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ARTICLE INFO ABSTRACT
Keywords: Corneal disease threatens vision globally. Among corneal diseases, calcific band keratopathy has
Corneal endothelial cells (CECs) severe effects on vision owing to its unique location. Currently, ethylene diamine tetraacetic acid

Calcific band keratopathy (CBK)
Ethylene diamine tetraacetic acid (EDTA)
Solution concentration

Rabbits

(EDTA) chelation remains the most important treatment. However, only the safety of low-dose
topical EDTA eye drops is well established in humans. Therefore, the purpose of this study was
to determine the safe dose range of EDTA for calcific band keratopathy surgery and its toxic
effects on rabbit eyes. Rabbits were administered different doses of EDTA solutions (0.50, 0.20,
0.10, 0.05, and 0.01 M) for twenty minutes. In day seven, the rabbits were euthanized and
pathological examination was performed for cornea. We found severe corneal edema in 0.50 M
group, while milder edema in lower-concentration treated groups. Followed by corneal thickness
measurement, the measured values increase to the peak in post-operative three day (0.20 M
group) or one day (lower-concentration groups), then decreased. Groups comparison shown
significant difference between BSS control group and higher concentration groups (0.20 M and
0.10 M) (P < 0.001) in observation period, but no significance was observed between low con-
centration and control group in the day seven after surgery (P > 0.05). Confocal microscopy
examination suggested, the number of corneal endothelial cells significantly decreased from
3428.6 + 180.3 cells/mm? to 2808 + 80.6 cells/mm? in the 0.50 M group, while the lower-
concentration groups showed lesser toxic effects on corneal endothelial cells. Finally, our histo-
logical examination demonstrated inflammation in each experimental group and dose-dependent,
compared with control group. Our study found 0.05 M and 0.01 M EDTA solutions had no obvious
toxic effect on the corneal endothelium compared with higher concentration. However, further
study of EDTA side effect by clinical trials, and therapeutic effect observation with different
concentration are necessary.

1. Introduction

Dixon [1] first described calcific band keratopathy (CBK) in 1848 as a degenerative corneal disease characterized by the deposition
of grayish to whitish opacities consisting of calcium hydroxyapatite on the corneal surface, most commonly involving the Bowman
layer [1-3]. In the early stages, the opacities appear in the nasal or temporal margins of the cornea, leaving a clear space between the
corneal limbus and the opacity. As the disease progresses, the opacity gradually extends to the central part of the cornea and becomes
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band-shaped [4]. Early corneal opacity is slight and not visible to the naked eye. Calcium deposits gradually become dense, leading to
thickening and elevation of the upper part of the epithelium. Moreover, roughness, uneven surface, and epithelial erosions cause
photophobia, tearing, pain in the eyes, and other symptoms [5]. In the late stages, vision may decrease significantly. Visual loss is not
only related to the extent and location of keratopathy but also complicated by uveitis and cataracts. CBK is caused by chronic eye
disease, such as chronic uveitis, corneal ulcers, and chemical burns or systematic diseases, such as hypercalcemia due to chronic renal
failure [6], hyperparathyroidism [7] and sarcoidosis [8].

The primary mineral deposited in the cornea is hydroxyapatite, a complex crystal composed mainly of calcium and phosphorus,
which usually occur in the blood and interstitial tissues in a supersaturated state. Although the exact mechanism of precipitation has
not been determined, pH changes, increased tear evaporation, and elevated calcium concentrations are thought to be important causes
of calcium precipitation [9].

Various modalities have been used to treat CBK, including superficial keratectomy [10], Nd:YAG laser [11], phototherapeutic
keratectomy [2,12], lamellar keratoplasty [13] and chelation therapy using ethylene diamine tetraacetic acid (EDTA) [14]. EDTA is
the most widely used method for treating CBK [1,2,11,14-17]. The goal of treatment is to remove the calcium opacities and restore a
smooth ocular surface. In most cases, vision can be improved; however, in eyes with poor visual potential, the procedure is mainly
performed to improve ocular comfort.

EDTA is a chelating agent, which was originally used mainly for dialysis. One mole of EDTA chelates one mol of metallic ions [18].
EDTA for ophthalmic use was initially derived from NasEDTA, but that formulation has lost the Food and Drug Administration
approval and can now only be obtained at specially equipped compounding pharmacies [19].

