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Abstract

Diabetes is a multi-faceted disorder with increasing prevalence and rising healthcare costs. The 

burden of diabetes is increased because of associated complications affecting nearly all organs 

including the eye. The underlying pathophysiology for the onset of these ocular surface disorders 

is not well known. Enkephalins are endogenous opioids that originate in the brain and have 

numerous actions in the human body. Opioid growth factor (OGF), chemically termed [Met5]­

enkephalin, binds to a novel, nuclear-associated receptor and mediates cellular homeostasis. 

Serum OGF levels are elevated in diabetic individuals and rodent models of diabetes. Sustained 

blockade of the OGF receptor (OGFr) with opioid receptor antagonists, such as naltrexone (NTX), 

reverses many complications of diabetes in the animal model, including delayed cutaneous wound 

healing, dry eye, altered corneal surface sensitivity, and keratopathy. The increased enkephalin 

levels observed in diabetes suggest a relationship between endogenous opioid peptides and 

the pathophysiology of diabetes. It is common for diabetic patients to undergo insulin therapy 

to restore normal blood glucose levels. However, this restoration does not alter OGF serum 

levels nor ameliorate ocular surface complications in the animal model of diabetes. Moreover, 

sex differences in the prevalence of diabetes, response to insulin therapy, and abnormalities 

in the OGF-OGFr axis have been reported. This review highlights current knowledge on the 

dysregulation of the OGF-OGFr pathway and possible relationships of insulin and enkephalins 
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to the development of ocular surface defects in diabetes. It proposes that this dysregulation is a 

fundamental mechanism for the pathobiology of diabetic complications.

Graphical Abstract

The insulin pathway and the OGF-OGFr axis word in parallel with regard to formation of ocular 

surface complications in diabetes.
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1. Introduction

Diabetes mellitus is one of the leading public health concerns worldwide, with healthcare 

costs estimated at $760 billion [1–4]. It is a chronic disorder with multifactorial origins 

including genetic, environmental, and lifestyle factors [2,4]. Insulin deficiency and 

hyperglycemia are the primary indicators of diabetes and the leading targets for therapy 

[5,6]. Prolonged periods of hyperglycemia associated with pre-diabetes and diabetes result 

in various complications that impact nearly every organ system in individuals of both sexes 

and all ethnic backgrounds and include cardiovascular disease, stroke, diabetic nephropathy, 

neuropathy, retinopathy, and other visual system disorders [1,2,7–10].

Ocular surface complications, such as dry eye, corneal surface insensitivity, and delayed 

epithelialization following corneal abrasions occur in over 70% of individuals who are 

diagnosed with diabetes [3,4,9–12], and if untreated can lead to blindness. Diabetic 

individuals are approximately five times more at risk for cataract formation resulting 

from excess glucose conversion to sorbitol [11,12]. The incidence of diabetic retinopathy 

and associated microvascular damage increases during the course of disease progression. 

Other visual complications, including keratopathy and dry eye, also impact individuals with 

diabetes. Although these ocular surface disorders routinely do not lead to blindness, they can 

be chronic and result in substantial healthcare costs and decreased quality of life [12].

Treatments for visual system disorders vary, but are often related to the treatment of diabetes 

itself making insulin a prime therapeutic target. Insulin effectively regulates blood glucose 

levels that are either deficient as in type 1 diabetes (T1D) or resistant to circulating glucose 

levels as in type 2 diabetes (T2D). Despite clinical treatment with exogenous insulin from 

animals, insulin analogs, or human recombinant insulin, maintenance of serum glucose 

levels does not abrogate all ocular surface complications. Recent investigations have shown 

that systemic treatment of T1D rats with insulin (T1D-INS) did not prevent alterations 

in tear formation or corneal surface sensitivity [13–16], but may have played a role in 

re-epithelialization processes following corneal abrasion. Investigations utilizing controlled 

and uncontrolled diabetic rats revealed that the temporal onset and magnitude of ocular 

surface complications coincided with an elevation in serum and tissue levels of OGF [13, 

15]. Although both sexes developed the same ocular surface defects, the onset and severity 

of the defect differed between male and female T1D rats [16]. Controlled T1D rats receiving 
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systemic insulin also had elevated serum OGF levels, but expressed differences in some 

ocular surface complications from uncontrolled T1D animals. These data suggest that there 

are potential relationships between ocular surface complications in diabetes, enkephalins, 

and insulin therapy. This review examines preclinical research related to diabetic ocular 

surface complications and discusses differences between insulin-controlled and uncontrolled 

diabetes, sex hormone differences, and the dysregulation of the OGF-OGFr pathway in T1D.

