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Introduction

Doxorubicin, a potent anthracycline antibiotic derived 
from Streptomyces peucetius, has been a cornerstone in 
oncology since its introduction in the 1960s. Alongside 
other anthracyclines such as daunorubicin, idarubicin, 
and epirubicin, it is widely utilized for the treatment 
of diverse malignancies, including breast cancer, 
lymphomas, and leukemias. Its mechanism of action 
primarily involves DNA intercalation and inhibition 
of topoisomerase II, leading to disruption of DNA 
replication and transcription in cancer cells. Apart from 
advantages, Doxorubicin (DOX) has limitations such as 
cardiotoxicity, drug resistance, limited efficacy in certain 
tumor types, and the risk of secondary malignancies. 
To address these limitations, researchers worldwide are 
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exploring novel approaches to maximize the therapeutic 
potential of doxorubicin and minimize its toxicity. This 
review highlights current advancements in doxorubicin 
research, with an emphasis on novel approaches aimed 
at overcoming its inherent limitations and optimizing its 
therapeutic potential in cancer management.

An important area of research is the reduction 
of doxorubicin-induced cardiotoxicity. The use of 
cardioprotective agents and cardiotoxicity monitoring 
are the two approaches that are being probed to achieve 
this goal. Cardioprotective drugs, like dexrazoxane, can 
reduce cardiac injury without compromising the anticancer 
efficacy of doxorubicin.  Enhanced imaging techniques 
and novel biomarkers can help in non-invasive monitoring 
of cardiac function, thereby enabling early detection and 
management of cardiotoxicity. 
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Reversing drug resistance is another key research 
priority for doxorubicin. Combination regimens that target 
signaling pathways associated with drug resistance, such as 
PI3K/AKT and MAPK, to sensitize doxorubicin-resistant 
cancer cells are being explored. Specific inhibitors of 
drug efflux transporters like P-glycoprotein, which 
enhance the intracellular accumulation and cytotoxicity 
of doxorubicin, are also being studied. 

Innovative formulations and prodrug strategies are 
being actively investigated to improve doxorubicin 
delivery, minimize toxicity, and enhance therapeutic 
efficacy. Nanotechnology-based drug delivery platforms 
offer significant potential to increase doxorubicin’s 
precision and effectiveness by reducing off-target 
effects. Liposomal formulations of doxorubicin have 
demonstrated improved pharmacokinetics and reduced 
cardiotoxicity in clinical applications. Additionally, 
prodrug modifications involve the development of 
inactive doxorubicin analogs that are selectively activated 
within the tumor microenvironment, thereby minimizing 
systemic toxicity while maintaining therapeutic potency.

Further, combining doxorubicin with other 
pharmaceuticals, such as immunotherapies and targeted 
therapies, is being investigated to overcome resistance 
and enhance treatment responses. The combination of 
doxorubicin with immune checkpoint inhibitors, for 
example, may enhance immune response against cancer 
and improve outcomes. The tumor microenvironment 
plays a crucial role in cancer progression, therapeutic 
response, and resistance. Targeting the microenvironment 
can enhance doxorubicin action and sensitize cancer 
cells to its effects. Combination therapies that target both 
cancer cells and the microenvironment have the potential 
to overcome resistance and improve treatment outcomes.

Personalized medicine is driving the evolution of 
doxorubicin research. Gene expression profiles, genetic 

polymorphisms, and microRNAs are being analyzed 
to find novel predictive and prognostic biomarkers to 
anticipate individual doxorubicin response and adverse 
effects. Utilizing these biomarkers to personalize dosage 
and treatment methods could maximize efficacy and 
minimize side effects.

Enhancing Safety and Efficacy of Doxorubicin
The concern surrounding cardiotoxicity remains 

significant when using doxorubicin for treatment. 
Doxorubicin induces cardiomyopathy, leading to 
congestive heart failure in a variable proportion of patients, 
depending on duration of treatment and underlying 
morbidities. The effect is dose-dependent and cumulative. 
It limits the extent to which they can be used safely. The 
incidence of heart failure is around 5% at a cumulative dose 
of 400mg/m2 and rises exponentially at higher aggregate 
doses [1]. With chronic administration, cancer survivors 
are exposed to the risk of increased cardiovascular 
morbidity and mortality even years after treatment 
and with lower cumulative doses [2]. The principle 
mechanisms underlying doxorubicin cardiotoxicity are 
reactive oxygen species (ROS) generation and myocardial 
cell apoptosis. Depletion of sarcoplasmic reticulum Ca2+, 
increased Nitric oxide synthase (eNOS), mitochondrial 
dysfunction, dysregulation of autophagy, doxorubicin-iron 
complexes, topoisomerase II beta inhibition are among 
the proposed mechanisms for apoptosis (Figure 1) [3].

