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Abstract: Shikonin, a natural plant pigment, is known to have anti-obesity activity and to improve
insulin sensitivity. This study aimed to examine the effect of shikonin on hepatic steatosis, focusing
on the AMP-activated protein kinase (AMPK) and energy expenditure in Hepa 1-6 cells and in
high-fat fed mice. Shikonin increased AMPK phosphorylation in a dose- and time-dependent manner,
and inhibition of AMPK with compound C inhibited this activation. In an oleic acid-induced
steatosis model in hepatocytes, shikonin suppressed oleic acid-induced lipid accumulation, increased
AMPK phosphorylation, suppressed the expression of lipogenic genes, and stimulated fatty acid
oxidation-related genes. Shikonin administration for four weeks decreased body weight gain and
the accumulation of lipid droplets in the liver of high-fat fed mice. Furthermore, shikonin promoted
energy expenditure by activating fatty acid oxidation. In addition, shikonin increased the expression
of PPARγ coactivator-1α (PGC-1α), carnitine palmitoyltransferase-1 (CPT1) and other mitochondrial
function-related genes. These results suggest that shikonin attenuated a high fat diet-induced
nonalcoholic fatty liver disease by stimulating fatty acid oxidation and energy expenditure via
AMPK activation.

Keywords: AMPK; fatty acid oxidation; hepatic lipid accumulation; shikonin; Hepa 1-6 cells; high fat
fed mice

1. Introduction

Non-alcoholic fatty liver disease is a common chronic liver disease that is commonly associated
with metabolic syndromes, such as obesity, type 2 diabetes, and hyperlipidemia [1]. Obesity is linked
to significantly increased hepatic steatosis, induced by excessive fat accumulation [2]. The liver is
a crucial organ that is responsible for whole body metabolism and homeostasis. Excessive hepatic
lipid accumulation can trigger inflammation and more serious liver disorders [3]. Pro-inflammatory
cytokines and lipogenic factors play crucial roles in the pathogenesis of liver steatosis, necrosis, and
fibrosis [4].

AMP-activated protein kinase (AMPK) plays an important role in lipid metabolism and controlling
metabolic disorders. AMPK is activated by Liver Kinase B1 (LKB1) under conditions of energy deficiency
and protects the cell against ATP depletion by stimulating fatty acid oxidation and inhibiting lipid
synthesis [5]. AMPK inhibits de novo fatty acid synthesis by inactivating acetyl-CoA carboxylase (ACC)
and stimulates fatty acid oxidation by the upregulation of carnitine palmitoyltransferase-1 (CPT1) and
peroxisome proliferator-activated receptor α (PPAR-α) [6]. Recent studies suggest that AMPK could
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be a therapeutic target for chronic liver disease treatment based on the activity of compounds such as
glabridin [7], lipoic acid [8], and catechin [9]. The discovery of food components that can ameliorate
hepatic lipid accumulation is therefore of interest. Metformin, a common antidiabetic drug, decreases
hepatic steatosis by activating AMPK [10–12].

Shikonin is a naturally occurring naphthoquinone pigment and one of main active components
present in the root of plant species Lithospermum erythrorhizon Siebold and Zucc (LE). LE has been used
in vegetable side dishes and in the traditional Korean distilled liquor Jindo Hongju. Additionally, it has
been used to treat a variety of disorders including macular eruptions, measles, sore throat, carbuncles,
and burns [13]. Previous studies have demonstrated that shikonin exhibits anti-inflammatory [14] and
anti-cancer effects [15,16]. Many studies have shown that shikonin can exert protective effects against
obesity by modulating glucose tolerance, lipogenesis and β-oxidation [17–19]. Recent studies have
shown that shikonin plays a significant role on AMPK activation against adipogenesis, diabetes, hepatic
carcinoma and hepatic fibrosis [20–23]. Weijia Yang et al. reported that shikonin ameliorated hepatic
lipid dysregulation through PPARγ and the MMP-9/TIMP-1 axis [24]. In addition, the naphthoquinone
derivative of β-hydroxyisovalerylshikonin inhibited adipogenesis of 3T3-L1 cells through increased
phosphorylation of AMPK and precursor SREBP-1c [25]. Therefore, shikonin exhibits several biological
and pharmacological properties. However, much remains to be elucidated about the role of shikonin
on hepatic lipid metabolism and nonalcoholic fatty liver disease (NAFLD).

In this study, we investigated the effects of shikonin on AMPK activation in murine Hepa 1-6
cells because AMPK has an important role in fatty acid oxidation. To clarify the relationship between
the regulation of energy expenditure and AMPK activation by shikonin, we examined the effect
of oral administration of shikonin on the AMPK phosphorylation and oxygen consumption rate in
diet-induced obese mice.

2. Materials and Methods

2.1. Cell Culture

Hepa 1-6 cells obtained from American Type Culture Collection were cultured in DMEM containing
10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine
(Invitrogen, Carlsbad, CA, USA) at 37 ◦C under 5% CO2. Cells were grown to 90% confluence and then
treated with various concentrations of shikonin (Sigma-Aldrich, St Louis, MO, USA) and incubated for
various durations. To evaluate the effects of shikonin on lipid accumulation, the cells were treated with
100 µM oleic acid (Sigma-Aldrich, St Louis, MO, USA). After 24 h of incubation with oleic acid, protein
and gene expression levels were evaluated as described below.

2.2. MTT Assay

Cell viability was determined using the MTT assay (Calbiochem, San Diego, CA, USA) in 96-well
plates. Hepa 1-6 cells were seeded at a density of 1×104 cells per well. After 48 h incubation, the
cells were treated with 5 mg/mL MTT at 37 ◦C for 4 h. The reduction product, MTT-formazan, was
solubilized with DMSO. The absorption at 570 nm was used as a measure of the MTT-reducing activity
of the cells.

