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Abstract

Nonalcoholic fatty liver disease (NAFLD) is a hepatic manifestation of metabolic syndrome.

Studies have demonstrated that anthocyanin-rich foods may improve hyperlipidemia and

ameliorate hepatic steatosis. Here, effects of Aronia melanocarpa (AM), known to be rich of

anthocyanins, on hepatic lipid metabolism and adipogenic genes were determined. AM was

treated to C57BL/6N mice fed with high fat diet (HFD) or to FL83B cells treated with free

fatty acid (FFA). Changes in levels of lipids, enzymes and hormones were observed, and

expressions of adipogenic genes involved in hepatic lipid metabolism were detected by

PCR, Western blotting and luciferase assay. In mice, AM significantly reduced the body and

liver weight, lipid accumulation in the liver, and levels of biochemical markers such as fatty

acid synthase, hepatic triglyceride and leptin. Serum transaminases, indicators for hepato-

cyte injury, were also suppressed, while superoxide dismutase activity and liver antioxidant

capacity were significantly increased. In FL83B cells, AM significantly reduced FFA-induced

lipid droplet accumulation. Protein synthesis of an adipogenic transcription factor, peroxi-

some proliferator-activated receptor γ2 (PPARγ2) was inhibited in vivo. Furthermore,

transcriptional activity of PPARγ2 was down-regulated in vitro, and mRNA expression of

PPARγ2 and its downstream target genes, adipocyte protein 2 and lipoprotein lipase were

down-regulated by AM both in vitro and in vivo. These results show beneficial effects of AM

against hepatic lipid accumulation through the inhibition of PPARγ2 expression along with

improvements in body weight, liver functions, lipid profiles and antioxidant capacity suggest-

ing the potential therapeutic efficacy of AM on NAFLD.

Introduction

Nowadays, metabolic syndrome, and its associated conditions are becoming of medical inter-

est [1–3]. Nonalcoholic fatty liver disease (NAFLD) is a hepatic manifestation of metabolic
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syndrome, characterized by impaired metabolic regulation in adipose tissue leading to

expanded visceral fat accumulation, high serum triglyceride (TG), insulin resistance and fat

deposition in the liver [4–6]. It is defined as TG content over 5% of liver weight in patients

without significant alcohol consumption or any secondary causes for lipid accumulation in the

liver. Accumulation of hepatic TG leading to dysregulation of hepatic lipid homeostasis is

known to be the major pathophysiology of NAFLD [1, 6–8].

Lipid metabolism in the liver can be largely categorized into 1) free fatty acid (FFA) uptake,

2) lipogenesis and 3) oxidation of lipids, and derangement in any step will lead to NAFLD [9].

Hepatic steatosis is coordinated by transcriptional factors such as peroxisome proliferator-acti-

vated receptor γ (PPARγ), sterol regulatory element-binding protein 1c (SREBP1c) and carbo-

hydrate-responsive element-binding protein (ChREBP) [9, 10]. PPARγ, activated as PPARγ-

retinoid x receptor functional heterodimer, contributes to FFAs uptake and hepatic steatosis

through PPARγ-responsive genes, such as lipoprotein lipase (LPL), fatty acid translocase, fatty

acid transport proteins and adipocyte protein 2 (aP2) [11–14]. During early phase of adipocyte

differentiation, aP2, a fatty acid binding protein, induced by PPARγ facilitates lipid transporta-

tion and coordinates lipid responses in cells [15, 16], and LPL catalyzes hydrolysis of TG in the

circulating lipoproteins into FFAs and 2-monoacylglycerol during delivery of lipids to tissues

[17]. In response to insulin, activated SREBP1c induces de novo lipogenesis to generate FFA in

the liver catalyzed by fatty acid synthase (FAS) [9, 13, 18–20], and ChREBP acts together with

SREBP1c to stimulate lipogenic genes in response to dietary carbohydrates [19, 21]. Further-

more, insulin resistance induces adipocyte lipolysis resulting in further increase of serum

FFAs, which influx to the liver becoming an important source of TG [2, 8]. Increased intrahe-

patic TG during these processes is stored in lipid droplets which are intracellular organelles

storing neutral lipids within cells [8]. On the other hand, PPARα is pivotal in mitochondrial,

peroxisomal and microsomal FFA oxidation by inducing genes involved in FFA oxidation [9,

18, 22]. Oxidation of FFAs within mitochondria facilitates degradation of FFAs to acetyl-CoA

in turn preventing hepatic lipid accumulation, while, when mitochondrial oxidation is im-

paired and FFAs accumulate in the cytosol as in insulin resistance, FFAs are alternatively oxi-

dized by the peroxisomes and endoplasmic reticulum inducing reactive oxygen species (ROS),

ER stress and lipid peroxidation leading to hepatocyte injury [9, 18, 19]. Therefore, imbalance

of lipid metabolism and lipogenic gene expressions will consequently induce both excessive

FFA accumulation and oxidative stress in the liver leading to either apoptosis or necrosis of

hepatocytes resulting in hepatic lipotoxicity and subsequent progression to nonalcoholic stea-

tohepatitis (NASH) [6, 18–20, 23].

Up to date, effective pharmacological treatment for NAFLD is unavailable, and lifestyle

modifications including physical activity, weight control and improvements in diet are mostly

recommended to delay the progression of metabolic syndrome and to improve liver histology

[3, 7, 24]. In this regard, dietary components have been under study, and some bioactive com-

pounds such as anthocyanins have been pointed out [24–27]. Anthocyanins are plant polyphe-

nols determining the colors of fruits, vegetables, beans and cereals depending on the pH [28].

Recent studies demonstrated that anthocyanin-rich foods show powerful antioxidant, anti-

inflammatory, anti-adipogenic and anti-carcinogenic properties [24–27, 29–31]. Aronia
melanocarpa (AM), the black chokeberry, is a fruit recently in interest for being rich of antho-

cyanins [25]. In previous studies, AM reduced epididymal fat accumulation, improved lipid

profiles and memory function, reduced chemical-induced liver injury, diminished inflamma-

tion and lipid peroxidation in rodents [26, 32–37], and also reduced waist circumferences with

improving lipid profiles in human.[38, 39]. Nonetheless, its effect on hepatic lipid metabolism

is less investigated. Therefore, we examined the effect of AM on hepatic lipid metabolism in
vivo and in vitro.
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Methods and Materials

Compounds

Spray-dried ethanol extract of Aronia melanocarpa (AM) was purchased from Daesan Co.

(Gyeonggi-do, Korea, S1 Table). Oleic acid and palmitic acid were blended in 2:1 as a FFA

compound [40].

Animal care and experimental protocol

Male 5 week-old C57BL/6N mice (SCL Inc., Hamamatsu, Japan) were housed under a 12-hr

light/dark cycle at a temperature (21 ± 2˚C) and humidity (60 ± 5%) controlled room. General

health monitoring of all animals were performed every day. Criteria for the health monitoring

include wound, bleeding, hair brilliance, nasal discharge, eye discharge, ear color, anal and

genital discharge, general motor activity. Body weights of all animals were monitored two

times a week. No animal became severely ill or died before the experimental endpoint. All ani-

mals were euthanized by cervical dislocation after anesthetization by intraperitoneal injection

of urethane at a single dose of 1.5 g/kg body weight.

