
Computational and Structural Biotechnology Journal 17 (2019) 311–318

Contents lists available at ScienceDirect

journa l homepage: www.e lsev ie r .com/ locate /csb j
Psychiatric Disorders and Oxidative Injury: Antioxidant Effects
of Zolpidem Therapy disclosed In Silico
Marco Bortoli a,1, Marco Dalla Tiezza a,1, Cecilia Muraro a, Chiara Pavan b, Giovanni Ribaudo c, Anna Rodighiero a,
Cristina Tubaro a, Giuseppe Zagotto c, Laura Orian a,⁎
a Dipartimento di Scienze Chimiche, Università degli Studi di Padova, Via Marzolo 1, 35131 Padova, Italy
b Dipartimento di Medicina, Università degli Studi di Padova, Via Giustiniani 2, 35128 Padova, Italy
c Dipartimento di Scienze del Farmaco, Università degli Studi di Padova, Via Marzolo 5, 35131 Padova, Italy
Abbreviations: DFT, Density Functional Theory; H
(mechanism); M06-2X, Minnesota Hybrid functional wi
NBO, Natural Bond Orbitals; NPA, Natural Population A
RAF, Radical Adduct Formation (mechanism); RC, Rea
Oxygen Species; SMD, Solvation Model based on Density;
⁎ Corresponding author.

E-mail address: laura.orian@unipd.it (L. Orian).
1 These authors equally contributed to this work.

https://doi.org/10.1016/j.csbj.2019.02.004
2001-0370/© 2019 The Authors. Published by Elsevier B.V
NC-ND license (http://creativecommons.org/licenses/by-n
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 December 2018
Received in revised form 1 February 2019
Accepted 2 February 2019
Available online xxxx
Zolpidem (N,N-Dimethyl-2-[6-methyl-2-(4-methylphenyl)imidazo[1,2-a]pyridin-3-yl]acetamide) is a well-
knowndrug for the treatment of sleeping disorders. Recent literature reports onpositive effects of zolpidem ther-
apy on improving renal damage after cisplatin and on reducing akinesia without sleep induction. This has been
ascribed to the antioxidant and neuroprotective capacity of this molecule, and tentatively explained according
to a generic structural similarity between zolpidem and melatonin. In this work, we investigate in silico the anti-
oxidant potential of zolpidem as scavenger of five ROSs, acting via hydrogen atom transfer (HAT) mechanism;
computational methodologies based on density functional theory are employed. For completeness, the analysis
is extended to six metabolites. Thermodynamic and kinetic results disclose that indeed zolpidem is an efficient
radical scavenger, similarly tomelatonin and Trolox, supporting the biomedical evidence that the antioxidant po-
tential of zolpidem therapymay have a beneficial effect against oxidative injury, which is emerging as an impor-
tant etiopathogenesis in numerous severe diseases, including psychiatric disorders.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The etiopathogenesis of psychiatric disorders suggests a complex pic-
ture with many social, physical, chemical exposures and genetic factors
that contribute to the onset of mental illness [1]. The exact delineation
of etiology is very difficult to detect because of a multitude of variables
that influences each other. Therefore, the importance of better under-
standing pathopshysiological pathways and their reciprocal actions
could provide a broadly applicable framework and subsequent means of
therapeutic intervention. Neurochemistry, psychoneuroendocrinology
and psychoneuroimmunology are fundamental biomedical fields that
study the underlying mechanisms, but, in particular, neurochemistry
informs most of the current biological treatments. In a similar context,
oxidation biology is emerging as a promising avenue of investigation
and has been actively pursued also in other areas of medicine [2].
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The brain with its high oxygen consumption and a lipid-rich
environment is very vulnerable to oxidative stress [3]. Oxidative stress,
defined by Gingrich in 2005 as the “new stress” [4], consists in a serious
alteration in the prooxidant-antioxidant balance in favor of the
prooxidants, a condition in which elevated levels of intracellular reac-
tive oxygen species (ROS) contribute to tissue damage. When this
balance is altered, an overproduction of ROS and/or a deficit of the
antioxidant defense mechanisms occurs with many effects as protein
oxidation, loss of sulfhydryl groups and modifications of amino acids
that render proteins non-functional, causing peroxidative damage to
lipids with a consequent cell degeneration. Therefore, the fact that
oxidative stress is implicated in the pathophysiology of several mental
disorders as schizophrenia, bipolar disorder, major depressive disorder
and anxiety, has not to surprise [5–7].

