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Ginsenoside Rb1 inhibits free fatty acids-induced oxidative
stress and inflammation in 3T3-L1 adipocytes
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Abstract. Free fatty acids (FFAs) increase in visceral fat and
are inferred to be one of the underlying inducers of adipose
tissue inflammation. In our previous study, it was demon-
strated that ginsenoside Rb1 stimulates endothelial nitric oxide
synthase (eNOS) and Sirtuin 1 to protect against endothelial
cell senescence. In the present study, 3T3-L1 adipocytes were
exposed to 0.5 mM FFAs with or without Rbl (10-40 uM).
Monocyte chemotactic protein-1 (MCP-1) and interleukin-6
(IL-6) secretion was measured using ELISA. Tumor necrosis
factor-a (TNF-a) expression and nuclear factor-kB (NF-kB)
p65 phosphorylation were detected using western blot
analysis. Oxidative stress was determined via measuring intra-
cellular reactive oxygen species (ROS) and nitric oxide (NO)
production. The results demonstrated that MCP-1 and IL-6
secretion, as well as TNF-a expression, were significantly
increased following FFA treatment, which was attenuated by
Rbl in a dose-dependent manner. Furthermore, Rbl attenu-
ated FFA-induced NF-kB phosphorylation, suggesting that
the inhibitory effect of Rbl on inflammatory cytokines was
partially mediated through blockade of NF-kB phosphoryla-
tion. Further experiments demonstrated that Rbl ameliorated
FFA-induced ROS generation and NO reduction through
upregulation of superoxide dismutase 2 and eNOS expression.
Taken together, these results demonstrate proinflammatory
and pro-oxidant effects of FFA on 3T3-L1 adipocytes, which
are effectively ameliorated by Rbl. Suppression of inflamma-
tory responses and oxidative stress may be a novel mechanism
for attenuating the effect of Rbl on adipocyte dysfunction.
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Introduction

Obesity has been identified as a kind of chronic low-grade
inflammatory condition and is closely associated with the
development of insulin resistance, type 2 diabetes, cardiovas-
cular disease, and cancer (1-3). Adipose tissue, which contains
diverse types of cells including pre-adipocytes, adipocytes,
endothelial cells, and immune cells, has recently been identi-
fied as a pivotal endocrine tissue (4,5). A number of recent
studies have shown that adipocytes synthesize and secrete a
large amount of hormones, and inflammatory cytokines into
systemic circulation, including adiponectin, leptin, tumor
necrosis factor-a (TNF-a), monocyte chemoattractant protein
1 (MCP-1), interleukin-6 (IL-6) and plasminogen activator
inhibitor-1 (6-8). In the obese state, most free fatty acids (FFAs)
are derived from adipose tissue, which stimulate adipocytes to
release pro-inflammatory cytokines and contribute to devel-
opment of the inflammatory state and oxidative stress (9,10).
FFAs mediate these responses in part through activation of
the nuclear factor-xB (NF-kB) pathway, which activate abun-
dant secretion of inflammatory cytokines and inhibit insulin
signaling (11). In addition, FFAs are implicated in the activa-
tion of oxidative stress partly by impairment of endogenous
antioxidant defenses.

Asian ginseng, the root of Panax ginseng C.A. Meyer
(Araliaceae), is a widely used herbal medicine in East Asia.
Ginsenosides, the major pharmacologically active ingredi-
ents of ginseng, appear to provide an effective therapy for
neurodegenerative diseases (12) and inhibit inflammation,
redox stress (13), and cellular senescence. Ginsenosides are
generally divided into two groups, panaxadiols and panaxa-
triols, based on their chemical structure. Panaxadiols include
compounds such as the ginsenoside Rbl, the most abundant
among more than 40 ginsenosides. Rbl has been extensively
studied and found to have multiple biological functions
including anti-inflammation, anti-apoptosis, anti-oxidation,
increasing nitric oxide production in endothelial cells, and
inhibiting angiogenesis.

