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Abstract

Background: Signals to enhance the vascular supply result in neovascular eye illnesses, which
can be brought on by hypoxia or insufficient metabolism to meet the retina's needs. The
development of neovascular eye illnesses has recently been linked to variations in the most
common circulating adipokines, such as leptin and adiponectin (APN), which are actively
involved in metabolic control. Adipocyte-derived leptin, which controls energy balance, can
have a role in retinopathy through its effects on oxidative stress and endothelial cell dysfunction.
APN, another major metabolic regulator likewise derived primarily from adipocytes, has been
linked to a wide variety of retinal metabolic diseases, as mounting evidence demonstrates.
Retinopathy of prematurity, diabetic retinopathy, and age-related macular degeneration all have
links to circulating APN levels. Research in animal models of oxygen-induced proliferative
retinopathy and laser-induced choroidal neovascularization shows that elevating circulating APN
levels inhibits pathological vascular growth.
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Introduction

As a result of signals to enhance the vascular supply, hypoxia or insufficient metabolism for the needs of the retina
bring about neovascular eye illnesses.[1]. The development of neovascular eye illnesses has recently been linked to
variations in the most common circulating adipokines, such as leptin and adiponectin (APN), which are actively
involved in metabolic control. Increased oxidative stress on vascular endothelial cells and endothelial cell dysfunction
in retinopathy have both been linked to elevated levels of the adipocyte-derived hormone leptin, which controls
energy homeostasis.[2]. APN, another major metabolic regulator likewise derived primarily from adipocytes, has
been linked to a wide variety of retinal metabolic diseases, as mounting evidence demonstrates. Retinopathy of
prematurity is associated with elevated levels of circulating APN. [3], diabetic retinopathy [4, 5], and age-related
macular degeneration[6]. Research in animal models of oxygen-induced proliferative retinopathy and laser-induced
choroidal neovascularization shows that elevating circulating APN levels inhibits pathological vascular growth.[7, 8].
Monomeric subunits of APN (30kDa) consist of a globular C-terminal domain and a collagenous N-
terminal domain. The collagen domain allows APN to form trimers (~67kDa), hexamers (~120kDa), and
high molecular weight polymers (HMW, >300kDa, 18-36 monomer units) in the endoplasmic reticulum
prior to secretion[9]. These forms are referred to as full length APN. A small amount of processed globular
APN is also reported in human plasma[10].
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APN is most abundantly expressed in white adipose tissues[11] but has also been found in brown adipose
tissue, cardiomyocytes, skeletal muscle, smooth muscle, brain, liver, osteoblasts, placenta and pituitary[12—
15]. APN production is regulated by nutrition, hormones, inflammatory status and posttranslational
modifications. In lean, healthy individuals, APN is the most abundant adipokine in the plasma (3—30ug/ml),
accounting for 0.01% of total plasma protein[16]. All three APN receptors: APN receptor 1 (AdipoR1),
APN receptor 2 (AdipoR2), and T-cadherin are expressed in the mouse retina[3]. APN and AdipoR1,
AdipoR2 are detected in the human retina[17]. AdipoR1 and AdipoR2 are expressed throughout the retinal
neuronal layers particularly the outer nuclear layer (rods and cones) in mouse. All the three receptors in
mouse are highly induced in proliferative neovessels isolated from retinal cross-sections with laser-captured
microdissection
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Figure 1: The four structural domains of adiponectin and multimerization of adiponectin [17]

Function

APN binds to its receptors to regulate lipid/glucose metabolism and anti-inflammatory effects. HMW APN
is thought to be the most bioactive form in endothelial cell protection[18] and mediates the glucose-
lowering effects of thiazolidinedione in diabetic patients[19].

