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Abstract: Corneal collagen crosslinking (CXL) has revolutionized the treatment of keratoconus in the past decade. In
order to evaluate the 3-month effects of CXL on corneal ﬁbroblasts, a longitudinal study at the tissue and cellular
level was carried out with a total of 16 rabbits that underwent CXL, deepithelialization (DEP), or non-treatment
(control) and kept for 1 to 3 months. The duration of corneal stromal remodeling after CXL was determined by
examining the differentiation, apoptosis, and number changes of keratocytes in tissue sections from animals 1, 2, or 3
months post-treatment. Upon the ﬁnish of tissue remodeling, separate rabbits were used to extract keratocytes and set
up cell culture for vimentin immunoﬂuorescence staining. The same cell culture was used for (1) migration
measurement through the wound-healing assay; (2) elastic modulus measurement by atomic force microscope (AFM);
(3) the proliferation, apoptosis, cytoskeleton and α-SMA expression tests through EdU (5-ethynyl-2’-deoxyuridine)
assay, TUNEL (TdT-mediated dUTP Nick-End Labeling) assay, phalloidin and α-SMA (alpha-smooth muscle actin)
immunoﬂuorescence analysis, respectively. Results showed that the migratory activity, elastic modulus, and α-SMA
expression of the corneal ﬁbroblasts increased after CXL treatment, while apoptosis, proliferation, and morphology of
F-actin cytoskeleton of the ﬁbroblasts had no signiﬁcant change after 3 months. In contrast, measured cellular
parameters (migratory, elastic moduli, α-SMA expression, apoptosis, proliferation, and morphology of F-actin
cytoskeleton of ﬁbroblasts) did not change signiﬁcantly after DEP. In conclusion, the dynamic changes of keratocytes
were nearly stable 3 months after CXL treatment. CXL has an impact on corneal ﬁbroblasts, including migration,
elastic modulus and α-SMA expression, while epithelialization may not alter the biological behavior of cells signiﬁcantly.

Introduction
Keratoconus often occurs in adolescents, is an ectasia disease
with documented changes in corneal thickness and geometric
shape (Hayes et al., 2007). The etiology of keratoconus
remains unclear, and effective treatment has become the focus
of ophthalmology. Corneal collagen crosslinking (CXL) has
revolutionized the treatment of keratoconus in the past decade
(Subasinghe et al., 2018). The increased covalent bonds
between adjacent collagen ﬁbers induced by CXL can increase
corneal mechanical strength and regulate corneal shape (Khan
et al., 2015; Subasinghe et al., 2018). The standard epitheliumoff CXL protocols include epithelium removal, riboﬂavin soak,
and ultraviolet irradiation, which are the classic protocols of
crosslinking. Improving protocols, such as iontophoresisassisted (Bikbova and Bikbov, 2014) and trans-epithelial CXL
(Kocak et al., 2014), have been proposed in the hope of

*Address correspondence: Lin Li, lil@ccmu.edu.cn
Received: 20 November 2020; Accepted: 10 January 2021
Doi: 10.32604/biocell.2021.014873

improving safety and reducing complications. However, the
improvement of corneal mechanical properties of these new
protocols has been shown not as good as that of the standard
epithelium-off CXL protocols (Baiocchi et al., 2009; Kymionis
et al., 2017). The mechanism of CXL on the cornea needs to
be further understood.
For now, the vast majority of the published studies about
CXL are focusing on its biomechanical effects. While the
micro-level alterations, such as cellular changes, may be
critical information of CXL (Sharif et al., 2018a).
Keratocytes reside between the corneal collagen lamellae and
maintain the extracellular matrix (Jester et al., 2012; Zhang
et al., 2019). Activated keratocytes can transform into
ﬁbroblasts or even myoﬁbroblasts. Researchers extracted and
cultured ﬁbroblasts in vitro, then treated them with
riboﬂavin-UVA to show some short-term cellular changes
(Covre et al., 2016; Stachon et al., 2015). While the corneal
tissue underwent an enormously complex process as a result
of multiple biochemical cues acting at the cellular level
(Raghunathan et al., 2017), which cannot be recapitulated
by only cross-linked treatment in vitro.
www.techscience.com/journal/biocell
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In addition, the increase in corneal stiffness after CXL
potentially lasts longer than the time of actual collagen
turnover (Raiskup et al., 2015), which suggests that CXL has
long-term and permanent effects on tissues (Kling et al.,
2017). The in vitro tests are difﬁcult to reveal the changes of
cells after prolonged corneal remodeling. Understanding
changes of corneal ﬁbroblasts after CXL may provide a new
basis for explaining how CXL intervenes in keratoconus
progression, why postoperative complications occur, and the
guidance for the selection of speciﬁc CXL procedures.
Further longitudinal studies at the cellular level are needed.
At present, there is no uniﬁed direction for improving the
protocols of CXL. Whether to carry out the deepithelialization
(DEP) in CXL still remains controversial. To understand the
effects of CXL on keratocytes, as well as the effects of DEP,
this study constructed CXL and DEP rabbit animal models.
We determined the time span of corneal stromal remodeling
by monitoring the differentiation, apoptosis, and number
changes of keratocytes in corneal sections from animals at
different time points after CXL treatment. Then we extracted
keratocytes from the corneas of the CXL-, DEP- and controlgroup animals after corneal remodeling was completed. These
cells were tested for their migration activity, elastic modulus,
proliferation, apoptosis, and cytoskeleton morphology.

