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ABSTRACT

Recent evidence demonstrated that chronic intake of quercetin attenuated hepatic fat accumulation in various
animal models of obesity and diabetes. However, whether quercetin has the ability to enhance energy metabolism
in hepatocytes and its exact mechanisms have yet to be identified. In the present study, we investigated whether
quercetin directly enhanced the energy metabolism of cultured hepatocytes by focusing on lipophagy, involving
selective autophagic degradation of lipid droplets. As an indicator of mitochondrial respiration, oxygen con-
sumption was measured following 12-h treatment with quercetin or its related flavonoids, isorhamnetin and rutin
(10 pM) using an extracellular flux analyzer. Treatment of alpha mouse liver 12 (AML12) hepatocytes with
quercetin enhanced mitochondrial respiration, but isorhamnetin and rutin did not. Results of a palmitate-bovine
serum albumin fatty acid oxidation assay showed that quercetin significantly increased the oxygen consumption
of AML12 hepatocytes, suggesting enhanced fatty acid p-oxidation. However, as expression levels of mitochon-
drial oxidative phosphorylation proteins were unaltered by quercetin, we explored whether lipophagy contrib-
uted to enhanced fatty acid p-oxidation. Increased colocalization of lipid droplets and lysosomes confirmed that
quercetin promoted lipophagy in AML12 hepatocytes. Furthermore, pharmacological inhibition of the autopha-
gy-lysosomal pathway abolished the enhancement of fatty acid p-oxidation induced by quercetin in AML12 he-
patocytes, suggesting that the enhancement of lipophagy by quercetin contributed to increased fatty acid
p-oxidation. Finally, we showed that quercetin could activate AMPK signaling, which regulates autophagy even
under nutrient-sufficient conditions. Our findings indicate that quercetin enhanced energy metabolism by a
potentially novel mechanism involving promotion of lipophagy to produce the substrate for fatty acid p-oxidation
in mitochondria through activation of AMPK signaling. Our results suggest the possibility that nutrient-induced
lipophagy might contributes to the reduction of fat in hepatocytes.

1. Introduction

Flavonoids have been demonstrated to prevent various lifestyle-

decreased the total body fat and body mass index of overweight in-
dividuals and obese female university students, respectively [5, 6].
Moreover, in animal models of obesity, such as streptozotocin-induced

related diseases as dietary supplements [1]. Quercetin, one of the most
prominent flavonoids present in fruits, vegetables, and tea, acts as an
antioxidant in vitro and in vivo [1, 2, 3, 4]. Numerous reports have
demonstrated the beneficial effect of quercetin on obesity, metabolic
syndromes, and cardiovascular disorders using humans, animal models,
and cultured cells. Indeed, some human studies have been performed to
evaluate the effects of quercetin on obesity. As a result, intake of 100
mg/day of quercetin or quercetin-rich onion extract for 12 weeks
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diabetic mice and diet-induced obesity mice, quercetin supplementa-
tion improved metabolic abnormalities [7, 8]. Chronic supplementation
with 0.05% quercetin suppressed fat accumulation and inflammation in
the liver and visceral white adipose tissue of mice fed a Western diet [9,
10]. In other disease models, quercetin ameliorated nonalcoholic fatty
liver disease (NAFLD) and alcoholic liver disease (ALD) by reducing
accumulation of hepatic lipid droplets [11, 12, 13]. The beneficial effects
of quercetin are likely caused by upregulated expression of genes related
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to lipid metabolism, mitochondrial biogenesis, and their accompanying
transcriptional regulators [8, 9, 10]. Indeed, previous reports have shown
that quercetin might directly affect the activities of some enzymes, as
well as expression of heat shock proteins and cellular signaling. In human
hepatocytes, quercetin attenuated oxidative stress induced by ethanol
exposure by upregulating heme oxygenase-1 expression through activa-
tion of p38 and extracellular signal-regulated kinase (ERK) signaling, and
subsequent nuclear translocation of nuclear factor E2-related factor 2
[14, 15, 16]. Although quercetin reportedly exerts hepatoprotective ef-
fects, it remains unknown whether it has the ability to enhance energy
metabolism in hepatocytes. Importantly, recent reports demonstrated
that quercetin ameliorated high-fat-diet-induced NAFLD in vivo by pro-
moting lipophagy, which involves selective autophagic degradation of
lipid droplets [17, 18]. Recent reports suggest that quercetin activates
autophagy through mechanistic target of rapamycin (mTOR) or signal
transducer and activator of transcription 3 signaling in gastric cancer,
ovarian cancer, and effusion lymphoma cells [19, 20, 21]. As mTOR is a
key regulator of autophagy and regulates lipid metabolism in the liver
[22, 23], we hypothesized that quercetin-mediated reduction of lipid
droplets in hepatocytes is related to enhanced lipophagy through the
inactivation/activation of certain intracellular signaling pathways.

