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ABSTRACT
Objective: Cancer cells choose their metabolic pathway depending on the oxygen content
and substrate concentration of the medium. A wide spectrum of therapeutic agents regulating
the energy metabolism of cancer cells are in still in use. Cytosine arabinoside (Ara-C) is a
pyrimidine analogue used in the treatment of acute myeloid leukemia (AML) and simvastatin
is an inhibitor of HMG-CoA (3-hydroxy-3-methyl-glutaryl-CoA) reductase, which regulates
cholesterol biosynthesis. Thus, this study aimed to assess the energy metabolism of HL-60
promyelocytic leukemia cells and healthy white blood cells, additionally to determine the
effects of simvastatin and Ara-C, alone or in combination on the energy metabolism of these
cells.
Materials and Methods: Healthy white blood cells, untreated and treated HL-60 promyolocytic leukemia cell lines were incubated for 4 hours with radiolabelled glucose. Following
incubation, lactate, which is one of the end products of the carbohydrate catabolism, and
radiolabelled CO2 produced by cells were collected and measured by the liquid scintillation
device. In addition, glycogen consumption per hour was determined in each group.
Results and Conclusion: We found that untreated HL-60 promyolocytic cells use anaerobic glycolytic pathway whereas healthy white blood cells use aerobic glycolysis for energy
gain. It was concluded that combined use of Ara-C and Simvastatin might lead to significant
increase in the rate of aerobic glycolysis of HL-60 promyelocytic cells and the metabolism
of these leukemia cells become more similar to the metabolism of healthy white blood cells
which they originate from.
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ÖZET

Amaç: Kanser hücrelerinde metabolik yönelim, ortamın oksijen içeriği ve substrat konsantrasyonuna göre düzenlenmektedir. Kanser hücresinin enerji metabolizmasının düzenlenmesine yönelik çeşitli terapotik ajanlar halen kullanılmaktadır. Sitozin arabinosid (Ara-C)
Hacettepe University, Faculty of Medicine, Departakut myeloid lösemi (AML) tedavisinde kullanılan bir pirimidin analogudur, simvastatin
ment of Biochemistry
ise HMG-Co A (3-hidroksi-3-metil-glutaril-KoA) redüktaz inhibitörü olup kolesterol biyo06100 Sıhhiye, Ankara
sentezini regüle etmektedir. Bu çalışmada, HL-60 promyelositik lösemi hücreleri ile sağlıklı
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beyaz kan hücrelerinin enerji metabolizmalarını belirlemek, ayrıca simvastatin ile Ara-C’nin
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tek tek ve kombine kullanımlarının hücrelerin enerji metabolizması üzerindeki etkilerini
incelemek amaçlandı.
Gereç ve Yöntemler: Bu amaçla, ilaç kullanılan ve kullanılmayan tüm HL-60 akut promyelositik lösemi hücre hatları, radyoaktif glukoz ile 4 saat inkübasyona bırakıldı. İnkübasyon sonrası, karbonhidrat katabolizmasının son ürünlerinden laktat ve hücreler tarafından
üretilen radyoaktif işaretli CO2 toplanarak likit sintilasyon cihazında ölçüldü. Ayrıca her bir
grupta saatteki glikojen tüketimi hesaplandı.
Bulgular ve Tartışma: Çalışmanın sonucunda enerji eldesinde HL-60 promyelositik hücrelerinin anaerobik glikolizi, sağlıklı lökositlerin ise aerobik glikolizi kullandıkları saptandı.
Ara-C ile Simvastatinin kombine kullanımı sonucu, HL-60 promyelositik hücrelerinde aerobik glikoliz oranlarınının belirgin şekilde arttığı ve bu hücrelerin metabolizmalarını köken
aldıkları beyaz kan hücrelerininkine benzer hale geldiği sonucuna varıldı.
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The Effects of Ara-C, Simvastatin and combo therapy on
energy metabolism of HL-60 promyolocytic leukemia cell
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Introduction

