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Abstract: Polyamine oxidation plays a major role in neurodegenerative diseases. Previous studies
from our laboratory demonstrated that spermine oxidase (SMOX, a member of the polyamine oxidase
family) inhibition using MDL 72527 reduced neurodegeneration in models of retinal excitotoxicity
and diabetic retinopathy. However, the mechanisms behind the neuroprotection offered by SMOX
inhibition are not completely studied. Utilizing the experimental model of retinal excitotoxicity, the
present study determined the impact of SMOX blockade in retinal neuroinflammation. Our results
demonstrated upregulation in the number of cells positive for Iba-1 (ionized calcium-binding adaptor
molecule 1), CD (Cluster Differentiation) 68, and CD16/32 in excitotoxicity-induced retinas, while
MDL 72527 treatment reduced these changes, along with increases in the number of cells positive
for Arginase1 and CD206. When retinal excitotoxicity upregulated several pro-inflammatory genes,
MDL 72527 treatment reduced many of them and increased anti-inflammatory genes. Furthermore,
SMOX inhibition upregulated antioxidant signaling (indicated by elevated Nrf2 and HO-1 levels)
and reduced protein-conjugated acrolein in excitotoxic retinas. In vitro studies using C8-B4 cells
showed changes in cellular morphology and increased reactive oxygen species formation in response
to acrolein (a product of SMOX activity) treatment. Overall, our findings indicate that the inhibition
SMOX pathway reduced neuroinflammation and upregulated antioxidant signaling in the retina.

Keywords: neuroinflammation; polyamine oxidation; spermine oxidase; acrolein; microglia; oxidative
damage; antioxidant signaling

1. Introduction

Neuroinflammation is an important cause in the development of neurodegenerative
diseases [1,2]. Long-term inflammation exposure causes cellular damage [3]. Studies
show that inflammation has an essential role in the pathogenesis of several ocular dis-
eases, including age-related macular degeneration (AMD) [4], diabetic retinopathy [5],
and retinitis pigmentosa [6]. Injured neurons can release damage-associated molecular
patterns (DAMPs), and these DAMPs can bind to their receptors on microglial cells and
cause microglia activation [7]. Activation of microglia, which is the primary resident im-
mune cell in the brain and retina, results in the release of inflammatory mediators such as
cytokines, reactive oxygen species (ROS), and nitric oxide (NO) [8]. Retinal excitotoxicity
is suggested as a major mechanism of neurodegeneration, and experimental models of
excitotoxicity are extensively used for studying retinal ganglion cells (RGCs) damage and
dysfunction in ocular diseases, including optic neuropathy [9,10], glaucoma [11,12], and
diabetic retinopathy [13,14].
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Polyamines including spermine, spermidine, and putrescine are important for cellular
functions such as proliferation, differentiation, and apoptosis [15]. N1-acetylpolyamine
oxidase (APAO) and spermine oxidase (SMOX) regulate polyamine catabolism, but the
activation of these enzymes causes the release of H2O2 and acrolein [16]. While SMOX
is a highly inducible enzyme, APAO is constitutively expressed [15]. Acrolein has been
shown to induce inflammation in mouse BV2 microglial cells and function as a neurotoxin
causing increased cell death in a rat model [17,18]. N1N4-bis (2, 3-butadienyl)-1,4-butane
diamine (MDL 72527) is selective-irreversible inhibitor for APAO and SMOX [19–21].
Previous studies have reported that MDL 72527 treatment showed neuroprotective effects
in ischemic brain injury in rats by reducing edema formation and reduction in ischemic
injury volume [22,23]. Treatment with MDL 72527 was also neuroprotective against edema
formation and necrotic formation in rats after traumatic brain injury [24].

Earlier studies from our laboratory have demonstrated that MDL 72527 treatment
reduced retinal neurovascular damages in hyperoxia models [25] and retinal excitotox-
icity [26]. Studies performed on the experimental model of DR demonstrated that the
inhibition of SMOX by treatment with MDL 72527 improved RGC survival, retinal struc-
ture, and function in diabetic mice [27]. Our previous study has also reported an increase
in the expression of SMOX during retinal excitotoxicity and the degeneration of neurons,
while MDL 72527 treatment improved neuronal survival [26]. However, the mechanisms
behind the neuroprotective effects of SMOX blockade are not studied. Neuroinflammation
is considered a major cause of neurodegeneration, and hence using a mouse model of retinal
excitotoxicity, the present study was undertaken to investigate whether the inhibition of
SMOX by MDL 72527 can ameliorate neuroinflammation.

2. Results
2.1. SMOX Inhibition Using MDL 72527 Reduced Iba-1 Positive Cells in the Excitotoxic Retina

Our previous study has shown that SMOX blockade by MDL 72527 significantly
improved neuronal survival in the excitotoxic retinas [26]. In the present study, we first
investigated the status of the inflammatory cells positive for Iba-1 (ionized calcium-binding
adaptor molecule 1), a marker specific for microglia/macrophages. Immunofluorescence
staining of retinal flatmounts demonstrated an increase in the number of Iba-1 positive cells
presenting activated morphology in the retinas from mice treated with NMDA (7 days post-
injury) compared to their NMLA controls (Figure 1A,B). In response to SMOX inhibition by
treatment with MDL 72527, a marked reduction of Iba-1 positive microglia/macrophage
cells was observed in comparison with the NMDA group (Figure 1B,C). MDL 72527 treat-
ment did not result in any noticeable changes in the control retina (Figure 1D). Quantifica-
tion studies indicated a significant increase in cells with activated morphology, while MDL
72527 treatment significantly reduced this effect (Figure 1E). Furthermore, our immunoblot
studies using retinal lysates showed that the upregulation in the expression of Iba-1 protein
level in NMDA retinas was significantly reduced in response to MDL 72527 treatment
(Figure 1F,G). Altogether, these results suggest the potential of MDL 72527 treatment in
reducing inflammation in excitotoxic retinas.
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Figure 1. Treatment with MDL 72527 reduced Iba-1 positive cells with activated morphology in the 

excitotoxic retina. (A–D) Immunofluorescence staining of retinal flat mounts using Iba-1 antibody 

and representative confocal images presented. Asterisks indicate retinal microglia presenting acti-

vated morphology (7 days post-injury). (E) Bar graph representing the quantification studies of Iba-

1 positive cells with activated morphology (N = 4–6 per group, * p < 0.01). (F,G) Results of Western 

blot studies show the increased protein levels of Iba-1 in NMDA retinas compared to NMLA con-

trols. Iba-1 expression was reduced in response to MDL 72527 treatment. * p < 0.01, N = 4–5 per 

group. Scale bar 50 µm. Results presented as Mean ± SD. 
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Figure 1. Treatment with MDL 72527 reduced Iba-1 positive cells with activated morphology in the
excitotoxic retina. (A–D) Immunofluorescence staining of retinal flat mounts using Iba-1 antibody and
representative confocal images presented. Asterisks indicate retinal microglia presenting activated
morphology (7 days post-injury). (E) Bar graph representing the quantification studies of Iba-1
positive cells with activated morphology (N = 4–6 per group, * p < 0.01). (F,G) Results of Western
blot studies show the increased protein levels of Iba-1 in NMDA retinas compared to NMLA controls.
Iba-1 expression was reduced in response to MDL 72527 treatment. * p < 0.01, N = 4–5 per group.
Scale bar 50 µm. Results presented as Mean ± SD.

2.2. Impact of MDL 72527 Treatment on the Status of Inflammatory Cells in Response
to Excitotoxicity

We next investigated whether SMOX inhibition using MDL 72527 affected different
populations of inflammatory cells, earlier to neuronal damage. Microglia/macrophages
in the CNS have been reported to adopt distinctive phenotypes, including the classically
activated (M1) state and the alternatively activated (M2) state in response to various stimu-
lations [28]. Immunofluorescence staining of retinal cryostat sections (3 days post-injury)
was performed using markers of M1/M2 phenotypes of microglia/macrophages. Our
results show that the number of M1 phenotype cells positive for CD (Cluster of Differ-
entiation) 68 and CD 16/32 were significantly increased in excitotoxicity-induced retinas
(Figure 2A,B,F,G). This effect was significantly reduced in the excitotoxic retinas in response
to the treatment with MDL 72527 (Figure 2C,H). On the contrary, studies using M2 markers
showed significant upregulation in the cells positive for Arginase (A) 1 and CD 206 in MDL
72527 treated NMDA retinas compared to the vehicle-treated group (Figure 2L,M,Q,R). Our
immunofluorescence studies indicated that most of the CD 206 positive cells are colocalized
with cells positive for F4/80. MDL 72527 treatment did not cause any marked changes in
the status of CD68 or CD16/32 positive cells in the control groups. However, the slight
upregulation observed in A1 and CD206 in the NMLA control group in response to SMOX
inhibition was not significant. These results indicate that SMOX blockade can reduce
inflammatory cells in response to excitotoxicity.
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upregulated in excitotoxic retinas while MDL 72527 significantly downregulated the changes. 

Quantification of data showed a significant upregulation in the number of cells positive for M2 

markers, A1(O), and CD 206 (T) in the NMDA retinas in response to MDL 72527 treatment. (U,V) 

Confocal images of retinal sections immunostained using F 4/80 and CD 206. Arrows represent the 

colocalization of the two markers. The number of animals used N = 3–6 per group. * p < 0.05, 3 days 

post-injury. Scale bar 50 μm. Arrows indicate representative cells positive for the markers used. 
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to SMOX blockade (Figure 3). Analysis of mRNA levels using qRT-PCR at two different 
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results indicated that, in response to MDL 72527 treatment, there is an early upregulation 

in the anti-inflammatory cytokines followed by downregulation of pro-inflammatory 

molecules in the excitotoxic retinas. Significant upregulation of many pro-inflammatory 

genes including interleukin (IL-) 1β, IL-21, C-C motif chemokine ligand (CCL) 5, CCL3, 

Figure 2. SMOX inhibition altered the level of M1 and M2 microglia/macrophage phenotypes in
the excitotoxic retinas. Representative confocal images of retinal cryostat sections immunostained
using CD 68 (A–D), CD16/32 (F–I), A1 (K–N), and CD206 (P–S). Bar graphs showing the quan-
tification studies demonstrate that number of cells positive for M1 markers, CD 68 (E), and CD
16/32 (J) are upregulated in excitotoxic retinas while MDL 72527 significantly downregulated the
changes. Quantification of data showed a significant upregulation in the number of cells positive
for M2 markers, A1(O), and CD 206 (T) in the NMDA retinas in response to MDL 72527 treatment.
(U,V) Confocal images of retinal sections immunostained using F 4/80 and CD 206. Arrows represent
the colocalization of the two markers. The number of animals used N = 3–6 per group. * p < 0.05,
3 days post-injury. Scale bar 50 µm. Arrows indicate representative cells positive for the markers
used. Results presented as Mean ± SD.

