the cytoplasm [17], the conversion
of fatty acids to eicosanoids, and the stabilization of leukotrienes [18].

The human FABP4 consists of 132 amino acids. Its molecular mass has been assessed at
14.6 kDa. FABP4 expression markedly increases at the time of adipocyte differentiation [12]. Due to
the abovementioned observation, this molecule has been suggested as an adipocyte differentiation
marker [19]. FABP4 expression is also enhanced during differentiation from monocytes to macrophages.
A wide spectrum of different proinflammatory factors modify and control the expression of FABP4
in these cells [20]. In macrophages, FABP4 stimulates the foam cell formation. Foam cell formation,
which is believed to be mediated by modified low density lipoproteins (LDLs), often occurs in
the presence of increased concentrations of insulin and glucose. These increased concentrations
are characteristic of the insulin resistance associated with diabetes, obesity, and the metabolic
syndrome [21]. Siersbaek et al. [22] found that peroxisome proliferator-activated receptor γ (PPARγ)
and CCAAT/enhancer-binding protein (C/EBP) regulate the expression of most genes associated with
adipogenesis. PPARγ not only promotes the proliferation and differentiation of adipocytes, but also
confers insulin sensitivity to adipocytes [23]. An increase in insulin sensitivity can in turn promote the
expression of the PPARγ gene in the adipose tissue, thereby positively accelerating the differentiation
of adipocytes. FABP4 expression is controlled at the transcriptional level by PPARγ and C/EBP [12].
However, the aforementioned transcriptional regulators seem to be dysregulated in T2DM [24,25].

Other actions encompass modifications of the inflammatory response mediated by activation of the
IKK-NF-κB and c-Jun N-terminal kinase (JNK)-activator protein-1 (AP-1) pathways [20]. In addition,
FABP4 enhances the hydrolytic activity of hormone-sensitive lipase (HSL) [26].

FABP4 as an adipokine may influence insulin sensitivity. On the other hand, the expression
of FABP4 is highly induced during adipocyte differentiation and transcriptionally controlled
by PPARγ agonists, fatty acids, dexamethasone, and insulin [27]. Insulin downregulates only
microvesicle-free-mediated and microvesicle-secreted FABP4. However, the release of FABP4 via
adipocyte-derived microvesicles is a small fraction and conveys a minor activity [27].

Furthermore, FABP4-/- animals exhibit a defect in β-adrenergic stimulated insulin secretion,
even under lean conditions, suggesting an effect on β cell function, another cell type that does not
express FABP4. This is complemented by human studies showing that higher serum FABP4 levels
correlate with a higher insulin response index in T2DM patients, and a higher insulinogenic index in
non-diabetics [28]. In vivo, FABP4 levels are suppressed under refeeding or insulin [28].

Various biological effects of exogenous FABP4 have been demonstrated in different types of cells;
FABP4 has been reported to enhance hepatic glucose production in vivo and in vitro and to increase
the proliferation of vascular smooth muscle cells and glucose-stimulated insulin secretion in pancreatic
β cells [29]. Furthermore, glucose oxidation and glycolysis are inhibited and glucose uptake as well as
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its utilization in the muscles and liver are considerably limited [30–32]. Moreover, FABP4 inhibits the
activation of the insulin-signaling pathway, resulting in decreased activation of the endothelial nitric
oxide synthase (eNOS) in vascular endothelial cells and nitric oxide production, inducing endothelial
dysfunction [33].

3. Relationship between FABP4 and PPARγ

An involvement of FABP4 in the pathogenesis of obesity and insulin resistance might be mediated
via FABP4-dependent PPARγ inhibition [34]. FABP4 triggers the ubiquitination and subsequent
proteasomal degradation of PPARγ, a crucial regulator of adipogenesis and insulin responsiveness [35].
Importantly, FABP4-null mouse preadipocytes as well as macrophages exhibited increased expression
of PPARγ, and complementation of FABP4 in the macrophages reversed the increase in PPARγ
expression. The FABP4-null preadipocytes exhibited a remarkably enhanced adipogenesis compared
with wild-type cells, indicating that FABP4 regulates adipogenesis by downregulating PPARγ [35].

The FABP4 level was higher and PPARγ level was lower in human visceral fat and mouse
epididymal fat compared with their subcutaneous fat. Furthermore, FABP4 was higher in the adipose
tissues of obese diabetic individuals compared with healthy ones. Suppression of PPARγ by FABP4 in
visceral fat may explain the reported role of FABP4 in the development of obesity-related morbidities,
including insulin resistance, diabetes, and atherosclerosis [35]. The most recent studies also suggest
that the FABP4 inhibitor-BMS309403 significantly improves insulin sensitivity in the ob/ob mice, and
the FABP4 inhibitor reduces plasma triacylglycerol levels [10].

PPARγ is activated by natural or synthetic agonists, such as the antidiabetic, thiazolidinedione
(TZD) [36]. The disruption of PPARγ specifically in myeloid cells also predisposes mice to the
development of diet-induced obesity, insulin resistance, and glucose intolerance, whereas activation of
PPARγ within macrophages promotes lipid efflux, thereby stabilizing atherosclerotic lesions [37,38].

4. Relationship between FABP4 and Diseases of Civilization

It has been reported that increased circulating FABP4 levels are associated with obesity, insulin
resistance, T2DM, cardiovascular disorders, arterial hypertension, cardiac dysfunction, kidney damage,
fatty liver disease, and atherosclerosis [10,29,31,32,39–42]. Increased FABP4 concentrations were
found in obese subjects and were positively correlated with waist circumference, blood pressure,
and insulin resistance [40]. A 10-year prospective study also documented that high FABP4 levels
independently predicted the development of T2DM [31]. An increased concentration of FABP4 was
an independent biomarker of the development of metabolic syndrome in a five-year perspective
in a Chinese population [41]. Also, Stejskal et al. [43] found that serum FABP4 levels might be a
significant predictor of metabolic syndrome in a Caucasian population. Cabré et al. [44] reported that
higher FABP4 plasma concentrations were associated with the early presence of metabolic syndrome
components, along with inflammation and oxidation markers in T2D subjects.

Circulating FABP4 is not only a potent biomarker, but, as an adipokine, it also plays an important
role in the development of metabolic syndrome and cardiovascular diseases [29]. Furthermore, FABP4
could be a treatment target in T2DM [45]. A small molecular ligand for FABP4 that blocks the binding
of endogenous ligands may be developed into a drug for the treatment of T2DM [46].

5. Associations of FABP4 with Adipogenesis and Inflammation

FABP4 plays a crucial role in the regulation of lipid-mediated actions, such as the initialization
of inflammation and oxidative stress processes [33]. The expression of this adipogenic protein
can be induced by vascular endothelial growth factor (VEGF) signaling [47]. FABP4 increases the
ciatriphosphate-binding cassette A1 pathway [32]. Emerging data suggests an essential involvement of
FABP4 in endothelial dysfunction [47]. Exogenous FABP4 interferes with insulin stimulated production
of nitric oxide in endothelial cells [48]. Cabré et al. [44] observed that increased FABP4 concentrations
were associated with excessive oxidative stress and inflammatory markers in diabetes.
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FABP4 negatively regulates PPARγ in macrophages and adipocytes, affecting adipocyte
differentiation. Higher levels of FABP4 and lower levels of PPARγ in visceral adipose tissue, when
compared with subcutaneous adipose tissue, suggest a causative link between FABP4 and the metabolic
syndrome. It may also explain certain morphological and functional differences between the adipocytes
found in these two types of fat tissue. Visceral preadipocytes are known to proliferate and differentiate
into mature adipocytes less actively than those from subcutaneous fat. Visceral adipose tissue secretes
more proinflammatory cytokines [35].

It has also been postulated that the transcription factor forkhead box protein O1 (FOXO1) is
involved in lipid metabolism. The available scientific evidence suggests that metformin may have
a protective effect against lipid accumulation in macrophages as it decreases FABP4 expression at
the mRNA level. The exact mechanism is not yet fully understood; it may deal with decreases
in transcription or by promotion of mRNA degradation. For this reason, some authors suggest
that metformin should also be perceived as a therapeutic agent for the prevention and targeting of
atherosclerosis in metabolic syndrome [49].

FABP4 contributes to the accumulation of short-chain free fatty acids and suppresses the activity of
relevant proteins in the phosphatidylinositol 3′-kinase (PI3K)-AKT signal pathway. Accordingly, FABP4
inhibits the presence of glucose oxidation and glycolysis and decreases the uptake and utilization
of glucose in human organs, such as in muscles and the liver [50]. It is known that FABP4 can bind
various intracellular fatty acids and probably mediates intracellular lipid trafficking between cellular
compartments [51]. It might also modulate the availability and composition of fatty acids in muscles
and adipose tissues [52]. In the myocytes and adipose tissue in mice, improved glucose homeostasis
after the ablation of FABP4 was documented [53].

Increased FABP4 production could contribute to macrophage activity, possibly by activation of
inflammatory pathways, resulting in inflammation [42]. An alternative hypothesis, more in line with
the published evidence, is that the elevated circulating FABP4 reflects the increased cellular production
in both adipocytes and macrophages in response to greater lipid availability, with increased Kupffer
cell production of FABP4 triggering an increased inflammatory response [42,54].

FABP4 plays a crucial role in mediating the endoplasmic reticulum stress observed in macrophages
upon lipotoxic signal exposure, which contributes to atherosclerosis, inflammation, and perhaps
plaque vulnerability [55]. High levels of FABP4 may contribute to adverse prognosis via the induction
of endoplasmic reticulum stress in macrophages and upregulation of pro-inflammatory cytokine
production. Indeed, FABP4 modulates inflammatory responses in macrophages through a positive
feedback loop involving c-Jun NH2-terminal kinases and activator protein-1 [42,56]. FABP4 is also
implicated in modulating the eicosanoid balance by affecting both cyclooxygenase 2 (COX2) activity
and leukotriene A4 (LTA4) stability, and upregulates uncoupling protein 2 (UCP2); all these processes
influence macrophage function and adipose tissue inflammation. FABP4 can also interact with HSL and
Janus kinase 2 (JAK2) [57] (Figure 1). Two different mechanisms of the latter action have been proposed.
The first one includes direct protein–protein interactions between FABP4 and HSL and JAK2 [58,59].
FABP4 and HSL may also interact indirectly via two protein kinases A and G pathways [29].
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Figure 1. Relationship between fatty acid-binding protein 4 and pathophysiology of type 2 diabetes
mellitus. COX2- cyclooxygenase-2; eNOS- endothelial nitric oxide synthase; FA- fatty acid; HSL-
hormone sensitive lipase; JNK AP1-Jun N-terminal kinase-activator protein 1; LTA4-leukotriene A4;
NF-κB-nuclear factor-kappa B; PGE2-prostaglandin E2; PPARγ–peroxisome proliferator-activated
receptor γ; UCP2-uncoupling protein 2.

Several proinflammatory stimuli have been reported to upregulate FABP4 expression in
macrophages, including oxidized low-density lipoproteins, toll-like receptor (TLR) agonists, and
PPARγ agonists [60–63]. In this respect, lipopolysaccharide (LPS), a TLR4 ligand, stimulates FABP4
expression and the activated FABP4, reciprocally, enhances the LPS-TLR4 signaling-evoked JNK
inflammatory pathways [56]. In addition, prolonged hyperglycemia has been shown to induce FABP4
expression in mesangial cells and trigger the release of proinflammatory cytokines [60,64] (Figure 2).
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Figure 2. Fatty acid-binding protein 4 inducing factors. TLR- toll-like receptor; LPS- lipopolysaccharide;
FABP4-fatty acid-binding protein 4.

6. Relationship between FABP4 and Insulin Resistance

FABP4 is a cytoplasmic fatty acid chaperone clearly engaged in the onset of insulin resistance [35].
Studies in animal models suggest that FABP4 is important for glucose homeostasis [50]. Deletion of the
FABP4 gene protected mice against insulin resistance as well as hyperinsulinemia associated with both
diet-induced obesity and genetic obesity [45,50,53,54,65,66]. A reduced ability of adipocytes to take up
and retain free fatty acids, leading to ectopic lipid accumulation, and abnormalities in the release of
adipokines by adipocytes are critical factors for insulin resistance and the development of T2DM [66].

FABP4 was also detected in apoptotic granulosa cells in atretic antral follicles of the mouse ovary,
which suggests a potential link to polycystic ovary syndrome (PCOS), which is known to be frequently
associated with insulin resistance [11]. Expression of FABP4 mRNA in isolated granulosa cells was
found to be higher in patients diagnosed with PCOS than in controls [67].

It has been proven that FABP4 is negatively correlated with the glucose-disposal rate (GDR) [68].
In non-DM subjects, serum FABP concentrations were negatively correlated with the mean rate
of glucose infusion during the last 30 min of the clamp test, which reflects insulin sensitivity [69].
Nakamura et al. [35] also showed that circulating FABP4 concentrations were negatively correlated
with GDR, which is a marker of insulin resistance in skeletal muscles in individuals with T2DM.
On the contrary, FABP4 concentration was positively related to the insulinogenic index in non-diabetic
participants. Wu et al. [70] reported that circulating FABP4 concentrations were correlated with
glucose-stimulated insulin secretion in healthy controls.

It has been suggested that insulinotropic potential of FABP4 is similar to the effects of glucagon-like
peptide-1 (GLP-1) [35]. To maintain glucose homeostasis, FABP4 may stimulate β cells and alter insulin
secretion. Moreover, FABP4 presented a positive relationship with insulin secretion at an early stage in
the non-diabetic group, which may be due to the fact that insulin secretion is damaged relatively early
in T2DM.
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Nakamura et al. [35] found the most pronounced negative correlation between FABP4 and GDR
when compared to some other markers of insulin resistance or body composition in T2DM. FABP4
has been reported to have a negative correlation with GDR in type 1 diabetes mellitus, T2DM, and
the controls of Asian Americans [71]. FABP4 represents an important molecule dealing with insulin
resistance in T2DM.

7. Relationship between FABP4 and Gestational Diabetes Mellitus

FABP4 and leptin are known to be involved in the pathophysiology of GDM and its long-term
post-partum complications. Placental and non-placental origins of these adipokines are likely to
contribute to insulin resistance and β-cell dysfunction [72].

Previous studies found that the serum FABP4 concentrations were significantly increased in
women diagnosed with GDM when compared to the control group [65,73,74]. Zhang et al. [65] found
that the fasting insulin and age adjusted FABP4 concentrations were significantly higher in the GDM
group compared with the normal glucose tolerance participants in the mid and late stages of pregnancy.
Furthermore, there was a significant increase in FABP4 from the second to third trimester in women
with GDM [65]. Maternal FABP4 concentrations were obviously upregulated in the first trimester in
women who later developed GDM [50]. Also, Li et al. [30] observed that FABP4 levels in the GDM
group were significantly higher than those of controls, and noted that FABP4 was an independent
risk factor for increased insulin resistance during pregnancy. Nevertheless, Ortega-Senovilla et al. [74]
did not find any differences in FABP4 levels between the GDM and normal glucose tolerance groups
when the FABP4 values were corrected with insulin. Meanwhile, the cited authors revealed significant
correlations between maternal blood FABP4 levels and pre-pregnancy BMI values in both control and
GDM pregnant patients [74].

