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Abstract

Diabetic Retinopathy (DR), is a significant public health issue and the leading cause of blindness
in working-aged adults worldwide. The vision loss associated with DR affects patients’ quality of
life and has negative social and psychological effects. In the past, diabetic retinopathy was
considered a vascular disease; however, it is now recognized to be a neuro-vascular disease of the
retina. Current therapies for DR, such as laser photocoagulation and anti-VEGF therapy, treat
advanced stages of the disease, particularly the vasculopathy and have adverse side effects.
Unavailability of effective treatments to prevent the incidence or progression of DR is a major
clinical problem. There is a great need for therapeutic interventions capable of preventing retinal
damage in DR patients. A growing body of evidence shows that neurodegeneration is an early
event in DR pathogenesis. Therefore, studies of the underlying mechanisms that lead to
neurodegeneration are essential for identifying new therapeutic targets in the early stages of DR.
Deregulation of the polyamine metabolism is implicated in various neurodegenerative diseases,
cancer, renal failure, and diabetes. Spermine Oxidase (SMOX) is a highly inducible enzyme, and
its dysregulation can alter polyamine homeostasis. The oxidative products of polyamine
metabolism are capable of inducing cell damage and death. The current review provides insight
into the SMOX-regulated molecular mechanisms of cellular damage and dysfunction, and its
potential as a therapeutic target for diabetic retinopathy. Structural and functional changes in the
diabetic retina and the mechanisms leading to neuronal damage (excitotoxicity, loss of
neurotrophic factors, oxidative stress, etc.) are summarized in this review. Furthermore, existing
therapies and new approaches to neuroprotection are discussed.
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Introduction

Diabetes Mellitus (DM) has become an epidemic health problem in the modern world,
affecting predominantly working age group population. Globally, it is accounted that 451
million people are affected by diabetes mellitus in the year 2017 and has been predicted as
further increase to 693 million diabetic cases by 2045 [1]. DM is characterized by a group of
complex metabolic syndromes like insulin resistance, defective insulin signaling, altered
beta cell function, abnormally high blood glucose level, modified lipid metabolism,
inflammation and induced oxidative stress [2]. The condition of diabetes causes a
deleterious effect on the various organs of the body, including the retina.

Diabetic Retinopathy (DR) is one of the major complications of diabetes causing progressive
damage to the retina that leads to vision loss. The vision loss associated with DR affects
patients’ quality of life and has negative social and psychological effects. Unavailability of
effective treatments to prevent the incidence or progression of DR is a major problem in
vision research. Current therapies for DR treat advanced stages of the disease particularly
vasculopathy and have adverse side effects.

In the past, diabetic retinopathy was considered as a vascular disease; however, it is now
recognized that neurodegeneration plays a significant part in the progression of DR [3-6].
Though DR is clinically considered as a symptomatically recognizable microvasculature
defect, several studies implicated that neurodegeneration occurs before the microcapillaries
are affected [6-14]. Early retinal function tests in DR patients and cellular, molecular and
functional studies in animal models suggest that retinal neurons are vulnerable to damage
shortly after diabetes onset [15]. Elucidating molecular mechanisms that lead to neuronal
damage in the diabetic retina has the potential to uncover new therapeutic targets aimed at
attenuating the neurodegeneration in DR.

Several studies have demonstrated that oxidative stress has a critical role in the pathogenesis
of DR [16-19] .The oxidative stress produced by the accumulation of ROS is considered as
one of the significant mechanisms responsible for the damages in the retina which eventually
progress to DR [20]. Several biochemical pathways have been studied to be associated with
the elevated oxidative stress in the diabetic retina.

Deregulation of the polyamine metabolic pathway is implicated in various
neurodegenerative diseases, cancer, renal failure and diabetes [21-25]. The oxidative
products of polyamine metabolism can induce cellular damage and cell death [26].
Polyamine metabolism is regulated by the combined actions of various enzymes. Spermine
Oxidase (SMOX) is a highly inducible enzyme in the polyamine metabolic pathway, and its
dysregulation can alter polyamine homeostasis. Studies from our laboratory are the first to
demonstrate that polyamine oxidation is fundamentally involved in mediating neuronal and
vascular damage in the retina [27, 28]. Increased expression of SMOX was observed in
response to hyperoxia-induced neuronal damage in the retina [27] as well as excitotoxicity-
induced retinal neurodegeneration[29]. Treatment with SMOX inhibitor significantly
reduced neuronal death and retinal degeneration in both models.
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The current review emphasizes the impact of retinal neurodegeneration in the DR
progression, the major pathways of oxidative stress involved, and the potential of SMOX as
a therapeutic target for DR. Factors affecting DR progression, the existing treatment
strategies and the need for new therapies are also discussed.

Prevalence and risk factors of DR

The prevalence of DR is increasing proportionately worldwide at the rate of one-third case
of diabetic mellitus [30, 31], and one-tenth of DR cases are diagnosed with vision loss. It is
estimated that individual lifetime risk of DR is up to 90% in patients with type 1 diabetes
mellitus and 50-60% in those with type 2 diabetes mellitus [32-35]. DR largely affect the
working age group (20-65 years old), and accounts for 4.8% of vision loss cases [36]. A
pooled meta-analysis study of 35 population-based (mostly from developed countries)
reported that more than 90 million individuals are estimated to have DR[31]. Incidence and
progression of DR is affected by various factors, including age, duration of diabetes,
pregnancy, hyperglycemia, systolic blood pressure, hyperlipidemia, obesity, smoking etc.
Several studies have reported the contribution of these factors on the onset of diabetic
retinopathy. The major association between these factors and DR are summarized in Table 1.

Neurodegeneration in the diabetic retina

The concept of diabetic retinopathy is now considered as a complex diabetic complication in
which neurodegeneration plays a significant role [30, 37]. A growing body of literature on
experimental models as well as clinical evidence from patients suggest that
neurodegeneration is an early event in the pathogenesis of DR. Therefore, identifying the
molecular mechanisms leading to degeneration of neurons in the diabetic retina is essential
for the development of new and effective therapeutic strategies. The hallmarks of diabetes-
induced neurodegeneration include reduced retinal neuronal function, apoptosis of retinal
neurons and thinning of inner retinal layers and nerve fiber layer.

