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B-cell-activating factor is a regulator of adipokines
and a possible mediator between adipocytes and
macrophages

Mi-Young Kim, Do-Hwan Kim and Myoung-Sool Do

3T3-L1 adipocytes express the B-cell-activating factor (BAFF) and three different BAFF receptors (BAFF-Rs). Furthermore,

BAFF expression is regulated by inflammatory modulators, such as tumor necrosis factor-a and rosiglitazone. Here we

investigated the function of BAFF in 3T3-L1 adipocytes and RAW 264.7 macrophages. We examined adipokine expression in

3T3-L1 adipocytes treated with 10ngml�1 BAFF. We also examined inflammatory molecule expression in RAW 264.7

macrophages treated with 10 or 100ngml�1 BAFF. We examined BAFF expression in the coculture of 3T3-L1 adipocytes and

RAW 264.7 macrophages, as well as in white adipose tissue (WAT) of diet-induced obese (DIO) mice. We found that BAFF

decreases leptin and adiponectin expression, but increases the expression of proinflammatory adipokines monocyte chemotactic

protein-1, interleukin-6 (IL-6), cyclooxygenase-2 (COX-2) and haptoglobin. Coculturing the two cell types resulted in increased

BAFF mRNA and protein expression, as well as modulation of BAFF-R mRNA expression in both cell types. These data indicate

that BAFF might mediate adipocyte and macrophage interaction. When RAW 264.7 macrophages were treated with BAFF,

BAFF-R expression was modulated as in coculture, and nitric oxide synthase and IL-6 expression increased. BAFF expression

also increased in WAT of DIO mice. We propose that BAFF can regulate adipokine expression and possibly mediate adipocyte

and macrophage interaction.
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INTRODUCTION

Adipose tissue expresses various cytokines, which are produced
by adipocytes and called are adipokines.1 These adipokines
have increasingly been shown to have important roles as
mediators for linking adipose tissue and inflammation.
The dysregulation of adipokine secretion is often observed in
patients with obesity and is associated with increased
development of many metabolic diseases such as type 2
diabetes, atherosclerosis and autoimmunity.2–6

B-cell-activation factor (BAFF) is a member of the tumor
necrosis factor (TNF) superfamily of ligands. BAFF is also known
as B-lymphocyte stimulator (BLyS); TNF- and ApoL-related
leukocyte-expressed ligand-1 (TALL-1); TNF homolog that acti-
vates apoptosis, nuclear factor-kB and c-Jun NH2 terminal kinase
(THANK); TNF-superfamily member 13B (TNFSF13B); and
zTNF4.7–9 BAFF is a type II transmembrane protein, containing
285 amino acids.8 The soluble form of BAFF is cleaved by a furin-
like protease, and its molecular weight is 17,038Da.8,10

BAFF is primarily produced by myeloid lineage cells,
activated T cells and dendritic cells.11,12 Its receptors are
BAFF receptor (BAFF-R), TNF receptor homolog trans-
membrane activator and Ca2þ modulator and calcium
modulating cyclophilin ligand (CAML) interactor (TACI), as
well as B-cell maturation antigen (BCMA),9,13,14 which are
usually expressed on B cells and on a certain subset of T
cells;11–12,15 therefore, BAFF mainly affects B-cell proliferation
and maturation.8

There are many kinds of adipokines, such as leptin and
adiponectin, and proinflammatory adipokines, such as
monocyte chemotactic protein-1 (MCP-1), interleukin-6
(IL-6), cyclooxygenase-2 (COX-2) and haptoglobin. Leptin is
a well-known adipokine that regulates appetite and energy
expenditure, and it is closely associated with obesity.16,17

Adiponectin is a modulator of insulin sensitivity and infla-
mmation. During adipocyte differentiation, the expression of
leptin increases, but that of adiponectin decreases.18 MCP-1 is
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a chemotactic factor that attracts macrophages to adipose
tissue.19 IL-6 is a multifunctional cytokine, which promotes
inflammation in damaged organ tissue by giving rise to
secretion of other inflammatory cytokines.20,21 COX-2 is an
enzyme that synthesizes prostaglandin E and therefore causes
fever and inflammation.22 Haptoglobin is an inflammation-
inducible plasma protein.23