Animals were randomly assigned to three groups, i.e. normal chow diet (NCD) group, high

fat diet (HFD) group and HFD with AM (HFD+AM) group (n = 10/group). NCD group was

fed with normal chow (12 kcal% Lard; Purina, Jeollabuk-do, Korea), and HFD group with

HFD (60 kcal% Lard; Research Diet Inc., New Brunswick, Canada, S2 Table). HFD+AM

group was fed with HFD and AM powder dissolved in water (50 mg/kg daily) [33, 34, 41, 42].

The diets were given in the form of pellets ad libitum, and AM solution was supplied with oral

zonde for 12 weeks. Mice had free access to diet and water throughout the experiment. All ani-

mal care and experimental protocols were conducted in accordance with the guidelines for the

Care and Use of Laboratory Animals from the Research Supporting Center for Medical Sci-

ence of the Catholic University of Korea, and were approved by the ethics committee of the

College of Medicine, Catholic University of Korea.

Histological examination

Liver tissues were fixed in 10% buffered formalin and embedded in paraffin for hematoxylin

and eosin (H&E) stain.

Biochemical assays

Concentrations of lipids, enzymes or hormone levels were determined using commercial assay

kits under the manufacturer’s instructions as follows: liver triglyceride (Biovision, San Fran-

cisco, CA, USA), liver superoxide dismutase (SOD) (Dojindo, Kumamoto, Japan), liver antiox-

idant capacity (Sigma-Aldrich, St. Louis, MO, USA), liver FAS (USCN Life Science Inc.,

Wuhan, China), serum alanine aminotransferase (ALT; Asanpharm, Seoul, Korea), serum

aspartate aminotransferase (AST; Asanpharm) and serum leptin (IBL, Gunma, Japan). The

liver antioxidant capacity assay kit was based on trolox equivalent antioxidant capacity

(TEAC) assay method as reported elsewhere [43].

Cell culture and nile-red staining

The immortalized mouse hepatocytes cell line, FL83B cells (American Type Culture Collec-

tion, Manassas, VA), was cultured in Ham’s F-12K (Kaighn’s) medium (Gibco-BRL, Grand

Island, NY, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin,

100 ug/ml of streptomycin, and 1% HEPES at 37˚C in a humidified incubator with 5% CO2.
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Cultured FL83B cells were incubated in serum-free F-12K medium for 24 hr, and then

intracellular lipid accumulation was induced by treatment with 0.5 mM of FFAs (oleic acid:

palmitic acid, 2:1). Various concentrations of AM (40 and 80 ug/mL, S3 Table) were added to

the medium right after FFA treatment. Twenty-four hr later, the cells were subjected to Nile-

red staining to evaluate the changes of intracellular lipid contents. The cells were washed with

ice-cold phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 5 min at

room temperature. After washing with PBS again, the cells were stained with Nile-red (0.5 μg/

mL) and 40,6-diamidino-2-pheny-lindole (DAPI, 1 μg/mL) (Sigma-Aldrich). After staining,

intracellular lipid droplets were quantified by measuring fluorescence with a microplate reader

(Molecular Devices, Sunnyvale, CA, USA), and normalized to the cellular DAPI contents [40].

The distribution of lipid in cells was observed under an LSM 510 inverted laser-scanning con-

focal microscope (Carl Zeiss, Jena, Germany).

RNA extraction and reverse transcription-polymerase chain reaction

(RT-PCR)

Total RNAs were extracted with TRIzol reagent (Invitrogen, Waltham, MA, USA), and puri-

fied according to the manufacturer’s recommendations. The purified RNAs were reverse-tran-

scribed to single-stranded cDNA using random primers with Improm II reverse transcriptase

(Promega, Fitchburg, WI, USA), and then amplified by PCR. The forward and reverse primers

for mouse genes are shown in Table 1. The PCR was programmed as follows: 10 min at 94˚C,

30 cycles of 94˚C for 30 sec, 55˚C for 30 sec, 72˚C for 45 sec, and 10 min incubation at 72˚C.

The products were separated on 1.5% agarose gels containing 0.5 mg/mL ethidium bromide.

The nucleic acids were visualized under UV light by Gel-Doc CQ system (Bio-Rad, Vienna,

Austria), and the band densities were analyzed by Multi Gauge V3.0 program (Fujifilm Life

Science, Tokyo, Japan). The expression of β-actin was used as a loading control.

Western blot analysis

Frozen liver tissues of each mouse were pulverized in liquid nitrogen, and lysed with PRO--

PREPTM Protein Extraction Solution (iNtRon BIOTECHNOLGY, Gyeonggi-do, Korea) con-

taining protease inhibitors for 20 min on ice. The lysates were centrifuged at 1,300 rpm (20

min, 4˚C), and the total protein concentration was determined by Bradford assay (Bio-Rad,

Table 1. Primer sequences used for RT-PCR.

Gene Primers Sequences (5’! 3’)

Peroxisome proliferatior-activated receptor gamma 2 F TTCGGAATCAGCTCTGTGGA

R CCATTGGGTCAGCTCTTGTG

Adipocyte protein 2 F AGCATCATAACCCTAGATGG

R GAAGTCACGCCTTTCATAAC

Lipoprotein Lipase F TGCCGCTGTTTTGTTTTACC

R TCACAGTTTCTGCTCCCAGC

Sterol regulatory element-binding protein 1c F ACTGGACACAGCGGTTTTGA

R TGTCAGCAGCAGTGAGTCTG

Carbohydrate-responsive element-binding protein F CCAGCCTCAAGGTGAGCAAA

R CATGTCCCGCATCTGGTCA

Peroxisome proliferatior-activated receptor alpha F AAGAACCTGAGGAAGCCGTTCTGT

R AGCTTTGGGAAGAGGAAGGTGTCA

F, forward; R, reverse.

doi:10.1371/journal.pone.0169685.t001
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Hercules, CA, USA). Protein samples were separated with 10% SDS-PAGE and transferred to

nitrocellulose membranes (Whatman, Maidstone, Kent, UK). The membranes were blocked

with 5% skim milk in Tris-buffered saline solution containing Tween-20 (Sigma-Aldrich), and

then incubated overnight at 4˚C with primary antibodies to PPARγ (1:1000; Santa Cruz sc-

7196, CA, USA) and monoclonal mouse anti-β-actin (1:2500; Sigma-Aldrich A2228). Mem-

branes were washed with Tris-buffered saline containing 0.05% Tween-20 and incubated with

horseradish peroxidase–conjugated anti-rabbit secondary antibody (1:5000; Amersham Phar-

macia Biotech NA934, Piscataway, NJ, USA). Protein bands were visualized using an enhanced

chemiluminescence system (Amersham Pharmacia Biotech) according to the manufacturer’s

instructions. The band densities were quantified by Multi Gauge V3.0 program (Fujifilm Life

Science), and normalized to the protein expression levels of β-actin.

