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PURPOSE. To investigate the mechanisms underlying the differential roles of TGFβ1
and TGFβ3 in accelerating corneal epithelial wound healing (CEWH) in diabetic (DM)
corneas, with normoglycemia (NL) corneas as the control.

METHODS. Two types of diabetic mice, human corneal organ cultures, mouse corneal
epithelial progenitor cell lines, and bone marrow–derived macrophages (BMDMs) were
employed to assess the effects of TGFβ1 and TGFβ3 on CEWH, utilizing quantitative PCR,
western blotting, ELISA, and whole-mount confocal microscopy.

RESULTS. Epithelial debridement led to an increased expression of TGFβ1 and TGFβ3 in
cultured human NL corneas, but only TGFβ1 in DM corneas. TGFβ1 and TGFβ3 inhibition
was significantly impeded, but exogenous TGFβ1 and, more potently, TGFβ3 promoted
CEWH in cultured TKE2 cells and in NL and DM C57BL6 mouse corneas. Wounding
induced similar levels of p-SMAD2/SMAD3 in NL and DM corneas but weaker ERK1/2,
Akt, and EGFR phosphorylation in DM corneas compared to NL corneas. Whereas TGFβ1
augmented SMAD2/SMAD3 phosphorylation, TGFβ3 preferentially activated ERK, PI3K,
and EGFR in healing DM corneas. Furthermore, TGFβ1 and TGFβ3 differentially regu-
lated the expression of S100a9, PAI-1, uPA/tPA, and CCL3 in healing NL and DM corneas.
Finally, TGFβ1 induced the expression of M1 macrophage markers iNOS, CD86, and
CTGF, whereas TGFβ3 promoted the expression of M2 markers CD206 and NGF in
BMDMs from db/db or db/+ mice.

CONCLUSIONS.Hyperglycemia disrupts the balanced expression of TGFβ3/TGFβ1, resulting
in delayed CEWH, including impaired sensory nerve regeneration in the cornea. Supple-
menting TGFβ3 in DM wounds may hold therapeutic potential for accelerating delayed
wound healing in diabetic patients.

Keywords: corneal wound healing, TGFβ signaling, cornea, diabetic keratopathy, corneal
nerve de-/regeneration, macrophages

With a rapid increase in the prevalence of diabetes melli-
tus (DM), projected to affect more than 600 million

people by 2040, ocular complications have become a lead-
ing cause of blindness worldwide.1,2 In addition to abnor-
malities of the retina (e.g., diabetic retinopathy)3 and the
lens (e.g., cataract),4 up to 70% of people with diabetes
also experience corneal problems, including keratopathy
and neuropathy.5,6 Corneal abnormalities include alterations
in the epithelial basement membrane,7 fewer hemidesmo-
somes,8 the deposition of advanced glycation end prod-
ucts,7,9 and a decrease in the density of corneal sensory
nerve fibers and endings.10 Hyperglycemia significantly
alters the structure and function of corneal epithelial cells
(CECs), resulting in basal cell degeneration,11 decreased cell
proliferation,12,13 superficial punctate keratitis,14 the break-
down of barrier function, fragility,15,16 recurrent erosions,
and persistent epithelial defects,17 depending on the dura-
tion of DM and on the serum concentration of glycated
hemoglobin HbA1c.18 The epithelial abnormalities, termed
keratopathy/epitheliopathy, are likely the result of these
pathological changes and are resistant to conventional

treatment regimens.19 Hence, a better understanding of the
pathogenesis of diabetic keratopathy should lead to better
management of the disease.

Similar to other epithelial linings, the corneal epithe-
lium is under constant physical, chemical, and biologi-
cal insults, often resulting in tissue injury.20 CECs respond
rapidly to injury, initiating a healing process of cell migra-
tion as a sheet to cover the defect and to reestablish its
barrier function.10,21 Unlike diabetic cataract and retinopa-
thy, diabetic keratopathy does not cause detectable clinical
symptoms unless CECs are removed or the eye is injured.
Epithelial wound healing is delayed in diabetic corneas
and may be associated with sight-threatening complica-
tions such as stromal opacification, surface irregularity, and
microbial keratitis.19 Hyperglycemia is likely to execute its
adverse effects on corneal wound healing by modifying the
expression of a host of wound-response genes, including
growth factors, cytokines/chemokines, and proteinases.21–23

The altered expression of these factors, in turn, modifies the
behavior of the injured cornea, leading to its further deteri-
oration and delayed wound healing.

Copyright 2024 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Downloaded from intl.iovs.org on 04/19/2024

mailto:av3899@wayne.edu
https://doi.org/10.1167/iovs.65.3.35
http://creativecommons.org/licenses/by-nc-nd/4.0/


TGFβ Isoforms in Diabetic Wound Healing IOVS | March 2024 | Vol. 65 | No. 3 | Article 35 | 2

Among the multitude of cytokines and growth factors
required for proper wound closure,22 transforming growth
factors, such as TGFβ, play a critical role in wound healing.
TGFβ is a pleiotropic multifunctional growth factor/cytokine
that regulates several essential cellular processes in the body.
TGFs have profound effects on wound healing and tissue
repair at different phases.24 Three mammalian isoforms of
TGFβ have been identified and are encoded by distinct
genes under the control of different promoters.25–29 In vitro,
the three isoforms elicit similar responses.30 In vivo, each
isoform shows a unique expression pattern, suggesting that
they each play a distinct function during development,
wound repair, and fibrosis.31 They also exhibit different
physiological and pathological activities in certain cell types
and tissues and have been the major target for drug develop-
ment.32–37 Our previous study demonstrated that TGFβ1 and
TGFβ3 are markedly upregulated in response to wounding
in rat corneas, but only TGFβ3 upregulation was dampened
by hyperglycemia,38 suggesting differential effects of hyper-
glycemia on the expression of TGFβ isoforms in response to
wounding. Although TGFβ1, referred as TGFβ in many stud-
ies, and TGFβ3 have been studied individually, a side-by-side
comparison of their roles in normal and diabetic corneas and
during wound healing remains scarce.

In the current study, we used mouse model diabetes and
CEC wound debridement to compare the effects of TGFβ1
and TGFβ3 in mediating corneal epithelial wound healing.
We targeted TGFβ1 and TGFβ3 in normal (NL) corneas
with neutralization antibodies and treated DM corneas
with delayed wound healing with recombinant TGFβ1 and
TGFβ3. We showed that TGFβ1 and TGFβ3 exhibited differ-
ent effects on epithelial wound closure, post-wound sensory
nerve regeneration, signaling pathways, and expression of
wound-related genes. Targeting TGFβ isoforms and/or their
associated signaling pathways may improve wound healing
and suppress wound-associated fibrosis.

METHODS

Mice

Wild-type C57BL6 (B6) mice (8 weeks of age; 20–24 g body
weight) were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). B6 mice were induced to develop type
1 DM according to a low-dose streptozotocin (STZ; 50-mg
STZ/kg mouse) induction mouse protocol, without fasting
prior to STZ injections. Glucose levels and body weight were
monitored weekly. Animals with blood sugar levels higher
than 350 mg/dL were considered diabetic and were used
(with age-matched animals as controls) 8 weeks after STZ
injections.39

Corneal Epithelial Debridement Wound

Mice were anesthetized by intraperitoneal injection of
ketamine–xylazine. The central corneal epithelium was then
demarcated with a 2-mm trephine for mouse corneas or a 4-
mm trephine for human corneas and then removed using
a blade under a dissecting microscope. Care was taken
to minimize injury to the epithelial basement membrane
and stroma. While under anesthesia, ocular surfaces were
protected from drying by topical administration of bacitracin
ophthalmic ointment immediately after injury. The CECs that
were scraped off the corneas during wounding and at the
end of the experiment were collected with a blade, frozen

immediately in liquid nitrogen, and stored at an Eppendorf
tube at −80°C.

