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Abstract

The pentose phosphate pathway is the metabolic pathway where NADPH, the reducing force
in metabolism, and ribose 5-phosphate, the building block of DNA and RNA, are produced.
In this study, the in vitro effects of 5-fluorouracil and Tamoxifen chemotherapeutic agents on
glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase
(6PGD), which are key enzymes of the pentose phosphate pathway, were investigated. In the
first stage of the study, G6PD and 6PGD enzymes were purified from rat erythrocytes using
2', 5'-ADP Sepharose-4B affinity chromatography. The control of enzyme activities was
determined spectrophotometrically at 340 nm wavelength according to the Beutler method.
Then, the in vitro effects of 5-FU and Tamoxifen agents, which are widely used in
chemotherapy, on enzyme activities were investigated. The results of the study showed that 5-
FU increased the activity of both G6PD and 6PGD enzymes in the concentration range of 0.19-
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1.9 mM and Tamoxifen in the concentration range of 26-260 uM.

1. Introduction

Cancer is a group of diseases that involve abnormal
cell growth and the potential for these abnormal cells
to spread or invade other parts of the body. More than
100 species are known to affect humans today [1].
Chemotherapeutics inhibit the growth and proliferation
of the tumor and other rapidly growing cells [2].
However, chemotherapeutics can damage organs such
as the liver and kidneys during the treatment process,
cause inhibition of wvarious metabolic enzymes,
prolong the treatment process and negatively affect the
patient's well-being [3—7]. The fluoropyrimidine 5-
fluorouracil (5-FU) and its prodrug Capecitabine are
widely used chemotherapeutic agent in the treatment
of gastrointestinal, breast, head and neck cancers. 5-FU
is  first  converted to  fluorodeoxyuridine
monophosphate in the cell, which binds to the
thymidylate synthase (TS) enzyme together with 5,10-
methylene 5,10-methylenetetrahydrofolate and forms a
triple complex. This complex causes inhibition of the
TS enzyme. TS is required for DNA replication and
repair, so TS inhibition causes DNA damage [8—11]. In
treatments with SFU, a wide variety of side effects such
as diarrhea, dehydration, abdominal pain, nausea,
stomatitis and hand-foot syndrome are seen and causes
toxicities of different intensities [12].Tamoxifen, a
triphenylethylene derivative, is a non-steroidal
antiestrogen especially used in the treatment of female

breast cancer. Tamoxifen also has a potential role in
other malignancies such as pancreatic carcinoma and
in the treatment of benign breast cancer [13,14].

| =
0 RTWO\G P

F
‘ MNH
N )\ 0
H
3-FU Tamoxifen

Figure 1. Chemical structures of 5-FU and Tamoxifen
chemotherapeutic agents.

Glucose-6-phosphate dehydrogenase (EC 1.1.1.49;
G6PD) is the regulatory enzyme catalyzing the initial
and irreversible reaction of the pentose phosphate
pathway  (PPP) [15,16].  6-phosphogluconate
dehydrogenase (EC 1.1.1.44; 6PGD) catalyzes the
conversion of 6-phosphogluconate to ribose-5-
phosphate isomerase in the third and irreversible step
of the oxidative pentose phosphate pathway and
produces NADPH [17,18]. NADPHs produced by both
glucose-6-phosphate ~ dehydrogenase @ and  6-
phosphogluconate  dehydrogenase in PPP are
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particularly involved in the biosynthesis of cholesterol
and fatty acids. NADPHs supplies electrons to the
glutathione and thioredoxin systems, which are two
major intracellular antioxidant systems. These two
antioxidant systems take on the task of reducing
hydrogen peroxide and oxygen radicals formed in the
cell or resulting from the metabolism of xenobiotics
and protecting hemoglobin and other red blood cell
proteins in a reduced state. Since erythrocytes lack
mitochondria, the G6PD and 6PGD enzymes are their
only source of NADPH, so their defense against
oxidative damage. They also provides intracellular
redox balance [19-22].

Clinical studies show that the pentose phosphate
pathway is associated with various human diseases
such as cancer, cardiovascular diseases, alzheimer and
metabolic disorders [20,23,24]. Most of the pentoses in
the DNA structure are met through the pentose
phosphate pathway. For this reason, the pentose
phosphate pathway is needed in abnormally
proliferating cells such as cancer cells. Abnormal
activation of the 6PGD enzyme occurs in different
types of cancer. It stimulates biosynthesis events such
as glycolysis and fatty acid synthesis to keep cancer
cells alive. In addition, activation of the 6PGD enzyme
provides  resistance  of  cancer cells to
chemotherapeutics. Inhibition of the 6PGD enzyme
sensitizes tumor cells in response to cytotoxic drugs
[23].

