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Background: Corneal chemical burns are a common form of ocular injury that can result in severe visual impairment and
complications. In recent years, studies have shown that unilateral ocular diseases can induce changes in the contralateral eye;
however, the impact of unilateral chemical injury on the contralateral eye remains unclear. This study aims to evaluate the
contralateral ocular surface alterations in patients and experimental mice model with unilateral chemical injury.
Methods: 29 patients with single-eye chemical injuries and 28 normal volunteers as controls were included. Contralateral un-
affected eyes were studied in the chemical injury group, while we picked one eye at random in the control group. All subjects
completed the ocular surface disease index (OSDI) questionnaire and underwent a routine ophthalmic examination, including
tear film break-up time (BUT), Schirmer I test (SIT), fluorescein staining and corneal sensitivity. Tear film height and bulbar
redness were assessed using the Oculus Keratograph® (Wetzlar, Germany). In vivo confocal microscopy (IVCM) was employed
to evaluate corneal nerve characteristics, Langerhans cell (LC) density, and their correlation with post-injury time. Additionally,
an alkali ocular burnmodel was established in Bagg Albino Laboratory-bred strain (BALB/c) mice to observe corneal fluorescein
staining, β-tubulin immunohistochemistry of the corneal nerve, and hematoxylin and eosin (H&E) staining. Furthermore, tear
fluid from mice was collected for cytokine liquid chip analysis to assess the ocular surface inflammatory status.
Results: Compared to controls, the contralateral unaffected eyes of patients with unilateral chemical injury showed significantly
higher OSDI scores and bulbar redness scores, along with significantly lower SIT and tear film height values (p < 0.05). In
the chemical injury group, corneal nerves exhibited increased branching, severe tortuosity, along with higher sensitivity. Post-
injury time was inversely correlated with corneal nerve branch density (p = 0.02) and nerve tortuosity (p = 0.038). The clinically
unaffected eyes exhibited significantly higher LC density (p < 0.0001) in center cornea compared to the control group. In the
experimental mouse model, the contralateral eye exhibited epithelial damage, characterized by increased fluorescein staining,
corneal nerves tortuosity, and altered nerve direction. H&E staining revealed stromal thinning and widened interstitial spaces
between collagen fibers. Additionally, tear fluid analysis of uninjured eyes indicated altered expression of fifteen inflammatory
factors, with sustained upregulation of monocyte chemoattractant protein (MCP-1) after chemical injury.
Conclusion: In both clinical and animal experiments, we observed that unilateral ocular chemical injury can induce functional
alterations in the contralateral ocular surface. The inflammatory response triggered by chemical injury is not confined to the
injured eye. It is necessary for a comprehensive evaluation of the contralateral eye in clinical practice.
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Introduction

Chemical ocular injury, including alkali and acidic
substance damage, accounts for 7%–18% of eye injuries.
Among these cases, young males (16–25 years old) work-
ing in industrial settings represent two-thirds of the reported
incidents [1]. The hazards of chemical damage to the eyes
mainly include: (1) direct damage to tissues, including the
cornea, conjunctiva, and iris; (2) short-term and long-term
visual impairment; and (3) increased risk of infection, lead-
ing to complications of infection [2]. Thus, this is an urgent
situation that requires rapid intervention. Among all chem-
ical injuries, alkali damage is the most common and severe,

as alkaline substances quickly penetrate into tissues, caus-
ing extensive damage and leading to visual impairment and
blindness [3]. A retrospective study of patients with severe
alkali burns found that 61% were the result of industrial ac-
cidents, and 37% occurred at home [4]. Therefore, this type
of injury needs to be taken seriously in both work and life.
In addition to stromal inflammation, the corneal epithelium,
tear film, the corneal nerve, and corneal sensations may be
influenced by injury, leading to discomfort and/or visual
impairment [5,6].

Corneal sensation is associated with the sub-basal
corneal nerve plexus, which can protect the ocular surface
via the blinking reflex and the release of various trophic
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factors, playing a key role in epithelial wound healing and
epithelial self-refreshing [7]. Several studies have demon-
strated that ocular chemical injury, as well as keratitis, af-
fected surface ocular pathophysiological processes. Lagali
and Fagerholm [8] found that sub-basal corneal nerves were
absent or had short dendrites 8 months after formic acid in-
jury. One-year post-injury, sprouted or long, parallel sub-
basal corneal nerves were observed with abnormal mor-
phology [8]. Likewise, corneal sensitivity decreased in eyes
with chemical injuries, and abnormal corneal sensation was
correlated with decreased nerve density (lower than 1000
µm/frame) [9,10].

Additionally, the literature has shown that corneal
alkali burns can lead to the infiltration of inflammatory
cells, such as neutrophils and Langerhans cells (LCs),
into the corneal tissue, as well as an upregulation of
pro-inflammatory cytokine, including interleukin-1 alpha
(IL-1α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6),
interleukin-10 (IL-10), interleukin-12 (IL-12), interleukin-
17A (IL-17A), tumor necrosis factor-alpha (TNF-α) [11–
14]. However, it remains unclear whether these inflamma-
tory changes are confined to the injured eye or have sys-
temic effects on the contralateral eye.

Given that ocular surface chemical injuries often result
in severe consequences, the health of the contralateral eye is
of particular importance. In clinical practice, patients with
unilateral ocular chemical injury often complain about dis-
comfort in the contralateral eye. Although numerous labo-
ratory and clinical studies have elucidated the pathophysi-
ological processes and ultimate outcomes of chemical eye
injuries, few reports have been published on the changes
in the unaffected eye. Therefore, this study focused on
the pathological changes in the clinical uninjured eye. Ad-
ditionally, we developed a Bagg Albino Laboratory-bred
strain (BALB/c) mouse model of a unilateral (left eye) al-
kali burns, using the right eye as the observation eye to as-
sess changes in the contralateral ocular surface and explore
the potential mechanisms.

