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Abstract

Age-related macular degeneration (AMD) is the leading cause of vision
impairment in elderly people. AMD is a multifactorial disease which is characterised by
complex interactions between metabolic and environmental factors as well as multiple
genetic susceptibility factors. The exact mechanism of the most prominent
environmental factors, age and smoking, in combination with genetic susceptibility
factors is little studied. Here, we set out to study the influence of age, smoking induced
oxidative stress and the role of succinate receptor 1 (SUCNR1) in AMD development
in mice.

Sucnr1 wild-type (WT), heterozygous (HT) and knock-out (KO) mice were
exposed to smoking related oxidative stress by the addition of hydroquinone (HQ), the
most abundant oxidant in cigarette smoke, to the drinking water of the mice. Using
immunohistochemical staining, accumulation of oxidized LDL (oxLDL) in the mouse
retina was assessed at 40 and 48 weeks of age.

At 40 weeks of age, a significant increase in oxLDL in the Sucnr1 KO mice
treated with HQ was observed when compared to the WT and HT mice treated with
HQ (p<0.01). However, at 48 weeks, no significant difference was observed between
any of the groups. A second experiment analyzing the mice at 40 weeks of age was
unable to confirm the observed results of the first experiment.

We identified oxLDL accumulations in Sucnr1 KO retinas exposed to HQ, but
were unable to repeat this finding. Therefore, under the present conditions, the Sucnr1
KO mouse model is not a suitable model to study AMD development.
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Introduction

Age-related macular degeneration (AMD) is the leading cause of vision
impairment in elderly people, and it is estimated that 8.7% of the world population is
affected by AMD'. AMD is a neurodegenerative disease of the macula and is
characterized by the formation of insoluble extracellular lipid aggregates, known as
drusen?3. Drusen are found between the retinal pigment epithelium (RPE) layer and
the Bruchs’ membrane®, and are associated with reduced functionality of the RPES®.
Based on phenotypic manifestations, advanced AMD can be classified into two distinct
forms. Dry AMD is characterized by RPE and photoreceptor (PR) cell death known as
geographic atrophy®. The second form is called wet AMD due to the neovascularization
of the choroid®. Understanding the molecular mechanisms underlying wet AMD
pathogenesis has resulted in the development of FDA-approved therapies targeting
vascular endothelial growth factor to prevent severe visual loss’. However, no
treatment is currently available yet for the dry form of AMD.

AMD is a multifactorial disease which is characterised by complex interactions
between metabolic, functional and environmental factors as well as several genetic
susceptibility factors. Moreover, cigarette smoking is indicated as one of the greatest
environmental risk factors for the development of both dry and wet AMD8. Cigarette
smoke contains multiple potential toxic substances, including many pro-oxidants. One
of the pro-oxidants found in cigarette smoke is hydroquinone (HQ)®, and toxicity of HQ
to retinal cells through oxidative, mitochondrial and autophagic pathways has been
shown in previous in vitro studies'®'2. Cumulative oxidative damage as a result of an
imbalance between the antioxidant defence system and generation of reactive oxygen
species (ROS) has long been hypothesized to play a substantial role in RPE
impairment and AMD progression3-16.

Recently, a potential role for the metabolite sensing receptor succinate receptor
1 (SUCNR1) in AMD development was proposed'’. It was shown that deficiency of
Sucnr1 in mice led to outer retinal lesions and accumulation of oxidative LDL (oxLDL),
a lipid-protein complex found in drusen. Moreover, we recently described a single
nucleotide polymorphism in the 3'-UTR of the SUCNR1 gene, which is enriched in the
EUGENDA AMD cohort, and reduces the SUCNR1 expression levels in vitro'®.
Understanding the link between the SUCNR1 and the development of AMD may lead

to new therapeutic innovations. The objective of this study was to induce smoking-
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related oxidative stress in mice in absence or presence of the Sucnr1 to document
changes in the retinal layers and to observe whether Sucnr1 plays a role in the
development of AMD.
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Methods

Animal studies

Sucnr1 knock-out mice on a C56BL/6 background were generated as
described'. Sucnr1 wild-type (WT), heterozygous (HT) and knock-out (KO) littermates
were housed under standardized conditions (12 h dark/12 h light cycle) and fed ad
libitum. Animal experiments were approved by the animal ethics board of the Radboud
University, Nijmegen (RU DEC 2016-0054) and by the Dutch Central Commission for
Animal Experiments (CCD, AVD103002016620).