1.1 Animal models of diabetes

The pathophysiology of diabetes is multifactorial and not fully understood [17,18]. 

Moreover, there is no perfect animal model [19]. T1D is considered an autoimmune disease 

with unknown etiology making it difficult to mimic in an animal model. Age of onset, 

the severity of disease, and the residual beta-cell mass are variables in determining the 

pathophysiology, as well as the type and severity of complications. The most prevalent 

animal model for T1D is the streptozotocin (STZ)-injected rat [19–23]. It may take 

ten years for chronic hyperglycemia to present in humans, whereas in the rat model, 

hyperglycemia presents within a few days of STZ injection. STZ has preferential toxicity 

towards insulin-producing beta islet cells in the pancreas and closely mimics the human T1D 

symptomatology by depleting pancreatic beta cells and downregulating insulin production. 

Elevated blood glucose levels and increased urine output are observed in the STZ-injected 

rat model, demonstrating symptomatology comparable to diabetic humans [20–23]. STZ­

induced hyperglycemia can be reversed with insulin treatment in rats, providing another 

comparable aspect to human diabetes. Conversely, STZ is rapidly eliminated within 24–

48 hours after intraperitoneal injection reducing acute toxicity. As a result, some animals 

exposed to STZ do not become hyperglycemic [23] making interpretation of results difficult. 

Humans and STZ-injected animals are similar in that diabetic complications are not entirely 

prevented or reversed by insulin [6,24]. Despite the similarities and differences, the STZ 

animal model provides a controlled paradigm to study type 1 diabetic complications 

including those related to the ocular surface [24]. Animal models of T2D are more 

heterogeneous and include diet induced obesity, hyperglycemia following high-fat diets, 

genetic models, or non-obese genetic models [25–27], making the study of T2D and related 

ocular surface complications less rigorous and reproducible.

1.2. Ocular surface complications in diabetes

Diabetic keratopathy, dry eye, and abnormal corneal surface sensitivity are the three most 

prevalent ocular surface complications associated with diabetes [28–34], as well as other 

non-visual system-related diseases [35]. Circumstances of sustained hyperglycemia result in 

loss of corneal nerve fibers leading to diminished innervation and sensation [28,29]. The 

decreased corneal surface sensitivity contributes to dry eye, keratopathy, and even somatic 

neuropathy.

Dry eye is a progressive condition often with an unknown cause. Risk factors for dry eye 

include age, gender, physical health, impaired corneal nerve sensitivity, and environment 

[28,33]. The environment can cause increased tear evaporation which leads to dry eye if not 

offset by tear production. Diabetes exacerbates dry eye which may cause additional reduced 

corneal surface sensitivity. The lacrimal glands supply most of the tears, but produce less 
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when no longer stimulated by the corneal surface nerves [33]. Dry eye can be remedied with 

additional tears using artificial drops or conservation of tears through surgical blockage of 

tear drainage ducts [36].

Diabetic keratopathy relates to abnormal mechanisms of wound healing leading to persistent 

corneal epithelial defects associated with hyperglycemia [11]. Epithelial wound healing 

can be delayed or incomplete in diabetes leading to persistent and recurrent ulcers and 

potentially severe visual defects [11]. The mechanisms underlying keratopathy are not fully 

understood, but many pathways are implicated including insulin-like growth factor, nerve 

growth factor, platelet-derived growth factor, and opioid growth factor (OGF) [28,29]. These 

growth factors are important for the regulation of replication, migration, and differentiation 

of epithelial cells. In diabetes, the accumulation of advanced glycation end products (AGEs) 

deters cellular migration leading to delayed wound healing [28,37,38].