In clinical settings, ophthalmologists usually remove the corneal epithelium from the area of the opacity using a golf-club spud and
apply a fragment of EDTA-dipped surgical sponge to the opacity for 5 min. The sponge fragment is then removed, and the eye is
checked for any remaining opacity using a light guide. If the opacity is not completely removed, another sponge fragment is applied for
5 min, and the procedure is repeated as required [4]. EDTA solutions are usually diluted to different concentrations according to the
ophthalmologist’s expertise. However, some studies have reported that certain concentrations of EDTA have toxic effects on the cornea
and conjunctiva [20]. Moreover, EDTA can penetrate the corneal epithelium to affect the corneal endothelium [21].

To date, no study has compared the toxicity of different concentrations of EDTA solution on the cornea, particularly on non-
regeneration corneal endothelial cells. Therefore, rabbit eyes in which the corneal epithelium was removed were used in this study
to stimulate CBK surgery and evaluate the degree of corneal endothelial-cell damage caused by different concentrations of EDTA
solution.

2. Methods and materials
2.1. Experimental animals

Thirty male 6-month-old New Zealand rabbits (3-3.5 kg) were purchased from Chengdu Dashuo Laboratory Animal Co. Ltd (No.
51203500027176). Each cage (815 x 500 x 340 mm) contained one rabbit. Rabbits were housed in a specific room with an air
filtration rate of 10-20 air changes/h and a temperature of 20-26 °C. The humidity was 40-70%, and a fluorescent light was used to
ensure a 12-h light (08:00-20:00) and dark cycle. The rabbits were housed in an environment where they could eat and drink freely
and were adapted to the environment for at least two weeks before surgery. All animal experiments were approved by the Animal
Ethics Committee of the Sichuan Provincial People’s Hospital (No. 2022-308).

2.2. Animal grouping

The rabbits were randomly assigned to the treatment and control groups using the BioBook system (IDBS). Animals were evenly
divided into six groups: in the control group, a surgical sponge fragment soaked in balanced salt solution (BSS) (MQA, Inami, Tokyo,
Japan) was applied; in the experimental groups, surgical sponge fragments soaked in 0.01, 0.05, 0.10, 0.20 or 0.50 M EDTA (pH = 8.0,
Sigma-Aldrich Trading Co., Ltd.) were applied.

2.3. Surgical methods and EDTA treatment

All animals were anesthetized using pentobarbital sodium (30 mg/kg intravenously). After anesthesia, the rabbit was placed on the
operating table in the lateral position, draped with a towel, and the eye was routinely sterilized. The eyelid was opened using an eyelid
opener, the conjunctival sac was rinsed with povidone-iodine + saline, and topical anesthesia was achieved using oxybuprocaine. A 1
cm x 1 cm surgical sponge was dipped in different concentrations of EDTA solution or BSS. The corneal epithelium was carefully
removed using a golf-club spud, and a surgical sponge was placed in the center of the cornea for 20 min. Finally, the sponge was
removed, the eye surface and conjunctival sac were rinsed with approximately 50 mL saline, and antibiotic ointment was applied.

2.4. Animal health observation

The rabbit’s weight and food residue were recorded once a day.
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2.5. Slit-lamp microscope examination

Slit-lamp microscopic examination of the anterior segment was performed zero, one, three, and seven days after the operation. An
$3508 slit-lamp microscope (MediWorks Co., Ltd., Shanghai, China) was used for the examination, which required two people. One
person observed and collected photos; the other person assisted in placing the eyelid opener in the rabbit’s eye and fixing the rabbit so
that the corneal plane was parallel to the longitudinal plane of the acquisition lens. Eyes were examined at 20x magnification with
diffusion light irradiation. Anterior-segment examination included observations of the conjunctiva, eyelid, cornea, sclera, and iris. We
mainly recorded the degree of corneal edema, classified into grades 0-4 as follows: Grade 0, completely transparent cornea, no edema;
Grade 1, mild corneal edema, iris, and lens details can be observed; Grade 2, moderate corneal edema, iris, and lens can be observed;
Grade 3, severe corneal edema with no visible lens; and Grade 4, diffuse corneal edema, no visible iris.

