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Background: Oxidative stress occurs in white adipose tissue and dysregulates the expression of adipokines secreted from adipocytes.
Since adipokines influence inflammation, supplementation with antioxidants might be beneficial for preventing oxidative stress-mediated
inflammation in adipocytes and inflammation-associated complications. p-Carotene is the most prominent antioxidant carotenoid and
scavenges reactive oxygen species in various tissues. The purpose of this study was to determine whether B-carotene regulates the
expression of adipokines, such as adiponectin, monocyte chemoattractant protein-1 (MCP-1), and regulated on activation, normal T cell
expressed and secreted (RANTES) in 3T3-L1 adipocytes treated with glucose/glucose oxidase (G/GO).

Methods: 3T3-L1 adipocytes were cultured with or without B-carotene and treated with G/GO, which produces H,0,. mRNA and protein
levels in the medium were determined by a real-time PCR and an ELISA. DNA binding activities of transcription factors were assessed
using an electrophoretic mobility shift assay.

Results: G/GO treatment increased DNA binding affinities of redox-sensitive transcription factors, such as NF-kB, activator protein-1 (AP-1),
and STAT3. G/GO treatment reduced the expression of adiponectin and increased the expression of MCP-1 and RANTES. G/GO-induced
activations of NF-kB, AP-1, and STAT3 were inhibited by B-carotene. G/GO-induced dysregulation of adiponectin, MCP-1, and RANTES
were significantly recovered by treatment with B-carotene.

Conclusions: p-Carotene inhibits oxidative stress-induced inflammation by suppressing pro-inflammatory adipokines MCP-1 and RANTES,
and by enhancing adiponectin in adipocytes. p-Carotene may be beneficial for preventing oxidative stress-mediated inflammation, which
is related to adipokine dysfunction.

(J Cancer Prev 2018;23:37-43)
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inflammatory process by reducing excess ROS, and thereby

INTRODUCTION
alleviate disease complications.” Therefore, a significant effort
Reactive oxygen species (ROS) act as signaling mediators has been made to find potent and feasible antioxidants.

invloved in various diseases.' Elevated production of ROS activates In addition to its traditional role as an energy storage site,

inflammatory pathways via modulating the expression of
cytokines,” ROS-mediated cytokine production is regulated by the
activation of redox-sensitive transcription factors, such as NF-xB,
activator protein-1 (AP-1), and STAT3,>® which orchestrates and
amplifies inflammatory signaling. Antioxidants can inhibit this

white adipose tissue actively participates in inflammation by
producing and secreting a variety of signaling molecules,
collectively called adipokines.® Dysregulated production and/or
release of the adipokines due to dysfunctional adipocytes may
lead to inflammation-associated conditions.” Pro-inflammatory
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adipokines include monocyte chemoattractant protein-1 (MCP-1),
which recruits monocytes into adipocytes,'® and regulated on
activation, normal T cell expressed and secreted (RANTES), which
has chemotactic activity for various subsets of leukocytes."
Adiponectin, an adipocyte-derived anti-inflammatory factor,
promotes macrophage polarization toward an anti-inflammatory
phenotype,”” and reduces cytokine expression from macro-
phages.” In studies using adipose tissue from obese mice and
3T3-L1 adipocytes, a high level of ROS resulted in increased
expression of MCP-1, and decreased expression of adiponectin,'**
suggesting a differential role of ROS in the expression of
adipokines. Inhibition of ROS production in the adipose tissues
of obese mice attenuated the dysregulation of adipokines and
improved the expression of markers for diabetes and hyper-
lipidemia."” Therefore, the use of adipose tissue-targeting antiox-
idants may be a reasonable therapeutic approach for improving
complications derived from dysfunctional adipocytes. AP-1,
NF-kB, and STAT3 are the main transcription factors that
modulate the expression of a number of adipokines; increasing
MCP-1 and RANTES, but decreasing adiponectin.'®"” Therefore, it
is necessary to determine the role of these redox-sensitive
transcription factors on the expression of adiponectin, MCP-1,
and RANTES in adipocytes.

