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Overview of alkyl quercetin lipophenol synthesis
and its protective effect against carbonyl stress
involved in neurodegenerationt
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Oxidative stress and carbonyl stress resulting from the toxicity of small aldehydes are part of the detri-
mental mechanisms leading to neuronal cell loss involved in the progression of neurodegenerative dis-
eases such as Alzheimer's disease. Polyunsaturated alkylated lipophenols represent a new class of hybrid
molecules that combine the health benefits of anti-inflammatory omega-3 fatty acids with the anti-car-
bonyl and oxidative stress (anti-COS) properties of (poly)phenols in a single pharmacological entity. To
investigate the therapeutic potential of quercetin-3-docosahexaenoic acid-7-isopropyl lipophenol in
neurodegenerative diseases, three synthetic pathways using chemical or chemo-enzymatic strategies
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were developed to access milligram or gram scale quantities of this alkyl lipophenol. The protective effect
of quercetin-3-DHA-7-iPr against cytotoxic concentrations of acrolein (a carbonyl stressor) was assessed
in human SHSY-5Y neuroblastoma cells to underscore its ability to alleviate harmful mechanisms associ-

rsc.li/obc ated with carbonyl stress in the context of neurodegenerative diseases.
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Introduction

It is commonly accepted that oxidative stress (i.e., an imbal-
ance between the reactive oxygen species and the antioxidant
system or defense of the body) can have detrimental effects on
neural tissues and be part of the etiology of neurodegenerative
pathologies including Alzheimer’s disease (AD)."*> Oxidative
stress (OS) is an early and persistent feature of AD that can be
of genetic origin or amplified by environmental factors such as
smoking, pollution, or exposure to toxic substances. A direct
consequence of OS is the increase in lipid peroxidation,
leading to the formation of various aldehydic by-products,
including malondialdehyde (MDA), 4-hydroxy-2-nonenal
(HNE), and acrolein. Acrolein, the most reactive among them,
can also originate from exogenous sources as it is commonly
present in the environment as a pollutant. Reactive electrophi-
lic aldehydes are the cause of carbonyl stress toxicity, as they
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form cellular adducts with nucleophilic proteins, lipids, or
nucleic acids, and impair their function. A significant increase
in acrolein and other carbonyl stressors was observed in the
brain of early Alzheimer’s patients,® associated with toxicity in
hippocampal neurons.* Due to their high neurotoxicity, reac-
tive aldehydes have been identified as neurotoxic mediators of
oxidative damage in the progression of AD.>”

A deficiency in polyunsaturated fatty acids (PUFAs), a criti-
cal class of fatty acids essential for brain functions, has also
been identified as a factor contributing to increased oxidative
stress.® Docosahexaenoic acid (DHA, 22:6 n-3), the most preva-
lent omega-3 PUFA in neuronal membranes,” possesses sig-
nificant free radical scavenging properties and provides protec-
tion against peroxidative damage to brain lipids. It also serves
as a precursor for the biosynthesis of lipid mediators that regu-
late inflammatory responses.’® DHA is weakly produced de
novo and must be obtained from the diet. In humans, low plas-
matic concentrations of DHA have been associated with
impaired cognitive function, low hippocampal volumes, and
increased amyloid deposition in the brain.'"** Reduced DHA
concentrations have been reported in the brains of AD
patients.”® A number of epidemiological studies suggest that
dietary DHA consumption is essential for brain development,
learning ability and memory, and prevention of cognitive
decline.'* However, the success of oral DHA supplementation
(a highly oxidizable derivative) depends on individual varia-
bility, including that of metabolism."> Recently, we showed
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that intranasal administration of nanovectorized DHA reduces
tau phosphorylation and restores cognitive functions in two
murine models of AD.'® These results pave the way for the
development of a new approach for targeting the brain using
DHA for the prevention or treatment of AD.

Currently, clinical trials of many drugs targeting AD may
have failed because of the single target-based therapeutics
(and also the high impenetrability of the blood-brain barrier).
In this context, carbonyl and oxidative stresses (COS), in
addition to disrupting DHA homeostasis, emerge as interest-
ing targets to combat the progression of AD and serve as the
starting point for the development of multi-target pharmaco-
logical molecules.

There is currently growing interest in the impact of dietary
nutrients on reducing toxic mechanisms leading to the onset
of cognitive disorders,"”"® particularly, (poly)phenols,* well-
known antioxidant compounds abundant in fruits and veg-
etables. Interestingly, depending on their chemical structure,
they can also efficiently act as anti-carbonyl stress agents by
directly or indirectly trapping reactive aldehydes.”**' However,
the pharmacological development of (poly)phenol drugs often
encounters issues related to their high metabolism and low
bioavailability. We have previously developed hybrid pharma-
cological protective molecules called lipophenols, based on
the conjugation of PUFAs and (poly)phenols, to overcome
PUFA degradation due to oxidation, enhance the bio-
availability of (poly)phenols, provide DHA, and target PUFA-
rich tissues such as the retina.>* In addition, this approach
allows us to leverage the therapeutic characteristics offered by
both components of lipophenols (i.e., the (poly)phenol and
the PUFA). Alkyl lipophenols of DHA were efficient in providing
cellular protection against oxidative and carbonyl stresses
involved in age-related macular degeneration (AMD) or genetic
Stargardt dystrophy.>*>> The importance of the alkyl (an iso-
propyl) and the omega-3 chain has been highlighted in cellu-
lar models. Such new lipophenolic derivatives were able to
protect photoreceptor degeneration induced by light (80% of
protection) in a murine model of genetic macular degener-
ation by IV and oral administration,”>*’ thus validating the
proof of concept of the pre-clinical interest of those PUFA
conjugates.

Considering the close relationship between the COS mecha-
nisms involved in AMD and AD and the essential physiological
role of DHA in both retinal and brain functions, alkyl lipophe-
nols of DHA should be evaluated for their potential as pharma-
cological agents to reduce COS associated with AD. In the
present study, we selected quercetin-3-DHA-7-iPr (for querce-
tin-3-docosahexaenoate-7-isopropyl, Fig. 1), the most efficient
anti-COS lipophenol described so far,>* for further investi-
gation to reduce carbonyl stress involved in AD (in vitro first
and then using in vivo models in the future). To achieve this
goal, new synthetic methodologies for obtaining gram-scale
quantities of this alkyl-PUFA lipophenol of quercetin are
needed. Indeed, we previously observed that once in vitro
screening is validated, the challenge of upscaling the chemical
synthesis strategy of lipophenol could impede effective pre-
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Fig. 1 Chemical structure of lipophenol quercetin-3-DHA-7-jPr.

clinical studies involving gram-scale consumption for toxicity
evaluation, pharmacokinetic aspects or formulation develop-
ment. Therefore, new chemical strategies to access quercetin-3-
DHA-7-iPr have been developed and compared based on their
reproducibility, scalability, the number of steps involved and
their potential to contribute to greener chemistry. This work
thus highlights the strengths and weaknesses of three new
different synthesis strategies. While each pathway leads to the
desired molecule, not all meet the criteria required for the
in vivo assessment of a therapeutically relevant compound. In
the second phase of our study, we shift our focus to the evalu-
ation of the synthesized quercetin-3-DHA-7-iPr in the context
of AD.

Using acrolein as a potent carbonyl stressor, we developed
an efficient cellular assay to investigate the efficacy of this con-
jugate in protecting against carbonyl stress in human SH-SY5Y
neuroblastoma cells. The potential of this conjugate to miti-
gate the toxic effects of acrolein and the importance of both
the isopropyl and the PUFA part in its protective effect were
evaluated.

Results and discussion
Chemical synthesis

Chemo-enzymatic pathway A. Close reactivity of phenolic
functions of quercetin leads to mono, di and tri-acylated
derivatives at positions 7, 3, 3" and 4’ when acylation reactions
are realized starting from unprotected quercetin.”®?° Thus, the
previously reported chemical synthesis of quercetin-3-DHA-7-
iPr was carried out in 9 steps using a strategy involving a pro-
tection/deprotection set of phenolic functions.>* The use of 3
types of protecting groups for different OH functions (dioxole,
triisopropylsilyl (TIPS) and acetate) was necessary to achieve
the incorporation of the alkyl group only at the 7 position and
the DHA at the specific 3 position. However, this strategy was
reproducible only on the mg scale. In the perspective of modi-
fying the synthesis strategy in line with the principles of sus-
tainable chemistry (atom economy, less toxic chemical
reagents, and use of green catalysts), the use of supported and

This journal is © The Royal Society of Chemistry 2024
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reusable enzymatic systems was considered to replace the pro-
tection/deprotection steps. Several lipases have been used to
regioselectively acylate phenolic functions of stilbenoid or fla-
vonoid polyphenols.®>*** However, none of them were effective
at selectively acylating and discriminating the different OH
positions of the quercetin skeleton.** Moreover, the efficiency
of the lipase is usually dependent on the carbon length of the
fatty acid chain and the number of unsaturation, making the
enzymatic incorporation of polyunsaturated fatty acids a real
chemo-enzymatic challenge. We previously validated the use of
the lipase Lipozyme® (supported lipase from Mucor miehei) as
a powerful tool to synthesize the quercetin-3-DHA lipophenolic
conjuguate.’® Starting from penta-acylated quercetin, having
DHA at positions 3', 4/, 3, 5 and 7, the supported lipase was
able to regioselectively deacylate all the phenolic positions,
without affecting DHA ester at the third position. This reaction

