
OPEN

ORIGINAL ARTICLE

The role of adiponectin in the production of IL-6,
IL-8, VEGF and MMPs in human endothelial cells
and osteoblasts: implications for arthritic joints

Yeon-Ah Lee1,2,3, Hye-In Ji1,3, Sang-Hoon Lee2, Seung-Jae Hong2, Hyung-In Yang2,
Myung Chul Yoo1 and Kyoung Soo Kim1

This study was performed to evaluate the contribution of adiponectin to the production of interleukin (IL)-6, IL-8, vascular

endothelial growth factor (VEGF), matrix metalloproteinase (MMP)-1 and MMP-13 in human endothelial cells and osteoblasts in

arthritic joints. Cultured human umbilical vascular endothelial cells (HUVECs) and osteoblasts were stimulated with adiponectin

(1 or 10 lg ml�1) or IL-1b (0.1 ng ml�1) in the presence or absence of hypoxia for 24 h. The protein expression patterns were

examined by analyzing culture supernatants using the enzyme-linked immunosorbent assay (ELISA). Adiponectin significantly

stimulated the production of VEGF, MMP-1 and MMP-13 in osteoblasts but not in endothelial cells, whereas it significantly

stimulated the production of IL-6 and IL-8 in both endothelial cells and osteoblasts. The increase in VEGF production induced

by adiponectin was significantly greater than that induced by IL-1b. The production of IL-6 and IL-8 in adiponectin-stimulated

endothelial cells was approximately 10-fold higher than that in IL-1b-stimulated endothelial cells; in osteoblasts, adiponectin-

induced IL-6 and IL-8 secretion was approximately twofold higher than that induced by IL-1b. In addition, IL-8 production

in endothelial cells was approximately sevenfold higher than in osteoblasts. However, IL-6 levels were similar between the two

cell types, suggesting that adiponectin may be involved in the production of IL-8 in endothelial cells, which may have an

important role in neutrophil recruitment to arthritic joints. Furthermore, the increases in protein expression induced by

adiponectin were differentially regulated by hypoxia. In conclusion, adiponectin has a more important role than does IL-1b in

the production of mediators that drive synovitis and joint destruction in endothelial cells and osteoblasts at physiological

concentrations.
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INTRODUCTION

In rheumatoid arthritis (RA), proliferative fibroblast-like
synoviocytes (FLSs) have important roles in progressive
damage to articular cartilage and subchondral bone and in
the propagation of inflammation. These cells produce many
mediators of inflammation, such as cytokines and matrix
metalloproteinases (MMPs), which contribute to cartilage
degradation in the joints.1 Thus, FLSs are regarded as key
players in joint inflammation.2 In addition to FLSs, other cells
such as lymphocytes, chondrocytes, osteoblasts and endothelial
cells are also partly involved in RA pathophysiology. In
particular, the perpetuation of neovascularization in RA is

highly necessary for leukocyte extravasation into the synovium
and pannus formation, which is required for the persistence of
RA.3 Numerous soluble and cell surface-bound angiogenic
mediators, including growth factors, cytokines, proteases,
matrix macromolecules, cell adhesion receptors, chemokines
and chemokine receptors, have been implicated in neo-
vascularization. The exposure of osteoblasts in arthritic
joints to inflammation also stimulates the production of
various inflammatory mediators and MMPs in response to
proinflammatory cytokines.4,5

