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Abstract

Uncoupling protein 2 (UCP2) is a mitochondrial membrane protein that regulates energy metabolism and
reactive oxygen species (ROS) production. We generated mouse carboxy- and amino-terminal green fluorescent
protein (GFP)-tagged UCP2 constructs to investigate the effect of UCP2 expression on cell proliferation and
viability. UCP2-transfected Hepa 1–6 cells did not show reduced cellular adenosine triphosphate (ATP) but
showed increased levels of glutathione. Flow cytometry analysis indicated that transfected cells were less
proliferative than nontransfected controls, with most cells blocked at the G1 phase. The effect of UCP2 on cell
cycle arrest could not be reversed by providing exogenous ATP or oxidant supply, and was not affected by the
chemical uncoupler carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP). However, this effect of
UCP2 was augmented by treatment with genistein, a tyrosine kinase inhibitor, which by itself did not affect cell
proliferation on control hepatocytes. Western blotting analysis revealed decreased expression levels of CDK6 but
not CDK2 and D-type cyclins. Examination of cell viability in UCP2-transfected cells with Trypan Blue and
Annexin-V staining revealed that UCP2 transfection led to significantly increased cell death. However, char-
acteristics of apoptosis were absent in UCP2-transfected Hepa 1–6 cells, including lack of oligonucleosomal
fragmentation (laddering) of chromosomal DNA, release of cytochrome c from mitochondria, and cleavage of
caspase-3. In conclusion, our results indicate that UCP2 induces cell cycle arrest at G1 phase and causes non-
apoptotic cell death, suggesting that UCP2 may act as a powerful influence on hepatic regeneration and cell
death in the steatotic liver.

Introduction

Uncoupling proteins (UCPs) are a family of mito-
chondrial inner membrane proteins. Five UCP homo-

logs have been described so far. UCP1, mainly expressed in
brown adipose tissue,1 was the first uncoupling protein
characterized with proton transport activity.2 It is involved
in adaptive thermoregulation through uncoupling of the
electron transport chain from oxidative phosphorylation by
dissipating the proton gradient between the mitochondrial
intermembrane space and matrix.3 The later identified iso-
forms 2–4 include UCP3, which is predominately expressed
in skeletal muscles and heart,4 and UCPs 4 and 5 [also called
brain mitochondrial carrier protein-1 (BMPC1)], which are
mostly expressed in the brain.5,6 UCP2 is the only un-
coupling protein ubiquitously distributed in various tissues.7

Expression of UCP2 occurs in a wide variety of organs and

tissues, including adipose tissue, muscle, heart, lung, kidney,
and liver. Action of UCP2 reduces adenosoine triphosphate
(ATP) production through thermogenesis or a futile cycle.8,9

Yeast expression of UCP210,11 and UCP311,12 results in in-
creased respiration and decreased ability to maintain normal
mitochondrial potential. Similar effects have been observed
in mammalian cells.13,14 Recent literature suggests that the
physiological roles of UCP2 may not be limited to un-
coupling of oxidative phosphorylation and reduced ATP
production. In addition to the effect on reduced ATP pro-
duction, mitochondrial uncoupling proteins have been pro-
posed to play a role in other physiological processes
including: (1) Regulation of fatty acid and glucose oxida-
tion,15 (2) regulation of reactive oxygen species (ROS) pro-
duction,16,17 (3) body weight regulation,18 and (4) fever and
thermoregulation.8,10 Mitochondria are the predominant
energy supply of the cell and are the key regulators of
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apoptotic cell death.10 Located in the inner membrane of the
mitochondria, increased expression of UCP2 has been re-
ported to either positively20–23 or negatively24–26 regulate
programmed cell death.

Recently, mitochondria have drawn attention as being
potential regulators of cell proliferation and tumor sup-
pression.27,28 In the present study, we investigate and re-
port the effects of UCP2 overexpression on cell proliferation
and viability using Hepa 1–6 cells. Our results, using this
cell culture system, demonstrate that UCP2 negatively
regulates cell proliferation and increases cell death in a liver
cell line. Coupled with our observations that UCP2 is in-
creased during steatosis and during ischemia reperfusion,29

these are important observations that have implications in
the development of steatohepatitis, liver regeneration fol-
lowing surgical resection, and hepatic ischemia/reperfu-
sion injury.

Experimental Procedures

Cell culture

Hepa 1–6 cells, Hela cells, 293 cells, and MG63 cells were
cultured at 37�C in a 5% CO2 incubator with high-glucose
Dulbecco modified Eagle medium (DMEM; Invitrogen),
supplemented with 10% fetal bovine serum (FBS; Hyclone),
50 IU/mL penicillin, and 50mg/mL streptomycin. Cells were
passaged every 5–7 days after rinsing with phosphate-
buffered saline (PBS) and trypsinization.