Eight week-old animals from each genotype group were randomly divided into
two groups: untreated controls and HQ-induced oxidative stress. In the oxidative stress
groups, continuous stress exposure was induced by addition of 0.8% HQ (Sigma-
Aldrich, Burlington, MA, USA) to the animal’s drinking water. At 32, 40 and 48 weeks
of age, mice were sacrificed using cervical dislocation and eyes were collected via
enucleation. Anterior segments (cornea, iris and lens) were removed to expose the
posterior eyecup. Eyes were fixed in 4% PFA at room temperature (RT) followed by
graded sucrose embedding (10%, 20% and 30%) (MP Biomedicals, Amsterdam, the
Netherlands). Finally, eyecups were enclosed in optimum cutting temperature
compound (OCT, Sakura Finetek Holland B.V., Alphen aan den Rijn, the Netherlands)
and frozen in liquid nitrogen. Tissue was stored at -80 °C until sectioning.

Fluorescence immunohistochemistry

Eyecups were cryosectioned at 12 pym thickness using the Microm HM 500 M
Cryostat at a chamber temperature of -20°C and a specimen temperature of -17°C.
For every eye, six to seven sections were mounted on Superfrost plus slides
(ThermoFisher Scientific, Breda, the Netherlands), dried at RT overnight, and stored
at -20 °C until staining.

After blocking using 0.5% Blocking Reagent (TSA Fluorescein System Kkit,
PerkinElmer, Cat.No. NEL701AO001KT) in Tris/HCI + NaCl, tissue sections were
stained with anti-oxLDL (1:400, Sigma-Aldrich, Burlington, MA, USA) overnight at 4°C
followed by Alexa 488 (1:300, ThermoFisher Scientific, Breda, the Netherlands) for 2
hours at RT. DAPI Fluoromount-G (SouthernBiotech, Uithoorn, the Netherlands) was
used to mount the sections and to stain the nuclei. Fluorescence images were obtained

with a Zeiss Imager.M2 fluorescent microscope.
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Image J analysis

Using Image J software?® the area of ox-LDL was measured. The total area
containing accumulation of ox-LDL for each eye was averaged as the representative
value for that eye. The average ox-LDL accumulation of both eyes of a mouse were
taken as one measurement. Examiners were masked for the genotype group and

treatment regime of the mice during microscopy and Imaged analysis.

Statistical analyses

Statistical analyses were performed using Graphpad Prism 8 software. Three-
way ANOVA or two-way ANOVA were used, as indicated in figure legends. P-values
<0.05 (*), <0.01 (**) and <0.001 (***) were considered to be statistically significant. For
the three-way ANOVA, missing values (4 out of 96) were supplemented with the mean

of the group for statistical analysis purposes.

RPE RNA isolation

For RNA-sequencing analysis, 40 week-old control and treated WT and Sucnr1
KO mice were randomly selected for RNA-sequencing analysis (n=4 per group). Mice
were sacrificed at 2 am using cervical dislocation and eyes were collected via
enucleation. Anterior segments were removed and the retina was carefully peeled off.
The eyecup containing the RPE, sclera and choroid were stored in RNAlater solution
(Thermofisher, Amsterdam, The Netherlands) at -20°C.

For RNA isolation, the RPE was removed gently from the choroidal layer.
Afterwards, the RPE was dissolved in RLT Buffer from RNeasy Micro Kit (Qiagen,
Germantown, MD, USA). RNA was extracted using the RNeasy Micro Kit according to
the manufacturer’s protocol using the on column DNAse treatment. RNA concentration
and quality were measured using a Nanodrop spectrophotometer (NanoDrop 2000C,
Thermofisher, Amsterdam, The Netherlands).

RNA-sequencing

RNA samples of one eye per mouse were sent to ServiceXS (Genomescan,
Leiden, The Netherlands) for sequencing. The RNA concentration and quality were
assessed using the Advanced Analytical Fragment Analyzer (Agilent Technologies,
CA, USA, table 1) prior to library construction. Library prep was performed using
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NEBNext Ultra Directional RNA Library Prep Kit from Illumina (New England Biolabs,
Leiden, The Netherlands). 1.1 nM of cDNA was used for input samples in lllumina
Novasec 6000 sequencer (lllumina, San Diego, USA) for 1 x 150 bp paired-end
sequencing, sequencing an average of 20 million reads per sample.

