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The extent of liver injury determines
hepatocyte fate toward senescence or
cancer
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Min-Jun Wang1, Yong-Chao Cai2, Qing-Hui Zhao2, Uyunbilig Borjigin6, Wei Liu2, Wu-Jun Xiong7, Kirk J. Wangensteen8,
Xin Wang6,9,10, Zhong-Min Liu2 and Zhi-Ying He 1,2

Abstract
It is well known that induction of hepatocyte senescence could inhibit the development of hepatocellular carcinoma
(HCC). Until now, it is still unclear how the degree of liver injury dictates hepatocyte senescence and carcinogenesis. In
this study, we investigated whether the severity of injury determines cell fate decisions between hepatocyte
senescence and carcinogenesis. After testing of different degrees of liver injury, we found that hepatocyte senescence
is strongly induced in the setting of severe acute liver injury. Longer-term, moderate liver injury, on the contrary did
not result into hepatocyte senescence, but led to a significant incidence of HCC instead. In addition, carcinogenesis
was significantly reduced by the induction of severe acute injury after chronic moderate liver injury. Meanwhile,
immune surveillance, especially the activations of macrophages, was activated after re-induction of senescence by
severe acute liver injury. We conclude that severe acute liver injury leads to hepatocyte senescence along with
activating immune surveillance and a low incidence of HCC, whereas chronic moderate injury allows hepatocytes to
proliferate rather than to enter into senescence, and correlates with a high incidence of HCC. This study improves our
understanding in hepatocyte cell fate decisions and suggests a potential clinical strategy to induce senescence to treat
HCC.

Introduction
Hepatocellular carcinoma (HCC) is one of the most

frequent human malignancies with poor prognosis1.
Nowadays, the most effective treatment for HCC patients
is mainly to resect tumors because of the effective drugs
deficiency. Only a minority of patients are candidates for
surgerical extirpation or transplantation. Thus, a better
grasp of the cellular and molecular mechanisms

underlying HCC is needed in order to find effective
strategies for the treatment of HCC.
The role of cell senescence on inhibition of carcino-

genesis has been suggested in several recent studies2–10.
For example, programmed cellular senescence was found
to trigger innate immune responses targeting to liver
tumor cells9. However, the mechanisms for induction of
hepatocyte senescence have not been characterized until
now. Here, we characterize the level of injury as a crucial
trigger for senescence. Pathological changes of hepato-
cytes have been described according to the time length
and severity extent of different injuries11. Remarkably, a
high incidence of HCC is known to occur in humans with
chronic liver injuries, such as with alcohol addiction, fatty
liver disease, viral hepatitis or other chronic liver diseases.
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Animal models have been able to replicate most of these
types of chronic liver injuries to study carcinogenesis.
However, up to now, there has been no standard to clearly
define how level of liver injury relates to carcinogenesis.
Therefore, a better understanding of the inter-
relationships among liver injuries, hepatocyte senescence
and carcinogenesis will help clarify the pathogenesis of
HCC, which could guide therapeutic strategies for HCC.
Patients with hereditary tyrosinemia have been descri-

bed to undergo fulminant liver failure–leading to
death–or more prolonged injury with cirrhosis and greatly
increased risk of HCC12–14. The mouse model of this
condition, the fumarylacetoacetate hydrolase knockout
(Fah−/−) mice, are a robust model for inducible liver
injury and liver repopulation, for example with Fah
expression vectors15,16, or by transplantation of hepato-
cytes17–20. Fah−/− mice have been used in several studies
on carcinogenesis18,19. For example, hepatocytes have
been found to be resistant to apoptosis during liver injury
in Fah−/− mice, which promotes carcinogenesis through
activation of the AKT pathway21. More recently, a unique
role of the adaptive immune system on promoting carci-
nogenesis was found in Fah−/− mice, and resultant HCCs
closely matched the genetic profile of HCCs in humans22.
Here, we investigated the inter-relationship among the

level of liver injury, hepatocyte senescence and carcino-
genesis. We discover that the degree of liver injury
determines the hepatocyte cell fate into senescence or
carcinogenesis, paving a way to potentially treat or pre-
vent HCC by inducing hepatocyte senescence.

