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Abstract: A  vanadium  compound,  2,4-dihydroxybenzylidene-N(4)-2-hydroxybenzylidene-S-methyl-
isothiosemicarbazidato-oxidovanadium(IV) (VOL), was investigated for its possible benefits in the treatment
of diabetes-related symptoms. Male Swiss albino rats aged 3 to 3.5 months were used in the study. The
animals  were  randomly  assigned  to  four  groups.  Experimental  diabetes  was  induced  by  a  single
intraperitoneal injection of streptozotocin (STZ) at a dose of 65 mg/kg. The groups were as follows: Group I –
healthy control (no treatment); Group II – healthy control rats administered VOL; Group III – STZ-induced
diabetic rats; Group IV – STZ-induced diabetic rats treated with VOL. After diabetes was induced, VOL was
administered to the rats in Groups II and IV via gavage at a daily dose of 0.2 mM/kg for 12 consecutive
days.  Based on biochemical results,  in  lens and skin tissues,  reduced glutathione levels,  catalase,  and
superoxide dismutase activities were increased, whereas lipid peroxidation and non-enzymatic glycosylated
levels were decreased in VOL-treated diabetic rats. Besides that, enzyme activities in the polyol pathway
decreased in the lens tissues of diabetic animals given VOL. The binding affinities of these two enzymes (AR
and SDH) to VOL were also investigated using molecular docking based on the conformational state. The
results revealed that the use of VOL can be effective in preventing or at least retarding the development of
some diabetic ocular and dermal complications.
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1. INTRODUCTION

Diabetes mellitus (DM), a condition characterized by
high blood sugar levels, is a growing global health
problem,  with  its  prevalence  expected  to  reach
12.2% (783.2 million people) by 2045 (1). It is well
established  today  that  DM  induces  increased
oxidative stress in various tissues, affecting several
metabolic pathways such as glycolytic, hexosamine,
and polyol pathways, and deactivation of the insulin
signaling  pathway,  as  well  as  enhancing  the
formation of advanced glycation end products (AGE)
and activation of protein kinase C (PKC) (2).

Lens  and  skin  are  target  tissues  in  DM  that  are
seriously  affected  by  hyperglycemia.  Ocular
complications  such  as  cataract  formation  are
common  in  both  types  of  diabetes.  High  glucose
levels  in  patients  induce  oxidative  stress,  which
increases protein oxidation and aggregation in lens
cells,  thereby  resulting  in  a  detrimental  effect  on
lens opacity and the development of cataract (3,4).
About  30-70% of  diabetic  patients  encounter  skin
lesions,  fungal  and  bacterial  infections,  and  non-
communicable diseases such as lipid necrosis and
granuloma  annulare  (5-7).  Since  different
biochemical  processes  are  occurring  in  the  skin
tissue  during  the  diabetic  process,  a  precise
molecular etiology for all diabetic dermal conditions
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has not yet been fully clarified (8). However,  it  is
known that  diabetic  skin  may be  one of  the  first
organs to show the first signs of diabetes. In some
cases,  before  diabetes  is  diagnosed,  the  wound-
healing properties of the skin are insufficient, and
high  blood  sugar  levels  cause  the  skin  barrier
function to deteriorate, making the skin dry (xerosis
cutis) and prone to infections (7).

In recent years, numerous studies have focused on
the relationship between ultra-trace elements such
as copper, iron, zinc, vanadium, and selenium and
various diseases, including diabetes (9,10). Among
these,  vanadium and its  various compounds  have
received special  attention as potential  therapeutic
agents  for  various  conditions,  including  cancer,
atherosclerosis,  and  diabetes  (11).  Vanadium
compounds  are generally  divided  into  three main
groups:  inorganic  vanadium  salts  (vanadate  and
vanadyl), peroxovanadium complexes, and organic
vanadium compounds. While vanadium can exist in
more than one oxidation state, under physiological
conditions,  the  pentavalent  form  (VO₃⁻)
predominates  in  extracellular  fluids,  whereas  the
tetravalent  form  (VO²⁺)  is  more  prevalent  inside
cells  (12,13).  If  vanadium  remains  in  the
bloodstream for an extended period, it is distributed
and stored in various tissues (2). Vanadium species
enter  the  cell  through  passive  diffusion,  utilizing
various channels such as phosphate or sulfate, or
membrane  transporters  including  citrate,  lactate,
and  organic  anion  transporters  (11,14).  In  this
context, vanadium uptake into cells in the form of
ligand  complexes  is  increased  (15).  The
hypoglycemic  action  of  vanadium  is  due  to  its
insulin-mimetic  or  insulin-enhancing  feature.  The
biochemistry  of  vanadium  compounds  involves
glucose  uptake,  through  the  inhibition  of  most
phosphatases,  stimulation  of  lipogenesis,  and
inhibition  of  lipolysis  by  modulating  several  key
regulators  of  lipid metabolism, such as enhancing
expression  of  peroxisome  proliferator-activated
receptor  γ  (PPARγ)  and  the  activation  of  AMP-
activated protein kinase (AMPK) (16,17). The insulin-
mimicking effect of vanadium is primarily due to its
inhibitory  action,  particularly  the  nonspecific
inhibition  of  protein  tyrosine  phosphatase  1B
(PTP1B).  These  types  of  phosphatases  are  key
negative  regulators  of  insulin  signaling,  and  the
inhibition of these enzymes may explain why these
compounds  could  potentially  act  as  hypoglycemic
agents (18). Since the anti-hyperglycemic effect of
different vanadium compounds has recently drawn
attention to the impact of vanadium on Alzheimer's
disease,  also  known  as  type  3  diabetes  (19).
Vanadium  compounds  have  been  shown  to
effectively  enhance  glucose  uptake  in  individuals
with  diabetes  mellitus  (DM).  Experimental  studies

