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Abstract

Aims: Punicalagin (PU) is one of the major ellagitannins found in the pomegranate (Punica granatum), which is
a popular fruit with several health benefits. So far, no studies have evaluated the effects of PU on nonalcoholic
fatty liver disease (NAFLD). Our work aims at studying the effect of PU-enriched pomegranate extract (PE) on
high fat diet (HFD)-induced NAFLD. Results: PE administration at a dosage of 150 mg/kg/day significantly
inhibited HFD-induced hyperlipidemia and hepatic lipid deposition. As major contributors to NAFLD, in-
creased expression of pro-inflammatory cytokines such as tumor necrosis factor-alpha, interleukins 1, 4, and 6
as well as augmented oxidative stress in hepatocytes followed by nuclear factor (erythroid-derived-2)-like 2
(Nrf2) activation were normalized through PE supplementation. In addition, PE treatment reduced uncoupling
protein 2 (UCP2) expression, restored ATP content, suppressed mitochondrial protein oxidation, and improved
mitochondrial complex activity in the liver. In contrast, mitochondrial content was not affected despite in-
creased peroxisomal proliferator-activated receptor–gamma coactivator-1a (PGC-1a) and elevated expression
of genes related to mitochondrial beta-oxidation after PE treatment. Finally, PU was identified as the pre-
dominant active component of PE with regard to the lowering of triglyceride and cholesterol content in HepG2
cells, and both PU- and PE-protected cells from palmitate induced mitochondrial dysfunction and insulin
resistance. Innovation: Our work presents the beneficial effects of PE on obesity-associated NAFLD and
multiple risk factors. PU was proposed to be the major active component. Conclusions: By promoting mito-
chondrial function, eliminating oxidative stress and inflammation, PU may be a useful nutrient for the treatment
of NAFLD. Antioxid. Redox Signal. 21, 1557–1570.

Introduction

Nonalcoholic fatty liver disease (NAFLD) has be-
come one of the most common chronic liver diseases in

the world, particularly among children and young adults (1).
NAFLD affects *30% of all US adults and 75%–100% of
obese and morbidly obese individuals (4). However, obesity,

the most common risk factor of NAFLD, is not restricted
to Western societies, as evidenced by its increasing
prevalence worldwide (4). A recent National Health Sur-
vey conducted in mainland China revealed that 60 mil-
lion people are obese, 200 million are overweight,
20 million have type-2 diabetes mellitus (T2DM), and
160 million have high blood pressure (12). The increasing

1The Key Laboratory of Biomedical Information Engineering of Ministry of Education, School of Life Science and Technology, Frontier
Institute of Science and Technology, Xi’an Jiaotong University, Xi’an, China.
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prevalence of obesity, coupled with T2DM and hyperten-
sion, has rendered significantly large demographics of
China and other countries at risk for the development of
NAFLD in the coming decades (3, 12).

Fat accumulation within the liver during NAFLD is an
indicator of disrupted lipid homeostasis that is usually
controlled by sterol regulatory element-binding proteins
(SREBPs). The SREBPs transcriptionally activate a cascade
of enzymes that are required for endogenous cholesterol,
fatty acid, triglyceride (TG), and phospholipid synthesis (10).
Among the three SREBP isoforms, SREBP-1c is reported to
contribute to hepatic lipogenesis and to NAFLD through
transcriptional activation (24, 25). Meanwhile, NAFLD is
characterized by the development of oxidative stress and
changes in redox balance. Besides lipid metabolism alter-
ations, it has been speculated that mitochondrial dysfunction,
inflammation, and oxidative stress also may be closely as-
sociated with the progression of NAFLD (9, 13, 31, 37). Scott
and Jamal (37) have demonstrated that hepatic mitochondrial
dysfunction precedes the development of NAFLD in the
Otsuka Long-Evans Tokushima Fatty (OLETF) rat model.
Moreover, Vial et al. (48) have reported that the adminis-
tration of a high-fat diet (HFD) in rats resulting in both de-
creased pools of mitochondrial quinine and profoundly
altered mitochondrial lipid composition leads to the inhibi-
tion of fatty acid oxidation and the generation of mitochon-
drial reactive oxygen species (ROS). Increasingly, studies
have raised the possibility that NAFLD might be a mito-
chondrial disease. However, mitochondrial function is reg-
ulated by several processes, including mitochondrial
biogenesis, dynamics, and modification, as well as mito-

phagy (16, 18, 38, 47). Therefore, the precise mechanisms
underlying the mitochondrial contribution to NAFLD still
require further investigation.

Recently reported insights into the risk factors and the
molecular pathogenesis of NAFLD suggest that lifestyle in-
terventions aimed at decreasing obesity and metabolic dys-
function should be the first line of treatment (43). Therapeutic
drug modalities targeted against one or more specific factors
and/or molecules involved in the development of NAFLD
(i.e., insulin resistance, free fatty acid (FFA) toxicity, and
oxidative stress) might also slow the progression of this in-
creasingly prevalent pediatric pathology (1). Meanwhile,
natural antioxidants, cytoprotective agents, and dietary sup-
plements, including vitamins D and E, omega-3 fatty acids,
and coffee, have gained more attention and have already
exhibited promising effects on NAFLD (2, 33, 36). The
pomegranate fruit is used as a folk medicine for the treatment
of various diseases such as ulcers, fever, diarrhea, and mi-
crobial infections (11). Currently, pomegranate juice is
widely consumed, and more than 90 international patents
cover the use of pomegranate juice and other derivatives as
sources of health-promoting effects (5). Of the polyphenols
found in pomegranates, punicalagin (PU) has the highest
molecular weight and is the most abundant ellagitannin. It has
been shown to have antioxidant and anti-inflammatory
bioactivities (8, 20). However, no studies have reported its
effects on NAFLD, a condition that is closely associated with
oxidative stress and inflammation. Therefore, we speculated
that PU may also have beneficial effects on HFD-induced
obesity and NAFLD.

