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Abstract 
Since targeted therapy offers greater precision and generally better tolerance than standard chemotherapy, it has emerged as a key tactic in contemporary cancer treatment. These treatments do not, however, come without side effects, and their toxicity varies according to a number of clinical and molecular parameters. 
This study uses a theoretical approach grounded in a systematic review of scientific literature to investigate the toxicity caused by targeted anticancer drugs and the ways in which those effects can be controlled or lessened. It draws attention to how different treatments can cause diverse side effects and stresses how crucial early discovery, individualized treatment, and cutting-edge technology are to reducing harm.
In addition to offering a thorough analysis of toxicity in targeted cancer therapy, this study suggests methods for safer, more efficient implementations in oncological practice going forward.
Keywords: Targeted therapy, toxicity, personalized medicine, pharmacogenomics, drug delivery, HER2 inhibitors. 














ملخص
نظرًا لأن العلاج الموجه يوفر دقة أكبر وقدرة تحمل أفضل بشكل عام من العلاج الكيميائي القياسي، فقد برز كتكتيك رئيسي في علاج السرطان المعاصر. إلا أن هذه العلاجات لا تخلو من الآثار الجانبية، وتختلف سميتها وفقًا لعدد من المعايير السريرية والجزيئية. 
تستخدم هذه الدراسة نهجًا نظريًا يرتكز على مراجعة منهجية للأدبيات العلمية لبحث السمية التي تسببها الأدوية الموجهة المضادة للسرطان والطرق التي يمكن من خلالها السيطرة على تلك الآثار أو تقليلها. وتلفت الدراسة الانتباه إلى الكيفية التي يمكن أن تسبب بها العلاجات المختلفة آثارًا جانبية متنوعة، وتؤكد على مدى أهمية الاكتشاف المبكر والعلاج الفردي والتكنولوجيا المتطورة في الحد من الضرر.
بالإضافة إلى تقديم تحليل شامل للسمية في العلاج الموجه للسرطان، تقترح هذه الدراسة طرقًا لتطبيقات أكثر أمانًا وفعالية في ممارسة علاج الأورام في المستقبل.

الكلمات المفتاحية: العلاج الاستهدافي، والسمية، والطب الشخصي، وعلم الصيدلة الجيني، وتوصيل الدواء، ومثبطات.HER2 
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Introduction 
Cancer remains one of the leading causes of mortality across the globe and poses as an important obstacle in increasing life expectancy for all country. 
   Several therapeutic modalities, such as surgery, radiation therapy, and systemic anticancer therapy, have been applied clinically for cancer treatment, either alone, in combination, or sequentially, depending on the stage, resectability, biology, comorbidities, and patient’s overall functional performance. Systemic anticancer therapy, involving a wide range of anticancer drugs for treatment, palliation, symptom alleviation, and quality of life improvement, includes cytotoxic chemotherapy, hormonal agents, targeted therapy, and antitumor immunotherapy (Min & Lee, 2022c).
   Recent advances in understanding the birth mechanisms underpinning cancer development have driven the design of new remedial approaches, nominated ‘targeted curatives’, that widely intrude with motes or pathways involved in excrescence growth and progression. Inactivation of growth factors and their receptors on excrescence cells as well as the inhibition of oncogenic tyrosine kinase pathways and the inhibition of motes that control specific functions in cancer cells constitute the main rational bases of new cancer treatments acclimatized for individual cases. Small-patch impediments and monoclonal antibodies are major factors of these targeted approaches for a number of mortal malice. As the studies of the biomolecular features of cancer progress, new instigative strategies have arisen, similar as targeting cancer stem cells that drive excrescence relapses or the picky induction of apoptosis in nasty cells. 
This composition primarily focuses on the birth bases of the new cancer medicines and summarizes their mechanisms of action, the clinical substantiation of their anti-cancer effectiveness as well as the explanation for their use in clinical practice (Bharad et al., 2025).
   Targeted therapy is ́defined by the National Cancer Institute (NCI) as “a drug or substance that blocks the growth and spread of cancer by interfering with specific molecules involved in tumor growth and progression”. Over the last ten years, advances in cell biology have led to the development of anticancer agents targeting specific molecular pathways, currently commonly used in cancer treatment (Izzedine, 2019).
   In the past decades, targeted therapy has gained prominence in cancer treatment, especially after the success of drugs such as Imatinib and Trastuzumab. (Bui et al., 2017). 
   Targeted therapies represent a significant advance in cancer treatment, distinct from conventional chemotherapy in the fact that they attack specific molecular changes in cancer cells rather than attacking all rapidly dividing cells as a whole. Conventional chemotherapy affects both normal and cancerous cells, causing high side effects, while targeted therapies employ the unique characteristics of cancer cells, such as overexpression of proteins or aberrant signaling pathways, to target the treatments more precisely. This specific targeting not only enhances the therapeutic effectiveness of these drugs but also minimizes toxicity to normal tissues, thereby minimizing many of the side effects traditionally associated with chemotherapy. The increasingly long list of FDA-approved targeted treatments speaks volumes about the growing appreciation of their ability to elevate cancer care and treatment outcomes, with a shining promise from the traditional ways that have been the cornerstone of oncology for so long (Pérez-Herrero & Fernández-Medarde, 2015).
   Unlike traditional chemotherapy agents which are generally cytotoxic to all cells, targeted anti-cancer therapies are designed to specifically target proliferation mechanisms in cancer cells but spare normal cells, resulting in high potency and reduced toxicity. There has therefore been a rapid increase in their development and use in clinical settings, including in curative-intent treatment regimens (Rosario et al., 2022). 
   The advent of targeted anticancer therapies over the past few decades has reinvigorated the field of cancer therapeutics, with the promise of increased cancer cure rates accompanied by decreased toxicity. But, has that promise been fulfilled? The short answer is definitely 'no', both because of disappointing tumor responses and unexpectedly high toxicity, as well as the extremely high financial cost of these agents. However, failing to completely fulfill initial promise does not mean that targeted therapies should be abandoned. Increased progression-free survival might ultimately lead to increased overall survival, and targeted therapies have changed the course of cancers such as breast, lung and renal. Therefore, we would argue that despite some disappointments, targeted therapies have a vital role in future cancer treatment (Keefe & Bateman, 2021b).
   Advances in genomics and molecular biology over the past 20 years have resulted in numerous approved molecular targeted cancer therapies. The two main approaches for targeted cancer therapy are monoclonal antibodies and small molecules. Targeted therapy is expected to exert few side effects, but a new class of toxicities has been reported. Thus, the classical chemotherapy-induced toxicities of alopecia, myelosuppression, mucositis, nausea, and vomiting have been replaced in patients receiving targeted therapies by dermatologic, cardiovascular, gastrointestinal, endocrine, ocular, and pulmonary toxicities, and infusion reactions. Current Concepts: Targeted therapy toxicities vary, but common side effects include skin rash, diarrhea, and stomatitis. Most of these side effects are mild and can be prevented and treated. Rare and dangerous side effects, including pneumonitis, cardiotoxicities, and infusion reactions, can also be induced by targeted therapies. In most cases, toxicities are low grade (grade ≤2) and can be treated effectively, but in some cases, they can be fatal without appropriate intervention. Symptoms can be nonspecific, rendering identification of early symptoms challenging. Physicians should thus be aware of these side effects and manage toxicities appropriately. The side effects of targeted therapy exert a critical impact on survival and quality of life. Most patients receiving targeted therapy need help to prevent and relieve toxicities. Management of the toxicities of targeted therapy involves patient monitoring, adjusting therapeutic dose or frequency, and providing supportive care. Serious side effects require early detection and prompt intervention, including discontinuation of targeted therapy and the use of corticosteroids (Ryu, 2023).
Therefore, the main issue that will be addressed in this note is the pathophysiological mechanisms underlying these side effects, and how strategies can be developed to mitigate these toxicities to improve the quality of life of patients and increase the effectiveness of treatment? The study's title is “Toxicity of targeted anticancer drugs: a theoretical analysis of mechanisms and mitigation strategies”.
To answer these questions and issues, our work is based on the IMRAD methodology format introduction, methods and materials, results, discussion to ensure scientific clarity and coherence. 
The objectives of this study are to:
· Identify the main classes of targeted anticancer drugs and describe their mechanisms of action.
· Explore the different types of toxicities associated with targeted cancer therapies.
· Analyze the underlying pathophysiological mechanisms responsible for these toxicities.
· Compare the toxicity profiles of targeted therapy with those of conventional chemotherapy.
· Highlight strategies to prevent, monitor, and manage the adverse effects of targeted therapies.
Emphasize the importance of personalized medicine and genetic profiling in minimizing toxicity and optimizing treatment outcomes. 
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Materials and Methods   
                                                                                                               

