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Abstract: P2X7 receptors are ligand-gated ion channels activated by ATP and play a significant role in
cellular immunity. These receptors are considered as a potential therapeutic target for the treatment
of multiple inflammatory diseases. In the present work, using spectrofluorimetry, spectrophotometry,
Western blotting and ELISA approaches, the ability of 1,4-naphthoquinone thioglucoside derivatives,
compounds U-286 and U-548, to inhibit inflammation induced by ATP/LPS in RAW 264.7 cells via
P2X7 receptors was demonstrated. It has been established that the selected compounds were able
to inhibit ATP-induced calcium influx and the production of reactive oxygen species, and they also
exhibited pronounced antioxidant activity in mouse brain homogenate. In addition, compounds
U-286 and U-548 decreased the LPS-induced activity of the COX-2 enzyme, the release of pro-
inflammatory cytokines TNF-« and IL-1 in RAW 264.7 cells, and significantly protected macrophage
cells against the toxic effects of ATP and LPS. This study highlights the use of 1,4-naphthoquinones
as promising purinergic P2X7 receptor antagonists with anti-inflammatory activity. Based on the data
obtained, studied synthetic 1,4-NQs can be considered as potential scaffolds for the development of
new anti-inflammatory and analgesic drugs.

Keywords: 1,4-naphthoquinones; Ca?* influx; YO-PRO-1 uptake; P2X7R; macrophages; ROS
production; IL-1B and TNF-« release; COX-2 activity; antioxidant activity; inflammation

Key Contribution: Results of this work suggest that some 1,4-naphthoquinones inhibit the functions
of ATP-activated purinergic P2X7 receptors in macrophages, resulting in blocking ion transport
through receptor channels and reducing the production and activity of a number of inflammation
markers associated with P2X7 receptors.

1. Introduction

ATP is an important intercellular messenger and neurotransmitter that activates ligand-
gated ion channels of the P2X family (P2XR) and metabotropic receptors of the P2Y fam-
ily [1]. These receptors play an important role in nerve signal transmission, induction of
inflammation reactions and cell death [2]. It is also known that an excessive increase in the
concentration of ATP in the extracellular space due to direct cell destruction or infection af-
fects stress receptors, such as the P2X7 receptor (P2X7R) [3]. P2XRs are also considered as a
part of the innate immune response. In the event of infection, pathogen-associated molecu-
lar patterns (PAMPs), in turn, activate pathogen recognition receptors (PRRs) (i.e., Toll-like
receptors), which induces ATP release and thus influences P2XR activation [4].

P2X7R is expressed by hematopoietic immune cells, including dendritic and mast
cells, T-cells, macrophages, and microglia [5]. Long-term exposure to high concentrations
of ATP (>1 mM) on the P2X7 receptor can lead to the opening of a macropore permeable to
charged hydrophilic molecules up to 900 Da in size, which can cause necrotic or apoptotic
cell death, depending on the tissue type [6].
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So far, many non-selective P2X7R blockers have been discovered, such as BBG, PPADS,
TNP-ATP, and others [7]. Many of them were studied in various pathological conditions
and turned out to be active in the early stages of trials. However, the low affinity of these
antagonists for these receptors led to low efficiency and required increased dosages; as a
result, many of them did not pass preclinical or clinical trials [8]. Currently, the results of
pharmacological studies confirm the relevance of the search for new classes of effective and
selective P2X7R blockers to understand the fundamental relationships in the functioning of
the receptor and to develop new drugs based on them [9].

Inflammation is one of the major problems associated with diseases caused by P2X7R
overactivation. However, there are no anti-inflammatory drugs on the pharmaceutical
market based on selective blockers of these receptors [8]. Modern anti-inflammatory
drugs are divided into two categories: steroidal and non-steroidal anti-inflammatory
drugs (NSAIDs). NSAIDs target the activity of the COX-1/2 enzyme [10]. The activity
of this enzyme is increased under the action of the pro-inflammatory cytokine IL-1f,
the maturation and release of which is directly related to the activation of P2X7R. At
the moment, many anti-inflammatory pharmacological drugs are undergoing clinical
trials due to the increase in the incidence of inflammatory diseases and the insufficient
effectiveness of conventional NSAIDs (ibuprofen, naproxen, diclofenac and many others).
Data from numerous placebo-controlled studies and meta-analyses of studies indicate
with concern the side effects of NSAIDs in gastrointestinal, hepatic, cardiovascular, renal,
cerebral and pulmonary complications [11]. The complexity and diversity of the human
inflammatory system requires the search and identification of new molecular targets for
the development of drugs for the treatment of inflammatory and autoimmune diseases.
Such drugs should have sufficient specificity, minimal side effects and high efficacy. Both
natural and synthetically obtained compounds can serve as a source for new drugs [12].

Natural 1,4-naphthoquinones (1,4-NQs) are a promising class of biologically active
compounds that perform various protective functions in plant and animal organisms [13].
Most of 1,4-NQs are cytotoxic for different type cells but at low concentrations some of
them exhibit pronounced antioxidant and cardioprotective properties in postinfarction
conditions and burn conditions associated with extensive tissue damage [14]. Based on
natural 1,4-NQs, various synthetic compounds with high toxicity to cancer cells have
also been obtained [15]. In addition, a number of naturally occurring benzoquinones
such as Embelin (2,5-dihydroxy-3-undecyl-1,4-benzoquinone) have recently been shown
to have potent anti-inflammatory and antioxidant activity [16]. Several studies support
the efficacy of synthetic 1,4-naphthoquinone derivatives as P2X7R blockers. Thus, it was
shown that aryl derivatives of 1,4-naphthoquinone (AN-03 and AN-04) had a greater
potential as inhibitors of the P2X7R than standard Brilliant Blue G (BBG) and A74003
blockers [17]. These compounds effectively inhibited YO-PRO-1 dye uptake, IL-1f3 release
and carrageenan-induced paw edema in vivo.

In previous work [18] 15 synthetic derivatives of 1,4-NQs were screened and four most
effective compounds—two acyclic thioglucosides, U-548 and U-557, and their tetracyclic
thioglucoside derivatives, U-286 and U-556 were selected. An in vitro biological activity
assay indicated that the selected compounds inhibited P2X7R functions in the Neuro-2a
neuronal cells, suggesting their analgesic properties. The analysis of these compounds in
silico indicated their potential binding to the allosteric site of P2X7R [18].

The purpose of this work is to study the anti-inflammatory activity of compounds,
U-286 and U-548, on RAW 264.7 macrophage cells. In present work were studied the
cytotoxic, cytoprotective, antioxidant and free radical-scavenging properties of these com-
pounds. The ability of the selected compounds to inhibit ATP/LPS-induced Ca?* influx
into RAW 264.7 macrophage cells and uptake of the YO-PRO-1 dye also was investigated.
In addition, the inhibition of the activity of the pro-inflammatory COX-2 enzyme, ATP /LPS-
induced reactive oxygen species (ROS) production, and the release of pro-inflammatory
cytokines IL-13 and TNF-o in RAW 264.7 cells were inspected.
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2. Results
2.1. Cytotoxic Activity of 1,4-NQs
The cytotoxicity of the tested 1,4-naphthoquinones was assessed using an MTT as-

say. Compound U-286 (IC5y = 46 uM) had moderate toxicity, and compound U-548
(IC50 = 81 uM) showed the lowest toxicity (Figure 1).
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Figure 1. Chemical structures of 1,4-NQs U-286 (a) and U-548 (b) [18] and cytotoxic activity of U-286
(c) and U-548 (d) against RAW 264.7 macrophage cells. Cells (2 x 104 cells/well) were incubated
in the presence of different concentrations of U-286 or U-548 for 24 h. Then the cell viability was
determined using MTT method. Data are presented as m + SE (n = 3).

2.2. 1,4-NQs Inhibit ATP-Induced Ca** Influx in RAW 264.7 Cells

P2X7Rs are non-selective ion channels permeable to calcium ions by the action of
extracellular ATP. Activation of purinergic receptors leads to an increase in the intracellular
concentration of calcium ions [CaZ*];. To determine the ability of the selected 1,4-NQs
to inhibit P2X7Rs, RAW 264.7 cells were loaded with a Ca®* selective fluorescent probe
Fluo-8 AM. The binding signals of the calcium entering the cell with the probe were
recorded at 37 °C. After the addition of low concentration of ATP to macrophages primed
with LPS, a significant increase in [CaZ*]; was observed. That influx was inhibited by the
P2X7R blockers, BBG (10 pM) and A438079 (10 uM) (Figure 2 a,b).

