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Abstract

Introduction. Our research was determined to investigate the link between endothelial
dysfunction, AC-mode of chemotherapy and trimetazidine-driven vasoprotection.
Purpose. To investigate the AC-mode of chemotherapy-induced endothelium dysfunc-
tion and rationality of TMZ prescription.

Materials and methods. The conducted study is characterized as a fundamental, ran-
domized, controlled, experimental in vivo study. To carry out the experimental work,
80 inbred Wistar rats were involved, which were randomly divided into 4 equal groups.
A model of endothelial dysfunction was generated using a direct combination of doxoru-
bicin and cyclophosphamide. Trimetazidine was used as a probable stabilizer of endothe-
lial activity. Course dose of doxorubicin — 15 mg/kg, course dose of cyclophosphamide -
150 mg/kg, course dose of trimetazidine — 42 mg/kg. The duration of the experiment was
14 days.

Results. Within the framework of this study, deviations of endothelin-1, nitric oxide, as
well as adhesion factors VCAM and ICAM, and an inflammatory marker, C-reactive protein,
were evaluated.

Conclusions: 1. AC-mode of chemotherapy provide pronounced endothelium discoordi-
nating impact. 2. TMZ has sufficient vasoprotective properties.

Keywords: cardiotoxicity, doxorubicin, atherosclerosis, endothelium, myocardial
metabolism
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Pesiome

BeBepgeHme. HacTosAllee nccnegoBaHe HanpaBieHO Ha M3yyeHue B3avIMOCBA3N MeXay
sHpoTenmanbHom AnchyHKUMEN, KapaMoTOKCMYHOCTbio AC-pexkuma XxumuoTtepanuu u
TpUMeTa3nanHOM ONoCpeOBaHHONM Ba30NpPOTEKLUN.

Lenb. M3yunTb BazoToKcnyecknin noteHuman AC-pexkuma xmummoTepanmm Hapagy € OfHO-
BPEeMeHHOW OLIeHKON Ba30MPOTEKTOPHOro NoTeHuMana TpuMmeTasmamnHa.

Matepuanbl u metogbl. [lpoBefeHHOe NCCNeOBaHNe XapaKTepr3lyeTca Kak pyHaameH-
TaflbHOE, PaHAOMM3POBAHHOE, KOHTPONNPYEMOE, SIKCNEePUMEHTanbHOE, in vivo. C uenbto
NnpoBeAeHUA 3KCNepruMeHTanbHoM paboTbl 6bI10 3adencTBoBaHO 80 MHOPEAHbIX KPbIC
nuHum Wistar, kotopble Obinn paHAOMHO pa3fenieHbl Ha 4 paBHble rpynnbl. Mogenb sHAo-
TenvanbHom AncoyHKUMM Bbina nonyyeHa C UCNONb30BaHNEM XMMMOTEepPaneBTUYECKOro
KOKTelnsa, coctoALero 13 fokcopybuumHa n ymknopochammuga. B kauectse BepoATHOro
cTabunusatopa GpyHKLMOHNPOBaHMA 3HAOTENMA Obin BbibpaH TprumMeTasnauH. Kypcosas
[031POBKa AoKcopybuumHa coctasuna 15 mr/kr, yuuknodpochammga — 150 mMr/kr, a Tpume-
TasnamnHa — 42 mr/kr. [poJomKnTenbHOCTb 3KCNeprMeHTa — 14 oHen.

PesynbraTtbl. B pamkax HacToAwero nccnefoBaHuWA OLEHeHbl AeBuauum SHAOTeNu-
Ha-1, oKkcmAaa a3oTa, a Takxke paktopoB agresmm VCAM u ICAM, mapkep BocrnaneHus —
C-peaKTuBHbIN 6enok. [lonyyeHHble faHHble NoKasasnu, YTo TpUMeTasuanH moandrumpo-
Ban ycuneHme sH[oTennanbHom ANcyHKLUN.

