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Although there are clinical trials and in vivo studies in literature regarding the anxiolytic and antide-
pressant activities of the components of Crocus sativus L., their effects on the human monoamine oxi-
dases (hMAO-A and hMAO-B), enzymes which are involved in mental disorders and neurodegenerative
diseases, have not yet been investigated. We have thus examined the hMAO inhibitory activities of crocin
and safranal (the most important active principles in saffron) and, subsequently, designed a series of
safranal derivatives to evaluate which chemical modifications confer enhanced inhibition of the hMAO
isoforms. Docking simulations were performed in order to identify key molecular recognitions of these
inhibitors with both isoforms of hMAO. In this regard, different mechanisms of action were revealed. This
study concludes that safranal and crocin represent useful leads for the discovery of novel hMAO in-
hibitors for the clinical management of psychiatric and neurodegenerative disorders.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Traditional herbal medicines have received significant attention
for the treatment of specific illnesses, although in many instances
limited evidence exist for their mechanisms of action [1]. In
particular, a better understanding of the mechanisms of action of
these components would greatly facilitate the possibility of
discovering new therapeutic agents with fewer side effects, spe-
cifically for the treatment of mental and neurodegenerative dis-
eases [2].

Crocus sativus L. (saffron spice) has attracted much attention in
the field of medicine, especially with regard to the discovery of
psychoactive agents. In fact, chemical analysis of C. sativus L.
. Carradori), jacques.petzer@

served.
extracts has revealed the presence of more than 150 components in
the stigmas such as crocetin (a carotenoid derivative), crocins (di-
glycosidic esters of crocetin), picrocrocin (responsible for the bitter
taste), safranal (the volatile oil responsible for the saffron aroma),
anthocyanins, flavonoids, vitamins, amino acids, proteins, starch,
mineral substances and gums [3]. With regard to their pharmaco-
logical properties, crocin (crocetin di-gentiobiose ester) was found
to enhance the memory and learning abilities in ethanol-induced
learning behavior impaired mice and rats [4]. Saffron, in turn,
was found to be effective in reducing the effects of aluminum-
toxicity in adult mice [5]. Components of saffron extracts and cro-
cetin have been shown to bind to the PCP (phenylcyclidine) binding
site of the NMDA receptor as well as to the s1 receptor. Since s

receptor ligands could inhibit the ischemic-induced presynaptic
release of excitotoxic amino acids, these saffron extracts may play a
role in the management of mental disorders [6].

Moreover, in a double-blind and randomized trial, depressed
outpatients were randomly assigned to receive extracts of C. sativus
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Scheme 1. Structures of bioactive compounds (crocin and safranal) of Crocus sativus L. and synthesis of safranal derivatives 3e9. Reagents and conditions: (a) EtOH, acetic acid (cat.),
rt; (b) (if X ¼ S and R ¼ R1 ¼ H) MeOH, CH3COONa, rt; (c) dry acetone, anhydrous K2CO3, rt; (d) (if X ¼ S and R ¼ R1 ¼ H) EtOH, rt.
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L. or fluoxetine and it was found that the efficacies of these treat-
ments are comparable [7]. Similarly, in 6-week double-blind and
randomized trials, the effect of a hydro-alcoholic extract of stigmas
of C. sativus L. was comparable to those of fluoxetine [8] and
imipramine [9] in the treatment of mild to moderate depression.
Another clinical study that supported the efficacy of saffron active
principles as antidepressant agents was a 6-week double-blind,
placebo-controlled and randomized trial: at the end of the study
patients receiving ethanolic extracts of C. sativus L. gave improved
outcomes on the Hamilton Depression Rating Scale [10]. It is
particularly noteworthy that treatment with saffron extracts is not
associatedwith sexual dysfunction inmen andwomen, a side effect
often encountered with antidepressant drugs [11,12]. Evidence
suggests that both safranal and crocin contribute to the antide-
pressant effect of C. sativus L. extracts in mice, probably via the
inhibition of dopamine and norepinephrine re-uptake by crocin,
and the inhibition of serotonin reuptake by safranal [13]. Further-
more, saffron and its active constituents provide neuroprotection in
a rat model of Parkinson's disease (PD), possess antioxidant effects
in an in vitro model of Alzheimer's disease (AD), anxiolytic activity
in rodents [14] and also neuroprotective effects in animal models of
other neurodegenerative conditions such as the retinal dystrophies
[15]. The ethanolic extract of saffron stigmas also exhibits antioxi-
dant properties by inhibiting amyloid ß-peptide (Aß) fibril forma-
tion and deposition in the human brain, which characterize AD [16].
Even with the limitations of cholinesterase inhibitors, a recent
study evaluated new AChE inhibitors which were derived from
saffron [17].