In an earlier study, we reported for the first time that BAFF
is expressed in human Simpson–Golabi–Behmel syndrome
adipocytes, and that BAFF expression increases after TNF-a
treatment using a DNA microarray.24 It has also been reported
that adipose tissue around breast cancer expresses BAFF,25 and
that BAFF and its receptors are expressed in adipocytes.26

BAFF has recently been shown to induce insulin resistance
in vivo.27 Therefore, we proposed that BAFF might be a novel
adipokine that links obesity and inflammation.28

In this study, we first investigated whether BAFF can
function as a regulator of adipokine expression. Second, we
investigated the ability of BAFF to act as a mediator for
adipocyte and macrophage interaction by coculturing 3T3-L1
adipocytes and RAW 264.7 macrophages. Third, we showed
that BAFF could modulate the expression of some inflamma-
tory molecules in RAW 264.7 macrophages. Finally, we
investigated the regulation of BAFF expression in white
adipose tissues (WATs) of diet-induced obese (DIO) mice
compared with those of control mice. Taken together, our
results show that BAFF could be a regulator of adipokine
expression and a mediator for adipocyte and macrophage
interaction.

MATERIALS AND METHODS

3T3-L1 adipocyte culture
3T3-L1 mouse pre-adipocytes purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s medium (Hyclone, Logan, UT, USA) medium
containing 10% bovine calf serum (Hyclone) at 37 1C in a humidified
atmosphere of 5% CO2. After 2 or 3 days, cells were subcultured into
35-mm plates at a concentration of 3 � 104 cells per plate. At 2 days
post confluence (designated ‘day 0’), cell differentiation was induced
with a mixture of 3-isobutyl-1-methylxanthine (50mM; Sigma-
Aldrich, St Louis, MO, USA), dexamethasone (1mM; Sigma-Aldrich)
and insulin (1mgml�1; Sigma-Aldrich) in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum (Hyclone).
After 2 days of differentiation (‘day 2’), the medium was replaced
with Dulbecco’s modified Eagle’s medium containing only 10% fetal
bovine serum and insulin (1mgml�1), and it was again replaced at
day 4. On day 6, the medium was replaced with Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum. 3T3-
L1 adipocytes, and 8 days after differentiation, they were treated with
10ngml�1 recombinant BAFF (R&D Systems, Minneapolis, MN,
USA) for 2, 4, 8 or 12h. As a control, cells were cultured in the same
condition but without BAFF treatment. Cells and media were
collected for RNA extraction and enzyme-linked immunosorbent
assay (ELISA), respectively.

Macrophage and adipocyte coculture system
In the direct coculture system, RAW 264.7 macrophages were added
to fully differentiated 3T3-L1 adipocytes in six-well dishes at

concentrations of 1� 105 cells per well.29 As controls, the same
concentration of RAW 264.7 macrophages and 3T3-L1 adipocytes
were separately cultured in six-well plates for 24 h, and then harvested
together. Indirect coculture was performed by using the Transwell
system (Corning, Acton, MA, USA) with 0.4-mm porous membranes
to separate the upper and lower chambers. Differentiated 3T3-L1 cells
were cultured and differentiated in the lower chamber, whereas
1� 105 RAW 264.7 cells were cultured in the upper chamber. As
controls, macrophages and 3T3-L1 adipocytes were separately
cultured in six-well plates for 24 h and each cell type was harvested.

Diet-induced obese mice
Six-week-old C57BL/6 mice were purchased from Central Lab. Animal
(Seoul, Korea). Mice were fed a standard chow diet for a week to be
stabilized. The mice were separated into two groups: chow diet group
and high-fat diet group. Mice in the chow diet group were fed a
standard chow diet, and mice in the high-fat diet group were fed a 40%
fat diet for 24 weeks. All mice were housed in cages on a 12-h light/dark
cycle, at a temperature of 22±1 1C and humidity of 55±5%.

