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The term retinitis pigmentosa (RP) describes a large group of hereditary retinopathies.
From a cellular view, retinal degeneration is prompted by an initial death of rods, followed
later by cone degeneration. This cellular progressive degeneration is translated clinically in
tunnel vision, which evolves to complete blindness. The mechanism underlying the
photoreceptor degeneration is unknown, but several mechanisms have been pointed
out as main co-stars, inflammation being one of the most relevant. Retinal inflammation is
characterized by proliferation, migration, and morphological changes in glial cells, in both
microglia and Mdller cells, as well as the increase in the expression of inflammatory
mediators. Retinal inflammation has been reported in several animal models and clinical
cases of RP, but the specific role that inflammation plays in the pathology evolution remains
uncertain. Sulforaphane (SFN) is an antioxidant natural compound that has shown anti-
inflammatory properties, including the modulation of glial cells activation. The present work
explores the effects of SFN on retinal degeneration and inflammation, analyzing the
modulation of glial cells in the RP rd10 mice model. A daily dose of 20 mg/kg of
sulforaphane was administered intraperitoneally to control (C57BL/6J wild type) and
rd10 (PdeBbrd10) mice, from postnatal day 14 to day20. On postnatal day 21,
euthanasia was performed. Histological retina samples were used to assess cellular
degeneration, Muller cells, and microglia activation. SFN administration delayed the
loss of photoreceptors. It also ameliorated the characteristic reactive gliosis, assessed
by retinal GFAP expression. Moreover, sulforaphane treatment regulated the microglia
activation state, inducing changes in the microglia morphology, migration, and expression
through the retina. In addition, SFN modulated the expression of the interleukins 1B, 4,
Ym1, and arginase inflammatory mediators. Surprisingly, M2 polarization marker
expression was increased at P21 and was reduced by SFN treatment. To summarize,
SFN administration reduced retinal neurodegeneration and modified the inflammatory
profile of RP, which may contribute to the SFN neuroprotective effect.
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INTRODUCTION

Retinitis pigmentosa (RP) englobes a range of genetic retinal
diseases, which cause progressive degeneration of the
photoreceptor retinal layer. It has been described that the RP
induces first a cellular degeneration of rods, followed by cone
degeneration (Hartong et al., 2006). This histopathology pattern
produces night blindness, followed by tunnel vision, and finally a
total vision loss (Hamel, 2006; Hartong et al., 2006). The RP is the
main cause of blindness in young people and the main cause of
hereditary blindness all over the world (Hartong et al., 2006).
There is no effective cure despite this disease affecting almost 2
million people all over the world (Farrar et al., 2002; Hartong
et al., 2006).

Retinal neurodegeneration induces an inflammation reaction,
which has been proposed as a crucial mediator of the RP
degeneration process. Neuroinflammation is characterized by
vascular and glial reactions, which are translated into the
production of inflammatory mediators and physiologic and
morphologic glial cell activation, including the Miiller cells
and microglia. Furthermore, chronic inflammation plays a
deleterious effect on the retinal function, as has been shown in
several studies (Zabel et al., 2016). A genetic disease, such as RP,
forces a genetic approach, a possibility that is not currently
accessible. The reduction of inflammation research emerges as
an interesting field and may provide insights into the mechanisms
underlying RP development. It may also help to find new
therapeutic targets to reduce the evolution and deleterious
effects of RP (Fahim, 2018).

Sulforaphane (SFN) is an antioxidant natural compound (1-
isothiocyanate-4-methylsulfonylmethane), found in cruciferous
vegetables, that has shown antioxidant properties (Li et al., 2019;
Vanduchova et al., 2019). SEN antioxidant properties are
mediated by the regulation of the Nrf2 (nuclear factor
erythroid 2-related factor 2) pathway. Nrf2 is a transcription
factor that modulates the transcription of several antioxidant
genes through its interaction with the antioxidant response
elements (ARE) complex. SEN induces the Nrf2 action,
increasing its cellular expression, as well as the activation and
nuclear translocation of Nrf2. Nrf2 cellular level is low in health
and unstressed cells, mainly by the action of Kelch-like-ECH-
associated protein 1 (KEAP1), which regulates Nrf2 by
ubiquitylation and proteasomal degradation. Further to the
initial role of SFN as an antioxidant inductor, recent data
indicated that the Nrf2/ARE pathway is involved in the
regulation of inflammation, including neuroinflammation, and
several metabolic derangements (He et al, 2020). These new
beneficial actions of Nrf2, have replaced the focus over SEN.
Recently, SFN has gained interest as a potential neuroprotective
natural agent, including its possible role as an anti-inflammatory
target in several neurodegenerative diseases (Li et al., 2019).

Macrophage activation is a hallmark of chronic inflammation.
However, the activation of macrophages displays a gradient
between proinflammatory and anti-inflammatory states, based
on different inflammatory mediator profiles, as well as different
proliferation, migration, and cellular morphological patterns.
This gradient is dynamic, and the regulation of the
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macrophage activation states drives the inflammation
progression and evolution (Crain et al., 2013).

Microglia cells, resident neural macrophages, show two main
poles of activation, the M1 (classical, proinflammatory) and M2
(alternative, anti-inflammatory) (Crain et al., 2013). The anti-
inflammatory properties of SFN have been linked with the
microglia activation state regulation (Townsend and Johnson,
2016). It has been reported that SEN modulates the microglia
activation states in different animal models studies. Specifically,
SEN may induce the swap toward the alternative M2 anti-
inflammatory state, suggesting that the beneficial SEN effects
could be explained, in part, by the regulation of the microglial
activation (Townsend and Johnson, 2016).

During the last two decades, SFN effects over the retina have been
posted in a shortlist of spotlight studies, through in vitro and in vivo
research, highlighting the SFN neuroprotective features, including
beneficial reports in works on epithelial cells and oxidative stress
(Dulull et al, 2018), microglial activation (Subedi et al., 2019),
photoreceptor degeneration (Pan et al, 2014), retinal pigment
epithelial cell degeneration, including human retinal pigment
epithelium cells (ARPE-19) (Gao and Talalay, 2004; Ye et al,
2013), and models of retinal ischemia-reperfusion (Pan et al,
2014; Gong et al., 2019), as examples. Mostly all the publications
pointed out the neuroprotective SEN potential through the
regulation of antioxidant pathways. Recently, new publications
have explored the inflammation role of SFN in diabetic
retinopathy, highlighting the inhibition of the inflammasome as a
mechanism (Li et al,, 2019). Regarding RP, SFN has been tested in
the rd10 animal model, showing a reduction in cellular degeneration
and recovery of cellular retinal response, tested by
electroretinography, the inhibition of reticular stress being one of
the mechanisms suggested (Kang and Yu, 2017).

All these initial studies tend to confirm the SEN potential as a
neuroprotective agent, but still, there are many issues to elucidate,
such as the possible SFN role over glia regulation and chronic
inflammation progression. In this study, we have explored the SEN
effect in an animal model of RP, the rd10 mice (Pde6brd10). We
have analyzed the effects of a continuous daily SFN treatment on
cellular degeneration and neuroinflammation and focused our
cellular analysis on the microglia activation profile.
Understanding the modulation of inflammation through the
progression of RP, with a special focus on microglia activation,
will help to understand the disease and evaluate potential treatments.

