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Abstract

Safe and effective molecular therapeutics for prophylactic treatment of retinal degenerative 

diseases are greatly needed. Disruptions in the clearance of all-trans-retinal (atRAL) by the visual 

(retinoid) cycle of the retina can lead to the accumulation of atRAL and its condensation products 

known to initiate progressive retinal dystrophy. Retinylamine (Ret-NH2) and its analogues are 

known to be effective in lowering the concentration of atRAL within the eye and thus preventing 

retinal degeneration in mouse models of human retinopathies. Here, we chemically modified Ret-

NH2 with amino acids and peptides to improve the stability and ocular bioavailability of the 

resulting derivatives and to minimize their side effects. Fourteen Ret-NH2 derivatives were 

synthesized and tested in vitro and in vivo. These derivatives exhibited structure-dependent 

therapeutic efficacy in preventing light-induced retinal degeneration in Abca4−/−Rdh8−/− double-

knockout mice, with the compounds containing glycine and/or L-valine generally exhibiting 

greater protective effects than Ret-NH2 or other tested amino acid derivatives of Ret-NH2. Ret-

NH2-L-valylglycine amide (RVG) exhibited good stability in storage; and effective uptake and 

prolonged retention in mouse eyes. RVG readily formed a Schiff base with atRAL and did not 

inhibit RPE65 enzymatic activity. Administered by oral gavage, this retinoid also provided 

effective protection against light-induced retinal degeneration in Abca4−/−Rdh8−/− mice. Notably, 

the treatment with RVG had minimal effects on the regeneration of 11-cis-retinal and recovery of 

retinal function. RVG holds promise as a lead therapy for effective and safe treatment of human 

retinal degenerative diseases.

Graphical Abstract
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INTRODUCTION

Retinal diseases, including Stargardt macular dystrophy and age-related macular 

degeneration (AMD), involving progressive and irreversible degeneration of the retina, are 

one of the most common causes of visual impairment. To date, there is no effective and safe 

therapy approved for treating individuals with these degenerative retinal diseases.1 Retinal 

degeneration involves atrophy of both photoreceptor and retinal pigmented epithelial (RPE) 

cells. The pathogenesis of these retinopathies, at least in part, relates to the visual/retinoid 

cycle, a process involving continuous isomerization of the vitamin A-derived chromophore 

11-cis-retinal to all-trans-retinal (atRAL) and the latter’s conversion back to the cis-isomer.
2-4 Accumulation of atRAL results in its dimerization and formation of toxic dimeric 

products, including A2E-like derivatives, which in turn form lipofuscin and cause 

irreversible retinal degeneration.5-9 Sequestration of atRAL can reduce the accumulation of 

A2E-like derivatives, prevent retinal degeneration, and preserve vision in animal models10 

and potentially in human patients.1,11-13 We have shown previously that treatment with 

primary amines, including Ret-NH2, can lower retinal atRAL concentrations to safe levels, 

preserve photoreceptor and RPE cells, and prevent vision loss in Abca4−/− Rdh8−/− (DKO) 

mice, a model of Stargardt disease/AMD.10

Ret-NH2 is a derivative of vitamin A and acts as both a retinoid cycle inhibitor and aldehyde 

scavenger in the retina.14,15 Ret-NH2 can effectively reduce levels of free atRAL in the 

retina and protect against light-induced retinal degeneration in animal models. It holds great 

promise as a therapeutic agent to prevent retinal degeneration.14,15 However, Ret-NH2 also 

inhibits the retinal pigmented epithelium-specific protein 65 kDa (RPE65), a critical 

isomerase of the retinoid cycle. Treatment with Ret-NH2 could temporarily impair normal 

vision or cause night blindness.16 The shortcomings of Ret-NH2 may limit its clinical 

usefulness. Previously, we have shown that incorporation of Ret-NH2 into a polymer–drug 

conjugate via a peptide spacer significantly improved its stability and therapeutic efficacy in 

Abca4−/−Rdh8−/− mice.17 Accordingly, here we set out to modify the structure of Ret-NH2 

to improve its pharmaceutical and pharmacological properties and minimize its potential 

side effects.

Active influx transporters that selectively transport essential nutrients,18-20 including amino 

acid (LAT1 and LAT2) and peptide (PEPT1 and PEPT2) transporters, are constitutively 
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expressed in cell membranes and intestinal brush borders. These transporters have been 

targeted in designing ocular therapeutics with improved bioavailability.21 For example, 

modifications with valine significantly enhance oral bioavailability (Fo). Thus, conversion of 

acyclovir to valacyclovir22-24 increases Fo from ~16% to 54%, and for gancilovir to 

valganciclovir from 6% to 61%.25,26 Also, modification of desglymidodrine with glycine to 

midodrine increased the oral bioavailability from 50% to 93%.27 By analogy, structural 

modifications of Ret-NH2 with amino acids or peptides that utilize the amino acid or peptide 

transporters could facilitate gastrointestinal absorption of these Ret-NH2 derivatives and 

their uptake by the eye.19,28 Formation of an amide bond with the primary amine of Ret-

NH2 could improve its stability, especially in the gastric acidic environment after oral 

administration. Most importantly, this structural modification is expected to alleviate the 

inhibition of RPE65 in the visual cycle by blocking drug binding to the enzyme, thereby 

minimizing side effects.

Here, we designed and synthesized a library of 14 amino acid and peptide derivatives of Ret-

NH2 and then tested their efficacy in preventing light-induced retinal degeneration in 

Abca4−/−Rdh8−/− mice. Cell transport, uptake, and biodistribution of the lead derivatives 

were evaluated in vitro and in vivo in wild-type mice. The most promising candidate 

compounds were assessed in vitro and in vivo for sequestration of atRAL by Schiff base 

formation and for their potential effects on RPE65 and the visual cycle. Potential side effects 

on vision of the selected lead compounds were assessed also in wild-type mice. We also 

synthesized the L-Val-Gly peptide derivative of emixustat, an analogue of Ret-NH2 and 

inhibitor of RPE65, and investigated its efficacy in preventing retinal degeneration in 

Abca4−/−Rdh8−/− mice.

