
Yuan et al. BMC Ophthalmology          (2021) 21:419  
https://doi.org/10.1186/s12886-021-02186-w

RESEARCH

β-blocker eye drops affect ocular surface 
through β2 adrenoceptor of corneal limbal stem 
cells
Xingyue Yuan1  , Xiubin Ma2, Lingling Yang2, Qingjun Zhou2 and Ya Li2* 

Abstract 

Background:  Topical application of β-blocker eye drops induces damage to the ocular surface in clinical. However, 
the mechanism involved remains incompletely understood. The purpose of this study was to investigate the influence 
and mechanism of β-blocker eye drops on corneal epithelial wound healing.

Methods:  Corneal epithelial wound healing models were constructed by epithelial scraping including in the limbal 
region and unceasingly received eye drops containing 5 mg/mL β-blocker levobunolol, β1-adrenoceptor (β1AR)-
specific antagonist atenolol or β2-adrenoceptor (β2AR)-specific antagonist ICI 118, 551. For the migration assay, the 
murine corneal epithelial stem/progenitor cells (TKE2) were wounded and subsequently incubated with levobunolol, 
atenolol, or ICI 118, 551. The proliferation and colony formation abilities of TKE2 cells treated with levobunolol, ateno-
lol, or ICI 118, 551 were investigated by CCK-8 kit and crystal violet staining. The differentiation marker Cytokeratin 3 
(CK3), the stem cell markers-Cytokeratin 14 (CK14) and Cytokeratin 19 (CK19), and corneal epithelium regeneration-
related signaling including in Ki67 and the phosphorylated epithelial growth factor receptor (pEGFR) and phosphoryl-
ated extracellular signal-regulated kinase 1/2 (pERK1/2) were assessed by immunofluorescence staining.

Results:  Levobunolol and ICI 118, 551 impaired corneal wound healing, decreased the expressions of CK3, CK14, 
and CK19 after limbal region scraping in vivo and reduced the migration and proliferation of TKE2 in vitro, whereas 
atenolol had no significant effect. Moreover, levobunolol and ICI 118, 551 inhibited corneal wound healing by medi-
ating the expression of Ki67, and the phosphorylation of EGFR and ERK1/2 in the limbal and regenerated corneal 
epithelium.

Conclusion:  β-blocker eye drops impaired corneal wound healing by inhibiting the β2AR of limbal stem cells, which 
decreased corneal epithelial regeneration-related signaling. Therefore, a selective β1AR antagonist might be a good 
choice for glaucoma treatment to avoid ocular surface damage.
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Background
Toxic keratitis involves complex clinical manifestations, 
which is difficult to differentiate from other ocular sur-
face diseases, and requires a careful medical history and 
clinical examination. The characteristic features of toxic 
keratitis mainly include superficial punctuate or epithelial 
defects, ulceration, scarring, pannus, neovascularization, 
or perforation [1]. Common drugs that cause toxic kera-
titis include preservatives in ophthalmic medications, 
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such as benzalkonium chloride; topical anesthetic agents, 
such as proparacaine, benoxinate, and tetracaine; antivi-
ral agents, such as trifluridine; antibiotics, such as van-
comycin and gentamicin; cycloplegic agents, such as 
atropine; and glaucoma medications. Glaucoma is asso-
ciated with progressive visual loss, usually caused by an 
increase in intraocular pressure (IOP), making glucoma 
the second leading cause of blindness worldwide. In clini-
cal situations, the β-blockers levobunolol and timolol, the 
carbonic anhydrase inhibitor dorzolamide, parasympa-
thomimetic pilocarpine, and sympathomimetics such as 
dipivefrin and apraclonidine are frequently used for glau-
coma treatment [2]. The treatment of glaucoma is long 
and is usually combined with other drugs. Thus, these 
factors increase the risk of toxic keratitis. Therefore, 
research on drug toxicity may help prevent permanent 
damage to the ocular surface.

