Diabetologia (2023) 66:913-930
https://doi.org/10.1007/s00125-023-05869-9

®

Check for
updates

ARTICLE

Chaperonin counteracts diet-induced non-alcoholic fatty liver disease
by aiding sirtuin 3 in the control of fatty acid oxidation
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Abstract

Aims/hypothesis The mitochondrial chaperonin heat shock protein (HSP) 60 is indispensable in protein folding and the mito-
chondrial stress response; however, its role in nutrient metabolism remains uncertain. This study investigated the role of HSP60
in diet-induced non-alcoholic fatty liver disease (NAFLD).

Methods We studied human biopsies from individuals with NAFLD, murine high-fat-diet (HFD; a diet with 60% energy from
fat)-induced obesity (DIO), transgenic (Tg) mice overexpressing Hsp60 (Hsp60-Tg), and human HepG2 cells transfected with
HSP60 cDNA or with HSP60 siRNA. Histomorphometry was used to assess hepatic steatosis, biochemistry kits were used to
measure insulin resistance and glucose tolerance, and an automated home cage phenotyping system was used to assess energy
expenditure. Body fat was assessed using MRI. Macrophage infiltration, the lipid oxidation marker 4-hydroxy-2-nonenal (4-
HNE) and the oxidative damage marker 8-hydroxy-2'-deoxyguanosine (8-OHdG) were detected using immunohistochemistry.
Intracellular lipid droplets were evaluated by Nile red staining. Expression of HSP60, and markers of lipogenesis and
fatty acid oxidation were quantified using RT-PCR and immunoblotting. Investigations were analysed using the two-
way ANOVA test.

Results Decreased HSP60 expression correlated with severe steatosis in human NAFLD biopsies and murine DIO. Hsp60-Tg
mice developed less body fat, had reduced serum triglyceride levels, lower levels of insulin resistance and higher serum
adiponectin levels than wild-type mice upon HFD feeding. Respiratory quotient profile indicated that fat in Hsp60-Tg mice
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What is already known about this subject?
e Heat shock protein (HSP)60 is a mitochondrial chaperonin important in escorting unfolded proteins
e Mice deficient in HSP60 develop mitochondrial dysfunction and insulin resistance

What is the key question?

e How does HSP60 affect lipid metabolism in the development of metabolic disease and fatty acid
metabolism in non-alcoholic fatty liver disease (NAFLD)?

What are the new findings?

e Decreased levels of HSP60 are correlated with human NAFLD and murine high-fat-diet (HFD)-induced
obesity

e  HSP60 represses HFD-mediated hepatic steatosis, oxidative damage and M1/M2 macrophage
dysregulation, and ameliorates fatty liver development

e HSP60 promotes fatty acid oxidation by preserving sirtuin 3 (SIRT3)/AMP-activated protein kinase
(AMPK)/peroxisome proliferator-activated receptor a (PPARa) signalling

How might this impact on clinical practice in the foreseeable future?

e  Mitochondrial HSP60 may provide a promising direction for the development of therapeutic interventions
for NAFLD and type 2 diabetes

may be metabolised to meet energy demands. Hsp60-Tg mice showed amelioration of HFD-mediated hepatic steatosis, M1/M2
macrophage dysregulation, and 4-HNE and 8-OHdG overproduction. Forced HSP60 expression reduced the mitochondrial
unfolded protein response, while preserving mitochondrial respiratory complex activity and enhancing fatty acid oxidation.
Furthermore, HSP60 knockdown enhanced intracellular lipid formation and loss of sirtuin 3 (SIRT3) signalling in HepG2 cells
upon incubation with palmitic acid (PA). Forced HSP60 expression improved SIRT3 signalling and repressed PA-mediated
intracellular lipid formation. SIRT3 inhibition compromised HSP60-induced promotion of AMP-activated protein kinase
(AMPK) phosphorylation and peroxisome proliferator-activated receptor & (PPAR« levels), while also decreasing levels of
fatty acid oxidation markers.

Conclusion/interpretation Mitochondrial HSP60 promotes fatty acid oxidation while repressing mitochondrial stress and inflam-
mation to ameliorate the development of NAFLD by preserving SIRT3 signalling. This study reveals the hepatoprotec-
tive effects of HSP60 and indicates that HSP60 could play a fundamental role in the development of therapeutics for
NAFLD or type 2 diabetes.

Keywords Heat shock protein 60 - Lipid metabolism - Mitochondria - 3-oxidation - Proinflammation

Abbreviations LONPI LON peptidase 1

ACAA2 Acetyl coenzyme A acyltransferase 2 ™UPR Mitochondrial unfolded protein response
ACADL Acyl-CoA dehydrogenase, long chain NAFLD Non-alcoholic fatty liver disease

AMPK AMP-activated protein kinase 8-OHdG 8-Hydroxy-2'-deoxyguanosine

ATP Activating transcription factor PA Palmitic acid

CD Chow diet PGC-1x Peroxisome proliferator-activated receptor,
CPT Carnitine palmitoyltransferase gamma, coactivator 1, o

DIO High-fat-diet-induced obesity PPAR«x Peroxisome proliferator-activated receptor
EV Empty vector RER Respiratory exchange ratio

HFD High-fat diet RNAI RNA interference

4-HNE 4-Hydroxy-2-nonenal ROS Reactive oxygen species

HSP Heat shock protein SIRT3 Sirtuin 3
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Tg Transgenic

3TYP 3-(1H-1,2,3-triazol-4-yl) pyridine
WT Wild-type

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a public health
issue and a major risk factor for cardiovascular disease, type 2
diabetes and chronic kidney disease [1]. Mitochondrial
dysfunction accelerates the development of NAFLD; indeed,
a growing number of studies have revealed that mitochondrial
dysfunction downregulates hepatic lipid homeostasis and
enhances reactive oxygen species (ROS) production to aggra-
vate lipid peroxidation, inflammatory cytokine production,
apoptosis, and fibrosis in hepatic tissue [2—4].

Mitochondrial heat shock protein (HSP)60 plays an impor-
tant role in controlling mitochondrial stress [5]. This
chaperonin is also present in the cytosol, the cell membrane
and body fluid, being involved in regulating inflammation and
cardiometabolic and neurodegenerative diseases [6, 7]. Loss
of HSP60 has been associated with high-fat-diet (HFD)-
induced obesity (DIO) and diabetes in mice [8]. More specif-
ically, HSP60 interference has been shown to cause mitochon-
drial dysfunction and insulin resistance [8], whereas HSP60
upregulation by metformin attenuates diabetes-induced mito-
chondrial dysfunction [9]. Rosiglitazone, an early insulin
sensitiser (previously used to treat diabetes), reverses
obesity-induced mitochondrial protein loss in ob/ob mice.
Moreover, palmitate oxidation and HSP60 protein levels are
promoted in adipocytes from rosiglitazone-treated mice [10].
Despite these investigations, the specific biological role that
this chaperonin may play in the development of NAFLD
remains unclear.

