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Type 2 diabetes mellitus (T2DM) is characterized by high blood glucose levels and has emerged as
a controversial public health issue worldwide. The increasing number of patients with T2DM on one
hand, and serious long-term complications of the disease such as obesity, neuropathy, and vascular
disorders on the other hand, have induced a huge economic impact on society globally. In this regard,
inhibition of a-glucosidase, the enzyme responsible for the hydrolysis of carbohydrates in the body has
been the main therapeutic approach to the treatment of T2DM. As a-glucosidase inhibitors (a-Gls) have
occupied a special position in the current research and prescription drugs are generally «-Gls,
researchers have been encouraged to design and synthesize novel and efficient inhibitors. Previously, the
presence of a sugar moiety seemed to be crucial for designing a-Gls since they can attach to the
carbohydrate binding site of the enzyme mimicking the structure of disaccharides or oligosaccharides.
However, inhibitors lacking glycosyl structures have also shown potent inhibitory activity and
development of non-sugar based inhibitors is accelerating. In this respect, in vitro anti-a-glucosidase
activity of metal complexes has attracted lots of attention and this paper has reviewed the inhibitory

Received 5th January 2022
Accepted 12th April 2022

DOI: 10.1039/d2ra00067a activity of first-row transition metal complexes toward a-glucosidase and discussed their probable

Open Access Article. Published on 20 April 2022. Downloaded on 12/06/2026 5:00:47 PTG.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances mechanisms of action.

Introduction

Diabetes mellitus (DM) is a chronic metabolic disease, known
as one of the important causes of death in the world due to
acute side effects.” The long-term high levels of blood glucose in
patients with DM result in various disorders such as micro-
vascular complications or destruction of very small blood
vessels in the body causing serious kidney, eye, nerve and heart
diseases.> There are two primary forms of diabetes including
type 1 (T1DM) and type 2 (T2DM). T1IDM is defined as an
insulin-dependent form of the disease and T2DM is described
as a non-insulin-dependent disorder.®* The majority of the
world's patients with T2DM and the prevalence of the disease
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have become an increasing public health issue. According to the
prediction of the World Health Organization (WHO) in 2006,
the number of patients with T2DM may increase to 366 million
by 2030 which accounts for 9.9% of the world's adult pop-
ulation.* Several factors related to lifestyle such as (i) obesity
and weight,>® (ii) physical inactivity (independent of obesity),”*
(iii) cigarette smoking,® (iv) a low-fiber diet with a high glycemic
index," and (v) depression,** are involved in increasing the risk
of T2DM.

Currently, lowering blood glucose levels has been known as
the most effective anti-diabetic therapeutic tool.">* At this
juncture, o-glucosidase inhibitors («-GIs) have occupied
a special position in drug development research since a-gluco-
sidase is a key enzyme converting complex carbohydrates
(polysaccharides) into simple sugars (monosaccharides) (Fig. 1a
and b).* a-Glucosidase located in the brush border of the small
intestinal can selectively hydrolyze terminal (1 — 4)-linked -
glucosidase residues (starch or disaccharides), leading to the
formation of glucose.'>'® a-GIs can reduce the rate of glucose
uptake by delaying the digestion of carbohydrates. Thus,
reducing the effect of dietary carbohydrates on blood sugar has
been revealed to be vital in avoiding the progression of impaired
glucose tolerance factor (GTF) to T2DM. Generally, the basic
modes of action of «-GIs can be competitive (Fig. 1c), non-
competitive (allosteric) (Fig. 1d), and uncompetitive (Fig. 1e).

RSC Adv, 2022, 12, 12011-12052 | 1201


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00067a&domain=pdf&date_stamp=2022-04-19
http://orcid.org/0000-0001-8521-761X
http://orcid.org/0000-0002-4053-6331
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00067a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012019

Open Access Article. Published on 20 April 2022. Downloaded on 12/06/2026 5:00:47 PTG.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(b) (c) (@ (e)

s e g pe———y

N T m‘ Q‘ i L{ ey .
/ )] N |
Small m;r;\ & \. 2 ..—i’_&'f —E'K"U

Dok oo ooh ook

Absarption 0 Absorption No Absorption No Absorption

t't [ I

Hydrolysis of rption | |
il pderion Inhibition hydrolysis and absorption of u-D glucose in blood

Fig. 1 (a) Schematic diagram of small intestine. (b) Hydrolysis of
complex carbohydrates by a-glucosidase along the brush border of
small intestine to release a-p-glucose. Basic modes of action of a-Gls:
(c) competitive, (d) non-competitive, and (e) uncompetitive inhibition
of a-glucosidase leading to decrease of postprandial blood glucose
levels.

Conventional «-GIs are structurally similar to disaccharides
or oligosaccharides, able to attach to the carbohydrate binding
site of enzyme. Acarbose (glucobay), voglibose (volix, Basen),
and miglitol (Glyset), are three prescription o-GIs available in
the market and frequently used for the treatment of T2DM
(Fig. 2). However, they suffer from various side effects specially
gastrointestinal problems and following that, a wide range of
studies have been conducted on the anti-a-glucosidase activity of
natural”™ and synthetic heterocyclic compounds®*** since the
efficacy of a-GIs in the treatment of T2DM has been completely
proven. Biological activity of metal ions and their complexes®**
have made them an important topic in drug discovery research.
Recently, they have been investigated for their anti-a-glucosidase
activity and it is hoped that metallotherapy can open a new
horizon in the field of anti-T2DM agents.

Biological activity of first-row transition metals

The 10 first-row transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, and Zn) profit from both structural and functional roles to
induce desired biological properties and diagnostic applica-
tions.**** Among them, manganese, iron, cobalt, copper, and zinc
are five essential elements to human health.** However, three
first-row transition metals including chromium, vanadium, and
nickel are generally used as nutritional additives in different diets
and possess favorable.*® The structural or catalytic function of
these metal ions allows them to bind to the proteins, DNA, RNA
or other biological structures to be able to exert a certain role.
Oxidation state of the metal center especially that of transi-
tion metal complexes plays a significant role in the induction of
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Fig. 2 Chemical structures of clinically used «-Gls, (a) acarbose, (b)
voglibose, and (c) miglitol.
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medicinal properties. The redox environment and the nature of
the ligands as well as the group number of metal center lead to
different oxidation states of the first-row transition metal
complexes.**

The idea of using metal ions to treat diabetes dates back to
1899 and the anti-diabetic properties of the orally active metal
complexes such as oxovanadium(iv) (vanadyl) were initially
considered in 1990.%*3*

In 1979, vanadium salts were reported to have in vitro
insulin-mimetic effects®® and their insulin-like activity was
revealed in 1899.*° However, vanadium's pharmacological
potential was systematically investigated by Heyliger et al.®”
Bis(2-ethyl-3-hydroxy-4-pyronato)oxovanadium(iv) (BMOV)
which was first synthesized in the late 1990s,**** showed desired
activity on STZ diabetic rats, possessing higher potency and
efficacy than a common inorganic vanadium salt.* Bis(e-
thylmaltolato)oxidovanadium(iv) (BEOV) was also found to be
anti-diabetic agent derived from vanadium.** Also, different
vanadium, copper and zinc metal complexes** were found to be
effective for the treatment of diabetes under in vivo conditions.*

Mechanistic role of the metal center in the inhibitory activity
of the corresponding complexes was completely reviewed by
Dyson et al.** Subsequently, metal complexes are divided into
three main classes: (I) metal complexes having biologically active
ligands (non-innocent ligands): in this group, metal centers have
a structural role and unlike ligands that are biologically active
components, they do not play a role in the enzyme inhibition.
However, the metal center can indirectly affect the binding of
ligand to the enzyme by undergoing a redox process. (II) Metal
complexes having biologically active metal center (innocent
ligands): in this class of compounds, ligands are usually bio-
logically inactive and their main role is only masking and
stabling the metal ion. (III) Metal complexes having biologically
active metal and ligands: these metal complexes are predicted to
have synergistic effects in inhibiting enzymes due to the bio-
logical effects of both metal ion and ligands. However, the
mechanism of action of metal complexes in the inhibition of a-
glucosidase has not been definitely reported in the literature.

In this review, a-glucosidase inhibitory activity of the first-row
transition metal complexes (Zn, Cu, Ni, Co, Fe, Mn, Cr, V) with
different oxidation states (u, m, and ) was in the center of
attention as they have shown potent activity and can be consid-
ered as novel and efficient surrogates of organic small molecules
in the treatment of T2DM. For this purpose, discussed complexes
were categorized into three classes based on the oxidation state of
the central metal including divalent, trivalent, and tetravalent
metal complexes. Moreover, to get better insight into the mech-
anism of action of metal complexes, docking study was per-
formed for some selected complexes which confirmed the
construction of desired interactions with the enzyme.

Divalent metal complexes as a-
glucosidase inhibitors

Although some metal(n) ions and their complexes have
demonstrated anti-diabetes properties,***° their mechanism of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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action is not completely clear. For example, manganese has
played a significant role in the glucose metabolism** and zinc(u)
complexes have shown an insulin-like effect on rat adipocytes.*”
In 1980, Coulston and Dandona reported that zinc could stim-
ulate lipogenesis in rat adipocytes similar to the function of
insulin.*® Recently, various studies have reported anti-a-gluco-
sidase activity of divalent first row transition metals (Zn(u),
Cu(u), Ni(u), Co(u), Fe(u), and Mn(u)) complexes as listed in
Tables 1-4 and Fig. 3. The complexes were categorized based on
the functional group of ligands such as hydrazides, picolinic
acids (PicAs), Schiff bases, and diamines coordinated to the
metal(n) ions. These organic ligands generally have not
demonstrated a-glucosidase inhibitory activity while the corre-
sponding complexes have shown potent inhibitory activity.

Hydrazide metal(u) complexes

Bioactive compounds containing hydrazide moiety have shown
extensive biological properties such as anti-cancer, anti-viral,
analgesic and anti-inflammatory, anti-platelet, vasodilator,
antioxidant, and hypoglycemic activities.** They are popular in
coordination chemistry due to their ease of synthesis and
electronic properties, inducing versatile enzymes inhibitory
activity®® through proper binding with the active sites. Hydra-
zide derivatives have been documented as a potent moiety for
the inhibition of a-glucosidase.*>*

In this section, various metal(n) complexes containing
different hydrazide moieties as a ligand were discussed®*
(Table 1). It should be noted that the results reported by Naik
et al.* (Table 1, entry 4) had ambiguous values of ICs, or percent
inhibition which led us to exclude those data and prevented
authors from having a discussion based on the SAR. However,
in this study, all complexes showed more potent activity than
the free ligand.

