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Abstract: 27 

Age-related Macular Degeneration (AMD) is a major cause of sight impairment in the elderly with 28 

complex aetiology involving genetics and environment and with limited therapeutic options which 29 

have limited efficacy. We have previously shown in a mouse-model of the condition, induced by 30 

feeding a high fat diet, that adverse effects of the diet can be reversed by co-administration of the 31 

TSPO activator, etifoxine.  We extend those observations showing improvements in retinal pigment 32 

epithelial (RPE) cells with decreased lipids and enhanced expression of cholesterol metabolism and 33 

transport enzymes. Further, etifoxine decreased levels of reactive oxygen species (ROS) in RPE and 34 

inflammatory cytokines in RPE and serum. With respect to gut microbiome, we found that organisms 35 

abundant in the high fat condition (e.g. in the genus Anaerotruncus and Oscillospira) and implicated 36 

in AMD, were much less abundant after etifoxine treatment. The changes in gut flora were 37 

associated with the predicted production of metabolites of benefit to the retina including 38 

tryptophan and other amino acids and taurine, an essential component of the retina necessary to 39 

counteract ROS. These novel observations strengthen earlier conclusions that the mechanisms 40 

behind improvements in etifoxine-induced retinal physiology involve an interaction between effects 41 

on the host and the gut microbiome. 42 

Keywords TSPO ligand; etifoxine; cholesterol homeostasis; retinal pigment epithelial cells; age 43 

related macular degeneration  44 
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1 Introduction 53 

The leading cause of legal blindness among the elderly is due to a multifactorial, progressive 54 

neurodegenerative disease of the retina termed age-related macular degeneration (AMD) which has 55 

limited therapeutic options. At early stages of the disease, AMD patients may not develop any 56 

symptom or may be aware of a little difficulty of vision. Later the patients can experience the 57 

destruction of central vision leading to a condition of legal blindness. Practically, patients may not 58 

have effects of the peripheral sight field, but it can affect their reading ability, driving or even living 59 

independently (Grassmann et al., 2015). The onset of the disease is rarely observed before the age 60 

of 50 years, while the disease prevalence rises with age and reaches approximately 60% at the age of 61 

90 years onwards (Hermann et al., 2012; Jonasson et al., 2011). Even though AMD has a very high 62 

prevalence involving permanent vision loss, there are no effective treatment options as its 63 

pathogenic mechanisms are very complicated and remain unclear, often determined by many 64 

genetic and environmental factors.  65 

      The introduction of excess energy leads to abnormal lipid metabolism, to dyslipidaemia that is a 66 

key risk factor for cardiovascular diseases, obesity, cholestasis (Yang et al., 2008) as well as a well-67 

established risk factor for the development of AMD (Clemons et al., 2005). Importantly cholesterol is 68 

the principal sterol in the retina and widely distributed in the drusen, a hallmark of early AMD 69 

(Pikuleva and Curcio, 2014).  The consumption of a diet rich in cholesterol and saturated fat 70 

increases the risk for AMD (Grassmann et al., 2015; Klein et al., 2010; Mares-Perlman et al., 1995; 71 

Rudolf and Curcio 2009; Wang et al., 2010). Several cholesterol homeostasis-related genes are 72 

associated with AMD (Fritsche et al., 2016). Statins, the 3-hydroxy-3-methyl-glutaryl-CoA reductase 73 

(HMGCR) inhibitor, which lower cholesterol synthesis, have a protective effect in AMD patients (Al-74 

Janabi et al., 2018). Studies in animal models have demonstrated that cholesterol dysregulation 75 

contribute to AMD lesion development (Dasari et al., 2011; Malck et al., 2005; Toomey et al., 2018).  76 

      Recent work has highlighted the role of the gut microbiota in a number of health conditions 77 

including AMD (Rowan et al, 2017; Rowan and Taylor, 2018). The microbiome community of the gut 78 
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is complex (estimated to be greater than 1000 species) and plays important roles in regulating host 79 

metabolic processes and satiety (Martin et al, 2018; Rowland et al, 2018) while itself responding to 80 

signals from the host (Fischbach and Segre, 2016; Kho and Lal, 2018). Further, the composition of the 81 

gut microbiome is modified by environmental factors such as diet. A diet rich in fat results in a 82 

remodelling of the bacterial community from one rich in species within the phylum Bacteroidetes to 83 

one richer in species within phylum Firmicutes and a notable decrease in bacterial diversity (Clarke 84 

et al., 2012; Hills et al., 2019; Johnson et al., 2017; Senghor et al., 2018). Further, this remodelling 85 

results in low level inflammation resulting from several factors including an increase in the 86 

permeability of the gut epithelium to bacterial toxins (Bischoff et al., 2014; Fukui, 2016; Luissint et 87 

al., 2016). 88 

      The translocator protein (TSPO) is a mitochondrial outer membrane protein with multiple 89 

functions, involving cholesterol transport, oxidative stress and inflammation (Biswas et al., 2017). 90 

We previously showed TSPO ligands promoted cholesterol and inhibited oxidized low density 91 

lipoprotein (LDL) induced inflammation in the RPE and choroid endothelial cells (Biswas et al., 2017, 92 

2018). We also found that treatment with a TSPO ligand (etifoxine) reversed high-fat-induced weight 93 

gain and restructured the gut microbiota in mice (Ibrahim et al., 2020).  In the current study, we 94 

examined the effect of etifoxine on cholesterol metabolism in the RPE of high-fat fed mice. Further, 95 

potential effects of the gut microbiota on retinal cholesterol homeostasis were investigated by 16S 96 

rRNA gene sequencing and taxonomic characterisation prior to in silico assignment of metabolic 97 

functionality of the microbiome.   98 

2 Materials and Methods 99 

2.1 Animal husbandry and etifoxine treatment 100 

All the animals used for this project were housed in the Animal Unit, University of Strathclyde. 101 

