
Citation: Han, J.-H.; Nam, D.-H.;

Kim, S.-H.; Hwang, A.-R.; Park, S.-Y.;

Lim, J.H.; Woo, C.-H. CHIP

Haploinsufficiency Exacerbates

Hepatic Steatosis via Enhanced

TXNIP Expression and Endoplasmic

Reticulum Stress Responses.

Antioxidants 2023, 12, 458. https://

doi.org/10.3390/antiox12020458

Academic Editors: Miguel D. Ferrer

and Antoni Pons

Received: 6 January 2023

Revised: 4 February 2023

Accepted: 9 February 2023

Published: 11 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Article

CHIP Haploinsufficiency Exacerbates Hepatic Steatosis via
Enhanced TXNIP Expression and Endoplasmic Reticulum
Stress Responses
Jung-Hwa Han 1, Dae-Hwan Nam 2, Seon-Hui Kim 3, Ae-Rang Hwang 3, So-Young Park 4,5, Jae Hyang Lim 6,*
and Chang-Hoon Woo 3,5,*

1 PNU GRAND Convergence Medical Science Education Research Center, Pusan National University School of
Medicine, Yangsan 50612, Republic of Korea

2 Immune Research Institute, Seegene Medical Foundation, Seoul 04805, Republic of Korea
3 Department of Pharmacology, Yeungnam University College of Medicine, 170 Hyeonchung-ro, Nam-gu,

Daegu 42415, Republic of Korea
4 Department of Physiology, Yeungnam University College of Medicine, 170 Hyeonchung-ro, Nam-gu,

Daegu 42415, Republic of Korea
5 Senotherpy-Based Metabolic Disease Control Research Center, Yeungnam University College of Medicine,

170 Hyeonchung-ro, Nam-gu, Daegu 42415, Republic of Korea
6 Department of Microbiology and Ewha Education and Research Center for Infection, Ewha Womans

University College of Medicine, 25 Magokdong-ro 2-gil, Seoul 07804, Republic of Korea
* Correspondence: jlim19@ewha.ac.kr (J.H.L.); changhoon_woo@yu.ac.kr (C.-H.W.);

Tel.: +82-2-2650-5832 (J.H.L.); +82-53-640-6973 (C.-H.W.)

Abstract: TXNIP is a critical regulator of glucose homeostasis, fatty acid synthesis, and choles-
terol accumulation in the liver, and it has been reported that metabolic diseases, such as obesity,
atherosclerosis, hyperlipidemia, type 2 diabetes, and nonalcoholic fatty liver disease (NAFLD), are
associated with endoplasmic reticulum (ER) stress. Because CHIP, an E3 ligase, was known to be
involved in regulating tissue injury and inflammation in liver, its role in regulating ER stress-induced
NAFLD was investigated in two experimental NAFLD models, a tunicamycin (TM)-induced and
other diet-induced NAFLD mice models. In the TM-induced NAFLD model, intraperitoneal injection
of TM induced liver steatosis in both CHIP+/+ and CHIP+/− mice, but it was severely exacerbated
in CHIP+/− mice compared to CHIP+/+ mice. Key regulators of ER stress and de novo lipogenesis
were also enhanced in the livers of TM-inoculated CHIP+/− mice. Furthermore, in the diet-induced
NAFLD models, CHIP+/− mice developed severely impaired glucose tolerance, insulin resistance
and hepatic steatosis compared to CHIP+/+ mice. Interestingly, CHIP promoted ubiquitin-dependent
degradation of TXNIP in vitro, and inhibition of TXNIP was further found to alleviate the inflamma-
tion and ER stress responses increased by CHIP inhibition. In addition, the expression of TXNIP was
increased in mice deficient in CHIP in the TM- and diet-induced models. These findings suggest that
CHIP modulates ER stress and inflammatory responses by inhibiting TXNIP, and that CHIP protects
against TM- or HF–HS diet-induced NAFLD and serves as a potential therapeutic means for treating
liver diseases.

Keywords: carboxyl terminus of the Hsc70-interacting protein (CHIP); thioredoxin-interacting
protein (TXNIP); non-alcoholic fatty liver disease (NAFLD); endoplasmic reticulum (ER) stress;
metabolic disease

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) includes a variety of pathologies ranging
from hepatic steatosis to non-alcoholic steatohepatitis (NASH), which can progress to liver
fibrosis, cirrhosis, or hepatocellular carcinoma [1,2]. NAFLD is characterized by excessive
triglyceride accumulation in the liver resulting in type 2 diabetes, hyperlipidemia, obesity,

Antioxidants 2023, 12, 458. https://doi.org/10.3390/antiox12020458 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12020458
https://doi.org/10.3390/antiox12020458
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0003-0972-9271
https://doi.org/10.3390/antiox12020458
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12020458?type=check_update&version=1


Antioxidants 2023, 12, 458 2 of 18

or insulin resistance [3,4]. Multiple physiological and pathological pathways, including
endoplasmic reticulum (ER) stress, oxidative stress, iron accumulation, and endotoxins and
cytokines, contribute to the development of inflammation, cellular injury, and fibrosis in
the pathogenesis of NAFLD [5,6]. However, the molecular mechanisms responsible for
NAFLD progression are not fully understood yet.

The ER is the largest cellular organelle and performs various functions including pro-
tein folding, calcium storage, biosynthesis of macromolecules, lipid and steroid synthesis,
and removal of toxins [7]. ER stress can be induced by pharmacological and pathophysio-
logical stimuli, which can increase the accumulation of unfolded proteins in the ER [8,9].
Unfolded and misfolded proteins bind to and sequester the ER chaperone BiP (also known
as 78 kDa glucose-regulated protein, GRP78) thereby activating the unfolded protein re-
sponse (UPR) to alleviate ER stress and restore ER homeostasis [10]. Inositol-requiring
protein 1 (IRE1)/X-box binding protein 1 (XBP1), PRKR-like endoplasmic reticulum ki-
nase (PERK)/eukaryotic translation initiation factor 2a (eIF2a), and activating transcrip-
tion factor-6 (ATF6) are three main UPR-sensing proteins, playing critical roles in ER
stress responses [11]. Metabolic diseases, such as atherosclerosis, obesity, dyslipidemia,
type 2 diabetes, and NAFLD, are reported to be associated with ER stress [12–14]. Tuni-
camycin (TM) is a bacterial nucleoside antibiotic, which can block N-linked glycoproteins
thereby resulting in the accumulation of misfolded and unfolded proteins in ER [15,16],
and thus, is commonly used to induce ER stress. In fact, several studies have demonstrated
that intraperitoneal injection of TM in mice efficiently induces ER stress in liver and kid-
ney [13,16,17]. Furthermore, it has been suggested that ER stress exacerbates NASH by
regulating hepatic lipid metabolism and inflammation [16].

Thioredoxin-interacting protein (TXNIP, also known as vitamin D3 up-regulated protein-
1, VDUP-1, or thioredoxin binding protein 2, TBP-2) directly binds to the two active cysteine
residues of thioredoxin, interacts with its active catalytic site, and suppresses its expression
and activity [18,19]. TXNIP is also involved in a variety of cellular processes, including cell
proliferation, oxidative stress, and apoptosis by negatively regulating thioredoxin activity [20].
Recent studies have shown that TXNIP is a critical signal that links inflammation and ER
stress to cancers, cardiac diseases, and other metabolic diseases [20–22]. TXNIP is also a critical
regulator of glucose homeostasis, cholesterol accumulation, and fatty acid synthesis in the
liver [19]. Thus, TXNIP has emerged as an important hepatic factor, and its regulation is
believed to be necessary for the maintenance of liver function.

It has been suggested that NAFLD is linked to hepatic manifestations of metabolic
syndrome such as type 2 diabetes, hyperlipidemia, hypertension, and obesity [23]. In
particular, hepatic steatosis is primarily a result of excessive caloric intake, lack of physical
activity, and an unhealthy lifestyle which should be corrected as a first step to the pre-
vention and treatment of NAFLD [23]. In terms of molecular mechanisms of high-fat diet
(HFD)-induced obesity-associated NAFLD, mitochondrial dysfunction has been associated
with metabolic abnormalities in the development of hepatic steatosis [24]. In addition,
supplementation with docosahexaenoic acid hydroxytyrosol improved mitochondrial respi-
ratory function and progression into NASH, suggesting that improvement of mitochondrial
dysfunction might be an important strategy for the treatment of NAFLD.

Ubiquitination is a type of post-translational modification, in which ubiquitin bonds
to a substrate protein. Ubiquitination of target substrates signals proteins for degrada-
tion via the proteasome, alters cellular locations, changes their activities, and regulates
protein–protein interactions. The ubiquitination process involves three steps, namely,
activation, conjugation, and ligation, which are performed by E1 ubiquitin-activating
enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases, respectively [25].
Carboxyl terminus of the Hsc70-interacting protein (CHIP) is an E3 ubiquitin ligase that
possesses a carboxyl terminus with U-box-dependent ubiquitin ligase activity and cochaper-
one/chaperone activity [26,27]. CHIP plays an important role in the control of protein qual-
ity by integrating with the molecular chaperone machinery and the ubiquitin–proteasome
system to regulate protein folding homeostasis under proteotoxic stress [28]. Previous stud-
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ies have demonstrated that CHIP is an E3 ubiquitin ligase for ER-associated degradation
(ERAD), a process involved in cellular adaptations to ER stress [29,30]. In addition, CHIP
has been reported to prevent ER stress-induced cell death in the central nervous system [31].
Furthermore, accumulating evidence indicates that CHIP is involved in metabolic pathways
including cardiac dysfunction, lung inflammation, liver injury, and NASH [32–35]. It has
also been reported that CHIP−/− mice have shorter lives and exhibit an accelerated aging
phenotype, partial perinatal lethality, and altered protein quality control [36,37]. These
findings suggest that CHIP regulates ER stress-associated metabolic disorders. Thus, we
hypothesized that CHIP might regulate TXNIP expression and might be involved in the
development of TM- or diet-induced NAFLD in mice. Specifically, we aimed to elucidate
the role of CHIP in the regulation of TXNIP and ER stress-mediated NAFLD in mice.

