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Abstract

Glycosaminoglycans are complex carbohydrates used as nutraceuticals for
diverse applications. We studied the potential of the glycosaminoglycan der-
matan sulfate (DS) to counteract the development of diet-induced obesity
(DIO) using obesity-prone mice fed a high-fat diet (HFD) as a model. Oral DS
supplementation protected the animals against HFD-induced increases in
whole-body adiposity, visceral fat mass, adipocyte size, blood glucose levels,
insulin resistance, and pro-inflammatory lipids levels in brown adipose tissue
(BAT) and the liver, where it largely counteracted the HFD-induced changes
in the nonpolar metabolome. Protection against DIO in the DS-supplemented
mice occurred despite higher energy intake and appeared to be associated with
increased energy expenditure, higher uncoupling protein 1 expression in BAT,
decreased BAT “whitening,” and an enhanced channeling of fuel substrates
toward skeletal muscle. This work is the first preclinical study to examine the
anti-obesity activity of DS tested individually in vivo. The results support possi-
ble uses of DS as an active component in functional foods/supplements to
manage obesity and associated metabolic diseases.
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1 | INTRODUCTION

Glycosaminoglycans (GAGs) are complex heteropolysac-
charides that serve structural and regulatory functions in
animal tissues and are found in foods of animal origin.'
Chemically, GAGs are linear polymers formed by a
repeating disaccharide unit composed of an amino sugar
and an uronic acid. Four main classes of GAGs are recog-
nized: chondroitin sulfate or dermatan sulfate (DS),
heparan sulfate or heparin, keratan sulfate, and hyaluro-
nic acid.” GAGs are components of the cell surface glyco-
calyx and the extracellular matrix (ECM) of connective
and other animal tissues, either in free form (as for hya-
luronic acid) or as part of proteoglycans. The latter con-
sists of a core protein with one or more covalently
attached sulfated GAG chains making up most of the pro-
teoglycan mass. GAGs/proteoglycans in the ECM interact
with many ligands, including growth factors, cytokines
and chemokines, cell surface receptors, cell adhesion
molecules, and other ECM components, and, by so doing,
influence cell fate (e.g., growth, differentiation, migra-
tion), cell metabolism and inflammatory responses.’

GAGs are used as nutraceuticals for diverse
applications,* and their potential as anti-obesity agents is
under investigation. Preclinical studies have shown high-
fat diet (HFD)-induced fat accretion and related metabolic
dysfunctions to be attenuated in animals supplemented
with GAGs/proteoglycans, such as chondroitin sulfate
from salmon cartilage® or sea cucumber,® proteoglycan
from salmon cartilage,7 and GAGs extracted from certain
insects®® and fish waste.'” The anti-obesity activity of
GAGS in those studies was ascribed or related to decreased
intestinal fat digestion and absorption,™'° increased fecal
bile acid excretion,'® increased sensitization to insulin in
the liver,® improved leptin response to fasting/refeeding,’
and decreased hepatic lipogenic capacity.'®’

Anti-obesity activity may also arise from effects on
adipose tissues since changes in adipose cells' fate and
metabolism can affect whole-body energy expenditure,
adiposity, and metabolic health. Whereas typical white
adipocytes specialize in energy storage and release,
brown and beige adipocytes, when active, inefficiently
oxidize lipid and glucose fuel substrates to produce heat.
Brown and beige adipocytes do so thanks to their shared
high mitochondrial oxidative capacity and inducible
uncoupling protein 1 (UCP1) expression. Brown adipo-
cytes are found in discrete brown adipose tissue (BAT)
depots, while beige adipocytes emerge in white adipose
tissue (WAT) depots via browning. BAT activation and
WAT browning can oppose obesity, diabetes, and dyslipi-
demia.'’ However, both BAT and browned WAT can
undergo a “whitening” effect, common in obesity and
aging, whereby the cell loses the characteristics of a

brown adipocyte and assumes those of a white
adipocyte.'>"?

We previously reported that a mix of hyaluronic acid
and DS (1:0.25, w/w) contained in a commercially avail-
able GAG mix (Oralvisc) synergistically suppressed spon-
taneous and hormonally-induced adipogenic
differentiation of multipotent mouse embryo fibroblasts
(MEFs) while favoring chondrogenic differentiation.'*
Suppressive effects on adipogenesis were subsequently
reported for GAGs isolated from bovine milk'’ and fish
waste'® in the 3T3-L1 adipocyte cell model. In mice, oral
supplementation of the Oralvisc GAG mix enhanced sys-
temic insulin sensitivity and potentiated and accelerated
body fat loss during the reversal of diet-induced obesity
(DIO), which was associated with an increase in the
capacity for mitochondrial oxidative metabolism in vis-
ceral WAT.'® Interestingly, when individually assayed, the
minor component of the mix, DS, favored the expression
of brown adipocyte marker genes during the adipogenic
differentiation of MEFs.'* DS, also known as chondroitin
sulfate-B, is a polymer of sulfated N-acetyl-galactosamine
and iduronic acid disaccharide unit repeats. In the present
study, we aimed to get further insight into the in vivo anti-
obesity properties and potential mechanisms of action of
DS supplementation by studying its ability to counteract
the development of DIO and its effects on metabolism in
adipose tissues and other critical homeostatic tissues.

2 | EXPERIMENTAL PROCEDURES

2.1 | Animal experiment

The protocols used were reviewed and approved by the
Bioethical Committee of the University of the Balearic
Islands (Resolution number CEEA 43/07/15). The use,
accommodation, and care of laboratory animals followed
EU Directive 2010/63/EU for animal experiments. Ani-
mals (three per cage) were housed under standard condi-
tions of controlled temperature (22°C), a 12-h light-dark
cycle (light on from 8:00 a.m. to 8:00 h p.m.), and free
access to food and tap water.

