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It was reported previously that circulation levels of kallista-
tin, an endogenousWnt signaling inhibitor, are increased in
patients with diabetes. The current study was conducted
to determine the role of kallistatin in delayedwound healing
in diabetic corneas. Immunostaining and Western blot
analysis showed kallistatin levels were upregulated in cor-
neas from humans and rodents with diabetes. In murine
corneal wound healing models, the canonical Wnt signal-
ing was activated in nondiabetic corneas and suppressed
in diabetic corneas, correlating with delayed wound heal-
ing. Transgenic expression of kallistatin suppressed the
activation of Wnt signaling in the cornea and delayed
wound healing. Local inhibition of Wnt signaling in the cor-
nea by kallistatin, an LRP6-blocking antibody, or the solu-
ble VLDL receptor ectodomain (an endogenous Wnt
signaling inhibitor) delayed wound healing. In contrast,
ablation of the VLDL receptor resulted in overactivation of
Wnt/b-catenin signaling and accelerated corneal wound
healing. Activation of Wnt signaling in the cornea acceler-
ated wound healing. Activation of Wnt signaling promoted
human corneal epithelial cell migration and proliferation,
which was attenuated by kallistatin. Our findings sug-
gested that diabetes-induced overexpression of kallistatin
contributes to delayed corneal wound healing by inhibiting
the canonical Wnt signaling. Thus, kallistatin and Wnt/
b-catenin signaling in the cornea could be potential thera-
peutic targets for diabetic corneal complications.

Diabetes mellitus (DM) is a metabolic disorder of complex
etiology characterized by chronic hyperglycemia with dis-
turbed metabolism of carbohydrate, fat, and protein
resulting from defects in insulin secretion, insulin action,
or both (1). DM is associated with long-term damage, dys-
function, and failure of various organs, especially the
eyes, kidneys, nerves, heart, and blood vessels (1). A
smooth and continuous surface of the cornea is essential
for normal vision. However, compared with other diabetic
complications, diabetic keratopathy (DK), one of the
blinding diabetic ocular complications, receives less atten-
tion. Diabetes results in reduced corneal epithelial cell
density and subbasal nerve plexus alterations (2–5). The
effect and underlying mechanism of altered metabolism
in patients with diabetes on ocular surface wound healing
remains unclear. Previous studies have reported that elevated
serum levels of tumor necrosis factor-a (TNF-a), interleukin
(IL)-6 and IL-8 in patients with diabetes could contribute to
the diabetic corneal complication (5,6). On the other hand,
hyperglycemia changed the expression of cytokines in the cor-
nea, such as reduced levels of insulin growth factor-1 (IGF-1),
transforming growth factor-b3 (TGFb3), epidermal growth
factor receptor (EGFR), and ciliary neurotrophic factor
(CNTF), which may contribute to the delayed cornea wound
healing in the diabetic condition (7,8). However, the patho-
genic pathways mediating DK remain uncertain.
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The Wnt/b-catenin signaling pathway is known to
mediate cell proliferation, differentiation, and migration
(9). Wnt signaling is a tightly regulated pathway compris-
ing Wnt ligands, frizzled (Fzd) receptors, and coreceptors,
including LDL receptor-related protein 5/6 (LRP5/6), an
intracellular signaling molecule cascade, and the effector
b-catenin (10). Nonphosphorylated b-catenin plays an
essential role in the canonical Wnt pathway (or Wnt/
b-catenin pathway). Upon binding of Wnt ligands to the
Wnt receptor complex, b-catenin becomes unphosphory-
lated, and the unphosphorylated b-catenin is accumulated
in the cytosol and then translocated into the nucleus to
activate transcription of target genes (11).

Wnt signaling dysregulation in diabetic conditions is
tissue specific. For example, we found that Wnt signaling
is overactivated in the retina from patients with diabetes
or diabetic animal models (11–13). Furthermore, aberrant
activation of canonical Wnt signaling leads to retinal
inflammation and neovascularization (11–15). However,
diabetes suppressed Wnt signaling in the skin, contribut-
ing to delayed skin wound healing (16). Recently, a study
suggests that Wnt signaling may mediate the beneficial
effect of insulin on corneal wound healing (17). However,
the mechanism for the dysregulation of Wnt signaling in
the cornea in diabetes is unclear.

Many endogenous proteins have been identified as
Wnt inhibitors, such as DKK1, VLDL receptor (VLDLR),
kallistatin, and pigment epithelium-derived factor (PEDF)
(11). We also generated a monoclonal antibody specific
for the LRP6 E1E2 domains (Mab2F1), which blocks the
Wnt/b-catenin signaling at the receptor level (13). Our
previous study showed that VLDLR inhibits Wnt signaling
by dimerizing with LRP6 through its extracellular domain
(VLN) and that VLDLR ablation results in Wnt signaling
overactivation (18–20). However, the impacts of kallista-
tin, Mab2F1, and VLDLR on the canonical Wnt pathway
activity in the diabetic cornea and their roles in corneal
wound healing remain elusive.