RNA-sequencing data analyses

The mm10 reference assembly was first indexed by STAR mapper?' with gene
annotation model from ENSEMBL database. RNA-seq reads were aligned to the
mm10 genome using the two-pass mode of STAR, and the gene-based read counts
were quantified at the same time. The DESeq2 package?? was used to detect
differentially expressed genes by performing pair-wise comparison among the four
described time points. Only genes with a Benjamini-Hochberg-adjusted p-value < 0.05
and fold change > 1.5 were considered significantly differentially expressed.
Cufflinks?®> was employed to estimate gene-level abundance in FPKM values for
ENSEMBL genes.

Data availability
The RNA-seq data used in this paper has been deposited in the Gene
Expression Omnibus database®* with the accession number GSE139996.
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Results

To study the combined effect of absence or reduced Sucnr1 expression and
HQ-induced oxidative stress on AMD development, Sucnr1 WT, HT and KO mice were
used. Mice from each genotype group were either exposed to HQ from the age of eight
weeks or left untreated, resulting in six experimental groups. Each experimental group
contained eight mice for each time point of tissue isolation. At 32, 40 and 48 weeks of
age, eyes were quantitatively analyzed for drusen formation using anti-oxLDL staining,
and for each mouse the area of oxLDL staining of both eyes was averaged.

Representative images of anti-oxLDL staining are shown in figure 1. At 32
weeks of age, no specific anti-oxLDL staining was observed (data not shown). At 40
weeks of age, an increase in oxLDL was observed in the KO animals treated with HQ.
After quantification, a significant increase in oxLDL staining was observed between the
HQ-treated WT compared to HQ-treated KO animals (p=0.0061), between the HQ-
treated HT compared to HQ-treated KO animals (p=0.009) and between untreated KO
compared to HQ-treated KO animals (p=0.0057; figure 2A). Moreover, the HT animals
treated with HQ seem to show an intermediate phenotype compared to the HQ-treated
WT and KO animals.

At 48 weeks of age the anti-oxLDL staining showed no significant difference
between the groups. However, a trend for increased oxLDL staining was observed
when comparing all treated groups to their untreated control groups.

To further study and verify the effect observed at 40 weeks of age, the same
genotype groups were investigated in an independent second experiment (n=7 per
experimental group). RNA was isolated from WT and KO eyes from both the treated
and untreated groups, which was subjected to RNA sequencing (n=4 per experimental
group). When comparing all groups to each other, very little significant differences in
gene expression were observed (table 1). The remaining animals were used for anti-
oxLDL staining (n=3-7). After quantification of the anti-oxLDL staining, no difference
was observed between the six experimental groups (figure 2B).
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40 weeks

Figure 1. Anti-oxLDL staining of retinal sections from 40- and 48-week-old mice.
Representative pictures of anti-oxLDL staining (in green) at 40 and 48 weeks of age for the
6 experimental groups are shown with DAPI stained in blue. Specific staining in the RPE is
indicated with the white arrows. Scale bars: 50 uym. N: outer nuclear layer; OS: outer
segments; R: RPE; HQ: hydroquinone-treated; WT: wild-type; HT: Sucnr1 heterozygote;
KO: Sucnr1 knock-out.
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Figure 2. Quantification of anti-oxLDL staining. Anti-oxLDL staining was quantified using
Imaged software. Average amount of staining per mouse is plotted (n=7-8). A) Anti-oxLDL
staining measured for first animal experiment at 40 and 48 weeks of age. Data analyzed
using three-way ANOVA. **, p<0.01. B) Anti-oxLDL staining measured in an independent
second animal experiment at 40 weeks of age. Data analyzed using two-way ANOVA. HQ:
hydroquinone-treated; WT: wild-type; HT: Sucnr1 heterozygote; KO: Sucnr1 knock-out.
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Table 1. Number of identified differentially expressed genes.

Comparison # DEG (P<0.05) Ensembl code DEGs
WT- HQ vs KO- HQ 0 -

WT- HQ vs WT+ HQ 9 ENSMUSG00000067543,
ENSMUSG00000107874,
ENSMUSG00000074063,
ENSMUSG00000032350,
ENSMUSG00000079276,
ENSMUSG00000063428,
ENSMUSG00000009185,
ENSMUSG00000041831,
ENSMUSG00000032802
KO- HQ vs KO+ HQ 10 ENSMUSG00000067543,
ENSMUSG00000074063,
ENSMUSG00000058135,
ENSMUSG00000107874,
ENSMUSG00000032802,
ENSMUSG00000028961,
ENSMUSG00000032350,
ENSMUSG00000005413,
ENSMUSG00000020250,
ENSMUSG00000064120
WT- HQ vs KO+ HQ 10 ENSMUSG00000067543,
ENSMUSG00000107874,
ENSMUSG00000058135,
ENSMUSG00000032802,
ENSMUSG00000074063,
ENSMUSG00000032350,
ENSMUSG00000033770,
ENSMUSG00000079276,
ENSMUSG00000028961,
ENSMUSG00000033715
WT+ HQ vs KO+ HQ 3 ENSMUSG00000027792,
ENSMUSG00000069171,
ENSMUSG00000024558