Results

The effects of HFD and pomegranate extract
on body weight and food intake

An HFD rat model was used to investigate the po-
tential effect of PU on obesity-associated NAFLD.
Obesity was induced by the administration of an HFD
over an 8-week period. Pomegranate extract (PE) was
administered by oral gavage at dosages of either 50 or
150 mg/kg/day during the administration of the HFD. As
shown in Table 1, the HFD significantly increased body
weight. The high-dose PE treatment effectively reduced
body weight and body weight gain without affecting
food or energy intake (Table 1).

Innovation

Health-beneficial effects of pomegranate have been
claimed due to its content of bioactive compounds. Puni-
calagin (PU) is one of the major ellagitannins found in
pomegranate husk. We reported that PU could be the main
active compound promoting mitochondrial functions, re-
ducing oxidative stress, ameliorating inflammation, and
thereby inhibiting high fat diet-induced obesity and as-
sociated fatty liver. Collected data indicated that PU from
pomegranate could be an effective nutrient for preventing
nonalcoholic fatty liver disease.

Table 1. Body Weight, Food, and Energy Intake

HFD

Con 0 50 150 (mg/kg/day)

Initial body weight (g) 273.1 – 3 273.1 – 3.6 264.3 – 3.8 275.4 – 3.2
Final body weight (g) 554.6 – 10 595.9 – 10.1a 573.4 – 8.5 570.1 – 7.4b

Body weight gain (g) 281.5 – 9.1 322.8 – 7.3c 309.1 – 6.9 294.7 – 6.7d

Food intake (g) 28982.5 29381 28271.5 30547
Energy intake (kJ) 518786.8 581743.8 559775.7 604830.6

The values are the means – the SEM from 15 animals.
ap < 0.05 versus the normal control group.
bp < 0.05 versus the HFD-fed group.
cp < 0.01 versus the normal control group.
dp < 0.01 versus the HFD-fed group.
HFD, high-fat diet.
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Table 2. Serum Parameters

HFD

Con 0 50 150 (mg/kg/day)

Insulin (mU/L) 2.2 – 0.4 17.8 – 0.7a 11.4 – 1b 8.9 – 0.9b

HOMA-IR 0.4 – 0.07 3.0 – 0.18a 2.0 – 0.29c 1.5 – 0.15b

Leptin (lg/L) 1.0 – 0.2 6.3 – 0.4a 4.0 – 0.5b 3.7 – 0.4b

Adiponectin (lg/L) 95.1 – 3.0 20.4 – 4.9a 50.4 – 7.1d 81.7 – 6.5b

TG (mM) 1.4 – 0.1 2.5 – 0.1a 2.4 – 0.2 1.6 – 0.1d

Cholesterol (mM) 1.5 – 0.1 1.9 – 0.1a 1.9 – 0.05c 1.6 – 0.1d

HDL-C (mM) 0.78 – 0.04 0.89 – 0.04 0.01 – 0.04c 1.04 – 0.04c

LDL-C (mM) 0.48 – 0.02 0.67 – 0.04a 0.56 – 0.04d 0.54 – 0.03d

The values are the means – the SEM from at least 14 animals.
ap < 0.01 versus the normal control group.
bp < 0.01 versus the HFD-fed group.
cp < 0.05 versus the normal control group.
dp < 0.05 versus the HFD-fed group.
HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment–insulin resistance; LDL-C, low-density

lipoprotein cholesterol; TG, triglyceride.

FIG. 1. The effects of HFD and PE on liver TG and cholesterol contents. SD rats were administered either saline or two doses
of PE (50 mg/dkg/day or 150 mg/kg/day) in the HFD groups. After 8 weeks of feeding, the rats were sacrificed, serum was
collected, and the liver tissues of the control, HFD, and HFD with 150 mg/kg/day PE treatment groups were used for analysis. (A)
Serum ALT level. (B) Liver tissue weight. (D) HE staining of liver tissue. Liver TG (C) and cholesterol (E) contents were analyzed
using commercial kits. The values are the means – the SEM from 10 animals. *p < 0.05, **p < 0.01 versus the relative control group.
ALT: alanine transaminase; HE, hematoxylin-eosin; HFD, high-fat diet; PE, pomegranate extract; SD, Sprague–Dawley; TG,
triglyceride. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

PUNICALAGIN ON MITOCHONDRIAL FUNCTION AND NAFLD 1559



The effects of HFD and PE on serum parameters

The HFD-induced obesity model is usually accompanied
by hyperlipidemia and impaired insulin sensitivity. In the
current study, a significantly high level of fasting insulin was
induced by HFD and effectively blocked by both low- and
high-dose PE treatments; while only high-dose PE inhibited
the increase of the homeostatic model assessment–insulin
resistance (HOMA-IR) index induced by HFD (Table 2).
Both the HFD-induced increase in leptin and the decrease in
adiponectin levels were restored significantly by both low-
and high-dose PE treatments (Table 2). In addition, the serum
TGs as well as total and low-density lipoprotein cholesterol
(LDL-C) levels increased by HFD were also normalized
through PE supplementation (Table 2). The HFD elicited no
effect on high-density lipoprotein cholesterol (HDL-C),
whereas both low- and high-dose PE treatments significantly
increased its serum levels (Table 2).

