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Abstract 

Background To investigate the anti-inflammatory and antioxidative effects of gallic acid (GA) on human corneal 
epithelial cells (HCECs) and RAW264.7 macrophages as well as its therapeutic effects in an experimental dry eye (EDE) 
mouse model.

Methods A cell counting kit-8 (CCK-8) assay was used to test the cytotoxicity of GA. The effect of GA on cell migra-
tion was evaluated using a scratch wound healing assay. The anti-inflammatory and antioxidative effects of GA in vitro 
were tested using a hypertonic model (HCECs) and an inflammatory model (RAW264.7 cells). The in vivo biocompat-
ibility of GA was detected by irritation tests in rabbits, whereas the preventive and therapeutic effect of GA in vivo was 
evaluated using a mouse model of EDE.

Results In the range of 0–100 μM, GA showed no cytotoxicity in RAW264.7 cells or HCECs and did not delay the 
HCECs monolayer wound healing within 24 h. Ocular tolerance to GA in the in vivo irritation test was good after seven 
days. In terms of antioxidative activity, GA significantly reduced the intracellular reactive oxygen species (ROS) in 
lipopolysaccharide (LPS) activated RAW264.7 macrophages and HCECs exposed to hyperosmotic stress. Furthermore, 
after pre-treatment with GA, the expression levels of nuclear factor E2-related factor 2 (Nrf2), heme oxygenase-1 (HO-
1), and NADPH quinone oxidoreductase-1 (NQO-1) were significantly upregulated in RAW264.7 macrophages. GA also 
exhibits excellent anti-inflammatory properties. This is mainly demonstrated by the ability of GA to effectively down-
regulate the nuclear transcription factor-κB (NF-κB) pathway in LPS-activated RAW264.7 macrophages and to reduce 
inflammatory factors, such as nitric oxide (NO), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-α). In vivo 
efficacy testing results in a mouse model of EDE showed that GA can effectively prevent and inhibit the apoptosis of 
corneal epithelial cells (CECs), reduce inflammatory factors in the cornea and conjunctiva as well as protect goblet 
cells.
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Conclusion In vitro and in vivo results indicate that GA possesses potent anti-inflammatory and antioxidative proper-
ties with no apparent cytotoxicity within the range of 0–100 μM. It is a promising eye drop formulation for the effec-
tive prevention and treatment of dry eye disease (DED).

Keywords Corneal epithelial cells, Macrophages, Gallic acid, Dry eye, Inflammation, Oxidative stress

Background
Dry eye disease (DED) is a common ocular surface mul-
tifactorial disease with a prevalence of up to 75% in some 
populations [1, 2]. In recent years, the prevalence of dry 
eye has been increasing due to the popularity of video 
terminal equipment, air-conditioned environments, and 
the increase in the number of people wearing contact 
lenses [2]. Thus, the direct and indirect economic losses 
caused by dry eye have also increased [2, 3].

Tear hyperosmolarity and a series of inflammatory 
events are considered to be important factors in the 
pathogenesis of dry eye [4]. Hyperosmolar stress of DED 
activates mitogen-activated protein kinase (MAPK), 
which activates the master regulator, nuclear transcrip-
tion factor-κB (NF-κB), leading to the production of 
interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor 
necrosis factor alpha (TNF-α). This results in the upreg-
ulation of matrix metallopeptidase 9 (MMP-9) which 
is associated with the disruption of the epithelial cor-
neal barrier [4]. Inflammation is initiated when reactive 
oxygen species (ROS) induced by hyperosmotic stress 
activates nucleotide-binding oligomerization domain, 
leucine-rich repeat and pyrin domain-containing 3 
(NLRP3) inflammasomes [5]. Macrophages are impor-
tant antigen-presenting cells (APCs) during dry eye 
injury, stimulated by hyperosmolarity or proinflamma-
tory cytokines, macrophage activation is involved in initi-
ating ocular surface adaptive immune responses [4, 6–8]. 
ROS can cause ocular hyperosmolar stress and persistent 
ocular surface inflammation. Therefore, inhibition of the 
cellular inflammatory response and removal of excessive 
intracellular ROS may facilitate dry eye treatment. Artifi-
cial tears currently used to treat dry eye can only relieve 
the symptoms of DED. The use of steroid eye drops for 
ocular surface inflammation poses a risk of complications 
such as cataract and glaucoma. Hence, there is an urgent 
need to develop safe and effective anti-inflammatory and 
antioxidant eye drops with fewer side effects.

In recent decades, traditional Chinese medicines such 
as paclitaxel and artemisinin have gained popularity 
because of their clear efficacy, low toxicity, and afford-
ability [9–14]. Gallic acid (GA) (i.e., 3, 4, 5-trihydroxy-
benzoic acid) is a natural botanic phenolic compound, 
widely found in various plants, fruits, and nuts such 
as apple peels, pineapples, bananas, lemons, and wine 
[15–17]. It recently received widespread attention due 

to its powerful anti-inflammatory and antioxidant prop-
erties [18]. In fact, GA can be produced in large quanti-
ties through biological and chemical synthesis. Owing 
to its ability to eradicate ROS, GA acts as an excellent 
antioxidant and is responsible for many other important 
biological activities such as anti-inflammatory, anti-can-
cer, anti-bacterial, anti-viral, and anti-mutagenic effects 
[19–22]. Moreover, in a variety of animal experiments 
and clinical trials, toxicity studies have shown that GA 
rarely causes toxicity and side effects [23–26]. In rats 
with elastase-induced emphysema, GA has been shown 
to suppress inflammation and oxidative stress by modu-
lating the Nrf2-HO-1-NF-κB signaling pathway [27]. 
Similarly, GA has been shown to exert anti-inflamma-
tory, antioxidative stress, and nephroprotective effects 
against paraquat-induced renal injury in male rats [18]. 
A traditional Chinese medicine preparation, the Tibetan 
Medicine Formula Jikan Mingmu Eye Drops, contains 
GA and has been shown to ameliorate dry eye syndrome 
in diabetic db/db mice [28]. In addition, Alexander et al. 
demonstrated that antioxidants such as GA were effec-
tive at quenching ROS in human corneal epithelial cells 
(HCECs), indicating potential to protect the corneal 
epithelium from oxidative damage if GA is included 
in a lubricant eye drop [29]. However, the efficacy of 
GA and its mechanism of action in DED have yet to be 
investigated.