Recently, articular adipose tissue has been considered an
important contributor to the pathological process taking place
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in the RA joint because the major cell type of adipose tissue,
the adipocyte, produces cytokine-like mediators called adipo-
kines.6 Among the adipokines, adiponectin appears to have an
important role in the pathogenesis of RA. The levels of
adiponectin in synovial fluid and serum are elevated in
patients with RA.7,8 Adiponectin also induces the production
of the proinflammatory cytokines interleukin (IL)-6, MMP-1
and IL-8 by RA synovial fibroblasts in vitro.9,10 We recently
suggested that adiponectin may contribute to synovitis and
joint destruction in RA by stimulating the greater vascular
endothelial growth factor (VEGF), MMP-1 and MMP-13
expression in FLSs than do proinflammatory mediators.11 It
has been shown that adiponectin stimulates the production of
VEGF, MMP-1 and MMP-13 at the same levels as IL-1b at
their physiological concentrations, although adiponectin
induces much lower levels of IL-6, IL-8 and PGE2 than does
stimulation by IL-1b. Meanwhile, Gomez et al.12,13 showed
that adiponectin induced nitric oxide synthase type II, IL-6,
IL-8, MMP-3, MMP-9 and MCP-1 in cultured chondrocytes.
They also suggested that adiponectin increased vascular cell
adhesion molecule 1 expression, which was responsible for
leukocyte and monocyte infiltration into inflamed joints, in
chondrocytes, and thus perpetuated cartilage-degrading
processes.14 More importantly, in a recent report we
demonstrated that adiponectin may have synergistic
effects in combination with IL-1b on the production
of proinflammatory mediators during arthritic joint
inflammation.15 These findings suggested that adiponectin
may be more important in the pathogenesis of RA than
previously thought.

Hypoxia is one of the primary characteristics of inflamed
joints in RA.16 Hypoxic conditions have an important role in
rendering synovial fibroblasts pro-angiogenic and proinvasive;
thus, hypoxia leads to the debilitating features that are
characteristic of RA.17 The angiogenic and invasive behaviors
of FLSs in RA appear to depend on the cooperative action of
VEGF and MMPs, which are stimulated by hypoxia in
synovial fibroblasts.18 Thus, VEGF and MMPs have been
recognized as therapeutic targets for treatments designed to
delay RA symptoms.19,20 In our previous report, we showed
that increased expression of MMP-1 and MMP-13 in
response to IL-1b in FLSs was differentially regulated by
hypoxic conditions, mimicking conditions in inflamed
arthritic joints.21

Although endothelial cells and osteoblasts may both have
important roles in the pathogenesis and perpetuation of RA,
little is known about how endothelial cells and osteoblasts
respond to adiponectin or hypoxic conditions to produce
MMPs and proinflammatory mediators in arthritic joints.
Adiponectin is produced not only by adipose tissue but also by
synovial fibroblasts, endothelial cells and osteoblasts.9,22 In
arthritic joints, adiponectin may affect gene expression in these
cells in autocrine and/or paracrine manners. In this study, we
evaluated the contribution of adiponectin to the production of
IL-6, IL-8, VEGF, MMP-1 and MMP-13 in human endothelial
cells and osteoblasts in arthritic joints.

MATERIALS AND METHODS

Cell culture
Human umbilical vein endothelial cells (HUVECs) and human
osteoblasts were obtained from the Korean Cell Line Bank (KCLB,
Seoul, Korea) and Cell Applications, Inc. (San Diego, CA, USA),
respectively. Endothelial cells and osteoblasts were cultured in T-75
flasks (NUNC) containing EGM-2 (Lonza, Alpharetta, GA, USA) and
osteoblast growth medium (Cell Applications, Inc.), respectively. After
the cells had grown to confluence, they were split at a 1:4 ratio. Cell
passages 5–6 were used for all experiments. The cells (5� 105 cells per
60 mm dish per 2 ml of medium) were cultured overnight and treated
in serum-free medium with human recombinant adiponectin (1 or
10mg ml�1) or IL-1b (0.1 ng ml�1), which was produced in Escher-
ichia coli (ProSpec, Rehovot, Israel). The cells were preincubated in
serum-free medium for 2 h, and cultures were placed in fresh serum-
free medium before stimulation with adiponectin or IL-1b under
hypoxic or normoxic conditions (5% CO2, 37 1C). Hypoxic condi-
tions were generated by incubating the cells at 2% O2 in a hypoxic
chamber gassed with a combination of N2 and CO2 (Invivo2 200,
Ruskinn Technology Ltd, Pencoed, UK). Conditioned medium was
collected after 24 h. Cell cultures were centrifuged, and the super-
natants were collected for enzyme-linked immunosorbent assay
(ELISA). Three independent experiments using cells from one donor
were performed in quadruplicate.

