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Nonalcoholic fatty liver disease (NAFLD) has become the most common liver disease, and decreased fatty acid oxidation is one
of the important contributors to NAFLD. Mitochondrial trifunctional protein �-subunit (MTP�) functions as a critical enzyme
for fatty acid �-oxidation, but whether dysregulation of MTP� is pathogenically connected to NAFLD is poorly understood. We
show that MTP� is acetylated at lysine residues 350, 383, and 406 (MTP�-3K), which promotes its protein stability by antagoniz-
ing its ubiquitylation on the same three lysines (MTP�-3K) and blocking its subsequent degradation. Sirtuin 4 (SIRT4) has been
identified as the deacetylase, deacetylating and destabilizing MTP�. Replacement of MTP�-3K with either MTP�-3KR or
MTP�-3KQ inhibits cellular lipid accumulation both in free fatty acid (FFA)-treated alpha mouse liver 12 (AML12) cells and
primary hepatocytes and in the livers of high-fat/high-sucrose (HF/HS) diet-fed mice. Moreover, knockdown of SIRT4 could
phenocopy the effects of MTP�-3K mutant expression in mouse livers, and MTP�-3K mutants more efficiently attenuate SIRT4-
mediated hepatic steatosis in HF/HS diet-fed mice. Importantly, acetylation of both MTP� and MTP�-3K is decreased while
SIRT4 is increased in the livers of mice and humans with NAFLD. Our study reveals a novel mechanism of MTP� regulation by
acetylation and ubiquitylation and a direct functional link of this regulation to NAFLD.

Nonalcoholic fatty liver disease (NAFLD) has emerged as a
common public health problem that encompasses a spec-

trum of liver damage ranging from simple steatosis to nonalco-
holic steatohepatitis (NASH), cirrhosis, and even hepatocellular
carcinoma (HCC) (1, 2). The prevalence of NAFLD has increased
to more than 30% of adults in developed countries and is still
rising (3, 4). NAFLD is strongly associated with obesity, insulin
resistance, hypertension, and dyslipidemia, making it the liver
manifestation of metabolic syndrome (MS) (1, 5). Although the
“two-hit” hypothesis has been widely accepted to depict the
pathogenesis of NAFLD (6, 7), the molecular mechanism under-
lying NAFLD initiation and progression remains imperfectly un-
derstood.

NAFLD is characterized by the increased accumulation of lipid
in the liver, which can result from decreased fatty acid oxidation
in the liver cells (8, 9). Mitochondrial trifunctional protein �-sub-
unit (MTP�) contains both the long-chain hydratase and 3-hy-
droxyacyl coenzyme A (3-hydroxyacyl-CoA) dehydrogenase
functions that catalyze the second and third steps, respectively, of
fatty acid �-oxidation (10). Children with MTP� defects present
with hepatic dysfunction associated with predominantly microve-
sicular hepatic steatosis that resembles Reye syndrome (11). Fur-
thermore, heterozygous mice lacking MTP� have significantly re-
duced fatty acid oxidation in the liver and develop hepatic
steatosis and insulin resistance (12, 13). Thus, MTP� is a critical
enzyme in fatty acid �-oxidation. However, it remains unclear to
what degree the enzyme is involved in obesity-related derange-
ment of hepatic lipid metabolism and NAFLD.

Lysine acetylation is a conserved protein posttranslational
modification in the regulation of a wide range of cellular pro-
cesses, including cellular metabolism (14, 15). An increasing

number of studies have shown that many metabolic enzymes can
be acetylated, and the functional importance of their acetylation is
being elucidated. For example, the M2 isoform of pyruvate kinase
(PKM2) is acetylated at lysine residue 433 (K433), which pro-
motes its nuclear accumulation and protein kinase activity to fa-
cilitate cell proliferation and tumorigenesis (16). In another in-
stance, acetylation of aldehyde dehydrogenase (ALDH) inhibits its
enzyme activity, thereby suppressing breast cancer stem cells (17).
Considering the importance of lysine acetylation in the regulation
of metabolism, dissecting the function and regulatory mechanism
of the acetylation of metabolic enzymes is instrumental in our
fight against metabolic disorders, such as cancer, diabetes, and
fatty liver disease.

Since NAFLD is a metabolic disease, dysregulation of lysine
acetylation could be involved in the development of NAFLD.
However, this field remains poorly investigated. In this study, we
demonstrate that MTP� is acetylated on three lysine residues, 350,
383, and 406 (MTP�-3K). Acetylation of MTP� blocks its ubiq-
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uitylation on the same three lysine residues (MTP�-3K) and its
subsequent degradation, thereby promoting MTP� protein sta-
bility. Moreover, the functional importance of the dysregulated
acetylation of MTP� in the pathogenesis of NAFLD is examined.

MATERIALS AND METHODS
Cell culture. HEK293T and HEK293A cells were maintained and propa-
gated in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal
bovine serum (FBS). Alpha mouse liver 12 (AML12) cells were main-
tained and propagated in DMEM–F-12 with 10% FBS, ITS Liquid Media
Supplement (Sigma), and 0.1 �M dexamethasone. Primary hepatocytes
were isolated by the collagenase perfusion method, as previously de-
scribed (18). The digested liver tissue was filtered through a 70-�m-mesh
filter and centrifuged at 520 rpm for 2 min. The cell pellets were resus-
pended and cultured in DMEM with 10% FBS. The deacetylase inhibitor
trichostatin A (TSA) (Sigma) was added to the cells 16 h before harvest at
a final concentration of 10 �M, while 10 mM nicotinamide (NAM)
(Sigma) was added to the medium 8 h before harvest. The proteasomal
inhibitor MG132 (Sigma) was added 4 h before harvest at a final concen-
tration of 10 �M. For fat overloading induction of cells, AML12 cells and
primary hepatocytes were exposed to a mixture of free fatty acids (FFAs)
(oleate and palmitate from Sigma) at a final ratio of 2:1 and a final con-
centration of 1 mM for 24 h.

Reagents. Antibodies against MTP and sirtuin 4 (SIRT4) were pur-
chased from Santa Cruz; �-actin was from Abcam; antibodies against
Flag, hemagglutinin (HA), and Myc were from Earthox; antibodies
against panacetyllysine were from ImmunoChem Pharmaceuticals. Mito-
tracker probe was from Invitrogen. Isolation of mitochondrial and cytosol
fractions of cells was performed by using a Mitochondria Isolation kit
(Thermo Fisher Scientific). Liver and plasma triglyceride and cholesterol
levels and plasma �-hydroxybutyrate, alanine aminotransferase (ALT),
and aspartate transaminase (AST) levels were measured using kits from
Stanbio. Antibodies specifically recognizing acetylation at lysines 350,
383, and 406 of MTP� (MTP�-3K-Ac) were prepared commercially at
Shanghai Genomics, Inc., by immunizing rabbits. To generate the anti-
MTP�-3K-Ac antibody, the MTP� peptide harboring acetylated K350,
acetylated K383, or acetylated K406 was applied to immunize the rabbits
to produce antibody against acetylated K350, acetylated K383, or acety-
lated K406. After confirming the titers and specificity of these three anti-
bodies, they were mixed to make the anti-MTP�-3K-Ac antibody.

Animals. Male C57BL/6J mice, ob/ob mice, db/db mice, and their con-
trol littermates were purchased from the Model Animal Research Center
of Nanjing University. The mice were maintained on a normal diet. To
produce diet-induced obesity, 8-week-old C57BL/6J mice were fed a high-
fat/high-sucrose (HF/HS) diet (research diet) for 2 months, with normal-
chow diet mice as controls. Then, adenovirus injection was performed in
HF/HS diet-fed mice. All the studies involving animal experimentation
were approved by the Animal Care and Use Committee of the Fudan
University Shanghai Medical College and followed the National Institutes
of Health guidelines on the care and use of animals.

