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Abstract: Background: There has been increasing evidence of the correlation between thiamine defi-
ciency and type 2 diabetes (T2D). T2D is a condition in which an individual’s insulin sensitivity is highly
compromised. Peroxisome proliferator-activated receptor gamma (PPAR-y) is a ligand-activated tran-
scription factor etiologically relevant to T2D. We hypothesized that thiamine could be a PPAR-y ligand
and thus activate PPAR-y and ameliorate T2D.

Objective: This study aims to establish thiamine as a PPAR-y ligand via molecular docking and dynamics
simulations (MDS) and thiamine’s ability to induce adipogenesis while upregulating PPAR-y and AP-2
genes using in vitro assays.

ARTICLE HISTORY
Methods: Thiamine/PPAR-y binding was studied using Schrodinger’s Glide. The bound complex was

simulated in the OPLS 2005 force field using Desmond. 3T3-L1 preadipocyte cells were differentiated in
the presence of thiamine and rosiglitazone and stained with Oil Red O. Nuclear protein from the differen-
tiated cells was used to study the binding of the PPAR-y response element (PPRE) using an ELISA-based
assay. mRNA from differentiated cells was used to study the expression of genes using quantitative RT-
PCR.

Results: In silico docking shows that thiamine binds with PPAR-y. MDS indicate that the interactions
between thiamine and PPAR-y are stable over a significant period. Thiamine induces the differentiation of
3T3-L1 preadipocytes in a dose-dependent manner and enhances the PPRE-binding activity of PPAR-y.
Thiamine treatment significantly increases the mRNA levels of PPAR-y and AP-2 genes.
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Conclusion: Our results show that thiamine is a PPAR-y ligand. Animal studies and clinical trials are
required to corroborate the results obtained.
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1. INTRODUCTION Thiamine, vitamin By, is commonly found in cereals such
as rice [10]. All animals have to acquire thiamine through
their diet since they cannot synthesize it on their own [11].
Enzymes important for carbohydrate metabolism have thia-
mine as a cofactor, and thiamine deficiency was found to be
a risk factor for T2D [12, 13]. Administration of thiamine
along with other nutritional supplements has been shown to
lessen T2D markers such as blood glucose level [14]. Muta-
tions in the thiamine transporter gene SLC1942 were shown
to cause T2D [15, 16]. A number of researchers have report-
ed that thiamine could cure diabetic symptoms [17-21]. Thi-
amine deficiency is common among people consuming alco-
hol [22]. Thiamine deficiency leads to several downstream
clinical syndromes and finally causes diabetic coma [23].

Type 2 diabetes (T2D) is becoming a pressing problem
for developing countries. A 2019 study estimated that the
number of T2D patients will increase by 51% worldwide and
that nearly 11% of the human population will be affected by
this disease by 2045 [1]. Causal agents of T2D include age
[2], diet [3], genetics [4], and lifestyle [5]. Triggers for T2D,
including depression, sedentary behavior [6], consumption of
sweetened beverages [7], and intake of fast food rich in li-
pids [8], are increasing due to the urban lifestyle and peer
pressure. Maintaining a healthy lifestyle, good eating habits,
and regular exercise can prevent T2D [9].
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The molecular pathway behind the relationship between thi-
amine deficiency and T2D is largely unknown. Researchers
implicate various molecules that may play a vital role in this
pathway. In this study, we show for the first time that thia-
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mine is a peroxisome proliferator-activated receptor gamma
(PPAR-y) ligand that plays a central role in T2D.

PPAR-y is a ligand-activated transcription factor that
plays a major role in glucose and lipid metabolism and insu-
lin signaling [24]. Despite its important role in T2D, its
physiological ligands have not yet been identified so far [25].
At present, benfotiamine, a highly bioavailable form of thi-
amine, is known to cure T2D [26]. Since thiamine directly
activates PPAR-y, we propose that T2D patients take thia-
mine in sufficient quantities to cure the disease. Clinical tri-
als in patients are needed to prove our findings.

