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a b s t r a c t

Elevated levels of free fatty acids (FFAs) in the liver, resulting from either increased lipolysis

or imbalanced FFAs flux, is a key pathogenic factor of hepatic steatosis. This study was

conducted to examine the therapeutic effect of tetrahydrocurcumin (THC), a naturally

occurring curcuminoid and a metabolite of curcumin, on oleic acid (OA)-induced steatosis

in human hepatocellular carcinoma cells and to elucidate the underlying mechanism.

HepG2 cells were incubated with OA to induce steatosis, and then treated with various

concentrations of THC. The results showed that THC treatment significantly decreased

lipid accumulation in OA-treated HepG2 cells, possibly, by inhibiting the expression of the

lipogenic proteins, sterol regulatory element-binding protein 1 (SREBP-1c), peroxisome

proliferator-activated receptor gamma (PPARg), fatty acid synthase (FAS), and fatty acid-

binding protein 4 (FABP4). Moreover, THC attenuated OA-induced hepatic lipogenesis in

an adenosine monophosphateeactivated protein kinase (AMPK)-dependent manner,

which was reversed by pretreatment with an AMPK inhibitor. THC promoted lipolysis and

upregulated the expression of genes involved in b-oxidation. Glucose uptake and insulin

signaling impaired in HepG2 cells incubated with OA were abated by THC treatment,

including phosphorylation of the insulin receptor substrate 1 (IRS-1)/phosphoinositide 3-

kinase (PI3K)/Akt and downstream signaling pathways, forkhead box protein O1 (FOXO1)

and glycogen synthase kinase 3 b (GSK3b), which are involved in gluconeogenesis and

glycogen synthesis, respectively. Altogether, these results demonstrated the novel thera-

peutic benefit of THC against hepatic steatosis and, consequently, a potential treatment for

non-alcoholic fatty liver disease (NAFLD).
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1. Introduction

Hepatic steatosis is defined as the abnormal accumulation of

hepatic triglyceride (TG) greater than 5%, by liver weight, and

is the hallmark feature of non-alcoholic fatty liver disease

(NAFLD) [1]. A plethora of epidemiological studies have shown

that NAFLD is associated with cardiovascular disease, malig-

nancy, and other metabolic disorders. Dysregulation of he-

patic lipid metabolism results from a number of factors, such

as an increased level of plasma free fatty acids (FFAs) from

adipose tissue lipolysis or dietary intake, elevated hepatic de

novo lipogenesis, decreased b-oxidation, and very-low-density

lipoprotein (VLDL) export, causing abnormal hepatic TG

accumulation [1,2]. Although the pathogenesis of NAFLD is not

fully characterized, obesity and insulin resistance are high-

lighted as critical pathogenic factors, as they contribute to

elevated lipolysis, increased levels and uptake of plasma FFAs

in hepatocytes, altered fatty acid metabolism, and enhanced

lipogenesis that altogether, ultimately, lead to hepatic stea-

tosis [1,2]. The increase in FFAs influx, proinflammatory cy-

tokines, and lipid intermediates in the liver exacerbate hepatic

insulin resistance by interfering with the phosphorylation of

insulin receptor substrates [3]. It has been suggested that he-

patic insulin resistance is crucial for the metabolic dysregu-

lation of NAFLD by aggravating hepatic steatosis, which is

characterized by both reduced insulin-mediated hepatic

glucose production and increased hepatic gluconeogenesis [4].

Adenosine monophosphateeactivated protein kinase

(AMPK) is a cellular nutrient sensor and a central regulator of

energy homeostasis in most tissues and organs, including the

liver, adipose tissue, and skeletal muscle. AMPK coordinates

hepatic energymetabolism through transcriptional regulation

of genes involved in lipid metabolism or direct phosphoryla-

tion of metabolic proteins or enzymes, such as sterol regula-

tory element-binding protein 1 (SREBP-1), carbohydrate-

responsive element-binding protein (ChREBP), HMG-CoA

reductase (HMGCR), acetyl-CoA carboxylase 1 (ACC1), and

fatty acid synthase (FAS) [5]. Additionally, hepatic AMPK is

responsible for maintaining whole-body glucose homeostasis

by downregulating the expression of gluconeogenic genes,

such as those encoding phosphoenolpyruvate carboxykinase

(PEPCK) and glucose-6-phosphatase (G6Pase) [5,6]. Numerous

studies have demonstrated that in vitro and in vivo AMPK

activation protects against NAFLD and reverses insulin resis-

tance, as it leads to increased fatty acid oxidation, inhibition of

hepatic lipogenesis, cholesterol synthesis, and glucose pro-

duction [7,8]. Thus, activation of AMPK has attracted attention

as a therapeutic strategy against NAFLD [9].

