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Abstract
Polyneuropathy is defined as a simultaneous malfunction of several peripheral nerves, which could be a side effect of a 
cancer therapy (using cyclophosphamide) as well. In the daily use, it is very important to know the kinetics and metabolism 
of anticancer drugs because this way we can estimate their undesirable consequences to avoid the unwanted complications. 
Nowadays, the application of DSC in diagnosis of different diseases using blood compounds is increasing; therefore, the 
purpose of recent study was to introduce at the first time the DSC in the detection of cyclophosphamide-induced changes in 
plasma and red blood cells in case of an experimental animal model. Guinea pigs (Cavia porcellus, n = 60, in 12 different 
groups) underwent to cyclophosphamide treatment administrated intraperitoneally with the dose comparable to the human 
dosage. At the end of treatments, the animals were euthanized, and the experimental samples (plasma end red blood cells) 
were analyzed by a SETARAM Micro DSC-II calorimeter. The denaturation temperatures and the calorimetric enthalpies 
were calculated from the heat flow curves. Our results exhibited a dose-dependent difference between thermal parameters of 
untreated and treated samples, demonstrating that DSC is applicable in this field too. After deconvolution of DSC scans, the 
changes could be assigned to the attacked compounds. Recently published papers call the attention for this technique more 
frequently in the medical diagnosis because this way from small amount of sample very quickly and economically possible 
to detect and predict the expected and unwanted side effects of chemotherapeutic agents.
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Introduction

The cyclophosphamide is a widely used anticancer drug and 
is on the most important drugs’ list of WHO. It is widely 
used in different treatments (e.g., immunological diseases, 
various cancers and organ transplantations) [1]. Besides 
some beneficial effects, it has many short- and long-term 
side effects [2–5]. Its kinetics and metabolism has a big vari-
ability; this way is rather difficult to predict its therapeutic 
and side effects. We have increasing demand in the daily 

practice for an efficient and useful method to measure its 
amount in blood plasma or other blood compound [6–8].

Plasma is a transporter of substances that are important 
to the body. It contains roughly 90% water, and many types 
of plasma proteins. Plasma proteins are more than 200 with 
function, but generally, we detect only six main fractions: 
albumin, α1, α2, ß globulin, γ-globulin and fibrinogen. 
Proteins can influence the fluid distribution acid–base bal-
ance and immune function in the body. Drugs and other 
substances administrated intravenously into blood path 
distribute uniformly in intravascular space in 5 min [9]. 
The amount of cyclophosphamide in plasma influences the 
expected therapeutic and side effects as well as the compli-
cations too. Its metabolism shows large individual, partly 
genetically determined variability and it can be under the 
influence of co-diseases or other associated treatments; 
therefore, it may alter in the function of time [6]. Joy et al. 
[10] demonstrated alteration in its pharmacokinetics effect 
(e.g., in case of glomerulonephritis and tumor).
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In the last year, numerous studies were published inves-
tigating blood plasma with DSC. They proved that thermal 
analysis is a very sensitive and informative technique to 
detect alterations in plasma caused by different diseases or 
treatments [11–23]. When cyclophosphamide will bind to 
the blood cells, some alterations should go on in the cell 
membrane, and this should appear comparing DSC scans of 
treated and reference blood cells.

It is the reason that besides plasma, we examined red 
blood cells too. The red blood cells are responsible for gas 
transport and acid–base balance in the body [9]. In the blood 
stream, the cyclophosphamide is transported in dissolved 
form, and about 20% of cases, it is bounded to plasma pro-
teins [24]. The cytotoxic effect of cyclophosphamide can 
make a reduction in the number of red blood cell.

Our aim is to determine where to attack cyclophospha-
mide in plasma and red blood cells using DSC. It will help 
us to check the role of drug concentration, and in this way, 
we can apply a proper dosage and the administration proto-
col in case of patients.