Recent studies have found that Rbl improves insulin sensi-
tivity in obese and diabetic db/db mice by reducing hepatic fat
accumulation and suppressing adipocyte lipolysis via up-regula-
tion of perilipin expression in adipocytes (14). Another important
finding is that Rbl has anti-obesity and anti-hyperglycemic
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effects in diet-induced obese rats (15). Our recent study demon-
strated that Rbl pretreatment prevents human umbilical vein
endothelial cell (HUVEC) senescence through modulation of
the redox status and protects HUVECS from hydrogen peroxide
(H,0,)-induced senescence through stimulation of the Sirtuin
1 pathway (16). However, limited data have been reported
concerning the effect of Rbl on FFA-induced inflammation in
adipocytes. In this study, we investigated whether Rbl inhibits
inflammatory responses induced by FFAs in 3T3-L1 adipocytes
and the underlying mechanism.

Materials and methods

Cell culture and treatments. Mouse embryonic 3T3-L1
pre-adipocytes were purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained in
high-glucose Dulbecco's modified Eagle's medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
bovine calf serum (Hyclone, Logan, UT, USA) at 37°C in
a 5% CO, incubator until confluency and then induced to
differentiate as described previously (17,18). Briefly, at 2 days
post-confluency (defined as day 0), the cells were exposed
to differentiation medium containing 0.5 mM isobutylmeth-
ylxanthine, 1 M dexamethasone, 10 pg/ml insulin (Sigma,
St. Louis, MO, USA), and 10% fetal bovine serum (FBS)
for 3 days. Then, the cells were transferred to DMEM with
10 ug/ml insulin and 10% FBS. The medium was changed
every two days. Maturation of adipocytes was confirmed by
Oil red staining. Differentiated adipocytes were serum starved
for 16 h in DMEM supplemented with 2% FBS before treat-
ment and then exposed to FFAs for 4 h. For Rbl treatments,
3T3-L1 adipocytes were treated with various concentrations of
Rbl (10-40 ymol/l) for 4 h, followed by treatment with 0.5 mM
FFAs for 4 h. At the end of experiments, the culture superna-
tants and monolayered cells were harvested for analysis.

Preparation of fatty acid-albumin complexes. Saturated
palmitic acid was used in this study as FFA. Lipid-containing
media were prepared by conjugation of palmitic acids with
bovine serum albumin (BSA) using a modified method
described by Svedberg et al (19). Briefly, palmitic acids were
first dissolved in ethanol at 200 mmol/l and then combined
with 10% FFA-free low endotoxin BSA to concentrations of
1-10 mmol/1. The pH of all solutions was adjusted to 7.5, and
the stock solutions were filter sterilized and stored at -20°C.
A control solution containing ethanol and BSA was prepared
similarly. Fresh working solutions were prepared by diluting
stock solutions (1:10) in 2% FBS/endothelial cell basic medium
(EBM) or 0.5% FCS/EBM as appropriate. The final 1% BSA
was consistent in all FFA media, while the FFA-to-BSA ratio
varied with the FFA concentration.

Cellviability assay. MTT assay was performed to test viability
of 3T3-L1 adipocytes. 3T3-L1 preadipocytes were seeded at
a density of 1x10* cells per well in a gelatin-coated 96-well
plate. After differentiated to mature adipocytes, the cells were
then treated with various doses of palmitate (0, 0.125, 0.25,
0.5, 1.0 mM) for 4 h or 24 h. The cells were used for deter-
mination of viability, using the MTT Cell Proliferation Assay
kit (Beyotime). Briefly, at indicated time point, the cells were
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incubated with an MTT solution for 4h at 37°C in the dark.
After supernatants were aspirated, DMSO was added and the
plates were agitated to dissolve the formazan crystal product.
Absorbance was then measured at 570 nm in a Victor micro-
plate reader. The percentage of viable cells was calculated by
defining the cell viability of control group as 100%.

Measurement of MCP-1 and IL-6 secretion by enzyme-linked
immunosorbent assays (ELISAs). Culture supernatants were
diluted 2-fold to determine MCP-1 and IL-6 levels. ELISAs
were performed according to the manufacturer's instruc-
tions (R&D Systems, Wiesbaden-Nordenstadt, Germany).
Briefly, the culture supernatant was collected after treat-
ment and centrifuged to remove any debris. Assay Diluent
(50 ul) were add to each well, and then standards or sample
(50 pl/well) were added to the antibody pre-coated microtiter
plates, followed by incubation for 2 h at room temperature.
Then, 100 ul MCP-1/IL-6 conjugate were added to each well,
followed by incubation for 2 h at room temperature. After four
washes, 100 ul Substrate Solution were added to each well,
followed by incubation for 30 min while protected from light
at room temperature. Stop Solution (100 ul) were then added,
followed by incubation for less than 30 min. The plate was
read immediately at 450 nm with 540 or 570 nm as reference
wavelengths in a Victor microplate reader. MCP-1 and IL-6
concentrations were calculated according to the standard
curve and normalized to the cell numbers.