Cardioprotective agents
Recent research has been focused on developing 

strategies to mitigate doxorubicin-induced cardiotoxicity 
while preserving its effectiveness against cancer. One 
approach involves the use of cardioprotective agents, which 
have shown promise in reducing cardiac toxicity without 
compromising doxorubicin’s ability to fight cancer [2]. 

Figure 1. Different Mechanisms of Action of Doxorubicin-Induced Cell Death.
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natriuretic peptide (BNP), allow for early identification 
and intervention in individuals at risk of developing 
cardiotoxicity [2, 11]. These efforts aim to enhance 
doxorubicin’s safety profile and improve long-term 
cardiovascular outcomes for cancer patients.

Advancements in Drug Resistance Reversal
The development of drug resistance presents a 

significant challenge to the effectiveness of doxorubicin 
in cancer treatment. Recent research has been dedicated to 
understanding the mechanisms underlying drug resistance 
and developing strategies to overcome it. Doxorubicin 
resistance is a multipronged phenomenon, and it results 
from reduced accumulation of the drug in the nucleus, 
reduced DNA damage and subsequent suppression of 
apoptotic pathways. Combination therapies that target 
these resistance mechanisms have shown promise in 
augmenting the anticancer effects of doxorubicin [3, 12]. 

Inhibition of Drug Efflux Pumps
P-glycoprotein

Multidrug resistance, a significant obstacle in cancer 
treatment, is often linked to the overexpression of drug 
efflux pumps like P-glycoprotein (P-gp), a member 
of the protein family of ATP-binding cassette (ABC) 
transporters, and responsible for actively transporting 
medications out of cancer cells [13, 14]. Inhibiting 
these efflux pumps presents an opportunity to enhance 
treatment outcomes by increasing intracellular drug 
concentrations [15,16]. Currently, various strategies are 
under investigation to inhibit P-gp and influence its role 
in doxorubicin resistance. Combining doxorubicin with 
a P-gp inhibitor, such as verapamil or cyclosporine, has 
shown promising results in animal models and early 
human studies [17]. Moreover, nanotechnology-based 
delivery systems, like nanoparticles or liposomes, can 
be developed to bypass efflux pumps and directly deliver 
doxorubicin into cancer cells, thereby circumventing drug 
resistance mechanisms [15, 18, 19, 20]. 

Targeting Signaling Pathways Associated with Drug 
Resistance

Drug resistance in cancer often arises due to 
disruptions in signaling pathways within cancer cells. 
Researchers are exploring innovative approaches to target 
these pathways and restore doxorubicin sensitivity. The 
rational design of these combination regimens involves 
identifying specific resistance pathways and selecting 
medications that can bypass these processes effectively. 
For instance, combining doxorubicin with DNA repair 
enzyme inhibitors like poly (ADP-ribose) polymerase 
(PARP) inhibitors has shown promise in both preclinical 
models and clinical trials [21]. Targeted treatments that 
disrupt specific signaling pathways associated with drug 
resistance, such as the PI3K/AKT/mTOR and JAK/
STAT pathways, have demonstrated improved treatment 
outcomes when combined with doxorubicin [22, 23]. 
In preclinical studies, MAPK and STAT3 inhibitors, 
have shown promise when used in combination with 
doxorubicin [23, 24]. The investigation of epigenetic 
modulators, like histone deacetylase inhibitors, aims 

