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 Background: Recent studies have suggested that hepatocyte senescence could contribute to hepatic steatosis and its pro-
gression in nonalcoholic fatty liver disease (NAFLD). However, the underlying mechanism causing hepatocyte 
senescence in this pathological condition is still unclear. A thorough understanding of the mechanism could pro-
vide a new target for therapeutic intervention. The purpose of this study was to investigate the role of p66shc 
in hepatocyte senescence and hepatocyte damage in NAFLD progression.

 Material/Methods: We examined the expression levels of hepatic p66shc and senescence markers in rats and humans with NAFLD, 
and we assessed the effect of p66shc knockdown or overexpression on senescence and steatosis in human liv-
er cells.

 Results: In this study, we showed that increased hepatic p66shc expression was consistent with upregulated expression 
of the following senescence markers in NAFLD rats: heterochromatin protein-1-beta (HP1b), p16, p21, and p53. 
Furthermore, senescence and steatosis could be induced in hepatoblastoma cell line (HepG2) cells when cells 
were stimulated with a low concentration of H2O2, and this effect was significantly alleviated by knockdown 
of p66shc. However, overexpression of p66shc could promote senescence and steatosis in L02 cells. Finally, 
increased hepatic p66shc protein levels correlated with enhanced expression of the senescence marker p21 
and mirrored the degree of disease severity in NAFLD patients.

 Conclusions: Our findings indicated that the increase in hepatocyte senescence and steatosis in NAFLD may be caused by 
the upregulation of p66shc expression, implying that strategies for p66shc-mediated regulation of hepatocyte 
senescence may provide new therapeutic tools for NAFLD.

 MeSH Keywords:	 Cell	Aging	•	Fatty	Liver	•	Shc	Signaling	Adaptor	Proteins

 Abbreviations: NAFLD – nonalcoholic fatty liver disease; NAFL – nonalcoholic fatty liver; NASH – nonalcoholic steato-
hepatitis; SAF – steatosis, activity, fibrosis; ROS – reactive oxygen species; ALT – alanine aminotransfer-
ase; AST – aspartate aminotransferase; HDL-C – high-density lipoprotein cholesterol; LDL-C – low-den-
sity lipoprotein cholesterol; TC – total cholesterol; TG – triglyceride; HP1b – nuclear heterochromatin 
protein-1-beta; g-H2AX – the phosphorylated form of H2A histone family member X; SA-b-gal – senes-
cence-associated beta-galactosidase; SD-rat – Sprague-Dawley rat; HFD – high-fat diet; H&E – hematox-
ylin and eosin staining; shRNA – short hairpin RNA
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Background

With the rapid increase in the prevalence of obesity and met-
abolic syndrome, nonalcoholic fatty liver disease (NAFLD) 
has become the most common cause of chronic liver disease 
worldwide [1,2]. However, the pathological mechanisms un-
derlying NAFLD have not yet been fully clarified. The causes 
were originally ascribed to lipid metabolism disorders coupled 
with oxidative stress [3]. Currently, other factors and patho-
genic mechanisms are likely responsible for tissue injury and 
the promotion of disease progression [4–7].

Cellular senescence has been demonstrated to be closely asso-
ciated with NAFLD. Senescent cells have been found in the liv-
ers of patients and mice with NAFLD [8–11], and an increased 
proportion of senescent hepatocytes appears to be indepen-
dently associated with disease progression [9,12–14]. Further 
studies have shown that hepatocyte senescence contributes 
to the pathogenesis of NAFLD by driving hepatic fat accumu-
lation and steatosis [15]. In addition, senescent human hepa-
tocytes can secrete a spectrum of proteins associated with 
inflammation and tissue damage, including proinflammatory 
cytokines, growth factors, and matrix-degrading enzymes, 
which have been demonstrated to have implications for the 
promotion of NAFLD progression [16–18]. These findings in-
dicate that hepatocyte senescence plays a critical role in the 
pathophysiology of NAFLD. However, genes that may be crit-
ically involved in regulating hepatocyte senescence in NAFLD 
are still unknown.

