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A better understanding of hepatocyte senescence could be used to treat age-dependent
disease processes of the liver. Whether continuously proliferating hepatocytes could
avoid or reverse senescence has not yet been fully elucidated. We confirmed that the
livers of aged mice accumulated senescent and polyploid hepatocytes, which is associ-
ated with accumulation of DNA damage and activation of p53-p21 and p16ink4a-pRB
pathways. Induction of multiple rounds continuous cell division is hard to apply in
any animal model. Taking advantage of serial hepatocyte transplantation assays in the
fumarylacetoacetate hydrolase-deficient (Fah2/2) mouse, we studied the senescence of
hepatocytes that had undergone continuous cell proliferation over a long time period,
up to 12 rounds of serial transplantations. We demonstrated that the continuously
proliferating hepatocytes avoided senescence and always maintained a youthful state.
The reactivation of telomerase in hepatocytes after serial transplantation correlated
with reversal of senescence. Moreover, senescent hepatocytes harvested from aged mice
became rejuvenated upon serial transplantation, with full restoration of proliferative
capacity. The same findings were also true for human hepatocytes. After serial trans-
plantation, the high initial proportion of octoploid hepatocytes decreased to match
the low level of youthful liver. Conclusion: These findings suggest that the hepatocyte
“ploidy conveyer” is regulated differently during aging and regeneration. The findings
of reversal of hepatocyte senescence could enable future studies on liver aging and cell
therapy. (HEPATOLOGY 2014;00:000-000)

A
s with other body organs, the liver undergoes a
process of aging. The aging liver has been
reported to gradually decrease in size and in

total numbers of hepatocytes, decrease in regenerative
and metabolic capacity, and increase in proportion of
polyploid hepatocytes.1-3 Generally, all organs accumu-
late senescent cells with aging.4,5 Cellular senescence
typically is characterized by telomere shortening or
telomere dysfunction,6,7 activation of genes at the
INK4a/ARF locus,8,9 and accumulation of DNA dam-

age.4,10,11 Two main tumor suppressor pathways, p53-
p21 and p16ink4a-pRB, become activated when cells
enter into senescence.4,5,12 Some of the parameters
commonly used to identify senescent cells in vitro and
in vivo include SA-b-GAL activity, blockage of cell
proliferation, cell enlargement, accumulation of DNA
damage with accumulation of histone c-H2A.X foci,
and increased levels of cell cycle inhibitors p16INK4A,
p21, and p53.8,13 At present, no marker or hallmark
of senescence has been found to be entirely specific to
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the senescence state, and not all senescent cells express
all of these senescent markers. Cellular senescence was
once regarded as an irreversible process, permanently
blocking an aging cell from entering the cell cycle.4

However, many recent findings describe instances
where senescence can be reversed.12,14-17

The liver is different from many other organs for its
specific capacity to regenerate. Previous findings
revealed that mouse hepatocytes could undertake at
least 86 cell doublings after seven rounds of transplan-
tation.18 The repopulating hepatocytes after the sev-
enth round of serial transplantation still carried a
normal capacity of liver repopulation without reaching
an upper limit of cell divisions.18 Human hepatocytes
and cholangiocytes in normal liver maintain a constant
telomere length with increasing age,19 suggesting that
human liver cells may be similar to mouse liver cells
in maintaining the potential to proliferate and avoid
senescence. Interestingly, senescent hepatocytes from
severely cirrhotic mouse livers could recover both pro-
liferative capacity and physiological functions when
transplanted into livers of normal young recipients,
which strongly suggests that hepatocyte senescence
might be reversed by uncharacterized factors in the
microenvironment of normal liver.20 However, hepato-
cyte senescence itself has not been completely charac-
terized in previous studies.

Neither has the relationship between hepatic senes-
cence and hepatic polyploidy been fully explored. The
accumulation of polyploid hepatocytes with age was
previously regarded as the accumulation of hepatocytes
that fail to undergo cytokinesis of cell division.21-23

Hepatocyte polyploidy has also been regarded as cellu-
lar senescence.21 However, a recent finding reported
the existence of a hepatocyte “ploidy conveyor,” which
may be actively preserved throughout hepatocyte devel-
opment and maturation.24 Polyploidization together
with aneuploidy is thought to be a conserved source of
genetic variation with hepatocytes, which allows ani-
mals to survive injuries to the liver such as from envi-
ronmental toxins.24,25 Whether the activity of the
ploidy conveyor is maintained during hepatocyte pro-
liferation has not yet been studied.

In this study we first defined the properties of cellu-
lar senescence and the ploidy of hepatocytes in normal
mouse liver over 18 months of age. We isolated hepa-
tocytes from either 2-month-old or 18-month-old
mouse livers and performed serial transplantation. We
found that both young and aged hepatocytes inhibit
senescence programs upon regeneration. After serial
transplantation and serial liver repopulation the pro-
portion of hepatocytes at each level of ploidy (diploid,
tetraploid, or octoploid) returned to the levels of the
youthful state, suggesting that the “ploidy conveyer”
may be activated differently with age and regeneration.
Finally, human hepatocytes, similar to mouse counter-
parts, also rejuvenated by reversing senescence to
recover proliferation capacity upon stimulation of liver
repopulation.

Materials and Methods

Hepatocyte Isolation, Cell Transplantation, Serial
Transplantation, and Repopulation Assay. Hepato-
cytes were isolated from livers of male 129S4 wild-type
mice and Rosa26R-LacZ transgenic mice. Isolated
hepatocytes were injected intrasplenically into Fah2/2

mice as described previously.26,27 Serial transplantations
were performed as described previously.18 Liver repopu-
lated hepatocytes with b-gal expression were detected
and sorted using the FluoReporter lacZ Flow Cytome-
try Kit (Invitrogen, Carlsbad, CA). Hepatocytes were
retransplanted into fresh Fah2/2 recipients. After 8
weeks of repopulation, the next round of transplanta-
tion was performed, and so on, up to 12 times. Livers
were harvested and immunohistochemistry assay with
fumarylacetoacetate hydrolase (FAH) antibody was
used to examine the percentage of liver repopulation as
described previously.28-30 Human liver tissue was
obtained from surgical resection specimens of patients
with hepatic hemangioma (see Supporting Table S1 for
patient characteristics). Isolation and transplantation of
human hepatocytes was performed as described previ-
ously.27 Experiments were approved by the Ethical
Committee on Ethics of Biomedicine Research, Second
Military Medical University, P.R. China.
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Flow Cytometry and Fluorescent Activated Cell
Sorting (FACS). To quantify ploidy profiling, fixed
hepatocytes were stained with propidium iodide
(Sigma-Aldrich, St. Louis, MO) supplemented with
RNAse A (Sigma-Aldrich), then performed by a
FACS-Calibur flow cytometer (BD Biosciences,
San Jose, CA). For isolation of hepatocyte with
different ploidy, hepatocytes were incubated with
Hoechst 33342 (Sigma-Aldrich) and sorted with
an InFlux flow cytometer (Becton Dickinson,
Franklin Lakes, NJ) using a 150-lm nozzle as
described.24

Additional Materials and Methods can be found in
the Supporting Material online.