RESULTS

Synthesis of Ret-NH2 Derivatives and Emixustat-L-Val-Gly.

Fourteen amino acid and peptide derivatives of Ret-NH2 (designated 3a–3n) were 

synthesized by conjugating selected amino acids or peptides, as shown in Figure 1. 

Emixustat-L-Val-Gly amide was synthesized via the same method. Structures of the resulting 

derivatives are shown in Table 1. The synthesis involved reacting Ret-NH2 or emixustat with 

N-fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids or peptides in the presence of 

coupling agents. The Fmoc group then was removed with 20% piperidine in ethyl acetate 

solution to provide the targeted molecules. The Ret-NH2 derivatives and emixustat-L-Val-

Gly were characterized by 1H NMR, 13C NMR, and mass spectrometry (see the Supporting 

Information). The synthesized derivatives had a purity >95% as determined by HPLC, 

except for 3n, Ret-Gly-Gly (RGG), whose purity was 90% (see the Supporting 

Information). Less than 5% degradation of RVG was observed when this compound was 

stored in a desiccator under vacuum at room temperature for 2 months, whereas 95% of Ret-

NH2 decomposed under the same conditions within 1 week (Figure S1).

Effects of Ret-NH2 Analogues on Light-Induced Retinal Degeneration.

The effectiveness of Ret-NH2 derivatives in preventing light-induced retinal degeneration 

was tested in four-week old Abca4−/−Rdh8−/− mice according to the experimental scheme 
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depicted in Figure 2a. After the mice were dark-adapted for 48 h, drugs were gavaged orally 

at a dose of 0.875 μmol/per mouse, which was selected based on the half-protective dose for 

Ret-NH2 in a dose–response experiment (Figure 2b). Ret-NH2 at the same molar dose was 

tested as a positive control for each derivative. Sixteen hours later, mice were exposed to 

light at 10 000 lx for 1 h and then kept in the dark for 3 days. Retinal integrity was then 

assessed using optical coherence tomography (OCT). Representative OCT images for RVG 
and both positive and negative illumination controls are shown in Figure 2c. The mice 

without light illumination possessed intact retinas and were used as positive controls. Mice 

without any treatment were used as negative controls and exhibited virtually complete 

destruction of photoreceptor cells after light illumination. Retinal integrity was determined 

based on the thickness of the outer nuclear layer (ONL) of the retinas measured from the 

OCT images; a reduced ONL thickness signifies a decreased number of photoreceptors and 

retinal degeneration. The white reflective layer in the retinas of negative control mice, which 

is thicker than a healthy outer plexiform layer (OPL), corresponds to the dying 

photoreceptor cells in the ONL. Ret-NH2 derivatives showed a structure-dependent 

therapeutic protection against light-induced retinal degeneration (Figure 2d). The glycyl, 

glycylvalyl, and valylglycyl derivatives showed significantly better protection than either 

Ret-NH2 or other derivatives of Ret-NH2, with no visible damage at 4 locations around the 

optic nerve. In comparison, the phenylalanyl, D-alanyl, D-valyl, β-alanyl, and pregabalin 

derivatives had little protective efficacy. The protective efficacy for Ret-NH2 amino acid or 

peptide conjugates from low to high are Ret-L-Phe, Ret-D-Ala, Ret-D-Val, Ret-β-Ala, Ret-

Preg < Ret-L-Leu, Ret-L-IIe < Ret-L-Ala, Ret-L-Pro < Ret-NH2 < Ret-L-Val < Ret-Gly-Gly < 

Ret-L-Val-Gly, Ret-Gly < Ret-Gly-L-Val.

The derivative RVG was selected as a lead agent for further detailed assessment because it is 

a solid at room temperature, whereas RG and RGV are both oils. Solid materials are 

generally preferred because of easy handling in drug development and clinical use. 

Abca4−/−Rdh8−/− mice were treated with RVG or Ret-NH2. Sixteen hours later, mice were 

exposed to light at 10 000 lx for 1 h and then kept in the dark for 7 days. Retinal function 

was then assessed using electroretinograms (ERGs). Figure 3a shows average peak 

amplitudes of ERG scotopic a-waves for the mice in different treatment groups. ERG 

responses of mice treated with RVG and light illumination (LI) were virtually the same as in 

mice with no light-illumination (NLI), indicating that RVG did not inhibit the RPE65 

activities. In contrast, the average ERG peak amplitudes were significantly lower for mice 

that were untreated or treated with Ret-NH2 and then illuminated with strong light. 

Histological analyses also showed that mice treated with RVG maintained an intact retinal 

structure after exposure to intense light, while the retinas of mice without drug treatment had 

a markedly reduced ONL thickness after such light exposure (Figure 3b). These results 

demonstrate that Ret-NH2 derivatives of glycine and/or valine, especially RVG at a reduced 

dose, showed remarkable efficacy in preventing light-induced retinopathy without inhibiting 

RPE65.

Biodistribution of RVG in Normal C57BL/6J Mice.

RVG and other selected Ret-NH2 derivatives, either with a relatively high protective effect 

(RG and RV) or low protective effect (RF and RL) were administered via oral gavage to 4-
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week-old C57BL/6J mice; then their biodistribution in the liver and eye was determined. 

