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Abstract
SUN, XIAOCUN AND MICHAEL B. ZEMEL. 1�,25-
Dihydroxyvitamin D3 modulation of adipocyte reactive
oxygen species production. Obesity. 2007;15:1944–1953.
Objective: We have previously shown 1�,25-dihydroxy-
vitamin D3 [1�,25-(OH)2D3] to inhibit mitochondrial un-
coupling protein 2 (UCP2) expression in adipocytes and that
in vivo suppression of calcitriol levels with calcium-rich
diets increases UCP2 expression. Because UCP2 plays a
significant role in the clearance of reactive oxygen species
(ROS), we studied the effect of calcitriol on ROS produc-
tion and ROS-induced adipocyte proliferation.
Research Methods and Procedures: ROS production in
human and murine adipocytes was stimulated by high glu-
cose (30 mM) or H2O2 (100 nM).
Results: Both approaches resulted in increased ROS pro-
duction by 27% to 100% (p � 0.05) and increased cell
proliferation by 15% to 39% (p � 0.03). These effects were
augmented by the addition of mitochondrial uncoupling
inhibitor guanosine 5�-diphosphate (GDP; 100 �M) or
1�,25-(OH)2D3 (10 nM) and attenuated by UCP2 overex-
pression, suggesting that inhibition of mitochondrial uncou-
pling suppresses clearance of ROS and increases adipocyte
proliferation. The addition of � � tocopherol (1 �M) in-
hibited cell proliferation in adipocytes treated with either
H2O2 or high glucose, indicating that ROS plays a major
role in the regulation of cell proliferation in adipocytes.
Moreover, stimulation of ROS with high glucose and H2O2

resulted in a 2- to 5-fold increase in adipocyte intracellular
calcium ([Ca2�]i; p � 0.001), and calcium channel antag-
onism (nifedipine, 10 �M) suppressed ROS induced cal-
cium influx and cell proliferation, indicating that [Ca2�]i

may also regulate ROS production and exert a mitogenic
effect in adipocytes.
Discussion: These data support a role of 1�,25-(OH)2D3,
UCP2, and [Ca2�]i in the regulation of adipocyte ROS
production.
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Introduction
An increase in fat mass in obesity may result from re-

cruitment of new adipocytes (1,2), an increase in the volume
of existing adipocytes (3), and/or attenuation of apoptosis
(4–6). Thus, the adipogenic potential of precursor cells may
be an important determinant in fat mass regulation and
obesity-associated disorders. However, increased adiposity
is also an adaptive mechanism for an organism in response
to increased energy intake, because it provides an alterna-
tive for ectopic accumulation of lipid into liver, skeletal
muscle, and pancreatic � cells (7,8). Indeed, lipodystrophy
in humans and mice leads to excess ectopic triglyceride
storage and severe insulin resistance and diabetes (9–11).
Although adipogenesis may function to an extent as an
adaptive mechanism activated during caloric excess, the
mechanisms of regulation of adipocyte proliferation are not
yet clear.

The production of reactive oxygen species (ROS)1 has
been shown to be increased in obesity and diabetes (12,13).
It has been postulated that hyperglycemia and hyperlipid-
emia, key clinical manifestations of obesity and diabetes,
may promote ROS production through various pathways
(14). Indeed, the generation of ROS as byproducts of the
mitochondrial electron transport chain has long been attrib-
uted to the high rates of glucose and lipid metabolism.
Furthermore, additional mechanisms may be operated to
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produce ROS under high glucose and high lipid conditions,
including the formation of advanced glycation end products
(15), and altered polyol pathway activity (16), activation of
oxidases (17,18), and/or reduction of antioxidant enzymes
(19,20).