The effects of HFD and PE on liver TG and cholesterol
content

As a major liver damage marker (21), alanine transaminase
(ALT) was increased after HFD feeding, and it was signifi-
cantly decreased only by high-dose PE (Fig. 1A). Since sig-
nificant effects were exerted only by high-dose PE on serum

TG and cholesterol levels, we chose only the high-dose PE-
treated liver tissues for further analysis. Obviously, HFD
increased liver weight, which was normalized by PE treat-
ment (Fig. 1B). Hematoxylin-eosin (HE) staining revealed
massive lipid accumulation in the HFD liver; this accumu-
lation was eliminated by treatment with PE (Fig. 1D). HFD
significantly increased liver TG (Fig. 1C) and cholesterol
(Fig. 1E) contents, and these were effectively decreased by
treatment with PE.

The effects of HFD and PE on SREBP-1c activation

Previous reports have indicated that SREBP-1c pathway
activation may contribute to the progression of NAFLD. We,
therefore, examined the involvement of the SREBP-1c path-
way in HFD-induced NAFLD. Surprisingly, the SREBP-1c
precursor protein was, indeed, increased by the HFD;
whereas the mature form remained unaffected (Fig. 2A, B).
The mRNA levels of SREBP-1c were increased; whereas its
target genes FAS, ACC1, and SCD1 were decreased by the
HFD (Fig. 2C). Moreover, when compared with the HFD
group, the PE co-treated group exhibited significant de-
creases in all of these mRNA levels (Fig. 2C). In contrast, the
HFD elicited no apparent effects on the lipid synthesis-
related genes ATP citrate lyase (ACLY) and diacylglycerol
acyltransferase (DGAT1, DGAT2), although it decreased

FIG. 2. The effects of HFD and PE on SREBP-1c activation. SD rats were administered either saline or PE (150 mg/kg/
day) in the HFD groups for 8 weeks; the rats were then sacrificed, and the liver tissues were collected. The precursor and
mature forms of SREBP-1c were detected by Western blot analysis (A: Western blot image; B: statistical analysis). The
mRNA levels of fatty acid biosynthesis-related genes (C) and TG biosynthesis-related genes (D) were detected by real-time
polymerase chain reaction. The values are means – SEM from at least 10 animals. *p < 0.05, **p < 0.01 versus the relevant
control group. SREBP, sterol regulatory element binding protein.
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GPAM mRNA levels (Fig. 2D). PE treatment significantly
decreased ACLY and increased DGAT1 and DGAT2 mRNA
levels (Fig. 2D).

The effects of HFD and PE on inflammation

Inflammation may be closely associated with the pro-
gression of NAFLD (19, 22). Here, we found that C-
reactive protein (CRP)—an acute-phase protein produced
by the liver during inflammation—was significantly in-
creased after HFD feeding (Fig. 3A). Serum levels of the
inflammatory cytokines TNFa, IL-1b, IL-4, and IL-6, as
well as immunoglobulins IgA, IgM, and IgG were in-
creased after HFD feeding (Fig. 3B–H). As expected, PE
supplementation successfully restored all these factors to
normal levels (Fig. 3).

The effects of HFD and PE on liver oxidative status

Oxidative stress has been well established as a contrib-
utor to inflammation and the pathogenesis of NAFLD (42).
The HFD group showed higher levels of protein oxidation
and of the lipid peroxidation product 4-HNE, both of which
were normalized by PE administration (Fig. 4A, B).
Meanwhile, PE was found to increase liver superoxide
dismutase (SOD) activity, thus possibly helping eliminate
oxidative stress (Fig. 4C). In response to oxidative stress,
liver-reduced glutathione (GSH) was increased by HFD
feeding (Fig. 4D). However, the ratio between GSH and
oxidized glutathione (GSSG) was decreased, as HFD also
increased GSSG to a higher level (Fig. 4E, F). GSH pro-

duction is regulated by Phase II enzymes, which are, in
turn, regulated by Nrf2. Similar to GSH levels, nuclear
factor (erythroid-derived-2)-like 2 (Nrf2) expression as
well as that of its target genes HO-1 and NQO-1 were
increased by HFD feeding (Fig. 4G, H). Nevertheless, PE
treatment effectively eliminated activation of the Phase II
enzyme system.

