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ABSTRACT

Dry age-related macular degeneration and Stargardt disease undergo a known toxic mechanism caused by
carbonyl and oxidative stresses (COS). This is responsible for accumulation in the retinal pigment epithelium
(RPE) of A2E, a main toxic pyridinium bis-retinoid lipofuscin component. Previous studies have shown that
carbonyl stress in retinal cells could be reduced by an alkyl-phloroglucinol-DHA conjugate (lipophenol). Here, we
performed a rational design of different families of lipophenols to conserve anti-carbonyl stress activities and
improve antioxidant properties. Five synthetic pathways leading to alkyl-(poly)phenol derivatives, with phlor-
oglucinol, resveratrol, catechin and quercetin as the main backbone, linked to poly-unsaturated fatty acid, are
presented. These lipophenols were evaluated in ARPE-19 cell line for their anti-COS properties and a structure-
activity relationship study is proposed. Protection of ARPE-19 cells against A2E toxicity was assessed for the four
best candidates. Finally, interesting anti-COS properties of the most promising quercetin lipophenol were
confirmed in primary RPE cells.

1. Introduction

in aging-associated pathologies, like age-related macular degeneration
(AMD), or in some inherited forms of macular degeneration, such as

Oxidative stress, resulting from an overproduction of reactive oxygen
species (ROS) within cells or in the extracellular matrix, highly damages
key cellular proteins, lipids and DNA. Reactive carbonyl species (RCS),
such as sugars and osones, endogenous aldehydes or metabolites derived
from lipid oxidation, are involved in glycation and cross-linking re-
actions and thus, affect cellular viability leading to tissue injury. These
two carbonyl and oxidative stress (COS) mechanisms play a crucial role

Stargardt disease [1-3]. AMD is one of the primary causes of central and
irreversible visual loss among the elderly in occidental countries, and
there is no treatment currently available to stop retinal degeneration,
especially in the prevalent dry form (80-85% of cases). COS mechanisms
are responsible for the accumulation in retinal pigment epithelium
(RPE) of a toxic bis-retinoid conjugate called A2E (its photoisomers and
its oxidized metabolites). Pathologic A2E biosynthesis occurs when

Abbreviations: A2E, N-retinylidene-N-retinylethanolamine; ABCA4, ATP binding cassette subfamily A member 4; AGEs, advanced glycation end products; AMD,
age-related macular degeneration; ARPE-19, adult retinal pigment epithelial cell line-19; ASAP, atmospheric solids analysis probe; atRAL, all-trans-retinal; BRB, blood
retina barrier; BSMR, based on starting material recovery; COS, carbonyl and oxidative stresses; DCC, dicyclohexylcarbodiimide; DCFDA, 2',7'-dichlorofluorescin
diacetate; DCM, dichloromethane; DHA, docosahexaenoic acid; DMAP, dimethylaminopyridine; DMEM/F12, Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham
F12; DMF, dimethylformamide; DMSO, dimethylsulfoxide; DNA, deoxyribonucleic acid; ECs, efficiency concentration 50; EGCG, epigallocatechin-3-O-gallate; EPA,
eicosapentaenoic acid; ESI, electrospray ionization; FBS, fetal bovine serum; 4-HHE, 4-hydroxyhexenal; 4-HNE, 4-hydroxynonenal; HRMS, high resolution mass
spectroscopy; LA, linoleic acid; Mp, melting point; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide; NMR, nuclear magnetic resonance; Nrf2/
Keapl, Nuclear factor (erythroid-derived 2)-like 2/Kelch-like ECH-associated protein 1; PUFA, poly-unsaturated fatty acid; RCS, reactive carbonyl species; Ry,
retardation factor; ROS, reactive oxygen species; RPE, retinal pigment epithelium; TFA, trifluoroacetic acid; THF, tetrahydrofuran; TIPS, triisopropylsilyl; TLC, thin
layer chromatography; UPLC, ultra-performance liquid chromatography; VEGF, vascular endothelial growth factor.
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all-trans-retinal (atRAL), rather than undergoing reduction to retinol in
the RPE, accumulates abnormally in photoreceptors. This accumulation
can be due to age (AMD) or loss of function of the ABCA4 transporter
(Stargardt disease) [2]. Two molecules of this reactive aldehyde (RCS) in
excess, condense with one molecule of phosphatidyl ethanolamine
(carbonyl stress step) into an unstable dihydropyridinium bis-retinoid.
Transformation of the dihydropyridinium bis-retinoid into A2E then
arises during the oxidative step leading to a more stable pyridinium
form. A2E and its various oxidative metabolites are the major constit-
uent of lipofuscin, a marker of AMD. The massive accumulation of lip-
ofuscin in the RPE (following phagocytosis of photoreceptor outer
segments) is cytotoxic and causes progressive RPE cell death and sub-
sequent photoreceptor degeneration [4]. A2E cytotoxicity is explained
by several mechanisms: loss of membrane integrity due to its amphi-
philic properties during membrane integration; increase of oxidative
stress by the generation of singlet oxygen during exposition to blue light;
metabolization in A2E-oxidized metabolites resulting in DNA lesions
[5-7]. Limitation of A2E biosynthesis (by clearance of atRAL) and
oxidation is therefore an attractive target to slow the progression of
macular degeneration [8].

Based on epidemiology studies, natural plant antioxidants, such as
(poly)phenols, secondary metabolites that protect plants from several
aggressions, are efficient at protecting animal organisms against
oxidative stress. Some (poly)phenol structures have been reported to
protect a variety of retinal cell types from oxidative stress-induced cell
death [9-11]. Such activity may be related to their capacity to scavenge
directly excess ROS, or to stimulate the enzymatic antioxidant defenses
of the organism through Nrf2/Keapl signaling pathway [12,13].
Moreover, recent literature addressed the efficiency of (poly)phenols to
inhibit Advanced Glycation End product formation (AGEs), which result
from both carbonyl and oxidative stresses [14,15], and to act also as
anti-carbonyl stress derivatives by trapping toxic RCS (glyoxal, acrolein,
4-hydroxynonenal (4-HNE)) [16-18].

Unfortunately, while showing interesting in vitro protection, the
limited bioavailability of most (poly)phenols (weak drug absorption,
high systemic metabolization, restricted cell penetration ...) negatively
influences their in vivo potency and thus their development as drug
candidates. Increasing the lipophilicity of those (poly)phenols may be a
useful way to improve i) their protective effect on lipid membranes or
lipid derivatives (such as A2E), ii) their absorption [19], and iii) their
formulation for in vivo administration [20-22]. In our previous work, we
synthesized lipophenols (or phenolipids), polyunsaturated fatty acid
(PUFA) linked to alkyl-phloroglucinol (LEAD A/B, Fig. 1), that were
designed to reduce carbonyl stress associated with retinal dystrophies
[23,24]. The main objective of those lipophenols was to avoid/slow the
pace of A2E formation by scavenging atRAL (Fig. 1). To increase lip-
ophilicity and cellular permeability of starting (poly)phenol, PUFAs
were preferred to saturated ones, due to their observed benefits in an
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AMD clinical trial [25]. Both isopropyl-phloroglucinols linked to linoleic
acid (C18:2 n-6; LA - LEAD A, Fig. 1) and docosahexaenoic acid (C22:6
n-3; DHA - LEAD B, Fig. 1) showed promising protection of RPE cells
against atRAL toxicity. A isopropyl functional group was rationally
selected to increase the nucleophilic properties of the aromatic cycle
involved in the trapping of aldehyde function of atRAL and leading to
the formation of a stable non-toxic chromene adduct (Fig. 1) [23,26].
Both isopropyl and PUFA parts were proven to be indispensable in a
phloroglucinol series (LEAD A and LEAD B) to ensure cell protection
against carbonyl stress in cellular assays [23,24]. The DHA analogue
(LEAD B) was selected for further in vivo evaluations due to several
benefits of this omega-3 lipid: i) the high proportion of DHA in the
membrane of photoreceptor outer segments, ii) its ability to reach the
retina through PUFA transports [27]; iii) recent data showing that di-
etary supplementation with high doses of DHA/EPA significantly im-
proves the visual acuity of AMD patients [25]; and iv) the report that
specific oxidative metabolites of DHA (Neuroprotectin D1) protect RPE
cells against oxidative stress [28]. Intravenous administration of LEAD B
allowed photoreceptor protection against acute light-induced degener-
ation in a mouse model used for the development of novel therapeutics
for Stargardt disease (Abca4™’~ mice) [29,30]. Despite interesting pre-
liminary in vivo protection observed using LEAD B, this phloroglucinol
derivative lacks efficiency to reduce ROS production and cellular
oxidative stress. In the present study, we report new potent
alkyl-lipophenols that act on both carbonyl and oxidative stresses, to
reduce atRAL toxicity, and oxidation associated with A2E formation,
metabolism and toxicity, critical steps involved in photoreceptor
degeneration.

Several possibilities have been proposed to increase antioxidant ac-
tivities while preserving anti-carbonyl stress properties. First, using the
same (poly)phenol backbone, PUFA was linked directly to the aromatic
cycle to free one phenolic function of the phloroglucinol involved in the
antioxidant activity (C-phloroglucinol series, Fig. 1). Second, new series
of lipophenols were also developed from natural (poly)phenols,
different from phloroglucinol, meeting the criterion that the starting
(poly)phenol contained an isopropyl-resorcinol framework mimicking
the phloroglucinol backbone, as this was indispensable for the protec-
tion against carbonyl stress [23,24]. More effective natural antioxidants,
such as resveratrol stilbenoid (true vinylogous analogue of phlor-
oglucinol), or flavonoids, such as quercetin or catechin, all of which
were reported to trap aldehyde function in cell free assays [18,31,32]
and to protect ARPE-19 cells against A2E photo-oxidation damage
[33-35], have been proposed as new anti-COS alkyl-lipophenol series
(Fig. 1). Nine novel alkyl-lipophenol-PUFAs have been synthesized using
original chemical strategies. Toxicity assays, protection against a lethal
concentration of atRAL and reduction of HyO, induced ROS production,
were used to first screen these molecules in ARPE-19 cells. The necessity
of the isopropyl and the PUFA parts for carbonyl stress protection has

atRAL scavenging by phlorogiucinol [26]
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Fig. 1. Chemical structures of developed lipophenol series.
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been highlighted with all new (poly)phenol backbones (resveratrol,
catechin and quercetin). The ability to preserve antioxidant properties,
despite reduction of free phenolic functions compared to native (poly)
phenols, has been studied. Best DHA-lipophenol conjugates offering
both oxidative and carbonyl stress protection, were compared with
LEAD B, for their ability to reduce A2E toxicity during photo-oxidation
process in RPE. According to the comparison of both carbonyl and
oxidative stress protection, a new alkyl-quercetin-PUFA conjugate has
been highlighted. Cell protection was finally validated with this lip-
ophenol in primary RPE cells, as primary cultures are likely to reflect in
vivo cell morphology and function more accurately.