The seven-span receptors, AdipoR1 and AdipoR2 are membrane proteins with an internal N terminus and
an external C terminus[9] which bind different APN isoforms with different affinities. AdipoR1 is a high
affinity receptor for globular APN and a low affinity receptor for full-length APN, while adipoR2 binds to
both full-length APN and globular APN with intermediate affinity. Binding of APN with AdipoR1
increases the phosphorylation of AMP-activated protein kinase to suppress lipogenesis and
gluconeogenesis[20, 21]. Interaction between APN and adipoR2 activates peroxisome proliferator-activated
receptor o (PPARa) ligand activity to increase fatty acid oxidation and energy consumption[20, 21].
Therefore, APN via AdipoR1 and AdipoR2 regulates lipid and glucose metabolism to restore cellular
metabolic balance under conditions of energy stress. Moreover, AdipoR1 and AdipoR2 have ceramidase
activity[22] leading to decreases in serum ceramide levels, and an increase in the level of sphingosine-1-
phosphate which protects cardiomyocytes and pancreatic beta cells from apoptosis[22] Point mutations in
conserved histidine residues in AdipoR1 and AdipoR2 cause a reduction in ceramidase activity[22].

Retina (in particular photoreceptors) is the most metabolically demanding tissue in the body and
photoreceptors have the highest number of mitochondria of any cell[25]. Blood vessels supply oxygen and
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nutrition for the retina and early loss of blood vessels leads to hypoxia and fuel deficiency, major driving
forces for angiogenesis in retinopathy. Under hypoxic conditions, the activity of prolyl-hydroxylase, which
rapidly degrades hypoxia-inducible factor (HIF)-1 protein under normal oxygen tension, is decreased.
Accumulation of HIF-1 protein induces the expression of angiogenic factors like vascular endothelial
growth factor A (VEGFA). VEGFA expression can also be modulated by HIF-1 independent pathways that
are metabolically driven[26]. VEGFA promotes blood vessel proliferation, in an attempt to re-establish the
oxygen and nutritional supply to the retina. However, these newly formed vessels are abnormal and leaky,
leading to retinal damage and even blindness in severe cases.

Hyperglycemia and dyslipidemia as well as mitochondrial abnormalities, lead to retinal vascular
dysfunction. 6-Phosphofructo-2-kinase/fructose-2, 6-bisphosphatase isoform 3, a key activator of
glycolysis, plays a critical role in angiogenesis[27]. Modulation of the key enzyme in the polyol pathway of
glucose metabolism protects the retina against neovascularization and retinal dysfunction[28, 29]. In
addition, blocking the rate-limiting enzyme in fatty acid oxidation, carnitine palmitoyltransferase 1, inhibits
vessel sprouting[30].

Moreover, a cholesterol-enriched diet causes age-related macular degeneration-like pathology in rabbit
retina[31] and 7-ketocholesterol, formed by the auto-oxidation of cholesterol and cholesterol esters present
in lipoprotein deposits, induces inflammation and angiogenesis in rat eyes[32]. Liver X receptors (LXRa,
LXRp) are important modulators of cholesterol homeostasis and activation of LXR protects against N-
methyl-D-aspartate-induced retinal damages in mice[33]. Cholesterol-mediated activation of acid
sphingomyelinase disrupts retinal pigment epithelial autophagy, which is reversed with drugs to remove
excess cholesterol[34]. Acid sphingomyelinase converts sphingomyelin to ceramide and
phosphatidylcholine. Alterations in acid sphingomyelinase lead to retinal abnormalities[35]. APN activates
LXRa to increase cholesterol efflux and attenuate lipid accumulation in macrophages isolated from type 2
diabetic patients[36]. Activation of AdipoR1 and AdipoR2 converts the cell apoptosis-promoting ceramide
to cell protective sphingosine-1-phosphate[16]. Therefore, APN may modulate retinal lipid metabolism by
removing excess cholesterol, attenuating acid sphingomyelinase activation or converting ceramide to
sphingosine-1-phosphate.

Retinal very long-chain polyunsaturated fatty acids (VLC-PUFAS) are important for photoreceptor function
and longevity[37]. Photoreceptor elongation of very long chain fatty acids protein-4 is a critical factor for
the synthesis of phosphatidylcholinecontaining sn-1 VLC-PUFAs and vision[38]. AdipoR1 promotes
docosahexaenoic acid (DHA) uptake that enables its elongation in photoreceptors and retinal pigment
epithelium[39]. Loss of AdipoR1 reduces retinal phosphatidylcholine-VLC-PUFA levels despite a lack of
change in the expression of elongation of very long chain fatty acids protein-4[39]. Therefore, the APN
pathway plays a key role in local retinal VLC-PUFA production, contributing to photoreceptor function and
survival.

