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Graphical Abstract

1. Acss3 is highly expressed in BAT and Acss3 knockout inhibits BAT adipoge-
nesis, leading to smaller brown adipose tissue in vivo.

2. Loss of Acss3 causes elevated circulating propionate that promotes lipid accu-
mulation and autophagy in adipose tissue.

3. Pharmacological inhibition of autophagy using hydroxychloroquine amelio-
rates obesity, hepatic steatosis and insulin resistance of the Acss3–/– mice.
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Abstract
Propionate is a gut microbial metabolite that has been reported to have con-
troversial effects on metabolic health. Here we show that propionate is acti-
vated by acyl-CoA synthetase short-chain family member 3 (ACSS3), located
on the mitochondrial inner membrane in brown adipocytes. Knockout of Acss3
gene (Acss3–/–) in mice reduces brown adipose tissue (BAT) mass but increases
white adipose tissue (WAT) mass, leading to glucose intolerance and insulin
resistance that are exacerbated by high-fat diet (HFD). Intriguingly, Acss3–/–

or HFD feeding significantly elevates propionate levels in BAT and serum,
and propionate supplementation induces autophagy in cultured brown and
white adipocytes. The elevated levels of propionate in Acss3–/– mice similarly
drive adipocyte autophagy, and pharmacological inhibition of autophagy using
hydroxychloroquine ameliorates obesity, hepatic steatosis and insulin resistance
of the Acss3–/– mice. These results establish ACSS3 as the key enzyme for pro-
pionate metabolism and demonstrate that accumulation of propionate promotes
obesity and Type 2 diabetes through triggering adipocyte autophagy.

KEYWORDS
acyl-CoA synthetase, adipose tissue, brown adipocytes, hydroxychloroquine, obesity, short-
chain fatty acid

1 INTRODUCTION

The increasing prevalence of obesity and its associ-
ated metabolic diseases have posed formidable threats to
human health.1,2 Plasma lipid levels, especially free fatty
acids (FAs) levels, are elevated in obesity and contribute
to insulin resistance.3,4 Thus, understanding the molecu-
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lar mechanisms that promote utilisation and metabolism
of FAs is imperative for development of new strategies to
overcome obesity. FAs play many essential roles in liv-
ing organisms as building blocks of bioactive lipids and
energy source.5 Activation of FAs, which is the initial step
of all metabolic processes of FAs, is catalysed by ACS
family enzymes via replacing the terminal carboxyl group
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and forming a thioester with CoA.6 Due to the diversity
of FAs in chain length and saturation, multiple enzymes
with ACS activity are found to facilitate the activation of
FAs.7 There are 26 ACSs in humans that are classified
based on the carbon (C) chain length of their substrates.5,8
ACSSs activate short-chain fatty acids (SCFAs) of five car-
bons or shorter, of which acetate (C2), propionate (C3) and
butyrate (C4) are the most abundant (≥95%).5
Emerging evidence has demonstrated that SCFAs pro-

duced by gut microbiota participate in many aspects
of intracellular signalling and cellular metabolism, thus
exerting vital roles in host metabolic health.9–13 To date,
three ACSS members (ACSS1–3) have been identified in
mammals, with ACSS1 and ACSS2 serving as the main
enzymes to produce acetyl coenzyme A (acetyl-CoA) from
free acetate in mitochondria and cytoplasm.14 Acetyl-CoA
subsequently participates in the regulation of bioener-
getics, cell proliferation and gene expression.15 ACSS3
is predicted to be a mitochondrial protein based on its
deduced amino acid sequence.16 However, its substrate
specificity, intramitochondrial localisation, tissue distribu-
tion and biological functions are poorly understood. The
few studies available in the literature suggest that ACSS3
is a propionyl-CoA synthetase and plays a role in cancer
cell growth.16–18
Autophagy is a cytosolic degradation and recycling pro-

cess in which cells capture their own cytoplasm and
organelles and consume them in lysosomes.19,20 Recent
studies have shown the importance of autophagy in
regulating energy metabolism, where dysregulation of
autophagy contributes to the development of metabolic
disorders.21 The role of autophagy has also been investi-
gated in adipocytes, and hyperactive autophagy has been
observed in the WAT of obese and diabetic patients and
mice.22,23 Deletion of autophagy-related gene 7 (Atg7) in
adipocytes results in decreased WAT mass, increased BAT
mass and enhanced insulin sensitivity.24,25 Similarly, dele-
tion of Atg5 or Atg12 also helps maintain thermogenic
capacity and protects mice against diet-induced obesity
and insulin resistance.26 As such, pharmacological inhi-
bition of autophagy in adipocytes using small molecule
inhibitors, for example chloroquine (CQ) and hydroxy-
chloroquine (HCQ), represents a promising approach to
prevent and treat various metabolic diseases.26–29 How-
ever, what triggers autophagy in adipocytes under various
disease conditions are unclear.
In this study, we show that ACSS3 is a mitochon-

drial inner membrane protein highly enriched in BAT
and is required for propionate metabolism. Using a novel
Acss3–/– mouse model, we further show that deletion of
Acss3 reduces BATmass and increasesWATmass, elevates
autophagy and promotes lipid accumulation in adipocytes,
leading to insulin resistance and systemic metabolic syn-
drome. Mechanistically, loss of Acss3 causes accumulation

of its substrate, propionate in serum, which subsequently
induces autophagy in adipocytes. Pharmacological inhibi-
tion of autophagy by HCQ ameliorates obesity, hyperlip-
idaemia, hepatic steatosis and insulin resistance pheno-
types in Acss3–/– mice. Our study for the first time reveals
the physiological function of ACSS3 in vivo and identi-
fies an essential role of Acss3 in propionate metabolism,
adipocytes autophagy, obese and insulin resistance.

2 MATERIALS ANDMETHODS

2.1 Mice and animal care

The Acss3 global knockout mice were generated by Nan-
jing Biomedical Research Institute of Nanjing University
(NBRI) in a C57BL/6J background. Two specific gRNAs
were designed in the upstream of intron 1–2 and intron 2–
3, which directed Cas9 endonuclease cleavage of Acss3 to
disrupt Acss3 expression in mice. The genotypes of exper-
imental KO and associated control animals were as fol-
lows: Acss3–/– (Acss3 homozygous knockout mice) and
HET (Acss3 heterozygous knockout mice) and WT. Mice
were housed in the animal facility with free access to water
and standard rodent chow food orHFD (TD.06414Harlan).
Mousemaintenance and experimental usewere performed
according to protocols approved by the Purdue Animal
Care and Use Committee.

2.2 Voluntary wheel running and food
intake

Two-month-old male WT and Acss3–/– mice weighing
∼24 g were randomly housed individually in cages with a
10.16 cm diameter polycarbonate running wheel mounted
to the side of the cage (Columbus Instruments, Colum-
bus, OH, USA) for voluntary running (N = 8 pairs). Run-
ning wheel counts were saved to a data file every hour
by an automated computer monitoring system (Colum-
bus Instruments). The daily running distance was calcu-
lated as average from 3 days. Mice were freely accessible
to water and food, while food intake were monitored daily,
and shown as average food intake/mouse/day fromaweek.

2.3 Cell culture

Primary BAT and WAT SVF preadipocytes were isolated
using collagenase digestion and followed by density sep-
aration. Briefly, inguinal white (iWAT) and brown adipose
tissue (BAT) were minced in a 1.7 ml tube before digested
in 1.25 mg/ml collagenase type I at 37◦C for 60 and 45 min,
respectively. Digestion was then terminated with DMEM
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containing 10% FBS, and filtered through 70-mm filters to
remove undigested tissues. Cells were then centrifuged at
1700 rpm for 5 min to separate the SVF preadipocytes in
the pellet and lipid-containing adipocytes in the floating
layer. The freshly isolated SVF cells were seeded and cul-
tured in growth medium containing DMEM, 20% FBS, 1%
penicillin/streptomycin (P/S) at 37◦C with 5% CO2 until
reaching a ∼80% confluency, followed by replacing fresh
medium every 2 days. The 3T3-L1 (ATCC), mouse BAT (a
gift from Dr. Yongxu Wang, University of Massachusetts
Medical School) and human A41 white preadipocyte cell
lines (ATCC) were cultured in DMEM with 10% FBS in
the same incubator. For adipogenic differentiation, mouse
cells were induced with induction medium (IM, DMEM,
10% FBS, 2.85 mM insulin, 0.3 mM dexamethasone, 1 mM
rosiglitazone and 0.63 mM 3-isobutyl-methylxanthine) for
4 days and then differentiated in differentiation medium
(DM, DMEM, 10% FBS, 200 nM insulin and 10 nM T3).
To induce adipogenic differentiation of human A41 cells,
the culture medium was replaced with the IM containing
33 μM biotin, 0.5 μM human insulin, 17 μM pantothen-
ate, 0.1μMdexamethasone, 2μMtriiodothyronine, 500μM
IBMX (3-isobutyl-1-methylxanthine), 30 μMindomethacin
and 2% FBS and changed with fresh medium every 2 days
for 11 days. Then differentiated in DM contains DMEM, 2%
FBS, 200 nM insulin and 10 nM T3 (triiodothyronine) for
another 4 days. To avoid the effect of cell density on adi-
pogenic differentiation, cells were induced to differentiate
when they reach 100% confluence.