Ph,CCl, 1.5 eq.
Ph,O, 4h, 180°C
e

81%

EDCI 2.8 eq.
DMAP 0.5 eq.
DHA 2.8 eq.
DCM, 24h, RT

oy & OH ©
(tri-DHA-iPr-Q) 6 (di-DHA-Pr-Q)
22% 52%
Lipozyme 1/1 wiw
MTBE/n-BuOH,
8d, 40°C
26%
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was reproducible on a gram scale in acceptable yield (unpub-
lished data). Based on this observation, the synthesis of quer-
cetin-3-DHA-7-iPr was planned using a dioxole protecting
group of the catechol function and benzyl protection for the
phenolic function at the 3 position to allow alkyl incorporation
only at the 7 position (Scheme 1). The incorporation of DHA
could be performed after the completion of PUFA acylation
and regioselective deacylation, thus reducing the initially
described strategy by three steps. Starting from commercially
available anhydrous quercetin (1), the catechol function was
protected in the presence of dichlorodiphenylmethane in
diphenyl ether as previously described.>*

Then, the monobenzylation of the most reactive OH-3 func-
tion of compound 2 was carried out using carefully selected
equivalents of benzyl bromide (to consume all of the starting
compound 2 and avoid high proportion of di-benzylated 3b -

BnBr 1.3 eq.
KoCO3 1.4 eq.
DMF, overnight, RT

_—

58%
2-bromopropane 4 eq. 53% (73% BSMR)
K,CO3 4 eq.
Kl 4 eq. Ph
DMF, 28h, RT o/kph
Ha, o
Pd(OH),, 50/50 wiw O
THF/EtOH, 24h, RT o O 0o |
98 % OBn
OH O

4a

R =H or DHA

Scheme 1 Pathways A — chemo-enzymatic synthesis of quercetin-3-DHA-7-iPr.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of pathways A, B1 and B2
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Amount of compound 7 synthesized:

Nbr of Global Reproducibility of the each step performed with batch
Pathways steps yield strategy tested once* reproduction
A “chemo-enzymatic” 7 4.6% No 49 mg nd
B1 “butyrate” 10 10.2% No 630 mg nd
B2 “acetate” 8 14.6% Yes 994 mg 291¢g

“On scale tested, starting from 5 g of quercetin.

Table S11).>° The selective alkylation at the 7 position of 3a
was performed as the one described for the total synthesis of
rhamnetin, the 7-methyl analogue of quercetin.*® The well-
known hydrogen bonding between the OH-5 and the carbonyl
function reduces the activity at the 5 position, allowing for
regioselective alkylation at the 7 position. In contrast to
methylation, isopropylation requires a greater amount of
reagent to achieve an efficient conversion in mono-isopropyl-
ated 4a, due to a lower reactivity of the sterically hindered
iodopropane. When one manages to limit dialkylation (4b),
the remaining starting material can be easily recovered result-
ing in an acceptable 53% yield (73% BSMR). Hydrogenation of
4a was then performed using palladium hydroxide under
hydrogen to achieve both deprotection of dioxole and benzyl
protecting groups with excellent yields. Based on preliminary
work (see Fig. S1t), the coupling reaction with DHA was then
conducted to minimize the introduction of the fatty acid at the
5 position. Indeed, this position is poorly hydrolysable by the
enzyme in the presence of an isopropylated bulky group
located at the 7 position. Tri-DHA quercetin 6 was thus iso-
lated in moderate yield (22%) and the absence of DHA at the 5
position was confirmed by the unshielded characteristic "H
NMR signal of the OH-5 position at 12.05 ppm (Scheme 1). A
mixture of di-DHA derivatives (uncharacterized) was also
obtained (52%) and used as tri-DHA 6 in regioselective enzy-
matic deacylation. Due to the long C22 carbon chain and the
presence of six unsaturated bonds, DHA is not enzymatically
cleaved as quickly as a shorter, saturated fatty acid.** The reac-
tion reaches a plateau after 6-8 days, and neither the addition
nor the replacement of the supported lipase improves the final
yield. The desired quercetin-3-DHA-7-iPr (7) was recovered
using either a tri-DHA (6) or di-DHA mixture. Overall, we have
successfully developed a new methodology, leveraging the
regioselectivity of the Lipozyme® lipase, to access an alkyl lipo-
phenol of quercetin with a reduced number of steps (Table 1).
It is worth noting that this type of strategy could also be an
interesting alternative for the synthesis of lipophenols with
shorter chains or those featuring saturated fatty acids. Indeed,
it is highly likely that the yields of the last two coupling and
deacylation steps would yield much better results with a
different, shorter, and more linear fatty acid than DHA.
Chemical pathways: “butyrate” B1 and “acetate” B2. Despite
the interesting three-step reduction offered by pathway A and
the gram scale validation of the first four steps, this strategy is

2880 | Org. Biomol. Chem., 2024, 22, 2877-2890

not suitable for large-scale synthesis due to the yield and the
time-consuming nature of the two last steps. To achieve such
goal, we decided to modify the previously reported chemical
strategy>* (involving transitory dioxole, then TIPS protection
for the catechol moiety, and acetate protection for the 3, 5 and
7 phenolic positions). The major drawback of this strategy is
the impossibility of scaling up the alkylation reaction, due to
several intermolecular acetate migrations (Scheme 2). Such
mobility of acetate groups, observed when basic conditions are
used to introduce the isopropyl function, results in alkylation
occurring at positions other than the 7 position. This also
leads to the formation of monoalkylated, dialkylated, and tria-
cetate by-products. The resulting mixture then requires tedious
purification steps with either unreproducible yields on small
scales (less than 500 mg), or the impossibility to isolate the
desired product on large scales. To overcome this drawback
two solutions were proposed. The first one involved replacing
the acetate function with the bigger and less labile butyrate
function (Scheme 3 pathway B1). The second relies on the use
of intermolecular acetate migration during the alkylation reac-
tion (Scheme 3 pathway B2).

“Butyrate” pathway B1. The butyrate protecting group had
already been used for the synthesis of alkylated-resveratrol
lipophenol.>* Starting from dioxole quercetin 2, positions 7, 5
and 3 were acylated using butyric anhydride (Scheme 3). The

1) Acetic anhydride,
pyridine, RT

2) PhSH, imidazole,
NMP, 0°C to RT

Diisopropyl sulfate
K,CO; acetone, 40°C > 7

Reproducibility issues and

OH purification failed on a gram scale Ph
ok
Y | SN OH Y o)
o 0 ‘ o O o O
— |
ODHA OAc
OH O OAc O

Scheme 2 Alkylation scale up issue in the previously reported querce-
tin-3-DHA-7-iPr pathway.?*

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Synthesis of quercetin-3-DHA-7-iPr through B1 “butyrate” and B2 “acetate” protecting group strategies.

selective deprotection of the acetate at the 7 position was
easily performed starting from tributyrate 8 in quantitative
yield. Similar to acetate,*® the reaction conditions with thio-
phenol/imidazole in the presence of N-methylpyrolidine did

This journal is © The Royal Society of Chemistry 2024

not deprotect positions 3 and 5 due to their lower acidity com-
pared to OH-7. The tedious alkylation step was then carried
out under basic conditions using diisopropyl sulfate from the
mono-deprotected 9. Unfortunately, migration of butyrate was

Org. Biomol. Chem., 2024, 22, 2877-2890 | 2881
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Table 2 Reproducibility of the “acetate” pathway B2 on a gram scale
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Synthesized compound Reaction Largest scale tested Yield” Reproducibility” n = Average yield
2 Catechol protection 5¢ 81% 5 71.2%

12 Di-acetylation 32¢g 74% 6 74%

13 Isopropylation 3g 79% 9 73.4%

14 Hydrogenation 2g 85% 3 81.6%

15 TIPS introduction 2.3¢g 66% 3 77%

10 De-acetylation 3.7¢g 94% 4 93%

11 DHA coupling 31g 75% 4 72.5%

7 TIPS removing 3g 78% 5 80.2%

“On the largest scale. ” Starting material > 1 g.

also observed during such alkylation, however, to a lesser
extent. We only observed the migration of one butyrate leading
to a monodeprotected quercetin as the major by-product.
Unlike the previously reported pathway (Scheme 2), the reac-
tion did not suffer from alkylation at other sites, allowing us to
consider a larger scale reaction (5 g). After reintroduction of
the labile butyrate, we obtained an inseparable mixture
(Fig. S271) of the desired alkylated quercetin at the 7 position
and the tributyrate 8 derivative (Scheme 3). The following steps
of the strategy, involving the dioxole catechol protecting group
exchange with silylated protecting groups, were performed on
the mixture. Only after deprotection of butyrate using
ammonia solution, the remaining by-product could be easily
removed, enabling alkyl compound 10 to be isolated in 25%
yield over 5 steps. The final steps of the strategy were per-
formed without scale-up issues, allowing first, the introduction
of DHA only at the 3 position, facilitated by hydrogen bonding
involving OH-5 (compound 11), and then, subsequent catechol
deprotection. TIPS were removed without the degradation of
the bound ester or DHA. Following the validated pathway B1,
630 mg of quercetin-3-DHA-7-iPr 7 could be obtained starting
from 5 g of quercetin, with each reaction being carried out
only once (Table 1). Pathway B1 is thus an interesting strategy
to access a gram scale reaction of alkyl quercetin lipophenol if
it is performed at least twice. However, it needs an additional
acylation step to solve butyrate migration issues during the
alkylation process, and the selective deprotection at the 7 posi-
tion is still performed using toxic PhSH/N-methylpyrolidine
conditions that impose rigorous conditions during scale-up
settings.