Dexrazoxane, an iron chelator, has shown cardioprotective 
efficacy in patients undergoing doxorubicin-based 
chemotherapy regimens. By intracellular iron chelation, 
Dexrazoxane inhibits the formation of iron-mediated 
oxygen free radicals. It is also known to interfere with the 
topoisomerase II beta inhibiting activity of anthracyclines 
[4]. Carvedilol, a non-selective β-adrenergic antagonist 
with some α-antagonist and antioxidant effects, as 
monotherapy or in combination with ACE inhibitors 
(Enalapril) has reduced cardiac morbidity [5]. Studies 
on additional cardiotoxicity mechanisms, apart from 
oxidative stress, can help discover potential novel 
candidates for use as cardioprotective agents in patients 
on doxorubicin treatment. Several pre-clinical trials have 
shown that Doxorubicin (Dox)-induced cardiotoxicity can 
be effectively managed. Sadek et al. demonstrated the 
protective impact of proanthocyanidin on Dox-induced 
cardiotoxicity in rats by enhancing antioxidant levels 
and reducing inflammation. Proanthocyanidin was found 
to downregulate α-SMA and TGFβ1 expression while 
upregulating CDK4 and Rb protein expression, and it 
also reduced the activity of the NF-kB signaling pathway 
[6]. Additionally, Nie et al. reported that hydrogen sulfide 
treatment reduced endoplasmic reticulum stress and 
autophagy, leading to an increase in PI3K/AKT/mTOR 
protein expression, ultimately reducing myocardial 
fibrosis in Dox-treated rats [7]. The anti-allergy drug 
Tranilast improved Dox-induced myocardial hypertrophy 
and cardiac dysfunction by suppressing chymase 
expression, reducing angiotensin II levels, and modulating 
antioxidant levels. This intervention effectively prevented 
apoptosis and cardiomyocyte fibrosis [8]. Furthermore, 
Ahmed et al. demonstrated the beneficial effects of methyl 
gallate in mitigating oxidative stress, cardiac injury, ECG 
abnormalities, and the modulation of cardiac-related 
biochemical parameters in Dox-induced alterations in rats 
[9]. Finally, a bioactive peptide known as Xinmailong, 
extracted from American cockroaches, alleviated Dox-
induced oxidative stress, enhanced antioxidant activity, 
upregulated HO-1 expression, restored lysosomal 
function, and improved autophagy flux block in Dox-
treated H9c2 cells [10].

Cardiotoxicity monitoring
Despite the introduction of cardioprotective agents, 

cardiotoxicity remains an important concern with 
doxorubicin therapy. Monitoring for early detection 
before the clinical onset of cardiomyopathy is of 
paramount importance in the management of patients 
receiving anthracycline-based chemotherapy. This 
allows early intervention at the subclinical stages for 
better outcomes. Traditionally, serial echocardiography 
(2D ECHO) based monitoring of cardiac function 
has been used for cardiotoxicity screening in patients 
receiving chemotherapy. In absence of clinical symptoms, 
cardiotoxicity is generally defined as a fall in left 
ventricular ejection fraction (LVEF) by more than 10%, 
or from baseline to less than 55% (or the lower limit of 
normal of the ECHO lab). Novel imaging methods like 
cardiac magnetic resonance imaging (CMR), as well as 
the utilization of biomarkers such as troponin and B-type 
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to reverse drug resistance by altering gene expression 
patterns [25]. In cells exposed to DOX, the activation 
of Nrf2 signaling serves as a protective mechanism 
against cell death. Nrf2 is regulated by various upstream 
mediators in the context of DOX resistance. Given the 
pivotal role of Nrf2 signaling in potentially triggering 
resistance to DOX, significant attention has been focused 
on targeting this pathway to reverse chemoresistance. To 
address this objective, Singh and their colleagues have 
developed a small molecule inhibitor of Nrf2 signaling 
called ML385, which binds to the Neh1 domain of Nrf2 
and impedes its DNA binding activity. This action results 
in an enhancement of DOX’s anti-tumor efficacy against 
lung cancer cells [26]. In a separate study conducted by 
Mutlu et al., the analysis revealed differential expression 
of 186 genes in doxorubicin-sensitive and -resistant HeLa 
and K562 cell lines. Besides genes associated with the 
Wnt signaling pathway, genes responsible for regulating 
cell cycle, apoptosis, and drug metabolism (CDKN1A, 
CCND1, BAX, FAS), growth factors and their receptors 
(FGF2, IGF1R, IGF2R, MET), various transcription 
factors (HIF1A, NFKB1, NFKB2, RANK), as well as 
enzymes like CYP2E1 and CYP3A5, exhibited significant 
differences between the doxorubicin-resistant HeLa and 
K562 cell lines [27]. By addressing the dysregulated 
signaling pathways that contribute to drug resistance, 
researchers are striving to make significant advancements 
in cancer therapy, improving the effectiveness of 
doxorubicin and potentially leading to better patient 
outcomes. These innovative approaches hold the potential 
to enhance the efficacy of doxorubicin and overcome drug 
resistance in cancer patients, offering new possibilities in 
the fight against cancer [17].

Novel Anthracycline Analogues and tumor targeted 
formulations

Strategies for improving the efficacy and safety 
of anthracyclines have moved along two domains: 
development of novel structural analogues and 
development of tumor-targeted formulations.