Western blot analysis. 3T3-L1 preadipocytes were grown
and differentiated into adipocytes in six-well plates. After
serum starvation in 2% FBS/DMEM overnight, the cells were
incubated in 2% FBS/DMEM containing 10, 20, or 40 mmol/l
Rbl for 4 h, Then, 0.5 mM palmitic acid was added to treated
groups for 4 h. Cells were washed twice with precooled PBS
and then lysed in RIPA buffer with a protease inhibitor cocktail,
PMSF, and sodium orthovanadate (Santa Cruz Biotechnology,
Santa Cruz, CA). The protein concentration was measured by
the Bradford method. Thirty micrograms of protein in 30 pul
reducing sample buffer was boiled for 5 min at 100°C and
then resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis for 2 h at 100 V. Then, the proteins were trans-
ferred onto a polyvinylidene difluoride membrane for 90 min
at 100 V. After transfer, the membrane was incubated in 25 ml
blocking buffer (1XTBS, 0.1% Tween-20 with 5% non-fat dry
milk) for 1 h at room temperature. Then, the membrane was
incubated with primary antibodies against TNF-a, endothelial
nitric oxide synthase (eNOS), superoxide dismutase 2 (SOD2),
phospho-NF-kB (Ser536), NF-xB, or 3-actin (Cell Signaling
Technologies, Danvers, MA, USA) in 10 ml primary antibody
dilution buffer with gentle agitation overnight at 4°C. After
washing three times for 10 min each with 15 ml 10X TBS/0.1%
TBS/T, the membrane was incubated with a horseradish perox-
idase-conjugated secondary antibody (1:3,000; Cell Signaling
Technologies, Danvers, MA) in 10 ml blocking buffer with
gentle agitation for 1 h at room temperature, followed by three
washes for 10 min each.

Nitric oxide (NO) production measurement. NO production was
evaluated by measuring the accumulation of nitrites, a stable
oxidative end product of NO metabolism, in the cell lysate



of cultured 3T3-L1 adipocytes using the Greiss reagent kit
(Beyotime) following the manufacturer's instructions. Briefly,
50 pl samples were incubated with 50 ul Greiss reagent I and
50 pl Greiss reagent II in a 96-well microplate at room tempera-
ture for 30 min. The optical density was measured with the
Victor microplate reader at 540 nm. Nitrite concentrations in
the cell lysates were calculated according to the standard curve.

Determination of reactive oxygen species (ROS). Differentiated
3T3-L1 adipocytes were exposed to 0.5 mM BSA or FFA with
or without Rbl for 4 h after serum starvation for 16 h. The
generation of intracellular ROS was detected by the DCF
method using a ROS assay kit (Beyotime). Briefly, treated
cells were washed in PBS and then incubated with 10 xM
2', 7'-dichlorodihydrofluorescein diacetate in PBS at 37°C for
20 min. Fluorescence was measured with excitation/emission
wavelengths of 493/538 nm using a fluorescence microscope
(DM4000B, Leica, Solms, Germany).

Statistical analysis. Data were calculated and expressed
as group means + standard deviation. Statistical analyses
were performed using the Student's t-test, analysis of vari-
ance (ANOVA), and Bonferroni's multiple comparison test.
Statistical differences were considered significant at P<0.05.