Western blotting. Cells and tissues were harvested and homogenized
with lysis buffer containing 2% sodium dodecyl sulfate (SDS), 50 mM
Tris-HCl (pH 6.8), 10 mM dithiothreitol (DTT), 10% glycerol, 0.002%
bromphenol blue, protease inhibitor mixture (Roche), 50 mM NAM, and
20 �M TSA. For protein stability assays, cells were treated with cyclohex-
imide (CHX) (Sigma) before harvest. Equal amounts of protein were
resolved on an SDS-polyacrylamide gel for electrophoresis, transferred to
a polyvinylidene difluoride membrane (Millipore Corp., Bedford, MA),
immunoblotted with primary antibodies, and visualized with horseradish
peroxidase-coupled secondary antibodies.

RNA extraction and reverse transcription (RT)-qPCR. Total RNA
from cells and tissues was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. cDNA was synthesized from
total RNA with PrimeScript reverse transcriptase and random primers
(TaKaRa Bio, Otsu, Japan). cDNAs were amplified with Power SYBR

green PCR master mix (Applied Biosystems, Carlsbad, CA) and a Prism
7500 instrument (Applied Biosystems), with 18S rRNA as an endogenous
control. The quantitative PCR (qPCR) was done in triplicate and repeated
at least 3 times. The primers for qPCR are available upon request.

Confocal microscopic analyses. Cells were fixed in 4% formaldehyde
for 10 min at room temperature prior to cell permeabilization with 0.1%
Triton X-100 (4°C; 10 min). The cells were blocked with phosphate-buff-
ered saline (PBS) containing 2% bovine serum albumin (BSA) for 1 h at
room temperature and processed for immunostaining. In some cases,
cells were stained with 200 nM MitoTracker for 20 min before fixation.
Fluorescence images were taken and analyzed with a Leica confocal mi-
croscope (TCS SP5; Leica, Germany).

Ubiquitylation assay. Ubiquitylation assays were performed follow-
ing a protocol as previously described (19). Briefly, cells were lysed in 1%
SDS buffer (Tris [pH 7.5], 0.5 mM EDTA, 1 mM dithiothreitol) and
boiled for 10 min. For immunoprecipitation, the lysates were diluted 10-
fold in Tris-HCl buffer. Analyses of ubiquitination were performed by
anti-HA blotting.

Peptide deacetylation assay. The peptide deacetylation assay was per-
formed based on a previously described method (20). Acetylated peptides
used in deacetylation experiments were as follows: K350-Ac peptide, GQ
VLCK(Ac)KNKFG; K383-Ac peptide, IAQVSVDK(Ac)GLKTL; K406-Ac
peptide, GQQQVFK(Ac)GLNDKV; and PDH-Ac peptide, KADQLYK
(Ac)QKFIRG. Briefly, the peptide deacetylation reaction mixture con-
tained 20 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1 mM NAD�, 2 mM
DTT, 0.5 mM substrate peptide, and 20 �g SIRT4. Reaction mixtures were
incubated at 37°C for 30 min and then mixed with the same volume of
matrix (�-cyano-4-hydroxycinnamic acid [CHCA] in 30% acetonitrile
[ACN] and 0.1% trifluoroacetic acid [TFA]) before spotting on the target
plate. Peptide detection was performed on an AB Sciex matrix-assisted
laser desorption ionization–time of flight (MALDI-TOF)-TOF 5800 ana-
lyzer (AB Sciex, Foster City, CA) equipped with a neodymium-yttrium-
aluminum-garnet laser (laser wavelength, 349 nm). The TOF-TOF cali-
bration mixtures (AB Sciex) were used to calibrate the spectrum to a mass
tolerance within 100 ppm. Peptide mass maps were acquired in positive
reflection mode, and a 700 to 5,000 m/z mass range was used with 1,000
laser shots per spectrum.

RNA interference (RNAi). Short hairpin RNAs (shRNAs) were con-
structed in the adenovirus vectors (Invitrogen) for the infection of mice.
The sequences of small interfering RNAs (siRNAs) and shRNAs were as
follows: siMTP�, GCCAATACAGAATAGCAACAA; shMTP�, GCTGA
CCAGAACCCATATTAA; shSIRT4, TGGAGAGTTGCTGCCTTTAAT;
shNC, AATTTAACCGCCAGTCAGGCT. To make shRNA-resistant
MTP�, a mouse MTP� construct altered in codon usage by synonymous
mutation was designed to generate base pair mismatches with shMTP�.
The synonymous mutation was as follows (mutated residues are under-
lined): ACCCATATT (coding sequence positions 115 to 123) was mu-
tated to ACACACATC.

Oil Red O staining and H&E staining. Cells were washed with cold
PBS and fixed for 10 min with 3.7% formaldehyde. Oil Red O (Sigma;
0.5% in isopropanol) was diluted with water (3:2), filtered through a
0.45-�m filter, and incubated with the fixed cells for 4 h at room temper-
ature. The cells were washed with water, and stained fat droplets in the
cells were examined by light microscopy and photographed. Oil Red O
staining and hematoxylin and eosin (H&E) staining of mouse liver tissues
were conducted as described previously (21).

GTT and ITT. Levels of blood glucose were measured using a glucom-
eter monitor (Roche). For the glucose tolerance test (GTT), mice were
injected intraperitoneally with D-glucose (2 mg/g body weight) after over-
night fasting, and tail blood glucose levels were monitored every 0.5 h. For
the insulin tolerance test (ITT), mice were injected intraperitoneally with
human insulin (Eli Lilly; 0.75 mU/g body weight) after 4 h of fasting, and
tail blood glucose levels were monitored every 0.5 h.

Cellular oxygen consumption rate. The cellular oxygen consumption
rate was measured by using an OxygenMeter (Strathkelvin Instruments)
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with a Mitocell (MT200) mixing chamber. Cells (2 � 104) were suspended
in 400 �l culture medium, and the oxygen concentration was recorded for
5 min. The oxygen consumption rate was calculated using software (782
Oxygen System version 4.0) and normalized to the protein content.

Knocking down and restoring stable AML12 cell lines. The mouse
shRNA-resistant wild-type (WT) MTP� or 3K mutants of MTP� were
cloned into the pBABE retroviral vector and cotransfected into HEK293T
cells together with vectors expressing gag and vsvg (vesicular stomatitis
virus G) genes. Retroviral supernatants were harvested by filtration
(0.45-�m filters) 48 h after the initial plasmid transfection and mixed with
Polybrene (8-�g/ml final concentration) to increase the infection effi-
ciency before being applied to AML12 cells. The AML12 cells were in-
fected with the prepared virus for 12 h and screened with hygromycin
(250-�g/ml final concentration) for at least 2 weeks. Control shRNA
(shNC) or shMTP� was cloned into the pMSCV retroviral vector, and the
retroviruses were prepared as described above. Stable AML12 cells ex-
pressing WT MTP� or 3K mutants of MTP� were infected with the
pMSCV retroviruses harboring the shRNAs. The MTP� knockdown effi-
ciency of the positive clones was determined after 2 weeks of drug selec-
tion (puromycin; 5-�g/ml final concentration).