2.3. Effect of SMOX Inhibition on Pro- and Anti-Inflammatory Cytokines

We next investigated the changes in the status of inflammatory molecules in relation to
SMOX blockade (Figure 3). Analysis of mRNA levels using qRT-PCR at two different time
points (3 and 5 days) following excitotoxic insult was performed (Figure 3A,B). Our results
indicated that, in response to MDL 72527 treatment, there is an early upregulation in the
anti-inflammatory cytokines followed by downregulation of pro-inflammatory molecules in
the excitotoxic retinas. Significant upregulation of many pro-inflammatory genes including
interleukin (IL-) 1β, IL-21, C-C motif chemokine ligand (CCL) 5, CCL3, cyclooxygenase 2
(COX2), tumor necrosis factor-alpha (TNF-α), and chemoattractant protein-1 (MCP-1) in
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NMDA retinas was observed at both time points as compared to the control retinas. As
evidenced in Figure 3A, 3 days post-injury, MDL 72527 treatment significantly upregulated
many anti-inflammatory genes IL-4, IL-10, IL-13, and transforming growth factor β (TGF-β)
in the excitotoxic retinas, CCL5 is the only pro-inflammatory gene that showed a significant
downregulation. MDL 72527 treatment did not reduce the mRNA levels of other pro-
inflammatory molecules (Figure 3A). Interestingly, on day 5 following excitotoxicity, SMOX
inhibition demonstrated reduced levels of several of the inflammatory molecules such
as IL-1β, CCL3, IL-21, and TNF-α levels in NMDA retinas. However, the levels of anti-
inflammatory genes were similar across the two NMDA treated groups at this time point
(Figure 3B). The decrease observed in the levels of IL-6, COX2, CCL5, and MCP-1 were,
however, not statistically significant (Figure 3B). These results further suggest the potential
of SMOX blockade in reducing the inflammatory signals in response to retinal excitotoxicity.
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Figure 3. Effect of SMOX blockade on cytokines levels in the excitotoxic retinas. Quantitative
RT-PCR analysis demonstrating changes in mRNA levels of pro- and anti-inflammatory cytokines
and chemokines in excitotoxic retinas following 3 and 5 days post-injury. (A) Following 3 days
post-injury, in comparison with the vehicle-treated group, MDL 72527 treated excitotoxic retinas
showed significant upregulation in the mRNA levels of anti-inflammatory cytokines (IL-4, IL-10,
IL-13, and TGFβ) and reduced level in the pro-inflammatory CCL5. (B) Following 5 days post-injury,
the upregulated levels of IL-1β, TNFα, CCL3, and IL-21 mRNA levels were significantly reduced by
MDL 72527 treatment in the NMDA groups. The upregulation observed in COX2 and CCL5 is not
significantly reduced by SMOX inhibition. IL-6 and MCP-1 were also significantly upregulated in
NMDA retinas. The mRNA levels of IL-18, IL-4, IL-10, and IL-13 did not indicate significant changes
in any groups. Data are presented as mean ± SD. ** p < 0.01; * p < 0.05. N = 5–8 per group.



Int. J. Mol. Sci. 2022, 23, 2133 6 of 18

2.4. MDL 72527 Treatment Activated Antioxidant Signaling in the Excitotoxic Retinas

In the present study, we further investigated if the inhibition of SMOX impacts the
antioxidant signaling pathway. As shown in Figure 4, immunoblotting experiments indi-
cated that the blockade of SMOX with MDL 72527 significantly increased the expression
of Nrf2 (nuclear factor erythroid 2-related factor 2) in the NMDA retinas compared to the
vehicle-treated group (Figure 4A,B). Further studies on the expression of heme oxygenase-1
(HO-1), a target gene for Nrf2, indicated that the inhibition of SMOX using MDL 72527
significantly upregulated the expression of HO-1 in the NMDA retinas in comparison to
the vehicle-treated NMDA retinas (Figure 4C,D). The changes observed in Nrf2 or HO-1 in
NMDA retinas compared to the respective vehicle controls were not significant. These re-
sults suggest the potential of MDL 72527 in activating the antioxidant signaling in response
to retinal injury.
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Figure 4. Blockade of SMOX by treatment with MDL 72527 increased antioxidant signaling.
(A,B) Western blot studies and quantification data showed a significant increase in Nrf2 expression
in MDL 72527 treated excitotoxic retinas compared to the vehicle-treated NMDA group. (C,D) Re-
sults show that MDL 72527 treatment significantly increased the expression of HO-1 expression in
excitotoxic retinas in comparison with the vehicle-treated group. * p < 0.05, N = 5–6 per group and
representative blots are presented. Results presented as Mean ± SD.

2.5. Changes in Acrolein Conjugated Proteins in the Excitotoxic Retinas

Acrolein, a highly reactive aldehyde, directly results from SMOX activation [29] and
can elevate oxidative damage by conjugating with proteins, lipids, and DNA [30,31]. In the
present study, we studied the levels of protein-conjugated acrolein in NMDA retinas and
the impact of SMOX inhibition on their distribution (Figure 5A). A significant increase in
the level of protein conjugated acrolein was observed in NMDA retinas when compared to
the NMLA control group, and the treatment with MDL 72527 reduced acrolein conjugated
proteins to some extent (Figure 5A). MDL 72527 markedly reduced acrolein conjugated
proteins at a molecular weight around 50–60 kDa (Figure 5B). However, the downregulation
observed in the total conjugated proteins and at molecular weight ranges around 25 kDa
was not significant in response to MDL 72527 treatment.
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Figure 5. Impact of SMOX inhibition on acrolein conjugated proteins. (A) Western blot analysis show-
ing the expression of acrolein-conjugated proteins in NMDA treated retinas. (B–D) Quantification
data showing the marked upregulation of acrolein conjugated proteins at various molecular weight
ranges and the effect of MDL 72527 treatment. * p < 0.05, N = 5–6 per group and representative blots
are presented. Results presented as Mean ± SD.

2.6. Impact of Acrolein Treatment on Microglia Cells In-Vitro

Acrolein is a mediator for oxidative stress [32] and microglia are the primary source
for ROS formation in the central nervous system [33]. Using C8-B4 cells with microglial
properties, in the current study, we investigated the effect of bovine serum albumin (BSA)-
conjugated acrolein on the morphological changes and the formation of reactive oxygen
species on microglia. As shown in Figure 6, treatment of C8-B4 cells with 25 µg/mL of
BSA-conjugated acrolein for 6 h altered the cellular morphology. Immunostaining using
markers CD 11b, F4/80, CD 68, and Iba-1 showed changes such as an increase in size and
thick processes (Figure 6A–D) in the treated group. H2DCFDA assay showed elevated
ROS formation in BSA-acrolein-treated cells compared to the control group (Figure 6E,F).
Quantification of fluorescence intensity showed significantly upregulated ROS levels in
response to acrolein treatment (Figure 6G). These results suggest that SMOX activation
could lead to microglial activation and ROS formation.
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Figure 6. Impact of BSA-conjugated acrolein treatment on microglia cells in-vitro. (A–D) Confocal
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and representative images are presented. * p < 0.05. Scale bar = 50 µm. Results presented as Mean ± SD.
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3. Discussion

The current study provides the first specific evidence for the impact of inhibiting
SMOX pharmacologically, using MDL 72527, in limiting neuroinflammation in a mouse
model of retinal excitotoxicity. Retinal excitotoxicity is recognized as a mechanism of
neurodegeneration associated with ocular diseases, including DR [34]. Previous stud-
ies from our laboratory have shown that the SMOX expression is upregulated in the
retinal neurons in models of neurovascular injuries, and the increase in expression was
accompanied by a reduction in neuronal survival, retinal function, and changes in retinal
structure [26,27,35]. Inhibition of SMOX with MDL 72527 showed protective effects against
these changes [26,27,35]. However, the molecular mechanisms underlying the neuropro-
tective effects of SMOX inhibition are not completely understood. Neuroinflammation is
a major cause of neuronal damage, and in the present study, we are demonstrating the
effect of MDL 72527 on ameliorating inflammation and oxidative stress in a mouse model
of retinal excitotoxicity. To the best of our knowledge, this is the first report investigating
the impact of SMOX inhibition in excitotoxicity-induced neuroinflammation in the retina.

SMOX is primarily expressed in neurons in the brain [36–38] and retina [25–27]. A
previous study has shown the localization of SMOX in glial cells of fibrovascular tissue
from PDR patients [39]. However, the overactivation of SMOX has its effects on other cell
types. The reactive aldehydes and H2O2 generated as byproducts of SMOX activation
can impact other cells such as glia and endothelial cells [35,40–45]. In the recent study by
Fan et al. using the rat model of cerebral Ischemia/Reperfusion, the authors demonstrated
that neuron-derived SMOX induction after stroke was essential for microglial activation
and inflammation [37]. Previously, Cervelli et al. showed that neuronal overexpression
of SMOX induced microglial activation in the aged neocortex [38]. Targeting SMOX by
treatment with MDL 72527 demonstrated neuroprotective effects in rats with ischemic
brain damage [22] and traumatic brain injury [24]. A previous study has shown that
downregulation of SMOX decreased infarction volume, neurological deficit, and reduced
neuronal apoptosis and inflammation [37]. Studies from our laboratory have indicated that
treatment with MDL 72527 also protected retinal neurons in models of oxygen-induced
retinopathy (OIR) [25] and diabetic retinopathy [27]. Another study utilizing SMOX-
deficient mice showed a reduction in H. pylori-induced inflammation [46]. Similar effects
were also noticed when treated with MDL 72527 [47]. Enterotoxigenic Bacteroides fragilis-
induced chronic inflammation in C57BL/6 mice was also shown to be reduced by MDL
72527 treatment [48]. However, not many studies have investigated the impact of SMOX
inhibition on inflammation associated with retinal neuronal damage and dysfunction.