Based on the pathogenesis of dry eye, combined with 
the strong anti-inflammatory and antioxidant capacity 
of GA, we hypothesized that GA has a potential effect 
on the treatment of dry eye. To verify this speculation, 
we investigated the underlying molecular mechanisms 
in lipopolysaccharide (LPS)-activated RAW264.7 mac-
rophages and hypertonic-activated HCECs in  vitro and 
evaluated the in  vivo therapeutic efficacy in a mouse 
model of experimental dry eye (EDE). As shown in Fig. 1, 
an in  vitro study demonstrated that GA inhibited the 
activation and nuclear translocation of inflammatory 
responses (e.g., NF-κB) and attenuated the production 
of various inflammatory mediators such as nitric oxide 
(NO) and pro-inflammatory cytokines (e.g., IL-6 and 
TNF-α). GA also promoted the activation and nuclear 
translocation of antioxidant responses such as nuclear 
factor E2-relate factor-2 (Nrf2), thereby inhibiting ROS 
production. In addition, an in  vivo study showed that 
GA exhibited superior therapeutic efficacy against EDE 
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by inhibiting the influx of inflammatory cytokines and 
protecting conjunctival goblet cells and corneal epithe-
lial cells. Therefore, GA has potential for treating DED in 
clinics.

Materials and methods
Materials
Gallic acid (purity ≥ 99%) was purchased from J&K Chem-
icals CO (Beijing, China). LPS and epidermal growth fac-
tor were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). HCECs and RAW264.7 macrophages were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA). Insulin was obtained from Gibco (St. Louis, 
MO, USA). The 2’,7’-Dichlorodihydrofluorescein diac-
etate (DCFH-DA) and cell counting kit-8 were acquired 
from Beyotime Biotechnology (Nanjing, China). The IL-6 
(DY406) and TNF-α (DY410) DuoSet enzyme-linked 
immunosorbent assay (ELISA) kits were purchased from 
R&D Systems (Minneapolis, MN, USA). Phosphatase 
inhibitor was obtained from EpiZyme (Shanghai, China). 
Antibodies against p-P65 (#3033S, 1:1000), P65 (#8242S, 

1:1000), phospho-IκB-α (#2859S, 1:1000), IκB-α (#4814S, 
1:1000), β-actin (#3700, 1:5000), HO-1 (#48768, 1:1000), 
and NQO-1 (#48768, 1:1000) were purchased from 
Cell Signaling Technology (Danvers, MA, USA). Nrf2 
(ab137550, 1:1000) and phospho-Nrf2 (ab76026, 1:1000) 
antibodies were obtained from Abcam (Cambridge, UK). 
Antibodies against NF-κB P65 (66535, 1:200), Nrf2 (16396, 
1:200), and fluorescein (FITC) (SA00003, 1:100) were pur-
chased from Proteintech (Chicago, IL, USA). Hematoxy-
lin–eosin  (H&E) and periodic acid-Schiff (PAS) staining 
kits were obtained from Solarbio Life Sciences (Beijing, 
China). An in  situ cell death detection kit was obtained 
from Roche (Mannhein, Germany). The BCA kit, Griess 
reaction assay kit, antifade mounting medium with DAPI 
and protease inhibitor cocktail were obtained from Beyo-
time Biotechnology (Shanghai, China).

Cell culture
HCECs were cultured in Dulbecco’s modified Eagle’s 
Medium/F12 (DMEM/F12) supplemented with 10% fetal 

Fig. 1 Schematic diagram of gallic acid treating dry eye through its anti-inflammatory and antioxidant effects. LPS, lipopolysaccharide; CD-14, 
clusterdifferentiation-14; MD-2, myeloid differentiation protein-2; TLR4, toll like receptor 4; IκB, inhibitor of NF-κB; P, phosphorylated; NF-κB P65, 
nuclear factor kappa-B P65; IL-6, interleukin 6; TNF-α, tumor necrosis factor alpha; NO, nitric oxide; ROS, reactive oxygen species; Keap1, Kelch-like 
ECH-associated protein 1; Nrf2, nuclear factor E2-relate factor-2; ARE, antioxidant response elements; HO-1, heme oxygenase-1; NQO-1, NADPH 
quinineoxidoreductase-1
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bovine serum (FBS), 1% penicillin/streptomycin, 10  ng/
mL epidermal growth factor, and 100  ng/mL insulin. 
RAW264.7 macrophages were cultured in DMEM sup-
plemented with 1% penicillin/streptomycin and 10% FBS.

In vitro hyperosmotic stress model and inflammation 
model
To test drug efficacy in  vitro, we established two cell 
models related to the pathogenesis of DED. First, we sim-
ulated the state of HCECs in a hypertonic environment 
by adding sodium chloride (NaCl) to the culture medium. 
After stable subculture, HCECs were seeded onto a 6-well 
plate and switched to serum-free medium (DMEM/
F12 without FBS) for 24  h. We cultured the cells in the 
medium for another hour by increasing the osmolality 
to 500 mOsm by adding an additional 90 mM NaCl to a 
serum-free medium with an osmolality of 320 mOsm. In 
addition, cells cultured in 500 mOsm medium were pre-
treated with or without 100 μM GA (dissolved directly in 
the serum-free medium), which was added 23 h prior to 
NaCl supplementation.

We then stimulated macrophages with LPS to estab-
lish a classical model of inflammation. The RAW264.7 
cells were seeded onto a 6- or 24-well plate and cultured 
in DMEM containing 10% FBS to achieve cell monolay-
ers that were approximately 60–70% confluent after 
stable subculture. Subsequently, the cells were treated 
with 100 μM GA (dissolved directly in DMEM contain-
ing 10% FBS) for 1 h (ELISA and Griess reaction assay) 
or 16  h (fluorescence assay and Western blot analysis), 
followed by stimulation with 1  μg/mL LPS. Finally, P65 
and p-P65 protein expression, phosphorylated-IkB-α and 
IkB-α activities were determined after 8 h of intracellular 
incubation by fluorescence assay and Western blot analy-
sis. Release of IL-6, TNF-α and NO were measured in cell 
culture medium supernatant after 24  h incubation with 
ELISA and Griess reaction assay.

In vitro cytotoxicity test
A cytotoxicity assay was performed to verify the safety of 
the drug in vitro. Briefly, after stable subculture, HCECs 
and RAW264.7 cells were seeded in a 96-well plate at 
a density of 5 ×  104 /mL and 1 ×  105 /mL in each well, 
respectively, and cell medium (100 μL per well) was 
added. The cells were then treated with a series of GA at 
concentrations ranging from 0 to 200 μM in a complete 
medium for 24  h. Thereafter, 10 μL of CCK-8 reagent 
was added to each well and cells were left to incubate at 
37 ℃ for 1 h. Finally, the absorbance (A) was measured 
at 450  nm. Six parallel wells were used in each group, 
and the average value was obtained. At the same time, 
the control group included untreated cells containing 
complete media. No cells were set as the blank wells. 

