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Background: There are many molecular factors involved in Wolffian and corneal lens regeneration, but 
few in lens regeneration by lens epithelial cells (LECs) in mammals. Silent information regulator 1 (Sirt1) 
has a variety of physiological functions, such as a transport hub, and is involved in pathological conditions. 
We studied the expression of the microRNA (miRNA)-34a/Sirt1/tumor protein p53 (p53) pathway in a rat 
model of lens regeneration. 
Methods: We performed extracapsular lens extraction in 42 healthy female Sprague-Dawley rats. Slit 
lamp observation was performed at 3, 7, 14, 21, 30, 60 and 90 days postoperatively, and the rats were killed 
humanely by cervical dislocation at 30, 60 and 90 days postoperatively to remove the eyeballs. We performed 
semiquantitative immunofluorescence analysis of Sirt1, p53, alpha-smooth muscle actin (α-SMA) and 
fibronectin (fn), and real-time fluorescence quantitative polymerase chain reaction (RT-qPCR) to detect 
the relative expressions of miRNA-34a, Sirt1, p53, aquaporin 0 (AQP 0), γA-crystallin, and beaded filament 
structural protein 1 (BFSP1) mRNA in the lens and posterior capsule. 
Results: The posterior capsule wrinkled at 3 days and it increased at 7 days. At 14 days, pearl-like 
opacification appeared under the capsule, with increasing shrinkage. Greater mass-like proliferators in size 
and number accumulated under the capsule and at the equator after 21 days. A regenerated lens developed 
in the central depression of the capsule at 30 days, slightly protruding from it. Despite being thickened at  
60 days, the central depression persisted, with a smaller change at 90 days than at 60 days. Although the 
relative mRNA expression of miRNA-34a and p53 in the lens and posterior capsule decreased over time 
(P=0.000), that of Sirt1 increased (P<0.01). α-SMA was uniformly expressed in the crystals and gradually 
decreased, while fn expression gradually increased.
Conclusions: miRNA-34a expression decreased and Sirt1 expression increased during lens regeneration. 
Furthermore, p53 expression decreased, thus reducing apoptosis. Therefore, Sirt1 acted as a key factor in the 

pathway, and played a protective role in lens regeneration.
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Introduction 

With the development of stem cells, repair and regeneration 
have become the focus of tissue and organ research. Cataracts 
are a blind eye disease, and the currently available treatment 
is surgery alone. The most common surgical techniques 
for the treatment of cataracts are phacoemulsification and 
extracapsular cataract extraction. During cataract surgery, 
the failure to completely remove lens cells from the capsule 
results in an abnormal proliferation of the lens epithelial 
cells (LECs), which in turn may lead to posterior capsule 
opacification (PCO) (1). PCO is one of the most common 
postoperative complications, developing in 20–50% of 
patients 2–5 years after surgery and resulting in visual 
loss (2). Neodymium-doped Yttrium aluminum garnet 
(Nd:YAG) laser is the most commonly used method for 
the treatment of PCO, but despite being non-invasive, it 
has several complications, such as displacement or damage 
to the intraocular lens (IOL), iritis, intraocular pressure 
fluctuations, macular edema, retinal tears, or detachment (3). 
Based on the current limitations of cataract treatment and the 
postoperative complications, the use of a regenerated lens as 
a self-lens might be a novel avenue for future treatment (4).

Lens regeneration can be divided into the following 
three types according to their origin (1). (I) Wolffian lens 
regeneration, common in amphibians, such as newts and 
salamanders. It occurs in both the juvenile and adult stages. 
The new lens originates from pigment epithelial cells 
located along the dorsal rim of the iris. In contrast, the 
ventral rim of the iris does not have regeneration capacity. 
Wolffian lens regeneration is triggered by factors provided 
by the neural retina (5-8). (II) Corneal lens regeneration (9),  
whereby the new lens originates from the basal layer of 
the corneal epithelium, and is only observed in animals 
such as Xenopus (10,11). Corneal lens regeneration is also 
triggered by factors provided by the neural retina (9). (III) 
LEC regeneration; that is, replacement by existing LECs. 
This process can also be seen in mammals, such as rabbits, 
cats, rats (12-14). In a study on lens regeneration in rabbits, 
macaques, and infants, the lens was removed through a 
small incision of the posterior capsule, and most of the 
anterior capsule was retained. After 5 months, a primary 
lens with better transparency formed and the fundus could 
be clearly observed (15).

