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Effect of PKH-26-labeled exosomes derived from bone marrow
mesenchymal stem cells on corneal epithelium regeneration in
diabetic mice
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Background: It is known that bone marrow mesenchymal stem cells (BM-MSCs) could speed up the
regeneration of diabetic corneal epithelium. To investigate the effect of exosomes derived from mouse BM-
MSCs on corneal epithelium regeneration in diabetic mice.

Methods: Diabetic mouse models were established using streptozotocin (STZ), and their central corneal
epithelium was scratched under a microscope. The diabetic mice were randomly divided into three groups:
the control group was injected with subconjunctival phosphate buffer saline; the exosomes group was treated
with a subconjunctival injection of exosomes derived from BM-MSCs; and the BM-MSCs group was treated
with a subconjunctival injection of BM-MSCs. The corneal epithelium repair rates in the three groups were
compared, and the distribution of the exosomes derived from BM-MSCs labeled with PKH-26 was observed
by immunofluorescence. Hematoxylin-eosin staining of the corneal tissue was observed 72 h after the
treatments in the three groups.

Results: The diabetic mice were successfully established by a blood glucose level >16.7 mmol/L after
8 weeks. The corneal epithelium healing rates in experimental groups 1 and 2 were significantly higher than
those of the control group at 24, 48, and 72 h (P<0.05). However, there was no significant difference in the
corneal epithelial healing rate between experimental groups 1 and 2 (P>0.05). The exosomes derived from
BM-MSCs were found in the superficial corneal stroma in experimental groups 1 and 2, with the majority of
the exosomes distributed in the limbal epithelium at the edge of the injury area. The proliferation of corneal
epithelial cells in experimental groups 1 and 2 was more obvious than that in the control group.
Conclusions: The exosomes derived from BM-MSCs labeled with PKH-26 significantly promoted the
repair of corneal epithelial injury in diabetic mice. These exosomes might be a substitute for BM-MSCs in
the repair of diabetic keratopathy, suggesting a new idea for the repair of diabetic keratopathy with “cell-free”

stem cell therapy, which will require a clinical study.
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Introduction

With the increasing number of diabetic patients, diabetic
keratopathy has become more common. It has been
shown that 47-64% of patients with diabetes could
have varying degrees of primary keratopathy. The main
clinical manifestations are dry eye, decreased corneal
sensitivity, difficult healing of the corneal epithelium
after ocular surgery or trauma, neurotrophic corneal
ulcers, etc. The main pathological mechanism of diabetic
keratopathy could be stem cell dysfunction, abnormal
function of the corneal epithelium, abnormal components
in the basement membrane, deposition of the product of
glycosylation, injury to the corneal nerve endings, abnormal
corneal endothelium, oxidative stress, or inflammatory
response (1-3).

Dry eye and delayed healing of the corneal epithelium
are significant clinical problems for diabetic patients
undergoing ocular surgery. Therefore, diabetic keratopathy
is a major ocular complication in diabetic patients, which
seriously affects their quality of vision and life. The progress
of the treatment for corneal epithelium regeneration of
diabetes includes stem cell therapy, autologous serum,
artificial tear, growth factor eye drops, etc., but some
patients have poor effects. The molecular mechanism
of diabetic corneal injury and repair requires further
study (4,5).

Exosomes are stably expressed, have a nano structure, do
not form embolisms, have no tumorigenicity, and can freely
cross biological barriers, which also are the characters of the
exosomes derived from bone marrow mesenchymal stem
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cells (BM-MSCs) (6). Exosomes derived from stem cells
have extensive application prospects in the repair of diabetic
corneal trauma, the reduction of corneal scarring, and even
as a new drug carrier and gene therapy vector for diabetic
keratopathy and other diseases (5).

The yield of exosomes derived from BM-MSCs is
very high, and such exomes could effectively perform the
immunomodulatory role of stem cells and avoid the risk
of embolisms, in addition to circumventing the ethical
challenges of stem cell therapy (7).

Therefore, the present study explores the novel idea
of repairing diabetic keratopathy with “cell-free” stem
cell therapy using exosomes derived from BM-MSCs by
studying the repair of corneal epithelial injury in diabetic
mice. The distribution of exomes labeled with PKH-26 in
the corneal tissue and the characteristics of corneal epithelial
regeneration were observed using immunofluorescence. We
present the following article in accordance with the ARRIVE
reporting checklist (available at https://atm.amegroups.com/
article/view/10.21037/atm-22-6644/rc).

Methods
Main reagents

Streptozotocin (STZ) was placed in an Eppendorf (EP) tube
and the EP pipe orifice was wrapped with sealing film and
tin foil to protect it from light exposure. STZ was dissolved
in citric acid phosphate-buffered saline (PBS) before
injection and used within 15 min.