Studies have shown that NMDA treatment results in increased loss of RGCs, and in-
traocular NMDA injection is useful to study RGCs degeneration in retinal diseases [49–53].
The NMDA receptor is a type of glutamate receptor in the mammalian central nervous
system [54]. In the retina, NMDA receptors are expressed in both neurons and Müller
glia [53,55]. While NMDA receptor activation causes neuronal damage in the retina [56],
Müller cells are reported to undergo proliferation [57,58]. Hypertrophy of Müller glia
is also a characteristic feature observed in response to excitotoxicity [26,59]. In the dia-
betic retina, the level of glutamate is increased due to Müller cell dysfunction, which is
responsible for glutamate metabolism in the retina [60]. Glutamate level is also reported
to be elevated in the vitreous of glaucoma and diabetic patients [61–63]. Accumulation of
glutamate and other excitatory molecules activates NMDA receptors, increases calcium
influx, and causes neuronal cell death due to excessive stimulation [64]. The most affected
cells are in the inner retinal layers, including ganglion cells, amacrine cells, and bipolar
cells [26,65]. Intravitreal injection NMDA induced macrophages/microglia infiltration and
increased chemoattractant protein-1 (MCP-1) production in addition to an increase of IL-1β
expression [66]. Consistent with these results, our present study demonstrates that the
number of activated microglia/macrophages and pro-inflammatory cytokines are increased
in the excitotoxic retinas. However, these changes are reversed in response to MDL 72527
treatment, supporting the impact of SMOX inhibition on reducing inflammation. An earlier



Int. J. Mol. Sci. 2022, 23, 2133 9 of 18

study reported from our lab, using the OIR model of neurovascular damage, has also shown
suppression of microglia/macrophages with activated morphology and downregulation of
inflammatory cytokines in response to MDL 72527 treatment [35].

Inflammation plays an important role in developing ocular diseases such as DR [67],
AMD [4], retinitis pigmentosa [6], and glaucoma [68]. Neuroinflammation is characterized
by sustained activation of glial cells such as microglia and astrocyte and the recruitment
of other immune cells [69]. Microglia represent the resident immune cells in the retina,
and it is important to maintain retinal homeostasis; however, they are associated with
the progression of diseases such as AMD [70], DR [71], and glaucoma [72]. Microglia in
normal retina exhibit ramified morphology but in response to injury, microglia exhibit
amoeboid morphology and increase the migration and proliferation to the injury’s site [73].
In response to various stimuli/insults, the microglia could adopt distinctive phenotypes,
including the classically activated (M1) state or the alternatively activated (M2) state. The
M1-like phenotype is characterized by increased expression of surface markers such as
CD16/32, CD68, CD40 and the production of pro-inflammatory mediators including IL-
1β, TNF-α, and IL-6 and thus accelerating the inflammatory process [74]. Alternatively,
microglia could assume an M2 phenotype, releasing anti-inflammatory, protective and
trophic factors, including IL-4, IL-10, 1L-13, and TGF-β, and triggering anti-inflammatory
responses [75,76]. Activated microglia and macrophages secrete pro-inflammatory media-
tors (cytokines, chemokines, etc.) and upregulate the expression of inflammatory mediators
such as inducible nitric oxide synthase and can act on other cells, including neurons [77].
Our findings show an increase in the number of cells positive for CD68 and CD16/32 in
response to excitotoxicity, but the treatment with MDL 72527 reversed these effects and
upregulated the number of cells in the M2 phenotype. Consistent with these observations,
our mRNA results show an early upregulation in anti-inflammatory cytokines followed by
a downregulation in pro-inflammatory molecules. RGCs are severely affected in retinal
excitotoxicity models. Interestingly, our study shows that most of the CD 206 positive cells
are localized at the GCL of the MDL treated excitotoxic retina, suggesting the possible role
of MDL 72527 in the recruitment of M2 microglia/macrophages for RGC survival. Studies
have also shown that activated microglia can send signals to Müller cells and cause changes
in Müller cells’ morphology and function [78]. Reactive Müller cells can also produce
pro-inflammatory factors, which in turn can increase microglial activation and migration.
These bidirectional feedback signals between these two cell types are meant to restore
retinal homeostasis in case of injury or disease [79]. The previous study showed that SMOX
inhibition reduced Müller glial injury, as studied by changes in GFAP expression [26].

Acrolein is a toxic aldehyde produced during the oxidation of polyamines [80].
Acrolein can bind with proteins causing their dysfunction [81]. In our study, a signif-
icant increase in acrolein conjugated proteins was observed, and this was reduced to
some extent by MDL 72527 treatment. Further studies are required to identify the specific
modifications caused by acrolein. Acrolein has been shown to activate microglia in the
CNS [82,83], induce proinflammatory signals, and increase cell migration of microglial
cells [17]. However, in addition to acrolein formation, SMOX activation can lead to the
formation of H2O2 and thus further elevating oxidative stress [16]. Our previous study
showed the activation of primary microglia in response to H2O2, another byproduct of
SMOX activity [35]. Besides its role in producing inflammatory cytokines, microglia is also
considered a major producer of ROS in CNS [33]. Consistent with these, our study showed
acrolein altered morphology and elevated ROS formation in C8-B4 cells. Furthermore, an
earlier study showed that the treatment of microglial cells treated with supernatant from
SMOX-downregulated neurons following OGD/R showed less activation and reduced IL-6
and TNF-α [37].

Oxidative stress and inflammation are closely related pathophysiological processes.
Agents with antioxidant and anti-inflammatory properties would be an attractive therapeu-
tic strategy. In the present study, we investigated if the inhibition of SMOX has an impact on
antioxidants signals. The stimulation of NMDA receptors by administration of NMDA af-
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fects the antioxidants status [84]. The nuclear factor erythroid 2-related factor 2 (Nrf2) plays
an important role in regulating several antioxidant enzymes [85], and its activation protects
the retina from retinal diseases [86]. Nrf2 expression protected against oxidative stress in
retinal diseases such as DR [87] and AMD [88]. Our study found that the treatment with
MDL 72527 increased the expression of Nrf2 and its downstream target HO-1 regulated by
Nrf2. HO-1 is an inducible protein in response to different stimuli, and its expression is
reported to be increased as a defense in the retina in cases such as diabetic retinopathy [89],
ischemia-reperfusion [90], and light-induced damage [91]. Induction of HO-1 expression
showed a protective effect on RGCs in diabetic rats by reducing inflammation, apoptosis,
and proliferation effects in the diabetic retina [89]. Induction of HO-1 expression also
reduced the retinal damage against IR injury [92]. Taken together, MDL 72527 treatment
reduced the production of acrolein and reduced the activation of the microglial cell.

In summary, the inhibition of SMOX by the treatment with MDL 72527 reduced mi-
croglia/macrophage activation, induced changes in polarization status, downregulated
proinflammatory cytokines release, decreased acrolein formation, and activated the an-
tioxidant signals in the model of retinal excitotoxicity. A proposal of SMOX mediated
neuroinflammation and neurodegeneration in the retina is depicted in Figure 7. Our
studies report for the first time the specific effect of SMOX inhibition, using MDL 72527
treatment, in limiting neuroinflammation in the retina. We have demonstrated a crucial
role for the SMOX signaling pathway as one of the major mechanisms associated with
inflammation and neurodegeneration in the excitotoxic retina. Considering the need for
new therapies for patients suffering from ocular diseases associated with retinal neuroin-
flammation, such as diabetic retinopathy or glaucoma, our results are highly relevant from a
clinical perspective. Our findings suggest that targeting SMOX signaling can be considered
a therapeutic strategy to treat neurodegenerative diseases of the eye.
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4. Materials and Methods
4.1. Animals

All the procedures using animals were performed by the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the institutional animal care and use committee
(Animal Welfare Assurance no. A3307–01) adhered to the Public Health Service Policy
on Humane Care and Use of Laboratory Animals (revised July 2018). The protocols are
approved by the Institutional Animal Care and Use Committee of the Augusta University
(2016-0823) and the Charlie Norwood VA Medical Center, Augusta (18-11-110). Wild-
type male C57BL6J mice (8–10 weeks, Jackson Laboratories, Bar Harbor, ME) were used
in this study, and efforts were made to assure the minimum possible suffering during
experimental procedures.

4.2. Induction of Retinal Excitotoxicity

Retinal excitotoxicity was induced according to the method established in our labora-
tory [26]. Mice were anesthetized with 73 mg/kg ketamine hydrochloride and 7.3 mg/kg
xylazine hydrochloride intraperitoneally. Pupils were dilated with 1% tropicamide (Akorn,
Lake Forest, IL, USA). One drop of proparacaine hydrochloride (Akorn) was applied to
the cornea as topical anesthesia. NMDA (N-Methyl-D-Aspartate, (Sigma, St. Louis, MO,
USA), 20 n moles/eye, 1 µL, dissolved in saline) was injected intravitreally into the right
eye using a beveled 35 G needle (NF35BV-2, World Precision Instruments, Sarasota, FL,
USA) connected with an SGE Syringe (World Precision Instruments, Sarasota, FL, USA).
The needle was moved out slowly after maintaining for 30 s. Antibiotic ointment was
applied to prevent infection. NMLA (N-Methyl-L-Aspartate, 20 n moles/left eye) was used
as control.

4.3. MDL 72527 Treatment

Treatment with polyamine oxidase inhibitor MDL 72527 (40 mg/kg/day, Sigma) in
0.9% saline was performed as described [26]. Treatment started one day prior to NMDA or
NMLA injection and continued until the end of the respective experiments (varied from
three to seven days). Normal saline was used as vehicle treatment.

