STEATOHEPATITIS/METABOLIC LIVER DISEASE

Alpha-Lipoic Acid Decreases Hepatic Lipogenesis
Through Adenosine Monophosphate-Activated Protein
Kinase (AMPK)-Dependent and AMPK-Independent
Pathways
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and Ki-Up Lee?

Fatty liver is common in obese subjects with insulin resistance. Hepatic expression of sterol
regulatory element binding protein-1c (SREBP-1¢), which plays a major role in hepatic steatosis,
is regulated by multiple factors, including insulin, adenosine monophosphate-activated protein
kinase (AMPK), liver X receptors (LXRs), and specificity protein 1. Alpha-lipoic acid (ALA), a
naturally occurring antioxidant, has been shown to decrease lipid accumulation in skeletal
muscle by activating AMPK. Here we show that ALA decreases hepatic steatosis and SREBP-1¢
expression in rats on a high fat diet or given an LXR agonist. ALA increased AMPK phosphor-
ylation in the liver and in cultured liver cells, and dominant-negative AMPK partially prevented
ALA-induced suppression of insulin-stimulated SREBP-1c expression. ALA also inhibited DNA-
binding activity and transcriptional activity of both specificity protein 1 and LXR. Conclusion:
These results show that ALA prevents fatty liver disease through multiple mechanisms, and
suggest that ALA can be used to prevent the development and progression of nonalcoholic fatty

liver disease in patients with insulin resistance. (HEPATOLOGY 2008;48:1477-1486.)
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vated protein kinase; DN-AMPK, dominant negative form of AMPK; HED, high
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specificity protein 1; SREBP-Ic, sterol regulatory element binding protein-1ec.

From the ' Department of Internal Medicine, Keimyung University School of
Medicine, Daegu, South Korea; *Department of Internal Medicine and 3Asan
Institute for Life Sciences, University of Ulsan College of Medicine, Seoul, South
Korea; “Department of Internal Medicine and Biochemistry, Kyungpook National
University School of Medicine, Daegu, South Korea; Department of Biological
Sciences, Research Center for Functional Cellulomics, Seoul National University,
Seoul, South Korea; SHormone Research Center, School of Biological Sciences and
Technology, Chonnam National University, Kwangju, South Korea.

Received March 8, 2008; accepted June 17, 2008.

Supported by the Korea Science and Engineering Foundation by the Ministry of
Science and Technology, grants M10642140004-06N4214-0040 (to K.U.L.) and
NRL M10600000271-06]000-27110 (to L.K.L.); and the Korea Research Foun-
dation, funded by the Korean Government (MOEHRD, Basic Research Promotion
Fund), grant KRF-2006-003-E00133.

*These authors contributed equally to this study.

Address reprint requests to: In-Kyu Lee, M.D., Ph.D., Department of Internal
Medicine, Kyungpook National University School of Medicine, 50 Samduk-2ga,
Jung-gu, Daegu, 700-721, Republic of Korea. E-mail: leei @knu. ac.fr; fax: 82-53-
420-2046; and Ki-Up Lee, M.D., Ph.D., Department of Internal Medicine, Uni-
versity of Ulsan College of Medicine, 388-1 Poongnap-dong, Songpa-ku, Seoul,
138-736, Republic of Korea. E-mail: kulee@ame.seoul.kr; fax: 82-2-3010-6962.

Copyright © 2008 by the American Association for the Study of Liver Diseases.

Published online in Wiley InterScience (www.interscience.wiley.com).

DOI 10. ]002/b€p.22496

Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online version of this
article.

