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ABSTRACT: Diabetes, which is one of the most important health challenges for humankind, is associated with impaired
glucose metabolism. Diabetes mellitus (DM) includes two major types of diabetes, type 1 (T1DM) and type 2 (T2DM). In this
study, in the beginning, interventional and experimental studies were performed on 45 patients with T2DM, and the
modulating effects of vitamin D were evaluated on the biochemical parameters of patients with the restricted diet,
consuming metformin or insulin. With regard to our experimental results, the combination treatment of metformin/ vitamin
D or insulin/ vitamin D can reduce the fasting blood sugar (FBS). A combination of vitamin D with insulin decreases the
insulin resistance and raises the insulin sensitivity in patients with T2DM. The combination treatment of vitamin D and
metformin led to a decrease in the level of mRNA of GLUT4, and also it’s trafficking from the cytosol to the plasma
membrane. At the second phase of the present study, molecular dynamics (MD), molecular docking, MM/PBSA, and
QM/MM were occupied to examine the structural behavior of VDR, in the free or ligand bound state, during 50 ns. The MD
results exhibited that in the presence of metformin, the flexibility of residues comprising helix 12 from vitamin D-bound
VDR was decreased. In addition, metformin decreased the radius of gyration of agonist-bound VDR. In addition, QM/MM
results showed that metformin diminished the binding free energy between VDR and vitamin D. Our computational data
demonstrated that metformin, in the presence of vitamin D, reinforces the interaction between VDR and its co-activator
protein.
KEYWORDS: Diabetes mellitus type 2; metformin; vitamin D; molecular dynamics; vitamin D receptor; QM/MM.

1. INTRODUCTION
One of the most important and well-known chronic metabolic disorders in human is DM. It has been
classified into two types; T1DM or insulin-dependent diabetes mellitus, which is correlated with the destruction
of β-cells of the pancreatic tissue and is characterized with insufficient secretion of insulin, and T2DM that is
identified with the resistance to the secreted insulin. T2DM is responsible for 90% of the overall prevalence of
diabetes [1]. This proportion is up to 8.3% of the adult population with equal percentages in women and men [2]
and is coming with the clinical symptoms like hyperglycemia and hypercholesterolemia [1, 3]. T2DM also
increases the risk of cardiovascular diseases involving renal failure, atherosclerosis, ophthalmia, and
neurotoxicity [1, 4]. Other clinical consequences include acanthosis, nigricans, sexual dysfunction, and frequent
infections. In the uncontrolled and severe T2DM, coma and death also can be occurred among the patients. Just
in 2013, 382 million people were diagnosed with DM [5]. It has been predicted that the population with diabetes
rise to 592 million by 2035. Typically, T2DM is controlled by regular exercise and relevant diet. If the blood
sugar levels are not adequately decreased by the corrected lifestyle, medications will be the obligatory items.
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diabetic drugs and pharmaceutical treatments are considerably far away from being satisfactory in the treatment
of T2DM [1]. With regard to this fact, T2DM still is an untreatable sickness with a high death rate and high poor
life quality [1, 6]. So, the developments of new potent and effective medications and treatments are highly
demanded. It is also critical that new treatments have the lowest side effects and toxicity. Metformin belongs to
the biguanide family and is prescribed as the first choice for the treatment of T2DM. This drug is prescribed to at
least 120 million people worldwide and has an effective and reasonable anti-hyperglycemic property without
causing overt hypoglycemia. Metformin effects on tyrosine kinase activity of insulin plasma membrane
receptors and decreases the resistance of cells to the insulin [7]. Along with this, metformin sharply increases the
plasma levels of glucagon-like peptide-1 [8] and decreases hepatic glucose production [9], mainly by inhibiting
gluconeogenesis [10, 11]. Glucose, as a major source of energy in the body of mammalian cells, is transferred
across the plasma membrane by facilitated diffusion by glucose transporters or GLUT. Up to now, 14 isoforms of
GLUT have been identified in human cells; GLUT1-GLUT12, GLUT14, and HMIT [12]. These receptors are
unique in the view of substrate specificities, kinetic properties, and tissue expression profiles. GLUT4 includes
special sequences in its amine and carboxyl terminus that causes membrane trafficking capability [13]. This
transporter is translocated from cytosol to the plasma membrane in answer to insulin and other stimuli [13, 14].
Studies showed that GLUT4 is not expressed in the lymphocytes of healthy people. Based on prior studies,
vitamin D is a critical substance in the human body and its low level in the blood is attributed to insulin
resistance and diabetes. Mattila et al. clarified the relation between vitamin D and T2DM [15], and then, Palomer
et al. expressed the vitamin D role in glucose tolerance due to its influence on insulin sensitivity [16]. It has been
shown that vitamin D can up-regulate the insulin receptor gene and finally decrease the insulin resistance [17].
Vitamin D applies these impacts via a ligand-activated transcription factor, vitamin D receptor (VDR) [18]. In
spite of the importance of the vitamin D role in the glucose metabolism and homeostasis, just a few studies
investigate the possible properties of its combination with other anti-diabetic drugs on human factors with
T2DM. Also, the mechanism of such effects is completely unknown. So this study was programmed and
conducted into two phases. In the first phase, the modulating effects of vitamin D on T2DM patients who treated
with metformin or insulin were evaluated experimentally. In the second phase, for the first time, by employing
the computational biology and molecular modeling methods, the interaction of vitamin D with the VDR in the
presence or absence of metformin was investigated.
2. RESULTS and DISCUSSION
2.1. Experimental biochemical analysis
This study was conducted in two independent phases. In the first phase, 45 patients with T2DM were
selected for an interventional experiment. The effects of vitamin D3 were evaluated on the biochemical
parameters of three groups: patients with a controlled diet, patients with metformin treatments and finally,
patients with insulin treatments. In the second phase, molecular docking and dynamics were employed to study
the VDR, vitamin D3 and metformin, computationally. Based on our experimental data, vitamin D3
administration has not any significant effect on the FBS level of group I (P<0.05). On the contrary, in group II
and III, vitamin D3 led to a significant decrease in the FBS of patients (P<0.05). Vitamin D can affect on glucose
metabolism and its level by two major mechanisms including direct and indirect effects. The first direct effect is
that this vitamin could stimulate the insulin release by increasing the expression of VDR and 1-alpha
hydroxylase in the pancreatic β-cells [19]. The second direct mechanism is related to the binding of 1,25(OH)2DVDR complex to the vitamin D response element of the insulin receptor gene at the tissue [20, 21]. So, the
expression of the insulin receptor is increased and the insulin responsiveness for glucose transport is elevated. In
the third direct mechanism, it is believed that vitamin D could suppress the release of some inflammatory
cytokines [22]. Based on data shown in Table 1, after vitamin D3 treatment, the level of insulin in group I and II
has remained unchanged. So, the reduction of FBS in group II is independent of insulin secretion. The
concentration of serum calcium in group II is increased from 9.5 to 9.9 mg/dl (P<0.05). It has been demonstrated
that vitamin D engages an indirect role by its effect on the extracellular and intracellular calcium regulation
which is crucial for the intervention of glucose transport in the target tissues [22, 23]. Anyway, the combination
treatment of insulin and vitamin D in group III stimulates the insulin secretion in pancreatic β-cells (Table 1).
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Table 1. Biochemical parameters measurements among three studied groups before and after treatment with
vitamin D3.

