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Abstract. Corneal alkali burns lead to severe inflammation 
and corneal neovascularization (CNV), both of which are 
major causes of visual impairment. The suppression of inflam‑
mation, promotion of epithelial repair and inhibition of CNV 
formation are promising therapeutic strategies for restoring 
corneal transparency. This study investigated the effects 
and underlying mechanisms of glycyrrhizic acid (GA) on 
inflammation, epithelial wound healing and CNV in a murine 
model of alkali burn. GA markedly alleviated corneal opacity, 
enhanced epithelial wound closure and reduced CNV forma‑
tion in alkali‑burned mice. Mechanistically, GA markedly 
downregulated tumor necrosis factor‑α, interleukin (IL)‑6, 
IL‑17 and vascular endothelial growth factor A (VEGF‑A) 
expression in injured corneas. In human umbilical vein endo‑
thelial cells, GA attenuated VEGF‑A‑induced proliferation 

and angiogenic activity. In human corneal epithelial cells, 
GA activated the focal adhesion kinase (FAK)/PI3K/AKT 
signaling pathway, upregulated Bcl‑2 and cyclin D1 expres‑
sion and suppressed Bax and caspase‑3 expression, thereby 
promoting cell proliferation and reducing apoptosis. Overall, 
GA exerts protective effects against alkali burn‑induced 
corneal injury by suppressing inflammation and neovascular‑
ization while promoting epithelial repair through activation of 
the FAK/PI3K/AKT signaling pathway.

Introduction

Corneal blindness is a major contributor to global vision 
loss (1). Among its etiologies, corneal opacity and corneal 
neovascularization (CNV) secondary to inflammation are 
the major pathological features responsible for visual impair‑
ment. Corneal inflammation and neovascularization often 
occur secondary to various diseases, including severe dry eye, 
chemical burns, infectious keratitis, corneal graft rejection and 
other conditions (2‑5).

Oxidative stress, inflammation and CNV are the primary 
contributors to corneal structural disruption and visual 
deterioration, although the underlying mechanisms remain 
poorly understood. Excessive inflammation is a key determi‑
nant of poor prognosis. After injury, neutrophils, monocytes 
and lymphocytes are recruited to the lesion site where they 
release pro‑inflammatory cytokines, such as IL‑1β, IL‑6, 
tumor necrosis factor‑α (TNF‑α), nuclear factor‑κB (NF‑κB) 
and vascular endothelial growth factor A (VEGF‑A), which 
further promote corneal ulceration and neovascular forma‑
tion. Therefore, suppressing inflammatory progression is 
crucial for the management of alkali burn‑induced corneal 
injury  (6). Currently, topical corticosteroids and nonste‑
roidal anti‑inflammatory drugs combined with epithelial 
healing‑promoting eye drops remain the standard therapeutic 
approach (7,8).
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Glycyrrhizic acid (GA), a triterpenoid saponin derived 
from Glycyrrhiza uralensis (licorice root), possesses diverse 
pharmacological properties, such as anti‑inflammatory, 
antiviral, antitumor and immunomodulatory activities  (9). 
Pharmacological studies have demonstrated that GA exerts 
glucocorticoid‑like activities by specifically inhibiting 
11β‑hydroxysteroid dehydrogenase, an enzyme responsible 
for regulating systemic cortisol levels (10). Due to its limited 
water solubility, GA is clinically applied in salt form, such as 
dipotassium glycyrrhizinate (DG) or monoammonium glycyr‑
rhizinate. GA derivative‑containing eye drops are widely used 
in ophthalmology to manage various ocular surface disorders, 
such as dry eye, itching, foreign‑body sensation and allergic 
conjunctivitis (11). A previous study showed that GA alleviates 
inflammation and oxidative stress in corneal epithelial cells 
and diabetic corneal models (12). DG‑baicalin nanomicelle 
eye drops promote corneal epithelial and nerve regeneration in 
diabetic mice. This effect is mediated through the downregu‑
lation of high‑mobility group box 1 (HMGB1), its receptors, 
receptor for advanced glycation and products and Toll‑like 
receptor 4 and the inflammatory mediators interleukin (IL)‑1β 
and IL‑6  (13). Moreover, a previous clinical pilot study 
demonstrated that topical administration of 25 mg/ml glycyr‑
rhizin eye drops for 28 days effectively improved symptoms 
in patients with moderate‑stage dry eye, showing good toler‑
ability (14). Nevertheless, the precise mechanisms underlying 
the protective effects of GA on corneal injury have not yet 
been fully elucidated.

The corneal alkali‑burn model is a well‑established experi‑
mental system for investigating ocular surface inflammation 
and neovascularization, characterized by marked inflam‑
matory infiltration, CNV and stromal fibrosis (15). Topical 
corticosteroids, such as dexamethasone (Dex), are used during 
the acute phase to suppress inflammation and promote tissue 
recovery (16). However, prolonged or repeated corticosteroid 
use can cause adverse effects, including elevated intraocular 
pressure and corneal melting (17). Given its glucocorticoid‑like 
anti‑inflammatory properties and reduced side effects, GA 
may serve as a natural alternative to corticosteroids for the 
treatment of corneal injury.

Therefore, the present study aimed to investigate the 
protective effects of GA in an NaOH‑induced corneal 
alkali‑burn model, focusing on its roles in promoting corneal 
epithelial repair, inhibiting CNV and reducing inflammatory 
responses, as well as to elucidate the potential involvement of 
the focal adhesion kinase (FAK)/PI3K/AKT pathway in these 
processes.

Materials and methods

Cell culture. Human umbilical vein endothelial cells 
(HUVECs; CTCC‑003‑0025) and human corneal epithelial 
cells (HCECs; cat.  no.  NCL‑10051) were purchased from 
Mesien CTCC (Zhejiang Meisen Cell Technology Co., 
Ltd.). HUVECs were cultured in endothelial cell medium 
(ECM; cat.  no.  1001; ScienCell Research Laboratories, 
Inc.) supplemented with 10% fetal bovine serum (FBS; 
cat. no. A52556701; Gibco; Thermo Fisher Scientific, Inc.) and 
1% penicillin‑streptomycin (cat. no. P1400; Beijing Solarbio 
Science & Technology Co., Ltd.). HCECs were maintained 

in keratinocyte serum‑free medium (Keratinocyte‑SFM; 
Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS, 5 ng/ml epidermal growth factor (cat. no. HY‑P7109; 
MedChemExpress), 0.005 mg/ml insulin (cat. no. 11070‑73‑8; 
Merck KGaA), 0.05  mg/ml bovine pituitary extract, 
500 ng/ml hydrocortisone and 1% penicillin‑streptomycin. All 
cells were incubated at 37˚C in a humidified 5% CO2 atmo‑
sphere. The PI3K inhibitor, LY294002 (cat. no. HY‑10108; 
MedChemExpress), was applied to pretreat cells at a final 
concentration of 10 µM for 2 h before subsequent NaOH and 
GA treatment to block PI3K/AKT signaling (18).

Cell viability assay. Cell viability/proliferation was assessed 
using a Cell Counting Kit‑8 (CCK‑8) (cat. no. CK‑04; Dojindo 
Laboratories, Inc.). Briefly, HUVECs were seeded into 
96‑well plates at 5x103 cells/well and treated with VEGF‑A or 
VEGF‑A plus GA for 48 h, followed by the addition of 10 µl 
CCK‑8 reagent/well and incubation for 1‑2 h. Optical density 
(OD) was measured at 450 nm. HCECs were exposed to 6 mM 
NaOH for 50  sec, washed with phosphate‑buffered saline 
(PBS; cat. no. BL302A; Biosharp Life Sciences), cultured 
for 24 h and analyzed with a CCK‑8, as aforementioned for 
HUVECs.