In this study, it was aimed to investigate the in vitro
effects of SFU and Tamoxifen agents, which are
widely used in chemotherapy, on G6PD and 6PGD
enzymes, which are the regulatory enzymes of the
pentose phosphate pathway.

2. Materials and Methods

2.1. Chemicals

NADP’, glucose 6-phosphate, 6-Phosphoglucono-
lactone and 2’,5’-ADP Sepharose-4B were provide
from Sigma Chem. Co. The others were provided from
either Sigma-Aldrich (St. Louis, MO, USA) or Merck
(Kenilworth, NJ,USA).

2.2. Preparation of hemolysate

The fresh rat blood was centrifuged at 2500 g for 15
min. The plasma and leukocyte layer were carefully
separated and precipitated erythrocytes were obtained.
The obtained erythrocytes were washed with isotonic
(0.16 M KCl) saline solution. The erythrocytes were
hemolyzed with 5 volume of cold-water. Finally,
hemolysis erythrocytes were centrifuged at 10000 g for
30 minutes and supernatant was taken for analysis. All
processes carried out at +4 °C [15]. The study was

carried out after approval of the experimental
procedures by the Bingdl University Animal
Experiments Local Ethics Committee (BUHADEK:
4.10.2018-2018 / 08-08 / 02).

2.3.  2',5'-ADP
chromatography

sepharose-4B affinity

The previously prepared hemolysate was loaded into
the 2 ', 5 '"ADP -sepharose affinity column prepared
with 2g gel for 10 mL volume. And column balanced
with 50 mM KH,PO4, | mM EDTA, 1 mM DTT at pH
7.3. The column was washed with the same buffer after
equilibration. The washing process was continued until
the absorbance change at 280 nm of the fractions taken
from the column was 0.05. Flow rate was set to 20 mL
/" h during column equilibration and washing. The
G6PD enzyme was eluted column with 80 mM
KH,PO4, 10 mM EDTA, 80 mM KCI, and 0.5 mM
NADP" at pH 7.3. The 6PGD enzyme was eluted
column with 80 mM KH,POs, 10 mM EDTA, 80 mM
KCI, and 5 mM NADP" at pH 7.3. Enzyme activities
were checked in all fractions and active fractions were
taken. All operations were carried out at +4 °C [25].

2.4. Activity determination

The G6PD and 6PGD enzyme activity was measured
spectrophotometrically (Shimadzu Spectrophoto meter
UV-1800 at 25 °C) according to Beutler method at 340
nm. This method is based on the principle that
NADPHSs in the reaction medium absorb light at 340
nm. In reactions catalyzed by both G6PD and 6PGD
enzymes, NADP" reacts as a co-substrate and converts
to NADPH. This increase is  followed
spectrophotometrically and the amount of absorption
per minute is found and converted into enzyme unit
[26].

25. In vitro
chemotherapeutics

evaluation the effect of

The chemotherapeutics were added to the reaction
medium at different concentrations (5-FU; 0, 0.19,
0.38, 0.74, 1.14, 1.90 mM and tamoxifen; 0, 26, 52,
104, 156, 260 uM on G6PD enzyme and 5-FU; 0, 0.19,
0.38, 0.74, 1.14, 1.90 mM and tamoxifen; 0, 26, 52,
104, 156, 208 pM on 6PGD enzyme respectively), to
examine the effect of the 5-FU and tamoxifen
chemotherapeutics on the G6PD and 6PGD enzyme
activities. After the chemotherapeutics were added to
the reaction medium at the concentrations determined
above, % activity versus chemotherapeutic
concentration graphics were prepared.
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3. Results and Discussion

In the present study, it was investigated the in vitro
effect of 5-FU and tamoxifen chemotherapeutics on
G6PD and 6PGD are the key enzymes of the pentose
phosphate pathway purified from rat erythrocytes. In
the first stage of our study, G6PD and 6PGD enzymes
were purified from rat erythrocyte tissues by 2°, 5’
ADP sepharose-4B affinity chromatography. The
G6PD enzyme was obtained to have a specific activity
of 13.7 EU/mg protein with a yield of 67.7% and 1556
of purification fold and the 6PGD enzyme was
obtained to have a specific activity of 1.37 EU/mg
protein with a yield of 61,5% and 244 of purification
fold. The enzyme activities were determined
spectrophotometrically at 340 nm. In the stage of this
study, the chemotherapeutics were added to the
reaction medium at different concentrations (5-FU; 0-
1.90 mM and tamoxifen; 0-260 mM on G6PD and 5-
FU; 0-1.90 mM and tamoxifen; 0-208 uM on 6PGD
enzymes respectively), to examine the effect of the 5-
FU and tamoxifen chemotherapeutics on the G6PD and
6PGD enzyme activities. The chemotheropeutics
concentrations versus % activity graphs were prepared.
The results of this study showed that 5-FU
chemotherapeutics agent increased G6PD enzyme
activity in the concentration range 0-1.90 mM (Figure
2).
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Figure 2. in vitro effect of 5-FU chemotherapeutic on G6PD
enzme activity