Study methods

A total of 40 C57 mice (including 20 males and 20 females
aged 6-8 weeks and weighing approximately 30-40 g)
were randomly assigned to a normal control group (n=10)
or a STZ diabetes group (n=30). A protocol was prepared
before the study without registration. Experiments were
performed under a project license (No. 2020-117-01)
granted by Animal Ethics Committee of Guangzhou Red
Cross Hospital of Jinan University, in compliance with
institutional guidelines for the care and use of animals.
Diabetic mice were injected intraperitoneally with 1%
STZ for five consecutive days after fasting for 8 h. All
mice were given free exercise and drinking water (dietary
glucose water). The diabetic animal model was successfully
established, as represented by a blood glucose level
>16.7 mmol/L for blood that was collected from the caudal
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Figure 1 Comparison of the healing rates of diabetic corneal

epithelia in the three groups. *

indicated the healing rate of
diabetic corneal epithelia in the control group was slower than that
in the normal mouse group (P<0.05). The healing rates of corneal
epithelia in experimental groups 1 and 2 were significantly higher
than that in the control group (P<0.05) at 24, 48, and 72 h after

surgery. BM-MSC, bone marrow mesenchymal stem cell.

vein after 8 weeks. To establish the mouse corneal epithelial
injury model, 0.3-0.5 mL of anesthetic was injected
intraperitoneally based on the weight of the mouse. Each
anaesthetized mouse was then placed on the operating table.
Procaine hydrochloride eye drops were used for surface
anesthesia and the corneal epithelium was marked with a
3 mm corneal ring drill, which produced a 3 mm scratch
on the central corneal epithelium, with the corneal apex as
the central point. The mouse corneal epithelial nerve injury
model was also successfully established using this method.
Normal C57 mice were used as the blank normal group
(n=10). The diabetic mice were randomly divided into three
groups: the control group was treated with a subconjunctival
PBS injection (n=10); the exosomes group was treated with
a subconjunctival injection of 20 pL. 25 mg/mL exosomes
derived from BM-MSCs according to the preliminary
experiment (n=10); and the BM-MSCs group was treated
with a subconjunctival injection of 20 pL. BM-MSCs (n=10).

Histopathology and immunobistochemistry

Corneal tissue from the three groups was randomly
collected for immunohistological analysis at 24 and 48 h
after surgery. Immunohistochemical staining was performed
according to the manufacturer’s instructions and included
the following steps: the tissue was fixed with neutral formic
acid for 24 h, dried in an automatic dehydrator, and then
embedded in wax and sectioned. The slice thickness was
1.5 mm. The slices were baked for 1 h; dewaxed for 15 min
each in xylene I, II, and III; washed with distilled water

© Annals of Translational Medicine. All rights reserved.

Page 3 of 7

once after eosin staining for 5 minutes; and subsequently
passed through an alcohol gradient dehydration series: 75%
ethanol — 95% ethanol — absolute ethanol for 5 seconds
each. The slices were dried, sealed with neutral resin, and
observed and photographed under a microscope.

Evaluation index

(I) The healing rate of the corneal epithelium in each
group was observed using corneal fluorescein staining and
a slit lamp. (II) The exosomes derived from BM-MSCs
labeled with PKH-26 were traced in vivo, and the corneal
distribution was observed by immunofluorescence. (III)
The repair of mouse corneal injury was observed using
hematoxylin-eosin (HE) staining and histopathology after
corneal epithelial scratching at 24, 48, and 72 h.

Statistical analysis

The SPSS 22.0 statistical package (Chicago, IL, USA) was
used for the statistical analysis. All data were expressed
as the mean * standard deviation (mean = SD). An
independent sample 7-test was used among the groups, and
the counting data were expressed as a percentage (P<0.05).
All tests were two-tailed and a probability value of 0.05 was
considered statistically significant.

Results

Comparison of the healing rates of diabetic corneal
epithelia in the three groups

At 24, 48, and 72 h after surgery, the healing rate of diabetic
corneal epithelia in the control group was slower than that
in the normal mouse group (P<0.05). The healing rates
of corneal epithelia in experimental groups 1 and 2 were
significantly higher than that in the control group (P<0.05).
However, there was no notable difference in the healing
rate of corneal epithelia between experimental groups 1 and
2 (P>0.05) (Figure I).

Tracing the exosomes derived from BM-MSCs using PKH-
26 in vivo

The exosomes derived from BM-MSCs were successfully
marked by PKH-26 (Figure 2). The labeled PKH-26
was inoculated into the right subconjunctiva of diabetic
mice. The corneal tissue was harvested to facilitate quick-
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Figure 2 The exosomes derived from BM-MSCs can be labeled with PKH-26. Magnification times: 100x. BM-MSC, bone marrow
mesenchymal stem cell; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride staining.
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Figure 3 The exosomes derived from BM-MSCs labeled with red fluorescence were distributed in the limbal epithelium, repair area, and

repair edge. Magnification times: 100x. BM-MSC, bone marrow mesenchymal stem cell; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine

dihydrochloride staining.

frozen sections at 72 h. The exosomes derived from BM-
MSC:s labeled with red fluorescence were distributed in the
limbal epithelium, repair area, and repair edge (Figure 3).
Exomes were found in the superficial corneal stroma of
mice in experimental groups 1 and 2, and there was more
division and proliferation of corneal epithelial cells in these
two groups than in the control group.

