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A B S T R A C T

The diterpenoid phytol is evidently acting against anemia in experimental animals. However, the molecular
mechanisms behind this issue are yet to be discovered. This study aimed to evaluate phytol's effect on
methotrexate-induced folate-deficient animals through in vivo and in silico studies. For this, a total of thirty adult
male Swiss albino mice were randomly divided into six different groups, namely the normal control (vehicle), the
negative control (folate deficiency inducer, methotrexate 3 mg/kg), the standard (folic acid 1.5 mg/kg), two test
groups comprising phytol 25 and 50 mg/kg, and a combined group composed of the standard and highest test
doses of phytol. Except for the vehicle, all groups were treated with methotrexate for the first 3 days (once/day) to
induce folate deficiency. Then followed by the respective treatment once a day for 3 days. Hemoglobin (Hb) level
was measured from the peripheral blood (by tail cutting) on days 1st (before treatment), 4th (after methotrexate
treatment), and 7th (after treatment). On the other hand, the computational studies were performed by PyMol,
PyRex, Discovery Studio, and other complementary tools. Findings suggest that phytol significantly (p < 0.05)
augmented Hb levels that are altered by methotrexate-induced reduction of Hb levels in animals dose-
dependently. The combination also augmented Hb levels in animals; however, its effect was slightly lower
than the individual groups (standard and test). In the in silico study, phytol showed good binding capacity
(binding energy: �7.0 kcal/mol) with dihydrofolate reductase (DHFR). In conclusion, phytol may act against
folate deficiency by altering methotrexate's impacts in animals, possibly through interacting with DHFR. Further
validated research is necessary to develop phytol as an anti-anemia drug in the near future.
1. Introduction

Vitamin B9, also known as folate or folacin, is an important water-
soluble vitamin naturally present in foods such as fruits, green leafy
vegetables, and liver. It synthesizes folic acid, which prevents congenital
disabilities, especially neural tube defects (NTDs) in babies. 50% of
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babies are born with NTDs due to folate deficiency [1]. Folate is neces-
sary for the formation of several coenzymes, which are essential for DNA
and RNA to synthesize and metabolize amino acids necessary for cell
division. However, the human body cannot make folate; it is supplied by
diets naturally [2]. The recommended adult daily intake of folate in the
U.S. is 400 μg. Anemia is a condition that decreases the blood's ability to
Rahman Science and Technology University, Gopalganj, 8100, Bangladesh.
om, hdmcoutinho@urca.br (H.D. Melo Coutinho).

2024
niversity. This is an open access article under the CC BY-NC-ND license (http://

mailto:dmt.islam@bsmrstu.edu.bd
mailto:hdmcoutinho@gmail.com
mailto:hdmcoutinho@urca.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pscia.2024.100043&domain=pdf
www.sciencedirect.com/science/journal/27732169
www.journals.elsevier.com/pharmaceutical-science-advances
https://doi.org/10.1016/j.pscia.2024.100043
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.pscia.2024.100043


M.T. Islam et al. Pharmaceutical Science Advances 2 (2024) 100043
carry oxygen because there are insufficient red blood cells or hemoglobin
in the blood circulation [3]. Folate deficiency can lead to abnormal cell
division, giant, immature red blood cells (megaloblasts), and conse-
quently the body's inability to produce healthy red blood cells, resulting
in anemia [4,5] characterized by tiredness, raised palpitations, shortness
of breath, sores on the tongue, and changes in the color of the skin and
hair. However, long-term folic acid therapy is also linked to a reduction
in the risk of vitamin B12 deficiency and cardiovascular disease (e.g.,
stroke) [6,7] and an increased risk of prostate cancer [8]. Its deficiency
also results in depression [9], dementia, and Alzheimer's disease [10].
Moreover, folate insufficiency is evident to increase the risk of colorectal,
breast, ovarian, pancreatic, brain, lung, cervical, and prostate cancers
[11,12]. In men, folate helps with spermatogenesis, while in women, it
maintains oocyte quality and maturation, implantation, placentation,
fetal growth, and organ development [13].

Folate helps to divide cells and tissues rapidly [14]. In contrast,
anticancer drugs like methotrexate (MTX) inhibit cancer cell division.
MTX interferes with folate synthesis by inhibiting the production of the
active tetrahydrofolate (THF) from the inactive dihydrofolate (DHF)
[15]. Although this drug is widely used in autoimmune diseases, ectopic
pregnancies, and several types of cancer, it can be toxic as it is primarily
an anticancer and immunosuppressant drug. It has several mild to serious
side effects; these include nausea, feeling tired, fever, increased risk of
infection, low white blood cell counts, skin damage and rashes, liver
disease, lung disease, lymphoma, bone marrow depression (inducing
leukopenia and thrombocytopenia), and acute kidney and liver failure. It
mainly blocks the utilization of folic acid in the body. Therefore, folic
acid is commonly used as a follow-up therapy with anticancer drugs; for
instance, MTX is followed by folic acid in the treatment of autoimmune
diseases like arthritis. Moreover, it is also recommended for
folate-deficient anemic patients. On the other hand, high intake of folic
acid has been associated with increased cancer risk and progression in
certain patient groups, insulin resistance in children, interactions with
epilepsy medications, masking of vitamin B12 deficiency, and hepato-
toxicity at high concentrations. This increased cancer risk may be due to
folic acid's role in enhancing DNA synthesis and replication within cells
while also reducing the natural killer cell response to carcinogenic cells
[8,16,17]. Therefore, it is imperative to develop a potential hemoglobin
enhancer agent with minimal side effects, allowing patients to use it
long-term without complications.