Materials and Methods

Participants
This research was approved by the Ethics Committee

of the Eye & ENT Hospital of Fudan University (Ethical
approval numbers: 2015020-3). All participants signed an
informed consent prior to initiation of the study and the
study performed following the tenets of the Declaration of
Helsinki. All consecutive unilateral ocular chemical injury
patients and control subjects were recruited from the De-
partment of Ophthalmology, Shanghai Eye & ENT Hospi-
tal of Fudan University (Shanghai, China) from June 2020
to December 2023. The unilateral ocular chemical injury
group composed of 29 contralateral clinically unaffected
eyes from 29 patients. Twenty-eight healthy volunteers
constituted the control group, who had no ocular diseases,

trauma, history of ocular surgery, or experience of wear-
ing contact lenses or scleral lenses. Additionally, they had
not used any eye drops within the past 3 months. Moreover,
these volunteers had no systemic diseases. Diagnostic crite-
ria of unilateral ocular chemical injury group included a his-
tory of chemical injury, nomatter acid or alkali burned. Par-
ticipants with any history of ocular surgery, acute or chronic
ocular inflammation and/or infection, eye allergy or contact
lens wear and systemic disease with eye involvement were
excluded.

Examination
Contralateral clinically unaffected eyes were exam-

ined, and one eye of each control subject was chosen at ran-
dom. All examinations, including slit-lamp biomicroscopy
(Haag Streit BQ900, Haag-Streit Diagnostics, Köniz, Bern,
Switzerland), ocular surface disease index (OSDI) ques-
tionnaire [15], tear film break-up time (BUT), Schirmer I
test (SIT) [16] and corneal fluorescein [17] were performed
by the same physician according to the method described
previously.

(1) OSDI questionnaire: Participants were asked
about eye symptoms (e.g., photophobia, gritty feeling, eye
pain, visual fatigue, and decreased visual acuity) in the past
week and whether these symptoms affected visual function
like reading, driving, using the computer or watching TV.
They were also asked about environmental triggers. Symp-
toms were graded on a five-point scale (0 = none of the time
to 4 = all of the time). The OSDI score was calculated as:
OSDI = [(sum of scores) × 100]/[(number of questions an-
swered) × 4], ranging from 0 to 100.

Scores were interpreted as follows:
≤20: mild symptoms;
21–45: moderate symptoms;
>46: severe symptoms.
(2) BUT: BUT was assessed by placing a saline-

soaked fluorescein strip (Yinuoxinkang Medical Device
Tech Co., Ltd., Tianjin, China) on the lower eyelid conjunc-
tiva and timing the interval from the last blink to the initial
tear film rupture.

(3) SIT: A strip of filter paper (Yinuoxinkang Med-
ical Device Tech Co., Ltd., Tianjin, China) measuring 35
mm × 5 mm was positioned at the junction of the middle
and lateral thirds of the lower eyelid for 5 minutes without
anesthesia, and the degree of wetting was documented. A
SIT score of ≤10 mm was classified as abnormal, whereas
an SIT score exceeding 10 mm was deemed normal.

(4) Fluorescein score: Participants were instructed to
gaze upward, and a fluorescein strip was gently applied to
the lower conjunctiva. Following removal of the strip, they
were asked to blink three times and then maintain a steady
forward gaze without further blinking. The cornea was seg-
mented into four equal quadrants and scored on a scale of
0 to 3 based on the severity of corneal fluorescein staining:
absent, 0; slightly punctate staining ≤30 spots, 1; punctate
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staining >30 spots but not diffuse, 2; severe diffuse stain-
ing but no positive plaque, 3; positive fluorescein plaque,
4. Each quadrant was estimated and added together to get
the final score (maximum, 16 points).

In Vivo Confocal Microscopy
In vivo confocal microscopy (IVCM), which is a non-

invasive technology with a rapid speed and high resolution,
enables in vivo cellular-level analysis of the ocular surface
structure in normal and pathologic conditions, including oc-
ular chemical damage [14].

All subjects were examined by one operator us-
ing IVCM (Heidelberg Engineering Gesellschaft mit
beschraenkterHaftung, Heidelberg, Baden-Württemberg,
Germany) with a Heidelberg Retina Tomograph II-Rostock
Cornea Module Briefly, subjects were topical anesthetized
with one drop of 0.4% oxybuprocaine hydrochloride
(Benoxil; Santen Pharmaceutical Co., Ltd., Osaka, Japan).
Additionally, one drop of vidisic gel (0.2% Carbomer 940;
Bausch & Lomb Incorporated, Bridgewater, NJ, USA) was
attached to the objective lens (Achroplan, 403/0/75W; Carl
Zeiss Meditec AG, Jena, Thuringia, Germany). The LCs
of central and peripheral cornea, as well as the subbasal
corneal nerve plexus—including cornea nerve length, nerve
branch number, nerve branch length, grade of tortuosity—
were examined via minute vertical and horizontal move-
ments of objective lens and calculated using Image J soft-
ware (Image J, Version 1.54, National Institutes of Health,
Bethesda, MD, USA). Three high-quality digital images
were chosen randomly for analyzing the IVCM parameters
by two researchers in a masked fashion.

