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Abstract

Background Carnosic acid (CA), found in rosemary, has

been reported to have antioxidant and anti-adipogenic

properties. We recently demonstrated that CA protects

against steatosis in ob/ob mice. In the present report, we

investigated the molecular mechanism by which CA

inhibits lipids accumulation both in vivo and in vitro.

Methods In the in vivo study, ob/ob mice were fed a

standard chow diet with or without CA for 5 weeks, then

their hepatocyte lipid accumulation was determined. The

serum concentrations of cytokines, the levels of lipid reg-

ulatory mediators, and the hepatic metabolic and signaling

molecules were also evaluated. In the in vitro study,

HepG2 cells were used to further clarify the effects of CA

on cellular lipid accumulation and to confirm the signaling

pathways involved in these effects.

Results CA significantly reduced hepatocyte lipid accu-

mulation. This effect was associated with repressed levels

of hepatic PPARc, reduced expression of inflammatory

cytokines such as IL-1b, IL-12, IL-17, IFN-c, MCP-1, and

MIP-1b, and increased ATP, acetyl CoA, NAD(P)?, and

NAD(P)H. Other signaling molecules, such as EGFR,

MAPK, AMPK, and ACC, which regulate lipid metabolism,

were activated in mice fed the CA diet. CA inhibited pal-

mitate-induced cellular lipid accumulation and stimulated

the phosphorylation of both EGFR and MAPK. Pretreat-

ment with either the EGFR inhibitor AG1478 or the MEK-

specific inhibitor U0126 abolished the effects of CA on

cellular lipid accumulation and decreased both the protein

expression and activity of PPARc.

Conclusions EGFR/MAPK signaling plays an important

role in the inhibitory effect of CA on hepatocyte lipid

accumulation.
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Abbreviations

ACC Acetyl CoA carboxylase

AMPK AMP-activated protein kinase

ATP Adenosine triphosphate

CA Carnosic acid

EGFR Epithelium growth factor receptor

FAS Fatty acid synthase

FFA Free fatty acid

G-CSF Granulocyte colony-stimulating factor

GMCSF Granulocyte macrophage colony-stimulating

factor

GSH Glutathione

IFN Interferon

IL Interleukin

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemotactic protein

MIP Macrophage inflammatory protein

NAFLD Nonalcoholic fatty liver disease

NF-jB Nuclear factor-kappa B

PPAR Peroxisome proliferation activator receptor

SREBP-1 Sterol regulatory element-binding protein-1
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TG Triglyceride

TGFb1 Transforming growth factorb1

TZDs Thiazolidinediones

UCP2 Uncoupling protein 2

WAT White adipose tissue

Introduction

Hepatic steatosis is an initial and critical step in the

development of fatty liver diseases such as nonalcoholic

fatty liver disease (NAFLD). Hepatocytes with an exces-

sive triglyceride (TG) content may also present inflam-

mation, insulin resistance, fibrosis, and even carcinogenesis

[1]. Preventing the hepatocytes from accumulating fat is

therefore the most effective way to block the progression of

NAFLD to nonalcoholic steatohepatitis (NASH).

Although there are a variety of conditions that increase

the amount of hepatic lipids, de novo lipogenesis and fatty

acid b-oxidation are important for maintaining the balance

of hepatic lipid metabolism [2–4]. Molecules such as

AMP-activated protein kinase (AMPK) and peroxisome

proliferation activator receptor (PPAR) c, which participate

in regulating these two processes, have thus attracted a lot

of interest. AMPK, a serine threonine kinase with a cata-

lytic a subunit and regulatory b and c subunits, has been

identified to be a major regulator of glucose and lipid

metabolism and represents an attractive target for thera-

peutic intervention in the treatment of hepatic disorders [5].

