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B cell activating factor in obesity is regulated
by oxidative stress in adipocytes
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Adipose tissue functions as a key endocrine organ by releasing
multiple bioactive substances, and plays a key role in the integra-
tion of systemic metabolism. We have previously shown that B
cell activating factor is produced mainly in visceral adipose tissue
and affects insulin sensitivity in obese individuals. In this study,
we identified the signals that lead to production of B cell activating
factor in adipocytes. 3T3-L1 and C3H/10T 1/2-clone 8 cells showed
increased B cell activating factor expression upon exposure to
hydrogen peroxide, and these changes were inhibited by treat-
ment with the antioxidant N-acetyl-cysteine. B cell activating
factor levels in both serum and visceral adipose tissue were
increased in high fat diet-fed mice, and these increases were
correlated with oxidative stress. In addition, serum BAFF levels in
high fat diet-fed mice were reduced by N-acetyl-cysteine treat-
ment. We also found that oxidative stress-induced B cell activating
factor expression in adipocytes was regulated by NF-kB activa-
tion. These data indicate that control of the redox state in visceral
adipose tissue is a potentially useful target for treating metabolic
syndromes through regulation of adipokine production.
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he incidence of obesity and its associated disorders is
increasing rapidly worldwide.(V Obesity increases the risk of
cardiovascular diseases and type 2 diabetes mellitus, and accounts
for a substantial proportion of global morbidity and mortality.?>
Moreover, being overweight or obese is an established risk factor
for cancer and cancer-related mortality.*>
Accumulating evidence indicates that obesity causes low-grade
chronic inflammation that contributes to the systemic metabolic
dysfunction that is associated with obesity-linked disorders.®”
Adipose tissue has traditionally been considered to be a long-term
energy storage organ, but it is now known that it plays a key role
in the integration of systemic metabolism. Moreover, adipose
tissue functions as a key endocrine organ by releasing multiple
bioactive substances, known as adipokines, that have pro-
inflammatory or anti-inflammatory activities.® Adipokines in-
cluding cytokines, chemokines and acute-phase molecules are
thought to provide an important link between obesity, insulin
resistance, and related inflammatory disorders.®> The production
of adipokines is regulated by pro-inflammatory factors, such as
tumor necrosis factor (TNF) and interleukin (IL)-6, as well as by
hypoxia and oxidative stress.(%D
B cell activating factor (BAFF) has been identified as a factor
that promotes the expansion and differentiation of the B-cell
population, which leads to increased serum immunoglobulin
levels.(12!Y BAFF is expressed on the surface of monocytes,
macrophages, dendritic cells, neutrophils, activated T cells, malig-
nant B cells, and epithelial cells.*!> Recently, a relationship
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between BAFF and adipocytes has been observed.('*!'® We have
previously reported that the serum BAFF level is increased in
diet-induced obese mice and in patients with nonalcoholic
steatohepatitis.'*?*® BAFF is produced mainly in white adipose
tissue, particularly visceral adipose tissue (VAT), and autocrine or
paracrine BAFF and BAFF-receptor interactions in VAT lead to
impaired insulin sensitivity via inhibition of insulin signaling
pathways and alterations in adipokine production.!'” However, the
factors that induce BAFF expression in adipocytes are not clear.

This study aimed to identify the signals that induce BAFF
expression in adipocytes. Our data indicate that oxidative stress
can induce BAFF expression in adipocytes through activation of
the nuclear factor (NF)-kB pathway.

Materials and Methods

Cell culture and treatment. 3T3-L1 pre-adipocytes and
C3H/10T 1/2-clone 8 (C3H) pre-adipocytes were purchased from
DS Pharma Biomedical Japan (Osaka, Japan) and the Health
Science Research Resources Bank (Tokyo, Japan), respectively.
These cells were cultured in 3T3-L1 pre-adipocyte medium
containing high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) with bovine calf serum (Zen-Bio, Research Triangle
Park, NC) at 37°C under a 5% CO: humidified atmosphere. The 2-
day post-confluent cells (designated as day 0) were incubated for
2 days with 10% fetal bovine serum (FBS)/DMEM (GIBCO/
Invitrogen, Gland Island, NY), | mM 3-isobuthy-1-methylxanthine
(IBMX) (Sigma-Aldrich, St. Louis, MO), 0.5 uM dexamethasone
(Sigma), and 10 pg/ml insulin (Wako Pure Chem. Ind. Ltd.,
Osaka, Japan). The cells were then incubated in 10% FBS/DMEM
with 10 pg/ml insulin on every alternate day. On day seven after
induction, fully differentiated 3T3-L1 or C3H adipocytes were
incubated with fresh medium containing hydrogen peroxide
(H202) (Wako) for 3 h, with or without 10 mM N-acetyl-cysteine
(NAC) (Sigma). In some experiments, fully differentiated 3T3-L1
adipocytes were incubated with interferon (IFN)-y (Wako), tissue
necrosis factor (TNF)-a (Wako), or lipopolysaccharide (LPS)
(Sigma) for 3 h.

