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Induction of Lipin1 by ROS-Dependent SREBP-2 Activation

Kyuhwa Seo and Sang Mi Shin
College of Pharmacy, Chosun University, Gwangju, Korea

Lipinl was identified as a phosphatidate phosphatase enzyme, and it plays a key role in lipid metabolism.
Since free radicals contribute to metabolic diseases in the liver, this study investigated the effects of free
radicals on the regulation of Lipinl expression in Huh7 and AMLI2 cells. Hydrogen peroxide induced
mRNA and protein expression of Lipinl in Huh7 cells, which was assayed by quantitative RT-PCR and
immunoblotting, respectively. Induction of Lipinl by hydrogen peroxide was confirmed in AMLI12 cells.
Hydrogen peroxide treatment significantly increased expression of sterol regulatory element-binding pro-
tein (SREBP)-2, but not SREBP-1. Moreover, nuclear translocation of SREBP-2 was detected after hydro-
gen peroxide treatment. Hydrogen peroxide-induced Lipinl or SREBP-2 expression was significantly
reduced by N-acetyl-L-cysteine treatment, indicating that reactive oxygen species (ROS) were implicated in
Lipinl expression. Next, we investigated whether the hypoxic environments that cause endogenous ROS
production in mitochondria in metabolic diseases affect the expression of Lipinl. Exposure to hypoxia also
increased Lipinl expression. In contrast, pretreatment with antioxidants attenuated hypoxia-induced Lipin1
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expression. Collectively, our results show that ROS activate SREBP-2, which induces Lipinl expression.
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INTRODUCTION

The liver is an important organ for metabolism of xenobi-
otics and nutrients (1). Through this process, the liver is
often exposed to reactive oxygen species (ROS), which are
a metabolic byproducts (1,2). In metabolic diseases such as
dibetes and obesity, liver dysfunction is often associated
with high levels of ROS (2-4). Increased levels of free radi-
cals impair mitochondrial function and interfere with hepatic
energy metabolism (2). Although the liver has a variety of
antioxidant systems, it has been reported that oxidative
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stress plays an important role in the remission of liver dis-
ease (2). Thus, controlling the levels of ROS is an import-
ant way to prevent liver damage from metabolic disorders.
Lipinl is involved in the synthesis of triglyceride, the
main energy storage material in the body (5,6). The sub-
strate required for the synthesis of triglycerides is diacyl-
glycerol (DAG), which is produced by phosphatidate
phosphatase (PAP) (5,6). Lipinl is an enzyme that displays
PAP activity (5,7). It binds phosphatidic acid and converts it
to DAG when fatty acid levels are increased (5). Lipinl has
been reported to regulate lipid metabolism in many tissues,
including fat, muscles, and testes (8-10). Moreover, Lipinl
possesses a nuclear localization signal, a signal to promote
transcriptional activity, and the PAP enzyme active site nec-
essary for lipid synthesis (5,6). Indeed, as a transcriptional
coactivator or corepressor, Lipinl interacts with transcription
factors and nuclear receptors associated with lipid metabo-
lism (11,12). This suggests that Lipinl is more than just an
enzyme involved in simple lipid synthesis, and it may be
involved in other types of intracellular metabolic signaling.
Several studies have reported that Lipinl regulates the
synthesis of triglycerides, in addition to lipoprotein metabo-
lism in liver (5,6,13,14). The Lipinl gene was first identi-
fied with a deficiency mutation in the fatty liver dystrophy
(fld) mice (10,15). The fId mice with a Lipinl deficiency
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display hypertriglycemia, insulin resistance, and neonatal
fatty liver (10,15). Similarly, the expression of Lipinl was
significantly reduced in HIV patients with lipodystrophy
(16). In addition, hepatic very-low-density lipoprotein
(VLDL) secretion was significantly increased in fId mice
(11,13). Moreover, Lipinl interacts with nuclear receptors,
including peroxisome-proliferator-activated receptor (PPAR)
o, PPARy, PPARy coactivator-la. (PGC-1a), hepatocyte
nuclear factor 4o, and glucocorticoid receptor, and it regu-
lates their transcriptional activity (11-13). This suggests that
Lipinl plays an important role in lipid homeostasis, even
though Lipinl expression level in liver is relatively low
compared to that in fat and muscle. However, the mecha-
nism of Lipinl regulation by ROS, which play an import-
ant role in the pathology of liver disease, is still poorly
studied.

Given the importance of Lipinl regulation in hepatic met-
abolic diseases, we investigated the toxicological contribu-
tion of ROS in the regulation of Lipinl. In particular, we
studied the effect of endogenous or exogenous increases in
ROS levels on Lipinl expression in hepatocyte-derived cells.