Kallistatin is a serine proteinase inhibitor (21,22). We
reported previously that kallistatin protein functions as
an endogenous antagonist of LRP6 and inhibitor of Wnt
signaling in the retina (23). Decreased kallistatin levels
were found in the vitreous of patients with diabetes and
in the retina of diabetic animal models (24). However, cir-
culating kallistatin levels are elevated in patients with
type 1 and type 2 diabetes with complications (25). The
elevated kallistatin level is responsible, at least in part, for
the delayed skin wound healing in diabetes through inhi-
bition of Wnt signaling (16). However, the impact of kal-
listatin on diabetic corneas has not been well studied.

In the current study, we first quantified the expression
level of kallistatin in the corneas of humans with diabe-
tes. We hypothesized that elevated kallistatin levels sup-
pressed Wnt/b-catenin signaling in diabetic corneas,
leading to delayed corneal wound healing. To investigate
the pathogenic role of Wnt signaling in the context of

corneal wound healing, we measured Wnt signaling activi-
ties in the corneas of mouse models of type 1 diabetes
and the corneal wound healing rate. To further investi-
gate the role of kallistatin and Wnt signaling in corneal
wound healing, we modulated Wnt/b-catenin activities
using genetic and pharmacological approaches and evalu-
ated their impacts on the corneal wound healing rate. We
also evaluated the roles of kallistatin and Wnt signaling
in the proliferation and migration of human corneal epi-
thelial cells (HCEC) in vitro.

RESEARCH DESIGN AND METHODS

Ethical Approval and Informed Consent
The study adhered to the tenets of the Declaration of Hel-
sinki and was performed with the approval from the Uni-
versity of Oklahoma Health Sciences Center Institutional
Review Board (protocol No. 3450). Donor eyes from
patients with diabetes and age-matched patients without
diabetes were obtained from Lions Gift of Sight eye bank
(Saint Paul, MN). All methods were performed in accor-
dance with federal and institutional guidelines, and all
human samples were deidentified prior to analysis. Clini-
cal data for the donors without diabetes (NDM) and those
with diabetes (DM) are as follows. NDM: three women
and three men, all Caucasian, and the average age was
77.8 years. Cause of death included chronic obstructive
pulmonary disease, cardiac arrest, sepsis, Alzheimer dis-
ease, intracranial bleeding, and intracerebral hemorrhage.
DM: one woman and five men, whose average age was 75
years, all Caucasian. All of them had diabetes for >10
years. Causes of death included pancreatic cancer, sepsis,
dementia, gastroesophageal junction adenocarcinoma, and
pneumonia.

Animals
Male Brown Norway (BN) rats (8–10 weeks old; Charles
River, Wilmington, MA), kallistatin transgenic (KS-Tg)
mice in the C57/BL/6J background overexpressing human
kallistatin (12–20 weeks old, generated as described previ-
ously [23]), wild-type (WT) C57BL/6J mice, Akita (Ins2akita)
mice (16–20 weeks old), db/db (BKS.Cg- Leprdb/J) mice
(16–20 weeks old), Vldlr�/� mice (12–20 weeks old), and
Axin2-lacZ reporter mice (12–20 weeks old; Jackson Labo-
ratories, Bar Harbor, ME) were used. All experiments were
performed following the guidelines of the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research
and approved by the University of Oklahoma Health Scien-
ces Center Institutional Animal Care and Use Committee.
In all procedures, animals were anesthetized with i.p. injec-
tion of 50 mg/kg ketamine hydrochloride mixed with 5
mg/kg xylazine (Vedco, St. Joseph, MO).

Induction of Diabetes by Streptozotocin Injection
Diabetes was induced in mice and rats at 8 weeks of age
as described previously (26,27). Briefly, mice received five
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daily intraperitoneal injections of freshly prepared strep-
tozotocin (STZ; 55 mg/kg in 10 mmol/L of citrate buffer,
pH 4.5; Sigma-Aldrich), while BN rats received a single
intraperitoneal injection of STZ following overnight fast-
ing. Age-matched mice and rats that received citrate
buffer injection alone were used for nondiabetic controls.
Animals with blood glucose levels >350 mg/dL were con-
sidered diabetic.

Corneal Epithelial Debridement Wound
The corneal wound was induced following a documented
protocol (28). After anesthesia, the central corneal epithe-
lial layer was removed with an AlgerBrush II Corneal Rust
Ring Remover (Alger, Largo Vista, TX) with a diameter of
2-mm in mice and 4-mm in rats. The abraded region was
labeled with 0.1% sodium fluorescein and photographed
daily with Micron IV (Phoenix Technology Group, Pleas-
anton, CA). The wound area was quantified with ImageJ
software (National Institutes of Health, Bethesda, MD).