APN is involved in systemic lipid metabolism and APN deficiency decreases key lipogenic gene expression
in liver[40]. Therefore APN may have an impact on the systemic lipid profile, which can also affect retinal
vasculature and function.

Dietary supplementation of -3 LCPUFA, DHA and eicosapentaenoic acid (EPA), which are major lipid
constituents of retina[41], protects against neovascularization in the animal models of retinopathy of
prematurity, diabetic retinopathy and age-related macular degeneration[42—45]. In humans, ®-3 LCPUFA
intake is associated with a reduced risk of retinopathy of prematurity[46] and age-related macular
degeneration[47]. There may be a minimum level of -3 LCPUFA required for the maintenance of retinal
stability and supplementing above that level may not increase benefit[48]. Mitochondrial dysfunction
accompanied by induced oxidative stress is seen in retinal diseases like retinopathy of prematurity, diabetic
retinopathy and age-related macular degeneration [49]. Understanding vascular responses to hypoxia and
fuel deficiency cues will improve our knowledge of vessel loss and vessel proliferation.

Retinopathy of Prematurity

Retinopathy of prematurity was first described as a complication of premature birth in the 1940s[50], after
the introduction of unregulated supplemental oxygen, and is still a leading cause of blindness in children.
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Retinopathy of prematurity begins after preterm birth with the cessation and in some cases also regression
of normal retinal vascular development that would have occurred in utero (Phase 1)With increasing
metabolic demand as the infant’s neural retina matures postnatally, areas of avascular retina become
hypoxic and nutrient deprived, which generates hypoxia- and non-hypoxia-regulated vascular growth
factors. These factors promote abnormal proliferation of blood vessels (phase 2 or proliferative retinopathy
of prematurity, starting around postmenstrual age 30-32 weeks). Supplemental oxygen (which exacerbates
vessel loss of phase 1), low gestational age (which initiates the process secondary to incomplete retinal
vascularization at birth) and low birth weight are major risk factors for retinopathy of prematurity[51].
Increasing evidence also shows that a high perinatal glucose level, indicating dysregulated metabolism, in
the first few weeks after birth, independently correlates with the later development of all stages of
proliferative retinopathy of prematurity[52].

Current treatments for retinopathy of prematurity are destructive

Current treatment of retinopathy of prematurity relies on blocking angiogenic factors that are over
expressed in phase 2 of retinopathy of prematurity by either ablating (with laser) the avascular retina which
produces the angiogenic factors or by intravitreal injections of antibodies to block VEGF, a major
angiogenic growth factor stimulated by the non-vascularized hypoxic and nutrient deficient retina.
However, laser treatment leads to visual field defects and loss of peripheral vision. It destroys potentially
viable retina and is also, although to a lesser extent, associated with iris and lens burns, corneal edema,
cataract formation, intraocular hemorrhage, and choroidal rupture[51]. The use of anti-VEGF agents has
been rapidly increasing in recent years with the anticipation of less destructive retinal outcomes versus laser
treatment in the short term[53]. However, the potential systemic long-term adverse effects related to VEGF
inhibition include leakage of the antibody into the systemic circulation resulting in systemic suppression of
VEGF with inhibition of vascular growth in brain, gut and internal organs as well as inhibition of retinal
neural development[54]. Alternative treatments to prevent phase 1 retinopathy of prematurity with better
metabolic control are therefore of great interest.

Loss of factors from the maternal supply affects metabolism and retinopathy of prematurity progression
Prevention of retinopathy of prematurity depends on restoring the metabolic health of the retina in phase 1
to prevent the release of angiogenic factors in phase 2. After preterm birth there is a loss of factors (such as
insulin growth factor (IGF)-1, ®-3 LCPUFA and APN) that are normally provided by the
maternal/placental interface. This loss contributes to the metabolic disruption in preterm infants as does an
immature insulin system and insulin resistance. Exogenously increased IGF-1 and HMW APN restore
insulin action when mutations in the insulin receptor gene occur[55].

