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Catalpol prevents alteration of cholesterol
homeostasis in non-alcoholic fatty liver disease
via attenuating endoplasmic reticulum stress
and NOX4 over-expression
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Catalpol is a natural product isolated from the root of Rehmannia glutinosa, and contributes to multiple
pharmacological functions. Here, we showed the protective effects of catalpol against the alteration of
cholesterol homeostasis in non-alcoholic fatty liver disease (NAFLD), and further investigated the role of
endoplasmic reticulum stress (ER stress) and NOX4-mediated inhibition in alteration of cholesterol
homeostasis by catalpol in NAFLD. NAFLD was induced in vivo in C57BL/6J mice by feeding with high-
fat diet (HFD) for 12 weeks or in vitro in HepG2 cells by stimulating with palmitate (PA) for 24 hours. The
results showed that catalpol reduced hepatic lipid accumulation, ER stress, NOX4-mediated oxidative
stress and alteration of cholesterol homeostasis in HFD-induced C57BL/6J mice and PA-induced HepG2
cells. In addition, NOX4 over-expression was reduced by ER stress inhibitor TUDCA and GRP78 over-
expression was down-regulated by NOX4 inhibitor DPI in PA-induced HepG2 cells. The results
demonstrated that ER stress and NOX4 over-expression regulated each other in PA-induced NAFLD.
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alteration of cholesterol homeostasis in NAFLD induced by PA. Therefore, catalpol conferred prevention
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease in the world."® Metabolic syndromes such
as obesity, type 2 diabetes and dyslipidemia are serious risk
factors of NAFLD.* NAFLD is characterized by hepatic intracel-
lular lipid accumulation and can progress to non-alcoholic
steatohepatitis (NASH), advanced fibrosis, cirrhosis and
cancer.”® However, the mechanisms involved in the pathogen-
esis of NAFLD are not yet fully understood. Recent studies have
indicated that endoplasmic reticulum stress (ER stress) and
oxidative stress may play important roles in the pathogenesis of
NAFLD.>*® Furthermore, the alteration of cholesterol homeo-
stasis leading to cholesterol accumulation has been found in
NAFLD according to previous study.’ Thus, efforts to achieve
a better understanding of the mechanisms that prevent hepatic
lipid accumulation, ER stress, oxidative stress and alteration of
cholesterol homeostasis in NAFLD are crucial to get new
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therapeutic strategies. It is well known that feeding with high-
fat diet (HFD) could induce NAFLD in vivo and stimulating
with palmitate (PA) which is the most abundant saturated fatty
acid found in western diets and processed foods could induce
NAFLD in vitro.'>** Therefore, we fed C57BL/6] mice with HFD
and stimulated HepG2 cells with PA as NAFLD models to
explore new therapeutic agent of NAFLD.

The progression of NAFLD involves pathological state that is
attributed to the disruption of lipid metabolism homeostasis.”
It is well known that cholesterol is a kind of important lipid
synthesized in the liver.® The alteration of cholesterol homeo-
stasis in NAFLD induced by feeding with HFD or stimulating
with PA changes hepatic cholesterol metabolism of uptake,
synthesis, efflux and elimination related indicators and then
leads to cholesterol accumulation.®**** Thus, efforts to main-
tain cholesterol homeostasis may be beneficial for treatment of
NAFLD. Cholesterol homeostasis is closely regulated by a feed-
back mechanism.'®'” Both sterol regulatory element-binding
protein-2 (SREBP-2) which belongs to sterol regulatory
element-binding proteins (SREBPs) and SREBP cleavage acti-
vating protein (SCAP) predominantly regulate hepatic choles-
terol uptake through low-density lipoprotein receptor (LDLr)
and synthesis through HMGCoA reductase (HMGCoA-1r) by
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a negative-feedback mechanism.”* Efflux of cholesterol is
mainly regulated by adenosine triphosphate-binding cassette
transporter A1 (ABCA1).>° The main route of hepatic cholesterol
catabolism is through biliary excretion, either by conversion
into bile acids or by directly transporting intact cholesterol
to the bile in the liver. And cholesterol conversion into bile
acids is mediated by the rate-limiting enzyme cholesterol-7a-
hydroxylase (CYP7A1).>* CYP7A1l over-expression is contrib-
uted to prevent hepatic cholesterol excessive accumulation.*
Hepatic excess cholesterol accumulation and alteration of
cholesterol homeostasis are associated with ER stress and
oxidative stress, which aggravate NAFLD.>*

ER stress is caused by the perturbation in ER homeostasis
and leads to activate the unfold protein response (UPR).>* In
response to ER stress, three main pathways including PKR-like
ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and
activating transcription factor 6 (ATF6) are activated along with
glucose regulated protein 78 (GRP78) expression and released,
which in turn mediate the UPR.>* PERK autophosphorylation
subsequently increases the expressions of the downstream
makers including eukaryotic initiation factor-2o (eIF2a) auto-
phosphorylation, activating transcription factor 4 (ATF4) and
C/EBP homologous protein (CHOP) in the progress of ER
stress.”*”” In PA induced HepG2 cells and HFD induced livers of
mice, ER stress is believed to mainly activate PERK-eIF2a-CHOP
pathway.'®*® Chronic exposure to ER stress could result in
inflammation even apoptosis.>” ER stress plays a crucial role in
NAFLD and reducing ER stress using pharmacological agents is
believed to be a potential therapeutic target for NAFLD.***

Some studies have indicated that ER stress is linked to
oxidative stress.® Oxidative stress, which is generally existed in
several liver diseases, plays a significant pathogenic role in
HFD-induced NAFLD.” NADPH oxidases (NOXs), which have
been implicated to be the upstream of oxidative stress,*"** are
emerging as major sources of generating reactive oxidative
species (ROS) in many pathological conditions.>** There are at
least seven NOX homologue enzymes found in mammals
(NOX1-5, DUOX1 and DUOX2), while NOX1, NOX2 and NOX4
are mainly expressed in hepatocytes.**" In particular, NOX4 is
readily distinguished from other NOX homologue enzymes
by its high level of expression in the pathogenesis of cardio-
vascular disease, diabetes and NASH.>**** Therefore, the
improvement of NAFLD may also relate to the attenuation of
NOX4 expression.