The cell survival rate was calculated as follows: cell sur-
vival rate (%) = [(Aexperimental group −  Ablank group) /  (Acontrol 

group −  Ablank group)] × 100%. The experiment was repeated 
three times independently.

Wound healing assay
We used a wound healing assay to demonstrate the 
effects of GA on cell migration in  vitro. First, HCECs 
were cultured in DMEM/F12 containing 10% FBS. The 
cells were then plated in a 6-well plate and grown to 
90% confluence. Thereafter, artificial wounds were cre-
ated using a sterile 200 μL plastic pipette tip to scratch 
across the cell surface. Dissociated cells were removed 
by washing with phosphate buffered saline (PBS) (all 
PBS mentioned has a concentration of 0.01 M, pH = 7.4). 
The indicated amount of GA, at a final drug concen-
tration of 0–100  μM was added for co-incubation, and 
images of the same area of the wound were taken at 0, 
6, 18, and 24 h to determine wound closure. The scratch 
area was measured using Image J. The cell migra-
tion rate was expressed using the following formula: 
a = (1 − b/c) × 100%, where a is the migration rate, b is 
the area of scratch at the indicated time, and c is the ini-
tial area of the scratch.

ELISA and detection of NO
In animal experiments, one sample consisted of the 
protein from the conjunctiva of two eyes and cornea of 
four eyes. In cell experiments, one sample consisted of 
the protein from the cell supernatant. The supernatant 
from each group was collected, and the TNF-α and IL-6 
levels were quantified in accordance with the manufac-
turer’s protocols for the ELISA kits. The nitrite level was 
detected using the Griess reaction assay according to the 
manufacturer’s instructions.

Measurement of cellular production of ROS
Intracellular ROS was detected by an oxidation-sensitive 
fluorescent probe (DCFH-DA). To detect the inhibi-
tory effect of drugs on intracellular ROS production, 
RAW264.7 cells or HCECs were seeded onto 6-well 
plates at a density of 1 ×  105 /well and were incubated 
overnight. After drug addition, the cells were incubated 
for 16  h at 37 ℃, then LPS was added to each well and 
incubated for 8 h, hyperosmotic stress was added to each 
well and incubated for 1  h. Cells were then cultured in 
a serum-free DMEM/F12 or DMEM medium containing 
10 μL DCFH-DA at 37  °C for 30 min and washed three 
times with PBS. DCFH-DA can be deacetylated intra-
cellularly by nonspecific esterases and further oxidized 
by ROS to the fluorescent compound 2,7-dichlorofluo-
rescein (DCF). Finally, DCF fluorescence was observed 
under a fluorescence microscope (Leica Microsystems, 
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Mannheim, Germany), and the intensity of fluorescence 
was measured by flow cytometry (Becton Dickinson).

Cellular immunofluorescence
Cells were attached to cell slides in 24-well plates. After 
24  h of cell growth, GA was added to the medium to 
achieve a final concentration of 100  μM for 16  h. Next, 
LPS was added to each well, and incubated for 8 h. Then, 
the cell slides were fixed in 4% PFA for 20 min at room 
temperature and permeabilized with 0.1% Triton X-100 
for 10  min at 4 ℃. Next, the cell slides were incubated 
with primary antibodies against NF-κB P65 (1:200 dilu-
tion) and Nrf2 (1:200 dilution) overnight at 4 ℃. After 
washing with PBS, cell slides were incubated with fluo-
rescent secondary antibodies (1:400 dilution). Finally, 
after PBS washing, an antifade mounting medium con-
taining DAPI (no washing required) was used and the 
slides sealed. Fluorescence images were obtained using a 
fluorescence microscope (Leica Microsystems).

Western blot analysis
Briefly, the cells were lysed in Radio Immunoprecipita-
tion Assay (RIPA) buffer containing a protease inhibitor 
cocktail and phosphatase inhibitor. Protein levels were 
quantified using a Bicinchoninic Acid Assay (BCA) kit, 
and then the loading buffer was added to the sample, 
which was boiled at 95  °C for 5  min. Equal amounts of 
protein were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. 
Then, the blots were washed with TBST (10  mM Tris–
HCl, 150  mM NaCl, 0.1% Tween-20, pH 7.6), blocked 
with 5% skimmed milk for 2  h, and incubated at 4  °C 
overnight with primary antibodies at the dilutions rec-
ommended by the supplier. β-actin acted as the loading 
control. Membranes were washed with TBST and incu-
bated with secondary antibodies for 2  h at room tem-
perature. Protein bands were detected using enhanced 
chemiluminescence (ECL) chemiluminescence reagents 
(Millipore) and visualized using a luminescent image 
analyzer. Finally, band analyses were performed using 
Image J [30].

Experimental dry eye murine model and the experimental 
group
The animal research protocol was approved by the Lab-
oratory Animal Ethics Committee of Wenzhou Medi-
cal University (ID No. wydw2022-0064). All procedures 
were performed in accordance with the Association of 
Research and Vision in Ophthalmology (ARVO) state-
ment. One hundred and twenty female C57BL/6 mice, 
aged 6–8 weeks, were used in the following experiments. 
We created the EDE animal model by subcutaneous 

injection of 0.5  mg/0.2  mL scopolamine three times a 
day (8 a.m., 1 p.m., 6 p.m.) and exposed the animals to an 
intelligently controlled environmental system (ICES) with 
ventilation and 20% humidity as previously described [31, 
32]. Food, water, and animal behavior were not restricted 
during the experiment.

To explore the concentration of GA in animal experi-
ments, we reviewed the literature and found that the 
concentration of GA in the Tibetan Medicine Formula 
Jikan Mingmu Drops for db/db mice was 13.8830 mg/
mL [28]. Therefore, we explored the protective effect 
of 1  mg/mL, 5  mg/mL and 10  mg/mL GA on corneal 
epithelial cells in EDE, as shown in Additional file  1: 
Figs. S5a and b, 5 mg/mL and 10 mg/mL GA can sig-
nificantly reduce the spotting of corneal fluorescein 
sodium in mice, while 1  mg/mL GA has no effect. 
Hence, the lowest concentration of 5 mg/mL was cho-
sen with good effect in subsequent experiments.

