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Abstract
Polyneuropathy is defined as a simultaneous malfunction of several peripheral nerves, which could be a side effect of 
cancer therapy as well. Many kinds of drugs, supposedly cyclophosphamide, also can induce a disease classified as toxic 
polyneuropathy. It is well known that a severe problem in the locomotor activity can join to it. Recently, we have no enough 
information about the attacked points in the structure of muscle proteins, as well as about the change in the interaction of 
myosin actin. In the present study, we analyse this side effect on skeletal muscle (m. gastrocnemius) by differential scanning 
calorimetry (DSC), as an established thermal analysis method, to follow the possible consequence of drug treatment in the 
most important muscle protein. We used cyclophosphamide-treated in vitro animal model (guinea pig) with a comparable 
dosage and time handling of human protocol to show evidences of this drug-induced effects. According to our results, we 
could show a dose-dependent difference between thermal parameters (denaturation temperature and calorimetric enthalpy) 
of untreated and treated samples assigned to their contractile proteins (actin and myosin), which can be detected by DSC. It 
proved that we can create new possibilities in the detection and prognosis of expected and unwanted side effects of cyclo-
phosphamide, such as change of locomotor activity joined to polyneuropathy.
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Introduction

In the twenty-first century, malignancies are the second lead-
ing cause of death after cardiovascular disease in developed 
countries and show a slight upward trend. During chemo-
therapy, cyclophosphamide is an effective immunosuppres-
sive drug with wide application field, e.g. haematologic 
malignancies and in each type of solid tumours, etc. [1]. 
It is the reason that appeared on the most important drugs’ 
list published by WHO in April, 2015 [2]. It is a good tool 
during polyneuropathy treatment, but in several cases, it can 
induct this disorder too [1].

Cyclophosphamide has a wide variety of attacked points, 
and depending on the affected area, sensory, motor or veg-
etative signs of disfunction could occur, which makes more 
difficult to find the correct diagnosis. Locomotive human 
activity is controlled by the central nervous system, and the 

“commands” are conducted through the nerves to the mus-
cles. The good muscle function this way depends on the 
actual structure/stage of nervous and muscle system, mainly 
on the conformation of myosin and actin and on their inter-
action as well as on the communication between them. Any 
damage or unexpected changes in protein structure caused 
by chemotherapeutic agents in any step will cause a mal-
function. It was shown in animal model that the cyclophos-
phamide can cause dose-dependent effect in the thermal 
characteristic of nerve, different muscles as well as in dif-
ferent blood compounds (plasma, red blood cell) [1, 3–7].

The aim of this paper is to look for the possible attack 
point of cyclophosphamide causing muscle function dam-
age in dose-dependent manner, which may cause serious 
consequences on the patient’s life and ability.
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Materials and method

Animal samples

Adult guinea pigs (Cavia porcellus) were injected intra-
peritoneally with cyclophosphamide according to 11 
different dosing schemes, administrating 1-6 times con-
secutively including a couple of day break (n = 55, n = 5/
group, as in case [1]). The dose of cyclophosphamide was 
calculated according to the guinea pigs’ mass using the 
dosage of human protocols (150 mg/kg b.m.). Untreated 
guinea pigs were used as controls (n = 5).

Guinea pigs were euthanased in chambers filled with 
narcotic ether, and then, gastrocnemius muscles were pre-
pared from the lower extremities. 0.5 × 0.5 × 2 cm sized 
muscle was removed from the animals from both side of 
the body. The samples were kept in sterile saline solution 
at 4 °C until the examinations by DSC. All animal experi-
ments were approved by the local animal care and use 
committee and conformed to the current guidelines for 
the care and use of laboratory animals (approval number: 
BA02/2000-4/2012/).