AMPK activation depends on the phosphorylation of a

subunit on threonine-172 (Thr-172) by kinase LKB1 or

CaMKKb. The activation of hepatic AMPK leads to

increased fatty acid oxidation and simultaneously inhibits

hepatic lipogenesis, cholesterol synthesis, and glucose

production [6]. The actions of AMPK are attributed to its

direct phosphorylation and the inactivation of a number of

metabolic enzymes, including acetyl CoA carboxylase

(ACC), which is a key enzyme regulating both fatty acid

synthesis and b-oxidation. In addition, AMPK activation

reduces the expression of sterol regulatory element-binding

protein-1 (SREBP-1) c, which is the predominant SREBP-

1 isoform in the liver, and which transcriptionally regulates

lipogenesis [5–7].

PPARc is another target for the treatment of NASH

because it plays a role in increasing insulin sensitivity [8].

PPARc agonists, such as thiazolidinediones (TZDs), have

been proposed to improve insulin sensitivity by increasing

the expression and release of adiponectin, an adipokine that

activates AMPK. However, as a lipogenic gene, PPARc
enhances fat accumulation in adipose tissue by stimulating

adipocyte differentiation, and in the liver, hepatic PPARc

regulates triglyceride homeostasis and contributes to

hepatic steatosis [8, 9]. PPARc is phosphorylated and

inactivated by the extracellular receptor kinase–mitogen-

activated protein kinase (ERK–MAPK) pathway. The

MAPK phosphorylation site was mapped to serine-82 of

mouse PPARc1, which corresponds to serine-112 of mouse

PPARc2. The treatment of macrophages with transforming

growth factor (TGF) b1 increases PPARc phosphorylation

and decreases TZD-induced CD36 expression via activa-

tion of the ERK–MAPK pathway [10]. In addition, MAPK

has been demonstrated to inhibit the differentiation of

3T3–L1 fibroblasts to adipocytes through repression of the

transactivation function of PPARc [11]. However, whether

MAPK plays a role in regulating PPARc in hepatocytes

remains unclear.

We recently reported that carnosic acid (CA), an extract

of rosemary leaves, prevented obesity, ameliorated steato-

sis of the liver, and improved the glucose tolerance in an

NAFLD animal model [12]. In addition, rosemary extract

is generally recognized as safe (GRAS) by the US Food

and Drug Administration, and CA has been commercially

used as the principal component of rosemary extract in

various foods and supplements. These factors indicate that

CA is a novel and potentially effective drug for the treat-

ment of NAFLD and that it appears to be safe for human

use.

Furthermore, the antioxidant effects of CA have been

considered to be responsible for its biological activity [13].

It has been reported that CA protects neurons from free

radicals and thereby shields the brain from ischemia. In

addition, CA was found to stimulate Keap1/Nrf2 signaling,

thus resulting in the production of antioxidants such as

glutathione (GSH), thereby reducing oxidative stress [14,

15]. In addition, CA at 0.1–10 lM significantly inhibited

preadipocyte 3T3L1 cells from differentiating into mature

adipocytes through the same pathway [16].

In order to clarify the mechanism underlying the effects

of CA on the lipid accumulation in hepatocytes, we first

investigated the effects of CA on regulating inflammatory

factors, lipid regulating mediators, and hepatic metabolic

and signaling molecules in ob/ob mice. We then tested the

possible signaling pathways involved in the activity of CA

in vitro by using a cellular lipid accumulation model.

Materials and methods

Cell culture and treatment

Human hepatocellular liver carcinoma cells (HepG2)

were grown in DMEM medium with 10% fetal bovine

serum (FCS, Invitrogen). For cell treatment, a stock

solution of CA (Nagase Co., Osaka, Japan) was prepared
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in DMSO. A stock solution of sodium palmitate (Sigma-

Aldrich Co., Japan) was dissolved in a bovine serum

albumin/Hank’s balanced salt solution (BSA/HBSS) mix-

ture [17]. The in vitro model of cellular fat accumulation

was established by treating HepG2 cells with palmitate as

described previously [18]. Specific inhibitors of EGFR

(AG1478), MEK (U0126), and AMPK (compound C) were

purchased from Santa Cruz Biotechnology (Santa Cruz,

CA, USA), Promega Corporation (Madison, WI, USA),

and EMD Biosciences, Inc. (Darmstadt, Germany),

respectively.