Experiments on mice were performed in accordance with the UK Home Office Animal Care 102 

guidelines (Project licence P8C815DC9). All protocols were approved by the University of Strathclyde 103 

Animal Welfare Authority. The C57BL/6 male mice (body weight 20-25g) were randomly divided into 104 
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three experimental groups (8 animals per group). Animals in the first group were fed standard chow 105 

containing 3% fat, 7% simple sugars, 50% polysaccharide, 15% protein (w/w); animals in the other 106 

two groups were fed with a high-fat diet (HFD) containing 22.3% crude fat,  41.1% carbohydrate , 107 

3.8% crude fibre, 5.1% ash and 19.9% crude protein (w/w) for 13 weeks.  One group of HFD-fed mice 108 

received an intraperitoneal (i.p.) injection daily with etifoxine (dissolved in 0.9% NaCl with 0.1% 109 

Tween 80, 50 mg/kg body weight) for two weeks. The other two groups were treated with 0.1% 110 

Tween-80 0.9% NaCl (vehicle of etifoxine) (Fig. S1A). At the end of the treatment, all mice were 111 

sacrificed by anaesthesia. Blood samples were collected and sera were separated. Mouse eyes were 112 

collected and the anterior segment and neural retina were removed. The posterior eyecup, 113 

comprising of the RPE/choroid/sclera, was weighed or subjected to biochemical analysis. Luminal 114 

materials were collected from the caecum and kept at -80⁰C. 115 

2.2 Quantitative real-time PCR (qRT-PCR) 116 

RNA was extracted from RPE/choroid samples using TRI Reagent (Sigma, UK) according to the 117 

manufacturer's protocol. The RNA was used for cDNA synthesis using a High Capacity cDNA Reverse 118 

Transcription Kit (Applied Biosystems, UK). Quantification of gene expression was carried out by qRT-119 

PCR assay using a Platinum Syber Green qPCR Super Mix-UDG kit (Thermo Fisher, UK) following the 120 

manufacture’s guidance. The relative expression was calculated by 2-ΔΔCT and was normalised by 121 

geometric mean of GAPDH and β-action genes (Vandesompele et. al., 2002). Primers for qRT-PCR are 122 

listed in Table S1. 123 

2.3 Quantification of total cholesterol, phospholipids and triglyceride in mouse RPE  124 

The total cholesterol, phospholipids and triglycerides were measured by Amplex Red Cholesterol 125 

Assay kit (Thermo Fisher, UK), the phospholipid assay kit (Sigma-Aldrich, UK) and EnzyChrom 126 

Triglyceride assay kit (BioAssay system, UK) respectively, following the manufacturer's protocols. 127 

Briefly, the lipids were extracted from mouse RPE/choroid using Hexane: isopropanol (3:2, v/v). The 128 

extract was centrifuged at 1500 × g for 10 min. The organic phase of the extract was transferred into 129 

a new tube and was dried under nitrogen gas to remove the organic solvents. The dry lipids were re-130 
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suspended in the respective assay buffers and the total cholesterol, phospholipids and triglycerides 131 

were measured according to our previous description (Biswas et al., 2017).  132 

2.4 Western blotting 133 

Proteins were extracted from mouse RPE/choroid using Tissue Protein Extraction Reagent with 134 

CompleteTM Protease Inhibitors (Thermo Fisher, UK). The concentration of protein in the samples 135 

was measured by Bio-Rad Protein Assay. Proteins (50μg) of each sample were separated by sodium 136 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were 137 

transferred to a nitrocellulose membrane and the membrane was blocked for 1 hour at room 138 

temperature in Tris-buffered saline Tween 20 (TBST) containing 5% non-fat dried milk. Then the 139 

membrane was incubated overnight in a primary antibody solution (Table S2) at 4˚C with gentle 140 

agitation. The membrane was then washed three times (5 min/each) with TBST and incubated with 141 

the secondary antibodies (IRDye® 800CW Donkey anti-Rabbit or anti-mouse IgG secondary 142 

antibodies) (Odyssey) at 1:10000 for 1 hour at room temperature followed by washing five times (5 143 

min/each) in TBST. Finally, the targeted proteins were detected and quantified using the Odyssey® 144 

Fc imager (LI-COR, UK).  The relative level of target protein was defined by normalizing the density of 145 

target protein band to the β-actin band. 146 

2.5 Measurement of Reactive Oxygen Species (ROS) 147 

As instructed in the manufacturer's protocol, Total reactive oxygen species (ROS) in mouse RPE was 148 

quantified with the fluorescence dye carboxy-2, 7- dichloro-dihydro-fluorescein diacetate (DCFHDA, 149 

Sigma, UK) according to the manufacture’s protocol. Briefly, 25µg of each protein sample were 150 

incubated with 200µl of 10µM DCFH-DA in 1X PBS for 30 minutes at 37°C. The fluorescence signals 151 

were measured at 485 (excitation) and 520nm (emission) using FluoStar Optima MBG-Labtech 152 

microplate reader. The ROS level is represented as fluorescence of treated cells/fluorescence of 153 

untreated cells.  154 

2.6 Enzyme-linked immunosorbent assay (ELISA) 155 
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Concentrations of TNFα, IL-1β, IL-6 and IL-8 in mouse RPE and sera were determined with Nunc-156 