In this study, we investigated whether quercetin and its related fla-
vonoids (isorhamnetin and rutin) enhance energy metabolism (glycolysis
and mitochondrial respiration) in alpha mouse liver 12 (AML12) hepa-
tocytes. Rutin is a quercetin glycoside in which the disaccharide p-ruti-
nose is glycosidically bonded to the 3-position of quercetin, whereas
isorhamnetin is a derivative of quercetin and one of its metabolites.
Similar to quercetin, neither rutin or isorhamnetin have been investi-
gated for their effects on energy metabolism. To explain the mechanism
by which quercetin enhanced energy metabolism, we hypothesized that
quercetin induced lipophagy and autophagy of lipid droplets in hepato-
cytes. Our results provide evidence of enhanced energy metabolism in
AML12 hepatocytes following quercetin treatment, as well as its mech-
anism. Moreover, our findings are the first to suggest that lipophagy
induced by nutrients, such as flavonoids, contributes to the reduction of
fat in hepatocytes.

2. Materials and methods
2.1. Cell culture and induction of lipid droplet accumulation

AML12 hepatocytes purchased from American Type Culture Collec-
tion (Manassas, VA, USA) were cultured in Dulbecco's Modified Eagle's
Medium with Nutrient Mixture F-12 (DMEM/F-12) supplemented with
10% fetal bovine serum (FBS), 5 pg/mL human insulin, 5 pg/ml trans-
ferrin, 3 ng/ml selenium, 40 ng/ml dexamethasone, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37 °C with 5% CO,. Cells were seeded on
six- or twelve-well microplates for protein and gene expression analyses,
chamber slides for staining, and XFp microplates for metabolic mea-
surements. All cells used in this study were exposed to DMEM containing
250 pM palmitic acid, 500 pM oleic acid, and 1% fatty acid free-bovine
serum albumin (BSA) for 24 h to induce lipid accumulation.

2.2. RNA extraction and quantitative real-time PCR (qRT-PCR)

Expression of target and reference genes was measured using qRT-
PCR, with Gapdh as the reference gene. Total RNA was isolated from
cultured AML12 hepatocytes according to a standard TRIzol-chloroform
protocol. cDNA was synthesized from 1 pg of total RNA using iScript
reverse transcriptase (Bio-Rad, Hercules, CA, USA), and qRT-PCR was
performed using a MyiQ2 real-time PCR system (Bio-Rad). Primer sets
were designed by PrimerBank or Primer3 software. Primer sequences
were as follows: Tfam forward, GAGGCAAAGGATGATTCGGCTGC;
Tfam reverse, CGAATCCTATCATCTTTAGCAAGC; Ppara forward,
CTGCAGAGCAACCATCCAGAT; Ppara reverse, GCCGAAGGTCCAC-
CATTTT; Pparg forward, CACAATGCCATCAGGTTTGG; Pparg reverse,
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GCTGGTCGATATCACTGGAGATC; Ppargcla forward, ATGTGTCGCC-
TTCTTGCTCT; Ppargcla reverse, ATCTACTGCCTGGGGACCTT; Cptl
forward, CTCCGCCTGAGCCATGAAG; Cptl reverse, CACCAGTGAT-
GATGCCATTCT; Cpt2 forward, CAGCACAGCATCGTACCCA; Cpt2
reverse, TCCCAATGCCGTTCTCAAAAT; Maplic3b forward, CGATA-
CAAGGGGGAGAAGCA; Mapllc3b reverse, ACTTCGGAGATGGGA-
GTGGA,; Plin2 forward, GACCTTGTGTCCTCCGCTTAT; Plin2 reverse,
CAACCGCAATTTGTGGCTC; Gapdh forward, CATCACTGCCACCCA-
GAAGACTG; Gapdh reverse, ATGCCAGTGAGCTTCCCGTTCAG.

