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Abstract In this study, we demonstrate that activation of
AMP-activated protein kinase (AMPK) with glabridin allevi-
ates adiposity and hyperlipidemia in obesity. In several
obese rodent models, glabridin decreased body weight and
adiposity with a concomitant reduction in fat cell size. Fur-
ther, glabridin ameliorated fatty liver and plasma levels of
triglyceride and cholesterol. In accordance with these find-
ings, glabridin suppressed the expression of lipogenic genes
such as sterol regulatory element binding transcription fac-
tor (SREBP)-1c, fatty acid synthase (FAS), acetyl-CoA car-
boxylase (ACC), and stearoyl-CoA desaturase (SCD)-1 in
white adipose tissues and liver, whereas it elevated the ex-
pression of fatty acid oxidation genes such as carnitine
palmitoyl transferase (CPT)1, acyl-CoA oxidase (ACO), and
peroxisome proliferator-activated receptor (PPAR)a in
muscle. Moreover, glabridin enhanced phosphorylation of
AMPK in muscle and liver and promoted fatty acid oxida-
tion by modulating mitochondrial activity.lill Together, these
data suggest that glabridin is a novel AMPK activator that
would exert therapeutic effects in obesity-related metabolic
disorders.—Lee, J.-W., S. S. Choe, H. Jang, J. Kim, H. W.
Jeong, H. Jo, K-H. Jeong, S. Tadi, M. G. Park, T. H. Kwak,.
J. M. Kim, D.-H. Hyun, and ]J. B. Kim. AMPK activation with
glabridin ameliorates adiposity and lipid dysregulation in
obesity. J. Lipid Res. 2012. 53: 1277-1286.
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Obesity is characterized by excessive accumulation of
lipid metabolites in adipose tissues as well as in nonadi-
pose tissues, such as liver, muscle, and pancreas (1). Be-
cause obesity is considered as a major risk factor for most
metabolic diseases, including hyperlipidemia, hypercho-
lesterolemia, type 2 diabetes, hypertension, and cardiovas-
cular disease (2-4), numerous investigations have been
conducted to elucidate the key components in energy ho-
meostasis, which is crucial to develop therapeutic agents
for obesity and obesity-associated metabolic disorders.

AMP-activated protein kinase (AMPK) is a master en-
ergy sensor that integrates nutrients, hormones, and stress
signals to maintain whole-body energy homeostasis (5, 6).
Under various stress conditions, AMPK is activated by al-
losteric stimulation in response to an increased AMP/ATP
ratio or mitochondria activity change. AMPK activation
also is induced by upstream stress kinases, such as liver ki-
nase Bl (LKBI) or calcium/calmodulin-dependent pro-
tein kinase kinase (CaMKK) (7-10). Activated AMPK is
involved in the regulation of diverse metabolic pathways.
For example, in skeletal and cardiac muscle, AMPK activa-
tion leads to phosphorylation of acetyl-CoA carboxylase
(ACC), subsequently leading to reduction of malonyl-CoA,
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an allosteric inhibitor of carnitine palmitoyltransferase
(CPT); this, in turn, results in fatty acid oxidation by ac-
celerating CPT-mediated fatty acid translocation into mito-
chondria (11-13). Moreover, activated AMPK increases
mitochondrial activity and biogenesis in muscle (14-17).
In accordance with these data, whole-body and liver-specific
AMPKa, knockout mice exhibit increased plasma triglyc-
eride levels (18, 19). Recently, it has been reported that
AMPK is involved in NAD-dependent deacetylase sirtuin-1
(SIRT1)-dependent metabolic regulation (20-23). Thus,
it has been proposed that AMPK is a key target for treating
obesity and metabolic disorders (6).

Recent studies have demonstrated that various bioactive
chemicals, such as metformin, phenformin, thiazolidine-
diones, quercetin, resveratrol, and berberine, act as AMPK
activators and exhibit beneficial effects on metabolic disor-
ders, including obesity, hyperlipidemia, and insulin resis-
tance (24-30). In this study, we have investigated whether
glabridin, a key chemical of major isoflavans from licorice
extracts, might regulate AMPK activity, leading to anti-
obesity or antidiabetic effects in obese animals. Although it
has been previously reported that licorice extracts show
metabolically beneficial effects, including anti-atheroscle-
rosis and body weight control, its underlying mechanisms
are not clearly understood (31-37). Moreover, it is un-
known which single chemical in licorice extracts would me-
diate such effects. In several obese rodent models, we
observed that glabridin decreases adiposity and ameliorates
lipid dysregulation as well as insulin resistance. More im-
portantly, we discovered that glabridin stimulates AMPK
activity through the regulation of mitochondrial activity.
Taken together, these results suggest that glabridin would
be an effective AMPK activator having therapeutic potency
for obesity-related metabolic diseases.

MATERIALS AND METHODS

Animal care and experimental protocol

Mice (C57BL/6] strain) were maintained according to the
guidelines of the Seoul National University Animal Experiment
Ethics Committee. They were housed in solid-bottom cages with
wood shavings for bedding in a room maintained at 25°C with a
12:12 h light:dark cycle (lights on at 0700 h). The mice were fed
a nonpurified diet until they were assigned to an experimental
protocol. To induce obesity, mice were given a high-fat diet
(HFD; 45% of calories derived from fat; Research Diets Inc., New
Brunswick, NJ) for 12 weeks, and HFD-induced obese mice were
then orally administered with vehicle (0.1% sodium lauryl sul-
fate) or glabridin (Mazence Inc, Suwon, Korea) at a dose of 150
mg/kg/day for 4 weeks. Body weight and food intake were mea-
sured daily during the experimental protocol. At the end of the
experimental period, one mouse from each group was anesthe-
tized, and the distribution of body fat was examined by magnetic
resonance imaging (MRI). All other mice were euthanized, and
dissected tissue specimens were immediately stored at —80°C
until analysis.

For the intraperitoneal glucose tolerance test (IPGTT), fasted
mice were injected with glucose (2 g/kg). Blood glucose levels
were measured at the indicated time points with a freestyle blood
glucose meter (Therasense; Uppsala, Sweden).
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A subset of mice from each group (n = 6/group) was subjected
to cold exposure at 4°C, and rectal temperature was monitored
for 4 h to determine changes in the core body temperature.

Biochemical analysis

The levels of plasma triglycerides, free fatty acids, and total
cholesterol were measured using Infinity reagents (Thermo, Mel-
bourne, Australia). LDL cholesterol levels were determined as
previously described (30). Plasma insulin (Mercodia, Uppsala,
Sweden) and adiponectin (Adipogen, Incheon, Korea) levels
were quantified by an ELISA kit, according to the manufacturer’s
instructions. Hepatotoxicity was determined by measuring plasma
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels (30).