Li et al. [32] explained the high circulating FABP4 levels in the maternal serum of pregnant
GDM women by its additional release from placenta and adipocytes. Expression of FABP4 mRNA in
the placenta and decidua of pregnant women with GDM is greater than that in normal organs [32].
Circulating FABP4 is associated with lipolysis and may aggravate insulin resistance compared to
normal physiological insulin resistance during pregnancy [54].

Moreover, candidates for the placental hormones to induce FABP4 overexpression in the placenta
and decidua in GDM include human placental lactogen and progesterone [32] as well as the
combination of estrogen and progesterone [75]. Their concentrations increase continuously until
term and may be associated with an increased insulin resistance along with the progressing gestational
age [43,48]. Elevated placental hormones present in serum in GDM may increase the expression of
FABP4 mRNA in adipocytes. The synergistic effects of FABP4 from the placenta and adipocytes can
affect both metabolic and inflammatory pathways via adipocytes. These actions may play crucial roles
in the development of insulin resistance and T2DM in the future lives of post-partum women [32].

On the other hand, FABP4 as expressed in human placental trophoblasts is a key regulator
of trophoblastic lipid transport and accumulation during placental development. It has also been
reported that maternal FABP4 levels are elevated in preeclampsia, even before the clinical onset of the
disease [11]. The level of the second trimester plasma FABP4 in the preeclampsia GDM group was
significantly higher than that of the patients with only GDM [76]. Besides, Wotherspoon et al. [77]
revealed that increased second-trimester FABP4 levels independently predicted pre-eclampsia in
women with type 1 diabetes mellitus.

The serum FABP4 levels were also associated with overweight in GDM patients. Ning et al. [11]
concluded that serum FABP4 may be a potential biomarker in GDM diagnosis and is associated with
overweight, insulin resistance, and TNF-α in GDM patients.

Our previous study showed that the serum FABP4 levels were significantly higher in the GDM
group in the early puerperium in comparison with healthy mothers and women with excessive
gestational weight gain [2]. Based on our findings and previous studies, it appears that increased
circulating FABP4 concentrations can persist in GDM patients after delivery and might contribute to
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the increased risk of T2DM and metabolic syndrome. On the other hand, evaluation of FABP4 may be
used as a predictive marker for mothers with a history of GDM [2].

In a follow-up study of women six years after GDM, Svensson et al. [78] identified three
factors—all related to the adipose tissue and body composition—that, independently of body mass
index (BMI) and ethnicity, may increase the risk of progression to T2DM following GDM. These factors
included increased serum FABP4 levels, weight gain following index pregnancy, and a lower proportion
of fat-free mass. High BMI and abdominal fat distribution were also associated with the development
of T2DM after GDM [78].

8. Relationship between FABP4 and T2DM and its Complications

A 10-year prospective study proved that high levels of FABP4 at baseline independently predicted
the development of T2DM [33]. Serum FABP4 concentrations have been reported to be associated
with inadequate glucose control in T2DM [33]. Increased FABP4 levels are also linked to the early
presence of metabolic syndrome components, as well as inflammation and oxidation markers in T2DM
subjects [44]. Inflammation and oxidative stress are suggested to play a role in the pathogenesis of
complications of T2DM [10,79,80].

A previous study showed that the concentrations of FABP4 were negatively associated with
endothelial function in T2DM [81]. Another study identified a correlation between FABP4 and impaired
endothelial function in diabetes, which lead to an increased cardiovascular risk [82]. Furthermore, the
prognostic value of FABP4 for kidney damage [83] and cardiac contractile dysfunction [84] in patients
with T2DM have also been proposed. In addition, previous studies suggest that increased FABP4
synthesis in atherosclerotic plaques is associated with disease severity [85,86]. Holm et al. [87] reported
that FABP4 was linked to atherogenesis, plaque instability, and adverse outcomes in patients with
carotid atherosclerosis and acute ischemic stroke. Two other studies have shown the association of
enhanced FABP4 expression within human carotid atherosclerotic lesions with poor prognosis [85,86].
There is available data to suggest that higher levels of FABP4 are also associated with elevated
cardiovascular diseases mortality among men with T2DM [42,88].

9. Relationship between FABP4 and Diabetic Retinopathy

FABP4 shows clinically relevant potential as a novel predictor of diabetic retinopathy (DR).
According to some authors, strict glycemic control and more frequent retinal examination should be
recommended for the T2DM patients with the detected highest quartile range of FABP4 [10].

The impact of FABP4 on atherosclerosis seems to be attributed to its action in macrophages [89].
Circulating FABP4 induces insulin resistance, which is an independent biomarker of proliferative
retinopathy [90]. Lipopolysaccharides (LPS) stimulate FABP4 transcription through JNK, which in
turn induces c-Jun recruitment to a highly conserved activator protein-1 recognition site within the
proximal region of the FABP4 promoter [56]. LPS-binding protein is involved in the immune response
triggered by inflammatory injury characteristic of DR. Moreover, FABP4 is an obligatory mediator
coupling toxic lipids (i.e., saturated fatty acids) to endoplasmic reticulum stress in macrophages
in vitro and in vivo [55]. Interestingly, endoplasmic reticulum stress represents an initial event in retina
pathogenesis in diabetes [10,91].

10. Relationship between FABP4 and Diabetic Nephropathy

In the past decades, several biomarkers have emerged for the detection of early diabetic
nephropathy (DN) besides the glomerular filtration rate (GFR) and urine albumin-to-creatinine ratio
(UACR). Among them, FABP4 has attracted increased attention [92]. FABP4 was also reported at
increased concentrations in nondiabetic as well as T2DM patients with end-stage renal disease [93].
Yeung et al. [94] reported that serum levels of FABP4 had a significantly inverse relationship with the
estimated GFR (eGFR) and was independently associated with macrovascular complications and DN
staging classified by albuminuria.

98



Cells 2019, 8, 227

Cabré et al. [73] reported that FABP4 was independently associated with eGFR in T2DM patients
with eGFR ≥ 60 mL/min/1.73 m2. Ni X et al. [92] found that serum FABP4 along with UACR or
a panel of biomarkers might be more sensitive for the detection of early DN. Serum FABP4 had an
inverse correlation with GFR and could be an independent predictor for early DN [92].

The mechanisms behind the elevation of FABP4 in patients with diabetic kidney disease are not
yet fully understood. It is known that FABP4 is abundantly expressed in adipocytes, macrophages, and
endothelial cells [92]. Firstly, it is suggested that, during the early stage of DN, the accumulation of
active macrophages is more evident in the kidney because of the increased oxidative stress and chronic
inflammation, which consequently induces greater expression of serum FABP4 [44,94]. Secondly,
damage to glomeruli and tubulointerstitium might result in both decreased glomerular filtration and
increased tubular reabsorption, leading to an increase in FABP4 in the circulation [83]. Okazaki et
al. [16] reported that urinary excretion of FABP4 was associated with the progression of proteinuria
and renal dysfunction in healthy subjects. The cited authors suggested that the urinary FABP4 reflects
damage of the glomerular with the hypothesis proposed by Tanaka et al. [13] that the main source
of the urinary FABP4 is derived from ectopic expression of glomerular FABP4 rather than increased
adiposity and that locally increased FABP4 in the glomerulus affects renal dysfunction.

Toruner et al. [93] found that serum FABP4 levels were independently and positively associated
with the albumin excretion rate in patients with T2DM, suggesting an involvement of the increased
serum FABP4 levels in the occurrence and development of microalbuminuria among patients with
T2DM. Furthermore, researchers from Hong Kong [94] also documented that among patients with
diabetes mellitus, serum FABP4 levels were shown to be independently associated with the severity of
nephropathy. Their findings raised the possibility that FABP4 might be used as a serum biomarker
for stratifying nephropathy stages in patients with T2DM. The serum FABP4 level can be used as
an indicator of microalbuminuria not only in diabetic patients with early stage disease, but also for
hyperglycemic individuals before the onset of diabetes [95].

11. Relationship between FABP4 and Non-Alcoholic Fatty Liver Disease

There are multiple reports available that clearly link metabolic disorders, including insulin
resistance and T2DM, to non-alcoholic fatty liver disease (NAFLD), which nowadays represents the
most frequent liver disease worldwide. Its incidence has been estimated at 20–30% in the populations
of Western countries. Approximately 70% of T2DM and obese subjects present some extent of
NAFLD. This abnormal lipid accumulation in the liver is considered a significant causative factor of
cancerogenesis resulting in hepatocellular carcinoma (HCC) [96].

At present, HCC represents the third leading cause of cancer-related mortality. Interestingly,
except for the well-known risk factors of malignancy, such as viral hepatitis and alcohol, a higher
incidence of HCC was observed in T2DM patients. In the analysis, obese subjects and patients with
metabolic syndrome were also at a higher risk of developing cancer [96]. Additionally, HCC treatment
outcomes of all those patients appeared worse with T2DM, representing a prognostic predictor of the
increased risk of mortality [96].

In a study by Thompson et al., the FABP4 expression was indeed proven to be significantly
increased in animal models of obesity promoted HCC [97]. These findings are consistent with the
previous report, which concluded that PPARγ is considered a tumor suppressor gene, whereas FABP4
plays a role in tumorigenesis [35].

12. Conclusions

FABP4, an intracellular lipid chaperone, is highly expressed in adipocytes and macrophages [98].
Abnormalities in the level of FABP4 have been correlated with the development of adiposity,
oxidative stress, and atherosclerosis [40]. FABP4 is strongly involved in glucose and lipid metabolism,
inflammation, and insulin resistance [76]. In one of the most recent systematic reviews by Bellos et al.,
targeting the potential association of 10 novel adipokines (i.e., apelin, chemerin, FABP4, fibroblast
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growth factor-1, monocyte chemoattractant protein-1, nesfatin-1, omentin-1, resistin, vaspin, and
visfatin) with GDM, only FABP4 was found to be the most promising predictor of this metabolic
pregnancy complication [99].

In fact, a large number of studies have shown that plasma levels of FABP4 are increased in
obesity and T2DM, and that circulating FABP4 concentration correlated with clinical outcomes, such
as body mass index, insulin resistance, and dyslipidemia [33]. Since the plasma-circulating FABP4
can modulate the function of several types of cells, it becomes extremely interesting to try to develop
effective therapeutic strategies against the pathogenesis of metabolic and vascular diseases in this
respect [33].

Furthermore, several studies have shown that serum FABP4 levels of GDM patients were higher
than those found in women with normal pregnancies [30,65,73,76]. According to the current state of
scientific knowledge, females with a previous history of GDM are much more prone to suffering from
T2DM, obesity, and metabolic syndrome in the future. There is a huge need to use current research
results regarding improved GDM management strategies, including primary prevention for mothers
who are at risk of developing subsequent complications. Considering previous findings, it seems that
FABP4 may be used as a predictive marker for mothers with a history of GDM. Further studies should
focus on the evaluation of FABP4 in the pathogenesis of T2DM following GDM.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is expected to soon become the second leading
cause of cancer related deaths in the United States. This may be due to the rising obesity prevalence,
which is a recognized risk factor for PDAC. There is great interest in deciphering the underlying
driving mechanisms of the obesity–PDAC link. Visceral adiposity has a strong correlation to certain
metabolic diseases and gastrointestinal cancers, including PDAC. In fact, our own data strongly
suggest that visceral adipose tissue inflammation is a strong promoter for PDAC growth and
progression in a genetically engineered mouse model of PDAC and diet-induced obesity. In this
review, we will discuss the relationship between obesity-associated adipose tissue inflammation and
PDAC development, with a focus on the key molecular and cellular components in the dysfunctional
visceral adipose tissue, which provides a tumor permissive environment.

Keywords: obesity; adipose tissue inflammation; pancreatic ductal adenocarcinoma

1. Obesity and Pancreatic Ductal Adenocarcinoma

Pancreatic cancer, of which pancreatic ductal adenocarcinoma (PDAC) accounts for the vast
majority, is an aggressive disease with an overall 5-year survival rate of ~8% [1]. Currently, as the third
leading cause of cancer mortality in both men and women, pancreatic cancer is expected to soon become
the second leading cause of cancer-related deaths in the United States [2]. One of the recognized risk
factors for PDAC and several other gastrointestinal cancers is obesity [3–8]. A recent analysis by the
National Institutes of Health reported that 16.9% of all PDAC cases in the Unites States are estimated
to be attributable to excess body weight (in comparison, the proportion of PDAC cases attributable to
cigarette smoking was 10.2%) [9]. Besides promoting tumorigenesis, obesity might also complicate the
treatment of established cancers [10], not only by altering the pharmacokinetics and pharmacodynamics
of administered anti-cancer drugs [11], but also by modulating the tumor microenvironment (TME) [12].
Notably, worse prognosis is reported in patients who are either overweight or obese at the time of PDAC
diagnosis [13,14]. Considering the current obesity pandemic, there is great interest in deciphering the
underlying biological basis of this compelling epidemiological link.

The mechanisms underlying the obesity–cancer link are likely multifactorial, with metabolic
perturbations and inflammation being the current research focus. Other mechanisms, such as alterations
in the gut microbiome, changes in gastrointestinal peptides, and sex hormones, certainly play an
important role as well. For example, obesity-associated insulin resistance and hormonal changes
(e.g., compensatory hyperinsulinemia and elevated insulin-like growth factors (IGFs)) are among the
various driving mechanisms postulated to explain the obesity–cancer link [15]. In accordance with
this notion, type 2 diabetes, hyperinsulinemia, and increased circulating IGF-1 are established risk
factors for pancreatic and other types of cancers [16–20]. In addition to the insulin/IGF axis, increasing
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attention has focused on adipose tissue (AT) dysfunction characterized by a pro-inflammatory state,
which can contribute not only to the pathogenesis of insulin resistance [21] but also to the development
and promotion of cancer. Utilizing a genetically engineered mouse model of PDAC and diet-induced
obesity, our own data suggest that inflammatory responses in the AT surrounding the pancreas is a
strong promotional factor for PDAC growth and progression [22]. AT inflammation associated with
increased abdominal adiposity, which involves various cellular and extracellular components (e.g.,
infiltrated macrophages and cytokines), can shape the peri-tumoral micro-environment favorable for
PDAC development, both locally and systemically. More detailed cellular and molecular characteristics
of dysfunctional and inflamed AT associated with the obese state, and their roles in tumor development,
will be discussed in the later sections.

