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Abstract: A series of naphthoquinones, namely, 1,4-naphthoquinone, menadione, plumbagin, juglone,
naphthazarin, and lawsone, were reacted with N-acetyl-L-cysteine, and except for lawsone, which did
not react, the related adducts were obtained. After the tuning of the solvent and reaction conditions,
the reaction products were isolated as almost pure from the complex reaction mixture via simple
filtration and were fully characterized. Therefore, the aim of this work was to evaluate whether the
antitumor activity of new compounds of 1,4-naphthoquinone derivatives leads to an increase in ROS
in tumor cell lines of cervical carcinoma (HeLa), neuroblastoma (SH-SY5Y), and osteosarcoma (SaOS2,
U20S) and in normal dermal fibroblast (HDFa). The MTT assay was used to assay cell viability,
the DCF-DA fluorescent probe to evaluate ROS induction, and cell-cycle analysis to measure the
antiproliferative effect. Compounds 8, 9, and 12 showed a certain degree of cytotoxicity towards all
the malignant cell lines tested, while compound 11 showed biological activity at higher ICsy values.
Compounds 8 and 11 induced increases in ROS generation after 1 h of exposure, while after 48 h of
treatment, only 8 induced an increase in ROS formation in HeLa cells. Cell-cycle analysis showed
that compound 8 caused an increase in the number of G0/G1-phase cells in the HeLa experiment,
while for the U20S and SH-SY5Y cell lines, it led to an accumulation of S-phase cells. Therefore,
these novel 1,4-naphthoquinone derivatives may be useful as antitumoral agents in the treatment of
different cancers.

Keywords: N-acetyl-L-cysteine; cancer; naphthoquinone; juglone; thia-Michael; menadione; napht-
hazarin; plumbagin

1. Introduction

Quinones are a class of organic compounds widely distributed in nature in ani-
mals, plants and microorganisms, where they are biosynthesized as secondary metabo-
lites [1]. They can be chemically sub-divided into benzoquinones, naphthoquinones, and
anthraquinones based on the carbocyclic aromatic ring of their corresponding reduced
hydroquinonic form. The first two classes admit two isomeric forms, due to the relative
position of the carbonyls within the ring system: 1,2-benzo- (or naphtho-) quinones and
1,4- benzo- (or naphtho-) quinones (Figure 1).
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Figure 1. Quinone classification and related reduced forms.

Quinones are highly reactive compounds of interest both in the mechanistic and
applied fields [2,3]. For example, they can find application in natural and synthetic
dyes [4,5], and biopesticides and bioherbicides [6,7] and play important roles in many
biochemical processes, being involved in cellular respiration [8,9], photosynthesis [10],
and cellular defense [11,12]. In the pharmaceutical field, they are used as trypanocidal,
anti-inflammatory [13], antithrombotic [14,15], antiviral [16], antifungal [17], and antitumor
agents [18], but their clinical use as antineoplastic drugs [19] has been limited for a long
time by their toxicity.

Their biological actions are still difficult to be understood, although at least two
competing mechanisms have been identified: (i) the ability to undergo redox cycling,
generating reactive oxygen species (ROS), and (ii) their ability to act as electrophiles
via Michael-type addition, producing covalent bonds via reactions with thiols or other
nucleophiles present in proteins, DNA, and RNA [20].

Even if quinones and amino acids are usually compartmentally separated in living
systems [21], there are several cases in which they meet and react. It occurs, for example, in
wounded, cut, or crushed plant material during harvest, and in ensiling or disintegrating
cells [21]. The reaction between quinonic compounds and amino acids takes place via
1,4-Michael-like addition with free nucleophilic functional groups such as sulthydryl,
amine, indole, and imidazole substituents. The formation of related conjugates (usually
brown or black colored) influences the color, taste, and aroma of foods and is the reason for
the pigmentation of various tissues.

Focusing attention on 1,4-naphthoquinone and some of its derivatives (Figure 2),
mainly of natural occurrence, a few studies are reported about their reaction with amino
acids, despite the presence in the literature of reports on their biological activities [20,21].

For example, recent studies have revealed that juglone (5-hydroxynaphthalene-1,4-
dione, often also indicated as 5-hydroxy-1,4-naphthoquinone (4); Figure 2), a brown pig-
ment deriving from black walnut (Juglans regia L.), influences cell signaling and is an
inhibitor of peptidyl-prolyl cis/trans isomerase (Pinl) that can regulate the phosphory-
lation of Tau and activates mitogen-activated protein kinases that could promote cell
survival, thus protecting against conditions such as cardiac injury [22]. Plumbagin (5-
hydroxy-2-methylnaphthalene-1,4-dione, often also indicated as 5-hydroxy-3-methyl-1,4-
naphthoquinone), mainly found in plants of the Plumbago family, as well as in some
species of the Ancestrocladaceae, Dioncophyllaceae, Droseraceae, and Ebenceae families, induces
cytotoxicity by modulating genes involved in angiogenesis and is used [23] together with
other drugs in the treatment of chemo- and radio-resistant cancers. Both juglone and
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plumbagin have shown cytotoxicity to HaCaT keratinocytes, attributed to two different
mechanisms, namely, redox cycling and reaction with glutathione (GSH) [24]. Napht-
hazarin (5,8-dihydroxynaphthalene-1,4-dione, often also indicated as 5,8-dihydroxy-1,4-
naphthoquinone (5); Figure 2), a compound present in the Boraginaceae, Droseraceae, and
Nepenthaceae families [25,26], has shown effects on oral squamous cell carcinoma [27],
human breast cancer [28], human gastric cancer [29], and human colorectal cancer [30]
cells. Menadione (2-methyl-1,4-naphthoquinone), also known as vitamin K3, is a synthetic
compound used as a precursor in the synthesis of K; and K; vitamins and has showed to
possess a wide range of biological activities, such as anticancer, antibacterial, antifungal,
antimalarial, and anthelmintic activities [1].

(0] (0] (0]
0] O OH O
1,4-naphthoquinone (1) 2-methylnaphthalene-1,4-dione 5-hydroxy-2-methylnaphthalene-1,4-dione
Menadione (2) Plumbagin (3)
o OH O O
9@ :
OH O OH O O
5-hydroxynaphthalene-1,4-dione  5,8-dihydroxynaphthalene-1,4-dione  2-hydroxynaphthalene-1,4-dione
Juglone (4) Naphthazarin (5) Lawsone (6)
(0]
NH
HS\/'\H/OH
¢]

N-acetyl-L-cysteine (7)
Figure 2. Naphthoquinones 1-6 reacted with N-acetyl-L-cysteine (7) in the current study.

Naphthoquinones are often characterized by poor bioavailability [23], and N-acetyl-L-
cysteine, beside introducing amino acid cysteine in the new adducts, could improve their
cellular uptake. Moreover, N-acetyl-L-cysteine, a derivative of cysteine, is an intermediary
in the conversion of cysteine to GSH, and its sulthydryl group can scavenge free radicals.
It is readily hydrolyzed to cysteine and is able to expand natural antioxidant defenses by
increasing reduced intracellular GSH concentration.

In the current study, we report the synthesis under mild conditions of adducts between
some 1,4-naphtoquinones and N-acetyl-L-cysteine via thia-Michael-like addition, with some
of them never having been reported so far.

Preliminary studies on their biological activity against a panel of cancer cell lines are
also reported.