2.4 Haematoxylin–eosin and
immunofluorescence staining

Adipose tissues from theWT and Acss3–/– mice were fixed
in 4% PFA for 24 h at room temperature. Then the tissues
were embedded into paraffin, blocked and cut at 6mm. For
H&E staining, the sectionswere deparaffinised, rehydrated
and the nuclei stained with haematoxylin for 15 min. Sec-
tions were then rinsed in running tap water for 3 min
before stained with eosin for 3 min, then were dehydrated
and mounted. Images were captured using a Leica DM
6000B fluorescent microscope.
Immunofluorescence was performed in cultured SVF

preadipocytes, BAT, human A41 cell lines and BAT sec-
tions. Briefly, samples were fixed in 4% paraformaldehyde
for 5 min and then permeabilised and blocked in blocking
buffer (PBS containing 5% goat serum, 2% bovine serum
albumin, BSA, 0.2% Triton X-100 and 0.1% sodium azide)
for 1 h. Sampleswere subsequently incubatedwith primary
antibodies (ACSS3, Invitrogen: PA561631, LC3B, Invitro-
gen: PA532254, P62, Santa Cruz: sc-25575 and LAMP2,
Abcam: ab13524) diluted in blocking buffer overnight at
4◦C. After washing with PBST, the samples were incu-

bated with secondary antibodies and DAPI for 1 h at
room temperature. After final wash and mounting, fluo-
rescent images were captured with a CoolSnap HQ charge
coupled-device camera (Photometrics) by using a Leica
DM6000 microscope.

2.5 Blood glucose measurements

For GTT, mice were given i.p. injection of 100 mg/ml
D-glucose (2 g/kg body weight on mice with chow diet,
0.5 g/kg body weight on HFD) after overnight fasting for
14 h, and tail blood glucose concentrations were measured
by a glucometer (Accu-Check Active, Roche) every 15 min
after injection continuously for 2 h. For ITT, mice were
fasted for 5 h before i.p. administration of human insulin
(Santa Cruz) (0.75 U/kg body weight), and tail blood glu-
cose concentrations were monitored similarly. For both
GTT and ITT, mice were caged with blinded cage number
in random orders.

2.6 Indirect calorimetry and body
composition measurement

Oxygen consumption (VO2) and carbon dioxide produc-
tion (VCO2) of WT and Acss3–/– mice were measured by
using an indirect calorimetry system (Oxymax, Columbus
Instruments). The systemwas kept in a stable environmen-
tal temperature (22◦C) that also had a 12-h light (6 am to 6
pm), 12-h dark cycle (6 pm to 6 am).Micewere individually
placed in each chamber with free access to food and water.
Mice were adapted to the chamber for 24 h before themea-
surements. The data were presented as uncorrected energy
expenditure levels, as well as were normalised by body
weight, muscle mass and fat mass. Average energy expen-
diture of day (6 am to 6 pm) and night (6 pm to 6 am) values
were themean value of all points measured during the 12 h
period.
Total body fat and lean mass in live animals without

anaesthesia were measured by using an EchoMRI™ sys-
tem located in Purdue Lily Small Animal Facility. Animals
were placed in a specially sized, clear plastic holder with-
out sedation or anaesthesia. The holder was then inserted
into a tubular space in the side of the EchoMRI™ system.
The animals were free to move in the holder. Each scan
took about 3 min.

2.7 Total RNA extraction and real-time
PCR

Total RNA was extracted from cells or tissues by using
Trizol Reagent according to the manufacturer’s instruc-
tions. The purity and concentration of the extracted RNA
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were measured by a spectrophotometer (Nanodrop 3000,
Thermo Fisher) at 260 and 280 nm. Ratios of absorption
(260/280 nm) of all samples were made sure to be ∼2.0.
Threemicrograms of RNAwere reversed transcribed using
randomprimers andM-MLV reverse transcriptase tomake
cDNA. Real-time PCR was carried out with a Roche Light-
cycler 480 PCR System using SYBR Green Master Mix and
gene-specific primers. Primer sequences are listed in Table
S1. The 2−ΔΔCT method was used to analyse the relative
changes in gene expression normalised against mouse β-
Actin as internal control.

2.8 Protein extraction and western blot
analysis

Protein was extracted from homogenised tissues or cells
with RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50mM Tris-HCl, pH 8.0) that
contained a protease inhibitor cocktail (Sigma) and phos-
phatase inhibitors NaF and Na3VO4. Protein concentra-
tions were determined using Pierce BCA Protein Assay
Reagent (Pierce Biotechnology). Equal amount of pro-
tein from each sample was loaded for electrophoresis
(Bio-Rad). Proteins were separated by SDS–PAGE, trans-
ferred to a polyvinylidene fluoride membrane (Millipore
Corporation), incubated in blocking buffer (5% fat-free
milk in TBS) for 1 h at room temperature (RT), then
incubated with primary antibodies in blocking buffer
overnight at 4◦C. The ACSS3 (PA56163, 1:1000) and LC3B
(PA532254, 1:1000) antibodies were from Invitrogen, β-
Tubulin (ab6046, 1:5000), UCP1 (ab23841, 1:1000) and
mitochondrial oxidative complex cocktail (ab110413, 1:
2000) were from Abcam, other antibodies were from
Santa Cruz Biotechnology (Santa Cruz), including PPARγ
(sc-7273, 1:1000), PGC1α (sc-13067, 1:500), FABP4 (sc-
271529, 1:1000), C/EBPα (sc-611:1000), P62 (sc-25575, 1:200)
and GAPDH (sc-32233, 1:1000). The horseradish perox-
idase (HRP)-conjugated secondary antibody (anti-rabbit
IgG, 111-035-003 or anti-mouse IgG; 115-035-003, Jackson
ImmunoResearch) were diluted 1:20 000 and incubated
at RT for 1 h. Immunodetection was performed using
enhanced chemiluminescence western blotting substrate
(Santa Cruz) and detected using a FluorChem R System
(ProteinSimple). Results shown in the figure were repre-
sentative results from at least three independent experi-
ments.

2.9 Fatty acid oxidation

Fatty acid oxidation (FAO)was assessed by quantifying the
production of 14CO2 from [1-14C] palmitic acid. Briefly, BAT

isolated from WT and Acss3–/– mice was homogenised
and incubated in serum-free DMEM containing 1mmol/L
palmitic acid (500 000 DPM/ml) in 3% BSA for 3 h at 37◦C
and 5% CO2. After 3 h, the reaction was terminated by the
addition of 5N perchloric acid to the cell culture dish. To
trap 14CO2, 2-phenethylamine was added to well inserts
containing Whatman 1 filter papers inside of the jar. After
1 h, filter papers were placed in vials with scintillation
fluid and assessed for radioactivity in a liquid scintillation
counter (Tri-Carb 1600 TR Liquid Scintillation Analyzer;
PerkinElmer, Waltham, MA, USA). Oxidation values were
normalised to the total protein amount of the lysate.

2.10 Acute cold challenge and chronic
cold treatment

For chronic cold challenge, WT and Acss3–/– mice were
singly housed in cages and exposed to cold temperature
at 4◦C in an environmental chamber without food for
6 h. Rectal temperatures were measured by a digital ther-
mometer with a probe at 0, 1, 2, 3, 4, 5 and 6 h post-
challenge. Mice were then moved out of the chamber and
kept at room temperature for 7 days before cold-exposure
experiment.
For cold-exposure experiment, WT and Acss3–/– mice

were singly caged and exposed to cold temperature at 6◦C
in an environmental chamber for 7 days as previously
described.30 Littermate controls of WT and Acss3–/– mice
weremaintained at room temperature in the same room as
control.

2.11 HPLC

BAT (∼100mg) samples were homogenised in 900 μl
of water with 1.4mm ceramic beads using a Precellys
24 homogeniser. Serum (100 μl) samples were then
mixed with 900μl water and 1.4mm ceramic beads. The
homogenates were labelled with regular aniline (12C6),
and external SCFA standard solution (10mg/ml of C2,
C3 and C4) was labelled with aniline-13C6 using N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride (2mg per sample). Crotonic acid (final concentration
0.1mg/ml) was used as an internal standard. The labelling
mixture was incubated for 2 h, and triethylamine was
added to stop the labelling reaction. Samples and standard
reaction solution were mixed (1:1) and were separated on
an Agilent CN phase HPLC column and detected using
Agilent 6460 triple quadrupole mass spectrometer in
MRM mode. Data were collected in positive electrospray
ionisation modes. SCFA concentrations in samples were
determined based on peak areas of the internal standard
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and external standards.31 For statistical analysis, we used
Pierce’s Criterion to remove 1 data points from each
propionate and butyric acid butyrate concentration results
of Acss3–/– BAT, that was too high and considered as
‘outliers’.

2.12 Short-chain fatty acids treatment

Cultured 3T3-L1 cells, BAT cells, human A41 cell lines
and SVF preadipocytes from iWAT and eWATwere seeded
onto 6-well plates and allowed to grow until they reached
100% confluence before adding induction medium (IM).
Then the cells were induced differentiation with DM as
described above. Note that, 3 mM sodium acetate (C2),
sodium propionate (C3) and sodium butyrate (C4) were
added with DM to treat the cells for 4 days. Cells treated
with 0.4 μg/ml rapamycin was set as positive control.
HCQ (0.1 μg/ml) or wortmannin (0.1 mM) was used
for inhibition of autophagy. RNA and protein were col-
lected as described above for real-time PCR and west-
ern blot analysis. Cells fixed with 4% paraformalde-
hyde were used for immunofluorescence as described
above.

