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In the past 50 years, the global prevalence of obesity and overweight has tripled,
reaching pandemic proportions and blatantly representing an urgent problem for public
health [1,2]. Many different factors have actively fed the spread of this chronic condi-
tion, from the rising global intake of calorie-dense food to widespread bad behaviors
such as living a sedentary lifestyle [3,4]. The most worrying aspect of this condition is its
correlation with other comorbidities. Indeed, obesity has been proven to be associated
with an increased risk of developing dyslipidemia, hypertension, type 2 diabetes, coro-
nary heart disease, non-alcoholic fatty liver disease (NAFLD), arthritis and even many
types of cancers [1,5,6], all of which severely impact the quality and life expectancy of
affected subjects.

Thus far, the urgent need for intervention strategies focused on tailored targets, as well
as the development of personalized medicine, has been a crucial aim in obesity research [7].

Some of these approaches have been focused on inflammation as a possible target in
the development of effective therapeutic strategies [8,9]. Indeed, inflammation in adipose
tissues represents a primary force that can contribute to the onset of obesity-associated
pathologies [10]. White adipose tissue (WAT) represents an endocrine organ assigned to
store lipid deposits and monitor both metabolism and inflammation through the produc-
tion of adipokines (leptin and adiponectin) and cytokines [11,12]. Indeed, in WAT, many
different cell types, such as adipocyte precursors (AP), adipocytes and immune cell subsets
(i.e., dendritic cells, T and B cells and macrophages) coexist [13], creating a complicated net-
work for the maintenance of the correct metabolic functionality and integrity of adipocytes.
However, substantial evidence has proven that hypoxic conditions fulfill the expansion of
adipose tissue and the upregulation of inflammatory response-related adipokines. As a con-
sequence, hypoxia of fat cells increases glucose consumption, promoting the development
of adipocyte insulin resistance and adipose tissue fibrosis [14].

In this scenario, a consistent amount of extracellular matrix (ECM) proteins (i.e., fibronectin
and many different types of collagen) released by adipocytes, adipocyte progenitors and
fibroblasts accumulate in ECM, modifying WAT plasticity and its functionality [15,16],
two characteristic events which occur in adipose tissue fibrosis. A pro-fibrotic action in
this process is carried out by cytokine secretion by immune system cells as adipose tissue
macrophages and mast cells [17]. In a recent study, Arndt et al., using an ex vivo WAT
organotypic culture system, identified IL-13 and IL-4 as critical pathogenic mediators of
WAT fibrosis. The authors demonstrated that this effect is dependent on WAT-associated
macrophages, since their removal by clodronate liposome treatment decreased the fibrotic
deposition in WAT in mice intraperitoneally injected with IL-4. A strong positive correlation
between fibrosis markers and IL-13/IL-4 receptors was found, but the data seem to indicate
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that both IL-13 and IL-4 can play a role in ex vivo WAT systems, though only partly in
in vivo models [18].

The state of chronic inflammation which characterizes obese subjects contributes to
the development of several chronic diseases [11]. Regarding this connection, it has been
reported that obesity represents a risk factor for myofascial disease, one of the leading
causes of physical disability. Ugwoke et al. highlighted how several pathological pro-
cesses in obesity, including changes in adipose tissue metabolism, chronic inflammatory
state and oxidative stress, may alter the mechanical and biological properties of fascial
hyaluronan [19]. Hyaluronan is the main polysaccharide of the ECM of connective tissues;
it provides mechanical stability and acts as a water reservoir and lubricant. Moreover,
hyaluronan, by binding to cell-surface receptors in adipose tissue, is able to modulate
adipogenesis and adipose tissue metabolism. Alterations in the physical and chemical
properties of hyaluronan alter the viscoelasticity of the matrix and deregulate molecular
signaling, contributing to the development of myofascial disease in obesity.

Some investigations have focused on the identification of pro-inflammatory biomark-
ers in the saliva of obese subjects. A higher level of some matrix metalloproteinases (i.e.,
gelatinases MMP-2 and MMP-9), as well as of IL-1β, were found in the saliva of obese
women compared to the control group, while in obese men, higher contents of MMP-9,
IL-6 and resistin were observed compared to individuals of normal body weight [20].

Zazula et al. demonstrated that an early and sustained inflammatory state favors the
acquisition of persistent muscle changes and typical obesogenic features [21]. Such a study
was performed via subcutaneous injection of monosodium glutamate (MNG) in Wistar rats.
When administered in the perinatal phase, MNG provokes lesions of hypothalamic nuclei
in animal models, leading, in adult life, to hyperphagia and unbalanced consumption of
nutrients, two typical features of obesity [22–24]. In line with this evidence, Zazula’s data
demonstrated that MSG exposure promoted adiposity in Wistar rats, favoring a hyperinsu-
linemic and pro-inflammatory state that were accompanied with fibrosis, oxidative injury
and muscle mass reduction in adult rats. The plasmatic profiles of the animals showed
remarkable increases in glucose content, total cholesterol, LDL and VLDL, as well as in the
amount of triacylglycerols. The analysis of muscle markers in MSG-treated rats provided
evidence of an increase in lactate content and a decrease in creatine kinase with respect to
the control group [21].

The main cause leading to the accumulation of fat in adipose tissue is an excessive
food intake. Several reports have suggested that high sugar consumption is contributing to
the global rise in obesity and type 2 diabetes. To reduce sugar intake and its dangerous
consequences, the ingestion of polyols, natural sweeteners with low caloric content and
a low glycemic index, can be useful [25]. Erythriol and xylitol are two polyols which are
partly adsorbed in the small intestine. Bordier et al. evaluated the enteral adsorption of
erythriol and xylitol and their potential metabolization into the oxidate form erytronate,
whose implications for human health remain to be determined, in healthy volunteers [26].
Based on the results, the authors demonstrated that erythriol is dose-dependently adsorbed
and metabolized in small amounts to erytronate, whereas xylitol absorption is low, and no
metabolization to erytronate takes place.

Other studies have demonstrated that a high-fat diet (HFD) can contribute to adiposity
and obesity status [27]. In particular, the presence of high levels of long-chain saturated
fatty acids (FAs), such as palmitate, in the diet has been associated with hypertrophic
and dysfunctional adipocytes, as well as with a state of low-grade inflammation in white
adipose tissue (WAT) [28]. Thus, reducing the hypertrophy adipose tissue represents a
strategy to counteract the detrimental effects of obesity.

Nowadays, numerous foods rich in antioxidants, phytochemicals and essential oils
have been found to be helpful in maintaining body weight, and can be considered protective
and/or therapeutic against obesity [29,30]. Mango (Mangifera indica L.) is a food appreciated
for its nutritive and nutraceutical properties. Different parts of the mango plant and fruit
have been reported to exert anti-tumoral, antioxidant and anti-inflammatory effects due
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to the high content of polyphenols [31–33]. Pratelli et al. demonstrated that extracts of
Sicilian mango peels and seeds, the main bio-wastes of mango processing, are capable
of counteracting in 3T3-L1 adipocyte lipotoxicity induced by high doses of palmitate,
the main long-chain FA present in the diet. In particular, mango extracts counteracted
palmitate-induced hypertrophy by reducing lipid droplets and triglyceride content, as
well as reducing endoplasmic reticulum stress induced by palmitate. The lipolytic and
antioxidant effects exerted by mango peel and seed extracts seem to be mediated by the
activation of the AMPK and Nrf2 antioxidant pathway [34].

A beneficial effect against HFD-induced lipotoxicity also seems to be also exerted by
4-methylesculetin (6,7-dihydroxy-4-methylcoumarin, 4-ME), a coumarin derivative isolated
from Artemisia annua [35]. Li et al. showed that 4-ME treatment attenuated adipocyte
hypertrophy, macrophage infiltration, hypoxia and fibrosis in epididymal adipose tissue in
HFD-fed mice, thus improving the adipose tissue microenvironment. In addition, 4-ME
reduced liver fibrosis by lowering FAs uptake and de novo lipogenesis. These effects are
correlated with the ability of 4-ME to down-regulate CD36; the free FA cell-surface receptor;
as well as SREBP-1, PPAR-γ and FASN protein, transcription factors and enzymes that
are involved in lipogenesis. Furthermore, 4-ME activated Nrf2, an important antioxidant
transcriptional factor that can also indirectly suppress the expression of SREBP-1 and its
lipogenic target genes [35].

A natural compound that has attracted the interest of researchers is curcumin, a
polyphenol extracted from the rhizome of Curcuma longa L. A consistent piece of evi-
dence has demonstrated that it has different pharmacological properties, including anti-
inflammatory, antioxidant, neuroprotective and anti-tumoral effects [36], and it is also
able to improve glucose and lipid metabolism [37]. However, the potential therapeutic
application of this molecule is strongly limited by its scarce bioavailability as a conse-
quence of its low solubility in water and rapid clearance [38]. Combinatorial treatments
aimed at improving both curcumin bioavailability and its half-life have identified piperine,
an alkaloid extracted by Piper nigrum L. and Piper longum, as a possible candidate to be
co-administered with curcumin. However, in a recent case study, Servida et al. demon-
strated that this combination treatment should be better explored. Indeed, in a patient
exposed to a low-altitude condition, curcumin/piperine co-administration induced severe
hypoglycemia followed by a transient loss of consciousness [38].

Several studies support the conclusion that obesity represents a risk factor for the
development of neurodegenerative diseases, including dementia and Alzheimer’s dis-
ease [39]. Indeed, obesity is associated with chronic low-grade inflammation and oxidative
stress, which contribute to the onset and progression of neurodegeneration. There is an as-
sumption that foods rich in antioxidants may exert protective effects on neurodegeneration.
To this end, Terzo et al. evaluated the effect of combined administration of Sicilian black
bee chestnut honey and D-limonene, which are known to mitigate inflammation and oxida-
tive stress, in HFD-fed mice. After 10 weeks of consuming an HFD, the mice developed
neuronal apoptosis, increased pro-inflammatory cytokines and oxidative stress markers.
Interestingly, all of these alterations were counteracted by the combined administration
of honey and limonene [40]. Notably, they also reduced amyloid plaque processing and
improved synaptic function, thus suggesting that a honey and limonene combination can
represent a potential dietary supplement to counteract HFD-induced brain damage.

In addition to natural compounds, some synthetic molecules with targeted action
showed promising effects for reducing obesity and related diseases. Adenosine recep-
tor subtypes A2A and A2B represent important therapeutic targets for the treatment of
obesity [41]. Theophylline is a non-selective adenosine receptor antagonist that has been
shown to reduce body weight in obese animals [42]. However, its side effects, such as
hyperactivity and heart rhythm disturbances, represent a problem. Kotańska et al. [43]
compared the effect of theophylline with that of PSB-603, a specific adenosine A2B receptor
antagonist, on high-fat/high-sugar diet-fed mice and demonstrated that both the A2B
receptor antagonists significantly lowered the body weights of the mice. However, only
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PSB-603 was also capable of reducing triglycerides and total cholesterol blood levels in
mice, thus suggesting that blocking A2A with a specific antagonist has stronger effects on
lipid reduction than non-selective inhibition.

In addition, several studies supported the existence of an anti-obesity effect of com-
pounds stimulating histamine release [44]. The histaminergic system is involved in the
regulation of food intake and body weight control [44]. Stimulation of the H3 receptor
activates a negative feedback due to histamine release, while H3 receptor inhibition by
specific antagonists shows efficacy in inhibiting weight gain [45]. In a recent publication,
Mika et al. demonstrated that KSK-74, a new specific H3R antagonist, reduced weight gain
in overfeeding rats. It also improved their glucose tolerance and adipocyte hypertrophy,
suggesting its potential use as an anti-obesity compound [46].

Beyond these emerging data, new insights for the development of therapeutic strate-
gies against obesity come from the identification of epigenetic molecular targets. During
adipogenesis, a highly orchestrated gene expression program occurs [47]. It favors the
cell commitment of pluripotent stem cells (first stage) into pre-adipocytes, and then the
terminal differentiation of pre-adipocytes into mature adipocytes (second stage) [48]. A
complex system of epigenetic changes and chromatin remodeling processes alternates
during the differentiation flux, causing the silencing of stemness-associated genes [49]. In
recent years, such an aspect has been a hot topic in the scientific community, pushing the
search for natural and synthetic compounds able to modulate that intricate network of
proteins and transcription factors that are directly involved in stem cell differentiation or in
uncontrolled adipocyte tissue hyperproliferation [50,51]. In this context, metformin and
vitamin D have been revealed as very promising therapeutic agents, since their administra-
tion to adipose-derived stem cells upregulates HDAC1 expression, affected the stem cell
phenotype and modulated the expression of those miRNAs playing a key role in stem cell
adipogenesis [47,52].
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43. Kotańska, M.; Dziubina, A.; Szafarz, M.; Mika, K.; Bednarski, M.; Nicosia, N.; Temirak, A.; Müller, C.E.; Kieć-Kononowicz, K.
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Abstract: White adipose tissue (WAT) fibrosis, characterized by an excess of extracellular (ECM)
matrix components, is strongly associated with WAT inflammation and dysfunction due to obesity.
Interleukin (IL)-13 and IL-4 were recently identified as critical mediators in the pathogenesis of
fibrotic diseases. However, their role in WAT fibrosis is still ill-defined. We therefore established an
ex vivo WAT organotypic culture system and demonstrated an upregulation of fibrosis-related genes
and an increase of α-smooth muscle actin (αSMA) and fibronectin abundance upon dose-dependent
stimulation with IL-13/IL-4. These fibrotic effects were lost in WAT lacking il4ra, which encodes
for the underlying receptor controlling this process. Adipose tissue macrophages were found to
play a key role in mediating IL-13/IL-4 effects in WAT fibrosis as their depletion through clodronate
dramatically decreased the fibrotic phenotype. IL-4-induced WAT fibrosis was partly confirmed in
mice injected intraperitoneally with IL-4. Furthermore, gene correlation analyses of human WAT
samples revealed a strong positive correlation of fibrosis markers with IL-13/IL-4 receptors, whereas
IL13 and IL4 correlations failed to confirm this association. In conclusion, IL-13 and IL-4 can induce
WAT fibrosis ex vivo and partly in vivo, but their role in human WAT remains to be further elucidated.

Keywords: adipose tissue; fibrosis; IL-13; IL-4; macrophages; obesity

1. Introduction

Obesity is one of the gravest global health problems in western societies, leading
to an increasing risk for cardiovascular and metabolic diseases including dyslipidemia,
insulin resistance, and type 2 diabetes [1]. Obesity-related chronic nutrient overload
promotes white adipose tissue (WAT) expansion through both increased lipid storage
in adipocytes (hypertrophy) and formation of new adipocytes (hyperplasia); these are
accompanied by extracellular matrix (ECM) remodeling to accommodate adipose tissue
modifications. Further obesity-associated dysregulations in WAT, such as hypoxia and
inflammation characterized by accumulation of macrophages and other immune cells,
can advance WAT fibrosis [2]. Fibrosis of adipose tissue is considered both a feature of
obesity and a contributing factor to loss of WAT function and plasticity [3] and is closely
correlated to more metabolic complications [4]. As with other fibrotic diseases, WAT
fibrosis arises due to the excessive accumulation of ECM proteins; this can either result
from increased production or impaired degradation of ECM components such as collagens
I, III, VI, and fibronectin [5], which are primarily produced by adipocyte progenitors,
adipocytes, fibroblasts, and myofibroblasts [4]. Immune cells, such as mast cells and
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adipose tissue macrophages (ATMs), appear to have the greatest regulatory role in ECM
production through their effects on other cell types via cytokine secretion [6,7]. It is widely
accepted that transforming growth factor β-1 (TGF-β1), interleukin (IL)-4, and IL-13 are
the most prominent cytokines driving fibrosis in liver, lung, kidney, and skin [8].

IL-4 and IL-13 are the key cytokines in the type 2 immune responses, sharing structural
and functional similarities. Both cytokines are primarily produced by T-helper type 2 (Th2)
cells, as well as by some innate immune cells, including basophils, mast cells, eosinophils,
and macrophages. Both cytokines also share several biological functions. These include the
promotion of Th2 cell differentiation, inducing the immunoglobulin switch from IgM to IgE
in B cells, and recruiting and activating immune cells such as macrophages [9,10]. Consis-
tent with these functional similarities, IL-4 and IL-13 exhibit approximately 30% amino acid
sequence homology and share a common receptor, the type 2 IL-4 receptor [11]. Although
IL-4 and IL-13 receptors share a common alpha chain (IL 4Rα), IL-4Rα also interacts with
the gamma common (γc) chain to form the type 1 IL-4 receptor, while the type 2 IL-4/IL-13
receptor, IL-4Rα, binds to the IL-13Rα1 chain. Both receptor complexes can be activated
by IL-4, resulting in JAK/STAT6-dependent signaling; this is also triggered by IL-13 bind-
ing but exclusively via the type 2 receptor complex. In contrast, IL-13 exhibits a higher
binding affinity to the α2 chain of the IL-13 receptor (IL-13Rα2), which was previously
specified as a decoy receptor for the internalization of excessive IL-13 [12,13]. Recently, a
new signaling pathway for the IL-13Rα2 has been described in which activator protein 1
(AP1) acts as the signaling molecule to induce the production of TGF-β1 in macrophages
and, therefore, mediates fibrosis [12]. It is widely accepted that, upon TGF-β1 stimula-
tion, fibroblasts are activated and undergo a phenotypic transition into myofibroblasts
accompanied by increased alpha-smooth muscle actin (α-SMA) production [14]. Recently,
Marcelin et al. identified adipocyte progenitors (defined as PDGFRa+ and Cd9high) capa-
ble of adopting a myofibroblast-like phenotype leading to ECM deposition and fibrosis
under a high-fed diet (HFD) [15]. Obesity and fibrotic WAT are also closely associated with
increased pro-inflammatory ATMs, that primarily accumulate around dead adipocytes,
forming crown-like structures (CLS) [16–18]. Here, most CLS-associated ATMs are lipid-
associated macrophages (LAMs), a novel macrophage subset that are closely related to lipid
metabolism and phagocytosis [19]. Interestingly, dying adipocytes induced the activation
of macrophage-inducible C-type lectin (Mincle) exclusively in pro-inflammatory ATMs
localized in CLS, thereby leading to myofibroblasts formation and ECM production [20].

On the other hand, fibrosis is closely linked with Th2 immune responses. The effects
of IL-13 and IL-4 on fibrosis pathogenesis have been extensively studied, but their role
in WAT fibrosis has not yet been elucidated. This study demonstrates, for the first time,
that IL-13 and IL-4 stimulation results in a fibrotic phenotype in mouse WAT ex vivo and
partly in vivo. Furthermore, we identify ATMs as the key driver mediating the IL 13/IL-4
signal. In contrast, data concerning human WAT cannot entirely support this conclusion.
Indeed, visceral WAT expression revealed a positive correlation of IL-13/IL-4 receptors
with fibrosis markers, but there was no positive correlation for IL-13 and IL-4, thereby
suggesting a controversial role for IL-13 and IL-4 in human WAT fibrosis.

2. Results

2.1. IL-13 and IL-4 Induced WAT Fibrosis

Several studies have demonstrated that IL-13 and IL-4 act as important inducers of
fibrosis in several diseases. To study the impact of IL-13 and IL-4 on WAT fibrosis, we
established an ex vivo culture system of WAT explants. Because varying susceptibility to
WAT fibrosis has been reported in different mouse strains [21], we compared the commonly
used fibrosis-prone C3H/HeOuj (C3H) mice with more fibrosis-resistant C57BL6/J (B6J)
mice, as it has been shown that C3H mice possess more advanced WAT fibrosis after
HFD feeding compared to B6J mice with similar body weight [15]. Studying the effect of
cytokines solely on fibrosis development, we used WAT explants from lean chow-fed mice.
After 4 days of IL-13 or IL-4 stimulation, the mRNA expression of their respective receptors
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Il13ra1 and Il13ra2 was significantly increased in both mouse strains, with C3H mice
displaying higher upregulation in stimulated WAT explants (Figures 1A and S1A). Il4ra
expression was upregulated only after IL-4 treatment in C3H mice (Figure 1A). Interestingly,
the IL-13-receptor Il13ra2, known as a decoy receptor, showed an upregulation up to 64-fold
after stimulation with both cytokines, suggesting binding of excess cytokines, as previously
described [13]. Importantly, IL-13 and IL-4 treatment upregulated the mRNA expression
of many fibrosis-related and cross-linking enzyme genes (Col1a1, Col3a1, Col6a1, Fn1, Lox,
Loxl2, Timp1) in both strains, whereby the expression levels were slightly higher in C3H
mice (Figures 1B,C and S1A). Counterintuitively, the expression level of Tgfb1, which is
described to be upregulated in many fibrotic diseases [14], was not altered. Additionally, a
concentration range from 1 to 250 ng/mL was used to test the dose dependency of IL-13 and
IL-4 to induce fibrosis phenotype. We observed that only high concentrations (50 ng/mL
and above) could induce expression of fibrosis-related genes (Figure S3A) and increase the
amount of secreted fibronectin (Figure S3B).

Figure 1. IL-13 and IL-4 induce fibrosis-related genes in adipose tissue of C3H mice and partial in
WAT from B6J mice injected with IL-4. White adipose tissue (WAT) explants from C3H mice (n = 7–8)
were stimulated either with IL-13 (50 ng/mL) or IL-4 (50 ng/mL) or non-stimulated (control) for
four days. mRNA expression of cytokine receptors (A), collagens (B) and other fibrosis markers
(C) are given as fold change compared to control condition. B6J mice were fed HFD over 6 weeks
and were injected every two days with recombinant mouse IL-4 (66 μg/kg body weight) complexed
with anti-IL-4 (333 μg/kg body weight) or PBS intraperitoneally (i.p.) for the final 2 weeks of feeding
(n = 5–7). mRNA expression of Il13ra2 and fibrosis markers are given as fold change compared to PBS
condition (D). Data represented as mean ± SEM. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.
The red line indicates the level of the control group.

Next, we investigated our recent findings in an in vivo model. We used B6J mice
receiving HFD for 6 weeks and recombinant mouse IL-4 complexed with IL-4 antibodies
to stabilize IL-4 in vivo for the final two weeks of the feeding period. IL-4 treatment led
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to a significant increase of mRNA levels of the Il13ra2 receptor (4.4-fold) as well as Fn1
(3.1-fold) and Timp1 (4.1-fold); expression levels other genes associated with fibrosis were
unaltered (Col1a1, Col3a1, Lox, Tgfb1) or even decreased (Col6a1) (Figure 1D). This result
partially reflects the findings from the ex vivo WAT explants.

Activation of type 1 and type 2 IL-4 receptors results in downstream phosphorylation
of STAT6. To investigate STAT6-signaling under IL-13 and IL-4 stimulation in WAT explants,
explants from C3H mice were stimulated in an ex vivo culture system for 4 days. We
detected a distinct elevation of phosphorylated STAT6 in IL-13 and IL-4 treated AT explants
when compared to control conditions (Figure 2A). In addition, total STAT6 levels were
higher in the IL-13 and IL-4 treated AT explants.

Figure 2. Increased STAT6 phosphorylation and fibrosis-associated proteins were induced by IL-13
and IL-4. WAT explants from C3H mice were stimulated with either IL-13 (50 ng/mL) or IL-4
(50 ng/mL) or non-stimulated (control) for four days. (A) A representative immunoblot from WAT
explant lysates using antibodies against phosphorylated STAT6, total STAT6 and GAPDH to assess
equal protein loading, from four independent experiments. (B) Levels of fibronectin were determined
in supernatants of the explants (n = 8) by ELISA. (C) Collagen content in WAT explants was measured
by hydroxyproline colorimetric assay (n = 5). (D) The area of α-SMA positive cells (n = 7), (E) the
number of α-SMA positive crown-like structures (CLS, n = 8) and (F) the number of Mac-2 positive
CLS (n = 8) in WAT explants were assessed by α-SMA (green) and Mac-2 (red) immunofluorescence
staining. (G) Representative images of α-SMA and Mac-2 immunofluorescence staining. DAPI
was used for nuclei counterstaining (blue). Data represented as mean ± SEM. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001; scale bars = 50 μm.
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Referring to the increase of fibrosis-related genes, we wanted to ensure that changes
in expression patterns were also reflected at the protein level. Therefore, we measured
levels of fibronectin, one of the highest expressed genes after IL-13/IL-4 stimulation, in the
supernatant of stimulated and non-stimulated explants. In agreement with expression data,
the levels of secreted fibronectin in WAT explants of C3H mice were significantly increased
by ~75% or 80% after IL-13 or IL-4 treatment, respectively (Figure 2B). Quantification of
fibronectin levels in the supernatant of AT explants from B6J mice confirmed these data
(Figure S1B). Furthermore, we also measured levels of the amino acid hydroxyproline,
a broadly employed method used for quantifying collagen. In contrast to upregulated
collagen expression, we only detected a non-significant increase of hydroxyproline in
explants from C3H mice (Figures 2C and S1C).

In many tissues affected by fibrotic diseases, αSMA expression levels were used to
identify myofibroblasts, the major collagen-producing cell type in fibrotic tissues [22,23].
Immunofluorescence analysis revealed that αSMA-positive cells were increased 3 to 4-fold
after IL-13 or IL-4 stimulation in C3H mice (Figure 2D). In addition to single αSMA-positive
cells, presumably myofibroblasts, we also observed an αSMA-positive circular staining
pattern, resembling crown-like structures (CLS; an accumulation of ATMs surrounding
dying adipocytes). The presence of ATMs within these circular structures was confirmed
by the macrophage marker Mac-2. Hence, we defined these structures as αSMA-positive
CLS (αSMA-CLS). We found significantly higher numbers of αSMA-CLS in AT explants
stimulated with IL-4, whereas the increase of αSMA-CLS after IL-13 treatment did not
reach significance (Figure 2E). Most interestingly, a few CLS-associated ATMs showed
co-expression of αSMA (Figure 2G), while interstitial ATMs (outside of CLS) revealed no
obvious αSMA expression, suggesting a correlation between ATMs in CLS and αSMA
expression. In addition, the numbers of Mac-2 positive CLS were also elevated after IL-13
and IL-4 stimulation, raising the question of a positive correlation between number of
CLS, as marker for inflammation, and αSMA-positive areas (Figures 2F and S1D–F). In line
with this, we observed a significant positive correlation for IL-4 induced Mac-2-CLS with
αSMA-CLS in C3H mice (Figure S2).

Overall, WAT explants stimulated with 50 ng/mL of IL-13 and IL-4 from C3H mice
and B6J mice are characterized by an increased propensity for WAT fibrosis, whereas WAT
fibrosis is more pronounced in C3H animals. Furthermore, in vivo data from B6J mice
injected with IL-4 partially confirmed its effects on fibrosis marker expression.

2.2. IL-4Rα-Chain Is Required for IL-13 and IL-4 Induced Fibrosis

Given the significant induction of fibrosis in response to IL-13 and IL-4, we next
investigated which receptor was mediating this effect in WAT. There are three potential
receptors: the type 1 and type 2 IL-4 receptor, which share the common receptor IL-4Rα-
chain and can be activated by IL-4 (type 1, type 2) or IL-13 (type 2), and IL-13Rα2, which
is activated by IL-13 only [24]. Since both cytokines can induce fibrosis, we hypothesized
that the IL4Rα-chain could be the major receptor chain for IL-13 and IL-4 signaling. Hence,
we used WAT explants from mice lacking the IL4rα-chain (Il4ra−/−) and age-matched B6J
control mice. WAT explants were stimulated in an ex vivo model with IL-13 and IL-4 for
4 days as described above. In B6J control mice, we determined similar levels of mRNA
expression for receptor genes (Il13ra1, Il13ra2, Il4ra) and fibrosis as well as cross-linking
enzyme genes (Col1a1, Col3a1, Col6a1, Fn1, Lox, Timp1) (Figure 3A) as observed in B6J mice
described in Figure S1A.

However, WAT explants from Il4ra−/− mice showed no response to IL-13 and IL-4
when compared to explants from age-matched wild-type B6J mice (Figure 3A). Moreover,
the abundance of secreted fibronectin was quantified. In line with mRNA expression, the
level of fibronectin did not increase upon IL-13 and IL-4 treatment in Il4ra deficient WAT
explants (Figure 3B); this confirms that the IL4rα-chain is absolutely required for IL-13 and
IL-4 induced fibrosis.
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Figure 3. WAT explants from Il4ra−/− mice show no response to IL-13 and IL-4 stimulation. WAT
explants from Il4ra−/− mice (n = 6–9) and control B6J mice (n = 6–9) were stimulated with either
IL-13 (50 ng/mL) or IL-4 (50 ng/mL) or not (control) for four days. (A) mRNA expression of cy-
tokine receptors and fibrosis-related genes were determined in stimulated explants and represented
as relative changes to the control group (B6J). (B) Fibronectin content was measured in the super-
natant of cultured explants by ELISA. All data were represented as mean ± SEM. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001. The red line indicates the level of the control group.

2.3. IL-13 and IL-4 Induced Fibrosis Phenotype Depends on ATMs

Next, we set out to examine the mediator cells of IL-13 and IL-4 induced fibrosis in
WAT. We characterized cultured adipocytes and macrophages by analyzing their gene
expression profile. Differentiated 3T3-L1 adipocytes were stimulated with 50 ng/mL IL–13
or IL-4 over 48 h, respectively and with 5 ng/mL TGF-β1 as a positive control. Analysis
of mRNA expression revealed no induction of fibrosis-related genes under IL-13 and IL-4
stimulation. TGF-β1, as a well-known stimulus for fibrosis, increased mRNA expression of
some genes, including Col1a1, Fn1, Lox, and Timp1 (Figure S4A).

To examine the impact of macrophages, we stimulated bone marrow derived macroph-
ages (BMDMs) from Il4ra−/− deficient mice and littermate wild-type (WT) control mice
with IL-13 (20 ng/mL) over 48 h and analyzed them using RNA sequencing (Figure 4A). In-
terestingly, we only observed an increased mRNA expression of Fn1 in response to IL-13 in
WT BMDMs; other fibrosis-related genes were not altered. In Il4ra−/− deficient BMDMs,
fibrosis-related genes were not upregulated in response to IL-13. In contrast, comparing
only BMDMs from WT and Il4ra−/− deficient mice without stimulation, we determined
an increase in some fibrosis-related genes such as Col1a1, Col1a2, Col3a1, Col5a1, Col6a3,
Fn1, Timp1, Acta2 and Lox in Il4ra−/− deficient BMDMs, suggesting a basal difference
between WT und Il4ra−/− deficient BMDMs; this was not altered even after IL-13 stim-
ulation. Hence, basal gene expression of fibrosis genes in cultured macrophages depend
on Il4r expression. However, to mimic fibrosis induction due to IL-13 stimulation, more
complex culture systems (such as WAT explants) are needed, presumably due to the lack of
myofibroblasts or adipocyte progenitors as additional mediators.
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Figure 4. Adipose tissue fibrosis is dependent on adipose tissue macrophages (ATMs). (A) BMDMs
were isolated from Il4ra−/− mice (KO, n = 4) and Il4ra+/+ littermate controls (WT, n = 4) and
stimulated with IL-13 (20 ng/mL) for 48 h. Differential gene expressions (DEGs) were determined
from RNA bulk sequencing data and Log2FC of fibrosis-related genes were represented in a heat
map; gray boxes illustrate non-significant data (FDR > 0.05) (B) Explants from B6J mice (n = 5–8)
treated with clodronate or PBS liposomes or non-treated (medium) were stimulated for four days
with 50 ng/mL IL-13 or IL-4, respectively. mRNA expression of the macrophage marker (Cd11b) and
fibrosis markers are shown as fold change compared to control conditions (medium, non-stimulated).
(C) Levels of fibronectin were determined in supernatants of WAT explants (n = 6) by ELISA. All data
were represented as mean ± SEM. ** p-value < 0.01; *** p-value < 0.001.

Therefore, we further examined the role of ATMs in IL-4/IL-13-induced WAT fibrosis
using WAT explants. A suitable mechanism to eliminate macrophages in vivo is treatment
with clodronate liposomes [25]. First, we confirmed ATMs depletion by mRNA expression
of the macrophage marker Cd11b (Itgam). Cd11b expression was only slightly decreased
in WAT explants treated with PBS liposomes or IL-13 and unaltered after IL-4 stimulation,
while clodronate liposomes dramatically reduced the expression of Cd11b in all conditions
(Figure 4B). This finding demonstrates that clodronate liposomes can efficiently deplete
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ATMs in our ex vivo model. We further characterized ATMs depleted WAT explants
regarding the expression of fibrosis-related genes upon IL-13 or IL-4 treatment. Interestingly,
Lox, Fn1, and Timp1 mRNA levels were decreased by > 90% when compared to PBS control
liposomes (Figure 4B). In line with the expression data, secreted fibronectin abundance
was also reduced by ~90% and 80% in IL-13 or IL-4 stimulated WAT explants treated with
clodronate liposomes (Figure 4C), respectively. These data clearly support the important
role of ATMs in WAT fibrosis.

2.4. IL-13 and IL-4 Do Not Positively Correlate with Fibrosis Markers and Parameters Associated
with Obesity in Human WAT

Finally, we performed a gene correlation analysis of IL13 and IL4 expression with
cytokine receptors, fibrosis markers, IL-13/IL-4 signaling components, and metabolic
parameters in human WAT to address the clinical relevance of our data and potential
association with parameters of obesity. We analyzed the mRNA expression of visceral and
subcutaneous WAT samples from 1553 adult patients from the Leipzig Obesity BioBank and
adjusted for sex, BMI, and age. Most of the patients in this cohort were obese (BMI ≥ 30,
N = 1470), which increases the occurrence of WAT fibrosis.

IL13 and IL4 expression positively correlated with IL13RA2, JAK3, TGFB1 and several
matrix metalloproteinases (MMP) in visceral and subcutaneous WAT (Figures 5A and S5).
In contrast, other fibrosis markers (TIMP1, FN1, LOX, LOXL2, CCN2, COL1A1, COL3A1,
and COL6A1), showed an inverse correlation in both WAT tissues with IL4 and IL13
expression. However, IL13RA1 revealed a positive correlation to all fibrosis markers (except
TGFB1) and IL4RA only for a few (TIMP1, TGFB1, COL1A1, and COL6A1) in visceral WAT,
consistent with the results in mouse WAT explants. We further correlated IL13 and IL4
expression with metabolic parameters in visceral and subcutaneous WAT. For IL13, we
found a significant inverse correlation to body weight, body fat, and waist circumference,
whereas IL4 expression inversely correlated with waist circumference, fasting plasma
glucose (FPI), and homeostatic model assessment for insulin resistance (HOMA-IR) in
visceral WAT (Figure 5B, Table S1). We observed no significant correlations for IL13 and IL4
in subcutaneous WAT (Table S2). It is worth nothing that several fibrosis markers, including
TIMP1, FN1, LOX, CCN1, COL1A1, COL3A1, and COL6A1, positively correlated with either
body fat or/and waist circumference (Tables S1 and S2).

Figure 5. Cont.
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Figure 5. Human gene correlation analysis of visceral adipose tissues. The presented data are
RNA-Seq data from human visceral adipose tissue samples (n = 1553). (A) Correlation analysis of
fibrotic-related genes as well as IL13 and IL4 in visceral WAT. (B) Significant negative correlation
of IL13 and IL4 with waist circumference (N = 287). Positive correlations are shown in blue while
negative correlations are represented in red. The size of the dot refers to the degree of correlation;
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

Overall, the correlation data from a large human WAT Obesity BioBank offered con-
flicting results, as discussed below.

3. Discussion

Numerous studies have focused on WAT fibrosis, a consequence of a chronic inflamed
and progressive metabolic imbalance during obesity. WAT fibrosis is characterized by
excessive accumulation of ECM to counterbalance the arising WAT dysfunction [18,26].
However, the underlying cellular and molecular mechanisms are still ill-defined.

In this study, we aimed to clarify whether IL-13 and/or IL-4, well-known fibrosis
inducers in various tissues, can also promote fibrosis in WAT. Therefore, we used an
organotypic culture model that preserves the physiological function of WAT and the
in vivo crosstalk between various types of cells [27]. Expression of several fibrosis markers,
as well as levels of fibronectin and αSMA protein levels, were increased upon IL-13 and
IL-4 stimulation, but this phenotype was entirely absent in WAT lacking Il4ra. This suggests
that IL-13 and IL-4 are also involved in fibrotic remodeling in WAT depending on the IL-4
receptor α-chain. Notably, only concentrations above 50 ng/mL could induce the fibrotic
phenotype, which does not reflect physiological cytokine concentrations [28,29]. An in vivo
mouse model with repeated IL-4 injections partly confirmed our results from the ex vivo
WAT explants. Here, we only observed an increase of two fibrosis markers (Timp1 and
Fn1), while other key markers, such as collagens, were not altered, suggesting that the
in vivo effect of IL-4 on WAT fibrosis is not very pronounced or only occurs after chronic
stimulation over longer time periods. Even though the injected IL-4 concentration was very
high (66 μg/kg body weight), the expression levels of Timp1 and Fn1 were not comparable
with those of ex vivo results. There are very few studies regarding fibrosis in IL-4- or
IL-13-injected mice but, in contrast to our results, Kaviratne et al. provided evidence that
intraperitoneal injections of IL-13 can lead to liver fibrosis by upregulating hepatic Col1,
Col3, and Timp1 expression [30]. However, we assume that physiological concentrations
of IL-13 and IL-4 may not induce WAT fibrosis within a short time frame, but maybe over
longer periods. Interestingly, we found that Il13ra2, an exclusive IL-13 decoy receptor,
was induced even upon IL-4 stimulation, both ex vivo and in vivo. We hypothesize that a
negative feedback mechanism may exist, by which IL-4 reduces an overactive Th2 response
via the expression of Il13ra2. This feedback mechanism appears to be regulated by the
α-chain of the IL-4 receptor, as Il4ra deficient mice do not show an increase of Il13ra2 upon
IL-4/IL-13 stimulation.
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Th2 inflammation is considered to be one of the primary mediators in the pathogen-
esis of several fibrotic disorders. Surprisingly, the mechanism by which Th2 cytokines
mediate fibrosis has not been consistently addressed. Several studies have found that IL-13
and IL-4 can activate fibroblasts and stimulate collagen deposition, as has already been
shown for the prominent fibrosis inducer TGF-β1 [29,31,32]. Depending on tissues and
cell types, fibrogenic effects of IL-13 and IL-4 are mediated by TGF-β1 induction [32,33]
or conveyed independently [30], suggesting a broad spectrum of Th2-effective pathways.
Previously published articles have already demonstrated that macrophages stimulated
with IL-4 and/or IL-13 can produce different ECM components, affecting the biomechanical
properties of a tissue; this is clearly seen in fibrotic diseases [34–38]. Here, we showed
that WAT explants stimulated with IL-13 or IL-4 increased the expression of fibrosis genes
as well as fibronectin secretion. Importantly, Tgfb1 expression was not altered, indicating
a TGF-β1-independent activation of WAT fibrosis through IL-13 and IL-4. However, the
peak of Tgfb1 induction might be earlier than our observation point at 48 h. As shown
in macrophages and fibroblasts, IL-13 and IL-4 are also potent inducers of arginase ex-
pression, which converts L-arginine into L-ornithine and urea. Of note, L-ornithine is
a precursor of proline, which promotes collagen synthesis and cell proliferation [39,40].
While we demonstrated an increase of collagen expression upon IL-13 and IL-4 stimu-
lation in WAT explants, we could also observe an increased number of CLS containing
Mac-2-positive ATMs. This observation is in line with our previous finding that M2-like
ATMs possess the ability to proliferate within CLS [41]. Moreover, the αSMA positive
area that increased upon IL-13 or IL-4 stimulation also appears to be localized in CLS; this
could be evidence for cellular crosstalk within CLS. The recently found Mincle expression,
localized only in pro-inflammatory ATMs within CLS, supports this assumption. As en-
dogenous ligands (e.g., free fatty acids), released from dying adipocytes, Mincle is activated
in ATMs, which in turn leads to expression of fibrosis-related genes and myofibroblasts
activation [20,42]. Moreover, Mincle KO mice are protected from obesity-induced CLS
formation and WAT fibrosis, indicating that Mincle plays a role in the crosstalk between
adipocytes and macrophages within CLS [20]. A newly found subset of macrophages,
called LAMs, were also localized within CLS, thereby expressing high levels of Cd9 and
Trem2. Of note, TREM2 deficiency exacerbates WAT hypertrophy and insulin resistance
by preventing LAM formation in response to a HFD [19]. This suggests an important role
for LAMs in attenuating metabolic remodeling in obese WAT. It is worth noting that this
subpopulation is also classified as pro-fibrotic, as TREM2+CD9+ macrophages expand in
liver fibrosis [43]. Further investigations are needed to clarify if IL-13 or IL-4 have an impact
on the fibrotic effects associated with LAMs within CLS.

Interestingly, Itoh et al. found that αSMA-positive myofibroblasts and collagen de-
positions are localized in proximity to hepatic CLS in a NASH mouse model [44]. This
raises the question of the origin of αSMA-positive myofibroblasts within CLS. The origin of
myofibroblasts in fibrotic WAT has been the subject of intensive investigation but remains
controversial. For a long time, tissue-resident fibroblasts were thought to be the main pre-
cursor of myofibroblasts in WAT. However, recent studies have implicated an unexpected
role of mature adipocytes, which can acquire a myofibroblast phenotype under fibrotic
stimuli [45,46]. This process has been described as adipocyte mesenchymal transition [47].
In addition, Marcelin et al. have shown a phenotypical switch of adipose progenitors, classi-
fied as Cd9highPDGFRα+ progenitors, to myofibroblasts, which promote ECM deposition
and WAT fibrosis [15]. However, we detected αSMA-positive myofibroblasts within CLS
formed by ATMs as well as CLS formed only by myofibroblasts. It should be mentioned that
only IL-4 stimulation significantly increased the number of αSMA-positive CLS, whereas
the increase with IL-13 stimulation did not reach significance. This lower efficacy of IL-13
may be due to the higher binding affinity of IL-13 to IL-13Rα2 compared with IL-13Rα1,
which suppresses the impact of IL-13 at the IL-4 receptor type II. Regardless, the cellular
origin of IL-13 and IL-4 induced myofibroblasts remains unclear to date and warrants
further investigation. There are multiple theories regarding the phenotypical switch of
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adipocytes within fibrosis progression. One theory states that adipocytes dedifferentiate
into mesenchymal progenitor cells upon systemic metabolic stress or hypoxia and then dif-
ferentiate into myofibroblasts under fibrotic stimuli such as TGF-β1 [48]. On the other hand,
these conditions could also cause ATM localization around dying adipocytes and thereby
initiate the differentiation of adipose progenitors into myofibroblasts [47]. However, we
studied the impact of ATMs on IL-13 and IL-4 induced fibrosis. Interestingly, the treatment
with clodronate liposomes decreased the expression of fibrotic markers up to 99% and
fibronectin abundance up to 90%. Thus, we postulate a direct crosstalk of ATMs to other
cells, promoting the phenotypical switch towards myofibroblasts. Our finding that isolated
macrophages and mature adipocytes do not respond upon IL-13 and IL-4 stimulation
emphasizes this assumption. It is worth mentioning that mature adipocytes reduce Il4ra
expression during the early phase of differentiation [49]; thus, using preadipocytes would
be more physiological. In line with this, primary human adipocytes and preadipocytes
co-cultured with THP-1 macrophages strongly increased collagen VI expression, most
notably through M2-polarized macrophages [50]. Direct effects on the differentiation of
SGBS preadipocytes by macrophages were reported by Sarsenbayeva et al., whereby the
presence of macrophages induced αSMA expression in SGBS preadipocytes [51].

Interestingly, IL-4 can inhibit adipogenesis at the early phase of adipocyte differentia-
tion through the STAT6 pathway [49]. This could be a possible mechanism by which IL-4
(and IL-13) increases the number of preadipocytes and, thereafter, myofibroblasts.

In human subjects, there are numerous studies indicating the significance of IL-13 and IL-
4 for fibrotic diseases in different tissues. A study on 611 patients with Schistosoma japonicum
infection confirmed the association of Th2 cytokines, including IL-4 and IL-13, with liver
fibrosis [52]. Moreover, lung biopsies from patients suffering from idiopathic pulmonary
fibrosis also exhibited elevated levels of IL-13 and IL-4 [53]. In this study, we investi-
gated visceral and subcutaneous WAT expression from 1553 patients with a wide range
of metabolic data. Regarding the expression of IL13 and IL4, we found no evidence of
a positive correlation with any fibrosis markers or metabolic parameters suggesting a
controversial role of IL-13 and IL-4 in human WAT fibrosis. Although most of the patients
were obese (N = 1470), indicating a higher risk for WAT fibrosis, the histological evidence
for confirmed fibrosis was not available and needs to be provided in future studies. Of note,
Kwon et al. found an increase of IL13 expression in WAT of obese patients and HFD-fed
mice compared to lean conditions; this was mediated by adipocytes, presumably to coun-
terbalance tissue inflammation [54]. Moreover, IL-4 was also elevated in obese patients [55],
suggesting the participation of IL-4 in the process of diet-induced obesity and metabolism.
Controversially, we observed an inverse correlation for IL13 with body weight, body fat,
and waist circumference. In line with this finding, IL4 correlated inversely with FPI and
HOMA-IR as well as waist circumference. Supporting this data, Chang et al. reported an
improved glucose tolerance and insulin sensitivity in mice injected with recombinant IL-4
during HFD feeding [56]. In contrast to our finding of the inverse correlations of IL13 and
IL4, we observed positive correlations of several collagens and other fibrotic marker genes
with receptors of IL-13 and IL-4 as well as body fat and waist circumference in visceral
and partly subcutaneous WAT. This result is in line with previous findings, showing that
COL6a3 expression increases with obesity and correlates positively with visceral fat mass
and BMI [57,58].

While our analyses seem to suggest a controversial role for IL13 and IL4, we acknowl-
edge that no firm conclusions can be drawn from these correlations regarding the functional
significance of IL-13 and IL-4 in WAT fibrosis. Therefore, further investigations are required
to clarify pathophysiological mechanisms behind WAT fibrosis and concomitantly the role
of IL-13 and IL-4 in this context.
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4. Materials and Methods

4.1. Animals

All mice were maintained in temperature-controlled, pathogen-free facilities with a
12 h light/dark cycle and given free access to food and water. Male C57BL/6J mice (named
B6J), Il4ra−/− mice, and Il4ra+/+ littermate controls were housed at the Universities of
Halle and Leipzig. Fibrosis sensitive mouse strain C3H/HeOuJ (hereafter named C3H) were
purchased from Jackson Laboratories (2498063-66). Male animals were fed a normal chow
diet (9% kcal fat, Ssniff Spezialdiäten; Germany) and euthanized at the age of 18 to 22 weeks.
Male C57BL/6J mice were fed an HFD (60% kcal deriving from fat, Research Diets, Inc.)
over 6 weeks at the University of Dresden. Mice were injected with recombinant mouse
IL-4 (66 μg/kg body weight) complexed with anti-IL-4 (333 μg/kg body weight) or PBS i.p.
every other day for the final two weeks of the HFD feeding. Experiments were performed
in accordance with the rules of animal care issued by the local government authorities and
were approved by the animal care committee of the Universities of Halle, Leipzig, and
Dresden, as well as by the state of Saxony and Saxony-Anhalt (Bezirksregierung Leipzig,
Bezirksregierung Halle, Germany, T11/21, I11M25, Landesdirektion Sachsen, Germany,
TVV57/2018).

4.2. Adipose Tissue Explant Culture

Epididymal WAT of male mice was used to generate ex vivo WAT organotypic cultures
(WAT explants) [59]. Therefore, under sterile conditions, the dissected WAT was cut into
small pieces (<1 mm3) at 37 ◦C in PBS. 30–50 mg of these explants were transferred to
six-well plates, overcasted with cell culture inserts (Merck Millipore, Darmstadt, Germany)
and cultured in RPMI cell culture medium supplemented with 10% fetal bovine serum
(FBS), 1% insulin-transferrin-selenium mixture, and 1% penicillin/streptomycin (all from
Thermo Fisher Scientific, Waltham, MA, USA) for 7 days at 37 ◦C with 5% CO2. After
3 days, AT explants were stimulated with 50 ng/mL of IL-13 or IL-4. On day 7, WAT
explants were snap frozen in liquid nitrogen for RNA isolation or hydroxyproline assays
and the supernatant was collected to quantify the volume. Testing the effect of different
cytokine concentrations, WAT explants were stimulated in a range from 1 ng/mL up to
250 ng/mL of IL-13 or IL-4.

4.3. Clodronate Liposomes Treatment

A suitable mechanism to deplete macrophages in vivo is treatment with clodronate
liposomes [25]. A high intracellular concentration of clodronate initiates programmed cell
death and subsequently leads to the elimination of the macrophages [60]. Free clodronate
does not easily cross cell membranes, so we used lipid vesicles encapsulating clodronate
or an aqueous PBS solution (control) which were ingested by macrophages (Liposoma,
The Netherlands). For macrophage depletion in AT explants, we used RPMI cell culture
medium supplemented with 10% FBS, 1% insulin-transferrin-selenium mixture, 1% peni-
cillin/streptomycin with 1 mg/mL clodronate, or PBS liposomes. First, the explants were
transferred to tubes containing clodronate or PBS liposomes media followed by a rotation
time at 37 ◦C for 60 min. Then, explants were cultivated as described above.

4.4. Culture of Bone Marrow-Derived Macrophages (BMDMs)

BMDMs were generated from bone marrow cells of Il4ra−/− mice and littermate con-
trols (Il4ra+/+). Bone marrow cells were collected by flushing tibias and femurs with PBS
and centrifuged for 10 min at 300 g [61]. Subsequently, the cells were differentiated into
macrophages in BMDM medium (RPMI1640 medium supplemented with 10% FBS, 1 mM
GlutaMax, 1% penicillin/streptomycin, all from Thermo Fisher Scientific, Waltham, MA, USA)
and 20 ng/mL M-CSF (PeproTech, Hamburg, Germany) at 37 ◦C with 5% CO2. After 7 days,
BMDMs were harvested with an ice-cold 1 mM EDTA/PBS solution and 5 × 105 cell/mL
were seeded in 1 mL BMDM medium. For cytokine stimulation, BMDMs were treated 24 h
after seeding with 20 ng/mL IL-13 (PeproTech, Hamburg, Germany) for 48 h.
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4.5. Culture of 3T3-L1 Cells

Murine 3T3-L1 cells were cultivated in DMEM high glucose supplement with 10% FBS
and 1% penicillin/streptomycin (all from Thermo Fisher Scientific, Waltham, MA, USA)
at 37 ◦C and 5% CO2 [62]. After 5 days, 3T3-L1 cells were seeded into 6-well plates at a
density of 1 × 105 cells per well. 3T3-L1 cells were differentiated into adipocytes by treating
confluent cells with DMEM, 10% FBS, 1% penicillin/streptomycin, 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX), 0.25 μM Dexamethasone, 0.2 μM Insulin, and 2 μM Rosiglitazone.
On day 3, the media was switched to DMEM, 10% FBS, 1% penicillin/streptomycin, and
0.2 μM Insulin. From day 6 on, cells were further cultured under standard conditions.
Cytokine stimulation on day 9 was performed with 50 ng/mL IL-13 or IL-4 or 5 ng/mL
Tgf-β1 (PeproTech, Hamburg, Germany) for 48 h.

4.6. RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from epididymal WAT and AT explants using the RNeasy
Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) followed by cDNA synthesis from
1 μg of total RNA with the First Strand cDNA Synthetis Kit (New England Biolabs) [61].
Quantitative real-time PCR was performed by using a SYBR green qPCR Master Mix
(Thermo) and a ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA). Primer sequences are listed in Table S3 in the supplementary materials. Gene
expression levels were calculated through the ΔCt method by using Ipo8 as a housekeeping
gene. For a better visualization, the values of the control group were set to 1 and mRNA
expression was given as fold change compared to the control group.

4.7. Western Blotting

Western blotting was performed as recently described [51]. Total protein from WAT
explants was extracted using an extraction buffer (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with a protease and phosphatase inhibitor cocktail (Roche, Basel,
Switzerland). Protein concentration was measured with the DC protein assay (Bio-Rad,
Hercules, USA) according to the manufacturer’s instructions. Equal amounts of protein
(25 μg) were loaded to SDS-PAGE and transferred to a PVDF membrane. After blocking
with 5% bovine serum albumin (BSA) in TBS/T, blots were incubated with primary an-
tibodies against pSTAT6 (1:1000, #56554; Cell Signaling Technology, Boston, MA, USA),
STAT6 (1:1000, #5397; Cell Signaling Technology, Boston, MA, USA), and GAPDH (1:1000,
#3686; Cell Signaling Technology, Boston, MA, USA) for 16 h. After an incubation with a
HRP-conjugated secondary antibody, immunoreactions were detected by visualizing the
peroxidase activity with an ECL Kit (Pierce™ ECL Western Blotting Substrate, Thermo
Fisher Scientific, Waltham, MA, USA). For reloading the membrane with primary antibody,
blots were stripped with western blot stripping buffer (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instruction.

4.8. Collagen Content

Hydroxyproline measurement was performed using a hydroxyproline colorimetric
assay (BioVision, Waltham, MA, USA) [15]. Snap frozen WAT explants were weighted and
homogenized in water (100 mL water/10 mg WAT explants) using tissue homogenization
(Precellys 24 Tissue Homogenizer, Bertin technologies, Montigny-le-Bretonneux, France).
Homogenates (100 μL) were heated with 100 μL 12 M HCl for 3 h at 120 ◦C; then, 10 μL of
the supernatant and a hydroxyproline standard were evaporated before being incubated
with chloramine-T and p-dimethyl amino-benzaldehyde (DMAB) reagent at 60 ◦C for
90 min. The absorbance was read at 560 nm and the concentration was calculated using the
standard curve and weights from WAT explants.

4.9. Fibronectin Content

The measurement of fibronectin levels was performed using a specific fibronectin
ELISA kit (Fibronectin mouse ELISA kit 108849, Abcam, Cambridge, UK) [63]. Cell culture

19



Int. J. Mol. Sci. 2023, 24, 5672

media from WAT explants were centrifuged to remove debris, and supernatants were
collected and diluted 1:50 in the diluent buffer provided with the kit. The fibronectin ELISA
was performed according to the manufacturer’s protocol.

4.10. Immunofluorescence

For immunofluorescence staining, AT explants were fixed in zinc formalin for 2 h and
embedded in paraffin [64]. Paraffin sections were deparaffinized, unmasked in a pressure
cooker at 120 ◦C in Tris/EDTA buffer (pH 9.5), and washed in PBS with 0.3% Triton.
Unspecific binding sites were blocked using 1% BSA in PBS with 0.3% Triton for 1 h at room
temperature. Sections were incubated overnight at 4 ◦C with primary antibodies against the
macrophage marker Mac-2 (1:1000; Cedarlane CL8942AP, Canada) and the myofibroblast
marker αSMA (1:200; Cell Signaling 19245, USA), followed by appropriate fluorochrome-
conjugated secondary antibodies (1:200; Invitrogen; Waltham, MA, USA) and Hoechst for
nuclear staining (1:10,000 in PBS, Life Technologies, Carlsbad, CA, USA). Control stainings
were performed following the same routines without primary antibodies. Images were
taken using an Olympus BX40 epifluorescence microscope. For αSMA quantification, a
region of interest (ROI) was defined around the intact WAT explant and the αSMA positive
area, above a determined threshold, within this ROI was then measured using ImageJ
software 1.53 k. The threshold was determined in ROI sections of the control staining
to exclude unspecific background noise. αSMA and Mac-2 positive CLS were quantified
by counting in 10 randomly chosen fields in one section per animal, whereby CLS were
defined as adipocytes surrounded by Mac-2 or αSMA positive cells.

4.11. RNA Bulk Sequencing from BMDMs and Differential Gene Expression Analysis

BMDMs were snap frozen in TRIzol (Quiagen, Hilden, Germany) and RNA bulk
sequencing was performed by Single Cell Discoveries (Utrecht, The Netherlands). RNA
extraction and library preparation followed the CELseq2 protocol [65] with a sequencing
depth of 10 million reads/sample. For RNA-sequencing data analyses, low quality read
ends were clipped off using Cutadapt (v 1.14) [66]. Subsequently, the processed sequencing
reads were aligned to the murine reference genome (UCSC mm39) using HiSat2 (v 2.1.0) [67].
Samtools (v 1.10) was used to extract primary alignments and to index the resulting bam-
files [68]. FeatureCounts (v 2.0.0) was used for summarizing gene-mapped reads [69].
ENSEMBL (GRCm39 v105) was used as annotation basis [70]. Differential gene expression
(DGE) was determined using the R package edgeR (v 3.38.4) utilizing trimmed mean of
M-values (TMM) normalization [71,72]. In order to account for biases in the expression
values introduced by different batches, blocking was used to reduce these effects. A false
discovery rate (FDR) value below 0.05 was considered as threshold for the determination
of differential gene expression.