The sirtuin family (consisting of seven members) is
comprised of highly conserved class III histone deacetylases
that reside in mammalian cells [11]. Sirtuin 3 (SIRT3) is pres-
ent in the mitochondrial compartment, where it removes the
acetyl group from mitochondrial proteins and regulates energy
metabolism and oxidative stress [12, 13]. SIRT3 catalyses
HSP10 deacetylation and modulates the biological activity
of the HSP60/HSP10 chaperone complex, which enhances
the folding of the fatty acid oxidation enzyme medium-chain
acyl-CoA dehydrogenase [14]. Sirt3 knockout mice develop
severe hepatic steatosis upon HFD consumption [15], while
Sirt3 overexpression promotes lipophagy, and represses
lipotoxicity in hepatocytes incubated in palmitic acid (PA)
[16]. Interestingly, muscle- and liver-specific Sirt3 knockout
mice did not manifest any overt metabolic phenotype following
HFD consumption, despite a marked global hyperacetylation
of mitochondrial proteins [17]. This observation suggests that a
complex coordinated defect may exist in Sirt3 in multiple
tissues in the germline Sirt3 knockout mice.

This study aimed to utilise human specimens from individ-
uals with NAFLD and Hsp60 transgenic (Tg) mice to inves-
tigate whether HSP60 affects lipid metabolism during the
development of HFD-mediated NAFLD and to elucidate the
role of HSP60 in regulating lipogenesis in hepatocytes.

Methods

Cell cultures Human HepG2 cells (American Type Culture
Collection, Manassas, VA, USA) were incubated in DMEM
with 10% (vol./vol.) FBS, antibiotics (100 IU/ml penicillin
and 100 pg/ml streptomycin), and L-glutamine in a 37°C
and 5% CO, humidified incubator. There was no mycoplasma
contamination in HepG2 cells. See the Human Cell Line DNA
Typing Report in the electronic supplementary material
(ESM) for details.

HFD feeding All animal studies were approved by the Institute
of Animal Care and Use Committee (IACUC) of Kaohsiung
Chang Gung Memorial Hospital, Taiwan (no. 2016122605).
Mice overexpressing HSP60 driven by mitochondrial phos-
phoglycerate kinase 1 (FVB/N-Tg[PGK-HSPDI1]Wfs/Narl;
strain no. RMRC13343; www.nlac.narl.org.tw/RMRC/webc/
html/data/show.aspx ?ix=1&page=1&kw=Hsp60, accessed
22 January 2018) obtained from the Rodent Model Resource
Center, National Laboratory Animal Center, Taiwan) were
bred and genotyped as previously described [18]. Animals
were group-housed in individual ventilation cages in a specific
pathogen-free vivarium (Center for Laboratory Animals,
Kaohsiung Chang Gung Memorial Hospital, Taiwan) with a
12 h/12 h light/dark cycle and high-efficiency particulate air
conditions (cabinet temperature, 22 + 2°C and relative humid-
ity, 70 + 5%). Animals were provided with sterile wood chip
bedding and given drinking water and feed ad libitum. Male 8-
week-old mice were included and randomised into chow diet
(CD)- or HFD-feeding groups. Wild-type (WT) mice
(C57BL/6JNarl or FVB; National Laboratory Animal
Center, Taipei, Taiwan) or Hsp60-Tg mice were fed an HFD
(a diet with 60% energy from fat; catalogue no. D12331;
LabDiet, Louis, MO, USA) or standard CD (10% energy from
fat; catalogue no. D12329; LabDiet) for 6 months. The HFD
and CD diets contained ~20% protein and their mineral and
vitamin content met the requirements of the American
Institute of Nutrition for mice [19].

In vivo metabolic investigations Physical activity (locomotion
and rearing) and metabolic profiles were characterised in
animals using the Automated Home Cage Phenotyping
System (Phenomaster; TSE Systems, Homburg, Germany),
according to the manufacturer’s instructions. Mice were
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accommodated in metabolic cages of a climate chamber (23°C
and 12 h dark/12 h light cycle) (TSE Systems) for 2 days, with
feed and water ad libitum. Upon acclimation, a high through-
put physiological signalling calculation unit (TSE Systems)
was used to measure volumes of O2 consumption (VOZ) and

CO, production (VCOQ), together with the respiratory
exchange ratio (RER) and mouse activity over 24 h.

MRI Mice were anesthetised using isoflurane and MRI was
conducted using a 9.4T MRI scanner (Biospec 94/20;
Bruker, Ettlingen, Germany). In brief, whole-body images
were scanned using a 112/72 mm transmit-receive volume
coil. Multi-slice turbo rapid acquisition together with
refocused echoes sequence (repetition time/echo time, 3000
ms/9 ms; resolution, 182 x 182 x 2000 pum; 30 slices and
number of excitations (NEX)/averages, 8) was utilised to visu-
alise the MRI images. The volume of adipose tissue in the
images was calculated using semiautomatic image analysis
software (ParaVision PV5.1 software; Bruker).

Measurement of IPGTT and IPITT Glucose tolerance and
insulin tolerance were investigated in mice fed with an
HFD for 6 months using IPGTT and IPITT tests, as previ-
ously described [20].

Serum biochemistry analysis Levels of NEFA (Free Fatty
Acid Fluorometric Assay; catalogue no. 700310; Cayman
Chemical, Ann Arbor, MI, USA), triglyceride (Triglyceride
Colorimetric Assay, catalogue no. 10010303; Cayman
Chemical), adiponectin (catalogue no. ab108785; Abcam,
Cambridge, MA, USA), leptin (catalogue no. ab199082,
Abcam) and IL-6 (catalogue no. 431307; BioLegend, San
Diego, CA, USA) in sera were quantified using biochem-
istry or ELISA kits according to the manufacturers’
instructions.

Clinical specimen collection Studies on human specimens,
retrieved from 22 normal liver and 22 fatty liver samples that
were archived in the Department of Pathology, Kaohsiung
Chang Gung Memorial Hospital, Kaohsiung, Taiwan, were
approved by the Chang Gung Medical Foundation
Institutional Review Board (202000208B0). HSP60 levels
were quantified using immunohistochemistry or immunoblot-
ting (see below). Analysis of protein expression was conduct-
ed by individuals who did not know the degree of hepatic
steatosis of the specimen. Upon haematoxylin and eosin stain-
ing, histopathology was used to analyse fat deposits in the
liver, by a pathologist. The area of fat deposition in liver spec-
imens was measured and categorised into four grades:

@ Springer

minimal (<5%); mild (5-30%); moderate (31-60%); and
severe (>60%) [21].

Immunohistochemistry analysis and scoring Upon
deparaffinisation, blocking by 3% H,0,, and antigen retrieval,
sections were incubated in antibodies for HSP60, the oxida-
tive DNA damage marker 8-hydroxy-2-deoxyguanosine (8-
OHAJG; catalogue no. bs-1278R; Bioss, Boston, MA, USA),
the lipid oxidation marker 4-hydroxy-2-nonenal (4-HNE;
catalogue no. MAB3249; R&D Systems, Minneapolis, MN,
USA), or antibodies for macrophage markers F4/80 (cata-
logue no. 70076; Cell Signaling Technology, Danvers, MA,
USA), integrin ocX (also known as CD1 1c; catalogue no. sc-
46676; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
CD206 (catalogue no. sc-58986; Santa Cruz Biotechnology)
(see Table 1 for details). Immunosignals were visualised using
the Ultravision Quanto Detection System HRP DAB Kit
(catalogue no. TL-060-QHL; Thermo Scientific, Waltham,
MA, USA) and counterstained using Gill’s haematoxylin.
The intensity of immunostained liver tissue was scored as: 0,
none; 1, weak; 2, intermediate; and 3, strong. Ten random
fields of each section were selected. Immunostained cells were
evaluated using a light microscope (Leica, Morrisville, NC,
USA). The percentage of immunostained cells in ten random
fields (X200 magnification) was calculated. The percentage of
4-HNE" areas was calculated as mean absorbance by Image J
software (Image J 1.51; National Institutes of Health,
Bethesda, MD, USA). Macrophages immunostained for
CDl1c or CD206 in adipocytes were quantified as described
in the ESM Methods (Quantification of immunostained
cells section).

