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First Evidence for the Anti-inflammatory Activity
of Fucoxanthin in High-Fat-Diet-Induced Obesity in Mice
and the Antioxidant Functions in PC12 Cells

Cong-ping Tan' and Yun-hua Hou'

Abstract—Obesity, characterized as a state of low-level inflammation, is a powerful determinant
influencing the development of insulin resistance and progression to type 2 diabetes. The purpose of
the present study was to investigate the anti-inflammatory activity of fucoxanthin in experimental
high-fat-diet-induced obesity in mice and antioxidant activity in PC12 cells under oxidative stress
situation. The anti-inflammatory potential of fucoxanthin in the regulation of maleic dialdehyde
(MDA), polymorphonuclear cells (PMNs), interleukin-13 (IL-13), inducible nitric oxide synthase
(INOS), tumor necrosis factor alpha (TNF-x), and cyclooxygenase-2 (COX-2) was determined by
ELISA. Fucoxanthin significantly inhibited obesity-induced upregulation of the production of IL-1f3,
TNF-«, iNOS, and COX-2. Moreover, fucoxanthin suppressed MDA and infiltration of PMNs. The
protective effects were associated with lack of hypertrophy and crown-like structures in mammary
gland. At the same time, fucoxanthin showed an advantage of antioxidant activity in PC12 cells under
oxidative stress situation. These results suggest that supplementation of fucoxanthin is a promising
strategy for blocking macrophage-mediated inflammation and inflammation-induced obesity and its

associated complications.
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INTRODUCTION

Work over the past decade has increasingly linked
obesity and inflammation. Contrary to an acute response
to an injury, which would typically induce pain and
swelling, obesity-associated inflammation is a chronic,
unmitigated inflammation with insidious results [1-4].
However, it is increasingly being understood that obesity-
induced chronic inflammation plays an important role in
the development of obesity-induced insulin resistance and
type 2 diabetes [5]. It is desirable to find a product that can
help patients with obesity-related inflammation and
metabolic dysregulation.
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Fucoxanthin (Fig. 1) is one of the most abundant
carotenoids and contributes more than 10 % of the estimated
total production of carotenoids in nature, especially in the
marine environment [6]. Earlier studies had indicated that
fucoxanthin was an effective radical scavenger [7]. It was
suggested that fucoxanthin was an active component for the
antiobesity effect [8]. It was also found that fucoxanthin
significantly reduced plasma and hepatic triglyceride con-
centrations and the activities of adipocyte fatty acid
synthesis, hepatic fatty acid and triglyceride synthesis, and
cholesterol-regulating enzymes [9, 10].

Maeda et al. [11] found that fucoxanthin markedly
decreased the blood glucose and plasma insulin levels, as
well as water intake in diabetic/obese KK-Ay mice. These
observations raise another interesting question as to
whether fucoxanthin has the protective effects against
obesity-induced inflammation. In the present study, we
assessed the activity of fucoxanthin to decrease obesity-
induced inflammation in mice and the antioxidant activity
in PC12 cells under oxidative stress situation.
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Fig. 1. Structure of fucoxanthin.

MATERIALS AND METHODS

Chemicals

Fucoxanthin was purchased from Leili Natural
Products Co., Ltd., China.

Animal

Kunming strain mice weighing 20-22 g were
maintained at room temperature under alternating natural
light/dark photoperiod and had access to standard
laboratory food and fresh water ad libitum.

Mice Treatment Protocol

This study was performed in accordance with
the Guide for the Care and Use of Laboratory
Animals. Care was taken to minimize discomfort,
distress, and pain to the animals. The mice (n=60)
were randomly assigned to either continue receiving
regular chow (20 % calories from fat, 60 % from
carbohydrates, and 20 % from proteins) (C group,
n=12) or were fed a high-fat diet (HFD; 60 %
calories from fat, 20 % from carbohydrates, and

50 -
45
40 - f

35+

30 -
25+
20 -
15+
10+
5t

Body weights

20 % from proteins) (H group, n=48) for 9 weeks.
Thirty-six of the mice consuming the H diet were
randomly assigned to receive (intragastric, ig) fuco-
xanthin (0.2, 0.4, and 0.6 %) (F-0.2, F-0.4, and F-0.6
groups, respectively) for 4 weeks. The other 12 mice
were administered (ig) saline (H group, n=12). The
body weights of the mice were measured on the
zeroth, second, third, and fourth week. Five weeks
later, the mice were sacrificed and the blood was
collected and serum was stored immediately at
=20 °C to estimate inflammatory cells and inflamma-
tory mediators. The mammary glands were formalin-
fixed for histological analyses.

