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Abstract. Tumor lysis syndrome (TLS) is a metabolic disorder 
that mainly affects patients with malignant hematological 
neoplasms, and its development is frequently related to uric 
acid accumulation (hyperuricemia). Rasburicase is a recom‑
binant urate oxidase enzyme applied to treat and avoid TLS 
converting urate into allantoin, a compound easily elimi‑
nated by the kidneys. However, a recent study by the authors 
demonstrated in vitro that an elevated allantoin generation, 
which has been observed in oncological patients treated with 
rasburicase, reduced cisplatin cytotoxicity in a non‑small cell 
lung cancer cell line (H460). Thus, it is necessary to determine 
the effects of the concomitant use of cisplatin and rasburicase 
for the treatment of patients with chronic myeloid leukemia 
(CML); due to the higher incidence of tumor lysis syndrome 
among patients with CML, it is necessary to search for adju‑
vant agents that can restore cisplatin cytotoxicity. Among 
adjuvant agents, metformin is of interest as it is effective, 
safe and has established pharmacological parameters. Thus, 
the present study evaluated the capacity of metformin to 
restore allantoin‑reduced cisplatin cytotoxicity in a CML cell 
line (K562) in vitro. The cells were treated with metformin 
(0.1, 0.25, 0.5, 0.6025, 2, 2.5 and 3 mM), cisplatin (15, 16.5, 
20, 30 and 33 µM), allantoin (100 and 200 µg/ml), or their 
combinations for 48 h. Cell viability, cell cycle, morphological 
analysis and nuclear magnetic resonance experiments were 
performed. The results revealed that allantoin reduced cisplatin 
cytotoxicity in the K562 cell line. Thus, metformin synergisti‑
cally increased cisplatin‑induced cell death and restored the 
cisplatin cytotoxicity that was reduced by allantoin.

Introduction

Chronic myeloid leukemia (CML) is a malignant hemato‑
logical neoplasm responsible for ~15% of all leukemia cases 
and occurs mainly in adults >50 years of age (1). In Brazil, 
the National Institute of Cancer predicts that an estimated 
5.67 new cases of CML per 100,000 males and 4.56 new cases 
per 100,000 females will occur between 2020 and 2022. Thus, 
CML represents one of the ten most common types of cancer 
in Brazil (2).

CML is cytogenetically characterized by the presence of 
the Philadelphia chromosome, which is formed through a recip‑
rocal translocation between the long arms of chromosomes 9 
and 22 carrying the BCR‑ABL gene (3). This gene encodes the 
BCR‑ABL1 protein, which has high tyrosine kinase activity 
and leads to the activation of a number of pathways responsible 
for cancer development and progression (4).

The first‑line treatment for CML is the use of tyrosine 
kinase inhibitors (TKIs). Although there are three genera‑
tions of TKIs available, imatinib (a first‑generation TKI) 
is commonly used due to its high efficiency. Resistance to 
imatinib is related to the growing development of the T315I 
mutation among patients with CML (5). As an alternative 
to imatinib, the third‑generation TKI, ponatinib, can be 
employed due to its ability to counteract this mutation (6). 
However, researchers have recently demonstrated the occur‑
rence of thrombosis cases related to the use of ponatinib (7). 
This has led to the adoption of a new therapeutic approach 
to evaluate the possible antileukemic effects of drugs already 
used to treat solid tumors (8). Furthermore, the efficiency of 
imatinib in removing malignant clones of CML is low and 
is considered a rare event, increasing the chances of relapse. 
There is an increase in the number of studies where cisplatin 
has been used in combination with imatinib in BCR‑ABL+ 
CML cells (9). In addition, patients in blast crisis (BC; last 
phase of CML) are less responsive to TKIs, leading the search 
for therapeutic alternatives, such as the use of cisplatin in BC 
CML cells (10). In China, lobaplatin (cisplatin‑derived drug) 
has been clinically used in the treatment of CML (11).