In order to explore the therapeutic effects of GA, 
after the preliminary screening to exclude existing ocu-
lar surface diseases, we randomly assigned a control 
group, named (1) Treatment group of the normal con-
trol group (T-NC), mice that did not receive EDE and 
were not given eye drops. The remaining mice were 
subjected to EDE for 10 days. After 10 days of dry eye 
modelling, the mice were randomized into three groups 
and continued with induction of EDE or treatment 
with eye drops for 5  days. The groupings were as fol-
lows: (2) Treatment group of the EDE group (T-EDE), 
mice that continued to receive EDE but were not given 
eye drops; (3) Treatment group of the EDE + PBS group 
(T-EDE + PBS), mice that continued to receive EDE and 
were treated with PBS eye drops; (4) Treatment group 
of the EDE + GA group (T-EDE + GA), mice that con-
tinued to receive EDE and were treated with eye drops 
made of 5  mg/mL GA dissolved in PBS. Eye drops (2 
μL) were applied topically to both eyes of the mice 
three times a day (8 a.m., 1 p.m., and 6 p.m.) until they 
were euthanized by pentobarbital injection after 5 days.

To explore the preventive effect of GA on dry eye, 
after the preliminary screening to exclude existing 
ocular surface diseases, the mice were randomized 
into four groups for EDE-induced or eye drop treat-
ment for five days. The groupings were as follows: (1) 
Prevention group of the normal control group (P-NC), 
mice that were not EDE-induced and not given eye 
drops; (2) Prevention group of the EDE group (P-EDE), 
mice that were EDE-induced but were not given eye 
drops; (3) Prevention group of the EDE + PBS group 
(P-EDE + PBS), mice that were EDE-induced and 
treated with PBS eye drops; (4) Prevention group of the 
EDE + GA group (P-EDE + GA), mice that were EDE-
induced and were treated with 5 mg/mL GA dissolved 
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in PBS eye drops. Eye drops (2 μL) were applied topi-
cally to both eyes of the mice three times a day (8 a.m., 
1 p.m., and 6 p.m.) until they were euthanized by pento-
barbital injection after five days.

Corneal fluorescein staining
Corneal fluorescein staining score measurements were 
performed as previously described [33]. Sodium fluores-
cein (1%, 1 μL) was instilled into the inferior conjuncti-
val sac using a micropipette. After 90 s, punctate staining 
of the corneal surface was performed in a double-blind 
fashion. The intensity of corneal fluorescein staining was 
calculated using a 4-point system: 0 point, no staining; 1 
point, superficial stippling micropunctate staining with 
less than 30 spots; 2 points, punctate staining with 30 
or more spots, but no diffuse staining; 3 points, severe 
diffuse staining, but no positive plaque or patch; and 4 
points, positive fluorescein plaque or patch. The scores in 
the top, bottom, left, and right areas were totaled to gen-
erate a final score, which ranged from 0 to 16.

Terminal deoxynucleotidyl transferase mediated dUTP nick 
end labeling (TUNEL) assay
After euthanasia, the eyeballs of the mice were removed 
and placed in optimum cutting temperature (OCT) glue 
at − 80℃ overnight. Frozen sections (sagittal plane, thick-
ness of 10  μm) were obtained and placed at room tem-
perature for approximately 1  h. Cell apoptosis in these 
tissue sections was examined by TUNEL staining using 
the in situ cell death detection kit according to the manu-
facturer’s instructions. Corneal sections were fixed with 
4% paraformaldehyde at room temperature for 10  min. 
After fixation, they were permeabilized with Triton-X 
(0.1% in PBS) for 10 min, then 50 μL (5 μL enzyme solu-
tion in 45 μL solution) TUNEL reaction mixture was 
applied and incubated for 1  h at 37  °C in a humidified 
chamber. Counterstaining with DAPI (1:1000 dilution) 
was performed for 30  min. The sections were mounted 
with an anti-fading mounting medium and sealed with 
cover glass for microscopic observation.

H&E staining and PAS staining
After 5 days of treatment, the entire lacrimal eyeball, 
with eyelids attached, and conjunctiva were fixed in 
10% formalin for 24 h. After dehydration, the specimens 
were embedded in paraffin, cross-sectioned, and stained 
with H&E reagent and PAS for histological examination. 
Each section was observed under a microscope (Imager.
z1; Germany). To prevent experimental bias, all images 
were captured randomly and assessed by two independ-
ent researchers in a blinded manner. Goblet cells in the 

superior conjunctiva were counted using three images 
taken from three mice at a magnification of 10 × the 
actual size.

In vivo chronic ocular irritancy test and intraocular 
pressure monitoring
The chronic ocular irritancy of GA was assessed using 
ocular irritancy tests adapted and modified from pre-
vious studies [30]. Three female New Zealand albino 
rabbits (weight: ~ 2.5 kg) were acquired from Wenzhou 
Medical University Animal Center and housed individu-
ally in cages on a standard laboratory diet. Briefly, 50 μL 
of GA (5 mg/mL) was instilled into the lower conjuncti-
val sac of the right eye of each rabbit, while 50 μL of PBS 
was instilled in the opposite eye as a reference; these 
two eye drops were applied three times a day, one drop 
each time. The eye drops were applied for seven days. 
The eyes were evaluated for clinical signs, intraocular 
pressure, and sodium fluorescein staining by an experi-
enced doctor using a slit-lamp (Kang Hua®, Chongqing, 
China) before instilling eye drops every day. After 7 days 
and 24 h, or 48 h, or 72 h later, fluorescein sodium stain-
ing, intraocular pressure measurement, and evaluation 
of clinical signs were also done, and the number of infil-
trates were scored from 0 (no sign) to 3 (severe) accord-
ing to the Draize test under the supervision of trained 
optometrists who have experience working with ani-
mals. The score was based on the following criteria: 0 
points, no redness, inflammation, or excessive tearing; 
1 point, slight redness, slight inflammation, and slight 
tearing; 2 points, moderate redness, moderate inflam-
mation, and excessive tearing; 3 points, severe redness, 
inflammation, and excessive tearing. After 10 days, his-
topathological changes in the cornea were observed by 
H&E staining at 24  h. The schematic of the treatment 
plan and observation plan can be seen in Figure S3a in 
the supporting information.

Statistical analysis
All biological experiments were repeated three times 
independently. Data are expressed as the mean ± stand-
ard deviation. Statistical analyses were performed 
with SPSS 25 (SPSS Inc., Chicago, IL) using one-way 
analysis of variance (ANOVA) followed by post-hoc 
Tukey’s test. A P  value of 0.05 or less was considered 
statistically significant. *P < 0.05, **P < 0.01, ***P < 0.005, 
****P < 0.001 compared to the LPS group or EDE group.

Results
Cytotoxicity of GA in HCECs and RAW264.7 cells
To investigate the cytotoxicity of GA, HCECs 
and RAW264.7 cells were cultured with various 
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concentrations of GA for 24  h. As illustrated in Addi-
tional file  1: Fig. S1a and b, GA at a concentration 
below 100  μM had no significant cytotoxicity against 
both HCECs and RAW264.7 cells. This result indicated 
that the concentration used in this experiment was not 
cytotoxic.

