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Preface 

This book, Statins – Emerging Trends in Heart and Cancer Treatment, presents the 
current status of statins as repurposed drugs to reduce cholesterol and cardiotoxicity 
caused in cancer patients. Various clinical trials and observations continue to place 
statins under scrutiny, prompting calls for extensive clinical studies. 

Statins have been used for cardiovascular protection and lipid-lowering for the past 
half-century. However, over four to five years of continuous use of statins has been 
in controversy over statin adverse or toxic carcinogenic effects, which has often 
caught the attention of the public about its continuous daily use, while governmental 
agencies and authorities remained silent spectators with limited clinical evidence 
of statin safety. The success of optimal low-dose statin use over the years in lipid- 
lowering and myocardial oxygen-utilization effects has motivated pharmaceutical 
manufacturers to continuously push hard the statin drugs as monotherapy for 
improving heart health, cardiovascular blood circulation, and safe repurposed 
adjunct statins given with chemotherapy, radiotherapy, immunotherapy, and 
antioxidants in combination therapy to cancer survivors. On the other hand, some 
statins have been restricted to low doses of simvastatin, atorvastatin, and rosuvas-
tatin to avoid muscle weakness. 

The present book highlights the growing potential of existing and emerging statin 
drugs in both high cholesterol management and enhancing oxygen utilization in 
the cardiovascular system. Another major focus is statins as repurposed anticancer 
adjunct therapy. 

The book is presented in two sections. 

Section 1 focuses on an introduction to statins, lipid-lowering concepts, trans-
formed prenylation mechanism of repurposed statin anticancer actions, such as 
antiproliferation, anti-inflammatory, anti-apoptosis, anti-autophagy, antioxidant, 
anti-immunogenic, and anti-cell cycle control mechanisms, to define the meaning 
of ‘repurposed statins’ apart from statin-induced cholesterol-lowering HMG-CoA 
reductase enzyme inhibition action. 

The routine use of statins in patients at risk of diabetes mellitus (T2DM) or metabolic 
dysfunction-associated steatotic liver disease (MASLD) shows the differences in 
males and females for lipid-lowering and reduced oxygen among cancer survivors. 

Section 2 focuses on synergistic effects, including anti-inflammatory, antioxidant, 
endothelial-protective, and antithrombotic properties. These effects enhance the 
benefits of different statins when combined with chemotherapies, immunotherapies, 
targeted therapies, and cell-cycle control-point therapies. 



IV

The emerging field of nanotechnology is highlighted in the development of statin-based 
nanoformulations for ‘trimodal therapy’. Different pleiotropic factors influence the 
anti-inflammatory, antioxidant, endothelial-protective, and antithrombotic proper-
ties. The nanoformulations show benefits in cardiovascular prevention, along with 
lipid lowering, when combined with statins administered and beyond in statin-based 
combination cancer therapies given to cancer patients. 

The Perspective Chapter: Statins Use in Cancer Treatment – Unraveling the Mechanisms 
and Future Therapeutic Frontiers compiles a global effort on defining different types 
of statins with their cardiovascular protection mechanisms in cancer survivors with 
specific focus on newly identified statin-repurposed mechanisms of synergistic 
characteristics as stimulators of apoptosis and autophagy with antiproliferative, 
anti-angiogenic, anti-immunogenic, anti-inflammatory, anti-cell growth and CAR-T 
therapeutic potentials in tumor cells to enhance the patient outcomes as tumor 
growth or recurrence predictors, monitors and biosensors. The chapter also focuses 
on unmet challenges, hype, the need for extensive research and clinical trials, and 
investigations to justify statins as potential options in cancer treatment. 

Chapter 2, Perspective Chapter: Sex Differences during Statin Therapy in Patients with 
Elevated Risk of Cardiovascular Disease and Cancer, recommends the latest guidelines 
on statin therapy for male vs female patients with established cardiovascular disease 
(CVD), type 2 diabetes mellitus (T2DM), or metabolic dysfunction-associated 
steatotic liver disease (MASLD). The potential of statin actions is highlighted among 
males and females as possible sex differences in the effect of statin treatment on the 
development of different cancer types and CVD risk factors in patients with T2DM 
and MASLD. 

Chapter 3, Statin Nanoformulation Methods in Cancer Theranosis: Trimodal Therapy, 
presents several preclinical evidences and clinical applications of statin use in oncol-
ogy with emphasis on the low solubility and bioavailability of statins given with 
chemo-radiotherapy ‘trimodal’ drugs. The statin-chemodrug nanoformulations as 
nanomedicines enhance statin and chemodrug delivery, solubility, stability, and tar-
geting, thereby achieving maximum anticancer therapeutic efficacy with maximum 
accumulation of nanomedicines in tumors, without any side effects. The author pro-
poses and advocates “Trimodal Therapy” in the present chapter on the development 
of statin-loaded nanoformulations of liposomes, micelles, polymeric beads filled 
with chemo-radiotherapy drugs with immunotherapy and targeted therapy drugs as 
‘hybrid nanomedicines’ or ‘trimodal therapy’. The chapter also describes nanodelivery 
applications and anticancer properties in tumors to improve cancer treatment and 
better patient outcomes. The ‘hybrid nano-drug’ controlled delivery of statins with 
two or more anticancer drugs is state-of-the-art to enhance the anticancer effects and 
simultaneously reduce the cardiotoxicity, cytotoxicity, drug resistance, and tumor 
recurrence to enhance the overall clinical and patient outcomes. 

Chapter 4, Pleiotropic Effects of High-Potency Statins and their Impact on Cardio-Oncology, 
reviews statins for their pleiotropic qualities beyond the benefit of lowering choles-
terol. These statins protect the cardiovascular system by having anti-inflammatory, 
antioxidant, endothelial-protective, and antithrombotic properties. Statins have the 

VIII 



V

potential to lessen chemotherapy-induced cardiotoxicity and androgen deprivation 
effects important in the field of cardio-oncology. Statins H maintain the left ventricu-
lar ejection fraction (LVEF) and lower the incidence of chemotherapy-associated 
cardiac dysfunction. Statins influence tumor growth, angiogenesis, and metastasis, 
exerting anticancer effects, and should be used more widely in oncology to assess their 
long-term effects on cardiovascular and cancer outcomes. The author emphasizes the 
necessity for individualized treatment plans in oncology. 

The authors hope this book will meet the needs and interests of active researchers, 
scientists, pharmacologists, statin manufacturers, clinical practitioners, and academic 
physicians. 

Rakesh Sharma 
Government Medical College Saharanpur, 

Saharanpur, India 

Radhagovind Hospital, 
Meerut, India 

IX 





1 

Section 1 

Statin Mechanisms 
and Sex-Differences 





1

Chapter 1

Perspective Chapter: Statins Use 
in Cancer Treatment – Unraveling 
the Mechanisms and Future 
Therapeutic Frontiers
Oluwafemi Ajoyemi Ala

Abstract

This chapter investigates the expanding role of statins as adjunctive agents in 
cancer therapy, offering a comprehensive synthesis of their molecular mechanisms, 
therapeutic relevance, and future clinical potential. Initially developed for lipid-
lowering purposes, statins have demonstrated pleiotropic anti-cancer properties, 
exerting effects through modulation of critical oncogenic signaling pathways such 
as Ras, Rho, and NF-κB. These interactions contribute to the inhibition of tumor 
proliferation, suppression of angiogenesis, induction of apoptosis, and modulation 
of immune responses. Emphasis is placed on the organ-specific implications of statin 
therapy, with a detailed examination of their effects across a range of malignancies 
including breast, prostate, lung, colorectal, pancreatic, hepatic, and pulmonary 
cancers. The chapter integrates findings from preclinical models and clinical stud-
ies, highlighting the variability in therapeutic response across cancer types. Special 
focus is given to the synergistic potential of statins when combined with conventional 
chemotherapeutics, targeted therapies, and immunotherapies, particularly in over-
coming resistance and enhancing treatment efficacy. Furthermore, the discussion 
addresses key challenges such as optimal dosing strategies, adverse effect manage-
ment, and drug–drug interactions, advocating for precision oncology approaches 
that incorporate pharmacogenomic profiling and patient stratification. Emerging 
avenues such as nanoparticle-based drug delivery and personalized statin regimens 
are explored for their potential to maximize therapeutic outcomes while minimizing 
toxicity. Concluding with a call for rigorous, large-scale clinical trials, this chapter 
aims to provide a scientific basis for integrating statins into the evolving landscape of 
oncology, offering novel insights for researchers and clinicians pursuing innovative, 
evidence-based cancer treatment strategies.