Western blotting. Cells and tissues were lysed using RIPA 
buffer (cat. no. P0013B; Beyotime Biotechnology) supple‑
mented with protease and phosphatase inhibitors. Protein 
concentrations were determined using a bicinchoninic acid 
assay kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). After 
protein quantification, 10‑20 µg total protein/lane was loaded, 
mixed with 5X loading buffer, heated at  95˚C for 5  min 
and subsequently separated via 10% SDS‑PAGE). Proteins 
were then transferred to polyvinylidene fluoride membranes 
(cat. no. IPVH00010; MilliporeSigma). After blocking with 
5% nonfat milk (1 h, 23‑25˚C), the membranes were incubated 
overnight at 4˚C with primary antibodies (Table  I). After 
washing with PBS containing 0.1% Tween 20, the membranes 
were incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibodies (Bioss, detailed catalogue number and 
dilution ratio listed in Table I) for 2 h at room temperature. 
β‑actin was used as the reference protein and loading control 
for normalization. The signals were visualized using an 
enhanced chemiluminescence system (cat. no. 34096; Thermo 
Fisher Scientific, Inc.) and imaged with an Amersham imaging 
platform (GE Healthcare). Band intensities were quantified 
using ImageLab software (v.6.1; Bio‑Rad Laboratories, Inc.).

Cell migration assay. Cell migration was assessed using 
Transwell chambers (8‑µm pore size). HUVECs pretreated for 
48 h with VEGF‑A alone or in combination with GA were 
resuspended in serum‑free DMEM and seeded into the upper 
chambers at 2x104 cells/well. The lower chambers received 
800  µl complete medium (containing 10% FBS) as the 
chemoattractant. After a 48‑h incubation, the migrated cells 
were fixed with 1% paraformaldehyde (PFA) at room tempera‑
ture (for 20 min, stained with Giemsa at room temperature for 
15 min and quantified via light microscopy.

EdU proliferation assay. HCECs seeded on coverslips in 
24‑well plates at a density of 2x104 cells/well. Cells were 



Molecular Medicine REPORTS  34:  335,  2026 3

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

incubated with 10 µM EdU at 37˚C for 2 h, fixed in 4% para‑
formaldehyde 15 min at room temperature, permeabilized with 
0.3% Triton X‑100 in PBS for 10 min at room temperature, 
then reacted with Click‑iT reaction solution for 30 min at room 
temperature in the dark. Nuclei were counterstained with 1X 
Hoechst 33342 for 10 min at room temperature. Fluorescence 
images were acquired using a fluorescence microscope. For 
quantitative analysis, at least five random fields of view were 
captured for each group, and EdU‑positive cell ratio was 
quantified with ImageJ software (v1.53; National Institutes 
of Health). The assay was performed using the BeyoClick 
EdU‑594 Cell Proliferation Detection Kit (C0078S, Beyotime, 
China) following the manufacturer's instructions.

Tube formation assay. HUVECs (2x103 cells/well) were seeded 
into 96‑well plates precoated with Matrigel (cat. no. 354234; 
Corning Inc.) and incubated in a medium containing VEGF‑A 
or VEGF‑A plus GA at 37˚C for 12 h to induce capillary‑like 
structures. Images were captured with a Nikon TS2 inverted 
microscope (Nikon Corporation). Tube formation was 
analyzed by measuring length and branch points using ImageJ 
software (v.1.53; National Institutes of Health).

Flow cytometric analysis of apoptosis. Apoptosis was evalu‑
ated using the FITC Annexin V Apoptosis Detection Kit I 
(cat. no. 556547; BD Biosciences). Cells were washed twice 
with PBS, resuspended in 100 µl of 1X binding buffer and 
stained with 5 µl each of FITC Annexin V and propidium 
iodide at room temperature for 15 min in the dark, following 
the manufacturer's instructions. Subsequently, 400 µl binding 
buffer was added and the samples immediately subjected 
to flow cytometric analysis using BD FACSCanto II flow 
cytometer (BD Biosciences). The data were analyzed using 
FlowJo software (v.10.8; BD Biosciences). The apoptotic rate 
was calculated as the sum of the percentage of early (Annexin 
V+/PI-, Q1‑LR) and late apoptotic cells (Annexin V+/PI+, 
Q1‑UR).

Mouse corneal alkali‑burn model. All animal procedures 
were reviewed and approved by the Animal Ethics Committee 
of the Wuxi Affiliated Hospital of Nanjing University of 
Chinese Medicine (Wuxi, China; approval no. 2024‑171‑01) 
and complied with Chinese regulations on animal welfare and 
the ARVO Statement for the Use of Animals in Ophthalmic 
and Vision Research. C57BL/6J mice (male, 8 weeks old; 
weight 20‑22 g) were purchased from GemPharmatech Co., 
Ltd. A total of 120 mice were randomly assigned to six 
groups (n=20 per group) for this in vivo study. All animals 
were housed and maintained under standard conditions 
(20‑26˚C; 30‑70% humidity; 12‑h light/dark cycle) with food 
and water provided ad  libitum. Following acclimation, an 
alkali burn‑induced corneal injury model was established as 
previously described (19,20). The mice were anesthetized by 
intraperitoneal injections of ketamine (80 mg/kg) and xylazine 
(16 mg/kg), followed by a topical application of 0.5% propara‑
caine to the right eye. Subsequently, a 2‑mm‑diameter circular 
filter paper soaked in 1 N NaOH (cat. no. 484024; Merck 
KGaA) was placed on the central cornea of the right eye for 
30 sec. The ocular surface was then thoroughly irrigated with 
PBS for 1 min to remove residual alkali. On day 14 after injury, 
the mice were anesthetized by intraperitoneal administration 
of ketamine (80 mg/kg) and xylazine (16 mg/kg) and then 
sacrificed by gradual‑fill CO2 inhalation at a displacement 
rate of 20% of the chamber volume per minute. CO2 exposure 
was continued for 5 min. Following CO2 exposure, the mice 
were continuously observed for at least 3 min, during which 
the absence of spontaneous respiration and heartbeat was 
confirmed. The pedal withdrawal reflex and the corneal reflex 
of the unaffected eye were subsequently assessed. Cervical 
dislocation was then performed as a secondary physical 
method to ensure death before eyeball enucleation.

Clinical evaluation. A total of 120 mice were randomly 
assigned to six groups (n=20/group): normal, PBS, low‑dose 
GA (0.5 mg/ml), medium‑dose GA (1 mg/ml), high‑dose GA 

Table I. Antibodies.