Zinc(u) complexes. Khan et al. reported the synthesis of
a novel series of 2-acetylbenzofuran hydrazides (L1-L6, Table 1,
entry 1) to prepare the Zn(i) complexes (1-6, Table 1, entry 2a) to
investigate anti-o-glucosidase activity®* comparing with acarbose
as the reference drug (ICs, = 378.25 uM). It was perceived that the
synthesized complexes were generally more potent than the
corresponding free ligands except complex 5. It should be noted
that L1, L2, L4, and L5 were completely inactive, however, L3
showed good activity with IC5, = 47.51 uM and L6 was weak
inhibitor of a-glucosidase (IC5, = 396.35 uM). Most Zn(m)
complexes were found to be more potent than acarbose and
among them, complexes 2 and 3 were the most active
compounds with ICs, values of 56.27 and 27.71 uM, respectively.
It seems that the presence of strong electron-withdrawing group
(pyridine moiety and NO,, L2 and L3) played a significant role in
the induction of anti-a-glucosidase activity by complexes. Change
of the position of nitro group from 4- to 2- led to the reduction of
activity of 4. The presence of halogens and electron-releasing
group (NH,) led to lower activity. In the case of free ligands, L1
and L2 containing pyridine moiety at different positions were
found to be inactive, while L3 showed the most potent activity.

a-Glucosidase inhibitory activity of Zn(u) complexes 7 and 8
(Table 1, entries 3a and 3c) were also evaluated (ICs, = 180 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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190 pM, respectively) by Philip et al,” and compared with
acarbose (IC5o = 99 puM). Complexes were prepared via the
coordination of chromone hydrazones ligands (L8 and L9, Table
1, entry 1) and Zn(u). Inhibitory activity of L8 and L9 was
approximately similar to each other (IC5, = 240 and 230 pM,
respectively), however, weaker than the corresponding
complexes. It should be mentioned that L9 possessing phenolic
OH group showed no higher activity than L8 lacking hydroxyl
group, a potent group for the construction of H-bonding inter-
action. However, coordination of the Zn(u) had no significant
effect on the inhibitory effect. It seems that the formation of
complex did not afford either structural or functional role.

Copper(u) complexes. Cu(u) complexes (9-15, Table 1, entry
2b) of 2-acetylbenzofuran hydrazides (L1-L7) were reported and
evaluated for their a-glucosidase inhibitory activity compared
with acarbose (IC5, = 378.25 uM).** All complexes were found to
be more potent than free ligands. All of them except 9 and 15,
were potent inhibitors and among them, complexes 11, 13, and
14 showed the strongest inhibitory effect with ICs, values of
1.15, 0.15, and 0.21 puM respectively. In contrast to series of
Zn(u) complexes, coordination of L5 possessing strong electron-
releasing group (NH,) demonstrated the most potent activity, 7
times more potent than 11 having NO,. Interestingly, L5 pos-
sessing NH, group was inactive toward a-glucosidase. Among
coordinated ligands to Cu(u), [Cu(L6),]Cl, 14 (IC5, = 0.21 pM)
was found to be approximately as potent as 13 (ICso = 0.15 uM).
In the case of L7 which showed no inhibitory activity, the related
complex 15 was also inactive. Comparing inhibitory activity of
11 and 12 revealed that 11 (IC5, = 1.15 uM) was 16 times more
potent than 12 (ICso = 18.91 puM). In the series of Cu(u)
complexes possessing 2-acetylbenzofuran hydrazide, the role of
electronic effects of ligands is a key factor in the induction of
inhibitory activity. The electronic effects of substituents on the
aryl ring are directly affected by the position of substituents as
the desired electron releasing or withdrawing is achieved via
resonance or induction effects.

Using L8 and L9 containing a chromenone hydrazone moiety
in the synthesis of complexes 16 and 17 (IC5,s = 140 and 170
uM, respectively, Table 1, entries 3b and 3d) as reported by
Philip et al.,** led to the reduction of anti-a-glucosidase activity
comparing with complex 13 (ICs, = 0.15 uM).

Similar to Zn(u) complexes (7 and 8), the inhibitory activity of
their counterparts (16 and 17) was independent of phenolic OH
group of the ligand. In addition, the narrow ICs, range of
complexes 7, 8, 16, and 17 suggested that the structural prop-
erties of complexes do not play a role in the inhibitory activity as
7 and 8 are disordered tetrahedral, 16 and 17 are disordered
octahedral.

Nickel(un) complexes. Chromenone hydrazone ligands L8 and
L9, have been also used for the preparation of Ni(i) metal
complexes 19 and 20 (Table 1, entries 3b and 3d),** to evaluate
their anti-glucosidase activity. They showed moderate inhibi-
tory activity and no significant difference was observed between
the potency of 19 and 20 since the IC;, values were calculated as
200 and 230 pM, respectively, compared with acarbose (IC5, =
99 pM).
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Table 1 a-Glucosidase inhibitory activity of divalent metal complexes bearing hydrazide ligands
Entry Compounds Structure number ICs (UM) Ref.
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Entry Compounds Structure number IC5 (UM) Ref.
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Entry Compounds Structure number IC5 (UM) Ref.
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Entry Compounds Structure number IC5 (UM) Ref.
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Table 2 o-Glucosidase inhibitory activity of divalent metal complexes bearing picolinic acid (PicAs)

Entry Compounds Structure number ICso (LM) Ref.
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Entry Compounds Structure number ICso (1M) Ref.
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61 = [Mn(L11),(H,0),] 61 >600
3
44 8.02 66”
4 67
4a
45 688.94
4b
M(u) = Ni, Mn
49 = [Ni(L11)(L15)(H,0),] 49 >600
62 = [Mn(L11)(L15)(H,0),] 62 >600
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Table 2 (Contd.)
Entry Compounds Structure number ICso (1M) Ref.
= =
oo | oo o |
| 1 S N T S
(),,,/ ‘ Nz O/,‘l wN=
Fe-'g Fe“*
4c H,0"" ' NFY H,0™ l N
HO o H0 =
59 60
59 = [Fe(L11)(L15)(H,0),] 59 97.33
60 = [Fe(L17)(L15)(H,0),] 60 724.25
4d
(0]
54 = [Co(L11),(L15)] 54 >600
]
)
N x
| s
\\‘
5 / } N7
\ I
Cl
M(u) = Zn, Ni
38 = [Zn(L11)(L12)(Cl),] 38 >600 62
50 = [Ni(L11)(L12)(Cl),] 50 >600
6 63°
=
N _
0., ~ /
6a /ZT‘\N NH
0 IV
39 = [Zn(L11)2(L13)] 39 >600
¢,
C=0
7 N\ O
—N.,,
¢b HNC
N
7\
46 = [Cu(L11)(L13)(CH;COO)] 46 513.10
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Entry Compounds Structure number ICso (1M) Ref.
HN— /
N X
N l
/N, Nz
6¢ — /I’/C \\\“\‘
0\
a”” ‘ 0”0
Cl
55 = [Co(L11)(L13)(C),] 55 >600
7 63“
7a
M(u) = Zn, Co, Mn
40 = [Zn(L11),(L14),] 40 >600
56 = [Co(L11),(L14),] 56 >600
63 = [Mn(L11),(L14),] 63 >600
7b
47 = [Cu(L11),(L14)] 47 2.91
HN
N \
NS
N
7c
51 = [Ni(L11),(L14)(CH;COO)] 51 >600
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Table 2 (Contd.)
Entry Compounds Structure number ICso (1M) Ref.
8 68
7\
— N,
8a O O
M(u) = Ni, Co, Mn
52 = [Ni(L11),(L18)] 52 >600
57 = [Co(L11),(L18)] 57 >600
64 = [Mn(L11),(L18)] 64 >600
8b
58 >600
9
(0]
41 = [Zn(L19)(L20)(H,0),] 1 440 65°

“ Genistein as the reference drug (ICs, = 16.57 + 0.23 uM). ” Genistein as the reference drug (ICs, = 7.85 + 0.87 uM).

In the same series of ligands, Ni(i1) complexes were found to
be weaker than those of Zn(u) and Cu(u).

Cobalt(un) complexes. As a-glucosidase inhibitory activity of
various metal(n) complexes containing 2-acetylbenzofuran
hydrazide moiety was investigated by Khan et al.,* cobalt(u)
complexes, 22-28 (Table 1, entry 2c) were evaluated and found
to be more active than the free ligands (L1-L7) and moderate
inhibitors of the enzyme (ICs, = 66.48-153.23 uM). The best
activity was related to the complex 23 (IC5, = 66.48 puM
comparing with acarbose = 378.25 uM) containing L2 (NA). It
should be noted that Zn(u1) and Cu(u) complexes of L2 were more
potent than 23, especially that of Cu(u) which endorses the
electronic effect of the metal in the inhibitory activity of
complexes with the same geometry (disordered octahedral).

12022 | RSC Adv,, 2022, 12, 12011-12052

Complexes 22, 26, and 28 were completely inactive toward
enzyme.

Manganese(n) complexes. Evaluation of a-glucosidase
inhibitory activity of Mn(u) complexes coordinated with 2-ace-
tylbenzofuran hydrazones 30-35 (Table 1, entry 2d) showed that
complex 30 having ligand L1 was the most potent compound
(ICs0 = 45.63 uM) among Mn(u) complexes (ICs, = 45.63-457.28
uM). Free L1 had no inhibitory activity toward a-glucosidase
indicating the efficacy of related complex and the role of metal
center (electronic or structural effect) of the complex in the
enzyme inhibition. Complexes 33 and 34 depicted no activity in
which the metal center could not construct favorable interac-
tions with the enzyme.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 a-Glucosidase inhibitory activity of divalent metal complexes bearing Schiff base ligands
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rat intestinal

Yeast enzyme enzyme
Structure -
Entry Compounds number ICso (1M) ICso (UM) Ref.
SN
L21 NA NA
OH HO 6]
/7 N —
N N
L22 NA NA
OH HO
1 72°
—N N=/ L23 NA NA
C§:UH H():@
//\N/
N
- 124 NA NA
l I OH
2 724
@N
I
Zn
2a O/ ~
H,0
65 = [Zn(LZl)(HZO)] 65 2.89 126.00
N =
66 = [Zn(L22)] 66 3.10 189.00
—N N—
2¢ N
Zn\
o7 Yo
67 = [Zn(L23)] 67 16.10 NA
Zn\ /”
2d ‘)\ /
c1\‘
68 = [Zn,(L24),(Cl),] 68 4.06 86.0

“ Not reported.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 12011-12052 | 12023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00067a

Open Access Article. Published on 20 April 2022. Downloaded on 12/06/2026 5:00:47 PTG.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
Table 4 a-Glucosidase inhibitory activity of divalent metal complexes bearing diamine ligands
Entry Compounds Structure number ICs5 (mg mL™") Ref.
e U NN\ 0}
H;C E L25 Not reported 74°
H,N 0 N N L26 Not reported 74%
1 H
HQN/\/N\ L27 Not reported 75?
HZN/\/NHZ 128 Not reported 767
2 [zn(L25);].2Cl 69 298 74°
[zn(L25);].2NO;4 70 278
[Zn(L25);]-SO,4 71 305
[Cu(L25);]-2C1 78 266
[Cu(L25);]-2NO; 79 279
[Cu(L25)5]-SO,4 80 256
[Ni(L25),]-2Cl 87 226
[Ni(L25);]-2NO; 88 198
[Ni(L25)5]- SO, 89 218
3 [zn(L26),]-2C1 72 1.19 74°
[Zn(L26);]-2NO; 73 1.50
[2n(L26);]-SO,4 74 1.43
[Cu(L26);]-2Cl 81 1.33
[Cu(L26);]-2NO; 82 1.26
[Cu(L26);]-50O, 83 1.76
[Ni(L26)5]-2Cl 90 3.63
[Ni(L26);]- 2NO; 91 2.70
[Ni(L26);]- SO, 922 2.00
[Co(L26);]-Cl, 96 1348
[Co(L26)3]-(NO3), 97 1279
[Co(L26);]-SO, 98 1198
4 [Zn(L27);]-2Cl 75 2.13 75?
[Zn(L27)5]-2NO;, 76 1.05
[Zn(L27);]-SO, 77 2.0
[Ni(L27),]-2Cl 93 2.53
[Ni(L27)5]- 2NO; 94 1.74
[Ni(L27);]- SO, 95 1.93
[Co(L27);]-Cl, 99 1.20
[Co(L27);]+ (NO3), 100 0.90
[Co(L27)5]-SO,4 101 1.09
5 [Cu(L28);]-2Cl 84 0.80 76°
[Cu(L28)5]-2NO; 85 0.47
[Cu(L28)5]-SO, 86 0.61

“ Acarbose as the reference drug (ICso = 0.140 mg mL ).