suggest  that  vanadium  complexes,  initially
developed as a vanadate analog for DM treatment,
may also play a role in regulating amyloid-beta (Aβ)
plaque  formation  associated  with  Alzheimer’s
disease  (20,21).  Additionally,  considering  the
relationship between DM and COVID-19, and in light
of their broad biological activity, vanadium compo-
unds are considered promising candidates for future
antiviral  therapies  targeting  SARS-CoV-2  infection
(17).

In our study, inspired by the insulin-mimetic effects
of vanadium and its derivatives in various diabetic
models, we aimed to evaluate the therapeutic effect
of the VOL complex we synthesized on DM-induced
damage  to  lens  and  skin  tissues  by  analyzing
various  biochemical  parameters.  Additionally,
applying molecular docking of VOL to the two target
enzymes  in  the  polyol  pathway  helped  us  more
clearly  to  investigate  the  potential  role  of  this
compound in DM.

2. EXPERIMENTAL SECTION 

2.1.  Preparation  of  Starting  Material  and
Complex VOL
The starting material is 2,4-dihydroxybenzaldehyde-
S-methyl-isothiosemicarbazone  to  obtain  the  title
complex.  This  compound  was  prepared  using  the
previously  mentioned  methods  (22-24).  S-methyl-
isothiosemicarbazide  (1  mmol)  was  dissolved  in
ethanol  (50  mL).  2,4-dihydroxybenzaldehyde  (1
mmol) was added to the thiosemicarbazide solution
and  refluxed  for  4  hours.  The  cream-colored
precipitate  was  filtered  and washed  with  ethanol.
The melting point of the product obtained in 88%
yield and the melting point was 180-181ºC.

Complex  VOL,  [2,4-dihydroxybenzylidene-N(4)-2-
hydroxybenzylidene-S-methyl-isothiosemicarbazida-
tooxidovanadium(IV)],  was  synthesized  from  the
reaction  of  the  starting  material,  vanadyl  sulfate,
and  2-hydroxybenzaldehyde  (25).  The  starting
material  (1  mmol)  and  2-hydroxybenzaldehyde  (1
mmol)  were  dissolved  in  50  mL  of  ethanol.  The
mixture  was  added  to  the  VOSO4.5H2O (1  mmol)
solution in 25 mL of ethanol in a balloon flask, and
the homogeneous solution was allowed to stir for 5
hours  at  room temperature.  The  brownish-powder
product  was  filtered,  and  its  structure  was
confirmed by  elemental  analysis  and IR  spectrum
(Figure 1). Yield 61%, m.p. > 380 °C. µeff: 1.64 BM.
Anal. Calc. for C16H13N3O4SV (394.3 g mol-1): Found
(calc.):  C,  48.73 (48.74);  H,  3.28 (3.30);  N,  10.68
(10.66); S, 8.04 (8.09). UV-Vis (λ nm in DMSO): 245,
315,  352,  418,  800,  958.  IR  (ATR,  cm−1):  ν(OH)
3411, ν(C=N) 1605, 1593, 1578, ν(C−O) 1146‐1123,
ν(V=O) 985, ν(V-O) 477-434.

Figure 1: 2,4-dihydroxybenzylidene-N (4)-2-hydroxybenzylidene-S-methyl isothiosemicarbazidato-
oxidovanadium (IV), [VOL].
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2.2.  Experiment  Design  and  Diabetes
Induction
All experimental stages in the study were reviewed
and  approved  by  the  Istanbul  University  Animal
Care  and  Use  Committee.  For  the  experiments,
clinically  healthy  3.0–3.5-month-old  male  Swiss
Albino  rats  were  used.  The  experimental  animals
were  randomly  assigned  to  four  groups  with  the
following  intraperitoneal  (i.p.)  injection  and  oral
administration protocols: (1) Control  (intact) group
(n = 5); (2) Control VOL group, receiving VOL via
gavage at a dose of 0.2 mmol/kg/day for 12 days (n
= 5); (3) STZ-induced diabetic group, made diabetic
through intraperitoneal (i.p.)  injection of  STZ (n =
6); (4) Diabetic group treated with VOL at the same
dose and duration (n = 5). Based on the work of
Melchior et al., 3% w/w gum arabic was used in the
administration of VOL to the animals (25). On the
other hand, induction of experimental diabetes was
performed with a freshly prepared solution of STZ
dissolved  in  a  cold  0.01  M  sodium  citrate–
hydrochloric  acid  buffer  (pH  =  4.5)  and  applied
intraperitoneally  with  a  single  dose  of  65  mg/kg
body  weight  (26).  All  rats  in  the  experimental
groups  developed  DM.  On  the  12th  day  of  the
experiment, the animals were fasted overnight and
euthanized the following day. All collected lens and
skin tissues were immediately frozen and stored at -
76℃ until the day of analysis. Fasting blood glucose
levels  after  18  hours  were  measured  using  the
method  described  by  Relander  and  Raiha  (1963)
(27).  Data on blood sugar and weight parameters
were  previously  discussed  in  our  research  by
Yanardag et al. (2009) (24). A cold saline solution
(0.9% NaCl)  was  employed  to  prepare  10% (w/v)
homogenates  for  both  tissues.  Following
centrifugation (10,000 g, 4°C, 10 min), the resulting
clear supernatant was diluted in appropriate ratios
and utilized for all biochemical analyses.