MATERIAL AND METHODS

Experimental Design

C57BL/6] wild-type and Pde6brd10 mice were used, as control
and RP animal models, respectively. Mice were housed in the
facilities of the Research Unit of the Department of Biomedical
Sciences of the CEU—Cardenal Herrera University. The animals
were kept in cages under controlled conditions of temperature
(20°C) and humidity (60%) and constant light-dark cycles of
12 h. The animals had free access to water and a standard diet
manufactured and distributed by Harlan Ibérica S.L. (Barcelona,
Spain). The body weight of the experimental animals was monitored
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during the period illustrated in the figure.

FIGURE 1 | Experimental chronogram. Intraperitoneal injections, with sulforaphane (SFN) or saline, were done to the experimental groups, Control, and RD10

and recorded throughout all the experiments. No differences
between the body weight of the experimental groups were
observed (data not shown). Handling and care of the animals
were approved by the ethical committee of the CEU—Cardenal
Herrera Universities (General Department of Agriculture, Livestock
and Fisheries, Government of Valencia, Spain, code:2019/VSC/PEA/
0040) and followed the “Declaration for the use of animals in
ophthalmological and vision research” (ARVO; Association for
Research in Vision and Ophthalmology). Day of birth was
considered as postnatal day 0 (P0). P14 was chosen as the day to
start intraperitoneal SEN treatment (20 mg/kg weight; sulforaphane
was dissolved in sterile saline solution and administered using
insulin-size syringe). The dose was selected as a result of
preliminary experiments performed by our group and revision of
the current field (Greaney et al, 2016; Kang and Yu, 2017;
Herndndez-Rabaza et al., 2019). To evaluate the SFN effect, each
mouse received intraperitoneal SFN administration on consecutive
days. The last day of treatment was P20. Mice were euthanized on
P21, 24h after the last sulforaphane dose administration. The
administration program is presented in Figure 1. Note that SEN
is quickly metabolized, and its body level decreases significantly
around 24 h (Clarke et al., 2011).

All the experimental solutions were administered by
intraperitoneal injections. Four experimental mice groups were
used, Control Saline (C57BL/6] wild-type mice treated with
saline), Control SFN (C57BL/6] wild-type mice treated with
sulforaphane), RD10 Saline (Pde6brd10/] mice treated with
saline), and RDI10 SFN (Pde6brd10/] mice treated with
sulforaphane). The number of mice used in each experimental
group was at least n =5. Our studies were completed on both
male and female populations.

Histological and Immunofluorescence
Studies

Eyeballs were fixed by immersion in 4% paraformaldehyde for
2 h, then three washes were performed with 0.1 M phosphate-
buffered saline pH 7.2 (PBS) for 10 min. Later, they were
cryoprotected using PBS-sucrose in increasing sucrose
concentrations (10%-20%-30%) at 4°C.

Afterward, 8-pum-thick retinal sections were obtained by a Leica
CM 1850UV Ag protect cryostat, (Leica Microsystems SLU,
Barcelona, Spain) on adhesion slides (SuperFrost, Thermo Fisher
Scientific, Braunschweig, Germany) and kept at —20°C until
their use.

Histological Study of Retinal Degeneration
Retinal ~ degeneration was studied histologically using
hematoxylin and eosin (H&E) staining on the four
experimental groups.

The quantification method consisted of the measurement of
the outer nuclear layer (ONL) thickness in terms of the number of
cell rows. To this end, a Leica DM 2000 microscope with x40
magnification was used, with the software Leica Application Suite
version 2.7.0 R1 (Leica Microsystems SLU, Barcelona, Spain) for
obtaining the photos of each retina, followed by a manual cell
counting by two experienced observers in double-blind
conditions.

This procedure was performed in three different retinal
histological sections for each eye and three different regions in
each section. These regions were central retina (near the optical
nerve), mid peripheral retina (between the central retina and far
peripheral retina), and far peripheral retina (near the ora serrata).
The distance between each retinal region was 500 pm.

Terminal Deoxynucleotidyl Transferase
Assay

The TUNEL assay was performed with an in situ cell death
detection kit (Roche Diagnostics, Mannheim, Germany) as
described in Benlloch-Navarro et al. (2019). To analyze retinal
TUNEL-positive cells, images were taken with a Nikon DS-Fil
camera attached to a Leica DM 2000 microscope, with the
software Leica Application Suite version 2.7.0 R1 (Leica
Microsystems SLU, Barcelona, Spain).

The TUNEL-positive cells were counted manually, by a blind
experimenter, in the ONL of three different regions of the retina:
central retina, mid peripheral, and far peripheral retina. The
distance between each retinal region was 500 pm. TUNEL-
positive cells from three retinal sections were counted for each
animal of each group, one area per region. The count was taken at
%20 magnification, and the number of cells was referred to the
area of the ONL, which was used. This was done with the help of
the software Image] Fiji 1.5.3.

Retinal Immunofluorescence Studies

Immunofluorescent staining procedures were performed on
retinal cryosections that were rehydrated in PBS and merged
for 1 h at room temperature (RT) with blocking solution: 10% of
normal goat serum in PBS-BSA 1% and Triton 0.1%. Afterward,
they were incubated overnight at 4°C with primary antibodies:
anti-glial fibrillary acidic protein (anti-GFAP) (1:200, Dako
Cytomation, Denmark), anti-ionized calcium-binding adaptor
molecule 1 (Ibal;  5ug/ml, Abcam, Cambridge,
United Kingdom), anti-interleukin 4 antibody (IL-4; 5 pg/ml,
Abcam, Cambridge, United Kingdom), anti-interleukin-1p (IL1p;
1:100, Abcam, Cambridge, United Kingdom), anti-liver arginase
antibody  (arginase;  5pg/ml,  Abcam,  Cambridge,
United Kingdom), and anti-chitinase three-like protein three
antibodies (CHI3L3, also named Yml; 20 pg/ml, Abcam,
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Cambridge, United Kingdom). The next day, sections were
washed and incubated for 1h in darkness at RT with the
fluorescence-conjugated secondary antibody Alexa Fluor 488
(Invitrogen, Life Technologies, Madrid, Spain). Sections were
mounted with Vectashield with DAPI (Vector, Burlingame, CA,
United States).

In the case of double immunofluorescence staining, after the
incubation with blocking solution, tissue sections were
incubated overnight with Ibal antibody. Next, incubation
with a secondary antibody (Alexa Fluor 488 or Alexa Fluor
568) for 1h was performed. Afterward, incubation overnight
with IL1B or IL4 antibodies followed by 1h of secondary
antibody (Alexa Fluor 488 or Alexa Fluor 568) incubation
was performed. Ultimately, sections were also mounted with
Vectashield with DAPL.

Retinal images were taken with a Nikon DS-Fil camera
attached to a Leica DM 2000 microscope, with the Leica
Application  Suite version 2.70 Rl program (Leica
Microsystem SLU, Barcelona, Spain). Representative images
were taken of the central retina, mid peripheral, and far
peripheral retina regions (x20 magnification). The distance
between each retinal region was 500 um. Finally, images were
quantified with the help of the software Image] Fiji 1.5.3. It must
be noticed that area is quantified as arbitrary units (AU) (656 AU
represents 100 pm).

To evaluate changes in reactive gliosis, the percentage of area
occupied by the GFAP antibody labeling was measured
throughout  the retina. Regarding 1Ibal expression,
quantification was done in three different ways. First, the
number of cells in each layer and the whole retina were
measured. Second, it was performed as a migration index.
Last, a morphological analysis of the Ibal cells was performed.

