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Abstract: The article is dedicated to contemporary views on the change of endothelial function in the patients with lymphoproliferative 
disorders prior to, and in the process of, chemotherapeutic treatment. Considering that possibilities of standard examination do not always 
help identifying subclinical endothelial dysfunction, it is necessary to use specific methods, in particular, to determine the levels of 
endothelin-1 and vascular endothelial growth factor to monitor endothelial function. 
The objective of this review is to identify problems and prospects for recognizing early subclinical changes of endothelial function in the 
patients with lymphoproliferative disorders before and after chemotherapy. 
Assessing presence and severity of endothelial dysfunction may be useful for determining subclinical stages of cardiovascular damage, 
stratifying the risk of the patients with confirmed cardiovascular disease, and reducing the likelihood of cardio- and endotheliotoxic effects 
in patients long after chemotherapy. That is why early detection and immediate therapy of cardiovascular toxicity is currently the most 
important task in the patients with lymphoproliferative disorders, receiving chemotherapy  
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Introduction  

Over the last two decades, it has become obvious that 
endothelium has organ-specific and structurally functional 
properties, including the regulation of perfusion, vascular tone, 
coagulation, inflammatory reactions, vasculogenesis, and 
angiogenesis [1]. Endothelial dysfunction (ED), accompanying a 
number of ailments, especially during their treatment, is a serious 
complication, associated with increased risk of mortality [2]. 
Although ED is an early stage of changes in the cardiovascular 
system, it is likely to cause further complications and the onset of 
specific diseases. ED has been demonstrated among the earliest 
complications of chemotherapy, potentially triggering cardiovascular 
disease even in the patients with a low initial risk. It remains a 
significant reason of death, despite continuous optimization of 
treatment protocols [1]. In addition, the pathogenetic mechanisms 
of this complication remain largely unexplored. Scientists suggest 
that increased cellular decay during chemotherapy is likely to cause 
systemic inflammation in patients, leading to ED development [3]. 
Chemotherapy with various medications launches various risk 
factors in the patients, such as hypertension, obesity, metabolic 
syndrome and dyslipidemia, all of which aggravate the vascular 
reserve and lead to cardiotoxic effects with a negative impact on 
therapy effectiveness and patient adherence [4-6].  

At the same time, the attention of researchers all over the 
world is attracted by the mechanism of pathological angiogenesis 
in lymphoproliferative diseases, which is characterized by 
persistent proliferation of endothelial cells. In cancer biology, 
angiogenesis is vital for tumor growth and its subsequent 
metastatic potential. Recently, the idea of tumor vascularity has 
been investigated in the studies quantifying the density of 
microvessels in various nosological forms, especially, in patients 
with lymphoproliferative disorders [7]. 

Chronic lymphoproliferative diseases – a group of nosologies 
that include pathology caused by malignant transformation of 
mature lymphocytes, which leads to infiltration of lymph nodes 
and/or extranodal organs and is accompanied by a highly variable 
clinical course and prognosis. This group includes Hodgkin 
lymphoma and non-Hodgkin lymphomas, chronic lymphocytic 
leukemia (CLL), hairy cell leukemia, multiple myeloma and 
Waldenstrom macroglobulinemia [8]. Besides chronic 
lymphoproliferative disorders, acute lymphoproliferative diseases 
are known, in particular, acute lymphoblastic leukemia, which is the 
most common hemoblastosis in children. The mechanisms 
facilitating distribution of these nosologies are still under 
investigation [9], and their prevalence is quite high [10]. Existing 
treatment protocols allow achieving remission, but patients are not 
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immune to relapse of the disease, and subsequent treatment 
courses often have greater toxicity, especially, in relation to 
cardiovascular system, and lower efficiency [11]. These facts imply 
that recurrent or refractory nature of these lymphoproliferative 
nosologies puts patients at risk of ED development. Thus, 
proaggregatory and/or proinflammatory activation of endothelium, 
against the background of chemotherapeutic treatment, in the long 
run, could lead to earlier emergence of cardiovascular pathologies. 
Therefore, observation of the patients from this group is crucial. 

