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Anthocyanin inhibits high glucose-induced hepatic
MtGPAT1 activation and prevents fatty acid synthesis
through PKC(®
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Abstract Mitochondrial acyl-CoA:glycerol-sn-3-phosphate
acyltransferase 1 (mtGPAT1) controls the first step of tri-
acylglycerol (TAG) synthesis and is critical to the under-
standing of chronic metabolic disorders such as primary
nonalcoholic fatty liver disease (NAFLD). Anthocyanin, a
large group of polyphenols, was negatively correlated with
hepatic lipid accumulation, but its impact on mtGPAT1 ac-
tivity and NAFLD has yet to be determined. Hepatoma cell
lines and KKAy mice were used to investigate the impact of
anthocyanin on high glucose-induced mtGPAT1 activation
and hepatic steatosis. Treatment with anthocyanin cyanidin-
3-O-B-glucoside (Cy-3-g) reduced high glucose-induced
GPAT1 activity through the prevention of mtGPAT1 trans-
location from the endoplasmic reticulum to the outer
mitochondrial membrane (OMM), thereby suppressing in-
tracellular de novo lipid synthesis. Cy-3-g treatment also in-
creased protein kinase C { phosphorylation and membrane
translocation in order to phosphorylate the mtFOF1-ATPase
B-subunit, reducing its enzymatic activity and thus inhibiting
mtGPAT1 activation. In vivo studies further showed that
Cy-3-g treatment significantly decreases hepatic mtGPAT1
activity and its presence in OMM isolated from livers,
thus ameliorating hepatic steatosis in diabetic KKAy mice.El
Our findings reveal a novel mechanism by which antho-
cyanin regulates lipogenesis and thereby inhibits hepatic
steatosis, suggesting its potential therapeutic application in
diabetes and related steatotic liver diseases.—Guo, H., D.
Li, W. Ling, X. Feng, and M. Xia. Anthocyanin inhibits
high glucose-induced hepatic mtGPAT1 activation and pre-
vents fatty acid synthesis through PKCL. J. Lipid Res. 2011.
52: 908-922.
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Nonalcoholic fatty liver disease (NAFLD) is considered
to be the most common hepatic manifestation of meta-
bolic syndromes such as diabetes and obesity (1). The dys-
regulation of triacylglycerol (TAG) metabolism may
contribute to the derangement of hepatic lipid homeosta-
sis and chronic liver damage (2). Thus, understanding the
steps involved in the regulation of hepatic TAG synthesis
would likely provide potential new targets for the treat-
ment and prevention of this condition.

Glycerol-sn-3-phosphate acyltransferase (GPAT) con-
trols the rate-limiting step in the glycerol 3-phosphate
pathway, converting glycerol-3-phosphate and acyl-CoA
into phosphatidic acid, which is the precursor of TAG and
glycerophospholipids (3). Currently, two GPAT activities
exist in most mammalian cells and tissues, the first of
which (msGPAT) is located in the endoplasmic reticulum
(ER) and the second of which is located in the mitochon-
dria, which is associated with the outer mitochondrial
membrane (OMM) (4, 5). The activities of mtGPAT and
microsomal GPAT can be differentiated by their selective
sensitivity to sulfhydryl group reactive reagents such as
N-ethylmaleimide (NEM) (6). Previous in vitro studies have

Abbreviations: AMPK, AMP-activated protein kinase; aPKC, atypi-
cal protein kinase C; CHAPS, 3-[(3-cholamidopropyl) dimethyl-
ammonio]l-propane sulfonate; Cy-3-g, cyanidin-3-O-beta-glucoside;
ER, endoplasmic reticulum; HE, hematoxylin and eosin; mtGPAT1, mi-
tochondrial acyl-CoA:glycerol-sn-3-phosphate acyltransferase 1; NA-
FLD, primary nonalcoholic fatty liver disease; NEM, N-ethylmaleimide;
OMM, outer mitochondrial membrane; PKC{, protein kinase C {; TAG,
triacylglycerol.
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Fig. 1. Anthocyanin prevents high glucose-induced mtGPAT1 activation. HepG2 cells were stimulated with
high glucose levels (25 mM, HG) in the absence or presence of 1, 10, or 100 uM Cy-3-g for 24 h. Normal
glucose (5.5 mM) was used as a control (Ctr). A: Cellular subfractions containing the endoplasmic reticulum
(ER) and outer mitochondrial membrane (OMM) were isolated and GPAT1 expression was measured by

Anthocyanin and hepatic lipid metabolism

909

2102 ‘0z aunr uo ‘1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2011/02/22/jir.M013375.DC1

demonstrated that the overexpression of mtGPAT primar-
ily results in the trafficking of exogenous fatty acids into
the TAG pool rather than the incorporation of these acids
into phospholipid fractions or into oxidative degradation
(7). Thus, it has been proposed that the mtGPAT1 isoform
might serve as a valve that channels fatty-acid derivatives
preferentially toward glycerolipid synthesis, counteracting
their partitioning into the B-oxidation pathway. On the
contrary, deletion of mtGPAT in mice substantially limits
the incorporation of acyl-CoA species into the sn-glycerol
3-phosphate pathway in liver, resulting in markedly lower
levels of hepatic lipid synthesis and the prevention of he-
patic steatosis (8, 9). Because the liver is among the organs
displaying the highest specific mtGPAT enzyme activity,
mtGPAT1 was regarded as a novel and potential target for
the treatment of hepatic steatosis.

Anthocyanins are naturally occurring pigments in the
plant kingdom and are therefore widely distributed as
plant polyphenols. Recently, anthocyanins have received
more attention as potential agents to halt, reverse, and im-
prove the symptoms of many degenerative diseases (10-13).
Recent studies have demonstrated that anthocyanin-rich
foods improve hyperlipidemia and significantly ameliorate
hepatic steatosis (14) but the underlying molecular mech-
anism is incomplete. Because GPAT]1 is a major lipogenic
enzyme implicated in the development of hepatic steato-
sis, we currently evaluated the effects of anthocyanin on
high glucose-induced mtGPAT]1 activation in vitro and in
vivo and its impact on hepatic steatosis. Notably, we dem-
onstrated that anthocyanin in hepatocytes abolishes high
glucose-induced mtGPAT1 activation through a mecha-
nism involving PKC{ activation and thus ameliorates he-
patic steatosis in obese diabetic KKAy mice.