Generation and administration of recombinant adenoviruses. Re-
combinant adenoviruses for overexpression and knockdown were gener-
ated using the ViraPower adenoviral expression system (Invitrogen) and
the Block-iT adenoviral RNAi expression system (Invitrogen), respec-
tively. High-titer stocks of amplified recombinant adenoviruses were pu-
rified with Sartorius adenovirus purification kits. Viral titers were deter-
mined by the 50% tissue culture infectious dose (TCID50) method using
293A cells. For tail vein injection, 3 � 108 PFU/mouse of adenoviruses
harboring shNC or shMTP� was mixed with 2 � 108 PFU/mouse of
adenoviruses harboring shRNA-resistant WT MTP� or 3K mutants of
MTP� and then diluted to 100 �l with PBS and administered through tail
vein injection (once a week). Measurements were performed at 15 days
postinfection. To overexpress SIRT4 and/or MTP� in mouse livers, 2 �
108 PFU/mouse of adenoviruses harboring SIRT4 and/or 2 � 108 PFU/
mouse of adenoviruses harboring MTP� (WT or mutants) was adminis-
tered through tail vein injection as described above. To knock down
SIRT4 in mouse livers, 3 � 108 PFU/mouse of adenoviruses harboring
shSIRT4 was administered through tail vein injection as described above.
For infection of primary hepatocytes, adenoviruses harboring shNC or
shMTP� at a multiplicity of infection (MOI) of 4 were mixed with adeno-
viruses harboring shRNA-resistant WT MTP� or 3K mutants of MTP� at
an MOI of 3 and then added to the cell culture medium. After adding the
viruses, the cell culture plates were centrifuged at 3,000 rpm for 30 min at
the lowest brake speed. Then, cells were cultured with the viruses for 24 h
before replacement with fresh culture medium. Experiments were done
48 h after infection. To knock down SIRT4 in AML12 cells, adenoviruses
harboring shNC or shSIRT4 at an MOI of 4 were used to infect AML12
cells as described above.

Human liver samples and immunohistochemistry. Human liver
samples were acquired from Zhongshan Hospital of Fudan University. A

physician obtained informed consent from the patients. The procedures
related to human subjects were approved by the Ethics Committee of the
School of Basic Medical Sciences, Fudan University. All of the NAFLD
patients were diagnosed with simple steatosis according to the histological
manifestation. Patients were excluded if alcohol consumption was more
than 40 g/day for men and more than 20 g/day for women and if other
liver diseases were detected by serological testing and imaging studies.
Paraffin-embedded liver tissue was cut, deparaffinized, and hydrated, and
immunohistochemistry was performed as described previously (22). Im-
ages were captured using a charge-coupled device camera and analyzed
using Image-Pro Plus software. An average staining score was calculated
by dividing the positive areas by the total area.

Statistics. Results are presented as means and standard deviations
(SD) from at least 3 independent experiments. P values were determined
by Student’s t test, with P values of �0.05 taken as significant.

RESULTS
MTP� is acetylated at lysine residues 350, 383, and 406, leading
to its enhanced protein stability. We conducted mass spectrom-
etry analyses using mouse livers and identified a number of poten-
tially acetylated proteins, including MTP�. In our mass spectrom-
etry analyses, nine putative acetylation sites were identified on
MTP� (Table 1). Among the nine sites, five lysine residues, lysine
60 (K60), K350, K383, K406, and K505, are highly conserved
among species (Fig. 1A).

To confirm the acetylation modification of MTP�, we detected
the acetylation level of ectopically expressed MTP�, followed by
Western blotting with panspecific anti-acetylated-lysine antibody
(Pan-Ac). This experiment demonstrated that MTP� was indeed
acetylated and that its acetylation was significantly elevated in
HEK293T cells after treatment with NAM, an inhibitor of the
sirtuin (SIRT) family deacetylases, but not by TSA, an inhibitor of
histone deacetylase (HDAC) classes I, II, and IV (Fig. 1B). Because
MTP� is a mitochondrial protein, the subcellular localization of
ectopically expressed MTP� was examined. HEK293T cells over-
expressing Flag-tagged MTP� were subjected to mitochondrial
isolation. Western blotting revealed that ectopically expressed
MTP� was exclusively localized in the mitochondrial fraction
(Fig. 1C), ruling out the possibility that ectopically expressed
MTP� is mislocalized in the cell. The purity of the fractions was
confirmed by probing for the mitochondrial marker cytochrome c
and the cytosolic marker Hsp90 (Fig. 1C).

Interestingly, it was found that MTP� acetylation affected its
protein level. We treated murine AML12 hepatocytes with NAM
and found an increase in the endogenous MTP� protein level (Fig.
1D), whereas the mRNA level of MTP� was not significantly af-
fected by the treatment (Fig. 1E), indicating that the upregulation

TABLE 1 Identification of acetylated MTP� peptides by mass spectrometry

MTP� acetylation site Peptide sequencea Peptide m/z Peptide Mr Peptide scoreb P value

K60 INSPNSK(Ac)VNTLNK 735.8986 1,469.783 44.1 3.90E�05
K309 IIDAVK(Ac)AGLEQGSDAGYLAESQK 802.4161 2,404.227 55.33 2.90E�06
K350 FGELALTKESKALMGLYNGQVLCK(Ac) 946.8339 2,837.48 15.51 0.028
K383 NVQQLAILGAGLMGAGIAQVSVDK(Ac)GLK 898.5126 2,692.516 25.47 0.0028
K406 GQQQVFK(Ac)GLNDK 702.368 1,402.721 59.23 1.20E�06
K436 DSIFSNLIGQLDYK(Ac)GFEK 1,058.529 2,115.044 21.09 0.0078
K440 GFEK(Ac)ADMVIEAVFEDLGVK 713.6966 2,138.068 39.24 0.00012
K505 VIGMHYFSPVDK(Ac)MQLLEIITTDK 907.4805 2,719.42 23.88 0.0041
K728 FVDLYGAQK(Ac)VVDR 776.4136 1,550.813 39.9 0.0001
a (Ac), acetylation site.
b Peptide score 	 �10·log P.
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of MTP� is mostly achieved at the posttranscriptional level.
Meanwhile, treatment of AML12 cells with the proteasomal inhib-
itor MG132 also increased the MTP� protein level (Fig. 1D), sug-
gesting that MTP� could be degraded by the ubiquitin protea-
some pathway. Inhibition of protein synthesis with CHX showed
that MTP� is an unstable protein with a half-life of about 4 h, and
blocking SIRT deacetylase activity with NAM substantially ex-
tended the half-life of MTP� (Fig. 1F). These data confirm the
existence of MTP� acetylation and that this modification pro-
motes the protein stability of MTP�.

As described above, five putative acetylation sites with high
species conservation were identified by the mass spectrometry
analyses (Fig. 1A). Single mutation of each lysine to an arginine
(R) was then performed to examine its contribution to the regu-
lation of MTP� protein stability. HEK293T cells were transfected
with wild-type MTP� or MTP� mutants, treated with CHX and

then subjected to Western blotting. Mutation of K350, K383, and
K406 partially increased the protein stability of MTP�, while mu-
tation of K60 and K505 had no effect on its stability (Fig. 2A to C).
We then generated triple R and Q mutants of K350, K383, and
K406 (3KR and 3KQ) and found that both the 3KR and 3KQ
mutants blocked the degradation of MTP� almost completely
(Fig. 2D and E). Moreover, treatment with NAM or MG132 could
not further increase the protein levels of 3KR and 3KQ mutants
(Fig. 2F). These data indicate that K350, K383, and K406 are the
critical sites regulating the stability of MTP�. To confirm the acet-
ylation of the three residues, we examined the acetylation of wild-
type and 3K mutant MTP� and found that mutation of 3K signif-
icantly reduced the acetylation level of MTP�, indicating that the
3K residues are the important acetylation sites of MTP� (Fig. 2G).