 

 
Figure 1. Mechanism of endothelial dysfunction 

 

 

 
Figure 2. Elements of bone marrow microenvironment and tumor cell 
involved in pathological angiogenesis. 1 – osteoblast, 2 – osteoclast, 3 – 
dendritic cell, 4 – tumor cell, 5 – immune cell, 6 – erythrocyte, 7 – 
hematopoietic cell, 8 – endothelial cell, 9 – extracellular matrix, 10 – bone 
marrow. 

 The objective of this review is to present the problems and 
prospects of revealing early subclinical changes of endothelial 
function in the patients with lymphoproliferative diseases before 
and after chemotherapy. We performed a search of the clinical 
results on endothelial function in patients with 
lymphoproliferative disorders caused by using chemotherapeutic 
medications from different groups in the PubMed system from 1 
January, 2009 to 1 June, 2019 (last ten years), based on the 
following keywords: endothelium, ED, angiogenesis, endothelin-1 
(ET-1), vascular endothelial growth factor (VEGF), cardiovascular 
events, lymphoproliferative diseases, anthracyclines, alkylating 
agents. Full-text versions of the articles were evaluated 
qualitatively and summed up descriptively. 

 

ED and prognostic significance of ET-1 levels  

Endothelial cells lining the vessels, including coronary, provide 
oxygen and free fatty acids vital for the maintenance of metabolic 
needs of cardiomyocytes, and, as a result, are of great importance 
for proper functioning of all organs and systems. Mature 
endothelial cells and their precursors are involved in maintaining 
physiological homeostasis of cardiac tissue, including regulation of 
vascular tone and local blood flow, intima permeability and 
thickness, vascular remodeling and angiogenesis, as well as 
coagulation and fibrinolysis [12]. Endothelium vasoactive role 
dysfunction in the regulation of tissue perfusion is caused by 
imbalance, associated with a decrease in the release of relaxing 
factors, including nitric oxide, and an increase in the release of 
contracting factors, including ET-1 (Table 1) [13, 14]. Thus, ED may 
contribute to limiting blood flow and perfusion of organs and 
systems. In addition, this complication is of great clinical 
importance, since it is an initial reversible stage in the 
development of atherosclerosis [15]. It is proved that ED is the 
result of endothelium damage, leading to inflammation, activation 
of endothelial cells, transcription and synthesis of de novo 
proteins, including adhesion molecules, cytokines, chemokines and 
procoagulants [16]. Cytokines of inflammation, produced by 
endothelial cells, are closely related to the development of 
cardiovascular diseases and, in turn, affect the function of 
endothelial cells [17, 18]. Damage to endothelial cells can be 
caused by various factors, such as bacterial or viral infection, 
impaired regulation of reactive oxygen species, antibodies to 
endothelial cells, hypoxia, and changes in normal blood circulation 
or environmental stimuli, including chemotherapy.  

The initial response to endothelial damage includes cell 
signaling and changes in calcium metabolism due to changes in 
concentrations of nitrogen oxide, prostaglandins, ET-1 and other 
factors. Then, changes in the basal membrane of smooth muscle 
cells around endothelial cells appear. Ultimately, vascular 
remodeling occurs, leading to significant distorders in cell and 
tissue functioning [19]. According to the proposed mechanism of 
endothelial damage by cytotoxic agents, vascular changes can be 
classified into the following groups: direct endothelial damage, 
activation of coagulation factors, vegetative dysfunction, vasculitis, 
and fibroblast stimulation. These types of injuries may cause 
various consequences, including Raynaud's phenomenon, 
ischemia, heart attack, cerebrovascular attacks, venous 
thrombosis, thromboembolic complications, and hypertension [1].  