Twenty-seven 7-week-old C57BL/6J] male mice
(Jackson Laboratory, Maine, USA) pre-habituated to a
defined normal-fat diet (NFD, 10% energy as fat) for
1 week were used. While still on the NFD, one group of
animals (n =9) started receiving the DS supplement
(30 mg/kg animal/day in 20 pl) orally, through a pipette,
roughly at the same hour (between 10:00 am. and
11:00 h a.m.) and ensuring complete ingestion; the rest of
the animals received placebo (a mix of water and olive oil,
used as a vehicle for the DS). After 1-week pretreatment,
the DS-treated animals and half of the placebo-treated
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animals were challenged with a defined HFD (45% energy
as fat) for 4 weeks while continuing to receive the same
daily treatments, making out the HF control (non-supple-
mented) group and the DS group; the remaining placebo-
treated animals continued on the NFD and receiving pla-
cebo daily during the entire experimental period, making
out the NF control group. Diets were obtained from
Research Diets (New Brunswick, USA; NFD D12450J and
HFD D12451). DS (90% purity, derived from porcine
mucosa of healthy pigs, code F0901) was a generous gift
from Bioiberica (Palafolls, Barcelona, Spain).

Body weight and food intake were recorded twice a
week from the beginning of the treatment until sacrifice.
Body weight gain at specific time points was calculated as
the difference between the actual and initial body weights
and expressed as grams. Cumulative energy intake was
estimated per cage from the amount of food consumed
and its caloric equivalence and expressed relative to body
weight (as kJ/g body weight). Body composition was ana-
lyzed immediately before the HFD/NFD challenge and on
the fourth week of it, using an Echo MRI-700 body com-
position analyzer (Echo Medical Systems LLC, Houston,
USA). On the fourth week of the HFD/NFD challenge,
internal body temperature was also measured—using a
calibrated thermometer (RS 612-849; RS, Madrid, Spain)
that was gently inserted in the rectum, with Vaseline as
lubricant—and a 6-h fast (from 06:00 a.m. to 12:00 a.m.)
was applied, after which tail-blood was collected for the
assessment of insulin resistance and sensitivity.

The animals were euthanized after 30 days of dietary
challenge, by decapitation, under fed conditions, and
within the first 2 h of the light cycle. Blood collected from
the neck was used to prepare serum, stored at —20°C.
Tissues collected included interscapular BAT, inguinal,
epididymal, and retroperitoneal WAT (iWAT, eWAT,
and rWAT, respectively), gastrocnemius skeletal muscle,
and liver. Tissues were dissected in their entirety,
weighed, snap-frozen in liquid nitrogen, and stored at
—80°C until processed. Samples of iWAT and BAT were
fixed for subsequent histological studies. The sum of the
mass of all collected WAT depots expressed as a percent-
age of body weight was taken as the adiposity index, and
the ratio between the sum of the masses of eWAT
and rWAT divided by the mass of iWAT, as the visceral
to subcutaneous fat ratio. The liver mass expressed as a
percentage of body weight was taken as the liver index.

2.2 | Blood parameters and surrogate
indexes of insulin resistance and
sensitivity

Blood glucose levels were determined using an Accu-Chek
Aviva system (Roche Diagnostics, Risch, Switzerland).

Biofactors_\A\/] LEYJ_3

Commercial kits were used to measure serum insulin
(Mercodia, Uppsala, Sweden) and nonesterified fatty acids
(NEFA; Wako Chemicals GmbH, Neuss, Germany), fol-
lowing the manufacturer’s protocols. Insulin resistance
and insulin sensitivity indexes were derived from basal
glucose, insulin, and NEFA levels in plasma after a 6-h
fast. The homeostatic model assessment for insulin resis-
tance (HOMA-IR) score was calculated as HOMA-IR =
[insulin (pU/1) x glucose (mmol/1)/22.5],'” and the revised
quantitative insulin sensitivity check index (R-QUICKI) as
R-QUICKI = 1/[log  glucose  (mg/dl) +log insulin
(WU/ml) + log NEFA (mM/D)].*®

2.3 | Liver total lipid content

Total hepatic lipids were extracted from 50 to 100 mg of
tissue as described.'® Lipid content per gram of tissue
was calculated from the weight of the tubes following
evaporation of the final hexane extract, subtracting the
initial (clean) tube weight and considering the initial
amount of tissue used.

2.4 | RNA isolation, retrotranscription,
and real-time PCR

Total RNA was extracted from tissue samples using com-
mercial E.Z.N.A. Total RNA kit I (Omega Bio-Tek,
Georgia, USA), following the supplier's instructions. Iso-
lated RNA was quantified using a Nanodrop ND 1000
spectrophotometer (Nano-Drop Technologies Inc., Wil-
mington, USA), and its integrity was confirmed by agarose
gel electrophoresis. Reverse transcription, PCR amplifica-
tion of selected cDNAs, and data analysis were conducted
as described.”® The sequences of the primers used (from
Sigma-Aldrich, Madrid, Spain) are available upon request.
Data were normalized against beta-actin as the reference.

2.5 | Immunoblotting

BAT tissue homogenization, measurement of total
protein content, separation of proteins by SDS-
polyacrylamide gel electrophoresis, and blotting to nitro-
cellulose membrane were performed as detailed previ-
ously.”! Blocked membranes were successively probed for
up to four target proteins per membrane, with a stripping
step with Stripping Buffer 5X (LI-COR Biosciences, Lin-
coln, USA) before each reprobing process. For each pro-
tein probed, membranes were incubated overnight at
room temperature with the primary antibody (1:1000 in
Tris Buffered Saline Tween 20, TBS-T) and then with the
corresponding secondary IRDye antibody (1:10000 in
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TBS-T) for 1 h at room temperature. Primary antibodies
used were against p-actin (#3700, Cell Signaling Technol-
ogy, Danvers, USA) as reference protein; UCP1
(GTX10983, GeneTex, Irvine, USA); MFN2 (HPA030554,
Sigma-Aldrich); PPARa (ab8934, Abcam, Cambridge,
UK); and against SMAD4 and the phosphorylated (active)
and unphosphorylated SMAD2 and SMAD3 proteins,
using the SMAD2/3 Antibody Sampler Kit #12747 (Cell
Signaling Technology). Protein bands were detected by
infrared fluorescence and quantified using an Odyssey
near-infrared fluorescence scanner (LI-COR Biosciences).
The signal of each protein of interest was normalized to
the signal of p-actin or, for the SMAD2/SMAD3 analyses,
to nonspecific bands equally abundant in all samples.