on one eye and DEP on the other, and two animals as blank
control, were sacriﬁced after corneal remodeling has
completed (3 months post-treatment) to extract keratocytes.
CXL and DEP treatments
The standard epithelium-off crosslinking protocols were used
to conduct animal models. The central region of each cornea
in the CXL group was deepithelialized, then dropped into
0.1% riboﬂavin solution (Avedro, Waltham, MA, USA)
every 2 min to keep the cornea fully immersed and
permeated in riboﬂavin solution for 20 min. Then the
cornea was irradiated by UVA (IROC, Zurich, Switzerland)
for 30 min with riboﬂavin solution inﬁltration. The beam
diameter, the wavelength, and the energy density of UVA
were 5 mm, 365 nm, and 3 mW/cm2, respectively. The
corneas of the DEP group were deepithelialized only.
Erythromycin Eye Ointment was used twice a day as the
anti-infection treatment during the ﬁrst postoperative week.
Tissue preparation
The corneal tissues were extracted and ﬁxed in 4%
paraformaldehyde (Solabio, Beijing, China). After
dehydrated in 30% sucrose solution (Solabio, Beijing,
China), tissues were embedded and frozen with liquid
nitrogen, and cut into 10 μm sections at −20°C.

Materials and Methods
Animals
Normal healthy New Zealand white rabbits (N = 16, aged 7
months) of speciﬁc pathogen-free (SPF) grade were obtained
from the Experimental Animal Department of the Capital
Medical University. The animals were kept in temperaturecontrolled rooms with a 12-h light/dark cycle and provided
with standard food and water. All animals were given at least
48 h of adaptation time before treatment. The study was
approved and monitored by the Institutional Animal Care and
Use Committee of the Capital Medical University of Beijing.
All surgeries were performed under systemic anesthesia, and
all efforts were made to minimize animal suffering.
All rabbits were randomized into 4 groups (At, t = 1, 2, 3
and B). The detailed assignment of treatments and sampling
of corneas is summarized in Tab. 1. Three animals from
each of the ﬁrst three groups (A1, A2 and A3) were
sacriﬁced at the 1st, 2nd, and 3rd months after treatment,
respectively. Three CXL corneas and the fellow healthy
untreated corneas from A1, A2 and A3 at each time point
were obtained. The other 2 DEP-rabbits (both eyes) in A3
were kept up to 3 months to obtain 4 DEP corneas. Five
animals in Group B, where 3 animals were treated with CXL

Cell differentiation of tissue sections
Sections were blocked in PBS (Hyclone, Logan, Utah, USA)
containing 5% BSA (Sigma, Shanghai, China), 0.3% Triton
X-100 (Solabio, Beijing, China) for 1 h at room temperature.
After incubated with primary antibody anti-alpha-smooth
muscle actin (α-SMA) (1:500 dilution; Boster, Wuhan, China)
at 4°C overnight, sections were then incubated with goat antimouse IgG secondary antibody (1:500 dilution; Abcam,
Cambridge, MA, USA) for 2 h at 37°C. Nuclei were
counterstained with DAPI (Solabio, Beijing, China). Negative
controls were included with secondary antibody alone.
Cell apoptosis of tissue sections
Sections were ﬁrst treated with PBS containing 0.3% Triton
X-100 for 5 min, then incubated with TUNEL working
solution (1 TdT Enzyme: 9 TRITC-Dutp Labeling Mix;
Meilune, Dalian, China) for 1 h at 37°C. Nuclei were
counterstained with DAPI. No less than 3 sections were
selected at each time point, 3 different areas in each section
were photographed and counted. The apoptosis ratios were
calculated as the number positive for both nuclear and
TUNEL stain divided by the total positive of nuclear stain at
each photo, normalized to per mm2.

