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Abstract—This review explores the current landscape of
anticancer drug therapies, outlining their
classifications, mechanisms of action, and the
progression of treatment strategies. It highlights the
shift from() conventional chemotherapeutic agents
toward advanced modalities such as targeted therapies,
immunotherapies, monoclonal antibodies, tyrosine
kinase inhibitors, hormone-based treatments, CAR-T
cell therapy, and nanotechnology-enabled drug delivery
systems. These therapeutic approaches function
through diverse mechanisms, including induction of
apoptosis, DNA damage, angiogenesis inhibition, and
modulation of the cell cycle. Despite remarkable
advancements, significant challenges remain,
particularly in overcoming drug resistance, ensuring
equitable global access to therapies, and optimizing
dosing and targeting for personalized treatment.
Emphasis is placed on molecular targeting strategies,
innovations in drug delivery systems, and addressing
resistance mechanisms. Emerging directions include the
integration of genomic profiling for individualized
treatment, refinement of delivery platforms, and
coordinated global efforts to reduce disparities in
cancer care. Ultimately, this review underscores the
importance of continuous innovation and equitable
access to modern cancer therapies to improve patient
outcomes worldwide.
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1. INTRODUCTION

Cancer remains one of the most pressing global
health concerns, with wide-ranging effects on
individuals, families, and societies. Although
advances have been made in prevention, early
detection, and treatment, the disease continues to
impose a heavy burden on healthcare systems
worldwide. A major challenge lies in the unequal
access to modern cancer care, largely due to the lack
of standardized approaches for delivering high-
quality treatment across different regions. To address
these gaps, various global initiatives and
organizations have been established with the aim of
improving cancer care and ensuring equitable access
to treatment.

Currently, cancer stands as one of the leading causes
of morbidity and mortality worldwide, responsible
for approximately 5.5 million deaths annually, a
figure projected to rise to 8.9 million by 2030
(Kawahara et al., 2010; Cancer, 2023) [6, 22, 45].
This burden is particularly severe in low- and middle-
income countries, where fragile healthcare
infrastructures often limit access to effective
prevention, diagnostic services, and treatment options
("Cancer", 2023) [22, 45]. This review provides an
overview of cancer’s epidemiology, its impact on
public health, and ongoing global efforts to manage it
as a critical health challenge.
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With aging populations and lifestyle factors such as
tobacco use and unhealthy diets, the incidence of
cancer continues to rise. Importantly, the disease
disproportionately affects populations in resource-
limited settings, where disparities in healthcare
access and outcomes are most evident (Jackman et
al., 2024) [19]. Beyond its direct health implications,
cancer has far-reaching consequences, straining
families, communities, and healthcare systems.
Effective cancer control therefore requires
comprehensive strategies that integrate prevention,
early detection, and universal access to care.
Universal health coverage plays a vital role in
achieving effective cancer control ("Cancer", 2023)
[22, 45]. Numerous initiatives worldwide are focused
on standardizing cancer care and expanding access to
treatment, particularly in underserved regions.
Collaboration among healthcare professionals and
communities is equally important to raise awareness
and improve cancer-related knowledge ("Cancer",
2023) [22, 45]. Despite these advancements,
significant gaps remain in terms of accessibility,
especially in resource-limited settings. Given the
complex and multifactorial nature of cancer,
continuous research and international cooperation are
essential to achieve better treatment outcomes in the
future.

Pharmacologic therapy is a cornerstone of cancer
management, addressing needs that range from
symptom relief to advanced molecularly targeted
interventions. Its role extends beyond supportive care
to providing systemic treatment for malignant cells
throughout the body, complementing surgery and
radiation  therapy.  Traditional chemotherapy
continues to serve as a first-line option; however,
breakthroughs in molecular biology have introduced
immunotherapies and biologics, which now form an
integral part of contemporary oncology practice (Pont
et al., 2021) [38, 61].

Drug-based therapy is indispensable because it
enables precise modulation of cancer pathways while
minimizing unintended side effects. Advances in
genomics and transcriptomics allow treatments to be
tailored to individual patients, maximizing
therapeutic ~ efficacy. = Additionally,  real-time
molecular imaging technologies, such as PET and
MRI, have enhanced monitoring of drug distribution
and uptake. Innovative delivery systems—such as
liposomes and antibody-drug conjugates—are also
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being developed to improve efficacy and reduce
systemic toxicity, further reinforcing the central role
of pharmacotherapy in modern oncology (Asif, 2023)
[2].