The Oculus Keratograph
The Oculus Keratograph® (OCULUS Optikgeräte

GmbH, Wetzlar, Hesse, Germany), utilizing the R-Scan
software (Version 2.0.22.1716, OCULUS Optikgeräte
GmbH, Wetzlar, Hesse, Germany), calculates the percent-
age of blood vessels relative to the conjunctival area and
automatically generates a bulbar redness (BR) score. The
interface view for bulbar redness is displayed in Fig. 1A.
On the left is the main interface, while the top-right section
shows the bulbar redness regions, divided into temporal and
nasal sections. The bottom-right highlighted circular area
represents the limbal redness region, also divided into tem-
poral and nasal sections. Additionally, the software pro-
vides bulbar redness values, which represent the average
bulbar redness.

Patients were required to sit in front of the machine
focusing on the fixation mark inside the camera, and open
eyes as wide as possible so that the bulbar conjunctival area
could be exposed without obscuration. After the assessors
clicked the capture button, a keratograph image (1156 ×
873 pixels; 96 dpi) was taken immediately. The system
then analyzed the image and provided a BR score within
the range of 0.0–4.0 point (accurate to 0.1 unit). In addition,

tear film height could be evaluated using the tear meniscus
examination option of theOculus Keratograph, with the tear
film height highlighted in a blue scale (Fig. 1B). Every sub-
ject was measured three times.

Cochet-Bonnet Esthesiometer
Corneal sensation was estimated using an aesthe-

siometer nylon filament (cat No. 8796, Luneau Technology
Group, Normandy, France) with a diameter of 0.12 mm and
initial length of 6.0 cm. The length of the filament was
decreased at 0.5 cm each time until the subjects felt the
stimulus. Corneal sensation was evaluated at five cornea
areas: the central, superior, inferior, nasal and temporal.
At each position, the test was performed three times at the
same length, and the nylon filament length was recorded
when two out of three attempts elicited a positive response.
A longer filament length was associated with lower cornea
touch pressure, indicating greater corneal sensitivity.

Mice
Eight-week-old male BALB/c mice weighing 20–25

g was purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. and were kept in our animal facility under specific
pathogen-free conditions (24 ± 2 °C, 50 ± 5% humidity)
with a 12-hour light/dark cycle. A total of 54 mice were
used in the study, with 27 mice in the NaOH chemical in-
jury group and 27 mice in the control group. Mice were
allowed to acclimate the conditions for 1 week before the
experiment. All animal experiments were approved by the
Animal Care and Use Committee of Shanghai Medical Col-
lege, Fudan University, and were performed in accordance
with the Association for Research in Vision and Ophthal-
mology (ARVO) Statement for the Use of Animals in Oph-
thalmic and Vision Research (No.2015019).

Creation of Ocular Alkali Burn Model
Mice were randomly divided into two groups: NaOH

and Con. Following intraperitoneal anesthesia with pento-
barbital sodium (cat No. P3761, 40mg/kg,MilliporeSigma,
Burlington, MA, USA), slit-lamp (Haag Streit BQ900,
Haag-Streit Diagnostics, Köniz, Bern, Switzerland) eye ex-
aminations were performed to obtain baseline data. To es-
tablished the single-eye chemical injury model, we dropped
0.4% oxybuprocaine hydrochloride eye drops (Santen Phar-
maceutical Co., Ltd., Osaka, Japan) to the left corneal sur-
face for local analgesia. Subsequently, according to the
previous study [18], a piece of 2-mm Whatman #3 filter
paper (cat No. 1003-110, Whatman, Kent, UK) soaked
in 1 mM NaOH (cat No.10019764, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) or Phosphate-buffered
saline (PBS) was placed on the center of the left corneal for
45 seconds, after which the ocular surface was rinsed with
25 mL of PBS. 0.5% levofloxacin eye drops (Santen Phar-
maceutical Co., Ltd., Osaka, Japan) were applied to avoid
infection.
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Slit Lamp Examination and Corneal Fluorescence
Staining

Following intraperitoneal anesthesia with pentobarbi-
tal sodium, the corneas were examined using a slit lamp,
and were photographed before and post-chemical injury
at 3, 7, and 30 days. In brief, under anesthesia, corneal
photographs were obtained using a digital camera (Apple
iPhone, Apple Inc., Cupertino, CA, USA) attached to the
slit lamp. In addition to conventional light photography,
corneal fluorescence staining of the contralateral unaffected
right eye was recorded, as previously described. Micro-
scopic assessment was performed by two independent ob-
servers who were blinded to the experimental procedures.
The operators were skilled, and the mice were humanely
euthanized by cervical dislocation following intraperitoneal
anesthesia with pentobarbital sodium at a dose of 40 mg/kg
to minimize potential pain and distress. The right corneal
was removed at the abovementioned times and fixed in 4%
polyoxymethylene for immunohistochemical analysis.

Immunohistochemical Analysis of β-Turblin
To detect subbasal cornea nerve plexus in injured

mice, immunohistochemical staining was conducted. In
brief, the corneas were fixed in 4% paraformaldehyde (cat
No. XW0130525894011, Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) at room temperature (RT) for
20 min, followed by permeation with 3% Triton X-100 (cat
No. 9036-19-5, MilliporeSigma, Burlington, MA, USA,
RT, 40 min) and blocking with 3% donkey serum (cat No.
BL939A, Biosharp, Shanghai, China, RT, 60 min). The
corneas were then incubated at 4 °C overnight with anti-
β III tubulin antibody (cat No. ab18207, Neuronal Marker,
1:100, Abcam Limited, Cambridge, UK). The corneal were
further washed and incubated with a Goat Anti-Rabbit IgG
H&L secondary antibody (cat No. ab150080, Alexa Fluor®
594, 1:1000, Abcam Limited, Cambridge, UK) for 1 h at
room temperature in the dark. Finally, the samples were
detected by confocal microscopy (FV1000, Olympus Cor-
poration, Tokyo, Japan).