MATERIALS AND METHODS

Cell culture and transfection

HepG2 cells (human hepatoma cell line, ATCC #HB 8065,
Manassas, VA) were cultured in DMEM (Gibco, Carlsbad, CA)
supplemented with 10% FBS and antibiotics at 37°C in a humidi-
fied, 5% COy/95% air atmosphere.

For PKC{ activation studies, HepG2 cells were seeded at a den-
sity of 10° per 60 mm diameter dish for 24 h prior to transfection.
Cells were transfected by the Lipofectamine method with 400 to
600 ng of constitutively active PKC{ (myr-PKC{-FLAG) and an
empty vector for a total of 2 mg of plasmid DNA. Cells were
starved in serum-free DMEM for 24 h prior to lysis, and lysates
were prepared at 48 h posttransfection. Myristoylation of PKC{
targets it to the membrane, resulting in a constitutively active
kinase whose basal activity was 6- to 7-fold higher than that of
wild-type PKCZ (15).

An F1-ATPase B-subunit clone was generated by PCR using an
F1-ATPase B-subunit forward primer (5-GAGAGGAGCTCC-
ACTATTGCTATGGATGGC-3', Sacl recognition site underlined)
and an F1-ATPase B-subunit reverse primer (5-GAGAGAAG-
CTTCACGACCCATGCTC-3’, HindIIl recognition site under-
lined) as described (16). The PCR product was cloned into the
pCMV5 vector (Clontech, Palo Alto, CA) between the Sacl and
HindIIl sites and then transformed into DHba cells. Transfor-
mants were screened, and positive clones containing plasmid
with the correct orientation of the insert were cultured. For trans-
fection, 800 ng of the ATPase B-subunit and 2.4 pl of Fugene 6
(Roche) were incubated in 100 wl of Opti-MEM (Invitrogen) for
30 min at room temperature for 24 h.

Subcellular fraction preparation

Total cell lysates were prepared in lysis buffer (1% Triton X-100,
150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.2
mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovana-
date, and 0.5% NP-40) and protein contents were measured using
the Bradford assay. Cytosolic and membrane fractions were pre-
pared as described previously (17). Mitochondrial fractions from
the hepatocytes and livers of mice were prepared as described pre-
viously (17) and then solubilized in Tris buffer containing 1% digi-
tonin,or1%3-[ (3-cholamidopropyl) dimethyl-ammonio] 1-propane
sulfonate (CHAPS) at 4°C as reported previously (18).

‘Western blot

Equal amounts of proteins (30 pg) from total cell lysate, cytosolic
fractions, membrane fractions, or liver tissue were resolved by SDS-
PAGE and transferred to polyvinylidene difluoride membranes.
The membranes were then probed with primary antibodies against
phospho-PKC-{ Thr410 and PKC{ (Cell Signaling Technology,
Danvers, MA), GPAT1 (Abcam, Cambridge, MA), ER marker-KDEL
(Abcam), mitochondrial marker-VDAC (Abcam), alkaline phos-
phatase (Abcam), lactate dehydrogenase (Abcam), and B-actin
(Cell Signaling Technology). The membranes were then incubated
with appropriate secondary antibodies and visualized with the Super
Signal West Pico chemiluminescent substrate (Roche).

RNA interference

ATP5B small interfering (si)RNA (sc-40565, Santa Cruz) is a
pool of three target-specific 19-25 nt siRNAs designed to knock
down the human FI-ATPase 3-subunit gene expression.

RNA interference to knock down the human PKC{ gene was
composed of four pooled siRNA duplexes with “UU” overhangs
(siRNAT: “GGUUGUUCCUGG UCAUUGA”; siRNA2: “GACCAA-
AUUUACGCCAUGA”; siRNA3:“GAACGAG GACGCCGACCUU”;
siRNA4: “CGUCAAAGCCUCCCAUGUU”; Cat no. M-003526-02;
Dharmacon, Lafayette, CO). A nonrelated siRNA pool (Cat no.
D-001206-13-20, Dharmacon) that does not target any known
genes was used as a control. The cells were transfected with these
molecules using lipofectamine reagent.

Measurement of GPAT activity

HepG2 cells or approximately one-third of a fresh mouse
liver was homogenized using a Dounce homogenizer in an

Western blot. Anti-KDEL and anti-VDAC antibodies were used to assess the purity of the ER and mitochon-
dria fractions, respectively. The blot data are representative of three separate experiments. B: Total GPAT1
activity, (C) mtGPAT1, and (D) NEM-sensitive GPAT1 activity was quantified. E: Cellular triacylglycerol
(TAG) were extracted and isolated by thin-layer chromatography. F: The uptake of [SH]palmitate by HepG2
cells was measured as described in Materials and Methods and expressed as percent of control. G, H: Hepatic
lipid accumulation was determined by (G) TG mass measurements (expressed as pg of lipid/mg of protein)
and identified by (H) Oil Red O staining (200x). Data are expressed as the means + SEM from three inde-
pendent experiments. *P < 0.05 and **P < 0.01 versus HG-treated cells.
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Fig. 2. FOF1-ATPase is both necessary and sufficient for high glucose-induced mtGPAT1 activation. A, B:
HepG2 cells were stimulated with high glucose levels (25 mM) in the absence or presence of oligomycin
(OM) and aurovertin (AV) for 24 h. Normal glucose (5.5 mM) was used as a control. A: GPAT1 expression
in the ER and OMM was determined by Western blot. B: The mtGPAT1 activity was measured in OMM frac-
tions. C, D: HepG2 cells were transfected with vectors encoding the F1-ATPase B-subunit siRNA (B si) and
control siRNA (Ctr si) and then incubated with high glucose levels for 24 h. C, inset: Representative blot
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Fig. 3. F1-ATPase-dependent ATP hydrolysis is critical for high glucose-induced mtGPAT1 activation. A, B:
HepG2 cells were incubated with normal glucose (Ctr, 5.5 mM), or high glucose (HG, 25 mM) in the ab-
sence or presence the purified IF1 protein (100 nM). A: The ATP hydrolysis activity was measured with an
ATP-regenerating system. B: The ADP/ATP ratio was measured by bioluminescent detection. In some ex-
periments, (C) ADP (100 nM) or ATP (100 nM), (D) apyrase (0.2 u/ml) and (E) 2MeS-ADP (100 nM) or
ATP-yS (100 nM) was added to the incubation medium, respectively. The mtGPAT1 activity was assayed, and
data are expressed as means = SEM from three independent experiments. *P < 0.05.

