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A B S T R A C T

Non-alcoholic fatty liver disease (NAFLD) is becoming the most common chronic liver disease globally.
NAFLD—which can develop into liver fibrosis, nonalcoholic steatohepatosis, cirrhosis, and hepatocellular car-
cinoma—is defined as an excess accumulation of fat caused by abnormal lipid metabolism and excessive reactive
oxygen species (ROS) generation in hepatocytes. Recently, we reported that Peroxiredoxin 5 (Prx5) plays an
essential role in regulating adipogenesis and suggested the need to further investigation on the potential curative
effects of Prx5 on obesity-induced fatty liver disease. In the present study, we focused on the role of Prx5 in fatty
liver disease. We found that Prx5 overexpression significantly suppressed cytosolic and mitochondrial ROS
generation. Additionally, Prx5 regulated the AMP-activated protein kinase pathway and lipogenic gene (sterol
regulatory element binding protein-1 and FAS) expression; it also inhibited lipid accumulation, resulting in the
amelioration of free fatty acid-induced hepatic steatosis. Silence of Prx5 triggered de novo lipogenesis and ab-
normal lipid accumulation in HepG2 cells. Concordantly, Prx5 knockout mice exhibited a high susceptibility to
obesity-induced hepatic steatosis. Liver sections of Prx5-deletion mice fed on a high-fat diet displayed Oil Red O-
stained dots and small leaky shapes due to immoderate fat deposition. Collectively, our findings suggest that
Prx5 functions as a protective regulator in fatty liver disease and that it may be a valuable therapeutic target for
the management of obesity-related metabolic diseases.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is among the most pre-
valent metabolic diseases accompanying obesity, hyperlipidemia, and
diabetes [1,2]. In general, unusual lipid metabolism and subsequent
lipid accumulation in hepatocytes leads to hepatic steatosis, the first
step of NAFLD. Insulin resistance and inflammation aggravate NAFLD.
Additionally, NAFLD can progress to non-alcoholic steatohepatitis
(NASH), advanced hepatic fibrosis and cirrhosis [3]. There are several
studies that have investigated the pathogenetic mechanism of NAFLD,
but the process remains unclear.

NAFLD is characterized by abnormal hepatocellular fat deposits,
hepatic steatosis, a severely damaged histological appearance, liver
enlargement, and hepatic inflammation reactions [4,5]. The

development of NAFLD is often summarized using the “two-hit hy-
pothesis.” The first hypothesis posits that steatosis stems from im-
moderate hepatocellular lipid accumulation, which results from hepatic
de novo lipogenesis and damaged fatty acid oxidation [6]. The enzyme
AMP-activated protein kinase (AMPK) is a crucial regulator of energy
metabolisms in the liver, adipose tissue, and muscle. In particular,
AMPK is closely associated with hepatic lipogenesis and fatty acid
oxidation [7,8]. In healthy hepatocytes, AMPK controls the activity of
enzymes involved in lipogenesis, such as acetyl-CoA carboxylase (ACC),
sterol regulatory element binding protein (SREBP-1), and FAS, through
phosphorylation and dephosphorylation. However, in NAFLD, AMPK
dephosphorylation causes fatty acid synthesis (lipogenesis) through the
dephosphorylation of ACC and up-regulation of SREBP-1. Following
that, ACC transforms acetyl-CoA to malonyl-CoA. Elevated malonyl-
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CoA inhibits CPT1 activity (related with fatty acid oxidation), resulting
in the development of NAFLD [9].

The second hypothesis is related to redox balance. Excessive food
intake stimulates reactive oxygen species (ROS) generation, and high
levels of ROS can promote NAFLD [10,11]. Immoderate ROS generation
represents an imbalance between oxidant and antioxidant agents.
Redox imbalance leads to hepatic mitochondrial dysfunction, in-
flammatory responses, and a breakdown of lipid metabolism [12].
Mitochondria are the major organs involved in ROS production, and
they can easily be damaged by ROS [13]. Previous studies have been
focused on the effect of ROS derived from mitochondria, linking them
to the development of NAFLD [14]. In NAFLD, ROS can induce da-
maged mitochondrial membrane potentials and changes in mitochon-
drial structure. This hypothesis supports the theory ROS-induced mi-
tochondrial dysfunction triggers ROS overproduction, causing a
breakdown of lipid homeostasis. The imbalance of lipid metabolism
leads to excessive lipid accumulation in hepatocyte [15]. Several stu-
dies have suggested that antioxidative treatments have therapeutic ef-
fects on NAFLD by inhibiting de novo lipogenesis and scavenging mi-
tochondrial ROS [16,17]. Therefore, we focused on the protective effect
of mitochondria-targeting antioxidant enzymes against NAFLD.