2.3.  Tissues  Non-Enzymatic  Oxidative  Stress
Parameters and Protein Content
The  reduced  glutathione  (GSH)  content  was
measured  using  the  Beutler’s  method,  employing
the  Ellman  reagent  (1975)  (28).  The  process
measures the SH group reduction capacity,  which
forms a yellow color with Ellman’s reagent to obtain
5,5′-dithiobis  (2-nitrobenzoic  acid).  Measurements
were performed spectrophotometrically at 412 nm,
and  the  results  were  expressed  as  nmol  GSH/mg
protein.

Ledwozyw’s  method  (1986)  was  used  for  lipid
peroxidation  (LPO)  assays  (29).  Briefly,  tissue
homogenates  treated  with  thiobarbituric  acid  are
boiled and extracted with  n-butanol.  The obtained
colored  extracts  are  measured  spectrophoto-
metrically,  and the results are expressed as nmol
MDA/mg protein.

Thiobarbituric acid method was used to determine
lens  and  skin  non-enzymatic  glycosylated  (NEG)
levels (30). Incubating the tissue homogenates with
oxalic  acid  converts  the  glucose  moieties  of
glycosylated  tissue  proteins  to  5-hydroxymethyl
furfural, which is yellow when 2-thiobarbituric acid is
added to the reaction medium. The Lowry method
was  used  to  measure  the  tissue  homogenates'
protein levels,  and the results  were expressed as

nmol fructose/mg protein (31). The activities of the
antioxidant enzymes catalase (CAT) and superoxide
dismutase  (SOD)  in  lens  and  skin  tissue  were
determined using the methods of Aebi (1984) (32)
and Mylroie et al. (1986) (33).

2.4. Lens Tissue Polyol Pathway Enzymes
Hayman and Kinoshita’s (1965) method was used to
determine the activity of lens aldose reductase (AR)
in  the  lens  tissue  (34).  After  adding  phosphate
buffer,  NADPH,  and  lens  supernatant  solutions  at
appropriate rates, the reaction mixture was started
in a sample cuvette by adding DL-glyceraldehyde as
a substrate. The final volume was obtained as 1 mL
with a pH of 6.2. A double-beam spectrophotometer
was used to record absorbance (ΔA) changes at 340
nm for 3 min at 30-second intervals. AR activity was
expressed  as  ΔA/min/g  protein.  The  activity  of
sorbitol dehydrogenase (SDH) was measured using
the  method  described  by  Barretto  and  Beutler
(1975) (35). The reaction mixture was prepared by
adding 1 M Tris  (pH 8.0),  50 mM NAD+,  100 mM
MgCl₂, and diluted lens tissue homogenate. The final
volume was made 1 mL with the addition of distilled
water. After incubating the mixture at 37 °C for 10
minutes, the reaction was initiated by adding a 200
mM  sorbitol  solution.  The  increase  in  absorbance
was recorded at 340 nm for 4 minutes at 60-second
intervals, and enzyme activity was expressed as U/g
protein.

2.5. Analysis of the Results 
The  unpaired  t-test  and  analysis  of  variance
(ANOVA)  were  used  to  analyze  the  biochemical
results,  which  were  calculated  using  the  NCSS
statistical  software  package.  Results  were
expressed as mean ± SD, with p < 0.05 considered
statistically significant.

2.6. Computational Studies
Theoretical  calculations  for  the  investigated  VOL
were  performed  using  the  Gaussian  09  program
package,  applying  the  density  functional  theory
(DFT) method with the hybrid B3LYP functional and
the LANL2DZ basis set (36). For this purpose, the
three-dimensional structure of the VOL complex was
first  drawn using the Avagadro program and then
saved in mol2 format. Next, the DFT-based B3LYP
method with the standard LANL2DZ basis set was
employed to optimize the geometry of the VOL fully.
The representations and contributions of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied  molecular  orbital  (LUMO)  were  also
calculated.  The  orbital  density  distributions  of
HOMO  and  LUMO,  as  well  as  the  molecular
electrostatic  potential  (MEP),  were  visualized  and
plotted using GaussView 5.0.