Immunohistochemistry of Human Eyes
Human donor eyes dissected within 12 h postmortem were
immediately preserved in Davidson’s fixation solution for
24 h and then transferred to 10% buffered formalin for
storage and paraffin section. Following the antigen retrieval
with EDTA buffer (1 mmol/L EDTA, 0.05% Tween 20,
pH 8.0) in steam bath and blocking, the sections were incu-
bated with an anti-human kallistatin antibody (R&D, no.
AF1669) overnight. After washes with PBS, the slides were
incubated with A488-labeled donkey anti-goat IgG (Jackson
ImmunoResearch, no. 705-545-003). The slides were
mounted with Vectashield mounting buffer containing
DAPI (Vector Laboratories, no. H-1200) and then photo-
graphed under a fluorescence microscope (Observer Z1,
Pleasanton, CA).

Immunohistochemistry of Rat and Mouse Corneas
Anti-rat kallistatin antibody expressed in mouse hybridoma
cells was generated through a contracted service at Protein-
tech (Rosemont, IL). The rat and mouse eyeballs were fixed
in Davidson’s fixation solution for 48 h for the paraffin
section. Following the antigen retrieval with sodium citrate
buffer (10 mmol/L sodium citrate, 0.05% Tween 20, pH
6.0) in steam bath and blocking, the sections were incu-
bated with anti-rat kallistatin antibody or anti-nonphos-
phorylated b-catenin antibody (Cell Signaling, no. 8814)
overnight. After being washed with PBS, the slides were
incubated with A488-labeled goat anti-mouse IgG (Jackson
ImmunoResearch, no. 115-545-003) or A488-labeled goat
anti-rabbit IgG (Jackson ImmunoResearch, no. 111-545-
003). The slides were mounted with Vectashield mounting
buffer containing DAPI (Vector Laboratories, no. H-1200)
and photographed under a Zeiss Microscope (Observer Z1,
Pleasanton, CA).

X-Gal Staining
The X-gal staining was performed following the instruc-
tion of the manufacturer. Briefly, the corneas were fixed
in 4% paraformaldehyde in 1× PBS, pH 7.4, for 30 min at
4�C and then stained with the X-gal staining solution (5
mmol/L potassium ferricyanide, 5 mmol/L potassium fer-
rocyanide, 2 mmol/L MgCl2, 0.02% NP-40, 0.01% sodium
deoxycholate, 0.4 mg/mL X-gal in PBS) overnight (29,30).
Corneas were flat-mounted with mounting media (Immu-
Mount; Thermo Fisher Scientific, Kalamazoo, MI), and pho-
tographed under an Olympus Microscope (BX43F; Olympus,
Tokyo, Japan).

HCEC Viability Assay
HCEC (ATCC, no. PCS700010) were cultured in Corneal
Epithelial Cell Basal Medium (ATCC, no. PCS700030) in a
24-well plate. After incubation with 20% L cell-conditioned
medium (LCM) or Wnt3a-conditioned medium (WCM) and
different concentrations of human kallistatin protein, the
cell suspension was stained with trypan blue (Thermo
Fisher). Viable cells were counted using Cellometer Auto
T4 Bright Field Cell Counter (Nexcelom, Lawrence, MA).

HCEC Migration Assay
HCEC were treated with WCM and various concentrations
of kallistatin after 100% confluence. An in vitro “wound”
was created by a straight-line scratch across the mono-
layer using a 200 mL pipette tip, as described previously
(31). Six images of each scratch were taken by Cytation 1
Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT)
at different times. The acellular area was measured using
the ImageJ program.

Western Blot Analysis
Western blot analysis was performed as described previ-
ously (32). Anti-human kallistatin monoclonal antibodies
were gifts from Drs. L. Chao and J. Chao (21,22). GAPDH
(Abcam, no. ab9485), rabbit anti-kallistatin antibody (Abcam,
no. ab187656), anti-nonphosphorylated b-catenin antibody
(Cell Signaling. no. 8814), anti-EGFR antibody (Abcam, no.
ab52894), and mouse anti–b-actin antibody (Sigma-Aldrich,
no. A5441) were used as primary antibodies at 1:1,000 dilu-
tion. Horseradish peroxidase-labeled secondary antibodies
(12,000 dilution; Santa Cruz Biotechnology) were used for
immunoblotting. Densitometry was performed using ImageJ
software and normalized by b-actin levels.

Statistical Analysis
All statistical analyses were performed using GraphPad
Prism 9 (GraphPad Software, San Diego, CA). Data are
expressed as mean ± SEM. The paired Student t test was
applied to compare differences between two groups. ANOVA
was used to compare three or more groups.

Data and Resource Availability
All data are contained within this article. Reagents described
in this manuscript are available upon request.
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RESULTS

Upregulated Expression of Kallistatin in Corneas From
Humans, Rats, and Mice With Diabetes
To study whether kallistatin is expressed in the cornea
and its expression is altered in diabetes, we performed
immunostaining of kallistatin in corneas from humans
with diabetes. The result showed that kallistatin levels
were upregulated in the cornea epithelium from human
donors with diabetes compared with those in subjects
without diabetes (Fig. 1A). We also performed Western
blot analysis of kallistatin in tissue lysate from corneas
from humans with diabetes. The result showed that there
was a trend of upregulated kallistatin levels in the corneas
from human donors with diabetes compared with those
in the subjects without diabetes (Supplementary Fig. 1).
Similarly, kallistatin levels were increased in the cornea
epithelial layer of STZ-induced diabetic rats (3 months of
diabetes) compared with that in the nondiabetic controls
(Fig. 1B). As shown by Western blot analysis, the kallista-
tin level was upregulated in the corneas of type 1 diabetes
mouse models (Akita mice and STZ-induced diabetic
mice) and the type 2 diabetes mouse model (db/db mice)
compared with those in the respective nondiabetic con-
trols (Fig. 1C–E).