Materials and Methods 
The review, titled “Toxicity of targeted anticancer drugs: a theoretical analysis of mechanisms and mitigation strategies” This study is based on a descriptive literature review, citing and analyzing scientific academic articles and reports that focus on the toxicity of targeted cancer therapies. The aim of this research is to understand the causes of these toxicities and to propose strategies to mitigate and control them at a higher rate.
The content of this theoretical study was organized using the IMRAD methodology (Introduction, Methods, Results, and Discussion) to guarantee academic rigor and clarity. Upon gathering and examining scientific data from reliable sources, the data was divided into two primary categories:
Included in the results is objective and descriptive information that lists the various kinds of targeted therapies, their adverse effects, and information comparing them to chemotherapy.
In the discussion, the causes, contributing factors, and consequences of toxicities are examined, along with the function of customized medicine and prospects for the future.
In the discussion, the causes, contributing factors, and consequences of toxicities are examined, along with the function of customized medicine and prospects for the future.
The primary sources used for this research are recognized and validated international scientific platforms such as PubMed, Google Scholar, Science Direct, and others.
Reliable articles were selected to ensure scientific accuracy according to the authors and their degrees, the journal in which they are listed, and the number of citations obtained.
To gather the necessary information and identify the field of study, precise keywords such as “toxicity of targeted therapy, targeted therapy vs. chemotherapy, side effects of different classes of targeted therapies, and mitigation strategies of targeted therapy” were used. The focus was on articles with recent sources from the last ten years.
After selecting and identifying the most relevant articles and references, they were carefully read, categorized, and checked for relevance. The main topics extracted include types of toxicity, mechanisms, and ways of dealing with them.
DeepL Translate was used to assist in translating the language, and industry-based tools were used to organize and optimize the sequence of writing.
                                                                                                          Methods and Materials 
Since this research is theoretical and based on published data, no ethical approval was required. However, scientific integrity was respected by citing all sources used.
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Results