2.3. Oil Red O Staining

After the 24 h incubation with oleic acid, the cells were stained with Oil Red O (0.2% Oil Red O
in 60% isopropanol). The cells were washed twice with PBS, fixed with 10% formalin for 1 h, dried,
and stained with Oil Red O for 10 min. The cells were then washed with 70% ethanol and water
and then dried. The lipid content of the stained cells was visualized by microscopy (Olympus IX71,
Tokyo, Japan).
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2.4. Nile Red and DAPI Staining

After the 24 h incubation with oleic acid, the intracellular lipid droplets were measured by Nile
Red staining. The cells were washed twice with PBS, fixed with 3% formalin for 20 min, and then
ice-cold methanol for 10 min. The cells were then stained with 1 µg/mL Nile Red (Sigma-Aldrich) in
PBS for 20 min at 37 ◦C and nuclei were counterstained with DAPI (Molecular Probes, Eugene, OR).
The lipid content of the stained cells was visualized by fluorescence microscopy (Olympus IX71). Nile
Red content levels were quantified by measuring fluorescence in a plate reader (TECAN infinite 200,
excitation: 480 nm; emission: 580 nm).

2.5. Protein Extraction and Western Blot Analysis

For Western blot analysis, the cells were washed with ice-cold PBS, and centrifuged. The harvested
cells were sonicated for five seconds at 40 W. Cell lysates were incubated for 20 to 30 min on ice
and then centrifuged at 13,000× g at 4 ◦C for 10 min. The protein concentration of the supernatant
was determined using the Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA,
USA) using bovine serum albumin as the standard. The total protein sample (30 µg per lane) was
separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 2 h at room
temperature with 0.1% Tween 20 (Amresco Inc., Solon, OH, USA) in Tris-buffered saline containing
5% skim milk. After an overnight incubation at 4 ◦C with the specific primary antibodies, the
membranes were incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h at
room temperature. Immunodetection was performed with the ECL detection reagent (Amersham
Biosciences, Uppsala, Sweden). All figures showing the quantitative analyses include data from at
least three independent experiments.

2.6. RNA Extraction and Real-Time Quantitative RT PCR

Total RNA was extracted using the RNase kit (Nucleospin, iNtRON Biotechnology, Seongnam,
Korea) and used to synthesize cDNA for quantitative real-time reverse transcription-polymerase chain
reaction (qRT-PCR) analysis (StepOne Plus, Applied Biosystems, Carlsbad, USA). The qRT-PCR was
performed in a 20 µL reaction mixture. The cycle conditions were as follows: 95 ◦C for 5 min followed
by 50 cycles of denaturation at 95 ◦C for 20 s, annealing at 55 ◦C for 15 s, and extension at 72 ◦C for 30 s.
The primer sequences were as follows: PPARα forward, 5′-AGAGCCCCATCTGTCCTCTC-3′; PPARα
reverse, 5′- ACTGGTAGTCTGCAAAACCAAA-3′; CPT1 forward, 5′-CTCCGCCTGAGCCATGAAG-3′;
CPT1 reverse, 5′-CACCAGTGATGATGCCATTCT -3′; PGC-1α forward, 5′-TGCAGC CAAGACTCTG
TATG-3′; PGC-1α reverse, 5′-CATCAAGTTCAGAAAGGTCAAG-3′; AMPKα forward 5′-GTCAAAG
CCGACCCAATGATA-3′; and AMPKα reverse, 5′- CGTACACGCAAATAATAGGGGTT-3′; NRF1
forward, 5’- CCACGTTGGATGAGTACACG-3’; NRF1 reverse, 5’- CAGACTCGAGGTCTTCCAGG-3’;
UCP2 forward, ‘5- AATGTTGCCCGTAATGCC-3’; UCP2 reverse, 5’- CCCAAGCGGAGAAAGGAA-3’.

2.7. Oxygen Consumption Rate

We measured cellular respiration with a Seahorse Biotechnology XF24 extracellular flux analyzer
(Seahorse Bioscience, Billerica, MA) [3]. Hepa 1-6 cells were grown in Seahorse XF 24-well plates. We
treated the cells with shikonin for 24 h. Cells were equilibrated to the unbuffered medium for 1 h at
37 ◦C in a CO2-free incubator, before being transferred to the XF24 analyzer. We measured the basal
oxygen consumption rate (OCR), and then injected 0.2 mM palmitic acid in BSA or BSA vehicle alone.
After 3–5 min of mixing, multiple OCR measurements were made.

2.8. High-Fat Fed Mouse Model

C57BL/6 male mice were obtained from Oriental Bio Inc (Gyeonggi-do, Korea). Each group
containing 20 mice were housed in cages at 40–60% humidity at a controlled temperature (20–26 ◦C),
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with a 12 h light/dark cycle. Mice had free access to water and the experimental diet which was based
on the AIN-76 diet. The high-fat diet (HFD) contained 25% fat (lard 200 g/kg, corn oil 50 g/kg) and 0.5%
cholesterol (w/w). Mice were fed a HFD for eight weeks to induce obesity. After this, the mice were
split into two groups: HFD and HFD+S. The HFD group (vehicle control) was dosed by oral gavage
with soybean oil. Shikonin (30 mg/kg/day) dissolved in soybean oil was administered by oral feeding
for 4 weeks to the HFD+S group. At the end of the experimental period, the mice were fasted for 12 h,
and then sacrificed. All animal procedures were approved by the Korea Food Research Institutional
Animal Care and Use Committee (KFRI 14005).

2.9. Histological Analysis

To examine the histological changes, the white adipose tissue (WAT) and livers were fixed in 10%
formalin for one day and processed in a routine manner for paraffin sectioning. Five-micrometer-thick
sections were cut and stained with hematoxylin and eosin (H&E) for microscopic examination (Leica
RM2235, Wetzlar, Germany). Images were collected on a microscope (Olympus BX51, Tokyo, Japan).

