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PURPOSE. To investigate the differential expression of cytokines and growth factors in the
cornea and aqueous humor after small incision lenticule extraction (SMILE) compared
with femtosecond LASIK (FS-LASIK) using rabbit model.

METHODS. Sixteen eyes of 16 rabbits in each group underwent SMILE or FS-LASIK with
refractive correction of −6.00 DS/−1.00 DC. Eight additional rabbits served as controls.
Pre- and 24 hours, 1 week, 1 month, and 3 months postoperatively, slit-lamp and anterior
segment optical coherence tomography were performed, followed by cornea and aque-
ous humor collection. Apoptosis and proliferation were evaluated with TUNEL assay and
Ki-67 immunostaining, respectively. The mRNA and protein expression of cytokines and
growth factors was determined by RT-qPCR and Western blotting, respectively. Cytokine
levels in the aqueous humor were detected with ELISA.

RESULTS. Compared with FS-LASIK, SMILE induced less apoptosis and proliferation in the
cornea within 1 week postoperatively. Levels of IL-1β, TNF-α, and EGFR in the cornea
were significantly increased after FS-LASIK compared with SMILE within 24 hours. Levels
of IL-8 in the aqueous humor remained elevated until 1 week after FS-LASIK but not
SMILE. TGF-β1 level was elevated up to 1 month after both procedures, while BFGF
level was kept high within 1 month after SMILE but not FS-LASIK.

CONCLUSIONS. SMILE could induce significantly less acute inflammation than FS-LASIK in
the cornea and aqueous humor. The differential expression of TGF-β1 and BFGF between
two procedures until 1 month might contribute to the post-SMILE delayed recovery and
underline the importance of continued treatment postoperatively.
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Rapid advances in technology and innovation have
increased refractive surgical options available.

Femtosecond LASIK (FS-LASIK) is the most popular
laser refractive surgery with established safety and efficacy.1

Recently, small incision lenticule extraction (SMILE) was
approved by the US Food and Drug Administration for
myopic correction up to –10.0 diopters and myopic astigma-
tism up to –3.0 diopters. Compared with FS-LASIK, SMILE

protects from traumatic flap displacement risk using a
2-mm stromal incision.2 By preserving corneal sensitivity,3,4

reducing postoperative dry eye symptoms, and improv-
ing biomechanical stability,5,6 SMILE offers comparable
long-term visual outcomes.7,8

However, studies have reported slower recovery of visual
acuity after SMILE than that after FS-LASIK, even with laser-
scanning pattern optimization.1,2,9 Ang et al.10 reported that
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FIGURE 1. Experimental approach showing the timeline for pre- and postoperative examinations and sample collection. n = number of
rabbits in each group.

postoperative symptoms, such as fluctuation and occasional
blurring of vision, were more significant at 1-month postop-
eration for SMILE than for FS-LASIK. As an elective surgical
procedure to restore uncorrected visual acuity and improve
quality of life, delayed recovery after SMILE may affect
patient satisfaction.2 Therefore, it is necessary for refractive
surgeons to better understand initial fluctuation in vision
after SMILE,11–14 which is still not fully elucidated.

Corneal wound healing is a complex process involv-
ing cytokine-mediated interactions between epithelial cells,
keratocytes, tear film, and cells of the immune system.15,16

Understanding the molecular interactions of stromal remod-
eling and healing of the epithelium, which contributes to
postoperative vision regression, surface irregularity, and
stromal scarring,17,18 may improve our understanding of
delayed recovery after SMILE. Studies using tear samples19

or extracted lenticules20 could not capture healing kinetics
after surgery. However, using a rabbit model allowed follow-
up sample collection; thus, this model can be used to study
the continuing molecular healing response in treated cornea.
The current study compared changes in the expression of
cytokines and growth factors (GFs) associated with inflam-
matory reactions and wound-healing response in the cornea
and aqueous humor (AqH) of rabbit eyes over the course of
3 months after SMILE compared with those after FS-LASIK.