Results

Hepatocyte Polyploidy Increases With Liver Age
but Does Not Equate With Hepatocyte Senescence.
Hepatocytes in the adult liver normally turn over rarely
(1-2 times/year), and therefore are generally quiescent.31

We examined the dynamic process of hepatocyte
senescence in normal mouse liver over the course of
18 months of life. Enlarged hepatocytes were evident in
18-month-old mice compared to 2-month-old mice
(Supporting Fig. S1A). The results revealed that the per-
centages of SA-b-gal-positive and c-H2A.X-positive hepa-
tocytes increased with age from 1.37 6 0.64% and
1.73 6 0.23%, respectively, at 2 months of age, to
10.55 6 0.78% and 8.33 6 1.36% at 12 months and to
40 6 4.6% and 42.67 6 3.51% at 18 months (Fig. 1A;
Fig. S1B,C). The expression levels of p16ink4a and p21
increased significantly from 2 to 18 months (Fig. S1D).
Similar to in vivo hepatocytes, cultured primary
hepatocytes from 18-month-old mice had more SA-b-gal-
positive cells and fewer of bromodeoxyuridine (BrdU)-pos-
itive cells than from 2-month-old mice, indicting that
hepatocytes from older mice are more likely to be senescent
and are less capable of proliferation (Fig. S1E,F).

Although it has been reported previously that the pro-
portion of polyploidy hepatocytes increases continuously
with age,21 the relationship between polyploidy and
senescence in hepatocytes had not been fully elucidated.
We first examined the ploidy of hepatocytes, and found
that the percentage of diploid cells gradually decreased
from 23.40 6 3.05% at 2 months of age to
15.47 6 1.33% at 12 months, and 13.16 6 0.66% at 18
months (Fig. S2A). In contrast, the proportion of octo-
ploid hepatocytes doubled from 2 months to 18 months
from 16.80 6 5.1% to 34.06 6 1.80% (Fig. S2A).

We next purified diploid, tetraploid, and octoploid
hepatocytes from 2- and 18-month-old mice by FACS

based on DNA content (Fig. 1B).24 We found that
expression levels of p16ink4a, p21, and p53 in diploid,
tetraploid, and octoploid hepatocytes from 18-month-
old mice were all higher than those from 2-month-old
mice (Fig. 1C; S2B). Moreover, expression levels of
p16ink4a, p21, and p53 in octoploid hepatocytes from
18-month-old mice were also much higher than those
of diploid and tetraploid hepatocytes from the same
mice (Fig. 1C; S2B). In addition, the proportion of c-
H2A.X-positive cells was as low as about 2.5% of all
hepatocytes at all three levels of ploidy in 2-month-old
mice. It became 9.3 6 1.11% of diploid hepatocytes,
24.23 6 3.36% of tetraploid hepatocytes, and
78.23 6 4.14% of octaploid hepatocytes in 18-month-
old mice (Fig. S2C). These results indicted that the
increasing proportion of octoploid cells in 18-month-
old mice correlated with the increasing hepatocyte
senescence.

Hepatocytes are generally mononucleated or multi-
nucleated. It was still unclear whether or not the num-
ber of nuclei correlates with senescence. Microscopic
analysis after F-actin and Hoechst 33342 stainings was
used to measure the DNA content and to directly
assess the ploidy of hepatocytes,21,32 because FACS
cannot separate cells based on the number of nuclei.
Using fluorescence imaging technology, we found that
the percentage of mononucleated polyploid (�4n)
hepatocytes gradually increased from 29.13 6 1.24%
at 2 months of age to 34.09 6 0.89% in livers at 12
months, and 35.83 6 0.78% at 18 months (Fig. 1D).
Similarly, the percentage of binucleated polyploid
(�2 1 2n) hepatocytes increased from 41.87 6 1.19%
in livers at 2 months, to 45.17 6 0.83% at 12 months,
and to 49.63 6 1.79% at 18 months (Fig. 1D). These
results indicated that the proportions of both
binucleated and mononucleated polyploid hepatocytes
increased with age. The relationships between senes-
cence, ploidy, and number of nuclei per cell were fur-
ther determined by SA-b-gal and c-H2A.X staining.
The results showed that the majority of c-H2A.X-
positive hepatocytes were either mononucleated poly-
ploid (38.27 6 1.8%), or binucleated polyploid
(42.6 6 1.93%) (Fig. 1F). The remainder of c-H2A.X-
positive hepatocytes were the minority populations of
either mononucleated diploid hepatocytes or tri-
nucleated polyploid hepatocytes. Furthermore, we
found that 70% of c-H2A.X-positive hepatocytes were
also positive for SA-b-gal (Fig. 1E,F), suggesting that
the increase of polyploid hepatocytes in older mice
correlated with senescence regardless of whether the
polyploid hepatocytes had one or two nuclei.
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In summary, we found that the proportion of both
senescent and polyploid hepatocytes increases with
age. Senescence did not necessarily equate with poly-
ploidy; however, there was a fraction of diploid hepa-
tocytes that were senescent, and vice versa, and a
fraction of polyploid hepatocytes that were not
senescent.

Senescence Was Absent in the Hepatocytes Under-
going Continuous Cell Proliferation. We analyzed
senescence in hepatocytes undergoing continuous pro-
liferation during serial transplantations in Fah2/2

mice, a mouse model of liver injury and repopulation.
After the first liver repopulation, donor hepatocytes
were reisolated and retransplanted into new recipients