Tetrahydrocurcumin (THC) was first discovered by Holder

et al. in 1978 as a major reductive metabolite of curcumin that

naturally exists in Zingiber mioga, Zingiber officinale, and Curcuma

zedoaria [10e12]. THC has been shown to exhibit a wide spec-

trum of therapeutic and chemopreventive properties [13,14].

Although the pharmacological properties of THC are similar

to those of curcumin, studies have demonstrated that THC

is more active than curcumin as an antioxidant, anti-

inflammatory, anti-cancer, antidiabetic, and neuroprotective

agent [14]. More specifically, THC possesses superior anti-

oxidative activity and upregulates levels of antioxidant
enzymes and free radical scavenging activity, which are

implicated against atherosclerosis [15], hypertension [16,17],

diabetes [18], hyperlipidemia [19] and nephrotoxicity [20,21]. In

addition, THC ismore stable than curcumin in 0.1 M phosphate

buffers at neutral pH and plasma [22]. Its half-life in cell culture

medium and plasma is significantly longer than that of curcu-

min [23]. Structurally, THC is more hydrophilic than curcumin

due to the compound's additional hydrogen molecules [24].

Together, these properties suggest that THC may be more

potent and efficacious against human diseases than curcumin,

owing to its distinct chemical properties and stability.

In vivo studies demonstrated the potential protective effect

of THC against chloroquine- and arsenic-induced hepatotox-

icity [25,26]. The efficacy of THC onmetabolic dysfunctionwas

tested in streptozotocin-induced type 2 diabetic rats,

decreasing levels of plasma insulin and gluconeogenic en-

zymes and improving blood glucose and hepatic carbohydrate

metabolism [27,28]. In addition to its hypoglycemic activity,

THCwas reported to have hypolipidemic activity that reduced

levels of serum and hepatic cholesterol, TG, FFAs, and HMGCR

activity [18,19]. These studies illustrated the therapeutic ef-

fects of THC on metabolic diseases, such as diabetes mellitus

and dyslipidemia, and more importantly, the higher potency

of its antidiabetic and anti-hyperlipidemic effects in com-

parison to curcumin. Although evidence points to a potential

protective role of THC against metabolic diseases, its efficacy

on hepatic steatosis remains unknown. In the present study,

we aimed to evaluate the inhibitory effect of THC on hepatic

steatosis, by using a cellular steatosis model, and to elucidate

the underlying mechanism.
2. Materials and Methods

2.1. Reagents and chemicals

THC (purity >98%, by HPLC) was kindly was provided by

American Medical Holding, Inc. (New York, USA). DMEM,

penicillin-streptomycin, and fetal bovine serum (FBS) were

obtained from Gibco BRL (Grand Island, NY, USA). Insulin, b-

actin was purchased from Sigma Chemical Co. (St. Louis, MO,

USA). The p-AMPK (Thr 172), AMPK, p-ACC (Ser 79), ACC,

PPARg, FAS, FABP4, p-IRS1, p-PI3K, PI3K, p-Akt, Akt, p-FOXO1,

FOXO1, p-GSK3b and GSK3b antibodies were purchased from

Cell Signaling Technology (Beverly, MA, USA). The SREBP-1,

PPARa antibody and compound C were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). 2-[N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG) was pur-

chased fromCaymanChemical company (AnnArbor,MI, USA).

Sodium oleate was used to create an in vitro model for hepatic

steatosis. Briefly, 30.4 mg sodium oleate was dissolved in 1 mL

methanol to obtain 100 mM stock solution.