Although there are many studies and clinical trials reported in
literature regarding the anxiolytic and antidepressant effects of
safranal and crocin [2], no detailed pharmacological studies are
available to explain the mechanism of action of saffron in the
treatment of depression. We are particularly interested in the
possibility that saffron components may modulate the activities of
the human monoamine oxidase (hMAO) enzymes, which are tar-
gets for the treatment of both depression and neurodegeneration.
hMAO-A and hMAO-B catalyze the oxidative deamination of
endogenous and dietary amines: the hMAO-A isoform is mainly
expressed in catecholaminergic neurons and regulates the meta-
bolism of serotonin, epinephrine and norepinephrine, while
hMAO-B mostly metabolizes benzylamine and phenethylamine
and is expressed in those areas, such as the substantia nigra, where
dopamine neurons are predominant. Both hMAO isoforms are
involved in the metabolism of dopamine [18,19]. The excessive
activity of hMAO-A could lead to psychiatric disorders such as
depression and dysthymia, while hMAO-B overexpression in-
creases with age and plays a pivotal role in neurodegenerative
diseases such as PD and AD [20,21]. Therefore, in our continued
interest in the discovery of new leads/scaffolds for the design of
hMAO inhibitors [22e25], we first assessed the hMAO inhibitory
activities of twomain active principles of saffron (Scheme 1): crocin
(1) and safranal (2). These two compounds are characterized by
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opposite physicochemical properties, are present in different
amounts in the plant, and are usually reported as analytical/phar-
macological markers. We also designed and synthesized a new
series of safranal derivatives (3e9, Scheme 1) in order to establish
which chemical modifications of the safranal unsaturated nucleus
could enhance inhibition potency towards hMAO-A and/or
hMAO-B.

2. Materials and methods

2.1. Chemistry

Commercial samples of crocin (crocin-1, crocetin di-gentiobiose
ester) and safranal (>88%) were purchased from SigmaeAldrich
(Milan, Italy). Safranal was further purified by column chroma-
tography on silica gel (high purity grade, pore size 60 Å, 230e400
mesh particle size) using ethyl acetate:n-hexane (1:3) as the eluant.
1H NMR and IR spectra of the purified product were in agreement
with those reported in the literature. The chemicals, solvents for
synthesis, and spectral grade solvents were purchased from Sig-
maeAldrich and were used without further purification. All
melting points were measured on a Stuart® melting point appa-
ratus SMP1, and are uncorrected. 1H and 13C NMR spectra were
recorded, respectively, at 400 and 101 MHz on a Bruker spec-
trometer using CDCl3, CD3OD and DMSO-d6 as the solvents.
Chemical shifts are expressed as d units (parts per millions) relative
to the solvent signal. Coupling constants J are valued in Hertz (Hz).
IR spectra were recorded on a FT-IR PerkineElmer SpectrumOne
equipped with ATR system. Elemental analyses for C, H, and N were
recorded on a PerkineElmer 240 Bmicroanalyzer and the analytical
results were within ±0.4% of the theoretical values for all com-
pounds. All reactions were monitored by TLC performed on 0.2 mm
thick silica gel plates (60 F254, Merck).

2.1.1. Bis[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-({[(2R,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl]oxy}
methyl)tetrahydro-2H-pyran-2-yl] (2E,4E,6E,8E,10E,12E,14E)-
2,6,11,15-tetramethyl-2,4,6,8,10,12,14-hexadecaheptaenedioate (1)

Red powder; mp 186 �C; IR: cm�1 3240 (y OeH), 1694 (y C]O),
1014 (y CeO).

2.1.2. 2,6,6-Trimethylcyclohexa-1,3-dienecarbaldehyde (2)
Light yellow oil; 1H NMR (400 MHz, CD3OD): d 1.19 (s, 6H,

2 � CH3), 2.16e2.18 (m, 2H, CH2), 2.19 (s, 3H, CH3), 5.99e6.03 (m,
1H, CH]), 6.20e6.25 (m, 1H, CH]), 10.12 (s, 1H, CHO); IR (neat):
cm�1 2865 and 2749 (y CeH), 1661 (yC]O). Anal. Calcd. for
C10H14O: C, 79.96; H, 9.39. Found: C, 79.59; H, 9.01.

2.1.3. 1-((2,6,6-Trimethylcyclohexa-1,3-dienyl)methylene)
semicarbazide (3)

Semicarbazide hydrochloride (1 eq) was solubilized in the
minimum amount of water in presence of sodium acetate (1 eq)
and added to a stirring solution of safranal (1 eq) in ethanol (50mL)
at room temperature. After 48 h, the reaction mixture was filtered
and the solid was purified by column chromatography (ethyl ace-
tate:n-hexane, 1:1) to obtain product 3 as a white powder (mp
170e175 �C, 77% yield); 1H NMR (400 MHz, CDCl3): d 1.19 (s, 6H,
2 � CH3), 1.96 (s, 3H, CH3), 2.15 (s, 2H, CH2), 5.85e5.94 (m, 2H,
2 � CH]), 6.96 (bs, 1H, NH2, D2O exch.), 7.67 (s, 1H, CH]), 7.89 (bs,
1H, NH2, D2O exch.), 8.12 (bs, 1H, NH, D2O exch.); 13C NMR
(101 MHz, CDCl3) d 19.18 (CH3), 26.90 (2 � CH3), 33.49 (C), 40.64
(CH2), 128.27 (CH]), 129.76 (CH]), 133.17 (]CCH3), 134.51 (C]),
141.69 (C]N), 158.24 (C]O); IR (neat): cm�1 3437 (y NeH), 1683
(yC]O), 1666 (yC]N). Anal. Calcd. for C11H17N3O: C, 63.74; H, 8.27;
N, 20.27. Found: C, 64.02; H, 8.49; N, 20.49.
2.1.4. 1-((2,6,6-Trimethylcyclohexa-1,3-dienyl)methylene)
thiosemicarbazide (4)

