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Pathogenic Role of PPAR«a Downregulation in Corneal
Nerve Degeneration and Impaired Corneal Sensitivity

in Diabetes
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The purpose of this study was to investigate the protective
role of peroxisome proliferator-activated receptor o (PPAR)
against diabetic keratopathy and comeal neuropathy. Corneal
samples were obtained from human donors with and without
diabetes. Streptozotocin-induced diabetic rats and mice were
orally treated with PPAR« agonist fenofibrate. As shown by
immunohistochemistry and Western blotting, PPARa was
downregulated in the cormeas of humans with diabetes
and diabetic rats. Immunostaining of B-lll tubulin demon-
strated that comeal nerve fiber metrics were decreased
significantly in diabetic rats and mice, which were partially
prevented by fenofibrate treatment. As evaluated using
a Cochet-Bonnet aesthesiometer, comeal sensitivity was
significantly decreased in diabetic mice, which was prevented
by fenofibrate. PPARa~'~ mice displayed progressive
decreases in the corneal nerve fiber density. Consistently,
corneal sensitivity was decreased in PPARa '~ mice relative
to wild-type mice by 21 months of age. Diabetic mice showed
increased incidence of spontaneous corneal epithelial lesion,
which was prevented by fenofibrate while exacerbated by
PPAR« knockout. Western blot analysis revealed significantly
altered neurotrophic factor levels in diabetic rat comeas,
which were partially restored by fenofibrate treatment. These
results indicate that PPAR« protects the commeal nerve from
degeneration induced by diabetes, and PPAR« agonists have
therapeutic potential in the treatment of diabetic keratopathy.

Diabetic keratopathy, an ocular complication of diabetes,
can manifest in a variety of forms, including persistent

corneal epithelial defects, superficial punctate keratitis,
corneal endothelial injury, and stromal opacification
(1-3). In addition, established impacts of diabetes on the
cornea include loss of corneal sensitivity, degeneration of
nerve fibers (4), and corneal lesions. Approximately one out
of four patients with diabetic keratopathy suffers from
forms of keratoepitheliopathy, such as persistent corneal
epithelial defects or recurrent corneal erosions (5). Although
neurotrophic keratopathy is a rare, late complication of
diabetes (6), recent studies indicate that corneal neuro-
degeneration occurs in the early stages of diabetes (4). Thus,
keratoepitheliopathy may be a comparatively less severe
complication caused by loss of normal trophic action of
corneal nerve fibers (7).

In terms of potential new treatments for diabetic kerat-
opathy, the well-known degeneration of corneal nerve fibers
and loss of corneal sensitivity frequently associated with
diabetes (8) have inspired considerable research on neuro-
trophic factors associated with functions such as neuronal
differentiation and survival, neuritogenesis, synaptogenesis,
and myelination. Clinical trials showed that nerve growth
factor (NGF), glial cell-derived neurotrophic factor (GDNE),
and other neurotrophic factors displayed potential benefits in
the treatment of diabetic keratopathy and are considered
promising (9). According to a study in mice, NGF and GDNF
were reduced in the diabetic corneal epithelium with wounds
compared with normal corneal epithelium, and neutralizing
antibodies against NGF and GDNF impaired corneal nerve
regeneration and neurite outgrowth from trigeminal ganglia
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(10). However, it remains to be elucidated which pathways
can be therapeutically manipulated most effectively.

The association of peroxisome proliferator-activated
receptor a (PPARa), a nuclear receptor activated by fatty
acids, with regulation of neurotrophic factors has not
been established in either the cornea or elsewhere. How-
ever, it has been speculated that the neurotrophic effects
of oleic acid on neurons in the brain could be through
PPARa activation (11). Also, ~500 articles have been
published on the anti-inflammatory and neuroprotective
properties of palmitoylethanolamide, a PPAR«a ligand (12).
A link between PPARa and diabetic retinopathy became
apparent after two prospective clinical trials, the Fenofi-
brate Intervention and Event Lowering in Diabetes (FIELD
study) and the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) study. Both FIELD and ACCORD stud-
ies reported that fenofibrate, a PPARa agonist, was effective
on diabetic retinopathy in patients with type 2 diabetes
(13). Recent review articles have discussed PPARs, not only
PPARa, as potential therapeutic targets in a wide variety of
ocular diseases (14,15). Nonetheless, PPAR«x expression and
function in the diabetic cornea has not been previously
studied.

In summary, the etiology of diabetic keratopathy and
corneal neuropathy are complex and only fragmentarily
known; hence, effective treatments for these conditions
remain lacking. PPARa expression levels in the diabetic
cornea have not been measured. The aim of this study was
to investigate a potential protective effect of fenofibrate
against diabetic keratopathy and corneal neurodegenera-
tion. We also addressed the hypothesis that PPARa confers
a protective effect against the loss of nerve fibers in the
aging and diabetic cornea by mechanisms that include
stimulation of key neurotrophic pathways.