To explore the underlying mechanisms of BAFF expression in
adipocytes, fully differentiated 3T3-L1 adipocytes were incubated
with control peptide or with NF-kB p65 (Ser276) inhibitory
peptide (150 pM; Imgenex, San Diego, CA) for 1 h. These cells
were incubated for 3 h in the presence or absence of 0.5 mM H20x.

Cell viability. Cell viability was measured by a nonradio-
active colorimetric assay (WST-1; Roche Applied Science,
Tokyo, Japan) based on the cleavage of a tetrazolium salt as
recommended by the manufacturer’s protocol. WST-1 assays
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detect only living cells, and the signal generated is directly propor-
tional to the number of live cells. After exposure to H202 with or
without NAC treatment for 3 h, the WST-1 reagent in DMEM
medium was applied for 2 h at 37°C under a 5% CO- humidified
atmosphere, and the amount of dye was measured at 450 nm
with a plate reader (Biochrom Asys Expert 96; Biochrom LTD.,
Cambridge, UK).

Animals and treatment. Male C57BL/6] mice (CLEA
Japan, Tokyo, Japan) at 5 weeks of age were maintained at the
Department of Biological Resources, Integrated Center for Sci-
ence, Ehime University, Ehime, Japan under controlled conditions
(22°C, 55% humidity, and 12 h light/12 h dark) for 3 weeks. These
8-week-old mice were then randomly divided into three groups.
The diet of the normal diet (ND) group (control) comprised 13%
fat, 26% protein, and 60% carbohydrates (360 kcal/100 g). The
diet of the high-fat diet (HFD) group comprised 60% fat, 20%
protein, and 20% carbohydrates (520 kcal/100 g) (D12492; Re-
search Diets, New Brunswick, NJ), as described previously.?"
NAC was dissolved in regular tap water and the pH of the solution
was adjusted to 7.4 with sodium hydroxide (Wako). The HFD plus
NAC (HFD + NAC) group was fed a HFD and given NAC orally
(10 mg/ml in drinking water). All animals were fed these diets for
24 weeks prior to being euthanized. All animal procedures were
performed in accordance with the institutional guidelines for
animal care of Ehime University.

Immunohistochemical staining for oxidative stress mark-
ers. Oxidative DNA damage was investigated by immunohisto-
chemical staining of 8-hydroxy-deoxyguanosine (8-OHdG).
Tissue samples were fixed for a few days in Bouin’s solution and
processed for paraffin embedding. Sections (3-um thick) were cut
from paraffin wax blocks, mounted on pre-coated glass slides, de-
paraffinized, and rehydrated. 8-OHdG staining was performed
using an amino acid polymer detection system and the Histofine
Mouse Stain Kit (Nichirei, Tokyo, Japan). The sections were then
incubated with the anti-8-OHdG monoclonal mouse primary
antibody (dilution factor: 1:20; N45.1; Japan Institute for the
Control of Aging, Nikken Seil, Shizuoka, Japan) overnight at 4°C.
Negative control experiments were also performed, in which the
first antibodies were omitted. The total number of cells was
counted using ten different high-power fields from each section.

Measurement of BAFF and oxidative stress. BAFF level
in the serum was measured using a commercially available ELISA
kit (R&D Systems, Minneapolis, MN). The levels of oxidative
stress in serum were measured with a thiobarbituric acid reactive
substances assay kit (Cayman Chemical Co., Ann Arbor, MI)
according to the manufacturer’s protocol.

Real-time reverse-transcription PCR. RNA was extracted
using the RNeasy Plus Mini kit (Qiagen, Hilden, Germany) and
the RNeasy Plus Lipid kit (Qiagen). Reverse transcription reac-
tions were performed using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA), and the
real-time PCR analysis was performed using SYBR Green I
(Roche Diagnostics, Basel, Switzerland). The pairs of sequence-
specific primers that were used are as follows: B cell activating
factor (BAFF), forward 5'-AACACTGCCCAACAATTCCT-3',
reverse 5'-GGCGCTGTCTGCATCTTC-3'; monocyte chemotactic
protein (MCP)-1, forward 5-CATCCACGTGTTGGCTCA-3',
reverse 5'-GATCATCTTGCTGGTGAATGAGT-3'"; adiponectin,
forward 5'-GGAGAGAAAGGAGATGCAGGT-3', reverse 5'-
CTTTCCTGCCAGGGGTTC-3'; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), forward 5'-TGCACCACCAACT-
GCTTA-3, reverse 5'-AACATCATCCCTGCATCC-3'". The final
result for each sample was normalized to the respective GAPDH
value.