Both 1,4-NQs at concentration range of 0.1-5.0 uM demonstrated significant inhibition
of calcium influx, showing efficacy comparable to the standard blockers A438079 and BBG.
Compound U-286 caused the greatest effect, significantly reducing the influx of calcium ions
at concentrations of 5.0 uM, 1.0 uM and 0.1 uM by 51.7 & 3.8%, 54.4 & 2.6% and 46.7 £ 6%,
respectively. The treatment of cells with U-548 also led to the inhibition of ATP-induced
calcium entry at all concentrations studied (5.0 tM—32.9 & 10.1%; 0.1 uM—46.1 + 4.6%
and 1.0 uM—43.5 £ 5.7%) (Figure 2).
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Figure 2. 1.4-NQs inhibit ATP-induced Ca?" influx in RAW 264.7 cells: (a) Effect of 1,4-NQs (0.1,
1.0 and 5.0 uM), A438079 (10 pM) and BBG (10 uM) on Ca2* influx, induced by ATP (300 uM) in
RAW 264.7 cells primed with LPS (100 ng/mL). (b) Representative curves of [Ca®*] elevation induced
by ATP (300 uM) and LPS (100 ng/mL) alone or in the presence of U-286 (5 uM) or standard P2X7
receptor blockers A438079 and BBG in RAW 264.7 cells. Data are presented as m £ SE (n = 3);
*p <0.05,** p <0.01 compared to ATP.

2.3. 1,4-NQs Inhibit ATP-Induced YO-PRO-1 Dye Uptake in RAW 264.7 Cells

It is known that the stimulation of P2X7R by high concentrations of ATP leads to the
opening of a macropore, capable of the uptake of large-charged molecules up to 900 Da [6].
To assess the ability of the studied 1,4-NQs to block the formation of a macropore, the low
molecular weight fluorescent dye YO-PRO-1 was chosen. The treatment RAW 264.7 cells by
2 mM ATP increases the dye uptake to (208.3 £ 7.9%) relative to the control without ATP.
The effect of the quinone derivatives on dye uptake was evaluated in comparison with BBG
(10 uM) and A438079 (10 uM). Standard blockers BBG and A438079 significantly inhibited
dye uptake by 48.3 £ 8.3% and 33.4 & 6.7%, respectively. U-548 exhibited the highest level
of inhibition at a concentration of 5.0 uM (44.2 & 2.5%), demonstrating a dose-dependent
effect at two other concentrations (1.0 uM, 22.4 + 1.1% and 0.1 uM, 10.7 £ 3.7%). The
quinone U-286 also affected dye uptake at the tested concentrations: 0.1 uM inhibition by
13.6 + 1.2%; 1.0 uM—by 19.6 = 6.5%; 5.0 uM—Dby 13.1 £ 2.3% (Figure 3). Thus, the selected
1,4-NQs U-286 and U-548 inhibit the ATP-induced formation of the P2X7 receptor pore.

2.4. 1,4-NQs Protect RAW 264.7 Cells against Toxic Effect of ATP

Since LPS is known to increase the production of inflammatory mediators and mod-
ulate the functioning of P2X7Rs in macrophages, including the RAW 264.7 line, we pre-
primed the cells with LPS to enhance the action of ATP [19]. The effect of the studied
1,4-NQs on cell viability at high concentrations of ATP (2 mM) primed with LPS was evalu-
ated using three different methods investigating various parameters of cell viability. BBG
(10 uM), A438079 (10 uM) and the enzyme apyrase, reducing ATP content in extracellular
media, were used as antagonists to eliminate the cytotoxic effect of ATP on cells (Figure 4).
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Figure 3. 1,4-NQs inhibit ATP-induced YO-PRO-1 dye entry into RAW 264.7 cells. (a) Inhibition
levels of YO-PRO-1 uptake induced by 2 mM ATP in the presence of tested 1,4-NQs (5.0, 1.0, 0.1 uM)
or standard blockers A438079 (10 uM) and BBG (10 uM). (b) Representative curves showing uptake
of YO-PRO-1 dye in the presence of compound U-548 (5, 1, 0.1 uM) or A438079 (10 uM) and BBG
(10 uM). Data are presented as m & SE (n = 6). * p < 0.05, ** p < 0.001 compared to ATP.
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Figure 4. 1,4-NQs increase the viability of RAW 264.7 under ATP/LPS toxicity. The effect of 1,4-NQs
on the viability of RAW 264.7 cells under the action of LPS (100 ng/mL) / ATP (2 mM) for 24 h was
assessed using: LDH analysis (a), MTT-test (b), FDA analysis (c). Data are presented as m + SE
(n=3).*p <0.05 *p <0.001 compared to ATP.
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The effect of ATP and LPS was expressed in an increase in the level of lactate dehydro-
genase (LDH) in the extracellular space by 87.1 & 8.6%, relative to the control. Compound
U-286 had a significant inhibition of the release of LDH at concentrations of 0.1 and 5.0 uM,
showing effective inhibition by 43.5 & 8.7% and 38.2 + 3.4%, respectively. The treatment
of quinone U-548 cells at a concentration of 5.0 uM resulted in a 44.2 & 3.3% decrease of
LDH levels, while the other two concentrations (1.0 and 0.1 uM) had no significant effect
(Figure 4a).

The MTT test also showed that the selected compounds increased cell viability by
influencing their metabolic activity under the action of ATP and LPS. The most effective
compound was U-286, which increased cell viability at concentrations of 0.1, 1.0 and
5.0 uM by 4.9 4 3.1%, 9.5 £ 2.2% and 17.3 & 3.1%, respectively. A significant increase in
cell viability by 6.8 &= 0.6% was also demonstrated by compound U-548 at a concentration
of 1.0 uM (Figure 4b).

Viability analysis using fluorescein diacetate (FDA) approach leaded to a similar result.
Compounds U-286 and U-548 at a concentration of 1.0 pM increased cell viability to the
level of control without ATP and LPS (Figure 4c).

2.5. 1,4-NQs Inhibit ATP-Induced ROS Production in RAW 264.7 Cells

Previously, we proved that the studied substances are able to inhibit the production
of ROS in neuronal cells under the action of high concentrations of ATP [18]. In the
present study, the ability of compounds U-286 and U-548 to inhibit ROS production in
RAW 264.7 macrophage cells under the action of low concentrations of ATP (300 M) with
pre-priming of cells with LPS (100 ng) was studied (Figure 5a). This ATP/LPS effect on
macrophages showed an increase in ROS production by 40.2%. At the same time, treatment
with only LPS or only ATP did not show a significant increase in ROS production, which
may indicate the synergistic participation of these two compounds in the induction of
inflammation and oxidative stress. The inhibitory effect of the studied compounds was
evaluated in comparison with the action of the standard P2X7 receptor blocker A438079 at
a concentration of 10 uM, significantly decreasing intracellular ROS amount by 69.7 £ 3.2%
compare to ATP/LPS. As a result, it was shown that pretreatment of cells with U-286 and
at concentrations of 5.0, 1.0, and 0.1 pM demonstrated a statistically significant reduction
of the ROS level by 27.5 £ 9.5%, 36.2 & 3.8%, and 61.8 + 6.6%, respectively. The use
of compound U-548 at a concentration of 5.0 uM did not lead to inhibition; however,
concentrations of 1 and 0.1 uM significantly inhibited ROS production by 39.3 £ 4.4% and
48.6 & 3.7%, correspondingly (Figure 5a).

2.6. 1,4-NQs Inhibit of the Iron-Induced Oxidation of the Mouse Brain Homogenate

It is known that 1,4-NQs may cause oxidative stress in exposed cells [20] and, therefore,
have an effect on redox signaling. The antioxidant activity of synthetic 1,4-NQs and
the well-known antioxidant ionol (2,6-di-tert-butyl-4-methylphenol) was studied using
the model of non-enzymatic Fe?*-induced oxidation of the mouse brain homogenate
(Figure 5b). Antioxidant activity was evaluated by a fluorescent method for determining of
the thiobarbituric acid reactive substances (TBARS), the end products of oxidation reacting
with thiobarbituric acid, in the formation of which all possible forms of active oxygen are
involved. Preincubation of a mouse brain homogenate with selected compounds U-548 and
U-286 led to a decrease TBARS content after Fe?*-induced oxidation of the mouse brain
homogenate. Thus, the compound U-548 led to a dose-dependent decrease in the level of
ROS and TBARS content at concentrations of 0.05-10.0 uM from 13.8% till 38.4%. U-286,
decreased in the content of TBARS, showed the greatest antioxidant effect, demonstrating
dose-dependent efficacy over the entire range of studied concentrations of 0.05-10.0 pM
from 36.1% to 64.0%. This antioxidant activity of the studied 1,4-NQs was comparable
lower than that of ionol selected as an antioxidant control (Figure 5b).
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Figure 5. 1,4-NQs reduce ATP-induced ROS production in RAW 264.7 cells and inhibit the iron-
induced oxidation of mouse brain homogenate. RAW 264.7 cells were primed with LPS and pre-
treated with studied compounds followed by treatment with ATP. Intracellular ROS level was
determined then by spectroflurimetry (a). The iron-induced oxidation of mouse brain homogenate
was induced by FeSO, and the TBARS contents were determined in the presence of ionol (positive
control) and 1,4-NQs by spectroflurimetry (b). Data are presented as m £ SE (n = 3), * p < 0.05,
**p <0.001.

2.7.1,4-NQs Do Not Bind Diphenylpicrylhydrazyl (DPPH) Free Radicals

1,4-NQs U-286 and U-548 were tested for their ability to scavenge DPPH free radicals
in a cell-free assay. In this investigation, the selected compounds did not show significant
binding of diphenylpicrylhydrazyl (DPPH) free radicals. The maximum binding of free
radicals (47.41%) was shown for U-548 at a concentration of 100 uM. The standard antioxi-
dants, quercetin (ICs5p = 9.38 utM) and ascorbic acid (ICsy = 41.75 pM), were used as positive
controls (Table 1).

