Received: 11 September 2023

Revised: 27 October 2023

W) Check for updates

Accepted: 30 October 2023

DOI: 10.1002/ardp.202300497

FULL PAPER

ARCH

Archiv der Pharmazie

DPhG

The effects of morin and methotrexate on pentose phosphate
pathway enzymes and GR/GST/TrxR enzyme activities:
An in vivo and in silico study

Cuneyt Caglayan! ® |
Abdulilah Ece® ® |

1Department of Medical Biochemistry, Faculty
of Medicine, Bilecik Seyh Edebali University,
Bilecik, Turkey

2Department of Solhan School of Health
Services, Bingol University, Bingol, Turkey

3Department of Biochemistry, Faculty of
Pharmacy, Erzincan Binali Yildirim University,
Erzincan, Turkey

“Department of Chemistry, Faculty of
Sciences and Arts, Bingol University, Bingol,
Turkey

5Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Biruni University,
istanbul, Turkey

SDepartment of Biochemistry, Faculty of
Pharmacy, Anadolu University, Eskisehir,
Turkey

7Bilecik Seyh Edebali University, Bilecik,
Turkey

Correspondence

Cuneyt Caglayan, Department of Medical
Biochemistry, Faculty of Medicine, Bilecik
Seyh Edebali University, Bilecik 11230,
Turkey.

Email: cuneyt.caglayan@bilecik.edu.tr

Funding information
This work was supported by Grants from the
Scientific Research Projects Coordination Unit
of Bingol University.

Yusuf Temel?® |

Ciineyt Tiirkes® | Adnan Ayna* |

Siikrii Beydemir®”’

Abstract

In this study, the mechanisms by which the enzymes glucose-6-phosphate
dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (6PGD), glutathi-
one reductase (GR), glutathione-S-transferase (GST), and thioredoxin reductase
(TrxR) are inhibited by methotrexate (MTX) were investigated, as well as whether
the antioxidant morin can mitigate or prevent these adverse effects in vivo and in
silico. For 10 days, rats received oral doses of morin (50 and 100 mg/kg body
weight). On the fifth day, a single intraperitoneal injection of MTX (20 mg/kg
body weight) was administered to generate toxicity. Decreased activities of
G6PD, 6PGD, GR, GST, and TrxR were associated with MTX-related toxicity
while morin treatment increased the activity of the enzymes. The docking
analysis indicated that H-bonds, pi-pi stacking, and pi-cation interactions were
the dominant interactions in these enzyme-binding pockets. Furthermore, the
docked poses of morin and MTX against GST were subjected to molecular
dynamic simulations for 200 ns, to assess the stability of both complexes and
also to predict key amino acid residues in the binding pockets throughout the
simulation. The results of this study suggest that morin may be a viable means
of alleviating the enzyme activities of important regulatory enzymes against
MTX-induced toxicity.
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Abbreviations: 3PG, 3-phosphoglyceric acid; 6PGD, 6-phosphogluconate dehydrogenase; BSA, bovine serum albumin; CBL, chlorambucil; CDNB, 1-chloro-2,4-dinitrobenzene; DTNB,
5,5'-dithiobis(2-nitrobenzoic acid); G6PD, glucose-6-phosphate dehydrogenase; GR, glutathione reductase; GSSG, glutathione disulfide; GST, glutathione-S-transferase; HXP, 3,6-dihydroxy-
xanthene-9-propionic acid; KCI, potassium chloride; LSD, least significant difference; MD, molecular dynamic; MM-GBSA, molecular mechanics with generalized Born and surface area
solvation; MTX, methotrexate; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; OPLS, optimal potential liquid
simulations; PDB, Protein Data Bank; RA, rheumatoid arthritis; RMSD, root mean square deviation; RMSF, root mean square fluctuations; TPT, 2,2":6",2"-terpyridine platinum(ll) chloride;

TrxR, thioredoxin reductase; XP, extra precision.
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Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory illness
that has a negative impact on one's quality of life and severely affects
bones and joints.[“ As a folate analog and selective antagonist to folic
acid enzymes, methotrexate (MTX) is used to treat various auto-
immune disorders, dermatological conditions, and cancers, and also to
end pregnancies.”) Low dosages of MTX (0.4 mg/kg/week) reduce
inflammation in RA patients via altering adenosine signaling, but high
doses of MTX prevent cancer cells from synthesizing folic acid. Due to
MTX's antifolate characteristics, continuous use of the drug even at
modest dosages can result in a variety of side effects, including
gastrointestinal ulcers, myelosuppression, and liver and renal failure.[’!
One strategy to ameliorate the negative effects of MTX in therapeutic
applications might be to protect the organs from unfavorable side
effects. Because of this, natural biomolecules with antioxidant
properties that may lessen the severity of MTX-induced toxicities
may be helpful for therapeutic purposes.

