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Abstract: Pterostilbene (Pt) is a natural phenol found in blueberries and grapes; it shows remarkable
biomedical activities similar to those of resveratrol, but its higher bioavailability is a major advantage
for possible biomedical applications. Our group has recently demonstrated that long-term (30 weeks)
administration of Pt to mice maintained on a high-fat diet counters weight gain and promotes
browning of subcutaneous white adipose tissue (sWAT). By Real-time quantitative PCR and Western
Blot analysis of the sWAT and visceral white adipose tissue (vWAT) from the same mice used in
the previous study, we show here that Pt induced a long-term increase of Adiponectin, Interleukin
10 and of M2 macrophage marker Cd206. The effects were observed in sWAT, while no significant
changes were detected in vWAT. The process taking place seems to mimic that occurring in sWAT
during cold-induced browning. Analysis of a few pro-inflammatory cytokines (Interleukin 6, Tumor
necrosis factor α) and of the NFkB pathway did not reveal marked effects of Pt supplementation. In
summary, the mechanisms and processes through which Pt acts in adipose tissue appear to closely
mimic those set in motion by cold-induced browning, and point to a possible impact of experimental
conditions in the final output of a nutraceutical intervention.

Keywords: pterostilbene; C57BL/6 mice; Adiponectin; white adipose tissue; diet-induced obe-
sity; browning

1. Introduction

Pterostilbene (Pt) is a plant phenol, differing from its most popular analog, resveratrol,
because two of the three hydroxyl groups of the molecule are methylated. This imparts
higher lipophilicity and bioavailability, and thus efficacy. In fact, Pt shows a variety of
health promoting properties [1–3]; its prolonged consumption has been reported to exert
beneficial effects also against obesity [4–8].

We previously demonstrated that long-term (30 weeks) administration of Pt to mice
maintained on a high-fat diet countered weight gain and promoted browning of subcuta-
neous adipose tissue (sWAT) [5].

Brown Adipose Tissue (BAT) is an inducible mammalian organ providing non-shivering
thermogenesis, i.e., turning food-derived energy into heat [9,10]. The process of “brown-
ing” is characterized by the formation of thermogenic “beige” adipocytes in subcutaneous
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white adipose tissue, and is considered a hopeful approach to the problem of obesity in
modern societies [11,12]. Beige adipocytes express a set of specific genes, but also brown
adipocyte-associated genes such as Ucp1, and have features in common with brown cells,
such as abundant mitochondria. Physiological factors inducing browning are, for example,
exposure to cold [13], physical exercise [14,15], or thyroid hormones [16,17]. Cold exposure
leads to the release of norepinephrine by the sympathetic nervous system, which leads to
activation of β3-adrenergic signalling; downstream signalling then branches and interacts
with other pathways in complex patterns [18–20]. A key feature of cold-induced brown-
ing in mice is Adiponectin elevation in subcutaneous fat deposits (but not in epididymal
WAT or interscapular BAT) [21,22], which persists for at least weeks. Of note, circulating
Adiponectin instead decreases, and intravenously-injected Adiponectin accumulates in
sWAT [23].

Cytokines released by immune cells in the adipose tissue play a crucial role in adi-
pose tissue homeostasis. They regulate the thermogenic activity of brown and beige
adipocytes [24] (i.e., Interleukin 4, Interleukin 13 [25,26]), but also contribute to the low
grade chronic inflammatory state commonly observed during obesity [27,28], which in turn
is implicated in the development of obesity-related comorbidities such as insulin resistance,
type 2 diabetes, or cardiovascular disease. Tumor necrosis factor (TNFα), for example, is a
pro-inflammatory cytokine, but it has also been reported to increase upon exposure to low
temperatures [29,30]. Interleukin 6 (IL6), which can act as a pro-inflammatory cytokine or
an anti-inflammatory myokine, has been reported to increase about 6-fold upon exposure
to cold (4 ◦C; 15 days) [29]. Non-shivering thermoregulation is impaired in IL6-deficient
mice [31–33].