METHODS

Animals

Sixteen-week-old female New Zealand white rabbits were
obtained from Tianjin Laboratory Animal Center (Tianjin,
China). Rabbits were housed individually under a 12-hour
light/dark cycle with food and water ad libitum. Unilateral
eyes randomly selected for the surgery underwent SMILE
or FS-LASIK independently (n = 16/group). Untreated eyes,
from age-matched groups (n = 8), served as controls. Four
eyes from each group were randomly collected at 24 hours,
1 week, 1 month, and 3 months postoperatively for further
analysis (Fig. 1).

Rabbits were anesthetized with chloral hydrate (50
mg/kg body weight, intravenous; Tianjin Medical Univer-
sity General Hospital, Tianjin, China) and xylazine (2 mg/kg
body weight, intramuscular; Shengda Co, Jilin, China) for
surgery and clinical examinations, respectively. Topical anes-

thesia was induced by 0.4% oxybuprocaine (Benoxil; Santen,
Inc., Osaka,Japan) before AqH collection and surgical proce-
dures. All animal procedures were approved by the Ethics
Committee of the Tianjin Eye Hospital (Tianjin Medical
University) and complied with the Association for Research
in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research.

Surgical Procedure

All surgical eyes were reexamined using slit-lamp
microscopy by both the observer and surgeon before
the procedure to exclude any pathologic issues.

SMILE and FS-LASIK were performed by a single experi-
enced surgeon (YW), and all eyes were treated for the same
refractive correction (–6.00 DS/–1.00 DC).

SMILE procedures were performed on rabbits using a
500-kHz VisuMax femtosecond laser (Carl Zeiss, Meditec
AG, Oberkochen, Germany). In all cases, a refractive lentic-
ule and one incision at the superior cornea with a 2.0-mm
circumferential length was created. The SMILE parameters
were as follow: 7.0-mm cap diameter, 110-μm cap depth
from the corneal surface, 6-mm refractive lenticule diame-
ter, and 120-μm lenticule central thickness.

In the FS-LASIK group, after the flap was created with the
same laser system, refractive ablation was performed with
an Allegretto excimer laser system (WaveLight Laser Tech-
nologie AG, Erlangen, Germany). A 6.0-mm optical zone,
surrounded by a transition zone of 1.0mm, was applied
to all eyes. The flap (8.0-mm diameter and 110-μm thick-
ness) had a nasal hinge. The ablation depth was 101.25 μm.
The flap was repositioned immediately after completing the
excimer ablation without any extra operation to fix the flap.
All rabbits were restrained by means of special collars during
the first week postoperatively to prevent them from opening
the flap.

Postoperative medications included the antibiotic
eyedrop (Tarivid; Santen, Inc.), applied four times a day for 3
days, and anti-inflammatory eyedrop (Flumetholon; Santen,
Inc.), applied with a taper four times a day for 14 days.

Ocular Clinical Examinations

Slit-lamp photographs (TOPCON, Tokyo, Japan) and ante-
rior segment spectral-domain optical coherence tomography
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FIGURE 2. Schematic diagram illustrating the cornea tissue collection for immunofluorescence assay, Western blotting, and RT-qPCR in SMILE
group (A) and FS-LASIK group (B).

(AS-OCT, Optovue, Inc., Fremont, CA, USA) were measured
before surgery and at each follow-up time point.

Aqueous Humor Collection

After clinical evaluation, AqH was collected from all 16 eyes
from each group at 10 days before surgery and at each
follow-up time point (Fig. 1). A sterile 27-gauge needle was
inserted into the anterior chamber through the clear cornea
of the paralimbal area, under aseptic operation. Approxi-
mately 0.1 mL AqH was collected before the cornea harvest.
Samples were stored at −80°C until use.

Tissue Fixing and Sectioning

Corneas harvested from the surgical group were perpen-
dicularly cuts to the surgical incision or flap hinge
(Fig. 2). Control corneas were dissected vertically with one-

third used for TUNEL assay and immunofluorescence stain-
ing; the remaining were further cut horizontally for West-
ern blotting and real-time quantitative RT-PCR (RT-qPCR).
Samples were collected on dry ice and stored in liquid nitro-
gen until use.

Frozen tissues embedded in optimal cutting temperature
compound (Leica Microsystems, Wetzlar, Germany) were
sectioned to 8-μm thickness using a cryostat (Leica CM
1900; Leica Microsystems). Sections were adhered to poly-
L-lysine–coated glass slides followed by fixing with ice-cold
acetone for 10 minutes and air drying before storage and use.