There are several molecular factors involved in Wolffian 
and corneal lens regeneration, such as the fibroblast growth 
factor (FGF) (16,17), wingless-related integration site 
(18,19), retinoic acid (20,21), and bone morphogenetic 

protein signals (19,22), but fewer are known for lens 
regeneration in LECs (1). 

The microRNA (miRNA)-34a/silent information 
regulator 1 (Sirt1)/tumor protein p53 (p53) pathway is 
involved in apoptosis and has been studied in LECs (23). 
In human LECs, anti-apoptotic factors B-cell lymphoma-2 
and Sirt1 were significantly reduced by up-regulation 
of miRNA-34a (23). miRNA-34a is a member of the 
miRNA-34 family involved in apoptosis and aging (24). 
The coding gene of miRNA-34a is located at 1p36.2 and 
is expressed at a low level in several tumor tissues (25). 
Sirt1 has a variety of physiological functions, such as a 
transport hub, and is involved in pathological conditions 
through regulation of numerous closely related upstream 
miRNAs and several downstream targets that contain 
transcription factors that play a key role in cell survival 
and metabolism. Sirt1 maintains chromatin silencing and 
genomic stability (26), and is one of the target genes of 
miRNA-34a (23). Moreover, it inhibits cell death following 
DNA injury by antagonizing p53 acetylation (27). The 
upregulation of miRNA-34a expression level is associated 
with cataract occurrence in rats, which may be caused by 
down-regulation of Sirt1 protein (28). Sirt1 protects LECs 
from oxidative stress by inhibiting the p53 pathway (29). 
Therefore, it can be inferred that in miRNA-34a/Sirt1/
p53 pathway, miRNA-34a reversely regulates Sirt1, which 
in turn reversely regulates p53. During lens regeneration, 
LECs showed a state of proliferation, which may be due to 
the inhibition of p53 pathway, and miRNA-34a/Sirt1/p53 
pathway may be involved in this process. No studies have 
been conducted on the expression of miRNA-34a/Sirt1/
p53 pathway in lens regeneration. In this study, we aimed 
to investigate the expression changes of miRNA-34a, Sirt1 
and p53 in a rat model of regenerated lens, and to compare 
the expressions of alpha-smooth muscle actin (α-SMA) and 
fibronectin (fn), markers of tissue fibrosis, and aquaporin 0 
(AQP 0), γA-crystallin, beaded filament structural protein 
1 (BFSP1), markers of lens fibers. To explore the possible 
role of miRNA-34a/Sirt1/p53 pathway in lens regeneration. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-2099/rc).

Methods

Ethics approval

Animal experiments were performed under a project license 

https://atm.amegroups.com/article/view/10.21037/atm-22-2099/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-2099/rc
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(No. NKYY-DWLL-2020-098) granted by the Animal 
Ethical and Welfare Committees of Nankai Hospital, 
in compliance with the Guide for the Care and Use of 
Laboratory Animals of Nankai Hospital. The experimental 
animals are raised and killed in the animal room of Nankai 
Hospital, and Nankai Hospital and Tianjin Eye Hospital is 
a medical union. A protocol was prepared before the study 
without registration.

Animals

We acquired 42 healthy, adult, clean-grade female Sprague-
Dawley rats (randomly selected the same sex to prevent 
reproduction), 8–10 weeks old, and weighing 200–220 g,  
from Beijing HFK Bio-science Co. (Beijing, China). 
Groups of five rats were raised together in a plastic cage 
(15×30×45 cm3). The rats were housed in a 12-h light/dark 
cycle at 22–24 ℃ with 40–50% humidity. Food and water 
were available ad libitum. The rats were divided into three 
groups of 14 rats each using a computer based random order 
generator. The right and left eyes were the experimental 
and control groups, respectively. The experimental unit is 
an eye. Our animal experiments followed the statement by 
the Association for Research in Vision on using animals in 
ophthalmic and visual studies. 