Designing Safer and More Effective Anthracycline 
Analogues

Much scientific work is focused on modifying the 
chemical structure of anthracyclines, to improve their 
therapeutic index and cardiotoxicity, while preserving 
their anticancer activity. These studies are guided by 
the biophysical principles of rational drug design and 
structure-function relationships.

One approach involves designing analogues with 
altered sugar moieties or amino sugar substitutions, which 
can influence drug stability, cellular absorption, and 
cardiotoxicity [28]. Modified analogues of doxorubicin 
are relatively less cardiotoxic than conventional 
doxorubicin. Epirubicin is a semisynthetic derivative 
of doxorubicin obtained by epimerization of a hydroxyl 
group in the amino sugar moiety (Figure 2). Due to better 
clearance and shorter half-life, it can be administered at 
higher cumulative doses and exhibits lower incidence of 
cardiotoxicity [29]. Recent research has been concentrated 
on altering the substituents on the anthracycline core 
structure to improve drug stability, lipophilicity, and 
cellular uptake. For instance, introducing lipophilic 
side chains or utilizing prodrug approaches can enhance 
intracellular accumulation of anthracyclines and 
overcome drug resistance mechanisms [30]. Additionally, 
researchers are studying structural modifications in the 
DNA-binding region of anthracyclines to increase their 
selectivity for cancer cells and reduce off-target effects 
[29, 30, 31].

Tumor targeted formulations
Targeted therapy utilizing novel drug delivery 

techniques to enhance the effectiveness and safety profile 
of doxorubicin has been a focus area in anthracycline 
research. The broad categories of research in this area 
are: i) carrier formulations like liposomal drug delivery 
systems that preferentially distribute the drug within 
tumors, and ii) conjugated carriers which specifically 
recognize targets/ligands on tumor cells for delivery 
(Figure 3).

Figure 2. Doxorubicin and Its derivatives Epirubicin, Idarubicin and Daunorubicin is Derived from an Axial-to-Equatorial 
Epimerization of Hydroxyl Group (adapted from Minotti et al, 2004).
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Liposomal preparations of doxorubicin enhance 
drug delivery and bioavailability at the specific target 
organ, with reduced exposure to healthy tissues [31]. A 
polyethylene glycol (PEG) coating around the liposome 
bilayer further serves to protect the molecule from 
phagocytosis by mononuclear cells improving the plasma 
half-life. Pegylated liposomal doxorubicin formulations 
have demonstrated success in the therapy of ovarian and 
breast cancers with reduced cardiotoxicity [31,32]. 

Apart from liposomes, polymeric nanoparticles and 
mesoporous silica nanoparticles are being explored, to 
enable break down and release of drugs at controlled rates, 
enhancing drug accumulation and minimizing exposure 
to healthy tissues [33].  Surface modifications and ligand-
based targeting is used to further optimize the stability 
and cancer specificity of nanoparticles. Conjugation 
strategies have been explored to attach various targeting 
ligands to anthracycline nanoparticles, to enable them to 
preferentially bind to cancer cells, improving selective 
delivery and minimizing off-target toxicity [28, 33]. They 
target tumors more effectively and are more amenable for 
combination therapy strategies [34]. Recently, Yang et al., 
demonstrated that a drug delivery system (LPS-RGD-
Nb36-DOX) encompasses doxorubicin and anti-CTLA-4 
Nb co-loaded and RGD specifically target tumor cells 
and enhance CD8+ T-cell activation. Moreover, in vivo 
experiments revealed the effectively directs treatment to 
tumor sites, stimulates T-cell proliferation, and elevates 
pro-inflammatory cytokine production. This combined 
therapeutic approach shows promise for synergistic tumor 
elimination, allowing for reduced chemotherapy doses and 
enhanced safety profiles [35] 

Combination Strategies to Optimize Doxorubicin 
Treatment
Combination Therapies with Other Anti-Cancer Agents

To enhance the effectiveness of doxorubicin treatment 
and combat drug resistance, researchers have explored 
combining it with other anti-cancer medications. Recent 
studies have focused into various combination regimens 

