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A B S T R A C T

Cerebral ischemia is a complex pathology resulting from the interplay of diverse mechanisms including the 
massive release of adenosine and the consequent activation of its receptors. Among them, the A2A adenosine 
receptor (AR) plays a significant role. Much evidence showed that selective A2A AR antagonists reduce excito
toxicity and exert neuroprotective activity in animal models of cerebral ischemia. Oxidative stress contributes to 
ischemic brain injury; thus, antioxidants have been intensively investigated as neuroprotective against ischemic 
stroke.

This work focuses on the identification of dual-acting derivatives able to block the A2A AR and exert anti
oxidant effects because they could be more potent neuroprotective than single-acting compounds. Thus, a set of 
8-amino-6-aryl-2-phenyl-1,2,4-triazolo[4,3-a]pyrazin-3-ones hybridized with the antioxidant edaravone (EDA) 
(1–5) and (S)-2-oxothiazolidine-4-carboxylic acid (OTC) (6–8) were synthesized. The new derivatives were 
potent hA2A AR antagonists (Ki = 1.7–117 nM), endowed with good selectivity versus the other AR subtypes.

Molecular docking studies revealed that these derivatives bind optimally to the A2A AR, with the 2-phenyl ring 
positioned deep within the receptor cavity and the 6-substituent located near the entrance. Selected compounds, 
hybridized with EDA and OTC, were effective in reducing neuronal damage caused by oxygen and glucose 
deprivation in rat hippocampal models of cerebral ischemia. The findings suggested that the neuroprotective 
effects of EDA-based derivatives 3 and 4 may result from both their antioxidant properties and their ability to 
antagonize the A2A AR. These results highlighted the therapeutic potential of dual-acting compounds, combining 
antioxidant activity and A2A AR antagonism, for the treatment of cerebral ischemia and other oxidative stress- 
related disorders.

Abbreviation: AD, Anoxic depolaritation; AR, Adenosine receptor; d.c, Direct current; DCM, Dichloromethane; DIPEA, Diisopropilethylamine; EDA, Edaravone; 
EDCI, 1-(3-(dimethylamino)-propyl))-3-ethylcarbodiimide; fEPSP, Field excitatory post sinaptic potential; HOBt, 1-hydroxybenzotriazole; OTC, (S)-2-oxothiazoli
dine-4-carboxylic acid; OGD, Oxygen-glucose deprivation; r.t., Room temperature; TFA, Trifluoroacetic acid.
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1. Introduction

Adenosine is a key regulator involved in numerous physiological 
processes, exerting its effects by binding to four types of G protein- 
coupled receptors: A1, A2A, A2B, and A3 adenosine receptors (ARs).

A1 AR and A3 AR are coupled to Gi/Go proteins, leading to inhibition 
of adenylyl cyclase (AC) and a subsequent decrease in intracellular 
cAMP levels. Additionally, their function varies depending on the spe
cific cell type, as they can influence other signaling pathways.

The A1 AR is widely expressed in the central nervous system (CNS), 
particularly in the cortex, cerebellum, hippocampus, spinal cord, and 
glial cells, where it modulates neurotransmitter release, neural excit
ability, and induces sedative, anticonvulsant, and anxiolytic effects [1]. 
Activation of the A1 AR under ischemic conditions exerts neuro
protective effects by inhibiting glutamate release, and limiting calcium 
influx, thereby decreasing neuronal damage and promoting cell sur
vival. [2]. A1 AR is also abundant in peripheral organs, including the 
heart, kidneys, airways, and immune cells. It induces cardioprotective 
effects during ischemic stress, it reduces renal function, while stimulates 
bronchoconstriction, and proinflammatory response [1]. The A3 AR is 
expressed at low levels in the brain [3], in regions such as the thalamus, 
hypothalamus, hippocampus, cortex, and retina, as well as in microglia 
and astrocytes. Its activation has been shown to provide protection 
against neurodegeneration and neuroinflammation [1,2]. Peripherally, 
A3 AR is found in the coronary and carotid arteries [4], the gastroin
testinal tract, lungs, and a wide range of immune and inflammatory 
cells, where it primarily exerts anti-inflammatory actions [1,2].

A2A and A2B ARs are coupled to Gs proteins, which activate AC and 
elevate cAMP production, thereby initiating diverse downstream 
signaling cascades depending on the specific cellular context.

The A2A AR is expressed both in periphery and in the CNS. In the 
brain, there is the highest density of this AR in the corpus striatum, 
nucleus accumbens, and olfactory tubercles, and it is also present in the 
hippocampus and cortex [1]. The A2A AR is expressed in both pre- and 
post-synaptic neurons, as well as in glial cells, where it promotes pro- 
inflammatory activity, by driving microglia and astrocytes toward a 
pro-inflammatory phenotype, particularly under stress conditions such 
as cerebral ischemia [5]. In peripheral tissues, the A2A AR plays a role in 
regulating coronary circulation due to its expression in vascular smooth 
muscle and endothelial cells, where it facilitates vasodilation and con
tributes to heart-protective effects [6]. The cardioprotective role of this 
AR is also linked to its ability to limit neutrophil infiltration, a result of 
its strong anti-inflammatory function [7].

The A2B AR is widely expressed in the bladder, intestine, and fibro
blasts, where it plays pro-nociceptive and pro-inflammatory roles. The 
A2B AR is present at low levels in the CNS, including the spinal cord, 
where it modulates inflammation and neuronal damage following ce
rebral ischemia [1]. Recent studies support a neuroprotective role for 
the A2B AR in ischemic stroke, as demonstrated by the improvement in 
neurological function and reduction of brain injury observed following 
administration of a selective A2B AR agonist [8].

As reported above, the A2A AR mediates some of adenosine’s effects 
during stressful conditions, such as those triggered by hypoxia following 
cerebral ischemia. During hypoxic events, extracellular adenosine levels 
rise markedly, increasing from nanomolar to micromolar concentrations 
[9]. Furthermore, there is an upregulation of A2A AR expression in both 
neurons and microglia, resulting in amplified A2A AR signaling. 
Research into the involvement of A2A AR in cerebral ischemia has yiel
ded mixed findings, which largely depend on the timing of observation 
and the specific mechanisms responsible for the injury [10]. Blocking 
this receptor with antagonists administered within the first hour after 
ischemia has been found to offer neuroprotective effects [10]. Specif
ically, antagonism of the A2A AR in neurons results in decreased gluta
mate release, a process that is significantly upregulated during stroke, 
and enhances GABAergic signaling, both of which contribute to neuro
protection. Supporting the detrimental role of A2A AR, studies have 

shown that knockout mice lacking this receptor exhibited smaller infarct 
areas after focal cerebral ischemia when compared to their wild-type 
counterparts [10]. Additionally, mice lacking A2A AR expression in the 
endothelium showed reduced infarct size 24 h post-stroke [11]. Further, 
inhibition of the A2A AR has been reported to suppress the activation of 
ERK1/2 MAP kinases, thereby limiting microglial activation and 
reducing the subsequent release of pro-inflammatory cytokines [12].

Cerebral ischemia and the following reperfusion lead to mitochon
drial dysfunction and oxidative stress, with enhanced ROS production 
which leads to neuronal death, due to oxidation of key cellular com
ponents, such as DNA, lipids, and proteins [13,14]. On this basis, anti
oxidants have been investigated for their potential protective effects 
against ischemic stroke [14], with some demonstrating neuroprotective 
properties in experimental models. Given the multifactorial nature of 
ischemia-induced damage, recent research has increasingly focused on 
identifying multitarget therapies for ischemic stroke aiming to modulate 
oxidative pathways alongside other pathological mechanisms 
[13,15,16].

In this scenario, we planned the synthesis of dual-acting agents 
capable of blocking the A2A AR and exerting antioxidant effects as they 
might offer greater neuroprotective potential than single-acting com
pounds (Fig. 1).

In a previous paper, we described a set of antioxidant-conjugated 8- 
amino-1,2,4-triazolo[4,3-a]pyrazin-3-one derivatives some of which 
demonstrated high potency and selectivity as hA2A AR antagonists [17]. 
These compounds featured a phenol or lipoic acid as the antioxidant 
portion attached at the 6-position of the heteroaromatic core. Herein, we 
describe a new set of 1,2,4-triazolo[4,3-a]pyrazin-3-ones hybridized 
with the antioxidant edaravone (EDA) and (S)-2-oxothiazolidine-4-car
boxylic acid (OTC) (Fig. 2, derivatives 1–8).

EDA, namely 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one, is a drug 
marketed in Japan for the treatment of acute cerebral ischemia [18]. It 
protects against neuronal damage but its mechanism of action remains 
not completely understood. Much evidence showed that the protective 
effect of EDA is due, but not limited, to its free radical scavenging ability 
[19]. EDA reduced early accumulation of lipid peroxidation products 
and oxidative DNA damage and exerted anti-inflammatory effects 
resulting in a reduction of inducible NO synthase production [20]. In 
other studies, EDA decreased injury of vascular endothelial cells and the 
related ischemic cerebral edema and ameliorated neurological function 
[21,22].

OTC is a pro-drug of L-cysteine, into which it is transformed by the 
ubiquitous intracellular enzyme 5-oxoprolinase [23]. OTC proved to be 
effective in repleting intracellular stores of glutathione (GSH), and 
enhancing GSH/GSSG ratio. OTC proved to work as an antioxidant 
[24,25], and to decrease cell damage and neuroinflammation induced 
by oxidative stress in several cellular and animal models [23–27]. OTC 
reduced neuronal death induced, in vitro and in vivo, respectively by 
oxygen and glucose deprivation (OGD) and by reperfusion injury [26]. 
Due to these properties, we chose OTC to hybridize our triazolopyrazine 
series of A2A AR antagonists, with the idea that the attached OTC ring 
inside the cell might be opened by the intracellular 5-oxoprolinase, 
unmasking the cysteine residue that could elicit an antioxidant effect 
[28].

EDA and OTC were connected to the para-position of the 6-phenyl 
ring using linkers that varied in length and flexibility, potentially 
influencing the molecule’s fit and interaction with the target receptor. 
The position of the conjunction was chosen based on previous studies 
suggesting that bulky groups in this position not only maintain high A2A 
AR affinity but may also enhance A2A AR selectivity. Molecular docking 
studies showed [17] that these ligands were arranged in the binding cleft 
with the 2-phenyl group located in the depth of the cavity and the 6- 
bulky substituent pointing toward the extracellular environment, thus 
not hindering receptor-ligand interaction.

Some of the newly synthesized compounds, both EDA- and OTC- 
hybrids (3, 4 and 6, 8), were selected for their affinity and selectivity 
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toward the hA2A adenosine receptor and evaluated in in vitro models of 
cerebral ischemia.