The 66 kDa isoform of Shc (p66shc) is encoded by the ShcA 
gene locus that is expressed as 3 isoforms: p66shc, p46shc, and 
p52shc. Compared with the other 2 isoforms, p66shc mainly 
functions within the mitochondria and controls mitochondrial 
reactive oxygen species (ROS) production and ROS-dependent 
oxidative stress [19,20]. Oxidative stress, which is ubiquitous 
in progressive non-alcoholic steatohepatitis (NASH), appears to 
be a major driver of hepatocyte senescence [4,21,22]. However, 
the relationship between p66shc and senescence in hepato-
cytes is still unclear to date. Additionally, increased expression 
of p66shc has been observed in NAFLD patients and mice [23], 
but whether and how p66shc contributes to the progression 
of the disease remains unknown. Therefore, we hypothesize 
that p66shc is implicated in hepatocyte senescence and con-
tributes to liver dysfunction during NAFLD via a senescence-
dependent mechanism.

Material and Methods

Animal studies

All animal experimental protocols were approved by the Ethics 
Committee for Animal Experiments of Hangzhou Normal 
University, Hangzhou, China (approval number: 2016056; date 
of approval: 2016.02.29), and were carried out in accordance 
with the National Research Council’s Guide for The Care and 
Use of Laboratory Animals. A total of 20 male Sprague-Dawley 
rats weighing 180–200 g were purchased from Shanghai 
SLACCAS Laboratory Animal Co., Ltd. (Shanghai, China) and 
were maintained under specific pathogen-free conditions at 
a constant temperature of 21±2°C and humidity of 55±10%. 
The rats were randomly divided into 2 groups: a high-fat diet 
(HFD) group and a normal diet group, with 10 rats per group. 
Rat feed was obtained from Trophic Animal Feed High-Tech Co., 
Ltd. (Nantong, China), and the HFD included 82% basic feed, 
10% lard oil, 5% yolk powder, 2% cholesterol, and 1% sodium 
deoxycholate. Rat body weight, behavior, appetite and fur color 
were monitored on a weekly basis. At the end of 8 weeks, all 
rats were fasted overnight and then euthanized by intraperi-
toneal injection of 1% pentobarbital sodium (0.5 mL/kg body 
weight). Blood samples were collected for biochemical analy-
sis. Liver tissue samples were obtained for histological analy-
sis and total RNA and protein extraction.

In vitro studies

In this study, we used the hepatoblastoma cell line (HepG2) 
and L02 cell lines as representative of primary human hepato-
cytes, since the isolation and culture of primary human hepa-
tocytes are particularly difficult. Besides, HepG2 cells [24,25] 
and L02 cells [26,27] have been shown to be highly relevant 
and suitable for senescence studies in vitro model.

Induction of senescence in HepG2 cells

HepG2 was purchased from the Cell Resource Centre of the 
Chinese Academy of Sciences, Ltd. (Shanghai, China). The cells 
were grown in Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco) with 10% fetal bovine serum (FBS) (Gibco). Cells were 
preincubated in 6-well plates at a density of 5×105 cells per 
well for 24 hours and then treated with 0.5 mM hydrogen 
peroxide (H2O2) (Sigma) for 60 minutes to induce senescence; 
control cells were incubated in culture media alone. Then, the 
cells were incubated at 37°C and 5% CO2 for 5 days [24,25]. 
Senescence was confirmed using senescence-associated beta-
galactosidase (SA-b-gal) activity and expression of the cell cy-
cle phase markers p16, p21, and p53.
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p66shc knockdown in HepG2 cells

A lentivirus-mediated short hairpin RNA (shRNA) vector was 
constructed by GenePharma (Shanghai, China). HepG2 cells 
were infected with either a lentiviral vector expressing a shRNA 
targeting p66shc mRNA (shp66shc) or a vector expressing a 
shRNA control (negative control lentivirus, NC). The shRNA 
sequences for p66shc RNA interference were as follows: 
#1 GCCACGGGAGCTTTGTCAATA, #2 GCAAACAGATCATCGCCAACC, 
and #3 CCGCTTTGAAAGTGTCAGTCA. The sequence for the 
control was a nontargeted scrambled shRNA sequence: 
TTCTCCGAACGTGTCACGT. Then, the cells were treated with 
0.5 mM H2O2 to induce lipotoxicity and senescence for further 
analysis. Then, shp66shc efficiency was detected by quantita-
tive real-time polymerase chain reaction (qRT-PCR) and west-
ern blot assays.

