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Abstract

Clopidogrel is one of the thienopyridine antiplatelet drugs commonly used as a
prophylactic medication to prevent coagulation in vessels and cardiovascular events. The
molecule of clopidogrel is metabolized in the liver via phase-1 and phase-11 metabolism
pathways. The sulfenic acid clopidogrel metabolite undergoes phase-11 metabolism
through conjugation with glutathione by the glutathione-s-transferase (GST) to form a
glutathione conjugate of clopidogrel (inactive metabolite). A glutaredoxin enzyme
removes the glutathione conjugated with clopidogrel to form cis-thiol-clopidogrel. This
review focused on the polymorphisms of genes related to phase-11 metabolism during the
clopidogrel bioactivation process. Overall, no well-controlled studies were done about the
relationship between the clopidogrel bioactivation process and genes related to phase-I1
metabolism’s enzymes. Nevertheless, some polymorphisms of G6PD, GCLC, GCLM,
GSS, GST, GSR, HK, and GLRX genes could be responsible for clopidogrel resistance
due to low glutathione conjugate or glutaredoxin plasma levels. Studies needed to be
concerned with the relationship between clopidogrel resistance and phase-11 metabolism
issues in the near future.
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Introduction

Thienopyridine antiplatelets are a group of drugs that are irreversibly blocking one
of the adenosine diphosphate (ADP) receptors called P2Y 12 receptors. Clopidogrel is one
of the thienopyridines antiplatelet drugs that are commonly used as a prophylactic
medication in order to prevent coagulation in vessels and cardiovascular events.[1]

The molecule of clopidogrel is metabolized in the liver via phase-1 and Phase-11
metabolism pathways. In the phase-1 metabolism, 85% of absorbed clopidogrel
hydrolyzed via carboxylesterase-1 (CES-1) enzyme to be converted to clopidogrel
carboxylic acid (inactive metabolite). The remaining absorbed clopidogrel was oxidized
via cytochrome P450 1A2 (CYP1A2), CYP2C19, and CYP2B6 enzymes to convert to 2-
oxo-clopidogrel. The inactive metabolite (2-oxo-clopidogrel) is either further
metabolized in phase-1 metabolism via CYP2C19, CYP2C9, CYP3A4, and CYP2B6
enzymes to converted to sulfenic acid clopidogrel (inactive metabolite), or converted to
cis-thiol-clopidogrel, which is described as the active metabolite of the prodrug
clopidogrel.[2]

The sulfenic acid clopidogrel metabolite undergoes phase-11 metabolism through
conjugation with glutathione by the glutathione-s-transferase (GST) to form a glutathione
conjugate of clopidogrel (inactive metabolite).[3] A glutaredoxin enzyme removes the
glutathione conjugated with clopidogrel to form cis-thiol-clopidogrel.[4]

Clopidogrel’s antiplatelet efficacy depends on some enzymes involved in phase-1 and
phase-1l1 metabolism. Therefore, some polymorphism of genes related to these metabolic
enzymes could affect the bioactivation process of clopidogrel.

This review will focus on the polymorphisms of genes related to phase-11 metabolism
during the clopidogrel bioactivation process.
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1. Polymorphism of glucose-6-phosphate dehydrogenase (G6PD) gene

1.1 Overview

Glucose-6-phosphate dehydrogenase (G6PD) is an enzyme responsible for converting
about 9% of glucose-6-phosphate into 6-phosphate gluconate with the help of the
oxidative form of nicotinamide adenine dinucleotide phosphate (NADP+) which reduced
then by adding hydrogen ion by G6PD enzyme to form NADPH.[5]

NADPH is a cofactor that helps some enzymes include 3-hydroxy-3-methyl-glutaryl-
Coenzyme-A reductase (HMG-CoA reductase) enzyme (to form mevalonic acid) and
glutathione reductase (GR) enzyme (to form two glutathione molecules), thus, the G6PD
enzyme is essential for keeping normal levels of glutathione molecules in blood plasma
(see figure.1).[6-7]

1.2 Expression

G6PD enzyme is encoded by the G6PD gene found in chromosome Xg28 and has 13
exons. The Expression of the G6PD gene takes place mainly at testes, granulocytes, and
bone marrow cells.[8]

1.3 Variation

The wild-types' alleles of the G6PD gene include G6PD A+ and G6PD B, however, there
are more than 400 different polymorphisms found globally related to the G6PD gene, but
the most common mutations' alleles found are G6PD San Diego, G6PD Chatham, G6PD
Mediterranean, G6PD Aures, G6PD Canton, G6PD A- and G6PD Hektoen (see
table.1).[9-10]

G6PD Chatham allele is caused by a single nucleotide polymorphism of the G6PD gene
at sequence number 1003, which guanine replaced with adenine, thus affecting the
transcription of the G6PD gene into mRNA and therefore losing more than 90% of the
regular activity of the G6PD enzyme. G6PD Chatham allele is less frequently found than
G6PD Mediterranean and G6PD A- alleles.[11]

G6PD Mediterranean allele is also caused by a single nucleotide polymorphism of the
G6PD gene, however, it is caused by replacing the cytosine nucleotide at sequence
number 563 with thymine. Like the GBPD Chatham allele, the G6PD Mediterranean
allele leads to the severe reduction of the G6PD enzyme activity, less than 10% of G6PD
protein produced from the G6PD Mediterranean allele is described as an active enzyme.
G6PD Mediterranean allele is commonly found in Mediterranean European countries,
including Italy and Grease, and shared in the Middle East countries, including Saudi
Arabia, Egypt and Iran, and Indian people.[12]