NF-kB activity assay. Nuclear protein extract was prepared
using the Nuclear Extract kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s protocol. NF-xB activation was
analyzed with the TransAM NF-kB p65 transcription factor assay
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kit (Active Motif) according to the manufacturer’s protocol.
Statistical analysis. All data were analyzed using JMP8.0
(SAS, Cary, NC). Results are presented as the mean + SEM.
Normally distributed data were analyzed using ANOVA and
Student’s # tests. Correlations were assessed by Pearson’s correla-
tion coefficient. A p value less than 0.05, 0.01, or 0.001 was
considered as statistically significant in each comparison.

Results

Reactive oxygen species (ROS) induced the expression of
BAFF in adipocytes. We have previously shown that 3T3-L1
adipocytes express BAFF upon cellular differentiation,!” but the
underlying mechanisms for this process have not been identified.
We first analyzed which types of stimuli triggered the induction of
BAFF in adipocytes in vitro. BAFF mRNA expression in 3T3-L1
adipocytes was not influenced by treatment with cytokines (IFN-y
and TNF-a) or LPS (Fig. 1A). The mRNA expression levels of
BAFF and MCP-1, however, were increased by treatment with
H20:2 (Fig. 1B). The adiponectin mRNA levels in 3T3-L1 adipo-
cytes were not altered by incubation with H202 for 3 h (control
1.42E-02 £ 4.81E-03; H202 1.64E-02 £+ 5.63E-03: n=7). C3H
cells, from another adipocyte cell line, also showed increased
mRNA expression levels of BAFF and MCP-1 upon treatment
with H20: (Fig. 1C). NAC treatment inhibited the increase in the
mRNA expression of BAFF and MCP-1 (Fig. 2). Cell viability, as
measured by the WST-1 assay, was the same among the three
groups in both cell lines (data not shown).

Serum BAFF levels correlated with oxidative stress. The
HFD-fed mice are a widely used animal model for studies in the
field of obesity research,*? and we used this mouse model to
investigate the relationship between BAFF and oxidative stress in
vivo. The body weight and weights of organs and tissues of HFD-
fed mice were significantly higher than those of ND-fed mice
(Table 1).

In addition, and consistent with our previous report,'” the
serum concentration of BAFF in HFD-fed mice was significantly
higher than that in ND-fed mice (Fig. 3A). However, the serum
BAFF concentration did not correlate with body weight (Fig. 3B).

We tested whether the HFD alters the redox balance by
assessing malondialdehyde (MDA) levels, a well-known bio-
marker for lipid peroxidation.?® The serum concentration of
MDA in HFD-fed mice was significantly higher than that in ND-
fed mice (Fig. 3C). To further explore whether serum BAFF levels
correlated with oxidative stress, the antioxidant NAC was given to
HFD-fed mice. NAC treatment did not affect the body weight in
the ND-fed mice, but increased the body weight in the HFD-fed
mice (Table 1). Both serum BAFF and MDA levels of HFD-fed
mice treated with NAC were reduced in comparison with those of
HFD-fed mice without NAC (Fig. 3 A and C). Although the serum
MDA concentration did not correlate with body weight (data not
shown), the serum MDA concentration was correlated with the
serum BAFF concentration (Fig. 3D).

Expression of BAFF in VAT is induced by oxidative
stress. It has been reported that in obesity, increased oxidative
stress in the blood is due to increased ROS production from
accumulated fat deposits.?» We investigated the oxidative stress
levels using 8-OHdG staining as a measure of oxidative stress in
VAT. Immunohistochemistry studies revealed that the number of
8-OHdG-positive cells was higher in the VAT from the HFD-fed
mice than the VAT from other mice (Fig. 4 A and B). The number
of 8-OHdG-positive cells in the liver did not differ between ND-
fed and HFD-fed mice (data not shown). Next, the relationship
between BAFF and oxidative stress was analyzed at the organ and
tissue level in mice; the mRNA expression of BAFF in several
organs and tissues obtained from ND-fed and HFD-fed mice was
also examined. The BAFF mRNA levels were higher in the VAT
from the HFD-fed mice than that from the ND-fed mice (Fig. 4C).
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Fig. 1. Effects of H202 on gene expression in adipocytes. (A) 3T3-L1 adipocytes were cultured in the presence or absence of IFN-y (10 or 100 ng/ml),
TNF-a. (1 or 10 ng/ml), or LPS (100 or 1000 ng/ml) for 3 h (n = 5). (B) 3T3-L1 adipocytes were incubated for 3 h in the absence or presence of H202. The
mMRNA expression levels of BAFF and MCP-1 were increased by treatment with H202 (n = 6). (C) In C3H adipocytes, the mRNA expression levels of
BAFF and MCP-1 were increased by treatment with H202 (n = 6). The mRNA level was examined by real-time RT-PCR, and gene expression levels
were normalized to GAPDH mRNA expression. The degree of change in gene expression is based on the mean expression level of the control. Values
are expressed as the mean + SEM. *p<0.05, **p<0.01, and ***p<0.001 as compared with the control value.
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Effect of an antioxidant on gene expression in the 3T3-L1 adipocytes. (A and B) The mRNA expression levels of BAFF and MCP-1 in the 3T3-

