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Introduction

Abstract

Objectives This study was done to synthesize a novel Zn(II)-gallic acid complex
with improved antidiabetic and antioxidative properties.
Methods The complex was synthesized and characterized using Fourier Trans-
form Infrared (FT-IR) and "H NMR. Cytotoxicity was evaluated using Chang
liver cells and L6 myotubes. Radical scavenging and Fe’*-reducing, as well as a-
glucosidase, a-amylase and glycation inhibitory properties were measured. Glu-
cose uptake was measured in L6 myotubes, while the complex was docked against
glucose transporter type 4 (GLUT-4) and protein kinase B (PKB).
Key findings Analysis showed that complexation occurred through a Zn(O,)
coordination; thus, the complex acquired two moieties of gallic acid, which sug-
gests why complexation increased the DPPH (ICsq = 48.2 um) and ABTS (ICsy =
12.7 um) scavenging and a-glucosidase inhibitory (ICsq = 58.5 um) properties of
gallic acid by several folds (5.5, 3.6 and 2.7 folds; IC5y = 8.79, 3.51 and 21.5 um,
respectively). Zn(II) conferred a potent dose-dependent glucose uptake activity
(ECso = 9.17 um) on gallic acid, without reducing the viability of L6 myotubes
and hepatocytes. Docking analysis showed the complex had stronger interaction
with insulin signalling proteins (GLUT-4 and PKB) than its precursor.
Conclusions Data suggest that complexation of Zn(II) with gallic acid resulted
in a complex with improved and multi-facet antioxidative and glycaemic control
properties.

Insulin resistance in T2D leads to impaired glucose
uptake in peripheral tissues and uncontrolled hepatic glu-

Diabetes mellitus (DM) is a group of metabolic diseases
characterized by hyperglycaemia resulting from defects in
insulin secretion, insulin action or both.!"! Its global preva-
lence has been reported to be 425 million people, which is
expected to increase by 48% by 2045.2) Type 1 diabetes is
characterized by loss of pancreatic insulin secretion, pre-
dominantly due to autoimmune pancreatic 3-cell destruc-
tion.'") Type 2 diabetes (T2D), which is the most prevalent
type of diabetes (about 90% of cases), is caused by insulin
insensitivity in target tissues accompanied by partial B-cell
dysfunction.!”

cose output, which contributes to persistent hypergly-
caemia.'*! Persistent hyperglycaemia is responsible for
several microvascular and macrovascular complications
associated with T2D. Oxidative stress is a major mediator
in the development and progression of diabetic complica-
tions, due to the elevation of pro-oxidants production dur-
ing diabetes, which oxidatively damage biological
molecules, cells, tissues and organs, thus leading to diabetic
complications.!”’

Despite numerous synthetic and commercial antidiabetic
drugs, most of them are not affordable to a large portion of
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the diabetic population and some of them pose short- and
long-term side effects.!®) Thus, the search for more effective
and safer hypoglycaemic agents remains an important area
of research.

Advances in antidiabetic drug discovery suggest that
mineral supplements may be promising targets for the
development of potent antidiabetic agents.”®! This is
because they function as essential coenzymes and cofactors
for metabolic processes that maintain normal glucose, lipid
and protein metabolism, while pharmacological studies
have given credence to their modulatory effects on glucose
and lipid metabolism in diabetes, obesity and related meta-
bolic diseases.!” Particularly, Zn(II) has been reported to
show relatively high insulin-mimetic properties with less
toxicity compared with other metal elements.!'®'") Zn(II)
stimulates both lipogenesis and glucose transport in adipo-
cytes.">"] In human and mouse skeletal muscle cells, Zn
(II) modulated insulin signalling, which resulted in
enhanced glucose oxidation and glycaemic control"* and
thus could be a potential target for the development of a
therapeutic agent for diabetes.

On the other hand, plant-derived phenolic acids have
been reported to be partly responsible for the antidiabetic
and antioxidative properties of many plants.!"> Gallic acid
is a well-known natural antioxidant present in plants. It
scavenges reactive oxygen species (ROS), including super-
oxide anions, hydrogen peroxide, hydroxyl radicals and
hypochlorous acid, thus attenuating oxidative stress.!"®’
Additionally, several studies reported in a previous
review!'”! showed that gallic acid decreased hyperglycaemia
and acutely improved insulin sensitivity. It increased
GLUT-4 activity and insulin sensitivity through PPAR-y
and Akt signalling in 3T3-L1 preadipocytes and modulated
glucose homeostasis and insulin sensitivity in db/db mice
and fructose-fed rats.!'®! Also, it exhibited inhibitory activi-
ties on a-glucosidase and a-amylase activities, as well as
Fe’*-induced lipid peroxidation.!"”!  Furthermore, the
effects of gallic acid on several biochemical and histopatho-
logical parameters in streptozotocin-induced diabetic rats
suggested a cardioprotective action of gallic acid, which
may be attributed to its concomitant, antihyperglycemic,
anti-lipid peroxidative and antioxidant effects.’*"!