2.7. Computational Studies
A molecular docking process was performed for AR
and SDH, which are target enzymes in diabetes and
lens  tissue.  Two  steps  were  made  for  this
preparation:  i)  preparation  of  proteins  and  ii)
preparation  of  ligands.  In  the  preparation  of
proteins,  the  three-dimensional  structures  of  AR
(PDB  ID:  1IEI)  and  SDH  (PDB  ID:  1PL6)  were
downloaded from the Protein Data Bank site as PDB
files. Molecules other than water and amino acids
were  deleted,  polar  hydrogens  were  added  and
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saved in PDB format to make docking ready (37,38).
The structure of the VOL was optimized based on
the B3LYP/LANL2D theory  using Gaussian 09,  and
the most stable structure was chosen for  docking
calculations.  In  order  to  understand the inhibitory
effect of Complex VOL on target proteins, inhibitor
molecules  found  in  AR  and  SDH  structures
(Zenarestat  -  PubChem  CID:  5724  and  4-[2-
(hydroxymethyl)pyrimidin-4-yl]-N,  N-dimethyl
piperazine-1-sulfonamide -  PubChem CID:  132302,
respectively) were re-docked, and it was aimed to
compare  VOL  with  standard  molecules.  For  this
purpose, standard molecules downloaded from the
PubChem  site  were  re-docked  by  energy
minimization using Universal Force Field (UFF) (39).
After  preparation of  proteins and ligands,  docking
for target proteins was performed using the AMDock
program with Autodock 4.2 (40). For AR, X: -6.8, Y: -
1.4, Z: 9.3, and for SDH, X: -94.3, Y: 38.3, Z: 33.9, a
grid  box  was  determined,  and  the  grid  size  was
entered as 25x25x25—the 3D and 2D interaction of
ligands  and  protein  was  monitored  by  using
Dassault Systèmes Discovery Studio, 2021.

2.8. The Root Mean Square Fluctuation (RMSF)
Analysis
Following  the  identification  of  the  protein-ligand
interaction,  the  stability  of  the  protein-ligand
complex was assessed in this work using the CABS-
fex  2.0  server  and  displayed  using  RMSF
(http://biocomp.chem.uw.edu.pl/CABSflex2/index)
(41,42).

3. RESULTS AND DISCUSSION

3.1. Synthesis, UV-Vis, and IR spectroscopy
Complex  VOL  was  obtained  from  the
thiosemicarbazone  and  aldehyde  by  the  template
effect  of  oxovanadium (II)  ion.  We monitored  the
formation  of  the  complex  with  IR  spectrum.  The
disappearance of bands attributed to the 2-OH and
NH2 groups  observed in the starting material  and
the emergence of bands related to the V=O and V-O
vibrations were evidences of  the formation of  the
structure  of  VOL  (25).  The  imine  groups  of  the
starting material were observed at 1608 and 1585
cm-1, and the hydroxyl group at 3495 cm-1. Infrared
spectrum of VOL showed bands at 1605, 1593, 1578
cm-1 attributed to C=N1 and N4=C bands, and in the
spectrum of VOL, the stretching and bending bands
at  3445,  3337,  and  1624  cm-1 of  amine  group

disappeared while new bands at 985, 477-434 cm-1

assigned to  V=O and V-O groups  were observed.
The UV-Vis spectrum of the VOL complex showed
the charge transfer bands at 245, 315, and 352 nm
assigned to π→π* and n→ π*, d-d bands at 418, 800,
and 958 nm (25).

The  structure and purity  of  VOL  were  verified by
elemental  analysis  and  thin-layer  chromatography
(TLC) for the biological tests. The stability of VOL in
the  gum  Arabic  solution  (the  biological  medium
used  in  this  study)  and in  a  polar  solvent  (a  1:1
water-DMSO  mixture)  was  investigated  by
monitoring its UV-Vis spectrum. The absorption and
λmax values remained unchanged over a period of
20 days.

3.2.  VOL Effect on Body Weight and Fasting
Blood Glucose Levels of the Experimental Rats
Fasting  blood  sugar  and  weight  values  of  the
animals  used  in  the  study  were  published  in  our
previous  research  (24).  Here,  the  weight  loss
observed  in  diabetic  rats  was  significantly
prevented by VOL treatment administered on days
1,  6,  and  12.  Similarly,  it  was  found  that  the
increase  in  blood  glucose  levels  caused  by  STZ
administration  was  reduced  through  oral  VOL
treatment (24).

3.3.  VOL  Effect  on  Non-Enzymatic  Oxidative
Stress  Parameters  Content  in  the  Lens  and
Skin Tissues of the Experimental Rats
GSH level in diabetic lens tissues was significantly
reduced (p < 0.001) compared to control rats (Table
1).  Significant differences in skin GSH levels  were
also found among the diabetic and control groups (p
<  0.001)  (Table  2).  VOL  application  to  the
hyperglycemic rats resulted in a mean increase in
the  GSH  level  of  both  lens  and  skin  tissues  in
comparison to STZ-induced animals (p < 0.0001; p
< 0.0001) (Table 1; Table 2).

