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A B S T R A C T

Zinc has gained notable attention in the development of potent anti-diabetic agents, due to its role in insulin
storage and secretion, as well as its reported insulin mimetic properties. Consequently, zinc(II) has been com-
plexed with numerous organic ligands as an adjuvant to develop anti-diabetic agents with improved and/or
broader scope of pharmacological properties. This review focuses on the research advances thus far to identify
the major scientific gaps and prospects. Peer-reviewed published data on the anti-diabetic effects of zinc(II)
complexes were sourced from different scientific search engines, including, but not limited to “PubMed”,
“Google Scholar”, “Scopus” and ScienceDirect to identify potent anti-diabetic zinc(II) complexes. The complexes
were subcategorized according to their precursor ligands. A critical analysis of the outcomes from published
studies shows promising leads, with Zn(II) complexes having a “tri-facet” mode of exerting pharmacological
effects. However, the promising leads have been flawed by some major scientific gaps. While zinc(II) complexes
of synthetic ligands with little or no anti-diabetic pharmacological history remain the most studied (about 72 %),
their toxicity profile was not reported, which raises safety concerns for clinical relevance. The zinc(II) complexes
of plant polyphenols; natural ligands, such as maltol and hinokitiol; and supplements, such as ascorbic acid (a
natural antioxidant), L-threonine and L-carnitine, showed promising insulin mimetic and glycemic control
properties but remain understudied and lack clinical validation, in spite of their minimal safety concerns and
health benefits. A paradigm shift toward probing (including clinical studies) supplements, plant polyphenol and
natural ligands as anti-diabetic zinc(II) complex is, therefore, recommended. Also, promising anti-diabetic Zn(II)
complexes of synthetic ligands should undergo critical toxicity evaluation to address possible safety concerns.

1. Introduction

Diabetes mellitus is a metabolic disease with different etiological
facets. It is characterized by persistent hyperglycemia, which is linked
to deranged carbohydrate, fat and protein metabolism due to in-
adequate insulin secretion (type 1 diabetes) and/or action (type 2
diabetes) [1]. Type 2 diabetes (T2D) is the most prevalent type of
diabetes and a major threat to global public health and the socio-
economic status of people in most parts of the world [2]. It is linked to
several metabolic defects and organ malfunctions or damages, with loss

of insulin action and β-cell function being the most prominent defects,
which adversely affect blood glucose levels [3,4].

Commercial drugs such as biguanides, sulfonylureas, thiazolidine-
dione, α-glucosidase and dipeptidyl-peptidase IV inhibitors and insulin-
and incretin-based therapeutic agents are the available drugs for the
treatment or management of diabetes [5]. However, dietary adjust-
ments and the use of nutraceuticals have become popular therapeutic
approaches for diabetes, particularly in functional medicine [6,7];
perhaps, due to the unpleasant side effects associated with most com-
mercial anti-diabetic drugs [8]. Nutraceuticals such as vitamins, lipids,
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amino acids, natural polyphenols, carbohydrates, probiotics and mi-
neral elements have been explored, considerably, in recent years. Vi-
tamins and trace minerals, such as zinc, chromium, copper, magnesium,
iron, manganese and selenium are known for their diabetes-associated
health benefits [9,10]. They function as essential coenzymes and co-
factors for optimum glucose, lipid and protein metabolism [9,10]. Thus,
their deficiencies have been associated with diabetes and related dis-
eases, while pharmacological studies have given credence to their
modulatory effects on glucose and lipid metabolism in diabetes, obesity
and related metabolic disorders [9]. Zn(II), particularly, has been re-
ported to show relatively high insulin mimetic properties with less
toxicity compared to other mineral elements [11]. Thus, it has been a
potential target for the development of therapeutic agents for diabetes.
In fact, many clinical studies reviewed by Jayawardena et al. [12] and
Chabosseau and Rutter [13] have consistently shown the association
between physiological Zn(II) status or Zn(II) treatment and diabetes.

The possible association between Zn(II) and diabetes has long been
postulated. This was set in motion by the discovery of Zn(II) as a
component of crystallized insulin, which also influences insulin func-
tionality [14,15]. Zn(II) is secreted by the pancreatic β-cells via exo-
cytosis during insulin secretion [16]. This is because matured insulin is
stored as a crystalline hexamer of Zn(II) in the insulin secretory gran-
ules of the β-cells. During insulin secretion in response to elevated
blood glucose, Zn(II) is co-secreted with insulin via exocytosis into ex-
tracellular cellular spaces [16].

Several regulatory proteins such as the Zn(II) importers and Zn(II)
transporters largely regulate Zn(II) homeostasis in the cytosol of pan-
creatic β-cells. Studies on these cellular transporters have revealed the
involvement of Zn(II) in insulin secretion, glycemic control and diabetic
disorders [13]. Zn(II) transporter 8 (ZnT8) has been identified as the
most prominent Zn(II) transporter influencing insulin secretion and
functionality. It is encoded by the SLC30A8 gene and transports cyto-
solic Zn(II) into insulin secretory granules for hexamerization and sto-
rage of insulin [13,17]. The genome-wide association studies have
identified the SLC30A8 gene as a factor linked to the risk of diabetes,
since possession of a variant allele (rs13266634) of this gene may in-
crease the risk of diabetes by 17 % [13,18,19].

Further studies have shown that mice models with deleted ZnT8
gene displayed impaired glucose tolerance and insulin secretion and
had lower peripheral insulin concentration [20,21]. In addition, the
insulin secretory granules of β-cells with depleted ZnT8 showed less
dense insulin cores and abnormal morphology [20–23]. In mice, in-
creased expression of ZnT8 improved glucose tolerance and insulin
sensitivity and reduced glucagon secretion by pancreatic α-cells [13].
According to the authors, cellular Zn(II) may potentiate the above-
mentioned effects through an autocrine or paracrine cell signaling
process [13,24].

Several mechanisms have been put forward to explain the anti-
diabetic effects of Zn(II) (Fig. 1). Although Zn(II) has been shown to
inhibit intestinal α-glucosidase activity [25], its insulin mimetic action
has been reported to be the most prominent anti-diabetic mode of ac-
tion. Zn(II) stimulates both lipogenesis and glucose transport in adi-
pocytes [26,27]. Using HEK-293 cells, Ilouz et al. [28] demonstrated
that the insulin mimetic action of Zn(II) could be mediated through the
direct inhibition of endogenous glycogen synthase kinase-3β, which
could lead to increased glycogen synthesis. Additionally, Zn(II) stimu-
lates the cyclic adenosine monophosphate (cAMP)-specific phospho-
diesterase (PDE) activity [29,30], an enzyme that inactivates cAMP,
and thus, downregulates cAMP-mediated lipolytic and glycogenolytic
signaling [11]. Moreover, the activity of glycolytic enzymes, phospho-
fructokinase and pyruvate kinase, has been shown to be increased by Zn
(II) treatment, in vitro [31].