Materials and methods

Animal samples

The experimental animals (Cavia porcellus) were treated 
intraperitoneally—as it is usual in case of drug administra-
tion for pets [25]—to 12 different dosing schemes (n = 60, 
n = 5/group, see [7]). The dose of cyclophosphamide was 
normalized to the guinea pigs’ mass according to the human 
protocols (150 mg kg−1 b.m.). We injected 1–6 times includ-
ing a couple of day break [7]. In the last group (six injec-
tions), two animals passed away before the end of treatment. 
Untreated guinea pigs were used as controls (n = 5). The 
samples were kept on 4 °C until the experiments (approval 
number: BA02/2000-4/2012/).

Collection and blood sample preparation

Blood samples were collected from all animals from the 
peripheral vein into the Vacutainer tubes. After centrifuga-
tion at 1.600 g for 15 min at 4 °C, the plasma fraction was 
separated from red blood cells. Native plasmas and red blood 
cells were stored at 4 °C until DSC measurement.

DSC measurements

The thermal denaturation of the samples was performed 
by SETARAM Micro DSC-II calorimeter between 0 and 
100 °C. The heating rate was 0.3 K min−1, and conventional 
Hastelloy batch vessels were used with 850 μL sample vol-
ume in average. Reference sample was normal saline (0.9% 

NaCl). The repeated scan of denatured sample was used for 
baseline correction, which was subtracted from the original 
DSC curve. With the help of a two-point setting, SETA-
RAM 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 (ΔHcal) normalized on sample mass) were 
compared.

Results

The consequence of dose-depending effect of cyclophospha-
mide treatment for plasma after thermal denaturation can 
be seen in Fig. 1. The shift of main melting temperature 
(except of 1 treatment), the decrease of maximum heat flow 
can it demonstrate (for the sake of better demonstration of 
the trend in the severity of the treatment we plotted only the 
effect in case of 1–3–5 treatments). 

The scans are not symmetrical because the different 
plasma compounds represent different thermal domains. It 
is expedient to deconvolute them with Gaussian curves, so 
that the sum of their areas within the measurement error 
produces the calculated calorimetric enthalpy. In the litera-
ture, it is widely accepted that the next melting temperatures 
can be assigned to the main plasma compounds in case of 
healthy sample (see Fig. 2): Tms 1st ~ 50 °C is assigned to 
fibrinogen, 2nd ~ 62 °C to albumin, 3rd ~ 70 °C to immu-
noglobulins (Ig), 4th ~ 76 °C to protein C3, IgA, IgG and 
albumin’s minor, while 5th ~ 82 °C significantly to IgG and 
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Fig. 1  The heat flow curves of plasma samples during denaturation 
after different treatments (curves are averages of five experiments, 
endotherms directed upwards)
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transferrin [26–32]. In case of different treatments or dis-
eases, shift in these values can monitor the given status. In 
our deconvolution procedure, we wanted to achieve the best 
fitting, and this way some compound which has less than 5% 
contribution in calorimetric enthalpy can be ignored during 
the interpretation of data.

In case of denaturation of red blood cell (rbc) suspension, 
we were surprised to detect a four steps transition in case of 
control sample (see Fig. 3).

This highest transition peak is shifting to lower level 
with increased number of treatment (control and 1 

treatment ~ 85, 3 treatments ~ 76 and after 5 treatments 
~ 72 °C), and at a first sight from the fifth injection practi-
cally remains only one endotherm. The higher three endo-
therms of the first group (1 injection and next day termi-
nation) decreased significantly. The calorimetric enthalpy 
also exhibited a significant decrease, which was more defi-
nite in the function of the time elapsed till the exit. At first 
look, we present at least three different thermal structural 
units in all cases which are proved by the deconvolution 
(see Fig. 4). The more effected compounds are the second 
and third transitions. The calorimetric enthalpy decreased 
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Fig. 2  Deconvoluted average heat flow curves of blood plasma with Gaussians (control, 1 treatment, 3 and 5 treatments). The more influenced 
compound is albumin (highest peak in 63–68 °C range)
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significantly only from the second treatment. From the 
third injection appeared significant decrease in the melting 
temperatures and calorimetric enthalpies. 