Although ROS may adversely affect cell survival because
of membrane damage and irreversible DNA modification
(21), ROS also may function as specific signaling molecules
involved in cell proliferation and growth (22). Early exper-
iments showed low concentration of superoxide or hydro-
gen peroxide (10 nM to 1 mM) to be effective in stimulating
the in vitro proliferation and growth response in a variety of
cultured mammalian cell types (23–27). Although the mo-
lecular mechanism of the regulation of cell growth and
proliferation by ROS is not yet clear, several mechanisms
have been proposed. First, ROS can modulate expression of
early growth-related genes, leading to aberrant expansion of
rapidly growing clones and to tumor formation (28). Sec-
ond, ROS may contribute to growth factor transduction
pathways through alterations in protein-tyrosine phosphor-
ylation mediated by both protein tyrosine kinase and protein
tyrosine phosphatase activities (29). Third, a group of nu-
clear transcription factors are modulated by redox status,
and ROS can activate these molecules by causing their
release from their inactive cytoplasmic complex (30).

The regulation ROS production and interactions among
ROS, calcium, and mitochondrial uncoupling have been
intensively studied. Calcium signaling is essential for pro-
duction of ROS and elevated intracellular calcium ([Ca2�]i)
activates ROS-generating enzymes, such as nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and my-
eloperoxidase, and formation of free radicals by the mito-
chondrial respiratory chain (31). Interestingly, increased
ROS production also stimulates [Ca2�]i by activating cal-
cium channels on plasma membrane and endoplasmic retic-
ulum (32). Thus, ROS may modulate calcium-dependent
physiologic processes, whereas manipulation of calcium
signaling may also regulate cellular ROS production. Res-
piration is associated with production of ROS, and mito-
chondria can produce a large portion of total cellular ROS
(33). Mild uncoupling of respiration diminishes mitochon-
drial ROS formation by dissipating the mitochondrial pro-
ton gradient and potential (34). Accordingly, mild activation
of mitochondrial uncoupling protein (UCP) may play a role
in the antioxidant defense system.

Previous studies from this laboratory have shown an
anti-obesity effect of dietary calcium, with increasing di-
etary calcium inhibiting lipogenesis, stimulating energy me-
tabolism, and increasing adipocyte apoptosis (35). These
effects are mediated by suppression of 1�,25-dihydroxy-
vitamin D3 [1�,25-(OH)2D3], which stimulates Ca2� influx
through a non-genomic effect (36) and suppresses mito-
chondrial UCP2 gene expression (37). Because ROS pro-
duction is modulated by mitochondrial uncoupling status

and [Ca2�]i homeostasis, both of which can be regulated by
1�,25-(OH)2D3, we studied the effects of 1�,25-(OH)2D3

on ROS production and ROS-induced cell proliferation.

Research Methods and Procedures
Cell Culture

3T3-L1 preadipocytes were incubated at a density of
8000 cells/cm2 (10-cm2 dish) and grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum and antibiotics (adipocyte medium) at 37 °C
in 5% CO2 in air. Confluent preadipocytes were induced to
differentiate with a standard differentiation medium con-
sisting of DMEM-F10 (1:1, vol/vol) medium supple-
mented with 10% fetal bovine serum, 1 �M dexamethasone,
3-isobutyl-1-methylxanthine (0.5 mM), and antibiotics (1%
penicillin-streptomycin). Preadipocytes were maintained in
this differentiation medium for 3 days and subsequently
cultured in adipocyte medium. Cultures were re-fed every 2
to 3 days to allow 90% cells to reach full differentiation
before conducting chemical treatment. Chemicals were
freshly diluted in adipocyte medium before treatment. Hu-
man preadipocytes used in this study were supplied by
Zen-Bio (Research Triangle, NC). Preadipocytes were in-
oculated in DMEM/Ham’s F-10 medium (1:1, vol/vol)
containing 10% fetal bovine serum, 15 mM HEPES, and
antibiotics at a density of 30,000 cells/cm2. Confluent
monolayers of preadipocytes were induced to differentiate
with a standard differentiation medium consisting of
DMEM-F10 (1:1, vol/vol) medium supplemented with 15
mM HEPES, 3% fetal bovine serum, 33 �M biotin, 17 �M
pantothenate, 100 nM insulin, 0.25 �M methylisobutyl-
xanthine, 1 �M dexamethasone, 1 �M BRL49653, and
antibiotics. Preadipocytes were maintained in this differen-
tiation medium for 3 days and subsequently cultured in
adipocyte medium in which BRL49653 and methylisobu-
tylxanthine were omitted. Cultures were re-fed every 2 to 3
days.

