Journal Pre-proof

Protection of human retinal pigment epithelial cells from oxidative damage using
cysteine prodrugs

Ruvanthi N. Kularatne, Chandima Bulumulla, Timothy Catchpole, Alison Takacs,
Abigail Christie, Mihaela C. Stefan, Karl G. Csaky

PII: S0891-5849(19)32456-6
DOI: https://doi.org/10.1016/j.freeradbiomed.2020.03.024
Reference: FRB 14649

To appearin:  Free Radical Biology and Medicine

Received Date: 5 December 2019
Revised Date: 11 March 2020
Accepted Date: 24 March 2020

Please cite this article as: R.N. Kularatne, C. Bulumulla, T. Catchpole, A. Takacs, A. Christie, M.C.
Stefan, K.G. Csaky, Protection of human retinal pigment epithelial cells from oxidative damage
using cysteine prodrugs, Free Radical Biology and Medicine (2020), doi: https://doi.org/10.1016/
j-freeradbiomed.2020.03.024.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc.


https://doi.org/10.1016/j.freeradbiomed.2020.03.024
https://doi.org/10.1016/j.freeradbiomed.2020.03.024
https://doi.org/10.1016/j.freeradbiomed.2020.03.024

ARPE-19-nic + NAC + HQ ARPE-19-nic + NACBE + HQ

Increased lipophilicity induces

v" Increased penetration and
accumulation

v" Protection against ROS in
cytosol and mitochondria

o o
HS/\HLOH X > Hs/\‘)\o’\/\
HN - . . HN
Y~ Hydrophilic Lipophilic g

NAC O O  NACBE



Protection of Human Retinal Pigment Epithelial Cellsfrom Oxidative
Damage using Cysteine Prodrugs

Ruvanthi N. Kularatn& Chandima Bulumull& Timothy Catchpolé Alison Takacg,Abigail
Christie? Mihaela C. Stefafi® Karl G. Csaky**

®Retina Foundation of the Southwest, Dallas, Texa231

PDepartment of Chemistry and Biochemisfiyepartment of Bioengineering, The University of
Texas at Dallas, Richardson, Texas, 75080

dDepartment of Ophthalmology, University of Texasi®western Medical Center, Dallas,
Texas, 75390

Corresponding Author: Karl G. Csaky, Retina Fourmhaof the Southwest, Dallas, Texas,
75231. Email: kcsaky@retinafoundation.org

ABSTRACT

Age related macular degeneration (AMD) is one efriiajor causes of vision loss in the elderly
in most developed countries. Among other causegjatixe stress in the retinal pigment
epithelium (RPE) has been hypothesized to be a rmdjoeing force of AMD pathology.
Oxidative stress could be treated by antioxidambiagstration into the RPE cells. However, to
achieve highn-vivo efficacy of an antioxidant, it is imperative thhae agent be able to penetrate
the tissues and cells. Evidence suggests thgbHipoity governs cellular penetrance. Out of
many antioxidant candidatell-acetylL-cysteine (a prodrug df-cysteine) (NAC) is a potent
antioxidant as the bioavailability of the parenugirL-cysteine, determines the production of
glutathione; the universal antioxidant that rege8aROS. To increase the lipophilicity, four ester
derivatives ofN-acetylcysteineN-acetylcysteine methyl esteX-acetylcysteine ethyl esteN-
acetylcysteine propyl ester, aNdacetylcysteine butyl ester were synthesized. Tmimin vitro
AMD conditions, hydroquinone, a component of cigi@esmoke, was used as the oxidative
insult. Cytosolic and mitochondrial protection agsioxidative stress were tested using cytosolic

and mitochondrial specific assays. The results ideevidence that these lipophilic cysteine
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prodrugs provide increased protection against adixieastress in human RPE cells compared

with NAC.

Keywords: Age-related macular degeneration, oxigatstress,N-acetylcysteine butyl ester

(NACBE), glutathione, mitochondria

INTRODUCTION

Reactive oxygen species (ROS) fulfill many vitaindétions in eukaryotic cells, including
communication between nucleus and mitochondrisgpdnstgy of abnormal mitochondria, and
protection against pathogens.[1-4] However an exoéROS can lead to oxidative stress, which
damages DNA, proteins and lipids, and ultimatelgules in dysfunction of organelles and
cells.[4] In healthy cells ROS regulation (redoxnfemstasis) can be achieved via enzymatic
antioxidants (glutathione peroxidase, superoxidendiase, and catalase), and non-enzymatic
antioxidants such as glutathione (GSkhtocopherol, ascorbic acid and certain amino acids

(cysteine, histidine, tryptophan and tyrosine)3[L,

Age related macular degeneration (AMD) is a patpicl condition that occurs in the
elderly.[5-8] It is speculated that oxidative injun the retinal pigment epithelial (RPE) cells is
one of the causes of AMD.[9-11] Recent studies havealed that there is a strong connection
between mitochondrial damage in RPE and AMD.[2]ddltondrial dysfunction can occur as a
result of poor regulation of oxidative stress. Agoechondria produce the majority of energy
needed for the cells in the form of ATP, mitochoalddysfunction leads to an energy crisis and
this is believed to be one of the drivers of AMOhmdogy. In healthy cells GSH, a ubiquitous
intracellular antioxidant, protects cells againgdative injury. GSH is primarily produced in the

cytosol and is transported from cytosol into thetochondria using glutathione specific
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transporters. Increasing GSH levels in the cytesmlld be a useful way to increase protection

against oxidative stress for both cytosolic anduotibndrial damage.