In order to evaluate microglial activation, we counted the total
Ibal-positive cells in the whole retina and each layer. This value
was divided by the area of each layer. Results were expressed in
percentage regarding the maximum value of Ibal expression in
each layer. Regarding the evaluation of microglial migration to
the damaged areas, we measured the migration index (MI), which
is defined following the method described by Martinez-
Fernandez de la Cdmara et al. (2015), as the number of Ibal-
positive cells weighted according to the retinal layer where they
are located [MI=) (number of Ibal-positive cells in each
layer x layer weighted factor)/total number of Ibal-positive
cells in the section]. The layer weighted factor was 1, 25 for
the outer nuclear layer (ONL), 1 for the outer plexiform layer
(OPL), 0, 75 for the inner nuclear layer (INL), 0, 5 for the inner
plexiform layer (IPL), and 0, 25 for the ganglion cell layer (GCL).
Finally, regarding the Ibal morphology study, to quantify the
number and length of cellular branches, fluorescence
photomicrographs were converted into skeletonized images
and analyzed using the Image] Fiji 1.5.3. Analyze Skeleton and
FracLac were used according to the method described by Young
and Morrison, (2018) for this purpose. In this case, data are
expressed in arbitrary units (AU) per nucleus.

To evaluate IL1p expression, including both the mature and
pro-form of IL1f, the percentage of area occupied by the IL1p
antibody labeling was measured throughout the retina. To
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evaluate IL4 expression, Yml expression, and arginase
expression, positive cells were counted manually in the
retina, by an experimenter in blind conditions. Three retinal
sections were counted for each animal of each group, and the
number of positive cells was referred to the area of the retina
which was used. For the colocalization quantification, the
amount of IL1B-Ibal-positive cells was manually counted,
and the results were expressed according to the amount of
Ibal-positive cells.

Statistical Analysis

The results are presented as mean values + standard deviation. Each
percentage change was performed using the RD10 SFN group
reduction/increase in comparison with RD10 SAL results. To
ensure the normal distribution of the groups, the Shapiro-Wilk
test was performed. Variance homogeneity was determined by
Levene’s test of variance homogeneity. The two-way analysis of
variance (ANOVA) was used. When the ANOVA indicated a
significant difference, the Bonferroni test was performed. SPSS
software package version 27.0 was used. In every case, it was
assumed that a p-value lower than 0.05 is significant.

RESULTS

Sulforaphane Administration Reduces
Retina Degeneration

Cellular retinal degeneration was assessed with a double cellular
analysis. First, histological analysis of the thickness of the outer
photoreceptor layer, stained with H&E, and second a
quantification of positive TUNEL cells were performed. The
cellular counting was realized in three different retinal regions
with the optic nerve position as reference, called far and mid
periphery and central nerve regions.

H&E results indicate that all the RD10 groups, treated with or
without SEN, show a significant reduction in the number of row
cells in the ONL regarding the Control groups (in all the retina
areas analyzed, Control Saline vs. RD10 Saline p-value <0.000,
Control SEN vs. RD10 SEN, p < 0.001). However, the RD10 SFN
group suffered a significant minor cellular degeneration,
particularly pronounced in the mid and nerve periphery
regions, where statistically significant differences were found
between the RD10 Saline and RD10 SEN groups (p < 0.000),
suggesting a delay in the neurodegeneration. The H&E results are
illustrated in Figure 2, including the mean increase in RD10 SEN
in comparison with the RD10 Saline group (Figure 2C).

In addition to the H&E data, immunofluorescence analysis of
the TUNEL cellular death marker confirms the neuroprotective
action of SFN. The results indicate that all the RD10 groups,
treated with or without SFN, show a significant increase in
TUNEL-positive cells regarding the Control groups (in all the
retina areas analyzed, Control Saline vs. RD10 Saline, p-value
<0.000, Control-SFN vs. RD10 SEN, p < 0.000). However, the
RD10 SEN group showed a significant reduction concerning the
RD10 Saline group, in the far periphery (p < 0.000), in the mid
periphery (p < 0.000), and in the nerve (p < 0.000) regions. The
TUNEL results are illustrated in Figure 3, including the mean
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FIGURE 2 | Hematoxylin and eosin (H&E) cell analysis. (A) Nerve region H&E images of the different animal groups in the experiment. (B) The number of cell rows in

the outer nuclear layer (ONL) in the different studied regions. *Differences between Control Saline vs. RD10 Saline or Control SFN vs. RD10 SFN (p-value <0.05).
#Differences between Control Saline vs. Control SFN or RD10 Saline vs. RD10 SFN (p-value <0.05). (C) Effect of SFN on RD10 mice H&E cell count. RD10 experimental
groups: mean and standard deviation and H&E cell percentage expression differences.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 811257


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Canto et al.

Sulforaphane Ameliorates Retinal Neuroinflammation

Control

Saline

SFN

[ve)

Far periphery
250

200 *

150

100

Area x 1076)

50

TUNEL (n° of
positiveTUNEL cells /

RD10 SFN

@
g
s

P
>
—
a
~

Control saline
Control SFN
Control saline

Cc

Units: n° of positive TUNEL cells / Area x 106

Mi

RD10

o
of
o
of
o
of
of
o
o

leeessccccacet

d periphery Nerve

H*

RD10 SFN
RD10 saline
RD10 SFN

)
=
=
S
@
=
é

Control SFN
Control saline
Control SFN

Far Periphery

RD10
SFN

% of TUNEL
reduction RD10 saline
vs RD10 SFN

Mid Periphery

Nerve

RD10

SFN

% of TUNEL
reduction RD10 saline
vs RD10 SFN

RD10
SFN

% of TUNEL
reduction RD10 saline
vs RD10 SFN

Mean

HiH

71.20

Standard
Deviation

12.37

52.93

51.43

7.60

69.99

37.38

10.28

69.25

FIGURE 3 | Terminal deoxynucleotidyl transferase (TUNEL) cellular stain assessment. (A) Nerve region images of TUNEL immunofluorescence of the different
groups in the experiment; the positive cells are pointed by white arrows. (B) The number of TUNEL-positive cells divided per area and multiplied per 10°. *Differences
between Control Saline vs. RD10 Saline or Control SFN vs. RD10 SFN (p-value <0.05). #Differences between RD10 Saline vs. RD10 SFN (p-value <0.05). (C) Effect of
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decrease in RD10 SFN in comparison with the RD10 Saline group
(Figure 3C).

Sulforaphane Reduces the Glial Cell
Activation

Immunohistochemistry data indicated an inflammation process
on the RD10 Saline group, which was reverted by the SFN
treatment. This affirmation is based on the cellular analysis of
the glial cell activation, including both Miiller cells and
microglial cells.