Corneal Hematoxylin and Eosin Staining
Cervical dislocation was employed to euthanize mice,

followed by enucleation and fixation of the eyeballs in 4%
paraformaldehyde. Subsequently, the eyeballs were rou-
tinely processed for paraffin embedding (No. JB-P5, Junjie
Co., Ltd., Wuhan, China) and sectioning (Leica RM2016,
Leica Microsystems, Wetzlar, Hesse, Germany), with sec-
tions approximately 3 micrometers thick. After hema-
toxylin and eosin (H&E, cat No. G1076, Servicebio Co.,
Ltd., Wuhan, China) staining, digital slide scanning was
performed using an Olympus VS200 scanner for image ac-
quisition.

Tear Collection and Liquid Chip Analysis
The contralateral right eye of BALB/c mice served as

the observation eye. On the 3rd, 7th, and 30th days post-
chemical injury, tear fluid was collected from the lower
conjunctival sac of the right eye using a 0.5-microl capil-
lary glass tube (Marienfeld-Superior, Lauda-Königshofen,
Baden-Württemberg, Germany). Concurrently, tear film
from normal mice raised under the same environmental
conditions was collected as a control group. At each des-
ignated observation time point, tear fluid was collected and
pooled to achieve a total volume of 20 µL. The tear fluid
was transferred to microcentrifuge tubes and stored at –80
°C. The protein expression levels of inflammatory factors
and chemokines in the tear fluid were detected using the
Bio-Plex Pro Mouse Cytokine Grp I Panel 23-plex (Bio-
Rad, Hercules, CA, USA).

Statistical Analysis
The continuous variables were expressed as mean ±

SD in normal distribution and median and quartiles (Q25,
Q75) in non-normal distribution. The Shapiro-Wilk test
was used for the normality test. The Student’s t-test or
Wilcoxon rank-sum test was used for two groups depending
on whether the variables were normal distribution. One-
way or Two-way Analysis of Variance (ANOVA) test was
used for multiple groups and Dunnett test was used for post-
hoc analysis. Categorical variables were compared using
Chi-square test or Yates’ Correction for Continuity Chi-
square test. Simple Linear Regressionwas analyzed to draw
a relationship between two variables. p< 0.05 was consid-
ered statistically significant difference.

Results

Demographic Information
The participants in the control group included 23

males (23 eyes) and 5 females (5 eyes), with an average
age of 35 (33, 39) years, while the unilateral chemical eye
injury group was composed of 27 males (27 eyes) and 2 fe-
males (2 eyes) with a mean age of 43 (35, 49) years. No
statistical difference was found in age, gender, or right/left
eye ratio in the two groups (Table 1). Alkali injuries were
nearly twice as common as acid injuries.

Unilateral Chemical Injury Results in Great Changes
in Tear Film and Conjunctiva of the Contralateral
Unaffected Eye

Tear film height in the control group and the contralat-
eral eye of the chemical injury group is shown in Fig. 1B,D,
respectively. The chemical injury group exhibited a higher
OSDI score, a lower Schirmer I test value, and a reduced
tear film height (Fig. 1F, p < 0.05). However, no statisti-
cally significant difference was observed in BUT between
the two groups (Fig. 1F, p > 0.05). The bulbar redness in
the control group and the contralateral eye of the chemi-
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Table 1. Demographic data of all participants.
Parameters Control group Chemical injury group Statistical value p value

Age (years) 35 (33, 39) 43 (35, 49) Z = –1.456 0.146#

Male 23 (82.14%) 27 (93.10%)
0.392##

Female 5 (17.86%) 2 (6.90%) χ2 = 0.734
Left eye (number) 17 (60.71%) 15 (51.72%) χ2 = 0.468

0.494
Right eye (number) 11 (39.29%) 14 (48.28%)
Alkali injury eye (number) 19 (65.52%)
Acid injury eye (number) 10 (34.48%)
# indicated as non-normally distributed data and presented as median and interquartile range. The
Wilcoxon test is used for statistical exanimation.
## indicated as Yates’ Correction for Continuity Chi-square test.

Table 2. Fluorscein staining between control group and Chemical injury group.
Control group Chemical injury group Statistical value p value

Score 0 26 22
Adj χ2 = 1.948*

p = 0.163
Score 1 2 7
* Indicated as Yates adjusted Chi-square test.

cal injury group is shown in Fig. 1C,E, respectively. In the
chemical injury group, conjunctival hyperemia was more
severe in all quadrants, and the bulbar redness score was
significantly increased (Fig. 1G, p < 0.05). Additionally,
the fluorescein scoring results showed no significant differ-
ence between the two groups; however, the chemical injury
group had higher scores of 1 compared to the control group
(Table 2).

The Corneal Nerve Occurs Great Changes in the
Unaffected Contralateral Eyes After Chemical Injury

We used IVCM to detect changes in the basal layer of
the cornea in the control group and chemical injury group
to further investigate the effects of chemical damage on
the contralateral cornea. Obvious morphologic sub-basal
corneal nerve plexus changes were seen in the contralateral
eye according to the IVCM parameters. We found signifi-
cant increases in nerve branch length in the contralateral eye
compared with controls (chemical injury group vs. control
group: 1807.8± 400.58 vs. 1376.29± 404.89 µm/frame; p
< 0.001; Fig. 2A,B,E), as well increases in tortuosity grade
(chemical injury group vs. control group: 2.30 ± 0.73 vs.
1.45 ± 0.44; p < 0.001; Fig. 2C,D,F). However, no sig-
nificant differences in total nerve length (chemical injury
group vs. control group: 2273.28 ± 554.10 vs. 2096.71 ±
484.21 µm/frame; p = 0.206; Fig. 2G) or nerve branch num-
ber were seen (chemical injury group vs. control group:
6.26 ± 4.75 vs. 4.43 ± 2.35; p = 0.181; Fig. 2H). Addi-
tionally, as shown in Fig. 2I, corneal sensitivity, including
superior, inferior, nasal, temporal and peripheral regions,
was significantly higher in contralateral eyes than in con-
trol eyes (p< 0.01), but there was no significant difference
in central corneal sensitivity (Fig. 2I, p > 0.05).