TABLE 1
Number of experimental animals in each group
Groups

A1

A2

A3

B

Number of CXL corneas

3

3

3

3

Number of DEP corneas

0

0

4

3

Number of control corneas

3

3

3

4

Number of experimental animals (N)

3

3

5

5
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Cell count of tissue sections
Sections with DAPI staining at the same magniﬁcation were
used to count the number of keratocytes in the corneal
matrix by Image-Pro Plus software (Media Cybernetics,
Rockville, MD, USA). Average keratocytes number was
calculated for each time point from 3 randomly selected
regions in each section, no less than 10 sections for each
group. After counting, the area and thickness of the stroma
were used to normalize the keratocytes density to per mm3.
Primary ﬁbroblasts isolation
The corneal tissue was extracted along the limbus, and the
epithelium and endothelium were scraped in a sterile
environment. After being repeatedly rinsed by PBS, corneal
matrix tissue was cut into small pieces and ﬁrst digested by
0.5 g/L Type Ι collagenase solution (Invitrogen, Carlsbad,
California, U.S.) for nearly 2 h to remove necrotic cells and
residual epithelial/endothelial cells. Then residual corneal
matrix tissue was digested by 1 g/L Type Ι collagenase
solution for 4 h to obtain primary ﬁbroblasts.
Fibroblasts culture
Primary ﬁbroblasts were cultured at a humidiﬁed incubator at
37°C in 5% CO2 in DMEM/F12 medium (Hyclone, Logan,
Utah, USA) with 10% FBS (Fetal Bovine Serum, Gibco,
Carlsbad, California, USA) and 1% Penicillin-StreptomycinGentamicin solution (Hyclone, Logan, Utah, USA). Culture
media were ﬁrst changed 24 h after cell seeding, then every 2
to 3 days. At cell conﬂuence, 0.05% trypsin-EDTA (Hyclone,
Logan, Utah, USA) was used for passage, and the 2nd to 5th
generations of cells were used for experiments in this study.
Fibroblasts identiﬁcation
Fibroblasts were ﬁxed in 4% paraformaldehyde and blocked in
PBS containing 5% BSA, 0.3% Triton X-100. After that, cells
were incubated overnight with vimentin primary antibodies
(1:500; Boster, Wuhan, China), and then incubated with
goat anti-mouse IgG secondary antibody (1:500; Abcam,
Cambridge, MA, USA) for 2 h at 37°C. Nuclei were
counterstained with DAPI. Negative controls were included
with secondary antibody alone.
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the AFM cantilever tip. The spring constant of the conical
tip used in this study is 0.07 N/m. After calibrated at the
blank base, the cells were tested through the force-volume
mode of AFM to obtain the height and the forceindentation curve in selected regions. The elastic modulus of
the central region of the cell was selected by the height
sensor. The Snedden model was used to ﬁt the curve to
obtain the elastic modulus:
2
E
F¼
tanðaÞd2
(1)
p ð1  v2 Þ
where F denotes Young’s elastic modulus (ﬁtting parameter),
and ν denotes the Poisson’s ratio, α is the half-angle of the
AFM cantilever tip, and δ is the indentation depth in the test.
EdU proliferation assay
Fibroblasts in each group were inoculated into 3 dishes for
EdU assay. Fibroblasts were incubated with EdU medium
(Ribobio, Guangzhou, China) for 2 h, then rinsed with PBS
and ﬁxed in 4% paraformaldehyde. After treated with PBS
containing 0.3% Triton X-100 for 10 min, cells were
incubated with Apollo staining solution for 30 min. Nuclei
were counterstained with DAPI. No less than 12 random
regions per group were photographed at the same
magniﬁcation to calculate the ratios. The proliferative ratios
were calculated as the number positive for both nuclear and
EdU stain divided by the total positive of nuclear stain at
each photo. Then the results were normalized to per mm2
after calculated.
TUNEL apoptosis assay
Fibroblasts in each group were inoculated into 3 dishes for
TUNEL assay. After ﬁxation, ﬁbroblasts were carried out
similar experimental steps as described in “Cell apoptosis of
tissue sections”. No less than 12 random regions per group
were photographed at the same magniﬁcation to calculate
the ratios. The apoptosis ratios were calculated as the
number positive for both nuclear and TUNEL stain divided
by the total positive of nuclear stain at each photo. Then the
results were normalized to per mm2 after calculated.