WT+ HQ vs KO- HQ 8 ENSMUSG00000067543,
ENSMUSG00000074063,
ENSMUSG00000107874,
ENSMUSG00000058135,
ENSMUSG00000030109,
ENSMUSG00000028961,
ENSMUSG00000009185,
ENSMUSG00000041831

The number of differentially expressed genes (DEGs) between the comparisons made in the
RNA-sequencing analysis and the corresponding Ensembl gene codes. WT: wild-type; KO:
Sucnr1 knock-out; HQ: hydroquinone.
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Discussion

This study sought to identify and elucidate the role of SUCNR1 deficiency in
oxidative stress-induced development of (dry) AMD. Previously, Favret et al. showed
that 43 week-old Sucnr1 KO mice developed thickening of the Bruch’s membrane
compared to aged Sucnr1 WT mice'”. Moreover, they showed oxLDL accumulations
in Sucnr1 KO mice of the same age exposed to a high fat diet from the eighth week of
life. Due to the multifactorial aspect of AMD development, we set out to study if
smoking-induced oxidative stress could induce similar effects on oxLDL deposit
formation. Furthermore, we intended to study affected pathways underlying SUCNR1
deficiency related to AMD development.

The different results between our study and that of Favret et al. are striking. In
our first experiment, we used eight mice per experimental group to quantity oxLDL
accumulation where Favret et al. used three to four mice. The mice showing oxLDL
accumulations in the study of Favret et al. were 43 weeks old KO animals and were
exposed to a high fat diet. We first detected oxLDL accumulations in 40 week-old KO
mice exposed to HQ. In contrast to Favret et al., our anti-oxLDL staining was
quantitatively evaluated using imagedJ software, while Favret et al. did not perform a
quantitative analysis of oxLDL staining. Our data revealed a significant increase in
oxLDL in the Sucnr1 KO mice treated with HQ which is in line with the results of Favret
et al. in Sucnr1 KO mice exposed to a high fat diet. However, we were not able to
repeat our first finding in an independent second experiment where we used three to
seven animals per experimental group. Moreover, sequencing of RPE RNA from WT
and Sucnr1 KO animals both untreated and treated with HQ did not reveal many
differentially expressed genes.

The fact that we could not repeat our first findings may be explained by the
multifactorial nature of AMD. Oxidative stress has long been considered as a major
contributor to the pathophysiology of AMD8. However, the pathophysiology of AMD is
complex, and multiple processes are considered to contribute to disease progression.
Within our experiments, experimental groups only varied in the presence of oxidative
stress induced by HQ treatment and the presence of Sucnr1. Oxidative stress induced
by other factors, such as inflammation, outer-segment phagocytosis, aging, and photo-
oxidative stress from processing light for vision was equal in all experimental groups®.

Therefore, it is likely that Sucnr1 deficiency and HQ treatment are only minor

12


https://doi.org/10.1101/2020.02.24.962779
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.24.962779; this version posted February 25, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

contributors to the overall disease process whereas the high fat diet used by Favret et
al. has bigger implications.

A genome-wide association study (GWAS) using over 16,000 AMD patients and
17,000 controls have linked AMD to several genes involved in lipid metabolism and
the complement system?>. Favret et al. described several genetic variants in the
SUCNR1 gene to be associated with dry AMD'” and in a recent study we also identified
a genetic variant in the SUCNR1 gene to be associated with AMD'8. Furthermore, we
showed a possible mechanism of SUCNR1 mRNA downregulation as a result of this
variant. However, the GWAS study in 16,000 AMD patients and 17,000 control
individuals did not find any significant associations for genetic variants in the SUCNR1
gene®. This further strengthens the suggestion that the contribution of SUCNR1
deficiency to the development of AMD is only small, or that other contributing factors
were not taken into account during the analyses.

To conclude, we identified oxLDL accumulations in Sucnr1 KO retinas exposed
to HQ, but were unable to repeat this finding in an independent experiment. Moreover,
after critically evaluating the data from Favret et al. we suggest that the role of SUCNR1
deficiency in AMD development is only small. Therefore, under the present conditions

the Sucnr1 KO mouse model is not a suitable model to study AMD development.
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