Immuno™ 96 MicroWell™ plates (Sigma, UK) using kits from peproTech (www.peprotech.com) 157 

following the manufacture’s guidance. The 96-well plate was coated with 0.5 µg/ml capture 158 

antibody in 1XPBS and incubated overnight at room temperature. The un-bound antibody was 159 

discarded and the plate was washed four times. The plate was blocked at room temperature for 1 160 

hour and then washed four times. The standard was diluted to concentrations of zero to 10000pg/ml 161 

(0, 10, 100, 1000 and 10000pg/ml). The standards and RPE/choroid lysates were loaded to the plates 162 

and incubated for 2 hours. All unbound samples were aspirated and the plate was washed four 163 

times. Detection antibody (0.5µg/ml) was applied to the plate and incubated for 2 hours at room 164 

temperature. Again, the plate was washed four times. The Avidin-HRP conjugate (1:2000) was 165 

applied to each well of the plate and incubated at room temperature for 30 min. The plate was 166 

washed four times. Finally, the ABTS liquid substrate solution (Sigma, UK) was added to each well for 167 

colour development in the dark. The colour development was monitored every 5 min for 25 min at 168 

405 nm with wavelength correction set at 650 nm using an Epoch microplate reader (BioTek, UK). 169 

The standard curve was prepared according to the mean absorbance values. The concentration of 170 

TNFα, IL-1β, IL-6 or IL-8 in samples was calculated based on the linear-regression trendline (Y = mX + 171 

c, Y = OD of unknown sample, m = the slope value, X = the concentration of unknown sample and c = 172 

intercept).  173 

2.7 16S rRNA gene sequencing 174 

Genomic DNA was isolated from the colonic samples using the QIAamp DNA Stool Mini Kit (QIAGEN, 175 

UK) following the manufacturer’s protocol, with minor modifications as described in our previous 176 

publication (Ibrahim et al, 2020). Single genomic DNA samples for each individual mouse were 177 

isolated and stored at -80°C before sequencing. PCR amplification and sequencing of 16S rRNA genes 178 

(Illumina MiSeq) on the purified DNA from each mouse was conducted at LGC Genomics, Germany.  179 

2.8 Taxonomic profiling and in silico assignment of metabolic capacity 180 
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A full description of the microbiome-analysis pipeline has been provided in our previous publication 181 

(Ibrahim et al, 2020). Bacterial taxonomic classification, diversity and differential abundance were 182 

obtained with modules (plugIns) in QIIME2 (https://qiime2.org). Differential abundance was 183 

evaluated with Songbird (Morton et al., 2019) within QIIME2. This plugin produces a ranked listing of 184 

differentials of any experimental variable in this case abundance of organisms when comparing one 185 

of the groups with another. The results were tested for fit to the model and found not to be an over-186 

fit. Metagenomic function imputation analysis was obtained using PICRUSt (Langille et al., 2013).  187 

2.9 Statistical Analysis 188 

Data were analysed for statistical significance using two-way analysis of variance (ANOVA) and t-test, 189 

followed by appropriate post hoc test (Bonferroni) using Prism software (version 6.0 from GraphPad 190 

Software Inc., San Diego, CA, USA). The data are presented as mean ± SD. *p<0.05, **p<0.01 and 191 

***p<0.001. 192 

3 Results 193 

3.1 Effects of etifoxine treatment on total cholesterol, triglyceride and phospholipid in mouse RPE  194 

Two groups of animals fed with high-fat diet for 13 weeks became obese with significantly increased 195 

weight compared to the group of animals fed chow diet (CD). One group of high-fat fed animals 196 

were treated with etifoxine (HFD+E) for two weeks with resulting decreased weight compared to the 197 

high-fat fed (HFD) animal treated with the vehicle (Fig. S1B, C).  198 

      The weight of RPE/choroid/sclera was measured after the mice were sacrificed. The weight of 199 

RPE/choroid/sclera was significantly higher in HFD mice compared to CD mice but was significantly 200 

decreased by etifoxine treatment (Figure 1A). We further examined the lipid profile in RPE and found 201 

cholesterol, triglyceride and phospholipid mass in HFD mice was significantly increased by 38.9%, 202 

77.1% and 45.4%, respectively when compared to CD mice. The effects were reversed by etifoxine 203 

treatment as the mass of cholesterol was decreased by 23.92%, triglycerides by 21.51% and 204 

phospholipids by 31.09% when compared to HFD mice (Figure 1B, C, D).  205 

3.2 Etifoxine treatment changed the expression of cholesterol homeostasis genes 206 
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QRT-PCR was used to determine the expression of Tspo and other cholesterol related genes in the 207 

RPE/choroid of the different mouse groups (Fig. 2A). The expression of Tspo mRNA was increased 208 

significantly in both the HFD (1.32 fold) and the HFD+E (2.76 fold) groups when compared to the CD 209 

group. In the HFD+E group, Tspo expression also increased significantly, by 1.5-fold, when compared 210 

to the HFD group. A similar expression pattern was observed with the cholesterol regulator gene, 211 

Nr1h3 (encoding LXRα), whose expression was significantly increased by 1.68 and 3.37-fold 212 

respectively, in the HFD group and the HFD+E, compared to the CD group. Furthermore, the HFD+E 213 

animals had a 1.69-fold increase compared to the HFD animals. The cholesterol transporter genes, 214 