Picolinic acids metal(u) complexes

Picolinic acid (PicA) known as the tryptophan metabolite has
a low toxicity to mammals. Oral administration of PicA helps
the absorption of several metal ions through the small intes-
tine.***® This compound which is an isomer of nicotinic acid
and isonicotinic acid is a chelating agent for metals such as
chromium, zinc, manganese, copper, iron and molybdenum in
the human body.> Most of its complexes are lipophilic, so PicA
can play an important role in the absorption of metals such as
zinc in the human body.®® Because different applications of
picolinic acid derivatives (PicAs) such as catalysis, ion exchange,
nonlinear optics and physicochemical properties are used for

12024 | RSC Adv, 2022, 12, 12011-12052

b Acarbose as the reference drug (ICso = 0.143 mg mL™?).

the synthesis of different structures containing coordination
complexes. Therefore, this compound is very widely used in the
field of bio-inorganic chemistry.

PicA complex of copper(u) has demonstrated very potent in
vitro anti-a-glucosidase activity (ICs, = 1.28 puM) comparing
with acarbose (IC5, = 747 uM). It was also evaluated in vivo and
could inhibit the a-glucosidase action in ddy mice after oral
administration of sucrose and the blood glucose levels were
remarkably suppressed. However, it could not change the blood
glucose levels in mice administered with glucose.®*

6-Methylpicolinic acid (L11) and 3-methylpicolinic acid (L17)
was found to be inactive toward a-glucosidase, however, the
coordinated products showed proper activity (Table 2) to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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M= Zn, Cu, Ni, Co, Mn

Zn(IT) complexes: 138: Zn(L60), 139: Zn(L62), 140: Zn(L63), 141:
Zn(L64), 142: Zn(L65), 143: Zn(L66), 144: Zn(L72), 145: Zn(L67)
Cu(Il) complexes: 146: Cu(L60), 147: Cu(L64), 148: Cu(L72), 149:
Cu(L61), 150: Cu(L68), 151: Cu(L69)
Ni(Il) complexes: 152: Ni(L64), 153: Ni(L61), 154: Ni(L73)
Co(II) complexes: 156: Co(L72), 157: Co(L67), 158: Co(L68), 159:
Co(L69), 160: Co(L70), 161: Co(L71), 162: Co(L73), 163: Co(L74)
Mn(II) complexes: 164: Mn(L60), 165: Mn(L64), 166: Mn(L70),
167: Mn(L71), 168: Mn(L73)

Fig. 3 The structure of phthalocyanine complexes with Zn(i), Cu(n),
Ni(), Co(n), and Mn(i) ions. Phthalocyanine ligands L60-L74 were
demonstrated in Table 7.

confirm desired role of metal(u) ions in the enzyme inhibitory
activity.

Zinc(u) complexes. Avci et al. recently reported various Zn(i)
complexes containing 6-methylpyridine-2-carboxylic (L11) as o-
glucosidase inhibitors (37-40, Table 2, entries 2a, 5, 6a, and
7a).62—64

Complex 37* possessing a square pyramidal geometry,
contained two bidentate L11 ligands and depicted low inhibi-
tory activity (ICs, > 546 uM) compared with genistein (ICs, =
16.57 uM). However, replacement of one of L11 by 4,4’-dimethyl-
2,2/-bipyridyl (L12),> 2,2-dipyridylamine (L13),* and 4(5)
methylimidazole (L14)* to form complexes 38-40 having dis-
torted octahedral geometry (Table 2, entries 5, 6a, and 7a), could
not improve the ICs, values (IC5, > 600 uM). Moreover, Dege
et al. have synthesized a novel Zn(i) complex having 2-picolinic
acid (L19) and 6-chloropicolinic acid (L20) ligands with dis-
torted octahedral geometry (Table 2, entry 1) and examined the
inhibitory activity of the complex (41, Table 2, entry 9),°
comparing with genistein as a reference drug (ICs, = 8 uM).
Comparing of the inhibitory activity of complex 37 (IC5, =
546.04 uM) with 41 (ICs5, = 440 pM) revealed that the replace-
ment of methyl group with Cl did not lead to significant
inhibitory activity. In general, the low activity of Zn(u)
complexes containing PicA moiety can be associated with the
full d orbitals of metal center ion. It should be mentioned that
all ligands (L11-L20) were also inactive toward a-glucosidase.

Copper(n) complexes. Avcl et al. also evaluated inhibitory
properties of a series of Cu(u) complexes (42-47, Table 2, entries
2a, 2b, 3, 4a, 6b and 7b) possessing L11 (Table 2, entry 1) with
distorted trigonal bipyramidal structure, against
a-glucosidase.®****¢” Among them, complexes 42% and 47%
showed the best activity with ICs, values of 2.95 and 2.91 uM,
respectively. Good results may be associated with the ability of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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water and imidazole (L14) in the construction of H-bonding
interaction with the enzyme.

In complex 43,% the third ligand, water was replaced by the
pyridine (L16, Table 2, entry 1) which led to the reduction of
activity from ICso = 2.95 uM to 3.49 pM compared with genis-
tein (IC5, = 16.57 uM). That was associated with the 7t-conju-
gation effect of L16. Comparison of the activity of complex 42
with its counterpart, complex 37, indicated the essential role of
Cu** ions as the metal center in the a-glucosidase inhibitory
activity.

Although the introduction of isothiocyanate into the Cu(u)
complex 44 afforded the inhibitory potency (IC5, = 8.02 puM)
approximately as potent as the genistein (ICs, = 7.85 uM), it was
not as efficient as water and pyridine (42 and 43, respectively).®®

The efficacy of other complexes containing mixed-ligands
45% (IC5o = 688.94 uM) and 46 (ICso = 513.10 pM)** has been
also investigated. The presence of 2,2'-bipyridyl (L15) and
nitrate in complex 45 and 2,2/-dipyridylamine (L13) and acetate
in complex 46, reduced the inhibitory activity compared with
42, 43, 44, and 47 in spite of the same geometry.

Distinguished a-glucosidase inhibitory activity of Cu(u)
complexes of PicAs 42-47 compared with non-active free ligands
can be explained from various points of view. The structural and
electronic role of Cu(u) ion in providing desired binding affinity
toward the enzyme, is significant.

Nickel(n) complexes. As studied by Avci et al, Ni(u)
complexes of L11 with distorted octahedral geometry (48-52,
Table 2, entries 2c, 4b, 5, 7c and 8a) were not active toward o-
glucosidase (ICso > 600 uM, comparing with genistein (ICs5, =
16.57 uM)).>%+78 It seems that Ni(u) complexes could not
establish appropriate structural and electronic properties for
the inhibition of enzyme as changing the number and nature of
coordinated ligands did not afford anti-a-glucosidase activity.

Cobalt(n) complexes. Anti-z-glucosidase activity of various
Co(u) complexes (53-58, Table 2, entries 2c, 4d, 6¢, 7a, 8a, and
8b) containing 6-methylpicolinic acid (L11) and 3-methyl-
picolinic acid (L17) (Table 2, entry 1) was reported by Avci
et al.®®%%7%% All complexes 53-58 were inactive toward o-
glucosidase (ICso > 600 uM). Introduction of different ligands
such as water (complex 53, Table 2, entry 2¢), 2,2-bipyridyl (L15,
Table 2, entry 1, complex 54, Table 2, entry 4d), chlorine
(complex 55, Table 2, entry 6¢), 2,2-dipyridylamine (L13, Table
2, entry 1, complex 55, Table 2, entry 6¢), and imidazole (L14,
Table 2, entry 1, complex 56, Table 2, entry 7a) as well as
changing the position of methyl group on the PicA moiety (57
and 58, Table 2, entries 8a and 8b)*® did not affect the inhibitory
activity.

Iron(n) complexes. Anti-a-glucosidase activity of Fe(u)
complexes has not been widely reported in the literature and
two complexes 59 and 60 (Table 2, entry 4c) based on the L11
and L17 containing L15 were studied by Avcl et al.*” Complexes
59 containing 6-methylpicolinic acid (L11) showed ICs, value of
97.33 uM comparing with genistein (ICso = 16.57 uM).
Changing the position of methyl group from 6- to 3- of PicA
moiety led to a 7-fold reduction of activity (IC5, = 724.25 uM).

Comparison of Fe(u) complexes with their counterparts 57
and 58 demonstrated that the position of methyl group on PicA

RSC Adv, 2022, 12, 1201112052 | 12025
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moiety played an important role in inhibitory activity, however,
it was not found to be important for 57 and 58. It may be related
to the more significant electronic property of Fe(u) than that of
Co(u) in spite of same geometry of distorted octahedral.

Manganese(n) complexes. Evaluation of a-glucosidase
inhibitory properties of Mn(u) complexes bearing L11 (61-64,
Table 2, entries 2¢, 4b, 7a, and 8a) was reported by Avci
et al.®***7%% All complexes lacked inhibitory activity (ICs, > 600
uM) indicating that Mn(u) similar to Co(u) and Ni(u), could not
provide desired electronic and structural properties.

Schiff bases metal(n) complexes

Schiff bases are the popular organic ligands in the coordination
chemistry possessing significant role in the induction of
different biological activities. It was found that Schiff base
complexes especially those having tetrahedral or octahedral
geometry, have demonstrated DNA-binding properties and
DNA-cleavage activities,* antifungal, antibacterial, antima-
larial, anti-proliferative and anticancer, anti-inflammatory,
antiviral, and antipyretic activity.”®”* The imine nitrogen is
basic and exhibits pi-acceptor properties. Most of the biological
properties of these compounds are due to their pi-acceptor
properties. Schiff bases are commonly bi- or tri-dentate
ligands, able to form stable complexes with transition metals.
Schiff base reactions are important for the formation of
nitrogen-carbon double bonds in organic chemistry. Also, they
are used as liquid crystals.”