Furthermore, growing evidence indicate that polyphe-
nols coupled with zinc mineral may help control and pre-
vent diabetes complications, making it a potential adjuvant
for antidiabetic phenolics. In fact, several studies consis-
tently showed that Zn(II) complexes of some plant-derived
flavonoids positively influenced glycaemic control, antioxi-
dant status and lipid profile.”*!*! In spite of the possible
improvement of the antidiabetic efficacy of gallic acid by
complexing Zn(II), the study has not been undertaken,
leaving a scientific gap in this area of research. Therefore,
this study was done to synthesize, characterize and evaluate
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the antidiabetic and antioxidative properties of a novel with
Zn(1I)-gallic acid complex.

Materials and Methods

Synthesis of Zn(ll) complex of gallic acid

Complex was be synthesized from Zn(II) acetate dihydrate
and gallic acid in a 1 : 2 mole ratio, respectively, using a
previous method!?*! with some modifications. Both Zn(II)
acetate dihydrate and gallic acid monohydrate were pur-
chased from Sigma Aldrich (Johannesburg, South Africa).
Briefly, 376.3 mg of gallic acid monohydrate (Mr =
188.13 g/mol) and 219.51 mg Zn(II) acetate dihydrate
(Mr = 219.51 g/mol) were each separately dissolved in
5 ml of methanol. Thereafter, both solutions were gradually
mixed, while stirring. The complex was formed as a white/
milky gelatinous precipitate, which was recovered by filtra-
tion. The precipitate was washed three times with 50%
(v/v) methanol, dried and stored at room temperature in
air-tight glass vials.

FTIR analysis of complex

The FT-IR spectrometer (Perkin Elmer Spectrum 100 FTIR
Spectrometer, Waltham, MA, USA) was used to analyse the
infrared spectrum of the complex using an ART accessory.
Analysis was done at a scan rate of 40 per second in the
range of 4000-380 cm™. The crystal of the sample holder
of the equipment was loaded with about 1 mg of sample to
cover it. The arm of the instrument was then lowered, and
the sample was scanned to obtain the IR spectrum.

Proton NMR ("H NMR) analysis of complex

A 600 MHz Bruker Avance  spectrometer (Bruker Corpo-
ration, Billerica, MA, USA) was used to record the 'H
NMR in DMSO-d¢ (8H = 2.50), with tetramethylsilane as
internal standard. Chemical shifts were expressed as parts
per million (ppm) on the delta (8) scale and coupling con-
stants (J) are accurate to 0.01 Hz.

Cytotoxicity evaluation of complex

The effect of the complex on cell growth or viability was
done on Chang liver cell lines using standard MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide]
assay. Human Chang liver cells (ATCC CCL-13"", Ameri-
can Type Culture Collection, Manassas, VA, USA) were
seeded in 100 pl medium in 96-well plates at a concentra-
tion of 1 X 105 cells/ml and incubated for 24 h humidified
CO2 incubator (NUVE EC 160, Ankara, Turkey) set at 5%
CO,, 95% oxygen and 37°C to allow cells to attach to the
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bottom of the wells. Thereafter, used medium was replaced
with 100 pl of fresh culture medium containing different
concentrations (8.4, 84 and 840 pwm in final assay volume)
of complex and not more than 0.5% DMSO. Controls
included cells exposed to 0.5% DMSO. After the 36 h treat-
ment period, 100 pl (0.5 mg/ml in final volume) of MTT
reagent (Sigma Aldrich) was added to wells, the plate was
swirled gently to mix content and incubation continued for
3 h. Thereafter, wells were aspirated, and cells were washed
with 100 pl of phosphate-buffered saline (PBS). A 100 ul of
MTT de-staining or solubilization solution was added, and
absorbance was measured using a plate reader (Multiskan
Go, Thermo Fischer Scientific, Waltham, MA, USA) at
570 nm wavelength. Media-sample blank was included and
used to normalize the results. The samples were evaluated
in two independent biological repeats, and each sample was
evaluated in triplicate for each biological repeat. The cell
growth/viability inhibition was computed using the follow-
ing formula:

Cellgrowthinhibition (%)