“Acetate” pathway B2. For an improved chemical strategy
(with less steps, easier general work-up and less toxic
reagents), we decided to use the restrictive intermolecular
“acetate migration” as an advantage for isopropylation at the
selective 7-position (pathway B2 Scheme 3). Based on the work
of Liu et al.®>” dioxole 2 was diacetylated on its two most reac-
tive OH functions at the 7 and the 3 positions (compound 12).
Then, isopropylation was conducted using isopropyl bromide
in the presence of K,CO; and KI. The basic conditions of the
reaction catalyzed an intermolecular cooperative migration of
acetate, shifting it from the 7 position to the 5 position of 12,
liberating the 7 position only, for selective isopropylation. No
by-products were formed in significant quantities during this

2882 | Org. Biomol. Chem., 2024, 22, 2877-2890

process, enabling the isolation of isopropyl quercetin 13
without purification issues. The reaction was highly reproduci-
ble (Table 2), even on a gram scale (3 g). The end of the chemi-
cal pathway was adapted for the gram-scale reaction without
significant changes in the chemical protocol. After hydrogen-
ation, the dioxole group was replaced by TIPS (compound 15)
using TIPS triflate. The fatty acid DHA was then introduced at
the 3-position, as previously explained, after acetate de-
protection of 15. After the reaction was performed, pathway B2
allowed the isolation of 994 mg of lipophenol 7 (Table 1), with
a global yield of 14.6% on height steps. It emerged as the best
strategy for reproduction to access a gram amount of 7-alkyl
quercetin lipophenol considering the number of steps, the
global yield of the chemical synthesis (Table 1), and the purifi-
cation process. Validation of the reproducibility on a
gram scale (Tables 1 and 2) was realized on each step of strat-
egy B2 allowing us to isolate almost 3 grams of the desired
compound 7.

In vitro potency of quercetin-3-DHA-7-iPr lipophenol against
acrolein toxicity in neuroblastoma cells

The impact of quercetin-3-DHA-7-iPr treatment on cell viability
was assessed in human SH-SY5Y neuroblastoma cells with or
without exposure to the carbonyl stress inducer acrolein. The
activity of quercetin-3-DHA-7-iPr (7) was compared with those
of previously synthesized quercetin-7-iPr, quercetin-3-DHA,
commercial free DHA acid and quercetin (Fig. 2). As shown in
Fig. 3A, the exposure of the cells to quercetin-3-DHA-7-iPr (25
or 50 pM) for 24 h had no impact on cell viability. In contrast,
viability did not exceed 50% when cells were exposed to quer-

OH
OH Y OH
T o L o
Cﬂ |
OH

OH O

quercetin

quercetin-7-iPr

o
---0

- -ODHA == =

Fig. 2 Chemical structures of quercetin derivatives compared to that of
quercetin-3-DHA-7-iPr (7).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Structure—function relationship of quercetin-3-DHA-7-iPr on neuroblastoma cells: (A) effects of quercetin-3-DHA-7-iPr (25 and 50 pM),
quercetin (50 pM), DHA (50 pM), quercetin-7-iPr (25 and 50 pM), quercetin-3-DHA (25 and 50 pM) and quercetin-7-iPr + DHA (25 and 50 uM of
each) on cell viability. SH-SY5Y cells were treated for 24 h with 25 and/or 50 uM of each compound in serum-free medium. Cell viability was deter-
mined using the MTT assay. The data are expressed as the percentage of control untreated cells and presented as mean + SEM of two separate
experiments; (B) neuroprotective effect of quercetin-3-DHA-7-iPr against acrolein-induced toxicity. The cells were pre-treated for 2 h with querce-
tin-3-DHA-7-iPr or other tested compounds at 25 and/or 50 pM (quercetin, DHA, quercetin-7-iPr, quercetin-3-DHA and quercetin-7-iPr + DHA) in
serum-free medium before the addition of acrolein (10 pM) for 24 h. Cell viability was determined using the MTT assay. The data are expressed as
the percentage of control untreated cells and presented as mean + SEM of two separate experiments. * p < 0.0001 versus the control, # p < 0.05, #
#p<0.01, ## #p<0.001, and # # # # p < 0.0001 (ANOVA test with Tukey's post-hoc analysis) versus the cells treated with acrolein.

cetin-7-iPr, DHA, a combination of quercetin-7-iPr + DHA, or
quercetin-3-DHA. As shown in Fig. 3B, quercetin-3-DHA-7-iPr
(7) exhibited a dose-dependent, strong protective effect against
acrolein-induced cell toxicity, and notably, this effect was
much higher than the effects of quercetin, quercetin-7-iPr and
quercetin-3-DHA at the same concentration, indicating that
both the isopropyl group and the DHA moiety of quercetin-3-
DHA-7-iPr are necessary to obtain a maximal protective effect
under our experimental conditions. Interestingly, the highest
concentration of quercetin-3-DHA-7-iPr (7) resulted in higher
cell viability than control conditions, showing an increase of
around 30%. This may be explained by the fact that serum-free
conditions induce oxidative stress, which can be counteracted
when lipophenol is added to the culture medium during pre-
incubation. The lack of protection observed during cell treat-
ment with the quercetin-7-iPr + DHA mixture underscores the
significance of the covalent lipophenolic structure.
Retinopathies and neurodegenerative diseases have several
common features such as the strong involvement of oxidative
and carbonyl stresses in their etiology, and the presence of
highly selective barriers that limit the diffusion of drugs to the
eyes and brain, reducing their therapeutic efficacy. In previous
studies conducted in vitro and in vivo, several lipophenols were
demonstrated to efficiently protect retinal cells against all-
trans retinal-induced carbonyl and oxidative stresses.”*”>*> Our
results are in line with these findings and extend the potential
therapeutic benefits of lipophenols to neurodegenerative dis-

This journal is © The Royal Society of Chemistry 2024

eases such as AD. Interestingly, as previously observed with
phloroglucinol-IP-DHA on ARPE-19 retinal cells,** the incor-
poration of the PUFA segment and the isopropyl moiety into
quercetin was found to be essential for providing maximal cel-
lular protection against carbonyl stressor toxicity. This could
result from a significant improvement in quercetin lipophili-
city and accretion to neuronal cells provided by the DHA graft,
and/or from a synergistic effect arising from the alkyl phenol
and DHA moieties. The exact mechanism underlying alkyl
lipophenol protection against acrolein toxicity will be investi-
gated in the near future, exploring two potential directions:
direct aldehyde scavenging to reduce intracellular aldehyde
concentration and/or the activation of aldehyde detoxification
enzymes through the Nrf2-Keapl pathway. The therapeutic
potential of quercetin-3-DHA-7-iPr will also be addressed
in vivo using murine AD models.

Conclusion

Unlike chemical strategies for alkylated flavonoids involving
the reconstruction of the three-ring skeleton of flavonoids
starting from phloroglucinol building blocks,*® we have suc-
cessfully validated three new chemical strategies for 7-alkylated
flavonoids using quercetin as the starting material. With this
approach, the challenge was focused on the close reactivity of
the different phenolic functions of quercetin. Considering the
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biological relevance of the isopropyl function in carbonyl
stress protection, the isopropylation reaction was carefully
optimized to achieve maximum yield and good reproducibility
on a gram scale either through a selection of an appropriate
equivalent of an alkylated reagent (pathway A) or by utilizing
the intra-molecular migration of acetate (pathway B2). The
validation of the chemo-enzymatic pathways A highlighted the
efficiency of supported lipase regioselective access to alkyl lipo-
phenolic structures. This pathway, suitable for the small-scale
synthesis of lipophenolic PUFA conjugates, allows for a
reduction in the use of phenolic protecting groups and chemi-
cal steps. In the near future, it would be interesting to extrap-
olate this method to the synthesis of saturated lipophenols.
Simultaneously, we have also confirmed the effectiveness of
two additional strategies, which are better suited for scale-up
synthesis. Notably, a final quantity of around 3 g of quercetin-
3-DHA-7-iPr was obtained through pathway B2 (starting from
around 15-20 g of quercetin), making it a validated strategy for
future pre-clinical studies.