One of the main ingredients of many food crops and medicinal
plants that are suggested in conventional medicine for the treatment
of many human diseases is morin, a dietary flavanol. Several fruits and
vegetables including fig, mulberry, onion, and apple contain morin.[*!
Two benzene rings joined by a heterocycle pyrone ring make up the
chemical structure of morin (3,5,7,2',4'-pentahydroxyflavone), which
also has five hydroxy substituents at positions 2', 4', 3, 5, and 7.9 Due
to its intriguing medicinal potential, this dietary flavonol has received a
lot of interest over the last 10 years. Numerous in vivo and in vitro
research have revealed the pleiotropic effects of morin. Researchers
have discovered that morin covers antioxidant, anti-inflammatory,
neuroprotective, anti-hyperlipidemic, antihypertensive, antidiabetic,
antibacterial, antiallergic, and anticancer properties.*”~? According
to studies, morin significantly reduces the toxicity and side effects of a
number of drugs without impairing their intended functions.

No study has been found examining the effects of MTX on pentose
phosphate pathway regulatory enzymes, glutathione antioxidant system
and thioredoxin antioxidant system, which are important for metabo-
lism. This study sought to understand how MTX inhibits glucose-6-
phosphate dehydrogenase (G6PD, EC.1.1.1.49), 6-phosphogluconate
dehydrogenase (6PGD, EC.1.1.1.44), glutathione reductase (GR,
EC.1.6.4.2), glutathione-S-transferase (GST, EC.2.5.1.18), and thioredox-
in reductase (TrxR, EC.1.6.4.5) enzymes as well as if morin, a natural
antioxidant, can prevent or lessen these negative effects in vivo.

2 | RESULTS AND DISCUSSION

2.1 | Effects of methotrexate and morin on enzyme
activities

In vivo effect of morin (100 mg/kg), MTX (20 mg/kg), and MTX
+morin (50 and 100 mg/kg) on rat erythrocyte pentose pathway
enzymes (G6PD and 6PGD) enzyme activities were studied. The
results indicated that MTX treatment significantly reduced the

activities of both enzymes while treatment of MTX+morin restored
the activities of both enzymes (Figure 1c,d).

When in vivo effects of morin (100 mg/kg), MTX (20 mg/kg), and
MTX+morin (50 and 100 mg/kg) on GR enzyme activity were evaluated
it was found that GR enzyme activity meaningfully decreased in the
MTX-treated group. The treatment of MTX with different doses of morin
(50 and 100 mg/kg) increased the activity of the enzyme for which a
50 mg/kg dose of morin showed better ameliorative effects (Figure 2a).
Morin and MTX+morin (50 mg/kg) treatment significantly increased the
activity of GR in comparison to the untreated control group.

The in vivo effect of MTX and ameliorative effects of morin
treatment at 50 and 100 mg/kg doses were investigated on the activity
of GST. It was revealed that the enzyme activity of GST was significantly
reduced in the MTX-treated group. The treatment of MTX with different
doses of morin (50 and 100mg/kg) alleviated the activity of
the enzyme in similar manners (Figure 2b). Morin treatment alone
significantly increased the activity of GST in comparison to the untreated
control group.

We also investigated the in vivo effects of morin (100 mg/kg), MTX
(20 mg/kg), and MTX+morin (50 and 100 mg/kg) on TrxR enzyme
activity. Our results demonstrated that the enzyme activity of TrxR was
significantly reduced in the MTX-treated group. Treatment of MTX with
different doses of morin (50 and 100 mg/kg) apparently did not alleviate
the toxic effects of MTX on TrxR enzyme activity (Figure 2c). Morin
treatment alone did not alter the activity of TrxR as compared with the
untreated control group.