In human and mouse skeletal muscle cells, Zn(II) modulated insulin
signaling, which resulted in enhanced glucose oxidation and glycemic
control [32]. Other studies suggest that the modulatory effect of Zn(II)
on insulin signaling may be linked to phosphorylation of adenosine

monophosphate-activated protein kinase and insulin receptor sub-unit;
activation of protein kinase B (Akt) signaling pathway; and increase of
glucose transporter type 4 (GLUT-4) expression and translocation,
which will, collectively, promote glucose uptake in skeletal muscle cells
and adipocytes [26,30,33–37]. In fact, Zn(II)-deficient rats adipocytes
showed reduced binding of insulin to insulin receptors [38], while Zn
(II) treatment dose-dependently stimulated insulin specific binding to
different cell (rat adipocytes and hepatocytes and human lymphocytes)
and tissue (human placenta) membranes with well-characterized in-
sulin receptors [39]. Also, Zn(II) may have an indirect effect on Akt
activation that is independent of insulin action; perhaps, through in-
duction of H2O2 production from epididymal cells, which will lead to
the activation of focal adhesion kinase pathway, and ultimately, the
phosphoinositide 3-kinase (PI3k)/Akt signaling pathway [34].

Considering the above-mentioned modulatory effects of Zn(II) on
glucose and lipid metabolism, it is not surprising why many ligands
have been complexed with Zn(II) with the aim of developing potent
anti-diabetic agents. It is believed that Zn(II) complexation with ligand
improves bioavailability, while affording beneficial effects on glucose
metabolism [40,41]. The outcome of these advances supports the anti-
diabetic potential of Zn(II) complexes. Unfortunately, the research
progress has been flawed with some key scientific gaps, which has not
been reported in the previous incomprehensive reviews on anti-diabetic
and insulin mimetic Zn(II) complexes [40,42,43]. Therefore, this re-
view comprehensively and critically analysed the anti-diabetic studies
on Zn(II) complexes, with the aim of identifying the major scientific
gaps and highlighting the potential future prospects in anti-diabetic
drug discovery. Additionally, the review attempts to explain the influ-
ence of the coordination mode (CM) between Zn(II) and the ligands, as
well as the lipophilic property of the complexes on the bioavailability
and anti-diabetic activities of the complexes.

2. Methodology

A literature search was done on different scientific search engines
including, but not limited to “PubMed”, “Google Scholar”, “Scopus” and
ScienceDirect. The aim was to identify peer-reviewed published data on
the anti-diabetic effects of Zn(II) complexes that were published in
English as shown in the study selection process (Fig. 2). The search was
done from September 2018 until May 2019. The search terms used
included the following: “minerals and diabetes”; “zinc and diabetes”;
“zinc and insulin” “metal complexes and diabetes”; “zinc complexes
and diabetes”; “insulin mimetic metals”; “insulin mimetic metal com-
plexes”; “insulin mimetic zinc complexes”; “zinc and zinc complexes
and lipolysis”; “metal and metal complexes and lipolysis”; “zinc and
zinc complexes and glucose uptake”; “metal and metal complexes and
glucose uptake”. From the results of the search, only anti-diabetic
complexes containing Zn(II) as the sole metallic mineral were con-
sidered, to be certain that the observed effects of the complexes are
solely influenced by Zn(II), and not, other metallic minerals. The
identified anti-diabetic Zn(II) complexes, based on the above-set cri-
teria, were sub-categorized according to the class or type of precursor
ligands: synthetic ligands, naturally occurring ligands, ligands used as
supplements and/or medications and plant-derived polyphenol ligands.
The anti-diabetic experimental data along with other basic information
about the complexes, such as the Zn(II)-ligand coordination modes (CM)
and lipophilicity (log P), were critically analysed. The chemical names,
synonyms, and chemical formula of the complexes’ ligands were con-
firmed on the “pubchem.ncbi.nlm.nih.gov” database (accessed between
15 April to 21 June 2018).

To ascertain the extent to which Zn(II) influenced the properties of
its ligands or the efficacy of the synthesized Zn(II) complexes, the anti-
diabetic potency ratio (ψ) of the complexes relative to the different
controls (precursor ligands, zinc sulfate, zinc chloride, zinc gluconate,
zinc acetate and standard anti-diabetic drugs) was computed as follows:
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Where, IC50 is the inhibition concentration required to cause 50 % in-
hibition of lipolysis in adipocytes or the activities of carbohydrate di-
gesting enzymes and EC50 is the effective concentration required to
cause 50 % glucose uptake in adipocytes.

3. Result and discussion

A total of 1286 publications relating to the review scope were found
on the database of the search engines based on the search term used
(Fig. 2). Fifty-four studies and/or publications matched anti-diabetic
studies on Zn(II) complexes. Of these, 3 were excluded as reviews of
some of the already identified studies, while 1 was excluded as a Chi-
nese version of another. The remaining 50 studies were selected and
reviewed. From these studies, 147 Zn(II) complexes with reported anti-
diabetic properties were identified. From these, only 120 were selected
and reported in this review, while 27 were excluded as anti-diabetic Zn
(II) complexes containing other minerals, such as copper and selenium,
which may influence the complexes’ anti-diabetic properties. The Zn(II)
complexes with potent anti-diabetic effects are discussed below and
sub-categorized based on the type of precursor ligands.

3.1. Zn(II) complexes with synthetic organic compounds as precursor
ligands

Eighty-six (72 %) of the reported anti-diabetic Zn(II) complexes
were synthesized using synthetic organic compound precursors that are
not used as medications (Fig. 3 and Table 1). Most of these complexes
demonstrated insulin mimetic properties by inhibiting epinephrine-in-
duced lipolysis and enhancing glucose uptake in isolated rat adipocytes
(Table 1). In vivo, some of the potent complexes reduced hyperglycemia
and improved glycemic control in diabetic animal models by different
mechanisms.

Following previous propositions on the use of thiocarbamate deri-
vatives in the treatment of diseases, including diabetic neuropathy,
Yoshikawa et al. (2007) [44] investigated and reported the promising
anti-lipolytic (IC50= 5.1–21.3 μM; Ψ=38ZS – 158.8ZS) and glucose
uptake (EC50= 6.4–10.3 μM) activities of several Zn(II) complexes of
thiocarbamic acid derivatives with Zn(S4) CM in isolated rat adipocytes.
Bis(pyrrolidine-N-dithiocarbamate)zinc(II), which had the most potent
activity on adipocytes, further reduced blood glucose (BG) (≃27 %) and
glycated hemoglobin (HbA1c) (≃29 %) levels and hyperinsulinemia
(≃59 %,) and improved glucose tolerance (GT) in T2D KK-Ay mice,
following a 25 d oral (10–15mg Zn/kg) treatment [44]. However, some
other studies suggest that Zn-ligand complexation with Zn(S2O2) CM

Fig. 1. Anti-diabetic and insulin mimetic properties of Zn(II) and possible modes of action.