Materials and Methods

Many structural and metabolic changes take place during
carcinogenic transformation of a normal cell under the
influence of chemical agents, radiation and/or microbial
carcinogens [1]. Metabolic changes are principally seen
at the pathways cells use for energy gain. It was first reported by Warburg in 1930, at a publication named “Tumor Metabolism”, that the rate of anaerobic glycolysis is
high in cancer cells [2]. Other studies performed in the
following years also reported varying degrees of anaerobic glycolysis in cells undergoing cancer transformation,
thus this condition was named as “the Warburg Effect”
[3-5]. The choice of metabolic pathway depends mainly
on the oxygen and nutrient concentration of the medium.
When the oxygen concentration is insufficient, anaerobic glycolytic pathway, which has less energy yield than
aerobic glycolysis, is activated so that cells can continue
to survive under low oxygen concentrations. Depending
on the low oxygen concentration, the choice of anaerobic
pathway for ATP production is called the “Pasteur Effect” [6-8]. Apart from the “Pasteur Effect”, the nutrient
concentration of the medium also affects the choice of
the metabolic pathway even though the oxygen concentration is sufficient [9-12]. This characteristic is named
as the “Crabtree Effect” leading these cells choose the
anaerobic pathway under high nutrient concentrations
and the aerobic glycolytic pathway under low nutrient
concentrations [13-14]. Tumor cells usually choose anaerobic glycolytic pathway for energy gain as it is shorter,
with the aim yielding their high metabolism while rapidly consuming the sources of the organism. However,
when the nutrient concentration of the medium decreases the tumor cells choose the more energy yielding aerobic glycolytic way in order to survive [15-17]. Thus,
knowing whether the tumor cell displays the Pasteur or
Crabtree Effects is important in terms of the success of
anti-cancer therapy.

Chemicals and Biomaterials:
D-(6-C14) Glucose (Amersham) was used for radiolabeling, hexokinase and glucose-6-phosphate dehydrogenase enzymes were obtained from Boehringer. All other
chemicals used were analytically purified. HL-60 acute
promyelocytic leukemia cells were from the Karolinska
Institute, Hematology Department, Huddinge, Sweden
and they were maintained at 37oC, at the RPMI 1640 medium supplemented with 10 % fetal calf serum, 2 mM
L-Glutamine, 100 mg/mL streptomycin and 100 u/mL
penicillin, in a medium containing 5 % CO2.

MTT assay
The potential growth-inhibitory and cytotoxic effects of
Ara-C (0.001-10 mM) and Simvastatin (0.0001-100 mM)
in HL-60 cell line were evaluated using the the MTT
(3-[4,5-dimethylthiazol-2-yl]2,5-diphenyl-tetrazolium
bromide) assay according to the study of Mosmann et
al [20]. Cells, at a concentration of 3×105 cells/ml, were
exposed to a concentration range of drugs and incubated
at 37°C for 72 hr. Cell viability was expressed as IC50,
which was defined as the concentration of drug causing
50% growth inhibition.

Radioactive incubation and analysis of end
products:
HL-60 cells were seeded at 1´105 cells/mL in growth medium in 96-well microtiter plates (Costar Co., Cambridge, MA) and were divided into 4 groups. Control cells
remained untreated, whereas Simvastatin (0.0001-100
mM) and Ara-C (0.001-10 mM) were added to treatment
groups. The combo treatment regimen including both
Simvastatin (0.1mM) and Ara-C (0.01mM), the doses
equivalent to IC50 values, was also tested on the cells.
All the cells were incubated at 37°C in an atmosphere
of 5% CO2 for 5 days which was the commonly used
incubation time reported in similar studies.
White blood cell isolation was performed on the blood
samples of healthy donors and was used for the aerobic control group. Then, all cells were incubated with
radioactive glucose [D-(6-C14) Glucose], at 37oC for 4
hours. The radiolabeled glucose was taken by the cells
during the incubation and catabolized by the glycolytic
pathway, finally converted to end products like lactate,
acetate, and propionate. Following the incubation, the
radioactive CO2 left in the equipment was hold in the
scintillation vials via the nitrogen. Then, the rest of the
content was centrifuged at 3000g for 10 minutes. The
supernatant and the cell pellet were collected into different tubes. Lactate, as the end product of anaerobic
glycolysis was measured in the supernatants collected
in the scintillation vials by anion exchange chromatography. The data was calculated with Microsoft excel
hardware with standard graphics. The protein content
of the cell pellets was measured by the modified Lowry

Acute myeloid leukemia (AML) is one of the most common types of leukemia in adults. In younger patients,
the prognosis is better than for their older counterparts.
Cytosine arabinoside (Ara-C) is a deoxycytidine (dCyd)
analog that remains one of the most effective drugs used
in the treatment of acute leukemia as well as other hematopoietic malignancies. More recent work has attempted
to improve the patient outcomes by adding targeted therapies to the current induction chemotherapy [18]. Simvastatin (Sim) is one of the statins, which are commonly
used for treating hypercholesterolemia but also have
some unexpected benefits such as reducing the overall
cancer incidence and inducing apoptosis [19].
In this study, the effects of simvastatin, Ara-C, and
combination of Simvastatin + Ara-C therapy over the
energy metabolism of HL-60 acute promyelocytic leukemia cells and untreated control white blood cells were
investigated.
Turk J Biochem, 2013; 38 (1) ; 31–36.
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Then, HL60 promyelocytic cells were treated with
Ara-C, Simvastatin and both Ara-C + Sim for 5 days
and the effects of the drugs on energy metabolism were
compared. No significant difference was observed with
the single use of Simvastatin and Ara-C in terms of lactate production and glycogen consumption (p>0.05). Interestingly, following 5 days of treatment, simvastatin
caused statistically significant increase in CO2 production (p=0.002) favoring simvastatin use in the treatment
of AML as seen in Figure 1. When glycogen consumption and glycolysis end products such as CO2 and lactate
and were compared between 3 treatment groups, a statistically significant difference was observed in groups
of Ara-C and Ara-C + Sim groups (p=0.018, p=0.003,
p=0.002, respectively). Similarly, the differences between Simvastatin and Ara-C + Sim treatment groups were
statistically significant (p=0.0018, p=0.004, p=0.007,
respectively).