Assessment of ROS production in liver specimens ROS/reac-
tive nitrogen species (RNS) assay kits (OxiSelect; Cell
Biolabs, San Diego, CA, USA) were utilised to quantify
ROS levels in liver tissue, according to the manufacturer’s
instructions. In brief, 50 pg fresh liver specimens in 1 ml
PBS were homogenised (Precellys 24 homogeniser; Bertin
Technologies, Versailles, France). Upon centrifugation,
50 ul tissue lysate was mixed with 50 pl catalyst solution
and 100 pul DCFH solution (0.5 pul DCFH-DiOxyQ + 2 ul
priming reagent + 97.5 pl stabilisation solution) for 30 min.
The levels of 2',7'-dichlorodihydrofluorescein (DCF) were
quantified using fluorescence spectrometry with excitation/
emission (Ex/Em) at 480/530 nm (FLUOstar OPTIMA;
BMG Labtech, Ortenberg, Germany).

HSP60 cDNA transfection and RNA interference pUSE-amp
vectors coding full-length HSP60 (a gift from F.-S. Wang,
Kaohsiung Chang Gung Memorial Hospital, Kaohsiung,
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Table 1 List of materials used

Materials Source Identifier

Antibodies (dilution)
HSP60 (1:1000) Proteintech® Catalogue no. 66041-1-1g
ACADL (1:1000) Proteintech® Catalogue no. 17442-1-AP
ACATI (1:1000) Proteintech® Catalogue n0.6215-1-AP
8-OHdG (1:100) Bioss Catalogue no. bs-1278R
4-HNE (1:100) R&D Systems Catalogue no. MAB3249
CPT1x (1:1000) Abcam Catalogue no. ab128568
CPT2 (1:1000) Abcam Catalogue no. ab110293

F4/80 (1:100)
SIRT3 (1:1000)
p-AMPK (1:1000)
Integrin aX (1:50)
CD206 (1:50)
ACAA2 (1:500)
AMPKx (1:500)
PGClx (1:500)
PPARx (1:500)
{3-actin (1:1000)
Reagent
DMEM
FBS
Antibiotics

L-glutamine

BSA-Palmitate Saturated Fatty Acid Complex

Lipofectamine 3000 reagent
HSP60 siRNA

Control siRNA

3TYP

Nile red

Commercial assay kits

Cell Signaling Technology  Catalogue no. 70076
Catalogue no. 5490
Catalogue no. 2535
Catalogue no. sc-46676
Catalogue no. sc-58986
Catalogue no. sc-100847
Catalogue no. sc-74461
Catalogue no. sc-13067
Catalogue no. sc-398394

Catalogue no. sc-8432

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Thermo Fisher Scientific
Thermo Fisher Scientific

Catalogue no. 29558
Catalogue no. 10082147
Catalogue no. 15140122
Catalogue no. 25030081
Catalogue no. 29558
Catalogue no. 3000015
Catalogue no. sc-29351
Catalogue no. sc-37007

Thermo Fisher Scientific
Thermo Fisher Scientific
Cayman Chemical
Thermo Fisher Scientific
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Complex I Enzyme Activity Assay
Complex II Enzyme Activity Assay
Free Fatty Acid Fluorometric Assay

BioVision Catalogue no. B2322
Merck KGaA Catalogue no. 72485
Abcam Catalogue no. ab109721
Abcam Catalogue no. ab109908

Cayman Chemical

Catalogue no. 700310

Triglyceride Colorimetric Assay
Adiponectin ELISA

Leptin ELISA

IL-6 ELISA

Cayman Chemical Catalogue no. 10010303

Abcam Catalogue no. ab108785
Abcam Catalogue no. ab199082
BioLegend Catalogue no. 431307

 Proteintech, Rosemont, IL, USA

ACAT]I, acetyl-CoA acetyltransferase

Taiwan) were transfected into 2 x 10° HepG2 cells/well
(in 6-well plates) for 48 h using Lipofectamine 3000
reagent (catalogue no. 3000015; Thermo Fisher
Scientific, Waltham, MA, USA). In some experiments,
HSP60 siRNA (catalogue no. sc-29351; Santa Cruz
Biotechnology) and control siRNA (catalogue no. sc-
37007; Santa Cruz Biotechnology) were transfected into
cells for 4 h and then cells were incubated in basal
medium for 48 h.

HSP60 immunofluorescence assay Upon incubation with PA
(200 pmol/l; catalogue no. 29558; Cayman Chemical), cells
were fixed by paraformaldehyde and incubated in PBS with
0.1% (vol./vol.) Triton X-100 and 2% (vol./vol.) BSA. HSP60
in cells was stained using a primary HSP60 antibody and an
Alexa Fluor-conjugated secondary antibody (Invitrogen;
Carlsbad, CA, USA). Upon rinsing with PBS, intracellular
lipid droplets were stained using 2 pg/ml Nile red (catalogue
no. 72485; Merck KGaA, Darmstadt, Germany) and
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counterstained with 1 pg/ml DAPI (catalogue no. D5942;
Merck KGaA). Immunostained cells were evaluated using
fluorescence microscopy (LSMS510; Carl Zeiss, Thornwood,
NY, USA). Fluorescence intensity was measured using the
ZEISS ZEN Blue software (Carl Zeiss).

Measurement of mitochondrial complex activity
Mitochondrial complex I and II activities in liver tissue were
measured using the Abcam Complex I Enzyme Activity
Assay (catalogue no. ab109721) and Complex II Enzyme
Activity Assay (catalogue no. ab109908) and quantified, as
previously described [22]. See ESM Methods for details.

