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Introduction 

Today’s pharmacotherapy of  diseases connected with the dynamic 
civilization development, such as cancer, atherosclerosis and hy-
pertension, faces a very serious problem. The key issue in patient 
treatment is the appropriate choice of  drugs for the individual dis-
ease. Such drugs should not only lead to satisfactory therapeutic 
results, but also be free from negative mutual interaction. Such an 
interaction between the applied drugs can influence the treatment 
duration as well as, in some cases, threatening the patient’s health. 

Patients with cancer represent a special risk group with regard to 
drug-drug interactions because they are usually administered oth-
er drugs during their treatment, which is likely to eventuate in of-
ten rather unpredictable interactions. In addition, the majority of  
cancer patients are over 65-year-olders with age-related changes 
in the hepatic and renal functions – this poses even a greater risk 
drug-drug interactions [1]. Methotrexate (MTX), the focus of  this 
study, is a cytostatic, antimetabolite, folic acid antagonist used in 
cancer treatment [2]. In small doses, it reveals anti-inflammatory 
and immunosuppressive activity. Thanks to its properties, it finds 
application in the treatment of  inflammatory and autoimmune 
diseases, such as rheumatoid arthritis or psoriasis [3-5]. MTX is 
an inhibitor of  dihydrofolate reductase (DHFR), a key enzyme in 
intracellular folate metabolism. DHFR catalyses the conversion 
of  folic acid into tetrahydrofolate. As a consequence of  DHFR 
inhibition, the intracellular level of  tetrahydrofolate coenzymes is 
decreased, resulting in the inhibition of  thymidylate, purine and, 
consequently, in the DNA biosynthesis. MTX inhibits cell replica-
tion, specifically on the S-phase of  the cell cycle. Unfortunately, 
MTX is a highly toxic drug [3, 6]. Patients need to be monitored 
throughout the treatment, in particular their renal and liver func-
tions. Kidneys are the major route of  MTX elimination. The re-
nal dysfunction after MTX treatment is a clinically important side 
effect, especially if  the drug is administrated in high doses. The 
long-lasting MTX therapy can also cause the permanent impair-
ment of  kidney functions, thus slowing down the drug elimina-
tion from the body and an increase in its toxicity. Acute renal 
failure is the result of  intratubular precipitation of  the drug crys-
tals in acidic pH of  urine [7-9]. But this is not the only cause of  
methotrexate-induced nephrotoxicity. The pathogenesis of  this 
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process is also associated with oxidative stress and inflammation. 
Morsy et al. [10] reported that MTX increases the concentrations 
of  renal malondialdehyde (an indicator of  renal lipid peroxida-
tion) and nitrite/nitrate (an indicator of  renal nitric oxide level). 
MTX also significantly reduced the renal glutathione peroxidase 
and superoxide dismutase activities while increasing the renal tu-
mour necrosis factor α (TNFα), compared with the control group. 
MTX can inhibit NADP malic enzymes, and this could decrease 
the availability of  NADPH in cells. NADPH is known to be a 
cofactor of  glutathione reductase (GR) – the enzyme responsi-
ble for maintaining the level of  reduced glutathione (GSH) [11]. 
Presently, a large part of  the population suffers from arterioscle-
rosis and hypertension. Therefore, in cancer patients especially 
of  mature age, there is a risk of  interaction between cytostatic 
drugs and statins (lipid-lowering drugs). Statins are a group of  
drugs whose mechanism of  action is based on the inhibition of  
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, 
the enzyme responsible for cholesterol production [12]. Statins 
have many pleiotropic effects, including improved endothelial 
function, reduced and stabilized atheromatous plaques, and an-
ti-inflammatory and antioxidative activities [13, 14]. Statins also 
have potential anti-cancer properties. They inhibit cell growth 
and diminish the tumour cell viability. In addition, statins inhibit 
DNA synthesis and selectively induce apoptosis in the cell lines 
of  human tumours [15-17]. In their study, Kabel et al. [18] dem-
onstrated that the administration of  a combination of  MTX and 
atorvastatin to mice with solid Ehrlich carcinoma resulted in a sig-
nificant decrease in the tumour volume compared with the group 
that received MTX or atorvastatin alone. Statins also show some 
renoprotective activities against drug-induced nephrotoxicity (es-
pecially antioxidant and anti-inflammatory effects) [19]. The com-
bined use of  MTX and statins may be beneficial for the patient 
in terms of  the effectiveness of  polytherapy, but can also amplify 
side effects of  these drugs. Treatment with statins is associated 
with the risk of  side effects affecting mainly the liver and muscles 
(such as myopathy and rhabdomyolysis) [20, 21]. Rhabdomyolysis 
can cause acute renal failure. Statins are the most commonly pre-
scribed drugs, but unfortunately are likely to interact with other 
drugs [22]. Our previous study on green monkey kidney cells 
demonstrated a potentiation of  the cytotoxic effects of  MTX in 
combination with simvastatin, both in the MTT as well as LDH 
assay [23]. These results prove the necessity of  further study con-
cerning the in vitro evaluation of  interaction between MTX and 
commonly used statins (atorvastatin, rosuvastatin or pravastatin).

