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It is well known that adipose tissue is not only a passive reservoir for energy storage but also
produces and secretes a variety of bioactive molecules called adipocytokines, including
adiponectin and tumor necrosis factor-α (TNF-α). Recently, it has been reported that adipose
tissue can suffer a chronic hypoxic condition during hypertrophy of adipocytes, and this condition
leads to the dysregulation of adipocytokines. Further, hypoxic adipocytes are in an increased
oxidative stress. Extracellular-superoxide dismutase (EC-SOD) is an anti-inflammatory enzyme
that protects cells from reactive oxygen species (ROS) by scavenging superoxide anion. Previous
reports showed that plasma EC-SOD levels in type 2 diabetes patients were significantly and
inversely related to the body mass index, homeostasis model assessment-insulin resistance index;
however, the mechanisms of EC-SOD and adiponectin reductions during hypoxia remain poorly
understood. Here, we demonstrate that cobalt chloride (CoCl2), a hypoxia mimetic, decreases EC-
SOD and adiponectin in 3T3-L1 adipocytes by intracellular ROS-independent, but TNF-α and c-jun
N-terminal kinase (JNK)-dependent mechanisms. From these results, it is possible that TNF-α is a
key regulator of the reduction of EC-SOD and adiponectin in CoCl2-treated 3T3-L1 adipocytes, and
we speculated that the reduction of EC-SOD and adiponectin would lead to and/or promote
metabolic disorders.

Keywords: extracellular-superoxide dismutase, adiponectin, tumor necrosis factor-alpha, c-Jun N-terminal kinase, cobalt chloride

Introduction

Obesity is closely linked to a variety of metabolic
disorders, including insulin resistance, atherosclerosis
and type 2 diabetes.1 Recent studies have indicated that
adipose tissue is not only an energy store but also

produces and secretes various bioactive molecules
called adipocytokines, such as adiponectin, tumor
necrosis factor-α (TNF-α), plasminogen activator
inhibitor type 1 and monocyte chemo-attractant
protein-1.2–5 Adiponectin is an anti-inflammatory
adipocytokine that plays a pivotal role in the
improvement of glucose and lipid metabolism and the
prevention of atherosclerosis and inflammation.6,7 In
patients with insulin resistance, obesity or type 2
diabetes, serum adiponectin levels are reduced,8,9 and
previous studies showed that TNF-α and intracellular
reactive oxygen species (ROS) decrease adiponectin
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expression.10–12 On the other hand, increases in
adiponectin expression have been reported during
adipocyte differentiation and transcriptional factors
associated with adipogenesis, including CCAAT/
enhancer-binding protein-α (C/EBP-α) and peroxisome
proliferator-activated receptor-γ (PPAR-γ), have been
shown to up-regulate adiponectin expression.13

Recently, adipose tissue has been found to suffer
chronic hypoxia during the development of
obesity.14,15 Hypoxic conditions can be induced by the
addition of certain chemicals called ‘hypoxia
mimetics’, such as the carcinogenic transition metal
cobalt.16 In these hypoxic conditions, it has been
recognized that hypoxia-inducible factor-1α (HIF-
1α), a transcriptional factor, is accumulated and
increases/decreases a wide variety of genes to ensure
adaptation to low-oxygen tension.17,18 Further, it has
been reported that both hypoxia and hypoxia mimetics
increase ROS generation and dysregulate adipo-
cytokines, and these conditions lead to and/or
promote metabolic disorders.19,20 To protect cells from
oxidative stress, mammals have anti-oxidative enzymes
such as superoxide dismutase (SOD), catalase and
glutathione peroxidase.21,22 SOD is a major anti-
oxidative enzyme that protects cells from oxidative
stress by scavenging superoxide.23 There are three SOD
isozymes in mammals; copper and zinc containing
SOD (Cu,Zn-SOD), manganese-containing SOD
(Mn-SOD) and extracellular SOD (EC-SOD).24 EC-
SOD is a secretory enzyme, whereas Cu,Zn-SOD and
Mn-SOD are intracellular enzymes found
predominantly in the cytoplasm and mitochondria,
respectively. The EC-SOD content is very low in the
liver, heart, brain and other organs, with the exception
of the lung, thyroid gland, and adipose tissue.25