Western blot analysis After being transfected with pUSE-amp
vector carrying HSP60 cDNA for 24 h, cells were treated with
or without 15 nmol/l 3TYP (catalogue no. B2322; BioVision,
Waltham, MA, USA) and incubated in 0.08 ml PBS with 0.8
mmol/l BSA (catalogue no. A7030; Merck KGaA; vehicle) or
PA for another 24 h before total protein extraction. Cell lysates
were extracted using Protein Extraction reagent (catalogue no.
78510; Thermo Fisher Scientific). Electrophoresis and immu-
noblotting of designated proteins, including HSP60, acyl-
CoA dehydrogenase, long chain (ACADL), acyl-CoA
cholesterin acyltransferase (ACAT1), acetyl coenzyme A
acyltransferase 2 (ACAA2), carnitine palmitoyltransferase
(CPT)1x, CPT2, SIRT3, AMP-activated protein kinase «
(AMPK ), p-AMPK«, peroxisome proliferator-activated
receptor, gamma, coactivator 1, « (PGClx) and peroxisome
proliferator-activated receptor & (PPAR ) were conducted, as
previously described [22]. The antibodies were used as per
manufacturer’s instructions. Briefly, the membrane was
blocked with 5% (vol./vol.) milk in TBS supplemented with
0.15% (vol./vol.) Tween-20 for 30 min. Membranes were then
incubated with the indicated primary antibodies (1:1000 or
1:500 dilutions in TBS supplemented with 0.15% [vol./vol.]
Tween-20 and 5% [vol./vol.] BSA) for 1 h, followed by
secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA) conjugated with horseradish peroxidase
(HRP; 1:5000 dilution in TBS supplemented with 0.15%
[vol./vol.] Tween-20 and 5% [vol./vol.] milk) for 1 h. The
relative intensity of designated protein bands was quantified
using Image J software and normalised to the intensity of
housekeeping [3-actin protein (see Table 1).

Real-time PCR Total RNA was isolated using the Quick-RNA
Miniprep Kit (Zymo Research, Irvine, CA, USA) and reverse
transcription was conducted using the GScript First-Strand
Synthesis Kit (GeneDireX, Las Vegas, NV, USA), according
to the manufacturers’ instructions. Upon mixing cDNA with
primers and Fast SYBR Green Master Mix (Applied

@ Springer

Biosystems, Foster City, CA, USA), PCR was conducted
and C, values were computed using the 7500 Fast Dx Real-
Time PCR system (Applied Biosystems). Fold change of
mRNA expression was calculated using 22 and normalised
to the housekeeping gene. Primer sequences for HSP60 and
lipid metabolism-associated genes are listed in the Table 2
(relative mRNA expression was normalised to the housekeep-
ing gene (-actin for these analyses), while primer sequences
for the analysis of genes related to the unfolded protein
response are described in ESM Methods (in which relative
mRNA expression was normalised to the housekeeping gene
Gapdh).

Statistical analyses The data were analysed using GraphPad
Prism 8.0 software (GraphPad Software, San Diego, CA,
USA) and expressed as mean + SD. Unpaired ¢ tests were used
to compare two groups. Two-way ANOVA and post hoc
multiple comparison using the Tukey test were used to
compare groups of WT and Hsp60-Tg mice fed with CD or
HFD, as well as groups of HepG2 cells transfected with
HSP60 cDNA or HSP60 siRNA and incubated in vehicle or
PA. A p value <0.05 was considered statistically significant.

Results

Chaperone HSP60 levels are reduced in human fatty liver and
murine DIO We first investigated whether HSP60 levels were
changed in mice with DIO. The mice showed an obese body
structure and gained body weight of approximately 20 g
following HFD feeding for 6 months, as compared with CD-
fed animals (Fig. 1a). Lipid accumulation in the hepatic tissue
of HFD-fed mice was observed (Fig. 1b), together with a
>20% increase in hepatic steatosis (Fig. 1¢). Compared with
CD-fed mice, decreased HSP60 levels were noted in hepatic
tissue upon HFD consumption for 6 months, however this was
not observed in mice fed an HFD for 2 months (Fig. 1d,e).

To investigate whether HSP60 loss could be recapitulated
in human fatty liver, we conducted studies on 22 normal liver
specimens and 22 fatty liver specimens from humans. In fatty
liver, HSP60 immunoreaction, as evidenced by HSP60 scores,
was less than in normal liver (Fig. 1f,g). Consistent with these
findings, severe fatty livers (with >60% steatosis) had lower
HSP60 levels than minimal fatty livers (<5% steatosis)
(Fig. 1h,i), indicating that HSP60 loss is correlated with
metabolic disorders.

Transgenic overexpression of HSP60 ameliorated DIO and
increased dietary fat utilisation The observation that HSP60
was decreased in human fatty liver specimens and in mice
with DIO prompted us to hypothesise that HSP60
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Table 2 List of primers

Gene Accession no. Sequence, 5'-3'
(G-actin (h) NM 001101.5 Forward: GCACCACACCTTCTACAAT
Reverse: CATGATCTGGGTCATCTTCTC
HSP60 (h) NM 002156.5 Forward: CCAGGGTTTGGTGACAATAG
Reverse: CAAGATTCAGGGTCAATCCC
PPAR (h) NM 001001928.4 Forward: ATCATGGAACCCAAGTTTGA
Reverse: CGATCTCCACAGCAAATGA
CPTlw (h) NM 001876.4 Forward: CGTTCACGTTTGTTGTCTTC
Reverse: GACATGACGTACTCCCAAAG
CPT2 (h) NM_000098.3 Forward: CAGCTACCACTGACTCTACT
Reverse: TTCATGGTGGCATCAAACT
ACADL (h) XM _005246517.4 Forward: CCACAGGAAAGGCTGTTAAT
Reverse: CTGTAGGTGAGCAACTGTTT
ACAD9 (h) NM_014049.5 Forward: CAAGAAGCACTACATCCTCAA
Reverse: CAGAATCAACGACCTCAGTC
ACAA2 (h) NM_006111.3 Forward: GCTAATGATGCTGGCTACTT
Reverse: CTGTTCCAGGGTGGTTTG
SREBF1 (h) NM_001005291.3 Forward: TACCGCTCCTCCATCAAT
Reverse: GTGTTGCAGAAAGCGAATG
FASN (h) NM_004104.5 Forward: CCAACCTGCACTTCCATAG
Reverse: CGAAGCCAAAGGAGTTGAT
PPAR~ (h) NM 138712.5 Forward: CATGAAGAGCCTTCCAACTC
Reverse: GAAACCCTTGCATCCTTCA
PGClo (h) NM _001330751.2 Forward: GCTTCTCCAAAGCTGAAGT
Reverse: CCCTTTCTTGGTGGAGTTATT
ATGL (h) AY894804.1 Forward: AATGTCTGCAGCGGTTTC
Reverse: TGGCAGGTTGTCTGAAATG
PLINI (h) NM_002666.5 Forward: TGCCAGAAACAGCATCAG
Reverse: CAAATTCCGCAGTGTCTCT
h, human

overexpression could play a role in HFD-induced metabolic
disorders. To investigate this, Hsp60-Tg or WT mice were fed
with an HFD or CD for 6 months. The body size of the Hsp60-
Tg mice remained similar upon HFD or CD feeding, whereas
WT animals developed obesity upon HFD consumption
(Fig. 2a). In addition, body weight of Hsp60-Tg mice was
less than that of WT mice upon HFD feeding (Fig. 2b),
despite food intake being similar between the two geno-
types (Fig. 2c). Hsp60-Tg mice had higher glucose toler-
ance (Fig. 2d,e) and higher insulin sensitivity (Fig. 2f,g)
than WT mice under HFD conditions, as evidenced by
IPGTT and IPITT analyses, respectively.