Although surgery and radiotherapy remain frontline
treatment modalities, pharmacotherapy, particularly
chemotherapy, has historically been the foundation of
systemic cancer treatment. Deeper insights into
cancer biology have paved the way for novel
therapeutic options, including immunotherapy and
targeted biologics. These newer agents are often
employed either as standalone therapies or in
combination with chemotherapy, significantly
improving outcomes for the most prevalent cancers,
such as those affecting the lung, breast, prostate,
colon, and skin (Gundy & Nguyen, 2017; Pont et al.,
2021) [15].

The objective of this review is to critically examine
both the progress and challenges in anticancer drug
therapy. Given that cancer remains one of the leading
causes of death worldwide, the development of
effective and highly specific therapeutic strategies is
essential. This work explores advances in anticancer
drugs ranging from conventional chemotherapeutic
agents to next-generation targeted therapies,
immunotherapies, and cutting-edge approaches such
as gene therapy and nanotechnology-based drug
delivery systems.

2. CLASSIFICATION OF ANTICANCER DRUGS

Anticancer agents can be classified in multiple ways
due to the diversity in their mechanisms and
therapeutic targets. A two-tiered system proposed in
recent studies organizes them according to the site of
action—such as tumor vasculature, immune system,
endocrine system, or tumor cells—and their
molecular targets (Ostios-Garcia et al., 2024) [35,
58]. Additionally, pharmacological categorization
uses chromatographic and chemometric data, such as
lipophilicity and molecular descriptors, to predict
biological activity (Gackowski et al., 2021) [13].
Plant-derived compounds also constitute a significant
portion of anticancer agents, which can be broadly
grouped into four -classes: DNA-damaging/pro-
oxidant drugs, methyltransferase inhibitors, mitotic
disruptors, and HDAC inhibitors (Amin et al., 2009)

[1].
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Overall, anticancer drugs can be classified by site of
action, mechanism of action, chemical origin,
pharmacological properties, and molecular targeting
strategy. This multidimensional classification system
is useful in analyzing therapeutic roles and clinical
applications.

2.1 Site and Mechanism of Action

Anticancer drugs act on different biological systems
including tumor cells, tumor vasculature, the immune
system, and the endocrine system. They work by
interfering with molecular pathways or structural
components at these sites (Ostios-Garcia et al., 2024)
[35, 58]. For example, alkylating agents cross-link
DNA to block replication and transcription, while
antimetabolites mimic essential biomolecules to
disrupt DNA and RNA synthesis (Ogawa, 1997).

2.2 Chemical Origins

Another method of classification is based on drug
sources: synthetic compounds, natural products, or
derivatives of natural molecules. Plant-derived agents
are particularly important due to their wide
availability and relatively low toxicity (Amin et al.,
2009) [1]. Examples include plant alkaloids, which
inhibit microtubule formation, and camptothecins,
which block topoisomerase I (Ogawa, 1997) [34, 57].

2.3 Pharmacological Properties

Pharmacological classification involves analyzing
physicochemical properties such as lipophilicity and
molecular descriptors to predict therapeutic activity.
Techniques like chromatography and chemometric
modeling are applied to categorize drugs on this basis
(Gackowski et al., 2021) [13]. However, the
emergence of drugs with novel mechanisms of action
continues to challenge traditional classifications. This
highlights the need for an adaptive system that
accommodates evolving therapies (Chen et al., 2024)

[9].

2.4 Molecular Targeting

Based on molecular targeting, anticancer drugs are

broadly grouped into conventional chemotherapy and

targeted therapy.

e 2.4.1 Conventional Chemotherapy

o Mechanism: Cytotoxic agents act on all rapidly
dividing cells, both malignant and healthy,
leading to systemic toxicity.
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Examples: Alkylating agents, antimetabolites,
topoisomerase inhibitors (Ostios-Garcia et al.,
2024) [35, 58].

Adverse Effects: Common side effects include
nausea, alopecia, and immunosuppression (Keefe
& Stringer, 2010) [23, 46].

