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Abstract

mony pentavalent [(Sb(V)] complexes.

optimizing their properties.

program.

Background: Recent studies on Leishmaniasis treatment have confirmed the antiparasitic effects of flavonols and organic anti-
Objectives: This study aimed to identify new Sb(V) complexes by combining the benefits of antimonials and flavonols as well as by

Methods: Kaempferol and quercetin peracetate were prepared using acetic anhydride in pyridine. By performing regioselective
synthesis, 7-O-paramethylbenzyl as an electron-donating group and 7-O-paranitrobenzyl as an electron-withdrawing group were
added to quercetin, and, then, the synthesis of Sb(V) kaempferol and quercetin derivative complexes were performed using SbCls
solution in glacial acetic acid. The structures were confirmed by UV, ESI mass, IR, 1H-,and *C-NMR spectral data, and the Stoichiome-
try of the ligand-metal complex by the mole ratio method. Computational molecular modeling was conducted using the Gaussian

Results: The structures were confirmed based on the results from UV, nuclear magnetic resonance (NMR), and electrospray ioniza-
tion (ESI) mass analyses (3-12). Among the produced compounds, 11 and 12 as newly described, and other compounds as pre-defined
compounds were identified. According to the results from biological test, kaempferol triacetate with more lipophilicity showed the
highest anti-promastigote activity with an ICs, value of 14.93 & 2.21 uM. As for anti-amastigote activity, despite the differences, all
antimony complexes showed anti-amastigote effects in vitro with ICs, values of 0.52 t0 14.50 ;M.

Conclusions: All flavonol Sb(V) complexes showed higher activity compared to meglumine antimonate in anti-amastigote effect.
Inside the host macrophages, by breaking down the complex into antimony and quercetin or kaempferol analogs, the observed
antiparasitic effects may have been related to both Sb(V)/Sb(III) conversion and flavonoid antileishmanial activities.

Keywords: Antileishmania, Antimony Pentavalent, Flavonoid Synthesis, Kaempferol, Quercetin

1. Background

Leishmaniasis is caused by an intracellular parasite of
the genus Leishmania, which is found in two manifesta-
tions: visceral and cutaneous. It is the third most im-
portant arthropod-borne disease that has been widely re-
ported in more than 89 countries where more than 350
million people are at risk. The estimated number of in-
fected people is 12 to 15 million, with approximately 2
million new cases annually, of which approximately 0.5
million have visceral leishmaniasis, and 1.5 million have

cutaneous leishmaniasis. As for country distribution,
more than two-thirds of new leishmaniasis cases have
been reported in six countries, including Brazil, Colombia,
Afghanistan, and Iran (1, 2).

Effective drugs against Leishmania have been already
developed; however, it is currently a neglected parasitic
disease whose current treatments are facing serious prob-
lems such as the toxicity of its drugs, the need for injectable
administration, high failure rate, and the emergence of re-
sistance against its drugs. Therefore, a sustained effort is
required to develop new drugs that have no high toxicity
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or cause no failure in treatment if an effective disease con-
trol is really desired.

Leishmaniasis is mainly treated with pentavalent anti-
monial, miltefosine, amphotericin B, and paromomycin.
However, drug resistance is a persistent threat to the in-
tegrity of treatments, which has increased the requisition
of new drug development in pharmaceutics (3, 4). Sodium
antimony gluconate is one of the victims of drug resis-
tance which is most prevalent in the Indian subcontinent
after decades of its application (3, 5).

Previous studies investigating treatments for Leishma-
nia have suggested that organic Sb(V) functions as a pro-
drug which is converted into the Sb (III) as a more toxic
form of the antimony for amastigotes (6-8), even though
some evidence has supported the direct involvement of
pentavalent (6, 9).

The antiparasitic effects of flavonols have been
highlighted by several recent studies (Figure 1) (10, 11).
Quercetin, Kaempferol, Rutin, and Taxifolin, for instance,
have been recognized as potential anti-leishmanial agents
(10-12). In a study by Tasdemir on 105 phenolic com-
pounds, majority of the flavones and flavon-3-ols showed
remarkable antileishmanial activities. In flavon-3-ols,
3,7,3',4-flavone (fisetin), 3-hydroxyflavone and quercetin,
as well as in flavones, luteolin showed potent activities
with ICs, values of 0.6 - 1.0 ug/mL (13), respectively. Lesser
activities of flavans with saturated (A2,3) derivatives like
naringenin implicitly demonstrated the significance of
the C-2 and C-3 double bond (13). However, this change may
lead to the enhancement of other effects of naringenin
(14). Flavonoids also exhibit other biological activities like
antioxidant, immunomodulatory, cytotoxic, or synergic
activities that affect other protozoa or cancer cells (14-16).