2. Results and discussion

2.1. Chemistry

Derivatives 1–8 were synthesized as depicted in Schemes 1–4. EDA- 
containing triazolopyrazines 1 and 2 (Scheme 1) were obtained starting 
from the amino-substituted derivatives 9 [29] and 10 [27] which were 
transformed into compounds 11 and 12, respectively, by reaction with 
N-Boc-protected 4-hydrazinobenzoic acid [30], in anhydrous DMF and 
the presence of 1-(3-(dimethylamino)-propyl))-3-ethylcarbodiimide 
(EDCI) hydrochloride, 1-hydroxybenzotriazole (HOBt) and Et3N.

Derivatives 11 and 12 were treated with trifluoroacetic acid (TFA) to 
give the corresponding hydrazine derivatives. The hydrazine derivative 
13 was isolated, characterized, and then reacted with ethyl acetoacetate 
to give the EDA-conjugated derivative 1. Instead, the hydrazine deriv
ative formed by deprotection of the N-Boc derivative 12 (not shown) 
was not isolated but was directly reacted with ethyl acetoacetate to give 
2.

The triazolopyrazine derivatives 3 and its superior homolog 4, con
taining only the pyrazolone moiety of EDA, i.e. its antioxidant portion, 
were synthesized as reported in Scheme 2, i.e. starting from the 6-(4- 
aminophenyl)-substituted derivative 9 [29] which was reacted with 
chloroacetic acid and 3-chloropropionic acid, in anhydrous DMF and in 
the presence of EDCI hydrochloride and HOBt, to give, respectively, the 
amide derivatives 14 and 15 [17]. These latter were heated at reflux, 
respectively, with anhydrous hydrazine in absolute EtOH and hydrazine 
monohydrate in anhydrous THF, to give the related hydrazine de
rivatives 16 and 17. Finally, the final triazolopyrazines 3 and 4 were 
obtained after treatment of 16 and 17 with ethyl acetoacetate in EtOH.

EDA-hybridized triazolopyrazine 5 was prepared as illustrated in 
Scheme 3. The 6-(4-(2-hydroxyethoxy)-phenyl-substituted 

triazolopyrazine 18 [31] was converted into the corresponding bromo- 
derivative 19 through a reaction with N-bromosuccinimide and triphe
nylphosphine, in anhydrous dichloromethane. Treatment of compound 
19 with anhydrous hydrazine in absolute EtOH gave the hydrazine- 
derivative 20 which was cyclized with ethyl acetoacetate to give the 
EDA-hybridized derivative 5.

The EDA-hybridized compounds 1–5, as well as EDA, can exist in the 
tautomeric forms A, B, and C (Fig. 3) [32,33] whose relative abundance 
depends on the molecule structure and the polarity of the medium. 1H 

Fig. 1. Rationale for the design and synthesis of dual-acting antioxidant-A2A AR antagonists (Image created using BioRender.com.).

Fig. 2. Hybridization approach to obtain the herein reported antioxidant-based 
1,2,4-triazolo[4,3-a]pyrazin-3-one derivatives 1–8.
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NMR spectra indicated that in DMSOd6 solution, derivatives 1–5 exist as 
tautomers A and/or B, the latter being more abundant. In particular, the 
spectra of compounds 1 and 3 showed two-proton signal at about 3.50 δ 
attributable to the pyrazole -CH2- of tautomer A, a one-proton singlet at 
about 5.1–5.4 δ assignable to the H4 proton of B, and a signal at about 
10–11 δ attributable to the NH. Tautomer C has been excluded because 
the chemical shift of the H4 signal (5.1–5.4 δ) is more consistent with an 
olefinic proton (tautomer B) rather than an aromatic proton (tautomer 
C), which should appear at δ  > 6 [34]. For simplicity, in figures and 
schemes, compounds 1–5 are reported in the tautomeric form A, and 
also their chemical names were referred to this tautomer.

The OTC-conjugated triazolopyrazines 6, 7 and 8 (Scheme 4) were 
obtained by reacting the amino derivatives 9 [29], 21 [17] and 10 [29], 
respectively, with (R) 2-oxothiazolidine-4-carboxylic acid [35], acti
vated by EDCI hydrochloride and HOBt.

2.2. Structure-affinity relationships

The new hybridized triazolopyrazines were tested to measure their 
affinity and selectivity for the hA2A AR versus the other ARs. The results 
are reported in Table 1, together with those of the triazolopyrazine 24 
[17] which was tested as a reference hA2A antagonist in the in vitro 
models of cerebral ischemia.

The results aligned with our expectations, as all the new compounds 
1–8 exhibited nanomolar affinity for the hA2A AR (Ki values ranging 
from 1.7 nM to 117 nM) and different degrees of selectivity versus the 
other hAR subtypes. All compounds resulted to be inactive in the cAMP 
assays at the hA2B AR (IC50 > 30,000 nM). Derivatives showing the best 
affinity at the hA2A AR were the OTC-conjugated compounds 8 (Ki = 1.7 
nM) and 6 (Ki = 8.1 nM) which showed also high selectivity vs hA1 and 
hA3 ARs. Instead, the OTC-derivative 7 was the least active at the hA2A 
AR, among the herein reported derivatives (Ki = 117 nM). The signifi
cantly lower hA2A AR affinity of compound 7, compared to compounds 6 
and 8, could be due to the longer linker between the OTC-moiety and the 
6-phenyl ring, which may reduce key receptor–ligand interactions. The 
EDA-conjugated triazolopyrazines 1, 2 showed similar hA2A AR binding 
activities and comparable selectivity profiles. Specifically, they did not 
bind the hA1 AR, while both exhibited hA3 AR affinity in the high 
nanomolar range (Ki = 512 nM and 324 nM, respectively). These results 
indicate that the diversity of the linker between EDA moiety and the 6- 
phenyl ring did not affect a lot the ligand-receptor interactions. This 
finding is further supported by compounds 3–5, which contain only the 
pyrazole ring of EDA, known to be responsible for the antioxidant ac
tivity. These derivatives exhibited hA2A AR affinity comparable to that 

Scheme 1. Reagents and conditions: (a) N-Boc-NH-NH-C6H4–4-COOH, EDCI hydrochloride, Et3N, HOBt, anhydrous DMF, from r.t. to 35 ◦C; (b) TFA, anhydrous 
DCM; c) ethyl acetoacetate, 60 ◦C.

Scheme 2. Reagents and conditions: a) chloroacetic acid, EDCI hydrochloride, 
HOBt, anhydrous DMF; b) 3-chloropropionic acid, EDCI hydrochloride, DIPEA, 
anhydrous DMF; c) anhydrous hydrazine, absolute EtOH, reflux; d) hydrazine 
monohydrate, anhydrous THF, reflux; e) ethyl acetoacetate, EtOH, 60 ◦C.

Scheme 3. Reagents and conditions: (a) PPh3, N-bromosuccinimide, anhydrous 
dichloromethane, from 0 ◦C to 60 ◦C; (b) anhydrous hydrazine, EtOH abs, 
reflux; (c) ethyl acetoacetate, EtOH, 60 ◦C.
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of compounds 1 and 2, with the most potent being compounds 3 (Kᵢ =
57 nM) and 5 (Kᵢ = 69 nM). The latter also showed hA3 AR affinity in the 
high nanomolar range (Kᵢ = 358 nM and 128 nM, respectively), while 
they were inactive at the hA1 AR. To rationalize the observed affinity 
and selectivity data, docking studies were carried out at ARs (see 
paragraph 2.5).

EDA-hybridized derivatives 3 and 4 and the OTC derivatives 6 and 8 
were selected for their high hA2A AR affinity and selectivity versus the 
hA1 AR (3, 6, 8) or hA3 AR (4, 6, 8) to be pharmacologically profiled in 
in vitro models of cerebral ischemia. Thus, cAMP assays in hA2A AR-CHO 
cells were carried, and the antagonistic activity of compounds 3, 4, 6, 
and 8 was confirmed, as they were able to inhibit NECA-stimulated 
adenylyl cyclase activity at nanomolar concentration (Table 2).

It has to be noted that selectivity versus the A₁ AR is a critical feature 
of potential drugs against ischemic stroke, as blocking A₁ AR would 
remove its inhibitory control, leading to increased glutamate release, 
enhanced excitotoxicity, and greater neuronal injury [1,2]. In addition, 
A3 AR blockade may also be harmful, as recent studies have highlighted 
the neuroprotective role for this AR subtype in animal models of cerebral 
ischemia [2]. Moreover, selectivity versus A1 and A3 ARs is important for 
cardiovascular safety, especially in stroke patients. Antagonizing A₁ AR 
may disrupt heart rate control and conduction, increasing risks of 
tachycardia or arrhythmias, while A₃ antagonism might interfere with 
protective anti-inflammatory and vasodilatory effects. Therefore, high 
selectivity for the A2A AR helps minimize potential cardiovascular side 

effects in these patients [1,2].

2.3. Antioxidant activity of EDA-hybridized compounds 3 and 4

The free-radical scavenging activity of compounds 3 and 4, selected 
for further pharmacological tests, was evaluated by the 2,2-diphenyl-1- 
picrylhydrazyl (DPPH) assay, following a slightly modified previously 
described procedure [36]. OTC-conjugated derivatives 6–8 were not 
evaluated because OTC, per se, is not a free-radical scavenger, thus 
being inactive in the DDPH assay [37].

DPPH is a purple stable free radical that in the presence of a 
hydrogen atom-donating compound turns into the yellow non-radical 
form. This transformation can be measured spectrophotometrically. 
The absorption of DPPH at 517 nm was observed to decrease in the 
presence of the tested compounds, with a linear increase in the con
sumption of the radical DPPH. Radical scavenging activity (%) was re
ported as the percentage of DPPH discoloration and the values were 
plotted into a graph showing the average inhibition of DPPH radical at 
the steady-state as a function of the compound concentration (Fig. 4). 
Ascorbic acid and EDA were used as reference antioxidants, while 
compound 24, possessing no antioxidant portion, was the negative 
control. The EC₅₀ values, defined as the compound concentrations 
required to reduce the DPPH concentration by 50 %, are reported in 
Table 3.

Interestingly, the EDA-hybridized compounds 3 and 4 showed good 
radical scavenging ability, higher than that of EDA.

2.4. Chemical stability

The EDA-hybridized compounds 3 and 4 along with the OTC- 
conjugated derivatives 6 and 8, contain functionalities that might be 
somewhat labile. Therefore, we considered it important to investigate 
their stability in a 50 mM Tris(hydroxymethyl)aminomethane hydro
chloride buffer (50 mM Tris buffer, pH = 7.4, see paragraph 4.3). 
Degradation profiles were obtained by plotting the natural logarithm of 
analyte concentration versus incubation time (Fig. S1–S4, Supplemen
tary Data), revealing that all compounds remained stable under these 
conditions. Further investigations will focus on evaluating the stability 
of these derivatives in human plasma, which is a fundamental prereq
uisite for exploring their pharmacokinetic profile and progressing to
ward in vivo evaluation.