Absorbance of control — Absorbance of test
= x 100
Absorbance of control

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity

A previous method!®® with slight modification was used to
measure the DPPH scavenging activity of the complex. The
assay mixture contained 75 pl different concentrations
(3.75-60 puM in reaction mixture) of the complex, its precur-
sor gallic acid, zinc(II) acetate or standards (ascorbic acid
and Trolox) or their solvents (control) and 37.5 pl of a
0.3 mm DPPH solution in a 96-well plate. The mixture was
incubated in the dark for 30 min, and absorbance was mea-
sured at 517 nm (SpectraMax M2 microplate reader, Molec-
ular Devices, San Jose, CA, USA). Sample blank or sample
solvent was used as the blank. The formula below was used
to calculate the DPPH radical scavenging activity (%):

Scavengingactivity (%)

B Absorbanceof control — Absorbanceof test < 100

Absorbance of control

ABTS [2,2'-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt] radical
scavenging activity

The method reported by Re et al.?”! as modified by Oye-
demi et al.'”®! was used to measure this property of the
complex and its precursor. ABTS radical was generated by
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equally mixing 7 mm ABTS and 2.4 mM potassium
persulphate solutions and incubating the mixed solutions
at room temperature in the dark for 12-16 h. The solution
was then diluted with methanol until an absorbance of
0.706 at 734 nm was attained. The assay was performed as
follows: 50 pl of different concentrations (3.75-60 pM in
reaction mixture) of the complex, its precursor gallic acid,
zinc(II) acetate or standards (ascorbic acid and Trolox) or
their solvents (control) were mixed with 125 pl of the
diluted ABTS solution in a 96-well plate. Absorbance at
734 nm was measured after a 15 min incubation in the
dark. The following formula was used to compute the
ABTS radical scavenging activity (%) of test samples:

Scavengingactivity (%)

_ Absorbanceof control — Absorbance of test

x 100
Absorbance of control

Fe®" reducing antioxidant power

A method slightly modified from a previous method'*®
was used to measure the Fe’* reducing antioxidant power
(FRAP) of complex. First, 25 pl each of complex, its pre-
cursor gallic acid, zinc(II) acetate, Trolox (at 40 pMm in reac-
tion mixture) or ascorbic acid standards (4-80 pm in
reaction mixture), 0.2 M phosphate buffer (pH 6.6) and 1%
potassium ferricyanide were mixed and incubated for
20 min at 50°C. The mixture was acidified with 25 pl of
10% TCA, and then 100 pl of distilled water and 50 pl of
0.1% FeCl; solution were added, successively. Absorbance
was then measured at 700 nm and the FRAP of the com-
plex, its precursor gallic acid, zinc(II) acetate and Trolox
(positive control) was determined from ascorbic acid stan-
dard curve and computed as mmol/mol equivalent of the
standard using the following formula:

FRAP(mmol/mol AAE) = C xSV

where, ‘C’ is the concentration (mmol/ml) extrapolated
from ascorbic acid standard curve; ‘SV’ is the sample vol-
ume (ml), and ‘M’ is the amount (mole) of the sample in
SV (ml) of the sample solution; ‘AAE’ means ‘ascorbic
acid equivalent’.

Glycation inhibition

The protein glycation inhibitory effect of the complex and
its precursor was measured using a previous method?!
with some modifications.*® Briefly 50 pl volume of differ-
ent concentrations (3.75-60 pM in reaction mixture) of the
samples or standard (aminoguanidine) or their solvents
(control) was incubated with 50 pl of glucose (90 mg/ml)
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and 50 pl bovine serum albumin (10 mg/ml) in the dark
for 3 weeks at 37°C using black 96-well plates. Thereafter,
fluorescence was measured at Ex/Em = 360 nm/420 nm,
and the glycation inhibition was computed using the fol-
lowing formula:

Glycation inhibition (%) =

Fluorescence of control — Fluorescence of test

x 100
Fluorescence of control

a-amylase inhibition

The methods reported by Sanni et al.*® was used to mea-
sure the enzyme inhibition. In a 2 ml vial, 75 pl of different
concentrations (5-80 pm) of samples or standard (Acar-
bose) or their solvents (control) was mixed with 75 pl of
3 U/ml porcine pancreatic amylase (Sigma Aldrich) solution
(dissolved in 100 mm phosphate buffer, pH 6.8) and incu-
bated at 37°C for 15 min. Equivalent volume of 1% starch
(dissolved in 100 mm phosphate buffer, pH 6.8) was then
added and incubation continued for 30 min at 37°C. There-
after, 75 pl of dinitrosalicylate (DNS) colour reagent was
added and the mixture was boiled for 10 min. After cooling,
each vial was centrifuged (5 min at 2370 g; Hettich Mikro
200 microcentrifuge, Hettich Lab Technology, Tuttlingen,
Germany) and a 150 pl aliquot of supernatant was trans-
ferred into a 96-well plate and absorbance was then read at
540 nm. The enzyme inhibition (%) of the samples was
computed using the following formula:

Enzymeinhibition (%) =

Absorbance of control — Absorbance of test « 100

Absorbance of control

a-glucosidase inhibition

The a-glucosidase inhibitory potential of the complex was
measured using a previous method'*’ with slight modifica-
tion. To perform this assay, 25 pl of different concentra-
tions (3.75-60 pm in reaction mixture) of samples or
standard (acarbose) or their solvent (control) was mixed
with 50 pl of 2 U/ml a-Glucosidase from rice (Sigma
Aldrich) solution (dissolved in 100 mm phosphate bulffer,
pH 6.8) in a 96-well plate and incubated at 37°C for
10 min. A 25 pl of 5 mm pNPG (dissolved in 100 mm
phosphate buffer, pH 6.8) was then added and the mixture
was further incubated for 20-30 min at 37°C. Thereafter,
100 pl of 100 mm Na,CO; was added to stop the enzyme
reaction and absorbance was measured at 405 nm. The
enzyme inhibition (%) of the samples was computed using
the following formula:

Antidiabetic effect of Zn(ll)-gallic acid complex

Enzymeinhibition (%) =

Absorbance of control — Absorbance of test

x 100
Absorbance of control

Glucose uptake in Muscle cells

Assays were performed using previously reported meth-
0ds®"** with some modifications. L6 myoblast cells from
rat muscle (ATCC CRL-1458'", American Type Culture
Collection, Manassas, VA, USA) were grown in DMEM (low
glucose) supplemented with 10% FCS and sub-cultured by
trypsinization. Cells were seeded at a density of 5000 cells/
well in 96-plate well at volumes of 200 ul/well of growth
medium and incubated in a CO, incubator at 5% CO,, 95%
oxygen and 37°C. When approximately 80% confluent the
medium was replaced with differentiation medium (DMEM
containing 2% horse serum). Cells are incubated for an
additional 5 days to allow enough time for full differentia-
tion. Spent culture medium was removed from differenti-
ated cells and replaced with fresh medium containing
different concentrations (5, 37 and 50 pg/ml in 200 ul/well
volume of medium) of samples or their solvent (control).
Treatment continued for 48 h and thereafter, spent culture
medium was removed and the cells were washed once with
PBS. Immediately, 100 ul of RPMI medium supplemented
with 0.1% BSA and containing 8 mm glucose was added to
wells and incubated for 2 h. Positive control group also con-
tained 1 ug/ml insulin. After 2 h of incubation at 37°C, ali-
quot from each well was used to measure glucose
concentration (uMm) using the Glucose (GO) Assay Kit
(Sigma Aldrich) according to the kit protocol manual. The
effect of the complex on cell viability was, also, measured
using MTT assay. Assay was performed in three replicates of
two biological repeats. Glucose uptake of test was computed
relative to the control using the following formula:

AGC of test — AGC of control »
AGC of test

where ‘AGC’ means change in glucose concentration (i.e.
initial — final glucose concentration in incubation solu-
tions). The ECsy (concentration in um required to cause
50% glucose uptake effect) of the samples was computed
and expressed in um using on the molecular masses of the
samples.

Glucoseuptake (%) = 100.

Molecular docking against GLUT-4 and PKB

The whole bioinformatics work was carried out in the
Linux-Ubuntu environment. The desired chemical structure
of gallic acid and gallic acid-Zn-gallic acid complex was
designed by ChemDraw Ultra software and save in (.pdb)
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file formats for use in molecular docking study. Due to the
unavailability of the 3D structure of the targeted enzyme
glucose transporter type 4 (GLUT4), a theoretical three-di-
mensional protein structure was modelled. Additionally, the
protein kinase B (PKB) was retrieved from protein data bank
with ID_106L but again remodelled for make up the slitting
and gaps in retrieved 3D protein structure. The SWISS-
MODEL tool was used for the modelling and remodelling of
both target enzymes and check the quality, consistency and
stability of the generated GLUT4 protein structure through
the well-recognized Ramachandran plot before docking
study.®*>** The AutoDock 4.0 software (Scripps Research
Institute, San Diego, CA, USA) for a molecular docking
study and molecular interaction visualization BIOVIA-DSV
was used in the present study.**!