Results 
1. Types of targeted therapy 
1.1. Monoclonal Antibody Therapies
Targeted MAbs against antigens either unique to or overexpressed by tumor cells can cause tumor cell death by a variety mechanism. The main direct mechanism by which many antibodies induce tumor cell death is the blockade of growth factor receptor signaling. Pro-tumor growth and survival signaling is perturbed when MAbs bind their target growth factor receptors and manipulate their activation state or block ligand binding. For example, epidermal growth factor receptor (EGFR) is overexpressed by many different cancers and signaling via EGFR leads to tumor cell proliferation, migration, and invasion. Cetuximab, which is an anti-EGFR MAb, induces apoptosis in tumor cells by blocking ligand binding and receptor dimerization (Zahavi & Weiner, 2020). Moreover, some MAb drugs are also used in combination with other treatments (e.g., chemotherapy). Follwing are the ways in which MAbs works:
· By marking cancer cells- Cancer cells that are coated with certain type of MAb get easily detected and destroyed by the immune cells. 
· By blocking cancer cell growth: Some MAb drugs work by blocking proteins required for tumor cell’s growth and survival. 
· By triggering cancer cell-membrane destruction: Some MAbs can trigger an immune system response to destroy cancer cell’s outer membrane and consequently kill them. By preventing growth of blood vessels: Certain MAb drugs can prevent the growth and development of new blood vessels thus, hindering the survival and growth of the cancerous tumor. 
· By acting as a delivery vehicle for radiotherapy: some MAbs are engineered as a delivery vehicle for radiotherapy. This method is also called radioimmunotherapy where the MAb is attached to a small and specific radioactive particle which can be directly transported to the cancer cells. This minimizes the side-effects of radiation on the normal cells. 
· By acting as a delivery vehicle for chemotherapy: certain MAbs are designed for getting attached to powerful chemotherapeutic drugs in order to directly delivering powerful chemotherapy to cancer cells and not to healthy ones. 
· By binding to both cancer and immune cells- Some MAb drugs are combination of two monoclonal antibodies in which one can attach to cancer cell and the other to specific immune cells. This way the MAb boosts the immune system to effectively target the cancer cells (Role of Monoclonal Antibodies in Cancer Therapeutics, 2022).
[image: ]
Figure 1 Evolution of Monoclonal Antibodies and Reduced Immunogenicity.
1.2. Tyrosine Kinase Inhibitors (TKIs)
Tyrosine Kinase Inhibitors (TKIs) are a class of targeted cancer therapies that disrupt the signaling pathways of tyrosine kinases, which are crucial for tumor growth and progression. These agents have shown significant efficacy in various cancers, including breast cancer, leukemia, and lung cancer, by inhibiting specific receptors such as EGFR and BCR-ABL1. TKIs can be used alone or in combination with other therapies, enhancing patient outcomes and survival rates.
TKIs inhibit the activity of tyrosine kinases by competing with ATP at the catalytic binding site. This inhibition disrupts oncogenic signaling pathways, leading to reduced tumor growth and increased apoptosis of cancer cells (Tyrosine Kinase Inhibitors for Pediatric Leukemia: History and Current Status, 2022).
[image: ]
Figure 2 Schematic representation of mechanism of action of tyrosine kinase inhibitors (TKI) (Gabora et al., 2019).
2. Toxicity Profiles by Drug Class
Despite being more targeted than conventional chemotherapy, targeted cancer treatments can nevertheless have adverse effects that vary by class. Regarding their molecular targets, each class of targeted medications exhibits a unique toxicity profile.
· HER2 inhibitors such as trastuzumab and pertuzumab are strongly associated with cardiotoxicity, including decreased left ventricular ejection fraction (LVEF) and heart failure. This risk increases when combined with anthracyclines (Lyon et al., 2022).
· EGFR inhibitors such as cetuximab and erlotinib often cause gastrointestinal problems like diarrhea and mucositis, as well as dermatologic toxicities such xerosis, pruritus, and papulopustular rash (Dagher et al., 2021).
· VEGF/VEGFR inhibitors, such as lenvatinib and bevacizumab, have been linked to hemorrhage, proteinuria, hypertension, and poor wound healing. Serious incidents such gastric perforation have been documented in few instances (Ryu 2023; Botticelli, 2022).
Each therapy's on- and off-target effects are strongly related to these side effects, which necessitate a risk assessment tailored to each patient both before and during treatment. The mitigation of these adverse events necessitates supportive care, dose adjustment, and routine monitoring.
3. Organ-Specific Toxicities
3.1. Cardiovascular Toxicity
The development of anti-cancer medicine has led to a rise in mortality and financial burden as cardiovascular toxicities from cancer treatments are widespread in oncology patients. Heart failure and left ventricular dysfunction can result from cardiovascular toxicities brought on by cancer treatments, which include various degrees of cardiomyopathy, arrhythmia, myocardial ischaemia, hypertension, and thrombosis (Yan et al., 2024).
The different types of cardiotoxicities include reversible, irreversible, acute, chronic, and late-onset. Irreversible damage is categorized as type 1 and reversible damage as type 2. Type 1 (direct damage) is usually caused by a cumulative dose; type 2 damage is not related to a cumulative dose. Chemotherapy drugs that can cause irreversible toxicity include anthracyclines (daunorubicin, doxorubicin, epirubicin, idarubicin); alkylating agents (busulfan, carboplatin, carmustine, chlormethine, cisplatin, cyclophosphamide, mitomycin); taxanes (docetaxel, cabazitaxel, paclitaxel); topoisomerase inhibitors (etoposide, tretinoin, vinca alkaloids); and antimetabolites (cladribine, cytarabine, 5-FU). (Sonia Amin Thomas.2017)
Clinical manifestations of cardiotoxicity typically include asymptomatic left ventricular ejection fraction (LVEF) decline, defined as a reduction in LVEF by ≥10% or to below 50%, and, in rare cases, symptomatic heart failure. Regular monitoring is essential to detect these changes early. Baseline cardiac evaluation, including echocardiography, biomarkers (e.g., troponin, NT-proBNP), and electrocardiograms (ECG), is recommended before initiating HER2-targeted therapy. Ongoing monitoring every 3-6 months during treatment is crucial to identify LVEF decline or biomarker elevations that may indicate cardiac injury (Lyon et al., 2022; Chianca et al., 2023).
3.1.1. Anti-HER-2 
[image: ]In recent years, the use of anti-HER-2 targeted drugs represented by trastuzumab has greatly improved the outcome of patients and increased survival. Currently, the anti-HER-2 targeted drugs used in clinical practice can be divided into three categories: monoclonal antibodies (mAbs), small-molecule tyrosine kinase inhibitors (TKI), and antibody-drug conjugates (ADCs). Some anti-HER-2 targeted drugs have shown cardiotoxicity that cannot be ignored in their application. This suggests that some patients were not able to complete the full course of HER-2 therapy (X. Zhang et al., 2025).