The effects of HFD and PE on mitochondrial status

To investigate the involvement of mitochondria in HFD-
induced oxidative stress and NAFLD, we first measured liver
ATP content: Significant ATP depletion was triggered by
HFD feeding and efficiently improved through PE supple-
mentation (Fig. 5A). Liver uncoupling protein 2 (UCP2)
expression was up-regulated by HFD, which might lead to the
depletion of cellular ATP reserves (Fig. 5B, C). Being the
major source of ROS, mitochondria are also vulnerable tar-
gets. We then found that mitochondrial protein oxidation was
obviously increased in the HFD group (Fig. 5D); as a result,
mitochondrial complex I activity was decreased by HFD
(Fig. 5E). PE supplementation substantially reduced both
UCP2 expression and mitochondrial protein oxidation (Fig.
5B–D). Meanwhile, PE treatment not only restored complex I
activity to basal levels but also significantly increased the
activities of complexes II and IV (Fig. 5E).

The effects of HFD and PE on beta-oxidation

Peroxisomal proliferator-activated receptor–gamma
coactivator-1a (PGC-1a) is a well-known regulator of

FIG. 3. The effects of HFD and PE on inflammatory response. SD rats were administered either saline or PE (150 mg/
kg/day) in the HFD groups for 8 weeks; the rats were then sacrificed, and sera were collected. Serum CRP level (A), the pro-
inflammatory cytokines TNFa (B), IL-1b (C), IL-4 (D), and IL-6 (E), and the immunoglobulins IgA (F), IgG (G), and IgM
(H) were measured with commercial kits. The values are means – SEM from at least 10 animals. *p < 0.05, **p < 0.01 versus
the relevant control group. CRP, C-reactive protein.
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mitochondrial biogenesis and lipid beta-oxidation. Our
study found that PE significantly increased PGC-1a
mRNA and protein levels compared with the HFD group
(Fig. 6A–C), whereas PGC-1b was unaffected by either
HFD or PE treatments. We also found that PE signifi-
cantly increased the peroxisome proliferator-activated
receptor a (PPARa) mRNA levels (Fig. 6A). Although
mitochondrial content remained unchanged among the
three groups as measured by mitochondrial complex
subunits (Fig. 6D), the lipid beta-oxidation-related genes
CPT1A, CPT1B, ACADL, and ACADM were signifi-
cantly induced by PE treatment compared with the HFD
group (Fig. 6E).

The effects of PE, PU, and ellagic acid
on the lipid content of HepG2 cells

To further confirm that PU is the main active component
affecting lipid metabolism, we first treated HepG2 cells with
two doses of PE for 24 h and found that both concentrations
of PE at 10 and 100 lg/ml significantly reduced TG (Fig. 7A)
and cholesterol content (Fig. 7B). Since the PE contained
40% PU, we compared the effects of 4 lg/ml PU and 4 lg/ml
ellagic acid (EA) with 10 lg/ml PE. The results indicated that
PU and PE elicited similar effects on TG (Fig. 7C) and
cholesterol content (Fig. 7D), whereas EA had no obvious
effects. Furthermore, during insulin stimulation, both PU and

FIG. 4. The effects of HFD and PE on liver oxidative status. SD rats were administered either saline or PE (150 mg/kg/
day) in the HFD groups for 8 weeks; the rats were then sacrificed, and liver tissues were collected. The protein carbonyl
content was analyzed as an indicator of protein oxidation (A). The content of 4-HNE was measured as an indicator of lipid
oxidation (B). Liver total SOD activity (C), GSH level (D), and GSSG level (E) were assayed with commercial kits. The
ratio of GSH/GSSG was calculated (F). The protein content of phase II enzyme regulator Nrf2 and its target genes HO-1
and NQO-1 were measured (G: Western blot image, H: statistical analysis). The values are the means – the SEM from at
least eight animals. *p < 0.05, **p < 0.01 versus the relevant control group. GSH, reduced glutathione; GSSG, oxidized
glutathione; Nrf2, nuclear factor (erythroid-derived-2)-like 2; SOD, superoxide dismutase.
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PE elicited similar effects on decreasing cellular TG (Fig. 7E)
and cholesterol content (Fig. 7F).

PU and PE protect against palmitate-induced
mitochondrial dysfunction and insulin resistance

It is well accepted that FFA-induced lipotoxicity plays a
pivotal role in the pathogenesis of NAFLD. An increased
serum FFA level was observed in HFD rats, which was sig-
nificantly inhibited by PE (Fig. 8A). To better understand the
protective effects of PE against FFA and to elucidate whether
PE’s protective effects on liver mitochondrial function was
the consequence of amelioration of inflammation and adi-
pokine secretion, we used an in vitro HepG2 model with
palmitate treatment as an FFA challenge. After a 24 h treat-
ment, palmitate induced significant mitochondrial dysfunc-
tion, including mitochondrial membrane potential (MMP)
loss, burst of ROS production, and ATP depletion (Fig. 8B–D).
As expected, pretreatment with either PU or PE effectively
restored mitochondrial function. Meanwhile, palmitate in-
hibited insulin signal transduction by decreasing p-IRS-1 and
p-Akt levels under insulin stimulation (Fig. 8E), and the in-
hibition was diminished by PU and PE pretreatment.

Discussion

NAFLD is the most common chronic liver disease in the
world, and it is closely associated with metabolic patholo-
gies. The alarming epidemics of diabetes and obesity have
fueled an increasing prevalence of NAFLD (44). Therefore,

an HFD-induced obesity model was developed to study fatty
liver formation. Current therapeutic treatment recommen-
dations include weight loss and the reversal of other com-
ponents of metabolic pathologies (27, 45), and here, we
reported that PU from PE exerted beneficial effects on HFD-
induced metabolic disorders, including obesity, hyperlipid-
emia, and fatty liver.