2. MATERIALS AND METHODS
2.1. Molecular Docking

The crystal structure of human PPAR-y was downloaded
from the Protein Data Bank (PDB ID: 2PRG) [27]. The
downloaded 3D structure was prepared using the Protein
Preparation Wizard tool provided in Schrodinger Maestro
2012 [28]. Briefly, bond orders were corrected, hydrogen
atoms were added, missing side chains were filled, missing
loops were filled, and waters beyond 5A from protein atoms
were deleted. Finally, the protein charge was neutralized
(pH=7.0), and appropriate pKa values for side chains, mainly
histidine, were assigned and minimized in an OPLS 2005
force field [29]. Rosiglitazone (positive control) and thia-
mine pyrophosphate were downloaded from the PubChem
website and prepared for docking by using the LigPrep tool
available in Schrodinger Maestro 2012. The steps include
minimization in the OPLS 2005 force field, desalting, and
generation of possible states at pH 7.0 £2 followed by the
production of stercoisomers of all possible conformations
(maximum = 32). The nonpolar atoms of the receptor were
scaled with Van der Waals’ radii of 1 at a partial charge cut-
off of 0.25. A grid box was then constructed around the cen-
troid of the ligand present in the crystal structure. Atoms
with a partial charge cutoff of 0.25 were scaled to a Van der
Waal’s radius of 0.8 for ligand atoms. Xtra-precision (XP)
docking with default settings was used to dock PPAR-y with
various conformations of thiamine and rosiglitazone. The
thiamine/PPAR-y complex with a high Glide-XP score, dock
score, and hydrogen bond interactions similar to the crystal
structure was selected for molecular dynamics simulations
(MDS). Ligplot+ tool from EMBL-EBI was used for visual-
izing the molecular interactions between PPAR-y and thia-
mine in the docked complex [30]. PyMol was used to super-
impose ligands inside ligand-binding domain of PPAR-y.

2.2. Molecular Dynamics Simulations

MDS were conducted using the Desmond [31] software
of Maestro 9.9 GUI (academic version) with the standard
OPLS 2005 force field [29]. The thiamine/rosiglitazone-
PPAR-y complexes selected according to the criteria above-
mentioned were given as the MDS input directly from the
Maestro workspace. The SPC explicit water model [32] that
is most suitable for cytosol proteins was used to solvate the
complex. The complex was neutralized by adding Na" ions.
Finally, the topology and force field parameters of the com-
plex were written using the Desmond software. Throughout
the simulation, the temperature was kept constant (300 K)
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using the Nosé—Hoover chain thermostat method [33] with a
relaxation time of 1 ps. The Martyna—Tobias—Klein barostat
method [34] was used to maintain a constant isotropic pres-
sure of 1 atm with a relaxation time of 2 ps. The smooth par-
ticle mesh Ewald method [35] with a tolerance of 1¢™* was
used to study the long-range, and a cutoff method with a
cutoff radius of 9 A was used to study short-range Cou-
lombic interactions. The above-said setup was simulated for
10 ns with a reporting interval of 240 ps.

2.3. 3T3-L1 Differentiation

The preadipose cell line 3T3-L1 at a passage number <20
was obtained from the National Centre for Cell Science (Pu-
ne, India). The cells were maintained at 37 °C, 5% CO, in 75
cm’ tissue culture flasks (Jet Biofil, China) at confluency
<75% using high-glucose DMEM (Gibco, India) supple-
mented with 10% calf serum and antibiotic solution. Two
days before experiments (—2 days), cells were detached us-
ing trypsin—EDTA, seeded into 6-well tissue culture plates
(Jet Biofil, China), and grown to 100% confluence. Once
plated into 6-well plates, calf serum was replaced by fetal
bovine serum. On day 0, the culture medium was discarded
without disturbing the cells, and 2 mL of induction medium
was added. The induction medium contained insulin, dexa-
methasone, and PPAR-y ligands — rosiglitazone (positive
control) or thiamine — at different concentrations (0, 10, or
20 uM) and was incubated for two days. After two days (+2
days), the culture medium was again discarded, and 2 mL of
medium containing insulin alone was added and incubated
for two more days. At +4 days, the insulin medium was dis-
carded, and 2 mL of medium without insulin was added and
maintained for another 4 days with a change in medium eve-
ry two days. At +8 days, cells were examined microscopical-
ly for the difference in morphology and stained with Oil Red
0.