The study by Armenian et al., using multivariate regression 
analysis, discovered a significant increase in the eight-year 
incidence of cardiovascular diseases among the patients with 
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multiple myeloma, and non-Hodgkin lymphomas compared with 
an overall population. There was also a significantly increased risk 
of cardiomyopathy, heart failure and coronary heart disease 
among the patients treated for CLL, multiple myeloma and non-
Hodgkin lymphomas [20]. Skrypnyk et al. described systemic ED in 
the onset of acute leukemia, which created conditions for 
occurrence of cardiotoxic effects induced by chemotherapy agents 
(Figure 1) [21]. It is proved that toxic effect of chemotherapy 
medications as conditioning agents before autologous bone 
marrow transplantation in the patients with lymphoproliferative 
disorders may injure endothelial cells. In particular, fludarabine, 
often used in conditioning schemes, enhances endothelial cell lysis 
mediated by cytotoxic lymphocytes [22].  

The toxic effect of anthracyclines on vascular endothelium, 
implemented via increased oxidative stress, has been recorded. 
What is important to point out, some authors [23] believe that 
anthracyclines have a more marked toxicity towards endothelial 
cells than to blast cells. Anthracycline-induced endothelial toxicity 
is a complex process influenced by different mechanisms, 
including pharmaceutical drug accumulation in the nuclei and 
mitochondria of endotheliocytes (probably due to high affinity for 
cardiolipin, a negatively charged phospholipid located in the inner 
membrane of mitochondria) [24, 25], deoxyribonucleic acid repair, 
stress-induced signaling mechanisms [26, 27], and inhibition of 
topoisomerase type I and II [25]. In particular, doxorubicin induces 
the production of hydrogen peroxide, potentiating development of 
both cardiotoxicity and endothelial toxicity [21]. Considering the 
fact that in patients with lymphomas, anthracyclines for decades 
have been the cornerstone of chemotherapy, and their integration 
into polychemotherapy significantly improved the prognosis of the 
patients with more aggressive course of the ailment, it is 
extremely important to diagnose the toxic effects of this group of 
pharmaceutical drugs [28].  

Endothelial damage has also been recorded in the course of 
administering other chemotherapeutic agents used for treatment 
of lymphoproliferative disorders, including cyclophosphamide 
(alkylating agent), and periwinkle alkaloids (depolarizing agents 
causing distortion of cell microtubules) [12]. Cyclophosphamide 
generates direct endothelial damage of blood vessels with 
subsequent transudation of toxic metabolites and damage of 
myocytes, interstitial hemorrhage, edema and intercapillary 
microthrombosis. Endothelial toxicity caused by 
cyclophosphamide, may be due to the pharmacokinetics and 
metabolism of this medication [29]. These data suggest that 
various chemotherapy medications cause clinically significant 
damage of endothelium with a predominant effect directly on 
endothelial cells. Currently, numerous ED biomarkers are 
proposed: von Willebrand factor, soluble thrombomodulin, C-
reactive protein, cytokines, VEGF, intercellular molecule adhesion-
1, ET-1, selectin R and E [30]. However, most of them are not 
specific to the damage of endothelial cells, and consequently they 
can resist the function of several types of activated cells, including 
neutrophils, platelets, mast cells, or macrophages [16], and are not 
widely used in clinical practice. One of the most specific ED 
markers is ET-1. 

Endothelins, discovered in 1988, are biologically active 
peptides. Currently, ET-1 and its two isoforms (endothelin-2 and 
endothelin-3), characterized by a finite set of amino acids, are 
recognized. ET-1 is formed by proteolytic treatment of 
preproendothelin (Big-ET), using endothelin-converting enzyme 
[31]. ET-1 has a very short half-life time. It is formed in the 

endothelium under the influence of adrenaline, angiotensin-II, 
vasopressin, thrombin and mechanical impact. In physiological 
concentrations, it acts on endothelial receptors, stimulating the 
release of relaxing factors, whereas in higher concentrations, it has 
a vasospastic effect, causes the proliferation of the media and 
smooth muscle cells in blood vessels, and potentiates the 
vasoconstrictor effect of renin-angiotensin-aldosterone system, 
which aggravates endothelial dysfunction. There is no full 
understanding of the balance between the vasodilator and 
vasoconstrictor signals, produced by endothelial cells. Therefore, 
the question of how this balance changes in blood vessels of 
different categories and sizes is largely open.  