Antibody	 Supplier	 Dilution	 Catalogue number

PI3K P85 alpha	 Affinity Biosciences	 1:1,000	 AF6241
Phosphorylated PI3K P85 alpha (Tyr607)	 Affinity Biosciences	 1:1,000	 AF3241
AKT	 Affinity Biosciences	 1:1,000	 AF6261 
Phosphorylated pan‑AKT1/2/3 (Ser473) 	 Affinity Biosciences	 1:1,000	 AF3263
FAK	 Proteintech Group, Inc.	 1:5,000	 12636‑1‑AP
Phosphorylated FAK (Tyr397)	 Proteintech Group, Inc.	 1:1,000	 83933‑1‑RR 
VEGF‑A (for WB)	 Proteintech Group, Inc.	 1:5,000	 81323‑2‑RR
VEGF‑A (for IHC)	 Affinity Biosciences	 1:200	 AF5131
Bax	 Affinity Biosciences	 1:1,000	 AF0120
Bcl‑2	 Affinity Biosciences	 1:1,000	 AF6139
Caspase‑3	 Affinity Biosciences	 1:1,000	 AF6311
Cyclin D1	 Affinity Biosciences	 1:1,000	 AF0931
Beta‑actin	 Affinity Biosciences	 1:5,000	 AF7018
HRP‑conjugated Goat Anti Rabbit IgG (H+L)	 BIOSS	 1:5,000	 bs‑0295G
HRP‑conjugated Goat Anti Mouse IgG (H+L)	 BIOSS	 1:5,000	 bs‑0296G

https://www.spandidos-publications.com/10.3892/mmr.2026.14046
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(2 mg/ml) and positive control (1 mg/ml Dex) groups. Mice 
were divided into two batches. The first batch (n=8/group) 
was used for in vivo clinical evaluation and immunohisto‑
chemistry (IHC) and the second batch (n=12/group) sacrificed 
for other histological and molecular analyses, with a total of 
20 mice/group. The normal group was not subjected to alkali 
burn‑induced corneal injury and only treated with PBS. All 
other groups were subjected to alkali burn‑induced corneal 
injury and treatments. Each eye received 10 µl eye drops 4 times 
daily for 14 consecutive days. Corneal lesions were examined 
under a slit‑lamp microscope on days 3, 7 and 14 after injury 
(day 0=model induction) and scored for corneal opacity, CNV 
extent and neovascular density, as shown in Table II (7).

Histology and IHC. On day 14, mice were humanely sacrificed 
and their right eyeballs enucleated and fixed in 4% PFA at 4˚C 
overnight. Tissues were washed with PBS, dehydrated through 
graded ethanol, cleared, paraffin‑embedded and sectioned at 
a thickness of 4 µm. Tissue sections were stained with hema‑
toxylin‑eosin (H&E) at room temperature for 5 (hematoxylin) 
and 2 min (eosin) for histological evaluation and IHC for 
protein expression analysis. For IHC, the paraffin‑embedded 
sections were deparaffinized, rehydrated and permeabilized 
with 0.1% Triton X‑100 for 15  min. Nonspecific binding 
was blocked using 10% goat serum (Wuhan Servicebio 
Technology Co., Ltd.) for 2 h at 25˚C. To quench endogenous 
peroxidase activity, the sections were treated with 3% H2O2 in 
methanol for 15 min at room temperature and subsequently 
incubated with a primary antibody against VEGF‑A (1:200; 
cat. no. AF5131; Affinity Biosciences) at 4˚C for 12 h. After 
washing with PBS, the sections were incubated with an 
HRP‑conjugated secondary antibody (1:200; cat. no. GB23301; 
Wuhan Servicebio Technology Co., Ltd.) for 60 min at 37˚C. 
Immunoreactive signals were visualized using DAB. Sections 
were counterstained with hematoxylin at room temperature for 
2 min. Microscopy was performed using a light microscope 
(Nikon Corporation). The central corneal thickness and 
average OD of the IHC signals were assessed and quantified 
using ImageJ (v.1.53; National Institutes of Health).

Corneal whole‑mount immunofluorescence. Mice were sacri‑
ficed on day 14 post‑alkali burn and their eyes enucleated via 
blunt dissection. Briefly, the eyelids were retracted using the 
thumb and index finger, followed by the placement of forceps 
beneath the globe. The forceps were then closed and used to 
gently extract the eyeball from the orbit. The enucleated eyes 
were fixed in 4% PFA at 4˚C overnight. After PBS washes, the 
corneas were transferred to a primary antibody solution and 
incubated at 4˚C for three days. The solution was prepared in 
1X PBS containing 1% bovine serum albumin, 0.1% Triton 
X‑100 and the following antibodies: Dylight 550‑conjugated 
anti‑PECAM‑1/CD31 (1:100, cat.  no.  AF6191; Affinity 
Biosciences) and Alexa Fluor 488‑conjugated anti‑LYVE‑1 
(1:100, cat.  no. AF4202; Affinity Biosciences). Following 
incubation, the corneas were washed three times with 1x PBS 
for 20 min each. Whole‑mount images were captured using 
a laser confocal microscope (LSM700; Carl Zeiss AG) and 
the fluorescence intensities of CD31 and LYVE‑1 quantified 
using ImageJ (v.1.53; National Institutes of Health). CD31 is 
highly expressed on the vascular endothelial cells of nascent 
and mature blood vessels, whereas LYVE‑1 labels lymphatic 
endothelial cells and is used to assess lymphangiogenesis (15).

Western blotting analysis. For protein extraction from corneal 
tissues, the aforementioned western blotting workflow was 
adopted. Briefly, harvested corneal tissues were fully homog‑
enized in RIPA lysis buffer supplemented with protease and 
phosphatase inhibitors prior to protein quantification. GAPDH 
was selected as the loading control for corneal tissue lysates, 
whereas β‑actin served as the internal reference for cell 
samples. The procedures of SDS‑PAGE, membrane transfer, 
antibody incubation, ECL detection and band intensity quan‑
tification were consistent between cells and tissues. Detailed 
information of all primary antibodies is summarized in Table I.

RNA extraction and reverse transcription‑quantitative 
(RT‑q) PCR. Following extraction with TRIzol® reagent 
(cat.  no.  15596018; Thermo Fisher Scientific, Inc.), RNA 
quality was verified using a NanoDrop spectrophotometer 

Table II. Clinical scoring criteria for corneal opacity and neovascularization following alkali burn.

Criteria	 Corneal lesions as examined under a slit‑lamp microscope	 Score

Corneal opacity	 Clear	 0
	 Slight haze, iris clearly visible	 1
	 Moderate haze, iris blurred but visible	 2
	 Severe haze, iris barely discernible	 3
	 Total opacity, iris invisible	 4
Corneal neovascularization extent	N one	 0
	 Confined to limbus	 1
	 Extending toward central cornea	 2
	 Reaching the central cornea	 3
Neovascular density	 None	 0
	 Only microscopically visible	 1
	 Clearly visible microscopically	 2
	 Visible to the naked eye	 3
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(A260/A280; NanoDrop Technologies; Thermo Fisher 
Scientific, Inc.). A reverse transcription kit (cat. no. R433; 
Vazyme Biotech Co., Ltd.) was used to synthesize cDNA from 
total RNA with incubation at 50˚C for 5 min and inactivation 
at 85˚C for 5 sec. For qPCR, reactions containing SYBR Green 
Master Mix (cat. no. Q711; Vazyme Biotech Co., Ltd.) were 
run on a CFX96 real‑time PCR system (Bio‑Rad Laboratories, 
Inc.) under the following conditions: 95˚C for 30 sec, then 
40 cycles of 95˚C for 10 sec and 60˚C for 30 sec, followed 
by melting curve analysis. Relative expression (2-ΔΔCq) was 
calculated using GAPDH as the internal control. The primer 
sequences used for RT‑qPCR analysis were as follows: mouse 
BAX (NM‑007527), F: 5'‑AGG​ATG​CGT​CCA​CCA​AGA​AGC​
T‑3' and R: 5'‑TCC​GTG​TCC​ACG​TCA​GCA​ATC​A‑3'; mouse 
BCL2 (NM‑009741), F: 5'‑CCT​GTG​GAT​GAC​TGA​GTA​CCT​
G‑3' and R: 5'‑AGC​CAG​GAG​AAA​TCA​AAC​AGA​GG‑3'; 
mouse caspase‑3 (NM‑009810), F: 5'‑GGA​GTC​TGA​CTG​
GAA​AGC​CGA​A‑3' and R: 5'‑CTT​CTG​GCA​AGC​CAT​CTC​
CTC​A‑3'; mouse‑GAPDH (NM‑008084), F: 5'‑CAT​CAC​TGC​
CAC​CCA​GAA​GAC​TG‑3' and R: 5'‑ATG​CCA​GTG​AGC​TTC​
CCG​TTC​AG‑3'.