Phytol, the side chain of the green pigment chlorophyll, is a diter-
penoid (essential oil) with diverse biological activities [18]. Recent evi-
dence reports that it potentially suppressed the multiplication of
Plasmodium berghei-induced anemia dose-dependently (10 and 20
mg/kg, oral dose for four days) in a mouse model [19]. Another study
reports that phytol at 50 and 100 mg/kg oral doses significantly
ameliorated Trypanosoma congolense infection-mediated anemia in rats,
partly through the inhibition of sialidase [20]. To our knowledge, this is
the first time we tried to check phytol's association with folate deficiency
in anemia. For this, we designed an in vivo mouse model called the
MTX-induced folate deficiency test to check the impacts of folate defi-
ciency in animals and evaluate phytol's effects on anemic animals.
Additionally, an in silico study was also performed to see the molecular
interactions of phytol in folic acid synthesis in MTX-induced folate-de-
ficient animals.

2. Materials and methods

2.1. In vivo study

2.1.1. Chemicals and reagents
Folic acid and MTX were kindly provided by Square Pharmaceutical

Ltd. and Healthcare Pharmaceuticals Ltd., Bangladesh, respectively.
Phytol (3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol), a 97% mixture of
isomers (CAS No. 7541-49-3) was purchased from Sigma-Aldrich (USA),
2

and tween 80 was purchased from Merck (India).

2.1.2. Experimental animals
Male Swiss albino mice (age: 8 weeks) weighing 22–28 gm were

collected from Jahangirnagar University, Bangladesh. All mice were
housed for an additional 5 days prior to starting the experiment in PVC
(autoclave-grade) cages at room temperature with a 12-h light and dark
cycle and were permitted to take standard food and water ad libitum.
This study was granted by the Ethical Committee of Bangabandhu Sheikh
Mujibur Rahman Science and Technology University [#BSMRSTU-RC/
PHR-2023-33].

2.1.3. Preparation of test sample and controls
The vehicle was considered a normal control (NC) and was prepared

by using 0.5% tween 80 dissolved in saline solution. The test (phytol),
standard (folic acid), and inducer (MTX) were dissolved in the vehicle to
give their respective test doses.

2.1.4. Study design (methotrexate-induced folate deficiency test)
The animals were fasted overnight (12 h). A total of 30 male mice

were randomly divided into six groups. Group I received the vehicle and
was denoted as the normal control (NC) group, while Group II was
treated with MTX at 3 mg/kg, which was marked as the negative control
(NgC) group. Group III, denoted as standard (STD), received folic acid at
1.5 mg/kg, while Group IV and VI received test samples (TEST) of phytol
at 12.5, 25, and 50 mg/kg doses. In order to see the synergistic or
antagonistic effects of the TEST and STD, an additional group (Group VII)
was co-treated with folic acid at 1.5 mg/kg and phytol at 50 mg/kg. All
the treatments were given orally at 10 ml/kg. It was a 7-day study, as
shown in Fig. 1. Briefly, after checking hemoglobin (Hb) levels by using a
digital Accusure HB Hemoglobin Test Meter in g/dl, Group I animals
were treated with a vehicle at 10 ml/kg. Group II to VII received MTX at
3 mg/kg once/day up to day 3. Hb levels were also monitored on day 4
for all animals, which indicates the effects of NC and NgC on the animals.
From day four, Groups II to VII were treated with their respective
treatments until day 6. On day seven, the Hb level was measured again to
see the effects of the respective treatments. The Hb content of eachmouse
was checked from the tail tip (peripheral blood). For this, a small cut was
done aseptically using a surgical blade.

2.1.5. Statistical analysis
Values are expressed as mean � standard error of the mean (S.E.M.).

One-way analysis of variance (ANOVA) was followed by the Newman
Keuls post-host t-students test using the Graph Pad Prism software
(version 6.5), considering p < 0.05 at 95% confidence intervals.
2.2. In silico study

2.2.1. Ligands collection and preparation
The three-dimensional (3D) structures of folic acid (CID:

135398658), phytol (CID: 5280435), and MTX (CID: 126941) were
collected from the PubChem substance database (https://pubchem
.ncbi.nlm.nih.gov/) in SDF format. After that, the compounds were
minimized using the Chem3D 16.0 program package and saved in SDF
file format for molecular docking [21]. The 2D structures of the ligands
are displayed in Fig. 2.