Peroxiredoxins (Prxs), a family of cysteine-dependent peroxidase
enzymes, have a superior ability to scavenge peroxide and peroxynitrite
in mammalian cells. There are 6 isoforms (Prx1-6) of Prxs, which are
categorized according to their subcellular positions [18]. More so than
the other Prxs, Prx3 and Prx5 are mitochondrial-target antioxidant
enzymes, because of their localization [19]. Several studies have re-
ported that Prx3 and Prx5 can effectively remove cytosolic and mi-
tochondrial ROS in various cell lines [20,21]. We previously demon-
strated a high susceptibility to high-fat diet (HFD)-induced obesity and
increased triglyceride level in Prx5-deficient mice. In particular, liver
tissues isolated from HFD-fed Prx5 −/− mice had an expanded and
greasy appearance. We suggested that Prx5 plays a crucial role in
obesity and obesity-associated fatty liver disease [22]. However, the
precise role of Prx5 on fatty liver disease remains unclear. Therefore,
we hypothesized that Prx5 may improve obesity-induced fatty liver
disease by regulating mitochondrial ROS levels in mouse hepatocytes.
Also, we confirmed the development of fatty liver disease in a Prx5
knockout mouse model.

In this study, we confirmed that Prx5 ameliorated free fatty acid
(FFA)-induced ROS overproduction and lipid accumulation in HepG2
cells. Also, Prx5 overexpression ameliorated hepatic steatosis by reg-
ulating lipogenesis and hepatic inflammation. Additionally, when we
induced fatty liver disease via HFD feeding, we observed that the ex-
pression of lipogenesis-related proteins increased more among Prx5
knockout mice than among wild-type (WT) mice. These findings de-
monstrate the role of Prx5 in hepatic lipid metabolism and suggest that
Prx5 has a potential role in the treatment of obesity-induced NAFLD.

2. Materials and methods

2.1. Materials

N-Acetyl-L-cysteine (NAC), oleic acid, and palmitic acid were ob-
tained from Sigma-Aldrich (MO, USA).

2.2. Cell culture and treatment

We purchased HepG2 cells from the American Type Culture
Collection (Manassas, VA, USA). HepG2 cells were cultured in
Minimum Essential Medium, Eagle (MEM) (Welgene, Korea), supple-
mented with 1% penicillin/streptomycin (Welgene) and 10% fetal bo-
vine serum (FBS; Gibco, New Zealand). HepG2 cells were pre-treated
with NAC (Sigma-Aldrich) for 30min after the growth medium was
replaced and then treated with 1mM FFA.

2.3. Fat-overloading induction in HepG2 cells

To induce hepatic steatosis in hepatocytes, HepG2 cells at 75%
confluency were cultured with MEM containing 2% FBS overnight, and
then we incubated HepG2 cells with 1mM FFA mixture (oleic acid:-
palmitic acid= 0.66mM:0.33mM) for 24 h. The FFA mixture was
prepared in culture medium containing 1% bovine serum albumin
(BSA) [23].

2.4. Lentivirus generation and establishment of a stable cell line

Prx5 gene was obtained from Dr. Tae-Hoon Lee (Chonnam National
University, Gwangju, Korea). The Prx5 coding sequence was amplified
by polymerase chain reaction (PCR) using LA Taq® DNA polymerase
(Takara, Shiga, Japan) and cloned into the pCR8/GW/TOPO vector
(Invitrogen, CA, USA). The Prx5 gene was then inserted into pLenti6.3/
V5-DEST using LR Clonase (Invitrogen). These vectors have 14-amino-
acid V5 epitopes in the C-terminal that help with the detection of re-
combinant proteins during immunoblotting analysis [24]. Construction
of the lentivirus was performed as previously described [25]. All the
three vectors (pLenti6.3-Prx5 vector, psPAX2 packaging vector, and
pMD.2G enveloping vector) were transfected into HEK293FT cells using
Lipofectamine 2000 (Invitrogen). After 12 h of transfection, the
medium was replaced with fresh medium. After 48–72 h of transfection,
lentivirus-containing medium was harvested and purified with a
0.45 μm filter (Sartorius, Gottingen, Germany). The pLenti6.3-Prx5
stable cell lines were generated by infecting HepG2 cells with lentiviral
vectors. During the infection, polybrene (Sigma-Aldrich), which in-
creases the transfection efficiency, was added at 8 μg/ml, and the cells
were cultured for 72 h. Lentiviral vector-transduced HepG2 cells were
selected by growing them in 4 μg/mL of blasticidin (Invitrogen) for
several days.

2.5. Analysis of intracellular and mitochondrial ROS

Intracellular and mitochondrial ROS were detected using 2′, 7′-di-
chlorofluorescein diacetate (CM-H2DCF-DA; Invitrogen) and MitoSOX
Red (Molecular Probes, OR, USA), respectively. HepG2 cells were
seeded into 6-well plates and following 24 h of incubation, they were
treated with or without 1mM FFA for 24 h. Next, the cells were har-
vested using 0.25% trypsin-EDTA. The collected cells were washed with
phosphate-buffered saline (PBS; pH 7.4) and incubated with 5 μM DCF-
DA or MitoSOX containing PBS for 20min at 37 °C. The cells were then
washed with PBS twice and analyzed using flow cytometry (BD
Bioscience, CA, USA). ROS levels in liver tissues were assessed using the
OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs Inc., CA, USA). This
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assay kit contains a specific ROS/RNS probe, dichlorodihydro-
fluorescein DiOxyQ (DCFH-DiOxyQ).