Cells were washed with fresh adipocyte medium, re-fed
with medium containing the different treatments, and incu-
bated at 37 °C in 5% CO2 in air before analysis. Cell
viability was measured by trypan blue exclusion.

UCP2 Transfection
UCP2 full-length cDNA was amplified by reverse tran-

scriptase-polymerase chain reaction (RT-PCR) using
mRNA isolated from mouse white adipose tissues. The PCR
primers for this amplification are shown as follows: UCP2
forward, 5�-GCTAGCATGGTTGGTTTCAAG-3�, reverse,
5�-GCTAGCTCAGAAAGGTGAATC-3�. The PCR prod-
ucts were subcloned into pcDNA4/His expression vectors.
The linearized constructs were transfected into 3T3-L1
preadipocytes using lipofectamine plus standard protocol
(Invitrogen, Carlsbad, CA). After 48 hours of transfection,
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cells were split and cultured in selective medium containing
400 �g/mL zeocin for the selection of resistant colonies.
Cells were fed with selective medium every 3 days until
resistant colonies could be identified. These resistant foci
were picked, expanded, tested for expression, and frozen for
future experiments.

Determination of Mitochondrial Membrane Potential
Mitochondrial membrane potential was analyzed fluoro-

metrically with a lipophilic cationic dye JC-1 (5,5�,6,6�-
tetrachloro-1,1�,3,3�-tetraethylbenzimidazol carbocyanine
iodide) using a mitochondrial potential detection kit (Bio-
carta, San Diego, CA). Mitochondrial potential was deter-
mined as the ratio of red fluorescence (excitation, 550 nm;
emission, 600 nm) and green fluorescence (excitation, 485
nm; emission, 535 nm) using a fluorescence microplate
reader.

Measurement of [Ca2�]i
[Ca2�]i in adipocytes was measured using a fura-2

dual-wavelength fluorescence imaging system. Cells
were plated in 35-mm dishes (P35G-0 –14-C; MatTek
Corp., Ashland, MA). Before [Ca2�]i measurement, cells
were put in serum-free medium overnight and rinsed with
HEPES balanced salt solution containing the following
components (in mM): 138 NaCl, 1.8 CaCl2, 0.8 MgSO4,
0.9 NaH2PO4, 4 NaHCO3, 5 glucose, 6 glutamine, 20
HEPES, and 1% bovine serum albumin. Cells were
loaded with fura-2 acetoxymethyl ester (10 �M) in the
same buffer for 2 hours at 37 °C in a dark incubator with
5% CO2. To remove extracellular dye, cells were rinsed
with HEPES balanced salt solution three times and post-
incubated at room temperature for an additional 1 hour
for complete hydrolysis of cytoplasmic fura-2 acetoxym-
ethyl ester. The dishes with dye-loaded cells were
mounted on the stage of a Nikon S-F fluorescence in-
verted microscope with a Cohu model 4915 charge-cou-
pled device camera. Fluorescent images were captured
alternatively at excitation wavelengths of 340 and 380
nm with an emission wavelength of 520 nm. After estab-
lishment of a stable baseline, the responses to 1�,25-
(OH)2D3 was determined. [Ca2�]i was calculated using a
ratio equation as described previously. Each analysis
evaluated responses of five representative whole cells.
Images were analyzed with InCyt Im2 version 4.62 im-
aging software (Intracellular Imaging, Cincinnati, OH).
Images were calibrated using a fura-2 calcium imaging
calibration kit (Molecular Probes, Eugene, OR) to create
a calibration curve in solution, and cellular calibration
was accomplished using digitonin (25 �M) and Tris-
EGTA (pH 8.7; 100 mM) to measure maximal and min-
imal [Ca2�]i levels, respectively.