4.4. Immunostaining of Retinal Flat-Mount and Quantification of Iba-1 Positive Cells

Immunostaining of retinal flat mounts was performed as described previously [35,93].
Eyes were removed and fixed in 4% paraformaldehyde overnight at 4 ◦C. After removing
the cornea, sclera, lens, vitreous, and hyaloid vessels, four radial incisions were made to
allow flattening of the retina. Retinas were permeabilized with 10% Triton X-100 for 20 min
and blocked with 10% normal goat serum containing 1% BSA and 0.1% Triton X-100 for 1 h
at room temperature. Retinas were stained with Iba-1 (Table 1) at 37 ◦C for 2 h, followed by
secondary antibody Alexa-Fluor 555 goat anti-rabbit (1:500) (Life Technologies, Carlsbad,
CA, USA) overnight at 4 ◦C. Retinas were washed three times in PBS and flat-mounted in
mounting medium (Vectashield; Vector Laboratories, Burlingame, CA, USA). Flatmounts
were examined using a confocal microscope (Zeiss LSM 510 META, Thornwood, NY, USA)
and serial images were acquired. Quantification of Iba-1 positive cells (with activated
morphology) GCL layer was performed using NIH Image J software as described in the
previous reports from our laboratory [26,94,95]. Images (non-overlapping fields from the
optic nerve to edge) were collected from each quadrant of the flat-mounted retina at the mid
periphery (defined as halfway between the optic nerve head and the outer periphery). Five
serial images (1 µm apart) of Iba-1 positive cells were taken from each region and merged
to get a projection image for quantification. Cells showing activated morphology were
selected manually (using point tool) and quantified using the analyzed particle function of
Image J v1.53k.
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Table 1. List of antibodies used in the study.

Antibody Catalog Number Source Dilution Experiment

Iba-1 019-19741 Wako 1:500 Immunostaining
Iba-1 17198 Cell Signaling Technology 1:500 Western blot

Arginase-1 Abs535 EMD Millipore 1:200 Immunostaining
CD68 ab125212 Abcam 1:500 Immunostaining

CD16/32 553142 BD Biosciences 1:500 Immunostaining
CD206 ab64693 Abcam 1:500 Immunostaining
F4/80 ab6640 Abcam 1:100 Immunostaining
Nrf2 12721 Cell Signaling Technology 1:1000 Western blot
HO-1 43966 Cell Signaling Technology 1:1000 Western blot

Conjugated-acrolein ab48501 Abcam 1:1000 Western blot
β-Actin A1978 Sigma-Aldrich 1:10000 Western blot

4.5. Western Blotting

Retinal tissues were collected, snap-frozen immediately, and stored at −80 ◦C until
used. Samples were homogenized in 1X RIPA lysis buffer (Millipore, Billerica, MA, USA)
containing protease inhibitor cocktail (Thermo Scientific™) and phosphatase inhibitor
cocktail (Thermo Scientific™). Protein concentration was estimated using BCA Protein
Assay Kit (Thermo Scientific™). Approximately 20–30 µg of protein samples were separated
on 8–12% SDS-PAGE gel, transferred to PVDF membrane, and blocked in 5% non-fat dry
milk in 1X Tris-buffered saline with 0.1% Tween (TBST) for 1 h. Membranes were incubated
overnight at 4 ◦C with respective primary antibodies (Table 1). The membranes were then
washed with TBST 3 times and incubated with respective secondary antibodies (anti-rabbit
or anti-mouse HRP-conjugated secondary antibody, Table 1) for 1 h at room temperature.
The membranes were washed with TBST 3 times. Protein bands were detected using
enhanced chemiluminescence (ECL) (Thermo Fisher). Band intensities were quantified
using ImageJ software and normalized to beta-actin as the loading control.

4.6. Immunofluorescence Staining and Quantification of Cells on Retinal Sections

Immunostaining of retinal cryostat sections was performed as per the methods estab-
lished in our laboratory [27,93,96]. Briefly, eyes were removed and fixed in 4% paraformalde-
hyde overnight at 4 ◦C and cryoprotected in 30% sucrose for 24 h. Cryostat sections (10 µm)
obtained on glass slides were permeabilized in 0.1% Triton X-100 (30 min) followed by
blocking in 10% normal donkey serum for 1 h at room temperature. Sections were incu-
bated with primary antibodies (Table 1) overnight at 4 ◦C. Next day, the sections were
washed 3 times with PBS and then incubated with Fluorescein-conjugated secondary an-
tibodies (Table 1) for 2 h at room temperature. The sections were then washed 3 times in
PBS and covered with a mounting medium with DAPI (Vectashield; Vector Laboratories,
Burlingame, CA, USA). Images were obtained using a Zeiss (Thornwood, NY, USA) Axio-
plan Imager microscope and Zeiss Axiovision 4.8.2 software. Images (40X) were taken at
500 µm from the optic nerve, and the number of cells positive for CD68 or CD16/32 was
counted manually. To quantify A1 or CD206 positive cells, counting was performed on
retinal sections manually from the optic nerve head to the periphery. A minimum of three
sections (20 µm apart) were used per animal, and a minimum of five animals were used
per group.

4.7. RNA Isolation and Quantitative RT-PCR

The total mouse retina was homogenized by a Micro-Tube homogenizer (F65100-0000,
SP BEL-ART) using QIAzol Lysis Reagent (79306, Qiagen, Hilden, Germany). Total RNA
from homogenized retinal tissues was extracted using miRNeasy mini kit (217084, Qiagen).
The concentration of RNA was measured using a Nanodrop Lite Spectrophotometer (ND-
LITE-PR, Thermo Fisher Scientific, Waltham, MA, USA). Around 500 ng of total RNA
was used for cDNA synthesis using a High-Capacity cDNA Reverse Transcription Kit
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(4368814, Applied Biosystems, Waltham, MA, USA). Quantitative PCR was carried out by
StepOnePlus™ Real-Time PCR System (4376600, Applied Biosystems) using Power SYBR
Green Master Mix (4309155, Applied Biosystems). Sequences of primers used in this study
are listed in Table 2. Data were normalized to hypoxanthine phosphoribosyltransferase
(HPRT), and the fold change between levels of different transcripts was calculated by the
∆∆CT method relating to this study.

Table 2. Primer sequences used in the study.

Gene Name Forward Primer Reverse Primer

TNFα GGTCCCCAAAGGGATGAGAA TGAGGGTCTGGGCCATAGAA

IL1β CCAAGCAACGACAAAATACC GTTGAAGACAAACCGTTTTTCC

IL10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

MCP-1 GGCTCAGCCAGATGCAGTTAA CCTACTCATTGGGATCATCTTGCT

IL6 AGACAAAGCCAGAGTCCTTCAG TGCCGAGTAGATCTCAAAGTGA

IL18 TCAAAGTGCCAGTGAACCCC GGTCACAGCCAGTCCTCTTAC

COX2 AAGCCAACATGATTGTTGTGAA CGGCAGCAGTCACATACTTA

IL21 ATCCTGAACTTCTATCAGCTCCAC GCATTTAGCTATGTGCTTCTGTTTC

CCL5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC

TGFβ CCCGAAGCGGACTACTATGC ATAGATGGCGTTGTTGCGGT

IL12 CTCAGGATCGCTATTACAATTCCTC TTCCAACGTTGCATCCTAGGATC

IL17 CTCCAGAAGGCCCTCAGACTAC AGCTTTCCCTCCGCATTGACACAG

CCL3 TTCTCTGTACCATGACACTCTGC CGTGGAATCTTCCGGCTGTAG

IL4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

IL13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA

HPRT GAAAGACTTGCTCGAGATGTCATG CACACAGAGGGCCACAATGT

4.8. Cell Culture and Conjugated Acrolein Treatment and Immunocytochemistry

C8-B4 cells (ATCC) were kindly provided by Dr. Susan Fagan (University of Georgia),
were cultured in DMEM high glucose medium (Gibco) and 10% FBS (Atlantic biologics),
100 I.U./mL penicillin, and 100 (µg/mL) streptomycin (ATCC). Cells were cultured at a
density of 15,000 cells/well in a chamber slide (Thermo Fisher) with complete medium
and treated with 25 µg/mL acrolein-BSA conjugate (StressMarq Biosciences) in complete
medium for 6 h. Following the incubation, the culture media was removed, and cells were
washed with 1× PBS and fixed with 4% paraformaldehyde for 10 min and subjected to
immunocytochemistry according to the method standardized in our laboratory [35,96]. This
was followed by PBS wash, and the chamber slides were stored in humidified containers
at 4 ◦C. Permeabilization of the cells was performed using 0.1% Triton X-100 in PBS
(5 min), followed by PBS wash, and blocking was achieved using 10% donkey serum at
room temperature for 1 h. Cells were washed and incubated with respective primary
antibodies (Table 1) overnight. The next day, the cells were washed with PBS and incubated
with appropriate secondary antibodies for 2 h. The chamber slides were washed, and
the chambers separated from the glass slide. Cells were covered with a coverslip using
a mounting medium containing DAPI and stored at 4 ◦C. Images were taken using a
confocal microscope (LSM 780; Carl Zeiss, Thornwood, NY, USA) available at the Augusta
University imaging core facility.

4.9. Measurement of ROS Generation Using CM-H2DCFDA Assay

This assay was performed using CM-H2DCFDA (C6827, Thermo Fisher) following
the manufacturer’s protocol. After appropriate treatment, C8-B4 cells were washed with
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pre-warmed PBS and incubated with ROS-sensitive probe CM-H2DCFDA (40 µM) at
room temperature in the dark for 30 min. Cells were washed carefully with warm PBS and
covered with a mounting medium with DAPI (Vectashield; Vector Laboratories, Burlingame,
CA, USA). Images were taken immediately by using the FITC channel. The intensity was
quantified by using NIH ImageJ software v1.53k.

4.10. Data Analysis

GraphPad Prism 9 was used for statistical analysis. Results are presented as mean ± SD.
Statistical analysis was performed using one-way ANOVA followed by the Turkey test for
multiple comparisons. The Student’s test was used in case of a single comparison.