that capitalize on the synergistic interactions between 
doxorubicin and other drugs. For instance, combining 
doxorubicin with taxanes like paclitaxel or docetaxel 
has demonstrated improved response rates and survival 
outcomes in breast cancer and other solid tumors [36, 37]. 
Park et al. and others employed pre-clinical models of 
breast and prostate cancer to illustrate that the combination 
of doxorubicin and the mitochondrio toxic Hsp90 
inhibitor, gamitrinib, resulted in a remarkable reduction in 
the in vivo tumor growth in prostate and breast xenograft 
models, without an increase in cardiotoxicity [37, 38, 
39]. In a study by Pondugula et al., it was demonstrated 
that a combination chemotherapy regimen of doxorubicin 
(DOX) and cyclophosphamide (CPS) did not induce 
significant hepatotoxicity in male C57BL/6J mice [40, 
41]. More recently, Urla et al. used sildenafil, a potent 
and selective inhibitor of cGMP-specific PDE5, in human 
rhabdomyosarcoma (RMS) cell lines RH30 and RD. 
Their findings revealed that the combination of sildenafil 
with doxorubicin significantly increased the proportion 
of apoptotic cells and the production of reactive oxygen 
species (ROS) compared to treatment with Sildenafil 
alone. These results suggest that combining sildenafil 
with doxorubicin may hold promise as an approach in 
the treatment of pediatric RMS [42]. These combination 
approaches hold the potential to heighten doxorubicin’s 
efficacy and expand its utility in various types of cancer.

Combinatorial Approaches with Immunotherapy
The landscape of cancer treatment has been 

revolutionized by immunotherapy, which leverages the 
immune system’s capability to identify and eliminate 
cancer cells [43, 44]. Doxorubicin has shown the ability to 
induce immunogenic cell death and stimulate anti-tumor 
immune responses, making it an attractive candidate for 
combination with immunotherapeutic interventions [20]. 
The integration of doxorubicin with targeted therapies, 
such as tyrosine kinase inhibitors or immune checkpoint 
inhibitors (ICI) viz. anti-PD-1 or anti-CTLA-4 antibodies, 
has shown promising results in preclinical models 

Figure 3. Schematic of PEGylated Liposomal Doxorubicin (PLD) Structure. It consists of a Doxorubicin loaded core 
within a liposomal formulation protected by methyoxypolyethylene glycol (Modified from SA Engelberth et al, Crit 
Rev Oncol, 2014) 
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and early-phase clinical studies, as it leverages their 
complementary modes of action, enhancing the immune 
response, and overcoming immunosuppression within 
the tumor microenvironment [45, 46, 47, 48, 49, 50]. 
Furthermore, the exploration of chimeric antigen receptor 
(CAR) T-cell therapy in combination with doxorubicin 
aims to target specific tumor antigens, leading to increased 
tumor cell destruction [49]. These combined approaches 
offer exciting prospects for augmenting doxorubicin’s 
therapeutic impact in cancer treatment.

Concurrent Radiation Therapy and Doxorubicin
Recent research has shown that combining doxorubicin 

with radiation therapy can significantly improve patient 
outcomes, especially for locally advanced tumors or 
those that cannot be surgically removed. Scientists have 
investigated the optimal sequencing, timing, and dosage 
of doxorubicin and radiation therapy to achieve maximum 
therapeutic synergy. Preclinical studies indicate that 
doxorubicin can increase the sensitivity of tumor cells 
to radiation-induced DNA damage, leading in improved 
tumor control [51]. Clinical trials have been conducted 
to assess the effectiveness of concurrent or sequential 
administration of doxorubicin and radiation therapy in 
various cancer types, including sarcoma, breast cancer, 
and head and neck cancer [51, 52, 53]. These combined 
approaches hold the potential to enhance local tumor 
management and increase the chances of achieving 
curative outcomes for patients.

Photodynamic Therapy with Doxorubicin
Photodynamic therapy (PDT) is an emerging treatment 

approach that involves utilizing a photosensitizer and 
light to selectively kill cancer cells. Recent research has 
explored the potential benefits of combining doxorubicin 
with PDT to enhance its therapeutic effectiveness. Several 
studies have demonstrated increased cancer cell death 
and tumor regression with combination of doxorubicin 
and PDT [54]. One of the key advantages of PDT is its 
localized and focused nature, which allows for precise 
tumor ablation while minimizing damage to surrounding 
healthy tissues. To further improve the efficacy of 
doxorubicin and PDT, researchers are investigating 
various methods, including the development of new 
photosensitizers and advanced light delivery systems 
[18, 54]. These ongoing developments hold the potential 
to expand cancer treatment options, offering a promising 
avenue for enhancing the therapeutic outcomes of 
doxorubicin and PDT in the fight against cancer.

