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Deletion of Smurf1 attenuates liver steatosis via stabilization
of p53
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Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease, characterized by excessive hepatic lipid
accumulation. Recently, we demonstrated that Smad ubiquitination regulatory factor 1 (Smurf1) deficiency significantly alleviates
mouse hepatic steatosis. However, the mechanism of Smurf1-regulating hepatic lipid accumulation requires further exploration and
clarification. Hence, this study explores the potential mechanism of Smurf1 in hepatic steatosis. In this study, hepatic Smurf1
proteins in NAFLD patients and healthy individuals were determined using immunohistochemical staining. Control and NAFLD
mouse models were established by feeding Smurf1-knockout (KO) and wild-type mice with either a high-fat diet (HFD) or a chow
diet (CD) for eight weeks. Oleic acid (OA)-induced steatotic hepatocytes were used as the NAFLD mode cells. Lipid content in liver
tissues was analyzed. Smurf1-MDM2 interaction, MDM2 and p53 ubiquitination, and p53 target genes expression in liver tissues and
hepatocytes were analyzed. We found that hepatic Smurf1 is highly expressed in NAFLD patients and HFD-induced NAFLD mice. Its
deletion attenuates hepatocyte steatosis. Mechanistically, Smurf1 interacts with and stabilizes mouse double minute 2 (MDM2),
promoting p53 degradation. In Smurf1-deficient hepatocytes, an increase in p53 suppresses SREBP-1c expression and elevates the
expression of both malonyl-CoA decarboxylase (MCD) and lipin1 (Lpin1), two essential proteins in lipid catabolism. Contrarily, the
activities of these three proteins and hepatocyte steatosis are reversed by p53 knockdown in Smurf1-deficient hepatocytes. This
study shows that Smurf1 is involved in the pathogenesis of NAFLD by balancing de novo lipid synthesis and lipolysis.
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD), the most prevalent
chronic liver disease affecting a quarter of the global population
worldwide1,2, is the second primary indicator for liver transplanta-
tion and the third leading cause of hepatocellular carcinoma
(HCC)3. Additionally, it is also associated with type II diabetes,
chronic kidney disease, and cardiovascular disease4. Currently,
there are no effective treatments for NAFLD5, with only 6% of
patients meeting the requirements for weight loss treatment, the
first-line treatment for NAFLD6. Furthermore, although excessive
lipid accumulation within hepatocytes is the primary pathogenic
driver of NAFLD, the fundamental pathogenesis relevant to
hepatic lipid overload is still unclear. To combat NAFLD, it is
therapeutically advantageous to explore treatments to enhance
lipid degradation or inhibit de novo lipogenesis.
Hepatic de novo lipid synthesis in mammalian cells under-

goes strict transcriptional regulation7. Sterol regulatory
element-binding protein-1c (SREBP-1c), an essential transcrip-
tional factor responsible for triglyceride (TG) synthesis, can bind
to the cis-elements of the promoter region of related genes,
such as fatty acid synthase (FASN), acetyl coenzyme A
carboxylase (ACC), and stearoyl-CoA desaturase-1 (SCD-1), to
initiate their transcription8–10. Recently, we demonstrated that

depletion of Smad ubiquitination regulatory factor 1 (Smurf1)
alleviates hepatic lipid accumulation by promoting SREBP-1c
ubiquitination and degradation in mice11, indicating that
Smurf1 could be a novel determinant governing hepatic
lipogenesis. However, whether alleviation of lipid deposition
provided by Smurf1 gene knockout is directly associated with
SREBP-1c ubiquitination remains unclear.
p53 has been characterized as a potent regulator controlling

cell growth and an essential signaling mediator12,13. Recent
studies have revealed that p53 plays an important role in
regulating lipid metabolism. p53 can transcriptionally repress
SREBP-1c expression, thereby inhibiting de novo lipogenesis14

and enhancing lipolysis via stimulating a series of genes15. In
fasted mouse livers and C2C12 myoblasts, p53 elevates the
activities of key lipolytic enzymes malonyl-CoA decarboxylase
(MCD) and lipin 1 (Lpin1)16,17. p53 is also strictly regulated by
the ubiquitin-proteasome system18,19. Inhibiting p53 ubiquitina-
tion and degradation is conducive to reducing lipid accumula-
tion in steatosis hepatocytes. p53 ubiquitination is restricted by
another protein, mouse double minute 2 (MDM2), a p53-specific
E3 ubiquitin ligase that functions as the principal cellular
antagonist of p53 to limit the p53 growth-suppressive function
in unstressed cells20. A previous study demonstrated that
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Smurf1 interacts with MDM2 to inhibit MDM2 auto-degradation,
ultimately promoting p53 ubiquitination and degradation21.
Therefore, we speculated that Smurf1 deletion could protect
p53 from ubiquitination, relieving lipid accumulation within
hepatocytes.