Results
Induction of hepatocyte senescence by severe acute liver
injury
Cellular injuries can result in senescence, apoptosis or

necrosis23. In Fah−/− mice, hepatocytes undergo toxic
injury by the abnormal accumulation intermediate
metabolites of tyrosine catabolism24. The drug 2-(2-nitro-
4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC)
specifically blocks toxin formation by inhibiting an
enzyme upstream of FAH in the tyrosine metabolic
pathway. Daily administration of therapeutic doses of
NTBC restores liver function and keeps patients with
hereditary tyrosinemia and Fah−/− mice completely
healthy24–26. In Fah−/− mice, total withdrawal of NTBC
has been shown to induce severe acute liver injury (SALI),
and lead to death within 6–8 weeks, while a reduction of
NTBC amount to 2.5% of the therapeutic dose induces
moderate chronic liver injury (MCLI)27.
In order to characterize the relationship between the

level of injury and senescence in hepatocytes, we first
examined the histopathology of Fah−/− mouse livers after
NTBC withdrawal. As seen with severe acute hepatic
injuries in humans, with SALI we detected abundant

hepatocyte multinucleation, bile duct hyperplasia, severe
hepatocyte steatosis and swelling (Fig. S1A-C). On the
other hand, with MCLI, milder pathological changes were
detected, including micro-inflammation, foci of necrosis
and micro-steatosis, slight nuclear polymorphism and
hepatocyte swelling (Fig. S1A-C). In addition, analyses on
serum indexes of liver function were used to confirm the
degrees of liver injury in SALI and MCLI mice. We found
that the serum indexes of ALT, AST, and T-bil were
significantly higher in the SALI group than the MCLI
group (Fig. S2A). There was a significant increase in cell
size with 4 weeks SALI (Fig. S1A, D, F), which is generally
regarded as indicative of cellular senescence28. In con-
trast, no obvious enlargement occurred in MCLI
(Fig. S1A, E, F). TUNEL-positive cells were not detectable
in either SALI or MCLI (Fig. S2B, C), which suggested
that hepatocytes were apoptosis-resistant, as reported
previously27,29,30.
As apoptosis and necrosis were not evident in either

injury condition, we further characterized whether
senescence is the major event in SALI in Fah−/− mice
after total NTBC withdrawal. We examined liver samples
at 0, 2, 4, 6, and 8 weeks of treatment for markers of
hepatocyte senescence, as in previous studies31. Senes-
cence associated-β-galactosidase (SA-β-Gal) activity32,33,
was undetectable in control tissue, but became positive in
nearly 50% of hepatocytes by 8 weeks of SALI (**p < 0.01
vs. control, Fig. 1a,d). Similarly, the senescence associated
heterochromatin (SAHF) assay34 also increased from
undetectable levels to more than 30% positive with SALI
(**p < 0.01 vs. control, Fig. 1b,d). The cell cycle inhibitor
p21 staining became positive in hepatocytes only with
SALI (**p < 0.01, Fig. 1c, d). In fact, the cell cycle inhibi-
tors p53 and p2135–37 both increased in expression with
SALI (**p < 0.01, Fig. 1e,f).
Taken together, the above results indicated that hepa-

tocytes became senescent during SALI.

Hepatocyte senescence was not significantly induced by
moderate chronic liver injury
Next, we examined whether hepatocyte senescence was