Triglyceride
(mg/dL)
Potassium
(µmol/L)
Sodium
(µmol/L)
HDL
(mg/dL)
LDL
(mg/dL)
Cholesterol
(mg/dl)
Calcium
(mg/dL)
Phosphorus
(mg/dL)
Insulin
(µU/mL)
FBS
(mg/dL)
Magnesium
(mg/dL)
HOMA-IR
QUICKI
Vitamin D3
(ng/mL)

Group I
before
after
174.8±36.2
164.6±29.1

0.005*

Group III
before
after
169.8±39.9
139.1±52.2

0.001*

4.3±0.49

4.1±0.32

0.199

4.08±0.33

4.1±0.23

0.195

138.8±2.9

139.4±2.5

0.209

139.1±2.8

139.3±2.28

0.589

0.159

41.4±4.01

41.9±2.9

0.377

39.2±2.9

40.4±3.5

0.018*

96.7±9.6

0.016*

96.1±13.7

89.3±9.3

0.002*

100.3±15.4

92.5±10.7

0.003*

185.6±29.7

171.5±22.4

0.01*

190.3±24.3

174.8±16.3

0.011*

207.5±21.1

184.6±18.5

0.002*

9.9±0.61

10.1±0.62

0.213

9.5±0.61

9.9±0.36

0.02*

9.3±0.54

9.8±0.51

0.002*

3.9±0.27

4.06±0.15

0.015*

4.03±0.38

4.14±0.25

0.112

3.8±0.31

4.03±0.31

0.011*

0.39±0.046

0.31±0.037

0.09

0.28±0.027

0.29±0.023

0.135

0.42±0.034

0.44±0.038

0.001*

102.4±16.9

108.2±11.03

0.08

125.3±24.2

115.3±19.8

0.01*

179.06±37.4

153.8±29.1

0.002*

2.24±0.37

2.3±0.29

0.384

2.05±0.36

2.16±0.29

0.171

1.9±0.28

2.01±0.18

0.068

1.8±0.79
0.62±0.015
26.5±9.4

1.5±0.41
0.66±0.015
51±16.6

0.068
0.239
0.000*

1.6±0.66
0.65±0.16
21.6±6.8

1.5±0.46
0.66±0.014
37.4±7.8

0.637
0.132
0.000*

3.39±1.3
0.53±0.008
21.9±8.3

3.01±1.11
0.55±0.014
33.6±7.4

0.046*
0.021*
0.000*

p-value

Group II

0.276

before
199.6±42.6

after
165.5±25.3

4.1±0.42

0.122

4.2±0.39

140.2±2.9

140.4±1.68

0.67

39.2±4.3

39.9±3.9

100.8±11.5

p-value

p-value

Comparison between before and after treatment using “paired t - test”.
* Significant.