MATERIALS AND METHODS
Human liver samples
NAFLD and control liver samples and blood samples were collected from
Beijing Youan Hospital, Capital Medical University, Beijing, China. All
procedures involving human liver samples were approved by the Ethics
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Committee of Beijing Youan Hospital and conducted following the
principles of the Declaration of Helsinki. Supplementary Table S1 shows
all patients’ information.

Animals and treatment
Wild-type and Smurf1-KO male C57BL/6N mice11 at eight weeks old were
reared in standard cages with a 12:12 h light/dark cycle and free access to
normal chow diets (CD, D12450B: 10% Kcal fat) or high-fat diets (HFD,
D12492: 60% Kcal fat) for eight weeks (n= 6 each). After that, their livers
were harvested and stored at −80 °C or fixed in 10% buffered formalin. The
study was approved by the Institutional Animal Care and Usage
Committee of Capital Medical University. All animal experiments were
conducted following the guidelines for Care and Use of Animals.

Cell culture
HepG2 cells from the American Type of Cell Collection (ATCC, Manassas,
VA, USA) were cultured at 37 °C in DMEM media (Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco) in a humidified
incubator with 5% CO2.

Antibodies
The study utilized antibodies against Smurf1 (ab57573, Abcam, Cambridge,
MA, USA), MDM2 (ab38618, Abcam), SREBP-1c (ab3259, Abcam), p53
(2524s, Cell Signaling, Danvers, MA, USA), Lipin1 (YN1951, Immunaway,
Plano, TX, USA), MLYCD (15265-1-AP, Proteintech, Rosemont, IL, USA), β-
actin (66009-1-Ig, Proteintech), ubiquitin (10201-2-AP, Proteintech), Lamin
A/C (10298-1-AP, Proteintech), GAPDH (60004-1-Ig, Proteintech), flag-tag
(M185-3, MBL, Minato-ku, Tokyo, Japan), Myc-tag (M047-3, MBL), and HA-
tag (M180-3, MBL).

Lentiviral shRNA vectors, plasmids, and small interfering RNAs
(siRNAs)
Lentiviruses carrying Smurf1 shRNA with 90% interference efficiency (5’-
GCGTTTGGATCTATGCAAACT-3’) or with 70% interference efficiency (5’-
GCCCA GAGATACGAAAGAGAT-3’) were purchased from Sangon Biotech
(Shanghai, China). DNA transfections into HepG2 cells were conducted
using 8 μg/mL polybrene transfection reagent. Stably transduced HepG2
cells were selected by culture in media with 1 μg/mL puromycin for one
week. Flag-Smurf1, myc-MDM2 and HA-ubiquitin plasmids were con-
structed as described previously21. p53 siRNA (5’-CACCAUCCACUACAA-
CUACAUT T-3’) and MDM2 siRNA (5’-CGAUUAUAUGAUGAGAAGCAATT-3’)
were purchased from Sangon Biotech and transfected into HepG2 cells
with Lipofectamine™ 3000 transfection reagent (L3000008, Invitrogen,
Carlsbad, CA, USA). The interference efficiency was assessed by
Western blot.

Primary mouse hepatocyte isolation and culture
Hepatocytes were isolated from C57BL/6N mice at the age of 6–8 weeks
using the collagenase perfusion method11. After isolation, hepatocytes
were resuspended in DMEM media (Gibco) containing 20% FBS, 100 units/
mL penicillin, and 100 μg/mL streptomycin (Gibco), plated on cell culture
plates (Corning, Steuben County, NY, USA) at 5 × 103 cells/cm2, and
cultured at 37 °C in a humidified incubator with 5% CO2 for 4 h to allow
attachment. After refreshing the media to remove the non-attached cells,
the attached hepatocytes were further cultured as described above.

Oil-Red O staining
Oil-Red O from Sigma was dissolved in isopropyl alcohol as 0.5% stock
solution and stored at 4 °C in the dark. Liver tissue sections or cells were

fixed with 4% paraformaldehyde for 10min at room temperature and
stained in a freshly diluted 0.3% Oil-Red O solution for 15min. After fully
washed with PBS, rinsed in 60% isopropyl alcohol for 5 s and rewashed
with PBS, the stained samples were observed microscopically. The
representative lipid droplet images were obtained and analyzed using
ImageJ (Rawak Software Inc., Stuttgart, Germany) and Image-pro plus
(Media Cybernetics, Silver Springs, MD, USA).

Intracellular triglyceride assay
Triglyceride (TG) concentrations in liver tissues and hepatocytes were
determined using the triglyceride assay kit (GPO-POD, Applygene
Technologies Inc., Beijing, China) following the manufacturer’s protocols.

RNA extraction and qRT-PCR
Total RNAs were isolated using Trizol reagent, reversely transcribed into
cDNA using the SuperScript™ IV One-Step RT-PCR System (12594100,
Invitrogen), and subjected to qRT-PCR using SuperScript™ III Platinum™

SYBR™ Green One-Step qRT-PCR Kit (11736059, Invitrogen). Supplementary
Table S2 shows the primers used in these analyses.