p66shc overexpression in L02 cells

The human hepatocyte cell line (L02) was provided by the 
Cell Resource Centre of the Chinese Academy of Sciences, Ltd. 
(Shanghai, China). The cells were incubated in RPMI 1640 me-
dium (Gibco) containing 10% (v/v) FBS (Gibco) at 5% CO2 and 
37°C. Then, L02 cells were transfected with pcDNA3.1-p66shc 
or pcDNA3.1-negative control (GenePharma) following the in-
structions provided with Lipofectamine™ 2000 (Invitrogen) 
for these experiments. Then, p66shc overexpression was con-
firmed by qRT-PCR and western blot assays.

Human studies

Liver tissue samples were obtained from 27 patients who had 
liver biopsies collected due to suspected NAFLD; patients were 
treated at the Diagnosis and Treatment Center of the Affiliated 
Hospital of Hangzhou Normal University (Hangzhou, China). 

In addition, histologically normal liver sections from 3 patients 
who underwent a partial hepatectomy for liver cancer were 
used as controls. All patients gave their informed consent for 
inclusion before they participated in the study. The study was 
carried out according to the rules of the Declaration of Helsinki 
(as revised in Brazil in 2013), and the experimental proto-
cols were approved by the Ethics Committee of the Affiliated 
Hospital of Hangzhou Normal University (approval number: 
2015-HS-001; date of approval: 2015. 02.05) in Hangzhou, 
China. All liver samples were assessed by the same single pa-
thologist using the Steatosis, Activity, Fibrosis (SAF) score sys-
tem [28]. Protein levels of p66shc and the senescence marker 
p21 were assessed by immunohistochemistry.

Evaluation of SA-b-gal activity

SA-b-gal activity was evaluated using a senescent cell histo-
chemical staining kit (Beyotime). Senescent hepatocytes were 
counted as a percentage of all hepatocytes per field.

Oil Red O staining

Preparation of an Oil Red O (BASO) working solution and stain-
ing of slides were performed according to the manufacturer’s 
recommendations. The surfaces of lipid droplets were quantified 
using ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) by measuring the area occupied by red pixels.

RNA	isolation	and	qRT-PCR	analysis

Total RNA was extracted with TRIzol reagent (Life Technologies). 
All samples were reverse transcribed to generate cDNA accord-
ing to the directions of the reverse transcription kit (Roche, 
Basel, Switzerland). The cDNA samples were amplified using 
Fast SYBR Green Master Mix and an ABI PRISM 7900 system 

Table 1.  Sequence of the Primers for Quantitative Real-Time Polymerase Chain Reaction.

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)