Histological analysis

Tissue sections were prepared as described previously (29).
Briefly, dissected samples were mounted on glass slides and fixed.
The epididymal WAT and liver samples were then stained with
perilipin and hematoxylin and eosin (H and E), respectively. Im-
ages were taken at the magnification indicated in the figures.

Culture and adenoviral infection

Myocytes (CyCjy) and hepatoma cells (FAO) were grown in
DMEM (Hyclone, Logan, UT) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 mg/ml streptomycin.
Cells were maintained at 37°C in a humidified atmosphere contain-
ing 5% CO,. The CyC, cells were differentiated as described previ-
ously (38). Briefly, confluent CyCi, cells were incubated with DMEM
supplemented with 2% horse serum for 6-7 days. The medium was
changed daily during myocyte differentiation.

For viral infection, differentiated CyCyy cells were incubated
with adenovirus expressing null or dominant negative-AMPKa2
(T172A) (10 plaque formation units/cell) in serum-free DMEM
for 3 h. The medium was then replaced with fresh DMEM con-
taining 10% FBS for 16 h. Cells were then subjected to experi-
mental treatments.

Quantitative real-time RT-PCR analysis

Total RNA was isolated from liver, muscle, and epididymal fat
tissues as described previously (39), and cDNA was synthesized
using the M-MuLV reverse transcriptase kit (Fermentas, Glen
Burnie, MD). The primers used for the real-time PCR analyses
were produced by Bioneer (Korea), and the primer sequences
are provided in supplementary Table I.

Western blotting

Western blotting was performed as previously described, with
minor modifications (40). An equal amount of protein from
each sample was separated on 8% or 10% SDS-PAGE gels and
transferred to nitrocellulose membranes. Blots were blocked
with 5% nonfat milk in TBS containing 0.1% Tween-20 (TBST)
at room temperature for 1 h, and then incubated overnight at
4°C with specific antibodies as follows: AMPK (Cell Signaling
Danver, MA), phosphoAMPK (Thr172) (Cell Signaling), acetyl-
CoA carboxylase (Upstate), phosphoACC (Ser/g) (Upstate), and
GAPDH (Ab Frontier, Korea). After washing three times with
TBST, the blots were hybridized with secondary antibodies conju-
gated to horseradish peroxidase. Immunoreactive signals were
detected using a Luminolmager (LAS-3000) and Science Lab
2001 Image Gauge software (Fuji Photo Film, Tokyo, Japan).

Fatty acid oxidation

Fatty acid oxidation was measured as previously described,
with minor modifications (38). CoCs cells and FAO cells were
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incubated with medium containing 0.1 mmol/1 palmitate (9,10-
[?’H]palmitate, 5 wCi/ml; PerkinElmer Life, Boston, MA) and
1% BSA. After 24 h of incubation, the medium was precipitated
with an equal volume of 10% trichloroacetic acid (Sigma), vigor-
ously mixed, and centrifuged at 4°C for 10 min. The superna-
tants were transferred to capless 1.5 ml microcentrifuge tubes
placed in a scintillation vial containing 0.5 ml unlabeled water,
and incubated at 55°C overnight. The tubes were then removed,
and the i)’HQO content was measured in a scintillation counter.

Measurement of AMPK activity

AMPK activity was measured by detection of phosphorylation
of SAMS peptide (HMRSAMSGLHLVKRR) as previously de-
scribed, with minor modifications (24). Cell lysates were pre-
pared with digitonin buffer (50 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 0.25% sucrose, 0.4 mg/ml digitonin, 1.5 mM PMSF), fol-
lowed by precipitation with 35% saturated ammonium sulfate.
Samples were suspended with assay buffer, and the reaction was
carried out at 30°C for 30 min with following mixture [200 pM
AMP, 200 pM ATP (0.5 uCi [y-"PJATP), 50 pM SAMS peptide in
assay buffer]. The reactions were terminated by spotting on P-81
phosphocellulose paper, washing three times in 1% phosphoric
acid and once with acetone, and air-drying. AMPK activity was
determined by measuring the incorporation of p using scintilla-
tion counting.

Mitochondrial ATP production rate and activities of
complexes I and II

Mitochondria were isolated from the cells, and ATP produc-
tion rate (APR) was determined as previously described, with
minor modifications (41). Isolated mitochondria (10 ng) were
suspended in reaction buffer A (0.1% BSA, 150 mM KCl, 0.1 mM
MgCly, 25 mM Tris-HCl, 10 mM potassium phosphate, pH 7.4)
containing 160 wM diadenosine pentaphosphate, 1 mM pyru-
vate, 100 M ADP, and either 5 mM glutamate/malate or 5 mM
succinate. To determine APR, luciferase assays were performed
by addition of buffer B (500 mM Tris-acetate, pH 7.75) contain-
ing 20 pg/ml luciferase (Invitrogen) and 0.8 mM p-luciferin (In-
vitrogen). The light emission was monitored using a luminometer
(20/20"; Turner Biosystems, Sunnyvale, CA) at 10 s intervals for
5 min. A standard curve for luminescence was obtained using dif-
ferent concentrations of ATP solution.

Mitochondrial complex I and II activities were assessed using
decylubiquinone and dichloroindophenol (DCIP), as described
previously (42). Briefly, 10 ug of the isolated mitochondrial frac-
tions was preincubated in the appropriate reaction buffer [com-
plex I buffer (70 pM decylubiquinone, 60 pM DCIP, 1 pM
antimycin A, 0.35% BSA, 25 mM potassium phosphate, pH 7.4);
complex II buffer (70 uM decylubiquinone, 60 pM DCIP, 1 pM
antimycin A, 50 pM rotenone, 500 uM EDTA, 200 uM ATP, 0.1%
BSA, 80 mM potassium phosphate, pH 7.4)] at 37°C. The reac-
tion was initiated by addition of substrates (complex I: 5 mM glu-
tamate/malate, and complex II: 5 mM succinate and 300 pM
potassium cyanide) to the mixture, and absorbance was read at
600 nm for 5 min at 20 s intervals. For measurement of the activ-
ity of complex I, rotenone (1 pM) was added to the reaction mix-
ture, and absorbance was read at 20 s intervals for 5 min.

Adenine nucleotide extraction and measurement

ATP and AMP contents in FAO cells and liver tissues were
measured by using high-performance liquid chromatography
(HPLC) as previously described, with minor modifications (43).
Briefly, FAO cells and liver tissues were lysed with 10% percholic
acid and neutralized with 5 N KOH. HPLC analysis was per-
formed by DIONEX Ultimate 3000 HPLC system (Thermo, CA)

with Inno C18 column (5.0 pm, 4.6 x 150 mm). The mobile
phase consisted of 0.02 M KH,PO, (pH 6.0) in water (A) and 0.02
M KH,PO, in 10% methanol (B). The optimal mobile phase was
set as follows: 0-15 min, 100% A; 15-18 min, gradient to A/B =
5:95; 18-30 min, 100% B; 30-40 min 100% A; the flow rate and
the wavelength were set at 0.7 ml/min and 254 nm. ATP and
AMP appeared at 11.3 and 24.3 min, respectively.