Biosynthesis of GSH involves two steps; L-cysteane glutamate first combine in the presence
of y-glutamylcysteine synthetase to produce a dipepiu@ it is subsequently converted into
GSH with glycine in the presence of glutathionetbgtase.[12] It has been found that the rate
limiting step for the process is the first step audely governed by the bioavailability of L-
cysteine. However, given the high hydrophilicitylotysteine, exogenous administration is not
anticipated to result in a greater accumulatiomedention in the RPE cells. Using a lipophilic
prodrug approach to deliver antioxidants into RRHEsccould be beneficial in this aspect. It is
been shown previously that lipophilic small moleculirugs permeate better into the RPE than
hydrophilic small molecular drugs.[13-1B}acetylcysteine (NAC)[16-18] and-acetylcysteine
amide (NACA)[19-21] are among some of the lipoghidonstructs of cysteine that have been
used with ARPE-19-nic cells to show protection aghbxidative damage. Hence, in an attempt
to further increase the protection given from thessll molecular antioxidants, NAC ester
prodrugs were synthesized with increasing lipopityi We selected NAC as the parent drug as
it can be subjected to chemical alterations eaklpon cell uptake, NAC ester derivatives will
undergo de-esterification via endogenous estetagg®duce NAC and then to cysteine through
the activity of amidases. The produced cysteiné thén participate in GSH synthesis, thereby

increasing the availability of GSH to the cell.

N-acetylcysteine ethyl ester (NACEE) has been prshodemonstrated to increase cellular
GSH levels through the conversion to NAC and tleeh-tysteine.[22, 23] In this report, three
additional ester derivatives of NAC were synthedj2éacetylcysteine methyl ester (NACME),

N-acetylcysteine propyl ester (NACPE), amttacetylcysteine butyl ester (NACBE), and
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evaluated for their ability to provide cellular amtitochondrial protection against oxidative
damage. As smoking is a clinically relevant oxidatnjury,[11, 24-28] hydroquinone (HQ), a
component of cigarette smoke, was used to creatlative damage in human RPE cells.[9, 29-

31]
MATERIALSAND METHODS

All commercially available chemicals/media were ghased from Fisher Scientific, Sigma
Aldrich or Cayman Chemicals and were used as redeimless otherwise mentioned. Thionyl
chloride was distilled fresh prior to use. DMEM:B-and FBS were purchased from ATCC.
CellTiter-Glo® and GSH/GSSG-GIlo were purchased from Promedal and**C NMR were
recorded on a 500 MHz Bruker AVANCE(lIspectrometer using deuterated chloroform as the
solvent. All NMR spectra are calibrated to chlorofo Multiplicities are given as: singlet (s),
doublet (d), triplet (t), quartet (q), doublet oflaublet (dd), multiplet (m) and broad singlet (br.
s). UV-Vis spectra were recorded on a Thermo SifieManoDrop™ 2000 spectrophotometer.
Fluorescence spectra and plate readings were extam SpectraMAX Gemini EM microplate
reader and absorption readings for XTT assay wetareed using VersaMax microplate reader.
Luminescence readings were recorded on LUMIstar gammicroplate luminometer. Confocal
images were obtained using Carl Zeiss LSM 800 systxio Observer microscope. Reversed
phase high performance liquid chromatographic (FR-E) analysis were performed using
Agilent 1100 Series HPLC equipped with an Agilentosampler (model G1313A) and an

Agilent UV detector (model G1365A).

Synthesis of N-acetylcysteine esters and dansyl tagged N-acetylcysteine esters
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Details of the synthesis for the chemical compouuasisd in this study are contained in the

supplementary method section.
Cell culture of ARPE-19-nic

ARPE-19-nic cells were grown in DMEM:F-12 supplernshwith 10% fetal bovine serum
(FBS). For all experiments these cells were spld grown in 6-well plates using MEM-Nic
supplemented with 1% FBS according to a previopalylished procedure.[32] Cells used for all
the experiments were between passages 25-30.|Fexpariments, the 96-well plates and 8-well
slides were coated with 0.039 mg/ mL collagen 6 atg/ cmi. The cells were seeded at a cell
density of 70,000 cells/ well and 150,000 cellslwsing MEM-Nic media for 96-well plates
and 8-well slides, respectively. Once the cellsamafluent, media was replaced with MEiv
GlutaMAX"™, supplemented with 1% FBS for 24 hours beforeyiagr out assay protocols.
Treatment with drugs were carried out in MEMGIlutaMAX ", supplemented with 1% FBS and
treatment with HQ was carried out in serum free DME-12. All assays were carried out in

triplicate wells unless otherwise mentioned.
XTT cell viability assay

The ARPE-19-nic cells were grown in clear flat batt96-well plates. Various concentrations of
HQ (100 — 1000 puM) were introduced to the cells et were incubated at 3T, 5% CQ for