Thiosemicarbazide (1 eq) was added to a stirring solution of
safranal (1 eq) in ethanol (50 mL) at room temperature. After 48 h,
the reaction mixture was filtered and the solid was washed with n-
hexane to give product 4 as a yellow powder (mp 188e192 �C, 85%
yield); 1H NMR (400MHz, CDCl3): d 1.20 (s, 6H, 2� CH3), 1.98 (s, 3H,
CH3), 2.16 (s, 2H, CH2), 5.91 (d, J ¼ 9.6 Hz, 1H, CH]), 5.95e5.99 (m,
1H, CH]), 6.29 (bs, 1H, NH2, D2O exch.), 6.95 (bs, 1H, NH2, D2O
exch.), 7.89 (s, 1H, CH]), 9.51 (bs, 1H, NH, D2O exch.); 13C NMR
(101 MHz, DMSO-d6) d 19.38 (CH3), 27.16 (2 � CH3), 33.41 (C),
128.99 (CH]), 130.14 (CH]), 133.60 (]CCH3), 135.61 (C]), 143.95
(C]N), 177.58 (C]S), (CH2 signal missing due to overlap with
DMSO-d6); IR (neat): cm�1 3427 (y NeH), 3152 (y ¼ CeH), 1542
(yC]N), 1289 (yC]S). Anal. Calcd. for C11H17N3S: C, 59.16; H, 7.67;
N, 18.81. Found: C, 58.87; H, 7.45; N, 19.07.

2.1.5. 2-Methyl-1-((2,6,6-trimethylcyclohexa-1,3-dienyl)
methylene)thiosemicarbazide (5)

2-Methylthiosemicarbazide (1 eq) was added to a stirring so-
lution of safranal (1 eq) in ethanol (50 mL) with catalytic amounts
of acetic acid at room temperature. After 48 h, the reaction mixture
was filtered, the liquid was concentrated in vacuo and the obtained
solid was filtered and purified by column chromatography (ethyl
acetate:light petroleum, 1:2) to give product 5 as a yellow powder
(mp 108e110 �C, 77% yield); 1H NMR (400MHz, DMSO-d6): d 1.15 (s,
6H, 2 � CH3), 1.96 (s, 3H, CH3), 2.11 (s, 2H, CH2), 3.72 (s, 3H, CH3),
5.95 (bs, 2H, 2 � CH]), 7.39 (bs, 1H, NH2, D2O exch.), 7.64 (s, 1H,
CH]), 8.38 (bs, 1H, NH2, D2O exch.); 13C NMR (101 MHz, DMSO-d6)
d 19.66 (CH3), 27.10 (2 � CH3), 32.59 (C), 33.53 (NCH3), 128.87
(CH]), 130.24 (CH]), 133.59 (]CCH3), 135.16 (C]), 141.53 (C]N),
180.63 (C]S), (CH2 signal missing due to overlap with DMSO-d6);
IR (neat): cm�1 3429 (yNeH), 3235 (y¼ CeH), 1571 (yC]N),1356 (y
CeN). Anal. Calcd. for C12H19N3S: C, 60.72; H, 8.07; N, 17.70. Found:
C, 61.03; H, 7.79; N, 18.01.

2.1.6. 1-((2,6,6-Trimethylcyclohexa-1,3-dienyl)methylene)-4-
phenylthiosemicarbazide (6)

4-Phenylthiosemicarbazide (1 eq) was added to a stirring solu-
tion of safranal (1 eq) in ethanol (50 mL) with catalytic amounts of
acetic acid at room temperature. After 48 h, the reaction mixture
was filtered, the solid was washed with n-hexane and light petro-
leum and purified by column chromatography (ethyl acetate:light
petroleum, 1:2) to give product 6 as a yellow powder (mp
161e163 �C, 80% yield); 1H NMR (400 MHz, DMSO-d6): d 1.18 (s, 6H,
2 � CH3), 1.97 (s, 3H, CH3), 2.11 (s, 2H, CH2), 5.97 (bs, 2H, 2 � CH]),
7.18 (t, J ¼ 7.2 Hz, 1H, Ar), 7.36 (t, J ¼ 7.8 Hz, 2H, Ar), 7.60 (d,
J ¼ 8.4 Hz, 2H, Ar) 8.22 (bs, 1H, NH, D2O exch.), 9.37 (s, 1H, CH]),
11.54 (bs, 1H, NH, D2O exch.); 13C NMR (101 MHz, DMSO-d6) d 19.63
(CH3), 27.23 (2 � CH3), 33.44 (C), 124.68 (CH-benzene), 125.44
(2 � CH-benzene), 128.72 (CH]), 129.36 (CH]), 130.22 (2 � CH-
benzene),133.46 (]CCH3),136.24 (C-benzene),139.28 (C]),144.42
(C]N), 175.15 (C]S), (CH2 signal missing due to overlap with
DMSO-d6); IR (neat): cm�1 3306 (y NeH), 3149 (y ¼ CeH), 1552
(yC]N), 1195 (yC]S). Anal. Calcd. for C17H21N3S: C, 68.19; H, 7.07;
N, 14.03. Found: C, 67.96; H, 7.31; N, 14.29.