2. The Role of Adipose Tissue Inflammation in Obesity-Promoted Tumor Development

2.1. Classification and Physiological Roles of AT

White adipose tissue (WAT), the most abundant type of AT in adult humans, stores excess energy
in the form of triglycerides, which can be mobilized via lipolysis to release fatty acids for usage by
other tissues. Based on anatomical locations, AT can also be organized into different types of depots:
Subcutaneous and visceral. These depots are heterogeneous with regard to their morphological,
molecular, and metabolic profiles [23], and exhibit major gender differences. Visceral adipose tissue
(VAT), which encompasses omental, mesenteric, and other intra-abdominal fat pads, is considered
of great relevance in obesity-related comorbidities, as increased VAT area is more closely associated
with metabolic dysfunction and cancer than subcutaneous fat [7,23–25]. Surgical removal of VAT
prior to high fat diet feeding is shown to prevent obesity-induced insulin resistance in mice [26].
Since VAT is in close proximity to digestive organs, including the pancreas, and is the primary source
of systemic and local chronic inflammation during obesity [27], it is particularly pertinent to the topics
covered in this review. For example, VAT (but not subcutaneous fat) and pancreatic fatty infiltration
are significantly correlated with pancreatic intraepithelial neoplasia (PanIN), the precursor lesions of
PDAC [28]. Interestingly, the increased PDAC incidence in obese conditional KrasG12D (KC) mice was
largely observed in male animals [29], which correlated with a greater expansion of VAT in obese male
mice, as compared to obese female mice that preferentially gained subcutaneous fat [22].

Besides being a key regulator of energy homeostasis, AT is regarded as an important endocrine
organ secreting various factors collectively known as “adipokines”, and growingly recognized as a
prominent immune site harboring macrophages and other types of immune cells. Overall, this dynamic
organ is composed of mature adipocytes and the “stromal-vascular fraction” comprising a mixture
of mesenchymal, hematopoietic, and endothelial cell types. Under homeostatic conditions, the cells
with diverse functional roles act cooperatively to support the metabolic and physiological functions
of the organ. Specifically, healthy AT maintains an anti-inflammatory phenotype characterized by
the secretion of anti-inflammatory adipocytokines (e.g., adiponectin) and enrichment of regulatory
immune cells, such as M2 macrophages, eosinophils, Th2 leukocytes, and myeloid-derived suppressor
cells that limit AT inflammation. In obesity, on the other hand, the regulatory anti-inflammatory
network in AT is disrupted and skewed to a pro-inflammatory state, with substantial changes in
adipokines and the number and function of AT immune cells (see next section), leading to sustained
chronic inflammation.

2.2. Obesity-Associated AT Inflammation

Chronic over-nutrition is manifested as adipose tissue expansion via hyperplasia (increase in
adipocyte numbers) and/or hypertrophy (enlargement of existing adipocytes). Adipocyte hyperplasia,
which occurs more readily in subcutaneous depots than in VAT, is normally associated with no/weak
inflammation and improved insulin sensitivity and therefore regarded as a “metabolically healthy”
expansion of AT. Conversely, visceral adipocyte hypertrophy, which is often associated with cellular
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stress, pro-inflammatory responses, and impaired insulin sensitivity, is recognized as unhealthy
pathological expansion and an important contributor to the obesity-related metabolic disorders [30].
When hypertrophic adipocytes are overloaded with lipids, they become hypoxic and undergo
stress responses and cell death, which are correlated with a pro-inflammatory secretome, increased
pro-inflammatory immune cell infiltration, and ectopic lipid deposition in other metabolically active
organs [31], each of which may contribute to progressive insulin resistance and the pathogenesis of
type 2 diabetes.

Adipocyte hypertrophy is associated with a shift in the adipokine secretion profile [32].
Specifically, there is a significant increase in the production of pro-inflammatory factors, such as
leptin, tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), monocyte chemoattractive protein-1
(MCP-1), and plasminogen activator inhibitor-1 (PAI-1). On the contrary, the release of adiponectin,
a major anti-inflammatory adipokine, is reduced with increased adiposity in response to AT
inflammation [33]. These adipocyte-derived mediators, which link adipocytes with adipose-resident
immune cells, lead to an altered composition of the adipose stromal-vascular fraction characterized
by reduced numbers of anti-inflammatory cells (e.g., eosinophils, T-regs, Th2 cells) and an increased
recruitment of pro-inflammatory Th1 cells, neutrophils, IFNγ-producing natural killer (NK) cells, and
monocytes/macrophages [34,35].

The detailed landscape of immune cell changes in AT during obesity is extremely complex and
virtually every immune cell type plays a role in obesity-associated metabolic diseases [36]. However, the
most prominent feature is monocyte infiltration and differentiation into pro-inflammatory macrophages,
which surround necrotic adipocytes and form the histological hallmark of AT inflammation called
“crown-like structures” [37]. AT macrophages (ATM), which can account for up to 50% of the cellular
content in the obese AT, are the primary source of pro-inflammatory cytokines (e.g., IL-6, TNF-α,
IL1-β), and have been shown to be centrally important in obesity-related metabolic dysfunction [38–41].
The increase in ATM abundance during obesity is crucial for exacerbating the inflammatory response
and is mainly caused by the recruitment of circulating bone marrow-derived monocytes through
an MCP-1 (CCL2)/CCR2- dependent mechanism [42–44]. While resident ATMs in the lean state
display an anti-inflammatory M2-polarized phenotype, obesity-associated ATM polarize towards
the pro-inflammatory M1 state in response to the disturbed immune and cytokine profile and other
environmental cues [35]. Interestingly, the oversimplified M1/M2 dichotomy is revised by the recent
discovery of the “metabolically-activated” type ATM, which is metabolically activated by excessive
saturated free fatty acids (FFAs), hyperinsulinemia, and hyperglycemia and is functionally distinct
from the classical M1 macrophage activated by bacterial challenge [45]. As mentioned above, it is
well established that AT inflammation and ATMs play a key role in the pathogenesis of metabolic
syndromes, mainly via secreted mediators. However, much less is known about their role in cancer,
especially PDAC.

Besides intrinsic danger signals, exogenous factors, such as gut microbiota-derived
pathogen-associated molecular patterns (PAMPs), are also implicated in the reprogramming of
immune cells toward pro-inflammatory subtypes in obese AT. Diet-induced obesity is associated
with a robust change in gut microbiota composition [46,47] and impaired intestinal barrier integrity,
correlating with an increased expression of pro-inflammatory cytokines in the AT [48,49]. Induced by
gut dysbiosis and leaky intestinal tight junctions, circulating levels of lipopolysaccharide (LPS;
a cell wall component of gram-negative bacteria) are found to be 2 to 3-fold higher in obese
humans and rodents as compared to their lean counterparts, a phenomenon known as “metabolic
endotoxemia” [50,51]. Elevated LPS levels in tissues, e.g., AT, can stimulate the innate immune
response by activating Toll-like receptor 4 (TLR4) on macrophages, leading to the induction of NF-κB
and pro-inflammatory cytokine production. Using germ-free mouse models, microbiota-derived
LPS has been shown to promote macrophage infiltration and M1 polarization in WAT, independent
of its role in regulating fat mass and glucose metabolism [52]. Additionally, mice fed a diet rich
in saturated lipids (lard) exhibited reduced insulin sensitivity, enhanced WAT inflammation, and
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increased activation of TLRs compared with mice fed a fish oil diet, and such phenotypic differences
were in part attributable to differences in gut microbiota composition [53]. These authors further
demonstrated that lard-induced ATM accumulation was mediated by adipocyte-produced MCP-1,
which was induced by microbial-derived factors through activation of TLR4 and the downstream
adaptor molecules, MyD88 and TIR-domain-containing adapter-inducing interferon-β (TRIF) [53].
Together, these data strongly suggest that intestinal microbiota contribute to changes in immune cell
function and AT inflammation during diet-induced obesity.

2.3. AT Inflammation in PDAC Development: The Molecular Links

Inflammation has long been associated with the development of cancer, including PDAC [54,55].
In a mouse model of obesity-promoted KrasG12D-driven pancreatic neoplasia, with obesity induced by
a high-fat high-calorie diet (HFCD), we observed a higher percentage of advanced PanIN lesions [56]
and increased PDAC incidence [29], accompanied by prominent signs of inflammatory immune
cell infiltration and elevation of pro-inflammatory cytokines in the pancreas [56] as well as the
peri-pancreatic AT [22]. In addition, deficiency in hormone-sensitive lipase (HSL) was associated
with AT inflammation and an acceleration of pancreatic cancer development in conditional KrasG12D

mice [57]. Cumulating evidence suggest a model in which diet-induced obesity leads to a robust
inflammatory response in visceral peri-pancreatic (or intra-pancreatic [28]) adipose tissue, which may
in turn promote inflammation and neoplastic progression in the neighboring pancreas, via soluble
factors secreted from adipocytes and/or adipose-infiltrating immune cells.

2.3.1. Leptin, Adiponectin, and Other Adipokines

Obese individuals are characterized by dramatic changes in adipokine production, and several of
these adipokine changes are associated with cancer development. The most prominent examples are the
increased levels of the pro-inflammatory leptin [58,59] and the reduced levels of the anti-inflammatory
adiponectin [60,61]. In several cancer models, leptin has been shown to promote cell proliferation,
migration, and invasion through activation of the Janus Kinase/Signal Transducer and Activator
of Transcription (JAK/STAT) pathway and the subsequent oncogenic phosphatidylinositol 3-kinase
(PI3K)/Akt and extracellular signal-regulated kinase (ERK) signaling, leading to increased expression
of inflammatory cytokines, angiogenic factors, and apoptotic proteins [61–64]. Adiponectin, on the
other hand, seems to exert antagonistic effects on tumor growth and progression through activation
of AMPK and protein tyrosine phosphatase 1B (PTP1B) [62,65]. However, the roles of circulating
leptin and adiponectin in PDAC development remain debatable [66], as some studies found higher
adiponectin/leptin ratios associated with pancreatic cancer [67,68]. Also, adiponectin transcription
is activated by nuclear receptor 5A2 (NR5A2), an important risk factor identified by a genome-wide
association study (GWAS) for pancreatic cancer [69]. Further, in our recent study using HSL deficient
conditional KrasG12D mice, decreased plasma leptin levels were observed in animals with advanced
PDAC [57], suggesting that leptin may not play a central mechanistic role in PDAC promoted by
AT inflammation. Besides systemic effects, adipokines generated by adjacent adipose tissue might
act locally directly on tumor cells [70,71] or modulate inflammation and immunity in the pancreatic
TME [72,73]. In that regard, it is noteworthy that lipocalin 2, a novel adipokine elevated in obesity
subjects [74], has been shown to promote obesity-associated PDAC by stimulating the pro-inflammatory
response in the TME [75].

2.3.2. Pro-Inflammatory Cytokines and Chemokines

Although the events initiating obesity-associated AT inflammation are not completely understood,
increased pro-inflammatory factors produced by adipocytes and infiltrating ATMs or other immune cells
in the dysfunctional AT create a systemic and local inflammatory environment. Some of these factors
elevated in obese subjects, such as tumor-promoting cytokines (e.g., TNF-α and IL-6) and monocyte
chemo-attractants (e.g., MCP-1 [76,77]), are implicated in PDAC development and progression.
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Increased expression of TNF-α is observed in obese AT [40,78], where this key pro-inflammatory
cytokine is thought to act locally as an autocrine or paracrine cytokine, since systemic TNF-α levels
do not necessarily reflect local changes in TNF-α concentrations [78,79]. A central role for TNF-α
in obesity-associated early pancreatic tumor promotion has been demonstrated by genetic deletion
of tumor necrosis factor receptor 1A (TNFR1) [80]. Functionally, TNF-α activates JNK and NF-κB
pathways, which are known to promote cell proliferation, invasion, and metastasis in various cancers,
including human PDAC, where NF-κB is constitutively activated [81–83]. NF-κB activation by TNF-α
can crosstalk with Notch signaling, which cooperates with oncogenic KRAS to promote PDAC
progression [84]. In addition, activated NF-κB can stimulate the production of chemokines (such
as MCP-1), by adipocytes and pre-adipocytes, leading to increased infiltration of pro-inflammatory
macrophages [85,86]. Further, NF-κB is a critical transcription factor of M1 macrophages, regulating
the expression of a variety of inflammatory genes, including those encoding IL-6, IL-1β, MCP-1, and
cyclooxygenase-2 (COX-2), shown to play important roles in obesity-related PDAC promotion [55].
Adipose expression of IL-6, another key modulator in inflammation-associated tumorigenesis [87,88], is
also upregulated in obese individuals [40,79]. IL-6 exerts its pro-tumorigenic and pro-invasive activities
through the activation of the STAT3 signaling pathway, which is essential for PDAC development
in the Kras-driven mouse model [89–91] and observed in human PDAC [92,93]. The effects of IL-1
are similar to those of TNF-α, and IL1β gene promoter single nucleotide polymorphisms (SNPs) are
linked with pancreatic cancer risk [94]. These key cytokines, whose production is increased with
obesity, also play critical roles in insulin resistance [78,95], adipokine regulation [96], and tumor stroma
modulation [12,97,98], indirectly influencing tumor cell growth. Importantly, these inflammatory
cytokines are associated with a poor prognosis in PDAC [99–101]. Overall, PDAC progression
is characterized by convergent activation of inflammatory transcriptional factors (i.e., NF-κB and
STAT3) [102], which can be stimulated by the pro-inflammatory cytokines whose secretion is markedly
enhanced in dysfunctional AT with increased adiposity (especially visceral adiposity).

2.3.3. Microbiota and Obesity-Promoted PDAC

The gut microbiome could be closely related to obesity-associated chronic inflammation though
TLR activation in the immune cell compartment, amplifying inflammatory responses and cytokine
production that can fuel tumor growth. Although the effects of gut microbiota on tumorigenesis
are mostly highlighted in other inflammation-driven, obesity-related gastrointestinal malignancies
(e.g., colon and liver cancer) [103], it is well-documented that dysbiosis of oral bacteria is associated
with increased risk for pancreatic cancer [104–106]. In experimental mouse models, LPS and TLR4
activation could enhance the severity of acute pancreatitis [107,108]. Also, ligation of TLRs, possibly
through NF-κB and MAP kinase pathways, are shown to exacerbate pancreatic fibro-inflammation
and accelerate Kras-driven pancreatic tumorigenesis [109–111]. However, less is known regarding
how obesity-induced gut dysbiosis and AT inflammation contribute to PDAC development. Based on
evidence linking the microbiome and inflammation-associated PDAC, and the notion that metabolic
endotoxemia can be a strong promoter of ATM infiltration and M1 polarization, gut bacteria are likely
to play a role in the interface of obesity, AT inflammation, and PDAC. Regardless, these interactions
need to be further tested in the context of obesity.

2.3.4. Other Factors Associated with AT Dysfunction in Obesity

Obesity and the inflammatory environment are typically associated with oxidative stress, another
important feature of dysfunctional AT, conferring genetic instability that can promote the acquisition of
oncogenic mutations in neighboring pancreatic cells [112,113]. The elevated oxidative stress can result
from enriched reactive oxygen species (ROS) and reactive nitrogen intermediates (RNIs) generated
by inflammatory cells, as well as mitochondrial dysfunction and lipid oxidation related to increased
release of surplus free fatty acids (FFA) and ectopic fat deposition. Interestingly, in our previous study
involving a mouse model of obesity-promoted PDAC, exome sequencing of advanced pancreatic
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intraepithelial neoplasia (PanIN) lesions identified numerous genetic variants unique to the HFCD (and
diet-induced obesity) group [29]. These genetic alterations are found in genes involved in oncogenic
pathways that are commonly implied in PDAC, including the insulin and PI3K/Akt pathway.

