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Abstract At preterm birth, the retina is incompletely vascularized. Retinopathy of prematurity
(ROP) is initiated by the postnatal suppression of physiological retinal vascular development that
would normally occur in utero. As the neural retina slowly matures, increasing metabolic demand
including in the peripheral avascular retina, leads to signals for compensatory but pathological
neovascularization. Currently, only late neovascular ROP is treated. ROP could be prevented by
promoting normal vascular growth. Early perinatal metabolic dysregulation is a strong but under-
studied risk factor for ROP and other long-term sequelae of preterm birth. We will discuss the meta-
bolic and oxygen needs of retina, current treatments, and potential interventions to promote normal
vessel growth including control of postnatal hyperglycemia, dyslipidemia and hyperoxia-induced
retinal metabolic alterations. Early supplementation of missing nutrients and growth factors and
control of supplemental oxygen promotes physiological retinal development. We will discuss the
current knowledge gap in retinal metabolism after preterm birth.

Introduction

Preterm birth is common worldwide. In addition to increased mortality, the short- and long-term
complications arising from the arrest of normal development after premature birth include retinopathy
of prematurity (ROP) as well as delayed physical growth, vascular abnormalities (including intraven-
tricular hemorrhage), pulmonary disease, sepsis, poor neurocognitive development, and metabolic
dysregulation with increased risk of diabetes in young adulthood (Ramel and Rao, 2020; Ramel et al.,
2013). In humans, retinal vascular development begins in the second trimester of pregnancy and is
complete around term (Roth, 1977). In infants who are born extremely preterm, before 28 weeks
of gestation, the retina is incompletely vascularized at birth. The lower the gestational age (GA)
age at birth, the less developed the neural retina and the larger the area of peripheral avascularity.
Promoting physiological retinal neurovascular development after preterm birth would be of great
benefit in preventing blinding neovascular ROP.

In Phase | ROP, which starts immediately after preterm birth, physiological retinal vascular growth
is inhibited. The first metabolic disruption postnatally is excess oxygen; even room air can increase
oxygen saturation (SpO,) above that in utero (Hutter et al., 2010, Lara-Cantén et al., 2022). More
problematic is supplemental oxygen, often given to preterm infants to overcome poor lung function
to reduce mortality. Hyperoxia inhibits normal retinal vascular development by suppressing oxygen-
regulated vascular and neural growth factors. A balance must be found, with individualization of
oxygen supplementation based on the GA, postnatal age and sex to optimize retinal and systemic
outcomes (Oei et al., 2017; Oei and Vento, 2019, Vento et al., 2013). In addition to disruption of
oxygen, there are metabolic fuel imbalances caused by relative starvation, hyperglycemia, and inad-
equate supplies of specific amino acids and lipids as well as hormonal imbalances, all of which inhibit
normal vascular growth.
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Figure 1. Schematics of ROP development (A) and illustration of human ROP development. In ROP, hyperglycemia and hyperoxia causes retinal vessel
growth cessation (Phase 1). As the neural retina matures, increasing nutrient and oxygen demand triggers retinal neovessel growth (Phase 2). Human
neovascular ROP (Phase 2) develops through the following stages: stage 2 with ridge (arrow), stage 3 with neovascularization and hemorrhage (arrows),
stage 3 with plus disease (dilation and tortuosity of vessels) (arrow), Aggressive posterior ROP (APROP) with central changes (arrow) is particularly
pathological. Laser treatment (arrow) of stage 3 ROP is illustrated. Figure was reproduced from Figure 1 from Tomita et al., 2021b.

In Phase Il ROP, the avascular retina limits the delivery of both oxygen and nutrients causing hypoxia
and fuel deficiency in the non-vascularized but slowly maturing retina. Retinal metabolism is also
limited by a shortage of growth factors/nutrients normally provided by the mother during pregnancy
which are missing after premature birth (Figure 1, Tomita et al., 2021b). Phase |l ROP is driven by
hypoxia and nutrient deficits that cause a massive release of vaso-formative factors triggering vision-
threatening uncontrolled neovessel growth. Therefore, improving retinal vascularization during Phase
| ROP will prevent the impairment in the vascular supply of oxygen and nutrients to meet the demand
of growing neurons and prevents the progression to neovascularization of Phase Il ROP.

Retinal and choroidal vascular development
To promote normal inner retinal vascularization, it is important to understand major imbalances in the
normal metabolic driving forces. Vascularization of the maturing neural retina is normally stimulated by
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Figure 2. VEGF in the pathogenesis of ROP. During normal retinal vascular development, growth factor like VEGF (black dots) is found anterior to the
developing vasculature driving the normal retinal vessel development forward. After preterm birth, in Phase | ROP, hyperoxia suppresses HIF-regulated
growth factor (VEGF) production, causing vaso-obliteration and vessel growth cessation. As the retina matures with increasing metabolic demand, the
non-perfused peripheral retina becomes hypoxic and nutrient deprived and overproduces growth factors (VEGF). Neovascularization occurs in response
to high levels of growth factors. Images were created using BioRender, adapted and modified from ‘retina’, ‘dots’ by BioRender.com (2022).

increased energy demands that create a wave of fuel and oxygen deficits moving from the optic nerve
to the periphery as the retina matures that stimulates vaso-formative factors at the wave front. At the
leading edge of the wave, the vaso-formative factors stimulate the physiological outgrowth of the
vasculature which relieves the hypoxia and nutrient deficiency and locally suppresses the production
of vaso-formative factors. In front of the wave, there is further maturation, further deficits of nutrients
and oxygen, and further expression of vaso-formative factors (in particular vascular endothelial growth
factor, VEGF) moving the vascularization process forward (Chan-Ling et al., 1995, Joyal et al., 2018;
Joyal et al., 2016; Pierce et al., 1996; Shih et al., 2003). In the incompletely developed retina of a
preterm child, oxygen supplementation can cause pruning of immature formed inner retinal vessels
and suppression of new physiological vessel growth (Phase | ROP) (Figure 2).

There are two vascular systems in the retina. The inner retina is supplied by three layers of inter-
connected vessels that develop as described above. The outer retina, particularly the retinal pigment
epithelium (RPE) and photoreceptors is supplied by a vascular plexus, the choriocapillaris, the precur-
sors of which emerge at the fourth week of gestation. Most of the choroidal vasculature matures during
the third and fourth months of gestation (Anand-Apte and Hollyfield, 2010). VEGFA is essential to

Mouse oxygen-induced retinopathy (OIR)
P7 P12 P17

Room air | 75%o0xygen | Room air

| Vessel obliteration IVesseI proliferation |

Mouse hyperglycemia-associated retinopathy (HAR)
P1 (limit to 6 pups/litter) P10

| | Streptozotocin (STZ,50mg/kg, i.p.)