Light Microscopy

Four micron-thick sections were prepared from
formalin-fixed, paraffin-embedded mammary gland tissue
and stained with hematoxylin and eosin. The total number
of crown-like structures (CLS) per section was quantified
by a pathologist (DG), and the amount of adipose tissue
present on each slide was determined using NIH Image].
Inflammation was quantified as CLS per square centime-
ter of adipose tissue.
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Fig. 2. Effects of fucoxanthin on body weights of mice. Values are shown as means + SEM. *P<0.05 vs. H group, **P<0.01 vs. H group.



Anti-Inflammatory and Antioxidant Activity of Fucoxanthin in Mice

v

’

A

AT

445

-

/)"-_

Fig. 3. Mammary gland inflammation is reversed by caloric restriction (arrowheads point to crown-like structures). a Representative pictures of H&E
staining for adipose tissues of the C group. b Representative pictures of H&E staining for adipose tissues of the H group. ¢ Representative pictures of

H&E staining for adipose tissues of the F-0.6 group.

Measurement of Maleic Dialdehyde

Maleic dialdehyde (MDA) was determined with
thiobarbituric acid (TBA) using the manufacturer's
instructions (Nanjing Jiancheng Bioengineering Insti-
tute). Total protein content of the samples was analyzed
using Coomassie Blue assay (Nanjing Jiancheng Bioen-
gineering Institute).

Measurement of Infiltration of Polymorphonuclear
Cells

Meloperoxidase (MPO) activity was measured to
assess the extent of polymorphonuclear cell (PMN)
infiltration. The method of assaying MPO activity was
according to the guide of the assay kit (Nanjing Jiancheng
Bioengineering Co., Ltd., China).

Measurement of Interleukin-13 and Tumor Necrosis

Factor Alpha Level

The concentration of interleukin-13 (IL-13) and
tumor necrosis factor alpha (TNF-«) was determined
using a commercial ELISA kit (Shanghai Jinma Biolog-
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ical Technology, Inc., China) following the
manufacturer's instruction.

Measurement of Cyclooxygenase-2, Inducible Nitric
Oxide Synthase, and ICAM-1 Levels

The procedures were processed according to the
protocols recommended for cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), and ICAM-1
immunohistochemistry kit (Hengdabaisheng Biotechnol-
ogy, Beijing, China).

Antioxidant Activities of Fucoxanthin
with Undifferentiated PC12 Cells

Cell Culture and Treatment

The PC12 cells, obtained from the American Type
Culture Collection (Rockville, MD, USA), were main-
tained in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with penicillin (100 U/mL), streptomycin
(100 pg/mL), 6 % FBS, and 6 % horse serum at 37 °Cin a
humidified atmosphere of 95 % air and 5 % CO,. They
were plated on poly-D-lysine-coated 96-well plate at a

F-0.6 group

F-0.4 group

F-0.2 group H group

Fig. 4. Effects of fucoxanthin on MDA level. Values are shown as means + SEM. *P<0.05 vs. H group, **P<0.01 vs. H group.



446

25+

MPO activities(U » g—1)

Tan and Hou

ol

1.5+ *

1t
051

0 . . . .

C group H group

F-0.6 group F-0.4 group F-0.2 group

Fig. 5. Effects of fucoxanthin on MPO activities. Values are shown as means + SEM. *P<0.05 vs. H group.

density of 2x 10* cells/well and allowed to adhere for 24 h
at 37 °C with complete DMEM. The PC12 cells were then
induced to differentiate with 50 ng/mL NGF in serum-free
DMEM for 3 days. Thereafter, the culture medium was
replaced by fresh serum-free DMEM (without NGF) with
or without the sterile fucoxanthin for 2 h.

Measurement of Intracellular Reactive Oxygen Species
Formation

After treatments, cells were incubated with 2',7'-
dichlorofluorescein diacetate (DCFH-DA) for 30 min.
Fluorescence intensity was measured for 2 h using a
fluorometer (FLx800, BioTek Instruments) at 485 and
530 nm Aeye and Aoy, respectively.

Enzyme Activity Assays

The supernatant of total cellular extract was used for
the assay of glutathione (GSH) content, superoxide
dismutase (SOD) activity, glutathione peroxidase (GPx)
activity, glutathione reductase (GR) activity, catalase
(CAT) activity, Na'K " ATPase activity, and glutathione S
transferase (GST) activity.

Statistical Analysis

The data were expressed as mean + SEM, and results
were analyzed by ANOVA followed by Dunnett's 7 test.
P<0.05 was considered significant.

RESULTS

Initially, we investigated the effects of fucoxanthin
on the weights of mice. The body weights of the mice are
presented in Fig. 2. Contrasted with the H group, the body
weights of mice in the fucoxanthin (0.4 and 0.6)-treated
group decreased gradually 2 weeks later. On the contrary,
the body weights of mice in the fucoxanthin (0.2)-treated
group did not decrease significantly.