2.13 Rapamycin injection

Rapamycin (Calbiochem) was administered by i.p. injec-
tion at the dose of 4mg/kg bodyweight per day for continu-
ously 7 days. For preparation, rapamycinwas first dissolved
in ethanol at 10mg/ml and diluted in 5%Tween-80 (Sigma)
and 5% PEG-400 (Hampton Research) before injection.32

2.14 HCQ treatment

HCQ (H1306, TCI) was dissolved in drinking water at a
concentration of 0.15 mmol/L (∼62.5 mg/L), in order to
achieve an oral dosage of 10 mg/kg body weight/day of
HCQ.33 The calculation of the HCQ dosage was based on
that the average consumption of liquid was 4 ml/mouse
per day for adult 2.5-month-old mouse with body weight
around 25 g. Drinking water was adjusted to pH 7.4 with
sodium hydroxide and filtrated with 0.22 μm filters to
sterile. Fresh water was provided thrice weekly. WT and
Acss3–/– mice were administrated HCQ uninterruptedly
through drinkingwater for 10weeks together with or with-
out high-fat diet. Littermates administrated normal drink-
ing water were set as control animals.

2.15 Statistical analysis

Trial experiments or experiments done previously were
used to determine sample size with adequate statistical
power. The researchers involved in the in vivo treatments
were not completely blinded, but all ITT and GTT were
conducted blindly. All images in the study were randomly
captured from samples and analysed in a blinded man-
ner. No data were excluded from statistical analysis unless
mentioned. All experimental data were represented as
mean ± SEM (n ≥ 3) and statistical comparisons were
based on Student’s t-test with a two-tail distribution. Com-
parisons with p values <.05 or <.01 were considered statis-
tically significant. All presented graphs were generated by
GraphPad prism software.

3 RESULT

3.1 Acss3 is highly expressed in BAT,
upregulated during adipogenic
differentiation and cold-induced
thermogenesis

We first surveyed the expression ofAcss3 in various tissues.
The highest mRNA level of Acss3 was found in BAT, fol-
lowed by much lower levels in epididymal WAT (eWAT),
iWAT, SVF cells and other tissues (Figure 1A). It was sur-
prising that Acss3 mRNA levels were very low in several
metabolic tissues, including skeletal muscle, heart, liver,
intestine and kidney (Figure 1A). Consistently, the protein
levels of ACSS3 were only detectable in BAT and could be
barely detected from other tissues (Figure 1B). We also sur-
veyed the mRNA levels of Acss3 during differentiation of
SVF cells isolated from iWAT and BAT. Compared with
day 0 (proliferating SVF cells),Acss3 and Pparg levels were
robustly upregulated after 4 days of adipogenic differen-
tiation, with much higher fold-change in BAT cells than
in iWAT cells (Figure 1C, D). We further examined Acss3
expression from ATs in response to cold-induced thermo-
genesis, which upregulated Ucp1 and Pgc1a in iWAT (Fig-
ure 1E). After 7 days of cold treatment (CT), the mRNA
levels of Acss3 were upregulated in both iWAT and BAT,
compared to the levels of room temperature (RT) controls
(Figure 1E, F).
To further pinpoint the cell population(s) that express

Acss3 in BAT and WAT, we retrieved and analysed single-
cell RNA sequencing (scRNA-seq) data on BAT and eWAT
of control and CL-316243 (CL)-treated mice.34,35 Unsuper-
vised clustering of 3602 primary cells isolated from BAT



6 of 22 JIA et al.



JIA et al. 7 of 22

of 10-week-old male WT mice identified 6 clusters of cells
(Figure S1A) that expressed different levels of Ucp1 (Fig-
ure S1B).34 Interestingly, Acss3+ cells were mainly found
in Cluster 0 which was the largest Ucp1-High subset and
to a lesser extent in Cluster 4 (Figure S1C). Unsupervised
clustering of Lin− cells from eWAT of control and adrener-
gic agonist CL-treatedmice identified sevenmajor clusters
(Figure S2A). Acss3+ cells were mainly found in Clusters 0
and 1 (Pdgfrα+ progenitor cells), and the CL-treatment did
not alter the abundance of Acss3+ cells (Figure S2B, C).
Interestingly, a subset of Acss3+ cells appeared in Cluster
4 in response to CL-induced browning and Ucp1 expres-
sion (Figure S2B, C). UAMP embedding of Cluster 4 cells
from CL treatment group revealed a beige adipocyte adi-
pogenic trajectory through expression patterns of Adipoq,
Pdgfrα and Ucp1 (Figure S2D, E). Consistently, expression
of Acss3 mirrors Ucp1 expression in response to CL treat-
ment (Figure S2D, E). Collectively, these lines of evidence
demonstrate thatAcss3 is highly expressed inUcp1+ brown
adipocytes, and the expression is upregulated during adi-
pogenesis and thermogenesis.
As Acss3 expression was associated with the differenti-

ation and thermogenesis of adipocytes, we next sought to
identify potential upstream regulators of Acss3. To achieve
this, we first analysed the transcription factor binding sites
in the promoter region of Acss3 gene. This analysis led
to the identification of two conserved C/EBPα and one
PPARγ binding sites within 2 Kb upstream of Acss3 trans-
lational start site (Figure S3A), conserved in the human
ACSS3 locus.17 To test whether CEBPα or PPARγ tran-
scriptionally regulated the expression of Acss3, we sub-
cloned the 2 kb promoter DNA of Acss3 into the Pgl3
plasmid (Pgl3-Acss3-P) and then performed dual luciferase
reporter assay. The relative luciferase activity of cells co-
transfected with C/EBPα and Pgl3-Acss3-P was about 14-
fold higher than cells transfected with Pgl3-Acss3-P plas-
mid alone (Figure S3B). In contrast, cells co-transfected
with PPARγ and Pgl3-Acss3-P showed no increment of
luciferase activity. These results provide compelling evi-
dence that C/EBPα is an upstream transcriptional regula-
tor of Acss3 transcription.

3.2 ACSS3 is mainly localised to the
inner membrane of the mitochondria

To investigate the subcellular localisations of ACSS3 in
BAs, we co-stained ACSS3 and Mito-Tracker. The staining
indicated an obvious co-localisation of ACSS3 with mito-
chondria in undifferentiated BAT cells (Figure 1G). After 6
days of differentiation, both mitochondria and ACSS3 sig-
nals were increased and largely overlapped (Figure 1G).
We then performed cell fractionation to separate mito-
chondrial, cytosolic and nuclear proteins from BAT of 2-
month-old WT mice. ACSS3 were detected in the mito-
chondrial and nuclear fractions together with mitochon-
drial inner membrane protein UCP1, but not detectable in
the cytosolic fraction that expresses GAPDH (Figure 1H).
The expression of mitochondrial proteins in the nuclear
fraction suggests that a significant subset of mitochon-
dria is closely associated with the nuclear outer mem-
brane in BAs. We subsequentially determined the submi-
tochondrial localisation of ACSS3 using proteinase K (PK)
accessibility test (Figure 1I). Mitochondria isolated from
BAT of 2-month-old mice were left untreated, swollen to
rupture of the outer membrane, or lysed in Triton X-100
prior to treatment with PK to reveal outer membrane pro-
tein, inner membrane protein and matrix protein, using
TOM20, CPT2 and MRPL12 as reference proteins, respec-
tively (Figure 1I). We found that ACSS3 was not pro-
tected from Proteinase K digestion after swelling, indicat-
ing its inner membrane localisation (Figure 1I). A trun-
cated ACSS3 band (∼20 kDa) recognised by the antibody
raised against an N-terminus epitope was protected from
PK digestion after swelling, suggesting that the N-terminal
domain of ACSS3 was in the matrix (Figure 1I). Using
an online tool called TMHMM (prediction of transmem-
brane helices in proteins), we also predicted a transmem-
brane domain of 24 AAs (from 166–189) in the ACSS3 pro-
tein (Figure 1J). Based on the results, we hypothesised
that the ACS domain (AA 57–111) should localise in the
mitochondrial matrix (Figure 1J). Supporting this, the pre-
dicted molecular size of the N-terminal 189 AAs of ACSS3
containing the ACS domain and transmembrane domain

F IGURE 1 ACSS3 is a mitochondrial inner membrane protein highly expressed in brown adipose tissue. (A) qRT-PCR detection of Acss3
expression in different mouse tissues (n = 4). (B) Western blot analysis of the ACSS3 protein level in different mouse tissues (n = 2). (C, D)
Relative levels of Acss3 and Pparγ after adipogenic differentiation of preadipocytes isolated from mouse iWAT (C) and BAT (D) (n = 4). (E)
Relative levels of Acss3, Ucp1 and Pgc1α from iWAT after 7 days of cold treatment (n = 3). (F) Relative level of Acss3 in BAT after 7 days of cold
treatment (n = 3). (G) Co-staining of ACSS3 and Mito-tracker in undifferentiated (D0) and differentiated (D6) BAT cells in vitro. White
arrowheads indicate the co-localisation. Scale bar: 20 μm. (H) Western blot analysis of cell fractionation from mouse BAT (nuclear protein:
Histone H3; cytosolic protein: GAPDH; mitochondrial protein: UCP1). (I) Immunoblot analysis of isolated BAT mitochondria after proteinase
K (PK) accessibility test. Mitochondria were left untreated, swollen to rupture of the outer membrane, or lysed in Triton X-100 prior to
treatment with proteinase K. MRPL12 is a mitochondrial matrix protein, CPT2 is an inner membrane (IMM) protein and TOM20 is a
mitochondrial outer membrane (OMM) protein. (J) A model indicates the mitochondrial localisation of ACSS3 protein. Data represent mean
± SEM (t-test: *p < .05, **p < .01)
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was ∼20.5 kDa, consistent with the observed size that was
protected from Proteinase K digestion after swelling (Fig-
ure 1J).