In addition to the role of ET-1 in the regulation of a vascular 
tone, being 100 times more powerful vasoconstrictor agent than 
noradrenaline, it is currently in the spotlight as a marker of growth 
and progression of some tumors. Specifically, preclinical and 
clinical studies show that ET-1 is involved in tumor cell 
proliferation, invasion, angiogenesis and neovascularization in 
different types of tumors [32, 33]. A number of studies have 
shown that ET-1 and Big-endothelin have prognostic value in 
cardiac dysfunction and heart attack [34]. Besides, endothelin is a 
marker of coronary atherosclerosis, coronary ED, liver dysfunction, 
decreased kidney function. At the same time, some studies noted 
an increase in ET-1 content at the early stages of 
lymphoproliferative diseases. For example, a group of researchers, 
led by Budanova, analyzed the content of ET-1 in 26 patients with 
lymphoproliferative disorders before and after the completion of 
the treatment program. The results confirmed that the entire 
group of patients before vs. after completion of chemotherapy 
demonstrated strongly increased vs. slightly increased above the 
norm ET-1 content, correspondingly [35].  

Understanding the mechanisms of endotheliocytes 
chemotherapy is currently a priority problem in connection with 
lack of a clear algorithm for diagnosis of this complication. Hence, 
ET-1 content is a promising marker for this ailment. According to 
Xu et al., elevated concentrations of ET-1 in plasma of patients 
reflect damage to endothelial cells [36]. In the study by Giordano 
et al., in patients with acute lymphoblastic leukemia, endothelial 
damage was noted against the background of chemotherapy. In 
the follow-up study, a hypothesis was developed that 
chemotherapy-induced endothelial disorder may contribute to 
subsequent cardiovascular and metabolic dysfunction observed in 
a sample of patients in the absence of excess weight. A direct 
correlation was also found between flow-mediated dilation and 
ET-1 content. The latter acts as a vasoconstrictor and 
proinflammatory agent and stimulates mitosis, cell proliferation, 
free radical formation, and platelet activation [37]. Zver et al. in 
their examination of the patients with multiple myeloma, after 
using high doses of cyclophosphamide for treatment, revealed an 
increased concentration of ET-1 after infusion of cytostatics. They 
connected their finding with a toxic effect of the medication on 
vascular endothelium, followed by transudation of toxic 
metabolites of cyclophosphamide. Simultaneously, the researchers 
do not deny the fact that the serum content of ET-1 may increase 
as a result of direct damage to endothelium and neurohormonal 
activation of heart failure, caused by cardiotoxic action of 
pharmaceutical drugs [29]. Based on these data, ET-1 is considered 
an important factor in the development of vascular dysfunction 
and cardiovascular disease; hence its analysis can be a useful 
biochemical marker of damage at the stage of subclinical 
manifestations in patients receiving chemotherapy [38]. 
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Table 1. Endothelium-derived relaxing and contracting factors 
Vasoconstrictors Vasodilators 

 angiotensin-II 
 endothelin-1 
 thromboxane A2 
 20-HETE 
 asymmetric 

dimethylarginine 
 catecholamines 
 leukotrienes 
 serotonin 
 vasopressin 
 endothelin-3 

 nitric oxide (NO) 
 endothelium-derived hyperpolarizing 

factor 
 prostacyclin 
 adrenomedullin 
 carbon monoxide 
 natriuretic peptide 
 anandamide 
 adenosine triphosphate and diphosphate 
 bradykinin 
 VEGF-A 

HETE, 20-hydroxyeicosatetraenoic acid; VEGF A, vascular endothelial 
growth factor A. 

