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Inflammatory response and insulin signaling alteration induced by PCB77
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Abstract
A specific mechanism whereby inflammation may contribute to cardiovascular diseases (CVD), insulin resistance (IR) and type

II diabetes is the induction of endothelial dysfunction placing the vascular endothelium in a key unifying position for the shared
pathogenesis of these diseases. However, the mechanisms by which PCBs induce endothelial cell dysfunction are not clearly understood.
In the present study, we used human umbilical vascular endothelial cells (HUVEC) as model, and inflammatory response and insulin
signaling alteration induced by PCBs were examined. Results showed that PCB77 induced the expression of proinflammatory cytokines
including IL-6 and TNFα and induced U937 adhesion to HUVEC cells consistent with increased NFκB transcription activity. On the
other hand, PCB77 blocked insulin-activated Akt signaling pathway, which was restored by pretreatment with TNFα neutralization
antibody. In conclusion, PCB77 showed the potential to induce the expression of proinflammatory cytokines including IL-6, which has
been shown to be powerful independent risk predictor of CVD. And PCB77 was observed to alter insulin-activated Akt signaling by
TNFα secretion for the first time.
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Introduction

Polychlorinated biphenyls (PCBs) are a class of poly-
chlorinated aromatic hydrocarbons composed of 209
discrete congeners. Due to their high lipophilicity and
structural stability, PCBs are persistent environmental pol-
lutants. Substantial evidence from epidemiological studies
suggested that cardiovascular diseases are linked to envi-
ronmental pollution. For example, there was a significant
increase in mortality from cardiovascular disease among
Swedish manufacturing workers exposed to PCBs for at
lease five years, and most excess deaths were due to
cardiovascular disease in workers exposed to phenoxy
herbicides and PCBs in waste transformer oil (Gustavsson
and Hogstedt, 1997; Hay and Tarrel, 1997). Epidemiology
studies have also reported that the risk of insulin resistance
and type 2 diabetes correlated with the serum PCBs
concentration when people are exposed to this kind of
pollutants (Everett et al., 2007; Rignell-Hydbom et al.,
2007; Rylander et al., 2005).

Development of atherosclerotic cardiovascular disease
(CVD) is the main complication in type 2 diabetes mel-
litus, and clinical CVD can also precede the diabetes
development, leading to a hypothesis that type 2 diabetes
and CVD share common antecedents (Stern, 1995). Insulin
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resistance has been considered as a plausible candidate for
this common antecedent, but mechanisms whereby insulin
resistance leads to both type 2 diabetes and CVD remain
unsettled (Ginsberg, 2000). Chronic subclinical inflamma-
tion could be a unifying mechanistic factor because it is
a precursor of CVD, is associated with insulin resistance,
and precedes the development of type 2 diabetes (Pickup,
2004). Acute-phase reactants, like C-reactive protein and
their chief inductor, the proinflammatory cytokine inter-
leukin 6, have been shown to be powerful independent risk
predictors of both type 2 diabetes and CVD (Pradhan et
al., 2001). Endothelial dysfunction is regarded as a causal
factor in the development of atherothrombotic disease and
can be detected clinically in people at risk for atherosclero-
sis. Endothelial dysfunction is also found in subjects with
insulin resistance, in type 2 diabetes patients and in their
first-degree relatives and independently predicts the future
development of type 2 diabetes (Meigs et al., 2004). A
specific mechanism whereby inflammation may contribute
to these disease processes is induction of endothelial
dysfunction, placing the vascular endothelium in a key
unifying position for the shared pathogenesis of CVD and
type 2 diabetes.

The present study was designed to use human umbilical
vascular endothelia cell line (HUVEC cells) as studying
model to investigate the pro-inflammatory reaction and
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insulin-activated signaling alteration induced by PCBs,
attempting to find clues of mechanisms about the rela-
tionship of PCBs with the atherosclerotic cardiovascular
disease and type 2 diabetes. From our results, PCB77
showed the potential to induce the expression of proin-
flammatory cytokines including IL-6, which has been
shown to be powerful independent risk predictor of CVD.
And PCB77 was observed to alter insulin-activated Akt
signaling by TNFα secretion for the first time.