method [21]. The glycogen amount in the cell pellet was
measured with the enzymatic method of Hassid and Abraham [22].

Statistical Analysis
Mann-Whitney U-test was used to compare groups. P
values less than 0.05 were considered significant.

Results
The effects of Ara-C and combination therapy
on cell proliferation
The effect of different concentrations of Sim, Ara-C and
combination therapy was determined in HL-60 cell line
by MTT assay. Ara-C (0.001-10 mM) and Sim (0.0001 to
100 mM) alone inhibited cell proliferation in a concentration- dependent fashion in the range of concentrations
used. IC50 value for Simvastatin was found as 0.1mM and
0.01mM for Ara-C. Co-incubation of Sim (0.1 mM) with
Ara-C (0.01 mM) resulted in a marked and significant
inhibition of proliferation of HL-60 cells compared with
Sim and Ara-C alone (p<0.001 for each) as determined
by MTT assay and trypan blue dye exclusion assay run
based on previous related studies [23, 24].

The effects on energy metabolism
We first compared the CO2 and lactate production and
glycogen consumption of healthy white blood cells
(WBC) and the untreated HL-60 cells, and we observed
statistically significant difference between their energy
metabolisms. The results showed that the healthy white
blood cells use the aerobic glycolytic pathway whereas
the untreated HL-60 promyelocytic cell cultures principally use the anaerobic glycolytic pathway for energy
gain. When HL-60 leukemia cells treated with Simvastatin or Ara-C or Sim + Ara-C were compared with the
untreated HL-60 leukemia cells or healthy white blood
cell cultures, the difference in CO2 and lactate production, in addition to glycogen consumption was also statistically significant (Table 1).

Figure 1: The amounts of CO2 and lactate production (pmol glucose
/ h / µg protein) and glycogen consumption (nmol glucose / h / µg
protein) of HL-60 leukemia cells after treatments for 5 days.

Table 1. The amounts of glycogen consumptions and end-products of untreated control cells and treatment groups (n=7).
Lactate

Glycogen consumption

CO2

(nmol glucose / h / µg
protein)

Production
(pmol glucose /h / µg protein)

(pmol glucose /h / µg
protein)

Leukocyte culture (WBC)