Moreover, it was found that the plasma EC-SOD
levels in type 2 diabetic patients were significantly and
inversely related to the body mass index, homeostasis
model assessment insulin resistance index.26 We
previously reported that CoCl2 decreases EC-SOD in
green monkey kidney COS7 cells via intracellular ROS
generation and p38-MAPK, a mitogen-activated
protein kinase (MAPK), signaling cascade;27 however,
the mechanisms of EC-SOD and adiponectin
reductions during hypoxia remain unclear.

In order to address these issues, we studied the
regulation of EC-SOD expression by CoCl2 and
examined the role of ROS, inflammatory cytokines
and MAPK signaling cascades in these processes.
Moreover, we also studied the regulation of
adiponectin expression by CoCl2, because we
hypothesized that the expression of EC-SOD might
be co-regulated with adiponectin in 3T3-L1 cells

treated with CoCl2, leading to aggravated metabolic
disorders.

Materials and methods

Cell culture

3T3-L1 mouse pre-adipocytes culture and their
differentiation into adipocytes were carried out as
described in previous reports.13,28 Briefly, pre-
adipocytes were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS), 100 units/ml penicillin, and
100 µg/ml streptomycin until 2 days after confluence;
then, their differentiation into adipocytes was induced
by treating cells for 2 days with 5 µg/ml insulin, 0.5
µM dexamethasone and 0.5 mM isobutylmethyl-
xanthine in DMEM, and then for 2 days with insulin
(5 µg/ml) in the same medium. The cells were returned
to the basal medium, which was replaced every other
day. The effects of hypoxia and CoCl2 on gene
expression levels were investigated using 8-day
differentiated adipocytes. The induction of hypoxia
(1% O2) was carried out in a culture chamber which
controls O2 concentrations by supplying N2 gas
together with 5% CO2.

RT-PCR analysis

After the adipocytes were treated, the medium was
aspirated and the cells were washed twice with ice-cold
PBS. The cells were lysed in 1 ml TRIzol® reagent
(Invitrogen, CA, USA). cDNA was prepared and RT-
PCR performed using the methods described in our
previous report.13 Densitometric analysis of the PCR
products was performed with Multi Gauge v3.0 (Fuji
Film, Japan).

Measurement of cellular protein

We measured the cellular protein as an index of cell
injury. After the adipocytes were treated, the cells were
washed twice with ice-cold PBS and then scraped in 1
ml of PBS. The cell suspension was homogenized
using an ultrasonic homogenizer. The total protein in
the supernatant was assayed using a Bio-Rad protein
assay reagent (Bio-Lad Lab., CA, USA).

Measurement of intracellular ROS

After the adipocytes were treated, the medium was
aspirated and the cells were washed twice with PBS
and incubated with fresh culture medium without
serum containing 3 µM 5-(and-6)-carboxy-2’,7’-
dichlorodihydrofluorescein diacetate (carboxy-
H2DCFDA) for 20 min at 37ºC in 5% CO2/95% air.
The cells were then washed twice with ice-cold PBS
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and then scraped in 1 ml ice-cold PBS and centrifuged
at 2300 g for 5 min at 4ºC. The pellet was homogenized
with 1 ml ice-cold PBS using an ultrasonic homo-
genizer and centrifuged again at 2300 g for 10 min at
4ºC. The DCF fluorescence of the supernatant was
measured using a fluorimeter (excitation at 493 nm
and emission at 527 nm). Total protein concentrations
were measured using a protein assay reagent.

Statistical analysis

The data shown are the mean ± SD of three separate
experiments. Statistical significance was estimated
using ANOVA followed by post hoc Bonferroni tests.
A P-value less than 0.05 was considered significant.