Animals and treatment

Four-week-old male obese leptin-deficient (ob/ob) mice

were purchased from Charles River Laboratories Japan,

Inc. (Yokohama, Japan). The mice were housed under a

12-h light–dark cycle in a temperature- and humidity-

controlled environment. For the experiments, mice were

randomly divided into two groups and were fed a standard

chow diet with (CA?) or without (CA-) CA [0.05%

(wt/wt), Nagase Co., Osaka, Japan] for 5 weeks. The mice

were killed and tissues were sampled at the end of the

experiment. Blood was collected by cardiac puncture, and

serum samples were stored frozen at -20�C until the

analysis by a Bioplex cytokine assay. Liver tissue was

weighed and fixed in glutaraldehyde for an electron

microscopy analysis. Frozen sections were used for the

metabolome analysis (HMT com., Tsuruoka, Japan) and

for the analyses of protein levels or activity. The use of

mice in this study complied with the relevant guidelines

based on the laws of Japan, and the study protocol was

approved by the animal research committee of Iwate

Medical University.

Electron microscopy

The livers were freshly isolated, perfused, and fixed with

2.5% glutaraldehyde. Tissue fragments were postfixed in

1% osmium tetroxide, dehydrated, and embedded in epoxy

resin. Sections were cut for light microscopy (toluidine

blue staining) and electron microscopy, which was per-

formed on an electron microscope (H7100s, Hitachi,

Tokyo, Japan). The total area of the lipid droplets in a

randomly selected microscopic field was quantified by

using the Image J software program (NIH, Washington

D.C., USA). The average value for each group was then

calculated.

Bioplex cytokine assay

The serum from mice was collected and analyzed by

Bioplex cytokine assays (Bio-Plex Mouse Cytokine

18-Plex Panel, Bio-Rad Laboratories, Hercules, CA, USA),

according to the manufacturer’s protocol. We analyzed the

serum for the concentration of interleukin (IL)-1, IL-2,

IL-3, IL-5, IL-6, IL-9, IL10, IL-12, IL-13, IL-17, tumor

necrosis factor (TNF) a, granulocyte colony-stimulating

factor (G-CSF), granulocyte macrophage colony-stimulat-

ing factor (GMCSF), interferon (IFN) c, macrophage

inflammatory protein (MIP)-1b, and monocyte chemoat-

tractant protein 1 (MCP-1).

Western blot analysis

Total protein was isolated from liver tissue or HepG2 cells

by a total protein extraction kit purchased from BioChain

Institute, Inc. (Hayward, CA, USA). The nuclear fraction

was isolated using the Nuclear/Cytosol Fraction Kit from

Biovision Research Products (San Francisco, CA, USA). A

total of 20 lg protein from each sample was separated by

10% SDS-PAGE and electrotransferred onto a polyvinyli-

dene difluoride membrane. Immunoblotting was performed

by using specific antibodies against PPARc, SREBP-1,

Nrf2, UCP2, b-actin (Santa Cruz Biotechnology, Santa

Cruz, CA), FAS (Sigma Aldrich Japan Inc, Tokyo, Japan),

phospho-AMPKa, phospho-ACC, phospho-EGFR, and

phospho-MAPK (ERK1/2, Cell Signaling Technology,

Charlottesville, VA, USA). The immunoreactive bands

were visualized with an enhanced chemiluminescence

reagent (Amersham Biosciences, Buckinghamshire, UK).

Oil Red O staining

HepG2 cells were washed once in PBS and fixed with

freshly prepared 4% formaldehyde in PBS for 15 min.

Cells were stained with Oil Red O as described elsewhere

[19]. Spectrophotometric quantification of the staining was

performed by dissolving the stained oil droplets in the cell

monolayers with 4% Nonidet P-40 in isopropanol for

5 min. Then the absorbance was measured at 520 nm.

PPARc transcription factor assay

After the treatment, the nuclear fraction of HepG2 cells

was prepared, and the specific transcription factor DNA

binding activity of PPARc was detected by an enzyme-

linked immunosorbent assay (ELISA; Cayman Chemical

Company, Ann Arbot, MI, USA) according to the manu-

facturer’s instructions.