Deep vessel
growth delay

Figure 3. Schematics of mouse oxygen-induced retinopathy (OIR) and hyperglycemia-associated retinopathy
(HAR). In OIR, mouse pups and the nursing dam are exposed to 75% oxygen from postnatal day (P) 7 for 5 days
causing vessel loss and cessation of vessel growth and returned to room air where the avascular retina becomes
hypoxic and causes neovascularization. There is also a metabolic model of suppression of retinal vessel growth as
seen in Phase | ROP. In HAR, mouse pups are given low dose streptozotocin (STZ 50 mg/kg) daily from P1 to P9,
causing hyperglycemia which suppresses normal vascular development examined at P10. Images were created
using BioRender, adapted and modified from “mouse” by BioRender.com (2022).
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Figure 4. O2 profiles through the dark-adapted retina of rhesus monkey. A retinal depth of zero is the vitreoretinal
border and 100% is the RPE-choroid border. The lowest oxygen tension is found in the layer containing
photoreceptor inner segments with very high mitochondrial density. Rising oxygen tension across the inner retinal
layers is due to three layers of inner retinal vasculature. Figure was reproduced from Figure 1 from Linsenmeier
and Zhang, 2017. License number 5416050680408.

maintain choroidal structure and function (Kim et al., 2020). In rodent oxygen-induced retinopathy
(OIR) (Figure 3), the retardation of choroidal vascular development starts from postnatal day 7 during
hyperoxia exposure and persists (Kim et al., 2018; Shao et al., 2011), suggesting that nutrient and
oxygen supply from the choroidal vascular system to the RPE and photoreceptors is also affected with
oxygen supplementation.

Oxygen and fuel in the mature and immature retina

Oxygen gradients in the retina

The normal mature vascularized retina is highly metabolically active and consumes oxygen avidly
(Wangsa-Wirawan and Linsenmeier, 2003). Oxygen tension falls steeply from the choriocapillaris
plexus to the photoreceptor inner segments, where SpO, is close to zero, likely secondary to very
high flux (Figure 4; Linsenmeier and Zhang, 2017). The SpO, then increases gradually across the
outer retina. In the inner retina, oxygen peaks are present close to inner retinal vessels (Cringle et al.,
1991, Linsenmeier, 1986). Inner retinal oxygen tension is regulated through vaso-constriction of
vessels to control blood flow (Riva et al., 1983). With high oxygen supplementation causing hyper-
oxia, the choroidal oxygen tension increases dramatically and a greater portion of the retina can then
be supplied by the choroid (Cringle and Yu, 2018, Cringle et al., 1991; Linsenmeier and Yancey,
1989). Under conditions of hypoxia, the inner retina oxygen tension is regulated with increased retinal
blood flow (Ahmed et al., 2001; Eperon et al., 1975; Palkovits et al., 2014, Wangsa-Wirawan and
Linsenmeier, 2003). In the choroid however, hypoxia leads to a steep decrease in oxygen tension
and causes a large decrease in photoreceptor oxygen consumption in dark-adapted retina but
only mild changes are seen in light-adapted retina, which consumes less energy than in the dark
(Joyal et al., 2018; Linsenmeier and Braun, 1992, Wangsa-Wirawan and Linsenmeier, 2003).

Hyperoxia, hypoxia, and ROP

Supplemental oxygen, besides increasing the risk of ROP, increases the level of reactive oxygen
species (ROS), exceeding the capacity of the immature antioxidant defense system in preterm infants.
Excess ROS damages DNA, RNA, lipids, proteins, membranes, and organelles. In premature infants
with ROP vs. no ROP, there are lower levels of the antioxidants superoxide dismutase and glutathione
in mitochondria (Lynch et al., 2016; Ozieblo-Kupczyk et al., 2006) and higher total levels of pro-
oxidants and malondialdehyde (Banjac et al., 2018). Modulation of redox homeostasis may help
control cellular damage and should be considered to prevent ROP and other complications of preterm

birth.
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Low levels of oxygen are also damaging. Hypoxia induces nitric oxide synthases (NOSs) and
releases NO (Jung et al., 2000), which is a strong competitor of oxygen for cytochrome ¢ oxidase in
the electron transport chain. Cells also decrease protein synthesis and Na-K-ATPase activity (a major
ATP consumer) to reduce ATP demand by modulating AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (mMTOR) complex 1 (MTORC1) under hypoxic conditions (Gusarova
et al., 2011). These hypoxia-induced adaptive pathways have been examined in mouse OIR retinas.
Hypoxia (via induction of Adora2a) promotes endothelial cell glycolytic enzyme expression (Liu et al.,
2017). Inhibition of endothelial NOS (eNOS) and inducible NOS (iNOS) inhibits retinal neovasculariza-
tion (Brooks et al., 2001; Ninchoji et al., 2021; Zhang et al., 2009). iINOS expressed in the avascular
retina increases retinal neuronal cell death (Sennlaub et al., 2002). pNaKtide, which inhibits Na-K-
ATPase ROS amplification, reduces retinal neovascularization by decreasing HIF and VEGF levels.
mTOR inhibitors (rapamycin and everolimus) reduce retinal neovascular tuft formation and rapamycin
decreases the activation of cyclin D1 (an important regulator of cell cycle progression) in OIR retinas
(Jiang et al., 2020; Yagasaki et al., 2014).

Since Phase | ROP involves oxygen-induced suppression of VEGF, which directs physiological
vascularization, another approach to prevent Phase | ROP is to stabilize the upstream control of VEGF
and other oxygen-regulated factors, including hypoxia-induced factor 1 (HIF1). HIF is degraded with
hyperoxia, decreasing physiological VEGF production and suppressing physiological vessel growth.
Stabilization of HIF1 with prolyl hydroxylase inhibition (systemic Roxadustat) in hyperoxia-induced
Phase | ROP (OIR) suggests that serine and one-carbon metabolism may protect against vaso-
obliteration (Singh et al., 2019). However, Phase || ROP can potentially be exacerbated with the
stabilization of HIF1. In Phase Il ROP, hypoxia in the avascular retina leads to stabilization of HIF1
protein and increased VEGF expression.

Hyperoxia and hypoxia through HIF alter multiple metabolic pathways. Hypoxia-induced HIF
stabilization not only increases VEGF production to trigger new vessel growth to deliver more
oxygen, but also modulates mitochondrial function to adapt to low oxygen status (Solaini et al.,
2010; Wheaton and Chandel, 2011). In addition to mediating oxygen effects on the retina, HIF
also affects energy metabolism through glycolysis and mitochondrial oxidative phosphorylation
(OXPHOS) (Solaini et al., 2010, Wheaton and Chandel, 2011). HIF induces the expression of
glucose transporters and glycolytic enzymes to enhance glycolysis and also activates pyruvate dehy-
drogenase kinase 1 and inactivates pyruvate dehydrogenase (Kierans and Taylor, 2021; Kim et al.,
2006; Mobasheri et al., 2005), thereby preventing the conversion of pyruvate to acetyl-CoA for
mitochondrial function.

Taken together, changes in oxygen alter multiple metabolic pathways and modulation of these
pathways may help to prevent pathological retinal angiogenesis. Control of oxygen in Phase | ROP
is essential to prevent suppression of retinal vessel growth and the progression to Phase Il ROP (Oei
et al., 2017, Oei and Vento, 2019; Vento et al., 2013).