2.6 | Histology and
immunohistochemistry

Tissue samples were fixed by immersion in 4% parafor-
maldehyde in 0.1 M sodium phosphate buffer, pH 7.4,
overnight at 4°C, dehydrated in a graded series of etha-
nol, cleared in xylene, and embedded in paraffin blocks
for light microscopy. Then, 5-pm-thick sections of tissues
were cut with a microtome, mounted on slides, and
stained with hematoxylin/eosin. Morphometric analysis
of inguinal WAT sections was performed by the digital
acquisition of adipose tissue areas using AxioVision 40V
4.6.3.0 software and a Zeiss Axioskop 2 microscope
equipped with an AxioCam ICc3 digital camera (Carl
Zeiss S.A., Barcelona, Spain). Distributions of adipocyte
size were obtained from individual data on cell sizes.
Immunohistochemical detection of UCP1 in BAT sec-
tions was performed as previously described [32], using a
polyclonal antibody against UCP1 (Catalog number
GTX112784, GeneTex, Irvine, USA) as the primary
antibody.

2.7 | Nonpolar metabolomic analysis

Metabolomic analysis was conducted for six to seven bio-
logical replicates (animals) per group on liver, BAT,
iWAT, and eWAT samples. Nonpolar metabolites were
extracted from 5 mg of lyophilized tissue using methanol:
chloroform: 50 mM Tris Buffer (pH 7.5, containing 1 M
NaCl) (1:2:1 [v/v]), spiked with 50mgL™' DL-
a-tocopherol acetate as internal standard. After centrifu-
gation (15 min, 14,000 rpm, 4°C), the organic hypophase
was transferred into a new vial and dried using the
SpeedVac concentrator; finally, samples were resus-
pended in 100 pl ethyl-acetate and analyzed by liquid
chromatography (LC)-atmospheric pressure chemical

ionization-mass spectrometry as previously described.*
For each biological replicate, extractions were performed
in triplicate. Full scan MS with data-dependent MS/MS
fragmentation and, when available, authentic standards
were used for metabolite identification. All solvents and
standards used were LC-MS grade quality
(CHROMASOLYV from Sigma-Aldrich). Metabolites were
quantified relatively by normalization on the internal
standard (DL-a-tocopherol acetate) amount.

2.8 | Statistical analysis

Data are expressed as mean + SEM. The statistical signif-
icance of differences between groups was assessed by
one-way ANOVA, followed by Tukey's Honest Significant
Difference post hoc test. The Student's ¢ test was used for
relevant binary comparisons in specific cases. Analysis
was carried out with IBM SPSS Statistics for Windows,
Version 27.0. (IMB Corp., New York, USA) and Microsoft
Excel (Microsoft, Washington, USA). The threshold of
significance was set at p < 0.05.

3 | RESULTS

3.1 | DS supplementation attenuated the
development of HFD-induced obesity

In our experimental design, obesity-prone mice were pre-
treated daily for 1 week with DS or its vehicle and then
challenged with an obesogenic HFD while continuing to
receive the same daily treatments; a third group of ani-
mals were fed an NFD and received the vehicle during
the whole experimental period. The pretreatment with
DS did not affect body weight or body composition as
assessed by ECO-MRI, so there were no differences in
these parameters among the experimental groups at the
start of the 4-week HFD/NFD feeding challenge (data not
shown). Body weight gain was higher in the two HFD-
fed groups as compared with the NF group from day four
of HFD onward, as expected, and lower in the DS group
as compared with the HF control group at several experi-
mental time points (Figure 1A) despite higher cumulative
energy intake in the DS group (Figure 1B). Expected
changes in body composition with HFD feeding—
namely, an increase in body fat mass and a decrease in
lean body mass expressed as a percentage of body
weight—were attenuated in the DS group (Figure 1C,D).
Body weight at the experimental endpoint was similarly
increased by 7-8% in both groups of mice on the HFD
relative to the NF group (Figure 1E). However, the HFD-
induced increases in visceral WAT depots mass
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FIGURE 1 Dermatan sulfate (DS) supplementation ameliorated the high-fat diet (HFD)-induced adiposity gain. Obesity-prone mice were
challenged with an HFD for 4 weeks while receiving a placebo (HF group) or DS orally (HF + DS group); a third group received a placebo and
was kept on a normal-fat diet (NF group). Body weight (bw) gain (A), cumulative energy intake (B), and changes in fat (C) and lean body mass
(D) during the dietary challenge. Body weight (E), brown adipose tissue (BAT) and inguinal, epididymal, and retroperitoneal white adipose tissue
(IWAT, eWAT, and rWAT) weights (F), adiposity index as the sum of WAT weights as percent bw (G), the visceral (vis: eWAT and rWAT) to
subcutaneous (sub: iWAT) ratio (H), and liver index as liver weight as percent bw (I) at the end of the experiment. Data are the means + SEM of
eight to nine animals per group. Repeated measures ANOVA in (A, B) or one-way ANOVA for the other parameters were used to compare
between groups. All ANOVA tests were followed by Tukey's Honest Significant Difference post hoc test; bars not sharing letters are significantly
different (p < 0.05). Single comparisons between the HF + DS and the HF control group were carried out by Student's ¢ test (#, p < 0.05).
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Dermatan sulfate (DS) supplementation decreased adipocyte size after the high-fat diet (HFD). Obesity-prone mice were

challenged with an HFD for 4 weeks while receiving a placebo (HF group) or DS orally (HF + DS group); a third group received a placebo

and was kept on a normal-fat diet (NF group). Mean adipocyte area (A), representative microphotographs illustrating adipocyte size (B), and

distribution of adipocyte size (C) in inguinal white adipose tissue at the end of the experiment. Data are the means + SEM of six to seven

animals per group. In (A), to compare between groups, one-way ANOVA followed by Tukey's Honest Significant Difference post hoc test

was used: bars not sharing letters are significantly different (p < 0.05). In (C), between 200 and 300 cells per animal were included in the

analysis. Adipocyte size distribution was statistically different with p < 0.001 between groups, according to the Kolmogorov—-Smirnov test.