Miiller cell expression was analyzed with the GFAP marker,
which was increased in the RD10 Saline in comparison with both
control groups (in all the regions analyzed, Control Saline vs.
RD10 Saline, p-value <0.000, Control SEN vs. RD10 SEN,
p <0.000). This effect was reduced by the SEN treatment in
the RD10 group in the three regions analyzed (significant
differences with respect to the comparison of RD10 Saline and
RD10 SEN groups, p<0.000, far periphery; p <0.000, mid
periphery; and p < 0.000, nerve region). The GFAP results are
illustrated in Figure 4, including the mean decrease in RD10 SFN
in comparison with the RD10 Saline group (Figure 4C).
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FIGURE 4 | GFAP cellular analysis. (A) Nerve images of GFAP immunofluorescence of the different groups in the experiment. (B) GFAP percentage. *Differences
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Microglia expression was analyzed with the classical microglia
marker Ibal, which expression was elevated in both RD10 groups
in the outer nuclear layer (ONL) (Control Saline vs. RD10 Saline,
p-value <0.000, Control SFN vs. RD10 SEN, p < 0.000). These
differences were similar in the outer plexiform layer (OPL)
(Control Saline vs. RD10 Saline p-value <0.000, Control SEN vs.
RD10 SEN, p=0.035). This effect was reverted by the SFN
treatment in the RD10 group, in the three regions analyzed
(ONL, significant differences between both RDI0 groups,
p<0.000 in every studied region, OPL, significant differences
between both RD10 groups, p < 0.000, in every studied region).

In the ONL, no differences were detected between the RD10 SEN
and control groups, while in the OPL, a slight increase was found
concerning the control values (to see all statistical p-values, please
view the Supplementary Section of the manuscript). Most of the
positive Ibal marks were found in the ONL and OPL layers, but not
all. For example, the inner layers, both nuclear (INL) and plexiform
(IPL), and the ganglion cell layers (GCL) were positive also to Ibal,
and the analysis reveals no differences in the INL between the
RD10 groups and the control groups, except in the nerve region.
The tendency showed in the previous layers was swift in the GCL,
where both RD10 groups showed significant increase with respect

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 811257


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Canto et al.

Sulforaphane Ameliorates Retinal Neuroinflammation

Control

>

Saline

SFN

W

IPL
100

*#

100

100

100

IBA-1 expression (% in relation to the maximum)

*#

30 *

60 * #

40 #

20

0 L
S Z o S Z o 2
£ & £ £ £ & £ 7 E
2 w5 B T w o= B 2
g = 3§ @ g = 3§ @ g
s £ = 2 s £ = & 3
E E = 8 E £ = 8 z
s E® 82 % %
Q Q Q

FIGURE 5 | Microglia phenotype analysis (A) Nerve region images of Ioa1 immunofluorescence of the different groups in the experiment. (B) Iba1 cell percentage.
*Differences between Control Saline vs. RD10 Saline or Control SFN vs. RD10 SFN (p-value <0.05) #Differences between Control Saline vs. Control SFN or RD10 Saline

vs. RD10 SFN (p-value <0.05).

INL

RERR

Control SFN

*
*

Axdydrrad
aeq

QAN Axoydrrad
PIN

&0

RD10 saline
RD10 SFN
Control saline
Control SFN
RD10 saline
RD10 SFN
Control saline
Control SFN
RD10 saline
RD10 SFN

to the control groups, but also between the RD10 groups being the
RD10 SEN, the one that showed a higher increase (GCL, significant
differences between both RD10 groups, p < 0.000, in every studied
region). The Ibal results are illustrated in Figure 5.

Further analysis of the Ibal marker was carried out to assess
the activation and migration of the microglia. Microglia
activation is characterized by its migration pattern, from the

GCL to the ONL, and morphological changes, such as a length
reduction of the branches and soma/projections ratio. The
migration index indicated significant increases in the RDI10
Saline group in comparison with the control groups (in the far
periphery p=0.010, mid periphery p=0.007, nerve region
p=0.016), which was reverted by SFN treatment (significant
differences between both RDI10 groups, p<0.000, far
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periphery; p < 0.000, mid periphery; p < 0.000, nerve region). The
migration index results are illustrated in Figure 6A, including the
mean decrease in RD10 SEN in comparison with the RD10 Saline
group (Figure 6B). All the p-values can be seen in the
Supplementary Data of the manuscript.

The morphological analysis of the microglia indicated a
reduction in the microglia branches/soma ratio in the RD10
Saline group (in comparison with the Control Saline group,
p<0.000) that was partially reverted by the SFN treatment

(significant differences between RDI10 groups, p=0.013).
These results are presented in Figure 6C, including the mean
decrease in RD10 SFN in comparison with the RD10 Saline group
(Figure 6E). Finally, complementary to the previous data, the
length assessment of the microglia branches indicated a reduction
in the RD10 Saline group, which was partially reversed by the SEN
treatment (significant differences between RD10 Saline group and
Control Saline group, p <0.000, and between RD10 groups,
p=0.001). These data are presented in Figure 6D. All
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statistical p-values can be seen in the Supplementary Data of the
manuscript.

Sulforaphane Reduces the Expression of
Inflammatory Markers

Microglia and Miiller cell activation is characterized by the
synthesis and secretion of inflammatory mediators. In this
study, we selected and analyzed some of the most relevant
inflammatory mediators associated with glial cell activation,
including M2 alternative microglia markers. The insight of this
analysis was to unveil part of the inflammatory activation pattern
of the RD10 Saline group and analyze the SEN effects over this
pattern.

IL1B is considered a proinflammatory mediator (Mendiola
and Cardona, 2018; Wooff et al., 2019). Immunofluorescence
analysis indicated a significant increase in IL1B-positive area in
the RD10 Saline group in comparison with the Control Saline
group (p=0.009), which was reversed by the SFN treatment
(RD10 Saline vs. RD10 SFN, p =0.051). The ILIp results are
illustrated in Figure 7, including the mean decrease in RD10 SFN
in comparison with the RD10 Saline group (Figure 7C).

IL1p can be expressed by neurons and glial cells.
Colocalization analysis of Ibal and IL1B was performed to
analyze the pattern of microglia IL1B expression based on the
recently reported SFN effects as microglia modulator. The
analysis reveals that the microglia positive to IL1p was found
in the outer layers of the retina. Results indicate a significant
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increase in IL1P3 in the ONL of the RD10 Saline group (with
respect to the comparison with the Control Saline group,
p <0.000), which was reversed by the SFN (differences
between RD10 groups, p =0.002). The same profile, but less
evident, was displayed in the OPL. The ILIp-Ibal
colocalization results are illustrated in Figure 8. All statistical
p-values can be seen in the Supplementary Data of the
manuscript.

IL4 has been associated with alternative microglia activation.
The immunofluorescence analysis indicated a significant increase
in the IL4 expression in the RD10 Saline group (in comparison
with the Control Saline group, in the far periphery, p = 0.004; mid
periphery, p = 0.003; and nerve region, p = 0.014). This effect was
partially reversed by the SFN treatment (comparison between

both RD10 groups, p=0.023, far periphery; p=0.007, mid
periphery; p=0.038, and nerve region). The IL4 results are
illustrated in Figure 9, including the mean decrease in RD10
SEN in comparison with the RD10 Saline group (Figure 9C). All
statistical p-values can be seen in the Supplementary Data of the
manuscript. Further IL4/Ibal colocalization analysis indicated
that IL4-positive cells colocalized with Ibal-positive cells with
ameboid shape (Figure 10).

YMI (chitinase 3-like protein 3) recognizes a lectin family,
which is secreted by macrophages during inflammation. The
immunofluorescence analysis showed a significant increase in
the RD10 Saline group that was downregulated in the RD10 SEN
group (in comparison with the Control Saline group, p < 0.001; in
comparison with the RD10 SFN, p < 0.000). The YM1 results are
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illustrated in Figure 11, including the mean decrease in RD10
SEN in comparison with the RD10 Saline group (Figure 11C). All
statistical p-values can be seen in the Supplementary Data of the
manuscript.