2.10. RQ, VO2 Max, and Energy Expenditure Measurements

Whole-body oxygen consumption (VO2) and carbon dioxide production (VCO2) were measured
using a LE 405 gas analyzer (Panlab Harvard Apparatus, Barcelona, Spain). Before the experiment,
gas calibration was performed with a mixture of 5% CO2, 50% O2, and 20% O2 gas standards. VO2

and VCO2 were measured at three-minute intervals during the dark phase for 8 h. The cages were
provided with a constant airflow rate of 2 L/min. A respiratory quotient (RQ) was calculated from the
VO2 and VCO2 values. Energy expenditure was calculated as the product of the oxygen caloric value
and VO2 per kilogram of body weight, according to Wire’s equation [26].

2.11. Statistical Analysis

The group results were compared by an analysis of variance (ANOVA), followed by Tukey’s HSD
test using SPSS 18.0 software (IBM, Armonk, NY, USA). The data are expressed as the mean ± standard
error of the mean (SEM). p < 0.05 was considered significant.

3. Results

3.1. Shikonin Increases AMPKα Phosphorylation in Hepa 1-6 Cells

The cytotoxicity of shikonin was measured using the MTT assay after 48 h of treatment. As
Figure 1A shows, shikonin was not cytotoxic in hepatocytes at a concentration range of 0.5–2 µM.
Next, the possible role of shikonin on AMPKα and downstream acetyl CoA carboxylase (ACC)
phosphorylation was examined by Western blot analysis. Shikonin significantly increased AMPKα

and ACC phosphorylation in a dose-dependent manner (Figure 1B). Furthermore, AMPKα and
ACC phosphorylation increased over time and peaked 120 min after shikonin treatment (Figure 1C).
However, LKB1 levels did not change following shikonin treatment. These results demonstrated that
shikonin activates AMPKα phosphorylation.

We next examined whether shikonin directly increased AMPK activation using compound C and
metformin treatment. Metformin, an AMPK activator, also increased AMPK phosphorylation in Hepa
1-6 cells, and these effects were inhibited by compound C, an AMPK inhibitor. The results showed that
shikonin treatment partly recovered AMPK phosphorylation reduced by compound C in Hepa 1-6
cells (Figure 1D). These results show that shikonin increases AMPK phosphorylation in hepatocytes.
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Figure 1. Shikonin stimulates the phosphorylation of AMP-activated protein kinase α (AMPK) and
acetyl-CoA carboxylase (ACC) in Hepa 1-6 cells. Cell cytotoxicity was determined by MTT assay (A).
Hepa 1-6 cells were treated with the indicated concentrations of shikonin for 1 h (B) or with 2 µM
shikonin for various durations (C). Effect of AMPK inhibitor on phosphorylation of AMPKα in Hepa
1-6 cells treated with shikonin (D). Cells were treated with either compound C (40 µM) or metformin
(2 mM) alone for 2 h, or exposed to 40 µM compound C for 1 h, then were treated with 2 µM shikonin
for 2 h.

3.2. Shikonin Attenuates Lipid Accumulation in Hepa 1-6 Cells

To investigate the effects of shikonin on lipid accumulation in hepatocytes, Hepa 1-6 cells were
incubated with oleic acid only (100 µM) or in combination with shikonin for 24 h. After incubation,
intracellular lipid accumulation was determined by Oil Red O and Nile Red staining. Oil Red O
and Nile Red staining revealed that intracellular lipid content was reduced by shikonin treatment
(Figure 2A). As shown in Figure 2B, fluorescence intensity levels were significantly reduced in cells
treated with 2 µM shikonin compared to oleic acid alone.

To further elucidate the molecular mechanism underlying the inhibitory effects of shikonin
against lipid accumulation, we determined the protein levels of sterol regulatory element binding
protein-1c (SREBP1c) and AMPKα. Shikonin treatment decreased levels of SREBP1c and increased
phosphorylation levels of AMPK and ACC (Figure 3A). Moreover, the oleic acid-induced increase in
AMPK phosphorylation was reduced in the presence of compound C (Figure 3B). These data suggest
that shikonin is involved in AMPK activation.
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Figure 2. Shikonin inhibits oleic acid-induced lipid accumulation in Hepa 1-6 cells. (A) The lipid
content was assessed by Oil Red O staining and Nile Red staining. (B) Quantitative assessment was
measured by flow cytometry. The result was expressed as mean ± standard error of the mean (SEM). **,
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Figure 3. Shikonin increases AMPK phosphorylation and decreases sterol regulatory element binding
protein-1c (SREBP-1c) in oleic acid-induced hepatic steatosis. (A) Hepa 1-6 cells were pretreated with
100 µM oleic acid and then incubated with shikonin for 24 h. (B) Cells were pretreated with 100 µM
oleic acid and then incubated with either compound C (40 µM) or shikonin (2 µM) for 2 h. Protein
expression was measured by Western blot analysis.
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3.3. Shikonin Enhances Fatty Acid Oxidation in Hepa 1-6 Cells

AMPK activation inhibits ACC activity, leading to a reduction in malonyl-CoA and an increase in
CPT1 activity. One expected consequence of this is increased fatty acid oxidation [27].

We next evaluated the effects of shikonin on hepatic fatty acid oxidation. The oxidation of fatty
acids can be assessed by monitoring cellular oxygen consumption [28]. Hepa 1-6 cells were pretreated
for 24 h with shikonin. After treatment for 24 h, O2 consumption was measured using an XF 24 analyzer.
Shikonin treated cells showed significantly enhanced fatty acid oxidation compared to the control
cells (Figure 4A). In parallel with increased fatty acid oxidation by shikonin, the mRNA expression of
genes involved in fatty acid oxidation such as PPARα, CPT1, and PGC-1αwas increased (Figure 4B).
These results suggest that shikonin can protect against excessive lipid accumulation through fatty acid
oxidation in Hepa 1-6 cells.Nutrients 2020, 12, x FOR PEER REVIEW 8 of 15 
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Figure 4. Shikonin stimulates fatty acid oxidation. (A) Hepa 1-6 cells were incubated with shikonin
for 24 h, and fatty acid oxidation was measured as described in the experimental section. (B) Hepa
1-6 cells were pretreated with 100 µM oleic acid and then incubated with shikonin for 24 h. Relative
mRNA expression levels of fatty acid oxidation related genes were measured by quantitative real-time
reverse transcription-polymerase chain reaction (qRT-PCR). The results were expressed as mean ± SEM.
*, p < 0.05.