Unaffected Contralateral Eyes in the Chemical
Injury Group Express Much More LCs in the Center
Cornea

LCs are important immune cells that play a crucial role
in maintaining corneal immune homeostasis and protecting
corneal health [19]. The central corneal LC density in the
control group and the contralateral eye of the chemical in-
jury group is shown in Fig. 3A,B, respectively. The periph-
eral corneal LC density in the control group and the chem-
ical injury group is shown in Fig. 3C,D, respectively. We
found that contralateral chemical injury eyes had signifi-
cantly higher LC density in the central cornea (6.52± 7.47
and 0.75 ± 2.11 cells/mm2; p < 0.0001, Fig. 3E), while
no significant difference in LC distribution was seen in the
corneal periphery (9.67± 8.6 and 6.58± 8.20 cells/mm2; p
= 0.167, Fig. 3F). Thus, we speculate that the immune sys-
tem is also activated in unaffected contralateral eyes in the
chemical injury group, as in the injured eyes.

Correlation Between Post-Injury Time, OSDI Scores,
IVCM Parameters, and Tear Film Height

The Simple Linear Regression analysis was used to
correlate post-injury time with IVCM parameters (nerve
branch density, nerve tortuosity), OSDI scores, corneal sen-
sation, and tear film height. In unaffected chemical in-
jury eyes, the post-injury duration was inversely correlated
with corneal nerve branch density (R2 = 0.185, p = 0.02,
Fig. 4A), nerve tortuosity (R2 = 0.15, p = 0.038, Fig. 4B).
However, OSDI scores (R2 = 0.067, p = 0.175, Fig. 4C),
corneal sensation ((R2 = 0.001, p = 0.986, Fig. 4D), and
tear film height (R2 = 0.081, p = 0.135, Fig. 4E) did not
demonstrate a significant correlation with post-injury time
in the unilateral chemical injury group.
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Fig. 1. Unilateral ocular chemical injury causes significant changes in tear film and conjunctiva in contralateral unaffected eyes.
(A) The interface view for bulbar redness in the Oculus Keratograph®. (B,C) The tear film height (0.34 mm) and bulbar redness of
a control subject, respectively. (D,E) Tear film height (0.08 mm) and bulbar redness of patient with unilateral ocular chemical injury,
respectively. (F) Ocular surface disease index (OSDI) score and tear film quality, including break-up time (BUT), Schirmer I test score,
and tear film height, were detected in the control group and chemical injury group. (G) Bulbar redness scores in different parts of the
two groups. Student’s t-test was performed compared with control eyes: *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. The cornea nerve is changed in unaffected contralateral eyes. (A–D) In vivo confocal microscopy (IVCM) parameters
between the two groups. Sub-basal corneal nerve branch density in control (A) and unaffected eyes in the chemical injury group (B).
Nerve tortuosity in control (C) and unaffected eyes in the chemical injury group (D). (E–H) Analysis of alterations in sub-basal corneal
nerves and tortuosity in unaffected eyes in the chemical injury and control groups, including nerve branches length (E), tortuosity grade
(F), total nerve length (G), and nerve branch number (H). (I) Corneal sensitivity in different sites of the cornea between control and
chemical injury groups. Student’s t-test was performed compared with control eyes: **p < 0.01, ***p < 0.001.
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Fig. 3. More Langerhans cells (LCs) are seen in unaffected contralateral eyes in the ocular chemical injury group. (A) LCs in the
central cornea of control group. (B) LCs in the central cornea of unaffected eyes in ocular chemical injury group. (C) LCs density in the
limbus cornea in the control group. (D) LCs density in the limbus cornea in the chemical injury groups. (E,F) Analysis of LCs density
in unaffected eye cornea and control groups. Student’s t-test was performed compared with control eyes: ****p < 0.0001.

https://www.discovmed.com/


1041

Fig. 4. Correlation between post-injury time and corneal nerve characteristics, ocular symptoms and tear film height. (A) Nerve
branch density, (B) nerve tortuosity, (C) OSDI scores, (D) corneal sensation, and (E) tear film height. The post-injury duration was
inversely correlated with corneal nerve branch density (R2 = 0.185, p = 0.02) and nerve tortuosity (R2 = 0.15, p = 0.038) in the unilateral
chemical injury group. Simple Linear Regression analysis was used for statistical analysis. A p-value< 0.05 was considered statistically
significant.

The Contralateral Eye Exhibits Increased Corneal
Fluorescence Staining and Altered Nerve
Morphology in Mouse Model

After 3 days of unilateral chemical injury, the chemi-
cally injured eyes of mice exhibited corneal opacification,
and until D30, corneal leukoma accompanied by neovas-
cularization was observed (Fig. 5A1–A4). The fluorescein
staining of the contralateral cornea increased and progres-
sively worsened over time after chemical injury (Fig. 5B1–
B4) with statistically significant differences observed at 3
days (p< 0.05, Fig. 6A), 7 days and 30 days post-chemical
injury (p < 0.0001, Fig. 6A). No significant corneal scar-
ring or neovascularization was observed in the contralateral
eyes of mice with chemical injuries (Fig. 5C1–C4).