1 Materials and methods

1.1 Cell culture and treatment

Human umbilical vascular endothelial cells (HUVEC)
and human macrophage (U937) cells were obtained from
National Laboratory of Protein Engineering and Plant
Genetic Engineering, College of Life Sciences, Peking
University, China. The HUVEC cells were maintained
in DMEM supplemented with 10%FBS as well as 100
IU/mL penicillin and 50 mg/mL streptomycin. The U937
cells were maintained in RPM1640 supplemented with
10% FBS as well as 100 IU/mL penicillin and 50 mg/mL
streptomycin. The cell lines were both cultured at 37°C in
an incubator maintained in 5% CO2.

For cell treatment, 2,2’,4,4’,5,5’-hexachlorobiphenyl
(PCB153; Accustandard) and 3,3’,4,4’-tetrachlorobi-
phenyl (PCB77; Accustandard) were dissolved in
dimethyl sulfoxide (DMSO) prior to addition in cell
culture medium. Data has shown that serum concentration
of PCBs can reach approximately 3.4 µmol/L after acute
exposure to PCBs (Jensen, 1987). However, local micro-
environmental levels of PCBs in the extracellular space
are unknown. Therefore, in the present study, cells were
treated with specific PCBs at the concentration of 3.4 and
5 µmol/L. Treatment at these concentrations did not show
cytotoxic effects over the time course of the experiments
as determined by the MTT conversion assay (data not
shown).

1.2 Transient transfection and luciferase assay

Transient transfection and luciferase assay were em-
ployed to study the effect of PCBs on the transcriptional
activity of nuclear factor κB. HUVEC cells were seeded at
a concentration of 1 × 105 cells/35 mm dish. After 12 hr,
medium was changed from complete medium to DMEM
without FBS or antibiotic. Transfection was done using
LipofectAMINE reagent (Gibco BRL, USA) mixed with
pNFκB-luc and the control vector SV40 for 8 hr according
to the manufacturers’ protocol. Cells were then incubated
with specific concentration of PCB77 or PCB153. The
Dual-Luciferase reporter assay system (Promega) was then
used for luciferase assay according to the manufacturers’
protocol (Promega, USA).

1.3 Reverse transcription and polymerase chain reac-
tion (RT-PCR)

RT-PCR was performed as previously described (Wang
et al., 2008). Specifically, HUVEC cells were washed twice

with PBS, and total RNA was isolated with Trizol reagent
(Invitrogen, USA). cDNA first strand was formed by using
SuperScript III reverse transcriptase (Invitrogen, USA)
according to the manufacturer’s instructions. And then
polymerase chain reaction (PCR) was done for determi-
nation of the target genes using specific primers (Table 1).

Table 1 Specific amplification profiles of different target genes
determination

Gene Primer sequence Product
name size (bp)

IL-1β Forward 5′-CTGAGGAAGATGCTGGTT-3′ 373
Reverse 5′-GCTGTAGAGTGGGCTTATC-3′

IL-6 Forward 5’-TGACCCAACCACAAATGC-3′ 430
Reverse 5′-CTGGCTCTGAAACAAAGGAT-3′

TNFα Forward 5′-TGGTATGAGCCCATCTATCT-3′ 294
Reverse 5′-GAAGTGGTGGTCTTGTTGC-3′

MCP-1 Forward 5′-CAGCCAGATGCAATCAATGC-3′ 204
Reverse 5′-GTGGTCCATGGAATCCTGAA-3′

Actin Forward 5′-GTGGACATCCGCAAAGAC-3′ 302
Reverse 5′-AAAGGGTGTAACGCAACTAA-3′

1.4 Western blot

Cells were lysed with lysis buffer (50 mmol/L Tris-HCl
(pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Nonidet
P-40, 0.1 mg/mL leupeptin, 1 mmol/L pheylmethylsul-
fonyl fluoride, and 1 mmol/L sodium orthovanadate). After
centrifugation at 12,000 ×g for 20 min at 4°C, super-
natant was separated on SDS-PAGE. Total proteins were
transferred onto PVDF membrane after electrophoresis.
Western blot assay was performed with specific antibodies
against phospho-Akt on Ser473 (α-phospho-Akt) and total
Akt.