The cellular assay conducted in this study validated the pro-
tective effect of this isopropyl PUFA lipophenol against acro-
lein toxicity, a carbonyl stressor implicated in the physio-
pathology of neurodegenerative diseases, whether originating
from environmental exposure or genetic predispositions (via
oxidative stress). Given the beneficial role of quercetin lipophe-
nol against carbonyl and reactive oxygen species toxicity, quer-
cetin-3-DHA-7-iPr emerges as an interesting candidate for
further in vivo evaluation in mouse models of AD.

According to these in vitro results, the convergence of nutri-
tion and organic chemistry paves the way for innovative solu-
tions in the prevention and/or treatment of neurodegenerative
pathologies such as AD. This opens new horizons to investi-
gate deeper therapeutic developments based on lipophenols.

Experimental section
General methods

All solvents were anhydrous reagents from commercial
sources. Unless otherwise noted, all chemicals and reagents
were obtained commercially and used without purification.
The reactions were monitored using TLC on plates that were
pre-coated with silica gel 60 (Macherey-Nagel). The reaction
components were visualized using a 254 nm UV lamp, stained
with acidic p-anisaldehyde or KMNO, solution followed by
gentle heating. Purifications of the synthesized compounds
were performed by column chromatography on silica gel
40-63 pm. High-resolution mass spectra (HRMS) were
recorded using a Q-Tof micro spectrometer (resolution
100 000, Waters) or mass spectrometers Synapt G2-S (Waters).
Data were obtained by positive or negative electrospray ioniza-
tion methods between 100 and 1500 Da by direct introduction
(ESI, ASAP, FTMS + p APCI ionisation). NMR spectra were
recorded at 300, 400 or 500 MHz (1H) and 75, 101 or 126 MHz
(13C) using Bruker spectrometers. Chemical shifts are reported
in parts per million (ppm, &) relative to residual deuterated
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solvent peaks. The NMR spectra were assigned with the help of
2D NMR analyses (COSY, HSQC, and HMBC). The multi-
plicities reported are as follows: br = broad singlet, m = multi-
plet, s = singlet, d = doublet, t = triplet, q = quadruplet, quint =
quintuplet, h = hextuple, or combinations thereof. For the
peak assignments, the following abbreviations were used: Ar =
aromatic, CH=CH = aliphatic alkene, and iP = isopropyl. If the
reaction was performed several times, the protocol described
is the one performed on the largest scale.
2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-3,5,7-trihydroxy-4H-
chromen-4-one (2). Anhydrous quercetin (1) (5.0 g, 16.8 mmol,
1 equiv.) was suspended in Ph,O (150 mL) under N,. Ph,CCl,
(4.55 mL, 23.7 mmol, 1.4 equiv.) was added to the suspension
and the mixture was stirred at 180 °C for 4 hours. The mixture
was then cooled to room temperature and poured into 400 mL
cold pentane. The resulting suspension was filtered on Celite
and washed with cold pentane to eliminate most of the Ph,O.
This process replaces the previously described centrifugation
work-up.”* The precipitate and Celite were gathered and mixed
with 150 mL acetone. The mixture was stirred for 15 minutes
to get all the solubilized product in acetone and was then fil-
tered to remove Celite. The filtrate was recovered and the
solvent was removed under reduced pressure to afford the
crude product as a brown paste. The crude was then purified
through silica gel column chromatography (solid deposit on
Celite) with a pentane/EtOAc gradient of 90/10 to 70/30 as the
eluent to yield the desired product 2 (6.35 g, 13.6 mmol, 81%)
as a yellow solid. Ry = 0.6 (pentane/EtOAc 70:30); '"H NMR
(400 MHz, DMSO-dy): § 12.37 (s, 1H, OH), 10.87 (br, 1H, OH,),
9.65 (br, 1H, OH3), 7.84-7.78 (m, 2H, H,, Hy), 7.58-7.56 (m,
4H, H,,), 7.49-7.42 (m, 6H, Hy,), 7.22 (d, *Juu = 8.2 Hz, 1H,
Hy), 6.47 (d, *gu = 2.0 Hz, 1H, Hg), 6.19 (d, /i u = 2.0 Hz, 1H,
Hg); >C NMR (75 MHz, DMSO-d): § 176.0, 164.1, 160.7, 156.2,
147.6, 146.7, 145.6, 139.4 (2C), 136.4, 129.5 (2C), 128.6 (4C),
125.8 (4C), 125.2, 123.1, 117.1, 108.9, 107.8, 103.1, 98.3, 93.6;
HRMS (ESI-TOF) m/z: caled for C,gH;,0, [M — H]™, 465.0974,
found 465.0971.
3-(Benzyloxy)-2-(2,2-diphenylbenzo[d][1,3]dioxol-5-yl)-5,7-dihy-
droxy-4H-chromen-4-one (3a). To a solution of compound 2
(2.4 g, 5.15 mmol, 1.0 equiv.) in DMF (24 mL), benzyl bromide
(818 upL, 6.69 mmol, 1.3 equiv.) and potassium carbonate
(925 mg, 7.21 mmol, 1.4 equiv.) were added under N, at 0 °C.
The reaction was monitored by TLC to validate the total con-
version of the starting material (hardly eliminated during puri-
fication). The mixture was stirred overnight at room tempera-
ture. The resulting mixture was diluted with water (100 mL)
and EtOAc (200 mL) and stirred at room temperature for
30 minutes. Then the organic layer was washed twice with H,O
(200 mL) and brine (100 mL) and dried over MgSO,. The
solvent was evaporated under reduced pressure and the
residue was purified through silica gel column chromato-
graphy using spherical silica (liquid deposit) with a DCM/
EtOAc gradient of 95/5 to 90/10. The desired monobenzylated
compound 3a was isolated as a pale yellow solid (1.66 g,
2.98 mmol, 58% yield). The dibenzylated by-product 3b was
also isolated as a thin yellow solid (1.05 g, 1.62 mmol, 32%
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yield); 3a: R = 0.5 (DCM/EtOAc 95:5); '"H NMR (400 MHz,
CDCLy): & 12.74 (s, 1H, OHs), 7.61-7.59 (m, 4H, H,,), 7.56 (dd,
*Juu = 8.4 Hz, Yy g = 1.8 Hz, 1H, Hy), 7.49 (d, Juu = 1.7 Hz,
1H, H,), 7.44-7.39 (m, 6H, H,), 7.28-7.25 (m, 2H, H,,),
7.19-7.12 (m, 3H, Hy,), 6.91 (d, ¥Juu = 8.4 Hz, 1H, Hy/), 6.37 (d,
YJuu = 2.2 Hz, 1H, Hg or Hy), 6.29 (d, Y u = 2.2 Hz, 1H, H, or
Hg), 5.90 (br, 1H, OH,), 5.03 (s, 2H, CH,g,); “C NMR
(126 MHz, CDCl,): 6 179.0, 162.5, 162.3, 157.1, 157.0, 149.4,
147.4, 139.9 (2C), 137.2, 136.1, 129.5, 129.1, 128.5 (5C), 128.4,
128.3, 126.4 (6C), 124.3, 124.3, 117.9, 109.2, 108.5, 105.9, 99.3,
94.2, 74.7.
3,7-Bis(benzyloxy)-2-(2,2-diphenylbenzo[d][1,3]dioxol-5-yl)-5-
hydroxy-4H-chromen-4-one (3b). Ry = 0.3 (DCM/EtOAc 98:2);
'H NMR (400 MHz, CDCL;): § 12.68 (s, 1H, OH), 7.62-7.59 (m,
4H, H,,), 7.56 (dd, *Juu = 8.4 Hz, “Jun = 1.8 Hz, 1H, Hy),
7.50 (d, “fun = 1.7 Hz, 1H, H,), 7.44-7.34 (m, 12H, H,),
7.28-7.26 (m, 1H, Hy,), 7.21-7.13 (m, 3H, Hy,), 6.91 (d, Jun
= 8.4 Hz, 1H, Hy), 6.48 (d, “Juu = 2.2 Hz, 1H, He or Hy),
6.44 (d, YJuu = 2.2 Hz, 1H, He or Hg), 5.13 (s, 2H, CH,z,),
5.04 (s, 2H, CH,z,); >C NMR (126 MHz, CDCl,): 178.9, 164.6,
162.2, 156.9 (2C), 149.4, 147.4, 139.9 (2C), 137.4, 136.3,
135.9, 129.5, 129.1, 128.9, 128.5 (8C), 128.3, 127.6, 126.4
(7C), 124.4, 124.2, 118.0, 109.2, 108.5, 106.3, 98.8, 93.2, 74.6,
70.6; HRMS (+ASAP) m/z: caled for C4,H3,05: 647.2070 [M +
HJ", found: 647.2067.
3-(Benzyloxy)-2-(2,2-diphenylbenzo|d][1,3]dioxol-5-yl)-5-hydroxy-
7-isopropoxy-4H-chromen-4-one (4a). Compound 3a (1.2 g,
2.19 mmol, 1 equiv.) was dissolved in DMF (74 mL) under N,.
K,CO; (1.21 g, 8.76 mmol, 4 equiv.), KI (1.45 g, 8.76 mmol, 4
equiv.) and 2-bromopropane (0.823 mL, 8.76 mmol, 4 equiv.)
were added to the solution and the reaction was followed by
TLC to avoid dialkylation. The mixture was stirred at room
temperature for 28 hours. The solution was quenched with
H,O (200 mL), diluted with EtOAc (300 mL), and stirred for
30 min at room temperature. The organic layer was washed
twice with H,O (200 mL) and brine (50 mL). The organic layer
was dried over MgSO, and the solvents were removed under
reduced pressure. The crude was then purified through silica
gel column chromatography (solid deposit) with a pentane/
EtOAc gradient of 95/5 to 70/30 to yield the desired product 4a
(704 mg, 1.18 mmol, 53% (73% BSMR)) as a yellow solid. The
dialkylated by-product 4b was also isolated as a yellow solid
(141 mg, 0.22 mmol, 10% yield); increase in the reaction time,
temperature, or the use of more than 4 eq. enhances the reactivity
of OH-5 leading to the production of more dialkylated by products.
4a: Ry = 0.5 (pentane/EtOAc 9: 1); "H NMR (400 MHz, CDCL,): §
12.64 (s, 1H, OH), 7.61-7.59 (m, 4H, H,,), 7.56 (dd, *J 1 = 8.3
Hz, Yuu = 1.8 Hz, 1H, Hy), 7.50 (d, YJun = 1.7 Hz, 1H, H,),
7.44-7.39 (m, 6H, H,,), 7.28-7.26 (m, 2H, Hy,), 7.21-7.13 (m,
3H, Hyy), 6.91 (d, *Juu = 8.3 Hz, 1H, Hj), 6.37 (d, Jun = 2.2
Hz, 1H, H, or Hg), 6.33 (d, YJun = 2.2 Hz, 1H, H, or Hyg), 5.04
(s, 2H, CH,py), 4.61 (sept, *Juu = 6.0 Hz, 1H, CH,p,), 1.38 (d,
*Jun = 6.0 Hz, 6H, CH;ip); °C NMR (126 MHz, CDCly): §
178.9, 164.1, 162.2, 157.0, 156.7, 149.4, 147.4, 140.0 (2C),
137.3, 136.4, 129.5, 129.1, 128.5 (6C), 128.3, 126.4 (7C), 124.2,
117.9, 109.5, 108.5, 105.9, 99.1, 93.6, 74.6, 70.9, 22.1 (2C);