Results

FFA induces IL-6 and MCP-1 secretion as well as TNF-a
expressionin 3T3-LI adipocytes,and Rbl inhibits these effects.
FFAs are a major inducer of the pro-inflammatory response in
3T3-L1 adipocytes and play a central role in obesity. However,
the effect of Rbl on FFA-induced MCP-1 and IL-6 secretion,
as well as TNF-a expression is unknown. In the present study,
we determined MCP-1 and IL-6 secretion induced by FFAs
using ELISAs and detected the TNF-a protein abundance
with an anti-TNF-a antibody by immunoblotting in 3T3-L1
adipocytes. Preliminary experiments using the MTT assay
confirmed that incubating 3T3-L1 adipocytes with 1 mM FFAs
for 4 h as well as 24 h resulted in excessive toxicity whereas
0.5 mM FFA for 4 h did not affect 3T3-L1 adipocytes viability
(Fig. 1). Therefore, the maximum concentration of FFA used in
all subsequent experiments was 0.5 mM for 4 h. Differentiated
3T3-L1 adipocytes were exposed to 0.5 mM BSA or 0.5 mM
FFAs for 4 h. The results showed that no significant difference
was observed between cells exposed to BSA and the normal
control, whereas IL-6 (Fig. 2A) and MCP-1 (Fig. 2B) in the
medium and TNF-a protein expression (Fig. 2C) exposed to
FFAs were significantly elevated compared with those exposed
to BSA or the normal control (Fig. 2, P<0.01, ANOVA). To
determine the effect of Rbl on FFA-induced MCP-1 and IL-6
production and the TNF-a protein level in 3T3-L1 adipocytes,
we exposed cultured 3T3-L1 adipocytes to 0.5 mM FFAs with
or without Rbl at 10, 20, and 40 uM for 4 h. The results showed
that Rbl significantly decreased IL-6 (Fig. 2A) and MCP-1
(Fig. 2B) production as well as TNF-a expression (Fig. 2C) in
a dose-dependent manner (Fig. 2, P<0.05, ANOVA).

FFA decreases eNOS expression and NO production in
3T3-L1 adipocytes, and Rbl blocks this effect. NO has been
recognized as a potential mediator of inflammation-induced
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Figure 1. Cell viability of mature 3T3-L1 adipocytes pre-treated with FFA
(0,0.125,0.25,0.5, 1.0 mM) for 4 h or 24 h was determined by MTT assay.
Representative results were from three independent experiments. “P<0.01,
vs. control group.

insulin resistance and plays an important role in energy
metabolism (20). Among the known NO synthases, eNOS was
originally identified as playing an important role in the regu-
lation of vascular tone and blood pressure. However, eNOS
expression is not restricted to vascular endothelium and has
been shown to be more ubiquitous. eNOS has a major role in
adiponectin synthesis of adipocytes (21). In present study, we
determined the effects of FFAs on NO production and eNOS
expression of 3T3-L1 adipocytes in the presence or absence
of Rbl. The results showed that the levels of eNOS expres-
sion (Fig. 3A) and NO production (Fig. 3B) were very low in
control cells. FFA significantly decreased eNOS expression
and the corresponding NO production that were significantly
restored by 40 uM Rbl (Fig. 3).

FFA decreases SOD2 expression and increases ROS genera-
tion in 3T3-L1 adipocytes, and these effects are reversed by
RbI. SOD2 is a major anti-oxidant enzyme in mitochondria,
which catalyzes the dismutation of O, into H,0,, and is one
of the Nrf2-regulated SODs. To compensate for the lack of
NO bioavailability and reduce O,-mediated damage, SOD
increases H,O, levels by dismutation of superoxide anions (22).
In this study, cultured 3T3-L1 adipocytes were exposed to
0.5 mM FFAs in the absence or presence of Rbl at 10, 20 and
40 pm for 4 h. ROS generation as well as SOD2 expression
were then measured. The results showed that FFA treatment
for 4 h drastically decreased SOD2 expression (Fig. 4A), and
increased ROS levels (Fig. 4B) in 3T3-L1 adipocytes, which
were restored by Rbl in a dose-dependent manner.