In this work, we wanted to investigate the impact of Pt on the expression of Adiponectin
and a few anti and pro- inflammatory markers in two different adipose tissue depots: the
subcutaneous (inguinal) WAT (sWAT), which is the most prone to browning, and the
visceral (epidydimal/periovaric) one (vWAT), which has been reported to be the most
affected by chronic inflammation during obesity. Importantly, the experimental design
included both males and females [34–36]. The results we obtained highlighted that Pt has
an effect on the sWAT which resembles that induced by cold exposure, and points out that
the beneficial effects of Pt in our experimental model are mediated by mechanisms other
than an anti-inflammatory effect on vWAT.

2. Materials and Methods
2.1. Animals

C57BL/6 mice were housed in the SPF (specific pathogen free) facility of the Depart-
ment of Pharmaceutical and Pharmacological Sciences (Padova, Italy); food and water were
provided ad libitum. Procedures were all approved by the University of Padova Ethical
Committee for Animal Welfare (OPBA) and by the Italian Ministry of Health (Permit Num-
ber 211/2015-PR), and conducted with the supervision of the Central Veterinary Service
of the University of Padova, in compliance with Italian Law DL 26/2014, embodying UE
Directive 2010/63/EU.

2.2. Animal Treatments

Animal cohort was the same used in [5]; briefly, 1 month after birth (i.e., after weaning),
mice were divided in three experimental groups (16 animals/group; 8 males and 8 females):
the STD group was fed a standard diet; the HFD group was fed a high-fat diet (60%
calories from fat, OpenSource DietsTM, #D12492, Research Diets Inc; New Brunswick, NJ,
USA); and the HFD + Pt group was fed a high-fat diet supplemented with Pt (90 mg/Kg
body weight/day). The high-fat diet was smashed, thoroughly mixed with the appropriate
amount of Pt (from Waseta Int. Trading Co., Shangai, China), and then compacted again into
pellets. Pt amount/g diet was calculated as follows: 90 × mean body weight (Kg)/mean
daily diet consumption (g); since body weight changed during the experiment, Pt amount
in the diet was increased accordingly during time. To avoid compound degradation, Pt-
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supplemented diet was prepared twice a week, stored at 4 ◦C and changed in animal
cages every day. Sample size was determined through power analysis (power = 0.8;
effect size = 1.5; α = 0.05). Mice were maintained under the different dietetic regimens
for 30 weeks; at the end of this period, they were sacrificed after being fasted for 4 h.
Subcutaneous (inguinal) and visceral (epidydimal or periovaric) adipose tissues (sWAT
and vWAT, respectively) were collected, immediately frozen in liquid nitrogen and then
stored at −80 ◦C until extraction (see below, Section 2.3).

2.3. RNA and Protein Extraction

RNA and protein extractions were conducted as described in [5]. Briefly, the frozen
tissue was grinded in liquid nitrogen with mortar and pestle, and the material was then
divided evenly into two test tubes, one for RNA and one for protein extraction.

Total RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions, adding a centrifugation step (5 min
at 12,000× g at 4 ◦C) after TRIzol lysis, as recommended by the protocol to remove most of
the tissue fat content. RNA content of each sample was quantified with NanoDrop (Thermo
Fisher Scientific, Waltham, MA, USA).