MTX is used to treat inflammatory and autoimmune illnesses.
It is a folic acid antagonist commonly used to treat breast cancer,
leukemia, and osteosarcoma.l’® The enzyme dihydrofolate reductase,
which catalyzes the interconversion of dihydrofolate to tetrahydrofo-
late, which is necessary for nucleotide synthesis, is inhibited by MTX.
Additionally, MTX was found to limit de novo purine production.
Because of this, MTX prevents the production of DNA, RNA, and
protein, which ultimately results in death in the cells or tissues.!1?
However, MTX has toxicity not only against malignant cells but also for
healthy organs like the liver,*® kidney,** testes,**! and brain.l*¥! As a
result, alleviating MTX's toxicity and understanding its adverse effects
might lead to better treatment, higher adherence, and lower mortality.
To the extent of our knowledge, there is no study focusing on the
possible effects of MTX and morin on the activities of some crucial
metabolic enzymes such as G6PD, 6PGD, GR, GST, and TrxR in rats.
Therefore, the aim of the current research was to determine the
curative effects of morin on MTX-induced enzyme inhibitions.

Research on drug-enzyme interactions and metabolic enzymes is
becoming more and more noteworthy in recent decades. Due to its
possible involvement in a number of disorders, GST has been the
focus of numerous types of research. It has various biological
functions. It is consistently strongly expressed in a variety of cancer
cell types, including osteosarcoma, melanoma, lymphoma, and human
breast, colon, liver, pancreas, stomach, and uterine malignancies.m] A
compound that inhibits GST can have potent anticancer effects on
cancer cells while ameliorating toxicity for healthy cells. There has
been a lot of research about the effects of various pharmaceuticals
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(a) Chemical structure of morin. (b) Chemical structure of methotrexate. (c) The inhibitory effect of methotrexate and morin on

glucose-6-phosphate dehydrogenase (G6PD) enzyme activity. (d) The inhibitory effect of methotrexate and morin on 6-phosphogluconate
dehydrogenase (6PGD) enzyme activity. Different letters (a-d) indicate statistical differences among the groups (p < 0.05).

and organic compounds on GSTs, but none have examined the
inhibitory activity and mechanism of morin and MTX on GST.
Therefore, in this investigation, we focussed on the in vivo inhibition
of GST enzyme activity by MTX and the role of morin in reducing this
effect. Our results revealed that the enzyme activity of GST was
significantly reduced in the MTX-exposed group. Treatment of MTX
with different doses of morin (50 and 100 mg/kg) increased the
activity of the enzyme in similar manners. Cefazolin, cefuroxime, and
cefaperazon were studied for their ability to inhibit GST in albino-rat
heart, liver, and kidney tissues by Tiirkan et al.l*®! They discovered
that cefazolin had no inhibitory effects on GST in any of the worked
tissues, and that cefazolin and cefuroxime reduced GSST activity
after the fifth hour. In a different study, Tirkan et al. also used in
vitro and molecular docking procedures to examine the inhibitory
effects of carbamazepine, chlorpromazines, isoprenaline, and tamox-
ifen on GST.'?) They stated that all of the drugs they examined
effectively inhibited the GST enzyme, and that chlorpromazine
was the best inhibitor, with a K| value of 42.83 + 8.52 nM. Gentamicin
and clindamycin both inhibited the enzymatic activity of human
erythrocyte GST, with ICso values of 1.69 and 6.9 mM and K
constants of 1.70 and 2.36 mM, respectively, as reported by Ayna
et al.?? They also found that the activity of the GST was stimulated
by scopolamine butylbromide and ampicillin, but not by cefazolin.
G6PD is an enzyme that plays a fundamental role in cellular
metabolism, particularly in the pentose phosphate pathway. It
catalyzes the conversion of G6P to 6-phosphogluconolactone, while

simultaneously reducing nicotinamide adenine dinucleotide phos-
phate (NADP*) to its reduced form, NADPH. It is primarily found in
the liver, but it is also present in other tissues, such as red blood cells.
This pathway is important for the production of NADPH, which is
necessary for many cellular processes, including the synthesis of fatty
acids and cholesterol and the detoxification of reactive oxygen
species.m] G6PD deficiency is an inherited genetic disorder that
affects the activity or production of the G6PD enzyme. This primarily
affects red blood cells and is more common in males. G6PD
deficiency can result in hemolytic anemia, a condition where red
blood cells are more susceptible to damage and premature destruc-
tion, especially when exposed to certain triggers such as infections,
certain medications, or consumption of certain foods. This can cause
symptoms such as fatigue, jaundice, and dark urine.?? Researchers
have isolated the G6PD and 6PGD enzymes from different tissues
and examined how chemicals and treatments affect their ability to

function. In a study, Temel et al.2d!