Table 1. Quantification of diphenylpicrylhydrazyl (DPPH) free radical scavenging by compounds
U-286 and U-548.

DPPH Radical Scavenging, %

1,4-NQs
0.1 uM 1.0 uM 5.0 uM 50.0 uM 100.0 pM
U-286 6.08 + 0.63 6.68 + 0.83 9.06 + 4.39 9.69 + 1.04 17.96 +1.37
U-548 0 0 0 21.94 £+ 0.74 47.41 + 1.66

2.8. 1,4-NQs Inhibit the Production of Pro-Inflammatory Cytokines and COX-2 Activity in RAW
264.7 Cells

According to the obtained data, the action of LPS increased the level of pro-inflammatory
cytokines, TNF-« and IL-1f3, in RAW 264.7 cells (Figure 6a,c). This effect is apparently
due to inflammatory processes that can be induced by LPS binding to membrane Toll-like
receptors. It was found that compounds U-286 and U-548 at concentrations of 0.1-1.0 pM
were able to significantly inhibit TNF-oc production in RAW 264.7 cells. The compound
U-548 showed the highest activity, which reduced the level of TNF-o at concentrations
of 0.1 and 1.0 uM by 50.2 £ 9.9% and 67.9 £ 11.0%, respectively. Compound U-286 also
showed a significant inhibitory effect. At concentrations 1.0 uM and 0.1 uM this compound
decreased TNF-« production by 35.6 & 8.8% and 42.5 & 7.7%, correspondingly (Figure 6a).
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Figure 6. 1.4 NQs exhibit an anti-inflammatory effect on RAW 264.7 cells. Effect of U-286 and
U-548 on the production of TNF-« (a) and on COX-2 activity in RAW 264.7 cells induced with LPS
(b); Western blot analysis of IL-1p expression in RAW 264.7 cells induced with LPS and ATP (c);
representative image of Western blot (d). Data are presented as m + SE (n = 3); * p < 0.05, ** p < 0.001
compared to LPS.

In addition, the effect of selected 1,4-NQs on the activity of mouse cyclooxygenase-2
(COX-2) in RAW 264.7 cells were studied under the action of LPS. In this experiment, both
tested compounds showed a decrease in enzyme activity at concentrations of 0.1-1.0 uM.
Compound U-286 was significantly effective at both concentrations, inhibiting COX-2
activity by 82.5 £ 2.6% and 71.3 & 1.0%, respectively (Figure 6b). Compound U-548 showed
a high inhibitory effect at a concentration of 1.0 uM by 80.3 £ 0.6%, and significantly less at
a concentration of 0.1 uM by 29.4 £ 1.3% (Figure 6b).

The influence of the studied compounds on the expression of IL-1f3 was assessed
using a Western blot analysis. Macrophage activation stimulates the release of IL-1f3
in a two-step process. The first step is stimulation of the toll-like receptor 4 (TLR4) by
LPS, which resulted in accumulation of cytoplasmic pro-IL-1f3. The second step is the
ATP-dependent stimulation of P2X7Rs, promoting nucleotide-binding, leucine-rich repeat,
pyrin domain containing 3 (NLRP3) inflammasome-mediated caspase-1 activation and
secretion of mature IL-13 [21]. In this experiment, it was confirmed that the effect of a small
concentration of LPS (100 ng/mL) had a minor effect on the release of the mature cytokine
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form. Therefore, a combination of a high concentration of ATP and priming by a relatively
low concentration of LPS was chosen. This cell treatment resulted in a significant increase
in IL-1p production, which were inhibited by 1,4-NQs. As a result, the highest level of
inhibition of IL-1B expression was achieved when treated with compound U-286 (0.1 uM)
and A438079 (10 pM), while the use of compound U-548 and BBG had no visible effect on
the expression of mature IL-1 3 (Figure 6¢c-d).

3. Discussion

The P2X7R is a non-selective ion channel that is activated by exposure to ATP. Dysfunc-
tion or overexpression of the P2X7R causes numerous pathological conditions associated
with pain, inflammation and tissue degeneration, such as neuropathic pain, CNS disorder,
impaired hormonal response, rheumatoid arthritis, postischemic conditions, neurodegener-
ative and oncological diseases [7,22-28]. Cascades of downstream reactions triggered by
P2X7R activation lead to the assembly, maturation and release of IL-1(3 [29], the production
of the pro-inflammatory cytokine TNF-« [30], and reactive nitrogen and oxygen species
formation [31]. In addition, P2X7R is directly involved in adaptive immunity by triggering
the activation of T cells [32]. As a result, this receptor subtype is a very promising phar-
macological target, and modulation of P2X7R exhibits potential interest in the treatment
of oncological and autoimmune disorders. Thus, the usage of antagonists that will inhibit
the activity of P2X7 receptors and reduce their expression levels may be effective in the
treatment of associated diseases.

The selective blockers have been found for P2X7Rs such as A438079, OxATP, specific
antibodies and some others [8,33]. It has been shown that these antagonists can significantly
inhibit the activity of these receptors, reduce their expression level and can be used to treat
concomitant diseases associated with inflammation and pain [34]. However, many of these
compounds are screened out at the stage of clinical trials, do not pass blood—-brain barrier,
cause unwanted side effects, or have little efficacy in human trials [35].

It is known that 1,4-naphthoquinone derivatives can be used as a new class of P2X7R
antagonists with high pharmaceutical potential. For example, it was shown that derivatives
of 3-halo- and 3-aryl-2-hydroxy-1,4-naphthoquinone (AN-03 and AN-04) are able to inhibit
the functions of the P2X7 receptor in various cell cultures and exhibit anti-inflammatory
activity in vivo [17]. Then, three derivatives of 2-amino-3-aryl-1,4-naphthoquinone (AD-
4CN, AD-4Me and AD-4F) were synthesized and studied, of which the compound AD-4F
was found to be the most effective [36]. AD-4F inhibited dye uptake in mouse and human
P2X7Rs shows the greatest activity in inhibiting human P2X7R. In addition, the AD-4F
compound showed an inhibitory effect in ATP-induced IL-1p release greater than that of
the standard BBG blocker, and also contributed to the relief of edema caused by carrageenan
in vivo. The in silico analysis performed for the above derivatives of 1,4-naphthoquinone
revealed the binding site of these compounds with the human P2X7R model in the allosteric
site located in the region of the receptor pore [17,36].

In previous work, we studied four compounds: two pairs of acyclic thioglucosides,
U-548 and U-557, and their tetracyclic derivatives U-286 and U-556 [18]. The study showed
that all compounds exhibit a pronounced inhibitory effect. In the course of that work, it
was found that these compounds are able to decrease the ATP-induced production of ROS
and NO in Neuro-2a cells, demonstrating a comparable or superior inhibition effect in
comparison with BBG and PPADS. Compounds U-286 and U-548 significantly increased
the viability of neuronal cells under the toxic effect of ATP, and also inhibited the YO-
PRO-1 and EtBr dyes uptake and Ca* influx in Neuro-2a cells. Molecular docking in silico
indicated a potential binding site for U-286 to mouse P2X7R at the allosteric site of the
receptor [18].

Relying on the previous study, compounds U-286 and U-548 were recognized as the
low cytotoxic and most active antagonists of mouse P2X7R functions and therefore they
were selected for the study of anti-inflammatory activity on macrophage cells in vitro. The
RAW 264.7 macrophages were chosen as a model cell lime, which is a well-established bio-
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logical model for the study of inflammation. Previously, it was shown that RAW 264.7 cells
are able to express all types of P2X receptors including P2X7Rs, which makes them a
suitable object for studying the activity of purinergic receptors in vitro [37]. Early studies
confirm that stimulation of P2X7 receptors in this cell line results in cation channel opening,
nonspecific pore formation, cytokine secretion, elimination of intracellular bacteria and
cytolysis [38].

In this study, the concentration ranges of cytotoxic activity of the studied 1,4-NQs
and ICs, values were established. However, compound U-548 even slightly increased cell
proliferation at a very low concentration range of 0.75-3.12 uM. This made it possible
to select non-cytotoxic concentrations for further studies. Then, it was showed that the
selected compounds significantly inhibited the functions of P2X receptors by affecting the
ATP-induced (300 pM) entry of calcium ions in macrophages primed by bacterial LPS. It is
well known that the response of macrophage cells to LPS is associated with the launch of a
cascade of pro-inflammatory reactions through Toll-like receptors (mainly TLR4), which can
stimulate additional ATP release and enhance the P2X7R response [37]. Such stimulation,
in turn, increases the percentage of cell death that has undergone treatment. The level of
inhibition of both compounds was comparable to the standard P2X7 receptor blockers BBG
and A438079.