3.3 Loss of Acss3 leads to reduced BAT
but increasedWATmass in mice

To investigate the role of ACSS3 in vivo, we generated
a global Acss3 knockout mouse (Acss3–/–) model (Fig-
ure 2A). In Acss3–/– mice, exon 2 of Acss3 was deleted,
leading to premature translational stop and generation
of a truncated peptide completely lacking the key func-
tional domains including the AMP-dependent synthetase
domain and AMP-binding enzyme domain (Figure 2A).
We confirmed the deletion of exon 2 by DNA recombina-
tion from mouse ear DNA of both heterozygous knockout
mice and Acss3–/– mice (Figure 2B). We also confirmed
that ACSS3 protein was completely diminished in Acss3–/–
compared toWTBAT (Figure 2C). Acss3–/– micewere born
at expected Mendalian ratio, and morphologically indis-
tinguishable from their heterozygous and WT littermates.
However, as Acss3–/– mice grew, they began to appear
larger than WT mice. At 5-month-old, the body weight of
male Acss3–/– mice was significantly heavier than that of
WT mice (Figure 2D). EchoMRI body composition scan-
ning showed that the body weight difference was mainly
due to differences in total body fat mass (Figure 2D). At 5-
month-old, the total body fatmass of theAcss3–/– micewas
∼2.5-fold larger than that of WT mice (Figure 2D). Con-
sistently, 4-month-old female Acss3–/– mice also exhibited
increased body weight and total body fat mass (Figure 2E).
We isolated various fat depots from 6-month-old male
Acss3–/– and WT mice (Figure S4A) and confirmed that
while the BAT mass was decreased, the WAT masses were
increased in Acss3–/– mice (Figure 3F), and the increase
was more prominent in visceral eWAT (Figure 3F). H&E
staining revealed that the average cell size and LD size
of BAs was obviously larger in 6-month-old Acss3–/– than
age-matchedWTmice (Figure 2G–I). In addition, the aver-
age size of adipocytes from eWATwas also obviously larger
in 6-month-old Acss3–/– compared to that of age-matched
WT mice (Figure 2J, K). By contrast, there were no dif-
ferences in the weights of other tissues, such as skeletal
muscle, liver, heart and kidney, from 6-month-old male
Acss3–/– and WT mice (Figure S4B, C). Taken together,
deletion of Acss3 decreases BAT mass and increases WAT
mass in mice.
Further inspections demonstrated that 2-month-old

Acss3–/– mice also exhibited reduced BAT mass, but there
was no difference in the body weight nor WAT mass (Fig-
ure S5A, B). However, the sizes of LD and BAs from BAT
of Acss3–/– mice were significantly smaller than those of

WT mice at 2-month-old (Figure S5C, D). Similar results
were also observed in themice at 6-week-old and postnatal
day 7 (P7) (Figure S5E–N), with reducedBATmass, smaller
BA size in Acss3–/– mice, but no change in WAT mass and
cell size. Consistently, the protein levels of UCP1 were not
changed, but the FABP4 were decreased in Acss3–/– BAT
compared to those of WT BAT (Figure S5O). We then cul-
tured preadipocytes from BAT of WT and Acss3–/– mice
and induced the SVF cells to differentiate (IM 4d + DM
4d) into LD-laden adipocytes. Compared toWT cells, there
were less LDs in Acss3–/– BA (Figure S5P). These results
demonstrated that deletion of Acss3 in adipocytes leads to
reductions in BAT mass accumulation that may be due to
impaired BA differentiation.

3.4 Loss of Acss3 disrupts BA
differentiation in vitro

In view of the Acss3 expression pattern and impaired BA
differentiation, we further performed the loss-of-function
analysis in the immortalised murine brown preadipocytes
(brown adipocyte cell line) with two independent lentivi-
ral shRNAs. The transfection of shRNA1 and shRNA2
achieved 87% and 48% reduction of Acss3 mRNA in
BAT cell line, respectively (Figure S6A). Therefore, both
shRNA1 and shRNA2 lentivirus were then used to estab-
lish stable Acss3 knockdown (KD) brown adipocyte cell
lines (sh1 and sh2). The total cell count result showed
that Acss3 KD did not affect proliferation of BAT cells
(Figure S6B). We then differentiated the BA cell lines
and used Bodipy staining to visualise lipid droplets (LDs).
The results showed that Acss3 KD dramatically reduced
the LD numbers compared to control cells after 6 days
of differentiation (Figure S6C). We further investigated
how Acss3 KD affected differentiation of BA by profil-
ing expression of genes involved in adipogenesis, lipoge-
nesis, lipolysis and browning. The mRNA levels of Fasn,
Adipoq, Pparγ, C/ebpα and Fabp4were significantly lower
in sh1 and sh2 compared to control cells (Figure S6D).
Expression levels of browning related genes Ucp1, Prdm16
and Pgc1α were also decreased after Acss3 KD (Figure
S6E). Consistently, the protein levels of PLIN1, PGC1α and
C/EBPα were also lower in sh1 and sh2 than control cells
after differentiation (Figure S6F, G). Consistent with the
impaired adipogenesis after Acss3 KD, the mRNA levels of
Cox5b, Cox7a, Cox8b and Cpt2, as well as the protein levels
of mitochondrial OXPHOS complexes, including ATP5A,
UQCRC2 and SDHB, were all downregulated in sh1 and
sh2 compared to control cells after differentiation (Fig-
ure S6J, K). These data indicate that Acss3 KD inhibits
the adipogenesis and mitochondrial biogenesis of BA
in vitro.
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F IGURE 2 Acss3 KO reduces BAT mass and increases WAT mass, impairing systemic metabolism. (A) Targeting strategy for global
Acss3 knockout mice (Acss3–/–) by using CRISPR-Cas9 gene editing. Upper: Acss3 gene structure showing exons (blue boxes) and 5′ and 3′
untranslated regions (yellow boxes), scissors indicates the target site of two gRNAs. Middle: ACSS3 protein domain structure with amino
acids numbers labelled. Acetyl-CoA synthetase (ACS) is the catalytic domain. Lower: excision of exon2 results in reading frame shift and a
premature translational stop codon, generating a truncated protein containing only partial of the ACS domain. (B) Successful deletion of exon2
is shown by DNA recombination using ear DNA from Acss3–/– and heterozygous (HET) knockout mice. (C) Completely deletion of ACSS3
protein level in brown adipose tissue (BAT) of 6-month-old male Acss3–/– mice. (D, E) Compared to WT mice, Acss3–/– leads to increased total
body fat and body weight. N = 6 and 5 pairs of male (D) and female (E) mice for 5- and 4-month-old, respectively. (F) Weights of various BAT
and WAT [epididymal white adipose tissue (eWAT); inguinal white adipose tissue (iWAT) and anterior subcutaneous white adipose tissue
(asWAT)] depots from male mice at 6-month-old, N = 5 pairs. (G) H&E staining of BAT fromWT and Acss3–/– mice at 6-month-old. Scale bar:
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3.5 Knockout of Acss3 causes serum
propionate accumulation and impaired
systemic metabolism