Fig. 2. Flow diagram showing the study selection process.
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may afford better activities. This is because among some Zn(II) com-
plexes of tropolone derivatives, the bis(2-mercaptotropolonato)zinc(II)
and bis(4-isopropyl-2-mercapto-tropolonato)zinc(II) complexes with Zn
(S2O2) CM showed better insulin mimetic properties than the others
having Zn(S4) CM [45]. Particularly, bis(2-mercaptotropolonato)zinc(II)
showed excellent anti-lipolytic (IC50= 12 μM; Ψ=36.7ZS) and glucose
uptake (EC50= 0.7 μM; Ψ=251ZS) effects in adipocytes as well as BG
lowering (≃50 %) activity in T2D KK-Ay mice, following a 25 d oral
treatment (10mg Zn/kg) (45) (Table 1).

Several other studies have also supported the preference of Zn(S2O2)
CM complexes as potential anti-diabetic agents compared to those with
other coordination modes, including Zn(O4) CM. Zn(II) complexes of
pyrones (including maltol and allixin), pyridinones and thiazoles deri-
vatives with the thiol or thione group [CM: (S2O2)], as well as, Zn(II)
complex of pyridine-N-oxide with mercapto group [CM: Zn(S2O2)]
showed remarkable In vivo glycemic control effect, adipocyte anti-li-
polytic (IC50= 2–45 μM; Ψ=33.6ZS - 292.5ZS) and glucose uptake
(EC50= 79 μg/106 cells and 6.1 μM;Ψ=56.1ZS) activities compared to
the glycemic control, anti-lipolytic (IC50= 0.166–1.9mM; Ψ=0.3ZS –
3.9ZS) and glucose uptake (EC50= 0.1–1mM) activities of their non-
thiol and non-mercapto counterparts with Zn(O4) CM [11,46–56]
(Tables 1 and 2)

Chaves et al. (2009) [49] attributed the potent cellular and In vivo
insulin mimetic activities of Zn(II) complexes with thiol- or mercapto-
containing CM to their hydrophobic or lipophilic properties as indicated
by their positive partition coefficients (log P). The partition coefficient
of complexes denotes their dispersion ratio between two immiscible
solvents (unequal polarity), usually between non-polar and aqueous
solvents. The higher the log P value of the complex, the more hydro-
phobic it is. Hydrophobicity is a desired characteristic of Zn(II) com-
plexes because it increases their permeability through the lipid bilayer
membrane of cells to exert pharmacological effects. Chaves et al. (2009)
[49] showed that Zn(II) complex of maltol with Zn(O4) CM showed
lower log P (-0.04) than its corresponding thiol-containing analogue
[CM: Zn(S2O2)], bis(thiomaltol)zinc(II) complex (log P= 0.54), which
presumably, is responsible for the stronger anti-lipolytic activity of the
latter (IC50= 3.3 μM; Ψ=156ZS) compared to that of the former
(IC50= 360 μM; Ψ=1.4ZS) in isolated rat adipocytes (Tables 1 and 2).
The stronger lipophilic property of the Zn(II) complexes with Zn(S2O2)

CM compared to their counterparts with Zn(O4) CM has been attributed
to the less electronegative and more polarizable nature of the sulfur
than the oxygen atom, and thus shows a weaker H-bond interaction
with water molecules than the oxygen atom [49].

Several studies have, also demonstrated the linear correlation be-
tween the lipophilicity or log P values of Zn(II) complexes and their
anti-lipolytic (linear regression, R= 0.935 – 0.992) and glucose uptake
activities (R= 0.869 – 0.935) [44,57,58]. Regardless of the CM [Zn(O4)
or Zn(S4) or Zn(N2O2) or Zn(S2O2)], the insulin mimetic activities of the
complexes increased with increasing log P values. Moreover, when the
insulin mimetic activities of bis(pyrrole-2-carboxylato)zinc(II) [CM: Zn
(N2O2)], bis(α-furonic acidato)zinc(II) [CM: Zn(O4)], bis(thiophene-2-
carboxylato)zinc(II) [CM: Zn(S2O2)] and bis(thiophene- 2-acetato)zinc
(II) [(CM: Zn(S2O2)] were compared, the complexes with the Zn(S2O2)
CM showed better glucose uptake activities (EC50= 0.15 and 0.12mM;
Ψ=1.7ZS and 2.1ZS, respectively) than the complexes with Zn(N2O2)
(EC50= 0.19mM; Ψ=1.3ZS) and Zn(O4) (EC50= 0.23mM;
Ψ=1.1ZS) CM [58] (Tables 1 and 2). Interestingly, their glucose uptake
activities (EC50= 0.23, 0.19, 0.15 and 0.12mM;Ψ=1.1ZS, 1.3ZS, 1.7ZS
and 2.1ZS, respectively) were directly proportional to their log P values
(-2.23, -1.76, -1.61 and -1.55), regardless of the CM [58] (Tables 1 and
2).

To understand the mechanism behind the glycemic control effects of
Zn(S2O2) CM complexes, Basuki et al. [48] studied the effect of bis(1-
oxy-2-pyridine-thiolato)zinc(II), a Zn(S2O2) CM complex, on insulin
signaling. The complex induced Akt/PKB phosphorylation/activation,
which was suppressed by Wortmannin (a PI3K inhibitor), suggesting an
indirect Akt phosphorylation, mediated by the activation or modulation
of PI3K and its upstream cascades. Activated Akt contributes to phos-
phorylation/activation of GKS3β and concomitant translocation of
GLUT-4 to adipocyte membrane [48], suggesting the ability of the
complex to promote glycemic control by increasing glucose uptake and
glycogen synthesis in adipocytes. Blood and Cellular Zn(II) levels were
higher in the complex treated-cells than the ZnCl2-treated cells, in-
dicating that the complexation increased intracellular Zn(II) uptake
[48,52]. This is because Zn(S2O2) coordination increases the lipophili-
city of the complex (log P= 0.69), thus promoting cellular membrane
permeability and Zn(II) uptake to influence better effects on cellular
targets [48] (Fig. 4a).

Fig. 3. Number and percentage of reported anti-diabetic Zn(II) complexes according to the class of precursor ligands.
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Better cellular accessibility of Zn(II), caused by complexation, fur-
ther explains why the anti-lipolytic (Ψ=33.6ZS) and glucose uptake
(Ψ=56.1ZS) effect of the complex in adipocytes was markedly more
potent than ZnSO4 [52]. Additionally, the In vivo anti-diabetic activity
of the complex was more potent than pioglitazone [B(2.5PZ); H(2.9PZ);
P(6.4PZ)] [52], while it induced Akt [AP(1.3IN)] and GKS3β [GK(2.0IN)]
phosphorylation and GLUT-4 translocation [G4(1.0IN)] more than or

similarly as insulin (Table 1) [48], which suggests the potent anti-dia-
betic therapeutic application of bis(1-oxy-2-pyridine-thiolato)zinc(II)
and other thiol- and mercapto-containing Zn(II) complexes, particularly
those with Zn(S2O2) CM.