Subcloning of UCP2 fusion protein constructs
and transfection

To examine the effect of UCP2 overexpression in hepa-
tocytes, we constructed mouse UCP2–green fluorescent
protein (GFP) fusion protein constructs with both coding
and noncoding sequences. To make mouse UCP2–GFP
fusion proteins, PCR primers (5¢ primer, gccgctcgagAAAT
CAGAATCATGGTT; 3¢ primer, gccgctcgagGAAAGGTGC
CTCCCGAG; lowercase bold characters indicate added
XhoI sites) were synthesized and used to make the PCR
product of mouse UCP2 from total RNA of mouse liver
that contains a full coding sequence of mouse UCP2 and
has XhoI sites at both ends. This mouse UCP2 PCR product
was subcloned into pEGFP-N1 (Clontech) for sense mouse
UCP2 expression with a GFP tag at the carboxyl terminus
(construct N-UCP2) and into pEGFP-C1 (Clontech) for the
sense mouse UCP2 expression with a GFP tag at the amino
terminus (construct C-UCP2). The UCP2 PCR product was
also subcloned into pEGFP-C2 (Clontech) for noncoding
mouse UCP2 expression with a GFP tag at the amino ter-
minus (construct noncoding UCP2). All constructs were
checked by DNA sequencing. Hepa 1–6 cells were trans-
fected with UCP2 fusion protein constructs using Lipo-
fectamine 2000 (Invitrogen), according to supplier’s
instructions. Cells were split the day before transfection so
that cells would become 50%–70% confluent on the day of
transfection. For each 35-mm culture plate transfected, 5 mg
of plasmid DNA was mixed with 4 mL of Lipofectamine
2000 in 500 mL of Opti-MEM (Invitrogen), and the mixture
was allowed to sit for 30 min at room temperature. For cell
transfection in 24-well or eight-well culture plates, all re-
agents were downsized proportionally. Cells were washed
twice with sterile PBS and were then loaded with trans-

fection mixture without serum. Ten hours later, cells were
switched back to normal culture medium. At 48 or 72 hr
after transfection, cells were processed for gene expression
and functional assays.

Immunohistochemistry

Cells were cultured in eight-well Lab-Tek culture slides at
5 · 104/well. After transfection, standard immunohisto-
chemical techniques were employed. Briefly, cells were fixed
in 2% paraformaldehyde (phosphate buffered) for about
10 min at room temperature, washed three times with Tris-
buffered saline (TBS), permeablized with TBSA-BSAT [TBS
containing 0.25% sodium azide, 1% bovine serum albumin
(BSA), and 0.1% Triton-100] for 2 hr before staining. Im-
munostaining was performed with goat anti-UCP2 antibody
(Santa Cruz, 1:200 dilution in PBS containing 1% BSA and
0.05% Triton-100) and then TRITC-labeled rabbit anti-goat
antibody (Sigma). Fluorescent signals were detected with
confocal microscopy.

Flow cytometry analysis of cell cycle

Cell proliferation activities were analyzed by flow cytom-
etry with propidium iodide nuclear staining. At 48 hr after
transfection, HEP6–16 liver cells were trypsinized and col-
lected in 5 mL of culture medium. Cells were spun down at
200 · g and were then fixed in 70% ethanol and immediately
vortexed. After 1 hr of fixation, cells were washed twice with
2 mL of PBS and resuspended in 100mL of PBS, 100mL of
1 mg/mL RNase A, and 200mL propidium iodide (100mg/
mL) and incubated for 30 min in the dark. Samples were then
analyzed by flow cytometry (Becton Dickinson FACSCaliber).

ATP assay

Cellular ATP content was analyzed in triplicate as de-
scribed previously.30 For normalization between samples,
the total cellular protein of the tissue homogenate was de-
termined by bicinchoninic acid assay (BCA) assay.

Annexin-V staining

Hepa 1–6 cells were cultured in eight-well Lab-Tek culture
slides. Forty-eight hours after transfection, 1mL of red fluo-
rescent-tagged annexin-V (Molecular Probes) was added
directly into each well of culture medium and incubated for
15 min at room temperature. Cells were then viewed imme-
diately under fluorescent microscope.

Western blot analysis

Total cellular proteins were prepared using radio-
immunoprecipitation assay (RIPA) buffer containing 5%
mammalian proteinase inhibitor (Sigma). Protein electro-
phoresis (50 g for each well) and blotting were performed
using premade 4%–12% NuPage polyacrylamide gel (In-
vitrogen) according to suggested protocols. After blocking
with TBS containing 0.05% Tween-20 and 5% milk for
30 min, blots were incubated with primary antibody over-
night at 4�C. The blots were then washed and incubated with
peroxidase-tagged goat anti-rabbit or anti-mouse secondary
antibodies (Sigma) for 30 min. After washing, the blots were
incubated with Lumi-Light Western Blotting substrate solu-
tion (Roche Diagnostics, for detection of peroxidase) or CDP-

UCP2 IN CELL DEATH 133



Star Nitro-Block II (Fisher, for detection of alkaline phos-
phatase) and exposed to X-ray film.