(retroperitoneal and epididymal), overall adiposity index,
and visceral to subcutaneous fat ratio were all attenuated
in the DS mice as compared with the HF control mice
(Figure 1F-H). There were no differences among groups
in BAT weight (Figure 1F) and liver index (Figure 11).

Histological analysis evidenced a marked increase in
iWAT mean adipocyte area in the HF control group,
which was attenuated in the DS group (Figure 2A,B).
Frequency distribution of adipocyte size indicated a
lower percentage of small adipocytes and an enrichment
in large adipocytes in iWAT of the HF mice as compared
with the NF controls (Figure 2C), consistent with a pre-
ponderance of adipocyte hypertrophy over hyperplasia
after 4 weeks of HFD feeding. Compared with that of HF
mice, the iWAT of DS mice was relatively enriched in
small adipocytes and depleted of large adipocytes
(Figure 2C), suggesting a higher contribution of adipo-
cyte hyperplasia to adipose tissue expansion in the DS-
supplemented HFD-fed mice.

3.2 | DS supplementation attenuated
HFD-induced alterations in glucose control
and insulin sensitivity

Excess fat mass generally associates with insulin resis-
tance and alterations in glucose control. Consistent with

the differences in body fat gain, HFD feeding led to
increased fasting blood glucose levels in the HF control
mice but not the DS-supplemented mice (Figure 3A).
Fasting blood insulin levels were similar and nonsignifi-
cantly higher in both groups of mice on the HFD relative
to the NF controls (Figure 3B). Fasting blood NEFA
levels showed no remarkable differences among groups
(Figure 3C). Insulin resistance as estimated with the
HOMA-IR index was significantly increased in the HF
control mice, and the increase was attenuated in the DS-
supplemented mice (Figure 3D). Likewise, insulin sensi-
tivity as estimated with the R-QUICKI index was more
impaired following HFD feeding in the non-
supplemented HF control mice than the DS mice
(Figure 3E).

3.3 | DS supplementation enhanced
energy expenditure, prevented the
“whitening” of BAT, and counteracted
changes in the BAT nonpolar metabolome
induced by an HFD

The fact that protection against HFD-induced adiposity
gain in the DS mice occurred despite increased energy
intake pointed to the involvement of metabolic mecha-
nisms. We used body weight loss upon a 6-h fast as a
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FIGURE 3 Dermatan sulfate (DS) supplementation ameliorated the high-fat diet (HFD)-induced hyperglycemia and insulin resistance.

Obesity-prone mice were challenged with an HFD for 4 weeks while receiving a placebo (HF group) or DS orally (HF + DS group); a third

group received a placebo and was kept on a normal-fat diet (NF group). Blood glucose (A), serum insulin (B), serum NEFA (C), insulin
resistance HOMA-IR (D) index, and insulin sensitivity R-QUICKI (E) index 5-7 days before the sacrifice and after a 6-h fast. Data are the
means + SEM of seven to nine animals per group. To compare between groups, one-way ANOVA followed by Tukey's Honest Significant

Difference post hoc test was used: bars not sharing letters are significantly different (p < 0.05).

proxy of energy expenditure and found this parameter to
be decreased following HFD feeding in the HF control
but not the DS mice (Figure 4A). These results strongly
suggest that reduced energy expenditure contributes to
the development of DIO in the HF control mice and that
energy expenditure is higher in the DS mice. Accord-
ingly, DS mice had a higher rectal temperature—another
proxy of energy expenditure—than HF mice (measured
on the last week of HFD feeding) (Figure 4B).

The above results prompted us to examine the status
of WAT browning and BAT activation. Microscopic
examination of fixed tissue sections revealed no signs of
iWAT browning—such as the presence of brown-like adi-
pose cells with a multilocular intracellular lipid
distribution—in any of the experimental groups (see rep-
resentative images in Figure 2B). No molecular signs of
WAT browning were evidenced from gene expression
analyses either; even an overall downregulation of genes
related to mitochondrial oxidative metabolism and ther-
mogenesis in iWAT and rWAT depots was detected in
the HFD-fed groups compared with the NF group (see
Section 3.4 and data not shown). On the contrary, in the
interscapular BAT depot, HFD feeding induced
the expression of UCP1—the key molecular effector of
BAT thermogenesis, while other proteins related to mito-
chondrial oxidative metabolism assayed (PPARa,

mitofusin 2) were not downregulated (Figure 4C). Inter-
estingly, UCP1 induction was more consistent and robust
in the DS mice than the HF control mice, as shown by
immunoblotting (Figure 4C,D) and immunohistochemi-
cal staining (Figure 4E). Furthermore, microscopical
examination of BAT sections revealed the presence of
markedly enlarged intracellular lipid droplets in the
brown adipocytes of HF control mice—which is a promi-
nent feature of “whitened” BAT,'> while DS mice had a
more active BAT with smaller, closely packed adipocytes
and smaller lipid droplets (Figure 4E).