2.2.2. Macromolecules collection and preparation
Based on a literature review, we selected six macromolecules that are

responsible for folic acid metabolism, cell permeability, and function.
The RCSB protein data bank and UniProt database were employed to
collect protein structure in PDB format. The proteins of our study were
dihydrofolate reductase (PDB ID: 3gyf), 5-aminoimidazole-4-carboxa-
mide ribonucleotide transformylase (AF-B2R7P8–F1 Alpha Fold), folyl-
polyglutamate synthase (AF-Q5JU21-F1 Alpha Fold), gamma-glutamyl

https://pubchem.ncbi.nlm.nih.gov/
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Fig. 1. Work outline for the present study.

Fig. 2. The two-dimensional structure of the ligands.

Table 1
Hemoglobin profiles of test and control groups after oral treatment.

Treatment groups Hemoglobin level (g/dl)

Basal Day 4 Day 7

NC (Vehicle: 10 ml/kg) 15.72 �
0.84

15.90 �
0.66

15.92 �
0.78b

NgC (Methotrexate 3 mg/kg) 15.31 �
0.58

11.90 �
0.22

9.08 � 0.23

STD (Folic acid: 1.5 mg/kg) 15.02 �
0.81

11.79 �
0.13

15.94 �
0.84*b

TEST1 (Phytol: 12.5 mg/kg) 14.83 �
0.46

11.13 �
0.29

15.98 �
0.38*ab

TEST2 (Phytol: 25 mg/kg) 15.62 �
0.54

11.97 �
0.43

17.18 �
0.82*ab

TEST3 (Phytol: 50 mg/kg) 14.93 �
0.67

10.98 �
0.32

18.14 �
0.33*ab

STD þ TEST3 (Folic acid 1.5 mg/kg þ
Phytol 50 mg/kg)

15.52 �
0.78

10.51 �
0.43

14.62 �
0.82*b

Values are mean � S.E.M. (standard error of mean) (n ¼ 5), One-way ANOVA
followed by t-student post hoc test; *p < 0.05 when compared to the respective
group at day 4; ap <0.05 when compared to the NC (normal control: vehicle) at
day 7; bp < 0.05 when compared to the NgC (negative control: methotrexate 3
mg/kg) at day 7; STD: Folic acid 1.5 mg/kg; TEST1 & 2: Phytol 25 or 100 mg/kg,
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hydrolase (PDB ID: 1l9x). To get ready for molecular docking, the crystal
macromolecule structures were cleaned using the PyMol software pro-
gram (version 2.4.1), which removed extraneous molecules such as
water, lipids, and unwanted heteroatoms from the protein sequence.
After that, the SwissPDB Viewer software was used to do energy mini-
mization and geometry optimization of the macromolecules by using the
GROMOS96 force field and saving in a PDB file [22,23].

2.2.3. Molecular docking
Molecular docking is the prevailing computational approach used in

the field of medicinal chemistry for the purpose of drug design [24].
Molecular docking was performed using the PyRx software program to
predict the drug binding affinity towards the active sites of macromole-
cules. The grid box was adjusted to its maximum values along the x-, y-,
and z-axes. Subsequently, the calculation was executed over a span of
200 steps. The docking probable result was imported in the.csv file
format, while the ligand-protein complex was obtained in the PDB format
to facilitate the collection of the ligand in the PDBQT format [25].
Further, the ligand-receptor interactions and the active site of the re-
ceptor were examined using the Discovery Studio Visualizer
(v21.1.020298) and PyMol (v2.4.1) software tools [26,27]. After
following that, the amino acid residues, kinds of bonds, number of
hydrogen bonds, length of hydrogen bonds, and other various types of
bonds involved in each interaction between the ligand and protein are
listed in this study.

2.2.4. toxicity prediction
The prediction of toxicity plays a crucial role in the drug development

process, aiding in the identification and prioritization of compounds that
possess the highest likelihood of being safe and efficacious for human
usage [28]. A multitude of harmful endpoints have been predicted by in
3

silico methods. The investigation of acute oral toxicity, carcinogenicity,
cytotoxicity, immunotoxicity, hepatotoxicity, and mutagenicity end-
points is often conducted in scientific investigations [29]. The potential
toxicological characteristics of folic acid, phytol, and MTX can be pre-
dicted by the use of Protox II web servers [30]. All compounds, repre-
sented by their SMILES notation, were sourced from PubChem and then
used as input in the Protox II searches for the purpose of analyzing their
specified toxicity characteristics.
respectively.
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3. Results

3.1. In vivo study

3.1.1. Methotrexate-induced folate deficiency in mice
According to Table 1, the NC group negligibly increased (1.14%) Hb

content, while the NgC group significantly reduced (24.30%) Hb content
in blood on day 4 in comparison to the basal Hb value. However, after a
3-day treatment, all groups (except NgC) significantly increased Hb
content in the peripheral blood of the animals. Phytol dose-dependently
increased Hb contents in animals, where its highest dose (50 mg/kg)
exhibited Hb content by 18.14 � 0.33 g/dl, which was also better than
the standard drug folic acid 1.5 mg/kg (15.98 � 0.38). Phytol 12.5 and
25 mg/kg also significantly increased Hb values in animals. Phytol
exhibited dose-dependent Hb-enhancing effects in animals. However, the
combined group (Folic acid 1.5 mg/kg þ Phytol 50 mg/kg) presented an
augmented Hb value (14.62 � 0.82 g/dl) in comparison to all test and
control groups, suggesting a possible modulating effect of phytol with
folic acid. However, the effect was slightly lower than in the STD and
TEST groups.