Fig. 1. Hepatocyte senescence and polyploidy. (A) Histochemistry assay for SA-b-gal activity in the liver of 2-, 6-, 12-, and 18-month-old
mice (denoted 2-mo, 6-mo, 12-mo, and 18-mo, respectively). (B) Flow cytometry was used to analyze and sort highly pure 2c, 4c, and 8c
hepatocytes from 2- and 18-month-old mice. (C) Western blot showing the protein levels of p16, p21, and p53 among three hepatocyte ploidy
levels isolated from 2- and 18-month-old mice. (D) Representative liver sections stained by Hoechst (nuclear labeling) and Phalloidin (outline of
a cell labeling, binding F-actin) at 2 and 18 months of age. The arrow marks representative mononucleated polyploid cells, while the arrowhead
marks binucleated cells. The graph on the right shows the average percentage of mononucleated and binucleated polyploid populations.
*P< 0.05, **P< 0.01 versus 2-month-old hepatocytes. (E) In situ analysis of 18-month-old liver sections showing DNA content and hepatocyte
senescence based on expression of SA-b-gal and c-H2A.X in the same sections. The left panel shows expression of SA-b-gal. The middle shows
staining by c-H2A.X and Hoechst. The right is double staining with Hoechst and F-actin. The white dashed lines and the arrowheads mark senes-
cent cells. (F) Quantification of the percentage of mononuclear polyploid and multinuclear cells with expression of the senescence marker
c-H2A.X in 18-month-old hepatocytes (left). Quantification of the percentage of c-H2A.X-positive polyploid cells that also express of SA-b-gal in
18-month-old liver (right). Shown are means 6 SD. Scale bars 5 40 lm.
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at each 8-week interval up to 12 times (Fig. 2A). The
total time elapsed from birth of the original donor
mouse was 26 months after 12 rounds of transplanta-
tion. As shown in Figs. 1 and S1, a significant
amount of senescent hepatocytes, represented by
either SA-b-gal or c-H2A.X-positive, existed in the
unmanipulated normal liver of 18-month-old mice.
However, the percentages of either SA-b-gal or c-
H2A.X-positive hepatocytes remained very low at 1,
6, 9, and 12 rounds of transplantation (Fig. 2B,C),
which were levels similar to 8-week-old, unmanipu-
lated hepatocytes. Similarly, the expression levels of
both p16ink4a and p21 in the repopulating hepato-
cytes after 12 rounds of transplantation were similar
to those of 8-week-old hepatocytes (Fig. 2D).
Remarkably, the repopulation capacity of hepatocytes
did not diminish even after 12 rounds of transplanta-

tion, always keeping a consistent rate of more than
85% liver repopulation (Fig. 2E).

Senescent Hepatocytes Become Rejuvenated After
Continuous Cell Proliferation. To determinate
whether senescent hepatocytes could rejuvenate after
they reenter cell cycles, we transplanted three kinds of
donor hepatocytes into Fah2/2 recipients at 8-week-old:
1) hepatocytes from 2-month-old mice; 2) repopulated
hepatocytes after 12 rounds of serial transplantation; 3)
hepatocytes from 18-month-old mice. At 3 weeks post-
transplantation, Fah staining revealed that all kinds of
donor hepatocytes could engraft into liver parenchyma,
and the number of repopulating colonies was not signif-
icantly different among the three groups (Fig. 3A,B).
However, colonies from donor hepatocytes of 2-month-
old mice and those repopulated hepatocytes after 12
rounds of serial transplantation typically consisted of

Fig. 2. Repopulated hepatocytes undergoing continuous cell proliferation maintain a youthful state. (A) Schema of serial transplantations for
induction of continuous proliferation of hepatocytes in vivo. (B,C) Histochemistry assay showing activity of SA-b-gal (B) and immunohistochemis-
try staining for c-H2A.X (C) in liver sections of primary and serially repopulated recipients 2 months after transplantation. Round 0, 1, 6, 9, 12
represents the number of rounds of serial transplantations. The panels on the right show quantification of number of cells with positive staining.
(D) Western blot showing expression of p16and p21 in the livers of primary and serially repopulated recipients after transplantation. (E) Immuno-
histochemistry staining using FAH antibody of liver sections of recipients after serial transplantation showed equivalent proportion of the liver that
was repopulated in recipients at 1, 6, 9, and 12 rounds of liver repopulation. Scale bars 5 100 lm.
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Fig. 3. Senescent hepatocytes rejuvenate to restore normal proliferative capacity. (A) Immunohistochemistry staining with FAH antibody to
compare the capacities for engraftment and proliferation 3 weeks after transplantation of hepatocytes from 2-month-old mice, 12 rounds serially
transplanted mice, and 18-month-old mice. Box: a magnified view. (B) Quantification of the numbers of Fah-positive nodules per visual field at
40-fold magnification in the three recipient groups. (C) Proportion of the liver that was repopulated in the four recipients groups after 3, 5, 8,
10 weeks. 2-mo, R12, 18-mo, and 18-mo R1 donors represent donor hepatocytes from: 2-month-old mice; 12 rounds of serially transplanted
mice; 18-month-old mice; and one round serially transplanted mice with 18-month-old hepatocytes, respectively. (D) Representative sections
showing FAH-positive staining of repopulating hepatocytes in the livers of the four recipient groups after 5, 8, 10 weeks. (E) A graph of the
mean values of repopulation nodule area in liver sections after transplantation of hepatocytes isolated from 2-mo, R12, 18-mo and 18-mo R1
donors (mean 6 SD). *P< 0.05; **P< 0.01. Scale bars 5 200 lm.
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4-5 hepatocytes, while the majority of colonies from
donor hepatocytes of 18-month-old mice only consisted
of 1-2 hepatocytes (Fig. 3A). The results indicated that
donor hepatocytes from aged mice had a reduced prolif-
eration capacity, although they could initially engraft
into the liver parenchyma with efficiency equal to hepa-
tocytes from younger or serially repopulated mice.

The efficiency of liver repopulation from the three
kinds of donor hepatocytes was further examined at
four timepoints in the following process. There was no
significant difference between the percentages of liver
repopulation by donor hepatocytes from either 2-
month-old mice or repopulated hepatocytes after 12
rounds of serial transplantation at 3, 5, and 8 weeks of
posttransplantation (Fig. 3C,D). In contrast, the per-
centage of liver repopulation and the nodule size from
donor hepatocytes of 18-month-old mice at 3, 5, and
8 weeks posttransplantation were significantly lower or
smaller than those finding results from experiments
with the other two groups of hepatocytes (Fig. 3C-E).
However, an equivalent rate of �90% repopulation
of the liver was achieved with all three groups of
donor hepatocytes at 10 weeks posttransplantation
(Fig. 3C,D), indicating that senescent hepatocytes
from 18-month-old mice regained the potential to
fully repopulate recipients after reentry into cell cycles.

Furthermore, hepatocytes were isolated from the
recipients of 18-month-old hepatocytes at 10 weeks
posttransplantation, and then serially retransplanted
into the new Fah2/2 recipients for 2 rounds. At 3, 5,
and 8 weeks of the second round of serial transplanta-
tion, the percentage of liver repopulation from these
hepatocyte donors was similar to the repopulation lev-
els in recipients transplanted with donor hepatocytes
from 2-month-old mice or the repopulated hepatocytes
after 12 rounds of serial transplantation (Fig. 3C-E),
indicating that the proliferation capacity of 18-month-
old hepatocytes recovered to the full capacity of young
hepatocytes after one round of transplantation and
liver repopulation.