3.4. Shikonin Ameliorated High-Fat Diet-Induced Obesity

To examine the effect of shikonin on the developed obesity, mice were fed a high-fat diet for eight
weeks to induce weight gain. After, the mice were assigned to one of two groups: HFD and HFD+S.
The HFD+S mice were provided shikonin (30 mg/kg/day) in oral administration for 4 weeks. During
the experimental period, we measured the body weights of mice once a week and found that shikonin
significantly decreased the body weight gain (Figure 5). Additionally, shikonin significantly reduced
the weight of WAT (both epididymal and retroperitoneal WAT) as well as adipocyte size.
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Figure 5. Shikonin reduces body weight and white adipose tissue (WAT) weight. (A) Body weight, (B)
weights of epididymal WAT and retroperitoneal WAT, (C) epididymal fat tissue morphology in high fat
diet (HFD)-fed mice. The results were expressed as mean ± SEM. *, p < 0.05.

3.5. Shikonin Increases Energy Expenditure

To investigate whether shikonin affects energy expenditure, we measured oxygen consumption
by indirect calorimetry. Whole-body O2 consumption (VO2) was significantly higher in HFD+S mice
compared to HFD mice. In addition, shikonin administration significantly increased VCO2 (Figure 6A).
Furthermore, the RQ, which reflects the ratio of carbohydrate to fatty acid oxidation, was significantly
lower in HFD+S mice, indicating that these mice used a greater portion of fatty acids as a fuel source for
energy production than the HFD mice. As shown in Figure 6D, HFD+S mice also exhibited increased
energy expenditure (Figure 6D). These data are consistent with the increased oxygen consumption rate
observed in Hepa 1-6 hepatocytes.
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Figure 6. Shikonin stimulates fatty acid oxidation and promotes energy expenditure in HFD-induced
obese mice. HFD-induced obese mice were orally administrated vehicle or shikonin for 4 weeks. After
administration, mice were transferred to a chamber and (A) VO2, (B) VCO2, (C) respiratory quotient,
and (D) energy expenditure were measured using indirect calorimetry for 8 h during dark cycles.
Values represent the mean ± SEM of eight mice.
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3.6. Shikonin Prevents High-Fat Diet-Induced Hepatic Steatosis

Mice fed a high-fat diet for several weeks accumulate lipids in their livers and eventually develop
liver steatosis [29]. However, in liver sections stained with H&E to visualize lipid content, we found a
decrease lipid accumulation in HFD+S mice (Figure 7A). Moreover, shikonin reduced hepatic total
lipid, TG, and total cholesterol levels that were elevated in HFD mice (Figure 7B–D).Nutrients 2020, 12, x FOR PEER REVIEW 11 of 15 
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Figure 7. Shikonin ameliorates hepatic steatosis in HFD-induced obese mice. (A) Hepatic morphology
changes were shown by hematoxylin and eosin (H&E) staining of liver sections. Original magnification,
200×. (B–D) Hepatic levels of total lipids, triglycerides, and total cholesterol were determined as
described in the experimental section. (E) In liver and muscle total lysates, AMPK protein levels
were determined by Western blot analysis. (F) In liver, relative mRNA expression levels of fatty acid
oxidation and mitochondrial function related genes were measured by qRT-PCR. The results were
expressed as mean ± SEM. *, p < 0.05.

Next, we evaluated the effect of shikonin on AMPK activation associated with energy metabolism.
In agreement with our in vitro results, oral administration of shikonin increased the phosphorylation
of AMPK in liver tissue. In addition to the changes in liver tissue, shikonin increased phosphorylation
of AMPK in the skeletal muscle of HFD+S mice compared to the control group (Figure 7E). We also
demonstrated that shikonin increased the mRNA expression of genes involved in fatty acid oxidation
such as PPARα, CPT1, and PGC-1α (Figure 7F). Shikonin significantly increased mRNA expressions
of UCP2. These findings demonstrate that shikonin-induced AMPK activation increases fatty acid
oxidation in the liver and muscles.

4. Discussion

In the present study, we investigated the effect of shikonin and its action mechanisms on
obesity-induced hepatic steatosis by using OA-treated Hepa 1-6 cells and HFD-induced obese mice
models. Shikonin effectively reduced the level of lipid accumulation in Hepa 1-6 cell and increased
the phosphorylation levels of AMPK and ACC. Furthermore, shikonin enhanced cellular oxygen
consumption and significantly increased the fatty acid oxidation related genes such as PPARα, CPT1,
and PGC-1α. More importantly, shikonin significantly increased whole-body O2 consumption in obese
mice. Shikonin is the main component of LE roots, which have been reported to provide beneficial
health effects to various conditions such as inflammation and cancer [13]. LE roots were originally used
as colorants for foods such as Jindo Hongju (Korea traditional liquor). In addition, shikonin has been
reported to inhibit fat accumulation in 3T3-L1 cells [19] and to prevent high-fat diet-induced obesity
in vivo [28,30]. Several studies have reported that shikonin can effectively ameliorate obesity and
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hepatic fibrosis [23–25]. We previously demonstrated the anti-obesity effect of shikonin by inhibiting
adipogenesis and lipogenesis and increasing β-oxidation [18,19]. Shikonin also attenuated liver
fibrosis by downregulating the transforming growth factor-β1/Smads pathway and by inhibiting
autophagy [31]. Here, we have focused on the effects of shikonin on fatty liver disease and AMPK
activation. We observed that shikonin might have a role as a novel activator of AMPK, and by this
pathway it may ameliorate high-fat diet-induced fatty liver disease.