NF-xB activation in 3T3-L1 adipocytes is induced by FFA, and
the effect is inhibited by Rbl. NF-kB-dependent pathways are
important to regulate inflammatory gene expression in adipo-
cytes. In the inactive state, NF-kB/Rel transcription factors
are present in the cytosol. However, when cells are stimulated
by stress factors, the NF-kB p65 subunit is phosphorylated
and initiates the inflammatory response. In the present study,
we examined the effect of Rbl on phosphorylation of the
NF-kB p65 subunit at Ser536. The results showed that FFAs
(0.5 mmol/l, 4 h) induced phosphorylation of the NF-kB p65
subunit at Ser536, and Rbl pretreatment (10, 20, 40 uM)
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Figure 2. Rbl suppressed FFA-induced IL-6, MCP-1 secretion, and TNF-a expression in 3T3-L1 adipocytes. Saturated palmitic acid was used as FFA in
this study. Fully differentiated 3T3-L1 adipocytes were cultured for 16 h in DMEM with 2% FBS and were preincubated with Rbl at 10, 20, and 40 yM
for 4 h followed by exposure to 0.5 mM FFA or FFA-free BSA for 4 h respectively. Saturated palmitic acid was used in this study. (A) IL-6 and (B) MCP-1
secreted into the medium were measured by ELISAs and normalized by cell number. (C) Expression of TNF-a was tested by western blot analysis and
semi-quantified by densitometry. Representative results were from three independent experiments. “"P<0.01, vs. control group; "P<0.05, vs. FFA group;

*P<0.01, vs. FFA group.
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Figure 3. Rbl reversed FFA-induced eNOS protein downregulation, and consequently increased NO production. Saturated palmitic acid was used as FFA in
this study. Fully differentiated 3T3-L1 adipocytes were cultured for 16 h in DMEM with 2% FBS and were preincubated with Rbl at 10, 20, and 40 M for
4 h followed by exposure to 0.5 mM FFA or FFA-free BSA for 4 h respectively. Saturated palmitic acid was used in this study. (A) Expression of eNOS was
determined by western blot analysis. (B) NO production was measured by Griess reaction and expressed as percentage of control. Representative results were
from three independent experiments. ‘P<0.05, vs. control group; “P<0.01, vs. control group; "P<0.05, vs. FFA group; ‘P<0.01, vs. FFA group.

reduced phosphorylation of the NF-kB p65 subunit at Ser536
in a dose-dependent manner (P<0.01) (Fig. 5). However, total
NF-kB p65 in 3T3-L1 adipocytes was unchanged (Fig. 5).

Discussion
Past extensive studies have identified that Rbl protects various

cell types from injuries by anti-inflammatory and anti-oxidant
functions. Cheng et al confirmed that Rbl suppresses the

IL-1B-induced inflammatory response and apoptosis in
human articular chondrocytes (23). Xia ef al demonstrated
that Rbl inhibits myocardial ischemia/reperfusion injury in
diabetic rats by enhancing eNOS expression (24). Moreover,
Rbl functions as an anti-diabetic factor by improving central
leptin sensitivity (25), increasing basal glucose uptake, and
promoting browning by improving PPAR-y activity (26).
Interestingly, direct evidence concerning the role of Rbl in
FFA-induced oxidative stress and inflammatory responses in
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Figure 4. Rbl counteracted FFA-induced SOD2 protein downregulation and ROS generation. Saturated palmitic acid was used as FFA in this study. Fully
differentiated 3T3-L1 adipocytes were cultured for 16 h in DMEM with 2% FBS and were preincubated with Rbl at 10, 20, and 40 M for 4 h followed by
exposure to 0.5 mM FFA or FFA-free BSA for 4 h respectively. Saturated palmitic acid was used in this study. (A) Expression of SOD2 was determined by
western blot analysis. (B) ROS levels were measured by DCFH-DA and expressed as percentage of control. Representative results were from three indepen-
dent experiments. "P<0.05, vs. control group; “P<0.01, vs. control group; "P<0.03, vs. FFA group; *P<0.01, vs. FFA group.

B-actin

=
Lo
1

p-NF-kB (% of control)

0.0-

FFA - - + + + +

Rbi(uM) 0 10 0 10 20 40

Figure 5. Rbl inhibited FFA-induced phosphorylation of NF-xB p65 protein
in 3T3-L1 adipocytes. Saturated palmitic acid was used as FFA in this study.
Fully differentiated 3T3-L1 adipocytes were cultured for 16 h in DMEM
with 2% FBS and were preincubated with Rbl at 10, 20, and 40 M for 4 h
followed by exposure to 0.5 mM FFA or FFA-free BSA for 4 h respectively.
Phosphorylation of NF-xB p65 subunit at Ser536 was determined by western
blot analysis. Representative results were from three independent experi-
ments. “P<0.01, vs. control group; "P<0.05, vs. FFA group; *P<0.01, vs. FFA
group.