Glutathione assay

A microtiter plate assay for the measurement of glutathi-
one (GSH) and glutathione disulfide (GSSG) was done as
described previously.31 All reagents for this assay were from
Sigma. Cellular GSH contents were normalized with total
cellular protein.

Statistics

All experiments were repeated at least three times or
each experimental group included at least three sam-
ples. Data obtained from each experiment are shown as
the mean – standard deviation (SD) and were analyzed
for statistical significance using a two-tailed Student
t-test. A P value < 0.05 was regarded as statistically
significant.

Results

Expression patterns of UCP2 fusion protein in Hepa
1–6 cells

Hepa 1–6, a mouse hepatoma cell line, was used for this
study. Hepa 1–6 cells express modest levels of UCP2, which
has been shown to be partially regulated by the intracellular
energy state.30 Forty-eight hours after transfection with
UCP2 constructs, cells were examined for gene expression
patterns. Cells were fixed in 2% paraformaldehyde for
20 min at room temperature, followed by immunostaining
with goat anti-UCP2 antibody and then TRITC-labeled rabbit
anti-goat antibody. A representative result is presented in
Fig. 1. Transfected Hepa 1–6 cells with C-UCP2 or N-UCP2
expressed GFP signals mainly in the cytoplasm; some were
in a filamentous state, which might indicate mitochondrial
localization (Fig. 1, top left). The intracellular localization of
the UCP2 fusion protein seems to be not affected by GFP tag
at either the amino or carboxyl terminus, suggesting that the
mitochondrial localization sequence was not masked. In
contrast, cells transfected with control noncoding UCP2 or
vector alone had GFP expressed across the whole cell (es-
pecially in the nuclei) without any pronounced localization
pattern (Fig. 1, top right). Fluorescent immunocytochemical
staining using a UCP2 antibody revealed that in Hepa 1–6
cells transfected with C-UCP2 GFP-positive cells were also
UCP2 positive, and a UCP2 immuno-signal was in the cy-
toplasm corresponding to GFP signals (Fig. 1, middle and
bottom left), whereas UCP2 immunostaining is negative in
nontransfected cells (Fig. 1, middle and bottom right). Wes-
tern blots of transfected cells confirmed UCP2 fusion protein
expression in both cell types (Fig. 1B).

UCP2 expression is associated with reduced intracellular
ATP production in hepatocytes.21,29 We performed ATP as-
says to examine cellular energy status in UCP2-transfected
cells. Hepa 1–6 cells were cultured in 24-well culture plates,
and 48 hr after transfection cellular ATP concentrations were
determined and normalized with total cellular protein. We
found that cellular ATP concentrations in sense UCP2-
transfected cells were approximately 10% lower than other
groups, but did not reach the level of statistical significance
(Fig. 2A). Cellular GSH levels are correlated with resistance

to oxidative stress. UCP2-transfected cells were evaluated by
examination of cellular GSH levels in Hepa 1–6 cells 48 hr
after UCP2 transfection. Significantly higher levels of GSH
were found in sense UCP2-transfected cells than other
groups (Fig. 2B), suggesting that robust ROS defense mech-
anisms are present in UCP2-overexpressing cells.

Overexpression of UCP2 inhibits cell division

We attempted to clone a stably transfected Hepa 1–6 cell
line with UCP2. Two days after transfection, about 40% of
the cells became GFP positive. G418 selection (1 mg/mL)
started 2 days after transfection and resulted in 95% of cell
death within 1 week when approximately 10% of all re-
maining cells were GFP positive. In our effort to clone stable
cell lines expressing a UCP2 fusion protein, we were able to
eliminate most nontransfected cells by G418 selection and

FIG. 1. Expression patterns of the uncoupling protein 2
(UCP2) fusion protein in Hepa 1–6 cells. (A) Green fluores-
cent protein (GFP) and fluorescent UCP2 immunocyto-
chemistry (IC) signals of Hepa 1–6 cells transfected with
either C-sense UCP2 or noncoding UCP2 show a UCP2 ex-
pression pattern in hepatocytes. GFP + IC shows merged
pictures of GFP and immunostaining. (B) Western blot
analysis of total proteins from transfected Hepa 1–6 cells
using alkaline phosphatase–labeled anti-GFP antibody
(Clontech, 1:2000 dilution). The figure shows *60-kD pro-
tein bands in sense UCP2-transfected cells, and *30-kD
protein bands in noncoding UCP2 and vector-transfected
cells. Western blot samples from left to right: transfections
with C-UCP2, N-UCP2, noncoding-UCP2, and vector alone,
respectively. Color images available online at www.liebertpub
.com/met
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obtained high percentages of transfected cells in the first
week. However, we found that these transfected cells did not
divide. Upon long-term incubation (4–6 weeks), we repeat-
edly found that nontransfected Hepa 1–6 cells soon out-
numbered GFP-positive cells, and GFP-positive cells were
eventually eradicated. Then we cultured transfected Hepa 1–
6 cells without G418 selection, and a similar phenomenon
was observed: GFP-positive cells were soon found dead and
detached from culture dishes. Cell cycle analysis by flow
cytometry indicated that cells transfected with sense UCP2
had much less proliferative activity (Fig. 3). In GFP-positive
transfected cells, the percentage of cells at S phase was de-
creased by as much as 50%–55% compared with vector alone
or noncoding UCP2 transfected cells and was accompanied
by a significant increase in cells at G0/G1 phase. GFP-nega-
tive nontransfected cells from the same preparations were