isolated the G6PD enzyme from
rat erythrocytes with a specific activity of 29.20 EU/mg proteins.
Then they discovered how rat erythrocyte G6PD enzyme activity was
affected by several antibiotics. The enzyme activity of G6PD
was suppressed by furosemide, gentamicin, and clindamycin
with K;s of 0.86, 0.70, and 39.80 mM, respectively. G6PD and
6PGD enzymes from rat hearts were isolated by Adem and Ciftci®¥
who also investigated the inhibitory effects of dopamine, furosemide,
and digoxin on these enzyme activities. The inhibitory effect of

these agents was low. Kizilbay and Karaman'?®! purified G6PD at a
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FIGURE 2

(a) The inhibitory effect of methotrexate and morin on glutathione reductase (GR) enzyme activity. (b) The inhibitory effect of

methotrexate and morin on glutathione-S-transferase (GST) enzyme activity. (c) The inhibitory effect of methotrexate and morin on thioredoxin
reductase (TrxR) enzyme activity. Different letters (a-d) indicate statistical differences among the groups (p < 0.05).

219.81-fold efficiency and ascertained dobutamine hydrochloride's in
vivo inhibitory effects. Effects of several drugs including MTX were
tested for their effects on G6PD by Akkemik et al.?®! The range of K;
constants was 0.0052+0.0012 to 48.4380+2.176 mM. Caliskan
et al.?” isolated GR, G6PD, and 6PGD from human erythrocytes and
identified the inhibitory profile of these enzymes for proparacaine
and brimonidine. K, values for proparacaine and brimonidine for
6PGD were 811.50+ 11.13 and 66.06 £ 0.78 uM, respectively.

GR is an enzyme that plays a vital role in the cellular antioxidant
defense system. It is responsible for maintaining the reduced state of
GSH, a critical molecule involved in protecting cells from oxidative
stress.?® GR catalyzes the reduction of glutathione disulfide (GSSG)
using NADPH. The stability of the GSH/GSSG ratio in the cell
environment is the main objective of the GR enzyme-catalyzed process.
In addition to preserving the GSH/GSSG ratio, it also aids in the

continuation of crucial cellular functions such as ROS detoxification.?”)

According to the previous studies regarding GR, the fluorophenylthiour-
ea compounds displayed low puM ICso and K, values, with ICso
values ranging from 8.85+0.20 to 21.62+0.27 uM and K, constants
from 23.04 +4.37 to 59.97 + 13.45 uM.B? Lj et al.®V investigated the
time- and concentration-dependent inhibition of yeast GR and human
GR by phenethyl and benzyl isothiocyanates. The inhibiting effects of
N-methylpyrrole derivatives on GR were described by Kocaoglu et al.®?
All the agents tested outperformed the potent GR inhibitor N,N-bis(2-
chloroethyl)-N-nitrosourea in terms of inhibitory efficacy, which re-
searchers discovered. An investigation on how different antioxidant
compounds (curcumin, quercetin, and resveratrol) affect the activity of
GR revealed that curcumin, quercetin, and resveratrol each had ICsq
values of 17.25, 57.8, and 520 uM, respectively.m]

A unique strategy to combat various diseases is to target TrxR by

a4

administering  TrxR inhibitors. According to Tiwari et

1-chloro-2,4-dinitrobenzene (CDNB) impairs the survival of filarial
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parasites by permanently blocking the cysteine in the enzyme's active
site. Synthetic curcumin analog B5 inhibits TrxR and causes induction of
apoptosis in the cervical cancer cell lines.®* TrxR inhibitors can bind to
the enzyme's two redox sites, the NADPH binding site, the Cys residues
in those sites, or other locations. Upon reduction by NADPH, the highly
reactive and nucleophilic Cys residue is exposed on the surface of the
enzyme as a result of this reduction. TrxR1's capability to decrease Trx
and selenite is prevented by inhibitors that bind the enzyme's Cys. Some
TrxR inhibitors are known suicide substrates, which alkylate or otherwise
covalently modify reactive Cys residues of the two main redox sites of the