BbiBogbi: 1. AC-pexkum XxvmMmuoTepanuu OKasblBaeT Bblpa)keHHOe 3HAOTEeNNN-AUCKOOpP-
OVHMpYloLee Bo3fencTBMe. 2. TpumeTasuanH obnagaeT 3HaunMMbIM Ba3ONPOTEKTOPHbIM
noTeHLManom.

KnioueBble cnoBa: KapAnOTOKCMYHOCTb, AOKCOPYOULIMH, aTepOCKNepo3, SHAOTENI, Me-
Tabonun3m mmokappga
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B INTRODUCTION

To date, the fact of significant improvement of the prognosis for cancer patients
along with the overall increase of their life expectancy is a real breakthrough in the
modern medicine, while the hospitalization rate due to the cardiovascular events
among the patients with both an active phase of the tumor and after achieving the
stable long-term relapse stays high and keeps increasing [1]. It is noteworthy that the
risk of CVD among the patients taking chemotherapy in a 5-year perspective up to 3.6-
fold has increased the risk of cardiovascular-specific mortality and has increased 1.7- to
18.5-fold the incidence of CVD risk factors, such as hypertension, diabetes mellitus, and
dyslipidemia compared with age-matched counterparts with no prior cancer history
[2-4]. Per the latest data of new CARDIOTOX registry, a significant number of patients
receiving high-risk cancer therapies has presented objective data of myocardial injury
or LVD [5].

In the present research, the vasotoxic potential of the AC-mode of chemotherapy
is investigated. Along with its high efficiency and wide application, the components
of this mode, doxorubicin (DOX) and cyclophosphamide (CY), possess a considerable
cardiotoxicity [6, 7]. The most challenging problem cardiologists and oncologists
are currently encountering is the decision about the possibility or impossibility of
commencing, continuing, or terminating chemotherapy in the case of CVD.

The problem of atherosclerosis development among AC mode of chemotherapy
administered cancer patient with low CV risk was grab our attention. That’s why we have
started to research this issue. We have already published 3 clinical cases [8-10] were
we comprehensively discus this actual problem. Moreover, our group also published
two narrative review which related to this problem, the first one is about pathological
pathways of doxorubicin related CV toxicity [11] and the second one about the modern
outlook of atherosclerosis development and progression mechanisms [12]. Also, we have
obtained data, which indicate that AC-mode of chemotherapy is a hyperhomocysteinemia
development trigger, and moreover we have discovered promising pleotropic effects of
TMZ - homocysteine stabilizing property [13].

The present study aimed to investigate the AC-mode of chemotherapy-induced
endothelium integrity impairment as a one of risk factor for atherosclerosis formation.
As a modifier of chemotherapy-induced CV complications, a well-known and affordable
piperine-compound myocardial protector TMZ was chosen considering its antioxidant,
cytoprotective, antihypoxic, and antianginal properties [14]. The pharmacological
action of TMZ is associated with the mitochondrial 3-ketoacyl-CoA thiolase inhibition
[15]. It should be noted that experimental animals were administered not a single
chemotherapy drug but a full chemotherapy mode. The chosen drugs administration
method makes the results more extrapolative and outmost comparable with real
clinical practice.

B MATERIALS AND METHODS

For this experimental study, 80 inbred Wistar rats (males, weighing 280-300 g) were
probed.The animals were keptin a vivarium under the conventional conditions, specifically
in plastic cages with wood chips, of 5 individuals in each, at a temperature of 22-24 °C,
under the conditions of 12-hour daylight, with free access to food (standard diet) and
water (ad libitum). The study with experimental animals was carried out under stringent
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recommendations stipulated in the "Guide for the Care and Use of Laboratory Animals -

NAP, 2012". All manipulations were carried out following the European Convention’s

provisions for the Protection of Vertebrates Used for Experimental and Other Scientific

Purposes (Strasbourg, 1986; ed. Strasbourg, 2006) and legislation on the protection of

animals used for scientific purposes (Directive 2010/63/EU).