4.12. RNA Bulk Sequencing from Human Data

The human cross-sectional cohort from the Leipzig Obesity BioBank comprises 1553 in-
dividuals. Omental visceral and abdominal subcutaneous WAT samples were collected
from each individual; these individuals were either non-obese (N = 83; 50.6% female;
age: 64.2 ± 13.4 years old; BMI: 25.4 ± 2.7 kg/m2) or obese (N = 1470; 70.8% female;
age: 47.2 ± 11.9 years old; BMI: 48.9 ± 8.5 kg/m2). Tissue samples were collected during
elective laparoscopic abdominal surgery, as previously described [73]. Measurements
of metabolic parameters and body composition were performed as described in detail
before [74]. Bulk RNA-seq data were conducted with a SMARTseq protocol [75]. All
libraries were sequenced on a Novaseq 6000 instrument at the Functional Genomics Center
Zurich (FGCZ). Adapter and quality trimming of the raw reads were performed using fastp
v0.20.0 [76] (minimum read length of 18 nts, quality cut-off of 20). Sequence pseudo align-
ment of the resulting high-quality reads to the human reference genome (build GRCh38.p13)
and gene level expression quantification (gene model definition from GENCODE release
32) was computed using Kallisto v0.46 [77]. Samples with more than 20 million mapped
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read counts were downsampled to 20 million read counts using the subsampleCountMatrix
function of the R package ezRun v3.14.1 (https://github.com/uzh/ezRun, accessed on 23
March 2022). Count data were homoscedastic normalized with respect to library size using
the variance stabilizing transformation from DESeq2 v1.32.084 [78] and adjusted for age,
BMI, and sex.

4.13. Statistical Analysis

Statistical analyses were performed using GraphPad Prism9 (GraphPad Software, Inc.,
New York, NY, USA). At first, data were checked for statistical outliers using the ROUT test
(Q = 1%). Normality and homogeneity of variance were assessed using the Shapiro–Wilk
test and F-test, respectively. For two-group analyses with normally distributed data, an
unpaired Student’s t-test (data with equal variances) or Welch t-test (data with unequal
variances) were used. For non-normally distributed data, a Mann–Whitney U test was
used for two-group analyses. To compare more than two groups, a one-way ANOVA
followed by Dunnett’s multiple comparison test was assessed for normally distributed
data. For non-normally distributed data of more than two groups, a Kruskal–Wallis test
followed by Dunn’s multiple comparison test was performed. Fibronectin and collagen
content was analyzed by pairing one-way ANOVA with (data with unequal variances)
or without (data with equal variances) followed by Geisser–Greenhouse correction or
Dunnett’s multiple comparison test. A Friedman test was used for non-normally distributed
and repeated-measured data followed by Dunn’s multiple comparison test. The data are
expressed as means ± SEM and sample size is given in the respective figure legends.
A Pearson correlation analysis was performed between the number of αSMA-positive
CLS and Mac2-positive CLS. Correlation analysis between genes, body composition, and
metabolic parameter of the human cohort were calculated using the R package ggstatsplot
v0.9.185 [79] with the Spearman correlation coefficient and a confidence interval of 0.95.
p-values were corrected for multiple inferences using the Holm method. Analyses were
performed under R version 4.2.2 [80].
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Abstract: Myofascial disease is an important complication associated with obesity and one of the
leading causes of physical disability globally. In the face of limited treatment options, the burden of
myofascial disorders is predicted to increase along with the escalating prevalence of obesity. Several
pathological processes in obesity contribute to modifications in fascial extracellular matrix mechanical
and biological properties and functions. Changes in adipose tissue metabolism, chronic inflammatory
phenotype, oxidative stress, and other mechanisms in obesity may alter the physiochemical and
biomechanical properties of fascial hyaluronan. Understanding the pathophysiological importance
of hyaluronan and other components of the fascial connective tissue matrix in obesity may shed
light on the etiology of associated myofascial disorders and inform treatment strategies. Given its
unique and favorable pharmacological properties, hyaluronan has found a broad range of clinical
applications, notably in orthopedic conditions such as osteoarthritis and tendinopathies, which
share important pathophysiological mechanisms implicated in myofascial diseases. However, while
existing clinical studies uniformly affirm the therapeutic value of hyaluronan in myofascial disorders,
more extensive studies in broader pharmacological and clinical contexts are needed to firmly validate
its therapeutic adaptation.
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1. Introduction

The Fascia Research Society, through its Fascia Nomenclature Committee, has pro-
posed both anatomical and functional definitions of the fascia. Morphologically, a fascia
was defined as “a sheath, a sheet, or any other dissectible aggregations of connective tissue
that forms beneath the skin to attach, enclose, and separate muscles and other internal
organs”. Functionally, the fascial system was defined as “the three-dimensional continuum
of soft, collagen-containing, loose and dense fibrous connective tissues that permeate the
body, providing an environment that enables all body systems to operate in an integrated
manner” [1–3]. Based on histological properties and anatomical relationships, fascia may
be classified into four types: superficial (subcutaneous) fascia, deep/muscular fasciae
(aponeurotic and epimysial fasciae), visceral fasciae, and neural fasciae (meningeal lay-
ers and connective tissue sheath of peripheral nerves) [4,5]. Structurally the fascia tissue
consists of various cell types (fibroblasts, myofibroblasts, fasciacytes, and telocytes), an ex-
tracellular matrix consisting of fibrous (types I and III collagen fibers, elastin, and fibrillin),
and aqueous (water and complex mixture of glycosaminoglycans) components, and nerve
elements (free nerve endings and mechanoreceptors) [4,6].

While the biomechanical properties of the clinically important fascia, such as the
plantar fascia, have been well-studied [7–10], the microscopic anatomy and pathology of the
fascia have received limited attention. Little is known about the elastic fiber composition,
extracellular matrix characteristics, vascularity, innervation extent of the fascia tissue,
and their role in disease and therapeutics [11]. Deepening our understanding of the
microanatomical and biochemical basis of fascial disease in obesity may provide novel
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therapeutic insights for the medical and surgical treatment of obesity-related myofascial
complications. A significant body of evidence has highlighted the critical role of fascial cells,
extracellular matrix, and nerve elements in the pathogenesis of myofascial disease [4,6]. In
this regard, a therapeutically relevant consideration is the role of hyaluronan (hyaluronic
acid) in clinical fasciopathy. The present review aims to examine the current evidence
on the pathological role and therapeutic potential of fascial hyaluronan in obesity-related
myofascial disorders.

2. Hyaluronan Biochemistry, Cellular Synthesis, and Homeostasis

Despite being first described nearly 90 years ago, the role of hyaluronan in fascia
physiology and pathology has only received focal attention in recent decades [12,13].
Hyaluronan is the dominant polysaccharide of the extracellular matrix of connective tissues
with high cross-species structural homology, being structurally identical in bacteria and
vertebrates [14]. It can be found in connective, epithelial, and neural tissues, where it
provides mechanical stability and acts as a water reservoir, lubricant, and extracellular
matrix homeostatic regulator [15]. Besides fascial hyaluronan, other body tissues such as
the skin, tendon sheaths, pleura, pericardium, synovial fluid, the vitreous body, and the
umbilical cord are also rich in hyaluronan. A 70-kg body has 15 g of hyaluronan, and about
50% of total body hyaluronan is located in the dermis [14,16].

Hyaluronan is a linear non-sulfated glycosaminoglycan composed of a single polysac-
charide chain built by repeated disaccharide units of N-acetyl-D-glucosamine and D-
glucuronic acid, respectively linked by β1–3 and β1–4 glycosidic bonds [12]. It is syn-
thesized by three plasma membrane-bound hyaluronan synthases (HAS1, HAS2, and
HAS3). As hyaluronan is synthesized in the plasma membrane rather than the Golgi, it
lacks peptides in its fundamental structure, unlike other glycosaminoglycans [17]. Hyaluro-
nan may be found in tissues in three forms: attached to plasma membranes, aggregated
with other organic molecules, or as unbound polysaccharides [17]. Hyaluronan can in-
teract with several extracellular matrix-binding proteins, such as aggrecans, but when
not coupled to other molecules, it forms a viscous environment by self-associating and
binding to water molecules [18]. In vivo, hyaluronan polymers range in size from 5000
to 20,000,000 Da and are divided into high and low molecular weight hyaluronan, each
having different functional properties [19]. While high-molecular-weight hyaluronan con-
tributes to tissue homeostasis by inhibiting cell proliferation, migration, angiogenesis,
inflammation, and immunogenicity, hyaluronan oligomers have been shown to stimulate
endothelial proliferation and migration, including tumor cell motility via their interaction
with cluster determinant 44 (CD44) receptors, which is currently thought to be the major
hyaluronan receptor on most cell types [20–22]. The membrane-bound CD44 regulates
adhesion, motility, and intracellular signaling, while the receptor for hyaluronan-mediated
motility (RHAMM) modulates intracellular signaling [23]. RHAMM is a centrosome- and
microtubule-associated protein that is highly expressed before and during mitosis and
hence prominent in neoplastic and other hyperproliferative tissues [24]. Besides the widely
distributed CD44, hyaluronan fragments may also activate RHAMM, LYVE-1 (lymphatic
vessel endothelial hyaluronan receptor), HARE (hyaluronan-receptor for endocytosis),
ICAM-1 (intercellular adhesion molecule 1), layilin, Toll-like receptor 4, and other cell
surface receptors which modulate gene expression via signaling pathways [23,25]. Ac-
cordingly, hyaluronan binding is critical for morphogenesis, matrix organization, wound
repair/regeneration, inflammation, and metastasis [23].

While the predominant cell type in the fascia is the fibroblast which plays critical roles
in mechanotransduction and synthesis of extracellular matrix precursors, a new class of
previously undescribed cells termed “fasciacytes”, which are modified fibroblast-like cells
located at the border of the different fascial layers, have been proposed as the site of fascial
hyaluronan synthesis and secretion [4,26]. These cells are termed synoviocytes in the joints
and hyalocytes in the eye, where they respectively secrete the hyaluronan of the synovial
and vitreous fluids. Fasciacytes stain prominently with Alcian blue and are visualized as
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small clusters of rounded cells with circular nuclei, perinuclear cytoplasm, and small, less-
elongated cellular processes [26]. They have been shown to express hyaluronan synthase
2 mRNA and are positive for the fibroblast marker vimentin, and negative for anti-CD68
indicating they are non-derivatives of the monocyte/macrophage lineage [26,27]. The deep
muscular fascia expresses high levels of hyaluronan in the interface between the fascia and
the epimysium [28]. This layer of hyaluronan-rich loose connective tissue between the deep
fascia and the underlying skeletal muscle was also demonstrated by Stecco and colleagues
using a combination of histological and sonographic analysis [29]. Hyaluronan has been
shown to facilitate the gliding between different fascial sublayers and between fascia and
muscle [28,30]. Given the evidence on its endomysial histolocalisation, it has also been
suggested that hyaluronan not only lubricates but promotes muscle fiber motility [31].

Proteoglycans/glycosaminoglycans, elastin, fibronectin, laminin, and numerous other
glycoproteins make up the thick dynamic extracellular matrix surrounding all fascia cells [4].
Fascia homeostasis is the outcome of dynamic interactions between cellular components
and the extracellular matrix, and reciprocally, small extracellular matrix functional and
structural changes contribute to complex cellular adaption mechanisms [32]. Additionally,
the extracellular matrix functions as a molecular storage system, capturing and releasing
physiologically active chemicals that govern cellular and tissue function, development,
regeneration, and repair [33]. The mechanical properties of hyaluronan are determined
by its molecular weight, tissue concentration, pH, covalent modifications, alterations in
binding interactions with other molecules, and fluid dynamics [30,34]. The tissue half-life
of hyaluronan ranges from a few hours to several days, and removal occurs by receptor-
mediated endocytosis and lysosomal breakdown with subsequent elimination via lymph
nodes, liver, and kidney [17,18]. Tissue hyaluronan equilibrium is maintained by both
hyaluronan synthases and the cleavage enzymes, hyaluronidases (HYAL 1, 2, and 3), as
well as non-enzymatic degradation via thermal or shear stress, acidic/alkaline hydrolysis,
and reactive oxygen species [14,34]. Tissue volume, viscosity, and elasticity are all affected
when hyaluronan mass or molecular weight decreases due to degradation or a decline in
synthesis [18].

Healthy fascia requires a specific level of the lubricating layer of hyaluronan, which
allows sliding between fascial sublayers and between fasciae and adjacent structures [35,36].
The hyaluronan composition of human fascial samples obtained from different anatomic
regions was first quantified by Fede and colleagues in 2018 [36]. They demonstrated that
hyaluronan concentration varies in accordance with the degree of fascial plane sliding
and gliding functions in different anatomic regions. For example, the average hyaluronan
concentration in the retinacula of the ankle (fascia associated with a mobile joint) was
90 μg/g of fascial tissue, in contrast to the fascia adherent to a muscle (epimysial fascia),
with limited lubrication requirement, such as fascia overlying the trapezius and deltoid,
which had an average hyaluronan content of 6 μg/g of fascial tissue [36].

3. Obesity and Myofascial Disease

The global prevalence of obesity has escalated to pandemic proportions over the past
half-century [37–39], with recent data from the World Health Organization revealing that
the condition affects 13% of the world’s population [40]. A recent estimate of the economic
impact of obesity in eight countries reported that the condition costs between 0.8% and
2.4% of gross domestic product (GDP) and that the magnitude of economic impact was
similarly substantial in both low-, middle-, and high-income countries, and projected to
increase if current trends persist [41]. The rising global trend of obesity is associated with
the increasing prevalence of cardiometabolic disorders such as type 2 diabetes mellitus and
hypertension, as well as a broad spectrum of orthopedic morbidities [42,43]. A growing
body of evidence suggests that the histological and biomolecular changes of the human
fascia contribute to several myofascial and other connective tissue disorders associated with
obesity and metabolic syndrome, including adhesive capsulitis, Dupuytren’s contracture,
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crystal-induced arthritis, plantar fasciitis, plantar fascia rupture, plantar fibromatosis,
plantar xanthoma, and enthesopathy [12,29,43,44].

Myofascial pain syndromes are musculoskeletal pain disorders with a commonly
associated neuropathic component and represent a leading cause of physical disability
globally. They are thought to originate from myofascial trigger points, which are palpable
hyperirritable painful spots involving a select number of muscle fibers, and may be acute
or chronic, primary, or secondary to another comorbidity [45]. It was long assumed that
the syndrome exclusively involved muscles, but current research suggests that the fascia
plays a critical role, although the exact mechanisms and therapeutic significance of fascial
pathophysiological roles remain an open subject for further investigation [46]. Pathological
degenerative changes in the fascia, or fasciitis, are among the leading causes of functionally
limiting musculoskeletal pain syndromes. For example, plantar fasciitis affects one in ten
people in their lifetime and accounts for 1% of all orthopedic consultations [47]. A high
prevalence of myofascial pain (high proportion of latent and active myofascial trigger
points) is similarly reported in patients presenting with chronic back pain, non-specific
neck pain, and chronic non-traumatic shoulder pain [48–51]. The prevalence of myofascial
pain ranges from 21–93% in general orthopedic practice and specialist pain clinic patients,
respectively, and up to 85% of people in the general population will experience myofascial
pain in their lifetime [52]. In the United States alone, the national economic burden of
plantar fasciitis was estimated at 284 million US dollars, with medication costs accounting
for about 80% of total costs [53]. Several risk factors have been identified, including obesity,
traumatic musculoskeletal injuries, spine disease, cumulative and repeated strain, postural
dysfunction, and physical deconditioning [45].

Obesity is a key epidemiological risk factor for myofascial disease [54–60]. A sys-
tematic review of 51 studies found that the only significant predictor related to plantar
fasciitis was a body mass index (BMI) >27 kg/m2 [61]. Even in an active population such
as recreational and competitive runners, of eleven analyzed risk factors, increased BMI and
body mass were found to be primary risk factors for fasciopathy [55]. In recent-onset type
2 diabetic subjects without complications, plantar fascia thickness was increased compared
to the controls and significantly associated with adiposity and BMI values, suggesting
important clinical implications in obese diabetic patients [62]. Plantar fascia thickness
has also been shown to be a reliable alternative index of tissue glycation and a significant
predictor of microvasculopathy, an essential denominator in several obesity-related compli-
cations [63–67]. Cytokines and other inflammatory molecules that have been demonstrated
in the environment of myofascial trigger points are also typically overexpressed in the
skeletal muscle of obese patients [68,69]. High-fat diet-induced obese mice were shown
to express elevated spontaneous neurotransmission, which facilitates the development of
myofascial trigger points [60].

4. Pathophysiological Importance and Associated Alterations of Hyaluronan
in Obesity

Hyaluronan dysregulation has been implicated in the pathophysiology of several
clinical conditions, including cancer, diabetes, autoimmune disease, and vascular dis-
ease [70–76]. Similarly, hyaluronan-mediated signaling is disrupted in various tissues
in obesity. In metabolic comorbidities associated with obesity, such as nonalcoholic hep-
atic steatosis and insulin resistance, elevated circulatory levels of hyaluronan have been
demonstrated and suggested to have diagnostic value [77–80].

Hyaluronan binds to cell-surface proteins, including receptors, to exert a broad range
of biological effects on adipose tissue. Increasing evidence points to the involvement of
hyaluronan and its receptors in obesity-related adipocyte hyperplasia and hypertrophy
and adipose tissue metabolism [81]. An enhanced expression of hyaluronan synthase-1
was demonstrated in adipose tissue from obese patients [82]. It has been suggested that
adipocyte hypertrophy contributes to adipose tissue inflammation [83]. Adipose tissue
hypertrophy during obesity-related weight gain severely destabilizes extracellular matrix
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homeostasis by modifying the local oxygen supply, which in turn triggers cellular stress
events and inflammation [82]. A potential role of hyaluronan in adipogenesis in vivo has
been demonstrated in mouse models of high-fat diet-induced obesity [79,84–87]. Hyaluro-
nan levels were noted to be increased in these mice, mediating insulin resistance via
CD44-dependent mechanisms. Treatment with exogenous hyaluronidase was found to
dose-dependently decrease fat mass and adipocyte size and inhibit abdominal, muscular,
and hepatic lipid accumulation, consequently increasing insulin sensitivity [84–86].

The accumulation and turnover of hyaluronan polymers in many cell types have been
linked to inflammation. The role of hyaluronan in regulating inflammatory responses,
including the expression of inflammatory genes, the recruitment of inflammatory cells, and
the production of inflammatory cytokines, is now firmly established [88]. Hyaluronan mod-
ulates the cellular proliferative phase of tissue repair following inflammatory damage by
facilitating fibroblast detachment from the extracellular matrix, mitosis, and cell migration
via CD44 and RHAMM interactions [89–91]. Human and animal inflammatory disorders
such as sarcoidosis, idiopathic pulmonary fibrosis, farmer’s lung, graft rejection, experimen-
tal myocarditis, myocardial infarction, and inflammatory bowel disease are associated with
increased hyaluronan levels in tissues [92]. As previously noted, high-molecular-weight
hyaluronan is anti-inflammatory and immunosuppressive, while low-molecular-weight
hyaluronan is pro-inflammatory [21,22].

It was shown that while total plasma hyaluronan molecules remain unaltered, the
circulating level of low-molecular-weight hyaluronan fragments is elevated in obesity and
may play a key role via Toll-like receptor (TLR)-mediated activation of innate immune
cells in activating low-grade inflammatory phenotypes and other metabolic complica-
tions [82,93]. The expression of hyaluronan receptors in leukocytes is altered in obesity,
with consequent alterations in the inflammatory response of leucocytes to low-molecular-
weight hyaluronan. It was shown that low-molecular-weight hyaluronan induces nuclear
factor kappa B (NF-κB)-dependent activation in peripheral blood monocytes and THP-1
monocytes, leading to an increase in pro-inflammatory markers [82]. Hyaluronan increases
tumor necrosis factor-α (TNF-α), insulin-like growth factor-1 (IGF-1) mRNA transcript
expression and protein synthesis, interleukin 1 beta (IL-1β), and interleukin 8 (IL-8) via a
CD44-mediated mechanism and modulates cytokine-activated lymphocyte adhesion to
the endothelium [94,95]. TNF-α may also trigger the release of the hyaluronan-binding
protein, TSG-6 (TNFα-stimulated gene-6 protein), which propagates the inflammatory
response [96], while IL-1β up-regulates hyaluronan synthase-1 gene expression in adipose
tissue [82].

The inflammatory milieu in obesity underlies the pathophysiology of several associ-
ated complications, including the development of fasciopathies and tendinopathies [97–101].
The array of proinflammatory mediators, such as cytokines, adipokines (e.g., leptins),
lipocalin-1, serum amyloid A-3, and adiponectin released during the development of
obesity-related chronic inflammatory phenotypes promote insulin resistance by altering
the extracellular matrix, the capillary network architecture, and the glucose uptake mech-
anisms [102]. The resulting hyperglycemia causes changes in the stiffness, gliding, and
distribution of force transmission in the fasciae due to collagen thickening, elastic fiber frag-
mentation, and changes in glycosaminoglycans, particularly hyaluronan, with cascading
ramifications at the cellular and molecular levels, including alterations in cellular prolifera-
tion, differentiation, growth, and migration [4]. In addition, inflammation increases reactive
oxygen species, which degrade collagen, laminin, and hyaluronan, and hyaluronan frag-
ments generated by this process sustain an inflammatory cycle (recruitment of leukocytes
and release of various inflammatory mediators such as reactive oxygen species, cytokines,
chemokines, and destructive enzymes) [14,88]. Conversely, high molecular weight hyaluro-
nan works as an effective barrier to the inflammatory process and protects against oxidative
damage by free radicals (superoxide anions, hydroxyl radicals, and hypochlorite) [103].
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5. The Etiological Significance of Changes in Hyaluronan Properties in
Myofascial Disease

The fibrous and glycosaminoglycan components of the fascial extracellular matrix can
be affected by various physical, mechanical, hormonal, and pharmacological factors [4].
Alterations in the physiological levels of hyaluronan have been demonstrated to be etiologi-
cally important in myofascial pain syndromes [29,36]. Changes in the physical and chemical
properties of hyaluronan are associated with modifications in extracellular matrix viscoelas-
ticity, mechanical plasticity, and nonlinear elasticity [104,105], all of which may contribute
to myofascial disease (Figure 1). Although the evidence is conflicting, it has been suggested
that a strong association exists between body temperature and obesity markers [106]. With
increasing temperature, both stiffening and weakening of hyaluronan-based hydrogels
were observed [107,108]. Given that pH is directly related to viscosity [109], the biomechan-
ical properties of hyaluronan may be altered by tissue acidity from increased lactic acid
accumulation seen in obesity [110]. It was shown that hyaluronan degradation occurs at
pH < 4 and pH > 11 [111]. Alterations in hyaluronan function may result from the effects
of van der Waals and hydrophobic forces on its concentration, polyelectrolyte properties,
and aggregation characteristics [25,108]. Hyaluronan takes on non-Newtonian characteris-
tics and becomes more viscous at higher concentrations [112]. Myofascial disorders may
originate from altered hydrodynamic characteristics and atypical viscoelastic properties
of fascia [46]. Obesity is associated with diminished physical mobility [113,114], which
has been shown to raise the concentration of hyaluronan without adequate hyaluronan
recycling, increase hyaluronan viscosity, and limit the lubrication and gliding of the layers
of connective tissue and muscle, with a consequent increase in overall fascial thickness,
stiffness, and pain perception [30]. Any loading condition reduces hyaluronan viscosity;
however, resting conditions allow hyaluronan to recover to a more viscous state.

The distribution of lines of force inside the fascia alters when hyaluronan changes from
lubricating to adhesive function, a process referred to as densification of fascia [115,116].
As the connective tissue and its extracellular matrix thicken and become denser, the ca-
pacity of fascial tissue to slide is reduced or eliminated [116,117]. Chronic densification
modifies the gliding of the fibrous layers, influencing collagen fiber deposition locally and
remotely [116]. While fascial densification and fibrosis describe alterations in the fascia
resulting in myofascial pain syndromes, it is important to differentiate both processes as
they have distinct pathological and therapeutic implications. Densification indicates a
potentially easily reversible modification in the loose connective tissue due to hyaluronan
super-aggregation with a decreased water-binding capacity resulting in altered mechan-
ical characteristics of the fascia but not its overall structure, whereas fibrosis refers to a
difficult-to-reverse modification of the general tissue structure and mechanical properties
from the excessive deposition of fibrous connective tissue as part of a reparative or reactive
response [25,116]. The loose connective tissue found within the deep fascia can be altered
by diet, exercise, and overuse syndromes, resulting in fascial densification, whereas trauma,
surgery, and diabetes can modify the fibrous layers of the deep fasciae, resulting in fibrosis
of the fascia [116]. Chronic, nonspecific neck pain may be reflective of fascial densification,
whereas Dupuytren’s disease and eosinophil fasciitis are typical fibrotic disorders, and
therapeutic approaches are distinct in both pathologies [46,118]. Studies have demonstrated
that mechanosensitive signaling underlies obesity-induced connective tissue fibrosis [119].
Fascial tissues contain various types of mechanoreceptors, in addition to the vast network
of free nerve endings that play important roles in pain perception and regulation [120,121].
Myofibroblasts in the fascia, which are specialized fibroblasts with contractile properties
that regulate the tissue basal tone, are also etiologically important in some pathological
fibrotic contractures such as Dupuytren disease that affects the palmar and digital fascia of
the hand [4].
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Figure 1. Relationships of pathophysiological mechanisms in obesity with changes in hyaluronan
properties and the development of myofascial disease. ECM: extracellular matrix; HAS1: hyaluronan
synthase 1; ROS: reactive oxygen species.

6. Therapeutic Considerations of Hyaluronan in Myofascial Disease

The complicated peripheral and central pathophysiological mechanisms in myofascial
pain syndromes present unique challenges for effective treatment. Current pharmaco-
logical therapies include nonsteroidal anti-inflammatory drugs (NSAIDs), opioid anal-
gesics (e.g., tramadol), muscle relaxants (e.g., tizanidine, cyclobenzaprine), anticonvulsants
(e.g., gabapentin and pregabalin), antidepressants (e.g., tricyclic antidepressants such as
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amitriptyline and serotonin-norepinephrine reuptake inhibitors such as duloxetine), benzo-
diazepines, tropisetron (5-HT3 receptor antagonist and alpha-7-nicotinic receptor agonist),
sumatriptan (peripheral 5-HT receptor agonist), lidocaine transdermal patch, intramuscular
ketamine, steroid injections, and botulinum type A toxin (BoNT-A) injections. Several non-
pharmacological treatment modalities have also been proposed, including manual therapy,
dry needling, ultrasound therapy, ischemic compression, phonophoresis, pressure release,
transcutaneous electric nerve stimulation (TENS), electrical twitch obtaining intramuscular
stimulation (ETOIMS), magnetic stimulation, and laser therapy [52,122–126]. Unfortunately,
the current pharmacological and non-pharmacological treatment modalities are not backed
by high-quality evidence regarding efficacy and safety, and the search for evidence-based
effective treatment options continues.

Unraveling novel therapeutic approaches to alleviate chronic pain syndromes may be
facilitated by an enhanced understanding of the pathophysiological importance of hyaluro-
nan and other components of the connective tissue matrix of fascia, as well as the mechanical
forces that are both permitted and restricted by fascial planes [116]. Hyaluronan’s ubiqui-
tous availability, complete resorbability, biocompatibility, hydrophilicity, unique viscoelas-
ticity, and minimal immunogenicity and adverse effects account for its wide biomedical
and clinical applications in different fields of medicine (e.g., viscosupplementation for
osteoarthritis treatment, vitreous substitution/replacement in ophthalmic surgery, as der-
matological fillers, as scaffolds in nerve-, vessel-, and adipose tissue- engineering, as drug
conjugation and delivery agent, and as an immunomodulatory agent in cancer therapeu-
tics) [14,18,127–129]. Cosmetic injection of hyaluronan as a dermal filler (an FDA-approved
clinical use) was ranked as the second and third most common non-surgical procedure
for women and males, respectively [130,131]. Intra-synovial injection of crosslinked and
non-crosslinked hyaluronan as viscosupplements is also a favored and FDA-approved
treatment for osteoarthritic pain [132–134].

Several preclinical and clinical studies have reported on the therapeutic applications
of hyaluronan in managing fasciopathies, tendinopathies, and osteoarthritis, all of which
share important pathophysiological mechanisms [18,135–146]. In an animal model of os-
teoarthritis, administration of hyaluronan to isolated medial articular nerves dramatically
lowered both ongoing and movement-evoked nerve activities, indicating a therapeutically
important antinociceptive activity in inflamed joints through an elastoviscous, rheological
effect on nociceptive afferent fibers [147]. In vitro experiments have demonstrated ther-
apeutically important effects of hyaluronan on the extracellular matrix in osteoarthritis,
including increased synthesis of chondroitin sulfate and proteoglycans, suppressed pro-
teoglycan release from chondrocyte, and cartilage cell-matrix, and inhibited proteoglycan
breakdown from cartilage. Several effects of hyaluronan on inflammatory mediators and
immune cells have been described, notably decreased levels of IL-1-induced prostaglandin
E2, TNF-α, plasminogen activator activity, increased tissue inhibitor of metalloproteinases-
1, enhanced antioxidant effects, reduced lymphocyte stimulation, motility, and proliferation,
suppressed neutrophil aggregation and adhesion, inhibited macrophage and neutrophil
phagocytosis, and enhanced polymorphonuclear leukocyte phagocytosis, adherence, and
migration [148]. These effects of hyaluronan on the extracellular matrix, inflammatory me-
diators, and immune cells are therapeutically important in fascial disease and support the
adaptability of hyaluronan for the treatment of myofascial disorders. As in osteoarthritis,
functionally limited patients with myofascial disease who have not responded adequately
to conventional pharmacological and nonpharmacological treatment options, those who
have gastrointestinal or renal intolerance to NSAIDs and other therapies, and those who
wish to postpone or are ineligible for surgery are good candidates for hyaluronan treat-
ment [132]. On the other hand, it has been suggested that obesity may be an independent
risk factor for viscosupplementation failure in patients with osteoarthritis [149], although
further investigation demonstrated that benefits were similar in normal-weight and obese
patients with mild or moderate knee osteoarthritis who responded to treatment [150].
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Indeed, a potential therapeutic role of hyaluronan injections in treating fasciopathies
has been demonstrated [151]. A recent randomized controlled trial found that the ad-
ministration of five injections of high-molecular-weight hyaluronan is a safe and effective
treatment option for patients with persistent pain for more than 12 weeks from plantar
fasciopathy [152]. In patients with various enthesopathies (lateral epicondylitis, patellar
tendinopathy, insertional Achilles tendinopathy, and plantar fasciitis), a single injection
of up to 2.5 mL hyaluronan uniformly reduced pain as assessed by the visual analog
scale (VAS) for pain and local pain symptoms 1 week after injection [145]. Tendinopathies
and fasciopathies share similar pathophysiological mechanisms, mindful that tendons are
technically part of the fascial system. Recall that the broader functional definition of the
fascial system incorporates elements such as adipose tissue, adventitiae and neurovascular
sheaths, aponeuroses, deep and superficial fasciae, epineurium, joint capsules, ligaments,
membranes, meninges, myofascial expansions, periostea, retinacula, septa, tendons, and
visceral fasciae [1].

A few studies have compared hyaluronan and other conventional therapies, as well
as different pharmacological preparations and modifications of hyaluronan. Raeissadat
et al. found that while corticosteroid injection appeared to have a faster trend of im-
provement in the short term, hyaluronan injection was comparably effective in reducing
the symptoms of plantar fasciitis [144]. Additionally, hyaluronan may also be consid-
ered a physiologically more favorable option than corticosteroids which are notorious
for a broad spectrum of short- and long-term adverse effects. At three months post-
treatment, pain ratings indicated that two peritendinous hyaluronan injections were more
effective than conventional extracorporeal shock wave therapy in treating patients with
Achilles’ midportion tendinopathy for ≥6 weeks [153]. In patients with lateral elbow,
Achilles, and patellar tendinopathy, ultrasound-guided peritendinous injections of lower-
molecular-weight hyaluronan (500–730 kDa) were safe, well-tolerated, and associated with
significant pain improvement and reduction in ultrasound-assessed tendon thickness and
neovascularization [141]. In a recent study comparing ultrasound-guided injections with
low molecular weight (500–730 KDa) and high molecular weight (>2000 KDa) hyaluro-
nan, Mohebbi et al. found that while both hyaluronan types had similar efficacy in the
treatment of rotator cuff tendinopathy, patients tolerated low-molecular-weight injections
better [154]. In patients with knee osteoarthritis, Bahrami et al. showed that a single
high-molecular-weight hyaluronan injection is as effective as multiple injections of low-
molecular-weight hyaluronan at 2- and 6-months follow-up [155]. In contrast to the native
form of hyaluronan (>1000 kDa), lower-molecular-weight forms of the molecule (<500 kDa,
especially preparations in 100–250 kDa) are pathophysiologically important as proinflam-
matory mediators [156,157]. Thus, further studies will be needed to clarify the impact of
molecular weight on the therapeutic effects of hyaluronan. Furthermore, mindful that most
of the current pharmacologic adaptations of hyaluronan in myofascial disease primarily
aim to address the pathological consequences of the changes in its tissue concentration
or molecular weight, it would be useful to explore the therapeutic endogenous or exoge-
nous modifications of hyaluronan to target other pathophysiological mechanisms such
as covalent modifications, binding interactions, rheological alterations, pH changes, and
alterations in adipose tissue metabolism and inflammatory phenotype. Focal studies in
obese patients with myofascial disease are also warranted to clarify the impact of obesity
on the therapeutic potential of hyaluronan in myofascial disease.

Some investigators have explored molecular alterations to exogenously administered
hyaluronan to change the extracellular matrix’s mechanics. Low-load elastic mechanical
features, such as lower toe modulus and a tendency toward lower toe stiffness and a
larger transition strain, are seen in the fascial extracellular matrix treated with tyramine-
substituted high-molecular-weight hyaluronan [158]. Given its relatively short half-life in
biological fluids, a number of modifications of hyaluronan molecules to extend the duration
of its biological actions have been explored. The most common of these is crosslinking
to form a hydrogel; however, this could lead to higher viscosity and toxicity [159]. On
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the other hand, stimulating endogenous hyaluronan production has been explored as
another therapeutic strategy. The endocannabinoid receptors 1 and 2 (CB1 and CB2) are
expressed in various deep fasciae, and it is known that the endocannabinoid system is
crucially involved in the modulation of pain, inflammation, and fibrosis [160]. For example,
a synthetic cannabinoid induced a rapid production of hyaluronan and hyaluronan-rich
vesicles in an in vitro culture of fascial fibroblasts, confirming a peripheral effect of the
endocannabinoid system on fascial cell regulation and remodeling of the formation of the
extracellular matrix [143].

A potential therapeutic role of exogenous hyaluronidases has also been suggested.
Trigger point injection of hyaluronidase was reported to substantially decrease clinically
assessed pain in patients with myofascial pain disorders [161]. Similarly, in patients with
spastic disorders partly related to hyaluronan accumulation in muscles, hyaluronidase
injections improved both passive and active mobility [162]. It is thought that the beneficial
effects may be related to modifications in hyaluronan viscosity. In addition, recombinant
hyaluronidase PH20 (PEGPH20) was found to significantly reduce adipose tissue mass and
adipocyte size and improve insulin sensitivity in a mouse model of diet-induced obesity [79].
These effects may ameliorate the pathological ramifications of adipose tissue inflammation
in myofascial disease. Finally, an understanding of the rheological properties of hyaluronan
provides a physiochemical explanation of the therapeutic effects of massage, manipulation,
laser therapy, and other physical therapy procedures in myofascial disease, namely the
disaggregation of the pathologic chain–chain interactions of hyaluronan molecule under
controlled physical conditions such as high temperature [46].

7. Conclusions

Obesity is a primary risk factor for myofascial disease, which is a leading cause of
physical disability globally. With the escalating prevalence of obesity, it is expected that
the burden of myofascial disease will worsen. Unfortunately, current treatment options
are limited in terms of safety and efficacy, and thus new therapeutic strategies are needed.
Clarifying the etiological significance of various components of the connective tissue matrix
of the fascia in obesity may aid in developing novel therapeutic methods for obesity-related
myofascial disorders. In particular, understanding the pathophysiological importance of
fascial hyaluronan may provide valuable therapeutic insights. Hyaluronan is the dominant
polysaccharide of the extracellular matrix of connective tissues, which provides mechanical
stability and acts as a water reservoir and lubricant, allowing sliding between fascial
sublayers and between fasciae and adjacent structures. It also acts as an extracellular matrix
homeostatic regulator via various cellular mechanisms and interactions.

Alterations in the physical and chemical properties of hyaluronan are associated with
modifications in extracellular matrix viscoelasticity and other mechanical properties and
biological functions and have been demonstrated as critical factors in the development of
myofascial disease in obesity. Understanding this pathophysiological connection paves the
way for the potential therapeutic exploitation of hyaluronan. Given its ubiquitous availabil-
ity and unique pharmacological properties, hyaluronan has found a broad range of clinical
applications, including in orthopedic disorders such as osteoarthritis, tendinopathies, and
fasciopathies. While the relatively few results of therapeutic adaptation in myofascial dis-
ease are promising and supported by the current understanding of the pathophysiological
importance of hyaluronan in fasciopathy, larger and more rigorous clinical trials utiliz-
ing a broader spectrum of myofascial disorders or different modifications of hyaluronan
molecule are warranted to validate its therapeutic potential.
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Abstract: Obesity is a chronic, progressive and relapsing disease that produces many adverse health,
social and economic effects. The aim of the study was to analyse the concentrations of selected
proinflammatory parameters in the saliva of obese and normal body weight individuals. The study
included 116 people divided into two groups: the study group (n = 75, subjects with obesity) and
the control group (n = 41, individuals with normal body weight). Bioelectrical impedance analysis
was performed, and saliva samples were collected from all study participants to determine the con-
centrations of selected proinflammatory adipokines and cytokines. Statistically significantly higher
concentrations of MMP-2, MMP-9 and IL-1β were found in the saliva of obese women compared to
women with normal body weight. Furthermore, statistically significantly higher concentrations of
MMP-9, IL-6 and resistin were observed in the saliva of obese men compared to men with normal
body weight. Higher concentrations of selected proinflammatory cytokines and adipokines were
found in the saliva of obese individuals compared to individuals with normal body weight. It is
likely that higher concentrations of MMP-2, MMP-9 and IL-1β can be detected in the saliva of obese
women compared to non-obese women, while higher concentrations of MMP-9, IL-6 and resistin
can be found in the saliva of obese men compared to non-obese men, which suggests that further
research to confirm our observations and determine the mechanisms of development of metabolic
complications associated with obesity depending on gender is needed.

Keywords: obesity; saliva; body composition; proinflammatory cytokines; proinflammatory
adipokines; IL-6; IL-1β; resistin; MMP-9; MMP-2

1. Introduction

Obesity is a chronic, progressive, relapsing disease that produces many adverse health,
psychological, social and economic effects. In 2013, the Member States of the World Health
Assembly agreed to a set targets which include halting the rise in obesity at 2010 levels by
2025 [1]. However, the World Obesity Federation Annual Report 2020 indicates that the
probability of most countries achieving this target is less than 10%. Furthermore, it is fore-
cast that the prevalence of obesity will increase from 11.4% to 17.5% in the years 2010–2030,
with over 1 billion people living with obesity globally by 2030. One in five women and one
in seven men will be obese [2]. According to the Organization for Economic Cooperation
and Development (OECD) data from 2019, obesity and its complications will contribute to
approximately 92 million premature deaths in OECD, Group 20 (G20) and European Union
(EU28) member countries in the next 30 years. Furthermore, life expectancy will decrease by
0.9–4.2 years in the above countries within the same period of time [3]. Therefore, routine
monitoring of obese individuals aimed at early identification of those at risk for developing
metabolic complications should be introduced.

It is crucial that the mechanisms underlying metabolic disturbances in the obese in
relation to inflammatory processes involving white adipose tissue are fully understood.

Int. J. Mol. Sci. 2023, 24, 4145. https://doi.org/10.3390/ijms24044145 https://www.mdpi.com/journal/ijms
45



Int. J. Mol. Sci. 2023, 24, 4145

Adipose tissue cells secrete adipokines and cytokines that induce immune cell infiltration,
thus promoting the proinflammatory phenotype. Furthermore, they produce not only
paracrine and autocrine but also endocrine effects, and consequently affect both inflam-
mation in adipose tissue and systemic inflammation. They can cause metabolic diseases,
including hypertension, atherogenic dyslipidemia, insulin resistance, non-alcoholic fatty
liver disease, type 2 diabetes, and may be an indirect cause of many chronic diseases, i.e.,
cancer or cardiovascular diseases [4].

The use of saliva for early detection of inflammation in the oral cavity and diagnosis of
periodontal diseases is well established [5]. However, changes in the concentration of many
salivary parameters may also be useful as biomarkers for other diseases, including caries [6].
Systematic reviews and meta-analyses conducted in recent years indicate that saliva can
be used for the diagnosis and surveillance of a number of systemic diseases, including
inflammatory bowel diseases [7], oral cancer and systemic oncological diseases [8]. Saliva
could be a valuable diagnostic tool in everyday clinical practice and in screening large
populations due to the non-invasiveness of the test and a lower risk of infection compared
to serum [5].

In one of our previous studies, we investigated proinflammatory adipokines and
cytokines which may play a role in metabolic disturbances in the obese. A review of the
available literature suggests that research on resistin and interleukin 6 (IL-6) should be
continued since the results of previous studies are inconclusive [9]. IL-6 is a multidirectional
cytokine, the activity of which depends on the source of its expression. When secreted by
adipose tissue cells in response to the development of obesity, it causes increased accumu-
lation of macrophages in the tissue [10]. On the other hand, elevated resistin concentration
is involved in the pathogenesis of inflammation and the development of insulin resistance,
type 2 diabetes, hypertension, atherogenic dyslipidemia and atherosclerosis [11].

Matrix metalloproteinase-2 (MMP-2) and MMP-9 as well as interleukin 1-beta (IL-1β)
may be potential salivary biomarkers for risk prediction of metabolic disturbances in the
obese. To date, few studies have been conducted on the subject. However, they should
be continued as promising results have been obtained [9]. Matrix metalloproteinases
(MMPs), and more specifically MMP-2 and MMP-9 gelatinases, have been implicated in
the development of atherosclerosis [12]. IL-1β contributes to the development of insulin
resistance that accompanies obesity [13].

Many previous studies that investigated obesity markers were based mainly on body
mass index (BMI) as a diagnostic criterion for this disease. Future research should also
assess the content and distribution of adipose tissue which correlates, to a greater extent,
with the risk of metabolic disturbances [4,9].

The aim of the study was to analyse the concentrations of selected proinflammatory
parameters in the saliva of obese and normal body weight individuals.

2. Results

The characteristics of selected anthropometric and body composition parameters of
women (n = 77) from the study group (n = 46) and women from the control group (n = 31),
and men (n = 39) from the study group (n = 29) and men from the control group (n = 10)
are presented in Table 1.

Comparison of women from the study and control groups revealed statistically signif-
icant differences for age, body weight, BMI (body mass index), waist circumference, hip
circumference, WHR (waist-to-hip ratio), total body fat (kg and %), VAT (visceral adipose
tissue, cm2 and %), SAT (subcutaneous adipose tissue, cm2 and %) and the VAT/SAT ratio.
Similar results were obtained for men, but no statistically significant differences were found
for body height, percentage of visceral and subcutaneous fat and the VAT/SAT ratio.
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Table 1. Comparison of anthropometric and body composition parameters of women and men from
the study and control groups.

Parameter

Women (n = 77)

p *

Men (n = 39)

p **Study Group (n = 46) Control Group (n = 31) Study Group (n = 29) Control Group (n = 10)

Median Q1–Q3 Median Q1–Q3 Median Q1–Q3 Median Q1–Q3

Age (years) 46.00 39.00–52.00 36.00 30.00–45.00 <0.001 * 44.00 37.00–50.00 37.00 29.00–40.00 0.039 **

Height (cm) 164.25 159.00–169.00 163.00 160.00–170.00 0.897 181.00 175.00–186.00 181.50 174.00–184.00 0.646

Weight (kg) 93.50 88.00–100.40 63.00 58.00–66.00 <0.001 * 110.50 101.00–118.50 80.50 76.00–83.00 <0.001 **

BMI (kg/m2) 32.85 32.60–36.60 23.00 21.90–24.50 <0.001 * 33.70 31.80–35.70 24.73 24.30–24.92 <0.001 **

Waist
circumference
(cm)

107.00 104.00–112.00 81.00 78.00–85.00 <0.001 * 113.00 109.00–117.00 87.00 85.00–94.00 <0.001 **

Hip
circumference
(cm)

120.00 116.00–124.00 97.00 94.00–101.00 <0.001 * 116.00 113.50–118.00 103.00 101.00–107.00 <0.001 **

WHR 0.92 0.88–0.95 0.84 0.79–0.88 <0.001 * 0.97 0.96–0.99 0.86 0.83–0.88 <0.001 **

Body fat (kg) 42.31 36.99–45.73 16.97 13.85–20.41 <0.001 * 36.77 32.12–41.14 15.46 13.62–18.02 <0.001 **

Body fat (%) 45.42 41.09–47.38 28.37 24.45–30.39 <0.001 * 33.43 30.49–36.14 19.38 16.91–21.24 <0.001 **

VAT (cm2) 261.00 179.00–350.00 93.00 65.00–124.00 <0.001 * 296.00 238.50–350.00 120.00 83.00–214.00 <0.001 **

SAT (cm2) 127.00 105.00–145.00 72.00 54.00–93.00 <0.001 * 128.50 109.50–149.00 69.50 63.00–74.00 <0.001 **

VAT (%) 68.22 60.36–74.12 56.02 48.33–62.32 <0.001 * 69.43 67.49–74.86 60.71 58.15–76.77 0.1514

SAT (%) 31.77 25.88–39.64 43.98 37.68–51.67 <0.001 * 30.57 25.13–32.51 39.29 23.23–41.85 0.1514

VAT/SAT ratio 2.14 1.52–2.86 1.27 0.94–1.65 <0.001 * 2.27 2.07–2.98 1.54 1.39–3.31 0.1514

Q1–Q3: 1st–3rd quartile, BMI—body mass index, WHR—waist-to-hip ratio, VAT—visceral adipose tissue,
SAT—subcutaneous adipose tissue. Statistical significance (p < 0.05), p *—statistical differences between women
from study and control groups, p **—statistical differences between men from study and control groups.

Next, concentrations of selected proinflammatory cytokines and adipokines in the
saliva of participants from the study and control groups were assessed and the results are
presented in Table 2.

Table 2. Comparison of the concentration of selected proinflammatory cytokines and adipokines
between women and men from the study and control groups.

Parameter

Women (n = 77)

p *

Men (n = 39)

p **Study Group (n = 46) Control Group (n = 31) Study Group (n = 29) Control Group (n = 10)

Median Q1–Q3 Median Q1–Q3 Median Q1–Q3 Median Q1–Q3

MMP-2 (ng/mL) 0.97 0.75–1.35 0.64 0.50–1.00 0.0012 * 1.16 0.72–1.78 0.74 0.55–1.26 0.1744

MMP-9 (ng/mL) 439.90 274.80–760.50 301.20 171.90–498.40 0.0451 * 519.10 295.20–995.20 178.15 84.60–333.20 0.0028 **

IL-6 (pg/mL) 9.88 4.04–15.23 8.25 3.13–31.70 0.9547 12.88 6.53–22.23 5.85 3.13–9.33 0.0430 **

Resistin (ng/mL) 3.58 1.41–5.03 1.97 0.59–4.56 0.0875 4.76 2.03–6.71 0.94 0.48–4.85 0.0397 **

IL-1β (pg/mL) 390.68 272.43–869.06 239.02 135.35–538.50 0.0035 * 494.70 262.39–1443.07 313.57 109.65–1631.30 0.3484

MMP-2—metalloproteinase-2, MMP-9—metalloproteinase-9, IL-6—interleukin-6, IL-1β—interleukin 1β. Statisti-
cal significance (p < 0.05), p *—statistical differences between women from study and control group, p **—statistical
differences between men from study and control group.

Statistically significantly higher concentrations of MMP-2, MMP-9 and IL-1β were
found in the saliva of obese women compared to women with normal body weight. Fur-
thermore, statistically significantly higher concentrations of MMP-9, IL-6 and resistin were
observed in the saliva of obese men compared to men with normal body weight.

Next, correlations between selected anthropometric/body composition parameters and
cytokines/adipokines in the saliva of women from the study and control groups (n = 77) were
analysed, and the results are presented in Table 3 and Supplementary Tables S1 and S2.
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Table 3. Correlations between selected anthropometric/body composition parameters and the
concentrations of cytokines/adipokines in the saliva of women from the study and control groups.

Parameter
Women (n = 77)

MMP-2 (ng/mL) MMP-9 (ng/mL) IL-6 (pg/mL) Resistin (ng/mL) IL-1β (pg/mL)

BMI (kg/m2)
r = 0.460 r = 0.343 r = 0.144 r = 0.258 r = 0.396

p = 0.000 * p = 0.002 * p = 0.208 p = 0.023 * p = 0.000 *

Waist circumference (cm)
r = 0.330 r = 0.264 r = 0.069 r = 0.200 r = 0.284

p = 0.003 * p = 0.019 * p = 0.549 p = 0.080 p = 0.012 *

Hip circumference (cm)
r = 0.355 r = 0.330 r = 0.120 r = 0.247 r = 0.309

p = 0.001 * p = 0.003 * p = 0.296 p = 0.029 * p = 0.006 *

WHR
r = 0.171 r = 0.106 r = −0.005 r = 0.049 r = 0.148

p = 0.136 p = 0.356 p = 0.963 p = 0.667 p = 0.198

Body fat (kg)
r = 0.387 r = 0.359 r = 0.126 r = 0.224 r = 0.347

p = 0.000 * p = 0.001 * p = 0.273 p = 0.049 * p = 0.001 *

Body fat (%)
r = 0.421 r = 0.345 r = 0.136 r = 0.200 r = 0.396

p = 0.000 * p = 0.002 * p = 0.234 p = 0.079 p = 0.000 *

VAT (cm2)
r = 0.373 r= 0.209 r = 0.066 r = 0.305 r = 0.327

p = 0.000 * p = 0.066 p = 0.563 p = 0.006 * p = 0.003 *

SAT (cm2)
r = 0.258 r = 0.287 r = 0.165 r = 0.182 r = 0.275

p = 0.023 * p = 0.011 * p = 0.150 p = 0.112 p = 0.015 *

VAT (%)
r = 0.305 r = 0.073 r = −0.021 r = 0.216 r = 0.214

p = 0.006 * p = 0.522 p = 0.849 p = 0.058 p = 0.061

SAT (%)
r = −0.073 r = −0.305 r = 0.021 r = −0.216 r = −0.214

p = 0.522 p = 0.006 * p = 0.849 p = 0.058 p = 0.061

VAT/SAT ratio
r = 0.304 r = 0.077 r = −0.019 r = 0.217 r = 0.218

p = 0.007 * p = 0.502 p = 0.864 p = 0.057 p = 0.056

BMI—body mass index, WHR—waist hip ratio, VAT—visceral adipose tissue, SAT—subcutaneous adipose
tissue. MMP-2—metalloproteinase-2, MMP-9—metalloproteinase-9, IL-6—interleukin-6, IL-1β—interleukin 1β.
p *—statistical significance (p < 0.05).

Statistically significant positive correlations were found between BMI and the salivary
concentrations of MMP-2, MMP-9, resistin and IL-1β. A similar relationship was also
observed for hip circumference and total body fat (kg). Statistically significant positive
correlations were also found between waist circumference and serum concentrations of
MMP-2, MMP-9 and IL-1β. A similar relationship was also observed for the percentage of
total body fat and subcutaneous fat (SAT (cm2)). No statistically significant correlations were
found between the WHR index and the salivary concentrations of cytokines/adipokines.
Statistically significant positive correlations were found between VAT (cm2) and the salivary
concentrations of MMP-2, resistin and IL-1β, whereas the percentage of VAT showed a
statistically significant positive correlation only with the concentration of MMP-2 in saliva. A
similar relationship was observed for the VAT/SAT ratio. A statistically significant negative
correlation was found only between SAT (%) and the concentration of MMP-9 in saliva. There
were no statistically significant correlations between IL-6 and selected anthropometric and
body composition parameters in women from the study and control groups.

Next, correlations between selected anthropometric/body composition parameters
and the concentrations of cytokines/adipokines in the saliva of men from the study
and control groups (n = 39) were analysed. The results are presented in Table 4 and
Supplementary Tables S3 and S4.
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Table 4. Correlations between selected anthropometric/body composition parameters and the
concentrations of cytokines/adipokines in the saliva of men from the study and control groups.

Parameter
Men (n = 39)

MMP-2 (ng/mL) MMP-9 (ng/mL) IL-6 (pg/mL) Resistin (ng/mL) IL-1β (pg/mL)

BMI (kg/m2)
r = 0.289 r = 0.416 r = 0.282 r = 0.318 r = 0.309

p = 0.073 p = 0.008 * p = 0.081 p = 0.047 * p = 0.055

Waist circumference (cm)
r = 0.303 r = 0.362 r = 0.360 r = 0.325 r = 0.251

p = 0.060 p = 0.023 * p = 0.024 * p = 0.043 * p = 0.122

Hip circumference (cm)
r = 0.179 r = 0.353 r = 0.329 r = 0.310 r = 0.217

p = 0.275 p = 0.027 * p = 0.040 * p = 0.054 p = 0.183

WHR
r = 0.362 r = 0.297 r = 0.360 r = 0.321 r = 0.239

p = 0.023 * p = 0.066 p = 0.024 * p = 0.046 * p = 0.141

Body fat (kg)
r = 0.118 r = 0.300 r = 0.143 r = 0.226 r = 0.104

p = 0.477 p = 0.066 p = 0.390 p = 0.170 p = 0.533

Body fat (%)
r = 0.168 r = 0.314 r = 0.120 r = 0.176 r = 0.124

p = 0.312 p = 0.054 p = 0.470 p = 0.290 p = 0.456

VAT (cm2)
r = 0.147 r = −0.027 r = 0.106 r = −0.174 r = −0.144

p = 0.378 p = 0.869 p = 0.525 p = 0.293 p = 0.388

SAT (cm2)
r = 0.204 r = 0.353 r = 0.437 r = 0.326 r = 0.263

p = 0.218 p = 0.029 * p = 0.005 * p = 0.045 * p = 0.109

VAT (%)
r = 0.138 r = 0.063 r = 0.261 r = −0.002 r = −0.007

p = 0.407 p = 0.702 p = 0.113 p = 0.987 p = 0.963

SAT (%)
r = −0.147 r = 0.027 r = −0.106 r = 0.174 r = 0.144

p = 0.378 p = 0.869 p = 0.525 p = 0.293 p = 0.388

VAT/SAT ratio
r = 0.151 r = −0.024 r = 0.110 r = −0.178 r = −0.130

p = 0.362 p = 0.882 p = 0.507 p = 0.284 p = 0.434

BMI—body mass index, WHR—waist–hip ratio, VAT—visceral adipose tissue, SAT—subcutaneous adipose
tissue. MMP-2—metalloproteinase-2, MMP-9—metalloproteinase-9, IL-6—interleukin-6, IL-1β—interleukin 1β.
p *—statistical significance (p < 0.05).

Statistically significant positive correlations were found between BMI and the concen-
trations of MMP-9 and resistin in saliva. Statistically significant positive correlations were
also shown for waist circumference and the concentrations of MMP-9, IL-6 and resistin
in saliva. Furthermore, statistically significant positive correlations were demonstrated
between hip circumference and the salivary concentrations of MMP-9 and IL-6. However, a
statistically significant positive correlation was demonstrated between the WHR index and
the concentrations of MMP-2, IL-6 and resistin. Statistically significant positive correlations
were found between subcutaneous fat content (cm2) and the salivary concentrations of
MMP-9, IL-6 and resistin. However, no statistically significant correlations were found be-
tween total body fat content in percentages and kilograms, the content of visceral (cm2 and
%) and subcutaneous (%) fat, as well as the VAT/SAT ratio and the salivary concentrations
of selected cytokines/adipokines.

3. Discussion

Chronic low-grade inflammation is one of the mediators of metabolic disturbances
associated with obesity. Recent reports have investigated the mechanisms and assessed
the impact of proinflammatory cytokines/adipokines on the development of metabolic
derangements in obesity [14]. Particular attention has been paid to saliva testing, mainly
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because of the non-invasive method of its collection and the diagnostic possibilities it offers
in routine medical practice.

MMPs play an important role in the pathological remodelling of blood vessel walls,
including vascular endothelial dysfunction, smooth muscle hyperplasia and the formation
of unstable atherosclerotic plaques [12]. The present study demonstrated higher concentra-
tions of MMP-2 in the saliva of subjects with obesity compared to individuals with normal
body weight. Furthermore, statistically significant differences in the concentrations of
MMP-2 in the saliva of obese women compared to women with normal body weight were
found (p = 0.0012). Similar results were obtained in a study by Mota et al. from 2019, in
which salivary concentrations of MMP-2 were statistically significantly (p < 0.05) higher in
obese subjects compared to individuals with normal body weight [15]. The present study
as well as one of our previous investigations [16] revealed similar, positive correlations
regarding MMP-2 concentrations in the saliva of obese individuals. We previously demon-
strated strong, positive correlations between salivary MMP-2 concentrations and BMI
(r = 0.806, p < 0.001), total body fat content (TBFkg r = 0.804, p < 0.001, TBF% r = 0.794,
p < 0.001), waist circumference (r = 0.796, p < 0.001), visceral fat (VAT cm2, r = 0.646,
p < 0.005) and the VAT/SAT ratio (r = 0.701, p < 0.002). The fact that we again obtained
statistically significant positive correlations between salivary MMP-2 concentrations, BMI
and total body fat content indicates that the concentration of this cytokine may depend on
body fat content, but further research exploring the mechanisms of metabolic disturbances
that may influence salivary MMP-2 concentrations is needed [16].