not affected. Generally, the cell number in S phase was 37%
in vector-transfected cells, 34% in noncoding UCP2 trans-
fected cells, and only 17% in sense UCP2 transfected Hepa 1–
6 cells (whereas nontransfected cells from the same culture
dish of sense UCP2 transfection had 33% of cells in S phase).
Cell numbers in G2 phase were also decreased significantly:
12% in vector transfected cells, 9% in noncoding UCP2-
transfected cells, and only 1.5% in sense UCP2-transfected
Hepa 1–6 cells (nontransfected cells from all other prepara-
tions had about 15% of cells in G2 phase). Flow cytometry
analysis also suggested that with longer UCP2 expression
times (72 hr), some degree of cell death began to develop
(Fig. 3).

To investigate whether the effect of UCP2 expression on
cell proliferation is an isolated incident or a universal phe-
nomenon, we examined UCP2 transfection in other cell lines,
including HeLa, 293, and MG63 cells. Similar phenomena
were observed in these cells as in Hepa 1–6 cells (Table 1).

Having shown that these results were robust across mul-
tiple hepatic cell lines, we focused our further experiments
on Hepa 1–6 cells. Because intracellular ATP and ROS were
slightly altered in UCP2-transfected cells, we set out to ex-
amine if the effect of UCP2 overexpression on cell division
was related to decreased cellular ATP or ROS content. To
exclude the role of this subtle change of cellular ATP on cell
division, we performed an ‘‘ATP restoration’’ experiment.
One day after transfection, cells were cultured in a medium
containing 5 mM phosphor(enol)pyruvate (pH balanced at
7.4), which is a direct source of ATP and increases cellular
ATP content.32,33 Forty-eight hours after transfection, cells
were analyzed for proliferation activity. We found that ad-
dition of phosphor(enol)pyruvate in cell culture medium did
not change the cell population in each phase. Similarly, to
examine whether the change in cellular GSH content was
associated with G1 arrest in UCP2-transfected cells, we did a
‘‘ROS restoration’’ experiment. One day after transfection,
cells were cultured in a medium containing 200 nM or 1 mM
hydrogen peroxide (H2O2). Addition of H2O2 masked the
effect of UCP2 on cellular GSH levels by providing the cell
with saturated oxidants. However, with 24 hr of treatment of
H2O2, cell proliferation activity was not affected in either
UCP2-transfected or nontransfected Hepa 1–6 cells. We then
set out to examine if the effect of UCP2 on cell proliferation
was due to its uncoupling effect on mitochondrial membrane
potential. We had previously shown that carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, a mitochondrial
uncoupling reagent) treatment in Hepa 1–6 cells decreases
cellular ATP content and reduces UCP2 expression.30 When
we examined FCCP-treated Hepa 1–6 cells for cell prolifer-
ation activity and found that 24 hr of FCCP treatment, with
or without co-treatment with 2-deoxy-D-glucose, did not
significantly affect cell proliferation activity. There was no
observed difference with either 8mM or 80 mM FCCP treat-
ment. In UCP2-transfected Hepa 1–6 cells, the effect of UCP2
overexpression was not changed by FCCP treatment (data
not shown).

Proteins such as cyclin-dependent kinases are important
regulators of the cell cycle by phosphorylation of other
proteins involved in regulation of cell cycle progression, such
as the retinoblastoma (Rb) protein. We examined the effect of
protein phosphorylation on UCP2 overexpression in Hepa 1–
6 cells. We found that the effect of UCP2 in Hepa 1–6 cells
was enhanced by treatment with genistein, a tyrosine kinase

FIG. 2. Uncoupling protein 2 (UCP2) expression has mini-
mal effect on intracellular adenosine triphosphate (ATP)
content (A), but slightly increases glutathione (GSH) contents
(B) in transfected cells. From left to right: transfection with
C-UCP2, N-UCP2, noncoding-UCP2, EGFP-C1 vector alone,
and nontransfected Hepa 1–6 cells. (*) P < 0.05 and represents
statistical analysis versus noncoding and vector alone–
transfected cells.
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FIG. 3. Uncoupling protein 2 (UCP2) expression inhibits cell proliferation with G1 phase arrest in Hepa 1–6 cells. This figure
shows cell cycle analysis of UCP2-transfected Hepa 1–6 cells by flow cytometry, comparing cell cycle patterns of green
fluorescent protein (GFP)-positive versus GFP-negative cells from the same sample transfected with different UCP2 con-
structs or vector alone, with a posttransfection time of either 48 hr (first 2 rows) or 72 hr (last 2 rows).