2.2. Cell culture and treatment

HepG2 cells purchased from the American Type Culture

Collection (Rockville, MD, USA) were grown in DMEM supple-

mented with 2 mM glutamine (Gibco BRL), 1% penicillin/

streptomycin (10,000 units of penicillin/mL and 10 mg strep-

tomycin/mL), and 10% fetal bovine serum at 37 �C in a 5% CO2
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humidified atmosphere. For induction of steatosis, HepG2

cells were incubated in FFA medium (0.2 mM oleic acid) for

12 h and cultured with DMEM medium (10% FBS) and then

treated THC for indicated time.

2.3. Trypan blue assay

HepG2 cells were incubated in 24-well plate (2 � 105/mL)

overnight and treated as described above. After incubation of

THC for 24 h, cells were washed with sterile PBS, and treated

with 0.25% trypsineEDTA, and harvested. Cells were diluted in

0.4% trypan blue and then counted under a light microscope.

2.4. Oil red O staining

HepG2 cells were treated as described above. After 24 h, the

cells were washed with sterile PBS, fixed with 10% formalin for

1 h, and stained with 0.5% Oil red O in isopropanol for 3 min at

room temperature. The Oil red O stained cells were then rinsed

with PBS few times to remove the excess stain. The stained

lipid droplets within cells were visualized by light microscope

and photographed with a digital camera. The stained lipid

droplets were dissolved in 2-propanol and the absorbance was

measured at 520 nm to quantify lipid accumulation.

2.5. Western blot analysis

The total proteins of HepG2 cellswere extracted by adding lysis

buffer to the cell pellets on ice for 60 min, followed by centri-

fugation at 10,000� g for 30min at 4 �C as described previously

[29]. The protein concentration were measured by Bio-Rad

Protein Assay (Bio-Rad Laboratories, Munich, Germany), and

then 50 mg of protein samples were mixed with 5 � sample

buffer and boiled at 100 �C for 10 min. The proteins were first

separated on 8% polyacrylamide gels and electrophoretically

transferred onto an immobile membrane (PVDF; Millipore

Corp., Bedford, MA, USA) with transfer buffer composed of

25 mM TriseHCl (pH 8.9), 192 mM glycine, and 20% methanol.

Themembranes were blocked with blocking solution and then

immunoblotted with primary antibodies at 4 �C for overnight.

The blots were rinsed with PBST buffer for three times. Then

blots were incubated with 1:2000 dilution of the horseradish

peroxide (HRP)-conjugated secondary antibody (Zymed Labo-

ratories, San Francisco, CA, USA) and then washed again three

times with PBST buffer. The transferred proteins were visual-

ized with an enhanced chemiluminescence detection kit (ECL;

Sigma Chemical Co., St Louis, MO, USA).

2.6. Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted by using Trizol reagent according to

the manufacturer's instruction (Invitrogen, Carlsbad, CA,

USA). 2 mg of total RNA was reverse transcribed into first

strand cDNA, synthesized by using SuperScript Ⅲ Reverse

Transcriptase (Invitrogen, Renfrewshire, UK) in a final volume

of 20 mL. RT reactions were performed at 56 �C for 50 min and

72 �C for 15 min in a GeneAmp® PCR System 9700 thermal

cycler (Applied Biosystems). The thermal cycle conditions

were initiated at 94 �C for 1min, and 30 cycles of amplification
(94 �C for 30 s, 56 �C for 12 s, and 72 �C for 1min) were followed

by extension at 72 �C for 3 min. The cDNA was amplified by

PCRwith following primers: Carnitine palmitoyltransferase 1a

(CPT-1a), forward 50-GGAATGAAATTCCCACTGTCTGTC-30,
reverse 50-CAGTTCAGCCATCGCTGTTGTA-3'; Glucose trans-

porter 4 (GLUT4), forward 50eCCGCTACCTCTACATCATCCA-
30, reverse:50-GCTTCCGCTTCTCATCCTTC-3'; b-actin forward

50-AAGAGAGGCATCCTCACCCT-30, reverse: 50-TACATGGCTG-
GGGTGTTGAA-3'. Each PCR reaction (10 mL) were separated by

electrophoresis on 2% agarose gel and visualized by ethidium

bromide staining.

