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Diabetic retinopathy (DR) and diabetic macular edema (DME) are retinal complications
of diabetes that can lead to loss of vision and impaired quality of life. The
current gold standard therapies for treatment of DR and DME focus on advanced
disease, are invasive, expensive, and can trigger adverse side-effects, necessitating
the development of more effective, affordable, and accessible therapies that can
target early stage disease. The pathogenesis and pathophysiology of DR is complex
and multifactorial, involving the interplay between the effects of hyperglycemia,
hyperlipidemia, hypoxia, and production of reactive oxygen species (ROS) in
the promotion of neurovascular dysfunction and immune cell polarization to a
proinflammatory state. The pathophysiology of DR provides several therapeutic targets
that have the potential to attenuate disease progression. Current novel DR and
DME therapies under investigation include erythropoietin-derived peptides, inducers of
antioxidant gene expression, activators of nitric oxide/cyclic GMP signaling pathways,
and manipulation of arginase activity. This review aims to aid understanding of DR and
DME pathophysiology and explore novel therapies that capitalize on our knowledge of
these diabetic retinal complications.

Keywords: diabetic retinopathy, diabetic macular edema, arginase, erythropoietin, nitric oxide, antioxidant,
inducible nitric oxide synthase

INTRODUCTION

Diabetic retinopathy (DR) is a feared complication of diabetes that dramatically affects quality
of life through vision deterioration and loss (Hartnett et al., 2017). DR develops with prolonged
hyperglycemia, which can occur with both type 1 diabetes mellitus (TIDM) and type 2 diabetes
mellitus (T2DM) (Fong et al., 2004). According to the World Health Organization, the incidence of
diabetes increased by approximately 290% between 1980 and 2014, and the frequency of diabetes-
related premature mortality is climbing (WHO, 2021). The increased global prevalence of diabetes
has resulted in rampant DR, the leading cause of blindness in working-age adults (WHO, 2021).
Not only does DR affect patients individually, but it also represents a significant healthcare and
economic burden (WHO, 2021).
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Hyperglycemia, hyperlipidemia, and formation of reactive
oxygen species (ROS) initiate and perpetuate many processes
involved in the pathogenesis of DR. Clinically, DR is divided
into two primary stages: non-proliferative and proliferative DR
(Fong et al., 2004; Hartnett et al., 2017; Kern et al., 2019). Non-
proliferative DR can be further classified into mild, moderate,
severe, and very severe (Duh et al., 2017). Proliferative DR (PDR)
is differentiated from non-proliferative DR by the presence of
neovascularization, and can be stratified into early, high-risk,
or severe, based on location and quantity of neovascularization,
presence of preretinal or intravitreal hemorrhage, and macular
or retinal detachment (Duh et al., 2017). Diabetic macular
edema (DME), a vision-threatening complication of both non-
proliferative and PDR, results from fluid extravasation through
damaged and pathologic microvasculature (Gupta et al., 2013;
Duh et al, 2017). Though the etiologies of TIDM and
T2DM differ, the overlapping characteristics of hyperglycemia,
hyperlipidemia, hypoxia, and formation of ROS, provide the
milieu necessary for development and progression of DR and
DME (O’Brien et al., 1998; Gylling et al., 2004; Kahn et al., 2006).

PATHOPHYSIOLOGY OF DIABETIC
RETINOPATHY AND DIABETIC
MACULAR EDEMA

Hyperglycemia

Type 1 diabetes mellitus and T2DM represent a spectrum
of diseases whose presentation and progression can vary
considerably, yet they are unified by the predominant feature,
hyperglycemia (American Diabetes Association, 2021). While
TIDM is characterized by hyperglycemia secondary to lack
of endogenous insulin production, T2DM is associated
with systemic insulin resistance and is associated with
metabolic syndrome, a cluster of metabolic derangements
including hypertension, increased central adiposity, and
hypertriglyceridemia (Samson and Garber, 2014; Katsarou et al.,
2017). Sustained hyperglycemia results in several biochemical,
metabolic, and vascular abnormalities that are responsible
for disease progression, such as production of advanced
glycosylation end-products (AGEs) and activation of the protein
kinase C (PKC), polyol, and hexosamine pathways, all of which
can promote increased production of cytokines and growth
factors (Urias et al., 2017; Ighodaro, 2018).

AGEs are formed via a three-step process initiated by high
blood glucose (Ott et al., 2014; Singh et al., 2014). When formed,
AGEs create cross-linked, non-degradable aggregates of proteins,
lipids, and nucleic acids (Ott et al., 2014; Singh et al., 2014).
Cross-linking of the extracellular matrix causes stiffening of the
vasculature and promotes organ dysfunction (Ott et al., 2014;
Singh et al, 2014). Thus, AGE aggregation can compromise
protein, lipid bilayer, and collagen function (Ott et al., 2014; Singh
etal., 2014). Additionally, these aggregates initiate inflammatory,
angiogenic, vascular remodeling, and apoptosis signal cascades
via several receptors (Ott et al., 2014). These signal cascades
are integral in the pathogenesis of diabetes, DR, and DME,

inducing vascular dysfunction and remodeling, angiogenesis,
thrombogenesis, atherosclerosis, and hypoxia (Li et al., 2004;
Chang et al., 2008; Yamagishi, 2011; Hegab et al,, 2012; Roy,
2013). When AGEs bind to the receptor for AGEs (RAGE), a
signal cascade promotes angiogenesis through upregulation of
vascular endothelial growth factor (VEGEF), a key mediator of
neovascularization in PDR (Li et al.,, 2004; Chang et al., 2008;
Yamagishi, 2011; Roy, 2013; Ott et al,, 2014; Singh et al., 2014).
New vessel formation in the hypoxic and inflammatory milieu of
DR is aberrant and promotes DME development, as these fragile
retinal vessels have poor integrity, leading to widespread fluid
extravasation (Gupta et al., 2013; Urias et al., 2017).

In addition to promoting AGE formation, hyperglycemia
activates the polyol pathway, which metabolizes glucose under
conditions of glucose excess and produces sorbitol via aldose
reductase with oxidation of NADPH to NADP* (Ighodaro,
2018; Kang and Yang, 2020). Most tissues in the body have
sorbitol dehydrogenase which converts sorbitol to fructose via
reduction of NAD" to NADH, allowing for progression of
this metabolic pathway. However, sorbitol dehydrogenase is
not readily expressed in the retina, resulting in a build-up of
osmotically active sorbitol, leading to retinal dysfunction (Thul
et al, 2017; Kang and Yang, 2020). Consumption of NADPH
in the polyol pathway impairs antioxidant mechanisms and
increases vulnerability of retinal tissues to oxidative stress.