[-Carotene is the major carotenoid present in various tissues
including adipose tissue.'® Studies have indicated that -carotene
is involved in adipose tissue processes, such as adipogenesis,
oxidative stress, and the regulation of adipose tissue-derived
signaling pathways. '’ Moreover, the anti-inflammatory properties
of B-carotene have been demonstrated in different contexts and
cell types.”” Previously, we reported that f-carotene inhibits the
activation of mitogen-activated protein kinases, NF-kB, and AP-1
in gastric epithelial AGS cells infected with Helicobacter pylori”'
Therefore, 3-carotene may inhibit ROS-induced pro-inflammatory
signaling in 3T3-L1 adipocytes. In the present study, we
examined whether B-carotene attenuates ROS-induced activation
of transcription factors, such as NF-«B, AP-1, and STAT3 in 3T3-L1
adipocytes. Furthermore, we determined the effect of B-carotene
on the dysregulated expression of adipokines including
adiponectin, MCP-1, and RANTES in adipocytes.

MATERIALS AND METHODS

1. Cell culture

The 3T3-L1 preadipocytes were kindly provided by Dr. Jae Woo
Kim at Yonsei University College of Medicine (Seoul, Korea). The
cells were maintained in Dulbecco's modified Eagle's medium

(DMEM) with antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin; Sigma, St. Louis, MO, USA). The cells were
incubated in a CO, incubator at 37°C. To induce adipocyte
differentiation, 3T3-L1 preadipocytes were further cultured in
DMEM supplemented with 10% (v/v) FBS (Gibco, Grand Island,
NY, USA), 520 uM isobutylmethylxanthine, 1 uM dexamethasone,
and 167 nM insulin (Sigma). On day 2, the medium was changed
to medium that contained 10% FBS and 167 nM insulin. On day 4,
the medium was again replaced with DMEM that contained only
10% FBS, which was subsequently changed every 2 days until the
cell were used for experiments.

2. Experimental protocol

To induce oxidative stress, differentiated 3T3-L1 cells were
treated with B-D-glucose (10 mM) and glucose oxidase (10 mU/mL)
(G/GO; Sigma) which produces H,0,” To examine the anti-
inflammatory effect of B-carotene (prepared in tetrahydrofuran),
the 3T3-L1 cells were pretreated with B-carotene at a final
concentration of 5 uM or 10 uM for 2 hours before the G/GO
treatment.

3. Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed as
previously described.” Briefly, nuclear proteins were isolated,
and incubated with [*’PJdATP-labeled gel shift oligonucleotides:
NF-«B (5"-AGTTGAGGGGACTTTCCCAGGC-3'; Promega, Madison,
WI, USA), AP-1 (5"-CGCTTGATAGTCAGCCGGAA-3'; Promega), and
STAT3 (5-GATCCTTCTGGGAATTCCTAGATC-3"; Santa Cruz
Biotechnology, Dallas, TX, USA). Samples were subjected to
electrophoretic separation on a nondenaturing 5% acrylamide gel.
Then gels were dried at 80°C for 1 hour and exposed to radiography
film for 6 to 18 hours at —70°C with intensifying screens.

4. Quantitative real-time PCR

Total RNA was extracted from cells using the TRI reagent
(Sigma). RNA were converted into cDNA using a Primescript RT
Master Mix Kit (Takara Bio, Shiga, Japan). The cDNA was used as
a template for real-time PCR using a SYBR Green Real-time PCR
Master Mix (Toyobo Co. Ltd., Osaka, Japan). B-Actin was used as a
housekeeping gene for normalization. The primers used in PCR were
as follows: adiponectin, forward 5"- CCCAAGGGAACTTGTGCAGGT
TGGATG -3’ and reverse 5- GTTGGTATCATGGTAGAGAAGAA
AGCC -3 (634-bp product); MCP-1, forward 5- TGATCCCAATGAG
TAGGCTGGAG -3" and reverse 5- ATGTCTGGACCCATTCCTTCT
TG -3 (132-bp product); RANTES, forward 5"- GCCCACGTCAAGG
AGTATTTC -3’ and reverse 5"- AACCCACTTCTTCTCTGGGTTG -3’
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Figure 1. The effect of glucose/glucose oxidase (G/GO) treatment on the DNA binding activities of activator protein-1 (AP-1), NF-xB, and
STAT3 in 3T3-L1 adipocytes. Cells were treated with G/GO for the indicated time periods, and then nuclear proteins were isolated. DNA
binding activities of (A) AP-1, (B) NF-kB, and (C) STAT3 were determined using electrophoretic mobility shift assay.
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Figure 2. The effect of glucose/glucose oxidase (G/GO) treatment on the expressions of adiponectin, monocyte chemoattractant protein-1
(MCP-1), and regulated on activation, normal T cell expressed and secreted (RANTES) in 3T3-L1 adipocytes. Cells were treated with G/GO
for the indicated time periods. mRNA expression of (A) adiponectin, (B) MCP-1, and (C) RANTES were determined by real-time PCR. B-Actin
was used as a housekeeping gene for normalization. Protein levels in cell culture media for (D) adiponectin, (E) MCP-1, and (F) RANTES

were measured using ELISA. *P < 0.05 vs. 0 hour.
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(112-bp product); B-actin, forward 5-GTGCTGTCCCTGTATGC
CTCTG-3" and reverse 5"-AACCGCTCGTTGCCAATAGTG-3" (350-bp
product).