Total RNA Extraction
A total cellular RNA isolation kit (Ambion, Austin, TX)

was used to extract total RNA from cells according to
manufacturer’s instruction.

Quantitative Real-time PCR
Adipocyte 18s, cyclin A, NADPH oxidase, and UCP2

were quantitatively measured using a Smart Cycler Real-
Time PCR System (Cepheid, Sunnyvale, CA) with a Taq-
Man 1000 Core Reagent Kit (Applied Biosystems, Foster
City, CA). The primers and probe sets were ordered from
Applied Biosystems TaqMan Assays-on-Demand Gene Ex-
pression primers and probe set collection according to the
manufacturer’s instructions. Pooled adipocyte total RNA
was serial-diluted in the range of 1.5625 to 25 ng and used
to establish a standard curve; total RNA for unknown sam-
ples was also diluted in this range. Reactions of quantitative
RT-PCR for standards and unknown samples were also
performed according to the instructions of Smart Cycler
System (Cepheid) and TaqMan Real Time PCR Core Kit
(Applied Biosystems). The mRNA quantitation for each
sample was further normalized using the corresponding 18s
quantitation.

Assessment of Cell Proliferation
Cells were plated in DMEM with different treatments in

duplicate in 96-well plates. After 48 hours, a CyQUANT
Cell Proliferation Kit (Molecular Probes) was used follow-
ing the manufacturer’s protocol. A microplate fluorometer
(Packard Instrument Co., Downers Grove, IL) was used to
measure CyQUANT fluorescence. Cell viability was deter-
mined by trypan blue exclusion examination.

Determination of Intracellular ROS Generation
Intracellular ROS generation was assessed using 6-car-

boxy-2�,7�-dichlorodihydrofluorescein diacetate as de-
scribed previously (20). Cells were loaded with 6-car-
boxy-2�,7�-dichlorodihydrofluorescein diacetate (2 �M)
30 minutes before the end of the incubation period (48
hours). After washing twice with phosphate-buffered sa-
line, cells were scraped and disrupted by sonication on
ice (20 seconds). Fluorescence (emission, 543 or 527 nm)
and DNA content were measured as described previ-
ously. The intensity of fluorescence was expressed as
arbitrary units per nanogram DNA.

Statistical Analysis
Data were evaluated for statistical significance by one-

way or two-way ANOVA, depending on the number of
main effect(s) involved, and significantly different group
means were separated by the least significant difference test
(p � 0.05) using SPSS (SPSS, Inc., Chicago, IL). All data
are expressed as mean � standard error (SE).
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Results
Our first aim was to examine whether ROS exerts an

effect on adipocyte proliferation. The data presented in
Figure 1A indicate that this is indeed the case. Treatment of
3T3-L1 adipocytes with H2O2 increased the total DNA of
cultured cells by 39% (p � 0.001), whereas addition of
antioxidant ��tocopherol completely blocked this effect.
The effect of ROS on adipocyte proliferation seems to be
regulated by mitochondrial uncoupling and intracellular cal-
cium homeostasis. Addition of mitochondrial uncoupling
inhibitor guanosine 5�-diphosphate (GDP) augmented the
stimulation of cell proliferation by H2O2 by 183% (p �
0.005), whereas the calcium channel antagonist nifedipine
had the opposite effect and suppressed H2O2 induced cell
DNA synthesis (p � 0.05). Because inhibiting mitochon-
drial uncoupling and increasing [Ca2�]i have been shown to
contribute to increased ROS production, GDP may increase

DNA synthesis by increasing ROS production while nifed-
pine exerts the opposite effect through suppression of ROS
production. Consistent with this, Figure 1B shows that
addition of GDP increased ROS production by 30% (p �
0.01) compared with H2O2 treatment alone, whereas nifed-
ipine reduced H2O2-induced ROS production by 25% (p �
0.003). Figure 1A and B also show that addition of antiox-
idant ��tocopherol inhibited both ROS production and
DNA synthesis in all groups. These results suggest that ROS
stimulated cell proliferation in cultured adipocytes and that
this effect can be regulated by mitochondrial uncoupling
status and intracellular homeostasis. Similar results were
also observed in human adipocytes (data not shown).