induced with MCLI, wherein the NTBC provided to
Fah−/− mice is reduced to 2.5% of the standard dose27.
We repeated the assays for cellular senescence during
12 weeks of MCLI. Results indicated that only very rare
SA-β-gal-positive cells were detected with up to 12 weeks
of MCLI (Fig. 2a,d). Although small proportion (<20%) of
cells became positive for either SAHF or p21 at 4 or
8 weeks, these levels decreased to fewer than 5% by
12 weeks (Fig. 2b–d). Western Blotting indicated that the
expressions of both p21 and p53 increased at 4 weeks, and
then started to decrease significantly from 8 to12 weeks
during MCLI (Fig. 2e,f). There were slight increases in
expression levels of p53 and p21 with MCLI, generally
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Fig. 1 Severe acute liver injury leads to hepatocyte senescence. a Representative images of SA-β-gal activity in the livers of Fah−/−mice
undergoing severe acute liver injury for 0, 2, 4, 6, and 8 weeks. b Representative images of SAHF staining in liver sections at 0, 2, 4, 6, and 8 weeks.
c Immunohistochemistry staining for p21 at 0, 2, 4, 6, and 8 weeks. d The bar graphs show the quantification of positive cells for SA-β-gal, SAHF, and
p21. e, f Protein levels of p53 and p21 in livers at 0, 2, 4, 6, and 8 weeks of severe injury. Quantitation of protein levels is shown on the right panel. The
baseline value was set on the expression level for Fah−/− mice on NTBC and considered equal to 1. All values presented as mean ± S.D. ** p < 0.01.
Scale bar, 100 µm
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Fig. 2 No significant induction of hepatocyte senescence with moderate chronic liver injury. a Detection of SA-β-gal activity in the livers of
Fah−/− mice after reduction of NTBC to 2.5% for 0, 4, 8, and 12 weeks. b Staining for SAHF at 0, 4, 8, and 12 weeks. c Immunohistochemistry staining
for p21 at 0, 4, 8, and 12 weeks. d Graph of the number of cells with positive for SA-β-gal, SAHF, and p21. e, f p53 and p21 expression levels in liver
tissue of Fah−/− mice in chronic liver injury at 0, 4, 8, and 12 weeks. Quantitation of protein levels was on the right panel. g Expression levels of p53
and p21 in livers of Fah−/− mice under SALI or MCLI at 0, 4, and 8 weeks. Shows are mean ± S.D. **p < 0.01. *p < 0.05. Scale bar, 100 µm
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reaching less than 2-fold, which contrasted with the dra-
matic increases seen with SALI of more than 4-fold and
15-fold, respectively (Fig. 2g).
In summary, there was little, if any, induction of hepa-

tocyte senescence with MCLI for the 12 week duration of
the study.

Carcinogenesis is strongly induced by MCLI but not by
SALI
Previous studies indicated that carcinogenesis is

induced with MCLI in Fah−/− mice27,29. Also, Fah−/−

mice are known to all die after removal of NTBC for more
than 6–8 weeks24, indicating that with SALI the animals
may die before carcinogenesis is possibly induced. To
determine whether carcinogenesis could be induced with
longer exposure to SALI, we cycled the NTBC-off periods,
so that the mice could survive SALI treatments. Thus, the
total time-length of SALI treatment-time was summed up
to be equivalent to total time-length of MCLI treatments.
Results of both weight curves of Fah−/− mice during
MCLI or prolonged SALI are summarized in Supple-
mentary Figure 3.
The results indicated that no tumor formed after

12 weeks of total SALI treatment-time (Fig. 3a,c; n= 18).
At 26 weeks of total SALI treatment-time, tumors were
found in 9 of 25 mice (Fig. 3a,c; n= 25). Each of the 9
mice with tumors had 10 to 20 individual tumor lesions in
their livers, ranging in size between 2 to 8mm in diameter
(Fig. 3d,e). On H&E the tumors were found to be HCC
(Fig. 3a).
In contrast to SALI, all of the mice undergoing MCLI

developed 2 or 3 tumor lesions after 12 weeks, ranging in
size from 2 to 5mm in diameter (Fig. 3b–e; n= 12). At
26 weeks MCLI, the numbers of tumor lesions reached to
more than 30 per liver of all mice (Fig. 3e). The size of
tumor lesions averaged 2 to 12mm in diameter (Fig. 3d).
The tumors were found to be HCC on analysis of H&E
sections (Fig. 3b).
In summary, carcinogenesis was strongly induced by

MCLI, and was induced with SALI at a reduced rate only
with multiple cycles of injury.

Reduction in carcinogenesis by induction of hepatocyte
senescence
Based on the above results, we hypothesized that

induction of hepatocyte senescence could reduce the
incidence of HCCs in mice undergoing MCLI. As shown
above, all mice undergoing MCLI developed HCC by
12 weeks of treatment. Thus, we began 4 weeks of SALI
treatment in mice after 8 weeks of MCLI treatment (C 8w
+A 4w group), and compared these mice to 12 weeks of
continuous MCLI (C 12w group) (Fig. 4a). At 8 weeks, the
livers demonstrated moderate, chronic injuries with
MCLI treatment (Fig. S1A). We found a marked