RNA extraction and complementary DNA synthesis
Total RNA was isolated from 3T3-L1 adipocytes using QIAzol reagent
(QIAgen, Hilden, Germany). Complementary DNA synthesis
was performed with 1mg of total RNA using ImProme-II reverse
transcriptase (Promega, Madison, WI, USA). Reactions were incu-
bated at one cycle of 24 1C for 5min, 42 1C for 60min and 70 1C for
15min. Synthesized complementary DNA was diluted with 80ml of
double-distilled water.

Real-time PCR
Real-time reverse transcription (RT)-PCR analysis was performed
using an Applied Biosystems 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). The complementary DNA,
appropriate primers, ROX dye and HotStart-IT SYBR Green qPCR
Master Mix (USB, Cleveland, OH, USA) were incubated in the
Applied Biosystems 7500 Real-Time PCR system for an initial
denaturation at 94 1C for 2min, followed by 45 cycles at 95 1C for
15 s and 60 1C for 1min. Oligonucleotide primers are listed in Table 1.

Western blot
After the experimental treatment, cells were washed three times with
ice-cold phosphate-buffered saline and lysed with PRO-PREP Protein
Extraction Solution (iNtRON Biotechnology, Seoul, Korea). The cell
lysates were incubated at 4 1C with rotation for 30min. Insoluble
materials and lipids were removed by centrifugation at 13 000 r.p.m.
for 5min at 4 1C. The total concentration of extracted proteins was
measured using a Bradford assay. The proteins were separated by
10% SDS-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. After the membranes were blocked with
Tris-buffered saline and Tween-20 (10mM Tris, 150mM NaCl, 0.01%
Tween-20, pH 7.6) containing 5% nonfat milk for 1 h at room
temperature, the membranes were incubated with the appropriate
primary antibodies. To detect the antigen-bound antibodies, the blots
were treated with secondary antibodies conjugated to horseradish
peroxidase. Immunoreactivity was detected by using an enhanced
chemiluminescence western blotting detection system.

ELISA
The mouse BAFF/B-lymphocyte stimulator ELISA kit was purchased
from R&D Systems. The mouse Leptin capture antibody and
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biotinylated antibody were also purchased from R&D Systems. All
experiments were performed according to the manufacturer’s
instructions.

Statistical analysis
The data were analyzed by Student’s t-test; Po0.05 was considered
significant.

RESULTS

Leptin and adiponectin expression decreases
in BAFF-treated adipocytes
Previously, we showed that BAFF and its receptors are expressed
by 3T3-L1 adipocytes.28 To determine whether adipokine
expression is regulated by treatment with BAFF, we examined
the expression of leptin and adiponectin in BAFF-treated 3T3-
L1 adipocytes. The mRNA expression of leptin and adiponectin
was estimated by real-time RT–PCR. The mRNA expression
level of those genes decreased 0.4-fold in 2h compared with the
control group, and the decreased expression was maintained for
up to 12h (Figures 1a and b). Protein expression of leptin and
adiponectin in culture medium was estimated by ELISA and
western blot analysis, respectively. In agreement with the real-
time RT–PCR data, protein expression of these genes also
decreased (Figures 1a and b).

mRNA expression of proinflammatory adipokines
significantly increases in BAFF-treated 3T3-L1 adipocytes
To determine whether the expression of inflammatory adipo-
kines is modulated by BAFF, we examined the expression

of the proinflammatory adipokines MCP-1, IL-6, COX-2
and haptoglobin in BAFF-treated 3T3-L1 adipocytes at
different time periods. The mRNA expression of MCP-1,
IL-6, COX-2 and haptoglobin were estimated by real-time
RT-PCR. The mRNA expression of those genes increased the
most 2 h after treatment with BAFF, and returned to the
basal level of expression at 12 h. MCP-1 expression increased
4.2-fold (Figure 2a), IL-6 increased 1.6-fold (Figure 2b),
COX-2 increased 6-fold (Figure 2c) and haptoglobin increased
up to 2-fold (Figure 2d), as compared with the control
group.