2.3. Protein extraction and immunoblot analyses

Proteins were extracted from cultured AML12 hepatocytes and ho-
mogenized in sodium dodecyl sulfate sample buffer containing 125 mM
Tris-HCI (pH 6.8), 5% f-mercaptoethanol, 2% sodium dodecyl sulfate,
and 10% glycerol. Extracted proteins were separated on acrylamide gels,
transferred onto polyvinylidene fluoride membranes (GE Healthcare,
Chicago, IL, USA), and blocked using 5% BSA. A ChemiDoc XRS Imager
(Bio-Rad) was used to visualize bands. The following antibodies were
used at a dilution of 1:1000 for immunoblot analysis: anti-total OXPHOS
(Cat. No. ab110413; Abcam, Cambridge, UK), anti-LC3B [Cat. No. 2775;
Cell Signaling Technology (CST), Danvers, MA, USA], anti-phospho-
ERK1/2 (Thr202/Tyr204) (Cat. No. 9101, CST), anti-total-ERK1/2
(Cat. No. 9102, CST), anti-phospho-Akt (Ser473) (Cat. No. 4060S,
CST), anti-total-Akt (Cat. No. 9272S, CST), anti-phospho-mTOR
(Ser2448) (Cat. No. 2971, CST), anti-total-mTOR (Cat. No. 2983P,
CST), anti-phospho-AMPKa (Thr172) (Cat. No. 2535, CST), and anti-
total-AMPKa (Cat. No. 2532, CST). GAPDH (1:2000; Cat. No. 6C5; Santa
Cruz Biotechnology, Dallas, TX, USA) was used as an internal standard.

2.4. Fluorescent staining

To visualize lipophagy induced by quercetin, AML12 hepatocytes
were stained with BODIPY 493/503 (Sigma-Aldrich, St. Louis, MO, USA)
for lipid droplets and LysoTracker Red DND-99 (Molecular Probes,
Eugene, OR, USA) for lysosomes. Briefly, living cells were exposed to
LysoTracker Red for 2 h before fixation with 4% paraformaldehyde for 15
min, followed by staining with BODIPY 493/503 for 30 min. Fluorescent
images were obtained with a Leica DM5000B microscope (Wetzlar,
Germany). The whole images of each well (n = 7) were analyzed by using
the ImageJ plugins Colocalization_Test to evaluate colocalization of
BODIPY and Lysotracker in hepatocytes (https://imagej.nih.gov/).
Evaluation of colocalization was expressed by Rtotal (Pearson's correla-
tion coefficient for the whole image, which varies between —1 and 1)
divide by total BODIPY intensity.

2.5. Energy metabolism measurement

To measure energy metabolism, a Seahorse XFp Extracellular Flux
Analyzer (Agilent Technologies, Santa Clara, CA, USA) was used to
detect the oxygen consumption rate (OCR) and extracellular acidifica-
tion rate. Glycolytic capacity was determined by Seahorse XF Glycolysis
Stress Test (Agilent Technologies) according to the manufacturer's
protocol. Briefly, cells were incubated in glucose and pyruvate-free XF
base media for 1 h, followed by sequential injection of glucose, oligo-
mycin, and 2-deoxy-D-glucose (2DG) onto the culture plate to determine
basal glycolytic capacity, maximum glycolytic capacity, and glycolytic
reserve, respectively. Mitochondrial respiration capacity was deter-
mined using a Seahorse XF Cell Mito Stress Test kit according to the
manufacturer's protocol. Briefly, cells were incubated in medium con-
taining 10 mM glucose, 1 mM pyruvate, and 2 mM glutamate for 1 h,
followed by sequential injection of oligomycin, carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone (FCCP), and rotenone with anti-
mycin A to determine non-mitochondrial oxygen consumption, basal
respiration, maximum respiration, H' leak, ATP production, and spare
respiration capacity.
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2.6. Fatty acid oxidation (FAO) assay long chain fatty acid into mitochondria), and 1% FBS overnight. The

following day, cells were incubated in Krebs-Henseleit buffer supple-

An FAO assay was performed in combination with the Cell Mito mented with 5 mM HEPES, 2.5 mM glucose, 500 pM carnitine, and