Increased Wnt/b-Catenin Signaling Activities in the
Corneas With Wound Healing
To examine the activation of the Wnt/b-catenin pathway
in the corneal wound healing process, we measured non-
phosphorylated b-catenin in wounded corneas in WT
mice. As shown in Fig. 2A, elevated levels of nonphos-
phorylated b-catenin were detected in the wounded cor-
neas compared with the unwounded corneas, suggesting
that Wnt signaling was activated in the cornea in response
to wounding. A canonical Wnt reporter mouse line, the
Axin2-lacZ mouse line, was used to confirm the activation
of corneal Wnt signaling during wound healing (30). At 48
h after epithelial debridement, the corneas were stained
with X-gal. The wounded corneas showed more intense X-
gal staining compared with unwounded corneas (Fig. 2B).
These data indicated that the Wnt pathway is activated
during the epithelial wound healing process.

Diabetic Corneas Showed Attenuated Wnt/b-Catenin
Signaling Activation and Delayed Wound Healing
At 12 weeks after the onset of STZ-induced diabetes, dia-
betic C57BL/6J mice were subjected to corneal wound
healing. On both day 2 and day 3 after wounding, the epi-
thelial depletion areas were significantly larger in diabetic
mice than those of age-matched nondiabetic mice (Fig. 3A
and B). Similarly, the delayed epithelial wound closure
was also observed in Akita mice, a genetic type 1 diabetic
model (Fig. 3C), and in STZ-induced diabetic rats (Fig. 3D).
These findings demonstrated delayed corneal epithelial
wound healing in diabetic animals.

As shown by immunostaining, the nonphosphorylated
b-catenin level declined in the wounded corneal epithelium

of Akita mice or STZ-induced diabetic mice compared with
that in the respective nondiabetic controls (Fig. 3E and F).

Taken together, these data revealed that the activation
of Wnt/b-catenin signaling is suppressed in diabetic cor-
neas during wound healing.

Corneal Wound Healing Rates Correlated With
Wnt/b-Catenin Signaling Activities in Kallistatin
Transgenic Mice
To explore the role of kallistatin and Wnt signaling in cor-
nea wound healing, we used KS-Tg mice. KS-Tg mice
showed circulation kallistatin levels threefold higher than
WT mice, comparable to the increases in patients with
diabetes (16). Western blot analysis showed that kallista-
tin levels in the corneas of KS-Tg mice were significantly
higher than those of WT controls (Fig. 4A and B). As
shown by immunostaining (Fig. 4C) and Western blotting
(Fig. 4D and E), KS-Tg mice had lower nonphosphorylated
b-catenin levels in corneal wound healing compared with
WT mice. In addition, the rate of corneal epithelial wound
healing was significantly lower in KS-Tg mice than in WT
mice (Fig. 4F). Thus, the results suggested that kallistatin
expression resulted in lower Wnt/b-catenin signaling in
the cornea and delayed corneal wound healing, similar to
the phenotype in diabetic mice.

Local Inhibition of the Wnt Signaling Pathway Delayed
Corneal Wound Healing
We injected purified recombinant kallistatin protein into
subconjunctival space of WT mice to exclude potential
impacts of systemic inhibition of Wnt signaling in KS-Tg
mice on corneal wound healing, with the same amount
BSA as control. As shown by Fig. 4G, the recombinant kal-
listatin protein delayed corneal wound healing compared
with the controls.

To further investigate whether the regulatory role of
kallistatin in corneal wound healing is through the Wnt
signal pathway, we injected Mab2F1, a specific LRP6-
blocking antibody, into the subconjunctival space of the
WT mice, with the same dose of nonspecific IgG for con-
trol. As shown by Fig. 4H, the subconjunctival injection of
Mab2F1 significantly delayed corneal wound healing rela-
tive to the IgG control.

Cornea Wound Healing Rate Was Promoted in Vldlr�/�

Mice and Suppressed by Soluble VLDLR Ectodomain
Our previous study showed that VLDLR deficiency results
in Wnt signaling overactivation in the retina (18–20).
Therefore, we used Vldlr�/� mice for the gain-of-function
study of the canonic Wnt pathway activation on corneal
wound healing. We measured nonphosphorylated b-cate-
nin levels in the corneas of Vldlr�/� mice. As shown by
immunostaining and Western blot analysis, Vldlr�/� mice
had higher Wnt/b-catenin signaling activities in the cor-
nea with wound relative to those in the age-matched WT
mice with corneal wound (Fig. 5A–C). In addition, the cor-
neal wound healing assay showed that cornea wound
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Figure 1—Kallistatin protein levels in nondiabetic and diabetic corneas. A: Representative immunostained images of kallistatin (green)
and DAPI (blue) in the corneas from donors with DM and NDM donors (n 5 6). Epi, epithelium; Str, stroma. B: Representative
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healing was significantly accelerated in Vldlr�/� mice rela-
tive to WT mice (Fig. 5D).