Statistical analysis and potency ratios

Data were analysed using Microsoft (2016) Excel or GraphPad
Prism 5 (Windows version, GarphPad Softwre, San Diego,
CA, USA) and presented as mean + standard deviation of
replicates. Statistical analysis was done using the IBM SPSS for
Windows, version 23.0 (IBM Corp, Armonk, NY, USA) by the
Tukey’s multiple range post hoc tests (multiple comparison)
using the one-way analysis of variance (ANOVA) for compar-
ing the means multiple samples and significant difference
between comparisons was set at P < 0.05.

To ascertain the extent to which Zn(II) influenced the
properties of its ligands or the efficacy of the synthesized
Zn(II) complex, the antidiabetic and antioxidative potency
ratio (y) of the complex relative to the different controls
(the precursor phenolic acid (PA), zinc(II) acetate (ZA)
and standards: acarbose (AC), ascorbic acid (AA), Trolox
(TR), aminoguanidine (AG) and insulin (IN)) was com-
puted as follows:

_ Activity of complex(%)
~ Activity of contol(%)

. (ICsoof complex) -l or (ECsoof complex) -1

1Cspof control ECsgof control

where, IC5, is the concentration required to cause 50%
inhibition of the activities of carbohydrate digesting
enzymes or 50% radical scavenging activity, while ECs is
the concentration required to cause 50% glucose uptake
increase in L6-myotubes, which were calculated using
Microsoft (2016) Excel or GraphPad Prism 5.

Results

The appearance if the synthesized complex was a white
gelatinous precipitate, which turned slightly dark upon
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drying and is slightly soluble in DMSO. The IR spec-
troscopy interpretation was adopted from previous stud-
ies.*>37) The phenolic -O-H stretching vibration peaks
(broad) involved in intramolecular hydrogen bonding were
observed in the FTIR absorption spectrum of gallic acid
and complex in the range of 3200-3400 cm™" (Figure 2)
due to the presence of phenolic -OH group in gallic acid
and its complex (Figure 1). This is further confirmed by
the weak to medium phenolic -OH bend observed in gallic
acid (1378 and 1306 cm™') and its complex (1374, 1336
and 1307 cm™}) (Figure 2). However, the carboxylic -O-H
stretch observed in the IR absorption spectrum of gallic
acid in the range of 32632656 cm™' (Figure 2a) was
diminished in that of its complex (Figure 2b) suggesting
that the carboxylic group of the phenolic acid was involved
in Zn(II)-gallic acid complexation (Figure 1b). Addition-
ally, the carboxylic -OH bend observed in the IR absorption
spectrum of gallic acid as weak to medium peaks in the
range of 1489-1378 cm™" (Figure 2a) disappeared in the IR
absorption spectrum of its complex (Figure 2b), which fur-
ther supports the involvement of gallic acid’s carboxylic
group in complexation (Figure 1b). The peaks at
1694 cm™" (Figure 2a) and 1693 cm™" (Figure 2b) indicate
carboxylic acid -C = O stretching, while the peaks at 1240
and 1200 cm ™ (Figure 2a), as well as 1236 and 1203 cm™!
(Figure 2b) indicates sp2 -C-O stretch of the carboxylic
group of both gallic acid and its complex.

The "H-NMR spectrum of Gallic acid-zinc acetate com-
plex represents a singlet peak at & 6.91 characteristic of
H-2/6 of the aromatic ring. Observation of H-2 and H-6 in
same O value (Figure 3 and Table 1) indicated the complex
occurred by carboxylic group and not the phenolic group,
which is supposed to give different environment of the two
protons H-2 and H-6. Also, disappearance of the peak of
the carboxylic group at 8 12.2 and the observation of the
peak of the hydroxyl group at 8 9.16 (Figure 3 and Table 1)
further indicates that the coordination/complexation
occurred by carboxylic group. The singlet peak correspond-
ing to the two methyl groups of the zinc acetate at 5 1.90
and the value of the integral may be affected by base line of
the NMR. Based on the "H-NMR data, it was proposed that
2 molecules of gallic acid complexed with Zn(II) using a Zn
(O4) coordination mode as shown Figure 1b.

a b o)
(a) fe) (b) X o,
HO Ho o o oo™
% HO
OH HO < 2 e Zn ~ X kd OH
9 4 OH/ e ¥ & s
HO HO o® O
HsC
OH e,
Figure 1 (a) Structure of gallic acid and (b) proposed structure of

gallic acid-zinc acetate complex.
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Figure 3 'H-NMR spectrum of gallic acid-Zinc acetate complex. '"H NMR (600 MHz, DMSO-dg) & 7.45 (d, J = 7.7 Hz, 4H, H-2/6), 7.32 (t,
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Table 1 "H NMR interpretation of gallic acid-zinc acetate complex
Position "H NMR (400 MHz, DMSO-de) &