Fuels used in retina
Glucose metabolism in the retina

Glucose as photoreceptor fuel

Glucose is the major fuel source for the retina, particularly photoreceptors, but it is primarily metab-
olized through aerobic glycolysis rather than OXPHOS despite the high density of mitochondria in
photoreceptors (Cohen and Noell, 1960; Joyal et al., 2018). Photoreceptors lack direct contact with
blood vessels, but adjacent RPE cells which are in contact with the high flow choroidal vasculature
preferentially pass glucose to them (Kanow et al., 2017) while RPE itself can use fatty acids, amino
acids, succinate and lactate both from the blood and from the retina as fuel (Hurley, 2021). In animal
studies, when RPE is genetically manipulated to consume glucose, thereby decreasing glucose trans-
port from RPE to photoreceptors, photoreceptors die (Zhao et al., 2011). Disruption of rod photo-
receptor glycolysis with rod-specific knockdown of the rate-limiting glycolytic enzyme hexokinase 2
decreases photoreceptor function and increases photoreceptor mitochondrial mass, suggesting that
OXPHOS is increased under the metabolic stress of decreased glycolysis (Petit et al., 2018). There
is additional evidence that photoreceptors use glucose primarily for aerobic glycolysis to produce
lactate (Joyal et al., 2018). Photoreceptors express high levels of glycolytic enzymes favoring lactate
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production, which is mainly transported to RPE and Miiller glia as energy sources instead of being
metabolized in photoreceptors (Country, 2017).

Hyperglycemia in ROP

Although glucose is the major fuel of photoreceptors, excess glucose is damaging. Hyperglycemia in
the early postnatal period strongly influences the incidence and severity of ROP (Blanco et al., 2006;
Chavez-Valdez et al., 2011, Mohsen et al., 2014). Preterm infants are born with an immature gastro-
intestinal tract that limits enteral nutrition, which in combination with low body fat reserves and high
metabolic demands, may result in inadequate nutrition (starvation) (Webbe et al., 2022). Starvation
triggers insulin resistance, hepatic gluconeogenesis, and hyperglycemia (Whitfield and Hendrikson,
2006). Postnatal hyperglycemia is found in ~80% of premature infants with birth weights of less than
750 grams and ~45% with birth weights of less than 1000 grams (Binder et al., 1989).

Animal models of metabolic influences on Phase | ROP have increased our understanding of the
impact of hyperglycemia and dyslipidemia on postnatal retinal vascular development. In the hyper-
glycemia models of Phase | ROP in neonatal (although not preterm) rodents, as opposed to preterm
infants, animals are metabolically developed and not starved and the response to hyperglycemia may
not be the same. Streptozotocin (STZ)-induced postnatal hyperglycemia only partially mimics preterm
hyperglycemia which results from both insulin deficiency and insulin resistance (Salis et al., 2017) and
immature metabolic pathways (Whitfield and Hendrikson, 2006). In the eye in both neonatal rats and
mice, hyperglycemia attenuates retinal vessel growth, increases inflammation and disrupts glucose
metabolism (Fu et al., 2018a; Kermorvant-Duchemin et al., 2013). Hyperglycemia increases retinal
apoptosis. There are fewer photoreceptors and other cells in the inner neuronal layer even after the
hyperglycemia is resolved. In mice, neonatal hyperglycemia (Figure 3) suppresses the expression of
genes involved in metabolism and there is delayed growth of all major retinal neurons (Fu et al., 2022).
Decreased retinal neuronal activity (and cell number) persist into adulthood (Fu et al., 2018a). In mice,
neonatal hyperglycemia also exacerbates hypoxia-induced retinal neovessel growth (Cakir et al.,
2020). These findings correspond to clinical characteristics of ROP with hyperglycemia-associated
retinal vascular growth delay in Phase | and increased disease severity in Phase Il suggesting the utility
of these Phase | ROP models despite the limitations noted above.

Mitochondrial OXPHOS is necessary for eye function

Even though glucose is preferentially used as fuel by photoreceptors and glucose is primarily metab-
olized through aerobic glycolysis and not through mitochondrial OXPHOS, the very high density of
mitochondria in the photoreceptor inner segment suggests that maintaining mitochondrial activity
and OXPHOS is important to retinal function (Ball et al., 2022). There is genetic evidence of the
importance of mitochondrial function in the eye. Leber hereditary optic neuropathy, affecting retinal
ganglion cells is caused by a mutation in the MT-ND5 gene (m.13345G>A), which affects mitochon-
drial complex | (Engvall et al., 2021). Other mitochondrial genetic disorders often have eye mani-
festations such as increased autofluorescence, macular dystrophy, yellow subretinal deposits, and
abnormal electroretinogram (ERG) signals (Birtel et al., 2022; Daruich et al., 2014, Rath et al., 2008,
Yu-Wai-Man and Newman, 2017), suggesting a disruption in RPE and photoreceptors.

Mitochondria in isolated mouse rod photoreceptors generate substantial nicotinamide adenine
dinucleotide phosphate (NADPH) using glutamine in the absence of extracellular metabolic substrates
which may support cell function under nutrient shortage (Adler et al., 2014). In zebrafish, overexpres-
sion of mitochondrial Ca®* uniporter in cone photoreceptors enhances the TCA cycle and accelerates
recovery kinetics of the cone response to light (Hutto et al., 2020), suggesting that improving photo-
receptor mitochondrial energy production to prevent retinal neural dysfunction may be feasible. This
concept is supported by the evidence that defects in ERG signals of mice lacking a subunit of mito-
chondrial complex | in vivo can be rescued by modulating the extracellular environment ex vivo when
retinas are supplemented with proper nutrients (Gospe et al., 2019).

As glucose is mainly used for aerobic glycolysis in the retina, not mitochondrial OXPHOS, mito-
chondria also use alternative energy sources, particularly during stress conditions (Chinchore et al.,
2017; Casson et al., 2016; Joyal et al., 2018; Joyal et al., 2016; Lindsay et al., 2014; Rajala et al.,
2016; Reading, 1965; Reidel et al., 2011; Wang et al., 1997). Two major unanswered questions are
(I) what fuels other than glucose are used in mitochondrial OXPHOS and (ll) can these fuels or other
molecules be provided to improve retinal metabolism in preterm infants?

Fu et al. eLife 2022;11:e80550. DOI: https://doi.org/10.7554/eLife.80550 6 of 28


https://doi.org/10.7554/eLife.80550

e Life Review article

Table 1. Summary of metabolic risk factors for ROP.

Risk factors

Comparison

Medicine

Outcomes References

no ROP, mild or moderate ROP (stage

High serum DHA correlated with less severe ROP, only in infants

DHA 1-2), or severe ROP (stage 3 and type 1).  with sufficiently high ARA levels Hellstrém et al., 2021b
Enteral DHA vs. placeb No difference in any stage of ROP, but DHA lowered the relative Bernabe-Garcia et al.,
era S placebo risk for severe ROP. 2019
ARA ROP vs. no ROP Low serum ARA correlated with ROP development Loéfqvist et al., 2018
DHA +ARA Enteral DHA +ARA vs. no DHA:ARA at 1:2 ratio lowered severe ROP (stage 3 and/or type Hellstrém et al., 2021a
supplementation 1).
Higher levels of glycolytic intermediates (pyruvate, lactate), !
Metabolites ROP vs. no ROP lower levels of TCA metabolites (citrate, aconitate, succinyl z::g :: :;" gggg’
carnitine), higher malonyl carnitine (C3DC), glycine in ROP g o
Insulin No or mild ROP (1-2) vs. severe ROP (3-4) Ihnsulm exposure was a stronger predictor for severe ROP than Kaempf et al., 2011
yperglycemia per se
No or mild ROP vs severe ROP (needing Bl‘ood glucose >150 mg/ml and insulin exposure associated Lee et al., 2016
treatment) with severe ROP
IGE-1 No ROP, ROP (1,2, 3-4) Low plasma IGF-1 coArreIated with high glucose levels and Cakir et al,, 2020
increased ROP severity
Low serum APN correlated with ROP; serum APN positively
No ROP stage vs. any ROP correlated with serum DHA Fu et al., 2015a
APN

Plasma glucose tertiles and retinal vascular
coverage in preterm infants

Low serum APN correlated with high glucose levels and delayed

. R Fu et al., 2018a
retinal vascularization

Lipids

There is disrupted fatty acid oxidation in ROP infants (Yang et al., 2020). Lipid deficiency (including
short-chain and long-chain fatty acids) in photoreceptors causes retinal degeneration and abnormal
retinal vessel growth (Joyal et al., 2016). The saturated fatty acid palmitate (C16) has been shown to
be a fuel source for OXPHOS in photoreceptors (Joyal et al., 2016). Other lipids have not yet been
assessed.