To better examine the acetylation of 3K, we generated an anti-
body specific for acetylated K350, K383, and K406 (anti-MTP�-
3K-Ac). The specificity of this antibody was first confirmed by its
ability to recognize the acetylated, but not the unacetylated, 3K
peptides (Fig. 2H). We then used the anti-MTP�-3K-Ac antibody
to determine the acetylation of endogenous MTP�. Acetylation of
MTP� in AML12 cells could be readily detected by the antibody.
The signal was diminished by MTP� knockdown and was com-
pletely blocked by preincubation with the antigen peptides (Fig.
2I). Using this antibody, we found that the acetylation of endog-
enous MTP� was clearly increased after treatment of AML12 cells
with NAM (Fig. 2J). Furthermore, the antibody recognized ectop-
ically expressed wild-type MTP� quite well but not 3KR mutants
of MTP� (Fig. 2K). Collectively, these results demonstrate the
specificity of our anti-MTP�-3K-Ac antibody in recognizing the
3K acetylation of MTP�.

K350, K383, and K406 acetylation stabilizes MTP� by block-
ing its ubiquitylation. We then explored the mechanism under-
lying the acetylation-regulated MTP� protein stability. As shown
in Fig. 1D, the proteasomal inhibitor of MG132 had a role similar
to that of NAM in increasing the protein level of MTP�. This
prompted us to investigate the potential cross talk between MTP�
acetylation and MTP� ubiquitylation. Our data confirmed the
existence of MTP� ubiquitylation (Fig. 3A), which is consistent
with a previous report showing that MTP� could be ubiquitylated
(23). Also, the ubiquitylation level of MTP� was reduced by in-
hibiting SIRT deacetylases with NAM (Fig. 3A). In order to iden-
tify the ubiquitylation sites, we tested the ubiquitylation levels of
double mutants, K350/383R, K383/406R, and K350/406R (Fig.
3B). We found that the ubiquitylation of the double mutants
K350/383R, K383/406R, and K350/406R was partially decreased,
while mutation of K350, K383, and K406 (3KR), which changes all
three putative acetylation lysine residues of MTP� to arginine
residues, dramatically reduced the MTP� ubiquitylation level
(Fig. 3B), indicating that 3K lysines might also be ubiquitylation
target residues. Moreover, inhibition of deacetylases by NAM de-
creased ubiquitylation of the WT but not the 3KQ or 3KR mutant
(Fig. 3C). These results imply an antagonizing role of acetylation
toward the ubiquitylation of MTP� at these three lysine residues.

There are two possible mechanisms by which acetylation may
block MTP� ubiquitylation. (i) Acetylation at 3K indirectly antag-
onizes MTP� ubiquitylation on other lysines (but not 3K) by re-
cruiting a factor promoting MTP� deubiquitylation. (ii) Alterna-
tively, the three lysine residues could also be the sites of
ubiquitylation, with their acetylation directly blocking MTP�
ubiquitylation, as both modifications are covalently linked to the

FIG 1 Acetylation of MTP� enhances its protein stability. (A) Multiple align-
ments of the protein sequences surrounding the potential acetylated sites of
MTP� by mass spectrometry from different organisms. Mm, Mus musculus
(mouse); Hs, Homo sapiens (human); Rn, Rattus norvegicus (Norway rat); Dr,
Danio rerio (zebrafish); Xl, Xenopus laevis (African clawed frog). Letters in red
indicate the conserved lysines among species. (B) HEK293T cells were trans-
fected with Flag-tagged MTP� (Flag-MTP�) and left untreated or treated with
NAM-TSA. Immunoprecipitated Flag-MTP� was subjected to Western blot-
ting. (C) HEK293T cells transfected with Flag-tagged MTP� were subjected to
isolation of mitochondrial (Mito) and cytoplasmic (Cyto) fractions. Equal
amounts of protein from each fraction were analyzed by Western blotting. (D
and E) AML12 murine hepatocytes were untreated or treated with NAM-
MG132. The endogenous protein and mRNA levels of MTP� were deter-
mined. The error bars indicate SD. (F) AML12 cells were left untreated or
treated with NAM in the presence of CHX for the indicated times and then
subjected to Western blotting.
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same epsilon-amino group of lysine. If it were due to the first
mechanism, the acetylation-deficient 3KR mutant would block
the recruitment of the MTP� deubiquitylation factor, thereby in-
creasing MTP� ubiquitylation. However, the fact is that both the
acetylation-deficient 3KR mutant and the acetylation-mimetic
3KQ mutant dramatically reduced the MTP� ubiquitylation level
(Fig. 3B and C), ruling out the first mechanism. To verify the
second mechanism, where the three lysine residues (3K) could be
sites of ubiquitylation with their acetylation directly blocking
MTP� ubiquitylation on the same sites, we compared the acetyla-
tion levels of the ubiquitylated and nonubiquitylated MTP� 2KR
mutants, in which two of the three lysine residues (K350 and
K383, K383 and K406, or K350 and K406) were mutated to argi-
nine. We ectopically expressed Flag-tagged ubiquitin, together

with MTP� 2KR mutants or the MTP� 3KR mutant, in HEK293T
cells lacking endogenous human MTP�. The cell lysates were im-
munoprecipitated with anti-Flag antibody to enrich ubiquitylated
proteins, followed by Western blotting using anti-MTP�-3K-Ac
and anti-MTP� antibodies (Fig. 3D). Anti-MTP�-3K-Ac can rec-
ognize MTP� as long as one of the 3K lysine residues (K350, K383,
or K406) is acetylated. As shown in Fig. 3D (top, lanes 1, 3, and 5),
the remaining K406, K350, or K383 in these 2KR mutants can still
be acetylated. Also, these 2KR mutants can still be ubiquitylated
(Fig. 3D, bottom, lanes 2, 4, and 6), because the 2KR mutation is
not sufficient to block MTP� ubiquitylation (as shown in Fig. 3B).
As a control, the MTP� 3KR mutant could not be recognized by
anti-MTP�-3K-Ac antibody (Fig. 3D, top, lanes 7 and 8) and also
could not be efficiently ubiquitylated (Fig. 3D, bottom, lane 8). It

FIG 2 Acetylation at lysine residues 350, 383, and 406 stabilizes MTP�. (A to C) HEK293T cells were transfected with WT or mutant MTP�, treated with CHX
for the indicated times, and then subjected to Western blotting and quantified. Quantification of Western blotting was done by using ImageJ. The error bars
indicate SD. (D and E) HEK293T cells were transfected with WT or 3K mutant MTP�, treated with CHX for the indicated times, and then subjected to Western
blotting and quantified (ImageJ). (F) HEK293T cells were transfected with WT or 3K mutant MTP�, left untreated or treated with NAM-MG132, and then
subjected to Western blotting. (G) HEK293T cells were transfected with WT or 3K mutant MTP�. Immunoprecipitated Flag-MTP� was subjected to Western
blotting. (H) The specificity of antibody against MTP�-3K-Ac was determined by dot blot assay. A nitrocellulose membrane was spotted with different amounts
of MTP�-3K-Ac peptides or unmodified peptides and probed with anti-MTP�-3K-Ac antibody. (I) Endogenous MTP� is acetylated on 3K. AML12 cells were
transfected with or without siMTP� and then subjected to Western blotting with the indicated antibodies. (J) Treatment with NAM increases endogenous MTP�
acetylation on 3K. AML12 cells were left untreated or treated with NAM and then subjected to Western blotting with the indicated antibodies. (K) Anti-MTP�-
3K-Ac antibody has high specificity for MTP�-3K. HEK293T cells were transfected with WT or 3K mutant MTP�. Immunoprecipitated Flag-MTP� was
subjected to Western blotting with the indicated antibodies.
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was found that the K350, K383, or K406 acetylation of these
MTP� 2KR mutants was detected only in the nonubiquitylated
(Fig. 3D, top, lanes 1, 3, and 5, which are the supernatants after
Flag-ubiquitin IP), but not the ubiquitylated (Fig. 3D, top,
lanes 2, 4, and 6, which are the precipitants of Flag-ubiquitin
IP), MTP� species. If MTP� were ubiquitylated on the other
lysines but not 3K (K350/K383/K406), the acetylation of K350,
K383, or K406 in these MTP� 2KR mutants should also exist in
the ubiquitylated MTP� species. However, that is not the case,
as shown in Fig. 3D (top, lanes 2, 4, and 6). Thus, this result
indicates that MTP� acetylation and ubiquitylation are mutu-
ally exclusive, supporting the model that K350, K383, and K406
(3K) are the sites of both acetylation and ubiquitylation. Con-
sequently, acetylation of these lysines would block ubiquityla-
tion on the same lysines.

