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Abstract
Diabetes often presents with ocular surface complications including dry eye, keratopathy,

and altered sensitivity, along with systemic disorders. A common theme associated with

corneal surface defects is decreased cellular proliferation. The opioid growth factor (OGF)–

OGF receptor (OGFr) regulatory axis maintains epithelial homeostasis and can be modu-

lated by naltrexone, an opioid receptor antagonist, to block OGF–OGFr interaction and

increase cellular replication. Complete blockade using naltrexone accelerates cell prolifer-

ation, increases the rate of re-epithelialization in corneal surface abrasions, reverses dry

eye, and restores corneal surface sensitivity in animal models of type 1 and type 2 diabetes.

Data on the efficacy of naltrexone in these models suggest that the OGF–OGFr axis is

dysregulated in diabetes. In the present study, we investigated the OGF–OGFr axis by

assessing serum and tissue levels of OGF and OGFr during the development of

streptozotocin-induced hyperglycemia and postulated a mechanism of action. We corre-

lated the dysregulation of the OGF–OGFr axis with the onset and magnitude of corneal

surface complications (e.g. tear fluid production, corneal surface sensitivity) in type 1 dia-

betes (T1D). Serum levels of OGF increased in both uncontrolled T1D and insulin-controlled (T1D-INS) male rats within fourweeks

of streptozotocin injection. Serum OGFr levels were significantly reduced in diabetic rats on weeks 3 and 8 post streptozotocin.

Tear production was significantly reduced, and corneal sensitivity measurements were abnormal in both T1D and T1D-INS

animals within fourweeks of streptozotocin. Corneal re-epithelialization was delayed in T1D rats, but not in T1D-INS animals;

however, expression levels of the inhibitory growth factor OGF and its receptor, OGFr, were elevated in the corneal epithelium

more than 2-fold in both diabetic groups. These data demonstrate for the first time that dysregulation of the OGF–OGFr axis in the

diabetic cornea is associated with the onset and magnitude of ocular surface complications.
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Introduction

Over 9% of the United States population is diagnosed with
diabetes, and the associated healthcare costs approach $245
billion annually.1–3 Worldwide, the number of individuals
with diabetes is expected to reach 550 million by 2030.1,2

Diabetes is a multifactorial disease that has genetic and
environmental components to its pathophysiology,1–3

with an increased risk for African Americans.3

Individuals with diabetes present with various degrees of
organ system involvement and most will experience one or
more major complications that include peripheral neurop-
athy, blindness, chronic non-healing wounds, nephropathy,
and cardiovascular disease.1–3 Importantly, nearly 50% of
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individuals with type 1 diabetes (T1D) experience at least
one complication related to the eye including keratopathy,
dry eye, aberrant sensitivity, or retinopathy.4,5 In particular,
delayed corneal epithelial repair and dry eye disease (DED)
are two common diabetic complications that often occur
repeatedly throughout the course of disease. DED is an
inflammatory disorder of unknown origin that is character-
ized by low tear film volume, increased frequency of cor-
neal ulcerations, and a potential loss of vision.4,5 Although
proper patient self-management reduces the risk of long-
term diabetic ocular complications, they cannot be fully
prevented,4,5 and thus understanding the time course and
development of diabetic complications and dysregulation
of possible associated regulatory pathways is imperative to
designing therapy.

Previous research in our laboratory identified and
characterized the presence and function of the opioid
growth factor (OGF)–OGF receptor (OGFr) pathway
in maintaining cellular homeostasis in normal and abnor-
mal tissues and cells.6–10 Using several models of type 1
and type 2 diabetes, we have documented that blockade of
the OGF–OGFr pathway by the potent opioid receptor
antagonist naltrexone (NTX) reverses many of the
epithelial-associated complications of T1D including
delayed corneal wound healing, dry eye, decreased corne-
al sensitivity, and the repair rate of full-thickness cutane-
ous wounds.11–17 Application of NTX topically or
systemically was effective at reversing many of the
ocular surface complications observed in the animal
models. These data were supportive of human research;
however, it was not known exactly when and to what
extent the OGF–OGFr regulatory pathway became dysre-
gulated in diabetes.