2.4.2 Targeted Therapy

Mechanism:  Targets  specific =~ molecular
pathways or receptors involved in cancer growth,
such as EGFR or VEGFR.

Examples: Monoclonal antibodies, small-
molecule tyrosine kinase inhibitors (Bicknell,
2005).

Advantages: More selective, sparing normal
cells, thus reducing side effects (Keefe &
Stringer, 2010) [23, 46].

Limitations: Resistance mechanisms and patient
selection remain significant challenges (Min &
Lee, 2022) [54, 31].

2.4.3 Cell Cycle Specificity
Anticancer  agents  exploit  dysregulated
proliferation in tumor cells by targeting specific
cell cycle phases. For example:

Adriamycin (ADR), Etoposide (VP16): Act
during the S-phase.

Prednisone (PRD): Active in the Gl phase.
Advances in high-throughput screening have
enabled identification of drugs with selective
activity at different cell cycle checkpoints (Bai et
al., 2017; Johnson et al., 2021) [20, 36, 59].

2.4.4 Mechanistic Pathways: Apoptosis, DNA
Damage, and Angiogenesis Inhibition

Apoptosis Induction: Cisplatin triggers caspase
activation; Doxorubicin induces ROS; signaling
pathways such as c-Jun/AP-1 regulate apoptosis
in resistant cells (Havelka et al., 2007; Kim et al.,
2024) [16, 24, 47].

DNA Damage: Agents like doxorubicin and
cisplatin cause oxidative DNA damage, leading
to cell cycle arrest and apoptosis. Concentration-
dependent effects determine whether apoptosis
or cytotoxicity predominates (Mizutani, 2008;
Havelka et al., 2007) [16, 32, 55].

Angiogenesis Inhibition: Certain drugs prevent
tumor growth by blocking blood vessel
formation, depriving tumors of oxygen and
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nutrients. While apoptosis is a major therapeutic
goal, some antitumor responses are independent
of DNA damage, suggesting alternative
mechanisms also contribute (Havelka et al.,
2007; Berndtsson, 2007) [16].

3.1 Monoclonal Antibodies (continued)

b. Rituximab

e Target: CD20 antigen

e Indication: Non-Hodgkin lymphomas and
chronic lymphocytic leukemia

e Mechanism: Rituximab triggers apoptosis and
facilitates immune effector cell recruitment. It
remains a cornerstone in  hematological
malignancy therapy and continues to evolve
through biosimilar versions and antibody—drug
conjugates (ADCs) (Cramer et al., 2021) [10].

3.2 Tyrosine Kinase Inhibitors (TKIs)

TKIs are small-molecule drugs that interfere with
intracellular  phosphorylation cascades, thereby
inhibiting cancer cell growth and survival.

a. Imatinib

Target: BCR-ABL fusion protein

Cancer: Chronic myeloid leukemia (CML)
Mechanism: Selectively inhibits the ABL kinase
domain. Imatinib transformed CML from a fatal

O O O

disease into a manageable condition, marking the
beginning of precision oncology (Hochhaus et
al., 2020) [18].

e b. Erlotinib

o Target: Epidermal Growth Factor Receptor
(EGFR)
Cancer: Non-small cell lung cancer (NSCLC)
Mechanism: Blocks EGFR tyrosine kinase
activity, particularly effective in tumors with
EGFR-activating mutations. Erlotinib and other
EGFR-directed TKIs are standard treatments for
EGFR-mutant NSCLC, though resistance
mutations such as T790M are common (Zhang et
al., 2021) [3].

3.3 Immunotherapy

Immunotherapy with checkpoint inhibitors restores

the ability of the immune system to recognize and

destroy malignant cells, revolutionizing cancer

treatment across multiple tumor types.

e a. PD-1/PD-L1 Inhibitors

IJIRT 185077

o Examples: Pembrolizumab, Nivolumab,
Atezolizumab

o Mechanism: Block PD-1 receptors or their ligand
PD-L1, revitalizing exhausted T-cells. These
agents have shown durable responses in
melanoma, NSCLC, and urothelial carcinoma
(Ribas & Wolchok, 2018) [39, 62].

e b. CTLA-4 Inhibitors

o Example: Ipilimumab

o Mechanism: Promotes T-cell activation by
blocking  CTLA-4  inhibitory  signaling.
Combined PD-1 and CTLA-4 blockade offers
superior outcomes in advanced melanoma, albeit
with higher toxicity levels (Weber et al., 2021)
[44, 67].