Rat-GAPDH GACATCAAGAAGGTGGTGAAGC TGTCATTGAGAGCAATGCCAGC

Rat-P16 CCGAGAGGAAGGCGAACTC GCTGCCCTGGCTAGTCTATCTG

Rat-P21 GAGCAAAGTATGCCGTCGTC CTCAGTGGCGAAGTCAAAGTTC

Rat-P53 GCCATCTACAAGAAGTCACAGC GATGATGGTAAGGATAGGTCGG

Rat-P66shc GGTTGCGTGGAGGTCTTA GTCTGCTGCCATGAGGTT

Human-GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

Human- P16 CAGTAACCATGCCCGCATAGA AAGTTTCCCGAGGTTTCTCAGA

Human- P21 TGGAGACTCTCAGGGTCGAAA GGCGTTGGAGTGGTAGAAATC

Human- P53 GAGGGATGTTTGGGAGATGTAA CCCTGGTTAGTACGGTGAAGTG

Human- P66shc GTATGTGCTCACTGGCTTGC CTGACACTTTCAAAGCGGTG
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Figure 1.  Characterization of the rat model of NAFLD. (A) Representative images of H&E and Oil Red O staining of liver sections 
(400×). (B) Liver weight. (C) Liver index. (D) Serum ALT level. (E) Serum AST level. (F) Serum HDL-C level. (G) Serum LDL-C 
level. (H) Serum TC level. (I) Serum TG level. The values represent means±SD (n=10 per group). Statistical significance: 
* P<0.05. NAFLD – nonalcoholic fatty liver disease; H&E – hematoxylin and eosin staining; ALT – alanine aminotransferase; 
AST – aspartate aminotransferase; HDL-C – high-density lipoprotein cholesterol; LDL-C – low-density lipoprotein cholesterol; 
TC – total cholesterol; TG – triglyceride; SD – standard deviation.
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(both Applied Biosystems, Foster City, CA, USA). The results 
were normalized to the expression level of the housekeeping 
gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase). 
The sequences of the primers are shown in Table 1.

Western blot analysis

Proteins were extracted using radioimmunoprecipitation as-
say (RIPA) lysis buffer (Thermo Scientific), and then separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Beyotime) and transferred to polyvinylidene diflu-
oride (PVDF) membranes (Bio-Rad). After blocking nonspecif-
ic binding, the PVDF membranes were incubated with the fol-
lowing primary antibodies: GAPDH (Cell Signaling Technology), 
p66shc (Abcam), p21 (Santa Cruz Biotechnology), p16 (Abcam), 
nuclear heterochromatin protein-1-beta (HP1b) (Cell Signaling 
Technology), and the phosphorylated form of H2A histone 
family member X (g-H2AX) (Cell Signaling Technology). Then, 
the membranes were immunostained with secondary an-
tibodies (Santa Cruz Biotechnology). Finally, an enhanced 

chemiluminescence (ECL) system (Thermo Fisher Scientific) 
was used for protein detection.

Statistical analysis

Data are expressed as the mean±standard deviation. 
Comparisons between groups were performed using unpaired 
Student’s t-tests. Correlations were assessed by Pearson’s cor-
relation coefficient between the normally distributed hepat-
ic p66shc and p21 expression levels in NAFLD patients and 
by Spearman’s rank correlation coefficient between the non-
normally distributed hepatic p66shc expression and the se-
nescence markers and biochemical parameters levels in rats. 
P<0.05 was indicative of a statistically significant difference. 
All analyses were performed using SPSS software (SPSS ver-
sion 22, Chicago, IL, USA).
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Figure 2.  The expression levels of hepatic p66shc and senescence markers in HFD-induced NAFLD rats compared with controls. 
(A) Hepatic mRNA levels of p66shc and senescence related genes p16, p21, and p53. (B) g-H2AX protein level. (C) HP1b 
protein level. (D) p16 protein level. (E) p21 protein level. (F) p66shc protein level. The values represent means±SD; n=10 (A) 
and 6 (B–F) per group, respectively. Statistical significance: * P<0.05. HFD – high fat diet; NAFLD – nonalcoholic fatty liver 
disease; g-H2AX – phosphorylated form of H2A histone family member X; HP1b – nuclear heterochromatin protein-1-beta; 
SD – standard deviation.
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Results

Increased hepatic expression of p66shc in NAFLD rats 
correlated with increases in biochemical markers of 
senescence

To understand the relationship between p66shc and hepato-
cyte senescence in NAFLD and the role of each in the disease 

pathogenesis, we first generated an HFD-induced rat model 
of NAFLD. HFD-fed rats displayed an obvious increase in liv-
er weight and liver index compared with those in the con-
trol group (all P<0.05; Figure 1B, 1C). According to hematoxy-
lin and eosin staining (H&E) and Oil Red O staining, HFD-fed 
rats presented with increased lipid droplet accumulation and 
inflammatory infiltration (Figure 1A). Consistent with the 
pathologic alterations, serum alanine aminotransferase (ALT), 
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Figure 3.  p66shc expression and lipid accumulation in H2O2-induced senescent HepG2 cells. (A) mRNA levels of p66shc and senescence 
markers p16, p21, and p53. (B) p66shc and p21 protein levels as evaluated by western blot assays. (C) Representative 
images of SA-b-gal activity staining (left panel), p21 immunohistochemical staining (middle panel), and Oil Red O staining 
(right panel, 400×). Statistical significance: * P<0.05. H2O2 – hydrogen peroxide; HepG2 – hepatoblastoma cell line; 
mRNA – messenger RNA; SA-b-gal – senescence-associated beta-galactosidase.
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aspartate aminotransferase (AST), total cholesterol (TC), tri-
glyceride (TG), and low-density lipoprotein cholesterol (LDL-C) 
levels were also significantly increased in response to the HFD, 