16 hours. For pretreatment assays, the drugs wamuced at a concentration of 0.05 mM for
2, 24 and 48 hours and then treated with 500 uMi@ffor 16 hours. Before the addition of
XTT+PMS  (XTT:2,3-bis-(2-methoxy-4-nitro-5-sulfophgdi2H-tetrazolium-5-carboxanilide,
PMS: phenazine methyl sulfate) reagent, the HQtisolsl were removed and replaced with

DMEM:F-12 supplemented with 1% FBS.
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Cell viability assay was carried out using XTT/Pk&gent mixture as previously described[33]

and the absorbance readings were obtained usitegearpader at 450 and 660 nm.
Z0O-1 Staining

ARPE-19-nic cells were grown on an 8-well slideilucbnfluent. The cells were exposed to 1
mM NAC and NACBE 24 hours, followed by treatmentiwb00 uM of HQ for 2 hours. The
cells were washed with 3 cycles of PBS, and thegdfiwith 4% paraformaldehyde at@ for 30
mins. After fixation the cells were blocked in PB8I.2% Triton X-100) + 1% BSA for 60
mins. Primary antibody (rabbit anti-ZO-1, Invitragevas diluted 1/100 in PBST + 1% BSA and
added overnight atLC. Cells were washed x3 with PBS and secondaryaahyi (Donkey anti-
Rabbit AF-555, Abcam) was added for 4 hours at Rélls were washed x3 with PBS and

mounted with Prolong Diamond Mountant with DAPI\(tnogen).
HPLC Analysis

ARPE-19-nic cells were seeded onto a 6@ dish and was allowed to grow to confluency. The
cells were treated with 1 mM NAC and NACBE for lunon HBSS. The drug solution was

aspirated and washed twice with HBSS. The cellsvgeraped with the aid of methanol (~ 1

mL) and collected into 2 mL centrifuge tubes. Tle# suspension in methanol was sonicated in
a water bath for 30 seconds and was centrifug&@,800 g for 15 minutes. The supernatant was
transferred to a HPLC vial and methanol was evdpdrander a stream of nitrogen. The sample
was resuspended in 50 pL of methanol before imgcimto the HPLC system. Samples and
standard (20 pL) were injected with an autosami@eparation was conducted by 0.8 mL/min

gradient elution with a water/0.1% formic acid awktonitrile mobile phase on a 250 x 4.6-mm
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(5-mm) C18 column (Restek, Pinnacle 1) maintaia¢@5°C. The samples were monitored at

205 nm with a UV detector and analyzed with Agil€tiemstation software.
GSH assay

ARPE-19-nic cells were grown in white 96-well pk&teThe cells were exposed to 1 mM
solutions of NAC-NACBE, NACA, and glutathione ethgster (GSH-EE) for 24 hours. The
solutions were removed and washed with PBS onceeriérds, GSH assay was carried out
according to manufacturer recommended protocol nlega GSH/GSSG-GI9 and

luminescence readings were obtained.
Confocal microscopy with dansyl tagged N-acetylcysteine esters

ARPE-19-nic cells were grown in 8-well slides befa@xposing to 1 mM solutions of Dan-
NACME, Dan-NACEE, Dan-NACPE and Dan-NACBE for 1 a@d hours. The cells were

washed twice with PBS followed by mounting usingS?B
JC-1 assay

ARPE-19-nic cells were grown in black, clear bott®6iwell plates. Dose and time dependent
assay for HQ was carried out using 25, 50 and 100fgr 1, 2, 4, 6, 8 and 16 hours. For

pretreatment assays, 1 mM solution of all drugsewecubated for 24 hours before treating with
50 uM HQ for 4 hours. The HQ solutions were remosad washed once with PBS before the

addition of JC-1 reagent.

10 uM solution of JC-1 reagent in serum free DMENIZFwas prepared by diluting 1 mM JC-1
solution in DMSO. The 10 uM solution was centrifdgat 7,200 g for 5 minutes before the

addition to the cells followed by incubating at 7, 5% CQ for 30 minutes. The JC-1 solution
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was removed and washed once with PBS and fluoresameasurements were obtained in PBS

at 485 nm excitation and emission at 535 nm andnb®0

JC-1 staining

Confluent ARPE-19-nic cells were pretreated wité tliugs for 24 hours before exposing to 50
UM HQ for 4 hours. Following HQ treatment, a 10 gMution of JC-1 was added to the cells
for 30 minutes, the cells were washed with PBS an8 then mounted in Antifade Mountant
(Invitrogen). The cells were imaged on the confdZaliss LSM 800) by excitation with the 488

nm laser and emission imaged at 530 nm (green eljfaaamd 590 nm (red channel).