In spite of the potent activity of bis(1-oxy-2-pyridine-thiolato)zinc
(II) complex, the ligand alone did not show any adipocyte glucose up-
take, anti-lipolytic or Akt phosphorylation activity [48,52], suggesting

Fig. 4. Diagram showing (a) the possible mechanisms underlying the bioavailability and bioactivity of Zn(II) complexes and (b) the tri-facet modes through which Zn
(II) complexes exert pharmacological effects. 5′ AMP, 5′ adenosine monophosphate; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; FFA, free
fatty acids; GLUT-4, glucose transporter type 4; IRS-1, insulin receptor substrate 1; pAkt, phosphorylated Akt or protein kinase B; PI3-K, phosphoinositide 3-kinase;
ZIP, zinc importer; Zn, zinc; Zn-L, Zn(II)-ligand complex; ZnT, zinc transporter.
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that complexation increased cellular uptake of Zn(II) and its accessi-
bility to cellular targets, without any Zn(II)-ligand synergistic effect.
This scenario suggest that Zn(II)-ligand complexation may potentiate
pharmacological effects through different modes, depending on the
type of ligand and its effect on zinc, as well as the Zn(II)-ligand CM. We
propose a “tri-facet” pharmacological mode of action, namely (1)
“carrier”, (2) “synergistic” and (3) “multi-action” modes, which can be
interwoven (Fig. 4b).

The “carrier” mode is when Zn(II) is complexed with a non-phar-
macologically active carrier-ligand that increases bioavailability due to
better lipophilicity, absorption and cellular membrane permeability.
This is the mode of action observed for bis(1-oxy-2-pyridine-thiolato)
zinc(II), where the activity of the complex was only influenced by the
increased cellular uptake of Zn(II). The “synergistic” mode is when Zn
(II) is complexed with a pharmacologically active ligand that does not
necessarily increase bioavailability, but acts synergistically with Zn(II)
to increase insulin sensitivity and/or signaling. The “multi-action”
mode is when Zn(II) is complexed with a pharmacologically active li-
gand that does not necessarily increase bioavailability, but can exert
other diabetes-related pharmacological properties different from Zn(II)
to cause a multi-mode anti-diabetic effect.

To have an indication of the possible mode of action of a Zn(II)
complex, it is, therefore imperative to comparatively understand its
bioavailability or lipophilicity and cellular Zn(II) uptake activity, re-
lative to Zn(II) salt and the precursor ligand, which can help inform the
pharmacology of the complex. Unfortunately many studies on the anti-
diabetic properties of Zn(II) complexes lack this information.

Several Zn(II) complexes with a nitrogen atom as part of their CM

have been, also, synthesized, hoping to find pharmacologically active
complexes with improved lipophilicity. Presumably, the less electro-
negative property of a nitrogen atom compared to an oxygen atom may
influence or improve the lipophilic property of these complexes relative
to the complexes with Zn(O4) CM. Zinc(II) complexes of picolinic acid
and derivatives with Zn(N2O2) CM were among the previously studied
Zn(II) complexes, because picolinic acid is a bidentate chelating agent,
known to play a physiological role in zinc absorption [59]. Studies have
shown that it increases intestinal zinc absorption in rats, zinc uptake in
isolate duodenal sac and zinc translocation across lipid bilayers [59].
Consistent data showed that Zn(II) complexes of picolinic acid and its
methyl derivatives exhibited lipophilic properties (log P= 0.018 –
0.075), which may influence cellular or intestinal Zn(II) uptake, evident
by the higher blood zinc level of KK-Ay rats fed with bis(6-methylpi-
colinato)zinc(II) compared to those fed with ZnCl2 [60]. Accordingly,
the complexes showed promising anti-lipolytic (IC50= 0.31 – 0.64mM;
Ψ=2.5ZS – 5.1ZS) and insulin signaling modulatory activities in rat
adipocytes, as well as, anti-diabetic activities in T2D KK-Ay mice com-
pared to ZnSO4 [60–62] (Tables 1 and 2). These reports suggests Zn(II)
complexes of picolinic acid and its methyl derivatives exert pharma-
cological effects through the “carrier” mode of action. Moreover, the
ligands (picolinic acid and its methyl derivatives) alone did not show
anti-lipolytic insulin mimetic activity in isolated adipocytes [61].

For the other complexes with a nitrogen atom as part of their CM,
there appears to be no consistent trend of lipophilicity-activity re-
lationship when compared to the complexes with Zn(O4) CM; rather the
type of ligand seems to play a more influential role. Bis(2-aminomethyl-
pyridinato)zinc(II), among other Zn(II) complexes with Zn(N4) CM ex-
hibited appreciable BG-, HbA1c- and hyperinsulinemia-lowering, as
well as, GT-improving abilities in T2D KK-Ay mice [63]. However, its
anti-lipolytic activity (IC50= 0.85mM) was not as potent as those of
the Zn(II) complexes of 1-substituted ethoxycarbonyl-2,5-dihydro-5-
oxo-1H-pyrrol- 4-ol derivatives (IC50= 0.26 - 0.46mM) and poly(ϒ-
glutamic acid) (IC50= 0.183mM) with Zn(O4) CM [64,65] (Table 1).
On the other hand, Saha et al. (2007) [66], reported remarkable cellular
anti-lipolytic (IC50= 0.07mM) and glucose uptake (IC50= 0.088mM)
activities, as well as, In vivo anti-diabetic activities (BG, ≃55 %; HbA1c,
≃20 %; hyperinsulinemia, ≃70 %) of meso-Tetrakis[(4-

sulfonatophenyl)porphyrinato] zinc(II) [CM: Zn(N4)] in T2D KK-Ay mice
following a 28 d oral administration of 10–20mg Zn/kg (Table 1).

Furthermore, while 14 d oral treatment (10mg Zn/kg) of Zn(II)
complexes of diacetyl-bis(N4-methylthiosemicarbazonate) and 3,4-
heptanedione-bis(N4-methylthiosemicarbazonate) with Zn(N2S2) CM

showed promising BG-lowering (≃24 and 40 %; Ψ=2.9ZS and 4.7ZS,
respectively) and GT-improving effects in T2D KK-Ay mice [67], Zn(II)
complexes of N,N’-trimethylene-bis-glycine, N,N’-ethylene-bis-β-ala-
nine, N,N’-trimethylene-bis-L-valine and 3-carboxy-pyrazole with Zn
(N2O2) CM exhibited somewhat low to moderate lipolysis inhibitions in
rat adipocytes (Ψ=0.3ZS - 1ZS, respectively) [68] and In vivo glucose-
lowering effect [69]. In fact, their anti-lipolytic activities were lower
than those of salicylic acid derivatives with Zn(O4) CM (Ψ=1.2ZS –
1.6ZS) [70] (Table 1).