Table 2 suggests that the NC group showed an increase in Hb content
of 9.91% as compared to the basal Hb content. The NgC group showed
negative modulation in Hb content by 23.70%, while the NC, STD,
TEST1, TEST2, TEST3, and STD þ TEST2 groups were found to increase
in Hb level by þ10.08, þ33.95, þ34.29, þ44.37, þ52.44, and þ22.86%,
respectively, in comparison to day 4. In comparison to the basal (day 1)
Hb content of NgC group NC, NgC, STD, TEST1, TEST2, TEST3, and STD
þ TEST2 groups showed modulation of Hb content by þ9.91, �22.27,
�22.99, �27.30, �21.82, �28.28, and �31.35%, respectively. The STD
and TEST groups presented better Hb-enhancing capacity than the
combined group (STD þ TEST3).
3.2. In silico study

3.2.1. Molecular docking and visualization
In our in silico study, folic acid (the standard drug) showed the best

binding affinity with the DHFR enzyme of �10.0 kcal/mol. Additionally,
folic acid exhibited binding affinities with AICAR, FPGS, and GGH en-
zymes of �8.4, �7.0, and �8.0 kcal/mol, respectively. The binding
interaction between folic acid and DHFR results in the formation of four
hydrogen bonds with specific amino acids such as ILE16 (2.55 Å), SER59
(1.83 Å), ASN64 (2.89 Å), and ARG70 (2.17 Å). Simultaneously, folic
acid formed hydrophobic interactions with PHE34 (Pi-Pi Stacked),
PHE31 (Pi-Pi T-shaped), ILE60 (Pi-Alkyl), LEU67 (Pi-Alkyl), LEU22 (Pi-
Alkyl), and ILE16 (Pi-Alkyl) amino acid residues. Similarly, folic acid and
Table 2
Percentage increase/decrease of blood hemoglobin level in test and control
groups.

Treatment groups Percentage modulation
of blood hemoglobin on
day 4 and 7

Day 4 Day 7

NC (Vehicle: 10 ml/kg) þ9.91 þ10.08
NgC (Methotrexate 3 mg/kg) �22.27 �23.70
STD (Folic acid: 1.5 mg/kg) �22.99 þ33.95
TEST1 (Phytol: 12.5 mg/kg) �27.30 þ34.29
TEST2 (Phytol: 25 mg/kg) �21.82 þ44.37
TEST3 (Phytol: 50 mg/kg) �28.28 þ52.44
STD þ TEST3 (Folic acid 1.5 mg/kg þ Phytol 50 mg/kg) �31.35 þ22.86

Values are percentage from mean value (n ¼ 5). Percentage modulation of mean
hemoglobin level on day 4 and 7 is determined inspect of methotrexate-induced
hemoglobin level observed on day 1 or 4. NC (normal control: vehicle) group's
percentage modulation is determined by discarding NgC (negative control:
methotrexate) group value from the percentage modulation of hemoglobin on
day 4 and 7. Plus (þ) means increase and minus (�) means decrease.

4

AICAR interacted through the formation of six hydrogen bonds with
GLN248 (3.03 Å), GLU252 (2.26 Å), ASP374 (2.96 Å), THR221 (2.31 Å),
TRP247 (2.13 Å), and ARG390 (2.29 Å), as well as hydrophobic bonds
with TYR371 (Pi-Pi T-shaped), LEU244 (Pi-Alkyl), and PRO373 (Pi-
Alkyl) amino acid residues. Likewise, the binding interaction between
folic acid and FPGS involved the creation of three hydrogen bonds, such
as PHE102 (2.09 Å), ASN47 (2.88 Å), and GLY76 (2.99 Å). Corre-
spondingly, folic acid formed hydrophobic bonds with ILE90 (Pi-Sigma)
amino acid. Further, the interaction between folic acid and GGH involved
the formation of seven hydrogen bonds with specific amino acid residues,
namely PHE170 (1.84 Å), GLN17 (2.30 Å), GLU114 (3.01 Å), VAL76
(2.55 Å), TYR31 (2.73 Å), SER75 (1.90 Å), and GLY74 (3.68 Å). Besides,
it formed hydrophobic and other bonds with CYS110 (Pi-Sulfur), SER75
(Amide-Pi Stacked), and VAL76 (Amide-Pi Stacked) amino acids in the
receptor binding site.