The hexosamine pathway metabolizes glucose under
conditions of hyperglycemia. The end-product of this pathway,
uridine diphosphate N-acetylglucosamine (UDP-GIcNAc),
catalyzes the addition of O-GIcNAc moieties to serine and
threonine residues of proteins, altering their function and
resulting in retinal damage (Semba et al.,, 2014). Additionally,
activation of the hexosamine pathway results in upregulation of
cholesterol synthesis through O-GlcNAcylation and activation
of cholesterol transcription factor, specificity protein 1
(Sp1), leading to hypercholesterolemia, which independently
contributes to disease progression (Semba et al., 2014). Although
activation of the AGE-RAGE, polyol, and hexosamine pathways
initiate a series of processes directly involved in the pathogenesis
of DR, hyperlipidemia and formation of reactive oxygen species
(ROS) also strongly contribute to disease progression.

Hyperlipidemia

Both TIDM and T2DM are associated with a hyperlipidemic state
(Shah et al., 2017). Due to the development of insulin resistance
in T2DM and the lack of exogenous insulin production in T1DM,
the cellular uptake of glucose is blunted despite high blood
glucose levels. This state of relative starvation promotes lipolysis
and cholesterol accumulation, resulting in elevated blood lipids
(Lopaschuk, 2016). Hyperlipidemia not only contributes to
systemic disease progression, but also to progression of DR
and DME. Accumulation of lipid particles on endothelial cells
(EC) induces vascular damage and impairs regional blood
flow, promoting a state of retinal hypoxia (Tete et al., 2012).
The vascular damage from lipid accumulation contributes to
breakdown of the blood-retinal-barrier (BRB). This increased
vascular permeability predisposes to DME development and
damage to the retinal neurovascular unit (Urias et al., 2017).
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Additionally, vascular lipid accumulation activates leukocytes,
which secrete chemokines to promote inflammatory macrophage
infiltration into the retina and to induce polarization of retinal
microglia to a pro-inflammatory phenotype (Tete et al., 2012;
Kinuthia et al., 2020). Activated macrophages and microglia
sustain the inflammatory state through secretion of cytokines that
compromise the BRB and contribute to VEGF production, which
exacerbates the BRB breakdown and promotes angiogenesis and
neovascularization (Teté et al., 2012).

Additionally, hyperlipidemia accelerates hyperglycemia-
induced mitochondrial damage, further promoting an
inflammatory state (Rao et al., 2021). Hyperlipidemia has
also been shown to result in increased intracellular calcium and
pro-inflammatory cytokine production, which increases the
expression of inducible nitric oxide synthase (iNOS), the NOS
isoform that produces cytotoxic quantities of nitric oxide (NO)
as an immune defense mechanism (Bogdan, 2015; Garcia-Ortiz
and Serrador, 2018; Rao et al., 2021).

Reactive Oxygen and Nitrogen Species

The formation of ROS and reactive nitrogen species (RNS)
and the subsequent damage caused by these volatile molecules
is intimately linked to the pathogenesis of DR, playing an
essential role in disease progression by amplifying the ischemic
and inflammatory milieu. ROS and RNS, such as superoxide,
hydrogen peroxide, hydroxyl radicals, and peroxynitrite, are
formed via several mechanisms. One mechanism is via a
hyperglycemia-induced increase in activity of NADPH oxidases,
which results in superoxide or hydrogen peroxide formation
(Kowluru, 2021). Another mechanism is through uncoupling
of NOS, via reduced L-arginine availability, which forms
superoxide instead of producing NO (Roe and Ren, 2012). The
consequences of NOS uncoupling are twofold, with impaired
vasodilation resulting in hypoxia and superoxide production
leading to inflammation and tissue dysfunction (Guzik et al.,
2003). The hypoxic state further accentuates formation of
ROS, vascular dysfunction, VEGF production, and inflammation
via downstream effectors of hypoxia-inducible factor isoforms
(Gunton, 2020). Hyperglycemia increases PKC activation, which
plays a critical role in the formation and amplification of ROS.
It has also been demonstrated that PKC augments NADPH
oxidase activity, further contributing to oxidative stress (Kang
and Yang, 2020). Accumulation of ROS not only contributes
to the vascular and metabolic dysfunction in DR, but also
promotes formation of AGEs and increases polyol pathway flux,
exacerbating the damage.

THE NEED

With the epidemic-level increase in cases of diabetes, more
individuals are at risk of DR-induced vision loss, necessitating
the development of more effective, affordable, and accessible
treatment modalities (Urias et al., 2017; Schmidt, 2018). The
current gold-standard therapies for DR and DME are pan-retinal
photocoagulation (PRP) and intravitreal injections of anti-VEGF
or steroid drug formulations (Funatsu et al., 1996; Gupta et al,,

2013). PRP involves laser ablation of the outer retina, which
is thought to slow progression of DR by destroying peripheral
tissue with high oxygen demand, thereby diverting oxygen to the
ischemic central retina and decreasing hypoxia-induced release
of inflammatory cytokines and VEGF (Funatsu et al.,, 1996).
Though this method is efficacious in blunting progression of
DR, it is associated with notable complications including visual
field impairment, night vision deficits, and suprachoroidal and
macular effusions that promote exudative retinal detachment
(Reddy and Husain, 2018). Anti-VEGF intravitreal therapies
target the hypoxia-induced expression of VEGE attenuating
neovascularization in PDR and breakdown of the BRB in DME
(Gupta et al,, 2013). Though this treatment can be effective
in many patients, some DME patients are treatment-resistant
or exhibit only transient improvement (Urias et al, 2017).
Intravitreal corticosteroid injections target retinal inflammation
but can promote VEGF expression (Schwartz et al, 2016).
Intravitreal injections require frequent office visits and are
associated with poor patient compliance due to fear of intravitreal
administration, financial limitations, and perceived lack of
efficacy (Polat et al., 2017). Moreover, intravitreal injections are
associated with significant risks (Sachdeva et al., 2016; Tan et al.,
2021). With each injection, patients are at risk of developing
acute exogenous endophthalmitis, a serious medical emergency
characterized by bacterial or fungal infection of the vitreous
and/or aqueous humor (Day et al., 2011; Sachdeva et al., 20165
Durand, 2020). Anti-VEGF injections also increase the risk of
tractional retinal detachment, elevations in intraocular pressure,
and uveitis (Heier et al., 2012).