2.6. Ultrasonic pachymetry

Ultrasonic pachymetry is the most widely used method of central corneal thickness (CCT) measurement in clinical practice [22],
and is recognized as the “gold standard” for corneal thickness measurement [23]. CCT was measured at zero, one, three, and seven days
postoperatively using an A-mode ultrasonic pachymeter (Tomey Corporation, Japan), and the mean of five measurements was
recorded as the CCT value.

2.7. Intraocular pressure measurement

A portable tonometer (TonoVet Tonometer, Finland) was used to measure and record the intraocular pressure (IOP) at zero, one,
three, and seven days postoperatively.

2.8. In vivo confocal microscopy

In vivo confocal microscopy allows real-time visualization of the cornea at the cellular level from front to back with high resolution,
and is advantageous for observing corneal edema [24]. Images of the corneal endothelium and stroma were collected using the
Heidelberg Retinal Tomography (HRT3)/Rostock Cornea Module (RCM) (Heidelberg Engineering Inc., Germany) in vivo as described
previously [25].

Confocal microscopy was performed at zero, one, three, and seven days postoperatively. After the rabbits were anesthetized, a drop
of carbomer gel was applied to the lens cap as the coupling medium. The central cornea was maintained in contact with the cap. By
manually controlling the depth of the z-direction at 2 pm increments, representative images from the corneal stroma to the corneal
endothelium were recorded. Corneal endothelial density in cells/mm? was analyzed using the procedure associated with HRT3/RCM.

2.9. Pathological examination

The rabbits were euthanized seven days postoperatively by injecting an overdose of the anesthetic. The right eyeball of each rabbit
was removed, and the cornea was cut into a ring 2 mm outside the limbus for histopathological examination. Corneal tissue was fixed
in 10% formaldehyde solution and tissue sections were prepared, dehydrated in gradient ethanol, and embedded in wax. Continuous
sections were obtained from the central cornea and routine hematoxylin and eosin staining was performed. The morphology of the
corneal endothelium was observed under a light microscope and the types and numbers of corneal inflammatory cells were counted.

2.10. Statistical analysis

Data were analyzed using the Shapiro-—Wilk test to verify their normal distribution. All data were statistically analyzed using SPSS
software (version 26.0; SPSS, Inc., Chicago, IL, United States). All experimental data are expressed as the mean + standard deviation.
Comparisons between groups were performed using double-factor variance analysis for statistical analysis, and LSD t-test was used for
further pairwise comparison. Preoperative values of these variables and values one, three, and seven days after exposure to EDTA were
compared using a paired-samples t-test. Statistical significance was set at P < 0.05.

3. Results
3.1. Grade of corneal edema in rabbits

Preoperatively, the corneas were transparent in all groups. In the BSS and 0.01 M EDTA groups, the rabbits’ corneas remained
transparent throughout the experimental observation, and the degree of edema was 0-1. In the 0.05 M and 0.10 M EDTA groups,
corneal edema was grade 1-2, and it was the most obvious on the first day after surgery; thereafter, corneal edema gradually reduced
and returned to normal on the third day after surgery. In the 0.20 M EDTA group, grade 2-3 corneal edema, conjunctival mixed
hyperemia, and increased conjunctival sac secretion were observed on the first day after operation. However, the degree of reaction
was less than that in the 0.50 M EDTA group, and the corneal edema resolved seven days postoperatively. In the 0.50 M EDTA group,
the corneal edema was diffuse, and significant thickening of the cornea was observed postoperatively. The intraocular structure was
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unclear, with grade 3-4 mixed conjunctival congestion, increased conjunctival-sac secretion, and other signs of irritation, which did
not improve significantly during the entire observation period (Fig. 1).

3.2. CCT evaluation

Corneal thickness is closely related to the barrier and pump functions of the endothelium [26]. An ultrasonic pachymeter was
employed to evaluate CCT and validate the findings. Preoperatively, CCT in the groups was 351.6 + 4.7, 348.4 + 11.1, 356.4 + 2.9,
357.8 £ 9.1, 348.8 + 10.8, 360.0 + 6.2 pm, respectively (Table 1), and the difference was not statistically significant (F = 1.829, P >
0.05) (Fig. 2A). In one and three days after the operation, CCT in experimental groups was significantly higher than in the BSS control
group (Fig. 2B, C, P < 0.001), but no significant difference between 0.05 and 0.01 M EDTA and BSS-treated groups was observed in day
seven (Fig. 2D).