Polyamine biosynthesis is one of the targets in anti-
leishmanial drug therapy. Quercetin and its glucosides
have shown their ability to inhibit arginase, which is es-
sential in polyamine biosynthesis (10). In another study,
quercetin, dihydroquercetin, and quercetin glucuronide
showed inhibitory activity against L. amazonensis arginase
(11). Cataneo et al showed that quercetin increased the
ROS production in the promastigotes. They reported
that quercetin exerted anti-amastigote effect on infected
macrophages by upregulating nuclear factor erythroid 2-
related factor 2/heme oxygenase 1 (Nrf2/HO-1), signaling
axis, and modulating iron availability (12).

2. Objectives

This study aimed to identify a new class of potential
drugs in the field by combining the benefits of antimony
and flavonols through examining their complex forma-
tion as well as by optimizing their properties.

3. Methods

3.1. Materials

Kaempferol, Quercetin, Antimony pentachloride
(SbCl5), and Giemsa stain were purchased from Sigma
Aldrich (USA). Promastigotes of Leishmania major and
macrophage cell line J774 were obtained from Pasteur
Institute (Tehran, Iran). Fetal Bovine Serum (FBS) and
Novy-MacNeal-Nicolle medium (NNN) were obtained
from Gibco (Waltham, Massachusetts, USA) and MERCK
(Darmstadt, Germany), respectively.

3.2. General Procedures

The progression of all synthetic reactions was con-
trolled undertaking thin-layer chromatography (TLC),
and the results were visualized using a natural prod-
uct reagent. The reaction mixture was purified using a
polyamide SC6 column with the solvent system of hexane:
acetone in a gradient manner to increase polarity. NMR
spectra were taken by a Bruker 400 using DMSO-d6 at
400.13 MHz for 'H-NMR and 100.61 MHz for ®C-NMR. ESI
Mass spectra were done on Shimadzu 2010EV (Shimadzu,
Japan). The Fourier transform infrared (FTIR) spectra were
taken on a Rayleigh WQF-510 in KBr films.

3.3. Synthesis of Kaempferol Tetra-, and Triacetate

Kaempferol (1, 1.72g, 6.0 mmol) was stirred in 20 mL
of pyridine at 75°C under N,. Acetic anhydride (Ac,0)
was gradually added dropwise (2.84 mL, 30 mmol) and re-
fluxed gently overnight. After cooling, water was added
to the sample and filtered through a C-18 Sep-Pak 12 cc Vac
(H,O0, Fr.1; MeOH: H, 0, 3:7, Fr.2; MeOH: H,O0, 5:5; Fr.3; MeOH:
H,0, 7:3, Fr.4; MeOH, Fr.5; each 200 mL). Fr.3 and 4 yielded
kaempferol-3,7, 4'-triacetate (3,1.50 g) with a reaction yield
of 60.54% as the main compound, and kaempferol perac-
etate (4) in small quantity as biproduct.

3.4. Synthesis of Quercetin Pentaacetate

Quercetin (2, 1.813 g, 6.00 mmol) and N-Methyl-2-
Pyrrolidone (NMP, 15 mL) were heated at 140°C using a re-
flux apparatus under nitrogen. Acetic anhydride was grad-
ually added dropwise (2.84 mL, 30 mmol) and refluxed for
8 hr. The reaction mixture was cooled and diluted with
200 mL deionized water and submitted on a C-18 Sep-Pak
12 cc Vac (H,O0, Fr.1; MeOH: H,0, 3:7, Fr.2; MeOH: H,0, 5:5;
Fr.3; MeOH: H,0, 73, Fr.4; MeOH, Fr.5; each 200 mL). Fr.1
contained NMP and acetic acid, Fr.2, quercetin as starting
material, Fr. 3, and Fr.4 contained quercetin di-, three- and
tetraacetate. Fr. 4 yielded quercetin-3,5,7,3,4’-pentacetate
(5,2.51 g) in a pure state with a reaction yield of 81.7% (Fig-
ure 2)(2).

Iran | Pharm Res. 2022; 21(1):e128379.



Abdeyazdan S et al.

Luteolin

7,8-dihydroxyflavone

Apigenin

Figure 1. Flavonoids with Leishmanicidal activity by order of activities. (A) Flavon-3-ols, (B) Flavones (13).