enzyme.[%®

2.2 | Insilico study

Molecular docking calculations can contribute a thorough insight into the
compound's mode of action including whether it operates as an agonist or
antagonist. Here, assuming compounds have competitive inhibition, to
examine the behavior of MTX and morin in the binding regions of the
6PGD, G6PD, GR, GST, and TrxR enzymes, a thorough SAR research was
conducted. The performance of the Glide XP docking protocol was
evaluated by re-docking the cocrystallized native ligands, 3PG
(3-phosphoglyceric acid), NAP (NADP), HXP (3,6-dihydroxy-xanthene-9-
propionic acid), CBL (chlorambucil), and TPT (2,2":6'2"-terpyridine
platinum(ll) chloride) into the active sites of these proteins (PDB codes
4GWK for 6PGD, 6E08 for G6PD, 1XAN for GR, 3CSJ for GST, and
277B for TrxR) with Small-Molecule Drug Discovery Suite 2022-3 for
Mac (Schrédinger, LLC). The root mean square deviation (RMSD) values
between the native ligands, 3PG, NAP, HXP,CBL, and TPT conformation,
and the best poses generated by this protocol were 0.20, 0.55,0.69, 1.17,
and 0.49 A. It indicated that the Glide XP docking algorithm was qualified
fordocking MTX and morin to active pockets of 6PGD, G6PD, GR, GST,
and TrxR enzymes, respectively.

Figures 3-7 indicate that MTX (docking scores of —5.30 kcal/mol for
6PGD, -8.40 kcal/mol for G6PD, -4.80 kcal/mol for GR, -7.89 kcal/mol
for GST, and -4.23kcal/mol for TrxR and molecular mechanics
with generalized Born and surface area solvation (MM-GBSA) values
of -4.87 kcal/mol for 6PGD, -17.64 kcal/mol for G6PD, —20.34 kcal/mol
for GR, -44.35 kcal/mol for GST, and -28.17 kcal/mol for TrxR) to morin
(docking scores of -5.26 kcal/mol for 6PGD, -7.92 kcal/mol for G6PD,
-4.64 kcal/mol for GR, -6.41kcal/mol for GST, and -3.56 kcal/mol
for TrxR and MM-GBSA values of -20.39 kcal/mol for 6PGD,
-34.03 kcal/mol for G6PD, -17.67 kcal/mol for GR, -36.04 kcal/mol
for GST, and -26.82kcal/mol for TrxR) has similar conformations,
that is, H-bond, pi-pi stacking, and pi-cation interactions in these
enzyme-binding pockets.

In 6PGD, MTX formed H-bond interactions at the active site with
Arg288, Tyr192, and Thr263 residues. Morin interacted with Arg288
and Lys261 through H-bond (Figure 3). In G6PD, MTX made H-bonds
at the active site with Lys497, Arg370, Lys403, Arg487, Glu494,
Tyr507, and Tyr 503. Morin interacted with Asp421, Tyr503, Arg370,
and Arg393 through H-bond, while Tyr401, Tyr507, and Trp509
residues formed hydrophobic interactions (Figure 4).

ARCH DPhG—L2*
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The enzyme activity after morin treatment probably increased
owing to donating electrons to the substrate. In GR, MTX formed H-
bond at the active site with Lysé7, pi-pi stacking interactions with
Tyr407 and Phe78, and hydrophobic interaction with Val74. Morin
interacted with Phe78 through pi-pi stacking, Val74, Phe78, Tyr85,
Phe87, and Tyr407 residues with hydrophobic interactions (Figure 5).

In GST, the hydrophobic pocket created by the side chains
residues was anticipated to interact with MTX as follows: Tyr7, Phe8,
Pro9, Val10, Val35, Trp38, Leu52, Pro53, 1le104, and Tyr108 residues
in the active site suggest that the compound binds to the active site
of GST (Figure 6).

Therefore, it was concluded that the obstruction of the active site
entry may have caused this inhibitory impact; however, when morin was
bound to the enzyme, an H-bond interaction formed between morin and
Tyr7. In TrxR, MTX formed H-bond interaction at the Gly54, pi-pi
stacking interaction with Trp114, hydrophobic interactions with Val118,
11e109, and Trp53 residues, and electrostatic interactions with Arg121.
Morin interacted with Trp114 through pi-pi stacking, lle109 and Trp53
residues through hydrophobic interactions, and GIn106 through H-bond
interaction (Figure 7).