reduction in tumor incidence from 100% in the C 12w
group to less than 15% in the C 8w+A 4w group (**p <
0.01, Fig. 4b). Similarly, the number of tumor lesions per
mouse was also remarkably reduced in C 8w+A 4w
group as compared with C 12w group (Fig. 4b).
We detected the change of hepatocytes in the livers with

severe, acute injury in C 8w+A 4w mice. Hepatocyte size
was significantly increased in the C 8w+A 4w group when
compared to either the C 12w group or C 8w group with
MCLI treatment (**p < 0.01, Fig. 4c). The number of p21-
positive hepatocytes in C 8w+A 4w group was sig-
nificantly higher than that in both C 12w group and C 8w
group (**p < 0.01, Fig. 4d). In addition, the number of
SAHF-positive hepatocytes was higher in the C 8w+A 4w
group than that in both C 8w group and C 12w group (**p
< 0.01, Fig. 4e). Consistently, the number of Ki67-positive
hepatocytes decreased in the C 8w+A 4w group than that
in C 12w group (**p < 0.01, Fig. 4f). Western blotting
confirmed that p53 and p21 expression levels were
increased more than 12-fold and 7-fold, respectively, in the
C 8w+A 4w group as compared to the C 12w group
(Fig. 4g). On the other hand, the expression levels of the
cell cycle proteins CDK2 and CDK6 decreased during the
same processes (Fig. 4g). Therefore, hepatocyte senescence
was strongly induced by SALI after 8 weeks of MCLI.
In summary, the carcinogenesis was significantly

reduced by inducing hepatocyte senescence after MCLI.
Without the induction of senescence, all of these MCLI
pre-treated livers developed HCCs.

Extensive shift in transcriptome profiles after induction of
hepatocyte senescence
Next, we analyzed the relationships among individual

animals from three experimental groups (C 8w, C 8w+A
4w and C 12w) based on their global gene expression
patterns. 9980 genes were filtered by using gene and
sample requirement-filter function. Principal component
analysis (PCA) was then used to visualize the relationships
among individual samples from these three groups
(Fig. 5a). In the PCA plot, the expression profile of indi-
vidual samples in C 8w+A 4w group was dramatically
separated from the other two groups. Interestingly, indi-
vidual samples in either C 8w+A 4w group or C 8w
group were close to other samples in the same group. On
the other hand, individual samples in C 12w group were
significantly different for each other. This might be due to
the heterogeneity of hepatocellular carcinoma. The results
were consistent with previous research that substantial
variability was observed among the 373 HCC tumor
samples, indicating the presence of tumor
heterogeneity38.
We also built up heatmaps for genes annotated different

Gene Ontology terms about aging, cell proliferation or
cell cycle, or for genes known as hepatocellular carcinoma
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markers using R package gplots. Similarly, all these
heatmaps showed that the gene expression profiles in C
8w+A 4w group were separated with which in C 8w and
C 12w, and the profilers in C 8w and C 12w were clus-
tered to each other (Fig. 5b-e). These results showed that
the transcriptome profiles were globally shifted to another
direction by induction of hepatocyte senescence after
MCLI.

In order to realize the details of transcriptome profiles,
all differentially expressed genes were further clustered,
and total of 3 clusters were identified. Each of those
clusters mainly expressed in one specific group,
respectively (Fig. 5f). After KEGG enrichment analysis,
we found that Hippo signaling pathway relative genes
were enriched in cluster 1 genes (mainly expressed in C
8w+ C 4w group) and Cell Cycle related genes were

Fig. 3 Incidence of carcinogenesis with severe acute and moderate chronic liver injury. a, b Representative images of livers at 0, 8, 12, and
26 weeks. H&E staining of liver tissues under severe acute or moderate chronic liver injury. c Graphs representing tumor incidence at different time
points. Interestingly, the incidence of tumor in group SALI was significantly lower than that in group MCLI at 12 and 26 weeks. d, e Scatter plots
displaying the size of tumors (d) and tumor numbers (e) in the livers at the indicated time points. **p < 0.01. Scale bar, 100 µm
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Fig. 4 (See legend on next page.)
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enriched in cluster 3 genes (mainly expressed in C 12w
group) (Fig. 5g,h). Recently, activations of Hippo sig-
naling pathway genes were found to involve into M1-
like macrophage recruitment for inhibitions on hepa-
tocellular carcinoma metastasis39. To investigate whe-
ther macrophage relative genes were also regulated in
cluster 1 genes significantly, GO term enrichment ana-
lysis was applied in our samples. Results indicated that
genes related to macrophage activations were sig-
nificantly enriched in cluster 1 (p < 0.05; Supplementary
Table 2).
Together, results of transcriptome profiles proved that