Discussion

According to our results it can be stated that the applied anti-
tumor treatment in our animal model—medical intervention 
was similar to the human protocol—made significant and 
by DSC detectable changes in plasma and red blood cells. 
These changes may correlate with the concentration of drug 
and with the evoked biological effects in the plasma com-
pounds and in the membrane of red blood cells. In biology 
and in any living system, the structural change should cause 
functional alterations. We can suppose that the changes 
caused by the side effects have an important role, therefore 
detecting the degree of the alteration’s severity may be pre-
dictive for the patients. While the relative fast and informa-
tive determination of cyclophosphamide concentration in the 
plasma is difficult in clinical routine, the application of this 
method could be promising. Using deconvolution of average 
DSC scans, the next main effects of cyclophosphamide can 
be identified (see Fig. 2): the denaturation peak of fibrino-
gen from the control 52 °C shifts to 58.5 °C, the albumin 
from 63 to 69 °C and the contribution of IgG and transferrin 
appear at the control ~ 80 °C, after the first treatment jumps 
to 82 °C, while from the fifth treatment, it falls to 78 °C. 

These findings fit well to the result of Garbett et al. [33], that 
is the main events caused either by a disease or a treatment 
will significantly influence the denaturation of plasma in the 
60–80 °C temperature range.

The accurate prognosis of cyclophosphamide’s side 
effects has got an important role and may correlate with 
the degree and quality of induced effects on blood com-
ponents too. The manifestation of the treatment’s effect 
during the denaturation of red blood cells is interesting 
(see Fig. 4). The mild denaturation in temperature range 
50–60 °C comes from the elastic membrane compounds of 
rbc. The shape of DSC scan after one treatment is similar 
to the control one (Tms are ~ 68 and ~ 84 °C). The tem-
perature of transition peaks 1 and 3 unchanged, but the 
calorimetric enthalpy of contribution 1 increases, in case 
3, decreases, and in case 2, is unchanged. The most char-
acteristic effect of cyclophosphamide starts with the third 
treatment. The denaturation peak around 75 °C disappears, 
the other two main transition temperatures shift to 67 and 
76 °C, with significantly decreased calorimetric enthalp-
ies. After the fifth injection, the structure of rbc exhibits 
strong cooperativity (the half width of the scan becomes 
very narrow). This can mean that the previous three sepa-
rable thermal domains of the cell achieved a strongly 
ordered, less flexible structure. This can cause a severe 
problem in the blood circulation affecting the heart. It has 
been reported for more than 40 years ago that cyclophos-
phamide, an alkylating agent, can cause severe, or even 
fatal, cardiac effects in case of bone marrow transplan-
tation [34, 35]. The pathogenesis of cyclophosphamide-
induced cardiomyopathy is based on the proliferation of 
free radicals and reduction of antioxidants [36]. Cyclo-
phosphamide metabolites cause oxidative stress and direct 
capillary endothelial damage, resulting in extravasation of 
proteins, red blood cells and toxic metabolites, severely 
damaging the heart muscle. In myocardium, microthrom-
bus, interstitial bleeding and edema occur. During the dis-
section, capillary-level micro thrombi, fibrin deposition in 
the enlarged heart muscle interstitium, are characteristic 
of cyclophosphamide-induced cardiomyopathy [37, 38].

Further investigations are wanted to support these results, 
e.g., applying other anticancer medicines. The application of 
DSC in this field of medicine seems to be fruitful, especially 
in that case when the TA equipment producers develop sen-
sitive (from medical point of view) and robotic devices. It 
would be urgent because the clinical application of DSC in 
other areas is in progress, and the number of publications in 
this field are growing.
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directed upwards



769Monitoring the side effects with DSC caused by cyclophosphamide treatment  

1 3

Conclusions

Our recent results can also demonstrate that the alterations 
in the biological systems caused by any medical intervention 
can be detected by DSC and this way we get new possibili-
ties in detection and prognosis of expected and unwanted 
effects of any treatment. Clinical application of DSC remains 
in progress, and it looks promising so we can obtain new 
useful and valuable testing procedures by further studies.
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