HFD feeding did not affect BAT mass but changed
the BAT metabolome differentially in the HF and DS
groups. Metabolomic analysis identified 82 nonpolar spe-
cies in BAT, of which 25 showed differences in relative
accumulation among groups. The HF mice displayed
increased relative levels per gram of BAT of all differen-
tial lipid metabolites (23 species) compared to the NF
mice (Figure 4F, left panel). The altered metabolites
included several species of triacylglycerol (TAG) and
phospholipids from the group of phosphatidylcholines
(PC), three metabolites of arachidonic acid (5-Oxo-ETE,
prostacyclin, 11,14,15-theta), and one metabolite of cho-
lesterol (cholestanetriol). Interestingly, the HFD-induced
changes in BAT metabolome were markedly attenuated
in the DS mice, which only showed increased relative
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FIGURE 4 Signs of increased energy expenditure and brown adipose tissue (BAT) activation in the dermatan sulfate (DS)-
supplemented, high-fat diet (HFD)-fed mice. Obesity-prone mice were challenged with an HFD for 4 weeks while receiving a placebo

(HF group) or DS orally (HF + DS group); a third group received a placebo and was kept on a normal-fat diet (NF group). Body weight lost
upon a 6-h fast (A) and rectal temperature (B) 5-7 days before the sacrifice. Protein levels (C) and representative immunoblots (D) of the
thermogenic/oxidative metabolism indicated genes in BAT, and representative microphotographs of two mice per group illustrating BAT
activation and uncoupling protein 1 (UCP1) immunostaining (E) at the end of the experiment. Volcano plots of nonpolar species
differentially accumulated in BAT between the indicated groups (F). The ratio of active (phosphorylated) to inactive (unphosphorylated)
forms of receptor-regulated SMAD proteins as an indicator of the status of the canonical TGF-p signaling pathway in BAT (G) and protein
levels of the indicated SMAD proteins in BAT (H). Data are means + SEM of six to nine animals per group. Protein expression data are
expressed relative to the mean value of the NF control group, which was set to 100. To compare between groups, one-way ANOVA followed
by Tukey's Honest Significant Difference post hoc test was used: bars not sharing letters are significantly different (p < 0.05). In (F), single
comparisons between groups were carried out by Student's ¢ test, with the significance threshold at p < 0.05. PC, phosphatidylcholine; SM,
sphingomyelin; TAG, triacylglycerol.
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levels per gram of BAT of two TAG species and even
decreased levels of two other TAG species compared with
the NF mice (Figure 4F, middle panel). Compared
with the HF mice, the DS mice showed significantly
decreased relative levels per gram of BAT of cholestane-
triol, one PC, and one TAG species (Figure 4F, right
panel). The nonpolar metabolome of subcutaneous and
visceral WAT depots was less changed qualitatively by
HFD feeding (only 2 out of 70 lipid species identified in
WAT depots showed differences), and there were no
noticeable differences between the HF and DS groups
(results not shown).

Transforming growth factor beta (TGF-f) signaling
through the SMAD2/3 pathway is inhibitory to BAT
recruitment/thermogenesis®>** and beige adipogenesis.*
Further, evidence from a study in DS-treated mice*® and
a genetic mouse model with decreased endogenous tissue
DS levels®” suggests DS may downregulate TGF-p produc-
tion and activity in tissues. This background prompted us
to examine the status of the canonical TGF-§/SMAD 2/3
signaling pathway in BAT in our experiment, for which
we used specific monoclonal antibodies against the active
(phosphorylated) and inactive (unphosphorylated) forms
of the receptor-regulated SMAD2 and SMAD3 proteins.
Although with high interindividual wvariability, the
phospho-SMAD2/SMAD2 and, to a lesser extent,
phospho-SMAD3/SMAD3 ratios in BAT were lower in
the DS mice than the HF mice, whereas levels of
SMAD4—the common-partner SMAD protein—were
similar in both groups (Figure 4G,H). These results sug-
gest inhibitory TGF-f signaling to BAT thermogenesis is
attenuated in the DS mice compared to the HF
control mice.

3.4 | DS supplementation modulated
metabolic gene expression in visceral WAT
and skeletal muscle

HFD feeding provoked changes in the expression of met-
abolic genes in the visceral (retroperitoneal) WAT depot
that, in general, were not affected by DS supplementa-
tion. Expression levels in rWAT of genes related to ther-
mogenesis/mitochondrial oxidative metabolism/brown
adipocytes (Ucpl, Cidea, Ppara, Ppargcla, Slc27al,
Cptlb), the cellular uptake of free fatty acids (Cd36), and
the mobilization of fatty acids from intracellular TAG
stores through lipolysis (Lipe, Pnpla2) were all lower in
the two HFD-fed groups as compared with the NF group
(Figure 5A). The expression of specific genes related to
the de novo synthesis of fatty acids, namely Fasn and
(though nonsignificantly) Scdl, was also downregulated
in both HFD-fed groups (Figure 5B). On the opposite, the

Biofactors_\A\/] ]_‘EYJ_9

expression of Mest, a potential marker of WAT expansion
under obesogenic conditions,”® was higher in the two
HFD-fed groups (Figure 5C), as expected. Expression
levels of Lpl and Srbfl were similar in all the experimen-
tal groups. Out of all the metabolic genes analyzed, only
Slc2a4 (coding the insulin-dependent glucose transporter
GLUT4) and Pparg (coding the master regulator of adipo-
genesis and adipose tissue PPARY) showed differences in
expression in rWAT between DS and HF mice. The
expression of both genes was lower in the DS mice (Fig,
5B), which could be connected to their reduced expan-
sion of visceral fat depot after the HFD. Additionally,
HFD-induced increases in the mRNA levels in rWAT of
Mcpl (which encodes for monocyte chemoattractant
protein-1) and Cd68 (which encodes for a classical mac-
rophage marker surface protein) were apparent in the HF
mice when compared to the NF controls (p = 0.064, Stu-
dent's ¢ test, for Mcpl), and attenuated in the DS mice
(Figure 5D), possibly related also to their decreased
expansion of visceral fat after the HFD.