Finally, the enzyme arginase converts L-arginine to urea and
L-ornithine, and its excessive expression has been related to
neural toxicity (Caldwell et al,, 2015). The
immunofluorescence  analysis indicated no  statistical
differences between the RD10 groups and the Control Saline
group. However, a significant reduction was found in the Control
SEN group in comparison with the Control Saline group (in the
mid periphery, p = 0.016, and nerve region, p = 0.024, but not in

the far periphery, p = 0.343). The higher mean values were found
in the RD10 Saline in the mid periphery (mean = 31.06 cells/area)
and nerve region (mean = 29.37 cells/area). The arginase results
are illustrated in Figure 12. All statistical p-values can be seen in
the Supplementary Data of the manuscript.

DISCUSSION

Our results show that a daily administration of SEN delays the
neurodegeneration and reduces the retina inflammation in an
animal model of RP. The neuroprotective SEN role on the retina

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 811257


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Canto et al.

Sulforaphane Ameliorates Retinal Neuroinflammation

Mid periphery

Control SFN

RD10

esssesssese

Nerve

RD10 saline
RD10 SFN
Control saline
Control SFN
RD10 saline
RD10 SFN

%]
g
o= EXETERTTRTER
5]
B Far periphery
=
3 50
°
Eo B
=<
S o
=S
S
=
&3
o
S
L
&~
< =
S92
k=11
=
Q
£z 2 & £
I 7 = 73 s
2 = F b4 b1
£ ] = a g
=) = a =}
= S = & =
= &5} =
c 7 Ny
Units: n® of positive Chitinase positive cells / Area x 106
% of Chitinase
l;]l)‘.ll\;) reduction RD10 saline
vs RD10 SFN
Mean
Standard
Deviation

Mid Periphery

Nerve

% of Chitinase
l;];ll\;) reduction RD10 saline
vs RD10 SFN

78.27

RD10
SFN

5.04

1.56

% of Chitinase
reduction RD10 saline
vs RD10 SFN

81,34

FIGURE 11 | Chitinase 3-like protein (YM1) expression assessment. (A) Nerve region images of chitinase immunofluorescence of the different groups in the
experiment; white arrows point out the positive mark. (B) The number of chitinase-positive cells was divided per area and multiplied by 10°. *Differences between Control
Saline vs. RD10 Saline or Control SFN vs. RD10 SFN (p-value <0.05). #Differences between RD10 Saline vs. RD10 SFN (p-value <0.05). (C) Effect of SFN on RD10 mice
chitinase mark expressed by the mean and standard deviation of the RD10 groups, and percentage reduction of RD10 Saline vs. RD10 SFN.

has been documented by other authors, including the retinal
function recovery in an animal model of RP (Kang and Yu, 2017).
However, how this action is achieved, and the underlying
mechanisms, remain uncertain.

The oxidative stress modulation by SEN is the most recognized
action mechanism. Concerning RP research, SFN inhibition of
endoplasmic reticulum stress has been proposed as a possible
mechanism (Kang and Yu, 2017). The antioxidant properties of
SEN are well described, as well as the deleterious relevance of
oxidative stress over RP development. The death of the first
photoreceptor cells would trigger a sequence of oxidative
reactions, which accelerate cellular degeneration (Campochiaro
and Mir, 2018). SFN neuroprotective effects will interfere with
this xenobiotic cascade, by the induction of the transcription of

antioxidant enzymes, through the Nrf2/ARE pathways (Gao and
Talalay, 2004). However, oxidative stress is a consequence of
specific cellular actions, carried out by specific cells, a process
intertwined with other cellular actions, all grouped in a most
general and comprehensive concept called inflammation
(Medzhitov, 2008). In this line, oxidative stress and
inflammation are both cellular defense responses to harmful
stimuli, which, under persistent and uncontrolled conditions,
may amplify the cellular damage. Our results indicated that SEN
administration modulates retinal inflammation, and this effect
may reduce the associated neurodegeneration.
Neuroinflammation is characterized by glial cell activation.
Our data showed a clear Miiller cell reaction that was reduced by
SEN administration (see Figure 4). Similar results have been
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described in diabetic retinopathy (Li et al., 2019), where the SEN
protection over the Miiller cells was associated with the activation
of the Nrf2 pathway and the inhibition of the inflammasome.
Moreover, the interplay between Miiller cells and microglia has
been described in eye pathologies, by which the activation of both
glial cells induces continuous activation feedback (Hu et al,
2021). A direct SEN effect over the Miiller cells or an indirect
effect through the microglia SFN modulation should be
considered as underlying mechanisms.

Microglia are macrophages resident in the nervous system,
which plays a main role during the inflammation reaction. The
activation of the microglia is characterized by the migration,
proliferation, morphology changes, and expression and secretion
of inflammatory mediators. Our cellular microglia analysis
indicates a microglia activation in the RD10 Saline group. This
statement is supported by the increased migration index, the
increased expression of Ibal, mainly in the ONL, as well as the
length reduction of the projections and the soma/projections
ratio in the Ibal cells (see Figures 5, 6). These effects were
reduced by the SEN treatment in the RD10 SEN group, but no

effect was detected in the Control SEN group. SFN anti-
inflammatory properties have been shown in several
publications. Proposed mechanisms include the activation of
anti-inflammatory genes, the modulation of internal cellular
pathways, such as MAP-Kinase p38 (Subedi et al, 2019), or
the inhibition of inflammasome (Tufekci et al., 2021). The data
suggest that the SFN administration on the Control group does
not induce an inflammatory response. The significant H&E
reduction induced by the SFN in the Control SFN group is
striking in comparison with the Control Saline group.
However, the reduction is minimal; in any case, further
analysis should explore these data on healthy individuals.
Moreover, no differences between Control groups were
detected by TUNEL analysis, indicating no SFN noxious
effects on cell survival (see Figures 2, 3).

The term inflammation groups cellular and molecular
reactions, including the overexpression of several mediators.
To complement the neuroinflammation analysis, the
expression of a selected group of inflammatory mediators was
analyzed. In the animal model of RP, at 21 days of age, the results
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indicate an increased expression of IL1{, IL4, and YM-1 that was
reduced by SFN.

IL1B has been described as a relevant proinflammatory
marker, involved in several processes, such as neutrophil
recruitment, inflammatory mediator, inflammasome activator,
or even in angiogenesis. The reported IL1p elevation in the rd10
model indicates an inflammatory process, which is reduced by the
SEN treatment. The Ibal colocalization suggests a link between
the expression of the cytokine and the activation of the microglia
that is not expressed in the group with SFN (see Figures 7, 8).
These results indicate that the SFN treatment reduced the
inflammatory IL1P pattern shown in the rd10 model, and
based on the colocalization data, one of the consequences
seems to be the modulation of the microglia activation. It is a
highlight that the colocalization analysis indicates a strong
colocalization in the ONL, where the Ibal expression was
detected higher. It is relevant to add that the ILIP marker
used in this study (Abcam, ab9722) reacts with two IL1p
isoforms, the mature and the pro-form. For this reason, it
cannot be discriminated which of both isoforms may be
affected by SEN This issue should be considered in future studies.