Cisplatin is a platinum‑derived metallic coordination 
compound that is highly effective against several types of 
cancer (12). Following its administration and translocation 
to the intracellular environment through passive diffusion 
or by candidate transporters, such as copper transporter 
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receptor 1 (CTR1) (13), cisplatin is activated through a series 
of aquation reactions on the cytosol that lead to the formation 
of DNA‑protein and DNA‑DNA intrastrand or interstrand 
crosslinks that cause DNA damage (14).

In patients undergoing chemotherapy, radiotherapy or 
immunotherapy, tumor lysis promotes the release of products 
of cellular degradation, such as xanthine, which is converted 
into urate through the purine degradation pathway (15). The 
high concentration of urate leads to the development of tumor 
lysis syndrome (TLS), which is common among patients with 
hematological malignancies, such as non‑Hodgkin's lymphoma 
and leukemias (16).

TLS is a metabolic disorder that can affect several organs 
and can also lead to mortality. Among the main features of 
TLS, hyperuricemia (urate accumulation) may lead to renal 
failure. The evolutive loss of the urate oxidase gene from 
primates is responsible for urate accumulation in humans; the 
urate oxidase gene encodes uricase, an enzyme that converts 
urate in allantoin, a compound easily excreted by kidneys (17). 
Currently, rasburicase (Fasturtec™) is used to overcome 
TLS; rasburicase is a recombinant urate oxidase derived from 
Aspergillus flavus that converts urate into allantoin (18).

Allantoin, found in the leaf buds of Platanus orientalis, is 
a heterocyclic compound derived from the purine degradation 
pathway found in plants and animals (19). Due to its healing 
effects, allantoin has been used in a number of dermatological 
products, including products for wound care (20). Allantoin 
can also be found in small quantities in humans due to uric 
acid oxidation, which is indicative of oxidative stress (21).

A recent study by the authors revealed that allantoin 
reduced the effectiveness of cisplatin in a non‑small cell lung 
cancer lineage (H460) as cancer patients that used rasburicase 
exhibited increased levels of allantoin (22).

Recently, several researchers have tested and obtained 
significant results with the use of cisplatin for the treatment 
of CML (9,23,24). However, allantoin may interfere with 
cisplatin performance, which could lead to a misinterpretation 
of CML resistance and disease outcome.

Due to the need to treat TLS, the search for adjuvants that 
can function concomitantly with rasburicase has increased, 
and cisplatin is of great interest. Metformin stands out as a 
candidate for its effectiveness, safety, and other established 
pharmacological parameters.

Metformin is a biguanide drug derived from guanidine, 
the active substance of Galega officinalis, and is used as the 
first‑line therapy for patients with type 2 diabetes mellitus 
(T2DM), due to its antihyperglycemic efficiency (25). 
Additionally, researchers have demonstrated the anti‑neoplastic 
effects of metformin, either directly or indirectly, by acting 
in a number of tumorigenic pathways. The translocation of 
metformin to the intracellular environment is promoted by trans‑
porters, such as the plasma membrane monoamine transporter 
and organ‑specific organic cation transporters 1 and 2 (26).

The majority of the effects of metformin are related to its 
effects on the mitochondria: Following the accumulation of 
metformin in the mitochondrial matrix due to the interaction 
between the positively‑charged metformin and mitochon‑
drial membrane potential, metformin inhibits complex I 
of the mitochondrial electron transport chain. This leads to 
an increased adenosine monophosphate (AMP)/adenosine 

triphosphate (ATP) ratio and, consequently, to the activation of 
AMP‑activated protein kinase (AMPK), an important cellular 
energetic sensor that restores energetic cellular homeostasis 
disrupted by metformin (27). Thus, the aim of the present 
study was to evaluate the capacity of metformin as an adjuvant 
to restore cisplatin cytotoxicity in the presence of allantoin in 
a CML cell line.