Damage to the neuroretina produces functional abnormalities and these alterations can be
detected by Electroretinography (ERG) analysis. ERG can detect functional deficits in the
diabetic retina at the earlier stages of the disease. Impairment in ERG is now considered as a
characteristic feature of DR. Studies have shown that retinal function is severely affected in
DR patients and experimental models [56, 57]. Alterations in ERG have been demonstrated
in diabetic patients even before microvascular lesions can be detected [58, 59]. An earlier
study has reported ERG abnormalities including a reduction in the amplitude and a delay in
the latency of the oscillatory potentials in patients with type 1 diabetes without any evidence
of microvascular abnormality [60]. Multifocal ERG (mfERG) has emerged to provide a
successful prediction of any new development in eyes with and without retinopathy at
baseline [61]. It has been shown that a delayed mfERG implicit time predicts the
development of early microvascular abnormalities [62—-64]. Localized retinal dysfunction
described by mfERG was observed in DM1 patients even in the absence of DR clinical signs
[65]. Significant inner retinal dysfunction is documented in DM2 patients without
retinopathy [66]. Deficits in the ERG have been observed as early as two weeks after the
onset of diabetes in streptozotocin (STZ) treated diabetic rats [67], four weeks in STZ
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treated mice [68] and three months in the spontaneously diabetic Ins2Akita model [69]. A
recent study has shown reduced b-wave amplitude in diabetic mice four months after STZ
induction [70], STZ induced diabetic rats after seven weeks of diabetes [71].

Several studies have demonstrated loss of RGCs in diabetic patients [72—-74], and animal
models studied [75, 76]. It has been identified that retinal ganglion cells are the earliest cells
to undergo apoptosis in the diabetic retina [77, 78]. Immunostaining experiments using
retinal sections from diabetic patients show an increased level of caspase-3, caspase-9, and
Bax in the RGCs [74]. Degenerative changes such as synaptic loss, axonal beading, and
morphological changes precede neuronal death in diabetic retina. Severe impairment of
synaptic connectivity and loss of amacrine and ganglion cells are reported in 9-month-old
Ins2Akita mice [69]. An earlier study conducted on the same model showed RGC loss and
dendritic abnormalities within 3 months of diabetes [79]. Similar results are reported in STZ
induced diabetic (3 months) rats [80], followed by the outer nuclear layer (photoreceptors)
and retinal pigment epithelium (RPE) [81]. Furthermore, studies have been reported that the
retinal neurons including bipolar, horizontal, amacrine and photoreceptor cells undergo
degeneration during the progression of DR [82]. Presence of an increased number of glial
cells and thinning of the optic nerve were also demonstrated through immunohistochemistry
studies in animal and diabetic donor eyes [83].

Progressive retinal thinning is another key feature of DR in patients [84, 85]. With the invent
of Optical Coherence Tomography (OCT) it is now quite possible to assess the neuroretinal
layer thickness in both type 1 and type 2 diabetes with or without DR. Numerous studies
have documented structural changes in animal models of DR, diabetic patients, and post-
mortem human retinas [72, 86, 87]. The SD-OCT has become an indispensable tool for
identifying early signs of neurodegeneration in diabetic patients. Structural studies using
OCT demonstrated reduced retinal thickness in TLDM patients [88]. Thinning of the inner
retina or NFL has been reported in diabetic patients, without DR or even before visible
vascular signs of DR, supporting the presence of neurodegeneration and warrants
neuroprotective intervention to prevent chronic neurodegeneration [89, 90]. Recent studies
on experimental models using optical coherence tomography reflect these clinical data. A
significant reduction in inner retinal thickness was observed in Ins2Akita model between 3-6
weeks of diabetes [69] and STZ diabetic mice five weeks post onset of diabetes[91].

Mechanisms of neurodegeneration in the diabetic retina

Several reviews have detailed the various molecular mechanisms underlying
neurodegeneration in the diabetic retina [30, 92—96]. Some of the major mechanisms
including the glutamate excitotoxicity, oxidative stress, and imbalance in neurotrophins are
described here.

Glutamate excitotoxicity:

Glutamate neurotoxicity is known as a major mechanism of neurodegeneration in the CNS.
The excessive synaptic release of glutamate causes the activation of post-synaptic glutamate
receptors and mediates excitotoxic cell death. Glutamate is a major neurotransmitter in the
retina, engaged in sending an excitatory signal from photoreceptors to bipolar cells and from
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bipolar cells to ganglion cells [95, 97] in the retina. Increased level of glutamate is found in
the retina of experimental animal models [86, 98, 99], and vitreous fluid of diabetic patients
[100, 101] and correlated with the inability of macroglia to metabolize the glutamate [98].
Muller cell dysfunction, a characteristic feature of the diabetic retina, is associated with the
altered glutamate metabolism [102], and the excess glutamate stimulation generates an
uncontrolled intracellular calcium response in postsynaptic neurons resulting in cell death
[101].

Oxidative stress:

For decades, oxidative stress has been extensively studied as a major contributor to DR
pathophysiology. The role of oxidative stress in diabetic retinopathy has been well
established. However, the specific mechanisms of oxidative stress-induced neuronal
abnormalities in the diabetic retina are not understood. Numerous reports are available for
the unusual generation of oxidative stress by the deregulated metabolic pathways in the
diabetic retinas [18, 103, 104]. It has been confirmed that metabolic pathways including
AGEs, polyol, hexosamine, PKC are activated under the diabetic condition, and
accumulation of its byproducts can induce oxidative stress through the formation of ROS
and nitrogen oxygen species [15, 97, 105]. In the diabetic state, the excitatory amino acids
stimulate the ROS/RNO formation. The produced ROS/RNO can potentially attack the
retinal neurons by upregulating several apoptotic pathways [106]. Similarly, the influx of
calcium ions observed in ischemic condition could cause accumulation of calcium ion-
dependent glutamate [107] to produce glutamate toxicity and at the same time reducing
glutathione level favors the condition to generate oxidative stress [107]. In another study, a
reduced level of glutathione was observed in the retina than in the brain of diabetic rat
induced with STZ [108]. Also, many lipids undergo photooxidation upon exposure with
light to produce oxidized lipids which cause the toxic effect to retinal cells [109]. The
defective L-glutamate/ L—aspartate transporter (GLAST) was observed with overproduction
of ROS to promote excitotoxicity [102]. All these findings provide an understanding of how
various mechanisms of oxidative stress are activated to execute neurodegeneration in the
retina at the early stage of diabetic retinopathy.