On the other hand, phytol (the tested drug) showed good binding
affinity (�7.0 kcal/mol) toward the DHFR enzyme. Besides, phytol
exhibited binding affinities with AICAR, FPGS, and GGH enzymes of
�5.0, �4.4, and �5.4 kcal/mol, respectively. The binding interaction
between phytol and DHFR involved the formation of hydrophobic bonds
with specific amino acids such as LEU22 (Alkyl), VAL8 (Alkyl), ILE16
(Alkyl), LEU67 (Alkyl), ILE60 (Alkyl), ALA9 (Alkyl), PHE31 (Pi-Alkyl),
and PHE34 (Pi-Alkyl). Similarly, phytol and AICAR interacted through
the formation of three hydrogen bonds with GLN248 (2.12 Å), ARG390
(1.92 Å), and GLU377 (3.54 Å), as well as hydrophobic bonds with
PRO373 (Alkyl), LEU219 (Alkyl), LEU244 (Alkyl), PRO227 (Alkyl), and
TYR371 (Pi-Alkyl). Likewise, the binding interaction between phytol and
FPGS involved the formation of hydrophobic bonds in receptor-binding
site amino acids, including TYR105 (Alkyl), ILE90 (Alkyl), PHE78 (Pi-
Alkyl), and PHE102 (Pi-Alkyl). Further, the interaction between phytol
and GGH involved the creation of three hydrogen bonds with specific
amino acid residues, namely PHE189 (1.85 Å), LYS211 (1.96 Å), and
LYS188 (3.43 Å). Correspondingly, it formed hydrophobic bonds with
ILE120 (Alkyl), LYS185 (Alkyl), ILE95 (Alkyl), LYS211 (Alkyl), PHE189
(Pi-Alkyl), and TYR212 (Pi-Alkyl) amino acids in the receptor binding
site.

Finally, MTX (an inducer) exhibited a higher binding affinity (�9.8
kcal/mol) with the DHFR enzyme. Additionally, MTX showed binding
affinities with AICAR, FPGS, and GGH enzymes of �8.4, �6.3, and �7.1
kcal/mol, respectively. The binding interaction between MTX and DHFR
results in the formation of three hydrogen bonds with specific amino
acids, including VAL115 (2.99 Å), TYR121 (2.64 Å), and ASN64 (2.85 Å).
Simultaneously, MTX formed hydrophobic interactions with THR56 (Pi-
Sigma), PHE34 (Pi-Pi Stacked), PHE31 (Pi-Pi T-shaped), ILE16 (Amide-Pi
Stacked), GLY17 (Amide-Pi Stacked), ILE60 (Pi-Alkyl), LEU22 (Pi-Alkyl),
ILE16 (Pi-Alkyl), and PHE34 (Pi-Alkyl) amino acid residues. In a similar
fashion, MTX and AICAR interacted through the formation of six
hydrogen bonds with ASP374 (2.56 Å), GLU252 (2.02 Å), ASN376 (2.41
Å), ASP374 (2.75 Å), TRP247 (2.61 Å), and ARG390 (2.27 Å), as well as
hydrophobic and other bonds with MET367 (Pi-Sulfur), TYR371 (Pi-Pi T-
shaped), LEU244 (Alkyl), LEU244 (Pi-Alkyl), PRO373 (Pi-Alkyl), and
TYR371 (Pi-Alkyl) amino acid residues. Further, the binding interaction
between MTX and FPGS involved the creation of four hydrogen bonds,
such as GLU114 (2.93 Å), SER36 (2.38 Å), ARG35 (2.32 Å), and TYR110
(3.09 Å). Correspondingly, MTX formed hydrophobic and other bonds
with LEU113 (Pi-Sigma), MET29 (Pi-Sulfur), and LEU109 (Pi-Alkyl)
amino acids. Furthermore, the interaction between MTX and GGH
involved the formation of five hydrogen bonds with specific amino acid
residues, namely PHE170 (2.66 Å), ARG20 (1.86 Å), ASN21 (2.12 Å),
SER75 (2.81 Å), and HIS220 (3.54 Å). Besides, it formed hydrophobic
bonds with CYS110 (Alkyl), SER75 (Amide-Pi Stacked), GLY74 (Amide-
Pi Stacked), and HIS220 (Pi-Alkyl) amino acids in the receptor binding
site. Table 3 presents the binding affinity and molecular interaction of
folic acid, phytol, and MTX with selected proteins. Fig. 3 illustrates the
best interaction results (based on binding affinity) of folic acid, phytol,
and MTX with DHFR.



Table 3
The molecular docking affinity and macromolecule-ligand interaction of folic
acid, phytol, and methotrexate with selected proteins.