Effect of GA on wound healing assay
The effects of drugs on cell migration are closely associ-
ated with corneal healing. We measured the scratch area 
at the indicated times using Image J, and then evaluated 
the effect of GA on the HCEC migration rate in vitro. As 
illustrated in Additional file 1: Fig. S2, HCECs migration 
in the GA (10–100 μM GA) group was similar to that in 
the control group (0 μM GA), and there was no statistical 
difference between the GA group and the control group 
at 6 h, 18 h, and 24 h, suggesting that treatment with GA 
at concentrations up to 100  μM did not delay HCECs 
migration.

In vivo chronic ocular irritancy test and the effect 
on intraocular pressure
During the development of ophthalmic drugs, the Draize 
test is often used to evaluate ocular irritation. GA eye 
drops (5 mg/mL) were topically instilled into rabbits three 
times a day for seven days. After one day of treatment, 
both the PBS and GA groups had mild corneal edema, 
conjunctival congestion, and slight tearing, but there was 
no significant difference between the two groups, and 
the symptoms subsided and returned to baseline after 
three days, as shown in Additional file 1: Fig. S3b and c. 
The explanation for this phenomenon is that rabbits, in 
the first three days of treatments such as irritation from 
eye drops, have a process of adaptation. As presented 
in Additional file  1: Fig. S3b and c, after 10  days, there 
was no eye irritation in the corneas of either group. After 
10 days, H&E staining showed that the architecture of the 
cornea was clear and complete, and there was no corneal 
edema, neovascularization, or inflammatory cell infiltra-
tion. As shown in Additional file 1: Fig. S3d, continuous 
instillation of eye drops for seven days had no significant 
effect on the intraocular pressure of rabbits. The above 
experiments indicated that GA can be used on the ocular 
surface for seven days without obvious irritation symp-
toms, and GA had good ocular tolerance.

In vitro antioxidant efficacy
ROS play an important role in dry eye, and reducing ROS 
is an important treatment for DED [34]. To explore the 
immune cell response to inflammation in DED, we used 
a macrophage inflammation model. As shown in Fig. 2a 
and b, LPS significantly increased ROS in RAW264.7 
cells, while GA significantly reduced ROS production. 

From Fig.  2c, d and Additional file  1: Fig. S4a, similar 
results were obtained by flow cytometry in RAW264.7 
cells. In addition, hyperpermeability of tears is an impor-
tant pathogenesis of dry eyes [4], and thus we used a 
hyperosmolarity model. In Fig.  2e and f, an osmolarity 
of 500 mOsm significantly increased the level of ROS in 
HCECs, and ROS in cells was significantly inhibited by 
GA. As shown in Fig. 2g, h and Additional file 1: Fig. S4b, 
the flow cytometry results also revealed that GA could 
inhibit ROS production in HCECs.

The transcription factor Nrf2 is highly sensitive to oxi-
dative stress and protects cells by binding to the antioxi-
dant response elements (AREs) in the nucleus [27]. The 
Nrf2 pathway was further quantified, as presented in 
Fig.  3a. Nrf2 and its downstream antioxidant enzymes 
heme oxygenase-1 (HO-1), and NADPH quinone oxi-
doreductase-1 (NQO-1) were upregulated after treat-
ment with GA. Nrf2 activation was visually demonstrated 
by immunofluorescence, as shown in Fig. 3b, and nuclear 
translocation was more obvious after treatment with GA. 
These results suggest that GA promotes the activation of 
Nrf2, improves the expression of antioxidant enzymes, 
and can effectively inhibits ROS production.

In vitro anti‑inflammatory efficacy
A series of inflammatory reactions on the ocular surface 
contribute to the pathogenesis of dry eye, and how to 
effectively inhibit ocular surface inflammation has been a 
huge challenge. Therefore, we examined the anti-inflam-
matory effects of GA in a classic inflammatory model, 
LPS-activated RAW264.7 macrophages. As presented in 
Fig.  4a, Western blotting suggests that GA could effec-
tively inhibit NF-κB pathway, by reducing the expression 
levels of phospho-IκB and p-P65 proteins. Further, the 
NF-κB pathway plays a transcriptional role in regulating 
phosphorylation (activation) and nuclear translocation of 
P65. As is shown in Fig. 4b, GA can significantly reduce 
the nucleation of P65. In addition, we further detected 
the expression of inflammatory factors IL-6, TNF-α, and 
NO by the Griess reaction assay [35] and ELISA kit. From 
Fig. 4c, d, and e, GA effectively inhibits the secretion of 
these inflammatory factors. Taken together, these results 
suggest that GA has the superior anti-inflammatory 
ability.

Therapeutic effect of GA on EDE
DED was induced in a mouse model by intraperitoneal 
injection of scopolamine in a dry and blowing environ-
ment. As shown in Fig.  5a, compared with the T-NC 
group, the fluorescein sodium staining on ocular surface 
in the T-DED group was significantly increased. There 
was no difference between the T-EDE + PBS and T-DED 
groups, while the sodium fluorescein staining of the 
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Fig. 2 Gallic acid (GA) inhibits intracellular reactive oxygen species (ROS) production. a Green fluorescence indicates intracellular ROS in RAW264.7 
with or without lipopolysaccharide (LPS). b Fluorescence statistics of RAW264.7 macrophages. c Flow cytometry assay quantified intracellular ROS 
in RAW264.7 cells. d Statistical results of flow cytometry. e Green fluorescence indicates intracellular ROS in human corneal epithelial cells (HCECs) 
with or without hypertonic stimulation. f Fluorescence data from (e). g Flow cytometry assay quantified intracellular ROS in HCECs. h Bar graphs 
of (g). RAW264.7 macrophages were pre-treated with GA (100 µM) for 16 h followed by the stimulation of LPS (1 µg/mL) for another 8 h. HCECs 
were pre-treated with GA (100 µM) for 23 h followed by the stimulation of sodium chloride solution (90 mM) for another 1 h. Data are presented as 
mean ± SD (n = 3). DCF, 2,7-dichlorofluorescein; FITC-A, fluorescein isothiocyanate-area; ****P < 0.001 compared to the LPS group
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T-EDE + GA group was significantly lower than that of 
the T-DED and T-EDE + PBS groups. In addition, apop-
tosis of corneal epithelial cells was examined by TUNEL 
staining (Fig.  5d), which showed similar results. These 
results suggest that GA protects the corneal epithelial 
cells in DED.