3.5. Synthesis of Quercetin 7-O-paramethyl and 7-O-paranitro
Derivatives

Quercetin pentaacetate (5, 1.1 g, 2.15 mmol) and imida-
zole (50 mg, 0.74 mmol) were added together in 25 mL of
NMP at -5°C on a magnet stirrer. Thiophenol (0.22 mL, 2.13
mmol) was added slowly. After completion of the reaction
(each 15 min checked by TLC), the reaction was quenched
by adding 5 mL HCI 1.0 N and 30 mL brine. The result-
ing solution was extracted with 20 mL of dichloromethane
in a separating funnel. It was washed with a small HCI
1.0 N and dehydrated with sodium sulfate. The dried or-
ganic phase was loaded on a polyamide column (hexanes;
hexanes: acetone, 9:1; hexanes: acetone, 8:2; hexanes: ace-
tone, 7:3; hexanes: acetone, 6:4; each 100 mL) and yielded
quercetin 3,5,3’,4’-tetraacetate (6, 41.1%) as the main com-
pound. Quercetin 3,5,3',4’-tetraacetate (6, 100 mg, 0.21
mmol), P-methyl benzyl chloride (44.9 mg, 0.32 mmol),
and K,CO; (88 mg, 0.64 mmol) were added together in
15 mL anhydrous acetone at room temperature for about
3 h and yielded 7-O-paramethylbenzyl quercetin 3,5,3',4'-
tetraacetate. For removing the acetate groups, the reaction
mixture was filtered, concentrated, and dissolved in a solu-
tion of NH;/MeOH (2M, 10 mL) while stirring for 5 to 10 min
until deacetylation was completed (Checked by TLC). Then
reaction mixture (RM) was neutralized by 0.5 N HCI and
purified on a C-18 Sep-Pak 12 cc Vac (H,0; MeOH: H,0, 37,
MeOH: H,0, 5:5; MeOH: H, 0, 7:3; each 200 mL). The fraction
eluted by MeOH: H, 0, 30:70, yielded 7-O-paramethylbenzyl
quercetin (7,43 mg) in a pure state with a production yield
of 35.2 %. Quercetin 3,5,3',4’-tetraacetate (6, 100 mg, 0.21
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mmol), 4-nitrobenzyl chloride (54.7 mg, 0.32 mmol), and
K,COj3 (88 mg, 0.64 mmol) were added together in acetone
(20 mL) for 3 h. It was deacetylated in the same way as com-
pound 7 and yielded 7-O-paranitrobenzyl quercetin (8, 51
mg) with a production yield of 39.6 % (17, 18).

3.6. Synthesis of Sb(V) Kaempferol and Quercetin Derivative
Complexes

A solution of 198 mg (0.662 mmol) SbCl; in 10 mL
glacial acetic acid was prepared. Kaempferol (2, 19 mg,
0.0662 mmol) in 100 mL anhydrous methanol was the sub-
ject of adding 100 uL of SbCl; (6.62 pumol) solution for 5
consecutive times and the time gap of 5 minutes in or-
der to let the complexation complete. The complex for-
mation could also be witnessed by the instant gradient
change in the color of the reaction medium, from light yel-
low to dark orange. The UV spectrum was recorded at room
temperature at the end of each given time gap. The maxi-
mum absorbance (An.x) was determined using UV spectra
to determine the end of the reaction. At the end of the se-
ries, the reaction medium was air-dried for 24 hours to a
fine orange powder and washed with deionized water to
remove residue of free SbCl; to obtain Sb(V) kaempferol
complex (9). Quercetin (2, 20 mg, 0.0662 mmol) in 100
mL anhydrous methanol was the subject of adding SbCls
solution (0.033 mmol) in the same way as 9 to obtain
Sb(V) quercetin complex (10). Also, 7-O-paramethylbenzyl
quercetin (7,27 mg, 0.0663 mmol)and 7-O-paranitrobenzyl
quercetin (8, 29 mg, 0.0663 mmol) each in 100 mL an-
hydrous methanol was the subject of adding SbCl; solu-
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tion (0.033 mmol), separately as mentioned for 9 to ob-
tain Sb(V) 7-O-paramethylbenzyl quercetin complex (11),
and Sb(V) 7-O-paranitrobenzyl quercetin complex (12) as
two new compounds.