RESEARCH DESIGN AND METHODS

Ethics and Source of Human Corneal Samples

Corneal samples were obtained from human donors with
type 1 and type 2 diabetes and control subjects without
diabetes from the National Development and Research
Institutes, Inc. and the Oklahoma Lions Eye Bank. All facets
of the current study were in accord with the Declaration of
Helsinki. The medical criteria for including donors with
diabetes in this study can be found in Priyadarsini et al. (16).

Immunostaining of PPAR« in Human Corneas

Human corneas were immunostained with 3,3'-
diaminobenzidine as previously reported (17). The pri-
mary antibody was an anti-PPARa antibody (ab126285;
Abcam, Cambridge, MA). The level of PPARa was quan-
tified using ImageJ.

Animals

Male Sprague Dawley and Wistar rats were obtained from
Charles River Laboratories (Wilmington, MA) at 8 weeks of
age. C57BL/6J and PPARa™’~ mice were from The Jack-
son Laboratory (Bar Harbor, ME). Diabetes was induced in
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rats with a single intraperitoneal injection of streptozotocin
(STZ) (55 mg/kg body weight) at 2 months of age and in
mice with five consecutive daily intraperitoneal injections of
STZ (50 mg/kg body weight) at 3 months of age. Blood
glucose measurements were made in fasted rats and mice
using a OneTouch blood glucose meter (Johnson & Johnson/
LifeScan, Chesterbrook, PA). Animals with fasting blood
glucose levels >350 mg/dL were considered diabetic in
this study. Animals were housed in a controlled environ-
ment facility with programmed 12-h light/dark cycle and
fed ad libitum with water and standard laboratory rodent
chow. The diabetic and nondiabetic treatment groups of
rats were fed with chow containing 0.014% fenofibrate
(5053; Purina) for 2 months in Sprague Dawley rats or for
4 months in Wistar rats, and C57BL/6J and PPARa™"~
mice were fed fenofibrate chow for 6 months. We used
two different diabetic periods in rats to observe the pro-
gression of the diabetic complications from early stages,
when mechanistic changes can be detected, to latter stages,
when effects can be observed. Care, use, and treatment of
animals were according to The Association for Research in
Vision and Ophthalmology’s Statement for the Use of
Animals in Ophthalmic and Vision Research. Experimen-
tal protocols were approved by The University of Okla-
homa Health Sciences Center Institutional Animal Care
and Use Committee. For imaging, animals were anesthe-
tized via intraperitoneal injection with 50 mg/kg ket-
amine hydrochloride and 5 mg/kg xylazine (Vedco Inc.,
St. Joseph, MO), and pupils were dilated with topically
administered 1% cyclopentolate solution (Wilson Oph-
thalmic, Mustang, OK) (Supplementary Fig. 1).

Corneal Sensitivity Measurements in Mice

In diabetic mice, corneal sensitivity was measured at 6, 7,
and 8 months of age (3, 4, and 5 months after STZ injection).
In C57BL/6J and PPARa ™'~ mice, corneal sensitivity was
checked at 3-month intervals starting at 6 months of age
(see Supplementary Fig. 1 for experimental flow chart).
Corneal sensitivity was measured using a Cochet-Bonnet
aesthesiometer (Luneau Technology, Pont-de-I'Arche,
France) as previously described (18), except that a reading
of 6.5 cm was recorded when the measurement at 6 cm
caused an animal to become agitated.

Corneal Lesion Assessment in Mice

After each corneal sensitivity measurement, animals were
inspected for corneal lesions, visually and with the aid of
a MICRON III fundus camera (Phoenix Technology Group,
Pleasanton, CA) and Olympus SZ40 stereomicroscope
(Olympus Corporation, Waltham, MA). Lesions were
graded according to established guidelines (19). For each
inspection, a lesion was recorded for any lesion grade 1 or
higher (e.g., from epithelial defects covering ~1% of the
corneal area to epithelial and stromal defects covering a ma-
jority of the cornea area). Sample corneas were photographed
with the fundus camera or a Nikon Coolpix S6150 digital
camera.
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Immunolabeling and Measuring Corneal Nerve Fiber
Metrics in Mice and Rats

B-III tubulin immunolabeling of corneal nerve fibers was
used to obtain fluorescent images to measure corneal nerve
fiber density (CNFD) in rat and mouse corneal flat mounts
with image quantification software discussed in the next
paragraph. 3-Nitrotyrosine (3-NT) immunolabeling was
used to quantify 3-NT in corneal sections of 12-month-
old wild-type (WT) and PPARa™’~ mice with diabetes.
Animal cornea samples were dissected from rats and mice
that had been euthanized by CO, gas asphyxiation (~5 min).
The cornea samples were fixed and immunolabeled using
a published protocol (18). The primary antibodies were an
anti—B-I1I tubulin antibody (ab18207; Abcam) and an anti-
3-NT antibody (ab61392; Abcam).