To explore whether GA had a protective effect on 
conjunctival goblet cells, we removed the conjunctiva 
and performed PAS staining. When compared with the 
T-NC group, the conjunctival goblet cells of the T-DED 
group were significantly reduced (Fig.  6). Compared 
with the T-EDE group, the number of conjunctival 

Fig. 3 Antioxidant effect of gallic acid (GA) on lipopolysaccharide (LPS)-activated oxidative stress. a Western blot analysis of p-Nrf2, HO-1, and 
NADPH quinone oxidoreductase-1 (NQO-1) proteins in RAW264.7 macrophages. b Confocal microscopy images of RAW264.7 macrophages. Cell 
nuclei are shown in blue (DAPI) and nuclear factor E2-related factor 2 (Nrf2) is shown in green. RAW264.7 macrophages were pre-treated with 
GA (100 µM) for 16 h followed by the stimulation of LPS (1 µg/mL) for another 8 h. Data are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01, 
****P < 0.001 compared to the LPS group
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Fig. 4 Gallic acid (GA) inhibits signaling pathways of nuclear transcription factor-κB (NF-κB) in lipopolysaccharide (LPS)-activated RAW264.7 
macrophages. a Western blot analysis of p-P65 and p-IκB-α protein expression levels in RAW264.7 macrophages. b Confocal microscopy images 
of RAW264.7 macrophages. Cell nuclei are shown in blue (DAPI) and P65 is shown in green; RAW264.7 macrophages were pre-treated with GA 
(100 µM) for 16 h followed by the stimulation of LPS (1 µg/mL) for another 8 h. Data are presented as mean ± SD (n = 3). c–e, represent interleukin 6 
(IL-6), tumor necrosis factor alpha (TNF-α), and nitric oxide (NO) in cell supernatant respectively. RAW264.7 macrophages were pre-treated with GA 
(100 µM) for 8 h followed by the stimulation of LPS (1 µg/mL) for another 16 h. ****P < 0.001 compared to the LPS group
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Fig. 5 Gallic acid (GA) can effectively reduce corneal fluorescein sodium spot staining and cornea epithelial cell apoptosis. Corneal fluorescein 
representative figures (a) and staining scores (b) show the staining of the T-NC, T-EDE, T-EDE + PBS, and T-EDE + GA groups 15 days after desiccant 
stress. Apoptotic corneal epithelial cells count (c) and representative figures (d) show the apoptosis conditions of the T-NC, T-EDE, T-EDE + PBS, 
and T-EDE + GA groups 15 days after desiccant stress. The data are presented as mean ± SD (n = 5). ****P < 0.001 compared to the T-EDE group. 
EDE, experimental dry eye; PBS, phosphate buffered saline; T, therapeutic effect of drugs; T-NC, treatment group of the normal control group, not 
received EDE, not given eye drops; T-EDE, treatment group of the EDE group, received EDE, not given eye drops; T-EDE + PBS, treatment group of 
the EDE + PBS group, received EDE, given PBS eye drops; T-EDE + GA, treatment group of the EDE + GA group, received EDE, given GA eye drops
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goblet cells in the T-EDE + PBS group did not increase, 
while the conjunctival goblet cells in the T-EDE + GA 
group increased significantly compared with the T-EDE 
group and was similar to the T-NC group, indicat-
ing that GA can protect conjunctival goblet cells from 
reduction with DED.

To further understand the therapeutic effects of GA, 
we measured the levels of inflammatory factors in 
the cornea and the conjunctiva. As shown in Fig.  7 in 
the T-DED group, the levels of inflammatory factors, 
including IL-6 and IL-1β, in the cornea and conjunc-
tiva were greatly increased. Compared with the T-PBS 
group and T-EDE group, GA significantly reduced the 
levels of IL-6 in the cornea, and IL-6 and IL-1β in the 
conjunctiva. Although there was no statistically signifi-
cant difference in IL-1β expression between the T-GA 
group and the T-EDE group in the cornea, a trending 
decrease was still observed. This may be because the 
cornea has relatively low levels of inflammatory fac-
tors, resulting in fewer significant differences between 
groups as compared to the conjunctiva. Taken together, 
GA can reduce the levels of inflammatory factors in the 
cornea and conjunctiva, thereby improving the symp-
toms and signs of DED.

DED is one of the most common reasons for seeking 
medical eye care, which can directly or indirectly increase 
health costs and reduce people’s work productivity. DED 
can cause a significant financial burden [36], therefore 
the prevention of DED is particularly important. We also 
assessed the preventive effects of GA on DED. As shown 

in Additional file  1: Figs. S6, S7 and S8, prophylactic 
administration of GA significantly reduced staining and 
apoptosis of corneal epithelial cells, protected goblet cells 
and reduced the production of inflammatory factors in 
the corneal and conjunctiva. These suggest that GA have 
a good preventive effect on DED.

Discussion
DED is a multifactorial disease of the ocular surface 
characterized by tear film instability and hyperosmolar-
ity, ocular surface inflammation and damage, in which 
neurosensory abnormalities play etiological roles [1]. The 
pathogenic mechanisms underlying DED have not been 
fully elucidated, and the effects of inflammation and oxi-
dative stress on the occurrence and development of DED, 
as well as their interaction, play an important role in the 
pathogenesis of this disease [37–39]. Recently, a variety 
of antioxidant drugs have shown therapeutic efficacy in 
relieving DED [40–45]. Nevertheless, the efficiency of 
GA in DED has not yet been comprehensively evaluated. 
This research suggests that GA could be used as a drug 
with few side effects with excellent anti-inflammatory 
and antioxidant properties, breaking the vicious cycle 
and preventing the development of DED.

In the use of eye drops for patients with dry eye, cor-
neal epithelial cells first contact the eye drops, mac-
rophages and other inflammatory cells migrate to the 
ocular surface [46]. Therefore, HCECs and RAW264.7 
macrophages were selected to verify that GA in the 
0–100  µM range was not toxic to these two cell types. 

Fig. 6 Gallic acid (GA) protects goblet cells. Goblet cells representative figures (a) and goblet cell count (b). The data are presented as mean ± SD 
(n = 3). ***P < 0.005 compared to the T-EDE group. Goblet cells were counted using three images taken from three mice at 10 × magnification. EDE, 
experimental dry eye; PBS, phosphate buffered saline; T-NC, treatment group of the normal control group, not received EDE, not given eye drops; 
T-EDE, treatment group of the EDE group, received EDE, not given eye drops; T-EDE + PBS, treatment group of the EDE + PBS group, received EDE, 
given PBS eye drops; T-EDE + GA, treatment group of the EDE + GA group, received EDE, given GA eye drops
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Disruption of the corneal epithelial barrier occurs dur-
ing the development of DED, and corneal epithelial cells 
proliferate and migrate during repair of the corneal epi-
thelial barrier. Based on this process, we conducted a 
wound-healing assay, showing that GA at concentrations 
up to 100  μM does not affect the migration of corneal 
epithelial cells [1]. Moreover, dry eye is a chronic dis-
ease and patients often need to use eye drops for a long 
time; therefore, we conducted a chronic eye stimulation 
experiment in rabbits [47]. Compared with the acute eye 
stimulation test, this test can better reflect the possible 
toxicity of eye drops during real use. During testing, GA 
eye drops exhibited good long-term biocompatibility. In 
addition, long-term use of GA does not affect intraocular 
pressure.