Furthermore, in an attempt to predict the dynamics and stability of
enzyme-ligand complexes under physiological conditions, molecular
dynamic (MD) simulations were conducted. Although frequently used
docking algorithms are successful in generating active conformations of
ligands, docking score algorithms are primitive. However, in our recent
studies, we obtained promising binding energies in accordance with
biological activities.*” %% Thus, as a representative system, the docked
poses of morin and MTX against the GST target, which yielded acceptable
docking scores, were subjected to MD simulations. For each system,
RMSD values of the Ca backbone based on the reference frame
backbone, the root mean square fluctuations (RMSF) for Ca-atoms, and
ligand interaction fractions were computed after 200 ns of simulation.
The morin complex seems to stabilize after 100 ns, while the MTX system
reaches equilibrium after just 25 ns (Figure 8).

It is worth mentioning that in both cases, the observed RMSD
variations are within acceptable ranges during the whole course of
the simulation. The ligand RMSD for morin-GST remains consistent
throughout the simulation, whereas MTX-GST shows higher fluctua-
tions. Nonetheless, overall variations are insignificant and lie under
the permissible range of ~3 A. This, together with a visual inspection
of the overall simulation, also confirms that both complexes have not
undergone significant conformational changes and the ligands have
remained stably bound to GST.

On the other hand, RMSF measures the average deviation of
individual amino acid residues over time. As depicted in Figure 9, both
systems vyielded a steady profile having RMSF values below 2 A.
Notably, some amino acid residues that the ligands are interacting with
(green vertical lines) have much lower RMSF values, which can be
concluded as favorable contacts that help stabilize the complexes.

Ligand protein interactions were also monitored during 200 ns of
simulation. The interaction fraction of the morin-GST complex shows
that mainly hydrophobic interactions play critical roles. The MTX
engages through hydrogen bonds emphasizing two key amino acid
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FIGURE 3 (a) Three-dimensional (3D) interactions of methotrexate (CooH22NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)-L-glutamic acid; green color) and morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; blue color) with the
key amino acids within the active site of 6-phosphogluconate dehydrogenase (6PGD) (PDB code 4GWK). (b) Two-dimensional (2D) docking
poses of methotrexate and morin with the key amino acids within the binding site of 6PGD (PDB code 4GWK).

residues: Tyr7 and Argl3. The Phe8 could also help stabilize the

complex via hydrophobic interactions.

3 | CONCLUSION

As a result, the effects of MTX and morin against various metabolic
enzyme activities in rats in vivo and in silico were investigated
within this study. The in vivo analysis results demonstrated that
G6PD, 6PGD, GST, GR, and TrxR enzyme activities in the rat were

considerably decreased in the MTX-administrated group compared
with the control groups while morin cotreatment significantly
alleviated these effects. The docking research revealed that the
dominant interactions in these enzyme-binding pockets were
H-bond, pi-pi stacking, and pi-cation interactions. MD simulations
confirmed the stability of morin-GST and MTX-GST against and
revealed favorable ligand contacts in the binding region. The
findings of this study imply that morin may be a potential treatment
for MTX-induced toxicities by reducing the enzyme activity of
critical regulatory enzymes.

85U8017 SUOWILIOD BAIIERID 8|qed!|dde ay) Aq peusenob afe sejonte VO ‘@SN Jo SN 10} Areiqi8ulUO A8]IM UO (SUONIPUCD-pUe-SWLBIAL0D A8 | IM" AfeIq 1[BU1|UO//SANY) SUORIPUOD PUe SWB | 3U88S *[5202/2T/S0] uo AriqiTauluo A8 ‘Ilecep3 UAes X10e|ig Aq L6700£202 dpae/z00T 0T/10p/i0d A8 | ARelq el |uo//Sdny Wouy pepeo|umod ‘2 ‘v20Z ‘v8TYTZST



CAGLAYAN ET AL

ARCH

(@)

DPhG 7 of 14

Archiv der Pharmazie

) Charged (negative) Polar Distance  Pi-cation

) Charged (positive) & Unspecified residue = H-bond Salt bridge
Glycine Water Halogen bond Solvent exposure
Hydrophobic Hydration site Metal coordination
Metal X Hydration site (displaced) e Pi-Pi stacking

ARG X s
393 TYR = 03
401
) Charged (negative) Polar Distance « Pi-cation
D Charged (positive) & Unspecified residue » H-bond Salt bridge
Glycine Water Halogen bond Solvent exposure
Hydrophobic Hydration site Metal coordination

Metal X Hydration site (displaced) -+ Pi-Pi stacking

FIGURE 4 (a) Three-dimensional (3D) interactions of methotrexate (CooH22NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)-L-glutamic acid; green color) and morin (C45H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; blue color) with the
key amino acids within the active site of glucose-6-phosphate dehydrogenase (G6PD) (PDB code 6E08). (b) Two-dimensional (2D) docking poses
of methotrexate and morin with the key amino acids within the binding site of G6PD (PDB code 6EQ8).