2.6. Analysis of intracellular superoxide

Intracellular superoxide levels were detected via dihydroethidium
(DHE) staining. After FFA treatments, the cells were fixed with 4%
paraformaldehyde (Sigma-Aldrich) and incubated with 2.5 μM DHE,
which was dissolved in phenol red-free MEM, for 10min. After in-
cubation, a DHE image was obtained by using a DE/DMI 3000B fluor-
escence microscope (Leica, Wetzlar, Germany).

2.7. Protein extraction and Western blot analysis

Proteins were extracted from the cells using PRO-PREP Protein
Extraction Solution (Intron Biotechnology, Seongnam, Korea). The ex-
tracted proteins were then separated using 12% SDS-PAGE and trans-
ferred onto nitrocellulose membranes (Pall, FL, USA). The membranes
were then incubated with primary antibodies against SREBP-1, IκB,
NFκB, β-actin (Santa Cruz, CA, USA), AMPK, p-AMPK, ACC, p-ACC,
FAS, JNK, p-JNK, Erk, p-Erk, p38, p-p38, p-IκB, COX2, iNOS (Cell
Signaling, MA, USA), CPT-1α (Abcam, UK), Prx1, Prx2, Prx3, Prx4, or
Prx5 (Abfrontier, Korea). The membranes were further probed with
horseradish peroxidase-conjugated anti-mouse IgG or horseradish

peroxidase-conjugated anti-rabbit IgG secondary antibodies (Thermo
Scientific). The signals were visualized using Clarity Western ECL
Substrate (Bio-Rad, CA, USA), and band intensities were analyzed using
the Multi Gauge version 3.0 software (Fujifilm, Japan).

2.8. Oil Red O staining

Lipid accumulation was assessed using Oil Red O (Sigma-Aldrich).
After the initiation of differentiation and FFA treatment, HepG2 cells
were washed with PBS and fixed with 4% paraformaldehyde (Sigma-
Aldrich) overnight. The cells were then stained with 0.35% Oil Red O
solution for 3 h at 4 °C, followed by three washes with double-distilled
water. The red-stained lipid droplets were visualized under a light
microscope and photographed. To quantify the lipid production, Oil
Red O-stained lipid droplets were extracted with 100% isopropanol,
and absorbance was measured at 495 nm.

2.9. Animal care and experimental design

We used Prx5 −/− mice and WT mice, and both mice are C57BL/
6 J. We constructed a targeting vector in which the sequence was re-
placed with the neo gene. Prx5 −/− mice were produced with
Mendelian inheritance, and this was identified by PCR. The primers
used were 5′- ATTCTTTGGTGTCTCTCTTTGGG-3′ and 5′-CTTCACTTT

Fig. 1. Effect of FFA treatment on lipogenesis and lipid accumulation in HepG2 cells. HepG2 cells were treated with 1 mM FFA mixture (oleate/palmitate, 2:1
ratio) for 24 h. (A, B) The levels of protein (AMPK/ACC, CPT-1α, SREBP-1, FAS) were measured by Western blotting. (C) Lipid accumulation was measured using Oil
Red O staining. Untreated HepG2 cells were used as a control. Values are presented as mean ± standard deviation (n = 3). *, p < 0.05; **, p < 0.01; ***,
p < 0.001 vs. control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.H. Kim, et al. Redox Biology 28 (2020) 101315

3



CTCCTCCAAATCCC-3′ for the Prx5 gene. All mice were housed at 23 °C
and light/dark cycles of 12 h. All animal experiments were performed
according to national ethical guidelines and were approved by the
Institutional Animal Care and Use Committee at the Kyungpook
National University. Mice were fed a standard mouse chow diet (10%
calories from fat; D12450B; Research Diets, New Brunswick, NJ, USA)
or HFD (60% calories from fat; D12451; Research Diets, NJ, USA). The
HFD study with 8-week-old Prx5 −/− mice and WT mice was con-
ducted for 6 weeks.

2.10. Histological analysis

Liver tissues were collected and fixed in 4% (w/v) paraformalde-
hyde (Sigma-Aldrich). Thick (5 μm) tissue sections were then prepared
for histological analysis via paraffin embedding and cryopreservation.

Paraffin-embedded sections were stained with hematoxylin and eosin.
Oil Red O staining was performed on frozen tissue sections to measure
lipid content in the liver.