NADPH-oxidase (NOX) enzymes are another known source for ROS production in the
diabetic retina. [110];[111] Indeed, it has been shown that NOX enzymes including NOX2,
NOX4 and NOX1 are involved in DR pathology. [110, 112-114] In a genome-wide
association study of type 2 diabetic patients with severe DR, a strong association of NOX4
gene with the severe DR was observed. [115] In a recent study using the rat model of
ischemic retinopathy, the dual blockade of NOX1 and NOX4 using GKT137831
significantly reduced neuroglial injury, leukocyte adherence and hypoxia-induced
inflammation. [116] Several mechanisms have been reported to be involved in the NOX-
induced injury in DR, however the majority of them are focused on vascular damage.
Diabetes-induced premature endothelial cell senescence was shown that it could be induced
through NOX 2 activation in retinal endothelial cells. [114] The blockade of NOX2 or its
downstream signaling, arginase, was protective against EC premature senescence. [115]
NOX2 was also reported to mediate the permeability effect of the bioactive lipid metabolite,
12-Hydroxyeicosatetraenoic acid (12-HETE) in diabetic mice. [117] These studies did not
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only introduce NOX enzymes as major sources for ROS production, but also as key players
in inducing inflammation and vascular injury in DR.

Mitochondrial dysfunction:

Mitochondria are the one of the major targets of oxidative insults, and oxidative damage-
mediated mitochondrial dysfunction is a major mechanism for neuronal damage in
neurodegenerative diseases.[118, 119] Oxidative stress-mediated mitochondrial dysfunction
is well studied in DR associated vascular dysfunction.[104, 120] Mitochondrial respiration is
a major non-enzymatic source for ROS production, shown to be implicated in diabetic
retinopathy. Indeed, diabetes was shown to increase the superoxide formation in retinal
mitochondria and it is believed that complex 111 is one of the sources for increased
superoxide formation which led to increased mitochondrial permeability. [104, 120] Another
mechanism of ROS-induced mitochondrial dysfunction is through affecting the
mitochondrial DNA (mtDNA), which is highly sensitive to oxidative damage. In a rat model
of diabetes, it was reported that poor control of diabetes-induced the damage of retinal
mtDNA, compromised the electron transport chain proteins encoded by that DNA and
elevated DNA repair enzymes. [121] Mitochondrial dysfunction is linked to
neurodegeneration in several retinal diseases. [122] Recently, a study has reported no
marked dysfunction of mitochondria activity, mitochondrial protein expression or alterations
in the mtDNA or mtDNA damage in diabetic retinas in relation to retinal neuronal changes.
[123], suggesting that the early retinal neurodegeneration in DR could be mediated by non-
mitochondrial mechanisms. More studies are needed to confirm these findings and elucidate
the mechanisms as several therapeutic agents have shown neuroprotective effects in DR
through the regulation of the mitochondrial function. [124-127] Fenofibrate was shown to
reduce retinal neuronal cell death by improving mitochondrial efficiency and decreasing
oxidative stress. [125] Ultrastructural changes in mitochondria, and neuronal death were
evident in diabetic rat retina [128]. Imbalance in mitochondrial dynamics, where the balance
between mitochondrial fission and fusion is shifted towards fission, resulting in
mitochondrial fragmentation and activation of cell death is demonstrated in other
neurodegenerative diseases [129].

Compromised antioxidant defense mechanism:

Elevated oxidative stress in the diabetic retina is not only because of the increased
production of ROS and other free radicles, but it also due to the compromised antioxidants
defense mechanisms with diabetes. More than two decades ago, it was shown that several
antioxidants enzymes are affected by diabetes. [130] The enzymatic activity of glutathione
reductase, glutathione peroxidase, superoxide dismutase and catalase were significantly
decreased in the diabetic retina. [130, 131] In patients with proliferative diabetic retinopathy,
the total antioxidant status in the serum was significantly lower compared to diabetic
patients with no retinopathy. [132] The decrease of the different antioxidant enzymes has
been linked to retinal apoptosis in diabetes. [128, 133] When different antioxidants
compounds were used for DR treatment in experimental models, it was shown that they
could prevent retinal apoptosis by restoring some of the antioxidant enzymes. [134-136]
Several antioxidants are being supplemented to treat DR, however further studies are needed
to confirm the efficiency of antioxidant therapy.
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Neurotoxic and neuroprotective factors:

Loss of neuroprotective factors or the reduction in their effectiveness in the retina is another
cause for neurodegeneration. Among the neuroprotective or neurotrophic factors pigment
epithelial-derived factor (PEDF), somatostatin (SST) and erythropoietin seem to play an
essential role [94]. PEDF is a potent neuroprotective and anti-angiogenic factor that is
downregulated in DR [94]. Using an experimental model of DR, it is shown that PEDF can
protect neurons from glutamate-mediated neurodegeneration, by upregulating glutamine
synthetase levels in the early phase of DR [137]. PEDF has shown to increase neuronal
survival in models of ischemia/reperfusion injury [138], excessive light exposure [139] and a
glutamate-induced model of neurodegeneration [140].

Higher expression of homocysteine is related to neurodegenerative diseases like DR [141,
142]. Elevated homocysteine levels have shown to induce RGC death in vivo and in vitro
models [143, 144]. It is metabolized by enzyme methionesynthetase in the presence of
cofactors vitamin B12 and folate. A recent study demonstrated a correlation between
increased homocysteine levels and a decrease in RNFL thickness and increased severity of
diabetic retinopathy [145]. Increased homocysteine levels are found in the vitreous of DR
patients [146], and intravitreal treatment of homocysteine resulted in retinal
neurodegeneration in a mouse model [147].

Previous studies from our laboratory have demonstrated that diabetes induces arginase
expression and activity in the retina and reduce the availability of arginine for nitric oxide
synthase to reduce the nitric oxide concentration but generating superoxide at the same time
[148]. The superoxide produces more amount of peroxynitrite in the retina to cause neuronal
and vascular damages in the diabetic retina. [105, 148]. Recent investigations have shown
the involvement of spermine oxidase (a polyamine oxidase) in elevating oxidative damages
in neurodegenerative diseases including diabetic retinopathy. In this review, we summarize
the literature on polyamine oxidases and their downstream mediators in causing diabetes-
induced retinal neuronal damage and dysfunction.

