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Abstract
Vascular side effects of standard chemotherapeutic drugs and novel anti-tumor agents complicate treatment cycles, increase 
non-cancer-related mortality rates, and decrease the quality of life in cancer survivors. Arterial thromboembolic events 
(ATEE) are associated with most anti-cancer medications. Previous articles have reported a variety of vascular events 
including ST-segment elevation myocardial infarction as one of the most severe acute arterial attacks. Cardiologists should 
play an early role in identifying those at high risk for vascular complications and tailor anti-thrombotic therapies in keeping 
with thromboembolic and bleeding risks. Early preventive steps and individualized chemotherapy may decrease anti-tumor 
treatment-related vascular events. Here, we aim to provide an extensive review of anti-tumor drug-induced vascular injury 
(DIVI), pathomechanisms, and risk stratification underlining arterial events. We give a summary of clinical manifestations, 
treatment options, and possible preventive measures of DIVI. Additionally, the treatment of modifiable risk factors and 
tailored choice of chemotherapy must be considered in all oncology patients to prevent DIVI. We propose a complex tool 
for ATEE risk stratification which is warranted for early prediction leading to less frequent complications in cancer patients.
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Abbreviations
ATEE  Arterial thromboembolic events
BEP  Bleomycin–etoposide–cisplatin
CAD  Coronary arterial diseases
DIVI  Drug-induced vascular injury
PAD  Peripheral arterial diseases
TKI  Tyrosine kinase inhibitors
vWF  von Willebrand factor

Introduction

Severe cardiovascular adverse events related to anti-tumor 
treatments have long been discussed including arterial 
thromboembolic events (ATEE), coronary and peripheral 
arterial diseases, secondary myocardial dysfunction, and 
arrhythmias [1]. Chemotherapy-related major adverse events 
may have long-term effects on quality of life, especially in 
early ages at the time of treatment. For instance, testicu-
lar cancer is the most frequent solid tumor in men aged 
15–35 years with an incident rate of 8/100,000–12/100,000 
in developed countries [2]. Cisplatin, often used to treat 
testicular cancer, and other chemotherapeutic drugs also 
affect the vascular system and cause either acute (mainly 
thrombotic events) or chronic (e.g., arterial hypertension) 
arterial injury. A common regulatory or signaling pathway 
responsible for drug-induced vascular injury (DIVI) has not 
yet been discovered as each chemotherapeutic drug acts via 
different mechanisms. Treatment of DIVI, such as coronary 
interventions or hospitalization due to major adverse events, 
may interrupt or delay oncology therapy cycles. Addition-
ally, cardiac function may be severely impaired if the side 
effects are recognized late in treatment (e.g., ischemic heart 
diseases) [3]. Therefore, oncology and cardiac specialists 
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must cooperate so that mortality and survival rates of cancer 
patients can improve. Here, we aim to review and underpin 
the clinical importance of early risk stratification, preven-
tion, and treatment of DIVI in arteries.

Alkylating agents and platinum compounds

Platinum-based treatments develop chemical bonds on cel-
lular phospholipid membranes and cause direct cytotoxicity. 
ATEE are the most frequent vascular side effects (Table 1) 
induced via elevated coagulant state and direct endothelial 
toxic effects in response to alkylating agents [4]. During 
bleomycin–etoposide–cisplatin (BEP) treatment, levels of 
von Willebrand factor (vWF), intercellular adhesion mol-
ecule-1 (ICAM-1), plasminogen activator inhibitor-1 (PAI-
1), and tissue plasminogen activator (tPA), which are prin-
cipal regulators of blood clotting, all increased [5]. Of note, 
peroxisome proliferator-activated receptor (PPAR) agonists 
such as rosiglitazone and troglitazone, and insulin sensitis-
ers, were demonstrated to protect against cisplatin-induced 
DIVI [6, 7]. Moore et al. conducted a retrospective analysis, 
including 932 patients treated with cisplatin-based chemo-
therapy, and reported an 18.1% incidence rate of early DIVI 
which happened either during treatment or within 4 weeks 
after the last dose [6].