1.3. Insulin and signaling pathways in diabetes

Insulin is an endogenous hormone produced by pancreatic beta cells in response to elevated 

blood glucose [39,40]. Insulin plays a role in the metabolism of lipids, proteins and 

carbohydrates by absorbing circulating glucose and increasing storage in skeletal muscle 

cells, fat and the liver [41–47]. Insulin-like growth factors (IGFs) are specific proteins with a 

similar sequence to that of insulin. IGF-2 is commonly associated with growth during early 

development, and IGF-1is a growth regulating hormone in adults [43]. Both IGF pathways 

are considered potential targets for the development of treatments for diabetic complications.

Briefly, the signaling pathway of insulin is dependent on the presence of the insulin receptor 

substrate (IRS) resulting in either IRS-non-mediated or IRS-mediated signal transduction 

between the insulin receptor (IR) on the cell membrane and insulin [44,45]. In the 

IRS-mediated insulin signaling pathway the Rasmitogen-activated protein kinase (MAPK) 

pathway, also known as the growth signaling pathway, or the phosphatidylinositol-3­

kinase(PI3K)-protein kinase B (Akt or PKB) pathway, which carries out the metabolic 

functions of insulin is activated [46]. This latter pathway utilized by insulin may invoke 

growth regulatory properties that coincide or compete with those related to the OGF-OGFr 

axis. The non-IRS-mediated insulin signaling pathway utilizes insulin receptor substrates 

to act on the GLUT4 transporter to transverse through the cell membrane and enabling 

glucose uptake [47,48], and is less likely to be involved in elevated OGF levels and resulting 

diabetic-related complications.

Insulin stimulates protein synthesis and amino acid metabolism. In diabetes, oxidative 

stress and hyperglycemia result in the production of AGEs resulting from excess glucose 

and protein [38,49,50]. Accumulation of AGEs modifies protein structure and sets off 

the cascade of events activating pro-inflammatory cytokines that lead to cellular damage 

associated with complications of diabetes in the retina, cornea, lens, and lacrimal gland [38]. 

The identification of AGEs on ocular tissues has suggested their association with diabetes. 

The development of AGEs and the resulting oxidative damage and tissue dysfunction 

contribute to the lacrimal gland and ocular surface alterations [38]. Clinically, patients with 

definitive T1D require life-long insulin therapy to limit the advancement of macrovascular 

and microvascular complications and to survive.
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1.5. Endogenous opioids and the OGF-OGFr regulatory pathway

Endogenous opioids and their receptors are located throughout the central and peripheral 

nervous systems and play an essential role in stress response, drug addiction, motivation and 

pain regulation [51–53]. The endogenous opioid system is comprised of two endogenous 

opioids, termed [Met5]-enkephalin and [Leu5]-enkephalin, that are derived from the 

precursor genes pre-proenkephalin A (PPE) or pro-opiomelanocortin (POMC), and three 

canonical G protein-coupled receptors termed mu, delta, and kappa. The pentapeptide 

[Met5]-enkephalin is widely distributed and detected in the visual, cardiovascular, and 

gastrointestinal systems, as well as within the placenta and the adrenal medulla [53–56]. 

Although the receptors and peptides have some regional selectively, the peptides have been 

shown to bind to all three receptors [53] and comparable levels of affinity enabling a single 

receptor antagonist to block binding at all receptors.

OGF, chemically termed [Met5]-enkephalin, inhibits cell replication [54]. The distinct 

identification emerged from the need to distinguish the peptide role in growth regulation 

from that of neurotransmission, and its pharmacological opioid properties. OGF is a potent, 

reversible, tissue-nonspecific negative growth regulator that is conserved across species 

[57]. The specific opioid receptor for OGF is a nuclear-associated receptor with little 

or no proteomic or genomic similarity to classical opioid receptors. However, it can be 

pharmacologically blocked by naloxone and NTX antagonists of classical opioid receptors 

[58].

