
















Figure 5. Staining of senescence-associated β-galactosidase activity in corneal endothelial cells of the SAM R1 and the SAM P8 strains at
various ages. The positive stainings are shown in blue. The staining of the SAM R1 strain at one month, six months, and 12 months are shown
(A, C, and E, respectively). The staining of the SAM P8 strain at one month, six months, and 12 months are also displayed (B, D, and F,
respectively). There were few to no positive stainings for SA-β-Gal activity in panels A and B while there were more multifocal and intense
positive stainings in panels C, D, E, and F. Magnification: 400X.
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just an accident. More research is required to detect this
phenomenon.

Based on the above results, we made further
investigations on corneal endothelial cellular senescence in
the SAM strains from the molecular level. Many studies have
reported the importance of senescence-related genes such as
p16INK4a, p19ARF, p21WAF1/CIP1, and p53 in cellular senescence.

They can inhibit cell cycle progression and maintain the G1

phase arrest of cells [34]. They are always looked as biological
markers of cell senescence for their accumulation and high
expression in the aged cells [35,36]. Some environmental
stress can also lead to the overexpression of these genes, which
may induce premature cells [37-40]. There were some reports
on the importance of these genes in senescence of CECs in

Figure 6. Average percentage of SA-β-
Gal-positive cells at each grade in
various experimental groups. The
classification standard of SA-β-Gal
activity is according to Tatsuya et al.
[49]. This graph shows that few to no
positive SA-β-Gal staining was
observed in the endothelium in corneas
from younger mice. In corneas from
older mice, the percentage of CECs
staining positive for SA-β-Gal was
higher in the P8 strain than in the R1
strain.Statistical analysis is shown in
Table 6.

Figure 7. Immunohistochemical staining of p-ERK 1/2, p16INK4a, p19ARF, p21WAF1/CIP1, and p53 in corneal endothelial cells. The arrows indicate
the positive staining in the endothelial nuclei at various ages of each experimental group A: p-ERK 1/2, SAM R1 strain at one month; B:
p16INK4a, SAM P8 strain at one month; C: p19ARF, SAM P8 strain at 12 months; D: p21WAF1/CIP1, SAM P8 strain at six months; E: p53, SAM
R1 strain at 12 months. F: The negative control incubated with PBS instead of a primary antibody, SAM P8 strain at six months. Magnification:
400X.
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vitro, but their expression may be influenced by passage,
culture environment, injury, or other factors. Therefore, the
expression of these genes in vivo may not directly be inferred
from these in vitro findings. Although the proliferative
ability of CECs may be different between different species,
the ECD of rodents decrease with age as it does in human

dynamic observation and intervention can be made
throughout the course of senescence. Therefore, this mouse
model is quite important and irreplaceable in the studies on
aging mechanisms of CECs in vivo.

In this study, immunohistochemical and real-time PCR
analyses not only confirmed but also allowed for the
comparison of the relative expression levels of p16INK4a,

p19ARF, p21WAF1/CIP1, and p53 in CECs. An age-dependent
increase in p16INK4a expression was observed in the SAM R1
strain and in the early stages of senescence in the SAM P8
strain. However, an age-dependent increase in the expression
of p21WAF1/CIP1 and p53 was only observed in the SAM P8
strain. Thus, the p16INK4a and the p53/p21WAF1/CIP1 pathways
should be related to the in vivo process of aging in the CECs
of SAM. However, the reasons for the differential expression
of these signaling pathway components in each strain may be
related to the extent to which aging has progressed and the
relative rate of the different signaling cascades. The SAM R1
strain is characterized as having a normal aging process in
mice such that 12 months are equivalent to roughly two-third
of its entire life span while the SAM P8 strain represents an