L1 adipocytes exposed to H202, with or without the antioxidant N-acetyl-cysteine (NAC). The 3T3-L1 adipocytes were pretreated with NAC (10 mM)
as described in Materials and methods. (A) The mRNA level of BAFF was examined by RT-PCR (n = 6). (B) The mRNA level of MCP-1 was examined by
RT-PCR (n = 5). Gene expression levels were normalized to GAPDH mRNA expression, and the degree of change in gene expression is based on the
mean expression level of the control. Values are expressed as the mean + SEM. *p<0.05 and **p<0.01 between the two values.

Table 1. Characteristics of ND-fed mice, ND-fed mice treated with NAC, HFD-fed mice, and HFD-fed mice treated with NAC at 32 week age

ND (n = 10) NAC (n = 10) HFD (n = 10) HFD + NAC (n = 10)
Body weight (g) 32.1+£0.61 33.2+£0.43 51.9+£ 1.01*** 56.3 £0.92%** 1t
VAT weight (g) 0.85 +0.07 0.85 +0.07 1.50 £ 0.09*** 1.41 £0.07***
VAT weight/Body weight (%) 2.62£0.18 2.56 £0.22 2.93+£0.24 2.51+£0.12
Liver weight (g) 1.57 £0.05 1.46 £ 0.02 3.10 £0.22%** 3.92 £0.30***"
Spleen weight (g) 0.098 +0.005 0.101 +0.005 0.143 + 0.006*** 0.159 + 0.009***

NAC, N-acetyl-L-cysteine; ND, ND-fed mice; NAC, ND-fed mice treated with NAC 10 mg/ml; HFD, HFD-fed mice; HFD + NAC, HFD-fed mice treated
with NAC 10 mg/ml; VAT, visceral adipose tissue. Data are shown as mean + SEM. ***p<0.001 vs ND, p<0.05 vs HFD, *"p<0.01 vs HFD.

On the other hand, BAFF mRNA expression levels in the liver and
muscle did not differ between HFD-fed and ND-fed mice (Fig. 4
D and E). In addition, BAFF mRNA levels were significantly
lower in the VAT from the HFD-fed mice treated with NAC than
in the VAT from the HFD-fed mice without NAC (Fig. 4C). These
data indicate that BAFF mRNA expression in VAT is induced by
oxidative stress and that this might be associated with an increased
serum level of BAFF in HFD-fed mice.

The NF-xB pathway was involved in the enhanced BAFF
expression in adipocytes. We analyzed the underlying mech-
anisms of BAFF expression in adipocytes in response to ROS
using 3T3-L1 adipocytes. Several reports have shown that BAFF
expression in immunocytes is increased by NF-«xB activation,+2
and we found that NF-xB p65 was activated by the addition of
H202to 3T3-L1 adipocytes (Fig. 5A).

Finally, we employed a complementary approach using an
NF-xB p65 (Ser276) inhibitory peptide. BAFF mRNA expression
was increased by incubation with H202 in 3T3-L1 adipocytes
treated with the control peptide, and treatment with the NF-xB
inhibitory peptide inhibited H202-mediated BAFF mRNA expres-
sion (Fig. 5B).

Discussion

Obesity is the central and causal component of metabolic
syndrome. The mechanistic role of obesity has not been eluci-
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dated, but recent studies have shown that the dysregulated produc-
tion of adipokines is critical in the pathogenesis of metabolic
syndrome.?» The production of adipokines is regulated by a
variety of factors; for example, the production of leptin is
increased by pro-inflammatory factors such as TNF-a, IL-1, and
LPS.?"2® Conversely, the production of adiponectin is inhibited
by pro-inflammatory factors, as well as by hypoxia and oxidative
stress.('D Recently, BAFF has been reported to be expressed in
mature adipocytes.'¢'” In addition, we have also demonstrated
that BAFF levels are preferentially increased in VAT and sera in
obese mice, and that BAFF plays a role in the induction of
impaired insulin sensitivity.('” These data indicate that BAFF is an
adipokine capable of inducing insulin resistance, and that it may
predispose obese individuals to metabolic syndrome.