Stress Test. First, cells were cultured in XF base media containing 0.5 170 pM fatty acid palmitate-BSA for 1 h before commencing
mM glucose, 1 mM glutamine, 500 pM carnitine (required to transport measurements.

Figure 1. Effect of quercetin, isorhamnetin, and rutin on
mitochondrial respiration of AML12 hepatocytes. A Cell
dcC Mito Stress Test was performed to investigate the effect of
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Fatty Acid Oxidation Assay (Mito Stress Test)
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Figure 2. Effect of quercetin on fatty acid p-oxidation
and mitochondrial marker expression of AML12 he-
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2.7. Measurement of triglycerides

Triglyceride levels in AML12 hepatocytes were measured by E-Test
Wako (Wako Pure Chemistry Industries, Osaka, Japan) according to the
manufacturer's protocol and normalized to the protein concentration.

2.8. Statistical analysis

All data are presented as mean + SEM. P values less than 0.05 were
considered significant and all assessments of significance were performed
with Student's t-test.

3. Results

3.1. Quercetin enhanced energy metabolism (glycolysis and mitochondrial
respiration) in AML12 hepatocytes

To obtain direct evidence of whether flavonoids including quer-
cetin, isorhamnetin, and rutin enhanced energy metabolism in hepa-
tocytes, we performed Mito Stress and Glycolysis Stress Tests using an
extracellular flux analyzer. As an indicator of mitochondrial respira-
tion, OCR was measured 12 h after treatment with flavonoids (10 pM).
Compared with controls, quercetin significantly increased the OCR,

K\

X OV O O P
R e S IR
v/\oo/\%,;o\\

both under basal and FCCP-treated conditions, but neither iso-
rhamnetin or rutin affected the OCR (Figure la-c). Furthermore,
quercetin partially increased the basal glycolysis of AML12 hepato-
cytes compared with the control (Figure 1d). These data demonstrate,
for the first time, that quercetin can enhance the energy metabolism of
cultured AML12 hepatocytes.

3.2. Quercetin enhanced energy metabolism by activating fatty acid
f-oxidation in AMLI12 hepatocytes

Although quercetin enhanced the mitochondrial respiration of
AML12 hepatocytes, it was unclear whether this effect depended on
enhanced fatty acid p-oxidation. To directly measure fatty acid p-oxida-
tion, a palmitate-BSA FAO assay was performed in combination with the
Mito Stress Test. In this assay, AML12 hepatocytes were cultured for 12 h
in KB buffer containing L-carnitine (an essential dipeptide for mito-
chondrial inner membrane transport of acyl-coenzyme A) with or
without quercetin, and the Mito Stress Test was performed to measure
the OCR. Palmitate-BSA FAO assay results showed that quercetin
significantly increased the OCR of AML12 hepatocytes, suggesting
enhanced fatty acid p-oxidation (Figure 2a). At a molecular level,
expression levels of mitochondrial biogenesis-related genes (Tfam and
Ppargcla) were significantly increased 12 h after quercetin treatment
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(Figure 2b). Although quercetin affected the expression levels of lipid
metabolism-related genes (Ppara and Pparg), expression of genes for fatty
acid transporters (Cptl, Cpt2), lipid droplets (Plin2), and autophagy
(Map1lc3b) was unaltered (Figure 2b). To determine whether enhanced
mitochondrial respiration induced by quercetin treatment depended on
mitochondrial oxidative phosphorylation (OXPHOS) proteins, their
expression levels were measured by immunoblot. Quercetin did not
affect OXPHOS protein expression in AML12 hepatocytes (Figure 2c),
suggesting that the enhanced energy metabolism induced by quercetin
may involve increased fatty acid p-oxidation and is at least partially in-
dependent of upregulation of mitochondrial biogenesis- and lipid
metabolism-related genes.