Recent data show that lowered quality of life in mood disorders
could be in part associated to an increased neuro oxidative stress [8].
There are psychopharmacological treatments that have anti-
inflammatory and antioxidant effects as for example lithium, that is
the most effective medication for the prevention of long-term relapse
in bipolar mood disorders, and N-acetyl-cysteine, a glutathione based
redox modulator, anti-inflammatory agent and mitochondrial modula-
tor, that decreases symptoms of depression and mania in bipolar disor-
ders [9]. However, established agents have tolerability issues and
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Scheme 1. Zolpidem (1), melatonin (2) and Trolox (3). The red numbers indicate the HAT sites.

Scheme 2. Synthetic intermediates of zolpidem with antioxidant capacity.
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efficacy limitations; therefore, more novel therapeutic strategies are
needed. In the attempt to find alternative approaches to better care
these patients, researchers have embarked on using antioxidant treat-
ment as therapy for psychiatric disorders. Evidence from clinical, pre-
clinical and epidemiological studies suggest that antioxidant therapy
could enhance neuroprotection [10]. Several antioxidant compounds
could be used, like vitamin E, vitamin C, Omega-3 fatty acids, coenzyme
Q10, NAC, GSH, rutin, Ginkgo biloba, melatonin, hydroxytyrosol, caffeic
acid phenethyl ester, resveratrol, quercetin and lycopene [9,11]. Metal
ions such as zinc and manganese are also useful enforcing antioxidant
defense [9]. Nevertheless, it is important to make clear that though ox-
idative stress has been found associated with several acute and chronic
diseases, its role seems still secondary, since the sole antioxidants inter-
ventions have not been able to cure any disease.

A recent study has demonstrated a significant positive effect of the
hypnotic drug zolpidem (Scheme 1) on the improvement of renal dam-
age caused by cisplatin [12]. Zolpidem exhibits this effect by reducing ox-
idative stress, increasing the activity of the endogenous antioxidant
system, including superoxide dismutase, catalase and glutathione perox-
idase and preventing apoptosis in renal cells [12]. An interesting case re-
port has demonstrated improved akinesia after taking zolpidem without
sleep induction or consciousness changes [13]. There are many zolpidem
binding receptors in the globus pallidus interna, substantia nigra pars
reticulata and subthalamic nucleus and zolpidem's antioxidant and neu-
roprotective effects might prevent oxidative damage to the brain and
consequently certain abnormal movement disorders [13].

Garcia-Santos et al. inspired by a certain degree of structural similar-
ity of zolpidemwithmelatonin, discussed for the first time the potential
antioxidant activity of zolpidem [14]. The authors investigated its direct
antioxidant and neuroprotective properties and those of some synthetic
intermediates (Scheme 2). Although it has been proved that the stimu-
lation of the peripheral benzodiazepine receptors promotes some pro-
tection against oxidants' cytotoxicity, it is clear that zolpidem does not
target these receptors [15]. Thus, the authors focused on the influence
of zolpidem 1 and of its analogues 4–7 on intracellular ROS levels,
lipid peroxidation, protein protection against metal-catalyzed oxidative
damage and their neuroprotective effects. In general, compounds 1, 4
Scheme 3. HAT mechanism in zolpidem (1).
and 5 present superior performances in the above cited biological
tests. Although this pioneering work suggests for the first time the pos-
sibility to use zolpidem and its derivatives as antioxidants, more studies
are needed to clarify the mechanism of action of these compounds and
the role played by the imidazopyridine substituents.