3. Interventional Perspectives

Based on the increasingly recognized link between obesity-induced AT inflammation and PDAC
development, AT inflammation has become an intriguing target for PDAC interception. There are
several possibilities to disrupt the promoting effects of (obesity-induced) AT inflammation on PDAC
growth and progression. Besides general health-promoting strategies aimed at reducing obesity (e.g.,
weight reduction), which certainly will positively impact AT inflammation, a detailed understanding of
the mechanistic link between AT inflammation and PDAC will lead to targeted approaches. Inhibiting
major pro-inflammatory mediators secreted by inflamed AT or blocking cytokine receptors in the
pancreas might be a promising approach. For example, anti-TNF-α antibodies and antagonists of IL-1
and IL6 receptors exhibit anti-tumor effects in pre-clinical models of PDAC [101,114–117]. However,
the blockade of these cytokines, although proven to be effective in treating other inflammatory diseases,
has had limited success in patients of metabolic diseases [118,119] or PDAC [120,121]. Given the
complexity of the immune cell changes and inflammatory responses in the AT during obesity, with the
multitude of inflammatory mediators, targeting single or even few cytokines simultaneously might not
be the best strategy. Blocking major pathways driving the inflammatory response in obese AT seems to
be preferable. An intriguing approach with clear and rapid translational potential is the use of Food
and Drug Administration (FDA)-approved drugs, e.g., statins.

Statins are lipid-lowering drugs that inhibit HMG-CoA reductase, which plays a central role
in the production of cholesterol. High cholesterol levels have been associated with cardiovascular
disease (CVD). Statins have been found to reduce CVD and mortality in those who are at high
risk [122]. The evidence is strong that statins are effective for treating CVD in the early stages of a
disease (secondary prevention) and in those at elevated risk but without CVD (primary prevention).
There is intense interest in repurposing statins in cancer [123]. A recent meta-analysis of 95 cohorts
including 1,111,407 individuals concluded that statin therapy has potential survival benefit for patients
with malignancy [124]. Several large studies support the preventive effect of statins in selected
cancers. Although some early epidemiologic studies reported no beneficial effects of statins on
PDAC risk [125–128], several recent studies associated statins with a significantly lower risk of cancer,
including PDAC [129–134]. In a large case-control study, statin use was associated with a 34% reduced
PDAC risk, with a stronger association in male subjects [133]. In a case control study of 408 patients
with PDAC and 816 matched controls, statin use was associated with reduced PDAC risk (odds ratio:
0.61; 95% CI: 0.43–0.88) [135]. In this study, the protective effect of statin was dose-dependent and
stronger in obese patients. Very recently, a meta-analysis of 26 studies containing more than 3 million
participants and 170,000 PDAC patients found a significant decrease in PDAC risk with statin use
(RR: 0.84; 95% CI: 0.73–0.97) [136]. In patients with chronic pancreatitis, statins lowered the risk of
progression and pancreatic cancer [137]. In addition, statins have been shown to improve survival
after resection of early PDAC, indicating a potential benefit for secondary prevention [138–140].

Besides their cholesterol lowering effects, statins are known to have anti-inflammatory
properties [141]. Statins attenuate AT inflammation in various human conditions and experimental
models [142–145]. The improvement of AT inflammation by statins correlated with a reduction of
inflammatory cell infiltration. In addition, statins have been found to decrease circulating MCP-1
levels, which are elevated in obese patients [76,146]. Importantly, statins elicited an anti-inflammatory
M2-polarization of macrophages [145,147]. In our own study using a genetically engineered mouse
model of pancreatic cancer promoted by diet-induced obesity, we found that oral administration of
simvastatin attenuated early pancreatic neoplastic progression [148], which was accompanied by a
marked reduction of inflammation in the VAT (unpublished; Figure 1).
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simvastatin (sim). *: p < 0.01 vs. CD; #: p < 0.01 vs. HFCD 
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G-proteins, e.g., Ras homolog gene family, member A (RhoA), cell division control protein 42 
homolog (Cdc42), and Ras-related C3 botulinum toxin substrate 1 (Rac1), to attach to lipid 
membranes. Activation of Rho family members GTPases (guanosine triphosphate hydrolases) 
modulate the actin cytoskeleton, which has been shown to be an important regulator for macrophage 
polarization [149]. Our own unpublished data showed that lipophilic statins significantly attenuate 
pro-inflammatory signaling in macrophage cell lines through inhibition of the mevalonic acid/protein 
prenylation/actin cytoskeleton pathway. Besides their beneficial effects on AT inflammation, statins 
also have significant effects on PDAC cells [150–152]. Overall, statins show great promise for PDAC 
prevention/interception, in particular in the setting of obesity.  
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There is clear evidence that obesity increases the risk of pancreatic cancer. Obesity-induced AT 
inflammation is increasingly recognized as an important driver of the pathophysiologic process 
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cytokines may thereby promote the proliferation and survival of transformed cells in the adjacent 
pancreas. Although numerous immune cells have been shown to be involved in maintaining 
sustained AT inflammation in obesity, AT macrophages clearly play a central and critical role in 
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promotional driver of obesity-associated PDAC, strategies to inhibit obesity-induced AT 
inflammation are an intriguing approach. In this regard, the re-purposing of FDA-approved drugs 
aimed at reducing obesity-induced AT inflammation holds great translational significance. Recent 
epidemiologic data and preclinical evidence strongly suggest a role of statins, especially lipophilic 
statins, as promising drugs for PDAC prevention/interception. Besides their direct effects on PDAC 
cells, current data suggest that the anti-cancer properties of statins might at least partially include 
their anti-inflammatory effects on obese AT.  
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Figure 1. Representative histology of mesenteric adipose tissue of conditional KrasG12D mice fed an
obesogenic high fat high calorie diet (HFCD) for 3 months supplemented without (upper panel) or
with simvastatin (sim; lower panel). Quantification of crown-like structures demonstrates significant
elevation of adipose tissue inflammation in obese HFCD-fed mice, which was abrogated by simvastatin
(sim). *: p < 0.01 vs. CD; #: p < 0.01 vs. HFCD

Mechanistically, statins inhibit 3-hydroxy-3-methlyglutaryl coenzyme (HMG-CoA) reductase, the
rate-limiting enzyme that controls the conversion of HMG-CoA to mevalonic acid. Mevalonic acid is a
precursor of isoprenoids, which are essential for the post-translational modification of small G-proteins,
e.g., Ras homolog gene family, member A (RhoA), cell division control protein 42 homolog (Cdc42),
and Ras-related C3 botulinum toxin substrate 1 (Rac1), to attach to lipid membranes. Activation of Rho
family members GTPases (guanosine triphosphate hydrolases) modulate the actin cytoskeleton, which
has been shown to be an important regulator for macrophage polarization [149]. Our own unpublished
data showed that lipophilic statins significantly attenuate pro-inflammatory signaling in macrophage
cell lines through inhibition of the mevalonic acid/protein prenylation/actin cytoskeleton pathway.
Besides their beneficial effects on AT inflammation, statins also have significant effects on PDAC
cells [150–152]. Overall, statins show great promise for PDAC prevention/interception, in particular in
the setting of obesity.

4. Conclusions

There is clear evidence that obesity increases the risk of pancreatic cancer. Obesity-induced
AT inflammation is increasingly recognized as an important driver of the pathophysiologic process
underlying the obesity–PDAC link. Dramatic changes in immune cell number and function in obese
AT, especially VAT, with accompanying increased production of various pro-inflammatory cytokines
may thereby promote the proliferation and survival of transformed cells in the adjacent pancreas.
Although numerous immune cells have been shown to be involved in maintaining sustained AT
inflammation in obesity, AT macrophages clearly play a central and critical role in orchestrating the
inflammatory response. Given the importance of AT inflammation as a strong promotional driver
of obesity-associated PDAC, strategies to inhibit obesity-induced AT inflammation are an intriguing
approach. In this regard, the re-purposing of FDA-approved drugs aimed at reducing obesity-induced
AT inflammation holds great translational significance. Recent epidemiologic data and preclinical
evidence strongly suggest a role of statins, especially lipophilic statins, as promising drugs for PDAC
prevention/interception. Besides their direct effects on PDAC cells, current data suggest that the
anti-cancer properties of statins might at least partially include their anti-inflammatory effects on
obese AT.
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Abstract: In the last decade, adipose tissue has emerged as an endocrine organ with a key role in
energy homeostasis. In addition, there is close crosstalk between the adipose tissue and the liver,
since pro- and anti-inflammatory substances produced at the visceral adipose tissue level directly
target the liver through the portal vein. During surgical procedures, including hepatic resection
and liver transplantation, ischemia–reperfusion injury induces damage and regenerative failure.
It has been suggested that adipose tissue is associated with both pathological or, on the contrary,
with protective effects on damage and regenerative response after liver surgery. The present review
aims to summarize the current knowledge on the crosstalk between the adipose tissue and the
liver during liver surgery. Therapeutic strategies as well as the clinical and scientific controversies
in this field are discussed. The different experimental models, such as lipectomy, to evaluate the
role of adipose tissue in both steatotic and nonsteatotic livers undergoing surgery, are described.
Such information may be useful for the establishment of protective strategies aimed at regulating the
liver–visceral adipose tissue axis and improving the postoperative outcomes in clinical liver surgery.

Keywords: adipose tissue; liver; inflammation; steatosis; liver resection; liver transplantation;
lipectomy

1. Introduction

In the last decade, adipose tissue has emerged as an essential and highly active metabolic and
endocrine organ [1–3]. The basic function of adipocytes is to take up free fatty acids (FFA) from
circulating lipoprotein complexes and esterify them into triacylglycerides [4]. During times of metabolic
demand, hydrolysis of triacylglyceride releases FFA to generate adenosine triphosphate (ATP) [5].
These adipocyte processes, termed lipogenesis and lipolysis, respectively, are primarily governed
through hormonal pathways [6]. However, one of the most important characteristics of adipose tissue is
its function in whole-body energy homeostasis, mediated principally through the endocrine system [4].
Adipose tissue expresses and secretes a variety of bioactive molecules, known as adipokines, which may
exert their effects in adipose tissue and in other organs [7]. Adipokines include leptin, interleukin (IL)-6,
other cytokines, adiponectin, complement components, adipsin, plasminogen activator inhibitor-1
(PAI-1), and proteins of the renin–angiotensin system, among others [7]. Collectively, adipokines
modulate the crosstalk between adipose tissue and other metabolic organs, including the liver [8].
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Thus, adipokines directly target the liver through the portal vein [9] and have significant effects on
liver diseases [4].

The hypoxia and subsequent oxygen delivery restoration to the liver, namely, hepatic
ischemia–reperfusion (I/R), is one of the major pathophysiological events and causes of morbidity
and mortality in liver resections and transplantation, being more evident in the presence of hepatic
steatosis [10–14]. Despite the attempts to solve this issue, hepatic I/R is an unresolved problem in clinical
practice [15]. The cellular mechanisms involved in liver I/R injury are numerous and complicated [14],
which led to discrepancies in our understanding of this pathology [16]. For instance, the mechanisms
underlying I/R injury in conditions of cold ischemia associated with liver transplantation (LT) are
different from those that occur in conditions of warm ischemia associated with liver resections.
In addition, hepatic steatosis is associated with an increased postoperative complication index and
mortality after liver resection and transplantation, and the mechanisms responsible for hepatic damage
and regenerative failure are different in steatotic versus nonsteatotic livers [15]. The investigations
focused on the role of adipose tissue are of clinical and scientific relevance since the prevalence of
obesity ranges from 24–45% of the population and consequently is expected to increase the number of
steatotic livers submitted to surgery, which poorly tolerate I/R damage, resulting in liver dysfunction
and regenerative failure [17–23]. In addition, it has been reported that adipose tissue exerts both
pathological or, on the contrary, protective effects on damage and regenerative response [24]. It should
be noted that functional differences between lean and obese adipose tissue have been extensively
described [25–27] and summarized, as seen in Figure 1. Briefly, adipose tissue from lean individuals is a
connective tissue of low density with small insulin-sensitive adipocytes that secrete adipokines involved
in energy homeostasis, angiogenesis, and antioxidant processes. However, the rigidity of adipose
tissue from obese individuals is caused by the increment of connective fiber content. Hypertrophic
insulin-resistant adipocytes secrete different inflammatory mediators, resulting in adipose tissue
dysfunction, impaired angiogenesis, and cell death [25–27]. Moreover, obesity induces changes in the
secretion of adipokines from adipose tissue to the circulation [28–30] and increases the inflammatory
response and oxidative stress in adipose tissue [31–35]. Therefore, investigations focused on evaluating
the liver–adipose tissue axis in steatotic and nonsteatotic livers subjected to hepatic resections or
transplants are highly useful in the establishment of specific therapies to prevent both hepatic I/R
injury and regenerative failure in liver surgery.

In the first part of this review, we highlight the actual knowledge of the crosstalk between the
adipose tissue and the liver during liver surgery. In addition, the different experimental models and
pharmacological strategies aimed at regulating potential dysfunctions in the adipose tissue–liver axis
in liver surgery are presented, focusing on the strengths and limitations. Clinical results on the role of
adipose tissue in the postoperative outcomes after liver surgery are also discussed.
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2. Relevance of Adipose Tissue in Experimental Models of Liver Resection

Crosstalk between the adipose tissue and the liver is an important event both in the physiological
function of the liver and in the development of liver diseases [4]. Indeed, adipose tissue inflammation
is a well-recognized sign of obesity [36,37], one of its major consequences being the alteration of
the secretion of adipokines that drain to the liver via the portal vein, a notion known as the “portal
theory” [37–39]. This dysfunctional adipose tissue–liver axis is supported by the specific disruption in
adipocytes of inflammatory mediators (apoptosis antigen 1 or cluster of differentiation 95; Fas/CD95)
and/or inflammatory signals (c-Jun N-terminal kinase-1, JNK1) in different mouse models, resulting in
protection against hepatic steatosis [40,41].

It has been suggested that lipids are the preferred energy substrate for nonsteatotic livers in
conditions of partial hepatectomy (PH) without I/R [42–44]. Briefly, hypoglycemia that follows PH
induces catabolism of peripheral adipose stores followed by hepatic accumulation of systemically
derived fat and subsequent liver regeneration [45–47]. This is supported by the fact that glucose
administration could block the mobilization of fatty acids from adipose tissue by the liver to obtain
energy [48]. Parameters of lipid metabolism have been reported during hepatic regeneration:
esterification rate of fatty acids from adipose tissue is higher and lipogenesis is raised [49,50]. In fact,
the remaining liver after PH expresses the lipoprotein lipase, which could take up fatty acids from
circulating triacylglycerides [51]. Moreover, different studies have described that mice lacking lipid
metabolism-associated genes have reduced hepatic adipogenesis and regeneration liver failure [52,53].
In line with this, the surgical relevance of the lipid lowering effect of omega-3 fatty acids has been
studied in steatotic livers in the setting of hepatic I/R injury without PH [54] or in PH without I/R [55]
(Figure 2). It should be noted that the process of liver regeneration requires careful regulation of lipid
accumulation. In fact, Yang et al. suggested that Smad interacting protein-1 (SIP1) (a key factor linked
to the transforming growth factor-β (TGF-β), bone morphogenetic protein (BMP), and Wnt signaling
pathways) is one of the mechanisms involved in the hepatic lipid accumulation and, consequently,
in the process of liver regeneration under PH without I/R [56] (Figure 2). It is well known that in
order for the liver to regenerate, the provision of fatty acids, phospholipids, and cholesterol to the
liver is essential for the maintenance of the rate of formation of the membranes of dividing liver
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cells [50,51]. On the other hand, important questions for steatotic livers arise from these data since
further studies will be required to elucidate whether steatosis may be reduced to avoid the vulnerability
of steatotic livers to I/R and the regenerative failure, or instead if drugs aimed at increasing the levels
of hepatic triglycerides should be used during surgery and thus conserve the energy required for
liver regeneration.