Ligand Protein Binding
affinity
(kcal/
mol)

Hydrogen
bond
residues

Hydrogen
bond length
(Å)

Other
bond
residues

Folic acid DHFR �10.0 ILE16 2.55 PHE34
(Pi-Pi
Stacked)
PHE31
(Pi-Pi T-
shaped)
ILE60 (Pi-
Alkyl)
LEU67 (Pi-
Alkyl)
LEU22 (Pi-
Alkyl)
ILE16 (Pi-
Alkyl)

SER59 1.83
ASN64 2.89
ARG70 2.17

AICAR �8.4 GLN248 3.03 TYR371
(Pi-Pi T-
shaped)
LEU244
(Pi-Alkyl)
PRO373
(Pi-Alkyl)

GLU252 2.26
ASP374 2.96
THR221 2.31
TRP247 2.13
ARG390 2.29

FPGS �7.0 PHE102 2.09 ILE90 (Pi-
Sigma)ASN47 2.88

GLY76 2.99
GGH �8.0 PHE170 1.84 CYS110

(Pi-Sulfur)
SER75
(Amide-Pi
Stacked)
VAL76
(Amide-Pi
Stacked)

GLN17 2.30
GLU114 3.01
VAL76 2.55
TYR31 2.73
SER75 1.90
GLY74 3.68

Phytol DHFR �7.0 – - LEU22
(Alkyl)
VAL8
(Alkyl)
ILE16
(Alkyl)
LEU67
(Alkyl)
ILE60
(Alkyl)
ALA9
(Alkyl)
PHE31
(Pi-Alkyl)
PHE34
(Pi-Alkyl)

AICAR �5.0 GLN248 2.12 PRO373
(Alkyl)
LEU219
(Alkyl)
LEU244
(Alkyl)
PRO227
(Alkyl)
TYR371
(Pi-Alkyl)

ARG390 1.92
GLU377 3.54

FPGS �4.4 – - TYR105
(Alkyl)
ILE90
(Alkyl)
PHE78
(Pi-Alkyl)
PHE102
(Pi-Alkyl)

GGH �5.4 PHE189 1.85 ILE120
(Alkyl)
LYS185
(Alkyl)

LYS211 1.96
LYS188 3.43

Table 3 (continued )

Ligand Protein Binding
affinity
(kcal/
mol)

Hydrogen
bond
residues

Hydrogen
bond length
(Å)

Other
bond
residues

ILE95
(Alkyl)
LYS211
(Alkyl)
PHE189
(Pi-Alkyl)
TYR212
(Pi-Alkyl)

Methotrexate DHFR �9.8 VAL115 2.99 THR56
(Pi-Sigma)
PHE34
(Pi-Pi
Stacked)
PHE31
(Pi-Pi T-
shaped)
ILE16
(Amide-Pi
Stacked)
GLY17
(Amide-Pi
Stacked)
ILE60 (Pi-
Alkyl)
LEU22 (Pi-
Alkyl)
ILE16 (Pi-
Alkyl)
PHE34
(Pi-Alkyl)

TYR121 2.64
ASN64 2.85

AICAR �8.4 ASP374 2.56 MET367
(Pi-Sulfur)
TYR371
(Pi-Pi T-
shaped)
LEU244
(Alkyl)
LEU244
(Pi-Alkyl)
PRO373
(Pi-Alkyl)
TYR371
(Pi-Alkyl)

GLU252 2.02
ASN376 2.41
ASP374 2.75
TRP247 2.61
ARG390 2.27

FPGS �6.3 GLU114 2.93 LEU113
(Pi-Sigma)
MET29
(Pi-Sulfur)
LEU109
(Pi-Alkyl)

SER36 2.38
ARG35 2.32
TYR110 3.09

GGH �7.1 PHE170 2.66 CYS110
(Alkyl)
SER75
(Amide-Pi
Stacked)
GLY74
(Amide-Pi
Stacked)
HIS220
(Pi-Alkyl)

ARG20 1.86
ASN21 2.12
SER75 2.81
HIS220 3.54

DHFR: Dihydrofolate reductase; AICAR: 5-aminoimidazole-4-carboxamide ribo-
nucleotide transformylase; FPGS: Folylpolyglutamate synthase; GGH: Gamma-
glutamyl hydrolase.
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3.2.2. Toxicity prediction
The prediction was done using the protox-II (random forest algorithm

method) online server. In our toxicity prediction, the compounds folic
acid, phytol, and MTX showed toxicity classes of 3, 5, and 1 with LD50s of
135, 5000, and 3 mg/kg, respectively. Simultaneously, folic acid and
phytol did not exhibit any toxicity properties like carcinogenicity, cyto-
toxicity, immunotoxicity, hepatotoxicity, or mutagenicity, but MTX
showed hepatotoxicity. Table 4 presents the predicted toxicity values of



Fig. 3. The best molecular interaction results of folic acid, phytol, and methotrexate with dihydrofolate reductase.

Table 4
Toxicity profile of folic acid, phytol and methotrexate with different parameters.