Bishnoi et al. studied the influence of zolpidemon superoxide dismut-
ase (SOD) and catalase activity in striatum of rats [16]. Discussing the re-
sults of their biochemical study on neuroprotective mechanisms of
zolpidem in typical anti-psychotic-induced orofacial dyskinesia, the au-
thors stated that “zolpidemdosedependently reversed the increase in ox-
idative damage […] induced by haloperidol and chloropromazine” [16].

A radical mechanism can be invoked to explain the antioxidant activ-
ity of zolpidem, very much like what is proposed for melatonin and
Trolox (Scheme 1), and several natural substances [17–23]. Particularly,
in this work, we have investigated the radical scavenging activity of
zolpidem via hydrogen atom transfer (HAT, Scheme 3) from all its avail-
able sites and those of selected metabolites. Using a computational ap-
proach, based on density functional theory (DFT) methodologies, Gibbs
free reaction and activation energies for the process were computed.
Quantum chemistry calculations are a powerful tool to screen and ratio-
nalize the reactivity properties of molecular compounds, and have been
successfully applied to numerous antioxidant systems, including natural
substances acting as radical scavengers [24] and enzyme-inspired artifi-
cial compounds, for example GPx mimics [25–27].

We demonstrate that indeed zolpidem and its most important me-
tabolites have antioxidant capacity similarly to Trolox and melatonin.

2. Methods

All calculations were carried out using Density Functional Theory
(DFT) methodologies. The M06-2X functional was used [28], having
been preliminarily benchmarked by Kozuch et al. [29] and by us on
Trolox andmelatonin (our data are reported in the Supporting Informa-
tion file). Gas-phase full geometry optimizations of the reactants, prod-
ucts, and transition states were carried out atM06-2X/6-31G(d) level of
theory, as implemented in Gaussian16 [30]. Spin contamination was
checked to ascertain the correctness of the wavefunction for the radical
doublets and was found negligible. Afterwards, single point energy cal-
culationswere computed on the optimized structures atM06-2X/6‐311
+G(d,p) level to have a more accurate estimate of the energies. To ver-
ify the stationary nature of the minima (no imaginary frequency), to
confirm the correctness of the transition states (only one imaginary fre-
quency, which was analyzed to ensure that the right vibrational mode



Fig. 1.ΔG°HAT (kcal mol−1) in gas-phase (a), inwater (b) and in benzene (c) for the scavenging of HO•, CH3O•, HOO•, CH3OO• and CH2=CHOO• throughHAT from all the available sites of 1.
Level of theory: (SMD)-M06-2X/6‐311+G(d,p)//M06-2X/6-31G(d).
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was found), and to obtain thermodynamic corrections at 298 K and
1 atm, frequency calculations were carried out at M06-2X/6-31G(d).
The SMD continuum model [31,32] was adopted to take into account
solvation effects in single point calculations performed on the gas-
phase optimized structures with the larger basis sets (level of theory:
SMD-M06-2X/6‐311+G(d,p)//M06-2X/6-31G(d)). Water and benzene
were chosen to mimic a polar and a non-polar environment, respec-
tively [19]. In gas-phase, a reactant complex (RC) and a product com-
plex (PC) were located on the potential energy surface, before and
after the transition state (TS), respectively. In all cases, both species
are destabilized in energy with respect to the free reactants and prod-
ucts; thus, energy barriers were calculated respect to the sum of the en-
ergies of the free reactants. The same approachwas used in solvent [33].

Natural spin densities and atomic charges were calculated with the
natural population analysis (NPA) for C4 sites in 1 and its metabolites
(Scheme 4) [34]. The electron spin density surfaces related to the local-
ized natural bond orbitals (NBO) were also drawn for selected struc-
tures with Multiwfn [35] with a high-quality grid and the isodensity
value of 0.003.
3. Results and Discussion

The radical scavenging capacity of zolpidem (1) was investigated
considering the hydrogen atom transfer (HAT) mechanism from all
the available sites (Scheme 1)2.