ELISA
The supernatants were collected and analyzed for VEGF, MMP-1,
MMP-13 (R&D Systems Inc., Minneapolis, MN, USA), IL-6 and IL-8
(BD, San Jose, CA, USA) using three ELISA kits (VEGF, MMP-1 and
MMP-13) from R&D systems. Two kits (IL-6 and IL-8) are from BD
Bioscience.

Statistical analysis
The in vitro experimental data are expressed as the mean±s.d. of
quadruplicate samples. The expression levels of the factors were
compared between groups with the Mann–Whitney test. Prism 5.02
software (GraphPad Software, San Diego, CA, USA) was used for
statistical analysis and graphing. Differences were considered signi-
ficant at Po0.05.

RESULTS

Expression patterns of VEGF, MMP-1 and MMP-13 in
human endothelial cells and osteoblasts in response to
adiponectin
The expression of VEGF, MMP-1 and MMP-13, which are
involved in matrix degradation and neovascularization, was
evaluated in endothelial cells and osteoblasts in response to
adiponectin. The cells were stimulated for 24 h with adipo-
nectin (1 and 10mg ml�1) or IL-1b (0.1 ng ml�1) as a
reference. As shown in Figure 1, adiponectin significantly
stimulated the production of VEGF, MMP-1 and MMP-13 by
osteoblasts but not by endothelial cells. The levels of VEGF and
MMPs were significantly increased in osteoblasts, even at a
concentration of 1mg ml�1 adiponectin. Furthermore, adipo-
nectin (10mg ml�1) increased the VEGF protein level by
twofold in osteoblasts when compared with that in unstimu-
lated osteoblasts (mean±s.d., 281.8±22.9 vs 145.4±
18.9 pg ml�1). The increase in VEGF protein induced by
adiponectin was significantly greater than that induced by
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IL-1b (0.1 ng ml�1; 281.8±22.9 vs 248.8±18.9 pg ml�1). The
MMP-1 expression level was increased by adiponectin in
osteoblasts and was significantly greater than that induced by
IL-1b stimulation (399.8±97.5 vs 178.4±24.6 pg ml�1). The
relative production of MMP-1 in osteoblasts was approxi-
mately 1000-fold lower than that in endothelial cells. In
contrast, MMP-13 expression was not stimulated by adipo-
nectin in endothelial cells but was significantly increased by
adiponectin in osteoblasts. The threefold increase in the MMP-
13 protein level induced by adiponectin (10mg ml�1) was
significantly greater than that induced by IL-1b (0.1 ng ml�1)
(821.8±271.5 vs 299.5±58.6 pg ml�1). Considering the phy-
siological concentrations of adiponectin (approximately
1–10mg ml�1) and IL-1b (approximately 10–100 pg ml�1) in
synovial fluid from the arthritic joints of RA patients,
adiponectin may be more involved than IL-1b in the induction
of VEGF, MMP-1 and MMP-13 protein production in
osteoblasts in arthritic joints.

Expression patterns of IL-6 and IL-8 in human endothelial
cells and osteoblasts in response to adiponectin
Next, the production levels of IL-6 and IL-8 were also
investigated in endothelial cells and osteoblasts stimulated
with adiponectin. Adiponectin (10mg ml�1) stimulated the
production of IL-6 and IL-8 in both endothelial cells
(1552±409.9 pg ml�1 for IL-6, 28 016±5 969 pg ml�1 for
IL-8) and osteoblasts (2657±309.0 pg ml�1 for IL-6,
4586±292.3 pg ml�1 for IL-8). The adiponectin-stimulated
production of IL-6 and IL-8 in endothelial cells was approxi-
mately 10-fold higher than that induced by IL-1b
(0.1 ng ml�1) (1552±409.9 vs 170±58.2 pg ml�1 for IL-6,
and 28 016±5969 vs 2024±368.6 pg ml�1 for IL-8) and