2.1.7. 2-(2-((2,6,6-Trimethylcyclohexa-1,3-dienyl)methylene)
hydrazono)thiazolidin-4-one (7)

The intermediate thiosemicarbazone 4 (1 eq) reacted with
ethyl-bromoacetate (1 eq), inmethanol (50mL) and sodium acetate
(1 eq) at room temperature under magnetic stirring for 24 h. The
reaction mixture was poured on ice, filtered and the solid was
washed with light petroleum to give compound 7 as an orange
powder (mp 146e151 �C, 81% yield); 1H NMR (400MHz, DMSO-d6):



Table 1
The IC50 values for the inhibition of hMAO-A and hMAO-B by compounds 1e9.

Compound IC50 MAO-A (mM) IC50 MAO-B (mM)

1 (crocin) 170 ± 22.4 128 ± 10.9
2 (safranal) No inhibition No inhibition
3 164 ± 12.8 111 ± 6.26
4 56.8 ± 2.59 74.5 ± 5.68
5 93.2 ± 3.07 117 ± 12.7
6 19.5 ± 2.65 224 ± 30.7
7 132 ± 8.59 168 ± 6.90
8 86.6 ± 5.25 215 ± 16.5
9 9.93 ± 1.51 0.100 ± 0.010
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d 1.15 (s, 6H, 2� CH3), 1.94 (s, 3H, CH3), 2.11 (s, 2H, CH2), 3.85 (s, 2H,
CH2-thiazolidinone), 5.97e5.98 (m, 2H, 2 � CH]), 8.30 (s, 1H,
CH]), 11.87 (bs, 1H, NH, D2O exch.); 13C NMR (101 MHz, DMSO-d6)
d 19.22 (CH3), 27.09 (2� CH3), 33.56 (C), 33.67 (CH2-thiazolidinone)
129.72 (2 � CH]), 130.17 (]CCH3), 134.16 (C]), 137.08 (C]N),
155.58 (C]N-thiazolidinone), 174.98 (C]O), (CH2 signal missing
due to overlap with DMSO-d6); IR (neat): cm�1 3448 (y NeH), 1717
(yC]O), 1622 (yC]N), 1243 (yC]S). Anal. Calcd. for C13H17N3OS: C,
59.29; H, 6.51; N, 15.96. Found: C, 59.57; H, 6.24; N, 16.19.

2.1.8. 3-Benzyl-2-(2-((2,6,6-trimethylcyclohexa-1,3-dienyl)
methylene)hydrazono)thiazolidin-4-one (8)

The thiazolidinone 7 (1 eq) was suspended in 50 mL of anhy-
drous acetone in the presence of anhydrous potassium carbonate
(1 eq), and reacted with equimolar amounts of benzyl bromide for
48 h at room temperature. The reaction mixture was poured on ice
and extracted with chloroform (3 � 50 mL). The organics were
reunited, dried over anhydrous sodium sulfate, concentrated in
vacuo and purified by column chromatography (ethyl acetate:n-
hexane, 1:2) to give compound 8 as an orange oil (65% yield); 1H
NMR (400 MHz, DMSO-d6): d 1.18 (s, 6H, 2 � CH3), 1.96 (s, 3H, CH3),
2.11e2.12 (m, 2H, CH2), 4.02 (s, 2H, CH2-thiazolidinone), 4.90 (s, 2H,
CH2-benzyl), 5.97e6.00 (m, 2H, 2 � CH]), 7.29e7.36 (m, 5H, Ar),
8.36 (s, 1H CH]); 13C NMR (101 MHz, CDCl3) d 19.45 (CH3), 26.90
(2 � CH3), 32.43 (C), 33.74 (CH2-thiazolidinone), 40.98 (CH2), 46.56
(CH2), 127.89 (2 � CH]), 128.48 (2 � CH-benzene), 128.84 (2 � CH-
benzene), 129.72 (]CCH3), 129.98 (C]), 134.22 (CH-benzene),
135.77 (C-benzene), 137.80 (C]N), 157.86 (C]N-thiazolidinone),
172.14 (C]O); IR (neat): cm�1 1722 (yC]O), 1601 (yC]N). Anal.
Calcd. for C20H23N3OS: C, 67.96; H, 6.56; N,11.89. Found: C, 68.20; H,
6.81; N, 11.53.