Half of these vascular events were presented as deep 
vein thrombosis (50%), followed by pulmonary embolisms 
(25%), or a combination of the two (13.6%). About 2% of 
the patients developed arterial thrombosis, including cer-
ebrovascular attack, and myocardial infarction. As well as 
causing early ATEE, endothelial dysfunction may lead to 
chronic vascular diseases. For instance, arterial hyperten-
sion usually occurs 10–20 years after cisplatin treatment [7]. 
Another study observed long-term incidences (2 years or 
more after diagnosis) of DIVI, and the authors reported that 
bleomycin–etoposide–cisplatin (BEP) has been associated 
with coronary artery diseases (CAD), a 4.3-fold higher risk 
in multivariate analysis, and with peripheral artery disease 
(PAD), a 4.1-fold higher risk in multivariate analysis [8]. 
Cyclophosphamides often damage pulmonary endothe-
lial, mesothelial, and lymphatic endothelial cells and affect 
serous tissue of the pericardial sac, leading to pericarditis 
and pericardial effusion [9].

Topoisomerase inhibitors

Although anthracycline effects are fully characterized in the 
development of cardiomyopathy, their vascular side effects 
are not deeply understood. Anthracyclines cause late-onset 
and dose-dependent cardiomyopathy by overloading the 
reactive oxygen species (ROS), sarco/endoplasmic reticulum 

(SERCA) dysfunction, and inactivation of cytoprotective 
pathways [10]. Furthermore, impaired endothelial-myo-
cyte coupling was proposed as a possible mechanism of 
cardiotoxicity. Endothelial neuregulin-1 acts protectively 
and maintains endothelial-myocyte coupling, in vitro [11]. 
Direct DIVI and acute vascular events with anthracyclines 
are less frequently reported. An in vitro study emphasized 
that epirubicin treatment interferes with intracellular cAMP 
levels and lipid-peroxidation, and this results in endothelial 
injury [12]. Caspase-3-mediated apoptosis has also been 
observed in endothelial cells, in vitro. Small animal models 
have demonstrated microthrombus formation in coronary 
arterioles after doxorubicin treatment [13].

Anti‑microtubule agents

Taxanes and vinca alkaloids target microtubules, suppress 
microtubule dynamics, and block proliferation through cell 
cycle arrest [14]. Furthermore, they induce tumor cell death 
by anti-angiogenic effects. Multiple cases have reported tax-
ane-induced angina pectoris, myocardial ischemia, and myo-
cardial infarction [14, 15]. In these reports, vasospasm was 
suggested as a potential mechanism behind these ischemic 
events. Enhanced TNF-α-induced tissue factor expression 
and downregulation of thrombomodulin were suggested as 
possible pathologic steps [11]. Other cardiovascular side 
effects of taxanes comprise sinus node dysfunction, brady-
cardia, and conduction abnormalities, mainly atrioventricu-
lar block [15]. Second-generation vinca alkaloid vinorelbine 
causes local toxicities (irritation, pain, phlebitis) in 30% of 
patients [16]. Vascular injury develops due to increased ROS 
production and depleted glutathione levels. In vitro studies 
have addressed these mechanisms and showed the advan-
tages of glutathione and N-acetylcysteine substitution with-
out clear clinical evidence of benefit [17].

Anti‑metabolites

Pyrimidine analogues, mainly 5-fluorouracil (5-FU) and its 
oral form capecitabine, cause cardiac toxicity in 1–20% of 
patients. Most DIVI present as angina, hypotension, myo-
cardial infarction, cardiogenic shock, and heart failure due to 
acute ischemic events [18]. A recent prospective study of 644 
patients reported a low (1%) incidence for both myocardial 
ischemia and infarction [19]; however, silent (asymptomatic) 
ischemia was reported in 5–6% of the patients. Large-scale 
factors are responsible including coronary vasospasm, direct 
endothelial toxicity, increased oxidative stress, and altered 
rheology [20]. Gemcitabine causes peripheral ischemia and 
Raynaud’s phenomenon in resistance arteries [21]. Fur-
thermore, Takotsubo cardiomyopathy and microvascular 
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Table 1  Suggested pathomechanisms and possible treatments of arterial DIVI

Drug class Pathomechanisms Clinical manifestations Prevention/treatment

Alkylating agents Direct endothelial toxic effect
DNA crosslinking
Decreased plasma VEGF