Mitochondrial GSH assay

ARPE-19-nic cells were grown in 6-well plates uritil0% confluent in MEM-NIC media. The
cells were exposed to 3 mL of 1 mM solutions of Na@l NACBE for 24 hours. The solutions
were removed and washed with 3 mL of HBSS befodingdl mL of 0.25% Trypsin-EDTA
and incubating for 10 minutes. 2 mL of DMEM:F-12plemented with 10% FBS was added to
each well, harvested and centrifuged at 300 rcbfarinutes. The supernatant was removed and
cell pellet was resuspended in 2 mL of isolatioffdyu(0.25 M sucrose and 10 mM HEPES).
Cells were disrupted using a probe sonicator (Miso8-3000) for 10 seconds in ice.
Subsequently, intact cells and debris were remdwedentrifuging at 1000g for 10 mins.
Supernatant was collected, and centrifuged at 2@,0@r 25 minutes. Pellet containing
mitochondria were saved and washed using 0.5 misaétion buffer. After centrifuging at

20,000g for 25 minutes the mitochondrial pellet wesuspended in 5@ of HBSS. 25uL was

used to determine total GSH and GSSG angil23vas used to determine GSSG levels. GSH
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assay was then carried out according to manufactteeommended protocol (Promega

GSH/GSSG-GI0) and luminescence readings were obtained.
CéllTiter-Glo assay

ARPE-19-nic cells were grown in white 96-well pat&he cells were first exposed to 500 M
of HQ for 3, 6 and 8 hours to obtain a time depehdesponse. For pretreatment experiments,
first, the cells were pretreated with 1 mM soluiaf NAC and NACBE for 24 hours followed
by exposure to 500 uM of HQ for 3, 6 and 8 houranifacturer recommended CellTiter-Glo
assay protocol (Promega CellTiter-&Jowas followed and luminescence readings were

obtained.
DNA fragmentation assay

The mitochondrial DNA damage assay was performewrdang to the protocol outlined in a
previous publication.[34] Briefly, ARPE-19-nic celere grown to confluency in 6-well plates.
The cells were treated with NAC compounds for 2drepwashed and then treated with 500uM
HQ for an additional 24 hours. DNA was isolatednirthe treated cells with a QIAamp DNA
mini kit (Qiagen). The DNA samples were diluted3tagfiL for use in PCR reactions. Primers
5'-TCT AAG CCT CCT TAT TCG AGC CGA-3' and 5-TTT CACAT GCG GAG ATG TTG
GAT GG-3' were used to amplify a large mitochondterget (8.9kb). Primers 5’-CCC CAC
AAA CCC CAT TAC TAA ACC CA-3 and 5-TTT CAT CAT GG GAG ATG TTG GAT
GG-3" were used to amplify a small mitochondriahdaPCR products were quantified using the
Quant-iT Picogreen dsDNA Assay kit (Invitrogen).€eTtelative amplification of the large band

was normalized to untreated cells. The amplificatbthe small mitochondrial band was used to



1 normalize the date obtained from the large bandadoount for mitochondrial DNA copy

2 number.
RESULTS
Synthesis of N-acetylcysteine esters

3 All ester derivatives of NAC were synthesized bywersion of the carboxylic acid group in

4  NAC to acyl chloride and the subsequent esteriboatvith the appropriate alcohol (Figure 1).

5 All compounds were purified with column chromatqgmg using silica gel. Pure compounds
6 were obtained in moderate yields and were chaiaetewith 'H and**C NMR spectroscopy

7  (see Supplemental Data for details. Figures S1-38g synthesized compounds have increasing

8 lipophilicity from NACME to NACBE with the increasa the number of carbon atoms.

0 o)
.R
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HS OH Hs/\‘)\o/ HS/\‘)J\O/\ HSA‘/U\O/\/ Hs/ﬁ)ko/\/\
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ror Y Y Y
NAC NACME NACEE NACPE NACBE
J \
< i
Hydrophilic Lipophilic

9 Figure 1. Synthesis of the NAC ester derivatives (top) andchematic representation of
10  increasing lipophilicity from NAC to NACBE (bottom)
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NAC prodrugs protect against cell viability losswith HQ treatment

A dose dependent study was first carried out foPERL9-nic cells using HQ concentrations
varying from 100-1000 puM for 16 hours (Figure 24}) doses of less than 400 UM were non-
lethal and using 500 uM HQ for 16 hours gave awaalbility of ~60%. To evaluate the ability of
the ester derivatives to provide cellular protat@gainst oxidative stress, cells were treated with
0.05 mM of NAC, NACME, NACEE, NACPE and NACBE for, 24 and 48 hours prior to
exposing to 500 uM HQ for 16 hours (Figure 2b). WM4tpretreatment time of 2 hours, no effect
on cell viability was observed with any of the dsugsted. With a pretreatment time of 24 and
48 hours, NAC did not have an effect on cell vidgpiipon exposure to HQ. However, the ester
derivatives of NAC significantly raised the cellability levels compared to both control and
NAC treated cells. A Krusakl-Wallis' test showedttidrug type (NAC, NACME, NACEE,
NACPE and NACBE) had an effect on cell resistamcel®, H (5) = 29.587, p< 0.001, but the
amount of time that they were exposed to it did kb(2) = 3.475, p= 0.176. Dunn’s post hoc
test of groups show that there is a significarfed#nce between NAC and the esterified NACPE

and NACBE (p <0.001, p <0.001).