The developing understanding of the neurovascular
interactions in health and disease is guiding efforts to find
novel therapeutic targets capable of arresting DR at early stages
(Simo et al., 2021). Strategies for promoting tissue repair and
preventing neuroinflammation have shown promising results
in the treatment of neurovascular diabetic complications. The
discovery of erythropoietin (EPO) production within retinal
tissue has prompted investigations into its physiologic roles
and therapeutic potential (Brines et al., 2008). Distinct from
its role in hematopoiesis, EPO has been found to mediate
neuroprotective effects in the retina, resulting in development
of EPO peptide derivatives (Brines et al., 2008). ARA290 is a
peptide that binds to the EPO innate repair receptor but lacks the
erythrogenic activity of endogenous EPO (Brines et al., 2015).
ARA290 has shown potential therapeutic benefit in minimizing
glial activation, neuronal loss, and promoting tissue repair in
preclinical studies of DR (McVicar et al., 2011). In clinical trials,
ARA290 administration in diabetic patients blunted metabolic
dysfunction and symptoms of diabetic neuropathy (Brines et al.,
2015). Another novel therapeutic approach targeting early stages
of DR and DME is NO/cyclic GMP (cGMP) modulator drug
therapy, which capitalizes on the various roles of NO signaling
in DR pathogenesis. Runcaciguat, a novel cGMP activator, is
undergoing clinical trials to assess its efficacy in both diabetic
nephropathy and DR (Hahn et al., 2021). Although clinical
trials with antioxidant and radical scavenging molecules have
failed to show sufficient protection from DR progression,
strategies for activating tissue antioxidant mechanisms have
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shown great therapeutic promise in retinopathies involving
oxidative stress (Nakagami, 2016; Evans and Lawrenson, 2017).
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a novel
potential target that upregulates transcription of antioxidant
proteins and has shown great promise in the treatment of
retinal diseases (Nakagami, 2016). Finally, our group has
demonstrated the complex roles of the arginase isoforms
in the development and progression of DR, illustrating the
potential therapeutic benefit of targeting these enzymes in
diseases that impact the neurovasculature (Patel et al., 2013;
Caldwell et al., 2015; Shosha et al., 2016, 2021; Atawia et al.,
2020).

ARGINASE AND DIABETIC
RETINOPATHY

Arginase as a Therapeutic Target

Diabetes increases the expression of arginase isoforms, which
have a crucial role in the development of diabetes-induced
complications (Patel et al., 2013). Arginase, the key enzyme in
the hepatic urea cycle, reciprocally regulates NO production
by competing with NOS for their shared substrate, L-arginine
(Elms et al, 2013; Caldwell et al., 2015; Wang et al., 2015).
This ureohydrolase has two isoforms, arginase 1 (Argl), which
is cytoplasmic and highly expressed by hepatocytes, and arginase
2 (Arg2) which is primarily localized to the mitochondria.
Both isoforms are found in a variety of cells, including
retinal, endothelial, neuronal, and immune cells. Additionally,
both can be upregulated under conditions of hyperglycemia,
inflammation, and increased ROS (Romero et al., 2008; Chandra
et al, 2012; Pandey et al, 2014; Caldwell et al., 2018). Argl
and Arg2 are expressed in various layers and cell types of the
retina (Patel et al,, 2013). Argl immunoreactivity is prominent in
neuronal cells within the ganglion cell layer, inner nuclear layer,
and in Miller glial cells. Pronounced Arg2 immunoreactivity is
evident in cells of the inner nuclear and nerve fiber layers as well
as in horizontal cells (Narayanan et al., 2013; Patel et al., 2013).
However, given the mitochondrial localization of Arg2, it is likely
that a basal level of Arg2 is present in all cell types.

Increased arginase expression leads to elevated levels of
L-ornithine, a downstream product of arginase activity. The
metabolism of L-ornithine by ornithine decarboxylase (ODC)
and ornithine aminotransferase results in the production of
polyamines (putrescine, and downstream products spermidine
and spermine), and proline and glutamate, respectively (Caldwell
et al., 2018). Production of proline is necessary for collagen
formation, which contributes to wound healing and fibrosis
(Wu and Morris, 1998; Caldwell et al., 2018). Polyamines
are important in cell proliferation, ion channel function, and
neuroprotection (Narayanan et al., 2013; Caldwell et al., 2015).
Activation of the ODC pathway has been shown to limit
inflammation, reduce iNOS activation, and promote a reparative
M2-like macrophage phenotype by increasing the production of
putrescine in a model of bacterial infection (Hardbower et al.,
2017). However, the reverse activity of this pathway (spermine
to spermidine to putrescine), generates hydrogen peroxide and

toxic acrolein, which can exacerbate the pathology (Narayanan
etal., 2014, 2019; Alfarhan et al., 2020).

Arginase 1 and Vascular Tone

The competition between arginase and NOS for L-arginine is
of particular importance in vascular tone regulation given the
crucial role of NO signaling in vasodilation, leukocyte adhesion,
and platelet aggregation (Caldwell et al., 2018). In fact, elevated
Argl is involved in endothelial dysfunction in a wide range
of vascular beds including pulmonary, coronary, aortic, and
mesenteric vasculature (Beleznai et al., 2011; Lucas et al., 2013;
Toque et al., 2013; Kovamees et al., 2016; Caldwell et al., 2018).
In retinal blood vessels, increased Argl immunoreactivity was
detected as early as 8 weeks in diabetic mice (Elms et al., 2013).
Furthermore, partial deletion of Argl or treatment with the
arginase inhibitor, 2(S)-amino-6-boronohexanoic acid (ABH),
resulted in improved EC-mediated vasodilation in the retinal
vasculature of diabetic murine models (Elms et al, 2013).
Together, these results suggest that Argl plays a role in diabetes-
induced endothelial dysfunction in retinal vasculature.

Arginase 1 in Retinal Ischemia

In DR, damage to the retinal microvasculature leads to impaired
tissue perfusion and subsequent hypoxia, which is further
accentuated by increased leukocyte adhesion (Cai and Boulton,
2002; van der Wijk et al, 2017). Despite the prominent
role of Argl in diabetes-induced endothelial dysfunction, a
neuroprotective role of Argl has been surprisingly revealed
in murine models of retinal ischemia/reperfusion injury (I/R)
(Malek et al., 2018). In this model, mice with either partial
global deletion of Argl (Argl™) or myeloid-specific Argl deletion
demonstrated significantly worse neuronal and microvascular
degeneration compared to their littermate controls. However, this
effect was not seen in EC-specific Argl knockout mice (Fouda
et al., 2018). It is postulated that the neuroprotective effects
of Argl are due to the reduced availability of L-arginine for
iNOS, which functions to amplify the pro-inflammatory state
through increased macrophage polarization to the M1-like, pro-
inflammatory phenotype (Lee et al., 2017). Elevated Argl reduces
L-arginine levels, the substrate necessary for iNOS to maintain
high NO production and inflammation. In fact, control mice
subjected to I/R exhibited fewer macrophages in the M1-like, pro-
inflammatory state (Fouda et al., 2018). In acute hypoxic injury,
such as I/R, these anti-inflammatory, neuroprotective effects of
Argl seem to outweigh the detrimental effects of Argl on the
vascular endothelium (Fouda et al., 2018, 2020). Intravitreal
and intraperitoneal treatment with pegylated Argl (PEG-
Argl), (Argl covalently linked to polyethylene glycol with a
prolonged half-life), in murine models of I/R exhibited significant
protection against retinal neurodegeneration (Fouda et al., 2018,
2022). Macrophages pretreated with PEG-Argl in vitro also
exhibited reduced cytokine production and iNOS expression after
exposure to bacterial lipopolysaccharide (LPS). Additionally,
PEG-Argl treatment of these macrophages post-LPS exposure
reversed the LPS-induced mitochondrial dysfunction (Fouda
et al, 2018). The neuroprotective effects of PEG-Argl are
likely secondary to blockade of iNOS-induced oxidative stress,
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blunting perpetuation of inflammation and oxidation by retinal
macrophages and microglia.