Table 1. Effect of Uncoupling Protein 2 (UCP2) Expression on the Cell Cycle in Hela, MG63, and 293 Cells

G1 phase % in S phase % in G2-M phase % in

Cell type UCP2 GFP + cells GFP - cells GFP + cells GFP - cells GFP + cells GFP - cells

Hela Sense 95.6% 58.7% 2.2% 28.8% 2.2% 12.5%
Noncoding 86.7% 61.4% 13.3% 26.2% 0.0% 12.4%

MG63 Sense 84.39% 68.19% 11.01% 19.88% 4.60% 11.92%
Noncoding 65.43% 63.39% 21.01% 21.23% 13.56% 15.37%

293 cell Sense 67.81% 50.05% 19.24% 32.93% 12.95% 17.01%
Noncoding 41.33% 44.30% 37.18% 36.97% 21.50% 18.73%

Forty-eight hours after transfection with sense or noncoding mouse UCP2 constructs, cell proliferation activity was analyzed by flow cytometry.
GFP, green fluorescent protein.
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inhibitor. Treatment with 200mM genistein for 24 hr further
and significantly decreased the ratio of cells in S phase in
UCP2-transfected Hepa 1–6 cells that was already low with
an accompanying increase in cells in G1 phase (Fig. 4). In-
terestingly, such a phenomenon was not observed in non-
transfected Hepa 1–6 cells. In GFP-negative Hepa 1–6 cells,
genistein actually increased the ratio of cells in S phase in
nontransfected cells with less cells in G1 phase. This was
not observed in samples treated with other reagents that
modulate protein kinase activities. Protein kinase A and C
inhibitor (H7, 30mM), protein kinase C activator [12-O-
tetradecanoylphorbol-13-acetate (TPA), 200 nM], SB 203580
[p38 mitogen-activated protein kinase (MAPK) inhibitor],
cycle adenosine monophosphate (cAMP) activator (forskolin
at 10 mM, 8-Br-cAMP at 20 mM), did not show any effect on
cell division in Hepa 1–6 cells (data not shown). Most in-
terestingly, okadaic acid, an inhibitor of type 1 and type 2A
protein phosphatases but not an inhibitor of tyrosine phos-
phatases, did not significantly affect the cell cycle in Hepa 1–
6 cells, either transfected or not (Fig. 4). These findings
suggest a specific role for protein tyrosine phosphorylation
in the regulation of cell proliferation activity by UCP2. To
elucidate regulatory mechanisms that may be involved in

this increase in G0/G1 cells after UCP2 transfection, we ex-
amined expression levels of some cell cycle regulatory pro-
teins. Western blots revealed that the protein level of CDK6
but not CDK4 was remarkably decreased in UCP2-trans-
fected Hepa 1–6 cells, whereas cyclins D1 and D3 were not
changed (Fig. 5).

Overexpression of UCP2 leads to nonapoptotic
cell death

Another phenomenon we observed was that, upon
transfection, some Hepa 1–6 cells become detached from the
culture dish. Direct observation under a fluorescent micro-
scope revealed that more sense UCP2-transfected cells
become morphologically unhealthy and detached, a phe-
nomenon not observed in cells transfected with noncoding
constructs or vector alone. Cell cycle analysis by flow cy-
tometry also suggested increased cell death with prolonged
(72 hr) UCP2 transfection (Fig. 3). We investigated the effect
of UCP2 overexpression on cell viability 72 hr after trans-
fection. Trypan Blue staining and counting revealed that the
number of dead cells with sense UCP2 transfection was
higher than nontransfected cells. In nontransfected cells, less