To compare the effectiveness of NACBE and NAC iatgeting against oxidative damage, a
dose dependent study was carried out. The pretesitsoncentration of NAC and NACBE
ranged from 0.001 to 1.0 mM. As seen in Figurewten the concentration of NACBE reached
0.05 mM, cell viability reached 100% and was sigaifitly higher than the response seen with
NAC. For pretreatment with NAC, 100% cell viabilitgsponse was observed at a concentration
of 0.5 mM. Kruskal-Wallis test showed that drugéypad an effect on cell viability, H (1) =

5.771, p <0.01, and that the concentration alscameeffect, H (6) = 29.537, p <0.001.

11
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Figure 2. (a) Dose responsive XTT assay for HQ. ARPE-19-nicsogktre exposed to 100-1000
MM HQ for 16 hours. Readings were obtained initgie wells.(b) Time dependent XTT assay
for NAC and NAC ester derivatives with a 16-houpesure to 500 uM HQ. ARPE-19-nic cells
were pretreated with NAC and NAC ester derivatif@s2, 24 and 48 hours followed by the
exposure to 500 uM HQ for 16 hours. Readings wérained in triplicate wells (Kruskal-
Wallis,H (5) = 29.587, p< 0.001jc) Dose dependent XTT assay for NAC and NACBE. ARPE-
19-nic cells were pretreated with NAC and NACBB&01 — 1.0 mM for 24 hours followed by
exposure to 500 uM HQ for 16 hours. Readings wéraied in triplicate wells (Kruskal-
Wallis, H (1) = 5.771, p <0.01, H (6) = 29.537, .801).(d) Confocal images of ARPE-19-nic
cells with ZO-1 staining (red) expressing cellylanctions. ARPE-19-nic cells were pretreated
with 1 mM NAC and NACBE followed by 2-hour exposute 500 uM HQ.(e) HPLC
chromatograms of ARPE-19-nic cells with and withtveatment with 1 mM NAC and NACBE.
(f) GSH assay for NAC, NAC ester derivatives, NACA d&8H-EE. ARPE-19-nic cells were
exposed to 1 mM drug concentration for 24 hour®igemeasuring cytoplasmic GSH levels
Readings were obtained in triplicate wells (Krus®édllis, H(7) = 20.787, p<0.004).
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NAC prodrugs protect against cell-cell junction disruption

ARPE-19-nic cells were treated with 1 mM NAC or NBE for 24 hours and were exposed to
500 uM HQ for 2 hours before immunostaining for ZOCells treated with NAC or NACBE
exhibit proper cell-cell junctions as indicativetbé ZO-1 staining (Figure 2d). After exposure to
HQ, ZO-1 staining that was present in cells treatéth NAC diminished or was completely
absent. For cells pretreated with NACBE, the calljlinctions were intact even after exposure

to HQ.

Intracellular NAC levelsrise with NAC prodrug treatment

Ester pro-drugs are predicted to undergo hydralyBigerefore, NACBE should increase the
intracellular levels of NAC. To confirm this, ARPB-nic cells were treated with 1 mM
NAC/NACBE for 1 hour followed by cells lysis and thanol extraction. When ARPE-19-nic
cells were treated with 1 mM NAC, no NAC was detdcand the HPLC chromatogram was
very similar to ARPE-19-nic cells only (Figure 2&).contrast, after treating ARPE-19-nic cells
with 1 mM NACBE for 1 hour, HPLC analysis demonstthboth NACBE (prodrug) and NAC

(metabolite) (Figure 2e).

Intracellular GSH levelsrisewith NAC prodrug treatment

The presence of necessary enzymes to produce GShkese ARPE-19-nic cells were first
evaluated using semi-quantitative RT-PCR (Figur®)SZhe ARPE-19-nic cells contain the
enzymes glutamylcysteinelygase catalytic and thedutedory units, (GCLC and GCLM
respectively), and glutathione synthase (GSS)pfallhich is necessary to produce GSH in the
cell. The internal levels of GSH in ARPE-19-niclsehfter exposure to drugs were measured

using a GSH assay. ARPE-19-nic cells were exposed mM NAC, NACME, NACEE,

13
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NACPE, NACBE, NACA and GSH-EE for 24 hours. Afterds, the cellular GSH levels were
measured with a luminescent assay. The KruskallisMakt shows that there was a significant
difference of the type of drug that they were exgb$o, H(7) = 20.787, p<0.004. Post hoc
testing using Bonferonni’s correction revealed tN&C, NACA, and GSH-EE did not raise
intracellular GSH level compared to untreated c@dls<0.05, Figure 2f). In comparison, all of

the ester derivatives raised the levels of GSH.
Increasing NAC prodrug lipophilicity leads to higher intracellular levels