ice-cold homogenization buffer containing 10 mM Tris-HCI, pH
7.4, 250 mM sucrose, 1 mM DTT, 1 mM EDTA, and complete
proteinase inhibitor cocktail (Roche Applied Science). Mem-
brane debris and nuclei were removed by centrifugation at 800 g
at 4°C for 5 min. Supernatant was transferred to clean tubes and
centrifuged at 12,000 gat 4°C for 10 min to pellet the mitochon-
dria. The pellet was then resuspended with the ice-cold homog-
enization buffer for protein quantification and enzymatic assay.
Prior to assay of mtGPAT1 activity, the mitochondrial suspension
was incubated on ice for 15 min in the presence of 2 mM NEM

(Sigma Aldrich) to inactivate other GPAT activities. The mtG-
PAT activities were assayed at steady-state equilibrium conditions
using 10 pg of protein at 25°C for 1 h in assay buffer (75 mM Tris-
HCI, pH 7.4, 4 mM MgCl2, and 8 mM NaF) containing 100 uM
palmitoyl-CoA (Avanti Polar Lipids, Alabaster, AL), 1 mM glycer-
ol-3-phosphate, 2 mg/ml BSA and 1 pCi [3H]glycerol-3-phos-
phate (American Radiolabeled Chemicals, St. Louis, MO). The
reaction was stopped by adding five volumes of water-saturated
1-butanol. After thorough mixing to extract the lysophosphatidic
acid product, phase separation was achieved by centrifugation at

showing B-subunit protein expression in hepatocytes transfected with control or B-subunit siRNA. E, F:
HepG2 cells were transfected with a plasmid encoding F1-ATPase B-subunit (ATPase ) or empty vector.
After that, the transfected hepatocytes were stimulated with high glucose levels (25 mM) for 24 h. E: The
expression levels of GPAT1 and (F) the enzymatic activity was measured in the OMM fractions. E, inset:
Representative blot showing B-subunit protein expression in hepatocytes transfected with empty vector or
ATPase B-subunit. Data are shown as representative blots or are expressed as the means = SEM by three in-
dependent assays from three independent experiments.
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Fig. 4. PKC{ mediates the inhibition of high glucose-induced mtFOF1-ATPase activity by anthocyanin. A:
HepG2 cells were incubated with normal glucose (control, 5.5 mM) or stimulated with high glucose (HG, 25
mM) in the absence or presence of 1, 10, or 100 uM Cy-3-g for 24 h. After that, the FOF1-ATPase activity hepatic
mitochondrial preparations was assayed as indicated. Data are expressed as means + SEM from three indepen-
dent experiments. *P < 0.05, *¥*P < 0.01 versus HG. B-D: Cultured HepG2 cells were incubated with normal
glucose, high glucose levels (HG), HG plus Cy-3-g, or HG plus Cy-3-g in the presence of (B) the PKC inhibitor
staurosporine (Stauro, 200 nM) or bisindolymaleimide I hydrochloride (BIM, 5 uM) for 24 h; (C) peptide in-
hibitors of PKC{, PKC3, or the TAT carrier peptide (all 1 mM); or (D) PKC{ siRNA (PKC si) or control siRNA
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13,000 gin a microcentrifuge for 10 min. The aqueous phase was
transferred to clean tubes, and further separation was achieved
using two back extractions with water-saturated 1-butanol. The
top layer was then transferred to a scintillation vial and counted
for radioactivity (7, 19). The use of NEM sensitivity on a single
high-speed spin pellet has been previously demonstrated to ef-
fectively differentiate mitochondrial (NEM-resistant) from ER-
associated (NEM-sensitive) GPAT activity (20).

FOF1-ATPase activity

Mitochondrial FOF1-ATPase activity was measured spectrophoto-
metrically at 340 nm by coupling the production of ADP to the oxi-
dation of NADPH via the pyruvate kinase and lactate dehydrogenase
reaction (coupled assay). Specific FOF1-ATPase activity in all cases
was determined in the presence of the enzyme inhibitors oligomycin
or efrapeptin. To study the possible effects of anthocyanin on the
other enzymes used in the coupled assay with ATPase, i.e., pyruvate
kinase and lactate dehydrogenase, ATP was omitted from the buffer
and the reaction was started by the addition of 0.2 mM ADP (21).

Measurement of ADP/ATP ratio

The ADP/ATP ratio of the HepG2 cells was determined with
an ADP/ATP Ratio Assay Kit (Bioluminescent, ab65313, Abcam).
The assay can be fully automated for high-throughput and is
highly sensitive.

Fatty acid uptake assay

The HepG2 cells were incubated with Cy-3-g (1 uM, 10 nM, 100
M) for 2 h in serum-free medium. The cells were then treated with
[3H]BSA-palmitate (1 wCi per well) for 4 min. We washed the cells
with HBSS and lysed them with 1 N NaOH. Radioactivity was quan-
tified with a liquid scintillation counter (LKB Instruments) (22).