Corneal Nerve Fiber Metrics Analysis

With the aid of ACCMetrics software (University of Man-
chester), a clinical nerve fiber measurement program,
images of fluorescent immunolabeled rat corneal nerve
fibers (obtained as described above) were used to quan-
tify nerve fiber density (20,21). For rats, five nonover-
lapping areas with a field of view of 400 X 400 pm? in
each corneal flat mount were randomly selected and photo-
graphed with a digital camera (Axioplan 2 imaging; Carl
Zeiss, Jena, Germany). For mice, four 400 X 400—|.Lm2
nonoverlapping fields were selected from the central
cornea, around the whorl, and not including the pe-
ripheral regions. ACCMetrics software detected approximately
one-third of the visible subbasal plexus nerve fibers, and thus,
the calculations were repeated after manually drawing over
clearly visible subbasal plexus nerve fiber signals with Fiji
software, similar to the semiautomated methods reported in
the literature (22,23). ACCMetrics software detected subbasal
plexus nerve fibers with negligible interference from stromal
nerves. The average number per field was used to calculate
CNED for a given sample, and the sample averages were used
to calculate CNFD. Each of the four fields was categorized
according to the presence or absence of defects with an
evidently cellular (nonartifactual) basis (e.g., loosely attached
and/or enlarged cells and proteins aggregates/exudates).
CNEFD was calculated in all fields with defects and in all fields
without defects for experimental and control mice.

Western Blot Analyses

Each cornea was dissected and lysed in radioimmunopre-
cipitation assay buffer for total protein analyses. To obtain
the two fractions of interest, the epithelial and subbasal
plexus nerve fibers were separated from the stromal layer
by peeling away the softer tissues of the cornea with a rotary
mortar. The remaining stromal layer was cut into fine pieces
and homogenized. Primary antibody dilutions were 1:1,000 for
the rabbit anti-PPARa antibody (ab126285; Abcam), 1:500 for
a rabbit anti-brain-derived neurotrophic factor (anti-BDNF)
antibody (ab108319; Abcam), 1:500 for a rabbit anti-GDNF
antibody (ab64337; Abcam), and 1:5,000 for a mouse anti—3-
actin antibody (A5441; Sigma-Aldrich, St. Louis, MO).

Matlock and Associates 1281

Statistical Analysis

Statistical analysis was performed using Prism 8 for
Windows (GraphPad, San Diego, CA). Data were expressed
as a percentage or mean *= SD. Quantitative data were
analyzed using either unpaired Student t test for com-
parison between two groups at a time or one-way or
two-way ANOVA for studies with more than two
groups, followed by Bonferroni or Tukey multiple-
comparisons test. P < 0.05 was considered statistically
significant.

Data and Resource Availability
All data generated from this study are included in the
manuscript. No applicable resources were generated or an-
alyzed during the current study.

RESULTS

PPAR« in Human Cornea in Diabetes
To determine if PPAR«a is expressed in the cornea and if
its expression is altered in the corneas of humans with
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Figure 1—Human PPAR«a protein levels in the corneas from de-
ceased patients with long-term diabetes (mean of 17 years). Rep-
resentative images of immunostaining of corneal sections from three
donors without diabetes (ND), three donors with type 1 diabetes
mellitus (T1IDM), and three donors with type 2 diabetes mellitus
(T2DM) with an anti-PPARa antibody and stained with 3,3'-
diaminobenzidine (brown). A: PPARa staining appeared weaker in
the corneal epithelial cells in TIDM and T2DM than in ND. PPAR«
staining also appeared weaker in corneal epithelial cells of T1DM
than in T2DM. B: Substantially lower PPAR«a staining was observed
in the stromal layer in all groups. C: Enlarged images of the boxed
areas in B showing decreased PPAR« staining in TIDM and T2DM
stromal cells. D: Quantification of PPAR« IHC signal intensity (mean
+ 8D; n = 3). *P < 0.05; *P < 0.01.
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Figure 2—Protein levels of PPARa in whole cornea samples of
diabetic and control rats. A: The protein level of PPARa was mea-
sured by Western blot analysis using an anti-PPAR« antibody in the
corneas of age-matched nondiabetic controls (ND) and rats with
diabetes mellitus (STZ-DM) at 4 months after diabetes induction by
STZ injection. B: PPARa protein levels were quantified by densi-
tometry and normalized by B-actin levels (mean = SD). N = 4. Blood
glucose (mg/dL): ND, 96 = 11; and STZ-DM, 458 = 57. *P < 0.01.

diabetes, we used immunohistochemistry (IHC) with an
antibody against PPARa on corneal sections from human
donors with type 1 diabetes and type 2 diabetes and
control subjects without diabetes. In nondiabetic corneas,
intense PPAR« signals were detected throughout the epi-
thelial layer (Fig. 1A4). Low expression of PPARa was detected
in the stromal layer (Fig. 1B and C). Immunohistochemistry
results demonstrated weaker PPARa immunosignals in the
epithelial layer of corneal sections from donors with type
1 diabetes and type 2 diabetes compared with control
subjects without diabetes (Fig. 1D). In the stromal layer,
there were not enough cells to quantify PPARa, although
it did appear qualitatively to be decreased in a similar
pattern as the epithelium.