The LPO levels in the lens and skin tissues of the
diabetic groups were significantly higher than those
of  the  non-treated  control  rats  (p  <  0.05;  p  <
0.0001) (Table 1; Table 2). After vanadyl complex
administration to diabetic animals, tissue LPO levels
significantly  decreased  as  compared  to  untreated
diabetic animals (p < 0.05; p < 0.05) (Table 1; Table
2).
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Table 1: Lens tissue GSH, LPO, and NEG levels for all groups*.

Group GSH (nmol GSH/mg
protein)

LPO (nmol MDA/mg
protein

NEG (nmol
Fructose/mgprotein)

Control 12.0 ± 1.8 0.5 ± 0.2 6.8 ± 0.5
Control + VOL 7.0 ± 1.0 0.6 ± 0.1 8.8 ± 1.4
Diabetic 4.6 ± 0.4a 0.8 ± 0.2c 49.0 ± 3.8e

Diabetic + VOL 8.7 ± 1.1b 0.4 ± 0.2d 30.8 ± 7.4f

PANOVA 0.0001 0.005 0.0001
*Mean ± SD
ap ˂ 0.001 vs control 
bp ˂ 0.0001vs diabetic group 
cp ˂ 0.05 vs control
dp ˂ 0.05 vs diabetic group
ep ˂ 0.0001 vs control
fp ˂ 0.001 vs diabetic group

Table 2: Skin tissue GSH, LPO, and NEG levels for all groups*.

Group GSH (nmol
GSH/mg protein)

LPO (nmol MDA/mg
protein)

NEG (nmol
Fructose/ mg protein)

Control 19.5 ± 1.1 1.4 ± 0.6 19.2 ± 2.3
Control + VOL 47.1 ± 7.8 1.6 ± 0.1 24.6 ± 2.0
Diabetic 12.2 ± 2.5a 2.1 ± 0.1a 35.5 ± 3.7d

Diabetic + VOL 34.4 ± 1.7b 1.5 ± 0.2c 21.7 ± 3.4e

PANOVA 0.0001 0.076 0.0001
*Mean ± SD
ap ˂ 0.05 versus control
bp ˂ 0.0001 versus diabetic group
cp ˂ 0.05 versus diabetic group
dp ˂ 0.0001 versus control
ep ˂ 0.001 versus  diabetic group

A  significant  increase  in  the  NEG  levels  was
observed  in  both  tissues  of  diabetic  rats  in
comparison of control group animals (p < 0.0001; p
< 0.0001), whereas in the diabetic group given VOL,
this  parameter  in  the  same  tissues  declined
significantly in comparison to hyperglycemic group,
respectively (p < 0.001; p < 0.001) (Table 1; Table
2).

3.4. VOL Effects on Enzymatic Oxidative Stress
Parameters  in  the  Lens  and Skin  Tissues  of
Experimental Rats
The activities of CAT in the diabetic lens and skin
tissues  are lower  than those of  non-diabetic  rats;

the  differences  were  statistically  significant  (p  ˂
0.001;  p  ˂ 0.0001)  (Table  3;  Table  4).  After  VOL
treatment in diabetic rats, catalase (CAT) activity in
both  tissues  showed  a  statistically  significant
increase compared to untreated diabetic animals (p
˂ 0.005; p ˂ 0.0001) (Table 3; Table 4). On the other
hand, lens and skin SOD activities were significantly
reduced in the diabetic group compared to the non-
treated animals (p < 0.05; p < 0.05) (Table 3; Table
4).  Treatment  with  VOL  for  12  days  caused  an
elevation of the SOD activities in diabetic lens and
skin tissues (p < 0.05; p < 0.05) (Table 3; Table 4).

Table 3: Lens tissue CAT and SOD activities for all groups *.
Group CAT (U/mg protein) SOD (U/mg protein)
Control 101.3 ± 3.8 1.6 ± 0.1
Control + VOL 106.3 ± 7.8 0.7 ± 0.3
Diabetic 85.8 ± 3.6a 1.4 ± 0.1c

Diabetic + VOL 93.7 ± 3.1b 2.3 ± 0.1d

PANOVA 0.0001 0.001
*Mean ± SD
ap ˂ 0.001 versus control
bp ˂ 0.005 versus diabetic group
cp ˂ 0.05 versus control
dp ˂ 0.05 versus  diabetic group
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Table 4: Skin tissue CAT and SOD activities for all groups*.

Group CAT (U/mg protein) SOD (U/mg protein)
Control 2.3 ± 0.5 5.1 ± 0.8
Control + VOL 0.8 ± 0.1 5.9 ± 0.4
Diabetic 0.5 ± 0.1a 3.4 ± 0.1c

Diabetic + VOL 0.8 ± 0.1b 4.6 ± 0.5d

PANOVA 0.0001 0.006
*Mean ± SD
ap ˂ 0.0001 versus control
bp ˂ 0.0001 versus diabetic group
cp ˂ 0.05 versus control group
dp ˂ 0.05 versus diabetic group

3.5. VOL Effect on Polyol Pathway Enzymes in
the Lens Tissue of the Experimental Rats
There was a significant increase in the activities of
the enzymes AR and SDH in the lens tissue of the
diabetic  rats  in  comparison  with  the  control  non-

treated rats (p < 0.0001; p < 0.002). In the diabetic
animals  given  VOL,  the  polyol  pathway  enzyme
activities were significantly restored in comparison
with the diabetic group without any treatment (p <
0.0001; p < 0.003) (Table 5).