Polyamine metabolism and neurodegeneration

Polyamine metabolism is a major intracellular regulatory system which plays a crucial role
in the regulation and maintenance of polyamine homeostasis [149, 150]. Polyamines
(spermine, spermidine, and putrescine) are involved in multiple cellular functions and can
modulate potassium and calcium trafficking by altering ion channel and receptor function
and are indispensable in mitochondrial stabilization [30, 151-154]. Metabolism of
polyamines is regulated by the combined actions of multiple enzymes involved (Fig. 1).
Spermine Oxidase (SMOX), Spermine Spermidine Acetyl Transferase (SSAT) and Acetyl
Polyamine Oxidase (APAQ) are major enzymes regulating the backward conversion of
polyamines. While SMOX and SSAT are highly inducible, APAQO is constitutively
expressed. Dysregulated polyamine metabolism has been associated with various
neurodegenerative diseases. Altered levels of polyamines have been implicated in
neurological disease conditions such as Alzheimer’s disease, [30, 31, 155] Parkinson’s
disease, [37, 156, 157] traumatic brain injury [24] and in the pathogenesis of ischemic brain
damage [158-160]. Alterations in the expression and activity of enzymes in polyamine
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metabolic pathway, as well as changes in individual polyamine levels, have been observed in
mental disorders, such as schizophrenia, mood disorders, anxiety and suicidal behavior
[150]. Even though these evidence suggest an important role for polyamines in
neurodegeneration, the mechanisms whereby they participate in neuronal death have yet to
be elucidated. Spermine oxidase (SMOX), a FAD-dependent enzyme, is an integral part of
the polyamine interconversion cycle, and is localized in the cytoplasm and nucleus of
mammalian cells [161, 162]. It is a key enzyme in polyamine catabolism that plays an
essential role in maintaining polyamine homeostasis [37, 150]. Increasing evidence shows
the involvement of SMOX in neurodegenerative diseases [163],[164]. SMOX selectively
oxidizes spermine to produce spermidine and the reactive oxygen species hydrogen peroxide
(H205) and the aldehyde 3-aminopropanal (3-AP), each with the potential to induce cellular
damage and pathologies [21, 165, 166]. The reactive aldehyde, 3-AP is capable of causing
damage to RNA, DNA, proteins and membranes while the highly diffusible H,O, can cause
similar damage, once converted to the reactive hydroxyl radical through Fenton or Fenton-
like catalysis [22]. Furthermore, the 3-AP generated by SMOX spontaneously converts into
the highly reactive unsaturated aldehyde known as acrolein. Acrolein is highly toxic and a
potent mediator of oxidative damage. Mechanisms of acrolein-induced toxicity include DNA
adduction, inflammation, membrane disruption, protein adduction, endoplasmic reticulum
stress etc.[118]. Acrolein causes protein modifications by reacting with their nucleophilic
sites [118]. Acrolein conjugates with lysine residues to form acrolein-lysine adducts, [N«-(3-
formyl-3, 4-dehydropiperidino)] lysine called FDP-Lysine [167].

Studies from our laboratory are the first to demonstrate the specific role of SMOX in retinal
neurodegeneration [27]. We have shown increased expression of SMO in a mouse model of
ischemic retinopathy [27] and recently in a model of excitotoxicity [29]. Using the mouse
model of oxygen-induced retinopathy (OIR), we showed that hyperoxia-induced neuronal
degeneration is associated with significant increases in the expression and activity of SMOX
along with an increase in spermidine, decrease in spermine and increased the formation of
H202 suggesting a significant role for SMOX in the neuronal injury [27]. Our recent study
showed that SMOX expression is upregulated in the model of excitotoxicity-induced
neuronal damage [29]. In both models, treatment with SMOX inhibitor significantly reduced
neuronal death and degeneration in the retina. These results suggest that SMOX function is
critically involved in retinal neurodegeneration. In general SMOX expression is increased
during cellular stress conditions, like inflammation and DNA damage [150]. Earlier studies
have shown that SMOX activity is induced rapidly in various cell types, indicating that the
increase in activity is resulting from mRNA and protein synthesis, rather than due to
modification of the pre-existing protein [168-170]. Studies have shown that TNFa. can
mediate ROS formation through the upregulation of SMOX [168, 171]. A recent study from
our lab investigating the impact of MDL 72527 in the model of excitotoxicity showed the
involvement of ERK and Akt signaling pathways in PAO mediated neurodegeneration [29].
Our earlier study using hyperoxia-induced neural death demonstrated that inhibition of SMO
(using MDL 72527) protected retinal neurons via the regulation of INK/SAPK and FASL
mediated signaling. [27] Studies performed on human retinal pigmented epithelial cells,
ARPE-19, treated with HG showed increased VEGF and cytokine production mediated
through TGFB pathway [172]. Studies by Vidro-Kotchan and group [173] showed acrolein-
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induced release of cytokine signal through TGFp signaling. Acrolein is primarily
metabolized through GHS, and therefore it contributes directly to cellular oxidative stress
through depletion of glutathione.

Spermine oxidase and diabetic retinopathy.

Even though several studies have addressed the critical involvement of polyamine oxidation
in neurodegenerative diseases, not much information is available so far in the field of
diabetic retinopathy. An earlier study has reported altered levels of serum SMOX in patients
with insulin-dependent diabetes mellitus and microvascular complications [181]. Another
study conducted in DR patients exhibited altered polyamine levels in the vitreous samples
from PDR patients [182]. Our laboratory has observed increased expression of SMOX in the
streptozotocin-induced diabetic retina as well as the spontaneously diabetic Akita retina
(study under preparation). Other laboratories have reported the role of acrolein (generated
during SMOX activity) in the DR progression [71, 172, 176, 183]. As described earlier,
acrolein is a highly reactive aldehyde and reacts with the nucleophilic sites of proteins,
causing protein modifications. Acrolein conjugates with lysine residues to form acrolein-
lysine adducts, called FDP-Lysine. Zhang et al. [184] reported that serum and hemoglobin
levels of FDP-lysine were significantly elevated in diabetic patients compared with control
individuals. However, no significant correlation was observed between serum FDP-lysine
levels and the severity of diabetic retinopathy. In contrast, increased levels of hemoglobin
FDP-lysine were observed in patients with proliferative retinopathy compared to those
without retinopathy or with non-proliferative retinopathy suggesting that hemoglobin FDP-
lysine may be a useful risk marker for the development of proliferative diabetic retinopathy.

