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Abstract: Cancer is a widespread disease in our nation, characterized by a high occurrence rate. The use of tumor medications has
been linked to an increased chance of cardiovascular complications, including a notable occurrence of heart toxicity. This has caused
significant concern among healthcare professionals. This article provides a comprehensive compilation of drugs recognized for their
potential to cause heart toxicity. Furthermore, extensive research has been conducted to investigate and categorize the effects of heart
toxicity, with the purpose of promoting awareness, facilitating early intervention, and ultimately reducing the occurrence of heart
toxicity. At the same time, there is an anticipation that Traditional Chinese Medicine (TCM) can capitalize on its unique attributes to
address such ailments. To establish its effectiveness, it is crucial to carry out extensive clinical trials or retrospective analyses. The
purpose of this article is to summarize the possible mechanisms of cardiac toxicity caused by commonly used chemotherapy drugs and
summarize the possible mechanisms of adverse cardiac toxicity, laying the groundwork for subsequent research.
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Introduction

The increase in chronic illnesses, particularly cancer, has become a major concern for the well-being of the Chinese
population due to factors such as the aging population, mounting living pressures, unhealthy lifestyles, and various other
contributors. This worrying trend has been identified as a significant threat to the health of the Chinese people. According
to the Global Burden of Disease 2019 (GBD2019) report, cancer was responsible for the death of 2.72 million individuals
in China in 2019, accounting for nearly a quarter of all deaths that occurred in the country that year.'

Contemporary scientific research has made significant progress in the timely detection, management, and overall survival rates
of neoplastic diseases. However, individuals diagnosed with tumors or precancerous conditions now face an increased risk of
experiencing cardiovascular health issues after undergoing cancer treatment.” In the past, this risk was not as apparent due to the
shorter life expectancy of patients, which limited the time available for cardiovascular complications to arise and become a major
concern. With the growing longevity of cancer patients, there is now a heightened concern regarding the cardiovascular
complications associated with cancer treatments. Studies have revealed that subclinical cardiotoxicity caused by chemotherapy
drugs affects up to 18% of patients, while clinical cardiotoxicity occurs in as many as 6% of cases.” The emergence of
cardiotoxicity as a side effect of chemotherapy drugs poses a new challenge in terms of clinical diagnosis and treatment.* The
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purpose of this article is to summarize the possible mechanisms of cardiac toxicity caused by commonly used chemotherapy drugs
and summarize the possible mechanisms of adverse cardiac toxicity, laying the groundwork for subsequent research.

Potential Mechanisms of Cardiotoxicity Induced by Common Drugs

Bevacizumab - A Vascular Endothelial Growth Factor Inhibitor

Bevacizumab (BVZ) is a type of antibody that is created using human genes and is designed to specifically target and block the
function of vascular endothelial growth factor (VEGF). This action prevents the formation of new blood vessels (angiogenesis),
which hampers the growth of cancerous cells and stops the spread of tumors.*> As a result, it serves as an effective treatment
option for various types of tumors such as colorectal cancer, lung cancer, breast cancer, cervical cancer, and more. The extensive
utilization of Bevacizumab in clinical anti-tumor therapy highlights its significant value in achieving the goal of combating cancer.

BVZ Induced Hypertension in a Dose-Dependent Manner
Various clinical trials have reported that the prevalence of BVZ-related hypertension ranges from 16% to 47%.%” Moreover,
the frequency of hypertension was found to be influenced by the dosage of BVZ given.® Individuals receiving a high dosage
of BVZ experienced a more notable rise in blood pressure compared to those given a low dosage (see Figure 1).
Hypertension may arise due to the interaction between cardiac output and peripheral vascular resistance. By inhibiting VEGF,
BVZ has the potential to promote the growth of vascular smooth muscle cells and reduce the production of nitric oxide.”'® These
actions can cause the thickening of the blood vessel walls, narrowing of the vessel opening, decreased vasodilation capacity, and
heightened vascular resistance. Consequently, these factors contribute to the development of hypertension.