Our study also showed statistically significantly higher concentrations of MMP-9 in the
saliva of subjects with obesity compared to those with normal body weight, both in women
(p = 0.0451) and men (p = 0.0028). Due to a limited number of studies on the concentration
of MMP-9 in the saliva of individuals with excessive body weight, we decided to compare
the obtained results with blood serum concentrations of MMP-9 reported in the available
literature. Andrade et al. revealed statistically significantly (p < 0.001) higher concentrations
of MMP-9 in the serum of women with primary obesity (n = 36) in comparison to women
with normal body weight (n = 30) [17]. Similar findings were reported by Kosmal et al.,
who demonstrated a statistically significantly (p < 0.001) higher concentration of MMP-9
in the serum of obese women compared to women with normal weight [18]. To the best
of our knowledge, the present study is the first to examine MMP-9 concentrations in the
saliva of obese individuals, and therefore further studies evaluating the concentration of
this cytokine in saliva are recommended.

Interleukin 6 (IL-6) is a proinflammatory cytokine that modulates the body’s immune
response, affecting the function of the nervous, hematopoietic and endocrine systems.
IL-6 plays an important role in the pathogenesis of coronary artery disease as well as
type 1 and type 2 diabetes. Moreover, IL-6 may increase the risk of cancer in people
with excessive body weight [19]. Our study showed higher concentrations of IL-6 in the
saliva of obese subjects compared to individuals with normal body weight. Moreover,
statistically significant differences were found in the salivary concentrations of this cytokine
between men from the study group and men from the control group (p = 0.0430). To date, a
limited number of reports on the concentration of IL-6 in the saliva of obese people have
been published. Furthermore, the reports mainly examined children. A study by Pîrsean
et al. demonstrated that the concentrations of IL-6 in the saliva of overweight/obese
children were significantly higher than the concentrations of this cytokine in the saliva
of children with normal body weight [20]. The study, in contrast to our study, revealed
a positive correlation between the salivary IL-6 concentration and BMI. However, in a
study by Selvaraju et al., the concentrations of IL-6 in the saliva of obese children were
3.4 times higher compared to children with normal body weight [21]. The above results
were confirmed by Roytblat et al. who showed statistically significantly (p < 0.05) higher
concentrations of IL-6 in the serum of patients with excessive body weight compared to
individuals with normal weight [22]. Due to a limited number of studies in adults and
inconsistent data regarding children, it is suggested that further research on salivary IL-6
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concentrations is conducted in order to elucidate the potential impact of IL-6 levels on
metabolic derangements in obesity.

Resistin is an adipokine that may contribute to the development of insulin resistance,
type 2 diabetes, hypertension, dyslipidemia and atherosclerosis [23]. Our study demon-
strated higher resistin concentrations in the saliva of obese subjects compared to people
with normal body weight and a statistically significant difference was found for men from
both groups (p = 0.0397). Similar results were obtained by Lehmann-Kalata et al., who
revealed statistically significantly (p = 0.013) higher concentrations of resistin in the saliva
of obese patients compared to individuals with normal body weight [24]. Similar results
were reported by Al.-Ravi et al., who found statistically significantly higher concentrations
of resistin in obese subjects compared to individuals with normal body weight [25]. The
difference between the above study and our present investigation is that Al.-Ravi et al.
compared obese individuals with patients with diabetes. The latter showed the highest
salivary concentrations of resistin [25]. The authors of the study concluded that high levels
of resistin in saliva, which are associated with obesity, may be one of the factors predis-
posing obese individuals to type 2 diabetes. Therefore, it is suggested that further studies
exploring the potential impact of high concentrations of resistin on the development of
type 2 diabetes are conducted.

The salivary concentrations of IL-1β were also assessed in the present study. The
cytokine, produced by macrophages, impairs insulin signalling and increases lipolysis [26].
To the best of our knowledge, our study is the first to assess the concentrations of this
cytokine in the saliva of obese patients. We demonstrated higher concentrations of IL-1β
in the saliva of obese patients in comparison to individuals with normal body weight.
Furthermore, statistically significantly (p = 0.0035) higher concentrations of IL-1β were
demonstrated in the saliva of obese men in comparison to men with normal body weight.
Similar results were reported by Tvarijonaviciute et al., who revealed that IL-1β concentra-
tions in the saliva of children with excessive body weight were 2.6 times higher compared
to children with normal body weight [27]. Therefore, further studies are needed to confirm
the benefits of evaluating salivary IL-1β concentrations in obese adults as risk factors for
metabolic disturbances associated with obesity.

The limitation of our study is a small sample size. The main reason for this limitation is
the high cost of reagents for the analysis of selected proinflammatory cytokines/adipokines.
Furthermore, the authors of the study focused on uncomplicated obesity, which limited
the number of people eligible for the study. On the other hand, careful selection of the
small sample allowed us to produce accurate results that were not cofounded by other
factors. Another limitation of the study is the use of electrical bioimpedance only. The gold
standard for assessing body composition is the DEXA (dual-energy X-ray absorptiometry)
test. We believe that further studies on larger populations may enable researchers to learn
the mechanisms of the development of metabolic disorders related to the concentration of
proinflammatory cytokines in the saliva of obese patients and translate the findings into
everyday clinical practice.

4. Materials and Methods

This study followed an observational design. It included 116 individuals (77 women
and 39 men). The study protocol was approved by the Bioethics Committee of the Medical
University of Bialystok, Poland (No. R-I-002/647/2019 and APK.002.39.2021). All partici-
pants gave written informed consent to participate in the study prior to its commencement.

Men and women aged 20–55 years with primary obesity were enrolled in the study.
An additional inclusion criterion was the absence of periodontal disease and inflammation
in the oral cavity. The exclusion criteria were secondary obesity, type 1 and type 2 diabetes,
acute coronary artery disease, endocrine disorders, appetite disorders, pregnancy and
lactation, use of hormonal contraception or hormone replacement therapy, steroid therapy,
antiretroviral therapy, previous surgical or pharmacological treatment for obesity, chronic
inflammatory diseases, malignancies, a pacemaker. Women were also asked about the
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phase of the menstrual cycle and the regularity of menstruation. The analyses in women
were performed in the follicular phase (i.e., between the 8th and 11th day of the cycle).

Basic anthropometric measurements (body weight and height) of the study partici-
pants were taken, their BMIs were calculated and bioelectrical impedance analysis (BIA)
was performed. Based on the obtained results, the participants were divided into two
groups: the study group and the control group. The study group consisted of 75 people
(46 women and 29 men) with obesity (BMI = 30.0–39.9 kg/m2; >30% total body fat content
for women and >25% for men). The control group comprised 41 people (31 women and
10 men) with normal body weight (BMI = 18.5–24.9 kg/m2, 20–30% total body fat content
for women and 15–20% for men). Saliva samples were collected from all study participants
to determine the concentrations of selected proinflammatory cytokines and adipokines.

4.1. Body Composition Analysis

In order to measure body composition, BIA was performed on all participants using the
BioScan 920-2 Analyzer (Essex, UK). It enabled the assessment of the following parameters:
total body fat percentage (%), total fat-free mass percentage (%), total body fat mass (kg),
total skeletal muscle mass (kg), total body water (L), extracellular (L) and intracellular
water (L). The area of adipose tissue in the transverse section of the abdomen was also
determined: VAT (in cm2 and %) and SAT (in cm2 and %), and the VAT/SAT ratio was
also determined. Body composition analysis was performed in the morning, following an
overnight fast, with no strenuous physical activity prior to the test.

4.2. Saliva Sample Collection

Saliva was collected using a standard method. Samples were collected between 9:00
and 11:00 a.m. All subjects abstained from eating and drinking for 2 h prior to sample
collection. The subjects rinsed their mouths with deionised water and were sitting in a
comfortable position with their eyes open and head titled slightly forward. Unstimulated
whole saliva was collected for 10 min by spitting, as described by Navazesh [28]. Saliva
samples were homogenised and clarified by centrifugation at 1200 RPMI for 15 min at 4 ◦C.
The aliquots of clarified supernatants were stored at −70 ◦C for ELISA measurements.

4.3. Determination of IL-6, IL-1β, Resistin, MMP-9 and MMP-2

Highly sensitive assay kits (R&D Systems) were used to determine protein concen-
trations in saliva samples. The tests were performed according to the manufacturer’s
recommended protocols. The microtiter plate provided in the kits was pre-coated with a
monoclonal antibody specific to the analysed protein. Standards and samples were added
to the appropriate microtiter plate wells. Following incubation at room temperature, an
enzyme-linked polyclonal antibody was added. Then, the microplate wells were aspirated
and washed four times. Next, a substrate solution was added to each well. The enzyme–
substrate reaction was terminated by addition of a stop solution and the colour change was
measured spectrophotometrically at 450 ± 2 nm. The antigen concentration in the samples
was determined by comparing the O.D. to the standard curve.

4.4. Statistical Analysis

Statistical analysis of the obtained results was performed using STATISTICA 13.3
software by StatSoft (version 13.3, Warsaw, Poland). Descriptive statistics were prepared
by determining the value of the median and the upper and lower quartiles for quantitative
features. A significance level of p < 0.05 was assumed. Non-parametric methods were used
due to a lack of normal distribution. Two independent samples were compared using the
Mann–Whitney U test (analysis of the concentrations of adipokines and cytokines in saliva
for differences between the study and control groups). Spearman’s rank correlations were
used to assess the relationships between the concentrations of proinflammatory parameters
and body composition parameters.
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5. Conclusions

1. Higher concentrations of selected proinflammatory cytokines and adipokines are
found in the saliva of obese individuals in comparison to individuals with normal
body weight.

2. It is likely that higher concentrations of MMP-2, MMP-9 and IL-1β can be detected in
the saliva of obese women compared to non-obese women, while higher concentra-
tions of MMP-9, IL-6 and resistin can be found in the saliva of obese men compared
to non-obese men, which suggests that further research to confirm our observations
and determine the mechanisms of development of metabolic complications associated
with obesity depending on gender is needed.
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Abstract: The model of obesity induced by monosodium glutamate cytotoxicity on the hypothalamic
nuclei is widely used in the literature. However, MSG promotes persistent muscle changes and there
is a significant lack of studies that seek to elucidate the mechanisms by which damage refractory to
reversal is established. This study aimed to investigate the early and chronic effects of MSG induction
of obesity upon systemic and muscular parameters of Wistar rats. The animals were exposed to MSG
subcutaneously (4 mg·g−1 b.w.) or saline (1.25 mg·g−1 b.w.) daily from PND01 to PND05 (n = 24).
Afterwards, in PND15, 12 animals were euthanized to determine the plasma and inflammatory profile
and to assess muscle damage. In PND142, the remaining animals were euthanized, and samples
for histological and biochemical analyses were obtained. Our results suggest that early exposure to
MSG reduced growth, increased adiposity, and inducted hyperinsulinemia and a pro-inflammatory
scenario. In adulthood, the following were observed: peripheral insulin resistance, increased fibrosis,
oxidative distress, and a reduction in muscle mass, oxidative capacity, and neuromuscular junctions,
increased fibrosis, and oxidative distress. Thus, we can conclude that the condition found in adult
life and the difficulty restoring in the muscle profile is related to the metabolic damage established
early on.

Keywords: hyperinsulinemia; monosodium glutamate; metabolic syndrome; distress oxidative;
pro-inflammatory profile; skeletal muscle fiber types

1. Introduction

The model of obesity induced by perinatal injections of monosodium glutamate is
widely studied and known in the literature [1–3]. The main alteration determined in this
model is the damage and cell death of neurons in the hypothalamic nuclei, mainly in the
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arcuate nucleus (ARC), where this neuronal loss impairs the signaling mediated by insulin
and affects the energy balance of the organism [3–6].

Due to the hyperphagic characteristic of the MSG model [7], the excessive consumption
of nutrients is associated with the energy imbalance promoted by the hypothalamic lesion.
In this model, obesity is associated with the secretion of pro-inflammatory cytokines by
adipose tissue, which leads to insulin resistance, stimulating cell damage and impairing
metabolic homeostasis in the adipose tissue, liver, pancreas, brain, and muscles [1,2,8–13].

It is recognized in the literature that insulin sensitivity and resistance depend on
AMPK-mediated signaling pathways, where the main effect of this pathway is the in-
creased GLUT4 translocation in the membranes of insulin-dependent tissues [8,14,15]. As
a consequence of this activation, there is a reduction in the phosphorylation rate of the
mTOR protein [16,17]. As insulin sensitivity is reduced, especially in skeletal muscle,
mTOR signaling which has been implicated in insulin resistance and obesity pathogenesis
contributes to the development of the inflammatory process by stimulating the activation
of the NfKB pathway [1,17–20].

The reduction in the body growth of animals exposed to the MSG model has been
evidenced by several authors [1,9,21–23]. This reduction can be identified immediately
after the induction period, depending on the concentration and frequency of injections,
and is also confirmed in adulthood [22,24]. In addition, the changes in growth caused
by this model are not reversible when considering muscle tissue, which suggests that
metabolic impairment may be established earlier than has been described in the literature
and may resemble models of metabolic programming that affect muscle development
and maturation [25–27].

Although the endocrine, metabolic, and autonomic aspects of obesity induced by MSG
have been extensively studied and described for adult animals, the early effects of MSG
exposure and the establishment of muscle changes are less understood and have been
little explored. Thus, the present study aimed to identify whether the changes found in
adulthood were established early by exposure to MSG.

2. Results

2.1. Murinometric Profile
2.1.1. Lactation Period

To access the effect of MSG injections on the animals’ developmental delay, the pups
were weighed and measured every 2 days. Evaluating the body weight of these offspring,
we could observe that from PND07 onwards, MSG animals showed reduced weight gain
when compared to CTL (p < 0.0001; Figure 1A), and this difference persisted until euthanasia
(PND15). Likewise, MSG animals showed less gain in nasoanal length from PND07 when
compared to the CTL group (p < 0.0001; Figure 1B). However, when evaluating the Lee
index, it was only possible to observe lower values in MSG animals in PND09 (p = 0.002;
Figure 1C). However, when we observed the total gain during the period, through the
calculation of the area under the curve, we could observe that in terms of body weight
(p < 0.0001; Figure 1A’), nasoanal length (p < 0.0001; Figure 1B’), and in the Lee index
(p = 0.0223; Figure 1C’), MSG animals showed reduced development.

2.1.2. Post-Weaning Period

To assess whether the effect of MSG injections would persist into adulthood and
whether it participates in the onset of metabolic syndrome and obesity, the animals were
weighed, and their food intake was measured once a week from weaning until euthanasia
(day 142 of age). The percentage of body weight gain (p < 0.0001; Figure 2A) in MSG
animals was minor when compared to CTL from week 8 (p = 0.0134). Interestingly, this
difference was accentuated from week 10, the period where puberty started (p < 0.001) and
worsened from week 14 with the onset of adulthood (p < 0.0001). As expected, the MSG
effect on general food consumption was higher in MSG animals when compared to CTL
animals (p = 0.0019; Figure 2B). Furthermore, to confirm those findings, the area under
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the curve of total body weight gain and total food consumption was calculated. In both
situations, differences between the groups were found. Thus, the total weight gain was
lower in MSG animals when compared to CTL (p = 0.0026; Figure 2A’), while the total food
intake was higher in MSG animals when compared to CTL (p = 0.0018; Figure 2B’).

Figure 1. Graphs related to the development of CTL and the MSG animals during the perinatal
period (PND01 to PND13). (A): Line plot of per cent weight gain (g%); (B): line plot of nasoanal
length gain (cm); (C): Lee’s index gain line plot (g/cm3); (A’): AUC of body weight gain; (B’): AUC of
nasoanal length gain (cm); (C’): AUC of the Lee index gain (g/cm3). The CTL is represented in blue
and the MSG group is represented in yellow. The letter a represents the difference between the MSG
group when compared to the CTL. (A–C): repeated measurements ANOVA. (A’–C’): Student’s t-test.

 

Figure 2. Graphs related to weight gain and feed consumption of CTL and the MSG animals after
weaning (PND21, or W03, to PND142, or W19). (A): Percent weight gain line graph (g%); (B): line
plot of food consumption (g%); (A’): AUC of body weight gain; (B’): AUC of food consumption (g%).
The CTL is represented in blue and the MSG group is represented in yellow. The letter a represents
the difference between the MSG group when compared to the CTL. (A,B): repeated measurements
ANOVA. (A’,B’): Student’s t-test.

2.2. Intraperitoneal Glucose Tolerance Test (ipGTT) and Insulin Measurement

A glucose tolerance test was performed to assess whether alteration of glucose sensi-
bility and metabolism had been established at 135 days of life, followed by a measurement
of plasma insulin levels. In this sense, when we evaluated the response in the ipGTT test
(p < 0.0001; Figure 3A), we could observe that even with no difference in baseline blood
glucose levels between the groups, the MSG animals had higher blood glucose levels at
T15 (p = 0.0167) and a smaller decrease in blood glucose at T30 (p = 0.0492) when compared
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to CTL. When assessing insulin levels (p < 0.0001; Figure 3B), it was identified that MSG
animals had elevated basal insulin concentrations when compared to CTL animals. Fur-
thermore, this elevation of insulin concentrations was maintained throughout the test when
compared to CTL, suggesting a picture of persistent hyperinsulinemia. When calculating
the area under the curve for the total concentration of glucose and insulin throughout
the experiment, it was observed that the MSG animals had higher glycemia (p = 0.0317;
Figure 3A’) and this was accompanied by higher plasma insulin (p < 0.0001; Figure 3B’).

Figure 3. Graphs related to ipGTT and insulin dosage of CTL and MSG animals at 135 days of
life. (A): Graph of blood glucose during the test (mg/dL); (B): insulin level graph (μIU/mL);
(A’): AUC of blood glucose during the test (mg/dL); (B’): AUC of insulin level (μIU/mL). The
CTL is represented in blue and the MSG group is represented in yellow. The letter a represents the
difference between the MSG group when compared to the CTL. (A,B): repeated measurements
ANOVA. (A’,B’): Student’s t-test.

2.3. Inflammatory and Obesogenic Scenario at 15 Days
2.3.1. Corporal Characterization

On day PND15, MSG animals presented lower weight (p < 0.0001) and nasoanal length
(p = 0.0002) when compared to CTL. However, when calculating the Lee index, there was
no difference between the groups (p = 0.6851) Figure 4.

Figure 4. Graphs related to corporal characterization in PND15: (A): body weight (g); (B): nasoanal
length (cm); (C): Lee index (g/cm3). The CTL is represented in blue and the MSG group is represented
in yellow. The letter a represents the difference between the MSG group when compared to the CTL.
All data: Student’s t-test.
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2.3.2. Plasmatic Profile

When we evaluated the plasma of MSG and CTL animals, no differences were identi-
fied for glucose (p = 0.312), total cholesterol (p = 0.9248), LDL (p = 0.6471), VLDL (p = 0.9951),
triacylglycerols (p = 0.9951), and HDL (p = 0.3501). When calculating the dyslipidemia
predictors, no change was identified in the lipid ratio (p = 0.4318), in the Castelli index 1
(p = 0.9485), and in the Castelli index 2 (p = 0.9485). Similar results were identified for
muscle damage markers, where lactate (p = 0.7789) and creatine kinase (p = 0.8872) levels
were not different in MSG animals when compared to CTL, Figure 5.

Figure 5. Graphs related to plasmatic profile in PND15: (A): glucose (mg/dL); (B): total cholesterol
(mg/dL); (C): HDL cholesterol (mg/dL); (D): LDL cholesterol (mg/dL); (E): total triacylglycerols
(mg/dL); (F): lipid ratio (total triacylglycerols/HDL); (G): Castelli index I (Total Cholesterol/HDL);
(H): Castelli index II (HDL/LDL); (I): lactate (mg/dL); (J): creatine kinase (mg/dL). The CTL is
represented in blue and the MSG group is represented in yellow.

Interestingly, when measuring insulin levels and calculating HOMA-IR, it was ob-
served that MSG animals showed an increase when compared to CTL (p < 0.0001, in both).
Meanwhile, the calculation of QUICKI (p < 0.0001) showed a reduction in MSG animals
when compared to CTL. However, MSG animals showed increased concentrations of TNFα
(p = 0.0284), IL-06 (p < 0.0001), and IL-10 (p = 0.0053), Figure 6.

2.3.3. Skeletal Muscle Antioxidant System and Oxidative Damage

When evaluating the antioxidant system and oxidative damage of the skeletal muscle
pool, it was again identified that there were no differences between the MSG and CTL
groups in the activity of the enzymes superoxide dismutase (p = 0.5249), catalase (p = 0.5198),
and total cholinesterase (p = 0.3159), as well as in the levels of soluble proteins (p = 0.8843),
lipid peroxides (p = 0.5253), and non-protein thiols (p = 0.9972), Figure 7.
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Figure 6. Graphs related to insulin and inflammatory plasmatic profile in PND15: (A): insulin
(μIU/mL); (B): HOMA-R (A.U); (C): QUICKI (A.U); (D): TNFα (pmol/mL); (E): IL-6 (pmol/mL);
(F): IL-10 (pmol/mL). The CTL is represented in blue and the MSG group is represented in yellow.
The letter a represents the difference between the MSG group when compared to the CTL group. All
data: Student’s t-test.

2.4. Obesity and Muscle Damage at 142 Days
2.4.1. Corporal Characterization

The analysis of the animals in the PND142 showed that the MSG animals had a lower
weight (p < 0.0001) and nasoanal length (p = 0.0002) when compared to the CTL animals.
However, when compared to the CTL animals, the MSG animals had a higher Lee index
(p = 0.0153) and higher adiposity (p < 0.0001), Figure 8.

2.4.2. Plasmatic Profile

When the plasma profile of the animals was evaluated, the MSG animals showed an
increase in glucose (p = 0.0011), total cholesterol (p < 0.0001), LDL (p < 0.00,01), and VLDL
(p = 0.0052) cholesterol fractions, as well as in total triacylglycerols levels (p = 0.0052). There
was no difference in HDL between the groups (p = 0.0657). When performing the calculation
of dyslipidemia predictors, an increase in the lipid ratio was identified (p = 0.0115), in
the Castelli index 1 (p = 0.0001), and the Castelli index 2 (p = 0.0061). Likewise, when
evaluating some muscle damage markers, an increase in lactate levels (p = 0.0008) and a
decrease in creatine kinase concentrations (p < 0.0001) were identified in the MSG animals
when compared with the CTL animals, Figure 9.
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Figure 7. Graphs related to skeletal muscle antioxidant system in PND15: (A): soluble proteins
(mg/mL); (B): superoxide dismutase activity (U/mg protein); (C): catalase activity (mM H2O2 con-
sumed/min/mg protein); (D): lipid peroxides (nM hydroperoxides/mg protein); (E): non-protein
thiols concentration (nM thiols/mg protein); (F): cholinesterase activity (nM acetylthiocholine hy-
drolyzed/min/mg protein). The CTL group is represented in blue and the MSG group is represented
in yellow. All data: Student’s t-test.

Figure 8. Graphs related to corporal characterization in PND142: (A): body weight (g); (B): nasoanal
length (cm); (C): Lee index (g/cm3); (D): adiposity index (%). The CTL is represented in blue and the
MSG group is represented in yellow. The letter a represents the difference between the MSG group
when compared to the CTL group. All data: Student’s t-test.

Interestingly, when measuring the insulin levels and calculating HOMA-IR, it was
observed that the MSG animals showed an increase when compared to the CTL animals
(p < 0.0001, in both). Meanwhile, the calculation of QUICKI (p < 0.0001) showed a reduction
in MSG animals when compared to the CTL animals, Figure 10.
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Figure 9. Graphs related to plasmatic profile in PND142: (A): glucose (mg/dL); (B): total cholesterol
(mg/dL); (C): HDL cholesterol (mg/dL); (D): LDL cholesterol (mg/dL); (E): total triacylglycerols
(mg/dL); (F): lipid ratio (total triacylglycerols/HDL); (G): Castelli index I (total cholesterol/HDL);
(H): Castelli index II (HDL/LDL); (I): lactate (mg/dL); (J): creatine kinase (mg/dL). The CTL is
represented in blue and the MSG group is represented in yellow. The letter a represents the difference
between the MSG group when compared to the CTL group. All data: Student’s t-test.

Figure 10. Graphs related to insulin plasmatic profile in PND142: (A): insulin (μIU/mL); (B): HOMA-
R (A.U); (C): QUICKI (A.U). The CTL group is represented in blue and the MSG group is represented
in yellow. The letter a represents the difference between the MSG group when compared to the CTL
group. All data: Student’s t-test.

2.4.3. Skeletal Muscle Structure

When we evaluated the macroscopic characteristics of the muscle, the MSG animals
had lower EDL muscle weight (p < 0.0001) and shorter SOL (p = 0.0011) and EDL muscle
length (p < 0.0001) when compared to the CTL animals. When evaluating the muscular
structure of the EDL and SOL, it was identified that the MSG animals had a higher density
of fibers per mm2 in both muscles (p = 0.0022; p < 0.0001, respectively), when compared to
the CTL animals, accompanied by a reduction in the cross-sectional area of muscle fibers,
observed in both muscles of the MSG animals (p = 0.0020; p < 0.0001, respectively). In
addition, we found a reduction in the largest (p = 0.0003; p < 0.0001, respectively) and
smallest (p = 0.0006; p < 0.0001, respectively) diameters in both muscles of the MSG animals
when compared to the CTL animals. It was also possible to identify that the SOL of the
MSG animals showed a reduction in the diameter ratio, an important predictor of muscle
fiber rounding (p = 0.0178), Table 1.
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Table 1. Skeletal muscle structure, fiber types profile, and neuromuscular junctions structure from
CTL and MSG animals to PND142.

Grouping
Category Variable

EDL SOL

CTL MSG p-Value CTL MSG p-Value

Macroscopical
Structure

Muscle Weight 0.16 ± 0.01 0.12 ± 0.01 a <0.0001 0.11 ± 0.01 0.12 ± 0.01 0.1382
Muscle Length 31.60 ± 1.18 27.55 ± 0.92 a <0.0001 23.64 ± 1.80 20.38 ± 0.64 a 0.0011

Skeletal
Muscle

Structure

Fiber Density 574.82 ± 24.01 629.13 ± 32.43 a 0.0022 318.60 ± 27.67 466.44 ± 15.27 a <0.0001
Cross-Sectional Area 1743.2 ± 73.4 1595.3 ± 82.2 a 0.0020 3165.9 ± 284.4 2146.2 ± 70.7 a <0.0001

Larger Diameter 58.86 ± 7.14 43.37 ± 2.22 a 0.0003 78.51 ± 5.68 57.00 ± 5.59 a <0.0001
Smaller Diameter 42.37 ± 5.76 31.31 ± 2.60 a 0.0006 46.77 ± 2.98 36.99 ± 3.83 a <0.0001

Diameter Ratio 1.39 ± 0.03 1.39 ± 0.05 0.9332 1.68 ± 0.12 1.54 ± 0.05 a 0.0178
Capillaries/Fibers 1.50 ± 0.14 3.03 ± 0.41 a <0.0001 3.28 ± 0.24 2.05 ± 0.02 a <0.0001

Nuclei/Fibers 2.12 ± 0.37 1.88 ± 0.19 0.1891 2.72 ± 0.09 1.85 ± 0.08 a <0.0001
Central Nuclei 1.63 ± 0.41 4.87 ± 1.17 a <0.0001 1.63 ± 0.24 2.96 ± 0.49 a <0.0001

Myonuclear Domain 1195.1 ± 208.3 909.6 ± 152.3 a 0.0081 1160.6 ± 97.1 1019.1 ± 198.5 0.0998
Nuclei/Sarcoplasm Area 0.010 ± 0.001 0.017 ± 0.001 a <0.0001 0.013 ± 0.001 0.012 ± 0.000 0.1082
Total Connective Tissue 3.58 ± 0.56 6.83 ± 1.10 a <0.0001 4.31 ± 0.41 6.91 ± 1.38 a 0.0008

Epimysium 1.92 ± 0.30 3.35 ± 0.54 a <0.0001 2.32 ± 0.21 3.39 ± 0.68 a <0.0001
Perimysium 0.64 ± 0.10 1.96 ± 0.31 a <0.0001 0.77 ± 0.07 1.98 ± 0.39 a <0.0001

Endomysium 1.01 ± 0.15 1.51 ± 0.24 a 0.0004 1.22 ± 0.11 1.52 ± 0.31 0.2689
Collagen Type I 75.27 ± 3.49 66.32 ± 5.44 a 0.0014 75.27 ± 6.36 78.52 ± 8.56 0.4048

Collagen Type III 24.23 ± 3.49 33.67 ± 5.44 a 0.0014 33.09 ± 5.86 21.47 ± 8.56 a 0.0078

Fiber Types
Profile

Proportion Fiber Type I 9.31 ± 1.49 5.40 ± 1.18 a <0.0001 86.05 ± 1.89 79.29 ± 1.35 a <0.0001
Proportion Fiber Type IIA 41.68 ± 2.59 43.61 ± 3.08 0.1968 13.94 ± 1.89 20.71 ± 1.35 <0.0001
Proportion Fiber Type IIB 49.00 ± 2.28 50.98 ± 2.16 0.0973 NA NA NA

Cross-Sectional Area Type I 833.87 ± 26.92 779.70 ± 22.64 a 0.0007 2923.4 ± 843.8 1669.2 ± 273.5 a <0.0001
Cross-Sectional Area Type IIA 1158.1 ± 87.3 985.7 ± 131.6 a 0.0093 4233.6 ± 685.6 3867.7 ± 463.9 a <0.0001
Cross-Sectional Area Type IIB 2514.3 ± 149.2 2357.4 ± 292.4 0.2048 NA NA NA

Neuromuscular
Junctions
Structure

NMJ Cross-Sectional Area 151.38 ± 15.10 134.31 ± 7.75 a 0.0167 161.64 ± 10.84 96.03 ± 6.55 a <0.0001
NMJ Larger Diameter 25.71 ± 4.19 22.90 ± 1.53 0.1089 23.69 ± 0.94 16.17 ± 1.21 a <0.0001
NMJ Smaller Diameter 10.03 ± 0.88 10.10 ± 1.23 0.8939 7.11 ± 0.40 5.58 ± 0.42 a <0.0001

NMJ Diameter Ratio 2.56 ± 0.29 2.29 ± 0.22 0.0621 3.34 ± 0.30 2.90 ± 0.28 a 0.0102

Antioxidant
System

Superoxide Dismutase 6.61 ± 0.69 6.95 ± 0.70 0.3439 5.65 ± 0.25 5.64 ± 0.43 0.9409
Catalase 403.37 ± 107.70 258.43 ± 84.11 a 0.0101 204.45 ± 37.45 435.22 ± 28.13 a <0.0001

Soluble Proteins 1.74 ± 0.06 1.81 ± 0.03 a 0.0268 1.83 ± 0.07 1.91 ± 0.03 a 0.0268
Lipid Peroxides 27.60 ± 3.85 21.51 ± 2.95 a 0.0405 13.44 ± 1.50 17.58 ± 1.37 a <0.0001

Non-Protein Thiols 6.73 ± 0.44 5.42 ± 0.44 a <0.0001 7.37 ± 0.70 5.89 ± 0.45 a 0.0003
Total Cholinesterase’s 0.99 ± 0.06 0.85 ± 0.04 a 0.0001 1.10 ± 0.12 0.84 ± 0.03 a 0.0003

Legend: muscle weight (g/100 g), muscle length (mm), fiber density (number of fibers/mm2), cross-sectional
area (μm2), larger and smaller diameters (μm), diameter ratio (larger diameter/smaller diameter), capillaries and
nuclei (total number/total number fibers), central nuclei and proportion of fiber types (%), mionuclear domain
(fiber cross-sectional area/total nuclei), nuclei/sarcoplasm area (nuclei cross-sectional area/fiber cross-sectional
area). All analysis of connective tissue and collagen types (% pixels). Superoxide dismutase activity (U/mg
protein); catalase activity (mM H2O2 consumed/min/mg protein); soluble proteins (mg/mL); lipid peroxides (nM
hydroperoxides/mg protein); non-protein thiols concentration (nM thiols/mg protein); cholinesterase activity
(nM acetylthiocholine hydrolyzed/min/mg protein). The letter a represents the difference between the MSG
group when compared to the CTL group. All data: Student’s t-test.

Another feature evaluated was the distribution of capillaries and nuclei in the cells
of both muscles. MSG animals showed a greater distribution of capillaries in EDL when
compared to CTL (p < 0.0001), while the distribution of capillaries was reduced in SOL
(p < 0.0001). In the distribution of nuclei, the MSG animals showed lower values in SOL
(p < 0.0001) when compared to the CTL animals. However, when we evaluated the presence
of nuclei in a central position in the muscle fibers, we could observe that for both the EDL
and SOL muscles, the MSG animals showed an increase comparable to the CTL animals
(p < 0.0001, in both). In the case of the myonuclear domain, there was a reduction in MSG
animals compared to the CTL animals for EDL only (p = 0.0081), Table 1.

When evaluating the distribution of connective tissue in the EDL and SOL muscles,
it was found that in MSG animals there was an increase in total connective tissue in both
muscles when compared to the CTL animals (p < 0.0001; p = 0.0008, respectively). In addi-
tion, in the MSG animals higher values of connective tissue in the epimysium (p < 0.0001,
in both) and perimysium (p < 0.0001, in both) in both muscles were shown. However,
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endomysium thickening was identified only in the EDL of MSG animals (p = 0.0004). The
evaluation of the type of collagen in each of the muscles revealed that in the EDL, the
MSG animals showed a reduction in type I collagen (p = 0.0014) and an increase in type III
collagen (p = 0.00014), while in the SOL, only type III collagen reduction (p = 0.0078) could
be identified in MSG animals when compared to the CTL animals, Table 1.

2.4.4. Fiber Types Profile and Neuromuscular Junction Structure

When analyzing the prevalence of each type of f, the MSG animals showed a reduction
in the proportion of type I fibers in EDL and SOL (p < 0.0001, in both) and a reduction
in the cross-sectional area of type I fibers in EDL and SOL (p < 0.0001, in both) when
compared to the CTL animals. In SOL, MSG animals showed an increase in the proportion
of IIA-type fibers (p < 0.0001), and in both muscles, EDL and SOL, there was a reduction in
the cross-sectional area of IIA-type fibers (p = 0.0093; p < 0.0001, respectively) of the MSG
animals when compared to the CTL. Furthermore, it was identified that the MSG animals
showed a reduction in the cross-sectional area of the neuromuscular junctions both in the
EDL (p = 0.0167) and in the SOL (p < 0.0001) when compared to the CTL animals. The MSG
animals showed a reduction in the major (p < 0.0001) and minor (p < 0.0001) diameters in
the SOL muscle junctions when compared to the CTL animals. Therefore, when evaluating
the ratio between the largest and smallest diameters, a predictor of damage to the structure,
it was observed that the MSG animals had a lower ratio (p = 0.0102) when compared to
the CTL animals. Finally, when analyzing the antioxidant system and oxidative damage
in EDL and SOL, it was identified that catalase activity was reduced in EDL (p = 0.0101)
and increased in SOL (p < 0.0001) in MSG animals compared to the CTL animals. However,
in both muscles, the MSG animals showed an increase in the concentration of proteins
(p = 0.0268, in both), of lipid peroxides (p = 0.0405; p < 0.0001, respectively), and a reduction
in the concentration of non-protein thiols (p < 0.0001; p = 0.0003, respectively), when
compared to the CTL animals. Finally, when we evaluated the total cholinesterase activity
in both muscles, the MSG animals showed a decrease in activity when compared to the
CTL animals (p = 0.0001; p = 0.0003, respectively), Table 1.

2.5. Multivariate Analysis

When the interaction between the variables was evaluated, it was observed that the MSG
animals already had body impairment characteristics of the model in the PDN15 (F1,10 = 2.7748,
R2 = 0.2172, p = 0.0021, Figure 11A). These characteristics are due to the delay in body
development (F1,10 = 13.4489, R2 = 0.5735, p = 0.0027, Figure 11B) and the inflammatory profile
established in the animals, associated with the state of hyperinsulinemia (F1,10 = 28.0549,
R2 = 0.7372, p = 0.0025, Figure 11E). Despite these findings, changes in plasma (F1,10 = 0.2948,
R2 = 0.0286, p = 0.9722, Figure 11C) or in the muscle antioxidant system (F1,10 = 0.3958,
R2 = 0.0381, p = 0.2875, Figure 11D), which are commonly described as fundamental factors for
establishing of the condition in adult animals, were not identified at this age. We also observed
that the alterations observed in the young animals intensified in adulthood, producing the
body impairment characteristic of MSG induction (F1,14 = 18.3229, R2 = 0.5668, p = 0.0002,
Figure 12A). These model characteristics are due to delayed body development, reduced
muscle mass, and fat accumulation (F1,14 = 24.7399, R2 = 0.6386, p = 0.0002, Figure 12B). In this
sense, it is possible to identify the establishment of the metabolic syndrome in these animals
(F1,14 = 21.0869, R2 = 0.6009, p = 0.0002, Figure 12C). These factors are fundamental for the
impairment identified in the muscle structure, such as the reduction in fiber size, alteration
in the distribution of nuclei and capillaries, and thickening of the connective envelopes
(F1,14 = 20.9169, R2 = 0.5991, p < 0.0001, Figure 12D). It was also possible to observe a reduction
in the oxidative capacity of muscle fibers (F1,14 = 19.5689, R2 = 0.5629, p = 0.0001, Figure 12E)
and a reduction in neuromuscular junctions (F1,14 = 12.8698, R2 = 0.4789, p = 0.0002, Figure 12F),
in addition to the accumulation of oxidative damage markers accompanied by impairment of
the muscular antioxidant system (F1,14 = 12.8419, R2 = 0.4784, p = 0.0002, Figure 12G).
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3. Discussion

The literature has reported the effects of MSG as an inducer of obesity, where the main
object of study is adult animals with obesity already installed. Here, we present a new
study proposal, where the main objective was to investigate whether exposure to MSG
in the first days of postnatal life could produce early metabolic changes. In this study,
instead of evaluating only the conditions of the animals in the adult phase, we sought
to identify the characteristics of the animals 10 days after the end of the monosodium
glutamate injections. The main results obtained agree with the results established in the
literature for the MSG-obesity model; however, significant alterations in the inflammatory
and insulin profile were identified, early in the installation of obesity parameters. These
results suggest a slightly different scenario from that classically found for this model, in
which damage to the hypothalamic nuclei may be associated with early identified pro-
inflammatory disorders and hyperinsulinemia. Thus, it is likely that the muscle changes
induced by the model are due not only to the chronicity of the metabolic condition in
adulthood but also to this metabolic pattern established early on.

The induction of obesity by MSG causes cytotoxic damage to the hypothalamic nuclei,
which induces significant changes in the development of animals, mainly due to cell loss in
the GH-secreting hypothalamic nuclei [28], as has been well described in the literature [7]
and previously identified in works by our research group [9,21,29,30]. The relationship
between reduced body growth and reduced muscle growth has also been extensively
explored [1,22,28], with a consensus in the literature that MSG cytotoxicity also results in a
model of short stature due to hormonal insufficiency that leads to low growth [22,31]. In
this sense, the reduction in body weight gain accompanied by a lower nasoanal length in
the MSG animals suggests that from the second day after the end of the injections (PND07)
such changes are being established, corroborating that the effects of MSG reach different
tissues, since the start of the exhibition.

It is known that GH participates in the close relationship between factors that repress
the development and differentiation of muscle fibers, such as myostatin, and that in the
MSG-induced obesity model, GH-secreting hypothalamic nuclei are affected, altering GH
secretion. Thus, it is possible that in this model this injury results in the attenuation of
the feedback mechanisms that repress myostatin activity, producing a reduction in the
size of muscle fibers and altering the proportion of fiber types during the final process of
development [32,33]. Here, the data obtained demonstrate that in the presence of MSG,
muscle fibers are smaller, suggesting the participation of regulation mediated by GH-
myostatin, in the reduction of muscle fiber size. Furthermore, such results may be due
to an imbalance in the secretion of growth factors, due to muscle damage induced by
the obesity model. The model may promote the reduction of growth factors, such as the
fibroblast growth factor, required by the muscle for proliferation, as well as for the growth
and differentiation of mesenchymal cells during development [8,34,35].

It has also been reported that the metabolic changes associated with the model may
originate from lesions that occur in several central structures of the paraventricular region
of the hypothalamus, where the arcuate and ventromedial nuclei are the most affected.
It is believed that about 80 to 90% of the control of food consumption, energy expendi-
ture, and glucose homeostasis is due to the neuronal activity of these nuclei [12,14,36].
Dysfunction of these structures promotes an imbalance i metabolic pathways, causing
the increase in plasma lipid concentrations and their incorporation into adipose tissue, as
found in the adult animals of this work [1,12]. Dysfunction of these structures promotes an
imbalance of metabolic pathways, causing an increase in plasma lipid concentrations and
their incorporation into adipose tissue, as found in the adult animals of this work [37].

By evaluating the levels of insulin and plasmatic cytokines, we could see that through
a reduction in glucose sensibility, it is first possible that signaling of peripheral insulin resis-
tance, accompanied by a pro-inflammatory profile, evidenced by increased concentrations
of IL-6 and TNFα, is already identifiable in PND15. The increase in IL-6 associated with the
MSG model has an important effect on muscle development, as it reduces IGF-1 secretion
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and muscle sensitivity to insulin, negatively modulating the differentiation, and growth of
muscle fibers [38–40]. In models of dietary obesity, increased IL-6 secretion has also been
associated with reduced muscle mass [41,42]; however, in models that use MSG exposure,
there is a recurrent reduction in the secretion of this cytokine in animals. The effect of
MSG was also evaluated in adulthood, which supports the idea that there may be early
metabolic programming in the active phase of obesity [43,44]. Finally, we found an increase
in plasma TNFα secretion associated with this scenario, which may be related to the lower
availability of MyoD for the paracrine effect, causing a reduction in the differentiation of
myoblasts into myocytes, in addition to a reduction in the fusion of myotubes, which is
implicated in the muscular alterations identified in the study. In addition, the increase
in TNFα is related to reduced insulin sensitivity, increased muscle catabolism, sarcomere
ubiquitination, and NADPH oxidation, which together may negatively modulate muscle
development and differentiation [38–41].

The characteristics related to the number, position, and structure of the myonuclei of
MSG-obese animals in the present study, have been associated with the response mediated
by the chronic stress resulting from the established metabolic syndrome [45,46], which
may be indicative of damage caused by the incomplete state of differentiation muscle,
resulting from the early inflammatory process. Furthermore, this set of changes found
in the proposed obesity model is essential to induce the phenotypic transition of muscle
fibers [47–49]. The condition of insulin resistance promoted by the inflammatory process,
which becomes chronic due to the dyslipidemic profile, is a determining factor for the
reduction of muscle oxidative capacity, especially when associated with the characteristics
of reduced size and the number of types I and IIA fibers and the increase in type I fibers
and IIB fibers [49–51].

The establishment of the early hyperinsulinemic condition, found in the PND15
of MSG-obese animals, may indicate the anticipation of the dynamic phase of obesity,
where the induction of increased glucose uptake by insulin-responsive tissues seems to
occur. However, maintenance of this condition in PND142, where obesity was chronic
due to persistent damage, reinforces the establishment of peripheral reduction in glucose
sensibility, as observed in MSG animals [52–54]. During the worsening of obesity, damage
resulting from MSG-induced hepatotoxicity is common, which causes an increase in the
generation of reactive oxygen species and feeds back the inflammatory process [15,55,56]. In
addition, the inflammatory process, mainly mediated by the increase in TNFα, negatively
and significantly modulates the rate of lipolysis, favouring adipose tissue hypertrophy and
an increase in fat panicles [12,31,57].

Something intriguing in the MSG cytotoxicity model of obesity induction is the diffi-
culty in applying treatment protocols that restore the physiological state of these animals,
after the establishment of obesity. In a resistance exercise model, obese MSG animals sub-
mitted to the training protocol showed partial reversal of the obesogenic parameters, but
even though they were significant, the reduction in lipemia and adipose panicles did not
return to the values found in the control animals [15]. Likewise, after applying a swimming
model, the reduction in adiposity and insulin secretion did not return to physiological pat-
terns, and changes in intestinal structure were still persistent [58]. Previous data from our
research group show that whole-body vibration training was not able to completely repair
the soleus [29,59], extensor digitorum longus [30], tibialis anterior [21], and diaphragm [60]
muscles despite promoting anti-obesogenic effects. Furthermore, it did not restore the
physiological levels, biochemical, and structural parameters of the liver, adipose tissue,
and plasma [9]. Finally, models with leucine [61] and taurine [62] supplementation, as
well as herbal treatment [63], showed a partial reduction in body adiposity and food in-
take, accompanied by improvement in glucose metabolism and insulin sensitivity and
cardiovascular effects.

Considering all the initial characteristics of the neurotoxic effect of MSG, associated
with the hyperinsulinemic and pro-inflammatory condition in the dynamic phase of obesity
induction, we can correlate these developmental alterations with the muscular charac-
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teristics found. Thus, as obesity becomes chronic and metabolic syndrome sets in, it is
reasonable that most studies find similar results in obese adult animals under the influence
of MSG. Although there were several forms of administration, the doses and periods pro-
posed and evaluated, the analyses have the observation of animals at a certain moment in
common, when obesity is already well established. Despite this limitation, it is common
to find studies that manage to partially repair the damage caused, a fact that reinforces
our hypothesis that early damage is established and prevents the correct development of
animals, suggesting that exposure to MSG, in the perinatal phase, is capable of inducing
some metabolic programming that becomes worse over time. Thus, although the MSG
model is remarkably effective in inducing obesity, limitations arising from the proposed
study setting may underestimate the systemic effects of MSG and the possible effects of
treatment protocols. Finally, considering the role of muscle tissue in metabolic regulation,
obtaining results that support muscle restructuring may represent an important strategy
for improving metabolic conditions, even in the absence of the reversal of body parameters
of obesity.

4. Materials and Methods

4.1. Ethical Approval

All trials in this study were conducted following national and international recom-
mendations and legislation [64] and with the approval of the University Animal Care
Committee (protocol # 08/18).

4.2. Animals and Experimental Design

From postnatal day (PND) 01 to PND05, male Wistar rats (n = 24) received daily
subcutaneous injections of MSG solution in the dorsocervical region (4 mg·g−1 body
weight, MSG group) or equimolar saline solution (1.25 mg g−1 body weight, control
group—CTL) [3,9]. Every two days, the animals were weighed and their nasoanal length
was measured, until the 14th day of life. In PND15, 12 animals were euthanized (n = 6 per
group) to assess the establishment of molecular damage. After weaning (PND21), food
consumption and the evolution of body weight were monitored weekly. All of the animals
were housed in standard cages at a constant temperature (22 ± 1 ◦C), on a 12 h light-dark
cycle, and had ad libitum access to water and standard laboratory chow (BioBase®, Santa
Catarina, Brazil).

4.3. Intraperitoneal Glucose Tolerance Test (ipGTT) and Insulin Dosage

The ipGTT was performed after eight hours of fasting and consisted of a small cut
in the tail of the animals followed by the collection of blood samples to measure glucose
with the aid of an Accu Chek glucometer (Roche Diabetes Care Brasil LTDA, São Paulo,
Brazil). Blood was collected in the fasted state (time 0) and 15, 30, 60, and 90 min after IP
injection of a glucose overload (2 g·kg−1 of body weight). Additional blood samples were
collected with heparinized glass capillaries and then centrifuged at 4 ◦C and 12,000× g for
10 min. The supernatant was stored in a freezer at −80 ◦C for later measurement of insulin
by radioimmunoassay.

4.4. Euthanasia and Material Collection

In PND15, the Lee index ( bodyweight / nasalanal length × 1000) was calculated.
The animals were then desensitized in a carbon dioxide chamber and then euthanized
by decapitation [7]. Blood was collected in heparinized tubes and centrifuged at 4 ◦C, at
12,000× g for 10 min to measure the plasma biochemical and inflammatory profile. The
abdominal wall and pelvic limb muscles were collected (approximately 0.2 g) and intended
for the analysis of oxidative damage markers.

In PND142, the Lee index ( bodyweight/nasalanal length × 1000) was calculated.
The animals were then desensitized in a carbon dioxide chamber and then euthanized by
decapitation [7]. Retroperitoneal, perigonadal, and brown fats were removed, weighed,
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normalized to g·100 g−1 of body weight, and used to calculate body adiposity [2]. Blood
was collected in heparinized tubes and centrifuged at 4 ◦C, at 12,000× g for 10 min to
measure the plasma biochemical profile. The extensor digitorum longus (EDL) and soleus
muscle (SOL) were dissected, collected, weighed, measured, and destined for biochemical
and morphological analysis.

4.5. Skeletal Muscle Structure Analysis

The muscle was sectioned in the middle region of the muscle belly, and the proxi-
mal fragments of the right antimere were fixed in metacarn and stored in 70% alcohol.
Subsequently, they were submitted to the histological procedure with dehydration in an in-
creasing series of alcohol, diaphanization in N-butyl alcohol, and inclusion and embedding
in histological paraffin, after which they were cut transversely at 5 μm with the aid of a mi-
crotome. For the study of muscle fibers, the sections were stained with hematoxylin–eosin
(HE), morphologically analyzed under a light microscope, and 10 visual fields of interest
were photographed at 400× magnification. In the images obtained, the cross-sectional area
of the fiber and cores, fiber density, number, and position of nuclei were analyzed.

The distal fragments of the right antimere were used for histoenzymological anal-
ysis, which analyzes the oxidative and glycolytic metabolism of muscle fibers. For this,
immediately after collection, they were covered with neutral talc for tissue preservation
and subsequently frozen in liquid nitrogen, conditioned in cryotubes, and stored in a
Biofreezer at −80 ◦C, up to a 7 μm section in a cryostat chamber (LUPETEC CM 2850
Cryostat Microtome) at −20 ◦C. The sections were submitted to the enzymatic reaction
of NADH–TR (nicotinamide adenine dinucleotide—tetrazolium reductase). This analysis
quantifies the different types of muscle fibers (I, IIa, and IIb) according to the tone presented
in the fibers after the reaction. For each animal, five microscopic fields were randomly
chosen at 200× magnification to count and analyze the area size of the different types
of fibers.

The proximal fragments of the left antimere were used for the study of JNM, and they
were immersed in Karnovisky’s fixative. The muscles were cut longitudinally into small
portions with stainless steel blades, and the selected cuts were found in the nonspecific
esterase reaction. Subsequently, a morphological analysis of the slides was performed with
a light microscope, photomicrographing the visual fields of interest at 200× magnification.
The size of the area, the largest diameter, and the smallest diameter of 150 JNM per animal
were measured.

The morphological analyzes were performed in the Image ProPlus 6.0 (Media Cyber-
netics, Inc., Rockeville, MD, USA) program, and in each image the muscle fasciculus was
scanned to randomly select ten fibers, thus totaling 120 fibers per animal.

4.6. Antioxidant System and Oxidative Damages Analysis

For the evaluation of the antioxidant system, the distal portion of the left antimer
of EDL muscle was homogenized with Tris-HCl buffer (0.4 M, pH 7.4) and centrifugated
for 20 min at 4 ◦C and 12,000× g. Tissue protein quantification was determined by the
Bradford method, using bovine serum albumin as a standard. All of the samples were
normalized to 1 mg protein × mL−1.

The enzymatic activity of the superoxide dismutase (SOD—EC 1.15.1.1) of the muscles
was determined by inhibiting the formation of formazan blue by reducing nitrotetrazolium
blue (NBT); increasing absorbance by reducing NBT by the superoxide anion was monitored
at 560 nm (RS: 182 mM sodium carbonate buffer pH 10.2; 50 μM EDTA; 100 μM NBT;
36.86 mM hydroxylamine sulfate). The values were expressed in U × mg protein−1 [65].

The enzyme activity of the catalase (CAT—EC 1.11.1.6) of the muscles was determined
through the formation of H2O and O2 from the consumption of H2O2, the reduction
in absorbance by the consumption of H2O2 was monitored at 240 nm (RS: 50 mM of
potassium phosphate buffer pH 7.0; 10 mM H2O2). The values were expressed in mM of
H2O2 consumed × min−1 × mg protein−1 [66].
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The lipid peroxidation index (LPO) of the muscles was determined by the gen-
eration of complexes between Fe+2 and xylenol orange and the formation of a chro-
mophore stabilized by butylated hydroxytoluene. The absorbance by the generation of
the chromophore was measured at 560 nm. The values were expressed in nM hydroperox-
ides × mg protein−1 [67].

The enzymatic activity of total cholinesterase (ChE—EC 3.1.1.8) was determined by the
generation of 2-nitrobenzoate-5-mercaptothiocholine from the interaction of thiocholine and
DTNB; the increase in absorbance by the formation of the chromophore was monitored at
405 nm (RS: 487 μM DTNB; 2.25 mM acetylthiocholine iodide). The values were expressed
in nM acetylthiocholine hydrolyzed × min−1 × mg protein−1 [68].

4.7. Statistical Analysis

Data were expressed as mean ± standard deviation and analyzed using descriptive
and inferential statistics in the R program version 4.0.3 (45). Data were evaluated for
normality (Shapiro–Wilk test). Parametric data were evaluated by the Student’s t-test. In
the case of non-parametric data, the test used was the Mann–Whitney U test. In the case of
data analyzed over time, the ANOVA test of repeated measures with the post-Tukey’s HSD
test was used. In all cases, the significance level adopted was 5%.

The data were ordered in response matrices, and in the PND15 the groupings were:
general model damage (all data); body pattern; plasma standard; antioxidant system;
inflammation. As for PND142, the groups were: general model damage (all data); body
pattern; plasma standard; skeletal muscular structure; fiber type profile; structure of
neuromuscular junctions; antioxidant system.
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Abstract: The natural sweeteners erythritol and xylitol might be helpful to reduce sugar consumption
and therefore prevent obesity and diabetes. The aim of the present study was to determine the
absorption and metabolization into erythronate of different concentrations of erythritol and xylitol.
Seventeen healthy lean participants received intragastric solutions of 10, 25, or 50 g erythritol or 7, 17,
or 35 g xylitol on three study days in a randomized order. The study was double blinded with respect
to the doses administered. We assessed plasma concentrations of erythritol, xylitol, and erythronate
at fixed time intervals after administration with gas chromatography-mass spectrometry. We found:
(i) a dose-dependent and saturable absorption of erythritol, (ii) a very low absorption of xylitol,
(iii) a dose-dependent metabolization of erythritol into erythronate, and (iv) no metabolization of
xylitol into erythronate. The implications of the metabolization of erythritol into erythronate for
human health remain to be determined and more research in this area is needed.

Keywords: erythritol; xylitol; erythronate; natural sweeteners; absorption; metabolism; obesity;
diabetes

1. Introduction

The still-steady rise in sugar consumption is a key contributor to the dramatic global
rise in obesity and associated metabolic disorders, especially type 2 diabetes mellitus. The
WHO has proposed a reduction in sugar intake as a preventive and therapeutic strategy to
curb these disorders [1]. A possible solution to achieve a reduction in sugar intake is the
partial substitution of table sugar and added sugars with low-caloric, naturally occurring
bulk sweeteners, also called polyols. Polyols are mono- and polysaccharides in which a
carbonyl group is replaced by an alcohol (hydroxyl) group. Polysaccharide polyols are
difficult to digest and metabolize due to their hydroxyl groups and their glycosidic linkages
other than α1-4 and α1-6 [2]. Monosaccharide polyols, such as erythritol and xylitol, are
partly absorbed by passive diffusion along a concentration gradient in the small intestine [3].
These monosaccharide polyols are gaining popularity among patients with overweight and
diabetes thanks to their low glycemic indexes [2], which gives them anti-hyperglycemic
and anti-diabetic properties [4]. In addition, erythritol and xylitol induce the secretion
of gastrointestinal satiation hormones (such as cholecystokinin (CCK) and glucagon-like
peptide-1 (GLP-1)) and promote satiety and slow gastric emptying [5–7]. Furthermore, the
two polyols actively benefit oral health [5].

Erythritol is a four-carbon sugar alcohol (C4H10O4, see Figure 1) with a molar mass of
122.12 g/mol and a glycemic index of 0 (in comparison, sucrose and glucose have glycemic
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indexes of 65 and 100, respectively). In 1996, Bornet et al. [8] found that plasma and urine
levels increased within two hours proportionally to the amount of erythritol ingested. They
found that the total urinary excretion reached 78% of ingested erythritol after 24 h [9]. A
chronic intake of erythritol over seven days showed that 78% of ingested erythritol was
excreted in the urine [10]. Munro et al. [11] summarized that erythritol is rapidly absorbed
up to 90% by the gastrointestinal tract and quantitatively excreted unchanged with the
urine. Whether the remaining 10% of the erythritol dose is fermented in the colon or
excreted unchanged via the stool is unknown in humans. However, in an in vitro setting,
erythritol was shown to be completely resistant to bacterial fermentation within 24 h [12].
In conclusion, available data suggest that erythritol is mainly absorbed in the intestine,
not metabolized by the body, and excreted unchanged via the kidney. However, in a side
experiment of their study on metabolic markers of adiposity gain, Hootman et al. [13]
recently shed light on an unknown pathway of erythritol metabolism. In their study,
three healthy males ingested a single dose of 50 g erythritol and gave finger-prick blood
samples at regular intervals after ingestion. The authors observed an immediate increase
in blood erythritol concentrations, followed by an increase in erythronate concentrations.
They suggest that ingested erythritol is oxidized into the sugar erythrose (C4H8O4), which
is in turn oxidized to erythronate (C4H7O5

−). The authors suggest that 5–10% of the
ingested amount of erythritol is metabolized into erythronate [13]. These results lead to
new questions about the metabolization of erythritol and the role of erythritol and its
metabolites, especially erythronate, for human health in relation to obesity and diabetes.

 

Figure 1. Chemical structures of erythritol and xylitol.

