
Polychlorinated biphenyls (PCBs) had been produced
since early 1930 th until the beginning of the 1970 th1–3).
These chemicals were used widely in industrial and
household appliances, such as electric fluid in transformer
and capacitor, hydraulic lubricants, paints, copy paper.
Although production has been banned in 1972, these are
still globally detectable even at the edge of Arctic4).
PCBs contain 209 congeners, each of which is chlorinat-
ed to various degrees1, 2) (Fig. 1A).  All PCB compounds
are highly lipophilic, accumulate in the liver and adipose
tissue, and easily transfer to the embryo through the pla-
centa and via breast milk1, 2).

Several reports have shown that PCBs may affect
embryonic and neonatal development at low doses5, 6).

For example, exposure to low dose PCB may cause abnor-
mal development of the central nervous system6).
Although the molecular mechanisms of PCB action dur-
ing developing have not yet been fully clarified, a possi-
ble involvement of thyroid hormone (TH; thyroxin, T4;
triiodothyronine, T3) system has been postulated, because
TH and PCB molecules harbor structural similarity, and
because TH plays important roles in the growth, devel-
opment and functional maintenance of many organs7).
Hypothyroidism during perinatal period causes retardation
of general growth as well as abnormal development of
many organs including brain, bone, skeletal muscle and
liver7).  Thus, disruption of TH system by PCB may affect
development of such organs.

Based on this hypothesis, we previously examined the
effect of various PCBs and hydroxylated PCBs (OH-
PCBs) on TH receptor (TR)-mediated transcription8–10).
Several PCBs and OH-PCBs suppressed TH-induced tran-
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ylated PCBs (OH-PCBs) including 4’-OH-2’,3,3’,4’,5’-pentachloro biphenyl (4’-OH-PCB 106),
suppressed thyroid hormone (TH) receptor (TR)-mediated transcription on several artificial TH-
response elements (TREs) due to partial dissociation of TR from TRE.  In the present study, we
examined the effect of OH-PCB on TR-mediated transcription on native TRE-containing promoter,
using malic enzyme (ME)-TRE.  Transcriptional activity was measured by transient transfection
based reporter gene assay in CV-1, fibroblast-derived clonal cells.  TR-mediated transcription
was suppressed by 4’-OH-PCB106 significantly and 4’-OH-PCB187 weakly, but not by 4’-OH-
PCB165.  To examine TR-TRE bindings under exposure of 4’-OH-PCB106, electrophoretic mobility
shift assay (EMSA) was performed.  In EMSA, TR was dissociated from ME-TRE by 4’-OH-PCB106.
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scription at doses as low as 10–10 M on artificial TH-
response elements (TRE) such as direct repeat (DR)-4,
F2, and palindromic (pal) TRE8, 9) (Fig. 1B).  Although
the suppression by 10–10–10–5 M PCB were significant
comparing to the absence of PCB, the magnitude of sup-
pression between 10–10 M and 10–5 M PCB treatment was
not statistically significant, indicating that PCB may not
competitively inhibit TH binding to TR8).  Then we found
that PCB may partially dissociate TR from TRE9) using
electrophoretic mobility shift assay (EMSA), by acting to
DNA-binding domain of TR10).  However, we did not
examine the effects on native TRE.  Thus, we used TRE
located at promoter region of malic enzyme (ME) as a
representative native TRE in the present study.

We tested the effect of OH-PCBs that are abundantly
contained in human organs11, 12).  We particularly focused
on hydroxylated metabolites, because we have previous-
ly shown that some OH-PCBs such as 4’-OH-
2’,3,3’,4’,5’-pentachloro biphenyl (4’-OH-PCB106) great-
ly suppressed TR-mediated transcription8–10).

We carried out the cell culture and transient transfec-
tion-based reporter gene assays by same procedure with
our previous report8–10).  Plasmids informations were
described previously8, 9).  A significant suppression of
TR-mediated transcription by 10–9 M of 4’-OH-PCB106
was observed (Fig. 2A), which is essentially consistent
with data on artificial TREs8–10).

We reported that 4’-OH-PCB165 significantly sup-
pressed the TR-mediated transcription on artificial TREs.
However, it did not affect the transcription on ME-TRE
(Fig. 2B), although the molecular structure of this con-
gener is similar to that of 4’-OH-PCB106.  These results
indicate that the effects of OH-PCBs may be different
among TREs. 

Since hydroxylated-PCB187 (4’-OH-PCB187) is abun-
dantly contained in human serum11, 12), we investigated
the effect of 4’-OH-PCB187.  A significant, but weak sup-
pression of TR-mediated transcription was observed on
ME-TRE (Fig. 2C).  These results indicate that OH-PCB
suppresses the TR-mediated transcription not only through
artificial TRE but also through native TRE.  However,
the effect of OH-PCBs on TR-mediated transcription may
not be consistent among TREs.  While 4’-OH-PCB106
suppressed TR action on ME-TRE as well as on artificial
TREs, 4’-OH-PCB165 did not suppressed TR action on
this native TRE.  As shown in Fig. 1B, the nucleotide
sequence of ME-TRE is different from that of typical arti-
ficial TRE.  It contains 3 nuclear receptor binding motif-
like sequences (Fig. 1B).  Although 2 downstream motifs
are aligned as DR-4, previous studies have shown that
another upstream motif is equally important to interact
with TR13).  Such different property of ME-TRE from
typical TRE may have caused a differential sensitivity to
OH-PCBs.