However, the Zn(II) complexes of salicylidene derivatives, 1-[(2-
dimethy-laminoethylimino) methyl]naphtholate, 2-picolinamide and 6-
methyl-2-picolinemethylamide, with Zn(N2O2) CM consistently showed
remarkable α-glucosidase inhibitory activities (Ψ was up to 77.9AC)
[71,72] and anti-diabetic effects in T2D KK-Ay mice [73] (Table1). In-
terestingly, while the α-glucosidase inhibitory activities of these com-
plexes were fairly comparable to that of Zinc(II) salts (ZnCl2, zinc
gluconate and zinc acetate), the ligands alone did not show α-glucosi-
dase inhibitory activities (Table 1) [71,72], which suggests that Zn(II),
rather than the ligands, is the predominant influencing moiety of the
complexes. Thus, supporting the α-glucosidase inhibitory glycemic
control mechanism of action of Zn(II) (Fig. 1).

These results suggest that although some Zn(II) complexes with a
nitrogen atom as part of their CM may have shown promising anti-
diabetic activities, the presumed improved lipophilicity, permeability
and activity over those with Zn(O4) CM, perhaps, due to the lesser
electronegative nature of a nitrogen atom relative to an oxygen atom
remain controversial, except for the Zn(II) complexes of picolinic acids
its methyl derivatives. Nevertheless, it appears that some Zn(II) com-
plexes with Zn(N2O2) CM may be potent α-glucosidase inhibitors for
further studies.

In general, the complexes with sulfur-containing CM appear as the
most potent of the Zn(II) complexes of synthetic organic ligands. The in
vitro anti-lipolytic and glucose uptake activities of most them, particu-
larly the thiol-or mecapto-containing tropolone, pyrone and pyridine
derivatives appreciably outperformed ZnSO4 [Ψ= L(2ZS – 292.5ZS) and
U(5.7ZS – 251ZS)] [48,49,54,74,75]. Bis(1-oxy-2-pyridine-thiolato)zinc
(II) was noteworthy, because it induced Akt [AP(1.3IN)] and GKS3β [GK
(2.0IN)] phosphorylation and GLUT-4 translocation [G4(1.0IN)] more
than or similarly as insulin [48]. Also, its In vivo anti-diabetic activity
outperformed that of pioglitazone [B(2.5PZ); H(2.9PZ); P(6.4PZ)],
without aggravating hepatotoxicity [52], which warrants further In vivo
and clinical studies. It is, therefore recommended that more effective
approaches, including using sulfur-containing ligands or coordination,
be employed to increase the lipophilic properties of Zn(II) complexes
and, consequently, their bioavailability and pharmacological proper-
ties. However, in spite of the promising activities of several Zn(II)
complexes of synthetic organic ligands reported in this review, many of
them lack data on their toxicity profile, which raises safety concerns for
clinical relevance. Additionally, many of the synthetic organic ligands
or their derivatives have been labeled as toxic on the “pub-
chem.ncbi.nlm.nih.gov” database (accessed between 15 April to 21
June 2018). Critical toxicity evaluation is, therefore, imperative.

3.2. Zn(II) complexes with naturally occurring organic compounds as
precursor ligands

Eight (7%) of the Zn(II) complexes reported in this review were
synthesized from naturally occurring organic ligands (Fig. 3 and
Table 2). Maltol, a natural flavor enhancer is the most studied natural
ligand. Although it has been shown that maltol ameliorated oxidative
damage in diabetic neuropathy [76], several studies have demonstrated

C.I. Chukwuma, et al. Pharmacological Research 155 (2020) 104744

12



that complexing it with Zn(II) [CM: Zn(O4)] conferred notable in vitro
and In vivo insulin mimetic and glycemic control properties on this
natural ligand [11,30,46,49,51,55,60,62,74,77] (Table 2). In adipo-
cytes, bis(maltolato)zinc(II) complex showed insulin mimetic activities
by inhibiting lipolysis (IC50= 0.125 - 0.54mM) [11,46,49,55,75] and
increasing glucose uptake (EC50= 0.233–1.0mM) [11,55]. The anti-
lipolytic effect of bis(maltolato)zinc(II) was dose dependently reversed
by inhibitors of insulin receptor tyrosine kinase (IRTK), PI3K, GLUT-4
and PDE activation, suggesting that the complex may have direct
modulatory effect on IRTK, PI3-K, GLUT-4 and PDE activities (30)
(Table 2). In vivo, oral and/or i.p. treatments of the complex reduced BG
and HbA1c levels and hyperinsulinemia and improved GT in diabetic
rats by varying magnitudes depending on the dose, duration and route
of administration [11,51,60,62,77]. Additionally, single i.p. treatment
(10mg Zn/kg) markedly increased Akt phosphorylation in ICR mice
adipose (≃177 %) and liver (≃40 %) tissues after 40min of treatment
[74]. The modulatory effect of Zn(II)-maltol complex on Akt phos-
phorylation in adipose tissue was comparable to insulin (Ψ=1.1IN)
[74], while In vivo toxicological studies shows it has a safe and high
LD50 in KK-Ay mice [62], which suggests the anti-diabetic pharmaco-
logical potency and safety of this complex.

Despite the influence of bis(maltolato)zinc(II) and some other
complexes on insulin signaling, the exact interaction between zinc(II)
complexes and intracellular molecules, including those involved in in-
sulin signaling remains elusive. A previous study has shown that Zn(II)
complex of maltol interacts with ATP - a high concentration low mo-
lecular weight cytosolic constituent involved in phosphorylative acti-
vation of signaling molecule s- forming a fairly stable ternary complex
[78]. While authors proposed that this interaction may influence
phosphorylation/dephosphorylation steps in cascades of glucose me-
tabolism, there seem to be no direct correlation between the ternary
complex formation and activity of the complex. Perhaps, other factors
like membrane transport properties of complex may influence the
modulatory effect of complex on insulin signaling. On the other hand, it
is quite difficult to say which of the “tri-facet” modes is the mode of
action for bis(maltolato)zinc(II), since in most of the studies, the insulin
mimetic properties of bis(maltolato)zinc(II) was not compared with the
precursor ligand. However, bis(maltolato)zinc(II) increased cellular and
tissue Zn(II) uptake more than Zn(II) salts [30,74], which potentiated
better insulin mimetic properties compared to Zn(II) salts (ZnCl2, ZnSO4

and zinc acetate), thus suggesting a “carrier” mode of action,
[30,46,74].

Furthermore, Zn(II) complex of allixin [CM: Zn(O4)], a phytoallexin
found in garlic bulbs, was reported to show anti-lipolytic
(IC50= 0.37mM; Ψ=2.7ZS) and glucose uptake (EC50= 0.6 mM) ac-
tivities in adipocytes as well as appreciable BG-lowering ability fol-
lowing a 14 d i.p. (4.5 mg Zn/kg) (≃68 %) and 28 d oral (15mg Zn/kg)
(≃49 %) treatments [11,47] (Table 2). The insulin mimetic activities of
bis(allixinato)zinc(II) on adipocytes were more potent than those of bis
(maltolato)zinc(II) [IC50= 0.54mM; EC50= 1mM; Ψ = L(1.9ZS)] [11]
and bis(picolinato)zinc(II) complex with Zn(N2O2) CM

[IC50= 0.64mM; Ψ = L(2.5ZS)] [61] complexes, which could be at-
tributed to the more lipophilic property of bis(allixinato)zinc(II) (log
P= 1.65) compared to bis(maltolato)zinc(II) (log P= 0.6) and bis
(picolinato)zinc(II) (log P= 0.018) complexes [11,61] (Table 2).
Nevertheless, bis(picolinato)zinc(II) was, also, shown to improve gly-
caemic control in T2D KK-Ay mice [62] and modulate IRTK, PI3-K,
GLUT-4 and PDE activities in adipocytes [30] (Table 2), which suggests
the potential therapeutic applications of Zn(II) complexes with natural
ligand. Like bis(maltolato)zinc(II), the cellular and tissue Zn(II) uptake
profile and lipophilic nature (log P = +ve) of bis(allixinato)zinc(II)
and bis(picolinato)zinc(II) relative to Zn(II) salts [11,30,47] suggest a
“carrier” mode of action of the complexes.