2. Results and Discussion
2.1. Reactions between 1,4-Naphthoquinones and N-Acetyl-L-Cysteine

The reaction between naphthoquinones 1-6 and N-acetyl-L-cysteine (7) was first
carried out without catalysts and under mild conditions to mimic the situation occurring
during the interaction of quinones with thiol residues of proteins (enzymes, keratin, or
animal fibers previously treated with reducing agents). Moreover, cysteine protected at the
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amino group was used to avoid cyclization through the formation of a Schiff base with a
carbonyl group of the quinone [31].

The reaction course can occur as depicted in Scheme 1; the first step is thia-Michael
1,4-addition to the 3 —position of the &,3 —unsaturated quinonic conjugated system giving
intermediate A, which quickly evolves to neutral species B. The latter undergoes tautomerism
to produce hydroquinonic form C, owing to the energy gained due to the aromaticity.

o o OH OH
C
+ RSH —— H = H =—
+
/ SHR SR SR
o) o) o) OH
A B C

O

= H,C
R = OH

HN_ _CHs

T

)

Scheme 1. Reaction pathway for thia-Michael type addition of N-acetyl-L-cysteine to quinones.

This is in agreement with the literature reports on the reaction between mercaptans
and 1,4-benzoquinone where the isolated products were in hydroquinonic form [32].

However, in general, hydroquinonic forms can easily be oxidized to quinonic ones.
This can occur via air oxidation or during the reaction where the presence of a not-yet-
reacted quinone can cause the oxidation of the product with the contemporary reduction of
the starting quinone, with consequent lack of its reactivity as Michael acceptor and lowering
of the yields (see Scheme 2, Path. A, applied to the 1,4-benzoquinone case) [2,3,32].

Moreover, N-acetyl-L-cysteine can also be oxidized to a cystinic derivative by the addi-
tion product in quinonic form (Path. B) or by the starting quinone (Path. C); this can occur
especially when the reaction is particularly slow, as in the case of not-catalyzed reactions.

As it can be evinced, Michael-like 1,4-addition to quinonic acceptors can be quite
complicated. The reactions herein reported are shown in Scheme 3.

They were carried out under different experimental conditions.

At first, the reaction of 7 with 2, 3, 4, or 5 was carried out in methanol at room
temperature; after about 5 h, the 'H NMR spectrum of the concentrated crude reaction
mixture revealed the presence of starting materials together with numerous signals, some
of them ascribable to reaction products. We tried to isolate the products via column
chromatography on silica gel, but likely due to decomposition phenomena, we obtained
yields lower than those expected on the basis of the 'H NMR of the crude, and in the case
of 12, no products were isolated.

As for juglone (4), after chromatographic purification, a mixture of the two regioiso-
mers, 11 and 11a, in a 7:3 relative ratio was isolated (Scheme 4).

Compounds 11 and 11a have not been reported so far and were characterized using
'H- and 3C-NMR, and mass spectrometry. In particular, the signals of the two regioisomers
were attributed on the basis of g-HMBC and g-HSQC experiments.

The reaction with lawsone (6) did not occur, possibly because of the presence, not
in a negligible amount, of the tautomeric keto form [33] (Figure 3), which deactivates the
nucleophilic attack on 6.

To overcome the difficulties to isolate the products from the complicated reaction mixture,
we tried to repeat the reactions with a different solvent. When the reactions were carried
out in ethanol at 25 °C, surprisingly, in the cases of the reaction with 1-3, we noted the
precipitation of a solid in the reaction mixture whose 'H NMR spectrum corresponded to
that of products 8-10 and 12, respectively. This represented a very important finding that
permitted to isolate the product via simple filtration, avoiding the purification step through
column chromatography. From the reaction with quinone 4, no precipitation was observed in
ethanol, and a mixture of 11 and 11a was isolated using column chromatography on silica gel.
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The reactions in ethanol were also carried out at 50 °C. As shown in Table 1, an increase in the
reaction temperature gave a noticeably increase in the yield of precipitated product.

oH 0 0 OH
Path. A
SR " _> SR
OH O 0 OH

Product from Starting benzoquinone Product from Reduced benzoquinone
thia-Michael thia-Michael
in hydroquinonic form in oxidized quinonic form

O
Path. B o 0 OH )J\
pis 0 2
NH S _~_OH
+ 2HS _A~_OH — +H0)K.AS >~
o) o) OH e
O
CH2 o N-acetyl-L-cysteine N,N-diacetyl-L-cystine
R= HN)Y
OH
0O~ CHs;
and/or:
Path. C o o )OJ\
)J\NH )OK/\ I;IH I
. .S - OH
o HN o]
© b
0 OH
N-acetyl-L-cysteine N, N-diacetyl-L-cystine
Scheme 2. Possible redox pathways that might occur during thia-Michael reaction between N-acetyl-
L-cysteine and quinones.
R, O ] R, O
.64 o I
: H
HS._A~_OH —  ~
Ry O o Ry O P on
1-6 N-acetyl-L-cysteine (7) 8-12
R=R4=R,=H,; 1,4-Naphthoquinone (1) R=R4=Ry=H; (8)
R = CHj, Ry= Ry= H; Menadione (2) R = CHj, Ry= Ryp= H; (9)
R = CHg, Ry = OH, R, = H; Plumbagin (3) R = CHa, Ry = OH, R, = H; (10)
R=H, Ry =0H, R, =H; Juglone (4) R=H,R4=0H,R;=H; (11,11a)
R=H, R;=R,=OH; Naphthazarin (5) R=H, R;=R,=OH; (12)
R=0H,R{=Ry=H; Lawsone (6)

Scheme 3. Thia-Michael addition of N-acetyl-L-cysteine (7) to naphthoquinone derivatives 1-6 and
relative products.
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Scheme 4. Regioisomers obtained via reaction between 4 and 7 in methanol.
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Figure 3. Keto—enol tautomerism in lawsone.

Table 1. Reactions between 1-6 and 7 in ethanol at different temperatures.

Starting Quinone Product (Yield % at 25 °C) @ Product (Yield % at 50 °C) 2
Naphthoquinone (1) 8 (19) 8 (34)
Menadione (2) 9 (16) 9 (25)
Plumbagin (3) 10 (28) 10 (40)
Juglone (4) 11+ 11ab 11 +11ab
Naphthazarin (5) 12(—)¢ 12 (13) d

Lawsone (6) -€ -€

2 Pure product isolated after 4 h from filtration of the crude reaction mixture. ® Purification performed using
chromatography. ¢ No precipitate found. ¢ Reaction very slow; yield obtained after 24 h. ¢ No reaction observed.

The analyses of compounds 8-12 isolated via filtration revealed that they were of purity
suitable for biological studies; obviously, the yields might increase after an optimization of
the reaction conditions, but at this time, this was not our objective.

Further, some reactions were also carried out in acetonitrile; from the reaction between
1 and 7 at 50 °C, after 3h, compound 8 was separated via precipitation with a 33% yield.

From the reaction between menadione and 7, kept in acetonitrile at 50 °C and then
under reflux, no products precipitated, and the 'H NMR spectrum showed negligible
conversion to 9, whereas lawsone did not react under the above conditions.

Finally, from the reaction between juglone 4 and 7 in acetonitrile at room temperature,
a precipitate was separated, and it resulted to be compound 11 (only traces of 11a were
detected via 'H NMR). This finding is of particular interest, since this method permits
one to isolate only one, almost pure regioisomer. The reaction was reproducible, and the
structure of 11 was ascertained using 2D NMR experiments. This finding is of particular
interest in light of contrasting results previously reported on the regioselectivity of the
reaction between thiophenol and juglone [34].