BVZ Induced Elevation of Blood Pressure and Myocardial Ischemia Leading to Chronic Heart Failure
Chronic heart failure (CHF) often occurs in conjunction with heightened blood pressure and myocardial ischemia caused
by prolonged narrowing of blood vessels. Previous studies have indicated that the administration of BVZ can raise
average arterial blood pressure during treatment.®’ Sustained hypertension can lead to the enlargement of the heart
muscle towards its center (myocardial centripetal hypertrophy), which can result in impaired function of the heart’s
ventricles during contraction and/or relaxation.

The mechanism involved in ischemic heart disease involves alterations in VEGF that lead to dysfunction of the cells lining the
blood vessels (vascular endothelial cells) and hindered reconstruction of blood vessels. Inhibiting VEGF has been demonstrated to
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Figure | Schematic diagram of cardiac toxicity caused by bevacizumab.
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prevent the formation of alternative blood vessels,'! thus obstructing blood supply and interfering with the healing of myocardial
damage. Several factors have been identified as potential contributors to the development of cardiac dysfunction and CHF.

BVZ Promotes Arterial Thrombosis
Thromboembolism is a significant occurrence that can be extremely dangerous and even fatal. When combination
chemotherapy is given, the likelihood of developing arterial thromboembolism is greater compared to receiving
chemotherapy alone. Additionally, the dosage of BVZ has been recognized as a potential contributing factor to this risk.
Nitric oxide (NO) and prostacyclin 12 (PGI2) production are both increased as a result of VEGF’s suppression of platelet
aggregation. On the other hand, unstable atherosclerotic plaques, bleeding from plaque ruptures, and stimulated platelet
aggregation are frequently responsible for arterial thromboembolism. The BVZ-induced VEGF suppression has the potential
to alter vascular homeostasis, which could lead to a reduction in the stability of atherosclerotic plaques. This can then result in
plaque rupture and a decrease in the synthesis of essential VEGF-stimulated platelet inhibitors such NO and PGI2. As a result,

arterial thrombosis might be encouraged.'**

Anthracyclines - Doxorubicin

Anthracyclines (ANT) are a significant group of cancer-fighting medications that were created in the 1970s. Within the
ANT class, there are drugs like Doxorubicin (DOX) and Daunorubicin (DNR) that are considered non-specific
chemotherapy agents, affecting the cell cycle. Presently, these drugs have been widely used in medical settings. They
possess a wide range of effectiveness against various malignant tumors, such as lung cancer, breast cancer, and
lymphoma. They are an essential part of many chemotherapy treatment plans.

DOX Significantly Increases the Incidence of Heart Failure

Von Hoff et al conducted a retrospective analysis involving more than 4000 patients who received DOX treatment. The
analysis revealed a significant increase in the risk of heart failure when the cumulative dose of DOX reached 550 mg/m?.
Previous studies'>'® have identified DOX as a primary factor contributing to ANT-induced heart failure. To further investigate
the incidence of DOX-associated congestive heart failure (CHF), three clinical trials were conducted between 1988 and 1992.
The results indicated that CHF occurred in 5% of patients when the cumulative dose of DOX reached 400 mg/m?, 16% at
500 mg/m?, and 26% at 550 mg/m>. Notably, even patients who received as little as 240 mg/m”> of DOX showed
histopathological alterations in their endometrial biopsy samples. Studies'”*'® have also reported impaired cardiac function
in individuals administered doses as low as 100 mg/m”. These findings suggest that the administration of any dosage level of
ANT may not be considered safe, emphasizing the relevance of an individual’s susceptibility to myocardial damage.

DOX exerts its cytotoxic effects on tumors by inhibiting the activity of recombinant topoisomerase (Top), as stated in
reference.'? (see Figure 2) In cells that have completed cell division (post-mitotic cells), such as adult cardiomyocytes,
the expression of Top IIB is high, while Top Ila is not expressed.”® Top IIB is found in the nucleus and mitochondria.?’
When DOX binds to Top IIp and deoxyribonucleic acid (DNA),*? it forms protein DNA adducts, which cause double-
strand breaks in both nuclear DNA and mitochondrial DNA. This leads to the activation of DNA damage and apoptotic
responses.”> DOX acts quickly by integrating into mitochondrial DNA, thereby inhibiting its synthesis and depleting its
levels (Figure 2). Mitochondrial DNA is a significant target for DOX, and its interaction with mitochondria may
contribute to the development of cardiotoxicity associated with DOX administration.*

It is commonly acknowledged that the pathophysiology of cardiotoxicity caused by DOX is a complicated process
involving several signaling channels and interactions between different cell types.”