2.4. Oil Red O Staining

After 8 days of incubation, the culture medium was dis-
carded, and the cells were washed with Dulbecco’s phos-
phate-buffered saline (DPBS). The washed cells were fixed
by adding 3.7% formaldehyde solution and incubating for 2
min. After fixation, cells were washed with distilled water,
and 1 mL of Oil Red O (Sigma-Aldrich, Bengaluru) was
added at a final concentration of 0.08%. The cells were kept
in the staining solution for 1 hour, after which the staining
solution was discarded, and 1 mL of distilled water was add-
ed. The stained cells were immediately photographed before
the loss of morphological details.

2.5. PPAR-y Transcription Factor Assay

In a separate set of experiments, 3T3-L1 cells were dif-
ferentiated and harvested on day 7. Nuclear protein from the
harvested cells was prepared using a nuclear extraction Kkit.
An equal amount of nuclear protein was subjected to an
ELISA-based DNA-binding assay using the PPAR-y Tran-
scription Factor Assay kit (Cayman) according to the manu-
facturer’s instructions [36].
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2.6. Quantitative Reverse Transcriptase PCR (qPCR)

The differentiation experiment was conducted again, and
the differentiated cells were detached using trypsin—EDTA.
The detached cells were stored in RNAlater (Sigma, Benga-
luru) at —20 °C until further use. Total RNA was then ex-
tracted using Trizol (Sigma, Bengaluru) following the manu-
facturer’s protocol. The OligodT primer (Xcelris, India) and
MMLYV reverse transcriptase were used to synthesize cDNA
according to the suppliers’ protocols. Relative quantification
of PPAR-y and AP-2 gene expressions was performed by
gPCR using the SYBR Green mix, where glyceraldehyde 3-
phosphate dehydrogenase was used as a housekeeping gene.
The list of primers used in this study is shown in Table 1.

Table 1.  List of gene-specific primers and sequences.
Gene Forward Primer Reverse Primer
PPAR-y 5'-cgctgatgcactgectatga S'-agaggtccacagagetgattce
AP-2 5'-caaaatgtgtgatgccetttgtg S'-ctetteetttggetcatgee
GAPDH 5'-ctgagtatgtcgtggagtctac S'-gttggtggtgcaggatgcattg

2.7. Statistical Analysis

Data are presented as mean £ SEM of values obtained from
the triplicate experiments unless mentioned otherwise.
GraphPad Prism 5.0 for Windows (GraphPad Software, San
Diego, California USA, www.graphpad.com) was used for
statistical analyses. Unpaired #-tests were carried out to sta-
tistically differentiate between the three doses of thiamine
used. The significant difference between the means of differ-
ent treatments is represented by *, where * = P <0.05 and
**= P <0.01.

3. RESULTS

3.1. Molecular Docking and Dynamics Simulation Anal-
yses

Docking results show (Fig. 1) that thiamine binds to the
ligand-binding domain (LBD) of PPAR-y. Amino acids in
the vicinity of thiamine are His449, Tyr473, Ser289, His323,
and Tyr327 and have structures identical to the original crys-
tal structure of rosiglitazone, 2PRG (Fig. 1A). Superimposi-
tion of known ligands of PPAR-y (pioglitazone and rosiglita-
zone) and thiamine inside its ligand-binding domain shows
that many of the binding interactions are shared between the
ligands (Fig. 1C). The docking score of —6.3 Kcal/mol indi-
cates that thiamine binds PPAR-y with an affinity more or
less similar to that of rosiglitazone (Table 2).

Molecular dynamics simulations show that the interac-
tion between thiamine and PPAR-y is durable. For instance,
Tyr327 hydrogen-bonded with thiamine for 97% of the en-
tire simulation time (Fig. 1B). Root mean square deviation
(RMSD) analysis shows that there is not much deviation for
the PPAR-y C-a or PPAR-y/thiamine complex with respect
to the docked complex throughout the simulation time (Fig.
2A). The RMSD results of the thiamine complex were com-
parable to that of the PPAR-y/rosiglitazone complex (Fig.
2B). The frequency histogram of RMSD analysis shows that

Subramani et al.

the docked complexes are well equilibrated (Fig. 2C and
2D).