These ROSs were considered: HO•, which is the most reactive and
electrophilic oxygen-centered radical; HOO• and CH3OO•, which are
less reactive and thus capable to reach remote cellular locations;
CH2=CHOO•, mimic of larger unsaturated peroxyl radicals, and CH3O•,
which has a reactivity intermediate between HO• and peroxyl radicals.
Thermodynamically as well as kinetically, HAT resulted the most rele-
vant mechanismwith these radicals also in the cases of Trolox andmel-
atonin [19,21].

The thermodynamic data, which reveal the feasibility of the reac-
tions, are presented and discussed first. Gibbs free reaction energies
(ΔG°HAT) computed in gas-phase and in two different solvents, i.e.
water and benzene, are reported in Table S1 and Fig. 1. When
2 RAF (Radical Adduct Formation), Involving the formation of a σ bond between the
radical and the rings’ C atoms via electrophilic addition, was excluded because in most
cases it leads to endoergonic or weakly isoergonic reactions, as reported for melatonin
and Trolox [19,21], In all cases, the RAF path always remains less thermodynamically favored
than HAT.
considering the same ROS, they reflect the stability of the (1-H)• radical.
By inspecting the data in gas-phase (Fig. 1a), all reactions with HO• are
neatly and in most cases strongly exergonic, as expected, with ΔG°HAT
values in the range− 33.3 to−1.2 kcal mol−1. Conversely, all reactions
with the hydroperoxyl and methyl peroxyl radicals are endergonic, and
thus thermodynamically disfavored,with the exception of HAT fromC4,
for whichΔG°HAT values are−1.7 and− 0.1 kcalmol−1, respectively; in
this latter case, the reaction can be considered isoergonic. The HATs to
the alkoxyl radical are endergonic only when considering sites on the
rings' C atoms. The scavenging activity of zolpidem toward CH2=CHOO•

is thermodynamically disfavored,with values similar to those computed
for the hydroperoxyl radical: HAT is endergonic from all sites except C4
from which it results thermodynamically favored (ΔG°HAT =
−3.0 kcal mol−1). Notably, HAT from C4 is exergonic for all the consid-
ered radicals, indicating that the unpaired electron on this methylene
carbon atom corresponds to an energetically very favored situation.
The HAT from C10 is in all cases the least favored process, with ΔG°HAT
ranging from−1.2 kcal mol−1 (HO•) to 31.9 kcal mol−1 (CH3OO•). The
stability of the HAT products can be inferred by inspecting the electron
spin density surfaces shown in Fig. 2, showing a larger delocalization
when HAT occurs from C4 than from C10.

The trends in gas-phase aremaintained in the presence of solvent. In
water (Fig. 1b), an appreciable stabilization of the products is observed,
while in benzene (Fig. 1c), the effect onΔG°HAT is neatly weaker and the
values are very close to those computed in the gas-phase.

The pharmacokinetics of zolpidem prompted us to extend our anal-
ysis to other molecular compounds. Zolpidem shows rapid and quanti-
tative absorption in humans [36]. Its pharmacological effect is
consequently characterized by a quick onset, while the elimination of
the compound occurs with a half-life of 2.4 h [36,37]. In fact, zolpidem
is substrate of extensive metabolic reactions mediated by CYP3A,
CYP1A2 and CYP2D6, and the unchanged compound can barely be de-
tected in urine, feces and bile (0.5%) [38]. In humans, the biotransforma-
tion takes place through three main different paths, where redox
reactions play a crucial role (Scheme 4) [37]. The first metabolic path
leads to the hydroxylation of the methyl group of the phenyl moiety
(path a, metabolite MIII) and, after a further oxidation, to the corre-
sponding carboxylic acid (metabolite MI). This last compound repre-
sents the main metabolite detected in urine (72–86% of the
administered dose). In the second path (path b), the hydroxylation
and subsequent oxidation reactions take place on the methyl group of
the imidazopyridine moiety (metabolites MIV and MII respectively).
Metabolite MII accounts for 10% of the administered dose.