Keywords: statins, cancer therapy, oncoproteins, angiogenesis, apoptosis, immune 
modulation, combination therapy, personalized medicine, drug repurposing, precision 
oncology
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1. �Introduction

1.1 Brief background of statins in medicine

Statins are a widely prescribed class of lipid-lowering agents with proven efficacy 
in managing dyslipidemia and reducing cardiovascular morbidity and mortality [1, 
2]. As seen in Figure 1, their primary mechanism involves the competitive inhibi-
tion of the enzyme HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-coenzyme 
A reductase), a key regulatory catalyst in the hepatic mevalonate pathway respon-
sible for endogenous cholesterol biosynthesis [3, 4]. By obstructing the conversion 
of HMG-CoA to mevalonate, statins effectively decrease intracellular cholesterol 
synthesis, triggering a compensatory up-regulation of low-density lipoprotein (LDL) 
receptors on hepatocytes [5].

Several statins have been developed for clinical use, including simvastatin, ator-
vastatin, and rosuvastatin, each differing in potency, bioavailability, and metabolic 
profile, as exemplified in their different structures as seen in Figure 2 [6, 8].

1.2 Rationale for investigating statins in cancer treatment

Cancer is a multifactorial disease characterized by the uncontrolled proliferation 
and survival of abnormal cells, which can invade neighboring tissues and spread to 
distant organs through the lymphatic and circulatory systems. This progression is 
driven by genetic and epigenetic alterations that disrupt normal cellular regulation, 
leading to oncogene activation and tumor suppressor gene silencing. Statins, tradi-
tionally used for managing dyslipidemia and preventing cardiovascular diseases, have 
gained increasing attention in oncology due to their potential to modulate key aspects 
of cancer biology, offering a novel avenue for cancer prevention and treatment [9, 10].

Statins exert their primary effect by inhibiting HMG-CoA reductase, a key 
enzyme in the mevalonate pathway, which is essential for cholesterol biosynthesis. 
Figure 3 explains that beyond the cholesterol-lowering actions of statins, statins 
induce a variety of pleiotropic effects, including the inhibition of cell prolifera-
tion and induction of apoptosis in cancer cells [11]. This is particularly relevant in 
hormone-sensitive malignancies, such as prostate cancer, where statins may enhance 
the efficacy of androgen deprivation therapy (ADT). By limiting the cholesterol 

Figure 1. 
Importance of statins in HMG CoA reductase blockade in mevalonate pathway [3, 4].
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precursor pool required for steroid hormone biosynthesis, statins help prevent tumor 
adaptation under ADT, potentially improving therapeutic outcomes as seen in the 
Figure 3 [11, 12].

By targeting endothelial function and the degradation of the extracellular matrix, 
statins exhibit potent anti-metastatic effects and a promising therapeutic adjunct 
that could prevent the spread of malignancies to other organs and optimize patient 
outcomes in cancer management [13].

1.3 Mechanisms of action in cancer cells

Statins exert their anticancer activity primarily through the inhibition of HMG-
CoA reductase, a pivotal enzyme in the mevalonate pathway responsible not only for 
cholesterol biosynthesis but also for producing essential isoprenoid intermediates [14, 
15]. While cholesterol is a precursor for steroid hormones, including androgens, the 
suppression of its synthesis by statins has drawn clinical interest for its potential to 
delay disease progression in hormone-sensitive malignancies, notably prostate cancer. 
Emerging clinical evidence suggests that lowering cholesterol levels can interfere with 
intra-tumoral androgen synthesis, thus enhancing the efficacy of androgen depriva-
tion therapy (ADT) and potentially delaying the onset of castration resistance [16].

Figure 2. 
Some structural examples of statins [6, 7].

Figure 3. 
Statins use in the field of clinical anti-tumor studies [11–13].
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Beyond cholesterol regulation, the mevalonate pathway also generates isoprenoids 
such as farnesyl pyrophosphate and geranylgeranyl pyrophosphate, which are vital 
for the post-translational prenylation of small GTP-binding proteins like Ras, Rho, 
and Rac (Ras-related C3 botulinum toxin substrate). These proteins are key drivers of 
cell cycle progression, survival signaling, and metastatic behavior [17, 18]. By inhibit-
ing isoprenoid synthesis, statins impede the activation and membrane localization 
of these oncogenic proteins, thereby curbing proliferative signaling and enhancing 
apoptotic sensitivity in cancer cells [17].

Although certain preclinical studies have identified statins, such as pitavastatin, as 
selectively cytotoxic to tumor cells—particularly those harboring PTEN (Phosphatase 
and Tensin Homolog) mutations—their true clinical potential lies in their ability to 
simultaneously disrupt proliferative signaling and steroidogenesis pathways without 
significantly harming normal tissues [18]. This multifaceted mechanism reinforces 
the rationale for incorporating statins into cancer therapy, especially in hormonally 
driven cancers where cholesterol and its derivatives fuel tumor progression.

Furthermore, statins have shown a strong association with improved outcomes 
in breast cancer, particularly in aggressive subtypes like triple-negative breast cancer 
(TNBC). A pivotal study published in Cancer reported that statin use improved breast 
cancer-specific survival by 58% and overall survival by 30% [19]. Furthermore, 
statins’ cardioprotective properties mitigate chemotherapy-induced cardiac damage, 
enhancing their value as adjunctive agents in breast cancer therapy [20].

A Mendelian randomization study provided additional evidence for statins’ role 
in reducing cancer cell proliferation and recurrence rates. These findings underscore 
the potential of statins as modulators of tumor progression and recurrence in breast 
cancer patients [21].

2. �Mechanisms of statins in cancer therapy

Statins can have anti-cancer effects by blocking the mevalonate pathway, which is 
involved in cholesterol production. Statins can also disrupt lipid rafts and caveolae, 
which can affect cell signaling and survival [22].

Statins inhibit 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), which 
is the enzyme that converts HMG-CoA to mevalonate. More so, statins also reduce 
cholesterol levels, which can disrupt cell membrane structure, while also suppressing 
the biosynthesis of geranylgeranyl pyrophosphate (GGPP), which can in turn activate 
mitochondrial apoptotic signaling pathways, as have been seen with statins inhibit-
ing cell proliferation in vitro and tumor growth in animal models, as well as in some 
studies that showed a decreased cancer-specific mortality rate in patients who were 
prescribed statins [23].

Concerning the lipid rafts and caveolae, statins disrupt lipid rafts, which can also 
affect oncogenic cell signaling, proliferation, and survival. Furthermore, statins can 
also indirectly affect caveolin-1 (CAV1) and such other related proteins in the micro-
domains, leading to CAV1 degradation, altered cell signaling, and apoptosis [24].