Dansyl chloride was reacted with ammonium hydroxalgield dansyl amide. Then the dansyl
probe: N-((5-(dimethylamino)-1-naphthalen-1-yl)sulfonyl)gamide was synthesized by
reacting dansyl amide and acryloyl chloride. Bo#mgll amide and N-((5-(dimethylamino)-1-
naphthalen-1-yl)sulfonyl)acrylamide were obtainadgpod yields and were characterized with
'H NMR spectroscopy (Figure S9, S10). NACME, NACEACPE and NACBE were then
reacted withN-((5-(dimethylamino)-1-naphthalen-1-yl)sulfonyl)gtamide in the presence of
triethylamine to give Dan-NACME, Dan-NACEE, Dan-NRE and Dan-NACBE respectively
(Figure 3a). All dansyl tagged compounds were dharized using’H and **C NMR
spectroscopy (Figure S11-S18) and all of them msss@milar absorption and fluorescence

profiles withiex ~ 320 nm andem ~ 520 nm (Figure 3b and 3c).

Confocal images were obtained after exposing ARSHit cells to 1 mM solutions of NACBE,
Dan-NACME, Dan-NACEE, Dan-NACPE and Dan-NACBE forahd 24 hours (Figure 3d).
NACBE was used as the control. After 1 hour incidsatime with the dansyl tagged drugs, the
fluorescence intensity increases with increasipgghilicity. The intensities further improved
upon extending the incubation time to 24 hours, Aad-NACBE had the highest fluorescence

intensity.

14
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NAC prodrugs protect against mitochondrial membrane depolarization with HQ treatment

To evaluate the protection of the synthesized eltewatives towards mitochondrial damage,
we carried out the JC-1 assay. This assay evaluhteshange in mitochondrial membrane
potential. Typically, JC-1 dye has an inherent grié@orescence at 530 nm. Upon reaching the
cell, due to the structural properties of the dyeyill accumulate in the mitochondria making
aggregates known as J-aggregates. These J-aggregatasts of a red shifted fluorescence (590
nm). Damaged or unhealthy mitochondria, due torttepolarized membrane potential, will

have lesser amounts of aggregates and lower itiemnef red emission.
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Since this assay is more sensitive than the XTayadewer doses of the insult were used. A
dose dependent study was carried out using 25n80@0 uM HQ at 1, 2, 4, 6, 8 and 16 hour
time points to determine the dose and time of tiselt (Figure 4a). With increasing time and

dose of HQ, a reduction in 590/530 nm fluoresceisceeen due to the depolarization of the
mitochondria. For the assay 50 uM HQ for 4 hours wsed as the dose and time for the insult,

since it reduces in 590/530 nm fluorescence byapmpately 50%.

To assess the synthesized drugs ability to pr@tgainst oxidative damage in the mitochondria,
we pretreated ARPE-19-nic cells with 1 mM NAC, NA&€&ter derivatives, NACA, GSH-EE and
1 uM MitoQ for 1 and 24 hours. Following pretreatijehe cells were exposed to 50 uM HQ
for 4 hours and JC-1 was used to measure mitoclarakpolarization. NACA and GSH-EE
were used as the positive controls. As these mds@re not targeted towards mitochondria, we
selected MitoQ, a well-known mitochondrial targetedtioxidant, as an additional positive
control. We found out that using higher concentrati of MitoQ & 5 uM) reduces the cell
viability drastically. Therefore, we were restridta using a low dose of MitoQ (1 uM) in this
assay. With a pretreatment time of 1hr, only NACBEotected against mitochondrial
depolarization caused by HQ (Supplemental Figur@).SThe Kruskal-Wallis test shows that
there is a significant effect of drug type, H(7) 24.151, p= 0.001, and time, H(1) = 18.218,
p<0.001. Post hoc comparisons showed that wherprigieeatment time was increased to 24
hours, all drugs with the exception of NACA and &t protected against mitochondrial