To further study the interaction between ROS and mito-
chondrial uncoupling status, we measured mitochondrial
potential in both wildtype 3T3-L1 adipocytes and UCP2-
transfected 3T3-L1 adipocytes. Figure 1C shows that H2O2

Figure 1: Effects of H2O2 on DNA synthesis (A), ROS production (B), and mitochondrial potential (C) and the effect of glucose on ROS
production (D) in cultured 3T3-L1 adipocytes. Adipocytes were treated with either H2O2 (100 nM) or ��tocopherol (1 �M), combined with
or without GDP (100 �M) or nifedipine (10 �M) for 48 hours. Data are expressed as mean � SE (n � 6). To test the effect of glucose
on ROS production, adipocytes were treated with glucose (30 mM), glucose (30 mM) plus nifedipine (10 �M), glucose (30 mM) plus GDP,
or glucose (30 mM) plus 1�,25-(OH)2D3 (1,25D) for 48 hours. Asterisks above the bars indicate significant differences (p � 0.05).
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increased mitochondrial potential by 72% and that addition
of GDP augmented this effect (p � 0.001), indicating that
ROS production inhibits mitochondrial uncoupling. Nifed-
ipine suppressed the H2O2 induced increase in mitochon-
drial potential, and this result confirmed that calcium chan-
nel antagonism inhibits ROS production. UCP2 transfection
decreased mitochondrial potential (p � 0.001) and sup-
pressed the effect of H2O2 on mitochondrial uncoupling
(p � 0.001), indicating that ROS production is regulated, in
part, by mitochondrial potential and UCP2.

Figure 1D shows that ROS has a direct role in regulating
intracellular calcium homeostasis in 3T3-L1 adipocytes.
H2O2 induced a 5-fold increase in [Ca2�]i (p � 0.001), and
this effect was reversed by addition of antioxidant ��to-
copherol. Because suppression of intracellular calcium in-
flux by nifedipine decreased ROS production as described
in Figure 1B, this result suggests a positive feedback inter-
action between ROS production and intracellular calcium
homeostasis: ROS stimulates [Ca2�]i, and elevated [Ca2�]i
also favors ROS production. Similar results were observed
in Zen-Bio human adipocytes (data not shown).

Hyperglycemia is one of the most common clinical signs
in obesity and diabetes, which have been shown to be
associated with increased ROS production. Accordingly, we
next studied the effect and mechanism of high glucose level
on ROS production and consequent adipocyte proliferation.
As shown in Figure 2A, high glucose treatment increased
ROS production significantly (p � 0.05), and this effect was
partially reversed by addition of nifedipine. Addition of
GDP further stimulated ROS production compared with
glucose alone. Notably, treatment of adipocytes with 1�,25-
(OH)2D3, which was previously found to suppress mito-
chondrial uncoupling and to increase [Ca2�]i in adipocytes,
resulted in greater stimulation of ROS production than
either glucose alone or glucose plus GDP (p � 0.05),
suggesting that 1�,25-(OH)2D3 stimulates ROS production
by both inhibition of mitochondrial uncoupling and stimu-
lation of [Ca2�]i. Glucose also increased [Ca2�]i by 3-fold
(p � 0.001; Figure 2B), and this effect was partially blocked
by addition of tocopherol, indicating that stimulation of
[Ca2�]i by high glucose is partially attributable to ROS
production. Consistent with this, Figure 3A shows that high
glucose also increased expression of NADPH oxidase (p �
0.001), a key enzyme in ROS production, in both wildtype
and UCP2 transfected 3T3-L1 adipocytes, but UCP2 over-
expression attenuated this effect. These results suggest that
high glucose may increase ROS production by stimulating
NADPH oxidase expression. Addition of 1�,25-(OH)2D3