Statistical analysis

The statistical analysis was carried out using Student’s

t test for unpaired comparisons. A p value less than 0.05
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was considered to be significant. The results are presented

as the means ± SD.

Results

CA reduces hepatocyte lipid accumulation in ob/ob

mice

We previously reported that CA effectively reduced the total

hepatic lipid content in ob/ob mice. In this study, we first

detected the lipid accumulation in hepatocytes by electronic

microscopy. As shown in Fig. 1a, the hepatocytes from

control mice showed profound lipid accumulation. In com-

parison, CA feeding significantly decreased the fat accu-

mulation in hepatocytes. In addition, lipogenic genes such as

SREBP-1, fatty acid synthase (FAS), and PPARc in liver

nuclear fractions and/or in total lysates were subsequently

examined. We observed that the PPARc levels were signif-

icantly reduced in the mice fed the CA diet in comparison to

the controls. In contrast, neither the amount of cleaved

SREBP-1 (60–70 kDa) nor the FAS levels were significantly

different between the two groups (Fig. 1b, c).

We then focused on the liver metabolites that correlated

with the process of fatty acid b-oxidation. Compared with

control mice, mice fed the CA diet showed increased levels

of liver metabolites, such as NADH (3.1 times that of the

control), NAD? (3.3 times the control), acetyl CoA (1.7

times the control), ATP (2.6 times the control), and ADP

(1.7 times the control), which are the major molecules that

participate in the process of fatty acid b-oxidation

(Table 1).
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Fig. 1 Effects of CA treatment

on hepatocyte lipid

accumulation in ob/ob mice.

a CA treatment inhibited

hepatocyte lipid accumulation.

Electron microscopy was

performed and the results were

quantified as described in the

‘‘Materials and methods’’.

Scale bar 2 lm. b CA treatment

significantly decreased the

PPARc protein level in the

nuclear fraction of the liver. The

nuclear fraction was extracted,

and 20 lg of protein per sample

was used for the Western blot

analysis. c The effects of CA

treatment on the protein levels

of the signaling molecules

involved in lipid metabolism.

Tissue lysates (20 lg of total

protein per sample) of liver

samples were used for the

Western blot analysis. The

b-actin level was evaluated as a

protein loading control.

Representative results are

shown. The quantitative data are

presented as the means ± SD

(n = 3 for a and n = 5 for b, c).

*p \ 0.05, **p \ 0.01 versus

the CA group
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Activity of CA occurs independently of Nrf2/GSH

signaling

In order to identify whether the Nrf2/GSH signaling path-

way participates in the activity of CA, we evaluated the

NADPH-glutathione (GSH) system in the livers of mice and

detected the Nrf2 protein levels in the liver nuclear extracts.

However, there were no significant differences in the levels

of GSH in the present study, other than a significantly

increased level of hepatic NADPH (n = 3, p \ 0.05) in the

mice fed the CA diet compared with controls (Table 2).

Similarly, the CA treatment did not cause the expected

increase in the Nrf2 levels in the liver nuclear fractions. On

the contrary, the Nrf2 levels were decreased in the livers of

mice fed the CA diet (Fig. 1b). Among the various mole-

cules involved in lipid metabolism that were analyzed, both

AMPKa and its downstream target, ACC, were activated in

the livers of mice fed the CA diet in comparison to the

controls. In addition, increased phosphorylation of both

MAPK (ERK1/2) and its common upstream regulator,

epithelial growth factor receptor (EGFR), was detected in

the livers derived from the mice fed CA (Fig. 1c).