Statistical analysis

Error bars represent standard errors, and P values are calcu-
lated from Student #test. P < 0.05 was interpreted as statistically
significant.

RESULTS

Glabridin reduces body weight in obese animals

To investigate the effects of glabridin on body weight
change, glabridin was administered to high-fat diet (HFD)-
fed obese mice (Fig. 1A). Glabridin gradually reduced
body weight in HFD-fed obese mice (Fig. 1B, C). Glabridin
also decreased body weight in leptin-deficient Lep"b/ Lepﬂb
mice (supplementary Fig. I-A). Interestingly, glabridin

= Vehicle
A c =i- Glabridin
50 =0~ Pair-fed
)
= 450 o ok
o} o] OH -g, e ~00Q0000aa000000
g 40
> #
OH 235 j "
0 5 10 15 20 25
Days
B D
5
Vehicle Glabridin Pair-fed 2 %
£o4
3
' 53
g 83 &k
£ 21
1
{ 0 5 10 15 20 25
E Days
Vehicle Glabridin Pair-fed 380
9 *
EY YR :
B ("} oy 2310
R e Jﬂﬂ"& g
Y | F
. # \ [ =
0 30 60 90 120 180 240
Min

Fig. 1. Glabridin decreases body weight and food intake in obese
mice. A: Structure of glabridin. Glabridin is one of the major fla-
vonoids in the hydrophobic fraction of G. glabra extract. B-E: HFD-
fed obese mice (n = 7-8 per group) were orally administered with
vehicle or glabridin (150 mg/kg) or used for pair-feeding, for four
weeks. B: Gross images of whole body (top) and abdominal fat
(bottom) of mice in each group. C, D: Body weight and food con-
sumption were measured every day throughout the experimental
period. E: Body temperature during 4 h of cold exposure (n =6 per
group) was measured at indicated time points. Data represent
mean + SE. *P < 0.05 versus vehicle; **P < 0.01 versus vehicle; P<
0.05 versus pairfeeding (Student t-test). Each experiment was in-
dependently performed at least twice.
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suppressed food intake (Fig. 1D and supplementary Fig.
I-B), which directly contributes to body weight loss. To ex-
amine whether the glabridin-induced anti-obesity effect
mainly resulted from decreased food intake, pair-feeding
tests were conducted. As shown in Fig. 1C, glabridin-
treated mice clearly showed a greater reduction in body
weight than their pairfed counterparts. In accordance
with these data, glabridin slightly, but substantially, ele-
vated body temperature (Fig. 1E), implying that glabridin
might stimulate energy expenditure in obese animals.
These results suggest that glabridin exerts an anti-obesity
effect by enhancing energy expenditure and decreasing
food intake.

Glabridin attenuates adiposity, inflammation, and fatty
liver in obese mice

In obese mice, glabridin greatly decreased the size of
epididymal and retroperitoneal adipose tissue masses
(Fig. 2A). As shown in coronal and transverse MRI sec-
tions, the fat contents of visceral and subcutaneous adi-
pose tissues were evidently diminished in glabridin-treated
obese animals (Fig. 2B). However, glabridin did not cause
significant changes in the weights of the other organs, such
as heart, muscle, lung, kidney, and spleen (supplementary
Fig. II). Consistent with fat mass reduction, glabridin

decreased fat cell size determined by perilipin staining,
whereas there was no significant alteration in adipogenesis
and expression of adipogenic genes (Fig. 2C, D and sup-
plementary Fig. III). Hypertrophic adipocytes are closely
associated with increased chronic and low-grade inflam-
matory responses in obesity (44). To test the idea that
glabridin-dependant reduction in fat mass might affect
proinflammatory responses in the fat tissue of obese ani-
mals, gene expression was analyzed. As shown in Fig. 2E,
glabridin suppressed the expression of proinflammatory
genes, such as mcp-1 and inos, in adipose tissues of obese
animals, which is correlated with decreased hypertrophic
adiposity. In accordance with these results, we also ob-
served that glabridin repressed tumor necrosis factor
(TNF)a-mediated proinflammatory responses in 3T3-L1
adipocytes (supplementary Fig. IV).

Because obesity is often accompanied by the develop-
ment of fatty liver, we examined the liver histology of obese
mice in the absence or presence of glabridin administra-
tion. Glabridin clearly alleviated fatty liver, as evaluated by
macroscopic and microscopic examinations, accompanied
with decrease in liver tissue weight (Fig. 3A, B and supple-
mentary Fig. II). Furthermore, glabridin significantly de-
creased the levels of plasma triglycerides, total cholesterol,
and LDL cholesterol (Fig. 3C), which are closely associated
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Fig. 3. Glabridin alleviates fatty liver and hyperlipidemia. A, B:
Gross appearance and histological (H and E staining) analysis of
liver from vehicle- or glabridin-treated obese mice. C: Plasma levels
of triglyceride, total cholesterol, and LDL cholesterol (n = 4-5 per
group) were determined as described in Materials and Methods. D:
Hepatotoxicity was assessed by measuring plasma levels of ALT and
AST (n = 4-5 per group). Each bar represents mean + SE. ¥*P< 0.05
versus vehicle, **P< 0.01 versus vehicle (Student #test).

with fatty liver in obesity. Simultaneously, glabridin exhib-
ited a tendency to reduce plasma levels of ALT and AST in
HFD-fed obese mice (Fig. 3D), implying that hepatic dys-
function in obesity would be relieved by glabridin.

Glabridin improves hyperinsulinemia and glucose
metabolism

As obesity is one of the key risk factors for insulin resis-
tance as well as type 2 diabetes, the effects of glabridin on
glucose and insulin sensitivity were tested. In HFD-fed
obese mice, glabridin barely changed basal glucose levels
(Fig. 4A). However, in the presence of glabridin, the
plasma level of insulin markedly decreased, whereas adi-
ponectin levels increased (Fig. 4B, C), which seemed to be
associated with reduced adiposity and plasma lipid metab-
olites. Moreover, glabridin significantly relieved glucose
intolerance and insulin sensitivity in HFD-fed obese mice
(Fig. 4D). Consistently, in obese Zucker fa/fa rats, glabri-
din ameliorated glucose intolerance and insulin sensitivity
(supplementary Fig. V-A, B). Together, these results clearly
indicate that glabridin could improve insulin sensitivity
and glucose metabolism in obese and/or diabetic animals.