Figure 3 Classification of anti-HER-2 targeted drugs (X. Zhang et al., 2025).
Article deconstruction chart. Based on the current clinical trial, we categorized targeted drugs into red, yellow, and green zones; Pertuzumab is not thought to increase cardiotoxicity when combined with trastuzumab, but some studies have pointed to an increase in cardiac risk, so we have placed it in the yellow zone.
Trastuzumab is associated with a 10-34% risk of cardiotoxicity, particularly when used in combination with anthracyclines. Pertuzumab, often used in combination with trastuzumab, carries a slightly higher risk. In contrast, ADCs like T-DM1 and T-DXd have lower cardiotoxicity rates, ranging from 1.7% to 5%. Risk factors for cardiotoxicity include older age, pre-existing cardiovascular conditions, prior anthracycline exposure, and longer durations of HER2-targeted therapy. Late-onset cardiotoxicity, occurring years after treatment, is also a concern, often triggered by additional stressors such as infections or aging (Swain et al., 2023; Modi et al., 2022).
Key clinical trials have provided valuable insights into the management of cardiotoxicity. The HERA trial's long-term follow-up confirmed the cardiotoxicity risk of trastuzumab and highlighted the benefits of early intervention with heart failure medications. The DESTINY-Breast trials demonstrated the lower cardiotoxicity profile of T-DXd compared to T-DM1, particularly in HER2-low breast cancer. The SAFE-HEaRt trial evaluated the safety of continuing HER2-targeted therapy in patients with asymptomatic LVEF decline, supported by cardioprotective medications, and found that most patients could safely resume treatment (Swain et al., 2023; Chianca et al., 2023).
3.1.2. Taxanes (Docetaxel, Paclitaxel) 
Taxanes (paclitaxel, docetaxel, cabazitaxel) are the cause of cardiotoxicity in 2.3% to 8% of patients treated with a Taxane regimen (Sonia Amin Thomas.2017). Taxanes exert their therapeutic effect by stabilizing microtubules, which disrupts normal cell division in cancer cells. However, this mechanism also affects cardiac myocytes, leading to altered intracellular transport and signal transduction, contributing to cardiotoxicity. Additionally, Taxanes generate oxidative stress, which damages mitochondria and triggers cardiomyocyte apoptosis, further exacerbating cardiac dysfunction (Pantazi & Tselepis, 2022). Research suggests that the interaction of Taxanes with anthracyclines significantly increases the risk of heart failure and cardiomyopathy, highlighting the importance of careful chemotherapy regimen selection (Yu & Chuy, 2019).
Patients receiving Taxane-based chemotherapy may experience various forms of cardiotoxicity. One of the most common adverse effects is bradycardia, particularly with paclitaxel, which may cause transient, asymptomatic sinus bradycardia in some patients (Elgendy et al., 2023). More serious complications include myocardial ischemia, which has been reported in patients receiving high-dose taxane therapy due to coronary vasospasm and endothelial dysfunction. In some cases, taxane-induced cardiomyopathy occurs, particularly in patients receiving concurrent anthracycline therapy, leading to a decline in left ventricular ejection fraction (LVEF) and congestive heart failure (Curigliano et al., 2016).
[image: Cancers 12 03323 g001 550]Taxane-induced cardiotoxicity is influenced by several risk factors, including the combination of taxanes with anthracyclines, older age, preexisting cardiovascular disease, and dosage and administration schedule. High-dose or prolonged paclitaxel infusions increase the risk of bradyarrhythmias and hypotension (Roy et al., 2024).

figure 4 Overview of Taxane resistance mechanisms (Maloney et al., 2020).

This diagram illustrates some of the major proteins and pathways that are known to contribute to Taxane resistance in cancer. Upregulated pro-survival pathways, induction of EMT through upregulated vimentin, ZEB1, and TGF-β, and upregulated anti-apoptotic proteins have been linked with increased proliferation after Taxane treatment. Upregulated tubulin isotypes, drug export transporters, and drug-metabolizing enzymes have been associated with reduced Taxane efficacy. Hypoxia and non-coding RNAs have been noted to activate some of the established resistance mechanisms, so they will be considered to be contributing factors to Taxane resistance as well. The review will include these mechanisms and others, which are frequently observed in different cancer types. 
3.2. Dermatotoxicity
Cancer therapies can result in a wide variety of dermatologic toxicities affecting the skin, oral mucosa, hair, and nails. Such skin toxicities have been a long-standing problem in the treatment of breast cancer. Some of the most widely used chemotherapies, e.g., capecitabine, taxanes and pegylated liposomal doxorubicin, cause significant skin reactions. The incidence and severity of these dermatologic toxicities are major contributors to the common practice of using lower starting doses, e.g., for capecitabine. Xerosis and pruritus are common problems, but these agents can also cause other skin reactions including psoriatic lesions, lichenoid dermatitis, or sarcoidosis. Rarely, severe cutaneous immune-related adverse events like bullous pemphigoid or even life-threatening Stevens Johnson syndrome can occur (Salzmann et al., 2019).
Some studies showed discrepancies between physicians and patients symptom evaluations. The use of patient-reported outcomes for symptom evaluation seems associated with clinical benefit. Even if physicians grade dAEs as 1 or 2 per the Common Terminology Criteria for Adverse Events (CTCAE; Table 1), their chronicity and association with pain and pruritus result in a high impact on QoL. The negative impact from dAEs from targeted therapies is more significant than dAEs with cytotoxic agents. EGFRi rash and pruritus produced the most significant negative impacts. Thus, it is advisable to use patient-reported tools to measure the severity and the impact on QoL. General dermatology tools are available (e.g., Skindex-16, Skindex-29, Dermatologic Life Quality Index, and DIELH-24), as well as symptom-specific tools  (e.g., Functional Assessment of Cancer Therapy-Epidermal Growth Factor Receptor Inhibitors-18 and Hand–Foot Syndrome 14). The management of toxicity is well codified, using the CTCAE, version 5, grading scale (Table 1). A scale is provided for each type of DAE, which helps standardize treatment and toxicity management (Dagher et al., 2021). 
Table 1 Dermatologic toxicities of targeted therapies and management (Dagher et al., 2021).
	Dermatologic toxicities
	Most frequent agents
	              Management

	Papulopustular eruption
	EGFR and MEK inhibitors
	Prevention
Prophylactic therapy with oral tetracycline antibiotics for 6 to 8 weeks for patient with high risk.

Treatment
Initiation or continuation of oral tetracycline antibiotics Low-/moderate-potency topical or oral corticosteroids Low-dose isotretinoin Culture-driven antibiotics if superinfection.