DOX May Cause Ventricular Arrhythmias

Cardiac injury caused by ANT has been demonstrated through various mechanisms, such as autonomic nerve dysfunc-
tion, oxidative stress, mitochondrial damage, imbalance in iron metabolism, and inflammatory response. These pathways
have been shown to potentially elevate the heart’s electrical unpredictability, leading to the development of ventricular
arrhythmia. However, the precise underlying mechanism remains incompletely understood.*
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Figure 2 Schematic diagram of cardiotoxicity caused by anthracyclines.

HER2-Targeted Therapy - Trastuzumab

Trastuzumab is a type of monoclonal antibody that has been modified to specifically focus on the outer part of the human
epidermal growth factor receptor-2 (HER-2). By attaching to the outer part of HER-2, this antibody selectively blocks the
signaling pathways associated with HER-2. Currently, the medical community recognizes the importance of using
Trastuzumab in postoperative adjuvant therapy and as the primary treatment for metastatic HER-2 positive breast cancer.

Trastuzumab Triggers Heart Failure and May Trigger Cardiomyopathy

The aim of this research is to evaluate the effectiveness of trastuzumab in breast cancer patients by conducting a critical
Phase III clinical trial. The administration of trastuzumab yielded a noticeable improvement in the survival rate among
the group of patients. However, it was observed that 27% of the patients who received trastuzumab developed heart
failure, as mentioned in reference.”’ Several important clinical trials have confirmed the significant role of trastuzumab in
improving cancer patients’ survival rates. Nonetheless, these trials have also established a link between trastuzumab and
heart failure, as demonstrated by studies.''*® Therefore, it is plausible to suggest that trastuzumab may contribute to the
development of cardiomyopathy (see Figure 3).

Microvascular endothelial cells
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coupling and downstream I myocardial cells to pressure
signal pathways

Figure 3 Schematic diagram of cardiac toxicity caused by trastuzumab.
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Trastuzumab disrupts the communication pathway between HER-2 and HER-4 heterodimers that is activated by
neuregulin-1. This pathway is important for the proper functioning of cardiomyocytes and the repair of heart damage.
Neuregulin-I has been shown to have protective effects on the heart through several mechanisms. These include
promoting the survival, growth, and reproduction of cardiomyocytes, maintaining a balance in the effects of beta-
adrenergic signaling, regulating calcium levels, promoting angiogenesis, and encouraging the differentiation of stem cells
into cardiomyocytes. Disrupting these signals could potentially impair heart function and lead to heart failure.”
Trastuzumab has been shown to decrease the levels of an anti-cell death protein called B-cell lymphoma-x1 (Bcl-xl)
and increase the levels of a pro-cell death protein called Bel-xs. This mechanism leads to the breakdown of the protective
membrane of mitochondria, disruption of electron transport, generation of harmful free radicals, and reduced production
of adenosine triphosphate (ATP), ultimately causing damage to heart muscle cells.*® Additionally, it’s important to note
that trastuzumab can affect the function of mitochondria by influencing downstream signaling pathways activated by
HER-2, such as the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) and extracellular regulatory protein
kinase (ERK)-mitogen-activated protein kinase (MAPK) pathways. Previous research has shown that damage and
potential cell death can occur in myocardial microcells.’

In summary, trastuzumab disrupts the communication between HER-2 and HER-4 proteins, affecting the important
neuregulin-I signaling pathway in cardiomyocytes. This disruption can hinder heart function, leading to heart failure.
Trastuzumab also affects mitochondrial integrity and function, causing damage to heart muscle cells. These effects are
mediated through various signaling pathways, including PI3K-AKT and ERK-MAPK.

Antimetabolic Drug - 5-Fluorouracil

5-Fluorouracil (5-FU) is an uracil derivative that contains a fluorine atom replacing the hydrogen atom at the 5° position.
Although widely used as the main therapy for gastrointestinal cancers, either alone or in combination with other drugs,
5-FU demonstrates a relatively low success rate in terms of effectiveness. The reason behind this is the frequent
occurrence of drug resistance in patients, leading to reduced efficacy.