4 | EXPERIMENTAL
4.1 | Chemicals

Kocgak Farma provided the injectable solution of MTX (50 mg/
5mL). All of the reagents used in the study, including morin
hydrate (CAS no. 654055-01-3), were purchased from Sigma-
Aldrich Co.

4.2 | Animals

Adult male Wistar albino rats (280-300g) were supplied
by the Experimental Research Center of Bingol University in Bingol,
Turkey. Under the aforementioned facility, the animals were housed
in typical laboratory settings (45 + 5% humidity, 24 + 1°C, and a cycle
of 12 h light: 12 h dark). The animals were given unlimited access to
food and water. The Animal Experimentation Ethics Committee of
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FIGURE 5 (a) Three-dimensional (3D) interactions of methotrexate (CooH25NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)-L-glutamic acid; green color) and morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; blue color) with the
key amino acids within the active site of glutathione reductase (GR) (PDB code 1XAN). (b) Two-dimensional (2D) docking poses of methotrexate
and morin with the key amino acids within the binding site of GR (PDB code 1XAN).

Bingol University authorized all experimental protocols after they
were completed in accordance with their criteria for the treatment of
animals (Protocol No: 2022-E.88589).

4.3 | Experimental groups

The rats were divided into five groups with seven animals in each group.

Group | (Control) received 0.9% saline via oral gavage for 10 days,
and on Day 5 alone, a single saline intraperitoneal (i.p.) injection.

Group Il (Morin) received a single i.p. injection of saline on Day 5
only while receiving 100 mg/kg of morin orally over the course
of 10 days.19

Group Il (MTX) were given saline via oral gavage for 10 days, and
on Day 5 alone, they were given a single i.p. dose of 20 mg/kg
of MTX dissolved in saline.""!
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FIGURE 6 (a) Three-dimensional (3D) interactions of methotrexate (CooH2oNgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)-L-glutamic acid; green color) and morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; blue color) with the
key amino acids within the active site of glutathione-S-transferase (GST) (PDB code 3CSJ). (b) Two-dimensional (2D) docking poses of
methotrexate and morin with the key amino acids within the binding site of GST (PDB code 3CS)).

Group IV (MTX + Morin-50) received a single i.p. dose of 20 mg/kg
MTX on Day 5 and 10 days of oral gavage administration of
50 mg/kg morin.

Group V (MTX + Morin-100) received a single i.p. dose of 20 mg/kg
MTX on Day 5 and 10 days of oral gavage administration of
100 mg/kg morin.

All rats were killed using sevoflurane (Sevorane 100% liquid,

Abbott Laboratories)-24 h following the last treatment.

44 | Preparation of the hemolysate

Freshly drawn blood samples from the jugular vein of rats were placed in
anticoagulant (sodium citrate) containers and centrifuged for 15 min
(2500 g) to separate leukocytes and plasma. Hemolysate was prepared in
the current investigation using the procedure explained by Temel et al.?
Erythrocytes were hemolyzed with distilled water, rinsed three times with
0.16 M potassium chloride (KCl) isotonic saline solution, and centrifuged

at +4°C (10.000g) for 30 min to remove cell membranes and other
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FIGURE 7 (a) Thre-dimensional (3D) interactions of methotrexate (C,oH22:NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)-L-glutamic acid; green color) and morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; blue color) with the
key amino acids within the active site of thioredoxin reductase (TrxR) (PDB code 2ZZB). (b) Two-dimensional (2D) docking poses

of methotrexate and morin with the key amino acids within the binding site of TrxR (PDB code 2ZZB).

insoluble components. When the hemolysate was separated, the

supernatant was collected for use in the analyses.