DSC measurements

The prepared samples were washed three times in normal 
saline to remove dirty and residual tissue within 6 h before 
the calorimetric examinations. Samples were stored in a 
sterile isotonic saline on 4 °C. The analysis was made by 
a SETARAM Micro DSC II calorimeter between 0 and 
100 °C with a heating rate of 0.3 K. Conventional Hastel-
loy batch vessels (V = 1 mL) were used for the experi-
ment to determine denaturation with 950 µL sample vol-
ume (sample + buffer) in average. Samples’ masses were 
between 250 and 400 mg. Normal saline was used as a 
reference. With the help of a two-point setting, SETARAM 
peak integration calorimetric enthalpy was calculated from 
the area under the heat absorption curve and then, the 
results (denaturation or melting temperature (Tm) and calo-
rimetry enthalpy (Hcal) data of samples) were compared.

Results

We plotted the most characteristic denaturation curves 
of treated m. gastrocnemius muscles in Fig.  1. At the 
first sight, we can see at least three well-separable ther-
mal structural domains around 50, 58 and 65 °C. Dur-
ing a closer examination, two overlapping denaturation 
transitions can be assumed in the temperature range of 

60–72 °C, and therefore, deconvolution of the averaged 
experimental curve was performed. Gaussian curves were 
used for deconvolution.

The denaturation temperatures of the supposed contribu-
tors were chosen based on our previous measurements on 
rabbit psoas muscles, so that the total area of the deconvo-
luted curves is as close as possible to the accuracy of the 
calorimetric enthalpy determination (equipment limit, ~ 5%). 
The deconvolution of averaged experimental curves in Fig. 1 
can be seen in Fig. 2. 

We have looked for the relative abundance of each sup-
posed thermal transition in the total calorimetric enthalpy 
(see Table 1) adapting the idea of Briere et al. [8]. On the 
basis of these results, it can be seen quite well that the most 
affected muscle compounds are the myosin tail (Tm2) and 
F-actin (Tm3 and Tm4).

Discussion

It is very important to know the thermal characteristic of 
basic contractile muscle proteins (actin and myosin) in case 
of the interpretation of the denaturation of a whole mus-
cle. The basic unfolding characteristics of these proteins 
in solution were clarified at early of 1980s and finished at 
1990 [9–16]. The G-actin (globular or monomer actin) can 
be decomposed into least two, while the F-actin into three 
thermal domains (as the consequence of stabilising effect 
of polymerisation). This was supported by determination of 
atomic structure of actin [17] and by combination the DSC 
study with EPR [18, 19]. The actin has a monomer form too 
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Fig. 1   Denaturation curves of treated muscle samples (endo: down-
wards). Symbols: i: number of treatment following after each other 
(per day only 1), d: pause between treatments in day, e: euthanasia



1899Cyclophosphamide treatment evoked side effects on skeletal muscle monitored by DSC﻿	

1 3

(G-actin), but in the muscle cell, it is in filament (polymer-
ised or F-actin) form. In the case of rabbit psoas G-actin, 
we could separate two melting peaks around 56.8 °C (sub-
domains 2 and 4) and 60.3 °C (subdomains 1 and 3). F-actin 

exhibited three decomposed transitions (63.8, 67.8 and 
70.5 °C) with larger total calorimetric enthalpy [18, 19]. 
Myosin solution exhibited melting peaks at 44.3, 51.1 and 
59.9 °C [16]. In the case of contraction model in protein 

0.0

0.0

Heat flow/mW

– 0.2

– 0.4

– 0.6

– 0.8

– 1.0

– 0.2

– 0.4

– 0.6

– 0.8

– 1.0

0.0

– 0.2

– 0.4

– 0.6

– 0.8

– 1.0

– 1.2

0.0

– 0.2

– 0.4

– 0.6

– 0.8

– 1.0

– 1.2
35 40 45 50 55

1

2

3 4

1

2

3 4
1

2

3
4

1

2

3
4

control muscle

60 65 70 75 80

Temperature/°C

35 40 45 50 55 60 65 70 75 80

Temperature/°C

35 40 45 50 55 60 65 70 75 80

Temperature/°C

35 40 45 50 55 60 65 70 75 80

Temperature/°C

Heat flow/mW Heat flow/mW

Heat flow/mW

treatment: 2i–5d–1i–3d–e treatment: 2i–5d–1i–3d–2i–e

treatment: 1i–5d–e

Fig. 2   Deconvoluted experimental curves. Difference between experimental and the sum of deconvoluted calorimetric enthalpy is < 5%. Black 
solid line is averaged experimental curve; red one is the sum of dotted Gaussian functions. (Color figure online)