Adrenoceptors (ARs), which belong to the G protein-
coupled receptor superfamily, mediate diverse effects 
at all sites throughout the body [3]. βARs, which are 
expressed by trabecular meshwork cells, ciliary bod-
ies, microvessels, and optic nerve tissue, are involved in 
glaucoma pathogenesis by regulating the secretion and 
outflow of aqueous humor in the eyes [4–6]. βAR antago-
nists have multiple functions, including increasing airway 
resistance by blocking the bronchiolar smooth muscle, 
stimulating the lipolysis of fat cells and glycogenolysis in 
the liver, and inducing the release of renin in the kidney 
and angiotensin in the circulation [7]. Mechanically, the 
topical application of β-blocker eye drops blocks the sym-
pathetic nerve endings in the ciliary epithelium, thereby 
decreasing aqueous humor production, which then 
reduces the IOP. Currently, the β-blocker eye drops lev-
obunolol (0.5%) and timolol (0.5%) are first-choice agents 
that are used alone or with other medications to treat 
open-angle glaucoma or ocular hypertension by reduc-
ing the high pressure of the eyes [7–11]. However, clini-
cal studies have identified that the topical application of 
β-blocker eye drops has side effects on goblet cell density 
[12, 13], corneal tear film [14–16], and the human ocular 
surface [17–20]. The topical application of β-blocker eye 
drops decreases the corneal epithelial barrier function 
[18] and delays corneal epithelial wound healing [19, 20]. 
Myungsik et al. found that the use of β-blocker eye drops 
showed a significant reduction in the corneal epithelial 
thickness [21]. Moreover, the corneal epithelial cells are 
derived from limbal epithelial stem cells which support 
the renewal of the corneal epithelium [22]. Rodolfo et al. 
investigated the morphologic changes of the corneoscle-
ral limbus in glaucoma patients using laser scanning con-
focal microscopy and impression cytology. They found 
that β-blockers presented a worse limbal transition epi-
thelium regularity, which suggested the antiglaucoma 

therapy might potentially disturb the environment of 
limbal stem cells [23]. Therefore, the damage to the lim-
bal stem cells exhibits more serious consequences than 
the damage to the differentiated corneal cells, with ref-
erence to wound healing/regeneration. However, further 
investigation is needed to determine which type of epi-
thelial cells and primary ARs are influenced by β-blocker 
eye drops.

In the present study, we investigated the effects of the 
anti-glaucoma agent levobunolol on corneal limbal stem 
cells by establishing corneal wound healing models with 
the entire corneal epithelium, including limbal region 
scrape. Atenolol is a selective β1AR blocker, and ICI 
118,551 is a highly selective β2AR antagonist, which is 
used widely for hypertension, angina pectoris, and for the 
regulation of pulmonary systolic pressure [24, 25].

Furthermore, the primary AR inhibited by levobu-
nolol has been identified using β1AR-specific antago-
nist atenolol and β2AR-specific antagonist ICI 118, 551 
in the corneal wound healing model. Kawakita et  al. 
separated a mouse corneal epithelial progenitor cell line 
(TKE2) from CD-1 albino mice and successfully con-
structed a tissue engineered corneal epithelium [26]. 
Qu et  al. identified that TKE2, which expresses the 
ATP-binding cassette subfamily G member 2, Ki67, pro-
liferating cell nuclear antigen,  P63, shares similar  char-
acteristics to the murine  limbal  stem  cells and can be 
used  to  study  the  mechanism  of  the limbal  epithelium 
[27]. Therefore, TKE2 was used to explore the primary 
ARs influenced by β-blocker eye drops in vitro. We also 
investigated the differentiation marker Cytokeratin 3 
(CK3), the stem cell markers Cytokeratin 14 (CK14) and 
Cytokeratin 19 (CK19), and corneal epithelial regener-
ation-related signaling to illustrate the mechanism by 
which β-blockers impaired corneal wound healing.