onalcoholic fatty liver disease (NAFLD) is com-
mon in obese individuals with insulin resistance
and is considered an important hepatic manifes-
tation of metabolic syndrome."? The onset of NAFLD is
characterized by increased intracellular triglyceride accu-
mulation. Sterol regulatory binding protein-1c (SREBP-
1c) is one of the major regulators of the expression of
genes involved in hepatic triglyceride synthesis.? Its role in
the development of fatty liver disease is now well estab-
lished.%>
The regulation of hepatic SREBP-1c in vivo is
largely dependent on nutritional status. Under fasting
conditions, activation of adenosine monophosphate—
activated protein kinase (AMPK) reduces lipogenesis
in the liver by suppressing SREBP-1c¢ activity. AMPK
activators, including metformin and thiazolidinedio-
nes, have been shown to inhibit the expression of the
SREPB-1c gene and to prevent the development of
hepatic steatosis.>” Conversely, activation of liver X
receptor (LXR) and specificity protein 1 (Spl) in-
creases SREBP-1c¢ expression under insulin-stimulated
conditions and leads to hepatic lipogenesis.®® Thus,
identifying pharmacologic agents that inhibit the ac-
tivity of LXR and Sp1, but stimulate AMPK activity in
hepatocytes, may provide more effective treatment op-
tions for fatty liver disease.
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We previously reported that alpha-lipoic acid (ALA), a
naturally occurring thiol antioxidant, activates AMPK
and reduces lipid accumulation in skeletal muscle of obese
rats.19 Recent studies from other laboratories also demon-
strated that ALA activates AMPK in various tissues, in-
cluding liver, heart, and pancreatic beta cells.'-' Here we
report that ALA decreases hepatic lipogenesis in animals
by inhibiting SREBP-1c expression through both
AMPK-dependent and AMPK-independent pathways.

Materials and Methods

Materials. See Supporting Materials and Methods.

Animal Experiments. All procedures were performed
in accordance with the institutional guidelines for animal
research. In studies of ALA effects on hepatic steatosis in
high fat diet (HFD)-fed rats, 8-week-old male Sprague-
Dawley rats (Orient, Sungnam, Korea) weighing 250 to
300 g were given normal rat chow or placed on an HFD
that provided 60% of calories as fat (D12492; Research
Diets, New Brunswick, NJ). After 3 weeks, rats in the
HFD group were further divided into three groups and
maintained on the following dietary regimens for 3 days:
(1) control HED group; (2) ALA group given 0.5% (wt/
wt) ALA mixed in food; and (3) pair-fed group. The pair-
fed group was given the same amount of food as that
consumed by the ALA group on the previous day. After
being fasted for 5 hours on the morning of the last day,
rats were sacrificed and their livers were rapidly removed
and kept frozen at —70°C for subsequent measurement of
SREBP-1c expression and AMPK phosphorylation. The
effects of ALA on hepatic and peripheral insulin sensitiv-
ity were determined using the hyperinsulinemic-euglyce-
mic clamp method, as described.'4 (See Supporting
Materials and Methods for detailed protocols.)

In a separate experiment, HFD-fed rats received an
intraperitoneal injection of 100 mg/kg ALA in saline. At
30 minutes, 60 minutes, and 24 hours after the ALA
injection, rats were sacrificed and their livers were re-
moved for measurement of AMPK phosphorylation.

To explore the effects of ALA on LXR-induced hepatic
steatosis, 8-week-old male C57BL/6 mice (SLC, Japan)
weighing 20 to 25 g were fed rat chow ad libitum. The
LXR agonist, T0901317 (50 mg/kg body weight), was
administered by oral gavage (0.2 mL/mouse) once daily
for 7 days. The T0901317 treatment group was fed with
or without 0.5% (wt/wt) ALA mixed in food as described
above.

Analysis of Blood Samples. See Supplementary Ma-
terials and Methods.

Liver Triglyceride Content. Triglyceride content in
liver was determined in duplicate using the Triglyceride
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(GPO-Trinder) kit as described by the manufacturer
(Sigma, St. Louis, MO).

Histological Analysis of Liver. Liver tissue was fixed
with 4% paraformaldehyde, embedded in paraffin, and
stained with hematoxylin and eosin. Alternatively, intra-
hepatic lipids were stained by the oil red O method. Im-
ages were captured using an Olympus BX60 camera
(Tokyo, Japan) and processed in Adobe PhotoShop
(Adobe Systems).