Since vitamin D increases the phosphorus absorption from the intestine [24], the concentration of
phosphorous in group I and III is increased. This elevation was not statistically significant in group II. Upon
Table 1, LDL and cholesterol concentrations of all groups were decreased. Theoretically, vitamin D could affect
of lipid profile via direct and indirect mechanisms [25]. The Indirect mechanism comprises of the influence of
vitamin D on PTH and/or on the calcium balance [25]. In the direct mechanism, it seems that vitamin D block
adipocyte differentiation [26, 27]. Prior studies showed that VDR null mice have lower TG than wild-type. To
justify this matter, it has been recommended that vitamin D affects adipogenesis in a dose-dependent manner. In
the low dose, it has a stimulating effect, whereas in the high dose, it shows an inhibiting effect on adipogenesis.
Based on our results, vitamin D has no effect on TG profile when it treated alone. Some scientists strongly
believe that raising the serum vitamin D levels to at least 80 nmol/L would be beneficial effects on lipid profile
and health [25]. However, a decrease in TG was appeared in group II and III (Table 1). HOMA-IR, a biomarker
of insulin resistance quantification, exhibited a meaningful (P<0.05) reduction in group III (Table 1). Our results
were not in correspondence with the similar experiment done in diabetic rats [1]. Amin et al. showed that the
combination treatment of vitamin D and metformin, in comparison with control, decreases the HOMA-IR in
diabetic rats [1]. After the increase in the glucose level of plasma by exogenous glucose, its level is rapidly
decreased to the normal level. The main mechanism of such reduction is related to insulin-stimulated glucose
transporter (GLUT). One of the most important GLUT is named GLUT4 and is a critical mediator of glucose
elimination from the circulation and a key regulator of whole-body glucose homeostasis. This transporter
belongs to the family of sugar transporter proteins having 12-transmembrane domains [13]. Figure 1 illustrates
the content of GLUT4 on the surface of peripheral lymphocytes. Figure 2 exhibits the expression level of GLUT4
in these cells. As can be seen in these figures, the content of GLUT4 has remained unchanged in group I and III
(P>0.05). The emerging of GLUT4 in the plasma membrane of lymphocytes in group II was significantly
decreased. The presence of GLUT4 in different organs of the body has diverse physiological effects. It has been
shown that transgenic mice expressing high levels of GLUT4 in adipose tissue [28, 29] or in skeletal muscle [30]
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are severely insulin sensitive and glucose tolerant [13]. In a converse manner, the lack of sufficient expression of
GLUT4 in either adipose tissue or skeletal muscle of the animal model brings insulin resistance and an
approximately equivalent incidence of diabetic animals [31, 32]. However, GLUT4 has not been found and
expressed in circulating lymphocytes of healthy people or patients with T1DM [12]. The glucose indirectly
increases the level of GLUT4 in lymphocytes; the elevated level of glucose in the blood causes the release of
insulin from the pancreatic β-cell. Insulin stimulates the trafficking of GLUT4 from the cytosol to the surface of
plasma membrane. Based on Figure 1 and 2, the combination treatment of patients with vitamin D and
metformin decreases the expression level and trafficking of GLUT4 on the circulating lymphocytes. The
reduction in the GLUT4 level in blood cells is directly associated with the healthy condition.

Figure 1. The content of GLUT4 on the surface of peripheral lymphocytes in patients with T2DM. Comparison
between before and after treatment was made using “paired t - test”.

Figure 2. The expression level of GLUT4 in the peripheral lymphocytes in patients with T2DM. Comparison
between before and after treatment was made using “paired t - test”.

2.2. MD simulation on VDR in free and ligand bound state
With the rises of the power of computers, MD simulations of proteins were developed in the early 1980's
and after that, widely employed to study the motions of proteins and other biopolymers. MD studies with the
wide and different approximations have been especially successful in studying the protein folding problem and
the influence of protein motions on catalysis and ligand binding [33]. In the current study, three independent
MD simulations were introduced for free VDR, VDR: vitamin D and VDR: vitamin D: metformin complexes.
After completion of the MD study, for each run, the root mean square deviation (RMSD) of the protein backbone
was computed to check and measurement of protein and simulation stability (Figure 3).
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Figure 3. Temporal RMSD values of free VDR (blue line), VDR: vitamin D (red line) and VDR: vitamin D:
metformin (green line).

With the RMSD analyzes, it could be found that how much the protein has changed or how much the
protein conformations vary during the course of the simulation quantitatively. For free VDR, the RMSD is 2.5 Å
at 10000 ps. After that, it increased up to 3.6 Å at 39910. Then it decreases to 2.6 Å and the system reaches
equilibrium. In VDR: vitamin D complex, the system shows a lower RMSD value than the free VDR and VDR:
vitamin D: metformin systems. The average temporal RMSD of VDR: vitamin D complex is 2.2 Å. In the system
containing VDR, vitamin D, and metformin, the average RMSD is 2.9 Å. The higher RMSD of this system is
associated with a lower rigidity of protein (Figure 3). To analyze the residue flexibility during 50000 ps MD
simulation, the root mean square fluctuation (RMSF) values of three systems were calculated and depicted in
Figure 4.

Figure 4. Temporal RMSF values of free VDR (blue line), VDR: vitamin D (red line) and VDR: vitamin D:
metformin (green line).