2.7. Glycerol release assay

After treatment HepG2 cell with various concentration of THC in

the presence of FFAmedium for 24h, themediumwere collected

and the glycerol contents in the culture mediumwas quantified

using a colorimetric kit according to the manufacturer's in-

structions (Cayman Chemical, Ann Arbor, MI, USA). Released

glycerol was quantified at 540 nm on a 96-well plate reader.

2.8. Measurement of intracellular TG level

For TG quantification, the treatment HepG2 cells were washed

with PBS and treated with 0.25% trypsineEDTA, and har-

vested. Intracellular TG content was quantified using a

colorimetric kit according to the manufacturer's instructions

(Cayman Chemical, Ann Arbor, MI, USA), and absorbance was

measured at 540 nm.

2.9. Glucose uptake and flow cytometry

Glucose uptake assaywas performed by using 2-NBDG. Briefly,

HepG2 cells seed in 24-well and treated as described above

and then the medium was removed. The wells were added 2-

NBDG (100 mg/mL) in serum-free low glucose DMEM medium

with 100 nM insulin for 20 min at 37 �C. The cells were

examined and photographswere obtainedwith a fluorescence

microscope (Axioscop, Carl Zeiss, Thomwood, NY, USA).

Fluorescence intensity of 2-NBDG was recorded in the FL1

channel by using a FACScan laser flow cytometer. Data from

1000 single-cell events were collected.

2.10. Statistical analysis

Data are presented as means ± SE for the indicated number of

independently performed experiments. Comparisons of sta-

tistical significance between groups were made by one-way

analysis of variance (ANOVA) and Duncan's Multiple Range

Test. A P value < 0.05 was considered statistically significant.

Analysis was performed using SAS v 9.1 software.
3. Results

3.1. THC decreased intracellular lipid accumulation in
oleic acid-induced HepG2 cells

HepG2 cells were initially stimulated with oleic acid (OA) to

induce steatosis, followed by treatment with THC to examine

https://doi.org/10.1016/j.jfda.2018.01.005
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its therapeutic effect on steatosis. The cytotoxic effect of THC

on OA-treated HepG2 cells was determined by trypan blue

assay. HepG2 cells were incubated with OA for 12 h and then

treated with various concentrations of THC (10e100 mM) for

24 h. As shown in Fig. 1A, cell viability was not significantly

affected by THC at concentrations by 10 and 25 mM. However,

100 mM THC decreased cell viability by 17%, but there were no

visible changes to the morphological features of the cells

under microscopic examination. Next, the effect of THC on

OA-induced cellular steatosis was examined by Oil Red O

staining. Incubating HepG2 cells with OA induced steatosis,

which was marked by a significant accumulation of intracel-

lular lipid droplets in comparison to untreated control cells

(Fig. 1Be1C). Steatosis in these HepG2 cells was significantly

attenuated by THC treatment, indicated by a visible decrease

in the accumulation of lipid droplets and intracellular TG

content (Fig. 1Be1D). This was demonstrative of the potency

of THC suppression of OA-induced cellular steatosis.

3.2. Effect of THC on expression of lipogenenic factors
and AMPK signaling in oleic acid-induced steatosis

To investigate whether THC attenuated OA-induced cellular

steatosis by downregulating lipogenic factors, the expression

of SREBP-1c, peroxisome proliferator-activated receptor

gamma (PPARg), and downstream targets, FAS and fatty acid-

binding protein 4 (FABP4) was detected by western blot
Fig. 1 e Effect of THC on OA-induced lipid accumulation in Hep

cultured in DMEM medium with or without 10e100 mM of THC f

assay. (B) Cells were stained with Oil Red O and photographed (

Oil Red O stained cells by isopropanol and quantified by spectro

extracted and analyzed as described in Materials and Methods.

different letters (aed) above the bars are significantly different
analysis. Fig. 2A shows that protein levels of SREBP-1c, PPARg,

FAS, and FABP4 significantly increased in cells treatedwith OA

compared to those in untreated control cells. However, these

protein levels were significantly reduced by THC. OA-induced

steatosis abated phosphorylation of AMPK in HepG2 cells,

leading to the decreased phosphorylation of ACC at Ser79 and,

consequently, its increased activation (Fig. 2B). Following THC

treatment, therewas a significant increase in phosphorylation

of AMPK and, thereby, AMPK-mediated inactivation of ACC.