Fig. 2. Spin densities on (1-H)• when HAT occurs from C4 (a) and C10 (b) and on (MX-H)• when HAT occurs from C4 (c) and from the OH group linked to C9 (d).
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Hydroxylation on the imidazopyridine (path c, metabolite MX) repre-
sents the third metabolic path (10% of the administered dose). A
minor path is based on the hydroxylation of one of the methyl groups
of the substituted amide (path d, metabolite MXI). Interestingly, none
of the formed metabolites is pharmacologically active, but they might
be possibly involved in the antioxidant activity.

More recent reports on zolpidemmetabolism can be found in refer-
ences [38, 39]. The six metabolites of 1, which are shown in Scheme 4,
were included in this study. We focused on the HAT mechanism from
C4; in addition, HAT from OH and COOH groups present in themetabo-
lites, which are expected to be reactive sites, was analyzed too. The first
set of results, referring to C4 site, are shown in Fig. 3 and Table S2.
Scheme 4.Metabolic paths of zolpidem; the sites which may
In gas-phase (Fig. 3a), all HATs are exergonic and the ΔG°HAT values
become progressively less negative in the order HO•, CH3O•,
CH2=CHOO•, CH3OO• and HOO•, the reaction with HO• being the most
favored. This reflects the reactivity of the ROSs, or equivalently the
O\\H bond strength of the neutral species which form as products
[40]. No significant differences can be noticed for the HAT from C4
among the different metabolites when considering the same radical:
in all six cases, the values span a rather narrow range of approximately
4 kcalmol−1. Interestingly, the largest negativeΔG°HAT values are found
for MX and MXI. For example, the stability of (MX-H)• can be inferred
by the delocalization of the electron spin density in this radical when
HAT occurs from C4 and compared to that of (1-H)•, shown in Fig. 2c
and a, respectively.
be involved in HAT and are not present in 1 are in red.



Fig. 3.ΔG°HAT (kcal mol−1) in gas-phase (a), in water (b) and in benzene (c) for the scavenging of HO•, CH3O•, HOO•, CH3OO• and CH2=CHOO• through HAT from C4 site of 1 (included as
reference) and of its metabolites. Level of theory: (SMD)-M06-2X/6‐311+G(d,p)//M06-2X/6-31G(d).

315M. Bortoli et al. / Computational and Structural Biotechnology Journal 17 (2019) 311–318
In solvent, the ΔG°HAT values become more negative than in gas-
phase and increase in absolute value with increasing polarity, i.e.
when going from benzene to water. This can be explained with a stabi-
lization of the products of the HATs occurring from C4 sites in the
metabolites, analogous to what computed for 1. Also, when considering
the different ROSs, the trends remain identical to those illustrated for
the gas-phase. Importantly, the exergonicity of these reactions in the
case of 1 and of its metabolites, although limited to a single site (C4),
is a remarkable result since, even for Trolox, positive Gibbs free reaction
energies were computed for HATs to peroxyl radicals [21]. For a quanti-
tative comparison, data for Troloxwere recalculated at (SMD)-M06-2X/
6‐311+G(d,p)//M06-2X/6-31G(d) level of theory and are reported in
Table S3. By comparing the reactivity of the C sites of Trolox with HAT
from C4 in 1, we do not find in the former all negative ΔG°HAT values
for the studied set of radicals. HAT fromC6,which results themost reac-
tive C site, is associated to a neatly positiveΔG°HAT when CH3OO• is con-
sidered (1.8 kcal mol−1 in gas-phase). Conversely, the same HAT from
Table 1
ΔG°HAT (kcalmol−1) andΔG‡