3.7. Stoichiometry of Ligand-Metal Complex

Astock solution of each flavonoid (66.17 umol) in HPLC-
grade methanol (100 mL) was prepared and diluted to 3.31
pmol in 10 mL. A solution of 19.8 mg (66.2 umol) SbCls
in 5 mL glacial acetic acid was also prepared. This solu-
tion was added 10 consecutive times in the amount of 5
1L (0.066 pmol) each time, to 2 mL (0.662 pmol) of the di-
luted flavonoid solution, in a Quartz cuvette with a cap. A
time gap of 5 minutes was considered between every two
consecutive additions to let the complexation complete.
At the end of each given time gap, the UV spectrum in the
range of 200 to 600 nm was recorded at room temperature
(19-21). The maximum absorbances of flavonoid (Apax: 370
nm) and complex (Apax: 429 nm) were determined using
UV spectra. The absorbance of each concentration at 370
and 429 nm was plotted against metal ion/ligand (M/L) mo-
larratiosin arange of 0.1to1to determine the composition
of complexes concerning the proportional concentration
of metal and ligand (21).

3.8. Computational Molecular Modeling

The semi-empirical Parametric Method 3 (PM3) calcu-
lations were performed using the Gaussian program to ob-
tain the stabilized geometries of the models. Next, the den-
sity functional theory (DFT) B3LYP/3-21G* calculations were
performed to evaluate the values of enthalpy of the mod-
els. The 3D molecular structures were prepared to imple-
ment in the optimization calculations to reach the mini-
mized energy structures. Then, the thermochemical fre-
quency calculations were performed on the already opti-
mized molecules to evaluate the values of enthalpy (H) for
each of the investigated models (22).

3.9. Anti-promastigote Activity

Promastigotes of L. major were cultured in NNN
medium and stored in RPMI enriched with 10% Fetal
Bovine Serum (FBS) at 25°C, Penicillin (100 IU/mL), and
Streptomycin (100 pg/mL) as antibacterial agents. Seri-
ally diluted complexes of samples were added to 96-well
plates seeded with metacyclic Promastigotes (7.5 X 10°
parasites/well) to obtain final concentrations of 1, 10, 50,
100, and 200 pM, along with wells without parasites as
blank, untreated parasites as negative controls, and Am-
photericin B as the positive control. The results were
counted with a Neubauer chamber after 24 and 48 hours
of incubation at 25°C (19).

3.10. Anti-amastigote Activity

J-774 macrophage cells were dissociated from cell cul-
ture flasks using the Trypsin protocol (18). The obtained
cells were counted via Neubauer chamber, and 25 x 10*
were seeded in each well of 6-wells plates with 24 x 24
mm cover glasses covering the interior bottoms of the
wells. After adding 2 mL of enriched RPMI-1640 medium,
the plates were incubated for 48 h at 37°C. Then, meta-
cyclic Promastigotes were added to manually depleted
wells with the count of 223.5 x 10*|well (8.8 promastigotes|
macrophage) along with enriched RPMI-1640 medium up
to2mlL.Plates were incubated again in a37°C CO, incubator
for another 24 hours. After the given time, macrophages
were inspected for being infected with parasites. By con-
firmation of that, wells were washed out with phosphate-
buffered saline (PBS). Then two series of samples and Glu-
cantime (as positive control), in concentrations of 1, 10,
50, 100, and 200 uM, were added to the respective wells,
along with maintaining untreated wells as negative con-
trols. Plates were incubated for 24 and 48 h. After the re-
spective periods, covering glasses were gathered from the
bottom of the wells, fixated with methanol, and stained us-
ing the Giemsa staining protocol (21).

4. Results

Kaempferol (1) was gently acetylated in acetic anhy-
dride at 70°C for overnight and yielded kaempferol-3,7,
4'-triacetate (KTA, 60.5%). KTA was selectively deacety-
lated in C7 to yield kaempferol3, 4’-diacetate (KDA,
44.3%). Quercetin (2) in the same procedure was hy-
peracetylated to Quercetin-3,5,7,3',4"-pentacetate (QPA,
81.7%). QPA was regioselectivity deacetylated in the C-7
position to Quercetin 3,5,3,4'-tetraacetate (QTA, 41.1%).
QTA was arylated in a nucleophilic substitution pro-
cess by paramethylbenzyl or paranitrobenzyl chloride,
separately followed by deacetylation in ammonia to
yield 7-O-paramethylbenzyl quercetin (QPMB, 35.2%), and
7-O-paranitro benzyl quercetin (QPNB,39.6%). Among
synthesized compounds, compounds 11 and 12 were newly
described, and other compounds as pre-defined com-
pounds were identified. NMR data of compounds 7, and 8
were assigned using one- and two-dimensional NMR for
the first time. NMR, IR, and mass spectra are available in
the supplementary file (appendices1-28 in Supplementary
File).