Pulmonary arterial thrombosis
Pulmonary arterial hypertension
Serous pericarditis
Pulmonary fibrosis

Amifostineb

 Cyclophosphamide, Ifosfamide

Platinum compounds Direct endothelial damage
Increased ICAM-1 expression
Increased tPA and PAI-1
Platelet activation
Elevated plasma levels of vWF, 

FVIII
Increased PAI-1/tPA ratio
Increased production of pro-inflam-

matory endothelial micro particles
Enhancement of thrombin genera-

tion
Induced caspase 3, 7 activity
Decreased NOS activity

Increased intima-media thickness
Acute ischemic stroke
Acute myocardial infarction
Bilateral retinal ischemia
Lower limb digital necrosis
Raynaud’s phenomenon
Abdominal aortic thrombosis
Celiac trunk thrombosis and splenic 

infarction

PPAR agonists:  rosiglitazonea

troglitazonea

LMWH2

ASAb

 Cisplatin

Topoisomerase inhibitors DNA (TopIIb) damage
ROS generation
Decreased endothelium-mediated 

relaxation
Induced caspase 3, 7 activity, 

apoptosis

Angiopathy
Microvascular obstruction
Raynaud’s phenomenon

Zofenoprilata

Dexrazoxanec
 Anthracyclines: doxorubicin, 

epirubicin

Anti-microtubule agents Impaired of endothelial migration 
and proliferation

Apoptosis induction
Downregulation of thrombomodulin
Increased TF expression
Impaired NO-mediated vasodilation

Acute coronary syndrome
Vasoconstriction induced by 

paclitaxel-eluting stents
Late stent thrombosis

Dual anti-platelet  therapyc

 Taxanes: docetaxel, paclitaxel

 Vinca alkaloids: vincristine, vin-
blastine, vinorelbine

Inhibition of endothelial migration 
and proliferation

Increased endothelial cell death
Increased ROS production

Microangiopathy N-acetylcysteineb

Anti-metabolites Direct endothelial damage
PKC-mediated vasoconstriction
ROS formation
Inhibition of VEGF-mediated 

angiogenesis
Increased level of endothelin-1
Apoptosis induction
Elevated homocysteine levels

Angina
Arrhythmias
Myocardial ischemia Myocardial 

infarction

Probucolb
Dalteparinb

Nitro-glycerinea,b,c

N-acetylcysteinea

Calcium channel  blockersc

Folic  acidc

Curcumina

 5-fluorouracil, capecitabine, 
methotrexate

 Targeted therapeutics Impaired VEGF signaling (endothe-
lial survival)

Reduced NO production
Increased ET-1 release
Inhibition of PDGFR

Hypertension
Myocardial ischemia and infarction
Cerebrovascular attack
Peripheral arterial ischemia
Hypertension
Takotsubo cardiomyopathy

Anti-platelet  drugsc

LMWHc

Low-dose  acetylsalicylatec
 VEGF signaling pathway inhibi-

tors: bevacizumab (mAb)
sunitinib, sorafenib (TKIs)

 Anti-HER2: bevacizumab, trastu-
zumab

Anti-CD20 (rituximab)

Vasospasm Arterial thrombosis Anti-platelet drugs

 BCR-ABL1 inhibitor TKIs: Nilo-
tinib, dasatinib, ponatinib

Inhibition of TIE-2/TEK
Increased endothelial of ICAM-1, 

VCAM-1, E-selectin
Induction of casp-3/7 mediated 

apoptosis
Inhibition of PDGFR
Inhibition of VEGFR-2
Vasoconstriction

PAD
Acute coronary syndromes
Ischemic cerebrovascular events
Pulmonary arterial hypertension
Systemic arterial hypertension
Acute ischemic stroke

Anti-platelet  drugsc
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angiopathy were associated with capecitabine administra-
tion [22]. The anti-folate drug methotrexate (MTX) is known 
to cause vascular and endothelial injury [23]. During MTX 
treatment, the availability of tetrahydrofolate reductase leads 
to hyperhomocysteinemia, a risk factor for vascular events 
[23]. Concomitant folic acid (leucovorin) supplementation 
normalizes plasma homocysteine levels during MTX treat-
ment [23].