Figure 4 shows the concentrations of the respective N-retinylamides, corresponding to the 

primary metabolites of Ret-NH2
14,29 and of each of its various synthetic derivatives, in the 

liver and eye at different time points (2 and 16 h) after gavage of the parent compounds. 

After 2 h, mice that received Ret-NH2 had much higher liver concentrations of the 

corresponding N-retinylamides than did those that received the Ret-NH2 derivatives, 

suggesting a more rapid absorption and/or metabolism of Ret-NH2 after oral administration. 

The concentrations of N-retinylamides were increased in the liver of all treated mice at 16 h 

post-treatment. No N-retinylamides were detected in the eyes of any of the treated mice at 2 

h. Interestingly, the derivatives RVG, RG, and RV with high protective effects on the retina 

displayed lower liver accumulations of N-retinylamides than did RF and RL, and RVG and 

RV produced no detectable N-retinylamides in the eye at 16 h. The lipophilic side chains of 

the amino acids in RF and RL might facilitate rapid metabolism of the conjugate and release 

of free Ret-NH2 in the liver, with concomitant formation of N-retinylamides. In contrast, the 

derivatives RF, RL, and RG produced concentrations of N-retinylamides in the eye 

comparable to that of Ret-NH2 at 16 h. Concentrations of the original drugs were also 

determined in the liver (c) and eye (d) at 2 and 16 h (Figure 4c,d). All tested drugs, including 

Ret-NH2, were detected in the liver, and their concentrations decreased from 2 to 16 h. RG 
and RV were detected in the eyes at 2 and 16 h at relatively high concentrations. RVG was 

detected only at 16 h, whereas RF and RL were detected only at 2 h. No Ret-NH2 was 

detected at 2 and 16 h in the eye, possibly because of rapid metabolism. The results indicate 

that Ret-NH2 and the tested derivatives are readily absorbed into the body after oral gavage. 

The derivatives RVG, RG, and RV with good retinal protective effects show prolonged 

presence in the eye, while RF and RL with poor protective effectiveness are quickly 

metabolized in the liver into N-retinylamides, which was then transported in the eye. All 

tested drugs, including Ret-NH2, were not detected in blood at 2 and 16 h.

In Vitro Caco-2 Cell Transport and ARPE-19 Cell Uptake.

Transport and cellular uptake of RVG, RF, and Ret-NH2 were investigated with Caco-2 

cells, a human epithelial colorectal adenocarcinoma cell monolayer used as an in vitro 
model for oral gastrointestinal transport,27,30 and with ARPE19 cells, a modified human 

RPE cell line. As shown in Figure 5, both RVG and RF exhibited significantly higher 

transport through the Caco-2 monolayer and a higher uptake by ARPE19 cells than Ret-

NH2. There were no significant differences between RVG and RF in both cases. This result 

is consistent with the interpretation that the uptake of both derivatives of Ret-NH2 was 

facilitated by peptide transporters.

Effects on the Retinoid Cycle.

The effect of RVG on the regeneration of 11-cis-retinol in the retinoid cycle was 

investigated in vitro by incubating this drug with RPE microsomes; Ret-NH2 was used as 

control. The activity of RPE65-dependent isomerization of all-trans-retinol in the presence 

of retinaldehyde-binding protein31,32 was determined by monitoring 11-cis-retinol 

production by HPLC. Figure 6a shows percent of RPE65 activity (11-cis-retinol production) 

as a function of increasing concentrations of RVG or Ret-NH2. As expected, addition of 
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Ret-NH2 resulted in a concentration-dependent inhibition of RPE65, whereas RVG up to 10 

μM did not affect significant inhibition. Analogous results for Ret-NH2 and RVG were 

obtained with NIH3T3 cells32 that stably express LRAT and RPE65. HPLC analysis of 11-

cis-retinol production was easily detected in nontreated cells (control) and the cells treated 

with RVG, whereas the addition of Ret-NH2 virtually ablated 11-cis-retinol production by 

inhibiting isomerase activity (Figure 6b). The inhibitory effect on RPE65 was further 

investigated in dark-adapted C57BL/6J wild-type mice after oral gavage of Ret-NH2 and 

RVG. Figure 6c shows that mice treated with Ret-NH2 produced a much lower 

concentration of 11-cis-retinal than the untreated controls, indicating a slow regeneration of 

11-cis-retinal and a strong inhibitory effect of this drug on the retinoid cycle.33 RVG 
allowed a greater regeneration of 11-cis-retinal in the eye, indicating less inhibition of the 

retinoid cycle than exhibited by Ret-NH2 (Figure 6d).

In Vitro Schiff Base Formation with atRAL.

The above experiments revealed that RVG reduced 11-cis-retinal concentration in the eye 

but did not inhibit the activity of RPE65. We hypothesized that Ret-NH2 and its amino acid 

(except proline) and peptide derivatives could also act as scavengers to sequester atRAL by 

forming Schiff base conjugates,10 thereby slowing down the retinoid cycle and reducing the 

atRAL concentration below the toxic level. Therefore, we assessed the ability of RVG and 

RF to form Schiff base adducts with atRAL. Figure 7 shows the HPLC chromatograms and 

UV-vis and mass spectra for reaction mixture of Ret-NH2, RF, or RVG with atRAL. Schiff 

base adducts with atRAL were identified for all of the tested compounds (Ret-NH2, RVG, 

and RF). The results indicate that the amino acid (except proline) and peptide conjugates of 

Ret-NH2 could act as atRAL scavengers by forming Schiff base adducts.

Effects of Emixustat-L-Val-Gly Derivative.