Wound-healing assay
Fibroblasts were seeded in 6-well plates, 3 wells for each
group, allowed to grow until reaching conﬂuence. Then the
culture medium was removed, cells were rinsed and
changed to the culture medium without FBS for 24 h. After
that, ﬁbroblasts monolayers were scratched with 200 mL
yellow pipette tips, 6 images (2 for each well) of each group
of cell’s scratch wound were taken every 12 h over a period
of 72 h. The opening of the scratched wound was measured
by the Image-Pro software, an average wound width was
calculated for each scratch wound from the 6 images taken
at each time point for each group.

Cytoskeleton assay
Fibroblasts in each group were inoculated into 3 dishes for
cytoskeleton assay. After ﬁxation, ﬁbroblasts were carried out
similar experimental steps as described in “Cell differentiation
of tissue sections”. To visualize F-actin, ﬁbroblasts were then
stained with phalloidin (Abbkine, Wuhan, China) for 30 min
at room temperature. Nuclei were counterstained with DAPI.
No less than 15 random regions per group were
photographed at the same magniﬁcation to calculate the
proportion. The proportion of α-SMA expressing-cells is
calculated as the number positive for α-SMA stain divided by
the total positive of nuclear stain at each photo, then
normalized to per mm2 after calculation.

Atomic force microscopy
Fibroblasts in each group were inoculated into 3 dishes for
atomic force microscopy (AFM, Karlsruhe, Germany) test.
Fibroblasts were gently rinsed with pre-warmed PBS
solution, immersed in the PBS solution, and placed under

Statistical method
The normal distribution of data was detected ﬁrst. Then the
Student’s t-test was used for the data that met the normal
distribution, and Mann–Whitney U-test for the data that
did not. The numbers of cells, E, EdU positive rates,
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TUNEL positive rates, and α-SMA expression between the
experimental group and the control group were compared.
All statistical analyses were performed using SPSS (IBM,
Armonk, New York, USA) with a signiﬁcance cutoff of
P-value at 0.05.
Results
Corneal remodeling completed three months after CXL
To establish the time course of corneal remodeling, we
measured keratocytes differentiation, apoptosis, and cell
number. Differentiation (α-SMA, green ﬂuorescence) was
visible under the corneal epithelium 1 and 2 month(s) after
CXL treatment (group A1 and A2, as shown in Figs. 1B and
1C), but not after 3 months (group A3, as shown in Fig. 1D)
or in the control corneas (as shown in Fig. 1A). This
indicates that a part of keratocytes near the epithelium
differentiated into myoﬁbroblasts one and two month(s) after
CXL treatments, but not after three months or in the control
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corneas. Apoptosis (TUNEL staining, red ﬂuorescence) was
only observed one and two months after CXL treatment (as
shown in Figs. 1G and 1H), and the TUNEL ratio was
10.02% and 8.03%, respectively (as shown in Fig. 1L). As
shown in Fig. 1, cell loss occurred mainly in about 1/3 of the
anterior stroma at 1 and 2 month(s) post-treatment, and
non-cell areas appeared near the epithelium. Three months
after the treatment, cells reappeared in the anterior stroma.
The numbers of cells in corneal sections were 25094.68 ±
5693.95, 18150.63 ± 3239.55, 21738.24 ± 3378.1, 23569.09 ±
3339.05, and 24064.92 ± 3253.05 per mm3 in the control
corneas, at the 1st month, 2nd month, 3rd month after CXL
treatment, and 3rd month after DEP treatment, respectively
(as shown in Fig. 1M). Compared with control corneas, cell
counts ﬁrst decreased, then increased gradually with time
after CXL treatment. Signiﬁcant differences were found
between control and the experimental corneas at the 1st
month (A1, P < 0.0001, N = 30) and 2nd month (A2, P =
0.0049, N = 30), respectively. However, no signiﬁcant