Targeted therapeutics

Monoclonal antibodies may cause systemic side effects 
by significant cytokine release upon administration [24]. 
These range from mild erythema to severe bronchospasm 
and anaphylactic shock [25]. VEGF signaling pathway 
inhibitors have an increased risk for arterial thrombosis as 
they decrease endothelial cell survival and proliferation [1, 
26]. The anti-VEGF-A monoclonal antibody bevacizumab, 
trastuzumab, and tyrosine kinase inhibitor (TKI) sorafenib 
cause vasospasm and arterial thrombosis in 2.6% and 1.4% 
of patients, respectively [27, 28]. Clinically, the ATEE pre-
sented as myocardial infarction or cerebral ischemic attacks 
[27, 28]. A decrease in nitric oxide (NO) synthase activity, 
inhibition of the PDGF receptor, and consequent rarefaction 
of pericytes are suggested to be involved in sorafenib toxic-
ity [11, 28]. Of note, a group of anti-VEGFR-TKIs: suni-
tinib, sorafenib, pazopanib, and vandetanib were shown not 
to increase the risk of DIVI [29].

Hypertension is a common side effect of VEGF-inhibi-
tors with an incidence above 20%. Hypertensive response 

can occur from initiation (within hours) until 1 year after 
treatment [29]. Proposed mechanisms include NO pathway 
inhibition, reduced microvascular capacity and flow, oxi-
dative stress, and glomerular injury [28, 29]. BCR-ABL1 
TKIs have unique vascular safety profiles, which differ 
from other TKIs. The first-generation BCR-ABL1 inhibi-
tor, imatinib, has been described as a safe drug regard-
ing cardiovascular toxicities. The second-generation drug 
dasatinib is primarily associated with pulmonary arterial 
hypertension, and nilotinib is associated with increased 
risk of peripheral arterial disease, myocardial and cerebro-
vascular ischemia, and metabolic changes (hyperglycemia 
and dyslipidemia). The third-generation drug ponatinib is 
associated with hypertension, and ATEE [29]. Endothe-
lial damage leading to pro-atherogenic and anti-angio-
genic effects are the suggested pathomechanisms [27–29] 
(Table 1).

Hormonal therapies

Aromatase inhibitors and tamoxifen are used in post-men-
opausal hormone receptor-positive breast cancer treatment. 
The use of aromatase inhibitors has increased the relative 
risk of myocardial infarction and other vascular side effects 
compared to tamoxifen [30, 31]. Aromatase inhibitor therapy 
has also been associated with increased prevalence of hyper-
cholesterolemia and hypertension [31, 32]. Tamoxifen has 
been associated with a higher risk of ATEE compared to 
aromatase inhibitors [31].

Table 1  (continued)

Drug class Pathomechanisms Clinical manifestations Prevention/treatment

Hormonal therapies Endothelial damage
Hypercholesterolemia

Myocardial infarction
Thrombotic vascular events

Anti-platelet drugs
 Aromatase inhibitor, tamoxifen

Immunomodulatory drugs Vasoconstriction
Immune-mediated reaction

Angiopathy LMWHc

Acetylsalicylatec
Ipilimumab
Antibiotics with anti-cancer effect FAS ligand upregulation

Increased production of ROS: 
bleomycin-Fe(II)

NOS inhibition
Increased ICAM-1 expression
Increased amounts of tPA and 

PAI-1

Limb ischemia
Raynaud’s phenomenon

PPAR agonists:  rosiglitazoneb 
 troglitazoneb

bleomycin

ASA acetylsalicylate, DNA deoxyribonucleic acid, ET-1 endothelin-1, FVIII factor VIII, ICAM-1 intercellular adhesion molecule-1, LMWH low-
molecular-weight heparin, NO nitric oxide, NOS nitric oxide synthase, PAD peripheral artery disease, PAI-1 plasminogen activator inhibitor-1, 
PDGFR platelet-derived growth factor receptor, PKC protein kinase C, PPAR peroxisome proliferator-activated receptors, ROS reactive oxygen 
species, TF tissue factor, TIE-2, TEK angiopoietin-1 receptor, tPA tissue plasminogen activator, VCAM vascular cell adhesion molecule-1, VEGF 
vascular endothelial growth factor, VEGFR-2 vascular endothelial growth factor receptor-2, vWF von Willebrand Factor
a In vitro preclinical
b In vivo preclinical
c In guidelines
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Immune checkpoint inhibitors