The risk of myocardial ischemia caused by 5-FU is related to the dosage of medication, and coronary heart
disease is a risk factor
Myocardial ischemia has been reported to occur in 1.2% to 1.6% of individuals receiving 5-FU medication, with some
studies reporting a greater prevalence of up to 68%.>?>* These findings demonstrate an increasing trend in correlation
with the dosage administered, showing a rise of about 10% at a dose of 800 mg/m?>.>' The frequency of this condition is
notably higher in individuals with a previous history of coronary heart disease, exhibiting an increase of approximately 5
to 10 times compared to those without such a history.***¢

Cardiomyocytes and endothelial cells may potentially undergo apoptosis as a result of the cardiotoxicity caused by
5-FU, which might then result in the emergence of inflammatory lesions that resemble those seen in cases of toxic
myocarditis. Regarding the effectiveness of this practice, there are still questions. Other potential mechanisms include
increased hypercoagulability, immunological reactions, and direct myocardial damage.>’ >° In summary, the specific
mechanism is still unknown.

Immunomodulatory Agent - Thalidomide

Originally introduced as a medicine for its ability to induce vomiting and promote sedation, Thalidomide, scientifically
referred to as a-N-phthalimide-glutamine, was later discovered to possess immunosuppressive and antiangiogenic
properties. These effects are achieved by inhibiting the uptake of inflammatory cells and reducing the production of
cytokines such as tumor necrosis factor-a (TNF-a).**! Thalidomide has proven to be an effective treatment for cancer
and is now recognized as one of the anti-tumor drugs used in the management of multiple myeloma.*?

Arrhythmias Caused by Thalidomide are Reversible
In a prospective analysis of 200 patients participating in a Phase III clinical trial for multiple myeloma, Fahdi et al
discovered that a considerable number (53%) of patients who were given thalidomide treatment experienced bradycardia.
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This outcome remained significant even after considering the impact of B-blockers or electrolyte imbalances. It is worth
noting that 10% of these patients needed to undergo permanent pacemaker implants.*?

It is believed that thalidomide works by blocking the production and function of TNF, which leads to an increased
activity in the parasympathetic nervous system. This heightened activity can cause a slow heart rate known as
bradycardia.** By decreasing the dosage or discontinuing thalidomide, the bradycardia can be reduced, suggesting that
the heart rhythm disturbances caused by thalidomide may be reversible.

Thalidomide Promotes Venous Thrombosis
The use of thalidomide alone for treating myeloma patients carried a risk of developing venous thromboembolism (VTE)
that was less than 5%. However, when thalidomide was used in combination with other chemotherapy treatments, the risk
of adverse effects significantly increased. For instance, the incidence of thrombosis was estimated to be between 10-20%
in patients receiving dexamethasone treatment,** and between 20-40% in patients receiving Adriamycin.*>**¢ In Phase II
clinical trials involving patients with metastatic renal cell carcinoma, who were treated with a combination of gemci-
tabine and continuous fluorouracil, VTE occurred in as many as 43% of the cases.*’

Thalidomide-induced blood clots are not entirely recognized to be the result of a specific process. One hypothesis
suggests that the combination of thalidomide and other chemotherapy drugs may harm endothelial cells, resulting in
malfunction and increased blood clotting.*® However, there is currently not enough empirical evidence to support this claim.

Platinum-Based Chemotherapy Drugs - Cisplatin

Platinoid medications belong to a group of drugs that are not specific to any particular stage of the cell cycle. Their main
function is to trigger apoptosis, or programmed cell death, in tumor cells by hindering the process of DNA transcription
and replication. Consequently, they demonstrate anti-cancer properties. Platinum-based chemotherapy drugs find wide
application in medical settings for the treatment of different cancer types. These include lung cancer, bladder cancer,
ovarian cancer, cervical cancer, esophageal cancer, stomach cancer, colorectal cancer, head and neck tumors, as well as
other common malignant conditions.