	Exanthema (nonspecific rash)
	MEK, BRAF, and kinase inhibitors
	Treatment
Topical or oral corticosteroids and antihistamines.

	Keratinocytic proliferation
Hand–foot skin reaction
	Multikinase angiogenesis, BRAF and FGFR inhibitors
	Prevention
Limiting traumatic activities and the use of skin irritants Use of urea 10% cream
Treatment of hyperkeratosis and orthopedic shoe.

Treatment
Keratolytic agents and high-potency topical corticosteroids Lidocaine patches.

	Mucosal changes
Stomatitis
	mTOR and FGFR inhibitors
	Prevention
Education on oral cavity hygiene, dental work Avoidance of salty, spicy, citrus-based food and hot beverages
Treatment Potent topical corticosteroids, antiseptic washes, and local anesthetics
Local lubricants Ophthalmologic consultation to avoid ocular complications.



3.3. Ocular toxicity 
The increased use of targeted therapy and immune checkpoint inhibitors in cancers has brought new hope of survival to patients with advanced tumors. However, increasing numbers of immune-related adverse events (irAEs) of these medications have been reported, affecting almost all human organs including the eye. These adverse effects may affect the entire ocular region, including the eyelid, eye lashes, conjunctiva, cornea, uvea, retina and optic nerve, and have thus far been largely ignored by patients and doctors. Ocular toxicities such as blurring of vision and ocular discomfort have been reported in phase I or phase II clinical studies of immune checkpoint inhibitors.  Since then, increasing reports of ocular toxicities have been published, including blepharitis, conjunctivitis, uveitis, scleritis and choroidal retinitis, while the pathological mechanisms remain unelucidated.
Among the reported medications, anti-CTLA4 (ipilimumab) had an ocular toxicity rate of 1.3%, including anterior uveitis, optical neuropathy, Grave’s syndrome-like oculopathy and Vogt-Koyanagi-Harada (VKH) like syndrome.  Vemurafenib had an ocular side-effect rate of 4%, which mostly comprised uveitis,8 while anti-PD-1 was reported to have side-effects of blurred vision and tearing (Liu X et al.2020).
3.3.1. Ipilimumab (anti-CTLA4)
Anti‑Cytotoxic T‑Lymphocyte Associated protein 4 agents, such as ipilimumab, are widely applied to various cancers. However, they cause immune‑related adverse effects throughout the body, including the eye. This study examined whether ipilimumab induces retinal and choroidal abnormalities in rodents, and investigated potential underlying mechanisms (Mukai et al., 2023).
The main cause of Ipilimumab's ocular toxicity, an anti-CTLA-4 treatment, is immune-related adverse events (irAEs), which impact the anatomy and physiology of the eye. Conditions like retinopathy and serous retinal detachment are caused by this toxicity, which shows up through a variety of ways, including immune cell infiltration and direct retinal injury.
· Immune Cell Infiltration: It has been demonstrated that ipilimumab treatment significantly increases the infiltration of CD8-positive T cells in the outer retina and CD45-positive cells in the choroid, which leads to structural damage and retinal dysfunction (Mukai et al., 2023). 
· Retinal Damage: According to research using optical coherence tomography (OCT) and electroretinography (ERG), ipilimumab causes outer retinal damage, which is typified by vacuolization and shortening of photoreceptor segments (Mukai et al., 2023).
· Direct Ocular Effects: According to case studies, ipilimumab may cause ocular toxicity without triggering systemic immune responses. One such adverse event is bilateral serous retinal detachment (Crews et al., 2015).
According to Sunyur et al. (2024), keratitis, optic neuritis, uveitis, and dry eye disease are the most commonly reported ocular toxicities. Ocular toxicity risk factors include age, previous ocular immunological illness, and concurrent use of various immunotherapies.
Even though Ipilimumab's ocular toxicity mechanisms are well-established, it's crucial to keep in mind that not all patients will suffer from these side effects. Individual immunological responses and susceptibility to adverse events are variable, as some patients may tolerate the treatment without experiencing major eye issues (Zhou et al., 2022).
3.3.2. Vemurafenib
Vemurafenib is a BRAF inhibitor used in the treatment of BRAF-mutant metastatic melanoma. Because it targets the BRAF mutation seen in around 50% of melanomas, patient outcomes have been greatly improved. However, there are a number of negative effects linked to its use, including eye toxicity. Despite being very uncommon, ocular side effects might affect a patient's quality of life and adherence to treatment when they are receiving vemurafenib therapy. Careful monitoring and management are necessary to provide the best possible results for patients with these problems (Tridente, 2017).
The Ocular Toxicity Mechanisms 
· Acute anterior uveitis, which is characterized by inflammation of the uveal tract and can cause pain and visual problems, has been linked to venemurafenib (Fauviaux et al., 2022). 
· Retinal Changes: Advanced imaging methods such as optical coherence tomography (OCT) can identify MEKAR lesions, which are small, circular lesions in the outer layers of the retina that occur in patients receiving Vemurafenib (Gavric et al., 2018). 
· Photosensitivity: According to Woods et al. (2015), vemurafenib causes photosensitivity, especially in the UVA spectrum, which might worsen eye symptoms and cause retinal damage.
Even though vemurafenib has serious ocular toxicities, these may usually be controlled with the right measures. To better understand their underlying mechanisms and enhance patient outcomes, further research is necessary due to the possibility of these negative effects.
3.3.3. Anti-PD-1
Anti-PD-1 refers to monoclonal antibodies that target the programmed death-1 (PD-1) receptor, a checkpoint protein found on immune cells called T cells. PD-1 normally acts as an “off switch” to prevent T cells from attacking normal cells by binding to its ligand PD-L1, which can be expressed on both normal and cancer cells. Some cancer cells exploit this mechanism by expressing high levels of PD-L1, thereby evading immune attack. Anti-PD-1 drugs block this interaction, effectively releasing the "brakes" on T cells and enabling them to attack cancer cells more effectively (List of Anti-PD-1 and PD-L1 Monoclonal Antibodies (Immune Checkpoint Inhibitors) (Anti-programmed Cell Death-1 (PD-1) Monoclonal Antibodies. 2023).
Numerous ocular immune-related adverse events (irAEs) can result from immune-mediated processes, which are the main mechanism of ocular toxicity linked to anti-PD-1 drugs. These negative consequences originate from the stimulation of T-cell activity, which can unintentionally target ocular tissues, causing inflammation and injury, even while it is advantageous for antitumor responses.  The etiology and clinical implications of these ocular toxicities are described in depth in the sections that follow.
· Immune Activation: Anti-PD-1 treatment increases T-cell responses, which can result in autoimmune reactions that impact the eye, such as uveitis and optic neuropathy (Young et al., 2021). 
· Inflammatory Response: According to Gong et al. (2024) and Young et al. (2020), non-specific immunological activation can result in inflammation in ocular tissues, which can induce symptoms including pain and blurred vision.
· Direct Tissue Damage: Reactivated immune cells' cytotoxic activities can occasionally cause direct harm to the tissues of the eyes, which can exacerbate diseases like keratitis and conjunctivitis (Marshall et al., 2024).
4. Key differences between targeted therapy and chemotherapy in cancer treatment 
Both chemotherapy and targeted therapy are two effective methods for cancer therapy. The difference is that chemotherapy can also kill the normal cells when eliminating the cancer cells. On the other side, the normal cells can survive the targeted therapy, when the growth of cancer cells was limited.
· When comparing the success rates of traditional chemotherapy and targeted therapy, the latter shows promising results. Traditional chemotherapy has a success rate of around 30%. While this is significant, targeted therapy outshines it with its impressive success rate of up to 80% in some cases. This increased effectiveness is largely due to the precision of targeted therapies which aim to limit the growth of cancer cells while sparing normal cells.
· The combination of chemotherapy and targeted therapy is a growing field in cancer treatment. Targeted therapy, when used in conjunction with chemotherapy, can enhance the overall effectiveness of the treatment. Targeted therapy can limit the growth of cancer cells, making them more susceptible to the cell-killing effects of chemotherapy. This combination can potentially lead to better patient outcomes, fewer side effects, and improved quality of life during treatment.
· However, it’s important to note that targeted therapy may not be suitable for everyone. Its effectiveness relies on the presence of specific gene mutations or proteins, which are not found in all types of cancer.
· The decision to recommend targeted therapy over chemotherapy often depends on the type of cancer, its stage, and the patient’s overall health. If the cancer has specific gene mutations or proteins that can be targeted by therapy, then targeted treatment may be the optimal choice.
                                                                                                                             Results 
· In some cases, targeted therapy is recommended when chemotherapy has not been effective, or if the cancer has specific genetic changes that can be targeted. For certain cancers, targeted therapy may even be the first line of treatment (Anshul, 2024b).
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Discussion
1. Overview of targeted therapy types 
Targeted therapy drugs have different side effects than standard or traditional chemotherapy. Some targeted drugs have very few side effects, and others can cause more or more serious problems. There are many different types of targeted drugs, and their side effects depend largely on the type of drug that's given and what it targets.