Cell Culture. HepG2 (human hepatoma cell line)
cells were cultured in MEM (Gibco-BRL, Grand Island,
NY) supplemented with 10% fetal bovine serum (Hy-
clone, Logan, UT) and antibiotics at 37°C in a humidi-
fied, 5% CO,/95% air atmosphere. After reaching ~80%
confluence, cells were serum-starved for 24 hours in me-
dium containing 0.5% fetal bovine serum, and then
treated as indicated in the text.

Isolation and Culture of Primary Rat Hepatocytes.
Primary rat hepatocytes were isolated from the livers of
7-week-old male Sprague-Dawley rats. (See Supplemen-
tary Materials and Methods for detailed protocols and
treatments.)

Recombinant  Adenovirus. Plasmids
c-Myc-tagged forms of dominant-negative al and a2
AMPK (DN-AMPK) and a constitutively active form of
AMPK (CA-AMPK)'>17 were kind gifts from Dr J. Ha
(Department of Molecular Biology, Kyung Hee Univer-
sity College of Medicine, Seoul, Korea). For details of
preparation of recombinant adenovirus, refer to the Sup-
plementary Materials and Methods.

Northern Blot Analysis. Messenger RNA (mRNA)
expression was measured by northern blot analysis. For
details, refer to Supplementary Materials and Methods.

Western Blot Analysis. Protein expression in cells

encoding

and tissues was measured by western blot analysis. For
details of western blotting procedures, refer to the Sup-
plementary Materials and Methods.

In Vitro Transient Transfection and Reporter As-
says. Promoter activity was measured using in vitro
transfection and luciferase reporter assays. For details, re-
fer to the Supplementary Materials and Methods.

Electrophoretic Mobility Shift Assay. DNA-binding
activity was assessed using an electrophoretic mobility
shift assay. For details, refer to the Supplementary Mate-
rials and Methods.

Statistical Analyses. Data were evaluated using anal-
ysis of variance followed by a post hoc least significant
difference test, and expressed as means * standard error
of the mean. Values of P < 0.05 were considered statisti-
cally significant. All experiments were performed at least
three times.
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Table 1. Metabolic Parameters of Rats Fed a High-Fat Diet (HFD) with or without ALA

Control HFD HFD + ALA HFD + pair-fed
Caloric intake (kcal/day) 88.6 = 3.6 117.1 = 4.5* 81.9 = 8.3* ¢ 89.5 + 4.6t
Body weight (g) 4417+ 2.1 456.5 = 15.4 440.7 = 18.2t 449.0 = 9.6
Liver weight (g) 13.6 £0.9 18.6 = 0.6* 14.0 = 0.91 15.1 = 0.4
Liver/body weight ratio (%) 321 £0.21 4.06 = 0.13* 3.39 = 0.15t 3.67 £0.23
Plasma glucose (mg/dL) 1843 +24 190.2 = 5.15 179.7 4.9 173.3 £ 2.6
Plasma insulin (uU/mL) 7.1+06 11.2 = 0.7* 8.9 = 0.5t 10.3 = 0.7
Glucose/insulin ratio 259 +18 16.6 = 1.3* 21.1 = 0.8t 16.8 = 1.6*
Triglycerides (mmol/L) 86.7 = 6.4 131.4 + 14.7* 66.8 £ 7.2t 89.3 4.4
Free fatty acid (mmol/L) 128.8 = 43.3 258.9 = 20.5* 168.4 + 36.61 2179 = 23.1

Values are mean = SEM; n = 5.
*P < 0.05 compared with control rats.
TP < 0.05 compared with HFD-fed untreated rats.

Results

ALA Reduces Lipid Accumulation and SREBP-1c
Expression in HFD-Fed Rats. ALA has been shown to
reduce body weight in rodents.!” To demonstrate direct
effects of ALA on hepatic steatosis and SREBP-1¢ gene
expression independent of its effects on body weight, we
compared the short-term effects of ALA on hepatic lipid
accumulation and SREBP-1c expression in HFD-fed rats
with those of untreated and pair-fed rats. As expected,
ALA reduced food intake (Table 1) and tended to de-
crease body weight. Interestingly, the liver weight of ALA-
treated rats was significantly lower than that of HFD-fed
rats, resulting in a liver/body weight ratio that was signif-
icantly lower than that of the control HED group (Table
1). Plasma glucose levels were not significantly different
between the groups, but plasma insulin levels were lower
and insulin sensitivity (glucose/insulin ratio) was higher
in the ALA-treated group than in the control HFD group.
Plasma triglyceride and free fatty acid levels were also
lower in ALA-treated group. In the pair-fed group, all
values for these parameters were intermediate between
those of ALA and control HED groups (Table 1).