These observations suggested that THC attenuated steatosis,

possibly through the downregulation of lipogenesis and

upregulation of AMPK signaling in HepG2 cells.

3.3. THC attenuated oleic acid-induced steatosis through
an AMPK-dependent pathway

To validate whether the reductive effects of THC on OA-

induced steatosis was AMPK-dependent, we pretreated cells

with the AMPK inhibitor, compound C, and measured the

intracellular lipid accumulation. Consistent with previous

observations, Oil Red O staining showed that OA-induced lipid

accumulation in HepG2 cells, whereas THC significantly

retarded lipid accumulation. However, pretreatment with

compound C reversed the THC-induced reduction of steatosis

(Fig. 3A and B). In addition, THC-induced phosphorylation of

AMPK and ACC was abated in the presence of compound C

(Fig. 3C). These results supported the hypothesis that THC-
G2 cells. HepG2 cells were stimulated OA for 12 h and then

or 24 h. (A) Cell viability were measured by the trypan blue

£ 200 magnification). (C) Lipid content was extracted from

photometric analysis at 520 nm. (D) Intracellular TGs were

Data were presented as the mean ± SE (n ¼ 3). Means with

(P < 0.05).
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Fig. 2 e Effect of THC on protein expression of lipogenenic factors and AMPK signaling in OA-treated HepG2 cells. Cells were

treated as described above. Total protein were extracted and the protein expression of (A) lipogenenic factors, PPARg,

SREBP-1c, FAS and FABP4, (B) p-AMPK (Thr172), AMPK, p-ACC (Ser79) and ACC were determined by Western Blot analysis

with specific antibodies. The figures represent one of three experiments with similar results. Mean values within each

column with different labels (aee) are significantly different (P < 0.05).
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induced activation of AMPK was causative of its inhibitory

effect on lipid accumulation in steatosis. Also, THC signifi-

cantly diminished the protein expression of lipogenic factors,

SREBP-1c and FAS, in OA-treated cells whereas was reversed

by pre-incubated with compound C (Fig. 3D). Therefore, THC

attenuated OA-induced steatosis in HepG2 cells through an

AMPK-dependent mechanism.

3.4. THC elevated lipolysis and increased fatty acid
oxidation in oleic acid-treated HepG2 cells

We investigated whether THC's reductive effects on

OA-induced steatosis was associated with lipolysis by

measuring the concentration of released glycerol metabolite

in cell culture medium. Lipolysis decreased in cells incu-

bated with OA compared to that in untreated control cells

(Fig. 4A). On the other hand, THC stimulated the release of

glycerol into the culture medium in a dose-dependent

manner. Moreover, protein expression of PPARa, a critical

regulator of mitochondrial b-oxidation of fatty acids, was

decreased by OA treatment, but was prominently upregu-

lated by THC in a dose-dependent manner (Fig. 4B). A similar

observation was made regarding the expression of carnitine

palmitoyltransferase 1 (CPT1), which is a known target of

PPARa involved in the mitochondrial transport of long-chain

fatty acids [30]. CPT-1a expressionwas downregulated in OA-

treated cells, whereas THC treatment significantly elevated

CPT-1a expression (Fig. 4C). These findings indicated that

THC stimulated lipolysis and fatty acid oxidation in HepG2
cells, thus leading to the reduction in OA-induced lipid

accumulation.

3.5. THC increased glucose uptake in oleic acid-treated
HepG2 cells

Increased FFA influx has been shown to impair insulin

signaling and glucose metabolism in the liver [3]. To deter-

mine the effect of THC on glucose uptake in steatosis, the 2-

NBDG glucose uptake assay was performed in OA-treated

HepG2 cells. 2-NBDG is a fluorescent glucose analog, and the

results showed that the level of fluorescent-labeled glucose

significantly decreased in response to OA compared to that in

the untreated control cells (Fig. 5A). Flow cytometric analysis

validated this result (Fig. 5B). Cells treated with THC had

significantly higher 2-NBDG uptake, compared to cells treated

with OA only. In addition, the expression of GLUT4 decreased

in OA-treated cells, but substantially increased in response to

THC (Fig. 5C). These results indicated that the dysregulated

glucose consumption observed in cellular steatosis induced by

OA could be reversed by THC.