FIG. 4. The inhibitory effect of uncoupling protein 2 (UCP2) expression on the cell cycle is enhanced by genistein treatment.
This figure shows cell populations in G1, S, and G2 phases in green fluorescent protein (GFP)-positive transfected cells (left)
and GFP-negative nontransfected cells from the same transfection preparations: (1) C-UCP2-transfected cells; (2) C-UCP2-
transfected cells with 24 hr of treatment with 200mM genistein; (3) C-UCP2-transfected cells with 24 hr of treatment with
okadaic acid; (4) noncoding UCP2-transfected cells; (5) vector alone–transfected cells. Data represent three repeated exper-
iments. (*) Statistical analysis versus noncoding and/or vector alone–transfected cells (as indicated); (#) statistical analysis
versus C-UCP2 transfected cells. (**) or (##) P < 0.01.
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than 1% cells were stained with Trypan Blue. About 3% cells
became Trypan Blue positive in preparations of Lipofecta-
mine, noncoding UCP2, and vector-transfected cells. This
increased to approximately 11% in sense UCP2-transfected
cells (Fig. 6A). To further differentiate cell death between
transfected versus nontransfected cells, fluorescent-tagged
Annexin-V live staining was employed 72 hr after transfec-
tion, and cells were examined directly under fluorescent
microscope. We found that the majority of dead cells were
transfected with the sense construct, whereas nontransfected
cells from the same preparation were not affected (Fig. 6B);
only a few cells died in cells transfected with noncoding
construct or vector alone (Fig. 6C). Flow cytometry analysis
was employed to differentiate dead cells in transfected ver-
sus nontransfected cells and to confirm this finding. Seventy-
two hours after transfection, live Hepa 1–6 cells were stained
with propidium iodide (Fig. 6D). Approximately 26.11% of
C-UCP2-transfected cells were propidium iodide–positive
dead cells, whereas only 10.48% of nontransfected cells in the
same preparations were dead. Transfection with a noncoding
UCP2 construct or vector alone did not show a difference in
cell viability between transfected and nontransfected cells
(Fig. 6D).

To clarify whether cell death is apoptotic, we examined
whether some apoptotic characters were present in UCP2-
transfected Hepa 1–6 cells. Agarose gel analysis of chromo-
some DNA from UCP2-transfected Hepa 1–6 cells did not
show a characteristic DNA ladder pattern of apoptotic cells

(data not shown). Western blot analysis of caspase-3 dem-
onstrated a limited amount of cleaved caspase-3 signals, but
there was no difference among sense, noncoding, or vector-
transfected cells (Fig. 6E). Western blot analysis of cyto-
chrome c from total cellular proteins showed uniform levels
of this protein, but this was absent from cytosolic protein
preparations without mitochondria, suggesting no cyto-
chrome c release from mitochondria. Western blotting anal-
ysis of expression levels of some pro- and antiapoptotic
proteins revealed only moderate decrease of bcl-2 expression
in sense UCP2-transfected cells, whereas bax and bcl-xl ex-
pression was not changed in all preparations of Hepa 1–6
cells (Fig. 6F).

Discussion

Mitochondria are involved in many critical cellular pro-
cesses and are essential to cell viability. Although the asso-
ciation between mitochondria and cell death is well
established, the relationship between mitochondrial function
and cell proliferation has been largely unexplored.28 The size
and shape of mitochondria are highly variable during a cell
cycle of physiologically normal cells34,35; however, it is not
until recently that the role of mitochondria acting as a reg-
ulator of cell proliferation and as a tumor suppressor was
proposed.28 In several tumor cell lines, the antiproliferative
effects of tyrphostin AG17 were related to disruption of
mitochondrial function, decreased ATP content, and loss of
the mitochondrial membrane potential.27 This raises the
possibility that mitochondria, mediated by their multiple
life-critical functions, could be a major player in the regula-
tion of cell proliferation. In the present study, we investi-
gated the effect of UCP2 expression on cell proliferation and
cell death in Hepa 1–6 cells. We provide here, for the first
time, direct evidence that UCP2, a mitochondrial inner
membrane protein, causes cell cycle arrest at the G1 phase
with accompanied alteration in CDK6 expression, a phe-
nomenon that is boosted by tyrosine phosphorylation inhi-
bition. We further demonstrate that overexpression of UCP2
also leads to loss of cell viability through nonapoptotic cell
death.

The inhibitory effect of UCP2 on cell proliferation is
strong. Within 48 hr, UCP2-transfected hepatocytes showed
more than 50% decrease in the cell subpopulation in S phase,
and most cells were blocked at G1 phase. This was in clear
contrast to other control groups, including noncoding UCP2
or vector-transfected hepatocytes, lipofectamine-treated he-
patocytes, and especially nontransfected hepatocytes from
the same preparation of the UCP2-transfected hepatocytes.
Because cells were accumulated at the G1 phase and reduced
at S phase, cells at the G2 phase were almost depleted. This,
together with cell death caused by UCP2 overexpression, led
to gradual loss of UCP2-transfected cells in culture.

Several different cell types are similarly affected by UCP2
expression, suggesting that the effect of UCP2 on cell pro-
liferation could be a widespread phenomenon. It is not
known how UCP2 regulates cell proliferation. Previous
studies show that cell cycle progression may be altered in
response to cellular energy supply or the response to ROS
stress. When treated with oligomycin, a potent inhibitor of
ATP production, HL-60 cells show a significant increase in
the proportion of cells in G1 at low doses of the agent and in
G2–M at higher doses.36 Cells arrested in G1 phase have a