Studies have documented that diabetic animals17 and
humans18,19 have abnormal blood or tissue levels of
OGF, chemically termed [Met5]-enkephalin, an inhibitory
growth factor that suppresses cell replication. However, a
systematic examination of the temporal onset and magni-
tude of change in the OGF–OGFr pathway and associated
ocular surface complications in T1D has not been con-
ducted. In this study, we utilized male rats rendered
hyperglycemic with streptozotocin (STZ) and considered
to be a model of T1D in order to determine the relation-
ships between OGF and OGFr tissue levels in the cornea,
and the onset and severity of corneal surface complica-
tions related to T1D over an eight-week period. A subset
of hyperglycemic animals was implanted with insulin
implants that maintained systemic insulin levels and con-
trolled type 1 diabetes (T1D-INS). With the knowledge that
NTX blockade of the OGF–OGFr axis reverses dry eye,
restores corneal sensitivity, and accelerates re-epithelializa-
tion,15,16,20,21 the studies were conducted to investigate the
time course and magnitude of dysregulation of the OGF–
OGFr pathway in diabetes, and to correlate the onset of
corneal abnormalities in T1D rats. These experiments are
the first to establish a relationship between changes in
expression levels of OGF and OGFr in serum and corneal
epithelium and corneal surface abnormalities throughout
the development of T1D.

Materials and methods

Type 1 diabetes rat model

T1D was induced in six-week old male Sprague-Dawley
rats (Charles River) by injection of 50mg/kg STZ (Sigma-
Aldrich) dissolved in buffer at pH 4.5 for two consecutive
days.13,17 Rats were fasted for 18 h prior to each injection;
this method produced hyperglycemia (blood glucose lev-
els> 250mg/dL) within 72 h and resulted in minimal
lethality. A cohort of hyperglycemic rats was implanted
with insulin implants (LinShin, Canada) within 24 h of
detecting hyperglycemia, and identified as the T1D-INS
group. LinShin insulin implants designed for 60 days of
insulin release (7mm in length) were subcutaneously
implanted using the manufacturer’s instructions. Insulin
was released within 1 h of minipump implantation at a
rate of 2U/h. Hyperglycemic animals not treated with
insulin were identified as the T1D group. Finally, rats not
rendered hyperglycemic secondary to STZ receiving intra-
peritoneal injections of sodium citrate buffer only were
removed from the study. All animal protocols adhered to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and were approved by the Penn State
College of Medicine Institutional Animal Care and Use
Committee.

Measurement of physiological markers of diabetes

At weekly intervals for eightweeks, rats were weighed and
glucose levels were monitored from tail blood. At each time
point, at least 15 rats (randomized) for each group (T1D,
T1Dþinsulin, and Normal) were evaluated. Some rats in
each group were maintained until week 11 post STZ injec-
tion, but the experiment was halted when T1D animals
required humane euthanasia according to the IACUC
regulations.

Assessment of ocular surface complications

Prior to induction of hyperglycemia and at 2, 3, 4, 5, 6, and
8weeks following STZ injection, 12 to 20 male rats from
each treatment group (T1D, T1D-INS, Normal) and repre-
sentative of different experiment/shipments were exam-
ined to determine the extent of ocular surface corneal
complications. All measurements were conducted in unan-
esthetized animals, and followed previous protocols.12,15

Dry eye was determined by the Schirmer 1 test, which con-
sisted of inserting Schirmer paper strips (1mm� 17mm
long) (Alcon) into the lower lid cul-de-sac for 1min and
measuring the wetting length to the nearest half millimeter
using a scale provided by the manufacturer. Corneal sur-
face sensitivity was assessed by measuring the blink rate
using the Cochet-Bonnet aesthesiometer (Boca Raton, FL).
The aesthesiometer pressure (g/mm2) was determined
directly from the protocol supplied by the manufacturer.
Increased pressure required to induce blinking when the
non-anesthetized cornea was touched with the aesthesiom-
eter filament indicated decreased corneal sensitivity.
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Rate of corneal reepithelialization