Assessment of wound closure was performed by fluo-
rescein staining (0.1% sterile fluorescein solution in PBS)
followed by rinsing of the ocular surface with PBS
and photographing with a digital camera. The remaining
denuded area was quantitated using Photoshop (Adobe, San
Jose, CA, USA). The healing rate was calculated as follows:
(original wound area − current wound area)/original wound
area (in percent).

Western Blot

The CECs scraped off the corneas that served as controls
during wounding and at the end of experiment were
collected and frozen immediately in liquid nitrogen and
stored at an Eppendorf tube at −80°C. For western blot,
human and mouse CECs were lysed with radioimmuno-
precipitation assay buffer. The lysates were centrifuged to
obtain the supernatant. Protein concentration was deter-
mined by bicinchoninic acid (BCA) assay. The protein
samples were separated by SDS-PAGE and electrically trans-
ferred onto nitrocellulose membranes (Bio-Rad Laborato-
ries, Hercules, CA, USA). The membranes were blocked
with 3% BSA and subsequently incubated with primary and
secondary antibodies. Signals were visualized using Thermo
Scientific SuperSignal West Pico PLUS Chemiluminescent
Substrate (#34580; Thermo Fisher Scientific, Waltham, MA,
USA) using an Invitrogen iBright Imaging System (Thermo
Fisher Scientific). Antibodies to phospho-Akt (p-Akt, #9271,
1:500 dilution), p-EGFR (#4470, 1:500 dilution), and p-
SMAD2/SMAD3 (#8828, 1:500 dilution) were obtained from
Cell Signaling Technology (Danvers, MA, USA); p-ERK anti-
body (#sc-7383, 1:1000 dilution) was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); and anti-β-actin
antibody (#A1978, 1:10000 dilution), which served as the
loading control, was obtained from Sigma-Aldrich (St. Louis,
MO, USA.

Cell Culture and Reagents

The TKE2 mouse corneal epithelial progenitor cell line
isolated from the basal layer of the limbal epithelium was
derived from outbred CD-1 albino mice40 and purchased
from Sigma-Aldrich (#11033107). TKE2 cells were authenti-
cated as having five out of nine authentication alleles and
two repeat numbers, all of which are found in different
mouse strains.41 These cells may be induced to express
PAX6 and keratin 12 mRNA (data not shown). TKE2 cells
were cultured in keratinocyte serum-free medium (KSFM;
Life Technologies, Carlsbad, CA, USA) supplemented with
bovine pituitary extract and epidermal growth factor. To
assess the effects of high glucose in culture media, TKE cells
were cultured in either normal glucose (NG; 5-mM glucose
+ 20-mM mannitol) or high glucose (HG; 25-mM glucose)
for three passages. At the fourth passage, TKE2 cells were
cultured in six-well plates, wounded with a 20-μL pipette
tip, and allowed to heal for 48 hours in KSFM. The scratch
wounds were allowed to heal for 24 hours, and the same
position was photographed 0 and 24 hours post-wounding.

Immunostaining of Whole-Mount Corneal Tissue

To semiquantitatively assess the extent of corneal inner-
vation and to quantify macrophages (M�) in the corneas,
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whole-mount confocal microscopy (WMCM) was used.
Corneas excised at the indicated times were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) and stored at 4°C until further processing. Whole-
mount staining of sensory nerves with anti–β-tubulin III Abs
(clone TUJ1, 1:100 dilution; Covance, Princeton, NJ, USA)
or M� with anti-F4/80 (#14-4801-82, 1:100 dilution; eBio-
science, San Diego, CA, USA) was performed as previously
described.42 Corneal whole mounts were examined using
an Eclipse 90i widefield fluorescent microscope (Nikon,
Tokyo, Japan). WMCM images were obtained by scanning
the whole corneas and were automatically assembled from
the acquired scanning images, including residual conjuncti-
val images. To quantify corneal innervation, manual label-
ing and measurements were used in ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA). Innervation in a
region was calculated as the percentage of area covered
by β-tubulin III staining using ImageJ. To quantitate the
number of F4/80-positive cells, images were analyzed by
threshold-based automatic particle counting (http://imagej.
net/Particle_Analysis) of the whole corneas.

Subconjunctival Injection of Molecular Reagents

The subconjunctival injection volume for mice was 5 μL
at one site. Dosages for neutralizing antibodies for recom-
binant TGFβ1/TGFβ3 were determined according to the
median ED50 values provided by the supplier, and the maxi-
mal concentrations were chosen. Anesthetized mice were
injected with 5 μL cornea neutralizing antibodies (200 ng
TGFβ1 or 500 ng TGFβ3) or recombinant TGFβ1/TGFβ3
(40 ng TGFβ1/10 ng TGFβ3) using a 34-gauge needle
with a 0.01-mL Nanofil syringe 4 hours before wounding,
with isoform-matched immunoglobulin G (IgG) or BSA as
controls. At 24 hours post-wounding (hpw), the corneas
were stained and photographed.

RNA Extraction and PCR Analyses

CECs were scraped off the cornea, and RNA was extracted
using the RNeasy Mini Kit (QIAGEN, Hilden, Germany),
according to the manufacturer’s instructions. cDNA was
generated with an Invitrogen oligo(dT) primer followed by
analysis using real-time PCR with PowerUp SYBR Green
Master Mix for qPCR (Applied Biosystems, Waltham, MA,
USA) based on the expression of β-actin. Table lists the
primer pairs used.

Statistical Analysis

The statistical analyses were performed using Prism 6
(GraphPad, Boston, MA). Data are presented as mean ±
SD. Experiments with two treatments and/or conditions
were analyzed for statistical significance using a two-tailed
Student’s t-test. Experiments with more than two condi-
tions were analyzed using one-way ANOVA. If more than

TABLE. Primers Used for Real-Time PCR

Gene Forward Primer Reverse Primer

β-actin GACGGCCAGGTCATCACTATTG AGGAAGGCTGGAAAAGAGCC
ccl3 AGATTCCACGCCAATTCATC CTCAAGCCCCTGCTCTACAC
s1009 TGGGCTTCAACTGCTCTTACC GGTTATGCTGCGCTCCATG
plat GGCAGAACATACAGGGTGGT CTGCAGTAATGCGATGTCGT
Plau TTCAGAGCTTTCCACCGAAT TCCTTTCTTAGAGGCCCGGT
serpine1 CTGGGTCAGTCGAAGGAGAG ACGTCATACTCGAGCCCATC

two groups of mice were used, such as wounded and non-
wounded diabetic and normal mice, a two-way ANOVA was
used for analysis to determine overall differences. A Bonfer-
roni post hoc test was performed to determine statistically
significant differences. Significance was accepted at P <

0.05. Experiments were repeated at least twice to ensure
reproducibility.

RESULTS

Differential Expression of TGFβ1 and TGFβ3 in
Normal and Diabetic Human Corneal Epithelial
Cells