Glabridin regulates metabolic gene expression in fat,
liver, and muscle

To better understand the molecular mechanism(s) by
which glabridin mediates the beneficial effects on obese
animals described above, the expression of genes involved
in energy metabolism was investigated. Consistent with the
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Fig. 4. Glabridin improves glucose tolerance in obese mice. Plasma
levels of glucose (A), insulin (B), and adiponectin (C) were measured
(n = 4-5 per group). Each bar represents mean + SE. *P < 0.05 versus
vehicle (Student ttest). D: IPGTT. Mice (n = 4-6 per group) were
fasted and injected with glucose as described in Materials and Meth-
ods. Blood glucose levels were measured at indicated time points. Data
represent mean + SE. *P < 0.05 versus vehicle (Student ttest).

reduced hepatic and plasma lipid content upon glabridin
administration in obese animals, expression of lipogenic
genes (srebp-Ic, fas, acc, and scd-1) in adipose tissue and
liver was downregulated by glabridin (Fig. 5A, B). Conversely,
in muscle, the expression of genes for fatty acid oxidation
(i.e., ¢ptl and aco) and mitochondrial biogenesis (i.e., nrf
and c¢yfc) was stimulated by glabridin (Fig. 5C). Moreover,
glabridin showed a tendency to suppress expression of glu-
coneogenic genes (pepck and gopase) in the liver of obese
animals (Fig. 5D). These data indicate that glabridin might
alleviate HFD-induced metabolic abnormalities, at least in
part, through regulating the expression of a certain set of
metabolic genes.

Glabridin stimulates AMPK phosphorylation

AMPK is able to dissipate excessively stored energy by stim-
ulating fatty acid oxidation. To test whether glabridin could
potentiate AMPK activity, the levels of AMPK and ACC phos-
phorylation were examined. In the muscle, liver, and adipose
tissue of obese mice, glabridin promoted phosphorylation of
AMPK and ACC (Fig. 6A-C). Next, to confirm whether
glabridin could indeed activate AMPK, glabridin was tested
in various cell lines. In adipocytes (3T3-L.1), hepatoma cells
(FAO), myotubes (CyCio), and human embryonic kidney
cells (HEK 293), glabridin stimulated AMPK phosphoryla-
tion in a dose- and time-dependent manner (Fig. 6D, E and
supplementary Fig. VI). These data clearly indicate that
glabridin is a potent activator of AMPK, which results in its
beneficial effects on glucose and lipid metabolism.

Glabridin promotes fatty acid oxidation through AMPK
activation

It has been well established that activated AMPK stimu-
lates fatty acid oxidation and fat assimilation (11-13). To
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Fig. 5. Glabridin regulates expression of genes involved in lipid metabolism. Total RNA was isolated from
epididymal WAT, liver, and muscle of vehicle- or glabridin-treated obese mice. Relative mRNA levels of meta-
bolic genes: (A) WAT and (B) liver lipogenic genes; (C) muscle fatty acid oxidation and mitochondrial bio-
genesis genes; and (D) liver gluconeogenic genes were determined using qRT-PCR. The gene expression
levels were normalized by the level of cyclophilin mRNA. Experiments were independently performed at
least three times. Data represent mean + SE. *P < 0.05 versus vehicle; **P < 0.01 versus vehicle (Student

{ test).

test whether glabridin promotes fat burning via AMPK,
the effect of glabridin on fatty acid oxidation was exam-
ined. As expected, glabridin significantly enhanced fatty
acid oxidation in both CyC;; and FAO cells (Fig. 7A, B).
To verify whether the increased fatty acid oxidation with
glabridin requires AMPK, AMPK activity was repressed by
either ComC, a well-known AMPK inhibitor, or dominant
negative (DN) AMPK. In CyCys cells, glabridin-induced
AMPK activation, ACC phosphorylation, and fatty acid oxi-
dation were attenuated by either ComC or DN-AMPK (Fig.
7C-F). These data suggest that glabridin can promote fatty
acid oxidation through AMPK activation, leading to the
dissipation of excessively stored energy sources in obese
animals.

Glabridin affects mitochondrial functions and cellular
AMP/ATP ratio

Consistent with the results for AMPK activation, glabri-
din significantly increased AMPK activity in FAO cells
(Fig. 8A). However, glabridin failed to directly stimulate
AMPK activity, unlike AMP (supplementary Fig. VIII-A).
Also, it is likely that CaMKK and LKB were not key play-
ers in glabridin-induced AMPK phosphorylation (supple-
mentary Fig. VIII-B, C). To decipher the mechanism(s)
underlying AMPK activation by glabridin, we tested mito-
chondrial activities in the absence or presence of glabri-
din. As shown in Fig. 8B, C, glabridin decreased the ATP
production rate by about 15% in the presence of gluta-
mate/malate or succinate, which are the best-known elec-
tron donors in mitochondria. As a positive control,
berberine, another well-characterized AMPK activator, was
used to validate the change in mitochondrial function
(45). In addition, in comparison with the vehicle, glabri-
din significantly reduced the activities of mitochondrial
electron transport chain (ETC) complexes I and II (Fig.
8D, E). To verify whether mitochondrial function attenu-
ated by glabridin is associated with change of AMP/ATP
ratio, cellular adenine nucleotide contents were measured
in FAO cells with or without glabridin or berberine. Similar
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to berberine, glabridin treatment for 12 h significantly
elevated cellular AMP level, leading to increase in AMP/ATP
ratio by 52.6% (Fig. 8F). Consistently, AMP/ATP ratio in
the liver of glabridin-treated obese mice was also slightly,
but substantially, increased (Fig. 8G). These data suggest
that glabridin is able to activate AMPK by reducing mito-
chondrial ATP production like other AMPK activators, in-
cluding metformin and berberine.

DISCUSSION

Various phytochemicals used to treat metabolic diseases
are often able to stimulate AMPK activity (24-30). In this
study, we present data indicating that glabridin could al-
leviate body weight, adiposity, fatty liver, and hyperlipi-
demia by activation of AMPK, which would lead to the
improvement of glucose and lipid homeostasis. Previous
studies have demonstrated that licorice flavonoid oil con-
taining glabridin decreases visceral adiposity, hyperglyce-
mia, and hepatic lipogenesis (34-37). However, biological
pathways, as well as molecular mechanisms to mediate the
beneficial effects of glabridin on whole-body energy ho-
meostasis, have not been elucidated.