We next examined how loss of Acss3 affected the systemic
metabolism of mice. We first conducted glucose tolerance
tests (GTT) to determine glucose disposal after intraperi-
toneal (i.p.) injection of glucose into Acss3–/– andWTmice
at 3-month-old (Figure 2L, M). Acss3–/– mice had higher
blood glucose levels than theWT littermates after injection
of glucose (Figure 2L). Area under curve (AUC) of Acss3–/–
mice was also significantly larger than that of WT mice
(Figure 2M), suggesting that Acss3–/– mice were glucose
intolerant. We next performed insulin tolerance tests (ITT)
to determine how blood glucose level changed in response
to insulin injection (Figure 2N, O). Acss3–/– mice (3-
month-old) exhibited impaired insulin sensitivity, mani-
fested by decreased rates of insulin-mediated glucose clear-
ance and lower area above curve (AAC) in Acss3–/– com-
pared to WT mice (Figure 2N, O). These results together
demonstrate that loss of Acss3 disrupts glucose homeosta-
sis and insulin sensitivity of the mice.
It has been reported that ACSS3 catalyses the forma-

tion of propionyl-CoA through activating propionic acid,
or propionate (Figure 3A); we therefore examined if Acss3
KO impaired propionate metabolism in mice. We per-
formed high-performance liquid chromatography (HPLC)
to quantify the concentrations of acetic acid (acetate), pro-
pionic acid (propionate) and butyric acid (butyrate) from
serum and BAT of 2-month-old Acss3–/– and WT mice.
Propionic acid concentrations were increased by ∼4-fold
while acetic acid was elevated by ∼2.5-fold in serum of 2-
month-old Acss3–/– than those of WT mice (Figure 3B).
In addition, the propionic acid concentration in Acss3–/–
BAT was increased by ∼3-fold compared with WT (Fig-
ure 3C), and there was no difference in the acetic acid con-
tents of BAT at 2-month-old (Figure 3C). After fed with
HFD for 10 weeks, serum propionic acid concentration
was dramatically increased in Acss3–/– mice (Figure 3D),
but there was no difference in the serum acetic acid con-
centration after HFD (Figure 3D). Consistently, there was
also a huge increase in the propionic acid concentration in
BAT of Acss3–/– compared to that of WT after HFD (Fig-
ure 3E). For butyric acid, it remained at low concentra-

tions in all the tested samples and showed no difference
across groups. Thus, these results show thatAcss3 deletion
leads to specific accumulation of propionate in BAT and
serum, suggesting that ACSS3 is indispensable for propi-
onate metabolism.
We further checked the respiration and energy expendi-

ture of WT and Acss3–/– mice using an indirect calorime-
try approach. Acss3–/– mice had lower levels of oxygen
(O2) consumption and carbon dioxide (CO2) production
than WT mice at 3-month-old (Figures 3F,G and S7A–C),
which were only significant at night when mice actively
feed. Carbon dioxide (CO2) production of Acss3–/– mice
also showed a trend to increase, but did not reach a sig-
nificant level (Figure 3H, I). Consequently, the heat pro-
duction was also decreased in Acss3–/– mice compared to
that of WT mice at night (Figure 3J, K). The respiratory
exchange ratio (RER) did not show any difference between
WT and Acss3–/– mice. These results together demonstrate
that accumulation of propionate in Acss3–/– mice disrupts
the systemic metabolism. Since Acss3 is highly expressed
in BAT, we then analysed fatty acid oxidation (FAO) of
WT and Acss3–/– BAT after incubation with 14C-labelled
palmitate. However, the BAT FAO indicated by 14CO2 pro-
duction was similar in BAT from Acss3–/– compared to
WT mice (Figure 3L). Protein level of UCP1 as well as
the mRNA levels of Ucp1 and Pgc1α were not changed in
Acss3–/– compared to those in WT BAT (Figure 3M). In
addition, no compensatory expressions of Acss1 and Acss2
were observed (Figure 3M). Moreover, the protein levels of
mitochondrial OXPHOS complexes were also identical in
WT and KO BAT (Figure 3N).
To further access the function of BAT, we performed

both acute cold challenge and 7-day chronic cold treatment
(CT). The rectal temperatures of Acss3–/– micewere identi-
cal to those ofWTmice except for a∼0.5◦Cdrop at 2 h after
acute could challenge (Figure S8A). Chronic CT induced
an obvious red appearance suggestive of increased angio-
genesis, as well as significant weight loss of WAT from
both Acss3–/– and WT mice (Figure S8B). BAT mass was
decreased while WAT masses were increased in 6-month-
old male Acss3–/– mice at both RT and CT (Figure S8C),
and more prominent in eWAT than iWAT (Figure S8C).
The mRNA levels of Ucp1 and Pgc1α were not different in
Acss3–/– mice compared to WT mice at both RT and CT

50 μm. (H) Average cell areas of WT and Acss3–/– BAT, N = 3 pairs, calculated by counting the total nuclei numbers per image, 3 images per
mice. (I) Percentage of LD diameters of BAT fromWT and Acss3–/– mice. (J) H&E staining of eWAT fromWT and Acss3–/– mice at
6-month-old. Scale bar: 50 μm. (K) Average adipocyte areas of WT and Acss3–/– eWAT, N = 6, calculated by averaging 100 adipocytes per
image, 3 images per mice. (L, M) Blood glucose concentrations during glucose tolerance test (GTT) performed on 3-month-old Acss3–/– mice
(L). Area under curve (AUC) calculated based on data in M. N = 6 and 5 mice for WT and Acss3–/–, respectively. (N, O) Percentage changes of
blood glucose concentrations during insulin tolerance test (ITT) performed on 3-month-old Acss3–/– mice (N). Area above curve (AAC)
calculated based on data in O. N = 7 and 5 mice for WT and Acss3–/–, respectively. Data represent mean ± SEM (t-test: *p < .05, **p < .01)
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F IGURE 3 Acss3 deletion causes propionate accumulation and impairs energy expenditure in mice. (A) A diagram showing production
of propionate in gut and the role of ACSS3 in Propionyl-CoA biosynthesis and TCA cycle within mitochondrial matrix. (B, C)
Concentrations of acetic acid (acetate), propionic acid (propionate) and butyric acid (butyrate) from serum (B) and BAT (C) of 2-month-old
Acss3–/– and WTmice. N = 4 pairs. (D, E) Concentrations of acetate, propionate and butyrate from serum (D) and BAT (E) of Acss3–/– and WT
mice after 10 weeks of HFD feeding. N = 4 pairs. (F–I) O2 consumption (F) measured by an indirect calorimetry is shown for a 36-h cycle,
average day and night O2 consumption (VO2, G), 36-h cycle of CO2 production (H), average day and night CO2 production (VCO2, I) of
3-month-old WT and Acss3–/– mice. N = 5 pairs of mice. (J, K) Average day and night respiratory exchange ratio (RER, J) and heat production
(K) of 3-month-old WT and Acss3–/– mice. N = 5 pairs of mice. (L) Fatty acid oxidation measured by 14CO2 production of BAT lysate fromWT
and Acss3–/– mice incubated with [1-14C] palmitic acid. (M) Western blot analysis of UCP1 in BAT lysate (upper), and relative levels of Acss3,
Acss1, Acss2, Ucp1 and Pgc1α (lower, N = 4), fromWT and Acss3–/– mice. UTR: a pair of primers detects the 3′ UTR of Acss3mRNA. (N)
Western blot analysis of mitochondrial OXPHOS complexes from BAT lysis. N = 3 pairs of WT and Acss3–/– mice. Data represent mean ± SEM
(t-test: *p < .05, **p < .01)
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(Figure S8D). Expression levels of Acss1 and Acss2 were
not changed, excluding potential compensation by these
family members (Figures 3M and S8D). LD size of BA as
well as the adipocytes size of iWAT were obviously larger
in Acss3–/– mice than age-matchedWTmice after CT (Fig-
ure S8E, F). In addition, H&E staining also showed that
the iWAT from Acss3–/– mice contained less clusters of
pink staining than WT mice after CT. These results indi-
cate that loss ofAcss3 has minor impact on BATmitochon-
dria function and Acss3–/– mice had normal capacity for
cold-induced browning.
The increased serum propionate levels and associ-

ated obesity and insulin resistance of the Acss3–/– mice
prompted us to examine if higher serum propionate con-
centration was correlated to obesity and T2D in humans.
We retrieved data from published studies and found that
the production of propionate by gut microbiota (Figure
S9A) as well as the serum propionate levels (Figure S9B)
were indeed increased in obese and T2D patients.36,37 To
further establish whether ACSS3 level is correlated to obe-
sity and T2D, we retrieved data from published studies,38,39
in which ACSS3 expressions in WAT from lean and obese
patients, as well as insulin sensitive and insulin-resistant
patients are available. The results showed that ACSS3
expression in WAT was significantly lower in obese than
lean subjects (Figure S9C), while LAMP1 (An autophagic-
lysosomal marker40) levels were upregulated in the same
samples (Figure S9D). Additionally, ACSS3 expression
level was significantly lower in WAT of insulin-resistant
patients than those from insulin sensitive humans (Fig-
ure S9E). These results establish a negative trend ofACSS3
expression level, along with a positive trend of propionate
accumulation, with obesity and T2D in humans.