In our previous study, we found that wounding induced the
expression of both TGFβ1 and TGFβ3 in NL corneas but
not TGFβ1 in DM corneas in diabetic rats and mice.38,43 To
confirm the pattern of TGFβ isoform expression, we used
cultured human corneas from healthy individuals, normo-
glycemic patients, and diabetic patients and performed
epithelium debridement wounding. Diabetic corneas were
obtained from patients with retinopathy as an indicator
of diabetic complications and were cultured in 25-mM
glucose; normal corneas were cultured in 5-mM glucose.
CECs collected during wounding were used as the control,
and cells that migrated to the original wound bed were
collected 48 hpw as wounded samples. In all samples, two
bands of TGFβs were observed, likely representing latent
and active forms of the proteins (Fig. 1). Similar to what
was observed in diabetic rodent corneas, the basal levels of
TGFβ1 and TGFβ3 detected in NL and DM corneas were
similar. Wounding significantly increased the expression of
both TGFβ1 and TGFβ3 in NL corneas, whereas TGFβ3
levels, compared to unwounded CECs, did not change after
wounding in ex vivo human DM corneas. Hence, TGFβ1 and

FIGURE 1. TGFβ1 and TGFβ3 expression in organ-cultured human
NL and DM corneas with or without wounding. Human corneas,
obtained from Eversight Eye Bank, were processed for organ culture
and subjected to epithelial debridement to create a 4-mm-diameter
wound. The unwounded and wounded corneas from nondiabetic
(NL) patients were cultured in 5-mM glucose + 20-mMmannitol, and
those from diabetic (DM) patients in high glucose (25-mM glucose).
After being cultured for 48 hours post-wounding, the epithelial cells
migrated to the original wound bed in wounded corneas (NLW for
nondiabetic wounded and DMW for diabetic wounded) or remained
at the center in unwounded corneas. These were then collected and
processed for western blot analysis. β-actin was used as the internal
control for equal protein loading. The numbers on the right side
indicate the molecular weight of corresponding bands in kilodaltons
(kDa).
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FIGURE 2. Effects of altering TGFβ signaling on epithelial wound closure of NL or DM mouse corneas in vitro and in vivo. (A) TKE2 cells were
cultured in 5-mM glucose + 20-mM mannitol and/or in high glucose (25-mM glucose) for three passages. At the fourth passage, TKE2 cells
were cultured in six-well plates. Upon reaching confluence, two scratch wounds crossing each other at a 90° angle were made and allowed
to heal in KBM media containing anti-TGFβ1/TGFβ3 or recombinant TGFβ1/TGFβ3. The same sites were photographed at 0 and 48 hours
post-wounding. (B) The wound areas were measured, and the percentage of the healing area relative to the original wound was calculated.
The results are presented as a percentage of healed (n = 5). (C) NL and DM corneas were pretreated with BSA (control) or recombinant
TGFβ1 and TGFβ3 4 hours prior to epithelial debridement. The corneas were wounded by 2-mm-diameter epithelium debridement and
treated with the same dosage of TGFβ immediately after wounding (0 h). The wounds were allowed to heal in vivo. At 24 hours post-
wounding, injured corneas were stained with fluorescein to photograph the remaining wound area. (D) The wound sizes were calculated
using Adobe Photoshop and are presented as a percentage of healed (n = 3). *P < 0.05, ***P < 0.001 (two-way ANOVA). Two independent
experiments were performed.

TGFβ3 exhibited similar expression patterns in human and
rodent CECs in response to wounding.

Differential Effects of TGFβ1 and TGFβ3 on
Corneal Epithelial Wound Healing

After observing the expression of TGFβ1 and TGFβ3
during homeostasis and wound healing in human corneas,
we investigated the roles of TGFβ1 and TGFβ3 in
corneal epithelial wound healing using two complemen-
tary approaches: neutralizing monoclonal anti-TGFβ1 or
TGFβ3 antibodies and exogenous TGFβ1/TGFβ3 adminis-
tration in cultured TKE2 cells and NL and DM B6 mice.
To create a hyperglycemia environment, TKE2 cells were
cultured in either normal glucose (NG; 5-mM D-glucose
with 20-mM mannitol) or high glucose (HG; 5-mM D-
glucose) for three passages. In the fourth passage of
TKE2 cells cultured in NG, neutralization of TGFβ1 or
TGFβ3 markedly delayed wound closure compared to the
control. On the other hand, exogenous TGFβ3 (and to a

lesser extent TGFβ1) increased the rate of wound closure
in HG-cultured TKE cells (Figs. 2A, 2B). In vivo, mice
were injected with 5 μL/cornea neutralizing antibodies or
recombinant TGFβ1/TGFβ3 using a Hamilton syringe 4
hours before wounding, with isoform-matched IgG as the
controls. Epithelial wounds were photographed at 0 and
24 hpw (Fig. 2C), and the percentage of wound closure
was quantified (Fig. 2D). Subconjunctival injection of both
TGFβ1 and TGFβ3 antibodies delayed epithelial wound
closure, with TGFβ3 neutralization exhibiting significantly
higher inhibitory effects than TGFβ1 neutralization in B6
mouse corneas. On the other hand, recombinant TGFβ3
accelerated wound healing more effectively than TGFβ1
in the corneas of STZ DM mice. Hence, these results
demonstrate that, although TGFβ1 and TGFβ3 are both
required for proper epithelial wound healing, TGFβ3 is
the more effective isoform in promoting re-epithelialization
in NL corneas and, more importantly, in DM corneas,
suggesting that TGFβ3 may be a promising therapeutic
target for promoting corneal wound healing in diabetic
patients.
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FIGURE 3. Effects of exogenous TGFβ isoforms on sensory nerve regeneration in healing DM corneas. (A) Diabetic corneas, with normal
(nondiabetic) corneas as the control, were pretreated and wounded as described in Figure 2C. DM corneas (DMW, diabetic wounded) and NL
(nondiabetic) corneas treated with BSA as the control were harvested 3 days post-wounding (dpw). An additional subconjunctival injection
of BSA or recombinant TGFβ isoforms was administered at 1 dpw. The corneas were stained for β-tubulin III, and images of the entire cornea
were captured (top panels). (B) High-magnification images are shown in the bottom panels. (C) To quantify corneal innervation, manual
labeling and measurements were used in ImageJ. Innervation in a region was calculated as the percentage of area covered by β-tubulin
III staining using ImageJ and are presented as percentages (mean ± SD, n = 4). *P < 0.05, **P < 0.01 (Student’s t-test). Two independent
experiments were performed.

TGFβ3 Promoted Post-Wound Sensory Nerve
Regeneration in DM Corneas of B6 Mice

We previously reported that DM decreases not only the
density of nerve endings in corneas but also sensory nerve
regeneration during wound healing.39,42 We reasoned that
the reduced TGFβ3 may contribute to these abnormali-
ties in sensory nerve regenerations in DM corneas. Whole-
mount confocal microscopy showed that hyperglycemia
resulted in delayed sensory nerve regeneration, as identified
by the β-tubulin III antibody (Fig. 3). Exogenously added
TGFβ1 accelerated sensory nerve regeneration in wounded
DM (DMW) corneas compared to control DMW eyes but
less effectively than TGFβ3-treated DMW corneas, suggest-
ing that TGFβ signaling may directly or indirectly medi-
ate sensory nerve regeneration in the corneas (Figs. 3A,
3B). The nerve pixel area in normal corneas was 17.50%
± 0.56% of the central area (Fig. 3, bottom panels),
compared to 12.76% ± 0.44% in DM corneas treated with
TGFβ1 (13.76% ± 0.31%) or TGFβ3 (17.03% ± 0.46%)
(Fig. 3C).