Figure 8. Quantitative real-time polymerase chain reaction analyses of mRNA expression of senescence-related genes after normalization to
GAPDH in the corneal endothelial cells of SAM R1 and P8 strains at various ages. A: Quantitative comparison of the fold difference in the
expression of p16INK4a mRNA is shown at various ages in each experimental group. The results indicate that the expression of p16INK4a was
significantly increased from six months old to 12 months old in the SAM R1 strain experimental group (p=0.027 and p=0.000, respectively).
In the SAM P8 strain experimental group, a significant increase was observed at six months (p=0.000 when compared to the one-month-old
control group) and a significant decrease was observed at 12 months (p=0.000 when compared to the value at six months), although comparison
between the 12-month- and 1-month-old values still resulted in a statistically significant increase (p=0.008). B: Quantitative comparison of
the fold difference in the expression of p19ARF mRNA is shown at various ages. The results indicate that the expression of p19ARF mRNA
decreased significantly at six months in the SAM R1 strain experimental group (p=0.000). C: Quantitative comparison of the fold difference
in the expression of p21WAF1/CIP1 mRNA is shown. The results indicated that the expression of p21WAF1/CIP1 was significantly higher at 12
months in the SAM P8 strain experimental group (p=0.007). D: Quantitative comparison of the fold difference in the expression of p53 mRNA
is shown. The results indicate that the expression of p53 decreased significantly at six months of age in the SAM R1 strain experimental group,
although no significant difference was observed at 12 months of age (when compared to the value at one month; p=0.000, p=0.927,
respectively). However, the expression of p53 increased significantly at 12 months of age in the SAM P8 strain experimental group (p=0.000).
There were three individual corneas used in each experimental group, and each cDNA sample had been detected three times. An asterisk
marks a statistically significant difference (p<0.05).
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accelerated senescence mouse model where six months of age
is equivalent to approximately half of its entire life span. The
old donors studied in a report by Song et al. [8] were between
50 and 65 years old, which was equivalent to approximately
half to two-third of a typical human life span. Thus, the results,
which indicated an age-dependent increase in the expression
of p16INK4a at 6 and 12 months of age for the SAM R1 strain
and at six months of age for the SAM P8 strain, were similar
to the aforementioned study in HCECs [8]. These results have
important implications for our hypothesis regarding the aging
program in CECs, specifically that the p16INK4a pathway may
play an important role in early senescence. We have also

observed an age-dependent increase in the expression levels
of p53 and p21WAF1/CIP1 in CECs of the SAM P8 strain.
However, there were no such differences observed in the
characteristics of HCECs [8]. Species-related differences may
be one of the reasons for this observation. However, we can
still make the assumption that the p53/p21WAF1/CIP1 signaling
pathway may cooperate to promote CECs senescence,
although this would primarily have an effect in the late stages
of aging. Considering the SAM P8 strain represents a
senescence-accelerated mouse, we also deduce that the
activation of the p53/p21WAF1/CIP1 signaling pathway may

Figure 9. Western blot analyses of the
expression levels of the p-ERK 1/2
protein in the corneal endothelial cells at
various ages of the SAM R1 and SAM
P8 strains. A: The expressions of p-
Erk1/2 and Erk1/2 proteins in 1-month-,
6-month-, and 12-month-old specimens
of the SAM-R1 and the SAM P8 strains
are displayed. B: Quantitative
comparison of the fold changes in the
expression of p-Erk1/2 after
normalization to the Erk1/2 protein is
shown at various ages in each
experimental group. The results show
that p-ERK1/2 significantly increased at
12 months of age in both the R1 and P8
strains, which indicate that the
activation level of Erk1/2 protein is
much higher in the late senescent CECs.
There were three individual corneas
used in each experimental group, and
each protein sample had been detected
three times. An asterisk marks a
statistically significant difference
(p<0.05).

TABLE 6. THE PERCENTAGE OF SA-Β-GAL-POSITIVE CELLS OF THE CORNEAS IN VARIOUS AGES OF EACH EXPERIMENTAL GROUP.