In peripheral tissues, AMPK activation facilitates lipid
dissipation via stimulation of fatty acid oxidation (6). Upon
activation of AMPK, fatty acid oxidation is augmented by
rapid ACC phosphorylation and is further sustained by
expression of certain genes involved in fatty acid oxida-
tion. In this study, we observed that glabridin promoted
AMPK activation and stimulated fatty acid oxidation,
suggesting that upregulation of fatty acid oxidation via
activation of AMPK is the key mechanism for the bene-
ficial effects of glabridin. This speculation was further sup-
ported by the observations that ComC treatment or
DN-AMPK overexpression decreased the effects of glabri-
din on fatty acid oxidation. For sustainable and chronic fat
burning, glabridin also affects lipid homeostasis by regula-
tion of gene expression. In muscle, glabridin stimulated
the expression of a set of genes associated with fatty acid
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Fig. 6. Glabridin stimulates AMPK in vivo and in vitro. A—C: Total
lysates from epididymal WAT (A), liver (B), or muscle (C) from
vehicle- or glabridin-treated obese mice were subjected to Western
blot analysis using specific antibodies (pAMPK, total AMPK, pACC,
and total ACC). The pAMPK/AMPK and pACC/ACC ratios were
quantified. More than three independent experiments were per-
formed. D, E: Differentiated adipocytes (3T3-L1), hepatoma (FAO)
cells, and differentiated myotube (CyCio) cells were treated with
various concentrations (0, 0.2, 2, 20, and 50 uM) of glabridin for
30 min (D) or were incubated with glabridin (20 uM) for different
time points as indicated (E). Cells were lysed and total cell lysates
were subjected to Western blot analysis. Each experiment was inde-
pendently performed more than twice.

oxidation. Conversely, glabridin reduced expression of li-
pogenic genes in liver and adipose tissue, eventually lead-
ing to the suppression of unnecessary de novo lipogenesis.
Although details of the mechanism by which glabridin
influences expression of these genes remain to be eluci-
dated, previous reports have shown that AMPK activation
upon treatment with metformin, berberine, or AICAR,
which are well-characterized AMPK activators, also con-
trols expression of those genes (15-17, 24, 29, 30). Re-
cently, several reports have shed light on the connection
between AMPK and SIRT1 in the regulation of energy ho-
meostasis (20-23, 46, 47). For instance, in liver, SIRT1 ac-
tivates AMPK activity and reduces expression of fas, leading
to diminished lipid accumulation (46, 47). On the other
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Fig. 7. Glabridin stimulates fatty acid oxidation via AMPK activ-
ity. A, B: Analysis of fatty acid oxidation in myotube (CyCjy) and
hepatoma (FAO) cells. CyCyy and FAO cells were incubated with
vehicle or glabridin (20 uM) for 24 h, and fatty acid oxidation was
measured as described in Materials and Methods. Each bar repre-
sents mean + SE of triplicates. *P < 0.05 versus vehicle. C-F: Dif-
ferentiated CyCiy cells were incubated with 10 pM ComC, an
antagonist of AMPK, for 3 h in prior to glabridin (20 uM) treat-
ment for 30 min (C, E), and differentiated CyC;, cells were infected
with Ad-GFP or Ad-DN-AMPKaw, (D, F) as described in Materials
and Methods. Then cells were treated with vehicle or glabridin
(20 uM) for 30 min. Total cell lysates were subjected to Western blot
analysis (C, D). Fatty acid oxidation assays (E, F) were conducted as
described in Materials and Methods. Each experiment was inde-
pendently performed at least four times. Each bar represents mean
+ SE. #P < 0.05 versus vehicle; *P < 0.05 versus glabridin.

hand, as a metabolic adaptation to fasting in muscle,
AMPK promotes SIRT1 activity by increasing the cellular
levels of NAD" and triggers SIRT1-dependent deacetyla-
tion of PCGla and FOXOI, resulting in induction of ex-
pression of the genes involved in mitochondrial and fatty
acid metabolism (20-23, 48, 49). Thus, it is plausible that
glabridin-stimulated AMPK activation alters the expression
of genes involved in lipid metabolism, which might chron-
ically ameliorate lipid dysregulation in obese animals.
Accumulating evidence has demonstrated the critical
roles of hypothalamic AMPK in the regulation of feeding
behavior and energy homeostasis (30, 50-52). In the hypo-
thalamus, decreased phosphorylation of AMPK and ACC
induces anorexic effects (51, 52). Interestingly, this hypo-
thalamic AMPK regulation is also transmitted via neuronal
signals to peripheral tissues, such as skeletal muscle, and
thereby rapidly potentiates fatty acid oxidation, leading to
dissipation of excess lipid (30, 53, 54). In this study, we
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Fig. 8. Glabridin affects mitochondrial functions and cellular AMP/ATP ratio. A: AMPK activity was deter-
mined with SAMS peptide. FAO cells were treated with 2 or 20 uM glabridine or 10 uM berberine (BBR) for
1 h. Then AMPK activity was determined by measurement of phosphorylation of SAMS peptides as described
in Materials and Methods. Two independent experiments were performed. Each bar represents mean + SE.
* P<0.05 versus vehicle; ** P< 0.01 versus vehicle. B-E: ATP production rates (B, C) and activities of mito-
chondrial complexes I and II (D, E) in FAO cells. Mitochondria were isolated from FAO cells treated with
glabridin or berberine and then challenged with 5 mM glutamate/malate (B, D) or 5 mM succinate (C, E).
Each experiment was independently performed more than twice. Each bar represents mean + SE. ¥¥P< 0.01
versus vehicle. F, G: Cellular AMP contents and AMP/ATP ratio were determined in (F) FAO cells treated
with 20 pM glabridine or 10 pM berberine for 30 min or 12 h and (G) liver from vehicle- or glabridin-treated
obese mice. Each bar represents mean + SE. *P< 0.01 versus vehicle; **P < 0.01 versus vehicle.

observed that glabridin exhibited an anorexic effect and
promoted fatty acid oxidation. Although it is currently un-
resolved whether glabridin might affect the central ner-
vous system to regulate whole-body energy homeostasis,
we cannot rule out the possibility that glabridin may mod-
ulate hypothalamic AMPK activity, which might influence
food intake and peripheral fatty acid oxidation.
Depending on the signaling cues, AMPK activation is
mediated by several different mechanisms, such as changes
of AMP/ATP ratio, intracellular Ca%, and activities of AMPK
upstream kinases (45). For instance, AICAR, a well-known
AMPK activator, directly binds to AMPK after intracellular

1284 Journal of Lipid Research Volume 53, 2012

conversion into ZMP, an AMP mimetic (55). On the other
hand, several antidiabetic drugs, including thiazolidine-
diones, metformin, and berberine, activate AMPK by
changing mitochondrial activity (45, 56-58). Although the
mechanism(s) by which glabridin might change LKB1 or
CAMKKSR needs to be further investigated, we obtained
some clues that glabridin would activate AMPK indepen-
dent of CAMKK- or LKB-activation. Rather, we observed
that glabridin evidently attenuated mitochondrial ATP
production and suppressed ETC complex I and II activi-
ties, accompanied with elevation of cellular AMP contents
and AMP/ATP ratio. Thus, these data imply that increase
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in cellular AMP/ATP ratio by glabridin would be the ma-
jor molecular mechanism responsible for AMPK activation.

Glabridin efficiently reduces adipose mass and adipo-
cyte hypertrophy in obese animals. Although it has been
demonstrated that AMPK activation with berberine po-
tently inhibits adipogenesis and lipogenesis (29), glabri-
din did not significantly affect adipogenesis. Consistently,
in adipose tissue, expression of adipogenic genes, includ-
ing ppary and aP2, was not changed by glabridin. However,
the expression of lipogenic genes was potently suppressed
in adipose tissue of glabridin-treated obese mice, which is
similar to the findings obtained for berberine or met-
formin (24, 29, 30). Thus, it is very likely that glabridin
reduces lipogenesis, but not adipogenesis, via AMPK acti-
vation, which might contribute to reduced adipose tissue
mass and adipocyte hypertrophy.