2. Materials and Methods
2.1. Cell Culture

The human hepatoma cell line HepG2 (ATCC) was cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Welgene Inc., Daegu, Republic of Korea) supplemented with 10%
fetal bovine serum (FBS, Welgene Inc. Kyungsan, Republic of Korea), 50 U/mL penicillin,
and 50 µg/mL streptomycin (Welgene Inc. Kyungsan, Republic of Korea). The mouse
hepatocyte cell line AML12 (ATCC) was cultured in DMEM/F-12 medium supplemented
with 10% bovine calf serum (Welgene Inc. Kyungsan, Republic of Korea), 1× insulin–
transferrin–selenium–pyruvate supplement (ITSP, Welgene Inc. Kyungsan, Republic of
Korea), 1 nM dexamethasone (Sigma, St. Louis, MO, USA), 100 nM insulin (Sigma Aldrich,
St. Louis, MO, USA), 50 U/mL penicillin, and 50 µg/mL streptomycin (Welgene Inc.
Kyungsan, Republic of Korea). Primary hepatocytes were isolated from 6–8-week-old
male mice as previously described [38]. Briefly, the liver was flushed with perfusion buffer
(HBSS with EDTA and HEPES) through the portal vein, dissociated with collagenase,
and excised and ruptured with fine tip forceps. The hepatocytes were gently released,
filtered through a 70 µm cell strainer into a 50 mL tube, and collected by centrifugation at
50× g for 2 min at 4 ◦C. The hepatocytes were seeded on collagen-coated plates in DMEM
supplemented with 10% FBS, 15 mM HEPES (Welgene Inc. Kyungsan, Republic of Korea),
100 nM dexamethasone, 50 U/mL penicillin, and 50 µg/mL streptomycin. The cells were
incubated in a humidified atmosphere containing 5% CO2 at 37 ◦C.

2.2. Animal Experiments

All the animal experiments were approved by the Institutional Animal Care and
Use Committee of Yeungnam University College of Medicine (Daegu, Republic of Korea).
CHIP+/− mice, generated as described previously [36], were generously provided by
Prof. Cam Patterson (University of North Carolina, Chapel Hill, North Carolina). For the
tunicamycin (TM, Sigma Aldrich)-induced NAFLD model, 8-week-old female CHIP+/+,
CHIP+/−, and CHIP−/− mice (129/SvEv × C57BL/6 background) were intraperitoneally
(i.p.) injected with TM (2 µg/g body weight). Blood samples and liver tissues were collected
8 h or 36 h after TM injection.

For the diet-induced hepatic steatosis model, two different types of diets were used.
For the high-fat–high-sucrose (HF–HS) diet-induced NAFLD model, 8-week-old male
CHIP+/+ or CHIP+/− mice were fed either company-recommended standard chow
(11.5% fat, 0% sucrose, DooYeol Biotech, Seoul, Republic of Korea) or HF–HS diet (36% fat,
30% sucrose, DooYeol Biotech) for 22 weeks. For the high-fat (HF) diet-induced NAFLD
model, the mice were fed company-recommended standard chow (10% fat, Research Diets,
New Brunswick, NJ) or HF diet (60% fat, Research Diets) for 12 weeks. Body weight was
measured weekly, and livers and fat pads were collected at the end of experiments. Fat
mass was determined by measuring gonadal fat pad weight.
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2.3. Quantitative Real Time RT-PCR

mRNA levels were determined by quantitative real time RT-PCR (qRT-PCR). Briefly,
total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and reverse
transcription reaction was conducted using TaqMan reverse transcription reagents (Applied
Biosystems, Carlsbad, CA, USA), according to the manufacturer’s instructions. qRT-PCR was
conducted with 1 µg of template cDNA and Power SYBR Green PCR Master Mix (Applied
Biosystems) using an ABI PRISM 7500 (Applied Biosystems). Quantification was performed
using the efficiency-corrected ∆∆Ct method. The primers used to amplify DNA sequences
were as follows: mouse ACC (NM_133360.2), forward 5′-GCGGGAGGAGTTCCTAATTC-3′

and reverse 5′-TGTCCCAGACGTAAGCCTTC-3′; mouse ATF4 (NM_009716.3), forward 5′-
TGGAAACCATGCCAGATGAG-3′ and reverse 5′-GATGGCCAATTGGGTTCACT-3′; mouse
ATF6 (NM_001081304.1), forward 5′-TCGCCTTTTAGTCCGGTTCTT-3′ and reverse 5′-GGCT
CCATAGGTCTGACTCC-3′; mouse APOB (NM_009693.2), forward 5′-CAGCCATGGGCAAC
TTTAC-3′ and reverse 5′-TGGGCAACGATATCTGATTG-3′; mouse CD36 (NM_001159558.1),
forward 5′-GAGGAGAATGGGCTGTGATC-3´ and reverse 5′-GTCTCCGACTGGCATGAGA-
3′; mouse CHOP (NM_007837.4), forward 5′-GCATGAAGGAGAAGGAGCAG-3′ and reverse
5′-CTTCCGGAGAGACAGACAGG-3′; mouse FATP1 (NM_011977.4), forward 5′-GGCGTTTC
GATGGTTATGT-3′ and reverse 5′-AGCACGTCACCTGAGAGGTA-3′; mouse IL-6
(NM_031168.2), forward 5′-GCTACCAAACTGGATATAATCAGGA-3′ and reverse 5′-CCAGG
TAGCTATGGTACTCCAGAA-3′; mouse IL-1β (NM_008361.4), forward 5′-TTGACGGACCCC
AAAAGAT-3′ and reverse 5′- GATGATCTGAGTGTGAGGGTCTG-3′; mouse PPARα
(NM_011144.6), forward 5′-AGGCTGTAAGGGCTTCTTTC-3′ and reverse 5′-GCATTTGTTCC
GGTTCTTCT-3′; mouse TNFα (NM_013693.3), forward 5′-CTACTCCCAGGTTCTCTTCAA-3′

and reverse 5′-GCAGAGAGGAGGTTGACTTTC-3′; and mouse GAPDH (NM_001289726) for-
ward 5′-GGAGCCAAAAGGGTCATCAT-3′ and reverse 5′-GTGATGGCATGGACTGTGGT-3′.

2.4. Immunoprecipitation and Immunoblotting

The cells were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer supple-
mented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.01 mM protease inhibitor
cocktail (PIC) on ice for 15 min and centrifuged at 15,000× g for 10 min at 4 ◦C. The protein
concentration was determined using the Bradford assay. For immunoprecipitation, cell
lysates were incubated with rabbit anti-CHIP antibody overnight at 4 ◦C followed by 1 h
incubation with protein A–agarose beads (Invitrogen) on a roller system at 4 ◦C. The beads
were collected by centrifugation and then washed with washing buffer (50 mM Tris-HCl,
pH 7.4, 0.1% Nonidet P-40, 150 mM NaCl, and 1 mM EDTA). Bound proteins were re-
leased using 2× sodium dodecyl sulfate (SDS) sample buffer. Proteins were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes. The membranes were blocked with 5% skimmed milk and im-
munoblotted with primary antibodies overnight at 4 ◦C and then with corresponding
secondary antibodies at room temperature (RT) for 1 h. The protein signals were visu-
alized by using electrochemiluminescence detection reagents (Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. The antibodies were purchased from
the following vendors: TXNIP (MBL International, Woburn, MA, USA); KDEL (GRP94,
GRP78) (Enzo Life Sciences, Lörrach, Germany); XBP-1s (BioLegend, San Diego, CA, USA);
ATF6 (Novus Biologicals, Littleton, CO, USA); ATF4, GADD153 (CHOP), HA, and CHIP
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); Akt, p-Akt, ACC, FAS, PARP-1, and
cleaved Caspase-3 (Cell Signaling, Danvers, MA, USA); NLRP3 (ThermoFisher, Waltham,
MA, USA); PGC1α (abcam, Cambridge, UK); and α-tubulin and β-actin (Sigma Aldrich,
St. Louis, MO, USA).

2.5. RNA Interference

For CHIP or TXNIP silencing, cells were transiently transfected with control small
interfering (siRNA) or siRNA against CHIP or TXNIP using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. Mouse CHIP siRNA and non-specific
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control siRNA were purchased from Bioneer (Daejeon, Republic of Korea). TXNIP siR-
NAs (sc-44944 for mouse, sc-44943 for human) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). The mouse and rat specific CHIP target sequence was 5´-
GGGAUGAUAUUCCUAGUGC-3´. Non-specific control siRNA was used as the negative
control. The cells were harvested 48 to 72 h after siRNA transfection, and protein expression
was determined by immunoblotting with specific antibodies.