2.2. Biological Activity

Molecules 8-12 were tested in vitro using the MTT assay against four cancer cell lines:
HeLa, SH-SY5Y, Sa0S2, and U20S. The substances that displayed significant results against
the cancer cell lines were also investigated against a normal cell line, HDFa, to evaluate their
selective activity. Cytotoxic activities were expressed as ICsy values, i.e., the concentration
of the substance that reduced cell viability by 50% (Table 2).

The results presented in Table 2 and Figure 4 reveal that 8, 9, and 12 exhibited some
degree of cytotoxicity against all the malignant cell lines tested, with ICsq values in the
range of 0.50-1.81 uM. On the contrary, 11 showed biological activity with much higher
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ICsp values. In HDAFa, 12 exhibited biological activity with an ICsy very similar to that
found in all tumor cell lines, while 11 had a lower ICs; than that calculated in tumor cell
lines. Among the substances of the series, 10 was inactive against all the cancer cell lines
examined and was not tested against HDFa.

Table 2. Effects of compounds 8-12 on the viability of human cancer and normal cell lines (IC5q (M)
+ SD).

Compounds ICHeLa SH-SY5Y Sa0S2 U20S HDFa
50 (LM) ICs50 (M) ICs0 (M) ICs0 (M) IC50 (M)
8 0.54 + 0.05 0.87 4+ 0.003 1.67 £+ 0.01 1.81 £ 0.007 7.43 +0.02
9 0.50 + 0.08 0.96 + 0.06 0.59 + 0.04 0.51 + 0.06 3.87 +0.01
10 n.a. n.a. n.a. n.a. n.e.
11 13.2 +0.05 11.4 £+ 0.001 25.9 + 0.05 30.4 + 0.005 6.88 + 0.05
12 1.04 £+ 0.008 0.63 + 0.04 1.56 £+ 0.03 1.65 £+ 0.03 0.83 + 0.007

n.a.: not active, n.e.: not evaluated.
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Figure 4. Effects of compounds on the viability of transformed and non-transformed human cells.
HeLa, SH-SY5Y, Sa0S2, U20S, and HDFa were incubated for 48 h with increasing concentrations
of compounds 8, 9, 11, and 12 (from 0.01 to 200 uM). Viability was evaluated using MTT tests
as reported in Materials and Methods. (A) Compound 8. (B) Compound 9. (C) Compound 11.
(D) Compound 12. The white bars correspond to the control. Results were expressed as means + SDs
of three independent experiments.

Sa0S2 and U20S are human osteosarcoma cell lines, but while SaOS2 cells represent a
mature phenotype, U20S cells are negative for almost all osteoblastic markers but positive
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for cartilage markers such as collagen II, IX, and X. Additionally, U20S cells show positive
results for type IV collagen, which is expressed only in very early differentiation stages but
not by mature osteoblasts [35,36]. For this reason, we decided to continue the studies on
the biological effects of our molecules using HeLa, U20S, and SH-SY5Y as models and 8
(which had a lower ICsp) and 11 (which had a higher IC5() as molecules to be administered.

2.2.1. Redox Imbalance

It is known that non-vitamin K naphthoquinones of natural origin, such as plumbagin
or juglone, are excellent redox cyclers, causing the generation of ROS in cells exposed to
these quinones [24,37]. In the case of naphthoquinones, redox cycling represents a cyclic
process of the reduction of a compound, followed by the (auto-) oxidation of the reaction
product under the concomitant generation of ROS. In the case of 1,4-naphthoquinones and
mammalian cells, the reduction of these quinones may occur at the expense of NADH
or NADPH, as catalyzed by several alternate enzymes. For example, cytochrome P450
reductase can catalyze the simple reduction of naphthoquinone to the corresponding
semiquinone [38] or, alternatively, may undergo reduction to the corresponding hydro-
quinone, catalyzed by NAD(P)H:quinone oxidoreductase-1 (NQO-1, DT-diaphorase) [39].

To further explore and establish a direct relationship between 8 or 11 and ROS, DCFH-
DA staining was applied to HeLa, U20S, and SH-SY5Y cells treated for 1 h and 48 h. The
results indicated that 8 and 11 induced increases in ROS generation after 1 h of exposure,
but the biological response was different in the three cell lines, as shown in Figure 5A.
Indeed, in HeLa cells, 8 induced an increase in ROS formation of 1.14 + 0.042, while in
U20S and SH-SY5Y cells, the increases were 1.30 + 0.13-fold and 1.51 £ 0.16-fold with
respect to control, with p < 0.0001, p < 0.0005, and p < 0.0024, respectively. In the same
way, 11 induced increases in ROS formation in HeLa cells of 1.27 £ 0.16, while in U20S
and SH-SY5Y cells, the increases were 1.62 £ 0.11-fold and 1.61 + 0.14-fold with respect to
control, with p < 0.0049, p < 0.0001, and p < 0.0056, respectively. Moreover, it is important
to note that both compounds 8 and 11 induced a greater formation of ROS in U20S and
SH-SY5Y cells than in HeLa cells, as shown in Figure 5A.

3

O Hela *x [ Hela
3 v20s [ v20s
B sH-sY5Y 24 = sH-sY5Y

fold changes compared to control >
fold changes compared to control

@ P

%

RN T IR P L

Figure 5. Induction of intracellular ROS in HeLa, U20S, and SH-SY5Y cells treated with 8 and 11
under physiological conditions at 37 °C for 1 h (A) and 48 h (B). Data represent the means (SDs) of
three determinations. *** indicates statistically significant differences at p < 0.0001, ** at p < 0.001
respectively, compared with control (0.1% DMSO). ## p < 0.001 relative to HeLa cells treated with 8;
111 p <0.0001 and t p < 0.05 relative to HeLa cells treated with 11.

After 48 h of treatment with 8 or 11, there was no ROS production in U20S nor SH-
SY5Y cells. Interestingly, only 8 induced an increase in ROS formation in HeLa cells of
2.28 + 0.47-fold with respect to control (p < 0.012) (Figure 5B).

2.2.2. Effect on Cell Proliferation

The data reported in Figure 5 show how both 8 and 11 induced ROS formation in a
similar way, but 8 showed a much lower ICsy. For this reason, we decided to analyze the
effects on proliferation by treating the cells only with 8. Next, we explored the effect of
5 uM 8 on cell-cycle distribution in HeLa, U20S, and SH-SY5Y cancer cells using PI stain
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followed by flow cytometry. Cells were exposed to the compound for 24 or 48 h prior to
processing and analysis.

As shown in Figure 6A,B(above), in the HeLa experiment, treatment with 8 resulted in an
increase in the number of G0/Gl-phase cells of 1.3% with respect to control, while for the U20S
and SH-SY5Y cell lines, it resulted in increases in S-phase cells of 1.3% and 1.1%, respectively.
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Figure 6. Cell cycle analysis. (A). Representative data showed cell cycle distribution with PI staining
followed by flow cytometry analysis of HeLa, U20S and SH-SY5Y cells treated whit 8 (5 uM) for
24 (sx) or 48 h (dx). (B). Histograms show the G1, S and G2/M phase distribution of HeLa, U20S
and SH-SY5Y cells from three separate experimental analyzes, after 24 h (above) and 48 h (below) of
treatment. Error bars based on the mean + SD of three independent experiments.