Scheme 4. Reagents and conditions: a) see Ref. 17; b) (R) 2-oxothiazolidine-4-carboxylic acid, EDCI hydrochloride, DIPEA, HOBt, anhydrous DMF, r.t.

Fig. 3. Tautomeric forms of EDA-based derivatives 1–5.
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Table 1 
Binding and functional activity at human adenosine receptorsa.

Binding experiments 
Ki (nM)

cAMP assays IC50 (nM)

R hA1
b hA2A

c hA3
d hA2B

e

1 ​ >30,000 75 ± 18 512 ± 110 >30,000

2 ​ >30,000 85 ± 24 324 ± 63 >30,000

3 ​ >30,000 57 ± 11 358 ± 5 >30,000

4 ​ 581 ± 40 91 ± 8.5 >30,000 >30,000

5 ​ >30,000 69 ± 12 128 ± 19 >30,000

6 ​ 504 ± 129 8.1 ± 0.83 1140 ± 167 >30,000

7 ​ 371 ± 17 117 ± 18 4686 ± 11 >30,000

8 ​ 173.4 ± 37 1.7 ± 0.36 868 ± 169 >30,000

24f ​ > 30,000 8.2 ± 2.3 > 30,000 > 30,000

a Data (n = 3–5) are expressed as means ± standard errors.
b Displacement of specific [3H]-CCPA binding at hA1 AR expressed in CHO cells.
c Displacement of specific [3H]-NECA binding at hA2A AR expressed in CHO cells.
d Displacement of specific [3H]-HEMADO binding at hA3 AR expressed in CHO cells.
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2.5. Molecular modeling studies

Docking studies with the novel compounds were performed at the 
binding cavity of the antagonist-bound hA2A AR (pdb code: 5NM4 [38]). 
MOE (Molecular Operating Environment 2022.02) modeling suite [39] 
docking tool and CCDC Gold software [40] were used in this task. 
Additional experiments were carried out to analyze the selectivity of the 
novel compounds, by performing docking experiments at 3D structures 
of hA1 AR (pdb code: 5N2S [41]) and hA3 AR (pdb code: 8X16 [42]), 
with the same protocols.

The most frequent, and highest score-associated, binding mode of the 
analyzed molecules at the hA2A AR structure presents the core scaffold 

placed in the center of the receptor cavity (Fig. 5), making interactions 
with residues Phe168, belonging to the extracellular loop (EL) 2 
segment, and Leu2496.51.

The 2-phenyl ring points toward the most internal part of the binding 
cavity, getting in proximity to residues Val843.32, Leu853.33, Trp2436.48, 
His2506.50, and Leu2496.51. The amino group in the 8-position makes H- 
bonds with Asn2536.55 and Glu169 (EL2) residues, in analogy with 
several ligands co-crystallized with the hA2A AR. The large 6-substituent 
is headed toward the extracellular space, getting in proximity to TM1, 
TM2, and TM7 (i.e. Ile662.64, Met2707.35, Tyr2717.36, and Ile2747.39) 
and EL2 and EL3 segments (i.e. Lys153, Phe168, and His264) residues, 
making polar or non-polar interactions with these amino acids. The 
para-amide group in the 6-phenyl ring (compounds 1, 3, 4, 6, 7) may 
give polar interactions with the backbone carbonyl oxygen of Ile662.64 

and/or with the para-hydroxyl group of the Tyr2717.36 side chain (see 
docking conformation of compound 3 at the hA2A AR, Fig. 5). The length 
of the linker between the 6-phenyl group and the 1H-pyrazol-3(2H)-one 
moiety of EDA makes this last group being located in various positions at 
the most external region of the receptor, with potential interactions with 
Ser672.65, Thr682.66, Lys153 (EL2), Leu167 (EL2), Leu2677.32, and 
Tyr2717.36 residues (Fig. 5).

Since NMR analyses suggested that the pyrazol-3-one group might be 
present as more than one tautomer, we simulated the potential inter
action of compound 3 in the hA2A AR cavity with the presence of various 
tautomers of this ring. The results are shown in Fig. 5 (C-E). Two of these 
tautomers present an H-bond donor function that may interact with the 
above-cited residues in the TM2 domain (i.e. Ser672.65 or Thr682.66). 
One of these tautomer (tautomer A, Fig. 3) lacks the H-bond donor and 
cannot interact with these residues. For all these tautomers is still 
possible a polar interaction with the EL2 residue Lys153.

Compounds presenting a different linker (4–5) are still able to make 
polar interactions with residues present in the TM2, EL2, and TM7 do
mains of the hA2A AR, even if with lower affinity compared to 3. The 
linker of compound 5 is of the same length of the one present in com
pound 3, even if lacking the amide function. Docking results show that 
its pyrazol-3-one ring is still able to make polar interaction with EL2 
residue Lys153 and/or TM2 residues (i.e. Ser672.65 or Thr682.66). On the 
other hand, the linker of compound 4 presents the same amide function 
of 3 and analogue interaction with the Ile662.64 residue, but the longer 
length of the linker appears to prevent the pyrazol-3-one group to make 
a stable polar interaction with the receptor (the comparison of the 
docking suggested interaction of compounds 3–5 with the hA2A AR is 
reported in Fig. S6, Supplementary Data).

Results of docking simulations suggest that the compounds bearing 
an OTC moiety adopt a similar arrangement within the binding site 
compared to the EDA-bearing ones, making also analogue interaction 
with the binding cavity. Even in this case, the size of the spacer between 
the 6-phenyl group and the terminal cyclic moiety makes this last 
function being located in various positions at the external region of the 
receptor cavity, close to the side chains of Ser672.65, Lys153 (EL2), 
Leu167 (EL2), and Leu2677.32 residues (see docking conformation of 
compound 8 in Fig. 6). As observed for compounds 3–5, a linker of 
excessive length prevents the terminal ring from establishing stable 
polar interactions with the receptor. This is exemplified by compound 7, 
whose oxothiazolidine group is positioned too externally relative to the 
receptor binding cavity. In contrast, a very short linker keeps the OTC 
group within the edges of the binding cavity, as detected for compound 
6. Docking results suggest that its oxothiazolidine ring replaces the 
amide function of 8 in making polar interaction with Ser672.65. The 
comparison of the docking-suggested interaction of compounds 6–8 
with the hA2A AR is reported as well in the Supplementary Data 
(Fig. S7).

The synthesized compounds present lower or null affinity at the 

e IC50 values of the inhibition of NECA-stimulated adenylyl cyclase activity in CHO cells expressing hA2B AR.
f Reference [17].

Table 2 
Potencies of the selected triazolopyrazines 3, 
4, 6 and 8 at hA2A AR.

hA2A AR 
a(IC50 nM)

3 1416 ± 125
4 1863 ± 217
6 403 ± 77
8 118 ± 21
24b 157 ± 43

a IC50 values of the inhibition of NECA- 
stimulated adenylyl cyclase activity in CHO 
cells expressing hA2A AR. Data are expressed 
as means ± standard errors.

b Reference 17.

Fig. 4. Radical scavenging activity (RSA) of compounds 3 and 4. EDA and 
ascorbic acid (AA) were used as reference antioxidants, and compound 24 as 
the negative control.

Table 3 
EC50 values are compound concentrations 
causing a 50 % decrease in the DPPH 
absorbance.

EC50 (μM)

3 22.21 ± 0.59
4 18.09 ± 0.36
EDA 26.61 ± 1.33
AAa 14.15 ± 1.30
24 Inactive

Values are mean ± SD, n = 3.
a Ascorbic acid.
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other AR subtypes than hA2A AR. We hence performed a docking anal
ysis at hA1 and hA3 ARs binding sites to analyze the interaction between 
these receptors and the new derivatives. For this analysis, we employed 
a crystal structure of the hA1 AR (pdb code: 5N2S; 3.3-Å resolution [41]) 
and a cryo-EM structure of the hA3 AR (pdb code: 8X16; 3.3-Å resolution 
[42]), which were checked and if necessary restored in their wild type 
sequence and added of hydrogen atoms. As shown in Fig. 7, the potential 
interaction of the novel compounds with hA1 and hA3 ARs is analogous 
to that observed with the hA2A AR, although some minor differences are 

present. The polar interactions with hA1 AR Asn2546.55 and Glu172 
(EL2) mimic the ones with Asn2536.55 and Glu169 (EL2) at the hA2A AR, 
as well as the π-π stacking with Phe171 (EL2, hA1 AR, corresponding to 
Phe168 in hA2A AR). At the external region of the hA1 AR, Glu170 (EL2) 
replaces the hA2A AR Leu167 residue. This takes to a different interac
tion with the substituent in the 6-position. While at the hA2A AR i.e. the 
pyrazolone ring could provide an H-bond donor function to give polar 
interaction with TM2 residues like Ser672.65 or Thr682.66 together with 
non-polar interaction with Leu167 (Fig. 5), at the hA1 AR the presence of 

Fig. 5. Simulated conformations at the hA2A AR. A: the binding mode of the EDA-containing compound 3 is shown (EL4 domain is hidden for clarity). B: schematic 
plot of ligand-target interaction. C-E: interaction of the 1H-pyrazol-3(2H)-one moiety (tautomer B, panel C) and its tautomers (tautomers A and C, respectively in 
panels D and E) with the receptor residues in their proximity.
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Glu170 in the EL2 domain makes the pyrazolone ring able to give such 
polar interaction just with this residue or with polar residues in the TM2 
domain (Fig. 7).

On the other hand, the non-polar interaction previously seen at hA2A 
AR is lacking at the hA1 AR. This could help explain, at least in part, the 
generally lower affinity of the EDA-containing compounds for the latter 
receptor. Furthermore, as observed at the hA2A AR, the length of the 
linker appears also critical for the affinity at hA1 AR, with compound 4 
being the only one showing hA1 AR affinity among the EDA-containing 
molecules. Docking results suggest that in the presence of a shorter 
linker (derivative 3) the molecule is forced to move externally from the 
general position in the binding site (i.e. the one adopted by compound 4) 
to restore polar interaction with TM2 residues like Asn702.65, but this 
takes to a partial loss of polar interaction with Asn2546.55. This could 
explain the drop of affinity at this receptor for compound 3. Same sug
gestions are given for compound 5, whose linker has analogue length 
compared to compound 3. The comparison of docking conformations of 
compounds 3–5 at the hA1 AR is reported in the Supplementary Data 
(Fig. S8). Some hA1 AR affinity is restored for the OTC-containing 
compounds, in which the H-bond donor and acceptor groups of the 
oxothiazolidine make this group being oriented toward the above-cited 
EL2 residue Glu170 as well as the EL2 residue Lys173 (see docking 
conformation of compound 8 at the hA1 AR, Fig. 7, and Fig. S9 in Sup
plementary Data). Even in this case, the length of the linker appears 
critical, as a shorter linker (i.e. compound 6) makes the compound un
able to give this double polar interaction with EL2 residues but able to 
give at least a polar contact with TM2 residues (Asn702.65). On the other 
hand, a longer linker (i.e. compound 7) restores the polar interaction 
with Glu170 (EL2), but through the more external amide group instead 
of the oxothiazolidine ring.