Luciferase reporter assay

The change of transcriptional activity of PPARγ was analyzed by PPARγ–derived firefly lucif-

erase activity. The reporter construct containing PPARγ–derived firefly luciferase gene, pDR1,

was kindly provided from professor Oh-Joo Kwon (The Catholic University of Korea, Seoul,

Republic of Korea). FL83B cells were co-transfected with pDR1 and pRL-TK (Promega, Seat-

tle, WA, USA) containing CMV promoter-controlled Renilla luciferase gene using fuGENE

HD (Promega, Seattle, WA, USA), and incubated with serum free media for 24 hr. Then the

cells were treated with FFA and AM as described above, and, another 24 hr later, the cells were

washed, lysed, and assayed for luciferase activity using a Dual-Luciferase reporter assay system

(Promega) according to the manufacturer’s instructions. The luciferase activity was measured

using a Veritas microplate luminometer (Tuner Biosystems, Sunnyvale, CA). The firefly lumi-

nescence signal was normalized to the Renilla luminescence signal.

siRNAs targeting PPARγ2
PPARγ2 expression was down-regulated by transient transfection with siRNAs targeting

PPARγ2 (si-PPARγ2, BIONEER, Daejeon, Republic of Korea) in FL83B cells. The FL83B cells

were plated at a density of 5x104 cells per 12-well culture dishes. 24 hours later, the cells were

transfected with 50 nM of si-PPARγ2 using jetPRIME transfection reagent (Polyplus-transfec-

tion Inc., New York, NY, USA) according to the manufacturer’s protocol, and then incubated

in serum-free F-12K medium for 24 hr. Intracellular lipid accumulation was induced by treat-

ment with 0.5 mM of FFAs. 80 μg/mL of AM was added to the medium right after FFA treat-

ment. Another 24 hours later, the changed levels of intracellular lipid were evaluated by Nile-

Red staining as described above.

Statistical analysis

Results were mostly expressed as the mean ± SD. Anthropometric parameters and biochemical

data were acquired from all the mice enrolled, while RT-PCR and Western blot analysis data

were acquired by analyzing liver samples pooled from four mice per group. In vitro data were

acquired from at least three different cell culture sets. Comparisons of means were made using

Student’s t-test, and were considered significant when the p< .05. (�p< .05, �� p< .001).

Results

AM prevents HFD-induced intrahepatic lipid accumulation and weight gain

Grossly, the livers of HFD group were yellowish in color suggesting more lipid accumulation

than those of NCD group, and, histologically, much lipid deposition was observed in HFD
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group (Fig 1A and 1B). Compared with HFD group, the livers of HFD+AM group were more

pinkish, and lipid deposition was less observed histologically suggesting that AM restores the

liver from HFD-induced lipid accumulation.

Body, liver and epididymal weights were measured (Fig 1C). Weight gain of body

(p < 0.001), liver (p = 0.018) and epididymus (p < 0.001) was significant in HFD group.

Mean body, liver and epididymal weight of NCD group were 28.37 ± 1.78 g, 1.39 ± 0.15 and

0.37 ± 0.10 g, and those of HFD group were 41.90 ± 4.17 g, 1.79 ± 0.43 g and 2.35 ± 0.28 g,

respectively. HFD+AM group showed significantly less weight gain of body (HFD vs HFD+

AM, 41.90 ± 4.17 vs 38.09 ± 2.24 g; p = 0.022) and liver (HFD vs HFD+AM, 1.79 ± 0.43 vs
1.34 ± 0.11 g; p = 0.005). Epididymal weight showed a slight decrease in HFD+AM group

although not statistically significant (HFD vs HFD+AM, 2.35 ± 0.28 vs 2.22 ± 0.27 g;

p = 0.421).

Fig 1. AM prevents HFD-induced intrahepatic lipid accumulation and weight gain. Hepatic steatosis was reduced in HFD+AM group both

grossly (A) and histologically (B; H&E stain, magnification 100×). HFD-induced increase of body and liver weight were also significantly deterred by

AM (C).

doi:10.1371/journal.pone.0169685.g001
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AM diminishes HFD-induced increase of TG, FAS, hepatic enzymes and

leptin

In HFD group, hepatic TG and FAS were significantly elevated, while HFD-induced lipogene-

sis was inhibited by AM (Fig 2A and 2B). Mean hepatic TG and FAS levels in NCD group

were 15.07 ± 7.84 nM/mg and 72.24 ± 17.22 U/mg protein, and those of HFD group were

177.20 ± 56.58 nM/mg and 149.80 ± 22.04 U/mg protein (both p< 0.001), respectively. In

HFD+AM group, TG (97.35 ± 20.22 nM/mg, p< 0.001) and FAS (126.38 ± 21.45 U/mg pro-

tein, p = 0.043) was significantly less compared with HFD group.

Liver enzymes, ALT and AST, were elevated significantly in HFD group indicating that

HFD has induced hepatocellular injury and inflammation. In NCD group and HFD group,

serum ALT levels were 30.03 ± 16.26 U/L and 117.33 ± 71.26 U/L (p = 0.002), and serum AST

levels were 72.50 ± 36.60 U/L and 263.59 ± 123.52 (p< 0.001), respectively. However, in HFD

+AM group, serum ALT (42.76 ± 14.75 U/L, p = 0.012) and serum AST (105.01 ± 50.79 U/L,

p = 0.003) levels were significantly lower showing preventive effect of AM on HFD-induced

hepatocellular injury (Fig 2C and 2D).

Serum leptin level was also affected by HFD and AM (Fig 2E). Serum leptin levels of NCD,

HFD, and HFD+AM group were 3.06 ± 1.94, 90.88 ± 21.53, and 47.83 ± 16.99 mg/mL, respec-

tively (p< 0.001). Inhibitory effect of AM on HFD-induced serum leptin may indicate that

AM has decreased body energy store.

AM improves HFD-induced decrease of SOD and TEAC

AM also showed protective effect on HFD-induced redox imbalance. In HFD group, SOD was

significantly decreased (HFD vs NCD, 369.26 ± 68.29 and 509.11 ± 160.84 U/mg protein;

p = 0.031), but SOD was significantly increased to 674.76 ± 82.08 U/mg protein in HFD+AM

group (p< 0.001, Fig 3A).

Liver antioxidant capacity was analyzed to observe the changes of free radical scavenging

activity by AM (Fig 3B). While liver TEAC was significantly decreased in HFD group (11.17 ±
4.84 mM/mg protein, p = 0.037) compared with NCD group (17.26 ± 5.98 mM/mg protein), it

was significantly increased in HFD+AM (24.3 ± 4.35 mM/mg protein, p< 0.001).

AM inhibits HFD-induced PPARγ2 in vivo

Expressions of major transcriptional factors involved in hepatic lipid metabolism, PPARγ2,

SREBP1c, ChREBP and PPARα were screened by RT-PCR in mice livers (Fig 4, S1 Fig). Com-

pared with NCD group, the mRNA expression of PPARγ2 was increased in HFD group, while

it was attenuated in HFD+AM group (Fig 4A). Relative expression levels of each gene were

analyzed by densitometry (Fig 4B). PPARγ2 in HFD group was over six-fold to that of NCD

group (p = 0.004), and this was significantly decreased in HFD+AM group (p = 0.021). No sig-

nificant differences were observed in SREBP1c, ChREBP and PPARα implying that AM affects

the lipid metabolism through PPARγ2.

PPARγ2 protein expression is affected by AM in vivo

Western blot analyses were performed to assess whether the changes in PPARγ2 protein

expression coincides with the changes in its mRNA expression in mice livers (Fig 5, S2 Fig).

PPARγ2 protein was increased in HFD group compared with NCD group, while it was

decreased in HFD+AM group (Fig 5A). Relative expression levels normalized by β-actin pro-

tein were also measured (Fig 5B). The increased expression of PPARγ2 protein by HFD was
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Fig 2. AM affects HFD-induced lipogenesis, hepatocellular injury and leptin level. While HFD induced significant

elevation in intrahepatic TG (A), FAS (B), serum ALT (C), AST (D) and leptin (E), these were significantly inhibited in HFD

+AM group.

doi:10.1371/journal.pone.0169685.g002
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Fig 3. AM improves HFD-induced redox imbalance. Hepatic SOD activity (A) and TEAC (B) were

decreased in HFD group, but these were significantly increased in HFD+AM group.

doi:10.1371/journal.pone.0169685.g003
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statistically significant (p = 0.017), and HFD+AM group showed decreasing tendency of

PPARγ2 protein expression although the change was not statistically significant (p = 0.229).