After 48 h of treatment with 8 in HeLa, there was an increase in the number of cells
in the S phase of 1.2% with respect to control, while in U20S and SH-SY5Y cells, there
were still accumulations of cells in the S phase of 1.1% and 1.3% with respect to control,
respectively, as shown in Figure 6A,B(below).

In conclusion, 8 induced an ROS-mediated antiproliferative effect in HeLa, U20S,
and SH-SY5Y cells, which modulated the cell-cycle distribution. Interestingly, the in vitro
potency to increase radical formation and induce biological effects strongly depended on
the molecular biological characteristics of the individual cell lines.

2.2.3. Product Reactivity with Glutathione

Naphthoquinones may react with nucleophiles, such as thiols or amines, and form
adducts via the so-called Michael addition reaction [37,40]. Furthermore, naphthoquinones
interact with nucleophiles, such as glutathione, causing significant GSH modification and
thus depletion in cells exposed to these compounds [37,41,42].

To understand if both the different formation of radicals and the biological response
induced by 8 observed in the three cancer models can actually be traced back to a differ-
ent molecular structure, we decided to conclude this study by verifying whether these
molecules can form adducts with GSH.

To this end, 8, 9, and 11 were incubated with GSH in 0.1 mL phosphate-buffered
saline (PBS) overnight; then, these solutions underwent direct-infusion mass spectrometric
analyses (DI-MS). The mass spectra (Figures 516 and 518) showed the formation of two main
adducts of compounds 8 and 11 with glutathione and with N-acetyl-L-cysteine, and other
reaction products, such as the dimers of N-acetyl-L-cysteine and glutathione (GSSG) and
the heterodimer between N-acetyl-L-cysteine and GSH. Furthermore, the reaction solution
containing compound 8 showed the adduct formation between naphthoquinone (1) and
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GSH. Otherwise, 9 (Figure S517) did not seem to react with GSH; in fact, in the spectrum
of the reaction mixture, we only found adducts N-acetyl-L-cysteine—GSH, menadione
(2)—GSH, and GSSG. The DI-MS analyses of the reaction mixtures showed that 8 and
11 reacted with GSH and N-acetyl-L-cysteine, leading to a decrease in the amount of the
starting compounds; on the other hand, 9 remained almost unaffected.

3. Materials and Methods
3.1. Chemical Synthesis
3.1.1. General

Nuclear magnetic resonance spectra (‘"H NMR and '3C NMR,) were recorded at 25 °C
on Varian INOVA 600 spectrometers (Varian, Palo Alto, CA, USA) operating at 600 MHz
(for 'TH NMR) and 150.80 MHz (for 13C NMR). Chemical shifts were referenced to the
solvent (‘H NMR, 3.31 ppm for CD30D and 2.50 ppm for DMSO-ds; 1*C NMR, 49.00 ppm
for CD30D and 39.50 ppm for DMSO-dg). ] values were given in Hz. Chromatographic
purifications (FCs) were carried out on glass columns packed with silica gel Geduran
S5i 60, 0.063-0.200 mm (Sigma-Aldrich, Milan, Italy) at medium pressure. Thin-layer
chromatography (TLC) was performed on aluminum foils coated in silica gel 60 F254
(Fluka, Buchs, Switzerland). Melting points were recorded on a Biichi apparatus (Stone,
Staffs, UK). ESI-MS spectra were obtained with a WATERS 2Q 4000 instrument (Waters
Corporation, Milford, MA, USA).

3.1.2. General Procedure

In a three-necked flask equipped with a circular condenser, we introduced quinone
(1 mmol) and N-acetyl-L-cysteine (1 mmol) in 10 mL of ethanol (or acetonitrile). The
mixture was kept at room temperature or heated to 50 °C under magnetic stirring. The
course of the reaction was monitored using TLC analyses or 'H-NMR spectroscopy. During
the reaction’s course, a solid was formed. At the end of the reaction, the solid was separated
via filtration and washed with cold ethanol (or acetonitrile). The obtained solid was led to
dryness in vacuum. If not otherwise specified, the yields given below were obtained from
the reaction in ethanol at 50 °C.

N-acetyl-5-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (8)

Yellow solid; m.p., 220.3-221.7 °C; yield, 34%. ITH-NMR: (CD;0D, 600 MHz, 25 °C):
5, ppm: 8.08 (dd, !J = 7.6 Hz, 2] = 1.5 Hz, 1H), 8.06 (dd, !J = 7.6 Hz, 2] = 1.4 Hz, 1H) 7.82
(dd, '] =7.6 Hz, 2] = 1.5 Hz, 1H), 7.78 (dd, '] = 7.6 Hz, ] = 1.4 Hz, 1H) 6.84 (s, 1H), 4.78
(dd, '] = 8.4 Hz, ?] = 4.6 Hz, 1H), 3.50 (dd, '] = 13.6 Hz, %] = 4.6 Hz, 1H), 3.26 (dd, '] = 13.6
Hz, %] = 8.4 Hz, 1H), 2.00 (s, 3H). 13C-NMR: (CD;0D, 150.0 MHz, 25 °C): §, ppm: 183.1 (C),
182.7 (C), 173.5 (C), 172.8 (C), 155.3 (C), 135.6 (CH), 134.6 (CH), 133.5(C), 133.3 (C), 128.6
(CH), 127.6 (CH), 127.4 (CH), 52.1 (CH), 29.2 (CH3), 22.3 (CH3). C15H13NO5S, M.W.: 319.33.
ESI-MS (ESI"): m/z: 318 [M-H]".

N-acetyl-S-(3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (9)

Dark yellow solid; m.p., 206.9-208.3 °C; yield, 25%. 'H-NMR: (CD30D, 600 MHz,
25°C): §, ppm: 8.10-8.05 (m, 2H), 7.79-7.76 (m, 2H), 4.62 (dd, '] = 7.74 Hz, 2] = 4.57 Hz, 1H),
3.76 (dd, '] = 14.21 Hz, ?] = 4.60 Hz, 1H), 3.45 (dd, '] = 14.21 Hz, ?] = 7.60 Hz, 1H), 2.34
(s, 3H), 1.84 (s, 3H). 3C-NMR: (CD3;0D, 150.0 MHz, 25 °C): §, ppm: 183.4 (C), 182.2 (C),
173.1 (C), 173.0 (C), 149.5 (C), 146.5 (C), 134.9 (CH), 134.7 (CH), 134.3 (C), 133.5 (C), 127.8
(CH), 127.4 (CH), 54.6 (CH), 36.0 (CH3), 22.3 (CH3), 15.5 (CH3).C14H15NOs5S, M.W.: 333.36.
ESI-MS (ESI-): m/z: 332 [M-H]".

N-acetyl-5-(8-hydroxy-3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (10).

Dark purple solid; m.p. >193 °C dec; yield, 40%. 'H-NMR: (CD;0D, 600 MHz, 25 °C):
5, ppm: 7.62 (t, 1] =8.97 Hz, 1H), 7.56 (d, ] = 7.69 Hz, 1H), 7.22 (d, | = 8.33 Hz, 1H), 4.47-4.43
(m, 1H), 3.84 (dd, '] = 13.64 Hz, ?] = 3.41,1H), 3.43 (dd, '] = 13.64 Hz, 2] = 7.67 Hz, 1H), 2.33
(s, 3H), 1.82 (s, 3H). 3C-NMR: (CD30D, 150.0 MHz, 25 °C): §, ppm: 187.5 (C), 182.7 (C),
176.4 (C), 172.8 (C), 162.7 (C), 150.7 (C), 116.8 (C), 137.3 (CH), 133.7 (C), 124.7 (CH), 119.9
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(CH), 116.8 (C), 56.8 (CH), 37.6 (CH3), 22.6 (CH3), 15.8 (CHj3). C16H15NOgS, M.W.: 349.36.
ESI-MS (ESI7), m/z: 348 [M-H]".