2.11. Serum analysis

Blood was obtained from the infraorbital vein, followed by cen-
trifugation at 13,000 rpm for 10min to separate the serum only. Serum
was used to measure the level of alanine aminotransferase (ALT)/as-
partate aminotransferase (AST) using a commercial kit (ASAN Pharm,
Daegu, Korea).

2.12. Immunohistochemistry

Immunohistochemistry was performed on cryo-embedded liver

Fig. 2. Effect of FFA on the generation of reactive oxygen species (ROS) and the expression of peroxiredoxins. HepG2 cells were treated with 1mM FFA
mixture (oleate/palmitate, 2:1 ratio) for 24 h. (A) Intracellular ROS levels were assessed with 2, 7- dichlorofluorescein diacetate (CM-H2DCF-DA) assays. (B)
Mitochondrial ROS levels were measured with MitoSOX. (C) ROS levels were measured through DHE staining. (D, E) Western blotting was used to measure
expression levels of peroxiredoxins. Untreated HepG2 cells were used as controls. Values are presented as mean ± standard deviation (n = 3). *, p < 0.05; **,
p < 0.01; ***, p < 0.001 vs. control.
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sections. After incubation in blocking solution (10% normal goat serum,
Gibco), tissues were incubated with an anti-SREBP-1 antibody (Santa
Cruz) at 1:200 dilutions. The tissues were then labeled with Alexa Fluor
594-conjugated secondary antibodies (Molecular Probes, OR, USA) for
1 h. Slices were observed using an LSM-710 confocal microscope (Carl
Zeiss, Jena, Germany).

2.13. Statistical analysis

All experiments were repeated as at least three independent ex-
periments. Quantitative data are presented as the mean ± standard
deviation of the triple determinations from all experiments. Data were
analyzed using analysis of variance (ANOVA) on GraphPad Prism 5.01
(GraphPad Software Inc., La Jolla, CA, USA) to derive the p-values.

3. Results

3.1. FFA treatment induced lipogenesis and lipid accumulation in HepG2
cells

FFA treatment leads to hepatic steatosis and lipid accumulation in
hepatocytes [23]. To characterize FFA-induced hepatic steatosis in
HepG2 cells, we evaluated the AMPK pathway, which is involved in the
regulation of lipid metabolism. To examine the changes in the expres-
sion of hepatic steatosis-associated proteins as well as lipid accumula-
tion, we incubated HepG2 cells with a 1mM FFA mixture for 24 h. As
shown in Fig. 1A and B, the FFA altered the AMPK pathway and lipo-
genesis-associated protein expression. We confirmed that phosphory-
lated AMPK (p-AMPK)/AMPK, phosphorylated ACC (p-ACC)/ACC
(AMPK pathway) and CPT-1α (associated with fatty acid oxidation)
exhibited decreased expression levels in FFA-treated HepG2 cells. In
contrast, the expression levels of SREBP-1 (a key transcriptional reg-
ulator in triglyceride synthesis) and FAS (a lipogenesis enzyme), were
remarkably increased by the FFA mixture.

The hallmark of hepatic steatosis is abnormal lipid accumulation in
hepatocytes. Therefore, we investigated if a mixture of FFAs induced
lipid accumulation in HepG2 cells, as demonstrated by Oil Red O

staining (Fig. 1C). The FFA mixture indeed promoted the formation of
lipid droplets and hepatic lipid accumulation, indicating that FFA
mixture treatment induced hepatic steatosis and lipid accumulation via
the activation of lipogenesis.

3.2. FFA-induced hepatic steatosis induces ROS production and
upregulation of Prx5

Next, we investigated the effects of FFAs on the intracellular redox
system in HepG2 cells. First, we measured the levels of ROS in HepG2
cells treated with FFAs using H2DCF-DA (detects intracellular ROS),
MitoSOX (detects mitochondrial ROS), and DHE staining (detects su-
peroxide) (Fig. 2A–C). As a result, FFA treatment increased intracellular
and mitochondrial ROS generation and superoxide levels. These results
show that the development of FFA-induced hepatic steatosis is closely
associated with elevated ROS levels. We then confirmed changes in
antioxidant enzyme (Prx) levels. As shown in Fig. 2D and E, there were
no changes in the expression levels of Prx1, Prx2, Prx3, Prx4, or Prx6.
However, only Prx5 expression increased after FFA treatment. These
findings indicated that Prx5 plays a crucial role in the development of
FFA-induced hepatic steatosis.