Materials and Methods

Drugs and reagents

The following substances were used in the study: methotrexate 
(Ebewe Pharma, Unterach, Austria), atorvastatin (Pfizer Eu-
rope, United Kingdom), rosuvastatin (Astra Zeneca, Schweden), 
pravastatin (Ranbaxy, Poland), MTT (Thiazolyl blue tetrazolium 
bromide, Sigma-Aldrich, Steinheim, Germany), DMSO (dimethyl 
sulfoxide, POCH S.A. Gliwice, Poland). The cell culture medium 
RPMI-1640 (with L-glutamine and phenol red), Foetal Bovine 
Serum (FBS) and antibiotics solutions: penicillin, streptomycin, 
and amphotericin B were supplied by PAA – The Cell Culture 
Company GmbH, Pasching, Austria. Ready-made diagnostic 
kits (Cytotoxicity Detection Kit LDH and Cell Death Detection      
ELISAPLUS from Roche Diagnostic GmbH, Mannheim, Germa-
ny) were used. Atorvastatin, rosuvastatin and pravastatin were dis-
solved in DMSO and diluted to the required concentration with 

the RPMI-1640 medium. The solutions of  methotrexate were ex 
tempore prepared in the culture medium.

Cell culture

The research was performed on green monkey kidney cells (GMK) 
obtained from Biomed Serum and Vaccine Production Plant Ltd 
in Lublin, Poland. A GMK cell line was grown in RPMI-1640 
medium (with L-glutamine and phenol red) supplemented with 
a 10% heat-inactivated foetal bovine serum, 100 U/ml penicillin, 
100 μg/ml streptomycin and 2,5 μg/ml amphotericin B on 25 cm2 
tissue culture flasks (EasYFlasks™Nunclon™Δ, Nunc GmbH 
Wiesbaden, Germany). GMK cells were cultured in a monolayer 
in a CO2 cell incubator at 37°C in an atmosphere of  5% CO2. 
Afterwards, the cells were counted in a Neubauer hemocytometer 
(BlauBrand, BRAND GmbH) by the compact inverted micro-
scope Olympus CKX41. The assays of  cytotoxicity GMK cells 
were prepared at a density of  1×106 cells/cm3.

MTT viability assay

To assay cell viability, an MTT test was used based on the MTT 
Assay DB-ALM Protocol n°17, ECVAM – European Centre for 
the Validation of  Alternative Methods, Database Service on Al-
ternative Methods to Animal Experimentation. The experiment 
was begun by designation of  the IC10 and IC50 values of  drugs. To 
determine the effects on cell viability, the drugs were added to the 
GMK cells in the same volume (100 μl/well) and incubated for 
24 h at the following initial concentrations: MTX (5.5 μM), atorv-
astatin (100 μM), rosuvastatin (2.0 μM), pravastatin (1.5 μM) and 
in their three times higher concentrations: MTX (16.5 μM), ator-
vastatin (300 μM), rosuvastatin (6.0 μM), pravastatin (4.5 μM). 
These initial concentrations of  drugs were less than the deter-
mined IC10 inhibitory concentration of  10% to the GMK cell line 
after 24h of  incubation in the MTT test. The combinations of  
MTX with statins were used in the following three proportions of  
concentrations: 1:1 i.e. MTX (5.5 μM) with atorvastatin (100 μM) 
or rosuvastatin (2.0 μM), or pravastatin (1.5 μM) and 1:3 MTX 
(5.5 μM) with atorvastatin (300 μM), or rosuvastatin (6.0 μM), or 
pravastatin (4.5 μM) and 3:1 i.e. MTX (16.5 μM) with atorvasta-
tin (100 μM), or rosuvastatin (2.0 μM), or pravastatin (1.5 μM). 
After incubation, 10 μl MTT solution (5 mg/ml) was added to 
each well microplate and incubated for 3 h at 37°C. At the end of  
incubation, the culture medium was removed carefully from each 
well, and 100 μl DMSO were added. The absorbance of  each well 
was measured at 550 nm using the automated absorbance micro-
plate reader ELx808IU (Bio-Tek Instruments Inc.). The viability of  
GMK cells was expressed in % of  the control group.