N-acetyl-S-(5-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (11).

Orange solid precipitated from acetonitrile; m.p., 209.8-211.7 °C; yield, 38% from
acetonitrile at 25 °C. 'H-NMR: (DMSO-ds, 600 MHz, 25 °C): §, ppm: 13.12 (br.s, 1H), 12.06
(s, 1H), 8.49 (d, ] =7.9 Hz, 1H), 7.71 (t, | = 8.2Hz, 1H), 7.55 (d, ] = 7.6 Hz, 1H), 7.36 (d, ] = 8.7
Hz, 1H), 6.84 (s, 1H), 4.59-4.53 (m, 1H), 3.38 (dd, !J = 13.5 Hz, 2] = 5.0 Hz, 1H), 3.22 (dd, ']
=13.5 Hz, 2] = 8.1 Hz, 1H) 1.86 (s, 3H). 3C-NMR: (DMSO-dg, 150.0 MHz, 25 °C): §, ppm:
186.5 (C), 181.1 (C), 171.3 (C), 169.6 (C), 160.4 (C), 154.7 (C), 136.1 (CH), 131.5 (C), 127.1
(CH), 124.8 (CH), 119.2 (CH), 114.3 (C), 50.3 (CH), 31.4 (CH,), 22.3 (CH3). C15H13NOgS,
M.W.: 335.33. ESI-MS (ESI-): m/z: 334 [M-H]".

N-acetyl-5-(5-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (11) and N-acetyl-S-
(8-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-L-cysteine (11a).

Yellow solid containing 11 + 11a isolated using column chromatography of the crude
from reaction in methanol or ethanol; TH-NMR: (CD30D, 600 MHz, 25 °C): mixture of
11:11a in 7:3 relative molar ratio, 5, ppm: 7.67 (t, ] = 8.4 Hz, 1H, 11a), 7.61 (t, ] =7.75 Hz, 1H,
11),7.58 (t,] =7.52 Hz, 1H,11), 7.54 (dd, ] = 7.6 Hz, ] = 1.2 Hz, 1H, 11a), 7.25 (dd, ] = 8.0 Hz,
J=14Hz 1H,11),7.22 (dd, ] =8.4 Hz, ] = 1.2 Hz, 1H, 11a), 6.85 (s, 1H, 11 + 11a), 4.66-4.59
(m, 1H, CHN, 11 + 11a), 3.49 (dd, ] =13.2 Hz, ] =4.5 Hz, 1H, 11 + 11a), 3.24 (d, ] = 12.9 Hz,
J=74Hz, 1H,11),3.23 (d, ] =13.1 Hz, ] = 7.6 Hz, 1H, 11a), 2.01 (s, 3H, 11), 1.98 (s, 3H, 11a).
I3C-NMR: (CD;0D, 150.0 MHz, 25 °C): 5, ppm: 188.5 (C), 182.8 (C, 11), 182.5 (C, 11a), 176.1
(C), 1734 (C), 162.7 (C), 157.8 (C, 11), 156.3 (C, 11a), 139.9 (CH, 11), 138.3 (CH, 11a), 133.8
(C,11a), 133.5 (C, 11), 129.2 (CH, 11a), 128.2 (CH, 11), 125.8 (CH, 11), 124.7 (CH, 11a), 120.5
(CH, 11), 120.1 (CH, 11a), 116.3 (C, 11a), 116.0 (C, 11), 56.3 (CH, 11 + 11a), 34.78 (CH,, 11),
34.72 (CHy, 11a), 22.9 (CH, 11 + 11a).

N-acetyl-S-(5,8-dihydroxy-1,4-dioxo-1,4-dihydronaphtalen-2-yl)-L-cysteine (12).

Dark purple solid; m.p., 238.2-239.9 °C; yield, 13%. ITH-NMR: (DMSO-dg4, 600 MHz,
25°C): §, ppm: 13.16 (br.s, 1H), 12.55 (s, 1H), 11.82 (s, 1H), 8.49 (d, ] = 8.2 Hz, 1H) 7.41 (d,
J =9.5Hz, 1H), 7.35 (d, ] = 9.4 Hz, 1H), 6.91 (s, 1H), 4.60-4.50 (m, 1H), 3.41 (dd, ] = 13.6
Hz, ?] = 4.3 Hz, 1H); 3.24 (dd, '] = 13.6 Hz, %] = 8.0 Hz, 1H), 3.55-3.40 (m, 1H), 1.86 (s, 3H).
I3C-NMR: (DMSO-dg, 150.0 MHz, 25 °C): §, ppm: 184.1 (C), 183.5 (C), 171.3 (C), 169.6 (C),
157.5 (C), 157.0 (C), 154.3 (C), 130.5 (CH), 128.7 (CH), 127.5 (CH), 111.6 (C), 111.1 (C), 50.3
(CH), 31.3 (CHy), 22.3 (CH3). C15H13NO7S, M.W.: 351.33. ESI-MS (ESI7): m/z: 350 [M-H]".

3.2. Biology
3.2.1. Cell Culture and Treatments

HeLa, SH-SY5Y, Sa0S2, U20S, and HDFa cell lines were purchased from American
Type Culture Collection (ATCC; Manassas, VA, USA). HeLa, Sa0S2, and U20S cells were
cultured in RPMI 1640 medium (Labtek Eurobio, Milan, Italy), while SH-SY5Y and HDFa
cells were cultured in high-glucose DMEM (Labtek Eurobio, Milan, Italy), and both were
supplemented with 10% FCS (Euroclone, Milan, Italy) and 2mM L-glutamine (Sigma-
Aldrich, Milan, Italy), at 37 °C in a 5% CO, atmosphere. The compounds were dissolved
in DMSO in a 30-50 mM stock solution. In cell treatments, the final DMSO concentration
never exceeded 0.1%.

3.2.2. MTT Assay

Cells were seeded at 1.5 x 10* cells/well in a 96-well culture plastic plate (Orange
Scientific, Braine-1’Alleud, Belgium), and after 24 h of growth, they were exposed to
increasing concentrations of compounds (from 0.01 to 200 pM) solubilized in RPMI 1640
medium. After 48 h of treatment, the culture medium was replaced with 0.1 mL of 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Milan, Italy)
dissolved in PBS at the concentration of 0.2 mg/mL, and samples were incubated for 2 h at
37 °C. The formazan salt crystals formed were dissolved with 0.2 mL of isopropyl alcohol
for 20 min. The absorbance at 570 nm was measured using a multi-well plate reader (Tecan,
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Mainnedorf, Switzerland), and data were analyzed using Prism GraphPad software and
expressed as ICs.