Protein extraction was performed by resuspending the frozen tissue powder (about
80 mg) in 0.3 mL RIPA lysis buffer containing protease and phosphatase inhibitors (Merck
Life Science S.r.l., Milano, Italy). The samples were incubated for 30 min on ice and then
physically disaggregated with an electric pestle (Merck Life Science S.r.l., Milano, Italy).
The lysates were then centrifuged at 20,000× g for 15 min at 4 ◦C to remove fat, and finally
transferred to a new tube. Quantification of the total protein content in each lysate was
performed using the BCA assay (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Quantitative Real Time PCR (RT-qPCR)

The Superscript VILO reverse transcriptase kit (Thermo Fisher Scientific, Waltham,
MA, USA) was used to retro-transcribe 400 ng of total RNA from each sample, following
the manufacturer’s protocol. Expression levels of target genes were then analyzed by
RT-qPCR, using the primers listed in Table 1. All primers were designed with the Primer3
software (version 4.1.0, Whitehead Institute for Biomedical Research, Steve Rozen, Andreas
Untergasser, Maido Remm, Triinu Koressaar and Helen Skaletsky, Cambridge, MA, USA).
The reactions (8 ng cDNA/reaction) were performed using iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA) on a CFX Connect Real-Time System (Bio-Rad, Hercules, CA,
USA). All samples were run in triplicate, and Gapdh was used as reference gene. Relative
gene expression levels were calculated using the 2∆∆Ct method [37].

Table 1. List and sequences of the primers used for RT-qPCR analysis.

Gene Transcript Accession Number (Ensembl) Primer

Adiponectin (Adipoq) ENSMUST00000023593.6 F: TGTTCCTCTTAATCCTGCCCA
R: CCAACCTGCACAAGTTCCCTT

Cd206 (Mrc1) ENSMUST00000028045.4 F: TGTGGTGAGCTGAAAGGTGA
R: CAGGTGTGGGCTCAGGTAGT

Gapdh ENSMUST00000073605.15 F: TGTGTCCGTCGTGGATCTGA
R: TTGCTGTTGAAGTCGCAGGAG

Il6 ENSMUST00000026845.12 F: CCAGTTGCCTTCTTGGGACT
R: GGTCTGTTGGGAGTGGTATCC

Il10 ENSMUST00000016673.6 F: GCTCTTACTGACTGGCATGAG
R: CGCAGCTCTAGGAGCATGTG

Tnfα ENSMUST00000025263.15 F: GTGCCTATGTCTCAGCCTCT
R: CTGATGAGAGGGAGGCCATT
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2.5. Pt Quantification in the Adipose Tissue

Pterostilbene and metabolites were extracted from sWAT and vWAT as described
in [38]. Samples were finally analyzed by high performance liquid chromatography with
UV detection (HPLC/UV; 1290 Infinity LC System, Agilent Technologies, Santa Clara, CA,
USA) using a reverse phase column (Zorbax Extend-C18, 1.8 µm, 50 × 3.0 mm i.d.; Agilent
Technologies) and a UV diode array detector (190–500 nm). Solvents A and B were water
containing 0.1% trifluoroacetic acid and acetonitrile, respectively. The gradient for B was
as follows: 10% for 0.5 min, then from 10% to 100% in 3.5 min, 100% for 1 min; the flow
rate was 0.6 mL/min and the column compartment was maintained at 35 ◦C. Eluate was
preferentially monitored at 286, 300 and 320 nm. Concentration of Pt was determined as
described in [38,39].