Lipid rafts and caveolae as seen in Figures 4 and 5, which are specialized, cholesterol-
rich micro-domains in the cell membrane, are central to cancer stem cell (CSC) behavior 
and tumor progression. These structures act as hubs for key signaling pathways like 
Wnt/β-catenin, Hedgehog, Notch, and TGF-β, all of which drive CSC self-renewal, 
plasticity, epithelial-mesenchymal transition (EMT), and communication with the 
tumor microenvironment. Caveolae, a subset of lipid rafts characterized by the protein 
6
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caveolin-1 (CAV1), also contributes to tumorigenesis by regulating endocytosis, growth 
factor signaling, and cellular adhesion. Overexpression or dysregulation of CAV1 has been 
linked to tumor cell survival, metastasis, and resistance to therapy. Thus, incorporation of 
Statins (by inhibiting cholesterol synthesis) disrupts both lipid rafts and caveolae, impair-
ing the organization and function of these signaling domains. This interference weakens 
oncogenic signaling, impairs CSC survival, and reduces tumor-supportive communica-
tion, making cancer cells more vulnerable to treatment [25].

Additionally, statins can also induce autophagy, thus, reducing the viability of tumor 
cells, and the induction of ferroptosis (a form of programmed cell death), as well as the 
modulation of angiogenesis, tumor metastasis, and tumor microenvironment [26, 27].

Figure 4. 
Lipid rafts in cancer stem cell: A target for statin use in cancer eradication [25]. NICD – Notch Intracellular 
Domain, CSC – Cancer Stem Cell, KIP – cyclin-dependent Kinase Inhibitor p57.

Figure 5. 
Role of caveolae in tumorigenesis.
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2.1 Targeting oncoproteins and cellular proliferation

Statins, which are primarily known as HMG-CoA reductase inhibitors, exhibit anti-
proliferative properties that extend beyond their lipid-lowering effects. By targeting key 
oncoproteins and cellular pathways, statins interfere with cancer cell proliferation and 
survival, offering a compelling rationale for their repurposing in oncology [26].

While statins are widely recognized for their ability to reduce total cholesterol 
and low-density lipoprotein (LDL) levels, they also modestly increase high-density 
lipoprotein (HDL) levels. These effects contribute to cardiovascular protection, but 
emerging evidence suggests a parallel role in cancer prevention and therapy. Studies 
indicate that statins can induce apoptosis in leukemia cells and reduce tumor cell 
invasion and metastasis, potentially through modulation of the Akt protein signaling 
pathway. Akt, a serine–threonine kinase within the PI3K pathway, plays a pivotal role 
in cell proliferation, survival, and metabolism. Its inhibition disrupts key processes 
critical for cancer cell growth. Statins also up-regulate the tumor suppressor PTEN, 
which antagonizes PI3K signaling, reducing cancer cell survival and growth [18].

Simvastatin, in particular, has demonstrated the ability to inhibit cyclin-depen-
dent kinase 4 (CDK4) and cyclin D (CyclinD), arresting the cell cycle in the S phase. 
It also up-regulates CDK inhibitors such as p16 and p27, further halting proliferation. 
Studies by Sarbassova et al. revealed that simvastatin and atorvastatin regulate signal-
ing molecules such as mTOR, p53, and BCL-2, enhancing their anti-proliferative 
effects. These molecules are critical in promoting apoptosis and inhibiting cell cycle 
progression (Figure 6) [28].

2.2 Inhibition of angiogenesis in cancer progression

Angiogenesis, the formation of new blood vessels, is a critical process in tumor growth 
and metastasis. Vascular endothelial growth factor (VEGF) plays a central role in this 
process, often being overexpressed in various malignancies such as gastric and colorectal 
cancers. Statins, with their diverse biochemical actions, have demonstrated significant 
anti-angiogenic potential, which may contribute to their utility in cancer therapy [29].

VEGF is up-regulated in hypoxic tumor environments, driven by hypoxia-inducible 
factor-1 alpha (HIF-1α). This leads to the proliferation of vascular endothelial cells and 
the activation of plasminogen activators, facilitating angiogenesis and tumor progression. 
Statins, particularly simvastatin, have been shown to inhibit VEGF-mediated angiogen-
esis by blocking the isoprenylation of RhoA, a key protein involved in cellular signaling 
pathways promoting endothelial cell proliferation [18, 30]. Park et al. [31] demonstrated 
that simvastatin disrupts VEGF-mediated angiogenesis by targeting RhoA signaling, 
effectively reducing vascular endothelial cell proliferation and migration.

Thrombospondin-2 (TSP-2), an endogenous angiogenesis inhibitor, is up-regu-
lated by statins in specific cancers [32]. Cerivastatin, for instance, has been shown to 
promote TSP-2 expression in breast cancer cells, effectively suppressing new blood 
vessel formation. This highlights a dual mechanism through which statins exert anti-
angiogenic effects—by both inhibiting pro-angiogenic factors like VEGF and enhanc-
ing the expression of anti-angiogenic mediators like TSP-2 [32, 33].

2.3 Role of statins in inducing apoptosis

The induction of apoptosis, a critical process for eliminating dysfunctional or 
malignant cells, is a key mechanism through which statins exert anti-cancer effects. 
8
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Numerous studies have demonstrated that statins can regulate tumor cell apoptosis 
by interfering with multiple signaling pathways, modulating cell cycle dynamics, and 
inhibiting the invasive and metastatic capabilities of cancer cells [17, 28].

Statins block the mevalonate pathway by inhibiting HMG-CoA reductase, which 
is crucial for the synthesis of isoprenoids such as farnesyl pyrophosphate (FPP) and 
geranylgeranyl pyrophosphate (GGPP). These isoprenoids are required for the post-trans-
lational modification and membrane localization of Ras superfamily proteins, which play 
pivotal roles in several signaling pathways. The reduction in signaling via these pathways 
disrupts tumor cell proliferation, survival, and metastasis, triggering apoptosis [31].

Survivin, an apoptosis inhibitor overexpressed in many tumors, is associated 
with disease progression and resistance to therapy. Chang et al. demonstrated that 
simvastatin reduces Survivin expression in human colon cancer cells, activating p38 
mitogen-activated protein kinase (p38MAPK) and inducing p53 phosphorylation. 
These molecular events culminate in reduced cell viability and enhanced apoptosis, 
showcasing statins’ potential as agents to overcome tumor cell resistance [34].

Figure 6. 
(A): Importance of statins in blockade of oncoproteins and cellular proliferation [26]. (B): Chart of statins 
activity against oncoproteins and cellular proliferation [26–28].
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2.4 Modulating immune responses in cancer

The tumor microenvironment often features an immunosuppressive state that 
facilitates tumor progression. Statins have shown promise in modulating immune 
responses, thereby enhancing the body’s ability to combat malignancies [35, 36]. 
Statins alter the balance of T-helper cell responses through Th1 suppression and Th2 
promotion. This shift in T-cell dynamics reduces tumor-promoting inflammation and 
supports immune-mediated tumor suppression [37].

Statins also inhibit macrophage and microglial production of pro-inflammatory 
cytokines, reducing tumor-promoting inflammation [38]. Also, by down-regulating 
the expression of major histocompatibility complex (MHC) class II molecules, CD40, 
and CD80/CD86 on antigen-presenting cells, statins diminish excessive immune acti-
vation, creating a more balanced immune response [39, 40]. Figure 7 gives insights 
into the immunomodulatory effects of statins, including their ability to reduce 
inflammatory cytokines and alter T-cell responses, thus suggesting potential synergy 
with immune checkpoint inhibitors [37].

3. �Organ-specific applications of statins in cancer

3.1 Statins in breast cancer therapy

Breast cancer is the most prevalent malignancy among women globally, with 
a diverse molecular landscape encompassing hormone receptor-positive, HER2-
positive, and triple-negative breast cancer (TNBC) subtypes. Despite advancements 
in systemic therapies, resistance to treatment and metastatic progression remain 
significant hurdles. Statins, initially designed for hyperlipidemia management, have 
demonstrated promising anticancer properties in preclinical and clinical studies, 
particularly in hormone-responsive malignancies like breast cancer [20]. This section 

Figure 7. 
Multifarious mechanisms of action of statins use in oncology [18, 29–31, 35–40].
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delves into the mechanisms through which statins modulate breast cancer biology, 
evaluates the evidence supporting their therapeutic potential, and explores their 
integration into personalized treatment regimens.