We used immunofluorescence to observe changes in
the tortuosity and branching density of corneal nerves in
mice. The subepithelial nerve plexus in the central cornea
was radially distributed from the center to the periphery
(Fig. 5D1), and the nerves in the mid-peripheral cornea had
a straight course (Fig. 5E1), with larger main nerve fibers
accompanied by branches. Three days after unilateral al-
kali burns, mid-peripheral corneal nerves exhibited fewer
straight courses, local angles, but the overall nerve direc-
tion remained unchanged (Grade 1, Fig. 5, indicated by cir-
cle in D2) and increased nerve branching density (Fig. 5E2).
By post-injury 7 days, the tortuosity of the corneal nerves
had changed (Grade 2), with the direction of the main
nerve fibers in the contralateral cornea deviating by more
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than 90° (Fig. 5, indicated by arrow in D3) and increased
nerve branching density (Fig. 5E3). Thirty days after in-
jury, nerve tortuosity remained abnormally altered (Grade
3), with nerve fiber courses changing close to 90° (Fig. 5,
indicated by arrow in D4), and abnormal loops formed by
nerve branches in the mid-peripheral cornea were visible
(Fig. 5, indicated by arrow in E4).

Mouse Corneal Tissue Edema was Observed in the
Contralateral Eye Following Chemical Injury

In the normal control group, the corneal epithelium
was intact and uniformly thick, with a well-organized col-
lagen arrangement in the stroma (Fig. 6B). Seven days after
unilateral chemical injury, the contralateral corneal epithe-
lium was relatively intact and the corneal stroma exhibited
edema and thickening (Fig. 6B). Thirty days after injury,
the thickness of the contralateral corneal epithelium was
uneven, and the stromal structure was sparse with reduced
edema compared to 0D and 7D, but it had not fully returned
to normal, and interstitial spaces between collagen fibers
were increased (Fig. 6B). These findings indicate structural
changes in the contralateral cornea following chemical in-
jury, with alterations in the stromal layer appearing earlier
and showing a tendency to heal and changes in the epithe-
lium appearing later and persisting for 30 days after injury.

Widespread Expression of Inflammatory Factors in
Tear Fluid in the Contralateral Eye of Mice With
Ocular Chemical Injury

Cytokine profiling of tear fluid from the uninjured
eyes of the mice identified the differential expression of 21
inflammatory factors (Fig. 6C–F). IL-1β, and IL-17A, IL-3
showed significant upregulation 3 and 7 days post-injury,
suggesting an early inflammatory stress response follow-
ing chemical injury. By post-injury 30 days, their expres-
sion was downregulated, which is presumed to be the result
of immune regulation. Additionally, IL-12 and chemokine
proteins such as regulated upon activation normal T cell ex-
pressed and secreted (RANTES), macrophage inflamma-
tory protein-1α (MIP-1α), and macrophage inflammatory
protein-1β (MIP-1β) exhibited sustained upregulation after
chemical injury. Notably, monocyte chemoattractant pro-
tein (MCP-1) showed the greatest expression difference, in-
creasing to 8.35, 14.42, and 12.70 times that of the control
group at 3, 7 and 30 days post-injury, respectively.

Discussion

Current research indicates that the primary pathogenic
mechanisms following ocular chemical injuries involve ex-
cessive inflammatory responses and impaired wound heal-
ing. Such injuries can trigger corneal neovascularization,
which compromises corneal transparency and ultimately
impairs vision [20]. Due to the severe consequences of
chemical injuries, most previous studies focus on the direct

effects of chemicals on the injured eye, such as the impor-
tance of immediate irrigation for visual prognosis [21], and
advancements in treatment, such as the application of exo-
somes [22] and cultured limbal [23]. However, few studies
have focused on the clinically uninjured contralateral eye.
Our research is the first to discover alterations in tear film
function and corneal nerves in the contralateral eye, with
animal experimental results supporting these clinical obser-
vations. Both our study and previous research elucidated
the inflammatory response induced by chemical injuries.
However, our study reveals changes in the contralateral eye,
providing significant evidence for understanding the sys-
temic effects of chemical injuries, which distinguishes ours
from other studies.

A study by Hong et al. [24] observed the tear function
of 28 patients with unilateral primary chronic dacryocysti-
tis and found worse tear secretion and fluorescein staining
scores in the contralateral unaffected eyes. Additionally,
this research demonstrated unilateral ocular chemical in-
jury does have an influence on the contralateral unaffected
eye. Ocular chemical injury stimulated immune and inflam-
matory reactions in the eye, leading to lymphocyte and in-
flammatory cell infiltration, which affected patient symp-
toms, tear secretions, and lacrimal lake, resulting in lower
Schirmer I values and lower tear film height. However,
BUT values were not significantly shorter than in the con-
trols.

Pathogenic stimuli to the ocular surface can cause
varying degrees of conjunctival redness. The Oculus Ker-
atograph® User guide states that the physiological thresh-
old for red eyes is 1.2. Patients with unilateral eye chemi-
cal injuries exhibited pathogenic eye redness, with an av-
erage of 1.50 ± 0.41 in the contralateral unaffected eye.
Although more severe redness of the eyeball caused by in-
creased blood flow to the conjunctiva and/or anterior sclera
vessels is not a specific ocular reaction, it is usually ob-
served in conditions such as ocular surface inflammation,
allergies, infections, and dry eye syndrome. We speculate
that unilateral chemical damage to the eye can trigger bilat-
eral inflammation and immune responses, leading to patho-
logical redness of the contralateral eye.