5. ELISA

The levels of MCP-1, RANTES, and adiponectin in the cell
culture media were determined using an ELISA kit (Invitrogen
Corporation, Carlsbad, CA, USA) according to the manufacturer's
instruction.

6. Statistical analysis

All values are expressed as mean + SEM of three independent
experiments. Statistical differences were determined by one-way
ANOVA, followed by Newman-Keul's post hoc test. A value of P <
0.05 was considered to be statistically significant.

AP-1 NF-xB

RESULTS

1. Effect of glucose/glucose oxidase treatment on the
activations of redox-sensitive transcription factors
and the expressions of adipokines in 3T3-L1 cells

To examine the effect of G/GO treatment on the activations of
redox-sensitive and pro-inflammatory transcription factors, AP-1,
NF-«B, and STAT3, we treated 3T3-L1 cells with G/GO for 0.5, 1, 2,
and 4 hours, and conducted an EMSA to determine their DNA
binding affinities. The binding affinity of AP-1, NF-xB, and STAT3
to DNA increased with time and peaked at 1 hour after G/GO
treatment (Fig. 1). These results suggest that oxidative stress,
induced by G/GO treatment, activated transcription factors AP-1,
NF«B, and STAT3. Additionally, the mRNA expression of
adiponectin was found to be reduced following G/GO treatment
(~50% for the 24 hours culture) (Fig. 2A). On the other hand,
mRNA expression of MCP-1 and RANTES increased following
G/GO treatment (Fig. 2B and 2C). Specifically, for the 24-hour
culture, mRNA expression levels of MCP-1 and RANTES were
about 4.5-fold and 3-fold higher than the levels at 0 hour,
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Figure 3. The effect of B-carotene on the DNA binding activities of activator protein-1 (AP-1), NF-xB, and STAT3 in glucose/glucose oxidase
(G/GO)-treated 3T3-L1 adipocytes. Cells were pretreated with B-carotene at a final concentration of 5 and 10 uM. After 2 hours, cells were
treated with G/GO for 1 hour, and then nuclear proteins were isolated. DNA binding activities of (A) AP-1, (B) NF-xB, and (C) STAT3 were

determined using electrophoretic mobility shift assay.



respectively. The secreted protein levels, determined by ELISA,
were consistent with their mRNA levels. Following G/GO
treatment, adiponectin levels in the media were less (~40% for
the 48-hour culture) than the levels at 0 hour (Fig. 2D). Conversely,
MCP-1 and RANTES levels in the media were markedly increased
(~3.5-fold increase for MCP-1; ~5-fold increase for RANTES for
the 48hour culture) (Fig. 2E and 2F). Collectively, these data
indicate that G/GO-mediated H,O. production activates pro-
inflammatory transcription factors, AP-1, NF-xB, and STAT3,
which further induces the dysregulated expression of adipokines,
such as adiponectin, MCP-1, and RANTES in 3T3-L1 adipocytes.
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2. Effect of B-carotene on the activations of redox-
sensitive transcription factors and the expressions
of adipokines in glucose/glucose oxidase-treated
3T3-L1 cells