The studies mentioned above in liver surgery have been reported in settings of I/R without PH or
in PH without I/R. However, it should be noted that in the clinical setting, PH is usually performed
under vascular occlusion. Thus, if our aim is the establishment of new protective strategies in the
clinical setting of hepatic resection, the experimental conditions used at the bench-side should simulate
as close as possible the clinical reality. Fortunately, some studies have evaluated the contribution of
adipose tissue to liver injury and regeneration in PH with I/R conditions. Firstly, Mendes-Braz et al.
demonstrated that the relevance of adipose tissue in hepatic damage and regeneration depends on
the type of liver [57]. In this sense, adipose tissue is not required for the regeneration of nonsteatotic
livers subjected to PH with I/R. In contrast, it is necessary to promote regeneration and reduce injury in
steatotic livers. Taking these data into account, glucose or lipid emulsion was administered in obese
and lean animals undergoing PH + I/R. Glucose or lipid treatment in nonsteatotic livers protected
against hepatic damage and regenerative failure. In obese animals, glucose treatment did not protect
steatotic livers against damage but improved their regeneration. However, lipid treatment conferred
protection against damage and regenerative failure [57]. Mendes-Braz et al. suggest that in addition to
the function of adipose tissue as a lipid precursor for new membrane synthesis, the requirement of
systemic adipose stores during regeneration of steatotic livers might be based on the endocrine role of
adipose tissue as a source of different adipokines, which are essential signals for liver regeneration [57].

In addition to the studies related to the role of adipose tissue as a source of energy substrates or
inductors of hepatic lipid accumulation, other studies have investigated the potential contribution of
adipose tissue as a source of bioactive molecules such as visfatin, cortisol, and soluble forms of the
VEGF receptor 1 (sFlt1).

Elias-Miró et al. found the injurious effects of visfatin in PH with I/R and that steatotic livers
were more vulnerable to upregulated visfatin than nonsteatotic livers. The administration of visfatin
exacerbated damage and regenerative failure in steatotic livers following PH with I/R. Treatment
with resistin maintained low levels of visfatin in steatotic livers by blocking its hepatic reuptake from
adipose tissue and consequently prevented the injurious effects of visfatin on hepatic damage and
regenerative failure [58] (Figure 2).

In pathologic states, adipose tissue may also secret a range of hormones including cortisol, which
may be taken up from the circulation by the liver [1,59]. Cornide-Petronio et al. reported that in
instances of PH with I/R, the contributory potential of adipose tissue (as a cortisol source) is dependent
on baseline liver status (steatotic versus nonsteatotic livers). In such surgical conditions, the authors
found that cortisol levels in adipose tissue and liver were elevated only in obese animals [59]. In addition,
cortisol administration under PH with I/R conditions exacerbated hepatic damage and regenerative
failure only in obese animals. Indeed, in obese animals, alterations in enzymatic regulation of cortisol
metabolism caused cortisol accumulation in steatotic livers, whereas in lean animals, compensatory
mechanisms mainly based on the clearance of hepatic cortisol were shown to prevent intrahepatic
cortisol and its deleterious effects [59].

Interestingly, Bujaldon et al. recently examined the effects of vascular endothelial growth factor
type A (VEGFA) on damage and regeneration in steatotic and nonsteatotic livers submitted to PH
with I/R. The authors reported that VEGFA levels were decreased in both steatotic and nonsteatotic
livers after surgery, but the exogenous VEGFA administrated was only able to reach nonsteatotic livers,
reducing the incidence of postoperative complications following surgery. Unexpectedly, the authors
found that circulating VEGFA was sequestered by the high circulating levels of the sFlt1 released from
adipose tissue, so VEGFA could not reach the steatotic liver to exert its effects, ultimately exacerbating
damage and regenerative failure [60]. Thus, the concomitant administration of VEGFA and an antibody
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against sFlt1 was required to avoid binding of sFlt1 to VEGFA. This was associated with high VEGFA
levels in steatotic livers and protection against damage and regenerative failure [60] (Figure 2).

Cells 2019, 8, x FOR PEER REVIEW 5 of 15 

 

authors found that circulating VEGFA was sequestered by the high circulating levels of the sFlt1 
released from adipose tissue, so VEGFA could not reach the steatotic liver to exert its effects, 
ultimately exacerbating damage and regenerative failure [60]. Thus, the concomitant administration 
of VEGFA and an antibody against sFlt1 was required to avoid binding of sFlt1 to VEGFA. This was 
associated with high VEGFA levels in steatotic livers and protection against damage and 
regenerative failure [60] (Figure 2).  

 
Figure 2. Strategies aimed at regulating hepatic damage and regenerative failure considering the 
adipose tissue–liver crosstalk during partial hepatectomy (PH) with or without I/R [54–60]. 
Abbreviations: I/R, ischemia–reperfusion; PH, partial hepatectomy; sFlt1, soluble form of the VEGF 
receptor 1; SIP1, smad interacting protein 1; VEGFA, vascular endothelial growth factor type A. 

3. Relevance of Adipose Tissue in Experimental Models of Liver Transplantation 

To our knowledge, the relevance of adipose tissue (as a source of fatty acids and related lipid 
substrates as well as bioactive molecules) on lipid metabolism, hepatic damage, and regeneration 
associated with transplantation remains to be elucidated (Figure 3). In addition, the few 
experimental studies on LT [61–63] have described the levels of adipokines in the liver but not in 
adipose tissue. In this vein, it has been demonstrated in experimental studies that adiponectin, 
resistin, and visfatin levels were not modified in recipients when nonsteatotic livers were subjected 
to transplantation, whereas in recipients of steatotic liver grafts, the presence of hepatic steatosis 
down-regulated both adiponectin and resistin levels under such surgical conditions, whereas no 
changes in visfatin levels were observed [61,62]. The role of adipose tissue as a potential source of 
adiponectin, resistin, or visfatin was unexplored. Nevertheless, the effects of such bioactive 

Figure 2. Strategies aimed at regulating hepatic damage and regenerative failure considering the adipose
tissue–liver crosstalk during partial hepatectomy (PH) with or without I/R [54–60]. Abbreviations: I/R,
ischemia–reperfusion; PH, partial hepatectomy; sFlt1, soluble form of the VEGF receptor 1; SIP1, smad
interacting protein 1; VEGFA, vascular endothelial growth factor type A.

3. Relevance of Adipose Tissue in Experimental Models of Liver Transplantation

To our knowledge, the relevance of adipose tissue (as a source of fatty acids and related lipid
substrates as well as bioactive molecules) on lipid metabolism, hepatic damage, and regeneration
associated with transplantation remains to be elucidated (Figure 3). In addition, the few experimental
studies on LT [61–63] have described the levels of adipokines in the liver but not in adipose tissue.
In this vein, it has been demonstrated in experimental studies that adiponectin, resistin, and visfatin
levels were not modified in recipients when nonsteatotic livers were subjected to transplantation,
whereas in recipients of steatotic liver grafts, the presence of hepatic steatosis down-regulated both
adiponectin and resistin levels under such surgical conditions, whereas no changes in visfatin levels
were observed [61,62]. The role of adipose tissue as a potential source of adiponectin, resistin,
or visfatin was unexplored. Nevertheless, the effects of such bioactive molecules on hepatic damage
and regenerative failure were investigated in steatotic and nonsteatotic livers under PH with I/R
conditions. As expected, hepatic damage in recipients of steatotic liver grafts was unaltered under

126



Cells 2019, 8, 1100

pharmacological regulation of visfatin. However, the treatment with either exogenous adiponectin or
resistin in steatotic liver grafts improved the postoperative outcomes after transplantation. In addition,
the activation of adenosine monophosphate-activated protein kinase (AMPK) by pharmacological
drugs such as AICAR (cell-permeable adenosine analog that is a selective activator of AMPK) or
ischemic preconditioning (PC)—which increased both adiponectin and resistin in steatotic liver
grafts of recipients submitted to transplantation—resulted in protection against hepatic damage [62].
In experimental models of ex vivo LT, it has been reported that the addition of leptin to preservation
solutions was able to increase the signal transducer and activator of transcription-3 levels and to reduce
damage in nonsteatotic grafts submitted to transplantation [63].
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Figure 3. Strategies aimed at evaluating the role of adipokines on hepatic damage and regenerative
failure in LT [61–63]. The adipose tissue–liver crosstalk during LT is still unknown. Abbreviations:
AICAR, Cell-permeable adenosine analog that is a selective activator of AMPK; LT, liver transplantation;
PC, preconditioning.

All the studies mentioned above [61–63] reported the levels as well as the role of adipokines
in liver grafts in experimental models of LT. However, the levels of adipokines in adipose tissue
as well as the potential involvement of adipose tissue in the hepatic levels of adipokines following
transplantation were not evaluated in such studies. In our view, further investigations to address this
issue are of clinical and scientific relevance. In fact, in clinical practice, most of the liver grafts are
obtained from brain-dead donors [64]. It is well known that brain death is associated with cerebral
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trauma and usually caused by hypoxia [65]. In addition, an experimental study aimed at evaluating
the role of adipose tissue in the metabolism of rats with brain injury showed that resistin levels were
increased in subcutaneous fat of rats with traumatic brain injury [66]. Moreover, it should be taken
into account that adipose tissue is considered to be an important source of adipokines, such as leptin,
adiponectin, and resistin, and that adipokines directly access the liver from adipose tissue through the
portal vein [9,67]. Therefore, the relevance of adipose tissue in the hepatic damage associated with
transplantation should be considered in further experimental research of LT to elucidate whether the
regulation of adipose tissue functions could improve the quality of donor organs and postoperative
outcomes after transplantation.

Altogether, the current knowledge emphasizes the relevance of further characterizing the role
of mediators released from peripheral adipose tissue on damage and regenerative failure in both
steatotic and nonsteatotic livers undergoing surgery. All of this is required to provide novel therapeutic
approaches that can be transferred to clinical liver surgery and consequently increase the number of
available donors for transplantation and improve recovery for patients subjected to liver resections.

4. Relevance of Adipose Tissue in Patients Undergoing Liver Surgery

Interestingly, the extent of visceral adipose tissue as well as serum levels of adipokines have been
evaluated in patients undergoing general surgery. Nevertheless, from our knowledge, pharmacological
modulation of adipokine actions has not been reported in the clinical practice of liver surgery [68–71].
Indeed, the significance of visceral adipose tissue remains controversial in the surgical setting [71].

In liver resections associated with hepatocellular carcinoma (HCC), preoperative visceral adiposity,
as well as low muscularity (since obesity might be associated with a decrease in muscle mass), was closely
related to postoperative death and HCC recurrence [72–74]. In addition, it has been reported that
greater fat accumulation in skeletal muscle has been associated with a worse prognosis and survival
after PH in patients with HCC, even with adjustment for other known predictors [75]. Moreover,
prospective studies and meta-analyses have suggested that obese patients have increased risk and a
poorer prognosis for many types of cancer [72–74]. All of these results in PH are in line with those
observed in living donor liver transplantation (LDLT), since patients with a high degree of muscle
steatosis and visceral adiposity show worse survival rates after transplantation compared with patients
without obesity or with normal musculature [76]. Nevertheless, these findings are challenged by
opposite observations. Indeed, preoperative abdominal computed tomographic (CT) scans in patients
undergoing major hepatic resection associated with cancer suggest that obesity does not correlate with
poor outcomes after major surgery [77]. Interestingly, neither preoperative visceral adiposity nor low
muscularity were poor prognostic factors in patients undergoing liver resection for colorectal liver
metastases [78]. In addition, some studies focused on liver resections of different cancer types showed
that patients with a higher body mass index (BMI) survive longer than normal-weight patients after
surgery [79–82]. It should be noted that CT measurement enables specific quantification of visceral
adipose tissue, which is not reflected by BMI.

The contradictory results in clinical practice, the so-called obesity paradox, might occur due to
the different methodologies used to evaluate and measure adipose tissue [71], but different types of
surgery (resection vs. transplantation) as well as liver pathologies should also be noted.

Changes in adipokine levels in patients subjected to PH have been reported, suggesting that
early-phase elevation of serum levels of hepatocyte growth factor (HGF), leptin, and macrophage
colony-stimulating factor (M-CSF) could be associated with the acceleration of liver regeneration [83].
In line with this, plasmatic adipokines after LDLT have been mainly reported as biochemical markers
to evaluate the risk of fibrosis progression in patients transplanted due to hepatitis C [84]. However,
in these studies, the role of adipose tissue as a source of adipokines was not evaluated.
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5. Experimental Strategies to Evaluate Adipose Tissue in Liver Surgery

5.1. Lipectomy

The literature describes the surgical excision of adipose tissue (lipectomy) to evaluate the function
of adipose tissue in physiological conditions and different pathologies [37,40,41]. However, few studies
have attempted to discern the role of adipose tissue on adipokine levels and hepatic damage and
regenerative failure in liver surgery of PH with I/R [56–60], and no studies have evaluated the effects of
a lipectomy in livers submitted for transplantation (Figure 4).
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The results obtained using lipectomy in PH with I/R indicate that, in contrast with nonsteatotic
livers, adipose tissue is required for liver regeneration and to reduce damage in the presence of
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steatosis [57] (Figure 4). Interestingly, adipose tissue does not seem to be an energy source for the
nonsteatotic liver since ATP levels were unchanged after lipectomy [57]. Regarding adipokines, removal
of adipose tissue using lipectomy in lean animals undergoing PH with I/R resulted in plasmatic and
hepatic levels of adiponectin, resistin, visfatin, and cortisol, similar to those observed under PH with
I/R conditions [57–59]. The levels of sFlt1 were reduced in plasma in lean animals lipectomized and
undergoing PH + I/R, indicating that adipose tissue might be a potential source of sFlt1 [60]. As it
has been suggested that circulating VEGFA is sequestered by the sFlt1 released by adipose tissue
in lean animals in conditions of PH + I/R [60], this was associated with increases in hepatic VEGFA
(Figure 4). In obese animals, the reduced hepatic ATP levels were more evident than in lean animals.
However, similar to that occurring in lean animals, adipose tissue does not seem to be an energy
source for the steatotic liver, since ATP levels were unchanged after lipectomy. Adipose tissue seems
to be an adiponectin source for the steatotic liver, since the induction of lipectomy in obese animals
reduced both plasmatic and hepatic levels of adiponectin compared with the results obtained under
PH with I/R conditions [57]. The contribution of adipose tissue as a source of resistin was irrelevant
since obese animals undergoing PH with I/R showed high levels of plasmatic and hepatic resistin
levels, whereas these resistin levels were unaltered under lipectomy conditions [58] (Figure 4). In obese
animals undergoing PH with I/R, the visfatin levels were increased and reduced in liver and plasma,
respectively. When adipose tissue was removed in obese animals undergoing PH with I/R, circulating
visfatin levels were reduced, whereas hepatic visfatin accumulation was unaltered [58]. Thus, PH with
I/R induced the release of visfatin from adipose tissue to circulation and reduced the generation of
visfatin by the liver [58]. In obese animals undergoing PH with I/R, plasmatic and hepatic cortisol
levels were increased [61]. In contrast, lipectomy in obese animals reduced cortisol levels in plasma but
not in the steatotic liver [59], although the potential contribution of adipose tissue in the hepatic levels
of cortisol of obese animals cannot be discounted. Indeed, changes in the enzymes engaged in cortisol
generation and clearance were detected in adipose tissue of obese animals undergoing PH with I/R [59].
The reduced plasmatic levels of sFlt1 in obese animals lipectomized and undergoing PH with I/R were
more evident than in lean animals [60]. This increased the circulating VEGFA bioavailability and,
consequently, increased the opportunity of VEGFA to be taken up by the steatotic liver [60] (Figure 4).