Skeletal muscle plays a significant role in whole-body
glucose homeostasis and is highly responsive to changes in
the availability of glucose and fatty acids. DS supplementa-
tion strongly impacted the capabilities for substrate
uptake, substrate metabolism, and insulin responsiveness
in skeletal muscle (Figure 5E). Compared with either the
NF or HF mice, the DS-supplemented mice showed dra-
matically increased muscle expression levels of genes for
proteins involved in the cellular provision and uptake of
fatty acids (Lpl, Cd36), the Ucp3 gene—whose protein
product facilitates fatty acid oxidation and minimizes reac-
tive oxygen species production in muscle cells*®—and
genes for proteins in the insulin signaling pathway (Insr,
coding the insulin receptor, and Irs1, coding the insulin
receptor substrate). HFD feeding upregulated muscle
Ppargcla expression levels in the HF control mice but not
the DS mice, and the GLUT4 gene, Slc2a4, in both the HF
and DS mice, yet more consistently in the latter. The DS
mice also displayed lower muscle expression levels of
Ppard and higher of Cptib compared with the HF control
mice. Other genes assayed (Mcad, Slc2al) were similarly
expressed in skeletal muscle regardless of the group.

3.5 | DS supplementation modulated
liver metabolic and autophagy capabilities,
as well as the hepatic nonpolar
metabolome

The HFD challenge applied did not result in increased
total liver lipid content (Figure 6A), possibly due to its
relatively short duration (4 weeks), since chronic HFD
feeding for more extended periods (e.g., 18 weeks) causes
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mRNA levels of the indicated genes in retroperitoneal white adipose tissue (rtWAT) (A-D) and skeletal muscle (E) at the end

of the experiment. Obesity-prone mice were challenged with a high-fat diet for 4 weeks while receiving a placebo (HF group) or DS orally
(HF + DS group); a third group received a placebo and was kept on a normal-fat diet (NF group). Data are means + SEM of four to nine

animals per group and are expressed relative to the mean value of the NF control group, which was set to 100. To compare between groups,
one-way ANOVA followed by Tukey's Honest Significant Difference post hoc test was used: bars not sharing letters are significantly different
(p < 0.05). Single comparisons between the HF + DS and the HF control group were carried out by Student's ¢ test (#, p < 0.05).

the accumulation of liver fat in C57BL/6] male mice.*
Analysis of the hepatic expression of selected genes
related to metabolism, autophagy, and inflammation
revealed differences among groups (Figure 6B-E). HFD
feeding downregulated the hepatic expression of the
lipogenesis-related genes Fasn and Scdl selectively in
the DS mice; other lipogenic genes (Gpat, Srebf1) and oxi-
dative metabolism/fatty acid catabolism-related genes
(Ppara, Ppargcla, Cptla) assayed were similarly
expressed in all groups (Figure 6B). As to the glucose
metabolism-related genes (Figure 6C), the DS mice dis-
played decreased hepatic expression levels of Gck—
encoding glucokinase, which can also be considered a
lipogenic ~ enzyme,”?*  and  Pepck—encoding

phosphoenolpyruvate carboxykinase, a limiting enzyme
for gluconeogenesis—as compared with the HF control
mice. HFD feeding upregulated the hepatic expression of
Mapllc3b—encoding LC3 protein, central to the autop-
hagy process—in the HF control group but not the DS
group and the picture was similar for Foxo3a and, though
nonsignificant, other autophagy-related genes assayed
(Becnl, Atg7) (Figure 6D). Thus, the hepatic expression of
all autophagy-related genes assayed was lower or tended
so in the DS mice as compared with the HF mice. Simi-
larly, the hepatic expression of the manganese superoxide
dismutase gene (Sod2)—which increases upon oxidative
stress through ROS-mediated activation of specific tran-
scription factors, such as NF-kB and AP-1>’—tended
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FIGURE 6 Dermatan sulfate (DS) supplementation affected liver parameters after the high-fat diet (HFD). Obesity-prone mice were
challenged with an HFD for 4 weeks while receiving a placebo (HF group) or DS orally (HF + DS group); a third group received a placebo
and was kept on a normal-fat diet (NF group). Liver total lipid content (A), mRNA levels of the indicated genes in the liver (B, C, D, E), and
Volcano plots of lipid species identified in the liver that changed between the indicated groups (F) at the end of the experiment. Data are
means + SEM of six to nine animals per group. mRNA expression data are expressed relative to the mean value of the NF control group,
which was set to 100. To compare between groups, one-way ANOVA followed by Tukey's Honest Significant Difference post hoc test was
used: bars not sharing letters are significantly different (p < 0.05). In (F), single comparisons between groups were carried out by Student's
t test, with the significance threshold at p < 0.05. PC, phosphatidylcholine.

lower in the DS mice (p=0.072, Students ¢ test)y 4 | DISCUSSION
(Figure 6E), consistent with a lower degree of oxidative

stress in these mice as compared with the HF controls. In this work, building on previous research from our

Metabolomic analyses revealed several differentially  group,'*'® we studied the potential of the GAG DS to coun-
accumulated metabolites per gram of liver tissue in the teract the development of obesity in a well-established

HF mice compared with the NF controls (Figure 6F, left mouse model, namely obesity-prone C57BL6/J mice fed a

panel). The relative levels of arachidonic acid (C20:4) fat-rich diet. Results indicate that supplementation with DS
were decreased, and those of arachidonic acid-derived  attenuates the development of DIO, hyperglycemia, insulin
metabolites (i.e., 5-0x0-ETE; 5,6-DHET; 6-keto PGE1; resistance, and tissular inflammatory metabolomes in this
prostacyclin; 11,14,15-THETA) increased in the liver of = model by increasing whole-body energy expenditure
HF mice. Interestingly, DS treatment during HFD offset ~ through the potentiation of BAT activity and the redirec-
the increases in arachidonic acid-derived metabolites in tion of substrates toward skeletal muscle.