Xylitol is a five-carbon sugar alcohol (C5H12O5, see Figure 1) with a molar mass of
152.15 g/mol and a glycemic index of 13. Due to its higher molar mass, xylitol is absorbed
in smaller proportions than erythritol. There are only a few studies investigating the
absorption and metabolism of xylitol. In 1973, Asano et al. [14] studied the intestinal
absorption of oral xylitol by aspiration and analysis of ileal content in five healthy subjects.
They found that xylitol absorption ranged from 49–95%. However, they did not find any
xylitol in plasma samples one and two hours after ingestion, nor did they notice significant
amounts in urine up to 24 h after ingestion. After being absorbed, monosaccharide polyols
can be excreted unchanged via the kidneys, oxidized directly, or metabolized in the liver to
glycogen or glucose [15]. The latter is what Asano et al. [14] suggested as a hypothesis for
the absence of xylitol in the blood, while at least half of the ingested quantity was absorbed.
Other estimates of xylitol intestinal absorption range from 48% [15] over 53% [16] up to
75% [17]. Xylitol is fermentable by colonic microorganisms and is considered a prebiotic, as
it promotes the proliferation and metabolic activity of beneficial bacteria and the production
of short-chain fatty acids such as butyrate [18,19]. Livesey summarized the evidence and
suggested a consensus of around 49% for absorptive capacity, less than 2% for urinary
excretion, and approximately 50% for fermentation [2]. However, like for erythritol, the
metabolism of absorbed xylitol still needs further investigation to understand its effect on
the human body better and evaluate its potential as a sugar substitute for patients with
obesity and diabetes.
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We administered different doses of each substance to healthy volunteers to investigate
the enteral absorption of erythritol and xylitol and their potential metabolization into
erythronate. We showed that the absorption of erythritol and its metabolization into
erythronate occur in a dose-dependent manner. The absorption of xylitol was low, and no
metabolization into erythronate took place.

2. Results

All participants tolerated the study treatments well, and there were no adverse events
that led to study discontinuation. Therefore, complete data from 2 × 12 participants were
available for analysis. There was no abdominal pain, nausea, flatulence, or vomiting
reported after any dose of erythritol or xylitol. One participant had diarrhea after 10 g
erythritol. Four participants reported feelings of bloating (after 25 g and 50 g erythritol and
after 17 g and 35 g xylitol) and two participants reported increased eructation (after 10 g
erythritol and after 7 g xylitol). A subjective increase in bowel sounds was reported by nine
participants after 10 g erythritol, seven after 25 g erythritol, and eight after 50 g erythritol;
and nine participants after 7 g xylitol, eight after 17 g xylitol, and nine after 35 g xylitol.

2.1. Absorption of Erythritol and Xylitol

The absorption of erythritol occurred in a dose-dependent manner. The area under
the curve from 0 to 180 min (AUC180) and the maximum erythritol plasma concentrations
(Cmax) increased in response to the three intragastric loads (AUC180: 10 g vs. 25 g, p < 0.001;
10 g vs. 50 g, p < 0.001; 25 g vs. 50 g, p < 0.001; Cmax: 10 g vs. 25 g, p < 0.001; 10 g vs. 50 g,
p < 0.001; 25 g vs. 50 g, p = 0.001, see Table 1).

Table 1. Absorption of erythritol.

A: 10 g Erythritol
(n = 11)

B: 25 g Erythritol
(n = 12)

C: 50 g Erythritol
(n = 12)

p-Values

AUC180 (mM·min) 201.0 ± 12.7 450.6 ± 29.3 707.1 ± 53.9
A vs. B: p < 0.001
A vs. C: p < 0.001
B vs. C: p < 0.001

Cmax (μM) 1810.6 ± 124.6 3676.9 ± 251.2 5404.3 ± 450.6
A vs. B: p < 0.001
A vs. C: p < 0.001
B vs. C: p = 0.001

Absorption rate ka (min−1) 0.126 ± 0.183 0.374 ± 0.257 0.036 ± 0.031 All n.s.

Absorption half-life tka,1/2 (min) 5.40 ± 1.16 4.88 ± 0.86 14.23 ± 2.66
A vs. B: n.s.

A vs. C: p = 0.004
B vs. C: p = 0.002

Elimination rate k10 (min−1) 0.008 ± 0.002 0.008 ± 0.001 0.002 ± 0.001 All n.s.

Elimination half-life tka,1/2 (min) 46.09 ± 5.68 51.41 ± 3.62 42.69 ± 5.24 All n.s.

Volume of distribution V1 (L) 38.50 ± 4.27 37.74 ± 2.43 50.95 ± 5.62 All n.s.

Data are expressed as mean ± SEM and reported from baseline. Linear mixed effect model analysis with Šidak
correction for multiple testing. AUC180: area under the curve from 0 to 180 min, Cmax: maximum plasma
concentration, n.s.: not significant.

The absorption of erythritol was significantly slower with the 50 g load compared to
the lower doses (absorption half-life tka,1/2: 10 g vs. 50 g, p = 0.004, 25 g vs. 50 g, p = 0.002,
see Table 1), suggesting a saturable process. Neither the elimination rate constant k10
of erythritol and its half-life tk10,1/2 nor the volume of erythritol distribution (V1) were
significantly different between the treatment doses (Table 1).

Figure 2 shows the concentration-time curves and the dose-response diagram for
AUC180 (dose-response: R2 = 0.996, p = 0.02) and Cmax (dose-response: R2 = 0.999, p = 0.01)
of erythritol after administration of the three loads.
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Figure 2. Dose-dependent absorption of erythritol. Upper part: concentration–time curves after
administration of the three loads; lower part: dose-response for the area under the curve from 0
to 180 min (AUC180) and the maximum deviations from baseline (Cmax). Data are expressed as
mean ± SEM. Data were best fit with a non-linear dose-response model.

Xylitol absorption was low and could not be detected in any of the participants after
the 7 g dose, only in some of the participants after the 17 g dose and in all participants after
the 35 g dose (data not shown).

2.2. Metabolization of Erythritol and Xylitol into Erythronate

The metabolization of erythritol into erythronate occurred in a dose-dependent manner.
The AUC180 and Cmax for erythronate plasma concentrations increased in response to the
three intragastric loads of erythritol (AUC180: 10 g vs. 25 g, p = 0.069; 10 g vs. 50 g, p = 0.001;
25 g vs. 50 g, p = 0.002; Cmax: 10 g vs. 25 g, n.s.; 10 g vs. 50 g, p < 0.001; 25 g vs. 50 g,
p = 0.01, see Table 2). Figure 3 shows the concentration–time curves of erythronate and
the dose–response diagram for AUC180 (dose–response: R2 = 0.999, p = 0.018) and Cmax
(dose–response: R2 = 0.989, p = 0.045) of erythronate after administration of the three loads
of erythritol. Neither the formation rate (k12), nor the elimination rate k20 of erythronate
and its half-life tk20,1/2, nor the volume of erythronate distribution (V2) were significantly
different between the treatment doses (Table 2).
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Figure 3. Dose-dependent metabolization of erythritol into erythronate. Upper part: concentration–
time curves after administration of the three erythritol loads; lower part: dose–response for area
under the curve from 0 to 180 min (AUC180) and maximum deviations from baseline (Cmax). Data
are expressed as mean ± SEM.

Table 2. Metabolization of erythritol into erythronate.

A: 10 g Erythritol
(n = 11)

B: 25 g Erythritol
(n = 12)

C: 50 g Erythritol
(n = 12)

p-Values

AUC180 erythronate (μM·min) 1034.4 ± 122.8 2664.8 ± 241.6 5151.9 ± 763.2
A vs. B: p = 0.069
A vs. C: p = 0.001
B vs. C: p = 0.002

Cmax erythronate (μM) 9.1 ± 1.5 21.0 ± 1.9 45.4 ± 9.1
A vs. B: n.s.

A vs. C: p < 0.001
B vs. C: p = 0.01
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Table 2. Cont.

A: 10 g Erythritol
(n = 11)

B: 25 g Erythritol
(n = 12)

C: 50 g Erythritol
(n = 12)

p-Values

Formation rate k12 (min−1) 0.0003 ± 0.00009 0.0002 ± 0.00030 0.0002 ± 0.00002 All n.s.

Elimination rate k20 (min−1-) 0.0229 ± 0.0019 0.0188 ± 0.0012 0.0210 ± 0.0018 All n.s.

Elimination half-life tk20,1/2 (min) 14.34 ± 1.54 16.89 ± 1.23 15.59 ± 1.46 All n.s.

Volume of distribution V2 (L) 54.39 ± 14.61 49.33 ± 7.69 39.21 ± 5.34 All n.s.

Data are expressed as mean ± SEM and reported from baseline. Linear mixed effect model analysis with Šidak
correction for multiple testing. AUC180: area under the curve from 0 to 180 min, Cmax: maximum plasma
concentration, n.s.: not significant.

The metabolic ratio AUCerythritol/AUCerythronate was highest with the 10 g erythritol
load and decreased with higher doses (ratio AUC180 for 10 g: 236.2 ± 46.3 vs. 25 g:
187.6 ± 22.4 vs. 50 g: 162.3 ± 20.1, differences not significant). The Cmax, erythritol/Cmax, erythronate
ratio was also highest with the 10 g erythritol load compared to the higher doses (ratio
Cmax for 10 g: 229.0 ± 26.5 vs. 25 g: 193.1 ± 23.3 vs. 50 g: 153.8 ± 20.4, differences not
significant). These decreasing metabolic ratios with higher doses of erythritol indicate that
an increasing fraction of erythritol is metabolized into erythronate. Figure 4 shows the
metabolic ratios depending on the different doses of erythritol. This phenomenon is also
reflected by the non-linear dose-response for AUC180 and Cmax, as shown in the lower part
of Figure 2.

Figure 4. Metabolic ratios erythritol/erythronate for the three doses of erythritol. AUC180: area
under the curve from 0 to 180 min, Cmax: maximum deviation from baseline. Data are expressed as
mean ± SEM.

The concentrations of erythronate in response to the intragastric loads of xylitol were
under the detection limit of the analytical assay, indicating no metabolization of xylitol into
erythronate at the doses applied in this study.
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3. Discussion

This study aimed to determine the absorption of different intragastric doses of erythri-
tol and xylitol and their potential metabolization into erythronate in healthy volunteers.
The results show that: (i) the absorption of erythritol is dose-dependent and saturable;
(ii) the absorption of xylitol is low; (iii) erythritol is metabolized into erythronate, the
metabolization is dose-dependent and higher with high doses of erythritol; and (iv) there is
no metabolization of xylitol into erythronate. The implications for human health remain to
be determined.

The absorption results for erythritol are in line with other human studies showing
that erythritol is rapidly absorbed [8–10]. However, the extent can only be estimated in
comparison to an intravenous control. The dose-dependent absorption of erythritol found
here confirms the results of Bornet et al. [8], who showed increasing plasma erythritol
concentrations as a function of ingested doses (0.4 or 0.8 g/kg body weight). More im-
portantly, we observed that the absorption of erythritol was slower with the highest dose
(50 g) suggesting a saturable process. The slower absorption might explain gastrointestinal
symptoms such as nausea, borborygmi, bloating, and diarrhea observed at high doses [5,20].
The hypothesis of a saturable absorption of erythritol at high doses is compatible with
these observations.

Xylitol, on the other hand, was poorly absorbed in the present study. This contrasts
with results showing absorption of at least 50% in healthy subjects [14]. In contrast, the
previous study used a test solution consisting of xylitol with an equal amount of glucose,
which is different from the current design. The addition of glucose might have affected
the absorption of xylitol. Moreover, the authors estimated absorption by aspiration and
analysis of ileal content (i.e., disappearance); of note, they did not find any xylitol in plasma
samples one and two hours after ingestion [14].

Erythritol is metabolized into erythronate, confirming the findings of Hootman et al. [13].
In addition, we extend these findings by showing that this metabolization is dose-dependent
and increases with high doses of erythritol. The metabolization process occurred, however,
in minimal amounts: less than 1% of erythritol was converted into erythronate—which
is less than Hootman et al. who reported a conversion rate of 5–10%. In their study, only
three men were included and they received 50 g of oral erythritol 43 min after having
consumed 2 g of labeled glucose. Although the dose is similar, the limited sample size,
the route, and the timing of administration are important differences in the study design.
Both studies agree that only on a small amount of erythritol is metabolized (<10%). We
think that erythritol is converted by an alcohol dehydrogenase to threose, which is in turn
probably further biochemically oxidized to erythronate (Figure 5).

Figure 5. Oxidation reactions of erythritol into threose and erythronate.

The formation rate of erythronate did not significantly differ between the different
doses of erythritol, although numerically, the metabolic ratio decreased with higher doses
indicating that the metabolization increased. It is interesting to note that erythronate is
eliminated faster than erythritol. The elimination rate of erythronate is about 0.02 min−1,
while the elimination rate of erythritol is only 0.008 min−1 for the two lower doses and even
lower (0.002 min−1) for the 50 g dose of erythritol. The reasons for these differences are
unclear: the higher polarity of erythronate compared to erythritol could be an explanation,
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although both substances are quite hydrophilic. It is not known if erythronate is further
metabolized or directly excreted in the urine.

We did not detect any metabolization of xylitol into erythronate. The metabolization of
erythritol into erythronate might follow an oxidation reaction including the sugar erythrose.
Therefore, xylitol has to be metabolized into erythrose before being further oxidized into
erythronate. This reaction is possible requiring multiple steps: xylitol can be transformed
into xylulose and then into xylulose-5-phosphate through enzymatic reactions. Xylulose-
5-phosphate is an entry point into the pentose phosphate cycle [21]. Within this cycle,
xylulose-5-phosphate can be metabolized into erythrose-4-phosphate, which, in turn, can
be transformed into erythrose and further oxidized into erythronate. This process involves
several steps; the resulting concentrations were not detectable within the dose range
investigated here. Therefore, we conclude that xylitol is not metabolized into erythronate
at the concentrations administered in this study.

Little is known about the role of erythronate in the human body. It seems that ery-
thronate is an oxidative stress product [22,23]. It has been shown in feces of colorectal
cancer patients, that erythronate correlated with the presence of Enterobacteriaceae, a
potentially pathogenic group of bacteria [24]. In patients with liver cirrhosis, erythronate
was associated with the severity of hepatorenal dysfunction and it was a significant pre-
dictor of mortality [25,26]. A stepwise increase in erythronate plasma concentration in
patients with renal disease was observed with decreasing renal function [27]. In addition,
erythronate was associated with the estimated glomerular filtration rate in the general
European population, and the authors suggest that it may be an early marker of reduced
kidney function [28]. However, before using erythronate as a marker of different condi-
tions, more research is necessary and it must be taken into account that increasing amounts
of erythritol is consumed, and that this consumption influences the circulating levels
of erythronate.

Hootman et al. [13] found a positive association between circulating levels of erythritol
and the incidence of central adiposity gain in nonobese young adults studied over nine
months. They also showed that glucose can be metabolized into erythritol, and erythritol
can be metabolized into erythronate. We and others hypothesize that the presence of
erythritol and erythronate in the plasma of subjects who are not regularly consuming
erythritol might serve as a marker of elevated blood sugar levels and oxidative stress,
which are associated with central adiposity [29]. More research is needed to validate the
role of erythronate metabolized from erythritol ingestion in the human body.

The present study has some limitations: first, it is an a posteriori analysis, and there-
fore, no pre-study sample size calculation was made. However, as the results of the main
trial (dose-response effect on satiation hormones secretion) were significant [6,7], we can
assume that the sample size was robust to detect a dose-dependent effect in the absorption
of erythritol and xylitol and their conversion into erythronate. Second, the doses chosen
might have been too low to observe the conversion of xylitol into erythronate. However,
as mentioned before, the doses in this study were chosen to represent real life conditions
and to limit gastrointestinal symptoms. Finally, we only assessed erythritol, xylitol, and
erythronate concentrations in the plasma. It would be interesting to measure their concen-
tration in urine and feces, too, to understand whether erythronate is further metabolized or
directly eliminated.

In conclusion, erythritol is absorbed in a dose-dependent and saturable manner. It is
metabolized in a small amount into erythronate, and this process is dose-dependent. The
absorption of xylitol is low, and no metabolization into erythronate takes place at the doses
used in this study. The implications for human health remain to be determined.

4. Materials and Methods

4.1. Study Approval

The trial was approved by the local ethical committee of Basel, Switzerland (Ethikkom-
mission Nordwest- und Zentralschweiz; EKNZ 2016-01928) and was performed in compli-
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ance with the current version of the Declaration of Helsinki, the ICH-GCP, and national
legal and regulatory requirements. Each participant gave written informed consent for the
trial. The trial was registered at ClinicalTrial.gov under NCT03039478.

4.2. Participants

A total of 17 healthy normal-weight participants took part in the trial. The participants’
baseline characteristics are shown in Table 3. Participants were excluded if they suffered
from acute infections, chronic diseases, or diseases of the gastrointestinal tract, if they took
medications regularly, if they were pregnant, or if they consumed substances in abuse. In
addition, none of the participants had a history of food allergies, dietary restrictions, or
pre-existing consumption of erythritol or xylitol on a regular basis.

Table 3. Participants’ baseline characteristics (mean ± SD (range)).

Parameter Xylitol Group Erythritol Group p-Values

Gender n = 12 (7♀, 5♂) n = 12 (5♀, 7♂) 0.683 †

Age (yrs) 25.6 ± 5.1 (23; 41) 26.2 ± 6.6 (18; 40) 0.810 §

Weight (kg) 64.5 ± 9.5 (51.0; 82.9) 66.4 ± 8.3 (54.7; 82.9) 0.607 §

Height (m) 1.74 ± 0.11 (1.61; 1.90) 1.75 ± 0.09 (1.65; 1.90) 0.836 §

BMI (kg/m2) 21.2 ± 1.3 (19.4; 23.0) 21.7 ± 1.4 (19.4; 24.0) 0.422 §

† Chi-square test, § Analysis of variance, ♀ stands for women, ♂ stands for men, BMI: body mass index, SD:
standard deviation.

4.3. Study Design

This acute study was conducted as a parallel trial. The first twelve included partici-
pants were given erythritol; the following twelve participants were included in the xylitol
arm. Within the arms, the doses were given in a randomized order. The trial was conducted
double blind, meaning that the study participant, the person carrying out all tests, and the
personnel performing the analyses of blood samples were blinded concerning the dosage
assigned to the participant. Some participants (n = 7) participated in the xylitol arm after
enrolling in the erythritol arm. That is why the total number of participants was only 17.
For participants included in both arms, a wash-out phase of at least four days between the
two interventions was respected.

4.4. Experimental Procedure

Participants were admitted to St. Clara Research Ltd. in the morning after a 10 h
overnight fast. A feeding tube was placed to administer the substances intragastrically.
This route of administration was chosen to bypass exteroceptive cues (e.g., taste and smell)
and their associated hedonic responses and cognitions that may influence subjective ratings
or even physiological/endocrine responses [30]. An antecubital catheter was inserted into a
forearm vein for blood sampling. After taking fasting blood samples, participants received
one of the following solutions (t = 0 min) directly into the stomach, over two minutes, in a
randomized order, depending on the intervention arm:

For the erythritol arm:

- 10 g of erythritol dissolved in 300 mL tap water
- 25 g of erythritol dissolved in 300 mL tap water
- 50 g of erythritol dissolved in 300 mL tap water

For the xylitol arm:

- 7 g of xylitol dissolved in 300 mL tap water
- 17 g of xylitol dissolved in 300 mL tap water
- 35 g of xylitol dissolved in 300 mL tap water

The doses of erythritol were chosen to represent everyday life conditions. For example,
50 g erythritol dissolved in 300 mL corresponds to 30 g sucrose in 330 mL, the concentration
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found in common sweet beverages. Moreover, the gastrointestinal tolerance of 50 g of
erythritol seems acceptable, as this dose only causes nausea and borborygmi, while 50 g
of xylitol can cause bloating, colic, and watery feces in some subjects. Lower doses of
erythritol do not cause any symptoms [20]. The doses of xylitol were chosen to be equisweet
to erythritol.

After administration of the test solutions, blood samples were taken at regular time
intervals (t = 15, 30, 45, 60, 90, 120, and 180 min). Participants were asked to rate GI
symptoms at 30, 60, 90, 120, 150, 180, and 240 min after administration of the test solutions.
The experimental procedure is depicted in Figure 6.

 

Figure 6. Diagram of the experimental procedure. The red tubes stand for blood sampling, the paper
forms stand for gastrointestinal symptoms questionnaires.

4.5. Blood Sample Collection and Processing

Blood samples were collected on ice into tubes containing EDTA (6 μmol/L blood)
and a protease-inhibitor cocktail (Complete, EDTA-free, one tablet/50 mL blood, Roche,
Mannheim, Germany). After centrifugation (4 ◦C at 3000 rpm for 10 min), plasma samples
were processed into aliquots. The samples were then stored at −80 ◦C until analysis.

4.6. Materials

Erythritol and xylitol were purchased from Mithana GmbH (Zimmerwald, Switzerland).

4.7. Assessments of Erythritol, Xylitol, and Erythronate Concentrations

To analyze erythritol, xylitol, and erythronate, the plasma samples were first extracted
with a solution of water/methanol (1/8) v/v containing the internal standard and dried
at 55 ◦C on a vacuum centrifuge for one hour. The dried sample spots were then recon-
stituted in pyridine containing methoxyamine and derivated at 70 ◦C for 30 min. Before
analysis, the samples were derivated a second time by adding N-Methyl-N-(trimethylsilyl)-
trifluoracetamid at 40 ◦C for another 30 min. Finally, the concentration of erythritol, xylitol,
and erythronate was assessed using gas chromatography-mass spectrometry with helium
as carrier gas. In samples from the erythritol arm, xylitol was used as an internal standard;
in samples from the xylitol arm, erythritol was used as the internal standard.

4.8. Statistical Analysis

This study is an a posteriori sample analysis. Therefore, no sample size calculation
was made, and 12 participants per group was chosen for comparability and practica-
bility. However, as the results of the main trial (dose-response of satiation hormones
secretion) were significant [6,7], we can assume that the sample size is enough to detect
a dose-dependent effect in the absorption of erythritol and xylitol and their conversion
into erythronate.
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Molar concentrations of erythritol, xylitol, and erythronate were analyzed kineti-
cally using the following system of coupled differential Equation (1), based on the three-
compartment model depicted in Figure 7.

dX0/dt = −ka · X0
dX1/dt = ka · X0 − k10 · X1 − k12 · X1

dX2/dt = k12 · X1 − k20 · X2

(1)

Figure 7. Three-compartment model for the absorption of erythritol/xylitol and the conversion
into erythronate.

This linear three-compartment model describes the mass transfer between the first
compartment (X0, gut), from which the absorbable fraction of the erythritol/xylitol dose
(F × dose, where F = bioavailability) is absorbed into the central compartment (X1, blood)
by a linear process with a rate constant ka. Erythritol/xylitol in compartment X1 is ei-
ther eliminated from the compartment (elimination rate constant k10) or metabolized into
erythronate in the compartment X2. Although the formation of erythronate from erythri-
tol/xylitol is done by enzymatic reaction, it could best be modeled by a linear process and
was denoted by the formation rate constant k12. The elimination of erythronate from the
metabolite compartment (X2, blood) is described by the elimination rate constant k20. The
volumes of distribution of compartments X1 and X2, called V1 and V2, respectively, relate
the masses to plasma concentration (y1 and y2), as shown in the following Equation (2):

y1(t) = X1(t)/V1 and y2(t) = X2(t)/V2. (2)

The initial conditions at t = 0 were set to X0(0) = molar doses, X1(0) = 0, and X2(0) = 0.
Data were modeled using Python programming language (version 3.8.5), and the Lim-

fit module version 1.0.2 (Newville, M. et al., LMFIT: Non-Linear Least-Square Minimization
and Curve-Fitting for Python (2021), https://zenodo.org/record/11813#.Yex0ZerMJZc) to
numerically solve the Equations (1) and (2) and fit them to the observed concentrations of
xylitol, erythritol, and erythronate.

The half-life of the respective rate constant k for absorption and elimination was
calculated as shown in the following Equation (3):

tk,1/2 = ln (2)/k, ln = natural logarithm. (3)

The concentrations of erythritol, xylitol, and erythronate were baseline-corrected
before analysis.

All statistical analysis was done using the statistical software package IBM SPSS
Statistics for Windows, Version 27.0 (Armonk, NY, USA: IBM Corp.). Values were reported
and displayed as means ± standard error of the mean (SEM) if not otherwise specified.

Data were compared between doses by linear mixed model analysis with Šidak correc-
tion for multiplicity of testing. Differences were considered to be statistically significant
when p < 0.05.
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Abstract: A diet rich in saturated fatty acids (FAs) has been correlated with metabolic dysfunction
and ROS increase in the adipose tissue of obese subjects. Thus, reducing hypertrophy and oxidative
stress in adipose tissue can represent a strategy to counteract obesity and obesity-related diseases. In
this context, the present study showed how the peel and seed extracts of mango (Mangifera indica
L.) reduced lipotoxicity induced by high doses of sodium palmitate (PA) in differentiated 3T3-L1
adipocytes. Mango peel (MPE) and mango seed (MSE) extracts significantly lowered PA-induced fat
accumulation by reducing lipid droplet (LDs) and triacylglycerol (TAGs) content in adipocytes. We
showed that MPE and MSE activated hormone-sensitive lipase, the key enzyme of TAG degradation.
In addition, mango extracts down-regulated the adipogenic transcription factor PPARγ as well
as activated AMPK with the consequent inhibition of acetyl-CoA-carboxylase (ACC). Notably, PA
increased endoplasmic reticulum (ER) stress markers GRP78, PERK and CHOP, as well as enhanced
the reactive oxygen species (ROS) content in adipocytes. These effects were accompanied by a
reduction in cell viability and the induction of apoptosis. Interestingly, MPE and MSE counteracted
PA-induced lipotoxicity by reducing ER stress markers and ROS production. In addition, MPE and
MSE increased the level of the anti-oxidant transcription factor Nrf2 and its targets MnSOD and HO-1.
Collectively, these results suggest that the intake of mango extract-enriched foods in association with
a correct lifestyle could exert beneficial effects to counteract obesity.

Keywords: mango peel extracts; mango seed extracts; saturated fatty acids; 3T3-L1 adipocytes; ER
stress; AMPK; Nrf2

1. Introduction

Obesity is a multifactorial disease characterized by the accumulation of body fat
resulting from excessive food intake, reduced physical activity, environmental factors and
genetic susceptibility [1,2]. For decades now, the incidence of obesity has increased in
developing countries, representing a public health problem [1]. Hypertrophic expansion
of white adipose tissue (WAT) represents an important risk factor for the development
of several chronic diseases, including insulin resistance, type II diabetes, non-alcoholic
fatty liver disease (NAFLD), cardiovascular diseases and some forms of cancers, such as
pancreatic, colorectal, ovarian, thyroid and breast cancers [3–6].

Excess dietary fat intake has been associated with overweight and fat deposition in
mice and humans and represents a serious health risk [7–9]. However, the quality of dietary
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fats has been shown to induce differential lipid storage. In fact, evidence shows that a high
intake of saturated long-chain fatty acids (SLFAs), such as palmitic acid (PA), is associated
with obesity [10], while a diet containing monounsaturated (MUFAs) and polyunsaturated
fatty acids (PUFA), such as oleic or linoleic acid, or medium-chain fatty acids (MFAs),
including caprylic acid, capric acid and lauric acid, may have beneficial effects on body
weight and obesity [11]. This can be explained considering that certain fatty acids (FAs) are
more likely to be stored in adipose tissue versus being oxidated for energy. In particular,
SLFAs have lower oxidation rates than MUFAs, PUFAs and MFAs, leading to increased fat
storage in white adipose tissue (WAT) [12].

Fat accumulation into adipose tissue due to high consumption of LSFAs produces
hypertrophic and dysfunctional adipocytes, leading to a state of chronic low-grade in-
flammation [13] that contributes to the development of obesity-related diseases [14]. PA
induces hypertrophy by increasing lipids droplet (LDs) content, and causes DNA damage
in adipocytes in vitro [15]. Moreover, high consumption of PA increases the expression of
pro-inflammatory cytokines (TNFα, IL-6, IL-1β) in adipose tissue [16]. The mechanisms
through which high levels of LSFAs induce adipocyte disfunction and inflammation in
WAT are different. When a large amount of PA is present, adipocytes metabolize it into
lysophosphatidylcholine, diacylglicerol (DAG) and ceramides [17]. These compounds have
been shown to induce PKC activation, endoplasmic reticulum (ER) stress induction and
NF-kB activation [18–20].

Several studies suggest that increased oxidative stress is positively correlated with
obesity [21]. Obese patients exhibit an abnormal oxidant/antioxidant status with higher
levels of oxidative stress markers such as hydroperoxides and carbonyl proteins, while
their antioxidant defenses are lower than those of their normal-weight counterparts [22].
The increased presence of reactive oxygen species (ROS) causes extensive oxidative dam-
age to proteins, lipids and DNA, promoting metabolic dysfunction and lipotoxicity in
adipocytes [23]. High-fat diets promote oxidative stress in adipose tissue [24]. It has been
shown that PA increases ROS production in adipocytes by increasing NADPH oxidase 4
(NOX4) activity [23–25]. Moreover, it has been suggested that the elevated bioavailability of
FAs can overwhelm the mitochondrial respiratory chain and oxygen consumption, leading
to mitochondrial dysfunction and ROS production [26]. Interestingly, oxidative stress and
inflammation appear to be closely interlinked in obesity. ROS may activate redox-sensitive
transcription factors, such as NF-κB, that transactivate pro-inflammatory cytokines, such
as IL-6 and TNF-α [27]. These, in turn, may further induce ROS production, generating a
vicious circle between inflammation and oxidative stress [27].

Several studies showed that caloric restriction or increased physical activity lowered
fat mass with a consequent reduction of oxidative stress and inflammation-associated
obesity [28,29]. In addition, there is an increasing interest in natural antioxidant compounds,
such as polyphenols contained in plants, due to their effectiveness against obesity and the
related chronic diseases [30,31].

Mango (Mangifera indica L.) is a tropical plant belonging to the Anacardiaceae family
whose cultivation has recently spread to the coastal areas of Sicily (Italy), where the
favorable climatic conditions stimulate the growth of the plant and the ripening of the
fruit [32]. Mango fruit is appreciated for its nutritive and nutraceutical properties [32,33]. It
has been shown that different parts of the plant and of the fruit exert anti-inflammatory,
anti-oxidant and anti-tumor effects in in vitro as well as in vivo models because of the
presence of a wide range of polyphenols [34–36].

In addition, several studies demonstrated that mango also exerts anti-obesity and an-
tidiabetic effects. Mangifera indica L. leaf extracts have been shown to reduce adipogenesis in
3T3-L1 adipocytes by decreasing the expression of genes involved in lipid metabolism [37].
In addition, mango juice intake decreases adiposity and inflammation in high-fat-diet-fed
obese rats [38], while mango fruit powder reduces insulin resistance and steatosis [39].
Furthermore, it has been shown that fresh mango consumption improves postprandial
glucose and insulin responses in obese adults [40]. Arshad et al. demonstrated that the
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consumption of mango peel powder reduced oxidative stress and dyslipidemia in obese
subjects [41]. These studies highlighted the potential of mango as a functional food for the
treatment of obesity and related diseases.

The edible part of mango is only the pulp. However, it has been reported that mango
peel and seed, which are the main bio-wastes of mango processing, contain high levels
of bioactive compounds [42,43]. We previously demonstrated that extracts of mango peel
and seed cultivated in Sicily exert anti-adipogenic effects by reducing the differentiation
of 3T3-L1 fibroblasts into adipocytes. These effects results from the down-regulation of
adipogenic factors such as PPARγ and SREBP as well as the activation of AMPK [43].

Keeping in view the potent health benefits of these mango extracts, the present study
was designed to evaluate the ability of mango peel extracts (MPE) and mango seed extracts
(MSE) to counteract lipotoxicity induced in adipocytes by SLFAs. To this end, we used
an in vitro model in which mature 3T3-L1 adipocytes were treated with high doses of PA,
resulting in artificially hypertrophied mature adipocytes. In our model, we examined the
effect of mango extracts on PA-induced hypertrophy and oxidative stress. Our data provide
evidence that MPE and MSE reduced lipid accumulation and exerted anti-oxidant effects by
reducing lipogenesis, inducing lipolysis and counteracting ER stress and ROS increase. The
activation of the AMPK and Nrf2 pathways seems to suggest that MPE and MSE reduced
lipotoxicity induced by PA in adipocytes.

2. Results

2.1. MPE and MSE Reduce PA-Induced Toxicity in 3T3-L1 Adipocytes

The present study aimed at investigating whether peel and seed extracts of mango
were capable of reducing lipotoxicity exerted by high doses of PA on differentiated 3T3-L1
adipocytes. The compositions of both MPE and MSE have been previously characterized by
HPLC-ESI-MS analysis [35,43]. Data showed that both the extracts are rich in polyphenols
with antioxidant properties [35,43]. In particular, methyl digallate, methyl gallate, gallic
acid and glucosyl gallate were the main phenolic compounds. A representative picture
of the main phenolic compounds of MPE and MSE is shown in Figure 1. Moreover, our
previous studies demonstrated that 100 μg/mL of MPE or MSE counteracted the adipocyte
differentiation of 3T3-L1 cells [43].

Figure 1. The main phenolic compounds in mango peel and seed extracts. The compositions of MPE
and MSE were characterized by HPLC-ESI-MS analysis. Methyl-digallate ester isomer, methyl gallate,
gallic acid and glucosyl gallate are the most representative polyphenols in both the extracts.

In this study, we used an in vitro model in which differentiated 3T3-L1 adipocytes were
treated with high doses of PA to generate artificially hypertrophied mature adipocytes [44].
Firstly, 3T3-L1 pre-adipocyte cells were differentiated into adipocytes as reported in Section 4
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and then treated for 48 h with different doses of PA (100–750 μM) to evaluate their effect on cell
viability, in accordance with other authors [45]. Data obtained by MTT assay demonstrated that
PA inhibited cell survival in a dose-dependent manner with a reduction of cell viability of 50%
with 500 μM PA (Figure 2A). Notably, the addition of 100 μg/mL MPE or MSE increased cell
viability by 46% and 77%, respectively, in comparison with PA-treated adipocytes (Figure 2B).
Microscope images highlighted that the number of cells was reduced in PA-treated adipocyte
cells with respect to adipocytes co-treated with PA and MPE or MSE (Figure 2C). In addition,
signs of toxicity were observed after PA treatment alone that disappeared after the addition
of mango extracts (Figure 2C). Thus, in the following experiments, 100 μg/mL MPE or MSE
was used to investigate the mechanism underlying the protective effects of mango extracts on
lipotoxicity induced by 500 μM PA.

Figure 2. MPE and MSE counteract PA-induced toxicity in 3T3-L1 adipocytes. Differentiated 3T3-L1
adipocytes were exposed for 48 h to different doses of PA alone or in the presence of 100 μg/mL MPE
and MSE. (A) MTT assays showing the reduction of cell viability induced in differentiated 3T3-L1
adipocytes by different doses of PA. (B) MTT assays showing the ability of 100 μg/mL of MPE or MSE
to counteract the cytotoxic effect of 500 μM PA in differentiated 3T3-L1 adipocytes. (C) Representative
phase contrast microscopy images showing the morphological changes induced by 500 μM PA alone
or in the presence of 100 μg/mL MPE or MSE in differentiated 3T3-L1 adipocytes. (A,B) The values
reported are the mean ± SD of three independent experiments. The statistical differences between
groups were evaluated using a one-way ANOVA test. * p < 0.05, ** p < 0.01 and *** p < 0.001 were
significant with respect to differentiated 3T3-L1 adipocytes treated with only vehicle BSA.

2.2. MPE and MSE Reduce Lipid Accumulation in Adipocytes Exposed to High Doses of PA

Excessive lipid availability has been related to adipose tissue hypertrophy [46]. To
examine the anti-lipogenic effect of MPE and MSE, differentiated 3T3-L1 adipocytes were
treated for 48 h with 500 μM PA in the absence or presence of 100 μg/mL MPE or MSE.
Microscope images highlighted that the treatment of mature 3T3-L1 adipocytes with PA
increased the content of lipids, as demonstrated by the presence of larger lipid vacuoles
with respect to differentiated control 3T3-L1 adipocytes (Figure 2C). Notably, the content of
these vacuoles was markedly reduced by MPE and MSE (Figure 2C). These observations
were confirmed by staining the cells with Oil Red O (Figure 3A). In comparison with
differentiated control adipocytes, 48 h treatment with 500 μM PA resulted in an increase in
lipid droplets (LDs) in adipocytes. The addition of 100 μg/mL MPE or MSE to PA-treated
adipocytes lowered lipid accumulation in comparison with PA-treated adipocytes. A mod-
est reduction of LDs was also observed in adipocytes not exposed to PA and treated with
the extracts alone (Figure 3A). These data were confirmed by microscopic quantification of
the Oil Red O staining area (Figure 3B) as well as by measuring the absorbance of the solubi-
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lized Oil Red O at 490 nm (Figure 3C). As shown in Figure 3B,C, the addition of 100 μg/mL
MPE or MSE to PA-treated adipocytes reduced both the staining area and the absorbance
of the stained cells by about 30% and 47%, respectively in comparison with PA-treated
adipocytes alone. Such a reduction in lipid accumulation was also sustained by measuring
the TAG content (Figure 3D). The results showed that the intracellular TAG accumulation
increased in PA-treated cells by 80% with respect to untreated differentiated adipocytes. In-
terestingly, the addition of MPE or MSE to PA-treated cells significantly decreased the TAG
content by 23% and 34%, respectively compared with PA-treated adipocytes (Figure 3D).

Figure 3. MPE and MSE reduce 3T3-L1 adipocyte hypertrophy induced by high concentrations of
PA. 3T3-L1 differentiated adipocytes were treated for 48 h with 500 μM PA alone or in the presence
of 100 μg/mL MPE or MSE. (A) Representative Oil red O staining microscopy images showing the
increase in LDs after treatment with 500 μM PA alone and their reduction when 100 μg/mL MPE
or MSE was added (200× original magnification). (B) LD content was ascertained by analyzing the
percentage area of Oil Red O stained by ImageJ. (C) Quantitative Oil red O staining was measured by
a spectrophotometer at 490 nm. (D) Cellular TAG content was quantified by spectrophotometer at
546 nm. The results are the mean of three independent experiments ± SD. The statistical differences
between groups were evaluated using a one-way ANOVA test. ** p < 0.01 and *** p < 0.001 were
significant with respect to differentiated 3T3-L1 adipocytes and ## p < 0.01 with respect to PA-treated
3T3-L1 adipocytes.

2.3. MPE and MSE Inhibit PPARγ and Activate AMPK

To investigate the molecular basis for the anti-obesity effect of MPE and MSE, we
first evaluated whether mango extracts are capable of reducing the level of PPARγ, the
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master regulator of adipogenesis [47]. Our data supported the conclusion that PPARγ
signaling sustained PA-induced hypertrophy in adipocytes. In fact, we observed an increase
of 50% of PPARγ levels in adipocytes treated for 48 h with 500 μM PA, with respect to
untreated adipocytes (Figure 4). A concomitant increase in the perilipin-2 levels (80%),
a lipid droplet coating protein [48], was observed in PA-treated adipocytes (Figure 4).
Notably, the addition of MPE or MSE to PA-treated adipocytes reduced the increase in
PPARγ to only 18% and 23%, respectively as well as that in perilipin-2 to only 15% and
30%, respectively, in comparison with PA-treated adipocytes (Figure 4).

Figure 4. MPE and MSE reduce lipid accumulation, preventing lipogenesis and promoting lipolysis.
Differentiated 3T3-L1 adipocytes were treated with 500 μM PA for 48 h in the presence or absence
of 100 μg/mL MPE or MSE, as reported in Section 4. Then, cell lysates were analyzed by Western
blotting using specific primary antibodies directed against PPARγ, Perilipin-2, phosphorylated
AMPK (p-AMPK), phosphorylated ACC (p-ACC) and phosphorylated HSL (p-HSL). Equal amounts
of proteins were loaded in each lane (30 μg) as normalized by γ-Tubulin detection. The bar graphs
represent the means of three independent experiments ±SD. The statistical differences between
groups were evaluated using a one-way ANOVA test. * p < 0.05, ** p < 0.01 were significant with
respect to differentiated 3T3-L1 adipocytes. # p < 0.05, ## p < 0.01, ### p < 0.001 were significant with
respect to PA-treated differentiated 3T3-L1 adipocytes.

Next, we examined whether MPE and MSE affects AMPK activation, a kinase pro-
moting catabolic pathways in adipocytes [49]. As shown in Figure 4, the expression of
the phosphorylated and active form of AMPK lowered in PA-treated differentiated 3T3-L1
adipocytes compared with control adipocytes. Interestingly, MPE or MSE alone and in
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the presence of PA significantly enhanced the phosphorylated form of AMPK (p-AMPK)
(Figure 4). This is in line with our previous study demonstrating that MPE and MSE
activate AMPK during adipocyte differentiation [43]. Moreover, the addition of MPE or
MSE in control adipocytes as well as in PA-treated adipocytes increased the levels of the
phosphorylated and inactive form of acetyl-CoA-carboxylase (p-ACC) (Figure 4), the key
enzyme of fatty acid synthesis, which is inactivated by phosphorylation by AMPK [49].

Finally, our data also demonstrated that MPE and MSE markedly increased the phos-
phorylated and active form of hormone sensitive lipase (p-HSL), the enzyme activating
lipolysis in adipocytes [50], by 30% and 65%, respectively (Figure 4).

2.4. MPE and MSE Reduce PA-Induced ER Stress in 3T3-L1 Adipocytes

Elevated levels of FAs, in particular saturated fatty acids (SFAs) such as PA, have been
shown to produce ER stress in a number of cell types, including adipocytes [51]. The acti-
vation of ER stress, in turn, represents a potential molecular mechanism of lipotoxicity [52].
We thus examined whether high doses of PA induce ER stress in mature adipocytes and
the ability of MPE and MSE to counteract it. Interestingly, we observed an increase in ER
stress protein markers, evidenced by an up-regulation in the expression of PERK, GRP78
and CHOP, as well as in JNK phosphorylation following the treatment of mature 3T3-L1
adipocytes with 500 μM PA for 48 h (Figure 5). These results suggest that the ER-associated
unfolded protein response (UPR) pathway is activated by PA [53]. Notably, the addition
of 100 μg/mL MPE or MSE to PA-treated differentiated adipocytes reduced the levels of
all ER stress protein markers (Figure 5), thus suggesting the ability of mango extracts to
counteract ER stress.

Figure 5. MPE and MSE reduce PA-induced ER stress in 3T3-L1 adipocytes. Differentiated 3T3-L1
adipocytes were treated with 500 μM PA for 48 h in the presence or absence of 100 μg/mL MPE
or MSE. Cell lysates underwent Western blotting analysis for ER stress protein markers PERK,
GRP78 and CHOP, as well as for phosphorylated JNK (p-JNK). Equal loading of protein (30 μg) was
verified by immunoblotting for γ-Tubulin. The bar graphs represent the means of three independent
experiments ± SD. The statistical differences between groups were evaluated using a one-way
ANOVA test. * p < 0.05, ** p < 0.01 and *** p < 0.001 were significant with respect to differentiated
3T3-L1 adipocytes. ## p < 0.01, ### p < 0.001 were significant with respect to PA-treated differentiated
3T3-L1 adipocytes.
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2.5. MPE and MSE Prevent PA-Induced ROS Production

It has been reported that free FAs generate ROS in different cell types, including
adipocytes [19,54]. Thus, to evaluate whether PA increased intracellular ROS production,
differentiated 3T3-L1 adipocytes were incubated with H2DCFDA, a specific fluorescent
probe that visualizes intracellular ROS [55]. H2DCFDA-associated fluorescence was ele-
vated by 65% after incubation with 500 μM PA for 48 h compared with untreated differenti-
ated 3T3-L1 adipocytes (Figure 6A,B). Interestingly, the addition of 100 μg/mL MPE or MSE
markedly reduced ROS content to 35% and 23% compared with adipocytes only treated
with PA (Figure 6A,B), thus highlighting that mango extracts counteract ROS production
and oxidative stress induced in adipocytes after PA treatment.

Figure 6. MPE and MSE reduce PA-induced oxidative stress in 3T3-L1 adipocytes, reducing ROS
production. Intracellular ROS detection was performed by redox-sensitive fluorochrome H2DCFDA.
Differentiated 3T3-L1 adipocytes were treated with 500 μM PA for 48 h in the presence or absence of
100 μg/mL MPE or MSE, as reported in Section 4. Then, cells were incubated with 10 μM H2DCFDA
solution for 30 min at 37 ◦C. The oxidation of the fluorochrome-generated green fluorescence was
visualized by a Leica microscope equipped with a DC300F camera using a FITC filter. (A) Represen-
tative images of fluorescence microscopy were taken at 200× magnification. (B) ROS content was
ascertained by analyzing the percentage area with Image J. *** p < 0.001 was significant with respect
to differentiated 3T3-L1 adipocytes, and ## p < 0.01, ### p < 0.001 were significant with respect to
PA-treated 3T3-L1 adipocytes.

In addition, propidium iodide (PI) staining of cells confirmed the induction of cytotoxic
effects in PA-treated differentiated adipocytes. PA treatment increased cell death by about
35% compared with control adipocyte cells (Figure 7A,B). These effects were counteracted
by the addition of 100 μg/mL MPE or MSE that markedly reduced cell death by about 57%
and 65%, respectively, with respect to PA-treated adipocytes.
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Figure 7. MPE and MSE reduce the cytotoxic effects of PA in 3T3-L1 adipocytes. Propidium iodide
(PI) staining of differentiated 3T3-L1 adipocytes treated with 500 μM PA for 48 h in the presence or
absence of 100 μg/mL MPE or MSE. (A) Representative fluorescence microscopy images were taken
at 200× magnification by a Leica microscope equipped with a DC300F camera using a PE filter. (B) PI
content was ascertained by analyzing the percentage area with Image J. (C) Western blotting analysis
of the procaspase-3 levels. An equal loading of protein (30 μg) was verified by immunoblotting for
γ-Tubulin (D). The bar graphs represent the means of three independent experiments ± SD. * p < 0.05,
** p < 0.01 and *** p < 0.001 with respect to differentiated 3T3-L1 adipocytes. # p < 0.05, ## p < 0.01,
### p < 0.001 were significant with respect to PA-treated 3T3-L1 adipocytes.

The cytotoxic effects induced by PA in adipocytes seem to be related to apoptosis
induction. Pro-caspase-3 is a master apoptosis protein marker cleaved in active form during
this process [56]. PA treatment decreased the level of pro-caspase-3 by 43% (Figure 7C,D)
and promoted the appearance of the cleaved active form of caspase-3. Notably, caspase
activation was counteracted by the addition of MPE or MSE (Figure 7C,D). Our previous
studies provided evidence that MPE and MSE contain factors capable of exerting ROS
scavenger effects during 3T3-L1 adipocyte differentiation [43]. These effects have been
correlated with the ability of mango extracts to increase Nrf2, the main antioxidant tran-
scription factor [57], during adipocyte differentiation [43]. In accordance with our previous
data, we demonstrated that in PA-treated adipocytes, MPE or MSE increased the level of
Nrf2 by about 40% and 60%, respectively (Figure 8). Our data also showed that the levels
of MnSOD and HO-1, two scavenger enzymes transcriptionally regulated by Nrf2 [57,58],
markedly increased after treatment with MPE or MSE. In particular, the increase in MnSOD
in the presence of MPE or MSE was estimated to be 46% and 50%, while that of HO-1 was
estimated to be 12% and 28%, respectively.
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Figure 8. MPE and MSE increase the expression levels of the anti-oxidant molecules. Differentiated
3T3-L1 adipocytes were treated with 500 μM PA for 48 h in the presence or absence of 100 μg/mL
MPE or MSE. Cell lysates underwent Western blotting analysis for Nrf2, MnSOD and HO-1. An equal
loading (30 μg) of proteins was verified by immunoblotting for γ-Tubulin. The bar graphs represent
the means of three independent experiments ±SD. The statistical differences between groups were
evaluated using a one-way ANOVA test. * p < 0.05, ** p < 0.01 and *** p < 0.001 were significant with
respect to differentiated 3T3-L1 adipocytes. ## p < 0.01 was significant with respect to PA-treated
differentiated 3T3-L1 adipocytes.

3. Discussion

The current study was designed to investigate whether extracts of mango peel (MPE)
and seed (MSE) could ameliorate PA-induced lipotoxicity in adipocytes. Peel and seed are
the main bio-waste products of mango processing. In an earlier study, we demonstrated
that MPE and MSE have the ability to reduce the number of adipocytes by preventing
adipocyte differentiation of 3T3-L1 pre-adipocyte cells [43]. In the present study, we
provided evidence that MPE and MSE are also capable of lowering adipocyte hypertrophy
induced by high doses of PA, the main saturated long fatty acid present in the diet [59].
Notably, we demonstrated that MPE and MSE reduced PA-induced fat accumulation, as
evidenced by the decrease in LD and TAG content in differentiated 3T3-L1 adipocytes
co-treated with PA and MPE or MSE.

The ability of MPE and MSE to reduce lipid content in PA-treated adipocytes results
from both stimulation of lipolysis and inhibition of lipogenesis. PPARγ is a transcription
factor that has been reported to play a critical role in adipocyte hypertrophy under high fat
diets [60]. We provided evidence that the PPARγ level increased under PA-treatment in
differentiated 3T3-L1 adipocytes. Notably, this effect was markedly counteracted by the
addition of MPE or MSE to PA-treated adipocytes. These results are in line with our previ-
ous data demonstrating that MPE and MSE counteract 3T3-L1 adipocyte differentiation by
reducing the level of PPARγ and its target FABP4 [43].

Furthermore, our data showed that MPE and MSE significantly enhanced the phos-
phorylation of AMPK and its substrate acetil-CoA carboxylase (ACC) in both controls and
PA-treated adipocytes, thus suggesting a role of AMPK activation in reducing lipogenesis
induced by MPE and MSE. AMPK is an important regulator of lipid metabolism [61].
Activation of AMPK by phosphorylation increases lipolysis and fatty acid oxidation, while
inhibiting lipogenesis [62]. AMPK inactivates by phosphorylation ACC, the key enzyme
of fatty acid synthesis [63], leading to the reduction of fatty acid synthesis [64]. Different
phenolic compounds contained in plants and fruits, such as quercetin, curcumin, resveratrol
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and gallic acid, exert anti-obesity effects by activating AMPK [61]. We previously character-
ized the composition of peel and seed extracts of Sicilian mango fruits by HPLC/MS and
demonstrated the presence of different polyphenols, among which methyl digallate and
methyl gallate are the most represented components [34,43]. These compounds could be
responsible for the anti-lipogenic effects of the mango extracts. In line with this conclusion,
Fang et al. [65] demonstrated that gallotannin derivatives from mango counteract adipogen-
esis by activating AMPK. In addition, Lu, et al. showed that gallic acid reduced lipogenesis
and improved liver steatosis by activating AMPK [66]. This effect could result by a direct
interaction of gallic acid with AMPKα/β subunits, as evidenced by computational docking
analysis [66]. Finally, mangiferin, a polyphenol derived from Mangifera indica promotes
browning of adipocytes by activating AMPK [67].

In this study, we also provided evidence that MPE and MSE increased the level of
the phosphorylated and active forms of hormone-sensitive lipase (HSL), the key lipase
activating lipolysis of TAGs in adipocytes, in PA-treated adipocytes [68]. Different lipolytic
agents activate HSL by increasing cAMP levels, with the consequent activation of cAMP-
dependent protein kinase (protein kinase A; PKA). This enzyme in turn phosphorylates
and activates HSL [69]. MSE and MPE could activate HSL because of their content of
polyphenols. In line of this conclusion, it has been shown that different polyphenols
are able to increase cAMP by inhibiting phosphodiesterase, the enzyme that degrades
cAMP [70,71].

A high content of SLFAs has been associated with lipotoxicity in adipocytes as a
consequence of ER stress induction [72]. Notably, when present at a high level, PA is metab-
olized into saturated DAG and saturated lysophosphatidylcholine [19]. These PA-derived
metabolites accumulate in the ER, causing destructive changes in its structure and the
activation of ER stress sensors [19]. In line with these observations, we demonstrated that
PA treatment enhanced the ER stress markers GRP78, PERK and CHOP as well as activated
JNK by increasing its phosphorylated form in differentiated 3T3-L1 adipocytes. ER stress
is a protective cellular mechanism that initiates the unfolded protein response (UPR) to
restore cellular homeostasis [73]; however, in severe ER stress, the adaptive response fails
and apoptotic cell death is induced [73]. In obese animals, elevated ER stress is present in
different organs [74,75]. In this condition, ER stress-induced UPR activates JNK, which in
turn promotes apoptosis by inhibiting the mitochondrial respiratory chain and activating
caspases [76]. Our data confirmed that PA causes lipotoxicity in differentiated adipocytes,
as evidenced by cell viability reduction, increased PI-positive cells and caspase-3 activation.
Interestingly, MPE and MSE counteracted PA-induced ER stress by lowering all ER stress
markers, GRP78, PERK and CHOP, as well as p-JNK. Concomitantly, mango extracts re-
stored cell viability, reduced PI-positive cells and the activation of caspase-3 induced by
PA treatment, thus suggesting their protective effects against lipotoxicity induced by high
levels of SFAs in adipocytes. Furthermore, we demonstrated that PA treatment increased in
3T3-L1 adipocytes the level of ROS, as evidenced by staining adipocytes with H2DCFDA.
This finding is in line with previous reports demonstrating that high levels of fatty acid
increase oxidative stress in adipocytes [77]. It has been reported that ceramide and DAG,
which are fatty acid-derived lipid metabolites, activate NADPH oxidase (NOX), enhancing
the ROS level in adipocytes [78]. In addition, dysfunction of the mitochondrial respiratory
chain in obesity can amplify oxidative stress and inflammation [79]. ROS production has
been shown to activate JNK, which mediates activation of NF-κB and AP-1 [80] with the
consequent enhanced expression of pro-inflammatory cytokines, such as IL-6 and TNFα.
Notably, we showed that the production of ROS in PA-treated adipocytes was markedly
reduced by the addition of MPE and MSE. This effect could be a consequence of the
high content of polyphenols in mango extracts. This is in line with the observation that
methyl-gallate, the main component of MPE and MSE, protects the cells against oxidative
damage through its ROS scavenger ability [81]. Furthermore, the lowering in ROS content
induced by MPE and MSE could be a consequence of the up-regulation of Nrf2 and its
transcriptional targets MnSOD and HO-1, two important antioxidant enzymes [34,43]. The
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activation of Nrf2, the main transcriptional factor against exogenous and endogenous
oxidative stress injury [82,83], has been reported in different dietary polyphenols, including
resveratrol, gallic acid and caffeic acid [84]. The mechanisms underlying Nrf2 activation
include increased Nrf2 nuclear translocation, inhibition of Keap1-Nrf2 interaction and
enhanced Keap1 ubiquitination [84]. Finally, MPE and MSE could reduce ROS levels
and oxidative stress in adipocytes by activating AMPK. In line with this hypothesis, the
deregulated activity of AMPK has been associated with an inflammatory state in in vivo
models of obesity and obese patients [85]. Indeed, the activation of AMPK signaling has
been shown to protect against oxidative stress by suppressing NOX [86] and mitochondrial
dysfunction [87].

4. Materials and Methods

4.1. MPE and MSE Preparation

Peel and seed extracts were obtained from mango fruits (Mangifera Indica L.) cultivated
in Sicily (Italy), as reported before [43]. In particular, after washing with distilled water,
the peels and seeds of mango fruits were cut and lyophilized (Hetosicc Lyophilizer Heto
CD 52-1). Then, an ethanol:PBS 1:1 solution was used in order to solubilize the lyophilized
products by keeping them overnight at 37 ◦C under constant shaking. The final concentra-
tion of both the extracts was 75 mg/mL. Then, we centrifuged both the extracts of MPE and
MSE at 120× g for 10 min. The obtained supernatants of MPE and MSE were centrifuged
again at 15,500× g for 10 min and then the extracts (supernatants) were frozen at −20 ◦C
until use. MPE and MSE working solutions were prepared by diluting them to the final
concentration in culture medium. The final concentration of ethanol in the extracts showed
no toxicity on differentiated 3T3-L1 adipocytes.

4.2. PA Solution Preparation

PA was solubilized in an EtOH 10% solution (25mM) in a heated and stirred water
bath at 65 ◦C for 15 min. Once completely solubilized, a 500 μM working dilution was
appropriately prepared in culture medium containing 5% BSA and incubated at 37 ◦C for
1 h under constant shaking to ensure their conjugation before adding it to differentiated
3T3-L1 adipocytes. Vehicle containing 5% BSA was used as control (differentiated 3T3-L1
adipocytes, Diff).

4.3. Cell Cultures

A mouse 3T3-L1 pre-adipocyte cell line from the American Type Culture Collection
(ATCC) was maintained in culture as monolayer in flasks of 75 cm2, at 37 ◦C and in a 5% CO2
humidified incubator in DMEM (Euroclone, Pero, Italy), supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Euroclone, Pero, Italy), 2 mM L-glutamine (BioWest
SAS, Nuaillé, France), 100 U/mL penicillin and 50 μg/mL streptomycin (Euroclone, Pero,
Italy). Once 80% of confluence was reached, 3T3-L1 pre-adipocytes were detached from
the flasks using trypsin-EDTA (0.5 mg/mL trypsin and 0.2 mg/mL EDTA) and seeded
according to the experimental conditions. All compounds and reagents used for our
experiments, unless otherwise stated, were purchased from Sigma-Aldrich (Milan, Italy).