3.2.3. Measurement of Intracellular ROS Level

Oxidative stress was measured in intact cells using an ROS indicator, 2/,7’-
dichlorodihydrofluorescein diacetate (DCFDA; Thermo Fisher Scientific, Waltham,
MA, USA). HeLa, U20S, and SH-S5Y5Y cells were seeded in 96-well plates at 1.5 x 10%
cells/well (Optiplate, Perkin Elmer, Milan, Italy), and after 24 h to allow adhesion,
HeLa and SH-SY5Y cells were incubated with 5 uM GA 462 or 20 uM SM71, while
U20S were treated with 5 pM 8 or 30 uM 11, dissolved in complete medium for 1 or
48 h at 37 °C in 5% CO, atmosphere. After this time, cells were washed with PBS and
treated with 10 uM DCFDA in culture medium for 30 min. Finally, cells were washed
again with PBS and the fluorescence value in each well was measured (Aexc = 488 nm;
Aem = 530 nm) with a plate reader (Tecan, Mannedorf, Switzerland). Fluorescence
emission was normalized to protein content measured using the Bradford method.

3.2.4. Cell-Cycle Analysis via Flow Cytometry

The effects on the HeLa and U20S cell cycles were studied after 24 or 48 h of treatment
with 5 uM 8. Cells were detached with 0.11% trypsin, washed in PBS and centrifuged. The
pellet was resuspended in 0.01% Nonidet P-40, 10 pg/mL RNase, 0.1% sodium citrate, and
50 ng/mL PI, for 30 min at room temperature in the dark. Flow cytometric analyses were
performed as previously described [43].

3.2.5. Reactions with GSH and DI-MS Analysis

The standard reaction mixture consisted of 3 mM 8, 9, and 11 in 0.1 mL PBS, pH 7.4 or
4.0; the reaction was started with the addition of 3 mM GSH, overnight at 37 ° C. Reaction
mixtures, diluted at 1:100 in methanol, were analyzed in direct-infusion mode and negative
polarity with an AB Sciex QTrap 4500 (Concord, ON, Canada) mass spectrometer. The
experimental conditions were as follows: ion spray voltage—4500 kV; temperature—100 °C;
curtain gas (nitrogen) pressure—30 PSI; declustering potential—60 V; entrance potential—
10 V. Mass spectra were acquired with Analyst 1.6.3 software (AB Sciex, Concord, ON,
Canada).

3.2.6. Statistical Analysis

Statistical analyses were performed with GraphPad Prism software.

All data were expressed as means + SDs. Student’s test was performed for the
biological experiments; statistical differences were considered significant at a value of
p < 0.05 and were reported as p < 0.01 (**) and p < 0.001 (***).

4. Conclusions

The thia-Michael-like addition of N-acetyl-L-cysteine to 1,4-naphthoquinone (1), mena-
dione (2), plumbagin (3), juglone (4), or naphthazarin (5) followed by in situ oxidation
of the hydroquinonic form to naphthoquinone derivatives 8-12 was carried out under
different experimental conditions.

By changing the solvent, the conditions to obtain the products as precipitates from the
complex reaction mixture were found. This method, despite lowering the yield of the recov-
ered product, permitted us to separate it via simple filtration, avoiding the chromatographic
purification step often involving decomposition phenomena. The reaction with juglone
in methanol or ethanol gave an inseparable mixture of regioisomeric compounds 11 and
11a in a 7:3 relative molar ratio, whereas in acetonitrile at room temperature, compound 11
precipitated and was isolated via filtration; the products obtained (lawsone did not react
under our experimental conditions) were characterized using 'H-NMR, 13C-NMR, and
mass spectrometry.
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1,4-naphthoquinone derivatives had potent cytostatic effects particularly against HeLa,
SH-5Y5Y, 5a0S2, and U20S cancer cell lines based on ICsg values. In particular, compounds 8,
9, and 11 were also more selective for these tumors than HDFa. Compounds 8 and 11 induced
increases in ROS generation after 1 h of exposure, while only 8 induced an increase in ROS
formation in HeL a cells after 48 h of treatment. Furthermore, cell-cycle analyses showed that
compound 8 caused an increase in the number of G0/G1-phase cells in the HeLa experiment,
while for the U20S and SH-SY5Y cell lines, it led to an accumulation of S-phase cells.

Interestingly, the in vitro potency to increase radical formation and induce biological
effects could depend on the molecular biological characteristics of individual cell lines, as, for
example, in glutathione disulfide reductase (GSR) and NQO1 content. In fact, by consulting
the atlas of human proteins (https://www.proteinatlas.org/ (accessed on 20 August 2022)), it
is possible to see how the gene expression of GSR and NQOIL is very different between these
cell lines: in the HeLa cell line, GSR corresponds to 67.0 normalized transcript expression
values (NTPM), while in the U20S and SH-SY5Y cell lines, it corresponds to 34.7 and 31.7
nTPM, respectively; in the HeLa cell line, NQO1 corresponds to 564.4 nTPM, while in the
U20S and SH-SY5Y cell lines, it corresponds to 155.8 and 17.2 nTPM, respectively.

The important information obtained in this work was given by the mass analyses of
the reaction mixture containing the derivatives of naphthoquinone and GSH. In fact, the
mass spectra of the reaction solution containing compound 8 showed adduct formation
between naphthoquinone and GSH, while 9 did not seem to react with GSH. In fact, in
the spectrum of the reaction mixture, we only found adducts N-acetyl-L-cysteine—GSH,
menadione—GSH, and GSSG. The DI-MS analyses of the reaction mixtures showed that 8
and 11 reacted with GSH and N-acetyl-L-cysteine, leading to a decrease in the amount of
the starting compounds, while 9 remained almost unaffected.

The results suggested a role of GSH adducts in the observed biological effects on
cancer cells.
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10.3390/molecules27175645/s1, the copies of 1TH NMR, 13C NMR, and mass spectra for all new
synthesized compounds and direct-infusion mass spectra of the solution of 8, 9, or 11 with GSH have
been submitted along with the manuscript.

Author Contributions: Conceptualization, G.M., C.B. and N.C,; investigation, GM., N.C,, E.E,, J.F,
C.Z.,N.R. and G.F; resources, C.B., N.C. and G.F,; writing—original draft preparation, G.M., C.B.,
N.C. and ].E,; writing—review and editing, C.B., N.C., P.T. and M.D.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research study was funded by Alma Mater Studiorum—Universita di Bologna grant
RFO (to C.B.,N.C,, J.F, and G.F)).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Lanfranco Masotti for the helpful discussion. The authors
also thank Dario Telese, Simone Splendi, Benedetta Nocentini, and Luca Zuppiroli for running the
mass spectra.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of some compounds are available from the authors.

1. De Souza, A.S.; Ribeiro, R.C.B.; Costa, D.C.S.; Pauli, FP,; Pinho, D.R.; De Moraes, M.G.; Da Silva, F.C.; Forei, L.D.S.M.; Ferreira,
V.FE. Menadione: A platform and a target to valuable compounds synthesis. Beilst. |. Org. Chem. 2022, 18, 381-419. [CrossRef]

[PubMed]

2. Patai, S.; Rappoport, Z. (Eds.) The Quinonoid Compounds: Part 1; John Wiley & Sons Ltd.: New York, NY, USA, 1988; Volume 1.