4.1. Kaempferol (K, 1)

UV (MeOH) Apax: 268,367 nm. '"H-NMR: ¢ 12.54 (s, 1H, 5-
OH),10.84 (s, 1H, 7-OH), 10.17 (s, 1H, 4’-OH), 9.46 (s, 1H, 3-OH),
8.04 (d, 2H, ] = 8.9, H-2",6’,), 6.99 (d, 2H, ] = 8.9, 2H H-3',5’),

Iran | Pharm Res. 2022; 21(1):e128379.
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Figure 2. Reagents and conditions for the synthesis of Sb(V) 7-O-paramethylbenzyl Quercetin complex: (A) Anhydride acetic (Ac,0), N-Methyl-2-pyrrolidone (NMP), 140°C, 8 h,
Yield: 81.7% (B) Thiophenol, imidazole, NMP, 0°C, 1h, yield: 41.1% (C) 4-methylbenzyl chloride, Na,CO;, acetone, room temperature, 3 h. (D) NH3/MeOH (2M), 0°C, 5 min, yield:

35.2% (e) SbCls, glacial acetic acid, MeOH, 30 min.

6.50 (d, 1H, ] = 2.0, H-8), 6.25 (d, ] = 2.0, 1H, H-6). BC-NMR:
176.4(C-4),164.4 (C-7),161.2 (C-5),159.7(C-4"),156.6 (C-9),147.3
(C-2),136.1(C-3),130.0 (C-2',6"),122.1(C1'),115.9 (C-3',5"),103.5
(C-10), 98.7 (C-6), 93.9 (C-8). IR (KBr); vmax: 3316, 1654, 1616,
1598,1560, 1515,1508, 1444, 1317, 1166 cm™ (23).

4.2. Quercetin (Q,2)

UV (MeOH) Apax: 257,371 nm. 'H NMR 6 12.49 (s, 1H, 5-
OH),10.78 (s, 1H, 7-OH), 9.59 (s, 1H, 4’-OH), 9.36 (s, 1H, 3-OH),
9.30(s,1H,3’-0H),7.68(d,1H,]=2.2,H-2"),7.54 (dd, 1H,] = 8.5,
2.2,H-6'),6.89 (d,1H,]=8.5,H-5), 6.41(d, 1H,] = 2.1, H-8), 6.19
(d, 1H, J = 2.1, H-6). 13C-NMR: 176.4(C-4), 164.4 (C-7), 161.2 (C-
5),148.2(C-4"),145.5 (C-3'), 157.0 (C-9), 147.4 (C-2), 136.2 (C-3),
122.1(C1"),116.1(C4"),115.7(C-2"),115.6 (C-6"),103.5 (C-10), 98.7
(C-6), 93.8 (C-8). IR (KBr); V/max: 3401, 3305, 3122, 1662, 1608,
1521,1448, 1382, 1317, 1263, 1199, 1168 cm™ (17, 18).

4.3. Kaempferol-3,7, 4 -triacetate (KTA, 3)

1H-NMR §: 12.06 (s, 1H, 5-OH), 7.98 (dd, 2H, ] = 8.5, H-2",6"),
7.40 (dd, 2H, ] = 8.5, H-3/,5'), 7.14 (bs, 1H, H-8), 6.76 (bs, 1H, H-
6), 2.36 (s, 3H, one acetate methyl), 2.32 (s, 6H, two acetate

Iran | Pharm Res. 2022; 21(1):e128379.

methyls). BC-NMR 0: 174.0 (C-4), 167.4 (Acetate), 166.9 (Ac-
etate), 166.3 (Acetate), 158.7 (C-5),154.7(C-7),154.6 (C-2),154.0
(C9),151.4 (C-4"),129.7 (C-3), 128.2 (C-2',5'), 124.5 (C-1'), 121.2
(C3',5"),106.5 (C-10), 104.1 (C-6), 100.5 (C-8), 19.3 (Acetate),
19.2 (Acetate), 18.6 (Acetate). ESI-MS (m/z): 411 [M-H] (23).