3.4 CAR-T Cell Therapy

Chimeric Antigen Receptor T-cell (CAR-T) therapy

involves engineering a patient’s T-cells with genetic

modifications that enable them to recognize and

attack tumor antigens.

e Examples: Tisagenlecleucel,  Axicabtagene
ciloleucel

e Indications: B-cell acute lymphoblastic
leukemia, large B-cell lymphoma

e Mechanism: Redirects modified T-cells to
identify and destroy malignant cells. CAR-T
therapy has demonstrated curative potential in
refractory hematologic cancers, though barriers
such as high cost, complex manufacturing, and
limited efficacy in solid tumors remain (June &
Sadelain, 2018) [21].

3.5 Hormone Therapy

Hormonal manipulation is particularly effective in

breast and prostate cancers that depend on hormone

signaling for growth.

e a. Tamoxifen

o Class: Selective Estrogen Receptor Modulator
(SERM)

o Indication: Estrogen receptor-positive (ER+)
breast cancer

o Mechanism: Blocks estrogen receptors in breast
tissue. Tamoxifen has been a gold-standard
therapy = for  decades, particularly in
premenopausal women (EBCTCG, 2019).
e b. Aromatase Inhibitors

o Examples: Anastrozole
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o Mechanism: Inhibit aromatase, lowering
estrogen levels in postmenopausal women.
Aromatase inhibitors are superior to tamoxifen in
preventing recurrence among postmenopausal
breast cancer patients (Burstein et al., 2019) [5].

4. DRUG RESISTANCE IN CANCER THERAPY

Drug resistance remains one of the most critical

barriers to successful cancer treatment. While initial

responses may be favorable, many tumors relapse or
progress due to adaptive mechanisms. Resistance can
be intrinsic (present before treatment) or acquired

(emerging during therapy) and is shaped by genetic,

epigenetic, and microenvironmental factors.

4.1 Intrinsic vs. Acquired Resistance

e Intrinsic Resistance: Occurs when tumors
inherently lack sensitivity, such as triple-
negative breast cancers that lack ER/PR
receptors and are unresponsive to hormonal
therapy.

e Acquired Resistance: Develops over time due to
mutations, clonal selection, or cellular plasticity.
For instance, NSCLC patients treated with
EGFR inhibitors often acquire resistance via
secondary mutations such as T790M (Chatterjee
et al., 2021) [5].

4.2 Molecular Mechanisms of Resistance

e a Efflux Pumps: Overexpression of ATP-
binding cassette (ABC) transporters like P-
glycoprotein (ABCB1) and MRP1 (ABCC1)
lowers intracellular ~drug  concentrations,
reducing efficacy of agents such as doxorubicin,
paclitaxel, and vincristine. Attempts to block
these pumps face toxicity and redundancy
challenges.

e b. Target Gene Mutations: Mutations in target
proteins (e.g., EGFR T790M, BCR-ABL T315I,
KRAS) reduce drug binding. Similarly,
resistance to checkpoint inhibitors can occur
through JAK1/2 mutations disrupting interferon
signaling (McCoach et al., 2020).

e c. Enhanced DNA Repair: Resistance to DNA-
damaging drugs (e.g., platinum agents, PARP
inhibitors) may arise from reactivation of DNA
repair pathways. BRCA-mutated tumors can
develop resistance through reversion mutations
or improved homologous recombination repair,
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necessitating combination approaches (Liu et al.,

2022) [27].
4.3 Role of the Tumor Microenvironment (TME)
The TME, comprising stromal and immune cells,
cytokines, and extracellular matrix, plays a vital role
in resistance. Hypoxia, for example, promotes
angiogenesis and resistance through HIF-1a. Cancer-
associated  fibroblasts (CAFs) remodel the
extracellular matrix, while immunosuppressive cells
(Tregs, MDSCs) impair the efficacy of
immunotherapies. Strategies such as vascular
normalization and immune modulation are actively
under clinical investigation (Hinshaw & Shevde,
2019) [17].