2.6. Western Blot

Proteins (50 µg for each sample) were separated by SDS-PAGE (Pre-cast NuPAGE 4-
12% Bis-Tris Gels, Life Technologies, Carlsbad, CA, USA). After electrophoretic separation,
proteins were transferred to PVDF membranes (Immobilion-FL, 0.45 µm, Merk Life Science
S.r.l., Milano, Italy). For total protein staining, membranes were incubated for 2–3 min
at room temperature with a Pounceau Red 0,5% (w/v) solution in 5% (v/v) acetic acid
(Merck Life Science S.r.l., Milano, Italy), and then rinsed with milliQ water to wash out
the background stain. Images of the Pounceau Red staining were acquired in bright field
using a UVITEC Eppendorf apparatus. Membranes were then rinsed with milliQ water and
destained with Tris-buffered saline buffer supplemented with 0.1% Tween-20 (TBS-T; Merck
Life Science S.r.l., Milano, Italy). The membranes were saturated with 5% bovine serum
albumin (Merck Life Science S.r.l., Milano, Italy) in TBS-T buffer for 1 h and then incubated
overnight at 4 ◦C with the primary antibody. Primary antibodies used were anti-β-actin (dil.
1:1000; #8457S, Cell Signaling, Danvers, MA, USA), anti-diponectin (dil. 1:1000; #GTX18839,
Genetex, Irvine, CA, USA), anti-IL10 (dil. 1:1000; #GTX130512, Genetex, Irvine, CA, USA),
anti-phospho-NFkB p65 (Ser 536) (dil. 1:1000; #3033S Cell Signaling, Danvers, MA, USA),
anti-NFkB p65 (dil. 1:1000, #8242, Cell Signaling, Danvers, MA, USA), anti-phospho-IkBα
(Ser32) (dil. 1:1000, #2859S, Cell Signaling, Danvers, MA, USA), anti-IkBα (dil. 1:1000,
#4814S, Cell Signaling, Danvers, MA, USA). The following day, membranes were washed
with TBS-T and incubated with horseradish peroxidase-conjugated goat secondary anti-
rabbit antibody (#7074, Cell Signaling, Danvers, MA, USA). The chemiluminescence signal
was detected using digital imaging by the UVITEC Eppendorf apparatus.

2.7. Statistical Analyses

Statistical analysis was performed using GraphPad Prism Software (version 8, Graph-
Pad Software, San Diego, CA, USA). D’Agostino and Pearson omnibus normality test was
performed to assess the normal distribution of the sample population. Comparisons be-
tween two groups were performed with Student’s t-test, when the sample population was
normally distributed; otherwise, the non-parametric Mann–Whitney test was performed.
Comparisons between three or more groups were performed with Brown–Forsythe and
Welch ANOVA tests if data were normally distributed, otherwise with the non-parametric
Kruskal–Wallis test. Significance in comparisons was labeled in the figures as follows:
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Spearman’s correlation was performed to evaluate the
association between gene expression levels.

3. Results
3.1. Effects of Pt on Adiponectin

Since Adiponectin is an adipokine with a crucial role in insulin signalling and brown-
ing induction [21,40], we evaluated the alterations in its expression by RT-qPCR in two dif-
ferent WAT depots, namely the sWAT and the vWAT. Compared to the STD group, chronic
feeding with high-fat diet (HFD) significantly decreased the expression of Adiponectin
selectively in the sWAT (Figure 1a). Supplementation with Pt (HFD + Pt group) signif-
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icantly increased the Adiponectin transcript to levels comparable with those observed in
mice fed a standard diet. HFD also decreased the expression of the anti-inflammatory M2-
macrophages marker Cd206—which was partially reversed by Pt supplementation—and
of Il10, an anti-inflammatory cytokine produced by M2 macrophages (Figure 1a). In this
latter case the Pt-induced “rebound” did not achieve significance, but a trend seemed to be
present. Of note, a correlation between the levels of Adiponectin and Il10 transcripts in the
sWAT from HFD + Pt mice seems to be present (p ≤ 0.05, Spearman’s correlation coefficient
(r) = 0.6; Figure 1d). None of these effects was observed in vWAT (Figure 1b).

Figure 1. Gene expression analysis of Adiponectin, Cd206, and Il10 in sWAT (a) and vWAT (b) from
STD, HFD, and HFD + Pt mice. Mean values ± SEM are shown; data from males and females
averaged together. N ≥ 6 for each condition (n ≥ 3 for males; n ≥ 3 for females). * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001. (c,d): Correlation of Adiponectin and Il10 gene expression in HFD (c) and
HFD + Pt fed mice (d).

Data were also analyzed considering males and females separately (Supplementary
Figure S1); since we did not observe sex-dependent differences in the analyzed markers,
data from males and females were always averaged and shown together.