Hypertriglyceridemia is correlated with an increased risk for ROP although the association becomes
non-significant after adjustment for gestational age and birth weight (Sinclair et al., 2018). Moreover,
blood proteins involved in lipid metabolism are associated with ROP (Danielsson et al., 2022). More
than being a source for energy production, many lipids are bioactive and are involved in the regulation
of diverse biological functions. Dietary essential omega-3 and omega-6 fatty acids are partly oxidized,
but importantly, they also serve as substrates for the production of a large family of signaling mole-
cules with metabolic and immune regulatory activities. Deficiency of omega-3 docosahexaenoic acid
(DHA) and omega-6 arachidonic acid (ARA) in preterm infants causes developmental delay (Hadley
et al., 2016; Smith and Rouse, 2017). The levels of circulating DHA, ARA, as well as the signaling
sphingolipid sphingosine-1-phosphate (S1P) are inversely correlated with the risk of developing ROP
(Hellstrém et al., 2021b; Léfquvist et al., 2018; Nilsson et al., 2021; Table 1). Interestingly, ARA vs.
DHA better preserves retinal metabolism in mice with postnatal hyperglycemia (Fu et al., 2022).

Peroxisomes may play a role in supplying appropriate lipids for optimal retinal mitochondrial
metabolism. Although mitochondria are the primary organelle for fatty acid oxidation, peroxisomes
uniquely oxidize very long-chain fatty acids which cannot be processed by mitochondria into shorter
chains that can be used. Peroxisomal disorders are associated with retinal ganglion cell loss, and
retinal degeneration (Chen et al., 2022; Das et al., 2021). In Zellweger syndrome with mutations in
PEX genes involved in peroxisomal biogenesis, there is loss of retinal cells (photoreceptors, retinal
ganglion cells) and diminished ERG signals. Gene defects in peroxisomal a- and B-oxidation may
also cause attenuated light responses, decreased visual acuity, and blindness (Chen et al., 2022; Das
et al., 2021). Although omega-3 long-chain polyunsaturated fatty acids are primarily obtained from
dietary sources, there is some endogenous production from shorter-chain precursors. Peroxisomes
contribute to the endogenous conversion of precursor omega-3 fatty acids to DHA (Chen et al.,
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2022; Das et al., 2021). Oral DHA ethyl ester supplementation improves visual function in patients
with peroxisomal disorders (Noguer and Martinez, 2010). Moreover, peroxisomes are key in main-
taining redox homeostasis (Cipolla and Lodhi, 2017, Fransen et al., 2012). Preserving retinal lipid
homeostasis by modulating lipid metabolism and supplementing proper types of lipids would likely
benefit retinal health. More work is necessary to determine the specific interventions needed.

Amino acids

There is currently very limited direct evidence that amino acids serve as mitochondrial fuel in the
retina, although gene mutations in endogenous serine synthetic enzyme phosphoglycerate dehy-
drogenase (PHGDH) are associated with macular degeneration (Gantner et al., 2019; Scerri et al.,
2017). Amino acid (arginine, glutamine) metabolism is altered in hyperglycemia- and dyslipidemia-
associated retinal disorders in adults and in preterm infants (Paris et al., 2016; Rhee et al., 2018,
Tomita et al., 2021a). However, there may be abnormal amino acid profiles in preterm infants asso-
ciated with ROP, along with higher than normal steady-state plasma levels of glycolytic intermediates
(pyruvate, lactate) and intermediates associated with fatty acid metabolism, and lower than normal
plasma levels of TCA metabolites (citrate, aconitate, succinyl carnitine) (Yang et al., 2022). This study
found perturbed metabolism of lipids, arginine, glycine, serine and threonine, alanine and aspartate
and glutamate. As parenteral versus enteral nutrition during the neonatal period has a profound
impact on the serum metabolome (Nilsson et al., 2022; Vanhaesebrouck et al., 2008), further vali-
dation of longitudinal nutritional management, serum metabolome and ROP risks is needed. In mice
modeling hypoxia-induced severe ROP, retinal changes include increased metabolites associated with
lipids, glycine and serine and threonine metabolism (Tomita et al., 2021a). However, it remains to be
determined if these adaptations in fatty acid and amino acid metabolism during hypoxia are transient
or whether they have a long-term impact.

Recycling pathways in ROP

Retinal health depends on well-coordinated uptake, recycling and processing of nutrients and metab-
olites between cell organelles and through the ‘cell death’ and autophagy pathways. The metabolic
interactions among retinal mitochondria, peroxisomes, lysosomes as well as endoplasmic reticulum
need to be investigated. Disturbance of function in any of these organelles causes metabolic and
cellular stress. ROP is associated with increased redox imbalance and disruption of the antioxidant
system (Banjac et al., 2018; Boskabadi et al., 2021; Kumar et al., 2008; Lynch et al., 2016; Oziebto-
Kupczyk et al., 2006; Spierer et al., 2005), ultimately leading to cell death.

The common types of cell demise including apoptosis, autophagy, necrosis and senescence have
been reported in ROP retinas (Beauchamp et al., 2001; Binet et al., 2020; Crespo-Garcia et al.,
2021; Oubaha et al., 2016; Pesce et al., 2021; Sennlaub et al., 2002, Sprott et al., 2019). Targeting
retinal apoptosis and necrosis protects against hypoxia-induced neurovascular damage in mouse
OIR (Beauchamp et al., 2001; Grant et al., 2020; Narayanan et al., 2014; Sennlaub et al., 2002).
Emerging evidence has shown that targeting senescence and autophagy protects the retina in animal
models of hypoxia-induced retinopathy.

Senescence and ROP

Recently, it has been shown that senescent cells accumulate in neovascular tufts in proliferative mouse
OIR. Pharmacological inhibition of cellular senescence promotes neovessel regression and normal
revascularization (Binet et al., 2020; Crespo-Garcia et al., 2021, Oubaha et al., 2016). Targeting
endothelial cell senescence might be a way to ameliorate retinal proliferation in Phase Il ROP without
suppressing normal retinal vascularization as occurs with anti-VEGF treatment.