4.4. Adipocyte Differentiation, Reagents and Treatments

Differentiated 3T3-L1 adipocytes were obtained from 3T3-L1 pre-adipocyte cells (un-
differentiated cells) as previously reported [43]. In particular, 3T3-L1 cells were seeded
at 0.2 × 105/well in 24-well plates or 0.8 × 105/well in 6-well plates and kept until the
confluence was reached. Then, after two days post-confluence, undifferentiated cells were
incubated with a differentiation culture medium constituted by DMEM supplemented
with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, 1% Non-Essential Amino Acids,
100 U/mL penicillin and 50 μg/mL streptomycin, containing the pro-differentiative agents
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 μM dexamethasone and 10 μg/mL insulin.
After another three days, the differentiation medium was removed and maintenance cul-
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ture medium (DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
2 mM L-glutamine, 1% Non-Essential Amino Acids 100 U/mL penicillin and 50 μg/mL
streptomycin containing 10 μg/mL insulin) was added and left for 5 days. Complete
differentiation was reached at day 8 when the cells showed typical features of mature
adipocytes, such as LD formation and TAG accumulation. PA alone or in the presence of
100 μg/mL MPE or MSE was added to differentiated 3T3-L1 adipocytes and kept for 48 h.

4.5. Cell Viability Assessment

Cell viability was evaluated by measuring mitochondrial dehydrogenase activity
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as reported
before [88]. For the cell viability assay, undifferentiated 3T3-L1 cells were seeded in 96-well
plates (8 × 103 cells/well) until complete differentiation. Then, differentiated 3T3-L1
adipocyte cells were exposed to different concentrations of PA alone or in the presence
of 100 μg/mL MPE or MSE for 48 h. Then, 20 μL of MTT reagent (11 mg/mL diluted
in PBS) was added to each well and incubated for another 2 hours at 37 ◦C. The colored
crystals of the formazan produced by viable cells were dissolved by adding 100μL of
lysis buffer containing 20% sodium dodecyl sulphate in 50% N,N-dimethylformamide,
pH 4.0 and the absorbance was measured by a microplate reader (OPSYS MR, Dynex
Technologies, Chantilly, VA, USA) at 540 nm with a reference wavelength of 630 nm. Cell
viability was measured as the percentage of the optical density (OD) values found in treated
cells compared with those found in untreated cells as control.

The cytotoxic effects of PA on differentiated 3T3-L1 adipocyte cells were also eval-
uated by propidium iodide (PI) staining. Differentiated cells were treated with 500 μM
PA alone or together with 100 μg/mL MSE or MPE. After 48 h of treatment, cells were
washed and stained with PI. After a short incubation at the dark, the fluorochrome in
excess was removed and the cells were analyzed by fluorescence microscopy using ex-
citation and emission wavelengths appropriate for PI fluorescence (λex = 488 nm and
λem = 610/620nm).

4.6. Oil Red O Staining of Treated Mature 3T3-L1 Adipocytes

Oil Red O staining (Sigma-Aldrich, St. Luois, MO, USA) was performed for evaluating
LD accumulation. Oil Red O stock solution was prepared by solubilizing 0.35 gr in 100 mL
isopropanol 100%. Once differentiated in a 24-well plate, differentiated 3T3-L1 adipocytes
were fixed by incubation in 10% formaldehyde for 30 min, washed with PBS and rinsed
with 60% isopropanol for 5 min until they were completely dry. Fixed cells were then
stained with Oil Red O working solution (3:2, stock solution—dH2O) for 10 min and then
washed with dH2O several times. Red pixel areas, stained by Oil Red O, detecting LDs,
were divided by the total area scanned. The whole bottom surface of a single well from
a 24-well plate was analyzed for the establishment of LD production. A Leica DM-IRB
microscope was used and pictures were taken by a Leica DC300F digital camera with a
Leica IM50 software, as representative images of the experimental conditions. The pictures
were analyzed in ImageJ, converted into high-contrast black and white images to visualize
LDs and scored as the percentage area per field. Finally, Oil Red O quantification was
performed by measuring its absorbance at 490 nm after extraction of the dye by 100%
isopropanol for 10 min. The percentages of the OD values found in treated cells were
compared with those found in untreated differentiated 3T3-L1 cells as control.

4.7. ROS Detection

ROS production was detected through the oxidation of the cell-permeant 2′,7′-dichloro
dihydrofluorescein diacetate (H2DCFDA) (Molecular Probe, Life Technologies, Eugene,
OR, USA) dye, as reported before [89]. Differentiated 3T3-L1 adipocytes were treated with
500 μM PA in absence or presence of 100 μg/mL MPE or MSE for 48 h. Then, the cells were
washed in PBS and incubated with 10 μM H2DCFDA dye for 30 min in the dark and in
the presence of 5% CO2 at 37 ◦C. At the end of incubation, the fluorochrome in excess was
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removed washing in PBS and the fluorescent 2′,7′-dichlorofluorescein (DCF), produced
by intracellular oxidation, was analyzed by fluorescence microscopy using excitation and
emission wavelengths appropriate for green fluorescence (FITC filter with λex = 485 nm
and λem = 530 nm).

4.8. TAGs Evaluation

Differentiated 3T3-L1 adipocytes were treated with 500 μM PA in absence or presence
of 100 μg/mL MPE or MSE for 48 h. Then, the cells were lysed with 5% NP-40 and the
number of TAGs in the supernatants was quantified by a spectrophotometric commercial kit
for triglyceride determination (SENTINEL C H. SpA, Milan, Italy) [43]. A standard curve
with different TAG concentrations, normalized to total cellular protein content measured
by Bradford assay, was used for quantifying the samples’ TGA concentrations.

4.9. Western Blot Procedures

Protein levels were detected by western blotting analysis. Differentiated and treated
cells were lysed as reported before [90]. Bradford Protein Assay was used to quantify
protein concentration (Bio-Rad Laboratories S.r.l., Segrate, Milan, Italy). Afterwards, the
same number of proteins (30 μg/sample) was loaded and underwent sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Finally, gels were blotted onto a
nitrocellulose membrane (Bio-Rad).

Immunodetection was then performed, incubating the filters with specific primary an-
tibodies against PERK (ab65142) purchased from Abcam (Cambridge, UK), namely, GRP78
(sc-166490), phosphorylated-JNK (sc-6254), CHOP (sc-793), PPARγ (sc-7273), MnSOD
(sc-133254) and caspase-3 (sc-65487), all purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Phosphorylated-ACC (#07-303) was purchased from EMD Millipore Cor-
poration (Temecula, 40 CA, USA), phosphorylated-AMPKα (#2535) and phosphorylated-
HSL (#4126) were purchased from Cell Signaling (Danvers, MA, USA); Nrf2 (NBP1-32822)
and Perilipin-2 (NB110-40877SS) was purchased from Novus Biologicals (Bio-Techne SRL,
Milan, Italy); additionally, HO-1, Heme Oxygenase 1 (orb5455) was purchased from Biorbyt
Ltd. (Cambridge, UKi). Immunoreactive signals, developed through HPR-conjugated
secondary antibodies (Amersham, GE Healthcare Life Science, Milan, Italy), were de-
tected using enhanced chemiluminescence (ECL) reagents (Cyanagen, Bologna, Italy) and
obtained with ChemiDoc XRS (Bio-Rad, Hercules, CA, USA).

A quantification of the signal was performed by Quantity One 1-D Analysis software
(Bio-Rad) and γ-Tubulin (T3559; Sigma-Aldrich) was used for loading normalization.

4.10. Statistical Analysis

All the experiments and their determinations were performed in triplicate. Data were
represented as mean ± S.D and the statistical significance was provided. Data analysis
was performed using the GraphPadPrismTM 4.0 software (Graph PadPrismTM Software
Inc., San Diego, CA, USA). The differences between groups were evaluated using Tukey’s
test following one-way ANOVA test. A p-value < 0.05 was considered the threshold for
statistical significance. When not specified, the data were not significant with respect to the
related control.

5. Conclusions

In conclusion, the present study demonstrated that MPE and MSE protect against
PA-induced lipotoxicity in differentiated 3T3-L1 adipocytes by reducing lipid content
and oxidative stress. These anti-obesity effects of MPE and MSE might partly involve
the inhibition of lipogenesis, the activation of lipolysis and the induction of antioxidant
effects. A representative picture of the anti-lipolytic and anti-oxidative effects of MPE
and MSE is reported in Figure 9. In light of the chemical data providing evidence of MSE
and MPE composition, we wondered about the putative phytochemicals responsible for
the effect observed in 3T3-L1 adipocytes exposed to MPE or MSE treatment. A possible
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candidate seems to be methyl gallate. This is a phenolic compound that is the most
represented phytochemical in our tested mango extracts. Our hypothesis is also sustained
by experimental evidence reported by Roh et al. [91] demonstrating that methyl gallate
is able to counteract the lipid accumulation in 3T3-L1 cells and could represent a good
candidate as an anti-obesity agent. However, we cannot exclude that the ability of MPE
and MSE to counteract PA lipotoxicity, and as hypertrophy and ER stress induced by
PA exposure could be ascribed to a combined or synergistic effect among the different
phytochemicals identified in mango. To better elucidate this aspect, in our future studies
we will test mango phytochemicals as compounds alone and their combinations on 3T3-
L1 cells.

Figure 9. MPE and MSE counteracted lipotoxicity induced by PA in differentiated adipocytes. MPE
and MSE lowered fat accumulation induced by high doses of PA in differentiated 3T3-L1 adipocytes,
as demonstrated by the reduction of LD and TAG contents. These MPE and MSE anti-lipogenic
effects seem to be mediated by the activation of HSL and inhibition of ACC as a result of AMPK
activation. MPE and MSE also counteracted PA-induced ER stress and ROS increase in adipocytes.
The anti-oxidative effects of MPE and MSE could be ascribed to the activation of the Nrf2/OH-
1/MnSOD pathway. Reduced fat content and oxidative stress production could protect the cells from
PA-induced cytotoxicity.

Our data offer novel perspectives suggesting that MPE and MSE may be associated
with the reduced metabolic dysfunction of adipose tissue induced by high levels of SLFAs.
Thus, the development of mango extract-rich foods could be useful to counteract obesity
and its consequences.
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Abstract: Obesity is a chronic metabolic disease caused by an imbalance between energy intake and
expenditure during a long period and is characterized by adipose tissue disfunction and hepatic
steatosis. The aim of this study was to investigate the effect of 4-methylesculetin (4-ME), a coumarin
derivative, upon adipose microenvironment and hepatic steatosis in mice induced by a high-fat diet
(HFD), and to explore potential mechanisms of its beneficial effect on metabolic disorders. HFD-
fed mice displayed visceral obesity, insulin resistance, and hepatic lipid accumulation, which was
remarkably ameliorated by 4-ME treatment. Meanwhile, 4-ME ameliorated adipocyte hypertrophy,
macrophage infiltration, hypoxia, and fibrosis in epididymal adipose tissue, thus improving the
adipose tissue microenvironment. Furthermore, 4-ME reversed the increase in CD36, PPAR-γ, SREBP-
1, and FASN, and the decrease in CPT-1A, PPAR-α, and Nrf2 translocation into the nucleus in livers
of HFD mice and in FFA-incubated hepatocytes. Moreover, the beneficial effects of 4-ME upon lipid
deposition and the expression of proteins related to lipid metabolism in FFA-induced LO2 cells were
abolished by ML385, a specific Nrf2 inhibitor, indicating that Nrf2 is necessary for 4-ME to reduce
hepatic lipid deposition. These findings suggested that 4-ME might be a potential lead compound
candidate for preventing obesity and MAFLD.

Keywords: visceral obesity; hepatic steatosis; 4-methylesculetin; adipose microenvironment; metabolic
syndrome

1. Introduction

Obesity refers to excessive fat accumulation and ectopic body mass increase, which is
a multi-factor chronic metabolic disease [1]. It is not only the proliferation and hypertrophy
of adipocytes, but also the apoptosis and necrosis of adipocytes and preadipocytes. Obesity
can cause many metabolic diseases, such as diabetes, cardiovascular diseases, fatty liver,
and cancer, and a common characteristic of insulin resistance. According to World Health
Organization reports, worldwide obesity has nearly tripled since 1975. In 2016, more than
1.9 billion adults 18 years and older were overweight. Of these, over 650 million were obese.
Therefore, obesity is a critical public health problem worldwide [2,3].

With deeper knowledge of adipose tissue, it is no longer regarded as an inert energy
storage organ. The discovery of leptin and other important adipose-derived hormones
makes the new definition of adipose tissue as an endocrine organ, which has been exten-
sively accepted [4]. The abnormality of adipose tissue and its microenvironment is of great
significance to the metabolism of other tissues and organs as well as the whole body [5].
Commonly, the fat microenvironment in obese patients changes, causing macrophage infil-
tration [6]. At the same time, excessive accumulation of fat can lead to inflammation and
disorder of adipokine secretion, chronic inflammation, and a hypoxic microenvironment,
and ultimately leads to the production of adipose fibrosis [7]. In addition, hypoxia can
increase the expression of hypoxia-inducible factor 1α (HIF1α) in adipose tissue, activate
the signal pathway related to Transforming Growth Factor β (TGF-β), and promote the
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infiltration of immune cells, leading to adipose fibrosis [8]. The interaction of hypoxia,
inflammation, and fibrosis in the adipose tissue microenvironment plunges the microenvi-
ronment into a vicious circle [9]. When obesity is induced by internal and external factors
such as high fat, the microenvironment of adipose tissue deteriorates, which usually causes
or aggravates the accumulation of fat in other tissues (such as liver, muscle, etc.), leading to
diabetes, fatty liver, and so forth. In obese patients, plasma non-esterified fatty acid (NEFA)
levels are usually elevated because of the enhancement of adipose tissue lipolysis. Roughly
60% of triglyceride (TG) arises from the plasma NEFA pool, 30% from de novo lipogenesis,
and 10% from the diet in the liver of obese individuals [10]. Furthermore, adipose tissue
failure or dysfunction may signal progression of hepatic steatosis toward NASH [11]. Thus,
the adipose tissue microenvironment could be targeted for the treatment of obesity and
metabolic-associated fatty liver disease (MAFLD).

The coumarin derivative 4-methylesculetin (6,7-dihydroxy-4-methylcoumarin, 4-ME)
is isolated from Artemisia annua [12]. Coumarins and their derivatives have drawn much
attention due to a wide range of bioactivities such as antioxidant [13], antiarthritic, anti-
inflammatory properties [14–17], and beneficial effects upon obesity and its related comor-
bidities as well [18–22]. However, whether 4-ME ameliorates adipose tissue dysfunction
and obesity-related insulin resistance remains to be elucidated. The aim of this study was to
investigate the effect of 4-ME on the adipose tissue microenvironment and hepatic steatosis
induced by a high-fat diet, and to explore potential mechanisms of its beneficial effect upon
metabolic disorders, so as to lay a foundation for further research and development.

2. Results

2.1. Effects of 4-ME upon Visceral Obesity and Insulin Resistance in HFD-Fed Mice

To investigate the effects of 4-ME upon obesity and its related metabolic disorders,
mice were fed an HFD for 8 weeks and then treated with 15 mg/kg 4-ME, 50 mg/kg 4-ME,
or 250 mg/kg metformin. As shown in Table 1, the average body weight was significantly
lower in the 50 mg/kg 4-ME group and the metformin group compared with the Model
group after the 8-week treatment, as well as epididymal adipose tissue weight manifested
by the ratio of epididymal fat/body weight and the Lee Index defined by Lee in 1929 as the
cube root of body weight (g) divided by the naso-anal length (cm) [23]. In addition, 4-ME
and metformin did not cause changes in food intake (Figure S1).

Table 1. Effects of 4-ME upon physiological parameters in HFD-fed mice.

Groups (n = 8)
Body Weight (g) Epididymal Fat/Body

Weight (mg/g) The Lee Index
0 Week 2 Week 4 Week 6 Week 8 Week

Control 37.1 ± 0.4 36.4 ± 0.3 35.2 ± 0.8 35.5 ± 0.5 34.6 ± 0.97 15.6 ± 1.2 0.301 ± 0.001
Model 48.8 ± 2.0 ### 49.3 ± 2.3 ### 49.8 ± 2.9 ### 51.8 ± 3.1 ### 52.6 ± 3.1 ### 46.0 ± 6.8 ### 0.338 ± 0.003 ###

15 mg/kg 4-ME 48.8 ± 2.3 48.1 ± 2.0 48.9 ± 2.1 50.3 ± 2.2 49.5 ± 2.5 37.3 ± 2.8 0.331 ± 0.004
50 mg/kg 4-ME 48.6 ± 2.9 48.4 ± 2.6 48.0 ± 2.8 47.0 ± 1.1 45.8 ± 2.3 * 30.7 ± 2.8 * 0.320 ± 0.002 ***

Metformin 49.0 ± 2.0 48.1 ± 1.6 47.9 ± 1.4 46.7 ± 2.2 45.5 ± 1.1 * 29.3 ± 3.1 * 0.326 ± 0.003 *

### p < 0.001 compared with the Control group; * p < 0.05, *** p < 0.001 compared with the Model group.

Meanwhile, serum biochemical parameters in mice were determined to assess the
effects of 4-ME upon obesity and its related disorders induced by HFD. Mice fed an HFD
had increases in serum levels of FBG, insulin, and leptin compared with the Control group,
which were reversed by 4-ME, especially 50 mg/kg 4-ME, and metformin (Table 2). Insulin
resistance shown as HOMA-IR induced by HFD was significantly ameliorated by 4-ME and
metformin. The results are consistent with those of the intraperitoneal glucose tolerance test
(IPGTT), which show that the impaired glucose tolerance induced by HFD was improved
by 4-ME and metformin (Figure 1A,B).
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Figure 1. Effects of 4-ME upon intraperitoneal glucose tolerance test (IPGTT) and adipose tissue
microenvironment in HFD-fed mice. (A) IPGTT (n = 5). (B) The area under the curve of IPGTT
(n = 5). (C) The rows from the top to the bottom represent H&E staining (original magnification,
100×), Masson staining (100×), and immunostaining of TGF-β antibody (200×) and HIF1α (200×)
in adipose tissue sections, respectively. (D) The size of adipocytes (n = 300). (E,F) Quantification
for the percentage expression of TGF-β and HIF1α protein in panel (n = 4). Arrowheads indicate
pathological changes. Values were given as mean ± SEM; ### p < 0.001 compared with the Control
group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the Model group.
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Table 2. Effects of 4-ME on serum biochemical parameters in HFD-fed mice.

Groups (n = 8) FBG (mmol/L)
Insulin
(mIU/L)

HOMA-IR
Leptin

(pg/mL)
HDL-C

(mmol/L)
LDL-C

(mmol/L)
T-CHO

(mmol/L) TG (mmol/L) NEFA (μmol/L)

Control 4.9 ± 0.3 4.3 ± 0.3 0.91 ± 0.04 499.4 ± 31.2 1.2 ± 0.1 0.9 ± 0.1 3.7 ± 0.2 0.88 ± 0.03 441.1 ± 23.8
Model 11.7 ± 0.8 ### 6.1 ± 0.3 ### 3.17 ± 0.16 ### 634.5 ± 29.3 ## 0.9 ± 0.1 2.1 ± 0.2 ### 7.0 ± 0.6 ### 1.27 ± 0.12 ## 1023.0 ± 88.6 ###

15 mg/kg 4-ME 9.5 ± 0.5 * 5.8 ± 0.3 2.82 ± 0.34 610.2 ± 29.0 1.0 ± 0.1 2.1 ± 0.1 6.6 ± 0.4 1.25 ± 0.07 797.3 ± 121.1 *
50 mg/kg 4-ME 9.9 ± 0.6 * 5.3 ± 0.2 * 2.35 ± 0.12 ** 548.8 ± 25.0 * 1.1 ± 0.2 1.7 ± 0.1 6.4 ± 0.5 1.13± 0.08 521.2 ± 18.9 ***

Metformin 8.7 ± 0.5 ** 6.8 ± 0.2 2.53 ± 0.13 ** 571.7 ±16.2 1.4 ± 0.2 * 1.2 ± 0.1 ** 6.4 ± 0.3 1.18 ± 0.11 655.4 ± 48.8 **

## p < 0.01, ### p < 0.001 compared with the Control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the
Model group.

2.2. Effects of 4-ME upon Adipose Tissue Microenvironment in HFD-Fed Mice

The adipose tissue hypertrophy and inflammation in HFD-fed mice were investigated
by examining adipocyte size and macrophage infiltration in epididymal adipose tissue
sections stained with hematoxylin and eosin. Masson’s trichrome staining was introduced
to measure collagen levels. The hypoxia and fibrosis in epididymal adipose tissue were
detected via immunohistochemistry using HIF1α and TGF-β antibodies. As shown in
Figure 1C–F, the increased adipocyte size, macrophage infiltration, upregulated collagen
level, and HIF1α and TGF-β expression in the epididymal adipose tissue in HFD-fed mice
were ameliorated by 4-ME and metformin, indicating the improvement of the adipose
tissue hypertrophy, inflammation, hypoxia, and fibrosis.

2.3. Effects of 4-ME upon Lipid Metabolism and Hepatic Steatosis in HFD-Fed Mice

To examine whether 4-ME regulates lipid metabolism, the serum levels of TG, NEFA,
T-CHO, LDL-C, and HDL-C were measured in mice fed an HFD for 16 weeks. The HFD
increased serum levels of TG, NEFA, T-CHO, and LDL-C compared with the Control group,
while 4-ME and metformin decreased all these serum parameters, but only NEFA with
statistical significance. In contrast, the HFD downregulated the serum level of HDL-C,
while 4-ME and metformin upregulated it, but only metformin had a significant difference
(Table 2). These results indicate that 4-ME can alleviate obesity-associated serum lipid
metabolic disorders.

Then, the liver tissue sections were stained with H&E and Oil red O, respectively
(Figure 2A). Histological observations in both H&E and Oil red O staining show that
visible hepatic lipid accumulation in HFD-fed mice was remarkably reduced by 4-ME
and metformin. In addition, the HFD-induced increase in hepatic TG accumulation was
significantly decreased by high-dose 4-ME treatment (Figure 2B), suggesting that 4-ME
prevents hepatic steatosis induced by an HFD.

2.4. Effects of 4-ME on the Expression of Proteins Involved in NEFA Uptake, Lipogenesis, and
Fatty Acid β-Oxidation in Livers of HFD-Fed Mice

Furthermore, the expression of proteins related to NEFA uptake, lipogenesis, and
fatty acid β-oxidation was analyzed in liver samples of HFD-fed mice. We found that the
HFD increased the protein expression of cluster of differentiation 36 (CD36), peroxisome
proliferator-activated receptor γ (PPAR-γ), sterol regulatory element-binding protein 1c
(SREBP-1c), and fatty acid synthase (FASN), and decreased the expression of peroxisome
proliferator-activated receptor α (PPAR-α) and carnitine palmitoyltransferase 1A (CPT-1A)
compared with the Control group. Treatment with 4-ME counteracted the expression
changes of these proteins, indicating the beneficial effects of 4-ME on lipid metabolism in
the livers of HFD-fed mice (Figure 2C–H).
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Figure 2. Effects of 4-ME on hepatic steatosis in HFD-fed mice. (A) Histological observation of
the liver in experimental mice with H&E staining (original magnification, 400×) and Oil red O
staining (400×). (B) Hepatic TG content (n = 8). (C–H) Shown are representative immunoblots
and densitometric quantification of CD36, SREBP-1c, FASN, PPAR-γ, PPAR-α, and CPT-1A protein
expressions (n = 3–4). The results were expressed as mean ± SEM; # p < 0.05, ## p < 0.01, ### p < 0.001
compared with the Control group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the Model group.

2.5. Effects of 4-ME upon Lipid Deposition in FFA-Incubated LO2 Cells

As shown in Figure 3A, treatment of LO2 cells with different concentrations (1, 3, 10,
30, and 100 μM) of 4-ME had no significant influence on cell viability. Then, the effects of
4-ME upon lipid metabolism in free fatty acid (FFA)-incubated LO2 cells were evaluated
using Oil red O staining. In Oil red O staining (Figure 3B), the intracellular lipid droplets
were stained red. After the 4-ME treatment, the intracellular lipid droplets decreased in a
dose-dependent manner (1, 3, 10, 30, and 100 μM). In addition, metformin inhibited lipid
accumulation compared with the FFA group. In addition, 4-ME treatment reduced the
content of intracellular TG (Figure 3C). Taken together, these findings uncover that 4-ME
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treatment can ameliorate the accumulation of intracellular lipid droplets in FFA-incubated
LO2 cells.

Figure 3. The 4-ME reduced lipid accumulation in FFA-induced LO2 cells. (A) Effects of different
concentrations of 4-ME on cell viability (n = 8). (B) Effect of 4-ME on lipid accumulation was
visualized using Oil red O staining. (C) Quantitative analysis of intracellular TG content (n = 6).
(D–I) Effect of 4-ME on the expression of genes related to lipid metabolism in FFA-incubated LO2
cells (n = 3–4). The results were expressed as mean ± SEM; # p < 0.05, ## p < 0.01, ### p < 0.001
compared with the Control group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the FFA group.

We next explored the effects of 4-ME on the expression of genes and proteins related
to lipid metabolism. We found that the FFA challenge significantly increased the mRNA
levels of CD36, FASN, SREBP1, and PPARG in LO2 cells compared with the Control
group, whereas these alternations were dramatically abrogated when supplemented with
different concentrations of 4-ME (Figure 3D–G). In addition, FFA incubation displayed the
downregulation of the mRNA expression levels of PPARA and CPT1A, but 4-ME prevented
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the reduction in the mRNA expression of these genes (Figure 3H,I). Consistently, the
results of Western blotting presented that an enhancement in protein expression of CD36,
SREBP-1c, FASN, and PPAR-γ was reversed by 4-ME administration, and a reduction
in protein expression of PPAR-α and CPT-1A was rescued by 4-ME treatment in FFA-
incubated LO2 cells (Figure 4). Collectively, these data reveal that 4-ME can ameliorate
lipid accumulation through regulating fatty acid uptake, β-oxidation, and lipogenesis in
FFA-induced hepatocytes.

Figure 4. Effects of 4-ME on the expression of proteins involved in lipid metabolism in FFA-induced
LO2 cells. Quantification data of CD36 (A), SREBP-1c (B), FASN (C), PPAR-γ (D), PPAR-α (E), and
CPT-1A (F) protein expression levels are presented. The results were expressed as mean ± SEM
(n = 3–4); # p < 0.05, ## p < 0.01 compared with the Control group, * p < 0.05, ** p < 0.01, *** p < 0.001
compared with the Model group.
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2.6. Nrf2 Is Necessary for 4-ME Reducing Lipid Deposition

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcriptional factor that not only
regulates a battery of cellular defense elements against oxidative stresses, but also acts as a
regulator of cellular lipid configuration in the liver [24]. Western blotting results showed
that in the liver of HFD-fed mice, Nrf2 translocation into the nucleus was decreased, while
it was enhanced by 4-ME treatment. Meanwhile, in FFA-induced LO2 cells, the protein
levels of nuclear Nrf2 were reduced, whereas they were significantly increased by 4-ME in
a dose-dependent manner (Figure 5A–D).

Figure 5. Cont.
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Figure 5. The 4-ME attenuated lipid metabolism by activating Nrf2. (A–D) The protein levels of
cytosolic and nuclear Nfr2 in the liver or LO2 cells (n = 3–4). (E) Oil red O staining. (F) Intracellular
TG content (n = 8). (G–K) Quantification data of Nfr2, CD36, SREBP-1c, FASN, and PPAR-γ protein
expression levels in LO2 cells (n = 3–4). The results were expressed as mean ± SEM; # p < 0.05,
## p < 0.01 compared with the Control group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the
Model group or FFA group, $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 compared with the FFAs+4-ME group.

To further elucidate the role of Nrf2 in lipid metabolism, a specific Nrf2 inhibitor,
ML385, was used to treat FFA-induced LO2 cells prior to 4-ME incubation. The benefi-
cial effects of 4-ME upon lipid deposition and the expression of proteins related to lipid
metabolism in FFA-induced LO2 cells were abolished by ML385 (Figure 5E–K), indicating
that Nrf2 acts as a negative regulator participating in hepatic lipid metabolism, which is
consistent with previous reports [25].

3. Discussion

Obesity is characterized by lipid metabolic disorder. In this study, mice fed an HFD
for 16 weeks displayed an increase in body weight, epididymal fat mass, epididymal
adipocyte size, and the Lee Index, indicating visceral obesity that is a marker of ectopic
fat accumulation in several key organs [26] and a critical mediator of steatohepatitis in
metabolic liver disease [11]. Among these, intrahepatic fat accumulation is the hallmark
profile of MAFLD [27]. The HFD-fed mice showed visible lipid droplets in the liver
and elevated intrahepatic triglyceride accumulation, which was remarkably reduced by
treatment with 4-ME and metformin.

Adipose tissue plays an important role in lipid metabolism. Adipose tissue dys-
function is characterized by disorders of the adipose tissue microenvironment including
adipose hypertrophy, macrophage infiltration, hypoxia, fibrosis, and insulin resistance.
It is extensively known to play a critical role in the pathogenesis of metabolic disorders
such as MAFLD [28]. Adipocyte hypertrophy leads to adipocyte dysfunction and insulin
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resistance and induces local adipose tissue hypoxia manifested by activation of a critical
transcriptional factor HIF1α that can accelerate adipose tissue fibrosis [29,30]. Adipose
tissue fibrosis is characterized by the deposition of excessive extracellular matrix (ECM),
mainly collagens, which can be promoted by a potent profibrotic factor TGF-β and lead
to adipose tissue dysfunction and ultimately metabolic complications [9]. Furthermore,
in hypertrophic adipocytes, elevated lipolysis leads to the release of large amounts of
NEFAs, which can be taken by other tissues. Excessive NEFA uptake by the liver can
induce increased lipid synthesis and gluconeogenesis. Increased serum levels of NEFAs
can lead to peripheral insulin resistance [31]. In our study, the phenomena of adipocyte
hypertrophy, macrophage infiltration, hypoxia, and fibrosis in obese mice were observed
by means of histopathology and immunohistochemistry. Metformin and 4-ME could sig-
nificantly ameliorate the macrophage infiltration, collagen level, and HIF1α and TGF-β
expression in the epididymal adipose tissue in HFD-fed mice, indicating the improvement
of the epididymal adipose tissue microenvironment, thus counteracting the disorder of
lipid metabolism in the liver caused by obesity.

Additionally, hepatic lipid accumulation results either from increased NEFA uptake
and de novo lipogenesis in the liver and/or decreased fatty acid β-oxidation [32]. NEFA
uptake is facilitated by cell-surface receptor CD36 whose expression is normally low, while
much higher in response to an HFD [33]. FASN is a key enzyme in the de novo lipogenesis
pathway that is responsible for the synthesis of excess fat in the liver of patients with
MAFLD and is regulated by SREBP-1 and PPAR-γ [34]. Furthermore, Nrf2 is considered as
a negative regulator of hepatic lipid metabolism, which not only participates in antioxidant
pathways, but also can indirectly suppress the expressions of SREBP-1 and its lipogenic
target genes [25,35,36]. CPT-1A is essential for fatty acid oxidation, a process that me-
tabolizes fats and converts them into energy, which is regulated by transcriptional factor
PPAR-α [37]. In our study, the HFD-treated mice or FFA-incubated hepatocytes displayed
increased protein expression of CD36, SREBP-1, PPAR-γ, and FASN, decreased protein
expression of PPAR-α and CPT-1A, and reduced nuclear translocation of Nrf2 as well,
leading to increased FFA uptake, elevated de novo lipogenesis, and suppressed fatty acid
oxidation, while 4-ME dose-dependently reversed these changes, contributing to the bene-
ficial effects of 4-ME upon lipid metabolism both in vivo and in vitro. Further experiment
results show that Nrf2 is required for 4-ME to ameliorate lipid deposition in livers of HFD
mice and in FFAs-incubated hepatocytes. In addition, we found that 4-ME alleviated lipid
accumulation by Nrf2 activation in hepatocytes, but the mechanism for the 4-ME effect
in the adipose tissue is yet to be elucidated. Several studies reported controversial roles
of Nrf2 in the adipogenesis in adipose tissue depending on the different approaches and
animal models [38,39]. Therefore, more research concerning the tissue-specific effects of
Nrf2 KO and Nrf2 overexpression and thereafter the mechanism of 4-ME in improving the
adipose tissue microenvironment requires further investigation.

Taken together, 4-ME attenuated adipose tissue dysfunction and hepatic steatosis,
and thus improved metabolic syndrome (Figure 6), providing a potential lead compound
candidate against obesity and MAFLD. Meanwhile, esculetin has been reported to exert
beneficial effects upon liver fat accumulation [40,41]. Given the structural similarity of these
two coumarin compounds, it is worthy of further investigation in the future, especially
with head-to-head comparative experiments, in order to elucidate the structure–activity
relationship and provide clues for drug development. From the pharmacokinetic aspect,
Li et al. [42] investigated the bioavailability and corresponding mechanisms of these two
compounds and reported that the average absolute bioavailability of esculetin and 4-ME
was 10.07% and 22.28%, respectively, indicating that 4-ME has a higher bioavailability
than esculetin. However, the systematic investigation of in vivo biotransformation of
coumarins is warranted to see if the interconversion between esculetin and 4-ME exists. In
further studies, we will conduct in-depth research on the pharmacokinetics of 4-ME and
the mechanisms and the precise target of 4-ME.
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Figure 6. A depiction of effects of 4-ME upon obesity and MAFLD.

4. Materials and Methods

4.1. Materials

The high-fat diet (HFD) consists of 15% lard (w/w) and 15% sucrose (w/w), 70% basic
diet which was obtained from Zhejiang Academy of Medical Sciences (Hangzhou, China).
The ingredients of the high-fat diet and standard chow diet are shown in Supplementary
Table S1. The 4-ME was obtained from Chengdu Biopurify Phytochemicals Ltd. (Chengdu,
China) with a purity of 99.95% in Supplementary Figure S2. Insulin and leptin Elisa kits
were provided by Shanghai Hengyuan Biological Technology Co., Ltd. (Shanghai, China);
ML385 was purchased from Glpbio (Montclair, NJ, USA); metformin (purity more than 98%)
and fatty free-bovine serum albumin (BSA) were obtained from Sangon Biotech (Shanghai,
China). The following items were purchased from the cited commercial sources: CD36, CPT-
1A, FASN, PPAR-α, PPAR-γ, TGF-β, Tubulin, and Lamin B antibodies (Proteintech, Chicago,
IL, USA); HIF1α antibody (Invitrogen, Carlsbad, CA, USA); SREBP-1c antibody (Novus
Biologicals, Littleton, CO, USA); Nrf2 antibody (Affinity Biologicals, Shanghai, China).

4.2. Animals Studies

Eight-week-old male wild-type ICR mice were purchased from Zhejiang Academy
of Medical Sciences (Hangzhou, China) (License Number: SCXK (Zhe) 2014-0001) and
housed under a temperature-controlled (23 ± 2 ◦C) and humidity-controlled (50–60%)
environment with a light–dark cycle (12 h, respectively). After one week of acclimatization,
model mice were fed with an HFD ad libitum while Control mice were fed with a low-fat
diet, also ad libitum. Eight weeks later, model mice were divided into four groups, namely
Model, 15 mg/kg 4-ME, 50 mg/kg 4-ME, and metformin, each group consisting of 8 mice.
The Control and Model animals were gavaged with an equivalent volume of 0.5% sodium
carboxymethyl cellulose (CMCNa2) solution; 15 mg/kg 4-ME group: 4-methylesculetin
(15 mg/kg/day, p.o.); 50 mg/kg 4-ME group: 4-methylesculetin (50 mg/kg/day, p.o.); and
metformin group: metformin (250 mg/kg/day, p.o.), respectively, for 8 weeks. According
to the EPA TSCA Section 8(b) chemical inventory data, the lethal dose of 4-ME when
administered orally is above 3000 mg/kg body weight for rodents (RTECS No.: GN6384500),
and the high dose of 4-ME was selected according to the study of Hemshekhar et al. [15]
Body weights were measured bi-weekly. After fasting on the last day of the study, all
animals were euthanized humanely for serum and tissue analysis. The serum was separated
and stored at −80 ◦C. Tissues were harvested, weighed, snap-frozen in liquid nitrogen, and
stored at −80 ◦C. All animal operations were conducted in compliance with the guidelines
for animal care and use of the Zhejiang University of Technology Laboratory Animal Center.

4.3. Cell Culture and Treatment

LO2 (HL-7702) cells, a human normal liver cell line, were provided by Procell Life
Science & Technology Co., Ltd. (Wuhan, China). Cell culture and FFAs-BSA mixture
(containing 0.33 mM oleic acid and 0.17 mM palmitic acid) were the same as described
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previously [43]. LO2 cells were divided into 8 groups, the Control group, FFAs group,
FFAs+1 μM 4-ME group, FFAs+3 μM 4-ME group, FFAs+10 μM 4-ME group, FFAs+30
μM 4-ME group, FFAs+100 μM 4-ME group, and metformin group; each group was given
the corresponding treatments. ML385 (10 μM), a specific Nrf2 inhibitor, was used to treat
LO2 cells. The cells were incubated with freshly prepared medium supplemented with
FFAs-BSA mixture for 24 h to induce hepatocyte steatosis and concurrently added with
different concentrations of 4-ME or ML385.

4.4. Cell Viability Assay

The MTT method was adopted to assess cell viability. Briefly, LO2 cells were treated
with different concentrations of 4-ME (1, 3, 10, 30, and 100 μM) in a 96-well plate. After
24 h of incubation, 20 μL of MTT solution (5 mg/mL) was added into each well. Following
incubation for 4 h, the solution was replaced by 150 μL dimethyl sulfoxide to dissolve the
formazan crystal. Finally, the optical densities were measured at 490 nm on a microplate
reader (BioTek Synergy H1, Winooski, VT, USA).

4.5. Hepatic and Intracellular Triglyceride Determination

Evaluation of triglyceride content was achieved using a kit (Jiancheng Bioengineering
Institute, Nanjing, China), according to the manufacturer’s instructions. Briefly, 100 mg of
liver tissue was homogenized in 1 mL ethanol and then centrifuged at 2500× g for 10 min.
Hepatic TG levels were measured with TG Quantification Kits. The cell samples were
collected from 6 cm dishes to determine intracellular TG levels by TG Quantification Kits.
The protein concentration of lysates was determined by Bicinchoninic Acid protein assay
kit with BSA as a standard (Beyotime, Haimen, China).

4.6. Oil Red O Staining

After fixation, liver specimens were embedded in OCT and stored at −80 ◦C. Then,
frozen liver sections (6 μm thick) were stained with Oil red O solution for 15 min at room
temperature and stained with hematoxylin. Eventually, all sections were observed by
microscopy. The cell samples were fixed with paraformaldehyde for 20 min, then stained
with Oil red O for 15 min at room temperature and stained with hematoxylin. Images were
obtained by microscopy.

4.7. Intraperitoneal Glucose Tolerance Test

All animals strictly fasted overnight. The mice were injected intraperitoneally with
glucose (2 g/kg body weight). Blood samples were collected from the tail tips of mice at 0,
15, 30, 60, and 120 min, and blood glucose was measured using a glucometer.

4.8. Serum Analysis

Serum levels of T-CHO, LDL-C, HDL-C, NEFA and TG, and insulin were measured
with kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Fasting serum
insulin and leptin were analyzed by Elisa kits.

4.9. Histological and Immunohistochemistry Studies

Tissue specimens were fixed in 4% paraformaldehyde solution, embedded in paraffin,
stained with hematoxylin and eosin (H&E), and Masson’s trichrome, respectively, after
tissue dehydration with gradient ethanol, and assessed for histopathological changes using
image analysis system. Adipocyte size was determined in hematoxylin/eosin-stained
sections as the mean cell area (in μm2) of 300 random adipocytes on digital images acquired
at 100× magnification by light microscope (Nikon) using IPP software (Image-Pro Plus
6.0). Adipose hypoxia and fibrosis were also detected using HIF1α and TGF-β antibodies.
Adipose tissue sections were incubated with HIF1α (1:100) and TGF-β (1:100) primary
antibodies, respectively, and a secondary antibody and then diaminobenzidine as a color
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substrate. At 200× magnification, the area of the staining signal (HIF1α and TGF-β) was
measured using the IPP software.

4.10. Western Blotting

Tissue specimens were homogenized in ice-cold lysis buffer to extract the protein.
Lysates were centrifuged at 14,000× g for 5 min at 4 ◦C and supernatants were collected.
The protein concentration was determined by Bicinchoninic Acid protein assay kit with
BSA as a standard (Beyotime, Haimen, China). Protein samples were mixed with loading
buffer and boiled for 5 min, then resolved by SDS-PAGE and transferred onto 0.22 μm
PVDF membranes (Bio-Rad, Hercules, CA, USA) in a semidry transfer system (Bio-Rad,
Hercules, CA, USA). PVDF membranes were blocked with freshly prepared 5% BSA or non-
fat milk in Tris-buffered saline containing 0.05% Tween-20 surfactant for 60 min at room
temperature, immunoblotted with the primary antibodies for 4 h at room temperature or
overnight at 4 ◦C, washed with TBST 3 times and incubated with secondary antibodies for
2 h at room temperature, and finally visualized with enhanced chemiluminescence method.

4.11. Total RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from LO2 cells using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). A 1 μg aliquot of RNA was converted to cDNA. The sequences of primers
used for PCR amplification are listed in Table 3. qRT-PCR was performed using SYBR
Green PCR master mix (Beyotime, Haimen, China) on stepone™ quantitative RT-PCR
system (Applied Biosystems, Waltham, MA, USA). A 20 μL reaction mixture was amplified
using the following thermal parameters: denaturation at 95 ◦C for 2 min, 40 cycles of
the amplification step (95 ◦C for 15 s and 60 ◦C for 15 s), and a final extension at 95 ◦C
for 15 s and 60 ◦C for 15 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
served as the endogenous control. Relative mRNA expression levels were analyzed by the
2−ΔΔCt method.

Table 3. Primer sequences for qRT-PCR.

Gene Name Forward Primer (5′→3′) Reverse Primer (5′→3′)

CD36 GAG AAC TGT TAT GGG GCT AT TTC AAC TGG AGA GGC AAA GG
SREBP1 ACG GGA TGG ACT GAC TT AGG CTT CTT TGC TGT GAG ATG

FASN AAG GAC CTG TCT AGG TTT GAT GC TGG CTT CAT AGG TGA CTT CCA
PPARG ACT CCA CAT TAC GAA GAC AT CTC CAC AGA CAC GAC ATT
PPARA GCG AAC GAT TCG ACT CAA GC TAC CGT TGT GTG ACA TCC CG
CPT1A TGT CCA GCC AGA CGA AGA AC ATC TTG CCG TGC TCA GTG AA

GAPDH GTC TCC TCT GAC TTC AAC AGC G ACC ACC CTG TTG CTG TAG CCA A

4.12. Statistical Analysis

All values were expressed as mean ± standard error of the mean (SEM). The difference
between two groups was assessed using Student’s t-test, and multiple comparisons were
performed by analysis of variance (ANOVA) followed by Tukey’s post hoc tests using
GraphPad Prism 5 (GraphPad Prism Software Inc., San Diego, CA, USA). A value of
p < 0.05 was considered to be statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810465/s1.
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Abstract: The hypoglycemic properties of curcumin supplements in therapeutic doses are well-known
and may represent a useful tool for the treatment of chronic diseases such as metabolic syndrome,
insulin resistance and type 2 diabetes. The poor bioavailability of curcumin can be improved with
the concomitant administration of piperine, with no severe adverse effects on glycemia reported so
far in the literature. In this article, we further discuss a previously reported case of a helicopter pilot,
affected by grade I obesity who, under curcumin and piperine treatment, experienced a transient loss
of consciousness (TLOC), during a low-altitude flight. This episode led to a diagnosis of insulinoma,
previously asymptomatic. We hypothesized that the combined effects of curcumin and piperine
might have caused a severe hypoglycemic episode and subsequent TLOC. Therefore, further studies
should be conducted to evaluate the safety of curcumin and piperine supplementation in subjects
with impaired glucose metabolism and insulin secretion.

Keywords: hypoglycemia; insulinoma; curcumin; piperine; bioavailability

1. Introduction

Curcumin is a yellow-colored polyphenol found in the dried rhizome of Curcuma longa,
commonly known as “turmeric”, traditionally used in China and Southeast Asia for cen-
turies. The pharmacological properties of curcumin have received growing attention in the
last few decades. Currently, it is included, as an active ingredient, in supplements claiming
to have antioxidant, anti-inflammatory, antimicrobial, anti-cancer, anti-diabetic and slim-
ming effects [1,2]. Curcumin has been demonstrated to be generally safe [1,3]. Appendix A
provides a summary of bioavailability, adverse effects, plasma peak concentration and
safety of curcumin and piperine as single agent and in combination in supplements.

Nevertheless, its potential therapeutic applications have been limited by its poor
gastrointestinal absorption and low bioavailability, mainly due to its water insolubility and
rapid metabolism and excretion [2]. Therefore, novel formulations have been proposed to
improve its adsorption and/or reduce its metabolization. Among them, those containing
piperine seem to increase the bioavailability, efficacy and half-life of orally administered
curcumin [2,4]. The biotransformation and enzymatic degradation operated by the gut
microbiota may increase the biological effects of polyphenols, including curcumin, via the
formation of metabolites with specific biological proprieties [1,5]. Several studies have
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confirmed the hypoglycemic properties of curcumin, as a single agent or in combination
with piperine, through different mechanisms of action (MoA) positively affecting glucose
and insulin homeostasis [6,7]. Therefore, the possible occurrence of hypoglycemia as a side
effect of curcumin supplementation in combination with piperine should be investigated.

In this article, we reconsider a clinical case in which curcumin and piperine supple-
mentation may have acted as a catalyst for incidental diagnosis of insulinoma, after a
transient loss of consciousness (TLOC). On this basis, we discuss both the MoA of curcumin
in regulating glucose homeostasis and the synergic effects of piperine hypothesizing its
potential side effects as a discussed strong hypoglycemic agent [7].

2. Summary of Case Report

As previously described [8], a 50-year-old man who worked as a helicopter rescue pilot
presented a TLOC of approximately 1 min and 20 sec while in service. The incident ended
with no one injured as he regained consciousness and control of the helicopter. Previously,
the pilot had neither shown warning symptoms nor experienced similar episodes. He
presented retrograde amnesia. His past medical history was significant for grade I obesity
(BMI 30.5) and mild obstructive sleep apnea syndrome (OSAS). In the 4 months before the
incident, he had been on a low-calorie diet plus curcumin and piperine supplementation
(curcumin 600 mg a day and piperine 8.55 mg a day) for weight loss.

The pilot was temporarily suspended from his job pending examinations. The tests
for the cardiological and neurological causes of the TLOC resulted negative. Neverthe-
less, blood chemistry tests revealed asymptomatic recurrent fasting hypoglycemia and
elevated plasmatic levels of Chromogranin A. Fine needle aspiration guided by endoscopic
ultrasonography was performed to confirm the diagnosis of pancreatic insulinoma [8]. A
careful analysis of the pilot’s health status and his specific work needs was carried out. He
underwent a pancreaticoduodenectomy followed by organizational interventions at his
workplace. The patient was able to resume his job but under the limitation of flying “only
with a safety pilot and in aircrafts with dual controls”.

Based on such evidence, we hypothesized the possibility of a severe and transient
hypoglycemic event in a patient with asymptomatic insulinoma triggered by the continuous
use of a commercially available supplement at a daily dose of 600 mg a day of curcumin
and 8.55 mg of piperine, for a period of 4 months.

3. Discussion

3.1. Curcumin and Piperine: Structure, Metabolism, Bioavailability and Safety

Curcumin is a hydrophobic polyphenol extracted from the rhizome of Curcuma longa L.
(turmeric), a species belonging to the Curcuma genus (Zingiberaceae family) [1,2]. The main
constituent of curcumin extract is 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione, a diferuloylmethane also known as curcumin I. There are, however, two other
compounds known as curcumin, curcumin II (demethoxycurcumin) and curcumin III (bis-
demethoxycurcumin), which differ in the number of methoxy groups on their aromatic ring
(Figure 1a–c) and represent, respectively, 10–20% and 3% of the total curcuminoids [9,10].
These three curcuminoid analogs might display different pharmacological activities [11].
Experimental evidence in vitro and in vivo has shown that curcumin and its analogs ex-
ert significant anti-inflammatory and antioxidant effects [1,2], improve lipid and glucose
metabolism [12], and exhibit additional beneficial biological activities, including antitu-
moral, neuroprotective, antimicrobial, hepatoprotective and antirheumatic ones [2,10].
Table 1 briefly summarizes the anti-diabetic activities of curcumin and piperine as single
agents and in combination.
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(a) Curcumin I (b) Curcumin II 

 

 

(c) Curcumin III (d) Piperine 

Figure 1. Chemical structure of curcumin and its two main analogs and piperine: (a) curcumin I
(1E,6E)1,7-bis(4-hydroxy-3-methoxy-phenyl)-hepta-1,6-diene-3,5-dione; (b) curcumin II (1E,6E)-1-(4-
hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-1,6-diene-3,5-dione; (c) curcumin III (Bis(4-
hydroxyphenyl)-1,6-heptadiene-3,5-dione; and (d) piperine, (2E,4E)-5-(benzol(d)[1,3]dioxol-5-yl)-
(piperidin-1-y)penta-2,4-dien-1-one.

Piperine is an alkaloid extracted from the fruits and roots of Piper nigrum L. (black
pepper) and Piper longum L. (long pepper) belonging to the Piperaceae family. Piperine
(Figure 1d) exists in four isomeric structures: piperine trans-trans, which displays biological
activity, isopiperine cis-trans, chavicine cis-cis, and isochavicine trans-cis, which have
significant anti-hepatotoxic and antioxidant effects [33,43].

The therapeutic efficacy of curcumin has been questioned because of its very low
bioavailability due to poor absorption, limited tissue distribution and rapid intestinal
metabolism and clearance [44]. Curcumin undergoes extensive Phase I and Phase II liver
biotransformation and is quickly metabolized via glucuronidation and sulfation and then
mostly eliminated through feces [45]. Animal and human studies have confirmed its limited
pharmacokinetic profile [46]. Administration of single high doses of oral curcumin may
cause saturation of the transport mechanism and, therefore, be counterproductive [47].

Curcumin plasma peak concentrations are usually observed at 1 to 2 h following
oral administration but tend to become undetectable within 12 h [46]. New formulations
have been designed to improve curcumin bioavailability including micelles, nanoparticles,
liposomes, nano-emulsions and phospholipid complexes [48]. For instance, curcumin
encapsulation in camel β-casein micelle can increase its solubility by 2500-fold [49]. Phy-
tosomal curcumin also appears to be significantly more bioavailable and biologically
active [50].

130



Int. J. Mol. Sci. 2023, 24, 6621

Although pharmacokinetics studies show improved absorption, longer half-life and
higher plasma concentration of formulated curcumin, we still lack conclusive evidence
regarding the comparative efficacy of different formulations [51]. In fact, the most recent
research highlights the need to consider the broad range of curcuminoid metabolites, and
not just unconjugated curcumin, when assessing the real bioavailability [52].

The food matrix might also play an important role in curcumin adsorption. The
bioavailability of fresh or dried powdered turmeric appears to be superior compared to
supplements, which are compounded with curcumin and other chemicals [53].

Recent studies have emphasized the role of intestinal microbiota in curcumin metabolism
and biotransformation: it may affect its bioavailability [1,54]. Gut-derived curcumin
metabolites have specific biological activities that may enhance those of the native form of
this polyphenol. They could explain the incongruencies between the observed pharmacolog-
ical effect of curcumin and its poor bioavailability [1]. The beneficial activities of curcumin
on gut microbiota could be related to improved dysbiosis and intestinal barrier functions,
increased microbial biodiversity and reduction in pro-inflammatory mediators [55]. Cur-
cumin can modulate the ratio between beneficial and potentially pathogenic intestinal bacte-
ria by favoring genera such as Bifidobacteria and Lactobacilli and reducing the abundance
of families such as Prevotellaceae, Bacteroidaceae, Rikenellaceae and Coriobacteriaceae [1,56].
Moreover, curcumin can decrease intestinal permeability, restore barrier integrity (by pre-
venting tight junction protein disruption [57]), increase the expression of ZO-1 and claudins
and attenuate the activation of p38 MAPK [58]. Thus, some of the favorable metabolic
actions of curcumin in relation to diabetes and obesity could be ascribable to its effects on
microbiota [59].

The co-administration of natural inhibitors of UDP-glucuronyl transferase, such as
piperine, quercetin and silybin may increase the bioavailability of oral curcumin by in-
terfering with its glucuronidation [2]. In particular, the combination with piperine has
been extensively studied and appears to significantly enhance curcumin absorption [44].
As piperine inhibits one of the enzymes responsible for the metabolization of curcumin
(UDP-glucuronyl transferase), the association of the two compounds allows an increased
bioavailability of curcumin as its clearance is decreased. Shoba et al. (1998) [60] showed
that the co-administration of 2 g of curcumin with 20 mg of piperine to healthy individuals
provoked a 2000% increase in bioavailability and much higher serum concentrations with
no adverse observed effects. Studies on rats confirmed improved intestinal absorption
and tissue distribution when curcumin was combined with piperine [61,62]; however, the
dosages in animal studies greatly exceed those utilized in human trials.

Similarly to curcumin, the lipophilic character of piperine limits its bioavailability [18].
Piperine reaches the peak serum concentration at approximately 2–4 h after administration
and remains detectable in plasma up to 48 h. It presents a secondary peak, probably
due to enterohepatic recirculation of its metabolites and analogs, and a limited hepatic
metabolism [63,64]. Animal studies [18] have shown that around 50% of orally administered
piperine can be detected in the liver, while lower percentages are present in the heart, spleen,
lungs and kidneys tissues. According to Ren et al. [63], piperine can also reach and be
distributed uniformly in the brain of Caco-2 models.

Piperine is excreted in the urine in the form of numerous metabolites containing a
methoxy group instead of the hydroxyl group in position 3 of the ring, and in bile after
being converted into oxidized metabolites [18]. Piperine is also subjected to phase I (e.g.,
O-demethylation, methylation, amide hydroxylation) and phase II metabolic reactions (e.g.,
glucuronic acid conjugation and sulfation). Therefore, as for curcumin, its bioavailabil-
ity after oral administration depends on gastrointestinal content and hepatic enzymatic
biotransformation [18].

Nanoparticles can overcome the issue related to hydrophobicity and bypass its first
and second metabolism. Polymer nanoparticles and liposomes appear to be the most
effective in increasing piperine bioavailability [18,65].
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In Kondapalli et al. (2022) [66], the administration of Piper nigrum extract to healthy
rats enhanced the relative abundance of gut beneficial bacteria such as Lactobacillus and
Bifidobacterium while decreasing Clostridium species.

The US Food and Drug Administration (FDA) approved curcumin as a compound
“generally recognized as safe”. Similarly, JECFA (Joint FAO/WHO Expert Committee on
Food Additives) and EFSA (European Food Safety Authority) have indicated, as Acceptable
Daily Intake (ADI), a value of 0–3 mg/Kg for curcumin [67]. However, the European Union
Herbal Monograph of Curcuma L. reports that curcumin may cause flatulence and gastric
irritation, stimulation of bile secretion and cholangitis. Therefore, curcumin can exhibit
a cholecystokinetic effect, possibly enhanced by piperine, with a contemporary risk of
hepatotoxicity [68]. A few cases of hepatotoxicity induced by curcumin are reported in
the literature [69,70], inducing the Italian Ministry of Health to prohibit health claims and
issue a warning on curcumin-containing products [71]. To date, no severe adverse effects
on glycemia have been reported.

An ADI for piperine has not been established yet, but clinical studies predict that the
use of piperine, alone or in combination with other drugs, is safe at the dose of 5 mg/day
with a limit of toxicity of 50 mg/kg/day [33]. Piperine may cause hemorrhagic stomach
ulcers and moderate enteritis with histopathological lesions in the gastrointestinal system.
Moreover, it can increase serum gonadotropins and reduce intratesticular testosterone
levels in albino rats [33]. Considering the ability of piperine to influence the bioavailability
of curcumin, it would be advisable to establish an ADI also for formulations containing
both molecules [72].

As already mentioned, many studies evaluated the effects of piperine on the bioavail-
ability of curcumin. The combination of the two molecules, particularly if delivered via
nano-emulsions, seems to improve the absorption of curcumin [60–62]. A trial was carried
out to evaluate the effect of combining piperine on curcumin bioavailability on albino Wis-
tar rats and healthy human adults (curcumin 2 g/kg body weight and piperine 20 mg/kg
for rats, and a dose of curcumin 2 g and piperine 20 mg for humans, respectively). The
findings of the study showed that the co-administration of piperine enhanced the oral
bioavailability of curcumin both in animals and humans, probably due to the piperine’s
role in inhibiting the metabolism of curcumin [60]. Similar findings regarding the effects on
curcumin absorption and metabolism exerted by piperine co-administration were shown
by other studies on mice models [61,62]. However, Suresh and Srinivasan’s study [61]
showed that the administration of both molecules did not appear to increase curcumin
bioavailability in rats, as described elsewhere [72]. The supplementation of curcumin
plus piperine can recover intestinal permeability and improve the antioxidant capacity
in Wazhishan piglets [28]. In general, the efficacy is greater for the co-administration
of curcumin plus piperine compared to high doses of curcumin or single curcumin and
piperine. A human study [52] has compared curcumin adsorption after single oral admin-
istration of a standard turmeric extract, a liquid micellar preparation, a combination of
piperine and curcuminoids, a phytosomal formulation and a dried colloidal suspension.
The amount of adsorbed curcumin seems to be greater for the colloidal suspension than
both the combination with piperine and the phytosome formulation, while no differences
have been observed between piperine-curcumin preparation and turmeric dry extract. In
an RCT [73], the co-administration of the two molecules resulted in an improvement of
oxidative stress and inflammation in hemodialysis patients (HD).