Materials and methods

Cells and culture conditions. The CML cell line, K562, was 
maintained in Roswell Park Memorial Institute (RPMI‑1640) 
medium (Sigma‑Aldrich; Merck KGaA), supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
100 U penicillin and 10 µg/ml streptomycin in cell culture 
bottles at 37˚C in a 5% CO2 humidified incubator. The cells 
were donated by Dr Vivian Rumjanek (Institute of Medical 
Biochemistry, Rio de Janeiro, Brazil) and sub‑cultured every 
2 days in 2x104 cells/ml. During experimentation, the cells 
were maintained in low glucose (0.5 mM) RPMI‑1640 supple‑
mented as the culture medium. The cells tested negative for 
mycoplasma contamination.

Chemicals. Allantoin, dimethyl sulfoxide (DMSO), metformin 
hydrochloride, 3‑(4,5‑dimethylthiazole‑2‑yl)‑2,5‑diphenyltet‑
razolium bromide (MTT) and propidium iodide (PI) were 
purchased from Sigma‑Aldrich; Merck KGaA. Cisplatin 
(Faudcispla, clinical solution) was purchased from Libbs 
Farmacêutica.

Allantoin was diluted in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 0.025% DMSO, which 
did not interfere with the function of cisplatin (data not shown). 
Allantoin was freshly diluted for each experiment.

Cell viability assay. To determine cell viability, 180 µl of cell 
suspension was distributed in 96‑well plates (1x104 cells/well) 
and pre‑incubated with low glucose (0.5 mM) availability for 
2 h at 37˚C and 5% CO2 for culture stabilization. The drugs 
were dissolved in medium. Subsequently, the cells were treated 
with medium (control), metformin (0.1, 0.25, 0.5, 0.6025, 2, 
2.5 and 3 mM), cisplatin (15, 20 and 30 µM) and allantoin 
(200 µg/ml) for 48 h. Following incubation for 48 h at 37˚C, 
MTT (5 mg/ml) was added to each well, and the cells were 
maintained for 4 h at 37˚C in the dark. The plate was centri‑
fuged at 1,008 x g for 3 min at 25˚C, and 150 µl of DMSO 
were applied to dissolve the formazan crystals produced due to 
MTT reduction by viable cells. The optical density (OD) was 
measured at 570 nm using a microplate reader (SpectraMax® 
Multi‑Mode Microplate Reader, Avantor®), which was 
utilized to calculate the percentage of cell viability (OD of 
treated x100/OD of control). The results are presented as the 
mean ± standard deviation (SD) percentage of cell viability 
of at least three different experiments performed in triplicate.

Calculation of combination index (CI). Following the cell 
viability assay, the half‑maximal inhibitory concentration (IC50) 
of metformin and cisplatin was utilized to evaluate the effect of 
drug combination by calculating the CI. The CI was calculated 
using the following equation: CI=(D)com1/(D)1 + (D)com2/(D)2, 
where (D)com1 or (D)com2 represent the concentration of drug 1 
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or 2, respectively, that induce a 50% inhibition of cell viability 
in combination, and (D)1 or (D)2 represent the IC50 value from 
individual drug treatment. According to the CI value, it was 
possible to determine the type of combinatory effect: Additive 
(CI=1), synergistic (CI<1), or antagonistic (CI>1) effect.

Cell cycle analysis. The cell cycle was analyzed by flow cytom‑
etry. For this assay, 450 µl of cell suspension were distributed 
in 24‑well plates (3x104 cells/well) and pre‑incubated for 2 h 
at 37˚C and 5% CO2 for culture stabilization. The cells were 
treated with medium (control), cisplatin (16.5 and 33 µM) with 
or without allantoin (100 µg/ml) for 48 h. Subsequently, the 
cells were centrifuged at 21,952 x g for 20 sec at 25˚C and resus‑
pended in a hypotonic fluorescence solution (75 µM propidium 
iodide and 0.1% Triton X‑100 in 0.1% sodium citrate buffer) 
for 1 h at 4˚C in the dark, and the sub‑G1, G1 and G2 peaks 
were obtained using a flow cytometer (BD Accuri™ C6, BD 
Biosciences). Data capture and analysis were performed using 
BD Accuri™ Analysis 1.0.264.21 Software (BD Biosciences). 
The results are presented as the mean ± SD percentage of 
sub‑G1, G1 and G2 cells of at least three different experiments 
performed in triplicate.