SIRT4 deacetylates MTP�. Our earlier observation that NAM
increases MTP� acetylation (Fig. 1B) led us to investigate a possi-
ble involvement of NAD�-dependent sirtuins in MTP� deacety-

lation. Because MTP� is a mitochondrial enzyme, the three mam-
malian sirtuins (SIRT3, SIRT4, and SIRT5), which are located in
the mitochondria, were selected for further investigation. We per-
formed coimmunoprecipitation experiments and found that
MTP� physically bound with SIRT4 but not SIRT3 or SIRT5 (Fig.
4A), indicating a specific interaction between MTP� and SIRT4.
We also confirmed the colocalization between the ectopically ex-
pressed MTP� and SIRT4 in the HEK293T cells using confocal
microscopy (Fig. 4B). In addition, the ectopically expressed
MTP� and SIRT4 were well localized in the mitochondria (Fig.
4B). Furthermore, overexpression of wild-type SIRT4 but not the
catalytically inactive H162Y mutant led to decreased 3K acetyla-
tion of MTP� (Fig. 4C). To further confirm the deacetylase activ-
ity of SIRT4 toward MTP�, mass spectrometry-based deacetyla-
tion assays using chemically synthesized acetylated peptides and
SIRT4 recombinant protein were performed. As shown in Fig. 4D
to F, after 30 min of in vitro reaction, SIRT4 dramatically deacety-
lated the K350-Ac peptide, the K383-Ac peptide, and the K406-Ac

FIG 3 Acetylation of MTP� at lysine residues 350, 383, and 406 blocks its ubiquitylation. (A) Flag-MTP� was cotransfected with HA-tagged ubiquitin (HA-Ub)
into HEK293T cells with or without treatment with NAM. Ubiquitylation of immunoprecipitated MTP� was determined by Western blotting. (B) Flag-tagged
wild-type or 2KR or 3KR mutant MTP� was cotransfected with HA-Ub into HEK293T cells. Ubiquitylation of immunoprecipitated MTP� was determined by
Western blotting. (C) WT MTP� or 3K mutant MTP� was cotransfected with HA-Ub into HEK293T cells with or without treatment with NAM. Ubiquitylation
of immunoprecipitated proteins was determined by Western blotting. (D) K350/383R, K383/406R, and K350/406R left with one lysine or K350/383/406R with
all three lysines mutated to arginines was cotransfected with Flag-tagged ubiquitin (Flag-Ub) into HEK293T cells in which the endogenous human MTP� had
been knocked down by siRNA. The anti-Flag-Ub immunoprecipitates (assumed to be a mixture of all the ubiquitylated substrates) and the remaining superna-
tants (assumed to be a mixture of nonubiquitylated substrates) were blotted to compare the MTP� 3K acetylation levels.
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FIG 4 SIRT4 deacetylates MTP� and decreases its protein level. (A) Sirtuin-MTP� interactions were assessed by cotransfecting expression vectors for SIRT3,
SIRT4, or SIRT5 (HA tagged at the C terminus) with an expression vector for Flag-MTP� in HEK293T cells. Flag-MTP� was immunoprecipitated, and
interactions were detected by Western blotting. (B) HEK293T cells were cotransfected with Flag-MTP� and HA-SIRT4 or transfected with Flag-MTP� and
HA-SIRT4. The subcellular localization of Flag-MTP� (green) and HA-SIRT4 (red), Flag-MTP� (green) and MitoTracker (red), or HA-SIRT4 (green) and Mi-
toTracker (red) was examined by immunofluorescence (magnification, �200). (C) SIRT4, but not the catalytically inactive mutant SIRT4-H162Y, deacetylates
MTP�. HEK293T cells were cotransfected with the indicated vectors. Flag-MTP� was immunoprecipitated and subjected to Western blotting. Numbers indicate
molecular weights in thousands. (D to G) The 3K lysine residues of MTP� are deacetylated by SIRT4 in vitro. Recombinant SIRT4 was incubated for the indicated
times with synthesized acetylated peptides of MTP�, and peptide deacetylation was assessed using mass spectrometry. (D to F) Compared with 0 min, the mass
peak shifts leftward due to the removal of an acetyl group from the peptide by SIRT4. (G) Acetylated peptide from PDH was included as a negative control. The
arrowheads show the positions of acetylated peptides, and the arrows show the positions of deacetylated peptides. (H) Flag-MTP� was cotransfected with
Myc-tagged SIRT4 or SIRT4-H162Y into HEK293T cells. Ubiquitylation of purified proteins was detected. (I) AML12 cells were infected with adenovirus
expressing shNC or shSIRT4 and then subjected to Western blotting. Numbers indicate molecular weights in thousands. The mRNA levels of SIRT4 and MTP�
were determined by RT-qPCR. *, P � 0.05. The error bars indicate SD. (J) AML12 cells were infected with adenovirus as for panel I, treated with CHX for the
indicated times, and then subjected to Western blotting.
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peptide. As a negative control, SIRT4 did not deacetylate pyruvate
dehydrogenase (PDH) peptide, suggesting that SIRT4 deacetylase
activity is substrate specific (Fig. 4G). Importantly, overexpression
of wild-type SIRT4 but not the H162Y mutant increased the
MTP� ubiquitylation level (Fig. 4H). In addition, knockdown of
SIRT4 in AML12 cells increased the protein level but not the
mRNA level of MTP� (Fig. 4I). Consistently, knockdown of
SIRT4 promoted the protein stability of MTP� in AML12 cells
(Fig. 4J). Together, these results demonstrate that SIRT4 deacety-
lates MTP� at the 3K sites to facilitate its ubiquitylation and deg-
radation.