Corneal epithelial wound closure was measured as the per-
centage of residual defect following 5mm diameter abra-
sions created in the right eye; procedures and protocols
followed those published previously.13,17 All surgeries
were conducted between 0800 and 0900 h to prevent dis-
parities from diurnal rhythm. Wound closure rates were
determined by photographing the residual defect stained
with moistened fluorescein strips at 0 (baseline), 16, 24, 32,
40, 48, 56, 72, and 90 h. No eyes were photographed at
intervals �16 h in order to prevent disruption of the epithe-
lial healing process. The residual area of the epithelial
defect was calculated as the percentage of the original epi-
thelial defect.

Tissue levels of OGF and OGFr

All rats were humanely euthanized with an intraperitoneal
sodium pentobarbital (Euthansol) injection (>100mg/kg;
>0.2mL/100 g body weight) at 90 h following wounding
and eyes proptosed for immunohistochemistry. To assess
abnormalities in OGF or OGFr expression in the cornea, the
unwounded eye from three rats in each group was
removed, quickly frozen, and stored at �80�C until used.
Frozen corneal tissue was sectioned (8–10 mm) and stained
with validated antibodies to OGF (1:200) or OGFr (1:150;
Bethyl Laboratories, Inc., Montgomery, TX) according to
the published procedures.22,23 Control sections of each
treatment group were stained with secondary antibody
only. Stained sections were photographed using confocal
microscopy (Keyence Microscopy). Images were calibrated
using optical density step tablet software provided by
ImageJ such that densitometric analyses removed the
mean gray background values and converted data from
pixels to optical density units. At least 10 tissue sections
from different animals were stained for immunohistochem-
ical semi-quantitative assessment. Expression levels of
peptide or receptor were analyzed by performing densito-
metric analyses on photographs captured at similar settings
and magnification using computer software; brightness
was converted to numerical values.

Serum levels of OGF, OGFr, and CD10 enkephalinase

Beginning on week 2 following STZ injections, three to six
rats from each group (T1D, T1D-INS, Normal) were
humanely euthanized with an intraperitoneal sodium pen-
tobarbital injection (>100mg/kg; >0.2mL/100 g body
weight). Whole trunk blood was collected on ice, centri-
fuged to obtain serum, and aliquots were stored at �80�C
prior to assay. Enzyme-linked immunosorbent assay
(ELISA) kits were purchased from MyBioSource for OGF
(MBS756126) or OGFr (#MBS109224). CD10 (Cluster of dif-
ferentiation 10, also termed neprilysin, is a neutral endo-
peptidase that degrades enkephalin. CD10 is not selective
for methionine enkephalin (i.e. OGF), but was measured by
an ELISA kit from MyBioSource (#MBS764927) with rat
sensitivity of 0.094 ng/mL to determine if elevated OGF
levels were related to changes in enzymatic degradation.

All serum analyses involved multiple assays with dupli-
cate samples from at least three different rats at each time
point collected across several independent experiments
analyzed in a single ELISA. Each assay also included sam-
ples from rats tested in all assays as positive controls.

Data analyses

Rigor and reproducibility of the study were ensured by
conducting multiple consecutive experiments with smaller
cohorts of rats and using replicate samples from multiple
animals in different groups and experiments. All paramet-
ric data (e.g. body weights, glucose levels, Schirmer meas-
urements, serum values) were analyzed with GraphPad
Prism 8.0 software using two-way (condition, time point)
analysis of variance (ANOVA) to determine significant
interaction. Subsequent comparisons were made using
Newman–Keuls tests; 95% confidence levels were required
for further analyses.