It is known that prolonged exposure to high concentrations of ATP on the P2X7R leads
to the opening of a substantial macropore, which also causes depolarization and blebbing
of cell membrane and irreversible apoptotic or necrotic changes in the cell [39]. YO-PRO-1
dye uptake was used in study to confirm the antagonistic effect of 1,4-NQs against mouse
P2X7 receptors. As a result, the use of compound U-548 achieved an inhibitory effect
comparable to the BBG and A438079 at lower maximum concentrations, demonstrating a
dose-dependent effect. Compound U-286 also blocked dye uptake, but had a much smaller
effect. This may indicate that these 1,4-NQs block the formation of P2X7R pore responsible
for low molecular weight substances transport. The effect of these compounds on the
functioning of P2X7 receptors was confirmed in tests of Ca?* influx, dye uptake and effect
on cell viability under the action of ATP. The results of the experiments indicate that the
studied compounds are able to block the formation of the macropore of the P2X7R under
the action of millimolar concentrations of ATP.

Early studies suggest that ATP significantly enhances the effect of bacterial LPS on
macrophage and monocyte activation by increasing the production of inflammatory medi-
ators such as NO and ROS in addition to numerous cytokines such as IL-1f3 and TNF-«.
Studies have shown that the expression of pro-inflammatory cytokine genes is associated
with the DNA-binding activity of the transcription factor NF-kB and suppression of the pro-
duction of its IkBx isoform. The effect on these factors can be explained by the cross activity
of LPS-recognizing Toll-like receptors and the influence of purinergic P2X7 receptors [40].
The level of ROS is one of the indicators of the redox status in cells. High concentrations
of ATP lead to oxidative stress and an increase in this indicator through the activation of
P2X7R accompanying the inflammation process. Inhibition of ROS levels by 1,4-NQs may
indicate a direct effect of these compounds on these purinergic receptors and a potential
blocking of inflammation processes in tissues. Thus, in the present study, it was demon-
strated that the combined effect of LPS (100 ng/mL) and a relatively low concentration of
ATP (300 uM) led to a significant increase in ROS production (by 40% compared to control),
which was largely inhibited by A438079. The studied 1,4-NQs inhibited the production of
ROS in RAW 264.7 cells, apparently suppressing the activity of the P2X7 receptor, thereby
protecting cells from the damaging effects of free radicals.

Some 1,4-NQs are known to have significant antioxidant activity [20]. Although the
scavenging activity of the tested compounds was not detected in the DPPH test, U-286 and
U-558 demonstrated an ability to reduce the content of end products of peroxidation in
the mouse brain homogenate. This suggests that these compounds have an antioxidant
effect and also can directly reduce the level of ROS in cells under the action of ATP, thereby
exhibiting anti-inflammatory activity.
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Compounds U-286 and U-548 also significantly increased the viability of RAW 264.7 cells
in the presence of cytotoxic concentration of ATP (2 mM) upon preliminary priming of
cells with LPS. To emphasize the key role of the P2X7 receptor in cell death, the enzyme
apyrase was used in this experiment, which completely neutralized the effects of ATP on
cells. Thus, the level of viability of cells treated with apyrase or A438079 corresponded
to the level of viability in the control. The ability of the studied 1,4-naphthoquinones to
protect macrophages high ATP concentration indicates that these compounds can block the
P2X7R pore formation leading to cell death.

It is known that activation of P2X7Rs in macrophages, monocytes and microglia stimu-
lates post-translational processing and release of the mature form of the cytokine IL-1f3 due
to the efflux of intracellular K* and subsequent activation of caspase-1 [41]. In performed
experiments, only compound U-286 noticeably inhibited the ATP/LPS-stimulated release
of the mature form of IL-13, similarly to the P2X7R blocker A438079, which confirms
the P2X7R involvement in IL-1p production and its inhibition by 1,4-naphthoquinone.
Surprisingly, compound U-548 had no detectable effect on this process as well as BBG.

The activity of the COX-2 and the production of prostaglandin E2 (PGE2) induced
by it is a direct consequence of downstream reactions caused by the release of the pro-
inflammatory cytokine IL-13 in macrophages and microglial cells upstream signaling,
including P2X7R. [42]. Therefore, inhibition of COX-2 activity may be the result of block-
ing P2X7R and the corresponding synthesis of pro-inflammatory cytokines, on the one
hand, and direct inhibition of enzyme activity by 1,4-NQs, on the other hand. During the
macrophage, long-term exposure to LPS compound U-286 significantly reduced the activity
of the COX-2 in RAW 264.7 cells, while U-548 was less active. This may be due to the weak
inhibitory activity (or lack thereof) of U-548 on IL-1§3 production.

It is known that activation of the P2X7 receptor due to the entry of Ca®* also leads to
the launch of the p38/MAPK pathway and the release of the pro-inflammatory cytokine
TNF-o [43]. In the present work, it was approved that compounds U-286 and U-548
significantly inhibit the release of TNF-oc upon long-term exposure to LPS on RAW 264.7
cells, which confirms the hypothesis of their potential anti-inflammatory activity.

It was previously found that studied 1,4-NQs exhibit a weak dose-dependence in cell
level tests probably because of the nonlinear manner of P2X7R inhibition. In some tests,
compound U-286 and U-548 showed an absents of clear dose-response dependence or even
reverse dependence in tests with Ca?* influx, LDH release, cell viability, ROS formation,
TNF-o production and COX-2 activity (Figure 2a; Figure 4a,c; Figure 5a; Figure 6a,b).
Perhaps, acyclic thioglucoside, U-548 and tetracyclic thioglucoside derivative, U-286, are
capable to modulate P2X7R activity and at high concentrations act as partial agonists,
while low concentrations block the functioning of the receptor. A similar absence of dose—
response dependence was found with the same compounds in the previous study on
Neuro-2a cells and P2X7Rs [18].

Based on the data, obtained studied synthetic 1,4-NQs, U-286 and U-548, can be
considered as effective inhibitors of the mouse P2X7R and as potential scaffolds for the
development of new anti-inflammatory and analgesic drugs. In further studies, we plan
to evaluate the degree of selectivity of these compounds for purinergic receptors using
transgenic cell lines that stably express P2X7R. Our future research will also explore the
biological activity of these compounds in models of pain and inflammation in vivo.

4. Conclusions

The study revealed that synthetic 1,4-naphthoquinone derivatives are capable to
inhibite the pro-inflammatory functions of P2X7 receptors in macrophage cells. Compounds
U-286 and U-548 significantly inhibited ATP-induced calcium influx and ATP-induced YO-
PRO-1 dye uptake in RAW 264.7 cells. They also reduce ATP-induced ROS production,
exhibit antioxidant activity and increase cell viability under the toxic effects of ATP. In
the framework of this study, it was proved that these compounds have a pronounced
anti-inflammatory activity in vitro, affecting the action of the pro-inflammatory COX-2
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enzyme and reducing the production of the pro-inflammatory cytokine TNF-«, caused by
the activation of P2X7R. The Western blot analysis detected the ability of these compounds
to influence ATP/LPS-induced maturation and release of IL-13, and reduce the level of
this cytokine production in macrophage cells. The results of this study highlight these
compounds as potential P2X7R blockers having anti-inflammatory properties. This data
suggest these 1,4-NQs as a potential pharmacological scaffold for the development of new
anti-inflammatory drugs.

In this work, it was shown for the first time that synthetic 1,4-naphthoquinones (the
chemical name of 2x naphthoquinones) suppress inflammatory processes in macrophage
cells and can be considered as a basis for the creation of new targeted NSAIDs drugs, the
action of which is based on blocking P2X7R.

Despite the fact that we obtained reliable results on the anti-inflammatory activity of
the studied compounds in vitro, these data cannot directly indicate the anti-inflammatory
activity in models of inflammation in vivo. Until now, there is no information about the
pharmacokinetics of these compounds in animals and humans, as well as the side effects
they cause.

The next study will be focused on investigating and confirming the analgesic and
anti-inflammatory activity of selected compounds in vivo. To this end, pain and inflam-
mation models such as the «hot plate» test, the «acetic writhing» test, the «carrageenan
inflammation» model and the murine induced arthritis model will be applied. In addition,
acute, chronic and cumulative toxicity of these compounds will be investigated.

5. Materials and Methods
5.1. Synthesis of Thioglucoside U-548 and It's Tetracycle Derivative U-286

Synthesis of 1,4-naphthoquinone thioglucoside derivatives U-286 and U-548 was
carried out according to our previously published method [18] (Scheme 1).

OH
Q OH o o OH o)
HO
cl o MeOH/acetone HO. S, O. S.
+ He _— o +
HO SNa rt . .

OMe OH MeO HO "0

o o) OH o)

1 2 3 (56%) 4(16%)
(U-548) (U-286)

Scheme 1. Synthesis of 1,4-naphthoquinones. (1) 2-Chloro-3-methoxy-1,4-naphthoquinone; (2) 3-D-

thioglucopyranose sodium salt; (3) 2-(3-D-glucopyranosyl-1-thio)-3-methoxynaphthalene-1,4-dione;

(4) (2R, 3R/45,4aR,12aS)-2-hydroxymethyl-3,4,-dihydroxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-

b]pyrano[2,3-e][1,4]-oxathiine-6,11-dione.