and high-density lipoprotein cholesterol (HDL-C) levels in the 
HFD group were decreased compared with those in the con-
trol group (all P<0.05; Figure 1D–1I).
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Figure 4.  p66shc deficiency inhibits H2O2-induced senescence and lipid accumulation in HepG2 cells. (A) p66shc mRNA level. 
(B) p66shc protein level as evaluated by western blot assays. (C) Senescence marker p21 mRNA level. (D) p21 protein level 
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Figure 5.  Overexpression of p66shc promotes senescence and steatosis in L02 cells. (A) p66shc and senescence marker p21 mRNA 
levels. (B) p66shc and senescence marker p21 protein levels as evaluated by western blot assays. Representative images 
of SA-b-gal activity staining (C) and Oil Red O staining (D). (400×). Statistical significance: * P<0.05. SA-b-gal – senescence-
associated beta-galactosidase.

Subsequently, we found that a HFD diet increased the ex-
pression of a variety of senescence markers in the liver as fol-
lows: the cell cycle inhibitors p16, p21, and p53, and g-H2AX 
(a marker of the DNA damage response and an initiator of 
cell senescence) and HP1b (a marker of senescence-associ-
ated heterochromatin foci), as shown in Figure 2 (all P<0.05). 
We then measured the p66shc expression level in the livers of 
the rats. As expected, hepatic p66shc expression was signifi-
cantly increased in NAFLD rats (P<0.05; Figure 2A, 2F) and pos-
itively correlated with the senescence markers p16, p21, and 
p53 (r=0.593, r=0.544, and r=0.870, respectively, all P<0.05). 
Furthermore, p66shc mRNA levels were also found to be pos-
itively correlated with serum TC and TG levels and inversely 
correlated with serum HDL-C levels (r=0.532, r=0.563, and 
r=–0.621, respectively, all P<0.05). These results suggest that 

p66shc is closely related to hepatocyte senescence and that 
it may be involved in the pathogenesis of NAFLD.

p66shc expression and lipid accumulation are exacerbated 
in H2O2-induced senescent HepG2 cells

We further investigated the role of p66shc in regulating hepa-
tocyte senescence and hepatocyte damage in vitro. Oxidative 
stress plays a critical role in the progression of NAFLD and 
appears to be a major driver of hepatocyte senescence; thus, 
a model of oxidative stress-induced senescence in HepG2 cells 
was established in our study. As shown in Figure 3, after ex-
posure to low concentration of H2O2, the senescence mark-
ers p16, p21, and p53 and the proportion of SA-b-gal-positive 
cells showed significant increases in H2O2-treated HepG2 cells 
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compared with those values in untreated cells (all P<0.05). 
Along with the increases in markers of senescence, H2O2-treated 
senescent HepG2 cells displayed higher expression levels of 
p66shc (Figure 3A, 3B) and a larger amount of severe lipid ac-
cumulation than control cells (all P<0.05, Figure 3C, right panel).

p66shc deficiency inhibits H2O2-induced senescence and 
lipid accumulation in HepG2 cells

Based on the aforementioned findings, gene-specific lentiviral 
shRNAs were then designed to knockdown the expression of 
p66shc in HepG2 cells. As shown in Figure 4, both shp66shc 
#1 and #3 significantly inhibited p66shc mRNA and protein 
expression in HepG2 cells (P<0.05; Figure 4A, 4B). Loss of 
p66shc due to treatment with either shp66shc #1 or #3 re-
sulted in significant inhibition of H2O2-induced increases in 
p21 expression and the percentage of SA-b-gal-positive cells 
(all P<0.05; Figure 4C–4E). In addition, Oil Red O staining anal-
ysis indicated that H2O2-induced intracellular lipid accumula-
tion was attenuated by treatment with either shp66shc #1 or 
#3 (P<0.05; Figure 4F).