Immunohistochemical staining
After deparaffinization, rehydration and blocking, liver tissues were
incubated overnight at 4 °C with specific primary antibodies after diluted
according to the manufacturers’ recommendation. Thereafter, proteins
were visualized and observed under a microscope. Signals in Smurf1-KO
mice were compared with those in WT mice.

Immunoprecipitation
Proteins were extracted from liver tissues and HepG2 cells and subjected
to immunoprecipitation using the indicated antibodies described
previously11.

In vivo ubiquitination assays
HepG2 cells were treated with 10 μM proteasome inhibitor MG132 (HY-
13259, MCE, Monmouth Junction, NJ, USA) for 12 h and lysed with RIPA
buffer (C1053-100, Applygene). After centrifugation, the supernatant was
incubated first with the indicated antibodies for 8 h, then with protein A/G
agarose beads (SC-2003, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight at 4 °C. Ubiquitination modification was detected by Western
blot. Similarly, liver tissues were lysed with RIPA buffer and subjected to
Western blot as described above.

Determination of reactive oxygen species
Reactive oxygen species (ROS) in hepatocytes were determined using
reactive oxygen species assay kit (CA1410, Solarbio, Beijing, China)
following the manufacturer’s protocols.

Statistical analysis
Statistical analyses were performed with GraphPad Prism8 (GraphPad
Software, La Jolla, CA, USA). Data are expressed as mean ± standard
deviation (SD) and assessed by the two-tailed Student’s t test or the
ANOVA test. A difference with p value < 0.05 was considered significant.

RESULTS
Smurf1 is highly expressed in the livers of NAFLD patients
The liver samples were collected from both healthy individuals
and patients with mild-moderate NAFLD as diagnosed by

Fig. 1 Smurf1 is highly expressed in the livers of NAFLD patients. A, B Hepatic lipid droplets in NAFLD patients and healthy controls were
analyzed using hematoxylin-eosin (H&E) staining and NAFLD activity score (NAS) (n= 6/group, scale bar= 100 μm (left) or 50 μm (right)). C Hepatic
Smurf1 levels in NAFLD patients were analyzed using immunohistochemical staining (n= 6/group, scale bar= 100 μm (left) or 50 μm (right)).
D Serum Smurf1 mRNA levels in NAFLD patients and healthy controls (n= 6/group). E, F H&E staining and NAS of liver sections of WTmale mice fed
with CD or HFD for 8 weeks (n= 6 mice/group, scale bar= 100 μm (left) or 50 μm (right)). G, H Hepatic Smurf1 levels in mice were analyzed using
immunohistochemical staining andWestern blot (n= 6mice/group, scale bar= 100 μm (left) or 50 μm (right)). I–L Primary hepatocytes fromWTmale
mice and HepG2 cells were treated with 100 μM OA for the indicated times. Smurf1 protein (I, J) and mRNA (K, L) levels were analyzed by Western
blot and qRT-PCR, respectively. Liver section images were obtained using an optical microscope with 200/400× magnification and analyzed using
Image-pro plus and GraphPad Prism8. All data are presented as mean ± SD (n ≥ 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2 Smurf1 depletion attenuates HFD-induced NAFLD. A, B Oil droplets in liver sections of WT and Smurf1-KO male mice fed with CD or HFD
for eight weeks were observed using H&E staining and Oil Red-O staining (n= 6 mice/group, scale bar= 100 μm (left) or 50 μm (right)). C, D NAS
and triglyceride (TG) of WT and Smurf1-KO male mice were measured. E Oil red O staining of primary hepatocytes from WT and Smurf1-KO mice
after BSA or 100 μM OA treatment for 24 h. (n= 6 mice/group, scale bar= 50 μm). F TG levels in primary mouse hepatocytes were measured. G Oil
red O staining of Smurf1-shRNA transfected and control hepatocytes after BSA or 100 μM OA treatment for the indicated times (scale bar= 50 μm).
H Oil red O staining of control, Smurf1-shRNA transfected, and Smurf1-shRNA and flag-Smurf1 co-transfected hepatocytes after BSA or 500 μM OA
treatment for 24 h (scale bar= 50 μm). Liver sections or cells images were obtained using an optical microscope with 200/400× magnification and
analyzed using Image-pro plus and ImageJ. All data are presented as mean ± SD (n ≥ 3). *p< 0.05, **p < 0. 01, ***p < 0.001, ****p < 0.0001.
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hematoxylin-eosin (H&E) staining and NAFLD activity score (NAS)
(Fig. 1A, B). The immunohistochemical staining showed that
hepatic Smurf1 levels were significantly enhanced in NAFLD
patients (Fig. 1C). Q-PCR results showed that serum Smurf1 mRNA
levels were increased in NAFLD patients than in healthy

individuals (Fig. 1D). Then, we fed wild-type (WT) mice with a
high-fat diet (HFD) or a chow diet (CD) for eight weeks. More
visible lipid droplets and higher NAS in hepatocytes were
observed in the HFD-fed mice than in the CD-fed mice (Fig. 1E,
F), indicating that the mouse NAFLD model was successfully
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established. Consistent with the findings in patients, Smurf1
protein levels were higher in HFD-fed mice than in CD-fed mice
(Fig. 1G, H). Moreover, oleic acid (OA)-treatment of mouse
hepatocytes for 24 h or HepG2 cells for 48 h increased Smurf1
protein (Fig. 1I, J) and mRNA (Fig. 1K, L) levels as compared with
the control hepatocytes, indicating that Smurf1 is overexpressed
in NAFLD and potentially involved in the pathogenesis of NAFLD.