4.4. 7-O-Paramethylbenzyl Quercetin (QPMB, 7)

UV (MeOH) Amayx: 257, 377 nm;'H-NMR dy: 12.49 (5-OH),
7.72(bs, 1H, H-2'), 7.57 (bd, 1H, | = 8.4, H-6"), 7.36 (d, 2H, ] =
8.1, H-3"5"), 7.21(d, 2H, ] = 8.0, H-2",6"), 6.89 (dd, 1H, ] = 2.2,
] =81, H5'), 6.77 (bs, 1H, H-8), 6.41 (bs, 1H, H-6), 5.18 (s, 2H,
H-7"), 2.21 (s, 3H, paramethylbenzyl-Me); *C-NMR dc: 176.0
(C-4),164.0 (C-7),160.4 (C-5),156.0 (C-9), 147.9 (C-2),147.4 (C-
4),1451(C3"),137.5 (C-3), 137.5 (C1"), 136.1 (C-3), 133.2 (C-4"),
129.2(C-3",C-5"),128.0 (C-2",C6"),121.9 (C1'),120.1(C-6'),115.6
(C5"), 1153 (C-2'), 104.1 (C-10), 98.1 (C-6), 92.9 (C-8), 69.9 (C-
7"), 20.9 (paramethylbenzyl-Me); IR (KBr); ¥/max: 3408, 3253,
2922, 2850, 1655,1610, 1589, 1498, 1460, 1350,1323, 1207, 1165,
1095,1003, 933 cm™; ESI-MS (m/z): 405.15 [M-HJ (17).
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4.5. 7-O-Paranitrobenzyl Quercetin (QPNB, 8)

UV (MeOH) Amay: 266, 371 nm;'H-NMR dy: 8.36 (d, 2H, |
=8.8,H-3"5"),7.82(d, 2H, ] = 8.8, H-2",6"), 7.80 (d, 1H, ] = 2.0,
H-2'),7.64 (dd, 1H, ] =2.0, 8.8, H-6'), 7.01 (d, 1H, ] = 8.4, H-5'),
6.91(d, 1H, ] = 2.0, H-8), 6.56 (d, 1H, ] = 2.0, H-6), 5.51 (s, 2H,
H-7"). BC-NMR d: 176.0 (C-4), 163.4 (C-7), 160.5 (C-5), 156.0
(C9), 148.0 (C-2), 147.5 (C-4"), 147.2 (C-4'), 145.2 (C3'), 144.2
(C1"), 136.2 (C3), 128.4 (C3", C-5"), 123.8 (C-2", C-6"), 121.8 (C-
1),120.1(C-6"),115.7 (C-5"), 1153 (C-2),104.4 (C-10), 98.1 (C-6),
92.9 (C-8), 68.7 (C-7"); IR (KBr) V/max: 3404, 2958, 2922, 2850,
1655, 1595, 1522, 1500, 1448, 1419, 1346, 1261, 1165, 1107, 1093,
1003 cm™; ESI-MS (m/z): 436.10 [M-H] (18).

4.6. Sb(V) Kaempferol Complex (K-Sb, 9)

UV (MeOH) Anax: 268, 413; IR (KBT); Vmax: 3446, 3178,
1652, 1635, 1558, 1540, 1506, 1457, 1396, 1172 cm™; ESI-
MS (m/z): 726[C30H,00,4Sb, 2Kaempferol+Sb+2H20][", 690
[C30H;601,Sb*, 2Kaempferol+Sb]*.

4.7. Sb(V) Quercetin Complex (Q-Sb, 10)

UV (MeOH) Apax: 267, 429; IR (KBr); vpma: 3421,
3178, 1652, 1646, 1637, 1590, 1508, 1484, 1430, 1411, 1351,
1319, 1267, 1201, 1162 cm™; ESI-MS (m|z): 758[C;0H,0046Sb,
2Q+Sb+2H,0]*, 722[C50H;6044Sb, 2Q+Sb]".

4.8. Sb(V) 7-0-Paramethylbenzyl Quercetin Complex (QPMB-Sb,
1)

UV (MeOH) Apax: 268, 429; IR (KBr); Vmax: 3421, 3212,
1652, 1646, 1635, 1558, 1540, 1506, 1488, 1457, 1338, 1267, 1159
cm™; ESI-MS (m/z): 964 [C46H340,6Sb, 2QPMB+Sb+2H20] °,
928 [C46H300,4Sb, 2QPMB +Sb] .

4.9. Sb(V) 7-O-Paranitrobenzyl Quercetin Complex (QPNB-Sb,
12)

UV (MeOH) Apax: 269, 423; IR (KBr); ¥max: 3446, 1652,
1346, 1635, 1558, 1540, 1506, 1338, 1267, 1201, 1160 cm™; ESI-MS
(m/[z):1026 [C44H,3N,0,0Sb, 2QPNB +Sb+2H,0].