 

Table 2. Representatives of the VEGF family and their major functions 

VEGF subtypes Major functions 

VEGF-A  controls the differentiation and blocking apoptosis 
of endothelial cells  

 vasodilation and enhances vascular permeability 

 regulation of normal and pathological angiogenesis 

VEGF-В, PIGF  regulation angiogenesis 

 influences the heart muscle function 

VEGF-С, VEGF-D  controls lymphangiogenesis 

 regulates normal angiogenesis at the initial stage 
and pathological angiogenesis 

VEGF, vascular endothelial growth factor; PIGF, placental growth factor. 

 

Table 3. Cardiovascular complications of therapy with angiogenesis 
inhibitors 

Medication Cardiovascular side effects 

Sunitinib [62] Heart failure, hypertension 
Sorafenib [63] Hypertension, ischemia 

Bevacizumab [64] 
Heart failure, hypertension, ischemia, 

thromboembolic arterial complications 

 

 

Relationship between pathological angiogenesis and VEGF 
level 

Normally, angiogenesis in adults is highly active solely during 
the healing of tissue damage, menstrual cycles in women and 
exercise in myocardium and skeletal muscles [39]. The process of 
angiogenesis is quite complex, and is associated with the 
interaction of many molecular and cellular elements that control 
the stability of microenvironment. Inherent elements of the bone 
marrow microenvironment include hematopoietic, endothelial, 
immune (e.g., T-lymphocytes), dendritic cells, erythrocytes, 
osteoblasts and osteoclasts associated with the extracellular 
matrix. Angiogenic balance in microenvironment depends on 
effective molecular bonding, mediated by angiogenic factors, such 
as growth factors, angiogenesis inhibitors, chemokines, cytokines, 
and other proteins that work in combination to achieve stability. 

The most characteristic feature of pathological angiogenesis is 
stable endothelial cell proliferation. Also, malignant hematopoietic 
cells secrete angiogenic factors excessively into the 
microenvironment, thereby stimulating cell growth and 
multiplication [40]. That is why angiogenesis is a process with a 
major role in the progression and metastasis of tumors, in 
particular of oncohematological origin (Figure 2) [41, 42]. 

Nowadays, it is widely recognized that angiogenesis promotes 
the proliferation of malignant cells in CLL [43]; however, the 

molecular mechanisms of this process are still poorly understood. 
Tumor substrate cells in CLL produce a large number of angiogenic 
factors, thus stimulating angiogenesis [44]. Excessive expression of 
these factors leads to microenvironmental dysfunction, supports 
proliferation of malignant B-lymphocytes and increases their 
resistance to apoptosis. Kini et al. in their study reflected the link 
between pathological angiogenesis and tumor clone in CLL, which 
revealed a significant rise in the density of microvessels in bone 
marrow biopsies of the patients, suffering from CLL, compared 
with control sections [45]. In addition, interleukins 10 and 6, 
produced by B-lymphocytes in excess of the norm, participate in 
the angiogenesis stimulation in CLL [46, 47]. Meta-analysis 
demonstrated that interleukin-10 expression predicted the worst 
progression-free survival in patients with hematological 
malignancies [48]. Taking into account that angiogenesis is a 
complex multicomponent process, it is very important to study it 
in order to develop treatment strategies and evaluate their 
effectiveness among patients with lymphoproliferative diseases. 
One of the most widely studied angiogenic factors in the context 
of lymphoproliferative diseases is VEGF, so we will focus on this 
marker. 