AMPK is an energy regulator that plays a major role in glucose and lipid metabolism [32].
Activation of AMPK is closely correlated with energy metabolism in organs such as the liver, skeletal
muscles, and adipose tissue [33]. An important finding in this study is that shikonin increased the
phosphorylation of AMPKα in hepatocytes. We observed dose- and time-dependent effects of shikonin
on stimulation of AMPKα phosphorylation in Hepa 1-6 cells (Figure 2). Shikonin gradually increased
AMPKα phosphorylation in Hepa 1-6 cells, which peaked after 120 min. To further validate our results,
we examined using compound C, a chemical inhibitor of AMPK. AMPK phosphorylation inhibited
by compound C was partly reversed by shikonin treatment. Although shikonin increased AMPKα

phosphorylation, the LKB1 level did not change. This is notable because AMPK is typically activated
through phosphorylation by the upstream kinase LKB1 [34]. However, it has also been reported that
AMPK is activated through reversible phosphorylation by LKB1 [35]. AICAR is an adenosine analog
that directly modulates AMPK with [32] or without direct activation of LKB1 [36]. Thus, it is speculated
that other possible AMPK candidates may be involved in the phosphorylation of AMPK by shikonin.

Previous studies have reported that activation of AMPK results in decreased hepatic triglyceride
and enhanced fatty acid oxidation [37,38]. We investigated the effects of shikonin treatment on
oleic acid-induced steatotic hepatocytes. This study showed that shikonin significantly decreased
oleic acid-induced lipid accumulation in Hepa 1-6 cells (Figure 3). Activation of AMPK reduces
expression of the lipogenic transcription factors SREBP1 and ACC [29]. ACC is a key enzyme for
fatty acid synthesis and inactivation of ACC by AMPK phosphorylation leads to a decrease in fatty
acid synthesis and stimulates β-oxidation [39,40]. We also found that shikonin treatment increased
phosphorylation of AMPK and ACC, a direct target of AMPK, in oleic acid-treated cells. Additionally,
sterol regulatory element binding protein-1c (SREBP1c) expression was reduced by shikonin treatment.
AMPKs downregulate SREBP1c, which is a key transcription factor regulating de novo lipogenesis, in
turn decreasing fatty acid synthesis [41,42]. It has been demonstrated that activation of AMPK leads to
the regulation of several downstream targets involved in lipid metabolism [43]. Our results indicate
that shikonin activates AMPK which suppressed fatty acid synthesis.

In addition to the increased AMPK activation, we showed a significant increase in cellular oxygen
consumption rate and the expression of fatty acid oxidation related genes such as PPARα, CPT1, and
PGC-1α (Figure 5). PPARα is one of the nuclear receptor families that play a crucial role in lipid
homeostasis [44]. PPARα coordinates the transcriptional activation of carnitine palmitoyl transferase-1
(CPT1), leading to fatty acid oxidation [45]. Furthermore, PPARγ coactivator-1α (PGC-1α) cooperates
with PPARα and induces mitochondrial fatty acid oxidation [46].

Shikonin-induced phosphorylation of AMPK in hepatocytes was also confirmed in vivo. Shikonin
increased the phosphorylation of AMPKα in the liver and muscles of diet-induced obese mice
(Figure 7E). The oral administration of shikonin also increased energy expenditure in obese mice
(Figure 6). Furthermore, histological analysis showed that oral administration of shikonin can
ameliorate hepatic steatosis in mice fed a high-fat diet. Notably, shikonin significantly increased mRNA
levels of PGC-1α both in vivo and in vitro model. AMPK could directly activate PGC-1α and regulate
the promoter of PGC-1α [47]. PGC-1α plays a crucial role in the regulation of mitochondrial biogenesis
by coordinating the activity NRFs, UCP2 and CPT1, which are genes responsible for mitochondrial fat
oxidation metabolism [48,49]. Thus, this protective effect of shikonin might be linked to the activation
of AMPK to increase hepatic β-oxidation, leading to an increase in energy expenditure as well as a
decrease in lipid levels in the liver [37]. Based on our study, the effect of shikonin on lipid metabolism
is mediated by the activation of the AMPK pathway.
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In conclusion, shikonin plays a significant role in reducing hepatic lipid accumulation via the
activation of AMPK which enhances β-oxidation and energy expenditure, protecting against hepatic
steatosis in mice fed a high-fat diet. Based on these results, shikonin possesses therapeutic potential
for preventing non-alcoholic fatty liver disease. Further studies are needed to establish a direct link
between shikonin and AMPK using AMPK KO mice, as well as models for oxidative stress in the
mitochondrial respiratory chain and chronic inflammation, to better understand the protective effect of
shikonin on non-alcoholic fatty liver.

Author Contributions: Conceptualization: T.Y.-H.; Investigation: S.Y.G.; Formal Analysis: S.Y.G. and T.-Y.H.;
Writing—Original Draft Preparation: S.Y.G.; Writing—Reviewing and Editing: J.A., C.H.J., B.M., and T.-Y.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from Korea Food Research Institute (KFRI E0143073645).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gholam, P.M.; Flancbaum, L.; Machan, J.T.; Charney, D.A.; Kotler, D.P. Nonalcoholic fatty liver disease in
severely obese subjects. Am. J. Gastroenterol. 2007, 102, 399–408. [CrossRef] [PubMed]

2. Haslam, D.W.; James, W.P.T. Obesity. Lancet 2005, 366, 1197–1209. [CrossRef]
3. Inzaugarat, M.E.; Ferreyra, S.N.; Billordo, L.A.; Abecasis, R.; Gadano, A.C.; Chernavsky, A.C. Alterd

phenotype and functionality of circulating immune cells characterize adult patients with nonalcoholic
statohepatitis. J. Clin. Immunol. 2011, 31, 1120–1130. [CrossRef] [PubMed]

4. Hardie, D.G.; Scott, J.W.; Pan, D.A.; Hudson, E.R. Management of cellular energy by the AMP-activated
protein kinase system. FEBS Lett. 2003, 546, 113–120. [CrossRef]

5. Smith, B.K.; Marcinko, K.; Desjadins, E.M.; Lally, J.S.; Ford, R.J.; Steinberg, G.R. Treatment of nonalcoholic
fatty liver disease: Role of AMPK. Am. J. Physiol. Endocrinol. Metab. 2016, 311, 730–840. [CrossRef] [PubMed]