Reduced adiponectin and resistin levels were observed only in steatotic livers when obese animals
were subjected to LT [62] (Figure 4). The role of adipose tissue on hepatic adipokine levels, hepatic
damage, and regeneration following LT remains to be elucidated. In our view, given the key role
of adipose tissue in steatotic and nonsteatotic livers undergoing PH with I/R, strategies based in the
adipose tissue removal should been used to study the crosstalk liver–adipose tissue in LT, mainly in
the presence of steatosis.

5.2. Transgenic Animal Models

The use of transgenic animal models has improved our understanding of the pathophysiology
of adipose tissue. The main focus of transgenic animal models has been the expression or knockout
of selected genes, specifically in adipose tissue, identifying and characterizing promoter regions
that confer adipose–tissue specific expression [7]. For instance, to target both white and brown
adipose tissue, the promoters for adipocyte lipid binding protein aP215 and for phosphoenolpyruvate
carboxykinase are usually used, whereas to target only brown adipose tissue, the mitochondrial
uncoupling protein-1 (UCP-1) promoter is used [85–87]. In our view, the potential applications of
transgenic animal models with overexpression or knockout of adipose tissue-selected genes might
be of scientific and clinical interest to evaluate the adipose tissue–liver axis in hepatic resections and
transplantation, since in different surgical conditions, hepatic diseases might be improved by directly
targeting adipose tissue, rather than liver tissue per se.
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6. Conclusions

The role of adipose tissue on damage and regenerative failure in experimental liver surgery
depends on the type of surgical procedure (PH with or without I/R) as well as the type of liver (steatotic
versus nonsteatotic) submitted to liver surgery. This should be taken into account for the establishment
of protective strategies modulating the liver–adipose tissue axis, which would be specific for each
surgical procedure and type of liver, as it has been reported in the present review. Further clinical
studies and appropriate methods for adipose tissue measurement will be required to elucidate the
significance of visceral adipose tissue in the clinical scenario of surgical hepatic resections. The use of
experimental models of lipectomy as well as transgenic animal models with expression or knockout of
adipose tissue-selected genes might be of scientific and clinical relevance to elucidate the contribution of
the adipose tissue–liver axis, as well as the role of adipose tissue as an energy substrate and/or a source
of different adipokines and hormones in livers subjected to transplantation. This would provide novel
therapeutic approaches to be transferred to clinical conditions to improve the post-transplantation
outcomes and consequently increase the number of available donors for transplantation.
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Abstract: Emerging data suggest that obesity is a major risk factor for the progression of major
complications such as acute respiratory distress syndrome (ARDS), cytokine storm and coagulopathy
in COVID-19. Understanding the mechanisms underlying the link between obesity and disease
severity as a result of SARS-CoV-2 infection is crucial for the development of new therapeutic
interventions and preventive measures in this high-risk group. We propose that multiple features
of obesity contribute to the prevalence of severe COVID-19 and complications. First, viral entry
can be facilitated by the upregulation of viral entry receptors, like angiotensin-converting enzyme 2
(ACE2), among others. Second, obesity-induced chronic inflammation and disruptions of insulin and
leptin signaling can result in impaired viral clearance and a disproportionate or hyper-inflammatory
response, which together with elevated ferritin levels can be a direct cause for ARDS and cytokine
storm. Third, the negative consequences of obesity on blood coagulation can contribute to the
progression of thrombus formation and hemorrhage. In this review we first summarize clinical
findings on the relationship between obesity and COVID-19 disease severity and then further discuss
potential mechanisms that could explain the risk for major complications in patients suffering
from obesity.

Keywords: coagulopathy; COVID-19; cytokine storm; inflammation; leptin; obesity; SARS-CoV-2

1. Introduction

The novel coronavirus SARS-CoV-2 that first appeared in the Chinese city of Wuhan
is still causing a global pandemic with a death toll that already exceeds 2,430,000 people
and continues to grow every day (number from John Hopkins University). SARS-CoV-2
is the virus that causes COVID-19, a clinical picture characterized by fever, coughing,
muscle pain and fatigue and can evolve into hyperinflammation, cytokine storm, ARDS
and COVID-associated-coagulopathy (CAC) [1,2]. A large number of patients severely
ill with COVID-19 arriving at the ICU are overweight or suffer from obesity [3]. These
conditions, as well as smoking, age, type II diabetes and cardiovascular diseases, appear
to be major risk factors for serious complications and increased mortality in COVID-19
patients [4–6].

Understanding the contributing factors to COVID-19 disease severity and complica-
tions in the context of obesity is of key importance for the development of therapeutic
interventions, as well as for advancing preventative strategies in this high-risk group.
Therefore, in this review we first summarize clinical findings on obesity and COVID-19
disease outcomes. Next, we discuss possible underlying mechanisms linking obesity to
major disease complications as a result of SARS-CoV-2 infection Here we focus on the
metabolic- and immune-related consequences of obesity on COVID-19 disease course.
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2. Obesity
2.1. Obesity Is a Common Disease Associated with Chronic Inflammation and Insulin and
Leptin Resistance

The prevalence of obesity has increased worldwide over the last 50 years. In 2015
the mean prevalence of obesity in adults of selected countries was 19.5% and ranged from
3.7% in Japan to 38.2% in the United States [7]. Obesity (BMI ≥ 30 kg/m2) is a major risk
factor for the development of non-communicable diseases and is defined by the WHO as
abnormal or excessive fat accumulation that might impair health [8].

Fat or adipose tissue, originally regarded as a simple organ for storing energy, is
currently viewed as one of the most important endocrine organs [9–11]. Fat cells, or
adipocytes, produce cytokine-like hormones, called adipokines, which play a major role
in metabolism and inflammation [11]. Adipocytes in different regions fulfill different
functions. Distinctions should be made between brown and white adipocytes, between
ectopic and non-ectopic and between visceral and subcutaneous adipose tissue to accurately
estimate the impact of the adipose tissue on the patient’s health. For example, visceral
fat, but not so much subcutaneous fat accumulation, promotes systemic inflammation and
is associated with impairments of glucose and lipid metabolism accompanied by insulin
resistance [12–14].

Obesity is associated with chronic inflammation, resulting from immune cell activity in
dysfunctional (visceral) adipose tissue. In obesity, the excessive presence and hypertrophy
of adipocytes result in hypoxia, cell stress and apoptosis. The hypoxic environment induces
the infiltration of immune cells into the adipose tissue as a result of the expression of
chemo attractive molecules [15]. Also, hypertrophic adipocytes produce multiple pro-
inflammatory adipokines, such as such as tumor necrosis factor-α (TNF-α), interleukin
(IL)-6 and leptin [16].

Leptin informs the brain about the amount of energy stored in the adipose tis-
sue [17,18]. The percentage of total body fat is the most important determinant of leptin
levels [19]. Given their high percentage of total body fat, individuals suffering from obesity
show elevated leptin concentrations [20], a condition also referred to as hyperleptinemia.
Persistent hyperleptinemia is often accompanied with central leptin resistance, due to
which appetite and satiety regulation is disrupted [21]. In addition to the regulation of
hunger and satiety, leptin also has pro-inflammatory properties [22], further contributing
to a chronic inflammatory state in individuals suffering from obesity [23].

2.2. Obesity and COVID-19 Disease Severity

In the following section, we summarize clinical findings supporting an association
between obesity and COVID-19 disease severity (see also Table 1). We searched the
Pubmed database up to March 15, 2021. In our search strategy, the combination of the
following keywords was used: obesity OR BMI OR overweight OR adiposity OR adipose
tissue AND COVID-19 OR SARS-CoV-2. Our search was limited by published full-text
article in English language. Most studies investigating this association used BMI cate-
gories as the predictor variable [24–37]. Four cross-sectional studies did not specify the
used classification of obesity [38–41] presumably using the WHO guidelines defining
obesity as BMI of 30 or higher. Outcome variables included: hospitalization [36,38,42],
ICU admission [31,35,37,38,43–45], intubation [24,25,29,37,38], invasive mechanical venti-
lation [26,31,34], disease severity [27,28,30,33] and death [24–29,32,38–41]. Of the eleven
studies investigating the association between BMI and mortality in hospitalized COVID-19
patients, ten studies observed an increased mortality rate in patients that were overweight
(BMI ≥ 25 to <30) [24,32], or suffering from obesity (BMI ≥ 30) [25,29,38–41], or severe
obesity (BMI≥ 35) [26,27]. One study observed no difference in in-hospital deaths between
normal and overweight (BMI > 28) patients, but overweight patients did show more severe
disease symptoms [28]. Because BMI does not discriminate between fat and lean body
mass and poorly reflects fat distribution, four studies used measures of visceral adipose
tissue (VAT) obtained by high-resolution computed tomography [42–45]. In COVID-19
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patients reporting at the emergency department, subsequent admission to the ICU was
associated with 30% higher VAT and 30% lower subcutaneous adipose tissue (SAT) [43]
with VAT scores being the best ICU admission predictor. Another study observed no differ-
ences in BMI but did see higher VAT and a higher VAT/total adipose tissue (TAT) ratio
in hospitalized patients compared to outpatients that did not require hospitalization [42].
Finally, in a different study it was observed that both VAT and TAT were associated with
ICU admission [45]. To summarize, numerous studies indicate that obesity is associated
with increased disease severity and mortality in COVID-19.

Table 1. Clinical Studies Investigating the Association Between Obesity and Disease Severity in COVID-19 Patients.

Reference Study Design Predictor Outcome Effect

Anderson et al.,
2020 [29]

Retrospective
cohort study

(n = 2466)

BMI categories: underweight
(BMI < 18.5), normal weight

(BMI ≥ 18.5 to <25),
overweight (BMI ≥ 25 to

<30), class 1 obesity
(BMI ≥ 30 to <35), class 2
obesity (BMI ≥ 35 to <40),
and class 3 obesity ( ≥ 40)

Intubation
death

Patients younger than 65
with obesity

were at higher risk for intubation
or death, with the highest risk

among those with class 3 obesity
(BMI ≥ 40).

Battisti et al.,
2020 [43]

Cohort study
(n = 441) VAT/SAT ratio ICU admission VAT/SAT was associated with

increased risk of ICU admission.

Chandarana
et al.,

2020 [42]

Retrospective study
(n = 51)

VAT, SAT, TAT, VAT/TAT
and BMI

Hospi-
talization

Higher VAT and VAT/TAT in
hospitalized patients.

Deng et al.,
2020 [30]

Retrospective
cohort study

(n = 65)

BMI, subcutaneous fat
thickness, epicardial fat and

visceral fat
Disease severity High BMI was a risk factor for

severe COVID-19.

Frank et al.,
2020 [25]

Retrospective
cohort study

(n = 305)

BMI categories: BMI < 25,
BMI ≥ 25 to < 30, BMI ≥ 30

to < 35, and BMI ≥ 35

Intubation,
death

BMI ≥ 30 was associated with an
increased risk of intubation

or death.

Hernàndez-
Galdamez et al.,

2020 [38]

Cross-sectional
study (n = 212,802) Obesity (not specified)

Hospi-
talization

ICU admission
Intubation

death

Obesity was associated with an
increased risk of hospitalization,

ICU admission, intubation
and death.

Kalligeros et al.,
2020 [31]

Retrospective
cohort study

(n = 103)

BMI categories: BMI < 25,
BMI ≥ 25 to <30, BMI ≥ 30

to <35,
BMI ≥ 35

ICU admission,
IMV

Severe obesity (BMI ≥ 35) was
positively associated with ICU

admission.
Obesity (BMI ≥ 30 to <35)

and severe obesity (BMI ≥ 35)
were positively associated with

the use of IMV.

Kim et al., 2020
[26]

Retrospective
cohort study
(n = 10,861)

BMI categories: underweight
(BMI < 18.5), normal weight

(BMI ≥ 18.5 to <25),
overweight (BMI ≥ 25 to

< 30), obesity class I
(BMI ≥ 30 to < 35), obesity
class II (BMI ≥ 35 to <40),

and obesity class III
(BMI ≥ 40)

IMV,
death

Categories: overweight,
obesity class I, II and III were

associated with increased risk of
requiring IMV. Underweight and

obesity classes II and III were
associated with increased risk

of death.

Mash et al., 2021
[32]

Descriptive
observational

cross-sectional study
(n = 1376)

BMI categories: normal
(BMI ≥ 18.5 to <25),
overweight/obese

(BMI ≥ 25)

Death
Overweight/obesity (BMI ≥ 25)

was significantly linked with
mortality.
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Table 1. Cont.

Reference Study Design Predictor Outcome Effect

Nakeshbandi
et al., 2020

[24]

Retrospective
cohort study

(n = 504)

BMI categories: normal
(BMI ≥ 18.5 to <25),

overweight (BMI ≥ 25 to
<30),

and obese (BMI ≥ 30)

Mortality,
intubation

Patients with overweight and
obesity were at increased risk for

mortality and intubation.

Palaiodimos
et al., 2020

[27]

Retrospective
cohort study

(n = 200)

BMI categories: BMI < 25,
BMI ≥ 25 to <35, BMI ≥ 35

In-hospital
mortality,

Worse in-hospital
outcomes

Severe obesity (BMI ≥ 35) was
associated with higher

in-hospital mortality and worse
in-hospital outcomes.

Parra-
Bracamonte
et al., 2020

[39]

Cross-sectional
study

(n = 331,298)
Obesity (not specified) Death Obesity was associated with

higher risk of mortality.

Pediconi et al.,
2020 [44]

Retrospective
cohort study

(n = 62)

VAT score (overweight: VAT
area 100–129 cm2 or VAT score

1. Obesity: VAT area ≥ 130
cm2 or VAT score 2)

ICU admission VAT score was the best ICU
admission predictor.