Zinc(u) complexes. Miyazaki et al. investigated in vitro inhib-
itory potency of four Schiff base complexes of Zn(u) 65-68 (Table
3, entry 2) toward yeast and rat intestinal a-glucosidase.” They
contained Schiff base moiety including N-salicylidene-B-alanine
(L21), N-N-bis(salicylidene)ethylenediamine (L22), N,N'-
bis(salicylidene)-phenylenediamine (L23), and 1-(2-
dimethylaminoethylimino)methylJnaphtholate (L24) (Table 3,
entry 1). L21-L24 showed no inhibitory activity on both enzymes,
however, related complexes showed potent activity especially on
yeast type. Complexes were generally showed more activity on
yeast enzyme than rat intestinal type. Compound 65 having N-
salicylidene-B-alanine moiety revealed the best activity on yeast a-
glucosidase with ICs, value of 2.89 uM and the activity was
reduced toward rat intestinal a-glucosidase as the corresponding
IC5, value was obtained as 126.00 pM. Complex 68 possessing 1-
[(2-dimethylaminoethylimino)methyl]naphtholate showed good
activity toward both enzyme types (ICs,s = 4.06 and 86.0 uM),
respectively (Table 3, entry 2d), and selected for the in vivo test to
evaluate oral maltose and glucose tolerance as well as the mode
of a-glucosidase inhibition. The results indicated that the post-
prandial blood glucose levels were reduced using the complex 68
as compared to the control group. It should be noted that L24
that was non-active in in vitro studies, it exhibited an anti-
hyperglycemic effect in the glucose-loading test.

Diamines metal(un) complexes

Diamines are organic compounds with two groups of amino
groups. The term diamine refers to type-I diamines because of
the high reactivity of the first type of amines. They are used as

12026 | RSC Adv, 2022, 12, 12011-12052
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monomers to produce polyimides and polyureas. 1,2-Diamine
derivatives are the most practical moieties in the structure of
biological compounds and coordination chemistry.” Many
natural products that have significant biological properties
contain at least one 1,2-diamino component in their structure.
Also, complexes of 1,2-diamino groups have been widely
investigated for their biological properties. For example, 1,2-
diamino complexes of Pt(u) demonstrated more antitumor
activity than cisplatin due to lower toxicity and drug
resistance.”

Four types of diamines including N-(n-butyl) ethylenedi-
amine (L25),”* 1,6-diaminohexane (L26),”* N-methylethylenedi-
amine (L27),” and ethylenediamine (L28)”® were used and the
effect of the counterion (chloride, nitrate, and sulphate) was
also considered in this series. As can be seen in Table 4, Cu(u)
complexes of ethylenediamine (L28) possessed much higher
activity than Zn(u), Ni(u), and Co(u).

Zinc(u) complexes. «-Glucosidase inhibitory activity of
a series of Zn(u1) complexes bearing diamines (69-77, Table 4,
entries 2, 3, and 4) was studied by Tripathi et al.”*”> comparing
with acarbose (ICsp = 0.14 mg mL™"). Among them, Zn(u)
complexes of L25 showed lower activity (ICso = 278-305 mg
mL ") than those of L26 (IC5o = 1.19-1.50 mg mL™ ") and L27
(ICso = 1.05-2.13 mg mL ™). Also, the presence of nitrate as the
counterion was found to be appropriate for improving inhibi-
tory activity in the series of Zn(u) complexes (70, 73, and 76).

Copper(n) complexes. In the series of Cu(u) complexes (78-
86, Table 4, entries 2, 3, and 5),”*7® similar to Zn(u) complexes,
complexes of 125 (77-79, IC5, = 256-279 mg mL ") exhibited
lower activity than those of 126 (ICs5, = 1.26-1.76 mg mL™ ') and
L.28 (IC5, = 0.47-0.80 mg mL~'). Taken together, the efficacy of
ethylenediamine L28 (complexes 84-86) was more significant
than 1,6-diaminohexane L26 (complexes 81-83). Also, the
presence of nitrate ions (NOs; ) was found to be generally
proper.

Nickel(i) complexes. Ni(1) complexes (87-95, Table 4, entries
2, 3, and 4)’*”® were synthesized by Tripathi et al. Results ob-
tained from in vitro inhibitory studies confirmed that L25 was
not desired ligand coordinated to the metal center for the
induction of potent a-glucosidase inhibitory activity (IC5, =
198-226 mg mL ') as compared with L26 (ICs, = 2.00-3.63 mg
mL™") and 127 (ICs, = 1.74-2.53 mg mL™'). However,
comparison of complexes of L26 and L27 counterparts, indi-
cated higher efficacy of L27 than L26. Also, difference of coun-
terions did not play a regular role in the inhibitory activity.

Cobalt(un) complexes. Co(un) complexes reported by Tripathi
et al., were synthesized using L26 (96-98, Table 4, entry 3) and
L27 (99-101, Table 4, entry 4). The inhibitory activity of L27
complexes was much higher (ICs5o = 0.9-1.20 mg mL ™ ')”® than
L26 counterparts (ICso = 1198-1348 mg mL™').”

Trivalent metal complexes as o-
glucosidase inhibitors

The activity of trivalent transition metal complexes as a-gluco-
sidase inhibitors is not well understood and a few studies have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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been reported in this field. All known modes of life need iron.
Among iron compounds, iron(m) ion is usually the most stable
species in the air, as demonstrated by the pervasiveness of rust,
an unsolved iron(m)-containing material. Iron(m) is a d° center,
indicating that the iron(u) has five valence electrons in the 3d
orbital shell. These d-orbitals can accept a large variety of
ligands to form coordination complexes. Normally, ferric ions
are enclosed by six ligands arranged in octahedral; but some-
times three and sometimes as many as seven ligands are seen.””
Many proteins in existing beings contain fixed iron(m) ions
which are important subclass of the metalloproteins including
oxyhemoglobin, ferredoxin, and cytochromes.”

Chromium especially Cr(im) is an important bioelement for
the mammalian organism.” It plays an essential role in the
maintenance of a normal glucose tolerance to maintain regular
carbohydrate and lipid metabolism.*>*" The direct relation
between chromium deficiency and glucose intolerance has been
clinically studied.® Cr(m) glycinate complex has also been re-
ported to improve blood glucose levels and reduces the copper
to zinc ratio in tissues of rats with mild hyperglycaemia.®

Metals(ur) are able to form complexes possessing unique
properties due to strong interactions with nitrogen-giving and
oxygenating ligands resulting in versatile electronic structure
and electron density of the complex. For this purpose, study of
their biological activities such as a-glucosidase inhibitory
activity was considered.

Considering the fact that all ligands L11, L12, L17 (Table 2,
entry 1) and L29-L32 (Table 5, entry 1) used for the preparation
of trivalent metal complexes are not active toward a-glucosi-
dase, inhibitory activity of resulted complexes is valuable.

Picolinic acid metal(u) complexes

In this part, Fe(m) and Cr(m) complexes containing picolinic
acid (PicA) were considered.

Iron(m) complexes. Avcl et al. reported anti-a-glucosidase
activity two Fe(ur) complexes (102** and 103,*> Table 5, entries 2
and 3) having three 6-methylpicolinic acid ligand (L11, Table 2,
entry 1) and 4,4’-dimethyl-2,2/-bipyridyl (L12, Table 2, entry 1)
with a distorted octahedral geometry. The ICs, values of
complexes were calculated as 446.2 and 492.3 pM, respectively,
compared with genistein (ICso = 16.575 uM). They were found
to be weak inhibitors of a-glucosidase. Complex 102 having
three L11 showed a little better activity than 103 which lacked
one of L11 replacing by electron withdrawing nitrate (NOj3)
group. It seems that appropriate interactions with the enzyme
were reduced 103.°

Chromium(m) complexes. Avci et al. synthesized and evalu-
ated two distorted octahedral complexes of Cr(m) 104 having 3-
methylpicolinic acid L17 (Table 5, entry 4),** and 105 having 6-
methylpicolinic acid L11 (Table 5, entry 5), for their o-glucosi-
dase inhibitory activity and compared with genistein (ICs, =
16.575 pM). It should be considered that complex 105 also
coordinated to water and isothiocyanate ligands, however, both
104 and 105 showed no inhibitory activity (ICs, > 600 pUM).
Increase of the number of water as a ligand in the complex 106
(Table 5, entry 6),** with similar geometry led to higher inhibitory

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity (ICso = 164.87 uM)** which is probably related to the
formation of H-bonding interaction of water with the enzyme.

Hydroxamic acid chromium(m) complexes

Hassan et al. reported a-glucosidase inhibitory activity of Cr(m)
complexes 107-110 (Table 5, entry 7) of hydroxamic acid
derivatives L29-L32 (Table 5, entry 1) comparing with acarbose
as the standard drug (ICs, = 418 uM).** The efficacy of
hydroxamic acid derivatives (L29-L32) were found to be more
effective than PicAs (L11, L12, and L17), in spite the fact that all
ligands were not inhibitor of a-glucosidase. Also, the presence
of various substituents on hydroxamic acid moiety played an
important role in the inhibitory activity. Among 107-110, the
best activity was reported by complex 107 (ICs, = 28.7 uM) with
no substituent on the aryl moiety. Introduction of other
substituents including CH; (108), Cl (110), and CH;0 (109) into
the 4-position of the aryl group deteriorated anti-o-glucosidase
activity. However, the order of activity was found as CH; (IC5o =
69.28 uM) > ClI (IC5, = 169.5 uM) > OCHj (IC5o = 355.9 uM).

Tetravalent metal complexes as a-
glucosidase inhibitors

Considering the fact that the stability of central metal of the
complexes in the high oxidation state is difficult, they have been
generally found in polyoxo materials. Among the first row
transition metals, vanadium and oxo-vanadium complexes have
been frequently synthesized and investigated for their biolog-
ical properties such as anti-a-glucosidase activity.

Vanadium in the oxidation states mi, v, and v readily forms
V=0 bond and can coordinate to N and S of small molecules to
form stable complexes. The redox potential of V(v) to V(i) or
V(wv) to V(m) have made vanadium a versatile metal in the bio-
logical and medicinal applications.*** Under in vitro condi-
tions, vanadium compounds stimulate glucose uptake and
inhibit lipid breakdown, in a way remarkably suggestive of
insulin's effects. Under in vivo conditions, vanadium improves
insulin's plasma glucose and lipid-lowering properties, leading
to normalization of diabetic symptoms in the presence of only
minimal endogenous insulin.*”

Discovery of the insulin-mimetic effect of vanadium ions and
their complexes as potential agents for the treatment or oppo-
sition of DM has been the most remarkable improvement in the
treatment of the disease in the last decade of the 20th century.*
Subsequently, the effect of vanadyl sulfate (VOSO,) was clini-
cally tested to treat T2DM in the USA since 1995.%%%

Vanadium complexes containing O-coordinating atoms are
known for their high hydrolytic stability; however, they have
shown low redox stability. In this respect, vanadium complexes
coordinated to both O- and N-atoms are known for their high
hydrolytic stability.”* Accordingly, complexes of hydrazides,
PicAs, and Schiff bases can be versatile candidates for desired a-
glucosidase inhibitory activity (Table 6).