At the hA3 AR, the non-polar interaction with Phe168 (EL2) and the 
H-bond with Asn2506.55 correspond to the analogue ones with Phe168 
and Asn2536.55 in hA2A AR. In contrast, the additional polar interaction 
with Glu169 (EL2) observed at the hA2A AR is not possible at the hA3 AR, 
since this residue is replaced in the latter receptor by a valine (Val169), 
which cannot give polar interaction with the amine group of the novel 
compounds. This is a main point related to the lower affinity at this 
receptor (Fig. 7). Though, in the position corresponding to Glu170 of 
hA1 AR and Leu167 of hA2A AR, it is present the residue Gln167, whose 
amide group in the side chain contains both H-bond donor and acceptor 
functions. As a consequence, the pyrazolone ring of compounds 3–5 can 
interact as an H-bond donor with TM2 residues and as an H-bond 
acceptor with Gln167 (Fig. S10 in Supplementary Data). The H-bond 
acceptor group of the oxothiazolidine ring in OTC-containing com
pounds can interact analogously with the same EL2 residue (i.e. com
pound 8, Fig. S11 in Supplementary Data). However, the docking at the 
hA3 AR do not provide a clear rationale for interpreting the biological 
data of the new compounds at this receptor.

2.6. Pharmacological studies

Some triazolopyrazine derivatives were selected to be evaluated in 
two different in vitro models of cerebral ischemia to determine their 
ability in reducing neuronal damage induced by oxygen and glucose 
deprivation (OGD). Acute hippocampal slices represent an in vitro 
model used to study electrophysiological events during global ischemia, 
where glutamate release triggers anoxic depolarization (AD) appearance 
and neuronal cell death. Whereas organotypic slice cultures were used as 
a complementary in vitro model of ischemia, in which the tissue struc
ture and synaptic organization were preserved [43].

Fig. 6. Simulated conformations at hA2A AR. Left: the binding mode of the OTC-containing compound 8 is shown (EL4 domain is hidden for clarity). Top and bottom 
right: top view and schematic plot of ligand-target interaction.
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2.6.1. Antioxidant-hybridized A2A AR antagonists 3, 4, 6 and 8 delay AD 
appearance in OGD-exposed acute hippocampal slices

Derivatives 3, 4 and 6, 8, respectively EDA- and OTC-hybridized, 
were evaluated for their effect on CA1 synaptic transmission during 
the application of a prolonged and severe OGD episode in acutely iso
lated hippocampal slices. Moreover, OTC, EDA, and compound 24, a 
potent and selective A2A AR antagonist from the triazolopyrazine series 
lacking the antioxidant moiety [17] (Table 1), were tested as reference 
compounds. Synaptic transmission was measured by the extracellular 
recording of the field excitatory postsynaptic potential (fEPSP). An 
episode of 30 min OGD is always able to induce AD onset, which is a 
clear indication of tissue damage that consistently appears, along with 
the permanent loss of neurotransmission [44]. As reported in Table 4, no 
effects on fEPSP amplitude (mV) were observed in the presence of each 

compound investigated, under normoxic conditions at the end of 15 min 
application.

As shown in Fig. 8b, in this experimental series, 30 min OGD evoked 
appearance of AD, recorded as a negative extracellular direct current (d. 
c.) shift, with a mean latency of 6.31 ± 1.07 min and a mean peak 
amplitude of 7.61 ± 1.06 mV (n = 18) in untreated slices. In the pres
ence of the EDA-hybridized compound 3 or 4, both at the concentration 
of 200 nM, AD appearance was significantly delayed to 8.36 ± 1.54 min 
(Fig. 8c, g; n = 8) and to 8.10 ± 1.06 min (Fig. 8d, g; n = 8), respectively. 
The reference triazolopyrazine 24 (100 nM) also significantly postponed 
AD onset to 8.43 ± 1.67 min (Fig. 8e, g; n = 8), similarly to the effect 
observed in the presence of the canonical A2A AR antagonist, ZM241385 
[35]. Finally, EDA applied alone at a concentration of 200 nM delayed 
AD appearance with a mean latency of 8.0 ± 0.63 min (Fig. 8f, g; n = 6). 
No significant differences in AD amplitude were observed across the 
experimental groups (Fig. 8h). Overall, compounds that delay the 
occurrence and propagation of AD, such as 3 and 4, can be considered 
neuroprotective being able to protect brain tissue after ischemia [45]. It 
has to be pointed out that compounds 3 and 4, even though equiactive to 
24 in delaying the occurrence of AD, were significantly less potent than 
24 as hA2A AR antagonists in the functional cAMP assays (Table 2). 
These findings suggest that the effect of 3 and 4 on AD could be due not 
only to the A2A AR antagonistic property but also to the antioxidant one. 
To confirm this hypothesis, we tested 3 and 4 in a complementary in 
vitro model of cerebral ischemia (see paragraph 2.6.2).

In another experimental set, we assessed the effects of the OTC- 
hybridized antagonists 6 and 8 on AD development, and compared 
them to the effects observed with OTC alone. Compounds 6 and 8 did 
not modify basal CA1 synaptic transmission, as reported in Table 4. 
However, when tested during a severe OGD insult, the OTC-hybridized 

Fig. 7. Simulated conformations at hA1 (orange) and hA3 (blue) ARs. The binding modes of compound 3 (A-B) and compound 8 (C–D) are shown (EL4 domain is 
hidden for clarity). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
Effect of the antioxidant-hybridized hA2A AR antagonists 3, 4, 6, 8 and the 
reference compounds 24, EDA, and OTC on basal synaptic transmission in the 
CA1 region of acutely isolated hippocampal slices.

fEPSP amplitude

Compd (conc) n Before (ctrl) (mV)a After drugs (mV)a

3 (200 nM) 8 1.08 ± 0.20 1.07 ± 0.20
4 (200 nM) 8 0.90 ± 0.21 0.91 ± 0.25
24 (100 nM) 8 0.94 ± 0.11 0.95 ± 0.11
EDA (200 nM) 6 1.02 ± 0.24 1.05 ± 0.25
6 (50 nM) 9 1.03 ± 0.19 1.08 ± 0.17
8 (200 nM) 5 1.05 ± 0.15 1.07 ± 0.17
OTC (50 nM) 5 1.38 ± 0.06 1.38 ± 0.07

a Each value represents the mean ± SD of fEPSP amplitude (expressed in mV) 
recorded immediately before (ctrl) or after 15 min drug application (drugs).
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antagonists effectively delayed the onset of AD. As shown in Fig. 9a, e (n 
= 11), 30 min OGD elicited AD appearance with a mean latency of 6.31 
± 0.77 min and a mean peak amplitude of 6.22 ± 2.23 mV.

The application of the OTC-hybridized A2A AR antagonists 6 (50 nM) 
or 8 (200 nM) significantly delayed the d.c. shift to 8.39 ± 1.86 min 
(Fig. 9b,e; n = 9) or to 8.70 ± 1.8 min, respectively (Fig. 9c, e; n = 5). In 
contrast, the application of OTC alone did not modify AD appearance 
(7.45 ± 0.54 min, Fig. 9d,e; n = 5). Additionally, no significant differ
ences in AD amplitude were observed among the experimental groups 
(Fig. 9f). On this basis, for derivatives 6 and 8, we may hypothesize that 
the major role in AD onset is played by the A2A AR antagonist compo
nent, rather than the OTC portion.

The efficacy of the triazolopyrazines 3, 4, 6, 8 in this hippocampal 
model suggests that these compounds have physicochemical properties 
that enable effective tissue penetration, making them good candidates 
for in vivo studies in animal models of cerebral ischemia.

2.6.2. EDA-hybridized A2A AR antagonists 3 and 4 reduces CA1 injury in 
organotypic hippocampal slices exposed to OGD

The effects of EDA-hybridized triazolopyrazines 3 and 4 on CA1 
toxicity induced by 30 min OGD in rat organotypic hippocampal slices 
were investigated. Moreover, we tested the effects of EDA and the tri
azolopyrazine 24 [17] as reference compounds. Neuronal cell injury was 
assessed by measuring the intensity of propidium iodide (PI) 

Fig. 8. Effects of derivatives compounds 3, 4, 24, and EDA in acute rat CA1 hippocampal slices subjected to 30 min OGD. (a) Hippocampal slice diagram indicating 
the localization of the stimulating and recording electrodes. (b-f) Each graph shows voltage traces of direct current (d.c) shifts recorded during 30 min OGD in 
untreated OGD slices (b) or in the presence of different compounds: 200 nM compd 3, 200 nM compd 4, 100 nM compd 24 and 200 nM EDA (c-f). (g) Each column 
represents the mean ± SD of AD latency during 30 min OGD in different experimental groups. AD was measured from the beginning of the OGD insult. * p < 0.05, ** 
p < 0.01 vs. OGD, (ANOVA + Tukey’s w-test). (h) Each column represents the mean ± SD of AD amplitude. The number (n) of slices tested is indicated inside 
the columns.

Fig. 9. Effects of derivatives 6, 8, and (R)-2-oxothiazolidine-4-carboxylic acid (OTC) in acute rat CA1 hippocampal slices exposed to 30 min OGD. (a-d) Each graph 
shows voltage traces of direct current (d.c) shifts recorded during 30 min OGD in untreated OGD slices (a) or in the presence of different compounds: 50 nM compd 6, 
200 nM compd 8, 50 nM OTC (b-d). (e) Each column represents the mean ± SD of AD latency during 30 min OGD in different experimental conditions. AD was 
measured from the beginning of the OGD insult. *p < 0.05 vs. OGD, (ANOVA + Tukey’s w-test) (f) Each column represents the mean ± SD of AD amplitude. The 
number (n) of slices tested is indicated inside the columns.
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fluorescence. In basal conditions, rat organotypic hippocampal slices 
exposed to 3 and 4, EDA and compound 24, at the concentrations of 
0.1–10 μM for 24 h displayed no apparent signs of injury (data not 
shown). When EDA-hybridized compounds 3 and 4 were incubated 
during OGD and the subsequent 24 h, they significantly reduced 
neuronal damage at concentrations of 1 and 10 μM (Fig. 10).