[CrossRef]


https://www.proteinatlas.org/
https://www.mdpi.com/article/10.3390/molecules27175645/s1
https://www.mdpi.com/article/10.3390/molecules27175645/s1
http://doi.org/10.3762/bjoc.18.43
http://www.ncbi.nlm.nih.gov/pubmed/35529893
http://doi.org/10.1002/9780470772119

Molecules 2022, 27, 5645 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Patai, S.; Rappoport, Z. (Eds.) The Quinonoid Compounds: Part 2; John Wiley & Sons Ltd.: New York, NY, USA, 1988; Volume 2.
[CrossRef]

Dulo, B.; Phan, K.; Githaiga, J.; Raes, K.; De Meester, S. Natural Quinone Dyes: A Review on Structure, Extraction Techniques,
Analysis and Application Potential. Waste Biomass-Valorization 2021, 12, 6339-6374. [CrossRef]

Boga, C.; Delpivo, C.; Ballarin, B.; Morigi, M.; Galli, S.; Micheletti, G.; Tozzi, S. Investigation on the dyeing power of some organic
natural compounds for a green approach to hair dyeing. Dyes Pigments 2013, 97, 9-18. [CrossRef]

Dayan, EE.; Duke, S.O. Natural compounds as next-generation herbicides. Plant Physiol. 2014, 166, 1090-1105. [CrossRef]
[PubMed]

Rudnicka, M.; Ludynia, M.; Karcz, W. The Effect of Naphthazarin on the Growth, Electrogenicity, Oxidative Stress, and
Microtubule Array in Z. mays Coleoptile Cells Treated with IAA. Front. Plant Sci. 2019, 9, 01940. [CrossRef]

Kashket, E.R.; Brodie, A.F. Oxidative Phosphorylation in Fractionated Bacterial Systems: X. different roles for the natural quinones
of Escherichia coli W in oxidative metabolism. J. Biol. Chem. 1963, 238, 2564-2570. [CrossRef]

Ziegler, D.M. The Role of Quinones in the Mitochondrial Electron Transport System. Am. J. Clin. Nutr. 1961, 9, 43-49. [CrossRef]
Goodwin, T.W.; Mercer, E.I. Introduction to Plant Biochemistry; Pergamon Press: Oxford, UK, 1972. [CrossRef]

Babula, P.; Adam, V.; Havel, L.; Kizek, R. Noteworthy secondary metabolites naphthoquinones-their occurrence, pharmacological
properties and analysis. Curr. Pharm. Anal. 2009, 5, 47—-68. [CrossRef]

War, A.R; Paulraj, M.G.; Ahmad, T.; Buhroo, A.A.; Hussain, B.; Ignacimuthu, S.; Sharma, H.C. Mechanisms of plant defense
against insect herbivores. Plant Signal. Behav. 2012, 7, 1306-1320. [CrossRef] [PubMed]

Huang, L.-].; Chang, F-C.; Lee, K.-H.; Wang, J.-P,; Teng, C.-M.; Kuo, S.-C. Synthesis and antiplatelet, antiinflammatory, and
antiallergic activities of substituted 3-chloro-5,8-dimethoxy-1,4-naphthoquinone and related compounds. Bioorg. Med. Chem.
1998, 6, 2261-2269. [CrossRef]

Jin, Y.-R.; Ryu, C.-K.; Moon, C.-K.; Cho, M.-R.; Yun, Y.-P. Inhibitory effects of J78, a newly synthesized 1,4-naphthoquinone
derivative, on experimental thrombosis and platelet aggregation. Pharmacology 2004, 70, 195-200. [CrossRef] [PubMed]

Yuk, D.Y,; Ryu, CK.; Hong, ].T.; Chung, K.H.; Kang, W.S.; Kim, Y.; Yoo, H.S.; Lee, M.K; Lee, C.K.; Yun, Y.P. Antithrombotic
and antiplatelet activities of 2-chloro-3-[4-(ethylcarboxy)-phenyl]-amino-1,4-naphthoquinone (NQ12), a newly synthesized
1,4-naphthoquinone derivative. Biochem. Pharmacol. 2000, 60, 1001-1008. [CrossRef]

Zhang, L.; Zhang, G.; Xu, S.; Song, Y. Recent advances of quinones as a privileged structure in drug discovery. Eur. |. Med. Chem.
2021, 223, 113632. [CrossRef] [PubMed]

Sasaki, K.; Abe, H.; Yoshizaki, F. In vitro antifungal activity of naphthoquinone derivatives. Biol. Pharm. Bull. 2002, 25, 669-670.
[CrossRef] [PubMed]

Mancini, I; Vigna, J.; Sighel, D.; Defant, A. Hybrid Molecules Containing Naphthoquinone and Quinolinedione Scaffolds as
Antineoplastic Agents. Molecules 2022, 27, 4948. [CrossRef]

O’Brien, PJ. Molecular mechanisms of quinone cytotoxicity. Chem. Biol. Interact. 1991, 80, 1-41. [CrossRef]

Valente, C.; Moreira, R.; Guedes, R.C.; Iley, ].; Jaffarc, M.; Douglas, K.T. The 1,4-naphthoquinone scaffold in the design of cysteine
protease inhibitors. Bioorg. Med. Chem. 2007, 15, 5340-5350. [CrossRef]

Bittner, S. When quinones meet amino acids: Chemical, physical and biological consequences. Amino Acids 2006, 30, 205-224.
[CrossRef]

Ahmad, Y.; Suzuki, YJ. Juglone in Oxidative Stress and Cell Signaling. Antioxidants 2019, 8, 91. [CrossRef]

Tripathi, S.K.; Panda, M.; Biswal, B.K. Emerging role of plumbagin: Cytotoxic potential and pharmaceutical relevance towards
cancer therapy. Food Chem. Toxicol. 2019, 125, 566-582. [CrossRef]

Inbaraj, J.J.; Chignell, C.F. Cytotoxic action of juglone and plumbagin: A mechanistic study using HaCaT keratinocytes. Chem.
Res. Toxicol. 2004, 17, 55-62. [CrossRef] [PubMed]

Papageorgiou, V.P.; Assimopoulou, A.N.; Couladouros, E.A.; Hepworth, D.; Nicolaou, K.C. The chemistry and biology of
alkannin, shikonin, and related naphthazarin natural products. Angew. Chem. Int. Ed. 1999, 38, 270-301. [CrossRef]

Devi, S.P.; Kumaria, S.; Rao, S.R.; Tandon, P. Carnivorous plants as a source of potent bioactive compound: Naphthoquinones.
Trop. Plant Biol. 2016, 9, 267-279. [CrossRef]

Johansson, A.C.; Norberg-Spaak, L.; Roberg, K. Role of lysosomal cathepsins in naphthazarin- and Fas-induced apoptosis in oral
squamous cell carcinoma cells. Acta Otolaryng. 2006, 126, 70-81. [CrossRef]

Kim, M.Y;; Park, S.J.; Shim, ].W.; Yang, K.; Kang, H.S.; Heo, K. Naphthazarin enhances ionizing radiation-induced cell cycle arrest
and apoptosis in human breast cancer cells. Int. ]. Oncol. 2015, 46, 1659-1666. [CrossRef] [PubMed]

Kim, ].-A.; Lee, EK,; Park, S.J.; Kim, N.D.; Hyun, D.-H.; Lee, C.G.; Lee, ].H.; Yang, K.M.; Heo, K,; Son, T.G. Novel anti-cancer role
of naphthazarin in human gastric cancer cells. Int. ]. Oncol. 2012, 40, 157-162. [CrossRef] [PubMed]

Chen, A.-D.; Li, H.; Li, Y.-C.; Zeng, H. Naphthazarin suppresses cell proliferation and induces apoptosis in human colorectal
cancer cells via the B-cell lymphoma 2/B-cell associated X protein signaling pathway. Oncol. Lett. 2016, 12, 5211-5216. [CrossRef]
[PubMed]

Monks, T.J.; Highet, R.J.; Lau, S.S. Oxidative cyclization, 1, 4-benzothiazine formation and dimerization of 2-bromo-3-(glutathion-
S-yl) hydroquinone. Mol. Pharmacol. 1990, 38, 121-127.