The cornea is the most densely innervated tissue in
the human body, with sensory innervation derived from
the ophthalmic branch of the trigeminal nerve [25]. Re-
cently, IVCM has been proven to be a non-invasive, rapid,
and precise technique for describing the corneal nerve den-
sity, morphology, and LC cell density [26]. There is grow-
ing interest in the association between corneal sub-basal
nerve changes and their function. This association is rele-
vant to normal eyes [27], dry eye patients [28], contact lens
wearers [29], and patients with unilateral or bilateral her-
pes zoster ophthalmicus keratitis, herpes simplex keratitis
[30], and corneal dystrophies [31]. However, to the best of
our knowledge, this is the first systematic study to validate
corneal nerve alterations in patients with clinical unilateral
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Fig. 5. Ocular changes in contralateral eye in unilateral chemical injury mice model. (A1–A4) Anterior segment photographs of
the eyes before and after chemical injury induction. Following the induction of ocular chemical injury, the cornea progressively exhibits
corneal haze (A2), corneal macular opacity (A3), and corneal leukoma (A4). (B1–B4) Corneal fluorescein staining of the contralateral
eyes progressively worsened over time after chemical injury induction. (C1–C4) Anterior segment photographs of the contralateral eyes
before and after chemical injury induction. (D1–E4) Images of corneal nerve β-tubulin staining. (D1) Central corneal nerves were
radially distributed before chemical injury. (E1) The main trunks of the mid-peripheral corneal nerves are thick and run straight before
chemical injury. (D2) At post-injury 3 days, mid-peripheral corneal nerves exhibited fewer straight courses, local angles (indicated by
circle), but the overall nerve direction remained unchanged. (D3) At post-injury 7 days, the direction of the corneal main nerves (indicated
by arrows) had changed greater than 90°. (D4) At post-injury 30 days, main nerve trunk (indicated by arrows) with a change in direction
of less than 90°. (E2,E3) At 3 and 7 days post-chemical injury, the density of mid-peripheral corneal nerve branches increased in the
contralateral eye. (E4) The mid-peripheral corneal nerve branches format abnormal circuits (indicated by arrows) at post-injury 30 days.

chemical injuries using IVCM. Our research revealed sig-
nificant corneal nerve tortuosity and increased nerve branch
length in unaffected eyes.

Previous research has reported sub-basal nerve plexus
densities of 19.1± 4.5 mm/mm2 in normal people, accord-

ing to IVCM examinations. Consistent with previous stud-
ies, our research confirmed that unilateral corneal disease,
except for herpes zoster ophthalmicus (HZO) [32] or her-
pes simplex keratitis (HSK) [33], leads to bilateral corneal
nerve alterations. Unlike HZO and HSK, in which a de-
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Fig. 6. Mouse corneal tissue edema and widespread expression of inflammatory factors in tear fluid in the contralateral eye in
mice model. (A) Differences in fluorescent staining score between the control group and the chemical injury group over post-injury
time. (B) Histopathological manifestations of mouse corneal tissue (×400). Left column: In the control group, the corneal epithelium
is intact and uniformly thick, with neatly arranged collagen in the stroma. Middle right column: Seven days after chemical injury, the
contralateral corneal epithelium thickness is uneven, with edema and thickening of the stroma. Lower right: Thirty days after chemical
injury, the contralateral corneal epithelium is thinned, with sparse stroma and increased interstitial spaces between collagen fibers. (C–F)
Liquid chip analysis revealed the expression of inflammatory proteins in the tears of the contralateral eye in mice at different time points
following ocular chemical injury (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001; ns, not significant. Wilcoxon rank-sum test
was used for Fig. 6A. Two-way ANOVA and post-hoc of Dunnett test were used for Fig. 6C–F).

crease in the corneal nerve plexus and corneal sensitivity
in the contralateral eye was seen, unilateral corneal chem-
ical injury resulted in increased nerve branch density and
corneal sensitivity in unaffected eyes.

Tortuosity, as the degree of twistedness of a curved
structure, is becoming extensively used as a feature to quan-

titatively describe the sub-basal nerves in healthy or patho-
logical cornea [34,35]. Labbé et al. [36] showed increased
nerve tortuosity in patients with Sjogren’s syndrome. Fur-
thermore, diabetes mellitus type 1 and 2 [37,38] kerato-
conus [39] was reported to affect corneal nerve tortuosity as
well. Inflammatory cytokines and chemokines can induce
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nerve sprouting and increased tortuosity as part of the re-
pair process. For example, nerve growth factors (NGFs) re-
leased during ocular local inflammation can promote nerve
regeneration and branching [40]. Edwards et al. [41] dis-
covered that increased corneal nerve tortuosity is often ob-
served in the early stages of corneal nerve damage in di-
abetic neuropathy. Our research showed significantly in-
creased corneal tortuosity in chemically unaffected eyes,
which subsequently recovered with time. Although our
study did not include patients with diabetes, the underlying
mechanisms of nerve density and tortuosity changes may be
similar, involving both local inflammatory responses and
systemic influences. Furthermore, we speculate that these
alterations may represent an adaptive response to unilateral
chemical injury.

LCs, which were the main antigen-presenting cells
(APCs), were found in non-inflamed corneal epithelium
following decreases in density from the limbus toward the
center of the cornea [42]. Our study found that only 16% of
normal eyes presented with LCs in the central cornea com-
pared with 54% in the limbal area. These findings were
consistent with the results of previous work by Zhivov et
al. [43]. LC density in the center area was statistically
significantly different compared to normal, healthy cornea.
We hypothesize that the activation of pro-inflammatory cy-
tokines and inflammatory cells following chemical injury
leads to the systemic activation of LCs. Zhu et al. [44]
observed the number of LCs beneath the superficial epithe-
lium at 3–6 months after alkali burns and concluded that
LCs gradually reduced over 12 months post-injury. When
we analyzed the correlations between LC density and post-
injury time, no statistical difference was detected, although
a decreasing trend in LC density was noted during the
follow-up. This phenomenon indicates that LCs increased
immediately after injury and were long-lasting in contralat-
eral unaffected eyes.