different degrees of liver injuries induced the hepatocytes
to differently enter into either senescence or continuous
cell proliferations under particular degrees of liver inju-
ries. Importantly, a new hypothesis could be suggested,
which is that macrophages could be activated after re-
induction of senescence.

Senescence inhibits carcinogenesis by activating immune
surveillance
Recently, cell senescence induced-immune surveillance

has been found to be a critical mechanism inhibiting
carcinogenesis10,40,41. Here, we clarified whether this is
the mechanism for inhibiting carcinogenesis in SALI. We
investigated whether senescent hepatocytes could
enhance the proliferation of immune cells, especially the
activations and proliferations of macrophages, for
removing the pre-malignant senescent cells10.
We performed T-bet staining, which revealed that the

percentage of CD4+ Th1 cells of livers in C 8w+A 4w
group was significant higher than that in C 8w group
(8.41 ± 2.38% vs.1.50 ± 0.34%; Fig. 6a; **p < 0.01). Similarly
the percentage of CD68 positive macrophages was also
significantly higher in the C 8w+A 4w group than that in
the C 8w group (14.26 ± 3.98% vs.1.64 ± 0.57%; Fig. 6b;
**p < 0.01). CD57-positive NK cells were also found
increased in the C 8w+A 4w group vs. the C 8w group
(9.37 ± 4.85% vs. 3.36 ± 0.59%; Fig. 6c; **p < 0.01). Toge-
ther, these results suggested that senescent hepatocytes
could enhance the activation of immune cells. Meanwhile,
we also found that the level of macrophages in C 8w+A
4w group were 8.69 times higher than that in C 8w group,
while the level of CD4+ Th1 cells and NK cells were 5.61

times and 2.79 times higher in C 8w+A 4w group than C
8w group.
Recently, it was known that chemokine CCL2 (MCP-1)

secreted from senescent hepatocytes recruited CCR2+

immature myeloid cells (iMC) for differentiations into
macrophages to execute the clearance of pre-malignant
senescent cells10. Our results from bioinformatics ana-
lyses (Fig. 5f,g and Supplementary Table 2) suggested that
the scavenging effect of macrophages might also play an
important role during the process of inhibitions on car-
cinogenesis in the re-induction of senescence group. We
found that CCL2 had much higher expression in C 8w+
A 4w group than C 8w group (Fig. 6d). Besides of the
increased expression of CCL2, CD11b-positive senes-
cence-induced myeloid cells were also increased in the C
8w+A 4w group vs. the C 8w group (8.98 ± 3.41% vs.
0.87 ± 0.34%; Fig. 6e,f; **p < 0.01). Therefore, CCL2 could
enhance both recruitment and maturation of senescence-
induced myeloid cells. In addition, the activated macro-
phages were found to spread around the senescent
hepatocytes in livers of C 8w+A 4w group (Fig. 6g),
which supported our hypothesis that senescence could
inhibit carcinogenesis by the activating immune surveil-
lance initiated by macrophages.

Discussion
Here, our study indicates that the severe liver injury

leads hepatocytes to enter senescence. With reduced
injury, the hepatocytes do not enter senescence, and are
more likely to develop HCC. Our present findings suggest
that for hepatocytes to enter senescence they require a
threshold of liver injury.
The recent discovery on relationship between hepato-

cyte senescence and inhibition of carcinogenesis opens
our scope to realize the underlying mechanisms of car-
cinogenesis in HCC, and opens the door to new treatment
possibilities10. Re-induction of hepatocyte senescence by
SALI treatment could inhibit carcinogenesis through the
activation of immune surveillance. It is also possible that
hepatocyte senescence by SALI treatment could induce
other unknown mechanisms to inhibit carcinogenesis.
The results of our present study support the development
of strategies to induce senescence to treat or prevent
HCC.