BAFF expression increases by coculture of 3T3-L1 and
RAW 264.7 cells
BAFF is expressed in myeloid cell lines, and in our previous
results, we showed that BAFF could regulate adipokine
expression (Figures 1 and 2). Thus, we hypothesized that
BAFF could have a role in regulating adipocyte and macro-
phage interaction in adipose tissue. To test this, mature 3T3-L1
adipocytes and RAW 264.7 macrophages were cultured
together for 24 h, both directly and indirectly. There was
cell-to-cell interaction in the direct coculture, but not in the
indirect coculture system, because the two cell types were
separated by a 0.4-mm pore insert. The expression of BAFF was
estimated by real-time RT-PCR, western blot analysis and
ELISA. The mRNA expression of BAFF increased by both
direct coculture (Figure 3a) and indirect coculture (Figure 3d)
of 3T3-L1 adipocytes and RAW 264.7 macrophages. Direct
coculturing of cells resulted in increased BAFF protein

Table 1 Gene-specific primers used for RT-PCR

Gene name Accession no. Sequence

BAFF NM_033622 Forward 50-TGCTACTCGGCTGGCATCGC-30

Reverse 50-GCGCGGGCTCCGTTTCTCAT-30

b-Actin NM_007393 Forward 50-AGCCATGTACGTAGCCATCC-30

Reverse 50-TCCCTCTCAGCTGTGGTGGTGAA-30

Leptin NM_008493 Forward 50-GAGACCCCTGTGTCGGTTC-30

Reverse 50-CTGCGTGTGTGAAATGTCATTG-30

Adiponectin NM_017370 Forward 50-GTCTCAGCTGTCCTTCCCCT-30

Reverse 50-CCCTGGCTTTATGCTCTTTGC-30

MCP-1 NM_011331.2 Forward 50-TTAAAAACCTGGATCGGAACCAA-30

Reverse 50-GCATTAGCTTCAGATTTACGGGT-30

COX-2 NM_011198 Forward 50-TGAGCAACTATTCCAAACCAGC-30

Reverse 50-GCACGTAGTCTTCGATCACTATC-30

IL-6 NM_031168 Forward 50-AGTTGCCTTCTTGGGACTGAT-30

Reverse 50-TCCACGATTTCCCAGAGAAC-30

Haptoglobin NM_017370 Forward 50-GACGAGAAGCAATGGGTGAAC-30

Reverse 50-GCATCCATAGAGCCACCGA-30

BAFF-R NM_028075.2 Forward 50-GACCCTGGTGGGTCTAGTGA-30

Reverse 50-GTAGGAGCTGAGGCATGAGG-30

BCMA NM_011608.1 Forward 50-ATCTTCTTGGGGCTGACCTT-30

Reverse 50-CTCACAGGTGCACTCTTCCA-30

TACI NM_021349.1 Forward 50-CTACTGCACACTGGGGGTCT-30

Reverse 50-CTCCTGAGTGGGAGAACTGC-30

Real-time reverse transcription (RT)-PCR experiments used the above primers.
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expression (Figure 3e), and BAFF secretion into the medium
was also increased by both direct and indirect coculture
(Figure 3b). Interestingly, increased BAFF expression in RAW

264.7 cells by 3T3-L1 cells was higher than that in 3T3-L1 cells
by RAW 264.7 cells (Figure 3d). BAFF-R expression was also
modulated by coculture of 3T3-L1 adipocytes and RAW 264.7

Figure 1 Expression of leptin and adiponectin in BAFF-treated 3T3-L1 adipocytes. At day 8 after inducing differentiation, adipocytes
were cultured in a 35-mm dish with 10ngml�1 BAFF for 2, 4, 8 or 12h. As control (CON), cells were cultured in the same condition
but without BAFF treatment. Graphs represent mRNA and protein expression of (a) leptin and (b) adiponectin. mRNA analysis was
expressed relative to untreated control cells and represent means±s.e. Experiments were conducted twice, each with triplicate samples.
Means with letters are significantly different (*Po0.05, **Po0.01 and ***Po0.001) by Student’s t-test.