Results

Dose- and time-dependent effects of CoCl2 on the expres-
sions of SODs, adiponectin and transcriptional factors

We first investigated the expression of SODs (EC-SOD,
Cu,Zn-SOD and Mn-SOD) in 3T3-L1 adipocytes
during CoCl2 treatment. As shown in Figure 1, CoCl2
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Figure 1 Dose- and time-dependent effects of CoCl2 on the
expression of SODs, adiponectin and transcriptional
factors. Fully-differentiated 3T3-L1 adipocytes were
treated with the indicated concentrations of CoCl2 for
24 h (A) or with 0.3 mM CoCl2 for the indicated hours
(B). After the cells were incubated, RT-PCR was
carried out and these data were normalized using ββ-
actin levels. *P < 0.05, **P < 0.01 compared with
untreated adipocytes

Figure 2 (A) Expression of SODs, adiponectin and trans -
criptional factors during hypoxia. Fully differ -
entiated 3T3-L1 adipocytes were incubated under
hypoxic condition (1% O2) for 24 h. After the cells
were incubated, RT-PCR was carried out and these
data were normalized using ββ-actin levels. **P <
0.01 compared with normoxia. (B) Effect of
hypoxia and CoCl2 on the cell viability. Fully-
differentiated 3T3-L1 adipocytes were incubated
under hypoxic condition (1% O2) or treated with 0.3
mM CoCl2 for the indicated hours, followed by the
assay of cellular protein concentration
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decreased the EC-SOD mRNA expression in a CoCl2
dose- and time-dependent manner. On the other hand,

the other SOD isozymes (Cu,Zn-SOD and Mn-SOD)
were not changed when the applied concentration of
CoCl2 was 0.3 mM for 24 h. It has been reported that
adiponectin is suppressed in mRNA and protein levels
during hypoxia;29 however, the expression of
adiponectin during hypoxia induced by CoCl2 was not
fully elucidated. Treatment with CoCl2 markedly
suppressed the expression of adiponectin in a CoCl2
dose- and time-dependent manner. Additionally, the
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Figure 3 Involvement of ROS in the CoCl2-induced
suppression of EC-SOD and adiponectin. (A)
Expression of EC-SOD and adiponectin during H2O2
treatment. Fully-differentiated 3T3-L1 adipocytes
were pretreated without (–) or with Trolox (+, 0.2 mM)
for 2 h prior to further 24 h treatment without (–) or
with H2O2 (+, 0.5 mM). (B) Fully-differentiated 3T3-L1
adipocytes were treated with 0.3 mM CoCl2 for the
indicated time. (C,D) Fully-differentiated 3T3-L1
adipocytes were pretreated without (–) or with
Trolox (+, 0.2 mM) for 2 h prior to further 24 h
treatment without (–) or with CoCl2 (+, 0.3 mM). After
the cells were incubated, RT-PCR was carried out
(A,D) and intracellular ROS generation was
measured (B,C). All RT-PCR data were normalized
using ββ-actin levels. *P < 0.05, **P < 0.01 compared
with untreated adipocytes, ##P < 0.01, N.S. not
significant compared with CoCl2 alone-treated
adipocytes

Figure 4 Involvement of TNF-αα in the CoCl2-induced
suppression of EC-SOD and adiponectin. (A) Fully-
differentiated 3T3-L1 adipocytes were treated with
0.3 mM CoCl2 for 24 h. Cells were pretreated
without (–) or with actinomycin D (ActD; +, 1 µµg/ml)
for 1 h (B), infliximab (+, 10 µµg/ml) for 1 h (C) prior
to further 24 h treatment without (–) or with CoCl2
(+, 0.3 mM). After the cells were treated, RT-PCR
was carried out and these data were normalized
using ββ-actin levels. *P < 0.05, **P < 0.01 compared
with untreated adipocytes, #P < 0.05, ##P < 0.01
compared with CoCl2 alone-treated adipocytes
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expression of C/EBP-α and PPAR-γ, well recognized
as master regulators of adiponectin, was similar to
EC-SOD and adiponectin.