Histological examination showed that hepatocytes of
HFD-fed rats were distended by large cytoplasmic lipid
droplets. This change in cellular morphology was nearly
completely prevented by ALA treatment (Fig. 1A). Tri-
glyceride concentration and SREBP-1c¢ expression in the
liver were significantly higher in HFD-fed rats than in
chow-fed rats (Fig. 1B,C). Administration of ALA signif-
icantly decreased both liver triglyceride levels and
SREBP-1cexpression compared to untreated and pair-fed
rats (Fig. 1B,C). Pair-feeding also attenuated fatty
changes, and reduced liver triglyceride levels and
SREBP-1c¢ expression compared to HFD-feeding. How-
ever, these changes were significantly smaller than those
observed in ALA-treated rats (Fig. 1).

ALA Inhibits Insulin-Stimulated SREBP-1c Ex-
pression in Cultured Hepatocytes. Insulin is one of the
most important hormones involved in regulating hepatic
lipogenesis. In cultured hepatocytes, insulin has been
shown to increase lipogenesis primarily through induc-
tion of SREBP-1c.!8 Pretreatment with ALA for 24 hours
dose-dependently attenuated insulin-stimulated SREBP-1c¢
mRNA expression in primary rat hepatocytes and HepG2
cells (Supporting Fig. 1A,B). Moreover, ALA inhibited the
insulin-stimulated expression of the SREBP-1c¢ target genes,
acetyl coenzyme A carboxylase (ACC) and fatty acid syn-
thetase (FAS) (Supporting Fig. 1B).

ALA Inhibition of SREBP-1c Expression Is Par-
tially Mediated by AMPK Activation. ALA has been
shown to activate AMPK in skeletal muscle.'® Because
AMPK activators, including metformin and thiazo-
lidinediones, inhibit SREBP-1c¢ transcription and act to
prevent the development of hepatic steatosis,®” we exam-
ined the effect of ALA on AMPK phosphorylation in the
liver of HFD-fed rats. As expected, intraperitoneal ad-
ministration of ALA increased hepatic AMPK phosphor-
ylation for up to 1 day after injection (Fig. 2A). However,
this effect was not sustained and AMPK phosphorylation
levels in rats receiving ALA in their diet returned to base-
line within 3 days (Fig. 2A,B). In cultured hepatocytes,
ALA also increased AMPK phosphorylation. This effect
was time-dependent, with AMPK phosphorylation levels
increasing within 1 hour and peaking at 24 hours (Fig.
2C). In HepG2 cells, blocking AMPK activity with ade-
novirus-carrying dominant-negative AMPKs (a mixture
of a1 and o2 dominant-negative AMPKs; see Supporting
Materials and Methods) restored approximately 50% of
the insulin-stimulated increase in SREBP-1¢ mRNA that
was inhibited by ALA at 24 hours (Fig. 2D). Similarly,
transient transfection studies showed that blocking
AMPK activity with DN-AMPKs partially restored ALA-
induced inhibition of SREBP-1¢ promoter activity at 12
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Fig. 1. ALA reduces triglyceride accumulation
and SREBP-1c expression in the liver of HFD-fed
rats. (A) Histological analysis of liver sections of
HFD-fed rats treated with or without ALA, or pair-
fed rats (food restricted without ALA treatment).
Hematoxylin and eosin (H&E) staining (upper

160 SREBP-1c

:
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panel) and Oil red O staining (lower panel). Lipid
droplets in hepatocytes appear as darkly stained
cytoplasm containing varying amounts of brown-
ish red lipofuscin. Original magnification X400
(n = b). (B) Triglyceride concentration in the liver.
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and 24 hours (Fig. 2E, lower panel). However, inhibition
of the SREBP-1¢ promoter activity induced by short-
term (3 and 6 hours) ALA treatment was not influenced
by DN-AMPK (Fig. 2E, upper panel), indicating that
AMPK did not act at these earlier time points to decrease
SREBP-1c¢ promoter activity. Collectively, these data sug-
gest that ALA suppression of insulin-stimulated
SREBP-1c expression is partly mediated by AMPK acti-
vation, but also point to the involvement of additional,
AMPK-independent mechanisms.