Author Contributions: Conceptualization, S.P.N.; Funding acquisition, S.P.N.; Investigation, M.A.,
F.L., S.S., P.P., P.R.S. and S.P.N.; Methodology, M.A., F.L., S.S., P.P. and P.R.S.; Project administration,
S.P.N.; Resources, P.R.S. and S.P.N.; Supervision, S.P.N.; Writing—original draft, M.A.; Writing—
review & editing, F.L., S.S., P.P., P.R.S. and S.P.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This study is supported by University of Georgia startup funds and NIH grant R01EY028569
to SPN. This work has been accomplished using the resources and facilities at the Charlie Norwood
VA Medical Center, Augusta, GA, USA, and a core grant from the NIH/NEI to the Augusta University
Vision Discovery Institute (P30EY031631). The funders had no role in study design, data collection,
analysis, and decision to publish the data. The contents of the manuscript do not represent the views
of the Department of Veteran Affairs or the United States Government.

Institutional Review Board Statement: All the procedures using animals were performed by the
Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved by the institutional animal care and use
committee (Animal Welfare Assurance no. A3307–01) adhered to the Public Health Service Policy on
Humane Care and Use of Laboratory Animals (revised July 2018). The protocols are approved by the
Institutional Animal Care and Use Committee of the Augusta University (2016-0823) and the Charlie
Norwood VA Medical Center, Augusta (18-11-110).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guzman-Martinez, L.; Maccioni, R.B.; Andrade, V.; Navarrete, L.P.; Pastor, M.G.; Ramos-Escobar, N. Neuroinflammation as a

Common Feature of Neurodegenerative Disorders. Front. Pharmacol. 2019, 10, 1008. [CrossRef] [PubMed]
2. Kwon, H.S.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.

Neurodegener. 2020, 9, 42. [CrossRef] [PubMed]
3. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-

associated diseases in organs. Oncotarget 2018, 9, 7204–7218. [CrossRef] [PubMed]
4. Buschini, E.; Piras, A.; Nuzzi, R.; Vercelli, A. Age related macular degeneration and drusen: Neuroinflammation in the retina.

Prog. Neurobiol. 2011, 95, 14–25. [CrossRef] [PubMed]
5. Joussen, A.M.; Poulaki, V.; Le, M.L.; Koizumi, K.; Esser, C.; Janicki, H.; Schraermeyer, U.; Kociok, N.; Fauser, S.; Kirchhof, B.; et al.

A central role for inflammation in the pathogenesis of diabetic retinopathy. FASEB J. 2004, 18, 1450–1452. [CrossRef]
6. Yoshida, N.; Ikeda, Y.; Notomi, S.; Ishikawa, K.; Murakami, Y.; Hisatomi, T.; Enaida, H.; Ishibashi, T. Clinical evidence of sustained

chronic inflammatory reaction in retinitis pigmentosa. Ophthalmology 2013, 120, 100–105. [CrossRef] [PubMed]
7. Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenera-

tive Disease. Antioxidants 2020, 9, 743. [CrossRef] [PubMed]
8. Cherry, J.D.; Olschowka, J.A.; O’Banion, M.K. Neuroinflammation and M2 microglia: The good, the bad, and the inflamed. J.

Neuroinflammation 2014, 11, 98. [CrossRef]
9. Suo, L.; Dai, W.; Chen, X.; Qin, X.; Li, G.; Song, S.; Zhang, D.; Zhang, C. Proteomics analysis of N-methyl-d-aspartate-induced cell

death in retinal and optic nerves. J. Proteomics 2022, 252, 104427. [CrossRef]
10. Fazel, M.F.; Abu, I.F.; Mohamad, M.H.N.; Agarwal, R.; Iezhitsa, I.; Bakar, N.S.; Juliana, N.; Mellor, I.R.; Franzyk, H. Philanthotoxin-

343 attenuates retinal and optic nerve injury, and protects visual function in rats with N-methyl-D-aspartate-induced excitotoxicity.
PLoS ONE 2020, 15, e0236450. [CrossRef]

http://doi.org/10.3389/fphar.2019.01008
http://www.ncbi.nlm.nih.gov/pubmed/31572186
http://doi.org/10.1186/s40035-020-00221-2
http://www.ncbi.nlm.nih.gov/pubmed/33239064
http://doi.org/10.18632/oncotarget.23208
http://www.ncbi.nlm.nih.gov/pubmed/29467962
http://doi.org/10.1016/j.pneurobio.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21740956
http://doi.org/10.1096/fj.03-1476fje
http://doi.org/10.1016/j.ophtha.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22986109
http://doi.org/10.3390/antiox9080743
http://www.ncbi.nlm.nih.gov/pubmed/32823544
http://doi.org/10.1186/1742-2094-11-98
http://doi.org/10.1016/j.jprot.2021.104427
http://doi.org/10.1371/journal.pone.0236450


Int. J. Mol. Sci. 2022, 23, 2133 15 of 18

11. Sato, K.; Sato, T.; Ohno-Oishi, M.; Ozawa, M.; Maekawa, S.; Shiga, Y.; Yabana, T.; Yasuda, M.; Himori, N.; Omodaka, K.; et al.
CHOP deletion and anti-neuroinflammation treatment with hesperidin synergistically attenuate NMDA retinal injury in mice.
Exp. Eye Res. 2021, 213, 108826. [CrossRef]

12. Mohamad, M.H.N.; Abu, I.F.; Fazel, M.F.; Agarwal, R.; Iezhitsa, I.; Juliana, N.; Mellor, I.R.; Franzyk, H. Neuroprotection Against
NMDA-Induced Retinal Damage by Philanthotoxin-343 Involves Reduced Nitrosative Stress. Front. Pharmacol. 2021, 12, 798794.
[CrossRef]

13. Ola, M.S.; Nawaz, M.I.; Khan, H.A.; Alhomida, A.S. Neurodegeneration and neuroprotection in diabetic retinopathy. Int. J. Mol.
Sci. 2013, 14, 2559–2572. [CrossRef]

14. Kadlubowska, J.; Malaguarnera, L.; Waz, P.; Zorena, K. Neurodegeneration and Neuroinflammation in Diabetic Retinopathy:
Potential Approaches to Delay Neuronal Loss. Curr. Neuropharmacol. 2016, 14, 831–839. [CrossRef] [PubMed]

15. Casero, R.A.; Pegg, A.E. Polyamine catabolism and disease. Biochem. J. 2009, 421, 323–338. [CrossRef]
16. Murray Stewart, T.; Dunston, T.T.; Woster, P.M.; Casero, R.A., Jr. Polyamine catabolism and oxidative damage. J. Biol. Chem. 2018,

293, 18736–18745. [CrossRef] [PubMed]
17. Ho, W.C.; Hsu, C.C.; Huang, H.J.; Wang, H.T.; Lin, A.M. Anti-inflammatory Effect of AZD6244 on Acrolein-Induced Neuroinflam-

mation. Mol. Neurobiol. 2020, 57, 88–95. [CrossRef] [PubMed]
18. Wang, Y.T.; Lin, H.C.; Zhao, W.Z.; Huang, H.J.; Lo, Y.L.; Wang, H.T.; Lin, A.M. Acrolein acts as a neurotoxin in the nigrostriatal

dopaminergic system of rat: Involvement of alpha-synuclein aggregation and programmed cell death. Sci. Rep. 2017, 7, 45741.
[CrossRef] [PubMed]

19. Bellelli, A.; Cavallo, S.; Nicolini, L.; Cervelli, M.; Bianchi, M.; Mariottini, P.; Zelli, M.; Federico, R. Mouse spermine oxidase: A
model of the catalytic cycle and its inhibition by N,N1-bis(2,3-butadienyl)-1,4-butanediamine. Biochem. Biophys. Res. Commun.
2004, 322, 1–8. [CrossRef] [PubMed]

20. Liu, W.; Liu, R.; Schreiber, S.S.; Baudry, M. Role of polyamine metabolism in kainic acid excitotoxicity in organotypic hippocampal
slice cultures. J. Neurochem. 2001, 79, 976–984. [CrossRef]

21. Seiler, N.; Duranton, B.; Raul, F. The polyamine oxidase inactivator MDL 72527. Prog. Drug Res. 2002, 59, 1–40. [CrossRef]
22. Dogan, A.; Rao, A.M.; Hatcher, J.; Rao, V.L.; Baskaya, M.K.; Dempsey, R.J. Effects of MDL 72527, a specific inhibitor of polyamine

oxidase, on brain edema, ischemic injury volume, and tissue polyamine levels in rats after temporary middle cerebral artery
occlusion. J. Neurochem. 1999, 72, 765–770. [CrossRef] [PubMed]

23. Rao, A.M.; Hatcher, J.F.; Dogan, A.; Dempsey, R.J. Elevated N1-acetylspermidine levels in gerbil and rat brains after CNS injury. J.
Neurochem. 2000, 74, 1106–1111. [CrossRef] [PubMed]

24. Dogan, A.; Rao, A.M.; Baskaya, M.K.; Hatcher, J.; Temiz, C.; Rao, V.L.; Dempsey, R.J. Contribution of polyamine oxidase to brain
injury after trauma. J. Neurosurg. 1999, 90, 1078–1082. [CrossRef] [PubMed]

25. Narayanan, S.P.; Xu, Z.; Putluri, N.; Sreekumar, A.; Lemtalsi, T.; Caldwell, R.W.; Caldwell, R.B. Arginase 2 deficiency reduces
hyperoxia-mediated retinal neurodegeneration through the regulation of polyamine metabolism. Cell Death Dis. 2014, 5, e1075.
[CrossRef] [PubMed]

26. Pichavaram, P.; Palani, C.D.; Patel, C.; Xu, Z.; Shosha, E.; Fouda, A.Y.; Caldwell, R.B.; Narayanan, S.P. Targeting Polyamine
Oxidase to Prevent Excitotoxicity-Induced Retinal Neurodegeneration. Front. Neurosci. 2018, 12, 956. [CrossRef] [PubMed]

27. Liu, F.; Saul, A.B.; Pichavaram, P.; Xu, Z.; Rudraraju, M.; Somanath, P.R.; Smith, S.B.; Caldwell, R.B.; Narayanan, S.P. Pharmaco-
logical Inhibition of Spermine Oxidase Reduces Neurodegeneration and Improves Retinal Function in Diabetic Mice. J. Clin. Med.
2020, 9, 340. [CrossRef] [PubMed]