Several mechanisms can explain the ability of piperine to increase the bioavailability of
curcumin. One of these could be a non-specific action carried out at the gastric and gut level,
which leads to hyperemia in the intestinal district and an increase in HCl secretion, with a
subsequent increase of intestinal permeability [74]. Moreover, piperine can improve some
enzymatic activities, like that of the γ-glutamyl trans-peptidase, which is involved in the
intracellular transport of nutrients within enterocytes and can inhibit the drug-transporters
P-glycoprotein and CYP3A4, expressed in both enterocytes and hepatocytes [68]. Another
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well-known mechanism is linked to piperine’s capacity to reduce curcumin glucuronidation
and sulfation through a reduction in the activity of UGTs and SULTs [75].

Thus, we need further studies and more careful monitoring of patients who use
supplements with a combination of curcumin and piperine, especially when there is
concomitant use of other drugs [68].

3.2. Curcumin: Mechanism of Action on Insulin Secretion/Activity and Glycemic Homeostasis

The biological activities of insulin begin with its binding to specific Insulin Receptors
(IRs) located on the plasma membrane of target cells such as those in the liver, adipose
tissue, muscles and brain (although many somatic cells express IRs so insulin has pleiotropic
effects) [76]. The activation of the IR, provided with tyrosine kinase activity, provokes
its autophosphorylation and recruitment of several substrates, with subsequent initiation
of mitogenic and metabolic downstream signaling. Most of the metabolic effects are
mediated by the Insulin Receptor Substrate (IRS) family proteins, which in turn recruit
phosphoinositide-3-kinase (PI3K) and then phosphoinositide-dependent kinase 1 (PDK1)
and AKT [77]. Insulin signaling causes translocation and fusion of the glucose transporter
GLUT 4 to the plasma membrane, which enables glucose uptake and glycogen storage in
target cells (skeletal muscle and adipose tissue cells). Moreover, insulin suppresses hepatic
gluconeogenesis and glycogenolysis, promotes lipid storage and suppresses lipolysis in
white adipose tissue (WAT) [77]. Several in vitro and in vivo studies conducted in recent
years have identified many possible MoA carried out by curcumin in regulating glucose
homeostasis and insulin secretion and signaling.

3.2.1. In Vitro Studies

A recent review coming from in vitro studies [4] has confirmed the positive effects of
curcumin as a potential antidiabetic agent. This polyphenol was shown to improve pancre-
atic beta cell function and survival, increase insulin secretion and improve insulin signaling,
enhance glucose uptake in adipocytes and skeletal muscle cells, inhibit gluconeogenesis
and reduce lipid deposition and inflammation in liver and adipose tissue cells.

In vitro experiments conducted on skeletal muscle cells have demonstrated that cur-
cumin treatment increases GLUT4 translocation [14,15], enhances AKT phosphorylation [20]
and reduces pro-inflammatory cytokines [21]. Similar effects have been observed in
adipocytes and hepatocytes [4]. However, a few studies have shown that curcumin might
reduce insulin uptake and GLUT4 translocation, possibly because it interferes with AKT
signaling [78,79]. Similar effects have been observed in hepatic stellate cells affected by
hyperleptinemia [80]. Interestingly, Gunnik et al. (2016) [81] observed that curcumin
directly inhibits glucose uptake in fibroblasts by binding to GLUT1 transporters, in an
immediate, not additive and reversible way. Moreover, Priyanka et al. (2017) [17] found that
curcumin treatment ameliorates hypoxic adipocytes by reducing GLUT1 expression and
increasing that of GLUT4 at the same time. It has been postulated that the direct inhibition
of GLUT1 and GLUT 4 caused by chronic curcumin treatment might lead to an upregulation
of GLUT proteins expression as compensating mechanism. As the evidence on glucose
transporters is still controversial, more studies are needed to elucidate this MoA [82]. Given
the hormetic effects observed in polyphenols, it might be possible that curcumin produces
a biphasic cell response based on dosage and physiological or pathological conditions [83].

Hepatocytes treated with curcumin display a reduction in gluconeogenesis and
glycogenolysis accompanied by a decrease in hepatic glucose-6-phosphatase (G6Pase)
and phosphoenolpyruvate carboxykinase (PEPCK) activity [22]. Rouse et al. (2014) [23]
showed that the treatment of pancreatic islets with curcumin and its curcuminoid analogs
resulted in increased insulin secretion and islet recovery, suggesting that it affects insulin
signaling and PDE/cAMP regulation. Moreover, the above-mentioned researchers demon-
strated that curcumin downregulates, in a dose-dependent manner, the mRNA expression
of most of the 11 PDE (phosphodiesterase) isoenzymes, including PDE3B, PDE8A and
PDE10A [23].

133



Int. J. Mol. Sci. 2023, 24, 6621

Additionally, curcumin may improve glucose tolerance via the stimulation of glucagon-
like peptide-1 (GLP-1). The mechanism, observed in Caco-2 cells, might be mediated by
inhibition of Dipeptidyl peptidase-4 (DPP IV) activity, a surface glycoprotein that degrades
GLP-1 [24]. Moreover, curcumin may directly and significantly stimulate GLP-1 secretion
via activation of the Ca2+/calmodulin-dependent kinase II pathway (independently from
cAMP/PKA) [25].

Overall, the evidence from in vitro studies suggests that curcumin exerts its antidiabetic
activity via multiple mechanisms that modulate both glucose uptake and insulin signaling.

3.2.2. In Vivo Animal and Human Studies

In vivo studies indicate that curcumin displays remarkable antidiabetic properties
by regulating glucose and lipids levels, improving insulin sensitivity and pancreatic
beta-cell function, decreasing inflammation and oxidative stress and decreasing lipid
peroxidation [84].

In a cohort of adult albino Wistar rats of both sexes with streptozotocin (STZ)-induced
diabetes, curcumin treatment has resulted in decreased Glucose-6- phosphatase [85]. An-
other study on male C57BL/6 mice with STZ-induced diabetes showed that cur-cumin
analog, C66, efficiently attenuated diabetic renal injury via inhibition of MAPK-mediated
ACE expression and RAS activation [86]. Finally, a trial on curcumin pretreated C57/BL6J
mice, which were given multiple low doses of streptozotocin to induce diabetes, showed
that curcumin prevented STZ-induced diabetes, as confirmed by normoglycemia, normal
glucose clearance and maintained pancreatic GLUT2 levels [87].

The evidence coming from other animal studies (diabetic KK-Ay and db/db mice)
showed that curcumin significantly decreases serum glucose and HbA1c levels [26,27],
with additional beneficial effects on lipids profile. Noteworthily, the administration of
curcumin to db/db mice not only decreased hyperlipidemia and hyperglycemia [29] but
also inhibited NLP3 inflammasome activation, showing a significant downregulation of
inflammation [32].

In addition, in high-fat diet-induced diabetes models of C57BL/6J mice and albino rats,
interventions with curcumin reduced circulating glucose and leptin, with a concomitant
increase in adiponectin and overall improvement of insulin resistance [35,36].

It is interesting to notice that many of these research papers showed decreased in-
sulin secretion. The dosages used in animal studies varied considerably, ranging from
0.08 mg/kg to 1500 mg/kg [84], making the efficacy comparison challenging.

Human studies seem to confirm the effects observed in those conducted on animals as
curcumin has been shown to reduce serum glucose, triglyceride, LDL and HbA1c levels, as
shown by a double-blind randomized clinical trial conducted on 70 type-2 diabetic (T2D)
patients randomly assigned to receive curcumin (80 mg/day) or placebo for 3 months [88].
Another randomized, double-blinded, placebo-controlled trial included 240 participants
with prediabetes which were assigned to receive curcumin (250 mg/day) or a placebo for
9 months. The findings showed that the intervention group presented significantly higher
HOMA-β and lower C-peptide and none of the curcumin-treated participants developed
T2D mellitus during the study period [41]. Similarly, another randomized, double-blinded,
placebo-controlled trial carried out on 240 adult participants with T2D assigned to receive
curcumin (250 mg/day) or a placebo for 6 months, showed that the intervention group
presented increased serum adiponectin and decreased leptin, with an overall reduced
atherogenic risk, compared to controls [42].

A recent systematic review and meta-analysis [7] have corroborated the positive effects
of curcumin supplementation in improving both glycemic status and lipid profile in T2D
individuals via a decreased hepatic production of glucose; it improved glucose uptake,
suppressed nuclear factor-kappa B pathways and upregulated PPAR-gamma. The effects
on insulin secretion are, however, not clear as some studies seem to indicate a promotion
of insulin release, which is in contrast with some of the results observed in animals but
aligned with those seen in vitro. More human studies are, therefore, needed to elucidate
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the MoA of curcumin and its analogs on glucose and insulin homeostasis, particularly to
demonstrate the consequences of long-term use.

3.3. Piperine: Mechanism of Action on Insulin Secretion/Activity and Glycemic Homeostasis

Piperine has been demonstrated to exert various therapeutic activities: antibacterial,
anticancer, antidiarrheal, antihypertensive, anti-inflammatory, antioxidant, antiparasitic
and hepatoprotective [18,33]. Moreover, piperine, like curcumin, seems to have anti-
diabetic properties, performed through different mechanisms of action, as confirmed by
in vitro and in vivo studies.

3.3.1. In Vitro Studies

Park et al. (2012) [19] showed that piperine performs its anti-diabetic activity by inter-
acting with peroxisome proliferator-activated receptor gamma (PPAR-γ) with consequently
improved insulin-sensibility in 3T3-L1 preadipocytes [19]. Moreover, the findings of a
study on L6 myotubes showed that piperine increases the intracellular Ca2+ level thus
allowing the activation, through the vanilloid channel 1 (TRPV1), of Ca2+/calmoduline-
dependent protein kinase beta (CaMKKβ) necessary for AMPK phosphorylation, which
in turn enables the translocation of GLUT4 to the plasma membrane. Also, the authors
observed that oral administration of piperine to Wistar rats at 0.01 and 0.1 mg/kg body
weight reduced postprandial hyperglycemia [16]. Another study carried out on HT-29 cells
and Caco-2 cells showed that curcumin repressed mTORC1 in HT-29 and undifferentiated
Caco-2 cells, while piperine was able to enhance the mTORC1-inhibitory effect of curcumin
in the same cells [13].

3.3.2. In Vivo Animal and Human Studies

Studies on animal models confirmed that piperine exhibits an anti-diabetic activity, as
demonstrated by a glucose-tolerance test in male Wistar rats with STZ-induced diabetes
supplemented with different piperine derivatives [30], and can reduce body weight, lipid
peroxidation and hepatotoxicity [18].

In a study on male Sprague Dawley rats with obesity-induced dyslipidemia, piperine
supplementation at a dose of 40 mg/kg of body weight has been shown to improve
lipid profile, by reducing body weight, total cholesterol, TG, and increasing HDL serum
levels [89]. The mechanism of action is unknown, but it could be linked to an MC-4 agonism
performed by the alkaloid. Moreover, piperine supplementation at a dose of 50 mg/kg
body weight to male C57BL/6N mice with high-fat diet-induced hepatic steatosis, resulted
in a significant increase in plasma adiponectin levels, together with reduced insulin, blood
glucose and hepatic lipid levels [37].

Furthermore, oral administration of piperine to Wistar rats allows an increase in the
Ca2+ levels, with consequent activation of CaMMkβ/AMPK and translocation of GLUT4
transporters, as already noted in the vitro study on preadipocyte cells [16]. Piperine has
also been demonstrated to protect against β-cell dysfunction in pre-diabetic C57BL/6C
mice and reduce their serum levels of LPS [39].

3.4. Curcumin and Piperine Combined: Mechanism of Action on Insulin Secretion/Activity and
Glycemic Homeostasis

Several recent studies have demonstrated the synergic activity of curcumin and piper-
ine in regulating glucose homeostasis when administered in combination.

In Vitro and In Vivo Studies

Kaur et al. (2018) [13] carried out a study on human HT-29 and Caco-2 cells where
piperine has been shown to inhibit mTORC1 activity more efficiently than curcumin alone.
Moreover, curcumin plus piperine resulted in greater inhibition of TNFα gene expression,
thus exerting a significant anti-inflammatory activity.
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The anti-inflammatory effect expressed by curcumin plus piperine is confirmed by
the weight reduction in high-fat-diet mice and by reduced levels of high-fat diet-induced
inflammation and reduction in IFN-γ, IL-10, IL-12 p 70, IL1β, IL6. The combination of
these two compounds seems to improve metabolic syndrome in animal models, e.g., male
C57BL/6 mice with high-fat diet-induced obesity [31].

In 2020, Shi et al. [28] carried out a study on a cohort of weaned piglets to assess the
effects of curcumin and piperine performance, intestinal barrier function and antioxidant
capacity. The co-administration of the two compounds has been shown to be more effective
compared to a single high dose of curcumin, in recovering intestinal permeability and
integrity and suppressing oxidative stress in this animal model.

Hoseini et al. review (2023) [34] showed that the co-administration of curcumin and
piperine, independently of the dose, in patients suffering from metabolic syndrome, can
restore optimal blood lipid values, with a large reduction of total cholesterol and LDL, but
no effect on TG levels.

The daily co-administration of 500 mg of curcuminoids with 5 mg of piperine for
12 weeks, in 70 patients with NAFLD [38], was showed to cause a reduced hematocrit,
erythrocyte sedimentation rate, serum concentration of alanine aminotransferase, total
cholesterol, LDL, iron and hemoglobin, iron-binding capacity and albumin levels. Therefore,
curcumin plus piperine can positively influence the lipid, glycemic and enzymatic profiles
in patients with NAFLD and its advancement.

A double-blind placebo-controlled trial [40] involving 80 overweight participants with
suboptimal fasting plasma glucose, which were randomized to be treated with curcumin
800 mg/day or a placebo for 8 weeks, demonstrated that the supplementation of a phytoso-
mal preparation of curcumin containing phosphatidylserine and piperine for 56 days of
treatment, reduced plasma insulin (FPI), HOMA index, TG, LDL, hepatic transaminases, γ-
GT, cortisol level, and a reduction of waist circumference, blood pressure and liver steatosis
index as well.

In a randomized-controlled trial conducted in T2D adult patients aged 18–65 years [12],
the daily co-administration of 500 mg/day of curcuminoids with 5 mg/day of piperine for
three months versus placebo caused a reduction of serum glucose, C-peptide and HbA1c,
alanine aminotransferase and aspartate aminotransferase level. Therefore, the combination
of curcumin and piperine may significantly improve the glycemic profile in T2D patients.

3.5. TLOC and Curcumin plus Piperine Supplementation

Based on the described evidence, we might postulate that the patient under exami-
nation, on a four-month treatment with a supplement containing curcumin and piperine,
experienced a single and serious episode of hypoglycemia, responsible for the TLOC.

The dose taken by the patient was within the range of concentrations used in human
studies to exert a pharmacological effect [85]. Moreover, the supplement in question also
contained magnesium salts fatty acids (E 470) as an emulsifier, which might have promoted
the formation of lipid micelles that further increased curcumin and piperine bioavailabil-
ity. Considering the characteristics and pharmacokinetics of curcumin formulated with
piperine, it can be assumed that after about 5 h from intake (12:30 PM was the time of
meal and supplement intake and 5 PM was the time when the TLOC event was recorded),
curcumin could still be sufficiently bioavailable to express its biological activity, including
the hypoglycemic effects.

4. Conclusions

The hypoglycemic action of curcumin, mainly attributable to increased glucose uptake
by cells, and the augmented secretion of insulin might have exacerbated the hypersecretion
of the hormone caused by insulinoma and possibly led to hypoglycemia. We could also
hypothesize that the action of curcumin on GLUT1 transporters in the brain might have
contributed to a reduction of glucose available in brain tissue.
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Considering the growing use of curcumin (also in combination with piperine) for
the treatment of various pathologies, it would be preferable that these supplements were
prescribed by competent healthcare providers.

Given the above considerations, we suggest that further research be conducted to
elucidate the effects of curcumin in patients with impaired glucose metabolism and/or
increased insulin secretion.
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Appendix A

Table A1. Summary of bioavailability, adverse effects, plasma peak concentrations and safety of
curcumin and piperine as single agents and in combination in supplements.

Curcumin (CUR) Piperine (PIP)
Complex Curcumin + Piperine
(CUR + PIP)

Bioavailability
and pharma-
cokinetics

Low bioavailability
Poor absorption [2]
• lipophilic [9]
• limited tissue distribution [44]
• single high dose causes saturation of the

transport mechanism [47]
• rapid intestinal metabolism and

clearance [44]
• extensive Phase I and Phase II liver

transformation [45]
• excreted in feces as metabolites [45]

Low bioavailability
Poor absorption [18]
• lipophilic [18]
• tissues distribution: liver

(50%), heart, spleen, lungs,
kidneys, and brain
[18,63,64]

• subjected to oxidation,
hydrogenation, methylation,
glucuronidation,
demethylation, sulfation
and oxidation [18,65]

PIP causes higher adsorption, plasma
concentration of CUR
[2,4,28,44,51,60–62,72,73]
• lipophilic [9,18]
• ↑ bioavailability of CUR

[2,4,47–49,65,72]

↑ bioavailability in formulations, including
micelles, nanoparticles, nano-emulsion
liposomes, phospholipid complexes [48],
β-casein-micelles [49], phytosomal
formulations [50]

Excreted in urine and bile in form
of metabolites [18,65]

↑ PIP reduces CUR glucuronidation and
sulfation (red UGTs and SULTs
activity) [75]

↑ bioavailability with fresh or dried powder
compared to supplements due to food
matrix [53]

↑ bioavailability in the
formulation including liposomes,
polymeric micelles, nanoparticles,
nanofibers and solid-lipid
nanoparticles. [18,65]

↑ PIP enhances enzymes for the
intracellular transport of nutrients
(γ-glutamil transpeptidase) and inhibits
drug-transporter (P-glycoprotein and
CYP3A4) in enterocytes and
hepatocytes [68]

↑ intestinal microbiota enhances metabolism
and biotransformation into derivates with
specific biological activities [1,54]
Modulation of beneficial bacteria [1,56]

↑ PIP enhances gut beneficial
bacteria [66] ↑ PIP increases intestinal permeability [28]
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Table A1. Cont.

Curcumin (CUR) Piperine (PIP)
Complex Curcumin + Piperine
(CUR + PIP)

↑ PIP increases blood supply to the
gastrointestinal tract and HCl
secretion [74]

↑ bioavailability nano-emulsion of CUR
plus PIP [72]

no significant differences were observed
between the piperine-curcuminoid
combination and the standard extract of
single curcumin. [52]

Adverse side
effect

Flatulence and gastric irritation, stimulation of
bile secretion, cholangitis. No effects on
glycemia [68].

Hemorrhagic stomach ulceration,
mild to moderate enteritis,
increased serum gonadotropins
and decreased intratesticular
testosterone levels. No effects on
glycemia [33].

No specific study, but PIP enhanced the
risk for hepatotoxicity [68–71]

Plasma peak
after oral
administration

1–2 h Undetectable within 12 h [46] 2–4 h Undetectable within
48 h [18,63] No study

Safety: ADI/ 0.3 mg/kg/day [67] 5 mg/day (max dose
50 mg/kg/day) [33] No study

↑: increase; ↓: reduction.
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Abstract: Obesity is linked to neurodegeneration, which is mainly caused by inflammation and
oxidative stress. We analyzed whether the long-term intake of honey and/or D-limonene, which
are known for their antioxidant and anti-inflammatory actions, when ingested separately or in
combination, can counteract the neurodegeneration occurring in high fat diet (HFD)-induced obesity.
After 10 weeks of HFD, mice were divided into: HFD-, HFD + honey (HFD-H)-, HFD + D-limonene
(HFD-L)-, HFD + honey + D-limonene (HFD-H + L)-fed groups, for another 10 weeks. Another group
was fed a standard diet (STD). We analyzed the brain neurodegeneration, inflammation, oxidative
stress, and gene expression of Alzheimer’s disease (AD) markers. The HFD animals showed higher
neuronal apoptosis, upregulation of pro-apoptotic genes Fas-L, Bim P27 and downregulation of
anti-apoptotic factors BDNF and BCL2; increased gene expression of the pro-inflammatory IL-1β,
IL-6 and TNF-α and elevated oxidative stress markers COX-2, iNOS, ROS and nitrite. The honey
and D-limonene intake counteracted these alterations; however, they did so in a stronger manner
when in combination. Genes involved in amyloid plaque processing (APP and TAU), synaptic
function (Ache) and AD-related hyperphosphorylation were higher in HFD brains, and significantly
downregulated in HFD-H, HFD-L and HFD-H + L. These results suggest that honey and limonene
ingestion counteract obesity-related neurodegeneration and that joint consumption is more efficacious
than a single administration.

Keywords: obesity; high-fat diet; neuronal damage; neurodegeneration; honey; D-limonene

1. Introduction

Neurodegenerative diseases (NDs), including Alzheimer’s disease (AD), are char-
acterized by the progressive loss of neurons in areas of the brain, leading to cognitive
and functional deterioration. NDs represent a serious problem because they affect about
50 million patients worldwide and this number is estimated to reach 115 million in 2050 [1].
Different factors contribute to the onset and progression of neurodegeneration such as
aging, genetics, environment [2] and oxidative stress and inflammation [3,4]. Moreover,
obesity and diabetes increase the risk of developing dementia and AD. In fact, the neu-
rodegenerative process is exacerbated by obesity or diabetes, leading to the concept of
metabolism-dependent neurodegeneration [5]. Indeed, insulin receptor down-regulation
has been observed in the brains of patients with AD [6] confirming the theory that AD may
be considered as “type 3 diabetes” [7]. Furthermore, studies on animal models pointed
out that obesity affects learning and memory [8,9] and long-term ingestion of high-fat diet
(HFD) in rodents is responsible for neuronal loss and synaptic plasticity damage [10–13].
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NDs are as yet incurable and strongly debilitating for the patients. Nevertheless,
current research is pushing towards effective therapies [14,15]. Numerous nutraceuticals
and/or functional foods are considered protective and/or therapeutic against the metabolic
dysfunctions and the related neurodegeneration [16–20]. For example, foods rich in antiox-
idants, micronutrients, phytochemicals, essential oils, and probiotics have been found to
be helpful in maintaining body weight and reducing the incidence of neurodegenerative
diseases [1,20].

In particular, honey might prove useful in the treatment of chronic diseases linked to
oxidative stress and inflammation due to its high content in polyphenols [21]. Although
the composition of honey is variable depending on various factors such as botanical
origin, geographical region and climatic conditions, most of the polyphenols present in
honey are flavonoids and phenolic acid derivatives that possess anti-inflammatory and
neuroprotective properties [22].

More specifically, our recent investigation demonstrated the ability of honey consump-
tion to prevent HFD-dependent neuronal injury. In particular, a 16-week-intake of Sicilian
black bee chestnut honey, which is particularly rich in kaempferol and quercetin [22],
prevented peripheral and central insulin resistance and neuroinflammation in mice fed
with a hyperlipidic diet [23]. This neuroprotective effect proved to be mainly due to the
positive modulation of brain genes involved in insulin signaling, neuroinflammation and
apoptosis [23]. However, it remains to be investigated whether the long-term ingestion of
honey is able to revert obesity-related metabolic dysfunctions and related neurodegeneration.

Recently, D-limonene (1-methyl-4-(1-methylethenyl) cyclohexane), a monocyclic
monoterpene that is the major constituent of citrus essential oils, has also received no-
table scientific interest due to its ability to mitigate inflammation and oxidative stress
and reduce apoptotic cell death [24]. In fact, it possesses antidiabetic, antioxidant, anti-
inflammatory, antinociceptive and anticancer properties [25]. In animal models, D-limonene
has been reported to alleviate obesity-related metabolic disorders [26,27]. However, al-
though D-limonene has recently been shown in vitro to inhibit acetylcholinesterase [28]
and to exert beneficial effects in the Drosophila AD model by reducing oxidative stress and
neuroinflammation [29], data on neuroprotective actions against neuronal damage caused
by HFD are lacking. Moreover, a recent study suggested that the usage of D-limonene
together with other drugs, such as aminoguanidine, is more efficient in the prevention of
secondary complications in diabetes in comparison to single treatment [30].

Therefore, the present research was undertaken with the purpose of exploring whether
honey, administered alone or in combination with D-limonene, can represent a potential
dietary supplement that can aid in ameliorating or reverting HFD-caused brain damage. In
this view, we investigated the effects of the long-term ingestion of honey and D-limonene,
separately or in combination, on brain damage in HFD mice when the pathological condi-
tions were overt.

2. Results

2.1. Body Weight, Glycaemia and Serum Lipids

As shown in Figure 1A, at the end of the experimental protocol, HFD mice were sig-
nificantly heavier than STD mice. The weight gain of HFD-L and HFD-H + L mice was sig-
nificantly lower than that of HFD animals. The fasting blood glucose concentration of HFD
mice was significantly higher than that of the STD group. HFD-H and HFD-H + L mice had
similar fasting blood glucose concentrations to the HFD group. However, the D-limonene
supplementation markedly reduced the fasting blood glucose levels induced by HFD
(Figure 1B). The lipid profile of mice that were fed with the different diets is represented
in Figure 1C. Total cholesterol and triglyceride levels, that were high in the plasma of the
HFD mice compared to STD group, did not significantly differ in HFD-H, HFD-L and
HFD-H + L mice, suggesting that honey and D-limonene, alone or in combination, did not
impact on the lipid metabolism of obese mice.
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Figure 1. Metabolic parameters. (A) body weight gain, (B) fasting blood glucose concentrations
and (C) plasma levels of cholesterol and triglycerides in obese mice. Data are mean values ± S.E.M.
(n = 8/group). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. STD mice; # p < 0.05, ## p < 0.01; & p < 0.05 vs.
HFD-H mice.

2.2. Neurodegeneration: TUNEL Assay

Neurodegeneration has been suggested to be associated with cell apoptosis. To identify
whether apoptotic cells were present in the brain tissues of the different groups of mice,
we used the TUNEL assay. A higher number of TUNEL-positive cells was observed in
the cortex of HFD mice in comparison with STD mice. As shown in Figure 2, neuronal
apoptosis resulting from a high-fat diet was significantly decreased in the cortex of HFD-H,
HFD-L, and HFD-H + L mice, suggesting that both honey and D-limonene contributed to
neuroprotective effects. Interestingly, the diet containing honey and D-limonene together
was more efficacious than the single supplement.

2.3. Pro-Apoptosis and Anti-Apoptosis Genes Expression

In this work, the gene expression of the most important regulators of apoptosis. The
pro-apoptotic factors FAS-L, P27, and BIM were significantly upregulated in mouse brain
tissues from the HFD group compared to the STD group. A high-fat diet supplemented with
honey, D-limonene or honey plus D-limonene significantly decreased the gene expression
levels of all investigated factors, suggesting a reduced presence of neurons that undergo
programmed cell death (Figure 3A,B). On the contrary, the brain gene expression of factors
that help neuronal survival, such as BDNF and BCL2, was decreased in the HFD mice
compared to the STD group. This down-regulation induced by HFD was counteracted by
the simultaneous ingestion of honey or D-limonene. HFD-H + L proved to be the most
efficacious diet to increase BCL2 and BDNF expression (Figure 3C,D).
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Figure 2. Neurodegeneration. (A) TUNEL assay; the outlined area is enlarged in the circle; white
dotted lines represent the mouse brain cortex. (B) Schematic representation of cerebral cortex of
positive areas. (C) Number of apoptotic nuclei in cerebral cortex of STD, HFD, HFD-H, HFD-L and
HFD-H + L mice. Data are mean values ± S.E.M. (n = 8/group). ** p < 0.01 vs. STD mice; # p < 0.05,
## p < 0.01 vs. HFD mice; && p < 0.01 vs. HFD-H mice; § p < 0.05 vs. HFD-L mice. Microscope
magnification 10×. Scale bar, 200 μm.

Figure 3. Apoptosis. (A) result of the RT-PCR and (B) mRNA levels of pro-apoptotic genes: FAS-L,
BIM and P27 in the mouse brain of different groups; (C) Representative image of the RT-PCR results
and (D) mRNA levels of survival genes: BCL2 and BDNF in the mouse brain of different groups. Data
are mean values ± S.E.M. (n = 8/group). *** p < 0.001 vs. STD mice; # p < 0.05, ## p < 0.01, ### p < 0.001
vs. HFD mice; && p < 0.01, &&& p < 0.001 vs. HFD-H mice; § p < 0.05, §§ p < 0.01 vs. HFD-L mice.

2.4. Brain Pro-Inflammatory Gene and Protein Expression

To determine whether honey and D-limonene, together or separately, reduced neu-
roinflammation, we examined the brain expression of some pro-inflammatory cytokines
and other proteins, which are markers of inflammation. The IL-1β, IL-6 e TNF-α increased
expression, found in HFD brains, was reduced by honey or D-limonene ingested separately,
and it returned to control levels in the brain of HFD-H + L mice, suggesting that the
combined administration of honey and D-limonene was more efficacious than single ad-
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ministration (Figure 4A,B). Moreover, the elevated expression of COX-2 and iNOS induced
by HFD, was mitigated by honey, D-limonene, and honey plus D-limonene (Figure 5A,B).

Figure 4. Brain inflammation. (A) Representative image of the RT-PCR results and (B) mRNA levels
of IL-1β, TNF-α and IL-6 in the mouse brain of different groups. Data are mean values ± S.E.M.
(n = 8/group). * p < 0.05, *** p < 0.001 vs. STD mice; ### p < 0.001 vs. HFD mice, && p < 0.01 vs.
HFD-H mice; §§ p < 0.01 vs. HFD-L mice.

Figure 5. Brain stress. (A) protein expression levels of COX-2 and iNOS in the mouse brain of
different groups; (B) densitometric analysis of iNOS and COX-2 protein levels normalized for β-actin
levels. Data are mean values ± S.E.M. (n = 8/group). *** p < 0.001 vs. STD mice; ### p < 0.001 vs. HFD
mice; § p < 0.05 vs. HFD-L mice.

2.5. Brain Oxidative Stress

Increasingly, studies have demonstrated that oxidative stress is critical for neuronal
injury. Therefore, we determined the effect of the different supplemented diets on ROS
generation and nitrite content in the brain of the different groups of animals. After a 20-week
HFD administration, ROS generation assessed with H2DCF-DA was significantly increased
in HFD brain compared not only to STD, but also to HFD-H, HFD-L, and HFD-H + L
(Figure 6A). Moreover, we found a significant increase in nitrite levels in the brains of HFD
obese animals in comparison with STD animals. HFD-H, HFD-L, and HFD-H + L mice
showed nitrite values that were significantly lower than those of HFD mice (Figure 6B).

2.6. Expression of Genes Involved in AD

Using a Mouse Alzheimer’s Disease RT2 Profiler PCR Array we analyzed expression
changes of genes involved in the onset, development and progression of Alzheimer’s
disease in the different groups of animals. Among them, there are genes that contribute to
amyloid beta-peptide (Aβ) generation, clearance and degradation but also genes related to
neuronal toxicity. The list of genes is shown in Table S1. We focused on the gene expression
levels that were affected more than two-fold among the analyzed groups. The results
showed that in the HFD brains, various genes involved in the processing of Amiloid β

Precusor (APP) and TAU (Aplp1, Aplp2, App, Apba3, Apbb2, Apoe, Ckk5, Clu, Ctsl, Mapt,
Prkca, Prkce and Hsd17b10), in synaptic function (Ache), in AD-related iperphosphorylation
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(Gsk3α, GCdk5 and Prkca), and in inflammation (MPO and Il-1α) (Table 1) were upregulated
in comparison with lean brains. These abnormal expressions were significantly ameliorated
in the brain of obese animals fed with honey, D-limonene and honey plus D-limonene with
a major improvement in the HFD-H group (Table 1).

Figure 6. Brain oxidative stress. (A) Levels of ROS in the brain of STD, HFD, HFD-H, HFD-L and
HFD-H + L mice. (B) Nitrite concentration in the brain of STD, HFD, HFD-H, HFD-L and HFD-H + L
mice. Data are mean values ± S.E.M. (n = 8/group). *** p < 0.001 vs. STD mice; # p < 0.05, ### p < 0.001
vs. HFD mice; & p < 0.05 vs. HFD-H mice; § p < 0.05 vs. HFD-L mice.

Table 1. Gene expression profiles involved in AD in HFD/Lean, HFD-H/HFD, HFD-L/HFD and
HFD-H + L/HFD, which were significantly downregulated by 2-fold.

Gene Name Protein HFD/Lean HFD-H/HFD HFD-L/HFD HFD-H + L/HFD

Ache Acetylcholinesterase 2.10 −30.84 −12.01 −16.31

Apba3 Amyloid beta (A4) precursor
protein-binding, family A, member 3 44.94 −59.17 −30.02 −29.88

Apbb2 Amyloid beta (A4) precursor
protein-binding, family B, member 2 2.60 −18.46 −10.71 −17.39

Aplp1 Amyloid beta (A4) precursor-like protein 1 5.17 −8.79 −8.53 −5.00

Aplp2 Amyloid beta (A4) precursor-like protein 2 15.97 −45.55 −15.49 −17.72

Apoe Apolipoprotein E 5.16 −26.20 −9.36 −9.77

App Amyloid beta (A4) precursor protein 6.05 −15.85 −9.94 −10.12

Bdnf Brain derived neurotrophic factor −17.99 −5.49 −3.44 −2.67

Cdk5 Cyclin-dependent kinase 5 2.92 −36.93 −17.68 −13.99

Clu Clusterin 26.50 −4.04 −3.76 −2.19

Ctsl Cathepsin L 5.08 −13.34 −4.65 −4.90

Gsk3a Glycogen synthase kinase 3 α 7.20 −22.22 −14.11 −15.35

Hsd17b10 Hydroxy steroid deydrogenase10 5.87 −15.93 −9.38 −11.82

Il1a Interleukin 1 α 4.31 −90.55 −49.60 −98.59

Mapt Microtubule-associated protein tau 44.58 −23.78 −9.87 −8.28

Mpo Myeloperoxidase 14.87 −33.10 −14.25 −28.87

Prkca Protein kinase C, alpha 6.17 −16.16 −15.98 −10.33

Prkce Protein kinase C, epsilon 5.89 −16.58 −12.56 −16.61

Psen1 Presenilin 1 4.68 −225.85 −152.13 −193.57
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3. Discussion

The results of the present study suggest that long-term intake of Sicilian black bee
chestnut honey and/or D-limonene, ingested separately or in combination, can protect
central neurons against HFD-induced cerebral damage by reducing oxidative stress and
neuroinflammation. To our knowledge, our study is the first report on the neuroprotective
effects of D-limonene against the damage induced by HFD.

Epidemiological human studies pointed out that a high-calorie diet is associated
with worse performance on cognitive tasks [31]. It increases the risk of dementia because
high lipid content causes oxidative stress and neuronal dysfunctions [32]. Indeed, high
stress oxidative triggers the up-regulation of pro-inflammatory factors leading to neuroin-
flammation [33]. However, different biological mechanisms including insulin resistance,
developmental disturbances, altered membrane functioning, and altered vascularization
have been involved in HFD-induced neuronal damage and cognitive decline [5,32].

In our experiments we used mice which, following chronic consumption of HFD, devel-
oped obesity accompanied by hyperglycemia, dyslipidaemia, insulin resistance [34–36], ac-
tivation of amyloidogenic pathways, neuroinflammation and neurodegeneration [10,18,37–39];
consequently, they are suitable for verifying the potential effects of functional
food/phytochemicals on neuronal survival. First of all, we analyzed the presence of apop-
tosis in the cerebral cortex and the gene expression of pro- and anti-apoptotic factors in the
brains of the different animal groups. It is well known that apoptosis plays a key role in the
pathogenesis of neurodegenerative diseases [40], involving mainly the BCL-2 protein family.
This family includes proteins that control the mithocondrion membrane permeability such
as Bax, Bim (pro-apoptotic proteins) and BCL-2, Bcl-xL, Bcl-w (anti-apoptotic proteins).
Additionally, FAS ligand (FAS-L) has been involved in neuronal death [41] and P-27, an
inhibitor of cyclin-dependent kinase, has been reported to promote neuronal apoptosis
induced by the neurotoxic αβ42 peptide [42]. According to our previous reports [10,17,18],
our results confirmed the presence of neurodegeneration caused by HFD as suggested by
the increase of apoptotic neurons in the brain cortex of obese mice in comparison with STD
mice. In HFD-H or HFD-L cerebral cortexes, the level of apoptotic neurons was significantly
reduced suggesting that the daily ingestion of honey or D-limonene inhibits programmed
cellular death. Moreover, honey and D-limonene ingested in combination further decreased
the apoptotic neuron number, suggesting a synergistic neuroprotective action. The results
from molecular analysis also supported our hypothesis on the neuroprotective effect of
honey and D-limonene. In fact, the pro-apoptotic gene up-regulation and the anti-apoptotic
gene down-regulation that was found in the HFD brain was attenuated in HFD-H, HFD-L
and HFD-H + L animal groups. We also found a down-regulation of BDNF in the HFD
brain, which was in accordance with previous studies that reported reductions in levels of
BDNF in the hippocampus of obese rodents [11,43] as a consequence of increased oxidative
stress [44]. However, honey and D-limonene when separately ingested increased the BDNF
gene expression; even more so when ingested in combination, suggesting that an increase
of survival factors can also be responsible for the observed beneficial effects.

Neurodegeneration can be triggered by various pro-inflammatory and neurotoxic
mediators, such as IL-1β, IL-6, and TNF-α, and neuroinflammation is strictly associated
with oxidative stress [45]. Indeed, several studies demonstrated that neuroinflammation
is linked to high levels of ROS and high expression of AD biomarkers in the brains of
HFD mice [10,46,47]. Because both honey and D-limonene have been reported to possess
anti-inflammatory and antioxidant properties, leading to the assumption that they could be
used as a supplement in anti-inflammatory therapies [21,48,49] we examined and compared
the expression of pro-inflammatory factors, the levels of oxidative stress and nitrite in the
brains of the different animal groups. The results suggested that HFD increases the gene
expression of inflammatory cytokines (IL-1β, IL-6, TNF-α) and other proteins, markers
of inflammation (i-NOS and COX-2) and ROS and nitrite levels in the brain as previously
shown [10,18,32,50,51]. Interestingly, long-term ingestion of honey or D-limonene, and even
more so, the combined ingestion of honey and D-limonene reduced the inflammatory and
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oxidative stress markers suggesting once more a beneficial action against damage induced
by HFD in the brain. We can only speculate about the honey compounds responsible for
the observed beneficial effects, which generally have been attributed to polyphenols [21].
However, it is noteworthy that we used Sicilian black bee chestnut honey, whose kaempferol
and quercetin levels corresponded to 69% of the total content [22]. Quercetin as well as
kaempferol can cross the blood–brain barrier [52]. Quercetin has been reported to protect
neurons from oxidative stress and inflammation and to have beneficial properties against
mechanisms involved in AD in different in vitro and in vivo models [53], and kaempferol
can act positively in various models of neurodegenerative diseases [54,55].

Although recent research using a Drosophila AD model suggested that D-limonene
has a neuroprotective action against Aβ42-induced toxicity associated with its antioxidant
and anti-inflammatory properties [29], the effects of D-limonene on AD have not been well-
studied yet. Therefore, by using a mouse Alzheimer’s disease microarray, we have analyzed
and compared the expression of genes involved in amyloid beta-peptide (Aβ) generation
and processing and/or genes related to neuronal toxicity in the brains of different mouse
groups. The results clearly suggest that long-term HFD feeding promotes the expression of
genes associated with AD, including Ache, App, Apba3, Apbb2, Aplp1, Aplp2, Apoe, CdK5,
Clu, Ctls, GSK3α, Hsd17b10, Mapt, Psen1, Prkca,Prkcb and genes linked to inflammation
such as Mpo and Il1α [56,57]. However, these deleterious changes in gene expression were
counteracted in the brains of HFD-H, HFD-L and HFD-H + L, suggesting that the increased
neurotoxicity induced by HFD may be mitigated by long-term ingestion of honey and
D-limonene, both separately and in combination. In particular, the down regulation of App,
Apba3, Apbb2, Aplp1, Aplp2, Apoe and Psen1 could suggest that the eventual endogenous
APP generation and processing were reduced after the long-term ingestion of honey and
D-limonene [58]. Moreover, Cdk5, a promoter of neuronal death [59] and Clu, encoding
clusterin, a protein involved in several processes such as suppression of the complement
system, lipid transport, and neuronal cell death and cell-survival mechanisms, whose levels
are increased in AD [60], were mitigated by the intake of honey and D-limonene either
alone or in combination.

4. Materials and Methods

4.1. Animals and Diets

Male C57BL/6 mice, purchased from Envigo (S.Pietro al Natisone, Udine, Italy) were
maintained in the ATeN center animal house according to the European guide lines. The
animals (4-weeks old) were housed (2 mice/cage) in a temperature- (23 ± 1 ◦C) and
relative humidity (55% ± 5%)-controlled facility, under a 12-h light–dark cycle, according
to the Italian legislative decree n. 26/2014 and were approved by the Ministry of Health
(Rome, Italy; Authorization n. 891/2018-PR).

After two weeks of acclimatization, 8 mice were fed a standard diet (STD) (negative
control) containing protein 20.0%, fat 10.0%, carbohydrate 70.0%, w/w, and water (code
4RF25, Mucedola, Milan, Italy), and 32 mice were fed a HFD, containing protein 20.0%, fat
60.0%, carbohydrate 20.0%, w/w (PF4215, Mucedola, Milan, Italy) for 10 weeks to induce
obesity. Subsequently, HFD mice were divided randomly into four groups Then, four
groups (n = 8/group) were created from the HFD mice: one group received HFD, the second
group received HFD supplemented with honey (45 mg per day/mouse) (HFD-H), the
third received HFD supplemented with D-limonene (0.5% w/w) (HFD-L) and the last one
received HFD supplemented with honey and D-limonene in combination at the same doses
(HFD-H + L), for another 10 weeks. The doses of D-limonene (Sigma—St. Louis, MO, USA)
and honey (Prezzemolo and Vitale Supermarket, Palermo, Italy) were taken from the
literature [23,27,61] and added to the HFD cow in a percentage amount that was useful
so as not to change the HFD caloric value. Body weight and food intake were monitored
every week.

At the end of the experimental protocol (20th week), biochemical analyses were
performed on blood collected from the tail vein and then the animals were sacrificed. The
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aorta was perfused with a buffer solution of Dulbecco and the right atrium was incised to
allow outflow. Brains were rapidly explanted, weighed and coronally cut into two halves.
One part was fixed in 4% formalin was utilized for histological investigation; the other half
was ice-covered and used for molecular analysis.

4.2. Biochemical Analyses

Glucose concentration was measured using a glucometer (GlucoMen LX meter, Menar-
ini, Florence, Italy) in overnight fasting mice. Plasma total cholesterol and triglyceride
concentrations were determined using the ILAB 600 Analyzer (Instrumentation Laboratory,
Bedford, MA, USA).

4.3. Apoptosis Investigation

The Tunel assay was used to determine the level of apoptosis (Promega, Madison, WI, USA)
in the cerebral cortex sections, following the manufacturer’s instructions. The values of the
damaged nuclei were counted by two blind investigators and the ratio of apoptotic nuclei
in respect of normal nuclei was calculated.

4.4. Reactive Oxygen Species Analysis

To determine the reactive oxygen species (ROS), 5 mg of brain tissue was homoge-
nized with 1 mL of cold PBS1X and 10 μL of protease inhibitors (Amersham Life Science,
Munich, Germany). The preparate brain homogenates were incubated with 1 mM dichlo-
rofluorescein diacetate (DCFH-DA) at room temperature in the dark for 15 min, then the
fluorescence was measured by fluorimeter (GloMax® Plate Reader, Promega, Milano, Italy)
with an excitation filter set at 485 nm and an emission filter set at 530 nm. ROS levels were
expressed as a percentage of the fluorescence emitted by STD cerebral samples.

4.5. Determination of Nitric Oxide (NO) Levels

The level of nitric oxide (NO) in the brains was evaluated by using Griess reagent
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Briefly, 5 mg of brain tissue was
homogenized with 1 mL of PBS1X and centrifuged at 14,000 rpm, for 30 min at 4 ◦C. 100 μL
of supernatant was incubated with equal volumes of Griess reagent (1% sulphanilamide
in 5% phosphoric acid and 0.1% N-(1-naphthyl)-ethylenediamine), the absorbance was
immediately read at 520 nm in a microplate reader (GloMax® Plate Reader, Promega).

4.6. Molecular Analyses

Whole brain was used to extract RNA by using a RNeasy plus Mini Kit (Qiagen,
Valencia, CA, USA). Subsequently, by using High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Waltham, MA, USA). cDNA was prepared by 2 ng of total
RNA. Then the expression of target genes was performed by using Reverse Transcrip-
tion Polymerase Chain Reaction (RT-PCR) with the subsequent primers: β-actin For 5′-
CGGGATCCCCGCCCTAGGCACCAGGGT-3′; Rev 5′-GGAATTCGGCTGGGGTGTTGAAG
GTCTCAAA-3′; for pro-inflammatory factors: IL-1β For 5′-CATGGGATGATGATAACCTGCT-
3′; Rev 5′-CCCATACTTTAGGAAGACACGATT-3′; IL-6 For 5′-CTGGTGACAACCACGGCC
TTCCCT-3′; Rev 5′-ATGCTTAGGCATAACGCACTAGGT-3′; TNF-α For 5′-AGCCCACGTC
GTAGCAAACCA-3′; Rev 5′-GCAGGGGCTCTTGACGGCAG-3′; for pro-apoptotic factors:
FAS-L For 5′-CAAGTCCAACTCAAGGTCCATGCC-3′; Rev 5′-AGAGAGAGCTCAGATAC
GTTTGAC-3′; BIM For 5′-AACCTTCTGATGTAAGTTCT-3′; Rev 5′-GTGATTGCCTTCAGG
ATTAC-3′; p27 For 5′-TGCGAGTGTCTAACGGGAG-3′; Rev 5′-GTTTGACGTCTTCTGAGG
CC-3′; for anti-apoptosis factors: BCL-2 For 5′-ATGTGTGTGGAGAGCGTCAA-3′; Rev 5′-
AGAGACAGCCAGGAGAAATCA-3′; BDNF For 5′-GGCTGACACTTTTGAGCACGTC-3′;
Rev 5′-CTCCAAAGGCACTTGACTGCTG-3′. The amplification cycles comprised denatu-
ration (45 s at 95 ◦C), annealing (45 s at 52 ◦C) and elongation (45 s at 72 ◦C), for 40 cycles.
The amplification products were visualized by ultraviolet light using E-Gel GelCapture
(Thermo Fisher Scientific, Monza, Italy) after separation on agarose gel. The quantification
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of gene expression was obtained by using E-Gel GelQuant Express Analysis Software
(version 1.14.6.0 (Dongle)) (Thermo Fisher Scientific, Monza, Italy). The signal intensity of
the products was normalized to its respective β-actin signal intensity.

Protein expression. Brains dissected from the experimental animals were homoge-
nized in ice-cold solubilization buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM DDT,
1% Triton X-100, 24 mM sodium deoxycholate, 0.01% SDS, 10 mM sodium pyrophosphate,
100 mM sodium fluoride, 10 mM sodium orthovanadate, 1.5 μM aprotinin, 1 mM phenyl-
methanesulfonylfluoride and 2.1 μM leupeptin) and centrifuged at 12,000× g at 4 ◦C for
30 min. Then, the supernatants were used for protein determination, as previously de-
scribed [62]. Samples containing 50 μg protein were resolved by SDS-PAGE electrophoresis
on 12% acrylamide gels and transferred to nitrocellulose membranes. After blocking for 2 h
in 5% (w/v) skimmed dry milk, the membranes were incubated in the presence of primary
antibodies overnight at 4 ◦C (Santa Cruz, Milan, Italy, 1:1000 dilution): anti-COX-2 (sc-
376861), anti-iNOS (sc-7271). Subsequently, the samples were incubated with the secondary
for 90 min. HRP-conjugated antibodies (Dako, Milan, Italy, 1:10,000 dilution) and chemi-
luminescent bands were detected by a C-Digit Blot Scanner (LI-COR, Lincoln, NE, USA)
and densitometric analysis was used to analyze band intensities, by using LI-COR Image
Studio 4.0.

4.7. RT2 Profiler PCR Array

Mouse Alzheimer’s disease array (Alzheimer’s Disease RT2 Profiler PCR Array, QIA-
GEN, Monza, Italy) was used in order to analyze factors in HFD brains that are involved
in the onset, development and progression of AD. The 96 genes reported in the plate are
listed in the Supplementary data (Table S1).

RNA from whole brains was utilized. A High-Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Bedford, MA, USA) was used to synthetize cDNA from 2 ng of
RNA. The array was executed by using a StepOne Real-Time instrument (Applied Biosys-
tem) and the results were obtained through the relative quantification method (2−ΔΔCT).

We chose to highlight only the genes showing changes in the expression levels that
were more than two-fold among the different groups analyzed (HFD vs. Lean; HFD-H vs.
HFD; HFD-L vs. HFD; HFD-H + L vs. HFD).

4.8. Statistical Analysis

The results are presented as mean values ± the standard error of the mean SEM. The
number of animals is indicated with the letter ‘n’. The comparison between the groups
was performed by ANOVA, and then a Bonferroni post hoc test was used. All the analyses
were obtained using Prism 6.0, GraphPad software (San Diego, CA, USA). Results with a
p-value ≤ 0.05 were considered statistically significant.

5. Conclusions

In conclusion, our results confirm that HFD causes detrimental effects on AD-related
neuropathological and neuroinflammatory pathways leading to neurodegeneration. How-
ever, the long-term ingestion of honey and D-limonene, either separately or in combination,
is able to counteract and to ameliorate the cerebral stressing conditions related to HFD-
induced metabolic disorders.
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Abstract: The adenosine A2A and A2B receptors are promising therapeutic targets in the treatment
of obesity and diabetes since the agonists and antagonists of these receptors have the potential to
positively affect metabolic disorders. The present study investigated the link between body weight re-
duction, glucose homeostasis, and anti-inflammatory activity induced by a highly potent and specific
adenosine A2B receptor antagonist, compound PSB-603. Mice were fed a high-fat diet for 14 weeks,
and after 12 weeks, they were treated for 14 days intraperitoneally with the test compound. The
A1/A2A/A2B receptor antagonist theophylline was used as a reference. Following two weeks of treat-
ment, different biochemical parameters were determined, including total cholesterol, triglycerides,
glucose, TNF-α, and IL-6 blood levels, as well as glucose and insulin tolerance. To avoid false positive
results, mouse locomotor and spontaneous activities were assessed. Both theophylline and PSB-603
significantly reduced body weight in obese mice. Both compounds had no effects on glucose levels in
the obese state; however, PSB-603, contrary to theophylline, significantly reduced triglycerides and
total cholesterol blood levels. Thus, our observations showed that selective A2B adenosine receptor
blockade has a more favourable effect on the lipid profile than nonselective inhibition.

Keywords: adenosine A2B receptor antagonist; glucose tolerance; metabolic disorder; obesity;
PSB-603; Theophylline

1. Introduction

In a large number of obese patients, low to severe inflammation associated with white
adipose tissue can be observed. Subsequent activation of the immune system leads to in-
sulin resistance, glucose intolerance, and diabetes. In obesity, white adipose tissue produces
inflammatory agents, including tumour necrosis factor-alpha (TNF-α) and interleukin-6
(IL-6), which not only have local effects on the physiology of adipose tissue but additionally
induce systemic effects in other organs [1–3]. Increased levels of TNF-α and IL-6, in addi-
tion to many other factors, are the cause of insulin resistance. Furthermore, IL-6 increases
the production of C-reactive protein (CRP) in the liver and can indirectly promote the
appearance of cardiovascular disorders [1]. Inflammation also affects β islet cells and alters
insulin secretion [4].
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Promising therapeutic targets in the treatment of obesity and diabetes are the adeno-
sine receptor subtypes A2A and A2B [5–8]. The agonists [7] and antagonists [9] of A2A
adenosine receptors and the agonists and antagonists of A2B adenosine receptors have
the potential to positively affect metabolic disorders [7]. Adenosine A2A receptor agonists
can induce the anti-inflammatory action necessary for the survival of β cells and increase
insulin secretion [7], reduce food intake [10], and increase thermogenesis and lipolysis [6].
Adenosine A2A receptor antagonists can exert anti-inflammatory effects and reduce IL-6
levels [9]. The activation of the A2B adenosine receptor can reduce the dysfunction of β cells,
lead to a reduction in hyperglycaemia and insulin resistance and exert anti-inflammatory
effects in various cells including adipocytes [7,11]. Antagonists of the A2B adenosine re-
ceptor may cause effects, such as increased insulin release [7,8], reduced insulin resistance,
decreased fat accumulation in the liver [7], reduced liver glucose production, improved
glucose disposal into skeletal muscles and brown adipose tissue in diabetic mice [12],
inhibition of the progression of renal fibrosis derived from diabetes [13], induction of
anti-inflammatory effects [7,14], and reduction of IL-6 levels [14,15]. Furthermore, obesity
is associated with colon inflammation, leading to an increased A2B receptor expression; as
a result, the A2B receptor can mediate motor dysfunctions of the colon frequently seen in
obesity [16].

Since A2A and A2B adenosine receptors regulate glucose homeostasis in diabetes
and obesity ligands of these receptors may be useful for the prevention and treatment of
obesity-associated metabolic disorders.

Theophylline is a standard adenosine receptor antagonist, and it blocks non-selectively
all subtypes of this receptor in humans [17,18]. This natural plant alkaloid exhibits mi-
cromolar affinities at adenosine receptors [18]. The Ki value of theophylline at the A2B
adenosine receptor, depending on the species, equals 9070–74,000 nM; 15,100 nM, and
5630 nM for humans [19,20], rat [20], and mice [21] receptors respectively. Some studies
demonstrated a beneficial effect of theophylline on body weight in obese animals [22,23],
but its side effects, such as hyperactivity [24], and heart rhythm disturbances [25,26] turned
out to be a serious problem. It is thus of interest to examine whether a more selective
antagonist of the A2B adenosine receptor would also be effective in reducing body weight,
but at the same time be safer than chronically applied theophylline.

The present study investigated the link between glucose homeostasis and anti-inflammatory
activity induced by a blockade of the A2B adenosine receptor using a highly potent and
selective adenosine A2B receptor antagonist [27,28]. The compound PSB-603 (Figure 1)
displays > 17,000-fold selectivity over other adenosine receptors (Ki values are
0.553 > 100,000 > 10,000 > 10,000 nM for human A2B, A1, A2A, and A3 receptors, respec-
tively), and is similarly potent and selective in rats and mice [27,28]. The Ki value of PSB-603
at the A2B adenosine receptor, depending on the species, equals 0.553 nM; 0.355 nM, and
0.265 nM for human-, rat-, or mice receptors, respectively [27]. Thus, PSB-603 acts much
stronger at the A2B adenosine receptor than theophylline.

Figure 1. Structure of the potent and selective A2B adenosine receptor antagonist PSB-603.
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We have previously studied its effect on the inflammatory process in models of in-
flammation caused by the administration of zymosan A or carrageenan, and its antioxidant
activity in vitro [14]. In this study, we present the results of the effects of PSB-603 on body
weight in an obesity model caused by the administration of high-fat feed and sucrose, as
well as on the amount of peritoneal fat, cholesterol and triglyceride levels, glucose and
insulin tolerance, and spontaneous activity in mice.

2. Results

2.1. Effect of PSB-603 Administration on Body Weight

Mice fed a high-fat diet and a sucrose solution showed greater weight gain during
the 12-week period of inducing obesity than control animals. Animals in the control
group fed the standard diet weighed approximately 30 g, while mice in the obesity control
group fed a high-fat diet weighed approximately 38 g—26.6% more. Animals fed a high-
fat diet and treated with PSB-603 (for 14 days) at a dose of 2 × 5 mg/kg body weight
(b.w.)/day showed significantly less weight gain than mice in the obese control group
(F(52,494) = 5.236, p < 0.0001). From the 12th day of compound administration, a statistically
significant difference in body weight was observed between these groups (Figure 2A).
PSB-603 reversed the effect of the high-fat diet and significantly reduced body weight
(F(4,39) = 14.23, p < 0.0001) (Figure 2B). Theophylline, which served as a positive control,
had a much weaker effect. The results are shown in Figure 2A,B.

Figure 2. Effect of PSB-603 administration on body weight. (A) Body weight throughout the ad-
ministration. (B) Sum of weight changes. Results are expressed as means ± SD, n = 8–10. Multiple
comparisons were performed by two-way ANOVA, Tukey post hoc, (A) or one-way ANOVA Tukey
post hoc (B). * Significant between control mice fed a standard diet and control mice fed a fat/sugar
diet; ˆ Significant between control mice fed a standard diet and mice treated with PSB-603 at a dose
of 5 mg/kg b.w./day and fed a fat/sugar diet; # significant between control mice fed a standard
diet and mice treated with PSB-603 at a dose of 2 × 5 mg/kg b.w./day and fed a fat/sugar diet;
• significant between control mice fed a standard diet and mice treated with theophylline at a
dose of 2 × 50 mg/kg b.w./day and fed a fat/sugar diet; + significant between control mice fed a
fat/sugar diet and mice treated with PSB-603 at a dose of 5 mg/kg b.w./day and fed a fat/sugar diet;
† significant between control mice fed a fat/sugar diet and mice treated with PSB-603 at a dose of
2 × 5 mg/kg b.w./day and fed a fat/sugar diet; $ significant between control mice fed a fat/sugar
diet and mice treated with theophylline at a dose of 2 × 50 mg/kg b.w./day and fed a fat/sugar diet;
*, #, $ p < 0.05, ˆˆ, ##, †† p < 0.01, ***, ˆˆˆ, +++, †††, •••, ### p < 0.001.