3T3-L1 adipocytes has not been fully elucidated. Our previous
study showed that Rbl protects HUVECs from senescence
by modulation of eNOS activity (27) and stimulation of the
Sirtuin-1 pathway (16). In the present study, we demonstrated
that 0.5 mM FFAs decreased NO production and increased
ROS generation that subsequently activated the NF-xB
pathway, leading to overproduction of IL-6, MCP-1, and
TNF-a in 3T3-L1 adipocytes. Rbl ameliorates oxidative stress
by increasing SOD2 and eNOS expression and suppressing
NF-«xB activation, and thus reduces 1L-6, MCP-1, and TNF-a
production. The inhibitory effect of Rbl on pro-inflammatory
cytokine production contributes to its beneficial anti-obesity
and anti-diabetic effects.

Circulating pro-inflammatory cytokines from adipocytes
to their downstream sensors in liver, muscle, etc. lead to insulin
resistance. Moreover, previous studies have demonstrated that
excessive circulating levels of FFAs are released from ectopic
fat deposits, which activate TNF-a, protein kinase C, c-Jun
NH2-terminal kinase, JNK1, and IL-6 expression (28-30)
in the state of obesity. The concentrations of FFAs in vivo
range from 0.1 to 1 mM (31,32). Therefore, we chose an FFA
concentration of 0.5 mM for our studies to reflect a conserva-
tive estimate of the in vivo conditions. We also confirm that the
saturated FFA palmitate is an effective inducer of the inflam-
matory response in 3T3-L1 adipocytes, which is consistent
with the study by Kolapo and associates (33).

The NF-xB pathway is a classical inflammation signaling
pathway. NF-kB is activated by a variety of stimuli and
plays a critical role in the regulation of multiple cytokines
such as TNF-a, MCP-1, and IL-6 (34,35). Previous studies
have demonstrated that FFA is a potent inducer of NF-kB
activation in monocyte/macrophages (36,37). In our study, we
demonstrated that FFAs upregulated phosphorylation of the
NF-«kB p65 subunit at Ser536, which is in consistent with the
result of previous studies (33,38,39). In addition, our findings
were in agreement with those showing that palmitate induced
secretions of MCP-1 and IL-6 as well as TNF-a expressions in
3T3-L1 adipocytes (39,40). Furthermore, we showed that Rbl
inhibited palmitate-induced NF-kB p65 phosphorylation and
release of pro-inflammatory cytokines. Few literatures have
reported the effect of Rbl on FFA treated 3T3-L1 adipocytes
and mechanisms. Wang ef al (41) demonstrated that Rbl atten-
uated intestinal injury by inhibiting the NF-xB activation and
induced inflammatory cytokines in the lung tissues. Cheng
and associates showed that Rbl inhibited osteoclast genesis by
modulating NF-kB pathway (42). These results are consistent
with our findings and highlight possible protective mechanism
of anti-inflammatory effects of Rbl. However, phosphorylation
of NF-kB does not represent direct evidence of subsequent
DNA binding, phosphorylation of NF-«B is an essential step for
subsequent DNA binding. Further experiments investigating
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the mechanism of Rbl in phosphorylation at cellular or animal
levels should be conducted in the future.

Oxidative stress is also closely associated with the develop-
ment of obesity and diabetes (43,44), which is characterized by
decreased expression of anti-oxidant genes, such as eNOS and
SOD?2, overproduction of ROS, and less NO generation. There
are many conflicting studies on NO production during oxida-
tive stress. Previous reports have shown that NO is associated
with the initiation and maintenance of inflammation through
the generation of peroxynitrite in human inflammatory bowel
disease (45), which can result in decreased cellular insulin
sensitivity by causing inhibitory nitrosylation of Akt (46).
Conversely, Kashyap et al showed that impaired NO activity
might play an important role in the insulin resistance of
type 2 diabetic individuals, indicating that an NO-dependent
increase is an important mediator of insulin-stimulated
glucose disposal in insulin target tissues (47). These conflicting
results may be caused by different cell types and different time
courses. In the present study, we found that FFAs decreased
NO production in 3T3-L1 adipocytes, whereas Rbl treatment
attenuated this effect. eNOS plays a major role in adipocytes
metabolism. Nisoli et al demonstrated eNOS” mice showed
features of insulin resistance (48). Koh and associates showed
that plasma adiponectin concentrations were reduced in adult
eNOS™ mice compared with age-matched wild-type mice (21).
In our study, expression of eNOS was upregulated by Rbl in
FFA-treated 3T3-L1 adipocytes in a dose-dependent manner
followed by increased NO production in 3T3-L1 adipocytes.