The core of the DED etiology is the vicious cycle where 
instability and hyperosmolarity of the tear film trigger 
an inflammatory cascade, leading to ocular surface dam-
age and further loss of tear film homeostasis [48]. Spe-
cifically, the increased osmotic pressure of tears, caused 

by reduced tear secretion or increased tear evaporation, 
and hypertonic tear film stimulates the production of 
excess ROS in the cornea and conjunctiva, which acti-
vates downstream inflammatory pathways to initiate 
inflammatory reactions on the ocular surface [49–52]. 
This pathway reduces both the production of ROS and 
the inflammatory response in tissues, which are both 
essential in preventing the progression of DED. It has 
been proposed that the oxidation/antioxidant imbalance 
is a central pathological process in the pathophysiology 
of DED [38, 53, 54]. In dry eyes, ROS can be produced 
not only in HCECs with hypertonic stimulation but also 
in macrophages that migrate to the ocular surface, and 
ROS can affect the function of macrophages. Therefore, 
we constructed a hypertonic-stimulated HCECs model 
and LPS-stimulated RAW264.7, a macrophage inflam-
matory model, and verified that GA has an excellent 
ability to inhibit the production of ROS in both mod-
els. Yoon et  al. evaluated the therapeutic effect of plant 
extracts on dry eyes, but they only tested ROS in terms 

Fig. 7 Gallic acid (GA) can effectively reduce the inflammatory factors in the cornea and conjunctiva. a, b respectively show IL-6 and IL-1β levels 
per mg of the cornea. c, d respectively show IL-6 and IL-1β levels per mg of the conjunctiva. The data are presented as mean ± SD (n = 4). *P < 0.05, 
**P < 0.01, ***P < 0.005 and ****P < 0.001 compared to the T-EDE group. EDE, experimental dry eye; PBS, phosphate buffered saline; T-NC, treatment 
group of the normal control group, not received EDE, not given eye drops; T-EDE, treatment group of the EDE group, received EDE, not given eye 
drops; T-EDE + PBS, treatment group of the EDE + PBS group, received EDE, given PBS eye drops; T-EDE + GA, treatment group of the EDE + GA 
group, received EDE, given GA eye drops
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of antioxidation [55]. We tested not only ROS, but also 
antioxidant pathways and related enzymes. The Kelch-
like ECH-associated protein 1 (Keap1) and Nrf2 system 
can be used to monitor oxidative stress. Nrf2 has been 
demonstrated to play an antioxidative stress effect by 
regulating the expression of antioxidant proteins (HO-
1, Prxs, and NQO-1) [56]. Our results demonstrate that 
GA may upregulate the Nrf2 pathway and antioxidant 
proteins in this pathway such as HO-1 and NQO-1, and 
thus enhance the ability of cells to resist oxidative stress 
and reduce intracellular ROS. The decrease of ROS and 
the increase of p-Nrf2 are very closely related to antioxi-
dative processes, and GA plays a crucial role in promot-
ing antioxidation, but whether GA reduces ROS directly 
or indirectly through the upregulation of p-Nrf2 needs 
further research. After 8 h of LPS treatment, the level of 
p-Nrf2 decreased in RAW264.7 cells, while the Nrf2 level 
remained unchanged, which is consistent with the find-
ings of Deng et al. [57], while in other reports, the level of 
Nrf2 in the cell was elevated after LPS treatment for 24 h 
[58, 59]. We speculate that following severe oxidative 
stress, p-Nrf2 may first decrease, leading to a compensa-
tory upregulation of extranuclear Nrf2 which enters the 
nucleus to increase Nrf2 levels at 24 h. Additional time-
point experiments in the future may be warranted.

Inflammation damages the outer surface epithelium, 
which may cause changes in tear film instability, cornea 
and conjunctiva wettability, and deterioration of subjec-
tive symptoms due to ocular surface nerve damage [60]. 
In the innate immunity of dry eye, macrophages migrate 
to the ocular surface, release a large number of inflam-
matory factors through the NF-κB pathway, and play an 
important role in the inflammatory cascade [61]. The 
classical model of macrophage inflammation is induced 
by LPS. LPS stimulates TLR4, leading to activation of the 
NF-κB, MAPK, and IRF5 pathways through the connec-
tor molecule MyD88 [62]. GA has been shown to inhibit 
the activities of NF-κB and MAPK, subsequently inhibit-
ing the release of inflammatory factors (TNF-α and IL-6) 
and other inflammatory mediators such as COX-2 and 
NO [18]. In our experiment, we demonstrated that GA 
could inhibit the release of inflammatory factors, includ-
ing IL-6, TNF-α and NO, by inhibiting the NF-KB path-
way in a macrophage inflammation model induced by 
LPS. Therefore, GA exerts anti-inflammatory and anti-
oxidative effects through the aforementioned pathways.

The EDE animal model used in this study combines low 
relative humidity, high air flow, and cholinergic blockade 
to impair lacrimal gland secretion, which is a standard 
DED model and has been used to study the pathogenesis 
of DED and related potential therapies [63–66]. There is 
evidence of increased ocular surface hazards in patients 
with xerophthalmia along with epithelial cell death (e.g., 

apoptosis), epithelial shedding and renewal [4]. In this 
experiment, corneal epithelial fluorescein sodium spot 
staining and corneal epithelial cell apoptosis in DED 
mice were significantly increased, while spot staining 
and apoptosis were significantly decreased after GA eye 
drop treatment. Ralph et al. emphasized that conjuncti-
val goblet cell loss is typical of all forms of DED [67]. In 
this experiment, we demonstrated that GA can effectively 
protect conjunctival goblet cells. In addition, GA effec-
tively reduced the concentrations of inflammatory factors 
in the cornea and conjunctiva. In conclusion, GA showed 
a good therapeutic effect in vivo in an EDE model. Our 
verification showed that GA has an effective preven-
tive impact on EDE. Our experiments also confirmed 
the long-term biocompatibility of GA, indicating that it 
could be developed as a drug for the prevention of dry 
eyes in the future.