2.2. Effect of PSB-603 Administration on Peritoneal Fat Pads

The group of animals, which received the tested compound at a dose of 2 × 5 mg/kg
b.w., had a significantly lower amount of fat in the peritoneum compared to obese control
mice (F(4,34) = 16.49, p < 0.0001). In the other two tested groups treated with theophylline
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or PSB-603 at a dose of 5 mg/kg b.w./day, no significant decrease in body fat was found
compared to the control obese group. The results are shown in Figure 3.

Figure 3. Effect of PSB-603 administration on the mass of adipose pads. Results are expressed as
means ± SD, n = 7–8. Multiple comparisons were made using Tukey post hoc one-way ANOVA.
* Significant against control mice fed standard diet; ˆ significant against control mice fed a fat/sugar
diet; ˆˆ p < 0.01, *** p < 0.001.

2.3. Effect of PSB-603 Administration on Locomotor and Spontaneous Activity of Mice

Locomotor activity was determined in mice after a single intraperitoneal administra-
tion of PSB-603 at doses of 10, 5, and 1 mg/kg b.w. Only at a dose of 10 mg/kg b.w. did the
antagonist significantly decrease locomotor activity (F(3,30) = 9.743, p = 0.0001). The results
are shown in Figure 4.

Figure 4. Locomotor activity after a single intraperitoneal administration of PSB-603. Results are
expressed as means ± SD, n = 8–10. Comparisons were made by one-way ANOVA Bonferroni post
hoc, * significant against control mice; ** p < 0.01.
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Spontaneous activity was determined in obese mice. A single administration of PSB-
603 at a dose of 5 mg/kg b.w. and its subchronic (13 days) administration resulted in
significant reductions in spontaneous activities compared to the control groups in both
phases of the day during the first and/or third hours of observation (the light phase), and
in the fifth, seventh, eighth, tenth, or thirteenth hours of observation (the dark phase). The
results are shown in Figure 5A,B.

Figure 5. Spontaneous activity measured on the 1st and 13th days of treatment. Results are expressed
as means ± SD, n = 8. Comparisons were made using the multiple t test; (A) after the first dose;
(B) after 13 days of treatment; + significant between control mice fed a fat/sugar diet and mice treated
with PSB-603 at a dose of 5 mg/kg b.w./day and fed a fat/sugar diet; † significant between control
mice fed a fat/sugar diet and mice treated with PSB-603 at a dose of 2 × 5 mg/kg b.w./day and
fed a fat/sugar diet; $ significant between control mice fed a fat/sugar diet and mice treated with
theophylline at a dose of 2 × 50 mg/kg b.w./day and fed a fat/sugar diet; +, †, $ p < 0.05.
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After administration of PSB-603 at a dose of 2 × 5 mg/kg b.w. (9.00 am and 1.00 pm)
only in the first hour after the second administration mice showed reduced mobility
compared to the control group. On the thirteenth day of the experiment, the activity of
mice treated with PSB-603 (2 × 5 mg/kg) was very close to the activity of mice from the
control group, which received only solvent (1% Tween 80). Only in the first hour after the
second administration was the activity higher (Figure 5A,B).

Theophylline (2 × 50 mg/kg) significantly increased the activity of mice in the light
phase on the first day and after subchronic (13 days) administration. The results are shown
in Figure 5A,B.

2.4. Effect of PSB-603 Administration on the Plasma Glucose Levels

There were no significant differences in plasma glucose levels between all groups of
obese mice (Figure 6) indicating that neither PSB-603 nor theophylline affected the increased
plasma glucose levels in these mice.

Figure 6. Effect of PSB-603 or theophylline administration on the plasma glucose level. Results are
expressed as means ± SD, n = 6–9. Comparisons were performed by one-way ANOVA Tukey post
hoc; * significant compared to control mice fed standard diet; ** p < 0.01, *** p < 0.001.

2.5. Glucose Tolerance and Insulin Sensitivity Tests

Fasting glucose concentrations were measured after 20 h of food deprivation just
before the glucose loading test. Blood glucose levels in obese control mice were significantly
higher at all time points compared to the blood glucose levels observed in control mice (fed
standard feed). On the contrary, blood glucose levels in mice fed a high-fat diet and treated
with PSB-603, measured at the same time points, did not differ significantly from the levels
determined in control mice fed a standard diet. Furthermore, blood glucose levels at 30 and
60 min after glucose load in all treated groups were significantly lower than glucose levels
in obese control mice (F(12,102) = 6.483, p < 0.0001) (Figure 7A). As shown in Figure 7B, the
area under the curve (AUC) decreased after PSB-603 (at a dose of 2 × 5 mg/kg b.w.) or
theophylline treatment compared to the obese control group.
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Figure 7. Intraperitoneal glucose tolerance test (IPGTT) (A). The area under the IPGTT curve (B). In-
sulin sensitivity test (IST) (C). The area under the IST curve (D). Results are expressed as means ± SD,
n = 6–9. Comparisons were made by two-way ANOVA, Bonferroni post hoc; * significant between
control mice fed a standard diet and control mice fed a fat/sugar diet; ˆ significant between control
mice fed a standard diet and mice treated with PSB-603 at a dose of 5 mg/kg b.w./day and fed a
fat/sugar diet; # significant between control mice fed a standard diet and mice treated with PSB-603
at a dose of 2 × 5 mg/kg b.w./day and fed a fat/sugar diet; • significant between control mice fed
a standard diet and mice treated with theophylline at a dose of 2 × 50 mg/kg b.w./day and fed a
fat/sugar diet; + significant between control mice fed a fat/sugar diet and mice treated with PSB-603
at a dose of 5 mg/kg b.w./day and fed a fat/sugar diet; † significant between control mice fed a
fat/sugar diet and mice treated with PSB-603 at a dose of 2 × 5 mg/kg b.w./day and fed a fat/sugar
diet; $ significant between control mice fed a fat/sugar diet and mice treated with theophylline at a
dose of 2 × 50 mg/kg b.w./day and fed a fat/sugar diet; *, #, ˆ, $, †, • p < 0.05, **,••, ˆˆ p < 0.01, ***,
+++, †††, •••, ###, $$$ p < 0.001.
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The initial glucose levels before the insulin sensitivity test were significantly lower in
the PSB-603 treated group (2 × 5 mg/kg) compared to the levels in the obese control group
(Figure 7C). Similar results were observed for theophylline. In the insulin test, there were
no statistically significant differences in the glucose levels between the tested groups, AUC
values were also not statistically different (Figure 7D).

2.6. Triglyceride and Total Cholesterol Levels

The level of triglycerides in the blood was higher in obese mice than in mice fed a
standard diet. Animals treated for two weeks with PSB-603 at a dose of 2 × 5 mg/kg
b.w./day and fed a high-fat diet had a significantly lower plasma triglyceride level com-
pared to the control group fed a high-fat diet (F(4,44) = 6.672, p = 0.0003). There was no
statistically significant difference between both groups treated with PSB-603 and fed a
high-fat diet and the group fed standard feed. The level of triglycerides in the group treated
with theophylline was comparable to the level in the obese control group. However, the SD
in this group was relatively high. Results are shown in Figure 8A.

Figure 8. Effect of PSB-603 or theophylline administration on plasma levels of triglycerides (A) or
total cholesterol (B). Results are expressed as means ± SD, n = 9–10. Comparisons were performed
by one-way ANOVA Tukey post hoc; * Significant compared to control mice fed a standard diet; ˆ
Significant compared to control mice fed fat/sugar diet; *, ˆ p < 0.05, **, ˆˆ p < 0.01, *** p < 0.001.

Total cholesterol levels in all obese groups were higher than in the standard-feed
control group. There were no significant differences in total plasma cholesterol levels
between the obese control group and the PSB-603 treated group at a dose of 2 × 5 mg/kg
b.w./day. In contrast, total cholesterol was significantly lower in the groups treated with
PSB-603 at a dose of 5 mg/kg b.w. or with theophylline compared to the control group fed
high-fat feed (F(4,44) = 23.28, p < 0.0001) (Figure 8B).

2.7. TNF-a and IL-6 Levels

In the obese control mice, plasma levels of IL-6 and TNF-α were higher than in
the standard-fed control mice. However, the TNF-α level was significantly reduced by
PSB-603 administration for 14 days at doses of 5 mg/kg and 2 × 5 mg/kg b.w./day
(F(4,45) = 4.292, p = 0.005). In the group treated with theophylline, similar changes were
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observed (Figure 9A). The level of IL-6 was significantly reduced by PSB-603 administration
for 14 days only at the dose of 2 × 5 mg/kg b.w./day (F(4,38) = 3.415, p = 0.005) as well as
by theophylline (Figure 9B).

Figure 9. Effect of PSB-603 administration on (A) TNF-α and (B) IL-6 levels in plasma. Results are
expressed as means ± SD, n = 8–10. Comparisons were made by one-way ANOVA Tukey post hoc;
* significant compared to control mice fed a standard diet; ˆ significant compared to control mice fed
a fat/sugar diet; *, ˆ p < 0.05, **, ˆˆ p < 0.01, ˆˆˆ p < 0.001.

3. Discussion

The purpose of this study was to investigate whether a selective A2B adenosine
receptor antagonist, PSB-603, can significantly affect body weight and selected biochemical
parameters related to obesity as well as inflammatory processes that occur in obese animals.
Will chronic administration of PSB-603 lead to weight reduction? Will the potential positive
effects be fraught with undesirable side effects, such as increased locomotor activity seen
with the non-selective theophylline? An established compound, the selective A2B adenosine
receptor antagonist PSB-603, which is similarly potent and selective in humans, mice, and
rats [27], was chosen to answer these questions.

The study began with experiments to determine the compound’s effect on locomotor
activity in CD-1 mice after its single administration at doses of 10, 5, or 1 mg/kg b.w. This
was a screening study conducted to select the appropriate dose for chronic experiments.
Changes in mobility, such as sedation or excessive stimulation, could alter or falsify the
effects of the tested compound on body weight [29,30]. Only at a single dose of 10 mg/kg
b.w. PSB-603 significantly reduced the activity of the mice. For this reason, a dose of
5 mg/kg b.w. (for which the anti-inflammatory effect of this compound had previously
been demonstrated [9]) and a dose of 2 × 5 mg/kg b.w. were selected for chronic studies.
A study by Pardo et al. showed that even a single administration of theophylline at doses
of 5–15 mg/kg b.w. can potentiate locomotor activity [31]. Nevertheless, in our study, the
reference compound theophylline was administered at a dose of 2 × 50 mg/kg b.w. in
accordance with the literature data [32]. PSB-603 administrated to obese mice at a dose
of 2 × 5 mg/kg b.w. did not have a significant effect on spontaneous activity, which was
demonstrated by the chronic mobility monitoring using the telemetry method. The results
of the weight reduction are therefore certainly not due to sedation, where animals often eat
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less. In contrast, monitoring the activity of obese mice treated with theophylline confirmed
its stimulating effect at the tested dose.

In a subsequent study, we evaluated the effects of the potent and selective xanthine-
based antagonist PSB-603 [28] and the methylxanthine derivative theophylline, a non-
selective adenosine receptor antagonist that blocks all four receptor subtypes (A1, A2A, A2B,
and A3) in humans, and three subtypes in rodents (A1, A2A, A2B) [18], on body weight
in mice with diet-induced (high-fat/sucrose) obesity. The results obtained by us clearly
show that theophylline administered at a dose of 2 × 50 mg/kg and PSB-603 administered
at a dose of 5 mg/kg or 2 × 5 mg/kg significantly reduced body weight in obese mice.
Our results are different from those obtained by Gnad et al., who showed that activation,
but not blockade of the A2B receptor, protected against obesity induced by a high-fat diet
(HFD) [33]. In turn, Tofovic et al., 2016, showed that combined blockade of A1 and A2B
adenosine receptors significantly increased body weight, but still had beneficial effects on
multiple biochemical markers associated with obesity.

Adenosine A2B receptors are located in key tissues related to obesity, i.e., adipocytes
or liver and skeletal muscles, where they play an important regulatory role [33,34]. They
are also detected in human and animal adipose tissue [34] and their expression is increased
in abdominal adipose tissue of mice fed a high-fat diet [35]. Therefore, animals with the
missing A2B gene (A2B receptor KO mice) gain more weight than wild type mice, have
an increased accumulation of visceral adipose tissue, and developed insulin resistance
in an HFD model [36,37]. In vitro studies showed the ability of this receptor to inhibit
adipogenesis and lipogenesis [38]. Although A2B receptors are known to be involved in the
regulation of body weight, it is still not known whether the reduction of body weight and
the decrease in the amount of adipose tissue are due to their stimulation or blockade. The
absence of a definitive answer to this question may be due in part to the different models of
obesity used by researchers and the use of different time courses of activation or inhibition
of the A2B receptor. Genetic deletion of the A2B receptor in adipose tissue of mice fed a high-
fat diet is known to result in increased weight gain [37]. However, it is not known whether
chronic blockade may lead to its up-regulation, and thus cause a different effect than it
seems directly logical (lack of receptors or blockade of receptors—weight gain). Therefore,
we suggest that research that explains the potential influences of multiple administrations
of selective ligands on changes in the densities of receptors located in individual tissues,
which are important in the pathogenesis of obesity, as well as the correlation with the effect
on body weight, should be carried out in the future.

Subsequently, our research showed that loss of body weight was accompanied by
a reduction in the amount of peritoneal fat. This effect was statistically significant after
repeated administration of the selective adenosine A2B receptor antagonist PSB-603. Anti-
obesity effects of non-selective methylxanthines blocking A1/A2B adenosine receptors have
been well described [22]. These compounds can effectively reduce body fat and weight
gain induced by high-fat diets in rodents [23], stimulate lipolysis, and inhibit adipogenesis
through several molecular mechanisms [22,39]. However, in our study, theophylline, as a
non-selective antagonist of the A1/A2B adenosine receptors (as well as the A2A receptor
subtype), induced a weaker effect in reducing the amount of adipose tissue compared to
the more potent and selective A2B receptor antagonist.

Mice fed a high-fat/sugar diet gained body weight and developed metabolic changes,
including disturbances in carbohydrate metabolism and diabetes, as well as hyperlipi-
daemia [40]. The A2B receptor subtype appears to play a pivotal role in modulating glucose
homeostasis and insulin resistance, thus emerging as a promising target for new drugs
aiming at the treatment of metabolic disorders [41]. Adenosine stimulates liver glucose pro-
duction by activating A2B receptors [8,42,43], and selective A2B receptor antagonists induce
hypoglycaemia in diabetic mice [44]. In the present study, mice fed an HFD for 14 weeks
developed a marked increase in body weight, followed by a marked alteration of several
metabolic indices, such as an increase in blood glucose, cholesterol, and triglyceride levels,
and an increase in blood levels of the inflammatory markers TNF-α and IL-6. Taking this
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into account, in the next stage, we attempted to assess whether a selective A2B adenosine
receptor antagonist could lower elevated glucose levels and prevent the development of
glucose tolerance and insulin resistance. Our observations show that PSB-603 and theo-
phylline did not affect basal glucose levels in the obese state. On the contrary, the selective
partial A2B receptor agonist BAY60-6583 significantly reduced plasma glucose levels in
mice fed the HFD [35]. However, PSB-603 and theophylline improved glucose tolerance,
which was clearly observed in the glucose loading test in our study, and in agreement with
the observation that BAY60-6583 decreased insulin resistance [35].

The beneficial effects of PSB-603, a selective A2B receptor antagonist, on body weight
and metabolic disturbances, may be mediated by its anti-inflammatory activity and the
reduction in plasma levels of IL-6 and TNF-α. In current and previous studies, we demon-
strated a high anti-inflammatory potential of PSB-603 [14] as well as another adenosine
A2A/A2B receptor antagonist (compound KD-64) [9]. In support of our findings, Johnston-
Cox et al. showed that expression of the A2B receptor in macrophages plays an important
role in controlling insulin sensitivity and glucose tolerance by regulating inflammatory
cytokines that affect insulin signalling [45]. Furthermore, they demonstrated that A2B
receptor signalling in macrophages plays an important role in the protective effects of
the A2B receptor on HFD-induced insulin resistance. The results of Figler et al., suggest
that A2B receptor blockade may become an effective way to counteract insulin resistance
by altering liver glucose production and reducing the production of IL-6 and other cy-
tokines [46]. Moreover, the authors showed that deletion of the A2B receptor gene and
selective blockade of the A2B receptor in mice reduced liver glucose production and in-
creased glucose utilization in skeletal muscles and brown adipose tissue. Other studies
showed that the adenosine A2B receptor may modulate whole-body glucose metabolism by
regulating insulin receptor substrate-2 (IRS-2) levels. A2B knockout mice had decreased
IRS-2 levels, which was associated with impaired insulin signalling in tissues [35].

In our study, chronic feeding of a high fat/sugar diet resulted in higher levels of
triglycerides and plasma cholesterol, which is consistent with published results [47,48].
Theophylline, a non-selective antagonist of adenosine receptors, significantly reduced only
total cholesterol levels without affecting elevated triglycerides in obese mice. The study by
Tovofic et al., showed a beneficial effect of dual A1/A2B adenosine receptor blockade on
lipid homeostasis, resulting in reduced plasma triglycerides and slightly decreased plasma
cholesterol levels [49]. PSB-603, on the other hand, significantly reduced triglycerides and
total cholesterol levels (only at the lower daily dose). PSB-603 at a dose that has a more
beneficial effect on body weight (2 × 5 mg/kg b.w./day) did not affect the total cholesterol
level, which may perhaps be due to an increase in the HDL fraction by this compound,
although this issue requires more detailed studies. Thus, we showed that selective A2B
receptor blockade has a more favourable effect on the lipid profile than a non-selective
blockade. However, the precise role of the adenosine A2B receptor in the regulation of lipid
homeostasis is complicated. According to the literature, (i) the A2B receptor is associated
with the regulation of liver lipid metabolism, and liver expression of A2B receptors in
mice was greatly increased by a high-fat diet [35,50]; (ii) the lack of A2B receptors may
have adverse effects on plasma lipids, i.e., it led to the development of liver steatosis with
elevated liver and plasma triglyceride and cholesterol levels in HFD-fed mice [50], or it
may protect mice from the accumulation of liver triglycerides [51]; (iii) antagonism of the
A2B receptor increased the expression of genes required for fatty acid metabolism, while
activation of the A2B receptor enhanced lipid accumulation in a cultured mouse hepatocyte
cell line [51]. These interesting, often contradictory, results lead to the conclusion that more
elaborate studies are needed to elucidate the precise effects of subtype-specific adenosine
receptor ligands as well as non-selective compounds, on the lipid profile in specific models
of metabolic disorders. The data available in the literature stem from various models that
are difficult to compare.

Finally, we want to highlight the possible involvement of more targets, in addition to
adenosine receptors, in the activity of individual ligands. Small ligands with a methylxan-
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thine structure, such as theophylline, can significantly affect, for example, the activity of
phosphodiesterases [52], and this mechanism may contribute to their actions. Therefore, the
full spectrum of activities of a tested compound is usually not known, which we consider a
significant limitation of our study, as well as of many published studies.

Other limitations of this study need to be highlighted. Since our research is preliminary,
there was only a selected number of tests performed to showcase the potential differences
between the activities of investigated compounds and selective and non-selective antago-
nists of adenosine receptors. The promising results open the field for future, more detailed,
investigations which allow showing specific changes induced by PSB-603 administration
(by histological and molecular characterization of liver morphological and functional
changes during treatment, histological and immunohistochemistry analysis performed at
the adipose tissue level, etc). Moreover, a comparison of agonist versus antagonist efficacy
in the same metabolic disorder model could explain many of the confusing facts about the
actions of adenosine A2B receptor agonists and antagonists in metabolic disorders.

In conclusion, the results obtained by us clearly show that theophylline (non-selective
adenosine receptor antagonist) and PSB-603 (selective adenosine A2B receptor antagonist)
significantly reduced body weight in obese mice. However, theophylline significantly
increased the spontaneous activity of mice which could alter the results. Loss of body
weight was accompanied by a reduction in the amount of peritoneal fat; however, this effect
was statistically significant only after PSB-603 administration. Theophylline and PSB-603
had no effect on glucose levels in the obese state, but PSB-603, contrary to theophylline,
significantly reduced triglycerides and total cholesterol blood levels. Thus, our observations
show that selective A2B receptor blockade has a more favourable effect on the amount
of peritoneal fat and the lipid profile than a non-selective blockade. However, the exact
sequence of molecular events in the organism, connecting influence of PSB-603 on adenosine
A2B receptor with weight reduction and improvement of metabolic disturbances, remains
an open question and requires further studies.

4. Materials and Methods

4.1. Animals

In the study, adult female Albino Swiss mice, CD-1, weighing 18–22 g were used.
The animals were kept in environmentally controlled rooms, in standard cages lit with
artificial light for 12 h each day. The animals had free access to food and water, except for
the time of the acute experiment. The randomly established experimental groups consisted
of 8–10 mice. All animal care and experimental procedures were carried out in accordance
with the European Union and Polish legislation acts concerning animal experimentation
and were approved by the Local Ethics Committee of Jagiellonian University in Cracow,
Poland (Permission No: 256/2015, 55/2017).

4.2. Drugs, Chemical Reagents, and Other Materials

Theophylline was purchased from Sigma-Aldrich (Warszawa, Poland). The compound
PSB-603 (Figure 1) was synthesised at PharmaCenter Bonn, Pharmaceutical Institute, Bonn,
Germany, according to a described procedure [28]. The identity and purity of the final
product were assessed by NMR and LC-UV/MS techniques.

For studies, PSB-603 (5 mg/kg b.w. of the mouse or 2 × 5 mg/kg b.w. of the mouse)
was suspended in 1% Tween 80 and the volume was adjusted to 10 mL/kg. This dose
was chosen because PSB-603 at 5 mg/kg b.w. does not have a sedative effect (locomotor
activity study—Section 2.3) and has anti-inflammatory activity [14]. Theophylline was
administered intraperitoneally at a dose of 2 × 50 mg/kg b.w. of the mouse [32].
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4.3. Experiment Methods
4.3.1. Metabolic Disorders Induced by a High-Fat/Sucrose Diet and Influence of the Tested
Compounds on Body Weight and Spontaneous Activity

Mice were fed a high-fat diet consisting of a 40% fat blend (Labofeed B with 40%
lard, Morawski Feed Manufacturer, Żurawia, Poland) for 14 weeks, water and a 30%
sucrose solution were available ad libitum [53,54]. Control mice were fed a standard diet
(Labofeed B, Morawski Feed Manufacturer, Poland) and drank only water. After 12 weeks,
mice with diet-induced obesity were randomly divided into four equal groups that had
the same mean body weight and were treated intraperitoneally with test compounds at
the following doses: PSB-603 5 mg/kg b.w./day; PSB-603 5 mg/kg b.w./two times a
day; theophylline 50 mg/kg b.w./two times a day or vehicle—1% Tween 80, 0.35 mL
(fat/sugar diet + vehicle = obesity control group) once a day in the morning, between 9:00
and 10:00 am or twice a day at 9:00 am and 2:00 pm for 14 days. Control mice (control
without obesity) were kept on a standard diet, with the intraperitoneal administration of
vehicle—1% Tween 80, 0.35 mL (standard diet + vehicle = control group). Water and sucrose
were measured daily, immediately prior to the morning drug administration. Animals
always had free access to food, water, and sucrose.

High-fat feeding composition (932 g of dry mass): protein—193 g, fat (lard)—408 g,
fibre—28.1 g, crude ash—43.6 g, calcium—9.43 g, phosphorus—5.99 g, sodium—1.76 g,
sugar—76 g, magnesium—1.72 g, potassium—7.62 g, manganese—48.7 mg, iodine—0.216 mg,
copper—10.8 mg, iron—125 mg, zinc—61.3 mg, cobalt—0.253 mg, selenium—0.304 mg,
vitamin A—15,000 units, vitamin D3—1000 units, vitamin E—95.3 mg, vitamin K3—3.0 mg,
vitamin B1—8.06 mg, vitamin B2—6.47 mg, vitamin B12—0.051 mg, folic acid—2.05 mg,
nicotinic acid—73.8 mg, pantothenic acid—19.4 mg, choline—1578 mg.

The high-fat diet contained 550 kcal and the standard diet 280 kcal per 100 g.
The spontaneous activity was measured on the first and 13th day of treatment with a

special RFID system—TraffiCage (TSE-Systems, Bad Homburg, Germany). Animals were
subcutaneously implanted with transmitter identification (RFID), allowing the presence
and time spent in different areas of the cage to be counted, and then the data were grouped
in a special computer program [55].

4.3.2. Glucose Tolerance Test

The test was performed at the beginning of week 15. After the fourteenth (once daily)
or twenty-eighth (twice daily) administration of the test compound, food and sucrose were
discontinued for 20 h and then glucose tolerance was tested. Glucose (1 g/kg b.w.) was
administered intraperitoneally. Blood samples were taken at time points: 0 (before glucose
administration), 30, 60, and 120 min from the tail vein. Glucose levels were measured with
a glucometer (ContourTS, Bayer, Leverkusen, Germany, test stripes: ContourTS, Ascensia
Diabetes Care Poland Sp. z o.o., Warszawa, Poland, REF:84239666). The area under the
curve (AUC) was calculated using the trapezoid rule.

4.3.3. Insulin Sensitivity Test

Insulin tolerance was tested the next day after the glucose tolerance test (after this test,
mice had free access to standard food and water). Three hours before the insulin tolerance
test, the food was discontinued. Insulin (0.5 IU/kg b.w.) was injected intraperitoneally,
blood samples were taken at time points: 0, 15, and 30 min from the tail vein, and glu-
cose levels were measured with a glucometer (ContourTS, Bayer, Leverkusen, Germany,
test stripes: ContourTS, Ascensia Diabetes Care Poland Sp. z o.o., Warszawa, Poland,
REF:84239666). The AUC was calculated using the trapezoid rule.

4.3.4. Locomotor Activity

Locomotor activity was recorded with an Opto M3 multichannel activity monitor
(MultiDevice Software v1.3, Columbus Instruments, Columbus, OH, USA). It was evaluated
as the distance travelled by animals when trying to climb [55]. Mice immediately after
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intraperitoneal administration of the test compound were placed in parameter counting
cages; however, the activity measurement was read 30 min after administration of the test
compound for a period of 20 min.

4.3.5. Biochemical Analysis

Blood and fat pads were collected after decapitation and then blood was centrifuged
at 600× g (15 min, 4 ◦C) to obtain plasma. To determine cholesterol and triglyceride levels
in plasma, standard enzymatic spectrophotometric tests (Biomaxima S.A. Lublin, Poland,
catalogue number: 1-023-0400 or 1-053-0400) were used. The absorbance was measured at
a wavelength of 500 nm.

To determine IL-6 and TNF-α levels LANCE® Ultra Detection Kits (PerkinElmer, Inc.,
Waltham, MA, USA, catalogue numbers: TRF1505, TRF1504C/TRF1504M) were used.
LANCE® Ultra is a homogeneous (no wash) time-resolved fluorescence resonance energy
transfer technology.

4.4. Statistical Analysis

Statistical calculations were performed using the GraphPad Prism 6 program (Graph-
Pad Software, San Diego, CA, USA). The results are presented as arithmetic means with a
standard deviation (means ± SD). The normality of the data sets was determined using the
Shapiro–Wilk test. Statistical significance was calculated using one-way ANOVA, Tukey
post hoc test (two control groups), with significance level set at 0.05 (triglyceride, cholesterol,
glucose, IL-6, TNF-α levels, amount of fat pads) or one-way ANOVA, Bonferroni post hoc
(one control group), with a significance level set at 0.05 (locomotor activity) or two-way
ANOVA, Tukey post hoc test with the significance level set at 0.05 (changes in body weight,
glucose tolerance test, insulin tolerance test) or the multiple t test, with significance level
set at 0.05 (spontaneous activity). Differences were considered statistically significant at:
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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29. Dudek, M.; Knutelska, J.; Bednarski, M.; Nowiński, L.; Zygmunt, M.; Mordyl, B.; Głuch-Lutwin, M.; Kazek, G.; Sapa, J.; Pytka,
K. A comparison of the anorectic effect and safety of the alpha2-adrenoceptor ligands guanfacine and yohimbine in rats with
diet-induced obesity. PLoS ONE 2015, 10, e0141327. [CrossRef]

30. Mingote, S.; Pereira, M.; Farrar, A.M.; McLaughlin, P.; Salamone, J.D. Systemic administration of the adenosine A2A agonist
CGS 21680 induces sedation at doses that suppress lever pressing and food intake. Pharmacol. Biochem. Behav. 2008, 89, 345–351.
[CrossRef]

31. Pardo, M.; López-Cruz, L.; Valverde, O.; Ledent, C.; Baqi, Y.; Müller, C.E.; Salamone, J.D.; Correa, M. Effect of subtype-selective
adenosine receptor antagonists on basal or haloperidol-regulated striatal function: Studies of exploratory locomotion and c-Fos
immunoreactivity in outbred and A(2A)R KO mice. Behav. Brain Res. 2013, 247, 217–226. [CrossRef]

32. Tchekalarova, J.; Georgiev, V. Effect of acute versus chronic theophylline administration on acute restraint stress-induced increase
of pentylenetetrazol seizure threshold in mice. Brain Res. Bull. 2006, 68, 464–468. [CrossRef]

33. Gnad, T.; Navarro, G.; Lahesmaa, M.; Reverte-Salisa, L.; Copperi, F.; Cordomi, A.; Naumann, J.; Hochhäuser, A.; Haufs-Brusberg,
S.; Wenzel, D.; et al. Adenosine/A2B receptor signaling ameliorates the effects of aging and counteracts obesity. Cell Metab. 2020,
32, 56–70.e7. [CrossRef]

34. Tozzi, M.; Nowak, I. Purinergic Receptors in Adipose Tissue As Potential Targets in Metabolic Disorders. Front. Pharmacol. 2017,
8, 878. [CrossRef]

35. Johnston-Cox, H.; Koupenova, M.; Yang, D.; Corkey, B.; Gokce, N.; Farb, M.G.; LeBrasseur, N.; Ravid, K. The A2b adenosine
receptor modulates glucose homeostasis and obesity. PLoS ONE 2012, 7, e40584. [CrossRef]
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M.; Szczepańska, K.; Pociecha, K.;

Kubacka, M.; Nicosia, N.; Juda, I.;

et al. KSK-74: Dual Histamine H3

and Sigma-2 Receptor Ligand with

Anti-Obesity Potential. Int. J. Mol. Sci.

2022, 23, 7011. https://doi.org/

10.3390/ ijms23137011

Academic Editors: Marianna

Lauricella and Antonella D’Anneo

Received: 20 May 2022

Accepted: 20 June 2022

Published: 24 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

KSK-74: Dual Histamine H3 and Sigma-2 Receptor Ligand with
Anti-Obesity Potential

Kamil Mika 1, Małgorzata Szafarz 2, Monika Zadrożna 3, Barbara Nowak 3, Marek Bednarski 1,
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Abstract: Many studies involving compounds that enhance histamine release, such as histamine H3

receptor (H3R) antagonists, have shown efficacy in inhibiting weight gain, but none have passed
clinical trials. As part of the search for H3 receptor ligands that have additional properties, the aim of
this study is to evaluate the activity in the reduction in weight gain in a rat model of excessive eating,
as well as the impact on selected metabolic parameters, and the number and size of adipocytes of
two new H3R antagonists, KSK-60 and KSK-74, which also exert a significant affinity at the sigma-2
receptor. Compounds KSK-60 and KSK-74 are homologues and the elongation of the distal part of
the molecule resulted in an approximate two-fold reduction in affinity at H3R, but simultaneously
an almost two-fold increase in affinity at the sigma-2 receptor. Animals fed palatable feed and
receiving KSK-60 or KSK-74 both at 10 mg/kg b.w. gained significantly less weight than animals in
the control obese group. Moreover, KSK-74 significantly compensated for metabolic disturbances that
accompany obesity, such as an increase in plasma triglyceride, resistin, and leptin levels; improved
glucose tolerance; and protected experimental animals against adipocyte hypertrophy. Furthermore,
KSK-74 inhibited the development of inflammation in obesity-exposed adipose tissue. The in vivo
pharmacological activity of the tested ligands appears to correlate with the affinity at the sigma-2
receptors; however, the explanation of this phenomenon requires further and extended research.

Keywords: histamine H3 receptor ligands; sigma-2 receptor ligands; palatable diet; excessive eating
model; obesity

1. Introduction

The World Health Organization (WHO) considers obesity to be one of the most serious
public health concerns of the present century. The WHO has estimated that, globally,
there are more than 650 million people with obesity (BMI ≥ 30 kg/m2) and, in 2020, over
39 million children under the age of 5 years were overweight or obese [1]. Further concerns
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arise from the strong correlation between obesity or being overweight and the progression
of cardiovascular and gastrointestinal diseases and diabetes, along with the increased risk of
developing pancreatic, kidney, colorectal, and gallbladder cancer, as well as musculoskeletal
disorders and infections [2,3]. Considering its high impact not only on health, but also on
the economy and society, over the past few years, the pharmaceutical industry and many
research groups have focused on the development of an effective and safe drug to fight
this global epidemic. The numerous pharmaceutical anti-obesity treatment options (e.g.,
dinitrophenol, fenfluramine, fenfluramine-phentermine, sibutramine, and rimonabant)
were associated with severe side effects and had to be removed from the market by both
the Food and Drug Administration (FDA) and by the European Medicine Agency (EMA).
In the treatment of obesity, both of these agencies (EMA and FDA) have only approved the
use of Orlistat, Liraglutide, and the combination of Bupropion and Naltrexone [3].

Considering the involvement of the histaminergic system in food intake and body
weight regulation through the interaction with histamine receptors in the CNS, many
recent studies have focused on the histamine H3 receptor (H3R) as a potential target for
anti-obesity therapies [4–6]. H3R is a presynaptic autoreceptor abundantly expressed in
the CNS and modestly found peripherally. Its activation leads to a negative feedback
modulation of histamine synthesis and inhibition of its release from histaminergic neurons.
Furthermore, histamine postsynaptic H3R has been shown to modulate the release of other
neurotransmitters, including dopamine, acetylcholine, serotonin, glutamate, substance P,
norepinephrine, and γ-aminobutyric acid [4]. To date, many studies involving compounds
that enhance histamine release, such as H3R antagonists, have shown efficacy in inhibiting
weight gain [5–9]. Histamine also increases the lipolysis of white adipose tissue, thus
altering peripheral metabolism [10]. This fact may justify the strong interest in the search
for new, effective, and safe therapeutic agents to treat obesity among H3R ligands.

To date, numerous molecules with antagonist/inverse agonist properties have been
synthesized from the proposed H3R pharmacophore structure that contains a basic moiety—
mostly a tertiary amine substituted by a linking alkyl group, often incorporating another
functionality (frequently polar) [5,11,12]. Early preclinical studies revealed the efficacy of
many H3 receptor antagonists in reducing body weight in rodent models; however, only
SCH-497079 and HPP404 were selected to enter phase II clinical trials. Among these, the
antagonist SCH-497070 has recently completed the trials. Unfortunately, both molecules
were not considered for further development due to the side effects [13]. Furthermore,
A-331440, a selective H3R antagonist, was found to be useful in decreasing body weight. The
administration of the highest dose of A-331440 in mice fed a high-fat diet induced weight
loss comparable to mice fed a low-fat diet along with lower leptin levels and normalized
insulin tolerance. Despite its effectiveness, it was excluded from clinical trials due to
genotoxicity [14].

Promising results were obtained from studies on Betahistine, a H3R antagonist and
H1R agonist (registered for the treatment of vertigo and Meniere’s disease). Betahistine
induced significant weight loss in an obese animal after olanzapine treatment [15,16]. In
addition, in our previous work, we described the effect of the repeated administration of
Betahistine on body weight in a rat model of excessive eating. We showed that long-term
Betahistine administration slows weight gain and increases high-density lipoprotein (HDL)
levels [17]. A clinical study compared the effect of Betahistine with Orlistat® in obese
adults [18]. The experiment did not show significant differences between the two molecules
in reducing body weight and waist circumference. Apart from Betahistine, Pitolisant is
the second approved (in narcolepsy) histamine H3R antagonist. Kotańska et al. (2018)
investigated the effect of the antagonist/inverse agonist, Pitolisant (registered under the
name of Wakix®), on body weight and metabolic disturbances in a model of induced
obesity in mice. Pitolisant administered intraperitoneally (i.p.) at a dose of 10 mg/kg
b.w. for 14 days showed a positive influence on body weight, glucose tolerance, and lipid
profile [19].

176



Int. J. Mol. Sci. 2022, 23, 7011

In our previous publication, we found that KSK19, one of the most active and selec-
tive ligands of H3 receptors, exerted a favorable impact on body weight, after multiple
administrations at a dose of 15 mg/kg b.w., in the mice obesity model [20]. Considering its
promising anti-obesity properties, our research group chose the KSK19 lead structure as a
reference to develop new selective H3R ligands. Our recent study demonstrated high effi-
cacy in inhibiting weight gain in a model of excessive eating and favorable pharmacokinetic
properties for four of the ligands tested: KSK-61 and KSK-63, KSK-59 and KSK-73 [21,22].
Based on our recent work, we included two new histamine H3R antagonists in our study,
KSK-60 and KSK-74 (Figure 1) [12], which are structural analogs of compounds KSK-59 and
KSK-73. We used phentermine as the reference compound, which is currently registered in
some countries (also in combination with Topiramate) for the treatment of obesity [23]. Our
compounds have also been shown to exert a significant affinity at the sigma-2 receptor [24].
Interestingly, looking at the results for the compounds KSK-60 and KSK-74, which are the
subject of this study, the elongation of the distal part of the molecules (acetyl vs. propionyl
derivatives, Figure 1) resulted in an approximate two-fold reduction in affinity at H3R, but
simultaneously an almost two-fold increase in affinity at the sigma-2 receptor. Therefore,
a comparison of the activity in the reduction in weight gain in the model of excessive
eating and the impact on selected metabolic parameters, as well as the number and size
of adipocytes after the administration of these two compounds, can provide valuable
information on the importance of this affinity.

Figure 1. Structures of compounds evaluated in our previous work (KSK-59, KSK-73) and in our
present work (KSK-60, KSK-74). Affinity values of the ligands tested at the H3R [12] and the sigma-1
and sigma-2 receptors [24]. Structure and purity confirmation data of compounds KSK-60 and KSK-74
were shown in Supplement File S1.

2. Results

2.1. The Intrinsic Activity at H3R

The intrinsic activity towards H3R of all compounds tested was examined using two
commercial methods, and the obtained IC50 values, despite the slight differences, were
comparable. The compound KSK-60 proved to be a more potent antagonist of H3R, with
an IC50 value ranging from 0.8 to 1.5 nM, depending on the assay method. The compound
KSK-74 was slightly less active in blocking H3R, and the IC50 value for this compound
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ranged from 23 to 32 nM depending on the assay method (Table 1, Figure 2). Summing
up, both tested compounds showed significant antagonist properties for H3R, with KSK-60
acting more effectively.

Table 1. The IC50 values for the antagonist dose–response with the reference agonist ((R)-alpha-
methylhistamine) at a final concentration equivalent to EC80 obtained by two methods: LANCE Ultra
cAMP and Aequoscreen.

Compound
LANCE Ultra cAMP

IC50 [nM]
Aequoscreen

IC50 [nM]

(R)-alpha-methylhistamine 1.05 ± 0.1 10.6 ± 2.2
Clobenpropit - 1.1 ± 0.3
Thioperamide 14.52 ± 3.2 -

KSK-60 0.78 ± 0.1 1.49 ± 0.2
KSK-74 23.22 ± 3.6 31.9 ± 0.5

Figure 2. The intrinsic activity at the histamine H3 receptor of the tested compounds presented
as concentration-dependence curves. The values (%) obtained by two methods, LANCE cAMP
(a) and Aequoscreen (b), are expressed as a percentage of the action of the full agonist (R)-alpha-
methylhistamine at the dose of EC80 (100%).

2.2. Effect of KSK-60, KSK-74, or Phentermine on Body Weight and Caloric Intake

A higher weight gain was observed in rats in the palatable diet + vehicle group than
in rats in the Standard diet + vehicle group (p < 0.01, p < 0.001, Figure 3a,b). Animals fed
palatable feed and receiving KSK-60 or KSK-74 both at 10 mg/kg b.w. gained significantly
less weight than animals in the palatable diet + vehicle group (p < 0.05, p < 0.01, respectively,
Figure 3b). No differences in body weight were observed in the palatable diet + KSK-60 or
palatable diet + KSK-74 groups (both 1 mg/kg) compared to the palatable diet + vehicle
group. Rats fed palatable feed and treated with phentermine gained less weight than rats
receiving palatable diet + vehicle (p < 0.01, Figure 3b). In rats fed a palatable diet and treated
with compounds KSK-60 or KSK-74 (10 mg/kg), we recorded a significant inhibition of
body weight gain around the 10th day of the experiment, and this condition persisted until
the 28th day (the end) of the experiment. The results are shown in Figure 3c,d.

KSK-74 or KSK-60 administered i.p. for 28 days at a dose of 10 mg/kg b.w. or
phentermine administered at a dose of 7 mg/kg b.w. did not significantly influence the
amount of calories consumed by animals in the test groups compared to the control group
fed palatable feed (Figure 4). In KSK-74- or phentermine-treated groups, rats ate slightly
less calories (lack of significance vs. both control groups). Rats treated with KSK-74 at a
dose of 10 mg/kg b.w. consumed significantly less milk in the first and second weeks and
significantly less peanuts in the fourth week of treatment vs. control group fed palatable
feed (Figure 5).
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Figure 3. Cumulative changes in body weight (a,b), body weight during administration of the tested
compounds or phentermine, (c) KSK-60 (10 mg/kg) and phentermine (7 mg/kg), (d) KSK-74 (10 mg/kg)
and phentermine (7 mg/kg). Results are expressed as means ± SD, n = 6. Multiple comparisons were
made using two-way ANOVA, Tukey’s post hoc tests. * Significant against standard diet + vehicle group vs.
palatable diet + vehicle group; ˆ significant against the tested compound administered group vs. palatable
diet + vehicle group; # significant against palatable diet + phentermine group vs. palatable diet + vehicle
group; *, ˆ, # p < 0.05, **, ˆˆ, ## p < 0.01, ***, ˆˆˆ, ### p < 0.001.

Figure 4. Effect of administration of the tested compounds or phentermine on calorie intake compared
to control groups. Results are expressed as means ± SD, n = 3. Comparisons were made using the
Kruskal–Wallis test followed by the Dunn post hoc test * Significant against control rats fed standard
diet; * p < 0.05, ** p < 0.01.
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Figure 5. Amount of particular taste products’ intake: (a) cheese, (b) chocolate, (c) peanuts, (d) milk,
(e) feed, by rats from group treated with KSK-74 compared to rats from control group fed palatable
feed. Results are expressed as means ± SD, n = 3. Multiple comparisons were made using two-way
ANOVA, Bonferroni’s post hoc tests. ˆ Significant against the tested compound administered group
vs. palatable diet + vehicle group; ˆ p < 0.05.

2.3. Effect of KSK-60, KSK-74, or Phentermine on Fat Pads and Plasma Triglyceride Levels

A statistically higher amount of fat pads in the peritoneal cavity was observed in
the palatable diet + vehicle group than in the standard diet + vehicle group (p < 0.05,
Figure 6a). In the palatable diet + KSK-74 (10 mg/kg) group, fewer fat pads were observed
than in the palatable diet + vehicle group (p < 0.001, Figure 6a). Animals fed palatable feed
and receiving KSK-60 at 10 mg/kg or phentermine at 7 mg/kg had fewer peritoneal fat
pads compared to animals receiving vehicle and fed palatable feed, since there was no
statistically significant difference between the amount of adipose tissue in these groups
vs. the control group fed standard feed (Figure 6a). Compared to the standard diet +
vehicle group, higher plasma triglyceride levels were observed in rats fed palatable feed
and receiving vehicle (p < 0.01, Figure 6b). Animals fed palatable feed and receiving KSK-
74 at 10 mg/kg or phentermine had lower plasma triglyceride levels than rats from the
palatable diet + vehicle group (p < 0.05, p < 0.01, respectively, Figure 6b). No differences in
plasma triglyceride levels were observed between the palatable diet + vehicle group and
the palatable diet + KSK-60 group (10 mg/kg) (Figure 6b).

2.4. Effect of KSK-60, KSK-74, or Phentermine on the Numerical Density of Adipocytes

Morphometric analysis of adipose tissue showed a decrease in the number of adipocytes
per 0.1 mm2 of cross-sectional area both in the palatable diet + vehicle and the palatable diet
+ KSK-60 (10 mg/kg) groups compared to the standard diet + vehicle group (17.69 ± 1.28 vs.
28.73 ± 1.54, p < 0.05 and 18.02 ± 1.38 vs. 28.73 ± 1.54, p < 0.05, respectively). The highest
number of adipocytes per unit area was observed in the adipose tissue of animals in the
palatable diet + KSK-74 (10 mg/kg) group (34.78 ± 4.78) and was almost two times higher
than in the palatable diet + vehicle (p < 0.05) and the palatable diet + KSK-60 (10 mg/kg)
groups (p < 0.05), confirming the protective effect of the KSK-74 compound against adipocyte
hypertrophy. The mean number of adipocytes in the adipose tissue of the palatable diet +
phentermine (7 mg/kg) group was more similar to the results of the palatable diet + vehicle
group than to the results of the non-obese control group, but these differences were not
significant in both cases (Figure 7).
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Figure 6. Mass of adipose pads at the end of the experiment (a), effect of the tested compounds or
phentermine on the plasma level of triglyceride (b). Results are expressed as means ± SD, n = 6.
Comparisons were made using one-way ANOVA, Tukey’s post hoc tests. * vs. standard diet + vehicle
group; ˆ vs. palatable diet + vehicle group; ˆ, * p < 0.05, ˆˆ, ** p < 0.01, ˆˆˆ p < 0.001.
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Figure 7. Adipocytes numerical density in Masson’s trichrome staining of adipose tis-
sue from the studied groups of rats. Representative microphotographs of tissue sections
from the standard diet + vehicle group showing the normal architecture of adipocytes (a);
palatable diet + vehicle (b) and palatable diet + KSK-60 10 mg/kg (c) showing a decrease in the
number of adipocytes per 0.1 mm2; palatable diet + KSK-74 10 mg/kg (d), which has more adipocytes
compared to palatable diet + vehicle; and palatable diet + phentermine 7 mg/kg (e). Bar = 20 mm.
(f) Adipocytes’ numerical density expressed as means ± SD, n = 6. Comparisons were made using the
Kruskal–Wallis test followed by the Dunn post hoc test; * significant vs. standard diet + vehicle group;
ˆ significant vs. palatable diet + vehicle group * ˆ p < 0.05.

2.5. Effect of KSK-60, KSK-74, or Phentermine on the Presence of Pathological Features of Adipose
Tissue Inflammation

Histological analysis was performed to identify the pathological features of adipose
tissue inflammation. Many inflammatory cells infiltrated the area of adipocytes and the
perivascular area, mainly in the adipose tissue of rats from the palatable diet + vehicle and
palatable diet + KSK-60 (10 mg/kg) groups. On the other hand, slightly less inflammatory
infiltrates, rather in the form of local leukocyte clusters, were observed in tissues of ani-
mals from the palatable diet + phentermine (7 mg/kg) and the palatable diet + KSK-74
(10 mg/kg) groups. Masson’s trichrome staining of adipose tissue sections revealed a fre-
quent occurrence of trichrome-positive fibrotic streaks in tissue from animals of all groups,
except rats from the standard diet + vehicle group. In addition, no leukocyte infiltrates
were observed in this group (Figure 8).
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Figure 8. Representative histological pictures of Masson’s trichrome-stained adipose tissue sections
(bar = 100 mm). (a) Standard diet + vehicle group, (b) palatable diet + vehicle, (c) palatable diet +
KSK-60 10 mg/kg, (d) palatable diet + KSK-74 10 mg/kg, (e) palatable diet + phentermine 7 mg/kg.
Many inflammatory cells infiltrating the area of the adipocytes and trichrome-positive fibrotic streaks
are visible in the adipose tissue of all studied groups, except the rats in the standard diet + vehicle
group. (f) Inflammatory index expressed as means ± SD, n = 6. Comparisons were made using the
Kruskal–Wallis test followed by the Dunn post hoc test; * significant vs. standard diet + vehicle group;
* p < 0.05.

In the adipose tissue of rats in the palatable diet + phentermine (7 mg/kg) group,
our attention was focused on the marked capillary congestion and frequent appearance
of crown-like structures formed by mononuclear cells surrounding a presumably dead
adipocyte (Figure 9).

All these observations were further confirmed by the histological scoring of inflam-
mation and presented as the inflammatory index. The number of rats in each group, with
the appropriate histological grade for the independently assessed components of the in-
flammatory index is presented in Table 2. The inflammatory index of the adipose tissue
of the studied animals was statistically significantly higher in the palatable diet + vehicle
(4.33 ± 0.42, p < 0.05), palatable diet + KSK-60 (10 mg/kg) (4.5 ± 0.80, p < 0.05), and palat-
able diet + phentermine (7 mg/kg) (4.16 ± 0.48, p < 0.05) groups compared to the standard
diet + vehicle group (0.5 ± 0.34) (Figure 8f).

183



Int. J. Mol. Sci. 2022, 23, 7011

Figure 9. Histological section of adipose tissue from the palatable diet + phentermine 7 mg/kg
group stained with Masson’s trichrome showing capillary congestion (a) and the frequent appearance
of crown-like structures (arrow) formed by mononuclear cells surrounding a presumably dead
adipocyte (b). Bar = 50 mm (a) and 100 mm (b).

Table 2. Inflammation in adipose tissues. The number of rats in each group, with the appropriate
histological grade for the independently assessed components of the inflammatory.

Inflammatory Cell Infiltration Perivascular Infiltration Widening of the Septum Capillary Congestion

Grade:
0-

Normal
1-Few
Cells

2-Local
Clusters

3-Extensive
Infiltrates

0-
Normal

1-Few
Cells

2-Ring of
Cells

0-Normal 1-Widening 0-Normal
1-

Congestion

Standard
diet +

vehicle
4 2 - - 6 - - 5 1 6 -

Palatable
diet +

vehicle
- - 5 1 2 2 2 - 6 5 1

Palatable
diet +

KSK60
- 2 4 - - 2 4 1 5 2 4

Palatable
diet +

KSK74
1 3 2 - 2 1 3 3 3 5 1

Palatable
diet + phen-

termine
- 4 2 - 1 4 1 1 5 - 6

2.6. Effects of KSK-60, KSK-74, or Phentermine on IL-6 and MCP-1 Levels in Adipose Tissue

There were no significant changes in IL-6 levels in adipose tissue between the standard
diet + vehicle and the palatable diet + vehicle control groups. IL-6 levels were reduced
in adipose tissue only in animals fed palatable feed and receiving KSK-74 at 10 mg/kg,
compared to the group receiving a palatable diet and vehicle (p < 0.01, Figure 10a). Higher
levels of MCP-1 were observed in the adipose tissue of rats in the palatable diet + vehicle
group compared to the adipose tissue of rats in the standard diet + vehicle group (p < 0.001,
Figure 10b). The administration of KSK-74 at a dose of 10 mg/kg b.w. decreased the level
of MCP-1 in the rat’s adipose tissue, compared to the rats that received palatable feed and
vehicle (p < 0.001, Figure 10b).
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Figure 10. Effect of administration of the tested compounds or phentermine on adipose tissue levels
of (a) IL-6 and (b) MCP-1. Results are expressed as means ± SD, n = 6. Comparisons were made using
one-way ANOVA, Tukey’s post hoc test; * significant vs. standard diet + vehicle group; ˆ significant
vs. palatable diet + vehicle group ˆˆ p < 0.01, ***, ˆˆˆ p < 0.001.

2.7. Effect of KSK-60, KSK-74, or Phentermine on Leptin and Resistin Levels in Adipose Tissue

There were significant changes in leptin and resistin levels in adipose tissue between
rats in control groups that received different diets (standard or palatable) and vehicle
(p < 0.05, Figure 11a,b). Compared to the palatable diet + vehicle group, reduced levels
of leptin and resistin were observed in adipose tissue from animals that received i.p.
KSK-74 10 mg/kg (p < 0.001, p < 0.01, Figure 11a,b). Phentermine did not influence the
concentration of leptin or resistin.
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Figure 11. Effect of the tested compounds or phentermine on adipose tissue levels of (a) leptin
and (b) resistin. Results are expressed as means ± SD, n = 6. Comparisons were performed by
one-way ANOVA, Tukey’s post hoc test; * significant vs. standard diet + vehicle group; ˆ significant
vs. palatable diet + vehicle group * p < 0.05, ˆˆ p < 0.01, ˆˆˆ p < 0.001.

2.8. Glucose Tolerance Test

Blood glucose levels at 30 and 60 min after glucose load in rats receiving palatable feed
and vehicle were significantly higher, compared to glucose levels determined at the same
time points in rats receiving standard feed and vehicle. In the groups treated with KSK-60
or KSK-74 at a dose of 10 mg/kg, glucose levels were significantly lower at 30 or/and
60 min after glucose load than in control animals fed palatable feed (Figure 12). As shown in
Figure 12d, AUC decreased significantly after treatment with KSK-60 or KSK-74, compared
to the control value observed in rats fed high-calorie feed.
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Figure 12. Glucose tolerance test. Results are expressed as means ± SD, n = 6. (a–c) Intraperitoneal
glucose tolerance test (IPGTT): multiple comparisons were made using two-way ANOVA, Tukey’s
post hoc tests. (d) Area under the IPGTT curve: comparisons were made using one-way ANOVA,
Tukey’s post hoc test. * Significant vs. standard diet + vehicle group; ˆ significant vs. palatable diet +
vehicle group; *, ˆ < 0.05, ** p < 0.01, ***, ˆˆˆ p < 0.001.

2.9. Effect of KSK-60, KSK-74, or Phentermine on Spontaneous Activity

Spontaneous activity was measured after the 1st (single dose) and 27th (multiple
doses) administrations of the tested compounds. The compound KSK-60 after a single
administration at a dose of 10 mg/kg b.w. reduced spontaneous activity at the 17th hour
of measurement, while, after the repeated administration of this compound, we observed
a reduction in spontaneous activity at the 15th hour of measurement. A single injection
of phentermine decreased spontaneous activity at the 17th hour of measurement, while,
after multiple administrations of this compound, we recorded an increase in spontaneous
activity at the 2nd hour of measurement. The single and repeated administrations of
compound KSK-74 did not affect spontaneous activity in rats (Figure 13).
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Figure 13. Spontaneous activity after the 1st and 27th administrations of the tested compounds. Re-
sults are expressed as means ± SD, n = 6. Comparisons were made using Multiple t-test; (a) palatable
diet + vehicle vs. palatable diet + KSK-60 after the 1st administration; (b) palatable diet + vehicle
vs. palatable diet + KSK-74 after the 1st administration; (c) palatable diet + vehicle vs. palatable
diet + phentermine after the 1st administration; (d) palatable diet + vehicle vs. palatable diet +
KSK-60 after the 27th administration; (e) palatable diet + vehicle vs. palatable diet + KSK-74 after
the 27th administration; (f) palatable diet + vehicle vs. palatable diet + phentermine after the 27th
administration; * p < 0.05, ** p < 0.01.
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2.10. Effect of KSK-60, KSK-74, or Phentermine Administration on Plasma Corticosterone

There was no significant change in plasma corticosterone levels between different
groups of rats. In this experiment, the tested compounds had no effect on the plasma
corticosterone levels of rats. Its plasma concentrations ranged between 120–155 pg/mL.

2.11. Pharmacokinetic Analysis

The pharmacokinetic (PK) parameters calculated using non-compartmental analysis
based on the concentration-time data after the single i.p. administration of the investigated
compounds at a dose of 10 mg/kg b.w. are presented in Table 3. The maximal plasma
concentration was attained by both compounds at the first sampling point (5 min after
administration), and the values were almost identical (109 vs. 105 μg/L for KSK-60 and
KSK-74, respectively). Both compounds also had identical half-lives equal to 2.7 h. However,
the compound KSK-74 had much higher clearance due to the larger volume of distribution
(272 vs. 513 L/kg for KSK-60 and KSK-74, respectively), indicating that it much easier,
compared to the KSK-60, crossed the biological membranes, and distributed throughout
the body.

Table 3. Estimated pharmacokinetic parameters (non-compartmental analysis) of the investigated
compounds calculated from mean rat plasma concentration values (n = 3) after administration of a
single i.p. dose of 10 mg/kg.

Parameter KSK-60 KSK-74

Cmax [μg/L] 109 105
tmax [h] 0.083 0.083
λz [h−1] 0.26 0.25
t0.5λz [h] 2.7 2.71

CLS/F [l/h/kg] 69.98 131.06
AUC0-inf [mg·h/L] 514.40 274.67

Vz/F [l/kg] 272.63 513.14
MRT [h] 3.28 2.45

Cmax—maximal concentration, tmax—time to reach maximal concentration, λz—terminal elimination rate constant,
t0.5λz—half-life, CLs—clearance, AUC0-inf—area under the concentration–time curve extrapolated to infinity,
Vz—volume of distribution, MRT—mean residence time, F—bioavailability.

3. Discussion

In this study, we performed preliminary pharmacological experiments to determine
the potential anti-obesity properties of two H3R ligands, KSK-60 and KSK-74, which are
also ligands of sigma receptors. The effect of their chronic administration on body weight,
selected metabolic parameters, and spontaneous activity of rats was investigated in the
model of excessive eating of preferential feed. We also conducted studies that evaluated
the intrinsic activity and selected pharmacokinetic parameters of these compounds. To take
a closer look at the action of our selected ligands, we performed histopathological studies
showing the numerical density of adipocytes and the pathological features of inflammation
in peritoneal adipose tissue.

