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Abstract

Obesity is an escalating global pandemic posing a serious threat to human health. The intervention therapy
using weight-reducing drugs, accompanied by lifestyle modification, is a strategy for the treatment of obesity. In
the present study, we explored the role of fucoidan, a seaweed compound, on high-fat diet (HFD)-induced obesity
in mice. We found that fucoidan treatment significantly reduced the body fat and caused redistribution of visceral
and subcutaneous fat in HFD-fed mice. Meanwhile, fucoidan treatment inhibited adipocyte hypertrophy and
inflammation in adipose tissue. Collectively, these results suggest that fucoidan may be a promising treatment for
obesity and obesity-induced complications.
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Introduction

Obesity, an escalating global pandemic featuring
the accumulation of excess body fatl!-2, is closely
related to the development of cardiovascular disease,
insulin resistance (IR), type 2 diabetes, and
nonalcoholic fatty liver disease (NAFLD)B!. The
excess energy stored in adipocytes leads to adipocyte
hypertrophy and macrophages infiltration in adipose
tissuesl*-3l. Hypertrophic adipocyte secrets adipokines
including adiponectin, leptin, tumor necrosis factor-o
(TNF-0) and interleukin-6 (IL-6), which can change
insulin activity in adipose tissues, liver, and
muscles(¢-7]. Meantime, obesity also induces chronic
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inflammation, leading to the development of elated
metabolic dysfunction such as IR, NAFLD, and
cardiovascular diseases#. Thus, both fat accumulation
and inflammation are key contributors to the
pathogenesis of obesity and its related metabolic
dysfunction.

As a complex sulfated polysaccharide, fucoidan has
been widely investigated for its anti-oxidative, anti-
tumogenestic, and anti-inflammatory effects(®- 9. It
reduces body weight gain in the mice fed with a high-
fat diet (HFD) and inhibits lipid accumulation in 3T3-
L1 adipocytes!!o-111. Our previous studies have shown
that fucoidan prevents obesity-associated high blood
pressurel!'2l, However, whether fucoidan has impacts
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on adipose tissue distribution (visceral vs.
subcutaneous fat) and inflammation is still unclear. In
the present study, we used fucoidan in HFD-fed mice
to determine its anti-obesity potential. Our results
revealed that fucoidan exerted a protective effect
against obesity, hyperlipidaemia, IR, and NAFLD,
and suppressed obesity-associated inflammation in
mice. These results indicate that fucoidan may be an
effective anti-obesity substance.

Materials and methods

Animals

Wild-type male C57BL/6 mice (Charles River,
China) were housed in pathogen-free conditions under
a regular 12:12-hour light/dark cycle with free access
to chow and water. Eight-week-old male mice were
fed HFD (60% kcal from fat; Research Diets, USA) or
chow diet (CD) (10% kcal from fat; Research Diets)
for 24 weeks. Fucoidan administration in wild-type
male mice was initiated after 8 weeks of feeding (CD
or HFD). The mice were daily treated with fucoidan
(Fucus vesiculosus; Sigma-Aldrich, USA) dissolved
in normal saline (2 mg/mL) or vehicle (saline)
intraperitoneally at a dosage of 10 mg/(kg-day) for 16
weeks. Mice were euthanized by CO, inhalation, and
the adipose and liver tissues were isolated for
experiments. This study was approved by the animal
ethics and welfare committee of Nanjing Medical
University (IACUC-1601142).

Intraperitoneal glucose tolerance tests

After overnight fasting, mice were given an
intraperitoneal injection of glucose (1.0 g/kg) for
glucose tolerance test (GTT). Glucose levels of mice
were determined by tail vein blood sampling using the
OneTouch Horizon Glucose Monitoring kit (LifeScan,
USA).

Micro-computed tomography analysis

The murine fat mass was analyzed with a
micro-computer tomography (micro-CT; SkyScan
1176, Bruker, Germany). Fat tissue regions of HFD
mice were drawn on the visceral and abdominal
subcutaneous adipose tissues at the level of the
vertebra (L6 region).