3.3. Prx5 regulated FFA-induced intracellular and mitochondrial ROS
generation

To investigate if Prx5 regulates FFA-induced ROS generation in
HepG2 cells, we induced Prx5 (HepG2_Prx5) and mutated Prx5
(HepG2_shPrx5) expression in stably expressing HepG2 cells using
lentivirus. The HepG2_shPrx5 was an artificial structure that could si-
lence the target gene expression. First, we identified the exogenous
expression of Prx5 and the suppression of endogenous Prx5 by Western
blotting using Prx5 and V5-tag antibodies (Fig. 3A). The lentivirus-
mediated Prx5 gene was overexpressed successfully. Also, endogenous
Prx5 expression was almost entirely suppressed in HepG2_shPrx5 cells.
We observed that FFAs induced the generation of intracellular and
mitochondrial ROS, but Prx5 overexpression inhibited this activity. On
the other hand, silencing endogenous Prx5 (shPrx5) promoted FFA-

Fig. 3. Effect of Prx5 on FFA-induced intracellular
and mitochondrial ROS generation. Before FFA
treatment, HepG2 cells were incubated with 10mM
N-acetyl-L cysteine (NAC). HepG2 cells treated with
NAC were used as positive controls. (A) Stable ex-
pression of Prx5 or knockdown of Prx5 (shPrx5) were
detected in HepG2 cells through Western blotting
with Prx5 and V5-tag antibodies. (B) Flow cytometry
analysis of intracellular and mitochondrial ROS in
HepG2, HepG2_Prx5, and HepG2_shPrx5 cells treated
with FFA mixture. ROS levels were measured with
CM-H2DCFDA and MitoSOX. Untreated HepG2 cells
were used as controls. Values are presented as
mean ± standard deviation (n = 3). *, p < 0.05;
**, p < 0.01; ***, p < 0.001 vs. control.
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induced intracellular and mitochondrial ROS generation, relative to
HepG2_Prx5 cells (3B and C). When we treated HepG2 cells with FFA
and10mM NAC, which is an effective antioxidant, intracellular and
mitochondrial ROS levels decreased. These findings suggested that Prx5
might ameliorate liver steatosis through regulating the generation of
intracellular and mitochondrial ROS.

3.4. Prx5 suppressed FFA-induced hepatic steatosis and lipid accumulation

To further investigate the precise molecular mechanism underlying

the hepatic steatosis-mitigating effects of Prx5, we evaluated the ex-
pression of hepatic steatosis-associated proteins. As shown in Fig. 4A
and B, Prx5 overexpression induced the phosphorylation of AMPK and
ACC and inhibited the expression of lipogenesis-associated proteins,
including SREBP-1 and FAS. Prx5 overexpression also upregulated CPT-
1α expression. These findings suggested that Prx5 inhibited FFA-in-
duced lipogenesis and facilitated fatty acid oxidation. Prx5 knockdown
(shPrx5) had the opposite effects, thereby complementing our Oil Red O
staining results. Subsequently, we performed Oil Red O staining to as-
sess the production of lipid droplets in HepG2 cells. Oil Red O staining

Fig. 4. Effect of Prx5 on FFA-induced lipogenesis and lipid accumulation in HepG2 cells. Before FFA treatment, HepG2 cells were incubated with 10mM N-
acetyl-L cysteine (NAC). HepG2 cells treated with NAC were used as positive controls. (A, B) The levels of protein (AMPK/ACC, CPT-1α, SREBP-1, FAS) were
measured by Western blotting. (C, D) Lipid accumulation was measured using Oil Red O staining. Untreated HepG2 cells were used as controls. Values are presented
as mean ± standard deviation (n = 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. control. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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demonstrated that Prx5 overexpression decreased the production of
lipid droplets. Conversely, more Oil Red O-stained lipid droplets were
observed in HepG2_shPrx5 cells than control HepG2 cells (Fig. 4C and
D). These results confirmed that Prx5 knockdown promoted lipid ac-
cumulation and hepatic steatosis, which was in line with the hypothesis
that Prx5 is a key regulator in FFA-induced hepatic steatosis.

3.5. Deletion of Prx5 accelerated hepatic lipogenesis in HFD-induced obese
mice

Previously, we demonstrated that Prx5 −/− mice exhibited adi-
pocyte hypertrophy and increased expression of adipogenic proteins

compared with WT mice. This difference resulted in the high suscept-
ibility to HFD-induced obesity and obesity-related complications [22].
Therefore, we harvested the liver tissues from WT and Prx5 −/− mice
to confirm the physiological role of Prx5 in obesity-induced hepatic
steatosis. First, to elucidate the molecular mechanisms of metabolic
changes in the liver, we evaluated the expression levels of hepatic
steatosis-associated proteins. In accordance with in vitro results (Fig. 4),
we observed increased expression of lipogenesis proteins, such as
SREBP-1 and FAS, following the dephosphorylation of AMPK and ACC
in Prx5 −/− mice. However, deletion of Prx5 decreased CPT-1α ex-
pression. These results were found regardless of the type of feeding diet
(normal or HFD) (Fig. 5A–D). Our findings confirmed that Prx5 is

Fig. 5. Effects of Prx5 deficiency on in vivo hepatic lipogenesis. (A–D) The expression of the hepatic steatosis-associated proteins in liver tissues of WT and Prx5
−/− mice was measured by Western blotting (n = 3). WT mice were used as controls. Values are presented as mean ± standard deviation. *, p < 0.05; **,
p < 0.01; ***, p < 0.001 vs. control.
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involved in hepatic lipid metabolism even in vivo systems, and it might
be a suppressor for obesity-induced fatty liver diseases.