PPARq in the Cornea of Diabetic Rats

Next, we conducted Western blot analysis on STZ-injected
diabetic rat cornea samples and nondiabetic rat controls to
determine if corneal PPAR«a protein levels change in the
diabetic rat model similar to those in humans with di-
abetes. The Western blot results showed that PPAR«a
protein levels were significantly reduced in the corneas of
diabetic rats with 4 months of STZ-induced diabetes com-
pared with that in age- and genetic background-
matched nondiabetic rats (Fig. 2).

Fenofibrate Ameliorated Loss of Corneal Nerve Fibers
in Diabetic Rats

Diabetes is known to cause stromal edema (24) and in-
crease the thickness and tortuosity of stromal nerves and
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subbasal nerves (25), and hence, it may reduce the density
of stromal nerves (26) that support subbasal plexus nerves.
To determine if PPAR«a deficiency in diabetic rats is related
to the loss of corneal stromal nerve fibers, we measured
CNFED in the stroma of diabetic rats with and without
fenofibrate-supplemented diet and nondiabetic controls.
Corneas from diabetic and nondiabetic rats were immu-
nostained with an anti—B-III tubulin antibody, and nerve
fiber metrics were quantified as described above. CNFD in
diabetic rats was significantly decreased at 6 months of age
(4 months of diabetes) (Fig. 3). Furthermore, fenofibrate
treatment partially prevented the decrease in CNFD in-
duced by diabetes (Fig. 3).

Decreased CNFD and Sensitivity in Diabetic Mice Were
Partially Prevented by Fenofibrate

To determine if loss of corneal nerve fibers in diabetic mice
results in decreases in corneal sensitivity, we compared
CNFD and corneal sensitivity in diabetic mice and non-
diabetic controls 3 months after the onset of diabetes. In
addition, we measured corneal sensitivity at different time
points after the onset of diabetes in diabetic mice and
controls with and without fenofibrate treatment. We found
that corneal sensitivity was significantly decreased at 5 months
of diabetes in C57BL/6J mice (Fig. 4A). Fenofibrate treatment
prevented the loss of corneal sensitivity at this time point.
Consistently, diabetic mice showed decreased CNFD at
3 months of diabetes, which was partially restored by the
treatment with fenofibrate (Fig. 4B).

Incidence of Corneal Lesions in Diabetic C57BL/6J
Mice With Fenofibrate Treatment

To determine if activation of PPARa by fenofibrate
protects against corneal lesions in diabetes, we treated
C57BL/6J mice with STZ-induced diabetes with fenofi-
brate treatment for 5 months starting at 3 months of age.
Nondiabetic WT mice had no apparent corneal lesions at
6, 7, and 8 months of age, while STZ-induced diabetic
mice showed 8%, 9%, and 14% incidence of lesion,
respectively (nonsignificantly higher than that in nondia-
betic mice at the same ages). Fenofibrate-treated STZ-
induced diabetic mice showed a nonsignificantly decreased
incidence of corneal lesions, to the range of nondiabetic mice.
In contrast, STZ-induced diabetic PPARa ™"~ mice had sig-
nificantly increased incidence of corneal lesions in com-
parison with diabetic WT mice at 7 and 8 months of age
(Fig. 4C).

PPARa Knockout Decreased Nerve Density in the
Central Cornea

In order to investigate the role of PPAR« in maintaining
corneal nerve integrity, we quantified and compared CNFD
in the corneas of PPARa ™’ mice at 4, 7, 10, and 20 months
of age and their age- and genetic background-matched WT
mice. As shown by B-III tubulin staining, PPARa deficiency
alone resulted in significantly decreased CNFD at 10 and
20 months (Fig. 5A and C). At 4 months of age, most
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Figure 3—Effects of fenofibrate (Feno) treatment on corneal stromal nerve fibers in diabetic rats. Diabetes was induced with STZ injection
at 2 months of age in Wistar rats. Rats with diabetes mellitus (DM) and age-matched nondiabetic rats (ND) were treated with chow
containing 0.014% fenofibrate. A: At 6 months of age and after 4 months of diabetes, corneas from DM and ND rats as well as DM rats
treated with fenofibrate (DM-Feno) and ND with fenofibrate (ND-Feno) were collected, immunolabeled with an anti—-I1Il tubulin antibody,
flat-mounted, and viewed with a fluorescence microscope. B: Approximate location of corneal stromal nerve fiber images (3A) in the
central cornea and around the vortex. C: CNFD was calculated using ACCMetrics software (University of Manchester). Mean += SD. ND:
N = 9; ND-Feno, N = 4; DM, N = 6; and DM-Feno, N = 6. Blood glucose (mg/dL): ND, 90 = 9; ND-Feno, 99 *+ 6; DM, 487 * 53; and

DM-Feno, 494 * 61. *P < 0.05; *P < 0.01.

PPARa™’~ mice lacked a vortex in the central corneal
subbasal plexus; and, at all ages considered after 4 months,
spacing of subbasal plexus nerve fibers was uneven in
PPARa™’™ mice compared with WT mice (Fig. 5B).