TGFβ1 and TGFβ3 Differentially Mediated Cell
Signaling Pathways in DM B6 Mice

Having shown that TGFβ1 and TGFβ3 promote corneal
wound healing in DM mice, we then investigated how
TGFβ1 and TGFβ3 differentially signal during corneal
wound healing by determining TGFβ1- and TGFβ3-mediated
cell signaling pathways (Fig. 4). Western blotting revealed
that wounding induced activation (phosphorylation) of
EGFR, Akt, ERK1/2, and SMAD2/SMAD3 in wounded
NL (NLW) corneas. Compared to NL corneas, wounding
induced similar levels of SMAD2/SMAD3 phosphorylation,
but the staining intensities of p-EGFR, p-Akt, and p-ERK
were weaker in the DM corneas. Although exogenous
TGFβ1 markedly upregulated p-SMAD2/SMAD3 expression,
TGFβ3 further upregulated the expressions of p-EGFR, p-

FIGURE 4. Effects of exogenous TGFβ isoforms on the activa-
tion of canonical and noncanonical signaling pathways in heal-
ing DM corneas. Diabetic corneas were pretreated and wounded
as described in Figure 2C. The epithelial cells that migrated to the
original wound bed in diabetic wounded (DMW) corneas and nondi-
abetic wounded (NLW) corneas were collected for analysis. Western
blot analysis was conducted to assess the activation of canonical
signaling (p-SMAD2/SMAD3) and noncanonical signaling pathways
(p-Akt, p-ERK), as well as p-EGFR activation, with β-actin serving as
the internal control for equal protein loading. The analysis focused
on unwounded and wounded diabetic corneas harvested at 4 hours
post-wounding. An additional subconjunctival injection of BSA or
recombinant TGFβ isoforms was given at 1 day post-wounding.

ERK, and p-Akt but not p-SMAD2/SMAD3. This suggests
that TGFβ3 may potentially prolong EGFR transactivation
and signaling42 but TGFβ1 may enhance SMAD2/SMAD3
signaling in response to wounding in DM mouse
corneas.

Differential Effects of TGFβ1 and TGFβ3 on the
Expression of Wound-Induced Genes

Having identified that TGFβ1 and TGFβ3 promote
wound healing in normoglycemic (NL) and diabetic (DM)
corneas and activate different signaling pathways, we next
investigated the genes differentially regulated by these
two isoforms in normal and DM corneas using qPCR
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FIGURE 5. Effects of altering TGFβ signaling on the expression of wound healing–related genes in NL and DM corneas. NL and DM mice
were pretreated with TGFβ neutralizing antibodies (α-β1 or α-β3) and exogenous TGFβ isoforms (TGFβ1 or TGFβ3), respectively, and
then wounded as described in Figure 2C. At 24 hours post-wounding, cells that had migrated into the original wounds were scraped off
the corneas and collected as wounded corneal epithelial cells (CECs). The collected CECs were subjected to RNA isolation for quantitative
reverse transcription PCR (qRT-PCR) or ELISA. The qRT-PCR results for S100a9 (A), SERPINE1 (B), PLAT (C), PLAU (D), and CCL3 (E) in
CECs are presented as fold increases (mean ± SD) over the nonwounded NL CECs, which were set as a baseline value of 1 (n = 3). (F) ELISA
results for CCL3 are presented as picograms per microgram of CEC lysates (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA).
Two independent experiments were performed. NLW, nondiabetic wounded; DMW, diabetic wounded.

(Figs. 5A–5E) and/or ELISA (Fig. 5F). S100a9, a member of
the S100 family of proteins containing two EF-hand calcium-
binding motifs, may form a heterodimer with S100a8, termed
calprotectin; it is an antimicrobial peptide involved in wound
healing and acts as a damage-associated molecular pattern
molecule or alarmin.43,44 In NL corneas, injury-induced
S100a9 expression was suppressed by TGFβ3 but not TGFβ1
neutralization, whereas in DM corneas wound-induced
S100a9 expression was totally dampened. The regressed
S100a9 expression was partially restored by exogenous
TGFβ1, but exogenous TGFβ3 markedly augmented S100a9
expression to a level higher than that in NL corneas.

Plasminogen is activated to plasmin by either tissue-type
or urokinase-type plasminogen activator, and this system
is also involved in wound healing.45–47 Our qPCR revealed
that, in healing NL CECs, wounding induced the expres-
sion of SERPINE1 (plasminogen activator inhibitor 1, PAI-1),
tissue plasminogen activator (tPA), and urokinase plasmino-
gen activator (uPA), were dampened in the DM corneas. The
expression of PAI-1 is restored by TGFβ1, whereas tPA and
uPA were restored by TGFβ3 in DM healing CECs (Figs. 5B–
5D). PAI-1 is a serine protease inhibitor that functions as the
principal inhibitor of tPA and uPA.48 Overall, wound-induced
upregulation of PAI-1, tPA, and uPA was totally retarded by
hyperglycemia, while TGFβ3 promotes plasminogen activa-
tion through the suppression of PAI1 and the induction of
tPA and uPA.

CCL3 is a chemokine expressed by corneal epithelial
cells and recruits macrophages (M�) to the site of injury.49

Wound-induced CCL3 expression was observed at both
mRNA and protein levels, and this upregulation was elevated
by TGFβ3 but not by TGFβ1 neutralization in NL corneas

(Figs. 5E, 5F). In DM corneas, significant induction of
CCL3 was observed in healing CECs, and this increase was
markedly amplified by TGFβ1, but not TGFβ3 (Figs. 5E, 5F),
suggesting that CCL3 is a downstream gene of TGFβ1,
whereas TGFβ3 acts as a negative regulator of CCL3 expres-
sion in both NL and DM corneas.

TGFβ3 Promoted Macrophage Infiltration in
Healing Diabetic Corneas

CCL3 is a potent chemokine of M�, and our previous
study showed that, although neutrophil infiltration was
greatly increased, the infiltration of M� in wounded DM
corneas was decreased.10,50 M� have been shown to partic-
ipate in regulating corneal wound healing by balancing
the inflammatory response.51 To determine whether M�

infiltration is influenced by TGFβ isoforms, wounded DM
corneas were stained with F4/80 and visualized using
WMCM with antibody F4/80 (Fig. 6). There were 2833 ±
942.57 F4/80-positive cells in untreated DM corneas. The
number of M� was increased in the presence of TGFβ1
(4978 ± 173.24), and there were markedly more in the pres-
ence of TGFβ3 (8835 ± 997.73) in wounded DM corneas
(Figs. 6A–6C).