FIGURE 1. (A–E) Keratocytes differentiation after treatment. (F–J) Keratocytes apoptosis after treatment. (K) Negative control. (L) The
apoptotic ratios of corneal stroma sections. (M) Numbers of keratocytes.
(A–E) α-SMA (green) and DAPI (blue) staining results of corneal stroma sections at different time points after treatment. (F–J) TUNEL (red)
and DAPI (blue) staining results of corneal stroma sections at different time points after treatment. (K) No positive reaction was shown in the
photo of the negative control. For more intuitive observation, we enlarged the scale of the α-SMA-stained picture at the 2nd month after CXL.
Positive reactions occurred at 1st month and 2nd month after CXL, indicating that the dynamic remodeling of stroma has not been completed.
No obvious keratocytes differentiation or apoptosis was observed at 3rd month after CXL or DEP treatment. (M) Numbers of keratocytes
decreased signiﬁcantly at 1st month and 2nd month after CXL compared with the control corneas (P < 0.0001, P = 0.0049, N = 30,
respectively), then increased with time. No signiﬁcant difference was found between control corneas and CXL-corneas, or control corneas
and DEP-corneas, at 3rd month after treatment. It can be inferred that the number of keratocytes in corneal stroma after treatments is
basically recovered at 3rd month. Data were examined by normal Student’s t-test. Scale bars are 100 µm.
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difference was found between the control corneas and the
CXL-corneas at the 3rd month (A3, P = 0.1939, N = 30),
so as the DEP-corneas (P = 0.3769, N = 30). Compared to
the control corneas, changes in keratocytes differentiation,
apoptosis or cell number disappeared 3 months after CXL or
DEP treatment. Therefore, we inferred that the corneal
remodeling is completed 3 months after CXL or DEP
treatment. Consequently, keratocytes from corneas of CXL,
DEP rabbits were extracted at the 3rd month after the
treatments for further tests.
Fibroblasts migration increased after CXL
We conﬁrmed the identity of the extracted corneal ﬁbroblasts
in group B by vimentin staining (green ﬂuorescence, as
shown in Fig. 2). Then we performed a wound-healing assay
on the extracted ﬁbroblasts from corneas after CXL, DEP, or
non-treatment.
Fibroblasts stained with vimentin (green) and DAPI
(blue) in three groups, all cells showed positive reactions,
conﬁrmed that the extracted and cultured cells were
ﬁbroblasts. No positive reaction was shown in the photo of
the negative control. Scale bars are 50 µm.
After the scratch, the widths of scratched areas in three
groups all decreased with time (as shown in Fig. 3). At 12 h
post-scratch, the CXL group showed faster migration than the
control group (P = 0.0029, N = 6), then the difference shrank.
No statistically signiﬁcant difference was shown between the
DEP group and the control group at all time points.
Fibroblasts elastic moduli increased after CXL
The average of elastic moduli (E) of ﬁbroblasts in the control,
DEP, and CXL groups were 6.37 ± 2.63 kPa, 7.05 ± 1.97 kPa,
and 12.37 ± 4.08 kPa, respectively (data was shown in Fig. 4).
The E of ﬁbroblasts in the CXL group were signiﬁcantly higher
than those of the control group (P < 0.0001, N = 100), whereas
no signiﬁcant difference was found between the DEP and
control group (P = 0.0561, N = 100).
Fibroblasts proliferation and apoptosis did not change after
CXL and DEP
The results of proliferative and apoptotic tests were shown in
Fig. 5A. The EdU-based proliferative ratios of ﬁbroblasts in the
control, DEP and CXL group were 1.74 ± 1.4%, 1.36 ± 0.8%,
1.39 ± 1.2%, respectively (data was shown in Fig. 5B). The
TUNEL-based apoptotic ratios were 0.25 ± 0.1%, 0.19 ± 0.1%
and 0.43 ± 0.3%, respectively (data was shown in Fig. 5C).
There was no signiﬁcant difference between the three groups
in either proliferation or apoptosis (P > 0.05, N = 12).

FIGURE 2. Fibroblasts identiﬁcation.

FIGURE 3. Fibroblasts migration of three groups.
Average migration distance of ﬁbroblasts in each group. The opening
of scratched wound was measured every 12 h over a period of 72 h
(H), an average wound width was calculated at each time point for
each group. The behavior of the CXL group and DEP group were
comparable throughout the time course (0–72 h). Migration
distance in DEP and CXL group greater than that of the control
group at each time point, while signiﬁcant difference only showed
at 12 h between CXL and control group. Data were expressed as
mean ± SD.