Emixustat is an analogue of Ret-NH2 and a modulator of the retinoid cycle. The L-Val-Gly 

derivative of emixustat (EVG) was synthesized and administered to Abca4−/−Rdh8−/− mice 

to assess how this chemical modification altered the drug’s effects. Figure 8 shows that EVG 

exhibited protective efficacy against light-induced retinal degeneration relatively lower than 

that of emixustat at the same dose (1.9 μmol/mouse). Although emixustat resulted in 

complete protection of the retinas from light-induced degeneration, the treatment greatly 

decreased the ERG activities, measured 7 days after the drug administration and 

illumination. In comparison, the treatment with EVG resulted in only slight decrease of ERG 

activities as compared with the untreated mice. The modification of emixustat with L-Val-

Gly dipeptide might inhibit its binding to RPE65 and consequently diminish the 

morphological protective effect against retinal degeneration. Nevertheless, inhibition of 

strong binding of the EVG to RPE65 significantly reduced the side effects of the drug on 

vision.

DISCUSSION

Modulation of the retinoid cycle has been considered an effective approach for preventive 

treatment of retinal degeneration. Ret-NH2 and its analogue emixustat (formerly ACU4429) 

have been identified as potent modulators of the retinoid cycle.11,34 Both compounds act as 

Yu et al. Page 7

Bioconjug Chem. Author manuscript; available in PMC 2022 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibitors of RPE65 and can prevent retinal degeneration in experimental animals and 

human patients. However, a potential side effect of RPE65 inhibition is impairment of the 

retinoid cycle and consequent loss of night vision. We previously reported that atRAL, a 

potentially toxic but essential component of the retinoid cycle, can be sequestered by 

forming Schiff base adducts with primary amines such as Ret-NH2, thereby effecting 

protection against retinal degeneration in animal models of AMD and Stargardt disease 34,35 

This mechanism of action could minimize the potential side effects of RPE65 inhibition. 

Here, we chemically modified Ret-NH2 with amino acids or peptides to improve its stability; 

therapeutic efficacy; and, most importantly, safety profile. We selected β-alanine, pregabalin, 

glycine, seven L-amino acids, two D-amino acids, and three dipeptides for these 

modifications and synthesized 14 Ret-NH2 derivatives with different structures and 

configurations. The goal was to identify a stable derivative with high therapeutic efficacy 

and minimal side effects as a lead compound for preventing retinal degeneration.

We have found that these new Ret-NH2 derivatives have several unique features compared to 

Ret-NH2. The chemical stability of the amino acid and peptide derivatives is significantly 

improved over that of Ret-NH2. Ret-NH2 is readily protonated in aqueous solution under 

neutral or acidic conditions to form the ammonium cation, which can destabilize the 

conjugate polyene. Formation of an amide bond at the primary amine of Ret-NH2 prevents 

protonation near the polyene and improves stability. The derivatives are readily absorbed by 

the body after oral administration, as observed with the tested compounds (Figure 4), a 

finding further validated with Caco-2 and ARPE-19 cells in vitro (Figure 5). The amino acid 

and dipeptide derivatives also have primary amine moieties that readily form Schiff base 

adducts to sequester atRAL, as demonstrated with RVG and RF (Figure 7). The chemical 

modifications of Ret-NH2 also introduce steric hindrance for binding of the derivatives to 

RPE65, thereby diminishing the inhibitory effect associated with unsubstituted Ret-NH2 and 

alleviating the risk for night blindness. The Phe derivative RF showed minor inhibitory 

effects on RPE65 isomerase activity in vitro, while the dipeptide derivative RVG possessed 

no inhibitory effect (Figure 6). The larger dipeptide derivatives have a greater steric effect 

than the amino acid derivatives on binding to RPE65; consequently, they produce little 

inhibition of this enzyme. RVG can sequester atRAL by forming a Schiff base adduct, while 

it displays little inhibition of RPF65. Thus, this conjugate seems to be a promising candidate 

to treat retinal degeneration with minimal side effects.

The Ret-NH2 derivatives displayed structure-dependent relative efficacies for preventing 

light-induced retinal degeneration in Abca4−/−Rdh8−/− mice. RVG, RG, and RGV were 

significantly more effective than Ret-NH2 at the same low dose in preventing retinal 

degeneration (p < 0.05). No visible damage was observed at four locations around the optic 

nerve in the retinas of mice treated with these compounds. Derivatives composed of amino 

acids other than glycine or L-valine were less protective than Ret-NH2 itself. D-Valine 

derivatives had no protective efficacy as compared to their L-counterparts.

Our results are consistent with those reported by another research group who investigated 

amino acid- and peptide-containing ocular therapeutics in a different context 36 The 

protective effects we observed were positively correlated with the biodistribution of our 

derivatives to the eye, as shown in Figure 4. Strong light exposure for efficacy assessment 
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was performed at 16 h after oral gavage of the administered compounds (Figure 2a). RG, 

RV, and RVG were detected in the eye at that time, while RF and RL were not. The 

presence of the therapeutics in the eye at the time of exposure supports the interpretation that 

they could prevent retinal degeneration by sequestration of atRAL via Schiff base adduction. 

RF and RL were detected in mouse eyes at 2 h after gavage, whereas significant amounts of 

their N-retinylamide metabolites were found at 16 h. Both amino acids in RF and RL have 

lipophilic side chains, which might facilitate metabolic release of Ret-NH2,37 followed by 

the rapid conversion to N-retinylamides in the liver and eye. Therefore, although RF and RL 
were both initially present in eye, their rapid metabolism resulted in the conversion to N-

retinylamides that lacked protective effects. Accordingly, RF and RL showed little 

protective effect under the experimental conditions we used. It appears that instead, RV and 

RVG are less lipophilic and resisted metabolic conversion in the eye such that no ocular N-

retinylamides were detectable at both 2 and 16 h after oral gavage. Taken together, Ret-NH2 

derivatives with a prolonged presence in the eye after oral gavage were generally more 

effective in protecting the retina from light-induced degeneration.