Zn(II) complexes of L-lactic acid, betaine, D-(-)-quinic acid, tropo-
lone and hinokitiol with Zn(O4) CM include the other Zn(II) complexes
of naturally occurring organic ligands with reported anti-diabetic

activities in T2D KK-Ay mice, as well as glucose uptake (EC50= 0.062 –
0.072mM; Ψ=2.4ZS - 2.8ZS) and anti-lipolytic
(IC50= 0.101–1.06mM; Ψ=0.8ZS – 4.4ZS) activities in rat adipocytes
[75,79,80] (Table 2). Zn(II) complex of hinokitiol appeared to be the
most potent [L(4.4ZS); U(2.8ZS)], which modulated glucose-induced Akt
phosphorylation (≃ 359 %) in islet cells [IP(13.3ZS)] and exerted more
glucose tolerance in T2D KK-Ay mice than Pioglitazone anti-diabetic
drug [GT(2.5PZ)] [75,80] (Table 2). Unfortunately, the data on zinc
tissue levels and insulin mimetic activities of bis(hinokitiolato)zinc(II)
complex were not compared to those of Zn(II) salt and the precursor
ligands of the complex. Thus, it is difficult to propose which of the “tri-
facet” mode is the mode of action of the complex.

A close look at the anti-diabetic Zn(II) complexes with naturally
occurring organic ligands showed that although they are predominantly
complexes with the Zn(O4) CM, some of them, such as the complexes of
maltol and hinokitiol exhibited promising pharmacological properties
by enhancing Akt phosphorylation in adipose tissue (Ψ=14.8ZS, 3.5ZA
and 1.1IN) and islet cells (Ψ=13.3ZS and 0.8IN), respectively [74,80],
while bis(hinokitiolato)zinc(II) showed potential use in modulating
glucose tolerance relative to pioglitazone (Ψ=2.5PZ) [80]. Thus, both
complexes may be further investigated as therapeutic agents with,
perhaps, minimal toxicity concerns relative to the complexes of syn-
thetic organic ligands. To the best of our knowledge and based on the
available data of reviewed studies, most of the complexes appear to
exert their effect through the “carrier mode” mechanism by enhancing
cellular or tissue Zn(II) uptake, without exerting a synergistic effect.
However, the mode of action of other complexes cannot be suggested
due insufficient data from studies that were not properly controlled.
Moving forward, it was rationale to probe other ligands that can in-
nately afford pharmacological effects, thus improving therapeutic ac-
tion of Zn(II) through a “synergistic” or “multi-action” mode or both
(Fig. 4b) as discussed below.

3.3. Zn(II) complexes with precursor ligands used as supplements or
medications

To develop anti-diabetic agents with improved efficacy and broader
modes of action, some anti-diabetic drugs such as tolbutamide, chlor-
propamide, metformin, pioglitazone hydrochloride and glibenclamide
have been complexed with Zn(II). Consistent data showed that the
blood glucose-lowering effects (≃22 - 55 %; Ψ=1LI - 1.3LI) of these
complexes in both normoglycemic [81] and diabetic [82–84] rats were
fairly comparable or slightly higher than those of their precursor anti-
diabetic drug ligands (Table 3). Although Zn(II) complexes of tolbuta-
mide and chlorpropamide acutely lowered plasma glucose more than
the precursor anti-diabetic drugs (Ψ=1.3LI) [81], these drugs are
classified as “first generation” sulfonylureas, which are no longer fre-
quently prescribed, due to associated more severe detrimental side ef-
fects compared to the “second generation” counterparts. However, the
Zn(II) complex of glibenclamide, a “second generation” sulfonylurea,
acutely exerted more hypoglycemic effect than the glibenclamide
(Ψ=1.2LI after 8 h) in alloxan-induced diabetic rats showing impaired
insulin secretion due to severe pancreatic β-cell damage. While it is not
certain from available data whether these diabetic drugs increases Zn
(II) permeability, it is known that sulfonylureas increases depolariza-
tion-induced calcium influx in pancreatic β-cell to stimulate insulin
secretion [82], thus complementing the antihyperglycemic effect of Zn
(II). This suggests that Zn(II) complex of glibenclamide exerts anti-
diabetic effect through a “multi-action” mode of action (Fig. 4b), which
includes insulin mimetic activity, as well as modulation of insulin sig-
naling and secretion.

On the other hand, Zn(II) complex of pioglitazone, a thiazolidine-
dione showed more hypogycemic effect than the precursor anti-diabetic
drug [83]. Thiazolidinediones are insulin sensitizers, known to mod-
ulate the transcription of the genes involved in the regulation of glucose
and lipid metabolism in peripheral tissues such as muscle, adipose
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tissue and liver. This suggest that the Zn(II) and pioglitazone moiety of
the complex may work synergistically to modulate insulin sensitivity
and signaling, thus affording a more potent hypoglycemic effect com-
pared to the precursor anti-diabetic drug. Additionally, complexation
resulted in smaller molecular size complex compared to the precursor
anti-diabetic drug [83]. This property allowed better intestinal ab-
sorption, which may also contribute to the better efficacy of the com-
plex. It may, therefore be proposed that Zn(II)-pioglitazone complex
exerts anti-diabetic effect by a combination of the “synergistic” and
“carrier” modes of action (Fig. 4b).

N-acetyl-L-cysteine (medication for drug overdose), aspirin (medi-
cation for pain, fever and inflammation), salicylic acid (medication for
acne and dermatitis) and 5-aminosalicylic acid (medication for in-
flammatory bowel diseases) are the non-anti-diabetic drugs in-
vestigated for possible anti-diabetic effects when complexed with Zn(II)
(Table 3) [70,85]. Among the Zn(II) complexes of salicyclic acid and
derivatives with Zn(O4) coord. mode, bis(aspirinato)zinc(II) showed the
most potent cellular anti-lipolytic activity (IC50= 0.86mM; Ψ=1.4ZS)
and In vivo anti-diabetic activity [BG(≃54 %; Ψ=3LI); H(≃29 %;
Ψ=3.6LI); P(≃67 %; Ψ=1.8LI); GT(≃36 %; Ψ=2.6LI)] in T2D GK
rats [70]. Although zinc uptake was not measured and compared be-
tween animals groups, the fairly good lipophilicity (log P= 1.07) of
the Zinc-aspirin complex [70,86] suggests that it exerts its anti-lipolytic
and antihyperglycemic effects through a “carrier” mode of action, since
aspirin is not a known anti-diabetic agent.