Primary murine adipocytes isolation and culture

Primary murine adipocytes were isolated from 4- to
6-week-old male mice. Inguinal adipose tissues were
cut into small pieces. Minced tissues were then
transferred to the serum-free DMEM containing
collagenase 1 (1.5 mg/mL, Sigma-Aldrich) for 45

minutes at 37 °C. The isolated stromal cells were
cultured using DMEM medium with 10% FBS. Two
days post confluency, the cells were stimulated with
induction media (10 pg/mL insulin [Sigma-Aldrich],
1 umol/L dexamethasone [Sigma-Aldrich], 0.5 mmol/L
isobutylmethylxanthine [IBMX, Sigma-Aldrich] in
DMEM with 10% FBS). Two days later, the induction
media was changed to insulin medium (DMEM with
10% FBS) containing 10 pg/mL insulin. The adipocyte
medium was changed every 2 days throughout the
differentiation period.

Isolation and culture of murine bone marrow-
derived macrophages

Murine bone marrow was isolated from 4 to 6
weeks C57BL/6 mice and re-suspended in DMEM
media with 10% FBS. Cells were treated with
20 ng/mL macrophage colony stimulating factor to
induce differentiation into bone marrow derived-
macrophages (BMDMs). The culture medium was
changed every 2 to 3 days and the adhered BMDMs
were harvested at the end of the sixth day.

Quantitative RT-PCR

Total RNA was extracted from mouse adipose
tissues or cells using RNAiso plus kit (Vazyme
Biotech, China) according to the instructions. Gene
expression was analyzed by using SYBR Green
(QuantStudio 6-Flex; Applied Biosystems, USA).

The following primer pairs were used forward 5'-
mouse studies: Cd68 forward, 5'-CTTCCCACAGGC-
AGCACAG-3', reverse, 5'-AATGATGAGAGGCAG-
CAAGAGG; Emrl forward, 5'-CTTTGGCTATGGG-
CTTCCAGTC-3', reverse, 5'-GCAAGGAGGACAG-
AGTTTATCGTG; Tnf forward, 5 '-ACGGCATGG-
ATCTCAAAGAC-3', reverse, 5S'-AGATAGCAAAT-
CGGCTGACG; [11b forward, 5'-TGTCTTGGCCG-
AGGACTAAGG-3, reverse, 5-TGGGCTGGACTGT-
TTCTAATGC; 1l6 forward, 5'-GTTCTCTGGGAA-
ATCGTGGA-3', reverse, 5'-GGAAATTGGGGTAG-
GAAGGA; 1110 forward, 5 '-CAGGGCCCTTTGC-
TATGG-3', reverse, 5'-GATCTCCCTGGTTTCTCTT-
CC; Adipog forward, 5 '-GCACTGGCAAGTT-
CTACTGCAA-3', reverse, 5'-GTAGGTGAAGAGA-
ACGGCCTTGT-3".

Biochemical analysis

Levels of Tnf-a, 11-6, and Il-1B in mouse plasma
were measured by ELISA kits (Multi Sciences,
China). Plasma levels of free fatty acid (FFA),
triglycerides, cholesterol, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were
measured by using the assay kit (Nanjing Jiancheng
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Bioengineering Institute, China). Cholesterol and
triglycerides levels in the liver were measured by
assay kit (Nanjing Jiancheng Bioengineering Institute)
and normalized to tissue weight (mg lipid/g tissue).

Seahorse extracellular flux analysis

Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) in adipocytes were detected
by Seahorse XF96 Extracellular Flux Analyzer
(Agilent, USA) following the manufacturer's protocols.
Primary murine adipocytes were seeded at 1.5x104
cells/well in a 96-well cell culture XF microplate. The
differentiated adipocytes were treated with fucoidan
(50 pg/mL) for 12 hours. During the ECAR assay,
cells were treated with glucose (10 mmol/L),
oligomycin (Oligo, 2 umol/L), and 2-deoxyglucose (2-
DG, 100 mmol/L). For the OCR assay, cells were
treated with Oligo (2 mmol/L), carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone ~ (FCCP, 1.5
pmol/L), and Rotenone and antimycin A (Rote+AA, 1
pmol/L). Each condition was performed with 8 to 10
replicates.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 7 (GraphPad, USA). The data were expressed
as meantSEM. Two-group comparisons were
performed using two-tailed unpaired t-test, one-way
ANOVA for comparisons between multiple groups
with a single variable, and two-way ANOVA for
comparisons with multiple variables. Differences
with P<0.05 were considered to be statistically
significant.