At the onset of the study, the experimental animals were randomly divided into 4
equal groups by 20 rats in each:

1. Group No. 1 - rats were injected intraperitoneally with a normal saline in a single dose
of 10 ml/kg, 3 times a week within 2 weeks.

2. Group No. 2 - administrated AC chemotherapy regimen, carried out by intraperitoneal
administration of DOX-hydrochlorideinasingle dose of 2.5 mg/kgand CY-monohydrate
in a single dose of 25 mg/kg, 3 times a week within 2 weeks.

3. Group No. 3 - administered AC-mode of chemotherapy in a similar manner (DOX + CY)
with additional intragastric administration of crushed TMZ dihydrochloride in a single
dose of 3.0 mg/kg [16]. The preparation was carried out daily, from the beginning to
the end of the experimental work.

4. Group No. 4 - rats were similarly administered TMZ dihydrochloride at the previously
noted dosage, as well as intraperitoneal normal saline per the same group No. 1
scheme, during 2 weeks.

The cumulative dosage of DOX was 15 mg/kg [17] and CY 150 mg/kg [18]. On a daily
basis TMZ dihydrochloride was administered intragastricly through a probe in a complete
dosage of 42 mg/kg. On the days coinciding with chemotherapeutic agents’ injection,
TMZ was administered one hour before the intraperitoneal chemotherapy injections.

In group No. 2 (DOX+CY), by the end of the 2¢ week of the experiment, the death of
4 rats was recorded. No animal deaths were observed in other groups. The material was
collected after the 2 day of final injection.

Biological material sample preparation

After the completion of the above described administration that lasted 14 days and
12 hours prior to the blood collection, the feeding of animals was stopped. Access to the
drinking bottle was ad libitum. Before taking the biomaterial, the rats were put under
deep anesthesia by means of telazol 20 mg/kg intramuscularly (IM) and xylanit 6 mg/kg
IM. Thereafter, a thoracotomy was performed, followed by blood sampling from the right
atrium with a disposable sterile 10 ml syringe (on average, 5-6 ml of blood was received
from each rat). After that, using tweezers and scissors, the heart was isolated, followed by
a cutting out the left ventricle (LV) and washing out the latter in 4 °C phosphate buffered
saline (PBS).

To obtain plasma, 1 ml of blood (from each animal) was divided into two 500 uL tubes
covered K3EDTA (1.6 mg per 1 ml of blood) with aprotinin (500 KIU per 1 ml of blood),
followed by centrifugation at 1600 g, at a temperature of 0 °C for the overall duration of
15 minutes. From each whole blood sample (500 uL), an average of 200 uL of plasma was
obtained.

To obtain serum, 4 ml of blood (from each animal) was placed in 4 ml vacuum tubes
with a coagulation activator (SiO2) and gel, for 30 minutes and then it was centrifuged at
2000 g at a temperature of +4 °C for 10 minutes. From each whole blood sample (4 ml), an
average of 2-2.3 ml of serum was obtained.
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The obtained samples were aliquoted in the following way: plasma (two 1.0 ml
cryotubes, per 200 pL plasma for each), serum (four 1.0 ml cryotubes, per 500 pL serum
for each) and stored in a freezer at a temperature of -80 °C. The samples were not re-
frozen. SpectraMax 250 microplate reader (Molecular Devices) was used for experimental
purposes.

Endothelial dysfunction assessment

Determination of the concentration of endothelin-1 in blood plasma was carried out
by the enzyme immunoassay (duplicate measurements, 100 pl plasma sample for each
well), using the Endothelin-1 ELISA Kit test system (ab133030, Abcam, UK). The measuring
range was 0.78-100 pg/ml. The lower limit of detection was 0.41 pg/ml.

Blood serum NO concentration was determined via the colorimetric method and
the Nitric Oxide (total) test system detection kit (Enzo Life Sciences, ADI-917-020, USA)
using nitrate reductase (duplicate measurements, 50 pl serum sample for each well). The
measuring range was 3.125-100.0 pmol/L. The sensitivity was 0.625 pmol/L.