Arginase 1 and Immune Modulation

The role of Argl in the polarization of macrophages toward
a reparative, M2-like phenotype and its effects on other
immune cell function has been extensively studied, however, the
mechanisms are not entirely understood (Kieler et al., 2021). As
briefly discussed, L-arginine depletion by Argl has been proposed
as a mechanism that mediates decreased production of cytotoxic
NO levels and blunts iNOS perpetuation of inflammation and
oxidative stress (Lee et al., 2003). Additionally, L-arginine
depletion results in T-lymphocyte dysfunction through inhibition
of T-cell receptor CD3¢ chain expression (Rodriguez et al,
2003). Another proposed mechanism for Argl modulation of
immune cell responses is through the Argl-induced production
of polyamines via the ODC pathway, which has been shown to
promote the reparative M2-like phenotype in macrophages and
microglia (Van den Bossche et al.,, 2012; Latour et al., 2020).
Independent of Argl expression, production of polyamines was
necessary for M2-like polarization in cultured macrophages
stimulated with IL-4 (Van den Bossche et al., 2012). Additionally,
depletion of polyamines in cultured macrophages resulted in the
amplification of LPS-induced inflammatory gene expression (Van
den Bossche et al., 2012). Another study found that elevated levels
of putrescine attenuated macrophage polarization to the pro-
inflammatory M1-like phenotype and proposed that this effect
was via histone modifications (Hardbower et al., 2017). Though
these are some possible explanations, more studies are necessary
to unravel the seemingly multifaceted effects of Argl on immune
cell modulation.

Arginase 2 and Diabetic Retinopathy

In contrast to Argl, global or EC-specific deletion of Arg2 in
mice results in reduced oxidative and nitrative stress, decreased
neurovascular damage, and absence of glial activation in the
retina after I/R injury (Shosha et al, 2016, 2021). In both
the I/R in vivo model and in EC exposed to oxygen and
glucose deprivation/reperfusion (OGD/R), Arg2 mRNA and
protein expression were markedly increased (Shosha et al., 2016,
2021). Furthermore, overexpression of Arg2 in EC subjected
to OGD/R resulted in increased mitochondrial dysfunction and
fragmentation, and amplified cell stress and apoptosis (Shosha
et al., 2021). Interestingly, pan-arginase inhibition in EC with
ABH resulted in inhibition of OGD/R-induced cell stress but did
not promote cell survival. This lack of survival with pan-arginase
inhibition is postulated to be due to the loss of Argl-mediated
protective effects. Mice with a global Arg2 deletion challenged
by a high-fat, high-sucrose diet were protected against retinal
oxidative stress, inflammasome activation, and pro-inflammatory

REFERENCES

Alfarhan, M., Jafari, E., and Narayanan, S. P. (2020). Acrolein: a potential mediator
of oxidative damage in diabetic retinopathy. Biomolecules 10:1579. doi: 10.3390/
biom10111579

activation of retinal glial cells, indicating that Arg2 plays a
role in the early pathogenesis of DR (Atawia et al., 2020). The
apparent dichotomy of these arginase isoforms under various
pathologic conditions warrants the development of therapies
targeted to either specific inhibition of Arg2 or selective delivery
of Argl to macrophages.

CONCLUSION

With the prevalence of diabetes on the rise worldwide,
more people are at an increased risk of developing vision-
compromising DR and DME, necessitating the development of
more efficacious and patient-friendly treatment modalities. DM
is a systemic, multifactorial disease that involves a multitude
of interconnected processes. Studies examining the nuances
of the pathogenesis and pathophysiology of DR and DME
have elucidated many promising novel therapeutic targets. EPO
signaling in tissue repair, cGMP activation, and activation of
antioxidant gene transcription are promising therapeutic targets
that can modify disease progression and can be utilized at
earlier disease stages (Brines et al., 2008, 2015; Nakagami, 2016;
Evans and Lawrenson, 2017; Hahn et al., 2021). Capitalizing
on Argl and Arg2 activity in the disease pathogenesis of DM
also shows therapeutic potential. PEG-Argl has demonstrated
a neuroprotective effect in ischemic retinopathy that appears to
outweigh the detrimental effect on the vasculature by attenuating
production of inflammatory cytokines through suppression of
iNOS activity (Caldwell et al., 2018; Fouda et al., 2018, 2022).
Deletion of Arg2 has exhibited protective effects through the
attenuation of inflammasome activation and polarization of
macrophages and retinal microglia (Narayanan et al, 2014;
Shosha et al., 2016; Atawia et al., 2019, 2020). There is hope that
these novel therapies will prove to be effective in attenuating
DR and DME progression, thereby decreasing the number of
individuals at risk of diabetes-induced vision loss.

AUTHOR CONTRIBUTIONS

KLB and RWC conferred on the theme and general content. KLB
along with AAA drafted the sections of the manuscript. RBC
and RWC provided guidance and editorial feedback. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by a grant from the National Institute
of Health (NIH grant RO1IEY0011766 to RBC and RWC).

American Diabetes Association (2021). 2. Classification and diagnosis of diabetes:
standards of medical care in diabetes-2021. Diabetes Care 44(Suppl. 1), S15-S33.

Atawia, R. T., Bunch, K. L., Fouda, A. Y., Lemtalsi, T., Eldahshan, W., Xu, Z.,
et al. (2020). Role of Arginase 2 in murine retinopathy associated with Western
diet-induced obesity. J. Clin. Med. 9:317. doi: 10.3390/jcm9020317

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 831616


https://doi.org/10.3390/biom10111579
https://doi.org/10.3390/biom10111579
https://doi.org/10.3390/jcm9020317
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bunch et al.

Novel Therapeutics for Diabetic Retinopathy

Atawia, R. T., Toque, H. A., Meghil, M. M., Benson, T. W., Yiew, N. K. H., Cutler,
C. W, etal. (2019). Role of Arginase 2 in systemic metabolic activity and adipose
tissue fatty acid metabolism in diet-induced obese mice. Int. J. Mol. Sci. 20:1462.
doi: 10.3390/ijms20061462

Beleznai, T., Feher, A., Spielvogel, D., Lansman, S. L., and Bagi, Z. (2011).
Arginase 1 contributes to diminished coronary arteriolar dilation in patients
with diabetes. Am. J. Physiol. Heart Circ. Physiol. 300, H777-H783. doi: 10.1152/
ajpheart.00831.2010

Bogdan, C. (2015). Nitric oxide synthase in innate and adaptive immunity: an
update. Trends Immunol. 36, 161-178. doi: 10.1016/}.it.2015.01.003

Brines, M., Dunne, A. N., van Velzen, M., Proto, P. L., Ostenson, C. G., Kirk,
R. I, et al. (2015). ARA 290, a nonerythropoietic peptide engineered from
erythropoietin, improves metabolic control and neuropathic symptoms in
patients with type 2 diabetes. Mol. Med. 20, 658-666. doi: 10.2119/molmed.
2014.00215