1026 ± 27

3522 ± 276

463 ± 57

HL-60 Control

2870 ± 152

1530 ± 379

Ara-C

1854 ± 154

858 ± 276

1790 ± 112

Simvastatin

1796 ± 168

1094 ± 632

1715 ± 124

Ara-C + Simvastatin

1572 ± 81

1526 ± 268

1461 ± 101
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Discussion

decrease antiapoptotic protein expression. Statins also
impair the metastatic potential of tumor cells by inhibiting cell migration, attachment to the extracellular
matrix, and invasion of the basement membrane. Interestingly, normal cells appear to be more resistant to the
antiproliferative effects of statins relative to tumor cells
[40]. Therefore, statins may thus represent a novel therapeutic approach for cancer prevention and treatment
when combined with other cytotoxic agents.
In this study, we aimed to determine how statins effect
the energy metabolism of HL60 cells when used single or in combination with Ara-C therapy. We observed
that the healthy white blood cells produced CO2 at a rate
of 88.38 % and the rate of lactate production was 11.62
%, showing that they principally use aerobic glycolysis.
On the contrary, when the end products of the untreated
HL-60 promyelocytic cells was taken into consideration,
the rate of lactate production was 96.58 % whereas CO2
production was 3.42 % showing that they principally use
anaerobic glycolysis as shown in Table 1.
When HL-60 cells were incubated with only Ara-C, lactate production was 67.6 % and CO2 production was 32.4
%; when only Simvastatin was given to the cells these
rates were 61.06 % and 38.94 %, respectively. In case of
a combination therapy (Ara-C + Sim), lactate production
rate decreased to 47 % and CO2 amount increased to
51 % showing that combo therapy lowered the rate of
anaerobic glycolysis. When CO2 and lactate production
in addition to glycogen consumption of treatment groups were compared with healthy white blood cell cultures and untreated HL-60 leukemia cells, the difference
was statistically significant in both groups (p>0.001),
(p=0.002). The present data showed that combined drug
use increased the rate of aerobic glycolysis, additionally
the metabolism of these cells become more similar to the
metabolism of healthy white blood cells they originate
from.
When CO2 and lactate production in addition to glycogen
consumption of Ara-C and Sim + Ara-C groups were
compared, there was a statistically significant difference in between these three indicators (p=0.018, p=0.003,
p=0.002, respectively). The difference between Simvastatin group and combo therapy groups also had statistical significances (p=0.0018, p=0.004, p=0.007, respectively).
When the effects of these drugs on energy metabolism
was compared, it was observed that single use of Simvastatin and Ara-C did not show any statistically significant difference either in glycogen consumption or lactate production (p>0.05), Thus, Simvastatin treatment
given to HL-60 promyelocytic cells significantly lead to
aerobic glycolysis, especially in terms of CO2 production. Especially, when compared with Ara-C treatment,
a statistically significant difference was observed favoring Simvastatin in terms of CO2 production (p=0.002).
Our results also showed that combination of Sim and

Increased anaerobic glycolysis rate of cancer cells was
first reported by Warburg in 1930 [2]. Then new studies
were planned to investigate the pathways for obtaining
ATP during carcinogenesis, with the aim of developing
more effective anti-cancer drugs. The results showed
that cancer cells use different metabolic pathways for
energy gain when compared with the normal cells they
are stemmed from. Furthermore, as Warburg suggested,
high anaerobic glycolysis rate can not be generalized for
all cancer cells, in some cancer types like Morris Hepatoma, the glycolysis rate is normal and the mitotic division rate is low [25,26]. However, most cancer types principally use anaerobic glycolysis with varying degrees
and the mitotic division rate is very high. Under normal
conditions, the choice of metabolic pathway is related
with the oxygen and nutrient concentration of the medium. When the ambient oxygen concentration is decreased and the glycogen and lipid depots of the organism
are also rapidly consumed, cells which have undergone
cancer transformation chose anaerobic glycolysis instead of aerobic glycolysis, which is known as the Pasteur
Effect [27-33].
The Crabtree Effect which is not seen at normal cells
but observed at cancer cells may suggest that the substrate concentration of the environment plays a principal
role in the selection of metabolic pathway. As long as
the substrate concentration is rich and sufficient, cancer
cells use anaerobic glycolysis for obtaining ATP as seen
frequently depending on the marked overexpression of
type II hexokinase (HKII). In anaerobic glycolysis process, one mole of glucose is degraded into lactate and
the net energy gain is 2 moles of ATP. Furthermore, the
increase in lactate concentration causes a decrease in pH
of the medium. Thus, in aerobic glycolysis, ATP gain is
36-38 moles for every mole of glucose, and the substrate
consumption is 19 times higher than seen in physiological conditions. When the nutrient concentration of the
medium is extremely decreased, the cell that have undergone tumor transformation chose aerobic glycolysis
and start to use the nutrient content of the medium more
effectively [34-39]. The change in the aerobic or anaerobic pathway limits the effect of chemotherapy which
depends on the energy metabolism of cancer cells.
In recent years, increasing evidence suggests that statins have antiproliferative, antiangiogenic, and antimetastatic properties in addition to their well-described
antiatherosclerotic, antithrombotic, and anti-inflammatory properties. Statins have been shown to inhibit
the growth of a variety of tumor cell types, including
prostate, gastric, and pancreatic carcinoma, as well as
colon adenocarcinoma, neuroblastoma, glioblastoma,
mesothelioma, melanoma, and acute myeloid leukemia
cells. Statins have also been shown to activate caspase proteases involved in programmed cell death, additionaly upregulate proapoptotic protein expression and
Turk J Biochem, 2013; 38 (1) ; 31–36.
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Ara-C produced an antigrowth interaction which was
more active than the individual compounds on inhibiting cell growth. According to these results, it is possible
to conclude that combined drug use increase the rate of
aerobic glycolysis of HL-60 cells, and the metabolism
of these cells become more similar to the metabolism
of healthy white blood cells they originate from. Based
on these observations, we can conclude that Simvastatin enhances the therapeutic efficacy of Ara-C, therefore Simvastatin and Ara-C may be suggested as the
promising agents which can be used together in routine
chemotherapy protocols for hematological malignancies,
however different clinical studies are required to assess
the promising results of these agents.
The authors declare no conflict of interest.
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