3.6. THC improved insulin signaling in oleic acid-treated
HepG2 cells

OA has been shown to impair insulin signaling in hepato-

cytes [31]. To elucidate the mechanistic action of THC on the

modulation of glucose metabolism in OA-treated HepG2

cells, insulin signaling was measured. Fig. 6A demonstrates

https://doi.org/10.1016/j.jfda.2018.01.005
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Fig. 3 e Effects of compound C on THC attenuated lipogenesis and AMPK signaling in OA-treated HepG2 cells. HepG2 cells

were pretreated 2 mM compound C for 1 h followed by stimulation of OA for 12 h, and then treated with 10e100 mM of THC

for another 24 h. (A) Oil Red O stained HepG2 cells were photographed ( £ 200 magnification) and (B) lipid content was

extracted and measured by spectrophotometric analysis at 520 nm. Protein extracts were prepared and the protein levels of

(C) p-AMPKa (Thr172), AMPKa, p-ACC (Ser79) and ACC, (D) SREBP-1c and FAS were examined by Western Blot analysis. Data

were presented as the mean ± SE (n ¼ 3). Means with different letters (aed) above the bars are significantly different

(P < 0.05).
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that incubating HepG2 cells with OA significantly increased

phosphorylation of insulin receptor substrate 1 (IRS-1) at

Ser636 compared to that in untreated control cells, indica-

tive of inhibited insulin signaling. This was accompanied by

the downregulation of downstream phosphoinositide 3-

kinase (PI3K) and Akt signaling. However, THC attenuated

the increased phosphorylation of IRS-1 at Ser636 and sub-

sequently activated PI3K/Akt signaling. The upregulation of

PI3K/Akt signaling may have been caused by the increase in

glucose uptake in response to THC (Fig. 5). Insulin-mediated

phosphorylation of forkhead box protein O1 (FOXO1) at

Ser256 by Akt is important for the repression of FOXO1-

dependent transcription of gluconeogenic genes [32,33].

Here we found the phosphorylation of FOXO1 was reduced

by oleic acid which correlated with elevated gene expression

of its downstream target PEPCK (Fig. 6B and C). In addition,

phosphorylation of glycogen synthase kinase 3 b (GSK3b)

at Ser9 by Akt, involved in the stimulation of glycogen

synthase, was attenuated by OA. However, THC treat-

ment restored these phosphorylation levels, suggesting

that THC may be able to reverse insulin resistance in

steatosis (Fig. 6B).
4. Discussion

In the current study, we demonstrated for the first time that

THC attenuated oleic acid-induced steatosis in HepG2 cells

through several targets. First, THC significantly attenuated

lipid accumulation in HepG2 cells stimulated with OA, indi-

cating its potential therapeutic benefit against hepatic stea-

tosis. Second, THC dramatically elevated lipolysis in HepG2

cells incubated with OA. Lastly, THC simultaneously

increased glucose uptake and activated insulin signaling in

OA-treated HepG2 cells.

Elevated FFAs in obese individuals is considered a critical

pathogenic factor of metabolic diseases, including NAFLD and

diabetes [2,3,34]. In the present study, an unsaturated fatty

acid, oleic acid, was used to induce steatosis in HepG2 cells to

investigate the therapeutic benefit of THC and characterize

the underlying mechanism of action. We observed that

although THC was cytotoxic to OA-treated HepG2 cells at the

highest concentration (100 mM), it effectively reduced intra-

cellular lipid accumulation. Our data suggested that this

reduction in lipid accumulation may contribute to several

https://doi.org/10.1016/j.jfda.2018.01.005
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Fig. 4 e Effects of THC on lipolysis and fatty acid oxidation in OA-treated HepG2 cells. HepG2 cells were stimulated OA for