LDH assay

The cytotoxicity detection kit (LDH) is a colorimetric assay for 
the quantitation of  cytotoxicity/cytolysis based on the measure-
ment of  LDH activity revealed by damaged cells. The drugs were 
added to the GMK cell line and incubated for 24 h at the same 
concentrations as in the MTT assay. After incubation, a 100 μl 
cell-free culture medium was removed carefully from each well 
and transferred into the corresponding wells of  a new optically 
clear 96-well microplate. To determine the LDH activity in cell-
free culture medium, 100 μl of  reaction mixture (diaphorase/
NAD+ and iodotetrazolium chloride and sodium lactate) was 
added ex tempore to each well and incubated for up to 30 min at 
15-25°C. The absorbance of  each well was measured immediately 
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after incubation at 490 nm using an automated absorbance micro-
plate reader ELx808IU (Bio-Tek Instruments Inc.). Cytotoxicity of  
methotrexate, statins and their simultaneous treatment was calcu-
lated with a formula provided in the manufacturer’s instructions. 
Cytotoxicity was expressed in %.

Assessment of  apoptosis

The Roche Cell Death Detection ELISA kit uses a quantitative 
detection of  histone-associated DNA fragments in mono-and 
oligonucleosomes (a marker for apoptotic cells). The rate of  ap-
optosis is reflected by the enrichment of  nucleosomes in the cy-
toplasm. For the evaluation of  GMK cell apoptosis, the drugs and 
their combinations were added to a GMK cell line and incubated 
for 24h. At the end of  the incubation period, the cells were ly-
sed and the level of  apoptosis was determined using the ELI-
SA method which measured the cytoplasmic histone-associated 
DNA fragments (mono- and oligonucleosomes). Absorbance 
was measured at 405 nm using an automated absorbance micro-
plate reader ELx808IU (Bio-Tek Instruments Inc.). the results were 
expressed by the enrichment factor (the specific enrichment of  
mono-and oligonucleosomes released into the cytoplasm). The 
enrichment of  mono-and oligonucleosomes released into the cy-
toplasm is calculated as the absorbance of  sample cells/absorb-
ance of  control cells. The enrichment factor was used as a param-
eter of  apoptosis.

Statistical analysis

The results are expressed as mean ± SEM. The statistical signifi-
cance among the groups was determined by using the analysis 
of  variance (ANOVA). Double-drug groups were compared with 
groups of  single drug using two-way ANOVA accompanied by a 
post-hoc Newman-Keuls test. P-values less than 0.05 were con-
sidered significant. 

Results

The IC50 values of  methotrexate, atorvastatin, rosuvastatin and 
pravastatin were determined from dose–response curves and 
were shown in Table 1.

The effects of  MTX, statins and their combinations on the 
viability of  GMK cells in the MTT test

The viability of  GMK cells after 24h incubation with the combi-
nation of  MTX (5.5 or 16.5 µM) with atorvastatin (100 µM) was 
about 55% (Figure 1A). This cell viability was significantly lower 
compared with MTX or atorvastatin only. It should be noted that 
after 24h incubation of  the GMK cell line with methotrexate only 
(5.5 or 16.5 μM) a reduced cell viability was observed (by about 
21% and 27%, respectively). Atorvastatin in the initial concentra-

tion of  100 μM decreased the GMK cell viability by 37 % but in a 
three times higher a concentration of  300 μM it caused a decrease 
of  cell viability by 67.15%. After 24h incubation of  the GMK 
cells with MTX (5.5 μM) and atorvastatin (300 μM) simultane-
ously, cell viability dwindled by 67.49 %. The lowered viability 
of  the GMK cells does not result from drug combination from a 
higher concentration of  atorvastatin. Rosuvastatin (2.0 or 6.0 μM) 
decreased cell viability by about 38 % or 52 %, respectively (Fig-
ure 1B). After 24h incubation of  the GMK cells with MTX (5.5 or 
16.5 μM) in combination with rosuvastatin (2.0 or 6.0 μM), their 
viability was significantly reduced compared with the viability of  
GMK cells incubated only with MTX or only with rosuvastatin, 
which, in this case, points to the intensification of  their cytotoxic 
effect. Similarly, pravastatin (1.5 μM) also decreased cell viability 
by 39.47 % and by 54.64% in a three times higher a concentration 
(Figure 1C). Incubation of  the GKM cells with the combination 
of  MTX (5.5 or 16.5 μM) and pravastatin (1.5 or 4.5 μM) signifi-
cantly inhibited cell growth compared with the groups incubated 
with each of  the two drugs separately.