Brines, M., Patel, N. S., Villa, P., Brines, C., Mennini, T., De Paola, M., et al.
(2008). Nonerythropoietic, tissue-protective peptides derived from the tertiary
structure of erythropoietin. Proc. Natl. Acad. Sci. U.S.A. 105, 10925-10930.
doi: 10.1073/pnas.0805594105

Cai, J., and Boulton, M. (2002). The pathogenesis of diabetic retinopathy: old
concepts and new questions. Eye (Lond.) 16, 242-260. doi: 10.1038/sj.eye.
6700133

Caldwell, R. B., Toque, H. A., Narayanan, S. P, and Caldwell, R. W. (2015).
Arginase: an old enzyme with new tricks. Trends Pharmacol. Sci. 36, 395-405.
doi: 10.1016/j.tips.2015.03.006

Caldwell, R. W., Rodriguez, P. C., Toque, H. A., Narayanan, S. P., and Caldwell,
R. B. (2018). Arginase: a multifaceted enzyme important in health and disease.
Physiol. Rev. 98, 641-665. doi: 10.1152/physrev.00037.2016

Chandra, S., Romero, M. J., Shatanawi, A., Alkilany, A. M., Caldwell, R. B,
and Caldwell, R. W. (2012). Oxidative species increase arginase activity in
endothelial cells through the RhoA/Rho kinase pathway. Br. J. Pharmacol. 165,
506-519. doi: 10.1111/§.1476-5381.2011.01584.x

Chang, J. S., Wendt, T., Qu, W., Kong, L., Zou, Y. S., Schmidt, A. M., et al.
(2008). Oxygen deprivation triggers upregulation of early growth response-1
by the receptor for advanced glycation end products. Circ. Res. 102, 905-913.
doi: 10.1161/CIRCRESAHA.107.165308

Day, S., Acquah, K., Mruthyunjaya, P., Grossman, D. S., Lee, P. P., and Sloan,
F. A.(2011). Ocular complications after anti-vascular endothelial growth factor
therapy in Medicare patients with age-related macular degeneration. Am. J.
Ophthalmol. 152, 266-272. doi: 10.1016/j.aj0.2011.01.053

Duh, E. ], Sun, J. K, and Stitt, A. W. (2017). Diabetic retinopathy: current
understanding, mechanisms, and treatment strategies. JCI Insight 2:¢93751.
doi: 10.1172/jci.insight.93751

Durand, M. (2020). Bacterial Endophthalmitis. Waltham, MA: UpToDate.

Elms, S. C., Toque, H. A., Rojas, M., Xu, Z., Caldwell, R. W., and Caldwell, R. B.
(2013). The role of arginase I in diabetes-induced retinal vascular dysfunction
in mouse and rat models of diabetes. Diabetologia 56, 654-662. doi: 10.1007/
s00125-012-2789-5

Evans, J. R, and Lawrenson, J. G. (2017). Antioxidant vitamin and mineral
supplements for preventing age-related macular degeneration. Cochrane
Database Syst. Rev. 7:Cd000253.

Fong, D. S., Aiello, L., Gardner, T. W, King, G. L., Blankenship, G., Cavallerano,
J. D., et al. (2004). Retinopathy in diabetes. Diabetes Care 27(Suppl. 1), S84-S87.

Fouda, A. Y., Eldahshan, W., Narayanan, S. P., Caldwell, R. W., and Caldwell,
R. B. (2020). Arginase pathway in acute retina and brain injury: therapeutic
opportunities and unexplored avenues. Front. Pharmacol. 11:277. doi: 10.3389/
fphar.2020.00277

Fouda, A. Y., Eldahshan, W., Xu, Z., Lemtalsi, T., Shosha, E., Zaidi, S. A. H,,
et al. (2022). Preclinical investigation of Pegylated arginase 1 as a treatment for
retina and brain injury. Exp. Neurol. 348:113923. doi: 10.1016/j.expneurol.2021.
113923

Fouda, A. Y., Xu, Z., Shosha, E., Lemtalsi, T., Chen, J., Toque, H. A., et al. (2018).
Arginase 1 promotes retinal neurovascular protection from ischemia through
suppression of macrophage inflammatory responses. Cell Death Dis. 9:1001.
doi: 10.1038/s41419-018-1051-6

Funatsu, H., Hori, S., Yamashita, H., and Kitano, S. (1996). [Effective mechanisms
of laser photocoagulation for neovascularization in diabetic retinopathy].
Nippon Ganka Gakkai Zasshi 100, 339-349.

Garcia-Ortiz, A., and Serrador, J. M. (2018). Nitric oxide signaling in T cell-
mediated immunity. Trends Mol. Med. 24, 412-427. doi: 10.1016/j.molmed.
2018.02.002

Gunton, J. E. (2020). Hypoxia-inducible factors and diabetes. J. Clin. Invest. 130,
5063-5073. doi: 10.1172/jci137556

Gupta, N., Mansoor, S., Sharma, A., Sapkal, A., Sheth, J., Falatoonzadeh, P., et al.
(2013). Diabetic retinopathy and VEGF. Open Ophthalmol. ]. 7, 4-10.

Guzik, T.J., Korbut, R., and Adamek-Guzik, T. (2003). Nitric oxide and superoxide
in inflammation and immune regulation. J. Physiol. Pharmacol. 54, 469-487.
Gylling, H., Tuominen, J. A., Koivisto, V. A., and Miettinen, T. A. (2004).

Cholesterol metabolism in type 1 diabetes. Diabetes 53, 2217-2222.

Hahn, M. G., Lampe, T, El Sheikh, S., Griebenow, N., Woltering, E., Schlemmer,
K. H., et al. (2021). Discovery of the soluble guanylate cyclase activator
runcaciguat (BAY 1101042). J. Med. Chem. 64, 5323-5344. doi: 10.1021/acs.
jmedchem.0c02154

Hardbower, D. M., Asim, M., Luis, P. B., Singh, K., Barry, D. P., Yang, C,
etal. (2017). Ornithine decarboxylase regulates M1 macrophage activation and
mucosal inflammation via histone modifications. Proc. Natl. Acad. Sci. U.S.A.
114, E751-E760. doi: 10.1073/pnas.1614958114

Hartnett, M. E., Baehr, W., and Le, Y. Z. (2017). Diabetic retinopathy, an overview.
Vision Res. 139, 1-6.

Hegab, Z., Gibbons, S., Neyses, L., and Mamas, M. A. (2012). Role of advanced
glycation end products in cardiovascular disease. World J. Cardiol. 4, 90-102.
doi: 10.4330/wjc.v4.14.90

Heier, J. S., Brown, D. M., Chong, V., Korobelnik, J. F., Kaiser, P. K., Nguyen,
Q. D, et al. (2012). Intravitreal aflibercept (VEGF trap-eye) in wet age-related
macular degeneration. Ophthalmology 119, 2537-2548. doi: 10.1016/j.ophtha.
2012.09.006

Ighodaro, O. M. (2018). Molecular pathways associated with oxidative stress in
diabetes mellitus. Biomed. Pharmacother. 108, 656-662. doi: 10.1016/j.biopha.
2018.09.058

Kahn, S. E., Hull, R. L., and Utzschneider, K. M. (2006). Mechanisms linking obesity
to insulin resistance and type 2 diabetes. Nature 444, 840-846.