To confirm the effect also at the protein level, we performed Western Blot (WB) analysis;
since a comparative analysis can be performed only between samples run on the same
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blot/gel, and the main focus of the work was to uncover the effects of Pt supplementation,
this analysis was performed only on sWAT samples from HFD and HFD + Pt mice. The
results confirmed the Pt-driven increase of Adiponectin and IL10 also at the protein level
(Figure 2; data considering males and females separately are shown in Supplementary
Figure S2).

Figure 2. Adiponectin and IL10 protein levels in sWAT from HFD and HFD + Pt mice. (a,c): Western
Blot quantification; (b,d): representative images of WB bands (1 from a male and 1 from a female for
each condition). Protein levels were normalized to β-actin. Mean values ± SEM are shown; data from
males and females averaged together. n ≥ 8 for each condition (n ≥ 4 for males; n ≥ 4 for females).
Statistical analysis was performed using Mann–Whitney test. ** p ≤ 0.01.

Adiponectin is produced by the adipose tissue and then released in the bloodstream
to reach target organs such as liver, muscles, and brain. Thus, we also evaluated by WB
analysis the levels of circulating Adiponectin. The results showed no differences between
HFD and HFD + Pt mice (Figure 3).

Figure 3. Adiponectin protein levels in serum from HFD and HFD + Pt mice. (a) Western Blot
quantification. (b) representative Western Blot images (1 from a male and 1 from a female for each
condition). Adiponectin levels were normalized to the total protein levels of each sample. Mean
values ± SEM are shown; data from males and females averaged together. n ≥ 8 for each condition
(n ≥ 4 for males; n ≥ 4 for females). Statistical analysis was performed using Mann-Whitney test.
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3.2. Effects on CREB

CREB (cAMP response element-binding protein) is a transcription factor that is ac-
tivated by phosphorylation and promotes the transcription of genes involved in various
processes. In the context of obesity, CREB was found to be activated in adipose tissue, where
it promotes insulin resistance by triggering expression of the transcriptional repressor ATF3
and thereby downregulating expression of Adiponectin as well as of the insulin-sensitive
glucose transporter 4 (GLUT4) [41]. Consistently, we found that Pt supplementation de-
creased CREB phosphorylation and thus its activation in comparison to the HFD group
(Figure 4).

Figure 4. pCREB protein levels in sWAT from HFD and HFD + Pt mice. (a) Western Blot quantification;
(b) representative images of WB bands (1 from a male and 1 from a female for each condition). Protein
levels were normalized to β-actin. Mean values ± SEM; data from males and females averaged
together. n = 4 for each condition (n = 2 for males; n = 2 for females).

3.3. Pt Quantification in WAT Depots

To exclude a depot-specific effect due to a specific accumulation of Pt, we decided
to assess the concentration of Pt and its main Phase II metabolites (i.e., Pt-sulfate and
Pt-glucuronide) by HPLC/UV analysis of the vWAT and sWAT from each animal. In most
cases, we found negligible levels of Pt metabolites (<0.1 nmoles/g tissue); in only one
sample (out of 20 analyzed), Pt-sulfate was detected, at a concentration of 0.5 nmol/g.
Non-metabolized/intact Pt was the main specie present in the adipose tissues analyzed.
The comparison between sWAT and vWAT did not show any significant difference in Pt
accumulation, thus suggesting that the increase observed for Adiponectin, Cd206 and Il10 in
sWAT is not attributable to a higher concentration of the phenol in this depot (Figure 5).
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Figure 5. Pterostilbene levels in sWAT and vWAT. Mean values ± SEM are shown; data from males
and females averaged together. n ≥ 6.