To determine the effect of B-carotene on inflammatory
markers, adipocytes were pretreated with B-carotene for 2 hours
before G/GO treatment. The G/GO-induced increase in DNA
binding activities of AP-1, NF«B, and STAT3 were markedly
attenuated by B-carotene treatment (Fig. 3). Reduced adiponectin
expression by G/GO treatment was significantly recovered by
B-carotene both at the mRNA (Fig, 4A) and protein levels (Fig. 4D)
in a dose-dependent manner. B-Carotene inhibited G/GO-
induced induction of MCP-1 and RANTES dose-dependently (Fig,
4B, 4C, 4E, and 4F). Collectively, these results demonstrate that the
anti-inflammatory effect of B-carotene against ROS-mediated
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Figure 4. The effect of B-carotene on the expressions of adiponectin, monocyte chemoattractant protein-1 (MCP-1), and regulated on activation,
normal T cell expressed and secreted (RANTES) in glucose/glucose oxidase (G/GO)-treated 3T3-L1 adipocytes. Cells were pretreated with B-car-
otene at a final concentration of 5 and 10 uM for 2 hours, followed by G/GO treatment for 24 hours (mRNA level) and 48 hours (protein
level). mRNA expression of (A) adiponectin, (B) MCP-1, and (C) RANTES were determined by real-time PCR. -Actin was used as a housekeeping
gene for normalization. Protein levels in cell culture media for (D) adiponectin, (E) MCP-1, and (F) RANTES were measured using ELISA.
Non, none (untreated cells); Con, control (G/GO-treated cells without PB-carotene treatment). *P < 0.05 vs. Non, TP < 0.05 vs. Con.
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inflammation is facilitated by suppressing the activation of AP-1,
NF-kB, and STAT3 in 3T3-L1 adipocytes.

DISCUSSION

Increased oxidative stress in the white adipose tissue is linked
to the pathogenesis of obesity-related disorders.”” In part, this
event is mediated by adipokines, which are produced and
released by adipocytes. High level of oxidative stress generated by
adipose tissue lead to the expression of pro-inflammatory
adipokines, such as MCP-1 and RANTES via the activations of
transcription factors, such as NF-«xB, AP-1, and STAT3, which
recruit immune cells and worsen local inflammation.’ Anti-
inflammatory adipokine adiponection is inversely related to the
activation of these redox-sensitive transcription factors.***
Therefore, suppression of adipocyte-derived oxidative stress
and/or inflammation has been considered a therapeutic target for
preventing inflammatory complications including diabetes and
obesity-related disorders."

In the present study, we demonstrated that the anti-inflamm-
atory action of B-carotene in 3T3-L1 adipocytes. Similar to our
results, lycopene, a carotenoid with antioxidant properties,
suppressed TNF-orinduced inflammation in 3T3-L1 cells via
modulating the NF-kB pathway.” The anti-inflammatory effect of
the carotenoids may be attributed to its antioxidant effect, as
proven in numerous in vitro and in vivo models.”” As some
carotenoids containing electrophilic groups have been suggested
to directly interact with the cysteine residues of NF-kB subunits
(p65) to inhibit their activation,” there may be a direct effect on
inflammatory mediators besides scavenging ROS.

Clinical studies have shown that a higher dietary consumption
of carotenoids is associated with lower levels of inflammation in
relation to obesity.”” Moreover, a recent study reported that the
concentration of B-carotene was significantly lower in the
adipocytes of obese groups than in the adipocytes of non-obese
groups.” Thus, it may be important that there is a sufficient
intake of B-carotene through food or supplementation for the
obese population to prevent adverse health consequences.

In the present study, the differentiated 3T3-L1 cells were
exposed to B-D-glucose (G; 10 mM) and glucose oxidase (GO; 10
mU/mL). In our previous study,” G (10 mM) produces H,O, with
the increase in amounts of GO added. G (10 mM) reacted with
1.25 mg of silica-immobilized GO to produce about 100 puM of
H0, in gastric epithelial AGS cells. Other study’" showed that
pretreatment of P-carotene (20 uM) decreased ROS levels up to
25% in AGS cells treated with H,O, (100 uM). Furthermore,

pretreatment of B-carotene (10 uM) decreased ROS levels in A
pyloriinfected gastric epithelial AGS cells.”’ These studies
support the present results showing that B-carotene inhibits
ROS-mediated activation of AP-1, NF«B, and STAT3 in the
differentiated 3T3-L1 cells. Earlier, we demonstrated that G (10
mM)/GO (5 mU/mL) induced cell death in pancreatic acinar AR42]
cells at 12 hour-culture.” Therefore, long-term treatment of G (10
mM)/GO (10 mU/mL) may induce cell death in 3T3-L1 cells.
Further study should be performed to determine cell viability and
ROS levels in the systems of 3T3-L1 cells treated with G/GO
and/or B-carotene.

In conclusion, B-carotene inhibits oxidative stress-induced
dysregulation in the expressions of adipokines (adiponectin,
MCP-1, and RANTES) and the activations of redox-sensitive
transcription factors (AP-1, NF-«B, and STAT3) in 3T3-L1 adipocytes.
Supplementation of B-carotene may prevent and inhibit adipose
tissue-derived inflammation and inflammatory complications.
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