Figure 2 mRNA expression of IL-6, COX-2, MCP-1 and haptoglobin in BAFF-treated 3T3-L1 adipocytes. At day 8 after inducing
differentiation, adipocytes were cultured in a 35-mm dish with 10ngml�1 BAFF for 2, 4, 8 or 12h. As control (CON), cells were
cultured in the same condition but without BAFF treatment. The graph represents mRNA expression of (a) IL-6, (b) COX-2, (c) MCP-1
and (d) haptoglobin. mRNA analysis was expressed relative to untreated control cells and represent means±s.e. Experiments were
conducted twice, each with triplicate samples. Means with letters are significantly different (*Po0.05, **Po0.01 and ***Po0.001)
by Student’s t-test.
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macrophages. In 3T3-L1 cells, the mRNA expression of
BAFF-R and BCMA increased but that of TACI decreased
(Figure 3c), and in RAW 264.7 macrophages the mRNA
expression of BAFF-R and TACI increased but that of BCMA
remained the same (Figure 3f).

Increased expression of inflammatory molecules in RAW
264.7 macrophages following BAFF treatment
In the previous results, we showed that not only did BAFF
expression in RAW 264.7 increase on coculturing with 3T3-L1
adipocytes (Figures 3a,b,d and e), but that BAFF-R expression
in RAW 264.7 macrophages was also changed by coculture
with 3T3-L1 adipocytes (Figures 3c and f). From this, we
hypothesized that increased BAFF in 3T3-L1 cells may have an

inflammatory effect on RAW 264.7 macrophages. Therefore,
RAW 264.7 macrophages were treated with 10 and
100 ngml�1 of BAFF for 2 h. BAFF-R expression was modu-
lated by BAFF (Figure 4a). We also examined the change in
expression of inflammatory molecules such as nitric oxide
synthase and IL-6. The mRNA expression of nitric oxide
synthase (Figure 4b) and IL-6 (Figure 4c) and protein
expression of nitric oxide synthase increased (Figure 4d)
following BAFF treatment.

Increased BAFF expression in adipose tissue of DIO mice
In a previous study, BAFF expression was altered in WAT of
ob/ob mice.28 In this study, we wanted to determine whether
BAFF expression is also regulated in DIO mice. We examined

Figure 3 BAFF expression in the 3T3-L1 adipocyte and RAW 264.7 macrophage coculture system. At day 8 after inducing
differentiation, adipocytes were cultured in six-well plates with RAW 264.7 macrophages for 24h. Control (CON) group was cultured in
the same condition but without RAW 264.7 macrophages. In the direct coculture system, two types of cell were separately cultured for
24h, and then collected together. Graphs represent (a) mRNA expression of BAFF in direct coculture, (b) secreted BAFF, (c) mRNA
expression of BAFF receptors in indirect cocultured 3T3-L1 adipocytes, (d) mRNA expression of BAFF in indirect coculture, (e) BAFF in
cell lysates and (f) mRNA expression of BAFF receptors in indirect cocultured RAW 264.7 macrophages. Data were expressed relative to
control groups and represent means±s.e. Experiments were conducted twice, each with triplicate samples. Means with letters are
significantly different (*Po0.05 and **Po0.01) by Student’s t-test.
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BAFF expression in the epididymal adipose tissue (Figures 5a
and b), and the subcutaneous adipose tissue (Figures 5c and d)
of DIO mice by real-time RT–PCR and western blot analysis.
The mRNA and protein expression of BAFF in epididymal
adipose tissue increased up to 2- and 3-fold, respectively.
In addition, the mRNA expression and protein expression
of BAFF in subcutaneous adipose tissue increased up to 6- and
1.8-fold, respectively.

DISCUSSION

In this study, we investigated the function of BAFF in 3T3-L1
adipocytes and in RAW 264.7 macrophages, and the regulation
of BAFF expression in the coculture of adipocytes and
macrophages, as well as in the fat pads of DIO mice.