Overexpression of p66shc promotes senescence and 
steatosis in L02 cells

To further verify the regulation of hepatocyte senescence 
and steatosis by p66shc, we transfected L02 cells with ei-
ther recombinant DNA encoding p66shc or a negative con-
trol (NC). Following transfection with the recombinant DNA 
(L02/p66shc cells), the expression of p66shc was signifi-
cantly enhanced compared with that observed in the control 

cells (P<0.05; Figure 5A, 5B). As expected, p66shc overexpres-
sion enhanced p21 expression and SA-b-gal activity signifi-
cantly in L02/p66shc cells compared with that in the control 
cells (all P<0.05; Figure 5A–5C). In addition, overexpression of 
p66shc resulted in a significant increase in hepatocellular fat 
deposition (P<0.05; Figure 5D). Overall, these data strongly in-
dicate that p66shc promotes senescence and abnormal lipid 
accumulation in hepatocytes. The enhanced senescence and 
steatosis in the liver tissue of NAFLD patients may be caused 
by the increase in p66shc expression.

Increased hepatic p66shc expression positively correlated 
with	increased	expression	of	the	senescence	marker	p21	
and disease severity in patients with NAFLD

Finally, we examined hepatic p66shc and senescence mark-
ers in human NAFLD. The classification of patients according 
to histopathological type is presented in Table 2. The expres-
sion levels of p66shc and p21 protein were detected by im-
munohistochemistry (Figure 6A). Hepatic p66shc protein lev-
els were enhanced in parallel with the severity of liver injury. 
There were significant differences in p66shc staining intensity 
when making the following comparisons of patients: NAFLD 
and control, NAFL and NASH, and fibrosis 0–1 and fibrosis ≥2 
(all P<0.05; Figure 6B–6D). Furthermore, the percentage of 
p21-positive hepatocytes was also increased in patients with 
NAFLD compared with that of controls (P<0.05; Figure 6B). 
Moreover, patients with fibrosis ≥2 had higher expression of 
p21 than patients with fibrosis 0–1 (P<0.05; Figure 6D). In ad-
dition, scatter plot analysis demonstrated a positive correla-
tion between p66shc expression and p21 expression (r=0.594, 
P<0.05; Figure 6E).

Discussion

Increasing evidence indicates that hepatocyte senescence 
plays a pivotal role in the progression of NAFLD [8–15]. Thus, 
potential endogenous regulators of hepatocyte senescence 
may represent a new therapeutic option for NAFLD. Excessive 
production of ROS, the majority of which are generated in mi-
tochondria, contributes to the process of cellular senescence. 
The adapter protein p66shc is a recognized mediator of mito-
chondrial ROS production and moderates various types of ox-
idative stress-related damage under a variety of pathophysio-
logical conditions, including hypertension [29], diabetes [30,31], 
ischemic injury [32], skeletal muscle damage [33], and kidney 
disease [34,35]. Thus, it is interesting to speculate whether 
p66shc plays an important role in regulating hepatocyte se-
nescence and participates in the pathophysiology of NAFLD.

The role of p66Shc in hepatocyte and liver diseases has been 
identified. For instance, Tomita et al. found that the p66shc 

Table 2.  Histopathological Features of NAFLD Patients with Liver 
Biopsy.

Steatosis, activity, fibrosis (SAF) score system was used to 
assess the pathological characteristics and histological severity 
of all liver samples. NAFLD – (S≥1AanyFany); NASH – (S≥1A≥2Fany); 
NAFL – (S≥1A<2F<2) [28]. NAFLD – nonalcoholic fatty liver disease; 
NASH – nonalcoholic steatohepatitis; NAFL – nonalcoholic fatty 
liver.