2.1.9. 1-(4-(3-Nitrophenyl)thiazol-2-yl)-2-((2,6,6-
trimethylcyclohexa-1,3-dienyl)methylene)hydrazine (9)

The intermediate thiosemicarbazone 4 (1 eq) reacted with 2-
bromo-3’-nitroacetophenone (1 eq) in ethanol (50 mL) at room
temperature under magnetic stirring for 24 h. The reaction mixture
was concentrated in vacuo, and the resulting solid was purified by
column chromatography (ethyl acetate:light petroleum,1:2) to give
product 9 as a brown powder (mp 120e125 �C, 87% yield); 1H NMR
(400 MHz, DMSO-d6): d 1.09 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.93 (s,
3H, CH3), 2.10e2.12 (m, 2H, CH2), 5.92e5.94 (m, 2H, 2� CH]), 7.59
(s, 1H, C5H-thiazole), 7.70e7.80 (m, 1H, Ar), 8.04 (s, 1H, Ar),
8.13e8.22 (m, 1H, Ar), 8.27e8.33 (m, 1H, Ar), 8.66 (s, 1H, CH]),
11.91 (bs, 1H, NH, D2O exch.); 13C NMR (101 MHz, DMSO-d6) d 15.59
(CH3), 27.16 (2 � CH3), 33.52 (C), 107.02 (C5H-thiazole), 120.53 (CH-
benzene), 122.15 (CH-benzene), 130.51 (2 � CH]), 130.58 (CH-
benzene), 131.95 (CH-benzene), 133.43 (C-benzene), 139.62 (]
CCH3), 141.50 (C]), 145.25 (C]N), 148.67 (C4-thiazole), 148.89 (C-
benzene), 170.03 (C2-thiazole), (CH2 signal missing due to overlap
with DMSO-d6); IR (neat): cm�1 1531 (yas NeO), 1347 (ys NeO).
Anal. Calcd. for C19H20N4O2S: C, 61.94; H, 5.47; N, 15.21. Found: C,
62.22; H, 5.19; N, 14.98.

2.2. hMAO inhibition studies

As enzyme sources, commercially available (SigmaeAldrich,
Milan, Italy) microsomes from insect cells, containing recombinant
hMAO-A and hMAO-B, were employed. The enzyme activity mea-
surements were based on the hMAO-A or hMAO-B catalyzed
oxidation of kynuramine to 4-hydroxyquinoline. The incubations
were conducted in 500 mL potassium phosphate buffer (100 mM,
pH 7.4, made isotonic with KCl 20.2 mM) in the presence of various
concentrations of the test inhibitors and 4% DMSO as the cosolvent.
For hMAO-A activity measurements the reactions contained 45 mM
kynuramine while for the for hMAO-B activity measurements the
kynuramine concentration was 30 mM. The reactions were initiated
with the addition of hMAO-A or hMAO-B (0.0075 mg protein/mL)
and, following a 20 min incubation at 37 �C, the reactions were
terminated by the addition of 400 mL NaOH (2 N) and 1000 mL
water. The concentrations of 4-hydroxyquinoline were subse-
quently measured spectrofluorometrically at excitation and emis-
sion wavelengths of 310 nm and 400 nm, respectively (Varian Cary
Eclipse fluorescence spectrophotometer). Quantitative estimations
of 4-hydroxyquinoline were made with a linear calibration curve
constructedwith known amounts (0.047e1.56 mM) of the authentic
metabolite. The necessary control samples were included to
confirm that the test inhibitors do not fluoresce or quench the
fluorescence of 4-hydroxyquinoline under these assay conditions.
IC50 values were calculated by plotting the initial rate of kynur-
amine oxidation versus the logarithm of the inhibitor concentra-
tion to obtain a sigmoidal doseeresponse curve. For this purpose,
the kinetic data were fitted to the one site competition model
incorporated into the Prism 5 software package (GraphPad). The
IC50 values are reported as the mean ± standard deviation (SD) of
triplicate determinations (Table 1).

2.3. In silico methods

The X-ray coordinates of hMAO-A and hMAO-B, in complex with
harmine and safinamide, respectively, were extracted from the PDB
[26], codes 2Z5X [27] and 2V5Z [28]. The protein structures were
prepared using the Protein PreparationWizard [29] of the graphical
user interface of Maestro 9.4 [30]. In silico experiments were per-
formed with selected ligands, among which are compounds which
exhibited potent hMAO inhibition (Table 1). The compounds
selected for the in silico study were: crocin 1, semicarbazone 3,
thiosemicarbazone 4 and hydrazothiazole 9. In particular, the
modeling study proved to be useful to establish that crocin 1 and
semicarbazone 3, which possess similar IC50 values for the inhibi-
tion of the hMAOs while having very different structures, bind to
distinct sites on the hMAO proteins. In addition, the in silico study
also provided insight into how the isosteric substitution S / O
causes a significant increase of the hMAO inhibitory activity of the
thiosemicarbazone 4 compared to the semicarbazone 3. To study
the interactions of the hMAO isoforms with the test ligands, all
water molecules and non-protein residues (except for the FAD co-
factor) were removed, hydrogen atoms were added, and finally,
energy minimization was performed until the RMSD of all heavy
atoms was within 0.3 Å of the original PDB model.