Parameters Report/Predicted Value

Folic acid Phytol Methotrexate

Toxicity Toxicity class 3 5 1
LD50 135 mg/kg 5000 mg/kg 3 mg/kg
Carcinogenicity Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive
Immunotoxicity Inactive Inactive Inactive
Hepatotoxicity Inactive Inactive active
Mutagenicity Inactive Inactive Inactive
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folic acid, phytol, and MTX with different parameters.

4. Discussion

Anemia is characterized by a low red blood cell (RBC) count and
insufficient levels of Hb, which is a major cause of weakness, changes in
the heart's rhythm (e.g., beating too slowly or too fast), cold hands and
feet, dizziness, tiredness, hair loss, headaches, and shortness of breath in
this class of patient. Anemia is broadly categorized into the following
types: anemia due to chronic disease (e.g., inflammatory disorder), he-
molytic anemia, iron-deficient anemia, and megaloblastic anemia.

During folate synthesis, 6-hydroxymethyl-7,8-dihydropterin pyro-
phosphate (DHPPP) is bound to para-aminobenzoic acid (PABA) in the
presence of dihydropteroate synthase and synthesizes 7,8-
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dihydropteroate. Then 7,8-dihydropteroate binds with L-glutamate in the
presence of dihydrofolate synthase to give 7,8-dihydrofolate. Finally, 7,8-
dihydrofolate undergoes reduction in the presence of reduced forms of
nicotinamide, adenine dinucleotide phosphate (NADPH), and dihy-
drofolate reductase (DHFR) to give the final product tetrahydrofolate
(Fig. 4).

At high doses, MTX interferes with purine and pyrimidine synthesis in
tissues with a high rate of cellular turnover [31]. Long-term doses of MTX
act through a number of intracellular pathways. After reaching the cells,
MTX is converted to polyglutamated forms that inhibit dihydrofolate
reductase and a number of folate-dependent enzymes, such as 5-amino-
imidazole-4-carboxamide ribonucleotide (AICAR) transformylase [31,
32]. An accumulation of AICAR also plays an important role in the
adenosine-mediated reduced anti-inflammatory effect of MTX through
neutrophils and mononuclear cells [33]. Through modulating cytokine
responses, MTX also promotes apoptosis of activated lymphocytes [32],
which might be a major cause of MTX-mediated reduction of white blood
cells (WBCs), thereby increasing the chance of getting infections. In
rheumatic patients, MTX also results in thrombocytopenia through acti-
vation of pro-apoptotic proteins (e.g., Bid, Bax, and Bad through JNK
phosphorylation), leading to ΔΨm dissipation, cytochrome c release, and
caspase activation, culminating in apoptosis [34]. Thus, doctors recom-
mend a 5 mg folic acid dose following the next day of MTX administra-
tion to the rheumatic patients [35].

After cellular entrance, folate molecules link glutamate residues by
the enzyme folylpolyglutamate synthase (FPGS) (polyglutamylation),
which facilitates the retention of folate in the cell and helps maintain a
steady supply of utilizable folate derivatives for folate-dependent enzyme
reactions. On the other hand, gamma-glutamyl hydrolase (GGH) cata-
lyzes the hydrolysis of polyglutamylated folate into monoglutamylated
folate, which is subsequently exported from the cell. Both of these folate-
dependent enzymes (e.g., FPGS and GGH) are essential enzymes that
function synergistically to maintain intracellular folate concentration
and homeostatic distribution [36,37].

From our in vivo study, it is possible to see a clear Hb deficiency in
MTX-treated animals (Group II to VII) at day 4 and in Group II (NgC) on
days 4 and 7. The standard group (Group III), comprised of folic acid at
1.5 mg/kg, normalized the Hb level in MTX-induced Hb-deficient
Fig. 4. General pathway of folate synthesis from its precursors.
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animals after three consecutive doses at day 7, suggesting a possibility of
antagonizing folate deficiency in these animals. The test groups (Groups
IV and VI) enhanced Hb contents dose-dependently, possibly through
antagonizing MTX-mediated folate deficiency in animals. It was further
confirmed by the combined treatment group (Group VII), comprising
folic acid at 1.5 mg/kg and phytol at 50 mg/kg (TEST3). The latter group
also increased Hb levels more than the MTX group, suggesting a possi-
bility for their modulated folate-enhancing effects on the MTX-induced
Hb-deficient animals.