Physical activity including moving distance and rearing
activity, was similar between Hsp60-Tg and WT mice (Fig.
2h,i). The WT mice had a lower RER profile upon HFD feed-
ing vs CD feeding. Of interest, the profiles of the Hsp60-Tg
mice was low with both HFD and CD consumption (Fig. 2j).
In addition, the RER profiles of Hsp60-Tg mice were lower
than those of WT mice when accommodated in light (Fig. 2k)

and dark (Fig. 21) conditions, suggesting that Hsp60-Tg mice
may utilise fatty acids over carbohydrates.

HSP60 repressed HFD-induced adiposis, adipokines and
inflammation We evaluated whether HSP60 overexpression
altered fat metabolism. MRI images revealed that body fat
overdevelopment (Fig. 3a) and fat tissue volume (Fig. 3b)
were lower in Hsp60-Tg mice vs WT mice following HFD
consumption. An abundance of enlarged adipocytes (Fig. 3¢),
together with increased adipocyte size (Fig. 3d), high serum
NEFA levels (Fig. 3¢) and increased serum triglyceride levels
(Fig. 3f; not significant) were observed in the HFD-fed vs CD-
fed WT mice; however, these effects were limited in HFD-fed
Hsp60-Tg mice. Lower serum adiponectin levels (Fig. 3g) and
higher serum leptin (Fig. 3h) and IL-6 (Fig. 3i) levels were
observed in HFD-fed WT mice, as compared with CD-fed
WT mice. However, HFD-mediated serum leptin and IL-6
overproduction were obliterated in the Hsp60-Tg mice. In
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Fig. 1 Analysis of hepatic steatosis and HSP60 expression in murine DIO
and human fatty liver biopsies. (a) Overweight mice following CD (B6-
CD) or HFD (B6-HFD) feeding for 6 months; scale bar, 1 cm. Data are
mean = SD (n=6). (b, ¢) Histopathological analysis showing liver
adiposis, (b) together with severe hepatic steatosis in HFD-fed mice (c¢);
scale bar, 20 pm. Data are presented as mean + SD. (d, ) HSP60 levels in
mouse liver following HFD consumption for 2 months (B6-HFD 2 M),
HFD consumption for 6 months (B6-HFD 6 M), CD consumption for 2
months (B6-CD 2 M) or CD consumption for 6 months (B6-CD 6 M). In
(e), relative HSP60 levels normalised to actin levels are presented as mean

addition, the changes in adiponectin levels observed in WT
mice upon HFD feeding vs CD feeding were not visible in
Hsp60-Tg mice, suggesting that HSP60 overexpression
improved HFD-mediated adiposis and adipokine
dysregulation.

HSP60 alleviated HFD-mediated hepatic steatosis, oxidative
stress and M1/M2 macrophage switch Increased liver weight
was observed in the HFD-fed WT mice (Fig. 4a) but not in
HFD-fed Hsp60-Tg mice vs CD-fed counterparts. Compared
with CD-fed mice of the same genotype, HFD-fed WT mice
developed hepatic steatosis, as determined by histopathology,
together with a 20% increase in steatosis area (Fig. 4b,c). In
contrast, HFD-mediated liver steatosis was ameliorated in the
Hsp60-Tg mice. Furthermore, HFD upregulated ROS produc-
tion (Fig. 4d), and enhanced 4-HNE (Fig. 4¢,f) and 8-OHdG
accumulation (Fig. 4g,h) in the liver tissue of the WT mice, as
compared with CD-fed controls. In contrast, however, the
hepatic tissue of HFD-fed Hsp60-Tg mice was shown to have
lower levels of these markers of lipid oxidation and DNA
oxidative damage.

A higher F4/80-positive macrophage count was detected in
liver tissue from WT mice fed with an HFD as compared with
liver tissues from HFD-fed Hsp60-Tg mice, indicating that
HSP60 overexpression reduces HFD-induced macrophage
infiltration (Fig. 4i,j). To further clarify macrophage
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+ SD (n=4). (f) Weak HSP60 immunostaining in human fatty liver
tissues; scale bar, 100 pm (high [x200] magnification) and 20 pm (low
[*4] magnification). (g) Quantitative analysis of HSP60 distribution in
fatty liver (n=22), as compared with normal liver (n=22). Data are
presented as mean = SD. (h, i) Lower HSP60 levels in severe fatty liver
tissue (area of fat deposition >60%) as compared with those in minimal
fatty liver (with area of fat deposition <5%). In (i), relative HSP60 levels
were normalised to actin levels and are presented as mean =+ SD (n=5).
#p<0.05, **p<0.01

phenotype, we utilised M1 macrophage marker (CD11c) and
M2 macrophage marker (CD206) antibodies to investigate
macrophage phenotype profiles in liver tissues. A higher
CD11c-positive proinflammatory macrophage count and
lower CD206-positive anti-inflammatory macrophage count
were observed in liver tissues of WT mice fed with an HFD

Fig. 2 Hsp60-Tg mice developed few signs of metabolic disorders upon | 2
HFD feeding. (a, b) HFD-fed WT mice showed an obese build (a)
together with an increase in body weight (b), as compared with CD-fed
mice, while HFD- and CD-fed Hsp60-Tg mice were similar; scale bar, 1
cm. Data are shown as mean + SD (n=8). (¢) Food intake was similar
between WT and Hsp60-Tg mice upon CD or HFD feeding. Food intake
measured over 2 days and normalised to body weight (kg); data are
presented as mean = SD (n=8). (d) Analysis of glucose tolerance by
IPGTT in WT and Hsp60-Tg mice fed with CD or HFD. (e) The AUC
of serum glucose levels at 120 min post IPGTT was reduced in HFD-fed
Hsp60-Tg mice vs HFD-fed WT mice. Data are presented as mean + SD.
(f) Analysis of insulin tolerance profiles by IPITT in WT and Hsp60-Tg
mice fed with CD or HFD. (g) The reversed AUC of serum glucose levels
at 120 min post IPTTT demonstrates that HFD-induced insulin resistance
was improved in Hsp60-Tg mice vs WT mice. Data are presented as mean
+ SD (n=8). (h, i) Physical activity, as measured by moving distance (h)
and rearing time (i), was similar in WT and Hsp60-Tg mice upon CD or
HFD feeding. Data are presented as mean + SD (n=5). (j) RER profiles of
WT and Hsp60-Tg mice fed a CD or HFD. (k, 1) Hsp60-Tg mice had a
lower RER than WT mice upon living in light (k) and dark () conditions.
Data are presented as mean + SD (n=6). **p<0.01
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Fig. 3 HSP60 overexpression reduced HFD-mediated body adiposis and
adipokine dysregulation. (a) MRI analysis of body fat distribution. (b)
HFD-induced increases in total fat volume were reduced in Hsp60-Tg
mice vs WT mice (n=3). (c) Histological analysis of visceral fat in WT
and Hsp60-Tg mice fed with a CD or HFD; scale bar, 100 um. (d) HFD-
mediated increases in adipocyte size were compromised in Hsp60-Tg

as compared with CD-fed counterparts, whereas HFD-fed
Hsp60-Tg had similar levels of CD11c and CD206 as CD-
fed Hsp60-Tg mice (Fig. 4k—m). HFD-mediated macrophage
infiltration and dysregulation of M1/M2 macrophage
polarisation were ameliorated in the Hsp60-Tg mice.
HSP60-associated repression of macrophage infiltration was
also observed in adipose tissue, as demonstrated by the pres-
ence of a plethora of CD11c-immunostained macrophages
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Hsp60-Tg WT Hsp60-Tg