Differential Gene Expression in Cultured Bone
Marrow–Derived Macrophages Challenged With
TGFβ1 and TGFβ3

Functionally, M� can be characterized as inflammatory
type 1 (M1) and pro-repair type 2 (M2), which are
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FIGURE 6. Effects of TGFβ1 and TGFβ3 on macrophage infiltration in vivo and gene expression in vitro. (A) Diabetic (DM) corneas, with
nondiabetic (NL) corneas as the control, were wounded and allowed to heal for 24 hours. Wounded corneas were stained with F4/80 and
visualized using WMCM. The WMCM images, acquired with region of interest (ROI) scanning of a defined area, were automatically assembled
to display whole corneas from B6 mice. (B) A selected area in A, marked with a rectangle, was amplified to show the density of macrophages.
Scale bars: 125 μm (top panel) and 58 μm (bottom panel). (C) To quantitate the number of F4/80-positive cells, images were analyzed by
threshold-based automatic particle counting (http://imagej.net/Particle_Analysis) of the whole corneas, and the results are presented as
mean ± SD (n = 3). Two independent experiments were performed. *P < 0.05 (one-way ANOVA). (D) Bone marrow cells derived from
normal and diabetic mice were cultured in normal and high-glucose media containing CSF-1 and IL-3 for 3 days. Mature macrophages,
generated by proteolytic digestion of the nonadherent cells, were cultured in the presence or absence of TGFβ1 or TGFβ3 for specified
durations. The cells were lysed and subjected to qPCR analysis of macrophage markers (iNOS, CD86, CD206), NGF, and profibrosis (CTGF)
genes. Results are representative of two independent experiments (n = 3 each). *P < 0.05, **P < 0.01 (two-tailed, unpaired Student’s t-test).

promoted by TGFβ3 through miR-494.52 To test the role of
TGFβ1 and TGFβ3 in macrophage polarization, we isolated
bone marrow cells from db/db type 2 diabetes melli-
tus (T2DM) mice with db/+ as the control and induced
macrophage differentiation in vitro with high glucose for
db/db and normal glucose for db/+ bone marrow–derived
macrophages (BMDMs). To test the underlying mechanism
of TGFβ1/TGFβ3 promoting nerve reservation via M�,
BMM� were treated with TGFβ1 or TGFβ3 for 2 hours and
processed for qPCR. We observed upregulation of iNOS,
CD86 (markers for the M1 phenotype), and connective tissue
growth factor (CTGF), a fibrosis-related gene,53 by TGFβ1,
whereas TGFβ3 induced CD206 (M2 marker) and nerve
growth factor (NGF) in both NG and HG cultured BMM�

(Fig. 6D). TGFβ1 also stimulated CD206 in NG and HG
and NGF in NG cultured BMDM at much less extent than
TGFβ3.

DISCUSSION

Among the three mammalian isoforms of TGFβ isoforms,
TGFβ1 is perhaps the most important ligand in the patho-
genesis of fibrotic diseases in the eye, including corneal
and conjunctival scarring, secondary cataracts, and prolifer-
ative vitreoretinopathy.54–57 Scarless wound healing may be
influenced by the relative ratio of TGFβ1 and TGFβ3.58,59 In
this study, we demonstrated that TGFβ3 accelerates delayed
wound healing and sensory nerve regeneration more effec-
tively than TGFβ1. The discovery that TGFβ1 and TGFβ3
each has a unique role in mediating corneal epithelial wound
healing is of great significance. Selective targeting of an
isoform or its specific pathway can avoid the undesired
consequences of non-selective alteration of TGFβ signaling.

Early studies have shown that in fetal skin, where
injury will not result in scar formation, only TGFβ3 expres-
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sion increases while TGFβ1 levels remain steady, in clear
contrast to what is found in adults.60 Moreover, in mice
and rats, oral mucosal wounds heal faster with minimal
scarring in comparison with skin wounds61; an increased
TGFβ3/TGFβ1 ratio is recognized as an underlying cause
for faster healing and less scarring in the oral mucosa
during wound healing.62–64 In the cornea, limbal stem
cell deficiency (LSCD) can be treated with transplantable
autologous oral mucosal epithelial cells. Their presence
was found to promote healing of protected LSCD corneas
from scar formation after repeated scrapings.65 Biomaterial-
free cultured oral mucosal epithelial cell sheets have been
used successfully in ocular reconstruction for subjects with
total LSCD.66,67 Our study revealed that, in the human
cornea, similar to mice and rats, wounding induced upreg-
ulation of both TGFβ1 and TGFβ3 expression in healing
epithelia in normoglycemia corneas, whereas hyperglycemia
suppressed the expression of TGFβ3 but not TGFβ1, delay-
ing epithelial wound closure. Importantly, human kerato-
conus cells expressed less TGFβ3 but not TGFβ1 compared
to normal human corneal fibroblasts. Exogenous TGFβ3
downregulated the expression of the key profibrotic recep-
tor, TGFβRII.68,69 Hence, we postulated that unbalanced
expressions of TGFβ1 and TGFβ3 may be a common mech-
anism for delayed wound healing and fibrosis in the corneas
under pathological conditions, such as diabetic keratopathy,
stromal injury, and keratoconus.

In addition to being more potent in promoting impaired
epithelial wound healing, exogenous TGFβ3 is more effec-
tive compared to TGFβ1 in inducing sensory nerve regen-
eration in post-wounding diabetic corneas. To date, the
effects of TGFβ isoforms on neurite outgrowth are contro-
versial.70 Although TGFβ1 was shown to significantly
increase the length of neurites extended from differenti-
ated retinal ganglion (RGC-5) cells,71 other studies suggested
that only TGFβ2 increased neurite length and branching
pattern in cultured myenteric neurons.72–74 Several studies
have also suggested that TGFβ inhibits neurite outgrowth,
as evidenced by the application of TGFβ1 suppressing
neurite outgrowth in primary culture of cerebellar gran-
ule neurons.75 To our knowledge, our study is the first to
demonstrate the role of TGFβ3 in promoting sensory nerve
regeneration in diseased corneas; the therapeutic potential
of TGFβ3 in neuronal regeneration has not been explored
yet and warrants further investigation.

Under physiological conditions, TGFβ is critical in regu-
lating tissue homeostasis and renewal whereas under patho-
logical conditions, TGFβ signaling plays an important role
in regulating inflammatory progression and wound heal-
ing.76–78 TGFβ signals through SMAD2/SMAD3-dependent
canonical and noncanonical signaling pathways.79 The non-
SMAD signaling pathways include ERKs, JNK, p38 MAPK,
PI3K/Akt, NF-κB, and Rho family GTPases.80 We postu-
lated that TGFβ isoforms might be involved in balanc-
ing SMAD-dependent and -independent pathways via their
receptors. Indeed, we showed that in DM corneas with
delayed wound healing, exogenous TGFβ1 stimulated strong
SMAD2/SMAD3 phosphorylation (activation), but TGFβ3
exhibited stronger effects on ERK and PI3K/Akt activation.
Thus, transactivating noncanonical signaling pathways by
TGFβ3 may accelerate delayed epithelial wound closure in
DM corneas.

We used qPCR to assess the expression of S100a9,
plasminogen activator inhibitor-1 (PAI-1)/tissue-type PA
(tPA)/urokinase-type PA (uPA), and CCL3 in NL and DM

corneas in response to epithelial wounding. S100a9 is an
antimicrobial peptide and is known to be involved in wound
healing.81,82 Our data show that, whereas TGFβ1 exhibited
some effects on S100a9 expression in DM corneas, TGFβ3
neutralization retarded and exogenous TGFβ3 markedly
upregulated S100a9 expression, suggesting that TGFβ3 plays
a role in mediating S100a9 expression.