the liver, including the increases in 5-oxo-ETE, a potent To our knowledge, this is the first study to investigate
pro-inflammatory 5-lipoxygenase product.** the anti-obesity activity of DS tested individually in vivo.
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In our previous work, supplementation of a DS-
containing GAG mix (Oralvisc, hyaluronic acid: DS,
1:0.25) accelerated body fat loss during the reversal of
obesity (by changing from an HFD to a regular diet) in
DIO mice but failed to counteract the development of
DIO in the C57BL6/J model.'® Those results were
obtained at a dose of 3 mg of GAG mix/mouse/d, hence
providing 0.75 mg DS, similar to the dose used in the pre-
sent work (0.8 mg DS/mouse/d). GAG mix supplementa-
tion increased the insulin sensitivity of mice under both
normal and HFD feeding conditions, yet due to a lower-
ing effect on insulinemia,'® not on glycemia as found
here in the HFD-fed mice supplemented solely with
DS. Additionally, GAG mix supplementation did not
affect the animals’ cumulative energy intake on an
HFD,'® whereas DS supplementation led to increased
energy intake on an HFD (this work). Taken together, it
is suggested that there are functional interactions
between the two Oralvisc GAG mix components in vivo
that condition the biological activity of the mix. It is to be
noted that interactions were already observed when
examining the impact of this mix and its components on
the differentiation fate of primary MEFs."*

DS mice lost more weight when fasting and had
higher rectal temperature than the HF mice, strongly
suggesting that their reduced development of DIO is due
to increased energy expenditure. The greater energy
intake observed in the DS mice is in good concordance,
as it may reflect compensatory stimulation of food intake
to maintain energy balance in the setting of increased
energy expenditure.’® Interestingly, DS supplementation
modified fat depot expansion on an HFD quantitatively,
decreasing it and qualitatively, favoring the hyperplasic
component of WAT expansion. This is of interest because
adipocyte hyperplasia (increase in adipocyte number fol-
lowing recruitment and differentiation of adipose precur-
sor cells), as opposed to hypertrophy (increase in
adipocyte size), is thought to be protective from
obesity-associated metabolic complications such as insu-
lin resistance and to represent a healthier form of WAT
expansion.”®*” Decreased HFD-induced adipocyte hyper-
trophy in the DS mice could have led to lower macro-
phage infiltration in visceral WAT (rWAT) in these mice
as compared to the HF controls, as suggested by the con-
sistent Mcpl and Cd68 mRNA expression results. Less
macrophage infiltration and, hence, reduced local inflam-
mation could contribute to DS mice's Dbetter
metabolic parameters after the HFD. Obesity-induced
metabolic syndrome is well known to be associated with
the acceleration of inflammation via the recruitment of
macrophages in adipose tissues.*®

WAT browning and BAT activation are metabolic
mechanisms that can increase whole-body energy

expenditure and oppose the development of DIO. No his-
tological or molecular evidence of WAT browning was
found in the DS mice. In fact, the HF control and DS
mice showed reduced gene expression related to thermo-
genesis and oxidative metabolism in iWAT after the HFD
challenge compared to the NF mice. This adaptation to
efficiently store energy in WAT depots has been observed
repeatedly in mice during dietary fat excess (revised in
Ref. 39). However, the shared WAT metabolic phenotype
was associated with signs of decreased whole-body
energy expenditure (less weight lost after a 6-h fast) in
the HF control mice but not the DS mice. The difference
could be explained because the DS mice had a more
active BAT after the HFD, as indicated by the tissue's his-
tological appearance and the UCP1 immunoblotting and
immunohistochemical staining results. Microscopical
examination revealed a hallmark of “whitened” BAT,
namely increased intracellular fat deposition, in the HF
mice but not the DS mice compared to the NF mice. The
metabolomic results aligned with the histological find-
ings by showing a marked increase in the relative levels
of various TAG and phospholipid species in BAT of HF
mice compared to NF mice that, for most lipid species,
was attenuated in the DS animals. “Whitened” brown
adipocytes have an enlarged endoplasmic reticulum®
besides enlarged intracellular lipid droplets, which could
explain the phospholipid results. Further, BAT whitening
courses with tissue inflammation'® and our metabolomic
results indicated HFD-induced increases in the relative
levels of pro-inflammatory lipids such as cholestanetriol
and 5-0x0-ETE in BAT of the HF mice, which were sup-
pressed in the DS mice. Cholestanetriol is a pro-
inflammatory and proatherogenic oxysterol,*"** whereas
5-0x0-ETE is a potent pro-inflammatory 5-lipoxygenase
product.*® Trends to HFD-induced increases in the
expression in BAT of genes for pro-inflammatory cyto-
kines such as interleukin 6 and MCP1 were also detected
in the HF control mice but not the DS mice, though the
expression of these cytokine genes could not be detected
in all the samples, and, unlike in rWAT, differences in
Mcpl expression in BAT were not paralleled by differ-
ences in the tissue Cd68 expression (results not shown).
A differential role of MCP1 expression in attracting mac-
rophages in WAT and BAT has been previously sug-
gested.** Taken together, it appears that HFD feeding
leads to BAT whitening, and DS supplementation attenu-
ates this effect. BAT whitening occurs under various
experimental conditions, including obesogenic diet feed-
ing, obesity, aging, and thermoneutrality. It can exacer-
bate the development of obesity, which has led to
increased interest in its study. The precise pathological
mechanisms underlying BAT whitening are not fully
understood and may differ depending on the triggering
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condition.'> Remarkably, a single day of HFD feeding
was shown to cause BAT whitening in mice.*’