Residues 413-419 construct the helix 12 in the VDR. This helix is located in the carboxy terminus of VDR
and forms a ligand binding domain (LBD). It includes a crucial ligand-modulated interface for the interaction
with co-activator proteins [34]. Upon data depicted in Figure 4, in the free VDR, the RMSF values of Leu 415 and
Glu 416 are 3.51 and 3.58 Å, respectively. In the VDR: vitamin D and VDR: vitamin D: metformin complexes, the
RMSD value of Leu 415 is 1.5 and 1.4 Å, respectively. There was the same situation for Glu 416. The RMSF value
of Glu 416 was smaller in both substrates bound VDRs (2 Å for vitamin D-bound VDR and 1.3 Å for vitamin
D/metformin-bound VDR). Alanine scanning and mutation based studies showed that mutation of
amino acid residues Leu 415, Glu 416 and Phe 418 completely abolished activity of the VDR [35, 36]. Our data
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showed that upon agonist binding (vitamin D in our study), the RMSF values of residues Leu 415, Glu 416 and
Phe 418 were decreased. In the presence of metformin, the RMSF values of mentioned residues in vitamin D
bound VDR were lower than two other systems (Figure 4). For the ligand binding into VDR, the suggested
model is called the “folding-door model” [37]. In this model, and upon agonist binding, the folding-door allows
ligands easier access to the LBD and easier construction of the active conformation of helix 12 and activation
function 2 surface (AF-2). In the presence of VDR agonist, through the folding back of helix 12, AF-2 is formed
and subsequently, the agonist-bound VDR is activated [37]. Based on a folding-door model, and after the
entrance of agonist, the helix 11 approaches to helix 12 through interaction between Gly 419 and Tyr 397 [37].
The RMSF of Gly 419 in free VDR, VDR: vitamin D, VDR: vitamin D: metformin complexes are 3.9, 3.7 and 1.3 Å,
respectively (Figure 4). In the free VDR, the RMSF value of Tyr 397 is 2.8 Å, whereas for VDR: vitamin D, VDR:
vitamin D: metformin complex, this value is 1.1 and 1 Å, respectively. The decrease of RMSF values of Gly 419
and Tyr 397 in the presence of metformin can be interpreting with the interacting and approaching these two
amino acids. Figure 5A illustrates that the distance between Gly 419 and Tyr 397 in the VDR: vitamin D complex
is 4.9 Å. In the presence of metformin, this distance was reduced to 3.2 Å (Figure 5B). As mentioned previously,
in the active form of VDR, the helix 12 is interacts with co-activator protein.

Figure 5. The computed distance between Gly 419 and Tyr 397 in the VDR: vitamin D (Figure 5A) and VDR:
vitamin D: metformin complexes (Figure 5B).

The temporal RMSF profile of the co-activator protein is depicted in Figure 6. In comparison with free
VDR, the RMSF values of amino acid residues of the co-activator in the presence of vitamin D/metformin have
been decreased (Figure 6). To understand the level of compaction in the structure of VDR, in the absence and
presence of ligand, the radius of gyration (Rg) is calculated (Figure 7). Since this parameter is explained as the
mass-weighted root mean square distance of a collection of atoms from their common center of mass [37], this
analysis illustrates the dimension of protein. The average Rg of free VDR is 18.6 Å. However, the presences of
vitamin D/metformin in the system, caused a decrease in the R g of VDR (to 18.2 Å) (Figure 7). The increase in
the protein compactness, in the presence of agonist could be associated with re-orientation of helix 11 and 12,
and subsequently interaction of helix 12 with co-activator protein. Figure 8 shows the orientation of helix 12 and
co-activator protein in the absence and presence of metformin in VDR: vitamin D complex. As can be concluded,
in the presence of metformin, helix 12 approaches to the co-activator protein. Our data confirm the folding-door
model upon agonist binding. The interaction mode between metformin and vitamin D bound VDR is
demonstrated in Figure 9. With regard to this figure, one of the metformin molecules is located in the vicinity of
Glu 349 and Ala 350 from VDR. It also interacts with the carboxyl side chain of Asp 353 via two hydrogen
bonds.
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Figure 6. Temporal RMSF profile of co-activator protein in free VDR (blue line), VDR: vitamin D (red line) and
VDR: vitamin D: metformin (green line).

Figure 7. The computed profile of radius of gyration in free VDR (blue line), VDR: vitamin D (red line) and
VDR: vitamin D: metformin (green line) during 50 ns MD simulation.

Figure 8. The computed orientation of helix 12 and co-activator protein in the absence (red cartoon
presentation) and presence of metformin (green cartoon presentation) in VDR: vitamin D complex.
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Figure 9. The computed interaction mode between metformin and vitamin D bound VDR.