TUNEL Assay

To detect fragmentation of DNA as a marker of apoptosis,
a fluorescence-based TUNEL assay (In Situ Cell Death
Detection Kit, Fluorescein; Roche Applied Science, Indi-
anapolis, IN, USA) was used according to the manufacturer’s
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TABLE. Primer List

Gene and Sequence

GAPDH Forward 5′-TCGGAGTGAACGGATTTG-3′
Reverse 5′-CTCGCTCCTGGAAGATGG-3′

IL-1β Forward 5′-GTAGACCCCAACCGTTACCC-3′
Reverse 5′-AGACGGGCATGTACTCTGTC-3′

TNF-α Forward 5′-CCTCATCTACTCCCAGGTTCTC-3′
Reverse 5′-GGCAAGGTCCAGGTACTCA-3′

TGF-β1 Forward 5′-GGAGGAGGAACCAACCAT-3′
Reverse 5′-GCTGTGCCCGCAATCTTT-3′

BFGF Forward 5′-CACTTCAAGGACCCCAAGCG-3′
Reverse 5′-TTTGATGTGTGGGTCGCTCT-3′

EGF Forward 5′-GCAGATGCTGGGCACTTTTC-3′
Reverse 5′-GAGTCGAGTGGTCTTGCTCC-3′

EGFR Forward 5′-GTGCCCTGATGGACGAAGAA-3′
Reverse 5′-GACAGCTCCCGTTCCTATCC-3′

instructions. Digital images were captured with an inverted
fluorescence microscope (Leica DM 4000B; Leica Microsys-
tems). TUNEL-positive cells in the corneal section were
counted in five randomly independent fields at 200×
magnification. The results were expressed as the mean
values for each group.

Immunofluorescent Staining

Cornea tissue sections were blocked and incubated
overnight with mouse monoclonal antibody against Ki67
(1:200; Zhong-Shan Golden-bridge Biotechnology, Beijing,
China). Secondary antibody (1:100; EarthOx Life Sciences,
Millbrae, CA, USA) was added for 1 hour. After wash-
ing, slides were mounted with medium containing 4′,6
diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific,
Waltham,MA, USA, USA) to counterstain nuclei. Images were
captured using an inverted fluorescence microscope. Ki67-
positive cells per total corneal cells at 400× magnification
were defined as the percentage of Ki67-positive cells and
were counted in five randomly independent fields for each
cornea (expressed as the mean for each group).

RNA Extraction and RT-qPCR

Total RNA (0.5 μg) was prepared using TRIzol reagent
(Invitrogen, CA, Carlsbad, USA), and cDNA synthesis was
performed using M-MLV Reverse Transcriptase (Takara,
Tokyo, Japan). Genes of interest were amplified by RT-
qPCR using a TransStart Green Q-PCR SuperMix Kit (Trans-
Gen, Beijing, China). Relative gene expression was measured
using the comparative 2��Cq method. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as a normalizing
control. Primer sequence information is listed in the Table.

ELISA

IL-1 and IL-8 concentrations in AqH samples were measured
by ELISA, using monoclonal antibodies following the
manufacturer’s instructions (CUSABIO TECHNOLOGY LLC,
Wuhan, China).

Western Blot

Equal amounts of proteins were separated using SDS-PAGE
and transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). Membranes were blocked

and incubated with primary antibodies against IL-1β
(1:1000; Proteintech Group, Inc., Rosemont, IL, USA), TNF-α
(1:1000, Abcam, Inc., MA, Cambridge, USA), TGF-β1 (1:1000;
Santa Cruz Biotechnology, Inc., Texas, Dallas, USA), BFGF
(1:1000; ABclonal Technology, Wuhan, China), and EGF
(1:1000; ABclonal Technology). After washing, secondary
antibodies (1:5000; Promega, Madison, WI, USA) were
applied and blots were developed using an enhanced chemi-
luminescence detection kit (Millipore). β-Actin (1:1000;
Santa Cruz Biotechnology) was used to normalize protein
levels. Densitometry quantitation was plotted using ImageJ
(National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis

Statistical analyses were performed using SPSS 20.0 soft-
ware (SPSS, Chicago, IL, USA). Data were presented as the
mean ± SEM from three independent experiments. Statistical
comparisons among groups were performed using ANOVA
followed by Bonferroni-Dunn post hoc test. P values less
than 0.05 were considered significant.