Results

Clinical characteristics

Across all four independent experiments, more than 95% of
the rats injected with STZ had blood glucose levels of
>250mg/dL within 72 h. All T1D rats used in the studies
were hyperglycemic within fivedays. Three rats did not
convert to being hyperglycemic and were removed from
the study. For the T1D-INS group, blood glucose levels
began to level off within hours of insulin pump implanta-
tion. Insulin implants were replaced in a few rats that were
studied until week 11. No deaths occurred in the first
twoweeks post STZ injection; T1D-related deaths were
only reported at weeks 10 and 11.

Body weights and blood glucose levels are presented in
Figure 1(a) and (b), respectively. Two-factor ANOVA iden-
tified a significant interaction (P< 0.0001) between condi-
tion (T1D, Normal, T1D-INS) and time (weeks), and
subsequent analyses identified significant differences in
body weight and glucose levels between T1D and Normal
animals, as well as T1D and T1D-INS. Analyses indicated
that hyperglycemia was evident within twoweeks and that
rats receiving systemic insulin (T1D-INS) had normal body
weights and glucose levels throughout the course of the
study. Normal body weights increased from approximately
180 g to over 470 g in eightweeks, whereas the body
weights of T1D rats were approximately 300 g after
twomonths of hyperglycemia. In comparison to blood glu-
cose levels for normal and T1D-INS rats that ranged from
128 to 152mg/dL or 126 to 200mg/dL, respectively, glu-
cose levels for T1D ratswere � 500mg/dL.

Temporal expression of abnormalities in non-invasive
measures on the corneal surface

For both parameters, two factor ANOVA revealed a strong
interaction (condition� time) of P< 0.0001, and significant
main effects of condition and time (each P< 0.0001).
Corneal surface sensitivity (Figure 2(a)) and tear produc-
tion (Figure 2(b)) were monitored on a weekly basis. T1D
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rats demonstrated changes in aesthesiometry after four-
weeks, with both T1D and T1D-INS animals having abnor-
malities on weeks 5 through 8. For T1D rats, the pressure
required to elicit a response rose from 0.4 to 0.5 g/mm2

(week 4) to greater than 0.6 g/mm2 in weeks 5 through 8.
In comparison, the pressure required was less than
0.5 g/mm2 during weeks 1–4 in the T1D-INS group, but
increased to 0.6–0.8 g/mm2 during weeks 5–8; normal ani-
mals required pressure levels of 0.4 g/mm2 or less to elicit a
blink response.

Tear production, which was measured as the mm dis-
tance of wetting of the Schirmer paper strip, was consistent
for all groups for the first fourweeks (Figure 2(b)) and
ranged between 5 and 6mm. Two factor ANOVA revealed
a strong interaction (condition� time) of P< 0.0001, with
time being P< 0.0002. At fiveweeks post STZ injection,
tear production was significantly reduced (P< 0.001) in
controlled and uncontrolled diabetic rats, being 40% less
than Normals (3.5 vs. 5.8mm). Tear fluid measurements
remained significantly lower than Normals for both T1D
and T1D-INS rats, with mean values at weeks 5–8 ranging
between 3.4 and 4.1mm for T1D and T1D-INS rats in com-
parison to 5.7–6.1mm for Normals.

Some T1D rats survived to week 11, along with T1D-INS
and Normal animals, and body weight, blood glucose, tear
production, and corneal surface sensitivity were moni-
tored. Although n values were too low for reliable statistical
analyses of the T1D-INS group, male T1D rats continued to
have blood glucose levels exceeding 550mg/dL through
week 11, and significantly reduced tear production
(2.8mm) in comparison to Normal values of 5.8mm. At
approximately 80 days post initial hyperglycemia, all rats
were humanely euthanized to adhere to the institutional
IACUC regulations.