Docking studies were carried out using the Glide [31] SP soft-
ware. The maximum number of poses for ligands in the receptor
cavity was set to 10. The experiments employed full ligand flexi-
bility in the 3D structures of rigid receptor active sites. The default
settings of Glide 5.9 were used for the remaining parameters. For
each docking run the binding site was defined as a cube of 25 Å.
This cube was centered on the former positions of the removed co-
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crystallized ligands in the active sites. The natural (1) and semi-
synthetic compounds (3, 4 and 9) were prepared by the LigPrep
[32] module, taking into account additional protonated and
tautomeric forms calculated at pH 5e9. In order to verify the
docking precision of Glide SP, harmine and safinamide were
redocked into the hMAO active sites. The docking protocol
possessed the ability to reproduce the binding modes of harmine
and safinamide, with a very low RMSD values between the ligand
position in the experimental X-ray structure and the best docked
pose (harmine: 0.08 Å; safinamide: 0.16 Å). After each docking
simulation, a positive result was gained when the G-score of the
ligand was better than the respective X-ray G-score, with a toler-
ance of ±10%.

With this experimental protocol, crocin (1), due to steric hin-
drance, is unable to fit into the active sites of hMAO-A and hMAO-B.
It was thus decided to perform a blind-docking procedure which
allows for binding to alternative pockets with allosteric functions.
For this ligand, the site partitioning approach was followed to
sample different parts of the binding cavity. In the second phase,
docking between the receptor and ligand was performed consid-
ering only one specific site for both isoforms. The MM-GBSA
method available in Schr€odinger Software Prime 3.3 [33] was
used to calculate ligand binding and strain energies (MM-GBSA dG
Bind). The Pymol 1.5.0.4 [34] molecular graphics system was used
to visualize the results of the docking experiments.

3. Results and discussion

Starting from the commercially available natural product
safranal (2), which was purified by column chromatography, we
designed and synthesized (thio)semicarbazone (3e6), thiazolidi-
none (7e8) and hydrazothiazole (9) derivatives. For these de-
rivatives, the safranal nucleus was retained in order to evaluate the
effects of an increasing steric hindrance and different substituents
on hMAO inhibition potency. The general approach for the syn-
thesis of these derivatives is outlined in Scheme 1. Safranal was
reacted in ethanol with semicarbazide, thiosemicarbazide, 2-
methylthiosemicarbazide and 4-phenylthiosemicarbazide to yield
products 3e6 [25]. Compound 4 was subsequently reacted with
ethyl-bromoacetate in amixture ofmethanol and sodium acetate to
obtain the 1,3-thiazolidin-4-one derivative 7. The lactamic nitrogen
of thiazolidinone 7 was functionalized using benzyl bromide in
anhydrous acetone and potassium carbonate to yield the N-ben-
zylated derivative 8. To obtain the hydrazothiazole 9, thio-
semicarbazone 4 was reacted with 2-bromo-3'-nitroacetophenone
in ethanol. All the synthesized compounds were washed with n-
hexane and light petroleum and purified by column chromatog-
raphy before characterization by spectroscopic methods and
elemental analysis.

The hMAO inhibitory properties of derivatives 1e9 (Table 1)
were investigated using commercially available microsomes from
insect cells containing recombinant hMAO-A and hMAO-B with
kynuramine as the substrate [35].

The results of the hMAO inhibition experiments show that the
natural product crocin (1) display IC50 values in the higher micro-
molar range for the inhibition of hMAO-A and hMAO-B (170 mMand
128 mM, respectively). Crocin is therefore a relatively weak inhibitor
of the hMAOs, and unless high brain levels are attained after the
administration of saffron extracts to humans and experimental
animals, the inhibition of the hMAOs is unlikely to represent a
mechanism by which saffron extracts confer antidepressant and
neuroprotective effects. Further investigation into the in vivo MAO
inhibitory properties, the pharmacokinetic properties and in
particularly brain tissue levels of crocin, are necessary to
completely elucidate the contribution of crocin to the
neuropharmacological actions of saffron extracts. Safranal (2), the
major component of the volatile fraction of saffron, did not show
any inhibition of the hMAO isoforms. In contrast, the semisynthetic
derivatives of safranal possess interesting biological properties. For
example, although relatively weak inhibitors, both semicarbazone
3 [IC50(MAO-A) ¼ 164 mM; IC50(MAO-B) ¼ 111 mM] and thiazolidi-
none 7 [IC50(MAO-A) ¼ 132 mM; IC50(MAO-B) ¼ 168 mM] were
found to be inhibitors of hMAO-A and hMAO-B. Similarly, 2-
methylthiosemicarbazone derivative 5 [IC50(MAO-A) ¼ 93.2 mM;
IC50(MAO-B) ¼ 117 mM] and N-benzylated thiazolidinone 8
[IC50(MAO-A) ¼ 86.6 mM; IC50(MAO-B) ¼ 215 mM] also proved to be
relatively weak inhibitors of hMAO-A and hMAO-B. Thio-
semicarbazone 4 possessed higher potencies for the inhibition of
hMAO-A and hMAO-B with IC50 values of 56.8 mM and 74.5 mM,
respectively. Interestingly, 4-phenylthiosemicarbazone 6 was
found to be a moderately potent hMAO-A inhibitor with an IC50
value of 19.5 mM. This compound also represents a relatively se-
lective hMAO-A inhibitor since it is 11-fold more potent as a hMAO-
A inhibitor compared to its hMAO-B inhibition potency [IC50(MAO-
B) ¼ 224 mM]. The most notable inhibitor of the series, however, is
the hydrazothiazole derivative 9, which is the most potent inhibitor
of both hMAO-A and hMAO-B among the compounds evaluated. In
fact, 9 is a highly potent hMAO-B inhibitor with an IC50 value of
0.100 mM. Even though 9 also is a notable hMAO-A inhibitor
[IC50(hMAO-A) ¼ 9.93 mM], it is 99-fold more potent as a hMAO-B
inhibitor, and thus the most isoform selective inhibitor of the se-
ries. For comparison, the reversible hMAO-A inhibitor, toloxatone,
is reported to inhibit hMAO-A with an IC50 value of 3.92 mM, while
thewell known reference hMAO-B inhibitor lazabemide exhibits an
IC50 of 0.091 mM for the inhibition of hMAO-B [36]. The IC50 value
for the inhibition of hMAO-B recorded for compound 9 is 0.100 mM,
a value that is similar to the reported IC50 value for the inhibition of
hMAO-B by lazabemide. Compound 9 is therefore approximately
equipotent to lazabemide as a hMAO-B inhibitor. Although no clear
structureeactivity relationships are apparent, this study shows
that, with the appropriate substitution, the structure of safranal
may be converted into highly potent hMAO-B inhibitors, and
moderately potent hMAO-A inhibitors. In this respect, compound 9
is a highly promising and novel scaffold for the design of future
hMAO inhibitors. Further structural modification of 9 should be
undertaken to derive useful structureeactivity relationships for the
inhibition of the hMAOs by this class of inhibitors, and to further
optimize the structure for potent and selective hMAO inhibition.