Autophagy, and other recycling pathways

Autophagy, a process in which lysosomes degrade and recycle cellular components, is key in preserving
retinal homeostasis and sustaining metabolic function. Defects in autophagy also interrupt the RPE
degradation of the photoreceptor outer segment and the recycling of proteins and lipids (Villarejo-
Zori et al., 2021). Restoring photoreceptor autophagy dysregulated by accumulated circulating lipids
enhances mitochondrial function and inhibits pathological retinal angiogenesis in mice (Heckel et al.,
2022). Dysregulated retinal autophagic markers are reported in rat OIR and a potential association
between autophagy and necroptosis (not apoptosis) is also observed (Pesce et al., 2021). However,
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pharmaceutical inhibition of autophagy does not restore neural retinal function compromised in OIR
(Pesce et al., 2021). Loss of autophagy protein 5 in endothelial cells impairs mitochondrial func-
tion, decreases mitochondrial ROS and reduces retinal neovascular tuft formation in mouse OIR
(Sprott et al., 2019). Further investigations of the role of autophagic responses in controlling retinal
pathology are needed.

Hormonal influence in ROP: insulin, IGF-1, adiponectin, FGF21

Insulin

Glucose IV infusion is commonly used in premature infants to provide calories. However, preterm
infants may be unable to use excess glucose properly due to immature regulation systems including
insufficient insulin secretion and insulin insensitivity (Salis et al., 2017). Exogenous insulin is sometimes
given to control hyperglycemia, but its use is controversial as it is generally ineffective at controlling
hyperglycemia and insulin use is associated with increased mortality (Beardsall et al., 2008) and ROP
(Kaempf et al., 2011, Lee et al., 2016). In preterm infants, other metabolic regulators like insulin-like
growth factor-1 (IGF-1), adiponectin (APN) and FGF21 may better targets to control hyperglycemia
(Table 1).

Insulin-like growth factor-1 (IGF-1)
IGF-1 deficiency in ROP

Loss of hormones as well as essential nutrients normally provided in utero also delays retinal vascu-
larization. IGF-1, mainly derived from the liver, regulates body and retina growth (Daughaday and
Rotwein, 1989, Liegl et al., 2016). IGF-1 levels fall immediately after birth in preterm infants and
remain low for many weeks. IGF-1 is required for normal vessel growth in mice (Hellstrom et al.,
2001) and low IGF-1 levels suppress VEGF activation of endothelial cell proliferation (phase | ROP)
(Hellstrom et al., 2001; Smith et al., 1999). Low systemic IGF-1 levels correlate with a high risk for
neovascular ROP (Cakir et al., 2020; Hard et al., 2013; Hellgren et al., 2021; Hellstrém et al., 2003;
Hellstrom et al., 2001; Jensen et al., 2017). Low IGF-1 levels also correlate with low weekly platelet
counts and ROP progression (Cakir et al., 2018; Hellgren et al., 2021; Jensen et al., 2018). Exper-
imental studies demonstrate that IGF-1 supplementation before high oxygen challenge decreases
retinal vessel loss and subsequent hypoxia-induced neovascularization in mice OIR (Vanhaesebrouck
et al., 2009). Low levels of plasma IGF1 correlate with high plasma glucose in extremely preterm
infants (Cakir et al., 2020). Experimental investigation also shows that induction of postnatal hyper-
glycemia in mouse OIR exacerbates retinal neovascularization and attenuates normal retinal vascular-
ization (Cakir et al., 2020). Meanwhile, liver-derived IGF1 is reduced and recombinant human IGF-1
treatment improves normal retinal vasculature (Cakir et al., 2020). This finding suggests that replacing
IGF-1 is a feasible approach to treat and prevent ROP.

Prediction of ROP based on IGF-1 and growth

Because circulating IGF-1 levels correlate with body growth and postnatal weight gain, poor postnatal
weight gain during the first weeks of life can be substituted for IGF-1 levels to predict the develop-
ment of ROP. WINROP, the first ROP prediction algorithm and online monitoring tool, was based on
sex, GA, and both weekly weight and IGF-1 levels of preterm infants (Léfqvist et al., 2009). Later,
WINROP was found to function well using only weight gain, omitting IGF-1 blood sampling (Hell-
strom et al., 2009). As even accurate weight gain may be difficult to measure routinely in preterm
infants, recently, DIGIROP using GA at birth, sex, standardized birth weight and age at the first sign of
ROP was developed to predict the risk for severe ROP and shows high predicative ability in a contem-
porary Swedish cohort without using either IGF-1 or weight gain (Pivodic et al., 2022).

Adiponectin (APN) and Fibroblastic Growth Factor 21 (FGF21)

In mice with hyperglycemia-associated retinopathy (Figure 3), modeling Phase | ROP with suppression
of physiological retinal vascularization, adiponectin (APN) is induced in response to insulin shortage;
APN supplementation promotes physiological retinal vessel growth and improves long-term neural
retinal function (Fu et al., 2018a). In addition, serum levels of liver-derived fibroblast growth factor
21 (FGF21), which is a metabolic regulator of APN production and secretion (Holland et al., 2013,
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Figure 5. Schematic of retinal neuronal and vascular structure. RGC, retinal ganglion cells, RPE, retinal pigment
epithelium. Images were created using BioRender, adapted and modified from ‘eye’, ‘retinal cell’, ‘generic
branching vessel’ by BioRender.com (2022).

Talukdar et al., 2016), normally increases immediately after birth (Sanchez-Infantes et al., 2015).
However, FGF21 levels are very low in premature infants (below the sensitivity of most assays) (Guasti
et al., 2014; Mericq et al., 2014). FGF21 treatment suppresses hypoxia-induced retinal neovessel
growth through APN and protects neurons in diabetic retinopathy in mice (Fu et al., 2017; Fu
et al., 2018b). In a phase 2 a clinical trial of a long-acting Fc-FGF21 fusion protein (efruxifermin), the
hepatic fat fraction was reduced in adult patients with non-alcoholic steatohepatitis (ClinicalTrials.gov
NCT03976401) (Harrison et al., 2021). AKR-001, an Fc-FGF21 analog, increases insulin sensitivity
and reduces circulating lipids in adult diabetic patients (Kaufman et al., 2020). FGF21 treatment may
also be a promising approach in preterm infants to promote retinal maturation by modulating insulin
sensitivity and lipid metabolism.

Retinal-cell-specific contribution to vessel growth

To better understand the retinal fuel demand in ROP, we also need to consider the retinal-cell-specific
fuel preferences and metabolism as there are significant interactions among these cells. A schematic
of retinal structure is shown in Figure 5.

Endothelial cells (EC)

Endothelial cell (EC) metabolism regulates proliferation and migration. EC glycolysis rather than
OXPHOS generates ATP for vessel sprouting and loss of the rate-limiting enzyme in glycolysis
6-phosphofructo-2-kinase/fructose-2,6-biophosphatase 3 (PFKFB3) impairs tip cell formation (De Bock
et al., 2013). Inhibition of EC glycolysis via targeting PFKFB3 or adenosine A2a receptor (ADORA2A)
reduces retinal neovascularization in mice OIR (Liu et al., 2017; Schoors et al., 2014; Xu et al., 2014).
Attenuation of the polyol pathway, which is induced under hyperglycemia, also decreases retinal
neurovascular dysfunction in mouse OIR (Fu et al., 2015b; Fu et al., 2012). Increasing glycolysis by
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promoting glucose uptake during hyperoxia reduces retinal vessel loss and later neovascularization
in rat OIR (Han et al., 2019). In addition to glycolysis, ECs rely on glutamine for vessel growth and
blockade of glutamine use causes sprouting defects in physiological and pathological retinal angio-
genesis (Huang et al., 2017). Loss of the endogenous serine synthetic enzyme PHGDH leads to EC
death and impairs retinal angiogenesis (Vandekeere et al., 2018). Fatty acid oxidation and de novo
lipogenesis also regulates EC proliferation and retinal vascular sprouting (Schoors et al., 2015; Wei
et al., 2011). VEGF stimulation enhances the gene expression of fatty acid binding protein 4 (Fabp4)
in ECs and loss of Fabp4 in EC decreases proliferation (Elmasri et al., 2009).