12 h and then cultured in DMEM medium with or without THC for 24 h. (A) Release glycerol into the culture medium were

quantified by its OD value at 540 nm. (B) Total protein was extracted and the protein level of PPARa was analyzed by

Western Blot analysis. (C) Total RNAwas also isolated, and themRNA expressions of CPT-1awere determined by RT-PCR. (D)

Densitometry of PPARa protein and CPT-1a mRNA content normalized to b-actin. Data were presented as the mean ± SE

(n ¼ 3). Means with different letters (aee) above the bars are significantly different (P < 0.05).
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mechanisms to combat hepatic steatosis, including the

attenuation of lipogenesis and the promotion of lipolysis and

b-oxidation.

THC attenuated lipid accumulation by decreasing the

protein expression of SREBP-1, a transcription factor impor-

tant in the regulation of lipogenic genes [35], and its down-

stream target, FAS, a key enzyme in de novo fatty acid

synthesis [36]. PPARg, a transcription factor central to lipid

synthesis, was upregulated by OA, in addition to its target,

FABP4. FABP4 is a member of the FABP family in adipocyte

tissue, and studies have demonstrated that elevated hepatic

PPARg is associated with increased expression of FABP4 in

hepatocytes [37,38]. Further, inactivation of ACC enzymes by

direct phosphorylation at Ser79 is known to inhibit its enzy-

matic activity, thus inhibiting the conversion of acetyl-CoA to

malonyl-CoA in fatty acid biosynthesis [39,40]. Two isoforms

of ACC are present in the liver, ACC1 and ACC2, and each has a

distinct metabolic function. ACC1 is cytoplasmic and is an

important regulator of de novo hepatic lipogenesis, whereas

ACC2 is localized in the mitochondria and is involved in fatty

acid oxidation [41]. THC treatment induced ACC1 inactivation

in OA-treated HepG2 cells, which may have subsequently

decreased fatty acid synthesis. The molecular mechanism by

which THC attenuated lipogenesis was likely through the

activation of AMPK, amaster regulator of cellularmetabolism.
AMPK regulates lipidmetabolism by directly affecting enzyme

activity via rapid phosphorylation and regulation of tran-

scription factors responsible for lipid synthesis, such as

SREBP-1 [5]. Li et al. showed that hepatic activation of AMPK

reduced diet-induced steatosis through the suppression of

SREBP-1c-dependent lipogenesis [42]. In the current study,

THC treatment activated AMPK signaling. Moreover, our re-

sults demonstrated that in the presence of the AMPK inhibi-

tor, compound C, THC failed to suppress lipid accumulation in

OA-treated HepG2 cells, and the inhibition of AMPK further

led to increased activation of ACC1, SREBP-1c, and FAS. These

results highlighted the importance of AMPK in the therapeutic

effect of THC on steatosis. In fact, previous studies reported

that curcumin, the parent compound of THC, inhibited stea-

tosis through the upregulation of AMPK [43,44]. Although

additional research is needed, this is the first study that

clearly demonstrated that THC activated AMPK signaling.

Another possible mechanism by which THC attenuated

steatosis in OA-treated HepG2 cells was through the stim-

ulation of lipolysis and b-oxidation. Our results showed that

THC treatment increased levels of released glycerol in the

culture medium of HepG2 cells, indicative of lipolysis.

Moreover, THC treatment increased the protein levels of

PPARa, a transcription factor vital to fatty acid oxidation,

and its downstream target, CPT1 [45]. Although b-oxidation
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Fig. 5 e Effects of THC on glucose uptake in OA-treated HepG2 cells. OA-stimulated HepG2 cells were treated with or without

THC for 24 h and then were incubated with a fluorescent glucose derivative, 2-NBDG, for 20 min. (A) The intracellular level of

2-NBDG was examined by fluorescence microscopy (400 £ magnification, 50 mm). Representative images of cells from three

independent experiments were shown. (B) Fluorescence intensity of 2-NBDG was measured and quantified by FASC

analysis. (C) The mRNA level of GLUT4 was determined by semiquantitative RT-PCR. Values are the mean ± SE of three

independent experiments. The bars with different letters are significantly different (P < 0.05).
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was not measured in the present study, we proposed that

THC may have stimulated fatty acid oxidation, but further

investigation is required to make a definitive conclusion. In

addition, AMPK has been reported to positively regulate

fatty acid oxidation by upregulating PPARa and CPT1 [46].