Materials and methods
Animal models
The experimental study included 141 C57BL/6 mice with 
an age of 8 weeks and a body weight of 20-25 g at base-
line. The Medical Ethics Committee of Shandong Eye 
Institute approved the study, and the ARVO Statement 
and the ARRIVE Guidelines for the use of animals in 
ophthalmic and vision research were employed. The ani-
mals were purchased from Beijing Vital River Laboratory 
Animal Technologies Co. Ltd. in Beijing, China. All ani-
mals were sacrificed by cervical dislocation, and the eyes 
were extirpated immediately for further research.

Corneal epithelial wound healing
The mice were systemically anesthetized with pentobar-
bital sodium (50 mg/kg, ip) and topically anesthetized 
with 2% xylocaine. Then, the corneal epithelium was 
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marked with 2.5 mm or 3.0 mm trephine and scraped 
with Alger Brush II corneal rust ring remover (Alger Co., 
Lago Vista, TX). Ofloxacin was used to prevent postop-
erative infection. The experimental groups unceasingly 
received eye drops containing 5 mg/mL of levobunolol 
(MedChemExpress, Princeton, NJ), atenolol (MedChem-
Express) or ICI 118, 551 (MedChemExpress) for 4 times 
a day and mice received saline as vehicle control. The 
defects of corneal epithelium were visualized every 12 h 
by staining with fluorescein sodium and photographed 
with BQ 900 slit lamp (Haag-Streit, Bern, Switzerland). 
The experiment was carried out including five mice for 
each group and repeated at least three times. The defect 
area was analyzed by Image J software [28].

Cell culture
The TKE2 cells, which were kindly presented by Dr. 
Tetsuya Kawakita (Keio University, Tokyo, Japan), were 
cultured in keratinocyte serum-free medium (KSFM, 
GibcoThermo Fisher Scientific Inc., Waltham, MA) and 
supplemented with human keratinocyte growth supple-
ment (HKGS, Gibco) and recombinant epidermal growth 
factor (EGF, 5 ng/mL, R&D systems Inc., Minneapolis, 
MN).

Cell migration analysis
The TKE2 cells were trypsinized and plated into the 
12-well plates until confluence. Then the TKE2 cells were 
starved with KSFM in the presence of EGF (5 ng/mL). 
After starvation for 24 h, the TKE2 cells were wounded 
with a micropipette tip and subsequently incubated with 
50 μM levobunolol, atenolol, or ICI 118, 551 for another 
24 h, and PBS was used as control. The photographs of 
wound closure were used for migration quantification.

Cell proliferation analysis
The TKE2 cells were trypsinized and plated into the 
96-well plates (2000 per well) and the TKE2 cells were 
incubated with 50 μM levobunolol, atenolol, or ICI 118, 
551 for 48 h, and PBS was used as control. Then, the pro-
liferation abilities of TKE2 cells treated by levobunolol, 
atenolol, or ICI 118, 551 were investigated by cell count-
ing kit-8 (CCK-8, Bioss, Beijing, China) and the absorb-
ance of each well was measured at 450 nm by using a 
microplate reader (Model 680; Bio-199 Rad, Hercules, 
CA).

Colony formation
The TKE2 cells were trypsinized and plated into the 
12-well plates (800 per well) and then the TKE2 cells were 
incubated with levobunolol (50 μM), atenolol (10 μM), or 
ICI 118, 551 (10 μM) for 7 days, and PBS was used as con-
trol. Then, the Colony formation abilities of TKE2 cells 

treated by levobunolol, atenolol, or ICI 118, 551 were 
investigated by crystal violet staining solution (Beyotime, 
Shanghai, China) and the images were observed using an 
Echo microscope (Echo Laboratories, San Diego, CA).