Catalpol, an iridoid glucoside isolated from the root of Radix
Rehmanniae, has been found to possess multiple pharmaco-
logical properties, including antioxidant, anti-inflammation,
anti-apoptosis, anti-diabetic and neuroprotective properties in
previous studies.***® Notably, catalpol might influence lipid
metabolism in the liver,*”* yet the role of catalpol in NAFLD is
still unknown until now. Therefore, the purposes of the present
study were to explore the therapeutic effects of catalpol on lipid
accumulation, ER stress, NOX4-mediated oxidative stress and
alteration of cholesterol homeostasis in NAFLD, and the
possible molecular mechanism underlying the effects of cata-
lpol protecting against lipid accumulation and alteration of
cholesterol homeostasis in NAFLD.
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2. Materials and methods

2.1. Reagents

Catalpol (98% purity) was purchased from Nanjing Jingzhu
Biotechnology Co., Ltd (Jiangsu, China). Sodium palmitate and
free fatty acid-free BSA were purchased from Sigma (St. Louis,
MO, USA). The NOX inhibitor, diphenyleneiodonium (DPI), was
purchased from Sigma (St. Louis, MO, USA). The ER stress
inhibitor, tauroursodeoxycholic acid (TUDCA), was obtained
from Dalian Meilun Biological Technology Co., Ltd (Dalian,
China).

2.2. Animals and treatment

Eight week-old male C57BL/6] mice weighting 20 £+ 2 g were
purchased from Liaoning changsheng Biotechnology Co., Ltd.
(Liaoning, China). 40 healthy mice were acclimated for 1 week
and then randomly distributed into five groups with 8 mice in
each group: (1) control group, (2) single catalpol group: control
+ catalpol (100 mg kg~ " d~') group, (3) HFD group, (4) HFD +
catalpol (100 mg kg~' d~") group, and (5) HFD + catalpol
(200 mg kg ' d~') group. Mice of control and single catalpol
groups were received a standard diet. For induction of NAFLD,
other mice were fed a 45% kcal fat diet (4.73 kcal g~ !, MD12032,
Medicience Ltd., Jiangsu, China; protein 24.0%, carbohydrate
41.0%, and fat 24.0%). Mice in catalpol treatment groups were
gavaged for indicated concentrations of catalpol for 12 weeks
and other mice were received normal saline, simultaneously fed
with the corresponding diet. Mice were maintained on
a temperature- and humidity-controlled environment with 12 h
light and 12 h dark cycle. The mice were fed free access to sterile
water and fortnightly weighted. At the end of the experiment
period, blood was sampled by eyeball extracting and liver
tissues were isolated for analysis. All experiments were
approved by the Animal Care and Use Committee of Dalian
Medical University, and the experimental procedures were
strictly carried out in accordance with Legislation Regarding the
Use and Care of Laboratory Animals of China.

2.3. Cell culture and treatment

Human hepatocellular carcinoma cell line HepG2 was
purchased from Nanjing KeyGEN Biotechnology Inc. (Jiangsu,
China). The HepGz2 cells were cultured in Dulbecco’'s Modified
Eagle’s Medium (DMEM) containing 10% (v/v) fetal bovine
serum (FBS) (Gibco, MD, USA) in a humidified incubator with
5% CO, at 37 °C. One day before treatment, the culture medium
was changed to DMEM medium without FBS. Sodium palmitate
was dissolved in PBS at 70 °C and then mixed with 10% BSA at
55 °C for 10 min to achieve a final PA concentration of 300 uM.
The experiments were divided into six groups: control; induc-
tion with 25 uM catalpol; NAFLD induction with 300 uM PA;
concomitant induction with 12.5, 25, 50 puM catalpol and
300 uM PA. Briefly, HepG2 cells were seeded on 6-well plates at
a density of 1 x 10° per well and allowed to grow to desired
confluence. Then the cells were treated with indicated concen-
trations of PA and catalpol for 24 hours and the cells or culture
media were collected to analysis.

This journal is © The Royal Society of Chemistry 2017
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2.4. Biochemical analyses

Blood samples were centrifuged (3000 rpm, 10 min, 4 °C) and
serum was separated for analysis. Total cholesterol (TC), triglyc-
eride (TG), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), superoxide dismutase (SOD), glutathione
(GSH), malondialdehyde (MDA) and lactic dehydrogenase (LDH)
levels of serum were measured using commercial kits purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Free fatty acid (FFA) level of serum was determined using
mouse FFA ELISA kit from Shanghai Lengton Bioscience Co., LTD
(Shanghai, China). SOD, GSH, MDA and LDH levels of HepG2
cells were determined with commercial kits from Nanjing Jian-
cheng Bioengineering Institute (Nanjing, China). TC, TG and FFA
of HepG2 cells were measured using human ELISA kits from
Elabscience Biotechnology Co., Ltd (Hubei, China). All kits were
used according to the corresponding manufacturers' instructions.

2.5. Liver histological analysis

For pathological analysis, the isolated left lateral segment of the
liver lobes was fixed into 4% paraformaldehyde solution. Then
the fixed-livers were embedded in paraffin and sliced (5 pm
sections). Finally, sections of liver tissues were stained with
hematoxylin—eosin (H&E).

2.6. Lipid accumulation analysis

The lipid accumulation in liver tissues or HepG2 cells was
evaluated by Oil Red O staining. Briefly, the unfixed freshly
frozen liver tissues were embedded in optimal cutting temper-
ature (OCT) compound and sectioned at 10 pm frozen sections.
HepG2 cells were fixed with 4% paraformaldehyde solution.
After the operations, the samples were stained with Oil Red O
and then counterstained with hematoxylin. The Oil Red O
staining kits was purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China) and the experiments were
performed according to the manufacturers' instructions.