IL4 is a cytokine that displays several functions, which are
different based on the glia cell type analyzed and the IL4
concentration (Brodie and Goldreich, 1994). IL4 expression
has been associated with M2 microglia polarization, as well as
with eye pathological conditions (Zandi et al., 2019; Chen et al.,
2021). The results indicate an increased expression of IL4 in the
RD10 Saline group, which was reduced by the SEN treatment. IL4
was expressed in microglia cells, although its expression in other
cell types cannot be ruled out (see Figures 9 and 10). By its side,
YM1 is secreted by alternatively activated macrophages. Its
elevation has been related to some eye pathologies (Rojas
et al., 2014). The YM1 expression analysis shed similar results
to previous cytokines. It was elevated in the RP animal model and
reduced by the SFN treatment (See Figure 11). Finally, arginase is
an enzyme that hydrolyzes the amino acid, L-arginine, to

ornithine and  urea, and is  activated  during
neuroinflammation. It has been reported that a
disproportionate arginase activation is associated with

neurotoxicity (Caldwell et al, 2015). Our results do not
indicate significant differences in arginase expression, except a
significant reduction in the Control SFN group. It should be
noted that the greater mean value was registered in the RD10
Saline group (See Figure 12). Together, these results suggest that
RP runs parallel with an inflammation process, which implies
glial cell activation, and that the SEN treatment may modulate
this inflammation response, a fact connected with its
neuroprotective properties. Moreover, based on our data, this
modulation seems relevant in microglial cells, without discarding
Miiller cell regulation.

We are fully aware that IL4, YM1, and arginase are markers of
the microglia M2 polarization state. The study of M1/M2
microglia phenotype is not within the scope of this article.
However, it is relevant to consider the surprising increased
expression of these inflammatory markers. Besides the
microglia M2 phenotype, the expression and activity of these
molecules have also been related to neuroinflammation and

Sulforaphane Ameliorates Retinal Neuroinflammation

neurotoxicity, suggesting alternative actions to the M2 repair
phenotype. Moreover, the M1/M2 phenotypes are conditioned by
the disease progression state (Arroba et al., 2016). The SFN
treatment modulates the microglia activation and possibly the
polarization timing. Without a doubt, future analyses of the
microglia polarization in RP will shed light on this issue, but
our results indicate a microglia activation, including the
upregulation of classical M2 markers in rd10 mice, and its
reversion by SFN.

Reaching to this point, the data indicated an inflammatory
SEN regulation. However, how does the SFN regulate the
microglia and Miiller cell activation state? This is a precise
and relevant question.

It is logical to propose that the SFN effect over the glia cells
would be carried out through the well-described antioxidant
Nrf2/ARE pathway, inducing the transcription of genes
related to the anti-inflammatory glial cell phenotypes.
However, additional and independent Nrf2/ARE SFN
intracellular pathways have been described, including
inhibition of the inflammasome (Greaney et al., 2016),
activation of lysosome and autophagosome programs (Li
et al., 2021), and regulation of intracellular architecture
(Zhou et al., 2018), which must be considered. Further
research is required to unveil the SFN mechanisms
alternative to the antioxidant Nrf2/ARE pathway.

Besides acting by direct intracellular pathways, the SFN
anti-inflammatory properties, such as microglia phenotype
regulation, may be carried out through the
astrocyte-microglia homeostasis modulation (Kim and Son,
2021). Our results indicate that the SFN reduces both
microglia cell and Miiller cell activations. However, are both
effects triggered directly by SFN or by glia interactions? Nrf2 is
expressed at high levels in astrocytes, pointing out Miiller cells
as a relevant cellular target of SFN treatment (Navneet et al,,
2019; Xu et al, 2019). Moreover, interleukin 1B has been
proposed as an intercellular mediator in the regulation of
both glial cells (Natoli et al., 2017), and its expression and
secretion can be modulated by SFN (Hernandez-Rabaza et al.,
2016). Glial cell interactions are required to be understood to
further comprehend the SFN mechanism.

To summarize, the main idea that arises from our results is
that the SFN reduces retinal neurodegeneration, and this effect
would be accomplished, in part, by the anti-inflammatory SFN
properties. The regulation of neuroinflammation contributes to
achieving neuroprotection in diseases where the harmful stimuli
are persistent. Our data supported this statement in the case of
SEN and RP. In addition, the microglia activation pattern
modulation by SFN treatment emerges as a relevant
therapeutic target. In this line, further research is required to
understand the underlying SFN mechanism over intracellular
and intercellular glia regulations.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 811257


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Canto et al.

ETHICS STATEMENT

The animal study was reviewed and approved by the
General Department of Agriculture, Livestock and
Fisheries, Government of Valencia, Spain, code: 2019/
VSC/PEA/0040.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

REFERENCES

Arroba, A. 1., Alcalde-Estevez, E., Garcia-Ramirez, M., Cazzoni, D., de la Villa,
P., Sdnchez-Ferniandez, E. M., et al. (2016). Modulation of Microglia
Polarization Dynamics during Diabetic Retinopathy in Db/db Mice.
Biochim. Biophys. Acta 1862, 1663-1674. doi:10.1016/].BBADIS.2016.
05.024

Benlloch-Navarro, S., Trachsel-Moncho, L., Fernandez-Carbonell, A., Olivar, T.,
Soria, J. M., Almansa, I, et al. (2019). Progesterone Anti-inflammatory
Properties in Hereditary Retinal Degeneration. J. Steroid Biochem. Mol. Biol.
189, 291-301. doi:10.1016/].JSBMB.2019.01.007

Brodie, C., and Goldreich, N. (1994). Interleukin-4 Modulates the Proliferation and
Differentiation of Glial Cells. J. Neuroimmunol. 55, 91-97. doi:10.1016/0165-
5728(94)90150-3

Caldwell, R. B, Toque, H. A., Narayanan, S. P., and Caldwell, R. W. (2015).
Arginase: an Old Enzyme with New Tricks. Trends Pharmacol. Sci. 36, 395-405.
doi:10.1016/J.TIPS.2015.03.006

Campochiaro, P. A., and Mir, T. A. (2018). The Mechanism of Cone Cell Death in
Retinitis Pigmentosa. Prog. Retin. Eye Res. 62, 24-37. doi:10.1016/].
PRETEYERES.2017.08.004

Chen, S. H,, Lin, Y., Wang, L. C,, Tsai, H. Y., Yang, C. H., Teng, Y. T,, et al. (2021).
Doxycycline Ameliorates the Severity of Experimental Proliferative
Vitreoretinopathy in Mice. Int. J. Mol. Sci. 22, 11670. doi:10.3390/
IJMS222111670

Clarke, J. D., Hsu, A., Williams, D. E., Dashwood, R. H., Stevens, J. F., Yamamoto,
M., et al. (2011). Metabolism and Tissue Distribution of Sulforaphane in Nrf2
Knockout and Wild-type Mice. Pharm. Res. 28, 3171-3179. doi:10.1007/
$11095-011-0500-Z

Crain, J. M., Nikodemova, M., and Watters, J. J. (2013). Microglia Express Distinct
M1 and M2 Phenotypic Markers in the Postnatal and Adult central Nervous
System in Male and Female Mice. J. Neurosci. Res. 91, 1143-1151. doi:10.1002/
JNR.23242

Dulull, N. K., Dias, D. A., Thrimawithana, T. R,, and Kwa, F. A. A. (2018).
L-sulforaphane Confers Protection against Oxidative Stress in an In Vitro
Model of Age-Related Macular Degeneration. Curr. Mol. Pharmacol. 11,
237-253. doi:10.2174/1874467211666180125163009

Fahim, A. (2018). Retinitis Pigmentosa: Recent Advances and Future Directions in
Diagnosis and Management. Curr. Opin. Pediatr. 30, 725-733. d0i:10.1097/
MOP.0000000000000690

Farrar, G. J., Kenna, P. F., and Humphries, P. (2002). On the Genetics of Retinitis
Pigmentosa and on Mutation-independent Approaches to Therapeutic
Intervention. EMBO J. 21, 857-864. doi:10.1093/EMBOQ]/21.5.857

Gao, X., and Talalay, P. (2004). Induction of Phase 2 Genes by Sulforaphane
Protects Retinal Pigment Epithelial Cells against Photooxidative Damage.
Proc. Natl. Acad. Sci. U. S. A. 101, 10446-10451. doi:10.1073/PNAS.
0403886101

Gong, Y., Cao, X, Gong, L., and Li, W. (2019). Sulforaphane Alleviates Retinal
Ganglion Cell Death and Inflammation by Suppressing NLRP3 Inflammasome
Activation in a Rat Model of Retinal Ischemia/reperfusion Injury. Int.