AM inhibits mRNA expressions of aP2 and LPL in vivo

Since PPARγ2 mRNA was the most affected, downstream target genes of PPARγ2 such as aP2

and LPL were assessed in mice livers by RT-PCR (Fig 6, S3 Fig). The mRNA levels of aP2 and

LPL were attenuated in HFD+AM group as expected (Fig 6A). The relative mRNA expression

levels of aP2 (p = 0.022) and LPL (p< 0.001) genes decreased significantly in HFD+AM group

(Fig 6B), indicating that AM ameliorates hepatic lipid metabolism through PPARγ2-depen-

dent pathway.

AM reduces FFA-induced intracellular lipid droplet accumulation

FL83B cells were treated with 0.5 mM FFA to induce lipid accumulation, and Nile-red staining

was performed to identify the distribution and amount of intracellular lipid droplets. As

shown by fluorescence microscopy (Fig 7A), intracellular lipid droplets (bright red spots)

accumulated in 0.5 mM FFA-treated cell compared to mock, and AM treatment reduced lipid

droplet accumulation dose-dependently. By fluorometry analysis (Fig 7B), 0.5 mM FFA treated

cells showed significantly increased lipid accumulation by 2.35 ± 0.24 fold compared to mock

(p = 0.001), which was inhibited dose dependently by AM treatment. In 40 ug/mL and 80 ug/

mL of AM treated cells, lipid accumulation was 7% (p = 0.071) and 33.4% (p = 0.022) less than

0.5 mM FFA only treated cells.

AM inhibits PPARγ2-dependent pathway in vitro

To determine whether AM attenuates the transcriptional activity of PPARγ2 induced by FFA

treatment, PPARγ2-depenent luciferase activities were analyzed in FL83B cells (Fig 8A). 0.5

mM FFA treatment significantly enhanced PPARγ2 transcriptional activity (p = 0.010), while

this was significantly decreased in AM treated cells (p = 0.007).

The mRNA expression of genes that showed significant changes in mice livers were again

analyzed in FL83B cells by RT-PCR (S4 Fig). mRNA levels of PPARγ2, aP2 and LPL increased

when lipid accumulation was induced by 0.5 mM FFA treatment, and were suppressed by AM

(Fig 8B). In densitometric analysis, AM dose-dependently reduced PPARγ2 (both p< 0.001)

and aP2 (both p< 0.001) mRNA expression (Fig 8C upper, middle). LPL mRNA expression

also decreased dose dependently, and was significant in AM 80 ug/mL (p< 0.001, Fig 8C,

lower).

By silencing the expression of PPARγ2 using siRNA targeting PPARγ2, the effect of AM on

transcriptional activity of PPARγ2 induced by FFA treatment was again determined (Fig 9).

Transient transfection with siRNA targeting PPARγ2 in FL83B cells reduced FFA-induced

lipid accumulation (p = 0.004). This reduction of FFA-induced lipid accumulation by siRNA

was not significantly different from AM 80ug/mL treated cells (p = 0.245) or from siRNA and

AM treated cells (p = 0.359). In FL83B cells treated with both siRNA and AM, FFA-induced

lipid accumulation was more reduced compared with AM treated cells implying that siRNA

has silenced the remaining PPARγ2 unaffected by AM (p = 0.016).

Discussion

Since life style modification including fruit and vegetable enriched diet are emphasized in

managing NAFLD, this study was focused on the effect of AM supplement in hepatic lipid

metabolism. Major findings of this study was that intrahepatic lipid accumulation was
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Fig 4. mRNA expressions of transcription factors related with hepatic lipid metabolsim were assessed.

Changes of PPARγ2, SREBP1c, ChREBP and PPARα expressions from mice livers were analyzed by RT-PCR

(A), and AM significantly inhibited HFD-induced PPARγ2 expression (B).

doi:10.1371/journal.pone.0169685.g004
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hindered by AM, and this was mainly related to decreased expression of PPARγ2, a major adi-

pogenic transcription factor, and its downstream target genes, aP2 and LPL.

First of all, AM supplement showed preventive effect in HFD-induced body and liver

weight gain significantly, and lesser amount of lipid accumulation was visualized grossly and

histologically (Fig 1). Liver plays a crucial role in lipid metabolism and homeostasis [1, 9]. Dys-

regulations in manufacturing, storing or exporting lipids occur during high caloric intake by

Fig 5. The changes in PPARγ2 protein expression were assessed in mice livers. Western blot analysis showed increase

of PPARγ2 protein expression in HFD group and suppression of the protein in HFD+AM group (A) although the suppression

was not statistically significant (B).

doi:10.1371/journal.pone.0169685.g005
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increased hepatic uptake of FFAs from the serum stored as TG and by increased de novo FFA

synthesis from acetyl-CoA by enhanced FAS in the liver [9, 18, 44]. During these processes,

increased hepatic TG is stored as lipid droplets resulting in fatty liver [9]. In our data, along

with anthropometric and histologic improvements, increase of hepatic TG during HFD was

hindered by AM and FAS was less activated. These indicate that AM regulates HFD-induced

de novo lipogenesis resulting in inhibition of hepatic TG accumulation.

Generally, elevated ALT and AST are well known markers for hepatocyte injury during

inflammatory processes [2]. Serum ALT and AST elevations were also prevented by AM indi-

cating that AM has protective effect on HFD-induced hepatocyte injury. NASH is character-

ized by inflammatory change accompanying steatosis, and is thought to be a more aggressive

form of NAFLD [4]. Dietary intake of unsaturated fat increases plasma insulin levels resulting

in insulin resistance, and subsequent inflammatory cascade induced by FFA oxidation and

Fig 6. The expressions of aP2 and LPL mRNA were assessed in mice livers. aP2 and LPL mRNA showed decrease in HFD+AM group by

RT-PCR (A), and both changes were statistically significant (B).

doi:10.1371/journal.pone.0169685.g006
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hepatic lipotoxicity play a role in progression from NAFLD to cirrhosis and HCC [6, 18–20,

23]. By hepatic steatosis, the redox potential of hepatocytes in both cytoplasm and mitochon-

dria are changed toward a more reduced state [18]. This imbalance in hepatic redox system

induces ROS production, and affects post-translational protein oxidation resulting in

Fig 7. Nile-red stain was performed to show lipid droplets in FFA treated cells. FFA-induced lipid droplets were reduced

in AM treated cells (bright red spots, A), and fluorometry revealed that AM reduced lipid droplets dose-dependently while FFA

treatment increased lipid droplets over twofold of the control.

doi:10.1371/journal.pone.0169685.g007
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hepatocyte injury [9, 18–20, 23, 44]. Moreover, exercise and increase of energy expenditure,

which are strongly recommended in metabolic syndrome, activate AMP-activated protein

kinase which decreases lipid deposition in the liver but also stimulates lipid oxidation [1, 9].