2.6. Histological Analysis

Liver tissues were fixed in 10% buffered formalin, paraffin-embedded, and cut into
5 µm slices. The sections were subjected to hematoxylin and eosin (H&E) staining and
immunohistochemistry for TXNIP expression. The sections were deparaffinized, rehy-
drated, blocked, and then incubated with anti-TXNIP antibody (MBL International). The
immunohistochemistry was performed using the HRP/DAP (ABC) detection IHC kit (Ab-
cam, Cambridge, UK) following the manufacturer’s instructions. For Oil Red O staining,
liver tissues were embedded in optimum cutting temperature compound (OCT, Sakura
Finetek, Zoeterwoude, Netherlands), snap-frozen, and then cryosectioned. Frozen liver
sections were stained with Oil Red O solution (Sigma Aldrich) for 30 min, rinsed in 60%
isopropanol, and then washed with water. All the microscopic images of sections were
obtained using an optical microscope (Nikon, Tokyo, Japan).

2.7. Intraperitoneal Glucose Tolerance Test, Intraperitoneal Insulin Tolerance Test, and Insulin
Sensitivity Assessment

Intraperitoneal glucose tolerance tests (IPGTTs) and intraperitoneal insulin tolerance
tests (IPITTs) were performed at the end of the diet feeding schedule (HF–HS diet for
22 weeks, HF diet for 12 weeks). For IPGTT, the mice were fasted for 6 h with free
access to water, and then glucose (2 g/kg body weight i.p.) was administered. For IPITT,
the mice were fasted for 4 h with free access to water, and then insulin (0.3 U/kg body
weight i.p.) was administered. Blood samples were collected by tail tip puncture at 0,
15, 30, 60, 90, or 120 min after glucose or insulin injection for glucose analyses using a
glucometer (Accu-Chek; Roche, Indianapolis, IN). To examine insulin sensitivity, HF diet-
fed mice were administered insulin (1.5 U/kg body weight i.p.) and sacrificed 10 min
after insulin injection. Liver tissues were immediately harvested, homogenized, lysed, and
immunoblotted using phospho-Akt and Akt antibodies.

2.8. Oxidative Status Analysis

Oxidation stress markers were analyzed in liver tissue using the ELISA method. Liver
tissues were homogenized in cooled PBS/cell lysates, and then the supernatant was taken
as the test sample after centrifugation. By using the assay kits (Cayman Chemical, Ann
Arbor, MI, USA), we detected the levels of malondialdehyde (MDA) in the tissues. The
homogenized liver tissue was centrifuged at 1600× g for 10 min at 4 ◦C, then the supernatant
was used for biochemical analysis. The color intensity was measured at 530~540 nm. All
steps were carried out strictly following the kit instructions.

2.9. Ubiquitination Assay

HepG2 cells were transfected with HA-tagged ubiquitin (Addgene #11928), GFP-
tagged TXNIP (Addgene #18758), Myc-tagged CHIP WT, or Myc-tagged CHIP mutant
(H260Q) and incubated for 24 h (CHIP, GeneBank AF 129085.1). The cells were lysed in
RIPA buffer containing 5 mM NEM (N-ethylmaleimide), 1 mM PMSF, and 0.01 mM PIC,
and centrifuged at 13,000× g for 10 min. The cell lysates were incubated with mouse
anti-TXNIP antibody overnight at 4 ◦C and then incubated with protein A–agarose beads
for 1 h on a roller system at 4 ◦C. The beads were collected by centrifugation and washed
with washing buffer. The bound proteins were released using 2× SDS sample buffer. The
immunoprecipitates were separated by SDS-PAGE, and the levels of ubiquitinated forms
of TXNIP were assessed by immunoblotting with anti-HA antibody.
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2.10. Statistical Analysis

The results in the bar graphs were expressed as the mean ± S.D. of three independent
experiments. The statistical analysis was performed using Student’s t test or ANOVA
followed by Bonferroni post hoc tests for multiple group comparisons using GraphPad
prism 8.0 (Graph-Pad Software Inc., Boston, MA, USA). Probability values (p values)
of <0.05 were considered statistically significant.

3. Results
3.1. CHIP Is Involved in Unfolded Protein Responses and Apoptosis In Vitro

To determine whether CHIP mediates ER stress and apoptosis in vitro, AML12 cells
were transfected with control siRNA (siControl) or CHIP siRNA (siCHIP) for 48 h and then
treated with TM. CHIP knockdown significantly increased the protein levels of TM-induced
UPR-related proteins GRP78, ATF6, and XBP-1s (Figure 1a), and cleaved forms of PARP
and caspase-3 were also increased by CHIP knockdown (Figure 1b). The mRNA levels
of ATF4, CHOP, and ATF6 were also increased by CHIP knockdown (Figure 1c). These
findings were further confirmed in primary hepatocytes isolated from CHIP+/+, CHIP+/−,
and CHIP−/− mice where in the TM-induced ER stress response, the protein levels of
UPR-related proteins were enhanced by deficiency of CHIP (Figure 1d). In addition, the ER
stress inducer brefeldin A also increased the protein levels of GRP78, CHOP, and cleaved
PARP-1 in primary hepatocytes (Figure 1e). These findings suggest that CHIP deficiency
accelerates ER stress and apoptosis in hepatocytes.
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Figure 1. CHIP is involved in unfolded protein responses (UPRs) and apoptosis in hepatocytes.
(a) AML12 cells were transfected with control (siControl) or CHIP siRNA (siCHIP) for 48 h and then
treated with tunicamycin (TM, 5 or 10 µM) for 24 h. Protein levels of GRP78, ATF6, XBP-1s and CHIP
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were determined by immunoblotting. A-tubulin was used as a loading control. (b) AML12 cells
were transfected with siControl or siCHIP for 48 h and then treated with TM (10 µM) for 24 h.
Protein levels of cleaved PARP-1, cleaved caspase-3 (cleaved Casp3), and CHIP were determined by
immunoblotting. α-tubulin was used as a loading control. (c) AML12 cells were transfected with
siControl or siCHIP for 48 h and then treated with TM (10 µM) for 24 h. Expression of UPR-related
genes were measured by qRT-PCR. Relative expression levels were normalized to GAPDH levels.
** p < 0.01 vs. siControl, ## p < 0.01 vs. siCHIP, † p < 0.05 and †† p < 0.01. (d) Primary hepatocytes
from CHIP+/+, CHIP+/−, and CHIP−/− mice were treated with TM (2 or 10 µM) for 6 h. Protein
levels of GRP78, CHOP, XBP-1s, and CHIP were measured by immunoblotting. β-actin was used
as a loading control. (e) Primary hepatocytes from CHIP+/+ and CHIP+/− mice were treated with
brefeldin A (BFA, 1 or 2 µM) for 6 or 9 h. Protein levels of GRP78, CHOP, cleaved PARP-1, and CHIP
were measured by immunoblotting. α-tubulin was used as a loading control.

3.2. CHIP Protects Mice from Tunicamycin-Induced Hepatic Steatosis

To determine whether CHIP plays a role in TM-induced hepatic steatosis in vivo,
CHIP+/+ and CHIP+/− mice were challenged with TM (2 µg/g body weight, i.p.) for 8 h or
36 h, and histological analyses were performed on liver tissue sections from TM-injected
CHIP+/+ mice and CHIP+/− mice. Lipid accumulation was assessed by Oil Red O staining.
Hepatic lipid accumulation was significantly enhanced in the livers of CHIP+/− mice than
those of CHIP+/+ mice 36 h after the TM challenge (Figure 2a). H&E staining of liver
sections also showed central vein obstruction after TM treatment (Figure 2a). Furthermore,
the livers of CHIP+/− mice showed enhanced mRNA levels of ATF6, ATF4, and CHOP
compared with those of CHIP+/+ mice (Figure 2b). Similarly, the protein levels of CHOP
and cleaved caspase-3 were higher in CHIP+/− mice than in CHIP+/+ mice at 8 h after
TM injection; higher levels of GRP94, ACC, and FAS were also found in CHIP+/− mice at
36 h after TM injection (Figure 2c,d). These results suggest that CHIP haploinsufficiency
increases TM-induced ER stress responses and aggravates hepatic steatosis.