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

HRMS (+ASAP) m/z: caled for CigHs 05 599.2070 [M + HJ',
found: 599.2074.
3-(Benzyloxy)-2-(2,2-diphenylbenzo[d][1,3]dioxol-5-y1)-5,7-dii-
sopropoxy-4H-chromen-4-one (4b). R; = 0.35 (pentane/EtOAc
70:30); "H NMR (400 MHz, CDCl,): § 7.60-7.58 (m, 4H, H,,),
7.52 (dd, ¥ 41 = 8.3 Hz, “Jyy u = 1.8 Hz, 1H, Hg), 7.48 (d, Yy =
1.7 Hz, 1H, H,/), 7.43-7.38 (m, 6H, Hy,), 7.30-7.27 (m, 2H, Hy,),
7.16-7.10 (m, 3H, Ha,), 6.87 (d, *Juu = 8.3 Hz, 1H, Hy), 6.42 (d,
Yuu = 2.2 Hz, 1H, H, or Hg), 6.33 (d, YJuu = 2.2 Hz, 1H, H, or
Hg), 5.05 (s, 1H, CHypy), 4.61 (sept, *Juu = 6.0 Hz, 2H, CH p,),
1.48 (d, *Ju = 6.0 Hz, 6H, CHs;p;), 1.39 (d, *Juu = 6.0 Hz, 6H,
CHjip); °C NMR (126 MHz, CDCl;): 6 174.0, 162.1, 159.8,
159.0, 153.4, 148.7, 147.2, 140.1 (2C), 139.5, 137.1, 129.4,
129.1, 128.5 (5C), 128.1, 127.9, 126.4 (6C), 125.0, 123.6, 117.6,
110.4, 109.0, 108.3, 100.4, 94.1, 74.3, 72.6, 70.7, 22.1 (4C);
HRMS (+ASAP) m/z: caled for C,Hjz,07: 641.2539 [M + HJ',
found: 641.2537.
2-(3,4-Dihydroxyphenyl)-3,5-dihydroxy-7-isopropoxy-4H-chromen-
4-one (5). To a solution of compound 4a (1.45 g, 2.43 mmol) in
a mixture of anhydrous THF and absolute EtOH (53:27 mlL,
v/v), 20% palladium hydroxide (50% w/w, 727 mg) was added.
The resulting mixture was stirred at room temperature under
an H, atmosphere for 24 hours. Palladium hydroxide was
removed by filtration on Celite and washed with EtOH. The fil-
trate was concentrated under reduced pressure. Purification of
the residue was performed by silica gel column chromato-
graphy using DCM/MeOH (95/5) to give compound 5 (810 mg,
2.4 mmol, 98% yield) as a yellow solid. Ry = 0.5 (DCM/MeOH
95:5); '"H NMR (400 MHz, CDCly): § 7.75 (d, “uu = 2.1, 1H,
H,), 7.65 (dd, *Juu = 8.5 Hz, YJuu = 2.1 Hz, 1H, Hy), 6.95 (d,
*Jau = 8.5 Hz, 1H, Hy), 6.43 (d,*Juu = 2.2 Hz, 1H, Hg or Hy),
6.31 (d,*u u = 2.2 Hz, 1H, Hg or Hg), 4.62 (sept, Juu = 6.1 Hz,
1H, CHip), 1.37 (d,)Jun = 6.1 Hz, 6H, CHsip); °C NMR
(75 MHz, DMSO-de): 175.9, 163.2, 160.5, 156.2, 147.8, 147.2,
145.1, 136.0, 121.9, 120.0, 115.5, 115.3, 103.8, 98.4, 92.9, 70.4,
21.7 (2C); HRMS (ESI-TOF) m/z: caled for CygH;50, [M — H|~
343.0818, found 343.0816.
4-(3-(((42,72,102,137,16Z,19Z)-Docosa-4,7,10,13,16,19-hexae-
noyl)oxy)-5-hydroxy-7-isopropoxy-4-oxo-4H-chromen-2-yl)-1,2-
phenylene (42,4'Z,72,7'Z,10Z,10'Z,13Z,13'Z,16Z,16'Z,19Z,19'Z)-
bis(docosa-4,7,10,13,16,19-hexaenoate) (6). To a solution of
compound 5 (150 mg, 0.43 mmol, 1.0 equiv.) in anhydrous
DCM (30 mL) and DMF (1 mL), a solution of docosahexaenoic
acid (402.2 mg, 1.22 mmol, 2.8 equiv.) was added in anhydrous
DCM (2 x 5 mL) under N,. Then, EDCI (234.7 mg, 1.22 mmol,
2.8 equiv.) and DMAP (26.7 mg, 0.22 mmol, 0.5 equiv.) were
added to the reaction mixture. The resulting mixture was
stirred at room temperature for 24 hours. The reaction was
quenched with water (75 mL) and NaHCO; (25 mL). The
aqueous layer was extracted with DCM (30 mL) twice. The
organic layer was then washed twice with H,O (125 mL) and
saturated NaHCO; (25 mL), dried over MgSO,, filtered and
evaporated under reduced pressure. Purification of the result-
ing residue was performed by silica gel column chromato-
graphy (solid deposit on silica) using a DCM/pentane gradient
of 80/20 to 100/0 to give compound 6 (122.5 mg, 0.09 mmol,
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22% yield) as a dark yellow oil. A mixture of quercetin di-DHA-
iPr was also recovered (214 mg, 0.22 mmol, 52%). R = 0.5
(DCM/pentane 80 : 20); "H NMR (400 MHz, CD;0D): § 12.05 (s,
1H, OH), 7.71 (dd, *Juu = 8.5 Hz, Juu = 2.1 Hz, 1H, Hy), 7.79
(d, Ysam = 2.1, 1H, Hy); 7.33 (d, *Juu = 8.5 Hz, 1H, Hy), 6.43 (d,
YJuu = 2.2 Hz, 1H, Hg or Hy), 6.36 (d, Y u = 2.2 Hz, 1H, H, or
Hg), 5.51-5.27 (m, 36H, CH—=CHpyy,), 4.63 (sept, *Ju u = 6.0 Hz,
1H, CHi.py), 2.89-2.79 (m, 30H, CH,papis-aliylic)), 2-72-2.62 (m,
6H, CO-CH,pya), 2.54-2.48 (m, 6H, CO-CH,~CH,pya),
2.10-2.03 (m, 6H, CH3~CH,pya), 1.38 (d, *in = 6.0 Hz, 6H,
CHsipy), 0.99-0.94 (m, 9H, CHspma); °C NMR (126 MHz,
DMSO-dg): 6 175.8, 170.4, 170.2, 170.1, 164.7, 162.1, 157.3,
154.7, 144.5, 142.3, 132.2 (2C), 132.2, 130.2 (3C), 129.9, 128.7
(3C), 128.7(3C), 128.4(5C), 128.4, 128.3, 128.2, 128.2, 128.1
(5C), 128.0, 128.0 (2C), 127.9, 127.6, 127.3, 127.3, 127.2, 127.1
(3C), 126.7, 124.0, 124.0, 105.5, 99.7, 94.1, 71.1, 34.1, 34.1,
33.7, 25.8 (14C), 25.7, 22.7(3C), 22.0 (2C), 20.7 (3C), 14.4 (3C);
HRMS (FTMS + p APCI) m/z: caled for Cg4H;9,010 [M — H|™
1275.78588, found 1275.78622.