depolarization, (Figure 4b, p< 0.01).
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Figure 4. (a) JC-1 assay for ARPE-19-nic cells exposed to 25r&0100 uM HQ at 1, 2, 4, 6, 8
and 16 hours. Readings were obtained in triplieag#s. (b) JC-1 assay for ARPE-19-nic cells
pretreated with 1 mM NAC, NAC ester derivatives, ¥ GSH-EE and 1 uM MitoQ for 24
hours before exposing to 50 uM HQ for 4 hours. Regdwere obtained in triplicate wells
(Kruskal-Wallis, H(7) = 24.151, p= 0.001, and, H€118.218, p<0.001, for drug type and time
respectively)(c) Confocal images of ARPE-19-nic cells treated ithuM JC-1, 10 pM JC-1 +
50 uM HQ, 10 pM JC-1 + 50 uM HQ pretreated with MMIAC and JC-1 + 50 uM HQ
pretreated with 1 mM NACBE. The cells were pretedatvith the drugs for 24 hours before
exposing to 50 uM HQ for 4 hour&) Mitochondrial GSH assay after treating with 1 mM GIA
and NACBE for 24 hours. Readings were obtainediplitdate wells (Kruskal-Wallis H(2) =
5.600, p<0.05).(e) CellTiter-Glo assay for ARPE-19-nic cells for 50 HQ, 1 mM NAC +
500 uM HQ and 1 mM NACBE + 500 uM HQ for 3, 6 antdd@irs. Readings were obtained at
three independent experiment in triplicate (Kruskélllis, H(2)= 55.900, p <0.001 and H(2)=
9.320, p< 0.01 for treatment type and time, respely). (f) Relative amplification of a large
band of mitochondrial DNA from ARPE-19-nic celleated with 50QuM HQ, 500 uM HQ
pretreated with 1 mM NAC, and 5QM HQ pretreated with 1 mM NACBE. Readings were
obtained in three independent experiments (Krugkallis, H(7) = 20.787, p< 0.01).
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As additional evidence, these results were visedlizith the aid of confocal microscopy (Figure
4c). As seen in Figure 4c, when the ARPE-19-nidscelere treated with 50 uM HQ, the
emission intensity at 590 nm decreased comparethdb of untreated ARPE-19-nic cells.
Pretreatment with 1 mM NAC did not help to retairtaohondrial depolarization with the
introduction of the insult, therefore a reductiorthe fluorescence intensity can be seen. On the
other hand, pretreatment with 1 mM NACBE preserthesl mitochondrial membrane potential

and thus a similar fluorescence intensity as theeated ARPE-19-nic cells is observed.

Mitochondrial GSH levelsrisewith NAC prodrug treatment

To determine the mechanism of action of these eldvatives in protecting mitochondria, a
GSH assay was carried out for isolated mitochondiiee cells were treated with 1 mM NAC
and NACBE for 24 hours followed by mitochondriatrction and a subsequent GSH assay was
performed. Isolation of mitochondria was carriedt @gcording to a previously published
procedure.[35] As seen in Figure 4d, mitochonds@ated from cells treated with NACBE show
an increase in luminescence compared to NAC andEARRnic cells. The Kruskal-Wallis test
shows that there was an effect of drug type onnestgence, H(2) = 5.600, p<0.05. Post hoc test
revealed that mitochondria isolated from cells tedawith NACBE show an increase in
luminescence compared to NAC and control cells (8636.667 + 1040.373, p<0.01, d =

5258.33 + 1040.373, p <0.01).

NAC prodrug treatment protects against ATP losswith HQ treatment

ARPE-19-nic cells were exposed to 500 uM HQ fo63nd 8 hours and the amount of ATP
produced was measured using the CellTiter-Glo alkisglfigure 4e). Pretreatment with NACBE

blocked the reduction in ATP, and luminescence sigsificantly higher at all time points
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observed. Kruskal- Wallis test was utilized forgbelata and demonstrated that there is an effect
of treatment, H(2)= 55.900, p <0.001, and of tirig2)= 9.320, p< 0.01. With increasing
incubation time, the luminescence intensity de@éasndicative of reduced ATP levels. A
reduction in ATP levels was still observed whenscelere pretreated with NAC, although the

luminescence levels were higher at 6 and 8hrs@tridatment (all p values <0.05).

NAC prodrug treatment protects against mitochondrial DNA damage

Mitochondrial DNA damage has been linked to patimageliseases, including AMD.[36] To
determine if pretreatment of RPE cells with NAC g@aunds could protect mitochondrial DNA
against oxidative damage, we utilized a long-extensPCR based assay to measure
amplification of a large stretch of mitochondrialNB. Treatment with HQ reduced the
amplification of mitochondrial DNA (Figure 4f), angtetreatment with NAC did not appear to
protect against mitochondrial DNA damage. The Kalidkallis test showed that there was an
effect of drug type, H(7) = 20.787, p< 0.01 andtpuosc test showed that NACBE raised the

levels of mitochondrial DNA amplification comparedHQ and NAC+HQ treated cells.

DISCUSSION

The pathogenesis for AMD is currently obscure. Hesvethere is strong evidence that suggests
oxidative stress in the RPE plays a major role MDA Newer studies also show the correlation
of mitochondrial damage in the RPE and AMD. In ghesent study, the use of lipophilic ester
derivatives of NAC is being tested to relieve oxinastress in ARPE-19-nic cells. The effect of
these drugs in mitochondrial damage is also ingattd. The expression of multiple proteins in
the glutathione pathway (Figure S20), oxidativeposse related proteins and mitochondrial

involved proteins in ARPE-19-nic cells (personaimeounication -Jim Handa, Johns Hopkins
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Medical School) indicate this may be a suitabld teé for purposes of studying oxidative

related processes impacting mitochondrial relatgtvpays.