Smurf1 deficiency attenuates HFD-induced hepatocyte
steatosis
We then questioned if Smurf1 deficiency in hepatocytes could
attenuate NAFLD. We found that after HFD feeding, Smurf1-KO mice
exhibited less severe hepatic steatosis (Fig. 2A, B), lower NAS (Fig. 2C),
and reduced hepatic TG levels (Fig. 2D) than WT mice. Consistent
with the in vivo staining results, administration of 100 μM OA
increased lipid droplets and TG levels in primary hepatocytes from
both Smurf1-KO and WT mice. However, their levels were three-fold
lower in Smurf1-KO hepatocytes than in WT hepatocytes (Fig. 2E, F).
Moreover, HepG2 cells with Smurf1-shRNA or control-shRNA
transfection were treated with 100 μM OA for the indicated times.
Oil Red-O staining revealed a gradually increased lipid droplet
number with prolonged OA treatment in both control and Smurf1-
knockdown cells. However, the number of lipid droplets was
significantly lower in Smurf1- knockdown HepG2 cells than in control
HepG2 cells at various times (Fig. 2G). We further reintroduced
Smurf1 into Smurf1-knockdown cells and found that Smurf1
transfection significantly aggravated lipid accumulation in hepato-
cytes (Fig. 2H), clearly indicating that Smurf1 is associated with
hepatocyte steatosis.

Smurf1 negatively regulates p53 protein by stabilizing MDM2
in hepatocytes
p53 plays a pivotal role in NAFLD progression by promoting lipids
oxidation and inhibiting lipids synthesis22,23 and is tightly regulated
by ubiquitination via MDM2, the primary E3 ligase of p5319,20.
Moreover, studies have confirmed that Smurf1 interacts with its
target substrates for ubiquitination, including RhoA, MEKK2, Smad1/
5, and JunB24. Thus, we speculated that MDM2 is a Smurf1-modified
ubiquitination substrate. To our surprise, immunohistochemical
staining showed that hepatic MDM2 protein level was decreased
in Smurf1-KO mice than in WT mice (Fig. 3A), suggesting that Smurf1
could stabilize MDM2. Contrarily, hepatic p53 protein was elevated
in Smurf1-KO mice (Fig. 3B, C). Consistent with the observations in
mouse livers, treatment of primary hepatocytes from Smurf1-KO
mice with 100 μM OA for 24 h decreased MDM2 but increased p53
protein levels (Fig. 3D). Moreover, these expression patterns were
also confirmed in HepG2 cells treated with 500 μM OA for 24 h
(Fig. 3E) or 100 μM OA for the indicated times (Fig. 3F–H). In
addition, Smurf1-deficient HepG2 cells with different interference
efficiency were used in the rescue experiments (Supplementary
Fig. S1A, B). Smurf1 re-delivery into Smurf1-deficient HepG2 cells
effectively increased MDM2 level and declined p53 stability (Fig. 3I).
Similar to the observation in Smurf1 reintroduced HepG2 cells,
MDM2 overexpression in HepG2 cells reduced p53 protein level
(Fig. 3J). Contrarily, MDM2 knockdown in Smurf1 overexpressing
HepG2 cells eliminated the inhibitory effect of Smurf1 on

p53 stability (Fig. 3K). These data indicate that Smurf1 negatively
regulates p53 protein via MDM2.

Smurf1 interacts with MDM2 and inhibits MDM2
ubiquitination and degradation in NAFLD livers
To explore the mechanism underlying Smurf1-mediated MDM2
elevation, we explored the interaction of Smurf1 with MDM2 using
co-immunoprecipitation (Co-IP) assays. The results indicated that
endogenous Smurf1 interacts with endogenous MDM2 (Fig. 4A) and
transfected myc-MDM2 (Fig. 4B) in HepG2 cells. Furthermore, the
interaction between endogenous Smurf1 and MDM2 was enhanced
in HFD-fed mice than in CD-fed mice (Fig. 4C). We then explored the
impact of Smurf1 on MDM2 ubiquitination using ubiquitination
assays and found that endogenous MDM2 ubiquitination was
elevated in HFD-fed Smurf1-KO mice (Fig. 4D). Identical to the
observation in vivo, MDM2 ubiquitination was increased in Smurf1-
deficient HepG2 cells after OA treatment. However, MDM2
ubiquitination was decreased after reintroducing Smurf1 into
Smurf1-deficient HepG2 (Fig. 4E). These data suggest that Smurf1
interacts with MDM2 to prevent its ubiquitination and degradation.