Mechanisms of action of statins in breast cancer include:

1.	Cholesterol modulation and membrane dynamics: Breast cancer cells exhibit 
high cholesterol dependency for maintaining membrane fluidity, proliferation, 
and signaling. Statins inhibit HMG-CoA reductase, reducing intracellular choles-
terol levels and disrupting lipid rafts, essential platforms for receptor-mediated 
signaling pathways, such as EGFR, HER2, and IGF-1R [41, 42].

2.	Impact on cellular proliferation: Isoprenoid Inhibition: By blocking the synthesis 
of farnesyl pyrophosphate and geranylgeranyl pyrophosphate, statins interfere 
with Ras, Rho, and Rac GTPases, thereby suppressing cell cycle progression and 
proliferation [43].

PI3K/Akt/mTOR pathway: Statins down-regulate this pathway, commonly 
hyper-activated in breast cancer, thereby reducing tumor growth [44].

3.	Induction of apoptosis

Statins promote apoptosis in breast cancer cells by:

•	 Activating pro-apoptotic proteins such as Bax and Bad.

•	 Down-regulating anti-apoptotic proteins like Bcl-2 and surviving [34].

•	 Increasing reactive oxygen species (ROS), leading to mitochondrial membrane 
destabilization and cytochrome c release [17]

4.	Anti-angiogenic effects: Statins inhibit vascular endothelial growth factor 
(VEGF) expression and angiogenesis, limiting tumor vascularization. They 
impair endothelial cell proliferation and migration by modulating integrins and 
matrix metalloproteinases (MMPs) [30].

5.	Immunomodulatory activity: Statins enhance anti-tumor immunity by down-
regulating immune checkpoint molecules, such as PD-L1, and promoting the 
activity of cytotoxic T-cells and natural killer (NK) cells [35].

Figure 8 below summarizes the impact of the various mechanisms of action of 
statins use in the therapeutic management of breast cancer.

3.2 Statins use in specific breast cancer subtypes

1.	Hormone receptor-positive breast cancer: Estrogen receptor (ER)-positive breast 
cancer is heavily influenced by cholesterol-derived estrogens [45]. Statins reduce 
estrogen biosynthesis by depleting cholesterol levels, potentially enhancing the 
efficacy of endocrine therapies like tamoxifen or aromatase inhibitors. Syner-
gistic effects have also been observed with selective estrogen receptor degraders 
(SERDs) in preclinical models [41].

11
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2.	Human epidermal growth factor receptor 2 positive (HER2-Positive) breast cancer: 
Statins disrupt HER2 signaling by altering lipid raft composition, leading to 
receptor internalization and degradation. Preclinical studies indicate enhanced 
sensitivity to HER2-targeted therapies, such as trastuzumab and lapatinib, when 
combined with statins [46, 47].

3.	Triple-negative breast cancer (TNBC): TNBC is a highly aggressive breast cancer 
subtype defined by the lack of estrogen receptor (ER), progesterone receptor 
(PR), and HER2 expression, which limits targeted treatment options. Research 
indicates that statins may exert therapeutic effects in TNBC by down-regulating 
cyclin D1, a key cell cycle regulator, and promoting apoptotic cell death in tumor 
cells [20]. Through epidemiological assessment, observational studies suggest 
that long-term statin use is associated with reduced breast cancer incidence 
and improved survival outcomes, and post-diagnosis statin use correlates with 
lower recurrence rates, particularly in ER-positive and HER2-positive subtypes, 
especially with the induction of G1-phase cell cycle arrest and apoptosis in breast 
cancer cells [48].

3.3 Statins in prostate cancer therapy

Prostate cancer is a hormone-dependent malignancy that makes use of androgen 
receptor signaling, modulation of cholesterol homeostasis, and key cellular pathways 
for tumor progression, and advancements that have been achieved in its management 
include androgen deprivation therapy (ADT), chemotherapy, and radiotherapy/
However, the development of resistance and progression to castration-resistant pros-
tate cancer (CRPC) remains a significant clinical challenge. This sub-section explores 
the mechanisms through which statins may impact prostate cancer progression, 
evaluates existing evidence, and highlights challenges and opportunities in integrat-
ing statins into therapeutic regimens [49].

Figure 8. 
Mechanisms of action (including inhibition and activation of carcinogenesis with or without statins respectively) 
in breast cancer (SREBP– Sterol Regulatory Element Binding Protein) [19, 44].
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3.3.1 Mechanisms of action of statins in prostate cancer therapeutic management

Statins in prostate cancer therapeutic management follow the concepts of the pre-
vention of androgen receptor activation (down-regulation of androgen receptor expres-
sion and activity), especially with the help of the inhibition of HMG-CoA reductase in 
cholesterol biosynthesis (by targeting the mevalonate pathway to limit the production 
of isoprenoids required in post-translational modification of proteins used in androgen 
receptor signaling) that serves as a precursor for androgen biosynthesis as well, in order 
to reduce tumor cell proliferation and progression, as well as alteration of composition 
of lipid rafts in cell membranes that impact signaling and growth pathways, which are 
also modulated during the induction of autophagic cell death in order to prevent hyper-
activation during prostate cancer, and mitogen-activated protein kinase (MAPK), 
etc., involved in tumor cells proliferation and migration through various pleiotropic 
effects and inhibition of isoprenoid synthesis [50]; anti-inflammatory effects of statins 
through the reduction of inflammation-driven prostate tumor progression by inhibit-
ing nuclear factor-kappa B (NF-κB) and cyclooxygenase-2 (COX-2) pathways, thereby 
enhancing immune surveillance by promoting cytotoxic T-cell activity and reducing the 
immunosuppressive tumor microenvironment [51, 52]; statins promote programmed 
cell death by inducing intrinsic apoptosis and autophagy through mitochondrial 
dysfunction, and they also enhance mitochondrial-mediated apoptosis by increasing 
pro-apoptotic proteins (e.g., Bcl-2-associated X proteins, Bax, and Bcl-2 antagonist 
killer, Bak, etc.) and suppressing anti-apoptotic ones like Bcl-2; anti-angiogenic and 
anti-metastatic effects through inhibition of both VEGF expression and endothelial 
cell proliferation, thus curtailing the vascular support required for tumor growth and 
disrupting cell adhesion and migration through the modulation of integrins and matrix 
metalloproteinases to reduce metastatic potential [53], and through the immunomodu-
latory effects of statins by reducing programmed death ligand-1 (PD-L1) expression on 
tumor cells in order to restore T-cell-mediated immunity and promote the activity of 
natural killer cells and tumor-infiltrating lymphocytes [54].

3.3.2 Statins in prostate cancer subtypes

Prostate cancer can be classified into strategic subtypes. The Gleason Score, illus-
trated in Figure 9 and detailed in Table 1, grades prostate cancer based on its aggres-
siveness; higher scores indicate a greater risk of rapid tumor growth and spread, 
guiding treatment decisions accordingly [56].

A recent 2022 WHO classification mentioned an expanded and more simplified 
classification to show a better representation of low-grade disease, so as to reduce 
unnecessary treatment of indolent prostate cancer, especially by using pathological 
characteristics.

Based on this broad description, most prostate cancers are associated with an 
increased level of Prostate-Specific Antigen level (PSA), and Figures 10 and 11 below 
explain how they are classified according to the types of cellular and genetic composi-
tions involved in cancerous growth, disease progression, as well as possible manage-
ment strategies.