3.6. Prx5 −/− mice exhibited increased hepatic inflammation

Recent studies suggested that the activation of mitogen-activated
protein kinase (MAPK) signaling (JNK, ERK, and p38) is closely asso-
ciated with insulin resistance and hepatic inflammation, which could
lead to NAFLD. In particular, hepatic inflammation is a key factor for
the progression of hepatic steatosis [26,27]. Thus, we performed Wes-
tern blotting to confirm the inflammation. First, we evaluated the ex-
pression of p-JNK, p-ERK, and p-p38. Deletion of Prx5 increased
phosphorylation of p-JNK, p-ERK, and p-p38, compared to WT mice
(Fig. 6A and C). We also measured the effect of Prx5 knockout on the
proinflammatory response, including iNOS and COX-2 expression. As
shown in Fig. 6B and D, iNOS and COX-2 expression markedly in-
creased in Prx5 −/− mice.

NF-κB is involved in the regulation of inflammatory responses, and
translocation of NF-κB to the nucleus activates phosphorylation of IκB
[28]. To confirm whether Prx5 regulates the NF-κB pathway, we

assessed NF-κB activation by measuring the phosphorylation of IκB.
Prx5 −/− mice showed a higher level of phosphorylated IκB than WT
mice. Altogether, these results demonstrated that the deletion of Prx5
enhanced inflammatory responses, aggravating hepatic steatosis.

3.7. Prx5 −/− mice exhibited severe hepatic steatosis

ROS generation and lipid accumulation are associated with ex-
cessive energy intake, and this leads to obesity and obesity-related
complications. We previously observed that the liver tissue of Prx5
−/− mice appeared a greasier and larger appearance than that of WT
mice. Additionally, Prx5 −/− mice showed the high level of trigly-
ceride and insulin resistance. These results indicated that deletion of
Prx5 predisposed mice to obesity and obesity-induced NAFLD [22]. In
the present study, we confirmed the progression of NAFLD in liver
tissues and serum. First, we measured ROS levels in liver tissues using
the Oxiselect In vitro ROS/RNS Assay Kit (Cell Biolabs Inc.). As shown
in Fig. 7A, deletion of Prx5 increased ROS levels in HFD-fed mice.
Serum ALT and AST are markers of hepatocellular damage. Thus, ALT
and AST levels are used in NAFLD diagnosis [29]. As expected, we

Fig. 6. Effects of Prx5 deficiency on hepatic inflammation. (A–D) The expression of the JNK/ERK/p38 pathway and inflammation-associated proteins in liver
tissues of WT and Prx5−/−mice was measured by Western blotting (n = 3). WT mice were used as controls. Values are presented as mean ± standard deviation. *,
p < 0.05; **, p < 0.01; ***, p < 0.001 vs. control.
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observed higher levels of ALT and AST— reflecting hepatic lipotox-
icity—in Prx5 −/− mice than WT mice (Fig. 7B and C). Therefore, our
serum analysis implied that the excessive lipid accumulation associated
with hepatic steatosis occurs in association with liver tissue damage.

Next, we found many small vacuoles and severe hepatic steatosis in
the livers of the HFD-fed Prx5 −/− mice, but not in HFD-fed WT mice
(Fig. 7D). Subsequently, we performed Oil Red O staining to assess
hepatic lipid accumulation in mice. In Oil Red O-stained liver sections
(Fig. 7E), lipid droplets were not visible in the normal diet-fed groups
and HFD-fed WT groups. However, Oil Red O-stained lipid droplets
were more prominent in sections taken from the HFD-fed Prx5 −/−
mice. Immunohistochemistry analysis of mouse liver sections revealed
severe microvesicular steatosis and higher immunostaining for SREBP-1
protein among HFD fed Prx5 −/− mice, while the HFD-fed WT mice
had relatively healthy liver tissue and weak expression of SREBP-1
(Fig. 7F). Taken together, our results suggested that Prx5 could protect
against abnormal lipid accumulation and histological hepatic damage,
which were exacerbated by obesity-induced hepatic steatosis.

4. Discussion

To investigate the role of Prx5 in NAFLD with in vitro and in vivo
experiments, we established Prx5 overexpressing and knockdown
HepG2 cells and generated a novel mouse model with Prx5 deletion.
Following HFD feeding, Prx5 −/− mice developed obesity and hepatic
steatosis. We previously used this model to explain the relationship
between Prx5 and HFD-induced obesity [22]. Here, we uncover a pre-
cise role of Prx5 as a regulator that controls hepatic lipid metabolism
and thereby mitigates the development of NAFLD. Prx5 deletion caused
the activation of hepatocellular fatty acid synthesis (lipogenesis) genes,
and this was dependent on the dephosphorylation of AMPK (Figs. 4 and
5). As a result of AMPK dephosphorylation, Prx5 −/− mice displayed
aggravated hepatic steatosis upon HFD feeding, due to increased fatty
acid synthesis and decreased fatty acid oxidation (Fig. 6).