Table 5: Lens tissue AR and SDH activities for all groups*.
Group AR (U/g protein) SDH (U/g protein)
Control 2.9 ± 0.5 0.7 ± 0.1
Control + VOL 4.3 ± 0.7 1.3 ± 0.6
Diabetic 8.1 ± 1.4a 14.1 ± 0.9c

Diabetic + VOL 2.3 ± 0.8b 1.6 ± 0.1d

PANOVA 0.0001 0.020
*Mean ± SD
ap ˂ 0.0001 versus control
bp ˂ 0.0001 versus diabetic group
cp ˂ 0.002 versus control
dp ˂ 0.003 versus diabetic group

3.6. Computational Studies
A small  Eg (Eg = ELUMO -  EHOMO)  value reflects  the
reactivity of the complexes, which leads to softness.
In contrast, a wide energy gap between HOMO and
LUMO  complicates  electron  transfer,  resulting  in
hard compounds (43). The HOMO and LUMO values
calculated for VOL were found to be -0.15045 and -
0.10921  eV,  respectively,  and  the  Eg  value  was
calculated as 0.04124 eV (Figure 2A). The molecular

electrostatic  potential  (MEP)  contributes  to
understanding  molecular  reactivity,  charge
distribution,  and the locations  of  electrophilic  and
nucleophilic assaults in the molecule (44). The red
hue represents the largest negative area chosen for
electrophilic  attack,  whereas  the  blue  color
represents  the  positive  region  preferred  for
nucleophilic reaction for the VOL (Figure 2B).

Figure 2: A) HOMO-LUMO representation and B) molecular electrostatic potential (MEP) analysis of the
VOL.
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3.7. Molecular Docking Studies
In  the  in-vivo studies,  molecular  docking  was
applied  to  understand  whether  VOL  has  potential
inhibitory  properties  for  AR  and  SDH,  parameters
whose  activities  decrease  when  VOL  treatment  is
used, and the binding scores of each target protein

are given in Table 6. It was found that the standard
molecule  Zenarestat  (-10.17  kcal/mol)  and  VOL (-
10.04 kcal/mol) had close binding affinities for AR,
while for SDH, it was found to have higher binding
affinities  than  the  standard  molecule  (-6.18
kcal/mol) (-7.54 kcal/mol).

Table 6: Molecular docking results of the VOL and standards to the target proteins (AR and SDH).
AR SDH

Compounds Docking Scores
(kcal/mol)

Estimated Ki
(nM)

Docking Scores
(kcal/mol)

Estimated Ki
(nM)

VOL -10.04 43.72 -7.54 2.97
Zenarestat -10.17 35.10 - -

4-[2-
(hydroxymethyl)pyri
midin-4-yl]-N,N-
dimethylpiperazine-
1-sulfonamide

- - -6.18 29.51

The  3D  and  2D  protein-ligand  interactions  of  the
interactions  of  target  proteins  with  VOL  and
standard molecules are presented in Figure 3. For
AR, VAL47, TYR48, TRP111, and CYS298, residues
are seen to be molecules that interact in common
for both VOL and the standard molecules. However,
differences  in  the  interaction  with  VOL  and  the
standard  molecule  were detected for  TRP111 and
CYS298  residues.  While  hydrogen  bonds  were
observed between these residues and the standard
molecule,  these  interactions  were  found  to  be
hydrophobic  interactions  for  VOL.  When  detailed

protein-ligand interactions were examined for SDH,
it  was  seen  that  the  interactions  were  different
except for ILE183 and ARG298 residues. While VOL
had  hydrophobic  interactions  for  ILE183  and
ARG298 residues,  it  was  found  that  the  standard
molecule  formed  hydrophobic  bonds  with  ILE183
and  hydrogen  bonds  with  ARG298.  It  can  be
suggested  that  these  hydrophobic  interactions  of
VOL may have affected the stability of the protein-
ligand  complexes  and  resulted  in  better  docking
results.

Figure 3: The 3D and 2D protein-ligand interactions with the target proteins. A) AR-VOL, B) AR-standard, C)
SDH-VOL, D) SDH-standard complexes, respectively.

3.8. The Root Mean Square Fluctuation (RMSF)
Analysis
RMSF,  in  terms  of  protein-ligand  interactions,
represents  the  average  deviation  or  volatility  of
individual  atoms  in  a  molecule  from  their  mean
location over time.