mice (n=6). (e, f) HFD-induced increases in serum NEFA (e) and triglyc-
eride (f) levels were reversed in Hsp60-Tg mice (n=5). (g—i) HFD-
induced reductions in serum adiponectin levels (g) and increases in serum
leptin (h) and IL-6 (i) levels were abolished in Hsp60-Tg mice. Data are
presented as mean + SD (n=5 mice). *p<0.05, **p<0.01

adjacent to crown-like structures (CLS), and reduced CLS-
adjacent CD206-immunostained macrophages in adipose
samples from HFD-fed WT mice as compared with CD-fed
controls (ESM Fig. 1a,b). The effects of HFD feeding on the
number of CLS-adjacent CD206-positive cells were reversed
in HFD-fed Hsp60-Tg mice vs CD-fed controls (ESM Fig.
la,b), suggesting that HSP60 provides protection against
metabolic inflammation.
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Fig. 4 HSP60 overexpression attenuated HFD-mediated liver steatosis,
oxidative damage and M1/M2 macrophage dysregulation. (a) HFD-
induced increases in liver weight were repressed in Hsp60-Tg mice
(n=6). Data are presented as mean + SD. (b, ¢) Histological images (b)
and quantification (¢) showing reduced liver steatosis in HFD-fed Hsp60-
Tg mice than HFD-fed WT mice; scale bar, 100 um. Data are presented
as mean = SD. (d) HFD-induced ROS overproduction was improved in
Hsp60-Tg mice (n=3 mice). Data are presented as mean + SD. (e) 4-HNE
immunostaining in liver tissues following CD or HED feeding; scale bar,
100 pum. (f) 4-HNE-immunostained area in HFD-fed Hsp60-Tg mice was
reduced when compared with HFD-fed WT mice (#=5). Data are present-
ed as mean + SD. (g) 8-OHdG immunoreaction (arrowheads) in liver

HSP60 helped to maintain the mitochondrial unfolded
protein response and improve electron transport chain func-
tion Dysregulation of the mitochondrial unfolded protein
response (™UPR) is a common feature in the development
of metabolic disorders [23]. We thus examined whether
HSP60 affected the ™UPR in HFD-induced fatty livers or
adipose tissue. HFD feeding increased the expression of key
™UPR markers, including activating transcription factor
(ATF)4, ATFS5, C/EBP homologous protein (CHOP) and
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tissues; scale bar, 20 um. (h) Hsp60-Tg mice had less 8-OHdG-immu-
nostained cells as compared with WT mice following HFD feeding (n=6).
Data are presented as mean + SD. (i) F4/80-immunostained macrophages
in liver tissues; scale bar, 20 um. (j) HSP60 overexpression attenuated the
HFD-induced increase in F4/80-immunostained cells. Data are presented
as mean + SD (n=6). (k, 1) CD1 1c-immunostained M1 macrophages (k)
and CD206-immunostained M2 macrophages (1) in liver tissue; scale bar,
100 um (higher magnification) and 20 wm (lower magnification). (m)
The HFD-induced increase in M1 macrophages was repressed in Hsp60-
Tg mice. Data are presented as mean + SD (n=6). *p<0.05, **p<0.01

LON peptidase 1 (LONP1) in liver tissue (ESM Fig. 2a) and
visceral fat (ESM Fig. 2b) from WT mice, as compared with
CD-fed WT mice. With the exception of Lonp1 in visceral fat,
the expression of these genes in HFD-fed Hsp60-Tg mice was
lower than in HFD-fed WT mice. In addition, in WT mice,
HFD feeding promoted mitochondrial complex I (ESM Fig.
2c¢) and complex II (ESM Fig. 2d) activity in the liver but
reduced this in visceral fat, as compared with CD-fed WT
mice. Of interest, the activity of mitochondrial complex I
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and II in Hsp60-Tg mice was higher than in WT mice upon
CD or HFD feeding, although the increase in complex II activ-
ity in visceral fat from CD-fed Hsp60-Tg vs WT mice was not
significant. These data indicate that HSP60 overexpression
may reduce excess nutrient-induced mitochondrial stress and
enhanced mitochondrial electron transport chain (ETC)
activity.

Forced HSP60 expression promoted fatty acid oxidation in
HepG2 cells and Hsp60-Tg mice To investigate how HSP60
inhibited hepatic steatosis, we incubated HepG2 cells in PA as
an in vitro HFD-induced fatty liver model [24], and increased
HSP60 expression in cells by transfecting them with full-
length HSP60 cDNA (Fig. 5a). As indicated by Nile red stain-
ing, there was an abundance of intracellular lipid droplets,
along with weak HSP60 immunofluorescence in empty vector
(EV)-transfected cells upon PA incubation (Fig. 5b). Forced
HSP60 expression attenuated PA-induced lipid formation
(Fig. 5b,c). In EV-transfected cells, PA repressed expression
of fatty acid beta oxidation markers, including PPAR«,
CPTla, CPT2, ACADL,ACADY and ACAA?2 (Fig. 5d; chang-
es in PPARa and CPT2 were non-significant) and enhanced
the expression of lipogenesis markers SREBF1, FASN and
PPAR~ (Fig. 5¢), whereas the expression of lipolysis markers
PGCla, ATGL and PLINI were unaffected (Fig. 5f). Of note,
compared with EV-vector transfected cells, forced HSP60
expression promoted expressions of fatty acid beta oxidation
markers and the lipolysis markers PGCI« and PLIN1, while
lipogenesis markers were unaffected. HSP60 overexpression
also attenuated PA-induced dysregulation of several genes
associated with fatty acid oxidation, lipolysis and lipogenesis,
as compared with EV-transfected cells incubated with PA
(Fig. 5d—f). Consistent with mRNA expression, protein levels
of CPT1x, CPT2, ACADL and ACAA2 were elevated in
HSP60-transfected HepG2 cells compared with EV-
transfected controls (Fig. 5g,h), of which CPTl« and
ACADL were significantly increased in liver tissues of
Hsp60-Tg mice vs WT mice upon CD or HFD feeding

(Fig. 5i.j).

HSP60 loss enhanced PA-induced lipid formation and
decreased fatty acid oxidation HSP60 knockdown by
HSP60 siRNA in HepG2 cells (Fig. 6a) upregulated Nile
red-stained oil droplet formation, which was further exagger-
ated upon PA incubation (Fig. 6b,c). HSP60 interference
reduced basal expression of fatty acid oxidation markers and
lipolysis markers (Fig. 6d). Compared with basal levels, PA
incubation also reduced expression of fatty acid oxidation
markers and lipolysis markers, except of ATGL (Fig. 6d).
Compared with cells treated with scramble siRNA and PA,
HSP60 interference with PA treatment significantly reduced
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expression of the fatty acid oxidation marker ACADL and the
lipolysis markers PGCla, ATGL and PLINI (Fig. 6d).
Downregulation of protein levels of CPT1x, CPT2 and
ACADL in siHSP60-transfected cells vs scramble-
transfected controls was evident, although ACAA2 was not
significantly different across any of the treatment groups
(Fig. 6e,f). These results indicate that HSP60 inhibits lipid
overproduction by regulating fatty acid oxidation and
lipolysis.