To further confirm that senescent hepatocytes
could become rejuvenated after transplantation, three
ploidy levels of hepatocytes were isolated from 2- or
18-month-old mice, and were transplanted into
Fah2/2 recipients of 8-week-old mice. The amount
of repopulation nodules from the donor hepatocytes
of 18 month-old mice, with various ploidies, was
similar to those from the donor hepatocytes of
2 month-old mice, suggesting that they maintained
an equivalent ability to engraft into liver parenchyma
after transplantation (Fig. S3A; Fig. 4A,B). However,

on examining the size of repopulation nodules, there
was a significant reduction in size of nodules in recip-
ients of polyploid hepatocytes from 18 month-old
mice at 5 or 8 weeks posttransplantation, suggesting
a low efficiency in repopulation up to these time-
points (Fig. 4C,D). There was no significant differ-
ence in the nodule size for any of the groups at
10 weeks posttransplantation, indicating that the
older, polypoid hepatocyte donors eventually caught
up with two other cell groups for capacity of liver
repopulation (Fig. 4A,C). Remarkably, there was no
significant difference among three kinds of donor
hepatocytes from 2-month-old mice for the efficiency
of liver repopulation, reflected from the percentage of
liver repopulation and the mean nodule size at any
checked timepoint (Fig. 4E; S3B-E).

More important, we found there was no signifi-
cantly increased cell senescence in liver samples after
one or two rounds of serial transplantation from the
18-month-old hepatocytes or the 18-month-old octo-
ploid hepatocytes, shown in the SA-b-gal activity assay
(Fig. 5A), c-H2A.X staining (Fig. 5B), and in expres-
sion levels of p16ink4a, p21, and p53 (Fig. 5C). In
fact, levels of p16ink4a, p21, and p53 gradually reduced
during repopulation, while promoters of cell prolifera-
tion CDK2, CDK4, and pRB gradually increased (Fig.
5D). Telomere length was used as another critical
marker of senescent cells to validate these findings.7

We found that telomere shortening did not occur in
hepatocytes up to 18 months and in donor hepatocytes
undergoing serial transplantation and repopulation
(Fig. 5E), which agreed with a previous report in
human cells.19 Interestingly, telomerase activity was
reactivated in the repopulated hepatocytes (Fig. 5F)
even though telomerase activity only existed in normal
hepatocytes from 2-month-old mice. These results
implied that restoration of telomerase activity during
continuous hepatocyte proliferation was important for
maintenance of the regenerative capacity of hepato-
cytes, and perhaps for avoidance of senescence.

A summary of the above data indicate that aged
hepatocytes that originally expressed markers of senes-
cence can become rejuvenated and reenter the cell
cycle to repopulate the liver to the same degree as
hepatocytes from youthful mice.

Octoploid Hepatocytes Undergo Ploidy Reversal
During Liver Repopulation. As mentioned above,
the percentage of polyploid hepatocytes, especially
octoploid ones, increased with age. However, after
transplantation of hepatocytes from 18-month-old
mice, repopulating hepatocytes harvested at 10 weeks
posttransplantation were analyzed by flow cytometry.
The results indicated that the ratio of diploid,
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tetraploid, and octoploid cells all became similar to
that ratio seen in liver of 2-month-old mice (Fig. 6A).
The percentage of octoploid hepatocytes decreased
from 34.06 6 1.80% before transplantation to
17.40 6 0.96%, while the percentage of diploid hepa-
tocytes increased from 13.16 6 0.66% to

21.96 6 1.78%. This distribution remained stable after
a second round of serial transplantation (Fig. 6A).

In order to clarify whether ploidy reversal partici-
pated in the reduction of octoploid hepatocytes, sepa-
rately isolated diploid, tetraploid, and octoploid
hepatocytes from the recipient mice with a 12th round

Fig. 4. Senescent poly-
ploid hepatocytes can rejuve-
nate and repopulate the
liver. (A) FAH immunohisto-
chemistry staining was done
to compare the capacity for
engraftment and liver repo-
pulation for hepatocytes from
18-month-old mice of 2c,
4c, and 8c DNA content at
2-, 5-, 8-, 10-weeks post-
transplantation. 2c, 4c, and
8c represent diploid, tetra-
ploid, and octoploid donor
hepatocytes. (B) The number
of Fah-positive clones was
counted per visual field at
40-fold magnification in
three recipient groups. (C)
Proportion of the liver that
was repopulated after trans-
plantation of 2c, 4c, and 8c
hepatocyte donors 2, 5, 8,
and 10 weeks later.
*P< 0.05 versus 2c hepato-
cytes. (D,E) Mean area of
donor-derived nodules after
transplantation of 2c, 4c,
and 8c hepatocytes isolated
from 18-month-old mice (D)
and 2-month-old mice (E).
The data are means 6 SD.
Scale bars 5 200 lm.
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of serial transplantation or from 18-month-old mice
(Fig. 6B) were transplanted into 8-week-old Fah2/2

recipients. Mitotic structures with multipolar spindles
or tripolar division were detected during hepatocyte
proliferation in vivo (Fig. 6C). Analysis of liver sec-
tions using fluorescence imaging technology revealed
the existence of ploidy reversal, reflected by a reduc-
tion in DNA content (Fig. 6D). Furthermore, pure

diploid hepatocytes shown in samples of the above two
mice groups produced daughter cells with 4c and 8c
DNA content. Tetraploid and octoploid donor hepato-
cytes also showed similar ploidy redistribution (Fig.
6E,F). In addition, ploidy plasticity was also found in
the in vitro cultured primary hepatocytes that were
detected initially as diploid, tetraploid, or octoploid.
Polyploid hepatocytes from 18-month-old mice
showed a lower proliferation capacity compared to dip-
loid hepatocytes from the same mice, and compared to
the hepatocytes with all three ploidies from mice of
the 12th round of serial transplantation (Fig. S4).

Together, the ratio of polyploidy among hepatocytes
increased with liver aging, reversed to the youthful dis-
tribution upon transplantation of aged hepatocytes,
and remained stable over time when there was contin-
uous repopulation of hepatocytes.

Human Hepatocytes Undergo Senescence With
Age and Become Rejuvenated After Cell Transplan-
tation. Similar to mouse hepatocytes, human hepato-
cytes gradually become senescent with age.2 We
examined healthy liver tissue from humans and found
that the cell size of human hepatocytes from 55- to
65-year-olds was much larger than those of 21- to 30-
year-olds (Fig. 7A). On staining liver sections we
found that the proportion of SA-b-gal-positive and c-
H2A.X-positive hepatocytes was 68.9 6 2.69% and
71.8 6 5.07%, respectively, in the liver of older per-
sons, but only 8.2 6 1.87% and 8.6 6 1.61% in
younger liver (Fig. 7B; S5A,B). Analysis of the DNA
content of human hepatocytes revealed that the per-
centage of polyploid cells increased from 8.8 6 1.1%
in 21- to 30-year-olds to 32.6 6 0.9% in 55- to 65-
year-olds (Fig. S5C,D). Moreover, the percentages of
SA-b-gal and c-H2A.X-positive cells among polyploid
hepatocytes were significantly higher than it was for
diploid cells in older volunteers, suggesting that poly-
ploid hepatocytes in older humans, like in mice, are
more prone to senescence (Fig. 7C,D).