The amino acids were the most studied supplements (8 out of 11 or
≃73 % of studied supplements) regarding the anti-diabetic potentials of
their Zn(II) complex forms. It has been reported that amino acids are
good zinc chelators that improve intestinal zinc absorption by trans-
porting zinc across enterocytes into circulation [87]. This suggests why
anti-lipolytic activity was shown by Zn(II) complexes of different amino
acids in adipocytes [30,62,68], with the Zn(II) complex of threonine
being the most potent (IC50= 0.54mM; Ψ=1.5ZS). Zinc uptake was
significantly (p<0.01) increased by Zn(II)-threonine complex relative
to Zn(II) salts, which influenced its insulin signaling-related modulatory
effects on IRTK, PI3-K, GLUT-4 and PDE activities in adipocytes [30]
and anti-diabetic effects [B(2.9zc)] in T2D KK-Ay mice after a 14-d i.p.
treatment (3 mg Zn/kg bw) [62,68]. Interestingly, toxicological studies
in mice [62] and rats [88] showed an oral LD50 of 2710mg/kg bw in
female rats. These results suggest that L-threonine-Zn(II) complex may
be further studied as a safe anti-diabetic zinc complex supplement with
a potent “carrier” mode of action and minimal toxicity.

Furthermore, some other studies reported the anti-lipolytic activity
of L-carnitine-Zn(II) complex in adipocytes [89,90]. Interestingly, car-
nitine has been reported to promote lipolysis and fatty acid oxidation in
adipocytes [91], which suggests a strong influence of Zn(II) on carnitine
to confer an anti-lipolytic insulin mimetic activity (IC50= 0.8mM mM;
Ψ=1ZS), as well as BG-lowering (≃32 %;Ψ=3.6LI) and GT-improving
effects in T2D KK-Ay mice [89] (Table 3). Innately, carnitine showed no
noticeable glycemic control effects in the T2D KK-Ay mice [89], sug-
gesting that L-carnitine-Zn(II) complex may exert glycemic control ef-
fect through the “carrier” mode of action. Specifically, authors pro-
posed that L-carnitine-Zn(II) is incorporated into the body through the
carnitine transporters, thus allowing Zn(II) to reach cellular targets
[89]. Moreover, the complex did not cause hepatotoxicity in Wistar rats
[90], suggesting its safety as a possible anti-diabetic supplement.

Vitamin C (ascorbic acid) and vitamin U (S-methyl-L-methionine)
were the other supplements that were probed for the possible insulin
mimetic effects of their Zn(II) complexes. Bis(ascorbate)zinc(II) com-
plex, in particular, exhibited promising insulin mimetic activities by
inhibiting lipolysis (Relative IC50 to Zinc gluconate= 0.69; Ψ=1.5ZG)
[90]. It also showed insulin mimetic effects modulating adipogenesis/
adipocyte differentiation through the modulation of the expression of
key proteins (C/EBPα and PPARϒ) influencing adipogenesis and for-
mation of insulin-responsive differentiated adipocytes [92] (Table 3).
Its modulatory effect on GLUT-4 expression, further suggests it may alsoTa
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promote adipocyte glucose uptake, while cytotoxicity studies showed
the complex does not exhibit antiproliferative effects in adipocytes
[92]. Although diabetes may promote vitamin C deficiency, there has
been no direct link between vitamin C and insulin signaling or cellular
glucose uptake. Additionally, clinical studies have consistently shown
that vitamin C does not increase zinc absorption [93,94], thus it re-
mains elusive whether Zn(II)-vitamin C complex exerts insulin mimetic
effects through the “carrier” or “synergistic” or “multi-action” mode of
action. Nevertheless, in vitro studies suggest that ascorbate share with
glucose same tissue-transport carrier [95], which might explain how bis
(ascorbate)zinc(II) complex is incorporated into cells or tissue to exert
its effects.

In general, while most of the supplements studied as anti-diabetic
complexes of Zn(II) may act more as carriers of Zn(II) to cellular targets
(“carrier” mode of action), Zn(II) complexes of pharmacological agents,
like anti-diabetic drugs appear to exert anti-diabetic effects through a
“synergistic” and/or “multi-action”mode of action, thus may be studied
further as an Zn(II)-adjuvant complexes to improve the efficacy of
commercially available anti-diabetic drugs. Nevertheless, Zn(II) com-
plexes of ascorbic acid, L-threonine and L-carnitine may be potential
anti-diabetic supplements with minimal side effects relative to anti-
diabetic drugs, following appropriate further studies. In particular,
Vitamin C is a known physiological antioxidant that boosts the body’s
defense against oxidative stress and associated diseases [96,97]. Con-
sidering that oxidative stress is a major culprit in the several compli-
cations linked to diabetes [98], vitamin C may be a promising ligand for
the development of dual-acting therapeutic Zn(II) complex with both
anti-oxidative and insulin mimetic activities.

3.4. Zn(II) complexes with plant polyphenols as ligands

The anti-oxidative and anti-diabetic potentials of plant polyphenols
have been consistently documented [99,100], making them promising
plant-derived ligands for multi-acting anti-diabetic and anti-oxidative
Zn(II) complexes. Surprisingly, of the 120 anti-diabetic Zn(II) com-
plexes reported in this review, only 6 (5%) are Zn(II) complexes with
plant-derived polyphenols as ligands (Fig. 3), which depict a notable
scientific gap in the quest for insulin mimetic therapeutic Zn(II) com-
plexes with enhanced pharmacological properties and minimal side
effects. Interestingly, all the Zn(II) complexes with plant-derived poly-
phenols showed promising anti-diabetic effects in diabetic rats that
were, in some cases comparable to known anti-diabetic drugs
[41,101–105], despite having Zn(O4) CM (Table 4).