Thus, enhanced SOD activity, increased TEAC and maintaining normal AST and ALT by AM

collectively indicate that AM exerts antioxidant and anti-lipotoxic effects by modulating cellu-

lar redox environment, and that AM eventually prevents lipotoxicity and hepatocellular injury

Fig 8. PPARγ2-depenent luciferase reporter assay was performed, and mRNA expressions of

adipogenic genes in FL83B cell line were assessed by RT-PCR. The transcriptional activity of PPARγ2
was significantly decreased by AM treatment (A). PPARγ2, aP2 and LPL mRNA were increased by FFA, and

reduced by AM (B), which were dose-dependent and statistically significant in all three genes (C).

doi:10.1371/journal.pone.0169685.g008

Fig 9. siRNA targeting PPARγ2 was used to silence the expression of PPARγ2 (A). The reduction of FFA-induced lipid accumulation by siRNA

did not show significant difference from that of AM treated cells (B).

doi:10.1371/journal.pone.0169685.g009
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during HFD. This will delay the progression of NAFLD to NASH and hopefully to cirrhosis or

HCC, and may also be beneficial in dealing with oxidative stresses during intensive physical

activities to overcome obesity and fatty liver.

Leptin, the first described adipokine, is secreted proportionally to white adipose mass inter-

fering with insulin signaling [9, 45, 46]. In hepatocytes, janus kinase 2/signal transducer and

activator of transcription 3 pathway is the main pathway of its action, and leptin is involved in

hepatic steatosis and insulin resistance through suppressor of cytokine signaling expression

[45, 47]. When body energy store increases, circulating leptin level increases correlated with

C-peptide, and plays a role in protecting the liver from lipotoxicity by inhibiting lipogenesis

and glycogenolysis [1, 45, 46]. Here, serum leptin level was markedly elevated in HFD group,

but significantly less increased in HFD+AM group implying that AM has diminished body

energy store. Besides, lower serum leptin level may benefit not only in preventing insulin resis-

tance and lipotoxicity, but also in restraining the progression of NASH by preventing fibrogen-

esis, since there are recent evidences that leptin acts as a profibrogenic cyokine in sinusoidal

microenvironment by activating hepatic stellate cells to produce transforming growth factor

β1 and other pro-inflammatory cytokines [1, 45, 48, 49].

Key transcription factors for hepatic lipid metabolism are PPARγ, SREBP1c, and ChREBP

[9, 19]. PPARγ, the master transcription regulator of lipid metabolism, involves in steps such

as induction of adipogenesis, preadipocyte differentiation, modification of lipoprotein metab-

olism and lipolysis by inducing proteins related to FFAs metabolism [11, 12, 50, 51], and its

major function is FFA uptake and transport [9, 13, 14]. It exists in two isoforms, PPARγ 1 and

2, both excessive in hepatocytes contributing in fatty liver [52]. Primers for PPARγ2 mRNA

were used to evaluate the effect of AM since it has been shown that high expression of PPARγ2

is positively associated with promoting lipid droplet formation both in human and rodents

although only a small amount is expressed in normal liver [8, 10, 11, 51, 52]. It is also well

known that the major function of SREBP1c is de novo lipogenesis in the liver through FAS in

an insulin dependent manner, and that of ChREBP is de novo lipogenesis in response to die-

tary carbohydrate intake [9, 19]. PPARγ takes part in lipogenesis by regulating adipogenic

genes including aP2, FAS and LPL [11, 13, 14, 26]. In this experiment, AM consumption in

mice decreased hepatic PPARγ2, aP2 and LPL mRNA expression accompanied by decrease of

PPARγ protein production while it did not affect SREBP1c and ChREBP. Also, AM signifi-

cantly attenuated the FFA-induced mRNA expressions of PPARγ2 and its target genes, aP2

and LPL in vitro, and the transcriptional activity of PPARγ2. These were accompanied by

decreased intracellular accumulation of lipid droplets. The effect of AM on transcriptional

activity of PPARγ2 induced by FFA was once again determined by transfecting siRNA target-

ing PPARγ2 to FL83B cells. The effect of siRNA on FFA treated cells did not have significant

difference compared with those treated with only AM or treated with both AM and siRNA.

These results also support that AM has reduced FFA-induced lipid droplet accumulation

through inhibition of PPARγ2 signaling in hepatocytes. In a previous report, AM up-regulated

the mRNA expression of PPARγ in epididymal fat tissue, and reduced epididymal fat accumu-

lation in rats [26]. Considering the physiologic function of PPARγ in white adipose tissue, i.e.

improving insulin sensitivity [13, 14], these results indicate that AM may exert organ-specific

activities, and that protective effect of AM against hepatic adipogenesis is by down-regulating

the expression of PPARγ2 and its downstream events.

During the in vivo experiment, AM was orally administered. In general, anthocyanin is

known as the most biologically active component in colored fruits and vegetables. AM is well

known as an extremely rich source of anthocyanins, but also the least well absorbed by enteral

feeding [25]. This study may not effectively support that anthocyanin was the active compo-

nent to show the favorable effects. Nonetheless, our study adds evidence that the effect of AM
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can still be delivered orally effective enough to prevent hepatic FFA uptake and lipogenesis.

These may also suggest that the purpose of fruit and vegetable rich diet in metabolic syndrome

does not only mean high fiber diet to reduce caloric intake, but to gain antioxidative and anti-

lipotoxic effects to prevent further progression and complications, even though dietary supple-

ment of short-chain fatty acid, the main products of dietary fiber fermentation, obviously pre-

vents and reverses HFD-induced metabolic abnormalities by decreasing PPARγ expression

and activity [53]. To verify, further study on clinical application of AM remains.

In summary, the results show significant effect of AM on attenuating expressions of adipo-

genic genes, PPARγ2, LPL and aP2, in hepatocytes, and on inhibiting hepatic lipid accumula-

tion with anti-oxidative properties. Furthermore, improvements in lipid profiles and liver

function tests with lesser weight gain were obtained during AM consumption. Although there

were efforts to show effects of AM on dysregulation of metabolic conditions, to our best

knowledge, this is the first to show its effect through PPARγ2 related molecular pathway in

reducing hepatic lipid accumulation. Taken together, we report a beneficial property of a natu-

ral product, AM, and its molecular mechanism in protecting hepatic lipid accumulation sug-

gesting a new therapeutic application, hopefully as an oral agent, for managing NAFLD.

Supporting Information

S1 Table. Composition of phenolic compound in AM extract powder (provided by the

manufacturer).

(DOCX)

S2 Table. Composition of HFD (60% kcal% fat diet, provided by the manufacturer).

(DOCX)

S3 Table. MTS assay. MTS assay was performed to assess cell viability within various conen-

traions of AM, and to determine AM concentrations for the experiment.

(DOCX)

S1 Fig. Original pictures of Fig 4 showing RT-PCR results of PPARγ2, SREBP1c, ChREBP

and PPARα mRNA from mice livers.

(TIF)

S2 Fig. Original pictures of Fig 5 showing Western blot results of PPARγ2 and β-actin

expression from mice livers.

(TIF)

S3 Fig. Original pictures of Fig 6 showing RT-PCR results of aP2, LPL and and β-actin

mRNA from mice livers.

(TIF)

S4 Fig. Original pictures of Fig 8B showing RT-PCR results of PPARγ2, aP2, LPL and β-

actin mRNA in FL83B cell line.

(TIF)

Author Contributions

Conceptualization: CHP HJP SKY.

Data curation: CHP JHK.

Formal analysis: CHP JHK.

Aronia melanocarpa Downregulates Hepatic PPARG2

PLOS ONE | DOI:10.1371/journal.pone.0169685 January 12, 2017 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169685.s007


Funding acquisition: SKY.

Investigation: CHP JHK EBL WH.

Methodology: CHP JHK HJP.

Project administration: SKY.

Resources: OJK HJP.

Supervision: SKY.

Validation: CHP JHK.

Visualization: CHP JHK.

Writing – original draft: CHP.

Writing – review & editing: OJK HJP SKY.