In macrophages, AMPK activation relieves lipopolysac-
charide-induced inflammation (59). Similarly, glabridin
decreased proinflammatory gene expression in adipose
tissues. In differentiated adipocytes, glabridin stimulated
AMPK phosphorylation and decreased expression of
proinflammatory genes in the presence of TNFa, a potent
inflammatory inducer. Consistent with these data, glabri-
din exhibits anti-inflammatory responses in colitic subjects
(60). Therefore, it appears that glabridin-induced AMPK
might also contribute to the suppression of inflammatory
responses, which would lead to improvements in meta-
bolic disorders, such as insulin resistance in obesity.

In conclusion, glabridin, a novel AMPK activator, ame-
liorates adiposity and metabolic disorders in obese ani-
mals. These effects of glabridin are produced through
strong and sustained changes in metabolic regulation that
facilitate catabolism of fuel storage, implying that glabri-
din would be a potential candidate for treatment of obe-
sity and metabolic disorders il

REFERENCES

1. Kopelman, P. G. 2000. Obesity as a medical problem. Nature. 404:
635-643.

2. Borkman, M., L. H. Storlien, D. A. Pan, A. B. Jenkins, D. J. Chisholm,
and L. V. Campbell. 1993. The relation between insulin sensitivity
and the fatty-acid composition of skeletal-muscle phospholipids.
N. Engl. J. Med. 328: 238-244.

3. Goodpaster, B. H,, F. L. Thaete, J. A. Simoneau, and D. E. Kelley.
1997. Subcutaneous abdominal fat and thigh muscle composition
predict insulin sensitivity independently of visceral fat. Diabetes. 46:
1579-1585.

4. Kahn, B. B., and J. S. Flier. 2000. Obesity and insulin resistance.
J. Clin. Invest. 106: 473—481.

5. Hardie, D. G. 2008. AMPK: a key regulator of energy balance in the
single cell and the whole organism. Int. J. Obes. (Lond.) 32(Suppl.
4): S7-S12.

6. Zhang, B. B., G. Zhou, and C. Li. 2009. AMPK: an emerging drug
target for diabetes and the metabolic syndrome. Cell Metab. 9:
407-416.

7. Hardie, D. G., 1. P. Salt, S. A. Hawley, and S. P. Davies. 1999. AMP-
activated protein kinase: an ultrasensitive system for monitoring
cellular energy charge. Biochem. J. 338: 717-722.

8. Hawley, S. A., D. A. Pan, K. J. Mustard, L. Ross, J. Bain, A. M.
Edelman, B. G. Frenguelli, and D. G. Hardie. 2005. Calmodulin-
dependent protein kinase kinase-beta is an alternative upstream
kinase for AMP-activated protein kinase. Cell Metab. 2: 9-19.

9. Sanders, M. J., P. O. Grondin, B. D. Hegarty, M. A. Snowden,
and D. Carling. 2007. Investigating the mechanism for AMP

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

activation of the AMP-activated protein kinase cascade. Biochem. J.
403: 139-148.

Woods, A., K. Dickerson, R. Heath, S. P. Hong, M. Momcilovic, S.
R. Johnstone, M. Carlson, and D. Carling. 2005. Ca2+/calmodulin-
dependent protein kinase kinase-beta acts upstream of AMP-
activated protein kinase in mammalian cells. Cell Metab. 2: 21-33.
Atkinson, L. L., M. A. Fischer, and G. D. Lopaschuk. 2002. Leptin
activates cardiac fatty acid oxidation independent of changes in the
AMP-activated protein kinase-acetyl-CoA carboxylase-malonyl-CoA
axis. J. Biol. Chem. 277: 29424-29430.

Kudo, N., A. J. Barr, R. L. Barr, S. Desai, and G. D. Lopaschuk.
1995. High rates of fatty acid oxidation during reperfusion of isch-
emic hearts are associated with a decrease in malonyl-CoA levels
due to an increase in 5-AMP-activated protein kinase inhibition of
acetyl-CoA carboxylase. J. Biol. Chem. 270: 17513-17520.

Merrill, G. F., E.J. Kurth, D. G. Hardie, and W. W. Winder. 1997. AICA
riboside increases AMP-activated protein kinase, fatty acid oxidation,
and glucose uptake in rat muscle. Am. J. Physiol. 273: E1107-E1112.
Reznick, R. M., and G. I. Shulman. 2006. The role of AMP-activated
protein kinase in mitochondrial biogenesis. J. Physiol. 574: 33-39.
Suwa, M., T. Egashira, H. Nakano, H. Sasaki, and S. Kumagai. 2006.
Metformin increases the PGC-lalpha protein and oxidative enzyme
activities possibly via AMPK phosphorylation in skeletal muscle in
vivo. J. Appl. Physiol. 101: 1685-1692.

Suwa, M., H. Nakano, and S. Kumagai. 2003. Effects of chronic
AICAR treatment on fiber composition, enzyme activity, UCP3,
and PGC-1 in rat muscles. J. Appl. Physiol. 95: 960-968.

Zong, H.,]J. M. Ren, L. H. Young, M. Pypaert, J. Mu, M. J. Birnbaum,
and G. I. Shulman. 2002. AMP kinase is required for mitochondrial
biogenesis in skeletal muscle in response to chronic energy depri-
vation. Proc. Natl. Acad. Sci. USA. 99: 15983-15987.

Andreelli, F., M. Foretz, C. Knauf, P. D. Cani, C. Perrin, M. A.
Iglesias, B. Pillot, A. Bado, F. Tronche, G. Mithieux, et al. 2006.
Liver adenosine monophosphate-activated kinase-alpha2 catalytic
subunit is a key target for the control of hepatic glucose produc-
tion by adiponectin and leptin but not insulin. Endocrinology. 147:
2432-2441.

Viollet, B., M. Foretz, B. Guigas, S. Horman, R. Dentin, L.. Bertrand,
L. Hue, and F. Andreelli. 2006. Activation of AMP-activated protein
kinase in the liver: a new strategy for the management of metabolic
hepatic disorders. J. Physiol. 574: 41-53.

Canto, C., Z. Gerhart-Hines, J. N. Feige, M. Lagouge, L. Noriega,
J. C. Milne, P. J. Elliott, P. Puigserver, and J. Auwerx. 2009. AMPK
regulates energy expenditure by modulating NAD+ metabolism
and SIRT1 activity. Nature. 458: 1056-1060.