Abca1 and Abcg1, showed a similar pattern of change and were also significantly increased in HFD 215 

mice by 1.48 and 3.32 fold, respectively, while for the HFD+E mice , a significant increase by 4.28 and 216 

6.25 fold, respectively was found. Comparing HFD+E for these targets to HFD, found expression of 217 

Abca1 and Abcg1 increased by 1.8 and 2.02 fold, respectively. Expression of the cholesterol 218 

metabolism genes, Cyp27a1 and Cyp46a1, were also studied and increased significantly by 0.92 and 219 

0.80 fold, respectively, in the HFD group when compared to the CD group and by 2.10 and 1.18 fold, 220 

respectively, when the HFD group was compared to CD group. A notable increase by 1.65 and 0.85 221 

fold was found for the two Cyps, when the HFD+E group was compared to the HFD group (Fig. 3A).  222 

      The protein levels of TSPO, LXRα, ABCA1, ABCG1, CYP27A1 and CYP46A1 were examined by 223 

Western blotting (Fig. 2B, S2). The relative protein expression of these genes was significantly 224 

increased in the HFD group compared to the chow-diet fed control group and levels of these 225 

proteins were further increased in the HFD + E group compared to the HFD group.   226 

3.3 Etifoxine treatment supressed ROS production and inhibited secretion of inflammatory 227 

cytokines 228 

Previous studies have reported that HFD induced oxidative stress and inflammation (Cui et al., 2012; 229 

Qiao et al., 2013; Shoelson et al., 2007). In the present study, HFD-fed mouse RPE/choroid had a 230 

significant increase in ROS generation, by 38%, compared to the chow diet control group. On the 231 

other hand, ROS production was significantly reduced, by 28.4 %, in etifoxine-treated mouse RPE, 232 
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compared to the HFD-fed group (Fig. S3). The effect of etifoxine treatment on inflammation was also 233 

examined. The mRNA levels of Tnfα, Il-1β, Il-6 and Il-8 in HFD-fed mouse RPE/choroid were markedly 234 

increased by 180%, 86%, 175% and 113%, respectively, when compared to the chow diet control 235 

group. Etifoxine treatment actively reversed the HFD-induced effects: expression of Tnfα, Il-1β, Il-6 236 

and Il-8 in the RPE/choroid from mice fed with HFD and treated with etifoxine was significantly 237 

reduced by 93%, 73%, 168% and 107%, respectively, compared to the HFD group (Fig. S4). In 238 

addition, the cytokines in the RPE/choroid were also measured by ELISA.  The generation of TNFα, IL-239 

1β, IL-6 and IL-8 in RPE/choroid was increased by 12.71%, 22.25%, 14.46% and 11.20%, respectively, 240 

in the HFD group compared to the chow diet control group. However, etifoxine effectively reduced 241 

the production of TNFα, IL-1β, IL-6 and IL-8 compared to HFD mice (Fig. 3A). When the cytokines 242 

were measured in sera, similar effects of HFD-fed and etifoxine treatment were found with the 243 

exception that IL-8 was not significantly decreased in animals treated with etifoxine, when compared 244 

to the HFD vehicle group (Fig. 3B). 245 

3.4 Etifoxine modulated the gut microbiota of the mice. 246 

We have previously described the gut microbiome in mice on CD, HFD and HFD+E (Ibrahim et al., 247 

2020). Using 16S rRNA gene sequencing and a variety of bioinformatic tools we showed the changes 248 

induced in bacterial community structure of the HFD animals and how those changes were at least 249 

partially reversed by etifoxine treatment. We have extended that work by using an alternative 250 

approach, Songbird (Morton et al., 2019), so as to refine the determination of differential abundance 251 

of bacteria in the three animal groups. In the resulting plots those features with the most negative 252 

values are those associated with the reference condition while those with the most positive are 253 

more associated with the condition to which it is compared (Fig. S5A-C; Table S3). In the following 254 

we discuss only those organisms with the top 10 ranking values, at both ends of the scale, and the 255 

data is shown as a Venn diagram for comparison of CD with HFD and for CD with HFD+E (Fig. S5D). 256 

HFD was associated with increased Clostridiales and uniquely in the genus Anaerotruncus and genus 257 

Oscillospira. Comparing CD to HFD and to HFD+E, CD was enriched in Bacteroidales in the family S24-258 
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7 along with organisms in Order Turicibacteriales genus Turicibacter. When comparing CD to HFD 259 

and HFD+E Order Clostridiales family Lachnospiraceae is highly associated with CD but also with 260 

HFD+E. When using HFD as reference compared to HFD+E, distinct differences in the community of 261 

organisms were seen to be associated with both conditions. Noticeably fewer organisms were 262 

identified and the numerical values for log ranking were lower than seen in the previous 263 

comparisons. Organisms in Order Clostridiales family Lachnospiraceae were common to HFD and 264 

HFD+E but HFD had organisms not seen in HFD+E in the genus Lactobacillus and in the species 265 

Mucispirillum schaedleri while HFD+E had Family S24-7 not seen in HFD. It may seem contradictory 266 

that organisms in the Order Clostridiales appear as the most abundant in both CD and HFD. 267 

However, this is a consequence of the short-coming of 16S rRNA gene sequencing and GreenGenes-268 

based taxonomic identification to provide deeper taxonomy. However, extraction of the two 269 

sequences most abundant in CD and HFD show them to be distinct with only 92.15 % identity (Fig. 270 