Immunofluorescence staining
Mouse eyeballs were excised and snap-frozen in Tissue-
Tek OCT compound at 2 or 3 days after levobunolol, 
atenolol, or ICI 118, 551 treatment. The frozen sections 
(7 μm) were fixed in 4% paraformaldehyde for 15 min, 
permeabilized with 0.1% Triton X-100 for 15 min, and 
then blocked with 5% BSA for 1 h at room temperature. 
The sections were then incubated with anti-CK3 (Abcam, 
Cambridge, MA), anti-CK14 (Abcam), anti-CK19 (Pro-
teintech, Chicago, IL), anti-Ki67 (Abcam), anti- phos-
phorylated epithelial growth factor receptor (pEGFR, 
Abcam), or anti-phosphorylated extracellular signal-
regulated kinase 1/2 (pERK1/2, Cell Signaling Technol-
ogy, Danvers, MA) overnight at 4 °C and subsequently 
incubated with fluorescein-conjugated secondary anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) for 
1 h, followed by 4′, 6-diamidino-2-Phenylindole (DAPI, 
Solarbio, Beijing, China) staining for 5 min. All stainings 
were observed through an Eclipse TE2000-U microscope 
(Nikon, Tokyo, Japan) and were quantified by Image J 
software. Firstly, the images were put on, then, which 
were conversed to 8 bit and adjusted to gray scale fol-
lowed by measuring parameters including the area, mean 
gray value (Mean), integral optical density. Finally, we got 
average gray scale of these images which were used to 
statistically analyze.

Statistical analysis
The statistical analysis was performed with GraphPad 
Prism 8.0 and SPSS 24.0. The statistical significance was 
analyzed by Student’s t-test and one-way ANOVA. A P 
value less than 0.05 was considered statistically signifi-
cant, a P value less than 0.01 was considered extremely 
significant.

Results
Non‑selective β‑blocker levobunolol impairs corneal 
wound healing through limbal stem cells in mice
To assess the influence of β-blocker eye drops on cor-
neal wound healing, we removed the central or the entire 
corneal epithelium including the limbal region by mark-
ing with 2.5 or 3 mm trephine. Approximately 5 mg/mL 
β-blocker eye drops levobunolol, which was equivalent to 
the concentration used clinically, was then applied topi-
cally to the mice, and wound healing was observed using 
fluorescein sodium staining. After central region debride-
ment, the corneal epithelial healing rate of the levobu-
nolol-treated group exhibited a marginally significant 
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difference compared with the control group (Fig. 1A, B). 
However, after the corneal limbal region was scraped, the 
difference between the levobunolol and control groups 
was highly significant throughout the wound healing pro-
cess (Fig. 1C, D). To investigate the recovery in the 2.5- 
and 3-mm eye wounds, we detected the expressions of 
the differentiation marker CK3, and the stem cell mark-
ers CK14 and CK19 in the limbal region. The results 
showed that the levobunolol-treated group expressed 
weaker CK3, CK14, and CK19 intensities than that in the 
control group in both 2.5- and 3-mm eye wounds. More-
over, the difference in CK3, CK14, and CK19 expressions 
in 3-mm eye wound was more significant compared with 
that in the 2.5-mm eye wound (Fig. 2A-D). These results 
indicated that levobunolol was more influential in the 
corneal limbal stem cells than in the central epithelium.

β2AR antagonist inhibits corneal wound healing 
through limbal stem cells in mice
To delineate the primary AR antagonized by the non-
selective β1 and β2AR inhibitor levobunolol during 
corneal wound healing, the β1AR specific antagonist 
atenolol or β2AR specific antagonist ICI 118, 551 was 
applied topically to the mice after the entire corneal epi-
thelium, including the limbal region, was removed. The 
results showed that the wounded area of mice treated 

with ICI 118, 551 was significantly larger than that in 
the control and atenolol groups (Fig.3A, B). The CK3, 
CK14, and CK19 expressions in the atenolol- or ICI 118, 
551-treated groups were then detected using immu-
nofluorescence staining. The results showed that the 
fluorescence intensities of CK3, CK14, and CK19 were 
diminished in the ICI 118, 551-treated group, whereas 
no significant change was observed in the atenolol group 
compared with the control group (Fig. 3C-F). This find-
ing illustrated that the β-blocker eye drops levobunolol 
delayed wound healing mainly due to the inhibition of 
β2AR of limbal stem cells.