ALA Inhibits LXR-Stimulated Hepatic Steatosis
and SREBP-1c Expression. LXR plays a major role in
regulating SREBP-1c expression, especially under insu-
lin-stimulated conditions.'® Thus, we examined whether
ALA can inhibit LXR-stimulated hepatic steatosis. Con-
sistent with previous reports,?° fatty liver was induced by
7-day administration of the LXR ligand, T0901317 (Fig.
3A), and was accompanied by an increase in the expres-
sion of SREBP-1¢, ACC, and FAS (Fig. 3B). Coadmin-
istration of ALA profoundly attenuated fatty changes,
reduced plasma and liver triglyceride levels, and decreased
expression of lipogenic genes compared with T0901317-
treated control and pair-fed mice (Fig. 3).

We next examined the mechanism by which ALA in-
hibits LXR ligand-stimulated SREBP-1c expression. ALA
inhibited T0901317-stimulated SREBP-1 gene expres-
sion in primary rat hepatocytes in a dose-dependent man-

5
80 . 4 -
60 - ke
40 4 31
20 4 2 4
0 1 -

Data are presented as the mean = standard error
of the mean (SEM). *P < 0.05 compared with
untreated rats and **P << 0.05 compared with
HFD-fed rats. (C) Northern blot analysis of the
effect of ALA on SREBP1-c expression in the liver.
Data are presented as the mean + SEM. *P <
0.001 compared with control, **P << 0.001
compared with HFD or HFD + pair-fed.

ner (Fig. 4A). Transient transfection with a promoter-
reporter construct showed that T0901317 induced a
marked increase in SREBP-1c promoter activity that was
dose-dependently inhibited by ALA (Fig. 4B). Moreover,
T0901317 induced a dose-dependent increase in the
DNA-binding activity of LXR, which was inhibited by
ALA in a dose-dependent manner (Fig. 4C). Interest-
ingly, the inhibitory effect of ALA on LXR activity was
AMPK-independent (Supporting Results; Supporting
Fig. 2).

ALA Inhibits Insulin-Stimulated Transcriptional
Activity of Sp1. In addition to LXR, other transcription
factors have been proposed to be involved in insulin-stim-
ulated SREBP-1c expression.? We found that insulin
stimulated the luciferase activity of an LXR-mut-
SREBP-1c¢ promoter-reporter construct in which two
LXR binding sites were mutated (Fig. 5A), although the
activation by insulin was decreased compared to that of
the wild type. These results support the notion that LXR
is not the only factor responsible for insulin-stimulated
SREBP-1c¢ expression. Interestingly, ALA inhibited insu-
lin-stimulated LXR-mut-SREBP-1¢ promoter activity,
reinforcing the idea that ALA inhibits transcription fac-
tors other than LXR (Fig. 5A).