Plasminogen activation is known to play an important
role in cell migration and wound healing.83,84 Our study of
PAI-1 revealed that its defects in this pathway contribute
to delayed wound healing in DM corneas.85 In the current
study, TGFβ1 and TGFβ3 were shown to be required for
wound-induced SERPINE1 expression in NL corneas. In DM
corneas, SERPINE1 expression was greatly suppressed and
somewhat augmented by TGFβ1. On the other hand, TGFβ3
significantly upregulated the expression of uPA and tPA,
which were suppressed by hyperglycemia, to a level higher
than that in NL corneas. Hence, the overall effects of TGFβ1
are inhibitory, whereas TGFβ3 promotes plasminogen acti-
vation, consistent with their pro- and antifibrotic roles during
wound healing and tissue repair.

TGFβ1 was shown to suppress the expression of CCL3,
a chemokine involved in the recruitment of inflamma-
tory cells, through the ERK signaling pathway.86 Our study
showed that, in both NL and DM corneas, wound-induced
CCL3 was upregulated by TGFβ1 and suppressed by TGFβ3.
Because elevated expression of CCL3 was suggested as
a common mechanism for macrophage accumulation in
tissues such as the lung and the liver under pathological
conditions and during fibrogenesis,87–89 a strategy utilizing
TGFβ3 to downregulate CCL3 might be used for treating
these inflammatory and fibrotic diseases.

Macrophages have been shown to participate in regu-
lating corneal wound healing by balancing the inflamma-
tory response.51 We demonstrated that TGFβ3, compared
to TGFβ1, significantly increased the infiltration of BMDMs
in DM mouse corneas. Macrophages can be polarized
and acquire specific phenotypes such as M1 and M2.90,91

M1 activity inhibits cell proliferation and causes tissue
damage, but M2 activity promotes cell proliferation and
tissue repair.92 Our data suggest that TGFβ1 induced M1
macrophage polarization (iNOS and CD86 upregulation),
and TGFβ3 induced M2 macrophage polarization (CD206
upregulation). Hence, the ability of TGFβ3 to promote
macrophage M2 polarization may be an underlying mecha-
nism for its strong effects on corneal epithelial wound heal-
ing in diabetic corneas. Moreover, the wound-induced profi-
brosis gene CTGF and antifibrosis gene NGF were further
augmented by TGFβ1 and TGFβ3, respectively, consistent
with their pro- and antifibrotic roles during wound healing
and tissue repair.

Our results increase our understanding of the pathogen-
esis of diabetic neurotrophic keratopathy, delayed epithelial
wound healing, and sensory nerve regeneration, which are
common features of DM. In this study, TGFβ3 was shown
to play a unique role compared to TGFβ1 in mediating
epithelial wound healing. The impaired expression of TGFβ3
may contribute to delayed wound healing in DM corneas;
hence, recombinant TGFβ3 may be used for treating diabetic
neuropathy and keratopathy.

Acknowledgments

Supported by grants from the National Eye Institute,
National Institutes of Health (R01-EY010869, R01-EY017960,

Downloaded from intl.iovs.org on 04/19/2024



TGFβ Isoforms in Diabetic Wound Healing IOVS | March 2024 | Vol. 65 | No. 3 | Article 35 | 9

R01EY035785, P30-EY04068) and Research to Prevent Blind-
ness.

Disclosure: N. Gao, None; F.-S. Yu, None

References

1. Clark EA, Grabstein KH, Gown AM, et al. Activation of B
lymphocyte maturation by a human follicular dendritic cell
line, FDC-1. J Immunol. 1995;155:545–555.

2. Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al.
IDF Diabetes Atlas: global estimates for the prevalence
of diabetes for 2015 and 2040. Diabetes Res Clin Pract.
2017;128:40–50.

3. Frank RN. Diabetic retinopathy. N Engl J Med. 2004;350:48–
58.

4. Kiziltoprak H, Tekin K, Inanc M, Goker YS. Cataract in
diabetes mellitus. World J Diabetes. 2019;10:140–153.

5. Kaji Y. Prevention of diabetic keratopathy. Br J Ophthalmol.
2005;89:254–255.

6. Zhao H, He Y, Ren YR, Chen BH. Corneal alteration
and pathogenesis in diabetes mellitus. Int J Ophthalmol.
2019;12:1939–1950.

7. Friend J, Ishii Y, Thoft RA. Corneal epithelial changes in
diabetic rats. Ophthalmic Res. 1982;14:269–278.

8. Azar DT, Spurr-Michaud SJ, Tisdale AS, Gipson IK. Altered
epithelial-basement membrane interactions in diabetic
corneas. Arch Ophthalmol. 1992;110:537–540.

9. McDermott AM, Xiao TL, Kern TS, Murphy CJ. Non-
enzymatic glycation in corneas from normal and diabetic
donors and its effects on epithelial cell attachment in vitro.
Optometry. 2003;74:443–452.

10. Yu FX, Lee PSY, Yang L, et al. The impact of sensory
neuropathy and inflammation on epithelial wound heal-
ing in diabetic corneas. Prog Retin Eye Res. 2022;89:
101039.

11. Kabosova A, Kramerov AA, Aoki AM, Murphy G, Zieske
JD, Ljubimov AV. Human diabetic corneas preserve wound
healing, basement membrane, integrin and MMP-10 differ-
ences from normal corneas in organ culture. Exp Eye Res.
2003;77:211–217.

12. Zagon IS, Sassani JW, McLaughlin PJ. Insulin treatment
ameliorates impaired corneal reepithelialization in diabetic
rats. Diabetes. 2006;55:1141–1147.

13. Xu K, Yu FS. Impaired epithelial wound healing and EGFR
signaling pathways in the corneas of diabetic rats. Invest
Ophthalmol Vis Sci. 2011;52:3301–3308.

14. Inoue A, Watanabe T, Tominaga K, et al. Association of
hnRNP S1 proteins with vimentin intermediate filaments in
migrating cells. J Cell Sci. 2005;118:2303–2311.

15. Wang F, Gao N, Yin J, Yu FS. Reduced innervation and
delayed re-innervation after epithelial wounding in type 2
diabetic Goto-Kakizaki rats. Am J Pathol. 2012;181:2058–
2066.

16. Yin J, Huang J, Chen C, Gao N, Wang F, Yu FS. Corneal
complications in streptozocin-induced type I diabetic rats.
Invest Ophthalmol Vis Sci. 2011;52:6589–6596.

17. Schultz RO, Van Horn DL, Peters MA, Klewin KM, Schut-
ten WH. Diabetic keratopathy. Trans Am Ophthalmol Soc.
1981;79:180–199.

18. Priyadarsini S, Whelchel A, Nicholas S, Sharif R, Riaz K,
Karamichos D. Diabetic keratopathy: insights and chal-
lenges. Surv Ophthalmol. 2020;65:513–529.

19. Pflugfelder SC. Is autologous serum a tonic for the ailing
corneal epithelium? Am J Ophthalmol. 2006;142:316–317.

20. Bukowiecki A, Hos D, Cursiefen C, Eming SA. Wound-
healing studies in cornea and skin: parallels, differences and
opportunities. Int J Mol Sci. 2017;18:1257.

21. Yu FS, Yin J, Xu K, Huang J. Growth factors and corneal
epithelial wound healing. Brain Res Bull. 2010;81:229–
235.

22. Werner S, Grose R. Regulation of wound healing by growth
factors and cytokines. Physiol Rev. 2003;83:835–870.

23. McCarty SM, Percival SL. Proteases and delayed wound heal-
ing. Adv Wound Care (New Rochelle). 2013;2:438–447.

24. Pakyari M, Farrokhi A, Maharlooei MK, Ghahary A. Crit-
ical role of transforming growth factor beta in different
phases of wound healing. Adv Wound Care (New Rochelle).
2013;2:215–224.