Patel et al. synthesized mononuclear vanadium(iv) complex
(111, Table 6, entry 2) of N-[(E)-phenyl(pyridin-2-yl)
methylidene|benzohydrazide (L33) and benzhydrazide (L34)

RSC Adv, 2022, 12, 12011-12052 | 12027
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Table 5 a-Glucosidase inhibitory activity of trivalent metal complexes bearing picolinic acid (PicAs) and hydroxamic acid
Entry Compounds Structure number ICso (UM) Ref.
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H;C
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OH
1 HyCO 85
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HN.
OH
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N
O, | WO 20
2 Fel 64"
SN ' \]\{ S
S 0] =
(0)
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=
(@) N l
N X
O"'// ' \ =
I Fe'\
’ _N—= TN
0] |
0= A0 O
N
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(0)
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Z
O N l
N
On, | WO 20
4 Cr 84”
SN \N X
|
S 0 =
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Table 5 (Contd.)
Entry Compounds Structure number ICso (UM) Ref.
AN OH,
~ N/,,, | \\\\\O O
"Crl.
5 0 O/ } \N ~ | 66°
<N X
s”C
105 = [Cr(L11),(NCS)(H,0)] 105 600
A OH,
Nu,, | OO
l.,Cr‘\ .
6 \ 64
0 ()/ (‘)H N7
2
106 = [Cr(L11),(H,0),] 106 164.87
X
OH,
0 ‘ o
\ N\
HN\ /Cr NH
0 l N o
7 857
H,O
X
107 = [Cr(L29),(H,0),] 107 28.7
108 = [Cr(L30),(H,0),] 108 69.28
109 = [Cr(L31),(H,0),] 109 355.9
110 = [Cr(L32),(H,0),] 110 169.5

“ Acarbose as the reference drug (IC5, = 418 4 0.55 uM). * Genistein as the reference drug (ICso = 16.57 4 0.23 uM). ° Genistein as the reference drug

(ICso = 7.85 + 0.87 pM).

(Table 6, entry 1)** to evaluate its anti-o-glucosidase activity
comparing with acarbose (IC5, = 18.59 puM). Complex 111
showed good inhibitory activity with ICs, value of 14.75 pM.
Ashiq et al prepared various hydrazide vanadium(w)
complexes 112 (Table 6, entry 3a) using 2-phenylacetohydrazide
(L35) and complexes 113-121 (Table 6, entry 3b) using benzy-
lidenehydrazine derivatives (L36-L44).” The complex 112
showed very good inhibitory activity (ICs, = 10.7 pM) comparing
with acarbose (IC5, = 780 uM) and deoxynojirimycin (ICs5, = 426
uM) in spite of lacking activity of L35. The inhibitory activity of
complexes 113-121 (ICs, = 0.68-800 pM) was completely
depended on the electronic property of substituents on the aryl
ring, as compared with acarbose (IC5, = 780 uM) and deoxy-
nojirimycin (ICs, = 426 uM). Complex 115 possessing strong
electron-releasing methoxy group at 3-position of aryl ring,
showed the best activity. Changing the position of methoxy
group (complex 119) led to the reduction of activity (IC5, = 38
uM). However, similar trend was observed in the case of

© 2022 The Author(s). Published by the Royal Society of Chemistry

complexes 116 and 121 having a strong electron-releasing group
(NH,). Complex 116 having the group at meta position of aryl
ring showed better activity (ICso = 12.5 pM) than complex 121
possessing the amino group at para position (ICso = 16.4 uM).
However, the efficacy of amino group at 3-position was lower
than the methoxy group by comparing the ICs, values of
complexes 115 and 116. However, comparing those of
complexes 119 and 121 gave inverse result.

Introduction of a strong electron-withdrawing group (NO,)
into the meta opposition of aryl moiety 113 led to much lower
activity (ICso = 67.0 uM) than those complexes having a strong
electron-releasing group (115, 116, 119, and 121). Moreover,
insertion of halogens (Cl, Br, and I) into the meat and para
position of aryl group (complexes 120, 114, 117, and 118) gave
interesting results. Among halogenated derivatives, 120 having
Cl at para position of aryl ring was found to be the most active
compound (ICs5o = 13.5 uM). It also was more potent than its
counterparts, complexes 119 and 121. The presence of Br at

RSC Adv, 2022, 12, 1201112052 | 12029
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meta position of aryl ring (complex 114) led to relatively good
activity (ICso = 20.1 pM). Complexes 117 (ICs, = 800 uM) and
118 (ICs, = 758 uM) having iodine at 3- or 4-position of the aryl
ring demonstrated very low activity which may be related to the
steric hindrance of iodine. In the case of complex 120, electron-
donating property of Cl via resonance may be important to
increase the electron density at central metal inducing desired
inhibitory potential.

Picolinic acid vanadium(v) complexes

Avci et al. synthesized vanadyl complexes 122 (Table 6, entry 4)*
and 123 (Table 6, entry 5)* for their a-glucosidase inhibitory
activity comparing with genistein (ICs, = 16.57 uM). Complex
122 coordinated to 6-methylpicolinic acid (L11, Table 2, entry 1)
and 4,4-dimethyl-2,2-bipyridyl (L12, Table 2, entry 1). In
complex 123, two ligands were replaced by two 3-methyl-
picolinic acid ligands (L17). Both complexes have distorted
square pyramidal structure and showed no activity. It worth
mentioning that theoretical calculations from frontier molec-
ular orbitals (FMO) revealed high reactivity and polarizability of
complexes 122 and 123. In addition, the molecular electrostatic
potential (MEP) surface indicated high electrophilic and
nucleophilic reactivity of both complexes.

Schiff base vanadium(v) complexes

Rahiman et al. synthesized various oxovanadium(iv) complexes
(124-129, Table 6, entry 6) using 2-(6-methoxynaphthalen-2-yl)
propanoic acid (L45) and 2-(1-ethylidene)hydrazinecarbothioa-
mide derivatives (L46-51).”> However, ambiguous results in ICs,
values which were calculated as (%) prevented us to discuss in
details. Misra et al. synthesized and evaluated oxovanadium(iv)
complexes of salicylaldehyde Schiff bases L52-59 (Table 6, entry
1, complexes 130-137, Table 6, entry 7) toward rat intestinal a-
glucosidase.”® L56-59 possessed Br on the aryl ring of salicy-
laldehyde. L55, L58, and L59 showed inhibitory activity with
ICs, values of 22.72, 74.11, 245.0 pM, respectively, comparing
with acarbose (IC5, = 18.59 uM). All complexes showed very
good anti-a-glucosidase activity, however, those lacking Br on
the salicylaldehyde moiety (130-133) showed better activity
(ICs0 = 1.26-13.12 pM) than brominated derivatives (134-137,
IC5o = 16.92-62.43 pM). The best activity was obtained by
complexes 132 and 133 (IC5, = 1.26 uM) which possessed strong
electron-donating and electron-withdrawing groups, OMe and
NO,, respectively. The presence of Cl (131) at the same position
reduced activity and the absence of substituent on the aryl
moiety (130) was found to be 6 times more potent than 131. In
the case of brominated compounds (134-137), complex 136 as
the counterpart of 132, was the weakest inhibitor. Totally, each
brominated derivative showed lower activity than counterpart
lacking Br, which may be related to the halogen size inter-
rupting the complex from appropriate interactions with the
enzyme. In this study,’® complexe 132 was candidate for the in
vivo evaluation and it could decrease the blood glucose levels by
approximately 12%. However, the corresponding value for
acarbose was reported as 35%. The lower activity of 132 in in
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vivo conditions may be related to dissociation of the complex
due to low pH inside the intestine.

Phthalocyanine metal complexes

In this review, anti-a-glucosidase activity of complexes of the
first-row transition metals including Zn**, Cu®*, Ni**, Co**, Fe*",
Mn**, Fe**, Cr*", and V** complexes with small molecules;
hydrazide, PicAs, Schiff bases, diamines, and hydroxamic acid
was discussed. However, macromolecules such as phthalocya-
nines have been found as the versatile ligands for the formation
of desired complexes with first-row transition metals possessing
significant a-glucosidase inhibitory properties.

Phthalocyanines and their metal complexes which are
structurally related to porphyrin metal complexes, have been
widely investigated as chemical sensors,” liquid crystals,”
Langmuir Blodgett films,” photovoltaic cells,'***** electro-
chromic materials,'* optical and electrical materials, cata-
lysts,’> and photosensitizers in the photodynamic cancer
therapy.'® Also, their enzyme inhibitory activity have been in
the center of attention.'®'®® Herein, o-glucosidase inhibitory
activity of several metal(u) complexes 138-168 (Fig. 3) bearing
different phthalocyanine derivatives L60-L74 (Table 7) was
discussed. Although all of them possessed square planar
geometry; however, the electronic properties of metal ions and
ligands were found to play a significant role in the inhibitory
activity.

Zinc(u) complexes. Anti-a-glucosidase activity of a series of
zinc(un) complexes (138-145, Fig. 3) with various substituted
phthalocyanines (L60, L62-L67, L72, Table 7, entries 1, 3-8, 13)
has been recently reported.’®** Among them, complex 143
containing sodium 2-mercaptoethanesulfonate moiety (L66,
Table 7, entry 7) with ICs, value of 1.93 uM showed the best
inhibitory effect comparing with acarbose as the reference drug
(ICs0 = 22.80 uM)."** It should be noted that complex 142 (ICs,
= 111.63 pM, acarbose = 189.20 uM) which had sodium 3-
mercaptoethanesulfonate moiety (L65),"'° depicted 198-fold
lower activity than 143, indicating the effect of the position of
substituents. Complex 138 having oxy methyl furan group (L60,
Table 7, entry 1) had the worst inhibitory activity (ICs, = 902.83
uM) comparing with acarbose (IC5, = 0.38 uM).'*® Moreover,
complexes 139 (IC5, = 7.08 puM, acarbose = 63.03 uM),'”” 141
(ICso = 22.21 uM, acarbose = 51.45 pM),"*® and 144 (ICs, = 2.44
uM, acarbose = 22.80 pM),"*° displayed good inhibitory activity.
However, it indicated the efficacy of involved ligands in the
order of L62 > L64 > L72. Also, complexes 140'* and 145"
showed weak activity with ICs, values of 18.81 uM (acarbose =
15.92 uM) and 130.68 uM (acarbose = 22.80 pM), respectively.