Additionally, Harshssman et al. conducted a retrospective analysis of 926 prostate 
cancer patients on androgen deprivation therapy (ADT), and statin users exhibited a 
significantly longer time to disease progression (27.5 months) compared to non-users 
(17.4 months), suggesting synergy between statins and ADT [58]. More so, statin use 
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after diagnosis was associated with a reduction in prostate cancer-specific mortal-
ity and a reduction also in all-cause mortality, with the effect more pronounced in 
patients using lipophilic statins.

3.4 �Summary of some clinical trials involving statins in combination cancer 
therapeutics

Some studies have underscored the effects of statins as valuable player in cancer 
combination therapies, particularly when combined with conventional or targeted 

Figure 9. 
Gleason’s pattern scale [55]. Source: John Murtagh, Jill Rosenblatt, Justin Coleman, Clare Murtagh: John 
Murtagh’s General practice, 7e Copyright © McGraw-Hill Education. All rights reserved.

Traditional gleason score New grading system group 1

GLEASON 3 + 3 = 6 GRADE 1

Only individual discrete well-formed glands

GLEASON 3 + 4 = 7 GRADE 2

Predominantly well-formed glands with a lesser component of poorly-
formed/fused/cribriform glands.

GLEASON 4 + 3 = 7 GRADE 3

Predominantly poorly-formed/fused/cribriform glands with a lesser 
component of well-formed glands.

GLEASON 4 + 4 = 8 GRADE 4

Only poorly-formed/fused/cribriform glands or

•	 Predominantly well-formed glands with a lesser component 
lacking or

•	 Predominantly lacking glands with a lesser component of well-
formed glands.

GLEASON 9–10 GRADE 5

Lacks gland formation (or with necrosis) with or without poorly-
formed/fused/cribriform gland.

Source: Prostate Conditions Education Council (PCEC).

Table 1. 
Comparing traditional gleason score and new grading system in prostate cancer diagnosis [55].

14



Perspective Chapter: Statins Use in Cancer Treatment – Unraveling the Mechanisms and Future…
DOI: http://dx.doi.org/10.5772/intechopen.1012091

13

treatments. Table 2 has given a summary of some clinical trials involving use of 
statins in cancer combination therapies and management.

A core mechanism involves inhibition of HMG-CoA reductase, a pivotal 
enzyme in the mevalonate pathway responsible for producing isoprenoids neces-
sary for protein prenylation. Disruption of this process impairs the activation of 
proliferative proteins like Ras and Rho and instead favors the up-regulation of 
pro-apoptotic mediators such as PUMA, as evident in the studies in the studies 
at the University of California where statins combined with the BCL-2 inhibi-
tor venetoclax led to selective apoptosis in leukemia and lymphoma cells while 
sparing healthy tissue [67]. Parallel findings in ovarian cancer research, such 
as those by Zhang et al. [68], demonstrated that statins can enhance the effi-
cacy of PARP inhibitors like niraparib, improving progression-free survival by 
altering tumor cell viability. Clinical trials—including NCT04418089 (breast 
cancer), NCT02161822 (colorectal cancer), NCT04776889 (prostate cancer), 
and NCT00944463 (pancreatic cancer)—provide further evidence of these 
synergistic effects. In these studies, the integration of statins has been associated 
with increased sensitivity to chemotherapy, delayed resistance, and enhanced 

Figure 10. 
Types of prostate cancers based on histology and characteristic features [57].

Figure 11. 
Genes – Processes association in phases for prostate cancer progression [55].
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Cancer type Trial ID Combination 
therapy

Proposed 
mechanism

Key outcomes

Breast cancer [59] NCT04705909 Pitavastatin + 
Neo-adjuvant 
Chemotherapy

Inhibition of HMG-
CoA reductase 
leading to decreased 
cyclin D1 and 
increased caspase-3 
levels, promoting 
apoptosis

Significant tumor 
size reduction; 
enhanced 
response in 
HER2-positive 
tumors

Breast cancer [60] NCT04418089 Simvastatin + CAF 
(cyclophosphamide, 
adriamycin, 
5-fluorouracil) 
Chemotherapy

Synergistic effect 
with doxorubicin; 
attenuation of 
ER stress and 
activation of Akt 
pathway

Improved clinical 
response and 
increased tumor-
free surgical 
margins

Prostate 
cancer [61]

NCT04026230 Atorvastatin 
+ Androgen 
Deprivation Therapy 
(ADT)

Modulation of 
lipid metabolism; 
potential delay 
in castration 
resistance

Ongoing Phase 
III trial assessing 
time to castration 
resistance and 
quality of life

Prostate 
cancer [62]

NCT04776889 Rosuvastatin + ADT Reprogramming of 
lipid metabolism; 
potential 
enhancement of 
ADT efficacy

Randomized 
trial indicating 
potential benefits 
in metastatic 
prostate cancer 
patients

Lung cancer [63] NCT01441349 Simvastatin + 
Irinotecan/Cisplatin

Inhibition of 
protein prenylation; 
enhancement of 
chemotherapy-
induced apoptosis

Phase II study 
showing 
improved 
response rates in 
extensive-disease 
small cell lung 
cancer

Hepatocellular 
carcinoma [64]

NCT03275376 Atorvastatin + 
Sorafenib

Statins may 
enhance sorafenib 
efficacy by 
modulating tumor 
cell proliferation 
and survival 
pathways

Trial terminated; 
insufficient data 
to determine 
efficacy

Pancreatic cancer NCT00944463 Simvastatin + 
Gemcitabine

Statins may 
sensitize tumor 
cells to gemcitabine 
by affecting cell 
cycle regulation and 
apoptosis

Trial completed; 
results pending 
publication

Locally advanced 
rectal cancer 
(LARC) [65]

NCT02161822 Simvastatin + 
Capecitabine (with 
concurrent pre-
operative concurrent 
chemo-radiotherapy)

Combined 
inhibition of MAPK 
signaling pathway 
leading to enhanced 
apoptosis

Simvastatin 
(80 mg) added 
to chemo-
radiotherapy 
and capecitabine 
showed no pCR 
benefit in LARC 
but was well 
tolerated; possible 
synergy requires 
further study.
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apoptotic signaling. Collectively, these insights reflect a growing consensus that 
statins, beyond their lipid-lowering role, hold significant therapeutic potential in 
oncology when used as part of a carefully designed combination regimen.

4. �Combination therapy with statins: A new horizon

The rationale for incorporating statins into cancer treatment lies in their unique 
pleiotropic properties. By understanding the multifaceted role of statins in cancer, 
researchers and clinicians can harness their full potential to improve patient outcomes 
and expand therapeutic frontiers, affecting key processes, such as cellular prolifera-
tion, angiogenesis, and immunomodulation, etc., that cancer cells depend on to 
thrive. These prompt an increasing emphasis on combination therapies that target 
multiple pathways simultaneously [69].

4.1 Rationale for combination therapy in cancer treatment

Combination therapy in oncology aims to leverage the distinct and complemen-
tary mechanisms of action of multiple agents to enhance therapeutic efficacy while 
overcoming the limitations of monotherapy. The inclusion of statins in combination 
regimens for cancer treatment is supported by several compelling rationales, rooted 
in both their unique biological effects and clinical potential [26].

4.2 Some synergistic effects with conventional therapies

Statins, when combined with standard treatments, can enhance anti-cancer 
efficacy through complementary mechanisms.

4.2.1 Chemotherapy

a.	Enhanced cytotoxicity and sensitization to chemotherapeutic agents – Statins sen-
sitize tumors to chemotherapy via tumor microenvironment modification and 
metabolic disruption [22].