Cisplatin Promotes Thrombosis

Individuals diagnosed with non-small cell lung cancer who received Cisplatin and Gemcitabine treatment experienced
a higher occurrence of a condition, known as embolization, as observed in 17.6% of cases.** Among patients with
invasive cervix, the occurrence of VTE was found to be 16.7% in those who underwent radiotherapy along with low-dose
Cisplatin. Moreover, when Cisplatin was administered, the prevalence of ovarian cancer was recorded at 10.6%.°
Additionally, there have been reports indicating a connection between Cisplatin and various thrombotic events such as
stroke, recurrent peripheral artery thrombosis, and aortic thrombosis.”'

The specific process responsible for the blood clotting effects of Cisplatin has not been thoroughly explored in existing
literature. Studies have shown that the use of Cisplatin may activate platelets,”” increase the presence of von Willebrand
factor (vVWF),” and cause endothelial cells to undergo apoptosis. This pathway ultimately leads to the release of pro-
coagulant particles from the endothelial cells, which can generate thrombin via a pathway unrelated to tissue factor.

The main detrimental impacts of chemotherapy medications on the heart encompass high blood pressure, irregular
heartbeat, cardiac insufficiency, and the development of blood clots, among other effects (see Table 1). While the causes
of some of these conditions have been adequately understood, in certain cases, the first step is to recognize and identify
adverse drug reactions. Exploring strategies for prevention, control, and treatment of these diseases is of utmost
importance and warrants additional research.

The Comprehension and Management of Cardiotoxicity Induced by
Chemotherapeutic Drugs in TCM

According to TCM theory, anticancer drugs have harmful effects on the cardiovascular system. Cardiovascular toxicity is
a type of medication toxicity that might show itself as symptoms like palpitations and chest blockage. The absence of
healthy Qi (essential energy) and the malfunction of Zang-Fu organs (internal organs) are the primary internal factors for
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Table | The Effects and Cardiotoxicity of Commonly Used Chemotherapy Drugs

Chemotherapy Indications Adverse Reactions
Drugs

Hypertension | Heart Failure Thrombus | Arrhythmias | Cardiomyopathy

Bevacizumab (BVZ) Mainly used for the treatment of various v v v
solid tumors such as metastatic colorectal
cancer, non-small cell lung cancer,
hepatocellular carcinoma, glioblastoma,
ovarian cancer, fallopian tube cancer,
peritoneal cancer, cervical cancer, etc

Doxorubicin (DOX) Mainly used to treat acute leukemia, v v
lymphoma, neuroblastoma, breast cancer,
ovarian cancer and other malignant tumors

Trastuzumab Used to treat HER2 positive breast cancer v v
and gastric cancer

5-fluorouracil (5-FU) Mainly used to treat colorectal cancer, v
gastric cancer, breast cancer and other
gastrointestinal tumors

Thalidomide Mainly used for the treatment of v v
metastatic or unresectable gastrointestinal
stromal tumors (GIST) and metastatic or
unresectable pancreatic islet cell tumors

Cisplatin Mainly used to treat ovarian cancer, v
testicular cancer, bladder cancer cancer,
head and neck cancer and other solid
tumors

tumor development. The negative consequences of medication toxicity can be related to the decreased Qi and blood
circulation in these organs. It is commonly acknowledged in TCM’s Golden Mirror of Medicine that Qi defeats poison
and has the power to control its effects. Ingesting poisons might result in an accumulation of Qi, which is necessary for
the body’s energy.

However, the accumulation of this condition can lead to the erosion of Qi and eventually its depletion. TCM states
that the underlying cause of this illness lies in the weakening of healthy energy and the strengthening of pathogenic
factors, resulting in a combination of deficiency and excess. TCM categorizes chemotherapy drugs as heat-toxic
substances, which have the potential to deplete Qi and harm Yin. This is particularly worrisome for cancer patients
who may already have impaired Qi and blood circulation, as well as symptoms such as weak Qi, Qi deficiency, blood
stagnation, and damage to the heart and blood vessels. These symptoms can ultimately lead to cardiac toxicity.