Acetylation of MTP� ameliorates cellular lipid accumula-
tion in AML12 cells and primary hepatocytes induced by FFA.
Because MTP� is a critical enzyme regulating lipid oxidation, the
functional importance of MTP� acetylation in hepatic lipid ho-
meostasis was examined. To this end, stable cell lines were gener-
ated in the AML12 mouse hepatocyte line, in which endogenous
MTP� was knocked down by shRNA and the shRNA-resistant
WT MTP� or 3KR or 3KQ mutant MTP� was stably expressed. At
the mRNA level, the endogenous MTP� was effectively knocked
down and WT MTP�, MTP�-3KR, or MTP�-3KQ was expressed
at a level similar to that of endogenous MTP� (Fig. 5A). At the
protein level, a similar result was obtained, except that the protein
level of MTP� 3KR or 3KQ was a bit higher than that of WT
MTP� (Fig. 5B), which is consistent with the notion that
MTP�-3K acetylation promotes MTP� protein stability. To de-
termine the effect of MTP� acetylation on lipid accumulation in
hepatocytes, AML12 cells were cultured in complete medium with
or without FFA mixtures. Oil Red O staining (Fig. 5C) and cellular
triglyceride determination (Fig. 5D) demonstrated that increased
lipid stores were present in hepatocytes when the cells were treated
with FFAs. The increase was markedly augmented in cells infected
with MTP� shRNA, confirming the role of MTP� in lipid com-
bustion (Fig. 5C and D). In addition, the cellular oxygen con-
sumption rate was significantly diminished when MTP� was
knocked down, suggesting impaired fatty acid oxidation (Fig. 5E).
As expected, reexpression of WT MTP� depleted the marked aug-
mentation of lipid stores caused by MTP� shRNA and restored
the cellular oxygen consumption rate. Importantly, reexpression
of MTP�-3KR or MTP�-3KQ led to significantly less lipid accu-
mulation than that of WT MTP� (Fig. 5C and D) and a higher
cellular oxygen consumption rate (Fig. 5E). The same experi-
ments were also done in primary hepatocytes, which were in-
fected with adenovirus harboring shNC or shMTP�, together
with or without adenovirus encoding shRNA-resistant WT
MTP� or 3K mutants of MTP�, and similar results were ob-
tained (Fig. 5F to J). Together, these results indicate a func-
tional role of MTP� acetylation in promoting lipid catabolism
in hepatic-cell models.

Acetylation of MTP� ameliorates hepatic steatosis in mice
challenged by an HF/HS diet. On the basis of in vitro results, we
next examined whether the acetylation of MTP� also plays a role
in HF/HS diet-induced hepatic steatosis in mice. We used the
recombinant adenovirus to deliver the shRNA and the shRNA-
resistant expression constructs to mouse livers through tail vein
injection. Mice fed an HF/HS diet were infected once a week with
adenoviruses harboring the indicated shRNA and expression con-
structs via tail vein injection and sacrificed 15 days after injection.
The knockdown of MTP� and reexpression of WT MTP�,
MTP�-3KR, or MTP�-3KQ in the mouse livers was confirmed

by RT-qPCR and Western blotting (Fig. 6A and B, respec-
tively). The reexpression of WT MTP�, MTP�-3KR, or MTP�-
3KQ yielded mRNA levels similar to the endogenous MTP�
mRNA level (Fig. 6A). However, at the protein level, the MTP�-
3KR or MTP�-3KQ protein level was a bit higher than that of WT
MTP� protein (Fig. 6B), supporting the notion that MTP�-3K
acetylation promotes MTP� protein stability. The plasma �-hy-
droxybutyrate, an indicator of hepatic fatty acid oxidation, was
then measured. Knockdown of MTP� decreased the level of
plasma �-hydroxybutyrate and reexpression of MTP� WT re-
stored it, while reexpression of MTP�-3KR or MTP�-3KQ more
potently increased the level of plasma �-hydroxybutyrate (Fig.
6C). These data suggest an important role of MTP�-3K acetyla-
tion in promoting hepatic fatty acid oxidation. Knockdown of
MTP� exacerbated steatotic changes in the livers of HF/HS diet-
fed mice and its accompanying pathology, as shown by increased
liver weight (Fig. 6D), increased fat accumulation in the liver (Fig.
6E), increased hepatic triglyceride and cholesterol (Fig. 6F), ele-
vated plasma ALT and AST levels (Fig. 6G), enhanced inflamma-
tory gene expression in the liver (Fig. 6H), and impaired insulin
sensitivity and glucose tolerance (Fig. 6I). As expected, reexpres-
sion of MTP�-3KR or MTP�-3KQ ameliorated hepatic steatosis
and its accompanying pathology and metabolic disorders better
than that of WT MTP� (Fig. 6D to I). Taken together, these data
confirmed the functional importance of MTP� acetylation in he-
patic steatosis and its associated pathology and metabolic disor-
ders.

Knockdown of SIRT4 could phenocopy the effects of
MTP�-3K mutant expression in mouse livers. Our data have
demonstrated that Sirt4 is the deacetylase of MTP�, facilitating its
ubiquitylation and proteasome degradation. We asked whether
knockdown of SIRT4 alone could phenocopy the effects of
MTP�-3K mutant expression in the mouse liver. Indeed, adeno-
virus-mediated knockdown of SIRT4 in the livers of HF/HS diet-
fed mice increased both the protein level and the 3K acetylation
level of MTP� (Fig. 7A to C); promoted hepatic fatty acid oxida-
tion, as indicated by elevated plasma �-hydroxybutyrate (Fig.
7D); and inhibited hepatic steatosis and its accompanying pathol-
ogy and metabolic disorders (Fig. 7E to J). Our results showing
that knockdown of SIRT4 promotes hepatic lipid catabolism are
consistent with previous studies (24, 25).

Deacetylation of MTP� by SIRT4 contributes to SIRT4-me-
diated hepatic steatosis in HF/HS diet-fed mice. To further in-
vestigate the link between SIRT4 and MTP� acetylation in NA-
FLD, SIRT4, with or without MTP� or its mutants, was
overexpressed in the livers of HF/HS diet-fed mice. The mRNA
levels of overexpressed WT MTP�, MTP�-3KR, and MTP�-3KQ
were similar (Fig. 8A). Meanwhile, the mRNA and protein levels
of overexpressed SIRT4 were not affected by the overexpression of
MTP� or its mutants (Fig. 8A and B). Overexpression of SIRT4
alone decreased the endogenous MTP� protein level (Fig. 8B) but
not its mRNA level (Fig. 8A), and it also attenuated the acetylation
of endogenous MTP� (Fig. 8C). Consistently, overexpression of
SIRT4 together with MTP� WT displayed an MTP� protein level
only slightly higher than overexpression of SIRT4 alone, while
overexpression of SIRT4 together with MTP�-3KR or MTP�-
3KQ exhibited a much higher MTP� protein level than overex-
pression of SIRT4 alone (Fig. 8B). These data further support the
notion that SIRT4 deacetylates MTP� to inhibit its protein stabil-
ity. Functionally, overexpression of SIRT4 alone inhibited hepatic
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FIG 5 Acetylation of MTP� ameliorates FFA-induced lipid accumulation in AML12 cells and primary hepatocytes in vitro. (A to C) Stable cell lines were
generated in AML12 cells in which endogenous MTP� was knocked down by shRNA and the shRNA-resistant WT MTP� or 3K mutant MTP� was stably
expressed. The stable AML12 cells were then treated with FFA for 24 h or left untreated and subjected to RT-qPCR (*, P � 0.05 versus LacZ plus shNC plus FFA)
(A), Western blotting (B), and Oil Red O staining (C). (D and E) Cellular triglyceride was determined (D) and the cellular oxygen consumption rate was
measured (E) (§, P � 0.05 versus LacZ plus shNC plus vehicle; *, P � 0.05 versus LacZ plus shNC plus FFA; #, P � 0.05 versus LacZ plus shMTP� plus FFA; †,
P � 0.05 versus MTP�-WT plus shMTP� plus FFA). (F to J) Primary hepatocytes were infected with adenovirus harboring shNC or shMTP�, together with or
without adenovirus encoding shRNA-resistant WT MTP� or 3K mutant MTP�. Then, the same experiments as for stable AML12 cells were done in primary
hepatocytes. Symbols are as defined for panels D and E. The error bars indicate SD.
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fatty acid oxidation (Fig. 8D) and promoted hepatic steatosis and
its accompanying pathology and metabolic disorders (Fig. 8E to
J). Compared to overexpression of WT MTP�, overexpression of
MTP�-3KR or MTP�-3KQ more potently inhibited the effect of

SIRT4 (Fig. 8D to J). Collectively, these data suggested that
deacetylation of MTP� by SIRT4 is an important target of SIRT4
and contributes to SIRT4-mediated hepatic steatosis in mice fed
an HF/HS diet.