Canto, C., L. Q. Jiang, A. S. Deshmukh, C. Mataki, A. Coste, M.
Lagouge, J. R. Zierath, and J. Auwerx. 2010. Interdependence of
AMPK and SIRT1 for metabolic adaptation to fasting and exercise
in skeletal muscle. Cell Metab. 11: 213-219.

Chau, M. D,, J. Gao, Q. Yang, Z. Wu, and J. Gromada. 2010.
Fibroblast growth factor 21 regulates energy metabolism by acti-
vating the AMPK-SIRT1-PGC-lalpha pathway. Proc. Natl. Acad. Sci.
USA. 107: 12553-12558.

Fulco, M., Y. Cen, P. Zhao, E. P. Hoffman, M. W. McBurney, A. A.
Sauve, and V. Sartorelli. 2008. Glucose restriction inhibits skel-
etal myoblast differentiation by activating SIRT1 through AMPK-
mediated regulation of Nampt. Dev. Cell. 14: 661-673.

Zhou, G.,R. Myers, Y. Li, Y. Chen, X. Shen, J. Fenyk-Melody, M. Wu,
J. Ventre, T. Doebber, N. Fujii, et al. 2001. Role of AMP-activated
protein kinase in mechanism of metformin action. J. Clin. Invest.
108: 1167-1174.

Hawley, S. A,, J. Boudeau, J. L. Reid, K. J. Mustard, L. Udd, T. P.
Makela, D. R. Alessi, and D. G. Hardie. 2003. Complexes between
the LKB1 tumor suppressor, STRAD alpha/beta and MO25 alpha/
beta are upstream kinases in the AMP-activated protein kinase cas-
cade. J. Biol. 2: 28.

Fryer, L. G., A. Parbu-Patel, and D. Carling. 2002. The anti-diabetic
drugs rosiglitazone and metformin stimulate AMP-activated pro-
tein kinase through distinct signaling pathways. J. Biol. Chem. 277:
25226-25232.

Ahn, J., H. Lee, S. Kim, J. Park, and T. Ha. 2008. The anti-obesity
effect of quercetin is mediated by the AMPK and MAPK signaling
pathways. Biochem. Biophys. Res. Commun. 373: 545-549.

Baur, J. A., K. J. Pearson, N. L. Price, H. A. Jamieson, C. Lerin, A.
Kalra, V. V. Prabhu, J. S. Allard, G. Lopez-Lluch, K. Lewis, et al.
2006. Resveratrol improves health and survival of mice on a high-
calorie diet. Nature. 444: 337-342.

Beneficial effects of glabridin on metabolic dysregulation 1285

9T0Z ‘€ 1800100 U0 ‘Arelqi feauad eym3 e Blo i mmm woly papeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2012/04/09/jlr.M022897.DC1.html 
http://www.jlr.org/content/suppl/2012/04/09/jlr.M022897.DC1.html 

SASBMB

JOURNAL OF LIPID RESEARCH

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

1286

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2012/04/09/jir. M022897.DC1

Lee, Y. S., W. S. Kim, K. H. Kim, M. J. Yoon, H. ]J. Cho, Y. Shen,
J. M. Ye, C. H. Lee, W. K. Oh, C. T. Kim, et al. 2006. Berberine, a
natural plant product, activates AMP-activated protein kinase with
beneficial metabolic effects in diabetic and insulin-resistant states.
Diabetes. 55: 2256-2264.

Kim, W.S.,Y.S. Lee, S. H. Cha, H. W. Jeong, S. S. Choe, M. R. Lee,
G. T. Oh, H. S. Park, K. U. Lee, M. D. Lane, et al. 2009. Berberine
improves lipid dysregulation in obesity by controlling central and
peripheral AMPK activity. Am. J. Physiol. Endocrinol. Metab. 296:
E812-E819.

Rosenblat, M., P. Belinky, J. Vaya, R. Levy, T. Hayek, R. Coleman, S.
Merchav, and M. Aviram. 1999. Macrophage enrichment with the
isoflavan glabridin inhibits NADPH oxidase-induced cell-mediated
oxidation of low density lipoprotein. A possible role for protein
kinase C. J. Biol. Chem. 274: 13790-13799.

Carmeli, E., and Y. Fogelman. 2009. Antioxidant effect of poly-
phenolic glabridin on LDL oxidation. Toxicol. Ind. Health. 25:
321-324.

Mae, T., H. Kishida, T. Nishiyama, M. Tsukagawa, E. Konishi, M.
Kuroda, Y. Mimaki, Y. Sashida, K. Takahashi, T. Kawada, et al. 2003.
A licorice ethanolic extract with peroxisome proliferator-activated
receptor-gamma ligand-binding activity affects diabetes in KK-Ay
mice, abdominal obesity in diet-induced obese C57BL mice and
hypertension in spontaneously hypertensive rats. J. Nutr. 133:
3369-3377.

Nakagawa, K., H. Kishida, N. Arai, T. Nishiyama, and T. Mae. 2004.
Licorice flavonoids suppress abdominal fat accumulation and in-
crease in blood glucose level in obese diabetic KK-A(y) mice. Biol.
Pharm. Bull. 27: 1775-1778.

Aoki, F., S. Honda, H. Kishida, M. Kitano, N. Arai, H. Tanaka, S.
Yokota, K. Nakagawa, T. Asakura, Y. Nakai, et al. 2007. Suppression
by licorice flavonoids of abdominal fat accumulation and body
weight gain in high-fat diet-induced obese C57BL/6] mice. Biosci.
Biotechnol. Biochem. 71: 206-214.

Kamisoyama, H., K. Honda, Y. Tominaga, S. Yokota, and S.
Hasegawa. 2008. Investigation of the anti-obesity action of licorice
flavonoid oil in diet-induced obese rats. Biosci. Biotechnol. Biochem.
72: 3225-3231.

Honda, K., H. Kamisoyama, Y. Tominaga, S. Yokota, and S.
Hasegawa. 2009. The molecular mechanism underlying the reduc-
tion in abdominal fat accumulation by licorice flavonoid oil in high
fat diet-induced obese rats. Anim. Sci. J. 80: 562-569.

Yoon, M. J., G. Y. Lee, J. J. Chung, Y. H. Ahn, S. H. Hong, and J. B.
Kim. 2006. Adiponectin increases fatty acid oxidation in skeletal
muscle cells by sequential activation of AMP-activated protein ki-
nase, p38 mitogen-activated protein kinase, and peroxisome prolif-
erator-activated receptor alpha. Diabetes. 55: 2562—2570.

Choe, S. S., A. H. Choi, ]J. W. Lee, K. H. Kim, ]J. J. Chung, ]J. Park,
K. M. Lee, K. G. Park, I. K. Lee, and J. B. Kim. 2007. Chronic activa-
tion of liver X receptor induces beta-cell apoptosis through hyper-
activation of lipogenesis: liver X receptor-mediated lipotoxicity in
pancreatic beta-cells. Diabetes. 56: 1534—1543.