3.3. CHIP Protects Mice from Diet-Induced Hepatic Steatosis

Diets-induced hepatic steatosis is known to be associated with ER stress [39], and thus,
we investigated whether CHIP is involved in diet-induced hepatic steatosis. CHIP+/+ and
CHIP+/− mice were fed chow (10% fat) or the HF (60% fat) diet for 12 weeks. CHIP+/−

mice fed the HF diet showed enhanced body weight gains compared to CHIP+/+ mice fed
the HF diet (Figure 3a), even though the HF diet-exposed mice consumed similar amounts
of food as the chow diet-exposed mice (Figure 3b). Significantly enhanced impairment in
glucose tolerance was also observed in CHIP+/− mice fed the HF diet compared to CHIP+/+

mice (Figure 3c). H&E staining and Oil Red O staining revealed the accumulation of larger
lipid droplets in the livers of CHIP+/− mice fed the HF diet compared with CHIP+/+ mice
(Figure 3d). It has been reported that insulin-stimulated Akt phosphorylation is highly
correlated with systemic insulin sensitivity [40]. The levels of Akt phosphorylation in liver
tissues of CHIP+/+ and CHIP+/− mice fed the HF were measured 10 min after insulin
injection. The phosphorylation level of Akt was found to be significantly lower in CHIP+/−

mice (Figure 3e).
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3.3. CHIP Protects Mice from Diet-Induced Hepatic Steatosis 
Diets-induced hepatic steatosis is known to be associated with ER stress [39], and 

thus, we investigated whether CHIP is involved in diet-induced hepatic steatosis. CHIP+/+ 
and CHIP+/− mice were fed chow (10% fat) or the HF (60% fat) diet for 12 weeks. CHIP+/− 
mice fed the HF diet showed enhanced body weight gains compared to CHIP+/+ mice fed 
the HF diet (Figure 3a), even though the HF diet-exposed mice consumed similar amounts 
of food as the chow diet-exposed mice (Figure 3b). Significantly enhanced impairment in 
glucose tolerance was also observed in CHIP+/− mice fed the HF diet compared to CHIP+/+ 
mice (Figure 3c). H&E staining and Oil Red O staining revealed the accumulation of larger 
lipid droplets in the livers of CHIP+/− mice fed the HF diet compared with CHIP+/+ mice 
(Figure 3d). It has been reported that insulin-stimulated Akt phosphorylation is highly 
correlated with systemic insulin sensitivity [40]. The levels of Akt phosphorylation in liver 
tissues of CHIP+/+ and CHIP+/− mice fed the HF were measured 10 min after insulin injec-
tion. The phosphorylation level of Akt was found to be significantly lower in CHIP+/− mice 
(Figure 3e). 

Figure 2. CHIP is responsible for tunicamycin-induced hepatic steatosis via UPR and apoptosis in
mice. CHIP+/+ and CHIP+/− mice were injected intraperitoneally with tunicamycin (TM, 2 µg/g
body weight) and sacrificed 8 h or 36 h (n = 5) after TM injection. (a) Representative picture of
whole mouse livers (top). Liver tissue sections were stained with H&E (middle) and Oil Red O
(bottom) (original magnification, ×200). (b) Expression levels of UPR-related genes in livers of the
CHIP+/+ and CHIP+/− mice were measured by qRT-PCR. Relative expression levels were normalized
to GAPDH levels. * p < 0.05 and ** p < 0.01 vs. CHIP+/+ mice (vehicle), # p < 0.05 and ## p < 0.01 vs.
CHIP+/− mice (vehicle). † p < 0.05. (c,d) Protein levels of CHOP, cleaved Casp3, GRP94, ACC, FAS,
and CHIP in liver tissues were measured by immunoblotting. β-actin was used as a loading control.

Additionally, to induce NASH, CHIP+/+ and CHIP+/− mice were fed chow (11.5% fat,
0% sucrose) or HF–HS (36% fat, 30% sucrose) diet for 22 weeks, and body and fat weight,
IPGTT, and IPITT were measured. CHIP+/− mice fed with HF–HS diet showed enhanced
body weight gain and fat weight than CHIP+/+ mice (Figure 4a,c). In the high-fat diet
group, CHIP+/− mice had higher food intake than CHIP+/+ mice (Figure 4b). To determine
whether CHIP is involved in HF–HS-induced glucose abnormalities and insulin resistance,
IPGTT and IPITT were performed. CHIP+/− mice on HF–HS diet showed significantly
impaired glucose tolerance and insulin resistance compared to CHIP+/+ mice (Figure 4d,e).
Histological analysis of H&E-stained liver sections revealed the pathological changes of
hepatic steatosis in the livers of CHIP+/− mice fed HF–HS diet (Figure 4f, top), and Oil Red
O staining showed significantly more lipid accumulation in the livers of CHIP+/− mice fed
HF–HS diet than CHIP+/+ mice fed HF–HS diet (Figure 4f, bottom). Similarly, enhanced
protein levels of lipogenic markers (ACC and FAS) and reduced levels of a fatty acid
oxidation marker (PGC1α) were observed in CHIP+/− mice fed HF–HS diet compared with
CHIP+/+ mice fed HF–HS diet (Figure 4g). Furthermore, it showed that the transcriptional
alteration of mRNA levels of genes involved in lipogenesis (ACC), fatty acid oxidation
(PPARα) and lipid uptake (CD36, FATP1) by the HF–HS diet was significantly reversed in
liver tissues from CHIP+/− mice, but not APOB, a marker of the VLDL secretion pathway
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(Figure 4h). Collectively, these results suggest that CHIP protects mice against diet-induced
hepatic steatosis and insulin resistance via inhibiting metabolic dysregulation.
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Figure 3. CHIP protects from high-fat diet-induced hepatic steatosis and insulin resistance in mice.
CHIP+/+ and CHIP+/− mice were fed chow (10% fat) or the high-fat (HF, 60% fat) diet for 12 weeks
(n = 5–7). (a) Average weight gain after 12-week feeding schedule. * p < 0.05 vs. CHIP+/+ mice with
Chow, ## p < 0.01 vs. CHIP+/− mice with Chow. † p < 0.05. (b) Average daily food intake of CHIP+/+

and CHIP+/− mice during experiment. (c) Glucose tolerance test was conducted by intraperitoneal
injection of glucose (2 g/kg body weight). Blood glucose was measured at 0, 15, 30, 60, 90, and
120 min after glucose injection. * p < 0.05 and ** p < 0.01 vs. CHIP+/+ mice with Chow, # p < 0.05 and ##

p < 0.01 vs. CHIP+/− mice with Chow. † p < 0.05 and †† p < 0.01 vs. CHIP+/+ mice with HF. (d) Liver
tissue sections were stained with H&E (top) and Oil Red O (bottom) (original magnification, ×200).
(e) HF diet-fed CHIP+/+ and CHIP+/− mice were injected intraperitoneally with insulin (1.5 U/kg
body weight) and sacrificed 10 min after insulin injection. Liver tissues were harvested immediately,
proteins were extracted, and immunoblotting was conducted to measure expression levels of p-Akt,
Akt, and CHIP. β-actin was used as a loading control. Relative p-Akt levels were normalized versus
Akt. ** p < 0.01 vs. CHIP+/+ mice with vehicle (Veh), # p < 0.05 vs. CHIP+/− with Veh, †† p < 0.01.

3.4. CHIP Protects against Diet-Induced Oxidative Stress and Inflammasome Formation

It has been reported that TXNIP is closely related to oxidative stress and inflamma-
some activation [41]. MDA is a product of lipid peroxidation and is a representative
oxidative stress marker. TXNIP is directly bind to the Nod-like receptor protein 3 (NLRP3)
inflammasome in a ROS-dependent manner after its detachment from thioredoxin [41].
In addition, it has been reported that oxidative stress and inflammasomes are key points
in the progression from NAFLD to NASH [42]. Therefore, to investigate whether CHIP
plays a role in oxidative stress and inflammasome formation, MDA concentrations and
NRLP3 protein levels were confirmed in HF–HS diet-induced livers. The hepatic MDA
concentrations and NLRP3 protein levels increased by the HF–HS diet were significantly
elevated in CHIP+/− mice livers compared to CHIP+/+ livers (Figure 5a,b). These data sug-
gest that CHIP inhibits oxidative stress and inflammasome activation, which is associated
with TXNIP.
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Figure 4. CHIP protects from high-fat and high-sucrose diet-induced hepatic steatosis in mice.
CHIP+/+ and CHIP+/− mice were fed chow (11.5% fat, 0% sucrose) or the high-fat–high-sucrose
(HF–HS, 36% fat, 30% sucrose) diet for 22 weeks (n = 5–7). (a) Average weight gain after 22-week
feeding schedule. ** p < 0.01 vs. CHIP+/+ mice with Chow, ## p < 0.01 vs. CHIP+/− mice with
Chow. † p < 0.05. (b) Average daily food intake of CHIP+/+ and CHIP+/− mice during experiment.
†† p < 0.01. (c) Gonadal fat pad was harvested and weighed as fat mass. ** p < 0.01 vs. CHIP+/+

mice with Chow, ## p < 0.01 vs. CHIP+/− mice with Chow. † p < 0.05. (d) Glucose tolerance tests
were conducted by intraperitoneal injection of glucose (2 g/kg body weight). Blood glucose levels
were measured at 0, 15, 30, 60, 90, and 120 min after glucose injection. ## p < 0.01 vs. CHIP+/−

mice with Chow. † p < 0.05 vs. CHIP+/+ mice with HF–HS. (e) Insulin tolerance test was conducted
by intraperitoneal injection of insulin (0.3 U/kg body weight). Blood glucose was measured at 0,
15, 30, 60, 90, and 120 min after insulin injection. * p < 0.05 and ** p < 0.01 vs. CHIP+/+ mice with
Chow, # p < 0.05 and ## p <0.01 vs. CHIP+/− mice with Chow. † p < 0.05 and †† p < 0.01 vs. CHIP+/+

mice with HF–HS. (f) Liver tissue sections were stained with H&E (top) and Oil Red O (bottom)
(original magnification, ×200). (g) Protein levels of ACC, FAS, PGC1α, and CHIP in liver tissues were
measured by immunoblotting. β-actin was used as a loading control. * p < 0.05 vs. CHIP+/+ mice
with Chow, # p < 0.05 vs. CHIP+/− with Chow, † p < 0.05. (h) mRNA expression of genes involved in
lipogenesis (ACC), fatty acid oxidation (PPARα), lipid uptake (CD36, FATP1), and VLDL secretion
(APOB) were measured by qRT-PCR. Relative expression levels were normalized to GAPDH levels.
* p < 0.05 and ** p < 0.01 vs. CHIP+/+ mice with Chow, # p < 0.05 and ## p <0.01 vs. CHIP+/− mice
with Chow. † p < 0.05 and †† p < 0.01 vs. CHIP+/+ mice with HF–HS.
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pendent on its Ub ligase activity. Taken together, our data clearly demonstrate that TXNIP 
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Figure 5. CHIP is responsible for high-fat and high-sucrose diet-induced oxidative stress and
inflammasome formation. CHIP+/+ and CHIP+/− mice were fed chow (11.5% fat, 0% sucrose) or
the high-fat–high-sucrose (HF–HS, 36% fat, 30% sucrose) diet for 22 weeks (n = 5–7). (a) MDA
concentrations in liver tissues were measured by ELISA method. ** p < 0.01 vs. CHIP+/+ mice with
Chow, ## p < 0.01 vs. CHIP+/− mice with Chow. †† p < 0.01. (b) Protein levels of NLRP3 in liver
tissues were measured by immunoblotting. α-tubulin was used as a loading control. ** p < 0.01 vs.
CHIP+/+ mice with Chow, ## p < 0.01 vs. CHIP+/− mice with Chow. † p < 0.05.