1 _ _

2 6.91 2H, s
3 - _

4 _ _

5 _

6 6.91 2H, s
-OH 9.16 9.16
CH3COO 1.90 6H, s

Although the a-glucosidase inhibitory activity of Zn(II)-
gallic acid complex (IC5y = 21.5 pum) was not as potent as
acarbose (ICsp = 9.08 um; ¥ = 0.45c), Zn(II) complexa-
tion with gallic acid increased the enzyme dose-dependent
inhibitory activity of gallic acid (ICso = 58.5 um) by 2.7
folds (¥ = 2.7p,) (Figure 4a and Table 2). The a-amylase
inhibitory activity of the complex (ICs, = 48.7 pm) did not
markedly differ (¥ = 0.9p,) from its gallic acid precursor
(ICso = 45.2 um), while both of them were less potent than

acarbose (ICs5p = 6.36 um) by 7.7 (¥ = 0.135¢) and 7.1 (¥
= 0.14,5¢) folds, respectively (Figure 4b and Table 2). On
the other hand, gallic acid, its Zn(II) complex and zinc
acetate did not show dose response inhibition of in vitro
BSA glycation compared with aminoguanidine (ICs, =
6.49 uMm) (Figure 4c and Table 2).

The DPPH radical scavenging ability of the complex
(ICs5p = 8.79 um) was significantly (P < 0.05) more active
(¥ = 5.5p) than its gallic acid precursor (ICsy = 48.2 um)
but did not differ significantly compared with ascorbic acid
(ICso = 9.98 um) and Trolox (ICsy = 6.20 uMm) (Figure 5a
and Table 2). For ABTS radical scavenging activity, the Zn
(II)-gallic acid complex (ICsy = 3.51 pum) outperformed
gallic acid (IC5p = 12.7 uv; ¥ = 3.6p,), ascorbic acid
(ICso = 47.1 uv; ¥ = 1344, P ©0.05), and Trolox
(ICs0 = 153 um; ¥ = 43.67g; P © 0.05), while zinc acetate
showed no radical scavenging activity (Figure 5b and
Table 2). The Fe’* reducing ability of the complex
(1738 mmol/mol  AAE) and its gallic precursor
(1646 mmol/mol AAE) did not differ significantly from
each other, but both showed significantly (P < 0.05)
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Table 2 Summary table of the bioactivities of phenolic acid and complex (ICso and ECso)

Gallic acid — Zn(ll) Zn
Parameters or activity complex Gallic acid () Ascorbic acid  Trolox Acarbose  Aminoguanidine Insulin
ICs0 or ECsq values (um)
ABTS radical scavenging 3.51 £ 1.64° 127 £439° ND 47.1 £447° 153 +£32.8 ND ND ND
activity (ICsp)
DPPH radical scavenging 8.79 + 0.74° 482 +£543% ND 998 +204° 6204 34° ND ND ND
aCtiVity (|C50)
Antiglycation activity (ICs) ND ND ND  ND ND ND 6.49 + 0.92¢ ND
a-amylase inhibition (ICsp) 48.7 £ 7.10° 452 4+ 10.2° ND ND ND 6.36 + ND ND
1.08°
a-glucosidase inhibition 21.5 58.5 39.8 ND ND 9.08 ND ND
(ICs0)
L6-myotubes glucose uptake  9.17 >10 000 208 ND ND ND ND ND
(ECs0)
ND, not determined.
© 2020 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 72 (2020), pp. 1412-1426 1419
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stronger activities than Trolox (716 mmol/mol AAE) (Fig-
ure 5¢).

Gallic acid dose-dependently but sparingly increased glu-
cose uptake/utilization in differentiated L6 myotubes
(ECsp = 3467 ug/ml or >10 000 pum) with 30% increase at
the highest tested concentration (Figure 6a and Table 1).
Both the complex (ECsp = 4.79 pg/ml = 9.17 uv; ¥
> 200ps) and Zn(II) (ECsy = 45.7 ug/ml = 208 puv; ¥
= 24p,) showed higher glucose uptake activity than gallic
acid, while the activity of the complex was 22.7 folds that of
Zn(Il) acetate (¥ = 22.7,,). However, both the complex
(71% glucose uptake increase; ¥ = 0.61y) and Zn(II) acet-
ate (63% glucose uptake increase; ¥ = 0.51y) were not as
potent (P ©0.05) as a 1 pum insulin (133% glucose uptake
increase) at the highest tested concentration (Figure 6a).

1420

The synthesized complex did not cause noticeable cytotoxi-
city in Chang liver cells and L6 myotubes at the tested con-
centrations (Figure 6¢).