The reference compound EDA and derivative 24 reduced the CA1 
injury, significantly only at 10 μM (Fig. 10). In contrast, compounds 3 
and 4 showed more pronounced neuroprotective effects, compared to 
EDA and 24, which could be attributed to the additive effects of their 
antioxidant properties and A2A AR antagonistic activity.

3. Conclusion

A set of triazolopyrazine derivatives hybridized with the antioxidant 
EDA (compounds 1–5) and the cysteine precursor OTC (compounds 
6–8) was designed to obtain A2A AR antagonists endowed with antiox
idant properties, as potential neuroprotective agents for the treatment of 
cerebral ischemia. On the whole, the new derivatives showed nanomolar 
hA2A AR affinity (Ki = 1.7–117 nM) and good selectivity versus the other 
AR subtypes. Molecular docking studies revealed the best binding mode 
of the new compounds at the hA2A AR crystal structure, with the 2- 
phenyl ring positioned in the depth of the receptor cavity, and the 6-sub
stituent located at the entrance and oriented toward the extracellular 
environment. Molecular docking studies performed at the hA1 AR and 
hA3 AR provided some explanations for the general low affinity of the 
compounds at these AR subtypes.

Selected EDA-hybridized and OTC-conjugated derivatives, tested in 
in vitro hippocampus models of cerebral ischemia, resulted in potential 
neuroprotective agents. In particular, EDA-based derivatives 3 and 4, 
effective as free-radical scavengers in the DPPH assay, proved to be 
protective on acutely isolated rat hippocampal slices under a severe 
ODG insult (30 min duration), since they postponed the onset of AD, 
indicating a delay in the progression of neuronal damage. Compounds 3 
and 4 were evaluated in parallel experiments on rat organotypic hip
pocampal slices exposed to 30 min of OGD and followed by a 24-h re
covery period. In this model, they showed a greater neuroprotective 
effect, compared to the reference EDA and the A2A AR antagonist 24. 
These findings suggested that the potentiated effect of 3 and 4 might be 
due to both their antioxidant and A2A AR antagonist components. Future 
studies will aim to complement these data with cell-based assays to 

evaluate the antioxidant efficacy of the compounds in a translationally 
relevant context. The observed efficacy of the triazolopyrazines in in 
vitro hippocampal models suggests that these compounds possess 
favorable physicochemical properties that support effective tissue 
penetration and potential in vivo activity, particularly under ischemic 
conditions, where the blood–brain barrier (BBB) is compromised and 
allows increased permeability into brain tissue. These considerations 
make these compounds promising candidates for in vivo studies aimed 
at further validating the hypothesis that dual-acting antioxidant-A2A AR 
antagonists may offer enhanced therapeutic potential as neuroprotective 
agents in cerebral ischemia and other oxidative stress-related disorders.

4. Experimental section

4.1. Chemistry

The microwave-assisted syntheses were performed using an Initiator 
EXP Microwave Biotage instrument (frequency of irradiation: 2.45 
GHz). Analytical silica gel plates (0.20 mm, F254, Merck, Germany) and 
silica gel 60 (Merck, 70–230 mesh) were used for analytical and column 
chromatography, respectively. All melting points were determined on a 
Gallenkamp melting point apparatus and were uncorrected. The high- 
resolution mass spectrometry (HRMS) analysis was performed with a 
Thermo Finnigan LTQ Orbitrap mass spectrometer coupled with an 
electrospray ionization source (ESI). Analysis was carried out in positive 
ion mode [M + H]+, and it was used a proper dwell time acquisition to 
achieve 60,000 units of resolution at full width at half maximum 
(FWHM). Elemental composition of compounds was calculated based on 
their measured accurate masses, accepting only results with an attri
bution error of less than 2 ppm and a not integer RDB (double bond/ring 
equivalents) value. The solvents used in MS measures were acetone, 
acetonitrile (Chromasolv grade), and mQ water 18 MΩ cm. Stock solu
tions of analytes were prepared using acetone (1.0 mg/mL) and stored at 
4 ◦C. Then working solutions of each analyte were prepared by dilution 
of the stock solutions using mQ water/acetonitrile 1/1 (v/v) up to a 
concentration of 1.0 μg/mL The HRMS analysis was performed by 
introducing the analyte working solution via syringe pump at 10 μL 
min− 1. Elemental analyses were performed with a Flash E1112 Ther
mofinnigan elemental analyzer for C, H, N and the results were within 
0.4 % of the theoretical values (Table S4). All final compounds revealed 
purity not less than 95 %. NMR spectra were recorded on a Bruker 
Avance 400 spectrometer (400 MHz for 1H- and 100 Mz for 13C NMR). 
The chemical shifts are reported in δ (ppm) and are relative to the central 
peak of the solvent which was CDCl3 or DMSOd6. The following ab
breviations are used: s = singlet, d = doublet, t = triplet, q = quartet, m 
= multiplet, br = broad, and ar = aromatic protons. Scanned 1H- and 
13C-NMR spectra of selected derivatives are reported in Supplementary 
Data.

4.1.1. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-[1,2,4]triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl) 
benzamide (1)

Ethyl acetoacetate (1.65 mmol) was added to a solution of the hy
drazine derivative 13 (1.65 mmol) in DCM (10 mL) and the mixture was 
heated at 60 ◦C for 2 h. The solvent was removed under reduced pressure 
and the crude product was treated with water (20 mL). The obtained 
solid was collected by filtration and purified by recrystallization from 
MeOH. Yield 58 %; mp 229–230 ◦C. 1H NMR (DMSO‑d6) (tautomer B/ 
tautomer A ratio about 7:1) 10.32 (br s, 1H, NH), 8.10–8.07 (m, 4H, ar), 
7.98 (d, 2H, ar, J = 7.7 Hz), 7.91 (d, 2H, ar, J = 8.8 Hz), 7.86 (d, 2H, ar, 
J = 8.8 Hz), 7.76 (s, 1H, H5), 7.59–7.57 (m, 4H, 2ar + NH2), 5.41 (s, 1H, 
H4 pyrazole tautomer B), 3.71 (s, 2H, CH2 pyrazole tautomer A), 2.16 (s, 
3H, CH3). 13C NMR 165.29, 149.93, 147.85, 147.61, 141.69, 139.68, 
137.94, 135.27, 131.66, 131.59, 131.05, 130.59, 129.68, 129.23, 
129.13, 126.81, 126.29, 120.60, 119.88, 119.39, 117.34, 101.37, 43.63, 
17.19, 14.46. ESI-HRMS on [C28H23N8O3]+ species found m/z 

Fig. 10. Effects of compounds 3, 4, 24, and EDA in organotypic slice cultures 
exposed to 30 min OGD. Quantitative analysis of the effects of 3, 4, 24, and 
EDA during 30 min of OGD and in the subsequent 24 h of recovery. Bars 
represent the mean ± SD of at least four experiments run in quadruplicate. (* p 
< 0.05, ** p < 0.01 and *** p < 0.001 vs. OGD) (ANOVA + Tukey’s w-test).
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519.1894. Anal. Calc. for C28H22N8O3.

4.1.2. N-(2-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-[1,2,4]triazolo[4,3- 
a]pyrazin-6-yl)phenoxy)ethyl)-4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol- 
1-yl)benzamide (2)

Trifluoroacetic acid (4.30 mmol) was added to a suspension of the N- 
Boc-hydrazine derivative 12 (1.81 mmol) in anhydrous DCM (5 mL). 
The resultant red solution was stirred at rt. for about 1 h, until the 
disappearance of the starting material (TLC monitoring). The interme
diate hydrazine derivative was not isolated but was promptly reacted 
with ethyl acetoacetate (1.65 mmol) added to the mixture. After heating 
at 60 ◦C for 2 h, the solvent was removed under reduced pressure and the 
crude product was treated with water (20 mL). The obtained solid was 
collected by filtration and purified by silica gel column chromatography 
(eluent EtOAc 4/cyclohexane 6/MeOH 1). Yield 32 %; mp > 300 ◦C. 1H 
NMR (DMSO‑d6) (tautomer B) 8.71 (t, 1H, NH), 8.08 (d, 2H, ar, J = 8.0 
Hz), 7.93–7.88 (m, 6H, ar), 7.67 (s, 1H, H5), 7.56 (m, 4H, 2 ar + NH2), 
7.36 (t, 1H, ar, J = 7.3 Hz,), 7.03 (d, 2H, ar, J = 8.7 Hz), 5.34 (br s, 1H, 
H4 pyrazole), 4.18 (t, 2H, CH2, J = 6.2 Hz), 3.67 (q, 2H, CH2, J = 5.4 Hz), 
2.12 (s, 3H, CH3). ESI-HRMS on [C30H27N8O4]+ species found m/z 
563.2139. Anal. Calcd. for C30H26N8O4.

4.1.3. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-[1,2,4]triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-2-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl) 
acetamide (3)

Ethyl acetoacetate (0.21 mmol) was added to a suspension of the 
hydrazine derivative 17 (0.21 mmol) in absolute EtOH (4 mL) and 
catalytic AcOH (3 drops). The mixture was refluxed for 2 h, then cooled 
at rt. and the precipitate was collected by filtration, rinsed with EtOH (5 
mL), and collected by filtration and recrystallized. Yield 40 %; mp 
289–290 ◦C (EtOH). 1H NMR (DMSO‑d6) (tautomer B/tautomer A ratio 
about 4:1) 10.84 (br s, 1H, NH pyrazole tautomer B), 10.26 (br s, 1H, 
NH), 8.08 (d, 2H, ar, J = 7.9 Hz,), 7.94 (d, J = 8.3 Hz, 2H, ar), 7.73 (s, 
1H, H5), 7.64 (d, 2H, ar, J = 8.3 Hz,), 7.59–7.55 (m, 4H, 2 ar + NH2), 
7.36 (t, 1H, ar, J = 7.6 Hz), 5.19 (s, 1H, H4 pyrazole tautomer B), 4.61 (s, 
2H, CH2 tautomer B), 4.40 (s, 2H, CH2 tautomer A), 3.46 (s, 2H, CH2 
pyrazole tautomer A), 2.02 (s, 3H, CH3). 13C NMR 173.53, 166.30, 
156.94, 147.81, 147.62, 139, 06, 137.97, 135.66, 131.56, 129.64, 
129.21, 126.74, 126.45, 119.86, 119.42, 118.72, 101.16, 47.44, 41.32, 
16.98. ESI-HRMS on [C23H21N8O3]+ species found m/z 457.1738. Anal. 
Calc. for C23H20N8O3.