Morphological analysis. Bright field microscopy was used 
to evaluate changes in cell morphology following treat‑
ment. Briefly, 180 µl of cells were seeded in 96‑well plates 
(2x104 cells/well) and maintained at 37˚C and 5% CO2 for 
2 h. The cells were treated with medium (control), metformin 
(0.5 mM), cisplatin (15 µM), allantoin (200 µg/ml), or their 
combinations for 48 h. Following incubation for 48 h at 37˚C, 
two fields were photographed per well using a Leica DMI 
6000 (x20 magnification) microscope. The experiment was 
performed in triplicate.

Nuclear magnetic resonance (NMR) spectroscopy. NMR is 
a technique used for the structural and functional charac‑
terization of molecules to analyze the interaction between 

proteins and drugs. To evaluate the possible drug interac‑
tions, metformin (2.4 mM), allantoin (2.4 mM), cisplatin 
(40 µM), or their combinations were diluted in ultrapure 
H2O to a final volume of 1 ml and incubated for 72 h at 37˚C. 
1H NMR spectra were acquired at 25˚C on a Bruker Avance 
400 MHz spectrometer (Bruker Corporation); thereafter, 
spectra were processed and analyzed using TopSpin 2.0 
(Bruker) software.

Statistical analysis. The results are presented as the mean ± SD 
of at least three experiments performed in triplicate. The 
differences were analyzed using a one‑way analysis of vari‑
ance followed by Tukey's post hoc test. GraphPad Prism 6.0 
software was used for the analyses, and P<0.05 was considered 
to indicate a statistically significant difference.

Results

Metformin and cisplatin reduce the viability of the CML cell 
line in a concentration‑dependent manner. Metformin and 
cisplatin have been demonstrated to exert anti‑neoplastic 
effects in a number of types of cancer, such as in 
triple‑negative breast cancer (TNBC) (28), meningioma (29) 
and esophageal cancer (30); however, little is known about 
their effects on the CML cell line, K562. These experiments 
were conducted under low‑glucose availability, since it was 
already observed by other groups that under high glucose, 
metformin has a reducing effect (30,31). As observed in 
Fig. 1A, the cells were treated with 0.1, 0.25, 0.5, 0.6025, 
2, 2.5 and 3 mM metformin for 48 h. Metformin inhibited 
cell viability in a concentration‑dependent manner, reaching 
48.7±6.4% of viability at 3 mM. As with metformin, the 
cells were treated with 15, 20 and 30 µM cisplatin for 48 h. 
Cisplatin also reduced viability in a concentration‑dependent 
manner, reaching 33.5±5.5% at 30 µM. All comparisons 
were made with the untreated control (100% of viability) 
(Fig. 1B).

Figure 1. Metformin and cisplatin inhibit the viability of the CML cell line in a concentration‑dependent manner. (A) Cells were incubated with metformin 
(0.1, 0.25, 0.5, 0.6025, 2, 2.5 and 3 mM) under low glucose availability for 48 h, and cell viability was assessed. (B) Cells were incubated with cisplatin (15, 
20 and 30 µM) under low glucose availability for 48 h, and cell viability was assessed. The columns represent the mean ± SD of three experiments performed 
in triplicate. CML, chronic myeloid leukemia; Met, metformin; Cis, cisplatin. ***P=0.0003 and ****P=0.0000002.
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The results for metformin, demonstrated a reduction in 
cell viability across all concentrations; however, 0.5 mM 
metformin, which reduced cell viability by ~30%, was selected 
for use in the following assays to examine the combined effect 
with cisplatin (Fig. 1A).