MATERIALS AND METHODS

Materials. Antibodies against Lipinl, sterol regulatory
element-binding protein (SREBP)-1, SREBP-2, and p-tubu-
lin were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-Lamin antibody was obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-B-
actin antibody, hydrogen peroxide, N-acetyl-L-cysteine
(NAC), trolox, and other reagents were supplied by Sigma
(St. Louis, MO, USA).

Cell culture. Mouse hepatocellular AML12 cell lines
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and maintained in a 1 : 1 mixture of
DMEM and Ham’s F12 medium. Additionally, AML12
cells were cultured in media supplemented with 0.005 mg/
mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium,
and 40 ng/mL dexamethasone. Huh7 cells were maintained
in RPMI-1640 and all cells were maintained in 10% fetal
bovine serum (FBS), 50 U/mL penicillin, and 50 pg/mL
streptomycin at 37°C under 5% CO, in a humidified incuba-
tor. All cells were cultured in 6-well plates for 2~3 days to
reach 70~80% confluency and then they were serum-
starved overnight before experimental treatment. For the
hypoxic treatments, cells were exposed to 94% N,, 5% CO,,
and 1% O, at 37°C in a hypoxia-inducing incubator (Galaxy
48R, New Brunswick [Eppendorf], Hamburg, Germany).

Immunoblot analysis. Preparation of whole-cell lysates,
subcellular fractionation, and immunoblot analysis were
performed as previously described (17). Briefly, the lysates
were resolved by SDS-PAGE, and electrophoretically blot-

ted onto nitrocellulose membranes. The membranes were
incubated with primary antibodies overnight. The mem-
branes were then exposed to horseradish peroxidase-conju-
gated secondary antibodies. Protein bands were identified
by the ECL chemiluminescence system (GE Healthcare,
Buckinghamshire, UK). Equal loading of proteins was veri-
fied by immunoblotting for -actin, B-tubulin or Lamin.

RNA isolation and RT-PCR analysis. Total RNA from
Huh7 cells was extracted using a Trizol reagent (Invitro-
gen, Carlsbad, CA, USA). Next, cDNAs were generated
using oligo(dT),; primers and the RT Premix (Bioneer,
Daejeon, Korea), and PCR products were visualized on
a 2% agarose gel stained with EtBr. Data were normalized
to GAPDH expression. PCR was performed using primers
specific for genes encoding human Lipinl (5'-CCCGACC-
TTCAACACCTAAAAGT-3' [forward] and 5-TGGACTC-
TTTCATCTTGTGTGGA-3' [reverse]), Lipin2 (5'-AAGA-
AGTGGCAGGTGATGC-3' [forward] and 5-CAGCTTT-
CCAAACCGAACG-3' [reverse]), and GAPDH (5'-GAA-
GATGGTGATGGGATTTC-3' [forward] and 5-GAAGGT-
GAAGGTCGGAGTC-3'[reverse]).

Measurement of mitochondrial ROS. The production
of mitochondria-derived superoxide was examined using
the mitoSOX red reagent (Invitrogen). MitoSOX is a fluo-
rogenic dye for selective detection of mitochondrial super-
oxide in live cells (18). The cells were cultured in 12-well
plates, and mitoSOX was added directly to the medium at a
final concentration of 5 uM. The cells were then incubated
at 37°C for 0.5 hr, and then detached using trypsin-EDTA.
Cells were pelleted and suspended in PBS supplemented
with 1% FBS. Stained cells were quantified using a fluores-
cence microplate reader (Gemini XPS, Molecular Devices,
Sunnyvale, CA, USA). Production of mitochondrial ROS
was normalized to the protein concentration and calculated
relative to the vehicle-treated control using the following
formula: ROS production (fold of control) = [(relative fluo-
rescence unit of treated sample)/(protein concentration of
treated sample)]/[(relative fluorescence unit of vehicle-
treated control)/(protein concentration of vehicle-treated
control)].

Statistical analysis. Values are expressed as the means
+ SE. Statistical significance was calculated by analysis of
variance (ANOVA). Differences were considered signifi-
cant at p<0.05 or p<0.01.