Oral treatment with RVG resulted in slow regeneration of 11-cis-retinal in vivo. The 

inhibition by RVG could be attributed to sequestration of atRAL as the Schiff base adduct, 

accounting for the low concentration of atRAL; then slow hydrolysis of the Schiff base to 

release atRAL for isomerization would result in a slow regeneration of 11-cis-retinal. 

Nevertheless, the regeneration was significantly more rapid than that found with Ret-NH2, 

allowing more rapid recovery of normal retinoid cycle function and mitigating potential side 

effects, including night blindness. Indeed, ERG tests demonstrated a rapid recovery of 

retinal function after the RVG treatment. These experiments provide evidence that the amino 

acid or peptide derivatives of Ret-NH2, especially RVG, are effective in modulating the 

retinoid cycle and preventing retinal degeneration, with less likelihood of serious side 

effects.

The Ret-NH2 analogue, emixustat, is currently under clinical trials for treating retinal 

degeneration in patients. Emixustat is a potent modulator of retinoid cycle and binds tightly 

to RPE65.38 However, such strong binding of the drug to RPE65 may compromise the vision 

of patients.11,16 Chemical modification of the drug with L-Val-Gly decreases the preventative 

efficacy of the drug, possibly because of inhibition of the drug binding to RPE65. The 

modified drug EVG still maintains significant efficacy in preventing light-induced 

degeneration in Abca4−/−Rdh8−/− mice, likely through the mechanism of Schiff base 

formation with atRAL, which slows down the retinoid cycle. Consequently, treatment with 

EVG results in only a small decrease of ERG activity as compared to the control without 

light illumination. Thus, modification of emixustat with the dipeptide may alleviate the 

adverse effect of the drug on vision while providing significant therapeutic efficacy, 

potentially making EVG a safer alternative to emixustat in treating retinal degeneration in 

patients.

In summary, we synthesized and tested several amino acid and dipeptide derivatives of Ret-

NH2. The modified Ret-NH2 derivatives possessed improved chemical stability. The 

derivatives with primary amines have the ability to sequester potentially toxic atRAL by 

Schiff base adduction. The derivatives showed structure-dependent efficacy in preventing 
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light-induced retinal degeneration in Abca4−/−Rdh8−/− mice. The glycyl- and/or L-valyl-

containing Ret-NH2 derivatives displayed therapeutic efficacy higher than that of Ret-NH2 

and the other amino acid derivatives. This higher efficacy was correlated with relatively low 

metabolism of these derivatives within the eye. The derivative RVG, with a combination of 

superior pharmaceutical and pharmacological properties, is identified as a lead compound 

for further therapeutic development. RVG provided effective protection against retinal 

degeneration without inhibiting the RPE65 enzyme and caused minimal interference with 

retinoid cycle chemistry. Mice treated with RVG displayed a rapid regeneration of 11-cis-

retinal and recovery of retinal function. Modification of emixustat with the valylglycyl 

dipeptide (EVG) diminished the side effects of the drug on vision. RVG and EVG could be 

promising therapeutics for prophylactic prevention of human retinopathy.

METHODS

Animals and Oral Administration.

Abca4−/−Rdh8−/− double knockout mice and C57BL/6J mice (female and male, 4 weeks 

old) (Jackson Laboratories, Bar Harbor, ME) were housed in the animal facility at the 

School of Medicine, Case Western Reserve University, where they were maintained either 

under complete darkness or on a 12 h light (~10 lx) and 12 h dark cycle. All animal 

procedures and experiments were approved by the Case Western Reserve University Animal 

Care Committees and conformed to recommendations of the American Veterinary Medical 

Association Panel on Euthanasia and the Association of Research for Vision and 

Ophthalmology. All tested compounds were dissolved or suspended in 100 μL of vegetable 

oil with less than 10% (v/v) DMSO and were administered by oral gavage with a 22-gauge 

feeding needle. Experimental manipulations in the dark were done under dim red light 

transmitted through a Kodak No. 1 safelight filter (transmittance > 560 nm).

Induction of Light-Induced Retinal Degeneration in Abca4−/−Rdh8−/− Mice.

Female and male Abca4−/−Rdh8−/− mice (4 weeks old) were randomly assigned into 

different treatment groups. After dark adaptation for 48 h, Abca4−/−Rdh8−/− mice with 

pupils dilated by 1% tropicamide were exposed to fluorescent light (10 000 lx) for 60 min in 

a white plastic bucket with food and water and then kept in the dark. Histological and 

biochemical experiments were performed 3 days after light exposure.

Ultrahigh-Resolution Spectral-Domain OCT.

Ultrahigh-resolution spectral-domain OCT (SD-OCT; Bioptigen) was used for in vivo 
imaging of mouse retinas. Mice were anesthetized by intraperitoneal injection of a cocktail 

(20 μL/g body weight) containing ketamine (6 mg/mL) and xylazine (0.44 mg/mL) in 10 

mM sodium phosphate, pH 7.2, and 100 mM NaCl. Pupils were dilated with 1% 

tropicamide. Four pictures acquired in the B-scan mode were used to construct each final 

averaged SD-OCT image.

ERGs.

All ERG procedures were performed by published methods.39 For single-flash recording, the 

duration of white-light flash stimuli (from 20 μs to 1 ms) was adjusted to provide a range of 
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illumination intensities from −3.7 to 1.6 log cd·s·m−2. Three to five recordings were made at 

sufficient intervals between flash stimuli (from 3 s to 1 min) to allow recovery from any 

photo bleaching effects.

Histology.