Peña et al., 2020
[40]

Cross-sectional
study

(n = 323,671)
Obesity (not specified) Death Obesity was a major risk factor

for mortality.

Randhawa et al.,
2021 [33]

Retrospective
cohort study

(n = 302)

BMI categories: normal
weight (BMI < 30), obesity

BMI ≥ 30)

Compli-
cations

Patients with obesity were more
likely to suffer severe

complications.

Rao et al., 2020
[28]

Retrospective
cohort study

(n = 240)
BMI (overweight, BMI > 28) In-hospital death,

Disease severity

Being overweight was related to
COVID-19 severity but not to

in-hospital death.

Salinas Aguirre
et al., 2021 [41]

Cross-sectional
study

(n = 17,479)
Obesity (not specified) Death Obesity was associated with

mortality.

Simonnet et al.,
2020 [34]

Retrospective
cohort study

(n = 124)

BMI categories: lean
(BMI ≥ 18.5 to <25),

overweight (BMI ≥ 25 to
< 30), moderate obesity

(BMI ≥ 30 to < 35) and severe
obesity (BMI ≥ 35)

Need for IMV Need for IMV was associated
with BMI.

Suleyman et al.,
2020 [35]

Case series
(n = 463)

BMI categories: severe
obesity (BMI ≥ 40) ICU admission

Severe obesity was
independently associated with

ICU admission.

van Zelst et al.,
2020
[37]

Prospective
observational
cohort study

(n = 166)

BMI
Abdominal adiposity
(waist-to-hip-ratio)

Unfavorable
outcome

Abdominal adiposity and BMI
were associated with an increased

risk for unfavorable outcome
(respiratory support of 3 L/min,

intubation, ICU admission).

Watanabe et al.,
2020 [45]

Retrospective
cohort study

(n = 150)

TAT
VAT ICU admission TAT and VAT had a univariate

association with ICU admission.

Zhu et al., 2020
[36]

Retrospective
cohort study
(n = 489,769)

BMI, categories:
normal weight (BMI ≥ 18.5

to <25), overweight
(BMI ≥ 25.0 to <30), and
obese (BMI ≥ 30); waist

circumference and
waist-to-hip ratio

Hospi-
talization

with ‘severe
COVID-19′

BMI, waist circumference and
waist-to-hip ratio were positively
associated with the risk of severe

COVID-19.

Abbreviations: VAT = visceral adipose tissue; SAT = subcutaneous adipose tissue; TAT = total adipose tissue; BMI = body mass index
(kg/m2); IMV = invasive mechanical ventilation; ICU = intensive care unit.

140



Cells 2021, 10, 933

3. Underlying Mechanisms Linking Obesity to Major Complications as a Result of
SARS-CoV-2 Infection

To gain a better understanding of the pathophysiology of COVID-19 in patients
suffering from obesity, in the next section and in Figure 1 we provide an overview of the
mechanistic pathways linking obesity with COVID-19 disease severity, with a focus on
the metabolic and immunological consequences of obesity on COVID-19 disease course.
Other features of obesity, like impaired respiratory mechanics and pulmonary function and
the co-existence of metabolic disorders like diabetes and cardiovascular disease within a
single individual also increase the risk for severe COVID-19 and complications [46], but are
beyond the scope of this review. In this overview we discuss, in vitro, animal and human
in vivo studies, including clinical trials. Studies were excluded when not indexed and when
methodology did not reach minimal criteria.
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Figure 1. Schematic representation of different mechanisms through which obesity can promote COVID-19 disease severity
and risk for complications. Obesity is often accompanied by insulin and leptin resistance which impairs viral clearance.
Next, obesity is characterized by large hypoxic adipocytes infiltrated with immune cells and M1 macrophages leading to
a chronic inflammatory state, hypercoagulability and hyperferritinemia. ACE2 produced by adipocytes could provide
viral entry into the adipose tissue. In this way the adipose tissue could possibly function as a reservoir for the virus. The
constant tissue expansion and tissue remodeling accompanying obesity in concert with high cell stress can upregulate the
expression of other potential SARS-CoV-2 receptors, such as csGRP78, HSPG and NRP-1 in adipose tissue and other organs.
Obesity-associated endothelial dysfunction, enhanced production of PAI-1 and vitamin K deficiency all increase the risk
of developing COVID-19 associated coagulopathy. Abbreviations: IL-6 = Interleukin-6; TNFα = Tumor necrosis factor α;
RAS = Renin angiotensin system; ACE = Angiotensin converting enzyme; HSPG = Heparan sulfate proteoglycan; NRP-
1 = Neuropilin-1; UPR = Unfolded protein response; csGRP78 = Cell surface glucose related protein 78; PAI-1 = Plasminogen
activator inhibitor 1.
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3.1. Obesity Facilitates Viral Entry of SARS-CoV-2

Cell entry of SARS-CoV-2 virus depends on binding of the viral spike (S) proteins to
cellular receptors and on S protein priming by host cell proteases. Obesity can promote
viral entry by the upregulation of some of these host cell receptors.

3.1.1. Obesity Increases ACE2 Expression

Viral entry into target cells is facilitated by binding of the SARS-CoV-2 spike (S) protein
to the membrane protein angiotensin-converting enzyme 2 (ACE2) and the priming of the
S protein by serine protease TMPRSS2 and the endosomal cysteine proteases cathepsin
B and L expressed by host cells [47,48]. ACE2 is part of the renin-angiotensin system
(RAS) and plays an important role in regulating systemic blood pressure. Renin induces
proteolytic cleavage of angiotensinogen into angiotensin (Ang)-I, which is then converted
into Ang-II by ACE1. The action of ACE1 induces vasoconstriction and inflammation while
ACE2 acts as a counter-regulator of the RAS. ACE2 induces vasodilatation and has an
anti-inflammatory effect, by converting the pro-inflammatory Ang-II into Ang-1-7 which
opposes the actions of Ang-II. ACE2 is expressed in a wide variety of human tissues such
as the small intestine, testis, kidneys, heart, thyroid, lungs and brain [49]. Adipose tissue
also expresses ACE2, together with all other components of the RAS. The RAS has been
shown to play an important role in lipid metabolism and vice versa [50–53]. For example,
the expression of ACE2 in adipocytes seems to be promoted by a high-fat diet [54]. Also,
analysis of available transcriptome data showed that diet-induced obese mice displayed
increased expression of ACE2 in the lung epithelium [55]. The expression of ACE2 was
correlated with the expression of genes that code for sterol response element binding
proteins 1 and 2, transcription factors controlling lipid synthesis and adipogenesis [55].

In addition, a number of studies indicate that ACE2 expression can be upregulated by
a wide range of pro-inflammatory cytokines [56,57]. The chronic inflammatory state that
characterizes obesity could therefore potentially facilitate viral entry [56]. Moreover, it has
been suggested that viral pools can lodge in adipose tissue and promote shedding, immune
activation, and chronic excessive cytokine release [58]. Earlier studies demonstrated that
other viruses such as influenza A, HIV and cytomegalovirus use the adipose tissue as a
reservoir [59].

Binding of SARS-CoV-2 to ACE2, which prevents ACE2 from exerting its enzymatic
activities [60], has further consequences for immune system functioning. Decreased enzy-
matic ACE2 activity results in a reduction of anti-inflammatory Ang-1-7 and an accumu-
lation of pro-inflammatory Ang-II. This process further increases the risk for COVID-19-
related immune system complications such as ARDS.

In conclusion, obesity and its related pro-inflammatory state can promote viral entry,
viral shedding and excessive immune activation through the upregulation of ACE2.

3.1.2. Activation of the Unfolded Protein Response by GRP78

Another receptor that provides viral entry for SARS-CoV-2 is glucose-regulated protein
78 (GRP78) [61,62]. GRP78, also called immunoglobulin heavy chain binding protein (BiP),
is part of the heat shock protein 70 family and is a molecular chaperone found in the lumen
of the endoplasmic reticulum (ER). GRP78 functions as an anti-apoptotic regulator that
protects cells against cell death induced by ER stress [62]. GRP78 protects against cell death
by ensuring the correct folding and assembly of proteins in the ER and by initiating the
degradation of misfolded proteins. This evolutionarily preserved cellular homeostatic
response to ER stress, also named the ER-stress or unfolded protein response (UPR) [63]
can be disrupted by viruses in the establishment of acute, chronic and latent infections [64].

Normally, new foreign viral proteins produced inside host cells would be immediately
degraded by the UPR. Therefore, viruses that acquired the ability to disrupt the process
designed to degrade unrecognized protein have a clear advantage. Binding GRP78 is a
mechanism commonly used by viruses like the Ebola virus, Zika virus, Dengue virus,
Japanese encephalitis virus, Coxsackie A9, MERS-CoV and the Borna disease virus to
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ensure safe entry into host cells and to facilitate viral replication [65–71]. Also, the S
proteins of the SARS-CoV-2 virus binds GRP78 with high affinity [61,72].

Obesity and various factors associated with obesity induce ER stress [73] and conse-
quently UPR activation. These factors, including hypoxia, reactive oxygen species, insulin
resistance, nutritional imbalance and excessive fat storage [74–76], stimulate GRP78 ex-
pression as a mechanism of the UPR to restore normal cell functions [77,78]. For example,
evidence from in vitro and in vivo studies shows that dyslipidemia is associated with GRP78
overexpression in adipocytes (especially in white adipose tissue) [79], pneumocytes [80],
neurons of the hypothalamus [81] and hepatocytes [82].

GRP78 overexpression induces its translocation to the cell membrane or cell surface.
When GRP78 is located on the cell surface, it is referred to as cell surface (cs)-GRP78.
This acts as a multi-functional receptor that can bind various ligands and plays a crucial
role in apoptosis and inflammation, among other things [62]. By binding to cs-GRP78,
SARS-CoV-2 could ensure safe entry into host cells [61,72].

3.1.3. Heparan Sulfate Proteoglycans and Neuropilin-1

Heparan sulfate proteoglycans (HSPGs) are located in the extracellular matrix and at
the surface of the cell, where they act as co-receptors for various ligands. HSPGs are widely
expressed and mediate many biological activities, including angiogenesis, blood coagulation,
developmental processes, and cell homeostasis. The binding of cytokines, chemokines and
growth factors to HSPGs at the cell surface prevents their degradation [83]. A significant
amount of research has established that many different types of viruses can interact with
HSPGs. For some of these viruses, these interactions are essential for internalization into host
cells [84]. This is also the case for the internalization of SARS-CoV-2 [85].

Syndecans are the major family of transmembrane HSPGs and are present on virtually
all nucleated human cells. Syndecans have been shown to facilitate the cellular entry
of SARS-CoV-2 in vitro. Among syndecans, syndecan-4 was most efficient in mediating
SARS-CoV-2 uptake, yet overexpression of other isoforms, including syndecan-1 and the
neuronal syndecan-3, also increased SARS-CoV-2 internalization [85,86]. Syndecan 4 is
widely expressed in most adult tissues [87] and, among other functions, is involved in lipid
metabolism, by clearing pro-atherogenic remnant lipoproteins from the circulation [88]. In
addition, syndecan-4 is crucial for adipocyte differentiation and proliferation [89]. Synde-
can 4 is upregulated upon activation of the pro-inflammatory transcription factor nuclear
factor-κB (NF-κB) [90,91] and its expression is therefore markedly increased under inflam-
matory conditions [92].

Neuropilin-1 (NRP-1), a membrane-bound co-receptor for growth factors such as
vascular endothelial growth factor (VEGF), also facilitates viral entry of SARS-CoV-2
in vitro [93]. NRP-1 is strongly involved in adipogenesis and is highly upregulated during
adipose-derived stem cell differentiation [94].

In obesity, chronic inflammation, higher circulating pro-atherogenic lipoprotein lev-
els [95] and the constant expansion of adipose tissue accompanied with the differentia-
tion and proliferation of adipose-derived stem cells, could increase syndecan (especially
syndecan-4) and NRP-1 expression in various tissues. The up-regulation of syndecans and
NRP-1 could facilitate cellular entry of SARS-CoV-2. However, further studies need to
confirm this theory.

3.2. Obesity Related Insulin Resistance Contributes to an Impaired Immune Response to
SARS-CoV-2 Infection
3.2.1. Obesity Induces Insulin Resistance

Insulin resistance is a consequence of the impairment of insulin signaling in insulin-
responsive cells, like hepatocytes, myocytes and adipocytes. In the adipose tissue, insulin re-
sistance is promoted by excess lipid accumulation, causing hypoxia and inflammation. The
subsequent invasion of macrophages in the adipose tissue that release pro-inflammatory
cytokines further impair insulin signaling (see also Section 3.2.2). As a consequence of
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adipocyte insulin resistance higher levels of free fatty acids (FFA) leave the fat tissue and
enter into the circulation. The increase in circulating FFA and pro-inflammatory mediators
further impairs insulin action in other metabolically active organs and tissues, including
skeletal muscle and the liver, leading to systemic insulin resistance, which is associated
with impaired glucose transport [96,97]. It has been shown that the size of the visceral
adipose tissue and adipocyte size in humans is directly associated with systemic insulin
resistance [14].

3.2.2. Insulin Resistance Is Induced by Adipocytes and Related Immune Cells

Adipose tissue macrophages can be divided into the classical M1 and alternatively
activated M2 macrophages. Adipose tissue from obese individuals contains elevated num-
bers of M1-like macrophages, which produce pro-inflammatory cytokines, such as TNF-α
and IL-6 [98,99]. These pro-inflammatory cytokines inhibit insulin signaling pathways in
multiple tissues [100].

The production of TNF-α by M1 macrophages is positively related to the size of the
adipose tissue mass. In the adipose tissue TNF-α induces phosphorylation and inactivation
of insulin receptors and activates lipolysis, which increases the FFA load. The production of
IL-6 by adipocytes and related immune cells is also associated with the amount of body fat.
IL-6 induces the production of the pro-inflammatory acute-phase protein C-reactive protein
(CRP) and increases fibrinogen levels, resulting in a prothrombotic state. It also promotes
adhesion molecule expression by endothelial cells and activates local RAS pathways [101].

Chronic elevations of pro-inflammatory cytokines, such as TNF-α and IL-6, also
directly influence COVID-19 disease course. Because TNF-α plays an important role
in promoting ARDS, obese individuals with chronically elevated serum TNF-α are at
greater risk of developing this life-threatening complication [102]. In patients with COVID-
19, IL-6 levels are significantly elevated and associated with adverse clinical outcomes.
Meta-analysis of mean IL-6 concentrations demonstrated 2.9-fold higher levels of IL-6
in hospitalized COVID-19 patients with complications compared to patients without
complications [103].

3.2.3. Systemic Insulin Resistance Impairs the Immune Response

Insulin acts upon immune cells and therefore, systemic insulin resistance can have
a substantial impact on the functioning of the adaptive and innate immune system [100].
Animal studies have shown that insulin signaling is essential for optimal T cell effector
function [104]. In humans, insulin-resistant individuals displayed delayed innate immune-
related pathway activation after respiratory viral infection compared to insulin-sensitive
individuals, suggesting an impairment of the early acting innate immune response [105].

It is likely to assume that chronic inflammation and impairments of the immune
response as a consequence of obesity-induced insulin resistance may reduce efficient viral
clearance and drive organ injury in the development of severe COVID-19 [106].