To further investigate whether human senescent
hepatocytes could rejuvenate to regain proliferation
capacity, young (21-30 years) and old (55-65 years)
human hepatocytes were isolated and xenotransplanted
into 8-week-old Fah2/2Rag22/2 mice. At 10 weeks
posttransplantation, human hepatocytes could be iden-
tified by staining with an antibody specific to human
albumin (Alb) in mouse recipients, and there was no
significant difference in the percentage of liver repopu-
lation between old and young human hepatocytes (Fig.
7E; S5E,F). As shown in Fig. 7E, c-H2A.X-positive
staining was seen mainly in the host mouse hepato-
cytes surrounding Alb-positive human cells, and only

Fig. 5. Evaluation of cellular senescence after transplantation of
aged hepatocytes. (A,B) Expression of SA-b-gal (A) and c-H2A.X (B)
was detected in 18-month-old liver sections (18-mo), recipients of
18-month-old hepatocytes after one round of liver repopulation (18-
mo R1), recipients after two rounds of liver repopulation (18-mo R2)
and recipients of sorted octoploid hepatocytes from 18-month-old
mice after one round of liver repopulation (18-mo 8c). Scale
bars 5 50 lm. (C) Western blot showing the expression of p16, p21,
and p53 in the livers of the four groups. (D) Western blot demonstrat-
ing the dynamic expression of p53-p21 and p16-RB pathway proteins
in repopulated livers in the same four groups. (E) Results of a quanti-
tative polymerase chain reaction (PCR) assay to measure telomere
length of hepatocytes at the indicated ages and stages of serial repo-
pulation. (F) Telomerase activity was detected by TeloTAGGG telomer-
ase PCR enzyme-linked immunosorbent assay (ELISA (Roche). “1”
was regarded as telomerase positive (absorbance [DA] is greater than
0.2 A450nm-A690nm units). PC, positive control; NC, negative control.
Values are expressed as mean 6 SD.
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Fig. 6. Ploidy conversion after hepatocyte transplantation. (A) Flow cytometry histogram showing the percentages of diploid, tetraploid, and
octoploid hepatocytes in 2-month-old, 18-month-old mice, hepatocytes from recipients 2 months after primary (R1) or secondary (R2) transplan-
tation of 18-month-old hepatocytes and hepatocytes from recipients 2 months after the 1st, 6th, 9th, 12th transplantation of 2-month-old hepa-
tocytes. (B) Representative images of the FACS analysis and sorting of highly pure 2c, 4c, and 8c hepatocytes from 12 rounds serially
transplanted hepatocytes using Hoechst 33342 staining. (C) Hematoxylin and eosin (H&E) staining of liver sections demonstrating atypical mito-
sis, such as tripolar spindles (left), tripolar division (middle), and multipolar spindles (right), representing ploidy conversion in repopulating hepa-
tocytes. (D) Immunofluorescence staining for FAH, F-actin, and Hoechst 33342 in liver sections after transplantation of 2c, 4c, and 8c
hepatocytes. Asterisks mark diploid hepatocytes, arrowheads marks tetraploid hepatocytes, and arrows mark octaploid hepatocytes. (E,F) Ploidy
distribution ratio in the daughter cells after liver repopulation by 12 rounds serially transplanted hepatocytes (E) and 18-month-old hepatocytes
(F) by FACS analysis. **P< 0.01; Scale bars 5 20 lm.
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about 5% of the human hepatocytes stained positive
for c-H2A.X, much less than the more than 70% that
was seen within the donor human tissue with human
hepatocytes before transplantation. These results con-
firmed that human senescent hepatocytes could
become rejuvenated to recover proliferation capacity
after reentry into the cell cycle, as is the case for mice.

Discussion

Understanding the mechanism of liver aging has
special significance for the treatment of liver diseases

that are influenced by age.33,34 Mature hepatocytes are
generally quiescent, but are poised to enter into the
cell cycle immediately upon injury, a property that is
rare among diverse differentiated cell types in vivo.
Until now, it was not clear whether there was a limit
to the proliferation capacity of hepatocytes. Our data
indicate that repopulating hepatocytes could divide at
least 130 times during 12 rounds of transplantation,
which breaks the traditional concept of noncancerous
cells having a limited proliferation capacity. More
interestingly, we demonstrated that the aged hepato-
cytes were able to rejuvenate and take on full

Fig. 7. Senescent human hepatocytes can repopulate the FAH2/2 mouse liver. (A) H&E staining of human liver samples from 21- to 30-year-
olds (young) and 55- to 65-year-olds (old). Enlarged hepatocytes are observed in human liver from older adults compared to younger adult liver.
(B) Representative images of young and old human liver sections stained for SA-b-gal activity. On quantification of SA-b-gal-positive hepatocytes
(right panel), they were found to be significantly more prevalent in older liver tissue than that in younger liver. **P< 0.01 versus young human
hepatocytes. (C) Histochemical analysis of older human liver tissue sections stained for SA-b-gal, c-H2A.X, F-actin, and Hoechst. The left panel
shows SA-b-gal staining. The middle is expression of c-H2A.X. The right shows the DNA content per cell. The white dashed line and arrowhead
mark representative senescent cells. (D) The percentage of SA-b-gal-positive cells in diploid and polyploid hepatocytes from young and old
human liver. **P< 0.01 versus diploid hepatocytes. (E) Immunohistochemistry and immunofluorescence staining with a human-specific Alb anti-
body, c-H2A.X and Hoechst of mouse tissue repopulated with young (top) and old (bottom) human donor cells. The bar graph on the right shows
the percentage of c-H2A.X-positive cells in repopulated Alb-positive human cells. Shows are mean 6 SD. Scale bars 5 50 lm.
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proliferative capacity after transplantation. This study
suggests that old hepatocytes could still be considered
for cell therapy treatment of liver diseases. It also sup-
plies a basis for strategies to the delay or reverse hepa-
tocytes senescence for clinical applications.

Previously published competitive experiments with
naive hepatocytes and serially repopulated hepatocytes
demonstrated that serial transplantation neither enhances
nor diminishes the repopulation capacity of these cells.35

It has been reported that diploid and octoploid hepato-
cytes of 8-week-old mice proliferated equivalently in
vivo.24,36 Here, we extended the research to present the
kinetics of liver repopulation for hepatocytes from vari-
ous donor ages and ploidy levels. Our results indicate
that young, 2-month-old hepatocytes (either diploid, or
tetraploid, or octoploid) had the same repopulation
capacity as “old” hepatocytes that had undergone
12 rounds of serial repopulations in Fah2/2 mice. Our
results also indicate that 18-month-old, predominantly
senescent hepatocytes appear to have an equivalent rate
of engraftment in the liver, but had a slower initial rate
of proliferation compared to the 2-month-old hepato-
cytes. However, they could repopulate the liver to the
same degree, and on subsequent transplantation they
were equivalent to younger hepatocytes. Our studies indi-
cate that serial transplantation in Fah2/2 mice is an ideal
method to study hepatocyte senescence. Shown in a pre-
vious study of serial transplantations in Fah2/2 mice,18

it is unlikely that there is selection of a special group of
hepatocytes during serial repopulation. Therefore, our
findings on hepatocyte senescence during serial repopula-
tion document the complete panels of hepatocytes in
whole liver.