3.5. CHIP Promotes the Ubiquitin-Dependent Degradation of TXNIP

Since TXNIP is a critical regulator of ER stress, glucose homeostasis, cholesterol ac-
cumulation, and fatty acid synthesis in the liver and CHIP is a E3 ubiquitin ligase [19],
we assessed the direct relationship between CHIP and TXNIP via ubiquitin-dependent
protein degradation. To determine whether CHIP regulates TXNIP expression through
posttranslational modifications, the effects of CHIP on TXNIP expression were measured
in HepG2 cells. The protein levels of TXNIP were decreased by CHIP in a dose-dependent
manner (Figure 6a), and the immunoprecipitation analysis further confirmed that TXNIP
interacts with CHIP (Figure 6b). To determine whether the ubiquitin/proteasome sys-
tem mediates CHIP-induced TXNIP degradation, the effect of the proteasome inhibitor
MG132 on CHIP-mediated TXNIP degradation was measured. TXNIP expression was
markedly decreased by CHIP, and MG132 abrogated the CHIP-induced TXNIP degradation
(Figure 6c). Because protein degradation by proteasomes is largely dependent on ubiq-
uitination of target substrates, we investigated whether TXNIP is ubiquitinated by CHIP.
Overexpression of CHIP markedly increased ubiquitination of TXNIP (Figure 6d), and
TXNIP ubiquitination was greatly diminished by E3 ligase activity-defective mutant CHIP
H260Q (Figure 6e), which suggest that CHIP-mediated TXNIP degradation is dependent on
its Ub ligase activity. Taken together, our data clearly demonstrate that TXNIP expression
is regulated by CHIP-mediated ubiquitination.

3.6. CHIP Regulates ER Stress and Inflammatory Responses by Inhibiting TXNIP

To determine whether CHIP-mediated TXNIP inhibition is involved in CHIP-dependent
regulation of hepatic steatosis, the effects of TXNIP knockdown was evaluated. TM-induced
ER stress responses and brefeldin A-induced inflammatory responses were enhanced by
CHIP inhibition, and it was alleviated by inhibition of TXNIP using siTXNIP (Figure 7a,b).
In addition, TXNIP expression was increased in the livers of TM- and diet-induced NAFLD
models (Figure 7c,d). In particular, TXNIP-positive signals were mainly found in hepatic
stellate cell-like cells in the livers of diet-induced NAFLD models. These results suggest that
CHIP inhibits ER stress, inflammatory responses, and hepatic steatosis by inhibiting hepatic
TXNIP expression.
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Figure 6. E3 ligase CHIP promotes ubiquitination of TXNIP. (a) HepG2 cells were transfected with
GFP-tagged TXNIP (GFP-TXNIP) with or without Myc-tagged CHIP (Myc-CHIP) for 24 h. Protein
levels of TXNIP and CHIP were measured by immunoblotting. α-tubulin was used as a loading
control. (b) HepG2 cells were transfected with GFP-TXNIP and MYC-CHIP for 24 h. Cells were treated
with MG132 (10 µM) for 6 h prior to lysis and immunoprecipitated with anti-CHIP antibody. Protein
levels of TXNIP and CHIP were measured by immunoblotting. (c) HepG2 cells were transfected with
GFP-TXNIP with or without Myc-CHIP for 24 h. Cells were treated with MG132 (10 µM) for 6 h prior
to lysis, and protein levels of TXNIP and CHIP were measured by immunoblotting. α-tubulin was
used as a loading control. (d,e) HepG2 cells were co-transfected with HA-tagged ubiquitin (HA-Ub),
GFP-TXNIP and Myc-CHIP or Myc-CHIP-H260Q for 24 h. Cells were treated with MG132 (10 µM) for
6 h prior to lysis and immunoprecipitated with anti-TXNIP antibody. Amounts of polyubiquitinated
proteins in cell lysates were measured by immunoblotting with anti-HA antibody. Protein levels of
TXNIP and CHIP were measured.
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trol. (b) Primary hepatocytes from CHIP+/+ and CHIP+/− mice were transfected with siTXNIP for 48 
h and then treated with brefeldin A (BFA, 1 μM) for 6 h. mRNA expression of inflammatory genes 
(IL-6, IL-1β, and TNFα) were measured by qRT-PCR. Relative expression levels were normalized to 
GAPDH levels. ** p < 0.01 vs. siControl, ## p < 0.01 vs. siCHIP. (c) CHIP+/+, CHIP+/−, and CHIP−/– mice 
were injected intraperitoneally with TM (2 μg/g body weight) and sacrificed 36 h after TM injection. 
TXNIP expression in liver tissue sections was determined by immunohistochemistry (IHC). (d) 
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4. Discussion 

Figure 7. CHIP-mediated TXNIP regulation is responsible for ER stress and inflammatory response.
(a) HepG2 cells were transfected with CHIP siRNA (siCHIP) and/or TXNIP siRNA (siTXNIP) for 48 h
and then treated with tunicamycin (TM, 5 µM) for 8 h. Protein levels of cleaved Casp3, ATF4, CHOP,
TXNIP, and CHIP were measured by immunoblotting. α-tubulin was used as a loading control.
(b) Primary hepatocytes from CHIP+/+ and CHIP+/− mice were transfected with siTXNIP for 48 h
and then treated with brefeldin A (BFA, 1 µM) for 6 h. mRNA expression of inflammatory genes
(IL-6, IL-1β, and TNFα) were measured by qRT-PCR. Relative expression levels were normalized to
GAPDH levels. ** p < 0.01 vs. siControl, ## p < 0.01 vs. siCHIP. (c) CHIP+/+, CHIP+/−, and CHIP−/–

mice were injected intraperitoneally with TM (2 µg/g body weight) and sacrificed 36 h after TM
injection. TXNIP expression in liver tissue sections was determined by immunohistochemistry (IHC).
(d) CHIP+/+ and CHIP+/− mice were fed chow or HF–HS diet for 22 weeks. Representative images
of liver sections from CHIP+/+ and CHIP+/− mice following HF–HS diet fed. TXNIP expression in
liver tissue sections was determined by IHC.
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4. Discussion

Recent studies have reported the regulation of TXNIP protein at the post-translational
level [43]. However, the post-translational regulatory mechanisms of TXNIP are not well
understood yet. TXNIP is a member of the α-arrestin protein family that contains two
distinctive arrestin-like domains and two PPxY motifs in the C-terminal tail [44]. Zhang
et al. demonstrated that the E3 ubiquitin ligase Itch mediates polyubiquitination of TXNIP.
TXNIP and Itch interact via the WW domain and the PPXY motif [45]. CHIP contains
three tetratricopeptide repeats at the N terminus, a middle dimerization domain, and a
U-box at the C terminus [34]; the U-box domain has intrinsic ubiquitin E3 ligase activity,
which promotes the ubiquitination of CHIP-bound target proteins [34,46]. CHIP H260Q
mutants carry a point mutation in the U-box domain that interferes with E3 ubiquitin
ligase activity [47]. In the present study, we found that CHIP promotes the ubiquitin-
dependent degradation of TXNIP (Figure 6), which provides new insight into the molecular
mechanisms underlying the regulation of ER stress and diet-induced hepatic steatosis and
demonstrates the role of CHIP as a novel therapeutic gene for treating hepatic steatosis.
The identification of a CHIP region that regulates TXNIP expression may reveal promising
therapeutic strategies for the treatment of hepatic steatosis. Therefore, future studies
will focus on investigating the binding regions of CHIP responsible for its interactions
with TXNIP.

Previous reports have shown that ER stress exacerbates hepatic lipidosis [39], which
has also been confirmed in the present study. In addition, the present study showed
that steatosis is exacerbated in CHIP+/− mice, and provided an underlying molecular
mechanism whereby CHIP regulates ER stress-mediated NAFLD in mice.