Table 2. Docking score and key interacting residues.
Docking Score Amino Acids Interacting
Compound . .
(Kcal/mol) with the Ligand
. His449, Tyrd73, Ser289,
Th —6.3
ramine His323, and Tyr327
. His449, Tyr473, Ser289,
Rosiglit 7.0
osightazone His323, and Tyr327

3.2. 3T3-L1 Differentiation and Qil Red O Staining

The addition of thiamine at a final concentration of 20
uM was well tolerated by 3T3-L1 cells. Upon microscopic
examination, differentiation was observed after 6 days of
induction in groups treated with 10 and 20 uM thiamine and
10 uM rosiglitazone but not in the 0 uM thiamine group. The
same was observed when the cells after 8 days of induction
were stained with Oil Red O (Fig. 3A-D). ImagelJ analysis of
the photographs of Oil Red O-stained cells showed that thi-
amine (10 and 20 uM) treatment significantly increased the
induction of 3T3-L1 cells and that the enhanced induction by
20 uM thiamine is comparable to that of that 10 uM rosig-
litazone (Fig. 3E).

3.3. PPAR-y Transcription Factor Assay

Activated PPAR-y present in the nuclear extract of the
differentiated cells bound to the PPAR response element
(PPRE), which resulted in higher absorbance. As evident
from (Fig. 4), the activation of PPAR-y is significantly high-
er by the thiamine (10 and 20 pM) treatment group than by
the untreated group. The positive control, rosiglitazone, also
significantly increased PPAR-y activation (Fig. 4).

3.4. Quantitative Reverse Transcriptase PCR (qPCR)

Activation of PPAR-y by its ligands increases the expres-
sion of its receptor and subsequently its target genes. In or-
der to investigate the effect of thiamine on the expression of
mRNA of PPAR-y and AP-2, 3T3-L1 preadipocytes were
treated with thiamine (10 and 20 uM) or rosiglitazone (10
uM), and total RNA was analyzed by qPCR. Thiamine
treatment dose-dependently upregulated the expression of
both PPAR-y and AP-2 genes (P <0.01) compared to the
untreated group (0 uM). Rosiglitazone also significantly
increased the expression of PPAR-y and AP-2 genes (Fig.
5A and B).

4. DISCUSSION

T2D is a debilitating disease with an increasing preva-
lence worldwide, especially among adolescents and young
adults [37]. In developed countries, a patient with diabetes
spends about US$140 to US$2990 on an average per year
[38]. PPAR-y is one of the best targets for the amelioration
of T2D. Activation of PPAR-y was shown to cure T2D and
its allied comorbidities [39]. However, drugs that activate
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Fig. (1). A. Docked structure of thiamine inside the binding pocket of PPAR-y. Thiamine is docked with the crystal structure of PPAR-y ob-
tained from PDB (id: 2PRG) using the procedure described in the Methods section. Hydrogen bonds formed between amino acid side chains
and thiamine are shown as dashed lines, and thiamine is shown as balls and sticks. Other amino acids in the ligand-binding pocket and in
proximity to the ligand are shown in red. Interatomic distance in A is also labeled. B. Protein-ligand interactions during molecular dynamics
simulations under the OPLS 2005 force field. Thiamine is depicted as a stick model. Amino acids interacting with thiamine are shown. Hy-
drogen bonds are shown as arrows. Retention of hydrogen bonds (as % time period) during the simulated time period is labeled. C. Superim-
posed structures of the ligands, pioglitazone, rosiglitazone, and thiamine inside PPAR-y ligand-binding domain. The ligands were shown as
sticks, and nearby amino acids in the ligand-binding domain were shown as wires. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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Fig. (2). A and B. RMSD of PPAR-y and the thiamine/rosiglitazone (Rosi) - PPAR-y complex calculated by molecular dynamics simulations.
The docked structures were neutralized, dissolved in water, and simulated for 10 ns (nanoseconds) in the OPLS 2005 force field and other
parameters mentioned in the Methods section using Desmond. C and D. Frequency distribution of RMSD shows that the complex is highly
equilibrated. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

PPAR-y, especially the thiazolidinedione (TZD) class of
drugs, were shown to cause numerous side effects [39].
Hence, it is essential to find PPAR-y activators with limited
side effects [25].