Not much information is available on the impact of SMOX in DR induced vascular damage.
Murata et al [175] showed the presence of FDP-lysine in the fibrovascular tissue from PDR
patients. An earlier study from our laboratory using the Oxygen Induced Retinopathy model
of ischemic retinopathy showed a significant involvement of polyamine oxidation in
vascular damage. Further, treatment with MDL 72527 significantly reduced OIR-induced
vascular injury and retinal inflammation [28]. A recent study using fibrovascular tissue from
patients showed FDP-Lys staining in the vascular components containing CD34-positive
cells and alpha smooth muscle actin (a.-SMA)-positive cells. Furthermore,
immunofluorescent staining depicted the subcellular localization of FDP-Lys in the nucleus
and cytoplasm of the cells [176]. In a study using an experimental rat model of diabetes,
markedly increased FDP-lysine immunoreactivity was observed in the Mdller glia, in which
initial accumulation of FDP-lysine occurred within Miiller glial endfeet and later spread
distally throughout the inner radial processes [177]. A recent report from the same research
group showed that in vivo administration of 2-HDP (2-hydrazino-4, 6-dimethylpyrimidine, a
potent acrolein scavenger) reduced Miller cell accumulation of FDP-lysine in rats (3
months) rendered diabetic with STZ treatment [71]. Furthermore, diabetes-induced retinal
expression of inflammatory markers, inflammatory signaling molecules, and activation of
microglial cells was markedly reduced in 2-HDP-treated animals. Retinal functional defects
in diabetic animals, as indicated by changes in the ERG (7 weeks post diabetes), were also
reduced by 2-HDP treatment. Studies using ARPE cells, showed elevated acrolein levels in
response to hyperglycemia [172]. Acrolein is also capable of depleting cellular anti-oxidant
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levels including glutathione, by conjugating with thiol groups [167], [185] and can also
increase oxidative damage by protein carbonylation [186, 187]. Recent reports show that
protein carbonyl levels are elevated in DR patients [188, 189]. However, the mechanisms by
which the FDP-lysine or protein carbonyls are elevated in the diabetic retina are unknown.
Acrolein is released as a byproduct during lipid peroxidation as well [118, 190]. A recent
investigation using Neuro 2A cells show that acrolein toxicity is reduced with a decline in
polyamine oxidases [191]. Acrolein-induced mitochondrial dysfunction has been
demonstrated in rat brain [192, 193] and retinal pigment epithelial cells [172, 194, 195].
Carbonylation of mitochondrial proteins by acrolein has been demonstrated as a mechanism
of neuronal death in neuron-like PC12 cells [196]. So far, no studies have been performed on
acrolein-induced oxidative damage and mitochondrial dysfunction in causing neuronal
injury in DR. A proposed mechanism for SMOX-induced neuronal damage and dysfunction
is presented in Figure 2.

Spermine oxidase inhibitors.

Considering the crucial role SMOX plays in neurodegenerative diseases, blocking its activity
would be significant in developing therapies. MDL 72527 is a competitive irreversible
inhibitor of SMO and APAQO [197]. Studies in a rat model of cerebral ischemia have shown
that MDL 72527 treatment significantly reduced brain edema, ischemic injury volume and
polyamine levels [197, 198]. Furthermore, blockade of the polyamine oxidation using MDL
72527 was found to be protective against edema and necrotic cavitation after traumatic brain
injury [197]. Our study in the mouse OIR model showed for the first time that treatment
with MDL 72527 limits the oxidative stress and reduces retinal neurodegeneration,
confirming the role of SMOX in hyperoxia-induced neuronal damage [27]. Utilizing the
same model, we further showed that MDL 72527 treatment protected the hyperoxia-induced
vascular injury, inflammatory signaling and glial activation [28]. Our recent study
demonstrated the potential of MDL 72527 against NMDA-induced retinal
excitotoxicity[29]. The marked decrease in the neuronal survival in the RGC layer observed
in the excitotoxic was significantly improved in response to MDL 72527 treatment.
Furthermore, excitotoxicity induced neurodegeneration was also demonstrated by reduced
levels of synaptophysin, degeneration of inner retinal neurons and TUNEL labeling of
apoptotic cells in the NMDA treated retinas. These changes were abolished in excitotoxic
retinas with MDL 72527 treatment [29]. Considering excitotoxicity as a major mechanism
of diabetes-induced retinal neurodegeneration and the critical role of SMOX in DR, MDL
72727 is a promising therapeutic target for diabetic retinopathy. Preclinical studies are in
progress in our laboratory, investigating the impact of MDL 72527 in diabetes-induced
neurodegeneration and impaired retinal function.

It should be noted that in addition to SMOX inhibition, MDL-72527 has been used as a
chemotherapeutic strategy for treating cancer [199, 200]. The cytotoxic effect is associated
with the rapid formation of numerous lysosomally derived vacuoles [201,202]. However, the
cytotoxicity is demonstrated only at very high concentrations, much greater than those
required for PAO inactivation[203]. As described earlier, MDL 72527 is a common inhibitor
for SMOX and APAO. There is a great need for the development of a specific SMO
inhibitor. Spermine analogs (which compete with spermine uptake), CPENspem (N1-ethyl-
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N11-(cyclopropyl)-methyl-4, 8-diazaundecane) and BENspem (bis(ethyl) norspermine) have
been tested to inhibit SMOX activity in a breast cancer model [150, 204]. However, these
inhibitors display a poor affinity for the enzyme. Among all the inhibitors studied so far,
none of these possesses desired affinity and specificity to be used as a selective inhibitor
[150]. Therefore, the search for specific SMOX inhibitors is still an important open issue.

Current treatments for diabetic retinopathy and their limitations

Since vascular abnormalities are the most visible changes, DR is clinically classified as
microvascular disease, and the existing treatments are based on fixing the vasculature. The
disease may develop either as non-proliferative DR (NPDR) or proliferative DR (PDR). In
NPDR, the retinal microvasculature is compromised and loses its control on permeability
and becomes susceptible to microaneurysm and microhemorrhages [37, 205]. This hampers
blood supply to the retina, resulting in ischemic areas, known as cotton-wool spots [206]. In
PDR, new but weak and leaky blood vessels are generated through the abnormal higher
expression of angiogenic factors such as VEGF, angiopoietin (Ang-1, Ang-2) [158]. These
capillaries start to grow on the retinal surface and extend into the inner limiting membrane
and further go down to vitreous. As the blood vessels are not strong enough, blood and other
exudates 0oze out to manifest vitreous hemorrhage [207]. Additionally, thickening of the
retinal basement membrane also identified during the progression of DR with an affected
blood-retinal barrier (BRB) that mostly correlated with Muller cells. The edematous feature
in the macula, called the diabetic macular edema (DME) also observed in most case of
advanced DR. The DME could result either as focal edema due to leakage at microaneurysm
and hard exudate or diffuse edema by leakage due to dilated blood vessels [37]. Although
the treatment options of diabetic retinopathy have been widely expanded, there is an
emerging need for new therapies for DR. The existing treatments aim at reducing the
microvascular complications and preventing vision loss. As depicted in Figure 3, this section
summarizes the current treatments, their limitations and novel strategies for treating diabetic
retinopathy.

Laser Photocoagulation:

Laser photocoagulation is performed either as the pan-retinal photocoagulation for high-risk
proliferative DR or as the focal laser photocoagulation which is used mainly for DME when
the central vision is affected. [208] Pan-retinal photocoagulation (PRP), also sometimes
referred to as scatter laser, has been the gold standard for proliferative DR treatment in most
of the cases before the approved use of anti-VEGF drugs. PRP refers to the use of high
energy light (laser) which is absorbed by the retina tissue to destroy abnormal and leaky
blood vessels which cause visual impairment.