3.4. Effects on Adipose Tissue Inflammation

Since obesity is generally associated with a low-grade chronic inflammation [42],
we analyzed the expression of a few pro-inflammatory cytokines (Tnfα, Il6) and anti-
inflammatory Il10 in the vWAT, which is recognized to be the adipose tissue depot mostly
affected by inflammatory processes. However, no significant effects induced by HFD nor
by Pt supplementation were observed, aside from a non-significant increase of Tnfα gene
expression in HFD fed mice compared to the STD group (Figure 6; data considering males
and females separately are shown in Supplementary Figure S3). As described in Section 3.1,
analysis of the same markers in sWAT revealed that the obesogenic diet caused a reduction
of the anti-inflammatory cytokine Il10 (Figures 1a and 6a), while Pt supplementation
increased IL10 levels (Figure 2). Interestingly, we found that Pt paradoxically caused a
significant increase of Tnfα gene expression. A similar increase has been observed in the
serum of mice exposed to cold [29], and thus seems to indicate that the observed increase in
Tnfα could be part of the browning process induced by Pt. Since pro-inflammatory cytokines
are produced as a result of the activation of the NFkB pathway, we also investigated by
Western Blot analysis the effects of Pt on the phosphorylation/activation of NFkB and
IkBα. Also in this case, as explained in Section 3.1, WB analysis was performed only
with WAT samples from HFD and HFD + Pt groups. The results showed that chronic
long-term supplementation with Pt did not exert any effect on the NFkB pathway, both in
vWAT and sWAT (Figure 7; data considering males and females separately are shown in
Supplementary Figures S4 and S5).
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Figure 6. Gene expression analysis of Il6, Il10 and Tnfα in sWAT (a) and vWAT (b) from STD, HFD,
and HFD + Pt mice. Mean values ± SEM; data from males and females averaged together. n ≥ 6 for
each condition (n ≥ 3 for males; n ≥ 3 for females). ** p ≤ 0.01; *** p ≤ 0.001.

Figure 7. pNFkB and pIKBα protein levels in sWAT (a–d) and vWAT (e–h) from HFD and HFD + Pt
mice. (a,c,e,g): Western Blot quantification; (b,d,f,h): representative images of WB bands (1 from a
male and 1 from a female for each condition). Protein levels were normalized to total NFkB and IKBα.
Mean values ± SEM; data from males and females averaged together. n ≥ 6 for each condition (n ≥ 3
for males; n ≥ 3 for females).
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4. Discussion

Although Pt has been already demonstrated to exert multiple beneficial effects on
obesity [6–8,43], this study presents some relevant novelties in the field. First, such a
long-lasting treatment (30 weeks) had been scarcely investigated so far, with few exceptions
concerning for instance effects of the HFD on blood brain barrier function [44], sperm
motility [45] and osteogenesis [46]. The long-term supplementation with Pt also supported
the lack of toxicity of this natural compound (which was already reported in [47]). Second,
males and females were both included in the study: this aspect is particularly important,
since females are often underrepresented in the biomedical research with rodents [35,36,48].

The administered dose (90 mg/Kg body weight/day) was selected to ensure Pt levels
in the adipose tissue in the 5–10 µM range [5], i.e., in the concentration range at which
Pt was demonstrated to exert beneficial effects on adipocytes [49]. This dosage roughly
corresponds to a 450 mg daily dose for a 60 Kg person [50]; this is more typical of a dietary
supplementation than a dietary intake, since Pt content in blueberries (one of its richest
sources) is about 100–520 ng/g [51,52].

We previously published that Pt is able to increase the expression of various genes reg-
ulating the browning/beigeing process in the sWAT, such as Ebf2, Sirt1, Pgc1α and Pparγ [5].
We demonstrate here that these effects were paralleled by a local increase of Adiponectin
and IL10 (both transcript and protein), alongside an increase in the transcription of the
marker for M2 anti-inflammatory macrophages Cd206. The increase of these markers was
selectively observed in the sWAT. The differential effect of Pt on sWAT and vWAT cannot
be ascribed to differences in Pt accumulation, since similar Pt levels were detected in sWAT
and vWAT (Figure 5). One of the possible causes underlying the observed depot-selective
response could be the intrinsic heterogeneity of these white fat depots, each having a spe-
cific cellular composition, microenvironment and a unique interaction with stromovascular
cells (i.e., macrophages, neutrophils, lymphocytes, fibroblast, and endothelial cells) [53–55].