The OGF-OGFr signaling pathway has not been fully defined and evidence of interactions 

with other pathways is just beginning to be investigated. OGF utilizes the p16INK4a and 

p21WAF1/CIP1 cyclin-dependent inhibitory kinase pathways to delay the G1-S phase of the 

cell cycle [59]. Investigations utilizing cultures of human umbilical vein endothelial cells 

and human epidermal keratinocytes revealed marked cell proliferation following targeted 

expression of p16 and p21, with little or no response on p15, p18, p19, or p22 protein 

expression. The inhibitory action of OGF requires internalization of the peptide [60]. The 

mechanism of action is dependent on clathrin-mediated endocytosis [60]. Rho-tagged OGF 

added to cell culture was visualized within 30 minutes inside the nucleus and remained 

visible for 5 hours. It can inhibit DNA synthesis and be blocked by NTX. Golgi or 

endosomal mediation did not play a role in OGF internalization. For inhibitory action, OGF 

must bind to OGFr and be transported into the cell’s nucleus by way of nuclear localization 

signals (NLS). OGFr has three NLS; NLS383–386 and NLS456–460 are required for entry 

into the nucleus. [61]. Using eGFP-OGFr fusion protein, nucleocytoplasmic transport of 

the receptor required karyopherin β1 and Ran, suggesting controlled entry into the nucleus 

[61]. Export of OGFr is CRM1 dependent with C-terminal tandem repeats that seem to be 

required for inhibitory activity by OGF [62].

1.6. The OGF-OGFr Pathway and diabetes

The relationship between OGF and diabetes was initially noted in the mid 1990’s by Falluca 

et al. [63,64]. Elevated levels of OGF were recorded in the plasma of T1D patients, as well 

as patients who were pregnant. These investigators were the first to observe a relationship 

between insulin and enkephalin, and postulated that insulin remaining in the pancreas 
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may contribute to sufficient insulin levels that appear to provide a protective effect during 

pregnancy [64]. Protein and gene expression of OGF and OGFr have been identified on 

the ocular surface tissues of normal and diabetic animals [57,65,66]. Elevated OGF levels 

were reported in genetically obese and diabetic mice simulating the T2D model [67–69]. 

Thus, dysregulation of the OGF-OGFr axis may be a factor in the onset of complications 

associated with diabetes. Further support for this hypothesis is based on studies showing that 

blockade of the OGF-OGFr axis with NTX reverses many of the diabetic-associated ocular 

surface complications such as dry eye, altered surface sensitivity, and delayed corneal repair 

[14–16, 70].

2. Ocular surface complications and insulin treatment in the diabetic 

animal model

Only a few animal and human studies have investigated the direct application of insulin as 

a therapy for corneal surface defects [71–74]. Mudolo and others reported the influence of 

insulin on the lacrimal gland and ocular surface of diabetic rats, suggesting that after five 

weeks of diabetes, animals treated with insulin were comparable to normal controls based 

on a histological assessment of the lacrimal gland [71]. Their study further suggested that 

insulin replacement therapy can directly influence hormonal action on the ocular surface and 

related glands. Cruz-Cazarim and colleagues developed a microparticulate release system 

for topical administration of insulin [72]. Their innovation enabled maintaining physical and 

chemical properties that would be sufficient for ocular administration, and were favorable 

in pre-clinical studies to treat corneal lesions and dry eye [72]. A clinical study using 160 

participants in a double blind trial evaluated the administration of topical insulin over four 

weeks to treat dry eyes in individuals with diabetes. The authors reported improvement of 

the ocular surface disease index (OSDI) [73]. Using a model of T1D, Zagon and colleagues 

reported that systemic insulin treatment ameliorated impaired corneal re-epithelialization 

relative to that monitored in vehicle-treated diabetic rats [74].

3. Ocular surface complications and naltrexone treatment in the diabetic 

animal model

The initial observation suggesting that the OGF-OGFr axis played a role in the homeostasis 

of the cornea came from tissue culture experiments where corneal explants from rats [75] 

and human donor corneas [76] had delayed growth when treated with OGF. In contrast, 

explant outgrowth was rapid and more organized in cultures treated with NTX. The 

manipulation of the OGF-OGFr pathway has been studied extensively in vivo using normal 

mice and rats [61,77,78]. OGF inhibits normal homeostasis of the corneal epithelium, 

and NTX accelerates re-epithelialization without exuberant granulation tissue formation, 

neovascularization, or damage to adhesion complexes [79]. In type 1 and type 2 diabetic 

animal models these observations have been reproduced with experiments documenting that 

systemic or topical applications of NTX to the ocular surface accelerated corneal epithelial 

repair without side effects or pathology, and restored tear production and corneal surface 

sensitivity [61,78].
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3.1. Sex differences in ocular surface complications and naltrexone treatment in the 
diabetic animal model