Quantitative determination of sSICAM-1 in the blood plasma was carried out by enzyme
immunoassay (duplicate measurements, 50 pl plasma sample for each well), using the Rat
ICAM-1/CD54 Quantikine ELISA Kit (RIC100, R&D Systems, UK). The measuring range was
31.2-2000, pg/ml. The lower limit of detection made up 4.1 pg/ml.

Quantitative determination of sVCAM-1 in the blood serum was performed by a
commercial enzyme immunoassay (duplicate measurements, 100 pl serum sample for
each well) using the Rat sVCAM1 (Sandwich ELISA) ELISA Kit test system (LS-F38707,
Lifespan Biosciences Inc., USA). The measuring range was 0.781-50 ng/ml. The sensitivity
was 0.469 ng/ml.

Statistical analysis: all determined results are presented as mean values (M) + standard
deviation of the mean (SD). The analysis of the data obtained was carried out using ANOVA
test followed by Tukey’s post-hoc test using SPSS 22 (Statistical package for the Social
Sciences Inc., USA 14.0). P-value <0.05 was considered at a significant level.

B RESULTS

During pairwise comparisons between groups No. 1 (control) and No. 4 (TMZ), there
were no statistically significant differences in the assessed markers level (post-hoc test
Tukey, p>0.05). The obtained results indicate the normal state of endothelial function,
both in control and the TMZ treated group (Table, Figure). On the background of the AC-
mode of chemotherapy administration, statistically significant intergroup differences
were revealed in the blood of rats in terms of such indicators reflecting the development
of ED and systemic inflammation as ET-1, NO, sICAM-1, sVCAM-1 and CRP (one-way
ANOVA, p<0.0001).

In group No. 2, the concentration of ET-1 is higher by 32.4 and 28.13%, NO is higher
by 26.82 and 33.45%, sVCAM-1 is higher by 59.6 and 60.71%, sSICAM-1 is more increased
by 108.8 and 111.13%, CRP is more elevated by 69.34 and 69.62% than in groups No.
1 and No. 4.When comparing groups No. 3 and No. 2, it was noted that the use of TMZ
is associated with a decrease in the concentration of ET-1 by 10.43%, NO by 23.17%,
sVCAM-1 by 29.02%, sICAM-1 by 35, 45%, CRP by 97.62% by 53.5% (post-hoc Tukey
test, p<0.05).
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Endothelial dysfunction markers

Marker Group 1, Group 2, Group 3, Group 4, Tukey'’s post-
NacCl AC-mode AC-mode +TMZ |TMZ hoc Test
P, ,=0.0001
Endothelin-1/ET-1 P, ,=0.0001
F=28.92 P, ,=0.7837
P<0.001 2.69+0.44 3.73+0.51 3.36+0.42 2.81+0.15 P;::O'0249
(pg/ml) P, ,=0.0001
P, ,=0.0003
P, ,=0.0001
Nitric-oxide/NO P, ,=0.9431
F=12.07 P ,=0.7633
P<0.001 23.31£5.10 30.53+6.70 24.19+4.12 21.78+3.22 P;_;‘:0.0007
(mol/L) P, ,=0.0001
P, ,=0.4203
P, ,=0.0001
sVCAM P, ,=0.0001
F=78.37 P. ,=0.9973
1-4
P<0.0001 0.79+0.12 1.46:0.17 1.09+0.19 0.78+0.16 P 0,001
(ng/ml) P, ,=0.0001
P, ,=0.0001
P, ,=0.0001
SICAM P,,=0.0001
F=211.90 P, ,=0.9919
P<0.0001 21.36+5.39 72.36+9.51 50.57+8.34 20.67+6.84 P;:=0.0001
(ng/ml) P, ,.=0.0001
P, ,=0.0001
C-reactive protein/ P, ;=0.0001
P. ,=0.0001
CRP P! =0.9999
F=286.20 374.51+64.34 | 772.03+£79.80 |265.59+37.13 373.35+44.93 PM:000001
P<0.0001 23
(ng/ml) P, ,=0.0001
P, ,=0.0001