FIG 6 Acetylation of MTP� ameliorates hepatic steatosis in mice challenged by an HF/HS diet. (A and B) Male C57BL/6J mice fed an HF/HS diet for 2 months
were injected once a week with adenovirus harboring shNC or shMTP�, together with or without adenovirus harboring shRNA-resistant WT MTP� or 3K
mutant MTP�, through the tail vein. Measurements were performed at 15 days postinfection. The mRNA levels and protein levels of MTP� in the livers were
determined by RT-qPCR (A) and Western blotting (B), respectively. (C) Plasma �-hydroxybutyrate levels. (D) Organ weights. (E) Representative images of H&E
staining and Oil Red O staining of liver sections (magnification, �100). (F) Triglyceride and cholesterol levels in livers. (G) Levels of AST and ALT in plasma. (H)
Expression levels of inflammatory genes in livers. (I) Results of GTT (left) and ITT (right). *, P � 0.05 versus LacZ plus shNC; #, P � 0.05 versus LacZ plus
shMTP�; †, P � 0.05 versus MTP�-WT plus shMTP�. n 	 6 to 10/group. The error bars indicate SD.
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Acetylation of MTP� is upregulated in the livers of fasted
mice while it is downregulated in the livers of both mice and
patients with NAFLD. Our data have shown that MTP�-3K acet-
ylation promotes its protein stability to facilitate fatty acid oxida-
tion. Then, we asked whether MTP�-3K acetylation is regulated
under fasting and refeeding states. After 16 h of fasting, the MTP�
protein level was elevated, while the SIRT4 protein level was de-
creased, in the livers of lean mice, which was restored by 8 h of
refeeding (Fig. 9A). To determine the MTP�-3K acetylation level,
we examined MTP�-3K acetylation by normalizing it to MTP�
protein levels. As expected, MTP�-3K acetylation increased upon
fasting and was restored to a normal level after refeeding (Fig. 9B).
Thus, these results demonstrated that SIRT4-regulated MTP�-3K
acetylation is linked to the nutritional status in mice. Next, the
MTP� protein level and its 3K acetylation in the livers of obese
mice with fatty liver disease and patients with NAFLD were inves-
tigated. As shown in Fig. 9C, compared to the control groups of
mice, the total protein level of MTP� was significantly decreased
in the livers of obese mice (HF/HS diet-fed mice, ob/ob mice, and
db/db mice). Moreover, liver samples from obese mice showed

lower levels of 3K acetylation than those from the control groups
of mice (Fig. 9D). SIRT4, the deacetylase of MTP�, was signifi-
cantly upregulated in the livers of obese mice (Fig. 9C), which is
consistent with the previous study (24). We then determined the
levels of MTP�, MTP�-3K, and SIRT4 by performing immuno-
histochemistry in paraffin-embedded human liver tissues to ex-
pand our study. In agreement with the results in mouse liver sam-
ples, we observed that both the levels of total MTP� and the levels
of MTP�-3K were lower, whereas the levels of SIRT4 were higher,
in the livers of NAFLD patients than in the livers of healthy human
subjects (Fig. 9E and F). These data support the notion that dys-
regulated acetylation of MTP� is involved in the pathogenesis of
NAFLD.

DISCUSSION

Dysregulated lipid metabolism plays an important role in the
pathogenesis of NAFLD (8). In this study, we demonstrated that
acetylation promotes the protein stability of the lipid metabolic
enzyme MTP� and that derangement of the enzymes’ acetylation
could play a role in the development of NAFLD (Fig. 9G).

FIG 7 Knockdown of SIRT4 alone could phenocopy the effects of MTP�-3K mutant expression in mouse livers. (A and B) Male C57BL/6J mice fed an HF/HS
diet for 2 months were injected once a week with adenovirus harboring shNC or shSIRT4. Measurements were performed at 15 days postinfection. The mRNA
levels and protein levels of SIRT4 and MTP� in the livers were determined by RT-qPCR (A) and Western blotting (B), respectively. (C) MTP�-3K acetylation
levels were compared to MTP� protein levels. (D) Plasma �-hydroxybutyrate levels. (E) Organ weights. (F) Representative images of H&E staining and Oil Red
O staining of liver sections (magnification, �100). (G) Triglyceride and cholesterol levels in livers. (H) Levels of AST and ALT in plasma. (I) Expression levels of
inflammatory genes in livers. (J) GTT (left) and ITT (right) results. *, P � 0.05 versus shNC. n 	 6 to 10/group. The error bars indicate SD.
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FIG 8 Deacetylation of MTP� by SIRT4 contributes to SIRT4-mediated hepatic steatosis in HF/HS diet-fed mice. (A and B) Male C57BL/6J mice fed an HF/HS
diet for 2 months were injected once a week with adenovirus encoding SIRT4, together with or without adenovirus encoding WT MTP� or 3K mutant MTP�,
through the tail vein. Measurements were performed at 15 days postinfection. The mRNA levels and protein levels of SIRT4 and MTP� in the livers were
determined by RT-qPCR (A) and Western blotting (B). (C) MTP�-3K acetylation levels were compared to MTP� protein levels. (D) Plasma �-hydroxybutyrate
levels. (E) Organ weights. (F) Representative images of H&E staining and Oil Red O staining of liver sections (magnification, �100). (G) Triglyceride and
cholesterol levels in livers. (H) Levels of plasma AST and ALT. (I) Expression levels of inflammatory genes in livers. (J) GTT (left) and ITT (right) results. *, P �
0.05 versus LacZ; #, P � 0.05 versus SIRT4 plus LacZ; †, P � 0.05 versus SIRT4 plus MTP�-WT. n 	 6 to 10/group. The error bars indicate SD.
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MTP� catalyzes the second and third steps in the physiologi-
cally important �-oxidation pathway of fatty acid metabolism.
Although impairment of mitochondrial �-oxidation of fatty acid
has been considered to account for hepatic steatosis (8), the ex-
pression level and the potential role of MTP� in the pathogenesis
of NAFLD have not been fully elucidated. Our data showed that
downregulation of MTP� promotes hepatic steatosis both in
FFA-treated AML12 cells and primary hepatocytes and in the
livers of HF/HS diet-fed mice (Fig. 5 and 6, respectively). Im-
portantly, a decrease in the MTP� protein level was detected in
the livers of obese mice with fatty liver disease and in the liver
samples from patients with simple steatosis (Fig. 9). These data
confirm that MTP� downregulation contributes to the devel-
opment of NAFLD.