Groups 1 m (%) 6 m (%) 12 m (%)
R1 1.87±1.64 (n=15) 8.93±8.65 (n=15, p=0.205

versus 1 m)
40.80±20.45 (n=15, *p=0.000

versus 6 m)
P8 2.13±1.06 (n=15) 31.40±22.75 (n=15, *p=0.000

versus 1 m)
56.33±13.32 (n=15, *p=0.000

versus 6 m)
p value (R1 versus P8) p=0.959 *p=0.000 *p=0.003

In the headings, m is the age, in months. In the body of the table, n is the number of fields examined from the three individual
specimens of each experimental group. The percentage of SA- β-Gal-positive cells increased significantly in the 12-month-old
specimen of the R1 strain group while the percentage increased significantly in both the 6-month- to 12-month-old specimens
of the P8 strain group. When comparing the two strain groups, the percentage of SA-β-Gal-positive cells are significantly higher
in both the 6-month- and 12-month-old specimens of the P8 strain than in specimens of the R1 strain group of the same ages.
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promote an accelerated senescence in CECs during some
pathological processes.

Interestingly, both p16INK4a and p19ARF are located at the
INK4a locus (one of the most frequently disrupted tumor
suppressor loci in human cancer) [43], and they have both
been shown to act as effectors of senescence in cultured cells
[44]. In addition, their expression levels increase in numerous
tissues with increased age [45,46]. However, in our study, the
expression of p19ARF did not increase with increased age in
either of the two strains and was even shown to decrease in
the SAM R1 strain at 12 months. Until now, there have not
been any studies that have probed the age-dependent
expression of p19ARF in CECs either in vivo or ex vivo.
However, in the skeletal muscle and fat tissue of mice lacking
BubR1 (an essential spindle checkpoint protein conserved
among higher eukaryotic organisms), the inactivation of
p16INK4a attenuates both cellular senescence and premature
aging, and conversely, p19ARF inactivation exacerbates
cellular senescence. These observations demonstrate that
p16INK4a is an effector and that p19ARF is an attenuator of
cellular senescence in these tissues [47]. However,
information concerning whether or not p19ARF has the same
effect on senescence in CECs remains unclear. Therefore,
further investigation that specifically compare samples from
human and SAM strains comprising a broader range of ages
are necessary to accurately characterize the senescence
signaling pathway in CECs.

Most studies have indicated that the MAPK signaling
pathway in mammalian systems have shown a transmission
of mitogenic signals that promotes proliferation and
differentiation. However, studies that are more recent have
indicated that the MAPK signaling cascade is initially
mitogenic but eventually induces senescence via the
activation of the p53 and p16INK4a tumor suppressor in primary
cells [48]. These studies found that activated MEK (a
component of the MAPK signaling cascade) permanently
arrests the primary murine fibroblasts and initiates
uncontrolled mitogenesis and transformation in cells lacking
either p53 or INK4a. These studies indicated that the cell cycle
arrest induced by the MAPK signaling cascade is permanent
and reflects a bona fide cellular senescence and not an unusual
form of quiescence or differentiation. In our study, we found
that the expression levels of the p-ERK 1/2 proteins (a
component of the MAPK cascade that had been activated by
phosphorylation) were significantly higher in CECs of older
mice compared with one- and six-month-old mice from each
experimental group. However, it has yet to be determined
whether the activated and upregulated states of Erk1/2 induce
the senescence process of CECs.

In summary, the SAM R1 and the SAM P8 strains are
sufficient models for the study of corneal endothelial cellular
senescence in vivo. The CEC senescence program progresses
more rapidly in the SAM P8 strain than in the SAM R1 strain.

The p16INK4a signaling pathway may induce CEC senescence
in the SAM R1 strain and in early stages of senescence in the
SAM P8 strain. However, the p53/p21WAF1/CIP1 signaling
pathway may induce CEC senescence in the SAM P8 strain.
We conclude from analysis of these results that the p16INK4a

signaling pathway may play a key role in the early process of
senescence in CECs and that the p53/p21WAF1/CIP1 signaling
pathway may have its principle effect in the late stages of
senescence in CECs. However, it has yet to be determined
whether MAPK signaling pathway plays a role in the
senescence process of CECs. Further investigation is needed.
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