S6) 271 

3.5 Etifoxine mediated synthesis of gut microbial metabolites 272 

      HFD causes changes to lipid metabolism in the host and we also investigated how those were 273 

reversed by etifoxine administration by effects on the gut microbiota in lipid metabolism. Here we 274 

analysed imputed individual enzymes in the pathways for glycerolipid and glycerophospholipid 275 

metabolism. The imputed activity levels of individual enzymes in the glycerolipid metabolism are 276 

shown in Fig. 4. Five enzymes were significantly enriched in HFD+E vs HFD while one enzyme was 277 

significantly enriched in both High Fat diet vs Control. In addition, four enzymes were significantly 278 

lower in HFD vs CD and vs HFD+E including triacylglycerol lipase, an enzyme involved in acyl-glycerol 279 

degradation. In glycerophospholipid metabolism, metabolic contributions from 2 enzymes would, 280 

potentially, be higher in CD and HFD+E vs HFD and one higher in CD vs HFD and various bacteria, 281 

shown in the figure, were associated with these changes (Fig. 5). All of these enzymes are involved in 282 

the formation of CDP-choline (Citicoline).  283 
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      We have also used the PICRUSt tool to analyse the potential for the functional, metabolic 284 

activities of the microbial communities in each group in the metabolism of aromatic amino acids 285 

phenylalanine, tyrosine and tryptophan. These all play an important role in gut function and the 286 

health of the eye. Phenylalanine is the precursor of tyrosine and both tyrosine and tryptophan are 287 

microbial metabolites associated with AMD (Rowan et al., 2017). Therefore their metabolism is 288 

potentially significant for retinal health. The results for the biosynthesis (PATH:ko00400) of these 289 

amino acids are shown in Fig. 6. In these pathways, significant differences (p<0.05) were found for 290 

19/39 individual reactions. In all of these reactions HFD was lowered significantly, in 7 reactions 291 

compared to CD and in 9 compared to HFD+E. No reaction indicated a lowering of HFD+E compared 292 

to CD. In three of these reactions, enzyme activity would, potentially, be higher in both CD and 293 

HFD+E vs HFD. These were anthranilate synthase component I, anthranilate 294 

phosphoribosyltransferase and tryptophan synthase alpha chain each of which is involved in the 295 

synthesis of tryptophan. Reactions in which HFD+E were higher than HFD are involved in the 296 

terminal steps of tryptophan, phenylalanine and tyrosine synthesis. 297 

      Another dietary and microbially-formed product with retinal-protective properties is taurine 298 

(Froger et al., 2014) and we have investigated its potential metabolism along with that of 299 

hypotaurine. The activity of a key enzyme, glutamate decarboxylase [EC:4.1.1.15] would, potentially, 300 

be higher in CD and HFD+E vs HFD and the involvement of a number of different bacteria would be 301 

associated with these changes (Fig.7). This enzyme is involved in the terminal steps of conversion of 302 

3-sulfinoalanine and L-cysteat to hypotaurine and taurine, respectively.  303 

      Previous reports have shown lipopolysaccharide (LPS) can induce inflammation in the RPE cells 304 

(Ozal et al., 2018; Tawarayama et al., 2020). Here, we have analysed the potential for bacterial 305 

formation of the endotoxin LPS to play some roles (Fig. S7). We found that 3 enzymes involved 306 

(K02848, K03275 and K07264) in LPS biosynthesis [PATH:ko00540] and one (K07806) involved in the 307 

modification of LPS were all elevated in HFD compared to CD and HFD+E.  308 

4. Discussion 309 
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AMD’s distinguishing lesions contain rich levels of cholesterol (un-esterified and esterified 310 

cholesterol) and other lipids (Pikuleva and Curcio et al., 2014). The shedding of photoreceptor outer 311 

segments is the main source of lipids that are processed by the RPE (Ershov and Bazan, 2000). 312 

Systemic, ingested lipoproteins can add a further lipid burden to the RPE, especially in individuals 313 

who have a high-fat diet. Previous studies have also reported that dietary and circulatory lipids play 314 

a crucial role in lipid particle circulation and regional cholesterol trafficking in the retina, leading to 315 

the development of AMD (Clemons et al., 2005; Grassmann et al., 2015; Toomey et al., 2015). 316 

Additionally, genetic alleles of cholesterol transport-associated apolipoproteins have been 317 

implicated in the risk of AMD (Pennesi et al., 2012). It has been proposed that reverse cholesterol 318 

transport (RCT) is involved in recycling of lipids from the RPE to the liver through ABC transporters 319 

for storage or excretion into bile acid (Biswas et al., 2017; Curcio et al., 2011; Storti et al., 2017; 320 

Tserentsoodol et al., 2006). Under normal physiological conditions, RPE cells export cholesterol to 321 

the Bruch’s membrane (BrM) via cholesterol transporters, from which the cholesterol enters 322 

choroidal circulation back to the liver (Pikuleva and Curcio, 2014).  323 

      It is well known that TSPO is involved in cholesterol transport from the outer mitochondrial 324 

membrane to the inner mitochondrial membrane and TSPO ligands enhance mitochondrial 325 

cholesterol transport. Previously we showed that TSPO mediated cholesterol efflux in RPE cells and 326 