Moreover, the mean CCT in the 0.20, 0.10, 0.05, and 0.01 M EDTA groups at one, three, and seven days were as follows, which were
significantly different from the preoperative CCT (Table 1). In the BSS group, postoperative CCT was also significantly different from
the preoperative CCT (P < 0.05). We believe that the difference between the preoperative and postoperative CCT in the BSS group was
due to corneal edema caused by the trauma of the operation itself, because the values in the experimental groups were higher than
those in the control group. In the 0.50 M EDTA group, the corneal stroma showed prominent edema and increased thickness, which
exceeded the upper limit of automatic thickness measurement (1500 pm) (Table 1).

3.3. Results of intraocular pressure (IOP) measurement

We examined IOP before and after surgery to rule out corneal endothelial damage caused by a possible increase in IOP caused by
surgery. However, in each group, IOP decreased postoperatively which was significantly different from the preoperative IOP (Table 2).
We speculated that the decrease in IOP may be related to scraping of the corneal epithelium.

Day O Day 1 Day 3 Day7 Left eye({untreated)

0.5M(18.5%)

0.2M(7 4%)

BSS

Fig. 1. Corneal edema of rabbits in each group. Before operation, corneas in each group were transparent. In 0.50 M EDTA group, the corneal
edema was diffuse and the iris could not be observed. In 0.20 M EDTA group, corneal edema was obvious and the intraocular structure was not clear.
Corneal edema was observed in 0.10 M EDTA group and 0.05 M EDTA group, but iris could be observed. The corneal edema was mild in the 0.01 M
EDTA group and the balanced salt solution control group, and the intraocular structure could be seen.
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Table 1
CCT measured at different time in each group.
0.50 M EDTA 0.20 M EDTA 0.10 M EDTA 0.05 M EDTA 0.01 M EDTA BSS

CCT (pm) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Preoperative 351.6 + 4.7 348.4 +11.1 356.4 + 2.9 357.8 £ 9.1 348.8 + 10.8 360.0 + 6.2
Postop 1 d - 955.8 + 22.3%*** 877.6 £ 22.7%*x* 777.2 + 32.3%%** 642.2 + 76.2* 416.6 + 27.7*
Postop 3 d - 1303.6 + 68.6%*** 740.8 £ 5.27%%** 675.0 + 29.0%*** 532.0 + 90.0* 371.6 + 5.5*%
Postop 7 d - 961.0 + 62.0%*** 505.0 &+ 14.2%*** 411.4 + 20.9* 389.8 + 6.9%*** 369.4 + 7.8*

Note. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05. All P values were calculated by comparing with the preoperative values in each group.
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Fig. 2. Comparison of the CCT on the different days among 0.50, 0.20, 0.10, 0.05, 0.01 M EDTA solution groups and the BSS group: A, B, C and D
represent the comparison of pre-operation, post-operation one, three and seven days. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05.

3.4. In vivo confocal microscopy

In vivo confocal microscopy is a non-invasive technique that evaluates the appearance and structure of endothelial cells in situ in a
narrow region of the cornea. Preoperative confocal microscopy showed that the nuclei of the corneal stromal-layer cells were spindle-
shaped or oblong, with a clear contour and high reflection. Moreover, the cytoplasm and cell margins were generally not visible. The
stromal fibers exhibited good light transmission (Fig. 3A). The morphology changes were not significant at one, three, and seven days
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Table 2
IOP measured at different time in each group.
0.50 M EDTA 0.20 M EDTA 0.10 M EDTA 0.05 M EDTA 0.01 M EDTA BSS

IOP (mmHg) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Preoperative 12.0 £ 1.0 12.0 £ 1.5 124+ 1.3 12.0 + 1.5 12.0 £ 1.0 11.6 £ 1.5
Postop 1 d 7.2 £ 1.4%%*= 8.8 + 2.5% 8.8 £ 1.6* 8.6 £ 1.9%*=* 8.4 +0.8* 8.6 +1.1*
Postop 3 d 6.8 + 0.8%*** 8.6 + 2.0* 8.8 & 1.4xx*x 9.4 + 2.4% 9.0 + 1.0% 8.6 +1.1%
Postop 7 d 7.8 £ 1.4 10.0 + 2.5* 10.4 £ 1.1* 10.0 + 1.5* 10.2 £ 1.3* 10.4 £ 0.8

Note. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05. All P values were calculated by comparing with the preoperative values in each group.