Expression of SODs, adiponectin and transcriptional factors
during hypoxia

We further investigated the effect of hypoxia (1% O2)
on the expression of SODs, adiponectin and
transcriptional factors in 3T3-L1 adipocytes. Hypoxia
decreased the expression of EC-SOD, adiponectin and
C/EBP-α similar to CoCl2 treatment (Fig. 2A);
however, Cu/Zn-SOD, Mn-SOD and PPAR-γ were not
changed during hypoxia.

Effect of hypoxia and CoCl2 on cell viability

In order to investigate cell injury, we next measured
cellular protein of 3T3-L1 adipocytes incubated under
hypoxic condition (1% O2) or treated with 0.3 mM
CoCl2 for up to 24 h. Both hypoxia and CoCl2 did not
affect cellular protein content, indicating that the
conditions used in this study did not induce cell death
(Fig. 2B).

Antioxidant Trolox did not suppress CoCl2-induced
suppression of EC-SOD and adiponectin

We previously reported that CoCl2 suppressed the
expression of EC-SOD through intracellular ROS
generation in COS7 cells.27 Accordingly, we next
investigated the effect of ROS on the expression of EC-
SOD and adiponectin. Treatment with H2O2 decreased the
expression of EC-SOD and adiponectin, and pretreat  -
ment with Trolox partially, but significantly, sup pres sed
these reductions (Fig. 3A). We further investigated that
generation of ROS during CoCl2 treatment using carboxy-
H2DCFDA. As shown in Figure 3B,C, treatment with

CoCl2 increased intracellular ROS generation and
Trolox attenuated CoCl2-induced ROS generation;
however, pretreat ment with Trolox did not attenuate
CoCl2-induced suppression of EC-SOD and adipo -
nectin (Fig. 3D).

Involvement of TNF-α and MAPK in CoCl2-induced
suppression of EC-SOD and adiponectin

Our previous reports showed that exposure to TNF-α
decreased EC-SOD in smooth muscle cells and
adiponectin in 3T3-L1 adipocytes.13,30 We, therefore,
investigated the involvement of TNF-α in the
suppression of EC-SOD and adiponectin. Treatment
with CoCl2 increased the expression of TNF-α at the
mRNA level (Fig. 4A), and actinomycin D, an
inhibitor of mRNA synthesis, blocked the CoCl2-
induced suppression of EC-SOD and adiponectin
(Fig. 4B). Further, infliximab, a chimeric monoclonal
antibody against TNF-α, partially, but significantly,
attenuated the CoCl2-induced suppression of EC-
SOD and adiponectin (Fig. 4C). These results indicate
that TNF-α plays an important role in the CoCl2-
induced suppression of EC-SOD and adiponectin. It
has been reported that activation of MAPK plays an
important role in the TNF-α-induced suppression of
adiponectin in 3T3-L1 adipocytes.10 To investigate the
involvement of MAPK in the CoCl2-induced
suppression of EC-SOD and adiponectin further, we
next investigated the effect of SP600125 (JNK
inhibitor), SB203580 (p38 inhibitor) and U0126 (extra  -
cellular regulated kinases (ERK) inhibitor) on this
reaction. Suppression of these genes by CoCl2 was
significantly attenuated by pretreatment with
SP600125, but not with the other inhibitors (Fig. 5).
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Figure 5  Involvement of MAPK in the CoCl2-induced suppression of EC-SOD and adiponectin. Fully-differentiated 3T3-L1
adipocytes were pretreated without (–) or with SP600125 (SP, 50 µµM), SB203580 (SB, 50 µµM) or U0126 (U, 50 µµM) for
30 min prior to further 24 h treatment without (–) or with CoCl2 (+, 0.3 mM). After the cells were treated, RT-PCR was
carried out and these data were normalized using ββ-actin levels. **P < 0.01 compared with untreated adipocytes, #P <
0.05, ##P < 0.01 compared with CoCl2 alone-treated adipocytes