28. Ma, Y.; Wang, J.; Wang, Y.; Yang, G.Y. The biphasic function of microglia in ischemic stroke. Prog. Neurobiol. 2017, 157, 247–272.
[CrossRef] [PubMed]

29. Sharmin, S.; Sakata, K.; Kashiwagi, K.; Ueda, S.; Iwasaki, S.; Shirahata, A.; Igarashi, K. Polyamine cytotoxicity in the presence of
bovine serum amine oxidase. Biochem. Biophys. Res. Commun. 2001, 282, 228–235. [CrossRef]

30. Uchida, K.; Kanematsu, M.; Sakai, K.; Matsuda, T.; Hattori, N.; Mizuno, Y.; Suzuki, D.; Miyata, T.; Noguchi, N.; Niki, E.; et al.
Protein-bound acrolein: Potential markers for oxidative stress. Proc. Natl. Acad. Sci. USA 1998, 95, 4882–4887. [CrossRef]

31. Tang, M.S.; Wang, H.T.; Hu, Y.; Chen, W.S.; Akao, M.; Feng, Z.; Hu, W. Acrolein induced DNA damage, mutagenicity and effect
on DNA repair. Mol. Nutr. Food Res. 2011, 55, 1291–1300. [CrossRef] [PubMed]

32. Alfarhan, M.; Jafari, E.; Narayanan, S.P. Acrolein: A Potential Mediator of Oxidative Damage in Diabetic Retinopathy. Biomolecules
2020, 10, 1579. [CrossRef] [PubMed]

33. Von Leden, R.E.; Yauger, Y.J.; Khayrullina, G.; Byrnes, K.R. Central Nervous System Injury and Nicotinamide Adenine Dinu-
cleotide Phosphate Oxidase: Oxidative Stress and Therapeutic Targets. J. Neurotrauma. 2017, 34, 755–764. [CrossRef] [PubMed]

34. Ishikawa, M. Abnormalities in glutamate metabolism and excitotoxicity in the retinal diseases. Scientifica 2013, 2013, 528940.
[CrossRef] [PubMed]

35. Patel, C.; Xu, Z.; Shosha, E.; Xing, J.; Lucas, R.; Caldwell, R.W.; Caldwell, R.B.; Narayanan, S.P. Treatment with polyamine oxidase
inhibitor reduces microglial activation and limits vascular injury in ischemic retinopathy. Biochim. Biophys. Acta 2016, 1862,
1628–1639. [CrossRef] [PubMed]

36. Zahedi, K.; Brooks, M.; Barone, S.; Rahmati, N.; Murray Stewart, T.; Dunworth, M.; Destefano-Shields, C.; Dasgupta, N.;
Davidson, S.; Lindquist, D.M.; et al. Ablation of polyamine catabolic enzymes provokes Purkinje cell damage, neuroinflammation,
and severe ataxia. J. Neuroinflammation 2020, 17, 301. [CrossRef] [PubMed]

http://doi.org/10.1016/j.exer.2021.108826
http://doi.org/10.3389/fphar.2021.798794
http://doi.org/10.3390/ijms14022559
http://doi.org/10.2174/1570159X14666160614095559
http://www.ncbi.nlm.nih.gov/pubmed/27306035
http://doi.org/10.1042/BJ20090598
http://doi.org/10.1074/jbc.TM118.003337
http://www.ncbi.nlm.nih.gov/pubmed/30333229
http://doi.org/10.1007/s12035-019-01758-8
http://www.ncbi.nlm.nih.gov/pubmed/31786775
http://doi.org/10.1038/srep45741
http://www.ncbi.nlm.nih.gov/pubmed/28401906
http://doi.org/10.1016/j.bbrc.2004.07.074
http://www.ncbi.nlm.nih.gov/pubmed/15313165
http://doi.org/10.1046/j.1471-4159.2001.00650.x
http://doi.org/10.1007/978-3-0348-8171-5_1
http://doi.org/10.1046/j.1471-4159.1999.0720765.x
http://www.ncbi.nlm.nih.gov/pubmed/9930751
http://doi.org/10.1046/j.1471-4159.2000.741106.x
http://www.ncbi.nlm.nih.gov/pubmed/10693942
http://doi.org/10.3171/jns.1999.90.6.1078
http://www.ncbi.nlm.nih.gov/pubmed/10350255
http://doi.org/10.1038/cddis.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/24556690
http://doi.org/10.3389/fnins.2018.00956
http://www.ncbi.nlm.nih.gov/pubmed/30686964
http://doi.org/10.3390/jcm9020340
http://www.ncbi.nlm.nih.gov/pubmed/31991839
http://doi.org/10.1016/j.pneurobio.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26851161
http://doi.org/10.1006/bbrc.2001.4569
http://doi.org/10.1073/pnas.95.9.4882
http://doi.org/10.1002/mnfr.201100148
http://www.ncbi.nlm.nih.gov/pubmed/21714128
http://doi.org/10.3390/biom10111579
http://www.ncbi.nlm.nih.gov/pubmed/33233661
http://doi.org/10.1089/neu.2016.4486
http://www.ncbi.nlm.nih.gov/pubmed/27267366
http://doi.org/10.1155/2013/528940
http://www.ncbi.nlm.nih.gov/pubmed/24386591
http://doi.org/10.1016/j.bbadis.2016.05.020
http://www.ncbi.nlm.nih.gov/pubmed/27239699
http://doi.org/10.1186/s12974-020-01955-6
http://www.ncbi.nlm.nih.gov/pubmed/33054763


Int. J. Mol. Sci. 2022, 23, 2133 16 of 18

37. Fan, J.; Chen, M.; Wang, X.; Tian, Z.; Wang, J.; Fan, D.; Zeng, J.; Zhang, K.; Dai, X. Targeting Smox Is Neuroprotective and
Ameliorates Brain Inflammation in Cerebral Ischemia/Reperfusion Rats. Toxicol. Sci. 2019, 168, 381–393. [CrossRef]

38. Cervelli, M.; Bellavia, G.; D’Amelio, M.; Cavallucci, V.; Moreno, S.; Berger, J.; Nardacci, R.; Marcoli, M.; Maura, G.;
Piacentini, M.; et al. A New Transgenic Mouse Model for Studying the Neurotoxicity of Spermine Oxidase Dosage in the
Response to Excitotoxic Injury. PLoS ONE 2013, 8, e64810. [CrossRef] [PubMed]

39. Wu, D.; Noda, K.; Murata, M.; Liu, Y.; Kanda, A.; Ishida, S. Regulation of Spermine Oxidase through Hypoxia-Inducible
Factor-1alpha Signaling in Retinal Glial Cells under Hypoxic Conditions. Investig. Ophthalmol. Vis. Sci. 2020, 61, 52. [CrossRef]

40. Sheu, S.J.; Liu, N.C.; Chen, J.L. Resveratrol protects human retinal pigment epithelial cells from acrolein-induced damage. J. Ocul.
Pharmacol. Ther. 2010, 26, 231–236. [CrossRef] [PubMed]

41. Pap, R.; Pandur, E.; Janosa, G.; Sipos, K.; Agocs, A.; Deli, J. Lutein Exerts Antioxidant and Anti-Inflammatory Effects and
Influences Iron Utilization of BV-2 Microglia. Antioxidants 2021, 10, 363. [CrossRef]

42. Liu, D.; Cheng, Y.; Mei, X.; Xie, Y.; Tang, Z.; Liu, J.; Cao, X. Mechanisms of acrolein induces toxicity in human umbilical vein
endothelial cells: Oxidative stress, DNA damage response, and apoptosis. Environ. Toxicol. 2021. [CrossRef]

43. Lee, S.E.; Park, H.R.; Jeon, S.; Han, D.; Park, Y.S. Curcumin Attenuates Acrolein-induced COX-2 Expression and Prostaglandin
Production in Human Umbilical Vein Endothelial Cells. J. Lipid Atheroscler. 2020, 9, 184–194. [CrossRef] [PubMed]

44. Ko, K.; Suzuki, T.; Ishikawa, R.; Hattori, N.; Ito, R.; Umehara, K.; Furihata, T.; Dohmae, N.; Linhardt, R.J.; Igarashi, K.; et al.
Ischemic stroke disrupts the endothelial glycocalyx through activation of proHPSE via acrolein exposure. J. Biol. Chem. 2020, 295,
18614–18624. [CrossRef] [PubMed]

45. Grigsby, J.; Betts, B.; Vidro-Kotchan, E.; Culbert, R.; Tsin, A. A possible role of acrolein in diabetic retinopathy: Involvement of
a VEGF/TGFbeta signaling pathway of the retinal pigment epithelium in hyperglycemia. Curr. Eye Res. 2012, 37, 1045–1053.
[CrossRef]

46. Sierra, J.C.; Piazuelo, M.B.; Luis, P.B.; Barry, D.P.; Allaman, M.M.; Asim, M.; Sebrell, T.A.; Finley, J.L.; Rose, K.L.; Hill, S.; et al.
Spermine oxidase mediates Helicobacter pylori-induced gastric inflammation, DNA damage, and carcinogenic signaling.
Oncogene 2020, 39, 4465–4474. [CrossRef] [PubMed]

47. Chaturvedi, R.; De Sablet, T.; Asim, M.; Piazuelo, M.B.; Barry, D.P.; Verriere, T.G.; Sierra, J.C.; Hardbower, D.M.; Delgado, A.G.;
Schneider, B.G.; et al. Increased Helicobacter pylori-associated gastric cancer risk in the Andean region of Colombia is mediated
by spermine oxidase. Oncogene 2015, 34, 3429–3440. [CrossRef] [PubMed]

48. Goodwin, A.C.; Destefano Shields, C.E.; Wu, S.; Huso, D.L.; Wu, X.; Murray-Stewart, T.R.; Hacker-Prietz, A.; Rabizadeh, S.;
Woster, P.M.; Sears, C.L.; et al. Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced colon tumorigen-
esis. Proc. Natl. Acad. Sci. USA 2011, 108, 15354–15359. [CrossRef] [PubMed]