There is a persistent desire for novel drugs that exhibit improved
efficacy and less toxicity. Nevertheless, the drug discovery and devel-
opment process is characterized by substantial expenses, prolonged
timelines, and many obstacles [38,39]. The utilization of computer-aided
drug design (CADD) approaches has become more significant in the field
of drug discovery, as they are essential in the efficient and cost-effective
identification of potential therapeutic candidates [40]. The use of mo-
lecular docking has emerged as a progressively indispensable method-
ology in the field of drug discovery [41]. This methodology enables the
analysis of the behavior of drug molecules within the binding site of
target macromolecules as well as the clarification of essential biochem-
ical processes [42,43]. The visualization and quantification of
ligand-receptor binding in tissue is of utmost importance in compre-
hending the functions and regulatory mechanisms of receptors in both
healthy and diseased tissues [44]. We conducted molecular docking to
see the binding affinity of folic acid, phytol, and MTX with selected
proteins that are responsible for folic acid metabolism, cell permeability,
and function. The docking study showed that the test compound (phytol)
exhibited good binding affinity (�7.0 kcal/mol) with the DHFR enzyme.
Whereas the standard (folic acid) and inducer (MTX) showed binding
affinity toward the DHFR enzyme with a docking result of �10.0 and
�9.8 kcal/mol, In the visualization of ligand-protein interactions, it is
revealed that folic acid and phytol are bonding to the same binding site of
the DHFR enzyme. The similar amino acids of the two ligands are LEU22,
ILE16, LEU67, ILE60, PHE31, and PHE34. On the other hand, MTX binds
with the DHFR enzyme in the same location with similar and different
amino acids, which means MTX antagonizes the DHFR enzyme.

Phytol occupies the active site of the DHFR enzyme and impedes the
action of MTX. The DHFR enzyme is essential for thymidylate, purine
synthesis, and DNA synthesis, resulting in an enhanced erythropoiesis
process [45,46]. Additionally, the formation of RBCs occurs within the
bone marrow, regulated by the hormone erythropoietin. The liver is
responsible for the synthesis of a hormone known as erythropoietin,
which acts as a stimulant for the hematopoietic tissue in the bone
marrow, thereby promoting the production of erythrocytes. In instances
of liver damage, there is a potential for reduced synthesis of erythro-
poietin, resulting in a decline in the formation of red blood cells [47,48].
In our in silico study, MTX showed hepatotoxicity. On the other hand,
research data showed that phytol has a hepatoprotective effect [49]. It is
possible that phytol enhances Hb content in mice through the activation
of the DHFR enzyme or protects the liver fromMTX toxicity. The possible
phytol-mediated Hb-enhancing mechanisms are illustrated in Fig. 5.

Taken together, phytol significantly enhanced Hb content in the
experimental animals compared to the NC and NgC groups of animals.
Furthermore, phytol has a modulating effect with folic acid. However,
the effect was slightly lower than in the STD and TEST groups. In the in
silico study, phytol expressed good binding affinity and interaction to-
ward DHFR enzymes. Therefore, the findings of our study demonstrated
that phytol has a Hb-enhancing effect, possibly through the interaction of
DHFR enzyme.

Our study has several limitations that should be overcome. Initially,
the study was performed on a small group of Swiss albino mice; thus, the
findings cannot be considered relevant to humans. Larger and more
varied studies are required to prove our results. Besides, we tested a few
doses, so further research is still required to find the best dose and the
right schedule for use in humans. Besides, although we noticed the
positive effects, the actual ways in which the mechanism works in living



Fig. 5. Possible hemoglobin enhancing mechanism of
phytol in methotrexate-treated animals [FR: Folate
receptor; FPGS: Folylpolyglutamate synthase; GGH:
Gamma-glutamyl hydrolase; TMS: Thymidylate syn-
thase; AICAR: 5-aminoimidazole-4-carboxamide ribo-
nucleotide transformylase; DHFR: Dihydrofolate
reductase; MTS: Methionine synthase; MTHF: Meth-
ylenetetrahydrofolate reductase; DHF: Dihydrofolate;
THF: Tetrahydrofolate; 10-CHO-THF: 10-For-
myltetrahydrofolate; 5,10-CH2-THF: 5,10-methylene
tetrahydrofolate; 5-CH3-THF: 5-methyltetrahydrofo-
late; MTX: Methotrexate].
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organisms are not known. More in-depth studies are needed to discover
how phytol functions. Besides, we did not investigate the long-term ef-
fects or chronic toxicity of phytol. Such studies are crucial to ensure its
safety for long-term use. Furthermore, the results we have obtained so far
are positive, but they still need to be validated in human-like systems and
later in clinical trials to confirm that phytol is effective and safe for
humans.

5. Conclusion

The findings of our study indicated that phytol significantly enhanced
Hb in MTX-induced folate-deficient Swiss albino mice compared to the
NC and NgC groups. Phytol dose-dependently increased Hb contents in
animals at the highest dose (50 mg/kg) exhibited the best Hb content-
enhancing result, which is also better than the standard drug folic acid
1.5 mg/kg. Further, phytol has a modulating effect with folic acid.
However, the effect was slightly lower than in the STD and TEST groups.
In contrast, a molecular docking study indicated that phytol has good
binding affinity (�7.0 kcal/mol) and interaction with the DHFR enzyme.
Phytol occupies the active site of the DHFR enzyme and impedes the
action of MTX. Additionally, phytol does not show any toxicity properties
in toxicity prediction. Therefore, phytol has a Hb-enhancing effect,
possibly through the interaction of DHFR enzymes. However, an exten-
sive investigation (Organs on Chips) and clinical trials were needed to
develop phytol as a folate-regulatory or Hb-enhancing drug.
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