Establishing the animal model

Extracapsular excision of lens in rats was performed by the 
same operator who was aware of the group allocation at the 

different stages of the experiment. At 30 min before the 
operation, each rat was weighed, and 2% intraabdominal 
pentobarbital sodium (40 mg/kg) was injected. Following 
induction of general anesthesia, the rats were fixed to 
the operating table. The right eye underwent mydriasis, 
conjunctival capsule washing, disinfection, and surface 
anesthesia. A corneal incision was made using a 2.8-mm 
puncture knife, followed by injection of a viscoelastic agent 
to maintain the anterior chamber. The anterior capsule, 
approximately 2.5 mm in diameter, was torn off at the 
center, and the cortex and nucleus were separated using 
water. After expanding along the corneal incision to ~120°, 
the lens and cortex were extracted by compression. The 
corneal incision was sutured to form a watertight anterior 
chamber. At the end of surgery, levofloxacin eye drops, 
tobramycin dexamethasone eye ointment, and atropine 
eye gel were applied. Replace the clean bedding for the 
postsurgical rat. The operation lasted in half an hour. Rats 
recovered within half an hour of the surgery basically. After 
the operation, the anti-inflammatory agents levofloxacin 
eye drops and mydriatic agents atropine eye gel were 
dropped twice a day for 28 days (Figure 1). In order to 
detect intraocular infection in time, slit-lamp biological 
microscope was used to observe intraocular conditions.

Treatment of rat eyeballs’ specimens

We observed the anterior segment of the rats using a slit-
lamp biological microscope and recorded our findings 
at 3, 7, 14, 21, 30, 60, and 90 days. We could not know 

Figure 1 Model-making process. After the incision was enlarged, the lens nucleus and cortex were delivered, and the incision was sutured 
with 10/0 sutures. At the end of the operation, the anterior chamber had formed, with little bleeding, no obvious iris incarceration, and a 
clear posterior capsule. 
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the correspondence between the disposal sample and the 
situation of the anterior segment. The rats were killed 
humanely by cervical dislocation at 30, 60, and 90 days. 
Both eyeballs were removed from four rats at each time 
point. A 1 mL needle was used to puncture the anterior 
chamber at multiple points in the limbus of the cornea and 
the eyeballs were fixed in 4% paraformaldehyde for >24 h,  
then embedded in paraffin for hematoxylin and eosin 
(HE) and immunofluorescence staining. In addition, the 
regenerated lens and posterior capsule were removed intact 
from the eyes of 10 rats, placed in Eppendorf tubes, and 
stored at −80 ℃.

Immunofluorescence

Each slide was baked at 65 ℃ for 1 h, dewaxed with xylene 
(3×10 min) and rehydrated through a graded series of 
ethanol solution: 100% 1×10 min, 95% 1×10 min, and 
rinsed in 70%. Following rehydration, the slides were 
rinsed in distilled water, and fixed in 10% neutral buffered 
formalin for 20 min. The slides were placed in a microwave 
for 45 s at 100% power, and then for 15 min at 20% power. 
After cooling, the slides were rinsed in distilled water, 
followed by Tris-buffered saline with Tween (TBST). The 
tissue sections were incubated with blocking buffer and 
incubated in a humidified chamber for 10 min at room 

temperature. The blocking buffer was drained off and the 
primary antibody working solution applied (Table 1). The 
slides were rinsed in TBST, incubated in polymer HRP 
Ms+Rb (HRP labeled secondary antibody-pika mixed 
type) for 10 min at room temperature and then covered 
with reagent 50–100 μL. After rinsing in TBST, the excess 
wash buffer was drained off, and 100–300 μL of opal 
fluorophore working solution was added on to each slide 
for 10 min. The slides were again rinsed in TBST, and the 
microwave treatment was repeated. Next, 4',6-diamidino-
2-phenylindole working solution was applied for 5 min at 
room temperature in a humidity chamber. The slides were 
washed in TBST buffer and water (2 min each) and finally, 
the coverslips were tipped onto the mounting medium. 
Fluorescent images were obtained using a confocal laser 
microscope (Leica TCS SP8 SR, Germany) and analyzed 
using ImageJ. Arbitrary units (AU) were used for statistical 
analysis of data.

Real-time fluorescence quantitative polymerase chain 
reaction (RT-qPCR)

We determined the relative expression of Sirt1, p53, AQP 
0, γA-crystallin, BFSP1. β-Actin was the internal reference 
gene; primer sequences are listed in Table 2. In addition, 
we detected the relative expression of miRNA-34a. U6 

Table 1 List of the primary antibodies used

Antibody Dilution Incubation Product, manufacturer

Sirt1 1:500 1 h room temperature ab189494, Abcam

p53 1:200 21891-1-AP, Proteintech

α-SMA 1:200 55135-1-AP, Proteintech

fn 1:100 15613-1-AP, Proteintech

Sirt1, sirtuin 1; p53, p53 tumor protein; α-SMA, alpha-smooth muscle actin; fn, fibronectin.