Fig. 3. Evaluation of the morphology of corneal stromal layer by IVCM. Representative images demonstrate the morphology of corneal stromal
layer preoperative (A); postop 7 days in the BSS group (B); postop 7 days in the 0.05 M group (C); postop 7 days in the 0.10 M group(D); postop 7
days in the 0.20 M group(E); postop 7 days in the 0.50 M group(F).

Fig. 4. Evaluation of the morphology of corneal endothelial cells by IVCM. Representative images demonstrate the morphology of corneal endo-
thelial cells BSS group (A); 0.01 M group (B); 0.05 M group (C); 0.10 M group (D); 0.20 M group (E); 0.50 M group(F), these images are from seven

days after surgery.
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postoperatively in BSS group, which was similar to that before surgery (Fig. 3B). In the 0.01 M and 0.05 M solution groups at seven
days postoperatively, stromal cells were in a quiescent state; the cytoplasm did not show light change; nuclei were visible under a dark
background; and the cytoplasm, cell boundary, and collagen lamina were not visible (Fig. 3C). In the 0.1 M and 0.2 M solution groups,
the morphology changes were not significant at one, three, and seven days postoperatively. The stromal layer was activated, suggesting
an inflammatory response in the corneal tissue, manifested as stromal cell swelling, enhanced reflection, and cross-linking into a
network, and the nuclei lost their normal spindle or oblong shape and were irregularly shaped with blurred contour (indicated by red
arrow) (Fig. 3D and E). In the 0.50 M solution group, due to excessive corneal edema, it was difficult to visualize the full-thickness
corneal structure one day postoperatively. Three days postoperatively, the corneal stroma appeared as black, low-reflective bands
of different widths, which formed different shades of wrinkles together with the translucent stromal fibers. Simultaneously, the
outlines of the stromal-cell nuclei were not clear and the nuclear size was reduced. Seven days postoperatively, the stromal-cell nuclei
were significantly reduced, the black reflective band of the corneal stroma widened, and wrinkles between the black and normal
stromal fibers were obvious (indicated by red arrow) (Fig. 3F).

Preoperative confocal microscopy showed that the endothelial cells were arranged in a regular layer of flat honeycomb hexagonal
cells, with clear boundaries, highly reflective cell bodies, close cell arrangement, uniform size, and low-reflective cell boundaries and
intercellular spaces (not shown). The corneal endothelial cells in the BSS group showed no significant changes seven days post-
operatively. The endothelial cells were strongly honeycombed hexagonal cells with tight connections between cells and clear
boundaries which was similar with preoperative morphology (Fig. 4A). Postoperatively, no significant difference was observed be-
tween the 0.01 M and 0.05 M solution groups. The corneal endothelial cells were regular polygons with clear boundaries, high
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Fig. 5. Comparison of the ECD on the different days among 0.50, 0.20, 0.10, 0.05, 0.01 M EDTA solution groups and the BSS group: A, B, C and D
represent the comparison of pre-operation, post-operation one, three and seven days. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05.
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reflection, and uniform size, and the nucleus was generally not visible (Fig. 4B and C). In 0.10 M and 0.20 M solution groups, corneal
endothelial cells showed increased atypia, uneven size, and dark areas between the cells (Fig. 4D and E). In the 0.50 M solution group,
corneal endothelial cells showed uneven size, and increased cell volume. Moreover, cells were deformed and fused at postoperative
three days. Seven days postoperatively, pleomorphic corneal endothelial cells significantly increased. The morphology of pleomorphic
cells was irregular, the cell boundary was unclear, and the cell area of pleomorphic cells was significantly larger than that of normal
corneal endothelial cells (Fig. 4F).

3.5. Endothelial cell density

Corneal endothelial cell density (ECD) varied according to the time of evaluation (F = 102.567, P < 0.001) and between groups (F
= 3.229, P < 0.05) before and after surgery, and the change trends in different groups at different time points were different (F =
141.703, P < 0.001). Firstly, the comparison of ECD between the experimental and control groups was analyzed. There is no significant
difference between each preoperative group and one day after the operation (Fig. 5A and B), except for a significant difference between
0.50 and 0.05 M EDTA treated groups (P < 0.05) (Fig. 5A), which may result from individual differences among subjects in the 0.05 M
EDTA treated group. During the follow-up observation on day three and day seven, compared BSS treated group, only 0.05 M EDTA-
treated group has no statistical difference (Fig. 5C and D).