(see figure on previous page)
Fig. 4 Induction of hepatocytes senescence reduces the occurrence of HCC. a Moderate chronic liver injury for 12 weeks (C 12w): Fah−/− mice
were given 2.5% NTBC for 12 weeks. Moderate chronic liver injury for 8 weeks, followed by severe acute liver injury for 4 weeks (C 8w+ A 4w): Fah−/−

mice were given 2.5% NTBC for 8 weeks, and then treated with SALI for 4 weeks. Livers were collected at 12 weeks. b Graphs representing tumor
incidence and tumor numbers in C 12w group and C 8w+ A 4w group. The incidence of tumor in group C 8w+ A 4w was significantly lower than
that in group C 12w at 12 weeks. c–e Indicators of hepatocytes senescence were detected in livers of Fah−/− mice after induction of SALI.
Hepatocytes size was detected by H&E staining (c). p21 (d), SAHF (e), and Ki67 (f) staining were detected by immunohistochemistry. The bar graph on
the right is a statistical chart of the corresponding positive cells. g Proteins of p53-p21 signaling pathway were analyzed by Western blot. The bar
chart of quantitative analysis is on the right. Shows are mean ± S.D. **p < 0.01. *p < 0.05. Scale bar, 100 µm
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Different from previous reports on the induction of
hepatocyte senescence to inhibit carcinogenesis41, our
findings were achieved by using an animal model that is
closely mimics clinically relevant liver disease24. In Fah−/

− mice, the inactivation of Fah leads to an accumulation

of toxic metabolites, such as fumarylacetoacetate (FAA),
which damages DNA and subsequently causes SALI30.
Fah−/− mice generally die of acute liver injury 4–8 weeks
after removal of NTBC. Fah−/− mice also are very useful
for studying carcinogenesis by integrating various genetic

Fig. 5 Analysis of gene expression profiles after induction of hepatocyte senescence. a Representative results of 3D-PCA for all individual tissue
samples from three experimental groups (C 8w, C 8w+ A 4w, C 12w). Tissue clusters were differentially colored as each distinct treatment. b–e
Heatmaps of expression level for genes associated with the Gene Ontology “regulation of cell proliferation”, “cell cycle”, “aging” and “hepatocellular
carcinoma”. Analysis of heatmap was obtained after filtering for genes expressed over 10 counts per gene in at least 4 individual samples. Expression
values were scaled by using scale function in R. f A heatmap built with differentially expressing genes between groups, frames were used to label the
three cluster genes. g, h KEGG enrichment analyses of Cluster 1 and Cluster 3 genes. The abscissa is log10 of adjusted p-values
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Fig. 6 (See legend on next page.)
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backgrounds, such as the p21-null liver29, or by expres-
sion of oncogenes15,42,43, or by modulating the level of
injury or cycling NTBC29.
In some previous studies of carcinogenesis, Fah−/−

mice were all analyzed under situation of MCLI29. MCLI
is usually a complex pathological process typically char-
acterized by the continuous low-level hepatocyte
destruction and renewal, which mimics alcohol abuse,
drug toxicity, viral infection, and genetic metabolic dis-
orders. In the present study, we control the degree of liver
injury in Fah−/− mice, and we were able to precisely
evaluate the differences in the hepatocytes for choosing
dual fates. Therefore, the degree of liver injury controls
the initiation of the activations on signaling pathways
specific to either carcinogenesis or hepatocyte senescence.
With the in-depth researches on downstream activities

after SALI or MCLI, the potential key factors to switch to
either hepatocyte senescence or carcinogenesis could be
realized, which will be helpful for design clinical protocols
of HCC therapy. Our results also indicate that re-
induction of senescence could activate immune surveil-
lance to inhibit carcinogenesis, which further supported
our hypothesis on SALI inducing hepatocyte senescence
to inhibit carcinogenesis. The senescent hepatocytes can
enhance the activations of immune cells, including mac-
rophages, CD4+ Th1 cells and NK cells, etc. Our results
indicate that macrophage activation may play a crucial
role in the process of senescence surveillance10,40,41. As
with previously characterized mechanism, our results
suggest that SALI induces hepatocyte senescence, pro-
motes activation and proliferation of macrophages,
and then induces cytotoxic scavenging and removal of