From the Ramachandran plot statistics, 96.43% of amino
acid residues were plotted in favourable regions and only
1.1% residues were in the outer areas (Figure 7a). The
model maintained stability and structural consistency for
use in docking study (Figure 7a). The molecular docking
study showed that the complex in the presence of two func-
tionally active acetate moieties had higher docking scores
than gallic acid (Table 3; Figure 7b and 7c). The docking
scores of gallic acid were —4.66 and —4.38 kcal/mol, while
that of the complex were —5.73 and —6.04 kcal/mol against
the molecular targets, PKB and GLUT4, respectively
(Table 3).
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Figure 7 (a) Homology modelling and structural validation with the Ramachandran plot (96.43% residues in favourable and only 1.1 % residues
were in outer regions) of human glucose transporter member 4 (GLUT-4) for docking study (b) Molecular interaction of (i) gallic acid and (i) gallic
acid-zinc acetate complex against the target GLUT4 (c) Molecular interaction of (i) gallic acid and (i) gallic acid-zinc acetate complex against the
target PKB. [Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion

The rich phytochemical profile of plants has been explored
by man for many years in the management of several dis-
eases, including diabetes. Gallic acid is one of the numerous
plants-derived polyphenols with antioxidative and antidia-
betic pharmacological credence.!"™**) On the other hand,
the role of zinc in diabetes has been a subject of consider-
able interest, due to the insulin-mimetic properties
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associated with this mineral.!"" In this study, a novel Zn
(II) complex of gallic acid was synthesized, with aim of
developing an antidiabetic nutraceutical with, potentially,
improved and multi-facet therapeutic action. Data showed
that the synthesized complexed had two gallic acid moiety
joint to Zn(II) by a Zn(O,) coordination and suggested a
structure-activity relationship.

Amongst other outcomes, hyperglycaemia increases ROS
and free radical production, which causes oxidative stress
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and oxidative damage of biomolecules and organs, and
subsequently, diabetic complications.'”! Polyphenols are
known quenchers of free radical, because of their ability to
form stable radical intermediates (phenoxy radical).[*® The
previously reported radical scavenging ability of gallic
acid'® is consistent with its DPPH (ICsq = 48.2 um) and
ABTS (ICso = 12.7 um) radical scavenging and Fe’*

Antidiabetic effect of Zn(ll)-gallic acid complex
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reducing (1646 mmol/mol AAE) activities observed in this
study (Figure 5 and Table 2), which may be attributed to
the phenolic polyhydroxy (-OH) groups present in gallic
acid and its ability to form a phenoxy radical. Interestingly,
the complex showed higher FRAP (1646 mmol/mol AAE)
than gallic acid, while complexation dose-dependently
increased (P < 0.05) the DPPH and ABTS radical

© 2020 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 72 (2020), pp. 1412-1426 1423



Antidiabetic effect of Zn(ll)-gallic acid complex

Table 3 Molecular docking score (Kcal/mol) of gallic acid and the Zn
(I)-gallic acid metal complex against PKB and GLUT4

Selected target enzymes Gallic Zn(ll)-gallic acid metal
(PDB ID) acid complex

PKB (remodel of 106L) —4.66 -5.75

GLUT-4 (homology model) -4.38 -6.04

GLUT4, glucose transporter type 4; PDB, protein data bank; PKB, pro-
tein kinase B.

scavenging ability of gallic acid by 5.5 (¥ = 5.5p4) and 3.6
(¥ = 3.6py) folds, respectively, exhibiting activities that
were comparable to ascorbic acid and Trolox (Figure 5 and
Table 2). Considering that Zn(II) acetate showed very poor
antioxidant properties (Figure 5), the increased antioxidant
property of the complex, relative its gallic acid precursor
may be predominantly attributed to two gallic acid moieties
acquired by the complex during complexation (Figure 1b).

Although not as potent as acarbose, the synthesized com-
plex concomitantly and moderately inhibited carbohydrate
digestive enzymes, a-glucosidase (ICso = 21.5 um) and o-
amylase (IC5o = 48.7 um) (Figures 4a and 4b and Table 2).
These enzymes hydrolyse polysaccharide to release glucose,
which is absorbed and contributes to postprandial gly-
caemia.®” Thus, the inhibition of these enzymes by the
complex suggests its potential as a postprandial glycaemic
control agent. While Zn(II) complexation did not influence
the a-amylase inhibitory effect of gallic acid (¥ = 1p,), pos-
sibly because Zn(II) is a non-inhibitor of a-amylase, it
increased its a-glucosidase inhibitory effect by 2.7 folds (¥
= 2.7ps) (Table 2). This effect of Zn(II) complexation on
a-glucosidase inhibition may be partly attributed to the
innate «-glucosidase inhibitory potential of Zn(II) acetate
(Figure 4a and Table 2), which has been previously docu-
mented."*” Additionally, gallic acid has been reported to
have moderate inhibitory effect on a-glucosidase,**! thus
the 2 gallic acid moieties acquired by the complex during
complexation (Figure 1b) may act synergistically with Zn
(II) to improve the activity of the complex relative to gallic
acid (¥ = 2.7p,) and Zn(II) acetate (¥ = 1.944).