Cytotoxicity of  MTX, statins and their combinations on 
GMK cells in LDH test

After 24h of  simultaneous incubation of  the GMK kidney cells 
with the combination of  MTX (5.5 µM) with atorvastatin (100 
µM), the cytotoxicity of  the drugs was below 10% and was sig-
nificantly lower compared with the result in the group of  cells 
incubated only with atorvastatin (Figure 2A). The cytotoxicity of  
combination of  MTX (16.5 μM) with atorvastatin (100 μM) in-
creased to 32.74 % as compared with the results of  the groups 
of  GMK cells incubated with each drug separately, with indicates 
adverse interaction of  both drugs. The highest increase in cyto-
toxicity (about 62%) was noted after the simultaneous incubation 
of  the GMK cells with MTX (5.5 μM) and atorvastatin (300 μM). 
This significant increase in cytotoxicity was caused by the action 
of  atorvastatin at the higher concentration. A similar effect was 
observed in the MTT test. It is worth noting that after the GMK 
cell incubation, a significant increase of  cytotoxicity was found 
only with atorvastatin (100 or 300 μM) (by 19.08% and 59.06%, 
respectively). In the case of  MTX in the concentrations of  5.5 or 
16.5 μM, minimal cytotoxicity was noted (below 10%). The cyto-
toxicity of  the combination of  MTX (5.5 μM) with rosuvastatin 
(2.0 μM) did not exceed 10% (Figure 2B). After 24h of  incubation 
of  the GMK kidney cells with the combination of  MTX (5.5 μM) 
and rosuvastatin (6.0 μM), an over 20% increase in cytotoxicity 
was observed compared with the groups of  cells incubated with 
each of  the two drugs separately. The combined use of  MTX 
(16.5 µM) and rosuvastatin (2.0 µM) also revealed a slight increase 
in their cytotoxicity. After the incubation of  the GMK cells with 
MTX (5.5 µM) with pravastatin (1.5 or 4.5 µM), no significant 
changes were reported indicative of  their cytotoxic action in the 
LDH assay (Figure 2C). Only a slight increase (by about 25 %) 
was found in the cytotoxicity of  the combination of  MTX (16.5 

Table 1. The IC50 values of  the drugs (MTT assay).

Drug IC50

methotrexate 154.8 µM
atorvastatin 266.6 µM
rosuvastatin 151.8 µM
pravastatin 30.52 µM
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µM) with pravastatin (1.5 µM).

Effects of  MTX, statins and their combinations on the GMK 
cells apoptosis

The examination of  apoptosis demonstrated a significant increase 
in DNA fragmentation as a consequence of  rising apoptosis in 
the GMK cells incubated for 24h with atorvastatin only at the 
concentration of  100 μM (Figure 3A). The combined applica-
tion of  MTX (5.5 or 16.5 μM) with atorvastatin (100 μM) also 
significantly raised the level of  mono-and oligonucleosomes in 
the cytoplasm of  the tested cells in comparison to the results ob-
tained in the cell groups incubated only with MTX or only with 
atorvastatin at appropriate concentrations. Yet, it should be noted 
that in the group of  cells subjected to combined action of  MTX 
(5.5 μM) with atorvastatin (300 μM), no increase of  cell apopto-
sis was found. The studies also showed a slight increase in DNA 

fragmentation in the GMK cells incubated for 24h with MTX 
5.5 μM in combination with rosuvastatin at 6.0 μM  (Figure 3B) 
or pravastatin at 4.5 μM (Figure 3C). Still, it should be noted that 
these results were statistically significant only in comparison to 
MTX and were similar to the results obtained in the cell groups 
incubated only with statins. These results may suggest that the 
increase in the apoptosis of  the GMK cells should be attributed 
to statins used in higher concentrations.

All of  the above-mentioned parameters were evaluated in the 
presence of  statins solvents (control GMK cells + solvents), and 
there were no significant differences between the control and the 
solvent-treated cells.