The histology of the mammary gland was assessed
to quantify the severity of inflammation (Fig. 3). In
comparison to the C group (Fig. 3a), a significant increase
in mammary gland inflammation was found in the H
group mice following 9 weeks of high-sucrose feeding
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Fig. 6. Effects of fucoxanthin on IL-1{3 concentration. Values are shown
as means = SEM. *P<0.05 vs. H group.
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Fig. 7. Effects of fucoxanthin on TNF-« concentration. Values are shown as means + SEM. *P<0.05 vs. H group.

(Fig. 3b). Notably, high-fat feeding for 9 weeks followed
by fucoxanthin for 5 weeks was associated with a
significant decrease in the severity of mammary gland
inflammation compared to the H group (Fig. 3c¢).

The MDA level in the H group was found to be
0.966+0.007 nmol. A significant decrease in the MDA
level was observed in the C group, as compared to the H
group (P<0.01). The levels of MDA decreased after
administration of 0.6 mg fucoxanthin (P<0.01) and
0.4 mg fucoxanthin (P<0.05). However, the same results
did not occur in the fucoxanthin (0.2)-treated group
(Fig. 4).

The activity of MPO was determined as an indicator
of PMN migration. In this study, the MPO activity was
0.90 U/g in C rats and significantly increased in the H
group. Treatment with fucoxanthin (0.6 mg) significantly
reduced MPO activity (1.30 U/g, P<0.05). Treatment
with 0.4 and 0.2 mg fucoxanthin reduced MPO activity
also. However, it is not significant (Fig. 5).

Figure 6 shows that H diet significantly increased
protein concentration of IL-1f3 in the blood. Treatment of
0.6 mg fucoxanthin decreased the level of IL-1f3
(13.88 pg/mg) as compared to the H group (P<0.05).
As shown in Fig. 7, the levels of TNF-« elevated
significantly after H diet treatment; 0.6 mg fucoxanthin
suppressed this response (0.15 ng/ug, P<0.05).

Mice subjected to H diet showed typical markers of
inflammation including upregulation of prooxidative
enzymes (COX-2 and iNOS) (Table 1). The protein
expressions iINOS and COX-2 decreased dose depen-
dently in the fucoxanthin-treated groups (Table 1).

Following, the possible protective effect of them on
an oxidative stress model was analyzed with PC12 cells.

Exposure to the Fenton reaction led to a significant
increase of intracellular reactive oxygen species (ROS)
generation. A reduction in ROS formation was observed
when cells were incubated with fucoxanthin. This
reduction was significant for F-0.6 treatment (Fig. 8).
Spectrophotometric assays revealed that Fenton
reaction exposure of 30 min in PC12 cells caused a
significant decrease in activity and protein expression of
the antioxidant enzymes compared to control cells. F-0.6
and F-0.4 treatments showed a significant (P<0.05-0.01)
restoration in the level of various enzymes as compared
with the Fenton group. However, there was no significant
difference between the Fenton and F-0.2 groups (Table 2).

DISCUSSION

Obesity-induced inflammation is characterized by
the abnormal production of pro- and anti-inflammatory
adipocytokines. It has been found that resident macro-
phages in adipose tissue are mainly responsible for the

Table 1. Effect of Fucoxanthin on iNOS and COX-2 Protein Production
(Number of Immunopositive per Square Millimeter)

Different groups iNOS COX-2
C group 11.24+4.90a 10.06+5.06a
H group 60.23+16.31b 70.414+9.20b
F-0.6 group 27.41+1.29a 31.08+5.15a
F-0.4 group 47.41£1.19a 41.08+5.05a
F-0.2 group 56.31+3.99b 53.07+11.25b

The different letters in the same column indicate a statistical difference
(P<0.05)
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Fig. 8. Effect of fucoxanthin on ROS production in PC12 cells. Results are expressed as mean = SEM. * P<0.05 vs. control group, ** P<0.01 vs. control

group.

production of inflammatory cytokines. In mouse models
of obesity, inflammatory foci characterized by CLS
consisting of dead adipocytes encircled by macrophages
were found in the mammary gland. The histology of the
mammary gland was assessed to quantify the severity of
inflammation.

In the current study, we replicated our initial findings
by demonstrating that HFD-induced obesity was associ-
ated with histological inflammation and hypertrophy of
mammary adipocytes. It is consistent with other studies
[12, 13]. Treatment with fucoxanthin significantly sup-
pressed this process, suggesting that the antiobese effect
of fucoxanthin may be achieved, at least in part, through
blocking necrosis and chronic inflammation in adipose
tissues.