G6PD Aures allele is caused by mutation at sequence number 143 of the G6PD gene,
which thymine nucleotide changed to cytosine. G6PD Aures allele's phenotype is the
G6PD enzyme deficiency, but unlike G6PD Chathan and G6PD Mediterranean alleles,
the G6PD Aures allele causes a mild deficiency of G6PD enzyme with up to 60% of
G6PD enzyme described as active.
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G6PD Aures allele was first discovered in a child from Algeria in 1993, then it found that
many Algerian people have G6PD Aures allele, but because of causing an only mild type
of G6PD enzyme deficiency, it did not lead to severe or even obvious hemolytic anemia
or other issues. G6PD Aures allele also had been discovered in other countries including
Saudi Arabia, Tunisia, Jordan, Kuwait, and the United Arab Emirates.[13]

G6PD A- allele is the most common allele (after GGPD Mediterranean allele) found
globally, but most frequently in Africa, the Middle East, and South Europe. Like G6PD
Aures, the G6PD A- allele results in a mild deficiency of the G6PD enzyme (the activity
of the G6PD enzyme is up to 60%). However, the G6PD A- allele is caused by a mutation
at sequence number 202 of the G6PD gene, in which guanine nucleotide is replaced with
adenine.[14]

G6PD Hektoen allele is the least common variant of the G6PD gene caused by a single
nucleotide polymorphism that makes one change on the G6PD protein, a histidine amino
acid replaced with tyrosine, but it is not well known at which amino acid position this
replacement takes place. This change makes the G6PD protein have extra (up to 400%)
enzymatic activity than the normal G6PD protein encoded via the G6PD wild-types'
alleles (4 folds more enzymatic activity than normal G6PD protein).[15]

1.4 Effect of G6PD gene's variations on clopidogrel antiplatelets activity

Patients with severe G6PD enzyme deficiency (because of having either G6PD Chatham
or Mediterranean alleles) may lead to a noticeable reduction of glutathione (GSH) level
in blood plasma. Since clopidogrel drug needs GSH in order to be activated, clopidogrel
could not be activated entirely in patients with severe G6PD enzyme deficiency (see
figure.2).[16] Overall, no well-controlled studies were done about the antiplatelet
efficacy of clopidogrel on patients with severe G6PD enzyme deficiency.
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2. Polymorphism of glutamate-cysteine ligase catalytic and modifier subunits (GCLC
and GCLM) genes

2.1 Overview

Glutathione is a molecule biosynthesized from a combination of glutamate, cysteine, and
glycine amino acids, and these three amino acids are combined together by the activity of
two enzymes in two steps. The first step is combining glutamate with cysteine and ATP
molecule via glutamate-cysteine ligase enzyme, this binding leads to the formation of y-
glutamyl cysteine (see figure.3). The second step in glutathione biosynthesis is the
binding of y-glutamyl cysteine with a glycine amino acid and ATP molecule by the
activity of glutathione synthase enzyme to produce glutathione.[17] The glutamate-
cysteine ligase composed of two subunits, including glutamate-cysteine ligase catalytic
subunit (GCLC) and glutamate-cysteine ligase modifier subunit (GCLM), and each
subunit is encoded by different genes found at different chromosomes in the human
genome.[18]

2.2 Expression

Glutamate-cysteine ligase catalytic subunit (GCLC) is encoded via the GCLC gene.
GCLC gene located in chromosome 6p12.1, which encoded mainly in bone marrow cells,
and many studies showed that GCLC gene knockout or presence of some polymorphisms
could reduce glutathione plasma level cause hemolytic anemia. On the other hand,
glutamate-cysteine ligase modifier subunit (GCLM) is encoded by the GCLM gene found
in chromosome 1p22.1.[19]

2.3 Variations

2.3.1 GCLC Gene Variations

GCLC gene variants caused by single nucleotide polymorphisms and these variants
include:

1- rs761142 GCLC allele (rs = reference single nucleotide polymorphism), which
thymine replaced with guanine at undetermined sequence on the GCLC gene, results in a
reduction of GCLC mRNA expression and glutamate-cysteine ligase enzyme production,
therefore, reduction of glutathione biosynthesis. The rs761142 GCLC allele is commonly
found in patients infected with the human immunodeficiency virus (HIV) and having
acquired immunodeficiency syndrome (AIDS).

Some studies reveal that giving sulfa drugs like sulfamethoxazole antibacterial drug to
patients with decrease glutathione synthesis due to the presence of rs761142 GCLC allele
could lead to severe allergy and also may cause hemolytic anemia.[20]

2- GCLC -129T>C allele is another single nucleotide polymorphism of the GCLC gene
caused by the replacement of thymine nucleotide by cytosine at the regulatory region -
129 sequence of the GCLC gene. Like GCLC -588C>T allele, GCLC -129T>C allele
leads to a reduction of glutathione plasma level because of low expression of glutathione-
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cysteine ligase enzyme and also may increase the risk of having ischemic heart disease in
patients with 129T>C allele.[21]

2.3.2 GCLM gene variations

One studied polymorphism of the GCLM gene called GCLM -588C>T allele caused by
changing cytosine nucleotide with thymine at the regulatory region the sequence number
-588 of the GCLC gene. The presence of GCLC -588C>T allele causes low expression of
glutamate-cysteine ligase enzyme, resulting in lower glutathione plasma levels than wild-
type GCLC allele.

A previous study in Kazakhstan reveals that patients carrying GCLC -588C>T allele have
a higher chance of developing ischemic heart disease, which could mainly be caused by
the chronic highly oxidative stress condition that resulted from low glutathione
production.[22]

2.4 Effect of GCLC and GCLM genes’ variations on clopidogrel antiplatelets activity
Low glutathione plasma level caused by rs761142 GCLC, GCLM -588C>T or GCLC -
129T>C alleles could affect the bioactivation process of clopidogrel prodrug, which
makes this drug unable to inhibit the platelets aggregation perfectly, thus leading to
severe consequences in patients with a high risk of blood coagulation. So far, no well-
controlled researches done about the relationship between GCLC variants and clopidogrel
antiplatelet efficacy.
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3. Polymorphism of Glutathione Synthase gene

3.1 Overview

Glutathione synthase (GSS) gene is the source of glutathione synthase enzyme, which is
an essential enzyme in the biosynthesis of glutathione that acts as a cofactor for
antioxidant enzymes (see figure.4).[23]