TSPO ligands promoted cholesterol efflux (Biswas et al., 2017). We also found very strong TSPO 327 

expression in murine RPE cells and a weak expression in the choroid. Aged murine RPE cells 328 

possessed lower levels of cholesterol efflux and higher levels of total cholesterol and phospholipids, 329 

which may in part be due to decreased TSPO expression (Biswas et al., 2017). In the present study, 330 

we found that the TSPO ligand, etifoxine, significantly decreased the total cholesterol, triglycerides 331 

and phospholipid mass in mouse RPE when compared to that of the HFD mice (Fig. 1B-D). The lipid 332 

data is in agreement with serum lipid profile in etifoxine-treated mice (Ibrahim et al., 2020), 333 

suggesting etifoxine may have a similar effect on systemic and RPE lipid levels. Etifoxine upregulated 334 

expression of cholesterol homeostasis genes in the murine RPE (Fig. 2), leading to increased 335 
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cholesterol efflux and removal of cholesterol from the RPE to the liver. It is also worth noting that 336 

treatment with TSPO ligands, including etifoxine, resulted in decreased lipogenesis in RPE and 337 

choroid endothelial cell lines (Biswas et al., 2017, 2018).  338 

      HFD induces oxidative stress and inflammation which are involved in the pathogenesis of retinal 339 

degeneration. HFD mice are more sensitive to laser-induced choroidal neovascularization and 340 

present a defect in visual function (Barathi et al., 2014; Nagari et al., 2020). HFD has been shown to 341 

induce oxidative stress and inflammation of the retina and RPE of rodents (Nagai et al., 2020; Tuzcu 342 

et al., 2017). Here we also confirmed that HFD caused oxidative stress and inflammation in the RPE 343 

possibly as a result of accumulated lipid in the RPE and Bruch’s membrane (Fig. S3, S4, 3A) (Nagai et 344 

al., 2020). Etifoxine inhibited HFD-induced oxidative stress and inflammation in the RPE (Fig. S3, S4, 345 

3A). Actually, etifoxine was shown to inhibit oxidized-LDL induced oxidative stress and inflammation 346 

in RPE and choroid endothelial cell lines (Biswas et al., 2017, 2018). Additionally, etifoxine also 347 

reversed HFD-induced increased inflammatory cytokines in the sera (Fig. 3B).   348 

      The association of the intestinal microbiome and AMD is receiving increasing attention 349 

(Andriessen et al., 2016; Rowan et al., 2017; Rowan and Taylor, 2018; Zingernagel et al., 2017) as 350 

one element of the brain-gut-microbiome axis (O’Mahony et al., 2015). The study reported here 351 

provides further evidence and novel detail for the linkage between retinal health, gut microbiome 352 

and obesity.  The link between AMD, high fat diet, obesity and dysbiosis of the gut flora has been 353 

known for some time (Adams et al., 2011; Ley et al., 2006; Cani et al., 2008). Because of the changes 354 

in abundance and identity of bacteria observed in the obese condition there is an enhanced 355 

production of virulence factors and molecules causing inflammation. Pro-inflammatory signalling is 356 

enhanced by penetration of microbial molecules that act on Pattern Recognition Receptors 357 

(Andriessen et al., 2016) such as found on the surfaces of dendritic and RPE cells (Chen and Xu, 358 

2015). In our previous study we showed differences induced in the microbiota of mice fed a high-fat 359 

diet were partially reversed by intraperitoneal treatment with etifoxine (Ibrahim et al., 2020) 360 

including reversal of diet-induced weight gain, increased systemic lipids and changes to microbial 361 
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community composition and their metabolic potential. Here we provide further insight into these 362 

changes and are able to identify organisms most associated with the three experimental conditions. 363 

In the study reported here HFD was associated with increased cholesterol, triglyceride and 364 

phospholipid and high levels of inflammatory cytokines in the RPE but also associated with high 365 

levels of Clostridiales in the genus Anaerotruncus, genus Oscillospira and genus [Ruminococcus] sp 366 

gnavus as found in a number of AMD-associated conditions (Zinkernagel et al., 2017; Crusell et al., 367 

2018; Togo et al., 2019; Tarchick et al., 2019; Yee et al., 2019; Velazquez et al., 2019).  368 

      Abundant bacterial organisms in the CD and HFD+E groups are associated with health (Barouei et 369 

al., 2017; Serino et al., 2012; Ibrahim et al., 2020) and among these is Family S24-7 in the order 370 

Bacterioidales, now named Muribaculaceae, and which occurs in mice at high abundance 371 

(Lagkouvardos et al., 2019). Species in this group have the metabolic capacity to utilise a variety of 372 

complex carbohydrates (Lagkouvardos et al., 2019) and it is speculated that this diverse metabolic 373 

capacity provides favourable outcomes from these commensals for their hosts. Other taxa 374 

associated with CD are in the genus Turicabacter whose beneficial effects have been indicated in 375 

HFD-induced metabolic syndrome (Velazquez et al., 2019) and in type 1 diabetes rats with cognitive 376 

decline and perturbed metabolism in brain (Gao et al., 2019) demonstrating other central nervous 377 

system effects of HFD-altered gut microbiota. Organisms enriched in CD are in family 378 

Lachnospiraceae but they also occur in HFD+E highlighting partially shared bacterial communities in 379 

CD and HFD+E. Lachnospiraceae in the Order Clostridiales may be associated with either harmful or 380 

beneficial aspects of health as has been recently reviewed (Vacca et al., 2020). Thus the emerging 381 

picture is one in which etifoxine exerts its beneficial effects by modifying the microbial community of 382 

the high fat condition restoring organisms associated with beneficial commensal roles seen in CD. 383 

      Previously we have shown that etifoxine-induced changes in the microbial community of the HFD 384 

animals would alter metabolic potential with reduced systemic cholesterol, reduced inflammatory 385 

products and reduction of molecules associated with virulence. We have extended the analysis of 386 

metabolic potential to consider microbial production of molecules that are essential to the retina 387 
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(reviewed in Rinninella et al 2018). The gut microbiota acts on dietary lipids with effects on host 388 

biosynthesis and degradation and bacterial triacylglycerol lipase forms free fatty acid (Schoeler and 389 