Toxicity evaluation indicated that a 6% PU content in the
rat diet (4.8g of PU/kg/day) during 37 days did not provoke
tissue alterations (5). In this study, we used pomegranate husk
extract containing 40% PU, the highest extract concentration
available on the market. Nontoxic doses of PE, 50 and
150 mg/kg/day (containing 20 and 60 mg/kg/day PU, re-
spectively), were administered concurrently with the HFD
for 8 weeks. In a previous study, PU was detected at con-
centrations around 30 lg/ml after daily intake from 0.6 to
1.2 g (6). In the current study, after PE gavage (150 mg/kg),
serum PU concentration increased time dependently and
reached 17.5 lg/ml at 2 h (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
ars), which suggested that PU could circulate in the body and
exert beneficial effects. We found that PE treatments, par-
ticularly at a higher dosage, significantly inhibited the de-
velopment of obesity and restored the basal serum parameters
(Tables 1 and 2). Since we noticed that the HFD-induced high
level of ALT was significantly reduced only by high-dose PE,
and since high-dose PE also inhibited the progression of
obesity more effectively, we, therefore, used only high-dose
PE for the mechanistic studies.

FIG. 5. The effects of
HFD and PE on mitochon-
drial activity. SD rats were
administered either saline or
PE (150 mg/kg/day) in the
HFD groups for 8 weeks; the
rats were then sacrificed, and
liver tissues were collected.
Liver ATP content was
measured in fresh liver ho-
mogenates (A). The level of
UCP2 was measured by
Western blot analysis (B:
Western blot image; C: sta-
tistical analysis). Liver mito-
chondria were collected from
tissues, and mitochondrial
protein oxidation was mea-
sured with a commercial kit
(D). The activities of mito-
chondrial complexes I, II,
and IV were analyzed (E).
The values are the means –
the SEM from at least eight
animals. *p < 0.05, **p < 0.01
versus the relevant control
group. UCP2, uncoupling
protein 2.
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With regard to lipid biosynthesis, SREBP-1c-activated li-
pogenesis has been suggested to contribute to NAFLD (14,
24, 29). The SREBP-1c precursor is cleaved into small
fragments, which translocate into the nucleus and activate
lipogenesis-related genes, such as FAS, ACC1, and SCD1
(23, 32, 35). Unlike other studies, we found that the HFD
increased SREBP-1c mRNA and immature protein levels,
while the mature SREBP-1c protein levels remained unaf-
fected. The latter result may help in understanding the de-
crease in SREBP-1 target gene levels, and it implies that the
HFD-induced NAFLD is independent of the activation of
lipogenesis in our study. Similar results were also observed in
other studies: Yasari et al. noticed decreased SCD1 mRNA
and increased SREBP-1c mRNA after 8 weeks of HFD (50),
and Song et al. reported decreased ACC1 protein expression
and increased SREBP-1c mRNA in rat hepatocyte steatosis
(39). In the methionine- and choline-deficient diet-induced
fatty liver model, liver SCD1 expression was most signifi-

cantly down-regulated (17). In sum, all these studies make
apparent the necessity for a further investigation of SREBP-
1c-associated target genes in diet-induced fatty liver
progression. Nevertheless, PE treatment still significantly
inhibited lipogenesis compared with the HFD group. More-
over, PE sharply decreased the expression of ACLY, which is
a key lipogenic enzyme that catalyzes acetyl-CoA production
for fatty acid biosynthesis. Down-regulation of ACLY has
been proved to efficiently reduce hepatic steatosis (49). Since
both lipogenesis and acetyl-CoA production were sharply
inhibited, increased expression of DGAT1 and DGAT2 in the
PE-treated group might be a compensatory response.
Nevertheless, PE treatment still reduced liver TG content to
control levels.

In addition to the activation of lipogenesis, inflammation
and mitochondrial dysfunction-induced oxidative stress have
also been shown to be major factors for the development of
NAFLD (15, 28, 37). As expected, the HFD-induced

FIG. 6. The effect of HFD and PE on beta-oxidation. SD rats were administered either saline or PE (150 mg/kg/day) in
the HFD groups for 8 weeks; the rats were then sacrificed, and liver tissues were collected. The mRNA levels of PGC-1a,
PGC-1b, and PPARa are shown in (A). The protein levels of PGC-1a are shown in (B) (Western blot image) and in (C)
(statistical results). The mitochondrial complex expression levels are shown in (D). The mRNA levels of beta-oxidation-
related genes are shown in (E). The values are the means – the SEM from at least eight animals. *p < 0.05, **p < 0.01 versus
the relevant control group. PGC-1a, peroxisomal proliferator-activated receptor–gamma coactivator-1a; PPARa, peroxi-
some proliferator-activated receptor a.
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increased levels of inflammatory cytokines and immuno-
globulins were completely normalized by PE. Moreover, PE
efficiently prevented liver oxidative damage and eliminated
Nrf2 activation. As a major source of ROS production, the
involvement of mitochondria in NAFLD pathogenesis is in-
evitable. ATP—the major product of mitochondrial oxidative
phosphorylation—was decreased in HFD liver; its decrease
may be attributable to the increase in UCP2 (7). Meanwhile,
the HFD-induced increase in mitochondrial protein oxidation
and the decrease in complex I activity might contribute to the
impairment of mitochondrial respiration and the reduction in
ATP production. Moreover, reduced complex I activity may
induce the generation of mitochondrial ROS, which, in turn,
can exacerbate oxidative stress (26, 46). Interestingly, in
addition to restoring all these changes to normal levels, PE
was found to increase complex II and IV activities, sug-
gesting that the effects of PE on mitochondrial function are
ameliorative.