Mitochondria metabolize oxygen and is a major source of
ROS. One outcome of excessive levels of ROS is modification
of the structure and function of adipocytes and lipids, leading
to adipocyte dysfunction including altered cell signaling,
impaired energy metabolism, and inflammation (42). SODs
are considered as antioxidant defense enzymes that catalyze
the conversion of two superoxides into hydrogen peroxide
and oxygen. Yeop et al demonstrated that treatment with the
antioxidants, N-acetyl cysteine, catalase and SOD repressed
ROS generation and NF-«B translocation stimulated by excess
glucose and palmitate, and decreased inflammatory gene
expression (40). A decreased level and activity of SODs can
result in the accumulation of superoxide anion radicals in
cell and induction of SOD?2 is suggested to protect against
excess ROS (49). To study the role of SOD2 in obesity,
Krautbauer and associates treated 3T3-L1 preadipocytes or
mature adipocytes with increasing concentrations of palmi-
tate (PA), oleate (OA) or linoleate (LA) (from O to 200 uM).
They demonstrated that SOD?2 is induced not only in visceral
adipose tissues of rodents fed a high diet but also induced by
increased concentrations of FFA in mature 3T3-L1 adipocyte
in contrast to premature adipocytes. In addition, they showed
that OA (200 yM) upregulated SOD2 during day 6 and day
9 in mature 3T3-L1 adipocytes (50). Wang and associates
identified that SOD2 expression had been markedly increased
as well as mitochondrial DNA content in visceral fat (VF) of
C57BL/6J mice fed a high-fat and high-sucrose diet (HFHSD)
at 6th month, while a further extension of HFHSD diet inter-
vention resulted in a decrease of mitochondrial biogenesis and
SOD?2 expression in the VF until to the 12th month (51). The
findings of a recent study by Kang and colleagues suggested
that heterozygous SOD2 deletion impaired glucose-stimulated

WANG et al: PROTECTIVE EFFECTS OF GINSENOSIDE Rbl AGAINST OXIDATIVE STRESS AND INFLAMMATION

insulin secretion in high-fat-fed (HF) mice (52). Moreover, the
study of Bauer et al showed that elevated free fatty acids and
impaired adiponectin bioactivity contribute to reduced SOD2
protein in monocytes of type 2 diabetes patients (53). These
findings argue that whether increased concentrations of FFA
decrease SOD2 expression, and whether SOD2 has benefi-
cial or deleterious effects on obesity and insulin sensitivity.
However, the effect of palmitate to SOD2 in mature adipocyte
have not been reported in their paper. Our result showed that
palmitate at the concentration of 0.5 mM suppressed SOD2
protein expression in mature 3T3-L1 adipocytes. Rbl has
been shown to up-regulate the activity of SODs and enhance
expression of hypoxia-inducible factor-1a in hepatic tissues in
previous studies (54). Furthermore, recent studies showed that
pretreatment with Rbl significantly protects various cell types
against oxidative injury and upregulates Nrf2 and its down-
stream antioxidant-responsive genes including SOD2 (55,56).
In our study, we found that Rbl increased the expression of
SOD2, which was consistent with the diminished production
of ROS. It has been clearly indicated that Rbl protects 3T3-L1
adipocytes from FFA-induced redox stress, which is in line
with previous investigations (57).

Taken together, our study demonstrates that pretreatment
with Rbl ameliorates pro-inflammatory cytokine expression
through suppressed NF-kB translocation and blockade of its
activation. The inhibitory effect of Rbl on oxidative stress is
attributed to its anti-inflammatory activity and anti-oxidative
functions, and thus may contribute to the anti-obesity effect
of Rbl in insulin resistance and diabetes. The lack of animal
and clinical data is a limitation of our study, but it provides an
important basis for future research.
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