Hepatocyte polyploidy was considered an age-
dependent process, although it appears in late fetal
development and postnatal maturation.1,37 However,
the biological significance of polyploidy in the liver, as
well as the relationship between hepatocyte polyploidy
and senescence, were not fully elucidated. In this study
we documented that senescence was rare among octo-
ploid hepatocytes in young mice, as well as in diploid
and tetraploid hepatocytes. However, the percentage of
senescent, octoploid hepatocytes increased with age
and a majority of aged octoploid hepatocytes expressed
cell senescence markers. More interestingly, polyploid
hepatocytes can produce diploid, tetraploid, and octo-
ploid daughter hepatocytes after cell transplantation, a
phenomenon that has been called “ploidy conveyor.”24

Our results support the notion that ploidy conversion
may be conserved in hepatocytes, as the proportions of
polyploid cells remained stable during serial transplan-

tation, and the percentage of octoploid hepatocytes
decreased after transplantation of 18-month-old hepa-
tocytes transplantation. These findings also implicate
the ploidy conveyor in the reversal of hepatocyte senes-
cence. In addition, we showed similar results for
human hepatocytes. Senescent human hepatocytes
rejuvenated to restore proliferative capacity after xeno-
transplantation, a finding of great significance for
future studies on liver diseases and liver cell therapy.

In the absence of telomerase activity in cells, telomere
length decreases with each cell cycle until it reaches a criti-
cal length limit, which leads to cell senescence. However,
studies on normal human livers over a wide age range (5-
79 years) indicate that hepatocytes and cholangiocytes
maintain a constant telomere length with age.19 We found
similar results for mouse hepatocytes. Generally, telomerase
activity is absent in differentiated, mature cells, but exists in
stem cells and cancer cells, and promote the proliferation
capacity of hematopoietic stem cells during serial transplan-
tations.38 Similarly, our data suggested that the telomerase
activity dissipates in aged liver but reactivates with serial
transplantations. It is possible that reactivation of telomer-
ase activity enables inhibition or reversal of the senescence
program in repopulating hepatocytes.

In this study we confirmed that aged hepatocytes
accumulate senescence markers such as DNA damage
markers and p16ink4a and p21, but do not undergo
telomere shortening. It is possible that a common
pathway for cell cycle regulation leads to arrest by way
of p53 and p21, in which CDK2, CDK4, and CDK6
maintain Rb-family proteins in a hypo-phosphorylated
state, promoting binding of E2F to effect a G1 cell-
cycle arrest, halting cellular proliferation. The precise
molecular mechanism leading to hepatocyte senescence
and its reversal is the subject of further study.
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Supporting material 

 

Additional methods 

Mice: All experiments were performed with congenic mice with the 129S4 

background. 129S4 wild-type mice (2-, 6-, 12- and 18-months-old), Fah-/- and 

Fah-/-Rag-2-/- mice (8-months-old) (1), and Rosa26R-LacZ transgenic mice (2- 

and 18-months-old) were housed in temperature- and light-dark 

cycle-controlled rooms. Fah-/- and Fah-/-Rag-2-/- mice were maintained with 7.5 

mg/L 2-(2-nitro-4-trifluoromethylbenzoyl)-1, 3-cyclohexanedione (NTBC) in the 

drinking water. All mice received humane care according to the guidelines of 

Second Military Medical University Animal Care and Use Committees. 

 

Liver perfusion and hepatocyte isolation: Livers from the 129S4 wild-type 

male mice and the Rosa26R-LacZ transgenic mice were perfused with 0.5 

mg/ml collagenase D (Roche, Indianapolis, IN) through the portal vein. The 

dissociated cells were passed through a 70 μm cell strainer (BD Biosciences, 

San Jose, CA) to remove clumps. Cells were centrifuged at 50 g for 2 min 

twice to pellet down hepatocytes and the supernatant was removed. The 

viability of cell was at least 85% as evaluated by Trypan blue (Sigma-Aldrich, 

St. Louis, MO) exclusion. 
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Human liver tissues were provided by Eastern Hepatobiliary Surgery Hospital, 

Second Military Medical University (Shanghai, China), which were from normal 

liver tissues adjacent to hepatic hemangioma after a surgical resection. All 

human tissues were negative for HBV infection. Patients’ characteristics and 

clinical features are listed in supplemental table 1. Each patient gave written, 

informed consent. Experiments were approved by Ethical Committee on Ethics 

of Biomedicine Research, Second Military Medical University.  

 

Quantitation of nodule areas from donor repopulation: Fah-stained liver 

surface areas were analyzed by Image-Pro software (Media Cybernetics, 

Silver Spring, MD) according to previous report (2). The nodule areas were 

determined under low-power magnification by measuring the major axes (a, b), 

and the formula A=π[1/4(a+b)]2 was used to calculating the areas. 

 

Analysis and isolation by Flow Cytometry: To quantify ploidy by flow 

cytometry, hepatocytes from 2-, 6-, 12-, 18-month-old mice and serially 

transplanted mice were fixed in ice-cold 75% (vol/vol) ethanol (Sinoreagent, 

Shanghai, CHN) and stained with 50 μg/mL propidium iodide (Sigma-Aldrich, 

St. Louis, MO) in phosphate-buffered saline supplemented with 1 μg/mL 

(wt/vol) RNAse A (Sigma-Aldrich, St. Louis, MO). DNA content of a minimum 

of 30,000 nuclei per liver sample was analyzed by a FACS-Calibur flow 

cytometer (BD Biosctoences, San Jose, CA). 
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For isolation of hepatocyte with different ploidy, hepatocytes were incubated 

with 15 μg/ml Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) for 30 min at 

37 °C. Cells were sorted with InFlux flow cytometer (Beckton Dickinson 

Franklin Lakes, NJ) using a 150 μm nozzle. Dead cells were excluded on the 

basis of 5 μg/ml propidium iodide (Sigma-Aldrich, St. Louis, MO). Populations 

of different ploidies were identified with parameter of DNA content using a 

355-nm laser and 425-440-nm bandpass filter. Sorted hepatocytes were 

collected in DMEM (Thermo Scientific, Waltham, MA) containing 50% fetal 

bovine serum (Thermo Scientific, Waltham, MA). The purity of sorted 

populations was determined at the end of each sorting and highly purified 

populations were used for further experiments. 

 

The β-gal positive hepatocytes were detected and sorted by using 

FluoReporter lacZ Flow Cytometry Kit (Invitrogen, Carlsbad, CA) as following 

the manufacture’s instructions.  