2-Chloro-3-methoxy-1,4-naphthoquinone (1) 111 mg (0.50 mmol) was dissolved in
acetone (10 mL). To the solution, 3-D-thioglucopyranose sodium salt (2) 110 mg (0.50 mmol)
and MeOH (10 mL) were added. The reaction mixture was stirred at room temperature
for 1.5 h to full conversion of initial chloroquinone (1). The formed orange precipitate of
U-286 was filtered, washed successively with water and acetone, then dried. The filtrate
was evaporated and subjected to preparative TLC (benzene-ethylacetate-methanol, 2:1:1
v/v) giving 2-(3-D-glucopyranosyl-1-thio)-3-methoxynaphthalene-1,4-dione (3, U-548).

2-(3-D-glucopyranosyl-1-thio)-3-methoxynaphthalene-1,4-dione (3, U-548).Yield 108 mg
(56%), brown solid, mp 96-99 °C. Rf 0.56 (benzene-ethylacetate-methanol, 2:1:1 v/, silufol
plates) [14]. TH NMR (700 MHz, DMSO-dg): & 3.09 (m, 3H), 3.22 (m, 1H), 3.34 (m, 1H), 3.53
(m, 1H), 4.11 (s, 3H), 4.33 (t, 1H, ] 5.7 Hz), 4.93 (d, 1H, | 4.4 Hz), 5.10 (d, 1H, ] 4.0 Hz), 5.29
(d, 1H, ] 9.7 Hz), 5.46 (d, 1H, ] 6.2 Hz), 7.82 (m, 2H), 7.95 (m, 1H), 7.97 (m, 1H). IR (KBr):
3435, 2923, 1660, 1591, 1555, 1441, 1385, 1334, 1254, 1215, 1142, 1075, 1046, 1020, 919 cm 1.

(2R,3R 4S5 4aR,12a5)-2-Hydroxymethyl-3 4,-dihydroxy-3,4,4a,12a-tetrahydro-2H-napht-
ho[2,3-b]pyrano|2,3-e][1,4]-oxathiine-6,11-dione (4, U-286). Yield 28 mg (16%), orange pow-
der, mp 350-351 °C, R¢ 0.67 (benzene-ethylacetate-methanol, 2:1:1 v/v, silufol plates) [14].
TH NMR (300 MHz, DMSO-d): 6 3.25-3.65 (m, 5H), 3.74 (ddd, 1H, ] 10.0,5.7, 1.2 Hz ), 4.77
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(t, 1H, ] 7.5 Hz), 4.99 (d, 1H, | 7.5 Hz), 5.43 (d, 1H, ] 5.3 Hz), 5.71 (d, 1H, ] 5.3 Hz), 7.78-7.86
(m, 2H), 7.91-8.01 (m, 2H). IR (KBr): 3464, 3350, 1644, 1590, 1568, 1405, 1266, 1181, 1075,
935 cm L.

5.2. Compounds

Compounds U-286 and U-548 were synthesized according to the methodology de-
scribed in [18]. Compounds were prepared as a stock solution in DMSO (10 mM) and then
dissolved in ddH,O to the desired concentration.

5.3. Cytotoxic Activity Assay

RAW 264.7 cells (2 x 10* cells/well) were seeded and incubated in 96-well plates for
24 h at 37 °C, 5% CO,. 1,4-NQs were added to cells at final concentrations of 0.35-100.0 uM,
using double dilutions. Plates were incubated for an additional 24 h. After incubation, the
medium with tested compounds was replaced with 100 uL of pure medium. Cell viability
was determined using the MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bro-
mide) method, according to the manufacturer’s instructions (Sigma-Aldrich, Saint-Louis,
MO, USA). For this purpose, 10 uL of MTT stock solution (5 mg/mL) was added to each
well and the microplate was incubated for 4 h at 37 °C. After that, 100 uL of SDS-HC1 (1 g
SDS/10 mL dH,O/17 uL 6 N HCI) were added to each well followed by incubation for
4-18 h. The absorbance of the converted dye formazan was measured using PHERAstar FS
plate reader (BMG Labtech, Ortenberg, Germany) at a wavelength of 570 nm. The results
were presented as percent of control data, and concentration required for 50% inhibition of
cell viability (ICsg) was calculated.

All tested compounds were added to the wells of the plates in a volume of 20 uL
dissolved in PBS (DMSO concentration < 1%).

5.4. Ca’* Influx Measurement

RAW 264.7 cells were seeded in 96-well plates (4 x 10* cells per well) in a DMEM
cultural medium and incubated overnight at 37 °C, 5% CO;. Then, the cells were washed
once with HBSS saline (140 mM NaCl, 5 mM KCl, 0.8 mM MgCl,, 2 mM CaCl,, 10 mM
glucose, 10 mM HEPES, pH 7.4) and loaded with 5 uM Fluo-8 AM (Abcam, Cambridge,
UK) and 0.05% (w/v) Pluoronic ®F-127 (Sigma-Aldrich, Burlington, MA, USA) in the same
buffer solution. Cells were incubated for 40 min (37 °C, 5%) and then were washed with
HBSS buffer without the fluorescent dye and treated by studied compounds during 20 min
at RT in the dark. Standard inhibitors, non-selective P2X7R antagonist BBG (10 uM) (Sigma-
Aldrich, Burlington, MA, USA) and competitive P2X7R antagonist A438079 (10 uM, Sigma,
Burlington, MA, USA) were used as inhibitory controls. Fluorescence was measured with
PHERAstar FS plate reader (BMG LABTECH, Ortenberg, Germany) by recording excitation
signals at 490 nm and emission signals at 510 nm. ATP (300 uM final concentration) was
added using a robotic microinjector after the baseline recording.

5.5. YO-PRO-1 Uptake Assay

RAW 264.7 cells were seeded in 96-well plates at a density of 4 x 10* cells/well and
incubated in DMEM for 24 h, 37 °C, 5% CO,. The cells were then washed twice with
HBSS and the medium was changed to the same buffer containing YO-PRO-1 dye (Sigma,
Burlington, MA, USA, 2.5 uM final concentration). Further, the studied compounds were
added to the cells at concentrations of 5, 1, and 0.1 uM. Standard P2X receptor blockers
BBG and A438079 at a concentration of 10 uM were used as a comparison control. The fluo-
rescence level was measured with a PHERAstar FS plate reader (BMG Labtech, Ortenberg,
Germany) at Aex = 480 nm and Aem = 520 nm, ATP 2 mM (Sigma, Burlington, MA, USA)
was added after baseline recording and HBSS (20 L) was added as a negative control.



Toxins 2023, 15, 47

14 0f 18

5.6. Cell Line

Mouse macrophage cell line RAW 264.7 TIB-71™ was purchased from ATCC (Ameri-
can Type Culture Collection, Manassas, VA, USA). Cells were grown in DMEM medium
(Biolot, St. Petersburg, Russia) supplemented with 10% fetal bovine serum (Biolot, St.
Petersburg, Russia) and 1% penicillin/streptomycin (Biolot, St. Petersburg, Russia) in a
CO, incubator at 37 °C and 5% COs,.

5.7. Cytoprotection Activity Assay

RAW 264.7 cells (4 x 10* cells/well) were seeded and incubated in 96-well plates for
24 h at 37 °C and 5% CO; in an incubator. Compounds U-286 and U-548 were added to
the wells at final concentrations of 5, 1, and 0.1 uM, and the plates were incubated for an
additional 1 h. BBG (10 uM), A438079 (10 uM) and apyrase (30 U/mL, Sigma, Burlington,
MA, USA) were also added to cells as standard blockers of ATP action. Then ATP (2 mM,
final concentration) and LPS (100 ng/mL, final concentration) were added to the cells. Cells
were incubated for 24 h, after which cell viability was determined using the MTT method,
as described above.

5.8. Detection of Lactate Dehydrogenase (LDH) Release

RAW 264.7 cells (4 x 10* cells per well of a 96-well plate) were seeded and incubated
for 24 h at 37 °C, 5% CO, in an incubator. Then, the cells were treated with the studied
1,4-naphthoquinones at final concentrations of 5, 1 and 0.1 uM and incubated for 1 h. BBG
(10 uM), A438079 (10 uM) and apyrase (30 U/mL) were used as inhibition control. Next,
LPS (100 ng/mL, Sigma, St. Louis, MO, USA) was added to the cells and the cells were
incubated for 4 h. Thereafter, ATP (2 mM final concentration) was added to the cells and
the plates were incubated for an additional 24 h. Cells incubated without ATP and LPS
were used as negative controls. The plate was then centrifuged at 250x g and 100 pL of
the supernatant from each well was transferred to the relevant wells of an optically clean
96-well plate. An equal volume of the reaction mixture (100 pL) from the LDH Cytotoxicity
Assay Kit (Abcam, Cambridge, UK) was added to each well and incubated for 30 min at
room temperature. The absorbance was measured at A = 490 nm using a Multiscan FC
spectrophotometer (Thermo Scientific, Nummela, Finland).

5.9. FDA Cell Viability Assay

A stock solution of fluorescein diacetate (FDA) (Sigma-Aldrich, St. Louis, MO, USA)
in DMSO (1 mg/mL) was prepared. RAW 264.7 cells were seeded and treated as described
above. Further, FDA solution (50 ng/mL) was added to each well and the plate was
incubated in the dark at 37 °C for 15 min. Cells were washed and fluorescence was
measured using a Fluoroscan plate reader (Thermo Labsystems, Helsinki, Finland) at
Aex =485 nm and Aem = 518 nm. Cell viability is expressed as a percentage of control.