Kang, Q., and Yang, C. (2020). Oxidative stress and diabetic retinopathy: molecular
mechanisms, pathogenetic role and therapeutic implications. Redox Biol.
37:101799. doi: 10.1016/j.redox.2020.101799

Katsarou, A., Gudbjornsdottir, S., Rawshani, A., Dabelea, D., Bonifacio, E.,
Anderson, B. ., et al. (2017). Type 1 diabetes mellitus. Nat. Rev. Dis. Primers
3:17016.

Kern, T. S., Antonetti, D. A., and Smith, L. E. H. (2019). Pathophysiology of diabetic
retinopathy: contribution and limitations of laboratory research. Ophthalmic
Res. 62, 196-202. doi: 10.1159/000500026

Kieler, M., Hofmann, M., and Schabbauer, G. (2021). More than just
protein building blocks: how amino acids and related metabolic pathways
fuel macrophage polarization. FEBS ]. 288, 3694-3714. doi: 10.1111/febs.
15715

Kinuthia, U. M., Wolf, A., and Langmann, T. (2020). Microglia and inflammatory
responses in diabetic retinopathy. Front. Immunol. 11:564077. doi: 10.3389/
fimmu.2020.564077

Kovamees, O., Shemyakin, A., Checa, A., Wheelock, C. E., Lundberg, J. O.,
Ostenson, C. G., et al. (2016). Arginase inhibition improves microvascular
endothelial function in patients with type 2 diabetes mellitus. J. Clin. Endocrinol.
Metab. 101, 3952-3958. doi: 10.1210/jc.2016-2007

Kowluru, R. A. (2021). Diabetic retinopathy and NADPH oxidase-2: a sweet
slippery road. Antioxidants (Basel) 10:783. doi: 10.3390/antiox10050783

Latour, Y. L., Gobert, A. P., and Wilson, K. T. (2020). The role of polyamines in the
regulation of macrophage polarization and function. Amino Acids 52, 151-160.
doi: 10.1007/s00726-019-02719-0

Lee, J., Ryu, H., Ferrante, R. J., Morris, S. M., and Ratan, R. R. (2003). Translational
control of inducible nitric oxide synthase expression by arginine can explain
the arginine paradox. Proc. Natl. Acad. Sci. U.S.A. 100, 4843-4848. doi: 10.1073/
pnas.0735876100

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 831616


https://doi.org/10.3390/ijms20061462
https://doi.org/10.1152/ajpheart.00831.2010
https://doi.org/10.1152/ajpheart.00831.2010
https://doi.org/10.1016/j.it.2015.01.003
https://doi.org/10.2119/molmed.2014.00215
https://doi.org/10.2119/molmed.2014.00215
https://doi.org/10.1073/pnas.0805594105
https://doi.org/10.1038/sj.eye.6700133
https://doi.org/10.1038/sj.eye.6700133
https://doi.org/10.1016/j.tips.2015.03.006
https://doi.org/10.1152/physrev.00037.2016
https://doi.org/10.1111/j.1476-5381.2011.01584.x
https://doi.org/10.1161/CIRCRESAHA.107.165308
https://doi.org/10.1016/j.ajo.2011.01.053
https://doi.org/10.1172/jci.insight.93751
https://doi.org/10.1007/s00125-012-2789-5
https://doi.org/10.1007/s00125-012-2789-5
https://doi.org/10.3389/fphar.2020.00277
https://doi.org/10.3389/fphar.2020.00277
https://doi.org/10.1016/j.expneurol.2021.113923
https://doi.org/10.1016/j.expneurol.2021.113923
https://doi.org/10.1038/s41419-018-1051-6
https://doi.org/10.1016/j.molmed.2018.02.002
https://doi.org/10.1016/j.molmed.2018.02.002
https://doi.org/10.1172/jci137556
https://doi.org/10.1021/acs.jmedchem.0c02154
https://doi.org/10.1021/acs.jmedchem.0c02154
https://doi.org/10.1073/pnas.1614958114
https://doi.org/10.4330/wjc.v4.i4.90
https://doi.org/10.1016/j.ophtha.2012.09.006
https://doi.org/10.1016/j.ophtha.2012.09.006
https://doi.org/10.1016/j.biopha.2018.09.058
https://doi.org/10.1016/j.biopha.2018.09.058
https://doi.org/10.1016/j.redox.2020.101799
https://doi.org/10.1159/000500026
https://doi.org/10.1111/febs.15715
https://doi.org/10.1111/febs.15715
https://doi.org/10.3389/fimmu.2020.564077
https://doi.org/10.3389/fimmu.2020.564077
https://doi.org/10.1210/jc.2016-2007
https://doi.org/10.3390/antiox10050783
https://doi.org/10.1007/s00726-019-02719-0
https://doi.org/10.1073/pnas.0735876100
https://doi.org/10.1073/pnas.0735876100
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bunch et al.

Novel Therapeutics for Diabetic Retinopathy

Lee, M., Rey, K., Besler, K., Wang, C., and Choy, J. (2017). Immunobiology of nitric
oxide and regulation of inducible nitric oxide synthase. Results Probl. Cell Differ.
62, 181-207. doi: 10.1007/978-3-319-54090-0_8

Li, J. H., Huang, X. R,, Zhu, H. J., Oldfield, M., Cooper, M., Truong, L. D, et al.
(2004). Advanced glycation end products activate Smad signaling via TGF-beta-
dependent and independent mechanisms: implications for diabetic renal and
vascular disease. FASEB J. 18, 176-178. doi: 10.1096/fj.02- 1117fje

Lopaschuk, G. D. (2016). Fatty acid oxidation and its relation with insulin
resistance and associated disorders. Ann. Nutr. Metab. 68(Suppl. 3), 15-20.
doi: 10.1159/000448357

Lucas, R., Czikora, L, Sridhar, S., Zemskov, E., Oseghale, A., Circo, S., et al. (2013).
Arginase 1: an unexpected mediator of pulmonary capillary barrier dysfunction
in models of acute lung injury. Front. Immunol. 4:228. doi: 10.3389/fimmu.
2013.00228

Malek, G., Busik, J., Grant, M. B., and Choudhary, M. (2018). Models of retinal
diseases and their applicability in drug discovery. Expert Opin. Drug Discov. 13,
359-377. doi: 10.1080/17460441.2018.1430136

McVicar, C. M., Hamilton, R., Colhoun, L. M., Gardiner, T. A., Brines, M., Cerami,
A, et al. (2011). Intervention with an erythropoietin-derived peptide protects
against neuroglial and vascular degeneration during diabetic retinopathy.
Diabetes 60, 2995-3005. doi: 10.2337/db11-0026