(see figure on previous page)
Fig. 6 Activation of immune surveillance upon induction of senescence. a CD4+ Th1 cells were detected by staining for T-bet. b Staining for
macrophages in the livers with IHC for CD68. c Staining for NK cells with IHC for CD57. d The bar charts show the positive rate of CD4+ Th1 cells,
macrophages, and NK cells in the two groups (C 8w and “C 8w+ A 4w”). e Staining for chemokine CCL2. f CD11b staining for senescence-induced
myeloid cells. a–e Representative photographs are the enlarged views of the corresponding position. f The bar chart shows the positive rate of
senescence-induced myeloid cells in the two groups (C 8w and “C 8w+ A 4w”). g Serial sections with staining of p21 and CD68 for senescent
hepatocytes and macrophages. Black arrows indicate the senescent cells, and red arrows indicate the macrophages. Shows are mean ± S.D. **p <
0.01. Scale bar, 100 µm

Fig. 7 Schematic diagram of the relationship between hepatocyte senescence and carcinogenesis during liver injury
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pre-malignant senescent hepatocytes to suppress carci-
nogenesis. However, existences of other unknown
mechanisms are still possible during future studies.
For the first time, our research indicates the existences

of a special inter-relationship between liver injury and
hepatocyte senescence, as well as liver injury and carci-
nogenesis during different inductions on degrees and time
lengths of liver injury in vivo. A schematic diagram for
such relationships was summarized in Fig. 7. Hepatocyte
senescence as a protective mechanism for inhibition car-
cinogenesis could be useful for the therapies on HCC in
the future.

Materials and methods
Mice
All the experimental mice were the same strain (129S4

background). All mice received humane care according to
the guidelines of Second Military Medical University
Animal Care and Use Committees.

Severe acute and moderate chronic liver injury models
Fah−/− mice were maintained on continuous NTBC in

their drinking water (7.5mg/L). In severe acute liver injury
(SALI), NTBC was totally withdrawn. In order to keep Fah−/
− mice survive under prolonged, SALI treatments were
divided into several stages. For each stage intervals between
two SALI treatments, the Fah−/− mice were taken back to
standard administration of NTBC for three days. Using this
method let the total time-length of collective treatments of
SALI equal to total time-length of CLI treatments. Mice
exposed to a reduced treatment regimen of NTBC (2.5%) in
the moderate chronic liver injury (MCLI) group. In the
induced senescence group (MCLI8+ SALI4), Fah−/− mice
were given 2.5% curative dosage NTBC for 8 weeks, and
then NTBC was removed for 4 weeks.

Hematoxylin-Eosin staining (H&E), Immunohistochemistry
(IHC), Oil red O staining, and Serum indexes
For hematoxylin-eosin staining, fresh liver tissues were

fixed with 4% paraformaldehyde (PFA), then were routi-
nely embedded in paraffin and sectioned into slices (2
µm). The slices were processed for roasting, dewaxing and
rehydration, and were stained with hematoxylin (Beyo-
time, Shanghai, CHN) for 5–10min, rinsed with water for
15min, sliced into 95% alcohol (Sinoreagent, Shanghai,
CHN) for 30 seconds, and then stained with eosin
(Beyotime, Shanghai, CHN) for an appropriate amount of
time (0.5–2min). Finally, the slice is dehydrated rapidly
and mounted with neutral resin (MXB, Fujian, CHN).
For immunohistochemistry staining, IHC steps are the

same as H&E before rehydration. The slices were soaked
in 0.01M citric acid buffer (pH 6.0) and placed in a
pressure cooker for 2–4min at 121 °C/100 kpa. Cool to
room temperature. 3% H2O2 solution blocked

endogenous peroxidase and 1% BSA blocked nonspecific
loci for 30 min at room temperature. The slices were
incubated with primary antibodies for at 4 °C overnight
and secondary antibodies conjugated with HRP at 37 °C
for 30 min. Staining with DAB (Vector Laboratories,
Burlingame, CA) was applied to the sections. The sections
were stained with hematoxylin (Beyotime, Shanghai,
CHN), dehydrated rapidly and mounted with neutral resin
(MXB, Fujian, CHN). The list of primary and secondary
antibodies is summarized as Supplementary Table 1.
For Oil red O staining, freshly harvested liver tissues