(42,72,102,137,16Z,19Z)-5-Hydroxy-2-(3,4-dihydroxyphenyl)-
7-isopropoxy-4-oxo-4H-chromen-3-yl ~ docosa-4,7,10,13,16,19-
hexaenoate (7)

From pathway A. To a solution of compound 6 (100 mg,
0.08 mmol) (or the mixture of quercetin di-DHA-iPr (198 mg))
in tert-butylmethylether (13.4 mL), n-BuOH (0.50 mL) and sup-
ported Lipozyme® from Mucor miehei (1:1 w/w, 200 mg) were
added. The resulting mixture was stirred at 40 °C for 8 days,
after which the supported enzyme was filtrated and rinsed
several times with DCM. The filtrate was concentrated under
reduced pressure. Purification of the residue was performed by
silica gel column chromatography (solid deposit) using a
pentane/EtOAc gradient of 95/5 to 90/10 to give the desired
product 7 (13 mg, 0.02 mmol, 26% from 6; 36 mg, 0.05 mmol,
27% from the di-DHA mixture, and 19% from 5) as a yellow
solid.

From pathway B1 and B2. The synthesis was realized starting
from 11 (3.08 g, 3.14 mmol) as described by Moine et al.>* and
yielded 7 (1.61 g, 2.45 mmol, 78%) as a yellow solid. R = 0.5
(DCM/MeOH 95 : 5); "H NMR (400 MHz, CDCl;): § 12.13 (s, 1H,
OH), 7.36-7.34 (m, 2H, Hg, H,); 6.95 (d, *Jiu = 9.0 Hz, 1H,
Hy), 6.41 (d, “au = 2.1 Hz, 1H, Hg or Hy), 6.34 (d, YJupn = 2.1
Hz, 1H, H, or Hg), 5.89 (br, 2H, OHj,), 5.47-5.41 (m, 12H,
CH=CHppy), 4.62 (sept, *Juu = 6.0 Hz, 1H, CH,p,), 2.94-2.76
(m, 10H, CHypuapis alylic)), 2-74-2.63 (m, 2H, CO-CH,pua),
2.57-2.46 (m, 2H, CO-CH,~CHyppa), 2.12-2.01 (m, 2H, CH;-
CHappa), 1.38 (d, *Juu = 6.0 Hz, 6H, CHs; p;), 0.99-0.93 (m, 3H,
CH;ppa); °C NMR (126 MHz, CDCl,): § 175.9, 171.1, 164.6,
161.9, 157.2, 156.7, 147.5, 143.8, 132.2, 130.8, 130.0, 128.7,
128.6, 128.5 (2C), 128.2 (2C), 128.1, 128.0, 127.5, 127.2, 122.2,
121.9, 115.4, 115.2, 105.2, 99.6, 94.1, 71.1, 34.0, 25.8 (4C), 25.7,
22.7,22.0 (2C), 20.7, 14.4; HRMS (ESI+) m/z calcd for C4oH4605
[M + H]" 655.3265, found 655.3273.

2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-4-ox0-4H-chromene-
3,5,7-triyl tributyrate (8). Compound 2 (4.2 g, 9.01 mmol, 1
equiv.) was dissolved in pyridine (24 mL) under N,. Butyric
anhydride (8.85 mL, 54.0 mmol, 6 equiv.) was added to the
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solution and the mixture was stirred at room temperature over-
night. The mixture was then quenched with 120 mL distilled
water and extracted with 2 x 100 mL EtOAc. The organic layers
were gathered, washed with 1 M HCI (2 x 100 mL), water
(100 mL) and brine, and dried over MgSO,. Solvents were
removed under reduced pressure to yield the desired product 8
(5.37 g, 7.94 mmol, 88%) as a white solid, without the need for
further purification. R = 0.9 (DCM/MeOH 96:4); '"H NMR
(500 MHz, CDCly): § 7.60-7.55 (m, 4H, Hy,), 7.44-7.38 (m, 7H,
Hg,), 7.36 (d, Juu = 1.7 Hz, 1H, Hy), 7.28 (d, Juu = 2.2 Hz,
1H, Hg), 6.97 (d, *Juu = 8.3 Hz, 1H, Hy), 6.83 (d, “Juu = 2.2 Hz,
1H, Hy), 2.71 (t, Juu = 7.5 Hz, 2H, CHpuryrate)s 2-57 (t, Juu =
7.3 Hz, 2H, CHopugyrate), 2-57 (t, >Juan = 7.4 Hz, 2H, CHabuyrate),
1.87-1.74 (m, 4H, 2 CHjpugyrate)s 1.72 (Q, Juu = 7.4 Hz, 2H,
CH,butyrate)y 1.05 (8, *Juau = 7.4 Hz, 3H, CHaputyrate), 1.05 (8, Jrau
= 7.4 Hz, 3H, CHspugrawe)y 0.94 (t, Juu = 7.4 Hz, 3H,
CHjputyrate); °C NMR (126 MHz, CDCly): § 172.1, 170.8, 170.7,
170.2, 157.0, 155.2, 154.3, 150.6, 149.9, 147.7, 139.7 (2C),
133.5, 129.6 (2C), 128.5 (4C), 126.4 (4C), 123.7, 123.3, 118.3,
114.9, 113.9, 108.9, 108.8, 108.6, 36.3, 36.1, 35.9, 18.4 (2C),
18.1, 13.8, 13.7, 13.7; HRMS (+ESI) m/z: caled for C,oH3,010:
677.2381 [M + H]", found: 677.2568.

2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-7-hydroxy-4-oxo-4H-
chromene-3,5-diyl dibutyrate (9). Compound 8 (4.37 g,
6.46 mmol, 1 equiv.) was dissolved in NMP (100 mL) under N,
and cooled to 0 °C. Imidazole (154 mg, 2.26 mmol, 0.35
equiv.) and PhSH (789 pL, 7.75 mmol, 1.2 equiv.) were added
to the solution and the mixture was stirred at room tempera-
ture for 3 hours. The mixture was then cooled to 0 °C,
quenched slowly with 3 M HCI and extracted with 2 x 100 mL
EtOAc. The organic layers were gathered, washed with 1 M HCl
(2 x 100 mL), distilled water (2 x 100 mL) and brine, and dried
over MgSO,. The crude was then purified through silica gel
column chromatography with a DCM/MeOH gradient of 100/0
to 98/2 as the eluent to yield the desired product 9 (3.84 g,
6.33 mmol, 98%) as a light yellow solid. R; = 0.2 (DCM/MeOH
98:2); 'H NMR (500 MHz, CDCl;): § 7.94 (br, 1H, OH)
7.60-7.55 (m, 4H, Hy,), 7.43-7.33 (m, 8H, H,,), 6.91 (d, *Jyu =
8.7 Hz, 1H, Hy), 6.56 (d, *Juu = 2.3 Hz, 1H, Hy), 6.43 (d, Juu =
2.3 Hz, 1H, Hg), 2.68 (t, *Juu = 7.4 Hz, 2H, CHaputyrate)y 2.56 (t,
Jau = 7.4 Hz, 2H, CHypuyrate), 1.77 (4, *Juu = 7.4 Hz, 2H,
CHsbutyrate), 1.69 (q, Juu = 7.4 Hz, 2H, CHypuryrate), 0.91 (t,
*Juu = 7.4 Hz, 3H, CHspuyrate), 0.99 (t, Juu = 7.4 Hz, 3H,
CHjputyrate); °C NMR (126 MHz, CDCly): § 172.9, 171.9, 170.5,
161.5, 157.8, 155.0, 150.7, 149.8, 147.7, 139.8 (2C), 132.7, 129.6
(2C), 128.5 (4C), 126.4 (4C), 123.8, 123.4, 118.3, 110.5, 109.3,
108.7, 108.6, 101.4, 36.1, 36.0, 18.3, 18.1, 13.8, 13.6; HRMS
(+ESI) m/z: caled for CseH3z10o: 607.1963 [M + H]', found:
607.1952.