Results

Fucoidan treatment alleviated diet-induced obesity
and insulin resistance in mice

The effect of fucoidan in obesity and obesity-related
metabolic dysfunction was investigated using HFD-
induced obese mouse model. Fucoidan was admini-
stered to the mice from the 8t week to the 24% week
of HFD feeding continuously and the changes of body
weight and blood glucose were examined (Fig. 14). It
was shown that the mouse body weight was decreased
after 8 weeks of fucoidan treatment (since the 16th
week of HFD feeding) and the difference was
statistically significant after 12 weeks of treatment
(since the 20t week) in HFD-fed mice (approximately
11%) but not in CD-fed mice (Fig. 1B). Moreover, of
fucoidan showed a similar blood glucose-lowering
effect in the HFD mice after receiving fucoidan
treatment for 12 weeks (week 20 and week 24,

Fig. 1C). Fucoidan administration also significantly
improved insulin sensitivity in HFD mice after 16
weeks of fucoidan treatment (week 24) (Fig. 1D and
E). Furthermore, fucoidan-treated mice showed
decreased levels of FFA, triglycerides, and cholesterol
in plasma, compared with HFD-fed control mice
(Fig. 1F- H). These results indicated that fucoidan
might alleviate HFD-induced obesity and insulin
resistance.

Fucoidan treatment
adipocyte hypertrophy

prevented HFD-induced

The murine visceral fat and subcutaneous fat mass
was examined using a micro-CT system. Administra-
tion of fucoidan significantly reduced the body fat and
the ratio of visceral fat, and increased the ratio of
subcutaneous fat (Fig. 24-D). Epididymal fat, a kind of
visceral fat, also shrank by fucoidan treatment (Fig. 2E).
Decreased lipid accumulation and adipose tissue
hypertrophy were confirmed by the H&E staining of
the epididymal adipose tissue (Fig. 2F and G). The
whole-body oxygen consumption, carbon dioxide
production, and heat production in HFD mice, as
determined by metabolic cages, were comparably
increased by fucoidan treatment compared with the
saline treated HFD-fed mice (Fig. 2H-J). Notably,
there was no change in murine food intake and drink
(Fig. 2K and L).

Fucoidan inhibited
murine adipose tissue

inflammatory response in

Chronic inflammation in fat plays a crucial role in
the development of obesity and obesity-induced
diseases!!*-14. We found that expression levels of
Cd68 and Emrl, the major markers of inflammatory
cells in the epidydimal adipose tissue, were both
decreased in fucoidan-treated HFD mice (Fig. 3A4),
suggesting an attenuated immune cell infiltration in
the adipose tissue. Moreover, the expression of pro-
inflammatory cytokines (7nf, 111D, and 1/6) decreased
in fucoidan-treated mice (Fig. 3B). In concordance,
plasma levels of pro-inflammatory cytokines (Tnf-a,
II-1B, and Il-6) in obese mice were also decreased by
fucoidan treatment (Fig. 3C- E). Consistently,
fucoidan treatment decreased expressional levels of
Cebpa, Cebpb, and Ppary, crucial genes for
adipogenesis, in obese adipose tissues (Fig. 3F).

The direct effect of fucoidan on adipocytes was
investigated by performing in vitro experiments. Our
results showed that fucoidan could reduce the pro-
inflammatory factors (7Tnf, Il1b, and 1/6) and increase
protective cytokine Adipog in adipocytes in the
presence of palmitic acid (PA) (Fig. 44— D). To
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Fig. 1 Fucoidan treatment lowered body weight and glucose in HFD-fed mice. Mice were administered with fucoidan or vehicle after 8
weeks of feeding. A: Experimental design for fucoidan treatment [10 mg/(kg-day)]. B: Body weight of the fucoidan-treated mice, n=8. C:
Glucose in the fucoidan-treated mice, n=8. D and E: GTT (D) was performed in fucoidan-treated mice after 24 weeks of feeding; AUC of
GTT (E) was calculated, »=6. F—H: Plasma levels of FFA (F), triglycerides (G), and cholesterol (H) in the fucoidan-treated mice after 24
weeks of feeding, n=8. Data are expressed as mean+SEM. Statistical analyses were performed by two-way ANOVA for comparisons
between multiple groups with multiple variables (B-D) and one-way ANOVA for comparisons between multiple groups with a single
variable (E —H). *P<0.05; **P<0.01; **P<0.001; #P<0.05 HFD+vehicle mice vs. HFD+fucoidan mice; #P<0.01 HFD+vehicle mice vs.
HFD+fucoidan mice. CD: chow diet; HFD: a high-fat diet; AUC: area under the curve; GTT: glucose tolerance test; FFA: free fatty acid.