Our data are consistent with what observed by Hui and co-authors [21]: cold exposure
led to a marked increase of Adiponectin both at the transcript and protein levels; also
in this case, the accumulation of Adiponectin was selectively observed in sWAT and
not in vWAT. The adipokine binds to T-cadherin in M2 macrophages and stimulates
their proliferation, skewing the macrophage phenotype distribution towards the anti-
inflammatory M2 phenotype. M2 macrophages in turn supply catecholamines for the
activation of beige cells [56–58].

Since chronic adipose tissue inflammation is often associated with obesity and is
considered to play a major role in the onset of obesity-associated disorders [42], we also
analyzed the expression levels of a few pro- and anti-inflammatory markers (Il6, Il10, and
Tnfα), both in the vWAT (that is supposed to be the most affected by inflammation), and
sWAT. The results obtained from vWAT showed that HFD mice had only a slight increase of
Tnfα compared to STD mice, and this was partially attenuated by Pt supplementation; none
of these variations however reached statistical significance. Evaluation of other markers
of inflammation such as Il6 and Il10, as well as the NFkB pathway activation, revealed no
effect of the diet or of Pt. Various aspects might contribute to these unexpected results: for
example, most of the studies observing an HFD-induced pro-inflammatory effect applied a
much shorter feeding protocol than ours. Furthermore, a few reports highlighted that the
effects of the diet on low-grade inflammation may be directly correlated to the composition
of the diet used [59,60]: feeding mice with very HFD (vHFD) increased weight, fat mass,
and plasma and liver triglycerides compared to a low-fat or a moderate-fat diet. However,
vHFD-fed mice did not develop metabolic endotoxemia and low-grade inflammation,
compared to the other groups. A possible explanation might be found considering intestinal
globlet cells and the composition of gut microbiota: the former plays an important role in
the modulation of mucus coat composition, while the latter is involved in the frontline host
defense against endogenous and exogenous irritants. Indeed, the intestine of vHFD-fed
mice was characterized by an increased number of globlet cells, while no changes were
observed on gut microbioma composition [59,60]. Finally, the absence of an effect of Pt on
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the considered inflammation-related markers might find an explanation in the intervention
of adaptive/homeostatic processes, which clearly deserve consideration.

Analysis of the same markers in sWAT, on the other hand, revealed that Pt significantly
increased Tnfα transcription, when compared to HFD group. Similar results were reported
in a few studies studying browning and cold-exposure [29,33]: an increase of several
cytokines was reported (Il6 and Tnfα included), and this was hypothesized to play an
important role in the cross-talk between WAT and other tissues.

Collectively, our data suggest that Pt could be able to activate sWAT browning through
a mechanism likely involving pCREB and Adiponectin. As far as we know, this is the first
evidence demonstrating that Pt is able to promote an increase of Adiponectin in vivo.

5. Conclusions

Altogether, the results obtained in this study suggest that Pt might exert a slimming
effect through the activation of molecular mechanisms similar to those activated during the
physiological response to stimuli such as cold exposure, and culminating in the activation of
WAT browning. Indeed, a nutraceutical approach for the prevention of obesity mimicking
physiological mechanisms could be advantageous because of the lower risk of side effects,
compared to pharmacological agents.

Surprisingly, we did not observe any significant effect of HFD or Pt on vWAT inflam-
mation, suggesting that experimental variables used in preclinical studies, such as diet
composition or duration of the treatment, are aspects that deserve attention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nutraceuticals2020008/s1: Figure S1: Gene expression analysis
of Adiponectin, Cd206 and Il10 in sWAT and vWAT from STD, HFD and HFD + Pt mice. Data from
males and females considered separately. Figure S2: Adiponectin and IL10 protein levels in sWAT
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