5. SIDE EFFECTS AND TOXICITY OF
ANTICANCER DRUGS

Although effective, anticancer drugs often produce
toxicities that impact both short-term function and
long-term quality of life (QoL). Toxicities depend not
only on the therapy type (chemotherapy, targeted
therapy, immunotherapy) but also on patient-specific
factors such as age, comorbidities, and genetic
profile.

5.1 Common Acute Side Effects

e Nausea & Vomiting: Frequently caused by
agents such as cisplatin, doxorubicin, and
cyclophosphamide. Modern antiemetic regimens
(NK1 antagonists,  5-HT3 antagonists,
corticosteroids)  have  reduced incidence
significantly (Navari & Aapro, 2016) [33].

e Alopeciaz Common with taxanes and
anthracyclines. Although reversible, it can be
psychologically  distressing. Scalp cooling
devices mitigate chemotherapy-induced alopecia
(Rugo et al., 2017) [40].

e Bone Marrow Suppression: A dose-limiting
effect of many cytotoxic agents (platinums,
alkylating drugs), leading to neutropenia,
anemia, and thrombocytopenia. Supportive
measures include growth factors (e.g., G-CSF)
and dose adjustments (Smith et al., 2015) [42].

5.2 Long-Term Toxicities

e Cardiotoxicity: Anthracyclines and HER2-
targeted therapies (e.g., trastuzumab) can cause
heart dysfunction, ranging from reduced ejection
fraction to irreversible heart failure. Up to 20%
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of treated patients may develop cardiac issues
within five years.

e Neurotoxicity: Includes peripheral neuropathy
(taxanes, platinums), cognitive decline (“chemo
brain”), and CNS toxicity (high-dose
methotrexate). These effects can persist for years
and severely impair daily functioning (Lavoie
Smith et al., 2019) [19].

5.3 Quality of Life (QoL) Considerations

Beyond physical symptoms, cancer treatments affect

fatigue, mood, sleep, and daily functioning.

Incorporating patient-reported outcomes (PROs) in

clinical trials has improved real-world evaluation of

treatment impact. Supportive interventions such as
nutritional  therapy, psychological care, and
rehabilitation services are crucial. While targeted
agents and immunotherapies reduce some side effects
compared to chemotherapy, they also introduce new
immune-related toxicities that affect QoL (Basch et
al., 2017) [4].

6. STRATEGIES TO OVERCOME LIMITATIONS
IN CANCER THERAPY

Despite significant progress, cancer treatment
continues to face challenges such as resistance,
toxicity, and tumor heterogeneity. To address these
issues, modern oncology emphasizes multi-modal
therapy, personalized medicine, and innovative drug
delivery technologies.

6.1 Combination Therapy

Combination regimens integrate agents with distinct
mechanisms to maximize efficacy and delay
resistance. Classic examples include FOLFOX for
colorectal cancer and trastuzumab with paclitaxel in
HER2+ breast cancer. More recently, combinations
such as chemotherapy with immunotherapy (e.g.,
pembrolizumab plus platinum chemotherapy in
NSCLC) are widely used. Although effective, these
regimens require careful management of additive
toxicities (Vasan et al., 2019) [43].

6.2 Personalized Medicine and Pharmacogenomics
Personalized treatment uses genomic and molecular
profiling to adapt therapies to individual tumor
characteristics and patient genetics.
Pharmacogenomic insights help predict drug
metabolism and response (e.g., TPMT with 6-
mercaptopurine, UGT1A1 with irinotecan). Next-
generation sequencing (NGS) enables detection of
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actionable mutations (EGFR, ALK, BRAF), guiding
precise targeted therapies. This approach minimizes
trial-and-error, enhances outcomes, and reduces
adverse events (Dienstmann et al., 2018) [11].

6.3 Nanotechnology in Drug Delivery
Nanotechnology ~ has  revolutionized  cancer
therapeutics by enabling the development of
nanoscale carriers, including liposomes, dendrimers,
and polymeric nanoparticles. These systems enhance
tumor-specific targeting, improve solubility of poorly
water-soluble agents, reduce systemic toxicities, and
allow controlled drug release. Clinically approved
nanodrugs such as Doxil® (liposomal doxorubicin)
and Abraxane® (albumin-bound paclitaxel) have
demonstrated superior tolerability and selective
accumulation in tumors. Current research is moving
toward “smart nanocarriers” that respond to tumor
microenvironment stimuli (e.g., pH, enzymes),
enabling localized and more precise drug release
(Kirtane et al., 2021) [21].