1.5 Adhesion assay

Adhesion was evaluated using the human leukemia pro-
monotypic U937 cells. The HUVEC endothelial cells of 1
× 105 were plated in 24 wells tissue culture plates with
1 mL of supplemented DMEM medium. After HUVEC
endothelial cells were treated with PCB153 or PCB77 for
3 hr, cells were then washed twice with PBS and co-
cultivated with 5 × 105 U937 cells/well for 3 hr. The wells
were washed to eliminate suspending U937 cells and then
cells were photographed to evaluate the number of U937
adhesive to HUVEC.

2 Results and discussion

2.1 Inflammatory response induced by PCB77

PCB77 is a representative example of coplanar PCBs
with dioxin-like activity, whereas PCB153 is non-coplanar
but most abundant in human serum. Therefore, PCB77
and PCB153 were selected in this study. Proinflamma-
tory cytokines (TNFα, IL-6 and IL-1β) and chemokine
(MCP-1) were detected by RT-PCR. Results showed that
PCB77 significantly induced IL-6, TNFα, IL-1β and MCP-
1 gene expression, while PCB153 had minor effects on
these cytokines except for IL-1β (Fig. 1a, b). The dif-
ferent induction profile by PCB77 and PCB153 has been
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Fig. 1 Pro-inflammatory response induced by PCB77 (a and b) induction of inflammation cytokines by PCBs treated in HUVEC cells. (a) cells were
treated by specific PCB (PCB153 and PCB77) at concentrations of 3.4 µmol/L for 16 hr. Induction profile of different pro-inflammatory cytokine after
PCBs treatment was obtained by RT-PCR; (b) cells were treated by PCB77 at different concentrations as indicated. MCP-1 expression profile was
obtained by RT-PCR. The results were shown as a representative experiment of three independent assays; (c) effect of PCBs on U937 cells adhesion to
HUVEC. U937 cells were co-cultivated for 3 hr with endothelial HUVEC cells plated in 24 well plates, pretreated with or without 5 µmol/L PCB153
or PCB77 for 16 hr. After removal of the suspending U937 cells from the culture plates, photographic view of U937 adhesive to HUVEC cells were
obtained. Round cells represent U937 cells adhered to HUVEC. The results shown as a representative experiment of three independent assays; (d) NFκB
transcriptional activation by PCBs. HUVEC cells were transfected with NFκB reporter plasmids using Lipofectamine 2000. Cells were then treated with
specific concentration of PCB153 and PCB77 for 16 hr and then reporter assay was performed. Each column represents the mean with SEM (n = 3).
The differences between means were analyzed by one-way ANOVA. An asterisk denotes a significant difference compared with control. ** P < 0.01.
CT: control.

previously verified by other researchers although the spe-
cific cytokines detected were different from ours (Hennig
et al., 2002). In that study, endothelial cell exposure to
all coplanar PCBs (PCB77, PCB126, PCB169), but not to
the non-AhR agonist PCB153, resulted in an activation of
NFκB and increased the production of IL-6 (Hennig et al.,
2002). And IL-6 induction by PCB77 was also consistent
with the results obtained in porcine pulmonary endothelial
cells (Ramadass et al., 2003). As we know, induction
of proinflammatory genes plays an important role in the

physiological and pathological functions of the vascular
endothelium. Especially, IL-6 has shown to be powerful
independent risk predictor of CVD (Patterson et al., 2009).

On the other hand, increased expression of chemokines,
such as monocyte chemoattractant protein-1 (MCP-1) may
play a critical role in the biology of vascular dysfunction,
including early phases of atherosclerosis. Result indicated
that PCB77 induced MCP-1 expression in dose-dependent
manner (Fig. 1b). Up-regulation of endothelial MCP-1
by PCB77 has been recently verified by Majkova et al.
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(2009), who considered that the increase of MCP-1 by
PCB77 is caveolin-1-dependent. But the adhesion assay
has not yet been detected. MCP-1 has known to be an
endothelium-derived chemokine that attracts monocytes
into sub-endothelial space in early stages of the atheroscle-
rosis development (Hennig et al., 2002). Therefore, we
performed cell adhesion assay to verify this phenomenon
using co-culture system of U937 and HUVEC cells. Af-
ter adherent HUVEC cells were treated with 5 µmol/L
PCB153 and PCB77 for 16 hr, the suspending U937
cells were added and co-cultured with HUVEC cells for
3 hr. HUVEC cells and adhesive U937 cells were then
photographed following removal of the suspending U937
cells by wash. Results showed that PCB77 but not PCB153
could remarkably induce U937 adhesion to HUVEC cells
(Fig. 1c). The results were consistent with that of HUVEC
cells treated with TNFα (Gutierrez et al., 2007), suggesting
the pro-inflammatory cytokines, such as TNFα may not
be excluded as precursors that cause adhesion except for
MCP-1. Specific mechanisms that PCB77 attracts mono-
cytes into sub-endothelial space need further investigation.