In this study, we investigated the triggers of enhanced BAFF
expression in adipocytes. The expression of BAFF has been
reported to change under pro-inflammatory and anti-inflammatory
conditions.3141726 For example, BAFF is produced by macro-
phages or dendritic cells upon stimulation with LPS, (429 but LPS
did not affect BAFF mRNA expression in 3T3-L1 adipocytes
(Fig. 1A). The reasons for this discrepancy are not clear, but one
possibility is that the expression level of toll-like receptor 4 is
much lower in 3T3-L1 adipocytes than in RAW264 macro-
phages.®” On the other hand, ROS were associated with BAFF
expression in adipocytes in vitro (Fig. 1 and 2). Furukawa et al.®®
showed that incubation with H20:2 increased mRNA expression
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levels of plasminogen activator inhibitor-1, IL-6, and MCP-1 in
3T3-L1 adipocytes, and that incubation with the antioxidant NAC
reversed the effects of H202 on the expression level of these genes;
this is consistent with our results (Fig. 1 and 2).

In addition, oxidative stress and BAFF expression was increased
only in VAT, but not in other tissues examined, including the liver
and muscle (Fig. 4). Further, BAFF expression was significantly
suppressed by treatment with the antioxidant NAC both in vitro
and in vivo (Fig. 2 and 4), indicating that increased BAFF concen-
tration in sera is due to increased ROS production from VAT in
obese individuals. The production of ROS has also been reported
to increase selectively in VAT from obese mice.?® Moreover,
obese subjects exhibit increased systemic oxidative stress,®-30
which is enhanced when obesity is associated with abdominal
adiposity in humans.®? These in vitro and in vivo findings indicate
that a local increase in oxidative stress in accumulated fat causes
dysregulated production of BAFF, and reduction of oxidative
stress in fat could improve the dysregulation of adipokines and
obesity-related metabolic disorders.

The exact reasons why NAC administration did not decrease
the body weight in HFD-fed mice are not understood. However,
discrepancies have been found in the effect of NAC in experi-
mental models of obesity.®?3% In addition, the duration of NAC
administration in the present study was longer than that in the

124

previous reports.®23¥ Further studies are necessary to clarify this
matter. On the other hand, we observed that the impairment of
insulin sensitivity was ameliorated by NAC treatment in HFD-fed
mice (data not shown), consistent with the previous reports.>39
This indicates that insulin resistance may have some roles in the
expression of BAFF by oxidative stress.

Finally, we studied the mechanisms of increased BAFF tran-
scription by ROS in adipocytes using 3T3-L1 cells. Several lines
of evidence indicate that the redox status of the cell plays a role in
modulating NF-xB activation.®” Nuclear translocation of NF-xB
can be triggered by exposure to H20.,4¥ and adipocytes also
express components of the NF-kB pathway.®? Recent reports
have shown that the BAFF gene is regulated by NF-kB activation
in human non-Hodgkin lymphoma cells,®¥ multiple myeloma,®
and murine macrophages.®® Our data show that BAFF expression
and NF-kB are activated in 3T3-L1 adipocytes by treatment with
H20:2 (Fig. 5A), and the NF-kB p65 inhibitory peptide inhibited
ROS-induced upregulation of BAFF in adipocytes (Fig. 5B). We
conducted the experiments using other inhibitors, such as LY
294002 (phosphatidylinositol 3-kinase inhibitor), AG490 (Janus
kinase (JAK) 1 inhibitor II, JAK?2 inhibitor VI, and JAK3 inhibitor
VIII), and PD98059 (p44/42 mitogen-activated protein kinase
inhibitor), but these did not inhibit ROS-induced BAFF mRNA
expression in 3T3-L1 adipocytes (data not shown). This indicates
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that ROS-induced BAFF expression in adipocytes could be
regulated by NF-kB activation. Further studies are required to
determine mechanistic basis for the relationship between NF-xB
activation and ROS-induced BAFF production.

In summary, the increased ROS in adipocytes causes an
increase in BAFF expression. The increased oxidative stress in
accumulated fat is one of the important underlying causes of
obesity-associated metabolic syndrome, suggesting that control-
ling the redox state in VAT is a potentially useful target for meta-
bolic syndrome via the regulation of adipokine production.
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