Discussion

Obesity is closely related to a variety of metabolic
disorders, including insulin resistance, atherosclerosis
and type 2 diabetes.1,31 Further, it has been reported
that adipose tissue suffers chronic hypoxia during the
development of obesity.19 It has been shown that
inflammatory adipocytokines, such as TNF-α,
interleukin (IL)-1 and IL-6, are increased, while anti-
inflammatory adipocytokines, such as adiponectin,
are decreased in hypoxic adipocytes.29 In this study,
CoCl2 decreased the expression of adiponectin and
adipogenic master regulators, including C/EBP-α and
PPAR-γ, in a CoCl2 dose- and time-dependent manner
(Fig. 1A,B), and these observations were similar to
hypoxia (1% O2 treatment), except for PPAR-γ
expression. From these observations and previous
reports,19 we speculated that hypoxia mimetic
decreases adiponectin via C/EBP-α and/or PPAR-γ
signaling cascades, similar to hypoxia.

On the other hand, it is known that both hypoxia
and hypoxia mimetics increase ROS generation via
mitochondria-dependent or -independent mechan -
isms, respectively.18,32 EC-SOD is the major SOD
isozyme in extracellular fluids and protects cells from
oxidative stress.23 Our previous report showed that the
expression levels of EC-SOD through the
differentiation of 3T3-L1 cells changes in a similar
manner to C/EBP-α and PPAR-γ, and down-
regulation of these proteins might induce and/or
promote the pathogenesis of metabolic syndrome and
atherosclerosis.13 Recently, we reported that CoCl2
decreases EC-SOD in COS7 cells via intracellular
ROS generation and p38-MAPK signaling cascades.27

In this study, CoCl2 (Fig. 1) and H2O2 (Fig. 3A)
decreased the expression of EC-SOD and
adiponectin, whereas the expressions of Cu/Zn-SOD
and Mn-SOD were not changed (Fig. 1); however, an
antioxidant, Trolox, did not affect the reduction of
EC-SOD and adiponectin by CoCl2. From these
results, it is possible that CoCl2 decreases EC-SOD
and adiponectin by intracellular ROS-independent
mechanisms.

It has been well recognized that TNF-α is one of
the most important adipocytokines, inducing insulin
resistance, atherosclerosis and type 2 diabetes. Our
previous reports and others showed that TNF-α
decreases EC-SOD and adiponectin via p38-MAPK
and JNK signaling cascades, respectively.10,30 In this
study, CoCl2 increased TNF-α expression (Fig. 4A),
and infliximab partially, but significantly, attenuated
the reduction of EC-SOD and adiponectin by CoCl2
(Fig. 4C). Further, actinomycin D blocked the

reduction of these expressions (Fig. 4B). These results
suggested that CoCl2 decreases EC-SOD and
adiponectin via de novo protein synthesis; however,
because the inhibition rate of EC-SOD and
adiponectin reductions by infliximab is partial, we
speculated that the mechanisms of these reductions by
CoCl2 involve other factors. We next investigated the
role of MAPK in the reduction of EC-SOD and
adiponectin. In mammalian systems, there are three
major subfamilies: ERK, JNK and p38-MAPK.33,34 In
this study, pretreatment with a JNK inhibitor, SP600
125, suppressed the reduction of EC-SOD and
adiponectin but SB203580 and U0126 did not affect
these reductions (Fig. 5). From these results, we
concluded that CoCl2 decreases EC-SOD and
adiponectin via JNK signaling cascades.

Conclusions

We investigated the expression of EC-SOD and
adiponectin in 3T3-L1 adipocytes during hypoxia.
The present study demonstrates for the first time that
EC-SOD in 3T3-L1 cells was suppressed by CoCl2 and
co-regulated with adiponectin through intracellular
ROS-independent, but TNF-α and JNK-dependent
mechanisms. From our observations, it is speculated
that the reduction of EC-SOD by CoCl2 is similar to
adiponectin reduction and leads to a decrease in the
resistance to oxidative stress. These findings
contribute to the control of metabolic disorder
exacerbation and knowledge about cytotoxicity
induced by intracellular ROS during hypoxia.
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