The absorption, transport, and breakdown of lipids might
represent alternative mechanisms used to reduce the lipid
content of the blood and the liver. With regard to lipid

breakdown, the carnitine palmitoyltransferase 1 (CPT1)-
catalyzed transfer of long-chain fatty acids into mitochondria
is the key step during beta-oxidation. PGC-1a has been
identified to be a regulator of CPT1 expression (30). Unlike
PGC-1a, PPARa has been reported to regulate CPT1 ex-
pression via a different gene element (40). Our data clearly
showed that PE treatment stimulated the expression of PPARa
and PGC-1a as well as beta-oxidation-related genes, thereby
likely increasing fatty acid breakdown and energy production.
Unlike previous reports, the increased PPARa was not asso-
ciated with increased UCP2 expression. Indeed, UCP2 can be
induced by several factors in addition to PPARa activation,
including TNFa and ROS. Previous studies have indicated
that PPARa activation up-regulates UCP2 expression in he-
patocytes by increased transcription involving unknown
proteins. However, neither ROS nor TNFa production is the
major cause of UCP2 up-regulation induced by PPARa acti-
vators (34). Therefore, it is possible that PPARa-mediated up-
regulation of UCP2 expression was disrupted by unknown
factors. Moreover, the HFD-induced increase in expression of
UCP2 was mediated by other factors such as TNFa.

FIG. 7. PU is the main active component of PE. HepG2 cells were treated with various doses of PE for 24 h. Next, we
measured the cellular TG (A) and cholesterol (B) contents. HepG2 cells were treated with 10 lg/ml PE, 4 lg/ml PU, or 4 lg/
ml EA separately for 24 h, after which the cellular TG (C) and cholesterol (D) contents were measured. HepG2 cells were
cultured with PE, PU, and EA separately for 24 h during stimulation using 100 nM insulin, after which the cellular TG (E)
and cholesterol (F) contents were measured. The values are the means – the SEM from three independent experiments;
**p < 0.01 versus the relevant control group. EA, ellagic acid; PU, punicalagin.
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Previous studies have indicated that PU might not be ab-
sorbed intact into the blood stream but rather is hydrolyzed to
EA over several hours in the intestine (20). However, a
previous report has confirmed the direct absorption of PU as
well as its presence in plasma (6), which was also confirmed
in our study (Supplementary Fig. S1). Therefore, to further
determine whether PU is the main active component of liver
lipid metabolism, HepG2 cells were used for in vitro analysis.
Similar to in vivo results, PE treatment significantly de-
creased the TG and cholesterol content in HepG2 cells. In-
terestingly, on measuring the effects of PE compared with
equivalent amounts of PU and EA, we found that the effects
of PU and PE on lipid metabolism were similar, regardless of
insulin stimulation. In contrast, EA elicited no effect, sug-
gesting that PU might be the main active component in PE.
Moreover, both PE and PU exhibited excellent protection
against palmitate-induced mitochondrial dysfunction and

insulin resistance. From this, we inferred that mitochondria
were the primary target of PE and that its protection of liver
mitochondrial function might not be the consequence of
ameliorating inflammation and oxidative stress. Taken to-
gether, our study demonstrated that as the major active
component of PE, PU is a promising therapeutic nutrient for
the treatment of metabolic disorders, particularly NAFLD.
Further investigation regarding PE’s effects on the absorption
and excretion of lipids remains of investigative interest.

Materials and Methods

Chemicals

Anti-PGC-1, anti-SREBP1, anti-Nrf2, anti-NOQ1, anti-
HO-1, anti-IRS-1, anti-p-IRS-1, anti-p-Akt, anti-Akt, and
anti-UCP2 antibodies were purchased from Santa Cruz Bio-
technology; anti-Drp1 and anti-OPA1 antibodies were

FIG. 8. PU and PE protects palmitate-induced mitochondrial dysfunction and insulin resistance. After HFD and PE
treatment, rats were sacrificed and sera were collected for FFA analysis (A). PU and PE protection was mimicked in the
HepG2 model. HepG2 cells were pretreated with 4 lg/ml PU and 10 lg/ml PE separately for 24 h, and medium was replaced
with or without 0.25 mM palmitate for another 24 h. Mitochondrial membrane potential (B), ROS (C), and cellular ATP
content (D) were then analyzed. After PU, PE pretreatment, and palmitate challenge, HepG2 cells were then exposed to 100
nM insulin for 10 min; the insulin signal transduction pathway components p-IRS-1 and p-Akt were analyzed by Western
blot (E). For FFA experiments, values are the means – SEM from at least 10 animals; for other experiments, values are the
means – SEM from three independent experiments; *p < 0.05, **p < 0.01 versus the relevant control group. FFA, free fatty
acid; ROS, reactive oxygen species.
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purchased from BD Biosciences; the Reverse Transcription
System kit was purchased from Promega; SYBR green was
purchased from Takara; the tissue TG and cholesterol assay
kits were purchased from Beyotime; polymerase chain re-
action (PCR) primers were synthesized by Baiaoke Biotech;
PE containing 40% PU was produced by Tianjin JF-Natural;
antibodies against complex I, II, III, IV, V subunits, TRIzol,
and other reagents were purchased from Invitrogen.