During in silico molecular docking studies, the goal is to estab-
lish the general binding orientations of the ligands, to determine
the nature of the interactions between the ligands and receptor and
to estimate affinities of the ligands for the receptor by calculating
binding energies. Stabilization of ligands is mainly attributed to the
formation of productive contacts between ligands and the target
protein. For the binding of 1, 3, 4 and 9 to hMAO-A and hMAO-B,
these contacts are given in Table S1 of Supporting Information.
4. Mechanism of action

In this study, the binding of crocin (1) and safranal derivatives 3,
4 and 9 to the hMAO enzymes were examined. The global energy of
interactions (in kcal/mol) for each docking experiment is reported
in Table S2 (Supporting Information). As will be discussed below,
derivatives 3, 4 and 9 fit within the active site cavities of the hMAOs
with acceptable G-score values (<X-ray G-score). Since crocin (1)
does not fit within the active sites of hMAO-A and hMAO-B, a blind-
docking simulation was carried out and a potential allosteric site
where crocin may bind was identified. This site is situated in the
area near the gate of the entrance tunnel to the binding pocket.



Fig. 1. (A) Best pose of crocin (1) and its polar contacts with respective distances on the hMAO-A surface. The natural ligand is rendered as cyan sticks, pocket amino acids are shown
as blue lines, the superimposed reference drug (harmine) as yellow sticks, FAD co-factor is highlighted with green sticks, while the protein target is shown as a blue surface. All
molecules are colored according to atom type. (B) Best pose of crocin (1) and its polar contacts with respective distances on the hMAO-B surface. The natural ligand is rendered as
cyan sticks, pocket amino acids are shown as blue lines, the superimposed reference drug (safinamide) as yellow sticks, the FAD co-factor is highlighted with green sticks, while the
protein target is shown as a blue surface. All molecules are colored according to atom type. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. (A) Semicarbazone 3 best pose and its polar contacts with respective distances in the hMAO-A binding cavity. The ligand is rendered as cyan sticks, the GLN215 pocket amino
acid is shown as blue lines, the superimposed reference drug (harmine) as yellow lines, and the protein target is shown as a blue cartoon. All molecules are colored according to
atom type. (B) Semicarbazone 3 best pose and its polar contacts with respective distances in the hMAO-B binding cavity. The ligand is rendered as cyan sticks, the GLN206 pocket
amino acid is shown as blue lines, the superimposed reference drug (safinamide) as yellow lines, and the protein target is shown as a blue cartoon. All molecules are colored
according to atom type. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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A computational study, carried out following our recently pub-
lished protocol [37,38], reveals that crocin (1) inhibits both hMAO
isoformswith a non-competitive mechanism of action. As shown in
Fig. 1, crocin does not fit into the binding pocket of either hMAO-A
or hMAO-B. The modeling study suggests that crocin binds to the
protein surface, to an allosteric site, and may thus inhibit the
catalysis of amine substrates. In agreement with the in vitro inhi-
bition data, which shows that crocin is a more potent hMAO-B
inhibitor, crocin better interacts with the hMAO-B than the
hMAO-A isoform, as shown by the MM-GBSA dG Bind values
Fig. 3. (A) Thiosemicarbazone 4 best pose and its polar contacts with respective distances
amino acid is shown as blue lines, the superimposed reference drug (harmine) as yellow line
to atom type. (B) Thiosemicarbazone 4 best pose and its polar contacts with respective distan
PRO102 pocket amino acids are shown as blue lines, the superimposed reference drug (safin
are colored according to atom type. (For interpretation of the references to color in this fig
(Table S2), and by the higher number of interactions (H-bonds)
which it establishes with the amino acids, to stabilize the pose
(Fig. 1 and Table S1 of the Supporting Information). In the case of
isoform A, in its best pose, crocin fits well on the target surface,
blocking with its central portion the access to the active site; in the
case of hMAO-B isoform, a part of the natural ligand is placed into a
cavity on the surface. In both poses, H-bonds interactions occur
between the polar OH groups located at the terminal ends of crocin
and enzyme surface residues.
in the hMAO-A binding site. The ligand is rendered as cyan sticks, the GLN215 pocket
s, and the protein target is shown as a blue cartoon. All molecules are colored according
ces in the hMAO-B binding cavity. The ligand is rendered as cyan sticks, the GLU84 and
amide) as yellow lines, and the protein target is shown as a blue cartoon. All molecules
ure legend, the reader is referred to the web version of this article.)