Focal laser photocoagulation, as mentioned earlier here, has been used for the treatment of
DME as demonstrated thirty years ago by the Early Treatment Diabetic Retinopathy Study
(ETDRS)[209]. Another report published by the same study group, found that PRP is not
effective in reducing the rate of moderate visual loss in DME [97]. In the focal laser
approach, ophthalmologists locate the leaky blood vessels in the macula using fluorescein
angiography and other examination tools. Then, the less intense laser is applied directly to
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those spots to treat the leaky vessels and resolve the fluids accumulated in the macula. In the
present time, focal laser photocoagulation is used in conjunction with anti-VEGF agents for
reducing visual loss in DME patients.

In the updated DR treatment guidelines published by the American Academy of
Ophthalmology in 2017, PRP is usually administered in the high-risk proliferative diabetic
retinopathy and in special cases of severe nonproliferative DR or non-high-risk-proliferative
DR [15, 210]. However, a recent study has shown that administering photocoagulation at an
earlier stage of retinopathy (severe non-proliferative diabetic retinopathy) could be more
cost-effective than delaying it until the high risk-PDR stage [105]. Given its destructive
nature, PRP may cause permanent damage to retinal tissue causing several adverse effects.
These include transient central vision loss from macular edema, reduced night vision,
complete loss of peripheral vision, vitreous hemorrhage if neovascularization is present and
pupillary dilation (mydriasis). [106, 107, 211, 212]

Vitrectomy is the surgical removal of the vitreous in certain cases of DR. It was established
in the mid-1980s after the Diabetic Retinopathy Vitrectomy Study (DRVS) has shown that
early vitrectomy is beneficial for severe vitreous hemorrhage in type 1 diabetic patients but
not in type 2 diabetic patients. A higher percentage of early vitrectomy group had visual
acuity of 20/40 or better compared to deferred vitrectomy group at two years after the
surgery [17, 102, 105, 108, 213, 214]. The common indications for vitrectomy in PDR
include vitreous hemorrhage and tractional retinal detachment. In non-proliferative DR,
DME is a clear indication for vitrectomy. Vitrectomy does not only remove the opacities
from the media, but it can also affect the retina. A recent clinical study, investigating the
effect of vitrectomy surgery on outer retinal layers using SD-OCT found that while
vitrectomy improved visual acuity, it also reduced hyperreflective foci which is an indicator
for photoreceptor damage in outer retinal layers in DME patients [215, 216]. It has also been
reported previously that vitrectomy can increase the risk of open-angle glaucoma. However,
further studies with a larger sample number should be conducted to investigate the
correlation between vitrectomy and increased intraocular pressure.

Intravitreal pharmacotherapy agents

A) Anti-VEGF drugs:

Laser photocoagulation remained the mainstay treatment for DR for decades before
introducing the VEGF as a therapeutic target to reduce DR progression. In clinical trials of
Anti-VEGF medications for DME, they showed better efficacy in improving visual acuity
compared to focal laser photocoagulation. To date, four anti-VEGF drugs (Pegaptanib,
Bevacizumab, Ranibizumab, and Aflibercept) have been using for treating DR and DME,
and three of them are FDA approved. Pegaptanib (Macugen), the VEGF antagonist binds to
VEGF and prevents its binding to the VEGF receptor, which leads to decreased angiogenesis
and reduced vascular permeability and inflammation. It was approved in 2004 by the Food
and drug administration (FDA) for the treatment of wet (age)-related macular degeneration.
In 2006, the Macugen Diabetic Retinopathy Study Group published that subjects assigned to
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Pegaptanib showed regression of retinal neovascularization by week 36 in patients with
diabetes mellitus [217, 218]. Pegaptanib was predominantly used for DME. [105] However,
the use of Pegaptanib in DR has been deferred by the wide use of VEGF antibodies
discussed here. Ranibizumab (Lucentis) is a recombinant human monoclonal antibody that
binds to the receptor binding site of VEGF-A. This prevents the binding of VEGF-A to its
receptors (VEGFR1 and VEGFR?2) which reduces endothelial cell proliferation, vascular
leakage, and angiogenesis. It was originally approved by the FDA in 2006 as an intravitreal
injection for the treatment of patients with neovascular (wet) age-related macular
degeneration.[219] Following this, it was also approved for the treatment of Macular Edema
Following Retinal Vein Occlusion (RVO) and Diabetic Macular Edema (DME). In 2015, the
FDA approved Ranibizumab for DR in patients with DME. Recently, in 2017, it was
approved for all stages of DR [219]. Aflibercept (Eylea) is a recombinant fusion protein
consisting of portions of human VEGF receptors 1 and two extracellular domains fused to
the Fc portion of human IgG1. Aflibercept acts like a soluble decoy receptor that binds to
VEGF-A and placental growth factor and reduces their binding to their receptors leading to
decreased neovascularization and vascular permeability. It was initially approved by the
FDA in 2011 for neovascular (wet) age-related macular degeneration. Later on, it was
approved for the treatment of DR in patients with DME [220]. Recently, Regeneron
Pharmaceuticals, Inc. has submitted supplemental Biologics License Application (SBLA) of
EYLEA® (aflibercept) Injection for the treatment of DR without DME to the FDA for
review. This was based on the results of Phase 3 PANORAMA trial investigating EYLEA as
a treatment for patients with moderately severe to severe non-proliferative DR. Bevacizumab
(Avastin) is a recombinant humanized IgG1 antibody that binds to VEGF and inhibits its
biological activity. It was originally approved by the FDA in 2004 for the treatment of
metastatic colorectal cancer. Till now, it is not approved by the FDA for the treatment of DR
or DME. However, Avastin is currently used as an adjunct therapy with laser
photocoagulation based on the positive outcomes shown in several clinical trials evaluating
the efficacy and safety of Avastin in DR and DME patients [221-224].

Even though anti-VEGF agents have been recognized as a fundamental tool in treating
proliferative DR and DME, these drugs have limitations. VEGF-A is not only identified as a
proangiogenic factor, but it was also shown that VEGF A is an important neuroprotective
factor. VEGF-A has both a direct and indirect neuroprotective role. VEGF-A indirectly
protects the neurons by increasing the blood flow to the neuronal layers of the retina. VEGF-
A also induces direct neuroprotection as shown by in ex-vivo retinal cultures [225]. It was
shown that VEGF-A is involved as survival and neuroprotective factor in the adaptive
response to ischemic injury in the retina [225]. In another study, the gene transfer of a
transcriptional factor that induces VEGF-A expression protected against neuropathy in a rat
model of diabetes [226]. Knowing that DR is not only a vascular disease and it does involve
a neurodegeneration component, the anti-VEGF drugs do not only decrease vascular
permeability, but it can also affect the neurons. Indeed, a recent clinical study has shown as
the association between the thinning of the retinal nerve fiber layer and the repeated
injections of anti-VEGF in age macular degeneration patients [227]. Another study has
shown that the retinal ganglion cell layer is also affected in the long-term anti-VEGF
treatment in AMD patients [228]. In murine models, repeated intravitreal administration of
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anti-VEGF induced neurodegeneration in the retinas of Akita mice [229]. These studies
emphasis the neurodegeneration adverse effect of the sustained administration of anti-VEGF
agents.