 

In situ detection of ploidy: Microscopic analysis after F-actin and Hoechst 

33342 stainings was used to determine the ploidies of both mononucleated 

and binucleated hepatocytes (3, 4). As done previously, freshly liver tissues 

were embedded into optimum cutting temperature compound (Sakura Finetek, 

Torrance, CA). Frozen sections were cut into 4 μm sections and fixed with 4% 
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paraformaldehyde. F-actin were labeled with Alexa Fluor® 568 Phalloidin 

(1:400, Invitrigen, Carlsbad, CA) to identify the outline of a cell, incubated for 

30min at room temperature. Hoechst 33342 (0.2ug/ml) was used to stain and 

quantify DNA in each nucleus. Image analysis was performed in 12 bits using 

IPLab Spectrum software. To measure the size of the nuclei and cells, we 

selected only nuclei or cells with clear margins. A minimum of 300 hepatocytes 

were analyzed and counted from eight to twelve separate fields per sample.  

 

SA-β-Gal Activity: As previously described (5, 6, 7), tissues were excised and 

embedded into optimum cutting temperature compound (Sakura Finetek, 

Torrance, CA). Frozen sections were cut into 4 μm sections and fixed with 

fixative solution (PBS containing 4% paraformaldehyde, 2% glutaraldehyde, 5 

mM EGTA, and 2 mM MgCl2) for 10 min, then were incubated in fresh 

senescence-associated β-Gal (SA-β-Gal) stain solution at 37°C (no C02) using 

a β-gal staining kit (Invitrogen, Carlsbad, CA). Staining was evident in 2-4 hr 

and was maximal at 12-16 hr. 

 

Immunohistochemistry (IHC) and Immunocytochemistry (ICC): For 

immunohistochemistry staining, fresh liver pieces were fixed in 4% 

paraformaldehyde, embedded in paraffin, and sectioned into 2 μm-thick slices. 

The sections were deparaffinized, rehydrated, and heated in a pressure 

cooker for 3 min at 121°C/100 kpa in citrate buffer (pH 6.0). Incubation with 
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primary antibodies was done at 4 °C overnight and with secondary antibodies 

conjugated with fluorescent dye or HRP at 37 °C for 30 min. DAB (Vector 

Laboratories, Burlingame, CA) staining was applied on the sections and 

incubated with HRP-conjugated antibody until an adequate intensity was 

achieved. The sections were counterstained in hematoxylin (Sigma-Aldrich, St. 

Louis, MO) and covered in neutral balsam (Solarbio, Beijing, CHN) after 

dehydration in ethanol and xylene (all from Sinoreagent, Shanghai, CHN). For 

immunocytochemical staining, cells were fixed with PBS containing 4% 

paraformaldehyde for 20 min, permeabilized and blocked with blocking buffer 

(PBS containing 0.1% Triton X-100, 1% BSA, and 10% normal goat serum) for 

30 minutes. Cells were then incubated with rabbit anti-mouse H2A primary 

antibody at 4 °C overnight, followed by fluorescence-tagged secondary 

antibodies at 37 °C for 30 min. Nuclei were stained with 4’, 

6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO). Images 

were acquired with a 50i Nikon fluorescence microscope (Nikon, Melville, NY). 

The list of primary and secondary antibodies is reported in Table. Images were 

processed with Adobe Photoshop CS4 software (San Jose, CA). 

 

Primary hepatocyte culture and analysis of cell proliferation: Hepatocytes 

collected by liver perfusion or after FACS were seeded on collagen-coated 

6-well plates. Cells were initially cultured in DMEM with 4.5 gl-1 glucose 

(Thermo Scientific, Waltham, MA), 10% FBS (Thermo Scientific, Waltham, 
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MA), non-essential amino acids (Invitrogen, Carlsbad, CA) and 

antibiotic-antimycotic (Invitrogen, Carlsbad, CA). After 24h, the culture medium 

was replaced with SUM3 medium with 0.5% FBS as described. For the 

proliferation assay, cells were incubated for 12h with BrdU labeling regent 

(final concentration 100uM) (Sigma-Aldrich, St. Louis, MO). For BrdU staining, 

cells were fixed with a 1:1 mixture of ice-cold methanol: glacial acetic acid after 

washing with PBS, and then incubated with 2N HCL for 30 min at room 

temperature. Then cells were incubated with primary and second antibody as 

with the IHC protocols. 

 

RNA isolation, RT-PCR and quantitative PCR: Total RNA from cells was 

isolated with Trizol reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. All reverse-transcriptase reactions were carried 

out with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s protocol. Mouse specific primers including p16, 

p21, and p53 were designed by Primer Premier 5. Quantitative PCR was 

performed in three repeats of each sample with ABI-7900 (Applied Biosystems, 

Foster, City, CA) by SYBR Green master mix (Applied Biosystems, Foster, 

City, CA). Fold change was calculated by the 2-ΔΔCT method (8). 

 

Protein Isolation and Western Blot: Western-blot analysis was performed as 

described previously (9). 50 μg liver total proteins were extracted from mouse 
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liver tissues using MinuteTM Total Protein Extraction Kit (Invent 

Biotechnologies, Eden Prairie, MN) according to manufacturer’s instructions. 

The protein was loaded into acrylamide gels, and transferred onto a PVDF 

membrane (Millipore, Temecula, CA). Membranes were blocked with blotto 

(5% nonfat milk powder in PBS plus 0.1% Tween 20) for 1 hr at room 

temperature and then incubated with primary antibodies at 4 °C overnight. 

Membranes were washed three times with PBS plus 0.1% Tween 20 and 

incubated with appropriate secondary antibody conjugated with HRP. Protein 

bands were detected by chemiluminescent substrate (Thermo Scientific, 

Waltham, MA). The list of primary and secondary antibodies is summarized as 

below. 

Primary antibodies used in the IHC and western blot assay 

Primary Antibody Brand Cat. No. 

γ-H2AX (phosphor S139) Epitomics 2212-1 

P16 (F-4) Santa Cruz sc-74401 

P21 (F-5) Santa Cruz sc-6246 

P53  Abcam ab26 

Fah HepatoScience HS602-910 

 CDK2 (M2) Santa Cruz sc-163 

CDK4 (c-22) Santa Cruz sc-260 

p-Rb (ser807/811) Cell Signaling 9308 

Alpha tubulin Abcam ab15246 

Alexa Fluor® 568 Phalloidin 

 

Invitrogen A12380 
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TERT (D-16) Santa Cruz sc-68720 

 

 

 

Albumin EnoGene E2200340 

 

 

 

 

BrdU 

 

Abcam ab6326 

 Hnf4a Santa Cruz sc-8987 

 

Telomerase activity and telomere length assay: Quantification of 

telomerase activity was performed with a telomerase PCR ELISA kit (Roche, 

Indianapolis, IN). Telomere length was determined by QPCR using the 

modified Cawthon’s method (10). Genomic DNA was extracted from isolated 

mouse hepatocytes using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia 

CA) according to the manufacturer’s instructions. Briefly, telomere and single 

copy gene PCRs were performed in separate 96-well plates using the same 

DNA sample. The telomere/single copy gene (T/S) ratio was calculated as the 

index of telomere length in each sample. Triplicate PCR reactions for each 

sample were performed with Power SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, CA), DNA and primer pairs using the ABI 7900 real 

time PCR System. Primers for telomeres and the single copy gene 36B4 were 

added to final concentrations of 0.2 μM and 0.3 μM, respectively. PCR was 

performed at 95°C for 10 min, followed by 30 cycles of 95 °C for 5 s, 58 °C for 

10s, and 72 °C for 40 s for the 36B4 reaction, or 40 cycles of 95 °C for 5 s, 

56 °C for 10 s, and 72 °C for 60 s for the telomere reaction. Standard curves 

for both telomere length and the single copy gene were generated from five 

concentrations (42, 25.2, 15.1, 9.1, 5.4 ng/aliquot) of a reference DNA sample 
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serially diluted 1.68 fold with PCR grade water. 