Since the 2000s, many types of targeted therapies have been developed and used in cancer treatment. Targeted therapies work by selectively inhibiting specific proteins or genetic mutations that are involved in the growth and metastasis of cancer cells. They can be broadly categorized into small molecule kinase inhibitors, monoclonal antibodies, and antibody-drug conjugates. Currently, more than 70 small molecule kinase inhibitors and 10 monoclonal antibodies are licensed and used for cancer treatment, and various targeted therapies are under continuous development. Compared to conventional cytotoxic chemotherapy, targeted therapies have fewer non-specific toxicities such as vomiting, hair loss, and neutropenia. However, due to the shared signaling pathways between cancer and normal tissues, many forms of characteristic side effects are reported (Figure 5). We'll discuss ways to control these side effects to avoid and lessen them while improving the efficacy of treatment (Ryu, 2023).
[image: ]Figure 5 The spectrum of toxicity of targeted therapy by organ (Ryu, 2023).
EGFR TKI, epidermal growth factor receptor tyrosine kinase inhibitor; mAb, monoclonal antibody; mTOR, mammalian target of rapamycin; HER2, human epidermal growth factor receptor 2; ADC, antibody-drug conjugate; CDK, cell cycle dependent kinase; VEGFR, vascular endothelial growth factor receptor; PI3K, phosphoinositol 3-kinase; HFSR, had-foot skin reactions; PARP, poly (ADP-ribose) polymerase.
2. Personalized Medicine and Genetic Profiling in Targeted Therapy
Targeted therapy and personalized medicine are novel emerging disciplines of cancer research intended for treatment and prevention. One of the most significant advancements in modern oncology is the shift from an organ-centric strategy to a personalized strategy guided by deep molecular analysis. This shift in view, which focuses on the tumour's precise molecular changes, has paved the way for individualized treatment. Researchers and clinicians are using targeted therapies to select the best treatment available based on the molecular characterization of malignant cancer. In the treatment of a cancer, personalized medicine entails the use of genetic, immunological, and proteomic profiling to provide therapeutic alternatives as well as prognostic information about cancer (Saeed et al., 2023).
Personalized medicine integrates genomics with clinical and familial histories, revolutionizing healthcare by tailoring treatments to individual patient characteristics. At its core, pharmacogenomics enables the customization of medication prescriptions based on genetic profiles, enhancing drug efficacy and safety. This precision medicine approach addresses disease diagnosis, prevention, and treatment, offering targeted therapies for conditions like autoimmune disorders, rheumatoid arthritis, and neoplastic conditions. Examples of pharmacogenomics and personalized medicine include treatment for certain conditions like blood clotting disorders (warfarin (blood thinner), genetic variability, acute lymphoblastic leukemia (ALL), and thiopurine methyltransferase (TPMT) testing) in leukemia treatment. Historically, personalized medicine has evolved from Hippocrates' humoral theories to modern molecular diagnostics. The shift from cellular to molecular-level investigations has led to the current post-genomic era, emphasizing the four chemical components of DNA in understanding and treating disorders (S & R, 2024).
3. Immunotherapy and its intersection with targeted therapy 
The advent of newer immunotherapeutic and molecularly targeted agents has provided a number of effective options for cancer treatment but has also added much complexity in selecting the best initial treatment or treatment plan for each patient. Molecularly targeted agents offer selectivity and are the cornerstone for “precision medicine.” While targeted agents are associated with high tumor response rates, patients inevitably develop resistance to these drugs. Immunotherapies exploit the endogenous immune system to eradicate cancer and can produce durable disease control that results in long-term, treatment-free survival in some patients. Guidelines for treatment selection in patients with specific tumor types and clinical features are routinely being reconsidered in order to accommodate the increasingly complex treatment landscapes (Atkins & Larkin, 2016).
Over the past decade, immunotherapy has cemented its status as a vital component of cancer care. In particular, immune checkpoint blockade (ICB) agents, most notably inhibitors of the PD-1/PD-L1 and CTLA-4 pathways, have become standard of care for many solid and hematologic malignancies, leading to durable results and improved long-term protection from relapse. This latter effect is likely mediated by the induction of an adaptive immune memory capable of eradicating otherwise obstinate tumor cells. Despite their broad applicability, however, ICB benefits only a limited number of patients (Bergholz et al., 2020).
4. factors influencing the toxicity of targeted therapy
A complex interaction of pharmacological, therapeutic, and biological factors shapes the toxicity of targeted cancer therapy. The molecular makeup of therapeutic drugs, the tumor microenvironment, genetic alterations unique to each patient, interactions with the immune system, and the properties of drug delivery vehicles including lipids and nanoparticles are all important considerations. Recent research highlights that even though targeted therapies aim to specifically eradicate cancer cells, they can nevertheless result in significant toxicities due to host immune responses, off-target effects, and drug resistance. Furthermore, factors like systemic accumulation, metabolic processing, and biocompatibility are important in determining the overall toxicity profile. Personalized treatment plans, sophisticated drug carriers (like ionizable lipids), and predictive machine learning models are some of the new approaches being developed to address these issues and lessen side effects (Eltaib, 2025).
Recent clinical studies have expanded on this fundamental knowledge by demonstrating how particular biological, molecular, and delivery-related aspects affect the toxicity of targeted medicines. For instance, baseline bilirubin levels, KRAS mutations, and carcinoembryonic antigen (CEA) concentrations have been found to be important predictors of both success and toxicity in hepatic arterial infusion pump (HAIP) therapy for metastatic colorectal cancer. notably, thrombocytopenia and elevated liver enzymes have been noted, however they are uncommon side effects (Sawyer et al., 2025). Similar to this, mesothelin-targeted CAR T-cell therapy administered intraperitoneally for esophagogastric cancer has shown little systemic toxicity at clinical doses, suggesting that regional delivery methods may successfully lessen side effects (Choo et al., 2025).
5. Comparative Toxicity Mechanisms of Targeted Therapies
Standard chemotherapy can kill cancer cells due to the higher replication rate compared to normal cells. However, the activity of these drugs is completely unselective for cancer cell and can affect high replication normal tissues causing the well-known side effect. On the other hand, target therapy is able to block the signaling pathways and specific molecular targets of cancer. Targeted treatment has multiple mechanisms of action: inhibition of proliferation, induction of apoptosis, suppression of metastases, regulation of immune function and reversal of multidrug resistance. Recently, the knowledge of the molecular biology of cancer has allowed the introduction in clinical practice of increasingly effective therapeutic strategies. The landscape of target therapy is rapidly changing with the introduction of novel technology, such as next generation sequencing, and the introduction of novel drug approval approach, such as agnostic approval. Furthermore, it's well known, that target therapy could specifically influence the immune system creating a novel scenario in which target therapy is strongly connected with immunotherapy (Botticelli, 2022).
Targeted therapies, including small molecule inhibitors, monoclonal antibodies, and peptide-based therapies, are designed to interfere with specific molecular pathways involved in cancer and other diseases. While these therapies generally exhibit better specificity and reduced systemic toxicity compared to traditional chemotherapeutics, they are not without adverse effects. The toxicity mechanisms often vary based on the target molecule (e.g., EGFR, VEGF, HER2), drug class (e.g., kinase inhibitors vs. immunotherapies), and delivery platform (e.g., nanocarriers, radiopharmaceuticals) (Zhu et al., 2025).
Targeted cancer therapies, though designed for specificity, are often accompanied by distinct toxicity profiles driven by both on-target and off-target mechanisms. Antibody-drug conjugates (ADCs), for example, achieve high specificity via monoclonal antibodies but exhibit toxicities such as hematologic, ocular, and neurological damage due to premature drug release or low-level antigen expression in normal tissues. These effects are often linked to the instability of linkers or internalization inefficiencies, emphasizing the need for structural optimization of ADCs (Jiang, 2025). In contrast, chemotherapy-induced toxicity encompasses both ferroptotic and non-ferroptotic mechanisms. Drugs like cisplatin and doxorubicin trigger ferroptosis through iron overload, lipid peroxidation, and depletion of the GPX4/GSH antioxidant axis, while also inducing apoptosis and necroptosis via oxidative stress and mitochondrial dysfunction (Famurewa et al., 2024). On another frontier, carbon nanotube-mediated photothermal therapy targets cancer cells with laser-activated cytotoxicity. When combined with near-infrared light, these nanomaterials selectively damage cancerous cells by generating reactive oxygen species (ROS), inducing lipid peroxidation and lysosomal disruption minimizing effects on normal tissues due to precise energy targeting (Lotfollahzadeh et al., 2024). These several processes highlight how toxicity is significantly influenced by drug structure, target expression, delivery mode, and cellular redox state. New approaches seek to take advantage of these molecular insights to lessen adverse effects while improving therapeutic index; for example, using antioxidants, such as ginger derivatives, to lessen both ferroptotic and apoptotic organ damage in chemotherapy settings.