stimulated NADPH oxidase expression, whereas nifedipine
suppressed its expression. Although GDP has been shown
to increases ROS production, we found GDP suppressed
NADPH oxidase expression, indicating that regulation of
ROS production by GDP is not through up-regulation of
ROS-generating enzyme gene expression. Figure 3B pro-

vides further evidence for the role of UCP2 in the regulation
of high glucose–induced ROS production. High glucose
inhibits UCP2 expression in both wildtype and UCP2 trans-
fected adipocytes, indicating that high glucose stimulates
ROS production by regulating mitochondrial uncoupling
status.

Figure 4A shows that stimulation of ROS production by
high glucose is associated with increased DNA synthesis.
High glucose alone significantly increased DNA synthesis
(p � 0.03), and this effect was augmented by addition of
GDP or 1�,25-(OH)2D3. In contrast, inhibition of ROS
production by nifedipine decreased glucose induced DNA
synthesis (p � 0.05). To further study the effect of high
glucose on adipocyte proliferation, we also observed the
expression of cyclin A (Figure 4B). Consistent with the
DNA synthesis data, high glucose stimulated cyclin A ex-

Figure 2: Effects of H2O2 (A) and glucose (B) on [Ca2�]i in
cultured 3T3-L1 adipocytes. Adipocytes were treated with either
H2O2 (100 nM) or H2O2 (100 nM) plus ��tocopherol (1 �M) for
4 hours. To test the effect of glucose on ROS production, adipo-
cytes were treated with glucose (30 mM), glucose (30 mM) plus
nifedipine (10 �M), glucose (30 mM) plus GDP, or glucose (30
mM) plus 1�,25-(OH)2D3 (1,25D) for 48 hours. Data are ex-
pressed as mean � SE (n � 6). Asterisks above the bars indicate
significant differences (p � 0.05).
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pression by 3-fold (p � 0.001), and GDP and 1�,25-
(OH)2D3 augmented this effect, whereas nifedipine sup-
pressed it. These data suggest high glucose stimulates
adipocyte proliferation, and this effect may be at least
partially mediated by its stimulation of ROS production.

Discussion
Obesity and diabetes are associated with increased oxi-

dative stress, and ROS may play a role in regulation of
adipocyte proliferation. In this study, we showed that a low
concentration of H2O2 stimulates cell proliferation in cul-
tured adipocytes. This effect can be augmented by a mito-
chondrial uncoupling inhibitor and suppressed by a calcium
channel antagonist, indicating that mitochondrial potential
and intracellular calcium homeostasis may play a role in
regulation of ROS-induced cell proliferation. 1�,25-

(OH)2D3, which has been shown to stimulate [Ca2�]i and to
inhibit UCP2 expression, stimulates ROS production and
cell proliferation in adipocytes. High glucose also exerts
stimulatory effect on ROS production, and this effect can be
augmented by addition of 1�,25-(OH)2D3, suggesting that
1�,25-(OH)2D3 may be involved in the regulation of ROS
production in adipocytes. These results indicate that strate-
gies to suppress 1�,25-(OH)2D3 levels, such as increasing
dietary calcium, may reduce oxidative stress and thereby
inhibit ROS-induced stimulation of adipocyte proliferation.
Indeed, we recently showed that increasing dietary calcium
attenuates adipose tissue ROS production in aP2-agouti
transgenic mice fed a high-sucrose/high-fat diet (38).