Data‑independent acquisition (DIA)‑based quantitative 
proteomics. DIA‑based quantitative proteomics was conducted 
to compare the protein expression profiles of corneal tissues 
before and after GA treatment. Tissue samples were lysed 
and digested using an iST sample preparation kit (PreOmics), 
followed by high‑pH reversed‑phase fractionation to generate 
the spectral library. Liquid chromatography‑tandem mass 
spectrometry was performed using an EASY‑nLC 1200 
system coupled to an Orbitrap Lumos mass spectrometer 
(Thermo Fisher Scientific, Inc.) equipped with an Acclaim 
PepMap C18 analytical column (75 µm x25 cm). Peptides were 
separated over a 120 min linear gradient of 5‑35% solvent B 
(0.1% formic acid in acetonitrile) at a flow rate of 200 nl/min. 
Data were acquired in positive ion mode via nano‑electrospray 
ionization (nano‑ESI), with an electrospray voltage of 2 kV. 
The ion transfer capillary temperature was set to 320˚C. 
Raw data were processed against the UniProt database using 
Spectronaut X (Biognosys AG). Identification thresholds were 
set at a 1% false discovery rate at both the peptide and protein 
levels. Differentially expressed proteins (DEPs) were defined 
by a fold change >1.5 and P‑value <0.05. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) and Gene Ontology (GO) 
enrichment analyses were conducted to identify key pathways. 
This high‑throughput DIA‑based proteomic analysis was 
performed as an exploratory approach to identify DEPs and 
pathways associated with GA treatment.

Enzyme‑linked immunosorbent assay (ELISA). Levels of 
TNF‑α (cat. no. BMS607‑3TEN), IL‑6 (cat. no. BMS603‑2) 
and IL‑17 (cat. no. BMS6001) were quantified using commer‑
cial ELISA kits (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions. Samples were diluted 1:5 
and added to antibody‑precoated 96‑well plates (100 µl/well) 
in duplicate, followed by 2 h incubation at room temperature. 
After washing, the plates were sequentially incubated with 
Biotin‑conjugated detection antibodies and streptavidin‑HRP 
supplied with the kits, each for 2 and 1 h at room tempera‑
ture, respectively. Color development was achieved using 

tetramethylbenzidine substrate for 30 min in the dark; the 
reaction was terminated with stop solution (1 M phosphoric 
acid) and absorbance measured at 450 nm. Cytokine concen‑
trations were interpolated by comparison with a standard 
curve generated using the supplied standards.

Network pharmacology and molecular docking. The Simplified 
Molecular Input Line Entry System and Structure Data Format 
structures of GA were retrieved from the PubChem database 
(https://pubchem.ncbi.nlm.nih.gov/). Potential targets were 
screened using SwissTargetPrediction (https://swisstarget‑
prediction.ch/) and disease‑related targets for ‘corneal alkali 
burn’ obtained from the GeneCards database (https://www.
genecards.org/). The intersection of GA and disease targets 
was computed in R (v.4.2.1; https://www.r‑project.org; The 
R Foundation, Vienna, Austria). GO and KEGG enrich‑
ment analyses were conducted using Bioconductor packages 
(http://bioconductor.org/packages/limma) to construct a 
compound‑target‑pathway‑disease network. PubChem and 
the Protein Data Bank (rcsb.org/) were used to download 
three‑dimensional structures of the compounds and target 
proteins. Protein structures were preprocessed (such as removal 
of solvent molecules) with PyMOL (v.2.6.0; https://www.
pymol.org; DeLano Scientific), followed by hydrogenation 
and charge assignment in AutoDock Tools (v.1.5.7; Scripps 
Research). Docking was performed using AutoDock Vina and 
visualization achieved with PyMOL and Discovery Studio 
(BIOVIA).

Statistical analysis. All experiments were repeated thrice. 
Data are presented as mean ± SD. Statistical analyses were 
conducted using GraphPad Prism 10 (Dotmatics). The 
Shapiro‑Wilk test was used to assess data normality and 
Levene's test applied to evaluate the homogeneity of variances. 
If these assumptions were met, one‑way analysis of variance 
followed by Tukey's post hoc test was performed. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GA attenuates corneal inflammation and neovascularization 
in alkali burn‑induced mice. To evaluate the in vivo effects 
of GA on corneal inflammation and neovascularization, a 
mouse corneal alkali‑burn model was established and admin‑
istered different concentrations of GA, Dex, or PBS. Slit‑lamp 
microscopy was performed on days 3, 7 and 14 after injury 
to monitor corneal morphological changes (Fig. 1A). In the 
PBS group, extensive CNV was observed by day 14, covering 
nearly the entire cornea, accompanied by severe opacity and 
vascular congestion in the central pupillary area (Fig. 1B). By 
contrast, both Dex and GA treatments markedly improved 
corneal pathology (Fig. 1C). Notably, the high‑dose GA group 
(2 mg/ml) showed a therapeutic efficacy comparable to that 
of Dex on day 14 (scores, 4.125 vs. 3.125). Gross observations 
further confirmed these findings: corneal transparency was 
substantially restored in GA‑treated mice, with background 
details clearly discernible (Fig. 1D). Histological examina‑
tion supported these observations. H&E staining revealed a 
significant reduction in inflammatory‑cell infiltration within 
the corneal stroma and restoration of epithelial thickness in 

https://www.spandidos-publications.com/10.3892/mmr.2026.14046
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Figure 1. GA ameliorates alkali burn‑induced corneal injury. (A) Schematic diagram of the modeling, administration and photographing procedures 
performed in mice. (B) Images of the anterior ocular segment in the normal, PBS‑treated, 1 mg/ml dexamethasone‑treated, 0.5 mg/ml GA‑treated, 1 mg/ml 
GA‑treated and 2 mg/ml GA‑treated groups. (C) Quantitative analysis of the clinical assessment score on days 3, 7 and 14 (n=8). (D) Cornea images on 
day 14, including hematoxylin‑eosin staining images (left; scale bars, 0.05 mm). (E) ELISA results showing the corneal levels of TNF‑α IL‑6 and IL‑17. 
(F) Immunohistochemistry revealing blood and lymph vessels using the anti‑CD31 and anti‑LYVE‑1 mAbs, respectively. Quantification of the blood and 
lymph vessel density, as indicated. Data are presented as means ± SD (n=3). ns, not significant; *P<0.05 and **P<0.01 vs. NC group; #P<0.05 and ##P<0.01 vs. 
PBS group. GA, glycyrrhizic acid; TNF‑α, tumor necrosis factor‑α; IL, interleukin.
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GA‑treated mice compared with those in the model group, 
suggesting GA exhibits both anti‑inf lammatory and 
wound‑healing properties.