Kim, K. H., G. Y. Lee, J. I. Kim, M. Ham, J. Won Lee, and J. B. Kim.
2010. Inhibitory effect of LXR activation on cell proliferation and
cell cycle progression through lipogenic activity. J. Lipid Res. 51:
3425-3433.

Vives-Bauza, C., L. Yang, and G. Manfredi. 2007. Assay of mitochon-
drial ATP synthesis in animal cells and tissues. Methods Cell Biol. 80:
155-171.

Janssen, A. J., F. J. Trijbels, R. C. Sengers, J. A. Smeitink, L. P. van
den Heuvel, L. T. Wintjes, B. . Stoltenborg-Hogenkamp, and R. J.
Rodenburg. 2007. Spectrophotometric assay for complex I of the
respiratory chain in tissue samples and cultured fibroblasts. Clin.
Chem. 53: 729-734.

Stocchi, V., L. Cucchiarini, M. Magnani, L. Chiarantini, P. Palma,
and G. Crescentini. 1985. Simultaneous extraction and reverse-
phase high-performance liquid chromatographic determination of
adenine and pyridine nucleotides in human red blood cells. Anal.
Biochem. 146: 118-124.

Journal of Lipid Research Volume 53, 2012

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hotamisligil, G. S., N. S. Shargill, and B. M. Spiegelman. 1993.
Adipose expression of tumor necrosis factor-alpha: direct role in
obesity-linked insulin resistance. Science. 259: 87-91.

Hawley, S. A, F. A. Ross, C. Chevtzoff, K. A. Green, A. Evans, S.
Fogarty, M. C. Towler, L. J. Brown, O. A. Ogunbayo, A. M. Evans,
etal. 2010. Use of cells expressing gamma subunit variants to identify
diverse mechanisms of AMPK activation. Cell Metab. 11: 554-565.
Hou, X., S. Xu, K. A. Maitland-Toolan, K. Sato, B. Jiang, Y. Ido, F.
Lan, K. Walsh, M. Wierzbicki, T. ]J. Verbeuren, et al. 2008. SIRT1
regulates hepatocyte lipid metabolism through activating AMP-
activated protein kinase. J. Biol. Chem. 283: 20015-20026.

Shen, Z., X. Liang, C. Q. Rogers, D. Rideout, and M. You. 2010.
Involvement of adiponectin-SIRT1-AMPK signaling in the protec-
tive action of rosiglitazone against alcoholic fatty liver in mice. Am.
J. Physiol. Gastrointest. Liver Physiol. 298: G364-G374.
Gerhart-Hines, Z., ]. T. Rodgers, O. Bare, C. Lerin, S. H. Kim, R.
Mostoslavsky, F. W. Alt, Z. Wu, and P. Puigserver. 2007. Metabolic
control of muscle mitochondrial function and fatty acid oxidation
through SIRT1/PGC-lalpha. EMBO J. 26: 1913-1923.

Rodgers, J. T., and P. Puigserver. 2007. Fasting-dependent glucose
and lipid metabolic response through hepatic sirtuin 1. Proc. Natl.
Acad. Sci. USA. 104: 12861-12866.

Hu, Z.,S. H. Cha, S. Chohnan, and M. D. Lane. 2003. Hypothalamic
malonyl-CoA as a mediator of feeding behavior. Proc. Natl. Acad.
Sci. USA. 100: 12624-12629.

Minokoshi, Y., T. Alquier, N. Furukawa, Y. B. Kim, A. Lee, B. Xue,
J. Mu, F. Foufelle, P. Ferre, M. J. Birnbaum, et al. 2004. AMP-kinase
regulates food intake by responding to hormonal and nutrient sig-
nals in the hypothalamus. Nature. 428: 569-574.

Andersson, U., K. Filipsson, C. R. Abbott, A. Woods, K. Smith, S.
R. Bloom, D. Carling, and C. J. Small. 2004. AMP-activated protein
kinase plays a role in the control of food intake. J. Biol. Chem. 279:
12005-12008.

Cha, S. H., Z. Hu, S. Chohnan, and M. D. Lane. 2005. Inhibition
of hypothalamic fatty acid synthase triggers rapid activation of fatty
acid oxidation in skeletal muscle. Proc. Natl. Acad. Sci. USA. 102:
14557-14562.

Cha, S. H., J. T. Rodgers, P. Puigserver, S. Chohnan, and M. D.
Lane. 2006. Hypothalamic malonyl-CoA triggers mitochondrial
biogenesis and oxidative gene expression in skeletal muscle: role
of PGC-lalpha. Proc. Natl. Acad. Sci. USA. 103: 15410-15415.

Day, P., A. Sharff, L. Parra, A. Cleasby, M. Williams, S. Horer, H.
Nar, N. Redemann, I. Tickle, and J. Yon. 2007. Structure of a CBS-
domain pair from the regulatory gammal subunit of human AMPK
in complex with AMP and ZMP. Acta Crystallogr. D Biol. Crystallogr.
63: 587-596.

Brunmair, B., K. Staniek, F. Gras, N. Scharf, A. Althaym, R.
Clara, M. Roden, E. Gnaiger, H. Nohl, W. Waldhausl, et al. 2004.
Thiazolidinediones, like metformin, inhibit respiratory complex I:
a common mechanism contributing to their antidiabetic actions?
Diabetes. 53: 1052—-1059.

El-Mir, M. Y., V. Nogueira, E. Fontaine, N. Averet, M. Rigoulet, and
X. Leverve. 2000. Dimethylbiguanide inhibits cell respiration via an
indirect effect targeted on the respiratory chain complex I. J. Biol.
Chem. 2775: 223-228.

Turner, N., J. Y. Li, A. Gosby, S. W. To, Z. Cheng, H. Miyoshi, M.
M. Taketo, G. J. Cooney, E. W. Kraegen, D. E. James, et al. 2008.
Berberine and its more biologically available derivative, dihydrober-
berine, inhibit mitochondrial respiratory complex I: a mechanism
for the action of berberine to activate AMP-activated protein kinase
and improve insulin action. Diabetes. 57: 1414-1418.

Jeong, H.W., K. C. Hsu, J. W. Lee, M. Ham, J. Y. Huh, H. J. Shin, W. S.
Kim, and J. B. Kim. 2009. Berberine suppresses proinflammatory
responses through AMPK activation in macrophages. Am. J. Physiol.
Endocrinol. Metab. 296: E955-E964.

Kwon, H. S., S. M. Oh, and J. K. Kim. 2008. Glabridin, a functional
compound of liquorice, attenuates colonic inflammation in mice
with dextran sulphate sodium-induced colitis. Clin. Exp. Immunol.
151: 165-173.

9T0Z ‘€ 1800100 U0 ‘Arelqi feauad eym3 e Blo i mmm woly papeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2012/04/09/jlr.M022897.DC1.html 
http://www.jlr.org/content/suppl/2012/04/09/jlr.M022897.DC1.html 