β2AR antagonist mediates the migration and proliferation 
of TKE2 cells
It was revealed that levobunolol had more influence on 
corneal limbal stem cells, which resulted in the delay 
of corneal wound healing. To investigate the effects of 
β-blocker eye drops in regulating the corneal wound 
healing in vitro, TKE2 cells, which shared a similar char-
acteristic to the murine  limbal  stem  cells, were chosen 
to conduct further study [27]. Firstly, the monolayer of 
TKE2 cells was wounded and incubated with levobu-
nolol, atenolol, or ICI 118, 551 for 24 h, and the results 
revealed that the migration capacity of levobunolol-and 
ICI 118, 551-treated TKE2 cells was significant reduced 

Fig. 1  Effects of non-selective β-blocker levobunolol on corneal epithelial wound healing in mice. A The central region of corneal epithelium 
marked with 2.5 mm trephine was scraped and treated with saline (Ctrl) and non-selective β-blocker levobunolol (Levo), and then stained with 
fluorescein sodium every 12 h. B A graph of the epithelial defect area at 12 h was presented as the percentage of the original wound. C The central 
and limbal regions of the corneal epithelium with 3.0 mm trephine were scraped and treated with saline (Ctrl) and levobunolol (Levo), and then 
stained with fluorescein sodium at 12 h. D A graph of the epithelial defect area was presented as the percentage of the original wound. Data are 
representative of means ± SD. *P < 0.05, **P < 0.01
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while atenolol-treated TKE2 cells exhibited a margin-
ally reduction compared to the control (Fig.  4A, B). As 
expected, the proliferation rates of levobunolol-and ICI 
118, 551-treated TKE2 cells were significantly lower than 
the control group while atenolol-treated TKE2 cells were 
equivalent to the control levels (Fig.  4C). These results 
illustrated that β-blocker eye drops impaired the migra-
tion and proliferation of the limbal stem cells by inhibit-
ing the β2AR.

The colony forming of TKE2 treated with levobuno-
lol, atenolol, or ICI 118, 551 for 7 days were compared by 
crystal violet staining and the results showed that there 
was no significant difference in the clone number of 
the control group and levobunolol, atenolol, or ICI 118, 
551 groups (Fig. 4D, E). However, the size of the clones 
treated by levobunolol or ICI 118, 551 was significantly 
smaller than the control group (Fig.  4F, G). It indicated 
that β-blocker eye drops reduced the proliferation of 
limbal stem cells without impacting the clone formation 
rate.

Inhibition of β2AR alters corneal epithelial 
regeneration‑related signaling
To elucidate the critical signaling pathways mediated by 
the β-blocker eye drops during corneal wound healing, 
we investigated the proliferation marker Ki67, and the 

phosphorylation of EGFR and ERK1/2 in the limbal and 
regenerated corneal epithelium. As shown in Fig. 5A, E, 
the Ki67 positive cells diminished after levobunolol and 
ICI 118, 551 treatments compared with that in the con-
trol mice. Moreover, the staining density of pEGFR and 
pERK1/2 was also weakened in the levobunolol- and 
ICI 118, 551-treated groups in both the regenerated and 
limbal regions (Fig.  5A, E). The fluorescence intensity 
in the corneal epithelium was quantified by the Image J 
software (Fig. 5B-D, F-H). The results suggested that the 
β-blocker eye drops altered the corneal epithelial regen-
eration-related signaling mainly due to the antagonized 
β2AR.