4.10. Stoichiometry of Metal-ligand Complexes

Quercetin showed two UV maxima absorption at 370
nm named band I, and 259 nm, named band II (Figure 3A).
Aseries of 10 complex samples with the metal/ligand (M/L)
proportion range of 0.1 - 1 were prepared using SbCl; so-
lution. All samples were initially characterized using UV
spectra, as shown in Figure 3A. The red shift of band I at 370
nm to 429 nm with 59 nm, as well as FTR shifts of carbonyl
absorptions and the reduction of free hydroxy absorptions
at3421cm™ compared to quercetin, were related to the for-
mation of the Q-Sb complex (Figure 3C, D). In the molar ra-
tios’ plot, as shown in Figure 3B, the nonlinear fitted curve
crossing the points corresponded to the molar ratio of the

ligand/metal complex, with the stoichiometry ratio of 1:2.
In the same Amastigote form, considering its manner, K-
Sb (9), QPMB-Sb (11), and QPNB-Sb (12) complexes were ana-
lyzed with an M/L ratio of 1:2, respectively.

4.11. Computational Molecular Modeling

The stabilized models are shown in Figure 4, and their
evaluated enthalpy values are summarized in Table 1. As
could be seen by the visualized models, different configu-
rations of Cis and Trans were obtained for each model, and,
accordingly, the enthalpy values were changed for those
configurations. The trans configuration was found more
suitable than the Cis configuration based on the obtained
enthalpy values in a brief notation. But all models were
achievable by the negative sign of enthalpy (Figure 4).

Table 1. The Evaluated Enthalpy (H) Values for the Proposed Sb(V) Complexes Using
the B3LYP[3-21G* Calculations

Enthalpy, H (kcal/mol)
Sb(V) Flavonoid Complex

Cis Isomer Trans Isomer
K-Sb (9) -5320203 -5320208
Q-Sb(10) 5413998 -5414008
QPMB-Sb (11) -5800026 5800035
QPNB-Sb (12) -6005994 -6006003

4.12. Anti-promastigote Leishmanial Activity

Inhibitory data were analyzed using IBM SPSS Statistics
26. ICso values of each complex were calculated after 48
hours, as shown in Table 2.

Table 2. ICs, Values Against the Promastigote form of Leishmania major After 48 h

Compound Promastigote L. major 1Cso (1tM)
KTA (3) 14.93 £ 2.21

K-Sb (9) 113.09 £ 9.04

Q-Sb (10) 160.3 4-12.03

QPMB-Sb (11) > 200

QPNB-Sb (12) > 200
Amphotericin B 3.68 + 0.74

4.13. Anti-amastigote Leishmanial Activity

Even though flavonol Sb(V) complexes showed weakin-
hibition against promastigotes, they showed remarkable
dose-dependent activity against amastigotes of L. major
with ICs, values in the range of 0.5 to 15 uM after 48 h (Table
3).

Iran | Pharm Res. 2022; 21(1):e128379.
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Figure 3. (A) UV spectra of Sb(V) 7 quercetin complex (Q-Sb, 10) with M/L in the ranges of 0.1-1. (B) Molar ratio of the metal ion in ligand-metal complex, at 370 nm and 429 nm.

(C, D) Broad and expanded IR Spectra Q-Sb.

5. Discussion

In non-aqueous conditions, glacial acetic acid works
as the solvent in order to form Sb>* from SbCls. Sb>* with
H,0 molecules as its ligands to form primary complexes.
With the addition of Kaempferol or Quercetin analogs,
the flavonoid compounds would remain unionized in an
acidic solution. In excess flavonoid addition, the chemical
equilibrium of the primary complex tends to shift towards

Iran | Pharm Res. 2022; 21(1):e128379.

forming the secondary complex by replacing H,0 (a mon-
odentate ligand) with quercetin or kaempferol analogs
(bidentate ligands). Due to the availability of enough
vacant orbitals of Sb>*, two molecules of Kaempferol or
Quercetin analogs and two molecules of water could bind
through the Sb>* bridging atom making the complex sys-
tems. Additionally, such a secondary complex is more sta-
ble than the primary one because Kaempferol or Quercetin
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Figure 4. Optimized representations of Cis and Trans configurations of Sb(V) complex of kaempferol and quercetin derivatives (9-12).
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Table 3. IC5, Values Against the Amastigote form of Leishmania major

Amastigote L. major ICso (1£tM) Normal J774 Murine Selectivity Index48 h
Macrophages CCso (1£M) (CCs0/ICs0)