2-(3,4-Bis((triisopropylsilylJoxy)phenyl)-3,5-dihydroxy-7-isopro-
poxy-4H-chromen-4-one (10)

From pathway B1 (in 5 steps from 9). Compound 9 (5.0 g,
8.24 mmol, 1 equiv.) was dissolved in acetone (400 mL) under
N,. K,CO; (2.28 g, 16.5 mmol, 2 equiv.) and diisopropyl sulfate
(2.73 mL, 16.5 mmol, 2 equiv.) were added to the solution and
the mixture was stirred at 40 °C overnight. The mixture was

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob00066h

Open Access Article. Published on 15 March 2024. Downloaded on 4/19/2026 8:06:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

then filtered on Celite and the filtrate was mostly evaporated
and dissolved in 150 mL DCM. The organic layer was washed
with brine, dried over MgSO, and the solvents were removed
under reduce pressure to afford the crude product as a yellow
oil. The crude was then purified through silica gel column
chromatography with a pentane/EtOAc gradient of 90/10 to 80/
20 as the eluent. The fractions containing the desired product
and the major by-products were gathered and solvents were
evaporated to afford 4.26 g of a white solid. The solid was dis-
solved in pyridine (20 mL) under N,. Butyric anhydride
(1.8 mL, 11 mmol) was added and the mixture was stirred at
room temperature overnight. The mixture was then quenched
with 100 mL distilled water and extracted with 2 x 100 mL
EtOAc. The organic layers were gathered, washed with 1 M HCI
(100 mL), water (100 mL) and brine, and dried over MgSO,.
Solvents were removed under reduced pressure to afford the
crude product as yellow oil. The crude was then purified
through silica gel column chromatography with a pentane/
EtOAc gradient of 90/10 to 80/20 as the eluent to yield an unse-
parable mixture of compounds S1 and tributyrate by-product 8
as a white solid (3.91 g), in 57/43 proportion estimated using
'"H NMR integration of the Hg signal. S1: Ry = 0.4 (cyclo-
hexane/EtOAc 80:20); a mixture of compound S1 and by-
product 8 (3.1 g) was dissolved in THF/EtOH (77/33 mL) and
Pd(OH), (20 wt%, 620 mg) was added. The mixture was stirred
vigorously under an H, atmosphere for 24 hours. The mixture
was then filtered on Celite and the solvents were evaporated to
afford the crude product as a green paste. The crude was then
purified through silica gel column chromatography with a
DCM/MeOH gradient of 100/0 to 96/4 as the eluent to yield an
inseparable mixture of the desired product S2 and its tributy-
rated by-product (1.9 g) as a yellow solid, in 58/42 proportion
estimated using 'H NMR integration of the Hs signal. S$2: R =
0.25 (DCM/MeOH, 96 : 4); the previously mentioned mixture of
S2 (1.9 g) was dissolved in dry THF (50 mL). Distilled Et;N
(2.19 mL, 15.7 mmol) and TIPSOTY (2.37 mL, 8.63 mmol) were
added and the mixture was stirred at room temperature for
45 minutes. The mixture was then quenched with 50 mL dis-
tilled water and extracted with EtOAc (2 x 50 mL). The gathered
organic phases were washed with 1 M HCI (50 mL) and brine,
dried over MgSO, and the solvents were removed under
reduced pressure to afford the crude product as yellow oil. The
crude was then purified through silica gel column chromato-
graphy with a pentane/EtOAc gradient of 80/20 as the eluent to
yield an inseparable mixture of compounds S3 and its tributy-
rated by-product as yellow oil (2.77 g), in 61/39 proportion esti-
mated using 'H NMR integration of the Hg/g signal. 83: Ry = 0.4
(cyclohexane/EtOAc, 60 : 40); the previously mentioned mixture
of 83 (2.77 g) was dissolved in DCM/MeOH (28/15 mL) under
N, and cooled to 0 °C. NH; (7 N in MeOH, 6 mL, 41.8 mmol,
12 equiv.) was added and the mixture was stirred at room
temperature overnight. The mixture was then diluted with
100 mL DCM. The organic layer was washed with 1 M HCI
(50 mL) and brine, dried over MgSO, and the solvents were
removed under reduced pressure to afford the crude product
as brown oil. The crude was then purified through silica gel
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column chromatography with a pentane/EtOAc gradient of 90/
10 as the eluent to yield the pure desired product 10 (1.24 g,
1.89 mmol, 25% over 5 steps) as a brown solid.

From pathway B2 (in 1 step from 15):. The synthesis was rea-
lized starting from 15 (3.66 g, 4.94 mmol) as described by
Moine et al.>* and yielded 10 (3.06 g, 4.65 mmol, 95%) as a
brownish solid. R; = 0.4 (cyclohexane/EtOAc, 95:5); 'H NMR
(400 MHz, CDCl,): § 11.71 (s, 1H, OH;), 7.83 (d, “Juu = 2.3 Hz,
1H, H,), 7.66 (dd, *Juu = 8.6 Hz, “Juu = 2.3 Hz, 1H, Hy), 6.95
(d, *hun = 8.6 Hz, 1H, Hy), 6.56 (s, 1H, OH3), 6.39 (d, Vi =
2.1 Hz, 1H, Hg), 6.34 (d, *Juu = 2.1 Hz, 1H, Hg), 4.62 (hept,
*Juu = 6.0 Hz, 1H, CHip,), 1.39 (d, YJun = 6.0 Hz, 6H, 2
CH3ip;), 1.38-1.29 (m, 6H, 6 CHryps), 1.18-1.11 (m, 36H, 12
CHjrps); °C NMR (126 MHz, CDCl3) 6 175.2, 164.2, 161.0,
156.9, 149.4, 147.2, 145.7, 135.7, 123.5, 120.9, 120.0, 119.5,
103.7, 98.8, 93.7, 71.0, 22.1 (2C), 18.2 (6C), 18.1 (6C), 13.3 (3C),
13.1 (3C); HRMS (ESI-TOF) m/z caled for C3¢Hs550,Si, [M — H]™
655.3486, found 655.3487.

(42,72,102,132,16Z,19Z)-5-Hydroxy-2-(3,4-ditriisopropyl-
silyloxyphenyl)-7-isopropoxy-4-oxo-4H-chromen-3-yl  docosa-
4,7,10,13,16,19-hexaenoate (11). The synthesis was realized
starting from 10 (3.06 g, 4.66 mmol) as described in Moine
et al** and yielded 11 (3.40 g, 3.51 mmol, 75%) as yellow oil.
R¢ = 0.24 (pentane/DCM, 50 : 50); "H NMR (400 MHz, CDCl;): &
12.19 (s, 1H, OHs), 7.39 (d, YJunu = 2.3 Hz, 1H, H,), 7.33 (dd,
*Juu = 8.5 Hz, Ygu = 2.2 Hz, 1H, Hy), 6.90 (d, *Ju u = 8.5 Hz,
1H, Hy), 6.36 (d, YJuu = 2.2 Hz, 1H, H), 6.34 (d, *Juu = 2.2 Hz,
1H, Hg), 5.51-5.24 (m, 12H, CH—=CHpy,) 4.61 (hept, *Ji 11 = 6.0
Hz, 1H, CHp,), 2.89-2.78 (m, 10H, CH,puagpis aiiylic), 2-69 (t,
*Juu = 7.6 Hz, 2H, CO-CHyppy), 2.51 (q, Juu = 7.3 Hz, 2H,
CO-CH,-CH,pua), 2.07 (P, Juu = 7.3 Hz, 2H, CH3~CH,pua),
1.39 (d, ¥Juu = 6.0 Hz, 6H, 2 CHjip), 1.36-1.29 (m, 6H, 6
CHyyps), 1.16-1.10 (m, 36H, 12 CHayyps), 0.96 (t, *Jiy 1 = 7.5 Hz,
3H, CH;pua); °C NMR (101 MHz, CDCly): § 175.9, 170.4,
164.4, 162.2, 157.2, 156.4, 150.5, 147.2, 132.2, 131.2, 129.8,
128.7, 128.5, 128.4 (2C), 128.3, 128.2, 128.2, 128.0, 127.7,
127.2, 122.2, 122.1, 119.9, 119.9, 105.3, 99.2, 94.0, 71.0, 33.9,
25.8 (4C), 25.7, 22.8, 22.0 (2C), 20.7, 18.1 (6C), 18.1 (6C), 14.4,
13.3 (3C), 13.2 (3C); HRMS (ASAP-TOF) calcd for CsgHg,OgSi,
[M + H]" 967.5939, found 967.5927.