In high-fat-diet (HFD) and streptozotocin (STZ)-induced T2D Wistar
rats, a 30 d oral treatment (5mg/kg bw) of bis(silibinin)zinc(II) com-
plex lead to BG- (≃56 %; Ψ=1MT) and HbA1c- (≃43 %; Ψ=1MT)
lowering and insulinotropic (≃122 %; Ψ=0.8MT) effects that were
comparable to that of metformin [105]. Moreover, an equivalent
treatment of bis(morin)zinc(II) complex in similar T2D rat model re-
duced BG (≃61 %) and HbA1c (≃44 %) levels; increased insulin con-
centration (≃30 %) and muscle (≃109 %) and liver (≃51 %) glycogen
contents; and improved glucose and insulin tolerance [103] (Table 4).
Interestingly, the In vivo anti-diabetic activity of bis(silibinin)zinc(II)
and bis(morin)zinc(II) complexes were accompanied by appreciable
anti-oxidative properties [103,105], which may contribute to the im-
proved pancreatic histology of the diabetic rats treated with the bis
(silibinin)zinc(II) complex [105] (Table 3). In STZ-induced diabetic
Wistar rats, oral treatment of Zn(II) complexes of curcumin (150mg/kg
bw for 45 d), 3-hydroxyflavone (5mg/kg bw for 30 d) and flavonol lead
to reduced hyperglycemia (≃24, 52 and 58 %, respectively) and HbA1c
level (≃36, 46 and 35 %, respectively), increased insulin (≃108, 122
and 122 %, respectively) and C-peptide concentrations and improved
GT, antioxidant status and pancreatic histology [41,101,102]. Although
the 3-hydroxyflavone-zinc(II) and flavonol-zinc(II) complexes showed
better activities than the curcumin-zinc(II) complex, complexation of
Zn(II) with curcumin notably enhanced its anti-diabetic effects [Ψ = B

(1.7LI), B(1.4LI) and B(3.3LI)] (41), but still needs validation by com-
paring to standard anti-diabetic drugs.

Although studies have reported that bioactive dietary polyphenols
are not good transporters of zinc across intestinal Caco-2 cell mono-
layers [106], the study on curcumin-zinc(II) complex suggested that
complexation with Zn(II) can improve the bioavailability of dietary
polyphenols [41]. Combined with the broad anti-diabetic pharmaco-
logical properties of plant-derived polyphenols [99,100], the anti-dia-
betic effects of Zn(II) complexes of plant-derived polyphenol may en-
compass several anti-diabetic mechanisms, including modulations of
insulin signaling, insulin secretion, β-cell function, lipid and glucose
metabolism, antiglycation, and antioxidant effects to ameliorate hy-
perglycemia and diabetic complications, which suggest a combination
of the “synergistic” and “multi-action” modes of action (Fig. 4a).
Moreover, most of the studied Zn(II)-complexes of plant-derived poly-
phenols reversed metabolic markers of tissue damage in diabetic ani-
mals, suggesting they may not cause tissue toxicity.

At a glance, the studies reporting the anti-diabetic activities of Zn
(II) complexes with plant polyphenols as ligands clearly show that the
studied complexes are predominantly those of flavone and flavonol li-
gands, which have shown promising potential therapeutic application.
Nevertheless, it recommended that other classes of pharmacologically
active plant-derived polyphenols be explored in this area of research.
The phenolic acids, which have been reported as promising anti-dia-
betic and oxidative agents with broad underlying mechanisms
[99,100], may be other plant-derived promising targets for the devel-
opment of multi-acting anti-diabetic and anti-oxidative Zn(II) com-
plexes with broader pharmacological activities and, perhaps, minimal
safety concerns.

4. Conclusion

The search for anti-diabetic therapeutic agents with improved
pharmacological properties and minimal side effects remains a global
concern. Zn(II) mineral has drawn notable attention in this quest, be-
cause of its involvement in physiological insulin storage and release.
Genomic and clinical studies have revealed several links between dia-
betes and cellular Zn(II) transport and concentration, while other stu-
dies consistently showed the insulin mimetic and glycemic control po-
tentials of Zn(II) and its chloride and sulfate salts. Consequently, Zn(II)
has been complexed with numerous synthetic and natural organic li-
gands, including commercial anti-diabetic drugs, with the aim of de-
veloping potent insulin mimetic and glycemic control agents. The
outcome of these advances suggested that Zn(II) complexes are potent
anti-diabetic agents and Zn(II) can improve the efficacy of its ligands.
The type of ligand, lipophilicity and the type of Zn(II)-ligand co-
ordination appear to be the major factors influencing the efficacy of the
Zn(II) complexes with the more lipophilic complexes, particularly those
containing sulfur atom in the Zn(II)-ligand coordination and some an-
tidiabetic drugs showing the most potent activities.

In spite of the above-mentioned, it is unfortunate that majority
(about 72 %) of the Zn(II) complexes that have been synthesized and
studied for possible anti-diabetic activities are with synthetic organic
ligands that have little or no diabetes-related pharmacological history
(Fig. 3). Additionally, the lack of data on the toxicity profile of these
complexes presents safety concerns. Of the few (about 7%) natural li-
gands studied, only maltol has been linked to an anti-oxidative effect in
diabetic neuropathy [76]. The activity of most of the complexes of the
synthetic and naturally occurring ligands is majorly influenced by the
Zn(II) transport ability of the complex to cellular or tissue target to
exert pharmacological effect through a “carrier” mode of action. The
promising anti-diabetic activities of Zn(II) complexes of ascorbic acid, L-
threonine and L-carnitine supplements, as well as some anti-diabetic
drugs remain understudied, despite these ligands have health benefits
and are non-toxic at recommended doses. Thus, the Zn(II) complexes of
these ligands require further clinical investigations as useful
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nutraceuticals for diabetes management. Plant-derived polyphenols
with reported anti-oxidative and anti-diabetic pharmacological cre-
dence, as well as minimal safety concerns remain the least studied Zn
(II) complex ligands (only about 5%) (Fig. 3), which questions the path
to the ongoing quest for therapeutic Zn(II) complexes with improved
anti-diabetic effects and minimal safety concerns.

The above scenario buttresses the unfortunate paradigm shift from
the use of the relatively safe traditional herbal and natural medicines
towards modern synthetic medicines, which have been linked to several
unpleasant side effects. Hence, there are call-outs to the nutritional
science community, pharmaceutical and nutraceutical companies, drug
discovery institutes, the government, food, nutrition and drug reg-
ulatory bodies and other stakeholders to pioneer and pilot the re-
direction of this shift towards nutritional and natural medicine. More
natural supplements like vitamins and plant polyphenols, particularly
the flavones, flavonols and phenolic acids should be probed for the
development of Zn(II) complexes with improved and broader scope of
pharmacological activities, as well as minimal safety concerns. Potent
Zn(II) complexes of polyphenol, natural ligands and supplements, such
as those of maltol, hinokitiol, ascorbic acid, L-carnitine, L-threonine,
curcumin, diosmin and silibinin may be further studied as anti-diabetic
nutraceuticals with possible lesser side effects than synthetic western
anti-diabetic drugs. Following adequate studies, Zn(II) may be re-
commended as an adjuvant for commercial anti-diabetic drugs to im-
prove their efficacy. Additionally, sulfur atom may be introduced into
the Zn(II)-ligand coordination of studied complexes, which may im-
prove their lipophilicity, bioavailability and pharmacological proper-
ties.

On the other hand, toxicity evaluation should be critically done on
the promising Zn(II) complexes of synthetic organic ligands like bis(1-
oxy-2-pyridine-thiolato)zinc(II) to address possible safety concerns on
their potential use as anti-diabetic agents. From the outcome of this
review, more investigations, including clinical trials and toxicity eva-
luation, need to be conducted in this area of research in the following
years to elucidated and ascertain the health benefits of various Zn(II)
complexes in diabetes management.
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