RESULTS

Induction of Lipin1 by ROS. To investigate the regula-
tion of Lipinl expression by ROS, Huh7 cells were treated
with 500 pM hydrogen peroxide. The expression of Lipinl
was increased in a time-dependent manner in the presence
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Fig. 1. Upregulation of Lipin1 expression by hydrogen peroxide. (A) Immunoblot analysis. Huh7 cells were treated with hydrogen per-
oxide (500 uM) for 0~24 hr. The blots shown are representative of data from at least three different replicates; **p<0.01 compared to
the control. (B) RT-PCR assays. Huh7 cells were treated with hydrogen peroxide (500 uM) for 0~6 hr. Lipin expression was analyzed by
RT-PCR. The results shown are representative of data from at least three different replicates; **p<0.01 compared to the control. (C)
Immunoblot analysis. AML12 cells were treated with hydrogen peroxide (500 uM) for 24 hr. The blots shown are representative of data
from at least three different replicates; *p<0.05 compared to the control.

of ROS (Fig. 1A). Next, we quantified Lipin/ mRNA abun-
dance to determine whether the changes in Lipinl protein
expression resulted from changes in its mRNA levels. Huh7
cells treated with hydrogen peroxide showed an increase in
Lipin] mRNA levels at 6 hr (Fig. 1B). However, treatment
with hydrogen peroxide did not affect the mRNA abun-
dance of Lipin2 (Fig. 1B). This suggests that the increase in
Lipinl protein expression involves an increase in its mRNA
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expression. Additional experiments were performed in
AMLI12 cells to determine whether the increase in Lipinl
expression following exposure to free radicals was also
observed in other hepatocyte-derived cell lines. Interestingly,
increased Lipinl protein expression was also observed in
AMLI12 cells after hydrogen peroxide treatment (Fig. 1C).
Collectively, these results clearly show that Lipin] is upreg-
ulated by ROS.
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Fig. 2. Effects of hydrogen peroxide on SREBP regulation. (A) Immunoblot analysis. Huh7 cells were treated with hydrogen peroxide
(500 uM) for 0~12 hr. The blots shown are representative of data from at least three different replicates; *p<0.05 compared to the con-
trol; WCL, whole cell lysates. (B) Immunoblot analysis. SREBP-2 was immunoblotted using cytosolic or nuclear extracts from Huh7 cells
treated with hydrogen peroxide (500 uM) for 0~6 hr. The blots shown are representative of data from at least three different replicates.
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Involvement of SREBP in Lipin1 induction by ROS.
Next, we investigated which transcription factor is involved
in the induction of Lipinl. SREBP is a transcription factor
involved in regulating various lipid synthesis genes in the
liver, including Lipini (5,19). Huh7 cells were treated with
hydrogen peroxide and the expression levels of SREBP-1
and SREBP-2 were determined. In the case of SREBP-1,
the level of the full-length isoform was significantly reduced
following hydrogen peroxide treatment, but no change was
observed for the abundance of the cleaved isoform (Fig.
2A, left). On the other hand, the levels of both full-length
and cleaved forms of SREBP-2 were increased after hydro-
gen peroxide treatment (Fig. 2A, right). Next, the intracellu-
lar dynamics of SREBP-2 were examined. Expression of
the full-length SREBP-2 was decreased in the cytoplasm
after hydrogen peroxide treatment, and the cleaved form
was accumulated in the nucleus (Fig. 2B). Taken together,
the increase in expression of Lipinl following oxidative
stress induced by treatment with hydrogen peroxide may be
due to an increase in the expression and activity of SREBP-2.

Inhibition of Lipin1 expression by antioxidants. Next,
we examined whether antioxidants can inhibit the expres-
sion of Lipin] following hydrogen peroxide treatment. Huh7
cells were pretreated with NAC and exposed to hydrogen
peroxide. The treatment with NAC significantly decreased
the protein levels of Lipinl following hydrogen peroxide
exposure (Fig. 3A). The expression of SREBP-2 was also
quantified following treatment with NAC. It was found that
NAC treatment significantly reduced the expression of
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Fig. 3. Effects of ROS on Lipin1 regulation. (A) Immunoblot
analysis. Huh7 cells were pretreated with NAC (10 mM) and con-
tinuously incubated with hydrogen peroxide (500 uM) for 12 hr.
The blots shown are representative of data from at least three
different replicates; *p<0.05 compared to vehicle-treated cells,
*p<0.01 compared to hydrogen peroxide-treated cells. (B) Im-
munoblot analysis. Huh7 cells were pretreated with NAC (10 mM)
and continuously incubated with hydrogen peroxide (500 pM)
for 6 hr. The blots shown are representative of data from at least
three different replicates; **p<0.01 compared to vehicle-treated
cells, *p<0.05 compared to hydrogen peroxide-treated cells.

SREBP-2 (Fig. 3B). These results indicate that Lipinl may
be regulated by free radicals and ROS-dependent SREBP-2
expression.