Lipid biosynthesis

Hepatocytes were incubated with [3H] labeled-palmitic acid as
described. Cells were rinsed with PBS and scraped from the plates
using PBS containing 1% Triton X-100. Lipids were extracted from
either cellular homogenate or media in methanol-chloroform
(1:2), and the radioactivity incorporated into lipids was deter-
mined by scintillation vials and and counting radioactivity (7).

Triglyceride content in liver and cultured hepatocytes

Liver (100 mg) was homogenized in water and lipids were ex-
tracted into CHCI;, dried, and resuspended in 1 ml of CHCI;. A
fraction of the original lipid extract was dried and resuspended in
isopropyl alcohol, 1% Triton X-100 at room temperature for 1 h.
The triglyceride level was determined using triglyceride assay re-
agents (Sigma Aldrich) (23). The quantitative estimation of hepatic
triglyceride accumulation in HepG2 cells was performed by the ex-
traction of hepatic lipids from cell homogenates using chloroform-
methanol (2:1) and the enzymatic assay of triglyceride mass using
the EnzyChrom™ triglyceride assay kit (Bioassay Systems) (24).

Histology of liver

Tissues were fixed in 4% buffered paraformaldehyde. For hema-
toxylin and eosin (HE) staining, tissues were dehydrated and

embedded in paraffin. For Oil Red O staining, livers were embedded
in Tissue-Tek OCT, snap-frozen, and stored at —80°C. Images were
captured using an Olympus BX60 camera (Tokyo, Japan) (25).

PKC{ activity
PKC{ kinase activity was assayed using an HTScan® PKC{ Ki-
nase Assay Kit (#7607, Cell Signaling Technology).

KKAy mice study

Male KKAy mice at 6 wks of age were purchased from the Jack-
son Laboratory (Bar Harbor, ME). The mice were maintained on
a standard purified mouse diet (AIN-93, control) or on AIN-93
plus Cy-3-g (100 mg/kg) ad libitum for 12 wks. Anthocyanin
Cy-3-g was mixed to homogeneity during the preparation of these
diets. Chow diet was never permitted to exceed 30°C and was
kept away from light whenever possible to ensure the stability of
Cy-3-g. Stock Cy-3-g and all chow was stored in the dark at —40°C,
and food was provided in cages for no more than 1 wk. To iden-
tify the critical role of PKC{, some mice also received TAT-
conjugated peptide PKC{ inhibitor (0.2 mg/kg). The peptide PKC{
inhibitor was given by intraperitoneal injection. All drugs were
prepared in sterile saline and controls received equal volumes of
the saline vehicle.

Determination of hepatic triglyceride secretion

We used a protocol modified as previously demonstrated (26).
Briefly, mice were injected with 100 pl of 10% Tyloxapol (Triton
WR1339, which inhibits all lipoprotein lipases and therefore the
clearance of TG from the blood) per animal by intravenous injec-
tion, and blood was collected to check TG at 1 h. Plasma was
separated and assayed for triglycerides. TG secretion rates were
expressed as milligram per kilogram per h after normalizing with
their liver weight.

Statistical analysis

Results were expressed as mean + SEM. Comparison between
groups was performed by Student’s paired two-tailed #test. One-
way ANOVAs were used to examine differences in response to
treatments between groups with post hoc analysis performed by
the method of Student-Newman-Keuls. P < 0.05 was considered
significant.

RESULTS

Anthocyanin reduces high glucose-induced GPAT1
translocation and inhibits lipid accumulation in human
HepG2 cells

We first examined the effects of anthocyanin upon
GPAT1 protein expression. HepG2 cells were treated with
normal (5.5 mM) and high (25 mM) concentrations of glu-
cose either alone or in the presence of anthocyanin Cy-3-g
for 24 h. GPAT1 protein was mainly present in the ER frac-
tions when the cells were cultured in a normal glucose
medium. However, the presence of high glucose levels

(Ctrsi). F1-ATPase activity was then determined as indicated in Materials and Methods. D, inset: Representative
blot showing PKC{ protein expression in HepG2 cells transfected with control or PKC siRNA. E: HepG2 cells
were incubated with normal glucose (Ctr), high glucose levels (HG), HG plus Cy-3-g, or HG plus Cy-3-g in the
presence of PKC{ siRNA (PKC( si) or control siRNA (Ctr si). The mtGPAT1 activity was then determined. F:
GPAT1 expression in ER fractions was measured by Western blot. The blot is representative of three separate
experiments. G: Hepatic TG concentrations were analyzed and expressed as pg of lipid/mg of protein. Data
are expressed as the means + SEM from three independent experiments. *P < 0.05.
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Fig. 5. Anthocyanin increases PKC{ phosphorylation and translocation. A: Confluent HepG2 cells were
exposed to normal glucose (Ctr), high glucose levels (HG), or HG plus Cy-3-g (10 uM) for 1 h, and PKC{
phosphorylation was assayed by immunoblot. B: Anthocyanin increases the translocation of PKC{ from the
cytosol to the membrane (upper panel). The purity of the subcellular fractions was detected by Western blot
with the use of specific antibodies against marker enzymes. All the blots are a representative of three blots
obtained from three independent experiments. C: PKC{ activity was analyzed as described in Materials and
Methods. Data are the means + SEM from three independent experiments. *P < 0.05 versus HG+Cy-3-g.

caused a significant decrease in GPAT1 protein expression
in the ER and an increase in the OMM, indicating that a
high concentration of glucose induces GPAT1 transloca-
tion in HepG2 cells. Significantly, this translocation of
GPAT1 to the OMM was inhibited by anthocyanin Cy-3-g
in a dose-dependent manner (Fig. 1A). These effects were
not attributable to the alteration of GPAT1 expression be-
cause the level of total GPAT1 was not changed by anthocya-
nin. The purity of subcellular fractions was verified with the
specific markers: the presence of KDEL and the absence of
VDAC in ER preparations, and the presence of VDAC and
the absence of KDEL in OMM fractions.