Nakagami, Y. (2016). Nrf2 is an attractive therapeutic target for retinal
diseases. Oxid. Med. Cell. Longev. 2016:7469326. doi: 10.1155/2016/746
9k326

Narayanan, S. P., Rojas, M., Suwanpradid, J., Toque, H. A., Caldwell, R. W.,
and Caldwell, R. B. (2013). Arginase in retinopathy. Prog. Retin. Eye Res. 36,
260-280. doi: 10.1016/j.preteyeres.2013.06.002

Narayanan, S. P., Shosha, E., and Palani, D. C. (2019). Spermine oxidase:
a promising therapeutic target for neurodegeneration in diabetic
retinopathy. Pharmacol. Res. 147:104299. doi: 10.1016/j.phrs.2019.10
4299

Narayanan, S. P., Xu, Z., Putluri, N., Sreekumar, A., Lemtalsi, T., Caldwell,
R. W, et al. (2014). Arginase 2 deficiency reduces hyperoxia-mediated retinal
neurodegeneration through the regulation of polyamine metabolism. Cell Death
Dis. 5:¢1075. doi: 10.1038/cddis.2014.23

O’Brien, T., Nguyen, T. T., and Zimmerman, B. R. (1998). Hyperlipidemia and
diabetes mellitus. Mayo Clin. Proc. 73, 969-976.

Ott, C., Jacobs, K., Haucke, E., Navarrete Santos, A., Grune, T., and Simm, A.
(2014). Role of advanced glycation end products in cellular signaling. Redox
Biol. 2,411-429. doi: 10.1016/j.redox.2013.12.016

Pandey, D., Bhunia, A., Oh, Y. ]., Chang, F., Bergman, Y., Kim, J. H., et al. (2014).
OxLDL triggers retrograde translocation of arginase2 in aortic endothelial cells
via ROCK and mitochondrial processing peptidase. Circ. Res. 115, 450-459.
doi: 10.1161/CIRCRESAHA.115.304262

Patel, C., Rojas, M., Narayanan, S. P., Zhang, W., Xu, Z., Lemtalsi, T., et al.
(2013). Arginase as a mediator of diabetic retinopathy. Front. Immunol. 4:173.
doi: 10.3389/fimmu.2013.00173

Polat, O., Inan, S, Ozcan, S., Dogan, M. Kisbeci, T. Yavas, G. F.,
et al. (2017). Factors affecting compliance to intravitreal anti-vascular
endothelial growth factor therapy in patients with age-related macular
degeneration. Turk. J. Ophthalmol. 47, 205-210. doi: 10.4274/tjo.
28003

Rao, H., Jalali, J. A., Johnston, T. P., and Koulen, P. (2021). Emerging
roles of dyslipidemia and hyperglycemia in diabetic retinopathy: molecular
mechanisms and clinical perspectives. Front. Endocrinol. (Lausanne) 12:620045.
doi: 10.3389/fend0.2021.620045

Reddy, S. V., and Husain, D. (2018). Panretinal photocoagulation: a review of
complications. Semin. Ophthalmol. 33, 83-88. doi: 10.1080/08820538.2017.
1353820

Rodriguez, P. C., Zea, A. H., DeSalvo, J., Culotta, K. S., Zabaleta, J., Quiceno,
D. G, et al. (2003). L-arginine consumption by macrophages modulates the
expression of CD3 zeta chain in T lymphocytes. J. Immunol. 171, 1232-1239.
doi: 10.4049/jimmunol.171.3.1232

Roe, N. D., and Ren, J. (2012). Nitric oxide synthase uncoupling: a therapeutic
target in cardiovascular diseases. Vascul. Pharmacol. 57, 168-172. doi: 10.1016/
j.vph.2012.02.004

Romero, M. ], Platt, D. H., Tawfik, H. E., Labazi, M., El-Remessy, A. B., Bartoli,
M., et al. (2008). Diabetes-induced coronary vascular dysfunction involves

increased arginase activity. Circ. Res. 102, 95-102. doi: 10.1161/CIRCRESAHA.
107.155028

Roy, B. (2013). Biomolecular basis of the role of diabetes mellitus in osteoporosis
and bone fractures. World J. Diabetes 4, 101-113. doi: 10.4239/wjd.v4.i4.101

Sachdeva, M. M., Moshiri, A., Leder, H. A., and Scott, A. W. (2016).
Endophthalmitis following intravitreal injection of anti-VEGF agents:
long-term outcomes and the identification of unusual micro-organisms.
J. Ophthalmic  Inflamm. Infect. 6:2. doi: 10.1186/s12348-015-00
69-5

Samson, S. L., and Garber, A. J. (2014). Metabolic syndrome. Endocrinol. Metab.
Clin. North Am. 43, 1-23.

Schmidt, A. M. (2018). Highlighting diabetes mellitus: the epidemic continues.
Arterioscler Thromb. Vasc. Biol. 38, el-e8. doi: 10.1161/ATVBAHA.117.31

0221

Schwartz, S. G., Scott, I. U, Stewart, M. W. and Flynn, H. W.
Jr. (2016). Update on  corticosteroids for  diabetic — macular
edema. Clin. Ophthalmol. 10, 1723-1730. doi: 10.2147/OPTH.S11
5546

Semba, R. D., Huang, H., Lutty, G. A, Van Eyk, J. E, and Hart, G. W.
(2014). The role of O-GIcNAc signaling in the pathogenesis of diabetic
retinopathy. Proteomics Clin. Appl. 8, 218-231. doi: 10.1002/prca.20130
0076

Shah, A. S., Maahs, D. M., Stafford, J. M., Dolan, L. M., Lang, W., Imperatore, G.,
etal. (2017). Predictors of dyslipidemia over time in youth with type 1 diabetes:
for the SEARCH for diabetes in youth study. Diabetes Care 40, 607-613. doi:
10.2337/dc16-2193

Shosha, E., Fouda, A. Y., Lemtalsi, T., Haigh, S., Fulton, D., Ibrahim, A, et al.
(2021). Endothelial arginase 2 mediates retinal ischemia/reperfusion injury by
inducing mitochondrial dysfunction. Mol. Metab. 53:101273. doi: 10.1016/j.
molmet.2021.101273

Shosha, E., Xu, Z., Yokota, H., Saul, A., Rojas, M., Caldwell, R. W, et al. (2016).
Arginase 2 promotes neurovascular degeneration during ischemia/reperfusion
injury. Cell Death Dis. 7:€2483. doi: 10.1038/cddis.2016.295

Simo, R., Simo-Servat, O., Bogdanov, P., and Hernandez, C. (2021). Neurovascular
unit: a new target for treating early stages of diabetic retinopathy. Pharmaceutics
13:1320. doi: 10.3390/pharmaceutics13081320

Singh, V. P., Bali, A., Singh, N., and Jaggi, A. S. (2014). Advanced glycation end
products and diabetic complications. Korean J. Physiol. Pharmacol. 18, 1-14.