Several adverse effects (including both local and systemic) have been reported after the
intravitreal injection of anti-VEGF agents. Common local side effects include the transient
increase in the intraocular pressure (IOP) after the injection [230-233]. This increase in the
IOP is usually observed 30 minutes after the intravitreal injection of Bevacizumab and
Ranibizumab due to vitreal expansion. This effect is generally reversible, and the IOP starts
to decrease significantly in the first-day post-injection in non-glaucomatous patients [230,
231]. Another common side effect is tractional retinal detachment after the anti-VEGF
intravitreal injections which is more common with Bevacizumab [234, 235]. A possible
mechanism of this is the mishalance between angiogenic factors and fibrotic factors. When
VEGF and other angiogenic factors are inhibited with the anti-VEGF agents, the connective
tissue growth factor (CTGF) levels are increased which promotes fibrosis [236, 237]. Acute
endophthalmitis is another local side effect of anti-VEGF injection which is increased with
frequent injections [238, 239]. Other local side effects include cataract, ocular hemorrhage,
and ocular inflammation. Some systemic adverse effects have been reported after the anti-
VEGF intravitreal injection including acute elevation of systemic blood pressure, myocardial
infarctions, iliac artery aneurysms, and cerebrovascular accidents [240].

B) Corticosteroid therapy:

Inflammation has been identified as an important competent of the DR pathophysiology.
Alleviating or preventing inflammation in the eye has been a novel strategy in treating
proliferative DR. As previously reported, corticosteroids are strong anti-inflammatory agents
that have been widely used for various disease conditions. Corticosteroids reduce
inflammation by modulating interleukin-1p (IL-1B), tumor necrosis factor (TNF-a) and
prostaglandins which are upregulated in DR [241]. It has also been reported that
corticosteroids have angiostatic effects regardless of their glucocorticoid or
mineralocorticoid effects[242]. Corticosteroids inhibit the gene expression of VEGF [243].

Intravitreal triamcinolone acetenoid (IVTA) is a steroid derivative, which has been tested in
several clinical trials to check if it has any beneficial effects alone or in combination with
laser or anti-VEGF treatment. In protocol J published by Diabetic Retinopathy Clinical
Research Network, they found that the addition of one IVTA in eyes receiving focal laser for
DME significantly improved the visual acuity and decreased macular edema by 14 weeks
[244]. However, larger clinical studies were needed to determine if longer treatment IVTA is
beneficial or not [244]. In a five-year randomized clinical trial, eyes managed with
Triamcinolone alone or with laser did not show a better long-term improvement of the vision
compared to eyes receiving ranibizumab therapy for centerinvolving DME [245]. This
derived the need to develop sustained release delivery forms of the steroids. In 2009,
Ozurdex, intravitreal dexamethasone (DEX) implant was originally approved by the FDA for
the treatment of macular edema after retinal vein occlusion. Later, the MEAD clinical trial
has shown that Ozurdex was efficient in improving best-corrected visual acuity (BCVA) in
DME patients with accepted safety profile leading to its FDA approval [246]. In the same
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year, the FDA also approved ILUVIEN® (fluocinolone acetonide intravitreal implant) based
on the FAME clinical trial [247]. Cataract and increased intraocular pressure have been
reported as common adverse effects for steroids intravitreal treatment [246, 247].

At the neuronal level, Triamcinolone intravitreal administration in early diabetic rate model
inhibited the retinal apoptosis which could be mediated through the inhibition of p38MAPK
pathway [248]. In another study utilizing a transgenic mouse model of Miiller cell ablation,
IVTA prevented photoreceptor degeneration and inhibited glial activation [249]. In a recent
small-scale clinical trial, ranibizumab or triamcinolone decreased the RNFL thickness in
DME patients [250]. Further studies are still needed to elucidate the neuroprotective role of
corticosteroids in DR and DME.

Future treatment strategies

Antioxidants:

Oxidative stress has been extensively studied as a major component of DR pathology [16,
112, 148]. Several antioxidant agents have been used as a supplement to treat DR such as
vitamin C, vitamin E, superoxide dismutase and magnesium [251]. However, no solid results
were obtained to determine if the antioxidants intervention prevents or treats diabetic
retinopathy. In a clinical trial, ubiquinone and combined antioxidant therapy were studied to
determine if this would reduce oxidative stress markers or not in NPDR [252]. It was found
that the treatment successfully reduced the oxidative stress markers, however, any clinical
outcomes were not measured in patients especially that this study was done in NPDR
patients. In another clinical trial published recently, it was observed that combined treatment
of intravitreal ranibizumab with the addition of a dietary supplement rich in DHA
(DOCOSAHEXAENOIC ACID) plus antioxidants vitamins, minerals and xanthophylls
reduced the central subfield macular thickness after two years of follow-up compared to
ranibizumab alone in DME patients [253]. Larger clinical trials are still needed to confirm
the efficacy of antioxidants supplementation in proliferative DR and diabetes-induced
neuronal damage and dysfunction.

In experimental diabetic models, several agents have been tested in relation to
neurodegeneration. Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) systemic
administration, a free radical scavenger, significantly reduced retinal ganglion cell death in
diabetic mice [68]. /n vitro, L-carnitine attenuated high glucose-induced retinal ganglion cell
death through reducing oxidative stress and mitochondrial dysfunction [254]. Dietary
flavonoids have been widely known for their antioxidant and anti-inflammatory properties.
They have also been introduced as a potential intervention to prevent neuronal damage and
apoptosis in DR [255]. Mitochondria is a known source of oxidative stress in diabetic retina.
Mitochondria- targeted peptide MTP- 131 is a novel antioxidant agent, which concentrates
in the inner mitochondria membrane. It has been shown that MTP-131 significantly reduced
hydrogen peroxide-induced cell death in the retinal ganglion cell line [256]. In a recent
study, alpha-lipoic acid (ALA), a well-characterized antioxidant, treatment significantly
protected against ganglion cell loss, preserved inner and outer retinal layers in diabetic mice
[257]. These studies demonstrate the beneficial role of antioxidants in the treatment or
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prevention of diabetic retinopathy. However, further translational and clinical studies are still
needed to confirm these findings.