3.2 Expression
GSS gene is located in chromosome 20g11.22 and has 13 exons.[24]

3.3 Variations
Polymorphic alleles of glutathione synthase include:

3.3.1 GSS alleles causing a mild type of glutathione synthase enzyme deficiency
(GSS activity >20%):

*GSS 656A>G allele.[24]

3.3.2 GSS alleles causing the moderate type of glutathione synthase enzyme
deficiency (GSS activity 10-20%b):

*GSS 77C>A allele.[25]
*GSS 491G>A allele.[26]

3.3.3 GSS alleles causing severe type of glutathione synthase enzyme deficiency (GSS
activity <10%o):

+GSS 374G>A allele.[26]
*GSS 563T>C allele.[25]
+GSS 808T>C allele.[27]
*GSS 809A>G allele.[27]
*GSS 847C>T allele.[26]
*GSS 1034A>G allele.[25]

3.4 Effect of GSS gene variations on clopidogrel antiplatelet activity

Glutathione is needed for the conjugation process during clopidogrel activation. Thus low
glutathione plasma level caused by different polymorphisms of glutathione synthase
could decrease the antiplatelet efficacy of clopidogrel. Well-controlled trials done about
the relationship between GSS variants and clopidogrel antiplatelet efficacy were not
found.
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4. Polymorphism of GST genes

4.1 Overview

Glutathione-s-transferase (GST) is a protein enzyme responsible for the glutathione
conjugation process during phase-11 metabolism (see figure.5).

Glutathione conjugation is an important mechanism to reduce oxidative stress, detoxify
and facilitate excretion of many toxins/drugs, and be necessary to activate some
prodrugs.[28]

There are 13 types of GST enzyme, however, only 5 GST enzyme gene families in
humans are essential because of different polymorphisms. These essential GST genes
include:

*GSTM (mu)

*GSTP (pi)

*GSTT (theta)

*GSTA (alpha)

*GSTO (omega)

Until today, polymorphisms confirmed for GSTM, GSTP, GSTT, GSTA, and GSTO
genes are shown in table.2.

4.2 Expression
Because different GST enzymes encoded from 5 different genes, we will discuss the
details of every gene briefly.

1- Glutathione-s-transferase mu (GSTM) gene
GSTM enzyme is encoded by the GSTM gene, located in chromosome 1p3.3, and has
eight exons. GSTM gene mainly encoded in liver cells.[29]

2- Glutathione-s-transferase pi (GSTP) gene

GSTP enzyme is encoded by the GSTP gene, located in chromosome 11g13.3, and has
seven exons. GSTP gene is mainly encoded in bronchial epithelial cells, colorectal cells,
and B lymphocytes.[30]

3- Glutathione-s-transferase theta (GSTT) gene
GSTT enzyme is encoded by the GSTT gene, located in chromosome 22g11.23, and has
five exons. GSTT gene is mainly encoded in prostate, lung, and thyroid cells.[31]

4- Glutathione-s-transferase alpha (GSTA) gene

GSTA enzyme is encoded by the GSTA gene, which is located in chromosome 6p12.2
and has seven exons. GSTA gene mainly encoded in the adrenal gland, kidney, liver, and
testis.[32]
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5- Glutathione-s-transferase omega (GSTO) gene

GSTO enzyme is encoded by the GSTO gene, located in chromosome 10g25.1, and has
six exons. GSTO gene is mainly encoded in monocytes, B lymphocytes, liver, bronchi,
uterus, heart, and bone marrow cells.[33]

4.3 Variations

1) Variations of the GSTM gene

The most common polymorphic allele for the GSTM gene is called GSTM1*0 (null), in
which the gene is deleted.

Therefore, any person with GSTM1*0 allele will probably have GST enzyme deficiency,
and the glutathione conjugation mechanism will also be affected.

GSTM*O0 allele is frequently found among Asians (=58%), Caucasians (=43%), and
Africans (21%).[34-35]

2) Variations of GSTP gene

There are three common variant alleles for the GSTP gene: GSTP1*B, GSTP1*C, and
GSTP1*D. GSTP1*B allele is one of the most common GST genes' alleles among
different populations, and causing a reduction of GSTP enzyme activity in about 33% of
Africans, 30% of Caucasians, and 21% of Asians.

GSTP1*C allele is caused by a single nucleotide polymorphism that causing a change of
the amino acid number 114 of the GSTP enzyme, which alanine amino acid replaced with
valine. However, this change in the amino acid of GSTP protein did not show any
reduction of the enzyme's activity. Therefore, the GSTP1*C allele expresses almost
GSTP protein with normal enzyme activity. GSTP1*D allele is the least common
mutation found and no well-controlled study about whether it affects GST enzyme
activity or not.[36]

3) Variations of the GSTT gene

Like the GSTM gene, the GSTT gene has one common variant allele (GSTT1*0) and
probably will have GST enzyme deficiency, and the glutathione conjugation mechanism
will also be affected. GSTT1*0 allele is frequently existing among more than 50% of
Asians, more than 30% of Africans, and about 20% of Caucasians.[37]

4) Variations of the GSTA gene

It found that the GSTA gene could be affected frequently by one mutation called the
GSTAL*B allele. This polymorphism reduces GSTA mRNA transcription, which leads to
a decrease in GSTA enzyme activity. Some previous studies revealed that GSTA1*B
allele was found among 40% of Caucasians and 10% of Asians.[38]



https://doi.org/10.20944/preprints202107.0203.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2021 d0i:10.20944/preprints202107.0203.v1

5) Variations of GSTO gene

GSTOL1 and GSTO2 are isoenzymes that are encoded from different genes. However,
both GSTO1 and GSTO2 genes are found in the same chromosome and near to each
other.

GSTO1 gene could be affected by only one mutation called GSTO1*B allele. On the other
hand, the GSTO2 gene was affected by two polymorphisms, including GSTO2*B and
GSTO2*C alleles.