3.6 Propionate induces autophagy of
cultured adipocytes in vitro

Propionate and butyrate are reported to induce autophagy
in human colon cancer cells.28 To determine whether
SCFA, especially propionate, could induce autophagy of
adipocytes, we first treated differentiated brown adipocyte
cell line with acetate, propionate and butyrate with a
final concentration of 3 mM. We found that the protein
levels of LC3 II and the ratios of LC3 II/I, markers of
autophagy were significantly increased in differentiated
brown adipocytes after propionate and butyrate treatment
(Figure 4A). Furthermore, propionate treatment did not
affect the cell viability of cultured adipocytes as indicated
by crystal violet staining (Figure S10). By using a lower
propionate concentration (0.3 mM), we were also able to
detect an increased LC3 II/I ratio after 24 h of treatment
(Figure S11A). We also performed immunostaining of P62

(a negative marker of autophagy), LC3 and LAMP2 (a
lysosome marker). The results showed a clear decrease in
P62 puncta number in propionate treated compared with
saline-treated brown adipocytes (Figure 4B). Co-staining
of LC3 and LAMP2 also revealed increased co-localisation
of autophagosomes with lysosomes (Figure 4C), confirm-
ing elevated autophagy induced by propionate. Propionate
treatment also upregulated mRNA levels of autophagy-
related genes, Lc3b, Atg5, Atg7 and Beclin1 in BAT cells
(Figure 4D). These results demonstrate that SCFA, espe-
cially propionate, induce autophagy in brown adipocytes.
To further examine if propionate induced autophagy in

white adipocytes, we isolated SVF cells from iWAT and
eWAT of WT mice and treated the differentiating cells
with propionate for 4 days. After propionate treatment,
mRNA levels of adipogenic, lipogenic and autophagy
related genes, such as Pparγ, Srebp1 and Ulk1, were upreg-
ulated (Figure 4E, F). We also examined the autophagy of
differentiated 3T3-L1 cells after SCFA treatment. Consis-
tently, increased LC3 II/I ratios were detected from propi-
onate, butyrate and rapamycin (Rapa) treated compared
to those of saline- and acetate-treated cells (Figure 4G).
We further tested these effects on cultured human WAs.
We treated differentiated (11-day IM + 4-day DM) human
A41 WAT preadipocyte cell line (hWAT) with different
SCFAs as mentioned above. While the relative levels of
P62 (normalised to GAPDH) were decreased after pro-
pionate and butyrate treatment (Figure 4H). Immunos-
taining of P62 confirmed a clear decrease in P62 puncta
in propionate treated compared to those saline-treated
hWAT (Figure 4I). Increased co-localisation of LC3 and
LAMP2 from propionate-treated hWAT further indicated
elevated autophagy (Figure 4J). Notably, Bodipy staining
showed that after propionate treatment, hWAT accumu-
lated more larger LDs (Figure 4K). As reported,31 pro-
pionate treatment also decreased the protein levels of
p-4E-BP-1, a downstream target of mTOR (Figure 4L).
These data collectively indicate that SCFAs, especially
propionate, induce autophagy in cultured adipocytes and
inhibits mTOR signalling in vitro.

3.7 Acss3 deficiency elevates autophagy
of adipocytes in vivo

Considering that propionate promotes autophagy of
adipocytes in vitro, we next explored whether accumu-
lation of propionate in the Acss3–/– mice also promotes
adipocyte autophagy in vivo. We examined BAT cross sec-
tions after immunostaining with LC3, LAMP2 and P62.
We observed larger and brighter LC3 and reduced LAMP2
puncta from Acss3–/– compared to WT BAT (Figure 5A).
The fusion of autophagosomes with lysosomes (identified
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F IGURE 4 Propionate promotes autophagy of adipocytes. (A) Western blot analysis of LC3 (upper) and ratios of LC3 II/I (lower) of
mouse BAT cells treated with 3 mM sodium acetate (acetate), sodium propionate (propionate) and sodium butyrate (butyrate). N = 3
independent treatments. (B) Staining of P62 (green) of saline- and propionate-treated BAT cells. Scale bar: 10 μm. (C) Co-staining of LC3
(green) and LAMP2 (red) in 8-day differentiated preadipocytes isolated from BAT of WT mice treated with saline and propionate. White
arrowheads indicate the co-localisation. Scale bar: 20 μm. (D) Relative levels of Lc3b, Atg5, Atg7, Ulk1 and Beclin1 from saline- and
propionate-treated 6-day differentiated BAT cell line; N = 4 independent treatments. (E, F) Relative levels of Pparγ, Fabp4, Srebp1, Atg5, Ulk1
and Beclin1 from saline- and propionate-treated 8-day differentiated SVF preadipocytes isolated from iWAT (E) and eWAT (F) of 8-week-old
WT mice; N = 4 independent treatments. (G) Western blot analysis of LC3 of differentiated 3T3-L1 cells treated with 3 mM sodium acetate
(acetate), sodium propionate (propionate) and sodium butyrate (butyrate). Rapamycin-treated cells were set as positive control. Numbers
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by LC3 and LAMP2 co-localisation), were dramatically
increased in Acss3–/– compared to that of WT BAT (Fig-
ure 5A). Consistently, there were less P62 puncta in BAT
from Acss3–/– and rapamycin-treated mice (rapamycin is
an inducer of autophagy), compared with those bright and
widely distributed P62 puncta inWT BAT (Figure 5B). Pro-
tein levels of LC3 II and the ratio of LC3 II/I were also
obviously higher in Acss3–/– than WT BAT (Figure 5C, D).
Interestingly, CT exacerbated the elevation of LC3 II/I ratio
and decrease of P62 levels in Acss3–/– mice (Figure 5C, D).
Similarly, mRNA levels of autophagy-related genes, Lc3b,
Atg5 and Ulk1 were upregulated in BAT of Acss3–/– mice
(Figure 5E).
Similar results were also observed in Acss3 KO eWAT,

where protein levels of P62were downregulated inAcss3–/–
compared to WT eWAT (Figure 5F). Ratios of LC3 II/I
were conversely increased after Acss3 KO (Figure 5F).
Interestingly, protein level of adipogenic transcription fac-
tor C/EBPα was dramatically reduced while the mature
form of lipogenic transcription factor SREBP1 was sig-
nificantly increased in Acss3–/– eWAT (Figure 5F), indi-
cating impaired adipogenesis but enhanced lipogenesis
after Acss3 deletion. Consistent with protein expressions,
mRNA levels of Fabp4, Srebp1, Atg5,Ulk1 and Beclin1were
all upregulated from Acss3–/– compared to those of WT
eWAT (Figure 5G). Together, deletion of Acss3 promotes
autophagy of both brown and white adipocytes in vivo.

3.8 HCQ inhibition of autophagy
rescues metabolic defects of Acss3–/– mice

To determine if elevated autophagy is responsible for
the metabolic phenotypes in the Acss3–/– adipocytes
and mice, we treated cells and animals with hydrox-
ychloroquine (HCQ) and wortmannin, well-established
autophagy inhibitors. We first treated cultured WAs and
BAs using 0.1mMwortmannin, which efficiently inhibited
propionate-induced autophagy as indicated by decreased
LC3 II/I ratios (Figure S11A, B). We also treated BAs
and WAs with HCQ (0.1 μg/ml), which significantly
restored the protein level of P62 that was decreased
in propionate treated BAT cells (Figure S11C), suggest-
ing that HCQ inhibits autophagy in BAs. Immunos-

taining also confirmed that propionate decreased P62
immunofluorescence, which was robustly restored by
HCQ treatment (Figure S11D). In addition, in differenti-
ated hWAT, HCQ treatment blocked propionate-induced
autophagy as indicated by restoration P62 protein lev-
els (Figure S11E). These results collectively demon-
strate thatHCQ/wortmannin treatment efficiently inhibits
propionate-induced autophagy in cultured BAs and WAs.
Using HCQ that is under clinical trial for the pre-

vention of glucose tolerance of T1D patients (NIDDK,
NCT03428945), we treated WT and Acss3–/– mice with
HCQ (0.15 mmol/L in drinking water) under normal diet
and HFD. Increased P62/GAPDH ratio as well as deceased
mRNA levels of Atg5 together indicated the successfully
inhibition of autophagy in BAT by HCQ, especially in
the Acss3–/– mice (Figure S12A, B). Under normal diet,
Acss3–/– mice gainedmore bodyweight thanWTmice dur-
ing the 6-week period (Figure 6A). HCQ treatment signif-
icantly reduced the weight gain of both WT and Acss3–/–
mice (Figure 6A). The larger body fat mass of Acss3–/–
mice was significantly reduced by HCQ treatment (Fig-
ure 6B). Interestingly, after HCQ treatment, WT mice had
larger body fatmass (Figure 6B). Thehigher fasting glucose
level of Acss3–/– mice was also restored by HCQ treatment
(Figure 6C). The impaired glucose tolerance of Acss3–/–
mice was also improved by HCQ treatment, though not
significant (p = 0.09) (Figure 6D, E). Similar results were
observed in ITT experiment, where higher fasting glucose
levels as well as impaired insulin-mediated glucose clear-
ance were improved by HCQ treatment (Figure 6F–H).
Strikingly, even though bothWT and Acss3–/– mice gained
less body weight after HCQ treatment, they were both eat-
ing more food (Figure 6I). Consistently, Acss3–/– mice had
lower levels of O2 consumption and CO2 production than
WT mice (Figure 6J, K). HCQ treatment elevated the O2
consumption andCO2 production in bothWTandAcss3–/–
mice (Figure 6J, K). We also inspected various fat depots
from themice (Figure 6L, M). BAT fromAcss3–/– mice was
smaller and WAT depots were significantly heavier than
corresponding fat depots in sex-matched WT mice (Fig-
ure 6L, M), while all WAT depots became smaller after
HCQ treatment (Figure 6M). Interestingly, all BAT and
iWATwere larger fromWTmice afterHCQ treatment (Fig-
ure 6M).