Retinal neurons

Growing evidence has shown that retinal neurons control vessel growth (Fu et al., 2020). Photore-
ceptor dysfunction predicts vascular abnormalities in human ROP infants and rat OIR (Akula et al.,
2007, Fulton et al., 2009). Photoreceptor glucose and fatty acid metabolism controls both physio-
logical and pathological retinal angiogenesis (Fu et al., 2018a; Joyal et al., 2016). Photoreceptor
c-FOS, a master inflammation regulator, modulates retinal neovascularization in mice (Sun et al.,
2017). Moreover, retinal ganglion cells (RGCs) also control retinal vessel growth through G protein-
coupled receptor-91 (GPR91) (Sapieha et al., 2008) and neuronal guidance cue semaphorin 3 A
(SEMA3A) (Joyal et al., 2011), and capillary degeneration in mice induced with ischemia-reperfusion
injury (Ueda et al., 2010, Zheng et al., 2007). Loss of retinal neuronal/glial suppressor of cytokine
signaling 3 (SOCS3), which inhibits inflammation and VEGF signaling, exacerbates retinal angiogen-
esis in mouse OIR (Sun et al., 2015). Miller glia-derived VEGF is one of the primary driving forces
of retinal neovascularization and leakage (Becker et al., 2018; Le, 2017, Wang et al., 2010). Stim-
ulation of the G-protein-coupled receptor 81 (GPR81) in Miiller glia with lactate induces angiogenic
factor production and governs retinal vascularization (Madaan et al., 2019). Mdiller glial NETRIN-4, an
axonal guidance molecule, increases VEGF release under hypoxic condition and NETRIN-4 stimulates
proliferation in bovine retinal endothelial cells (Lange et al., 2012).

Microglia

Microglia are unique immune cells in the central nervous system necessary for homeostasis of the
local microenvironment. Microglia control retinal vascular stability in normal and disease conditions
(Arnold and Betsholtz, 2013; Davies et al., 2006). In mouse OIR, microglia are the predominant
myeloid cells in neovascular tufts (Boeck et al., 2020). A study of the association between microglial
status and retinal vessel growth in mouse OIR found that an increased number of microglia (mostly the
activated amoeboid phenotype) in the superficial vascular layer correlates with increased superficial
retinal vessels in OIR. However, an increase in microglia (mostly the quiescent ramified phenotype)
in the deep vascular layer does not correlate with deep retinal vessels. Loss of microglia before and
immediately after hyperoxia leads to more subsequent retinal neovascularization (Liu et al., 2022).
These findings suggest a role for microglia in modulating retinal neovascularization.

In summary, in ROP eyes, there are shifts in glucose, lipid and amino acid metabolism, as well
as disruptions in redox balance associated with cell death. Further studies regarding the long-term
impact of metabolic imbalance on the neurovascular retina are needed. Metabolic crosstalk between
different retinal cell types should be examined. RPE and Muiller glia metabolically support photore-
ceptors. RPE and Miller glia have fuel preference that spare glucose for photoreceptors. Metabolic
and molecular interaction among retinal organelles also need to be further examined to better under-
stand their involvement in controlling retinal cell homeostasis.

Gut microbiota and retinal development

At birth, the neonatal gastrointestinal tract is a sterile environment but quickly becomes colonized
by microbes, that is, fungi, bacteria, archaea, protozoa, and viruses. The mother exposes the fetus to
IgG and microbial antigens prenatally, and supplies the child with antibodies and metabolites through
breast milk postnatally to protect against invasive pathogens and promote a beneficial microbiome
(Brodin, 2022). Factors that influence the colonization process include GA (Fouhy et al., 2019),
cesarian delivery (Fouhy et al., 2019), feeding type (mother’s own milk/donor milk/formula/paren-
teral nutrition) (Dahlgren et al., 2019; Kumbhare et al., 2022; Parra-Llorca et al., 2018; Pifieiro-
Ramos et al., 2021), and exposure to antibiotics (Arboleya et al., 2015; Gibson et al., 2016). It is
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now widely accepted that the gut microbiome plays crucial roles in maintaining health homeostasis,
and if disturbed (dysbiosis), can contribute to the pathogenesis of several diseases, including retinal
disease (Rinninella et al., 2018), which has led to the concept of a ‘gut-retina axis’. Recent evidence
also suggests that an imbalance in the neonatal gut microbiome can affect the clinical course of ROP.

In a pilot study, Skondra et al. found that infants with type 1 ROP compared with controls with
no ROP had enrichment of stool Enterobacteriaceae at 28 weeks’ PMA (Skondra et al., 2020). The
change in the gut microbiome was accompanied by alterations in microbial metabolic pathways,
including amino acid biosynthesis, which was suggested to be related to infant IGF-1 expression.
Interestingly, using a mouse model to investigate the effect of the gut microbiome on retinal gene
expression, the signaling pathways of IGF-1, VEGF, and HIF-1, among others, were affected by the
presence of a functional microbiome (Zhang et al., 2022). Recently, Westway et al. found that infants
diagnosed with ROP (stage 1 or greater) had a lower taxonomic microbial diversity than infants with
no ROP at admission (Westaway et al., 2022). Furthermore, ROP was significantly associated with an
enrichment of bacteria from the Gram-positive genus Staphylococcus.

Gut microbes interact and communicate with their host through an elaborate crosstalk involving
metabolites and other signaling molecules. One such mechanism is through the release of short-chain
fatty acids (SCFAs) produced by anaerobic fermentation of human milk oligosaccharides (HMOs) by
certain intestinal bacteria. SCFAs from gut microbiota affect host inflammation and glucose and lipid
metabolism and contribute to microglia maturation and function in mice (Erny et al., 2015). Levels
of SCFAs in stool collected on day 14 and 28 from infants born <28 weeks' GA were not associated
with the risk of any level of ROP (Frazer et al., 2022). However, most of the gut SCFAs are effectively
absorbed by colonocytes and used as energy or further transported to the systemic circulation. Thus,
quantification of circulatory SFCAs in preterm infants at risk of ROP could shed further light on gut
metabolic activity and host interaction in relation to disease development. We conclude that targeting
the microbiome and the gut-retina axis through pre- and probiotics may be a new therapeutic avenue
in the prevention of ROP.

Current treatments in practice or in clinical trial
Inhibiting neovascularization in Phase || ROP

Laser photocoagulation

Current clinical treatments to control neovascularization in Phase Il ROP include laser photocoagu-
lation and anti-VEGF therapy. Both therapies target the avascular retina to limit the production of
factors induced by hypoxia and fuel insufficiency that cause pathological retinal neovascularization.
Laser therapy ablates the more avascular peripheral retina but also causes permanent destruction of
the peripheral retina (Clark and Mandal, 2008).