Sb(V) Complex

24h 4s8h 48h
K-Sb (9) 3.55 + 0.61 0.52 + 0.010 1.81£16 22.71
Q-Sb (10) 13.85 £ 2.34 1.48 & 0.25 30.65 £ 0.46 2071
QPMB-Sb (11) 18.41 4 2.22 110 £ 0.29 22.41+ 0.83 2037
QPNB-Sb (12) 23.45 +274 14.50 £1.62 33.61 & 2.67 232
Meglumine antimonate 57.30 £16.64 403 15.46 1613 = 112.06 40.03

analogs as bidentate ligands can fix properly within the
central surface of the complex, whereas H,0 as a monoden-
tate ligand which has more spatial liberation, causes tran-
sitional instability.

There are two possible bidentate positions in
Kaempferol and Quercetin analogs at 3-OH and 4-oxo
in the C ring or 5-OH and 4-oxo in the A ring. The 5-OH in
the A ring is relatively inactive because of the intermolec-
ular hydrogen bond. Therefore, complexation occurs at
C-4 and C3. Quercetin and Kaempferol can relax almost
in the planar position to form each of the Cis or Trans
configurations. H,O molecules are instead suitable to be
dispositioned in two axial positions.

These results are in agreement with those from Tas-
demir study on the leishmanicidal activity of phenolic
compounds. He reported that flavone-3-ol showed an-
tileishmanial activity against L. donovani seven times more
than simple flavone. Hydroxylation at other positions at C-
5,C-6, or C-7 was not as active as flavone-3-ol. Covering 3-OH
by methylation or glycosylation led to a remarkable activ-
ity reduction (13).

In the biological test, among samples, kaempferol
triacetate with more lipophilicity showed more anti-
promastigote activity with an ICs, value of 14.93 & 2.21 uM,
compared to amphotericin B with an ICs, value of 3.68 &
0.74 M while antimony complexes showed weak activ-
ity. In anti-amastigote activity, despite differences, all an-
timony complexes showed anti-amastigote effects in vitro
with IC5, values of 0.52t014.50 uM with potency more than
meglumine antimonate with ICs, value of 40.3 4= 5.46 uM.

Even though organic antimony complexes have been
used for over half a century to treat leishmaniasis, their
exact mechanism is not yet fully discovered. However,
there is some evidence that in a procedure mediated by
macrophages in mildly acidic conditions, pentavalent an-
timony in amastigotes is reduced to the trivalent form
and activates specific endonucleases that cause fragmenta-
tion of the oligonucleosomal DNA of amastigote forms and
stimulate antiparasitic activity (7). In Leishmania species,
glutathione tripeptide and spermidine polyamine bind to-
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gether as a dimer to form trypanothione. Rapid reduc-
tion of Sb(V) to Sb (Ill) occurs with the parasite-specific
trypanothione in amastigotes under acidic macrophage
conditions, while it is slow or negligible alone in other
mammalian cells in the presence of glutathione alone
in amastigotes in the culture medium (24). In this re-
search, flavonoid Sb(V) complexes showed better activ-
ity in vitro but with less selectivity than meglumine an-
timonate. In quercetin analogs, QPMB-Sb (11) with 7-O-
paramethylbenzyl substitution as an electron-donating
group showed more potency with an ICs, value of 1.10 +
0.29 uM, than QPNB-Sb (12) with 7-O-paranitrobenzyl sub-
stitution as an electron-withdrawing group with ICs, value
of 14.50 +1.62 uM.

Inside the host macrophages, by breaking down the
complex into antimony and quercetin or kaempferol
analogs, the observed antiparasitic effects may have been
related to both Sb(V)/Sb (III) conversion and flavonoid an-
tileishmanial activities. However, it was recommended fur-
ther studies should be carried out to explore the antipar-
asitic effects of flavonol antimony (V) complexes and ex-
plain their exact mechanism of action.

5.1. Conclusions

In this study, new potential Sb(V) complexes were iden-
tified by combining the benefits of antimony (V) and
flavonols and optimizing their properties. The UV, NMR,
and ESI analysis confirmed the structure of synthesized
compounds (3-12). Among them, QPMB-Sb (11) and QPNB-
Sb (12) as newly described, and other compounds as pre-
defined compounds were identified. In the biological
test, kaempferol triacetate with more lipophilicity showed
more anti-promastigote activity, while flavonol antimony
complexes showed weak activity. As for anti-amastigote ac-
tivity, despite differences, all antimony complexes showed
anti-amastigote effects with potency more than those of
meglumine antimonate.
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