GSTO1*B allele resulted from deleting only one amino acid (glutamic acid) at amino acid
number 155 of the GSTOL1 protein enzyme. This mutation's phenotype is the inability of
the GSTO1 enzyme to work, which causes GSTO1 enzyme deficiency among people
carrying the GSTO1*B allele.

GSTO2*B (also called GSTO2*N142D) allele is a mutation caused by the replacement of
asparagine amino acid with aspartic acid at the amino acid position number 142 of the
GSTO2 protein enzyme. GSTO2*B allele is commonly found in Africans, especially
South Africans ethnic groups include the Ovambos population.[39]

4.4 Effect of GST genes’ variations on clopidogrel antiplatelet activity

Because some studies showed that glutathione conjugates with clopidogrel during the
bioactivation process via GST enzymes, it indicates that the mutation of GST genes'
polymorphisms could decrease the antiplatelet activity of clopidogrel. However, no well-
controlled researches done about the relationship between GST variants and clopidogrel
antiplatelet efficacy.
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5. Polymorphism of Glutathione Disulfide Reductase gene

5.1 Overview

Glutathione disulfide reductase (GSR) or also called glutathione reductase (GR), is an
enzyme that responsible for breaching the disulfide bond from the oxidized form of
glutathione to produce two molecules of reduced glutathione (see figure.6).[40] The
activity of the GSR enzyme depends on NADPH and FAD (Flavin adenine dinucleotide)
molecules that derived from nicotinamide (vitamin B3) and riboflavin (vitamin B2),
respectively, therefore, the GSR enzyme activity could be lower if there is a deficiency of
nicotinamide or riboflavin.[41]

5.2 Expression
GSR enzyme is encoded from the GSR gene, located in chromosome 8p12, and has 13
exons.[42]

5.3 Variations

The genetic variations of the GSR gene are not commonly studied, and only a few
researches published about GSR polymorphisms. There are two well-studied alleles of the
GSR gene include:

152251780 allele.
*rs3779647 allele.[43]

5.4 Effect of GSR genes' variations on clopidogrel antiplatelet activity

Mutations of the glutathione reductase gene could lead to glutathione deficiency,
therefore, it could reduce the clopidogrel's bioactivation mechanism. We did not find any
well-controlled study about the relationship between GSR variants and clopidogrel
antiplatelet efficacy.
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6. Polymorphism of Hexokinase genes

6.1 Overview

Hexokinase is a group of enzymes responsible for the first step of the metabolism of
hexose monosaccharide molecules, mainly glucose, fructose, and mannose.[44] The
hexokinase mechanism is by adding a phosphate group at the sixth carbon of hexose
monosaccharides. Therefore, hexokinase convert glucose, fructose, and mannose into
glucose-6-phosphate, fructose-6-phosphate, and mannose-6-phosphate respectively (see
figure.7).[45]

Hexokinase enzymes are essential in reducing oxidative stress via activating glucose-6-
phosphate dehydrogenase (G6PD) enzyme, which is vital in the activation of glutathione
reductase enzyme that resulted in the production of two glutathione molecules.[46]

6.2 Types of hexokinase enzymes

There are four different types of hexokinase encoded from four different genes located in
different chromosomes (see Table 3). These four types of hexokinase include:
*Hexokinase-1.

*Hexokinase-2.

*Hexokinase-3.

*Glucokinase (also called hexokinase-4).[47]

6.2.1 Hexokinase-1

The hexokinase-1 enzyme is encoded from the HK-1 gene located in chromosome
10922.1 and consists of 25 exons. The expression of the HK-1 gene takes place mainly in
bone marrow cells and monocytes.[48]

6.2.1.1 Hexokinase-1 gene variations
There are five recognized polymorphic alleles of the HK-1 gene include:

-HK-1 1216A>G allele

It is a rare allele caused by a single nucleotide polymorphism at the base pair number
1205 of the HK-1 gene, in which adenine nucleotide is replaced with guanine. HK-1
1216A>G allele probably results in hexokinase deficiency and may cause brain or vision
disorders.

-HK-1 1334C>T allele

This allele is a well-studied variant of the HK-1 gene caused by the replacement of
cytosine nucleotide with thymine at the base pair number 1334 and the translation of
methionine instead of threonine at the amino acid number 445 of the hexokinase-1
protein.

Like HK-1 1216A>G allele, HK-1 1334C>T allele causes hexokinase enzyme deficiency
and may lead to visual abnormalities and defects in the central nervous system.
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-HK-1 1667T>C allele
One of the oldest mutations recognized in the HK-1 gene is the HK-1 1667T>C allele,
resulting in the translation of serine amino acid instead of leucine.

A previous study revealed that some patients with hexokinase enzyme deficiency having
HK-1 1667T>C allele in their genetic makeup. Therefore, the presence of HK-1
1667T>C allele in humans could lead to a defect in the transcription of hexokinase-1
MRNA or/and a defect in the translation of the fully active form of hexokinase-1 enzyme,
which result in hexokinase enzyme deficiency.

-HK-1 2539G>A allele

An allele in the HK-1 gene could cause a severe condition of hexokinase deficiency. This
allele called HK-1 2539G>A and resulted from a rare mutation at the base pair number
2539 in the HK-1 gene, in which a guanine nucleotide replaced with adenine, thus makes
changes on the hexokinase enzyme’s amino acids sequence at the position number 847,
which a lysine amino acid is translated from HK-1 2539G>A allele instead of glutamine.

People with HK-1 2539G>A have a high risk of having retinitis pigmentosa, a rare
disorder caused by mutation of many genes, including the HK-1 gene.

-HK-1 9712G>C allele
One of the most frequent mutations of the HK-1 gene among Gypsies people in Spain and
Slovakia is caused by HK-1 9712G>C allele.

A Spanish group of researchers reveals that people carrying HK-1 9712G>C allele could
have a higher risk of a hereditary motor and sensory neuropathy (HMSN disorder called
Charcot Marie Tooth (CMT) disease, which affects the peripheral nervous system. Also,
the study showed that HK-1 9712G>C allele is very commonly presented in the Romani
ethnic group (Gypsies people).