There is a strong association between early-postnatal low IGF-1 levels, poor postnatal weight gain and later
development of proliferative retinopathy of prematurity[51]. Experimentally, low IGF-1 contributes to
suppression of normal retinal vascular development and exogenous IGF-1 improves vessel survival and
inhibits neovascularization in the mouse model of oxygen-induced retinopathy[56]. However, the timing of
IGF-1 intervention may be important: a minimal level of IGF-1 is required for maximal activation of Akt
and mitogen-activated protein kinases by VEGFA, needed for endothelial cell survival and proliferation.
Increasing IGF-1 in phase 1 promotes normal vessel growth to prevent retinopathy of prematurity
development; later intervention in phase 2 with high VEGFA levels, might potentially promote retinal
neovascularization[51] but might also inhibit neovascularization if IGF-1 acts as a neurotrophic factor to
stabilize stressed VEGF producing retinal cells. Studies of the effect of IGF-1 treatment in phase Il are
needed.

Serum APN levels in preterm infants are significantly lower than those in term infants despite a marked
increase in the first three weeks after premature birth and an overall increase from birth to term-equivalent
age[3]. Decreased circulating APN levels correlate with hyperglycemia in very preterm newborns[57],
suggesting that APN may contribute to the regulation of glucose metabolism and increasing endogenous
production of APN or supplying exogenous APN could potentially be of benefit.

APN levels also positively correlate with weight gain after preterm birth[58], which in turn is associated
with less retinopathy of prematurity progression. Persistently low circulating levels of APN especially
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during postmenstrual age 30-36 weeks (phase 2 of retinopathy of prematurity) is observed in premature
infants with retinopathy [3]. The ratio of HMW APN to total APN is significantly lower in premature
infants with versus those without retinopathy of prematurity[3]. An inverse correlation between IGF-1 and
APN is suggested[59]. It is postulated that increasing APN in phase 2 of retinopathy of prematurity, could
improve insulin sensitivity and benefit the normal growth of premature infants without stimulating
proliferative retinopathy. Further investigation is required to understand the relationship between IGF-1 and
APN in premature infants as well as in retinopathy of prematurity progression.

APN protects against retinopathy of prematurity in animal models

Clinical data correlates low APN levels with retinopathy of prematurity but no interventional studies have
been conducted to show causality. Much of our understanding about the underlying mechanism of
retinopathy of prematurity pathogenesis with respect to APN comes from the use of animal models with
genetic loss of APN or intervention with exogenous APN. Many animals particularly mice and rats have
incompletely vascularized retinas at birth and resemble the immature retinal vascular development of
premature infants. The mouse model of oxygen-induced retinopathy has been useful in the investigation of
neovascular eye diseases[60]. In the mouse retina, there are three layers of retinal vessels: the superficial
layer forms at postnatal day (P)1-P10, next the deep layer at P8-P12 and finally the intermediate layer at
P14-P20[61]. In oxygen-induced retinopathy, neonatal mice are exposed to 75% oxygen from P7-12.
Hyperoxia leads to the vessel regression and cessation of the normal vessel growth (phase | retinopathy of
prematurity). When returned to room air (21% oxygen), the non-perfused retina becomes hypoxic and
nutrient starved, resulting in the induction of angiogenic factors and formation of retinal neovascular tufts
(phase Il retinopathy of prematurity). The areas of vaso-obliteration and neovascularization can be
quantified in the retinal whole mounts.