A paired-sample t-test was performed for ECD changes over time in each treatment group. In BSS group, a significant difference was
observed between the ECD at one day after surgery and that before surgery (P < 0.05); however, no significant change was observed
three and seven days postoperatively (both P > 0.05). In 0.01 M group, no significant change was observed at one day postoperatively
(P > 0.05); however, significant changes were observed three and seven days postoperatively (both P < 0.05). In 0.05 M group,
significant changes were observed at one, three, and seven days postoperatively (all P < 0.05). In 0.10 M group significant changes
were observed at one, three, and seven days postoperatively, respectively, with significant changes (all P < 0.05). In 0.20 M group,
significant changes were observed at one, three, and seven days postoperatively (all P < 0.05). In the 0.50 M EDTA group, ECD could
not be measured because of corneal hyperedema and hyperemia. ECD decreased from 3428.6 + 180.3 to 2892.0 + 75.0 cells/mm? (P
< 0.05) and 2808.0 + 80.6 cells/mm? (P < 0.05) three and seven days postoperatively, respectively (Table 3).

3.6. Pathological examination

No animal died during the experiment, and at the end of the recovery period, all rabbits were euthanized for examination.

In the BSS group, the corneal morphology was regular, with a clear structure of each layer. The corneal epithelium is intact and
arranged regularly, the stromal layer contained dense connective tissue, no edema or inflammatory cell infiltration was observed, the
posterior elastic layer was uniform (Fig. 6A). In the 0.01 M and 0.05 M solution groups, the cornea was smooth and continuous, with
regular morphology, mild tissue edema, and fibrous connective tissue hyperplasia. The corneal epithelium of some rabbit eyes is
incomplete, containing 2-3 layers of cells, irregular arrangement. Occasionally, few inflammatory cells infiltrated (mainly lympho-
cytes) (Fig. 6B and C). In the 0.10 M and 0.20 M solution groups, corneal edema was obvious, the corneal epithelium is incomplete,
containing 2-3 layers of cells, arranged disordered, the stromal layer was irregular and contained dense connective tissue, and the
arrangement was not orderly. Few cracks and inflammatory-cell infiltration (mainly lymphocytes) were observed (Fig. 6D and E). In
the 0.50 M solution group, diffuse corneal edema was observed, the corneal epithelium is incomplete, necrosis and exfoliation can be
seen in some areas, with only 1-2 layers of cells and disordered arrangement, the stromal connective tissue was disordered and loose,
and significant inflammatory-cell infiltration was observed (granulocytes, lymphocytes, and mononuclear macrophages were all
observed) (Fig. 6F).

BSS group (A); 0.01 M group (B); 0.05 M group (C); 0.10 M group (D); 0.20 M group (E); 0.50 M group(F), these images are from
seven days after surgery.

In the BSS group, the corneal endothelial cells were monolayer flat epithelium and were continuous and clear, nuclei were arranged
neatly, and no inflammatory cell infiltration was observed (Fig. 7A). In the 0.01 M and 0.05 M solution groups, the corneal endo-
thelium was continuous and clear without inflammatory cell infiltration, and endothelial cell nuclei were visible (Fig. 7B and C). In the
0.10 M and 0.20 M solution groups, the endothelium was partially continuous and poorly defined, and the endothelial-cell nuclei were
partially exfoliated with occasional cell hyperplasia (Fig. 7D and E). In the 0.50 M solution group, the endothelium was not contin-
uously clear, endothelial-cell nuclei were rare, endothelial cells were obviously swollen, the cytoplasm was lightly stained, the
arrangement was disordered, and some endothelial cells were lost (Fig. 7F).