Snell, ].M.; Weissberger, A. The Reaction of Thiol Compounds with Quinones. J. Am. Chem. Soc. 1939, 61, 450-453. [CrossRef]


http://doi.org/10.1002/9780470772126
http://doi.org/10.1007/s12649-021-01443-9
http://doi.org/10.1016/j.dyepig.2012.11.020
http://doi.org/10.1104/pp.114.239061
http://www.ncbi.nlm.nih.gov/pubmed/24784133
http://doi.org/10.3389/fpls.2018.01940
http://doi.org/10.1016/S0021-9258(19)68006-3
http://doi.org/10.1093/ajcn/9.4.43
http://doi.org/10.1016/0031-9422(73)80722-8
http://doi.org/10.2174/157341209787314936
http://doi.org/10.4161/psb.21663
http://www.ncbi.nlm.nih.gov/pubmed/22895106
http://doi.org/10.1016/S0968-0896(98)80006-0
http://doi.org/10.1159/000075548
http://www.ncbi.nlm.nih.gov/pubmed/15001820
http://doi.org/10.1016/S0006-2952(00)00411-1
http://doi.org/10.1016/j.ejmech.2021.113632
http://www.ncbi.nlm.nih.gov/pubmed/34153576
http://doi.org/10.1248/bpb.25.669
http://www.ncbi.nlm.nih.gov/pubmed/12033513
http://doi.org/10.3390/molecules27154948
http://doi.org/10.1016/0009-2797(91)90029-7
http://doi.org/10.1016/j.bmc.2007.04.068
http://doi.org/10.1007/s00726-005-0298-2
http://doi.org/10.3390/antiox8040091
http://doi.org/10.1016/j.fct.2019.01.018
http://doi.org/10.1021/tx034132s
http://www.ncbi.nlm.nih.gov/pubmed/14727919
http://doi.org/10.1002/(SICI)1521-3773(19990201)38:3&lt;270::AID-ANIE270&gt;3.0.CO;2-0
http://doi.org/10.1007/s12042-016-9177-0
http://doi.org/10.1080/00016480510043422
http://doi.org/10.3892/ijo.2015.2857
http://www.ncbi.nlm.nih.gov/pubmed/25633658
http://doi.org/10.3892/ijo.2011.1195
http://www.ncbi.nlm.nih.gov/pubmed/21904775
http://doi.org/10.3892/ol.2016.5319
http://www.ncbi.nlm.nih.gov/pubmed/28101239
http://doi.org/10.1021/ja01871a065

Molecules 2022, 27, 5645 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Micheletti, G.; Boga, C.; Forlani, L.; Del Vecchio, E.; Zanna, N.; Mazzanti, A.; Monari, M. Hydroxy- and Methoxybenzene
Derivatives with Benzenediazonium Salts—Chemical Behavior and Tautomeric Problems. Eur. J. Org. Chem. 2016, 2017, 964-974.
[CrossRef]

Laugraud, S.; Guingant, A.; Chassagnard, C.; d’Angelo, J. Regioselective Synthesis of 2- and S-(Phenylthio)juglone Derivatives. J.
Org. Chem. 1988, 53, 1557-1560. [CrossRef]

Becker, J.; Schuppan, D.; Benzian, H.; Bals, T.; Hahn, E.G.; Cantaluppi, C.; Reichart, P. Inmunohistochemical distribution of
collagens types IV, V and VI and of pro-collagens types I and III in human alveolar bone and dentine. |. Histochem. Cytochem.
1986, 34, 1417-1429. [CrossRef] [PubMed]

Chichester, C.O.; Fernandez, M.; Minguell, ].]. Extracellular matrix gene expression by human bone marrow stroma and by
marrow fibroblasts. Cell Adhes. Commun. 1993, 1, 93-99. [CrossRef] [PubMed]

Klaus, V,; Hartmann, T.; Gambini, J.; Graf, P.; Stahl, W.; Hartwig, A.; Klotz, L.O. 1,4-Naphthoquinones as inducers of oxidative
damage and stress signaling in HaCaT human keratinocytes. Arch. Biochem. Biophys. 2010, 496, 93-100. [CrossRef]

Rooseboom, M.; Commandeur, ].N.; Vermeulen, N.P. Enzyme-catalyzed activation of anticancer prodrugs. Pharmacol. Rev. 2004,
56, 53-102. [CrossRef]

Ernster, L. DT Diaphorase: A historical review. Chem. Scr. 1987, 27A, 1-13.

D’Arcy Doherty, M.; Rodgers, A.; Cohen, G.M. Mechanisms of toxicity of 2- and 5-hydroxy-1,4-naphthoquinone; absence of a
role for redox cycling in the toxicity of 2-hydroxy-1,4-naphthoquinone to isolated hepatocytes. J. Appl. Toxicol. 1987, 7, 123-129.
[CrossRef]

Abdelmohsen, K.; Gerber, P.A.; von Montfort, C.; Sies, H.; Klotz, L.O. Epidermal growth factor receptor is a common mediator of
quinone-induced signaling leading to phosphorylation of connexin-43—Role of glutathione and tyrosine phosphatases. J. Biol.
Chem. 2003, 278, 38360-38367. [CrossRef]

Abdelmohsen, K.; Patak, P.; von Montfort, C.; Melchheier, L; Sies, H.; Klotz, L.O. Signaling effects of menadione: From tyrosine
phosphatase inactivation to connexin phosphorylation. Methods Enzymol. 2004, 378, 258-272. [CrossRef]

Micheletti, G.; Calonghi, N.; Farruggia, G.; Strocchi, E.; Palmacci, V.; Telese, D.; Bordoni, S.; Frisco, G.; Boga, C. Synthesis of Novel
Structural Hybrids between Aza-Heterocycles and Azelaic Acid Moiety with a Specific Activity on Osteosarcoma Cells. Molecules
2020, 25, 404. [CrossRef]


http://doi.org/10.1002/ejoc.201601393
http://doi.org/10.1021/jo00242a042
http://doi.org/10.1177/34.11.3772076
http://www.ncbi.nlm.nih.gov/pubmed/3772076
http://doi.org/10.3109/15419069309095685
http://www.ncbi.nlm.nih.gov/pubmed/8081879
http://doi.org/10.1016/j.abb.2010.02.002
http://doi.org/10.1124/pr.56.1.3
http://doi.org/10.1002/jat.2550070209
http://doi.org/10.1074/jbc.M306785200
http://doi.org/10.1016/S0076-6879(04)78020-9
http://doi.org/10.3390/molecules25020404

	Introduction 
	Results and Discussion 
	Reactions between 1,4-Naphthoquinones and N-Acetyl-L-Cysteine 
	Biological Activity 
	Redox Imbalance 
	Effect on Cell Proliferation 
	Product Reactivity with Glutathione 


	Materials and Methods 
	Chemical Synthesis 
	General 
	General Procedure 

	Biology 
	Cell Culture and Treatments 
	MTT Assay 
	Measurement of Intracellular ROS Level 
	Cell-Cycle Analysis via Flow Cytometry 
	Reactions with GSH and DI-MS Analysis 
	Statistical Analysis 


	Conclusions 
	References