At the same time, it was determined that tamoxifen
chemotherapeutic agent increased GO6PD enzyme
activity in the concentration range of 0-260 uM (Figure
3).

When the effects of these chemotherapeutics on 6PGD
enzyme activity were examined, it was determined that
5-FU chemotherapeutic agent increased the enzyme

activity in the concentration range of 0-1.90 mM,
similarly (Figure 4), tamoxifen chemotherapeutic
agent increased the enzyme activity in the 0-208 uM
concentration range (Figure 5).
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Figure 3. in vitro effect of tamoxifen chemotherapeutic on
G6PD enzme activity
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Figure 4. in vitro effect of 5-FU chemotherapeutic on 6PGD
enzme activity
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Figure 5. in vitro effect of tamoxifen chemotherapeutic on
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Cancer formation is directly associated with mutations
in DNA structure and disorders in cellular metabolic
pathways. Therefore, enzymes that play a role in DNA,
replication and cell growth and at the crossroads of
metabolic pathways are an important target in
chemotherapy [26]. The pentose phosphate pathway is
a promising target for chemotherapy, as it provides two
substrates that cancer cells need to divide and
proliferate, ribose 5-phosphate and NADPH, and also
buffer ROS damage [27,28]. Also, activation of PPP
leads to many effects such as promoting malignant
transformation in the cell, increasing tumor
progression, protecting cells from apoptosis, disrupting
tumor metastasis and angiogenesis [27]. G6PD and
6PGD enzymes are regulatory enzymes that catalyze
the first and third stage reactions of the oxidative phase
of the pentose phosphate pathway [25,29].
Investigation on G6PD and 6PGD enzymes show that
these enzymes are associated with cancer, various
metabolic disorders and cardiovascular diseases
[4,5,30,31]. It has been reported in previous studies
that 6PGD enzyme activity is upregulated in many
cancers, including colorectal cancers, cervical
intraepithelial neoplasia, thyroid tumors and lung
cancers [18].

Clinical research over the past century has shown that
tumor growth can be effectively treated with surgery,
chemotherapy and radiotherapy. Chemotherapy
strategies, used alone or in combination with surgery
and radiotherapy, can significantly affect tumor growth
and even improve patient healing [26]. Although
cancer cells harbor mutated genes and mutated proteins
that affect cell division, tumor and normal cells share
the same DNA and major metabolic pathways.

For such reasons, conventional chemotherapeutic
compounds that attack DNA replication or cell division
in a cancer cell can also attack a normally dividing cell,
causing serious side effects such as bone marrow,
enzyme, kidney, liver and gastrointestinal toxicity
[5,27,28]. Current research aims to prevent this toxicity
exhibited by chemotherapeutics by detecting specific
differences between tumor and normal tissues [27]. 5-
FU is a chemotherapeutic agent used in the treatment
of gastrointestinal, breast head and neck cancers. 5-FU
is converted into fluorodeoxyuridine monophosphate
in the cell and acts by causing the inhibition of the
thymidylate synthase enzyme. However, 5-FU can
cause toxic side effects such as severe hematological,
mucosal and digestive system disorders [29].
Tamoxifen, a non-steroidal amioestrogen, is a
chemotherapeutic agent used in the treatment of female
breast cancer [13]. Previous studies reveal that
tamoxifen has a general disruptive effect on cognition

in breast cancer patients and may cause ocular toxicity
[14,30].