2. Results and discussion
2.1. Synthesis and anti-COS evaluation of C-phloroglucinol derivatives

The first chemical changes considered to increase antioxidant ca-
pacity concerned the link of the PUFA moiety. Indeed, releasing one
more phenolic function on the phloroglucinol (P) backbone should allow
better ROS scavenging properties. This modification was investigated
through a C-alkylation on the phloroglucinol aromatic ring, by the
introduction of a hydroxylated-alkyl spacer, in order to perform PUFA
functionalization. The synthesis of the two C-linker analogues (8a/b) of
LEAD A (P-OiP-OLA) and LEAD B (P-OiP-ODHA) is described in Scheme
1.

Starting from mono-isopropyl phloroglucinol 1 [23], a
Gattermann-Koch formylation [36] lead to salicylic aldehydes 2a/2b
(80/20) in 64% combined yield. The next Wittig reaction was performed
on the mixture of 2a/2b for a two-carbon homologation, and the
resulting two o,p-unsaturated esters 3a/3b were reduced under
hydrogen in the presence of Pd/C catalyst which after purification lead
to the isolation of isomer 4a. Phenolic functions were then protected by
silylated protecting groups (compound 5). The alcohol 6 was obtained
after the ester reduction and was coupled either with LA or DHA using
classical Steglich coupling conditions. Finally, LA and DHA desired
conjugates (respectively 8a and 8b) were obtained after deprotection of
silylated phenolic function in the presence of NEt3/3HF.

In vitro evaluations of the C-phloroglucinol derivatives were per-
formed on the ARPE-19 cell line. All compounds were tested at various
concentrations in the range of 0-160 pM for cytotoxicity assessment,
and in the range of 0-80 uM for anti-COS evaluation. Regarding the new
C-phloroglucinol derivatives (8a and 8b), our main concerns were to
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maintain anti-carbonyl stress activity, despite the reduction of one
nucleophilic C-alkylation site (on the aromatic cycle) compared to LEAD
A/B structures, and to increase antioxidant properties by releasing a
phenolic function. As shown in Fig. 2, there is no apparent cytotoxicity
due to the modification of the lipid position.

Anti-carbonyl stress activity of C-phloroglucinol derivatives is eval-
uated by comparing cell survival in presence of a toxic concentration of
carbonyl stressor atRAL, and is represented in Fig. 3A. The two new C-
phloroglucinol derivatives (8a and 8b) displayed interesting protective
properties, increasing cell viability (at 80 pM) of +25% for LA derivative
(8a) and +28% for DHA derivative (8b), compared to non-treated and
atRAL-exposed cells. No statistical differences in cell protection were
observed under these conditions between P-OiP-OLA (LEAD A) versus P-
QiP-CLA (8a) and between P-OiP-ODHA (LEAD B) versus P-OiP-CDHA
(8b), at equivalent concentrations. Modification of the PUFA position on
the phloroglucinol backbone did not affect the anti-carbonyl stress ac-
tivity of the derivative: the PUFA moiety can be introduced indifferently
on a phenolic function or with a spacer on the aromatic core. This result

is in agreement with the literature, as phloretine, a natural
—~ 100
X
; 80 —1 10 UM
£ o = 40uM
% . 30 uM
S 40
>z 120 uM
8 20 160 uM
0
2
¥
&
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Fig. 2. Evaluation of cytotoxicity of C-phloroglucinol derivatives; P-OiP-OLA
(LEAD A) [24], P-OiP-CLA (8a), P-OiP-ODHA (LEAD B) [23] and P-OiP-CDHA
(8b). Results are expressed in mean + SEM and are from n = 3-5 independent
experiments. ARPE-19 cell viability (MTT) after incubation of phloroglucinol
derivatives (0-160 pM). The data are expressed as the percentage of non-treated
control cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus non-treated con-
trol cells.

OH O OH )
HO )o\ HO 0
OH 2a 3a N OH o
a + b + [ o
Jo == o ou — o oH —
HO o N HO 0
H 0" NF
1 4a)\
HO /(I)\ HO (0}
2b 3b /I\ l d
oH oTIPS oTIPS oTPs O

OPUFA

g
/@f\AOPUFA
HO o TIPSO

A

8a: PUFA=LA
8b: PUFA = DHA

B
7a: PUFA =LA
7b: PUFA = DHA

DHA =

f e -
- /C(\AOH P MO
TIPSO (0] TIPSO (0]

AN

Scheme 1. Chemical pathway leading to C-phloroglucinol derivatives. Reagents and conditions: (a) Zn(CN),, ZnCl,, Eto0-HCI (2N), rt, 16 h and H,0, reflux, 20
min or POCl3, EtOAc, DMF, rt, 86 h, 64%; (b) PhsPCHCOOMe, DCM, rt, 18 h, 59%; (c) H, Pd/C, EtOAc, rt, 4 h, 71%; (d) TIPS-OTf, NEt3, DCM, rt, 2 h, 35%; (e)
LiAlH4 (IM), Et20, 0 °C, 4 h30, 77%; (f) PUFA, DCC, DMAP, DCM, rt to 50 °C, 7 h, 7a: 66% and 7b: 28%; (g) NEts/3HF, THF, rt, 19 h, 8a: 39% and 8b: 30%.
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Fig. 3. In vitro anti-COS evaluation of C-
phloroglucinol derivatives. Comparison of P-
OiP-OLA (LEAD A) [24], P-OiP-CLA (8a),
° P-OiP-ODHA (LEAD B) [23] and

o
;\:; sk é " mod! P-OiP-CDHA (8b) activities. Results are
‘; 40 8 80 T ] T ] expressed in mean + SEM and are from n =
= T *k = 3-5 independent experiments. (A)
a8 304 % 604 Anti-carbonyl stress assay: ARPE-19 cell
g _8 viability (MTT) after incubation of phlor-
— 20 S 404 oglucinol derivatives (0-80 pM) and atRAL
8 n (15 pM). The data are expressed as the per-
10 O 2041 centage of non-treated and non-exposed to
0 o 0 E atRAL control cells. *p < 0.05, **p < 0.01,
N ***p < 0.001, versus non-treated and
Q}@‘v Q @0\ 0®\ @‘O\ q/oq’q/oq’ ?) @0\ OQ?\ @’0\ exposed to atRAL cells. (B) Antioxidant
5 Q/Y‘ C)\Y Q/?“ QR‘ X x‘?‘ ¥ N Q/?* \2\? assay: representation of ROS production
(‘}S \?‘Q’ Q7 Y“\\\/ C,Q \S\ \5\ NZ O NS 00 (DCFDA probe) after incubation of phlor-
o4 Q'O\ 0‘2‘ 3 ‘ © N, o OQ? O@' oglucinol derivatives (0-80 pM) and H,0,
& ‘ ~Q'o Q° Q Q'O 2 (600 pM) in ARPE-19 cells. The data are
Q7 p\ Q'o > expressed as the percentage of non-treated
Q ‘ and exposed to H,O, cells. All conditions

3 10puyM 3 40yM EEE 80 uM

phloroglucinol analogue with a substituent on the aromatic ring, is also
able to trap toxic aldehydes, such as acrolein, a toxic aldehyde found in
cigarette smoke and involved in AMD via induction of oxidative damage
in RPE cells, or 4-HNE, derived from lipid peroxidation [31].

The main objective of the synthesis of compounds 8a and 8b was to
increase antioxidant properties of the LEADs A and B in cell experiments.
As expected, 8a and 8b logically showed weaker antioxidant activity
compared to phloroglucinol (data not shown). Compared to untreated
cells, C-phloroglucinol analogues were able to decrease HoO> induced
ROS production by 41% for LA derivative (8a) and 46% for DHA de-
rivative (8b) at 80 uM (Fig. 3B). Thus, a significant improvement in
antioxidant activity was observed using C-phloroglucinols (8a/8b) that
show a dose-dependent effect compared to LEAD A and B. Direct hy-
droxyl radical scavenging activity of phloroglucinol has been previously
reported [26,37], and the liberation of one phenolic function explains
the increased antioxidant efficacy of C-phloroglucinol derivatives (8a
and 8b) compared to LEAD A and LEAD B, that reduce ROS production
by only 25% and 30% at 80 uM, respectively.