We have identified that the shed soluble VLDLR ecto-
domain (VLN) can bind to the Wnt coreceptor LRP6 and
subsequently inhibit Wnt signaling (19,32). To determine
whether the promoted wound healing in the Vldlr�/� cor-
nea results from the overactivation of the Wnt pathway,
we subconjunctivally injected Vldlr�/� mice with an ade-
novirus expressing VLN (Ad-VLN), with adenovirus express-
ing b-galactosidase (Ad–b-gal) at the same titer as the
control. Epithelial debridement was performed in mice 7
days after the injection. Ad-VLN significantly delayed the
corneal wound closure in Vldlr�/� mice relative to the con-
trol virus group (Fig. 5E). The findings suggested that rate
of corneal epithelial wound healing highly correlated with
Wnt/b-catenin signaling activities in the cornea.

Local Activation of the Wnt Signaling Pathway
Promoted Corneal Wound Healing
To exclude the potential secondary effect of systemic Wnt
signaling changes in Vldlr�/� mice on corneal wound heal-
ing, we subconjunctivally injected an adenovirus express-
ing a constitutively active mutant of b-catenin (Ad-S37A)
in which the phosphorylation site Ser37 in b-catenin was
substituted by Ala (S37A), into C57BL/6J mice (33).

Ad–b-gal at the same titer was used as the control. On
the 7th day after the injection, we performed the wound
healing assay and found that wound healing was acceler-
ated in the Ad-S37A group relative to the control mice
(Fig. 6A).

Lithium chloride (LiCl) stabilizes b-catenin by inhibiting
GSK-3b and is commonly used to activate canonical Wnt
signaling intracellularly (34–36). LiCl (0.9%) was subcon-
junctivally administered to WT mice with wounded cornea
once daily for 3 days. The corneal wound healing in the
LiCl-treated group was significantly accelerated (Fig. 6B).

To determine whether intracellular Wnt pathway activa-
tion will rescue the delayed healing of corneal epithelial
wound in KS-Tg mice, KS-Tg mice received daily subcon-
junctival injections of LiCl after corneal wounding, with
NaCl as control. Our results showed that the corneal wound
closure was significantly faster in the LiCl group relative to
the NaCl group (Fig. 6C). This result suggested that activa-
tion of Wnt signaling downstream of the kallistatin interac-
tion site will offset its inhibitory effect on wound healing.

EGFR Expression Levels Were Upregulated by
Wnt/b-Catenin Signaling in the Corneas
As shown by Western blot analysis, nonphosphorylated
b-catenin levels in the cornea with wound were significantly

immunostained images of kallistatin (green) and DAPI (blue) in the corneas from STZ-induced DM rats (3 months of diabetes) and NDM
controls (n 5 3). Representative Western blots for kallistatin and densitometry quantification in the corneas from Akita mice (n 5 3) (C),
STZ-induced DM mice (n 5 5) (D), and db/db mice (n 5 3) (E), and their respective NDM controls. All values are mean ± SEM. *P < 0.05,
**P < 0.01.

Figure 2—Increased Wnt/b-catenin signaling activities in the corneas with wound healing. A: Representative immunostained images of
nonphosphorylated b-catenin (NP-b-catenin, green) and DAPI (blue) in corneal sections of 5-month-old C57BL/6J mice with corneal
wound and age-matched unwound controls (n 5 5). Epi, epithelium; Str, stroma. B: Representative images of X-gal staining (blue) of flat-
mounted corneas from Axin2-LacZ mice with and without wound (n5 5).
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Figure 3—Comparison of corneal wound healing rates of DM animal models and NDM controls. A: Representative fluorescence stained
images show corneal wounds in STZ-induced DM mice and NDM mice. The postinjury corneas were stained with sodium fluorescein
(green) and photographed at indicated time points postwounding. B: Quantification of the corneal wound. The progress of wound healing
was quantified by measuring wound severity using the pixels of green fluorescence per eye with ImageJ (n 5 16). C: Comparison of cor-
neal wound healing in Akita mice and WT controls (n5 5). D: Comparison of corneal wound healing in STZ-induced DM rats (n5 12). Rep-
resentative immunohistochemistry images with an antibody for nonphosphorylated b-catenin (NP-b-catenin) in the corneas 48 h
postwounding from 5-month-old Akita mice (E) and STZ-induced DM mice (3 months of diabetes) (F) and their respective NDM controls
(n5 5). Scale bars, 20 mm. All values are mean ± SEM. **P < 0.01; ***P< 0.001.
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Figure 4—Delayed corneal wound healing in KS-Tg mice by inhibition of the Wnt signaling pathway. A: Western blot analysis of kallistatin
in the cornea of 5-month-old KS-Tg mice and WT littermates. B: Densitometry analysis of kallistatin in panel A and normalized by b-actin
levels (n 5 3). C: Representative images of nonphosphorylated b-catenin (NP-b-catenin) in the corneas of 5-month-old KS-Tg mice and
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lower in Akita mice and STZ-induced diabetic mice than
their age-matched nondiabetic controls (Fig. 7A and B). In
addition, reduced EGFR expression levels were demon-
strated in diabetic mouse corneas, correlating with lower
Wnt/b-catenin signaling activities (Fig. 7A and B). Inhibition
of Wnt/b-catenin signaling in the cornea by subconjunctival
injection of the Wnt signaling blocking antibody, Mab2F1,
downregulated the expression of EGFR (Fig. 7C), while