RMSF  is  frequently  employed  in  protein-ligand
interactions to investigate the flexibility or dynamic

behavior of a protein and its ligand complex during
molecular  dynamics  simulations.  RMSF  offers
information  on  whether  parts  of  the  protein  or
ligand  are  more  flexible  or  stiff  during  the
simulation. High RMSF values imply more flexibility,
whilst  low  values  indicate  higher  stiffness.  This
allows for a better understanding of the interactions
between ligands and proteins (45).
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The  RMSF  analysis  graph  and  multimodal
superimposed simulated structure of AR and ligand
complexes are shown in Figure 4. It was observed
that VOL increased the RMSF values in some regions

and decreased them in other areas. When the RMSF
averages were taken for AR, AR-VOL, and AR-STD, it
was  determined  that  they  were  0.793±0.554,
0.841±0.656, and 0.838±0.573 Å, respectively.

Figure 4: (A) The RMSF analysis of the protein-ligand complexes for AR and multimodel superimposed
simulated structure of (B) AR, (C) AR-VOL, (D) AR-STD.

Diabetes  mellitus  (DM)  is  a  chronic  metabolic
disorder marked by high blood glucose levels, which
occur due to either  insulin  resistance or  impaired
insulin  secretion.  Failure  of  diabetic  therapy  to
regulate  abnormal  glycemic  control  may  enhance
the  risk  of  macrovascular  and  microvascular
complications, such as diabetic foot, skin tissue, and
retinopathy  (46-48).  Oxidative stress,  occurring  in
the  hyperglycemic  organism,  affects  all  systems
with different mechanisms (49-52).

Studies  have  indicated  that  oxidative  stress  is  a
crucial factor in the development and progression of
diabetes,  contributing  to  pancreatic  beta-cell
dysfunction, insulin resistance, and various diabetic
complications. Therefore, targeting oxidative stress
has  emerged as  a  promising therapeutic  strategy
for managing diabetes and its complications (48).

However,  the  proposed  mechanism  for  vanadium
compounds as an insulin mimic agent is that they
enhance the activity of protein kinases in the insulin
signal  cascade.  Also,  several  studies  showed that
some vanadium compounds protected beta cells by
enhancing phosphorylation of a series of proteins in
STZ-induced diabetic mice (53-58). A notable aspect
during  glucose  regulation  in  the  body  is  the
recovery  of  glycogen synthesis,  increased glucose
uptake,  and  improved  utilization.  This  has  been
observed in studies conducted on type 1 diabetes
models treated with vanadium. It has been reported
that  significant  increases  in  GLUT-4  expression
result  in  improved  insulin  signaling  pathways,
leading to increased muscle and cardiac glycogen
(59). These effects have led to an expansion in the
use of metallotherapeutics today.

In  the  present  study,  besides  the  decreased GSH
level,  we  observed  increased  LPO  and  advanced
glycosylated  end  products  (AGEs)  content  in  the
diabetic  animals’  lens  and  skin  tissues.  The
increased  polyol  pathway  enzyme  activities  and
ROS  production  were  also  observed  in  the  lens
tissue.  The  decrease  in  GSH level  in  the  diabetic
lens and skin tissues increases the susceptibility to
oxidative stress and the detoxification of H2O2 (60).
The  rise  in  MDA  levels  and  NEG  content  in  the
studied  two  tissues  of  hyperglycemic  animals,  as
compared  to  the  control  group,  indicates  both
enhanced  lipid  peroxidation  and  protein  oxidation
(46,61). The elevated production of lipid peroxides
in diabetes compromises the structural integrity of
the lens tissue membrane, resulting in the inhibition
of various membrane-bound enzymes. Additionally,
lipid  peroxidation  is  thought  to  contribute  to  the
dysfunction  of  endothelial  cells,  changes  in
keratinocyte  capillary  permeability,  and
disturbances in fibroblast and collagen metabolism
in skin tissue (62).

NEG is  one of  the  post-translational  modifications
that negatively affect the structure and functions of
proteins by cross-linking and aggregation in DM. In
the  hyperglycemic  state,  NEG  also  activates
abnormal  cellular  signaling  and  transcription
factors, as well as modifies gene expression profiles.
AGEs are metabolic products that accumulate as a
result  of  the  NEG  reaction  (63).  These  effects  of
diabetes have drawn attention towards antioxidants
and special metal-chelating compounds having anti-
glycation  activities,  such  as  the  administration  of
the  VOL  complex,  which  has  cellular  antioxidant
properties.  Besides that,  our findings also support
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previous  research  on  diabetic  lenses  and  skin
tissues (46,47,64-67).