2.2. Synthesis and anti-COS evaluation of resveratrol lipophenol
analogues

Resveratrol (R), a major active phytoalexin from the stilbene family
(3,4',5-trihydroxystilbene), is mainly found in Vitis vinifera (Vitaceae)
stalks and in the roots of Fallopia japonica var. japonica (Polygonaceae).
Resveratrol has a wide range of biological activities including anti-
bacterial and anti-fungal properties [38], antioxidant activity [10,39],
and anti-inflammatory properties [40]. Furthermore, previous evalua-
tions on RPE cell assays highlighted the benefit of resveratrol in reducing
VEGF effect and increasing natural antioxidant enzymatic and molecular
defenses [40]. Resveratrol should not only be considered as a simple
ROS scavenger. The work of Vlachogianni et al. shows better radical
scavenging activity of 4’-acetylated resveratrol compared to 3-acety-
lated analogues [41]; we decided therefore to link the PUFA at the 4’
position of resveratrol. The isopropyl moiety was introduced at the 5
position in order to keep the alkyl-resorcinol moiety, which was proven
to be responsible for high anti-carbonyl stress activity on phloroglucinol
series [23]. In order to confirm the necessity of alkyl as well as PUFA
moieties on the resveratrol backbone, as we did previously with

CJ 10pyM 3 40puM EEE 80 pM

have a p-value < 0.001 versus non-treated
and exposed to Hy0, control cells. #p <
0.05, ##p < 0.01, ###p < 0.001, versus
P-OiP-OLA (LEAD A) at the same concen-
tration. °p < 0.05, °°p < 0.01, °°°p < 0.001,
versus P-OiP-ODHA (LEAD B) at the same
concentration.

phloroglucinol  [23,24], we produced in addition to alkyl
resveratrol-PUFA (15a/b), an isopropyl-resveratrol derivative not
linked to PUFA (R-50iP 13, Scheme 2) and derivatives linked to PUFAs
without alkyl function named resveratrol-4'LA (R-4'LA) and resvera-
trol-4DHA (R-4'DHA), both synthesized as previously described [42,
43].

A tedious step to access the desired alkylated resveratrols 15a/b, was
the isopropylation of the 5 position of resveratrol as the 4’ position is the
more reactive. Utilization of the supported lipase Novozyme 435
(Immobilized lipase from Candida antarctica) was efficient and selective
to protect the 4’ position of resveratrol, using vinyl butyrate (52%).
Alkylated compound 10 was then obtained using diisopropylsulfate and
KoCOs3 at room temperature for 24 h [44]. Successive protection of the
resulting phenol with TIPS groups, and deprotection of the butyrate in
position 4’ using ammonia solution in MeOH, gave access to compound

OH

resveratrol 9 10
¢ c,d

R-com
OTIPS OTIPS

O opur:_ )\0 [O ’ O OPUF:— )\O [O ’
ie

14a: PUFA = LA
OH
JU
13

JUS Y

15a: PUFA = LA
15b: PUFA = DHA

Q.

14b: PUFA = DHA

OH OH
HO HO
R-4'DHA ODHA R4'LA OLA

CL.

Scheme 2. Synthesis and chemical structures of resveratrol derivatives. Re-
agents and conditions: (a) 2-methyl-butan-2-ol, vinyl butyrate, Novozyme 435
(CALB), 40 °C, 8 days, 52%; (b) diisopropylsulfate, Ko,CO3, acetone, rt, 24 h,
22% (67% BSMR); (c) TIPS-OTf, DIPEA, THF, rt, 6 h, 63%; (d) NH3/MeOH,
DCM, 0 to 5 °C, 24 h, 80%; (e) NEt3/3HF, THF, rt, 23 h, 67%; (f) PUFA, DCC,
DMAP, DCM, rt, 14a: 35 min, 83% and 14b: 2 h, 46%; (g) NEts/3HF, THF, rt,
15a: 19 h, 67% and 15b: 20 h, 64%.
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12, which could be esterified by LA or DHA through classical Steglish
conditions, or desilylated to give the desired isopropylated resveratrol
(R-50iP, 13). Final desilylation of the esterified compounds (14a and
14b) gave access to the desired LA- and DHA-isopropylated resveratrol
derivatives 15a and 15b using mild NEt3/3HF reagent.

First, cytotoxicity of resveratrol derivatives on ARPE-19 cell line was
evaluated and is represented in Fig. 4. No dose dependent toxicity was
observed for LA or DHA alkyl-resveratrol 15a/b up to 160 pM. Intro-
duction of only the isopropyl moiety on resveratrol (R-50iP, compound
13), led to highly toxic effects from 80 pM. Interestingly, association of
LA or DHA and isopropyl moieties (compounds 15a and 15b) resulted in
absent or weak toxicity up to 160 pM, suggesting a stability of the lip-
ophenol ester during the toxicity assay. Indeed, if the ester link was
easily cleaved, the release of the remaining R-50iP (13) would have
induced high toxicity levels.

In order to study the impact of the isopropyl, as well as the PUFA
moieties, for anti-carbonyl stress activity, commercial resveratrol (R-
com), R-50iP (13), R-4'LA and R-4'DHA [42,43] were evaluated and
compared to the new alkyl lipophenols 15a and 15b (Fig. 5A). De-
rivatives bearing both alkyl and PUFA substituents, presented the best
protective effects under carbonyl stress: 29% and 35% increase in
viability using 80 pM of R-50iP-4'LA (15a) and R-50iP-4'DHA (15b),
respectively. By contrast, no significant cell protection was observed for
the four other derivatives (R-com, R-50iP (13), R-4'LA and R-4'DHA),
whose chemical structures presented isopropyl, or PUFA substituent, or
no additional substituent. These interesting results confirm the impor-
tance of the O-isopropyl-resorcinol group, as well as the necessity of a
PUFA substituent for the anti-carbonyl stress activity, as was observed
for the phloroglucinol LEAD series [23]. In agreement with the toxicity
results, the protective effect of the esterified compounds (15a and 15b)
and the loss in cell viability observed using R-50iP (13), confirm the
stability of the ester bound of these lipophenols during the cell protec-
tion assay.

The anti-carbonyl potential of resveratrol has been described by
Wang et al. who demonstrated the formation of an adduct by co-
incubation of resveratrol with acrolein at equimolar concentration
[18], and by Shen et al. with methyl glyoxal [45]. Resveratrol was able
to scavenge toxic aldehydes and formed a heterocyclic ring at the C-2
and C-3 positions through nucleophilic addition. Resveratrol protection
of acrolein-treated cells was also attributed to a direct stimulatory action
on mitochondrial bioenergetics [46]. Here, in our cellular assay, natural
resveratrol did not display sufficient anti-carbonyl stress activity to
counteract toxic effects of high doses of atRAL. However, increasing the
nucleophilicity of resorcinol backbone with an isopropyl group, and
increasing lipophilicity of this polyphenol by addition of a PUFA, pre-
vented aldehyde toxicity.

Regarding the antioxidant profiles of resveratrol derivatives, shown
in Fig. 5B, 40 uM of commercial resveratrol (R-com) was able to reach
the oxidative status of cells that did not received the oxidant stressor
H20,. Logically, the introduction of a fatty acid moiety (LA or DHA)
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and/or an alkyl residue masking the phenolic function, led to a loss of
antioxidant capacity compared to R-com. However, both the studied
alkyl-lipophenols R-50iP-4'LA (15a) and R-50iP-4'DHA (15b) were still
potent antioxidant derivatives, as, at 80 pM, they decreased ROS pro-
duction by up to 47% and 37%, respectively. The reduction of the
accessibility of two phenolic functions on the resveratrol backbone still
allowed 15a and 15b to be potent antioxidants able to reduce oxidative
status in a dose-dependent manner.

Thus, both resveratrol alkyl-lipophenols 15a and 15b exhibited an
interesting protection against the double COS in ARPE-19 cells.

2.3. Synthesis and anti-COS evaluation of flavonoid lipophenol analogues

Flavonoids are widely known as potent antioxidants by direct or
indirect action [13,47,48]. We worked on two natural flavonoid de-
rivatives, quercetin and catechin (Fig. 1).

Quercetin (3,3,4’,5,7-pentahydroxyflavone, Q) is a plant flavonol,
which is present in various quantities in many fruit and vegetables,
including apple, cranberry, red onion, asparagus, spinach, walnuts and
coriander. Over the past decades, quercetin has gained research interest
due to its numerous pharmacological activities. In addition to its anti-
oxidant properties, quercetin was proven to have anti-inflammatory,
antidiabetic, anticancer, cardiovascular, hepato-protective, antiplate-
let, antibacterial and neuroprotective properties [49]. Regarding its
antioxidant action, quercetin acts by scavenging free radicals, and also
increases antioxidant enzymes, such as glutathione peroxidase, super-
oxide dismutase and catalase [50]. (+)-Catechin (C) is a flavanol
abundant in berries, chocolate, cacao and green tea that makes a sig-
nificant contribution to total dietary antioxidant intake. Catechin is the
monomer of proanthocyanidin B2, whose protection against A2E
photo-oxidation-induced apoptosis has been shown in ARPE-19 cells
[35]. Compared to quercetin, catechin should have increased nucleo-
philic properties coming from the A ring, due to the absence of the
carbonyl function link to this aromatic cycle.

Distinctive chemical structures related with flavonoid antioxidant
activities have been established including hydroxyl groups of the A-ring
(resorcinol), ortho-dihydroxy arrangement in the B-ring (catechol), and
in the case of quercetin, C2-C3 unsaturated bond combined with C-4
carbonyl group in the C-ring [48]. Moreover, the position instead of total
number of hydroxyl groups, considerably influences the efficiency of
antioxidant activity [51]. The B-ring hydroxyl structure is the utmost
significant actor of scavenging oxygen free radicals [52]. In addition,
according to the study of Hong et al. [53], radical scavenging properties
of catechin seem to be less affected by acylation at the 3 or 7 position
compared to acylation of the catechol moiety. Thereby, in order to
conserve the best antioxidant properties, the B-ring, corresponding to
the catechol moiety, was left free of any substituent, and position 3 was
selected to introduce the PUFA moiety on both catechin and quercetin.
Finally, to preserve the alkylated resorcinol group needed for the
anti-carbonyl stress activity in both phloroglucinol and resveratrol

Fig. 4. Evaluation of cytotoxicity of resveratrol de-
rivatives; natural resveratrol (R-com), R-4'LA [42],
10uM  R-4DHA [43], R-50iP (13), R-50iP-4'LA (15a) and
R-50iP-4'DHA (15b). Results are expressed in mean

. —
= 40 uM
+ SEM and are from n = 3-5 independent experi-
.50 uM ments. ARPE-19 cell viability (MTT) after incubation
120 UM of resveratrol derivatives (0-160 uM). The data are
160 pM  expressed as the percentage of non-treated control
cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus
°§°\ non-treated control cells.
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series, two positions of the A-ring, that mimic the resorcinol moiety of
the LEADs A/B, were selected to introduce the isopropyl; both positions
5 and 7 were alkylated in order to evaluate the most favorable for
carbonyl stress protection. As for resveratrol derivatives, lipophilic
catechin and quercetin bearing only the PUFA moiety (C-3PUFA and
Q-3PUFA) [42], and alkyl-flavonoids bearing only the isopropyl moiety
(C-50iP 18b, C-70iP 18a, Q-50iP 23 and Q-70iP 35), were produced to
evaluate their impact on biological properties.