Neuroprotective agents:

Although neurodegeneration signs are exhibited in the early stages of DR, most of the
current treatment strategies of DR focus on resolving the microvascular abnormalities of
DR. In a very recent report published by the EUROCONDOR (European Consortium for the
Early Treatment of Diabetic Retinopathy), they found that neurodegeneration plays a role in
DR pathology but not in all the type 2 diabetic patients [258]. A new approach in targeting
DR is by elevating the levels of neurotrophic factors that are known to be downregulated
during disease progression [259]. Among these factors are Pigment epithelium-derived
factor (PEDF), somatostatin (SST), nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF). PEDF is an anti-angiogenic and neurotrophic factor which was
shown to be reduced in diabetic human retina and vitreous [260]. In experimental diabetic
retinopathy models, PEDF administration attenuated glial activation and vascular
permeability through mediating NADPH-induced oxidative stress [261]. The application of
PEDF derivative eye drops in Akita mice reduced retinal ganglion cell death and inner
plexiform layer thinning [262]. The sustained delivery of PEDF to the eye using gene
therapy in diabetic mice decreased inflammation and reduced glial activation [263]. SST is
another neurotrophic factor which is downregulated in diabetes [264]. In a rat model of
diabetes, the topical administration of SST significantly prevented neurodegeneration, glial
activation, and ERG abnormalities [265]. The SST application also prevented glutamate
accumulation and prevented diabetes-induced downregulation of its main transporter [265].
In a photoreceptor-like cell line, SST significantly protected against the high glucose-
induced cell apoptosis [266]. In a small clinical trial, octreotide (SST analog) administration
was shown to improve visual acuity in postsurgical cystoid macular edema patients with no
difference in retinal thickness or vascular leakage [267]. In a clinical trial conducted by the
EUROCONDOR (European Consortium for the Early Treatment of Diabetic Retinopathy), it
was found that SST administration was only useful in certain subsets of diabetic patients
with neuronal dysfunction [268]. Further studies with longer follow-up and neuroprotection
assessment are needed to evaluate the clinical efficacy of SST in patients. NGF is a
neurotrophic factor that is involved in the regulation of growth, proliferation, and survival of
neurons. It has been reported that diabetes induces an imbalance between the pro form of
NGF (proNGF) and NGF which could be related to neurovascular degeneration [269]. The
exogenous administration of NGF significantly protected against RGC loss in diabetic rats
[270]. In another study, authors looked at the vascular degeneration and found that the
combination of Bevacizumab and NGF significantly prevented vascular leakage and limited
inflammation and angiogenesis [271]. These studies introduced NGF as a preventive tool to
limit DR progression through neuroprotection.

Although treatment strategies of DR have evolved a lot in the last two decades, there is still
an emerging need for developing new therapies that prevent or limit the progression of
neurovascular degeneration in DR with less invasive routes of administration and more
compliant tools.
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Conclusions

Degeneration of retinal neurons is an early event in DR pathogenesis and plays a crucial role
in the disease progression. Unavailability of effective treatments to prevent the incidence or
progression of DR is an unmet need in the field. Current therapies treat advanced stages of
the disease, particularly the vasculopathy and have adverse side effects. Hence therapeutic
approaches based on neuroprotection will be effective in DR progression. Deregulation of
the polyamine metabolism is implicated in various neurodegenerative diseases. SMOX is a
key enzyme in the polyamine metabolic pathway and its activation causes oxidative
damages. Upregulation of SMOX and its downstream mediators are evident in the diabetic
retina. Given the significance of neurodegeneration in DR, and the role of SMOX signaling
in the diabetic retina it is anticipated that therapeutic strategies based on blocking SMOX
function will be effective in preventing or delaying vision loss in diabetic patients.

Future directions:

Further investigations are required to better understand the role of SMOX in the diabetic
retina, in order to develop effective strategies for targeting SMOX activity as a therapy for
DR. Studies are needed to determine the specific cell types expressing SMOX in the retina
and how they are altered during DR progression. Lack of specific inhibitor is a major
drawback in the field and there is a great need for developing specific blockers for SMOX
activity. Further studies are also required to elucidate the SMOX-mediated downstream
signaling pathways in the diabetic retina.
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Figure 1.
The polyamine metabolic pathway. A diagrammatic representation of the synthesis and

oxidation of polyamines. Abbreviations used: SMOX, spermine oxidase; APAO, N (1)-
acetyl polyamine oxidase; SSAT, spermine spermidine acetyl transferase.
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A proposed mechanism for SMOX-induced neurodegeneration in the diabetic retina.
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Figure 3:

Current treatments and future strategies for DR. Treatment can be implemented in the non-
proliferative or the proliferative stages of DR based on the disease course and progression.
The three treatment modalities currently being used are: laser photocoagulation, vitrectomy
and intravitreal treatment with anti-VEGF agent or corticosteroid therapy. Future strategies
that are currently under investigation include antioxidants and neuroprotective agents. The
figure was created using Servier Medical Art https://smart.servier.com/
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Tablel.
Factors affecting diabetic retinopathy
; ; Modifiable
Factors S(F)zrrelatlon with Comments Reference
Yes No

Age Positive No | Patient age (=50 years) is associated with increased [38]
frequency of DR

Duration of diabetes Positive No | Longer duration of diabetes (=20 years) increases the risk [39];[40]
of DR

Pregnancy Positive No | Pregnancy increase the risk of DR [41];[42]

Hyperglycemia Positive Yes HbAlc > 7% would increase the risk of DR development [43, 44]

Systolic blood pressure | Positive Yes Every increase of 10mmHg in systolic blood pressure leads | [32];[45]
to 10% risk of early DR and 15% risk of PDR or DME.

Hyperlipidemia Indeterminate Yes Inconsistent results on the effect of lipid associated with [45];[46]
the development and progression of DR and DME

Obesity Positive Yes Increased waist-hip ratio and waist circumference are [47];[40]
positively associated with DR

Smoking Positive Yes Non-significant positive trend [48]:[49];[50]

Physical activity Moderate Yes Slightly protective effect [511;[52]

Male Sex Positive No | Increased incidence in male [48];[53]

Myopia Negative No | Protective effect towards DR [541;[55]
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Table 2:

Polyamine oxidase signaling in various retinal disorders.

Disease model Signaling/target | Reference
Ischemic retinopathy | SMOX [271;[28]
Optic nerve injury Spermidine [174]
Diabetic retinopathy Spermine [175]
Retinal excitotoxicity | SMOX [29]
Diabetic retinopathy FDP-Lysine [176];[177]
Glaucoma Spermidine [178]

RPE dysfunction Spermidine [179]

EAE Spermidine [180]
Diabetic retinopathy | Acrolein [172];[71]
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