below the blot indicate ratios of LC3 II/I. (H) Western blot analysis of P62 from differentiated human A41 preadipocytes treated with 3 mM
acetate, propionate and butyrate; numbers below the blot indicate ratio of P62/GAPDH. (I) P62 (green) staining of saline and propionate
treated differentiated human A41 preadipocytes. Scale bar: 20 μm. (J) Co-staining of LC3 (green) and LAMP2 (red) in 14-day differentiated
human A41 preadipocytes treated with saline and propionate. White arrowheads indicate the co-localisation. Scale bar: 20 μm. (K) Bodipy
staining indicates enlarged LDs of propionate-treated human white adipocytes. White arrowheads indicate the larger LDs after propionate
treatment. Scale bar: 20 μm. (L) Western blot analysis of p-4E-BP1 (Thr37/46) of human A41 adipocytes treated with 0.3 mM sodium
propionate. N = 3 independent treatments. Data represent mean ± SEM (t-test: *p < .05, **p < .01)
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F IGURE 5 Elevated autophagy in Acss3–/– adipose tissue. (A) Co-staining of LC3 (green) and LAMP2 (red) in BAT from 3-month-old
WT and Acss3–/– mice. White arrowheads indicate the co-localisation, and yellow arrowheads indicate large lysosomes. Scale bar: 20 μm. (B)
Staining of P62 (green) in BAT from 3-month-old WT and Acss3–/– mice, and WT mice injected with rapamycin (Rapa). Scale bar: 20 μm. (C)
Western blot analysis of LC3 and P62 from BAT lysate of 6-month-old WT and Acss3–/– mice at room temperature (RT) and after cold
treatment (CT). (D) Ratios of LC3 II/I in C. (E) Relative levels of Lc3b, Atg5, Atg7, Ulk1, Gabarap, Beclin1 and Lamp1 fromWT and Acss3–/–

mice at RT, N = 4 pairs of mice at 6-month-old. (F) Western blot analysis of ACSS3, P62, C/EBPα, FABP4, LC3 and SREBP1 from eWAT of
6-month-old WT and Acss3–/– mice. (G) Relative levels of Fabp4, Srebp1, Dgat, Lc3b, Atg5, Atg7, Ulk1 and Beclin1 from eWAT of WT and
Acss3–/– mice, N = 3 pairs of mice at 6-month-old. Data represent mean ± SEM (t-test: *p < .05, **p < .01)

When HCQ treatments were applied to HFD-fed mice,
Acss3–/– mice were consistently larger and gainmore body
weight than WT mice after fed with HFD for 7 weeks
(Figure 7A, B). HCQ treatment significantly reduced the
weight gain of Acss3–/– mice, but not WTmice (Figure 7A,
B). We also tested the glucose tolerance and insulin sen-
sitivity of the mice. Without HCQ treatment, the fasting

(14 h) glucose levels of Acss3–/– mice were higher than
those of WT mice, while HCQ treatment normalised the
fasting glucose levels of Acss3–/– mice (Figure 7C, D). Con-
sistently, control-treated Acss3–/– mice exhibited impaired
glucose tolerance that was rescued by HCQ as indicated
by the AUC (Figure 7D, E). HCQ treatment similarly
restored the 4 h fasting serum glucose levels of Acss3–/–
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F IGURE 6 Hydroxychloroquine treatment improves the energy expenditure of Acss3–/– mice. (A, B) Weight gain (A) and body fat mass
(B) of male WT and Acss3–/– mice with/without 0.15 mmol/L hydroxychloroquine (HCQ) in the drinking water (named as WT, KO, WT+HCQ
and KO+HCQ) after 6 weeks. N = 4 pairs of mice with normal drinking and 6 pairs of mice with HCQ water. (C–E) Fasting glucose level (14 h,
C), blood glucose concentrations during GTT (D) and AUC (E) of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment. (F–H)
Fasting glucose level (6 h, F), blood glucose concentrations during ITT (G) and AAC (H) of WT and Acss3–/– mice with/without 0.15 mmol/L
HCQ treatment. (I) Food intake of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment. Data were presented as daily food
consumption per mouse from 4 days of each mice. (J, K) O2 consumption and average day and night O2 consumption (J), and average day and
night CO2 production (VCO2, K) measured by an indirect calorimetry of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment.
(L) Representative images of BAT and WAT depots from male mice showing reduction of fat depots of Acss3–/– mice after HCQ treatment. (L)
Weights of various BAT and WAT (iWAT, eWAT and asWAT) depots from male WT and Acss3–/– mice with/without 0.15 mmol/L HCQ
treatment. Data represent mean ± SEM (t-test: *p < .05, **p < .01)
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F IGURE 7 Inhibition of autophagy by hydroxychloroquine normalises fat mass and insulin sensitivity of high-fat-diet fed Acss3–/– mice.
(A, B) weight gain of male WT and Acss3–/– mice with/without 0.15 mmol/L hydroxychloroquine (HCQ) in the drinking water (named as WT,
KO, WT+HCQ and KO+HCQ) during 7 weeks of HFD feeding (A) and after 7 weeks of HFD feeding (B). N = 6 pairs of mice with normal
drinking water and 8 pairs of mice with HCQ treatment (C–E) Fasting glucose level (14 h, C), blood glucose concentrations during GTT (D)
and AUC (E) of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment. (F–H) Fasting glucose level (6 h, F), blood glucose
concentrations during ITT (G) and AAC (H) of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment. (I, J) Body weight (I) and fat
mass (J) of WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment after 10 weeks of HFD feeding. (K) Representative images of
BAT and WAT depots from male mice showing reduction of fat depots of Acss3–/– mice after HCQ treatment. (L) Weights of various BAT and
WAT (iWAT, eWAT and asWAT) depots from male WT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment. (M) H&E staining of
BAT sections fromWT and Acss3–/– mice with/without 0.15 mmol/L HCQ treatment after 10 weeks of HFD feeding. Scale bar: 50 μm. Data
represent mean ± SEM (t-test: *p < .05, **p < .01)

mice (Figure 7F). In addition, HCQ treatment restored the
impaired insulin sensitivity of Acss3–/– mice as indicated
by increased AAC (Figure 7G, H). WT mice also exhibited
better insulin responses after HCQ treatment (Figure 7G,
H). These results demonstrate thatHCQ treatment inhibits
the weight gain and restores the glucose and insulin sensi-
tivity of Acss3 KO mice. After fed with HFD for 10 weeks,
control-treated Acss3–/– mice were 5.1 g heavier than WT
mice (Figure 7I). Strikingly, HCQ-treated Acss3–/– mice

were 11.7 and 3.5 g lighter than control-treated Acss3–/–
mice and HCQ-treated WT mice, respectively (Figure 7I).
EchoMRI body composition scanning showed that the dif-
ferences in body weights were mainly due to fat mass
change (Figure 7J), Notably, Acss3–/– mice gained 4.0 g
more fat mass compared to sex-matched WT littermates,
while HCQ treatment reduced the fat mass of Acss3–/–
mice by 10.1 g (Figure 7J). No significant difference was
observed in the total fat mass of WT mice with/without
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F IGURE 8 Amodel depicting ACSS3’s role in BAT and propionate metabolism. Acss3 is highly expressed in BAT and inhibition of Acss3
disputed BAT adipogenesis, which led to smaller brown adipocytes. Loss of Acss3 in vivo causes increased fat mass and insulin insensitive in
mice, due to elevation its substrate, propionate level in BAT. The elevated propionate BAT propionate promotes the circulating propionate
level, which leads to lipid accumulation and autophagy in adipose tissue

HCQ treatment (Figure 7J). We then isolated various fat
depots and measured their weights (Figure 7K, L). All
Acss3–/– AT depots were significantly heavier than corre-
sponding fat depots in sex-matched WT mice, while they
all became smaller after HCQ treatment (Figure 7L). Inter-
estingly, there were no changes in the weights of WAT
depots from WT mice after HCQ treatment, but the BAT
mass was significantly reduced (Figure 7L). The LD sizes
were obviously larger in Acss3–/– than those of WT BAT
after HFD, and they were both reduced by HCQ treat-
ment compared to untreated mice (Figure 7M). In addi-
tion, the observed larger and fatty liver in Acss3–/– mice
were rescued by HCQ treatment (Figure S12C, D). Collec-
tively, HCQ treatment inhibits fat accumulation in Acss3
KOmice and ameliorates theirmetabolic dysfunctions and
hepatic steatosis.

4 DISCUSSION

Our study demonstrates an in vivo role of ACSS3 in regu-
lating propionate metabolism and autophagy of ATs, thus
affecting whole body metabolism and insulin sensitivity
(Figure 8). Deletion of Acss3 leads to loss of BAT mass
but increases WAT mass in mice. Interestingly, Acss3 KO
reduces total BAT FAO and causes systemic metabolism
defect due to accumulation of its substrate propionate in
the serum. We demonstrate that propionate treatment is

sufficient to induce autophagy in cultured adipocytes prob-
ably through inhibiting mTOR signalling, and Acss3–/–
mice exhibit elevated autophagy in their ATs. Pharma-
cologically inhibition of autophagy by HCQ/wortmannin
inhibits propionate-induced autophagy in vitro, and HCQ
treatment ameliorates obesity, hepatic steatosis and insulin
resistance of the Acss3–/– mice in vivo. As obesity increases
circulating levels of propionate in humans, our results sug-
gest that targeting propionate-induced autophagy repre-
sents a potential therapeutic strategy for obesity and T2D
treatment.
We used two specific gRNAs for targeted deletion of