Reduction of lipid accumulation in HepG2 cells by CA

is associated with EGFR and MAPK signaling

On the basis of the finding that CA feeding activated the

phosphorylation of AMPK, EGFR, and MAPK, we exam-

ined the roles of these molecules in an in vitro model of

cellular fat accumulation. As shown in Fig. 2a, HepG2

cells exhibited an excessive triglyceride accumulation after

being induced by palmitate. The CA treatment significantly

inhibited the effect of palmitate, however, co-treatment

with a specific selective inhibitor of the EGFR (AG1478)

or an inhibitor of the upstream effector of MAPK, MEK

(U0126), recovered their cellular lipid accumulation

(Fig. 2b). Furthermore, CA treatment stimulated the

phosphorylation of both MAPK and EGFR in a time-

dependent manner. AG1478 pretreatment (1 h prior to CA)

effectively inhibited the phosphorylation of both MAPK

and EGFR (Fig. 2c). Although CA treatment activated

AMPK in HepG2 cells, there were no significant differ-

ences in the cellular triglyceride content between the cells

co-treated with compound C, a specific selective inhibitor

of AMPK, and the cells treated only with CA (Fig. 2b, c).

CA regulates both the expression level and activity

of PPARc through EGFR/MAPK signaling in HepG2

cells

We also determined whether CA-stimulated EGFR/MAPK

signaling plays a role in regulating PPARc in HepG2 cells.

We observed that the protein level of PPARc in palmitate-

induced cells was significantly reduced after the CA

treatment, but was rescued by the pretreatment with either

AG1478 or U0126 (Fig. 3a). Furthermore, the specific

transcription factor DNA binding activity of PPARc was

significantly reduced after the CA treatment, but was res-

cued by pretreatment with either AG1478 or U0126.

Consistently, the decreased nuclear protein levels of

PPARc in CA-treated cells were strongly elevated by

pretreatment with the above inhibitors (Fig. 3b, c).

Table 1 Expression levels of hepatic metabolites involved in fatty

acid b-oxidation and the NADPH-GSH system in ob/ob mice fed with

or without CA

Metabolite Relative area(/g) Ratio

CA- CA? CA?/

CA-

FAD (divalent) 5.0 ± 0.27 10-1 4.8 ± 0.52 10-1 1.0

NADH 1.8 ± 0.70 10-1 5.6 ± 0.29 10-1 3.1

NAD? 1.0 ± 0.8 3.3 ± 1.6 3.3

Acetyl CoA

(divalent)

8.2 ± 0.48 10-2 1.4 ± 0.31 10-1 1.7

ATP 5.0 ± 0.38 10-1 1.3 ± 0.21 10-2 2.6

ADP 3.5 ± 1.6 5.8 ± 0.75 1.7

NADPH 2.1 ± 0.22 10-1 4.1 ± 0.50 10-1 2.0*

NADP? 3.5 ± 0.96 10-1 6.3 ± 1.4 10-1 1.8

GSH 200 ± 9.8 200 ± 24 1.0

GSSG 34 ± 4.3 33 ± 4.4 1.0

*p \ 0.05

Table 2 Serum concentrations of cytokines in ob/ob mice fed with or

without CA

Cytokine CA- (pg/mL) CA? (pg/mL) Decrease (%)

IL-1a 1.3 ± 0.5 1.0 ± 0.3 23.1

IL-1b 176.0 ± 36.5 129.8 ± 32.4 26.3

IL-2 16.0 ± 3.4 13.7 ± 3.4 15.1

IL-3 41.7 ± 8.5 31.4 ± 6.2 24.7

IL-5 14.9 ± 4.2 10.6 ± 3.3 28.8

IL-6 4.1 ± 2.3 4.4 ± 6.0 -7.3

IL-9 373.1 ± 22.1 334.1 ± 33.4 10.5

IL-10 45.5 ± 8.6 40.1 ± 12.0 11.9

IL-12 152.0 ± 35.4 123.6 ± 35.7 18.7

IL-13 1160.8 ± 125.8 1047.6 ± 123.8 9.8

IL-17 55.3 ± 18.5 37.1 ± 7.5 32.9

IFN-c 214.1 ± 25.9 161.7 ± 43.9 24.5

MCP-1 373.6 ± 39.7 309.7 ± 23.7 17.1

MIP-1b 46.4 ± 7.5 37.4 ± 11.9 19.4

TNF-a 271.9 ± 37.5 250.2 ± 50.5 8.0

G-CSF 60.3 ± 33.2 58.2 ± 43.8 3.5

GM-CSF 66.7 ± 10.6 53.1 ± 9.6 20.4

*p \ 0.05, **p \ 0.01
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Effects of CA on serum cytokine levels in ob/ob mice