Table 3
ECD measured at different time in each group.
0.50 M EDTA 0.20 M EDTA 0.10 M EDTA 0.05 M EDTA 0.01 M EDTA BSS

ECD (cells/mm?) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Preoperative 3428.6 + 180.3 3315.2 £178.5 3259.2 £ 45.5 3358.2 + 182.4 3115.2 +£192.1 3352.6 +72.2
Postop 1 d - 3133.0 + 146.5* 3106.2 + 74.7* 3259.0 + 151.1* 3072.8 + 210.8 3337.2 £ 71.9*
Postop 3 d 2892.0 + 75.0* 3008.6 + 142.2* 3029.2 + 127.7* 3143.4 + 77.4* 3036.4 + 242.0* 3307.2 £ 69.5
Postop 7 d 2808.0 £+ 80.6* 2918.6 £+ 93.9* 2990.6 + 105.1* 3119.0 £+ 96.6* 3019.4 £ 241.5* 3297.0 £ 73.2

Note. ****P < 0.001; ***P < 0.005; **P < 0.01; *P < 0.05. All P values were calculated by comparing with the preoperative values in each group.
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Fig. 7. Hematoxylin-eosin staining of rabbit eye specimens in each group, (400 x).

Representative images demonstrate the morphology of corneal endothelial cells BSS group (A); 0.01 M group (B); 0.05 M group (C);
0.10 M group (D); 0.20 M group (E); 0.50 M group(F), these images are from seven days after surgery.

4. Discussion

CBK is a degenerative corneal disease associated with various ocular and systemic pathological conditions. The name is derived
from the distinctive appearance of calcium deposits in a band across the central interpalpebral corneal area. This is thought to be a
result of the precipitation of calcium salts on the corneal surface under the epithelium. Calcium salts can normally be found in the
serum or body fluids, such as tears and aqueous humor. Calcium precipitation can occur with even minor alterations in the corneal
microenvironment (tear osmolality, pH), as calcium exists in near-saturation concentrations in the corneal stroma [27,28]. Due to the
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release of carbon dioxide from the interpalpebral exposure zone and the absence of limbal blood vessels providing a buffer against a
considerable pH change, the pH level in the interpalpebral fissure is higher than that on the rest of the ocular surface [28,29].

Previous reports have suggested that dysfunctional endothelial pumps allow the slow diffusion of calcium and phosphate from the
aqueous humor into the corneal stroma and Bowman layer, where they tend to precipitate due to the more alkaline pH [30]. Elevated
serum calcium or phosphate levels due to systemic conditions can favor precipitation. Similarly, local conditions, such as chronically
inflamed eyes, elevate the pH of the eye surface and favor precipitation.

EDTA and its salts are chelating agents. Alkali-metal hydroxides neutralize them to form water-soluble salts or chelates that contain
metal cations [31-33]. EDTA forms a tetranegative anion that is strongly attracted to alkaline-earth and transition-metal ions. The
chelating action of EDTA occurs at alkaline pH as long as metallic ions are available until all EDTA molecules are utilized [18]. Owing
to the strong complexation of metal ions, EDTA is used to treat CBK caused by metal ions deposited in the cornea due to various
reasons.

Several modalities have been used for the treatment of CBK. The most widely used method is EDTA chelation [14]. As standardized
guidelines for EDTA chelation in CBK are not available, the concentration used varies widely from one clinician to another (from 0.05
M to 0.10 M) [1,34,35]. In addition, there is a significant variation in the methods of EDTA dilution in the literature.

Corneal endothelial cells play an essential role in maintaining corneal transparency. The corneal endothelium is comprised of a
layer of flat hexagonal cells with a thickness of approximately 5 pm. The gap junctions between the endothelial cells and matrix
constitute a mechanical barrier and the ionic pump function of the cells prevents excessive water from entering the corneal stroma and
actively expels excess water from the cells. This maintains corneal transparency. The human cornea contains approximately
2800-4000 endothelial cells/mm?, and the number gradually decreases with increasing age, generally at a rate of 0.6% per year. In
addition, trauma, glaucoma, diabetes, and a variety of primary corneal diseases, such as Fuchs’ corneal endothelial dystrophy, Peters’
abnormality, and keratoconus [36] can cause corneal endothelial-cell injury. Human corneal endothelial cells are non-regenerative
and their loss is compensated by expansion and migration of surrounding cells after injury. Goktas et al. [37] found through ani-
mal experiments that the danger threshold of corneal endothelial-cell density is 1000 cells/mm?; when the cell density is below the
threshold, the incidence of corneal edema increases exponentially due to decompensation of the corneal endothelial cells.