In our previous work, we published the results for their structural analogues, com-
pounds KSK-59 and KSK-73, which differ only in the distal part of the molecules (acetyl
versus propionyl derivatives, Figure 1) [22]. It should be noted that compound KSK-73
prevented weight gain and metabolic disturbances more than compound KSK-59, which is
partially consistent with our current results, in which KSK-74 is also more effective than
KSK-60. Although both compounds similarly inhibited weight gain in the excessive eating
model, for the most part, only compound KSK-74 significantly compensated for metabolic
disturbances that accompany obesity.

Comparing the structures of tested compounds, the eight carbon-chain homologues
were characterized by higher efficacy in vivo for both acetyl and propionyl derivatives.
However, our previous work showed that compounds with the highest affinity for H3R
were not the most active in vivo [20,21]. Therefore, we suspect that the influence on
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body weight gain and metabolic activity of these ligands may be additionally related to
another non-histaminic mechanism of action. Furthermore, the pharmacokinetic prop-
erties of compounds KSK-73 and KSK-74 are more favorable compared to their homo-
logues KSK-59 and KSK-60. In particular, they have a much larger volume of distri-
bution, which could indicate their better ability to freely cross biological membranes
and distribute throughout the body [22]. Additionally, according to Lipinski’s “Rule of
Five” (molecular weight ≤ 500; LogP ≤ 5; hydrogen-bond donors ≤ 5; hydrogen-bond
acceptors ≤ 10; number of rotatable bonds ≤ 10), compounds KSK-60 and KSK-74 are
likely to have good absorption and permeability. As for the good CNS penetration, com-
pound KSK-60 meets 4 (molecular weight ≤ 400; LogP ≤ 5; hydrogen-bond donors ≤ 3;
hydrogen-bond acceptors ≤ 7—calculated by CompuDrug Pallas System, USA) out of
4 criteria, while KSK-74 meets 3 of them (molecular weight is > 400) [25]. Based on
the theoretical assumptions, it is likely that both of them are able to cross the blood–brain
barrier. However, further studies are necessary to verify this hypothesis. Interestingly, the
in vivo pharmacological activity of the tested ligands appears to correlate with the affinity
at sigma-2 receptors, and the explanation of this phenomenon requires further extended
research. Both the dual affinity at histamine H3/sigma-2 receptors and the significant
in vivo activity of the KSK-73 and KSK-74 ligands give hope for the discovery of unique
compounds among a wide variety of histamine H3R antagonists. Therefore, compounds
KSK-73 and KSK-74 have been chosen as new lead structures for the development of
H3/sigma-2 receptors ligands (the affinity ratios are 0.68 and 0.59 for KSK-73 and KSK-74,
respectively) with anti-obese activity, and the mechanism of their action would be a subject
of further studies.

The excessive eating model used in our study allows us to determine whether the
studied compounds affect body weight in animals that have free access to high-calorie
foods. It perfectly illustrates the unnecessary high caloric intake by overeating freely
available tasty products rich in sugar and fat. It shows that the unlimited availability of
tasty foods prompts the body to consume that particular food, even when extra calories
are not needed and when such behavior can lead to a significant increase in body weight
and the development of metabolic disorders over a short period of time. Animals have
access to certain high-calorie foods, such as peanuts, cheese, milk with increased fat content,
and chocolate, but also to the standard feed. Most importantly, feeding is not in any way
forced [26,27]. Special diet not only induces obesity, but also contributes to metabolic
disorders specifically caused by this condition. Therefore, such a model of excessive eating
is considered to be an apparent imitation of human models of the obesogenic diet [28].

The effect of H3 receptor antagonists on food intake has already been described in
the literature [20–22,29]. Since treated rats consumed a similar amount of calories to the
control rats fed palatable feed, we speculated that, other than a reduction in caloric intake,
mechanisms resulting in the lower weight gain in these animals are involved. We obtained
similar results earlier when testing other ligands from this group of compounds, namely,
not all of them decreased the amount of calories consumed [21,22]. We reported that i.p.
administration of H3R antagonists KSK-60 or KSK-74 effectively and dose-dependently
inhibited weight gain, and that this inhibition occurred parallel to the inhibition of fat
gain. Interestingly, the animals treated with the tested compounds gained less weight than
the animals that received phentermine, a drug used to treat obesity. We also observed
that the most active ligands we described to date in the model of excessive eating were
characterized by a significant affinity at the sigma-2 receptor [20–22]. We can speculate that
the inhibition of weight gain may be related to H3R and sigma-2 receptors, making them
dual ligands. However, more studies are needed to clarify this issue.

The obesity problem is primarily related to an increase in the volume of peritoneal
fat. Previous studies have shown that histamine affects body weight not only by inhibiting
appetite, but it also regulates visceral fat volume [4]. This fact is probably related to neuronal
histamine activity, which can accelerate adipose tissue lipolysis by activating the sympathetic
nervous system. The lipolysis process leads to the release of free fatty acids and glycerol,
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which can be used as energy substrates for the body and thus contribute to the maintenance
of adequate energy homeostasis [30]. One of the main features of obesity is the abnormal
metabolism of circulating lipids [31]. The excess calories supplied with food cause unused
triglycerides to be stored in adipose tissue. In addition, in our experiment, we observed a
significantly lower intraperitoneal fat gain in animals treated with the tested compounds,
especially KSK-74, which was closely correlated with the lower body weight gain. Moreover,
we noticed that the reduction in plasma triglyceride levels was also correlated with lower fat
mass. During the development of obesity, adipose tissue can grow by hypertrophy, which is
an increase in the size of adipocytes, or by hyperplasia, which is an increase in the number
of adipocytes due to the recruitment of new cells [32]. The volume of adipocytes reflects
the balance between lipogenesis and lipolysis, while the number of adipocytes reflects the
balance between the proliferation, differentiation, and apoptosis of preadipocytes and the
adipocytes [33]. In the early stages of obesity development, when excess calories are supplied
to the body, there is an overgrowth of adipocytes that secrete adipokines. In a subsequent
step, adipokines stimulate the formation of additional preadipocytes, which differentiate
into mature adipocytes that protect the organism against some of the adverse metabolic
consequences of obesity [34]. This concept was supported by a Wang et al. in a study
conducted on mice fed a high-fat diet. These animals showed signs of visceral hypertrophy
within 1 month [35]. We observed a similar phenomenon in our experiment. In animals
in the control group fed palatable feed, we recorded significant adipocyte hypertrophy.
Interestingly, in the group of animals that received KSK-74, we observed an increase in their
numerical density, but not in size, which resembled the condition and shape of adipocytes
from adipose tissue from rats fed a standard diet. Therefore, we can speculate that KSK-74
protects against the development of hypertrophy. On the other hand, phentermine did
not show any positive effect on the numerical density of adipocytes. Given the current
reports that there is a strong association between small adipocytes and increased insulin
sensitivity, we can also speculate that the tested ligands for H3/sigma-2 receptors promote
the formation of new adipocytes, protecting against the adverse consequences of obesity,
including insulin resistance [36].

Many factors contribute to the formation of obesity, one of which is the hormonal
state of the body. Information signals from the body’s periphery can be divided into those
consisting of short-term signals that are generated during a meal and originate mainly from
the gastrointestinal tract, and those that involve long-term signals provided by hormones
that determine the body’s energy stores [37]. Among the hormones produced by adipose
tissue, leptin and resistin deserve special attention. Their levels are closely correlated with
the amount of adipose tissue [38,39].

Leptin is otherwise known as the satiety hormone, due to its main functions of regulat-
ing food intake and energy balance in the body. An increase in leptin levels sends a signal
to the hypothalamus that energy reserves are full, and consumption can be completed; the
effect is a reduction in appetite. Furthermore, high levels of leptin also increase energy
expenditure (acceleration of metabolism). People who are overweight or obese have higher
levels of leptin in plasma and adipose tissue [40]. In obesity, when leptin levels are high, the
number of receptors for leptin is gradually reduced and their sensitivity to this hormone
decreases. In this situation, the satiety signal that should normally inhibit appetite does
not reach the brain [41,42]. In our experiment, in animals fed high-calorie products, we
induced a state of elevated leptin levels. Animals treated with KSK-60 or KSK-74 main-
tained leptin levels at the same level as rats in the control group fed standard feed. Only
in animals receiving KSK-74 did we observe lower leptin levels compared to rats in the
control group fed palatable feed. This fact allowed us to conclude that the compounds we
studied maintained leptin at an adequate level that allowed for the proper functioning of
the hunger and satiety centers. These findings also allowed us to confirm that leptin levels
were in direct correlation with levels of adipose tissue. Thus, maintaining optimal body fat
levels is the best way to ensure physiological leptin levels and control excessive appetite
and the development of obesity.
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As with leptin, elevated levels of resistin are also observed in the state of excess
adipose tissue. Ongoing mild inflammation is observed in overweight or obese individuals.
Previous studies have shown that resistin levels correlate significantly with inflammatory
markers. It is probably related to the fact that some proinflammatory cytokines, e.g., IL-6
or TNF-α, stimulate the expression of the resistin gene [43,44]. In our study, we noticed a
similar relationship. In addition, elevated resistin levels can not only be a biomarker, but
also a pathogenic factor for inflammatory diseases.

As mentioned above, a diet rich in high-calorie fatty foods may be the cause of mild
chronic inflammation [45,46]. This condition can lead to changes in peripheral signaling
associated with the insulin receptor, thereby reducing the sensitivity to insulin-mediated
glucose release. These events result in elevated insulin and fasting glucose levels and
decreased glucose tolerance, which may indicate that insulin resistance is developing [47].
In the model that we used, we also observed impaired glucose tolerance in the control
group that had access to the palatable diet. However, a significant improvement in glucose
tolerance was observed in experimental animals treated with the tested compounds. We
suspected that this may be due to the fact that the experimental animals did not develop full
obesity or to the effect of the tested ligands on H3R present in pancreatic β cells responsible
for insulin secretion and blood glucose regulation [48].

In chronic inflammation, also known as metabolic inflammation, the immune cells
responsible for infiltration of proliferating adipose tissue gradually turn into resident
adipose tissue macrophages (ATMs). ATMs are classified by the expression of different
markers, including pro-inflammatory ones, such as IL-6, MCP-1 TNF-α, CD11c, and iNOS,
among others [49]. IL-6 is a pro-inflammatory cytokine responsible for the regulation
of inflammation and the defense mechanisms of the body. The level of IL-6 increases
significantly in adipose cells in obesity, which is due to the presence of inflammation [50].
In our study, there were no significant differences in IL-6 level in adipose tissue between
the control group fed standard and palatable feeds, but there was some upward trend in
the level of this mediator in the group fed palatable feed. Perhaps a longer experiment
would result in a higher increase in this pro-inflammatory interleukin. Only in animals
treated with compound KSK-74 did we observed a decrease in the IL-6 level in adipose
tissue. These observations correlate with the results on the severity of inflammation in the
tissues tested. One of the first CC chemokines discovered and best described is monocyte
chemoattractant protein-1 (MCP-1). Obese people have been shown to have higher levels
of this chemokine in adipose tissue than non-obese people [51,52]. In our model, we
observed a similar phenomenon of elevated levels of this chemokine in rats from a control
group fed palatable feed. Similar to IL-6 levels, compound KSK-74 decreased MCP-1 levels
in adipose tissue and therefore nullified the formation of inflammation. To date, many
studies indicate that obesity caused by a high-calorie diet leads to the induction of multiple
inflammatory pathways [53]. The inflammation that develops is a consequence of the
hypertrophy of adipose tissue cells and the damage to cellular structures [54]. Consistent
with the reports in the literature mentioned above, we also observed ongoing inflammation
among control animals fed palatable food. Of the compounds tested, only compound
KSK-74 inhibited the development of inflammation in obesity-exposed adipose tissue and
the value of the inflammation index was comparable to the standard control. These results
support the current reports that adequate adipogenesis and hyperplasia, or the ability to
distribute fat between newly formed adipocytes without the need for significant adipocyte
hypertrophy, attenuates inflammation and subsequent insulin resistance [55]. When using
phentermine, a drug currently registered for the treatment of obesity, we did not observe
significant differences.

Severe, especially chronic, stress can cause significant weight loss. The defense re-
sponse to stress is the increased secretion of hormones, such as cortisol, in humans. In
previous animal studies, the introduction of a stress factor has been shown to cause changes
in locomotor activity and increased corticosterone secretion [56,57]. To confirm that our
results of decreased weight gain are not related to stress or changes in spontaneous activity,
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we determined plasma corticosterone levels in experimental animals and monitored spon-
taneous activity after initial and chronic administration of the tested ligands. In our study,
we did not observe changes in corticosterone levels in both control groups and between
animals that received the test compounds. We also did not show any significant effect
on spontaneous activity, allowing us to conclude that weight loss was not caused by the
stress factor.

LIMITATIONS. The main limitation of this research is that it did not directly indicate
that the described actions were really related to the influence on the histamine H3 or
sigma receptors. Although we know from the earlier cited studies and from the intrinsic
activity studies presented in this manuscript that the tested compounds are ligands for
these receptors, further research is needed to confirm the mechanism of their activity. The
second limitation was that the number of animals used in this study was small, and the
effect on calorie intake requires further research.

4. Materials and Methods

4.1. Drugs, Chemical Reagents, and Other Materials

The tested compounds (KSK-60 and KSK-74) were synthesized at the Department
of Technology and Biotechnology of Drugs, Faculty of Pharmacy, Jagiellonian University
Medical College, Cracow, Poland. The identity and purity of the final product were assessed
by NMR and LC-MS techniques (the minimum purity was greater than 95%). For both
pharmacokinetic and pharmacological studies, KSK-60 and KSK-74 (1 or 10 mg/kg) were
suspended in 1% Tween 80 and the volume was adjusted to 1 mL/kg. Heparin was
delivered from Polfa Warszawa S.A. (Warsaw, Poland), thiopental sodium was obtained
from Sandoz GmbH, (Kundl, Austria), and phentermine was obtained from the National
Measurement Institute (Pymble, Australia); (R)-alpha-methylhistamine, thioperamide, and
clobenpropit were obtained from Merck KGaA (Darmstadt, Germany).

4.2. In Vitro Studies—Intrinsic Activity at the Histamine H3 Receptor

Intrinsic activity studies were performed using two methods, Aequoscreen and
LANCE Ultra cAMP assays, according to the manufacturer of the ready-to-use cells with
stable expressions of the H3 histamine receptor (Perkin Elmer). In both assays (R)-alpha-
methylhistamine dihydrobromide was used as the reference agonist. thioperamide or
clobenpropit were used as the reference antagonists in LANCE Ultra cAMP and Aequo-
screen assays, respectively.

The Aequoscreen technology uses recombinant cell lines with stable co-expression of
apoaequorin and a GPCR as a system to detect activation of the receptor, following the
addition of an agonist, via the measurement of light emission. For the measurement, cells
(frozen, ready to use) were thawed and resuspended in 10 mL of assay buffer containing
5 μM of coelenterazine h. The cell suspension was then placed in a 10 mL Falcon tube,
fixed on a rotating wheel, and incubated overnight at RT◦ in the dark. Cells were diluted
with assay buffer at 5000 cells/20 μL. Agonistic ligands 2 × (50 μL/well), diluted in assay
buffer, were prepared in 1/2 area white polystyrene plates, and 50 μL of cell suspension
was dispersed on the ligands using the injector. The light emission was recorded for 20 s.
Cells were incubated with antagonist for 15 min at RT◦. Then, 50 μL of agonist (final
concentration equal to 3 × EC80) was injected into the mixture of cells and antagonist and
light emission was recorded for 20 s.

The LANCE Ultra cAMP assay as a homogeneous time-resolved fluorescence reso-
nance energy transfer (TR-FRET) immunoassay is designed to measure cAMP produced
upon the modulation of adenylyl cyclase activity by GPCRs. The assay is based on the
competition between the europium (Eu) chelate-labeled cAMP tracer and sample cAMP for
binding sites on cAMP-specific monoclonal antibodies labeled with the ULight dye.

For the measurement, cells (frozen, ready to use) were thawed and resuspended
in 4 mL of HBSS 1×. The cell suspension was then placed in a 15 mL Falcon tube and
centrifuged for 10 min at 275× g. The pellet was resuspended in 1.5 mL of HBSS 1× to de-
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termine the cell concentration, and after the next centrifugation the cells were resuspended
in stimulation buffer at the appropriate concentration. An antagonist dose–response experi-
ment was performed in 96-well 1/2-area plates using 3000 cells/well, 5 μM forskolin, and
2 nM of reference agonist and antagonist. Cell stimulation was performed for 30 min at
RT◦, and agonist and antagonists were added simultaneously.

4.3. Animals

Experiments were performed on female Wistar rats with an initial body weight of
140–160 g. The animals were housed in plastic cages (2 rats per cage) at a constant room
temperature of 22 ± 2 ◦C, with a 12:12 h light/dark cycle. Water and food were avail-
able ad libitum. The randomly established experimental groups consisted of 6 rats for
pharmacological studies and 3 rats for pharmacokinetic studies. All experiments were
conducted in accordance with the Guide to the Care and Use of Experimental Animals,
and were approved by the Jagiellonian University in Krakow Local Ethics Committee for
Experiments on Animals (Permission No: 185/2017, 220/2019 and 223A/2019).

4.4. In Vivo Studies
4.4.1. Effect of KSK-60, KSK-74, and Phentermine on Changes in Body Weight and Calorie
Intake in Non-Obese Rats Fed a Palatable Diet (Model of Excessive Eating)

Female rats were randomly divided into several groups (n = 6) and studied for 4 weeks.
The groups were as follows: standard diet + vehicle, palatable diet + vehicle, palatable
diet + KSK-60 (1 mg/kg), palatable diet + KSK-60 (10 mg/kg), palatable diet + KSK-74
(1 mg/kg), palatable diet + KSK-74 (10 mg/kg), palatable diet + phentermine (7 mg/kg).

The studies for the 1 mg/kg b.w. and 10 mg/kg b.w. doses were performed at different
times, so the parameters studied were compared to the respective control groups.

Rats fed a palatable diet had access to a diet consisting of milk chocolate with nuts,
cheese, salted peanuts, and 7% condensed milk, and simultaneously to a standard feed
(Labofeed B, Morawski Manufacturer Feed, Poland) for 4 weeks [11,21,22]. The water was
available ad libitum. Animals had access to palatable products, but also to the standard feed.
Most importantly, feeding was not in any way forced, as in other models where animals
were fed only a high-fat diet, or temporarily deprived of food (binge eating models). In the
case of our model, rats decided themselves when, what, and how much to eat. The weight
was evaluated daily. Calorie intake was evaluated three times a week. A palatable diet
contained 100 g of peanuts—612 kcal; 100 mL of condensed milk—131 kcal; 100 g of milk
chocolate—529 kcal; and 100 g of cheese—325 kcal. The standard diet contained 100 g of
feed—280 kcal. Standard diet (fats 8%, carbohydrates 67%, proteins 25%) contained 100 g
feed—280 kcal.

The palatable control group (palatable diet + vehicle) received vehicle (1% Tween
80 i.p., daily, for 4 weeks), while palatable test groups were injected i.p. with KSK-60 (1 mg
or 10 mg/kg i.p, daily, for 4 weeks), KSK-74 (1 mg/kg or 10 mg/kg i.p, daily, for 4 weeks),
or phentermine (7 mg/kg i.p., daily, for 4 weeks), respectively.

The dose of phentermine was selected based on the previous research [23].
On the 31st day, 20 min after i.p. administration of heparin (5000 units/rat) and

thiopental (70 mg/kg b.w.), animals were sacrificed, and plasma as well as peritoneal fat
pads were collected (food was stopped for 6 h prior to organ, tissue, and plasma collection)
for further study.

Figure 14 shows the experiment scheme.
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Figure 14. Experiment scheme.

4.4.2. Glucose Tolerance Test

The test was conducted on the 29th day of the experiment. After twenty-eight admin-
istrations of the test compounds, the food was stopped for 20 h and then glucose tolerance
was tested. Glucose (1 g/kg b.w.) was administered i.p. [19,20]. Blood samples were
obtained from the tail vein at the time points 0 (before glucose administration), 30, 60, and
120 min after administration. Glucose levels were measured with a glucometer (ContourTS,
Bayer, Leverkusen, Germany, test stripes: ContourTS, Ascensia Diabetes care Poland Sp. z
o. o., Poland, REF:84239666). The area under the curve (AUC) was calculated using the
trapezoidal rule.

4.4.3. Effect of KSK-60, KSK-74, and Phentermine on Corticosterone and Triglyceride
Levels in Rat’s Plasma

Blood was collected from the left carotid artery and then centrifuged at 600× g (15 min,
4 ◦C) to obtain plasma.

To determine plasma triglyceride levels, standard enzymatic and spectrophotometric
tests (Cat. No 1-053-A150, Biomaxima S.A., Lublin, Poland) were used. The ELISA Kit (Item
No. 501320, Cayman Chemical, Ann Arbor, MI, USA) was used to determine corticosterone
levels in plasma.
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4.4.4. Effect of KSK-60, KSK-74, and Phentermine on Leptin, Resistin, IL-6, and MCP-1
Concentrations in Adipose Tissue

The frozen peritoneal adipose tissue was weighed, and homogenates were prepared
by homogenizing 1 g of tissue in 4 mL of 0.1 M phosphate buffer, pH 7.4, using the IKA-
ULTRA-TURRAX T8 homogenizer. The adipose tissue homogenates were then used for
biochemical assays.

To determine the levels of leptin, resistin, IL-6, and MCP-1 in adipose tissue, the
standard ELISA Kit (Cat. No E0561Ra, Cat. No E0211Ra, Cat. No E0135Ra, Cat. No
E0193Ra, Bioassay Technology Laboratory, Shanghai, China) was used. To determine the
levels of protein, a standard spectrophotometric test (Cat. No 1-008-B210, Biomaxima S.A.
Lublin, Poland) was used.

Biochemical Assays Standard Curves are shown in Supplement File S2.

4.4.5. Effect of KSK-60, KSK-74, and Phentermine on Spontaneous Activity in Non-Obese
Rats Fed a Palatable Diet

The spontaneous activity of the rats was measured on the 1st and 27th days of the
treatment with a special RFID system—TraffiCage (TSE-Systems, Berlin, Germany) [21,22].
The animals were subcutaneously implanted with transmitter identification (RFID), which
allowed the presence and time spent in different areas of the cage to be counted, and then
the data were grouped in a special computer program.

4.5. Histological Examinations

Adipose tissue samples were prepared for histology using Masson’s trichrome stain
(Merck) by fixation in 4% formaldehyde, dehydration in graded alcohol, and embedded
in paraffin. The tissue samples were then sectioned using a microtome of 5 μm thickness.
Six random fields from each section were analyzed in a blinded manner with an Olympus
BX41 light microscope (Olympus, Tokyo, Japan) at magnifications of ×20, ×40 and ×100,
and digital images were captured with an Olympus UC90 color camera. The quantitation
of the number of adipocytes was performed in eight fields/slide with ×100 objective using
an image analysis system: CellSensDimension (Olympus, Tokyo, Japan). The numerical
density of the adipocytes was obtained by counting the total number of adipocytes per
high-power field (31,324 mm2), and then this number was converted to 0.1 mm2. According
to stereometric rules, adipocytes tangent to the left and top edges of the image field were
not counted. A semi-quantitative scale was used to assess the inflammatory response
in adipose tissue. The following were evaluated on a subjective scale: inflammatory cell
infiltration between adipocytes (0—normal, 1—few cells, 2—local clusters, and 3—extensive
infiltrates), perivascular infiltration of immune cells (0—normal, 1—few cells, and 2—ring
of inflammatory cells), widening of the septum (0—normal and 1—widening), and capillary
congestion (0—normal and 1—congestion). A sum calculated from independently assessed
values was calculated for each animal as an index of inflammation.

4.6. Pharmacokinetic Studies

Six rats divided into two experimental groups were used in pharmacokinetic experi-
ments. Three days before the experiment, the rats’ jugular vein was cannulated allowing
for multiple blood sampling from a single animal. The investigated compounds were
administered i.p. at a single dose of 10 mg/kg. Blood samples (approximately 300 μL) were
collected in Eppendorf tubes containing heparin at 5, 15, 30, 60, 120, 240, and 360 min after
dosing. Plasma was harvested by centrifuging at 5000× g for 10 min and stored at −30 ◦C
until bioanalysis.

Plasma concentrations of KSK-60 or KSK-74 were measured using the liquid chro-
matography tandem mass spectrometry (LC-MS/MS) method. The samples (50 μL) were
deproteinized in a 1:3 (v/v) ratio with acetonitrile containing an internal standard (IS—
pentoxifylline), briefly vortexed, and then centrifuged for 10 min at a speed of 8000× g
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(Eppendorf miniSpin centrifuge). The supernatant was transferred to autosampler vials
and a sample volume of 10 μL was injected into the LC-MS/MS system.

Chromatographic separation was performed on the analytical column XBridge™ C18
(3 × 50 mm, 5 μm, Waters, Dublin, Ireland) using the Agilent 1100 HPLC system (Agilent
Technologies, Waldbronn, Germany). The mobile phase containing 0.1% formic acid in
acetonitrile and 0.1% formic acid in water was run at 0.3 mL/min in gradient mode. Mass
spectrometric detection was performed on an Applied Biosystems MDS Sciex (Concord,
ON, Canada) API 2000 triple quadrupole mass spectrometer. Electrospray ionization (ESI)
in the positive ion mode was used for ion production. The tandem mass spectrometer was
operated at unit resolution in the selected reaction monitoring mode (SRM), monitoring the
transitions of the protonated molecular ions m/z 396 to 107 (CE 80 V) for KSK-60, m/z 424
to 107 (CE 80 V) for KSK-74, and m/z 279 to 181 (CE 55 V) for IS. Data acquisition and
processing were performed using the Applied Biosystems Analyst version 1.6 software.
The calibration curves were constructed by plotting the ratio of the peak area of the studied
compound to IS versus drug concentration, and generated by weighted (1/x · x) linear
regression analysis. The validated quantitation ranges were from 1 to 2000 ng/mL. The
calculated accuracy and precision were within the ranges proposed by the guidelines for the
validation of bioanalytical methods (FDA, EMA). No significant matrix effect was observed
and there were no stability-related problems during the routine analysis of the samples.

Pharmacokinetic parameters were calculated by employing a non-compartmental
approach using Monolix version 2019R1 (Antony, France: Lixoft SAS, 2019) software.
The area under the mean plasma concentration versus time curve extrapolated to infinity
(AUC0-inf) was estimated using the log/linear trapezoidal rule. AUMC0-inf was estimated
by calculating the total area under the first-moment curve by combining the trapezoid
calculation of AUMC0-t and the extrapolated area. The mean residence time (MRT) was
calculated from AUMC0-inf/AUC0-inf. The terminal rate constant (λz) was calculated by
log-linear regression of the drug concentration data in the terminal phase, and the terminal
half-life (t1/2) was calculated as 0.693/λz. Clearance (CL/F) was estimated from the
administered dose divided by AUC0-inf. The apparent volume of distribution during the
terminal phase (Vz/F) was calculated from (CL/F)/λz.

4.7. Statistical Analysis

Statistical calculations were performed using the GraphPad Prism 6 program (Graph-
Pad Software, San Diego, CA, USA). The results are presented as arithmetic means with a
standard deviation (means ± SD). The normality of the data sets was determined using the
Shapiro–Wilk test. Statistical significance was calculated using one-way ANOVA, Tukey’s
post hoc or two-way ANOVA, Tukey’s post hoc (body weight) or two-way ANOVA, Bon-
ferroni post hoc (products intake), or Multiple t-test (spontaneous activity). Data on the
numerical density of adipocytes and the inflammatory index are presented as means ± SD.
Comparisons between groups were made using the Kruskal–Wallis test by ranks followed
by Dunn post hoc test. Differences were considered statistically significant at * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001.

5. Conclusions

In summary, the compounds we studied were potent H3 histamine and sigma-2 recep-
tor ligands with proven efficacy in preventing weight gain in a rat model of excessive eating.
The compound KSK-74 significantly compensates for metabolic disturbances that accom-
pany obesity (plasma triglyceride, resistin, and leptin levels), improves glucose tolerance,
and protects against adipocyte hypertrophy. Furthermore, KSK-74 inhibits the development
of inflammation in obesity-exposed adipose tissue. The in vivo pharmacological activity of
the tested ligands appears to correlate with the affinity for the sigma-2 receptors; however,
the explanation of this phenomenon requires further and extended research.
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Abstract: Obesity is a complex worldwide disease, characterized by an abnormal or excessive fat
accumulation. The onset of this pathology is generally linked to a complex network of interactions
among genetic and environmental factors, aging, lifestyle, and diets. During adipogenesis, several
regulatory mechanisms and transcription factors are involved. As fat cells grow, adipose tissue be-
comes increasingly large and dysfunctional, losing its endocrine function, secreting pro-inflammatory
cytokines, and recruiting infiltrating macrophages. This long-term low-grade systemic inflammation
results in insulin resistance in peripheral tissues. In this review we describe the main mechanisms
involved in adipogenesis, from a physiological condition to obesity. Current therapeutic strategies
for the management of obesity and the related metabolic syndrome are also reported.

Keywords: adipose-derived stem cells; epigenetics; adipogenesis; obesity; cellular mechanisms;
bariatric surgery; anti-obesity drugs

1. Introduction

Lifestyle changes, such as the consumption of calorie-dense foods and sedentary
living, have progressively led to a profound imbalance between calorie intake and con-
sumption [1]. Obesity is a direct consequence of these changes and is closely related to
many metabolic disorders, including type 2 diabetes, insulin resistance, hyperglycemia, dys-
lipidemia, hypertension, and non-metabolic diseases, such as heart disease and many types
of cancer [2–4]. The prevalence of childhood/adolescent obesity is increasing worldwide,
rising from 4.5 percent in 1990 to 6.7 percent in 2010 [5]. A survey of the obesity epidemic
shows that as of 2022 more than 39 million children worldwide are obese [6]. Obesity is
strictly dependent on body composition rather than body weight and particularly on the
number of adipocytes. Adipose tissue can be classified into different types, white (WAT)
and brown (BAT) [7]. The primary function of WAT is energy storage in the form of triglyc-
erides (TG) [8]. On the other hand, BAT dissipates energy to produce heat, suggesting its
possible anti-obesity role [9,10]. In addition to brown and white adipocytes, another class of
adipocytes, called beige/brown adipocytes, has recently been described [11]. Preadipocytes
are converted into mature adipocytes in the final stage of differentiation when they are
exposed to certain stimuli [12]. Thus, identifying the molecular mechanisms underlying
resident mesenchymal stem cell (MSCs) differentiation could add new insights for the
identification of future therapeutic approaches against obesity [13]. Mesenchymal stem
cells (MSCs) are a type of adult stem cells known for their high plasticity and ability to
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generate mesodermal and non-mesodermal tissues [14]. Cell proliferation and differen-
tiation are two opposing processes. Adipogenesis is regulated by a complex and highly
orchestrated gene expression program, which occurs in stages [15]. The first phase involves
the commitment of pluripotent stem cells into preadipocytes. Preadipocytes cannot be
morphologically distinguished from their precursor cells, but they have also lost the po-
tential to differentiate into other cell types [16]. Therefore, in the second stage, known as
terminal differentiation, preadipocytes gradually acquire the features of mature adipocytes
and become able to regulate lipid transport and synthesis, insulin sensitivity, and secretion
of adipocyte-specific proteins [17]. During these phases, specific adipogenic-related genes
are induced, and, at the same time, a series of epigenetic and chromatin modifications also
occurs, leading ultimately to the silencing of the stemness-related genes [18,19]. Several
natural or synthetic molecules can therefore act directly on these transcription factors, thus
representing promising therapeutic agents to modulate uncontrolled adipose tissue hyper-
proliferation [20,21]. In this review, we focus on the biological features of adipose tissue,
analyzing the transcription factors and key proteins involved in stem cell differentiation
and the major surgical and pharmacological interventions for the control of obesity and its
related metabolic syndrome.

2. Epigenetic Programming of Adipose-Derived Stem Cells (ADSCs)

Adipose-derived stem cells (ADSCs) have emerged in recent years as the most sought-
after source of cells for the treatment of obesity, metabolic and degenerative diseases, due
to their availability, rapid expansion, and differentiative potential toward several pheno-
types [22,23]. ADSCs are mainly found in the so-called stromal vascular fraction (SVF)
of adipose tissue, from which they can be easily isolated by mechanical and enzymatic
procedures [24,25]. The application of adult stem cells in regenerative medicine enables the
repair of many tissues, including vessels, muscles, nerves, cartilage, and skin [26]. Stem
cell differentiation requires the precise activation of genes involved in the development
of a definite cell type. On the other hand, differentiation itself involves the suppression
of specific stemness-related genes, such as octamer-binding transcription factor 4 (Oct-4),
sex determining region Y-box 2 (SOX2), and Nanog Homeobox protein (NANOG) [27,28].
The differentiation of preadipocytes into mature adipocytes is regulated by a complex
network of transcription factors [29,30]. Any dysregulation in this process causes lipodys-
trophy, which impairs glucose and lipid homeostasis [31]. While Runt-related transcription
factor 2 (RUNX2), the key osteogenic transcription factor, triggers an osteogenic differen-
tiation program in MSCs, adipogenic differentiation is mainly promoted by peroxisome
proliferator-activated receptor gamma (PPARγ) and CCAAT/enhancer binding protein
alpha (C/EBPα) [32–34]. PPARγ, in particular, is considered the master regulator of adi-
pogenesis [35]. On the other hand, C/EBPα-deficient cells are able to differentiate as
adipocytes; however, these C/EBPα-deficient cells are resistant to insulin [36]. In addition
to PPARγ, other genes are also involved in adipogenic commitment, such as uncoupling
protein 1 (UCP1), which distinguishes BAT from WAT, whose function is thermogenesis
in response to cold stress or β-adrenergic stimulus [37]. Insulin-Like Growth Factor-1
(IGF-1), Transforming Growth Factor beta (TGF-β), or cyclic AMP (cAMP) signaling path-
ways also play key roles in adipocyte differentiation [38]. Moreover, differential gene
expression appears to be strongly influenced by epigenetic factors. DNA demethylation
and methylation, acetylation or ubiquitylation of histones, as well as various noncoding
RNAs, such as microRNAs, are the most studied epigenetic factors involved in modulating
cellular organization [29,39]. Epigenetic changes can directly modulate gene promot-
ers, thus facilitating (or preventing) the recruitment of additional chromatin-modifying
enzymes or transcriptional regulators that would drive stem cell differentiation [40,41].
Post-translational modifications (PTMs) of histones by histone deacetylases (HDACs) or
histone methyltransferases (HMTs) have been reported to be crucial in shaping the process
of adipogenesis [42,43]. Reduced expression of Sirt1 and Sirt2, for example, has been associ-
ated with increased differentiation capacity of visceral adipose stem cells [44]. In addition,
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altered global DNA methylation pattern was observed during metabolic disorders on vari-
ous genes involved in adipocyte differentiation, lipid metabolism, and inflammation [45,46].
Decreased expression of some epigenetic factors, such as HDAC1, promotes adipogenesis
and visceral fat accumulation in human obesity [47,48]. Within this context, it has been
demonstrated that exposure of ADSCs to metformin and vitamin D increases the expres-
sion of HDAC1 and other epigenetic modulators [49]. Furthermore, several microRNAs
(miRNAs) are indeed found to be involved in the inactivation of the adipogenesis process.
After treatment with metformin and vitamin D, for example, ADSCs showed upregulated
levels of miR-145 and a downregulated expression of miR-148 [49]. miR-145 is downregu-
lated during adipogenesis, while its upregulation inhibits adipogenesis by reducing the
activity of PI3K/Akt and MAPK signaling pathways [50]. The expression of miR-148a is
also affected by lipid accumulation. When upregulated, miR-148a promotes adipogenic
differentiation, while it inhibits preadipocyte differentiation when miR-145 is upregulated
and miR-148 is downregulated [51] (Figure 1). These molecules are also able to modulate
inflammation and the expression of other key genes involved in adipogenic differentiation,
counteracting WAT formation, and inducing a “brown-like” phenotype [52,53]. The use of
bioactive molecules and chemical stimuli can then control the de-novo lipogenesis, differen-
tiation, and physiology of adipose tissue, for the in vivo treatment of chronic pathological
conditions of difficult resolution.

Figure 1. Interaction between molecules and miRNAs. ADSC exposure to metformin and vitamin D
modulate miRNAs profile, inducing the upregulation of miR-145 and the simultaneously downreg-
ulation of miR-148. The final effect is the inhibition of adipogenesis. Created with BioRender.com
accessed on 30 December 2022.

3. Biological Features of Adipose Tissue

Adipose tissue comprises 15–25% of the body weight and it can be classified into
subcutaneous and visceral tissue [54]. Adipose tissue represents the main site of energy
storage playing an important role as an endocrine organ, and directly modulating systemic
lipid, glucose metabolism, and insulin sensitivity [55]. Within adipose tissue, in addition to
the adipocytes, the stromal vascular fraction (SVF), containing a type of stem cells called
adipose-derived stem cells (ADSCs), can be found [56,57]. These cells are able to differenti-
ate into mature adipocytes following a process called adipogenesis [58]. Within healthy
adipose stores, ADSCs have extensive immunomodulatory functions, such as the inhibition
of natural killer (NK) cell and T cell proliferation. Moreover, they exert key secretory
functions by releasing inflammatory cytokines, as interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-α) in response to inflammation [59,60]. Lipid storage is determined by
the balance between lipogenesis and lipolysis. The volume of the adipocyte reflects its
specific function of storing energy in the form of lipids and, therefore, the ability of the cell
to drastically modulate its size in response to changes in energy balance [61]. Adipose tissue
expansion is determined by hyperplasia and/or hypertrophy of adipocytes. Hyperplasia
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refers to the formation of new adipocytes from preadipocytes at-hormone regulation and
mediated by a series of transcription factors [30]. Unlike hyperplasia, hypertrophy is the
enlargement of adipocytes by accumulation of lipids, either by uptake from the circula-
tion or through the fatty acid synthesis pathway, known as “de novo lipogenesis” [62].
Generally, adipocyte hypertrophy is mainly associated with insulin resistance, hepatic
steatosis, and other markers of metabolic dysfunction [63]. Besides the WAT and BAT,
beige/brite adipose tissue shows intermediate characteristics between white and brown
fat, with a central nuclei, multilocular lipid droplets, and is rich in mitochondria [64,65]. In
addition to being highly insulin-responsive, adipose tissue also secretes several adipokines
involved in glucose regulation and metabolic health [66]. These molecules can act as en-
docrine regulators, influencing different tissues and organs and regulating local signaling
in a paracrine or autocrine manner [67,68]. Beige adipocytes are formed by a process
named “WAT browning”, following stimulation of sympathetic activity during chronic
cold exposure or administration of β3-adrenergic receptor agonists or exercise [69]. Several
pharmacological and nonpharmacological strategies have consequently been developed to
induce WAT browning as a possible mechanism to control weight gain and obesity [70]. In
fact, adipose organ dysfunction can lead to age-related metabolic alterations, resulting in
increased production of inflammatory peptides and macrophage infiltration, and a decrease
in anti-inflammatory activity [71]. The production of pro-inflammatory mediators and
the infiltration of immune cells inside the tissue generate a state of chronic inflammation.
This inflammatory state that worsens with age is defined as “inflammaging” [72]. With
aging, there is an increase in the number of white adipocytes and a decreased activity
of brown adipocytes. Aging is also associated with a decrease in the formation of beige
adipocytes [73]. During obesity, if compared to WAT, brown and beige adipose tissue are
less likely to undergo local inflammation, even though an increased production of pro-
inflammatory cytokines, such as TNF-alpha and MCP-1 [74], can be observed. However,
the inflammation that is generated can compromise the thermogenic activity in BAT due to
impaired insulin sensitivity and reduced glucose absorption [75].

4. Obesity and Obesity-Related Metabolic Syndrome

Obesity is an abnormal or excessive increase in body fat, classified according to the
determination of Body Mass Index (BMI) [76]. According to the World Health Organiza-
tion (WHO), a BMI greater than or equal to 30 kg/m2 is consistent with obesity, which is
divided into different grades according to severity, and a BMI between 25 and 30 kg/m2

identifies overweight [77]. Excess body fat, especially visceral, is also related to a major risk
of numerous chronic diseases including cardiovascular disease, type 2 diabetes, hepatic
steatosis, several types of malignancies, and muscular and osteoarticular disorders [78,79].
These diseases are responsible for nearly 3 million deaths per year worldwide. Obesity is
the fifth leading cause of death after hypertension, smoking, hyperglycemia, and physical
inactivity. A real epidemic of overweight and obese individuals can be detected, especially
in undeveloped countries [80,81]. The WHO has predicted a global “obesity epidemic” by
2030, in which 1 in 5 women and 1 in 7 men will be living with obesity. Moreover, this
overweight/obesity epidemic and all its complications, have such negative implications
on public health, that it can be considered a pandemic disease [82]. Several studies are
still underway to better understand the causal factors of obesity. It is a complex hereditary
disease whose pathophysiology seems dependent on the interaction between genetics,
epigenetics, metagenomics, and environment factors [83,84]. In addition, since the early
1980s, various environmental changes have fostered an “obesogenic environment” with
an abundance of high-calorie food, poor-quality food, and, not least, a sedentary lifestyle
with reduced physical activity [85]. A long-term imbalance between energy intake and
energy expenditure alters the metabolism and functions of WAT. During over-nutrition,
lipids are stored within adipocytes [86]. When an enlarged hypertrophic adipocyte reaches
maximum capacity, it is no longer able to store excess lipids and becomes fibrotic and
inflammatory. Obesity disrupts physiological homeostasis and alters microenvironments
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by altering stem cell plasticity and impairing regenerative capacity [87,88]. The decreased
plasticity of ADSCs exposed to the obese environment could significantly limit their thera-
peutic potential and ultimately reduce their therapeutic efficacy [89,90]. Excessive adiposity
leads to hyperplasia of adipocytes and the secretion of growth factors, such as insulin-like
growth factor-1 (IGF-1), tumor necrosis factor-α (TNF-α), angiotensin II (Ang II), and
macrophage colony-stimulating factor (M-CSF) [91,92]. Macrophages and other immune
cells produce pro-inflammatory cytokines and reactive oxygen species (ROS) that contribute
to the development of a state of chronic low-grade inflammation and insulin resistance [93].
In addition, specific adipokines secreted by adipocytes increase vasomotor endothelial
tone and consequently hypertension in obese patients [94]. Obesity can lead to increased
synthesis and secretion of low-density lipoprotein (LDL) and very low-density lipopro-
tein (VLDL), which in turn release triglycerides into extrahepatic tissues. High plasma
levels of free fatty acids (FFA) inhibit lipogenesis, preventing proper clearance of serum
triacylglycerol levels, leading to hypertriglyceridemia and may result in insulin receptor
dysfunction [95,96]. Epigenetic changes are crucial for several key biological processes,
including cellular differentiation. Recent evidence suggests that obesity may result from
the complex interplay between environmental changes and the epigenome [97–99]. In-
deed, many genes are activated or inhibited to regulate energy metabolism. For example,
PPARγ promoter methylation is increased in the subcutaneous adipose tissue of obese
women [100]. DNMT1-deficient mice exhibit reduced energy expenditure, increased body
weight, and susceptibility to diet-induced obesity [101]. HDAC1 deletion has been found
to significantly increase the expression of the thermogenic genes UCP1 and Peroxisome
proliferator-activated receptor-gamma coactivator (PGC-1α) by increasing acetylation and
decreasing methylation of histone H3 lysine 27 (H3K27) [102]. Overexpression of HDAC4
in adipocytes leads to the expansion of beige adipocytes and a reduction in adiposity [103].
Stem cell or brown adipose tissue transplantation, cell lysates, and exosomes have been
tested in obese mouse models [104,105]. Overall, ADSCs were found to be effective in treat-
ing obesity-associated diabetes and inflammation and protective against cardiovascular
disease [106,107]. Therefore, stem cell therapy represents a promising treatment strategy
for obesity and obesity-related comorbidities [108].

5. Surgical Management of Obesity

Obesity represents an emerging worldwide disease, with an increased incidence in
younger people, that has prompted the development of new and even more effective
therapies [109]. Bariatric surgery, also called weight loss surgery, represents one of the ap-
proaches for the treatment of severe obesity, with the development of less invasive methods
than in the past (Figure 2) [110,111]. Bariatric surgery procedures work by modifying the
digestive system, trying to prevent many metabolic obesity-related diseases. The history of
obesity surgery is studded with surgical techniques [112]. However, a few main groups
can be identified: (1) pure malabsorption (jejunum-ileal bypass or biliointestinal bypass);
(2) restrictive (gastroplasties and gastric banding); (3) mixed (bilio-pancreatic diversion
and gastric bypass); and (4) alternatives (intragastric balloon and gastric stimulator) [113].
These kinds of procedures are indicated in patients with BMI >40 kg/m2 or >35 kg/m2

with complications associated with obesity, and in those who do not improve with medical
therapy [114,115]. The gastric sleeve, also called sleeve gastrectomy, is one of the most
performed bariatric surgeries [116]. It is a simple procedure that removes a large portion
of the stomach, leaving behind a small, tubular portion, like a sleeve. This reduces the
intake of food and the secretion of hunger hormones [117]. Gastric bypasses modify the
stomach, making it Y-shaped by creating a small pouch in the upper part of the stom-
ach [118]. Food flows through the new smaller stomach and the lower segment of the
small intestine, bypassing the rest. The small intestine restriction makes this method more
effective than gastric restriction alone [119]. Biliopancreatic diversion with duodenal switch
(BPD-DS) is similar to gastric bypass but more extreme [120]. This surgery bypasses most
of the small intestine, significantly reducing the hunger hormones produced in the small
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intestine and stomach, and greatly limiting the amount of nutrition the small intestine
can absorb [121]. Stomach Intestinal Pylorus Sparing Surgery (SIPS) is a modified version
of the original duodenal switch [122]. It begins with a sleeve gastrectomy, and divides
the first part of the small intestine by closing it back into a loop; in this type of surgery,
a smaller part of the small intestine is bypassed, allowing for greater nutrient absorp-
tion [123]. These kinds of procedures involve several complications that occur in the short
and long term. Early complications include thromboembolism, pulmonary or respiratory
failure, hemorrhage, peritonitis, and wound infection [124]. Late complications include
gastrointestinal obstruction, marginal ulceration, band malfunction, steatorrhea, diarrhea,
micronutrient nutritional deficiencies, and neurological complications [125,126]. This also
occurs in general surgery. Excess subcutaneous adipose tissue leads to impaired healing
due to low regional perfusion and oxygen tension. Second, the operative time for the obese
is quite long and is a significant predictor of postoperative wound infections [127]. The new
style of thinking aims to develop less invasive methods in approaching the obese surgical
patients [128]. Almost all bariatric surgeons follow a sequence of application of the various
techniques available, in which these are ordered according to the criteria of increasing
invasiveness but at the same time effectiveness [129,130]. The beginning of this course is
represented by the endoscopic placement of an endogastric board (BIB), which is followed
in almost all patients by restrictive surgery [131]. This intervention is represented in many
cases by adjustable gastric banding (LAGB), which has the advantage of being completely
reversible, as it does not involve mutilation of any part of the digestive tract or anastomosis,
and of being easily performed laparoscopically [132,133]. Laparoscopic procedures are
associated with shorter operative time, less postoperative pain, and earlier recovery, as
well as better respiratory function and aesthetic results [134]. The Swedish Obese Subjects
(SOS) study showed that weight loss achieved after bariatric surgery significantly improves
all obesity-related risk factors such as diabetes, hypercholesterolemia, low lipoprotein
levels, hypertension, and hyperuricemia [135,136]. Weight loss after bariatric surgery is
also associated with a significant reduction in overall mortality [137].

Figure 2. Some therapeutical approaches for management of obesity. Created with BioRender.com
accessed on 30 December 2022.
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6. Pharmacological Interventions for Obesity

Pharmacological treatment of obesity became a hot topic in the scientific community
(Figure 2), due to the possible wide number of subjects that could potentially benefit, also
because behavioral approaches commonly failed and indications for bariatric surgery are
becoming narrower [138]. Drugs used to treat obesity can be divided accordingly to their
mechanisms of action [139].

6.1. Sympathicomimetic

These compounds are generally used for a short-term treatment of obesity. A weight
regain after their discontinuation has been also reported [140]. Among these drugs, two
compounds are the most used in the clinical practice: diethylpropion, is an amphetamine
derivate and a sympathomimetic stimulant which stimulates the endogenous release of
dopamine and norepinephrine causing a suppression of appetite. Further, diethylpropion
indirectly elevated leptin level in the brain, thus inhibiting the production of neuropeptide
Y [141]. The second compound is phentermine that, likewise to diethylpropion, acts through
appetite suppression and by increasing basal energy expenditure. Approved by Food and
Drug Administration for short-term use (3 months), a recent trial reported an 8.1 Kg loss
after 12 weeks of clinical trial with phentermine, as compared to the placebo [142]. Due to
the presence of specific side effects (irritability, mood changes, insomnia, elevation in mean
blood pressure and palpitations), its use is discouraged in patients with cardiovascular
disease, hyperthyroidism, and anxiety.

6.2. Sympathicomimetic and Anticonvulsivant

Phentermine–topiramate: this combined therapy was approved by FDA in 2012 for the
chronic treatment of weight control. The appetite suppressant property of phentermine has
been associated with the anti-convulsing drug topiramate which showed weight loss po-
tential. Indeed, it has been hypothesized that topiramate has an appetite suppressant effect
by modulating GABA receptor activation [143]. The recommend dose for this combined
therapy is 7.5 mg/46 mg every day and was shown to induce a mean weight loss of 9.6 Kg
after 108 weeks of treatment. The use of higher dosage (15 mg/92 mg) was associated with
a further reduction in body weight [144].

6.3. Pancreatic Lipase Inhibitor

Orlistat was approved both by FDA and European Medicines Agency (EMA) for
chronic weight management. Orlistat inhibits pancreas and stomach lipase, thus causing
a decrease in fat absorption and a reduction in caloric intake [145]. Common side effects
have been reported to be diarrhea, flatulence, and abdominal pains, as well as fat-soluble
vitamin deficiencies [146] and scanty cases of liver-injuries [147].

6.4. 5-HT2c Serotonin Agonist

Lorcaserin is a serotonin receptor agonist with high affinity for 5-HT2C receptor, thus
limiting the onset of hallucinations and side effects at the cardiac level, respectively caused
by the binding of 5-HT2A and 5-HT2B receptors [148]. Despite the possibility of additional
side effect (such as headache, nausea, dry mouth, dizziness, and constipation), the use
of lorcaserin at 10 mg twice a day was shown to decrease the body weight by at least
5% in 47.5% of the patients, while 22.6% of them had a weight loss ≥ 10% after 1 year of
follow-up [149].

6.5. Glucagon-like Peptide 1 Agonists

Liraglutide is a glucagon-like peptide 1 (GLP-1) agonist, approved by both FDA
and EMA for chronic weight management. GLP-1 is physiologically secreted by the
enteroendocrine L-cells of distal ileum and proximal colon after oral meal consumption,
but a certain basal rate of secretion has been recently postulated [150]. GLP-1 is an incretin
hormone which increases the glucose-dependent insulin secretion but has shown additional
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effects: decreases in appetite and food consumption [151], and delays in gastric emptying,
thus increasing postprandial feelings of satiety and fullness [152]. The use of Liraglutide
was associated with a mean reduction of 8.4 Kg in body weight after 1 year of follow-up
and a reduction in cardiovascular risk factors [153]. Gastrointestinal side effects have been
reported in some studies [154].

6.6. Opioid Receptor Antagonist/Dopamine and Noradrenaline Reuptake Inhibitor

Naltrexone–bupropion: naltrexone is an opioid antagonist prescribed for the manage-
ment of alcohol and opioid use disorder. Bupropion is a dopamine and norepinephrine
neuronal reuptake inhibitor and was firstly prescribed as an antidepressant. Bupropion
also stimulates the α-MSH release, thus inducing appetite regulation. While the exact un-
derlying mechanism is still unknown, it has been suggested that naltrexone and bupropion
synergistically act at the melanocortin system [155]. Their combined use is approved by
EMA and FDA and has been associated with a mean reduction of 6.1% in body weight [156].

7. Conclusions

Dysfunction of adipocytes and adipose tissue is the main feature of obesity, resulting
in an increased risk of insulin resistance, type 2 diabetes, fatty liver disease, hypertension,
dyslipidemia, and cardiovascular disorders. In most obese subjects, the compromised
physiology of the adipose tissue depends on the hypertrophy of the adipocytes and on the
interaction of genetic, epigenetic, and environmental factors. Several surgical procedures,
such as biliointestinal bypass or gastric banding, and pharmacological interventions, such
as pancreatic lipase inhibitors or Glucagon-Like Peptide 1 agonists, are applied for the
management of obesity. Therefore, stem cell therapy and the use of targeted treatment
acting on cell differentiation or epigenetic modifications of key target genes, may represent a
promising strategy for the management of obesity and obesity-related metabolic syndrome.
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after sleeve gastrectomy. Wideochir. Inne Tech. Maloinwazyjne 2014, 9, 554–561. [CrossRef]

118. Chen, G.; Zhang, G.; Peng, B.; Cheng, Z.; Du, X. Roux-En-Y Gastric Bypass Versus Sleeve Gastrectomy Plus Procedures for
Treatment of Morbid Obesity: Systematic Review and Meta-Analysis. Obes. Surg. 2021, 31, 3303–3311. [CrossRef] [PubMed]

119. Laurenius, A.M.A.; Wallengren, O.; Alaraj, A.; Forslund, H.B.; Thorell, A.; Wallenius, V. Resolution of diabetes, gastrointestinal
symptoms, and self-reported dietary intake after gastric bypass versus sleeve gastrectomy: A randomized study. Surg. Obes.
Relat. Dis. 2022; in press. [CrossRef]

120. Strain, G.W.; Torghabeh, M.H.; Gagner, M.; Ebel, F.; Dakin, G.F.; Abelson, J.S.; Connolly, D.; Pomp, A. The Impact of Biliopancreatic
Diversion with Duodenal Switch (BPD/DS) Over 9 Years. Obes. Surg. 2017, 27, 787–794. [CrossRef] [PubMed]

121. Pereira, S.S.; Guimarães, M.; Almeida, R.; Pereira, A.M.; Lobato, C.B.; Hartmann, B.; Hilsted, L.; Holst, J.J.; Nora, M. Biliopancreatic
diversion with duodenal switch (BPD-DS) and single-anastomosis duodeno-ileal bypass with sleeve gastrectomy (SADI-S) result
in distinct post-prandial hormone profiles. Int. J. Obes. 2019, 43, 2518–2527. [CrossRef] [PubMed]

212



Int. J. Mol. Sci. 2023, 24, 2310

122. Mitzman, B.; Cottam, D.; Goriparthi, R.; Cottam, S.; Zaveri, H.; Surve, A.; Roslin, M.S. Stomach Intestinal Pylorus Sparing (SIPS)
Surgery for Morbid Obesity: Retrospective Analyses of Our Preliminary Experience. Obes. Surg. 2016, 26, 2098–2104. [CrossRef]

123. Neichoy, B.T.; Schniederjan, B.; Cottam, D.R.; Surve, A.K.; Zaveri, H.M.; Cottam, A.; Cottam, S. Stomach intestinal pylorus-sparing
surgery for morbid obesity. J. Soc. Laparoendosc. Surg. 2018, 22, e2017.00063. [CrossRef] [PubMed]

124. Monkhouse, S.J.W.; Morgan, J.D.T.; Norton, S.A. Complication of bariatric surgery: Presentation and emergency management—A
review. Ann. R. Coll. Surg. Engl. 2009, 91, 280–286. [CrossRef]

125. Decker, G.A.; Swain, J.M.; Crowell, M.D.; Scolapio, J.S. Gastrointestinal and nutritional complications after bariatric surgery. Am.
J. Gastroenterol. 2007, 102, 2571–2580. [CrossRef] [PubMed]

126. Collazo-Clavell, M.L.; Shah, M. Common and Rare Complications of Bariatric Surgery. Endocrinol. Metab. Clin. N. Am. 2020,
49, 329–346. [CrossRef] [PubMed]

127. Tjeertes, E.E.K.M.; Hoeks, S.S.E.; Beks, S.S.B.J.C.; Valentijn, T.T.M.; Hoofwijk, A.A.G.M.; Stolker, R.J.R.J. Obesity—A risk factor for
postoperative complications in general surgery? BMC Anesthesiol. 2015, 15, 112. [CrossRef]

128. Rashti, F.; Gupta, E.; Ebrahimi, S.; Shope, T.R.; Koch, T.R.; Gostout, C.J. Development of minimally invasive techniques for
management of medically-complicated obesity. World J. Gastroenterol. 2014, 20, 13424–13445. [CrossRef] [PubMed]

129. Bhandari, M.; Fobi, M.A.L.; Buchwald, J.N. Bariatric Metabolic Surgery Standardization (BMSS) Working Group. Standardization
of Bariatric Metabolic Procedures: World Consensus Meeting Statement. Obes. Surg. 2019, 29, 309–345. [CrossRef]

130. Al-Mulhim, A.S.; Al-Hussaini, H.A.; Al-Jalal, B.A.; Al-Moagal, R.O.; Al-Najjar, S.A. Obesity Disease and Surgery. Int. J. Chronic
Dis. 2014, 2014, 652341. [CrossRef]
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