Our results show that the expression of leptin and adipo-
nectin decreases in BAFF-treated 3T3-L1 adipocytes. BAFF
has three different receptors, which are also expressed on 3T3-
L1 adipocytes.28 The three receptors seem to have different
functions in adipocytes, and it is thought that leptin and
adiponectin may be regulated by different receptors.
Adiponectin and leptin are closely associated with metabolic
diseases caused by obesity,30,31 and thus BAFF might also affect

the development of metabolic diseases through the regulation
of these adipokines.

The expression of proinflammatory adipokines, such as
IL-6, MCP-1, COX-2 and haptoglobin, is highly increased in
BAFF-treated 3T3-L1 adipocytes. Increased MCP-1 could
recruit more macrophages to adipose tissue, and increased
IL-6, COX-2 and haptoglobin could promote inflammation.
Infiltrated macrophages might produce more BAFF, and BAFF
could further increase the expression of those proinflamma-
tory adipokines. From these data, we propose that BAFF
could be a regulator of adipokines and a possible inducer of
inflammation in adipocytes.

We examined the modulation of BAFF expression in
coculture of 3T3-L1 adipocytes and RAW 264.7 macrophages.
In both the indirect and direct coculture systems, BAFF mRNA
and protein expression increased. The expression of BAFF-Rs
in RAW 264.7 macrophages and 3T3-L1 adipocytes is also
modulated by coculture of 3T3-L1 adipocytes and RAW 264.7
macrophages. Interestingly, the increased level of BAFF expres-
sion in RAW 264.7 cells by 3T3-L1 cells was higher than that in
the 3T3-L1 cells by RAW 264.7 coculture, and these two cell
types show different expression levels of BAFF-Rs. We expect
that BAFF itself could affect those cells, and that certain

Figure 4 Regulation of BAFF receptor and inflammatory molecule expression in RAW 264.7 macrophages by BAFF treatment. One day
after cell subculture, RAW 264.7 macrophages were cultured in a 35-mm dish with 10 or 100ngml�1 BAFF for 2 h. As control (CON),
cells were cultured in the same condition but without BAFF treatment. The graph represents mRNA expression of (a) BAFF receptors, (b)
nitric oxide synthase (iNOS), (c) IL-6 and (d) protein expression of iNOS. mRNA analysis was expressed relative to untreated control cells
and represent means±s.e. Experiments were conducted twice, each with triplicate samples. Means with letters are significantly different
(*Po0.05 and **Po0.01) by Student’s t-test.
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molecules from 3T3-L1 adipocytes may induce BAFF expres-
sion in RAW 264.7 macrophages. Further study might
be needed to identify the molecules that increase BAFF
expression.

BAFF-R expression in RAW 264.7 macrophages is also
changed by coculture with 3T3-L1 adipocytes, and thus we
assume that increased BAFF in 3T3-L1 cells may have certain
effects on RAW 264.7 macrophages. We also show that BAFF
can induce the expression of proinflammatory molecules such
as nitric oxide synthase and IL-6 in RAW 264.7 macrophages.
From these data, we propose that increased BAFF by coculture
of 3T3-L1 adipocytes and RAW 264.7 macrophages might
affect RAW 264.7 macrophages and synergistically promote
inflammation.

BAFF expression also increased in the fat pad of DIO mice.
In WAT of DIO mice, BAFF mRNA and protein expression
increased. In a previous study, we showed that BAFF expres-
sion also increased in WATof ob/ob mice.28 It has already been
reported that more macrophages infiltrate into WAT of obese
mice than that of normal mice.32 These data indicate that
BAFF increases the expression of MCP-1, and because of that
more macrophages infiltrate into adipose tissue. Therefore, we
can safely attribute enhanced BAFF expression to more
macrophages infiltrating into adipose tissues.

Taken together, we propose that BAFF is a possible regulator
of adipokines and a possible mediator of adipocyte and
macrophage interaction in adipose tissue.
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