Gene Therapy Approaches
Gene therapy represents an innovative approach to 

enhance the efficacy of doxorubicin by targeting specific 
genetic abnormalities within cancer cells. Recent research 
has delved into using gene therapy to sensitize cancer cells 
to the lethal effects of doxorubicin. One strategy involves 
the overexpression of genes, such as p53, to restore tumor 
suppressor function and increase doxorubicin-induced 
apoptosis [55]. Chen et al. created a multifunctional carrier 
by utilizing a polycationic brush with “cyclodextrin-
containing star polymers” as side chains to co-deliver DOX 

and a p53 gene. These complexes effectively transported 
both DOX and the p53 gene into the same cells and 
demonstrated high transfection efficiency in MCF-7 breast 
cancer cells. The authors observed an improved inhibition 
of cell growth with a reduced DOX dosage, which was 
attributed to the synergistic effect of co-delivering DOX 
and a p53-encoding gene. This discovery offers an 
efficient strategy for developing a co-delivery system for 
combination therapy [56]. In a separate study, Medrano et 
al. demonstrated that combining p19Arf/IFNβ with Dox 
(p19Arf/IFNβ + Dox) significantly increased cell death in 
vitro, enabling the use of a lower dose of adenovirus and 
Dox. This combination also boosted the immunogenicity 
of treated cells by enhancing ATP secretion and exposing 
HMGB1. In a therapeutic vaccine model, this approach 
resulted in superior antitumor protection compared to 
single therapy [57]. Moreover, gene-editing tools like 
CRISPR-Cas9 are being explored for their potential to 
modify genes involved in drug resistance pathways, 
thereby enhancing doxorubicin sensitivity [58]. These 
gene therapy techniques offer promising opportunities 
to overcome drug resistance and improve the therapeutic 
effects of doxorubicin in cancer treatment.

Photothermal Therapy in Combination with Doxorubicin: 
A Promising Cancer Treatment Strategy

Photothermal therapy (PTT) has emerged as a 
promising cancer treatment method, utilizing the unique 
properties of light-absorbing materials such as gold 
nanoparticles (AuNPs), carbon nanotubes (CNTs), and 
graphene oxide (GO) to elicit localized hyperthermia 
and tumor cell death [59]. PTT has the potential to 
improve treatment efficacy while minimizing systemic 
adverse effects when combined with conventional 
chemotherapeutic agents such as doxorubicin (DOX). 
Hyperthermia induced by PTT can enhance DOX uptake 
and intracellular release, thereby increasing its cytotoxicity. 
In addition, the local hyperthermia generated by PTT 
can elicit normalization of tumor vascularity, thereby 
enhancing DOX delivery to the tumor site. This synergistic 
strategy has the potential to decrease DOX concentrations, 
thereby reducing systemic toxicity [60, 61, 62].  L’Ecuyer 
et al, demonstrated in H9C2 cardiac myoblasts that the 
reduction of oxidative stress-induced activation of the 
DNA damage pathway and consequent cell death by mild 
hypothermia supports a possible protective role to reduce 
the clinical impact of DOX-induced cardiac toxicity [63].   
Zhang et al., demonstrated that hollow polydopamine 
(HPDA)/Au@DOX accelerated DOX release and 
enhanced uptake by A549 cells, furthermore Both in 
vitro and in vivo experiments demonstrated that the 
photothermal-chemotherapy combination group (HPDA/
Au@DOX+NIR) exhibited stronger anti-metastatic and 
anti-tumor activities compared to the monotherapy group 
(DOX) [64]. In support, Salvador et al, demonstrated 
that hyperthermia enhances DOX effect through cell 
cycle arrest, oxidative stress, and apoptotic cell death 
[65]. Several ongoing clinical trials are evaluating the 
safety and efficacy of PTT in combination with DOX for 
various forms of cancer. These clinical trials are essential 
for translating promising preclinical results into clinical 
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practice. However, issues such as optimizing treatment 
procedures, assuring precise targeting, and minimizing 
potential adverse effects must be solved to make this 
combination therapy more broadly available.

Targeting Specific Tumor Types
Doxorubicin in Breast Cancer

Breast cancer stands as one of the most prevalent 
cancers worldwide, and doxorubicin has been a 
fundamental component of breast cancer treatment for 
many years. Nevertheless, there is a growing necessity 
to optimize its usage to achieve maximum effectiveness 
while minimizing toxicity. Recent research has been 
dedicated to refining the administration schedules and 
dosage regimens of doxorubicin for breast cancer 
treatment. Al-Mahayri ZN et al. demonstrated that a dose-
dense administration of doxorubicin in combination with 
other chemotherapeutic agents improved response rates 
and overall survival in early-stage breast cancer patients 
[36]. Swain et al. [4] demonstrated that dexrazoxane 
significantly lowered the incidence of cardiotoxicity in 
breast cancer patients undergoing doxorubicin-based 
chemotherapy while preserving its effectiveness. Other 
studies have sought to identify predictive biomarkers 
that can aid in selecting patients likely to benefit from 
doxorubicin-based therapies. For instance, the recognition 
of HER2/neu gene amplification and overexpression as 
predictive biomarkers has led to targeted therapies like 
trastuzumab in combination with doxorubicin, leading 
to improved outcomes for HER2-positive breast cancer 
patients [53]. Researchers are constantly exploring novel 
targeted approaches and combination therapies to enhance 
the efficacy of doxorubicin in breast cancer treatment.