Table 2 General gene primer sequences

Gene Forward Reverse

Sirt1 TTTATGCTCGCCTTGCTGTG TGTCCGGGATATATTTCCTTTGC

P53 TCCGACTATACCACTATCCACTAC GCACAAACACGAACCTCAAAG

AQP 0 CAGGTGACCCTGAACGAACA GTCCGTGAGTGGGAGAATCC

γA-crystallin TCAACACTGACCATTTGCTGTC CAGTCGCTGCTGCACTCATA

BFSP1 ACCCCGAGTTCTACTCCTCC ATTCTCCACAGGTGGCATGG

β-Actin AGATCAAGATCATTGCTCCTCCT ACGCAGCTCAGTAACAGTCC
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snRNA was the internal parameter; primer sequences are 
listed in Table 3. Total RNA was extracted from the lens 
and posterior capsule using the Trizol one-step method. 
In general, genes were subjected to reverse transcription 
according to the first strand synthesis kit of the Biomiga 
SuperRT cDNA, and miRNA reverse transcription was 
conducted using a Takara reverse transcription kit (20 μL).  
The reaction system of RT-qPCR was 20 μL, and the 
reaction system of SYBR Green PCR mixture was SYBR 
Mix 10 μL, cDNA (500 ng) 1 μL, primers for 10 μM 
upstream and downstream 0.5 μL, and ddH2O 8 μL. 
Following PCR amplification, we calculated the expression 
multiples of all target genes using the 2−∆∆CT method. Using 
the control group as a reference, we determined the relative 
expression of target genes in the other three groups using 
the aforementioned method. 

Statistical analysis

We analyzed the experimental data statistically using SPSS 25.0. 
Data are presented as continuous variables and were evaluated 
for normality using the Shapiro-Wilk test. The data are 
presented as mean ± standard deviation (SD). The differences 
between the control and experimental groups were analyzed 
using the t-test. The differences between experimental groups 
at different times were analyzed using ANOVA, and the groups 
were pairwise compared using Tukey’s multiple comparison test. 
Statistical significance was set at P<0.05.

Results

Changes in the anterior segment

During the experiment, there was no significant anterior 
inflammation in the rats anterior segment because of local 
anti-inflammatory treatment. For each analysis, the exact 
value of n=10 in each experimental group. Following 
the operation, we observed the edge of the anterior 
capsule membrane with a slit lamp and found a clean and 
transparent posterior capsule membrane. After 3 days, 

the membrane of the posterior capsule shrank, and the 
shrinkage of the posterior capsule increased after 7 days. 
After 14 days the near-equatorial part of the capsule was 
scattered with pearl corpuscles, and the shrinkage had 
considerably increased. After 21 days, greater mass-like 
proliferators accumulated irregularly inside the capsule 
and the equator. The central part of the posterior capsule 
was uneven surface for 30 days, and the surrounding area 
slightly protruded to form a regenerated lens. At 60 days, 
the central area was thicker than at 30 days, and despite 
the shape being similar to that of the primary lens, the 
transparency was poor. Compared with 60 days, the 
morphology and opacification of the regenerated lens was 
approximately the same at 90 days (Figure 2). 

Pathological examination 

HE staining revealed an intact normal lens capsule. The 
LECs in the inner layer of the anterior capsule were neatly 
arranged on the equator, but the lens fibers were arranged 
longitudinally. However, the posterior capsule had no cells. 
On day 30, the lens regenerated from the residual LECs of 
the equatorial region. The overall shape is fusiform, and the 
nucleus leaves the posterior capsule surface with the gradual 
elongation of the lens fibrocytes, and gradually approaches 
the anterior capsule. After 60 days, the fiber arrangement of 
the regenerated lens was similar to that of the primary lens. 
Furthermore, the entire regenerated lens was similar to the 
primary lens. The fiber arrangement and integral shape at 
60 and 90 days was similar (Figure 3).

Immunofluorescence

Only lens and membranes were statistically analyzed. The 
statistical unit is AU (Table 4, Figures 4-8).