Sulforaphane Ameliorates Retinal Neuroinflammation

FUNDING

This article was funded by the GV/2019/034 project and the
Precompetitive project by Fundacién San Pablo CEU (FUSP-PPC-
19-19F1741D), Productivity indicators UCH-CEU University
(INDI21/39), and the grants ACIF/199/2019 and FPU 20/06277.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.811257/
full#supplementary-material

J.  Immunopathol.  Pharmacol. 2058738419861777.  doi:10.1177/
2058738419861777

Greaney, A. J., Maier, N. K., Leppla, S. H., and Moayeri, M. (2016). Sulforaphane
Inhibits Multiple Inflammasomes through an Nrf2-independent Mechanism.
J. Leukoc. Biol. 99, 189-199. doi:10.1189/JLB.3A0415-155RR

Hamel, C. (2006). Retinitis Pigmentosa. Orphanet ]. Rare Dis. 1, 40. doi:10.1186/
1750-1172-1-40

Hartong, D. T., Berson, E. L., and Dryja, T. P. (2006). Retinitis Pigmentosa. Lancet
368, 1795-1809. doi:10.1016/S0140-6736(06)69740-7

He, F., Ru, X., and Wen, T. (2020). NRF2, a Transcription Factor for Stress
Response and beyond. Int. J. Mol. Sci. 21, 1-23. doi:10.3390/1JMS21134777

Hernandez-Rabaza, V., Cabrera-Pastor, A., Taoro-Gonzalez, L., Gonzalez-Usano,
A., Agusti, A., Balzano, T., et al. (2016). Neuroinflammation Increases
GABAergic Tone and Impairs Cognitive and Motor Function in
Hyperammonemia by Increasing GAT-3 Membrane Expression. Reversal by
Sulforaphane by  Promoting M2  Polarization of  Microglia.
J. Neuroinflammation 13, 83-13. doi:10.1186/S12974-016-0549-Z

Hernéndez-Rabaza, V., Lopez-Pedrajas, R., and Almansa, I. (2019). Progesterone,
Lipoic Acid, and Sulforaphane as Promising Antioxidants for Retinal Diseases:
A Review. Antioxidants 8, 53. doi:10.3390/ANTIOX8030053

Hu, X,, Zhao, G.-L., Xu, M.-X., Zhou, H., Li, F.,, Miao, Y., et al. (20212021).
Interplay between Miiller Cells and Microglia Aggravates Retinal Inflammatory
Response in Experimental Glaucoma. J. Neuroinflammation 18, 1-19. doi:10.
1186/512974-021-02366-X

Kang, K., and Yu, M. (2017). Protective Effect of Sulforaphane against Retinal
Degeneration in the Pde6rd10 Mouse Model of Retinitis Pigmentosa. Curr. Eye
Res. 42, 1684-1688. doi:10.1080/02713683.2017.1358371

Kim, S., and Son, Y. (2021). Astrocytes Stimulate Microglial Proliferation and M2
Polarization In Vitro through Crosstalk between Astrocytes and Microglia. Int.
J. Mol. Sci. 22, 8800. doi:10.3390/1JMS22168800

Li, D., Shao, R., Wang, N., Zhou, N., Du, K,, Shi, J., et al. (2021). Sulforaphane
Activates a Lysosome-dependent Transcriptional Program to Mitigate
Oxidative Stress. Autophagy 17, 872-887. doi:10.1080/15548627.2020.1739442

Li, S., Yang, H., and Chen, X. (2019). Protective Effects of Sulforaphane on Diabetic
Retinopathy: Activation of the Nrf2 Pathway and Inhibition of NLRP3
Inflammasome Formation. Exp. Anim. 68, 221-231. doi:10.1538/EXPANIM.
18-0146

Martinez-Fernandez de la Cémara, C., Hernandez-Pinto, A. M., Olivares-
Gonzalez, L., Cuevas-Martin, C., Sanchez-Arag6, M., Hervas, D., et al
(2015). Adalimumab Reduces Photoreceptor Cell Death in A Mouse Model
of Retinal Degeneration. Sci. Rep. 5, 11764. doi:10.1038/SREP11764

Medzhitov, R. (2008). Origin and Physiological Roles of Inflammation. Nature 454,
428-435. doi:10.1038/nature07201

Mendiola, A. S., and Cardona, A. E. (2018). The IL-1p Phenomena in
Neuroinflammatory Diseases. J. Neural Transm. (Vienna) 125, 781-795.
doi:10.1007/S00702-017-1732-9

Natoli, R., Fernando, N., Madigan, M., Chu-Tan, J. A., Valter, K., Provis, J., et al.
(2017). Microglia-derived IL-1B Promotes Chemokine Expression by Miiller
Cells and RPE in Focal Retinal Degeneration. Mol. Neurodegener. 12, 31. doi:10.
1186/513024-017-0175-Y

33,

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 811257


https://www.frontiersin.org/articles/10.3389/fphar.2022.811257/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.811257/full#supplementary-material
https://doi.org/10.1016/J.BBADIS.2016.05.024
https://doi.org/10.1016/J.BBADIS.2016.05.024
https://doi.org/10.1016/J.JSBMB.2019.01.007
https://doi.org/10.1016/0165-5728(94)90150-3
https://doi.org/10.1016/0165-5728(94)90150-3
https://doi.org/10.1016/J.TIPS.2015.03.006
https://doi.org/10.1016/J.PRETEYERES.2017.08.004
https://doi.org/10.1016/J.PRETEYERES.2017.08.004
https://doi.org/10.3390/IJMS222111670
https://doi.org/10.3390/IJMS222111670
https://doi.org/10.1007/S11095-011-0500-Z
https://doi.org/10.1007/S11095-011-0500-Z
https://doi.org/10.1002/JNR.23242
https://doi.org/10.1002/JNR.23242
https://doi.org/10.2174/1874467211666180125163009
https://doi.org/10.1097/MOP.0000000000000690
https://doi.org/10.1097/MOP.0000000000000690
https://doi.org/10.1093/EMBOJ/21.5.857
https://doi.org/10.1073/PNAS.0403886101
https://doi.org/10.1073/PNAS.0403886101
https://doi.org/10.1177/2058738419861777
https://doi.org/10.1177/2058738419861777
https://doi.org/10.1189/JLB.3A0415-155RR
https://doi.org/10.1186/1750-1172-1-40
https://doi.org/10.1186/1750-1172-1-40
https://doi.org/10.1016/S0140-6736(06)69740-7
https://doi.org/10.3390/IJMS21134777
https://doi.org/10.1186/S12974-016-0549-Z
https://doi.org/10.3390/ANTIOX8030053
https://doi.org/10.1186/S12974-021-02366-X
https://doi.org/10.1186/S12974-021-02366-X
https://doi.org/10.1080/02713683.2017.1358371
https://doi.org/10.3390/IJMS22168800
https://doi.org/10.1080/15548627.2020.1739442
https://doi.org/10.1538/EXPANIM.18-0146
https://doi.org/10.1538/EXPANIM.18-0146
https://doi.org/10.1038/SREP11764
https://doi.org/10.1038/nature07201
https://doi.org/10.1007/S00702-017-1732-9
https://doi.org/10.1186/S13024-017-0175-Y
https://doi.org/10.1186/S13024-017-0175-Y
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Canto et al.