Doxorubicin in Hematological Malignancies
Doxorubicin plays a crucial role in treating 

hematological cancers e.g., leukemia, Hodgkin’s/ Non-
Hodgkin’s lymphoma, multiple myeloma. However, its 
clinical application is limited by dose-dependent toxicity, 
particularly cardiotoxicity. Ongoing research aims to 
optimize the use of doxorubicin in hematological cancer 
treatment by reducing toxicity, boosting effectiveness, 
and identifying innovative targeted approaches [5]. 
One approach involves using cardioprotective agents, 
like dexrazoxane, to reduce doxorubicin-induced 
cardiotoxicity [4]. Additionally, researchers are exploring 
the potential of combining doxorubicin with targeted 
therapies, such as tyrosine kinase inhibitors (TKIs) or 
immunomodulatory compounds, to enhance its anticancer 
effects. An example is the combination of doxorubicin 
with rituximab, a monoclonal anti-CD20 antibody, which 
has shown improved outcomes for patients with diffuse 
large B-cell lymphoma [65]. These efforts are expected to 
lead to better treatment outcomes and improved quality of 
life for patients with hematological malignancies.

Doxorubicin in Other Solid Tumors
As a chemotherapeutic drug for solid tumors, 

doxorubicin has encountered challenges in treating 
certain tumor types due to inherent or acquired resistance. 

Various approaches to overcome chemoresistance and 
enhance therapeutic effectiveness are being explored. 
One strategy involves combining doxorubicin with 
other chemotherapeutic agents or targeted therapies. The 
combination of doxorubicin with ifosfamide has shown 
improved response rates and progression-free survival in 
treating advanced soft tissue sarcomas [66]. Novel drug 
delivery systems are also being developed to enhance 
doxorubicin’s ability to target tumors more effectively. 
Nanoparticle-based formulations, like liposomes and 
polymeric nanoparticles, show promise in improving 
drug delivery while reducing systemic toxicity [67, 68]. 
Further, researchers are investigating the use of imaging 
techniques and biomarkers to predict doxorubicin response 
and monitor treatment efficacy in solid tumors. For 
example, positron emission tomography (PET) imaging 
with 18F-fluorodeoxyglucose (FDG) is being explored 
as a potential tool for assessing doxorubicin response in 
various solid tumors [29]. In colon cancer, doxorubicin 
resistance was reverted by targeting steroid receptor 
activator (SRC). Authors found that SRC act as common 
signaling node, leading to the overexpression of RTKs 
like EGFR and IGF-1R thereby elevating downstream 
AKT in doxorubicin resistant colon cancer cells, and 
combination of SRC inhibition with doxorubicin sensitizes 
these resistance cells by inducing apoptosis [69]. Bi et 
al. presented the initial findings showcasing the use of 
doxorubicin-loaded CalliSpheres® beads in transarterial 
chemoembolization (DEB-TACE) for patients with 
unresectable or recurrent esophageal carcinoma. The 
authors compellingly demonstrated that DEB-TACE is 
a secure and viable therapeutic approach, suggesting 
its inclusion among the treatment alternatives for such 
patients [69, 70]. In the recently completed Phase-3 
ATLANTIS trial focusing on small cell lung cancer 
(SCLC), the researchers revealed that the combined 
treatment of lurbinectedin (a synthetic marine-derived 
anticancer agent) and doxorubicin did not result in an 
enhancement of overall survival compared to the control 
group in patients with relapsed SCLC. Nevertheless, the 
lurbinectedin plus doxorubicin combination exhibited 
a more favorable hematological safety profile when 
compared to the control group [71, 72]. In their 
investigations of prostate cancer through both in vitro 
and in vivo studies, Su et al. unequivocally illustrated the 
effectiveness of employing DOX nanomicelles tailored 
for prostate cancer targeting, coupled with photothermal 
therapy, as a successful treatment strategy for castration-
resistant prostate cancer (CRPC) [73].These ongoing 
developments aim to enhance the therapeutic efficacy 
of doxorubicin in treating solid tumors and overcome 
resistance hurdles, ultimately improving patient outcomes.