RT-qPCR

In the experimental group, miRNA-34a revealed a 

Table 3 miRNA primer sequence

Gene Reverse transcriptional primers Forward Reverse

rno-miRNA-34a-5p GTCGTATCCAGTGCGTGTCGTGGAGT
CGGCAATTGCACTGGATACG

GGGTGGCAGTGTCTTAGCTG CAGTGCGTGTCGTGGAGT

U6 snRNA AACGCTTCACGAATTTGCGT CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

miRNA, microRNA.
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Figure 2 Slit-lamp image at each time point. The posterior capsule was clear (0 days) at the end of the extracapsular lens extraction. The 
shrinkage of the posterior capsule gradually increased (3 days, 7 days). Pearl corpuscles gradually appear in the posterior capsule (14 days, 
blue arrow), the shrinkage further increases, and the greater mass-like proliferators (21 days, blue arrow) appeared. After 30 days, the 
equatorial area had completely proliferated, with an irregular central area. At 60 days, the shape of the regenerated lens is similar to that of 
the primary lens. At 90 days, the regenerated lens depicts no obvious swelling, with uniform depth of the anterior chamber.

decreasing trend, significantly different from the normal 
group (t=−23.128,  t=−12.029, and t=−6.039 on 30, 
60, and 90 days, respectively; P=0.000). There was a 
significant difference in miRNA-34a levels among the 
three experimental groups (F=215.581, P=0.000; pairwise 
to pairwise ratio, P=0.000). Sirt1 expression significantly 
increased over time in comparison with the normal group 
(t=10.030, t=13.088, t=3.852 on 30, 60, and 90 days, 
respectively; P<0.01). There was a significant difference in 
Sirt1 levels among the experimental groups (F=144.747, 
P=0.000; pairwise to pairwise ratio,  P<0.01).  p53 
significantly decreased over time compared with the normal 
group (t=−22.379, t=−20.855, t=−13.939 on 30, 60, and 

90 days, respectively; P=0.000) and there was a significant 
difference between the experimental groups at the different 
time points (F=63.387, P=0.000; pairwise to pairwise ratio, 
P<0.05) (Figure 9).

AQP 0 significantly decreased over time in comparison 
with the normal group (t=16.932, t=24.161, t=28.996 
on 30, 60, and 90 days, respectively; P<0.05) and there 
was a significant difference among the experimental 
groups (F=41.296, P=0.000; pairwise to pairwise ratio, 
P=0.000). Similarly, γA-crystallin significantly decreased 
over time (t=13.441, t=19.713, t=26.584 on 30, 60, and  
90 days, respectively; P=0.000), and there was a significant 
difference between groups (F=145.932, P=0.000; pairwise 
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Figure 3 HE staining of a normal lens, and a regenerated lens at 30, 60, and 90 days. The normal lens fibers are arranged in order, and the single 
layer of LECs of the anterior capsule membrane are arranged in order to the equator. At 30 days, there was a fusiform appearance, and residual 
epithelial cells in the anterior sac were slightly loose. The layers of the anterior capsule at 60 days are denser, and lens fibers are arranged in order. 
At 90 days, the anterior capsule LECs are arranged in a monolayer similar to that of a normal lens. LECs, lens epithelial cells.

Normal

30 d

60 d

90 d

Normal

30 d

60 d

90 d

250 μm

250 μm

250 μm

250 μm

250 μm

250 μm

250 μm250 μm

to pairwise ratio, P<0.01). In contrast, no significant 
trend was observed for BFSP1 expression. Compared 
with the normal group, there were significant differences 
in BFSP1 levels over time (t=15.221, t=24.226, t=18.478, 
respectively; P=0.000), but no significant differences 
between experimental groups (F=1.786, P=0.187; pairwise 
to pairwise ratio, P>0.05; Figure 10).

Discussion

In the present study, the residual LECs proliferated 
gradually over time, from the occurrence of PCO to the 
formation of a regenerated lens. Previous studies have 
shown that the volume of the lens increases linearly with 
the number of days after lenectomy, and that the growth 
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Table 4 Immunofluorescence semiquantitative expression

AU 30 d 60 d 90 d Normal F P

Sirt1 55.550±10.703 124.359±4.114 140.000±2.488 31.706±1.939 777.654 0.000

p53 143.839±19.918 122.58±10.257 101.767±17.415 75.899±10.372 36.953 0.000

α-SMA 162.036±3.499 138.749±12.380 69.652±9.439 96.607±9.439 217.778 0.000

fn 140.496±17.475 157.713±19.207 165.336±17.759 175.106±16.394 6.801 0.001

Sirt1, p53, α-SMA and fn comparison within groups respectively was P<0.01. AU, arbitrary units; Sirt1, sirtuin 1; p53, p53 tumor protein; 
α-SMA, alpha-smooth muscle actin; fn, fibronectin.