HE bhistopathology results

The repair of the corneal injury in diabetic mice was
observed using HE staining at 24 and 48 h post-operation.

© Annals of Translational Medicine. All rights reserved.

The number of infiltrating inflammatory cells began to
increase at 24 h after corneal epithelial scratching in the
control group, and this number was further increased at
48 h. Compared to that in the control group, the infiltration
of inflammatory cells in experimental groups 1 and 2 was
significantly decreased (Figure 4).

Discussion

Diabetes mellitus complications are detrimental to human
health. Ocular complications mainly include diabetic
keratopathy, retinopathy, and cataracts. It has been shown
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Figure 4 HE staining of the cornea of diabetic mice in the different groups. It was showed that the number of infiltrating inflammatory cells

began to increase at 24 h after corneal epithelial scratching in the control group, and this number was further increased at 48 h. Compared

to that in the control group, the infiltration of inflammatory cells in experimental groups was significantly decreased. Magnification times:

100x. BM-MSC, bone marrow mesenchymal stem cell; HE, hematoxylin-eosin.

that 47-64% of diabetic patients have diabetic keratopathy,
including corneal epithelial injury, decreased corneal
perception, and neurotrophic corneal ulcers. Furthermore,
corneal wound healing is delayed after ocular surgery and
severe lesions can cause corneal opacity, infection, and even
blindness (7-11).

It has been shown that IncRNA-H19 derived from
the exosomes of BM-MSCs can significantly promote
the healing of various chronic ulcers caused by diabetes
mellitus. The exosomes derived from BM-MSCs can also
reduce corneal fibrosis and inflammatory infiltration,
thereby alleviating corneal scarring. Investigating the
mechanism of exosome regulation of diabetic corneal injury
and repair is crucial, as this could be very important for the
maintenance of corneal transparency after corneal injury in
diabetic patients (12-14). The use of exomes would provide
a novel treatment for corneal blindness patients worldwide.

Special hydrogel implants, with a structure identical to
that of the anterior corneal elastic layer, have been placed
at the bottom of the corneal ulcer to act as a carrier. These
implants could slowly release therapeutic exosomes to
treat chronic corneal ulcers and reduce corneal fibrosis and
inflammatory infiltration (15).

BM-MSCs are pluripotent stem cells with low
immunogenicity, which play a role in immune regulation
and stem cell homing and promote anti-inflammatory
and tissue repair processes (9-13). It has been reported
that the exosomes derived from BM-MSCs can promote
the repair of corneal and conjunctival damage caused by
chemical injuries and diabetic corneal epithelia; however,
the underlying mechanism has not been elucidated
(14-17). In this study, the exosomes derived from BM-MSCs
were labeled with PKH-26. The exosomes labeled with

© Annals of Translational Medicine. All rights reserved.

red fluorescence were distributed in the limbal epithelium,
repair area, and injury edge, and some exosomes were found
in the corneal stroma, suggesting that these exosomes might
support the proliferation and repair of corneal epithelial
cells by nourishing the corneal stroma. However, the
mechanism still needs to be investigated further.

The present study aimed to investigate the effects of
exosomes derived from BM-MSCs on the repair of corneal
epithelia in diabetic mice. The results showed that the
healing rate of corneal epithelia in the control group was
significantly lower at 24, 48, and 72 h after scratching, as
compared to that of the diabetic corneal epithelia (P<0.05).
Also, the healing rates of corneal epithelia in experimental
groups 2 and 3 were significantly higher than that of the
control group (P<0.05). However, there was no significant
difference in the corneal epithelial healing rates between
experimental groups 2 and 3 (P>0.05), suggesting that
BM-MSCs and the exosomes both significantly promoted
corneal epithelium injury repair in diabetic mice.

We also observed that the number of infiltrating
inflammatory cells in experimental groups 1 and 2 decreased
significantly compared to the control group, which suggests
that the exosomes derived from BM-MSCs might promote
corneal epithelium repair in diabetic mice through their
anti-inflammatory effect.

Conclusions

The exosomes derived from BM-MSCs marked with PH-
26 exerted an anti-inflammatory effect and promoted
corneal epithelium repair in diabetic mice. The application
of these exomes could avoid the risk of embolisms and
circumvent the ethical debates surrounding the use of stem
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cells. However, further study is required to elucidate the
mechanism involved.
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