A recent study® showed that Spl plays an important
role in insulin-stimulated SREBP-1c¢ transcription. Ac-
cordingly, we examined whether ALA inhibits insulin-
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Fig. 2. ALA inhibition of insulin-stimulated SREBP-1c expression is partly mediated by AMPK activation. (A) Time-dependent changes in AMPK
phosphorylation in the liver of rats given ALA. HFD-fed rats were given an intraperitoneal injection of 100 mg/kg ALA in saline or 0.5% (wt/wt) ALA
mixed in food for 3 days. The rats were sacrificed at the indicated time points for measurement of AMPK phosphorylation. AMPK phosphorylation
levels were normalized to AMPKa protein levels. Data are presented as the mean = SEM of three separate measurements. *P < 0.05 and **P <
0.01 compared with control. (B) The effect of ALA on AMPK phosphorylation in the liver of HFD-fed rats. HFD-fed rats were divided into three groups:
with ALA (0.5% wt/wt mixed in food), without ALA, and pair-fed; groups were maintained on their respective diets for 3 days. *P < 0.05 compared
with control. (C) Western blot analysis showing the effect of ALA on AMPK phosphorylation. HepG2 cells were treated with ALA (2 mmol/L) for the
indicated times. adenosine analog 5-aminoimidazole-4-carboxamide-1-3-D-ribofuranoside (AICAR) (500 wmol/L for 1 hour) was used as a positive
control. *P < 0.01 and **P << 0.001 compared with control. (D) Northern blot analysis showing the effect of adenovirus-carrying dominant-negative
AMPKs (Ad-DN-AMPKs) on SREBP-1c mRNA expression. HepG2 cells were infected with the indicated dose (multiplicity of infection, MOI) of
Ad-DN-AMPKs or adenovirus-carrying GFP (Ad-GFP) (100 MOI) for 24 hours. Cells were treated with ALA and/or insulin. RNA levels were normalized
to 18S ribosomal RNA (rRNA) levels. Data are presented as the mean = SEM of three separate measurements. *P << 0.001 compared with insulin
alone; **P < 0.01 compared with insulin plus ALA with or without Ad-GFP. (E) Time course of the effects of ALA and DN-AMPKs on insulin-stimulated
SREBP-1c promoter activity. HepG2 cells were cotransfected with a pSREBP-1¢ (— 1516/ +40)-luciferase construct (300 ng/well) and the DN-AMPKs
expression vectors or control empty vector (100 or 200 ng/well each) and then stimulated with 100 nmol/L insulin for 6 hours, with or without ALA
(2 mmol/L) pretreatment for the indicated time. *P < 0.01 compared with control, **P < 0.05 and #*P < 0.01 compared with insulin alone, and
#p < 0.05 compared with insulin and ALA.

stimulated Sp1 transcriptional activity. Using a reporter SREBP-1c promoter,® ALA profoundly decreased it (Fig.
construct composed of four synthetic Spl-response ele- 5C).

ments ([Sp1]X4 luciferase), we examined the effect of

ectopic expression of Spl, insulin and/or ALA. As ex-  piscussion

pected, the combination of Sp1 and insulin led to approx-

imately a five-fold increase in [Sp1]X4 luciferase activity In the present study, we found that ALA decreased
(Fig. 5B). Addition of ALA induced a dose-dependent hepatic lipogenesis in animal models of hepatic steatosis
decrease in [Sp1]X4 luciferase activity. Interestingly, through inhibition of SREBP-1c expression. Part of this
electrophoretic mobility shift assay revealed that, while effect was via AMPK activation. ALA activated AMPK in
insulin did not enhance the binding of Spl to the the liver and in cultured hepatocytes, and DN-AMPK
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significantly blocked ALA-induced suppression of
SREBP-1c¢ expression induced by insulin. In addition,
ALA inhibited the activities of LXR and Sp1, known me-
diators of insulin-dependent SREBP-1c¢ expression.” To
our knowledge, ALA is the first drug shown to stimulate
AMPK activity and inhibit LXR and Sp1 activities in
hepatocytes (Fig. 6).

ALA is an essential cofactor for mitochondrial respi-
ratory enzymes.?! We previously showed that ALA ac-
tivates AMPK activity in vascular endothelial cells and
skeletal muscle.19-22 It has also been shown that AMPK
activators, including metformin and thiazolidinedio-
nes, inhibit the expression of the SREBP-1c gene and
prevent the development of hepatic steatosis.®” Thus,
we hypothesized that ALA inhibits hepatic lipogenesis
by acting through AMPK to inhibit SREBP-1c¢ expres-
sion. As expected,'’ ALA activated AMPK in HFD-
induced insulin-resistant rats and in insulin-stimulated,