A Slovakian study also confirmed that the HK-1 9712G>C allele was found more
frequent in Romani people and showed a correlation between the incidence of CMT
disease and the presenting of HK-1 9712G>C allele.[49-50-51]

6.2.2 Hexokinase-2

Unlike hexokinase-1, the hexokinase-2 enzyme is mainly encoded in skeletal muscle and
cardiac muscle, and its expression is induced by insulin. Hexokinase-2 encoded via HK-2
gene located in chromosome number 2 at band p13 and has 18 exons.[52]
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6.2.2.1 Hexokinase-2 gene variations
HK-2 gene found to be affected mainly by four types of missense mutations include:

-HK-2 mRNA codon 142 Q>H mutation allele.[53]
-HK-2 mRNA codon 148 L>F mutation allele.

-HK-2 mRNA codon 497 R>Q mutation allele.[54]
-HK-2 mRNA codon 844 R>K mutation allele.[55]

All the above variations’ alleles of the HK-2 gene are lead to hexokinase deficiency in
skeletal muscles, and some studies are done about HK-2 genes’ mutations and their
correlation with the incidence of type-2 diabetes mellitus (T2DM).

A previous study revealed that changes in hexokinase-2 enzyme activity could cause
metabolic disorders, including diabetes mellitus. The role of hexokinase-2 deficiency in
causing diabetes or metabolic disorder is by reducing the metabolism of glucose and
other hexose monosaccharides, thus decreasing the synthesis of glycogen in the skeletal
muscles, which contribute to insulin-resistant and affecting the metabolism of
carbohydrates, proteins, and lipids.[56] On the other hand, a high level of glucose-6-
phosphate (because of G6PD deficiency) could inhibit the activity of the hexokinase-2
enzyme, which also could cause diabetes mellitus (see figure.8).

Hexokinase-2 deficiency could also lead to increase muscle damage due to the reduction
of glutathione in muscle cells, which could also lead to chronic inflammatory status and
fatigue.[57]

6.2.3 Hexokinase-3

This enzyme (hexokinase-3) is the third type of hexokinase enzyme. The hexokinase-3
enzyme encoded by HK-3 gene located at the chromosome 5 band 35.3 and highly
encoded in liver, kidney, and lung tissues.[58]

6.2.3.1 Hexokinase-3 gene variations
There are mainly two variations of the HK-3 gene caused by two mutations include:

-HK-3 rs691141 allele.
-HK-3 rs2278493 allele.

These two alleles result from a single nucleotide mutation of the HK-3 gene, in which
cytosine nucleotide changed with thymine (HK-3 rs691141 allele) and guanine replaced
with adenine (HK-3 rs2278493 allele). However, it is not well known for the mutations’
positions of these two alleles.

Many studies are done about HK-3 gene mutations (HK-3 rs691141 and HK-3 rs2278493
alleles) and their correlation with age at menopause or/and premature ovarian failure.
Some of these studies discovered that two alleles of HK-3 gene associated with early
menopause and premature ovarian failure.[59]



https://doi.org/10.20944/preprints202107.0203.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2021 d0i:10.20944/preprints202107.0203.v1

6.2.4 Hexokinase-4 (Glucokinase):

Hexokinase type 4 enzyme (commonly known as glucokinase) is encoded via the GCK
gene found at the chromosome 7 band p13 and has 12 exons. The expression of the GCK
gene mainly takes place in hepatic and pancreatic beta cells.[60]

Unlike the first three types of hexokinases (hexokinase 1,2 and 3), the glucokinase
enzyme is responsible for glucose metabolism only (glucokinase is highly sensitive for
glucose but is very less sensitive to fructose). Besides, glucokinase is not inhibited by
glucose-6-phosphate molecules.[61]

6.2.4.1 Hexokinase-4 gene variations

GCK gene is one of the commonly well-studied genes, since its mutation could frequently
lead to metabolic disorders, especially MODY -2 (maturity-onset diabetes of the young
type 2) or GCK-MODY, which is a form of mild type-2 diabetes in children.[62] There
are more than 150 GCK gene mutations, and many of these variants are causing
glucokinase enzyme deficiency and may lead to pathogenic disorders include MODY,
hypertension, or cardiovascular diseases.[63] The following GCK gene’s mutations are an
example of some missense polymorphisms that lead to various disorders:

-GCK 391T>C allele

A mutation of GCK causes this allele at the base pair number 391, which thymine
nucleotide replaced with cytosine. This replacement resulted in a change of translated
amino acid serine into proline at sequence number 131 of the glucokinase enzyme
protein. GCK 391T>C allele is positively linked to hyperglycemic status and increase the
risk of diabetes incidence as a result of glucokinase enzyme deficiency and metabolic
disorders.[64]

-GCK 556C>T allele

The replacement of cytosine nucleotide to thymine at the base pair number 556 of the
GCK gene resulted in a missense mutation, leading to issues in the transcription and the
translation process of the GCK gene glucokinase enzyme deficiency. This single
nucleotide polymorphism is related to the incidence of type-2 MODY disease.[65]

-GCK 781G>A allele

Many studies revealed that when guanine is replaced with adenine at the base pair
number 781 of the GCK gene could lead to glucokinase enzyme deficiency and increase
the risk of type-2 diabetes.[66]

-GCK 835G>C allele

Although few studies are done about GCK 835G>C allele, it is probably linked with the
incidence of type-2 MODY because of glucokinase enzyme deficiency. A single
nucleotide polymorphism causes this allele at base-pair number 835, which guanine
nucleotide replaced with cytosine. Thus glutamine is translated instead of glutamic acid
at the amino acid number 279 of the glucokinase enzyme protein.[67]
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-GCK 895G>C allele

A single nucleotide polymorphism causes this mutated allele in exon 8 of the GCK gene,
which guanine nucleotide replaced with a cytosine at the base pair number 895. This
mutation leads to the translation of arginine instead of glycine at the amino acid number
299 of the glucokinase enzyme protein.[68]