Sex differences are evident in the prevalence of diabetes, as well as the underlying 

pathophysiology. Protection against severe cardiovascular complications exists for 

premenopausal women, suggesting that moderate estrogen levels are a factor [79]. Meta­

analyses of clinical studies that included pre- and post-menopausal women, women on 

hormonal replacement, and men revealed that prevalence levels of T1D and T2D are lower 

for pre-menopausal women relative to men, and that estrogen may play a role in protection 

against the onset of disease and its complications [79, 80]

Although there are limited data reporting sex differences in the onset of ocular surface 

complications in T1D, an animal study that performed parallel investigations on male and 

female rats rendered hyperglycemic by STZ revealed sex differences in nearly all parameters 

supporting the role of estrogen as a potential protective factor [16]. Female rats with T1D 

had more severe complications than male T1D rats. Normal female rats had higher tear 

production values than males, and diabetic animals of both sexes had a substantial loss in 

tear volume relative to their respective baseline or normal counterparts. Tear production was 

negatively correlated with estrogen and with OGF. Insulin did not protect either sex from 

experiencing low tear production. Serum OGF levels differed between sexes, with normal 

females recording a 2-fold higher baseline value of OGF than normal male rats. Within the 

groups of T1D rats, serum levels for female rats were more than 3-fold greater than the 

2-fold increase for male T1D rats relative to their respective normal counterparts. Insulin did 

not protect against the elevation in serum OGF for either sex but appeared to reduce serum 

OGF in females T1D rats more than in male diabetic animals. There were strong correlations 

between testosterone and OGF serum levels, with simple linear regression analyses showing 

significant deviations for each group.

4. Interrelationships of the OGF-OGFr axis and ocular surface 

complications in diabetes

The interrelationship of AGEs increasing because of altered insulin regulation of 

hyperglycemia along with elevated OGF levels that inhibit cell replication begin to define 

potential biological mechanisms underlying the onset of ocular surface complications.

This review was stimulated by observing that topical NTX and insulin are independently 

effective but not additive in the acceleration of corneal epithelial healing in T1D rats 

[81, 82]. A recent study by the same group reported that ocular surface defects such as 

dry eye and altered corneal surface sensitivity were not prevented in rats with controlled 

hyperglycemia through insulin implants [13–15]. However, it was noted that wound healing, 

and possibly the process of re-epithelialization, was protected by systemic insulin in that 

T1D rats receiving insulin implants did not display delayed corneal wound closure to the 

same extent as T1D animals. Given that distinct mechanisms are involved – cell replication 

related to wound closure versus a neural response for tear production and sensitivity, the 

relationship between insulin and peptides begins to take shape. Specific processes such as 

DNA synthesis were not measured in this study. Nonetheless, a comparison of systemic 
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treatment of insulin with systemic NTX to determine which treatment results in a more 

vibrant “protective” effect against diabetic complications is warranted. Understanding that 

both insulin and NTX treatments are effective independently suggests that there may be two 

pathways functioning simultaneously in response to hyperglycemia (Figure 1).

The elevated expression levels of OGF and OGFr measured in corneal tissue in the T1D 

and T1D-INS rats, coupled with higher serum OGF values in controlled and uncontrolled 

T1D, may indicate that dysregulation of the OGF-OGFr pathway supersedes the control 

mechanisms of insulin. Moreover, systemic treatment with NTX significantly reduced 

OGF serum levels, whereas the topical NTX had no effect. Interestingly, systemic NTX, 

as well as topical NTX, did not affect OGFr levels in serum. As may be expected, 

systemic treatment with NTX had no effect on corneal tissue levels of OGF or OGFr. 

In contrast, topical NTX applied twice daily restored tissue OGF and OGFr expression 

in the cornea to that recorded in normal animals. The combination of NTX treatment 

applied to insulin-controlled T1D animals has not been thoroughly investigated, such that 

the synergy between systemic insulin and topical opioid receptor antagonism is unclear. 