The results demonstrated that cisplatin reduced cell 
viability in a concentration‑dependent manner (Fig. 1B). 
However, to assess the combined effect of metformin and 
cisplatin, the 15 µM concentration of cisplatin, which reduced 
cell viability by ~30%, was selected to analyze the combined 
effect with metformin.

Metformin and cisplatin synergistically increase the death 
of the CML cell line. The cells were treated with 0.1, 0.25, 
0.5 and 0.6025 mM metformin, with or without 15 µM 
cisplatin, for 48 h. The results revealed an increased cytotoxic 
activity promoted by the combined use of both drugs when 
compared with the use of cisplatin alone (Fig. 2). The combi‑
nation of 0.5 mM metformin and 15 µM cisplatin resulted in 
the highest inhibition of cell viability, by ~50%.

To determine the effects of the simultaneous use of 
metformin and cisplatin, the CI was calculated. To obtain the 
CI value, the IC50 of metformin (0.5 mM) and cisplatin (20 µM) 
was used (Table I). The CI value, which was 0.95, demon‑
strated an increased cytotoxicity following the combined use 
of metformin and cisplatin, demonstrating a synergistic effect 
(Table II).

Allantoin reduces cisplatin cytotoxicity in the CML cell line. 
After demonstrating that metformin inhibited K562 cell 
viability and acted synergistically with cisplatin, the present 
study then evaluated whether allantoin reduced cytotoxicity 
induced by cisplatin. Thus, the cells were incubated with allan‑
toin (200 µg/ml), cisplatin (15 µM), or their combination for 
48 h, and cell viability was assessed. The results demonstrated 
that allantoin reduced 20% of cisplatin‑induced cell death 
(Fig. 3).

To examine the reduction of the effectiveness of cisplatin by 
allantoin, the cells were treated with 0.025% DMSO. To demon‑
strate that this concentration did not interfere with cisplatin 
activity, 16.5 and 33 µM cisplatin, 100 µg/ml allantoin, or their 
combinations were incubated with the cells for 48 h, and the cell 
cycle was analyzed (Fig. 4A). Allantoin reduced the percentage 
of sub‑G1 cells (Fig. 4B) and enhanced the cell population in the 
G1 (Fig. 4C) and G2 phases of the cell cycle (Fig. 4D) induced by 
treatment with 33 µM cisplatin, in addition to inducing cell cycle 
arrest in the G2 phase (Fig. 4D) following combined treatment 
with 16.5 µM cisplatin, demonstrating that allantoin reduced the 
effectiveness of cisplatin in the CML cell line.

Table I. IC50 values of metformin and cisplatin.

Drug IC50 value

Metformin 2.5 mM
Cisplatin 15 µM

Table II. CI calculation.

Drug Dcom (µM) IC50 µM) Dcom/IC50 CI

Cisplatin 15 20 0.75 0.95
Metformin 500 2,500 0.2 0.95

Calculation of the combination index (CI) to the determination of the 
interaction type resulted of the combination between metformin and 
cisplatin. Dcom, concentration of the drug that in the combination 
inhibits 50% of cell viability; IC50, concentration of the drug that 
inhibits 50% of cell viability. Figure 2. Metformin and cisplatin synergistically enhance the death 

of the CML cell line. Cells were incubated with metformin (0.1, 0.25, 
0.5 and 0.6025 mM), cisplatin (15 µM), or their combination under low 
glucose availability for 48 h, and cell viability was assessed. The columns 
represent the mean ± SD of three experiments performed in triplicate. 
*P=0.011, **P=0.009, ***P=0.0001 and ****P=0.00000022. CML, chronic 
myeloid leukemia; Met, metformin; Cis, cisplatin.