4.5 | Determination of the enzyme activities
(G6PD, 6PGD, GR, GST and TrxR enzymes)

The investigation involved spectrophotometric measurements of
G6PD, 6PGD, GR, GST, and TrxR enzyme activities at predetermined
wavelengths. The enzyme activities of G6PD and 6PGD were

431 The solution used to

measured as stated in our previous study.
measure the activities of G6PD and 6PGD included 0.6 mM G6P/
6PGA, 0.2 mM NADP", 0.5 mM EDTA, and 0.01 mM MgCl, at a pH of
8.0. GR enzyme activity was measured spectrophotometrically at
340 nm.[**! The mixture used to test for GR contains 2mM NADPH,
20 mM GSSG, and 0.1 mM K-phosphate. TrxR enzyme activity was

5] method, and measure-

assessed using the Luthman and Holmgren
ments were made at a wavelength of 412 nm. GST was assayed using
a combination that included 100 mM K-phosphate, 10 mM EDTA,

0.2 mM NADPH, 0.2 mg/mL bovine serum albumin (BSA), and 5 mM
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FIGURE 8 Protein (marin) and ligand (red) root mean square deviation (RMSD) plot for morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-
trihydroxy-4H-chromen-4-one)-GST (top) and methotrexate (CooH22NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}benzoyl)-L-

glutamic acid)-glutathione-S-transferase (GST) systems.

5,5'-dithiobis 2-nitrobenzoic acid (DTNB). In the assay medium,
20 mM GSH, 25 mM CDNB, 0.1 mM EDTA, and 0.1 mM K-phosphate
were used.*®! Enzyme activities were expressed as EU/mg protein.
An enzyme unit was defined as the quantity of enzyme needed to
catalyze the reaction of 1 umol of substrate per minute at 25°C.

4.6 | The determination of protein quantity

The Bradford technique was used to determine the protein quantity.

The reference protein for this analysis was BSA.[*”]

4.7 | In silico study

As previously reported,[48'5°] in silico calculations were carried
out using the Small-Molecule Drug Discovery Suite 2022-3 for Mac
(Schrodinger, LLC). Protein Data Bank (http://www.rcsb.org/) was
utilized to obtain the crystal structures of 6PGD (PDB code 4GWK;
resolution: 1.53A, A chain),"!! G6PD (PDB code 6EQ8; resolution:
1.90 A, A chain),®? GR (PDB code 1XAN; resolution: 2.00 A, A chain),*!
GST (PDB code 3CSJ; resolution: 1.90 A, B chain),*¥ and TrxR (PDB
code 277B; resolution: 3.20 A, B chain).!>® The structural optimization
of 4GWK, 6E08, 1XAN, 3CSJ, and 2ZZB was performed using the
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FIGURE 9 Root mean square fluctuations (RMSF) plots for morin (C15H1007: 2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one)-
GST (top) and methotrexate (CooH22NgOs: (4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}benzoyl)-L-glutamic acid)-glutathione-S-transferase
(GST) systems. Figure insets show ligand interaction diagrams during 200 ns molecular dynamic (MD) simulations.

[56]

Protein Preparation Wizard program®® in the Maestro panel.’” The

SiteMap  algorithm>®!

was used to predict the active sites of
proteins.®?~Y The most likely ionization states in the OPLS4 force
field®? at pH 7.4+ 0.5 were generated using Epik!®® and the LigPrep
program.[é‘” Energy grids were built using the Receptor Grid Generation
application with its default settings.’°>¢®! Calculations for the glide extra
precision (XP)¢7:8! were done with the help of the docking score tool.
Additionally, utilizing the protein-ligand complexes 4GWK, 6EO08,
1XAN, 3CSJ, and 2ZZB, the MM-GBSA's to forecast relative binding

affinity in the variable-dielectric surfacegeneralized born energy

[69) and OPLS4 force field has been assessed. Furthermore, the

model
Desmond module was used for MD simulations.”® An orthorhombic
simulation box with the reparameterized transferable intermolecularpo-
tential with a 4-point water model was prepared using the system
builder panel. Subsequent to neutralizing the system with sodium ions,
physiological conditions were mimicked by adding 0.15M NaCl
concentration. Salt and ion placement were excluded within 20 A of
the ligand. The system was first relaxed by default, and then MD was
performed for 200 ns in an NPT ensemble with a recording interval of

200 ps, which finally yielded approximately 1000 frames.
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4.8 | Statistical analysis

For the statistical analysis, SPSS Statistics 20 was employed. The data
were presented as mean SD. To compare the differences between
the groups, one-way analysis of variance (ANOVA) and Tukey's post
hoc least significant difference (LSD) were utilized. When the p-value

was 0.05, the difference between the groups was deemed significant.
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