Animals and experimental design

Specific pathogen-free Sprague–Dawley (SD) male rats
were purchased from a commercial breeder (SLAC). The rats
were housed in a temperature (22�C–28�C)- and humidity
(60%)-controlled animal room and maintained on a 12-h
light/12-h dark cycle (light from 08:00 a.m. to 08:00 p.m.)
with food and water provided during the experiments. Male
rats weighing 180–200 g were used. After 1 week of accli-
matization, the rats were randomly distributed into the fol-
lowing four groups: (i) control rats fed a standard chow
(Control, 12% kcal fat content); (ii) rats fed an HFD (45%
kcal fat content); (iii) rats fed an HFD and administered a
daily oral gavage of low-dose PE (50 mg/kg/day); and (iv)
rats fed an HFD and administered a daily oral gavage of high-
dose PE (150 mg/kg/day). The major fat source was lard and
the composition of HFD is listed in Supplementary Data
(Supplementary Table S1). In total, 60 rats were used for the
experiments. The body weight and food intake were mea-
sured twice weekly. After 8 weeks of feeding, the rats were
fasted overnight and sacrificed. All of the procedures were
performed in accordance with the United States Public
Health Services Guide for the Care and Use of Laboratory
Animals, and all efforts were made to minimize the suffering
and the number of animals used in this study.

Blood sample preparation

After the rats were sacrificed, blood samples were obtained by
cardiac puncture, and the serum was separated by centrifugation
(3000 rpm, 10 min). The levels of TG, total cholesterol, LDL-C,
HDL-C, and ALT were analyzed using an automated bio-
chemistry analyzer (Hitachi Ltd.). Serum levels of CRP, insulin,
adiponectin, leptin, TNFa, IL-1, IL-4, IL-6, FFA, IgA, IgG, and
IgM were measured using commercial ELISA kits according to
the manufacturer’s standards and protocols (RD systems).

Histological analysis and measurement of cholesterol
and TGs of the liver samples

After the rats were sacrificed, liver tissues were collected
and the same liver lobe was divided into five parts for HE
staining, protein analysis, mitochondria isolation, RNA iso-
lation, and biochemical analysis. For HE analysis, liver
samples were routinely embedded in paraffin, and cut sec-
tions were stained with HE. Images were acquired using an
Olympus BX71 microscope. Cholesterol and TG measure-
ments were performed using commercial assay kits (Biovi-
son) according to the manufacturer’s instructions. Briefly, the
assay for TGs was initiated by hydrolysis of the TGs to FFAs
and glycerol, which was subsequently measured by a coupled
enzymatic system with a colorimetric readout at 570 nm. The
assay for total cholesterol was initiated by the hydrolysis of
cholesterol esters to free cholesterol, which was then oxi-

dized and reacted with a sensitive cholesterol probe to pro-
duce color at 570 nm.

Isolation of liver mitochondria

Mitochondria were isolated as previously described (41).
In brief, liver tissues were rinsed with saline, weighed, and
placed in ice-cold isolation buffer containing 0.25 M sucrose,
10 mM Tris, and 0.5 mM EDTA, at a pH of 7.4. The tissues
were sheared and minced carefully, rinsed to remove residual
blood, and then homogenized in 2.5 vol of isolation buffer.
The homogenates were increased to 8 · initial vol with iso-
lation buffer and centrifuged at 1000 g for 10 min; the su-
pernatant fraction was decanted and saved. The pellet was
washed once with 2 vol of isolation buffer, and the total
supernatant fractions were combined and centrifuged at
10,000 g for 10 min. The mitochondrial pellet was washed
twice using isolation buffer, and the protein concentration
was determined using the BCA protein assay kit. Freshly
isolated mitochondria were either used immediately for
biochemical assays or stored at - 80�C.

Evaluation of oxidative stress

Protein carbonyls in total proteins were assayed using the
Oxyblot protein oxidation detection kit (Cell Biolabs). Pro-
tein carbonyls were labeled with 2,4-dinitrophenylhydrazine
and detected by Western blot. The lipid peroxidation product
4-HNE was analyzed with a commercial ELISA kit following
the manufacturer’s standards and protocols (RD systems).
GSH, GSSG, and SOD activity was measured using com-
mercial assay kits (Beyotime) according to the manufactur-
er’s instructions.

Assays for mitochondrial complex activities

NADH-ubiquinone reductase (complex I), succinate-CoQ
oxidoreductase (complex II), and cytochrome C oxidase
(complex IV) activities were measured spectrophotometrically
using conventional assays as previously described (41, 51).