Recent studies have shown that ER stress and UPR signaling are associated with
hepatic steatosis, which is due to either increased lipogenesis or decreased hepatic lipopro-
tein secretion [48]. Lee et al. reported that hepatic IRE1α/XBP1 controls the expression
of lipogenic enzymes (SCD1, ACC2, and DGAT2), which are crucial for fatty acid and
cholesterol biosynthesis [49], whereas the IRE1α and/or ATF6 play a role in preventing
ER stress-dependent hepatic steatosis [50,51]. Moreover, PERK/eIF2a is required for the
expression of lipogenic genes and progression of hepatic steatosis [52]. However, the
underlying mechanisms linking ER stress to hepatic steatosis are not fully understood yet.
Previous studies have reported that the kidneys of male mice are typically significantly
more sensitive to ER stress-induced kidney damage than those of females [17]. Thus, in this
study, female mice were used to focus on TM-induced hepatic steatosis. The present study
showed that haploinsufficiency of CHIP accelerates TM-induced ER stress and hepatic
steatosis in vivo (Figure 2).

The current prevalence of obesity and related metabolic disorders are closely associated
with excessive consumption of HF–HS foods called the western-style diet. The classic
western diet is high in both saturated fat and sugar, and has been related to the development
of NAFLD. Previous studies demonstrated that the effects of HF and/or HS diets on
metabolic risk factors [53–55]. A recent report showed that the rapid onset of hepatic
steatosis, adipose tissue hypertrophy, and hyperinsulinemia by ingestion of a HF–HS diet
may be due to the rapid response of insulin signaling, lipogenesis, and inflammatory
genes [56]. In addition, it has also been reported that high-fat diets could only induce
steatosis and that the HF–HS diet generated severe steatosis with inflammation, oxidative
stress, and myofibroblast and collagen deposition associated with increased serum AST and
ALT levels [57]. In this study, haploinsufficiency of CHIP accelerated HF–HS diet-induced
weight gain, increased fat mass, impairment of glucose tolerance and insulin resistance,
and hepatic steatosis (Figure 4).

Hepatic triglyceride accumulation is a hallmark of NAFLD and results from an imbal-
ance in lipid content between lipid acquisition (de novo lipogenesis, fatty acid absorption)
and removal (fatty acid oxidation, VLDL secretion) [58]. It is not clear whether CHIP
regulates the progression of NAFLD through the lipid metabolic pathway. Hepatic stellate
cells (HSCs) play a critical role in fibrogenesis, and are known to contribute to pathways of
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inflammation and tissue injury, especially in NASH [59]. In addition, it was reported that
inhibition of TXNIP expression can suppress HSC activation in the LX-2 cell line [60]. It
was confirmed that the expression of TXNIP was increased in HSCs of CHIP-insufficient
mouse liver tissues (Figure 7d). This suggests that CHIP could suppress hepatic fibrosis by
regulating TXNIP expression in HSCs.

Further study is required to understand the underlying molecular mechanisms through
which TXNIP is regulated by CHIP and how CHIP tightly controls the suppressive re-
sponse to cirrhosis. Taken together, these findings indicate that CHIP protects against
TM- or diet-induced NAFLD and is a potential therapeutic target for the treatment of
liver diseases.

Author Contributions: Conceptualization, J.-H.H., S.-Y.P., J.H.L. and C.-H.W.; formal analysis, J.-
H.H.; investigation, J.-H.H., D.-H.N., S.-H.K. and A.-R.H.; data curation, J.H.L. and C.-H.W.; writing—
original draft preparation, J.-H.H.; writing—review and editing, J.-H.H., J.H.L. and C.-H.W.; supervi-
sion, J.H.L. and C.-H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Medical Research Center Program (2022R1A5A2018865)
and Basic Science Research Program (2021R1A2C1010851, 2020R1I1A1A01072777) through the Na-
tional Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT, and Future
Planning.

Institutional Review Board Statement: All animal experiments were conducted in accordance with
a protocol approved beforehand by the Institutional Animal Care and Use Committee of Yeungnam
University College of Medicine, Daegu, Republic of Korea (protocol code YUMC-AEC2015-031,
-032; 1 September 2016). In addition to this, all experiments were performed in accordance with the
relevant guidelines and regulations.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACC acetyl-CoA carboxylase
APOB apolipoprotein B
ATF6 activating transcription factor 6
CHIP carboxyl terminus of the Hsc70-interacting protein
CHOP C/EBP homologous protein
ER endoplasmic reticulum
FAS fatty acid synthase
FATP1 fatty acid transporter 1
IRE1α inositol-requiring protein 1α
MDA malondialdehyde
NAFLD non-alcoholic fatty liver disease
NLRP3 Nod-like receptor protein 3
PERK protein kinase dsRNA-activated protein kinase–like ER kinase
PGC1α peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
PPARα peroxisome proliferator-activated receptor alpha
ROS reactive oxygen species
TXNIP thioredoxin-interacting protein
UPR unfolded protein response

References
1. Matteoni, C.A.; Younossi, Z.M.; Gramlich, T.; Boparai, N.; Liu, Y.C.; McCullough, A.J. Nonalcoholic fatty liver disease: A spectrum

of clinical and pathological severity. Gastroenterology 1999, 116, 1413–1419. [CrossRef] [PubMed]
2. Bugianesi, E.; Leone, N.; Vanni, E.; Marchesini, G.; Brunello, F.; Carucci, P.; Musso, A.; De Paolis, P.; Capussotti, L.; Salizzoni,

M.; et al. Expanding the natural history of nonalcoholic steatohepatitis: From cryptogenic cirrhosis to hepatocellular carcinoma.
Gastroenterology 2002, 123, 134–140. [CrossRef] [PubMed]

http://doi.org/10.1016/S0016-5085(99)70506-8
http://www.ncbi.nlm.nih.gov/pubmed/10348825
http://doi.org/10.1053/gast.2002.34168
http://www.ncbi.nlm.nih.gov/pubmed/12105842


Antioxidants 2023, 12, 458 16 of 18

3. Younossi, Z.M.; Stepanova, M.; Afendy, M.; Fang, Y.; Younossi, Y.; Mir, H.; Srishord, M. Changes in the prevalence of the most
common causes of chronic liver diseases in the United States from 1988 to 2008. Clin. Gastroenterol. Hepatol. 2011, 9, 524–530.e1;
quiz e560. [CrossRef] [PubMed]

4. Review, T.; LaBrecque, D.R.; Abbas, Z.; Anania, F.; Ferenci, P.; Khan, A.G.; Goh, K.L.; Hamid, S.S.; Isakov, V.; Lizarzabal, M.; et al.
World Gastroenterology Organisation global guidelines: Nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. J. Clin.
Gastroenterol. 2014, 48, 467–473. [CrossRef]

5. Browning, J.D.; Horton, J.D. Molecular mediators of hepatic steatosis and liver injury. J. Clin. Investig. 2004, 114, 147–152.
[CrossRef]

6. Noureddin, M.; Mato, J.M.; Lu, S.C. Nonalcoholic fatty liver disease: Update on pathogenesis, diagnosis, treatment and the role
of S-adenosylmethionine. Exp. Biol. Med. 2015, 240, 809–820. [CrossRef]

7. Schwarz, D.S.; Blower, M.D. The endoplasmic reticulum: Structure, function and response to cellular signaling. Cell. Mol. Life Sci.
2016, 73, 79–94. [CrossRef]

8. Nam, D.H.; Han, J.H.; Lim, J.H.; Park, K.M.; Woo, C.H. CHOP Deficiency Ameliorates ERK5 Inhibition-Mediated Exacerbation of
Streptozotocin-Induced Hyperglycemia and Pancreatic β-Cell Apoptosis. Mol. Cells 2017, 40, 457–465. [CrossRef]

9. Nam, D.H.; Han, J.H.; Lee, T.J.; Shishido, T.; Lim, J.H.; Kim, G.Y.; Woo, C.H. CHOP deficiency prevents methylglyoxal-induced
myocyte apoptosis and cardiac dysfunction. J. Mol. Cell. Cardiol. 2015, 85, 168–177. [CrossRef]

10. Bertolotti, A.; Zhang, Y.; Hendershot, L.M.; Harding, H.P.; Ron, D. Dynamic interaction of BiP and ER stress transducers in the
unfolded-protein response. Nat. Cell Biol. 2000, 2, 326–332. [CrossRef]

11. Shen, X.; Ellis, R.E.; Sakaki, K.; Kaufman, R.J. Genetic interactions due to constitutive and inducible gene regulation mediated by
the unfolded protein response in C. elegans. PLoS Genet. 2005, 1, e37. [CrossRef] [PubMed]

12. Lin, J.H.; Walter, P.; Yen, T.S. Endoplasmic reticulum stress in disease pathogenesis. Annu. Rev. Pathol. 2008, 3, 399–425. [CrossRef]
[PubMed]

13. Jo, H.; Choe, S.S.; Shin, K.C.; Jang, H.; Lee, J.H.; Seong, J.K.; Back, S.H.; Kim, J.B. Endoplasmic reticulum stress induces hepatic
steatosis via increased expression of the hepatic very low-density lipoprotein receptor. Hepatology 2013, 57, 1366–1377. [CrossRef]
[PubMed]

14. Tabas, I. The role of endoplasmic reticulum stress in the progression of atherosclerosis. Circ. Res. 2010, 107, 839–850. [CrossRef]
15. King, I.A.; Tabiowo, A. Effect of tunicamycin on epidermal glycoprotein and glycosaminoglycan synthesis in vitro. Biochem. J.