Discussion
βAR, which is expressed by trabecular meshwork cells, 
ciliary bodies, microvessels, and optic nerve tissue, is 
involved in glaucoma pathogenesis [4–6]. Moreover, the 
expression of β2AR is dominant compared with that of 
β1AR in the cornea, however, minimal β3AR expres-
sion was found [29]. Using the corneal epithelial wound 
healing models, we demonstrated that the β-blocker eye 
drops levobunolol and the β2AR antagonist ICI 118, 551 
impaired the wound healing of mice that were scraped, 
including in the limbal region, whereas the β1AR antago-
nist atenolol showed no significant effects. Meanwhile, 

Fig. 2  The expressions of CK3, CK14 and CK19 in the corneal limbal epithelium after levobunolol treatment. The corneal epithelium was scraped 
with 2.5 or 3 mm trephine and unceasingly received eye drops of saline (Ctrl) and levobunolol (Levo) for 4 times a day. At 2 or 3 days post wounding, 
the expressions of CK3 (A), CK14 (A), and CK19 (A) in the corneal limbal epithelium were detected by immunofluorescence staining. Moreover, the 
quantification of stained sections was carried out using the Image J software (B-D). Data are representative of means ± SD. *P < 0.05, **P < 0.01
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levobunolol inhibited the migration and proliferation 
of TKE2 through β2AR, but not through β1AR. Fur-
thermore, levobunolol and ICI 118, 551 impaired cor-
neal epithelial wound healing, and exhibited decreased 
expressions of CK3, CK14, CK19, Ki67 and phosphoryl-
ated EGFR and ERK1/2. Thus, our results demonstrated 
that the β-blocker eye drop levobunolol impaired corneal 
wound healing through the inhibition of β2AR of the lim-
bal stem cells, resulting in a decrease in corneal epithelial 
regeneration-related signaling.

βAR regulates multiple cellular processes, such as cell 
proliferation, cell motility, inflammation, angiogenesis, 
and apoptosis [30]. Recent evidence suggests that βAR 

agonist isoproterenol could promote cell proliferation 
through activation of β2AR, while pre-treatment with 
ICI 118, 551 blocks isoproterenol-induced cell growth 
in the A549 cells [30, 31]. Meanwhile, isoprenaline also 
accelerates the recovery of intestinal stem cells after can-
cer treatment with chemotherapeutic agents, which are 
mediated by β2AR [32]. In addition, noradrenaline and 
β2AR selective agonist salmeterol stimulate the prolif-
eration of neural precursor cells, which have the ability 
to divide into stem/progenitor cells, whereas this effect 
is antagonized by βAR antagonists propranolol, timo-
lol, and ICI 118, 551 [33]. Consistently, ICI 118, 551 
could reduce the myeloid cell numbers in the blood and 

Fig. 3  Effects of β1AR and β2AR antagonists on corneal epithelial wound healing and expressions of CK3, CK14, and CK19 in the corneal limbal 
epithelium. A The corneal epithelium was scraped with 3.0 mm trephine and treated with saline (Ctrl), the β1AR inhibitor atenolol (Aten), and 
the β2AR inhibitor ICI 118, 551 (ICI), and then stained with fluorescein sodium every 12 h. B A graph of the epithelial defect area was presented 
as the percentage of the original wound. The expressions of CK3 (C), CK14 (C), and CK19 (C) in the corneal limbal epithelium were detected 
by immunofluorescence staining. Moreover, the quantification of stained sections was carried out using the Image J software (D-F). Data are 
representative of means ± SD. **P < 0.01, ***P < 0.001
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spleen and lower the proliferation of splenic granulocyte 
macrophage progenitors (GMPs), indicating that β2AR 
signaling mediates the proliferation and myelopoiesis of 
GMPs [34]. In parallel, our data revealed that β-blockers 
eye drops delayed corneal wound healing through β2AR 
antagonism of limbal stem cells.

Ki67, localized in the nucleus, has been found nega-
tive in the G0 phase, whereas it increased during the 
G1 phase, and slight variation resulted in variable Ki67 
levels in the G1 phase after cell cycle re-entry [35–37]. 