Figure 3. Allantoin reduces the cisplatin‑induced death of the CML cell 
line. Cells were incubated with cisplatin (15 µM), allantoin (200 µg/ml), or 
their combination under low glucose availability for 48 h, and cell viability 
was assessed. The columns represent the mean ± SD of three experiments 
performed in triplicate. ***P=0.0001. CML, chronic myeloid leukemia; Met, 
metformin; Cis, cisplatin.
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Metformin reverses the reduced effectiveness of cisplatin 
induced by allantoin. As allantoin reduced the effectiveness 
of cisplatin in the CML cell line, and in search of adjuvant 
agents that may reverse this effect, the action of metformin 
as a possible adjuvant was analyzed. The cells were treated 
with 0.5 mM metformin, 15 µM cisplatin and 200 µg/ml 
allantoin, or their combinations for 48 h, and cell viability 
was assessed. The results revealed that metformin reversed 
the allantoin‑induced increase in the viability of the CML 

cell line treated with cisplatin (Fig. 5). This effect was also 
analyzed by examining cell morphological changes; for 
this assay, the cells were treated as aforementioned. The 
results revealed the formation of apoptotic bodies following 
metformin and cisplatin treatment and of these apoptotic 
bodies when combining these drugs, demonstrating the reduc‑
tion in cisplatin‑induced cell death following its combined 
use with allantoin, and the restoration of cell death following 
metformin treatment (Fig. 6).

Figure 4. Allantoin reduces cisplatin‑induced cell death in CML cells. Cells were incubated with medium (C) allantoin (100 µg/ml), cisplatin (16.5 and 33 µM), 
or their combination under low glucose availability for 48 h, and the cell cycle were assessed. (A) Representative histograms of the data are present in panels B, 
C and D. (B) Percentage of sub‑G1 cells. (C) Percentage of G1 cells. (D) Percentage of G2 cells. The columns represent the mean ± SD of three experiments 
performed in triplicate. (B) ***P=0.00011; (C) *P=0.04517 and ****P=0.00004; (D) **P=0.00219, ***P=0.00032 and ****P=0.00001. CML, chronic myeloid 
leukemia; Met, metformin; Cis, cisplatin.
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Metformin possibly reverses the decreased effectiveness of 
cisplatin induced by allantoin through direct interaction. As 

demonstrated by the results, metformin was able to reverse 
decreased effectiveness of cisplatin induced by allantoin. 

Figure 5. Metformin restores cisplatin viability inhibition reduced by allantoin in the CML cell line. Cells were incubated with metformin (0.5 mM), cisplatin 
(15 µM), allantoin (200 µg/ml), or their combinations under low glucose availability for 48 h, and cell viability was assessed. The columns represent the 
mean ± SD of three experiments performed in triplicate. **P=0.0061, ***P=0.0001 and ****P=0.000000001. CML, chronic myeloid leukemia; Met, metformin; 
Cis, cisplatin; Al, allantoin.

Figure 6. Metformin reverses the decreased effectiveness of cisplatin induced by allantoin and induces morphological changes in the CML cell line. Cells were 
incubated with medium (control) metformin (0.5 mM), cisplatin (15 µM), allantoin (200 µg/ml), or their combinations under low glucose availability for 48 h, 
and cell morphology was photographed by bright field microscopy. CML, chronic myeloid leukemia.
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However, the mechanisms through which metformin promoted 
this reversion were unclear. To investigate whether metformin 
interacts with allantoin or cisplatin to promote its activity, 
NMR spectroscopy was performed. As shown in Fig. 7, there 
was no chemical shift changes in the spectra of metformin 
and cisplatin when comparing the combined drugs and the 
drugs alone, indicating the absence of an interaction between 
metformin and cisplatin. As shown in Fig. 8, line broadening 
was observed for metformin and allantoin signals following 
their combined use, which may indicate an interaction. A recu‑
peration of the metformin and allantoin original linewidths 
was also observed following the addition of cisplatin, which 
could indicate that cisplatin disrupted the metformin‑allantoin 
interaction. Thus, metformin possibly reverses the decreased 
effectiveness of cisplatin induced by allantoin through its 
interaction with allantoin. However, other mechanisms also 
need to be investigated to elucidate the action of metformin in 
this phenomenon.