•	 Cisplatin: Taylor-Harding et al. showed that fluvastatin enhanced cisplatin 
cytotoxicity in CAOV3 and SKOV3 ovarian cells by disrupting Ras signaling 

Cancer type Trial ID Combination 
therapy

Proposed 
mechanism

Key outcomes

Advanced gastric 
cancer [66]

NCT01099085 Simvastatin + 
Capecitabine–
Cisplatin 
combination

Statins may 
improve 
chemotherapy 
efficacy by 
modulating 
cholesterol 
metabolism and 
inducing apoptosis

Clinical trial 
did not show 
any increase 
in the median 
progression 
free survival. 
However, there 
was no increase 
in toxicity. More 
study is required

Table 2. 
Summary of some clinical trials involving statins in combination cancer therapies.
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[70]. Koi et al. also reported lovastatin reversed cisplatin resistance in prostate 
and cervical cancer via RHOB, KLF2, and KLF6 up-regulation [71]. Similarly, 
Hu et al. found pitavastatin boosted cisplatin effects in lung cancer (in vitro 
and in vivo) via Ras/Raf/MEK and PI3K/Akt/mTOR inhibition without added 
toxicity [72]. Gobel et al. also noted simvastatin with cisplatin increased 
ovarian cell apoptosis (via cleaved caspase-3 and PARP), and reduced lipid raft 
formation impaired DNA repair, enhancing cisplatin lethality [73].

•	 Doxorubicin: Mallappa et al. observed that simvastatin suppressed ABCG4-
mediated doxorubicin efflux in prostate cancer, increasing drug retention and 
tumor apoptosis without added toxicity [74]. Kozar et al. demonstrated cerivas-
tatin enhanced doxorubicin and cisplatin activity in breast cancer models [75].

b.	Overcoming chemo-resistance – Fluvastatin and atorvastatin, combined with doxoru-
bicin, paclitaxel, or topotecan, reduced leukemia proliferation via ERK/MAP kinase 
inhibition [76]. Simvastatin down-regulated MDR1 and P-gp and this helped in 
increasing leukemia chemo-sensitivity to drugs and overcoming resistance [77].

•	 Inhibition of ABC transporters: Statins suppress drug efflux proteins like P-gp, 
increasing intracellular drug levels. They also down-regulate P-gp and COX-
2, reducing doxorubicin resistance [78]. Lovastatin also improved Imatinib 
sensitivity in melanoma by inhibiting ABC transporter efflux [79].

•	 5-Fluorouracil (5-FU): Statins (such as lovastatin, cerivastatin, and simvas-
tatin) enhanced 5-FU efficacy in colorectal cancer by P-gp inhibition and 
improved drug retention [80].

•	 Modulation of autophagy: Statins exert anti-cancer effects by modulating 
autophagy—a process cancer cells use for survival under stress [81]:

1.	Inhibiting HMG-CoA reductase depletes GGPP, activates AMPK, suppresses 
mTOR, and triggers autophagy [82].

2.	Statins up-regulate p21 via HDAC inhibition or AMPK phosphorylation, 
causing ER stress and autophagy [83].

3.	They also promote nuclear p53 accumulation, driving autophagic cell death [82].

Sheng et al. demonstrated that in cervical cancer, atorvastatin induced and inhib-
ited autophagy (autophagy-driven anti-tumor activity), reduced tumor growth, and 
enhanced apoptosis via mevalonate pathway inhibition. Blocking autophagy ampli-
fied its cytotoxic effect [84]. As demonstrated in Figures 12 and 13 below, autophagy 
regulation is essential to statins’ therapeutic action.

4.2.2 Radiotherapy

1.	Radiation sensitization and DNA damage – Statins can sensitize tumor cells to 
radiotherapy by augmenting DNA damage and hindering the repair mechanisms 
that typically protect tumor cells from radiation-induced killing [24].
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•	 Enhanced DNA damage response: Statins lower the levels of isoprenoids, 
which are necessary for the post-translational modification of DNA 
repair enzymes such as the Rad51 recombinase. This results in defective 
DNA repair and prolonged DNA damage, increasing the effectiveness of 
radiotherapy. In prostate cancer models, the combination of radiotherapy 
and statins (e.g., simvastatin or atorvastatin) caused significant inhibi-
tion of tumor growth compared to either treatment alone. A study by Oka 
et al. investigated the efficacy of combination therapy with statins such as 
simvastatin and irradiation in androgen-independent prostate cancer cells, 
as simvastatin altered gene expressions in PC-3 cells in prostate cancer. 
The combination of simvastatin and irradiation also further enhanced the 
expression of yH2AX that has been widely reported to be one of the accu-
rate markers of DNA damage in PC-3 cells [85].

Figure 12. 
Mechanisms of action in autophagy process [82, 83].

Figure 13. 
Impact of statins use in autophagy process in cancer therapies optimization [82, 83].
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•	 Increased Reactive Oxygen Species (ROS) production: Statins elevate intracel-
lular ROS levels, which enhance radiation-induced oxidative stress in tumor 
cells. Huang et al. identified activation of the cyclic GMP-AMP synthase 
simulator of the interferon genes (cGAS–STING) pathway in colorectal cancer 
(HCT116) cells, linking it to increased Type I interferon production and 
pro-inflammatory signaling [86]. Also, in glioblastoma models, statins further 
sensitized tumor cells to radiation, as shown by elevated apoptotic markers like 
cleaved caspase-3 (Table 3) [124].

4.3 Targeted therapies

Statins influence several oncogenic pathways and cellular processes that over-
lap with those targeted by precision therapies, thereby creating opportunities for 
molecular synergy in targeted therapies. Targeted therapies are designed to interfere 
with specific molecules driving tumor growth and progression, while statins offer a 
broader mechanism of action by targeting cholesterol biosynthesis and modulating 
pleiotropic pathways. The convergence of these targeted therapeutic strategies has 
the potential to achieve additive or synergistic effects, thus enhancing efficacy by 
addressing tumor heterogeneity, resistance mechanisms, therapeutic optimization, 
and overcoming the limitations of monotherapy:

1.	Synergy with tyrosine kinase inhibitors (TKIs) – Statins enhance the effective-
ness of tyrosine kinase inhibitors (TKIs) by disrupting compensatory survival 
pathways that often undermine the efficacy of TKIs, as seen especially in findings 
that strongly suggest that combined treatment with other anti-cancer agents may 
not only provide an enhanced therapeutic response, but also provide a means to 
avoid toxicity, low bioavailability, or limited therapeutic action associated with 
high-dose monotherapy [125].

•	 Erlotinib and statins: Resistance to erlotinib in NSCLC, often due to EGFR T790 
mutation, can be overcome by combining it with statins. Simvastatin enhances 
the anti-proliferative effects of erlotinib by suppressing Akt/mTOR signaling 
and inducing apoptosis [103]. Similarly, pitavastatin and fluvastatin promote 
apoptosis, and pitavastatin synergizes with erlotinib to increase cytotoxicity in 
K-Ras-mutant NSCLC cells [117].

•	 Gefitinib and statins: Statins like lovastatin enhance gefitinib response in 
EGFR-mutant and resistant glioblastoma by inhibiting downstream pathways 
such as Ras/RAF/MAPK, independent of EGFRvIII and PTEN status [87]. 
In NSCLC with K-Ras mutation, lovastatin and gefitinib together inhibit 
growth and induce apoptosis via RAF/ERK and Akt pathway down-regulation 
[89]. Atorvastatin also reverses gefitinib resistance in KRAS-mutant NSCLC, 
regardless of PIK3CA or PTEN status [120].