RESULTS

Rabbit corneas that underwent SMILE or FS-LASIK remained
transparent and without adverse events at all observation
time points. Under the slit-lamp examination (Fig. 3A),
the 2-mm incision line in post-SMILE corneas became less
visible over a period of 3 months, whereas the flap in
post-LASIK corneas exhibited mild shrinkage, such that a
gap could still be observed up to 3 months postopera-
tively. However, cross-section images from AS-OCT exam-
ination revealed increased reflection at the ablation inter-
face in both groups that persisted until 3 months postoper-
atively (Fig. 3B). Hematoxylin-eosin staining was performed
to examine cornea histology at 24 hours postoperatively
(Supplementary Data S1). Quantitative analysis of the central
corneal epithelial thickness (CET) showed a significant
increase in 24 hours and 1 week for the FS-LASIK group, in
comparison to the SMILE group (P < 0.05, Fig. 3C), sugges-
tive of postoperative edema. In contrast, SMILE-treated
corneas were similar to the control group. Both surgical
groups had levels of CET similar to the control group at 1
and 3 months postoperatively.

Cell Apoptosis and Proliferation

Due to differences observed in corneal edema between the
two surgical groups, we investigated whether this could be
attributed to differences in apoptosis and proliferation. Both
procedures induced increased apoptosis at 24 hours postop-
eratively, with significantly more apoptotic cells detected in
post-LASIK corneas (P = 0.019, Figs. 4A, 4B). Although the
number of apoptotic cells was comparable to the control
group 1 week after the surgery, TUNEL-positive cells were
still detected in the stroma of corneas for both surgical
groups but not the control group.

A peak in cell proliferation for both surgical groups was
observed 1 week postoperatively, and the FS-LASIK group
had significantly more Ki67-positive cells in comparison to
the SMILE group (P = 0.014, Figs. 4C, 4D). Ki67-positive
cells were observed in corneas up to 1 month postopera-
tively, with no significant difference between the two surgi-
cal groups (P = 0.503). At 3 months, the expression of Ki67
was similar among all three groups.

Downloaded from iovs.arvojournals.org on 06/23/2020



The Profile of Cytokines and GFs After SMILE IOVS | May 2020 | Vol. 61 | No. 5 | Article 55 | 5

FIGURE 3. Slit-lamp microscopy and AS-OCT examination at 24 hours, 1 week, 1 month, and 3 months after SMILE and FS-LASIK. (A)
Slit-lamp photographs represent the change of the cornea underwent a –6.00 DS/–1.00 DC correction by different procedures. The top panel
shows the pre- and post-SMILE cornea (incisions shown by black arrows), and the bottom panel shows the cornea before and after FS-LASIK
(flap outlines shown by white arrows). (B) Cross-sectional visualization of postoperative corneas using AS-OCT. (C) Bar chart showing the
changes of central corneal epithelial thickness before and after both procedures. *P < 0.05. **P < 0.01.

Corneal Wound-Healing Response

To further understand the differences between SMILE and
FS-LASIK at the molecular level, the expression of GFs (EGF,
TGF-β1, BFGF) and the EGF receptor (EGFR) were measured
in corneal tissue. At postoperative 24 hours, mRNA levels
for EGFR in both surgical groups increased compared to
the control, with a twofold increase induced by FS-LASIK
compared to SMILE (P = 0.035, Fig. 5A). Similarly, the mRNA
and protein level of EGF in both treatment groups signif-
icantly increased at 24 hours postoperatively (P < 0.05,
Figs. 5B–5D). Elevated EGFR and EGF levels returned to
baseline 1 week after surgery for both groups.