approximately twofold higher in osteoblasts (2657±309.0 vs
1401±206.4 pg ml�1 for IL-6, and 4586±292.3 vs
1772±566.7 pg ml�1 for IL-8) (Figure 2). The level of IL-6
in osteoblasts stimulated with adiponectin (10mg ml�1) was
similar to that in endothelial cells. However, adiponectin-
stimulated IL-8 protein production in endothelial cells was
approximately sevenfold higher than that in osteoblasts.
Considering their physiological concentrations, adiponectin
appears to have a more important role than does IL-1b in the
induction of IL-6 and IL-8 protein production in endothelial
cells. In particular, adiponectin may be involved in the
production of IL-8 in endothelial cells, which may have an
important role in the recruitment of neutrophils to arthritic
joints.

Effect of hypoxia on the protein expression of IL-6, IL-8,
VEGF, MMP-1 and MMP-13 in endothelial cells and
osteoblasts in the presence of adiponectin and/or IL-1b
Next, we investigated whether adiponectin and IL-1b syner-
gistically stimulate the protein expression of IL-6, IL-8, VEGF
and MMPs and whether hypoxia also affects their protein
expression in these cells. The protein expression of these
factors was investigated in both endothelial cells and osteo-
blasts stimulated with adiponectin and/or IL-1b in the
presence or absence of hypoxia. As shown in Figure 3, VEGF
protein production was significantly increased in both
endothelial cells and osteoblasts by hypoxia but was not
synergistically increased by adiponectin and IL-1b. MMP-1
expression in endothelial cells was not significantly affected by
hypoxia or by co-treatment with adiponectin and IL-1b. In
contrast, MMP-1 expression in osteoblasts was additively
increased by adiponectin and IL-1b; however, the additive
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Figure 1 Effect of adiponectin and IL-1b on the production of VEGF, MMP-1 and MMP-13 in (a) endothelial cells and (b) osteoblasts.
The cells were treated with adiponectin or IL-1b for 24h. The culture supernatants were analyzed for VEGF, MMP-1 and MMP-13 by
ELISA. The data shown are representative of three independent experiments and similar results were obtained from all three. Values are
expressed as mean±s.e.m. *Po0.05 vs the untreated group, #Po0.05 vs the IL-1b-treated group.
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increase in MMP-1 expression was significantly decreased
under hypoxic conditions. MMP-13 expression in osteoblasts
was also additively increased by co-treatment with adiponectin
and IL-1b; however, the increased expression was decreased
by hypoxia. Hypoxia differentially decreased MMP-1 and

MMP-13 expression stimulated by adiponectin or IL-1b
according to the type of stimulant (adiponectin or IL-1b).
The expression of IL-6 and IL-8 in endothelial cells and
osteoblasts was not synergistically increased by co-treatment
with adiponectin and IL-1b (Figure 4). The increased
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Figure 2 Effects of adiponectin and IL-1b on the production of IL-6 and IL-8 in (a) endothelial cells and (b) osteoblasts. The cells were
treated with adiponectin or IL-1b for 24h. The culture supernatants were analyzed for IL-6 and IL-8 by ELISA. The data shown are
representative of three independent experiments, and similar results were obtained from all three. Values are expressed as mean±s.e.m.
*Po0.05 vs the untreated group, #Po0.05 vs the IL-1b-treated group.
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Figure 3 Effect of hypoxia on adiponectin- and IL-1b-stimulated production of VEGF, MMP-1 and MMP-13 in (a) endothelial cells and
(b) osteoblasts. The cells were treated with adiponectin and/or IL-1b under hypoxic conditions for 24h. The culture supernatants were
analyzed for VEGF, MMP-1 and MMP-13 by ELISA. The data shown are representative of three independent experiments, and similar
results were obtained from all the three. Values are expressed as mean±s.e.m. *Po0.05 vs the normoxia group. N, normoxia.
H, hypoxia.
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expression of IL-6 in osteoblasts was significantly decreased by
hypoxia, but IL-8 expression was not affected by hypoxia.
These results suggest that adiponectin and IL-1b may addi-
tively increase the expression of IL-6, IL-8 and MMP-1 in
osteoblasts but not in endothelial cells and that the increase
may be differentially regulated by hypoxia.