Prxs are a family of thiol peroxidases that have a pivotal anti-
oxidative function. The Prx family can effectively scavenge peroxides in
mammalian cells. The Prx family has six subtypes (Prx1-6), categorized
according to subcellular localization. Prx1, Prx2, and Prx6 are mainly
expressed in the cytoplasm; Prx4 is found in the endoplasmic reticulum;

Fig. 6. (continued)
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while Prx3 and Prx5 are observed in mitochondria [30]. The association
of Prx enzymes with metabolic disease has emerged from several stu-
dies [31–36]. Within the Prx family, due to its subcellular localization,
Prx5 has been reported to inhibit obesity through regulating cytosol
and mitochondrial ROS levels. We previously addressed the function of
Prx5 in obesity and proposed a positive effect of Prx5 on obesity-

associated fatty liver disease [22]. Nevertheless, little is known of how
Prx5 function links to NAFLD and mitochondrial ROS. In this study, the
expression of Prx1-4 did not change even with FFA treatment. However,
Prx5 expression was increased by FFA treatment in HepG2 cells (Fig. 2).
Based on these results, we believe that Prx5 may ameliorate NAFLD.
We, therefore, examined whether Prx5 affects NAFLD development

Fig. 7. Effects of Prx5 deficiency on hepatic steatosis. (A) ROS level assessed by OxiSelect In Vitro ROS/RNS Kit in liver tissues. (B, C) Activities of serum alanine
aminotranferase (ALT) and aspartate aminotranferase (AST) were measured by commercial kits. (D) Histological sections of the liver were stained with hematoxylin
and eosin. (E) Lipid accumulation in mouse livers was assessed using Oil Red O staining. (F) Immunohistochemistry staining of SREBP-1, involved in lipogenesis in
the liver tissues of WT and Prx5 −/− mice. WT mice were used as controls. Values are presented as mean ± standard deviation (n = 3). *, p < 0.05; ***,
p < 0.001 vs. control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.H. Kim, et al. Redox Biology 28 (2020) 101315

10



using HepG2 cells and a Prx5 deficiency mouse model.
The liver is a crucial organ that regulates whole-body energy me-

tabolism and is involved in the pathology of endocrine diseases, in-
cluding obesity, diabetes, and fatty liver disease [37]. The progression
of liver disease can be summarized by 4 stages: healthy liver, fatty liver,
liver fibrosis, and cirrhosis. Fatty liver disease can be classified into two
types, alcoholic liver disease and NAFLD. NAFLD—a representative
metabolic disease—is associated with several factors, such as obesity,
dyslipidemia, diabetes, parenteral nutrition, and drugs [38,39]. The
pathogenesis of NAFLD involves disrupted uptake, synthesis, and oxi-
dation of fatty acids [40,41], and the presence of an abnormal lipid
accumulation in the liver (hepatic lipid accumulation of> 5% liver
weight) is defined as NAFLD [42].

There are a number of causes of chronic liver diseases, including
ROS, which are closely associated with the development of NAFLD and
aggravate its symptoms [43]. In healthy hepatocytes, there are appro-
priate antioxidant systems containing antioxidant enzymes, such as
catalase, superoxide dismutase, glutathione peroxidase, and Prxs,
which can eliminate excessive ROS to maintain the redox balance.
However, redox imbalance, resulting from breakdown of antioxidant
systems, is responsible for inflammation and abnormal lipid metabolism
in hepatocytes. Hepatic proteins, lipids, and DNA are primarily da-
maged by ROS, resulting in structural changes and hepatic dysfunction
[44]. Several studies have emphasized that the deletion of antioxidant
enzymes leads to high level of ROS and the development of fatty liver
disease. For example, the deletion of CuZn-SOD has been shown to
accelerate ROS generation and consequently hepatic lipid accumulation
[45]. Our study also demonstrated that cytosolic and mitochondrial
ROS levels were increased in hepatic steatosis-induced HepG2 cells by
FFA treatment (Fig. 2). Moreover, NAC, an intensive antioxidant, in-
hibited FFA-induced ROS generation (Fig. 3). We showed that the
overexpression of Prx5 effectively prevented FFA-induced cytosolic and
mitochondrial ROS generation. In contrast, knockdown of Prx5
(shPrx5) produced the opposite effects (Fig. 3). Consistent with the in
vitro results, the liver tissue of HFD-fed Prx5 −/− mice also showed
high ROS levels compared with WT mice. These results indicate that
hepatocellular lipid accumulation is associated with ROS generation
and that antioxidant enzymes play an essential role in maintaining
hepatocellular homeostasis.