Histopathological feature N

Steatosis 
(grade: 0/1/2/3) 

0/9/6/12

Activity 
(grade: 0–4) 

Lobular inflammation 
(grade: 0/1/2) 

1/14/12

Hepatocyte ballooning 
(grade: 0/1/2)

0/12/15

Fibrosis 
(stage: 0/1/2/3/4)

5/7/8/6/1

NASH/NAFL 19/8
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protein level was elevated in the livers of patients and mice with 
NASH [23]. Conversely, inhibition of p66shc attenuated ethanol-
induced mitochondrial ROS generation and hepatocyte dam-
age in mice [36], which may mechanistically resemble NAFLD. 
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Figure 6.  Increased hepatic p66shc protein expression positively correlates with increased protein expression of the senescence marker p21 
and disease severity in NAFLD patients. (A) Representative images of immunohistochemical staining of hepatic p66shc and p21 
in a subset of patients (400×). Hepatic p66shc relative staining intensity and p21-positive cells are shown in NAFLD patients and 
control subjects (B), NAFL and NASH (C), fibrosis 0–1 and fibrosis ≥2 (D). Box plots demonstrate the interquartile range (box) as well 
as median and range. (E) Scatter plot analysis of the correlation between p66shc and p21 expression levels. Statistical significance: 
* P<0.05. NAFLD – nonalcoholic fatty liver disease; NAFL – nonalcoholic fatty liver; NASH – nonalcoholic steatohepatitis.

Moreover, overexpression of p66shc can increase sensitivity 
to oxidation-dependent DNA damage in hepatocytes [37,38]. 
In addition, a recent study demonstrated that p66shc could 
contribute to liver fibrosis through mitochondrial ROS [39]. 
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In our study, we further demonstrated p66shc was a driver of 
lipid accumulation in human liver cells, and the increased he-
patic p66shc in NAFLD patients was correlated with the his-
tological severity. Together with our data, these evidences in-
dicate that p66shc might play a critical role in hepatic lipid 
transportation and consumption and contribute to the pro-
gression of NAFLD. However, the mechanisms have not been 
fully elucidated.

In our study, we showed that hepatic p66shc and senescence 
markers were enhanced in a rat model of NAFLD. In in vitro ex-
periments, H2O2 enhanced the expression of senescence mark-
ers and lipid accumulation in hepatocytes. Inhibiting p66shc 
signaling suppressed H2O2-induced senescence and steatosis 
in hepatocytes. We further demonstrated that overexpression 
of p66shc could promote senescence and steatosis in hepato-
cytes. Therefore, we hypothesized that hepatocyte senescence 
was regulated by p66shc to be involved in NAFLD pathogen-
esis. In addition, our analysis of human samples showed that 
increased p66shc-mediated senescence signaling might play 
an important role in the progression of NAFLD.

P66shc was demonstrated to serve as a redox protein that 
produces ROS in mitochondria. Our results showed that H2O2-
mediated oxidative stress would further activate p66shc and 
result in senescence. It appears that p66shc regulates senes-
cence via ROS generation but may also be activated by in-
creased ROS. In addition, the p53/p21/Cip1/Waf1 pathway 
is one of the main driving forces behind the induction of the 
senescence program [40]. Recent studies suggested that p53 
could promote p66shc transcription by binding to the putative 
p53 binding sequence in the p66shc promoter [23]. We further 
demonstrated that p66shc and p21 are genetically and func-
tionally linked. Therefore, p66shc is very likely to be a critical 
component of the p53/p21 senescence pathway in hepatocytes.

However, some limitations should be considered for this re-
search. First, data on the effects of p66shc silencing in a NAFLD 
animal model were absent, and these experiments will need 
to be done in future research. Second, we did not directly con-
firm that p21-mediated hepatocyte senescence was upstream 
or downstream of p66shc and cannot conclude that the ef-
fect of p66shc on lipid consumption and disease progression 
was mediated by this specific senescence pathway. The exact 
mechanisms will need to be further explored in future work. 
Third, the clinical sample size was not sufficiently large, and 
future studies with larger samples are warranted to gain more 
insight into the clinical correlation between p66shc and hepa-
tocyte senescence and disease progression in NAFLD.

Conclusions

To our best knowledge, this was the first study demonstrat-
ing that p66shc regulated senescence and lipid accumula-
tion in hepatocytes, which indicated that p66shc may explain 
the progression of NAFLD in part via a senescence-dependent 
mechanism. Inhibition of hepatic p66shc expression and its 
mediated hepatocyte senescence signaling pathway may thus 
provide a potential therapeutic target for impeding the pro-
gression of hepatocyte damage in NAFLD.
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