Grant [38] reported that a 1-M EDTA solution applied to the rabbit cornea produced pain and chemosis, and repeated exposure of
de-epithelialized eyes for 15 min caused marked swelling of the corneal stroma, intense conjunctival chemosis with small conjunctival
hemorrhages, and hemorrhagic iritis. A 0.1-M solution applied continuously for 15 min on the rabbit cornea with the corneal
epithelium removed, caused corneal edema, chemosis, and hyperemia of the iris. A 0.01-M solution of EDTA dropped on
de-epithelialized rabbit corneas caused mild, pale conjunctival edema and mild edema of the corneal stroma. A 0.01-M solution
injected intracorneally produced a pronounced, bluish swelling of the cornea at the injection site. A 0.01-M solution of EDTA injected
into the anterior chamber caused diffuse corneal edema and marked hyperemia of the iris and conjunctiva. Sugar and Waltman [39]
also reported that one drop of a 20% 0.2-M solution of calcium disodium EDTA applied four times daily for 10 days to rabbit corneas
denuded by repeated scraping caused a diffuse superficial ground-glass appearance in the stroma. The haze persisted for two weeks
after stopping the treatment. No animal that received BSS showed corneal opacity. However, their study simply examined the
symptoms of irritation of the cornea and conjunctiva. To the best of our knowledge, our study is the first to evaluate endothelial-cell
damage in de-epithelialized corneas caused by various concentrations of EDTA solution used during CBK surgery.

In this study, we investigated the concentrations of EDTA commonly used in clinical practice and compared the damage to corneal
endothelial cells. In clinical practice, EDTA application for 5-45 min of is required, depending on the calcium density. Therefore, we
chose an average operation time of 20 min. Unlike human and cat endothelium, rabbit corneal endothelium can regenerate [40,41];
therefore, a rabbit model of corneal endothelium has limitations. Rabbit corneal endothelium is reestablished and the corneal
thickness returns to near-normal within 30 days, depending on the extent of the injury [42]. Therefore, we conducted our experiments
for seven days after surgery to measure corneal endothelial damage in a rabbit model before endothelial regeneration occurred. The
safety of EDTA solutions was evaluated based on ophthalmologists’ clinical observations and pathological examinations for our
subjects. Throughout the study, no significant differences in mental state, weight, or food intake were noted among the animals in the
different groups. In this study, 0.50 M EDTA produced a very strong response to ocular surface stimulation, including severe
conjunctival hyperemia and edema, increased secretion, corneal edema, and corneal endothelial-cell injury. Histopathological results
showed that a large number of inflammatory cells infiltrated the corneal stroma and endothelial cells exfoliated in the 0.50 M EDTA
group. The 0.20 M and 0.10 M groups also showed obvious ocular surface irritation and corneal stromal edema, but the degree was less
than that in the 0.50 M group. Histopathological findings showed a small to moderate amount of inflammatory cell infiltration in the
corneal stroma and partial detachment of the corneal endothelial cells. In 0.05 M and 0.01 M groups, mild ocular surface irritation and
corneal stromal edema were observed. Histopathological findings revealed occasional inflammatory cell infiltration in the corneal
stroma. In the BSS group, no obvious postoperative ocular-surface irritation was observed. However, slight corneal stromal edema was
observed, which was believed to be related to the operation itself.

Intriguingly, we found there was a significant difference between 0.50 M and 0.01 M experimental groups before surgery. This may
be explained by individual differences of rabbits since ECD of one subject in 0.01 M group was lower than mean value of all other
rabbits (2868.0 vs 3319.9 cells/mm?). This clarification may also contribute to significant decrease of ECD in 0.01 M group compared
with BSS control group. Moreover, in our study, we only evaluated the damage of different concentrations of EDTA solution for corneal
endothelial cells based on animal experiment, which may indicate the side effect of EDTA solution with various concentration.
However, more clinical trials should be performed to obtain the data of damage to corneal endothelial cells in human individuals.
Meanwhile, no studies have explored whether high concentrations of EDTA require a shorter surgical time and low concentrations
require a longer surgical time. And we also did not study therapeutic effect of EDTA. Therefore, further study about treatment
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evaluation by EDTA with different concentration and the corresponding damage are necessary.

In conclusion, 0.50 M EDTA solution has considerable biological toxicity to the de-epithelialized cornea, and 0.20 M and 0.10 M
EDTA solutions also have some toxic effects on the de-epithelialized cornea. Moreover, 0.05 M and 0.01 M EDTA solutions had no
obvious toxic effect on the corneal endothelium. However, further study of EDTA side effect by clinical trials, and therapeutic effect
observation with different concentration are necessary.
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