Smurf1 promotes MDM2-induced p53 ubiquitination in
NAFLD procession
A previous study has demonstrated that Smurf1 promotes p53
ubiquitination and degradation independent of its E3 ligase
function21. We further examined whether Smurf1- regulated p53
ubiquitination is dependent on MDM2 in NAFLD mice. As shown
in Fig. 5A, endogenous p53 ubiquitination was significantly
decreased in HFD-fed Smurf1-KO mice than in HFD-fed WT mice.
Moreover, p53 ubiquitination were reduced in the nuclear and
cytoplasmic compartments of the livers of HFD-fed Smurf1-KO
mice than those from the HFD-fed WT mice (Fig. 5B). Further-
more, cytoplasmic p53 ubiquitination was more prominent
(Fig. 5B), consistent with previous reports that p53 ubiquitina-
tion and degradation mainly occur in the cytoplasm25,26.
Corresponding to the results of p53 ubiquitination, Western
blot showed that nuclear p53 expression was increased in
Smurf1-KO mice than in WT mice (Fig. 5C), suggesting that
Smurf1 deficiency enhances nuclear p53 stability by inhibiting
p53 ubiquitination in the cytoplasm. Similarly, p53 ubiquitina-
tion level was reduced in Smurf1-knockdown HepG2 cells than in
control HepG2 cells with OA treatment. However, this phenom-
enon was obviously reversed by re-delivering Smurf1 into the
cells (Fig. 5D). To further confirm that Smurf1 regulation of p53
ubiquitination is a prerequisite for MDM2 involvement, we
further elevated MDM2 expression in Smurf1 knockdown
hepatocytes. The results showed that MDM2 overexpression
increased p53 ubiquitination level in Smurf1-deficient cells
(Fig. 5E). Contrarily, MDM2 knockdown inhibited the promoting
effect of Smurf1 on p53 ubiquitination in Smurf1-overexpressing
HepG2 cells (Fig. 5F). Overall, Smurf1 promotes p53 ubiquitina-
tion and degradation in a MDM2-dependent manner. Thus, we
speculated that Smurf1 deficiency could inhibit lipid accumula-
tion by stabilizing p53. We then knocked down p53 in Smurf1
knockdown hepatocytes and treated these hepatocytes with
500 μM OA for 24 h. The Oil Red-O staining showed that p53

Fig. 3 Smurf1 downregulates p53 protein by stabilizing MDM2. A–C Immunohistochemical staining and Western blot results of MDM2 and
p53 expression in the livers of WT and Smurf1-KO mice fed with CD or HFD for eight weeks (n= 6 mice/group, scale bar= 100 μm). D Western
blot results of Smurf1, MDM2 and p53 levels in primary mouse hepatocytes from WT and Smurf1-KO mice after BSA or 100 μM OA treatment
for 24 h. Western blot results of Smurf1, MDM2, and p53 expression levels in Smurf1-shRNA transfected and control hepatocytes after 500 μM
(E) or 100 μM (F) OA treatment for the indicated times. G, H Densitometric quantities of MDM2 and p53 levels in F. Western blot results of
Smurf1, MDM2 and p53 expression levels in control, Smurf1-shRNA transfected, Smurf1-shRNA and flag-Smurf1 co-transfected (I) and Smurf1-
shRNA and myc-MDM2 co-transfected (J) hepatocytes after BSA or 500 μM OA treatment for 24 h. KWestern blot results of Smurf1, MDM2, and
p53 expression levels in control, flag-Smurf1 transfected, and flag-Smurf1 and MDM2-siRNAs co-transfected hepatocytes after BSA or 500 μM
OA treatment for 24 h. All data are presented as mean ± SD (n ≥ 3). *p < 0. 05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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knockdown significantly counteracted the inhibition of Smurf1
deficiency on hepatic lipid accumulation (Fig. 5G).

Smurf1 depletion regulates p53 target genes in lipid
metabolism at both mRNA and protein levels
We analyzed mRNA levels of three lipid metabolism-related p53
target genes, SREBP-1c, MCD, and Lpin1, in HFD- and CD-fed Smurf1-
KO mice. The results showed that Smurf1 deletion decreased SREBP-
1c and increased MCD and Lpin1 mRNA levels in mouse livers
(Fig. 6A). Similar results were also found in primary mouse
hepatocytes isolated from Smurf1-KO mice regardless OA treatment
(Fig. 6B). Additionally, lower SREBP-1c (Fig. 6C) and higher MCD and
Lpin1 mRNA levels (Fig. 6D, E) were found in Smurf1-deficient cells
than in control cells after incubation with 100 μM OA for different
times. We then reintroduced flag-tagged Smurf1 into Smurf1-deficient
HepG2 cells and found that Smurf1 re-transfection reversed the
changes in SREBP-1c, MCD and Lpin1 caused by Smurf1 deficiency
(Fig. 6F).
We further analyzed SREBP-1c, MCD, and Lpin1 protein levels in