2.3. Computation of free energy of binding
For estimation of free binding energy between vitamin D and VDR, the MM/PBSA method was operated.
In comparison with the binding energy derived from the molecular docking packages, this method gives us
reliable binding energy values. This type of calculation was applied on the snapshots which extracted from the
last 10 ns of MD trajectories [38]. The binding free energies (ΔGbind) between VDR and vitamin D in the absence
and presence of metformin are -203.4 and -206 kJ mol-1, respectively (Table 2). Our results exhibited that vitamin
D in both states has approximately same salvation energy and solvent-accessible surface area energy. In the
presence of metformin, the van der Waals energy between VDR and vitamin D is slightly reduced. However,
our data detected that the presence of metformin slightly affects the affinity of VDR to vitamin D.
Table 2. Molecular energy terms calculated between VDR and vitamin D in the absence and presence of
metformin.
Energy (kJ/mol)

In the absence of metformin

In the presence of metformin

ΔEvdw

-239.601±9.352

-252.141±6.809

ΔEelect

-24.378±2.471

-17.634±2.440

ΔEsolv

85.692±2.783

88.035±6.108

ΔESASA

-25.126 ±0.555

-24.262±0.543

ΔGbinding

-203.413±12.035

-206.002±10.021
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2.4. QM/MM Computations on vitamin D in free and VDR bound states
Following the MD simulations, the last frame of the vitamin D-bound VDR was introduced to the
QM/MM calculation. Also, the free form of vitamin D was conducted for DFT calculations. Electronic molecular
features like electron density, frontier molecular orbital density fields, such as LUMO, HOMO, and molecular
electrostatic map, have been shown to be profitable in QSAR studies to explain biological activity and molecular
properties [39, 40]. HOMO/LUMO is very important for charge transfer in the chemical reactions. Molecules
with higher HOMO levels tend to be good nucleophiles. On the contrary, the molecules with low LUMO
energies tend to be good electrophiles [41]. In the free state of vitamin D, the energy gap is 0.175 eV (Table 3).
Table 3. HOMO, LUMO, energy gap and binding energies (kcal/mol) of vitamin D in the binding site of VDR
in the absence and presence of metformin.
Molecule
ID

Vitamin D in
free state
Vitamin D in
the absence
of metformin
Vitamin D in
the presence
of metformin

Vitamin D in free state
HOMO

LUMO

Energy
gap

-0.20196

-0.02698

-

-

Vitamin D in VDR bound state
Eligand

HOMO

LUMO

Energy
gap

0.175

-709483.68

-

-

-

-

-

-

-0.13655

0.03289

0.170

-

-

-

-0.19149

-0.02913

0.162

Ereceptor

Binding
energy

-

-

-

-721568.1

-12108.9

24.39

-721823.9

-12315

-25.24

Ecomplex

The smaller energy gap between the HOMO and their corresponding LUMO indicates the chemical
reactivity of the molecule [40]. With regard to Table 3, after binding vitamin D to the VDR binding site in the
absence of metformin, its energy gap was decreased to 0.170 eV. In the presence of metformin, the energy gap
was decreased to 0.162. So, in the presence of metformin, the reactivity of vitamin D in the binding site of VDR is
increased. Based on a prior QM/MM study conducted on some VDR agonists, compounds with lower HOMO
and LUMO had the higher affinities to bond to VDR [42]. Upon data shown in Table 3, in the presence of
metformin, the HOMO of vitamin D was lower than the HOMO of vitamin D in the absence of metformin.
Furthermore, it has been demonstrated that the lower QM/MM energy is proportional with the higher VDR
agonist activity. The QM/MM energy of vitamin D in the bound state, and in the presence and absence of
metformin is -721823.9 and -721568.1 kcal/mol, respectively. The free binding energy of vitamin D in the
absence of metformin is 24.39 kcal/mol, whereas, in the presence of metformin, this energy is -25.24 kcal/mol.
Thus, the vitamin D: VDR complex in the presence of metformin is more stable than the vitamin D: VDR system
that lacks metformin (Table 3). The frontier orbitals of vitamin D in free and bound states, in the absence and
presence of metformin, are depicted in Figure 10A and 10B. In these Figures, the positive electron density is
shown in red color and negative electron density is presented in blue. The HOMO and LUMO are concentrated
on the 1,3-butadiene and 4-methylenecyclohexanol moieties of vitamin D. In the presence of metformin, HOMO
of ethylene group of vitamin D has higher size (Figure 10A) and shows a lower intensity in the computed
vibrational spectrum (Figure 11). The intensity of the vibrational spectrum of ethylene moiety of vitamin D in
the presence and absence of metformin is 12.67 and 20.75, respectively (frequency of 3249 cm −1) (Figure 11).
Based on Figure 11, in the system containing VDR and vitamin D, the vibrational intensity of the hydroxyl group
from vitamin D was 68.33. However, in the presence of metformin, the mentioned intensity was 2.25 (in the
frequency of 571 cm−1).
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Figure 10. Plots of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of vitamin D after QMMM studies: HOMO of vitamin D in free and bound states, in the presence and
absence of metformin (A). LUMO of vitamin D in free and bound states, in the presence and absence of
metformin (B).

Figure 11. Calculated vibrational spectrum of vitamin D in the bound state, in the presence and absence of
metformin.