FIG. 5. CDK6 is decreased in uncoupling protein 2 (UCP2)-
transfected cells. Western blot analysis of cell division–re-
lated proteins from total cellular protein preparations of
Hepa 1–6 cells 48 hr after transfection shows a remarkable
decrease of Cdk6 but not Cdk4; cyclins D1 and D3 remain
constant. Mouse monoclonal antibodies against cyclin D1
(1:1000 dilution); cyclin D3 (1:1000 dilution), Cdk4 (1:2000
dilution), Cdk6 (1:1000 dilution) were all from cell signaling,
and anti-b-actin antibody (1:2000 dilution) was from Sigma.
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modest decrease in cellular ATP, whereas cells arrested in G2

have more severe ATP depletion.36 Separately, the redox
state has multiple effects on cell proliferation. ROS stimulates
human hepatoma cell proliferation via cross-talk between
phosphoinositide 3-kinase (PI3-K)/PKB and Jun amino-ter-
minal kinase ( JNK) signaling pathways.37,38 ROS induce rat
hepatic stellate cell activation, proliferation, and colla-
gen gene expression in vitro.39 Scavenging of extracellular
H2O2 by catalase inhibits the proliferation of HER-2/Neu–
transformed rat-1 fibroblasts through the induction of a
stress response.40 Because the production of ROS is directly
proportional to mitochondrial potential,41,42 UCP2 is be-
lieved to reduce the production of free radicals and ROS in
some pathological states,8,43 which may explain the effect of
UCP2 on GSH levels and cell cycle arrest.

We did find that cellular ATP and GSH levels are affected
by UCP2 transfection, but only to a limited extent. Whereas
UCP2 dramatically suppressed cell division in Hepa 1–6
cells, intracellular ATP contents were reduced by only ap-
proximately 10% and did not always reach a statistically
significant level. Cellular GSH levels were altered similarly.
One explanation of this modest change in cellular ATP levels
in UCP2-overexpressing cells is that transformed cells use

more energy from glycolysis,44,45 which compensates for
decreased ATP production due to UCP2 overexpression.
Phosphoenolpyruvate is an endogenous substance and an
ATP precursor that can cross cell membranes via an anion
exchanger.32,33 Treatment with phosphoenolpyruvate in
UCP2-transfected Hepa 1–6 cells failed to reverse the effect of
UCP2 overexpression on the cell cycle. Similarly, addition of
H2O2 to the culture medium of UCP2-transfected cells did
not change the fate of UCP2 expression on cell cycle. To
further elucidate the role of mitochondrial uncoupling in the
regulation of cell division by UCP2, we examined the effect
of FCCP on Hepa 1–6 cells. Treatment with FCCP, which
reduces mitochondrial membrane potential and ROS pro-
duction, did not affect the cell cycle by itself and did not
block or reduce the effect of UCP2 on cell division. These
data suggest that changes in cellular ATP content or ROS
production do not contribute significantly to cell cycle arrest
by UCP2 overexpression. Rather, UCP2 may act in a separate
manner, perhaps serving as a signaling molecule in the cell
division regulatory cascade.

In mammalian cells, the regulation of cell cycle progres-
sion is tightly controlled through a series of checkpoints,
mainly by an intricate network of two protein families—the

FIG. 6. Uncoupling protein 2 (UCP2) expression induces cell death. (A) Trypan Blue count. Viability of transfected cells: 3%
in Lipofectamine and noncoding and vector-transfected cells, 11% in sense UCP2-transfected cells. (B) Live staining with
Annexin-V in C-UCP2-transfected cells (left panel) and noncoding UCP2-transfected cells (right panel). Green is the green
fluorescent protein (GFP) signal and red is Annexin-V. (C) Flow cytometry analysis with propidium iodide in C-UCP2-
transfected cells (black) and noncoding UCP2-transfected cells (white). (D) Apoptosis-related gene expression analyzed by
western blot from total cellular protein preparations (except for released cytochrome c, which was cytoplasmic protein
preparation without mitochondria) of Hepa 1–6 cells 72 hr after transfection. (E and F) Rabbit polyclonal antibodies against
Bcl-2 (sc-492; 1:1000 dilution) and Bax (sc-6236, 1:1000 dilution) were from Santa Cruz; rabbit polyclonal antibody against
caspase 3 (1:1000 dilution) was from Cell Signaling; mouse monoclonal antibody against cytochrome c (1:300); and anti-bcl-x
(1:500 dilution) was from BD Biosciences. Western blot samples from left to right: Transfections with C-UCP2, N-UCP2,
noncoding UCP2, and vector alone, respectively. Color images available online at www.liebertpub.com/met
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cyclins and the cyclin-dependent protein kinases (CDKs).46