Monoclonal antibodies target immune checkpoints to 
facilitate natural killer T cells and other innate immunity-
related anti-tumor responses. These checkpoint inhibitors 
may lead to severe vascular side effects which mainly com-
prise inflammatory responses, mesothelial, and lymphatic 
endothelial injury: vasculitis, pericarditis, and myocardi-
tis [33]. Ipilimumab is a CTLA-4 inhibitor which targets 
cytotoxic T cells. Side effects, such as diffuse rash and itch-
ing, can relate to microangiopathy [34]. Thalidomide and 
lenalidomide are immunomodulatory agents that reduce 
the level of TNF-α and consequently have anti-angiogenic 
activity and also inhibit leukocyte migration. They are used 
in the treatment of myeloma multiplex [35]. The anti-tumor 
anti-biotic bleomycin is known to cause limb ischemia and 
Raynaud’s phenomenon after the administration of the first 
dose [36, 37].

Risk assessment

The European Society of Cardiology (ESC) published a con-
sensus paper to evaluate the cardiovascular risk of patients 
receiving anti-tumor treatment [38]. The ESC position paper 
is comprised of a cardiovascular risk assessment, which is 
recommended by the American Society of Clinical Oncol-
ogy (ASCO), the Canadian Cardiovascular Society, and the 
European Society of Medical Oncology (ESMO) [39, 40]. 

However, the Khorana score is a recommended tool to evalu-
ate the risk of venous thrombosis, no risk score is designed 
to assess the risk of ATEE [41]. Limitations of the Kho-
rana score include the presence of platinum and pyrimidine 
analogue therapy, where risk stratification was not sensitive 
enough in the early stages of tumors. Therefore, the initiative 
of a “vascular fingerprint,” a risk calculation score, has been 
suggested to detect risk of adverse arterial events among 
patients with anti-tumor therapy (Table 2) [10, 12, 42]. 
Cisplatin treatment, type and stage of primary malignancy, 
age, presence of cardiovascular diseases, elevated LDH, ret-
roperitoneal metastatic lymph nodes in germ cell tumors, 
and high Khorana score, but not pre-chemotherapy platelet 
number and BMI, are independent risk factors for DIVI [8].

Prevention and treatment

In accordance with the latest ASCO guidelines, the ESC 
does not recommend routine prophylactic treatment for 
preventing ATEE among cancer patients [38, 39]. Low-
molecular-weight heparin (LMWH) prophylaxis may be 
proposed individually for high-risk patients (Khorana 
Score ≥ 3). However, Moore et al. suggest that all patients 
treated with cisplatin, including patients with a low Kho-
rana score, should receive prophylaxis, if bleeding risk is 
not elevated [6]. In a retrospective study involving germ 
cell tumor, patients treated with only cisplatin, prophylac-
tic LMWH treatment, halved the number of venous DIVI 
[43]. The greatest reduction of ATEE by nadroparin versus 

Table 2  Complex risk stratification for arterial thromboembolic events [10, 12, 42]

Khorana score
Cancer type, testicular
Body mass index (BMI) > 25 kg/m2

Pre-chemo platelet count > 350 ×  109/L
Hemoglobin level < 10 g/dL
Pre-chemo leukocyte count ≥ 11 ×  109/L

Vascular fingerprint
BMI > 25 kg/m2

Current smoking
Blood pressure > 140/90 mm Hg (or use of anti-hypertensive drugs)
Dyslipidemia (total cholesterol > 5.1 mmol/L, LDL > 2.5 mmol/L), or using lipid-lowering drugs)
Fasting glucose ≥ 7 mmol/L (or using blood glucose lowering drugs)