The effects of some drugs, antibiotics, heavy metals
and some organic compounds on G6PD and 6PGD
enzyme activities have been investigated in the studies
conducted so far. In these studies, it was determined
that drugs such as netilmicin sulfate, cefepime,
amikacin, isepamycin, chloramphenicol, ceftazidim,
teicoplanin, ampicillin, ofloxacin, levofloxacin,
cefotaxime, penicillin, gentamicin sulfate,
ciprofloxacin were determined to inhibit human and rat
tissue G6PD and 6PGD enzyme [15,26,31-36]. In the
study by Giimiistekin et al., the effects of nicotine and
vitamin E on glucose 6-phosphate dehydrogenase (G-
6PD) activity in rat muscle, heart, lungs, testes, kidney,
stomach, brain and liver tissues were investigated in
vivo and in vitro. The results of this study showed that
nicotine inhibited the G6PD activity in the lungs,
testicle, kidney, stomach and brain tissues. Vitamin E
administration, on the other hand, regulated the G6PD
activity, ~which was inhibited by nicotine
administration in various rat tissues both in vivo and in
vitro [37]. Temel et al. investigated the in vivo and in
vitro effects of astaxanthin, which 1is natural
antioxidants, and aluminum ions on G6PD and 6PGD
enzyme activities. It has been reported that aluminum
ions inhibits enzyme activities both in vivo and in vitro,
whereas astaxanthin reduces this inhibitory effect [38].
Bayramoglu et al. reported that cadmium ions inhibited
G6PD and 6PGD enzymes, while astaxanthin reduced
this effect [39]. Bayindir et al., new oxindoles were
synthesized as analogues of the natural product 3,3 '-
bis (indolyl) oxindole by the reaction of 4,7-dihydro-
1H-indole and isatine. These synthesized oxyindole
compounds inhibited G6PD and 6PGD enzyme
activities in vitro [25] . In a recent study, the effects of
5-FU and tamoxifen chemotherapeutics on glutathione
S-transferase (GST) enzyme activity, which is an
important enzyme of glutathione and detoxification
metabolism, purified from human erythrocytes by
affinity chromatography was investigated. The results
of this study showed that both 5-FU and tamoxifen
increase the GST enzyme activity. The results of this
study are similar to the results of our study [6]. In a
different study, it was determined that 5-FU coumarin
derivatives showed a potent and totally selective
inhibitory action against the target CA IX/XII enzyme
activities [40]. Emile et al. reported that tamoxifen
administration increased rat liver xenobiotic enzyme
activities in a dose-dependent manner [41]. Jahani et
al. investigated the effect of L-arginine and 5-
fluorouracil (5-FU) combination therapy on cell
viability, apoptosis and nitric oxide (NO) production
on BT-20 and MCF-7 cell lines. In this study, the
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effects of 5-FU chemotherapeutic agent on cellular
energy metabolism were analyzed by lactate
production and glucose-6-phosphate dehydrogenase
(G6PD) activity analysis. Study results show that
GO6PD activity is significantly reduced by L-arginine or
5-FU alone and in combination in MCF-7. Jahani et al.
suggested that 5-FU chemotherapy could inhibit the
G6PD enzyme by increasing nitric oxide and ROS
levels in vivo [12].

In the literature, there are no studies showing the in
vitro effects of 5-FU and tamoxifen chemotherapeutics
on G6PD and 6PGD enzymes. The results of the
presented study show that both 5-FU and tamoxifen
increase G6PD and 6PGD enzyme activities and have
no inhibitory effect on these enzyme activities. Our
results are different from previous in vivo studies. It is
thought that the reason for this difference is the
absence of free radicals and reactive oxygen species in
vitro environment that can cause inhibition of
enzymes. On the other hand, the mechanism of action
of G6PD and 6PGD enzymes is the production of
NAPH through the transfer of electrons in substrates
such as G6P and 6PGA to the NADP* coenzyme. Since
both 5-FU and tamoxifen chemotherapeutics contain
electron-rich groups in their structures, they may have
reduced NADP" to NADPH by acting as a lewis base
or as a hydride donor. It was also determined that these
ligands increase the activity of the 6PGD enzyme more
than the activity of the G6PD enzyme. It is thought that
the reason for this is that the active sites of enzymes are
different from each other. As mentioned earlier,
activation of the pentose phosphate pathway can cause
healthy growth of normal cells, while tumor cells
develop resistance to chemotherapy. Therefore, more
research should be done to reveal the effect of the
pentose phosphate pathway in preventing the
resistance of cancer cells to 5-FU and tamoxifen
chemotherapeutic agents.

4. Conclusion

In the present study, the G6PD and 6PGD enzyme was
purified from rat erythrocyte tissues using 2', 5'-ADP
Sepharose-4B affinity chromatography. Then, the
effect of 5-FU and tamoxifen chemotherapeutics on the
purified enzyme was investigated. As a result of this
study, it has been found that 5-FU and tamoxifen
chemotherapeutics increase the G6PD and 6PGD
enzyme activities.
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