Ad-S37A substantially promoted the expression of
EGFR (Fig. 7D).

Kallistatin Blocked Wnt Signaling Enhanced HCEC
Proliferation and Migration in a Concentration-
Dependent Manner
Epithelial cell proliferation and migration are key steps
during the corneal wound healing process (37,38). To

Figure 5—Cornea wound healing rate was promoted in Vldlr�/� mice and delayed by soluble VLDLR ectodomain (VLN). A: Representative
immunostaining images of nonphosphorylated b-catenin (NP-b-catenin) (green) and DAPI (blue) in corneal sections of 5-month-old Vldlr�/�

mice and WT littermates (n5 5). B: Western blot analysis of NP-b-catenin in the corneas of Vldlr�/� mice and WT littermates. C: Densitome-
try analysis of NP-b-catenin in the cornea in panel B and normalized by b-actin levels (n5 3). D: The comparison of wound healing progress
between Vldlr�/� and WTmice (n5 10). E: Subconjunctival injection of adenovirus expressing the soluble VLDLR ectodomain (VLN, 10 mL of
1 × 107 inclusion-forming units/mL each eye) into Vldlr�/� mice delayed corneal wound healing compared with adenovirus expressing
b-galactosidase (b-gal) control (n5 10). All values are mean ± SEM. *P< 0.05; **P< 0.01.

WT littermates (n 5 5). D: Western blot analysis of NP-b-catenin in the corneas. E: Densitometry analysis of NP-b-catenin in the cornea in
panel D and normalized by b-actin levels (n 5 3). F: The wound in the cornea from KS-Tg and WT mice was quantified after fluorescein
staining using the pixel per eye with ImageJ (n 5 10). G: Subconjunctival injection of kallistatin protein (KS, 10 mg/eye) into WT mice, with
BSA for control. Wound severity was quantified at postwounding time as indicated (n 5 10). H: WT mice received a subconjunctival injec-
tion of 10 mg of Mab2F1 with IgG for control, and then wound severity was quantified at the indicated time points (n 5 8). All values are
mean ± SEM. *P< 0.05; ***P < 0.001; ****P < 0.0001.
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establish the direct effect of Wnt signaling on corneal epi-
thelial cells, we evaluated the proliferation and migration
of cultured primary HCEC treated with WCM, with LCM
as control. As shown in Figs. 8A and B, WCM stimulated
HCEC proliferation and migration. In contrast, kallistatin
suppressed the HCEC proliferation and migration induced
by WCM in a concentration-dependent manner. In corre-
lation with this effect, Western blot analysis showed that
kallistatin downregulated nonphosphorylated b-catenin
and EGFR levels in HCEC (Fig. 8C and D), further con-
firming the in vivo findings.

DISCUSSION

Increasing evidence suggests that various corneal compo-
nents (epithelium, stroma, nerves, and endothelium) are
affected by diabetes (39,40). Delayed corneal epithelial
wound healing may lead to sight-threatening complica-
tions, including ocular surface irregularities, microbial ker-
atitis, and corneal scarring (4). However, the molecular
mechanism for the diabetes-induced corneal wound-heal-
ing deficiency remains elusive.

Numerous studies have confirmed that the Wnt/b-cate-
nin signaling pathway is essential for cell proliferation, dif-
ferentiation, and migration (9,41–43). Using Wnt activators
and inhibitors, the current study provided evidence support-
ing that canonical Wnt signaling plays an important role in
corneal wound healing and that diabetes suppressed Wnt
signaling in the cornea, which represents a mechanism for
the impaired cornea wound healing in diabetes. Toward the
mechanism for the dysregulation of Wnt signaling in the
diabetic cornea, we found kallistatin, an endogenous inhibi-
tor of Wnt signaling, is upregulated in the diabetic cornea.
High levels of kallistatin alone are sufficient to suppress
Wnt signaling and delay corneal wound healing, suggesting
that diabetes-induced increases of kallistatin suppress cor-
nea epithelial wound healing in diabetes through Wnt/b-
catenin signaling. Our results also suggest that the Wnt sig-
naling pathway promotes wound healing at least in part
through upregulation of EGFR expression in corneal epithe-
lial cells. These results provided in vivo and in vitro evidence
indicating that elevated levels of kallistatin in the diabetic
cornea contribute to cornea wound healing delay by sup-
pressing Wnt signaling activation. These findings provided