DISCUSSION

Recently, adipokines have been shown to exert potent mod-
ulatory actions on target tissues and cells involved in rheu-
matic disease, including cartilage, synovium, bone and various
immune cells.23 Thus, in previous reports, we studied the
effect of adiponectin on the expression of MMPs and
proinflammatory mediators such as IL-6 and IL-8 in FLSs.
However, there are few reports on the responses of other cell
types, such as endothelial cells and osteoblasts, to IL-1b and
adiponectin in the presence or absence of hypoxia with respect
to the production of MMPs and proinflammatory mediators,
although these cells have important roles in the pathogenesis
of RA. In this study, we evaluated the contributions of
endothelial cells and osteoblasts to the production of VEGF,
MMP-1, MMP-13, IL-6 and IL-8 in arthritic joints.

Our previous study showed that adiponectin increased the
expression of IL-6 and IL-8 in FLSs, although their expression
levels were less than those induced by IL-1b (0.1 ng ml�1). In
contrast, adiponectin stimulation induced a greater increase in
the expression of IL-6 and IL-8 in endothelial cells and
osteoblasts than did IL-1b (0.1 ng ml�1). This result suggests
that adiponectin stimulation of endothelial cells and osteo-
blasts in arthritic joints may contribute to the production of

IL-6 and IL-8 more than IL-1b stimulation. In addition,
adiponectin led to a greater increase in MMP-1 and
MMP-13 expression in osteoblasts compared with IL-1b
(0.1 ng ml�1). In our previous study, hypoxia differentially
regulated the expression of MMP-1 and MMP-13 in IL-1b-
stimulated FLSs from RA patients.21 The increased MMP-1
expression in response to IL-1b stimulation was further
stimulated by hypoxic conditions, whereas MMP-13
expression was significantly decreased by hypoxia. However,
differential expression of MMP-1 and MMP-13 in FLSs was
not detected in osteoblasts. In addition, we previously showed
that co-treatment of synoviocytes with IL-1b and adiponectin
synergistically increased the expression of IL-6 and IL-8,24 but
this effect was not demonstrated in osteoblasts or endothelial
cells. These results provide additional evidence to support the
hypothesis that adiponectin is involved in the progression and
pathogenesis of RA. The underlying mechanisms for the
differential responses to adiponectin observed in osteoblasts
and endothelial cells and for hypoxia leading to differential
MMP-1 and MMP-13 expression in osteoblasts and FLSs
under inflammatory stimulation, however, remain unclear.
We suspect that the profiles of transcription factors containing
HIF-1a and HIF-2a, which are important in MMP expression,
may be differentially activated by adiponectin according to cell
type and may thus result in cell-specific MMP expression. In
addition, osteoblasts and endothelial cells may not be major
producers of inflammatory cytokines and MMPs in arthritic
joints. However, their expression level in terms of timing and
spatial proximity during the progression of arthritis may be
particularly relevant. In particular, MMP expression in
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Figure 4 Effects of hypoxia on the adiponectin- and IL-1b-stimulated production of IL-6 and IL-8 in (a) endothelial cells and
(b) osteoblasts. The cells were treated with adiponectin and/or IL-1b under hypoxic conditions for 24 h. The culture supernatants were
analyzed for IL-6 and IL-8 by ELISA. The data shown are representative of three independent experiments and similar results were
obtained from all three. Values are expressed as mean±s.e.m. *Po0.05 versus the normoxia group, #Po0.05 versus only the
adiponectin-treated group. N, normoxia. H, hypoxia.
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endothelial cells may be more important than in FLSs to
angiogenesis within pannus tissue in terms of spatial
proximity.