Gestational diabetes mellitus (GDM) disorder in pregnant women is has been linked with
GCK 895G>C allele. A Palestinian study revealed that pregnant women carrying GCK
895G>C allele could probably have a higher risk of hyperglycemia (GDM) compared
with pregnant women carrying wild-type allele of the GCK gene. On the other hand, a
recent study done in Saudi Arabia stated that GCK mutation was not related to GDM in
Saudi pregnant women.[69]

6.3 Effect of HK genes’ variations on clopidogrel antiplatelet activity

A recently published study revealed that reduced GCK mRNA expression because of
GCK gene mutation can lead to clopidogrel resistance, which means that clopidogrel
could not perfectly inhibit platelet aggregation and may increase the risk of recurrence.
cardiovascular events.[70]
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7. Polymorphism of Glutaredoxin (GLRX) genes

7.1 Overview

Glutaredoxins (GLRXs or Grxs) "also called thioltransferases or thiol-disulfide
oxidoreductases™ are a group of proteins acting as redox enzymes, which help in the
reduction enzymatic reactions of various endogenous and exogenous molecules by
breaking down the disulfide bonds either through monothiol or dithiol mechanism, and
these reactions need glutathione molecules as cofactors (see figure.9).[71]
Glutaredoxins exist in human cells in different forms depending on glutaredoxin amino
acids sequence, encoded via different genes at different chromosomes.[72]

7.1.1 Types of Glutaredoxin (GLRX) enzymes
Depending on active site differentiation, glutaredoxin classified into two classes (see
table.4):

7.1.1.2 Class | (Dithiol) glutaredoxin:

When the active site of the glutaredoxin enzyme composed of cysteine-proline-tyrosine-
cysteine (CPYC) or cysteine-x amino acid-x amino acid-cysteine (CXXC), it means that
the glutaredoxin is described as dithiol glutaredoxin, because it has two cysteine amino
acids in its active site.

Class I glutaredoxin is further classified into three subclasses:

- Class la glutaredoxin
It is a glutathione (GSH) dependent enzyme and characterized by small-sized protein, an
example of this class is the glutaredoxin-1 enzyme.

- Class Ib glutaredoxin
Like class Ia, class Ib is a glutathione-dependent enzyme, however, it is known as a larger
protein size than class la, an example of class Ib is the glutaredoxin-2 enzyme.

- Class Ic glutaredoxin

Unlike class la and class Ib, class Ic glutaredoxin is glutathione independent enzyme and
has almost the same structure as glutaredoxin, but its mechanism is thioredoxin*-like
activity. An example of class Ic is a glutaredoxin-like protein (NrdH) enzyme.
*Thioredoxin: is an enzyme protein acting like glutaredoxin, but independent of GSH and
not related to the glutaredoxin system.



https://doi.org/10.20944/preprints202107.0203.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2021 d0i:10.20944/preprints202107.0203.v1

7.1.1.3 Class 11 (Monothiol) glutaredoxins

If any glutaredoxin enzyme composed of cysteine-glycine-phenylalanine-serine (CGFS)

or cysteine-x amino acid-x amino acid-x amino acid (CXXX) on its active site, therefore
it called monothiol (because it has only one cysteine amino acid in its active site) or class
Il glutaredoxin. In general, all class 1l glutaredoxins are GSH dependent enzymes.

Class Il glutaredoxin include:

-Glutaredoxin-3.

-Glutaredoxin-4.

-Glutaredoxin-5.

Because different glutaredoxins encoded via different genes, glutaredoxin could be
classified into mainly five types include:

-Glutaredoxin-1.

-Glutaredoxin-2.

-Glutaredoxin-3.

-Glutaredoxin-4 (not found in humans).

-Glutaredoxin-5.[73]

7.2 Glutaredoxin-1

Glutaredoxin-1 is a dithiol enzyme encoded by the GLRX-1 gene found at chromosome
number 5 band q15, and this gene is encoded mainly in bone marrow, placenta, and
bronchial muscle tissues.

This enzyme (glutaredoxin-1) reduces proteins by breaking the disulfide bonds, thus
enhancing proteins' folding process and activating important enzymes like ribonucleotide
reductase (RRase) enzyme, which is the cornerstone enzyme needed for the synthesis of
deoxyribonucleic acid (DNA).

Only one rare variant was discovered for the GLRX-1 gene called rs4767 allele, and not
well studied.[74]

7.3 Glutaredoxin-2

It is another type of class Il glutaredoxin enzyme that has the same catalytic reactions as
the glutaredoxin-1. However, it is encoded by a different gene called the GLRX-2 gene
found at chromosome number 1 band g31. GLRX-2 gene is encoded in most human
tissues but positively detected in testes, and prostate tissues, with significantly lower
amounts of GLRX-2, detected in the bone marrow.

The glutaredoxin-2 enzyme has an essential role in reducing oxidative stress and the anti-
apoptotic mechanism in human tissues. Besides, glutaredoxin-2 is described as a redox
sensor during oxidative stress conditions within the cells. In normal conditions,
glutaredoxin-2 was found as a dimer complex with an iron-sulfur cluster and present as
an inactive enzyme. However, during oxidative stress state, iron-sulfur cluster removed,
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and glutaredoxin-2 present as an active monomer enzyme. Because of iron-sulfur clusters
binding to glutaredoxin-2 enzymes, glutaredoxin-2 inhibits iron overload, thus prevent
mitochondrial dysfunction.[75]

A previous study on animals showed that GLRX-2 gene knockout leads to increased
apoptosis, tissue damage, and cardiovascular issues.[76]

There are 4 variations of GLRX-2 gene, include:
-GLRX-2 68 cysteine>serine.

-GLRX-2 78 serine>proline.

-GLRX-2 80 cysteine>serine.

-GLRX-2 153 cysteine>serine.