Discussion

CML is a malignant hematological neoplasm with an 
increasing worldwide occurrence, and despite advances in 

its treatment, a number of deaths due to CML still occur. 
Although TKI development has improved the disease outcome 
and patient survival, mutations have urged researchers to 
search for alternatives. Due to imatinib resistance, cisplatin is 
gaining interest as an alternative therapeutic approach for the 
treatment of CML due to its promising anti‑leukemic effects 
in vitro (9,10). Patients with hematological malignancies 
frequently develop TLS due to antitumoral chemotherapy with 
drugs, such as cisplatin that cause uric acid accumulation. To 
treat TLS and maintain the concomitant use of cisplatin, the 
recombinant urate oxidase, rasburicase, has been employed, 
which converts urate into allantoin. However, a recent study by 
the authors demonstrated that increased allantoin concentra‑
tions reduced the effectiveness of cisplatin in a non‑small cell 
lung cancer cell line (H460) (22). Therefore, there is a need 
to search for adjuvant agents that may reverse this resistance; 
thus, the concomitant use of cisplatin and rasburicase to treat 
CML holds promise.

The present study demonstrated that all concentrations of 
metformin and cisplatin reduced cell viability when compared 
with the control (100% of cell viability). MTT reduction occurs 
mainly in complex I of the mitochondrial electron transport 
chain (32) and depends on the mitochondria dehydrogenases, 

Figure 8. The possible interaction between metformin and allantoin. 1H NMR spectra of allantoin, metformin + allantoin, metformin, allantoin + cisplatin, 
and metformin + cisplatin + allantoin.

Figure 7. As per NMR, metformin and cisplatin do not interact. 1H NMR spectra of metformin, cisplatin, and metformin + cisplatin.
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such as glycerol‑3‑phosphate dehydrogenase (33), which are 
inhibited by metformin action in the mitochondria (34,35). 
Due to its mitochondrial effects, metformin opposes the 
Warburg effect, thereby reducing nicotinamide adenine 
dinucleotide phosphate (NADPH) production (36). Thus, 
mitochondrial impairment, glycerol‑3‑phosphate dehydro‑
genase inhibition and decreased NADPH production may 
explain the reduced cell viability caused by metformin. Due 
to complex I inhibition, metformin decreases nicotinamide 
adenine dinucleotide (NADH) oxidation, the mitochondrial 
membrane potential, and oxidative phosphorylation (36). 
Thus, the reduction in matrix metalloproteinase could 
result in apoptosis via the mitochondrial intrinsic pathway 
through the release of pro‑apoptotic factors, such as cyto‑
chrome c from the mitochondria into the cytosol, thereby 
causing caspase activation and cell death (37). Similar to 
metformin, cisplatin reduces mitochondrial activity through 
mitochondrial DNA adduct formation, inducing reactive 
oxygen species production and matrix metalloproteinase 
reduction (38). Therefore, cisplatin reduces glycolysis (39) 
and possibly reduces NADPH formation. Thus, the ~30‑70% 
reduction in cell viability by cisplatin may be related to 
NADPH reduction and mitochondrial impairment, resulting 
in decreased mitochondrial dehydrogenase activity.