Finally, as a transcription factor, nuclear factor-κB
(NF-κB) plays a significant role in the induction of inflam-
matory responses, including regulation of inflammatory
cytokine and adhesion molecule production. Binding sites
for NF-κB and related transcription factors were identified
in the promoter regions of a variety of inflammatory
genes such as interleukin 6 (IL-6), vascular cell adhesion
molecule-1 (VCAM-1) and cyclooxygenase-2 (COX-2),
which have shown to be up-regulated during PCBs toxicity
in the present and previous studies (Hennig et al., 2002;
Kwon et al., 2002). To further investigate the mecha-
nisms of PCBs inducing endothelial dysfunction, NFκB
activity was assayed in HUVEC cells after the treatment
with PCB77 and PCB153. Consistent with the cytokine
induction profile, PCB77 showed a significant activation
of NFκB transcription in dose-dependent manner, while
PCB153 could not induce NFκB activation (Fig. 1d), sug-
gesting NF-κB an important factor to induce inflammatory
responses.

2.2 Insulin signaling alteration induced by PCB77

Because endothelial dysfunction has been found in
subjects with insulin resistance and type 2 diabetes pa-
tients, its related mechanisms becomes a new target to
investigate insulin resistance and diabetes (Pradhan et al.,
2001; Andreozzi et al., 2007; Monroy et al., 2009). Using
HUVEC cells as model, we therefore investigate whether
PCB77 alter the insulin-activated signaling, while it has
induced significant inflammation response in endothelial
cells. From the results, we found that Akt signaling was
activated represented by phosphorylation of Akt on Ser473

when HUVEC cells were incubated with insulin only.
However, PCB77 treatment blocked insulin-activated Akt
signaling (Fig. 2). Considering the possible effects of pro-
inflammatory cytokines on the proinflammation response
and adhesive induction, we performed the same assay pre-
treated with different cytokine neutralization antibodies.
Results showed that TNFα neutralization antibodies could

Fig. 2 Insulin signaling alteration induced by PCB77. HUVEC cells
were pretreated with or without TNFα neutralization antibody followed
by PCB77 incubation (5 µmol/L) for 16 hr, cells were then activated by
insulin (100 nmol/L) for 30 min. Total cell lysates were then separated
by SDS-PAGE and immuno-blotted with antibodies against phospho-Akt
on Ser473 (α-phospho-Akt) and total Akt. The results were shown as a
representative experiment of three independent assays.

remarkably restore insulin-activated Akt signaling blocked
by PCB77 (Fig. 2). These data showed that alteration
of insulin signaling by PCB77 may be due to the pro-
inflammatory cytokine, especially TNFα induction. This
is the first study suggesting that PCB77 block the insulin-
activated Akt by TNFα secrection. Researchers have found
that proinflammatory cytokine including IL-6 and TNFα
could impair the insulin signaling pathway (Andreozzi
et al., 2007; Monroy et al., 2009). IL-6 is likely to be
mediated by the activation of JNK and ERK1/2 followed
by phosphorylation of IRS-1 (Andreozzi et al., 2007).
The membrane proteolysis regulation of TNFα converting
enzyme (TACE) and its inhibitor, tissue inhibitor of metal-
loproteinase 3 (TIMP3) may be an important factor for the
development of skeletal muscle insulin resistance in obese
type 2 patient (Monroy et al., 2009). In our study, TNFα
not IL-6 is necessary in the blocked insulin signaling
by PCB77. Further studies are needed to investigate the
specific mechanisms that PCB77 alters insulin signaling.

3 Conclusions

In the present study, we found that PCB77 had the
potential to induce the expression of proinflammatory
cytokines including IL-6, which has been shown to be
powerful independent risk predictor of CVD, and PCB77
could alter insulin-activated signaling by the secretion of
TNFα. Therefore, PCB77 may provide a new contribution
to be indicated risk factor that cause both atherosclerosis
and insulin resistance and type 2 diabetes.
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