49. Baya Mdzomba, J.; Joly, S.; Rodriguez, L.; Dirani, A.; Lassiaz, P.; Behar-Cohen, F.; Pernet, V. Nogo-A-targeting antibody promotes
visual recovery and inhibits neuroinflammation after retinal injury. Cell Death Dis. 2020, 11, 101. [CrossRef] [PubMed]

50. Cheng, W.S.; Lin, I.H.; Feng, K.M.; Chang, Z.Y.; Huang, Y.C.; Lu, D.W. Neuroprotective effects of exogenous erythropoietin
in Wistar rats by downregulating apoptotic factors to attenuate N-methyl-D-aspartate-mediated retinal ganglion cells death.
PLoS ONE 2020, 15, e0223208. [CrossRef]

51. Fujita, N.; Sase, K.; Tsukahara, C.; Arizono, I.; Takagi, H.; Kitaoka, Y. Pemafibrate prevents retinal neuronal cell death in
NMDA-induced excitotoxicity via inhibition of p-c-Jun expression. Mol. Biol. Rep. 2021, 48, 195–202. [CrossRef]

52. Watanabe, K.; Asano, D.; Ushikubo, H.; Morita, A.; Mori, A.; Sakamoto, K.; Ishii, K.; Nakahara, T. Metformin Protects against
NMDA-Induced Retinal Injury through the MEK/ERK Signaling Pathway in Rats. Int. J. Mol. Sci. 2021, 22, 4439. [CrossRef]
[PubMed]

53. Niwa, M.; Aoki, H.; Hirata, A.; Tomita, H.; Green, P.G.; Hara, A. Retinal Cell Degeneration in Animal Models. Int. J. Mol. Sci.
2016, 17, 110. [CrossRef] [PubMed]

54. Simeone, T.A.; Sanchez, R.M.; Rho, J.M. Molecular biology and ontogeny of glutamate receptors in the mammalian central
nervous system. J. Child Neurol. 2004, 19, 343–360; discussion 361. [CrossRef] [PubMed]

55. Uchihori, Y.; Puro, D.G. Glutamate as a neuron-to-glial signal for mitogenesis: Role of glial N-methyl-D-aspartate receptors. Brain
Res. 1993, 613, 212–220. [CrossRef]

56. Lam, T.T.; Abler, A.S.; Kwong, J.M.; Tso, M.O. N-methyl-D-aspartate (NMDA)–induced apoptosis in rat retina. Investig. Ophthalmol.
Vis. Sci. 1999, 40, 2391–2397.

57. Pesaresi, M.; Bonilla-Pons, S.A.; Simonte, G.; Sanges, D.; Di Vicino, U.; Cosma, M.P. Endogenous Mobilization of Bone-Marrow
Cells Into the Murine Retina Induces Fusion-Mediated Reprogramming of Muller Glia Cells. EBioMedicine 2018, 30, 38–51.
[CrossRef] [PubMed]

58. Ramirez, M.; Lamas, M. NMDA receptor mediates proliferation and CREB phosphorylation in postnatal Muller glia-derived
retinal progenitors. Mol. Vis. 2009, 15, 713–721. [PubMed]

59. Kurose, T.; Sugano, E.; Sugai, A.; Shiraiwa, R.; Kato, M.; Mitsuguchi, Y.; Takai, Y.; Tabata, K.; Honma, Y.; Tomita, H. Neuropro-
tective effect of a dietary supplement against glutamate-induced excitotoxicity in retina. Int. J. Ophthalmol. 2019, 12, 1231–1237.
[CrossRef]

60. Puro, D.G. Diabetes-induced dysfunction of retinal Muller cells. Trans. Am. Ophthalmol. Soc. 2002, 100, 339–352.
61. Dreyer, E.B.; Zurakowski, D.; Schumer, R.A.; Podos, S.M.; Lipton, S.A. Elevated glutamate levels in the vitreous body of humans

and monkeys with glaucoma. Arch. Ophthalmol. 1996, 114, 299–305. [CrossRef]

http://doi.org/10.1093/toxsci/kfy300
http://doi.org/10.1371/journal.pone.0064810
http://www.ncbi.nlm.nih.gov/pubmed/23840306
http://doi.org/10.1167/iovs.61.6.52
http://doi.org/10.1089/jop.2009.0137
http://www.ncbi.nlm.nih.gov/pubmed/20565308
http://doi.org/10.3390/antiox10030363
http://doi.org/10.1002/tox.23436
http://doi.org/10.12997/jla.2020.9.1.184
http://www.ncbi.nlm.nih.gov/pubmed/32821730
http://doi.org/10.1074/jbc.RA120.015105
http://www.ncbi.nlm.nih.gov/pubmed/33127645
http://doi.org/10.3109/02713683.2012.713152
http://doi.org/10.1038/s41388-020-1304-6
http://www.ncbi.nlm.nih.gov/pubmed/32350444
http://doi.org/10.1038/onc.2014.273
http://www.ncbi.nlm.nih.gov/pubmed/25174398
http://doi.org/10.1073/pnas.1010203108
http://www.ncbi.nlm.nih.gov/pubmed/21876161
http://doi.org/10.1038/s41419-020-2302-x
http://www.ncbi.nlm.nih.gov/pubmed/32029703
http://doi.org/10.1371/journal.pone.0223208
http://doi.org/10.1007/s11033-020-06032-y
http://doi.org/10.3390/ijms22094439
http://www.ncbi.nlm.nih.gov/pubmed/33922757
http://doi.org/10.3390/ijms17010110
http://www.ncbi.nlm.nih.gov/pubmed/26784179
http://doi.org/10.1177/088307380401900507
http://www.ncbi.nlm.nih.gov/pubmed/15224708
http://doi.org/10.1016/0006-8993(93)90901-X
http://doi.org/10.1016/j.ebiom.2018.02.023
http://www.ncbi.nlm.nih.gov/pubmed/29525572
http://www.ncbi.nlm.nih.gov/pubmed/19365572
http://doi.org/10.18240/ijo.2019.08.01
http://doi.org/10.1001/archopht.1996.01100130295012


Int. J. Mol. Sci. 2022, 23, 2133 17 of 18

62. Simsek, I.B.; Artunay, O. Evaluation of Biochemical Composition of Vitreous of Eyes of Diabetic Patients Using Proton Magnetic
Resonance Spectroscopy. Curr. Eye Res. 2017, 42, 754–758. [CrossRef] [PubMed]

63. Ambati, J.; Chalam, K.V.; Chawla, D.K.; D’Angio, C.T.; Guillet, E.G.; Rose, S.J.; Vanderlinde, R.E.; Ambati, B.K. Elevated gamma-
aminobutyric acid, glutamate, and vascular endothelial growth factor levels in the vitreous of patients with proliferative diabetic
retinopathy. Arch. Ophthalmol. 1997, 115, 1161–1166. [CrossRef]

64. Luo, T.; Wu, W.H.; Chen, B.S. NMDA receptor signaling: Death or survival? Front. Biol. 2011, 6, 468–476. [CrossRef]
65. Calvo, E.; Milla-Navarro, S.; Ortuno-Lizaran, I.; Gomez-Vicente, V.; Cuenca, N.; De la Villa, P.; Germain, F. Deleterious Effect

of NMDA Plus Kainate on the Inner Retinal Cells and Ganglion Cell Projection of the Mouse. Int. J. Mol. Sci. 2020, 21, 1570.
[CrossRef]

66. Tsoka, P.; Barbisan, P.R.; Kataoka, K.; Chen, X.N.; Tian, B.; Bouzika, P.; Miller, J.W.; Paschalis, E.I.; Vavvas, D.G. NLRP3
inflammasome in NMDA-induced retinal excitotoxicity. Exp. Eye Res. 2019, 181, 136–144. [CrossRef]

67. Rubsam, A.; Parikh, S.; Fort, P.E. Role of Inflammation in Diabetic Retinopathy. Int. J. Mol. Sci. 2018, 19, 942. [CrossRef] [PubMed]
68. Vohra, R.; Tsai, J.C.; Kolko, M. The role of inflammation in the pathogenesis of glaucoma. Surv. Ophthalmol. 2013, 58, 311–320.

[CrossRef]
69. Olivares-Gonzalez, L.; Velasco, S.; Campillo, I.; Rodrigo, R. Retinal Inflammation, Cell Death and Inherited Retinal Dystrophies.

Int. J. Mol. Sci. 2021, 22, 2096. [CrossRef]
70. Ma, W.; Zhao, L.; Fontainhas, A.M.; Fariss, R.N.; Wong, W.T. Microglia in the mouse retina alter the structure and function

of retinal pigmented epithelial cells: A potential cellular interaction relevant to AMD. PLoS ONE 2009, 4, e7945. [CrossRef]
[PubMed]

71. Kinuthia, U.M.; Wolf, A.; Langmann, T. Microglia and Inflammatory Responses in Diabetic Retinopathy. Front. Immunol. 2020,
11, 564077. [CrossRef]

72. Zeng, H.L.; Shi, J.M. The role of microglia in the progression of glaucomatous neurodegeneration—A review. Int. J. Ophthalmol.
2018, 11, 143–149. [CrossRef] [PubMed]

73. Arcuri, C.; Mecca, C.; Bianchi, R.; Giambanco, I.; Donato, R. The Pathophysiological Role of Microglia in Dynamic Surveillance,
Phagocytosis and Structural Remodeling of the Developing CNS. Front. Mol. Neurosci. 2017, 10, 191. [CrossRef]

74. Kalkman, H.O.; Feuerbach, D. Antidepressant therapies inhibit inflammation and microglial M1-polarization. Pharmacol. Ther.
2016, 163, 82–93. [CrossRef]

75. Italiani, P.; Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front. Immunol.
2014, 5, 514. [CrossRef]

76. Park, H.J.; Oh, S.H.; Kim, H.N.; Jung, Y.J.; Lee, P.H. Mesenchymal stem cells enhance alpha-synuclein clearance via M2 microglia
polarization in experimental and human parkinsonian disorder. Acta Neuropathol. 2016, 132, 685–701. [CrossRef] [PubMed]

77. Murakami, Y.; Ishikawa, K.; Nakao, S.; Sonoda, K.H. Innate immune response in retinal homeostasis and inflammatory disorders.
Prog. Retin. Eye Res. 2020, 74, 100778. [CrossRef] [PubMed]