References
1. Tessari P, Coracina A, Cosma A, Tiengo A. Hepatic lipid metabolism and non-alcoholic fatty liver dis-

ease. Nutrition, metabolism, and cardiovascular diseases: NMCD. 2009; 19(4):291–302. Epub 2009/

04/11. doi: 10.1016/j.numecd.2008.12.015 PMID: 19359149

2. Lomonaco R, Sunny NE, Bril F, Cusi K. Nonalcoholic Fatty liver disease: current issues and novel treat-

ment approaches. Drugs. 2013; 73(1):1–14. Epub 2013/01/19. doi: 10.1007/s40265-012-0004-0 PMID:

23329465

3. Geliebter A, Ochner CN, Dambkowski CL, Hashim SA. Obesity-Related Hormones and Metabolic Risk

Factors: A Randomized Trial of Diet plus Either Strength or Aerobic Training versus Diet Alone in Over-

weight Participants. Journal of diabetes and obesity. 2014; 1(1):1–7. PMID: 25599089

4. Starley BQ, Calcagno CJ, Harrison SA. Nonalcoholic fatty liver disease and hepatocellular carcinoma: a

weighty connection. Hepatology (Baltimore, Md). 2010; 51(5):1820–32. Epub 2010/05/01.

5. Almonacid-Urrego CC, Sanchez-Campos S, Tunon MJ, Gonzalez-Gallego J. Non-alcoholic steatohe-

patitis: what can we learn from animal models? Current medicinal chemistry. 2012; 19(9):1389–404.

Epub 2012/03/01. PMID: 22360487

6. Fuchs M, Sanyal AJ. Lipotoxicity in NASH. Journal of hepatology. 2012; 56(1):291–3. Epub 2011/07/

12. doi: 10.1016/j.jhep.2011.05.019 PMID: 21741924

7. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis and management

of non-alcoholic fatty liver disease: practice Guideline by the American Association for the Study of

Liver Diseases, American College of Gastroenterology, and the American Gastroenterological Associa-

tion. Hepatology (Baltimore, Md). 2012; 55(6):2005–23. Epub 2012/04/11.

8. Greenberg AS, Coleman RA, Kraemer FB, McManaman JL, Obin MS, Puri V, et al. The role of lipid

droplets in metabolic disease in rodents and humans. The Journal of clinical investigation. 2011; 121

(6):2102–10. Epub 2011/06/03. PubMed Central PMCID: PMCPMC3104768. doi: 10.1172/JCI46069

PMID: 21633178

9. Berlanga A, Guiu-Jurado E, Porras JA, Auguet T. Molecular pathways in non-alcoholic fatty liver dis-

ease. Clinical and experimental gastroenterology. 2014; 7:221–39. Epub 2014/07/22. PubMed Central

PMCID: PMCPMC4094580. doi: 10.2147/CEG.S62831 PMID: 25045276

10. Park S, Choi Y, Um SJ, Yoon SK, Park T. Oleuropein attenuates hepatic steatosis induced by high-fat

diet in mice. Journal of hepatology. 2011; 54(5):984–93. Epub 2010/12/15. doi: 10.1016/j.jhep.2010.08.

019 PMID: 21145829

11. Pettinelli P, Videla LA. Up-regulation of PPAR-gamma mRNA expression in the liver of obese patients:

an additional reinforcing lipogenic mechanism to SREBP-1c induction. The Journal of clinical endocri-

nology and metabolism. 2011; 96(5):1424–30. Epub 2011/02/18. doi: 10.1210/jc.2010-2129 PMID:

21325464

12. Rosen ED, Hsu CH, Wang X, Sakai S, Freeman MW, Gonzalez FJ, et al. C/EBPalpha induces adipo-

genesis through PPARgamma: a unified pathway. Genes & development. 2002; 16(1):22–6. Epub

2002/01/10. PubMed Central PMCID: PMCPMC155311.

Aronia melanocarpa Downregulates Hepatic PPARG2

PLOS ONE | DOI:10.1371/journal.pone.0169685 January 12, 2017 19 / 22

http://dx.doi.org/10.1016/j.numecd.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19359149
http://dx.doi.org/10.1007/s40265-012-0004-0
http://www.ncbi.nlm.nih.gov/pubmed/23329465
http://www.ncbi.nlm.nih.gov/pubmed/25599089
http://www.ncbi.nlm.nih.gov/pubmed/22360487
http://dx.doi.org/10.1016/j.jhep.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21741924
http://dx.doi.org/10.1172/JCI46069
http://www.ncbi.nlm.nih.gov/pubmed/21633178
http://dx.doi.org/10.2147/CEG.S62831
http://www.ncbi.nlm.nih.gov/pubmed/25045276
http://dx.doi.org/10.1016/j.jhep.2010.08.019
http://dx.doi.org/10.1016/j.jhep.2010.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21145829
http://dx.doi.org/10.1210/jc.2010-2129
http://www.ncbi.nlm.nih.gov/pubmed/21325464


13. Lefterova MI, Haakonsson AK, Lazar MA, Mandrup S. PPARgamma and the global map of adipogen-

esis and beyond. Trends in endocrinology and metabolism: TEM. 2014; 25(6):293–302. Epub 2014/05/

06. PubMed Central PMCID: PMCPMC4104504. doi: 10.1016/j.tem.2014.04.001 PMID: 24793638

14. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, et al. PPARgamma signaling and metab-

olism: the good, the bad and the future. Nature medicine. 2013; 19(5):557–66. Epub 2013/05/09.

PubMed Central PMCID: PMCPMC3870016. doi: 10.1038/nm.3159 PMID: 23652116

15. Furuhashi M, Hotamisligil GS. Fatty acid-binding proteins: role in metabolic diseases and potential as

drug targets. Nature reviews Drug discovery. 2008; 7(6):489–503. Epub 2008/05/31. PubMed Central

PMCID: PMCPMC2821027. doi: 10.1038/nrd2589 PMID: 18511927

16. Nikolopoulou E, Papacleovoulou G, Jean-Alphonse F, Grimaldi G, Parker MG, Hanyaloglu AC, et al.

Arachidonic acid-dependent gene regulation during preadipocyte differentiation controls adipocyte

potential. Journal of lipid research. 2014; 55(12):2479–90. Epub 2014/10/18. PubMed Central PMCID:

PMCPMC4242441. doi: 10.1194/jlr.M049551 PMID: 25325755

17. Mead JR, Irvine SA, Ramji DP. Lipoprotein lipase: structure, function, regulation, and role in disease.

Journal of molecular medicine (Berlin, Germany). 2002; 80(12):753–69. Epub 2002/12/17.

18. Serviddio G, Bellanti F, Vendemiale G. Free radical biology for medicine: learning from nonalcoholic

fatty liver disease. Free radical biology & medicine. 2013; 65:952–68. Epub 2013/09/03.

19. Rolo AP, Teodoro JS, Palmeira CM. Role of oxidative stress in the pathogenesis of nonalcoholic steato-

hepatitis. Free radical biology & medicine. 2012; 52(1):59–69. Epub 2011/11/09.