4.1.4. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-3-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl) 
propenamide (4)

Ethyl acetoacetate (0.42 mmol) was added to a suspension of the 
hydrazine derivative 18 (0.42 mmol) in EtOH (20 mL) and the mixture 
was heated at 60 ◦C for 2 h. After cooling at room temperature, the solid 
was filtered off and the ethanolic solution was evaporated under 
reduced pressure. The obtained residue was taken up with Et2O (20 mL) 
and the solid was collected by filtration. The crude product was purified 
by silica gel column chromatography (eluent CHCl3 9/MeOH 1). Yield 
56 %; m.p. 250–254 dec ◦C. 1H NMR (DMSO‑d6) (tautomer B) 10.74 (br 
s, 1H, NH pyrazole), 10.10 (s, 1H, NH), 8.06 (d, 2H, ar, J = 7.6 Hz), 7.90 
(d, 2H, ar, J = 8.7 Hz), 7.70 (s, 1H, H-5), 7.63 (d, 2H, ar, J = 8.7 Hz), 
7.54–7.59 (m, 4H, ar + NH2), 7.35 (t, 1H, ar, J = 7.4 Hz), 5.14 (s, 1H, H4 
pyrazole), 4.05 (m, 2H, CH2), 2.77 (m, 2H, CH2), 2.01 (s, 3H, CH3). ESI- 
HRMS on [C24H23N8O3]+ species found m/z 471.1897. Anal. Calc. for 
C24H22N8O3.

4.1.5. 8-Amino-6-(4-(2-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl) 
ethoxy)phenyl)-2-phenyl-1,2,4-triazolo[4,3-a]pyrazin-3(2H)-one (5)

It was prepared from 21 (0.26 mmol) in the same experimental 
conditions described above to prepare derivative 3. The crude product 
was purified by column chromatography (eluent CH2Cl2 10/MeOH 0.5). 
Yield 32 %; mp 215–217 ◦C. 1H NMR (DMSO‑d6) (tautomer B) 10.75 (br 

s, 1H, NH pyrazole), 8.08 (d, 2H, ar, J = 7.7 Hz,), 7.90 (d, 2H, ar, J = 8.6 
Hz), 7.66 (s, 1H, H5), 7.58–7.54 (m, 4H, 2 ar + NH2), 7.36 (t, 1H, ar, J =
7.2 Hz,), 6.96 (d, 2H, ar, J = 8.5 Hz), 5.16 (s, 1H, H4 pyrazole), 4.29 (t, 
2H, CH2, J = 4.9 Hz,), 4.13 (t, 2H, CH2, J = 4.9 Hz,), 2.02 (s, 3H, CH3). 
ESI-HRMS on [C23H22N7O3]+ species found m/z 444.1771. Anal. Calcd. 
for C23H21N7O3.

4.1.6. General procedure for the synthesis of the OTC-conjugated 8-amino- 
3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a]pyrazine derivatives 6–8

A mixture of the suitable amino derivatives 9 [29], 21 [17] or 10 
[29] (1 mmol), (R)-2-oxothiazolidine-4-carboxylic acid [35] (2 mmol), 
EDCI hydrochloride (2 mmol), HOBt (2 mmol), DIPEA (2 mmol) in 
anhydrous DMF (3 mL) was reacted, under nitrogen atmosphere, at 
60 ◦C per 18 h, to obtain 6 and 8, and at room temperature for 48 h, to 
prepare 7. The mixture was diluted with water (20 mL) and the obtained 
solid was collected by filtration and purified as indicated below.

4.1.6.1. (R)-N-(4-(8-Amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo 
[4,3-a]pyrazin-6-yl)phenyl)-2-oxothiazolidine-4-carboxamide (6). Puri
fied by silica gel column chromatography (eluent CHCl3 9.4/ MeOH 
0.6). Yield 75 %; mp > 300 ◦C. 1H NMR (DMSO‑d6) 10.26 (s, 1H, NH), 
8.37 (s, 1H, NH), 8.08 (d, 2H, ar, J = 8.0 Hz), 7.96 (d, 2H, ar, J = 8.6 Hz), 
7.73 (s, 1H, ar), 7.68 (d, 2H, ar, J = 8.6 Hz), 7.56 (br. s, 2H, NH2), 7.56 
(t, 2H, ar, J = 8.0 Hz), 7.35 (t, 1H, ar, J = 7.3 Hz), 4.51–4.48 (m, 1H, 
CH), 3.80–3.75 (m, 1H, CH), 3.49–3.53 (m, 1H, CH). 13C NMR 
(DMSO‑d6) 174.06; 169.11; 147.83; 147.62; 138.90; 137.96; 135.56; 
132.18; 131.56; 129.66; 126.76; 126.44; 119.84; 119.71; 101.26; 57.49; 
32.79. ESI-HRMS on [C21H18N7O3S]+ species found m/z 448.1189. 
Anal. Calcd for C21H17N7O3S.

4.1.6.2. (R)-N-(3-((4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-tri
azolo[4,3-a]pyrazin-6-yl)phenyl)amino)-3-oxopropyl)-2-oxothiazolidine- 
4-carboxamide (7). Purified by silica gel column chromatography 
(CH2Cl2 9/MeOH 0.6). Yield 25 %; mp 167–169 ◦C (EtOH/2-Methox
yethanol). 1H NMR (DMSO‑d6) δ 10.07 (s, 1H, NH), 8.29 (s, 1H, NH), 
8.20–8.21 (m, 1H, NH), 8.29 (d, 2H, ar, J = 8.01 Hz), 7.96 (d, 2H, ar, J =
8.6 Hz), 7.70 (s, 1H, H-5), 7.66 (d, 2H, ar, J = 8.6 Hz), 7.59–7.56 (m, 4H, 
ar + NH2), 7.36 (t, 1H, ar, J = 7.3 Hz), 4.29–4.26 (m, 1H, CH), 3.69–3.62 
(m, 1H, CH), 3.44–3.40 (m, 3H, CH + CH2), 2.55–2.50 (m, 2H, CH2). 13C 
NMR (DMSO‑d6) 173.80, 170.50, 169.83, 147.79, 147.62, 139.50, 
137.97, 135.72, 131.56, 129.66, 126.32, 119.86, 119.41, 104.04, 56.74, 
36.55, 35.78, 32.81. ESI-HRMS on [C24H23N8O4S]+ species found m/z 
519.1558.Anal. Calcd for C24H22N8O4S.

4.1.6.3. (R)-N-(2-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo 
[4,3-a]pyrazin-6-yl)phenoxy)ethyl)-2-oxothiazolidine-4-carboxamide 
(8).. Purified by recrystallization. Yield 85 %; mp 256–257 dec ◦C 
(EtOH/2-Methoxyethanol). 1H NMR (DMSO‑d6) 8.37 (t, 1H, NH, J = 5.4 
Hz), 8.32 (br s, 1H, NH), 8.07 (d, 2H, ar, J = 7.8 Hz), 7.92 (d, 2H, ar, J =
8.8 Hz), 7.67 (s, 1H, H-5), 7.58–7.54 (m, 4H, 2ar + NH2), 7.35 (t, 1H, ar, 
J = 7.4 Hz), 7.00 (d, 2H, ar, J = 8.9 Hz), 4.34–4.31 (m, 1H, CH), 4.07 (t, 
2H, CH2, J = 5.5 Hz), 3.70–3.65 (m, 1H, CH), 3.51 (q, 2H, CH2, J = 5.5 
Hz), 3.36–3.32 (m, 1H, CH). ESI-HRMS on [C23H22N7O4S]+ species 
found m/z 492.1455. Anal. Calcd for C23H21N7O4S.

4.1.7. General procedure for the synthesis of the N-Boc hydrazino 
derivatives 11 and 12

A mixture of N-Boc-4-hydrazinobenzoic acid [30] (2.07 mmol) and 
Et3N (2.07 mmol) in anhydrous DMF (2 mL) was stirred at r.t. for about 
15 min. Then, EDC hydrochloride (2.07 mmol) and HOBt (2.07 mmol) 
were added and, after 10 min, the suitable amino derivative 9 and 10 
(2.07 mmol) was added. The reaction was heated at 35 ◦C for 48 h and 
24 h to give, respectively, 11 and 12. After cooling at r.t., the mixture 
was diluted with water (20 mL) and the obtained solid was collected by 
filtration and used in the next step without further purification.
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4.1.7.1. Tert-butyl 2-(4-((4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4- 
triazolo[4,3-a]pyrazin-6-yl)phenyl)carbamoyl)phenyl)hydrazine-1-carbox
ylate (11). Yield 81 %. 1H NMR (DMSO‑d6) 9.99 (s, 1H, NH), 8.93 (s, 
1H, NH), 8.16 (s, 1H, NH), 8.08 (d, 2H, ar, J = 7.9 Hz,), 7.95 (d, 2H, ar, J 
= 8.7 Hz), 7.83 (d, 2H, ar, J = 8.7 Hz), 7.73 (s, 1H, H5), 7.57–7.55 (m, 
4H, 2ar +NH2), 7.36 (t, 1H, ar, J = 7.4 Hz,), 6.72 (d, 2H, ar, J = 8.6 Hz,), 
1.44 (s, 9H, tert-butyl).

4.1.7.2. Tert-butyl 2-(4-((2-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro- 
[1,2,4]triazolo[4,3-a]pyrain-6-yl)phenoxy)ethyl)carbamoyl)phenyl)hydra
zine-1-carboxylate (12). Yield 75 %. 1H NMR (DMSO‑d6) 8.88 (br s, 1H, 
NH), 8.36 (br s, 1H, NH), 8.09–8.04 (m, 2H, ar + NH), 7.91 (d, 2H, ar J 
= 8.7 Hz,), 7.71 (d, 2H, ar J = 8.3 Hz,), 7.66 (s, 1H, H5), 7.58–7.55 (m, 
4H, ar + NH2), 7.37 (t, 1H, ar, J = 7.4 Hz,), 7.02 (d, 2H, ar, J = 8.9 Hz), 
6.65 (d, 2H, ar, J = 8.7 Hz,), 4.14 (t, 2H, CH2, J = 6.5 Hz), 3.60–3.63 (m, 
2H, CH2), 1.42 (s, 9H, tert-butyl).

4.1.8. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-4-hydrazinylbenzamide (13)

To a suspension of N-Boc-hydrazino derivatives 11 (6.87 mmol) in 
anhydrous DCM, TFA (8.25 mmol) was added. The resulting dark so
lution was stirred at r.t. for 22 h, then the solvent was evaporated under 
reduced pressure. The obtained residue was treated with H2O (20 mL) 
and the pH was adjusted to 7 with a saturated solution of NaHCO3. The 
resulting suspension was extracted with EtOAc (3 × 20 mL). The organic 
phase was anhydrified (Na2SO4) and the solvent was evaporated under 
reduced pressure to give a crude solid which was used in the next step 
without purification. Yield 51 %. 1H NMR (DMSO‑d6) 9.89 (s, 1H, 
NHCO), 8.09 (d, 2H, ar, J = 7.9 Hz), 7.94 (d, 2H, ar, J = 8.7 Hz), 
7.85–7.80 (m, 4H, ar), 7.73 (s, 1H, H5), 7.59–7.55 (m, 4H, ar + NH2), 
7.40–7.36 (m, 2H, ar), 6.81 (d, 2H, ar, J = 8.6 Hz), 4.19 (br s, 2H, NH2).