6.4 Biomarker-Guided Therapy

Biomarkers are increasingly being applied as
predictive and prognostic tools to optimize cancer
treatment. Examples include PD-L1 expression for
checkpoint inhibitor response, BRCA1/2 mutations
for predicting PARP inhibitor sensitivity, and MSI-
high/dMMR  status  for  responsiveness  to
immunotherapies in colorectal and endometrial
cancers. Large-scale clinical trials such as NCI-
MATCH and TAPUR exemplify the implementation
of biomarker-driven, precision-guided therapies
(Meric-Bernstam et al., 2021) [30].

7. EMERGING TRENDS AND FUTURE
DIRECTIONS IN ANTICANCER DRUG
DEVELOPMENT

Advances in molecular biology, computational
sciences, and genetic engineering have ushered in a
new era of anticancer drug discovery. Current
innovations emphasize improving therapeutic
efficacy, increasing precision, minimizing toxicities,
and  tackling cancers  previously  deemed
“undruggable.”

7.1 Novel Drugs and Small Molecules

The drug development pipeline now includes small-
molecule inhibitors against targets once thought
intractable, such as KRAS G12C mutations. Agents
like sotorasib (AMG 510) and adagrasib (MRTX849)
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have shown promising outcomes in NSCLC and
colorectal cancers (Canon et al., 2019) [7].
Additionally, Proteolysis-targeting chimeras
(PROTACs) provide an innovative approach by
degrading, rather than inhibiting, proteins, thus
bypassing resistance mechanisms and expanding the
therapeutic spectrum (Pettersson & Crews, 2019)
[37].

7.2 Artificial Intelligence in Drug Discovery
Artificial Intelligence (AI) is reshaping drug
development by predicting drug—target interactions,
optimizing lead compounds, designing new
molecules, and repurposing existing drugs. Tools
such as AlphaFold have significantly improved
protein structure prediction, which is essential for
rational drug design. Al-driven strategies reduce the
time and cost of developing novel anticancer agents,
accelerating the identification of promising drug
candidates.

7.3 Gene-Editing and CRISPR-Based Strategies
CRISPR-Cas9 and related gene-editing tools hold
significant promise in both cancer research and
therapy. High-throughput CRISPR screens are being
used to uncover novel cancer vulnerabilities and
therapeutic targets. Clinically, CRISPR-modified T-
cells are being tested for enhanced immune targeting
of tumors, particularly in refractory cancers (Lu et al.,
2020) [28]. These approaches may allow gene
correction, synthetic lethality-based therapies, and
immune system reprogramming with high precision.
7.4 Cancer Vaccines and Preventive Therapies
Cancer vaccines are emerging as both preventive and
therapeutic tools. Building upon the success of
mRNA vaccine platforms in infectious diseases,
novel mRNA-based vaccines are under investigation
for cancers such as melanoma, lung, and colorectal
cancers (Sahin et al., 2020) [41]. Personalized
neoantigen vaccines, tailored to each patient’s tumor-
specific mutations, are in clinical development and
aim to elicit long-lasting, highly specific immune
responses to reduce recurrence risk.

8. CONCLUSION

Over the past decades, cancer therapeutics have
advanced from broadly cytotoxic chemotherapies to
precision-guided molecular agents and
immunotherapies. Integrating genomics, proteomics,
and bioinformatics has enabled the design of drugs
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that better exploit tumor biology while sparing
healthy tissues.

Despite progress, key challenges persist—including
intrinsic ~ and  acquired  resistance,  tumor
heterogeneity, immune evasion, treatment-related
toxicity, and inequitable global access to advanced
therapies. Addressing these barriers requires
multidisciplinary collaboration among oncologists,
pharmacologists, molecular scientists, and
bioengineers. Ensuring affordability and accessibility
must remain central to progress.

The outlook for cancer therapy is promising, with Al-
powered drug discovery, CRISPR-based
interventions, nanotechnology, and biomarker-driven
precision oncology paving the way for safer, more
effective, and durable  treatments. These
developments are not only extending survival but
also improving the quality of life for patients
worldwide.
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