1981, 198, 331–338. [CrossRef]
16. Lee, J.S.; Zheng, Z.; Mendez, R.; Ha, S.W.; Xie, Y.; Zhang, K. Pharmacologic ER stress induces non-alcoholic steatohepatitis in an

animal model. Toxicol. Lett. 2012, 211, 29–38. [CrossRef]
17. Hodeify, R.; Megyesi, J.; Tarcsafalvi, A.; Mustafa, H.I.; Hti Lar Seng, N.S.; Price, P.M. Gender differences control the susceptibility

to ER stress-induced acute kidney injury. Am. J. Physiol. Ren. Physiol. 2013, 304, F875–F882. [CrossRef]
18. Nishiyama, A.; Matsui, M.; Iwata, S.; Hirota, K.; Masutani, H.; Nakamura, H.; Takagi, Y.; Sono, H.; Gon, Y.; Yodoi, J. Identification

of thioredoxin-binding protein-2/vitamin D(3) up-regulated protein 1 as a negative regulator of thioredoxin function and
expression. J. Biol. Chem. 1999, 274, 21645–21650. [CrossRef]

19. Spindel, O.N.; World, C.; Berk, B.C. Thioredoxin interacting protein: Redox dependent and independent regulatory mechanisms.
Antioxid Redox Signal. 2012, 16, 587–596. [CrossRef]

20. Kim, S.Y.; Suh, H.W.; Chung, J.W.; Yoon, S.R.; Choi, I. Diverse functions of VDUP1 in cell proliferation, differentiation, and
diseases. Cell. Mol. Immunol. 2007, 4, 345–351.

21. Wang, W.; Wang, C.; Ding, X.Q.; Pan, Y.; Gu, T.T.; Wang, M.X.; Liu, Y.L.; Wang, F.M.; Wang, S.J.; Kong, L.D. Quercetin and
allopurinol reduce liver thioredoxin-interacting protein to alleviate inflammation and lipid accumulation in diabetic rats. Br. J.
Pharm. 2013, 169, 1352–1371. [CrossRef]

22. Zhou, J.; Chng, W.J. Roles of thioredoxin binding protein (TXNIP) in oxidative stress, apoptosis and cancer. Mitochondrion 2013,
13, 163–169. [CrossRef] [PubMed]

23. Hernandez-Rodas, M.C.; Valenzuela, R.; Videla, L.A. Relevant Aspects of Nutritional and Dietary Interventions in Non-Alcoholic
Fatty Liver Disease. Int. J. Mol. Sci. 2015, 16, 25168–25198. [CrossRef]

24. Ortiz, M.; Soto-Alarcon, S.A.; Orellana, P.; Espinosa, A.; Campos, C.; Lopez-Arana, S.; Rincon, M.A.; Illesca, P.; Valenzuela, R.;
Videla, L.A. Suppression of high-fat diet-induced obesity-associated liver mitochondrial dysfunction by docosahexaenoic acid
and hydroxytyrosol co-administration. Dig. Liver Dis. 2020, 52, 895–904. [CrossRef] [PubMed]

25. Swatek, K.N.; Komander, D. Ubiquitin modifications. Cell Res. 2016, 26, 399–422. [CrossRef] [PubMed]
26. Ballinger, C.A.; Connell, P.; Wu, Y.; Hu, Z.; Thompson, L.J.; Yin, L.Y.; Patterson, C. Identification of CHIP, a novel tetratricopeptide

repeat-containing protein that interacts with heat shock proteins and negatively regulates chaperone functions. Mol. Cell. Biol.
1999, 19, 4535–4545. [CrossRef]

27. Rosser, M.F.; Washburn, E.; Muchowski, P.J.; Patterson, C.; Cyr, D.M. Chaperone functions of the E3 ubiquitin ligase CHIP. J. Biol.
Chem. 2007, 282, 22267–22277. [CrossRef]

28. Cyr, D.M.; Hohfeld, J.; Patterson, C. Protein quality control: U-box-containing E3 ubiquitin ligases join the fold. Trends Biochem.
Sci. 2002, 27, 368–375. [CrossRef]

29. Pabarcus, M.K.; Hoe, N.; Sadeghi, S.; Patterson, C.; Wiertz, E.; Correia, M.A. CYP3A4 ubiquitination by gp78 (the tumor autocrine
motility factor receptor, AMFR) and CHIP E3 ligases. Arch. Biochem. Biophys. 2009, 483, 66–74. [CrossRef]

http://doi.org/10.1016/j.cgh.2011.03.020
http://www.ncbi.nlm.nih.gov/pubmed/21440669
http://doi.org/10.1097/MCG.0000000000000116
http://doi.org/10.1172/JCI200422422
http://doi.org/10.1177/1535370215579161
http://doi.org/10.1007/s00018-015-2052-6
http://doi.org/10.14348/molcells.2017.2296
http://doi.org/10.1016/j.yjmcc.2015.05.016
http://doi.org/10.1038/35014014
http://doi.org/10.1371/journal.pgen.0010037
http://www.ncbi.nlm.nih.gov/pubmed/16184190
http://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
http://www.ncbi.nlm.nih.gov/pubmed/18039139
http://doi.org/10.1002/hep.26126
http://www.ncbi.nlm.nih.gov/pubmed/23152128
http://doi.org/10.1161/CIRCRESAHA.110.224766
http://doi.org/10.1042/bj1980331
http://doi.org/10.1016/j.toxlet.2012.02.017
http://doi.org/10.1152/ajprenal.00590.2012
http://doi.org/10.1074/jbc.274.31.21645
http://doi.org/10.1089/ars.2011.4137
http://doi.org/10.1111/bph.12226
http://doi.org/10.1016/j.mito.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22750447
http://doi.org/10.3390/ijms161025168
http://doi.org/10.1016/j.dld.2020.04.019
http://www.ncbi.nlm.nih.gov/pubmed/32620521
http://doi.org/10.1038/cr.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27012465
http://doi.org/10.1128/MCB.19.6.4535
http://doi.org/10.1074/jbc.M700513200
http://doi.org/10.1016/S0968-0004(02)02125-4
http://doi.org/10.1016/j.abb.2008.12.001


Antioxidants 2023, 12, 458 17 of 18

30. El Khouri, E.; Le Pavec, G.; Toledano, M.B.; Delaunay-Moisan, A. RNF185 is a novel E3 ligase of endoplasmic reticulum-
associated degradation (ERAD) that targets cystic fibrosis transmembrane conductance regulator (CFTR). J. Biol. Chem. 2013, 288,
31177–31191. [CrossRef]

31. Cabral Miranda, F.; Adao-Novaes, J.; Hauswirth, W.W.; Linden, R.; Petrs-Silva, H.; Chiarini, L.B. CHIP, a carboxy terminus
HSP-70 interacting protein, prevents cell death induced by endoplasmic reticulum stress in the central nervous system. Front.
Cell. Neurosci. 2014, 8, 438. [CrossRef] [PubMed]

32. Le, N.T.; Takei, Y.; Shishido, T.; Woo, C.H.; Chang, E.; Heo, K.S.; Lee, H.; Lu, Y.; Morrell, C.; Oikawa, M.; et al. p90RSK targets the
ERK5-CHIP ubiquitin E3 ligase activity in diabetic hearts and promotes cardiac apoptosis and dysfunction. Circ. Res. 2012, 110,
536–550. [CrossRef] [PubMed]

33. Wei, Q.; Sha, Y.; Bhattacharya, A.; Abdel Fattah, E.; Bonilla, D.; Jyothula, S.S.; Pandit, L.; Khurana Hershey, G.K.; Eissa, N.T.
Regulation of IL-4 receptor signaling by STUB1 in lung inflammation. Am. J. Respir. Crit. Care Med. 2014, 189, 16–29. [CrossRef]
[PubMed]

34. Jiang, B.; Shen, H.; Chen, Z.; Yin, L.; Zan, L.; Rui, L. Carboxyl terminus of HSC70-interacting protein (CHIP) down-regulates
NF-kappaB-inducing kinase (NIK) and suppresses NIK-induced liver injury. J. Biol. Chem. 2015, 290, 11704–11714. [CrossRef]

35. Kim, S.M.; Grenert, J.P.; Patterson, C.; Correia, M.A. CHIP(−/−)-Mouse Liver: Adiponectin-AMPK-FOXO-Activation Overrides
CYP2E1-Elicited JNK1-Activation, Delaying Onset of NASH: Therapeutic Implications. Sci. Rep. 2016, 6, 29423. [CrossRef]

36. Dai, Q.; Zhang, C.; Wu, Y.; McDonough, H.; Whaley, R.A.; Godfrey, V.; Li, H.H.; Madamanchi, N.; Xu, W.; Neckers, L.; et al. CHIP
activates HSF1 and confers protection against apoptosis and cellular stress. EMBO J. 2003, 22, 5446–5458. [CrossRef]

37. Min, J.N.; Whaley, R.A.; Sharpless, N.E.; Lockyer, P.; Portbury, A.L.; Patterson, C. CHIP deficiency decreases longevity, with
accelerated aging phenotypes accompanied by altered protein quality control. Mol. Cell. Biol. 2008, 28, 4018–4025. [CrossRef]

38. Charni-Natan, M.; Goldstein, I. Protocol for Primary Mouse Hepatocyte Isolation. STAR Protoc. 2020, 1, 100086. [CrossRef]
39. Zhang, X.Q.; Xu, C.F.; Yu, C.H.; Chen, W.X.; Li, Y.M. Role of endoplasmic reticulum stress in the pathogenesis of nonalcoholic

fatty liver disease. World J. Gastroenterol. 2014, 20, 1768–1776. [CrossRef]
40. Tonks, K.T.; Ng, Y.; Miller, S.; Coster, A.C.; Samocha-Bonet, D.; Iseli, T.J.; Xu, A.; Patrick, E.; Yang, J.Y.; Junutula, J.R.; et al.