HAT (kcalmol−1) in gas-phase,water and benzene, for the scavengi
C9 in metaboliteMX (see Scheme 4). Level of theory: (SMD)-M06-2X/6‐311+G(d,p)//M06-2X

ΔG°HAT ΔG‡
HAT ΔG°HAT,water

HO• −37.3 4.0 −40.8
HOO• −5.7 12.9 −8.3
CH3O• −22.8 8.7 −25.7
CH3OO• −4.1 19.8 −7.1
CH2 = CHOO• −7.0 12.7 −10.6

Table 2
ΔG‡

HAT (kcal mol−1 for the scavenging of HO•, HOO•, CH3O•, CH3OO• and CH2=CHOO• radicals th
p)//M06-2X/6-31G(d).

ΔG‡
HAT ΔG‡

HO• HOO• CH3O• CH3OO• CH2 = CHOO• HO• HOO• CH3O•

1 5.4 16.9 9.4 19.3 14.1 7.8 19.3 11.4
MI 4.4 16.6 8.8 18.9 14.3 7.0 19.0 10.8
MII 4.9 16.7 8.9 20.6 15.8 7.6 19.6 11.3
MIII 5.4 17.6 9.7 19.4 14.7 7.8 19.5 11.6
MIV 3.9 15.0 8.0 19.3 13.7 6.8 18.6 10.8
MX 4.7 17.6 8.4 17.9 13.2 7.2 19.4 10.0
MXI 2.2 12.9 5.2 13.9 10.4 6.0 18.1 10.4
C4 in 1 is isoergonic in gas-phase and becomes exergonic in water
(−0.7 kcal mol−1). In Trolox, all negative and the largest negative
ΔG°HAT values are computed when HAT occurs from the OH group on
the phenyl ring.

It is interesting also to compare our results with the reaction ener-
gies of ROS scavenging via HAT reported for melatonin whose antioxi-
dant activity has been clearly established [41,42]. For a quantitative
comparison, we have recomputed (level of theory: (SMD)-M06-2X/6‐
311+G(d,p)//M06-2X/6-31G(d)) the ΔG°HAT for the HATs from C4
sites of the two lowest energy conformers of melatonin to the studied
five ROSs (Table S4). The reactivity of site C4 was reported to be the
highest one [19]. In gas-phase, the trend of the reaction Gibbs free ener-
gies reflects the reactivity of the radicals. Melatonin is a scavenger for
HO• and CH3O•, but is not efficient for peroxyl radicals. Nevertheless,
the ΔG°HAT are always smaller (absolute value) than those computed
for HAT from C4 in 1. In addition, the HAT from C4 of zolpidem with
ng of HO•, HOO•, CH3O•, CH3OO• and CH2=CHOO• throughHAT from theOHgroup linked to
/6-31G(d).

ΔG‡
HAT,water ΔG°HAT,benzene ΔG‡

HAT,benzene

5.6 −38.6 5.3
14.3 −6.5 14.8
16.1 −23.5 10.2
15.1 −4.7 21.4
10.4 −8.0 14.3

roughHAT from C4 for 1 and its metabolites. Level of theory: (SMD)-M06-2X/6‐311+G(d,

HAT,water ΔG‡
HAT,benzene

CH3OO• CH2 = CHOO• HO• HOO• CH3O• CH3OO• CH2 = CHOO•

21.7 15.3 7.2 19.4 11.9 22.9 17.1
21.5 15.6 6.3 19.1 11.3 22.5 17.3
23.4 17.6 6.9 19.4 11.6 24.3 19.0
21.8 15.8 7.2 19.9 12.1 22.9 17.7
21.2 14.8 6.0 17.8 10.8 22.7 16.8
19.9 13.7 6.5 19.8 10.9 21.4 16.1
18.3 13.7 4.6 16.2 8.5 18.0 14.1



Fig. 4. Fully optimized transition state geometries of HAT from C4 to HO• in 1 and its metaboliteMXI. Level of theory: M06-2X/6-31G(d).