Figure 6—Accelerated wound healing by local activation of the Wnt signaling pathway. A: Subconjunctival injection of a Wnt signaling
activator Ad-S37A (10 mL of 1 × 107 inclusion-forming units/mL per eye) enhanced corneal wound closure in WT mice, relative to the con-
trol injected with the same titer of Ad-b-gal (n5 10). B: WT mice receiving LiCl (10 mL of 0.9% per eye) subconjunctival injection with NaCl
for control (n5 10). C: KS-Tg mice receiving LiCl (10 mL of 0.9% per eye) subconjunctival injection with NaCl as control (n5 10). All values
are mean ± SEM. *P< 0.05; **P < 0.01; ***P < 0.001.

756 Kallistatin Delays Corneal Wound Healing Diabetes Volume 71, April 2022



new insights into the regulation of cornea wound healing,
which has the potential to contribute to the development of
new therapeutic strategies for impaired corneal wound heal-
ing in diabetes.

b-Catenin is an essential effector of the canonical Wnt
pathway (11). In the current study, we identified increased
nonphosphorylated b-catenin levels in the wounded cor-
nea. To verify Wnt signaling activation during wound

Figure 7—EGFR expression levels were associated with Wnt/b-catenin signaling in the corneas. Representative Western blot for non-
phosphorylated b-catenin (NP-b-catenin) and EGFR and densitometry quantification in the corneas from 5-month-old Akita mice (A),
STZ-induced DMmice (B), WT mice with a subconjunctival injection of Mab2F1 (C), and Ad-S37A (D) and their respective controls. Values
are mean ± SEM (n5 3). *P< 0.05; **P < 0.01.
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healing, we also measured b-catenin activity using Axin2-
lacZ mice, a commonly accepted Wnt reporter model. The
results confirmed the increased Wnt pathway activation
during the epithelial wound healing process. Limbal stem
cells (LSCs) located at the corneoscleral junction play an
essential role in corneal epithelium renewal and corneal
wound healing (44–46). As shown by X-gal staining, Wnt
signaling is activated in the limbus area and peripheral
cornea during wound healing, suggesting that Wnt signal-
ing activation in LSCs may contribute to the corneal epi-
thelial repair. Furthermore, accumulating evidence has
shown that Wnt signaling may actively participate in stem
cell self-renewal and differentiation (47–49). Whether tar-
geting the Wnt pathway in LSCs directly has therapeutic
potential for cornea wound healing requires further
investigation.

The mechanism by which Wnt/b-catenin signaling reg-
ulates corneal wound repair is not entirely understood.
The canonical Wnt signal activation causes an accumula-
tion of nonphosphorylated b-catenin in the cytoplasm
and its eventual translocation into the nucleus to act as a
transcription factor (11). b-Catenin activates expression
of a number of growth factors and their receptors (10,50)
that regulate cell growth, proliferation, migration,

differentiation, and adhesion during wound healing (38).
EGFR is one of the target genes regulated by Wnt/b-cate-
nin signaling in multiple tissues (51–53). Wnt ligands
have been shown to activate EGFR signaling, which
increases the proliferation and invasion of fibroblast and
glioma cells (54,55). Consistently, we found that EGFR is
upregulated in corneal cells by Wnt signaling, which rep-
resents a mechanism for Wnt signaling to promote cor-
neal epithelial cell proliferation and wound healing.
Nakamura et al. (56) reported that EGFR inhibition
affects epithelial cell proliferation and stratification dur-
ing corneal epithelial wound healing.

In this study, we found that wound-induced Wnt sig-
naling activation was significantly suppressed in diabetic
mouse corneas. The causes of suppressed Wnt signaling
in the diabetic cornea were not yet known. We previously
found that serum kallistatin levels are increased in the
circulation of patients with diabetes , which may contrib-
ute to impaired skin wound healing through blocking
LRP6, an essential coreceptor in the Wnt/b-catenin path-
way (16,25). Here, we found for the first time that levels
of kallistatin were increased in the corneas from human
donors with diabetes compared with subjects without dia-
betes. To define the role of the diabetes-induced increases