SIRT3 signalling mediated HSP60-associated promotion of
fatty acid oxidation in Hsp60-Tg mice and HepG2 cells We
aimed to identify the molecular mechanism underlying
HSP60-associated repression of liver adiposity. SIRT3 is
known to regulate AMPK/ PGCla/ PPAR« signalling and
control lipid metabolism [25]. Forced HSP60 expression
increased SIRT3, PPAR« and p-AMPK levels, with an
upward trend (p>0.05) in PGC1« expression in HepG2 cells,
while levels of these proteins were unaltered in EV-transfected
cells upon PA incubation vs EV-transfected controls (Fig.
7a,b). The increase in levels of these proteins also occurred
in liver tissue from Hsp60-Tg mice upon CD or HFD feeding
vs WT counterparts, although the increase in p-AMPK was
not significantly different between HFD-fed WT and Hsp60-
Tg mice (Fig. 7c,d). In HepG2 cells, HSP60 knockdown
caused reductions in SIRT3, PGCla, PPARx and p-AMPK
levels (Fig. 7e,f). Furthermore, pharmacological inhibition of
SIRT3 using the inhibitor 3-(1H-1,2,3-triazol-4-yl) pyridine
(3TYP) inhibited HSP60 overexpression-mediated promotion
of p-AMPK and PPAR«, while also decreasing levels of fatty
acid oxidation markers (Fig. 7g,h). Our results suggest that
SIRT3 mediated the HSP60-associated protection of fatty acid
oxidation observed in PA-stressed hepatic cells.

Discussion

Overnutrition aggravates a variety of unfavourable outcomes,
including increased adiposity [26], lipotoxicity [27], chronic
inflammation [28] and oxidative stress [29], which accelerate
hepatocyte dysfunction in the development of NAFLD, a
prominent feature of metabolic disorders [30]. To maintain
energy metabolism in the hepatic microenvironment in order
to inhibit NAFLD is highly demanding. HSPs are highly
conserved molecules that modulate intercellular homeostasis,
adapting external stresses to maintain cellular activity [31].
HSP60 is indispensable for protecting against protein aggre-
gation or misfolding in the hepatic microenvironment [32].
Our study demonstrates the profound protective effects of
mitochondrial HSP60, which acts to inhibit the development
of DIO and fatty liver by promoting lipid catabolism. In



Diabetologia (2023) 66:913-930 925
a EV Hsp60 C
EV Hsp60 Ctrl PA Ctrl PA —
PA - + -+ (kDa) 49 o
z | -
HSP60|—- ——-|-60 D I —
§5 3 .
B-Actin| - ey o |—42 = s
* g ko] ~ w
o 24 v
9 20 13 o= : e
© zZ= Ve
= [9] VY
c 15 . - QO h‘ .
g Ole b= 6 14 v,
o Ko ae W
T 1.0 5 % % v
& [0} o .
3 05 5
o : % 0 T T T T
2 00 | ctrl PA ctrl PA
EV Hsp60
d e Fatty acid oxidation ] e e&—— Lipogenesis ——@
* x* K,k *k *k
25—  —— - - [— [ — 4- ] EV-Ctrl
= *% c %
s aE . R o - 1 o s st . [JEvVPA
g 204 — o 1 . & L l_\. g 34 . . ” [] Hsp60-Ctrl
Q—g f—\. T ° Q-TT:,\ ] * M /M Hsp60-PA
885 154 . 35 ‘ =
O "= * *k *k Oy 2 |
o *% (o)
5.5 m 1 M 55
379 1.09m , n i 36
= 1 o =
2 il H H % * 4 2 1
© 05| ||* ‘ 1 ©
[0 [0}
o ‘ o m
0.0 T T T T T T 0 ‘ T T
PPARC CPTia cPT2 ACADL ACAD9 ACAA2 SREBF1 FASN PPARy
f ’ : [JEV-Ctrl  [] Hsp60-Ctrl
- . h —
Lipolysis N g EV Hsp60 . [ IEVPA Hsp60-PA
- 4— PA - + + (kDa) 5 3 5
o *x k=4
@ 1 CPT1a | — T~ E— | -88 K] - *
[ *% = 1 *k
= 3 ™ R S *x N
§5 o CPT2 | w sy o o | 67 3 7 — 1
\06 _| *k b
&5 2 o ACADL|—--d|-45 53 °e ?
o2 ® : o
R T 2 ACAA2|-—- — -‘|-42 g
k] P [+ K
T § || B-Actin | i — — -| =
T T T T T
PGC1o ATGL PLIN1 CPT1a CPT2 ACADL ACAA2
! J
WT Hsp60-Tg
_. 54 []WTCD
CD HFD CD HFD (kDa) g . ] WEHFD
CPT1a l. -88 = 4 W N [_] Hsp60-Tg CD
.g Hsp60-Tg HFD
CPT2 r————q -67 R
o
X o] °
ACADL| [ -| -45 2 . Fore
> .
= =1 L4 "
ACAT1| -!! -45 g . b
o ol 3
B-Actin 42 0 J ‘ J J
CPT1a CPT2 ACADL ACAT1

Fig.5 Forced HSP60 expression reduced lipid accumulation and promot-
ed fatty acid oxidation. (a) Increased HSP60 levels in HepG2 cells upon
HSP60 transfection. Data are presented as mean + SD. (b) Fluorescence
images showing Nile red-stained oil droplets and HSP60 immunofluores-
cence in HepG2 cells; scale bar, 10 pm. (¢) Forced HSP60 expression
attenuated PA-induced, Nile red-stained oil production. Data are present-
ed as mean + SD (n=60-70 cells). (d—f) Expression of key markers of
fatty acid oxidation (d), lipogenesis (e) and lipolysis (f) in HepG2 cells,

addition, we provide valuable insight into the function of
SIRT3, identifying it as a functional effector of HSP60.

quantified using RT-PCR. Key in (e) also applies to (d) and (f). Data are
presented as mean = SD (n=3 experiments). (g, h) Effects of forced
HSP60 expression and PA incubation on CPT1«, CPT2, ACADL and
ACAA2 levels in HepG2 cells. (i, j) Changes in CPT1e, CPT2, ACADL
and acyl-CoA cholesterin acyltransferase (ACAT1) levels in liver tissue
from WT and Hsp60-Tg mice following CD and HFD feeding mice. Data
are presented as mean + SD. Ctrl, control *p<0.05, **p<0.01