The combination of metformin and cisplatin has 
demonstrated a therapeutic synergistic effect for a number 
of cancer types, such as in lung (40), esophageal (30) and 
gallbladder cancer (41) however, this combined effect was 
yet to be examined in a CML cell line, at least to the best of 
our knowledge. In the present study, the metformin‑cisplatin 
combination promoted higher cytotoxicity than each drug 
in monotherapy, both under low (0.5 mM) (Fig. 2). Through 
the CI calculation, it was determined that an increase in 
cytotoxicity induced by metformin‑cisplatin combination 
therapy was synergistic (Table I). The mitochondrial activity 
and NADPH concentration contribute to the activity of 
dehydrogenase (42). Both metformin and cisplatin promote 
mitochondrial impairment and reduce glycolysis, leading 
to a significant reduction in NADPH availability (43,44) 
that could reduce cell viability and the metformin‑cisplatin 
synergistic effect.

A previous study by the authors demonstrated that allan‑
toin reduced cisplatin effectiveness in the H460 cell line (22). 
Herein, it was determined that allantoin reduced cisplatin cyto‑
toxicity in a CML cell line. It was also confirmed that allantoin 
reduced the effectiveness of cisplatin. Allantoin reduced the 
cell death induced by 33 µM cisplatin and induced cell cycle 
arrest at the G2 phase when combined with 16.5 µM cisplatin, 
thereby allowing the cells to repair their damaged DNA and 
survive. NMR spectroscopy performed by our group revealed 
an interaction between cisplatin and allantoin (22). Thus, due 
to this interaction, a low cisplatin concentration could exert 
cytotoxic effects, resulting in the reduced effectiveness of 
cisplatin in the leukemia cell line.

As it is important for oncological patients to maintain the 
concomitant use of cisplatin and rasburicase, the adjuvant 
effect of metformin to reverse cisplatin impairment was evalu‑
ated in the present study. Metformin reversed the decreased 
effectiveness of cisplatin induced by allantoin, as observed 
in the cell viability assay. It was also demonstrated that the 

reversion of cisplatin activity impairment by metformin 
induced morphological changes: A reduction in apoptotic 
bodies and cellular volume induced by cisplatin monotherapy 
was observed.

To assess the effect of metformin on allantoin activity, 
NMR spectroscopy was performed. The chemical shifts in 
metformin and cisplatin protons in the mixture were identical 
to those of each drug alone, indicating, at least by NMR, the 
absence of an interaction. Thus, the hypothesis that novel 
compound formation through the interaction between these 
drugs would have an effect that would overcome the effect of 
allantoin on cisplatin was discarded. Despite not observing 
an interaction between metformin and cisplatin, the possible 
interaction between metformin and allantoin could also indi‑
cate a mitochondria‑independent reversal by metformin. As 
per the NMR spectra, the metformin‑allantoin combination 
promoted line broadening, and the linewidths of metformin 
and allantoin proton signals were restored following the 
addition of cisplatin.

The shifts in the NMR signals could be explained by phys‑
ical or chemical processes, such as binding, conformational 
changes, or solvent effects (e.g., pH or viscosity) (45). Thus, the 
observed line broadening following the metformin‑allantoin 
combination could indicate an interaction. To discard solvent 
effects, the pH of each solution was verified and was unaltered.

Therefore, the restored metformin and allantoin line‑
widths following combined treatment with cisplatin may be 
related to a competition between metformin and cisplatin 
towards allantoin, thereby promoting a synergistic effect. 
Although metformin may reverse cisplatin impairment in 
a mitochondrial‑independent manner, the mitochondrial 
effects of metformin may also be involved in this reversion. 
However, further studies are warranted to determine this 
phenomenon.

To the best of our knowledge, the present study is the 
first to demonstrate that: i) There was a synergistic effect 
between metformin and cisplatin in a CML cell line; ii) allan‑
toin reduced the effectiveness of cisplatin in CML cells; 
iii) metformin reversed the allantoin‑induced impairment in 
the effectiveness of cisplatin in CML cells; and iv) allantoin 
interacted with metformin. Thus, the present study highlights 
the importance of conducting in vivo and clinical studies on 
the use of metformin as an adjuvant for maintaining cisplatin 
and rasburicase concomitant use and understanding the 
mechanisms through which metformin exerts an adjuvant 
effect.
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