6. Hardie, D.G.; Pan, D.A. Regulation of fatty acid synthesis and oxidation by the AMP-activated protein kinase.
Biochem. Soc. Trans. 2002, 30, 1064–1070. [CrossRef]

7. Lee, J.W.; Choe, S.S.; Jang, H.; Kim, J.; Jeong, H.W.; Jo, H.; Jeong, K.H.; Tadi, S.; Park, M.G.; Kwak, T.H.; et al.
AMPK activation with glabridin ameliorates adiposity and lipid dysregulation in obesity. J. Lipid Res. 2012,
53, 1277–1286. [CrossRef]

8. Kuo, Y.-T.; Lin, T.-H.; Chen, W.-L.; Lee, H.-M. Alpha-lipoic acid induces adipose triglyceride lipase expression
and decreases intracellular lipid accumulation in HepG2 cells. Eur. J. Pharmacol. 2012, 692, 10–18. [CrossRef]

9. Murase, T.; Misawa, K.; Haramizu, S.; Hase, T. Catechin-induced activation of the LKB1/AMP-activated
protein kinase pathway. Biochem. Pharmacol. 2009, 78, 78–84. [CrossRef]

10. Lin, H.Z.; Yang, S.Q.; Chuckaree, C.; Kuhajda, F.; Ronnet, G.; Diehl, A.M. Metformin reverses fatty liver
disease in obese, leptin-deficient mice. Nat. Med. 2000, 6, 998–1003. [CrossRef]

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

12. Fullerton, M.D.; Galic, S.; Marcinko, K.; Sikkema, S.; Pulinilkunnil, T.; Chen, Z.P.; O’neill, H.M.; Ford, R.J.;
Palanivel, R.; O’brien, M.; et al. Single phosphorylation sites in ACC1 and ACC2 regulate lipid homeostasis
and the insulin-sensitizing effects of metformin. Nat. Med. 2013, 19, 1649–1654. [CrossRef] [PubMed]

13. Chen, X.; Yang, L.; Oppenheim, J.J.; Howard, M.Z. Cellular pharmaceology studies of shikonin derivatives.
Phytother. Res. 2002, 16, 199–209. [CrossRef]

14. Tanaka, S.; Tajima, M.; Tsukada, M.; Tabata, M. A comparative study on anti-inflammatory activities of the
enantiomers, shikonin and alkannin. J. Nat. Prod. 1986, 49, 466–469. [CrossRef] [PubMed]

15. Tan, W.; Lu, J.; Huang, M.; Li, Y.; Chen, M.; Wu, G.; Gong, J.; Zhong, Z.; Xu, Z.; Dang, Y.; et al. Anti-cancer
natural products isolated from chinese medicinal herbs. Chin. Med. 2011, 6, 27. [CrossRef] [PubMed]

16. Hisa, T.; Kimura, Y.; Takada, K.; Suzuki, F.; Takigawa, M. Shikonin, an ingredient of Lithospermum
erythrorhizon, inhibits angiogenesis in vivo and in vitro. Anticancer Res. 1998, 18, 783–790.

17. Bettaieb, A.; Hosein, E.; Chahed, S.; Abdulaziz, A.; Kucera, H.R.; Gaikwad, N.W.; Haj, F.G. Decreased
Adiposity and Enhanced Glucose Tolerance in Shikonin Treated Mice. Obesity 2015, 23, 2269–2277. [CrossRef]

http://dx.doi.org/10.1111/j.1572-0241.2006.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/17311652
http://dx.doi.org/10.1016/S0140-6736(05)67483-1
http://dx.doi.org/10.1007/s10875-011-9571-1
http://www.ncbi.nlm.nih.gov/pubmed/21845516
http://dx.doi.org/10.1016/S0014-5793(03)00560-X
http://dx.doi.org/10.1152/ajpendo.00225.2016
http://www.ncbi.nlm.nih.gov/pubmed/27577854
http://dx.doi.org/10.1042/bst0301064
http://dx.doi.org/10.1194/jlr.M022897
http://dx.doi.org/10.1016/j.ejphar.2012.07.028
http://dx.doi.org/10.1016/j.bcp.2009.03.021
http://dx.doi.org/10.1038/79697
http://dx.doi.org/10.1172/JCI13505
http://dx.doi.org/10.1038/nm.3372
http://www.ncbi.nlm.nih.gov/pubmed/24185692
http://dx.doi.org/10.1002/ptr.1100
http://dx.doi.org/10.1021/np50045a014
http://www.ncbi.nlm.nih.gov/pubmed/3760886
http://dx.doi.org/10.1186/1749-8546-6-27
http://www.ncbi.nlm.nih.gov/pubmed/21777476
http://dx.doi.org/10.1002/oby.21263


Nutrients 2020, 12, 1133 12 of 13

18. Gwon, S.Y.; Choi, W.H.; Lee, D.H.; Ahn, J.Y.; Jung, C.H.; Moon, B.K.; Ha, T.Y. Shikonin protects against
obesity through the modulation of adipogenesis, lipogenesis, and β-oxidation in vivo. J. Funct. Foods 2015,
16, 484–493. [CrossRef]

19. Gwon, S.Y.; Ahn, J.Y.; Jung, C.H.; Moon, B.K.; Ha, T.Y. Shikonin suppresses ERK 1/2 phosphorylation during
the early stages of adipocyte differentiation in 3T3-L1 cells. BMC Complement. Altern. Med. 2013, 13, 207.
[CrossRef]

20. Su, M.L.; He, Y.; Li, Q.S.; Zhu, B.H. Efficacy of Acetylshikonin in Preventing Obesity and Hepatic Steatosis in
db/db Mice. Molecules 2016, 21, 976. [CrossRef]

21. Yan, F.J.; Qian, M.J.; Luo, H.; Zeng, C.M.; Yuan, T.; He, Q.J.; Zhu, H.; Yang, B. A novel natural compound
Shikonin inhibits YAP function by activating AMPK. TMR Mod. Herb. Med. 2018, 1, 136–142.