On the other hand, neither the complex, gallic nor Zn
(IT)acetate inhibited BSA glycation (Figure 4c and Table 2),
suggesting that although the complex may modulate post-
prandial glycaemic control, it may not impede hypergly-
caemia-induced glycation of biomolecules and formation
of advanced glycation end-products.!*!) Nevertheless, the
excellent antioxidant and radical scavenging properties of
the complex may be useful in ameliorating glycation-in-
duced oxidative damage and diabetic complications.*"!

Amongst other mechanisms, insulin maintains glucose
homeostasis by signalling the uptake and utilization of cir-
culating glucose in cells of peripheral tissues, such as mus-
cle cells and adipocytes.! In type 2 diabetic condition,

Denice M. Motloung et al.

these cells become non-responsive to insulin signalling,
thus aggravating hyperglycaemia."’ Insulin sensitizers like
the thiazolidinediones are known antidiabetic drugs that
improve insulin insensitivity in target tissues. Although gal-
lic acid has been previously reported to induce GLUT-4
translocation and glucose uptake in adipocytes,'®! it only
exerted mild dose-dependent glucose uptake in L6 myo-
tubes by increasing glucose uptake by 30% at the highest
tested concentration (Figure 6a and Table 2). On the other
hand, the modulatory effects of Zn(II) on glucose uptake
and related signalling factors have been well documented.
Zn(II) stimulates the cyclic adenosine monophosphate
(cAMP)-specific phosphodiesterase (PDE) activity, an
enzyme that inactivates cAMP, and thus, downregulates
cAMP-mediated lipolytic and glycogenolytic  sig-
nalling.!"®*>*) In human and mouse skeletal muscle cells,
Zn(Il) modulated insulin signalling, which resulted in
enhanced glucose oxidation and glycaemic control.!'*!
These reports are consistent with the observed dose-depen-
dent modulatory effect (ECsq = 208 um) of Zn(II) acetate
on glucose uptake in L6 myotubes, which further signifi-
cantly (P © 0.05) increased the activity of gallic acid by sev-
eral  folds (ECs0 = 9.17 uv; ¥ > 100p,) upon
complexation (Figure 6a and Table 2). The glucose activity
of the complex outperformed (¥ > 22.774) that of Zn(II)
acetate, suggesting that the two gallic acid moieties
acquired by the complex (Figure 1b) may also influence or
contribute to the improved bioactivity of the complex.
Interestingly, toxicity evaluation showed that the complex
did not cause toxicity in liver cells and myotubes (Figure 6b
and 6¢). Data suggest that the synthesized complex may
control glycaemia without possible toxicity concerns.

Previous studies suggest that the modulatory effect of Zn
(II) or its complex on insulin signalling may be linked to
phosphorylation of adenosine monophosphate-activated
protein kinase and insulin receptor sub-unit; activation of
PKB (Akt) signalling pathway; and increase of GLUT-4
expression and translocation, which will, collectively, pro-
mote glucose uptake in skeletal muscle cells and adipo-
cytes.!"") Molecular docking analysis showed that Zn(II)
complexation resulted in increased interaction with molec-
ular targets (PKB and GLUT-4) of the insulin signalling
(Figure 7b and 7¢), which suggests that Zn(II) and its com-
plex may modulate glucose uptake in L6 myotubes through
the above-mentioned mechanisms.

Conclusion

The complexation between Zn(II) acetate and gallic acid
ligand appeared as a Zn(O,) coordination mode, thus the
complex acquired two gallic acid molecules. This attribute
seemed influential in the ability for complexation to
improve some of the pharmacological properties of gallic
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acid by several folds. Additionally, Zn(II) conferred a
potent insulin-mimetic (glucose uptake) property on gallic
acid resulting in a complex with multimode antioxidant,
enzyme inhibitory and glucose uptake modulatory poten-
tials. This study suggests that the synthesized complex may
be further studied as a safe and multimode acting antioxi-
dant and glycaemic control nutraceutical for T2D and
oxidative complications.
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