2.7. Electron microscopy

For ultrastructural analysis by electron microscopy, the liver
samples of control, HFD and high-dose catalpol treatment
group were fixed in 2.5% glutaraldehyde solution and
embedded according to standard protocols. Briefly, the samples
were rinsed in PBS and then postfixed in 1% osmium tetroxide.
After rinsing in PBS for 45 min, the samples were dehydrated in
a graded series of ethanol (70-100%) and then routinely
embedded in epon. Then, embedded specimens were cut into
ultrathin sections of 0.5 pm. Finally, ultrathin sections were
stained with uranyl acetate and lead citrate.

2.8. Western blot analysis and antibodies

Equal amounts of protein extracts from liver tissues or HepG2
cells were separated by 8-15% SDS-PAGE and transferred to
polyvinyldifluoride (PVDF) membranes. These polyvinyldi-
fluoride (PVDF) membranes were incubated with the appro-
priate primary antibodies after blocking and then incubated
with goat anti-rabbit or goat anti-mouse HRP-labeled secondary
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antibodies. Finally, the singles were detected by ECL Western
Blotting Detection Substrate (Biotool, Houston, USA).

CYP7A1 polyclonal antibody, p-IRE1a polyclonal antibody and
HMGCoA-r polyclonal antibody were purchased from Abcam Co.,
Ltd (Cambridge, UK). Polyclonal antibodies SCAP, SREBP-2,
LDLr, NOX4, GRP78, ATF4, ATF6, CHOP, p65, Bcl-2, Caspase-3,
Caspase-9 and Histone-H3 were purchased from Proteintech
Group Inc. (Wuhan, China). Polyclonal antibodies PERK,
P-PERK, IRE1a, elF2o and p-elF2a were purchased from Beijing
Biosynthesis Biotechnology Co., Ltd (Beijing, China). Polyclonal
antibodies B-actin, p22phox, p-p65 and ABCA1 were purchased
from Bioworld Technology Co., Inc. (St. Louis Park, MN, USA).

2.9. Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR)

According to manufacturer's instructions, total RNAs from liver
tissues or HepG2 cells were isolated with TransZol Up (RNAiso
Plus) (TransGen, Beijing, China) and the RNA was converted to
¢DNA using an all-in-one ¢cDNA Synthesis SuperMix (Biotool,
Houston, USA). Quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR) amplification and detec-
tion were performed using the 7500 qPCR system (Applied
Biosystems, USA) in a real-time PCR machine with 2x SYBR
Green qPCR Master Mix (Low ROX) (Biotool, Houston, USA). We
used the B-actin as an internal control gene and the relative
expression levels were analyzed using the 20722 method. All
the primers were purchased from Invitrogen Biotechnology Co.,
Ltd (Shanghai, China) (Tables 1 and 2).

2.10. Statistical analysis

All statistical analysis was performed using SPSS 19.0 software.
All data were expressed as means + SD. Differences between the

Table 1 Mouse primers for quantitative real-time PCR

Genes Mouse primers

B-Actin Forward 5-ACTGCCGCATCCTCTTCCT-3'
Reverse 5'-TCAACGTCACACTTCATGATGGA-3'

SCAP Forward 5'-ACTGGACTGAAGGCAGGTCAA-3’
Reverse 5'-GCCTCTAGTCTAGGTCCAAAGAGTTG-3’

SREBP-2 Forward 5'-CATCCCTTGGGCCAGAAGTT-3’
Reverse 5'-TCCTTGGCTGCTGACTTGATC-3'

LDLr Forward 5-TTGGGTTGATTCCAAACTCCAT-3'
Reverse 5'-CCGATTGCCCCCATTGA-3’

HMGCoA-r Forward 5'-CCTGGGCCCCACATTCA-3’
Reverse 5'-GACATGGTGCCAACTCCAATC-3’/

ABCA1 Forward 5'-ACTTAGGGCACAATTCCACAAGA-3’
Reverse 5'-CTCCTGTGGTGTTTCTGGATGA-3’

CYP7A1 Forward 5'-AGCAATGAAAGCAGCCTCTGA-3’
Reverse 5'-GAGCCGCAGAGCCTCCTT-3’

NOX4 Forward 5-TGTACTTTATCTGGGTGTGCAGAGA-3’
Reverse 5'-TCTTCTGAATCCCATCTGTTTGAC-3’

GRP78 Forward 5'-TCATCGGACGCACTTGGAA-3’
Reverse 5'-CAACCACCTTGAATGGCAAGA-3/

CHOP Forward 5'-GTCCCTAGCTTGGCTGACAGA-3'
Reverse 5" TGGAGAGCGAGGGCTTTG-3’

ATF4 Forward 5'-CTCAGACAGTGAACCCAATTGG-3'
Reverse 5'-GGCAACCTGGTCGACTTTTATT-3'
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means of individual groups were analyzed by one-way ANOVA
Table 2 Human primers for quantitative real-time PCR with LSD (least significant difference) post hoc test. Data was