To further elucidate the anti‑inflammatory mechanism 
of GA, inflammatory cytokine levels in corneal tissues were 
analyzed. ELISA demonstrated that GA markedly suppressed 
IL‑6, IL‑17 and TNF‑α expression compared with that in the 
PBS‑treated group (Fig. 1E), indicating that GA alleviated 
corneal inflammation by inhibiting pro‑inflammatory cyto‑
kine production. Alkali injury induces pathological corneal 
angiogenesis and lymphangiogenesis, which are closely 
associated with elevated inflammatory cytokines  (21). 
Immunofluorescence staining showed that vascular (18.05%) 
and lymphatic vessel (17.20%) densities in GA‑treated 
corneas were markedly reduced compared with those in the 
PBS group (31.27 and 33.89%, respectively; Fig. 1F), further 
confirming that GA effectively inhibits pathological‑blood and 
lymphatic‑vessel formation. The present findings highlighted 
that GA ameliorates alkali burn‑induced corneal injury by 
suppressing inflammatory cytokine expression and patho‑
logical angiogenesis, thereby alleviating corneal inflammation 
and promoting tissue recovery.

GA inhibits VEGF‑A‑induced proliferation, migration and 
tube formation in HUVECs. To elucidate the role of GA in 
angiogenesis, the present study systematically evaluated its 
effects on VEGF‑A‑induced proliferation, migration and 
tube formation in HUVECs. Initially, GA cytotoxicity toward 
HUVECs was assessed using the CCK‑8 assay (Fig. 2B). GA 
showed no significant effect on cell viability within the concen‑
tration range of 0‑40 µg/ml. However, a slight inhibitory effect 
was observed at 80 µg/ml and marked cytotoxicity occurred 
at 160 µg/ml (P<0.05). Accordingly, 80 µg/ml was selected as 
the working concentration for subsequent experiments. Further 
results demonstrated that 80 µg/ml GA markedly suppressed 
VEGF‑A‑induced HUVEC proliferation, exhibiting an inhibi‑
tory effect comparable to that of Dex (Fig. 2C).

Endothelial cell migration is a critical step in angio‑
genesis (22). Transwell migration assays were employed to 
evaluate the effect of GA on VEGF‑A‑stimulated HUVEC 
migration (Fig. 2D‑E). VEGF‑A treatment markedly enhanced 
endothelial cell migration, whereas GA treatment markedly 
reduced the number of migrated cells. Quantitative analysis 
confirmed that GA intervention substantially attenuated 
VEGF‑A‑induced migratory capacity. The formation of 
capillary‑like tubular networks by endothelial cells is another 
key phase of angiogenesis (23,24). To further examine the 
anti‑angiogenic potential of GA, Matrigel tube‑formation 
assays were performed (Fig.  2F‑H). VEGF‑A markedly 
promoted the formation of complex, highly branched tubular 
structures, whereas GA treatment markedly reduced tube 
length, branch points and total lumen numbers, indicating a 
potent inhibition of angiogenesis. These results indicate that 
GA effectively suppresses VEGF‑A‑mediated HUVEC prolif‑
eration, migration and tube formation, suggesting that it exerts 
considerable anti‑angiogenic activity in vitro.

GA suppresses VEGF‑A expression in vivo and in vitro. To 
investigate the regulatory effect of GA on VEGF‑A expres‑
sion, experiments were performed in HUVECs and a mouse 

corneal alkali‑burn model. Western blotting revealed that 
GA treatment markedly decreased VEGF‑A protein levels in 
HUVECs compared with that in the control group (Fig. 3A), 
indicating that GA directly suppresses VEGF‑A upregulation 
in endothelial cells.

Furthermore, IHC and western blotting were performed to 
examine VEGF‑A expression in alkali‑burned corneal tissues. 
IHC results showed that corneas in the PBS group exhibited 
marked stromal edema and thickening, accompanied by 
strong VEGF‑A immunoreactivity. By contrast, treatment with 
2 mg/ml GA markedly reduced VEGF‑A expression, with the 
corneal structure largely preserved (Fig. 3B). Consistently, 
western blotting analysis confirmed that GA effectively 
reversed the alkali burn‑induced upregulation of VEGF‑A 
expression in corneal tissues (Fig. 3C).

Collectively, these findings demonstrated that GA exerted 
anti‑angiogenic effects in vivo and in vitro by downregulating 
VEGF‑A expression, thereby inhibiting CNV.

Identification of potential targets of GA and GO/KEGG 
pathway analyses. To further elucidate the potential molec‑
ular mechanisms by which GA exerts its therapeutic effects 
in alkali‑burned corneal tissues, DIA‑based quantitative 
proteomics was performed on corneal samples collected on 
day 7 after injury. Differential protein expression profiles 
were compared between the PBS and high‑dose GA groups 
(2  mg/ml). In total, 779 DEPs were identified, including 
638 upregulated and 141 downregulated proteins (Fig. 4A). 
Distribution and expression patterns of the top 20 DEPs are 
presented in Fig.  4B. GO functional enrichment analysis 
(Fig. 4C) indicated that these DEPs were mainly enriched in 
26 biological process, 19 molecular function and 2 cellular 
component categories. KEGG pathway enrichment analysis 
(Fig. 4D) revealed that the top five markedly enriched pathways 
included ‘metabolic pathways’, ‘complement and coagulation 
cascades’, ‘pathways in cancer’, the ‘PI3K/AKT signaling 
pathway’ and ‘human papillomavirus infection’.

Given that corneal alkali burn is typically accompanied 
by severe inflammation, pathological neovascularization, 
corneal ulceration and loss of transparency and based on 
previous studies (25‑28), the PI3K/AKT pathway serves a key 
role in regulating inflammatory responses and tissue repair. 
Proteomic analysis showed increased abundance of FAK‑ and 
PI3K‑related proteins in GA‑treated corneas, indicating that 
the FAK/PI3K/AKT pathway may contribute to GA‑mediated 
corneal repair.

Therefore, both the corneal alkali‑burn model and 
NaOH‑induced HCECs were employed in subsequent experi‑
ments to further validate the regulatory effects of GA on the 
PI3K/AKT signaling pathway in vivo and in vitro, aiming to 
clarify the molecular mechanisms underlying corneal repair 
and anti‑angiogenic activity.

Network pharmacology analysis of potential targets and 
mechanisms of GA in improving corneal alkali burn. Network 
pharmacology has emerged as a powerful approach for 
identifying potential targets and elucidating the signaling 
pathways of bioactive compounds in traditional Chinese medi‑
cine (29,30). To further investigate the molecular mechanisms 
by which GA regulates CNV following alkali burn injury, a 
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network pharmacology‑based strategy was applied to screen 
and analyze potential targets and signaling pathways associ‑
ated with GA.

Potential targets of GA were predicted using multiple data‑
bases, including BATMAN (probability ≥50%), PharmMapper 
(score ≥0.5), TargetNet (score ≥0.5) and SwissTargetPrediction 
(probability >0). After removing duplicate entries, 389 candi‑
date targets were identified (Fig. 5A). Disease‑related targets 

associated with ‘corneal alkali burn’ were retrieved from the 
GeneCards database (score >1), yielding 244 disease targets. 
The intersection of the two datasets identified 43 potential over‑
lapping targets that may mediate the therapeutic effects of GA 
on corneal alkali burn (Fig. 5C). KEGG pathway enrichment 
analysis of these 43 targets revealed that the top 30 markedly 
enriched pathways included the PI3K/AKT signaling pathway, 
consistent with previous proteomic findings (Fig. 5B). Based 

Figure 2. GA suppresses VEGF‑A‑induced migration and angiogenesis in HUVECs. Transwell migration and tube formation assays were used to evaluated 
endothelial cell function. (A) Chemical structural formula of GA. (B) HUVECs were incubated with GA at concentrations ranging from 0‑160 µg/ml for 48 h. 
Cell viability was detected via the CCK‑8 kit; a quantitative histogram of the viability data is shown. (C) CCK‑8 assay showing that GA (0‑80 µg/ml) and the 
positive control, Dex, reversed the viability increase triggered by 10 ng/ml VEGF‑A; the corresponding quantitative bar graph is included. (D) Representative 
Transwell cell migration assay. (E) Quantitative analysis of Transwell cell migration. (F) Representative tube formation assay. (G) Quantitative analysis of 
average tube length in tube formation assay. (H) Quantitative analysis of total tube length in tube formation assay. Scale bars: 100 µm. Data are presented 
as means ± SD (n=3). ns, not significant; **P<0.01; ***P<0.001; ****P<0.0001 vs. NC group; #P<0.05 and ##P<0.01 vs. VEGF‑A group. GA, glycyrrhizic acid; 
VEGF‑A, vascular endothelial growth factor A; HUVECs, human umbilical vein endothelial cells; Dex, dexamethasone.
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on these results, a compound‑target‑pathway‑disease network 
was constructed using the core pathways, key targets and 
bioactive compound (Fig. 5D). The network comprised 75 
nodes and 241 edges, representing 43 targets, 30 signaling 
pathways and one compound. The color intensity of the nodes 
corresponded to their degree values, where higher degree 
values indicate greater importance within the network.