Navneet, S., Cui, X., Zhao, J., Wang, J., Kaidery, N. A, Thomas, B,, et al. (2019).
Excess Homocysteine Upregulates the NRF2-Antioxidant Pathway in Retinal
Miiller Glial Cells. Exp. Eye Res. 178, 228-237. doi:10.1016/].EXER.2018.03.022

Pan, H.,, He, M, Liu, R, Brecha, N. C,, Yu, A. C, and Pu, M. (2014). Sulforaphane
Protects Rodent Retinas against Ischemia-Reperfusion Injury through the
Activation of the Nrf2/HO-1 Antioxidant Pathway. PLoS One 9, e114186.
doi:10.1371/JOURNAL.PONE.0114186

Rojas, B., Gallego, B. I, Ramirez, A. I, Salazar, J. ], de Hoz, R,, Valiente-Soriano, F. J.,
et al. (2014). Microglia in Mouse Retina Contralateral to Experimental Glaucoma
Exhibit Multiple Signs of Activation in All Retinal Layers. J. Neuroinflammation 11,
133-224. doi:10.1186/1742-2094-11-133/FIGURES/14

Subedi, L., Lee, J. H., Yumnam, S., Ji, E., and Kim, S. Y. (2019). Anti-Inflammatory
Effect of Sulforaphane on LPS-Activated Microglia Potentially through JNK/
AP-1/NF-xB Inhibition and Nrf2/HO-1 Activation. Cells 8, 194. doi:10.3390/
CELLS8020194

Townsend, B. E., and Johnson, R. W. (2016). Sulforaphane Induces Nrf2 Target
Genes and Attenuates Inflammatory Gene Expression in Microglia from Brain
of Young Adult and Aged Mice. Exp. Gerontol. 73, 42-48. doi:10.1016/].
EXGER.2015.11.004

Tufekei, K. U, Ercan, I, Isci, K. B., Olcum, M., Tastan, B., Gonul, C. P, et al. (2021).
Sulforaphane Inhibits NLRP3 Inflammasome Activation in Microglia through
Nrf2-Mediated miRNA Alteration. Immunol. Lett. 233, 20-30. doi:10.1016/].
IMLET.2021.03.004

Vanduchova, A., Anzenbacher, P., and Anzenbacherova, E. (2019). Isothiocyanate
from Broccoli, Sulforaphane, and its Properties. J. Med. Food 22, 121-126.
doi:10.1089/jmf.2018.0024

Wooff, Y., Man, S. M., Aggio-Bruce, R., Natoli, R., and Fernando, N. (2019). IL-1
Family Members Mediate Cell Death, Inflammation and Angiogenesis in
Retinal Degenerative Diseases. Front. Immunol. 10, 1618. doi:10.3389/
FIMMU.2019.01618

Xu, Z., Cho, H., and Dubh, E. J. (2019). The Effect of Nrf2 Depletion in Miiller Glia
on Retinal Angiogenesis in Oxygen-Induced Retinopathy. Invest. Ophthalmol.
Vis. Sci. 60, 1643.

Ye, L., Yu, T, Li, Y., Chen, B, Zhang, J., Wen, Z,, et al. (2013). Sulforaphane
Enhances the Ability of Human Retinal Pigment Epithelial Cell against

Sulforaphane Ameliorates Retinal Neuroinflammation

Oxidative Stress, and its Effect on Gene Expression Profile Evaluated by
Microarray Analysis. Oxidative Med. Cell Longevity 2013, 1-13. doi:10.1155/
2013/413024

Young, K., and Morrison, H. (2018). Quantifying Microglia Morphology from
Photomicrographs of Immunohistochemistry Prepared Tissue Using Imagej.
JoVE, 2018 1-9. doi:10.3791/57648

Zabel, M. K., Zhao, L., Zhang, Y., Gonzalez, S. R., Ma, W., Wang, X, et al.
(2016). Microglial Phagocytosis and  Activation Underlying
Photoreceptor Degeneration Is Regulated by CX3CL1-Cx3crl
Signaling in a Mouse Model of Retinitis Pigmentosa. Glia 64,
1479-1491. doi:10.1002/GLIA.23016

Zandji, S., Pfister, L. B., Traine, P. G., Tappeiner, C., Despont, A., Rieben, R., et al.
(2019). Biomarkers for PVR in Rhegmatogenous Retinal Detachment. PLoS
One 14, €0214674. doi:10.1371/JOURNAL.PONE.0214674

Zhou, Y., Yang, G,, Tian, H., Hu, Y., Wu, S,, Geng, Y., et al. (2018). Sulforaphane
Metabolites Cause Apoptosis via Microtubule Disruption in Cancer. Endocr.
Relat. Cancer 25, 255-268. doi:10.1530/ERC-17-0483

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed nor
endorsed by the publisher.

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

Frontiers in Pharmacology | www.frontiersin.org

18

March 2022 | Volume 13 | Article 811257


https://doi.org/10.1016/J.EXER.2018.03.022
https://doi.org/10.1371/JOURNAL.PONE.0114186
https://doi.org/10.1186/1742-2094-11-133/FIGURES/14
https://doi.org/10.3390/CELLS8020194
https://doi.org/10.3390/CELLS8020194
https://doi.org/10.1016/J.EXGER.2015.11.004
https://doi.org/10.1016/J.EXGER.2015.11.004
https://doi.org/10.1016/J.IMLET.2021.03.004
https://doi.org/10.1016/J.IMLET.2021.03.004
https://doi.org/10.1089/jmf.2018.0024
https://doi.org/10.3389/FIMMU.2019.01618
https://doi.org/10.3389/FIMMU.2019.01618
https://doi.org/10.1155/2013/413024
https://doi.org/10.1155/2013/413024
https://doi.org/10.3791/57648
https://doi.org/10.1002/GLIA.23016
https://doi.org/10.1371/JOURNAL.PONE.0214674
https://doi.org/10.1530/ERC-17-0483
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Sulforaphane Modulates the Inflammation and Delays Neurodegeneration on a Retinitis Pigmentosa Mice Model
	Introduction
	Material and Methods
	Experimental Design
	Histological and Immunofluorescence Studies
	Histological Study of Retinal Degeneration
	Terminal Deoxynucleotidyl Transferase Assay
	Retinal Immunofluorescence Studies
	Statistical Analysis

	Results
	Sulforaphane Administration Reduces Retina Degeneration
	Sulforaphane Reduces the Glial Cell Activation
	Sulforaphane Reduces the Expression of Inflammatory Markers

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