Tonifying deficiency drugs were the most commonly employed in the prevention and treatment of chemotherapy-
induced cardiotoxicity, followed by drugs that enhance blood circulation and remove blood blockages, alleviate internal
heat, and warm internal coldness. The combined occurrence of these initial four drug categories constituted 76.7% of the
overall frequency of usage. Ginseng and astragalus are well-known herbs in the field of replenishing Qi and are frequently
utilized for tonifying deficiency. Salvia miltiorrhiza and Ligusticum Chuanxiong are commonly employed to improve blood
circulation and eliminate blood stasis, while sophora flavescens is often used to alleviate internal heat.>*

The management of cardiotoxicity involves addressing the development of TCM compound preparation, which is primarily
characterized by a deficiency in Qi and Yin. The medications used in this treatment approach primarily aim to replenish Qi and
Yin. Several commonly used basic formulas have been identified, including the prepared licorice decoction known as Zhigancao
Decoction, the antioxidant prescription called Sanhuang, and the Qi and heart nourishing decoction known as Yiqi Yangxin
Decoction.”>® TCM injections such as Xinmailong injection, Danshen injection containing Sulfotanshinone Sodium, Shengi
Fuzheng injection, and Sophora flavescens injection have been reported in the literature.>’

Numerous studies have conducted thorough assessments of the harmful effects on the heart caused by Traditional Chinese
Medicine (TCM) mixtures when used alongside chemotherapy drugs. Through a comprehensive analysis of multiple studies, it
has been found that incorporating TCM mixtures into supplementary treatment alongside chemotherapy significantly enhances
the parameters of cardiac function, myocardial enzyme spectrum, electrocardiogram, and cardiac color ultrasound for patients.*®
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The advantage of TCM in treating cardiotoxicity caused by chemotherapy drugs is that it can be individualized
according to the patient’s constitution, syndrome type and condition, regulate the overall balance of the body, and
improve the body’s tolerance and sensitivity to chemotherapy drugs. However, there are also many shortcomings. TCM
treatment takes effect slowly, for which it is not suitable for acute or severe cardiac toxicity patients. At the present stage,
there is a lack of unified standards and norms for TCM treatment, and there may be differences in medication among
different doctors, which affects the evaluation and comparison of clinical effects. There is also a lack of sufficient
evidence-based medical evidence to support the treatment of such diseases by TCM. Most studies are observational or
retrospective studies, lacking high-quality randomized controlled trials and systematic reviews.

The study has some limitations. Most of the current research is limited to small-scale studies conducted in a single
location. The goal of monitoring chemotherapy-induced heart toxicity is to reduce the occurrence of related illnesses and
gather data on associated symptoms. Considering the underlying mechanism, it is expected that conducting larger-scale
randomized controlled trials across multiple centers will advance the progress of research on this condition. Additionally,
further studies investigating mechanisms of TCM in treating cardiotoxicity caused by common cancer drugs are needed.

Prospect

The problem of heart toxicity caused by chemotherapy medications is an urgent matter that requires immediate focus. To
address the changing needs of the field, it is crucial not only to develop new ideas but also to reform existing treatment
approaches. This requires a collaborative effort involving different fields of expertise. Currently, there is solid evidence
demonstrating the heart toxicity caused by chemotherapy drugs. These effects can significantly affect a patient’s quality
of life and prognosis during or for years after chemotherapy ends. Both TCM and Western medicine have their own
advantages and disadvantages in treating cardiotoxicity caused by chemotherapeutic drugs. Western medicine treatment
mainly through drugs, physical and other means, to prevent or treat cardiotoxicity in different mechanisms. TCM
treatment mainly regulates the balance of Yin and Yang of the body, enhances the anti-damage ability of the heart,
and reduces the toxic side effects of chemotherapy drugs. TCM treatment has the characteristics of individualization,
comprehensiveness and high safety, but its mechanism is not clear and clinical evidence is insufficient. At present, the
pathogenesis of such diseases and the formulation of treatment plans have been investigated by traditional herbalist
doctors, but the research is still more common in single-center with small sample. The future direction may be the
combination of Chinese and western medicine to treat the cardiotoxicity caused by chemotherapy drugs, give full play to
their respective advantages, and achieve the best treatment effect and minimal side effects. At present, some treatment
schemes of integrated Chinese and western medicine have been evaluated in clinical trials, but more basic and clinical
studies are needed to explore the optimal scheme and mechanism, and it is hoped that more large-scale randomized
controlled studies with many centers can enrich the research progress of this disease.
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extracellular regulated protein kinases; MAPK, mitogen-activated protein kinase; 5-FU, 5-fluorouracil, DNA,
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