The high production of ROS plays a key role in the
initiation  and  progression  of  diabetic  retinopathy
and  chronic  hyperglycemia.  The  activation  of
secondary  pathways  triggered  by  hyperglycemic
conditions  leads  to  the  formation  of  more  ROS
species, as well as to the reduction of antioxidant
enzymes, thus further increasing damage (68-70).
CAT  and  SOD,  the  main  endogenous  antioxidant
enzymes, are responsible for protecting tissues from
oxidative  damage.  They  convert  superoxide  ions
into hydrogen peroxide and then hydrogen peroxide
to non-toxic peroxide compounds (71). More clearly,
SOD converts the superoxide anion into H2O2 and O2,
while  CAT  detoxifies  H2O2 (72).  The  increased
production of H₂O₂ and O₂⁻, resulting from the auto-
oxidation caused by elevated glucose levels in the
organism  and  the  non-enzymatic  glycation  of
proteins, leads to a decrease in the activities of the
CAT  and  SOD  enzymes  (73,74).  These  enzyme
activities  can  be  partially  inactivated  by  hydroxyl
radicals  and  H2O2, as  reported  previously  by
Hodgson  et  al.  (1975)  and  Pigeolet  et  al.  (1990)
(75,76). The reduced activities of SOD and CAT may
result  from the  increased production  of  H₂O₂ and
O₂⁻,  which  occurs  due  to  the  auto-oxidation  of
excess glucose and the non-enzymatic glycation of
proteins  (77).  We  determined  this  from  the
significant increase in the activities of progression
oxidative  stress  marker  enzymes  in  diabetic  lens
and skin tissues treated with VOL. The ameliorated
antioxidant defense system, in both tissues studied
in our research, has been considered to be via the
antioxidant  capacity  of  oxovanadium  complex.  In
fact,  vanadium  complexes  are  promising
compounds due to their antidiabetic properties, as
well as their antioxidant effect (78-80). Reports by
Pranczk  (2015)  indicate  that  oxovanadium  (IV)
complex with iminodiacetate was found to scavenge
superoxide free radicals (O2

.-) and organic radicals
such  as  ABTS+ and  DPPH+  (81).  We  observed  a
significant increase in the activities of progression
oxidative  stress  marker  enzymes  in  the  lens  and
skin tissues of  diabetic  animals  treated with VOL.
Therefore,  controlling  the  balance  between
oxidants/antioxidant  status  can  be  an  effective
strategy  for  attenuating  the  damage  caused  by
diabetic retinopathy and dermopathy.

The  polyol  pathway  has  a  major  role  in  the
development  of  opacity  in  the diabetic  rat  lenses
(82).  Increased  AR  activity  under  hyperglycemic
conditions  results  in  a  reduction  of  NADPH  rate,
leading  to  a  significant  decrease  in  GSH
concentration.  The  cellular  antioxidant  capacity  is
diminished  by  AR  activity  during  hyperglycemia.
The  concurrent  high  activity  of  the  SDH  enzyme
(excessive  conversion  of  sorbitol  to  fructose)  is
among the causes of oxidative stress in lens tissue.
Since the co-factor NAD+ is reduced to NADH in this
reaction,  NADH  causes  the  formation  of  ROS
species,  which  are  also  considered  as  a  starting
molecule  of  NADH  oxidase  (83).  The  fructose
produced from glucose in this  pathway generates
two  metabolites  (fructose-3-phosphate  and  3-
deoxyglucosone),  which  are  more  powerful  non-
enzymatic glycation agents than glucose. Therefore,
the increased AGE formation is a result of glucose

flux  through  the  polyol  pathway  (1).  The  glucose
flux-induced  polyol  pathway  also  causes  tissue
damage via sorbitol-induced osmotic stress. These
osmotic  changes  also  lead  to  degeneration  of
hydrophobic lens fibers, collapse and liquefaction of
lens  fibers,  and  consequently  lens  opacities  and
formation  of  diabetic  cataracts  (84,85).  In  the
present study, we noted an increase in AR and SDH
activities  in  hyperglycemic  lens  tissues.  The
decreased  activities  of  these  enzymes  were
observed  upon  treatment  with  vanadyl  complex.
This  may  be  due  to  vanadium’s  insulin  mimetic
behavior,  which  provided  a  controlled  normogly-
cemic  state  in  the diabetic  animals,  and also  the
effective  restoration  of  AR  and  SDH  in  the  lens
tissue (55,67).

As  a  result  of  in  vivo  studies  obtained  for  lens
tissue,  it  was  observed  that  AR  and  SDH  target
proteins increased in the diabetes group, and VOL
treatment  reversed  this  increase,  suggesting  that
VOL may be an inhibitor molecule for these target
proteins. Therefore, computer-aided analyses, which
have been included in studies in recent years, were
performed to understand this situation. The binding
affinities of VOL and target proteins were compared
with molecular docking, and high binding affinities
were found for both target proteins. In addition, DFT
analyses made structural analysis possible for VOL.
As a result, it was revealed that VOL is a potential
inhibitor candidate for AR and SDH, which are target
proteins  for  lens  tissue  in  diabetes,  especially  in
understanding the in vivo effects.

4. CONCLUSION

Diabetes is  a  complicated metabolic  disorder that
contributes to the progression of oxidative stress. In
the study, we observed that oxidative stress caused
deterioration of the physiology of the lens and skin
tissues.  Complex  VOL  conspicuously  restored  the
integrity of lens and skin tissues via antioxidant and
antihyperglycemic  properties.  It  improved  the
tissues’ metabolism by reducing oxidative stress in
addition to DM therapy—the study gave promising
results that require further research on DM therapy,
both  in vivo and  in silico. By study, VOL is now an
ingredient  candidate  for  antidiabetic  formulations.
Moreover, it has been seen that the investigation of
such  thiosemicarbazone-based  vanadium  comp-
ounds is an important strategy in the development
of drugs.
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