2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-5-hydroxy-4-oxo-4H-
chromene-3,7-diyl diacetate (12). Compound 1 (3.2 g,
6.86 mmol, 1 equiv.) was dissolved in pyridine (30 mL) under
N,. Ac,O (1.30 mL, 13.72 mmol, 2 equiv.) was added to the
solution and the mixture was stirred at room temperature for
15 min. The mixture was then quenched with 150 mL distilled
water and extracted with 2 x 100 mL EtOAc. The organic layers
were gathered, washed with 1 M HCI (3 x 100 mL), water
(100 mL) and brine and dried over MgSO,. The crude was then
purified through silica gel column chromatography (solid
deposit) with a DCM/EtOAc gradient of 100/0 to 95/5 as the
eluent to yield the desired product 2 (2.8 g, 5.09 mmol, 74%)
as a pale yellow solid; R; = 0.4 (cyclohexane/EtOAc, 70 : 30); 'H
NMR (400 MHz, CDCl3): 6 12.21 (s, 1H, OH), 7.61-7.56 (m, 4H,
Hy), 7.45 (dd, *Jyn = 8.3 Hz, Yuu = 1.8 Hz, 1H, Hy,),
7.43-7.38 (m, 7H, Hy,), 7.00 (d, *Juu = 8.3 Hz, 1H, Hy,), 6.82

Org. Biomol. Chem., 2024, 22, 2877-2890 | 2887


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob00066h

Open Access Article. Published on 15 March 2024. Downloaded on 4/19/2026 8:06:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(d, au = 2.0 Hz, 1H, Hy,), 6.58 (d, YJuu = 2.0 Hz, 1H, Hy,),
2.36 (s, 3H, CHsac), 2.33 (s, 3H, CH;ac); *C NMR (101 MHz,
CDCly): § 176.4, 168.4, 167.9, 161.8, 157.2, 156.3, 156.0, 150.3,
147.9, 139.6 (2C), 131.5, 129.6 (2C), 128.6 (4C), 126.4 (4C),
124.0, 123.0, 118.5, 109.0, 108.8, 108.5, 105.5, 101.2, 21.3, 20.7;
HRMS (ESI-TOF) m/z caled for Cs,H,300 [M + H]' 551.1342,
found 551.1342.
2-(2,2-Diphenylbenzo[d][1,3]dioxol-5-yl)-7-isopropoxy-4-oxo-
4H-chromene-3,5-diyl diacetate (13). Compound 12 (3.0 g,
5.45 mmol, 1 equiv.) was dissolved in DMSO (60 mL) under
N,. K,CO; (830 mg, 6.00 mmol, 1.1 equiv.) and 2-bromopro-
pane (1.54 mL, 16.20 mmol, 3 equiv.) were added to the solu-
tion and the mixture was stirred at room temperature for
40 hours. The mixture was then cooled to 0 °C and quenched
with 100 mL H,O. The mixture was extracted with 3 x 100 mL
EtOAc, organic layers were gathered and washed with 0.5 M
HCI, H,0 and brine. The organic layer was dried over MgSO,
and the solvents were removed under reduced pressure. The
crude was then purified through silica gel column chromato-
graphy (solid deposit on silica) with a pentane/EtOAc gradient
of 90/10 to 70/30 as the eluent to yield the desired product 13
(2.5 g, 4.22 mmol, 79%) as a white solid; R = 0.2 (cyclohexane/
EtOAc, 70 : 30); *"H NMR (400 MHz, CDCl,): § 7.64-7.52 (m, 4H,
Hyy), 7.45-7.32 (m, 8H, Hy,), 6.97 (d, *Juu = 8.2 Hz, 1H, Hy,),
6.77 (d, Yuu = 2.4 Hz, 1H, Hy,), 6.57 (d, YJupu = 2.4 Hz, 1H,
Hy,), 4.62 (hept, *Jy p = 5.9 Hz, 1H, CHj p,), 2.42 (s, 3H, CHjac),
2.31 (s, 3H, CHsac), 1.39 (d, ¥Jun = 6.0 Hz, 6H, 2 CHs;p,); °C
NMR (75 MHz, CDCl;): § 170.3, 169.8, 168.3, 162.3, 158.3,
154.7, 150.8, 149.7, 147.8, 139.8 (2C), 133.2, 129.6 (2C), 128.5
(4C), 126.4 (4C), 123.6, 123.3, 118.3, 110.7, 109.7, 108.8, 108.4,
100.0, 71.4, 21.9, 21.3, 20.9; HRMS (ESI-TOF) m/z: caled for
C35H,004 [M + H]" 593.1812, found 593.1801.
2-(3,4-Dihydroxyphenyl)-7-isopropoxy-4-oxo-4H-chromene-

3,5-diyl diacetate (14). The procedure was adapted from the
one previously described®* to allow the scale up. Compound
13 (2 g, 3.38 mmol, 1 equiv.) was dissolved in THF/EtOH (68/
32 mL) and 20% Pd(OH), (20% w/w, 400 mg) was added. The
reaction medium needs to be concentrated to enhance the
reaction kinetics. The mixture was stirred vigorously under an
H, atmosphere for 20 hours. In the presence of the remaining
starting material on thin-layer chromatography (TLC) after an
overnight reaction, the Pd(OH), catalyst was replaced with a
new amount of reagent, and the reaction was allowed to
proceed for an additional 5 hours. The mixture was then fil-
tered on Celite and the solvents were evaporated to afford the
crude product as a green paste. Then, silica gel purification
was promptly performed to minimize the migration of acetate
groups. The crude was purified through silica gel column
chromatography (liquid deposit) with a fast DCM/MeOH gradi-
ent of 100/0 to 96/4 as the eluent to yield the desired product
14 (1.22 g, 2.85 mmol, 85%) as a pale yellow solid. Rf = 0.2
(DCM/MeOH 96 : 4); "H NMR (400 MHz, DMSO-d,): § 9.65 (br,
2H, 2 OH), 7.34 (d, “un = 2.3 Hz, 1H, Hy,), 7.29 (dd, *Jun =
8.4, Yuu = 2.3 Hz, 1H, Hy,), 7.21 (d, Yau = 2.4 Hz, 1H, Hy,),
6.92 (d, *Juu = 8.4 Hz, 1H, Hy), 6.76 (d, *u = 2.4 Hz, 1H,
Hy,), 4.86 (hept, *Jy u = 5.9 Hz, 1H, CHj p,), 2.32 (s, 3H, CH;ac),
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2.29 (s, 3H, CHsac), 1.33 (d, Juu = 6.0 Hz, 6H, 2 CHsip,); °C
NMR (101 MHz, DMSO-dg): & 168.9, 168.8, 167.9, 161.7, 157.5,
154.3, 150.0, 149.0, 145.4, 131.7, 120.3, 119.7, 115.9, 115.0,
109.6, 109.4, 100.2, 71.0, 21.5 (2C), 20.9, 20.4; HRMS (ESI-TOF)
m/z: caled for C,,H;900 [M — H]™ 427.1029, found 427.1031.
3,5-Diacetyloxy-2-(3,4-ditriisopropylsilyloxyphenyl)-7-isopro-

poxy-4H-chromen-4-one (15). The synthesis was realized start-
ing from 14 (2.32 g, 5.42 mmol) as described in Moine et al.**
and yielded 15 (2.64 g, 3.56 mmol, 66%) as a white solid. R¢ =
0.63 (pentane/EtOAc, 70:30); "H NMR (300 MHz, CDCl;) §
7.36 (d, JJuu = 2.3 Hz, 1H, Hy), 7.30 (dd, *Jau = 8.5, Juu = 2.3
Hz, 1H, Hy), 6.91 (d, *Juu = 8.4 Hz, 1H, Hy), 6.74 (d, YJuu =
2.5 Hz, 1H, Hg), 6.56 (d, *Jau = 2.5 Hz, 1H, Hy), 4.61 (hept,
*Juu = 6.0 Hz, 1H, CHip,), 2.42 (s, 3H, CHsac), 2.32 (s, 3H,
CH3ac), 1.39 (d, *Ju = 6.0 Hz, 6H, 2 CHj;.p,), 1.38-1.27 (m, 6H,
6 CHryps), 1.13 (d, *Juu = 7.3 Hz, 36H, 12 CHjrps); °C NMR
(101 MHz, CDCl;) & 170.4, 169.8, 168.2, 162.2, 158.3, 154.9,
150.8, 150.2, 147.1, 133.2, 122.3, 121.6, 120.0, 119.9, 110.7,
109.4, 100.1, 71.3, 21.9 (2C), 21.3, 20.8, 18.1 (6C), 18.1 (6C),
13.3 (3C), 13.2 (3C); HRMS (ESI-TOF) mj/z: caled for
Ca0Hg106Si, [M + H]" 741.3854, found 741.3849.

Cell culture experiments

SHSY-5Y cells (purchased from ATCC) were used at passage 15.
They were cultured in DMEM/F12 medium supplemented with
10% FBS and 1% penicillin-streptomycin. For the experi-
ments, the cells were plated and allowed to differentiate in
96-well plates at a density of 40 000 cells per well in DMEM/
F12 medium supplemented with 3% FBS, 1% penicillin-strep-
tomycin and 3.36 mM retinoic acid. After 72 h, they were
rinsed with DPBS and pre-treated with various concentrations
of DHA, quercetin, quercetin-7-iPr or lipophenolic compounds
for 2 h in serum-free DMEM/F12 medium before the addition
of 10uM acrolein. Cell viability was determined after a 24-hour
incubation using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide, Sigma-Aldrich) test. Briefly,
MTT was dissolved at 0.5 mg mL™" in PBS and added to the
cells for 1 h. Then, the medium was discarded, replaced with
DMSO, and the plate was placed on an orbital shaker for 1 h at
room temperature to dissolve formazan crystals. A microplate
reader (Multiskan Sky, Thermo Scientific) was used to measure
the absorbance at 540 nm. The data are expressed as the per-
centage of control untreated cells and presented as mean *
SEM of two separate experiments. Statistical comparisons were
performed using the ANOVA test with Tukey’s post-hoc analysis.
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