cultured hepatocytes. In addition, adenovirus-carrying
dominant-negative AMPKs significantly, although not
completely, reduced the effect of ALA on SREBPIc
transcription at 12 and 24 hours. When activated,
AMPK increases fatty acid oxidation and decreases
lipid accumulation in tissues.®7:21:22 Thus, the preven-
tive effect of ALA on hepatic steatosis may be partly
explained by its effect on AMPK. However, ALA’s ef-
fect on hepatic steatosis may not be wholly explained
by this action. First, ALA activation of AMPK in the
liver was not sustained: ALA increased hepatic AMPK
phosphorylation for up to 1 day, but AMPK phosphor-
ylation levels returned to baseline within 3 days. Sec-
ond, inhibition of SREBP-1c¢ promoter activity with
short-term (3 and 6 hours) ALA treatment was unaf-
fected by DN-AMPKs. Taken together, these data sug-
gest that, although AMPK is an important mediator of
ALA’s effect at certain time points, an alternative,
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Fig. 4. ALA inhibits LXR activity in cultured cells. (A) Representative northern blot showing the effect of ALA on T0901317-stimulated SREBP-1¢
mRNA expression. Primary rat hepatocytes were incubated with 1 wmol/L T0901317 for 24 hours, with or without pretreatment with the indicated
concentrations of ALA for 24 hours. Data are presented as the mean = SEM of three separate measurements. *P << 0.001 compared with control,
**P < 0.001 compared with T0901317 alone. (B) The effect of ALA on T0901317-stimulated SREBP-1c promoter activity. HepG2 cells were
transfected with a pSREBP-1c (—1516/ +40)-luciferase construct and then stimulated with 1 wmol/L T0901317, with or without the indicated
concentrations of ALA or compound C. Data are presented as the mean = SEM of three separate measurements. *P << 0.001 compared with control,
**P < (0.01 and #*P < 0.001 compared with T0901317 alone. (C) The effect of ALA on T0901317-stimulated LXR-DNA binding activity. HepG2 cells
were cotransfected with pCMV7-LXRa (100 ng/well) and pCDNA3-retinoid X receptor o (RXRar) (100 ng/well) and then incubated with 1 wmol/I
T0901317, with or without the indicated concentrations of ALA for 24 hours. Data are presented as the mean * SEM of three separate
measurements. *P < 0.01 and **P < 0.001 compared with control, P < 0.01 and #P < 0.001 compared with LXRar/RXR and T0901317.

AMPK-independent pathway(s) mediates ALA’s effect
on hepatic steatosis during other periods.

In this context, it was recently shown that the expres-
sion of SREBP-1c in response to insulin is mediated by
increased Sp1-mediated transactivation of the SREBP-1c
promoter.® Our results support such a mechanism, show-
ing that insulin enhanced and ALA decreased SREBP-1c
transcription by modulating the ability of Sp1 to transac-
tivate the SREBP-1c¢ promoter. It should be noted that,
although insulin did not change Sp1-DNA binding activ-
ity,8 ALA dose-dependently decreased it. Taken together,
these data suggest that suppression of insulin-stimulated

SREBP-1c¢ expression by ALA is mediated by inhibition
of Sp1 activity as well as by stimulation of AMPK activity.