A B

C D

250 μm 250 μm

250 μm250 μm

Figure 4 Sirt1 immunofluorescence. Sirt1 expression was higher in the lens epithelial cells close to the capsule. It was non-uniform in crystal 
fibroblasts at 30 days. Other groups are expressed as homogenized. (A) 30 days; (B) 60 days; (C) 90 days; (D) normal. Sirt1, sirtuin 1.

rate of the lens eventually decreases as the regenerated lens 
approaches the size of the original lens (14,30). Slit-lamp 
examination and HE staining revealed that a regenerated 
lens could be formed within 2 months after surgery. In 

addition, the appearance and volume of the regenerated 
lens at 90 days and 60 days were similar. Nonetheless, the 
regenerated lens was slightly opacified, and its transparency 
was not comparable to that of the primary lens. 
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Figure 5 p53 immunofluorescence. p53 was more expressed near the capsule and the equator. Its expression decreased over time; the normal 
group had lower p53 levels. (A) 30 days; (B) 60 days; (C) 90 days; (D) normal. p53, tumor protein p53.

A B

C D

250 μm 250 μm

250 μm250 μm

Epithelial mesenchymal transition (EMT) of LECs is 
the primary pathological change associated with PCO (2), 
and characterized by changes in cell morphology, epithelial 
phenotype loss, actin reorganization, and changes in 
interstitial cell phenotypes. α-SMA is an important marker 
of EMT, and a key factor in tissue fibrosis (31). Through 
immunofluorescence, we found that α-SMA expression 
was highest at 30 days, thus indicating EMT was most 
active at this time. Collagen and fibronectin, the primary 
extracellular matrix components, are distributed on the 
cell surface or between cells, where they form a network 
structure to support cell migration (31). In our study, fn 
expression increased gradually, concomitant with a gradual 
increase in cell proliferation at 90 days. Therefore, the 
normal volume of the lens was reached at 90 days.

We measured several lens markers. During lens 
development, the epithelial cells at the equator differentiate 
into a lens fiber cells. Moreover, mature lens fibers 
accumulate high concentrations of AQP 0, crystallins. AQP 
0, also known as the major intrinsic protein, is the most 
abundant membrane protein in lens fibers (32). Cell-to-
cell adhesion (CTCA) is a major function of AQP 0 and 
key to establishing lens transparency (33). The γ-crystallin 
content in the nucleus of the lens is higher than that in the 
cortex and the γ-crystallins are compactly arranged, thus 
forming a transparent tissue structure with an appropriate 
refractive index gradient and no scattering (34). BFSPs 
are lens-specific proteins belonging to the intermediate 
filament protein family (35). BFSP1 and BFSP2 are the 
major components of the beaded filaments that comprise 
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Figure 6 α-SMA immunofluorescence. α-SMA is uniformly expressed in the crystal. However, it decreases gradually over time and tends to 
be expressed in the lens epithelial cells close to the capsule, but at a significantly lower level than in the normal group at 90 days. (A) 30 days; 
(B) 60 days; (C) 90 days; (D) normal. α-SMA, alpha-smooth muscle actin.

the unique lens cytoskeleton, and play an important role 
in maintaining lens transparency during fetal development 
and fiber cell differentiation (36). In the present study, the 
regenerated lens was slightly turbid, and the corresponding 
AQP 0 and BFSP1 gene expressions were lower than 
in the normal group, which indicated poor CTCA and 
transparency of the regenerated lens. The distal promoter 
and the first intron of the γA-crystallin contain the p53 
binding site (37), and knocking out p53 decreases γA-
crystallin expression (37). In our experiment, p53 expression 
gradually decreased with increased Sirt1 expression. 
Moreover, γA-crystallin expression gradually decreased, 
leading to decreased lens transparency.