The expression of α-SMA increased after CXL
Fibroblasts were stained with phalloidin and α-SMA
antibodies to visualize the F-actin and α-SMA expression.
As shown in Fig. 6A, the F-actin ﬁbers of the three groups
were uniformly arranged along the long axis of the cell with
clear stress ﬁbers. The synthesis of α-SMA was observed in
some ﬁbroblasts in the CXL group. The proportion of
α-SMA expressing-cells was shown in Fig. 6B. There was a
signiﬁcant difference in the proportion of α-SMA
expressing-cells between the CXL and control group (P <
0.0001, N = 15), but not between the DEP and control
group (P = 0.1803, N = 15).

Discussion
Keratocytes maintain the extracellular matrix, which is
essential for transparency. After CXL, a series of dynamic
changes occurred in the corneal stroma. Keratocytes-matrix
mechanical interactions may trigger long-term changes in
cell mechanics and biology. Meanwhile, the current
understanding is relatively limited. This research aimed to
explain the 3-month effects of CXL on keratocytes.
In order to determine the duration of corneal stromal
remodeling due to CXL- or DEP-treatment, we collected
data on keratocytes number, differentiation and apoptosis
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FIGURE 4. (A) Indentation-F curves of ﬁbroblasts. (B) Elastic moduli of ﬁbroblasts.
(A) The original force curves can be obtained directly by AFM indentation experiments, and the Indentation-F curves can be converted by
substituting the elastic coefﬁcient of the tip. Then the elastic moduli of the cells can be obtained by ﬁtting the curves with the Sneddon formula.
(B) E of ﬁbroblasts in the CXL group greater than the control group (P < 0.0001, N = 100), no signiﬁcant difference was observed between the
DEP and control group. Data were examined by normal Student’s t-test.

FIGURE 5. (A) Proliferation and
apoptosis of ﬁbroblasts in each
group. (B and C) The proliferative
and apoptotic ratios of ﬁbroblasts in
each group.
(A) The ﬁrst row is staining results of
EdU (red) and DAPI (nucleus), the
second row is TUNEL (red) and
DAPI (blue). The overlapping area of
red ﬂuorescence and blue nucleus
was the immunopositive ﬁbroblasts.
The proliferative and apoptotic
positive cells were less in all groups,
indicating that no group signiﬁcantly
activate cell proliferation and
apoptosis. (B and C) The number of
overlapping areas of red ﬂuorescence
and blue nucleus (as shown in
Fig. 5A) was divided by the number
of all blue nucleus to obtain the
proliferative and apoptotic ratios. No
signiﬁcant change was observed both
of proliferation and apoptosis in
either CXL- or DEP treatment
compared with the control group.
Scale bars are 50 µm.

via corneal sections from animals 1, 2, or 3 months after
treatment. In the ﬁrst two months after CXL, keratocytes
underwent differentiation, apoptosis and a corresponding
drop in cell number when compared with the control
corneas. The keratocyte density of the normal rabbit corneas
was 25094.68 ± 5693.95 cells/mm3 in this study, within the
range of 20000–50000 cells/mm3 in the literature (Patel
et al., 1999; Petroll et al., 1995; Twa and Giese, 2011). The
keratocyte density of CXL-corneas rose gradually over time
after treatment, which is consistent with the results reported

(Hovakimyan et al., 2011; Tang et al., 2019; Wollensak
et al., 2007). For now, the time of remodeling completion is
still controversial. Bradford et al. (2018) observed the
migration of keratocytes appeared in rabbit corneas from 1
to 3 months after CXL, which means the recovery of corneal
stroma was not yet completed in the 3rd month. In other
studies, keratocyte differentiation (α-SMA) and apoptosis
(TUNEL) were observed in rabbits’ tissue sections 4 weeks
after CXL (Salomao et al., 2011), the density of cells did not
recover until 6 weeks after CXL (Wollensak et al., 2007).
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FIGURE 6. (A) Fibroblasts cytoskeleton in each group. (B) Positive
ratios of α-SMA expression in each group.
(A) The ﬁrst line is the staining results of F-actin ﬁbers (red) and
nucleus (blue), the second line is α-SMA ﬁbers (green) and nucleus
(blue). All ﬁbroblasts’ F-actin ﬁbers were clear and obvious,
arranged along the long axis, no signiﬁcant difference between the
groups. The synthesis of α-SMA synthesis was observed in some
ﬁbroblasts after CXL, more than those in the control and DEP
groups. (B) The number of overlapping areas of green ﬂuorescence
(α-SMA) and blue nucleus (as shown in Fig. 6A) was divided by
the number of all blue nucleus to obtain the α-SMA positive ratios.
The expression level of the CXL group was signiﬁcantly higher
than that of the control group (P < 0.0001, N = 15). No signiﬁcant
difference was observed between the control and DEP groups. Data
were examined by normal Student’s t-test. Scale bars are 20 µm.