To assess the cellular protection provided by 8terederivatives against HQ induced oxidative
stress, several XTT studies were carried out. A $om Figure 2ba low pretreatment time
was ineffective for all the drugs as these drugsdr@ore incubation time in order to undergo
hydrolysis and eventually to synthesize GSH. Tlesf an immediate protection was not
observed on pretreating for 2 hours. As such, fiigisessary to incubate the cells for a sufficient
amount of time in order to obtain proper pharmacetics of the drugs. Increasing the
incubation time from 2 hours to 24 and 48 hourgwsdd a significant improvement in cell
viability. Overall, NACBE showed comparatively agher cell viability thereby providing the
most protection against the introduced insult. dbse responsive behavior of NAC and NACBE
as seen in Figure 2c, shows the effectiveness @B towards protecting cells from oxidative
damage compared to NAC. It shows that these ligigptonstructs penetrate into the cells more
effectively than the parent compound, providingdreprotection against oxidative damage. To
further demonstrate the protection given by NACBImpared to NAC, ZO-1 staining was used.
Exposing ARPE-19-nic cells to HQ disrupt the celluunctions due to the production of ROS.
Introduction of antioxidants such as NACBE, provpetection from the excess ROS produced
by the insult. As a result, the cellular junctiomdl be intact and can be visualized by the ZO-1

staining.

These ester derivatives upon cellular internakirgtill undergo ester hydrolysis to yield NAC
and cysteine. The endogenously produced L-cysteifiethen be converted to GSH. These
phenomena were confirmed using several experimelftsC analysis were used to confirm the

conversion of NACBE to NAC as well as the cellulgptake. According to Figure 2e, it is
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evident that NACBE is taken up by the cells moreecively than NAC. Even though we
showed the intracellular conversion of NACBE to NA% were unable to show the conversion
of NAC to L-cysteine directly using HPLC since Lstgine is too hydrophilic that it would elute
closer to the solvent front. An indirect way to derstrate this would be via investigating GSH
levels. The lipophilic ester derivatives, at a aamecation of 1 mM, has the ability to generate
sufficient GSH concentration in the cytosol (Fig®. It is believed that cytosolic GSH is
transported into the mitochondria via GSH tranggsr{37-39] Within 24 hours, the ester
derivatives outperform the controls due to theoréased lipophilicity, enhancing the cellular
penetration, and thus generating higher levels 8HGThis provides evidence that these ester
derivatives undergo hydrolysis and increase thauaability of L-cysteine to produce GSH.
Also, this observation suggests NAC esters propidéection against oxidative stress via GSH

but not by the prodrug form or NAC or L-cysteinetaimlite forms.

A higher level of GSH was produced due to an irsgdaaccumulation of the drugs in the cells
as a result of increased lipophilicity. Even thouglis shown indirectly using GSH assay, it
would be comprehensive if the accumulation is shewsnally. Therefore, we tagged the thiol
group of the ester derivatives with a dansyl prtdeobtain the fluorescently labeled drugs.
Figure 3d shows the accumulation of the dansylddgdyes with increasing lipophilicity and
time suggesting again time dependent accumulafitimese pro-drugs. In addition, these images
can be correlated with the XTT data obtained earMghere an improved protection with
increasing incubation time was observed, which caw be attributed to the increased
accumulation of the drugs. Whereas at a lower iattab time a significant protection was not

observed due to insufficient accumulation.
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Due to the association of mitochondrial damage AN, we explored the ability of the ester
derivatives to provide protection to mitochondrirani oxidative damage. The health of the
mitochondria can be evaluated using the JC-1 asgagh is based on mitochondrial membrane
potential. Oxidative damage depolarizes the mitadna and as seen in Figure 4b and 4c, the
ester derivatives can retain the mitochondrial mamé potential. The endogenously produced
GSH, through de-esterification of the ester denwemt and subsequent conversion to cysteine,
transported into the mitochondria to provide protecagainst the ROS that were produced with
the introduction of the damaging agent. This wasfiomed through mitochondrial GSH assay
(Figure 4d) where mitochondrial GSH levels werehbigin cells treated with NACBE than that
with NAC. The same phenomena can be attributedheo fact that NACBE retained the
production of ATP and provided protection to mitoolrial DNA (Figure 4e and f,
respectively). All these assays in conjunctionpefates the ability of these synthesized NAC
ester derivatives to provide protection againstlattve damage that occurs in the mitochondria

through the production of GSH.

CONCLUSION

The NAC ester derivatives exhibit enhanced cellyanetration and accumulation than the
parent drug, NAC, owing to their increased lipogity. We have shown indirectly that these
ester derivatives undergo hydrolysis and incretisegevels of L-cysteine in human retinal cells,
thereby increasing cellular GSH levels than anyhef positive controls we have used in this
study. As a result of increased GSH levels, this ¢elve more resistance towards the incoming
oxidative damage. Not only these ester derivatmes/ide cellular protection, but also, they
have the ability to protect mitochondria from oxida damage even though these drugs are not

targeted towards mitochondria. In conclusion, dagsteester prodrugs are more effective on
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protecting human RPE cells from oxidative stressnmared to commercially available

antioxidants.
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Highlights

1. Oxidative stressisamajor cause of age-related macular degeneration

2. Anti-oxidants have the ability to relieve oxidative stress

3. Increasing lipophilicity of drugsincreases cellular penetration and accumulation

4. Higher accumulation leads to better therapeutic effects of the drug

5. NACBE provides protection against oxidative stress in cytosol and in mitochondria