Although the GLRX-2 gene's variations are rare, it may cause acute glutaredoxin -2
enzyme deficiency (related to GLRX-2 80 cysteine>serine variant). Besides, it could lead
to mitochondrial dysfunction (related to GLRX-2 68 cysteine>serine or GLRX-2 153
cysteine>serine variants) in case of a person having one of the four variants of the GLRX-
2 gene.[77-78]

7.4 Glutaredoxin-3

It is a monothiol glutaredoxin enzyme responsible (along with BOLA2 like protein) for
the insertion of Fe-S clusters into proteins in the cell's cytosol and nucleus. Fe-S cluster
proteins in cytosol are acting as cofactors for essential enzymes involved in protein
synthesis and amino acid metabolism. On the other hand, the iron-sulfur cluster protein in
the nucleus acts as cofactors for essential enzymes related to DNA replication and DNA
repair.

The glutaredoxin-3 enzyme is encoded by the GLRX-3 gene found at chromosome
number 10 band g26. GLRX-3 gene found to be encoded in most human tissues, but more
highly encoded in testis, vagina, lymph nodes, appendix, and tonsil.[79]

There are at least four variations of the GLRX-3 gene caused by four different
mutations, include:

-GLRX-3 159 cysteine>serine.[80]

-GLRX-3 197-198 tryptophan-proline>aspartic acid-alanine.

-GLRX-3 261 cysteine>serine.

-GLRX-3 299-300 tryptophan-proline>aspartic acid-alanine.

All of these four mutated alleles probably causing glutaredoxin-3 dysfunction and
decrease glutaredoxin-3 binding to Fe-S clusters. Therefore, affecting iron-sulfur clusters
cofactors' transportation from mitochondria into cytosol and nucleus thus will reduce the
enzymatic activities of essential enzymes needed for DNA replication, DNA repair, and
protein synthesis.[81]
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7.5 Glutaredoxin-4

It is @ non-human type of glutaredoxin encoded by the GLRX-4 gene (also called
GLRXD), which found in various microorganisms, include:

*Buchnera aphidicola (a gram-negative bacteria, which is described as pathogenic in
plants).

*Shigella flexneri (a gram-negative bacteria known to cause diarrhea in humans).

*Escherichia coli (a gram-negative bacteria that live in the human gastrointestinal tract as
normal flora. However, some strains of Escherichia coli (E.coli) could be pathogenic to
humans and may cause cystitis, pyelonephritis, peritonitis, or even sepsis).

*Haemophilus influenza (a gram-negative bacteria known to cause infections in humans,
"especially infants and children™ includes upper and lower respiratory infections, otitis
media, or meningitis).

*Haemophilus ducreyi (a gram-negative bacteria and known to cause sexually transmitted
diseases).

*Saccharomyces cerevisiae (a yeast fungus that is rarely known as pathogenic in healthy
people but could likely affect immunocompromised patients and may causing systemic
fungemia).

*Schizosaccharomyces pombe (a yeast fungus described as non-pathogenic fungi and
found in the human gastrointestinal tract as normal flora).

Glutaredoxin-4 has a vital role in the synthesis of iron-sulfur cofactor needed for many
essential enzymes for DNA replication, mMRNA translation, and biotin synthesis.[82-83]

Studying the glutaredoxin-4 enzyme is important because it is not found in humans and
could be a good target for new antibacterial or antifungal drugs in the future.

7.6 Glutaredoxin-5

Glutaredoxin-5 protein is one of the important enzymes needed for iron hemostasis. Since
glutaredoxin-5 is responsible for the biosynthesis of iron-sulfur clusters within the cell's
mitochondria, any mutation of the glutaredoxin-5 (GLXR-5) gene could lead to iron
overload in mitochondria or/and sideroblastic anemia*. GLXR-5 gene is found in
chromosome 14 band g32.13 and highly encoded in skeletal muscle and white blood
cells.

*Sideroblastic anemia: is defined as low hemoglobin level in red blood cells because of
the inability of the mitochondria to metabolize or use the iron for producing new heme
molecules.[84]

d0i:10.20944/preprints202107.0203.v1
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Role of Glutaredoxin-5 in iron metabolism (iron hemostasis):

During red blood cells (RBCs) destruction inside macrophages cells found in liver spleen
tissues, hemoglobin degraded into heme and globin protein. Globin protein is further
destructed to form amino acids, used in anabolic reactions inside the human body. On the
other hand, heme is further degraded to form biliverdin (converted to bilirubin by
CYP1A2 enzyme to be excreted through bile duct) and iron (in the form of ferrous "Fe+2
"). Ferrous (Fe+2) formed by hemoglobin breakdown enters the mitochondria and bound
to scaffold proteins called iron-sulfur cluster assembly enzyme (ISCU) by disulfide
bonds. Then, glutaredoxin-5 (a monothiol glutaredoxin enzyme) breaches the disulfide
bonds, thus forming iron-sulfur (Fe-S) clusters (see figure.10).[85]

Iron-sulfur clusters molecules are described as essential cofactors for many important
enzymes, including enzymes responsible for:

1) citric acid cycle, which is responsible for the metabolism of carbohydrates, proteins,
and fats, and convert them into adenosine triphosphate "ATP", a reduced form of
nicotinamide adenine dinucleotide "NADH", a reduced form of flavin adenine
dinucleotide "FADH2" and carbon dioxide "CO2". Aconitase enzyme is used in the
Krebs cycle (citric acid cycle) to convert citrate to isocitrate, and this enzyme (aconitase)
needs a Fe-S cluster as a cofactor (see figure.11).[86]

2) DNA repair, which needs AP (apurinic/apyrimidinic or also called abasic)
endonuclease class 111 enzyme to remove the AP site (it is a nucleotide site in DNA, but
no pyrimidine neither purine nucleotide present) in order to correct the damaged
DNA.[87]