The size and location of the capsulorhexis affect the 

regeneration of the LEC lens. The smaller the diameter of 
the anterior capsulorhexis, the closer the transparency and 
the shape of the regenerated lens are to those of the normal 
lens; the regeneration rate is also faster, and histologically, 
most LECs can differentiate into well-organized lens  
fibers (38). If the posterior or even anterior capsular 
integrity can be maintained, the regenerated lens is closer to 
the original lens (38). In this study, in order to remove the 
crystal nucleus and cortex more thoroughly, a curvilinear 
continuous capsulorhexis with a diameter of about 2.5 mm 
was used. As shown in previous study (38), the posterior 
capsular integrity was maintained in this model, with nearly 
complete lens regeneration occurring within 2 months even 
with central capsulorhexis. The LECs of the anterior capsule 
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Figure 7 Fn immunofluorescence. Fn is expressed in crystal fibroblasts, with a stripe-like appearance. The expression in the normal group is 
higher, but that in the experimental group gradually increased over time. (A) 30 days; (B) 60 days; (C) 90 days; (D) normal. fn, fibronectin.
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Figure 8 Immunofluorescence semiquantitative expression analysis 
demonstrated a gradual and significant increase in Sirt1 expression 
over time. Other expressions decreased gradually. However, p53 
levels were still higher than normal. Although α-SMA expression 
was lower than normal at 90 days, it was higher than normal at 30 
and 60 days. fn was always lower than normal. AU, arbitrary units; 
Sirt1, sirtuin 1; p53, p53 tumor protein; α-SMA, alpha-smooth 
muscle actin; fn, fibronectin. 
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Figure 9 RT-qPCR expression of components of the miRNA-
34a/Sirt1/p53 pathway. miRNA-34a negatively correlated with 
Sirt1, and Sirt1 negatively correlated with tumor protein p53. All 
factors in the pathway were significantly different at each time 
point between and within groups. *, P<0.01. Sirt1, sirtuin 1; p53, 
p53 tumor protein; RT-qPCR, real-time fluorescence quantitative 
polymerase chain reaction.
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were neatly arranged, as were the lens fibers over time, 
although the transparency of the regenerated lens was lower 
than that of the primary lens. It has also been suggested that 
lens cells require spatial and cellular cues to initiate, sustain, 
and produce optically functional tissue, in addition to capsule 
integrity and the epithelial-fibrocyte interface (39). In order 
to improve the transparency of the regenerated lens, some 
researchers reduced the diameter of the capsulorhexis to 
1.0–1.5 mm, the wound area was reduced by 1.2 mm2 and 
moved to the periphery of the lens (15). In this study, the 
regenerated lens was slightly turbid. Maybe I can use this 
approach in further research in the future.

In the miRNA-34a/Sirt1/p53 pathway Sirt1 connects 
miRNA-34a and p53 in a feed-back loop (40,41). While 
miRNA-34a acts on Sirt1, the latter regulates p53, and 
both negatively correlate to cell apoptosis (42-45). To our 
knowledge, this is the first study to investigate the role of 
the miRNA-34a/Sirt1/p53 pathway in lens regeneration. 
To this end, we performed quantitative analyses of three 
target genes. miRNA-34a expression was nearly twice as 
high as that of the control group at 30 days, decreasing 
gradually over time but remaining higher than that of the 
normal control group at 90 days. However, Sirt1 expression 
increased gradually and was close to that of the normal 
group at 90 days. miRNA-34a expression negatively 
correlated with that of Sirt1, consistent with previous results 
(23,29). p53 expression gradually decreased with increasing 
Sirt1 levels, thus indicating a gradual decrease in apoptosis. 
This in turn maintained lens proliferation and regeneration, 
such that the regenerated lens was close to structure of the 
primary lens. Sirt1 expression in the regenerated lens was 
similar to that in the normal lens. Therefore, Sirt1 plays a 

protective role in the maintenance of the regenerated lens.
Our experimental research can be further extended 

to rabbits and other mammals. But the current study 
has some limitations. Although rats are more genetically 
similar to humans, allowing for faster lens regeneration, 
their eyes are smaller and the lens is less transparent. In 
addition, we have not conducted relevant studies on Sirt1 
agonists or inhibitors. Therefore, further research can be 
focused on this.

Conclusions

The miRNA-34a/Sirt1/p53 pathway is present in the LEC-
regenerated lens. Sirt1 is a key node in the pathway and 
plays a protective role in lens regeneration. 
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