carried out at least three independent experiments. A signifi-

Genes Human primers )
cant difference was defined as P < 0.05.
-Actin Forward 5'-TGGCACCCAGCACAATGAA-3’
B
Reverse 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3'/
SCAP Forward 5'-GCTCACCAAGTCTGTGGTCTCAA-3' 3. Results
Reverse 5'-GCACTAGGGTGAAGTAGCCGATG-3’ Ipol d d bod ioh £ mi
SREBP-2 Forward  5-ATGCGGCTCTGGCCTATCAC-3' 3.1. Catalpol decreased body weights of mice
Reverse 5-CTGCACATTCAGCCAGGTTCA-3' NAFLD presents a spectrum of liver abnormalities that is known
/_ _2/ . . .
LDLr Forward 5, GTGTCACAGCGGCGAATG-3 , to parallel with obesity.** Therefore, we fortnightly measured
Reverse 5'-CGCACTCTTTGATGGGTTCA-3 bod ioh £ mi The bod ioh £ mi ionifi
HMGCoA-T  Forward  5-GGCCCAGTTGTGCGTCTT-3' ody weights of mice. The body weights of mice were signifi-
Reverse 5 TTTCGAGCCAGGCTTTCACT-3/ cantly increased in HFD group and catalpol decreased the body
ABCA1 Forward 5“TTCCCGCATTATCTGGAAAGC-3' weights of HFD-fed mice (Fig. 1A). Concurrently, the body
Reverse 5'-CAAGGTCCATTTCTTGGCTGT-3' weights of mice in single catalpol group were clearly decreased
/_ _2/ .
CYP7AL Forward 5, AGAGAGCWGAGGCACGAGAAls compared to control group (Fig. 1A). These results showed that
Reverse 5-AATGGTGTTTGCTTGCGATG-3 Ipol d d bod iohts of mice feedi ith ith
NOX4 Forward 5/-GCTGCATCAGTCTTAACCGAAC-3/ catalpol decreased body weights of mice feeding with or without
Reverse 5'-GGCTCTTCCATACAAATCTTCACA-3'  HFD.
GRP78 Forward 5'-CACAGTGGTGCCTACCAAGAAG-3'
Reverse 5'-AGCAGGAGGAATTCCAGTCAGA-3' ) o o
CHOP Forward 5 -GCTTCTCTGGCTTGGCTGACT-3/ 3.2. Catalpol ameliorated hepatic injury and lipid
Reverse 5-CTGTTTCCGTTTCCTGGTTCTC-3 accumulation in HFD-fed mice
ATF4 Forward 5'-CCAGCAAAGCACCGCAACA-3' H tic ini d lipid lati f tly f d
Reverse - CCATCCACAGCCAGCCATT-3' Hepatic injury and lipid accumulation were frequently foun
in NAFLD.** The results indicated that serum ALT and AST
levels were increased in HFD-fed mice, and serum ALT and
A % B - e C 1 1500
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Fig. 1 Catalpol ameliorated body weights, hepatic injury and lipid accumulation in HFD-fed mice. (A) Body weights variation during 12 weeks
period. (B) Serum levels of ALT and AST. (C) Serum levels of TC, TG and FFA. The results are the mean + SD (n = 8), *P < 0.05 vs. control group, **P
< 0.01 vs. control group, #¥P < 0.05 vs. HFD group, #*#P < 0.01 vs. HFD group. (D) HE staining of liver sections and (E) Oil Red O staining of liver
sections: (a) control; (b) control + catalpol (100 mg kg™); (c) HFD; (d) HFD + catalpol (100 mg kg™?); and (e) HFD + catalpol (200 mg kg ™). HGE-
and Oil Red O-stained sections were photographed at 200 x magnification. (F) Transmission electron microscopy of liver sections: (a) control; (b)
HFD; and (c) HFD + catalpol (200 mg kg ™). The liver sections were photographed at 10 000x magnification. The lipid droplets were indicated by
arrows.
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AST levels were decreased in catalpol-treated mice (Fig. 1B).
Additionally, the TC, TG and FFA levels of serum were signif-
icantly increased in HFD-fed mice. However, catalpol clearly
abrogated the increases of serum TC, TG and FFA in HFD-fed
mice (Fig. 1C). Meanwhile, H&E staining of liver displayed
significant macrovesicular steatosis in hepatocytes of HFD-fed
mice, while steatosis was clearly reduced in hepatocytes of
catalpol-treated mice (Fig. 1D). In agreement, the result of Oil
Red O staining demonstrated a pronounced increase of
hepatic lipid droplets in HFD-fed mice. However, hepatic lipid
droplets accumulation was observably decreased in catalpol-
treated groups compared with HFD-fed group (Fig. 1E), and
it was concomitant with a significant reduction of hepatic
intracellular lipid drops in high-dose catalpol treated mice
compared with HFD-fed mice by transmission electron
microscopy (Fig. 1F). Collectively, these results confirmed that
catalpol ameliorated hepatic injury and lipid accumulation in
HFD-fed mice.

>
w
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3.3. Catalpol prevented hepatic alteration of cholesterol
homeostasis in HFD-fed mice

NAFLD is characterized with hepatic excess cholesterol accu-
mulation and hepatic cholesterol abnormal metabolism is
associated with NAFLD.® The LDLr and HMGCoA-r, which
respectively play pivotal roles in intracellular cholesterol uptake
and synthesis, are predominantly regulated by SREBP-2 and
SCAP expressions.®"” The results showed that hepatic LDLr and
HMGCoA-rT mRNA and protein expressions were inhibited in
HFD-fed mice (Fig. 2A and B). However, hepatic LDLr and
HMGCoA-r mRNA and protein expressions were significantly
increased in catalpol-treated mice compared to HFD-fed mice.
As the regulators of LDLr and HMGCoA-r, SCAP and SREBP-2
mRNA and protein expressions were also clearly decreased in
livers of HFD-fed mice, whereas catalpol significantly elevated
hepatic SCAP and SREBP-2 mRNA and protein expressions in
HFD-fed mice (Fig. 2C and D). ABCA1 is the key mediator for
hepatic cholesterol efflux,”” and feeding with HFD to mice

0
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Fig.2 Catalpol prevented hepatic alteration of cholesterol homeostasis in HFD-fed mice. (A) Hepatic LDLr mRNA and protein expression levels.
(B) Hepatic HMGCoA-r mRNA and protein expression levels. (C) Hepatic SCAP mRNA and protein expression levels. (D) Hepatic SREBP-2 mRNA
and protein expression levels. (E) Hepatic ABCAL mRNA and protein expression levels. (F) Hepatic CYP7A1 mRNA and protein expression levels.
The results are mean =+ SD (n = 3), *P < 0.05 vs. control group, **P < 0.01 vs. control group, #*#P < 0.01 vs. HFD group.
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clearly up-regulated hepatic ABCA1 mRNA and protein expres-
sions in the present study. However, hepatic ABCA1 mRNA and
protein expressions were significantly down-regulated in
catalpol-treated mice compared to HFD-fed mice (Fig. 2E).
CYP7A1 is the limiting enzyme which mainly eliminates hepatic
excessive cholesterol conversion to bile acids.*®> In HFD-fed
mice, the levels of hepatic CYP7A1 mRNA and protein expres-
sions were markedly suppressed, whereas treatment with cata-
Ipol significantly reversed the suppressed CYP7A1 expressions
(Fig. 2F). In conclusion, catalpol prevented hepatic alteration of
cholesterol homeostasis in HFD-fed mice.