A previous study reported that GPAT1 is more active in
OMM (27). We thus evaluated the impact of GPAT1 translo-
cation inhibition by anthocyanin upon its enzymatic activity
in HepG2 cells. Compared with normal concentrations of
glucose, high glucose treatment caused a significant in-
crease in total GPAT activity (Fig. 1B) and mtGPATT activity

(Fig.1C), both of which were inhibited by Cy-3-g in a dose-
dependent fashion. However, NEM-sensitive GPATT activity
was unchanged after treatment by Cy-3-g (Fig. 1D).

To further determine whether the reduction of mtG-
PATT activity by anthocyanin is of functional relevance, we
investigated de novo lipid biosynthesis. Cells incubated with
high glucose levels showed a significant increase in intracel-
lular TAG synthesis (Fig. 1E), which was markedly inhibited
by anthocyanin. However, anthocyanin Cy-3-g treatment
did not affect the uptake of palmitate into hepatocytes (Fig.
1F). More importantly, Cy-3-g markedly suppressed intrac-
ellular lipid accumulation as revealed by the direct TG mass
measurements (Fig. 1G) and Oil Red O staining (Fig. 1H).

F1-ATPase mediates high glucose-induced GPAT1
translocation and activity

Mitochondrial FOF1-ATP synthase is a mitochondrial inner
membrane-bound enzyme composed of two main domains,
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Fig. 6. PKC{induces the phosphorylation of the B-subunit of FOF1-ATPase. A: HepG2 cells were incubated
with normal glucose (Ctr), high glucose levels (HG), HG plus Cy-3-g, or HG plus Cy-3-g in the presence of
PKC{ siRNA (PKCE si) or control siRNA (Ctr si). Serine phosphorylation of the B-subunit of FOF1-ATPase
was assessed by immunoprecipitation from hepatocytes and detection with the specific antibody. Data are
representative of three independent analyses. B: HepG2 cells, transfected with constitutively active PKCZ
(myr-PKC{-FLAG), were left untreated or incubated with Cy-3-g. A representative autoradiogram from three
independent assays of the phosphorylation of the B-subunit of FOF1-ATPase was shown. C, D: HepG2 cells
were transfected with myr-PKCZ{-FLAG and then incubated with high glucose levels for 24 h. C: FOF1-ATPase
activity and (D) the ATP hydrolysis activity were measured as indicated and expressed as fold of control. E:
Representative blots showing GPAT1 expression in ER, OMM, and total GPAT1 levels. Data are the means +
SEM from three independent experiments. *P < 0.05 versus HG.

including FO and F1 (28). We then assessed the possible role
of FI-ATPase in high glucose-induced mtGPAT1 activation.
Both oligomycin, a specific inhibitor of the FOF1-ATPase via
the blockade of rotary proton translocation in F0, and au-
rovertin, a specific inhibitor of the F1 sector of the mitochon-
drial ATPase, completelysuppressed the high glucose-induced
GPAT]1 translocation (Fig. 2A) and activity (Fig. 2B).
F1-ATPase is made up of five subunits («a3B3yd¢), with
the catalytic site located within the B-subunit (29).We then
transfected HepG2 cells with a specific siRNA against the
human B-subunit to further verify the role of F1-ATPase
on GPATT1 translocation. Notably, we observed that 3-subunit
silencing abrogated the high glucose-mediated activation

916 Journal of Lipid Research Volume 52, 2011

of GPAT]1 translocation from the ER to the OMM (Fig. 2C)
and increase in mtGPAT1 activity (Fig. 2D). On the con-
trary, overexpression of the B-subunit potently enhanced
the high glucose-induced GPAT]1 translocation (Fig. 2E)
and mtGPATT activity (Fig. 2F), indicating that the B-subunit
of F1-ATPase is essential for high glucose-mediated mtG-
PAT1 activation.

We further measured the functional activity of cell-surface
ATPase. Evidently, high glucose level incubation resulted
in the significant increase of the ATP hydrolysis activity
(Fig. 3A) and the ADP/ATP ratio (Fig. 3B). The purified
IF1 protein, a natural inhibitor of mitochondrial F1-AT-
Pase that interacts with the B-subunit to inhibit the ATP
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Fig. 8. PKC{inhibition prevents the anthocyanin-mediated hepatic mtGPAT1 activation and lipid accumu-
lation in vivo. Male KKAy mice at 6 wks of age were maintained on a standard purified mouse diet (AIN-93)
or on AIN-93 plus Cy-3-g (100 mg/kg) for 12 wks. Some mice fed Cy-3-g also received TAT-conjugated pep-
tide PKC{ inhibitor (0.2 mg/kg) or TAT-carrier (0.2 mg/kg), respectively. The peptide PKC{ inhibitor was
given by intraperitoneal injection. A: Cellular subfractions containing the endoplasmic reticulum (ER) and
outer mitochondrial membrane (OMM) were isolated and GPAT1 expression was measured by Western blot.
Anti-KDEL and anti-VDAC antibodies were used to assess the purity of the ER and mitochondria fractions,
respectively. B: The mtGPAT1 activity was measured in the OMM fractions. The results are expressed as the
means = SEM from eight mice.*P < 0.05. C: Hepatic TG levels were assessed directly. The results are ex-

pressed as the means + SEM from eight mice.* P<0.05.

hydrolysis activity (30), could reduce both the basal (38.4%
reduction) and the high glucose-stimulated hydrolysis ac-
tivity (49.3% reduction). Because ATP hydrolase activity is
a main feature of a whole F1-ATPase complex, our data
indicate that, on the plasma membrane of hepatocytes,
there is a complete F1-ATPase that functions as an ATP
hydrolase and can be stimulated by high glucose levels.
Furthermore, 100 nM ADP (the only compound pro-
duced by ATP synthase at the hepatocyte cell surface)
stimulated the activity of mtGPAT1 by 2.2-fold, similar to
the amount stimulated by high glucose levels (Fig. 3C).
The effect of both agents was not additive, suggesting that
they affect a similar mtGPAT1 activation pathway. By con-
trast, 100 nM ATP stimulated only a minor increase in mt-
GPATT1 activation. In addition, apyrase, which hydrolyzes
both ATP and ADP, completely abolished both the basal
and the high glucose-stimulated mtGPAT1 activation

(Fig. 3D). Moreover, 2MeS-ADP, a nonhydrolysable ana-
log of ADP, showed a weak stimulation of mtGPAT1 activa-
tion. By contrast, ATP-yS, a nonhydrolysable analog of
ATP, had no effect (Fig. 3E). Together, these data indicate
that there may be a specific ADP-dependent pathway for
mtGPAT1 activation.