were embedded in the optimum cutting temperature
compound (Sakura Finetek, Torrance, CA). The tissues
was frozen and sliced to sections with thickness of 10 µm.
Staining of the slices was according to previously estab-
lished protocol of the Oil red O staining. Finally, the
sections were stained with hematoxylin (Beyotime,
Shanghai, CHN) for 5–10min, rinsed with water for 15
min.
For Serum indexes, sample blood was collected from the

retro-orbital sinus of test animals. Plasma was prepared
using Microtainer plasma separator tubes (BD) and stored
at −80 °C. Analysis the biochemical indexes of serum was
according to the previously established protocol.

Transferase-mediated deoxyuridine triphosphate-biotin
nick end labeling (TUNEL) staining
The staining is carried out according to the kit

instruction (Beyotime Biotechnology). TUNEL staining
steps are the same as H&E before rehydration. The slices
were treated with protease K at room temperature for
15–30 min. After PBS washing, 3% H2O2 solution blocked
endogenous peroxidase. Biotin-dUTP solution was incu-
bated at 37℃ for 60 min and the elimination agent was
dripped. Finally, Streptavidin-HRP working solution is
added to the section at room temperature for 30min.
Staining with DAB (Vector Laboratories, Burlingame, CA)
was applied to the sections.

Senescence associated-β-galactosidase (SA-β-Gal) activity
The staining is carried out according to the kit

instruction (Beyotime Biotechnology). Fresh tissue was
embedded in optimum cutting temperature compound
(Sakura Finetek, Torrance, CA). The tissue was frozen and
cut into slices of 5–7 µm. Add proper volume of SA-β-Gal
staining fixative solution to the section and fix it at room
temperature for 15min. Finally, the sections were incu-
bated in fresh SA-β-Gal stain solution at 37 °C.

Protein isolation and Western blot
100× protease inhibitors and 100× PMSF were added

into the lysate. Appropriate amount of cell lysate (Invent
Biotechnologies, Eden Prairie, MN) was added to the liver
tissue. The tissue was cut and homogenized, and then it
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was incubated on ice for 30 min. Centrifuge at 4 °C,
12,000 r.p.m. 10 min. Aspirate the supernatant and place
in a fresh tube kept on ice, and discard the pellet. Add 5×
loading buffer, and boiled at 100 °C for 3–5 min, store at
−20 °C or −80 °C. Separate proteins from sample lysates
using a standard sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) protocol. Transfer pro-
teins from the gel to a PVDF membrane (Millipore,
Temecula, CA), 350mA, 90min. Block the membrane
using a solution of 5% non-fat dry milk in TBST for at
least 60 min, RT. Incubate the membrane with primary
antibody (diluted in TBST) at 4 °C overnight. Wash the
membrane three times for 5 min each in TBST. Incubate
the membrane with secondary IgG Peroxidase conjugate.
Protein bands were detected by chemiluminescent sub-
strate (Thermo Scientific, Waltham, MA).

RNA sequencing and bioinformatics analysis
RNA sequencing technology is provided by Shanghai OE

Biotech Co., Ltd. PCA and hierarchical clustering were
performed using R44. PCA was used on gene and sample
requirement-filtered45 (any gene with reads less than 10
and with samples less than 4 has been removed) data to
visualize differences between groups. Hierarchical cluster
analysis on a set of dissimilarities and “complete” method
for analyzing different genes based on the same gene
ontology (i.e., “regulation of cell proliferation”, “cell cycle”
or “aging”) or “hepatocellular carcinoma” marker genes46.
The GOseq R package was used to perform GO enrich-
ment analysis of different cluster genes. A corrected P-
value < 0.05 was adopted as the standard for judging sta-
tistically significant enrichment of cluster genes. KEGG
enrichment analysis of different cluster genes was
implemented using clusterProfiler R package, and the
cutoff for P-value was set at 0.05. Raw sequencing data is
publically available at NCBI (GEO accession number
GSE108328).

Statistical analysis
All data are presented as mean ± standard deviation (S.

D.). Experimental data were analyzed by a Student t test
with Statistical Program for Social Sciences software (IBM
SPSS, IBM Corporation, Somers, NY, USA) to determine
significance. p < 0.05 was considered statistically
significant.
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