B DISCUSSION

Considering the tremendous role of endothelium alteration and functional state
of endotheliocytes in atherosclerosis, we decided to evaluate possible AC-mode of
chemotherapy-induced endothelium dysfunction and research the possibility of TMZ-
driven vasoprotection. It is known that the endothelium plays an important homeostatic
role, supporting adequate vascular lumen and low thrombogenic potential [19]. However,
under the flow of cardio- and vasotoxic metabolites of DOX (DOXol) [20] and CY (acrolein
and 4-hydroxycyclophosphamide) [21], endothelial cells apparently transform from the
mode of "protection” to the way of "emergency alert".

To assess the molecular targets of DOX and CY-induced ED, we investigated the main
parameters of ED [24, 25], which are widely used in the clinic and available in many
diagnostic laboratories of medical facilities. Also, there is a piece of evidence that TMZ
modulates the human aortic vascular smooth muscle cell (HASMC) proliferation [26],
and our group finds it an interesting additional pivotal point of TMZ-induced morpho-
functional state of the endothelium normalization.

On the part of endotheliocytes, endothelin (proendothelin) is produced. Under the
impact of the endothelin-converting enzyme, it is transformed into three isomers, the
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95% Confidence Intervals (Tukey) 95% Confidence Intervals (Tukey)
ET-13-ET-14 H—I p=0.0003 NO3 - NO4 I——Qfl p=0.4203
ET-12-ET-14 I—\:,—l p=0.0001 NO2 - NO4 I%‘,—l p=0.0001
ET-12-ET-13 —lﬁll p=0.0249 NO2-NO3 H;‘ p=0.0007
ET-11-ET-14 H;I p=0.7837 NO1-NO4 I—-’,’;| p=0.7633
ET-11-ET-13 I—lﬁ;| p=0.0001 NO1-NO3 H—I p=0.9431
ET-11-ET-12 |—¢—| p=0.0001 NOT-NO2 |—¢—| p=0.0001
-2 -1 0 1 2 -2 -1 0 1 2
Difference between group means pg/ml Difference between group means pmol/L
95% Confidence Intervals (Tukey) 95% Confidence Intervals (Tukey)
SICAM 3 - sICAM 4 IQ:I p=0.4203 sVCAM 3 - sVCAM 4 I—Q\T] p=0.0001
SICAM 2 - sICAM 4 ‘:l")'l p=0.0001 sVCAM 2 - sVCAM 4 \l}b—l p=0.0001
sICAM 2 - sICAM 3 l'),‘i/ p=0.0007 sVCAM 2 - sVCAM 3 Ijﬁl;l p=0.0001
SICAM 1 - SICAM 4 ,,HI-’I/ p=0.7633  SVCAM 1-sVCAM 4 HH ’ p=0.9973
SICAM 1 -sICAM 3 l{"‘i( p=0.9431 sVCAM 1 - sVCAM 3 p=0.0001
SICAM 1 - sICAM 2 l‘:lx p=0.0001 sVCAM 1 - sVCAM 2 p=0.0001
-100 -50 0 50 100 -1.0 -0.5 0.0 0.5 1.0
Difference between group means ng/ml Difference between group means pg/ml

95% Confidence Intervals (Tukey)

CRP3-CRP4 ol p=0.0001

CRP2-CRP4 1'0-1 p=0.0001

CRP2-CRP3 e p=0.0001

CRP1-CRP4 H p=0.9999

CRP1-CRP3 p=0.0001

CRP1-CRP2 H‘I p=0.0001
-500 0 500 1000

Difference between group means ng/ml

Intergroup differences in the concentration of ET-1, NO, sVCAM, sICAM and CRP after 2 weeks from the start
of AC-mode chemotherapy, U/mg (difference in mean, £95% Cl, one-way ANOVA, post-hoc Tukey test)
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most active of which is endothelin-1 (ET-1) [27]. When endothelin-1 interacts with the
receptors located on smooth myocytes, vasoconstriction, activation of mitogenesis,
cellular proliferation, and intimal fibrosis occur with the vascular wall stiffness aggravation
[28]. The effects of endothelin are also identified with a rearrangement of the secretory
profile of nitric oxide [29].