The effect of hyoxia-induced ROS production in Lipin1
induction. Next, we investigated whether the expression
of Lipinl is regulated by endogenous free radicals. In a
hypoxic environment, the use of oxygen in the mitochon-
dria is limited (20). Thus, the amount of ROS is increased
(20). First, we tried to detect cytosolic ROS level by using
dichlorofluorescin in hypoxia. However, hypoxia did not
significantly affect dichlorofluorescin fluorescence inten-
sity when compared with normoxia-exposed cells (data not
shown). Therefore, we conducted experiment for measure-
ment of mitochondrial ROS. When cells were cultured in a
hypoxic environment, the amount of ROS originating from
the mitochondria was increased (Fig. 4A). Next, the effect
of increased ROS levels on Lipinl expression was exam-
ined. Cells were cultured for 24 hr in a hypoxic environ-
ment, and Lipinl expression was increased (Fig. 4B). In
addition, pretreatment with antioxidants, such as NAC (5
mM) or trolox (100 uM), decreased Lipinl expression (Fig.
4B). Exposure to hypoxic condition for 24 hr caused severe
damage to cells. Therefore, we used NAC at a lower con-
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Fig. 4. Effect of mitochondrial ROS on Lipin1 induction follow-
ing hypoxia. (A) Measurement of mitochondrial ROS produc-
tion. Huh7 cells were incubated under normoxic (21% O,) or
hypoxic (1% O,) conditions for 6 hr. After staining with mito-
SOX, the cells were harvested. Mitochondrial ROS production
was determined using a fluorescence reader. Data are expressed
as the means + SE from at least three independent experiments;
**p<0.01 compared to the control. (B) Immunoblot analysis.
Huh7 cells were pretreated with NAC (5 mM) and trolox (Tro,
100 uM), and then incubated under hypoxic conditions (1% O,)
for 24 hr. The blots shown are representative of data from at
least three different replicates; *p<0.05 compared to the nor-
moxia-incubated cells, #p<0.01 compared to the hypoxia-incu-
bated cells.
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centration under hypoxia. In general, many in vitro studies
including our results, 2~10 mM concentrations of NAC
were used in hepatocytes (18,21-23). Hence, 5 mM NAC is
considered to be a proper concentration for scavenging ROS
production. These results suggested that stress-induced ROS
upregulate Lipinl expression.

DISCUSSION

This study showed that Lipinl was induced by endoge-
nous and exogenous ROS in hepatocyte-derived cell lines.
The increase in expression of Lipinl protein was accompa-
nied by a corresponding increase in mRNA levels. More-
over, it was found that the transcription factor SREBP-2
might contribute to ROS-dependent Lipinl induction. These
results suggest a mechanism in which oxidative stress causes
lipid accumulation in the liver.

It has been reported that expression of Lipinl is increased
under stress conditions (11,14). Glucocorticoid, a stress hor-
mone, increases hepatic PAP activity and the synthesis of
triglycerides (24,25). In addition, partial hepatectomy, dia-
betes, and alcohol consumption have also been reported to
increase PAP activity in the liver (26-29). Our results indi-
cated that oxidative stress induces Lipinl, which supports
the possibility that various stress conditions could increase
Lipinl levels as a result of excessive ROS production.
Hirotsu et al., reported that the antioxidant response ele-
ment is present in the promoter region of Lipinl, and NF-
E2-related factor 1 (Nrfl) binds this region to regulate its
transcription (30). However, the precise signaling pathway
mediated by Nrfl that controls Lipinl induction remains to
be elucidated.

SREBPs are transcription factors that regulate the expres-
sion of genes involved in lipid metabolism, including Lip-
inl (5,19). After a two-step proteolytic cleavage, SREBPs
are competent to transactivate genes involved in lipid syn-
thesis (19,31). Sterol depletion and ethanol exposure have
been reported to increase SREBP-dependent Lipinl expres-
sion (32,33). Of the two isoforms of SREBP, studies have
principally focused on the regulation of SREBP-1 and its
induction of Lipinl expression (5,32,33). In breast cancer
cells, hydrogen peroxide induces SREBP-1 expression, and
ultimately increases FAS levels (34). However, the present
study shows that SREBP-2 might be involved in the regula-
tion of Lipinl expression during oxidative stress. SREBP-2 is
relatively specific for the regulation of cholesterol homeo-
stasis rather than triglyceride levels (19). In relation to cho-
lesterol regulation, Lipinl has been reported to have dual
functions (11,13,35). It can either increase or decrease
VLDL secretion from the liver (11,13,35). In the fId mouse
model, loss of Lipinl expression increases plasma VLDL
levels (11,13). Meanwhile, hepatic VLDL secretion is
increased in cells that overexpress Lipinl (13,35). To under-
stand the effects of ROS on Lipinl-mediated cholesterol

homeostasis, further studies how it modulates SREBP-2
expression and activation is required.

In conclusion, our results showed that ROS induce Lip-
inl by activating SREBP-2. This research provides useful
insights into the mechanisms of lipotoxicity under oxida-
tive stress in the liver.
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