Discussion

Figure 1. Effects of  methotrexate, atorvastatin (A), rosuvastatin (B) or pravastatin (C) and their combination on the GMK 
cells viability after 24 h. incubation in the MTT test. Data presented as percentage of  control ± SEM (standard error mean).
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Pharmacotherapy of  cancer diseases is associated with many 
therapeutic problems. One of  them are the interactions between 
cytostatic drugs and drugs from other pharmacological groups 
[1]. Cancer patients often suffer from cardiovascular diseases with 
lipid disorders and they have to take the statins. Therefore, the 
aim of  this study was a preliminary assessment of  cytotoxicity of  
MTX, statins (atorvastatin, rosuvastatin or pravastatin) and their 
combinations in green monkey kidney cells. In our study, was used 
initial concentrations of  drugs: MTX (5.5 μM), atorvastatin (100 
μM), rosuvastatin (2.0 μM) and pravastatin (1.5 μM) for the ex-
amination of  drug-drug interaction. The starting assumption for 
the evaluation of  the drugs interaction was to use drug concentra-
tions lower than previously determined IC10 values after 24h of  
incubation GMK cell line in the MTT test. To assess the nature 

of  the interaction of  drugs was also utilized the concentration of  
three times higher ie.: MTX (16.5 μM), atorvastatin (300 μM), ro-
suvastatin (6.0 μM), pravastatin (4.5 μM). Combinations of  drugs 
were used only in three following proportions of  concentrations 
ie.: 1:1, 1:3 and 3:1 in order to carry out an additional assessment 
of  the nature of  drugs interaction using isobolographic analysis 
(data not included in this study). The literature shows that these 
concentrations of  statins used in the study are effective for vari-
ous cancer cells line [24-26]. In the case of  MTX, the range of  
cytotoxicity doses for tumor cells used in the works of  different 
authors was quite high and it ranged from 10-9 – 10-6 mol/l [27-
29]. It is worth noting that in cancer patients treated with MTX, 
the serum levels above 10 µM increases the risk of  kidney damage 
[30]. The study found that the combined use of  MTX with ator-

Figure 2. Cytotoxicity of  methotrexate, atorvastatin (A), rosuvastatin (B) or pravastatin (C) and their combination after 24 h. 
incubation with GMK cells in the LDH test. Data presented as percentage of  control ± SEM (standard error mean).
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vastatin (100 uM) significantly amplify the cytotoxic effect of  the 
combination of  both drugs in the GMK cells both in the MTT as 
well as LDH assay, which indicates their unfavourable interaction. 
In order to distinguish between the types of  GMK cells death as 
a result of  incubation with the combination of  the studied drugs, 
ELISA test (Cell Death Detection) was applied. Apoptosis plays 
a key role in many processes, both physiological and pathologi-
cal, such as carcinogenesis, cancer progression, and the killing of  
cancer cells by cytostatic drugs [31, 32]. The study demonstrated 
an increase in apoptosis of  the GMK cells treated with MTX in 
combination with atorvastatin (100 μM). In the cell group incu-
bated with MTX and atorvastatin (300 μM), there was no increase 
in cell apoptosis, which, in this case, suggests a different type of  

cell death: necrosis. This study also revealed a significant decrease 
in the viability of  GMK cells in the MTT assay after incubation 
with MTX in combination with rosuvastatin or pravastatin. How-
ever, in the LDH assay, there were no significant changes clearly 
indicating the intensification of  the cytotoxic effects. Based on 
the obtained results, it appears that the MTT test was more sensi-
tive as shown in the examination of  the cytotoxic effect of  com-
bination of  these drugs. The absence of  clear results in the LDH 
assay showing an increased cytotoxicity of  MTX in combination 
with rosuvastatin or pravastatin may be due to the differences in 
the evaluation of  cytotoxicity in both the assays. The LDH assay 
is based on the measurement of  the activity of  lactate dehydroge-
nase, an enzyme released from injured cells. In a situation where 

Figure 3. Effects of  methotrexate, atorvastatin (A), rosuvastatin (B) or pravastatin (C) and their combination on the GMK 
cells apoptosis after 24 h. incubation. Data presented as enrichment factor ± SEM (standard error mean). The enrichment 

of  mono-and oligonucleosomes released into the cytoplasm is calculated as absorbance of  sample cells/absorbance of  
control cells.
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the cell membrane is not damaged, the increased release of  the 
enzyme is not seen.
Conclusion

The results obtained in this study, especially in the MTT test, in-
dicate a negative impact of  the combined application of  metho-
trexate and statins on cell viability, and these changes cannot be 
ignored. These observations, in addition to the cognitive aspect, 
may have a practical importance in the treatment of  patients with 
a malignant disease and suffering from a lipid disorder. In patients 
treated with methotrexate and statins should be carefully monitor 
of  renal function, because may be increased the renal toxicity of  
these drugs.
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