5.10. IL-1B Western Blotting

The expression of IL-13 was determined by Western blotting. To do this, RAW 264.7 cells
were seeded in six-well plates (1.0 x 10° cells/mL) and incubated in DMEM in the presence
of LPS (100 ng/mL, final concentration) for 3 h. The cells were then washed twice and
the cell medium was changed to PBS. Then, compounds U-286 and U-548 were added at
concentrations of 1 and 0.1 uM, and the cells were incubated for 30 min. The standard
P2X receptor blockers BBG (10 M) and A438079 were used as inhibitory controls. After
incubation with blockers, 1 mM ATP (Sigma-Aldrich, Burlington, MA, USA) was added
and the cells were incubated for an additional 30 min. Cells incubated without LPS and
ATP, or with only ATP, or with only LPS were used as controls. Next, the cells were washed
with cold PBS (pH 7.4; BioloT, Saint Petersburg, Russia) and lysed with RIPA buffer (Sigma-
Aldrich, St. Louis, MO, USA). The protein concentration in the samples was measured by
the Bradford method. Proteins were separated by electrophoresis with sodium dodecyl
sulfate (SDS) in 12% polyacrylamide gel. The separated proteins were then transferred to an
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Immobilon®-P polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Darmstadt,
Germany) using a semi-dry Trans-blot®SD transfer cell (Bio-Rad, Hercules, CA, USA).
IL-1p protein zones were detected using specific primary polyclonal antibodies against
IL-1p (P420B, Invitrogen, Waltham, MA, USA) at a dilution of 1:1000. Secondary antibodies
were conjugated to horseradish peroxidase (Sigma-Aldrich, St. Louis, MO, USA). 3-actin
zones were detected with specific monoclonal antibodies (ab8227, Abcam, Cambridge,
UK) applied at a 1:10,000 dilution and used as a loading control. The protein zones on
the membranes were developed using the Pierce™ ECL kit (Thermo Scientific, Rochester,
NY, USA) according to the manufacturer’s instructions and visualized using the VersaDoc
imaging system (Bio-Rad, Hercules, CA, USA). Protein zone densitometry was assessed
using Image Lab 6.0.1 (Bio-Rad, Hercules, CA, USA).

5.11. Analysis of COX-2 Activity

RAW 264.7 cells were seeded in 96-well plates (2.0 x 10*/well) for 2 h at 37 °C in a
5% CO, incubator. The cells were incubated 2 h after complete adhesion with U-286 and
U-548 compounds at concentrations of 1.0 and 0.1 uM for 1 h. Then, LPS was added at a
concentration of 1.0 pg/mL to each well and incubated for 24 h. Cells incubated without
LPS and compounds or with LPS alone were used as positive and negative controls. To
prepare a cell lysate, cells were washed once with 0.2 ml cold PBS, resuspended in 0.2 mL
PBS, and centrifuged at 500x g for 3 min. The cell pellet was then resuspended in 0.1 mL
lysis buffer with a mixture of protease inhibitors, shaken and incubated on ice for 5 min and
centrifuged (12,000 g, 4 °C, 3 min). The collected supernatant was stored on ice for later
use. COX-2 activity was determined using a cyclooxygenase activity assay kit (BN00779,
Assay Genie, Dublin, Ireland) according to the manufacturer’s protocol.

5.12. ELISA Analysis of TNF-a Level

RAW 264.7 cells were seeded in 96-well plates (2 x 10* per well) and incubated for
2 h (37 °C, 5% CO;) until complete adhesion. Then compounds U-286 and U-548 were
added to the cells at concentrations of 1 and 0.1 uM. Cells were incubated with substances
for 1 h, and then LPS (1.0 ng/mL) was added and incubated for 24 h. Cells incubated
without LPS and compounds or with LPS alone were used as positive and negative controls,
respectively. Samples were then centrifuged (1000 x g, 20 min), and supernatants were
collected and stored on ice for later use. Cells were washed gently with cold PBS and
then resuspended at 1500x g for 10 min at 2-8°C to remove cell debris. The TNF-o
level in the mixture of supernatants and cell lysates was immediately analyzed using the
Mouse TNF-oc ELISA kit (SEA133Mu, Cloud-Clone, Houston, TX, USA), according to the
manufacturer’s instructions.

5.13. ROS Formation Assay

RAW 264.7 cells were seeded in 96-well plates at a density 2 x 10* cells per well for
24 h. The medium was replaced with fresh DMEM and treated with LPS (100 ng/mL) for
3 hat 37 °C. After that, the cells were treated with studied compounds (5, 1, 0.1 uM final
concentrations) for an additional 30 min. Standard P2X7R inhibitor A438079 (10 uM) was
used as inhibitory control. Then ATP (300 uM final concentration) was added to each well
for 30 min. For fluorescence measurement, the cells were washed once and cell medium
was replaced by HBSS, containing 10 pm of fluorescent dye 2,7-dichlorodihydrofluorescein
diacetate (H,DCFDA) (Sigma, Darmstadt, Germany). Cells were incubated for 30 min
at 37 °C, washed twice with HBSS without fluorescent probe and additionally incubated
for 20 min at RT in the dark. The measurement of fluorescence intensity was carried out
using PHERAstar FS plate reader (BMG Labtech, Ortenberg, Germany) at Aex = 485 nm and
Aem = 520 nm.
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5.14. Determination of Antioxidant Activity in Brain Homogenate

The procedure was performed according to the protocol described in [44]. The brain of
male C57BL/6 mouse was washed with cold buffer (140 mM KCl, 10 mM KyHPOy, pH 7.4)
and then homogenized using a Potter—Elehjem tissue homogenizer, adding the buffer to
the brain in a weight ratio of 1:4. 10 mL of buffer was added to the resulting homogenate
and centrifuged for 10 min at 900 rpm in a Labofuge 44R centrifuge (Thermo Scientific,
Karlsruhe, Germany). The supernatant was transferred to a volumetric flask and adjusted
to 25 mL with a buffer. The Lowry protein concentration in homogenate was in the range
of 0.27-0.3 mg/mL.

To determine the antioxidant activity, the solution of the tested compounds was added
to the brain homogenate, then 2 mM FeSO, solution was added, and the reaction was
stopped by adding of 20% trichloroacetic acid (TCA) (Reachim, Moscow, Russia). The
homogenate was centrifuged, supernatant was collected and 0.7% solution of thiobarbi-
turic acid (TBA) (Sigma, Saint-Louis, MO, USA) in 50% glacial acetic acid was added to
reveal the products reacting with TBA. The content of TBA-reacting substanses (TBARS)
was determined spectrophotometrically using PHERAstar FS plate reader (BMG Labtech,
Ortenberg, Germany) by measurement of fluorescence intensity at 480/520 nm (Aex/Aem).

5.15. Radical Scavenging Assay

DPPH radical scavenging activity of compounds was tested as described [45] with
minor modifications. The compounds were dissolved in MeOH, and the solutions 1,4-NQs,
ascorbic acid (Vekton, St. Petersburg, Russia) or quercetin (Sigma-Aldrich, Steinheim,
Germany) as a positive control (120 pL) were dispensed into wells of a 96-well microplate.
In all of them, 30 pL of the DPPH (Sigma-Aldrich, Steinheim, Germany) solution in MeOH
(0.75 mM) was added to each well. The concentrations of compounds and ascorbic acid in
mixture were 0.01-100.0 uM. The plates were incubated in the dark at room temperature for
30 min, and then the absorbance was measured at 517 nm with a Multiskan FC microplate
photometer (Thermo Scientific, Waltham, MA, USA). The negative control contained no
test compound. The results are presented as percentages of the negative control (DMSO)
data. The final results for ascorbic acid and quercetin were reported as ICsy, which is the
concentration of compound that scavenged 50% of DPPH radicals in the reaction solution.

5.16. Statistical Analysis and Data Evaluation

All data were obtained in three independent replicates and calculated values were
expressed as mean =+ standard error of mean (SEM). One-way analysis of variance (ANOVA)
with post-hoc Student-Newman-Keuls test was performed using SigmaPlot 14.0 (Systat
Software Inc., San Jose, CA, USA). A significant difference between two groups was
considered achieved when p was < 0.05.