22. Liu, B.; Jin, J.; Zhang, Z.; Zuo, L.; Jiang, M.; Xie, C. Shikonin exerts antitumor activity by causing mitochondrial
dysfunction in hepatocellular carcinoma through PKM2-AMPK-PGC1α signaling pathway. Biochem. Cell
Biol. 2019, 97, 397–405. [CrossRef] [PubMed]

23. He, M.; Wang, C.; Long, X.H.; Peng, J.J.; Liu, D.F.; Yang, G.Y.; Jensen, M.D. Shikonin alleviates hepatic
fibrosis and autophagy via inhibition of TGF-β1/Smads pathway. World J. Gastroenterol. 2019, 26, 1029–1041.
[CrossRef] [PubMed]

24. Yang, W.; Yang, M.; Yao, H.; Ma, Y.; Ren, X. Shikonin from Zicao prevents against non-alcoholic fatty liver
disease induced by high-fat diet in rats. Acad. J. Sci. Res. 2017, 5. [CrossRef]

25. Ha, J.H.; Jang, J.; Chung, S.I.; Yoon, Y. AMPK and SREBP-1c Mediate the Anti-Adipogenic Effect of
β-Hydroxyisovalerylshikonin. Int. J. Mol. Med. 2017, 37, 816–824. [CrossRef]

26. Weir, J.B. New methods for calculating metabolic rate with special reference to protein metabolism. J. Physiol.
1949, 109, 1–9. [CrossRef]

27. Assifi, M.M.; Suchankova, G.; Constant, S.; Prentki, M.; Saha, A.K.; Ruderman, N.B. AMP-activated protein
kinase and coordination of hepatic fatty acid metabolism of starved/carbohydrate-refed rats. Am. J. Physiol.
Endocrinol. Metab. 2005, 289, E794–E800. [CrossRef]

28. Pike, L.S.; Smift, A.L.; Croteau, N.J.; Ferrick, D.A.; Wu, M. Inhibition of fatty acid oxidation by etomoxir
impairs NADPH production and increases reactive oxygen species resulting in ATP depletion and cell death
in human glioblastoma cells. Biochim. Biophys. Acta (BBA) Bioenerg. 2011, 1807, 726–734. [CrossRef]

29. Foretz, M.; Ancellin, N.; Andreelli, F.; Saintillan, Y.; Grondin, P.; Kahn, A.; Thorens, B.; Vaulont, S.; Viollet, B.
Short-term overexpression of a constitutively active form of AMP-activated protein kinase in the liver leads
to mild hypoglycemia and fatty liver. Diabetes 2005, 54, 1331–1339. [CrossRef]

30. Oberg, A.I.; Yassin, K.; Csikasz, R.I.; Dehvari, N.; Shabalina, I.G.; Hutchinson, D.S.; Wilcke, M.; Ostenson, C.G.;
Bengtsson, T. Shikonin increases glucose uptake in skeletal muscle cells and improves plasma glucose levels
in diabetic Goto-Kakizaki rats. PLoS ONE 2011, 6, e22510. [CrossRef]

31. Liu, T.; Wang, C.; Chen, K.; Xia, Y.; Li, J.; Li, S.; Feng, J.; Xu, S.; Wang, W.; Lu, X.; et al. Alleviation of hepatic
fibrosis and autophagy via inhibition of transforming growth factor-β1/Smads pathway through shikonin. J.
Gastroenterol. Hepatol. 2019, 34, 263–276. [CrossRef] [PubMed]

32. Carling, D. The AMP-activated protein kinase cascade—A unifying system for energy control. Trends Biochem.
Sci. 2004, 29, 18–24. [CrossRef]

33. Gruzman, A.; Babai, G.; Sasson, S. Adenosine Monophosphate-Activated Protein Kinase (AMPK) as a New
Target for Antidiabetic Drugs: A Review on Metabolic, Pharmacological and Chemical Considerations. Rev.
Diabet. Stud. 2009, 6, 13–36. [CrossRef]

34. Fryer, L.G.; Parbu-Patel, A.; Carling, D. The Anti-diabetic drugs rosiglitazone and metformin stimulate
AMP-activated protein kinase through distinct signaling pathways. J. Biol. Chem. 2002, 277, 25226–25232.
[CrossRef] [PubMed]

35. Stein, S.C.; Woods, A.; Jones, N.A.; Davison, M.D.; Carling, D. The regulation of AMP-activated protein
kinase by phosphorylation. Biochem. J. 2000, 345, 437–443. [CrossRef] [PubMed]

36. Rattan, R.; Giri, S.; Singh, A.K.; Singh, I. 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside inhibits
cancer cell proliferation in vitro and in vivo via AMP-activated protein kinase. J. Biol. Chem. 2005, 280,
39582–39593. [CrossRef]

37. Henin, N.; Vincent, M.F.; Gruber, H.E.; Van den Berghe, G. Inhibition of fatty acid and cholesterol synthesis
by stimulation of AMP-activated protein kinase. FASEB J. 1995, 9, 541–546. [CrossRef]

http://dx.doi.org/10.1016/j.jff.2015.04.040
http://dx.doi.org/10.1186/1472-6882-13-207
http://dx.doi.org/10.3390/molecules21080976
http://dx.doi.org/10.1139/bcb-2018-0310
http://www.ncbi.nlm.nih.gov/pubmed/30475643
http://dx.doi.org/10.3748/wjg.v26.i10.1029
http://www.ncbi.nlm.nih.gov/pubmed/32205994
http://dx.doi.org/10.15413/ajsr.2017.0254
http://dx.doi.org/10.3892/ijmm.2016.2484
http://dx.doi.org/10.1113/jphysiol.1949.sp004363
http://dx.doi.org/10.1152/ajpendo.00144.2005
http://dx.doi.org/10.1016/j.bbabio.2010.10.022
http://dx.doi.org/10.2337/diabetes.54.5.1331
http://dx.doi.org/10.1371/journal.pone.0022510
http://dx.doi.org/10.1111/jgh.14299
http://www.ncbi.nlm.nih.gov/pubmed/29864192
http://dx.doi.org/10.1016/j.tibs.2003.11.005
http://dx.doi.org/10.1900/RDS.2009.6.13
http://dx.doi.org/10.1074/jbc.M202489200
http://www.ncbi.nlm.nih.gov/pubmed/11994296
http://dx.doi.org/10.1042/bj3450437
http://www.ncbi.nlm.nih.gov/pubmed/10642499
http://dx.doi.org/10.1074/jbc.M507443200
http://dx.doi.org/10.1096/fasebj.9.7.7737463