3.3. Quercetin promoted fatty acid p-oxidation through lipophagy in
AML12 hepatocytes

Autophagy contributes to the degradation of intracellular lipid
droplets, termed “lipophagy”. Thus, we explored the possibility that
lipophagy contributes to increased fatty acid p-oxidation induced by
quercetin treatment. To visualize lipophagy in AML12 hepatocytes,
lipid droplets and lysosomes were stained by BODIPY and LysoTracker
Red, respectively (Figure 3a). Lipid droplets in AML12 hepatocytes
treated with quercetin showed increased colocalization of BODIPY
and LysoTracker Red fluorescence compared with controls, suggesting
enhanced lipophagy. However, triglyceride contents were unaltered
by quercetin treatment for 24 h (Figure 3b). To further obtain evi-
dence of enhanced lipophagy by quercetin, the pharmacological
autophagy-lysosomal pathway inhibitor 3-methyladenine (3-MA),
was used in the palmitate-BSA FAO assay. As a result, inhibition of
autophagy by 3-MA abolished the increase of fatty acid p-oxidation
induced by quercetin in AML12 hepatocytes (Figure 3c), suggesting
that enhanced lipophagy contributed to increased fatty acid
B-oxidation.
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3.4. Quercetin activated AMPK and ERK signaling in AMLI12 hepatocytes

Regulation of lipophagy is not well understood, but its regulatory
signaling pathways are likely associated with autophagy [24, 25]. Thus,
we next investigated whether autophagy was induced by quercetin in
AML12 hepatocytes under serum-free conditions. The activation level of
autophagy was measured by the ratio of two forms of
microtubule-associated protein light chain 3 (LC3-II/LC3-I), an auto-
phagic membrane protein. Although quercetin did not alter mRNA
expression of Map1lc3b (Figure 2b), a major autophagy marker, treat-
ment with quercetin for 48 h increased the LC3-11/LC3-1 (translated
product of Mapllc3b) ratio, suggesting activation of autophagy
(Figure 4). Next, to investigate signaling pathways involved in activation
of autophagy by quercetin in AML12 hepatocytes, phosphorylation levels
of mTOR (a central regulator of autophagy) and its upstream and
downstream targets Akt, adenosine monophosphate-activated protein
kinase (AMPK), and extracellular signal regulated kinase 1/2 (ERK1/2)
were measured by immunoblot. The results showed that 24-h quercetin
treatment increased phosphorylation of both AMPK and ERK, suggesting
that quercetin enhanced autophagy/lipophagy.

4. Discussion

Quercetin is a naturally occurring flavonoid with diverse biological
activities including antioxidant, anticancer, anti-inflammatory, pro-
apoptotic, and anti-diabetic properties [10]. As a novel biological activ-
ity, we recently reported that quercetin and isorhamnetin (a metabolite
of quercetin in mammals) suppressed uric acid production in AML12
hepatocytes, as well as plasma and hepatic uric acid levels in a hyper-
uricemic model mice [26]. Although quercetin has reported hep-
atoprotective effects, whether it can directly enhance energy metabolism
in hepatocytes was unclear. Thus, in the present study, we showed direct
evidence that quercetin increased energy metabolism (mitochondrial

Figure 3. Relationship between quercetin and auto-
phagy/lipophagy in AML12 hepatocytes. (a) Repre-
sentative images of subcellular location of lipid