Progressive Decreases of Corneal Sensitivity in
PPARa™'~ Mice

Loss of nerve fibers can lead to decreased corneal sensi-
tivity in aging and diabetes. To evaluate the impact of

PPARa deficiency on age-related decline of corneal sensi-
tivity, we measured corneal sensitivity in nondiabetic
PPARa™"" mice and that in WT mice from 3 to 27 months
of age at 3-month intervals. Corneal sensitivity showed
more prominent decreases with age in PPARa™’~ mice,
reaching statistical significance at 21 months of age, com-
pared with age- and genetic background-matched WT mice
(Fig. 6).
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Figure 4—Corneal sensitivity, lesions, and subbasal plexus nerve fiber density in STZ-diabetic mice. Diabetes was induced with STZ
injections at 3 months of age in C57BL/6J mice. Both nondiabetic mice (ND) and mice with diabetes mellitus (DM) were fed with
chow containing 0.014% fenofibrate (ND-Feno and DM-Feno). A: Corneal sensitivity in these mice was measured and compared in
nondiabetic mice (ND) and mice with diabetes mellitus (DM) with regular chow at 6, 7, and 8 months of age (mean = SD). **P <
0.001. N = 11-14. B: CNFD of the subbasal plexus was measured using Fiji and ACCMetrics software (University of Manchester).
Mean + SD. *P < 0.05. ND, N = 3; ND-Feno, N = 3; DM, N = 3; and DM-Feno, N = 4. C: Corneal lesion quantification in ND mice,
DM mice with and without fenofibrate, and age-matched PPARa ™'~ mice with STZ-induced diabetes mellitus (DM-PPARa /™) (6-,
7-, and 8-month-old mice with 4 months of diabetes) (mean = SD). N = 7-14.*P < 0.05; **P < 0.001. BG, blood glucose (mg/dL);

mo, month.

Increased Incidence of Corneal Lesions in PPARa™’'~

Mice

In order to help establish the role of decreased central
corneal nerve fibers in the development of corneal lesions,
we compared corneal lesion incidence in PPARa ™™ mice at
6, 9,12, 15, 18, 21, 24, and 27 months of age with that in
age-matched WT mice. Corneal lesions were observed in
PPARa™’" mice, with the earliest indications of defects
frequently observed in the epithelial layer between 15 and
18 months of age. In PPARa™’~ mice, the incidence of
corneal lesions of all types was noticeably higher at 15, 18,
and 21 months of age and statistically significant at 21, 24,
and 27 months of age in comparison with age-matched WT
mice. The incidence of PPARa™’~ mouse corneal lesions

was significantly higher, beginning at 21 months of age in
comparison with young PPAR« ' mice (Fig. 7D). No in vivo
corneal lesions were apparent in PPARa™" mice at 12
months of age, ~2 months after CNFD reached statis-
tical significance (Fig. 5C) and incidence of B-III tubulin
IHC-visible epithelial lesions was at a minimum (Fig.
7D). Immunolabeling of 3-NT showed that the 3-NT
signal was significantly increased in corneal sections of
12-month-old diabetic PPARa~’~ mice, compared with
that in diabetic WT mice (Fig. 7C).

Ex vivo experiments revealed a relationship between
CNFD and B-III tubulin IHC-visible defects. Defects in-
cluded irregular spacing of subbasal plexus nerve fibers,
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Figure 5—Nerve fibers and nerve fiber—dependent defects in the comea of PPARa /™ mice compared with WT mice from 4 to 20 months of age. Mice

with no visible lesions or grade 1 lesions were included in this analysis. A: Representative images of mouse cormeal nerve fibers immunolabeled with an
antibody for B-lll tubulin (as described before for rats) at the ages of 4, 10, and 20 months. B: Exploded view of the central comea showing the late
development of the subbasal plexus vortex pattem in PPARa ™'~ mice compared with WT C57BL/6J. C: Subbasal plexus CNFD for each comea and
age group was quantified using ACCMetrics software (University of Manchester). At 10 and 20 months of age, PPARa '~ mice had decreased CNFD
compared with WT. Mean =+ SD. *P < 0.05, P < 0.01 vs. WT; for ages 4, 7, 10, and 20 months: WT, N = 6, 3, 9, and 6; and knockout, N = 13, 5, 4, and
3, respectively. D: Number of mice in each age group with (w/defect) and without (w/out defect) B-lIl tubulin IHC-visible comeal defects. mo, month.

B-III tubulin immunosignals in epithelial cells, and aggre- PPARa™’” central cornea at 4,7,10, and 20 months of

gates. Preulcerous epithelial 3-III tubulin IHC-visible defects
were detected in areas of sparse subbasal plexus nerve fibers
in WT central cornea at 4 and 20 months of age and

age (Fig. 7I). At both 4 and 20 months of age, B-III tubulin
[HC-visible epithelial lesion involved fewer cells in WT
compared with multiple cells in PPARa”™"" central cornea.
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Figure 6—Corneal sensitivity in PPARa ™'~ mice compared with WT
C57BL/6J mice. Corneal sensitivity was measured using a Cochet-
Bonnet aesthesiometer (Luneau Technology) in 0.5-cm filament
steps from 6 cm (mean = SD) at the indicated ages. Corneal
sensitivity decreased significantly in PPARa™’~ mice compared
with C57BL/6J starting at 21 months of age. Mean + SD. P <
0.0001. mo, month.