Figure 8—Effect of kallistatin on HCEC. A: HCEC were treated with 20% LCM or WCM, with or without different concentrations of human
kallistatin, as indicated. Viable cells were quantified at 0, 16, and 32 h (n 5 3–6). B: HCEC were treated with WCM and various concentra-
tions of kallistatin after 100% confluence. An in vitro “wound” was created, and then 6 images of each scratch were captured at the indi-
cated time points. The acellular area was measured by ImageJ (n 5 5). C: Representative Western blots of nonphosphorylated b-catenin
(NP-b-catenin) and EGFR in HCEC with indicated treatment. HCEC were treated with 20% LCM or WCM, with or without 12 mmol/mL kal-
listatin for 48 h. Protein levels of NP-b-catenin (D) and EGFR (E) in panel C were quantified by densitometry (n 5 3). Values are mean ±
SEM. *P< 0.05; **P < 0.01; ***P< 0.001; ****P< 0.0001.
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of kallistatin levels in corneal wound healing deficiency,
we used kallistatin transgenic mice and showed that ele-
vated levels of kallistatin alone in nondiabetic KS-TG
mice resulted in delayed corneal wound healing, recapitu-
lating phenotypes of the diabetic cornea. We also found
that local application of kallistatin alone delayed mouse
corneal wound closure. Also, in vitro study revealed that
kallistatin significantly suppressed HCEC proliferation
and migration induced by the Wnt ligand in a concentra-
tion-dependent manner. These in vivo and in vitro results
confirmed that kallistatin directly acted on the Wnt signal
pathway in cornea epithelial cells and delayed corneal
wound healing. Subconjunctival injection of kallistatin
protein alone is sufficient to delay corneal wound healing.
Consistently, activation of Wnt signaling at the b-catenin
level, downstream of the kallistatin binding site, offset
the inhibitory effect of kallistatin on HCEC proliferation.
Taken together, these observations suggest for the first
time that the increased levels of kallistatin in the diabetic
cornea are responsible, at least in part, for the Wnt sig-
naling inhibition in the cornea, leading to delayed corneal
wound healing in diabetes. Therefore, these findings sug-
gest that diabetes-induced upregulation of kallistatin
levels contributes to DK and represents a potential drug
target.

Previously, we found that VLDLR inhibits Wnt signal-
ing by dimerizing with LRP6 through its extracellular
domain (VLN) (20,32). Further, we showed that VLN is
naturally shed into the extracellular space to function as a
soluble Wnt inhibitor (20). However, the function of VLDLR
in the cornea has not been carefully studied. The current
study demonstrated that Wnt signaling is overactivated in
the cornea of Vldlr�/� mice, suggesting that VLDLR also
regulates Wnt signaling in the cornea. Inconsistent, corneal
wound healing is enhanced in Vldlr�/� mice. Since the full-
length VLDLR also has other functions, such as lipid trans-
port and metabolism, Vldlr�/� mice manifested a disturbed
lipid profile. To exclude possible impacts of the systemic
lipid disturbance, we overexpressed VLN locally using adeno-
virus vector subconjunctival injection. The local expression
of VLN alone impaired corneal wound healing, further sup-
porting that the impact of VLDLR on wound healing is
through regulation of Wnt signaling in the cornea. To verify
the impacts of Wnt inhibition on wound healing, we also
injected a monoclonal antibody Mab2F1 that specifically
binds to LRP6, blocking Wnt signaling activation (13). Con-
sistent with VLN, this specific Wnt-blocking antibody also
delayed corneal wound healing.

To further define the cell target of Wnt regulation,
we used cultured primary HCECs. Wnt activation by the
Wnt ligand indeed promoted migration and prolifera-
tion of corneal epithelial cells. Consistent with the
in vivo observation, kallistatin blocked Wnt signaling in
these cells, subsequently downregulating EGFR expres-
sion and inhibiting proliferation and migration of cor-
nea epithelial cells. Therefore, it is plausible to suggest

that upregulation of EGFR in epithelial cells may represent
a mechanism for the function of Wnt signaling in promot-
ing wound healing.

Lithium activates Wnt singling at the GSK3b level
(57). Our results demonstrated that activation of Wnt sig-
naling downstream of LRP6 by lithium offsets the inhibi-
tory effect of kallistatin, which blocks LRP6, on corneal
wound healing in KS-Tg mice. Furthermore, in vitro study
showed that activation of Wnt signaling alone by the Wnt
ligand promoted HCEC proliferation and migration, sug-
gesting that Wnt signaling directly targets corneal epithe-
lial cells and promotes epithelial wound repair. Our
findings suggested that early local modulation of kallista-
tin/Wnt/b-catenin activities may benefit the management
of diabetic corneal complications.

Wnt signaling regulation is a complex process. It has
been well established that Wnt signaling is overactivated
in the retina and kidney of diabetic animal models, con-
tributing to diabetic retinopathy and nephropathy
(11,58). In contrast, the Wnt pathway is suppressed in
the skin under diabetes, which plays a role in impaired
skin wound healing in diabetes (16). The current study
demonstrated that Wnt signaling is downregulated in the
diabetic cornea, a change similar to that in the diabetic
skin. It remains to be studied how diabetes confers
the differential regulation of Wnt signaling in different
tissues.

In conclusion, the current study identified that diabe-
tes-induced kallistatin overexpression may be responsible,
at least in part, for the deficient cornea wound healing
through suppression of Wnt signaling in diabetic cornea.
Further studies are warranted to determine whether inhi-
bition of kallistatin or activation of Wnt signaling in the
cornea may have therapeutic potential in DK.
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