HFD- and CD-fed Smurf1-KO mice. Both immunohistochemical
staining and Western blot showed that Smurf1 depletion decreased
SREBP-1c but increased MCD and Lpin1 protein levels in mouse livers
(Fig. 7A, B). Consistently, these results were also confirmed in primary
hepatocytes isolated from Smurf1-KO mice regardless of OA

treatment (Fig. 7C). Furthermore, lower SREBP-1c and higher MCD
and Lpin1 protein levels were also found in Smurf1-deficient HepG2
cells compared with control HepG2 cells after incubation with 500 μM
OA for 24 h (Fig. 7D) or 100 μM OA for the indicated times (Fig. 7E–H).
As a transcription factor, SREBP-1c needs to be cleaved and
translocated into the nucleus to transcriptionally activate its target
genes. We found that both nuclear and cytoplasmic SREBP-1c protein
levels were decreased in the livers of HFD-fed Smurf1-KO mice than
those in HFD-fed WT mice (Fig. 7I). Combined with the results that
Smurf1 deletion reduces SREBP-1c mRNA level (Fig. 6), it is assumed
that Smurf1 deficiency could inhibit SREBP-1c synthesis. Considering
that MCD and Lpin1 are two important lipolytic enzymes that may
affect ROS levels, we further analyzed ROS levels in the control and
Smurf1-deficient HepG2 cells upon OA treatment. Although no
significant difference in ROS levels was observed between the control
and Smurf1-deficient HepG2 cells, ROS levels were gradually reduced
in HepG2 cells with prolongation of OA induction (Supplementary
Fig. S2A, B), indicating that MCD and Lpin1 mainly promote fatty acid
oxidation rather than increase oxidative stress.

Smurf1 depletion regulates p53 target genes in lipid
metabolism via the MDM2-p53 pathway
To explore whether Smurf1 deficiency regulates SREBP-1c, MCD, and
Lpin1 through the MDM2-p53 pathway, we overexpressed Smurf1 in

Fig. 4 Smurf1 interacts with MDM2 and prevents its ubiquitination and degradation. Co-immunoprecipitation (co-IP) assay was performed
to detect the interaction of endogenous Smurf1 with MDM2 (A) and myc-MDM2 (B) in HepG2 cells and with endogenous MDM2 (C) in mouse
livers. Ubiquitination assay was performed to detect MDM2 ubiquitination in the livers of WT and Smurf1-KO mice fed with CD or HFD for eight
weeks (D) and in HepG2 cells transfected with HA-ubiquitin, Smurf1-shRNA, and flag-Smurf1 after treated with 500 μM OA for 24 h (E). Data
shown are the representatives of at least three individual experiments with similar results.

W. Lin et al.

1081

Laboratory Investigation (2022) 102:1075 – 1087



Smurf1 knockdown HepG2 cells. Western blot showed that Smurf1
overexpression reversed the changes of SREBP-1c, MCD, and Lpin1
caused by Smurf1 deficiency (Fig. 8A). Moreover, we overexpressed
MDM2 or knocked down p53 in Smurf1-knockdown hepatocytes to
rescue MDM2 reduction and p53 elevation caused by Smurf1

deficiency. Consistent with the observation in Smurf1 reintroduced
HepG2 cells, MDM2 overexpression or p53 knockdown reversed the
changes of SREBP-1c, MCD, and Lpin1 caused by Smurf1 deficiency
(Fig. 8B, C). These results indicate that Smurf1 regulates lipid
accumulation through the MDM2-p53 pathway.
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DISCUSSION
As a classic tumor-suppressing gene, p53 plays a pivotal role in cell
cycle arrest, apoptosis, aging, and other signaling pathways27,28.
However, accumulating evidence shows that p53 might also be
involved in the pathogenesis of NAFLD16,22,29–31. Although the

relationship between p53 and NAFLD has been investigated, the
specific role of p53 linked to NAFLD is still controversial32. It has
been reported that p53 inhibits hepatic lipid accumulation and
inflammation under normal or mild stress conditions16,32–35.
Conversely, alternative studies believed that p53 promotes lipid

Fig. 5 Smurf1 deficiency inhibits p53 ubiquitination dependent on MDM2. Ubiquitination assay was performed to detect the ubiquitination
levels of total p53 (A), nuclear p53 and cytoplasmic p53 (B) in the livers of WT and Smurf1-KO male mice fed with CD or HFD for eight weeks.
C Western blot results of the nuclear and cytoplasmic p53 levels in the livers of WT and Smurf1-KO mice fed with CD or HFD for eight weeks.
Ubiquitination assay was performed to detect p53 ubiquitination in HepG2 cells transfected with HA-ubiquitin, Smurf1-shRNA, and flag-
Smurf1 (D) or myc-MDM2 (E) after treated with 500 μM OA for 24 h, in HepG2 cells transfected with HA-ubiquitin, flag-Smurf1, and MDM2-
siRNAs (F) after treated these with 500 μM OA for 24 h. G Shown are the oil red O staining images of control, Smurf1-shRNA transfected, and
Smurf1-shRNA and p53-siRNAs co-transfected hepatocytes after BSA or 500 μM OA treatment for 24 h (scale bar= 50 μm) at 400×
magnification and the analysis results using Image-pro plus and ImageJ. Data shown are the representatives of at least three individual
experiments with similar results.