 

Statistical analysis: Data were subjected to Student’s t-test. p < 0.05 was 

considered statistically significant. Data are presented as mean ± standard 

deviation (s.d.). 
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Supplemental table 1 

Clinical characteristics of patients 

Patient 

number 
Sex 

Age 

(year) 

Type of 

disease 

TB 

(mg/dL) 

ALT

（U/L） 

AST 

(U/L) 

HBV/

HCV 

AFP 

(ug/L) 

1 M 28 Hemangioma 0.39 24 21 N/N 6.5 

2 M 24 Hemangioma 0.91 10 18 N/N 2.2 

3 F 28 Hemangioma 0.41 9 15 N/N 1.2 

4 M 65 Hemangioma 0.94 17 25 N/N 1.9 

5 M 60 Hemangioma 0.82 6 13 N/N 2.7 

6 M 63 Hemangioma 0.46 16 13 N/N 2.2 

M: male; F: female; TB: total bilirubin; ALT: alanine aminotransferase; AST: 

aspartate aminotransferase；HBV: hepatitis B virus; HCV: hepatitis C virus; N: 

negative; AFP: alpha-fetoprotein. 
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Supplementary figure 

 

Supplementary figure 1. Hepatocyte senescence increases with age. 

(A) H&E staining of liver samples from 2-, 6-, 12- and 18-month-old mice. (B) 

Percentage of SA-β-gal positive cells in the livers at the indicated stages. 

Values shown are means ± S.D. **p < 0.01. (C) Expression of γ-H2A.X was 

detected and analyzed in the livers of 2-, 6-, 12- and 18-month-old mice by 

histochemical staining. Values shown are means ± S.D. **p < 0.01. (D) 

Expression of p16 and p21 in the livers of four indicated groups was analyzed 

by Western blot. Protein expression in 2-month-old mouse livers was taken as 

the baseline and considered equal to 1. **p < 0.01 versus the 2-month-mice. 

(E) Bright field image of primary hepatocytes from 2- and 18-month-old mice 2 

days after culture. Cells with blue perinuclear staining were SA-β-gal positive 

cells. Box: a magnification. In right panel values shown are means ± S.D. **p < 

0.01 versus the 2-month-old hepatocytes. (F) Proliferating hepatocytes from 2- 

and 18-month-old mice as indicated by immunohistochemistry staining of 

Hnf4a, BrdU and Hoechst after 3 days culture. Arrows indicate the hepatocytes 

in S phase. The percentage of BrdU-positive cells at different days after plating 

are presented as mean ± S.D. **p < 0.01 versus the 2-month-old hepatocytes. 

Scale bar, 100 µm. 
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Supplementary figure 2. Evaluation of hepatic polyploidization and 

cellular senescence. 

(A) Distribution of hepatic ploidy populations in the livers of 2-, 6-, 12- and 

18-month-old mice by FACS analysis. 2c, 4c, and 8c hepatocyte represent 

diploid, tetraploid and octaploid hepatocytes, respectively. (B) mRNA 

expressions of p16, p21, and p53 among three ploidy isolated from 2- and 

18-month-old mice were compared using quantitative real-time PCR. (C) The 

percentages of γ-H2A.X positive cells in isolated diploid, tetralpoid and 

octaploid hepatocytes were counted by immunocytochemistry staining. 

Arrowhead indicated the γ-H2A.X positive cells. *, p < 0.05; **, p < 0.01; Scale 

bar, 50 µm. 

 

Supplementary figure 3. Three populations of hepatocytes from 

2-month-old livers have the same capacity for engraftment and 

proliferation. 

(A-D) Comparison of the capacity of engraftment and repopulation from 2c, 4c 

and 8c hepatocytes isolated from 2-month-old mice at 2 (A), 5 (B), 8 (C), and 

10 (D) weeks post-transplantation. 2c, 4c and 8c represent diploid, tetraploid 

and octoploid hepatocytes respectively. (E) The percentages of liver 

repopulation of 2c, 4c and 8c donor hepatocytes after 2, 5, 8, 10 weeks later. 

Values shown are means ± S.D. Scale bar, 200 µm. 
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Supplementary figure 4. Polyploid hepatocytes proliferate and undergo 

ploidy reversal in vitro. 

(A) S-phase fraction in cultured 2c, 4c and 8c hepatocytes from R12 and 18 

months liver as indicated by BrdU labeling. Red cells represent proliferating 

hepatocytes. (B, C) The percentages of BrdU positive cells in R12 repopulated 

hepatocytes (B) and 18 months hepatocytes (C). Values shown are means ± 

S.D. (D) Highly pure (99%) 2c, 4c, and 8c hepatocytes were isolated for in vitro 

culture. After 5 days of culture, DNA content of cultured hepatocytes was 

analyzed by FACS. (E) Ploidy distribution ratio in the daughter cells was 

showed as means ± S.D. *, p < 0.05; **, p < 0.01; Scale bar, 50 µm. 

 

Supplementary figure 5. Human hepatocyte senescence, polyploidy and 

transplantation. 

(A) In situ staining of γ-H2A.X and Hoechst in young (21-30y) and old (55-65y) 

human livers. Senescent cells are marked in red. Scale bar, 50 µm. (B) 

Percentage of γ-H2A.X positive cells in young and old human livers. Data 

points are means ± S.D. **, p < 0.01. (C) Representative FACS histograms 

showing the DNA content of propidium-iodide-stained nuclei from young and 

old human livers. (D) The percentages of 2c, 4c and 8c hepatocytes in young 

and old human livers. Data are presented as the means ± S.D. **, p < 0.01. (E, 

F) Young (E) and old (F) human hepatocytes were transplanted into 

Fah-/-Rag-2-/- mice and sacrificed after 8 weeks of repopulation. Repopulated 
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human hepatocytes in recipient livers were stained by human-specific anti-ALB 

antibody. Scale bar, 1 mm. 
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