4.1.9. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-2-chloroacetamide (14)

A mixture of 9 (0.31 mmol), chloroacetic acid (0.28 mmol), EDCI 
hydrochloride (0.31 mmol) and HOBt (0.31 mmol) in anhydrous DMF 
(1 mL) was stirred overnight at rt. The mixture was diluted with water 
(20 mL) and the obtained solid was collected by filtration. The crude 
product was used without further purification. Yield 55 %. 1H NMR 
(DMSO‑d6) 10.40 (s, 1H, NH), 8.08 (d, 2H, ar, J = 7.9 Hz), 7.96 (d, 2H, 
ar, J = 8.6 Hz), 7.73 (s, 1H, ar), 7.66 (d, 2H, ar, J = 8.6 Hz), 7.59–7.55 
(m, 4H, ar + NH2), 7.36 (t, 1H, J = 7.3 Hz), 4.28 (s, 2H, CH2).

4.1.10. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-[1,2,4]triazolo[4,3-a] 
pyrazin-6-yl)phenyl)acrylamide (15)

The title compound 15 was synthesized as previously reported [17], 
i.e. by reacting the amino derivative 9 with 3-chloropropionic acid in the 
same experimental conditions reported above to prepare 14 from 9.

4.1.11. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-2-hydrazinylacetamide (16)

Anhydrous hydrazine (58 mmol) was added to a suspension of the 
chloro derivative 14 (1.47 mmol) in absolute EtOH (10 mL) and the 
mixture was refluxed for 1 h. After cooling at r.t., the precipitate was 
collected by filtration and rinsed with EtOH (10 mL). The crude com
pound was pure enough to be used for the next step without further 
purification. Yield 68 %. 1H NMR (DMSO‑d6) 9.89 (br s, 1H, NH), 8.08 
(d, 2H, ar, J = 7.9 Hz), 7.93 (d, 2H, ar, J = 8.6 Hz), 7.72–7.70 (m, 3H, 
2ar + H5), 7.58–7.54 (m, 4H, 2ar + NH2), 7.35 (t, 1H, ar J = 7.5 Hz), 
3.88 (br, 3H, NHNH2), 3.38 (s, 2H, CH2).

4.1.12. N-(4-(8-amino-3-oxo-2-phenyl-2,3-dihydro-1,2,4-triazolo[4,3-a] 
pyrazin-6-yl)phenyl)-3-hydrazinylpropanamide (17)

Hydrazine monohydrate (13.4 mmol) was added to a suspension of 
the acrylamide derivative 15 (0.54 mmol) in anhydrous THF (10 mL) 

and the resulting mixture was refluxed for 25 h. The solvent was elim
inated under reduced pressure and the residue was treated with Et2O 
(20 mL). The obtained solid was collected by filtration and recrystal
lized. Yield 78 % (nitromethane); mp 208–210 ◦C 1H NMR (DMSO‑d6) 
10.17 (s, 1H, NHCO), 8.93 (br s, 1H, NH), 8.08 (d, 2H, ar, J = 7.6 Hz), 
7.91 (d, 2H, ar, J = 8.7 Hz), 7.63–7.69 (m, 3H, ar + H-5), 7.54–7.58 (m, 
4H, 2ar + NH2), 7.35 (t, 1H, ar, J = 7.4 Hz), 2.91 (t, 2H, CH2, J = 6.7 
Hz), 2.48 (t, 2H, CH2, J = 6.7 Hz). ESI-HRMS on [C20H21N8O2]+ species 
found m/z 405.1779. Anal. Calcd. for C20H20N8O2.

4.1.13. 8-Amino-6-(4-(2-bromoethoxy)phenyl)-2-phenyl-[1,2,4]triazolo 
[4,3-a]pyrazin-3(2H)-one (19)

Triphenylphosphine (2.6 mmol) and N-bromosuccinimide (2.6 
mmol) were added to a cold (T = 0 ◦C) suspension of the idrossi deriv
ative 18 [31] (1.04 mmol) in anhydrous DCM (50 mL). The resulting 
mixture was heated at 60 ◦C for 24 h. After cooling at rt., the suspension 
was diluted with H2O (20 mL) and extracted with DCM (30 mL × 3). The 
organic phase was washed with NaCl saturated solution of (50 mL × 3) 
and dried (Na2SO4). After elimination of the solvent under reduced 
pressure, a solid was obtained which was suspended in toluene (2 mL) to 
remove the excess of triphenylphosphine oxide. The solid residue was 
collected by filtration and used for the next step without further puri
fication. Yield 50 %. 1H NMR (DMSO‑d6) 8.07 (d, 2H, ar, J = 7.7 Hz), 
7.92 (d, 2H, ar, J = 8.8 Hz), 7.68 (s, 1H, H5), 7.55–7.57 (m, 4H, 2ar +
NH2), 7.35 (t, 1H, ar, J = 7.4 Hz), 7.02 (d, 2H, ar, J = 8.9 Hz), 4.37 (t, 
2H, CH2, J = 5.4 Hz), 3.83 (t, 2H, CH2, J = 5.4 Hz).

4.1.14. 8-Amino-6-(4-(2-hydrazineylethoxy)phenyl)-2-phenyl-1,2,4- 
triazolo[4,3-a]pyrazin-3(2H)-one (20)

Anhydrous hydrazine (58 mmol) was added to a mixture of 20 (1.47 
mmol) in absolute EtOH (10 mL) and the obtained suspension was 
refluxed for 24 h. The insoluble was collected by filtration and rinsed 
with EtOH (10 mL) and used for the next step without further purifi
cation. Yield 40 %. 1H NMR (DMSO‑d6) 8.08 (d, 2H, ar, J = 8.1 Hz), 7.90 
(d, 2H, ar, J = 8.4 Hz), 7.66 (s, 1H, H5), 7.58–7.54 (m, 4H, 2ar + NH2), 
7.36 (t, 1H, ar, J = 7.5 Hz), 6.99 (d, 2H, ar, J = 8.2 Hz), 4.09 (t, 2H, CH2, 
J = 5.2 Hz), 3.83 (br, 3H, NHNH2), 2.98 (t, 2H, CH2, J = 5.1 Hz).

4.2. DPPH assay

4.2.1. DPPH free radical scavenging activity assay
The radical scavenging activity of the compounds was measured 

following a slightly modified previously reported procedure [36]. A 
fresh solution of 1•10− 4 M DPPH• in methanol was prepared and kept in 
the dark at room temperature for 1 h. Ascorbic acid, EDA and the syn
thesized compounds were dissolved in DMSO for the preparation of 
stock solutions (2•10− 4 M). The stock solutions were gradually diluted 
with MeOH to obtain an aliquot of 1000 μL of synthesized compounds 
solutions at different concentrations mixed with 1000 μL of DPPH so
lution in UV cuvettes (UV Transparent Disponsable Cuvettes (for use 
form 200 nm)-Sarsted). The mixtures were incubated for 30 min in the 
dark at room temperature. After this time, the absorbance was measured 
at 517 nm using a spectrophotometer (UV 1900, UV-VIS Spectrofo
tometer Shimadzu, USA, Manifacturing Inc., Canby Oregon, USA) 
employing methanol as a blank. All determinations were performed in 
triplicate. The radical scavenging ability of the tested compounds was 
calculated as follows:

Radical scavenging activity (%) = [(Ac–As)/Ac)] x 100.
where As represents the absorbance of the sample, and Ac is the 

absorbance of a DPPH solution as control. Because DMSO exhibits both 
pro-oxidant and antioxidant properties [46] its influence in the DPPH 
assay was investigated. Thus, various volumes of DMSO (10, 50, 100, 
250, 500, 1000 μL) were made up to 1000 μL with MeOH. Then 1000 μL 
of DPPH solution were added, and the solutions were measured in 
triplicate, as mentioned above. The results (Table S3 and Fig. S5) 
showed that up to 1 mL DMSO can be used without affecting evaluation 
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of the free-radical scavenger activity of the compounds.

4.2.2. Data analysis
The percentage of inhibition of DPPH radical was determined, and 

the values were plotted into a graph showing the average inhibition of 
DPPH radical at the steady-state as a function of the molar concentration 
of tested compounds. The data were then analyzed using the GraphPad 
Prism statistical model described by Zheng et al. [47] and were 
expressed as EC50 values, defined as the concentration of antioxidant 
that produces a 50 % decrease in the DPPH concentration.

4.3. Chemical stability

4.3.1. Chemicals
Acetonitrile (Chromasolv), formic acid (MS grade), tris(hydrox

ymethyl)aminomethane hydrochloride (Tris HCl) were purchased by 
Sigma-Aldrich (Milan, Italy). Internal Standard (compound 15, Scheme 
2), Milli-Q water 18 MΩ was obtained from Millipore’s Simplicity sys
tem (Milan-Italy). The 50 mM Tris buffer solution was prepared dis
solving 0.8 g of tris(hydroxymethyl)aminomethane hydrochloride in 
0.1 L of Milli-Q water.

4.3.2. Instrumental
The experiments were carried out with a Thermo Finnigan LCQ ion 

trap system equipped with Surveyor MS HPLC and an ESI source. Raw 
data was collected and processed by XCalibur 2.0. Thermostatic oven G- 
Therm 015 (F.lli Galli, Milan, Italy) was used to maintain the samples at 
37 ◦C during the degradation test.

The HPLC-MS/MS parameters, the preparation of the calibration 
solutions, the linearity of the calibration curve, and the limit of detection 
of the quantitative method, for each studied compound, were reported 
in Supplementary Data.

4.4. Molecular modeling studies

4.4.1. Refinement of the human A2A, A1, and A3 AR structures
The crystal structure of the hA2A AR in complex with ZM241385, the 

crystal structure of hA1 AR receptor in complex with PSB36, and the 
cryo-EM structure of hA3 AR in complex with IB-MECA were retrieved 
from the Protein Data Bank (http://www.rcsb.org; pdb code: 5NM4, 1.7- 
Å resolution [38]; pdb code: 5N2S, 3.3-Å resolution [41]; pdb code: 
8X16; 3.3-Å resolution [42], respectively). Since the three experimental 
structures present some residue mutations, the wild type sequence of 
each receptor was restored with the Homology Model tool of MOE 
(Molecular Operating Environment 2022.02) [39] and the structures 
were added of all hydrogen atoms within the same program.