explore the mechanism of anti-inflammatory effects of
fucoidan, bioenergetics analyses were performed. As
expected, ECAR, an established indicator of glycolysis,
was decreased after fucoidan treatment (Fig. 4E).
Meanwhile, OCR, an indicator of mitochondrial

function, was slightly increased after fucoidan

treatment (Fig. 4F).
fucoidan also inhibited the output of inflammatory
cytokines (7nf, 1l1b, and [l/6) and promoted the
expression of anti-inflammatory cytokines ///0 in the
PA-treated BMDMs (Fig. 4G-J). These data revealed
that fucoidan treatment might suppress inflammation

In cultured macrophages,
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Fig. 2 Fucoidan treatment suppressed adipose hypertrophy. Mice were administered with fucoidan after 8 weeks of HFD feeding. A:
Representative micro-CT images of the abdominal fat at L6 region in fucoidan-treated mice after 24 weeks of HFD feeding. B-D: Fat mass
percentage (B), subcutaneous fat percentage (C), and visceral fat percentage (D) in the fucoidan-treated mice after 24 weeks of HFD feeding
were measured by micro-CT, n=6. E: Epididymal fat weight in fucoidan-treated mice after 24 weeks of HFD feeding, n=8. F: Representative
images of H&E staining of epididymal fat tissues in the fucoidan-treated mice after 24 weeks of HFD feeding. Scale bars, 100 pm. G:
Average diameters of adipocytes in epididymal adipose tissue of fucoidan-treated mice after 24 weeks of HFD feeding, n=6. H-L: whole
body oxygen (O,) consumption (H), carbon dioxide (CO,) production (I), energy expenditure (J), food intake (K), and drink (L) in fucoidan-
treated mice after 24 weeks of HFD feeding during a 24-hour period. Data are expressed as mean+SEM. Statistical analyses were performed
by two-tailed unpaired ¢ test for two-group comparisons. *P<0.05; **P<0.01; ***P<0.001. HFD: a high-fat diet; micro-CT: micro-computer

tomography.

in the obese adipose tissues.

Fucoidan administration
accumulation in the liver

inhibited ectopic fat

Extreme energy intake results in lipid deposition
not only in adipose tissues but also in the liver, which
might accelerate the progress toward steatohepatitis, a
serious complication of obesity. We found that
fucoidan treatment led to a decrease in liver weight
accompanied with reduced levels of hepatic
triglycerides and cholesterol (Fig. 54— C). Fucoidan
treatment also attenuated liver injury in HFD-fed mice

(Fig. 5D and E). Histological examination of liver
confirmed that the hepatic lipid droplets caused by
HFD feeding were dramatically decreased by fucoidan
treatment (Fig. 5F and G). Therefore, fucoidan could
act as a protector against HFD-induced obesity.

Discussion

Despite efforts in lifestyle modifications such as
improved dietary quality, food intake restriction, and
physical exercises, the rate of obesity has been
increasing in the world!'s!, and its severity also rises
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disproportionately!'sl. The rapid prevalence of obesity
is closely related to a variety of related diseases. Thus,
developing noninvasive anti-obesity drugs to treat or
prevent obesity and its complications would be of
high clinical benefit. In the present study, we
demonstrated that the administration of fucoidan
decreased the HFD-induced body fat accumulation
and inhibited inflammation in obese murine adipose
tissue. Our results indicate that fucoidan may be
effective to fight against obesity.

Fucoidan, a highly sulfated polysaccharide
extracted from brown seaweed, has been found to
possess antioxidant, anti-tumogenestic, and immuno-
regulatory properties(!’-19. Recently, an anti-obesity
effect of fucoidan has been reported in HFD-induced
mice as evidenced by the inhibition of fat