3.4. Catalpol inhibited hepatic ER stress in HFD-fed mice

ER stress plays a crucial role in NAFLD and thus could be
a potential therapeutic target for NAFLD.**** GRP78, a key
regulator of UPR and an ER resident chaperone protein, is fol-
lowed to express and release in ER stress.> The results showed
that feeding with HFD to mice obviously up-regulated hepatic
GRP78 mRNA and protein expressions. Reversely, catalpol
significantly reduced the increases of hepatic GRP78 mRNA and
protein expressions in HFD-fed mice (Fig. 3A). Following the
release of GRP78, three ER stress sensors including PERK, IRE1
and ATF6 were activated.*® In HFD-fed mice, hepatic p-PERK,
p-IREla, ATF6 protein expressions were clearly increased. In
addition, hepatic protein expression of p-eIF2o. and mRNA and
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protein expressions of ATF4 and CHOP were up-regulated in
HFD-fed mice. However, catalpol significantly decreased
hepatic protein over-expressions of p-PERK, p-IRE1la, ATF6 and
p-elF2a in HFD-fed mice and catalpol also reduced the
increases of hepatic ATF4 and CHOP mRNA and protein
expressions in HFD-fed mice (Fig. 3B-G). These results sug-
gested that catalpol inhibited hepatic ER stress in HFD-fed
mice.

3.5. Catalpol attenuated hepatic oxidative stress and NOX4
over-expression in HFD-fed mice

NAFLD patients were reported to increase hepatic oxidative stress
which was an important factor in the progression of NAFLD.*"**
The results showed that the levels of serum LDH and lipid per-
oxidation products like MDA were increased, and the levels of
serum anti-oxidants enzymes like SOD and anti-oxidants
compounds such as GSH were decreased in HFD-fed mice. On
the contrary, serum GSH and SOD levels were clearly increased
and serum MDA and LDH levels were significantly reduced in
catalpol-treated mice compared with HFD-fed mice (Fig. 4A-D).
NOX4 is one of the homologue enzymes of NADPH oxidases
(NOXs) which regulate oxidative stress.*** The results demon-
strated that feeding with HFD to mice induced hepatic NOX4
mRNA and protein over-expressions were greatly attenuated by
treating with catalpol (Fig. 4E and F). The protein expression of
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p22phox, which is required for all NADPH oxidase isoforms as
a catalytic subunit of NADPH oxidases,* was increased in livers
of HFD-fed mice. However, catalpol attenuated p22phox protein
over-expression in HFD-fed mice (Fig. 4G). Overall, these findings
further proved that catalpol attenuated hepatic oxidative stress
and NOX4 over-expression in HFD-fed mice.

3.6. Catalpol inhibited hepatic activation of NF-kB pathway
and apoptosis in HFD-fed mice

Some studies considered that ER stress and oxidative stress
could activate inflammation effects such as activation of NF-xB
pathway.*****> The results showed that feeding with HFD up-
regulated hepatic protein expressions of nucleus p65 and total
p-p65, and the hepatic protein expressions of nucleus p65 and
total p-p65 were significantly down-regulated in catalpol-treated
mice (Fig. 5A and B). Therefore, catalpol inhibited hepatic NF-
kB pathway activation in HFD-fed mice.

Hepatic cells apoptosis was reported to be activated by pro-
longing ER stress.>® The results showed that feeding with HFD to
mice could induce significant increases of hepatic caspase
protein expressions such as Caspase-9 and Caspase-3. Moreover,
the anti-apoptotic protein Bcl-2 was clearly down-regulated in
livers of HFD-fed mice. Whereas, catalpol obviously decreased
hepatic Caspase-3 and Caspase-9 as well as elevated Bcl-2 protein
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expression levels in HFD-fed mice (Fig. 5C-E). Thus, catalpol
inhibited hepatic apoptosis in HFD-fed mice.

3.7. Catalpol ameliorated lipid accumulation in PA-induced
HepG2 cells

The results demonstrated that catalpol dose-dependently
decreased the increases of TC, TG and FFA levels in HepG2
cells induced by PA (Fig. 6A). Additionally, Oil Red O staining
demonstrated more lipid droplets in HepG2 cells induced by
PA, however, less lipid droplets was found in HepG2 cells of
catalpol-treated groups compared with PA group (Fig. 6B). Thus,
these results confirmed that catalpol ameliorated lipid accu-
mulation in PA-induced HepG2 cells.

3.8. Catalpol prevented alteration of cholesterol
homeostasis in PA-induced HepG2 cells

As the results indicated, PA obviously inhibited HepG2 cells
LDLr, HMGCoA-r, SCAP and SREBP-2 mRNA and protein
expressions. However, catalpol significantly up-regulated LDLr,
HMGCOoA-1, SCAP and SREBP-2 mRNA and protein expressions
in a dose-dependent manner in PA-induced HepG2 cells
compared with PA group (Fig. 7A-D). In addition, catalpol dose-
dependently repressed PA induced elevations of ABCA1 mRNA
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Fig. 6 Catalpol ameliorated lipid accumulation in PA-induced HepG2 cells. (A) The levels of TC, TG and FFA. The results are the mean + SD (n =
3), **P < 0.01 vs. control group, #*#P < 0.01 vs. PA group. (B) Oil Red O staining of HepG2 cells: (a) control; (b) catalpol (25 uM); (c) PA (300 pM); (d)
PA + catalpol (12.5 uM); (e) PA + catalpol (25 uM); and (f) PA + catalpol (50 uM). Oil Red O staining of HepG2 cells were photographed at 400x

magnifications.
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Fig.7 Catalpol prevented the alteration of cholesterol homeostasis in PA-induced HepG2 cells. (A) LDLr mRNA and protein expression levels. (B)
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and protein expressions in HepG2 cells (Fig. 7E). As expected,
CYP7A1 expressions of mRNA and protein in HepG2 cells were
decreased by PA, yet catalpol significantly increased the mRNA
and protein expressions of CYP7A1 in a dose-dependent manner
in PA-induced HepG2 cells (Fig. 7F). In conclusion, catalpol
prevented alteration of cholesterol homeostasis in PA-induced
HepG2 cells.