25. Kruse FE, Tseng SC. Transforming growth factors beta 1
and 2 inhibit proliferation of limbus and corneal epithelium.
Ophthalmologe. 1994;91:617–623.

26. Long Q, Chu R, Zhou X, et al. Correlation between TGF-β1
in tears and corneal haze following LASEK and epi-LASIK.
J Refract Surg. 2006;22:708–712.

27. Saika S. TGFβ pathobiology in the eye. Lab Invest.
2006;86:106–115.

28. Wilson SE, Schultz GS, Chegini N, Weng J, He YG. Epidermal
growth factor, transforming growth factor alpha, transform-
ing growth factor beta, acidic fibroblast growth factor, basic
fibroblast growth factor, and interleukin-1 proteins in the
cornea. Exp Eye Res. 1994;59:63–71.

29. Huh MI, Chang Y, Jung JC. Temporal and spatial distri-
bution of TGF-β isoforms and signaling intermediates
in corneal regenerative wound repair. Histol Histopathol.
2009;24:1405–1416.

30. Cheifetz S, Hernandez H, Laiho M, ten Dijke P, Iwata KK,
Massague J. Distinct transforming growth factor-β (TGF-
β) receptor subsets as determinants of cellular responsive-
ness to three TGF-β isoforms. J Biol Chem. 1990;265:20533–
20538.

31. Lichtman MK, Otero-Vinas M, Falanga V. Transforming
growth factor beta (TGF-β) isoforms in wound healing and
fibrosis. Wound Repair Regen. 2016;24:215–222.

32. Pelton RW, Saxena B, Jones M, Moses HL, Gold LI. Immuno-
histochemical localization of TGF beta 1, TGF beta 2, and
TGF beta 3 in the mouse embryo: expression patterns
suggest multiple roles during embryonic development. J Cell
Biol. 1991;115:1091–1105.

33. Hentges S, Boyadjieva N, Sarkar DK. Transforming growth
factor-β3 stimulates lactotrope cell growth by increasing
basic fibroblast growth factor from folliculo-stellate cells.
Endocrinology. 2000;141:859–867.

34. Unsicker K, Flanders KC, Cissel DS, Lafyatis R, Sporn MB.
Transforming growth factor beta isoforms in the adult
rat central and peripheral nervous system. Neuroscience.
1991;44:613–625.

35. López-Casillas F, Wrana JL, Massagué J. Betaglycan presents
ligand to the TGFβ signaling receptor. Cell. 1993;73:1435–
1444.

36. Shah RM, Friedman AC, Ostrum BJ, Sexauer W, Fiel SB.
Pulmonary complications of cystic fibrosis in adults. Crit
Rev Diagn Imaging. 1995;36:441–477.

37. Gupta S, Rodier JT, Sharma A, et al. Targeted AAV5-Smad7
gene therapy inhibits corneal scarring in vivo. PLoS One.
2017;12:e0172928.

38. Bettahi I, Sun H, Gao N, et al. Genome-wide transcrip-
tional analysis of differentially expressed genes in diabetic,
healing corneal epithelial cells: hyperglycemia-suppressed
TGFβ3 expression contributes to the delay of epithelial
wound healing in diabetic corneas. Diabetes. 2014;63:715–
727.

39. Gao N, Yan C, Lee P, Sun H, Yu FS. Dendritic cell dysfunction
and diabetic sensory neuropathy in the cornea. J Clin Invest.
2016;126:1998–2011.

40. Kawakita T, Shimmura S, Hornia A, Higa K, Tseng SC.
Stratified epithelial sheets engineered from a single adult

Downloaded from intl.iovs.org on 04/19/2024



TGFβ Isoforms in Diabetic Wound Healing IOVS | March 2024 | Vol. 65 | No. 3 | Article 35 | 10

murine corneal/limbal progenitor cell. J Cell Mol Med.
2008;12:1303–1316.

41. Almeida JL, Hill CR, Cole KD. Mouse cell line authentication.
Cytotechnology. 2014;66:133–147.

42. Yin J, Yu FS. LL-37 via EGFR transactivation to promote
high glucose-attenuated epithelial wound healing in organ-
cultured corneas. Invest Ophthalmol Vis Sci. 2010;51:1891–
1897.

43. Vogl T, Stratis A, Wixler V, et al. Autoinhibitory regulation
of S100A8/S100A9 alarmin activity locally restricts sterile
inflammation. J Clin Invest. 2018;128:1852–1866.

44. Ostermann L, Seeliger B, David S, et al. S100A9 is indispens-
able for survival of pneumococcal pneumonia in mice. PLoS
Pathog. 2023;19:e1011493.

45. Li WY, Chong SS, Huang EY, Tuan TL. Plasminogen acti-
vator/plasmin system: a major player in wound healing?
Wound Repair Regen. 2003;11:239–247.

46. Sulniute R, Shen Y, Guo YZ, et al. Plasminogen is a critical
regulator of cutaneous wound healing. Thromb Haemost.
2016;115:1001–1009.

47. Romer J, Bugge TH, Pyke C, et al. Plasminogen and wound
healing. Nat Med. 1996;2:725.

48. Ghosh AK, Vaughan DE. PAI-1 in tissue fibrosis. J Cell Phys-
iol. 2012;227:493–507.

49. Lu P, Li L, Wu Y, Mukaida N, Zhang X. Essential contribu-
tion of CCL3 to alkali-induced corneal neovascularization by
regulating vascular endothelial growth factor production by
macrophages. Mol Vis. 2008;14:1614–1622.

50. Zhang Y, Gao N, Wu L, et al. Role of VIP and Sonic Hedge-
hog signaling pathways in mediating epithelial wound heal-
ing, sensory nerve regeneration, and their defects in diabetic
corneas. Diabetes. 2020;69:1549–1561.

51. Liu J, Xue Y, Dong D, et al. CCR2– and CCR2+ corneal
macrophages exhibit distinct characteristics and balance
inflammatory responses after epithelial abrasion. Mucosal
Immunol. 2017;10:1145–1159.

52. Zhao G,Miao H, Li X, et al. TGF-β3-induced miR-494 inhibits
macrophage polarization via suppressing PGE2 secretion in
mesenchymal stem cells. FEBS Lett. 2016;590:1602–1613.

53. Moussad EE, Brigstock DR. Connective tissue growth factor:
what’s in a name? Mol Genet Metab. 2000;71:276–292.

54. Lovicu FJ, Shin EH, McAvoy JW. Fibrosis in the lens. Sprouty
regulation of TGFβ-signaling prevents lens EMT leading to
cataract. Exp Eye Res. 2016;142:92–101.

55. Pohlers D, Brenmoehl J, Loffler I, et al. TGF-β and fibrosis
in different organs – molecular pathway imprints. Biochim
Biophys Acta. 2009;1792:746–756.

56. Cordeiro MF. Role of transforming growth factor beta in
conjunctival scarring. Clin Sci (Lond). 2003;104:181–187.

57. Cordeiro MF, Bhattacharya SS, Schultz GS, Khaw PT. TGF-
β1, -β2, and -β3 in vitro: biphasic effects on Tenon’s
fibroblast contraction, proliferation, and migration. Invest
Ophthalmol Vis Sci. 2000;41:756–763.