accumulation in adipocytes and blood!10-11.20], Besides
confirming this bioactivity, we revealed a redistri-
bution of fat in adipose tissues and increased oxygen
consumption in fucoidan-treated HFD mice. Moreover,
we further showed that fucoidan treatment could
suppress ectopic fat deposition in the liver. However,
whether fucoidan has an impact on lipid absorption is
not yet known. The potential effect of fucoidan on
multiple targets warrants further investigation.
Adipose tissue has been considered as important
sites for inflammation in obesity!42!l. The pathogenesis
process of many obesity-related metabolic dysfunction,
including IR, steatohepatitis, and cardiovascular
diseases, are orchestrated by chronic low level inflam-
mation(22-241, Therefore, anti-inflammation constitutes
an important therapeutic approach for treating these
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Fig. 4 Fucoidan treatment suppressed inflammation of adipocytes and macrophages. A—D: Primary murine adipocytes were treated by
fucoidan (50 pg/mL), PA (100 umol/L), or PA (100 umol/L) plus fucoidan (50 pg/mL) for 12 hours. mRNA levels of Tnf'(A), 111b (B), 1I6
(C), and Adipoq (D) were measured by qRT-PCR, n=5. E and F: ECAR and OCR of primary murine adipocytes with fucoidan (50 pg/mL)
treatment were measured by Seahorse (n=8-10). G—J: Murine BMDMs were treated by fucoidan (50 pg/mL), PA (100 pmol/L), or PA (100
umol/L) plus fucoidan (50 pg/mL) for 12 hours. mRNA levels of Tnf (G), 1/1b (H), 16 (1), and 1110 (J) were measured by qRT-PCR, n=5.
Data are expressed as mean+SEM. Statistical analyses were performed by one-way ANOVA for comparisons between multiple groups with
a single variable (A—D, G-J) and two-tailed unpaired # test for two-group comparisons (E and F). *P<0.05; **P<0.01; **P<0.001. PA: palmitic
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cyanide 4-(trifluoromethoxy)phenylhydrazone; Rote+AA: Rotenone and antimycin A; BMDMs: bone marrow derived-macrophages.

devastating diseases. The anti-inflammation effects of
fucoidan have been reported in several cell types. For
example, fucoidan inhibits lipopolysaccharide (LPS)-
induced inflammation in macrophages?’] and
microglial cellsi26l. Our results indicated that fucoidan
ameliorated inflammation in both adipocytes and
macrophages insulted by PA. Macrophages in adipose
tissues can affect insulin signaling in adipocytes via a
paracrine of pro-inflammatory cytokines in obesity,
promoting the progression of IR and obesity-related
metabolic diseases2’-281, Adipocyte hypertrophy causes
local hypoxia, which drives the inflammatory
responses in both macrophages and adipocytes.
Meantime, innate immune signaling in adipocytes is
activated by FFA or other cytokines. This process

triggers the infiltration of inflammatory cellsi29-321,
Preadipocytes in obese adipose fat have increased pro-
inflammatory cytokines(®}], indicating the role of
adipocytes in the obesity-induced inflammation. Thus,
the suppressing effect of fucoidan on inflammatory
responses in both macrophages and adipocytes
provides an aggravating beneficial effect against
obesity. Petrus et al have been reported that reduced
glycolytic rates could inhibit pro-inflammatory gene
expression in adipocytes®4. Fucoidan has been
reported to improve mitochondrial TCA cycle in
ratsi®sl. In our study, fucoidan also inhibited the
inflammation of adipocytes by reducing glycolytic
level and increasing TCA level.

Larger adipocytes tend to secrete more pro-
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aminotransferase.

inflammatory adipokines, exacerbating obesity-related
metabolic dysfunction. However, increased adi-
pogenesis in the adipose tissue is accompanied by
reduction in pro-inflammatory adipokines!*¢l. Further-
more, large fat cells are under hypoxic stress, which
augments inflammatory cell infiltration. The smaller
fat cells produced in adipogenesis can decrease the
inflammation in adipose tissuesi®7. In our study, the
decrease in fat mass was accompanied by shrinking
diameter of the adipocyte and inhibition of anti-
adipogenesis effects in fucoidan-treated HFD mice. In
conclusion, pro-adipogenesis may be a possible
mechanism for fucoidan to prevent obesity and
obesity-related metabolic dysfunction, but more
experiments are needed to prove it.

In this study, we show that fucoidan inhibits murine
body fat accumulation and adipose inflammation
induced by HFD. Combined with our previous
discovery that fucoidan inhibits obesity-associated
high blood pressurel!?), fucoidan may be used as an
new anti-obesity agent. Certainly, more studies on its
efficacy in human beings are needed in the future.
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