CDKs control cell cycle progression in all eukaryotes and are
active only at the appropriate time in the cell cycle through
phosphorylation, dephosphorylation, and binding to cell
cycle–specific cyclins.47,48 The G1 phase is mainly controlled
by the cyclin D proteins and their associated kinases, in-
cluding CDK4 and CDK6.49,50 In response to extracellular
signals and growth factor stimulation, D-type cyclins as-
semble with CDK4 and CDK6 to form holoenzymes, and
direct interaction of CDKs with cyclins is required for their
full enzymatic activity to allow progression through the
different phases of the cell cycle. In the present study, we
found that UCP2 overexpression in Hepa 1–6 cells did not
affect expression of D-type cyclins. However, the CDK6 level
was markedly decreased when UCP2 was overexpressed.
This was observed consistently with transfection of different
UCP2 fusion protein constructs in Hepa 1–6 cells and was
not affected by the amino- or carboxy-terminal positions of
the GFP tag. It has been documented that CDK6 decreases
transit time through the G1 phase of the cell cycle and thus
enhances cell proliferation, and that this effect is not de-
pendent on co-transfection of the kinase-activating partner,
cyclin D.51 Accordingly, reduced CDK6 expression causes
cell growth arrest in different cell types.52,53 This is sup-
ported by our present study in Hepa 1–6 cells. It is possible
that overexpression of UCP2 reduces CDK6 expression level
or activity, thus leading to cell cycle arrest by an unknown
mechanism. Treatment with genistein, a specific tyrosine
kinase inhibitor, significantly enhanced the effect of UCP2 on
cell cycle arrest, suggesting a synergistic effect of protein
tyrosine phosphorylation and UCP2 expression. This was a
phenomenon not observed with treatments of other protein
kinase inhibitors or activators. It is noteworthy that genistein
by itself has no effect on cell proliferation activity in non-
transfected or vector alone–transfected Hepa 1–6 cells. Taken
together, these data raise the possibility that reduced levels
of tyrosine phosphorylation contribute to G1 arrest in Hepa
1–6 cells and that this effect of tyrosine phosphorylation
could be downstream of UCP2 expression.

Cell proliferation and cell death are highly interrelated
and coordinated during normal development of an organism
and in many other physiological and pathological conditions
in which it is essential to identify and eliminate inappropri-
ately proliferating cells.47,54 Changes in the expression and
activity of CDKs and cyclins are also observed during apo-
ptosis of many different cell types,54,55–57 suggesting that
UCP2 may regulate cell death/apoptosis via altering mito-
chondrial function or by altering the expression and activity
of other cell cycle regulators. The idea of UCP2 in the regu-
lation of apoptosis is supported by Voehringer et al.; using
gene microarray analysis, they reported that UCP2 mRNA
levels increased significantly in LYas cells in response to
apoptogenic radiation treatment.23 Upon exposure to radia-
tion, UCP2 message levels peaked at 1 hr, followed by mi-
tochondrial changes at 1.5–2 hr in LYas cells, well before
apoptosis.23 In HeLa cells, but not in normal diploid fibro-
blasts, increased UCP2 expression leads to a dramatic fall in
mitochondrial membrane potential, a reduction of intracel-
lular ATP, and a form of cell death that is not inhibited by
Bcl2.20

In the present study, we observed an association of UCP2
expression with decreased cell viability. However, our data
suggest that overexpression of UCP2 leads to nonapoptotic

cell death, which is consistent with the report by Mills et al.20

We observed significant cell death in sense UCP2-transfected
cells, with simultaneously lower expression of Bcl2. How-
ever, characteristic apoptotic markers such as DNA ladder
patterns upon chromosome DNA electrophoresis, cyto-
chrome c release from mitochondria, and increased cleavage
of caspase-3 were not observed. We speculate that because of
an uncoupling protein located in the inner membrane of
mitochondria, overexpression of UCP2 may interrupt mul-
tiple functions of mitochondria, and that disruption of mi-
tochondrial function by UCP2 may lead to cell death other
than apoptosis. However, controversies exist regarding the
role of UCP2 in the regulation of cell viability. Especially in
neural tissues24,26 or with ROS insults,25 expression of UCP2
shows a protective effect on tissue damage and apoptosis. In
nonneural tissues, it has been reported that UCP2 over-
expression protects cardiomyocytes from oxidative stress–
induced apoptosis by reducing ROS production.58 These
data suggest that UCP2 could be neuroprotective and anti-
apoptotic in response to some environmental insults, espe-
cially with ROS excess. Thus, the exact role of UCP2
expression on cell viability is very complex and depends on
tissue type, expression level, exposure time, and other ex-
perimental conditions.

In summary, UCP2 overexpression induced cell cycle ar-
rest on the G1 phase as well as nonapoptotic cell death in
Hepa 1–6 cells, accompanied by CDK6 and bcl-2 down-
regulation. This effect on cell cycle arrest is enhanced by
inhibition of protein tyrosine phosphorylation, and these
elements suggest a role for UCP2 in the balance among
proliferation, quiescence, and cell death, the basic cellular
processes that must be strictly maintained to avoid un-
wanted tissue atrophy or tissue overgrowth. Tumor cells
have increased cell proliferation and decreased cell death,
and both of these are inhibited by UCP2 overexpression.
Therefore, our data suggest the possibility that UCP2 may be
a cell cycle regulator and a tumor suppressor and may
constitute a novel target in the development of drugs de-
signed to modulate cell proliferation and viability.
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