Magnitude of delayed corneal re-epithelialization

Ameasure of corneal epithelial dysfunction in T1D rats was
the assessment of re-epithelialization following the creation
of a 5-mm diameter central corneal epithelial wound
(Figure 3(a) and (b)). Although there was no significant
interaction of condition and time, by 16 h following wound-
ing, the T1D rats showed evidence of slower wound heal-
ing, exhibiting significantly more residual wound area
relative to their baseline wound areas and in comparison
to the residual wounds in both T1D-INS and Normal rats.
Residual wounds were 4.5% at 56 h for Normals in compar-
ison to 13% and 23% for T1D-INS and T1D animals, respec-
tively. By 64 h, wounds in the Normal rats were completely
healed, whereas the male T1D rats had residual wounds of
approximately 9%. T1D rats had residual wounds greater
than 2% of their original area until 86 h. Corneal wounds in
T1D-INS rats appeared to heal at approximately the same
rate as those in Normal rats, except for measurements at
40 h, which indicated slower healing for the T1D-INS ani-
mals, as well as for the T1D rats. When wounds were less
than 1% of their original size, they were considered
“healed”.
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Figure 2. (a) Corneal surface sensitivity measured with a Cochet-Bonnet aes-

thesiometer. Three readings of pressure (g/mm2) were averaged for each rat at

every time point. (b)Tear production (mm) measured by the Schirmer 1 test.

Values represent means�S.E.M. for male rats randomly selected at each time

point from T1D, T1D-INS, and Normal conditions (n� 14 per group). Two-factor

ANOVA of corneal sensitivity and tear production revealed significant interac-

tions (condition� time) at P< 0.0001. Post hoc one-way ANOVA revealed dif-

ferences among groups at each time point (P< 0.001) that were significantly

different from Normals at P< 0.01 (**), P< 0.001 (***) using Newman–Keuls tests.
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Figure 1. (a) Body weights (grams) and (b) blood glucose levels (mg/dL) for male

Sprague-Dawley rats randomly selected from T1D, T1D-INS, or Normal groups

(n� 14 per group). Values represent means�S.E. M. Two-factor ANOVA

revealed a significant interaction between condition (T1D, T1D-INS, Normal) and

time (weeks) at P< 0.0001. Comparisons of condition at each time point were

significantly different from Normals at P< 0.001 (***).
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Dysregulation of OGF and OGFr expression in the
corneal epithelium

For both parameters, two factor ANOVA revealed a signif-
icant interaction between condition and time (P< 0.01), as
well as significant main effects (each P< 0.01). OGF expres-
sion in corneal epithelial tissue was semi-quantitatively
measured at two, three, four, and six weeks (Figure 4(a)
and (b). OGF protein expression was comparable for all
animals on weeks 2 and 3, and was recorded as approxi-
mately 35 optical density units. OGF expression was sub-
stantially higher in both diabetic groups on weeks 4 and 6.
By week 4, OGF values in the T1D group were semi-
quantitatively assessed at 75 optical density units in com-
parison to 35 units for Normal tissue, and the T1D-INS
group had mean measurements of 74 and 69 optical units
for weeks 4 and 6, respectively, representing more than
twice the OGF expression as Normal rats (Figure 4(b)).

OGF receptor expression in corneal epithelium was also
measured in sequential sections from the same animals
(Figure 5(a) and (b)). Receptor protein expression levels in
Normal rats ranged between 15 and 20 optical density

units, whereas both controlled (T1D-INS) and uncontrolled
(T1D) diabetic rats had elevated levels of OGFr within
twoweeks of becoming hyperglycemic. At weeks 2 and 3,
optical density levels were 22 to 30 optical density units, but
at weeks 4 and 5, OGFr expression increased to greater than
60 optical density units in both the T1D and T1D-INS
groups, representing a greater than 3-fold increase over
Normals within 2weeks. Thus, insulin treatment did not
reduce corneal epithelial levels of OGF or its receptor in
diabetic animals compared to uncontrolled diabetic rats.