For all ages combined (4, 7, 10, and 20 months), the
incidence of IHC-visible lesion in PPARa /" mice was
significantly increased in comparison with WT mice (P =
0.011). CNFD in fields with B-III tubulin IHC-visible
corneal defects was compared with CNED in fields without
defects for PPARe~ and WT mice in all age groups com-
bined (4, 7, 10, and 20 months). IHC-visible corneal defects
were significantly greater in areas with locally decreased nerve
fiber for both PPARa™"~ and WT mice (Fig. 7J).

Neurotrophic Pathways in Nondiabetic and Diabetic
Cornea
To identify a mechanism underlying the role of diabetes-
induced PPARa downregulation in corneal neuronal de-
generation and lesions, we investigated the effects of
diabetes and PPARa activation by fenofibrate on key
neurotrophic factors in the corneas. We hypothesized
that each neurotrophic factor could have different func-
tions and levels of expression in 1) the epithelial layer and
subbasal plexus together, and 2) the stromal layer and the
stromal plexus. Considering that neurotrophic factors could
be changed in different directions under diabetic conditions
in each of these fractions, we separated corneal samples into
two fractions: one containing the epithelial layer and sub-
basal plexus and the other containing the stromal layer and
the stromal plexus for Western blot analysis.

As shown by Western blot analysis, GDNF (Fig. 8A and
B) and BDNF (Fig. 8C and D) levels were altered in the
diabetic rat corneas. GDNF levels were significantly de-
creased (P = 0.019) in the corneal epithelial and subbasal
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plexus fraction of diabetic rats (Fig. 8A4). Dimeric BDNF
(28 kDa) was decreased, although not significantly, in
diabetic rat corneas in the corneal epithelial and subbasal
plexus fraction relative to nondiabetic controls (Fig. 8C).
Dimeric BDNF was not detected in the stromal fraction in
either nondiabetic or diabetic rat corneas. Also, in the
epithelial and subbasal plexus fraction, a cleavage frag-
ment of proBDNF (24 kDa) (a possible activator of apopto-
sis) was significantly increased by ~160-fold in diabetic rat
corneas relative to controls (Fig. 8C), whereas in the stromal
fraction, proBDNF levels were drastically reduced (Fig. 8D).

PPAR« was detected in the stromal fraction in diabetic
corneas, although at low levels, and fenofibrate treatment
had no significant effect here (Fig. 8B). Fenofibrate treat-
ments significantly restored GDNF levels in the epithelial
and subbasal plexus fraction in comparison with untreated
diabetic cornea (Fig. 84), but not significantly in the stromal
fraction in diabetic rats (Fig. 8B). Fenofibrate treatment
increased dimeric BDNF significantly in the corneal epithe-
lial and subbasal plexus fraction (i.e., the nonstromal frac-
tion) by 10-fold relative to diabetic rats with normal diet
(Fig. 80).

DISCUSSION

Effective treatments for diabetic corneal neuropathy and
keratopathy are lacking, and the pathogenic mechanism
underlying these conditions is uncertain. The current
study demonstrated that PPAR« levels are decreased in
the cornea in both diabetic animal models and humans
with diabetes. In addition, activation of PPAR« partially
ameliorated diabetes-induced corneal nerve degenera-
tion and declined corneal sensitivity. PPARa knockout
alone is sufficient to induce corneal nerve degeneration,
impaired corneal sensitivity, and increased incidence of
corneal lesions. The PPARa knockout animal is the first
one that develops spontaneous characteristics seen in
human diabetic keratopathy. These findings for the first
time suggest that diabetes-induced PPARa downregula-
tion plays an important pathogenic role in diabetic cor-
neal complication and thus represents a novel therapeutic
target.