20. Sunny NE, Parks EJ, Browning JD, Burgess SC. Excessive hepatic mitochondrial TCA cycle and gluco-

neogenesis in humans with nonalcoholic fatty liver disease. Cell metabolism. 2011; 14(6):804–10. Epub

2011/12/14. PubMed Central PMCID: PMCPMC3658280. doi: 10.1016/j.cmet.2011.11.004 PMID:

22152305

21. Matsusue K, Aibara D, Hayafuchi R, Matsuo K, Takiguchi S, Gonzalez FJ, et al. Hepatic PPARgamma

and LXRalpha independently regulate lipid accumulation in the livers of genetically obese mice. FEBS

letters. 2014; 588(14):2277–81. Epub 2014/05/27. doi: 10.1016/j.febslet.2014.05.012 PMID: 24857376

22. Mandard S, Muller M, Kersten S. Peroxisome proliferator-activated receptor alpha target genes. Cellu-

lar and molecular life sciences: CMLS. 2004; 61(4):393–416. Epub 2004/03/05. doi: 10.1007/s00018-

003-3216-3 PMID: 14999402

23. Mantzaris MD, Tsianos EV, Galaris D. Interruption of triacylglycerol synthesis in the endoplasmic reticu-

lum is the initiating event for saturated fatty acid-induced lipotoxicity in liver cells. The FEBS journal.

2011; 278(3):519–30. Epub 2010/12/25. doi: 10.1111/j.1742-4658.2010.07972.x PMID: 21182590

24. Chang JJ, Hsu MJ, Huang HP, Chung DJ, Chang YC, Wang CJ. Mulberry anthocyanins inhibit oleic

acid induced lipid accumulation by reduction of lipogenesis and promotion of hepatic lipid clearance.

Journal of agricultural and food chemistry. 2013; 61(25):6069–76. Epub 2013/06/05. doi: 10.1021/

jf401171k PMID: 23731091

25. Chrubasik C, Li G, Chrubasik S. The clinical effectiveness of chokeberry: a systematic review. Phy-

totherapy research: PTR. 2010; 24(8):1107–14. Epub 2010/06/24. doi: 10.1002/ptr.3226 PMID:

20572194

26. Qin B, Anderson RA. An extract of chokeberry attenuates weight gain and modulates insulin, adipo-

genic and inflammatory signalling pathways in epididymal adipose tissue of rats fed a fructose-rich diet.

The British journal of nutrition. 2012; 108(4):581–7. Epub 2011/12/07. doi: 10.1017/

S000711451100599X PMID: 22142480

27. Salamone F, Li Volti G, Titta L, Puzzo L, Barbagallo I, La Delia F, et al. Moro orange juice prevents fatty

liver in mice. World journal of gastroenterology: WJG. 2012; 18(29):3862–8. Epub 2012/08/10. PubMed

Central PMCID: PMCPMC3413058. doi: 10.3748/wjg.v18.i29.3862 PMID: 22876038

28. Valenti L, Riso P, Mazzocchi A, Porrini M, Fargion S, Agostoni C. Dietary anthocyanins as nutritional

therapy for nonalcoholic fatty liver disease. Oxidative medicine and cellular longevity. 2013;

2013:145421. Epub 2013/11/28. PubMed Central PMCID: PMCPMC3824564. doi: 10.1155/2013/

145421 PMID: 24282628

29. Guo H, Li D, Ling W, Feng X, Xia M. Anthocyanin inhibits high glucose-induced hepatic mtGPAT1 acti-

vation and prevents fatty acid synthesis through PKCzeta. Journal of lipid research. 2011; 52(5):908–

22. Epub 2011/02/24. PubMed Central PMCID: PMCPMC3073470. doi: 10.1194/jlr.M013375 PMID:

21343633

30. Hwang YP, Choi JH, Han EH, Kim HG, Wee JH, Jung KO, et al. Purple sweet potato anthocyanins

attenuate hepatic lipid accumulation through activating adenosine monophosphate-activated protein

kinase in human HepG2 cells and obese mice. Nutrition research (New York, NY). 2011; 31(12):896–

906. Epub 2011/12/14.

Aronia melanocarpa Downregulates Hepatic PPARG2

PLOS ONE | DOI:10.1371/journal.pone.0169685 January 12, 2017 20 / 22

http://dx.doi.org/10.1016/j.tem.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24793638
http://dx.doi.org/10.1038/nm.3159
http://www.ncbi.nlm.nih.gov/pubmed/23652116
http://dx.doi.org/10.1038/nrd2589
http://www.ncbi.nlm.nih.gov/pubmed/18511927
http://dx.doi.org/10.1194/jlr.M049551
http://www.ncbi.nlm.nih.gov/pubmed/25325755
http://dx.doi.org/10.1016/j.cmet.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22152305
http://dx.doi.org/10.1016/j.febslet.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24857376
http://dx.doi.org/10.1007/s00018-003-3216-3
http://dx.doi.org/10.1007/s00018-003-3216-3
http://www.ncbi.nlm.nih.gov/pubmed/14999402
http://dx.doi.org/10.1111/j.1742-4658.2010.07972.x
http://www.ncbi.nlm.nih.gov/pubmed/21182590
http://dx.doi.org/10.1021/jf401171k
http://dx.doi.org/10.1021/jf401171k
http://www.ncbi.nlm.nih.gov/pubmed/23731091
http://dx.doi.org/10.1002/ptr.3226
http://www.ncbi.nlm.nih.gov/pubmed/20572194
http://dx.doi.org/10.1017/S000711451100599X
http://dx.doi.org/10.1017/S000711451100599X
http://www.ncbi.nlm.nih.gov/pubmed/22142480
http://dx.doi.org/10.3748/wjg.v18.i29.3862
http://www.ncbi.nlm.nih.gov/pubmed/22876038
http://dx.doi.org/10.1155/2013/145421
http://dx.doi.org/10.1155/2013/145421
http://www.ncbi.nlm.nih.gov/pubmed/24282628
http://dx.doi.org/10.1194/jlr.M013375
http://www.ncbi.nlm.nih.gov/pubmed/21343633


31. Tsuda T, Horio F, Uchida K, Aoki H, Osawa T. Dietary cyanidin 3-O-beta-D-glucoside-rich purple corn

color prevents obesity and ameliorates hyperglycemia in mice. J Nutr. 2003; 133(7):2125–30. Epub

2003/07/04. PMID: 12840166

32. Valcheva-Kuzmanova SV, Eftimov MT, Tashev RE, Belcheva IP, Belcheva SP. Memory effects of Aro-

nia melanocarpa fruit juice in a passive avoidance test in rats. Folia Med (Plovdiv). 2014; 56(3):199–

203. Epub 2014/12/17.

33. Valcheva-Kuzmanova S, Borisova P, Galunska B, Krasnaliev I, Belcheva A. Hepatoprotective effect of

the natural fruit juice from Aronia melanocarpa on carbon tetrachloride-induced acute liver damage in

rats. Experimental and toxicologic pathology: official journal of the Gesellschaft fur Toxikologische

Pathologie. 2004; 56(3):195–201. Epub 2005/01/01.

34. Kim B, Ku CS, Pham TX, Park Y, Martin DA, Xie L, et al. Aronia melanocarpa (chokeberry) polyphenol-

rich extract improves antioxidant function and reduces total plasma cholesterol in apolipoprotein E

knockout mice. Nutrition research (New York, NY). 2013; 33(5):406–13. Epub 2013/05/21.

35. Badescu M, Badulescu O, Badescu L, Ciocoiu M. Effects of Sambucus nigra and Aronia melanocarpa

extracts on immune system disorders within diabetes mellitus. Pharmaceutical biology. 2015; 53

(4):533–9. Epub 2014/10/21. doi: 10.3109/13880209.2014.931441 PMID: 25327310

36. Mulero J, Bernabe J, Cerda B, Garcia-Viguera C, Moreno DA, Albaladejo MD, et al. Variations on car-

diovascular risk factors in metabolic syndrome after consume of a citrus-based juice. Clinical nutrition

(Edinburgh, Scotland). 2012; 31(3):372–7. Epub 2011/12/27.