Nutrients 2020, 12, 1133 13 of 13

38. Muoio, D.M.; Seefeld, K.; Witters, L.A.; Coleman, R.A. AMP-activated kinase reciprocally regulates
triacylglycerol synthesis and fatty acid oxidation in liver and muscle: Evidence that sn-glycerol-3-phosphate
acyltransferase is a novel target. Biochem. J. 1999, 338, 783–791. [CrossRef]

39. Velasco, G.; Geelen, M.J.H.; Guzmán, M. Control of Hepatic Fatty Acid Oxidation by 5′-AMP-Activated
Protein Kinase Involves a Malonyl-CoA-Dependent and a Malonyl-CoA-Independent Mechanism. Arch.
Biochem. Biophys. 1997, 337, 169–175. [CrossRef]

40. Brusq, J.M.; Ancellin, N.; Grondin, P.; Guillard, R.; Martin, S.; Saintillan, Y.; Issandou, M. Inhibition of lipid
synthesis through activation of AMP kinase: An additional mechanism for the hypolipidemic effects of
berberine. J. Lipid Res. 2006, 47, 1281–1288. [CrossRef]

41. Hardie, D.G. AMPK: A key regulator of energy balance in the single cell and the whole organism. Int. J.
Obes. (Lond.) 2008, 32, S7–S12. [CrossRef] [PubMed]

42. Osler, M.E.; Zierath, J.R. Adenosine 5’-monophosphate-activated protein kinase regulation of fatty acid
oxidation in skeletal muscle. Endocrinology 2008, 149, 935–941. [CrossRef] [PubMed]

43. Tessari, P.; Coracina, A.; Cosma, A.; Tiengo, A. Hepatic lipid metabolism and non-alcoholic fatty liver disease.
Nutr. Metab. Cardiovasc. Dis. 2009, 19, 291–302. [CrossRef] [PubMed]

44. Lee, C.H.; Olson, P.; Evans, R.M. Minireview: Lipid metabolism, metabolic diseases, and peroxisome
proliferator-activated receptors. Endocrinology 2003, 144, 2201–2207. [CrossRef] [PubMed]

45. Mascaro, C.; Acosta, E.; Ortiz, J.A.; Marrero, P.F.; Hegardt, F.G.; Haro, D. Control of human muscle-type
carnitine palmitoyltransferase I gene transcription by peroxisome proliferator-activated receptor. J. Biol.
Chem. 1998, 273, 8560–8563. [CrossRef] [PubMed]

46. Lee, W.J.; Kim, M.; Park, H.-S.; Kim, H.S.; Jeon, M.J.; Oh, K.S.; Koh, E.H.; Won, J.C.; Kim, M.-S.; Oh, G.T.; et al.
AMPK activation increases fatty acid oxidation in skeletal muscle by activating PPARα and PGC-1. Biochem.
Biophys. Res. Commun. 2006, 340, 291–295. [CrossRef]

47. Marin, T.L.; Gongol, B.; Zhang, F.; Martin, M.; Johnson, D.A. AMPK promotes mitochondrial biogenesis
and function by phosphorylating the epigenetic factors DNMT1, RBBP7, and HAT1. Sci. Signal. 2017, 10,
7478–7489. [CrossRef]

48. Scarpulla, R.C.; Vega, R.B.; Kelly, D.P. Transcriptional integration of mitochondrial biogenesis. Trends
Endocrinol. Metab. 2012, 23, 459–466. [CrossRef]

49. Boss, O.; Hagen, T.; Lowwell, B.B. Uncoupling proteins 2 and 3: Potential regulators of mitochondrial energy
metabolism. Diabetes 2000, 49, 143–156. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1042/bj3380783
http://dx.doi.org/10.1006/abbi.1996.9784
http://dx.doi.org/10.1194/jlr.M600020-JLR200
http://dx.doi.org/10.1038/ijo.2008.116
http://www.ncbi.nlm.nih.gov/pubmed/18719601
http://dx.doi.org/10.1210/en.2007-1441
http://www.ncbi.nlm.nih.gov/pubmed/18202133
http://dx.doi.org/10.1016/j.numecd.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19359149
http://dx.doi.org/10.1210/en.2003-0288
http://www.ncbi.nlm.nih.gov/pubmed/12746275
http://dx.doi.org/10.1074/jbc.273.15.8560
http://www.ncbi.nlm.nih.gov/pubmed/9535828
http://dx.doi.org/10.1016/j.bbrc.2005.12.011
http://dx.doi.org/10.1126/scisignal.aaf7478
http://dx.doi.org/10.1016/j.tem.2012.06.006
http://dx.doi.org/10.2337/diabetes.49.2.143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	MTT Assay 
	Oil Red O Staining 
	Nile Red and DAPI Staining 
	Protein Extraction and Western Blot Analysis 
	RNA Extraction and Real-Time Quantitative RT PCR 
	Oxygen Consumption Rate 
	High-Fat Fed Mouse Model 
	Histological Analysis 
	RQ, VO2 Max, and Energy Expenditure Measurements 
	Statistical Analysis 

	Results 
	Shikonin Increases AMPK Phosphorylation in Hepa 1-6 Cells 
	Shikonin Attenuates Lipid Accumulation in Hepa 1-6 Cells 
	Shikonin Enhances Fatty Acid Oxidation in Hepa 1-6 Cells 
	Shikonin Ameliorated High-Fat Diet-Induced Obesity 
	Shikonin Increases Energy Expenditure 
	Shikonin Prevents High-Fat Diet-Induced Hepatic Steatosis 

	Discussion 
	References