In oxygen-induced retinopathy in mice, APN deficiency worsens the pathological vessel proliferation in the
retina[7] and APN intervention attenuates the retinal neovascular area[7]. APN and o-3 LCPUFA are inter-
related. The loss of the maternally provided essential lipid -3 LCPUFA (DHA), which is not provided by
total parenteral nutrition, affects retinal vascular development in preterm infants[51]. Dietary -3 versus o-
6 LCPUFA promotes normal revascularization of avascular retina and independently directly reduces
pathological retinal neovascularization by ~50% in mouse oxygen-induced retinopathy through PPARY[62].
In mice, APN mediates the protective effects of ®-3 LCPUFA on reducing retinal neovascularization[3] and
preserving retinal function[39]. In mouse oxygen-induced retinopathy, ®-3 LCPUFA protects against
neovascularization with an associated reduction in TNF-0[62] and APN ameliorates oxygen-induced
retinopathy via TNF-a[7]. Therefore, ®-3 LCPUFA upregulates APN levels to attenuate retinal TNF-a
production and reduce neovascularization. Activation of adipoR1 is also essential for DHA uptake and
elongation, to restore photoreceptor morphology and function[39]. These observations suggest that APN
may also contribute to the modulation of lipid metabolism for the prevention of retinopathy of prematurity.
Hyperglycemia in the early postnatal period is strongly associated with later proliferative retinopathy of
prematurity[52, 63], indicating the influence of abnormal glucose metabolism in retinopathy. Studies of the
influence of hyperglycemia in phase 1 retinopathy of prematurity have been limited by lack of appropriate
animal models. Although mouse oxygen-induced retinopathy models the oxygen-dependent aspect of vessel
loss and the proliferative phase in retinopathy of prematurity, it is difficult to assess the influence of
hyperglycemia on early aspects of retinopathy of prematurity. Streptozotocin treatment of neonatal rodents
destroys pancreatic beta cells to induce high circulating glucose levels. A novel neonatal hyperglycemic
retinopathy model in rat with streptozotocin has been recently developed[64] providing a pronounced
phenotype for the study of pathogenesis of retinopathy influenced by hyperglycemia. Replication of the rat
model in mice will further facilitate the investigation of APN in hyperglycemia-associated retinopathy of
prematurity.

Diabetic Retinopathy

Diabetic retinopathy is a retinal neovascular disease and a significant diabetic complication. Diabetic
retinopathy development is strongly linked with hyperglycemia, dyslipidemia[65] and mitochondrial
dysfunction accompanied by induced oxidative stress[49] and is associated with abnormal APN levels.
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Clinically, diabetic retinopathy can be classified into non-proliferative retinopathy (phase 1) and
proliferative retinopathy (phase 2) similar to retinopathy of prematurity. Hyperglycemia through metabolic
changes leads to retinal vascular loss (phase 1). The incompletely vascularized retina is deprived of
nutrition and oxygen, inducing pathological angiogenesis (phase 2). APN modifies these primary drivers of
diabetic retinopathy. Abnormalities in the APN pathway result in increased insulin resistance[66] and APN
gene polymorphisms are associated with retinopathy in diabetic patients[67].

APN improves insulin sensitivity and vascular abnormalities in diabetic patients

Insulin sensitivity is reduced in type 1 diabetic patients versus non-diabetic controls[68] and higher levels
of APN positively correlate with increased insulin sensitivity in each group. In type 2 diabetic patients,
APN controls insulin sensitivity by modulating glycogen synthesis in human skeletal muscle[69]. Serum
APN levels in type 1 diabetes positively correlate with plasma total antioxidant status[70]. Increased APN
levels are associated with less renal disease[71], suggesting possible protective effects of APN with respect
to other type 1 diabetes complications including diabetic retinopathy. In type 2 diabetic patients, circulating
APN levels are positively correlated with retinal blood flow in male patients with early-phase diabetic
retinopathy, possibly through increased blood velocity and dilated vessels[5]. Low APN levels may
stimulate vascular nicotinamide adenine dinucleotide phosphate-oxidase activity in the human arterial wall,
contributing to the development of diabetic retinopathy[72]. These observations suggest that APN might
protect against diabetic complications such as diabetic retinopathy in type 1 diabetes and type 2 diabetes.
However, interpreting studies in diabetic patients linking levels of APN with diabetic retinopathy or
diabetes complications is difficult as elevated APN may be a compensatory and beneficial response. In type
1 diabetic patients, elevated APN levels are associated with retinopathy and nephropathy[73]. However in
type 2 diabetic patients versus healthy controls, especially in patients with diabetic retinopathy, plasma
APN levels are decreased[74]. In type 2 diabetic patients, high aqueous humor APN levels are observed
with proliferative diabetic retinopathy versus non-diabetic controls[4] possibly due to increased
permeability of the blood-retinal-barrier with diabetic retinopathy progression. Much lower brain and
aqueous humor APN levels are reported compared with circulating APN levels, suggesting a role of the
blood brain barrier and blood retinal barrier in APN homeostasis[4]. There is also the possibility of
induction of local APN expression in the diabetic retina.