2.3.1. Catechin lipophenols synthesis and evaluation

Synthesis of alkyl-catechin derivatives C-70iP (18a) and C-50iP
(18b), as well as the alkyl-lipophenol derivatives C-3LA-70iP (19a) and
C-3LA-50iP (19b), are presented in Scheme 3.

The first step of the synthesis was the protection of the catechol
moiety of catechin by a diphenyldioxole in acetonitrile [54]. The
alkylation step allowed access to both isomers 17a and 17b with 1/1
proportion in 37% yield. The two isomers were separated by column
chromatography and engaged separately for the end of the synthesis.
Deprotection of the catechol was performed by hydrogenation using
palladium hydroxide and led to the desired alkylated catechin de-
rivatives: C-70iP (compound 18a) and C-50iP (compound 18b). The
lipophenols were then obtained using TFA and freshly prepared linoleyl
chloride, as described by Uesato et al. [55]. Compounds C-3LA-70iP
(19a) and C-3LA-50iP (19b) were isolated in sufficient quantities to be
evaluated in vitro.

Commercial catechin (C-com), as well as the two alkylated catechins
C-50iP (18b) and C-70iP (18a), displayed no toxicity on ARPE-19 cells

Ph
OH O,\(Ph OA(Ph
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3 oH o)
7
HOZ, 0. a HO. ® b
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3 OH
OH OH OR,
(+)-catechin 16 17a: Ry =iP,Ry=H
C-com 17b: Ry =H,R, =iP
c
OH OH i OH

OH
O

18a:R; =iP,R;=H
18b: Ry = H, R, = iP

OH OR, OR,

c3LA 19a:R, =iP, Ry = H

19b: Ry = H, R, = iP

Scheme 3. Synthesis and chemical structures of (+)-catechin derivatives. Re-

agents and conditions: (a) PhyCCl,, K,CO3, MeCN, rt, 23 h, 33%; (b) diiso-

propylsulfate, KoCO3, acetone, 40 °C, 70 h, 37% separable mixture of 17a

(19%) and 17b (18%); (c) H,, PA(OH),, THF/EtOH, rt, 18a: 42 h, 56% and 18b
: 64 h, 72%; (d) LACOCI, TFA, 1,4-dioxan, rt, 68 h, 1.5% for 19a and 19b.
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Fig. 5. In vitro anti-COS evaluation of resveratrol

derivatives. Comparison of natural resveratrol (R-
N com), R-4LA [42], R-4DHA [43], R-50iP (13),
R-50iP-4'LA (15a) and R-50iP-4'DHA (15b) activ-
ities. Results are expressed in mean + SEM and are
from n = 3-5 independent experiments. (A)
Anti-carbonyl stress assay: ARPE-19 cell viability
(MTT) after incubation of resveratrol derivatives
(0-80 pM) and atRAL (15 pM). The data are expressed
as the percentage of non-treated and non-exposed to
atRAL control cells. *p < 0.05, **p < 0.01, ***p <
0.001, versus non-treated and exposed to atRAL cells.
(B) Antioxidant assay: representation of ROS produc-
tion (DCFDA probe) after incubation of resveratrol
derivatives (0-80 pM) and H,0, (600 pM) in
ARPE-19 cells. The data are expressed as the per-
centage of non-treated and exposed to H,0O, cells. *p
< 0.05, **p < 0.01, ***p < 0.001, versus non-treated
and exposed to H,O, cells.

. 50 M

up to 160 pM (Fig. 6). However, C-3LA [42] and C-3LA-50iP (19b)
displayed an important cell death above 120 pM. Toxicity was even
higher for C-3LA-70iP (19a) with no observed cell viability at 80 pM. In
contrast with resveratrol derivatives, alkylated catechins 18a and 18b
displayed no toxicity, but association of PUFA and alkyl on catechin
backbone (19a and 19b), resulted in high toxicity in the ARPE-19 cell
line.

Interestingly, despite the absence of cell protection using C-com, C-
3LA was able to display a mild protection against carbonyl stressor, with
dose-dependent effects. The catechin ring, in contrast to resveratrol or
phloroglucinol ring, should be nucleophilic enough to show a protective
effect against carbonyl stressor, without the presence of isopropyl
function on the resorcinol moiety (responsible for inductive effect). The
direct trapping of RCS, such as methylglyoxal (an intermediate reactive
carbonyl of AGE formation) by natural catechin was described in cell-
free experiments by Peng et al. [56]. Wang confirmed this observation
in 2010, by identifying adducts produced by co-incubation of catechin
with glyoxal, methylglyoxal and acrolein [32]. Zhu et al. also demon-
strated trapping of lipid-derived a,p-unsaturated aldehydes, which have
been implicated as causative agents in the development of carbonyl
stress-associated pathologies (i.e. 4-HNE and acrolein), by several (poly)
phenols including catechin [31]. However, most of those adducts have
been observed only under simulated physiological conditions but rarely
in actual cellular media. As expected, in our work, the addition of iso-
propyl, preferentially at the 7 position (C-3LA-70iP (19a), Fig. 7A),
increased cellular protection when tested at 40 pM (below the toxic
concentration of 19a). The position of the isopropyl group seemed to
influence anti-carbonyl stress activity, as well as the cytotoxic profile of
the derivatives. Alkylation at the 7 position favor aldehyde trapping in
both C8 and C6 positions, whereas alkylation at the 5 position orients
the formation of adduct only with C6. Both sites were reported in the
literature to react with aldehyde, however, some work performed on the
activity of epigallocatechin-3-O-gallate (EGCG) led only to the identifi-
cation of the C8 adduct [57]. Unexpectedly, the most active lipophenol
against carbonyl stress in this series, C-3LA-70iP (19a), was also the
most toxic compound.

As expected, C-com, and the two alkylated derivatives C-50iP (18b)
and C-70iP (18a), displayed the best antioxidant activity with equiva-
lent ROS production levels compared to control cells non-exposed to
H,0,, as shown in Fig. 7B. With two substituents reducing free phenolic
functions, C-3LA-50iP (19b) and C-3LA-70iP (19a) displayed dose-
dependent effects on ROS produced by HyO, treatment, with a
decrease by up to 60% and 67% in ROS production, respectively, at 80
pM.

Despite these interesting antioxidant properties, C-3LA-50iP (19b)
lacked potent anti-carbonyl stress activity (only 10% increase in
viability observed at 80 pM) and C-3LA-70iP (19a) showed high toxicity
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Fig. 6. Evaluation of cytotoxicity of (+)-catechin derivatives; natural (+)-catechin (C-com), C-3LA [42], C-50iP (18b), C-70iP (18a), C-3LA-50iP (19b) and
C-3LA-70iP (19a). Results are expressed in mean + SEM and are from n = 3-5 independent experiments. ARPE-19 cell viability (MTT) after incubation of catechin
derivatives (0-160 uM). The data are expressed as the percentage of non-treated control cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus non-treated control cells.
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(no survival from 80 pM), making these derivatives less interesting anti-
COS candidates compared to the resveratrol series.

2.3.2. Quercetin-50iP lipophenols synthesis and evaluation

Lipophilic quercetins Q-3LA and Q-3DHA were produced as previ-
ously described [42] and two original pathways were developed to ac-
cess the lipophenol derivatives of quercetin-50iP (29) and
quercetin-70iP (39a/b) (Schemes 4 and 5).

A first chemical strategy was developed in order to access the lip-
ophenol derivative Q-3LA-50iP (29) and the PUFA-free analogue Q-
50iP (23) (Scheme 4).

In order to access quercetin-50iP derivatives, we started from
commercially available rutin using the diholoside rutinoside as pro-
tecting group for the phenolic function at the 3 position. The first step
was the protection of the phenols in positions 7, 3’ and 4* with benzyl
groups. Alkylation of the phenol in position 5 was performed with 2-bro-
mopropane by heating at 80 °C in dry DMF (88%). Cleavage of rutino-
side in acidic conditions gave compound 22, which was either de-
benzylated to access desired Q-50iP (23), or acetylated in position 3
to pursue the lipophenol synthesis. Benzyl groups were removed by
hydrogenation to be replaced by silyl protecting groups, which can be
easily deprotected without damaging PUFA moiety leading to com-
pound 26. Acetate in position 3 was then cleaved using ammonia solu-
tion in MeOH at 0 °C to allow esterification with fatty acid. Final
deprotection of TIPS group gave the desired Q-3LA-50iP (29).

For comparison purposes, commercial quercetin (Q-com) and Q-3LA
[42] properties were also evaluated in vitro. Under the conditions tested,
Q-com was found to be toxic for the ARPE-19 cell line from 80 pM

=3 40 uM

Fig. 7. In vitro anti-COS evaluation of (+)-catechin
derivatives. Comparison of natural (+)-catechin (C-
com), C-3LA [42], C-50iP (18b), C-70iP (18a),
C-3LA-50iP (19b) and C-3LA-70iP (19a) activities.
Results are expressed in mean + SEM and are from n
= 3-5 independent experiments. (A) Anti-carbonyl
stress assay: ARPE-19 cell viability (MTT) after incu-
bation of catechin derivatives (0-80 pM) and atRAL
(15 pM). The data are expressed as the percentage of
non-treated and non-exposed to atRAL control cells.
*p < 0.05, **p < 0.01, ***p < 0.001, versus
non-treated and exposed to atRAL cells. (B) Antioxi-
dant assay: representation of ROS production (DCFDA
probe) after incubation of catechin derivatives (0-80
pM) and H30, (600 pM) in ARPE-19 cells. The data
are expressed as the percentage of non-treated and
exposed to HyO, cells. All conditions have a p-value <
0.001 versus non-treated and exposed to H,O, control
cells. #p < 0.05, ##p < 0.01, ###p < 0.001, versus
non-treated and non-exposed to H,O5 cells.