Finally, molecular docking analysis was performed to 
evaluate the binding affinity between GA and the core targets 
associated with corneal alkali burn (Fig. 5E). The binding 
energy was used to estimate the stability and strength of 
the ligand‑protein interactions. Generally, a binding energy 
≤‑5.0 kcal/mol indicates good binding activity, whereas a 
binding energy ≤‑7.5 kcal/mol reflects strong binding affinity. 
The visualized docking interactions are presented in Fig. 5F.

The present study intersected the DEPs identified through 
quantitative proteomics with candidate targets predicted via 
network pharmacology and the two shared core positive 
proteins, albumin (ALB) and plasminogen (PLG), were 
screened for cellular validation using western blotting assays. 
The western blotting results confirmed that protein levels of 
ALB and PLG in HCECs were markedly upregulated in the 

GA‑treated group compared with those in the alkali‑injured 
model group, which validated the reliability of the DEPs 
screened through proteomics and the target prediction results 
of network pharmacology. Mechanistically, ALB neutralizes 
toxic oxidized lipids, eliminates reactive oxygen species 
and stabilizes epithelial junctions to suppress inflamma‑
tory infiltration. PLG participates in extracellular matrix 
remodeling and facilitates epithelial cell migration, thereby 
accelerating the healing of alkali‑induced corneal wounds. 
Moderate upregulation of PLG expression by GA maintains 
physiological fibrinolytic balance and avoids excessive 
degradation of the corneal stroma. Collectively, ALB and 
PLG synergistically restore the activity of the protective 
FAK/PI3K/AKT signaling cascade, thereby alleviating 
alkali‑triggered corneal injury and restraining pathological 
CNV. The western blotting verification data for ALB and 
PLG are presented in Fig. S1.

GA inhibits apoptosis in corneal epithelial cells. To clarify 
the mechanism underlying how GA attenuates corneal epithe‑
lial‑cell apoptosis, we assessed the expression of key apoptosis 
regulators (Bax, Bcl‑2 and caspase‑3). Alkali burn markedly 

Figure 3. GA suppresses VEGF‑A expression in vivo and in vitro. (A) Western blotting and quantitative analyses of VGEF‑A expression in HUVECs. 
(B) Expression of VEGF‑A determined using immunohistochemistry. (C) Western blotting and quantitative analyses of VGEF‑A expression in cornea tissue. 
Data are presented as means ± SD (n=4). ns, not significant; **P<0.01 vs. NC group; ##P<0.01 vs. VEGF‑A group. GA, glycyrrhizic acid; VEGF‑A, vascular 
endothelial growth factor A; HUVECs, human umbilical vein endothelial cells; Dex, dexamethasone.
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Figure 4. DIA‑based quantitative proteomic analysis results. (A) Statistical chart of different protein changes in the PBS and GA groups. (B) Heatmap of the top 
20 differentially expressed proteins in the PBS and GA groups. (C) GO enrichment of those commonly selected differential proteins in the PBS and GA groups, 
including the molecular function, cellular component and biological process categories. (D) Bubble diagram of the KEGG pathway analysis. (E) Volcano map 
of the differentially expressed proteins in the PBS and GA groups. DIA, data‑independent acquisition; GA, glycyrrhizic acid; GO, Gene Ontology; KEGG, 
Kyoto Encyclopedia of Genes and Genomes.
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increased pro‑apoptotic Bax and caspase‑3 expression levels 
while decreasing those of anti‑apoptotic Bcl‑2 compared 
with the expression levels measured in the normal control 

(Fig.  6A  and  B). GA treatment effectively reversed these 
changes, with the most potent anti‑apoptotic effect observed 
at 2 mg/ml.

Figure 5. Network pharmacology analysis of the compounds of GA combined with corneal alkali burns. (A) Intersection of targets among the different 
databases. (B) Bubble chart of the top 30 KEGG pathways. (C) Venn diagram. (D) Compound‑target‑pathway‑disease network diagram. (E) Thermal energy 
diagram of the protein targets and active ingredient docking. (F) Molecular docking of the representative compounds with protein targets. The figure was 
created and edited using Adobe Illustrator. GA, glycyrrhizic acid; KEGG, Kyoto Encyclopedia of Genes and Genomes; CASP3, caspase‑3; FAK, focal adhesion 
kinase; VEGF‑A, vascular endothelial growth factor A.
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Collectively, these results suggested that GA exerts a 
protective effect against alkali burn‑induced corneal epithelial 
injury by modulating apoptosis‑related signaling pathways 
and inhibiting excessive cell apoptosis.

GA promotes proliferation and migration while inhib‑
iting HCEC apoptosis by activating the FAK/PI3K/AKT 
signaling pathway. To evaluate the effects of GA on HCEC 
viability, its cytotoxicity at different concentrations was 
initially determined using the CCK‑8 assay. The results 

showed that GA had no significant effect on cell viability 
within the concentration range of 0‑200 µg/ml; however, a 
notable decrease in cell viability was observed at 400 µg/ml 
(P<0.05; Fig. 7A). Subsequently, HCECs were exposed to 
6 mM NaOH for 50 sec to establish a corneal injury model 
and then co‑incubated with GA (0‑300 µg/ml) to determine 
the optimal treatment concentration. The results indicate 
that 250 µg/ml GA provided the most pronounced protective 
and proliferative effects on NaOH‑damaged cells; hence, 
this concentration was chosen for subsequent experiments 

Figure 6. GA inhibited corneal cell apoptosis in alkali burn mice. (A) Western blotting and (B) quantitative analyses of Bax, Bcl‑2 and caspase‑3 expression in 
the mice. (C) The mRNA expression of Bax, Bcl‑2 and caspase‑3 in the three experimental groups were analyzed via qPCR. Data are presented as means ± SD 
(n=3). ns, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. GA, glycyrrhizic acid; NC, negative control.
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(Fig. 7B). Transwell migration and EdU proliferation assays 
revealed that GA markedly enhanced the migratory and 
proliferative ability of HCECs, whereas these effects were 

markedly attenuated by co‑treatment with a PI3K inhibitor 
(Fig. 7C and D). In addition, flow cytometric analysis demon‑
strated that GA effectively reduced NaOH‑induced apoptosis 

Figure 7. GA enhances HCEC migration, promotes epithelial repair and activates the FAK/PI3K/AKT signaling pathway. (A) HCECs were treated with 
increasing concentrations of GA (0‑1,600 µg/ml) for 24 h and cell viability assessed using the CCK‑8 assay. (B) Determination of the optimal GA treatment 
concentration in NaOH‑injured HCECs using the CCK‑8 assay. (C) Invasive capacity of HCECs was evaluated using Transwell assays (scale bar, 100 µm). 
(D) Proliferation of HCECs was assessed via EdU staining. (E) Flow cytometric analysis of apoptosis in each treatment group, showing representative scatter 
plots and quantification of apoptotic cell percentages. Data are presented as means ± SD (n=3). ns, not significant; *P<0.05; **P<0.01; ****P<0.0001. GA, glycyr‑
rhizic acid; HUVECs, human umbilical vein endothelial cells; FAK, focal adhesion kinase.
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in HCECs, whereas the inhibition of PI3K reversed this effect 
and increased the apoptotic rate (Fig. 7E).