In this study, we report a novel mechanism by which the
MTP� level is regulated at the posttranscriptional level. It was
found that acetylation stabilizes MTP� and prevents its ubiquity-
lation. Moreover, our data indicate that acetylation and ubiquity-
lation in MTP� could compete with each other by targeting the
same lysine residues at K350, K383, and K406. Similar to this
model, different modifications of the same lysine residues have
been reported in the regulation of other proteins (26, 27). It is
proposed that acetylation and ubiquitylation have opposing ef-
fects on the regulation of MTP� by competitively modifying the
same lysine residues. Thus, the results showing that the acetyla-
tion-deficient MTP�-3KR and the acetylation-mimetic MTP�-
3KQ mutants have similar biochemical and functional behaviors
could be explained by the fact that the mutations on the three

FIG 9 Acetylation of MTP� is upregulated in livers of fasted mice, while it is downregulated in livers of obese mice with fatty liver disease and patients with
NAFLD. (A and B) Livers were harvested from lean mice under fed, fasted (16 h), and refed (8 h) states, lysed, and subjected to Western blotting. (A) The MTP�
and SIRT4 protein levels were compared to those of �-actin. (B) The MTP�-3K acetylation levels were compared to MTP� protein levels. (C and D) Livers from
obese mice (HF/HS diet-fed mice, ob/ob mice, and db/db mice) and control mice were lysed and subjected to Western blotting, similar to panels A and B. (E and
F) Immunohistochemical staining of total MTP�, 3K-acetylated MTP�, and total SIRT4 proteins in human NAFLD and normal liver tissues. One example is
shown in panel E (magnification, �100), and statistical analysis of all the samples is shown in panel F. (G) Proposed model for the role of dysregulated MTP�-3K
acetylation in the development of NAFLD. The expression of SIRT4 in the liver is upregulated after overnutrition, thereby decreasing the acetylation level of
MTP� on lysine residues 350, 383, and 406. Decreased acetylation leads to increased ubiquitylation of MTP� on the same three lysine residues and facilitates the
degradation of MTP� by the proteasome. This effect contributes to the impaired fatty acid �-oxidation and promotes the development of NAFLD. Further
studies are needed to reveal the mechanism by which overnutrition leads to the upregulation of SITR4 in the liver.
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residues disrupt lysine ubiquitylation that primarily occurs on the
same residues. Importantly, we found that the levels of both
MTP� and MTP�-3K are decreased while the level of MTP�
deacetylase SIRT4 is increased in NAFLD liver tissues compared to
normal liver tissues (Fig. 9). These observations not only confirm
MTP� acetylation in vivo but also suggest that MTP�-3K acetyla-
tion may play a role in the development of NAFLD.

The ubiquitin-proteasome system (UPS) plays an important
role in controlling the levels of various cellular proteins and reg-
ulates the processes in many aspects of cell function. Increasing
evidence shows that the UPS is implicated in the degradation of
mitochondrial proteins. Ubiquitin-conjugated proteins in puri-
fied mitochondria were detected by mass spectrometry (23).
Moreover, cells treated with proteasome inhibitors exhibit ele-
vated levels of ubiquitylated mitochondrial proteins, suggesting
the potentially important roles of the proteasome in mitochon-
drial protein degradation (28). Consistently, many studies have
identified mitochondrial substrates of the UPS. The outer mito-
chondrial membrane proteins Mfn1/Mfn2 are polyubiquitylated
and degraded by the proteasome (29). The proteasome plays a role
in degradation of the intermembrane space protein endonuclease
G (30). Uncoupling protein 2 (UCP2), which is an inner mito-
chondrial membrane protein, can be polyubiquitylated in the mi-
tochondria and then retrotranslocated from the mitochondria to
the cytoplasm and degraded by the proteasome (31). In this study,
we showed that the mitochondrial protein MTP� can be poly-
ubiquitylated and that inactivation of the proteasome prevents its
turnover, indicating that MTP� is also a target of the UPS. Taken
together, the evidence is compelling that the UPS participates in
protein quality control in the mitochondrial compartments.

The sirtuin family consists of seven family members (SIRT1 to
-7), each containing a conserved catalytic core domain with
NAD�-dependent deacetylase, deacylase, and/or ADP-ribosyl-
transferase activities (32, 33). Three of the mammalian sirtuins
(SIRT3, SIRT4, and SIRT5) are located in the mitochondria and
may play roles as sensors of energy status in the organelle (34).
SIRT4 is one of the least-characterized mitochondrial sirtuins.
Recent studies have suggested that SIRT4 uses NAD to ADP-ribo-
sylate and inactivate glutamate dehydrogenase, thereby suppress-
ing insulin secretion from pancreatic beta cells (35). No deacety-
lase activity was reported for SIRT4 using a histone or BSA
substrate (36). However, a recent study indicated that SIRT4
could directly bind, deacetylate, and repress malonyl CoA deacar-
boxylase (MCD) (20), which suggests that the absence of deacety-
lase activity for SIRT4 may have been a reflection of the lack of an
appropriate substrate. Here, we show that SIRT4 is a deacetylase
for MTP�, further supporting the existence of SIRT4 deacetylase
activity. In the future, it would be interesting to assess whether
SIRT4 has other deacetylation substrates.

As a mitochondrial sirtuin, SIRT4 has been shown to repress
fatty acid oxidation (24, 25). However, how SIRT4 inhibits fatty
acid oxidation and the connection of SIRT4 to NAFLD is not fully
understood. In this study, it was found that SIRT4-mediated
deacetylation destabilizes MTP� to inhibit lipid catabolism. Im-
portantly, our data demonstrated that knockdown of SIRT4 in the
liver increased MTP� acetylation and reduced hepatic steatosis
and its associated pathology and metabolic disorders in HF/HS
diet-fed mice (Fig. 7). Moreover, SIRT4 is upregulated in the livers
of obese mice with fatty liver disease and in the liver samples from
patients with simple steatosis (Fig. 9), which is consistent with

previous studies (24, 25). These data, together with previous stud-
ies (24, 25), reveal the potential mechanism of SIRT4-mediated
inhibition of fatty acid oxidation and highlight an important role
of SIRT4 in NAFLD. Thus, it can be speculated that modulating
SIRT4 activities could be used as a novel therapeutic approach to
obesity-related metabolic disorders, such as NAFLD and insulin
resistance. It should be noted, however, that little is known about
how SIRT4 is upregulated in NAFLD, which merits further inves-
tigation.

It is the conventional belief that acetylation is a negative regu-
lator of a metabolic enzyme’s function. For example, SIRT5-me-
diated deacetylation of carbanoyl phosphate synthetase 1 (CPS1)
upregulates its activity to increase amino acid catabolism (37).
Acetylation of lactate dehydrogenase A (LDH-A) on lysine residue
5 (K5) inhibits its enzyme activity and promotes its degradation
via chaperone-mediated autophagy (CMA) (22). Under high-glu-
cose conditions, the gluconeogenic rate-limiting enzyme phos-
phoenolpyruvate carboxykinase (PEPCK1) is hyperacetylated,
which promotes its ubiquitylation and degradation (19). How-
ever, there is growing evidence of a positive role of acetylation in
regulating the functions of metabolic enzymes. For example, acet-
ylation activates the enzyme activity of malate dehydrogenase
(MDH) in the tricarboxylic acid (TCA) cycle and of enoyl-coen-
zyme A hydratase/3-hydroxyacyl-coenzyme A dehydrogenase
(EHHADH) in fatty acid oxidation (38). In this study, we demon-
strated that acetylation could stabilize MTP� to promote fat oxi-
dation. Thus, acetylation can regulate metabolic enzyme func-
tions in a variety of manners, leading to different effects.

In summary, our work has uncovered the role of acetylation-
mediated MTP� protein stability in regulating liver lipid homeo-
stasis and suggests that dysregulation of the enzyme’s acetylation
could play a part in the pathogenesis of NAFLD. These findings
provide evidence that drugs modulating the acetylation of MTP�
may merit exploration as therapeutic agents for NAFLD.
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