30 oM

(Fig. 8). Introduction of the isopropyl moiety (Q-50iP, 23) reduced the
toxicity with mild mortality starting at 160 pM. A similar reduction was
observed with PUFA introduction, as Q-3LA displayed no toxicity up to
160 pM, and was found to increase cell viability (156% cell viability at
80 pM). However, the alkyl-lipophenol derivative Q-3LA-50iP (29) was
very toxic, with no survival at 80 uM.

Regarding anti-carbonyl stress properties, here again the presence of
isopropyl, as well as the PUFA moiety, seemed decisive for cell protec-
tion. As shown in Fig. 9A, Q-com, Q-3LA and Q-50iP (23) did not display
any protective effect against atRAL toxicity, whereas Q-3LA-50iP (29)
protected cells with 50% increase in cell survival at 80 uM. Even if toxic
at 80 uM, a high anti-carbonyl stress activity was observed at this con-
centration and can be explained by the differences between cytotoxicity
and anti-carbonyl stress activity protocols (different incubation times).

Finally, antioxidant capacity was evaluated and is reported in
Fig. 9B. The di-substituted lipophenol derivative Q-3LA-50iP (29) was
efficient to reduce HyO5-induced ROS production by 53% at 80 pM. Here
again, a dose-dependent antioxidant potency was still observable
despite the reduction of two free phenolic functions of quercetin. A
similar protection profile was observed for the isopropyl-free analogue
Q-3LA, which suggests that position 5 is not primordial for ROS scav-
enging activity. This was also confirmed by comparing Q-com and Q-
50iP (23) cell treatment, which led to low ROS levels.

To conclude, in vitro assessments indicate that in this series, alkylated
resorcinol and PUFA moieties are necessary for anti-carbonyl stress ac-
tivity, as observed for the phloroglucinol [23] and resveratrol series.
Derivative Q-3LA-50iP (29) displays interesting anti-COS properties,
however, its high cytotoxicity on ARPE-19 has to be considered for
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Q-3LA

Scheme 4. Synthesis and chemical structures of quercetin-50iP derivatives. Reagents and conditions: (a) BnBr, K,CO3, DMF, 40 °C, 4 h, 61%; (b) 2-bromopropane,
K,CO3, DMF, 80 °C, 18 h, 88%; (c) HCl, EtOH, 70 °C, 5 h, 98%; (d) H,, Pd/C, THF/EtOH, rt, 21 h, 69%j; (e) pyridine, Ac,0, rt, 20 h, 100%; (f) H,, Pd/C, THF/EtOH, rt,
15 h, 100%; (g) TIPS-OTf, NEt3, THF, rt, 4 h, 62%; (h) NH3/MeOH, DCM, 0 °C, 3 h, 88%; (i) LA, DCC, DMAP, DCM, rt, 23 h, 54%; (j) NEt3/3HF, THF, rt, 15 min, 72%.

__ 160

X 140
‘; 120 3 10 uMm
£ 100 = 40uM
§ 28 . 80 UM
; 40 120 pM
8 20 160 M

0

C}S\o

Fig. 8. Evaluation of cytotoxicity of quercetin-50iP derivatives; natural quer-
cetin (Q-com), Q-3LA [42], Q-50iP (23) and Q-3LA-50iP (29). Results are
expressed in mean + SEM and are from at n = 3-5 independent experiments.
ARPE-19 cell viability (MTT) after incubation of quercetin-50iP derivatives
(0-160 pM). The data are expressed as the percentage of non-treated control
cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus non-treated control cells.

further evaluations.

2.3.3. Quercetin-70iP lipophenols synthesis and evaluation

A second chemical strategy, presented in Scheme 5, was developed
for the synthesis of alkyl quercetin Q-70iP (35) and the two lipophenol
derivatives Q-3LA-70iP (39a) and Q-3DHA-70iP (39b).

For the synthesis of Q-70iP derivatives, the catechol of the

commercial quercetin was first protected by diphenyldioxole, followed
by the protection of the remaining phenolic functions with acetate
moieties. Selective deprotection of phenol in position 7 was then per-
formed according to Li et al. using thiophenol and imidazole in N-
methylmorpholine in quantitative yield [58]. Compound 32 was then
alkylated with diisopropylsulfate leading to derivative 33 in 91% yield.
Hydrogenation of diphenyldioxole with palladium hydroxide led to
compound 34, which can be either deacetylated to access desired
Q-70iP (35) or protected with silyl ethers to access protected derivative
36. Deacetylation of 36 with diluted ammonia solution in MeOH at 0 °C
allowed access to compound 37, which could be selectively esterified in
position 3 by PUFA (86% for LA and 85% for DHA derivatives).
Resulting compounds underwent a final TIPS deprotection leading to the
desired lipophenol derivatives Q-3LA-70iP (39a) and Q-3DHA-70iP
(39Db).

Toxicity and activity of quercetin-7OiP lipophenols Q-3LA-70iP
(39a) and Q-3DHA-70iP (39b), were compared to Q-com, Q-3LA [42],
Q-3DHA [42] and Q-70iP (35). Toxicity profile (Fig. 10) shows that
Q-70iP (35) was highly toxic even at low concentrations with no sur-
vival observed at 40 pM. The position of the alkyl moiety appeared
critical, as Q-50iP (23, Fig. 8) did not display such high toxicity.
Reduction of Q-com toxicity was observed by introduction of the PUFA
moieties, as Q-3DHA and Q-3LA increased ARPE-19 cells viability from
10 to 80 pM until toxicity appeared. Alkyl-lipophenol derivatives
Q-3LA-70iP (39a) and Q-3DHA-70iP (39b) did not display any toxicity
up to 160 pM, and Q-3LA-70iP (39a) even increased cell survival at 160
HM (156% cell viability).

As also observed for the resveratrol and catechin series, in our
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Fig. 9. In vitro anti-COS evaluation of quercetin-50iP
derivatives. Comparison of natural quercetin (Q-com),
Q-3LA [42], Q-50iP (23) and Q-3LA-50iP (29) ac-
tivities. Results are expressed as mean - SEM and are
from n = 3-5 independent experiments. (A)
Anti-carbonyl stress assay: ARPE-19 cell viability
(MTT) after incubation of quercetin-50iP derivatives
(0-80 pM) and atRAL (15 pM). The data are expressed
as the percentage of non-treated and non-exposed to
atRAL control cells. *p < 0.05, **p < 0.01, ***p <
0.001, versus non-treated and exposed to atRAL cells.
(B) Antioxidant assay: representation of ROS produc-
tion (DCFDA probe) after incubation of
quercetin-50iP derivatives (0-80 pM) and H,0, (600
pM) in ARPE-19 cells. The data are expressed as the
percentage of non-treated and exposed to H;O cells.
All conditions have a p-value < 0.001 versus
non-treated and exposed to H,O, control cells. #p <
0.05, ##p < 0.01, ###p < 0.001, versus non-treated
and non-exposed to H,0, cells.

Scheme 5. Synthesis and chemical structures of
quercetin-70iP derivatives. Reagents and conditions:
(a) PhyCCly, Phy0O, 175 °C, 2 h, 89%; (b) pyridine,
Acy0, rt, 20 h, 100%; (c) PhSH, imidazole, NMP,
0-5 °C, 5 h, 100%; (d) diisopropylsulfate, K,COs3,
acetone, rt, 22 h, 91%; (e) Hy, Pd(OH),, THF/EtOH,
rt, 20 h, 47%; (f) NH3/MeOH, 0 °C, 35 min, 46%; (g)
TIPS-OTf, NEts, THF, rt, 10 min, 71%; (h) NHs/
MeOH, DCM, 0 °C, 1 h, 100%; (i) PUFA, DCC, DMAP,
DCM, rt, 5 h, 38a: 86% and 38b: 85%; (j) NEts/3HF,
THF, rt, 30 min, 92% for 39a and 39b.

Fig. 10. Evaluation of cytotoxicity of quercetin-70iP
derivatives; natural quercetin (Q-com), Q-3LA [42],
Q-3DHA [42], Q-70iP (35), Q-3LA-70iP (39a) and
Q-3DHA-70iP (39b). Results are expressed in mean +
SEM and are from n = 3-5 independent experiments.
ARPE-19 cell viability (MTT) after incubation of
quercetin-70iP derivatives (0-160 pM). The data are
expressed as the percentage of non-treated control
cells. *p < 0.05, **p < 0.01, ***p < 0.001, versus
non-treated control cells.

cellular assay the natural quercetin alone did not protect against
carbonyl stress toxicity (Fig. 11A), whereas it has been reported the
formation of adduct by co-incubation of quercetin with several reactive
aldehydes (i.e. glyoxal, methylglyoxal and acrolein) in cell-free assays
[32]. As expected regarding toxicity profile, the PUFA-free quercetin

Q-70iP (35) is not protective against carbonyl stress and presents high
toxicity. Globally, the addition of the isopropyl on this lipophenol de-
rivatives led to an increase of cell protection against RCS, however, the
impact of the isopropyl seemed less important than in the resveratrol,
phloroglucinol or quercetin-50iP lipophenol series. Comparison
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between the effect of Q-70iP (35) and the alkyl-lipophenols Q-3LA-70iP
(39a) and Q-3DHA-70iP (39b) (increased viability by 38% and 24%,
respectively, at 80 uM) confirmed the importance of the PUFA part to
confer high cellular protection against atRAL toxicity using alkyl-(poly)
phenol (already observed in other series). Lipid peroxidation of PUFA
produces reactive aldehydes (4-HNE or 4-hydroxyhexenal (4-HHE))
[59]. Exposure to excessive 4-HNE or 4-HHE can cause cytotoxicity and
is implied in the detrimental pathogenesis of a number of degenerative
diseases [60]. However, such lipid peroxidation metabolites are also
signaling molecules able to induce gene expression of antioxidant and
detoxifying aldehyde enzymes, by activation of the Nrf2 pathway [61].
In ARPE-19, Johansson et al. reported the ability of DHA treatment to
induce cellular antioxidant responses, by Nrf2 pathway activation, and
to stimulate autophagy [62]. In addition, some works reported also the
anti-glycation properties of PUFAs [63,64]. As glycation reaction is
caused by reactive aldehydes, anti-glycation properties can be related to
anti-carbonyl stress activity. Additional studies reported the cytopro-
tective effect of PUFAs, by increasing S-phase cell promotion or lipid
metabolism [65]. In the retina for example, DHA was shown to protect
photoreceptors from oxidative stress by preserving mitochondrial
membrane integrity [66]. In most of the (poly)phenol series studied in
this work, the introduction of a PUFA part and an alkyl moiety on the
(poly)phenol was a prerequisite to provide important cellular protection
against atRAL toxicity. This may be due to improved cell penetration due
to an increased lipophilicity, and/or a synergic effect of the alkyl-(poly)
phenol and the PUFA moiety.