3.3. Disrupted Leptin Signaling in Obesity can Induce Hyperinflammation during
SARS-CoV-2 Infection
3.3.1. Leptin Is an Important Regulator of Energy Metabolism

Leptin is a pleiotropic protein secreted primarily from white adipose tissue into the
bloodstream and can be transported across the blood-brain barrier. Through its effects on
the central nervous system (CNS) and peripheral tissues, leptin is an important regulator
of energy homeostasis, metabolism, neuroendocrine and immune system function [107].

Obesity proceeds from a chronic energy imbalance and is characterized by persistent
hyperleptinemia and central leptin resistance. Under physiological conditions, leptin
informs the brain about the energy status in the periphery, but in obesity, signaling to regu-
latory centers in the brain that normally inhibit food intake and regulate body weight and
energy homeostasis is disrupted. Mechanisms underlying leptin resistance, include disrup-
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tion of leptin signaling in hypothalamic and other CNS neurons, impaired leptin transport
across blood-brain barrier, hypothalamic inflammation, ER stress, and autophagy [107,108].

3.3.2. Leptin Modulates the Immune System

Leptin has pro-inflammatory properties and upregulates the secretion of pro-
inflammatory cytokines [18,22]. Leptin signaling results in the modulation of both the
innate and adaptive immune system on multiple levels. Leptin signaling occurs primar-
ily through the binding of leptin to the long isoform of the leptin receptor, followed by
activation of the JAK/STAT pathway [2]. In the innate immune system, increased leptin
production stimulates chemotaxis and neutrophil survival, induces pro-inflammatory cy-
tokine production [109,110], and higher expression of adhesion molecules by eosinophils
and basophils [111,112]. Monocyte activation and proliferation as well as the production
of pro-inflammatory cytokines and chemotaxis are also stimulated by leptin [22]. Certain
immune cells, more specifically those that contain the long isoform of the leptin recep-
tor, may become unresponsive to leptin, or leptin resistant, when exposed to high leptin
levels for an extended period of time [113,114]. Therefore, chronic hyperleptinemia, as
seen in obesity, can have detrimental effects on the immune response due to both chronic
pro-inflammatory effects and immune cell dysfunction [21].

Additionally, the adaptive immune system responds to leptin. Leptin induces a shift
towards the more pro-inflammatory Th1 response [21], activates T and B lymphocytes,
and inhibits regulatory T cells [18,115,116]. Regulatory T cells are involved in suppressing
an excessive immune response [117,118]. It was demonstrated in patients suffering from
obesity that leptin levels and BMI were inversely correlated with the number of regulatory
T cells [119].

In obesity, leptin levels can be further increased due to infection or sepsis [120].
Elevated leptin levels, in combination with the obesity-induced pro-inflammatory state,
further increases the risk for the development of a disproportionate or hyper-inflammatory
response upon SARS-CoV-2 infection. Furthermore, SARS-CoV-2 infection has been shown
to increase the expression of the gene that encodes for suppressor of cytokine signaling
3 (SOCS3) in lung epithelium [55]. This gene is a key regulator of inflammation and
an inhibitor of leptin signaling. Increased SOCS3 expression as a result of SARS-CoV-
2 infection could therefore further impair leptin signaling and negatively influence the
immune response in patients suffering from obesity [121].

3.4. Hyperferritinemia as a Result of Hyperinflammation can Induce a Cytokine Storm

Ferritin is an iron-binding molecule that stores iron in a biologically available form for
vital cellular processes and protects proteins, lipids and DNA from the potential toxicity of
this metal element. Ferritin is a marker of the acute-phase response, and its secretion is
regulated by pro-inflammatory cytokines. However, the origin of circulating serum ferritin
during inflammatory conditions is still debated [122]. While some describe serum ferritin
as a leakage product of damaged cells [123], increasing evidence shows that circulating
serum ferritin levels may play a critical role in the inflammatory process [91]. Serum ferritin
may protect the host during active infection by limiting the availability of iron to pathogens,
a phenomenon called ‘nutritional immunity’ [124–126].

COVID-19 is also accompanied by a rise in circulating ferritin levels. Serum ferritin lev-
els can be used as a diagnostic marker and even a predictor of COVID-19 severity [127–131].
The elevated ferritin levels observed in COVID-19 patients are probably a consequence of
the inflammatory process induced by SARS-CoV-2 infection and actively act as enhancer
of the inflammatory process in more severe COVID-19 [132]. Alternatively, it has been
suggested that ferritin levels increase due to the break-down of red blood cells by the SARS-
CoV-2 virus. By breaking down red blood cells and then attacking the hemoglobin 1-beta
chain, the virus could separate iron from the porphyrin ring to eventually hijack the por-
phyrin ring, producing a rise in free iron and subsequently increasing ferritin levels [133].
Although hemoglobin-related biomarkers such as serum ferritin, progressively increase as
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the severity of COVID-19 increases [134–136], there is very limited evidence supporting
this hypothesis [133]. This hypothesis has subsequently been refuted by DeMartino and
colleagues, confirming that disease markers such as hemoglobin, iron and ferritin did not
differ between critically ill COVID-19 patients and non-COVID ARDS patients [137].

Several studies have shown a relationship between obesity and elevated ferritin
serum levels [138]. Chronic inflammation, as a result of the increased release of leptin and
pro-inflammatory cytokines by adipocytes and related immune cells, [11,21,23,120] likely
contributes to the manifestation of elevated ferritin levels in individuals with obesity.

Infection with SARS-CoV-2 in individuals with obesity as pre-existing condition can
progress into a hyperferritinaemic state as both SARS-CoV-2 and obesity initiate the release
of ferritin. Ferritin further stimulates macrophages to produce pro-inflammatory cytokines,
mainly IL-1, IL-6 and IL-17. At overly elevated serum ferritin levels, macrophages produce
so many cytokines that the situation can evolve into a cytokine storm [122]. The cytokine
storm occurring with COVID-19 could be considered a hyperferritinemia syndrome [139]
and is a significant adverse development in the course of the disease, translating into a
marked increased risk of death [140].

3.5. Obesity-Related Risk Factors for Developing Coagulopathy in COVID-19 Patients

About a third of ICU patients with COVID-19 develop thrombotic complications [141,142].
The characteristics of CAC seem to be more complex than the development of thromboin-
flammation triggered by systemic inflammation in response to infection [143]. For example,
the presence of systemic microthrombi and hemorrhage in SARS-CoV-2 affected organs
indicates a malfunction in the coordination of coagulation and fibrinolysis [144]. Moreover,
CAC is commonly associated with increased D-dimer and fibrinogen levels, indicating
there is initially no suppression of fibrinolysis [145]. Abnormalities in other coagulation
biomarker such as prothrombin time and platelet count are less frequent and seem less
affected by SARS-CoV-2 infection [146].

In the following section we provide an overview of parameters that are dysregulated
in obesity and could contribute to increase the risk of developing CAC (See also Figure 1).

3.5.1. Hyperleptinemia

Hyperleptinemia is a risk factor for developing thrombi. Leptin affects blood clot-
ting by enhancing prothrombotic and antifibrinolytic protein expression in vascular and
inflammatory cells and thereby producing a more hypofibrinolytic state [147]. A large
population-based cohort study from The Netherlands, examining associations between
serum leptin concentrations and coagulation factor concentrations and parameters of
platelet activation, showed that serum leptin concentrations were positively associated
with concentrations of coagulation factor VIII and IX [148]. Hyperleptinemia and leptin
resistance have also been described as risk factors for the development of cardiovascular
diseases [149,150]. As elevated leptin levels are a key feature of obesity [149,151,152],
the prothrombotic state produced by hyperleptinemia, increases the risk for developing
thrombotic complications in COVID-19.

3.5.2. PAI-1 Production by Adipocytes

Plasminogen activator inhibitor 1 (PAI-1) is the primary physiological inhibitor of
plasminogen activation. Elevations in plasma PAI-1 compromise normal fibrin clearance
mechanisms and promote thrombosis. PAI-1 is also produced by adipocytes and its
production is dramatically upregulated in obesity [153,154]. PAI-1 mRNA expression was
demonstrated in the visceral and subcutaneous fat of obese rats [155] and in adipose tissue
from human subjects [156]. In both rats and humans, VAT produced significantly more PAI-
1 compared to SAT. These results are consistent with the observation that cardiovascular
risk is most closely correlated with central obesity [157]. PAI-1 produced by adipocytes and
vascular endothelium is involved in tissue expansion and angiogenesis necessary during
adipose tissue development [158].
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Several molecular mechanisms are involved in the upregulation of PAI-1 mRNA expres-
sion in obesity. For example, different cytokines including TNF-α and transforming growth
factor (TGF)-ß, triglycerides, free fatty acids and insulin all stimulate PAI-1 expression in
adipose tissue [153]. Leptin, additionally, contributes to a prothrombotic state by increasing
the expression of PAI-1 in vascular endothelium [159]. Thus, obesity-induced upregulation
of PAI-1 further increases the risk for coagulopathy, following SARS-CoV-2 infection.

3.5.3. Endothelial Dysfunction

The endothelium serves as a dynamic barrier that separates blood from interstitia.
Endothelial cells respond rapidly to changes in the circulation and become activated
according to environmental needs [160]. The multitude of physiological functions of the
endothelium are still a topic of extended research. Endothelium is recently described as an
active regulator of lipid and glucose homeostasis [161].

Endothelial cells play a major role in vascular homeostasis and blood coagulation.
Endothelial dysfunction is considered a hallmark of metabolic diseases and is characterized
by a loss of molecular cell functions and inevitably causing coagulopathy. Endothelial
dysfunction contributes to various pathological states such as atherothrombosis, arterial
thrombosis (stroke, visceral and peripheral artery occlusive diseases), venous thrombosis,
intravascular coagulation and thrombotic microangiopathies [160].

Oxidative stress is considered the major cause of endothelial dysfunction. Obesity gen-
erates oxidative stress through different pathways, such as hyperglycemia, known to trigger
vascular damage by inducing the accumulation of reactive oxygen species (ROS) [162].
Hyperglycemia also activates NF-κB, a transcription factor that mediates vascular inflam-
mation [162]. The exacerbated production of pro-inflammatory cytokines by adipose tissue
further increases oxidative stress levels and promotes the upregulation of procoagulant
factors and adhesion molecules in the endothelium, the downregulation of anticoagulant
regulatory proteins, increases thrombin generation, and enhances platelet activation [163].
Not coincidentally, endothelial dysfunction is a common feature of comorbidities that
increase the risk for severe COVID-19, including hypertension, obesity, diabetes mellitus,
coronary artery disease and heart failure.

Furthermore, because ACE2 is expressed abundantly on vascular endothelial cells of
both small and large arteries and veins [164], SARS-CoV-2 infection of endothelial cells
can further aggravate endothelial dysfunction. Endothelial damage and dysfunction may
thus be the result of cellular infection by SARS-CoV-2, as well as a consequence of obesity-
associated excessive systemic inflammation [165]. Evidently, patients with preexisting
endothelial dysfunction are more vulnerable to develop severe complications, including
coagulopathy, following SARS-CoV-2 infection (See also Figure 1).

3.5.4. Vitamin K

Vitamin K is a fat-soluble vitamin, required for the carboxylation of vitamin K-
dependent proteins (VKDP). Intrahepatic VKDP include coagulation factors II, VII, IX,
X, and different anticoagulant proteins. Extra-hepatic VKDP include diverse gamma-
carboxyglutamate (Gla) proteins involved in maintaining bone homeostasis, as well as
inhibiting ectopic calcification [166]. Vitamin K is not a single entity but a family of
structurally related molecules such as phylloquinone, also referred to as vitamin K1, and
menaquinone or vitamin K2.

Obesity is linked with vitamin K deficiency [167–169]. Vitamin K deficiency results in
decreased vitamin K-dependent carboxylation and phosphorylation of Gla-proteins and,
as a consequence, into elevated levels of circulating desphosphorylated-uncarboxylated
matrix Gla protein (dp-ucMGP). Recent research studied the relationship between obesity
and serum dp-ucMGP in a cohort of 278 Chinese Han people. The results demonstrated
that serum dp-ucMGP level was positively associated with visceral fat index, waist height
ratio, but not BMI [167]. In addition, lower vitamin K2 levels were observed in obese
hemodialysis patients compared to non-obese patients [168]. Also, a lower vitamin K1
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status was observed in patients with obesity compared to healthy individuals [169]. Yet,
differences in dietary K1 intake could not fully explain this observation. It has been
suggested that vitamin K accumulates in adipose tissue, thereby reducing the bioavailability
of this vitamin in individuals with obesity [169]. This theory could be plausible since a
similar mechanism has been established for other fat-soluble vitamins [170,171]. However,
understanding the mechanisms underlying the association between obesity and vitamin K
deficiency remains a topic for further investigation.

Vitamin K status was also assessed in COVID-19 patients by measuring dp-ucMGP.
Levels of dp-ucMGP were significantly elevated in COVID-19 patients compared to controls
and were higher in COVID-19 patients with unfavorable disease outcome. Carboxylated
matrix Gla-protein protect against degradation and calcification of vasculature and elastic
fibers in the extracellular matrix of the lungs. In COVID-19, elastic fiber degradation
combined with calcification of these fibers due to low vitamin K status could aggravate
lung injury and lung fibrosis [172].

Thus, to summarize, we can argue that several factors associated with obesity increase
the risk for CAC, including elevated leptin levels, increased PAI-1 levels, endothelial dys-
function and low vitamin K levels. The latter is possibly also involved in the development
of more severe lung injury in COVID-19.

4. Conclusions and Implications for Further Research

Obesity cannot simply be defined as an excess of fat cells. Adipose tissue releases
many active substances, such as adipokines and components of the RAS, all influencing the
brain and metabolic- and immune system. Being obese increases the risk of SARS-CoV-2
infection and complications via several mechanisms. First, viral entry is enhanced due to
increased ACE2, csGRP78 and presumably HSPG and NRP-1 expression levels in various
cell types, like pneumocytes and adipocytes. Second, the immune system is unable to
provide an adequate immune response leading to impaired viral clearance. Eventually, the
immune system can overreact as a result of pro-inflammatory ‘priming’ due to excessive
cytokine production by adipose tissue and its related immune cells and high ferritin
levels, eventually triggering a cytokine storm [122,139]. Finally, hyperleptinemia, PAI-1
production by adipocytes and endothelial cells, endothelial dysfunction and low levels,
or low bioavailability, of vitamin K, all increase the risk for the development of thrombus
formation and hemorrhage.

An important lesson learned from the coronavirus pandemic is the importance of a
healthy lifestyle to positively influence the course of COVID-19 disease. A non-processed
nutrient-rich diet [173–175], limited excessive or overly energy-rich food, sufficient and
intensive exercise [176], sufficient sleep [177] and avoiding chronic psycho-emotional
stress [178] are all efficient health-promoting measures in the prevention of obesity [179].
We also advocate an integrated multidisciplinary approach in the fight against COVID-19.
Future research must identify causes of severity and complications to develop efficient
preventive measures and curative interventions.
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