Anthocyanin suppresses high glucose-induced
mtFOF1-ATPase activity through stimulation of PKC{
activation

We next examined whether the suppressive effects of an-
thocyanin upon mtGPAT1 activity were dependent on the
inhibition of mtFOF1-ATPase. Anthocyanin Cy-3-g treatment
was found to inhibit FOF1-ATPase activity in a concentration-
dependent manner (Fig. 4A). Dynamic analysis further
showed that the 1Cy, of Cy-3-g was 11.8 uM but was 10 uM
for digitonin-solubilized and CHAPS-solubilized prepara-

918

Fig. 7. Anthocyanin induces PKC{ activation and inhibits mtGPAT1 activation in KKAy mice. Male KKAy
mice were fed on a normal chow diet or chow supplemented with Cy-3-g at a dose of 100 mg/kg for 12 wks.
C57BL/6] mice were used as a control (Ctr). A: Representative blots showing GPAT1 expression in the ER
and OMM isolated from the mouse livers. B: Hepatic mtGPATT1 activity. C: Representative blots of the phos-
phorylation levels of FOF1-ATPase B-subunit. D: Hepatic FOF1-ATPase activity. *P < 0.05 versus KKAy mice. E:
The PKC{ phosphorylation and (F) activity were assayed in protein samples from the livers of KKAy mice. G:
Fixed liver sections were stained with HE (upper panel) and Oil Red O (lower panel) to detect intracellular
neutral lipids under microscopy. H: Hepatic total TG mass (mg/g of liver). I: TG secretion rate to plasma
(mg/h/g of liver). The results are representative of eight mice in each group.
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tions, respectively, indicating that anthocyanin Cy-3-g is a
potent antagonist of FOF1-ATPase (supplementary Fig. I).
Anthocyanin itself did not have any effect upon other en-
zymes, i.e., pyruvate kinase and lactate dehydrogenase, which
were used in the ATPase activity assay.

PKC{ is an atypical isoform of the PKC family and has been
implicated as a potential target for treating obesity- and
diabetic-associated abnormalities (31, 32). To elucidate the
participation of PKC{ activation in the anthocyanin-mediated
inhibition of mtFOF1-ATPase, we exposed HepG2 cells
to staurosporine or bisindolylmaleimide (BIM), two potent
PKC antagonists. Notably, in the presence of staurosporine
or BIM, the reduction in mtFOF1-ATPase activity by anthocya-
nin was markedly reversed, indicating that PKC activation is
involved in the effects of this chemical (Fig. 4B). We then
sought to identify the responsible PKC isoform using specific
peptide inhibitors (33). The inhibition of high glucose-
stimulated mtFOF1-ATPase by anthocyanin was significantly
blocked by a TAT-conjugated PKC{ peptide inhibitor, but
not by a TAT-conjugated PKCS inhibitor or by the TAT car-
rier peptide alone (Fig. 4C). To further confirm the critical
role of PKC{, we employed specific PKC{ siRNA and found
consistently that transfection of HepG2 cells with this mole-
cule also significantly and specifically reduced anthocyanin-
mediated inhibition of high glucose-induced mtFOF1-ATPase
activation (Fig. 4D). Furthermore, this reduction was strongly
attenuated by the PKCspecific siRNA (Fig. 4E). More sig-
nificantly, PKC silencing strongly abolished the beneficial
effects of anthocyanin upon GPATI translocation (Fig.
4F) and intracellular lipid accumulation in HepG2 cells
(Fig. 4G).

Because the phosphorylation of a critical threonine in
the activation loop of PKCs is the essential first step of PKC
activation (34), we then determined the impact of antho-
cyanin on PKC{ activation in HepG2 cells. The levels of
phosphorylated PKC{ were found to be very low in HepG2
cells under high glucose-stimulated conditions. In con-
trast, anthocyanin treatment significantly enhanced the
PKC{ Thr410/403 phosphorylation levels (Fig. 5A). The
translocation of PKC{ is considered a critical step in PKC{
activation, and the exposure of HepG2 cells to anthocya-
nin significantly increased the levels of PKC{ in membrane
fractions but lowered these levels in the cytosol (Fig. 5B,
upper panel). The purity of these subcellular fractions was
confirmed by incubation with antibodies against specific
protein markers of the cytosol (lactate dehydrogenase) and
plasma membrane (alkaline phosphatase) (Fig. 5B, lower
panel) (15). In parallel, anthocyanin significantly increased
the specific PKC{ kinase activity in HepG2 cells (Fig. 5C).

PKCC{ activation induces the phosphorylation of
F1-ATPase (3-subunit

PKC has been demonstrated to be involved in controlling
the function of other proteins through the phosphorylation
of serine and threonine amino acid residues on these pro-
teins (35). Several FOF1-ATPase subunits have PKC consen-
sus amino acid motifs (36), and we further determined the
subunit, which is phosphorylated by PKC{. We found that

anthocyanin treatment resulted in the increased phosphor-
ylation of the FOF1-ATPase (-subunit, which was largely
blocked by PKC{ siRNA (Fig. 6A).