Author Contributions: S.A.K. planned and designed the research; performed the research, data
analysis and interpretation and wrote the manuscript. E.A.P. performed fluorometric experiments
and data analysis. E.5S.M. and E.A.C. performed cell line cultivation, cytotoxity and cell viability
experiments and Western-blot analysis. G.N.L., performed antioxidant activity assay. Y.E.S. and S.G.P.
carried out the synthesis of 1,4-naphthoquinones. D.L.A. planned and designed the investigation and
interpretation and edited the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Toxins 2023, 15, 47 17 of 18

References

1.  Burnstock, G. Historical Review: ATP as a Neurotransmitter. Trends Pharmacol. Sci. 2006, 27, 166-176. [CrossRef]

2. Jacobson, K.A.; Miiller, C.E. Medicinal Chemistry of Adenosine, P2Y and P2X Receptors. Neuropharmacology 2016, 104, 31-49.
[CrossRef] [PubMed]

3. Kawano, A.; Tsukimoto, M.; Noguchi, T.; Hotta, N.; Harada, H.; Takenouchi, T.; Kitani, H.; Kojima, S. Involvement of P2X4
Receptor in P2X7 Receptor-Dependent Cell Death of Mouse Macrophages. Biochem. Biophys. Res. Commun. 2012, 419, 374-380.
[CrossRef] [PubMed]

4. Di Virgilio, F.; Dal Ben, D.; Sarti, A.C.; Giuliani, A.L.; Falzoni, S. The P2X7 Receptor in Infection and Inflammation. Immunity 2017,
47,15-31. [CrossRef] [PubMed]

5. Jimenez-Mateos, E.M.; Smith, J.; Nicke, A.; Engel, T. Regulation of P2X7 Receptor Expression and Function in the Brain. Brain Res.
Bull. 2019, 151, 153-163. [CrossRef]

6.  Di Virgilio, F.; Schmalzing, G.; Markwardt, F. The Elusive P2X7 Macropore. Trends Cell Biol. 2018, 28, 392-404. [CrossRef]

7.  Sperlagh, B, Illes, P. P2X7 Receptor: An Emerging Target in Central Nervous System Diseases. Trends Pharmacol. Sci. 2014, 35,
537-547. [CrossRef]

8.  DeMarchi, E.; Orioli, E.; Dal Ben, D.; Adinolfi, E. P2X7 Receptor as a Therapeutic Target. Adv. Protein Chem. Struct. Biol. 2016, 104,
39-79. [CrossRef]

9.  Bartlett, R,; Stokes, L.; Sluyter, R. The P2X7 Receptor Channel: Recent Developments and the Use of P2X7 Antagonists in Models
of Disease. Pharmacol. Rev. 2014, 66, 638—675. [CrossRef]

10. Mahesh, G.; Kumar, K.A; Reddanna, P. Overview on the Discovery and Development of Anti-Inflammatory Drugs: Should the
Focus Be on Synthesis or Degradation of PGE;? J. Inflamm. Res. 2021, 14, 253-263. [CrossRef]

11.  Bindu, S.; Mazumder, S.; Bandyopadhyay, U. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) and Organ Damage: A Current
Perspective. Biochem. Pharmacol. 2020, 180, 114147. [CrossRef] [PubMed]

12.  Nasir, N.N.; Sekar, M.; Fuloria, S.; Gan, S.H.; Rani, N.N.ILM; Ravi, S.; Begum, M.Y.; Chidambaram, K.; Sathasivam, K.V.; Jeyabalan,
S.; et al. Kirenol: A Potential Natural Lead Molecule for a New Drug Design, Development, and Therapy for Inflammation.
Molecules 2022, 27, 734. [CrossRef] [PubMed]

13.  Aminin, D.; Polonik, S. 1,4-Naphthoquinones: Some Biological Properties and Application. Chem. Pharm. Bull. 2020, 68, 46-57.
[CrossRef] [PubMed]

14. Talalaeva, O.S.; Zverev, Y.E; Bryukhanov, VM. Mechanisms of Antiradical Activity of 2,3,5,6,8-Pentahydroxy-7-Ethyl-1,4-
Naphthoquinone (A Review). Pharm. Chem. ]. 2016, 50, 353-357. [CrossRef]

15. Bhasin, D.; Chettiar, S.N; Etter, ].P.; Mok, M.; Li, P-K. Anticancer Activity and SAR Studies of Substituted 1,4-Naphthoquinones.
Bioorg. Med. Chem. 2013, 21, 4662-4669. [CrossRef]

16. Othman, SN.N.; Lum, P.T,; Sekar, M.; Mazlan, N.A.; Yusri, P.Z.S.; Ghazali, N.F,; Idi, HM.; Azman, S.; Ismail, M.; Noor, A.A.M.
Molecules of Interest—Embelin—A Review. Res. J. Pharm. Technol. 2020, 13, 3485-3493. [CrossRef]

17. Faria, RX,; Oliveira, EH.; Salles, ].P; Oliveira, A.S.; von Ranke, N.L.; Bello, M.L.; Rodrigues, C.R.; Castro, H.C.; Louvis, A.R,;
Martins, D.L.; et al. 1,4-Naphthoquinones Potently Inhibiting P2X7 Receptor Activity. Eur. |. Med. Chem. 2018, 143, 1361-1372.
[CrossRef]

18. Pislyagin, E.; Kozlovskiy, S.; Menchinskaya, E.; Chingizova, E.; Likhatskaya, G.; Gorpenchenko, T.; Sabutski, Y.; Polonik, S.;
Aminin, D. Synthetic 1,4-Naphthoquinones Inhibit P2X7 Receptors in Murine Neuroblastoma Cells. Bioorg. Med. Chem. 2021,
31, 115975. [CrossRef]

19. Hu, Y, Fisette, PL.; Denlinger, L.C.; Guadarrama, A.G.; Sommer, J.A.; Proctor, R.A.; Bertics, PJ. Purinergic Receptor Modulation
of Lipopolysaccharide Signaling and Inducible Nitric-Oxide Synthase Expression in RAW 264.7 Macrophages *. J. Biol. Chem.
1998, 273, 27170-27175. [CrossRef]

20. Klotz, L.-O.; Hou, X; Jacob, C. 1,4-Naphthoquinones: From Oxidative Damage to Cellular and Inter-Cellular Signaling. Molecules
2014, 19, 14902-14918. [CrossRef]

21. Ren, W,; Rubini, P; Tang, Y.; Engel, T.; Illes, P. Inherent P2X7 Receptors Regulate Macrophage Functions during Inflammatory
Diseases. Int. ]. Mol. Sci. 2021, 23, 232. [CrossRef] [PubMed]

22. Hughes, J.P,; Hatcher, ].P; Chessell, L.P. The Role of P2X7 in Pain and Inflammation. Purinergic Signal. 2007, 3, 163-169. [CrossRef]
[PubMed]

23. Differential Expression of P2X7 Receptor and IL-1§3 in Nociceptive and Neuropathic Pain | Journal of Neuroinflammation | Full
Text. Available online: https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-016-0565-z (accessed on
16 November 2022).

24. Fouyet, S.; Olivier, E.; Leproux, P.; Dutot, M.; Rat, P. Pregnant Women and Endocrine Disruptors: Role of P2X7 Receptor and
Mitochondrial Alterations in Placental Cell Disorders. Cells 2022, 11, 495. [CrossRef] [PubMed]

25.  Mclnnes, I.B.; Cruwys, S.; Bowers, K.; Braddock, M. Targeting the P2X7 Receptor in Rheumatoid Arthritis: Biological Rationale
for P2X7 Antagonism. Clin. Exp. Rheumatol. 2014, 32, 878-882.

26. Cisneros-Mejorado, A.; Gottlieb, M.; Cavaliere, F.; Magnus, T.; Koch-Nolte, E; Scemes, E.; Pérez-Samartin, A.; Matute, C. Blockade

of P2X7 Receptors or Pannexin-1 Channels Similarly Attenuates Postischemic Damage. |. Cereb. Blood Flow Metab. 2015, 35,
843-850. [CrossRef]


http://doi.org/10.1016/j.tips.2006.01.005
http://doi.org/10.1016/j.neuropharm.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26686393
http://doi.org/10.1016/j.bbrc.2012.01.156
http://www.ncbi.nlm.nih.gov/pubmed/22349510
http://doi.org/10.1016/j.immuni.2017.06.020
http://www.ncbi.nlm.nih.gov/pubmed/28723547
http://doi.org/10.1016/j.brainresbull.2018.12.008
http://doi.org/10.1016/j.tcb.2018.01.005
http://doi.org/10.1016/j.tips.2014.08.002
http://doi.org/10.1016/bs.apcsb.2015.11.004
http://doi.org/10.1124/pr.113.008003
http://doi.org/10.2147/JIR.S278514
http://doi.org/10.1016/j.bcp.2020.114147
http://www.ncbi.nlm.nih.gov/pubmed/32653589
http://doi.org/10.3390/molecules27030734
http://www.ncbi.nlm.nih.gov/pubmed/35163999
http://doi.org/10.1248/cpb.c19-00911
http://www.ncbi.nlm.nih.gov/pubmed/31902901
http://doi.org/10.1007/s11094-016-1450-x
http://doi.org/10.1016/j.bmc.2013.05.017
http://doi.org/10.5958/0974-360X.2020.00618.6
http://doi.org/10.1016/j.ejmech.2017.10.033
http://doi.org/10.1016/j.bmc.2020.115975
http://doi.org/10.1074/jbc.273.42.27170
http://doi.org/10.3390/molecules190914902
http://doi.org/10.3390/ijms23010232
http://www.ncbi.nlm.nih.gov/pubmed/35008658
http://doi.org/10.1007/s11302-006-9031-1
http://www.ncbi.nlm.nih.gov/pubmed/18404430
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-016-0565-z
http://doi.org/10.3390/cells11030495
http://www.ncbi.nlm.nih.gov/pubmed/35159304
http://doi.org/10.1038/jcbfm.2014.262