We demonstrated that THC induced AMPK activation;

therefore, this may have contributed to the upregulation of

PPARa in response to THC treatment. However, again,

additional studies are needed to fully understand this

mechanism. Taken together, these results demonstrated

that THC exhibited a positive effect on lipolysis and fatty

acid oxidation in steatosis, which may point to a potential

therapeutic strategy in the treatment of obesity-induced

hepatic steatosis.

An increase in FFA flux to the liver has been linked to he-

patic insulin resistance, which is strongly associated with the

development of NAFLD [47]. Insulin binds to and activates the

insulin receptor, a tyrosine kinase receptor, which subse-

quently activates a complex cascade of downstream signaling

pathways involved in the regulation of glucose metabolism,

such as the IRS-1/PI3K/Akt signaling pathway [48]. FFAs and

intracellular lipid metabolites cause aberrant glucose meta-

bolism in the liver by blocking hepatic insulin, leading to de-

fects in insulin signaling and, consequently, failure to

stimulate glucose uptake, activate glycogen synthesis, and

inhibit gluconeogenesis [49]. Here, we observed a decrease in

glucose uptake and GLUT4 expression in OA-induced HepG2
cells, which was indicative of defective glucose metabolism

[49]. After treatment with THC, glucose uptake was effectively

restored and GLUT4 expression was increased. Moreover, OA-

induced inhibition of IRS-1 and downregulation of PI3K/Akt

signaling was reversed by THC treatment. Defective hepatic

insulin signaling induced by elevated FFAs is associated with

increased gluconeogenesis [50e52] and reduce glycogen syn-

thesis [53]. Akt has been reported to normally contribute to

hepatic insulin signaling by regulating hepatic glucose pro-

duction. Akt directly phosphorylates FOXO1 andmediates the

nuclear exclusion and downregulation of FOXO1, thereby

decreasing the transcription of gluconeogenic genes, such as

PEPCK [32]. In addition, Akt phosphorylation inactivates

GSK3b, thus activating glycogen synthase and facilitating

glycogen accumulation [54]. In our study, Akt signaling

impaired by OAwas associated with reduced phosphorylation

of FOXO1 and elevated PEPCK gene expression in HepG2 cells.

THC treatment reversed the inhibitory effects of OA on Akt

signaling, phosphorylating FOXO-1 and repressing PEPCK

expression. Moreover, we demonstrated that THC reversed

the decreased phosphorylation of GSK3b in OA-treated stea-

tosis, suggesting that THC may have activated glycogen syn-

thase, but this was not further examined in the present study.

Altogether, our data demonstrated that THC restored

impaired insulin signaling in OA-treated HepG2 cells, which

implicated its therapeutic benefit in improving glucose

metabolism in steatosis.
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Fig. 6 e Effects of THC attenuated OA-induced insulin resistance in HepG2 cells. OA-stimulated HepG2 cells were treated

with or without THC for 24 h. The phosphorylation states of (A) IRS1, PI3K and Akt, (B) FOXO1 and GSK3b were evaluated by

Western Blot analysis. Values are the mean ± SE of three independent experiments. The bars with different letters are

significantly different (P < 0.05). (C) ThemRNA level of PEPCKwas determined by semiquantitative RT-PCR. The values under

each lane indicated relative density of the band normalized to b-actin.
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In summary, our findings suggested that THC exhibited

potential therapeutic effect against hepatic steatosis, which

we proposed was likely through the mechanisms of the

downregulation of lipogenesis, promotion of lipolysis, and

activation of insulin signaling. In addition, we demonstrated

that THC activated AMPK signaling, which could be essential

to the mechanism underlying its anti-lipogenic effects.

Although further investigation is required to validate the role

and mechanism of THC against hepatic steatosis, our data

were sufficient to implicate THC as an attractive candidate for

the treatment of NAFLD.
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