3. CONCLUSION
In this study, we discussed the effect of vitamin D and its synergism influence on some biochemical
parameters in patients with T2DM by an interventional and experimental observation. Furthermore, we
investigated the possibility of synergism effects of metformin on vitamin D function by employing molecular
modeling methods and computational biology. In the experimental phase, our data showed that the
combination of vitamin D/ metformin or vitamin D/ insulin treatments caused a decrease in FBS. Furthermore,
these treatments lead to an increase in calcium of patient serum. Also, based on our results, vitamin D in all
groups reduced the concentration of LDL and cholesterol but had no significant effects on serum triglyceride.
The best decrease in the insulin resistance was found in group III, who treated with vitamin D and insulin. The
level of GLUT4 expression and its trafficking have not been found in the lymphocytes of healthy people or
patients with T1DM. However, our flow cytometry and real-time PCR data demonstrated that the patients with
T2DM exhibited the increase in the expression of GLUT4 and its emerging on the lymphocytes surface. In group
II who treated with vitamin D and metformin, the level of GLUT4 mRNA and its translocation from cytosol to
lymphocyte plasma membrane have been decreased significantly. Nearly all biological functions of vitamin D
are mediated by its binding to VDR. Then, the activated VDR interacts with co-activator protein and the formed
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complex bind to hormone response elements in DNA. So, we postulated that based on our experimental results,
a synergism exists between vitamin D and metformin. To evaluate our hypothesis, and for the first time, we
employed the molecular docking, MD simulations, and QM/MM calculations to analyze some thermodynamic
and quantum parameters. RMSF values showed that in the presence of metformin, vitamin D -bound VDR has
higher flexibility (in comparison with free VDR). Amino acid residues 413-419 are critical residues located in
helix 12 and form LBD. RMSF analysis exhibited that in the vitamin D -bound VDR, the flexibilities of Leu 415,
Glu 416 and Phe 418, in comparison with free VDR are reduced. However, in the presence of metformin, vitamin
D: VDR complex showed lower flexibilities in the residues mentioned above. In the “folding-door model”, Gly
419 from helix 12 comes near to helix 11 due to interaction with Tyr 397. Based on our results, the RMSF value of
Tyr 397 in vitamin D: VDR or vitamin D: VDR: metformin was lower than free VDR. This reduction could be the
result of interaction with Gly 419 from helix 12. Due to an interaction of helix 12 with co-activator protein, the
RMSF values of co-activator residues in ligand-bound VDR were remarkably lower than unbound VDR. MD
simulation during 50 ns showed that one of the metformin molecules interacts with Asp 353 through two
hydrogen bonds. We suggest that this interaction could affect the 3D structure of vitamin D bound VDR and
stimulates it to interact more efficiency with co-activator protein. The QM/MM-derived binding free energies for
vitamin D in VDR in the presence and absence of metformin were -25.24 and 24.39 kcal/mol, respectively. In the
presence of metformin, HOMO and LUMO of vitamin D in the bounded state were lower, which exhibits the
higher agonist activity. The metformin included in the vitamin D: VDR system also changed the computed
vibrational spectrum of agonist with regard to MD simulations, MM-PBSA and QM/MM computation, in the
presence of metformin, the free binding energy between vitamin D and VDR is reduced. So, metformin makes
vitamin D to be a more potent VDR agonist.
4. MATERIALS AND METHODS
4.1. Study design and human groups
Interventional and experimental studies were performed on adult diabetic patients. A total of 45 volunteer
patients, 24 males and 21 females were included in this study. The study was conducted under the supervision
of an endocrine and metabolism physician in the Shahid Rajaie Hospital of Qazvin during the period from June
2017 to July 2017 for two months. All experimental stages of this study were done based on ethical
considerations and patient consent letter with permission from the ethical committee of the Shahid Rajaie
Hospital of Qazvin. According to the type of treatment, patients were randomly divided into three groups (15
patients/group): Group I: patients who were treated with a diet containing fibers and proteins with limited
carbohydrates or lipids (they were selected randomly). Group II: patients who were treated with metformin 500
mg daily. Group III: patients who were treated with 30U NPH insulin daily. Before any treatment, all patients
were controlled for four months. After the first measurements, vitamin D3 (50,000 units once a week) was added
to the three groups for two months. Then, the measurements were repeated again. The results after and before