Therefore, Ki67 has been widely used as a proliferation 
marker [38]. In the present study, we found the expres-
sion of Ki67 was reduced in the corneas treated with lev-
obunolol and ICI 118, 551, indicating that inhibition of 
β2AR led to a decrease in corneal epithelial cells in the G1 
phase of the cell cycle. Moreover, β2AR exerts an effect 
on proliferation, mainly by activating signaling such as 
phosphorylation ERK1/2, cyclic adenosine monophos-
phate response element-binding protein (CREB), signal 
transducer, and activator of transcription 3 (STAT3), as 

Fig. 4  Effects of the non-selective β-blocker levobunolol, the β1AR antagonist atenolol, and the β2AR antagonist ICI 118, 551 on the migration and 
proliferation of TKE2 cells. A Migration of TKE2 cells replenished with PBS, levobunolol, atenolol, or ICI 118, 551 for 24 h was observed. B Migration 
of TKE2 cells was analyzed using the Image J software. C Proliferation of TKE2 cells treated with PBS, levobunolol, atenolol, or ICI 118, 551 for 48 h 
was detected by CCK-8. Colony formation (D) and colony number (E) of TKE2 cells treated with PBS, levobunolol, atenolol, or ICI 118, 551 for 7 days. 
F Colony area of TKE2 cells treated with PBS, levobunolol, atenolol, or ICI 118, 551 for 7 days. G The colony areas were analyzed using the Echo 
microscope software. Data are representative of means ± SD. *P < 0.05, **P < 0.01
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Fig. 5  Effects of the non-selective β-blocker levobunolol, the β1AR antagonist atenolol, and the β2AR antagonist ICI 118, 551 on corneal epithelial 
regeneration-related signaling. The corneal epithelium was scraped including the limbal region and unceasingly received eye drops of saline 
(Ctrl), levobunolol (Levo), atenolol (Aten), or ICI 118, 551 (ICI) for 4 times a day. At 3 days post wounding, the expression of Ki67 (A, E), and the 
phosphorylation of EGFR (A, E) and ERK1/2 (A, E) in the corneal epithelium including in the regenerated and limbal regions, were detected by 
immunofluorescence staining. Moreover, the quantification of the stained sections was carried out using the Image J software (B-D, F-H). Data are 
representative of means ± SD. **P < 0.01
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well as the EGFR pathway which has been found to be 
activated during corneal epithelial wound healing in vivo 
[30, 39]. Our data revealed that CK3, CK14 and CK19, 
the phosphorylation of ERK1/2 and EGFR, was reduced 
by levobunolol and ICI 118, 551 treatment, suggesting 
that β2AR participated in the corneal wound healing 
process.

In clinical trials, both the β-blocker eye drops levobu-
nolol (0.5%) and timolol (0.5%) applied twice daily for 
4 weeks significantly decreased tear volume and cor-
neal epithelial barrier function [18, 40]. In line with our 
results, previous studies showed that β-blocker eye drops 
interfere with corneal epithelial wound healing [19, 22]. 
Interestingly, we found that β-blocker eye drops were 
more influential in the corneal limbal stem cells than in 
the central epithelium. β2AR is predominantly found in 
membrane homogenates of the human iris-ciliary body 
and β1AR comprises approximately 10% of βAR in the 
entire iris-ciliary body [41]. Nonselective β1- and β2- 
antagonists, and relatively selective β1-antagonists have 
been used widely to treat ocular hypertension and glau-
coma [42, 43]. In the cornea, β2AR is the predominant 
βAR, and β1AR comprises approximately 17% of βAR in 
the cornea [26]. Moreover, our results showed that the 
β1AR antagonist had no significant effect on the inhibi-
tion of corneal wound healing. Considering the fragile 
ocular surface of patients with glaucoma and the side 
effects of β-blocker eye drops on the ocular surface, non-
selective β-blocker eye drops may not be the first choice 
for glaucoma treatment, whereas our results suggested 
that a selective β1AR antagonist, such as betaxolol or any 
other type of anti-glaucoma agent should be considered.

Conclusions
β-blocker eye drops impaired corneal wound healing 
through inhibition the β2AR of limbal stem cells and 
resulted in the decrease of corneal epithelial regenera-
tion-related signaling. Therefore, a selective β1AR antag-
onist might be a good choice for glaucoma treatment to 
avoid the ocular surface damage.
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