Serum levels of OGF, OGFr, and CD10

Serum OGF levels for both controlled and uncontrolled
hyperglycemic rats were comparable to Normal values
on weeks 2 and 3 after injection of STZ (Figure 6(a)).
Two-factor ANOVA revealed an interaction between con-
dition and time (P< 0.01), and subsequent ANOVA and
Newman–Keuls tests demonstrated that there were sub-
stantial changes in serum OGF levels during the eight-
week examination period. However, between three and
fourweeks, OGF levels doubled and were significantly ele-
vated at weeks four, five, six, and eight for T1D rats and at
four, five, and sixweeks for the T1D-INS rats ranging from
49 to 57 pg/mL relative to normal values. Baseline or

Figure 4. OGF expression in corneal epithelium. (a) Photomicrographs of intact

corneal epithelium at two, three, four, and sixweeks following hyperglycemia in

T1D, T1D-INS, and Normal rats stained with validated anti-OGF antibodies.

Tissue stained with only secondary antibody is shown in the insert at week 6.

Images were taken at 10�magnification. (b) Tissue images were scanned with a

confocal microscope and semi-quantitatively evaluated for OGF expression

using Image J software. Values represent means�S.E.M. for 15–20 readings

collected from at least three tissue specimens. Two-factor ANOVA revealed a

significant interaction between condition and time, P< 0.01, with specific dif-

ferences between conditions noted at four and sixweeks. Significantly different

from Normal levels at P< 0.001 (***). (A color version of this figure is available in

the online journal.)

Figure 3. Photographs (a) and percent residual corneal defects (b) for T1D, T1D-

INS, and Normal rats (n¼ 6–9 animals per group). Eyes were stained with fluo-

rescein strips and photographed prior to wounding (0 h) and at 16, 24, 32, 40, 48,

56, and 72 h after abrasion. Two-factor ANOVA did not reveal a significant

interaction with condition, but time was significant with one-factor ANOVA,

P< 0.001. Residual areas (means�S.E.M.) are presented as the percentage of

remaining wound relative to the area of the original wound for the same rat.

Significantly different from Normal animals at P< 0 05 (*), P< 0.01 (**), P< 0.001

(***); significantly different between T1D and T1D-INS at P< 0.05 (þ). (A color

version of this figure is available in the online journal.)
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normal values ranged between 21 and 26 pg/mL for the
entire eight-week experimental period.

OGFr values were 1000-fold greater than OGF levels
for male rats in all conditions reaching ng quantities
(Figure 6(b)). The mean OGFr levels for Normal males
ranged from1.8 ng/mL to 3.2 ng/mL over the eight-week
period. Two-way ANOVA analyses did not indicate a sig-
nificant interaction between condition and time, but a main
effect was noted. At all-time points, serum OGFr values
were less than respective Normal values and reached sig-
nificance on weeks 3 and 8 for the T1D group and weeks 3,
4, and 8 for T1D-INS male rats. SerumOGFr in the T1D-INS
groups was less than 1 ng/mL across all eightweeks.

Analyses of CD10 in serum at three, four, and eight-
weeks post STZ revealed that mean CD10 values did not
differ and ranged between 0.1 pg/mL and 1.2 pg/mL (data
not shown).

Discussion

These data are the first to establish an association between
dysregulation of the OGF–OGFr regulatory pathway and
ocular surface abnormalities from diabetes. OGF, an endog-
enous pentapeptide that is produced in an autocrine and
paracrine manner,20 functions as both an inhibitory growth
factor and a neurotransmitter. These studies provide

evidence for the temporal onset of overexpression of OGF
in serum of diabetic rats and show that both controlled and
uncontrolled type 1 diabetes results in higher serum levels
of this inhibitory peptide. The receptor related to growth
regulation is OGFr, and these are the first data to measure
serum OGFr levels in animal models of diabetes. At this
time no data are available on OGFr levels in diabetic
humans. Whether the changes observed for rats are consis-
tent with humans awaits further reseach as studies have
shown that plasma OGF levels do fluctuate with different
pathologies 19,24,25,26,27