Copper(n) complexes. Different Cu(u) complexes (146-151,
Fig. 3) of phthalocyanine derivatives (L60, L61, L64, L68, L69,
and L72, Table 7, entries 1, 2, 5, 9, 10, and 13) have been eval-
uated for their a-glucosidase inhibitory activity and compared
with acarbose as the reference drug.'*>'®'11%112 Ip this
respect, the best activity was related to the complex 148 (IC5, =
0.81 uM, acarbose = 22.80 pM) containing 3,4-dimethox-
yphenethoxy moiety (L72, Table 7, entry 13)"*° and the complex
146 (IC5o = 911.20 uM, acarbose = 0.38 uM) possessing oxy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 a-Glucosidase inhibitory activity of tetravalent metal complexes bearing hydrazide, picolinic acid (PicAs), and Schiff base ligands

Entry Compounds Structure number ICso (1M) Ref.
L33 Not reported 94
O
N° NH2 L34 Not reported 94
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H
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O
- NHZ
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H L38 NA 93?
OCH;
(0]
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Table 6 (Contd.)
Entry Compounds Structure number ICso (UM) Ref.
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Entry Compounds Structure number ICso (UM) Ref.
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Table 6 (Contd.)
Entry Compounds Structure number ICso (UM) Ref.
BrQOH
—N
2 L58 7411 96“
OCH,
Br—QOH
—N
i L59 245 96
NO,
i——O
HN,  \/_N
2 N—M _NH 94¢
/0
7N
111 = [VO(L33)(L34)] 111 14.75
3 93?
2+
. 7
-N om,
/ \Véo
N
3a O 0
N/
0=V | S0
H o/ NN
2 H
112 = [(VO),(L35),(H,0),]-S0,>~ 112 10.70
2+
4 ]
N~ OH
/ \Véo 2
_ R
(N,
: —\V/ 2
/ \N ’1<] SO4
H0 N
3b R = Br, OCHj;, I, NH,, NO,
113 = [(VO) (L36)2(H2 )2] 113 67.00
114 = [(VO)Z(L37)2(HZO)2] 114 20.10
115 = [(VO)Z(L38)2(H2 )2] 115 0.68
116 = [(VO),(L39),(H,0),] 116 12.50
117 = [(VO)Z(L40)2(H2 )2] 117 800
118 = [(VO),(L41),(H,0),] 118 758
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120 = [(VO),(L43),(H,0),] 120 13.50
121 = [(VO),(L44),(H,0),] 121 16.40
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Entry Compounds Structure number ICso (UM) Ref.
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@ Acarbose as the reference drug (ICs, = 18.59 uM). ” Acarbose as the reference drug (ICs, = 780 = 0.28 uM). © Not reported. ¢ Genistein as the

reference drug (ICso = 16.75 + 0.23 pM).
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Table 7 a-Glucosidase inhibitory activity of phthalocyanines
Structure
Entry Compounds number ICso (UM) Ref.
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Table 7 (Contd.)
Structure
Entry Compounds number ICso (uM) Ref.
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“ Acarbose as the reference drug (IC5, = 0.38 uM)
um). ¢
189.20 uM). ¢ Acarbose as the reference drug (ICso = 22.80 uM). "
(ICso = 58.47 uM).

methyl furan group (L60, Table 7, entry 1) was the weakest
inhibitor.’*® Moreover, o-glucosidase inhibitory effect of the
copper(u) phthalocyanine 147 containing 1,2,3-triazole moiety
(L64, Table 7, entry 5) was found to be relatively more active
(IC50 = 42.14 uM) than acarbose (ICs, = 51.45 uM).**® Complex
149 (IC5, = 25.12 uM) possessing 5-chloro-2-(2,4-
dichlorophenoxy)phenol substituted phthalocyanine (L61,
Table 7, entry 2) was also more potent than acarbose (ICs5, =
60.55 uM).'* Two Cu(u) phthalocyanine complexes 150"** and
151' containing methylated amino thio pyrimidine moieties
(L68 and L69, Table 7, entries 9 and 10) depicted no significant
inhibitory activity toward a-glucosidase as ICs, values were
found as 10.08 uM (acarbose = 12.60 pM) and 104.52 pM
(acarbose = 189.20 pM), respectively. It confirmed that the
position of thio group connected to the aryl moiety is not very
important.

Nickel(n) complexes. Evaluation of anti-a-glucosidase
activity of a series of Ni(u) complexes (152-154, Fig. 3) coordi-
nated with phthalocyanine derivatives (L61, L64, and L73, Table
7, entries 2, 5, and 14)'**'°''* demonstrated that the substitu-
tions on phthalocyanine moiety affected the inhibitory activity.
Among those reported in the literature, complex 154 having 5-
amino-4-aryl-3-methyl-1-oxylethyl pyrazole group (L73, Table 7,
entry 14)"** was the most potent compound (ICs5o, = 0.007 pM)
comparing with acarbose (ICs, = 22.80 pM). However, complex
152 (ICs5o = 26.18 uM, acarbose = 51.45 uM) having 1,2,3-tri-
azole ligand (L64, Table 7, entry 5)'*® was found to be more

potent than complex 153 having 5-chloro-2-(2,4-

12042 | RSC Adv, 2022, 12, 12011-12052

Acarbose as the reference drug (ICso = 60.55 pM).
Acarbose as the reference drug (ICso = 15.92 uM). ° Acarbose as the reference drug (ICs5o = 51.45 uM).
Acarbose as the reference drug (ICso = 12.60 uM). *

Acarbose as the reference drug (ICs, = 63.03
J Acarbose as the reference drug (ICs5, =
Acarbose as the reference drug

dichlorophenoxy)phenol group (L61, Table 7, entry 2)'** (ICs,
= 75.35 uM, acarbose = 60.55 pM). It showed that the presence
of 5-membered nitrogen heterocycle connected to the phthalo-
cyanine moiety is important for inducing desired inhibitory
activity.

Cobalt() complexes. Co(i) phthalocyanines (155-163, Fig. 3)
have shown good to weak a-glucosidase inhibitory activity
based on different phthalocyanine derivatives (L64, L67-L74,
Table 7, entries 5 and 8-15).'°*"** Considering the results
revealed that Co(un) complex 162 (IC5, = 0.006 puM, acarbose =
22.80 uM) having 5-amino-4-aryl-3-methyl-1-oxylethyl pyrazole
group (L73, Table 7, entry 14)"** had the best inhibitory activity.
Complexes 160 (L70, Table 7, entry 11)*** and 161 (L71, Table 7,
entry 12)'** containing carbazole-phenoxy were also studied and
the corresponding ICs, values were calculated as 26.57 and 3.05
uM, respectively comparing with acarbose (ICs, = 58.47 uM). It
showed that the position of connection of phenoxy carbazole
moiety to the phthalocyanines ring is important as complexes
161 having the substituent at 3-position was more potent than
complexe 160 having the same group at 4-position. It should be
noted that complex 157 (IC5, = 106.21 pM, acarbose = 22.80
puM) having (ethylenediamine-N,N',N'-triacetic acid-N-2-ethyl)-
oxy as the ligand (L67, Table 7, entry 8), showed no potent
activity.'"*

Manganese(u) complexes. o-Glucosidase inhibitory activity
of a series of Mn(u) complexes (164-168, Fig. 3) bearing
phthalocyanine derivatives (L60, L64, L70, L71, and L73, Table
7, entries 1, 5,11, 12, and 14) has been reported in the literature

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the IC5, values were obtained in the range of 0.002-695.37
uM comparing with acarbose as the standard drug.'*®*s13114
Complex 168 containing 5-amino-4-aryl-3-methyl-1-oxylethyl
pyrazole group (L73, Table 7, entry 14)*** showed the most
potent activity (ICs, = 0.002 pM, acarbose = 22.80 uM), while
complex 164 having oxy methyl furan moiety (L60, Table 7, entry
1)'¢ was the weakest inhibitor (ICs, = 695.37 uM, acarbose =
0.38 uM) among those Mn(u) phthalocyanines. Complexes 165
(ICs50 = 30.01 pM, acarbose = 51.54 uM) having phenyl 1,2,3-
triazole ligand (L64, Table 7, entry 5)'*® as well as 166 (IC5, =
25.93 uM, acarbose = 58.47 uM) (L70, Table 7, entry 11)*** and
167 (IC5, = 15.82 uM, acarbose = 58.47 uM) (L71, Table 7, entry
12)' bearing carbazole-phenoxy group showed no significant
difference in the inhibitory activity. However, as observed for
the cobalt compartments, complex 167 with carbazole-phenoxy
moiety at 3-position was found to be more potent than complex
166 with the same group at 4-position. The study of complex 165
with phenyl-1,2,3-triazole ring showed that the ligand was not
very important in inducing o-glucosidase inhibitory activity
comparing with 5-amino-4-aryl-3-methyl-1-oxylethyl pyrazole
and carbazole-phenoxy derivatives.

Prospects and challenges

Evaluation of o-glucosidase inhibitory activity of metal
complexes has recently absorbed the attention of researchers
working on the field of treatment of T2DM. In this paper, the
inhibitory activity of the first-row transition complexes toward
a-glucosidase was reviewed.

a-Glucosidase inhibitory activity of divalent transition metal
complexes 1-101(Tables 1-4)

Discussed metal centers coordinated to hydrazide, picolinic acid,
Schiff base, and diamine moieties. Among them, Cu(u) complexes
were usually found to be significant inhibitors, however, the
complex of hydrazide moiety attracted more attention.

In the case of divalent transition metal complexes bearing
hydrazide ligands 1-36 (Table 1):

e Complex 13 bearing L5 was the most potent compound.

e Complexes of L1: complex 30 Mn(L1) showed the best
inhibitory activity (ICs, = 45.63 uM) and replacement of Zn(u)
afforded more than 2-fold reduction in the activity (IC5, =
101.29 pM). Cu(u) and Co(ir) complexes of the same ligand were
not active toward a-glucosidase.

e Complexes of L2: complex 10 Cu(L2) depicted the best anti-
a-glucosidase activity (IC5, = 17.73 pM) and replacement of
metal ion by Zn(u), Co(u), and Mn(u) afforded lower activity
(ICs08 = 101.29, 66.48, and 143.21 puM, respectively).

e Complexes of L3: complex 11 Cu(L3) with ICs, value of 1.15
uM was found to the most active. Replacement of the metal ion
by Zn(u) gave the lower activity (ICs, = 27.71 uM) and the order
of activity in Co(u) and Mn(u) complexes followed a declining
trend (ICs0s = 153.23 and 354.62 uM, respectively).

e Complexes of L4: complex 12 Cu(L4) was the most potent
anti-a-glucosidase compound (ICs, = 18.91 uM). Complexes 4
Zn(L4) and 25 Co(L4) showed similar activity (IC5os = 97.26 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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96.95 uM, respectively), however, lower than 12 Cu(L4). 33
Mn(L4) was completely inactive toward a-glucosidase.

e Complexes of L5: complex 13 Cu(L5) was the most potent
inhibitor (IC5, = 0.15 uM) and the other ML5 complexes were
inactive toward a-glucosidase (Table 1, entry 2).

e Complexes of L6: complex 14 Cu(L6) was the most potent
inhibitor (ICso, = 0.21 uM) and 6 Zn(L6) and 27 Co(L6) showed at
least a 500 and 1000-fold reduction of activity with ICs, values of
121.19 and 213.30 uM, respectively.

e Complexes of L7: most complexes were inactive, only 35
Mn(L7) showed moderate activity (ICs, = 457.28 uM).

e Complexes of L8: 16 Cu(L8) represented the higher inhib-
itory effect (IC5, = 140 uM) than 7 Zn(L8) and 19 Ni(L8) with ICs,
values of 180 and 200 puM, respectively.

e Complexes of L9: with the replacement of L9, no note-
worthy change in the inhibitory activity of Cu(u), Zn(u), and
Ni(u) complexes was observed. However, 17 Cu(L9) showed the
best inhibition (ICs, = 170 uM). In fact, the presence of the
hydroxyl group in L9 did not have a significant effect on the
inhibitory activity of the complexes.

e The inhibitory activity of L10 as well as related Cu(ur), Ni(m),
Co(u), and Mn(n) complexes were not reported clearly (Table 1,
entry 4).