Caesar, 2019; Gupta et al., 2004) whose antibacterial activity will contribute to reshaping bacterial 390 

community structure. Here the imputed abundance of bacterial triacylglycerol lipase is higher in gut 391 

of both control and HFD+E mice than HFD and Akkermansia are indicated to be a major player. A. 392 

muciniphila is abundant in CD animals and other studies find that Akkermansia, has a negative 393 

association with total free fatty acids and pro-inflammatory cytokines (Rodríguez-Carrio et al., 2017).  394 

      Metabolomics and lipidomics have shown that glycerophospholipid metabolism is dysregulated 395 

in AMD RPE (Zhang et al., 2020; Wang et al., 2010) and that CDP-choline (Citicoline; Cytidine 5'-396 

diphosphocholine) has a protective effect on damaged retinal ganglion cells (Oshitari et al., 2002) 397 

and prevents apoptotic cell death in RPE cells in AMD (Nashine and Kenney, 2020; Bean and Tomasz, 398 

1977; Raetz et al., 1976; Tang et al., 2009). Bacterial production of CDP-choline, by choline-399 

phosphate cytidylyltransferase [EC:2.7.7.15], was decreased in HFD but at higher levels in CD and 400 

HFD+E and related to abundance of organisms within Order Clostridiales.     401 

      The metabolic capacity of colonic microbiome to synthesise micronutrients is important for 402 

retinal health (reviewed in Rinninella et al., 2018; Mohr et al., 2020). Taurine is a key example since 403 

it occurs at highest concentration in retina where its protective role against ROS is critical (Seidel et 404 

al., 2019; Froger et al., 2012; Arfuzir et al., 2018; Tao et al., 2019). In HFD animals there is a high 405 

requirement for taurine in the liver due to elevated cholesterol conversion to bile taurine salts. 406 

Critically the standard diet used for the animals in this study does not contain taurine so provision of 407 

taurine by microbiota will be very important. Using PICRUSt to analyse potential for the synthesis of 408 

taurine finds that the rate limiting step, catalysed by glutamate decarboxylase, is suppressed in HFD 409 

but elevated to levels near CD in HFD+E and identifies S24-7 as the major contributor. Tryptophan 410 

(Trp) is another essential nutrient but the least abundant in diets (Alkhalaf and Ryan, 2015). In 411 

microbes it is converted to indole, kynurenine and serotonin (Agus et al., 2018) and Trp deficiency is 412 

related to metabolic syndrome (Natividad et al., 2018). The committed step in microbial synthesis of 413 
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Trp is catalysed by an enzyme complex anthranilate synthase (component I)-phosphoribosyl 414 

transferase (component II) (TrpE-TrpD) and the pathway is completed by tryptophan synthase. 415 

PICRUSt indicates that each of these enzyme activities is decreased in HFD but that effect is reversed 416 

in HFD+E with increased taxa in S24-7, Clostridiales and Bacteroidales being important.  417 

       In summary, the mechanisms that are associated with retinal health in animals on a high-fat diet 418 

regime involve interactions between retina, liver and gut microbiome. The production of virulence 419 

factors, altered metabolism of lipids, and synthesis of amino acids and glycerophospholipid by the 420 

microbiome appear to be particularly significant. We show that these effects can be reversed by 421 

etifoxine at both host and microbiome levels. Organisms that are abundant in the high fat diet have 422 

associations with retinal health but others such as those in the phyllum TM7 (Saccharibacteriaare ) 423 

may be a consequence of gut dysbiosis. Decreased levels of lipid, ROS and inflammatory cytokines in 424 

the RPE of HFD+E, relative to HFD animals, owe their changes to altered cholesterol metabolism and 425 

transport and the provision of essential metabolites from the microbiome. In particular the 426 

increased provision of tryptophan, an essential precursor for signalling molecules in the retina, 427 

taurine, a major anti-oxidant in the RPE and cytidine5’-diphosphocholine, an essential nutrient for 428 

retinal photoreceptor cells, are deemed to be especially significant. 429 
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Figures and legends 692 

 693 

 Figure 1 Etifoxine treatment reduced lipid level in HFD mouse RPE/choroid. (A) The RPE/choroid 694 

from the control and etifoxine-treated mice were collected and weighed. (B) The total cholesterol 695 

mass was markedly increased in HFD group (vehicle control) compared to CD group; etifoxine 696 

treatment resulted in significantly decreased total cholesterol when compared to HFD animals. (C) 697 

HFD-feeding raised triglyceride levels in mouse RPE compared to the CD animals. Treatment with 698 

etifoxine reduced HFD-induced triglyceride levels. (D) Phospholipids were significantly increased in 699 

the HFD-fed-vehicle group, while etifoxine reduced the HFD-induced elevated phospholipid levels. 700 

The data are presented as mean ± SD (n=5) and were analysed using one-way ANOVA with 701 

Bonferroni post hoc tests. Statistically significance differences: **p<0.01 and ****p<0.0001. Control 702 

diet, CD; High-fat diet, HFD; High-fat diet + etifoxine, HFD+E. 703 

 704 

 705 
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 706 

 Figure 2 The TSPO ligand etifoxine enhanced expression of cholesterol transporter and metabolism 707 

genes in RPE/choroid. (A) Expression of cholesterol trafficking and metabolism genes was measured 708 

by qRT-PCR. The expression of Tspo, Nrlh3, Abca1, Abcg1, Cyp27a1 and Cyp46a1 was significantly 709 

increased compared to the chow diet fed control, while etifoxine treatment resulted in significantly 710 

increased expression of those genes compared to HFD-fed control. The qPCR data was collected as 711 
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Ct (cycle threshold) values and normalised to the geometric mean of the two housekeeping genes, 712 