Impaired Akt phosphorylation in insulin-resistant human muscle is accompanied by selective and heterogeneous downstream
defects. Diabetologia 2013, 56, 875–885. [CrossRef]

41. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome
activation. Nat. Immunol. 2010, 11, 136–140. [CrossRef]

42. Yu, L.; Hong, W.; Lu, S.; Li, Y.; Guan, Y.; Weng, X.; Feng, Z. The NLRP3 Inflammasome in Non-Alcoholic Fatty Liver Disease and
Steatohepatitis: Therapeutic Targets and Treatment. Front. Pharm. 2022, 13, 780496. [CrossRef] [PubMed]

43. Robinson, K.A.; Brock, J.W.; Buse, M.G. Posttranslational regulation of thioredoxin-interacting protein. J. Mol. Endocrinol. 2013,
50, 59–71. [CrossRef]

44. Alvarez, C.E. On the origins of arrestin and rhodopsin. BMC Evol. Biol. 2008, 8, 222. [CrossRef] [PubMed]
45. Zhang, P.; Wang, C.; Gao, K.; Wang, D.; Mao, J.; An, J.; Xu, C.; Wu, D.; Yu, H.; Liu, J.O.; et al. The ubiquitin ligase itch regulates

apoptosis by targeting thioredoxin-interacting protein for ubiquitin-dependent degradation. J. Biol. Chem. 2010, 285, 8869–8879.
[CrossRef]

46. Jiang, J.; Ballinger, C.A.; Wu, Y.; Dai, Q.; Cyr, D.M.; Höhfeld, J.; Patterson, C. CHIP is a U-box-dependent E3 ubiquitin ligase:
Identification of Hsc70 as a target for ubiquitylation. J. Biol. Chem. 2001, 276, 42938–42944. [CrossRef]

47. Zhang, Y.; Xia, G.; Zhu, Q. Conserved and Unique Roles of Chaperone-Dependent E3 Ubiquitin Ligase CHIP in Plants. Front.
Plant Sci. 2021, 12, 699756. [CrossRef] [PubMed]

48. Wang, S.; Kaufman, R.J. The impact of the unfolded protein response on human disease. J. Cell Biol. 2012, 197, 857–867. [CrossRef]
49. Lee, A.H.; Scapa, E.F.; Cohen, D.E.; Glimcher, L.H. Regulation of hepatic lipogenesis by the transcription factor XBP1. Science

2008, 320, 1492–1496. [CrossRef]
50. Yamamoto, K.; Takahara, K.; Oyadomari, S.; Okada, T.; Sato, T.; Harada, A.; Mori, K. Induction of liver steatosis and lipid droplet

formation in ATF6alpha-knockout mice burdened with pharmacological endoplasmic reticulum stress. Mol. Biol. Cell 2010, 21,
2975–2986. [CrossRef]

51. Zhang, K.; Wang, S.; Malhotra, J.; Hassler, J.R.; Back, S.H.; Wang, G.; Chang, L.; Xu, W.; Miao, H.; Leonardi, R.; et al. The unfolded
protein response transducer IRE1alpha prevents ER stress-induced hepatic steatosis. EMBO J. 2011, 30, 1357–1375. [CrossRef]

52. Oyadomari, S.; Harding, H.P.; Zhang, Y.; Oyadomari, M.; Ron, D. Dephosphorylation of translation initiation factor 2alpha
enhances glucose tolerance and attenuates hepatosteatosis in mice. Cell Metab. 2008, 7, 520–532. [CrossRef] [PubMed]

53. Barnard, R.J.; Faria, D.J.; Menges, J.E.; Martin, D.A. Effects of a high-fat, sucrose diet on serum insulin and related atherosclerotic
risk factors in rats. Atherosclerosis 1993, 100, 229–236. [CrossRef]

54. Hulman, S.; Falkner, B. The effect of excess dietary sucrose on growth, blood pressure, and metabolism in developing Sprague-
Dawley rats. Pediatr. Res. 1994, 36, 95–101. [CrossRef]

55. Roberts, C.K.; Vaziri, N.D.; Liang, K.H.; Barnard, R.J. Reversibility of chronic experimental syndrome X by diet modification.
Hypertension 2001, 37, 1323–1328. [CrossRef] [PubMed]

56. Yang, Z.H.; Miyahara, H.; Takeo, J.; Katayama, M. Diet high in fat and sucrose induces rapid onset of obesity-related metabolic
syndrome partly through rapid response of genes involved in lipogenesis, insulin signalling and inflammation in mice. Diabetol.
Metab. Syndr. 2012, 4, 32. [CrossRef]

http://doi.org/10.1074/jbc.M113.470500
http://doi.org/10.3389/fncel.2014.00438
http://www.ncbi.nlm.nih.gov/pubmed/25620910
http://doi.org/10.1161/CIRCRESAHA.111.254730
http://www.ncbi.nlm.nih.gov/pubmed/22267842
http://doi.org/10.1164/rccm.201305-0874OC
http://www.ncbi.nlm.nih.gov/pubmed/24251647
http://doi.org/10.1074/jbc.M114.635086
http://doi.org/10.1038/srep29423
http://doi.org/10.1093/emboj/cdg529
http://doi.org/10.1128/MCB.00296-08
http://doi.org/10.1016/j.xpro.2020.100086
http://doi.org/10.3748/wjg.v20.i7.1768
http://doi.org/10.1007/s00125-012-2811-y
http://doi.org/10.1038/ni.1831
http://doi.org/10.3389/fphar.2022.780496
http://www.ncbi.nlm.nih.gov/pubmed/35350750
http://doi.org/10.1530/JME-12-0091
http://doi.org/10.1186/1471-2148-8-222
http://www.ncbi.nlm.nih.gov/pubmed/18664266
http://doi.org/10.1074/jbc.M109.063321
http://doi.org/10.1074/jbc.M101968200
http://doi.org/10.3389/fpls.2021.699756
http://www.ncbi.nlm.nih.gov/pubmed/34305988
http://doi.org/10.1083/jcb.201110131
http://doi.org/10.1126/science.1158042
http://doi.org/10.1091/mbc.e09-02-0133
http://doi.org/10.1038/emboj.2011.52
http://doi.org/10.1016/j.cmet.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18522833
http://doi.org/10.1016/0021-9150(93)90209-D
http://doi.org/10.1203/00006450-199407001-00017
http://doi.org/10.1161/01.HYP.37.5.1323
http://www.ncbi.nlm.nih.gov/pubmed/11358948
http://doi.org/10.1186/1758-5996-4-32


Antioxidants 2023, 12, 458 18 of 18

57. Ishimoto, T.; Lanaspa, M.A.; Rivard, C.J.; Roncal-Jimenez, C.A.; Orlicky, D.J.; Cicerchi, C.; McMahan, R.H.; Abdelmalek, M.F.;
Rosen, H.R.; Jackman, M.R.; et al. High-fat and high-sucrose (western) diet induces steatohepatitis that is dependent on
fructokinase. Hepatology 2013, 58, 1632–1643. [CrossRef] [PubMed]

58. Kawano, Y.; Cohen, D.E. Mechanisms of hepatic triglyceride accumulation in non-alcoholic fatty liver disease. J. Gastroenterol.
2013, 48, 434–441. [CrossRef]

59. Saeed, A.; Bartuzi, P.; Heegsma, J.; Dekker, D.; Kloosterhuis, N.; de Bruin, A.; Jonker, J.W.; van de Sluis, B.; Faber, K.N. Impaired
Hepatic Vitamin A Metabolism in NAFLD Mice Leading to Vitamin A Accumulation in Hepatocytes. Cell. Mol. Gastroenterol.
Hepatol. 2021, 11, 309–325. [CrossRef]

60. Shimizu, H.; Tsubota, T.; Kanki, K.; Shiota, G. All-trans retinoic acid ameliorates hepatic stellate cell activation via suppression of
thioredoxin interacting protein expression. J. Cell. Physiol. 2018, 233, 607–616. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/hep.26594
http://www.ncbi.nlm.nih.gov/pubmed/23813872
http://doi.org/10.1007/s00535-013-0758-5
http://doi.org/10.1016/j.jcmgh.2020.07.006
http://doi.org/10.1002/jcp.25921

	Introduction 
	Materials and Methods 
	Cell Culture 
	Animal Experiments 
	Quantitative Real Time RT-PCR 
	Immunoprecipitation and Immunoblotting 
	RNA Interference 
	Histological Analysis 
	Intraperitoneal Glucose Tolerance Test, Intraperitoneal Insulin Tolerance Test, and Insulin Sensitivity Assessment 
	Oxidative Status Analysis 
	Ubiquitination Assay 
	Statistical Analysis 

	Results 
	CHIP Is Involved in Unfolded Protein Responses and Apoptosis In Vitro 
	CHIP Protects Mice from Tunicamycin-Induced Hepatic Steatosis 
	CHIP Protects Mice from Diet-Induced Hepatic Steatosis 
	CHIP Protects against Diet-Induced Oxidative Stress and Inflammasome Formation 
	CHIP Promotes the Ubiquitin-Dependent Degradation of TXNIP 
	CHIP Regulates ER Stress and Inflammatory Responses by Inhibiting TXNIP 

	Discussion 
	References