6. Role of Drug Delivery Systems in Reducing Toxicity
Drug delivery system is outlined as a technological formulation or a tool that permits the introduction of a drug molecule within the body by controlling the rate, extent and the location of drug release. The development of a novel chemical entity is a very expensive and time-consuming process, and therefore designing of new delivery systems of an already existing drug molecule can significantly enhance the drug safety, efficacy, improve patient compliance, etc. Conventional drug delivery systems such as powders, tablets, capsules, etc., are associated with a variety of drawbacks viz. severe side effects of drugs, multidrug resistance issues, lack of target specificity, etc (Pandita et al., 2022).
While these systems aim to minimize adverse effects by concentrating therapeutic agents in tumor tissues, they can still present challenges related to toxicity. The following sections outline key aspects of how DDS can reduce toxicity in targeted therapies.
6.1. Mechanisms of Toxicity Reduction
· Targeted Delivery: DDS, such as liposomes and nanoparticles, enhance drug accumulation in tumors while sparing healthy tissues, significantly reducing systemic toxicity (Maranhão et al., 2017).
· Biomaterials and Nanomaterials: Innovations in DDS using biomaterials improve drug solubility and stability, which can mitigate toxicity associated with rapid metabolism and poor bioavailability (Zhai et al., 2022).
· Stimuli-Responsive Systems: These systems release drugs in response to specific tumor microenvironments, further limiting exposure to healthy cells and reducing side effects (Dudhe & Thakare, 2024).