Although some reports indicate that high serum APN levels correlate with the severity of diabetic
retinopathy progression especially in the proliferative phase[75], there is increasing evidence suggesting
that APN improves insulin-resistance and supports vascular maintenance indicating a potentially protective
role of APN in diabetic retinopathy in type 2 diabetic patients. However, there is limited knowledge of the
effect of administering APN in diabetic retinopathy.

APN modulates glucose/lipid metabolic alterations in diabetic models

Research in diabetic retinopathy pathogenesis is limited by lack of adequate models in mice (needed for
genetic manipulation[76]) Current models rarely if ever develop proliferative diabetic retinopathy (phase 2),
and take months (or years) to develop chronic retinal vessel degeneration (phase 1)[76]. The rat model of
neonatal hyperglycemic retinopathy with disrupted stability of retinal vascular formation[64] may be useful
for the investigation of phase 1 diabetic retinopathy in type 1 diabetes. In STZ-induced diabetes in adult
mice, hyperglycemia causes retinal gliosis, and inflammation contributing to endothelial cell loss[76]. STZ-
induced neonatal hyperglycemia impairs retinal vascular stability accompanied by inflammation and
gliosis[64], suggesting that the mechanisms behind the disturbed stability of vascular formation in neonates
and vascular maintenance in adults may be similar. Therefore, investigations of the APN effects on neonatal
hyperglycemic retinopathy may help the elucidation of its role in the pathogenesis of diabetic retinopathy in
type 1 diabetes. To model the neovascular phase 2 of diabetic retinopathy, the non-diabetic oxygen-induced
retinopathy model is widely used[60]. APN in mouse oxygen-induced retinopathy protects against retinal
neovascularization[3, 7].

Although diabetic retinopathy animal models are limited, studies in these systems suggest that APN is
protective metabolically. APN governs lipid deposition in non-adipose tissues and reduces the accumulation
of ceramide, a cytotoxic and insulin desensitizing lipid metabolite formed when excessive lipids are
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transferred into peripheral tissues[77]. APN is a key mediator of fibroblast growth factor 21, which reduces
ceramide and controls energy expenditure in obese mice[78]. In the rodent models of type 1 diabetes, APN
supplementation modulates glucose and lipid metabolic dysregulation and increases the levels of high-
density lipoprotein, leading to reduced inflammation and a reduction of hepatic diseases[79]. In addition,
APN protects against pancreatic beta-cell apoptosis and significantly reduces plasma triglycerides and
glucose levels in high-fat-diet fed STZ-induced diabetic mice[80]. The AdipoR1 and AdipoR2 receptor
agonist AdipoRon ameliorates insulin resistance and prolongs a mouse lifespan in type 2 diabetes
models[81], suggesting a promising therapeutic approach for the treatment of type 2 diabetes and
potentially its complications. In the rodent models of type 2 diabetes, APN restores endothelial cell function
with attenuation of oxidative stress[82]. Thus experimentally, APN is associated with improved
mitochondrial function, improved insulin sensitivity and anti-inflammatory effects indicating that APN may
protect against diabetic complications like diabetic retinopathy.

Altered circulating APN levels or APN variant distributions are associated with the development of
retinopathy of prematurity, diabetic retinopathy and age-related macular degeneration. Experimentally,
APN inhibits retinal and choroidal neovascularization.

This work was following results the study was demonstrated by Fu et al. [83] who assessed emerging field
of APN in retinal neovascular diseases.
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