the treatments with vitamin D3 were analyzed and compared with each other. All the patients were
interviewed and detailed history was obtained.
4.2. Biochemical methods
4.2.1. Quantitative biochemical parameters of serum
Glucose, LDL, HDL, triglyceride, cholesterol, calcium, phosphorous and magnesium were measured by
PARS AZMOON kits and autoanalyzer SELECTRA E. The level of vitamin D3 in the serum was calculated by
pishtazteb kit and stat fax 4200 microplate reader. For insulin assay, Insulin ELISA Kits from R&D Systems were
employed. Potassium and sodium of patient serum were measured by flame photometer EFOX 5054
(Eppendorf, Germany) and electrolyte analyzer (ISE XD 68X, China). All parameters were measured according
to the manufacturer’s instruction of the relevant kits.
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4.2.2. Lymphocyte isolation
5 mL of heparin anti-coagulated blood samples were obtained from 45 adult patient donors. 5 mL of
normal saline was added to the blood sample and smoothly was shaken. Then, 8 mL of diluted blood was
poured to 3 mL of ficoll solution followed by centrifugation at 3000 rpm for 20 minutes. The layer containing
lymphocytes was isolated and the equal volume of cold normal saline was added to it. After centrifugation at
2500 rpm for 5 minutes, the supernatant was disposed of, and the cells were re-suspended in 0.5 mL of cold
normal saline. Finally, the isolated cells were kept in a cold room for further analysis.
4.2.3. Lymphocyte viability test
The test was directed to confirm the survival of the cells during the experiment. 1% solution of trypan
blue was added to the isolated suspension cells at 1:1 volume ratio. The number of dead lymphocytes in a
sample of 500 cells was counted using the hemocytometer and a light microscope.
4.2.4. Investigation of the presence of GLUT4 on the lymphocyte surface with flow cytometry
As previously described by Oleszczak et al. approximately, 2.5 × 105 isolated lymphocytes T were
washed in 2 mL of the washing buffer for flow cytometry (PBS lacking Mg2+ and Ca2+, along with 2 percent fetal
bovine serum and 2 × 10-3 percent sodium azide) by centrifugation at 4°C and 250 g. then, it suspended in 100
mL of the buffer. To increase the permeability of lymphocytes T membranes, the cells were incubated for 5 min
with 0.1 mL Perm 2 (Becton – Dickinson) [43]. Then, 2 µL of a monoclonal antibody, labeled with FITC (GLUT4
IF8: SC-53566 SANTA CRUZ BIOTECHNOLOGY, INC), was added to the cells and incubated. The cells were
then washed in the buffer for flowcytometery. Following the incubation, 2 mL of washing buffer was added to
each sample. After that, the resulting suspensions were centrifuged at 4°C and 250 g. In the next step, the
supernatant was discarded and 0.5 mL of the washing buffer and 1 percent formaldehyde were added. The
samples were examined by the FACS Calibur flow cytometer (Becton – Dickinson) equipped with an argon laser
(wavelength of 488 nm), utilizing the CellQuest software [43].
4.2.5. Total RNA extraction from lymphocytes
Total RNA was extracted from isolated lymphocytes using RNA Extraction kit (IraiZol) (Zist Fanavaran,
Iran) based on manufacturer’s instruction. The concentrations and purity of extracted RNA were assessed with a
NanoDrop spectrophotometer (Thermo Scientific Co).
4.2.6. Complementary DNA (cDNA) synthesis
4 μg of total extracted RNA in the previous step was mixed with 1 μL (1µg/µL) random primers and 10
mM dNTP mix, in a total volume of 15 μL. Afterwards, the mixture was incubated at 56° C for 5 minutes, and
then placed on ice for 3 min. The reverse transcriptase master mix including 3 μL of 5× RT buffer, and 0.5 μL of
M-MLV RT (100 U/μL) was poured to the mixture and was incubated at 50 ° C for 50 minutes followed by 15
minutes at 72° C.
4.2.7. Real-time quantitative PCR
Real-time PCR amplification and analysis were carried out by an Applied Biosystem with software
version 3.1 (StepOne™, USA). The reaction contained SYBR Green qPCR Mix (Applied Biosystems), genespecific primer pairs for GLUT4 which were shown in Table 4, were designed by Allele ID v. 6.0 from RNA
sequences from the gene bank. The relevant primers for B actin were retrieved from the literature [1].
Quantitative RT-PCR was accomplished in a 25-μl reaction volume containing 2X RB SYBR Green qPCR Master
Mix (Applied Biosystems), 10 pM of each primer and 3μl of cDNA. Amplification conditions were: 10 min at 95°,
15s at 95°, 20s at 55°, 20s at 65° and 40 cycles of denaturation. The real-time outputs were computed by the v1·7
sequence detection software from PE Biosystems (Foster City, CA). Relative expression of studied gene mRNA
was calculated using the comparative Ct method. In the last step, all values were normalized to the beta-actin (a
housekeeping gene) [1].
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Table 4. Oligonucleotide primers sequence of the studied genes. The primer of B-actin gene was
taken from literature [1].
Sequence (5´ to 3´ )