GAPDH and β-actin, then analysed by 2−ΔΔCT formula. The data was analysed by two-way ANOVA with 713 

the appropriate post hoc test Bonferroni multiple-comparison tests and presented as means ± SD 714 

(n=5). (B) The levels of individual proteins were upregulated in HFD-fed mice compared to the 715 

control group, while etifoxine treatment further enhanced expression of those genes. The protein 716 

band intensity was quantified by LICOR Odyssey software and analysed by one-way ANOVA followed 717 

by Bonferroni tests (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Control diet, CD; High-fat 718 

diet, HFD; High-fat diet + etifoxine, HFD+E. 719 

 720 

 721 



31 
 

 722 



32 
 

Figure 3 The levels of TNFα, IL-1β, IL-6 and IL-8 were detected in the lysates of RPE/choroid (A) and 723 

in the serum (B) of treated and control mice. The production of the four cytokines was examined by 724 

ELISA. The levels of TNFα, IL-1β, IL-6 and IL-8 were significantly increased in HFD mice compared to 725 

the CD mice. Etifoxine treatment resulted in significantly reduced production of TNFα, IL-1β, IL-6 and 726 

IL-8 compared to the HFD mice. The concentration values are presented as means ± SD (n=5). 727 

Statistical significance: *p<0.05, **p<0.01, ***p<0.001. Control diet, CD; High-fat diet, HFD; High-fat 728 

diet + etifoxine, HFD+E. 729 

 730 

 731 

Figure 4 Metagenomic analysis of glycerolipid metabolism [PATH:ko00561] at level 3. (A) Imputed 732 

activities of orthologous enzymes in the pathway of glycerol-lipid metabolism for each group were 733 

evaluated by PICRUSt . (B) Metagenomic contributions of organisms to glyceride (monoglyceride) 734 

and fatty acid formation by triacylglycerol lipase [EC:3.1.1.3] are shown  and (C) the pathway of 735 

glyceride (monoglyceride) and fatty acid formation in glycerol-lipid metabolism [PATH:ko00561] . 736 

Significance between groups was determined with Kruskal-Wallis followed by Dunn's multiple 737 
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comparisons test (*, # and + compare CD vs HFD, HFD+E vs HFD, and HFD+E vs CD, respectively with 738 

p < 0.05).  Control diet, CD; High-fat diet, HFD; High-fat diet + etifoxine, HFD+E.  739 

 740 

 741 

Figure 5 Metagenomic analysis of glycerophospholipid metabolism [PATH:ko00564].  742 

(A) Imputed activities of orthologous enzymes in the pathway of glcerophospholipid metabolism for 743 

each group were evaluated by PICRUSt. (B) Metagenomic contributions of organisms to 744 

glycerophosphocholine formation by glycerophosphoryl diester phosphodiesterase [EC:3.1.4.46], to 745 

CDP-choline (Citicoline) formation by choline-phosphate cytidylyltransferase [EC:2.7.7.15], 746 

glycerophosphocholine formation by lysophospholipase [EC:3.1.1.5] and (C) the pathway of 747 
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phosphatidylcholine metabolism. Significance between groups was determined with Kruskal-Wallis 748 

followed by Dunn's multiple comparisons test (*, # and + compare CD vs HFD , HFD+E vs HFD, and 749 

HFD+E vs CD,  respectively with p < 0.05). Control diet, CD; High-fat diet, HFD; High-fat diet + 750 

etifoxine, HFD+E. 751 

 752 

 753 

754 
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Figure 6 Expression of imputed bacterial enzyme contributions in biosynthesis pathways 756 

[PATH:ko00400] of phenylalanine, tyrosine and tryptophan.  757 

(A) The imputed metabolic contributions of organisms in the three groups (n= 6/group) to individual 758 

reactions were evaluated by PICRUSt for (B) the pathway of biosynthesis of phenylalanine, tyrosine 759 

and tryptophan [PATH: ko00400]. Significance between groups was determined with Kruskal-Wallis 760 

followed by Dunn's multiple comparisons test (*, # and + compare CD vs HFD, HFD+E vs HFD, and 761 

HFD+E vs CD respectively with p < 0.05). Control diet, CD; High-fat diet, HFD; High-fat diet + 762 

etifoxine, HFD+E. 763 
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 775 
Figure 7 Metagenomic analysis of taurine and hypotaurine metabolism [PATH:ko00430] at level 3. 776 

(A) Imputed activities of orthologous enzymes in the pathway of taurine and hypotaurine 777 

metabolism for each group were evaluated by PICRUSt. (B) Metagenomic contributions of organisms 778 

to glutamate decarboxylase activity (K01580, gadB, gadA, GAD, [EC:4.1.1.15]) are shown along with 779 

(C) the pathway of taurine and hypotaurine formation. Significance between groups was determined 780 

with Kruskal-Wallis followed by Dunn's multiple comparisons test (*, # and + compare CD vs HFD, 781 

HFD+E vs HFD, and HFD+E vs CD, respectively with p < 0.05). Control diet, CD; High-fat diet, HFD; 782 

High-fat diet + etifoxine, HFD+E.  783 
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