A recent study reported that corneal epithelium, sub-
basal nerve density, and corneal sensitivity recovered
slowly after injury and that sub-basal nerves continued to
be spared 1 year post-formic acid injury [8]. Increases
in corneal branch density and sensitivity in the unaffected
eyes could be explained by stress reactions and compen-
satory mechanisms after contralateral injury. Furthermore,
the nerve branch density decreased significantly with time
after injury duration, but abnormal morphology and density
persisted. Our study proved that corneal density and total
corneal branching was significantly correlated with corneal
sensitivity. However, the threshold of abnormal corneal
sensitivity correlated with corneal density and total corneal
branching needs further investigation.

This study has some limitations. First, this was a
cross-sectional study rather than a prospective one, which
did not allow a precise follow-up for ocular surface changes
after chemical injuries. Second, we did not separate al-
kaline damage from acidic damage. Whether alkaline and

acidic substances affect contralateral unaffected eyes differ-
ently need further investigation. Third, we lack the mecha-
nisms exploration for corneal nerve changes and due to the
relatively small overall sample size, we did not investigate
the impact of disease severity on the outcomes.

Due to the complexity of the humans, we wanted to
investigate the mechanism of chemical injury on the ocu-
lar surface of unaffected eyes through using animal experi-
ments. In the animal model of chemical injury, we observed
alterations in ocular surface function and increased corneal
tortuosity in the contralateral eye, which is consistent with
clinical findings.

The epithelial layer is the outermost structure of the
cornea, and it is rich in corneal nerves. Epithelial shedding
exposes subepithelial nerves [45], causing the nerves to lose
the protection and nourishment provided by the corneal ep-
ithelium. This results in changes to the nerve course, in-
creased branching, and the formation of abnormal circuits,
which also leads to increased corneal sensitivity. The or-
derly arrangement of stromal fibers in the corneal struc-
ture is important for corneal transparency. Following ocu-
lar chemical injury, stromal edema and increased interstitial
spaces between collagen fibers in the contralateral eye are
risk factors for corneal edema and blurred vision [46].

Additionally, our study identified eight inflamma-
tory factors (IL-1β, IL-3, IL-5, IL-12, IL-17A, MIP-1β,
RANTES and MCP-1) that were significantly upregulated
at 3 days post-injury, followed by a subsequent decline at
30 days compared to earlier time points. These findings
align with the well-documented roles of pro-inflammatory
cytokines in the acute phase of ocular surface inflammation,
where they are crucial for initiating the immune response
and promoting wound healing.

According to previous study, the levels of
granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon-gamma (IFN-γ), MCP-1, and
MIP-1β were significantly elevated in Fuchs endothelial
corneal dystrophy and bullous keratopathy, indicating
a close association with ocular immune responses and
local inflammation. These changes contribute to corneal
tissue remodeling, ultimately leading to fibrosis [47].
Furthermore, cytokines such as IL-1β, IL-4, IL-6, IL-
17, TNF-α, and IFN-γ are known to activate signaling
pathways, including mitogen-activated protein kinase
(MAPK), janus kinase-signal transducer and activator
of transcription (JAK-STAT), and nuclear factor kappa-
light-chain-enhancer of activated B Cells (NF-κB), which
promote immune cell recruitment and upregulation of
inflammatory mediators in conditions like dry eye disease
and uveitis [48,49]. While this initial inflammatory
response is crucial for debris clearance and tissue repair
initiation, dysregulation can exacerbate pathological
outcomes.

However, the downregulation of these factors after 30
days indicates a shift from the acute inflammatory phase
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to a more stable, reparative phase. This transition aligns
with the role of macrophages and other immune cells in
resolving inflammation and promoting tissue homeostasis.
Maintaining a balance between pro-inflammatory and anti-
inflammatory cytokines is essential for preserving ocular
surface health and facilitating proper wound healing [50].

Among these cytokines, MCP-1 shown the most sig-
nificant expression difference. MCP-1 is a small molecule
secretory protein that can direct the movement of cells,
exerting chemotactic and activating effects on NK cells,
monocytes/macrophages, T cells, and dendritic cells, lead-
ing to the aggregation of inflammatory cells at the site of in-
jury. MCP-1 can also promote the release of many inflam-
matory cytokines from inflammatory cells, such as IFN-
γ, IL-1, and IL-6, recruiting more inflammatory cells and
forming an inflammation amplification loop, thereby inten-
sifying the inflammatory response. MCP-1 is involved in
the pathological changes of various ocular diseases charac-
terized by monocytic infiltration [51].

In the field of ophthalmology, MCP-1 is involved in
the pathogenesis of adenoviral keratitis and Acanthamoeba
keratitis, serving as a sensitive indicator of the degree of
the corneal inflammatory response [52]. We speculate that
MCP-1 prolonged expression suggests a persistent inflam-
matory environment, which may have implications for the
long-term health of the ocular surface in clinical unaffected
eye. The sustained expression of MCP-1 may indicate on-
going tissue remodeling and the presence of an inflamma-
tory state, which could impact corneal nerve dynamics and
overall ocular surface integrity. Future studies should focus
on elucidating the signaling pathways involved in MCP-
1 regulation and identifying potential therapeutic targets
for attenuating the inflammatory response associated with
chemical injury.

Conclusion

Our study first reported that unilateral chemical injury
causes significant ocular surface changes in the contralat-
eral eye in clinic patients and experimental mice models,
including tear film dysfunction, increased corneal nerve tor-
tuosity, and elevated inflammation. Persistent inflamma-
tory cytokine expression in the tear film, particularly MCP-
1, which may play a key role in driving these alterations.
The clinically unaffected eyes should be closely observed
in these patients.
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