4.4.2. Molecular docking analysis
All compound structures were docked into the binding site of the AR 

structures using the Induced Fit docking protocol of MOE [39] and the 
genetic algorithm docking tool of CCDC Gold [40]. The Induced Fit 
docking protocol of MOE is divided into a number of stages. Confor
mational Analysis of ligands. The algorithm generated conformations 
from a single 3D conformation by conducting a systematic search. In this 
way, all combinations of angles were created for each ligand. Placement. 
A collection of poses was generated from the pool of ligand conforma
tions using Alpha Triangle placement method. Scoring. Poses generated 
by the placement methodology were scored using the Alpha HB scoring 
function, which combines a term measuring the geometric fit of the 
ligand to the binding site and a term measuring hydrogen bonding ef
fects. Induced Fit. The generated docking conformations were subjected 
to energy minimization within the binding site and the protein side
chains are included in the refinement stage. Rescoring. Complexes 
generated by the Induced Fit methodology stage were scored using the 
Alpha HB scoring function. Gold tool was used with default efficiency 
settings, by selecting Chemscore, ASP, and PLP as scoring functions.

4.5. Pharmacology

4.5.1. Binding assay at ARs
Chinese hamster ovary (CHO) cells stably expressing human ARs 

were grown adherently and maintained in Dulbecco’s Modified Eagles 
Medium with nutrient mixture F12 (DMEM/F12), supplemented with 
10 % Fetal Bovine Serum (FBS), 100 U/mL penicillin, 100 μg/mL 
streptomycin, 2.5 μg/mL amphotericin, 1 mM sodium pyruvate, and 0.1 
mg/mL Geneticin (G418) at 37 ◦C, and aerated with 5 % CO2: 95 % O2. 
Membrane preparations of recombinant CHO cells expressing the 
respective hARs were obtained as previously reported [48]. Radioligand 
binding assays for hA1, hA2A, and hA3 ARs were performed using the 
following radioligands: [3H]CCPA 1 nM for the hA1 AR, [3H]NECA 10 
nM for hA2A AR, and [3H]HEMADO 1 nM for the hA3 AR. Three-five 
separate experiments were performed for determination of Ki values 
which are given as the mean ± standard error (S.E.). The potency of 
antagonists at the hA2B AR (expressed on CHO cells) was determined by 
inhibition of NECA-stimulated adenylyl cyclase activity.

All data were analyzed with GraphPad Prism (GraphPad Software, 
San Diego, CA, USA).

4.5.2. cAMP assay
Functional activity was determined as described earlier [48]. Briefly, 

CHO cells stably expressing either the hA2A AR or hA2B AR and the 
plasmid pGloSensor-22F coding for the biosensor were incubated for 2 h 
with the GloSensor cAMP reagent. Cells were subsequently dispensed in 
the wells of a 384-well plate and the reference agonist NECA or the 
under-study compounds were added at different concentrations. Since 
the ability of compounds to stimulate (A2A and A2B ARs) the cAMP 
production did not produce results, the antagonist profile was evaluated 
by assessing the ability to counteract an NECA-induced increase in cAMP 
accumulation. Responses were expressed as a percentage of the maximal 
relative luminescence units (RLU). Concentration–response curves were 
fitted by a nonlinear regression using Prism software. Each concentra
tion was tested three-five times in duplicate and the values are given as 
the mean ± standard error (S.E.).The antagonist profile of the com
pounds was expressed as the IC50, which is the concentration of antag
onist that produces a 50 % inhibition of the agonist effect.

4.5.3. In vitro models of cerebral ischemia

4.5.3.1. Animals and ethical approval. Male Wistar rats (150–180 g body 
weight, 6–8 weeks old), used for extracellular recordings, were pur
chased from Envigo (Udine, Italy). Male and female Wistar rat pups (7–9 
days old), used for organotypic cultures, were purchased from Charles 
River (Milan, MI, Italy). All experimental procedures were carried out 
following the Italian regulations for the care and use of laboratory ani
mals (EU Directive 2010/63/EU) and were approved by appropriate 
institutional and state authorities of the University of Florence (301/ 
2021 for acute slices; 17E9C.N.GS0. for organotypic slices). In compli
ance to Italian law and EU directives, all efforts were made to minimize 
the number of animals used and suffering according to the principle of 
3Rs. All animals were located in a temperature-controlled room (22 ±
1 ◦C), with food and water ad libitum, and with a 12 h light/dark cycle.

4.5.3.2. Drugs. Both for extracellular recordings and for organotypic 
slice experiments all drugs were dissolved in dimethyl sulphoxide 
(DMSO). Stock solutions, of 1000–10,000 times the desired final con
centration, were stored at − 20 ◦C. The final concentration of DMSO (0.1 
% in aCSF) used in our experiments did not alter electrophysiological 
properties or drugs effects in hippocampal slices.

4.5.3.3. Preparation of acutely isolated hippocampal slices. Acute hippo
campal slices were prepared as previously described [49]. Animals were 
sacrificed via decapitation under anesthesia with isoflurane (Baxter, 
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Rome, Italy). The hippocampi were rapidly dissected and transferred in 
ice-cold oxygenated (95 % O2–5 % CO2) artificial cerebrospinal fluid 
(aCSF) of the following composition (mM): NaCl 125, KCl 3, NaH2PO4 
1.25, MgSO4 1, CaCl2 2, NaHCO3 25, and D-glucose 10. Slices (400 μM 
nominal thickness) were cut using a McIlwain Tissue Chopper (Mickle 
Laboratory Engineering Co. Ltd., Gomshall, United Kingdom) and kept 
in oxygenated aCSF for at least 1 h at room temperature. During re
cordings, each slice was placed on a nylon mesh, fully submerged in a 
small-volume chamber (0.8 mL), and superfused with oxygenated aCSF 
maintained at 31–32 ◦C at a steady flow rate of 2 mL/min. The perfused 
solutions reached the preparation in 60 s and this delay was considered 
in our calculations.

4.5.3.3.1. Extracellular recordings and oxygen-glucose deprivation.
Test pulses (80 μs, 0.066 Hz) were applied through a bipolar nichrome 
electrode located in the stratum radiatum of the CA1 region of rat hip
pocampal slices to stimulate the Schaffer collateral-commissural fibers. 
Extracellular potentials were recorded using borosilicate microelec
trodes (2–10 MΏ, Harvard Apparatus LTD, United Kingdom) filled with 
150 mM NaCl. The recording electrode was positioned in the apical 
dendritic layer of CA1 region to record field excitatory postsynaptic 
potentials (fEPSPs). Data were amplified (200×, BM 622, Mangoni, Pisa, 
Italy), digitized (sample rate, 33.33 kHz), and stored for later analysis 
with LTP (version 2.30D) program [50]. Once a stable baseline of 
evoked responses was established, fEPSP amplitudes were routinely 
measured and expressed as the percentage of the mean value recorded 2 
min before the application of any pharmacological treatment (pre- 
OGD). The test stimulus intensity was then adjusted to generate a syn
aptic response of about 40 % of the maximum and was held constant 
throughout the experiment. Simultaneously, AD was recorded as nega
tive extracellular direct current (d.c.) shifts induced by OGD. The d.c. 
potential reflects the membrane polarization of cells surrounding the 
recording electrode tip [51]. AD latency, expressed in min, was calcu
lated from the beginning of OGD; AD amplitude, expressed in mV, was 
measured at the maximal negativity peak and it was expressed as posi
tive values in the text and bar graphs. Oxygen-glucose deprivation 
(OGD) was obtained by superfusing the slice with glucose-free aCSF, 
gassed with nitrogen (95 % N2–5 % CO2) [49] for 30 min. This OGD-time 
duration does not permit the recovery of fEPSPs causing irreversible 
synaptic failure, as previously described [45]. Each compound tested 
was applied 15 min before, during, and 5 min after OGD.

4.5.3.4. Rat organotypic hippocampal slices exposed to oxygen-glucose 
deprivation. Male and female Wistar rat pups were purchased from 
Charles River (MI, Italy). Organotypic hippocampal slice cultures were 
prepared as previously described [52]. Briefly, the hippocampi were 
removed from the brains of 7–9 day old Wistar rats and transverse slices 
(420 μm) were prepared using a McIlwain tissue chopper in a sterile 
environment. Isolated slices were first placed in ice-cold Hanks’ 
balanced salt solution (HBSS), supplemented with 5 mg/mL glucose and 
1.5 % Fungizone® (GIBCO-BRL), then transferred to humidified semi
porous membranes (30 mm Millicell-CM 0.4 μm tissue culture plate 
inserts, Millipore, Italy; 4 per membrane). These were placed in six-well 
tissue culture plates containing 1.2 mL culture medium containing 50 % 
Eagle’s MEM, 25 % heat-inactivated horse serum, 25 % HBSS, 5 mg/mL 
glucose, 1 mM glutamine and 1.5 % Fungizone®. Slices were maintained 
at 37 ◦C, with 100 % humidity, and 95 % air/5 % CO2 atmosphere and 
the medium was changed every three days. Experiments were carried 
out after 14 days in vitro (DIV). Oxygen and glucose deprivation (OGD) 
was induced as previously described [40]. Briefly, the slices were 
exposed to a serum-free medium saturated with 95 % N2/5 % CO2 at 
37 ◦C in a gassed incubator equipped with an oxygen controller (Bio
Spherix, New York, USA). After 30 min, the cultures were transferred to 
oxygenated serum-free medium containing 5 mg/mL glucose and 
returned to the incubator under normoxic conditions. Drugs were 
incubated during 30 min OGD and in subsequent 24 h. Cell injury was 

evaluated 24 h later and was assessed using the fluorescent dye propi
dium iodide (PI) (5 μg/mL) that was added to the medium at the end of 
the 24 h recovery period. Fluorescence was viewed using an inverted 
fluorescence microscope (Olympus IX-50; Solent Scientific, Segens
worth, UK) equipped with a xenon-arc lamp, a low-power objective (4×) 
and a rhodamine filter. Images were digitized using a video image ob
tained with a CCD camera (Diagnostic Instruments Inc., Sterling 
Heights, MI, USA) controlled by software (InCyt Im1TM; Intracellular 
Imaging Inc., Cincinnati, OH, USA) and subsequently analyzed using the 
Image-Pro Plus morphometric analysis software (Media Cybernetics, 
Silver Spring, MD, USA). To quantify cell damage, the CA1 hippocampal 
subfield was identified and encompassed in a frame using the drawing 
function in the image software (ImageJ; NIH, Bethesda, MD, USA) and 
the optical density of PI fluorescence was recorded.

4.5.3.5. Statistical analysis. Data were expressed as mean ± SD. The 
statistical significance of differences between control and treatment 
groups in electrophysiology data and PI fluorescence intensities was 
analyzed using one-way ANOVA with a post hoc Tukey-test for multiple 
comparisons. Data were analyzed using “GraphPad Prism v.8” (Graph
Pad Software, San Diego, CA, USA) software. A probability value (p) of 
<0.05 was considered significant.
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