3) The synthesis of lipoyl. Iron-sulfur clusters are cofactors for the lipoyl synthase
enzyme, which converts octanoyl molecules into lipoyl molecules. Since activating lipoyl
synthase is responsible for the activation of pyruvate dehydrogenase enzyme (PDH), that
converts pyruvate to acetyl-CoA. Therefore, lipoyl synthase with iron-sulfur clusters' aid
is important for starting the Krebs cycle pathway.[88]

4) Biotin synthase (not found in humans), which is described as an important enzyme
needed to synthesize vitamin B7 via the conversion of dethiobiotin into biotin. Biotin
synthase enzyme needs an iron-sulfur cluster as a cofactor to produce its catalytic
activity. Biotin synthase enzyme is encoded by the bioB gene found among Escherichia
coli (E.coli) bacterial plasmid.[89]

7.2 Effect of GLRX genes' polymorphisms on clopidogrel antiplatelet activity
There is no well-study done about the relationship between GLRX genes' mutations and
the clopidogrel platelet inhibition effect. However, a previous study showed that the
GLRX enzyme has an important role in clopidogrel's activation process.[90]
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Conclusion

Some polymorphisms of G6PD, GCLC, GCLM, GSS, GST, GSR, HK, and GLRX genes
could be responsible for clopidogrel resistance due to low glutathione conjugate or
glutaredoxin plasma levels. However, few or no well-controlled studies were done about
the relationship between the clopidogrel bioactivation process and genes related to phase-
II metabolism’s enzymes. Studies needed to be concerned with the relationship between
clopidogrel resistance and phase-11 metabolism issues in the near future.
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Figure.l Role of HK (hexokinase), G6PD (glucose-6-phosphate dehydrogenase) and GR (glutathione
reductase) Enzymes in Synthesis of 2 GSH.

*GSSG: oxidized glutathione.
*GSH: free glutathione.
*NADP: nicotinamide adenine dinucleotide phosphate.

*NADPH: reduced form of nicotinamide adenine dinucleotide phosphate.
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Figure.2 The Effect of Different Thiol Reductants on Converting Inactive Clopidogrel into The Active
Metabolite Inside the Human Liver Microsomes (HLM).
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Figure.3 The Role of Glutamate-cysteine ligase catalytic and modifier subunits (GCLC and GCLM) in The
Biosynthesis of Glutathione (GSH).

*ATP: adenosine triphosphate.
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*ADP: adenosine diphosphate.
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Figure.4 The Role of Glutathione Synthase (GSS) Enzyme in The Biosynthesis of Glutathione (GSH).
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Figure.6 Role of Glutathione reductase (GR) Enzyme in The Metabolism of Drugs.
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Figure.7 Role of Hexokinase (HK) Enzyme in the Metabolism of Some Monosaccharides.
*M-6-P: mannose-6-phosphate.

*F-6-P: fructose-6-phosphate.

*G-6-P: glucose-6-phosphate.
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Figure.8 The Effect of Glucose-6-phosphate and Glucose-6-phosphate dehydrogenase Levels Alteration on
Hexokinase Activity.
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Figure.9 The Two Mechanisms of Glutaredoxin (Grx) Enzyme in Breaking Disulfide Bond of Different
Molecules.
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Figure.10 The Role of Glutaredoxin-5 in The Formation of Iron-Sulfur Clusters.
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Figure.11 Role of Iron-Sulfur Clusters as A Cofactor for Aconitase Enzyme in The Citric Acid Cycle.
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Table.1 Polymorphisms of G6PD gene and their phenotypes.

G6PD Allele G6PD Enzyme Activity

G6PD A+ >60%
G6PD B >60%
G6PD A- 10-60%
G6PD Canton 10-60%
G6PD Aures 10-60%
G6PD Mediterranean <10%
G6PD Chatham <10%

G6PD Hektoen Up to 400%
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Table.2 Most Common Types of Glutathione-S-transferase (GST) Genes and Their Characteristics.

Type of Hexokinase Hexokinase-1 Hexokinase-2 Hexokinase-3 Hexokinase-4

Enzymes (Glucokinase)

Name of Gene HK-1 HK-2 HK-3 GCK
(Location) (Chr. 10) (Chr. 2) (Chr. 5) (Chr. 7)
Expression Bone marrow and Skeletal and . Liver, Kidney Liver and Pancreatic beta
Monocyte cells Cardiac muscle and Lung cells cells
cells
Substrate Glucose Glucose Glucose Glucose
Fructose Fructose Fructose

Mannose Mannose Mannose
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Table.3 Summary about Different Types of hexokinase (HK) Enzymes.

Type of Hexokinase Hexokinase-1 Hexokinase-2 Hexokinase-3 Hexokinase-4

Enzymes (Glucokinase)

Name of Gene HK-1 HK-2 HK-3 GCK
(Location) (Chr. 10) (Chr. 2) (Chr. 5) (Chr. 7)
Expression Bone marrow and Skeletal and Liver, Kidney Liver and Pancreatic beta
Monocyte cells Cardiac muscle and Lung cells cells
cells
Substrate Glucose Glucose Glucose Glucose
Fructose Fructose Fructose

Mannose Mannose Mannose
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Main Type of Class I (Dithiol) Glutaredoxin

Glutaredoxin

(GLRX)

Subtypes GLRX-1

Chromosome / Chr. 5
Existence

Expression / Expressed in
Importance bone
marrow,
placenta and
bronchial
muscle
tissues.

GLRX-2

Chr. 1

Highly detected
in testes and
prostate tissues.
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Table.4 Summary about Different Types of Glutaredexin (GLRX) Enzymes.

GLRX-3

Chr. 10

Expressed in
testis, vagina,
lymph nodes,
appendix and

tonsil.

doi:10.20944/

GLRX-4

Not found in
human, but found
in many gram-
negative bacteria
and some fungi

GLRX-4 enzyme is

important for DNA

replication, nRNA
translation and
biotin synthesis.

reprints202107.0203.v1

Class II (Monothiol) Glutaredoxin

GLRX-5

Chr. 14

Expressed in skeletal
muscle and white
blood cells.
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