Independent risk factors
Cisplatin treatment
Testicular cancer
Age
Presence of CVD
Elevated LDH (333 U/L, ULN 451 U/L)
Retroperitoneal metastatic lymph nodes
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placebo was shown in patients receiving either cisplatin, car-
boplatin, or gemcitabine alone or in combination [44–46]. 
Multiple myeloma patients receiving thalidomide or lena-
lidomide combined with chemotherapy or dexamethasone 
should be treated with low-dose acetylsalicylate (low risk) 
or LMWH (high risk) [35]. According to the findings of the 
PROTECHT trial, nadroparin reduced the incidence of DIVI 
by nearly 50% among patients with advanced oncological 
diseases [47]. Clinical trials are underway to investigate dif-
ferent preventive strategies. Factor Xa inhibitor apixaban 
vs placebo (NCT02048865), low-dose acetylsalicylate vs 
simvastatin vs placebo (NCT02285738), and enoxaparin vs 
acetylsalicylate (NCT01763606) are being evaluated.

The use of nitrates and/or calcium channel inhibitors can 
be considered as a possible regular treatment in the instance 
of coronary vasospasm (ECG changes or angiography). 
Close follow-up and anti-platelet drugs should be considered 
in asymptomatic PAD cancer patients. In the case of severe 
PAD at baseline or during cancer therapy, revascularization 
strategy should be evaluated and discussed by a multidis-
ciplinary team. ACE inhibitors and beta-receptor blockers 
should also be administered to prevent or reverse myocardial 
and vascular remodeling [38].

Given the short of clinical evidence in prevention and 
treatment of ATEE, large registries are urgently needed to 
better understand vascular side effects and therapies with 
mortality benefit. Additionally, extensive in vitro studies 
are warranted to model pathomechanisms of arterial DIVI, 
such as altered regulation of vascular tone, disturbances in 
endothelial inflammatory responses, barrier function, and 
hemostasis.

Conclusion and outlook

Mortality rates of cancer patients have had noticeable 
decreases due to the latest anti-tumor drugs and innovative 
surgical techniques. In parallel, the number of treatment-
related side effects is increasing. Various studies and case 
reports have been focusing on cardiovascular toxicities 
induced by cisplatin and other chemotherapeutic drugs. 
The risk of incident myocardial infarction was significantly 
increased after cisplatin-based treatment, hazard ratio 3.1 
vs control group [48]. Significantly, a large study involving 
15,006 patients with testicular non-seminoma cancer quanti-
fied the short-term risk of death due to DIVI. Surprisingly, a 
4.8-fold increased risk of death was reported within 1 year of 
chemotherapy (mostly BEP) compared to the control group 
(non-seminoma patients treated with surgery only) [45, 
49]. Chemotherapeutic drugs have diverse mechanisms of 
action and extensive clinical presentations of major vascular 
adverse events.

Clinical scenarios are frequently complicated by radia-
tion-induced side effects which mainly occur during long-
term follow-up [50]. Radiation itself rarely causes ATEE, 
but rather generates increased arterial stiffness, hyperten-
sion, and fibrosis of myocardial and connective tissues. Con-
sidering the high number of ATEE among cancer patients, 
more sensitive and earlier risk stratification tools are war-
ranted. We suggest developing and implementing a com-
bined score including the Grace Score, Khorana score, and 
vascular fingertip score.

To put this into clinical practice, once the combined risk 
for ATEE exceeds the risk of bleeding, low-dose anti-coag-
ulation would be recommended, preferably with unfraction-
ated heparin. This can be safely tailored if patient condition 
deteriorates, bleeding develops, or surgery proceeds. Proph-
ylaxis may be administered during all chemo-cycles and 
5–10 days post-chemo. The risk stratification strategy, fol-
lowed by an aggressive treatment of modifiable risk factors, 
should be introduced in conjunction with planning oncology 
treatment. Treatment of modifiable risk factors comprises 
quitting smoking, healthy diet, lipid lowering, blood pres-
sure-lowering, and anti-diabetic medications. Despite the 
vast amount of research and clinical focus, there is still an 
urgent need to develop specific guidelines on the prevention 
and management of ATEE. Specifically, individual and sen-
sitive risk stratification is warranted. Guidelines may include 
the localized site of primary tumor and drug-specific recom-
mendations to predict risk and prevent ATEE.
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