In the case of divalent transition metal complexes bearing
PicA ligands 37-64 (Table 2).

e Among the complexes 37-64, complex 47 including Cu(u)
metal center had the best inhibitory effect (IC5, = 2.91 uM)
which was 5.7-fold more potent than genistein (IC5, = 16.57
uM), as the reference compound.

e Interestingly, three complexes 38, 37, and 35 with same ion
center (Cu(m)) and structure showed different inhibitory effects.
They differed only in one of the substituents.

e The order of inhibitory effect for 42-44, complexes based
on L11 having water, pyridine, and thiocyanate ligands,
respectively, with trigonal bipyramidal geometry was 42 (IC5, =
2.95 uM) > 43 (ICso = 3.49 uM) > 44 (IC5, = 8.02 pM). It is
apparent that the replacement of thiocyanate moiety in 44 and
pyridine in 43 with the water ligand in 42 reduced the inhibition
of a-glucosidase by approximately 2.71 and 1.18-fold, respec-
tively. The difference for complexes 42 and 43 can be associated
with the effect of the m-conjugation of the pyridine ligand. In
addition, H-bonding interactions in 42 including a water ligand
could increase the inhibitory activity.

e Furthermore, by replacing Zn(n) metal with Cu(u) in complex
42, the inhibitory properties of 37 (IC5o = 546.04 pM) reduced
almost 185-fold (Table 2, entry 2a). These results suggested that
metal ions can play a significant role in enzyme inhibition due to
their electronic properties. It seems that Cu(m) with d° electronic
configuration is able to be more stable via changing its coordi-
nation geometry leading to the better interactions with enzyme.
In the case of Zn(n) complexes in which the metal center
possesses d'° electronic configuration, no structural changes are
observed due to lacking crystal field stabilization energy (CFSE).

o All complexes which have the distorted octahedral geom-
etry coordination (38-41, 48, 49, 51-55, and 57-64) were found
to be weak inhibitors (ICs, > 440 uM), except Fe(u) complex 59
depicting moderate activity (ICso = 97.33 uM). It can be drawn
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Fig. 4 Binding conformations of top rank docked compounds inside the active site of a-glucosidase.

from the obtained results that the presence of metal ion and the
coordination environment of complexes can play a significant
role in the inhibitory activity of the complex.

e There are two molecules of water in complexes 48, 49, 53,
61, and 62 (Table 2) which are expected to increase the number
of H-bonding interactions and improve the inhibitory activity of
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Table 8 Docking energy, biological ICso, and interactions of compounds against a-glucosidase
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Complex Molegro score IC50 (UM) Residues Interaction type
5 —90.0604 Not active Trp616 Pi-donor hydrogen
bond
Ser676 Pi-donor hydrogen
bond
Leu678 Hydrogen bond
Trp618 Pi-pi stack
Trp376 Pi-pi stack
Trp376 Pi-pi stack
Asp616 Pii-anion
Leu677 Unfavorable bump
Leu678 Unfavorable bump
Leu650 Unfavorable bump
Ser676 Unfavorable bump
13 —156.14 0.15 Trp376 Pi-pi T-shaped
Phe525 Pi—pi stacked
Phe525 Pi-pi stacked
Trp481 Pi-pi stacked
Leu650 Pi-alkyl
Asp282 Pi-anion
Leu650 Pi-sigma
Leu678 Pi-sigma
Leu678 Pi-sigma
Asp404 Hydrogen bond
Asp616 Hydrogen bond
Asp649 Hydrogen bond
26 —109.165 NA Trp481 Pi-pi T-shaped
His674 Pi-pi stack
Phe649 Pi-pi stack
Trp376 Pi-pi stack
Arg375 Pi-alkyl
Leu650 Pi-alkyl
Leu677 Pi-alkyl
Asp616 Hydrogen bond
Ser679 Hydrogen bond
Leu678 Pi-sigma
Asné675 Unfavorable bump
Ser676 Unfavorable bump
Leu677 Unfavorable bump
Leu678 Unfavorable bump
34 —74.292 NA Trp376 Pi-pi T-shaped
Trp376 Pi-pi stack
Trp376 Pi-pi stack
Leu678 Pi-alkyl
Asp616 Pi-anion
Ser676 Unfavorable bump
Leu677 Unfavorable bump
Leu677 Unfavorable bump
42 —110.0231 2.95 Trp481 Pi-alkyl
Trp516 Pi-alkyl
Trp519 Pi-alkyl
Trp613 Pi-alkyl
Phe649 Pi-alkyl
His674 Pi-alkyl
Asp404 Hydrogen bond
Trp481 Hydrogen bond
Asp518 Unfavorable bump
Asp616 Unfavorable bump
47 —136.527 2.91 Trp376 Pi-alkyl
Trp376 Pi-alkyl
Trp481 Pi-alkyl
Phe649 Pi-alkyl

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Complex Molegro score ICs50 (UM) Residues Interaction type

Phe649 Pi-alkyl

Phe650 Pi-alkyl

Asp282 van der Waals

Asp616 van der Waals

Asp282 Hydrogen bond

Met519 Hydrogen bond

Ala284 Unfavorable bump

Asp616 Unfavorable bump
85 —133.7351 0.47 Asp404 van der Waals

Asp404 van der Waals

Asp616 van der Waals

Asp616 van der Waals

His674 van der Waals

Asp404 Hydrogen bond

Asp518 Hydrogen bond

Asp518 Hydrogen bond

Asp518 Hydrogen bond

Trp481 Unfavorable bump
115 —129.3691 0.68 Ser523 Carbon hydrogen bond

Ser523 Carbon hydrogen bond

Phe649 Pi—pi stack

Asp282 Pi-anion

Asp518 Hydrogen bond

Asp616 Hydrogen bond

Asp616 Hydrogen bond

Trp481 Unfavorable bump

Met519 Unfavorable bump

Arg600 Unfavorable bump
132 —126.219 1.26 Phe525 Pi-pi T-shaped

Asp282 Pi-anion

Asp518 Pi-anion

Met519 Pi-sulfur

Asp282 Carbon hydrogen bond

Phe525 Carbon hydrogen bond

His674 Carbon hydrogen bond
133 —139.723 1.26 Phe525 Pi-pi T-shaped

Asp282 Pi-anion

Asp518 Pi-anion

Met519 Pi-sulfur

Phe525 Pi-sigma

Asp404 Hydrogen bond

Asp404 Hydrogen bond

His674 Hydrogen bond
168 —237.455 Glu346 Pi-anion

Ser349 H-bond

Ser349 H-bond

His708 H-bond

Leu712 Alkyl

Glu730 Pi-anion

Glu730 Pi-anion

Phe731 Pi-pi T shaped

Phe731 Pi-pi T shaped

Lys733 Pi-alkyl

Lys733 Pi-sigma

Glu748 Pi-anion

Glu748 Pi-anion

His799 Pi-pi T shaped

His799 Pi-alkyl

Glu8o1 Pi-anion

Arg819 Pi-cation
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Lys849 Alkyl
Lys849 Pi-alkyl
Arg854 H-bound
Arg854 Pi-alkyl
Arg854 Pi-cation
Glu8s6 Pi-anion

the complexes. However, this was not observed and the same
ICs, values were obtained as reported for other distorted octa-
hedral tris chelates complexes.

e According to Table 2, entry 4c, complexes 59 and 60,
including Fe(u) metal ion, with the same coordination geometry
showed different inhibitory effects. It should be noted that
complex 59 (IC5o = 97.33 pM) having a methyl substitution
group at 6-position, displayed almost 7.5-fold increase in the
activity comparing with 60 (IC5, = 724.25 uM) which has the
same substituent at 3-position of the pyridine ring. Therefore, it
can be concluded that in addition to the change of the central
metal, the presence of a substituent at different positions can
change the a-glucosidase inhibitory effect of a complex.

e Zn(u) 38 and Ni(u) 50 complexes (Table 2, entry 5) con-
taining L11 and L12 (Table 2, entry 1) mixed ligands and two
methyl groups at 4-position of 2,2'-bipyridyl ligand (L12),
showed no inhibitory activity (ICs, = >600 uM). They were
similar to 59 from structure point of view.

e Comparing the inhibitory activity of complexes 39, 46, and
55 (Table 2, entry 6) having L11 and L13 mixed-ligand revealed
that there is no a significant difference between ICs, values of
these complexes. Zn(u) and Co(u) complexes with a distorted
octahedral geometry showed weak activity (IC5, > 600 uM) and
Cu(u) complex that had a distorted trigonal bipyramidal
geometry revealed better anti-o-glucosidase activity (ICs, =
513.10 uM). It should be noted that the synthesized ligands
were not active toward a-glucosidase.

e The ICs, values of the synthesized complexes of Zn(u), Cu(u),
Ni(u), Mn(11), and Co(u) metals with mixed-ligands including L11
and L14 showed that except Cu(u) complex 47 (IC5o = 2.91 pM),
the variation of metals in coordination did not affect the inhi-
bition of a-glucosidase enzyme (Table 2, entry 7). The ICs, value
of Cu(u) complex was approximately 6-fold higher than genistein
as the reference drug (ICs, = 16.575 uM). Also, it was >206-fold
more potent than other complexes (ICso > 600 LM).

e The activity of complexes 52, 57, 58, and 64 (ICs, > 600 pM)
bearing L11 and L18 showed that distorted octahedral geometry
had no effect on the inhibition of a-glucosidase.

e Among metal(ir) complexes having PicA derivatives (37-64),
only Cu(u) complexes 42 (IC5, = 2.95 uM) and 47 (IC5, = 2.91
uM) depicted strong inhibitory properties.

e Comparison of the inhibitory activity of Cu(u) coordinated
to L11 with same geometry of distorted trigonal bipyramidal
(42-47) demonstrated that those having two L11 ligands (42-44

© 2022 The Author(s). Published by the Royal Society of Chemistry

and 47, ICs5, = 8 pM) were much more potent than complexes
containing one L11 ligand (45 and 46, IC5, > 500 pM).

In the case of divalent transition metal complexes bearing
Schiff base ligands 65-68 (Table 3):

e These complexes have not been widely investigated and
only Zn(u) complexes were reported. Complex 68 bearing
naphthalene moiety depicted the highest activity toward o-
glucosidase both yeast and rat intestinal enzymes.