We further wanted to determine whether PKC{ could reg-
ulate the phosphorylation of the B-subunit. A constitutively
active and membrane-targeted PKC{ (MyrPKC{- FLAG)
alone increased Thr phosphorylation in the FOF1-ATPase
B-subunit (lane 3) almost 3-fold over the basal level of
phosphorylation observed in unstimulated and high glucose-
stimulated HepG2 cells (lanes 1 and 2), resulting in the re-
duction of B-subunit expression levels (Fig. 6B). This impact
was not further augmented by anthocyanin Cy-3-g (Fig. 6B).
These data indicate that PKC{ mediates the anthocyanin-
responsive phosphorylation and degradation of the B-subunit
of FOF1-ATPase.

To investigate the functional consequences of the phos-
phorylation of the B-subunit of FOF1-ATPase by PKC, we
performed an in vitro assay to determine whether this event
alters the enzyme activity. The higher activity of FOF1-ATPase
induced by high glucose levels was decreased by 42% in the
presence of constitutively active PKC{ (Fig. 6C), leading to
lowered ATP hydrolysis activity (Fig. 6D). More evidently,
transfection of HepG2 cells with constitutively active PKC{
also prevented the translocation of GPATI from the ER to
OMM (Fig. 6E). These results indicate that B-subunit phos-
phorylation by PKC{ has an inhibitory effect upon FI1F0-
ATPase.

Anthocyanin inhibits mtGPAT1 and lipogenesis in
diabetic KKAy mice

To confirm the effects of anthocyanin on mtGPAT1 activ-
ity and hepatic steatosis in vivo, obese diabetic KKAy mice
were fed normal chow or chow supplemented with anthocya-
nin Cy-3-g (100 mg/kg). After 12 wks, the GPAT1 protein was
found to mainly accumulate in the ER fractions from the liv-
ers isolated from control C57BL/6] mice but was mostly
found in the mitochondria in the livers of KKAy mice, indi-
cating that exposure to high glucose levels may promote the
translocation of this protein. Remarkably, this translocation
was largely blocked in the livers of KKAy mice supplemented
with anthocyanin (Fig. 7A). In addition, the mtGPAT1 activ-
ity was increased in mitochondrial fractions from the livers of
KKAy mice versus C57BL/6] mice. In contrast, anthocyanin
supplementation significantly decreased this mtGPAT1 ac-
tivity (Fig. 7B). These findings indicate that anthocyanin
prevents mtGPAT1 translocation from the ER to the mito-
chondria, where it is activated. Furthermore, anthocyanin
treatment also alters F1-ATPase B-subunit phosphorylation
levels (Fig. 7C) and enzymatic activity (Fig. 7D) in KKAy mice.
However, anthocyanin supplementation did not affect the
plasma glucose concentration but significantly reduced TG
levels (supplementary Table I).

We next evaluated PKC{ phosphorylation and its kinase
activity in KKAy mice. Anthocyanin treatment strongly in-
creased the levels of phospho-PKC{ at Thr410/403 (Fig.
7E), which is required for the full catalytic activity of this
kinase. Accordingly, anthocyanin caused a 2.3-fold induc-
tion of PKC{ activity compared with untreated KKAy mice
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(Fig. 7F). In addition, Oil Red O and HE staining showed
that the livers from KKAy mice had more lipid droplet ac-
cumulation than those of the control C57BL/6] mice. An-
thocyanin supplementation of KKAy mice remarkably
reduced the number (or size) of lipid droplets (Fig. 7G)
and TG mass (Fig. 7H) in the liver, indicating an allevia-
tion of hepatic steatosis. Hepatic steatosis could also result
from a relative reduction in VLDL secretion. To test this
possibility, lipoprotein lipase activity was pharmacologi-
cally blocked with Tyloxapol, and VLDL secretion rates
were measured in vivo. Following Tyloxapol injection, the
plasma TG accumulation was identical in untreated and
anthocyanin-treated mice, suggesting that the total TG
secretion from the liver was not affected in the presence of
anthocyanin (Fig. 7I). These data suggest that the de-
creased hepatic TG by anthocyanin may be caused by the
reduction of TG synthesis rather than TG secretion.

To further substantiate the critical role of PKC{ in the
improvement of hepatic steatosis by anthocyanin Cy-3-g in
vivo, we performed a knockdown of the PKC{ expression
by intraperitoneal injection of TAT-conjugated peptide
PKC{ inhibitor or TAT carrier peptide. PKC{ inhibition
abrogates the protective effects of anthocyanin on GPAT1
translocation (Fig. 8A), activity (Fig. 8B), and lipid accu-
mulation in livers (Fig. 8C).

DISCUSSION

The major findings of our current study are that antho-
cyanin Cy-3-g stimulates PKC{ activation in HepG2 cells by
inducing its phosphorylation at Thr410/403 and its mem-
brane translocation. The activation of PKC{ then phos-
phorylates the B-subunit of mtFOF1-ATPase, suppresses its
activity, and inhibits mtGPAT1 activation, leading to the
reduction of de novo lipid biosynthesis induced by high
glucose levels. Furthermore, in vivo studies showed that
supplementation of Cy-3-g increased PKC{ activity and de-
creased mtGPAT] activity in the mouse liver, thereby ame-
liorating the hepatic steatosis in diabetic KKAy mice. The
novel mechanism we have deduced is one in which antho-
cyanin beneficially regulates hepatic lipid metabolism
through the PKC{-FOF1 ATPase-mtGPATI1 pathway. The
ability of anthocyanin to modulate mtGPAT1 activation
and improve hepatic lipid metabolism also suggests that it
might be a valuable tool in treating NAFLD.