There is limited knowledge explaining the potential interplay between insulin, OGF, and 

diabetes. The pathways associated with hyperglycemia are often discussed with insulin 

signaling, while studies are starting to seek the interplay between the OGF-OGFr axis. 

Insulin is required to establish homeostasis in the body due to glucose imbalance. It has 

been shown in an animal model of T1D that dysregulation of the OGF-OGFr axis occurs 

at weeks 4 and 5 following the establishment of hyperglycemia in female and male rats, 

respectively. A subset of these animals was also treated with systemic insulin. Despite 

treatment with systemic insulin, ocular surface complications occurred and progressed 

during the experiment, coincident with the onset of OGF-OGFr axis dysregulation. This 

finding suggests that despite the ability of insulin to regulate blood glucose levels, insulin is 

not enough to prevent OGF-OGFr axis dysregulation. There may not be an overlap between 

the OGF and insulin pathways individually; however, there may be a domino effect resulting 

in insulin being unable to prevent OGF-OGFr dysregulation.

The paradox of insulin efficacy on some, but not all, ocular surface complications is not 

unique to this model. Santoleri and Titchenell reported that intrahepatic and extrahepatic 

pathways mediate insulin control of glucose, with the confounding results of insulin 

signaling leading to hepatic insulin resistance [83]. In the field of cancer, research has shown 

that insulin-like growth factor-1 (IGF-1) regulates cell growth by binding to its cell surface 

receptor IGF-1R. A dichotomy of decorin activation of IGF-1 enhances cell proliferation 

in normal cells, and in some cases, maintains cancer cell line transformation [84]. Insulin 

resistance also can be paradoxical. In the central nervous system, it was shown in animal 

and human studies that dysregulated insulin resistance pathways may converge to be a 

patho-mechanism in both T2D and neurodegenerative diseases such as Alzheimer’s. These 

observations are in contrast to the protective role of insulin commonly attributed to IGF-1 

signaling pathways. The divergence of pathways following either the MAP kinase or PI3 

kinase regulatory pathway provides two individual outcomes associated with either cognitive 

regulation in neurodegenerative disorders or metabolic regulations such as hepatic glucose 

protection and glucose-insulin balance.
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5. Conclusions and future research

A novel regulatory pathway comprised of OGF, chemically termed [Met5]-enkephalin, and 

its nuclear-associated receptor, OGFr, mediates cellular homeostasis. This pathway becomes 

dysregulated in diabetes leading to elevated tissue and serum levels of OGF, and subsequent 

repressed cell replication and delayed re-epithelialization of the corneal surface, and other 

complications such as dry eye and abnormal ocular surface sensitivity. Preclinical studies 

demonstrated that sustained blockade of the OGFr with opioid receptor antagonists, such as 

NTX, reverses many complications of diabetes, including delayed corneal wound healing, 

dry eye, and altered corneal sensitivity in the animal model. These diabetic complications 

were observed in both insulin-controlled and uncontrolled models of T1D, suggesting that, 

although insulin mediates the elevated blood glucose and body weight deficits normally 

observed with T1D, it had little or no regulatory effects on other biological processes and 

animals receiving systemic insulin presented with dry eye, delayed wound healing, or altered 

corneal surface sensitivity. Whether these pathways are parallel or interrelated in other 

ways is unknown. Investigations of NTX treatment for diabetic-associated complications 

have proven to be successful. It remains unknown whether patients with insulin-controlled 

diabetes will benefit more than uncontrolled diabetics from this combined therapeutic 

approach.

With the increase in individualized medicine and targeted therapeutics, knowledge about the 

pathophysiology of diabetes and the dysregulation of the OGF-OGFr pathway should be 

evaluated for select treatment for diabetic ocular complications. Whether the elevated serum 

OGF levels result from too much secretion or too little metabolism is under investigation. 

Studies investigating changes in the OGF-OGFr pathway and the detection of pre-diabetes 

are also warranted as early treatment may prevent the onset of dry eye or corneal surface 

insensitivity. The interrelationships between insulin and OGF should also be studied from 

the perspective of preventing diabetes and thus deterring the development of ocular surface 

complications.
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Figure 1. 
Parallel pathways illustrating potential interrelationships between insulin and the OGF­

OGFr axis. Created by adaptation of templates from Biorender.com.
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