78. Wang, M.; Wong, W.T. Microglia-Muller cell interactions in the retina. Adv. Exp. Med. Biol. 2014, 801, 333–338. [CrossRef]
[PubMed]

79. Wang, M.; Ma, W.; Zhao, L.; Fariss, R.N.; Wong, W.T. Adaptive Muller cell responses to microglial activation mediate neuroprotec-
tion and coordinate inflammation in the retina. J. Neuroinflammation 2011, 8, 173. [CrossRef]

80. Yoshida, M.; Tomitori, H.; Machi, Y.; Hagihara, M.; Higashi, K.; Goda, H.; Ohya, T.; Niitsu, M.; Kashiwagi, K.; Igarashi, K. Acrolein
toxicity: Comparison with reactive oxygen species. Biochem. Biophys. Res. Commun. 2009, 378, 313–318. [CrossRef] [PubMed]

81. Aldini, G.; Orioli, M.; Carini, M. Protein modification by acrolein: Relevance to pathological conditions and inhibition by aldehyde
sequestering agents. Mol. Nutr. Food Res. 2011, 55, 1301–1319. [CrossRef] [PubMed]

82. Zhao, W.Z.; Wang, H.T.; Huang, H.J.; Lo, Y.L.; Lin, A.M. Neuroprotective Effects of Baicalein on Acrolein-induced Neurotoxicity
in the Nigrostriatal Dopaminergic System of Rat Brain. Mol. Neurobiol. 2018, 55, 130–137. [CrossRef] [PubMed]

83. Takano, K.; Ogura, M.; Yoneda, Y.; Nakamura, Y. Oxidative metabolites are involved in polyamine-induced microglial cell death.
Neuroscience 2005, 134, 1123–1131. [CrossRef]

84. Szaroma, W.; Dziubek, K.; Kapusta, E. Effect of N-methyl-D-aspartic acid on activity of superoxide dismutase, catalase, glutathione
peroxidase and reduced glutathione level in selected organs of the mouse. Acta Physiol. Hung. 2014, 101, 377–387. [CrossRef]
[PubMed]

85. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
86. Nakagami, Y. Nrf2 Is an Attractive Therapeutic Target for Retinal Diseases. Oxid. Med. Cell Longev. 2016, 2016, 7469326. [CrossRef]
87. Zhong, Q.; Mishra, M.; Kowluru, R.A. Transcription factor Nrf2-mediated antioxidant defense system in the development of

diabetic retinopathy. Investig. Ophthalmol. Vis. Sci. 2013, 54, 3941–3948. [CrossRef]
88. Lambros, M.L.; Plafker, S.M. Oxidative Stress and the Nrf2 Anti-Oxidant Transcription Factor in Age-Related Macular Degenera-

tion. Adv. Exp. Med. Biol. 2016, 854, 67–72. [CrossRef]
89. Fan, J.; Xu, G.; Jiang, T.; Qin, Y. Pharmacologic induction of heme oxygenase-1 plays a protective role in diabetic retinopathy in

rats. Investig. Ophthalmol. Vis. Sci. 2012, 53, 6541–6556. [CrossRef]
90. Arai-Gaun, S.; Katai, N.; Kikuchi, T.; Kurokawa, T.; Ohta, K.; Yoshimura, N. Heme oxygenase-1 induced in muller cells plays a

protective role in retinal ischemia-reperfusion injury in rats. Investig. Ophthalmol. Vis. Sci. 2004, 45, 4226–4232. [CrossRef]

http://doi.org/10.1080/02713683.2016.1242754
http://www.ncbi.nlm.nih.gov/pubmed/27897443
http://doi.org/10.1001/archopht.1997.01100160331011
http://doi.org/10.1007/s11515-011-1187-6
http://doi.org/10.3390/ijms21051570
http://doi.org/10.1016/j.exer.2019.01.018
http://doi.org/10.3390/ijms19040942
http://www.ncbi.nlm.nih.gov/pubmed/29565290
http://doi.org/10.1016/j.survophthal.2012.08.010
http://doi.org/10.3390/ijms22042096
http://doi.org/10.1371/journal.pone.0007945
http://www.ncbi.nlm.nih.gov/pubmed/19936204
http://doi.org/10.3389/fimmu.2020.564077
http://doi.org/10.18240/ijo.2018.01.22
http://www.ncbi.nlm.nih.gov/pubmed/29376003
http://doi.org/10.3389/fnmol.2017.00191
http://doi.org/10.1016/j.pharmthera.2016.04.001
http://doi.org/10.3389/fimmu.2014.00514
http://doi.org/10.1007/s00401-016-1605-6
http://www.ncbi.nlm.nih.gov/pubmed/27497943
http://doi.org/10.1016/j.preteyeres.2019.100778
http://www.ncbi.nlm.nih.gov/pubmed/31505218
http://doi.org/10.1007/978-1-4614-3209-8_42
http://www.ncbi.nlm.nih.gov/pubmed/24664715
http://doi.org/10.1186/1742-2094-8-173
http://doi.org/10.1016/j.bbrc.2008.11.054
http://www.ncbi.nlm.nih.gov/pubmed/19032949
http://doi.org/10.1002/mnfr.201100182
http://www.ncbi.nlm.nih.gov/pubmed/21805620
http://doi.org/10.1007/s12035-017-0725-x
http://www.ncbi.nlm.nih.gov/pubmed/28866823
http://doi.org/10.1016/j.neuroscience.2005.05.014
http://doi.org/10.1556/APhysiol.101.2014.003
http://www.ncbi.nlm.nih.gov/pubmed/24866930
http://doi.org/10.1089/ars.2017.7342
http://doi.org/10.1155/2016/7469326
http://doi.org/10.1167/iovs.13-11598
http://doi.org/10.1007/978-3-319-17121-0_10
http://doi.org/10.1167/iovs.11-9241
http://doi.org/10.1167/iovs.04-0450


Int. J. Mol. Sci. 2022, 23, 2133 18 of 18

91. Sun, M.H.; Pang, J.H.; Chen, S.L.; Kuo, P.C.; Chen, K.J.; Kao, L.Y.; Wu, J.Y.; Lin, K.K.; Tsao, Y.P. Photoreceptor protection
against light damage by AAV-mediated overexpression of heme oxygenase-1. Investig. Ophthalmol. Vis. Sci. 2007, 48, 5699–5707.
[CrossRef] [PubMed]

92. Peng, P.H.; Chao, H.M.; Juan, S.H.; Chen, C.F.; Liu, J.H.; Ko, M.L. Pharmacological preconditioning by low dose cobalt
protoporphyrin induces heme oxygenase-1 overexpression and alleviates retinal ischemia-reperfusion injury in rats. Curr. Eye
Res. 2011, 36, 238–246. [CrossRef] [PubMed]

93. Palani, C.D.; Fouda, A.Y.; Liu, F.; Xu, Z.; Mohamed, E.; Giri, S.; Smith, S.B.; Caldwell, R.B.; Narayanan, S.P. Deletion of Arginase 2
Ameliorates Retinal Neurodegeneration in a Mouse Model of Multiple Sclerosis. Mol. Neurobiol. 2019, 56, 8589–8602. [CrossRef]
[PubMed]

94. Fouda, A.Y.; Xu, Z.; Shosha, E.; Lemtalsi, T.; Chen, J.; Toque, H.A.; Tritz, R.; Cui, X.; Stansfield, B.K.; Huo, Y.; et al. Arginase 1
promotes retinal neurovascular protection from ischemia through suppression of macrophage inflammatory responses. Cell Death
Dis. 2018, 9, 1001. [CrossRef] [PubMed]

95. Shosha, E.; Xu, Z.; Yokota, H.; Saul, A.; Rojas, M.; Caldwell, R.W.; Caldwell, R.B.; Narayanan, S.P. Arginase 2 promotes
neurovascular degeneration during ischemia/reperfusion injury. Cell Death Dis. 2016, 7, e2483. [CrossRef] [PubMed]

96. Candadai, A.A.; Liu, F.; Fouda, A.Y.; Alfarhan, M.; Palani, C.D.; Xu, Z.; Caldwell, R.B.; Narayanan, S.P. Deletion of arginase 2
attenuates neuroinflammation in an experimental model of optic neuritis. PLoS ONE 2021, 16, e0247901. [CrossRef] [PubMed]

http://doi.org/10.1167/iovs.07-0340
http://www.ncbi.nlm.nih.gov/pubmed/18055822
http://doi.org/10.3109/02713683.2010.539760
http://www.ncbi.nlm.nih.gov/pubmed/21275512
http://doi.org/10.1007/s12035-019-01691-w
http://www.ncbi.nlm.nih.gov/pubmed/31280447
http://doi.org/10.1038/s41419-018-1051-6
http://www.ncbi.nlm.nih.gov/pubmed/30254218
http://doi.org/10.1038/cddis.2016.295
http://www.ncbi.nlm.nih.gov/pubmed/27882947
http://doi.org/10.1371/journal.pone.0247901
http://www.ncbi.nlm.nih.gov/pubmed/33735314

	Introduction 
	Results 
	SMOX Inhibition Using MDL 72527 Reduced Iba-1 Positive Cells in the Excitotoxic Retina 
	Impact of MDL 72527 Treatment on the Status of Inflammatory Cells in Response to Excitotoxicity 
	Effect of SMOX Inhibition on Pro- and Anti-Inflammatory Cytokines 
	MDL 72527 Treatment Activated Antioxidant Signaling in the Excitotoxic Retinas 
	Changes in Acrolein Conjugated Proteins in the Excitotoxic Retinas 
	Impact of Acrolein Treatment on Microglia Cells In-Vitro 

	Discussion 
	Materials and Methods 
	Animals 
	Induction of Retinal Excitotoxicity 
	MDL 72527 Treatment 
	Immunostaining of Retinal Flat-Mount and Quantification of Iba-1 Positive Cells 
	Western Blotting 
	Immunofluorescence Staining and Quantification of Cells on Retinal Sections 
	RNA Isolation and Quantitative RT-PCR 
	Cell Culture and Conjugated Acrolein Treatment and Immunocytochemistry 
	Measurement of ROS Generation Using CM-H2DCFDA Assay 
	Data Analysis 

	References