3.9.

The results demonstrated that GRP78, ATF4 and CHOP mRNA
and protein expressions were clearly elevated in HepG2 cells
induced by PA, whereas treatment with catalpol could signifi-
cantly decreased GRP78, ATF4 and CHOP mRNA and protein
expressions in a dose-dependent manner (Fig. 8A-C). Addi-
tionally, PA markedly elevated protein expression levels of
P-PERK, p-IRE1a, ATF6 and p-eIF2a in HepG2 cells, however,
the expressions of p-PERK, p-IREla, ATF6 and p-eIF2a were
significantly inhibited by treating with catalpol in a dose-

Catalpol inhibited ER stress in PA-induced HepGz2 cells

This journal is © The Royal Society of Chemistry 2017

dependent manner in PA-induced HepG2 cells (Fig. 8D-G).
These data indicated that catalpol inhibited ER stress in PA-
induced HepGz2 cells.

3.10. Catalpol attenuated oxidative stress and NOX4 over-
expression in PA-induced HepG2 cells

The results showed that catalpol significantly increased GSH
level and SOD activity, yet reduced MDA level in a dose-
dependent manner in PA-induced HepG2 cells (Fig. 9A-C). The
production of LDH in the culture supernatant was up-regulated
by PA, whereas catalpol treatment resulted in the down-
regulation of LDH dose-dependently (Fig. 9D). Additionally, the
attenuating effects of catalpol on NOX4 over-expressions of
mRNA and protein dose-dependently were also observed in PA-
induced HepG2 cells (Fig. 9E and F). The results also showed
catalpol significantly decreased PA induced p22phox protein
over-expression in PA-induced HepG2 cells (Fig. 9G). Overall,
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these findings further proved that catalpol attenuated oxidative
stress and NOX4 over-expression in PA-induced HepG2 cells.

3.11. NOX4 over-expression and ER stress regulated each
other in PA-induced NAFLD

To determine the interaction between PA-induced NOX4
over-expression and ER stress in HepG2 cells, we treated
PA-induced HepG2 cells with the ER stress inhibitor TUDCA or
the NOX inhibitor DPI to analyze NOX4 or GRP78 protein
expressions, respectively. TUDCA inhibited PA induced NOX4
protein over-expression and DPI reduced PA induced GRP78
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protein over-expression (Fig. 10A and B). These results provided
ample evidence that NOX4 over-expression and ER stress regu-
lated each other in PA-induced NAFLD.

3.12. Catalpol prevented PA induced lipid accumulation and
alteration of cholesterol homeostasis via attenuating ER
stress and NOX4 over-expression in HepG2 cells

To determine whether attenuating ER stress and NOX4 over-
expression were the mechanisms of catalpol preventing
PA-induced lipid accumulation of NAFLD, we respectively
adopted TUDCA or DPI to investigate lipid accumulation in
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Fig. 10 NOX4 over-expression and ER stress regulated each other and catalpol prevented lipid accumulation and alteration of cholesterol
homeostasis via attenuating ER stress and NOX4 over-expression in PA-induced HepG2 cells. (A) The effect of TUDCA on NOX4 protein
expression. (B) The effect of DPI on GRP78 protein expression. The results are the mean + SD (n = 3), **P < 0.01 vs. control group, ##p < 0.01 vs.
PA group. (C) Oil Red O staining of HepG2 cells: (a) control; (b) PA (300 uM); (c) PA + TUDCA (2.5 mM); (d) PA + DPI (10 pM). Oil Red O staining of
HepG2 cells were photographed at 400 x magnifications. (D) The effect of TUDCA or DPI on LDLr protein expression. (E) The effect of TUDCA or
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Fig. 11 Catalpol inhibited activation of NF-kB pathway and apoptosis in PA-induced HepG2 cells. (A) Nucleus p65 protein expression level. (B)
Level of p-p65 protein expression. (C) Bcl-2 protein expression level. (D) Caspase-9 protein expression level. (E) Caspase-3 protein expression
level. The results are the mean + SD (n = 3), *P < 0.05 vs. control group, **P < 0.01 vs. control group, **P < 0.01 vs. PA group.

HepG2 cells by using staining of Oil Red O. Consistent with the
effect of catalpol reducing intracellular lipid droplets in
PA-induced HepGz2 cells, the effect of PA increasing the number
of intracellular lipid droplets was respectively abolished when
ER stress or NOX4 was blocked by TUDCA or DPI (Fig. 10C).
Additionally, the results showed that the protein levels of
SREBP-2, LDLr, HMGCoA-r and CYP7A1 were attenuated and
ABCA1 protein expression was elevated in PA-induced HepG2
cells. In line with catalpol, these protein levels were clearly
reversed by administrating with TUDCA or DPI (Fig. 10D-H).
Collectively, these results confirmed that catalpol prevented PA
induced lipid accumulation and alteration of cholesterol
homeostasis in NAFLD partly via attenuating ER stress and
NOX4 over-expression in HepG2 cells.

3.13. Catalpol inhibited activation of NF-kB pathway and
apoptosis in PA-induced HepG2 cells

As the results, catalpol dose-dependently decreased PA induced
increases of nucleus p65 and total p-p65 protein expressions in
HepG2 cells (Fig. 11A and B). The findings suggested that cat-
alpol inhibited activation of NF-kB pathway in PA-induced
HepG2 cells.

Apoptosis could be induced by PA.** The results showed that
catalpol dose-dependently elevated Bcl-2 and decreased
Caspase-9 and Caspase-3 protein expressions in PA group
(Fig. 11C-E). The results indicated that catalpol inhibited
apoptosis in PA-induced HepG2 cells.