Table 1   Melting temperatures and enthalpy contribution of deconvoluted thermal domains in cyclophosphamide-treated animals

The bold numbers represent significant difference compared with the control, italic for the tendency of change
Tm1 stands for myosin head, Tm2 for myosin tail, Tm3 for less influenced actin monomers and Tm4 the strongly influenced actin units. ΔHcal is the 
calorimetric enthalpy

Sample Tm1/°C Relative abun-
dance/%

Tm2/°C Relative abun-
dance/%

Tm3/°C Relative abun-
dance/%

Tm4/°C Relative abun-
dance/%

ΔHcal/J g−1

Control 50 27.4 57.5 52 63.3 8.8 67.5 9.3 2.9
1 treatment 50 28.2 56.4 43.2 61.3 14.4 66 11.6 2.5
3 treatments 49.3 31.4 57 47.1 63.2 9.5 67.4 12 2.9
5 treatments 50 27.3 56.5 42.3 61.3 17.9 67.1 12.4 3.8
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solution (actomyosin solution), these peaks shifted because 
of producing a complex with each other to 47.2, 51.5 and 
59.4 °C for myosin and 68.1 and 72.8 °C for actin.

It was very soon realised that in the different intermediate 
states of ATP hydrolysis cycle (ATP is the energy source of 
muscle contraction. Myosin, as an ATPase enzyme digest-
ing it, transforms chemical energy into mechanical one 
through binding to F-actin. ATP plays also a crucial rule in 
the polymerisation of actin), the phosphate analogues such 
as aluminium and beryllium fluoride as well as vanadate 
play important role [20–26]. These analogues can shift the 
actin melting peak, binding into its narrow cleft, close to 
80 °C. We could prove their similar effect in myofibrils, 
which are a real muscle model [27, 28]. We have performed 
our measurements on muscle fibres too, and achieved similar 
temperature shift for all intermediate states of ATP hydroly-
sis in the higher temperature range [29–39].

Effect of toxins (jasplakinolide and phalloidin) gives us 
another possibility to explain the effect of cyclophosphamide 
on muscle. We have observed a significant melting tempera-
ture shift into higher range in the function of toxin type and 
concentration [40]. we were able to estimate the extension 
of cooperativity (in case of phalloidin three, while in the 
present of jasplaklinolide seven actin monomers exhibited 
alteration in their thermal stability) [41].

Looking at Table 1, we can see similar cooperativity 
effect caused by the bound cyclophosphamide on actin 
monomers. The lower thermal denaturation temperatures can 
refer to actin monomers which have no bound cyclophospha-
mide in their cleft (Tm3), while those which contain it and 
are influenced by the cooperativity effect could be charac-
terised by Tm4. Their slight increase in the contribution to 
the total calorimetric enthalpy as well as the change of total 
ΔHcal itself can be another sign of the concentration depend-
ence effect of the drug. On the basis of the recent study (see 
Table 1), the myosin heads are less influenced, that is, the 
ATPase activity of myosin practically remain unchanged, 
while the thermal stability of myosin tail decreases (smaller 
melting temperature and less enthalpy contribution). The 
appearance of two actin populations similar to the well-
known effect of nucleotides and toxins is the sign of the 
extent of the effect caused by cyclophosphamide.

Conclusions

Application of TA methods in the investigation of biophysi-
cal/medical problems can prove that the informations served 
by them can exhibit useful information about the structural 
change going on in different biological systems after dif-
ferent treatments or medical interventions. We are getting 
closer to use the different TA methods to give direct diag-
nostic information. Our result proved that with the aid of 

this technique, we can create new possibilities in the detec-
tion and prognosis of expected and unwanted side effects 
of cyclophosphamide, such as change of locomotor activ-
ity joined to polyneuropathy. Its application can prove that 
early stages of different diseases or some unexpected conse-
quence of a medical treatment can be determined this way to 
decrease the expenses of health system and to give possibil-
ity early recognise the severe health problems.
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