PPAR« is a transcription factor originally known to
regulate lipid metabolism (27). Its expression and func-
tion in the diabetic cornea were not previously studied.
Our studies demonstrated that PPAR« is expressed in
the corneas of the mouse, rat, and human, with high
levels in the epithelium. Our data on human corneas
indicate that, as in the pancreas (28) and the retina (29),
PPARa is indeed downregulated in diabetic conditions
(Fig. 1). Studies of diabetic rats demonstrated that
PPARa is downregulated in diabetes in a similar manner
as in humans (Fig. 2). Further, activation and upregu-
lation of PPARa by fenofibrate protected against the
damaging effects of diabetes on corneal nerve fiber func-
tions and metrics. In rats, we observed significantly decreased
CNFD because of diabetes, similar to reported effects of
diabetes in humans. Also, in diabetic rats, oral treatment
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Figure 7—Cornea images, histology, corneal lesion incidence, and immunostaining of B-lll tubulin and 3-NT in PPARa™~ and WT mice. A:
Representative images of WT (C57BL/6J) and PPARa~’~ mouse corneas with and without lesions photographed with a digital camera
attached to a dissection microscope. B: At 12 months of age, hematoxylin and eosin staining confirmed frequent qualitative differences
between PPARa '~ and WT corneas. C: Corneal sections of 12-month-old nondiabetic mice (ND), WT mice with diabetes mellitus (DM), and
PPARa ™"~ mice immunolabeled with an anti-3-NT antibody showing increased 3-NT in WT and PPARa ™~ mice with diabetes (mean + SD).
*P < 0.01;**P < 0.001. D and E: Incidence of corneal lesions in PPARa '~ and WT mice. Corneal lesions were observed from 6 to 27 months
of age using a digital camera attached to a dissecting microscope. Corneal lesion incidence increased in PPARa ™'~ mice by 21 months of
age compared with WT mice (mean = SD; **P < 0.001, ***P < 0.0001 relative to age-matched WT [black]; ***P < 0.0001 relative to young
PPARa"~ [red]). F: Example of the effects of a severe lesion in a PPARa '~ cornea on nerve fiber immunostained using 8-l tubulin antibody
showing extremely dense and scrambled nerve fibers around and near the ulcer’s border and in the deep stroma below the ulcer, and
essentially no subbasal plexus nerve fibers more than ~50 um inside the border of the ulcer. G: Flat-mounted whole corneas immunolabeled
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with PPARa agonist fenofibrate partially prevented the
decreases of CNFD caused by diabetes (Fig. 3). In the
mouse cornea, STZ-induced diabetes had similar effects
on corneal sensitivity, which is partly a function of nerve
fiber density, as in humans with diabetes and diabetic
rats (Fig. 4A). We found a decrease in corneal sensi-
tivity in diabetic C57BL/6J mice, which was partially
prevented by fenofibrate (Fig. 44). These results sug-
gest that activation of PPARa has protective effects
against corneal nerve damage in diabetes.

To further investigate the role of PPARa in corneal nerve
survival, we used PPARx /"~ mice. Experiments on PPARa ™"~
mice revealed that PPARa deficiency alone resulted in de-
creased CNFD and corneal sensitivity, similar to that in
diabetes in humans and rats, even though, as previous studies
have already shown, PPARa ™"~ mice do not have high fasting
blood glucose (30). In these mice, we observed decreased CNFD
by 10 months of age (Fig. 5) and decreased corneal sensitivity
by 21 months of age (Fig. 6). Together with the results of
fenofibrate treatment, this finding suggests that PPARa is
essential for maintaining the integrity of corneal nerves.

The lesion is another feature of diabetic corneal com-
plication; however, the pathogenesis of corneal lesion is
still obscure (6). Consistent with nerve fiber loss, our results
showed that corneal lesion incidence is higher in diabetic
mice compared with age-matched nondiabetic mice. Fur-
thermore, fenofibrate treatment reduced incidence of
corneal lesion in diabetic mice. In contrast, diabetic PPARa"~
mice displayed significantly higher incidence of corneal
lesion compared with diabetic WT mice with the similar
glucose levels and the same diabetes duration (Fig. 4C).
Nondiabetic PPARe ™"~ mice had a significantly increased
incidence of corneal lesions by 21 months of age com-
pared with age-matched WT mice, which was the same age
decreased corneal sensitivity was first observed (Fig. 7D)
and 11 months after decreased CNFD and ex vivo B-III
tubulin-visible lesions. B-III tubulin IHC-visible epithelial
lesions were significantly higher in central cornea areas
with locally decreased CNFD (Fig. 7J). These results
suggest that diabetes-induced corneal lesion may be
through, at least in part, downregulation of PPAR«a
expression in the cornea.

Past studies of PPARa in other tissues have mainly
addressed its regulatory roles in metabolic, inflammatory,
and angiogenic pathways (31,32). Relatively few have
addressed mechanisms involving neurotrophic factors.
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BDNF and GDNF are major neurotrophic factors that
regulate neuronal and glial cell development and differ-
entiation, functions, remodeling, and regeneration (33-36).
In the cornea, it has been reported that BDNF plays a leading
role in the process of nerve fiber repair and regeneration
(37). GDNF promotes corneal epithelial cell proliferation
(38). The current study investigated if PPARa protects
corneal nerve under diabetic conditions through regula-
tion of these neurotrophic factors in the cornea.

As shown by Western blot analysis, PPARa was present in
both fractions of the cornea, the stromal fraction, and the
epithelial and subbasal plexus fraction (Fig. 8). In STZ-induced
diabetes, GDNF levels were significantly decreased in the
epithelial and subbasal plexus fraction (Fig. 84) and not
significantly decreased in the stromal fraction (Fig. 8B).
Fenofibrate treatment significantly increased PPARa and
GDNF levels compared with those of untreated diabetic rats
(Fig. 84).