Fig. 6 Smurf1 depletion downregulates SREBP-1c mRNA level and upregulates MCD and Lpin1 mRNA levels in hepatocytes. A, B qRT-PCR
analysis of SREBP-1c, MCD, and Lpin1 mRNAs in mouse livers and primary hepatocytes. The WT and Smurf1-KO mice were fed with CD or HFD
for eight weeks. Mouse primary hepatocytes were treated with BSA or 100 μM OA 24 h. qRT-PCR analysis of SREBP-1c (C), MCD (D), and Lpin1
(E) mRNA levels in Smurf1-shRNA transfected and control hepatocytes after BSA or 100 μM OA treatment for the indicated times. F qRT-PCR
analysis of SREBP-1c, MCD, and Lpin1 mRNA levels in control, Smurf1-shRNA transfected, and Smurf1-shRNA and flag-Smurf1 co-transfected
hepatocytes after BSA or 500 μM OA treatment for 24 h. All data are presented as mean ± SD (n ≥ 3). *p < 0.05, **p < 0.01, and ***p < 0.001,
****p < 0.0001.
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accumulation and oxidative stress under severe stress conditions,
such as nonalcoholic steatohepatitis (NASH)36–38. It is also
reported that p53 expression gradually increases with NAFLD
progression39. Hence, p53 plays a crucial and complex role in
NAFLD development, exerting a protective role in the early stage

but a worsening role in the middle and late stages of NAFLD32.
Many studies have shown that p53 is essential in lipid metabolism
by reducing lipogenesis via repressing the expression of SREBP-1c
and glucose-6-phosphate dehydrogenase (G6PD)14,40 and increas-
ing lipolysis via inducing expression of MCD, Lpin1, sirtuin 1,
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Fig. 7 Smurf1 knockout decreases SREBP-1c protein level and increases MCD and Lpin1 protein levels in hepatocytes.
A, B Immunohistochemical staining and Western blot were performed to detect SREBP-1c, MCD, and Lpin1 levels in the livers of WT and
Smurf1-KO mice fed with CD or HFD for eight weeks (n= 6 mice/group, Scale bar= 100 μm). C Western blot was performed to detect SREBP-
1c, MCD, and Lpin1 expression in mouse primary hepatocytes from WT and Smurf1-KO mice after BSA or 100 μM OA treatment for 24 h.
Western blot was performed to detect SREBP-1c, MCD, and Lpin1 expression in Smurf1-shRNA transfected and control transfected hepatocytes
after 500 μM (D) or 100 μM (E) OA treatment for the indicated times. F–H SREBP-1c, MCD, and Lpin1 expression in E were quantified using
densitometry. IWestern blot results of the nuclear and cytoplasmic SREBP-1c levels in the livers of WT and Smurf1-KO mice fed with CD or HFD
for eight weeks. Liver section images were obtained under an optical microscope at a 400× magnification and analyzed using Image-pro plus
and GraphPad Prism8. All data are presented as mean ± SD (n ≥ 3). *p < 0. 05, **p < 0. 01, and ***p < 0. 001, ****p < 0.0001.

Fig. 8 Smurf1 deficiency downregulates SREBP-1c and upregulates MCD and Lpin1 via the MDM2-p53 pathway. A Western blot was
performed to detect SREBP-1c, MCD, and Lpin1 expression in control, Smurf1-shRNA transfected, and Smurf1-shRNA and flag-Smurf1 co-
transfected hepatocytes after BSA or 500 μM OA treatment for 24 h. B, C Western blot was performed to detect Smurf1, MDM2, p53, SREBP-1c,
MCD, and Lpin1 expression levels in control, Smurf1-shRNA transfected, and Smurf1-shRNA and myc-MDM2 co-transfected (B) or Smurf1-shRNA
and p53-siRNAs co-transfected (C) hepatocytes after BSA or 500 μM OA treatment for 24 h. Data shown are the representatives of at least three
individual experiments with similar results. D The proposedmechanism linking Smurf1 to hepatic lipid accumulation: Smurf1 binds to MDM2 and
stabilizes MDM2 to promote p53 ubiquitination and degradation. p53 decrease facilitates SREBP-1c transcription, which is required for
lipogenesis, while inhibits MCD and Lpin1 transcription, which is required for lipolysis. As a result, Smurf1 aggravates hepatic lipid accumulation.
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aromatase, and caveolin 116,17,23,41,42. Thus, maintaining
p53 stability in the early stage of NAFLD is likely to be the core
element to prevent NAFLD from deteriorating into NASH.
p53 stability is primarily regulated by post-translational modifica-
tions, including ubiquitination and ubiquitin-like modifications,
among which ubiquitination is the main p53 degradation path-
way43–47. It seems that inhibition of p53 ubiquitination plays a
positive role in the early stage of NAFLD. To simulate mild fatty
liver, we used 8-week HFD-fed mice and OA-induced hepatocytes
as the NAFLD models in the study.
The ubiquitination process is mediated sequentially by ubiquitin-

activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and
ubiquitin ligases (E3)48. During the process, ubiquitin is transferred
from E1 to E2 and then to the substrates mediated by E349, the most
important ubiquitination enzyme determining the specificity of
receptor substrates50. Several E3-ligases have been identified and
characterized51–54. Smurf1, a HECT-type E3 of the Nedd4 family55,56,
is closely related to many physiological processes, including bone
formation, embryonic development, neural outgrowth, and tumor
cells invasion55. Our recent report unveils Smurf1 as one of the key
players during NAFLD occurrence. By directly interacting with
SREBP-1c in mouse livers, Smurf1 promotes the binding of SREBP-1c
with Fbw7a, a major ubiquitin E3 ligase of SREBP-1c, to suppress
SREBP-1c ubiquitination11. Smurf1 was also able to bind with MDM2
to inhibit its auto-ubiquitination, ultimately promoting p53
ubiquitination21. Thus, we speculate that the involvement of Smurf1
during NAFLD could possibly be associated with its regulating p53
ubiquitination. It is known that ubiquitination substrates of Smurf1
do not include p5321. Therefore, we speculated that the effect of
Smurf1 on p53 ubiquitination is potentially mediated by an
intermediate medium, MDM2, one of the most important ubiquitin
ligases (E3) of p5318,19. As expected, we found Smurf1 fails to
promote p53 degradation without MDM2 (Fig. 3K). Therefore, we
believe that the core significance of the current work relays on
confirmation of the fact that ubiquitination of p53 offered by
Smurf1 is largely dependent upon the presence of MDM2, which
affects p53-regulated lipid metabolism during HFD-fed mice
(Fig. 5A), which echoes with the high p53 level in the livers of
Smurf1-KOmice (Fig. 3). Moreover, our data also clearly demonstrate
that Smurf1 interacts with MDM2 in mouse livers, and this
interaction appears to be more intense in the livers of HFD-fed
mice (Fig. 4C), possibly due to high Smurf1 expression induced by
HFD. These results indicate that enhanced p53 ubiquitination by
Smurf1 via MDM2 is involved in NAFLD development.
Among the p53 target genes related to lipid meta

bolism14–17,23,40–42, we found that Smurf1 knockdown significantly
affects the transcription of SREBP-1c, MCD, and Lpin1. We further
confirmed that Smurf1 deficiency reduces SREBP-1c and increases
MCD and Lpin1 expressions in the livers of HFD-fed mice (Figs. 6
and 7) and revealed that these changes are strictly regulated by
the MDM2-p53 pathway (Fig. 8). MCD and Lpin1 are mainly
involved in fatty acid oxidation. They activate mitochondrial fatty
acid oxidation mainly by increasing carnitine palmitoyl transferase
(CPT) activity and upregulating peroxisome proliferator activated
receptor α (PPARα) level. Fatty acid oxidation is a complex
physiological process in NAFLD progression. It could reduce lipid
accumulation and may produce oxidative stress in the middle and
late stages of NAFLD. How Smurf1 regulates mitochondrial fatty
acid oxidation through the MDM2-p53 pathway should be further
clarified. Moreover, our current research mainly focuses on the role
of Smurf1 in lipid accumulation. In addition to steatosis, the hits of
lipotoxicity, oxidative stress, and inflammatory cascade activation
all play vital roles in the development of NAFLD. Whether Smurf1
could regulate these hits? Whether the inhibitory effect of Smurf1
on p53 stability would sustain the progression of NAFLD? These
scientific questions constitute the ongoing research focus of our
future work. Therefore, we plan to dynamically analyze NAFLD
development in combination with Smurf1-KO mice and try to

figure out essential genes or proteins that substantially promote
progression of NAFLD to NASH, liver fibrosis or cirrhosis. We will
characterize the regulatory effects of Smurf1 on NAFLD occurrence
and development in our future studies.
In summary, this study reveals a possible mechanism of Smurf1

involvement in NAFLD pathogenesis via the MDM-p53 pathway.
Mechanically, Smurf1 interacts with and stabilizes MDM2 to
promote p53 ubiquitylation and degradation, leading to enhanced
lipogenesis by transcriptionally inducing SREBP-1c and inhibited
lipolysis by repressing MCD or Lipin1 (Fig. 8D). Our study provides
new insight into the possible pathogenesis of NAFLD.
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