Toxins 2023, 15, 47 18 of 18

27.
28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Territo, PR.; Zarrinmayeh, H. P2X7 Receptors in Neurodegeneration: Potential Therapeutic Applications From Basic to Clinical
Approaches. Front. Cell. Neurosci. 2021, 15, 617036. [CrossRef]

Pegoraro, A.; De Marchi, E.; Adinolfi, E. P2X7 Variants in Oncogenesis. Cells 2021, 10, 189. [CrossRef]

Dutta, S.S.; Andonova, A.A.; Woellert, T.; Hewett, S.J.; Hewett, J.A. P2X7-Dependent Constitutive Interleukin-1f Release from
Pyramidal Neurons of the Normal Mouse Hippocampus: Evidence for a Role in Maintenance of the Innate Seizure Threshold.
Neurobiol. Dis. 2022, 168, 105689. [CrossRef]

Suzuki, T.; Hide, I; Ido, K.; Kohsaka, S.; Inoue, K.; Nakata, Y. Production and Release of Neuroprotective Tumor Necrosis Factor
by P2X7 Receptor-Activated Microglia. J. Neurosci. 2004, 24, 1-7. [CrossRef]

Fontanils, U.; Seil, M.; Pochet, S.; El Ouaaliti, M.; Garcia-Marcos, M.; Dehaye, ].P.; Marino, A. Stimulation by P2X7 Receptors of
Calcium-Dependent Production of Reactive Oxygen Species (ROS) in Rat Submandibular Glands. Biochim. Biophys. Acta BBA Gen.
Subj. 2010, 1800, 1183-1191. [CrossRef]

Grassi, F. The P2X7 Receptor as Regulator of T Cell Development and Function. Front. Immunol. 2020, 11, 1179. [CrossRef]
[PubMed]

Ralevic, V. P2X Receptors in the Cardiovascular System and Their Potential as Therapeutic Targets in Disease. Curr. Med. Chem.
2015, 22, 851-865. [CrossRef] [PubMed]

Illes, P.; Miiller, C.E.; Jacobson, K.A.; Grutter, T.; Nicke, A.; Fountain, S.J.; Kennedy, C.; Schmalzing, G.; Jarvis, M.F,; Stojilkovic,
S.S.; et al. Update of P2X Receptor Properties and Their Pharmacology: IUPHAR Review 30. Br. J. Pharmacol. 2021, 178, 489-514.
[CrossRef] [PubMed]

Park, J.-H.; Kim, Y.-C. P2X7 Receptor Antagonists: A Patent Review (2010-2015). Expert Opin. Ther. Pat. 2017, 27, 257-267.
[CrossRef]

de Luna Martins, D.; Borges, A.A.; do A E Silva, N.A; Faria, ].V.; Hoelz, L.V.B.; de Souza, H.V.C.M.; Bello, M.L.; Boechat, N.;
Ferreira, V.F.; Faria, R X. P2X7 Receptor Inhibition by 2-Amino-3-Aryl-1,4-Naphthoquinones. Bioorg. Chem. 2020, 104, 104278.
[CrossRef]

Ren, H.; Teng, Y.; Tan, B.; Zhang, X.; Jiang, W.; Liu, M.; Jiang, W.; Du, B.; Qian, M. Toll-like Receptor-Triggered Calcium
Mobilization Protects Mice against Bacterial Infection through Extracellular ATP Release. Infect. Immun. 2014, 82, 5076-5085.
[CrossRef]

Le Stunff, H.; Raymond, M.-N. P2X7 Receptor-Mediated Phosphatidic Acid Production Delays ATP-Induced Pore Opening and
Cytolysis of RAW 264.7 Macrophages. Cell. Signal. 2007, 19, 1909-1918. [CrossRef]

Lara, R.; Adinolfi, E.; Harwood, C.A.; Philpott, M.; Barden, J.A.; Di Virgilio, F.; McNulty, S. P2X7 in Cancer: From Molecular
Mechanisms to Therapeutics. Front. Pharmacol. 2020, 11, 793. [CrossRef]

Aga, M.; Watters, ].].; Pfeiffer, Z.A.; Wiepz, G.]J.; Sommer, ].A.; Bertics, P.J. Evidence for Nucleotide Receptor Modulation of Cross
Talk between MAP Kinase and NF-Kappa B Signaling Pathways in Murine RAW 264.7 Macrophages. Am. ]. Physiol. Cell Physiol.
2004, 286, C923—-C930. [CrossRef]

Wewers, M.D.; Sarkar, A. P2X7 Receptor and Macrophage Function. Purinergic Signal. 2009, 5, 189-195. [CrossRef]

Yiangou, Y.; Facer, P.; Durrenberger, P.; Chessell, I.P.; Naylor, A.; Bountra, C.; Banati, R.R.; Anand, P. COX-2, CB2 and P2X7-
Immunoreactivities Are Increased in Activated Microglial Cells/Macrophages of Multiple Sclerosis and Amyotrophic Lateral
Sclerosis Spinal Cord. BMC Neurol. 2006, 6, 12. [CrossRef] [PubMed]

Barbera-Cremades, M.; Gémez, A lL; Baroja-Mazo, A.; Martinez-Alarcon, L.; Martinez, C.M.; de Torre-Minguela, C.; Pelegrin, P.
P2X7 Receptor Induces Tumor Necrosis Factor-a Converting Enzyme Activation and Release to Boost TNF-« Production. Front.
Immunol. 2017, 8, 862. [CrossRef] [PubMed]

Uvarova, N.I.; Makhankova, V.V,; Malinovskaya, G.V.; Samoshina, N.E; Atopkina, L.N.; Likhatskaya, G.N.; Kim, N.Y.; Anisimov,
M.M.; Elyakov, G.B. Triterpene Glycosides from Wild and Cultivated Ginseng Occurring in Maritime Territory: Chemical
Characterization, Comparative Quantitative Analysis, and Biological Activity Study. Pharm. Chem. J. 2000, 34, 122-129. [CrossRef]
Leutou, A.S.; Yun, K,; Son, B.W. Induced Production of 6,9-Dibromoflavasperone, a New Radical Scavenging Naphthopyranone
in the Marine-Mudflat-Derived Fungus Aspergillus Niger. Arch. Pharm. Res. 2016, 39, 806-810. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fncel.2021.617036
http://doi.org/10.3390/cells10010189
http://doi.org/10.1016/j.nbd.2022.105689
http://doi.org/10.1523/JNEUROSCI.3792-03.2004
http://doi.org/10.1016/j.bbagen.2010.07.007
http://doi.org/10.3389/fimmu.2020.01179
http://www.ncbi.nlm.nih.gov/pubmed/32587592
http://doi.org/10.2174/0929867321666141215094050
http://www.ncbi.nlm.nih.gov/pubmed/25515516
http://doi.org/10.1111/bph.15299
http://www.ncbi.nlm.nih.gov/pubmed/33125712
http://doi.org/10.1080/13543776.2017.1246538
http://doi.org/10.1016/j.bioorg.2020.104278
http://doi.org/10.1128/IAI.02546-14
http://doi.org/10.1016/j.cellsig.2007.04.015
http://doi.org/10.3389/fphar.2020.00793
http://doi.org/10.1152/ajpcell.00417.2003
http://doi.org/10.1007/s11302-009-9131-9
http://doi.org/10.1186/1471-2377-6-12
http://www.ncbi.nlm.nih.gov/pubmed/16512913
http://doi.org/10.3389/fimmu.2017.00862
http://www.ncbi.nlm.nih.gov/pubmed/28791020
http://doi.org/10.1007/BF02524580
http://doi.org/10.1007/s12272-016-0764-2
http://www.ncbi.nlm.nih.gov/pubmed/27245874

	Introduction 
	Results 
	Cytotoxic Activity of 1,4-NQs 
	1,4-NQs Inhibit ATP-Induced Ca2+ Influx in RAW 264.7 Cells 
	1,4-NQs Inhibit ATP-Induced YO-PRO-1 Dye Uptake in RAW 264.7 Cells 
	1,4-NQs Protect RAW 264.7 Cells against Toxic Effect of ATP 
	1,4-NQs Inhibit ATP-Induced ROS Production in RAW 264.7 Cells 
	1,4-NQs Inhibit of the Iron-Induced Oxidation of the Mouse Brain Homogenate 
	1,4-NQs Do Not Bind Diphenylpicrylhydrazyl (DPPH) Free Radicals 
	1,4-NQs Inhibit the Production of Pro-Inflammatory Cytokines and COX-2 Activity in RAW 264.7 Cells 

	Discussion 
	Conclusions 
	Materials and Methods 
	Synthesis of Thioglucoside U-548 and It’s Tetracycle Derivative U-286 
	Compounds 
	Cytotoxic Activity Assay 
	Ca2+ Influx Measurement 
	YO-PRO-1 Uptake Assay 
	Cell Line 
	Cytoprotection Activity Assay 
	Detection of Lactate Dehydrogenase (LDH) Release 
	FDA Cell Viability Assay 
	IL-1 Western Blotting 
	Analysis of COX-2 Activity 
	ELISA Analysis of TNF- Level 
	ROS Formation Assay 
	Determination of Antioxidant Activity in Brain Homogenate 
	Radical Scavenging Assay 
	Statistical Analysis and Data Evaluation 

	References