Mouse eyes were fixed for 24 h by rocking in a fixation solution (2 mL/eye) containing 4% 

paraformaldehyde and 1% glutaraldehyde in PBS. The tissue was processed through a series 

ofethanol, xylene, and paraffin baths in a Tissue-Tek VIP automatic processor (Sakura, 

Torrance, CA, United States), and 5 μm sections were cut using a Microm HM355 paraffin 

microtome (Thermo Fisher Scientific, Waltham, MA, United States) and stained with 

hematoxylin and eosin (H&E). Images of stained sections were captured with a Leica 

CTR6000 microscope attached to a CCD camera (Micropublisher 5.0 RTV, Qimaging 

Surray BC, Canada).

Pharmacokinetic Distribution of N-Retinylamides and Ret-NH2 Derivatives in the Liver and 
Eye.

Female and male C57BL/6J mice (4-week-old) were randomly divided into seven groups, 

six treated groups and one control group. Free Ret-NH2 (3.5 μmol per mouse, dissolved in 

DMSO and dispersed in vegetable oil) or Ret-NH2 derivatives (Ret-Gly, Ret-L-Val-Gly, Ret-

L-Phe, Ret-L-Leu, or Ret-L-Val, each dissolved in DMSO and dispersed in vegetable oil at 

3.5 μmol per mouse) were administered by gastric gavage. The control group was gavaged 

with drug-free vegetable oil. Then 3 mice were euthanized at each predetermined time point, 

2 and 16 h after drug administration. The liver and eye balls were collected to determine 

tissue N-retinylamide content for pharmacokinetic analyses. A portion of the liver tissue 

(0.3–0.5 g) was weighed and homogenized in 2 mL of a 1:1 ethanol:PBS solution, and the 

eye balls were similarly processed (eye balls were combined from 3 mice). N-Retinylamides 

were extracted in 4 mL of hexane, concentrated, and reconstituted to a 300 μL volume for 

liver and 200 μL for eye. Normal-phase HPLC (Agilent-Zorbax SIL; 5 μm; 4.5 × 250 mm; 

flow rate of 1.4 mL/min; 80:20 hexane:ethyl acetate (v:v); detection at 325 nm) was used to 

determine N-retinylamide concentrations in these tissues using a standard curve method.

In Vivo RPE65 Inhibition.

The Ret-NH2 derivatives (RVG and RF) or Ret-NH2 were administered by oral gavage at 

the same dose of 1.75 μmol per mouse into dark-adapted C57BL/6J wild-type mice (female 

and male, randomly assigned, n = 3) at 16 h prior to the light illumination. After light 

exposure (7000 lx, 10 min), mice were kept in the dark room for 24 h to allow visual cycle 

recovery. Mice were then euthanized and eyes were extracted for analyses. Mice without 

treatment prior to photobleaching were used as controls. Retinoid extraction was done by 

manually homogenizing eyes in 1 mL of 1:1 ethanol:PBS solution containing 40 mM 

hydroxylamine. Retinoids were extracted with 4 mL of hexane, concentrated, and 

reconstituted to a volume of 200 μL. Normal-phase HPLC (Agilent Zorbax SIL; 5 μm; 4.5 × 

250 mm; flow rate of 1.4 mL/ min; 90:10 hexane:ethyl acetate (v:v); detection at 325 nm) 

was employed to separate retinoids prior to determining their concentrations by comparison 
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of their absorption spectra with those of synthetic standards. In vivo RPE65 inhibition was 

analyzed by quantifying the amount of 11-cis-retinal within each eye.

RPE Microsomal Preparations.

Bovine RPE microsomes, isolated from RPE homogenates by differential centrifugation as 

previously described,14 were resuspended in 10 mM Tris HCl, pH 7.2, 1 μM leupeptin, and 1 

mM DTT to achieve a total protein concentration of ~5 mg/mL. To destroy endogenous 

retinoids, 200 μL aliquots of RPE microsomes were placed in a quartz cuvette and irradiated 

for 5 min at 0 °C with a ChromatoUVE transilluminator (model TM-15; UVP).

Retinoid Cycle Enzyme Assays.

All assays were performed under dim red light. A 2 μL portion of Ret-NH2 derivative (RF or 

RVG) (0.5–10 mM, in DMF) was added into 200 μL of 10 mM Bis-Tris propane buffer (pH 

7.4) containing 150 μg of RPE microsomes, 1% BSA, 1 mM disodium pyrophosphate, and 

20 μM aporetinaldehyde-binding protein 1 (CRALBP). The resulting mixture was 

preincubated at room temperature for 5 min. Then 1 μL of all-trans-retinol (20 mM, in 

DMF) was added and the new mixture was incubated at 37 °C for 1 h. This reaction was 

quenched by addition of 300 μL of methanol, and the products were extracted with 300 μL 

of hexanes. Production of 11-cis-retinol was quantified by normal phase HPLC with 10% 

(v/v) ethyl acetate in hexanes as the eluent at a flow rate of 1.4 mL/min. Retinoids were 

detected by monitoring their absorbance at 325 nm and quantified based on a standard curve 

reflecting the relationship between the amount of 11-cis-retinol and area under the 

corresponding chromatography peak. RPE microsomes without a drug (RF or RVG) served 

as 100% controls.

NIH3T3 cells in Dulbecco’s Modified Eagle Medium (DMEM) were introduced into 6-well 

plates and allowed to grow to 90% confluence. Cells then were incubated in DMEM 

containing 10 μM all-trans-retinol and 4.5 μM Ret-NH2 or Ret-NH2 derivatives for 16 h in 

the dark. All-trans-retinol was included as a positive control and “medium only” served as a 

negative “no treatment” control. Cells and medium were collected after 16 h of incubation. 