Changes in keratocytes were basically disappeared at the 3rd
month in this study; therefore, we believed that the corneal
remodeling nearly completed at that time. Then we
extracted ﬁbroblasts at this time point, observed the
migration activity, elastic moduli, proliferation, apoptosis,
and cytoskeleton morphology of ﬁbroblasts in vitro.
We ﬁrst observed that ﬁbroblasts of the CXL group
showed faster migration at 12 h post-scratch compared with
the control group. Fibroblasts cross-linked in vitro also
showed a slight increase in cell migration (Sharif et al.,
2017), which is concordant with our result. A number of
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factors can accelerate the migration. CXL protocols may
cause some related growth factors and cytokines, like TGF-β
and IL-1 (Kaur et al., 2009), enter into the corneal matrix
and promote the migratory activity of keratocytes (Andresen
et al., 2000; Jester et al., 2003; Jester et al., 2002; Kim et al.,
2010). The treatment of UVA-riboﬂavin causes a certain
degree of stiffness and topographic change in the corneal
stroma (Khan et al., 2015; Sharif et al., 2018a; Subasinghe
et al., 2018), which also can change the migration (Chou et
al., 2016). In addition, we noticed some slight differences
between group DEP and control, which may also be due
to the release of related cytokines induced by
deepithelialization treatment (Andresen et al., 2000; Jester
et al., 2003; Jester et al., 2002; Kim et al., 2010).
Then, we tested the elastic moduli of ﬁbroblasts through
AFM and detected that E of the CXL group signiﬁcantly
higher than those of the DEP and control groups. To the
authors’ knowledge, there are few reports about changes in
cellular mechanical properties after CXL treatment. While
we noticed that ﬁbroblasts are mechanical-sensitive cells.
The mechanical stimulation via the Flexcell system can
change ﬁbroblast morphology, adhesion, and cytokines
expression in vitro (Du et al., 2017). Studies also conﬁrmed
that the stiffer the substrate, the stiffer the cells (Li et al.,
2018; Sharif et al., 2017). Consequently, the stiffer corneal
matrix after CXL treatment may be the cause of increased E.
In addition, our results also showed that E in the control
group (6.37 ± 2.63) was slightly larger than the reported
result (Miyagi et al., 2018; Sharif et al., 2017), which may
due to the conical tip (Park et al., 2010) and the increased
water ﬂow resistance caused by rapid scanning test
(Berthold et al., 2017) used in this study.
In the next, no signiﬁcant change was observed in
proliferation and apoptosis of ﬁbroblasts compared with the
control, either in CXL or DEP group. For now, the
observations of the cellular cytotoxicity after corneal stromal
remodeling are rare, while the short-term effects of CXL
treatment have been conﬁrmed in the literature. In vivo,
proliferation and apoptosis increased immediately after CXL
treatment (Raiskup et al., 2015; Wollensak et al., 2007). In
vitro, 0.1% riboﬂavin with UVA irradiation (3–10 min) did
not cause apoptosis, while decreased the proliferation of
ﬁbroblasts in the short term (Sharif et al., 2017). Other
researches related to changed stroma after CXL also
supported the short-term cellular cytotoxicity (Danciu et al.,
2004; Jester and Ho-Chang, 2003; Li et al., 2018; Yang et al.,
2004). Our results may indicate that CXL does not change
the cellular cytotoxicity after corneal stromal remodeling,
although the short-term effects exist.
Besides, CXL and DEP treatment had no signiﬁcant
effect on F-actin, while the expression of α-SMA increased
after CXL treatment in this study. CXL treatment on
ﬁbroblasts in vitro also slightly increase α-SMA expression
(Sharif et al., 2017), which closely with our results. An
increase in α-SMA expression represents an increase in
myoﬁbroblasts number (Jester et al., 1996). Namely, the
increased α-SMA expression in the CXL group means the
increased transformation of keratocytes, which may trigger
by the change of matrix after CXL treatment (Dreier et al.,
2013; Jester and Ho-Chang, 2003; Karamichos et al., 2007;
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Myrna et al., 2012). Myoﬁbroblasts have faster
migratory activity and larger elastic moduli than keratocytes
(Jester et al., 1996; Jester and Ho-Chang, 2003; Miyagi et al.,
2018). Therefore, the increased migration and E in the CXL
group possibility be a result of increased myoﬁbroblasts.