There was a gradual, yet significant, increase in mRNA
and protein (25 kDa) levels of TGF-β1 in the SMILE group
up to 1 month postoperatively. Notably, the SMILE group
had higher TGF-β1 expression, compared with the FS-
LASIK group, at 24 hours and 1 week postoperatively (P
< 0.05, Figs. 5E, 5F). TGF-β1 levels peaked at 1 month
postoperatively for both procedures, followed by a decrease
to control group levels after 3 months. Both mRNA and
protein expression of BFGF increased significantly at 24
hours postoperatively (Figs. 5G, 5H) in both treatment
groups. BFGF levels remained elevated in the SMILE group
up to 1 month postoperatively, whereas a decrease to
control group levels was observed in the FS-LASIK group
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FIGURE 4. Apoptosis and cell proliferation at different time points in the corneas underwent SMILE and FS-LASIK. (A) Representative images
of TUNEL assay to assess the level of apoptosis in the cornea for all groups postoperatively (blue: DAPI; green: TUNEL-positive cells). Scale
bar: 100 μm. (B) Bar chart showing the mean number of TUNEL-positive cells in the cornea at 24 hours and 1 week after both surgeries. (C)
Expression for Ki67 immunofluorescence staining to detect the level of proliferation in the cornea of all groups postoperatively (blue: DAPI;
green: Ki67-positive cells). Scale bar: 100 μm. (D) Bar chart showing the percentage of Ki67-positive cells in the cornea at all follow-up time
points postoperatively. *P < 0.05. **P < 0.01.

at 1 week postoperatively. By 3 months after the surgery,
BFGF levels were similar for all three groups.

Corneal Inflammatory Reaction

Major changes were observed in corneal edema, apopto-
sis, and proliferation in rabbit corneas after SMILE and FS-
LASIK, mainly within the first week postoperatively. We
next evaluated changes in the expression of inflammatory
cytokines. Compared to the control group, the SMILE group
induced increased IL-1β levels at postoperative 24 hours.
FS-LASIK induced significantly higher levels of IL-1β than
SMILE at 24 hours and 1 week postoperatively (P < 0.05,
Figs. 6A, 6C and 6D). TNF-α was significantly increased in
both groups 24 hours after surgery, with the highest level
detected in the FS-LASIK group (P < 0.05, Figs. 6B, 6E).

Inflammatory Responses of the Anterior Chamber

Beyond local reactions within the cornea, we investigated
the inflammatory response in AqH, focusing on IL-1 and
IL-8 expression. IL-1 levels in the AqH of FS-LASIK group
were significantly higher than those in the SMILE group at
1 week postoperatively (P = 0.038, Fig. 7A). IL-8 levels for
both surgical groups were significantly higher than those of
the control group at 24 hours (P < 0.05), and IL-8 level for
the FS-LASIK group remained elevated up to 1 week post-
operatively (FS-LASIK versus SMILE: P = 0.02, Fig. 7B). IL-1

and IL-8 levels were similar among all three groups 1 month
postoperatively.

DISCUSSION

In this study, we provide evidence that SMILE is associ-
ated with reduced edema of the corneal epithelium and less
apoptosis and proliferation in rabbit corneas 1 week post-
operatively in comparison to FS-LASIK. Moreover, SMILE
resulted in less acute inflammation than FS-LASIK in the
cornea and anterior chamber of rabbits. SMILE induced a
significant increase in TGF-β1 and BFGF expressions from
postoperative 24 hours until 1 month, whereas FS-LASIK
induced only high TGF-β1 level at 1 month postoperatively,
which might be the possible reason of delayed recovery after
SMILE.

Our study first used AS-OCT to compare CET at all follow-
up time points in rabbits. Since none of the procedures
make ablations on epithelium, the differences in changes
of CET could be mainly attributed to the differences in
surgical approach between the two procedures. CET signif-
icantly increased at 24 hours and 1 week after FS-LASIK
compared with after SMILE. This transient increase may due
to postoperative edema resulting from the different amounts
of energy delivered to the corneal stroma for high refrac-
tive correction. Femtosecond laser use for corneal lentic-
ule creation during SMILE is constant and independent
of refractive correction degree, whereas laser use during
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FIGURE 5. Relative expressions of wound-healing associated growth factors in corneas of all groups evaluated by RT-qPCR and Western
blot. (A) Bar chart showing EGFR mRNA expression in the corneas at different time points postoperatively. *P < 0.05. **P < 0.01. (B)
Representative immunoblots of tissue lysates showing detection of EGF, TGF-β1, and BFGF in the postoperative corneas, respectively. β-
Actin was used to normalize protein levels. (C–H) Bar charts showing the mRNA and relative protein expression of EGF (C, D), TGF-β1 (E,
F), and BFGF (G, H) in the postsurgical and control corneas at 24 hours, 1 week, 1 month, and 3 months after the procedures. *P < 0.05.
**P < 0.01.
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FIGURE 6. Relative expressions of proinflammatory cytokines in corneas of all groups evaluated by RT-qPCR and Western blot. (A, B) Bar
charts showing the mRNA expression of IL-1β and TNF-α in postsurgical and control corneas at 24 hours and 1 week postoperatively. *P <