2.	mTOR inhibitors – They are a class of drugs that block the activity of the 
mammalian target of rapamycin (mTOR), which is a protein kinase involved 
in cell growth, proliferation, and metabolism, and are also used to treat vari-
ous diseases, including cancers and auto-immune disorders [126]. Statins 
can potentiate the effects of mTOR inhibitors such as everolimus through 
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Cancer type/Cell line Statin used Co-therapy Dose (μM) Mechanistic outcome References

Glioblastoma Lovastatin Gefitinib 10 Suppresses Akt pathway signaling [87]

Human cholangiosarcoma Lovastatin Gefitinib 5–10 Enhances TNF-α levels and cell cycle blockade; inhibits 
LKB1 activation

[88]

Non-small cell lung 
carcinoma

Lovastatin Gefitinib 1–5 Promotes apoptosis via increased PARP, caspase-3; 
down-regulates Bcl-2, RAS, p-RAF, p-ERK1/2, p-AKT, 

and p-EGFR

[89]

Chronic myeloid leukemia Lovastatin Imatinib 5–20 Reduces expression of ABCB1 and ABCG2 efflux 
transporters

[79]

Gall bladder cancer Lovastatin Cisplatin 10–50 Interferes with DNA repair mechanisms [90]

Prostate cancer Lovastatin TRAIL 5 Promotes replication of PRRA, and increases CAR and 
integrin levels

[91]

Glioblastoma Lovastatin Temozolomide 0.625–20 Disrupts autophagic flux [92]

Anaplastic thyroid cancer Lovastatin Troglitazone 1–100 Elevates p21 and p27 expression, inducing G1 phase 
arrest

[93]

Prostate cancer Simvastatin Docetaxel 25 Enhances Bad levels while reducing Bcl-2, Bcl-xL, 
cleaved caspase-9/3; stimulates TNF, Fas-L, Traf1, and 

caspase-8 activity

[94]

Prostate cancer Simvastatin Doxorubicin 2.5–20 Down-regulates ABGC4 protein expression [74]

Malignant Simvastatin Doxorubicin 10 Elevates NF-κB activation and nitric oxide production [95]

Mesothelioma Mevastatin Doxorubicin 100

Colon carcinoma Simvastatin 5-FU 5 mg/kg Suppresses Bcl-2, promotes Bax, and reduces tumor 
angiogenesis

[96]

Human salivary adenoid 
cystic carcinoma

Simvastatin MiR-21 inhibitor 1–100 Down-regulates N-cadherin, survivin, and Bcl-2; 
up-regulates E-cadherin, p53, Bax, and caspase-9

[97]

Pancreatic ductal carcinoma Simvastatin Gemcitabine 5–40 Induces Gfi-1 while suppressing CTGF [98]

Chronic myeloid leukemia Simvastatin Imatinib 10–50 Triggers cell cycle arrest; suppresses STAT3 and STAT5 
signaling

[99]
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Cancer type/Cell line Statin used Co-therapy Dose (μM) Mechanistic outcome References

Metastatic melanoma Simvastatin Dacarbazine 0.5–1 Lowers RhoA, RhoC, LIM expression; increases p53, 
p21, p27, caspase-3, and PARP

[100]

Breast cancer Simvastatin Pentoxifylline 0.1–50 Promotes autophagy, apoptosis, and cell cycle blockade [101]

Prostate cancer Simvastatin Castration 0.1–20 Facilitates apoptosis and cell cycle arrest via Akt 
suppression

[102]

Blood cancer Simvastatin Ventoclax 5–20 Up-regulates pro-apoptotic proteins p53 and PUMA [67]

Non-small cell Lung cancer Simvastatin Gefitinib, Erlotinib 5 Reduces Akt, β-catenin, survivin, and cyclin D1 
expression

[103]

Gastric cancer xenograft Simvastatin Capecitabine 10–50 Inhibits NF-κB activity [104]

Melanoma cells Simvastatin 5,6-dimethylsanthenone-4-acetic 
acid

1.5–14 Reduces HIF-α expression [105]

Breast cancer Simvastatin Anti-HER2 1–5 Suppresses YAP/TAZ transcriptional activity [106]

Colon cancer Simvastatin + 
Phenothiazines

Doxorubicin 2.5 Suppresses ABCB1, COX-2, and Bcl-2; boosts Bax 
expression

[107]

Human myeloid leukemia Simvastatin, Mevastatin, 
Lovastatin, Pravastatin

Doxorubicin, Paclitaxel, 5-FU 5–50 Inhibits NF-κB signaling [78]

Pancreatic cancer Simvastatin + 
bisphosphonates

Gemcitabine 0.1–100 Reduces cell viability [108]

Colon cancer Simvastatin + Oxicam 
derivatives

Doxorubicin 5 Up-regulates caspase-3 and Bax; lowers Bcl-2 and 
COX-2 levels

[109]

Prostate cancer Simvastatin + Valproic acid Docetaxel 1–100 Down-regulates YAP signaling [110]

Acute myeloid leukemia Fluvastatin Lestaurtinib (TKI) 0.2–2 Blocks FLT3 protein glycosylation [111]

HepG2 (Human hepatoma) Fluvastatin Trans-activator transcription 
(TAT) Peptide

1–1000 Induces cell accumulation in pre-G phase [112]

Melanoma cells Fluvastatin Sorafenib 1 Enhances PARP and JNK signaling activity [113]

Hepatocellular carcinoma Fluvastatin Sorafenib 10 mg/kg Inhibits MAPK and NF-κB signaling pathways [114]
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Cancer type/Cell line Statin used Co-therapy Dose (μM) Mechanistic outcome References

Melanoma cells Fluvastatin Vemurafenib 1–10 Suppresses Akt expression [115]

Breast cancer Fluvastatin, Simvastatin CH51126766 or Trametinib 0.3 Suppresses Akt, increases PARP cleavage [116]

Non-small cell Lung cancer Fluvastatin, Pitavastatin Erlotinib 100 Induces caspase-3 and PARP activity [117]

Human osteosarcoma Fluvastatin, atorvastatin, 
and simvastatin

Doxorubicin, Cisplatin 10 Reduces MMP-2 expression [118]

Human cholangiocarcinoma Atorvastatin Gemcitabine 5–100 Suppresses Yes-associated protein expression [119]

Non-small cell lung cancer Atorvastatin Gefitinib 1–5 Inhibits both Akt and ERK signaling [120]

Melanoma cancer Atorvastatin Tamoxifen 1–100 Enhances pro-apoptotic Bax and cytochrome C [121]

Murine mammary 
adenocarcinoma

Rosuvastatin Nilotinib 7.5 mg/kg Activates caspase-3, reduces ERα expression and tumor 
nitric oxide levels

[122]

Hepatocellular carcinoma Rosuvastatin Dasatinib 10, 25, 50 Suppresses phosphorylation of FAK, Src, Ras/Raf, 
STAT3, Akt; down-regulates HGF, VEGF, MMP-9, Ki67

[123]

Table 3. 
Summary of the synergistic action of some statins in combination with anti-cancer drugs to overcome anti-cancer therapy resistance.
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complementary molecular mechanisms. Nolting et al. demonstrated that lov-
astatin, which targets ERK and AKT signaling, enhanced everolimus-induced 
cytotoxicity across various neuroendocrine and hepatocellular carcinoma 
cell lines, including GOT, BON1, H727, HepG2, Huh7, MPC, and MTT [127]. 
This synergy is partly attributed to statins’ inhibition of the mevalonate 
pathway, which depletes isoprenoid intermediates essential for mTOR activa-
tion (Figures 14 and 15) [26].

Therefore, the mTOR pathway, a central regulator of cell growth, is fre-
quently up-regulated in cancers. While targeted therapies like everolimus inhibit 

Figure 15. 
Overview of the synergistic actions of statins with effects (Blue arrow: Up-regulation, Black line: Inhibition/
suppression, Red arrow: Combination of statin with indicated drugs) [69].

Figure 14. 
Effects of everolimus and lovastatin combination on signaling pathways [127].
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mTOR directly, statins enhance this inhibition by down-regulating upstream 
activators, such as Ras and Akt, through reduced prenylation. This dual block-
ade of the mTOR pathway results in more profound inhibition of cancer cell 
proliferation [127].