Subsequent experiments on α-SMA, such as Western Blot or
PCR, may further explain the changes in protein expression.
In addition, in this study, no α-SMA expression was observed
in the sections at the 3rd month after CXL treatment, while
α-SMA was shown in some cells in vitro. This may be the
results of the stimulation of serum in culture medium and
experimental operation, which increase α-SMA-expression of
cells (Vishwanath et al., 2003). More α-SMA-expressed cells
were observed in the CXL group than those of the other two
groups under the similar stimulation, which may indicate
that cells after CXL treatment are more sensitive to
stimulation and more prone to transformation.
Based on the results observed in vitro, we speculate that
such 3-month effects may indicate changes in cellular gene
expression. CXL treatment has been conﬁrmed to affect
ﬁbroblast metabolism (Sharif et al., 2018b). Sabine Kling
et al. (2017) researched the differential genes of corneal
stroma in the short term after CXL treatment and found
that several target genes might be related to the
biomechanical stability and shape of the cornea. Differential
expressions of many genes have also been found between
normal corneas and keratoconus (Sharif et al., 2018b).
These genes are associated with the cellular changes (Kabza
et al., 2017), such as the increased migration, elastic moduli,
and α-SMA expression of ﬁbroblasts in this study. The
reported research, together with our ﬁndings, suggest a new
perspective on corneal remodeling after surgery. That is to
say, CXL may not only increase the link between collagen
ﬁbers (Hayes et al., 2013) but also regulate the biological
behavior of keratocytes and then act on keratoconus
through gene transcription.
Furthermore, DEP treatment had no adverse effects on
ﬁbroblasts in this study. This indicates that deepithelialization
itself probably does not cause keratocytes-related
complications after CXL. UVA may damage endothelial cells
through the thinner corneal stroma after deepithelialization
(Kymionis et al., 2012) or even induce corneal virus infection
by the direct irradiation to corneal stroma (Price et al., 2012).
That is to say, deemed DEP-related complications (Mazzotta
et al., 2007) could possibly be due to the losses of epithelial
cells, which have a protective effect against UVA-riboﬂavin.
Moreover, compared with the DEP group, the increase of E
and α-SMA expression of ﬁbroblasts in the CXL group
suggest that besides deepithelialization, both riboﬂavin-UVA
and cell-matrix mechanical interactions may have a more
pronounced effect on cells.
A number of modiﬁcations of CXL protocols have been
proposed to shorten the duration or reduce complications
(Kymionis et al., 2017). Meanwhile, there is still no consensus
on the direction of modiﬁcations, and there is still a debate
about whether DEP should be carried out during the surgery.
A systemic review revealed that haze and scar after transepithelial CXL decreased, nevertheless, the treatment efﬁcacy
(Zhang et al., 2018) and mechanical property improvement
(Scarcelli et al., 2013) also reduced compared with the
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standard epithelium-off CXL. In addition, trans-epithelial
CXL even has a toxic effect, which can change the
regeneration of epithelial cells (Mazzotta et al., 2015). Hence,
taking both the treatment efﬁcacy and the related
complications into account, we suggest that it might be a
better way to improve the cross-linking technique through
the concentration of riboﬂavin and the energy of UVA.
The one limitation of this study is that despite the rabbit
and human have similar corneal characteristics, there still
some differences like Bowman’s layer, which may potentially
affect the cell-matrix interactions after CXL (Naranjo et al.,
2019). The other is that the keratocytes were extracted and
tested in vitro, which might not completely correspond to
the environment in vivo. In addition, this study only
observed α-SMA by immunoﬂuorescent staining, further
Western blots experiments were needed to conﬁrm the
speciﬁc differences in its expression.
Our results suggest that CXL has 3-month effects on
ﬁbroblasts, including migration, elastic moduli, and α-SMA
expression. It may provide a new basis for explaining how
CXL hinders keratoconus progression and a new reference
for the selection of CXL protocols.
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