Oligonucleotide Name

GLUT4 Forward

GAC TAC TCA GGG CTG ACA TCA G

GLUT4 Reverse

TCA CCT GGG CGA TCA GAA TG

Beta Actin Reverse

TGCTGGTGCTGAGTATGTCG

Beta Actin Reverse

TTGAGAGCAATGCCAGCC

4.2.8. Calculation of insulin resistance and insulin sensitivity
To estimate the degree of insulin resistance, the formula of Homeostatic model assessment (HOMA-IR)
was employed [44]:
HOMA-IR = fasting plasma insulin × FBS /22.5

(Eq. 1)

To compute the degree of insulin sensitivity, the formula of quantitative insulin-sensitivity check index
(QUICKI) was occupied [45]:
QUICKI = 1/ [log (fasting insulin, lU/mL) log (FBS, mg/dL)]

(Eq. 2)

4.3. Statistical analyses
Data analysis was performed using SPSS version 16 (SPSS Inc., Chicago, IL). p values < 0.05 were
considered statistically significant [1]. For quantitative comparison the averages between before and after
treatment in each group, Paired T-Test was employed. Data were expressed as mean ± SD.
4.4. Molecular modeling phase
4.4.1. Homology modeling of VDR and loop refinement
The 3D structure of VDR, with PDB code of 2zlc, was taken from the protein data bank and employed for
molecular docking and MD studies. The important missing residues of the structure were 160−170 residues. All
the missing residues were modeled by MODELLER [46]. After the insertion of missing residues, loop refinement
was employed with ab initio approach. In the occupied method, the loop was removed initially, reconstructed
by a specific method, and then thoroughly sampled it to recognize the conformation with the lowest energy.
Usually, refining the loops with less than nine residues long produces the outstanding outputs. For the loops
with 10 to 12 residues long, it gives reasonable results.
4.4.2. Molecular docking of vitamin D into the VDR
Docking is a tool for predicting the preferred direction of one molecule to another when bound to each
other and constitute an energetically stable complex [47]. The 3D structure of vitamin D was sketched with
HyperChem Version 8.0 (HyperCube Inc) followed by MM+ (molecular mechanics) and PM3 (semi-empirical)
minimization and optimization. The docking of vitamin D into the binding site of VDR was done by AutoDock
Vina [48] (Figure 12). This docking software works based on the empirical scoring functions, and is capable to
compute the grid maps automatically. For molecular docking runs, the default parameters were allocated. In
each docking run, the pose with the lowest binding energy was chosen for MD study [47].
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Figure 12. The binding mode of vitamin D in the active site of VDR, computed by AutoDock Vina. In the right
side, hydrogen bonds between the hydroxyl moeitey of vitamin D and VDR residues are shown as dashed
arrow.

4.4.3. MD simulation on VDR
Three independent MD runs were conducted for free VDR, VDR: vitamin D and VDR: vitamin D:
metformin complexes. In the last system, totally six molecules of metformin were assigned in the MD box. The
MD runs were performed with GROMACS 5.1 package and AMBER 99SB force field [47, 49]. PROPKA 2.0
server [50] was occupied to calculate the pKa of VDR residues and assigning the proper ionization states of VDR
ionizing groups. The partial charges and topology files of vitamin D and metformin were prepared by ACPYPE,
a tool established on ANTECHAMBER [51-53]. With regard to the selected Amber force field in all our MD
simulations, the compatible TIP3P water model in a cubic periodic box was employed. Each system was
minimized energetically with the steepest descent integrator followed by conjugate gradient algorithm to
achieve a maximum force below 1000 kJ mol-1 nm-1 on any atom. The cutoff for computing the short-range, nonbonded interactions of van der Waals and electrostatic interactions were assigned 1.4 and 0.9 nm, respectively.
Particle mesh Ewald (PME) algorithm was operated to treat the Long-range electrostatic interactions [54, 55].
The temperature of 300 K, with the coupling time constant of 0.1 ps [56], and pressure of 1 bar (coupling
constant of 2 ps) [57] was assigned for each MD run. A Berendsen coupling with an additional term [49], and
Parrinello-Rahman barostat [57] were used for temperature and pressure coupling, respectively. To restrict the
bond lengths with a 2 fs time step, Linear Constraint Solver (LINCS) was occupied [58]. Each system was
equilibrated under a constant volume (NVT) ensemble (100 ps) and a constant pressure (NPT) ensemble (100 ps)
[47]. The equilibrated system from each run was subjected to 50 ns MD simulation. Visual molecular dynamics
(VMD) [59], PyMOL [60] and standard tools implemented in the GROMACS package were occupied to analyze
the trajectories.
4.4.4. Estimation of the binding free energy of VDR complexes with MM-PBSA algorithm
MM-PBSA (Molecular Mechanics-Poisson-Boltzmann or Generalized Born solvent-accessible Surface
Area) is an open-source package. MMPBSA is a useful tool for the calculation of inter-molecular interactions
[61]. After the completion of each MD run, the inter-molecular average binding free energy (ΔGbinding) between
vitamin D and VDR (in the presence or absence of metformin) was computed by MM-PBSA.
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The binding free energy is based on the following theory:
ΔGbinding = Gcomplex – (Gprotein + Gligand)

(Eq. 3)

Where Gcomplex is the total free energy of the protein–ligand complex [62], and Gprotein and Gligand are total free
energies of the separated form of protein and ligand in solvent, respectively [61, 63].
4.4.5. Quantum mechanics/molecular mechanics (QM/MM)
The density functional theory (DFT) calculations were conducted by Jaguar implemented in Schrödinger’s
Maestro Molecular modeling package [41]. The vitamin D molecule was processed at the quantum mechanical
(QM) level, and the VDR and metformin at the MM level. Vitamin D was optimized in free, VDR and
metformin-VDR bound states, with hybrid DFT using Becke's three parameter exchange potential and Lee-YangParr correlation functional (B3LYP) gradient corrected exchange-correlation functional in combination [40] with
6-31 G* basis set [64, 65]. In the case of Vitamin D bound VDR, the complex from the last snapshot of MD was
introduced to QM/MM calculations. OPLS 2005 force field was selected in the MM part of QM/MM studies
[41]. Highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and energy
gaps were calculated. The free binding energy of the complex was computed using the following formula:
Ebinding = Ecomplex- Efree_receptor- Efree_ligand

(Eq. 4)
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