To clarify whether the anti‑neovascularization effect 
of GA relies on the FAK/PI3K/AKT signaling pathway 
and identify the upstream‑downstream order of VEGF‑A 
and PI3K, the present study performed western blotting-
based PI3K inhibitor (LY294002) rescue assays in 
alkali-stimulated HCECs. Consistent with previous data, 
GA intervention elevated phosphorylated FAK, PI3K and 
AKT levels, whereas co‑treatment with LY294002 mark‑
edly abolished the activation of PI3K/AKT without altering 
VEGF‑A expression. These results indicated that LY294002 
blocks downstream PI3K/AKT signaling but does not reverse 
GA‑mediated VEGF‑A suppression, suggesting that the 
inhibitory effect of GA on VEGF‑A is largely independent of 
PI3K/AKT activation.

Combined with the functional data showing that GA 
inhibits VEGF‑A‑induced angiogenesis in HUVECs, the 
present study confirmed that GA exerts anti‑CNV effects 
by primarily repressing VEGF‑A production and that the 
FAK/PI3K/AKT pathway acts as a downstream effector medi‑
ating epithelial‑protective functions rather than as an upstream 
regulator of VEGF‑A (Fig. 8A‑B). Moreover, GA treatment 
markedly increased FAK, PI3K and AKT phosphorylation, 
with a concomitant upregulation of the downstream targets, 
Bcl‑2 and cyclin D1. By contrast, co‑treatment with the PI3K 
inhibitor markedly attenuated these effects. (Fig. 8C‑I).

Overall, GA promotes the proliferation and migration of 
NaOH‑injured HCECs and inhibits apoptosis by activating 
the FAK/PI3K/AKT pathway, thereby exerting cytoprotective 
effects during corneal injury repair.

Discussion

The cornea is an avascular and transparent tissue and its 
structural integrity is essential for visual acuity. Under 
pathological conditions, such as infection, trauma, or corneal 
transplantation, multiple insults can trigger CNV and fibrotic 
scarring, thereby compromising transparency. Alkali burn 
induces an acute and pronounced inflammatory response 
characterized by limbal vasodilation, increased vascular 
permeability, infiltration and migration of inflammatory 
cells and activation of the vascular endothelium, all of which 
promote neovessel formation  (31,32). Large numbers of 
pro‑inflammatory cells (such as macrophages and neutro‑
phils) accumulate at the injury site; classically activated 
M1 macrophages secrete IL‑1β, IL‑6, TNF‑α and VEGF‑A, 
driving endothelial proliferation and sprouting  (33). In 
addition, IL‑1β, IL‑1α, interferon‑γ and TNF‑α can induce 
apoptosis and impede tissue repair (34‑36). Thus, effective 
therapeutic strategies should concurrently target inflamma‑
tion and apoptosis. Using a murine alkali‑burn model, the 
present study systematically assessed the effects of GA on 
corneal inflammation and CNV. GA markedly attenuated 
inflammatory changes, reduced corneal haze and suppressed 
CNV while mitigating tissue injury by upregulating cyclin 
D1 and Bcl‑2 expression and downregulating that of Bax 
and caspase‑3. These data suggest that the protective 
actions of GA are closely associated with activation of the 
FAK/PI3K/AKT signaling axis (Fig. 9).

GA, a triterpenoid saponin extracted from Glycyrrhiza 
roots and rhizomes, is a principal bioactive constituent exhib‑
iting anti‑inflammatory, antioxidative and immunomodulatory 
properties, as well as a favorable safety profile. Previous 
studies reported no apparent toxicity of GA <200 µg/ml in 
macrophages (37) and a safety range of 12.5‑300 µg/ml in 
AEC II cells (38). Consistently, the present study found that 
≤80 µg/ml GA was safe and effective in HUVECs, whereas 
250 µg/ml was optimal in HCECs.

Alkali burn commonly resulted in epithelial loss, stromal 
edema, CNV and decreased transparency, which is consistent 
with prior reports (5). The therapeutic efficacy observed in the 
present study was evaluated using corneal opacity scores and 
CNV grading, with Dex serving as a positive control. As a 
commonly used corticosteroid for ocular surface disease, Dex 
suppresses local inflammation and helps preserve transpar‑
ency (39). GA achieved Dex‑comparable effects in reducing 
edema by inhibiting CNV and lymphangiogenesis, indicating 
that GA may act as a natural anti‑inflammatory agent with 
glucocorticoid‑like benefits.

Inf lammation‑driven angiogenesis is dependent on 
the interplay between inflammatory cells and angiogenic 
mediators. Alkali injury promotes neutrophil and macrophage 
infiltration and enhances the secretion of pro‑angiogenic 
factors, such as VEGF, further amplifying inflammation (40). 
Persistent elevation of IL‑6 and TNF‑α levels facilitates 
epithelial migration, proliferation and tissue remodeling (41). 
In the model of the present study, GA markedly reduced the 
levels of IL‑6, TNF‑α, IL‑17 and VEGF in corneal tissues, 
consistent with published observations (42). FAK, which is 
encoded by PTK2, functions as a non‑receptor tyrosine kinase 
that orchestrates key cellular processes. Aberrant FAK acti‑
vation correlates with enhanced proliferation and migration 
and could serve as a promising therapeutic target for various 
diseases  (43). The proteomic and bioinformatic analyses 
revealed that GA‑responsive DEPs were markedly enriched in 
the PI3K/AKT pathway, with a notable upregulation of FAK 
and PI3K detected in GA‑treated corneas. Network pharma‑
cology and molecular docking further indicated high binding 
affinities between GA constituents and proteins related to 
FAK and the PI3K/AKT cascade, suggesting FAK is a putative 
target of GA.