Because of its biological properties, VEGF is the main mediator 
of tumor angiogenesis [49]. VEGF is released from endothelial cells 
located in bone marrow and hematopoietic progenitor cells, and is 
mostly circulated in platelets and neutrophils. Paracrine VEGF, 
released by tumor, myeloid, or other stromal cells, enhances the 
spread of tumor vessels and makes them abnormal, while 
autocrine VEGF, released by endothelial cells, supports vascular 
homeostasis [50]. Its presence in threshold concentrations is 
necessary for endothelial cell survival [51]. A family of structurally 
related VEGF molecules includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, 
and placental growth factor (PIGF), main functions of which are 
presented in Table 2 [52]. The core mediator of tumor 
angiogenesis is VEGF-A, commonly called VEGF. This indicator 
stimulates the growth of new blood vessels, providing oxygen and 
nutrients to the tumor cells, which, in turn, increases tumor 
proliferative capacity [53]. It is recognized that bone marrow 
microvascular density is a marker of angiogenesis activity. It 
exhibits the relationship with the expression, or VEGF serum level, 
for hematological malignancies [54]. VEGF inherent function is 
angiogenesis regulation, including angiogenesis of pathological 
origin, which has been demonstrated in a number of studies [55]. 
Its expression is associated with proliferation of tumor cells, their 
invasion and metastasis. Previous studies have established that 
VEGF is a key cytokine, causing tumor metastasis to local lymph 
nodes [56]. VEGF may also play an important role in pathogenesis 
of leukemia, since deregulation of VEGF expression is observed in 
most patients with oncohematological diseases [3]. Additionally, 
VEGF is involved in blocking endothelial cell apoptosis, enhancing 
vascular wall permeability, and developing vasodilation. Some 
publications describe that natural killer (NK) cells produce various 
proangiogenic factors in humans and mice [57], such as VEGF and 
PIGF, which can significantly accelerate tumor growth [58]. In 
patients suffering from CLL, it was shown that tumor clone cells 
produce angiogenic factors, including VEGF, stimulating cell 
proliferation [43, 44].  

A team of scientists led by Maffei examined the patients with 
CLL and revealed an increase of microvascular density in their 
bone marrow and affected lymphatic regions. They linked this 
phenomenon to VEGF-dependent angiogenesis [59]. In addition to 
the above functions, VEGF regulates the mobility of pathological B-
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lymphocytes [60] and an interaction among the microenvironment 
and tumor cells [61]. Andersen et al. demonstrated that CLL 
patients with higher VEGF content had three times greater risk of 
ailment progression than those with lower levels of this marker 
[46]. Dincaslan et al., when examining the patients with non-
Hodgkin lymphomas and Hodgkin lymphomas, established that 
significantly higher VEGF expression was observed in the patients 
with these nosologies at the onset of the disease, compared with 
the values recorded when remission was achieved. They 
associated this finding with decreased tumor impact and 
lymphangiogenesis activity [53]. Proaggregatory and 
proinflammatory endothelial stimulation in children with acute 
lymphoblastic leukemia, according to A. Doroszko et al., is 
common, while augmented VEGF secretion is aг unreliable 
indicator of prognosis in short-term follow-up of the children 
receiving chemotherapy [3]. 

Despite conflicting results on using VEGF content for diagnostic 
of chemotherapy toxic effects and pathological angiogenesis, this 
parameter is of great interest to researchers worldwide, since it 
has become a promising tool of the targeted therapy of many 
tumors. However, use of angiogenesis inhibitors, is known to 
cause various adverse effects on cardiovascular system (Table 3) 
[62-64], which should be taken into account when making 
prescription choices.  

 

Conclusion 

Early detection and timely correction of cardiovascular toxicity 
are currently the most important tasks in the patients with 
lymphoproliferative disorders, receiving polychemotherapy. 
Biomarkers, including ET-1 and VEGF, play a predictive role in 
diagnosing such changes at early stages. Given the importance of 
this multidisciplinary problem, it is necessary to continue the 
search of the most specific biomarkers and methods for timely 
diagnosis of ED. Thus, understanding the interrelationship among 
the biological processes under study, the markers and methods 
used to diagnose them, and the clinical outcomes is essential for 
improving the quality and duration of life in patients. 
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