Tan, Y., Fukutomi, A., Sun, M. T., Durkin, S., Gilhotra, J., and Chan, W. O.
(2021). Anti-VEGF crunch syndrome in proliferative diabetic retinopathy:
a review. Surv. Ophthalmol. 66, 926-932. doi: 10.1016/j.survophthal.2021.0
3.001

Tete, S., Tripodi, D., Rosati, M., Conti, F., Maccauro, G., Saggini, A.,
et al. (2012). Endothelial cells, cholesterol, cytokines, and aging. Int.
J. Immunopathol. Pharmacol. 25, 355-363. doi: 10.1177/03946320120250
0205

Thul, P. J., Akesson, L., Wiking, M., Mahdessian, D., Geladaki, A., Ait Blal, H., et al.
(2017). A subcellular map of the human proteome. Science 356:eaal3321.

Toque, H. A., Nunes, K. P., Yao, L., Liao, J. K., Webb, R. C., Caldwell, R. B., et al.
(2013). Activated Rho kinase mediates diabetes-induced elevation of vascular
arginase activation and contributes to impaired corpora cavernosa relaxation:
possible involvement of p38 MAPK activation. J. Sex Med. 10, 1502-1515. doi:
10.1111/jsm.12134

Urias, E. A., Urias, G. A., Monickaraj, F., McGuire, P., and Das, A. (2017). Novel
therapeutic targets in diabetic macular edema: beyond VEGE. Vision Res. 139,
221-227. doi: 10.1016/j.visres.2017.06.015

Van den Bossche, J., Lamers, W. H., Koehler, E. S., Geuns, J. M., Alhonen, L.,
Uimari, A., et al. (2012). Pivotal Advance: arginase-1-independent polyamine
production stimulates the expression of IL-4-induced alternatively activated
macrophage markers while inhibiting LPS-induced expression of inflammatory
genes. J. Leukoc. Biol. 91, 685-699. doi: 10.1189/j1b.0911453

van der Wijk, A.-E., Hughes, J. M., Klaassen, I, Van Noorden,
C. J. F, and Schlingemann, R. O. (2017). Is leukostasis a
crucial step or epiphenomenon in the pathogenesis of diabetic
retinopathy? J. Leukoc. Biol. 102, 993-1001. doi: 10.1189/jlb.3RU041
7-139

Wang, L., Bhatta, A, Toque, H. A, Rojas, M., Yao, L, Xu, Z, et al
(2015). Arginase inhibition enhances angiogenesis in endothelial cells

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 831616


https://doi.org/10.1007/978-3-319-54090-0_8
https://doi.org/10.1096/fj.02-1117fje
https://doi.org/10.1159/000448357
https://doi.org/10.3389/fimmu.2013.00228
https://doi.org/10.3389/fimmu.2013.00228
https://doi.org/10.1080/17460441.2018.1430136
https://doi.org/10.2337/db11-0026
https://doi.org/10.1155/2016/7469326
https://doi.org/10.1155/2016/7469326
https://doi.org/10.1016/j.preteyeres.2013.06.002
https://doi.org/10.1016/j.phrs.2019.104299
https://doi.org/10.1016/j.phrs.2019.104299
https://doi.org/10.1038/cddis.2014.23
https://doi.org/10.1016/j.redox.2013.12.016
https://doi.org/10.1161/CIRCRESAHA.115.304262
https://doi.org/10.3389/fimmu.2013.00173
https://doi.org/10.4274/tjo.28003
https://doi.org/10.4274/tjo.28003
https://doi.org/10.3389/fendo.2021.620045
https://doi.org/10.1080/08820538.2017.1353820
https://doi.org/10.1080/08820538.2017.1353820
https://doi.org/10.4049/jimmunol.171.3.1232
https://doi.org/10.1016/j.vph.2012.02.004
https://doi.org/10.1016/j.vph.2012.02.004
https://doi.org/10.1161/CIRCRESAHA.107.155028
https://doi.org/10.1161/CIRCRESAHA.107.155028
https://doi.org/10.4239/wjd.v4.i4.101
https://doi.org/10.1186/s12348-015-0069-5
https://doi.org/10.1186/s12348-015-0069-5
https://doi.org/10.1161/ATVBAHA.117.310221
https://doi.org/10.1161/ATVBAHA.117.310221
https://doi.org/10.2147/OPTH.S115546
https://doi.org/10.2147/OPTH.S115546
https://doi.org/10.1002/prca.201300076
https://doi.org/10.1002/prca.201300076
https://doi.org/10.2337/dc16-2193
https://doi.org/10.2337/dc16-2193
https://doi.org/10.1016/j.molmet.2021.101273
https://doi.org/10.1016/j.molmet.2021.101273
https://doi.org/10.1038/cddis.2016.295
https://doi.org/10.3390/pharmaceutics13081320
https://doi.org/10.1016/j.survophthal.2021.03.001
https://doi.org/10.1016/j.survophthal.2021.03.001
https://doi.org/10.1177/039463201202500205
https://doi.org/10.1177/039463201202500205
https://doi.org/10.1111/jsm.12134
https://doi.org/10.1111/jsm.12134
https://doi.org/10.1016/j.visres.2017.06.015
https://doi.org/10.1189/jlb.0911453
https://doi.org/10.1189/jlb.3RU0417-139
https://doi.org/10.1189/jlb.3RU0417-139
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bunch et al.

Novel Therapeutics for Diabetic Retinopathy

exposed to hypoxia. Microvasc. Res. 98, 1-8. doi: 10.1016/j.mvr.2014.1
1.002

WHO (2021). Diabetes. Available online at: https://www.who.int/news-room/fact-
sheets/detail/diabetes (accessed October 11, 2021).

Wu, G., and Morris, S. M. Jr. (1998). Arginine metabolism: nitric oxide and beyond.
Biochem. J. 336(Pt. 1), 1-17. doi: 10.1042/bj3360001

Yamagishi, S. (2011). Role of advanced glycation end products (AGEs) and receptor
for AGEs (RAGE) in vascular damage in diabetes. Exp. Gerontol. 46, 217-224.
doi: 10.1016/j.exger.2010.11.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bunch, Abdelrahman, Caldwell and Caldwell. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 831616


https://doi.org/10.1016/j.mvr.2014.11.002
https://doi.org/10.1016/j.mvr.2014.11.002
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1042/bj3360001
https://doi.org/10.1016/j.exger.2010.11.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Novel Therapeutics for Diabetic Retinopathy and Diabetic Macular Edema: A Pathophysiologic Perspective
	Introduction
	Pathophysiology of Diabetic Retinopathy and Diabetic Macular Edema
	Hyperglycemia
	Hyperlipidemia
	Reactive Oxygen and Nitrogen Species

	The Need
	Arginase and Diabetic Retinopathy
	Arginase as a Therapeutic Target
	Arginase 1 and Vascular Tone
	Arginase 1 in Retinal Ischemia
	Arginase 1 and Immune Modulation
	Arginase 2 and Diabetic Retinopathy

	Conclusion
	Author Contributions
	Funding
	References