Antioxidant capacities of the derivatives are reported in Fig. 11B. As
expected, lower antioxidant profile of the two lipophenols Q-3LA-70iP
(39a) and Q-3DHA-70iP (39b), compared to natural quercetin, can be
explained by introduction of two substituents on phenolic positions.
However, Q-3LA-70iP (39a) and Q-3DHA-70iP (39b) displayed inter-
esting dose-dependent reduction of ROS close to the alkyl-free lip-
ophenols Q-3DHA and Q-3LA. They decreased by up to 48% and 38% of
H20; induced ROS production, respectively, when introduced at 80 pM.

The two di-substituted candidates Q-3LA-70iP (39a) and Q-3DHA-
70iP (39b) are potent anti-COS derivatives for further evaluations, as
they displayed interesting dose-dependent protection on ARPE-19 cell
line and induced no toxicity up to 160 pM.

2.4. Selection of best anti-COS candidates in ARPE-19 cells

After systematic evaluation of our lipophenol derivatives, only the
most promising candidates were selected for further in vitro evaluations.
Catechin and quercetin-50iP lipophenols have been rejected as they
display important cytotoxicity in the ARPE-19 cell line. Regarding the
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Fig. 11. In vitro anti-COS evaluation of quercetin-
70iP derivatives. Comparison of natural quercetin
(Q-com), Q-3LA [42], Q-3DHA [42], Q-7OiP (35),
Q-3LA-70iP (39a) and Q-3DHA-7OiP (39b) activities.
Results are expressed as mean + SEM and are from n
= 3-5 independent experiments. (A) Anti-carbonyl
stress assay: ARPE-19 cell viability (MTT) after incu-
bation of quercetin-70iP derivatives (0-80 pM) and
atRAL (15 pM). The data are expressed as the per-
centage of non-treated and non-exposed to atRAL
control cells. *p < 0.05, **p < 0.01, ***p < 0.001,
versus non-treated and exposed to atRAL cells. (B)
Antioxidant assay: representation of ROS production
(DCFDA probe) after incubation of quercetin-70iP
derivatives (0-80 pM) and H,0, (600 pM) in
ARPE-19 cells. The data are expressed as the per-
centage of non-treated and exposed to HyOx cells. All
conditions have a p-value < 0.001 versus non-treated
and exposed to HyO; control cells. #p < 0.05, ##p <
0.01, ###p < 0.001, versus non-treated and
non-exposed to H,O5 cells.

close protection provided by either LA or DHA lipophenols, omega-3
DHA lipophenols were selected in view of in vivo evaluation. Indeed,
many beneficial effects of DHA have been reported in relation to retinal
affections [67], such as anti-inflammatory, neuroprotective effects [28,
68] and antioxidant properties [66]. Visual processing deficits have
been improved with DHA supplementation in some clinical studies [25,
67]. Moreover, as predominant PUFA of the photoreceptor membrane,
DHA is transported by several specific pathways across the Blood Retina
Barrier (BRB) [69]. These properties of DHA are favorable, as increasing
the lipophilicity of (poly)phenols using this PUFA, can help the de-
rivatives through retinal cell membranes and across the RPE barrier. In
order to select the best candidate for pharmacological development, we
compared anti-COS profiles of the most promising lipophenols. Ac-
cording to SAR study of anti-COS assays, selected derivatives bear an
isopropyl moiety, as well as DHA lipophilic function.

2.4.1. Anti-COS comparative assays

All anti-COS activities of promising alkyl-DHA lipophenols have
been summarized at the same concentration (80 pM) that displayed the
best protective effects, and are represented in Fig. 12. The range of anti-
carbonyl stress activity is similar for three of the four derivatives: R-
50iP-4'DHA (15b) is the only compound that displayed a significantly
higher protective effect against atRAL toxicity compared to P-OiP-ODHA
(LEAD B), P-OiP-CDHA (8b) or Q-3DHA-70iP (39b), as shown in
Fig. 12A.

The main objective of the (poly)phenol backbone modification was
to overcome the low antioxidant activity of P-OiP-ODHA (LEAD B). This
goal was achieved, as two of the three new lipophenol derivatives dis-
played a significant better efficiency against HyO»-induced ROS pro-
duction when compared to the LEAD B: 16 and 17% reduction in ROS
production for P-OiP-CDHA (8b) and Q-3DHA-70iP (39b), respectively,
as shown in Fig. 12B. No significant difference in antioxidant evaluation
was observed between P-OiP-ODHA (LEAD B) and R-50iP-4'DHA (15b).
Lower efficacy of P-OiP-ODHA (LEAD B) and R-50iP-4'DHA (15b) could
be explained by comparing their number of free phenolic positions as
those lipophenols only have one free phenolic function to scavenge ROS.
Papuc et al. detailed structure-activity relationship of (poly)phenol
antioxidant activity and highlighted that not only the number of free
phenols is important for radical scavenging activity but also their posi-
tion [70]. Indeed, flavonoids with a catechol moiety (B-ring) are the
most effective radical scavengers due to the degree of stability conferred
by the catechol structure participating in electron delocalization and in
the chelation of metals involved in ROS generation.
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2.4.2. Protection against photo-induced AZ2E toxicity

Lipofuscin, a fluorescent lysosomal pigment composed of several
lipophilic molecules (bis-retinoids), is associated with age-related
pathophysiological processes in the RPE. The best-studied bis-retinoid
and the first component of lipofuscin to be identified is A2E. Accumu-
lation and photo-oxidation of the di-retinal conjugate A2E in the RPE
through COS mechanisms are known to be one of the critical causes of
AMD [5-7,71]. Therefore, the reduction of lipid oxidation is a promising
approach to prevent the progression of AMD [72]. RPE cell death was
observed by photo-oxidation of A2E due to generation of singlet oxygen
and superoxide radicals [73]. A2E can be degraded in epoxide and
aldehyde derivatives leading also to carbonyl stress [7,74]. This is why
we did not only evaluate the protective effects against atRAL toxicity
and ROS scavenging properties herein. For an in-depth lipophenol
comparison, a more specific cellular assay is the evaluation of the pro-
tective effects of DHA alkyl-lipophenols against photo-oxidized A2E
toxicity, which more closely resembles AMD cytotoxicity.

Evaluation of survival of the RPE cell line ARPE-19 after incubation
of lipophenols with A2E and photo-oxidation by intensive blue light was
performed. As represented in Fig. 13, the best protective effect was
obtained for Q-3DHA-70iP (39b) which increased cell viability by 50%
at 80 puM, whereas P-OiP-ODHA (LEAD B) and P-OiP-CDHA (8b) only
improved survival by 16% and 27%, respectively. R-50iP-4'DHA (15b)
was also an interesting candidate, as it increased cell viability by 43% at
80 puM. All DHA-lipophenols are able to protect cells against photo-
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Fig. 12. Comparison of anti-COS activities of selected
DHA alkyl-lipophenols: P-OiP-ODHA (LEAD B) [23],
P-OiP-CDHA (8b), R-50iP-4DHA (15b) and
Q-3DHA-70iP (39b). Results are expressed as mean
+ SEM and are from n = 3-5 independent experi-

1
ooo . ments. (A) Anti-carbonyl stress assay: ARPE-19 cell
,;| viability (MTT) after incubation of lipophenol de-

rivatives (80 pM) and atRAL (15 pM). The data are
expressed as the percentage of non-treated and
non-exposed to atRAL control cells. All conditions
have a p-value < 0.001 versus non-treated and
exposed to atRAL control cells. #p < 0.05, ##p <
0.01, ###p < 0.001, versus R-50iP-4'DHA (15b). (B)
Antioxidant assay: representation of ROS production
(DCFDA probe) after incubation of lipophenol de-
rivatives (80 pM) and HyO, (600 pM) in ARPE-19
cells. The data are expressed as the percentage of
non-treated and exposed to H0, cells. All conditions
have a p-value < 0.001 versus non-treated and
exposed to H,O, control cells and versus non-treated
and non-exposed to H,O, control cells. °p < 0.05,
°°p < 0.01, °°°p < 0.001, versus P-OiP-ODHA (LEAD
B). e p < 0.05, ee p < 0.01, eeep < 0.001, versus
R-50iP-4'DHA (15b).