Increased oxidative stress has been reported in both hu-
mans and animal models of obesity (12,13), suggesting that
ROS may play a critical role in the mechanisms underlying
proliferative responses. This concept is supported by evi-
dence that both H2O2 and superoxide anion induce mito-
genesis and cell proliferation in several mammalian cell
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Figure 3: Effects of glucose on the expression of NADPH oxidase
(A) and UCP2 (B) in cultured 3T3-L1 adipocytes. Adipocytes
were treated with glucose (30 mM), glucose (30 mM) plus nifed-
ipine (10 �M), glucose (30 mM) plus GDP, or glucose (30 mM)
plus 1,25-(OH)2D3 for 48 hours. Values are normalized to 18s
expression, and data are expressed as mean � SE (n � 6).
Asterisks above the bars indicate significant differences (p �
0.05).

Figure 4: Effects of glucose on DNA synthesis (A) and the
expression ratio of cyclin A (B) in cultured 3T3-L1 adipocytes.
Adipocytes were treated with glucose (30 mM), glucose (30 mM)
plus nifedipine (10 �M), glucose (30 mM) plus GDP, or glucose
(30 mM) plus 1�,25-(OH)2D3 for 48 hours. Data are expressed as
mean � SE (n � 6). Asterisks above the bars indicate significant
differences (p � 0.05).
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types (22). Furthermore, reduction of oxidants through sup-
plementation with antioxidants inhibits cell proliferation in
vitro (39,40). Although the mechanisms for the involvement
of oxidative stress in the induction of cell proliferation are
not known, it has been shown that ROS and other free
radicals influence the expression of number of genes and
transduction pathways involved in cell growth and prolif-
eration. The most significant effects of oxidants on signal-
ing pathways have been observed in the mitogen-activated
protein kinase/activatory protein-1, and it has been sug-
gested that ROS can activate mitogen-activated protein ki-
nases and thereby transcription factor activator protein-1
(41), a collection of dimeric basic region-leucine zipper
proteins that activate cyclin-dependent kinase and entry into
cell division cycle (42). Furthermore, the elevation of cy-
tosolic calcium level induced by ROS results in activation
of protein kinase C required for expression of positive
regulators of cell proliferation such as c-fos and c-jun (43–
45). ROSs have also been implicated as a second messenger
involved in activation of nuclear factor-�B (NF-�B) (46),
whose expression has been shown to stimulate cell prolif-
eration through tumor necrosis factor and interleukin-1 (47).
The effect of ROS on NF-�B activation is further supported
by studies that showed that expression of NF-�B can be
suppressed by antioxidants (48,49). In addition, ROS can
modify DNA methylation and cause oxidative DNA dam-
age, which results in decreased methylation patterns (50),
and consequently, contributes to an overall aberrant gene
expression. ROS may also attribute to the inhibition of
cell-to-cell communication, and this effect can result in

decreased regulation of homeostatic growth control of nor-
mal surrounding cells and lead to clonal expansion (51,52).
Despite these mechanisms proposed to explain the stimula-
tory effect on cell proliferation, limited studies have been
conducted on adipocytes. In this study, we showed that low
concentrations of ROS promote cell proliferation in cultured
human and murine adipocytes. However, further study for
the underlying molecular mechanisms is needed.