0.05. **P < 0.01. (C) Representative immunoblots of tissue lysates showing detection of IL-1β and TNF-α in the postoperative and control
corneas, respectively. β-Actin was used to normalize protein levels. (D, E) Bar charts showing the relative protein expression of IL-1β and
TNF-α in the corneas within 1 week postoperatively. *P < 0.05. **P < 0.01.

FIGURE 7. The level of proinflammatory cytokine in aqueous humor of rabbits of all groups measured by ELISA. Bar chart showing the
changes of IL-1 (A) and IL-8 (B) expression in aqueous humor before and at 24 hours, 1 week, 1 month, and 3 months after both procedures.
*P < 0.05.

FS-LASIK depends on the refractive correction.21,22 The
greater the refractive correction, the more energy deliv-
ered to the corneal stroma during FS-LASIK, causing stroma
injury and corneal edema. Increased edema severity of
the FS-LASIK flap compared with the SMILE cap within
1 week postoperatively in either rabbits or patients has
been reported.21,23–25 However, postoperative edema might
be enlarged in the rabbit model owing to species-related
biologic differences.

To study the cellular changes in the cornea, we detected
apoptosis using the TUNEL assay and proliferation using
Ki-67 immunofluorescent staining in postoperative rabbit
corneas. Improper corneal stromal wound healing was
related to stromal haze formation with reduced corneal
transparency postoperatively.16 Similar to Dong et al.,26 our
data showed that SMILE induced less keratocyte apoptosis

than FS-LASIK 24 hours after surgery. Our results were also
consistent with the report by Sun et al.,27 which revealed that
reduced apoptosis disappeared within 1 week. Supporting
previous reports,26,27 corneal cell proliferation was signif-
icantly higher after FS-LASIK than after SMILE at 1 week
postoperatively and returned to normal levels by 3 months.

Corneal wound healing occurs through a complex
cascade involving multiple cell types and GFs.28 EGF,
through binding to the EGFR, stimulates proliferation of
corneal epithelial cells and accelerates epithelial wound
healing.29,30 In our study, significantly higher EGFR expres-
sion in the FS-LASIK group suggests increased EGF binding
and accelerated epithelial wound healing; however, this may
also due to the larger flap incision.

TGF-β1 promotes corneal stromal cell proliferation and
migration, a process necessary to repopulate wounded
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tissue.16 However, TGF-β1 also generates adherent
myofibroblasts, which may cause tissue fibrosis and affect
the transparency of cornea.31 Our study showed elevated
TGF-β1 levels up to 1 month after both procedures, but
SMILE induced significantly higher levels than FS-LASIK
at 24 hours and 1 week postoperatively. We speculate that
although the femtosecond laser goes through the ocular
surface into the corneal stroma to create the lenticule or flap,
which is a precise laser ablation, extra energy could escape
during the ablation process and mildly injure the epithelium
and activate cytokine and growth factor release.32 SMILE
requires two femtosecond laser scans, whereas FS-LASIK
requires only one. Therefore, it is reasonable to assume that
the epithelium was more affected by the laser in SMILE than
FS-LASIK, causing increased TGF-β1 production. Moreover,
the rabbit cornea differs from the human cornea in that it
lacks a Bowman layer, resulting in a weaker barrier between
the epithelium and stroma.