Inflammatory cytokines are known to enhance the extent of

liver injury [20, 21]. In the present study, a variety of

cytokines such as IL-1b, IFN-c, IL-12, IL-17, MCP-1, and

MIP-1b were detected in the serum of control mice. In

contrast, the serum of the mice fed the CA diet showed a

significant decrease in the levels of these inflammatory

cytokines. There were no significant differences in the

levels of anti-inflammatory cytokines such as IL-10. The

levels of TNF-a were also not significantly different

between the CA and control groups (Table 1).

Discussion

The aim of the present study was to investigate the

molecular and cellular mechanisms underlying the role of

CA in lipid accumulation in hepatocytes. Oxidative stress

contributes to the progression of steatosis to NASH by

producing lipid peroxidation, inflammation, and fibrosis

[22, 23]. Recently, Nrf2 was recognized as a target for the

treatment of NAFLD [24, 25]. On the basis of the finding

of our previous study, we thus hypothesized that CA exerts

its effect on NAFLD by activating the Keap1/Nrf2 path-

way. However, neither the protein levels of Nrf2 in the
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Fig. 2 Reduction of lipid

accumulation in HepG2 cells by

CA is associated with activation

of MAPK and EGFR. a Both the

EGFR and MAPK contribute to

the inhibitory effects of CA on

the cellular lipid accumulation

induced by palmitate. HepG2

cells were induced by palmitate

as described in the ‘‘Materials

and methods’’. A concentration

of 10 lM CA was added 1 day

before the palmitate treatment.

Then, 10 lM AG1478, 10 lM

U0126, or 15 lM compound C

was added, together with CA, as

indicated. The cells were

incubated for 18 h before the Oil

Red O staining. b CA activated

the EGFR/MAPK pathway in

HepG2 cells. The 80% confluent

HepG2 cells were starved in

medium without FCS for 4 h.

The cells were then treated with

20 lM CA for the indicated

times. A concentration of

10 lM AG1478 was added 1 h

prior to the CA treatment. c CA

stimulated the phosphorylation

of AMPKa in HepG2 cells.

Cells were treated with CA for

the indicated times as described

in b. A 20-lg aliquot of total

protein from each sample was

used for the Western blot

analysis. b-actin was evaluated

as a protein loading control. All

of the above experiments were

repeated three times and

representative results are shown.

The quantitative data are

presented as the means ± SD.

*p \ 0.05, **p \ 0.01
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nuclear fraction nor the production of GSH in the liver of

CA-treated mice was elevated in comparison to control

mice. Our present data therefore do not support the

hypothesis that CA inhibits fat accumulation in the liver

through the Nrf2/GSH pathway. However, because ob/ob

mice present simple hepatic steatosis but not advanced

stages of NAFLD such as NASH [26], further studies are

needed to clarify the effect of CA on advanced NAFLD

and to determine whether Keap1/Nrf2 signaling partici-

pates in the function of CA.