7. Mitigating targeted therapy side effects
Targeted therapy toxicity management calls for a multidisciplinary strategy. This entails consistent observation, dosage modifications, the administration of supporting drugs, and perhaps a shift to other treatments. Predicting bad effects and customizing care can also be aided by genetic screening prior to treatment.
Mitigating side effects of targeted therapy can be effectively achieved through personalized medicine, which tailors' treatment based on individual genetic profiles and medical histories. The use of biomarkers plays a crucial role in this process, as they can predict patient responses to therapy and identify those at risk for severe side effects (Karlikova et al., 2015). Additionally, companion diagnostics help pinpoint patients who are most likely to benefit from specific treatments, further enhancing the personalization of care. Pharmacogenomics also contributes significantly by analyzing genetic variations that affect drug responses, allowing for adjustments in treatment plans to minimize adverse reactions. Finally, dose optimization through pharmacokinetic and pharmacodynamic modeling ensures that the therapeutic dose is tailored to each patient, balancing efficacy with the risk of side effects. Together, these approaches create a comprehensive strategy for reducing the adverse effects associated with targeted therapies (Secord et al., 2015).

8. Financial and Ethical Considerations in Targeted Therapy
Targeted therapy in oncology presents significant financial and ethical considerations that impact patients, healthcare systems. Cost-effectiveness analysis plays a crucial role in evaluating whether the benefits of a treatment justify its costs, particularly in oncology where resources are limited (Shih et al., 2015). Additionally, health disparities can significantly impact access to these therapies, leading to unequal treatment outcomes among different population groups. Ethical concerns also arise with off-label use of medications, which, while common in oncology, may lack sufficient evidence and pose risks to patients. Therefore, addressing both financial implications and ethical dilemmas is critical to optimizing targeted therapy and ensuring equitable access to effective treatments for all patients (Karlikova et al., 2015). As these therapies become increasingly expensive, the balance between their costs and the benefits they provide raises critical questions about value and accessibility. The following sections explore these dimensions in detail.
8.1. Financial Implications
· High Costs: Targeted therapies often come with substantial price tags, contributing to financial toxicity, especially among older adults who may face high out-of-pocket expenses under Medicare Part D (Kumar et al., 2024).
· Market Dynamics: The annual global market for cancer drugs is projected to reach $150 billion, yet the benefits of new therapies are often diminishing relative to their costs (Paggio et al., 2017).
8.2. Ethical Considerations
· Value Assessment: Frameworks like the ASCO-VF and ESMO-MCBS attempt to quantify the benefits of therapies, but they often fail to correlate these benefits with costs, complicating ethical decision-making regarding treatment allocation (Paggio et al., 2017).

                                                                                                                    Discussion 
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Conclusion 
By enabling the targeting of particular chemicals linked to the growth of cancer cells, targeted therapies have emerged as one of the most important paradigms shifts in oncology. They offer a more accurate and less harmful substitute for conventional chemotherapy. This study does, however, make it abundantly evident that the clinical difficulties brought on by targeted therapy's toxicity are not resolved by its greater safety.
Toxicity in targeted therapy has been shown not to follow a fixed pattern, but is influenced by a range of factors, including drug class, molecular target, delivery characteristics, and individual patient response. A wide range of side effects have been reported, ranging from cardiovascular, ocular, dermatologic, and gastrointestinal toxicities, requiring careful monitoring and early intervention to avoid complications. 
By analyzing the possible mechanisms of these toxicities, the combination of personalized medicine and modern biotechnology is key to minimizing harm. Genetic screening, along with the use of biomarkers, allows treatment to be tailored to the molecular characteristics of the individual, maximizing the effectiveness of the drug and minimizing the resulting toxicity. 
In this context, advanced drug delivery systems, such as nanoparticles and antibody-associated drugs, offer promising prospects for minimizing unwanted distribution and improving drug selectivity. Although there is limited clinical data available on these technologies, the results of preclinical studies encourage further research in this direction. 
In addition, research on new strategies that have not yet been clinically validated, such as PROTACs, gene and RNA therapies, and targeting the tumor microenvironment, is advancing. These patterns suggest a slow transition to more individualized and adaptable treatments, which could lessen dependency on the toxicity of conventional targeting.
There is also a need to address the immunological challenges resulting from the overlap of targeted therapies with immunotherapy, a critical point that requires a deeper understanding of autoimmune responses and their prediction using emerging immunological signatures. 
Finally, the ethical and economic challenges are as important as the clinical ones. Inequitable access to targeted therapies, especially in resource-limited settings, forces health policies to adopt alternative, more equitable pricing and distribution models, while promoting international cooperation in clinical trials and therapeutic registration. 
Based on the above, it can be said that the success of targeted therapies is not only related to their ability to inhibit the tumor, but also requires a holistic vision that takes into account the privacy of the patient and integrates scientific innovation with clinical practice, within an ethical and regulatory framework that balances efficacy and safety.
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