Samples were treated with 2 mL of methanol, homogenized, and saponified with 1M KOH 

at 37 °C for 2 h prior to extraction with hexane. The hexane phase was collected, dried in a 

SpeedVac, and redissolved in 250 μL of hexane, and retinoid composition was determined 

by retinoid absorbance after separation by normal phase HPLC.

atRAL Schiff Base Formation.

Incubation of Ret-NH2 or Ret-NH2 derivatives RVG or RF (0.2 mM) with atRAL (2 mM) in 

ethanol was carried out for 2 h at room temperature. Retinyl imines, separated by reverse 

phase HPLC, were identified on the basis of both their characteristic UV–vis spectra upon 

protonation and analysis by mass spectrometry (MS). HPLC conditions were the following: 

analytical C18 reverse column, 5 μm, 250 mm × 4.6 mm, flow rate of 0.5 mL/min, mobile 

phase acetonitrile:H2O (v:v) with 0.05% trifluoroacetic acid (0–15 min, acetonitrile from 

50% to 100%; 15–30 min, 100% acetonitrile), and detection at 325 nm.
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Caco-2 Cell Assay.

Rat tail collagen was diluted 1:9 with 0.5% acetic acid, and the resulting solution (200 μL) 

was added to each insert to coat the surface. The inserts were air-dried overnight, followed 

by UV irradiation for 45 min for sterilization. A concentration of 4 × 105 cells/well in 

DMEM solution containing 20% FBS was added to the precoated insert, and another 2 mL 

of fresh DMEM medium was added to the opposite bottom side. The medium was changed 

after the first day of incubation and every other day after that. Cells were cultured for 21 

days until they were mature. After aspiration of the medium, cell monolayers were washed 

with PBS three times. Cells then were incubated with PBS for 1 h at 37 °C to allow release 

of materials taken up during incubation. After removal of the PBS solution, a drug solution 

(500 μM in 2.0 mL PBS, pH 6) was loaded onto the apical side and the bottom side was 

loaded with 2.5 mL of fresh PBS solution. The plates then were incubated at 37 °C, and 

samples of 200 μL were withdrawn from the bottom side at several time points within 24 h. 

Amounts of the drug were determined by UV spectrophotometry. Percentage of drug 

transport was calculated by dividing the amount of drug from the bottom by the total amount 

of drug added.

ARPE19 Cell Uptake.

ARPE19 cells (human RPE cells purchased from American Type Culture Collection) were 

plated in 6-well plates using DMEM and allowed to grow to 90% confluence. The cells then 

were incubated with DMEM containing 10 μM Ret-NH2 derivatives for 16 h under dark 

room conditions; cells without drug served as controls. Medium then was removed and cells 

were washed three times with PBS after incubation for 16 h. Collected cell samples were 

treated with 400 μL of methanol, homogenized at 37 °C for 1 h, followed by another 

centrifugation. The supernatant (100 μL) then was subjected to reverse phase HPLC 

(analytical C18 reverse column; 5 μm; 250 mm × 4.6 mm; flow rate of 1.0 mL/min; 60:40 

acetonitrile:H2O (v: v) with 0.05% trifluoroacetic acid; detection at 325 nm) to separate and 

subsequently determine Ret-NH2 or its derivatives in serum, as noted above.

Statistical Analyses.

For analyses of the effects of Ret-NH2 derivatives on light-induced retinal degeneration 

(Figure 2), each group included at least 5 mice and the thickness of ONL was measured in 4 

different areas of the retina for each mouse. To compare the thickness of ONL between Ret-

NH2 derivatives and Ret-NH2 itself, we used a linear mixed-effects model40-42 with 

unstructured covariance fitted with SAS Proc Mixed software. All other statistical analyses 

were performed to compare the treatment groups using one-way ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthetic scheme for the retinylamine derivatives.
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Figure 2. 
Protective effects of Ret-NH2 derivatives on the development of acute light-induced retinal 

degeneration in Abca4−/−Rdh8−/− mice (NLI = no light illumination; LI = light illuminated). 

(a) Schematic representation of the experimental design. (b) Ret-NH2 dose-efficacy curve. 

(c) OCT images reveal representative morphology of 4-week-old Abca4−/−Rdh8−/− mouse 

retinas. Scale bars (red and green) indicate 100 μm in the OCT images. (d) Efficacy study of 

Ret-NH2 derivatives in vivo. ONL thicknesses (bar heights) represent the average 

thicknesses measured from OCT images obtained 0.5 mm from the optical nerve at 4 

locations (nasal, temporal, superior, and inferior). Five mice were used for each treatment 

group. Statistical analyses were performed by the linear mixed-effects model with 

unstructured covariance structure fitted using SAS Proc Mixed software. Error bars indicate 

SE of the estimated means using a linear mixed-effects model.
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Figure 3. 
ERG and histological evaluation for the effectiveness of Ret-L-Val-Gly (RVG) on preserving 

retinal function after light-induced acute retinal degeneration in 4-week-old 

Abca4−/−Rdh8−/− mice. (a) Average peak amplitudes of ERG scotopic a-waves for 4-week-

old Abca4−/−Rdh8−/− mice, pretreated with RVG or Ret-NH2 at a dose of 0.875 μmol per 

mouse 16 h prior to light illumination and evaluation 7 days later (NLI = no light 

illumination; LI = light illuminated). Error bars indicate SD of the means (n = 3). (b) RVG 
protected Abca4−/−Rdh8−/− mouse retinas from light damage. H&E staining of retinal 

sections through the dorsal-ventral axis and across the optic nerve head was performed 7 

days after light exposure. The histology reveals light-induced retinal degeneration in a 

vehicle (DMSO)-treated Abca4−/−Rdh8−/− mice, indicated by a thin outer nuclear layer. 