oxidized A2E toxicity. In order to better compare the four selected
alkyl-lipophenols, dose-dependent responses from 10 M to 80 pM were
performed to calculate Efficiency Concentration 50 (ECs), the concen-
tration of lipophenol needed to protect 50% of the cells from photo-
oxidized A2E toxicity. P-OiP-ODHA (LEAD B) was less potent than the
other derivatives with an ECsg of 145 pM. This can be explained by its
lower ROS scavenging ability. P-OiP-CDHA (8b) was significantly more
protective than P-OiP-ODHA (LEAD B) with an ECsy of 64 pM. This
result was in accordance with the anti-COS study, as both lipophenols
displayed the same anti-carbonyl stress activity but P-OiP-CDHA (8b)
was more efficient at scavenging ROS than its lead P-OiP-ODHA (LEAD
B). Surprisingly, R-50iP-4'DHA (15b) was more potent than P-OiP-
CDHA (8b), protecting up to 59% of cells exposed to photo-oxidized A2E
at 80 pM (ECsp = 45 pM), although it was less efficient at scavenging
ROS generated by H20; in the first antioxidant evaluation. However,
anti-carbonyl stress activity (higher for R-50iP-4'DHA (15b) than P-OiP-
CDHA (8b)) likely participated in the protection of cells against photo-
oxidized A2E. The most efficient lipophenol against A2E toxicity is Q-
3DHA-70iP (39b) with an ECsg of 15 pM only and a maximal viability of
67% of cells at 80 pM. Indeed, this lipophenol, which displayed an
equivalent anti-carbonyl stress activity as the others, was the most
efficient in scavenging ROS and was therefore the most protective in the
assays. Comparison of natural (poly)phenols (i.e. phloroglucinol,
resveratrol and quercetin) in the A2E assay showed that quercetin was
itself more protective than phloroglucinol and resveratrol against photo-

80 ° Fig. 13. DHA-lipophenols protection against photo-

HHHH oxidized A2E toxicity. Comparison of P-OiP-ODHA

Compound A2E ECso (uM) 3 604 (LEAD B) [23], P-OiP-CDHA (8b), R-50iP-4DHA

< i (15b) and Q-3DHA-70iP (39b) protection. Results are

P-OiP-ODHA (LEAD B) 144.60 + 28.1 g 40 expressed as mean + SEM and are from n = 3-5 in-
. 2 7] dependent experiments. ARPE-19 cell viability (MTT)
P-OiP-CDHA (8b) 63.99+9.73 % after incubation of lipophenol derivatives (80 uM)
R-50iP-4’DHA (15b) 44.87 + 6.07 g 204 and toxic Cf)ncentration of photo.-oxidized A2E (20
pM, blue light exposure 30 min). The data are

Q-3DHA-70iP (39b) 1538 £2.53 0 expressed as the percentage of non-treated and
non-exposed to A2E control cells. ECs are calculated

XY(“L(O \?9@\ @& Q‘so\ @60\ for all lipophenols using dose reponses curves (0-80

c'§ &0 0\2\?‘ OQ\V' 08 pM) and GraphPad prism software. All conditions

0\2\?‘ _g'o Q X \2\?;\ have a p-value < 0.001 versus non-treated and

O QQ o o0 exposed to toxic photo-oxidized A2E control cells. #p

K € o < 0.05, ##p < 0.01, ###p < 0.001, versus

P-OiP-CDHA (8b). ° p < 0.05, °°p < 0.01, °°°p <
0.001, versus R-50iP-4'DHA (15b).
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induced toxicity of A2E (data not shown).

Among the three in vitro cell assays performed in this study and the
toxicity profile, Q-3DHA-70iP (39b) has proven to be the most prom-
ising anti-COS lipophenol and R-50iP-4'DHA (15b) an interesting fall-
back solution.

2.5. Validation of Q-3DHA-70iP anti-COS properties in primary rat RPE
cells

Currently, the ARPE-19 cell line and primary cultures are both
sources of RPE cells for in vitro models used in fundamental and applied
research, including the development of new approaches for ophthal-
mological disorders [75]. The advantage of cell lines is that they
maintain their characteristics over a number of passages and have longer
survival times, compared to primary cultures. Moreover, ARPE-19 can
be plated at constant cell density throughout the study, whereas primary
cultures exhibit more cell density variability [24]. This cell density de-
pends on the cytotoxicity of atRAL and HyO5 [24,76]. Nevertheless, even
if ARPE-19 cells are a valuable model for human RPE cells, it seems
important to validate the anti-COS effect of the compounds on primary
cells to be closer to the physiological protection in vivo [11]. However,
the production of primary RPE cells is tedious and time consuming work
because it depends on the number of eyeballs available [26,77].
Therefore, only the most promising lipophenol derivative Q-3DHA-70iP
(39b) was evaluated in primary rat RPE cells for its protective action
against atRAL toxicity and ROS production. A dose-dependent increase
in cell viability was observed for cultures incubated with atRAL and
Q-3DHA-70iP (39b) and is represented in Fig. 14A. Treatment of pri-
mary RPE cells with atRAL (25 pM) caused a significant decrease in cell
viability (26% of cell viability for untreated control cells), whereas
treatment with atRAL and Q-3DHA-70iP (40, 80 and 160 puM) signifi-
cantly improved cell viability by 15%, 22% and 39%, respectively).
Interestingly, the stress condition (25 pM of atRAL), as well as treatment
with up to 80 pM Q-3DHA-70iP, showed very similar effects in primary
RPE and ARPE-19 cells, suggesting that both stressor and protector use a
common mechanism of action. By contrast, exposure of primary RPE
cells to HpO5 at 600 pM for 4 h increased intracellular ROS levels by
12-fold compared to the untreated cells (Ctrl - HyO3). Moreover, cells
treated with Q-3DHA-7OiP (40, 80 and 160 pM) markedly reduced ROS
by 81%, 91% and 92%, respectively, in comparison to the non-treated
cells, exposed to HyO5 (Fig. 14B).
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The protective effects of Q-3DHA-70iP (39b) on primary rat RPE
cells fully validate the results obtained on ARPE-19 cells. This is
particularly true with respect to the carbonyl stress generated by atRAL,
as the primary RPE showed a high protection effectiveness of Q-3DHA-
70iP. This demonstrates the robustness of the results obtained on the
cell line and suggests that these data can be more easily extrapolated to
in vivo assays. Moreover, Q-3DHA-70iP (39b) is now a lead for future
investigations. The antioxidant activity is itself remarkable because it is
much more effective in the primary RPE compared to ARPE-19. Such a
difference has already been reported in the past with polyphenols, such
as quercetin, especially in the context of oxidative stress caused by HyO4
[76]. The authors reported that many of the flavonoids were more
effective at protecting primary RPE compared with ARPE-19. On this
basis, it can be speculated that quercetin derivative 39b can protect
retinal cell types through different mechanisms, including direct scav-
enging of ROS, anti-apoptotic activity, and phase-2 induction [78]. It
was also shown that the most effective compounds are more hydro-
phobic than quercetin, indicating that they should pass through cell
membranes and accumulate intracellularly [79]. The DHA combined
with quercetin should be consistent with an increase in hydrophobicity
and cell bioavailability of the compound.

3. Conclusions

Among the research performed to develop pharmacological treat-
ment for macular degeneration, most of the molecules have been dis-
carded in the past because of toxicity issues. We propose here, a
pharmacological approach based on a natural product ((poly)phenolic
compound linked to omega-3 derivatives). Both parts of the molecule
have already proven their beneficial effect in numerous studies as di-
etary complements: as (poly)phenols and omega-3 PUFAs are already
present in our alimentation, the risk of toxicity compared to other syn-
thetic drugs may be considerably reduced, as well as the unwanted side
effects. Naturally, in vivo toxicity of lipophenols and their potential
atRAL-adduct will have to be studied in future studies.

Starting from the phloroglucinol backbone, the present work evalu-
ated the modification of the (poly)phenol core to achieve protection
against both carbonyl and oxidative stresses in RPE cells. New synthetic
routes were developed to access four original lipophenol series based on
phloroglucinol, resveratrol, catechin and quercetin (poly)phenols.
Despite cell-free assays proving aldehyde scavenging of natural (poly)

Fig. 14. Anti-COS activity of Q-3DHA-
70iP (39b) on primary rat RPE cells.
Results are expressed as mean + SEM
and are from n = 3-5 independent ex-
periments. (A) Anti-carbonyl stress
assay: cell viability (MTT) after incuba-
tion of Q-3DHA-70iP (39b) (0-160 pM)
and atRAL (25 pM). The data are
expressed as the percentage of non-
treated and non-exposed to atRAL con-
trol cells. All conditions have a p-value
< 0.001 versus non-treated and exposed
to atRAL control cells. #p < 0.05, ##p

< 0.01, ###p < 0.001, versus 80 uM of

12

lipophenol. (B) Antioxidant assay: rep-
resentation of ROS production (DCFDA
probe) after incubation of Q-3DHA-
70iP (39b) (0-160 pM) and H,0, (600
pM) in primary cells. The data are
expressed as the percentage of non-
treated and exposed to H,05 cells. All
conditions have a p-value < 0.001
versus non-treated and exposed to HyO»
control cells. #p < 0.05, ##p < 0.01,
###p < 0.001, versus non-treated and
non-exposed to H,O, cells.

Q-3DHA-70iP (uM)
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phenols, our work highlights that, in biological media, the protection
against carbonyl stress (produced by atRAL toxicity) requires additional
chemical modifications of natural (poly)phenol to promote cellular
protection. Both isopropyl-resorcinol and PUFA moieties were essential
for promising anti-carbonyl stress activity in RPE cells. Substitution of
two phenolic functions lower antioxidant capacity, compared to native
(poly)phenols, as reported in literature [22], however di-substituted
alkyl-lipophenols still provide sufficient antioxidant activities to
reduce intracellular ROS. Despite significant literature relating direct
RCS trapping using (poly)phenols in cell-free assays, there is limited
information on this direct interaction in complex biological systems.
This work highlights the importance of cellular assays to validate
anti-carbonyl stress potency of (poly)phenol conjugates: chemicals able
to scavenge aldehyde in cell-free assays are not necessarily active in
biological media, because of a lack of bioavailability or cell penetration,
but also because of the importance of the pH in RCS scavenging
(increased in basic conditions) [80,81]. It is therefore relevant to
consider the pH dependency of the aldehyde trapping by (poly)phenol,
as pH can vary from one cell compartment to another. The exact
mechanism of alkyl-lipophenol protection against atRAL toxicity is
currently under investigation and may be an association of 1) direct
aldehyde scavenging, chemically or enzymatically catalyzed [82]; 2)
activation of aldehyde detoxification enzymes, as the
alkyl-phloroglucinol lipophenol LEAD B is able to activate Nrf2-Keapl
pathway [24] (also reported to activate aldehyde dehydrogenases and
glutathione S-tranferases gene expression involved in aldehyde detoxi-
fication), and 3) reduction of ROS levels and oxidative stress induced by
atRAL cell treatment [24,26,83].