The PI3K/AKT pathway governs cell proliferation, 
migration, metabolism and survival  (44) and GA modu‑
lates this pathway in a context‑dependent manner across 
disease models. For example, GA suppresses IL‑1β‑induced 
PI3K/AKT and NF‑κB signaling, thereby attenuating inflam‑
mation (45); in acute liver injury, GA inhibits HMGB1 and 
PI3K/mTOR signaling to reduce inflammatory cytokine 
release and apoptosis  (46); in LPS‑stimulated RAW264.7 
cells, GA and its derivative, 18β‑glycyrrhetinic acid, target 
PI3K p110δ/γ isoforms, suppress NF‑κB activation and 
lower TNF‑α, IL‑6 and IL‑1β secretion in a dose‑dependent 
manner  (47). Tsai  et  al  (48) reported that GA restrains 
tumor growth and migration in hepatocellular models by 
modulating ERK, AKT and EGFR signaling, consequently 
triggering caspase‑8/9‑mediated mitochondrial apoptosis. In 
a rat model of colitis‑associated cancer, GA downregulated 
NF‑κB, COX‑2, iNOS and VEGF expression, thereby reducing 
inflammation, aberrant proliferation and angiogenesis (49). 
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Figure 8. PI3K inhibitor rescue assays clarified the hierarchical relationship between VEGF‑A and the FAK/PI3K/AKT pathway in alkali‑injured HCECs. 
(A) Representative western blot bands showing the protein expression levels of VEGF‑A, p‑FAK, FAK, p‑PI3K, PI3K, p‑AKT, AKT and the internal 
reference (β‑actin) across seven experimental groups: Normal, GA, NaOH, NaOH + GA, NaOH + LY294002, NaOH + GA + LY294002 and LY294002 
alone. (B) Quantitative grayscale analysis of relative VEGF‑A expression normalized to β‑actin. Quantitative grayscale analysis of (C) p‑FAK/FAK ratio. 
(D) p‑PI3K/PI3K ratio. (E) Quantitative grayscale analysis of the p‑AKT/AKT ratio. (F) Western blotting detection of Bax (apoptosis‑related protein), Bcl‑2 
(anti‑apoptotic protein) and cyclin D1 (proliferation marker) in the Normal, GA, NaOH, NaOH + GA, NaOH + LY294002, NaOH + GA + LY294002 and 
LY294002 alone. Statistical quantification of (G) Bax, (H) Bcl‑2 and (I) cyclin D1 expression normalized to that of β‑actin. Data are presented as mean ± SD 
(n=3). **P<0.01; ***P<0.001; ****P<0.0001. VEGF‑A, vascular endothelial growth factor A; FAK, focal adhesion kinase; HUVECs, human umbilical vein 
endothelial cells; p‑, phosphorylated; GA, glycyrrhizic acid.

https://www.spandidos-publications.com/10.3892/mmr.2026.14046
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Collectively, these studies support the capacity of GA to 
fine‑tune PI3K/AKT signaling.

In ocular disease, the PI3K/AKT pathway status 
varies by pathology; it is often downregulated in diabetic 
keratopathy and dry eye but activated in infectious and 
noninfectious keratitis (50). In the healthy corneal epithe‑
lium, low PI3K/AKT activity maintains homeostasis. Upon 
injury, growth factors and neuropeptides (such as substance 
P) activate the PI3K/AKT cascade to promote epithelial 
proliferation and migration while limiting apoptosis and 
inflammation, thereby accelerating repair. Hyperglycemia, 
hyperosmolarity, excess cytokines, toxins and infection 
disrupt this pathway  (51,52). Therefore, targeting the 
PI3K/AKT pathway represents a promising strategy for 
corneal repair. In this context, the present study observed 
that GA upregulated FAK expression and subsequently acti‑
vated PI3K/AKT signaling, thereby facilitating epithelial 
regeneration.

To clarify the causal link among GA, VEGF‑A and the 
FAK/PI3K/AKT pathway, PI3K inhibitor rescue assays were 
conducted in alkali‑injured HCECs. Western blotting results 
showed that LY294002 blocked GA‑induced PI3K/AKT 
activation but had no impact on GA‑mediated VEGF‑A down‑
regulation, confirming that GA‑mediated VEGF suppression 

is largely independent of PI3K/AKT signaling. Therefore, GA 
mainly suppresses pathological CNV by reducing VEGF‑A 
expression, whereas activated FAK/PI3K/AKT primarily facili‑
tates epithelial repair and anti‑apoptotic effects. GA exerts dual 
protective effects after corneal alkali injury via this two‑tiered 
regulatory axis. Although PTK2 (FAK) was identified via 
proteomic analysis and validated in vitro, direct assessment of 
phosphorylated FAK in corneal tissues is warranted.

Apoptosis is critical for corneal homeostasis (53). Bcl‑2, 
a key anti‑apoptotic mediator of the intrinsic mitochondrial 
pathway, functions by heterodimerizing with pro‑apoptotic 
Bax; alterations in its expression can influence epithelial cell 
lifespan and turnover (54). Activation of caspase‑3 is a hallmark 
of apoptosis (55) and reduced Bcl‑2 expression generally corre‑
lates with increased apoptotic activity (56). The anti‑apoptotic 
capacity of GA has been documented previously: in a model 
of Mycoplasma gallisepticum infection, GA suppressed 
caspase‑3/9 activation and upregulated Bcl‑2 and Bcl‑xL expres‑
sion (38). Consistent with these findings, the present study's 
alkali‑burn model showed that GA reversed the injury‑induced 
upregulation of Bax and caspase‑3 expression and restored that 
of Bcl‑2, confirming its robust anti‑apoptotic effect (57). Cyclin 
D1, which is encoded by CCND1, forms active complexes with 
CDK4/6 to phosphorylate retinoblastoma protein and drive 

Figure 9. Proposed mechanism of GA in alleviating corneal alkali burn‑induced inflammation, angiogenesis and apoptosis. The figure was created and edited 
using Adobe Illustrator. GA, glycyrrhizic acid; TGF, transforming growth factor; VEGF‑A, vascular endothelial growth factor A; HUVEC, human umbilical 
vein endothelial cells; HCEC, human corneal epithelial cells; FAK, focal adhesion kinase; PI3K, phosphoinositide 3‑kinase; AKT, protein kinase B; Bcl‑2, 
B‑cell lymphoma‑2; Bax, Bcl‑2‑associated X protein; cyclin D1, cyclin D1.
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the G1‑to‑S transition (58). Cyclin D1 plays a pivotal role in 
corneal epithelial proliferation and is notably enriched in 
the epithelial compartment of pterygium tissues (59); it has 
also been implicated as a key downstream mediator of nerve 
growth factor‑regulated HCEC proliferation (60). The present 
data demonstrate, for the first time, that GA promotes corneal 
epithelial cell proliferation by upregulating cyclin D1 expres‑
sion through activation of the FAK/PI3K/AKT pathway.

In summary, the present study suggested that GA exerts dual 
protective effects during corneal alkali burn. On the one hand, 
GA suppresses VEGF‑A expression and thereby inhibits patho‑
logical CNV; on the other hand, it activates the FAK/PI3K/AKT 
pathway to promote epithelial proliferation, migration and 
survival. These two mechanisms cooperate in facilitating corneal 
repair. Overall, GA exhibited good safety and biocompatibility at 
both the cellular and animal levels, supporting its potential as a 
natural, low‑toxicity anti‑inflammatory and pro‑repair candidate 
for the treatment of sterile keratitis and related corneal disorders.

The present study systematically demonstrated the protec‑
tive effects of GA against alkali burn‑induced corneal injury. 
GA exerted its therapeutic actions through multiple coordinated 
mechanisms. On one hand, GA inhibited VEGF‑mediated 
angiogenesis, thereby effectively suppressing pathological CNV; 
on the other hand, it modulated the expression of apoptosis‑asso‑
ciated molecules, including Bax, Bcl‑2 and caspase‑3, thereby 
attenuating corneal epithelial cell apoptosis and promoting 
tissue repair. Moreover, GA activated the FAK/PI3K/AKT 
signaling pathway, which contributed to the maintenance of 
epithelial cell survival and regeneration, ultimately improving 
the inflammatory microenvironment and restoring corneal 
structural integrity. In addition, GA exhibited excellent biocom‑
patibility and low cytotoxicity in both corneal tissues and cell 
models, confirming its favorable safety profile. Collectively, 
these findings highlighted GA as a naturally derived, multitarget 
anti‑inflammatory and anti‑angiogenic compound with prom‑
ising therapeutic potential. GA may serve as a novel candidate 
for the prevention and treatment of sterile keratitis, chemical 
corneal injury and other ocular surface disorders characterized 
by inflammation and neovascularization.
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