40 droplets (BODIPY: green) and lysosomes (lysotracker:
red) in AML12 hepatocytes treated with quercetin for
30 24 h (left: control, right: quercetin). Co-localization of
20 A BODIPY and lysotracker was evaluated by ImageJ co-
localization analysis (n = 7). Scale bar = 10 pm. (b)
10 4 Comparison of triglycerides between control and
quercetin-treated (50 pM) AML12 hepatocytes (n = 6).
(Ve (c) Fatty acid oxidation (FAO) assay showed that the
’60\ & enhancement fatty acid p-oxidation by quercetin
OQ &oe’ treatment (10 pM) was cancelled by the autopha-
o O\}Q’ gy-lysosomal pathway inhibitor 3-Methyladenine (3-
MA). FAO was measured by adding palmitate conju-
gated to BSA into XF base media, combined with Mito
stress test (n = 3). Values represent mean + SEM.
Significance was determined with a two-tailed Stu-
oQ dent's t-test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. Effect of quercetin on autophagy-related
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signaling pathways in AML12 hepatocytes. The effect
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respiration and glycolysis) through enhanced fatty acid p-oxidation in
AML12 hepatocytes. Previous reports suggest that chronic supplemen-
tation of quercetin results in upregulated expression of genes related to
lipid metabolism, mitochondrial biogenesis, and their transcriptional
regulators [8, 9, 10]. As mentioned in the introduction, augmentation of
gene expression by quercetin is a plausible mechanisms of its
anti-obesity/diabetic properties. Indeed, the results of our qRT-PCR
analysis revealed increased expression of mitochondrial
biogenesis-related (Tfam and Ppargcla) and lipid metabolism-related
genes (Ppara and Pparg) in AML12 hepatocytes following quercetin
treatment for 12 h. However, as expression of mitochondrial OXPHOS
proteins, which are directly involved in mitochondrial oxygen con-
sumption, were unaltered 12 h after quercetin treatment, we focused on a
different mechanism to explain increased mitochondrial respiration in
AML12 hepatocytes.

Recent reports demonstrated that chronic supplementation with
quercetin (8-12 weeks) induced lipophagy, which involves the selective
autophagic degradation of lipid droplets, in the livers of animal models of
ALD and NAFLD [17, 18]; moreover, inhibited lipid accumulation and
damage in the livers of these animals were attributed to this effect.
However, it remained obscure whether the observed inhibition of lipid
accumulation induced by quercetin depended on induction of lipophagy.
By combining the autophagy inhibitor 3-MA with an FAO assay, we

Oh
30min

p-Akt / total-Akt

1h
6h
24h
48h

demonstrated that inhibition of autophagy abolished the enhancement of
fatty acid p-oxidation induced by quercetin in AML12 hepatocytes. In
addition, double staining of lipid droplets and lysosomes indicated the
possibility that quercetin induced lipophagy in AML12 hepatocytes. As
mentioned above, signaling pathways regulating lipophagy are not well
understood, but may overlap with those regulating autophagy [24, 25].
The observed enhancement of mitochondrial respiration was likely
caused by an acute (as opposed to chronic) effect of quercetin, such as
immediate inactivation or activation of intracellular signaling pathways
related to the regulation of autophagy. AMPK, a cellular energy sensor
and regulator of autophagy [27], was activated 24 h after quercetin
treatment in AML12 hepatocytes despite their nutrient-sufficient condi-
tion (serum-starved DMEM), suggesting the possibility of induced auto-
phagy/lipophagy. Interestingly, ERK was inactivated within 30 min of
quercetin treatment, which may be related to the anti-oxidant activity of
quercetin because ERK is activated by reactive oxygen species.

Taken together, our results demonstrate that quercetin enhanced fatty
acid p-oxidation by inducing lipophagy through AMPK signaling in
AML12 hepatocytes. Moreover, our findings suggest a possible mecha-
nism explaining the inhibitory effect of quercetin supplementation on
lipid accumulation in the liver. However, we acknowledge the limitations
of our study, such as the use of limited concentrations of quercetin
(10-50 pM) that were non-physiological. As it was previously reported
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that a low dose of dietary quercetin (0.02%) for 16 weeks failed to
attenuate the development of an obese phenotype in mice [28], we
employed higher concentrations in this study. In addition, triglyceride
levels were not altered following 24-h treatment with quercetin in
AML12 hepatocytes. Although quercetin might acutely induce lip-
ophagy/autophagy in AML12 hepatocytes, higher doses or chronic
treatment of quercetin should be examined to assess the effects of
quercetin on triglycerides. Moreover, whether a lower dose of quercetin
could enhance fatty acid p-oxidation through induction of lipophagy in
AML12 hepatocytes requires further investigation.
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