Besides BAT, results herein suggest effects on skeletal
muscle metabolism and substrate partitioning between
skeletal muscle and visceral WAT may contribute to the
anti-obesity activity of DS supplementation. Gene expres-
sion results are consistent with higher skeletal muscle
insulin responsiveness, fatty acid uptake, and oxidation
capabilities in the DS-supplemented HFD-fed mice com-
pared with the HF controls. Lower expression levels of
Ppard (encoding PPARS) and Ppargcla (encoding the
PPARS coactivator PGCla) in the muscle of DS mice may
seem at odds with this scenario and with the purported
metabolic benefits of DS supplementation. However, acti-
vation of PPARS through oral agonist administration was
reported in rats to associate with a worsening, not
improvement, of insulin-stimulated glucose uptake in
skeletal muscle.*® Interestingly, our results indicate an
enhanced partitioning of glucose toward skeletal muscle
(where the preferential fate of glucose is oxidation) than
toward visceral fat (where preferential fate is energy stor-
age) in the DS mice. This is suggested by the finding that,
following HFD feeding, the DS mice (but not the HF con-
trols) simultaneously showed GLUT4 gene expression
induced in the skeletal muscle and repressed in the vis-
ceral rWAT depot. In addition, HFD feeding upregulated
muscle Lpl gene expression selectively in the DS mice,
pointing to an increased channeling of HFD-derived fatty
acids circulating in TAGs toward skeletal muscle in these
mice compared to the HF controls.

Higher insulin responsiveness in skeletal muscle of DS
mice as suggested by the upregulated expression of both
Insr and Irsl may result in increased muscle insulin-
dependent glucose uptake through GLUT4. This enhanced
uptake may be one reason the DS mice have lower fasting
blood glucose levels than the HF mice. Decreased gluco-
neogenesis could also contribute, considering that HFD
feeding upregulated hepatic Pepck expression in the HF
control mice but not the DS mice. Similarly, the hepatic
expression of autophagy-related genes appeared upregu-
lated after HFD selectively in the HF mice. A previous
report that examined the liver autophagy response to an
HFD in rats found that the autophagy flux and the hepatic
expression of autophagy-related genes were increased after
2 weeks of HFD but attenuated after 10 weeks.*” It was
suggested that the transient increase could represent an
adaptive mechanism to eliminate the fat overload through
autophagy, thus avoiding the overproduction of potentially
hazardous lipid-degradation intermediates.*” We speculate
that after 4 weeks of HFD, the HF control mice in our
study are still at this transient increase in liver autophagy.
The lack of this autophagic response in the DS mice could
result from their increased substrate oxidative metabolism
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in BAT and skeletal muscle, making the transient activa-
tion of liver autophagy unnecessary. A less pro-
inflammatory environment in the liver of DS mice may fit
in this scenario and is suggested by lower hepatic Sod2
expression and levels of arachidonic acid-derived metabo-
lites like 5-ox0-ETE found in the DS mice compared to the
HF controls.

Although eventual effects on intestinal fat absorption
or spontaneous physical activity cannot be ruled out,
results in this work indicate that metabolic mechanisms
underlie the anti-obesity action of DS. The ultimate expla-
nation for the metabolic effects of DS supplementation
remains to be determined. Human studies showed that
radiolabeled DS is absorbed following oral administration,
especially a subfraction comprising the smaller or less sul-
fated molecules.*® Intestinal absorption has been demon-
strated for other GAGs, such as hyaluronic acid, following
oral administration to rats and dogs.*® Therefore, it is pos-
sible that the DS molecules supplemented, or fragments of
them, reach and integrate into the ECM of vascular walls
and metabolically relevant tissues. This may lead to remo-
deling of the ECM, causing alterations in signal processing
and the response of parenchymal and precursor cells to
autocrine, paracrine, and endocrine signals, ultimately
affecting cell fate and metabolism. DS or DS fragments
could also function by interacting with specific cell surface
receptors.”>”' The ECM impacts adipogenesis, adipocyte
metabolism,’* and muscle metabolism,>* with implications
for obesity and metabolic diseases. Indeed, genetic rodent
models targeting enzymes involved in GAG chain building
or proteoglycan core proteins exhibit distinct adipose phe-
notypes (reviewed in Ref. 3). Finally, it cannot be dis-
carded that changes in the gut microbiota partly mediate
the effects of oral-supplemented DS.>**> More specifically,
our results indicated possible modulatory effects of oral
DS supplementation under an HFD on the TGF-f/SMAD
2/3 signaling pathway in BAT. Additionally, increased DS
content in the vascular and tissue ECM after oral DS sup-
plementation could result in increased activity of heparin
cofactor II (HCII)—a serine protease inhibitor that inacti-
vates thrombin upon complex formation with DS.>® Evi-
dence in both humans and rodents indicates that HCII
exerts positive effects on glucose metabolism and insulin
sensitivity via its antithrombotic activity or acting on addi-
tional, still unknown, targets.””*® Strikingly, decreased
HCII genetic charge resulted in increased Mcpl gene
expression in visceral WAT and increased gluconeogenic
Pepck gene expression in the liver of HFD-fed heterozy-
gous (HCIT™' ™) mice,”® which is the opposite of what we
found here in the HFD-fed, DS supplemented mice. Thus,
the involvement of changes in HCII activity in the positive
metabolic effects of DS supplementation in the context of
an HFD is suggested.
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In conclusion, this work shows that oral DS supple-
mentation counteracts the development of HFD-induced
obesity and insulin resistance in obesity-prone mice due,
at least in part, to metabolic mechanisms that promote
energy expenditure, namely the potentiation of BAT
activity through decreased whitening and the redirection
of substrates toward skeletal muscle. DS supplementation
also resulted in lower levels of pro-inflammatory lipid
species in BAT and the liver on an HFD. The results sus-
tain potential uses of DS for the management of body fat
and metabolic health, including the prevention and ame-
lioration of BAT whitening, weight gain, and insulin
resistance related to obesity and aging.
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