In the case divalent transition metal complexes bearing
diamine ligands 69-101 (Table 4):

e Diamine complexes with the central metal Zn(u), Cu(i), Ni(u),
and Co(n) having distorted octahedral structures did not demon-
strate significant inhibitory potency. Among these complexes, only
Cu(n) complex 85 possessing L28 ligand revealed better ICs, value
(ICso = 0.47 mg mL ') than other metal compounds.

a-Glucosidase inhibitory activity of trivalent transition metal
complexes 102-110 (Table 5)

Alimited number of studies have investigated the a-glucosidase
inhibitory activity of trivalent metal transition complexes in
comparison to divalent complexes.

e Cr(m) complexes were generally found to be more potent
than those Fe(u). The best inhibitory effect was shown by
complex 107 with an ICs, value of 28.7 uM, which is approxi-
mately 14.5-fold higher than acarbose (IC5, = 418.0 uM), used
as a reference compound.

e The hydroxamic acid ligand induced more important
activity than PicA ligand. However, the electronic property of
substituents on the hydroxamic acid moiety was significant.
Complex 107 lacking substituents was more potent than 108 (ICs,
= 69.28 uM), 109 (IC50 = 355.90 uM) and 110 (IC5, = 169.50 uM),
possessing CHj;, OCHj;, and Cl, respectively. It seemed that
electron-donating via a strong electron donating group (OMe) or
inductive effect (Cl) deteriorated inhibitory activity.

e In one case, the complex of PicA ligand (106) showed
relatively good activity which found to be more active than 109
and 110. It seems that the presence of water as the ligand had
a supportive role. Replacement of water by other ligands
reduced or deleted the inhibitory activity.

a-Glucosidase inhibitory activity of tetravalent transition
metal complexes 111-137 (Table 6)

e Complex 115 (IC5o = 0.68 uM) having L38 with meta-methoxy
substitution showed the most potent inhibitory activity. While
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complex 119 (IC5, = 38 uM) bearing L42 in which OCH; group
was at para position displayed a reduction by approximately 56-
fold in the inhibitory activity.

e Among hydrazide vanadyl complexes (111-121), the lowest
inhibitory activity belonged to the complexes 117 (IC5, = 800
uM) and 118 (IC5, = 758 uM) containing L36 and L37 ligands
with iodine substitution at meta and para positions, respec-
tively. This may be related to the steric hindrance of iodine
substituent.

e PicA vanadyl complexes (122 and 123) with distorted
square pyramidal geometry showed no activity against o-
glucosidase.

e Among Schiff base vanadyl complexes (124-137) possess-
ing square pyramidal geometry, 132 and 133 including L54 and
L55, having strong electron-donating (OMe) and electron-
withdrawing (NO,) groups, respectively, showed the best
inhibitory effect (IC5o = 1.26 uM).

a-Glucosidase inhibitory activity of phthalocyanine transition
metal complexes 138-168 (Table 7)

e Considering the most potent complexes of the first row
transition metals with phthalocyanines revealed that the
best inhibitory activity was related to the complexes 168,
162, and 154 possessing 5-amino-4-aryl-3-methyl-1-oxylethyl
pyrazole substituted phthalocyanine (L73, Table 7, entry 14).
It should be noted that the inhibitory activity of complex 168
(IC5o = 0.002 pM, acarbose = 22.80 uM) was much more
significant than other phthalocyanine complexes (138-168,
Fig. 3).

e Complexes 138, 146, and 164 possessing oxy methyl furan
group (L60, Table 7, entry 1) demonstrated the lowest inhibitory
activity.

e No comparable inhibitory activity was found between L64-
based (phenyl-1,2,3-triazole substituted phthalocyanine)
complexes 141, 147, 152, 155 and 165 of Zn(u), Cu(u), Ni(u),
Co(u), and Mn(u), respectively.

e The inhibitory activity of metallo(Zn(u), Cu(u), and Co(u))
phthalocyanine complexes (144, 148, and 156) having L72 (3,4-
dimethoxyphenethoxy  substituted phthalocyanine)
approximately 9-fold, 28-fold, and 25-fold more potent than
acarbose, respectively.

e Among the copper(u) (149) and nickel(u) (153) complexes
containing L61 5-chloro-2-(2,4-dichlorophenoxy)phenol
substituted phthalocyanine, 149 showed relatively good
activity, which was more potent than 153. It confirms that
changing the metal ion affect the inhibitory activity of the
complexes.

e Complexes of Cu(u) and Co(u), 151 and 159, having L69
(methylated amino thio pyrimidine substituted phthalocya-
nine) showed no noteworthy changes for the anti-a-glucosidase
activity. However, 159 Co(L69) exhibited approximately 2-fold
higher activity than acarbose.

e Among complexes 160 Co(L70) and 161 Co(L71) as well as
complexes 166 Mn(L70) and 167 Mn(L71), 161 showed very good
inhibitory activity (IC5o = 3.05 uM), however, the others more
potent than acarbose.

was

12048 | RSC Adv, 2022, 12, 12011-12052

View Article Online

Review

Conclusions and future perspectives

Survey of literature on novel a-glucosidase inhibitors led us to
metal complexes, which have shown versatile properties from
both structural and electronic points of view to induce desired
activity. Hence, they have occupied a particular attention in the
field of enzyme inhibition comparing with small organic
molecules. Herein, we focused on the anti-a-glucosidase activity
of complexes as a novel and efficient tool in the treatment of
T2DM. The efficacy of metal complexes comes back to the fact
that free ligands usually have not been active or had a low
activity, whereas the corresponding complexes depicted high
inhibitory activity. In this respect, the first-row transition metal
complexes were in the center of attention. However, their exact
mechanism of action toward enzyme is not definitely clear. In
this respect, the interaction mode of some potent compounds 5,
13, 26, 34, 42, 47, 85, 115, 132, 133, and 168 were investigated
(Fig. 4).

The inhibitory activity of discussed complexes in this review
and probable mechanism of action can be explained from
different perspectives of electronic and structural properties.

e The electronic property of the metal complexes plays
a significant role in the anti-a-glucosidase activity. The elec-
tronic property is depended on the oxidation state of central
metal ions and monodentate ligands, which have been coordi-
nated to the central metal. According to the study of Gu et al.,"**
metal ions can be considered as the versatile candidates for the
inhibition of a-glucosidase. Various metal ions such as Cu*",
Ni2+, Mg2+’ F82+, Fes+’ Hg2+, Zn2+, Ca2+’ Pb2+’ Ag+, V‘H, V5+, A13+’
B*", and Mn”" were evaluated for their in vitro a-glucosidase
inhibitory activity.

(i) Transitions state metals such as copper, vanadium,
nickel, and zinc were found to be much more active that main
group metals.

(ii) Among divalent cations, Cu>* was the most potent ion
(ICso = 2.28 uM). However, it depicted the highest activity in the
studied series of ions. Trivalent cations were not found to be
important inhibitors as Fe*" and AI** were completely inactive
and B*" could weakly inhibit a-glucosidase (ICso = 2291 pM). In
the case of tetravalent and higher metal ions (V** and V**), good
activity was observed. V** also showed much more inhibition
potency (ICso = 44.8 uM) than that of V>*. Our survey on the
inhibitory activity of the first-row transition metal complexes
confirmed the high efficacy of Cu®>" complexes among divalent
complexes. Trivalent complexes were also low active and V**
complexes possessed moderate to good potency in the series of
tetravalent and higher complexes. It seems that the role of
electronic property of metal complexes is important in o-
glucosidase inhibition and also is in good agreement with those
of free metal ions property.'*®

e The structural property of the metal complexes is also an
important factor, which should be taken in account for anti-o-
glucosidase activity.

(i) The literature review indicated that the a-glucosidase
inhibitory activity of metal(un) complexes was completely
depended on geometry of the complex. For example, in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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series of M(u1) complexes 40, 47, 51, 56, and 63 reported by Avci
et al. complex 47 with TBP geometry showed the best inhibitory
activity (IC5o = 2.91 uM) when compared with other complexes
possessing octahedral geometry (40, 51, 56, and 63) (ICs, > 600
],LM).63

(if) The spatial hindrance of the ligand, the presence of
electron-donating or electron-withdrawing substituents as well
as their position on the ligand moiety were crucial factors which
affected the structural property of the metal complexes. For
instance, two Fe(u) complexes 59 and 60 having 3- and 6-
methylpicolinic acid (L11 and L17), respectively, with the same
geometry revealed different inhibitory activity. Changing the
position of methyl group from 6- of PicA moiety in complex 60
(IC50 = 724.25 pM) to 3- in complex 59 (IC5, = 97.33 uM) led to
a 7-fold increase of activity.*”

e The mechanism of a-glucosidase inhibitory activity of the
first row transition metal complexes can be investigated from
different aspects.

(i) According to Gu et al. report,'**> metal ions are enable to
inhibit the enzyme through impact on the secondary structure
of the enzyme by reduction of a-helix to B-sheet ratio which is
occurred by weakening the hydrophobic property.

(ii) Molecular docking of some complexes (5, 13, 26, 34, 42,
47, 85, 115, 132, and 133, and 168) were performed to predict
binding conformations and interactions between ligands and
the binding site of a-glucosidase.

As far as we know no study was performed to fully evaluate
and compare different software to apply in docking of organo-
metallic complexes. All of the complexes were drawn using
GaussView 6.0 and were converted to the energetically most
stable structure using energy minimization with Hyperchem
and Gaussian program. The ligands and protein were converted
to their proper readable file format based on the software
applied. Different molecular docking programs were applied, to
detect similar trends between biological results and in silico
outputs. In this context, different docking software named
Autodock tools (version 4.2), Gold (Hermes v1.3.1), IGEM
(version, 2.1) and Molegro Virtual Docker dock (version, 6.0)
software was conducted. Also, various fitness functions, scoring
functions, and algorithms were applied. According to Table 8,
Molegro Virtual Docker dock software demonstrated more
power to properly predict the bio-results in comparison with the
rest of the docking programs used in this study. Molegro Virtual
Docker software with Max iterations 1500, population size 200,
energy threshold 100, and the number of run 100 with MolDock
scoring function recorded the best results. The final visualiza-
tion of the docked structure was performed using Discovery
Studio Visualizer 2.5 (Accelrys Software Inc., San Diego, CA,
USA). As can be seen, the potent complex was 13 with Molegro
Score of —156.14 and ICs, value of 0.15 uM followed by 85
(Molegro Score = —133.73 and ICs, = 0.47 pM) and 115
(Molegro Score = —129.37 and IC5, = 0.68 uM). Our preliminary
evaluations showed that the most active derivatives participated
in the interactions with Asp404 and Asp282. Also, it was
exhibited that binding energy below =—100 can be considered
as not active while —110= categorized as potent inhibitors. The
deviation to predict a-glucosidase inhibitory activity can be seen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in compound 26. The predicted binding pose of top-ranked
docked complexes was presented in Fig. 4. All the residues
involved in molecular interaction are shown in line form and
colored by atom types in which carbon is depicted in grey and
oxygen in red.

The main point is that complex 168 behaved differently
against a-glucosidase. The enzyme kinetic study showed that it
was a non-competitive inhibitor and it binds to the enzyme at
a location other than the active site. As a result, the maestro
sitemap tool was applied to find the possible cavity of the
enzyme. Five possible binding sites were detected on the surface
of the enzyme which can be suitable for non-competitive inhi-
bition. Next, 168 as the potent inhibitor was docked on all of the
potential binding sites of the enzyme. The cavity with Ser349
His708, Leu712, Glu730, Glu801, and Arg819 residue (reported
in Table 8) was selected as an allosteric site. Considering the
Moledock score results, 168 participated in several interactions
with the allosteric binding site which justifies its potency.

Even with all the significant improvements in the computa-
tional study in drug discovery, proper prediction of how ligand
binds to its target is an extremely challenging task. It is
important to note that no specific docking software or scoring
function exists, that can be successfully applied to all molecular
docking studies, due to the variability in nature of the ligands
and its type of inhibition. However, according to our prelimi-
nary study, Molegro Virtual Docker software had more power to
properly predict binding energy of organic metallic compounds
against a-glucosidase.
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