Fig. 5. SOMO of the transition state of HAT from C4 site in 1 to CH3O• computed with an
isodensity value of 0.003. Level of theory: M06-2X/6‐311+G(d,p)//M06-2X/6-31G(d).
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CH2 = CHOO• and HOO• is favored, while the reaction with CH3OO• is
isoergonic.

A possible enhancement of the antioxidant activity found in the
zolpidem metabolites might directly involve the group added during
metabolism in a ROS scavenging reaction. Therefore, calculations were
conducted to see if the HAT from the carboxylic or hydroxyl groups
might be a feasible pathway. Our results show that, in most of the
cases, the HATs from the O sites of the metabolites are thermodynami-
cally unfavored compared to those from C4, in gas as well as in con-
densed phase (Table S5). The only exception is MX for which the HAT
from the OH group linked directly to the aromatic C9 carbon has a
ΔG°HAT value more negative than ΔG°HAT for HAT occurring at C4 in
the same metabolite, and slightly exceeding also ΔG°HAT for HAT from
C4 in 1, (Table 1). For example, referring to the data in gas-phase and
to HO•, ΔG°HAT values are −37.3 kcal mol−1 (HAT from OH linked to
C9) and − 36.4 kcal mol−1 (HAT from C4), while ΔG°HAT for HAT from
C4 in 1 is −33.3 kcal mol−1. The stability of the radical (MX-H)• when
the HAT occurs from the OH group linked to C9 can be inferred by the
large delocalization of the electron spin density shown in Fig. 2 (d).

As further step to assess the activity of 1 and its metabolites as rad-
ical scavenging agents, we calculated the activation energies ΔG‡

HAT

for the most thermodynamically favored HATs, i.e. those from C4
site, in gas as well as in condensed phase. The results are shown in
Table 2.

Focusing on the values in gas-phase, ΔG‡
HAT for 1 and all the metab-

olites increases in all cases with decreasing the reactivity of the ROS,
with a remarkable variation when passing from CH3O• to HOO• that
can be explained considering the very different half-life of alkoxyl and
peroxyl radicals, i.e. 10−9 s for HO• [43] and seconds for the HOO• [44].
The trend in activation energies found for the different radicals mirrors
the trend reported for ΔG°HAT, i.e. the reactions with the largest (nega-
tive) ΔG°HAT display also the lowest activation energies for a given me-
tabolite. However, comparing the reactivity of the differentmetabolites,
it can be seen how those with the most favorable reaction energies (i.e.
MI,MIV,MX orMXI) do not exactly match to those with the lowest ac-
tivation barriers as there is only one structure that stands out among the
metabolites with an activation energy appreciably lower than 1, i.e.
MXI. The reason behind the lowering of the energy barrier in the case
ofMXI is evident when inspecting the structures of the transition states
(Fig. 4). In fact, the modification that leads from 1 to MXI involves the
hydroxylation of C2 which is close enough to C4, so that a hydrogen
bond between the hydroxyl group and the reacting free radical forms.
In this way, the transition states receive a further stabilization that is
not possible in the other metabolites due to the distance of the other
modified sites, which is too large for the establishment of any kind of
weak interaction with C4. Consequently, the other five metabolites
have energy barriers that are found within ±1.5 kcal mol−1 from that
of 1, suggesting that the biomodification prevents any strong effect on
the energy barriers of HATs from C4.