Western blot analyses

Samples were lysed with Western and IP lysis buffer
(Beyotime). The lysates were homogenized, and the ho-
mogenates were centrifuged at 13,000 g for 15 min at 4�C.
The supernatants were collected, and the protein concentra-
tions were determined with a BCA protein assay kit. Equal
aliquots (20 lg) of the protein samples were separated by
10% SDS-PAGE gels, transferred to pure nitrocellulose
membranes (PerkinElmer Life Sciences), and blocked with
5% nonfat milk in TBST buffer. The membranes were in-
cubated with anti-PGC-1, anti-SREBP1, anti-p-IRS-1, anti-
IRS-1, anti-p-Akt, and anti-Akt (1:1000); anti-Complex I, II,
III, IV, or V; or anti-b-actin (1:10,000) at 4�C overnight.
Then, the membranes were incubated with anti-rabbit or anti-
mouse antibodies at room temperature for 1 h. Chemilumi-
nescent detection was performed using an ECL Western
blotting detection kit.

Real-time PCR

Total RNA was extracted from 30 mg of tissue using
TRIzol reagent (Invitrogen) according to the manufacturer’s
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protocol. The OD260/OD280 ratio was measured to control
for the quality of the RNA. For each sample, 2 lg of RNA
was reverse transcribed into cDNA. Quantitative PCR was
performed using a real-time PCR system (Eppendorf). The
reactions were performed using SYBR Green Master Mix
(TaKaRa) with gene-specific primers (Supplementary Table
S2).

HepG2 cell culture

HepG2 cells were grown in Dulbecco’s modified Eagle’s
medium that was supplemented with 25 mM glucose, 10%
fetal calf serum, 100 U/ml penicillin G sodium, and 100 lg/
ml streptomycin sulfate, in 10 cm2 plates at 37�C in 5% CO2.
The experiments were initiated once the cells reached 70%
confluence. The cells were treated with PE, PU, and EA at the
indicated doses for 24 h with or without insulin stimulation.
Then, the cellular TG and cholesterol levels were analyzed
using a commercial kit (Beyotime).

Liver tissue and HepG2 cells ATP measurement

ATP was measured in samples from fresh liver tissue or
treated HepG2 cells with an ATP bioluminescent assay kit
(Sigma), as previously described (30). Briefly, tissue or
HepG2 cells were lysed with 0.5% Triton X-100 in 100 mM
glycine buffer, pH 7.4. Supernatants were collected after
centrifugation at 14,000 g for 10 min at 4�C. Forty-microliter
samples were then transferred to an appropriate biolumi-
nescence plate. Luciferase activity was measured after the
addition of 160 ll reaction solution, when ATP is consumed
and light is emitted as firefly luciferase that catalyzes the
oxidation of D-luciferin.

JC-1 assay for MMP

MMP was measured in live HepG2 cells using the lipo-
philic cationic probe 5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethyl-
benzimidazolyl-carbocyanine iodide ( JC-1). After treatment,
cells were washed with PBS once after JC-1 staining and
scanned with a microplate fluorometer (Fluoroskan Ascent;
Thermo Fisher Scientific, Inc.) at 488 nm excitation, and
535 and 590 nm emission, to measure green and red JC-1
fluorescence, respectively. Each well was scanned by mea-
suring the intensity of each of 25 squares (of 1 mm2 area)
arranged in a 5 · 5 rectangular array.

Determination of ROS generation

The generation of intracellular ROS was determined by
the fluorescence of 2¢, 7¢-dichlorofluorescein (DCFH2-
DA) (31). Briefly, DCFH2-DA at a final concentration of
10 lM was incubated with live cells in serum-free medium
for 30 min, and cells were washed twice with cold PBS
buffer. After incubation, cells were lysed with lysis buffer
(10 mM Tris, 150 mM NaCl, 0.1 mM EDTA, 0.5% Triton
X-100, and pH7.5) and centrifuged at 13,000 g for 5 min at
4�C. The supernatant was collected, and fluorescence in-
tensity was measured using a microplate fluorometer
(Fluoroskan Ascent; Thermo Fisher Scientific, Inc.) at
wavelengths of 488 nm (excitation) and 535 nm (emis-
sion). Cellular oxidant levels were expressed as the rela-
tive DCF fluorescence per microgram of protein (BCA
method).

Statistical analysis

Normal distribution was assessed by the Shapiro–Wilk test
(SPSS, Inc.). All of the data are reported as the means – SEM.
Statistical analysis was performed using one-way analysis of
variance followed by a least significant difference (LSD) post
hoc analysis. In all of the comparisons, the level of signifi-
cance was defined as p < 0.05.
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ACADL¼ acyl-CoA dehydrogenase, long chain
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ACADVL¼ acyl-CoA dehydrogenase, very long chain
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ACLY¼ATP citrate lyase

ALT¼ alanine transaminase
CPT1¼ carnitine palmitoyltransferase 1
CRP¼C-reactive protein

DGAT¼ diglyceride acyltransferase
EA¼ ellagic acid
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GSSG¼ oxidized glutathione
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LDL-C¼ low-density lipoprotein cholesterol
MMP¼mitochondrial membrane potential

NAFLD¼ nonalcoholic fatty liver disease
PE¼ pomegranate extract

PGC-1a¼ peroxisomal proliferator-activated
receptor–gamma coactivator-1a

PPARa¼ peroxisome proliferator activated receptor a
PU¼ punicalagin

ROS¼ reactive oxygen species
SCD1¼ stearoyl-CoA desaturase 1

SD¼ Sprague–Dawley
SOD¼ superoxide dismutase

SREBP¼ sterol regulatory element binding protein
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