Analyzing the abovementioned, it is worth noting that the fact of ET-1-associated
vasoconstriction manifested by an increase in the concentration of this marker in the
group No. 2 is very alarming since any vasoconstriction can cause an exacerbation of
CHD and HF, as well as serve as the instigator of the initiation of the first attack of angina.
Moreover, the TMZ-induced correlation of ET-1 concentration should be interpreted as an
endotheliocyte-protective effect of this drug.

The ED development is also verified by an increase in the NO concentration. In the
presence of aninflammatory process, an iNOS-synthase-mediated rise in NO concentration
is observed, resulting in nitrosative stress induction [30]. Notably, the cardiac and vasotoxic
effects of NO are manifested through the secondary messenger, c-GMP as follows: 1) by
CV homeostasis destabilization and the HF development with either preserved or reduced
LVEF, implemented by NO [31]; 2) by a decrease in glucose transport into cardiomyocytes,
causing the impairment of intramyocardial metabolism [32]. Moreover, it was found that
the generation of ROS (as noted above) and the NO dysbalance destabilize the functional
constant of blood vessels, acting as a trigger for the vasomotor imbalance caused by the
rearrangement of the secretory profile of endotheliocytes [33]. The latter often causes a
decreasein coronary perfusion [34], whichisalso associated with a high level of reactogenic
activity of NO with superoxide anion [35]. The myocardial perfusion and metabolism
suppression should be considered as a direct indication for TMZ administration; it makes
the use of previously noted cardioprotective agent pathogenetically aforethought. In this
context, TMZ-mediated NO metabolism normalization seems encouraging.

Toxic effects of DOX and CY on the CV integrity lead to increased C-reactive protein
concentration (CRP).The production of this acute-phase protein isinduced by macrophage
and T-lymphocyte-mediated IL-6 secretion [36]. Consequently, along with an increase in
CRP concentration, there is also an increase in IL-6, a cytokine involved in the myocardial
remodeling with a high risk of contributing to HF [37]. Thus, an increase in CRP indicates
a systemic inflammatory process, a risk factor for CV and oncological disorders [38]. In
the given case, the C-reactive protein concentration increase was anticipated, but the
data obtained in group No. 3, were rather impressive. Indeed, TMZ-induced limitation
of inflammatory processes has a beneficial effect; hence this significance is essential for
preventing chemotherapy-induced CVD and the formation of secondary tumors. Thus,
further research on the anti-inflammatory properties of TMZ is highly appropriate.

One of the earliest stages of atherosclerotic inflammation is the adhesion of monocytes
to the activated endothelial cells due to the excessive expression of adhesion molecules
on their surface [39]. We have analyzed changes in sSICAM-1, a type 1 intercellular adhesion
molecule, and sVCAM-1, a type 1 vascular endothelial adhesion molecule [40]. Both
molecules are not expressed under physiological conditions; therefore, an increase in
the latter’s concentration of soluble forms indicates ED development. TMZ associated
lowering of the mentioned biomarkers concentration could assume that TMZ slows down
the course of proatherogenic reactions, showing an atheroma-stabilizing effect, which
may be associated with a specific normalization of the redox system.
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CONCLUSION

The AC-mode of chemotherapy is an inducer for endothelium dysfunction

development, and TMZ could play a required role in the limitation of this process.
However, despite the obtained statistically proven and significant results, future studies
remain unavoidably necessary to strengthen evidence of TMZ administration to AC-mode
of chemotherapy cancer patient.
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