1172 | RSC Adv., 2017, 7, 1161-1176

4. Discussion

In recent years, the incidence of NAFLD was increasingly
high.'® However available therapeutic approaches of NAFLD
were still limited.” Therefore, the new treatment strategies of
NAFLD are required. Catalpol is a natural product present in the
roots of Rehmannia glutinosa with multiple pharmacological
effects,?® and recent studies indicated that catalpol might
influence lipid metabolism in the liver.*® In our study, we firstly
attempted to demonstrate that (1) catalpol confers the preven-
tion against hepatic lipid accumulation, ER stress, NOX4-
mediated oxidative stress and alteration of cholesterol homeo-
stasis in HFD- and PA-induced NAFLD; (2) ER stress and NOX4
over-expression regulate each other in PA-induced NAFLD; and
(3) catalpol prevents against PA induced hepatic lipid accumu-
lation and alteration of cholesterol homeostasis by attenuating
ER stress and NOX4 over-expression in HepG2 cells.

NAFLD, which is characterized by hepatic intracellular
lipid accumulation, is paralleled with obesity.** In the present
study, we found catalpol decreased body weights of HFD-fed
mice. Furthermore, we found the role of catalpol ameliorating
hepatic lipid accumulation and injury in HFD- and PA-induced
NAFLD. Catalpol decreased lipid levels such as TC, TG and FFA
in serum of HFD-induced mice and in PA-induced HepG2 cells.
In addition, Oil Red O and H&E staining and transmission
electron microscopy demonstrated that catalpol reduced
hepatic massive lipid accumulation in HFD-induced mice.
Consistent with experiments in mice, Oil Red O staining

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26046b

Open Access Article. Published on 04 January 2017. Downloaded on 10/19/2025 7:19:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

showed that catalpol reduced the increase of lipid accumulation
in PA-induced HepG2 cells. The results also showed catalpol
decreased ALT and AST levels of serum in HFD-induced mice.
Therefore, catalpol has remarkable favorable functions for
treating NAFLD.

ER stress is an important feature of several liver diseases
especially HFD and saturated fatty acid such as PA induced
NAFLD.'*?*”*>%* The activated components of ER stress induced
by feeding with HFD and stimulating with PA have previously
been thought to be primarily confined to PERK-dependent
pathway.'®*® In the present study, the up-regulated expres-
sions of signs of ER stress such as GRP78, p-PERK, p-eIF2a and
ATF4 were found in livers of HFD-fed mice and in PA-induced
HepG2 cells. Furthermore, we also found ATF6 and p-IREla
expressions were up-regulated in livers of HFD-fed mice and in
PA-induced HepG2 cells, suggested that not only the PERK
pathway but also ATF6 and IRE1 pathways of ER stress might be
activated by feeding with HFD and stimulating with PA. Inter-
estingly, these signs of ER stress were down-regulated after
treating with catalpol in livers of HFD-fed mice and HepG2 cells
induced by PA, indicating catalpol could prevent the three
pathways of ER stress in HFD- and PA-induced NAFLD.

Hepatic apoptosis has been shown in the process of NAFLD
and unresolved ER stress could induce apoptosis.”>** Several
apoptosis mediators such as transcription factor CHOP, Bcl-2
family proteins and caspase activation are implicated in ER
stress-associated cell apoptosis.” The transcription factor
CHOP is the most well characterized proapoptotic pathway that
operates as a downstream component of ER-stress pathways
converging the IRE1, PERK and ATF6 pathways and activated by
ATF4, ATF6 and XBP1.?”*® As shown in the results, the increased
of CHOP, Caspase-9 and Caspase-3 and the decreased of Bcl-2
expression in liver of HFD-fed mice and HepG2 cells induced
by PA were significantly reversed by catalpol in the present
study. Therefore, catalpol could effectively prevent hepatic
apoptosis in HFD- and PA-induced NAFLD.

NF-kB plays a crucial role in the transformation from simple
steatosis to steatohepatitis.”” And in many models of diseases in
vivo and in vitro, NF-kB pathway has been proved to be associ-
ated with ER stress and oxidative stress.*>***° In the present
study, catalpol decreased both p-p65 and nucleus p65 expres-
sions in livers of HFD-fed mice and in HepG2 cells induced by
PA, suggesting catalpol inhibited hepatic NF-kB pathway acti-
vation in HFD- and PA-induced NAFLD.

Oxidative stress, which generally leads to several liver
diseases, was demonstrated to play a critical role in the patho-
genesis of NAFLD.”*" Excessive lipid accumulation increases
oxidative stress and consequently developing into metabolic
syndrome.®>*® In the present study, catalpol exhibited beneficial
effects against oxidative stress in NAFLD by increasing GSH
content and SOD activity but decreasing levels of MDA and LDH
in serum in HFD-fed mice and in PA-induced HepG2 cells.
NADPH oxidases, as the regulators of oxidative stress, have been
implicated to be the major sources of ROS generation in many
pathological conditions and play important roles in liver injury
and fibrosis.>** In the liver, NOX1, NOX2 and NOX4 are the
main ROS producers.* Previous study reported that fa/fa rats

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

fed with HFD increased hepatic activities of NADPH oxidases.**
In addition, the expression of NOX4 was significantly increased
in livers of NASH?® and in livers of db/db mice fed with a western
diet.** In the present study, we demonstrated that catalpol
down-regulated NOX4 and p22phox expressions in livers of
HFD-fed mice and in PA-induced HepG2 cells. Therefore, cata-
Ipol might attenuate hepatic NOX4-mediated oxidative stress in
HFD- and PA-induced NAFLD.