Our data indicate that CA-induced PPARc reduction is

involved in the prevention of lipid accumulation in hepato-

cytes. This is supported by a previous report indicating that

liver-specific inhibition of PPARc results in decreased

hepatic steatosis [27]. We also demonstrated that the EGFR/

MAPK signaling activated by CA is responsible for the

suppression of both the protein expression and transcrip-

tional activity of PPARc. The EGFR is one of the potential

upstream regulators of MAPK. It was reported that the

ligand-dependent formation of EGFR homodimers or het-

erodimers with one of its homologs (ErbB2, ErbB3, and

ErbB4) results in opposing effects on preadipocyte prolif-

eration and differentiation [28]. In addition, activation of the

EGFR/MAPK cascade plays an important role in the anti-

obesity activity of evodiamine, a major component of tra-

ditional Chinese medicine [29, 30]. We herein demonstrated

that the EGFR/MAPK pathway plays an important role in

preventing lipid accumulation in the liver. Although the

molecular mechanism by which CA activates the EGFR was

not elucidated in the present study, an in vitro study showed

that CA activated EGFR as early as 5 min post-stimulation,

which suggests that CA possibly directly targets the EGFR

through oligomerization or autophosphorylation, rather than

an indirect mechanism. It is worth noting that EGFR acti-

vation is usually associated with an increased risk of cancer

because it promote cell proliferation. However, so far, there

have not been any reports of carcinogenic activity for CA. On

the contrary, CA has been demonstrated to induce apoptosis

in cancer cell lines [31, 32]. However, considering the pos-

sibility of the clinical application of CA, it is necessary to

carefully determine whether there is any risk of cancer

related to CA treatment.

In spite of the increased EGFR/MAPK signaling, our

data from the present study showed that the phosphoryla-

tion of both AMPK and ACC was enhanced in the livers of

mice fed a CA diet, and that this was accompanied by

elevated levels of various hepatic metabolic molecules that

participate in fatty acid b-oxidation. These data suggest

that CA-stimulated AMPK plays a role in promoting fat

consumption in the liver. However, the SREBP-1 levels in

the nuclear fraction of the liver were not changed in the

CA-treated mice. Although CA stimulated the phosphory-

lation of AMPK in HepG2 cells, a specific inhibitor of
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Fig. 3 CA decreased both the protein levels and activity of PPARc
through the EGFR/MAPK signaling pathway. Palmitate and CA were

added to the cells as described in Fig. 2a. Then, 10 lM AG1478 or

10 lM U0126 was added as indicated. a The CA-stimulated EGFR/

MAPK cascade decreased the total protein level of PPARc. A 20-lg

aliquot of total protein from each sample was used for the Western

blot analysis. b-actin was evaluated as a protein loading control. b,

c The CA-stimulated EGFR/MAPK cascade inhibited the activity of

PPARc. Analyses of both the protein levels and the activity of PPARc
were performed by using the nuclear fractions of the samples. PPARc
transcription factor assay was performed as described in the

‘‘Materials and methods’’. All of the above experiments were

repeated three times and representative data are shown. The

quantitative data are presented as the means ± SD. **p \ 0.01
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AMPK did not block the inhibitory effects of CA on the

cellular lipid accumulation induced by palmitate. These

findings indicate that CA-induced AMPK activation does

not directly suppress the short-term lipid accumulation

induced by palmitate loading. On the other hand, the liver

AMPK level regulates glucose homeostasis, in addition to

regulating hepatic lipogenesis [6]. We previously reported

that CA treatment improved the glucose intolerance in

ob/ob mice [12]. Therefore, it is possible that CA indirectly

blocks hepatocyte lipid accumulation in the long term by

restoring insulin sensitivity, although future studies will be

needed to determine whether this is the case.

Our previous data showed that CA treatment did not

change the food intake of mice in comparison to controls

[12]. These data suggest that CA protects against hepatic

steatosis through a leptin-independent pathway, although

further proof using other NAFLD animal models, such as

MCD diet mice, is needed [33]. Leptin-deficient mice

produce low levels of cytokines [34]. In the present study,

the CA-treated mice showed even lower serum levels of

many cytokines in comparison to the control mice. In

particular, the serum levels of inflammatory cytokines like

IFN-c, MCP-1, MIP-1b, and GM-CSF were significantly

lower in the CA-treated mice than in controls. So far, we do

not know whether or not CA-induced PPARc reduction

relates to the changes of inflammation. It is also possible

that the reduction of inflammatory cytokines in the in vivo

experiments may occur due to the secondary effects of CA

through body weight suppression, and this possibility

should be examined in future studies. Our data above

indicate that CA has potent anti-inflammatory activities

even in ob/ob mice. Therefore, CA is expected to prevent

the development of steatosis and to decrease the transition

from NAFLD to steatohepatitis.
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