Anti-VEGF treatment

VEGF is a key growth factor controlling vascular and neuronal development. Increased levels of
hypoxia-induced VEGF are a significant factor contributing to the neovascularization of Phase Il ROP.
Anti-VEGF therapy which quickly suppresses neovascularization avoids some of the adverse effects
of laser therapy such as retinal scarring but also has its own adverse effects. Inhibition of VEGF using
Bevacizumab, Ranibizumab, Conbercept and Aflibercept show efficacy in ROP (Table 2; Cheng et al.,
2018; Mintz-Hittner et al., 2011; Stahl et al., 2018; Wallace et al., 2018). The BEAT-ROP trial
found that intravitreal bevacizumab (0.625 mg or 50% of the adult dose) monotherapy is effective in
preventing ROP progression (Mintz-Hittner et al., 2011). However, intravitreal injections of anti-VEGF
drugs leak into the systemic circulation lasting up to 2 months after a single injection (Kong et al.,
2015; Sato et al., 2012; Hartnett et al., 2022; Wu et al., 2015). The persistent anti-VEGF effect
can suppress physiological vascular growth locally in the eye, but also systemically, creating safety
concerns in the developing preterm infant. There may be increased neurological damage in preterm
infants with the use of anti-VEGF drugs (Arima et al., 2020). Neural retinal damage persists even after
the vascular pathology has resolved (Hansen et al., 2017). Efforts have been made to determine a
minimal dose to maintain durable suppression of retinal neovascularization while avoiding suppres-
sion of plasma VEGF (Cheng et al., 2018; Stahl et al., 2018). Intravitreal Bevacizumab (as low as
0.031 mg) can result in good retinal structural outcomes. However, multiple treatments are needed in
many eyes (Wallace et al., 2018). Intravitreal ranibizumab is effective in controlling acute ROP at low
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Table 2. Summary of current or potential treatments for Phase Il ROP.
Drug & dose Sample size Outcomes References
Anti-VEGF (intravitreal)
150 infants Mintz-Hittner et al, N Engl J
(BW <1500 g, Benefits zone I notzone Il Med. 2011 Feb 17;364(7):603—

Bevacizumab (0.625 mg) GA <30 weeks) posterior stage 3+ROP 15.

Bevacizumab (0.25 mg, 61 infants (mean BW  ROP regression by Wallace et al, Ophthalmology.
0.125 mg, 0.063 mg, =709 g, mean GA = 6 months corrected age and 2018 December; 125(12):
0.031 mg) 24.9 weeks) very good retinal structure  1961-1966.

Required no rescue therapy;
Ranibizumab (0.12 mg and 19 infants (mean GA = systemic VEGF levels not Stahl et al, JAMA Pediatr. 2018
0.2 mg) 36.4 weeks) suppressed. Mar 1;172(3):278-286.

20 infants (mean BW = Complete regression of

1297.5 g, mean GA = retinopathy and retinal Cheng et al, Sci Rep. 2018 Jul

Conbercept (0.15 mg) 28.6 weeks) vascularization to zone |lI 16;8 (1):10732.

Rescue treatment required

in 4.8% aflibercept group

vs 11.1% with laser. Serious

118 infants adverse event rates were Stahl et al, JAMA. 2022 Jul

Aflibercept (0.4 mg) (GA <32 weeks) similar. 26;328(4):348-359.
Dexamethasone
Eye drop (1 mg/ml, 1 drop Ohnell et al, Ophthalmol Retina.
daily) 48 premature infants  Reduced laser ablation 2022 Feb;6 (2):181-182.

63 infants (mean BW
=981 g, mean GA = Decreased incidence of Higgins et al, Arch Ophthalmol.
ROP of stage 2 or higher 1998 May;116(5):601-5.

Antenatal systemic
dexamethasone 27.8 weeks)

<1.8 mg/kg (low cumulative)

or >1.8 mg/kg (high

cumulative) body weight 115 infants

(via bolus intravenous (BW <1250 g,
infusion) GA <32 weeks)

No association between
dexamethasone and severe Cuculich et al, Biol Neonate.
ROP incidence 2001 Jan;79(1):9-14.

0-0.9 mg/kg or 0-0.73 mg/ 74 infants
kg (accumulative, systemic) (GA <28 weeks)

Higher dose was associated Pediatr Neonatol. 2022
with severe ROP May;63(3):220-226

Platelets

202 preterm infants Less incidence of ROP with  Cakir et al, JCI Insight. 2018 Oct

Low Platelets (GA <34 weeks) higher platelet count 4:3(19):299448

136 infants (Mean GA
= 25.3 weeks, mean
BW = 782 g)

Faheem et al, Annals of

Platelet transfusion Less incidence of ROP R.S.C.B., 2021, 25 (6): 5442-5448

doses (0.12 mg and 0.2 mg). Superior vascularization of the peripheral retina is found with 0.12 mg of
ranibizumab (Stahl et al., 2018). Intravitreal Conbercept at a low dose (0.15 mg) is effective for Zone
Il Stage 2/3+RIO and no adverse ocular outcomes were observed during the follow-up period until
90 weeks postmenstrual age (Cheng et al., 2018). A recent Phase 3 trial of intravitreal Aflibercept
(0.4 mg) versus laser therapy showed that treatment success is similar between the two groups and
less rescue treatment is required in the Aflibercept-treated group (Stahl et al., 2022). However, the
drug persists in systemic circulation for at least 8 weeks post intravitreal injection.

Steroid treatment for ROP

In addition to VEGF, inflammatory mediators such as tumor necrosis factor-alpha (TNFo) are also
involved in the development and progression of ROP (Connor et al., 2007). Dexamethasone greatly
decreases retinal Tnfa expression in mice with hypoxia-induced retinopathy (Yossuck et al., 2001).
Pretreatment with dexamethasone (0.5 mg/kg subcutaneously) before a high oxygen challenge
reduces retinal neovascularization in mouse OIR (Yossuck et al., 2000). An observational cohort study
reported that antenatal dexamethasone administration in mothers seems to be associated with a
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decreased incidence of ROP (stage 2 or higher) in preterm infants with very-low birth weight and
low gestational age (Higgins et al., 1998). A recent retrospective study examining premature infants
who received topical dexamethasone eye drops before potential laser treatment found that fewer
progressed to severe ROP requiring treatment. (Ohnell et al., 2022). Currently, a clinical trial titled
“Pharmacokinetics and Safety of Dexamethasone Eye Drops in Preterm Infants” (ClinicalTrials.gov
Identifier: NCT05387941) is investigating efficacy of topical dexamethasone treatment before florid
neovascularization to prevent progression. An experimental study shows that systemic dexametha-
sone treatment (0.5 mg/kg subcutaneously) before but not after high oxygen exposure inhibits retinal
neovascularization (Yossuck et al., 2000), suggesting that the timing of treatment is critical. The
outcomes of dexamethasone treatment appear to be influenced by the dose and route of admin-
istration (Cuculich et al., 2001; Tao, 2022). Further optimization of the dose, route and timing of
administration is needed.