It is well known that ER stress associates with oxidative
stress and recent study reported ER stress is related to NOX4
over-expression.®®® Consistent evidence demonstrated that the
NOX4 mRNA and protein expressions were increased during ER
stress induced by distinct stimuli.®® However, the exact rela-
tionship of ER stress and NOX4 over-expression stimulated by
PA has not been described. In the present study, the NOX4 was
down-regulated by ER stress inhibitor TUDCA and GRP78 was
down-regulated by NOX4 inhibitor DPI in PA-induced HepG2
cells, suggesting that ER stress and NOX4 over-expression
regulated each other in PA-induced HepG2 cells. Recent find-
ings raised the possibility that ER stress is a contributing factor
to the development of hepatic steatosis.” Unfolded protein
response (UPR) was originally identified to maintain essential
ER homeostasis and various studies indicated its important role
in maintaining hepatic lipid metabolism.® More specifically,
PERK siRNA has been shown to abrogate lipid accumulation in
immortalized embryonic fibroblasts.®® It is possibly that
decreased ER stress may improve hepatic lipid accumulation. In
addition, recent studies reported NOX4 as a regulator of meta-
bolic homeostasis and treatment with NADPH oxidases inhib-
itor in obese mice attenuated hepatic steatosis.®® In the present
study, DPI or TUDCA respectively blocked the increased lipid
accumulation in PA-induced HepG2 cells by Oil Red O staining.
Thus, catalpol prevented PA induced hepatic lipid accumula-
tion of NAFLD at least partly via attenuating NOX4 over-
expression and ER stress.

Experimental inductions of hepatic alteration of cholesterol
homeostasis are relevant to the pathogenesis of NAFLD.*'* The
main rate-limiting enzyme of hepatic cholesterol conversion
into bile acids is CYP7A1.”* Previous study showed that gene
expression and the activity of CYP7A1 were reduced in livers of
HFD-feeding mice."* Additionally, over-expressing of CYP7A1
could be a resistance to accumulation of cholesterol in the liver
of transgenic mice.?** Therefore, the reduction of CYP7A1 may
be a crucial reason of cholesterol accumulation and up-
regulated CYP7A1 is possibly associated with the improve-
ment of hepatic cholesterol level in NAFLD. In the present
study, we found that hepatic CYP7A1 expressions were down-
regulated by feeding with HFD and stimulating with PA, yet
catalpol up-regulated CYP7A1 expressions. The liver LDLr which
is the most important receptor regulating LDL-cholesterol
uptake and HMGCoA-r which is the rate-limiting enzyme in
cholesterol synthesis are predominantly regulated by SREBP-2
and SCAP in a negative-feedback mechanism.>"” Previous
studies demonstrated that the suppression of hepatic SREBP-2,
LDLr and HMGCoA-r induced by feeding with HFD.*”*7* Inter-
estingly, over-expression of CYP7A1 in hepatoma cells activated

SREBP-mediated LDL receptor gene expression” and
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constitutive expression of CYP7A1 transgene in mice could
cause the reduction in diet-induced hypercholesterolemia and
the increased expressions in SREBP-mediated LDLr and
HMGCoA-r in liver.”* In the present study, catalpol increased the
expressions of SCAP, SREBP-2, LDLr and HMGCoA-r in livers of
HFD-fed mice and PA-induced HepG2 cells. ABCA1 whose over-
expression in NAFLD has been demonstrated to regulate
hepatic cholesterol efflux.” Furthermore, the expression of
ABCA1 in primary hepatocytes was increased after 16 h or 40 h
incubation with PA.* In the present study, catalpol inhibited
ABCA1 over-expression in livers of HFD-fed mice and PA-
induced HepG2 cells. In brief, catalpol could prevent against
alteration of cholesterol homeostasis in HFD- and PA-induced
NAFLD.

In the present study, catalpol prevented PA induced hepatic
lipid accumulation of NAFLD at least partly via attenuating ER
stress and NOX4 over-expression. Thus, the possibility is rising
that the mechanism of catalpol preventing alteration of
cholesterol homeostasis was also via attenuating ER stress and
NOX4 over-expression. As expected, the inhibited expressions of
SREBP-2, LDLr, HMGCoA-r and CYP7A1l and elevated expres-
sion of ABCA1 in PA-induced HepG2 cells were abolished by
administrating the inhibitor of ER stress TUDCA or the inhib-
itor of NOX4 DPI. Thus, catalpol conferred prevention against
alteration of cholesterol homeostasis in NAFLD at least partly
through attenuating ER stress and NOX4 over-expression.

5. Conclusions

In summary, the present study is the first to display that
administration with catalpol has protective effects against
hepatic lipid accumulation and alteration of cholesterol
homeostasis in HFD- and PA-induced NAFLD vig inhibiting ER
stress and NOX4 over-expression. In addition, we also demon-
strate ER stress and NOX4 over-expression regulated each other
in PA-induced NAFLD. It should be noted that there are still
some limitations in our work and further study whether catalpol
can reverse symptoms of NAFLD after feeding HFD should be
carried out to investigate the treating effects of catalpol on
NAFLD. Although more work is needed, the findings in the
present study threw light that catalpol provides new insights
toward the development of therapeutic agents of NAFLD.
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Abbreviations

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

SCAP SREBP cleavage activating protein

SREBP-2  Sterol regulatory element-binding protein-2
LDLr Low-density lipoprotein receptor

HMGCoA-r HMGCoA reductase
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ABCA1 Adenosine triphosphate-binding cassette
transporter Al
CYP7A1 Cholesterol-7a-hydroxylase
ER stress  Endoplasmic reticulum stress
UPR Unfolded protein response
GRP78 Glucose regulated protein 78
PERK PKR-like ER kinase
ATF6 Activating transcription factor 6
IREla Inositol-requiring enzyme 1o
elF2a Eukaryotic translation initiation factor-2a
ATF4 Activating transcription factor 4
CHOP C/EBP homologous protein
NOX NADPH oxidase
SOD Superoxide dismutase
GSH Glutathione
MDA Malondialdehyde
LDH Lactic dehydrogenase
TG Triglyceride
TC Total cholesterol
FFA Free fatty acid
ALT Alanine aminotransferase
AST Aspartate aminotransferase
PA Palmitate
HFD High-fat diet
TUDCA Tauroursodeoxycholic acid
DPI Diphenyleneiodonium
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