Fig. 4. (A) Best pose of hydrazothiazole 9 and its polar contacts with respective distances in the hMAO-A binding cavity. The ligand is rendered as cyan sticks, the TYR197 and
GLY443 pocket amino acids are shown as blue lines, the superimposed reference drug (harmine) as yellow lines, and the protein target is shown as a blue cartoon. All molecules are
colored according to atom type. (B) Best pose of hydrazothiazole 9 and its polar contacts with respective distances in the hMAO-B binding cavity. The ligand is rendered as cyan
sticks, the LEU164 and GLN206 pocket amino acids are shown as blue lines, the superimposed reference drug (safinamide) as yellow lines, while the protein target is shown as a
blue cartoon. All molecules are colored according to atom type. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Despite the similar values of the hMAO inhibition potencies of
crocin and the semicarbazone derivative 3, computational studies
suggest that 3may act as a competitive inhibitor, with its best pose
located in the binding pocket (Fig. 2). In accordance to the hMAO
inhibition data (IC50 values in Table 1), the G-score values obtained
in the docking simulations (Table S2) also show that thio-
semicarbazone 4 is a more potent hMAO inhibitor than is semi-
carbazone 3. While the isosteric substitution S / O does not affect
the general binding orientation of 4 within hMAO-A (compared to
3) and the H-bond interactionwith GLN215 in hMAO-A, it results in
significantly different interactions of 4 with hMAO-B compared to
the interactions observed between 3 and hMAO-B (Fig. 3).

Finally, based on the G-score values, hydrazothiazole 9 is a more
potent hMAO-B inhibitor than compounds 3 and 4, an observation
supported by the hMAO inhibition data. The docking simulation
further shows that 9 binds within the hMAO-B active site, and is
therefore most likely a competitive inhibitor. Interestingly, the G-
score values calculated for binding of 9 to hMAO-A and hMAO-B
suggest that this compound is a selective inhibitor of the hMAO-B
isoform, which is in accordance to the results of the hMAO inhi-
bition studies (Fig. 4).

5. Conclusion

A variety of studies have suggested that saffron may have a
potential role in the treatment of mental disorders such as
depression, or may enhance the beneficial effects of conventional
drugs with fewer side effects. Based on this consideration, we
investigated the hMAO-A and hMAO-B inhibitory properties of two
natural components of C. sativus L., crocin (1) and safranal (2), as
well as those of newly designed compounds (3e9) derived from
chemical modifications of safranal. hMAO-A and hMAO-B are two
important enzymes which are targets for the treatment of neuro-
psychiatric and neurodegenerative diseases. The results document
that, while crocin is a relatively weak inhibitor of the hMAOs,
safranal is not a hMAO inhibitor. Based on this, we conclude that the
inhibition of the MAOs by crocin and safranal are unlikely to
represent mechanisms by which saffron extracts confer their
beneficial central effects. The designed chemical derivatives of
safranal, however, displayed much improved inhibitory activities
against both hMAO enzymes. In this respect, compound 9 was
found to be an exceptionally potent hMAO-B inhibitor, and thus a
highly promising and novel scaffold for the design of future hMAO-
B inhibitors. Compound 9 also displayed relatively good selectivity
for the hMAO-B isoform. Further structural modification of 9 should
be undertaken to derive more useful structureeactivity
relationships for the inhibition of the hMAOs by this promising
class of compounds, and possibly to further enhance isoform
selectivity.

Molecular docking studies were carried out on natural crocin (1)
and the semisynthetic compounds 3, 4 and 9. The results suggest
that crocin may inhibit both hMAO isoform with non-competitive
mechanisms by binding to allosteric sites on the surfaces of the
proteins. In contrast, the semisynthetic compounds 3, 4 and 9 bind
within the active sites of the hMAOs and may thus act competi-
tively. The results of the docking studies were also in agreement
with the finding that thiosemicarbazone 4 is a more potent hMAO
inhibitor than semicarbazone 3, and that hydrazothiazole 9 acts as
a selective inhibitor of the hMAO-B enzyme. The results of this
study show that, with the appropriate chemical modification,
safranal may serve as scaffold for the discovery of hMAO inhibitors
for the clinical management of mental and neurodegenerative
disorders.
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