Our investigation reveals that HSP60 loss is associated
with human hepatic steatosis and HFD-induced fatty liver in
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Fig. 6 HSP60 knockdown aggravated lipid accumulation and decreased
fatty acid oxidation in PA-treated HepG2 cells. (a—¢) Hsp60 interference
repressed HSP60 levels (a) and HSP60 immunofluorescence (b; scale
bar, 10 pm) and enhanced (Nile red-stained) oil droplet production (c).
Data are presented as mean + SD (n=60-70). (d) Effects of HSP60 knock-
down and PA incubation on expression of key markers of fatty acid

mice. Our results are consistent with previous studies showing
that HSP60 mRNA and protein expression are decreased in
obese humans with diabetes [33], while low HSP60 protein
levels are found in individuals with type 2 diabetes [34]. To
clarify the role that this mitochondrial chaperonin may play in
HFD-mediated metabolic dysregulation, we studied Hsp60-
Tg mice. Eight-week-old Hsp60-Tg FVB mice fed with an
HFD for 6 months had lower levels of indicators of metabolic
disorders (which include overweight status, glucose intoler-
ance, insulin resistance, hypertriglyceridaemia, increased
adiposity and hepatic steatosis). Previous studies have shown
that 4-week-old C57BL/6N mice deficient in ubiquitous
HSP60 had less obesity and fat mass than control mice upon
HFD feeding for 16 weeks [35], whereas mice with
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oxidation and lipolysis, quantified using RT-PCR. Data are presented as
mean = SD (n=3 experiments). (e, f) CPTlx, CPT2, ACADL and
ACAA2 levels in HepG2 cells upon HSP60 knockdown and/or PA incu-
bation. Data are presented as mean & SD (n=3 experiments). Ctrl, control;
*p<0.05, **p<0.01

hypothalamus-specific HSP60 knockout were insulin resistant
[8]. We, thus, speculated that the role of HSP60 in metabolic
disease development may be tissue context-dependent, and
that mice with different genetic backgrounds or ages may have
differing energy demands or fat metabolism capacities.

In our study, RER was low in both CD- or HFD-fed
Hsp60-Tg mice. The finding that low RER occurred simulta-
neously to low lipid accumulation in adipose and hepatic
tissues indicates that HSP60 may facilitate the utilisation of
dietary fat during energy expenditure. Impaired fatty acid
oxidation is a hallmark of obesity development [36], while
promotion of lipolysis prevents increased adiposity and body
weight gain [37, 38]. Here, Hsp60-Tg mice exhibited high
fatty acid oxidation in the liver. The in vitro models in this
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Fig. 7 SIRT3/AMPK/PGCl« signalling mediated HSP60-associated
promotion of fatty acid oxidation. (a, b) Effects of forced HSP60 expres-
sion and PA incubation on SIRT3, p-AMPK«, PGClx and PPAR«x
levels. (¢, d) Changes in SIRT3, p-AMPK« and PGCl« levels in liver
tissue of WT and Hsp60-Tg mice upon CD or HFD consumption. (e, f)

study further revealed that upregulation of HSP60 compro-
mised PA-induced loss of fatty acid oxidation and lipolysis
capacity in HepG2 cells, while HSP60 loss worsened PA-
induced inhibition of lipid catabolism. Collectively, our find-
ings provide valuable insight into the role of HSP60 in
inhibiting body and hepatic fat overburden following over-
consumption of dietary fat.

Our investigation reveals that HFD-induced aggravation of
the unfolded protein response is reversed in Hsp60-Tg mice.
Unfolded protein response dysregulation in the endoplasmic
reticulum enhances intracellular stress, accelerating fat accu-
mulation in HFD-fed mice [39]. Moreover, the ™UPR is crit-
ical in adapting to overnutrition-induced stress, improving
hepatic fatty acid oxidation and mitochondrial complex activ-
ities [40]. Meanwhile, mitochondrial HSP60 is a key

HSP60 knockdown downregulated SIRT3, p-AMPK, PGC-1« and
PPAR levels in HepG2 cells. (g, h) SIRT3 inhibition by 3TYP inhibited
HSP60-induced enhancement of protein levels of p-AMPK«, PPAR«
and ACADL in HepG2 cells incubated with PA. Data are presented as
mean + SD (n=3 experiments). Ctrl, control. *p<0.05, **p<0.01

component of the ™UPR, improving metabolic stress and cell
survival [41]. This study demonstrates the mito-protective role
of HSP60 in facilitating liver and adipose tissue to accommo-
date HFD-induced metabolic stress. In Hsp60-Tg mice,
following chronic excess dietary fat intake, few signs of tissue
deterioration (which include lipotoxicity, and lipid and DNA
oxidation) were observed, along with reduced macrophage
infiltration and M 1/M2 macrophage dysregulation, and lower
inflammatory cytokine secretion, further confirming the criti-
cal function that HSP60 plays in protecting against hepatic
tissue dysfunction.

Key regulators of mitochondrial biogenesis, including
SIRT3, AMPK and PGCl« signalling molecules, remained
high in HFD-fed Hsp60-Tg mice vs WT counterparts. SIRT3
is an NAD+-dependent mitochondrial protein deacetylase,
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which regulates energy metabolism and oxidative stress [14,
42-44], and ameliorates fatty liver, lipogenesis and
lipotoxicity [15, 16, 45]. In addition, SIRT3 is a mitochondrial
fidelity protein that senses nutrients and redox status. SIRT3
overexpression promotes the breakdown of lipid droplets via
chaperon-mediated autophagy [16]. It also enhances fatty acid
[3-oxidation [14, 16, 46] and represses lipogenesis [16] and
lipotoxicity [45], in addition to working with AMPK/PGC-1«
signalling to mitigate oxidative stress and cell death [47—49].
In our HepG2 cell model, HSP60 overexpression promoted
SITR3 signalling, and elevated AMPK, PGC1x and PPAR«x
levels. The promotion of fatty acid oxidation and lipolysis
following HSP60 overexpression were repressed upon intro-
duction of the SIRT3 inhibitor 3TYP, suggesting that SIRT3
mediates the HSP60-associated actions on fatty acid metabo-
lism. On a molecular level, our study provides valuable insight
into how HSP60 impedes the development of DIO and hepatic
steatosis.

Mounting evidence has revealed that SIRT3 modulates
mitochondrial chaperone complex activity through
deacetylating HSPs [14, 50], while HSP60 loss results in
misfolding of SIRT3 leading to it being degraded more quick-
ly. As previously reported, mice with cardiac-specific Hsp60
knockout exhibited low mitochondrial bioenergetics and
SIRTS3 signalling, together with high ROS levels, leading to
the development of dilated cardiopathy [5S1]. SIRT3 may
interplay with HSP60 to orchestrate mitochondrial metabo-
lism, thereby promoting fat utilisation.

Our investigations collectively demonstrate that HSP60
promotes fatty acid oxidation and lipolysis, while inhibiting
ROS, lipotoxicity and mitochondrial dysfunction, thereby
preventing increased adiposity and fatty liver development.

Cell membrane

/mpﬁ\

=y Accumulation of

/\ j cytosolic fatty acids

- W)

Increase fatty acid
B-oxidation

Fig. 8 Schematic diagram illustrating mitochondrial chaperonin HSP60
escorting SIRT3/AMPK/PGC1a/PPARx to promote fatty acid oxidation
(FAO), which reverses cytosolic fatty acid accumulation and ROS over-
production to delay HFD-induced hepatic steatosis

@ Springer

SIRT3 orchestrates AMPK and PGC-1« pathways, contribut-
ing to the HSP60-associated attenuation of HFD-mediated
obesity and hepatic steatosis (Fig. 8). The findings herein
indicate that manipulation of mitochondrial HSP60 may be a
promising direction for the development of therapeutic inter-
ventions for NAFLD and type 2 diabetes.
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