Anthocyanins are widely integrated in the human diet
through the consumption of plant-based foods (10, 11).
Many reports have discussed the important role of antho-
cyanins as dietary antioxidants that protect against oxida-
tive damage, and recent studies including ours have
further unveiled the important roles of anthocyanin in
lipid metabolism (10-12, 37). Although the mtGPAT1 is
shown to be an important regulator in lipid homeostasis
and obesity-related disorders, no evidence as yet links mt-
GPAT1 to the antilipogenic effects of anthocyanin. In this
study, we demonstrated that anthocyanin treatment
strongly inhibits mtGPAT1 activation in response to high
glucose levels by interrupting GPAT1 translocation from
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the ER to the mitochondria in hepatocytes, resulting in a
potent suppression of mtGPATTI activity and the lipogenic
process.

FOF1-ATPase/ATP synthase acts as the powerhouse of
the cell by synthesizing ATP in the inner membranes of
mitochondria (38). It can also operate in the reverse direc-
tion, i.e., by hydrolyzing ATP and pumping protons under
certain conditions. Our current data show that depletion
of FOFI-ATPase largely abolishes GPATI incorporation
into the OMM. ADP treatment augments mitochondrial
GPAT activity, but a nonhydrolysable analog does not in-
duce this response, suggesting that the functional F1-AT-
Pase may function as an ATP hydrolase in regulation of
GPAT1 translocation, which can be stimulated by high glu-
cose levels. Thus, we uncovered a novel finding, that
mtFOF1-ATPase mediates the high glucose-induced activa-
tion of GPATI by accelerating the movement of GPAT1
from the ER to the OMM in hepatocytes. In accordance
with the previous study showing that ATP synthase is a tar-
get for dietary phytochemicals (18), we currently demon-
strated that anthocyanin Cy-3-g treatment also significantly
suppressed the FOF1-ATPase activity and simultaneously
affected the ADP/ATP ratio. Thus, the interaction of an-
thocyanin with these enzymes could be the principal
mechanism underlying the actions of these phytochemi-
cals because apyrase, a calcium-activated plasma mem-
brane-bound enzyme, catalyses the hydrolysis of both ATP
and ADP to yield AMP. Furthermore, increased AMP-
to-ATP ratio leads to a conformational change in the
v-subunit leading to the activation of AMP-activated pro-
tein kinase (AMPK), a heterotrimeric energy-sensing pro-
tein, decreases lipid synthesis in liver tissues (39, 40). Thus,
our data could not exclude the role of AMP and AMPK in
effects of Cy-3-g.

Atypical protein kinase C (aPKC) isoforms mediate in-
sulin effects on glucose transport in muscle and adipose
tissues and lipid synthesis in liver and support other meta-
bolic processes (41). Hepatic aPKC-dependent activation
of sterol regulatory binding protein-lc and nuclear factor-
kB contributes to the development of hepatic lipogenesis,
hyperlipidemia, and systemic insulin resistance. Accord-
ingly, hepatic aPKC is considered as a potential target for
treating obesity-associated abnormalities (32). PKC{ is a
serine/threonine protein kinase that belongs to the atypi-
cal subfamily of PKC isoforms (42, 43); however, few re-
ports link it to lipid metabolism. Here, we presented the
original data that PKC{ is primarily responsible in the an-
thocyanin-mediated inhibition of mtGPATT1 activation and
lipid synthesis induced by high glucose levels both in vitro
and in vivo. Pharmacological or genetic ablation of PKC{
largely reversed the impact of Cy-3-g upon mtGPATTI acti-
vation in hepatocytes, indicating that PKC{ is primarily
responsible for the anti-lipogenesis effects of anthocyanin.
However, blockade of PKCS8, another isoform of PKC, ex-
erts little influence. More importantly, anthocyanin Cy-3-g
treatment was found to induce PKC{ phosphorylation,
and this finding is further supported by the results of
PKCC{ activity. Protein phosphorylation, a posttranslational
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modification event that produces changes in enzymatic
conformation and activity, may represent one of the
mechanisms responsible for regulation of FOF1-ATPase ac-
tivity (44). Indeed, we have observed that exogenous ex-
pression of PKC{ in hepatocytes causes the phosphorylation
at the serine site on subunit  and promotes the catabo-
lism of FOF1-ATPase protein, leading to the suppression of
the enzymatic activity of FOF1-ATPase. Thus, we provide
an important insight into mechanisms underlying the biol-
ogy of our findings that anthocyanin may regulate prote-
olysis through PKC{-mediated phosphorylation targeting
the B-subunit.

To further authenticate our findings, we applied dietary
intervention experiments using KKAy mice, a genetic ani-
mal model of type 2 diabetes with hyperglycemia and non-
alcoholic fatty liver (45). In line with cellular studies, Cy-3-g
significantly alleviated lipid deposition in livers and im-
proved hepatic steatosis. This result is not likely due to the
hypoglycemic effects of anthocyanin, as Cy-3-g did not evi-
dently affect blood glucose concentration. Of particular
note, the effects of Cy-3-g upon the fat accumulation of
livers from KKAy mice recapitulate those observed by stim-
ulating PKC{ activation, increasing F1-ATPase B-subunit
phosphorylation, and hence, decreasing hepatic GPAT1
translocation and activity as described in hepatocytes.
Simultaneous administration of PKC{ peptide inhibitor
notably blocked the protective effects of anthocyanin on
hepatic mtGPAT1 activation and lipid accumulation. These
results indicate a mechanism by which PKC{ can facili-
tate long-term potentiation. Further studies are necessary to
identify precisely the mechanisms involved in anthocyanin-
mediated PKC{ activation. Finally, it remains to be established
whether the effects reported herein are a class-family effect
of the anthocyanins or are specific to Cy-3-g.

In conclusion, for the first time, we identify a dominant
role of PKC{ in inhibiting GPATT activation by anthocyanin
via the phosphorylation of the B-subunit of FOF1-ATPase.
As a result of these changes, anthocyanin suppresses lipo-
genesis and ameliorates hepatic steatosis in hepatocytes
and obese diabetic KKAy mice. Thus, our findings provide
the evidence that targeting PKC{ by anthocyanin may con-
tribute to the prevention and treatment of steatotic liver
associated with obesity and type 2 diabetes. A
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