A growing number of studies have highlighted the relationship be-
tween mitochondrial ROS, mitochondrial function, and NAFLD pro-
gression [14,41]. The hepatic mitochondrion is the main organelle in-
volved in de novo lipogenesis and lipolysis. ROS derived from
mitochondria have been reported to alter hepatic lipid metabolism,
with such alteration affecting the development and progression of liver
disease [46]. In hepatocyte mitochondria, AMPK signaling is involved
in substrate supply for ATP production, leading to the regulation of
energy storage and disposal [47]. In obese patients, mitochondria-de-
rived ROS induce a reduction of AMPK activity, which contributes to
whole-body insulin resistance and results in liver lipid accumulation.
These effects depend on changes of lipogenesis and fatty acid oxidation.
The dephosphorylation of AMPK sequentially causes a depho-
sphorylation of ACC that leads to increased malonyl-CoA and inhibits
CPT-1α-dependent fatty acid oxidation. SREBP-1 and FAS, key reg-
ulators of lipogenic processes, activate transcriptional factors involved
in fatty acid and triglyceride synthesis, resulting in increased hepatic
triglyceride deposition [48]. We observed that the phosphorylation of
AMPK/ACC and the expression of CPT-1α were decreased. Also, SREBP-
1 and FAS were upregulated, and excessive lipid quantities accumu-
lated in the steatosis cell model, induced by FFA treatment (Fig. 1).

In the current study, we investigated the ability of Prx5 to prevent
FFA-induced steatosis using a Prx5 overexpression or knockdown
(shPrx5) HepG2 cell model. Interestingly, we found that Prx5 over-
expression enhanced the phosphorylation of AMPK and ACC, upregu-
lated CPT-1α gene expression, and downregulated the gene expression
of SREBP-1 and FAS in FFA-treated HepG2 cells. Also, Prx5 reduced

abnormal lipid accumulation despite FFA treatment. However, the
suppression of Prx5 (shPrx5) triggered lipogenic gene expression and
lipid deposition (Fig. 4). In summary, our study provides evidence to
support the hypothesis that Prx5 may improve hepatic steatosis by
regulating AMPK-related lipogenesis and ROS generation. Based on the
in vitro results, we further verified the role of Prx5 and its association
with hepatic steatosis in vivo using a Prx5 knockout mouse model.

It is well established that there is a correlation between hepatic
steatosis and MAPK signaling. The MAPK signaling pathway is asso-
ciated with the regulation of inflammation and fatty acid metabolism
[49]. We found that deletion of Prx5 significantly induced the phos-
phorylation of JNK/p38/ERK, but the expression of total JNK/p38/ERK
remained unchanged regardless of Prx5 expression. Prx5 −/− mice
exhibited high levels of iNOS and Cox-2 expression and increased
phosphorylation of IκB, indicating that the deletion of Prx5 activated
the inflammatory response (Fig. 6). The activation of MAPK signaling
increases hepatic inflammation and hepatic damage, leading to an in-
crease of de novo lipogenesis and exacerbating fatty liver disease [50].
We also confirmed lipid metabolism levels in the liver tissue of HFD-
Prx5 −/− mice. Moreover, Prx5 deletion increased the expression of
lipogenic genes (SREBP-1, FAS) and decreased CPT-1α expression
through dephosphorylation of AMPK/ACC (Fig. 5). Im-
munohistochemistry revealed prominent expression of SREBP-1 in liver
sections isolated from Prx5 −/− mice (Fig. 7E). Consistent with these
results, the liver sections from the HFD-fed Prx5 −/− mice displayed
several small fat vacuoles, structural damage, and Oil Red O-stained
lipid droplets, unlike HFD-fed WT mice (Fig. 7C and D).

We have uncovered a novel function of Prx5 in regulating hepatic
energy metabolism and clarified the relationship between Prx5, ROS,
and fatty liver disease. In conclusion, Prx5 overexpression conferred
resistance to hepatic steatosis caused by FFA treatment in HepG2 cells.
Furthermore, Prx5 alleviated abnormal lipid deposition. Prx5 knockout
mice (Prx5 −/− mouse model) were susceptible to HFD-induced fatty
liver disease. This effect might be mediated by the function of Prx5 as
an AMPK activator, which further downregulated SREBP-1 expression.
Moreover, our results suggest that Prx5 has potential for mitigating
liver impairment via the attenuation of intracellular and mitochondrial
ROS levels. Based on these results, we propose that Prx5 protects
against hepatic steatosis induced by excessive energy intake.
Collectively, we therefore suggest that the fundamental therapeutic
effect of Prx5 on hepatic steatosis is due to its powerful antioxidant
activity, maintaining intracellular redox balance. In conclusion, our
present study emphasizes that Prx5, as a pivotal modulator in fatty liver
disease, may be an attractive target for the prevention and treatment of
NAFLD.
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