BDNF is known to function as a 28-kDa dimer that is
extremely stable at physiological concentrations (and even
8 mol/L solutions of urea) (39). Our results indicated that
BDNF dimer (28 kDa) was decreased in diabetes and in-
creased approximately fourfold by fenofibrate treatment in
the diabetic epithelial and subbasal plexus fraction. A docu-
mented study reported that proBDNF undergoes degrada-
tion, generating a 24-kDa fragment (40). Levels of a truncated
form of proBDNF (24 kDa) were dramatically altered in
diabetic rat corneas after 2 months of diabetes and in
opposite ways in the stromal and nonstromal fractions of
the cornea.

The regulation of BDNF expression by PPARa has not
been documented previously. BDNF promoter sites have
been studied extensively since 1993 (41) and contain no
consensus on PPAR response elements. It is likely that
PPARa regulates BDNF expression or protein degradation
indirectly through a signaling pathway. The molecular mech-
anism for the regulation of BDNF by PPAR« remains to be
studied.

Our results indicate that fenofibrate increases the level
of dimeric BDNF relative to the truncated form of
proBDNF, which fits the emerging theory of BDNF
mode of operation in the central nervous system. The
critical balance between different forms of BDNF is
a possible pathological mechanism underlying multiple
sclerosis (42), chemotherapy-associated cognitive impair-
ment (43), and cognitive impairment associated with type

with an anti—B-Ill tubulin antibody: representative images from central cornea region of 24-month-old WT mice showing no apparent epithelial
lesions and central cornea region of a 24-month-old PPARa '~ mouse showing a severe ulcer. H: Four 400 X 400-pwm nonoverlapping fields
were selected from the central cornea and enhanced in Fiji software. Each field image was categorized according to the presence or absence
of defects with an evidently subbasal plexus and/or epithelial cellular basis (e.g., loosely attached cells, enlarged groups of cells, and proteins
aggregates/exudates). I: Ratio of cornea samples with 3-1ll tubulin IHC-visible defects to samples without B-1ll tubulin IHC-visible defects at 4,
7,10, and 20 months of age. J: CNFD in fields with B-IIl tubulin IHC-visible corneal defects was compared with CNFD in fields without defects
for PPARa '~ and WT mice in all age groups combined (4, 7, 10, and 20 months). Mean = SD. WT, N = 24; and knockout, N = 25. *P < 0.05,
**P < 0.01, *™P < 0.001, ™*P < 0.0001 relative to WT. C57, C57BL/6J; mo, month.
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Figure 8—PPARa activation and neurotrophic factors in rat corneas. Neurotrophic factor proteins were measured in the corneas of
nondiabetic (ND) rats, ND rats treated with fenofibrate (ND-F), rats with STZ-diabetes mellitus after 2 months of STZ injection (DM), and DM
rats treated with fenofibrate (DM-F). A: In the epithelial and subbasal plexus fraction, GDNF oligomer (~54 kDa) was decreased but not
significantly in DM rats compared with ND rats (P = 0.062; three ND and three DM rats). PPAR« was significantly decreased by diabetes (P =
0.031; three ND and three DM rats). Fenofibrate diet significantly increased PPARa and GDNF (P = 0.0301 and P = 0.04, respectively). B: In
the stromal fraction, GDNF (54 kDa) was not significantly different in the diabetic and fenofibrate-treated groups compared with controls. C: In
the epithelial and subbasal plexus fraction, BDNF dimer (28 kDa) was significantly decreased in DM relative to ND, and fenofibrate
significantly increased BDNF dimer. D: BDNF was not detected in the stromal fraction of either DM or ND corneas. The level of truncated
proBDNF (24 kDa) was significantly decreased in all diabetic corneas compared with controls and not significantly increased in fenofibrate-
treated diabetic corneas. Mean + SD. N = 3. Blood glucose (mg/dL): ND, 111 = 7; ND-Feno, 91 = 14; DM, 563 = 73; and DM-Feno, 581 =
46. *P < 0.05; **P < 0.001. epi, epithelial; stro, stromal.

2 diabetes (44). This followed from the discovery that the
proforms and truncated proforms of BDNF and other
proneurotrophins activate the p75 neurotrophin receptor
(p75"™), which modulates apoptotic signaling pathways
and can trigger neuronal cell death when Trk receptors are
absent (45), yet can also promote neuronal survival and
neurite outgrowth when Trk receptors are present (46).

Summary

PPAR« levels were decreased in corneas from humans with
type 1 and type 2 diabetes and in diabetic rat corneas
compared with nondiabetic rats. PPARa agonist fenofi-
brate protected corneal nerve fibers from degeneration and
alleviated decreased corneal sensitivity in diabetic rats and
diabetic mice. PPARa knockout in mice had effects similar



1290 PPARa and Fenofibrate in Diabetic Keratopathy

to diabetes on CNFD and corneal sensitivity. Also, diabetic
PPARa™’" mice had higher incidences of corneal lesions
than diabetic WT controls. BDNF and GDNF appear to play
roles in mediating the neuroprotective effect of PPARa in
diabetes. The results of our study revealed that fenofibrate
could be an effective treatment for patients with diabetic
keratopathy.
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