The yield of ROS can be efficiently modulated by mito-
chondrial uncoupling. Korshunov et al. (53) have shown
that slight increase of the H� backflux (to the matrix),
which diminishes ��, results in a substantial decrease of
mitochondrial ROS formation. Accordingly, the H� back-
flow from UCP-induced uncoupling would be expected to
down-regulate ROS production. In addition, calcium can
active ROS-generating enzymes directly, and activation of
calcium-dependent protein kinase C favors assembly of the
active NADPH oxidase complex (31), indicating that
[Ca2�]i may be another key player in regulation of ROS
production. Accordingly, it is reasonable to propose that
1�,25-(OH)2D3, which has been shown to inhibit mitochon-
drial uncoupling genomically (37) and to stimulate [Ca2�]i
through a membrane receptor for 1,25(OH)2D3 (36,54,55)
in adipocytes, would stimulate ROS production and may
consequently be involved in the regulation of adipocyte
proliferation. Indeed, in this study, we showed that addition
of 1�,25-(OH)2D3 augmented high glucose-induced ROS
production and adipocyte proliferation. This effect was fur-
ther enhanced by a mitochondrial uncoupling inhibitor and
suppressed by calcium channel antagonism, indicating that
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Figure 5: Schematic illustration of effects and mechanisms of 1�,25-(OH)2D3 on ROS production and adipocyte proliferation. Physiologic
doses of 1�,25-(OH)2D3 increase ROS production by inhibiting UCP2 expression and stimulating intracellular calcium influx, resulting in
a consequent increase in adipocyte proliferation.
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1�,25-(OH)2D3 stimulates ROS production by increasing
[Ca2�]i and by inhibiting mitochondrial uncoupling. Fur-
thermore, previous studies have suggested that 1�,25-
(OH)2D3 may act as an pro-oxidant in various cell types
(56) and that treatment with 1�,25-(OH)2D3 inhibited the
expression of the major constituents of the cellular defense
system against ROS (57).

Previous data from our laboratory have shown that
1�,25-(OH)2-D3 seems to modulate adipocyte lipid and
energy metabolism through both genomic and non-genomic
pathways (35–37). We have reported that 1�,25-(OH)2-D3

plays a direct role in the modulation of adipocyte Ca2�

signaling, resulting in an increased lipogenesis and de-
creased lipolysis (36). In addition, 1�,25-(OH)2D3 also
plays a role in regulating human adipocyte UCP2 mRNA
and protein levels, indicating that the suppression of 1�,25-
(OH)2D3 and the resulting up-regulation of UCP2 may
contribute to increased rates of lipid oxidation (37). In
addition, we also showed that physiologic doses of 1�,25-
(OH)2D3 inhibit apoptosis in differentiated human and
3T3-L1 adipocytes (4) and that the suppression of 1�,25-
(OH)2D3 in vivo by increasing dietary calcium stimulates
adipocyte apoptosis in aP2 transgenic mice (58), suggesting
that the stimulation of adipocyte apoptosis contributes to
the observed reduction in adipose tissue mass after admin-
istration of high-calcium diets (37). Accordingly, the sup-
pression of 1�,25-(OH)2D3 by increasing dietary calcium
attenuates adipocyte triglyceride accumulation and caused
a net reduction in fat mass in both mice and humans in the
absence of caloric restriction (59,60), a marked augmenta-
tion of body weight and fat loss during energy restriction
in both mice and humans (59–62), and a reduction in the
rate of weight and fat regain after energy restriction in
mice (58). Data from this study provided further evidence
to support the role of 1�,25-(OH)2D3 in favoring energy
storage and fat mass expansion by stimulating ROS produc-
tion and adipocyte proliferation. As shown in Figure 5, ROS
stimulates adipocyte proliferation, and this effect can by
suppressed by mitochondrial uncoupling and stimulated by
elevation of [Ca2�]i. 1�,25-(OH)2D3 increases ROS pro-
duction by inhibiting UCP2 expression and increasing
[Ca2�]i, consequently favoring adipocyte proliferation. Ac-
cordingly, these data suggest that suppression 1�,25-
(OH)2D3 by increasing dietary calcium may reduce 1�,25-
(OH)2D3–mediated ROS production and limit ROS-induced
adipocyte proliferation, potentially resulting in reduced ad-
iposity.

The data presented here show a direct effect of oxidative
stress on adipocyte proliferation in white adipose tissue, and
this observation may have important implications in under-
standing the adipose mass changes observed under oxida-
tive stress. However, cell proliferation was only evaluated
by DNA content and cyclin expression level. Furthermore,
various sources of ROS production may play different roles

in regulation of cell signaling in cell cycle and cell metab-
olism. Although we showed that both mitochondrial ROS
production and cellular enzymatic ROS production are as-
sociated with adipocyte proliferation, the contribution of
each source needs further study.
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