In general, the most potent isoforms are the high/middle
molecular weight isoforms and globular isoforms, whereas
the least potent isoform is the adiponectin trimer.25

However, another study showed that all isoforms had
the same inhibitory effect on the production of ROS in
hyperglycemia-stimulated endothelial cells.26 Despite the
differential effects of adiponectin isoforms, we used a
commercial recombinant form of adiponectin produced by
E. coli in this study. Thus, our experiments may not replicate
in vivo conditions, in which adiponectin stimulates various
types of cells in arthritic joints. Nevertheless, the results
of our study indicate that the production of IL-6 and IL-8
in endothelial cells is characteristic of endothelial cells
stimulated by proinflammatory cytokines. In support of our
results, Frommer et al. showed that adiponectin upregulated
the secretion of IL-6, IL-8, GROa, MCP-1 and RANTES and
the mRNA expression of intercellular adhesion molecule 1 and
vascular cell adhesion molecule 1 in adiponectin-stimulated
human macrovascular endothelial cells.27 IL-1b is a more
potent inducer of IL-6 and IL-8 expression compared with
other factors such as tumor necrosis factor-alpha or
lipopolysaccharide.28 In our study, adiponectin was a more
potent inducer of IL-6 and IL-8 expression than IL-1b at their
physiological concentrations. However, a previous study
showed that adiponectin decreased the secretion of IL-8
from human aortic endothelial cells stimulated with tumor
necrosis factor-alpha.29 In addition, few studies have examined
the expression of MMPs in adiponectin-stimulated endothelial
cells. In this study, adiponectin did not increase MMP-1 or
MMP-13 expression in endothelial cells, but it significantly
increased their expression in osteoblasts. A previous study
focused on the expression of MMP-2 and MMP-9 in gAd-
stimulated endothelial cells;25 however, we focused on MMP-1
and MMP-13 because they have dominant roles in RA and
osteoarthritis and are rate-limiting components in the process
of collagen degradation.30,31 Additionally, we believe that this
effect is due to adiponectin alone, not due to
lipopolysaccharide contamination of the recombinant protein
produced in an E. coli system, as discussed in previous
reports.11,27 Thus, adiponectin may have an important role
in the destruction of joints by inducing MMP production in
osteoblasts in arthritic joints. In our study, adiponectin
significantly stimulated increases in MMP-1, MMP-13 and
VEGF as well as in IL-6 and IL-8. The increases induced by
adiponectin appeared to be higher than those induced by IL-
1b at their physiological concentrations. This result, to our
knowledge, is the first report of adiponectin increasing the
expression of these factors in osteoblasts.

This study has some limitations. First, HUVECs were used
as the endothelial cells in our experiments. HUVECs may not
replicate the endothelial cells found in arthritic joints. How-
ever, many studies have shown that HUVECs adequately
represent the endothelial cells of arthritic joints.32,33 In

addition, endothelial cells display IL-6 and IL-8 expression
patterns following induction by proinflammatory stimuli that
are similar to other endothelial cell types such as human
dermal pulmonary microvascular, pulmonary microvascular
(HPMVECs), brain (HBECs), pulmonary aortic (HPAECs),
coronary artery (HCAECs), and aortic (human aortic
endothelial cells) endothelial cells.34–37 Thus, despite the
limitations of this study, we regarded HUVECs as similar to
the type of endothelial cells found within pannus tissue in
arthritic joints.

In conclusion, adiponectin appears to have a more impor-
tant role than does IL-1b in the production of IL-6 and IL-8 in
endothelial cells at their physiological concentrations. In
particular, adiponectin may be involved in the production of
IL-8 in endothelial cells, which may have an important role in
the recruitment of neutrophils to arthritic joints.
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