LXR is a member of a nuclear receptor superfamily that
regulates the expression of key proteins involved in lipid
metabolism and inflammation, serving as a kind of nu-
clear cholesterol sensor.?? Because of its ability to increase
adenosine triphosphate-binding cassette transporter Al
(ABCA1)-dependent reverse cholesterol transport, LXR
is considered an attractive therapeutic target in the treat-
ment of atherosclerosis. However, LXR also increases the
expression of SREBP-1¢, which leads to increased hepatic
triglyceride synthesis. In our study, ALA inhibited hepatic
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Fig. 5. ALA inhibits Sp1 activity. (A) The effect of ALA on the insulin-stimulated reporter activity of an LXR-binding-site-mutant SREBP-1c promoter
(mut-LXR). HepG2 cells were transfected with pSREBP-1c (— 1516/ +40)-luciferase (300 ng/well) or pSREBP (—1516/+40) mutLXR1/mutLXR2-
luciferase (300 ng/well) and then stimulated with 100 nmol/L insulin for 6 hours, with or without pretreatment with the indicated concentrations of
ALA for 24 hours. Data are presented as the mean = SEM of three separate measurements. *P << 0.01 compared with control, **P < 0.01
compared with insulin-stimulated SREBP-1c-promoter activity, P < 0.05 and #*#P < 0.01 compared with insulin-stimulated LXR-mut-SREBP-1¢
promoter activity. (B) The effect of ALA on insulin-stimulated Sp1 transactivating activity. HepG2 cells were cotransfected with pCMV-Sp1 (Sp1) and
the pGL3-Sp1 reporter (300 ng/well, [Sp1]X4 luciferase) and then stimulated with 100 nmol/L insulin for 6 hours, with or without pretreatment with
the indicated concentrations of ALA for 24 hours. Data are presented as the mean = SEM of three separate measurements. *P << 0.01 and **P <
0.001 compared with control, P < 0.001 and #P < 0.001 compared with Sp1 and insulin-stimulated [Sp1]X4 luciferase. (C) The effect of ALA
on insulin-stimulated Sp1 DNA binding activity. HepG2 cells were incubated with 100 nmol/L insulin for 6 hours, with or without pretreatment with
the indicated concentrations of ALA for 24 hours. Data are presented as the mean = SEM of three separate measurements. *P << 0.05 and **P <

0.01 compared with insulin alone.

steatosis in LXR ligand-treated mice and inhibited LXR
ligand-stimulated  expression of SREBP-lc and
SREBP-1c target genes, both 77 vive and in vitro. Gel shift
assays and iz vitro transient transfection studies employ-
ing promoter-reporter constructs showed that inhibition
of LXR ligand-stimulated SREBP-1c¢ expression by ALA
is mediated by inhibition of LXR-DNA binding activity
at the SREBP-1¢ promoter. Thus, it is likely that ALA’s
effect on hepatic steatosis and SREBP-1c expression is
multifactorial: ALA inhibited insulin-stimulated SREBP-1¢
expression through activation of AMPK and inhibition of
Spl, and also inhibited LXR-mediated SREBP-1c¢ tran-

scription.

It is now well known that hepatic steatosis is closely
associated with insulin resistance.?# Previous reports that
ALA increases insulin sensitivity in humans and ani-
mals'®?5 are supported by the present study, which
showed that ALA improved insulin sensitivity in the liver
as well as in peripheral tissues. Improved insulin sensitiv-
ity in ALA-treated rats was accompanied by a significant
reduction in plasma insulin levels. This may be a physio-
logical, adaptive mechanism to prevent hypoglycemia,
but Targonsky et al.’? recently demonstrated a direct in-
hibitory action of ALA on pancreatic beta cells. Insulin is
one of the most important hormones in the regulation of
hepatic lipogenesis. In cultured hepatocytes, insulin in-
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Fig. 6. Schematic model depicting ALA
effects on hepatic lipogenesis. ALA de-
creases hepatic lipogenesis in animals
through AMPK-dependent and AMPK-inde-
pendent pathways. ALA inhibits SREBP-1c
expression by activating AMPK and inhibit-
ing LXR and Sp1 activity.

creases lipogenesis through induction of SREBP-1c.'®
Thus ALA’s effect on hepatic steatosis may be partly due
to a lowering of plasma insulin levels and consequent
inhibition of Spl and/or LXR pathways, as described
above.

Hepatic steatosis is emerging as the most important
cause of chronic liver disease associated with the increas-
ing incidence of obesity. It can progress to nonalcoholic
steatohepatitis in 10%-20% of patients,?® and even to
advanced cirrhosis and hepatocellular carcinoma.?”-28 Al-
though AMPK activators, including metformin and thia-
zolidinedione, have been shown to prevent hepatic
steatosis in insulin-resistant animals, it is not yet known
whether these drugs are also effective in human subjects
with NAFLD. In the present study, we showed that ALA,
which is currently used in clinical practice to treat patients
with diabetic neuropathy,?® prevents hepatic steatosis in
animals through both AMPK-dependent and AMPK-in-
dependent pathways. This raises the possibility that ALA
can be used to prevent the development and progression
of NAFLD in patients with insulin resistance.
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