Platelets and ROP

An experimental (and clinical) study found that platelet depletion increases and platelet transfusion
decreases hypoxia-induced retinal neovascularization in OIR mice (Cakir et al., 2018). In the same
study, retinal VEGF-A expression was found to be induced with platelet depletion and decreased with
platelet transfusion and that clinically, platelet deficiency is associated with severe ROP (Cakir et al.,
2018). Other studies have also shown this association (Jensen et al., 2018; Parrozzani et al., 2021,
Sahinoglu Keskek et al., 2020; Seliniotaki et al., 2022). A hospital based prospective study found
that platelet transfusion protects against ROP development (Faheem et al., 2021). A correlation was
found between platelet count and serum VEGF-A, platelet-derived growth factor (PDGF-BB), and
brain-derived neurotrophic factor (BDNF) from serum samples taken on the same day in preterm
infants (Hellgren et al., 2021). Taken together, platelet transfusion may be a promising therapeutic
approach for ROP prevention and treatment.

Preventing vessel loss in Phase | ROP

Oxygen control

Oxygen supplementation is commonly used to treat preterm infants with poor lung development
to increase their survival. However, the correct balance between high oxygen supplementation to
decrease mortality and lower oxygen to prevent Phase | ROP remains unknown (Askie et al., 2011).
Several studies examined the risk of ROP and the survival rate with lower vs. higher SpO, with target
ranges of: (70-90% vs. 88-98%; Tin et al., 2001), (<92% vs.>92%; Anderson et al., 2004), (83-90%
vs. >90-98%; Chow et al., 2003). The Neonatal Oxygenation Prospective Meta-analysis (NeOProM)
Collaboration with about 5000 preterm infants (GA <28 weeks) given oxygen supplementation during
the entire postnatal period showed that there is increased mortality associated with a lower SpO,
target range (85-89% vs. 91-95%). There was no significance difference in the primary outcome
disability including bilateral blindness reported (Askie et al., 2018). However, in this study, timing of
different SpO, ranges for Phase | and Phase Il was not evaluated. A recent study comparing biphasic
(85-92% when GA <34 weeks, 95% when GA >34 weeks) vs. static (91-95%) SpO, showed that
biphasic SpO, decreases incidence and severity of ROP without increasing mortality (Shukla et al.,
2019). This suggests that a biphasic approach of oxygen supplementation may optimize the balance
between ROP and mortality.

IGF-1

A recent clinical trial of IGF-1 supplementation during early life (rhIGF-1/rhIGFBP-3, 250 mcg/
kg/24 hours, continuous intravenous infusion from <24 hr of birth to postmenstrual age 29 weeks,
ClinicalTrials.gov Identifier: NCT01096784) found decreased severe bronchopulmonary dysplasia and
less severe intraventricular hemorrhage (Ley et al., 2019). Better understanding of the appropriate
IGF-1 dose in ROP prevention could be achieved from the ongoing trial using SHP607 (recombinant
protein complex of IGF-1/IGFBP3, continuous intravenous infusion of SHP607 250 mcg/kg/24 hr and
400 mcg/kg/24 hours from birth to postmenstrual age 29 weeks+6 days, ClinicalTrials.gov Identifier:
NCT03253263).
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Lipid supplementation
Supplementation of nutrients lacking after premature birth also protects against the incidence and
severity of ROP. Both DHA and ARA are considered conditionally essential fatty acids for preterm
infants and increasing evidence points to health benefits with their supplementation. Low blood DHA
and ARA levels in premature infants correlate with ROP progression (Fu et al., 2015a; Lapillonne
et al., 2010; Lofqvist et al., 2018). The Mega Donna Mega trial with enteral intake of DHA (50 mg/
kg/day) and ARA (100 mg/kg/day) provided within 3 days after birth until postmenstrual age 40 weeks
versus no supplementation increases circulating DHA and ARA levels and reduces severe ROP by 50%
(Hellstrém et al., 2021a). The double-blind parallel clinical trial with enteral DHA supplementation
at 75 mg/kg/day versus high oleic sunflower oil to preterm infants for 14 days lowers the incidence of
stage 3 ROP (Bernabe-Garcia et al., 2019). The DIAMOND (DHA Intake And Measurement Of Neural
Development, ClinicalTrials.gov Identifier: NCT00753818) study show that supplementing DHA:ARA
at 1:2 ratio in formula to healthy, term infants from the first two weeks of birth improves visual acuity
at one year of age. However, further increasing DHA does not generate additional visual improvement
(Birch et al., 2010). Meta-analysis of dietary DHA-supplemented formula vs. DHA-free formula to
preterm infants improves visual acuity at 2 and 4 months of corrected age (SanGiovanni et al., 2000).
However, the results of DHA supplementation to prevent ROP in preterm infants are not always
consistent and parenteral supplementation of lipids may differ from enteral administration (Nilsson
et al., 2019). Intravenous (parenteral) fat emulsion containing fish oil versus soybean and olive oil
reduces severe ROP requiring laser therapy in very-low-birth-weight infants (Beken et al., 2014;
Pawlik et al., 2011; Pawlik et al., 2014). But in another study, a parenteral lipid emulsion containing
fish oil (SMOFlipid) versus olive oil-based (Clinoleic) emulsion only marginally increases circulating
DHA levels, reduces ARA levels and has no significant impact on the incidence and severity of ROP
(Najm et al., 2017). The outcomes may have been affected by the different period of lipid emulsion
delivery ranging from 2 to 28 days (Najm et al., 2017) and by reduced ARA levels, as low postnatal
ARA levels strongly predict ROP development (Léfqvist et al., 2018). Further investigation of lipid
components, route and time of supplementation, as well as the sex differences should be considered
to optimize the nutrient supply for best clinical outcomes.

Tools for future retinal metabolic studies

Advanced technologies make it feasible to investigate detailed metabolic status in the eye. Single-cell
transcriptomics and spatial transcriptome profiling are useful in preclinical retinal studies. Metabolo-
mics, lipidomics, and proteomics of blood and retinas have been applied to clinical and experimental
studies to detect metabolic biomarkers for ROP. The development and application of these ‘omics’
approaches at the single cell level (Li et al., 2021; Perkel, 2021; Seydel, 2021) should expand our
understanding of cell-specific activity. Although Seahorse XF analysis measuring oxygen consumption
rate and extracellular acidification rate in a closed and rapidly depleted system has been used for
metabolic investigation in cell culture, in tissue samples this technique is restricted by the limited
nutrient and oxygen supply which affects readout. A microfluidics flow system providing a continuous
supply of nutrients and oxygen, to maintain tissue viability and functionality for a much longer period
of time has added to our understanding of retinal metabolism (Bisbach et al., 2020; Rountree et al.,
2016; Tsantilas et al., 2021). Organ-on-a-chip technology which can evaluate human tissue and can
be used to assess physical and biochemical stimuli, may be a better system than conventional 3D cell
culture systems in vitro.

Conclusion

In summary, our current knowledge of the impact of metabolic disruption such as lipid deficiency,
starvation and hyperglycemia on the immature retina in preterm infants is limited. Improving retinal
development at an early stage may help prevent ROP before progression to vision-threatening neovas-
cularization. A better understanding of substrate use and metabolic shifts in the neonatal period will
help determine how to promote retinal neuronal and vascular maturation by supplementing proper
nutrients under hyperglycemic, hyperoxic, and hypoxic conditions. Metabolic modulation to normalize
concentrations of naturally occurring growth factors like IGF-1, APN and FGF21 might also be more
physiological interventions. Compared to pharmaceutical interventions, modulation and normaliza-
tion of nutrient supplementation is relatively safe for fragile premature infants. Understanding the
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correlation between nutrient shortage after premature birth and retinal development will help find
effective approaches for disease prevention at an early stage.
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