Administration of RVG before light exposure prevented this retinal damage. RPE, retinal 

pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, 

outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 

cell layer. Scale bar: 50 μm. Statistical analysis was performed to compare the treatment 

groups using one-way ANOVA.
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Figure 4. 
Biodistribution of N-retinylamides from Ret-NH2 and Ret-NH2 derivatives (Ret-Gly (RG), 

Ret-L-Val-Gly (RVG), Ret-L-Phe (RF), Ret-L-Leu (RL), and Ret-L-Val (RV)) in the liver and 

eye after oral administration. The formulated drugs RG, RVG, RF, RL, RV, or Ret-NH2 

(3.5 μmol per mouse) were orally gavaged into 4-week-old C57BL/6J wild-type mice. Mice 

then were sacrificed at predetermined time points (2 h or 16 h) after such treatment. N-

Retinylamides and drugs were extracted from the eyes and liver quantitatively, as determined 

by HPLC. Error bars indicate SD of the means (n = 3).
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Figure 5. 
In vitro Caco-2 cell transport and ARPE-19 cell uptake assays. (a) Drugs (Ret-NH2, RVG, 

and RF) transport through the Caco-2 cell monolayer. A monolayer of Caco-2 cells was 

grown on a filter separating two stacked micro well plates into apical (AP) and basolateral 

(BC) chambers. The permeability of drugs through these cells was determined after their 

introduction on the AP side of the filter by using UV absorbance to monitor the 

concentrations of these drugs on the BL side. Percentage of drug transported is calculated by 

dividing the amount of drug on the BL side by the total amount of drug added on the AP 

side. (b) Cellular uptake of the drugs by ARPE19 cells. After co-incubation of ARPE19 cells 

with selected drugs (RVG, RF) for 16 h, the medium was removed and cells were collected. 

Drugs were extracted from the cells and analyzed by HPLC. ARPE19 cells without the drug 

served as controls. Statistical analysis was performed to compare the treatment groups using 

one-way ANOVA.
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Figure 6. 
Inhibition of 11-cis-retinol production by Ret-NH2or Ret-NH2derivatives (RVG). RPE 

microsomes were incubated for 1 h with each compound at concentrations of 0.5–10 μM in 

the presence of 10 μM all-trans-retinol. (a) Dose-dependent effects of inhibitors on 11-cis-

retinol production by RPE microsomes. RPE microsomes without drug (RF or RVG) served 

as 100% controls. (b) NIH3T3 cell culture experiment. Cells were incubated with 10 μM all-

trans-retinol in addition to 4.5 μM of each drug (Ret-NH2 or RVG) in growth medium for 16 

h prior to extraction with organic solvent. Concentrations of 11-cis-retinoids were 

determined by HPLC 16 h after cell homogenization, saponification, and retinoid extraction. 

Peaks were identified based on their elution times and absorbance spectra that were identical 

with synthetic standards (1, 11-cis-retinol; 2, 13-cis-retinol; 3, 9-cis-retinol; 4, all-trans-

retinol; mAU, milli absorbance units). (c) Comparison of 11-cis-retinal regeneration in mice 

treated with selected Ret-NH2 derivatives. Dark-adapted C57BL/6J mice were given the 

dose of inhibitor (1.75 μmol/mouse) by oral gavage 16 h before they received a retinal 

bleach for 10 min at 7000 lx. Regeneration of 11-cis-retinal continued for 24 h in the dark, 

after which ocular retinoids were extracted and separated by normal phase HPLC. (d) 

Average peak amplitudes of ERG scotopic a-waves for 4-week-old WT mice after treatment 

with free Ret-NH2 or RVG. After 4-week-old C57BL/6J WT mice were kept in the dark for 

48 h, they were given either Ret-NH2 or RVG at a dose of 1.75 μmol per mouse by gastric 

gavage 16 h prior to ERG evaluation. Statistical analysis was performed to compare the 

treatment groups using one-way ANOVA.
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Figure 7. 
Identification of all-trans-retinal Schiff base adducts. Ret-NH2 derivatives RVG and RF (0.2 

mM) were incubated with all-trans-retinal in ethanol for 2 h at room temperature and then 

analyzed by HPLC and LC-MS. Schiff base adducts were detected at 460 nm. (a1, b1, and 

c1) HPLC elution profiles after the Schiff base reaction. (a2, b2, and c2) Corresponding 

UV–vis spectra of reaction materials and the resulting Schiff base adducts. (a3, b3, and c3) 

Mass spectra of the corresponding protonated Schiff base adducts.

Yu et al. Page 23

Bioconjug Chem. Author manuscript; available in PMC 2022 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Protective effects of emixustat-L-Val-Gly (EVG) against light-induced acute retinal 

degeneration in 4-week-old Abca4−/−Rdh8−/− mice. (a) Structures of racemic emixustat and 

emixustat-L-Val-Gly (EVG). 4-week-old Abca4−/−Rdh8−/− mice were kept in the dark for 48 

h, then they were given either emixustat or EVG at a dose of 1.90 μmol per mouse by gastric 

gavage 16 h prior to light illumination; OCT and ERG evaluations were done 7 days later 

(NLI = no light illumination; LI = light illuminated). (b) ONL thicknesses were measured 

from in vivo OCT images obtained along the vertical meridian from the superior to inferior 

retina of mice. (c) Average peak amplitudes of ERG scotopic a-waves for 4-week-old 

Abca4−/−Rdh8−/− mice. Statistical analysis was performed to compare the treatment groups 

using one-way ANOVA. Error bars indicate SD of the means (n = 5).
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Table 1.

Chemical Structure of Amino Acid and Peptide Derivatives of Ret-NH2

Compound Abbreviation Compound Abbreviation

RA RdA

RF RdV

RG RbA

RI RPreg

RL RVG

RP RGV

RV RGG
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