Our data demonstrate a dysregulation in the OGF–OGFr
axis with increases in corneal epithelial levels of the inhib-
itory peptide OGF and its receptor in both controlled and
uncontrolled diabetic corneal epithelium. Likewise, non-
invasive measures of the ocular surface (e.g. tear fluid
and corneal surface sensitivity) were altered beginning at
fourweeks post STZ injection in both groups correspond-
ing with the increase in serum OGF values. Of interest, it
was noted that systemic insulin—at dosages utilized to
maintain normal blood glucose—was reported to provide
protection against delayed re-epithelialization of corneal
abrasions that is normally seen in diabetic rats,12,15 but
did not protect against dry eye or abnormal surface sensi-
tivity in these animals. This is in contrast to a study where
topical insulin was applied as a therapy for delayed heal-
ing24–27 and changes were noted in sensitivity relative to
diabetic rats.

The present research supplements our previous findings
by demonstrating that the salutary effect of insulin treat-
ment on diabetic ocular surface complications does not
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Figure 6. Serum levels of OGF (a) and OGFr (b) collected weekly following

hyperglycemia in T1D, T1D-INS, and Normal male rats. Histograms represent
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Figure 5. OGFr expression in corneal epithelium. (a) Photomicrographs of intact

corneal epithelium at two, three, four, and sixweeks following hyperglycemia in

T1D, T1D-INS, and Normal male rats. Tissue stained with only secondary anti-

body is shown in the insert at week 6. Images were taken at 10� magnification.

(b) Tissue images were scanned with a confocal microscope and semi-quanti-

tatively evaluated for OGFr expression using Image J software. Two-factor

ANOVA revealed a significant interaction between condition and time, P< 0.01,

with specific differences between conditions noted at four and sixweeks as

determined by one-way ANOVA (P< 0.001). Values represent means�S.E.M.

for 15–20 readings collected from at least three tissue specimens. Significantly

different from Normal levels at P< 0.001 (***). (A color version of this figure is

available in the online journal.)
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extend to reverse decreased corneal sensitivity or decreased
tear production. Nevertheless, it must be emphasized that
blockade of OGFr by NTX reverses both of these diabetic
ocular surface complications.12,15 Thus, the present study
supports possibly two mechanisms causing diabetic ocular
complications. The pathway related to delayed epithelial
healing is characterized by upstream regulation of the
OGF–OGFr axis and downstream regulation by insulin
because insulin treatment did provide some protection
against delayed cell replication related to delayed epitheli-
alization. The second pathway controls neural-related
mechanisms including ocular surface sensitivity and tear
production; these processes do not appear to be mediated
by insulin, but are modulated by NTX blockade of the
OGF–OGFr axis.

Further study using proteomic and genomic approaches
are warranted to delineate different pathways in diabetes
that can be modulated by the OGF–OGFr axis. The concept
of signaling pathways controlling paradoxical effects
in insulin-controlled diabetes is not without precedent.
Studies on insulin resistance in type 2 diabetes have sug-
gested that the dysregulated insulin pathway is involved
in the development of both diabetes and other associated
neurodegenerative disorders.28–31 More experimentation
to regulate insulin production and/or provide large sys-
temic dosages of insulin will be required to ascertain
whether the OGF–OGFr axis functions to control hypergly-
cemia and insulin resistance, or whether the insulin path-
way has a feedback loop regulating the OGF–OGFr axis.
Understanding the timing of dysregulation will enable
interventions to be designed to either prevent or ameliorate
complications such as dry eye, decreased corneal surface
sensitivity, and delayed epithelialization. These data sup-
port studies in humans to establish the safety and effective-
ness of NTX treatment of ocular surface complications in
diabetics. Finally, understanding the role of the OGF–OGFr
axis in diabetes may increase our knowledge about the
pathobiology of T1D.
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