58. Henderson J, Ferguson MW, Terenghi G. The reinnervation
pattern of wounds and scars after treatment with transform-
ing growth factor beta isoforms. J Plast Reconstr Aesthet
Surg. 2012;65:e80–e86.

59. O’Kane S, Ferguson MW. Transforming growth factor βs and
wound healing. Int J Biochem Cell Biol. 1997;29:63–78.

60. Ferguson MW, O’Kane S. Scar-free healing: from embryonic
mechanisms to adult therapeutic intervention. Philos Trans
R Soc Lond B Biol Sci. 2004;359:839–850.

61. Iglesias-Bartolome R, Uchiyama A, Molinolo AA, et al. Tran-
scriptional signature primes human oral mucosa for rapid
wound healing. Sci Transl Med. 2018;10:eaap8798.

62. Schrementi ME, Ferreira AM, Zender C, DiPietro LA. Site-
specific production of TGF-β in oral mucosal and cutaneous
wounds. Wound Repair Regen. 2008;16:80–86.

63. Szpaderska AM, Zuckerman JD, DiPietro LA. Differential
injury responses in oral mucosal and cutaneous wounds.
J Dent Res. 2003;82:621–626.

64. Liarte S, Bernabe-Garcia A, Nicolas FJ. Role of TGF-β in
skin chronic wounds: a keratinocyte perspective. Cells.
2020;9:306.

65. Sugiyama H, Yamato M, Nishida K, Okano T. Evidence of
the survival of ectopically transplanted oral mucosal epithe-
lial stem cells after repeated wounding of cornea. Mol Ther.
2014;22:1544–1555.

66. Kim YJ, Lee HJ, Ryu JS, et al. Prospective clinical trial of
corneal reconstruction with biomaterial-free cultured oral
mucosal epithelial cell sheets. Cornea. 2018;37:76–83.

67. Prabhasawat P, Chirapapaisan C, Jiravarnsirikul A, et al.
Phenotypic characterization of corneal epithelium in long-
term follow-up of patients post-autologous cultivated oral
mucosal epithelial transplantation. Cornea. 2021;40:842–
850.

68. Priyadarsini S, McKay TB, Sarker-Nag A, Karamichos D.
Keratoconus in vitro and the key players of the TGF-β path-
way. Mol Vis. 2015;21:577–588.

69. Sarker-Nag A, Hutcheon AE, Karamichos D. Mitochondrial
profile and responses to TGF-β ligands in keratoconus. Curr
Eye Res. 2016;41:900–907.

70. Li S, Gu X, Yi S. The regulatory effects of transforming
growth factor-β on nerve regeneration. Cell Transplant.
2017;26:381–394.

71. Walshe TE, Leach LL, D’Amore PA. TGF-β signaling is
required for maintenance of retinal ganglion cell differenti-
ation and survival. Neuroscience. 2011;189:123–131.

72. Misumi S, Kim TS, Jung CG, et al. Enhanced neurogene-
sis from neural progenitor cells with G1/S-phase cell cycle
arrest is mediated by transforming growth factor beta1. Eur
J Neurosci. 2008;28:1049–1059.

73. Ho TW, Bristol LA, Coccia C, et al. TGFβ trophic factors
differentially modulate motor axon outgrowth and protec-
tion from excitotoxicity. Exp Neurol. 2000;161:664–675.

74. Hagl C, Schafer KH, Hellwig I, et al. Expression and function
of the transforming growth factor-β system in the human
and rat enteric nervous system. Neurogastroenterol Motil.
2013;25:601–e464.

75. Jaskova K, Pavlovicova M, Cagalinec M, Lacinova L, Jurkovi-
cova D. TGFβ1 downregulates neurite outgrowth, expres-
sion of Ca2+ transporters, and mitochondrial dynamics of
in vitro cerebellar granule cells. NeuroReport. 2014;25:340–
346.

76. Tie Y, Tang F, Peng D, Zhang Y, Shi H. TGF-beta signal
transduction: biology, function and therapy for diseases.Mol
Biomed. 2022;3:45.

77. Ong CH, Tham CL, Harith HH, Firdaus N, Israf DA. TGF-
β-induced fibrosis: a review on the underlying mecha-
nism and potential therapeutic strategies. Eur J Pharmacol.
2021;911:174510.

78. Weng L, Funderburgh JL, Khandaker I, et al. The anti-
scarring effect of corneal stromal stem cell therapy is medi-
ated by transforming growth factor β3. Eye Vis (Lond).
2020;7:52.

79. Annes JP, Munger JS, Rifkin DB. Making sense of latent
TGFβ activation. J Cell Sci. 2003;116:217–224.

80. Zhang YE. Non-Smad signaling pathways of the TGF-β
family. Cold Spring Harb Perspect Biol. 2017;9:a022129.

81. Korndorfer IP, Brueckner F, Skerra A. The crystal structure
of the human (S100A8/S100A9)2 heterotetramer, calpro-
tectin, illustrates how conformational changes of interacting
α-helices can determine specific association of two EF-hand
proteins. J Mol Biol. 2007;370:887–898.

82. Gao N, Sang Yoon G, Liu X, et al. Genome-wide transcrip-
tional analysis of differentially expressed genes in flagellin-

Downloaded from intl.iovs.org on 04/19/2024



TGFβ Isoforms in Diabetic Wound Healing IOVS | March 2024 | Vol. 65 | No. 3 | Article 35 | 11

pretreated mouse corneal epithelial cells in response
to Pseudomonas aeruginosa: involvement of S100A8/A9.
Mucosal Immunol. 2013;6:993–1005.

83. Eddy AA, Fogo AB. Plasminogen activator inhibitor-1 in
chronic kidney disease: evidence and mechanisms of action.
J Am Soc Nephrol. 2006;17:2999–3012.

84. Ma LJ, Fogo AB. PAI-1 and kidney fibrosis. Front Biosci
(Landmark Ed). 2009;14:2028–2041.

85. Sun H, Mi X, Gao N, Yan C, Yu FS. Hyperglycemia-
suppressed expression of Serpine1 contributes to delayed
epithelial wound healing in diabetic mouse corneas. Invest
Ophthalmol Vis Sci. 2015;56:3383–3392.

86. Zhang J, Li Z, Chen F, et al. TGF-β1 suppresses CCL3/4
expression through the ERK signaling pathway and inhibits
intervertebral disc degeneration and inflammation-related
pain in a rat model. Exp Mol Med. 2017;49:e379.

87. Argyle D, Kitamura T. Targeting macrophage-recruiting
chemokines as a novel therapeutic strategy to prevent

the progression of solid tumors. Front Immunol. 2018;9:
2629.

88. Huffnagle GB, Strieter RM, McNeil LK, et al. Macrophage
inflammatory protein-1alpha (MIP-1alpha) is required for
the efferent phase of pulmonary cell-mediated immu-
nity to a Cryptococcus neoformans infection. J Immunol.
1997;159:318–327.

89. Heinrichs D, Berres ML, Nellen A, et al. The chemokine
CCL3 promotes experimental liver fibrosis in mice. PLoS
One. 2013;8:e66106.

90. Martinez FO, Gordon S. The M1 and M2 paradigm of
macrophage activation: time for reassessment. F1000Prime
Rep. 2014;6:13.

91. Sica A,Mantovani A.Macrophage plasticity and polarization:
in vivo veritas. J Clin Invest. 2012;122:787–795.

92. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2
polarization. Eur J Pharmacol. 2020;877:173090.

Downloaded from intl.iovs.org on 04/19/2024