Personalized Approaches in Doxorubicin Therapy
Currently, there is ongoing research in the field 

of identifying predictive biomarkers for doxorubicin 
response. Recent studies have been primarily focused on 
pinpointing molecular signals that could be utilized to 
predict how patients will respond to doxorubicin and aid 
in tailoring treatment approaches.
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Genetic Variations and Pharmacogenomics
The response to doxorubicin treatment can be influenced 

by individual genetic variations. Pharmacogenomic 
research has been dedicated to identifying genetic 
differences associated with both doxorubicin’s effectiveness 
and potential side effects. Researchers have explored 
drug transporter expression levels, such as ATP-binding 
cassette (ABC) transporters, which have shown potential 
as biomarkers for predicting doxorubicin resistance [74]. 
Additionally, there have been investigations into genetic 
changes in drug metabolism enzymes like carbonyl 
reductase 1 (CBR1) [75], UDP-glucuronosyltransferases 
(UGTs) and cytochrome P450 enzymes, to assess their 
impact on doxorubicin’s effectiveness and toxicity. 
Through genome-wide association studies (GWAS), single 
nucleotide polymorphisms (SNPs) in genes related to drug 
metabolism, drug transport, and DNA repair pathways 
have been discovered that can modify doxorubicin 
response [76]. By integrating pharmacogenomic data into 
treatment decisions, it becomes possible to personalize 
doxorubicin therapy based on an individual’s genetic 
profile, reducing undesirable effects, and improving 
treatment outcomes. 

Individualized Dosing Strategies
To optimize the benefits of doxorubicin treatment 

and reduce its toxicity, personalized dosing regimens 
can be implemented. Recent research has focused on 
tailoring dosing techniques based on individual patient 
characteristics and pharmacokinetic data. Pharmacokinetic 
modeling and simulation methods have been employed 
to guide dose adjustments, considering factors such as 
age, body surface area, renal function, and concurrent 
administration of other medications [77]. Moreover, 
therapeutic drug monitoring (TDM) strategies, including 
monitoring doxorubicin concentrations in blood or 
saliva samples, have been investigated to assist in dose 
modifications and ensure adequate drug exposure [77]. 
These personalized dosing approaches hold great promise 
in maximizing doxorubicin’s therapeutic benefits while 
minimizing the risk of adverse effects.

Future perspectives
The development and evaluation of doxorubicin 

and its formulations require accurate preclinical models 
and predictive tests. Three-dimensional cancer models, 
patient-derived xenografts (PDX), and organoids better 
simulate the tumor microenvironment and predict 
medication response. Organ-on-a-chip and microfluidic 
technologies can also allow evaluation of doxorubicin’s 
effects on various organ systems, predicting toxicity 
and efficacy.  To simulate clinical scenarios, long-term 
studies of anthracycline cardiotoxicity in animals must 
take precedence over short-term in vitro treatments of 
isolated cells. 

There is need to study alternative mechanisms of 
anthracycline cardiotoxicity and identify noninvasive or 
systemic markers that predict or indicate early cardiac 
damage. With the advent of combination therapy, there is 
need to determine the interactions between the modalities, 
including toxicity. Applying doxorubicin research to 

clinical practice requires well-designed clinical trials of 
innovative treatments, such as combination therapies, 
tailored delivery systems, and precision medicine 
strategies. A recent study indicates that combining anti-
programmed cell death receptor 1 (PD-1) immunotherapy 
with standard-of-care chemotherapy is a safe approach and 
may enhance therapeutic efficacy in the management of 
metastatic soft-tissue sarcoma [78]. In a phase I clinical 
trial combination of pembrolizumab and doxorubicin 
showed an encouraging response rate and robust T cell 
response dynamics in anthracycline-naïve patients with 
mTNBC [79] 

Future doxorubicin research will continue to focus on 
addressing cardiotoxicity, drug resistance, limited efficacy, 
and secondary malignancies. Cardiovascular protection, 
drug resistance reversal, individualized medicine, 
nanotechnology, combination therapies, innovative 
formulations, microenvironment targeting, precise drug 
delivery, preclinical models, and clinical trials will shape 
the future of doxorubicin therapy. By integrating the 
latest scientific advancements and innovative therapeutic 
strategies, we are moving towards a more effective and 
targeted use of doxorubicin in cancer treatment, ultimately 
leading to improved patient outcomes and enhanced 
quality of life.
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