High-fat exposure is known to drive the proinflam-
matory activation of macrophages potentially through
multiple major pathways including the production of
reactive oxygen [14]. Therefore, the antioxidant effects of
fucoxanthin were investigated by measuring MDA levels.
As shown in Fig. 4, the MDA levels in the F-0.4 and F-0.6
groups were significantly lower than those in the saline
group (P<0.05 and P<0.01, respectively). The activity of

MPO was determined as an indicator of PMN migration.
In this study, the MPO activity was relatively low in the C
group and significantly increased in the H group.
Treatment with 0.6 mg fucoxanthin/kg weight resulted
in a substantial decrease in the extent of PMN infiltration
in the obesity-induced inflammation. High levels of
oxidative stress are common in many diseases. Caroten-
oids have been implicated as important dietary nutrients
with antioxidant potential [15]. As a carotenoid, fuco-
xanthin is a powerful antioxidant that protects cells from
oxidative stress damage.

In obese adipose, chronic inflammation ensues with
proinflammatory release of TNF-oc and IL-13 [16, 17].
IL-1f3 interaction with adipocyte IL-1 receptor promotes
disruption of the adipocyte insulin signaling pathway,
thus contributing to decreased insulin sensitivity [18].
Several studies also showed that TNF-« plays an
important role in the development of obesity-induced
insulin resistance in murine models by impairing insulin
signaling, particularly in adipocytes [19, 20]. Our results
show that 0.6 mg fucoxanthin treatment decreased the
level of IL-1f3 and significantly suppressed the elevated
levels of TNF-«.

Table 2. Effect of Fucoxanthin on Antioxidant Enzyme Activity

Different groups ~ GSH (nmol/mL)  SOD (IU/mg protein) GPx GR GST CAT Na'K"ATPase
F-0.2 group 1.401+0.022%* 1.82+1.22 8.10+0.32 24.31+2.02 10.60+0.66 4.88+0.32 3.00+0.31
F-0.4 group 1.500+0.033* 1.334£3.21* 14.11£1.12%%  30.21£6.03**  17.66+2.33**  6.66+0.44* 4.11+£0.21*
F-0.6 group 1.830+0.011%* 4.33+0.56%* 16.00+2.23**  36.56+2.56%*  17.44+£1.23*%*  7.22+0.32*%%  4.56+0.60*
Fenton group 1.112+0.011 2.01£1.41 7.89+0.33 21.11£2.23 9.07+1.11 4.66+0.10 2.224+0.20

Values are shown as means = SEM
*P<0.05 (vs. Fenton group); **P<0.01 (vs. Fenton group)
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The present work was also undertaken to evaluate the
anti-inflammatory effects of fucoxanthin on COX-2 ex-
pression, iNOS expression, and level of ICAM-1. Induc-
ible NOS is induced in response to inflammatory-like
stimuli and is capable of sustained production of high
levels of NO that predominate during inflammation [21].
The excessive or inappropriate production of NO can
damage tissue through the superoxide anion (O, ) [22].
The protein expressions of iNOS decreased dose
dependently in the fucoxanthin-treated groups. NO also
activates COX enzymes, leading to a marked increase in
PGE2 production [23]. COX-2 is primarily responsible for
increased PGE2 production during inflammation. In the
present work, F-0.6 treatment significantly decreased the
expression of COX-2 protein in obesity-induced
inflammation (P<0.05). The results of this work showed
that fucoxanthin prevents inflammation and insulin
resistance also by inhibiting nitric oxide (NO) and PGE2
production through the downregulation of iNOS and COX-
2 mRNA expression as well as adipocytokine production.

Recent studies by Cruz et al. and Bulua et al.
demonstrate that the promoted inflammation is correlated
with increased ROS production [24, 25]. Following, the
possible protective effect of fucoxanthin on an oxidative
stress model was analyzed in PC12 cells. A reduction in
ROS formation was observed when cells were incubated
with fucoxanthin. One of the possible preventive mech-
anisms of fucoxanthin against oxidative stress consists of
removing the ROS excess. At the same time, a significant
increase in both protein expression and activity of
antioxidant enzymes was detected when PC12 cells were
pretreated with fucoxanthin. These results provide further
evidences to support those previous findings on potential
benefits of fucoxanthin to block HFD-induced obesity
and insulin resistance under oxidative stress situation.

CONCLUSION

Our data have shown several findings on the anti-
inflammatory and antioxidant functions of fucoxanthin.
Fucoxanthin prevents inflammation and insulin resistance
by inhibiting upregulation of inflammatory cytokines IL-
13 and TNF-«x, blocking inflammation-related events
(MDA and MPO) and expressions of prooxidative
enzymes such as COX-2 and iNOS, as well as removing
the ROS excess. These beneficial effects were correlated
with a blockade of macrophage infiltration and chronic
inflammation in adipose tissue.
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