37. Skarpanska-Stejnborn A, Basta P, Sadowska J, Pilaczynska-Szczesniak L. Effect of supplementation

with chokeberry juice on the inflammatory status and markers of iron metabolism in rowers. Journal of

the International Society of Sports Nutrition. 2014; 11(1):48. Epub 2014/10/10. PubMed Central

PMCID: PMCPmc4189731. doi: 10.1186/s12970-014-0048-5 PMID: 25298754

38. Broncel M, Kozirog M, Duchnowicz P, Koter-Michalak M, Sikora J, Chojnowska-Jezierska J. Aronia

melanocarpa extract reduces blood pressure, serum endothelin, lipid, and oxidative stress marker lev-

els in patients with metabolic syndrome. Medical science monitor: international medical journal of exper-

imental and clinical research. 2010; 16(1):Cr28–34. Epub 2009/12/29.

39. Kardum N, Petrovic-Oggiano G, Takic M. Effects of glucomannan-enriched, aronia juice-based supple-

ment on cellular antioxidant enzymes and membrane lipid status in subjects with abdominal obesity.

2014; 2014:869250. doi: 10.1155/2014/869250 PMID: 25574495

40. Hur W, Kim SW, Lee YK, Choi JE, Hong SW, Song MJ, et al. Oleuropein reduces free fatty acid-induced

lipogenesis via lowered extracellular signal-regulated kinase activation in hepatocytes. Nutrition

research (New York, NY). 2012; 32(10):778–86. Epub 2012/11/14.

41. Hsu YW, Tsai CF, Chuang WC, Chen WK, Ho YC, Lu FJ. Protective effects of silica hydride against car-

bon tetrachloride-induced hepatotoxicity in mice. Food and chemical toxicology: an international journal

published for the British Industrial Biological Research Association. 2010; 48(6):1644–53. Epub 2010/

03/31.

42. Upadhyay G, Kumar A, Singh MP. Effect of silymarin on pyrogallol- and rifampicin-induced hepatotoxic-

ity in mouse. European journal of pharmacology. 2007; 565(1–3):190–201. Epub 2007/04/17. doi: 10.

1016/j.ejphar.2007.03.004 PMID: 17434476

43. Madhujith T, Izydorczyk M, Shahidi F. Antioxidant properties of pearled barley fractions. Journal of agri-

cultural and food chemistry. 2006; 54(9):3283–9. Epub 2006/04/28. doi: 10.1021/jf0527504 PMID:

16637686

44. Kohjima M, Enjoji M, Higuchi N, Kato M, Kotoh K, Yoshimoto T, et al. Re-evaluation of fatty acid metab-

olism-related gene expression in nonalcoholic fatty liver disease. International journal of molecular med-

icine. 2007; 20(3):351–8. Epub 2007/08/03. PMID: 17671740

45. Polyzos SA, Kountouras J, Mantzoros CS. Leptin in nonalcoholic fatty liver disease: a narrative review.

Metabolism: clinical and experimental. 2015; 64(1):60–78. Epub 2014/12/03.

46. Neuman MG, Cohen LB, Nanau RM. Biomarkers in nonalcoholic fatty liver disease. Canadian journal of

gastroenterology & hepatology. 2014; 28(11):607–14. Epub 2015/01/13. PubMed Central PMCID:

PMCPMC4277175.

47. Matsusue K, Haluzik M, Lambert G, Yim SH, Gavrilova O, Ward JM, et al. Liver-specific disruption of

PPARgamma in leptin-deficient mice improves fatty liver but aggravates diabetic phenotypes. The Jour-

nal of clinical investigation. 2003; 111(5):737–47. Epub 2003/03/06. PubMed Central PMCID:

PMCPMC151902. doi: 10.1172/JCI17223 PMID: 12618528

48. Ikejima K, Okumura K, Lang T, Honda H, Abe W, Yamashina S, et al. The role of leptin in progression of

non-alcoholic fatty liver disease. Hepatology research: the official journal of the Japan Society of Hepa-

tology. 2005; 33(2):151–4. Epub 2005/10/04.

49. Zhai X, Yan K, Fan J, Niu M, Zhou Q, Zhou Y, et al. The beta-catenin pathway contributes to the effects

of leptin on SREBP-1c expression in rat hepatic stellate cells and liver fibrosis. British journal of

Aronia melanocarpa Downregulates Hepatic PPARG2

PLOS ONE | DOI:10.1371/journal.pone.0169685 January 12, 2017 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/12840166
http://dx.doi.org/10.3109/13880209.2014.931441
http://www.ncbi.nlm.nih.gov/pubmed/25327310
http://dx.doi.org/10.1186/s12970-014-0048-5
http://www.ncbi.nlm.nih.gov/pubmed/25298754
http://dx.doi.org/10.1155/2014/869250
http://www.ncbi.nlm.nih.gov/pubmed/25574495
http://dx.doi.org/10.1016/j.ejphar.2007.03.004
http://dx.doi.org/10.1016/j.ejphar.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17434476
http://dx.doi.org/10.1021/jf0527504
http://www.ncbi.nlm.nih.gov/pubmed/16637686
http://www.ncbi.nlm.nih.gov/pubmed/17671740
http://dx.doi.org/10.1172/JCI17223
http://www.ncbi.nlm.nih.gov/pubmed/12618528


pharmacology. 2013; 169(1):197–212. Epub 2013/01/26. PubMed Central PMCID: PMCPMC3632249.

doi: 10.1111/bph.12114 PMID: 23347184

50. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM. mPPAR gamma 2: tissue-specific regula-

tor of an adipocyte enhancer. Genes & development. 1994; 8(10):1224–34. Epub 1994/05/15.

51. Rahimian R, Masih-Khan E, Lo M, van Breemen C, McManus BM, Dube GP. Hepatic over-expression

of peroxisome proliferator activated receptor gamma2 in the ob/ob mouse model of non-insulin depen-

dent diabetes mellitus. Molecular and cellular biochemistry. 2001; 224(1–2):29–37. Epub 2001/11/06.

PMID: 11693197

52. Yamazaki T, Shiraishi S, Kishimoto K, Miura S, Ezaki O. An increase in liver PPARgamma2 is an initial

event to induce fatty liver in response to a diet high in butter: PPARgamma2 knockdown improves fatty

liver induced by high-saturated fat. The Journal of nutritional biochemistry. 2011; 22(6):543–53. Epub

2010/08/31. doi: 10.1016/j.jnutbio.2010.04.009 PMID: 20801631

53. den Besten G, Bleeker A, Gerding A, van Eunen K, Havinga R, van Dijk TH, et al. Short-Chain Fatty

Acids Protect Against High-Fat Diet-Induced Obesity via a PPARgamma-Dependent Switch From Lipo-

genesis to Fat Oxidation. Diabetes. 2015; 64(7):2398–408. Epub 2015/02/20. doi: 10.2337/db14-1213

PMID: 25695945

Aronia melanocarpa Downregulates Hepatic PPARG2

PLOS ONE | DOI:10.1371/journal.pone.0169685 January 12, 2017 22 / 22

http://dx.doi.org/10.1111/bph.12114
http://www.ncbi.nlm.nih.gov/pubmed/23347184
http://www.ncbi.nlm.nih.gov/pubmed/11693197
http://dx.doi.org/10.1016/j.jnutbio.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20801631
http://dx.doi.org/10.2337/db14-1213
http://www.ncbi.nlm.nih.gov/pubmed/25695945