Our study has certain limitations. Eye drops are the 
treatment of choice for DED, however, drug delivery 
through the anterior segment is limited owing to the 
unique physiology and anatomy of the eye, providing low 
bioavailability. The tear film is composed of three phases: 
outer oil, intermediate water, and inner mucin. The oily 
and aqueous phases represent another barrier for hydro-
philic and hydrophobic drugs, respectively [68]. There-
fore, compared with hydrophilic GA, amphiphilic drugs 
have higher ocular surface bioavailability. Low bioavail-
ability of a drug can lead to the need for multiple dos-
ing, increased side effects, and inconvenience to patients; 
however, with in  vivo chronic eye irritation trials, we 
demonstrated that three doses a day did not lead to side 
effects of eye irritation and increased intraocular pres-
sure. Drug delivery through nanoparticle systems has the 
added advantages of cell targeting, improved cell uptake, 
and increased drug bioavailability [69]. In addition, the 
interaction of cyclic peptide ligand C or sialic acid-bind-
ing peptide with corneal collagen or corneal epithelium 
can further increase the retention time of drugs on the 
ocular surface and enhance bioavailability [70, 71]. There-
fore, in the near future, further drug modification or a 
suitable drug delivery system for GA should be devel-
oped to increase the bioavailability of GA. In addition, 
the stratified cultures of corneal epithelial cells are closer 
to the complete corneal epithelium [72], and the applica-
tion of stratified cultures to the hypertonic cell model of 
HCECs can better respond to the effect of hyperosmolar 
stress on the cornea in vivo, and the therapeutic effect of 
GA in this model may be further tested in the future.

Conclusion
GA has good long-term biocompatibility both in  vitro 
and in  vivo. Furthermore, GA achieves excellent anti-
inflammatory and antioxidant effects through the NF-κB 
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and Nrf2 pathways in vitro, reduces inflammation in the 
cornea and conjunctiva, and as well as protects corneal 
epithelial cells and conjunctiva goblet cells in EDE. Taken 
together, we demonstrated GA’s potential as a topical 
anti-inflammatory and antioxidant eye drop to prevent 
and treat DED.
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Additional file 1: Figure S1. The effect of pre-treatment with gal-
lic acid (GA) on the viability of human corneal epithelial cells (HCECs) 
and RAW264.7 cells. The effect of GA on the viability of HCECs (a) and 
RAW264.7 cells (b). Data are presented as mean ± SD (n = 6). **P < 0.01, 
*P < 0.05 compared to the control group (0 μM gallic acid). Figure S2. 
Wound healing results. Control (a) and 100 μM gallic acid (b) on wound 
closure was visualized at 0 h post scratch of human corneal epithelial 
cell (HCEC) monolayer; Control (c) and 100 μM gallic acid (d) were 24 h 
after wound healing. e The percentage reduction of the average wound 
width at 6 h, 18 h and 24 h post scratch of HCEC monolayer. Data are 
presented as mean ± SD (n = 6). Figure S3. Gallic acid (GA) has good 
long-term biocompatibility. a Treatment plan and observation plan; b 
Ocular surface and conjunctiva images, fluorescein sodium staining of 
the cornea and hematoxylin and eosin (H&E) staining of the cornea after 
the eyes were treated with phosphate buffered saline (PBS) solution and 
gallic acid solution (5 mg/mL) at 10 days post instillation; c Draize Test 
score for ocular surface irritation over 10 days. d Intraocular pressure 
changes over 10 days. Data are presented as mean ± SD (n = 3). Figure 

S4. Representative images of the gate plot of intracellular reactive oxygen 
species (ROS) production in RAW264.7 (a) and human corneal epithelial 
cells (HCECs) (b). The production of ROS was measured by flow cytometry 
using the fluorescent probe 2’,7’-Dichlorodihydrofluorescein diacetate 
(DCFH-DA). SSC-A, side scatter-area; FITC-A, fluorescein isothiocyanate-
area; GA, gallic acid; LPS, lipopolysaccharide. Figure S5. 5 mg/mL and 
10 mg/mL gallic acid (GA) can significantly reduce corneal fluorescein 
sodium spotting. Corneal fluorescein representative figures (a) and 
staining scores (b) show the staining of the NC, EDE, EDE + 10 mg/mL 
GA, EDE + 5 mg/mL GA, EDE + 1 mg/mL GA groups on the fifth day after 
desiccant stress. The data are presented as mean ± SD (n = 3). NC, normal 
control, not received EDE, not given eye drops; EDE, experimental dry eye, 
received EDE, not given eye drops; EDE + 10 mg/mL GA, received EDE, 
given 10 mg/mL GA eye drops; EDE + 5 mg/mL GA, received EDE, given 
5 mg/mL GA eye drops; EDE + 1 mg/mL GA, received EDE, given 1 mg/
mL GA eye drops. ****P < 0.001 compared to the EDE group. Figure S6. 
Gallic acid (GA) can prevent corneal fluorescein sodium spot staining and 
cornea epithelial cell apoptosis. Corneal fluorescein representative figures 
(a) and staining scores (b) show the staining on the fifth day after desic-
cant stress. Apoptotic corneal epithelial cell count (c) and representative 
figures (d) show the apoptosis conditions 5 days after desiccant stress. 
The data are presented as mean ± SD (n = 6). NC, normal control; EDE, 
experimental dry eye; PBS, phosphate buffered saline; P, preventive effect 
of the drug; P-NC, not received EDE, not given eye drops; P-EDE: received 
EDE, not given eye drops; P-EDE + PBS: received EDE, given PBS eye drops; 
P-EDE + GA: received EDE, given GA eye drops. ****P < 0.001 compared to 
the P-EDE group. Figure S7. Gallic acid (GA) protects goblet cells. Goblet 
cells representative figures (a) and goblet cell count (b). The data are pre-
sented as mean ± SD (n = 3). NC, normal control; EDE, experimental dry 
eye; PBS, phosphate buffered saline; P: preventive effect of the drug; P-NC: 
not received EDE, not given eye drops; P-EDE: received EDE, not given 
eye drops; P-EDE + PBS: received EDE, given PBS eye drops; P-EDE + GA: 
received EDE, given GA eye drops. ***P < 0.005 compared to the P-EDE 
group. Figure S8. Gallic acid (GA) inhibits the elevation of inflammatory 
factors in the cornea and conjunctiva. a, b respectively show IL-6 and IL-1β 
levels per mg of the cornea. c, d respectively show IL-6 and IL-1β levels 
per mg of the conjunctiva. The data are presented as mean ± SD (n = 3). 
NC, normal control; EDE, experimental dry eye; PBS, phosphate buffered 
saline; P: preventive effect of the drug; P-NC: not received EDE, not given 
eye drops; P-EDE: received EDE, not given eye drops; P-EDE + PBS: received 
EDE, given PBS eye drops; P-EDE + GA: received EDE, given GA eye drops. 
**P < 0.01, *P < 0.05 compared to the P-EDE group.
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