Taken together, the different cellular assays performed on the ARPE-
19 cell line led to the discovery of an optimal DHA-quercetin anti-COS
lipophenol (Q-3DHA-70iP, 39b) showing optimized antioxidant prop-
erties compared to the previous phloroglucinol lead (LEAD B), and high
protection against atRAL toxicity. Its anti-COS properties have also been
validated in primary RPE cells. To conclude, Q-3DHA-70iP was the most
powerful lipophenol to suppress photo-oxidative toxicity initiated in
RPE cells by A2E. Evaluation of photoreceptor protection against acute
light-induced degeneration in the Abca4/~ mouse model (involving
both carbonyl and oxidative stresses), will be reported in due course
using the best lipophenol candidate, Q-3DHA-7QiP.

4. Experimental section
4.1. Chemical synthesis

Experimental Procedures. The detailed discussion and the experi-
mental procedures of chemical/enzymatic synthesis of all intermediates
and final lipophenols are described in the supporting information (sec-
tions S1 to S7), as well as their full analytic characterization (*H and 3C
NMR, HRMS analysis, Rf, melting point). Known compounds were pre-
pared according to previously described procedures: mono-isopropyl-
phloroglucinol (1) and P-OiP-ODHA (LEAD B) [23], P-OiP-OLA (LEAD
A) [24], R-4'LA and R-4'DHA [43], Q-3LA, Q-3DHA and C-3LA [42].

4.2. Biological evaluations

Chemicals. All lipophenols were dissolved in dimethylsulfoxide
(DMSO) to prepare a stock solution at 80 mM. Hydrogen peroxide so-
lution (H20-, 30 wt % in H50), all-trans-retinal (atRAL) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich. N-retinylidene-N-retinylethanolamine
(A2E) was synthesized as previously described by Parish et al., in 1998
[84]. 2/,7'-dichlorofluorescin diacetate (DCFDA) was purchased from
Sigma-Aldrich (Saint-Quentin, France) and dissolved in DMSO to pre-
pare stock solution at 20 mM. All stock solutions of lipophenols, atRAL,
A2E and probe were stored at -20 °C in the dark.

Cell Culture. ARPE-19 cells were obtained from ATCC (USA) and
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were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham F12
(GIBCO) containing 10% v/v fetal bovine serum (FBS) and 1% v/v
penicillin/streptomycin under atmospheric humidified air (95%)/CO,
(5%) at 37 °C. For experimental cell seeding and sub-culturing, the cells
were dissociated with 0.25% trypsin-EDTA, resuspended in the culture
medium and then plated at 1-3 x 10° cells/mL. ARPE-19 cells were
cultured and used up to 15 passages. Primary RPE cells were established
from Long-Evans newborn rats according to the procedure described
previously [26,77]. Briefly, after enucleation of the eyes, intact RPE
sheets were separated from the choroid and dissociated in a
trypsin-EDTA solution (GIBCO) to obtain a suspension of single cells.
RPE cells, cultured in 96-well plates, reached 80-85% of confluence
after 3 days in atmospheric humidified air (95%)/CO5 (5%) at 37 °C, and
were used for cell assays without passaging.

Cell Viability. Cell viability was determined in ARPE-19 and primary
rat RPE cells by MTT colorimetric assay. The cells were incubated for 2 h
with MTT reagent (0.5 mg/mL). During this incubation time, mito-
chondrial dehydrogenases of the living cells reduce the MTT to insoluble
purple formazan, which was then dissolved with DMSO to form a
colored solution. The absorbance of supernatants, which was propor-
tional to the number of living cells, was measured at 570 nm and 655 nm
using a microplate reader (BioRad 550, USA or CLARIOstar Plus, BMG
Labtech). The absorbance of the compounds tested does not interfere
with the absorbance at 570 and 655 nm. The percentage of the viable
cells was calculated as [(OD570 sample—OD655 sample)/(OD570 con-
trol—0D655 control)] x 100%.

Cytotoxicity of Lipophenols. ARPE-19 cells were plated into 96-
well plates (4 x 10* cells/well) and cultured for 24 h to reach conflu-
ence before lipophenol treatment. The cell cultures were treated with
serum free medium containing the lipophenols at different concentra-
tions (0-160 pM) for 24 h. Control cells were incubated with DMSO
(0.2%). The viability of the cells was determined using MTT colorimetric
assay, as described above, and expressed as a percentage of viable cells
normalized with control conditions in the absence of lipophenols.

Protection of Lipophenols against atRAL Toxicity. ARPE-19 cells
were plated into 96-well plates (4 x 10* cells/well) and cultured for 24 h
to reach confluence before lipophenol treatment. The cell cultures were
treated with serum free DMEM/F12 medium containing lipophenols at
different concentrations (0-80 pM) for 1 h. Then atRAL was added to a
final concentration of 15 pM for 4 h before rinsing with medium. Control
cells were incubated with DMSO (0.2%) + atRAL. The cells incubated at
37 °C and viability was determined 16-20 h later using a MTT colori-
metric assay. For primary rat RPE cultures, cells were treated with atRAL
(25 pM) in the presence of lipophenol (40-160 pM) for 4 h before cell
viability determination. Results are expressed in percentage of viable
cells normalized with control conditions in the absence of lipophenol
and stressor.

Impact of Lipophenols on ROS Level. ROS level was measured in
ARPE-19 and primary rat RPE cells using dichlorofluorescein diacetate
(DCFDA) reagent. The cell permeant reagent DCFDA is deacetylated by
cellular esterases to dichlorofluorescein (DCFH2), which can be oxidized
by several radical reactive species (peroxyl, alkoxyl, NO3, carbonate,
HO, ...) into the fluorophore 2',7~dichlorofluorescein (DCF) [85]. In-
tensity of fluorescence was measured during DCFDA oxidation by
radical species to calculate level of radical reactive species. ARPE-19
cells were plated into black, optically clear flat bottom 96-well plates (4
x 10%* cells/well) and cultured for 24 h to reach confluence before the
drug treatment. The cell cultures were incubated with 2 pM of DCFDA
for 45 min in DMEM/F12 medium without phenol red +1% FBS. The
cells were rinsed and incubated with the medium containing lipophenols
at different concentrations (0-80 pM) for 1 h. Then, H,O5 was added to a
final concentration of 600 pM for 4 h. Primary rat RPE cells were seeded
on white, opaque-bottomed 96-well plates. On day 3, cells were incu-
bated for 45 min at 37 °C in 1X Buffer containing 25 pM of DCFDA. The
cells were then treated with 600 pM of Hy0; in the presence of lip-
ophenol (40-160 pM) for 4 h at 37 °C. For both ARPE-19 and primary
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cells, DCF production was measured by fluorescence spectroscopy with
excitation wavelength at 485 nm and emission wavelength at 535 nm.
The fluorescence of the compounds tested does not interfere with
DCFDA signal. Control cells were incubated with DMSO (0.2%) +
DCFDA + Hy0;. The percentage of ROS produced was calculated as
[(fluorescence of sample)/(fluorescence of control)] x 100%. The re-
sults are expressed in percentage of ROS produced normalized with
control conditions in the absence of lipophenol and presence of HyOs.

Protection of Lipophenols against Photo-Oxidized A2E Toxicity.
ARPE-19 cells were plated into 96-well plates (4 x 10* cells/well) and
cultured for 24 h to reach confluence before lipophenol treatment. The
cell cultures were treated with serum free DMEM/F12 medium without
phenol red containing lipophenols at different concentrations (0-80 pM)
for 1 h. Then A2E was added to a final concentration of 20 uM for 6 h
before rinsing with medium. Control cells were incubated with DMSO
(0.2%) + A2E. The cells were exposed to intense blue light (4600 LUX)
for 30 min to induce phototoxicity of A2E and incubated at 37 °C. The
cell viability was determined 16-20 h later using a MTT colorimetric
assay. Results are expressed as a percentage of viable cells normalized
with control conditions in the absence of lipophenols and stressor. When
a dose-dependent efficiency was observed, ECsy was calculated.

Statistical Analysis. The data are presented as means + SEM
determined from at least three independent experiments. In each
experiment, all conditions were done at least in quadruplicate. Statis-
tical analyses were performed by Oneway ANOVA test using Newman-
Keuls’s post-hoc for Gaussian distributions (the normality of distribu-
tions was evaluated with a Shapiro-Wilk test) and differences with p-
values < 0.05 were considered as statistically significant. EC5yp were
calculated using GraphPad Prism version 5.03 and non-linear
regression.

4.3. Associated content

Full discussion on chemical synthesis of C-phloroglucinol derivatives
(Section S1); Characterization of the silylated chromane orthoester
byproduct of compound 5 (Section S2); Full discussion on chemical
synthesis of resveratrol derivatives (Section S3); Full discussion on
chemical synthesis of (+)-catechin derivatives (Section S4); Full dis-
cussion on chemical synthesis of quercetin-50iP derivatives (Section
S5); Full discussion on chemical synthesis of quercetin-70iP derivatives
(Section S6); Experimental procedure and full analysis characterization
of all intermediates and final compounds (2a to 39b, Section S7); 1 and
13C NMR spectra for all intermediates and final compounds (2a to 39b,
Section S8).
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