Thiamine deficiency is highly prevalent in T2D patients
[40] and is one of the major risk factors in T2D [12]. It also
causes various T2D symptoms, such as hyperglycemia, oxi-
dative stress, and endothelial dysfunction, and its replenish-
ment decreased these symptoms [13]. Thiamine-
supplemented food reduced glycated hemoglobin and fasting
glucose levels in Black South African women [41]. A gradu-
al increase in thiamine deficiency was noted during T2D
progression [42]. Hence, we hypothesized that thiamine is a
PPAR-y and can be used to treat T2D. Analogs of thiamine

such as benfotiamine are already being used as T2D drugs
[43].

Our docking and 3T3-L1 cell differentiation assay results
show that thiamine binds to PPAR-y and induces adipogene-
sis of 3T3-L1 cells. Thiamine treatment activates PPAR-y as
evidenced from our transcription factor assay, which in turn
upregulates genes such as AP-2. Our study is corroborated
by the results of Feng et al. [44], which showed the PPAR-y-
mediated protective effect of thiamine in cardiac beriberi.
Analysis of the crystal structures of PPAR-y LBD shows that
His323 plays a vital role in PPAR-y/TZD interaction [45].
Our docking and dynamics simulation studies show that thi-
amine interacts with the critical His323 residue of PPAR-y.
It has been found that an acidic head group (such as the car-
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bonyl group of TZD) is essential for PPAR-y activation. We
used thiamine in its pyrophosphate (acidic) form for docking
studies since this is its physiological form. The acidic head
groups of most PPAR-y ligands interact with the polar amino
acids GIn286, Ser289, His323, Tyr327, Lys367, His449, and
Tyr473 present in the LBD of PPAR-y [46]. In this study,
molecular dynamics simulation shows that thiamine interact-
ed with all the above-mentioned amino acids for a significant
duration. At present, the limitations of molecular dynamics
simulation are the time required for the process and approx-
imation of molecular interactions by the force fields [47].
We have successfully used docking studies to find endoge-
nous PPAR-a ligand [48]. Molecular dynamics is also rou-
tinely used for finding PPAR ligands [49]. Hu et al. [50]
showed that thiamine acts as a suppressor of PPAR-y in bone
marrow-derived macrophages. However, in this study, we
show that thiamine indeed activates PPAR-y and induces
adipogenesis. Rival et al. [51] showed that partial agonists of
PPAR-y did not upregulate AP-2 mRNA, but that full ago-
nists can upregulate it. Since the present study shows the
upregulation of AP-2 mRNA by thiamine, it is likely that
thiamine is a full agonist of PPAR-y.
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Fig. (3). Oil Red O-stained 3T3-L1 differentiation assay in the
presence of thiamine 0 uM (A), 10 uM (C), and 20 pM (D) and in
the presence of rosiglitazone (Rosi) 10 uM (B). Confluent 3T3-L1
cells were treated with PPAR-y ligands and were maintained in an
adipocyte differentiation medium as per procedures given in the
Methods section. The differentiated cells were stained with Oil Red
O and photographed. Photographs were then analyzed using the
Imagel software, and density values were plotted (E). Each column
represents the mean of values obtained from experiments conducted
in triplicates. *P < 0.05 and **P < 0.01 vs. control (0 uM). (4 high-
er resolution / colour version of this figure is available in the elec-
tronic copy of the article).
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Fig. (4). PPAR-y DNA binding activity. After the induction of
3T3-L1 with thiamine and rosiglitazone (Rosi), cells were harvest-
ed, and nuclear protein was extracted using a kit. PPAR-y DNA
binding activity was then measured using an ELISA-based PPAR-y
transcription factor assay kit. *P <0.05 and **P < 0.01 vs. control
(0 uM).
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Fig. (5). Relative expression of mRNA (A) PPAR-y and (B) AP-
2. Total RNA was extracted from the differentiated 3T3-L1 cells,
and mRNA was selectively converted to cDNA and quantified by
qPCR. Each column represents the mean of values obtained from
experiments conducted in triplicates. *P < 0.05 and **P <0.01 vs.
control (0 uM).

CONCLUSION

In this study, we show for the first time that thiamine
could activate PPAR-y in vitro. However, more studies in-
volving animal models are required to prove thiamine as a
natural PPAR-y ligand. Bioavailability and solubility prob-
lems, if any, could be resolved by synthesizing analogs such
as benfotiamine. In addition, the binding of thiamine with
other PPAR subtypes (o and ) needs to be studied.
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