exon 2 of Acss3, abolishing two coding transcripts of Acss3.
Thus, our Acss3–/– mice represented an excellent model
for studying the function of ACSS3 protein in vivo. Our
mice phenotype was consistent with a recent publication
that global knockout of Acss3 slightly increased the body
weight of the mice at young age.41 However, that study did
not analyse the metabolic function of ACSS3 in vivo. To
date, most of the studies on ACSS3 focus on its oncogenic
role in human tumours, including gastric cancer, hepato-
cellular carcinoma and bladder cancer.17,18,42 Our obser-
vations for the first time extended the function of ACSS3
beyond cancer cells. Specifically, we found that Acss3 KO
caused an obesity-like phenotype in mice with increased
fat mass but smaller BAT. However, the LD sizes were
larger in Acss3–/– BAT at 6-month-old, which indicates
that there were fewer BAs. In contrast, even though BAT
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mass of Acss3–/– mice was already reduced at 2-month-
old, the sizes of LD were smaller at this age. These obser-
vations indicate that the function of ACSS3 in BAs might
be stage-specific. The smaller BAs and LDs at younger
Acss3–/– BAT may be due to BA developmental or differ-
entiation defects. In addition, we found that both Acss3
KD or KO BA cells had less LD after differentiation. How-
ever, the mechanism underlying the effect of ACSS3 on
BA differentiation remains unknown and warrants future
investigation. While the larger LDs in Acss3-null mature
BA from 6-month-old mice may be due to the autophagy-
induced lipid accumulation or secondary effects of global
metabolic defects. Stage-specific function of other genes
has also been reported in BAs. For example, loss of Prdm16
inMyf5-positive cells does not affect embryonic BAT devel-
opment but disrupts BA identity and function in young
mice and during aging.29,43,44 Furthermore, although we
found thatAcss3was predominantly expressed in BAT, loss
of ACSS3 function in other cell types expressing low lev-
els of Acss3 might have also contributed to the phenotypes
of Acss3–/– mice, especially the propionate accumulation.
Coincidently, ACSS3 has been reported to play a role in rat
liver cell and mouse prostate.16,41 Thus, future study using
UCP1Cre-driven Acss3 knockout in BAs will pinpoint the
function of ACSS3 in BAs.
Of the three ACSSs, ACSS1 and ACSS2 are well char-

acterised as acetyl-CoA synthetases in mitochondria and
cytosol, respectively.45–47 We for the first time charac-
terised that ACSS3 was a mitochondrial inner membrane
protein. The activation of fatty acids is a two-step reaction.5
The transmembrane structure ACSS3 implies that the two-
step propionate activation that requires different func-
tional domain of ACSS3 may occur in different compart-
ments of mitochondria. In addition, it would be inter-
esting to investigate in future if ACSS3 serves any addi-
tional functions within and outside mitochondria. For
example, ACSS2 is recently found to function in the
nuclear as a chromatin-bound transcriptional coactiva-
tor that directly regulates histone acetylation and gene
expression.48,49 Indeed, we also observed some ACSS3 sig-
nal outside of Mito-tracker in both undifferentiated and
differentiated BAs. It is possible that ACSS3 might be
located in the nuclear or other organelles such as endo-
plasmic reticulum (ER). A recent study has revealed a
role of ACSS3 in LD degradation via interacting with and
stabilising perilipin 4.41 Studies have also identified his-
tone propionylation as an important modification in reg-
ulating chromatin structure and function,50–52 suggest-
ing a potential role of ACSS3 in the nucleus. Consider-
ing that there are two isoforms of ACSS3 protein (and we
only detected the longer isoform in mitochondria), future
studies should explore the function of different ACSS3
isoforms.

Our study identifies a unique substrate preference of
ACSS3 for propionate as previously reported,16 and Acss3
KO elevated propionate in both BAT and serum. Emerg-
ing evidence has pointed out the importance of propionate
produced by colonic microbiota in metabolic health.53–55
Interestingly, we found that the impaired energy expen-
diture of Acss3–/– mice was only found at night-time (6
pm to 6 am) when mice actively feed. This observation
is consistent with the notion that propionate is mainly
released from food by gut bacteria after feeding. In addi-
tion, Acss3–/– mice were less active at night, which might
be a consequence of propionate accumulation associated
with higher food intake during night-time. Thus, it would
also be interesting to compare the diurnal propionate levels
in Acss3–/– mice. Propionate has been reported to promote
adipogenesis and fat accumulation ofWAs via activation of
GPR43 in vitro.56,57 Dietary supplementation of propionate
also shows anti-obese activity through inducing expres-
sions of GPR43 and GPR41.58 However, in a recent study, it
was reported that propionate promotes the lipid accumu-
lation in adipocytes and causes a gradual weight gain and
insulin resistance in mice, while serum propionate level
is highly correlated with human obesity.11 The results are
consistent with ourAcss3KOmice that had elevated propi-
onate in the serum, associatedwith an obese phenotype. In
addition, we found that propionate promoted the expres-
sion of adipogenic markers and lipid accumulation of cul-
tured WAs in vitro, and Acss3-null adipocytes also formed
larger LDs. These observations suggest that propionate
accumulation is a main metabolic problem, while dietary
supplementation of propionate can be metabolically ben-
eficial as fuel source if it is timely activated. Propionate
can also activate GPR43 in adipocytes to exert metabolic
effects. Taken together, these results corroborate a critical
requirement for ACSS3-mediated propionate metabolism
in the maintenance of adipocyte homeostasis.
Autophagy plays vital roles in the differentiation and

metabolism of both WAs and BAs.24–26 Our Acss3 KO
mice exhibited elevated autophagy in ATs, increased WAT
mass and impaired insulin sensitivity that were exacer-
bated by HFD. It has been reported that deregulation of
autophagy promotes metabolic disorders such as obesity
and diabetes mellitus.59 Autophagy is regulated by mul-
tiple signalling molecules, including the nutrient sensing
mTOR kinase. During the development of obesity, imbal-
anced food intake and energy expenditure lead to alter-
ation of autophagy due to mTOR signalling.59 In addi-
tion, propionate has been shown to induce autophagy
through downregulation of mTOR signalling.31 We also
found that propionate treatment in adipocytes suppressed
the phosphorylation of 4E-BP1, a key downstream effec-
tor of mTOR activity.60 We speculate that deletion of Acss3
promotes propionate accumulation, which changes the
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nutrient status of adipocytes, and subsequentially induces
autophagy through inhibition of mTOR. These pheno-
types were consistent with those of adipocyte-specificAtg7
KO mice, where loss of autophagic function decreases
WAT mass, enhances insulin sensitivity and protects the
mice from HFD-induced obesity.24,25 Interestingly, the
enhanced autophagy did not change UCP1 nor mito-
chondrial protein levels in Acss3–/– BAT. Similar results
have also been reported in BA-specific Atg12 KO mice,
in which inhibition of autophagy by Atg12 KO in BAT
does not change the protein level of UCP1 and mito-
chondrial proteins.26 Instead, genetic and pharmacologi-
cal inhibition of autophagy retains beige adipocyte func-
tion throughblocking autophagy-dependentmitochondria
clearance.26 We observed possibly reduced beige adipoge-
nesis in Acss3–/– iWAT during cold-induced thermogene-
sis. Although rectal temperature of Acss3–/– mice dropped
faster within 2 h of acute challenge, themice had compara-
ble capacity for maintaining the temperature later on, sug-
gesting that the smaller BAT or muscle shivering response
is functionally efficient for thermogenesis. However, like
BCAA acts as an energy source in BAT mitochondria dur-
ing thermogenesis,61 there is possibility that propionate
may also enter the TCA cycle to produce energy. But how
BAT utilise propionate needs to be further investigated.
Recent studies have shown that humanBAT is decreased

with BMI and adiposity,62–64 whereas autophagy is upreg-
ulated in AT of obese subjects with more visceral fat
distribution.22,23,65,66 Consistent with these findings, the
propionate-induced autophagy in adipocytes of Acss3 KO
mice contributed to obesity, insulin resistance and reduced
BAT mass. By analysing previously published data, we
found that propionate concentrations were increased in
the faeces and serum of obese and T2D subjects.36,37 On
the other hand, ACSS3 expression in WAT was decreased
with obesity38 and impaired insulin sensitivity.39 These
data provide compelling evidence that the increased pro-
pionate production and impaired ACSS3-mediated propi-
onate metabolism are highly relevant to obesity and T2D.
By inhibition of autophagy using HCQ treatment, the fat
mass gain and impaired insulin sensitivity of Acss3–/–
mice were normalised. Interestingly, the effect of HCQwas
more profound in Acss3 KO than WT mice, suggesting
that autophagy is the mainly driver of fat accumulation in
Acss3 KO mice. However, we could not exclude the other
potential effects of HCQ on non-ATs. The observation that
HCQ treatment inhibited the fat accumulation of BAT
and liver of WT mice suggests that targeting autophagy
represents a promising therapeutic strategy that could be
translated into the clinical treatment of obesity and dia-
betes patients.67 Supporting this, an ongoing clinical trial
is investigating the effect of HCQ in the prevention of glu-
cose tolerance of T1D patients (NIDDK, NCT03428945).

Compared to the HCQ dosage used in our study, one of
the studies applied 4-fold higher HCQ concentration to
treat the mice continuously for 17 weeks, resulting in a
stronger anti-obesity effect.33 Our data demonstrate that
lower doses of HCQ treatment are efficient in improv-
ing the insulin sensitivity of HFD-fed mice even with-
out reducing WAT mass. Future studies combining nano-
materials for targeted and controlled drug delivery could
further improve the efficiency HCQ treatment.68,69
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