Although elevated TGF-β1 levels suggests a strong
wound-healing response and potential fibrosis, corneal
wound healing is an exceedingly complex process involving
multiple cytokine- and GF-mediated interactions.28 Interest-
ingly, we also found increased BFGF levels in rabbit cornea
up to 1 month in the SMILE group and up to 24 hours
in the FS-LASIK group. TGF-β1 and BFGF act in a coordi-
nated manner to determine stromal wound-healing patterns,
a process directly associated with corneal stromal opacity
and visual outcomes.33 It has been shown that BFGF accel-
erates wound closure by increasing cell proliferation and
inhibiting myofibroblast differentiation.34 Gallego-Muñoz et
al.35 reported that upon adding TGF-β1 and BFGF to the
culture medium of human corneal fibroblasts, the prolifer-
ation process is strengthened and myofibroblast differen-
tiation and migration are remarkably reduced, in compar-
ison to TGF-β1 treatment alone. Given the expression levels
observed for TGF-β1 and BFGF within the first month,
our study suggests that corneal wound healing is activated
earlier in SMILE, in comparison to FS-LASIK, and the differ-
ence disappears at 3 months postoperatively. This is consis-
tent with a previous biomechanical study that reported
earlier tissue healing after SMILE, in comparison to FS-
LASIK.13 Also, the trend in GF expression is in agree-
ment with clinical findings1 and might contribute to post-
SMILE delayed visual acuity recovery. In addition, our study
suggested that wound healing continues over the first month
postoperatively, demonstrating the importance of postoper-
ative care.

Inflammatory cytokines may also be involved in corneal
wound healing, as elevated IL-1β has been reported in
corneal inflammation.36,37 TNF-α is known to be involved in
corneal inflammation, activating neutrophils and inducing
chemokine secretion.38 We found increased levels of IL-1β
and TNF-α in the cornea 24 hours after FS-LASIK, in compar-
ison to SMILE, with IL-1β levels remaining elevated in post-
LASIK corneas at 1 week postoperatively, suggesting that
SMILE induces less inflammation in the whole cornea tissue
than FS-LASIK within the first week after surgery. This was
consistent with the previous rabbit experiments26,39 and a
human ex vivo experiment40 showing the inflammation in
the corneal stroma by immunofluorescent staining of CD11b
on the corneal section.

As noninfectious inflammation after photoablative proce-
dures has been reported to limit visual outcomes,41 changes
in the anterior chamber may also be of importance. IL-
8, a neutrophil chemotactic factor, plays a key role in the

defense mechanism through its effects on neutrophil activ-
ity, but prolonged presence of IL-8 in circulation may cause
tissue injury.42,43 Our data revealed a significant increase
in IL-8 levels in AqH samples 24 hours after both proce-
dures, which remained elevated up to 1 week in the FS-
LASIK group. This may due to increased immune cells in the
cornea and conjunctiva44 or changes in intraocular pressure
after surgery.45 The presence of increased levels of inflam-
matory cytokines up to 1 week in post-LASIK corneas and
AqH supports the notion that the inflammatory response was
more severe after FS-LASIK compared to SMILE.

The current study does present some limitation. First,
since species-related biologic difference exists, the use of
a rabbit model is the main limitation of our study. A rabbit
model is more prone to inflammatory reactions compared
with humans. However, the main aim of the study was to
compare time-sensitive molecular changes between the two
procedures. Notably, limitations associated with experiments
using human samples, including lack of dynamic changes
after refractive surgery in an ex vivo study and difficulty
with follow-up cornea sample harvest for in vivo applica-
tions, make such studies difficult to perform. The rabbit
model allowed us to investigate critical factors at specific
time points after surgery and is a common approach used
to study corneal wound healing after refractive surgery.3,21,24

Second, there are multiple cytokines and GFs involved in the
corneal wound-healing response, such as platelet-derived
growth factors and keratinocyte growth factor. Our study
focused on three such factors to evaluate would healing.
Finally, examination of postoperative retina tissue is impera-
tive to study the effects of refractive surgery on the posterior
chamber.

In conclusion, our results suggest that in comparison to
FS-LASIK, SMILE resulted in a significant reduction in acute
inflammatory responses in both cornea and the aqueous
humor, as well as less keratocyte apoptosis and prolifera-
tion. Importantly, we present the first study, to our knowl-
edge, characterizing different GF expression profiles during
corneal wound healing after SMILE and FS-LASIK, which
might contribute to the possible cause of delayed recovery at
1 month after SMILE. The study implies the need for refrac-
tive surgeons to continuously monitor and provide adequate
postoperative care for the patients during the first month
after surgery.
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