We previously reported that the mechanism of sup-
pression by PCB is partial dissociation of TR from TRE
and the magnitude of suppression may be related to the
degree of dissociation9).  Thus, we investigated the effect
of OH-PCB on ME-TRE using EMSA (Fig. 3).  Methods
for EMSA were described previously9).  In brief, [α-32P]-
labeled TRE was incubated with in vitro transcribed and
translated TRβ1, retinoid X receptor (RXR) β, a het-
erodimer partner of TR, in the presence or absence of lig-
ands, followed by electrophoresis and autoradiography to
visualize.  We observed that TR-RXR bound to ME-TRE
(lane 2,3).  The TR-RXR heterodimer was dissociated
from ME-TRE by OH-PCB (lane 4).  The mode of 4’-
OH-PCB106 action is the same as that on typical artifi-
cial TRE, indicating that the effect of OH-PCBs on TR
mediated transcription on ME-TRE is also induced by par-
tial dissociation of TR8–10).

ME expression is regulated by TH in liver.  Previous
studies have shown that PCB affects hepatic function such
as the expression of cytochrome P450 enzymes14).  The
results of present study have shown that OH-PCB affects
ME expression.  ME catalyzes the reversible oxidative
decarboxylation of malate in a NADP+-dependent man-
ner and links the glycolytic pathway with the citric acid
cycle.  By reacting with L-malate as a substrate, ME with
NADP+ produces pyruvate, CO2, and NADPH.  Thus,
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Fig. 1. Schematic representative of materials used in the pre-
sent study.
(A) The representative structure of PCB and thyroxine (T4). PCB
compounds contain 209 congeners, each of which is chlorinated to
various degrees.
(B) Artificial and native TREs used in the present study. Bold let-
ters indicate TRE half sites.



PCBs may affect hepatic energy and glucose metabolism.
In fact, clinical reports from Belgium15) have shown a
close association of diabetes mellitus with several envi-
ronmental chemicals such as polychlorinated dibenzo-p-
dioxin, dichloro-diphenyl-trichloroethane (DDT) and
PCB.  Diabetic patients had significantly increased serum
levels of dioxins and coplanar PCBs15).  Thus, our results
in the present study may indicate that these substances
may disrupt ME-mediated pathway. Furthermore, not only
ME, but also several lipid metabolism-related enzymes are
regulated by TH.  Thus, PCB may disrupt a broad range

of lipid/glucose metabolic pathways by suppressing TR
action to induce diabetes and/or hypercholesterolemia.
The results of present study may provide an important
clue to explain the association between such metabolic
diseases and environmental chemicals.

In summary, our results indicate that OH-PCBs sup-
press TR-mediated transcription through partial dissocia-
tion of TR from not only artificial TRE but also native
ME-TRE.  We hope that this study significantly con-
tributes to increase our understanding on the association
of PCB with energy metabolism.
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Fig. 2. Effects of PCB congeners on native ME promoter.
Expression plasmids encoding TRβ1 (10 ng) were cotransfected with ME-TRE-TK-LUC reporter plasmid (100 ng)
into CV-1 cells. CMV-β-galactosidase plasmid (25 ng) was cotransfected as an internal control. Cells were incu-
bated with or without triiodothyronine (T3) (10–7 M) and indicated amounts of 4’-OH-PCB106 (A), 4’-OH-PCB165
(B) or 4’-OH-PCB187 (C). Total amounts of DNA for each well were balanced by adding vector pcDNA3. Data
represents mean in triplicate ± S. E. M. of experiments performed in triplicate. All transfection studies were repeat-
ed at least twice in triplicate and similar results were obtained. The luciferase activities were normalized to β-
galactosidase activity and then calculated as relative luciferase activity. The data were analyzed by ANOVA, fol-
lowed by post hoc comparison with Bonferonni’s multiple range test. *: Statistically significant (p<0.01) vs. TRβ1
(+), T3 (+) and PCB (–). #: Statistically significant (p<0.05) vs. TRβ1 (+), T3 (+) and PCB (–).
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Fig. 3. OH-PCB partially dissociated TRβ1 from native ME-
TRE. 
Double-stranded oligonucleotides containing F2-and ME-TRE that
are shown in Fig. 1B were labeled using Klenow fragment with α-
[32P]-dCTP. In vitro translated TRβ1 (1.5 µl) and/or RXRβ (3 µl)
were incubated with [32P]-labeled ME-TRE or F2-TRE with or with-
out 10–6 M T3 and/or 10–8 M 4’-OH-PCB106 in binding buffer for
30 min on ice. After incubation, samples were subjected to elec-
trophoresis and analyzed by autoradiography. Shown is a represen-
tative autoradiography. Same experiments were performed at least 5
times and similar results were obtained.