When solvent is added, the resulting transition states are
destabilized with respect to those in the gas-phase, an effect which in-
creases with increasing solvent polarity, i.e. from benzene to water for
HO•. In fact, the opposite holds true for most of the reactions with
HOO•, CH3O• and CH3OO•, for which the transition states in water lie at
lower energies than those in benzene (Table 2). However, differences
between the reaction barriers in the two solvents are below
1 kcal mol−1 in the case of HO•, HOO• and CH3O• meaning that the
change in dielectric constant does not affect too much the kinetics of
these radical reactions. The lowest energy barriers are computed for
MXI in water and benzene too, but differences with the other metabo-
lites andwith 1 are found to be smaller than in the gas-phase. The avail-
ability of the transition states' electronic structures allowed us to assess
that indeed theHATmechanism is operative from the site C4. In fact, the
singly occupied molecular orbital (SOMO) corresponding to this mech-
anism must possess significant density in the atomic orbitals oriented
along the transition vector donor⋯H⋯acceptor, as we found. The
SOMO of the transition state of HAT from C4 in 1 is shown as example
in Fig. 5.

The activation energies were computed for selected radicals also for
HATs from the OH or COOH sites of zolpidem metabolites (Table S6).
Hence, among all the HATs from themodified groups added to 1 during
metabolism, HAT from the OH group of MX is the only one showing
even a superior scavenging activity than 1 itself, in gas as well as in con-
densed phase, for HO• and HOO•. This is not surprising as studies on
Trolox itself reveal that phenolic groups are very active in radical scav-
enging and the topology of this OH group in MX closely resembles the
alcoholic group in Trolox [21]. For the other metabolites and radicals
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different fromHO•, quite high activation energies are computed, ranging
from 15 to 40 kcal mol−1 (Table S6).

4. Conclusions

In this work, we have analyzed with DFT based methodologies the
radical scavenging activity via HAT of the well-known and largely dif-
fuse hypnotic drug zolpidem and its six identified metabolites, toward
five ROSs, i.e. HO•, HOO•, CH3O•, CH3OO• and CH2=CHOO•.

Our computational study discloses that when the HAT occurs from
the C4 site in zolpidem, ΔG°HAT is negative for all the studied radicals,
in polar as well as in non-polar environment, an important outcome if
compared to the reactivity of melatonin, which is rather ineffective for
scavenging peroxyl radicals.

Calculations on the metabolites for the HAT from the C4 site lead in
three cases, i.e.MI,MII andMXI, to similar or larger (negative) Gibbs re-
action free energies.

The trend of ΔG°HAT values to establish the thermodynamically fea-
sibility of radical scavenging reflects the reactivity of the ROSs, i.e.
CH3OO• b HOO• b CH2=CHOO• b CH3O• b HO•.

The calculation of the activation barriers for these processes expands
the insights gained by the thermodynamic analysis. It emerges that the
reactionswith the largest (negative)ΔG°HAT have also the smallest acti-
vation barriers, with barriers that are below 10 kcal mol−1 in the case of
HO• and CH3O•. For the other radicals, the barriers range from 10 to
approximatively 20 kcal mol−1. This suggests that zolpidem and itsme-
tabolites have comparable activation energies for HAT from C4, except
in the case of MXI, for which the TS is peculiarly stabilized by an intra-
molecular H-bond.

Last, the reactivity of the metabolites in the radical scavenging pro-
cesswas investigated considering theHAT from the group added during
metabolism, i.e. OH or COOH. Our results reveal a less thermodynami-
cally favored situation and higher activation energies for all the metab-
oliteswith the sole exception ofMX forwhichHAT fromOH linked to C9
has larger (negative)ΔG°HAT and smaller activation energies than those
of zolpidem, in most of the studied reactions.

Strategies to ameliorate oxidative injury and thereby improve clini-
cal symptoms are of considerable importance, despite the sole antioxi-
dant treatments have not been able to cure any disease. But a
molecule that can treat either the primary cause of disease and at the
same time reduce the oxidative stress associated to the disease might
be more efficient than a drug that treats only the primary cause of dis-
ease. We have proved that indeed zolpidem has antioxidant capacity
similarly to Trolox and melatonin. In this respect, the disclosure of anti-
oxidant capacity in commercial drugs may be valuable or, at least, may
help to better interpret clinical evidence during therapy.
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