4.4 Overcoming resistance to targeted therapies

Resistance to targeted therapies is a significant barrier in cancer treatment, 
often arising from compensatory pathway activation, genetic mutations, or tumor 
microenvironment changes [26]. By briefly highlighting the points as summarized in 
Figure 16 below, statins can address these resistance mechanisms through:

•	 Compensatory pathway suppression: Resistance to RTKIs often involves the activa-
tion of alternative pathways, such as PI3K/Akt or STAT3. By inhibiting prenyl-
ation, statins block the activation of these alternative pathways, restoring tumor 
sensitivity to RTKIs [24, 128].

•	 Epigenetic modulation: Emerging evidence such as seen with Lin et al. sug-
gests that statins influence epigenetic regulators, such as histone deacetylases 
(HDACs) and DNA methyltransferases, which are implicated in therapy resis-
tance [129]. This epigenetic modulation may re-sensitize tumors to targeted 
therapies.

•	 Immunomodulatory effects: Resistance to immune checkpoint inhibitors, such as 
anti-PD-1/PD-L1 therapies, is partly driven by an immunosuppressive tumor 
microenvironment (TME). Mao et al. showed evidence of statins reshaping 
inflamed tumor microenvironment and enhancing immune checkpoint blockade 
in non-small cell lung cancer [130]. Statins enhance the efficacy of these thera-
pies by reducing regulatory T cells (Tregs) and myeloid-derived suppressor cells 
(MDSCs) in the TME, thus promoting anti-tumor immunity, such as seen in the 

Figure 16. 
Statins use in overcoming anti-cancer drug chemo-resistance (Blue arrow: Up-regulation, Red lines: Inhibition/
suppression) [69].
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research work of Kansal et al. where certain statins medications such as simvas-
tatin, lovastatin, fluvastatin, pitavastatin, atorvastatin, rosuvastatin, and pravas-
tatin) were evaluated to see how they enhance responses to immune checkpoint 
blockade in head and neck cancer models [131].

5. �Advances in statin research for cancer therapy

Statins, traditionally used as lipid-lowering agents, have gained significant 
attention in oncology due to their pleiotropic effects on cellular processes critical for 
tumor development and progression [26, 132]. This section delves into the scientific 
advancements and innovations driving the integration of statins into cancer therapy, 
highlighting novel mechanisms, preclinical evidence, and translational research, 
while emphasizing areas for future exploration.

5.1 Unraveling novel mechanisms of action

Recent studies have expanded our understanding of statins’ anticancer mecha-
nisms, beyond the inhibition of the mevalonate pathway:

•	 Inhibition of cancer stem cells (CSCs): Statins have demonstrated efficacy in 
disrupting CSC populations, which are often responsible for tumor recurrence 
and metastasis. For example, statins such as atorvastatin and simvastatin have 
been shown to target CSCs in triple-negative breast cancer by down-regulating 
the Yes-associated protein (YAP)/TAZ signaling pathway.

•	 Epigenetic modulation: Statins modulate chromatin architecture and gene expres-
sion through histone deacetylase inhibition and DNA demethylation, promoting 
the activation of tumor suppressor genes such as cyclin-dependent kinase inhibi-
tor 2A (CDKN2A) [133].

•	 Ferroptosis induction: Emerging research has revealed statins’ ability to induce fer-
roptosis, an iron-dependent form of programmed cell death, particularly in therapy-
resistant cancers like pancreatic adenocarcinoma and glioblastoma [134].

•	 Impact on the tumor microenvironment (TME): Statins reduce immunosuppressive 
signals within the TME by lowering myeloid-derived suppressor cells and regulatory 
T-cells, thereby enhancing the efficacy of immune checkpoint inhibitors [35, 135].

5.2 Challenges and future research directions

The application of statins in oncology, though promising, is not without signifi-
cant challenges, such as those involving resistance mechanisms, optimizing dosing 
strategies, addressing safety concerns and adverse effects through the assessment 
of global health implications, and managing drug–drug interactions among other 
things. While substantial progress has been made, several challenges remain that 
require further investigations:

1.	Resistance mechanisms: Understanding intrinsic and acquired resistance to statins 
in tumors is critical. Statin resistance may arise from altered cholesterol trans-
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port, up-regulation of MDR2 proteins, LDL receptor induction, increased activ-
ity of stearoyl-CoA desaturase and HMG-CoA reductase, and genetic polymor-
phisms affecting metabolism and tolerance.

2.	Dosing strategies: Determining the optimal statin type, dose, and duration for 
cancer therapy without compromising safety is a key area of ongoing research.

3.	Cancer type specificity: While statins show promise in certain cancers (e.g., breast, 
prostate, and colorectal), their efficacy in others such as seen in melanoma and 
hepatocellular carcinoma, etc., remains uncertain, thus necessitating further 
subtype-specific studies.

4.	Global health implications: Low- and middle-income countries account for nearly 
80% of global cancer mortality, a disparity that likely stems from limited access 
to comprehensive cancer care, including essential pharmacologic treatments, 
especially in resource-constrained regions. Thus, evaluating statins’ cost-effec-
tiveness and accessibility in low- and middle-income countries is essential for 
broader implementation (Figure 17).

5.3 �Future outlook and directions: Mechanistic interactions of statins in 
combination oncology therapeutics

Statins primarily exert their anticancer effects by inhibiting HMG-CoA reductase, 
a rate-limiting enzyme in the mevalonate pathway. This blockade not only depletes 
cholesterol but also suppresses the synthesis of isoprenoid intermediates such as 
farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), crucial 
for the post-translational modification of signaling proteins like Ras, Rho, and Rac. 
Disruption of these modifications compromises tumor cell proliferation, survival, 
and metastatic potential [70].

In chemotherapy, statins enhance drug cytotoxicity through dual mechanisms: 
by promoting pro-apoptotic signaling (e.g., up-regulation of Bax, down-regulation 

Figure 17. 
A summary of the challenges and opportunities in statins use in oncology [136].
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of Survivin) and by impairing DNA repair processes. Fluvastatin, for example, 
synergizes with cisplatin in ovarian cancer by inducing G2/M arrest and elevating 
caspase-3 activity, effects that are reversible with exogenous GGPP supplementation 
[70]. Similar chemo-sensitization has been observed in cisplatin-resistant prostate 
and cervical cancers through up-regulation of RHOB (Ras homolog gene family 
member B involved in regulating cell shape, adhesion, and apoptosis) and KLF 
(Krüppel-like factor) transcription factors [71, 72].

Radiotherapy combinations leverage statin-induced increases in intracellular 
reactive oxygen species (ROS), which potentiate radiation-induced DNA damage. 
In prostate cancer, simvastatin combined with irradiation significantly reduced 
tumor cell proliferation and decreased RAD51 expression—a DNA repair protein—
thereby enhancing γH2AX expression, a biomarker for double-strand breaks [85]. 
Additionally, mitochondrial dysfunction mediated by statins has been linked to 
the activation of the cGAS-STING pathway, enhancing immunogenic cell death in 
colorectal cancer models [86].

Hyperthermia and ferroptosis-based strategies may benefit from statins’ oxidative 
stress induction, mitochondrial destabilization, and disruption of redox homeostasis. 
These effects, driven by reduced CoQ10 synthesis and ROS accumulation, render 
cancer cells more vulnerable to heat shock and iron-dependent lipid peroxidation 
mechanisms [134].

In apoptosis-focused regimens, statins amplify mitochondrial-mediated pathways by 
altering BCL-2 family protein balance, up-regulating p53-related mediators like PUMA, 
and enhancing cytochrome c release [82, 86, 89, 97]. Notably, studies from the University 
of California showed that combining statins with BCL-2 inhibitor venetoclax selectively 
induced apoptosis in leukemia cells while sparing normal lymphocytes [67].

Immunologically, statins recalibrate the tumor microenvironment by dampening 
chronic inflammation, altering T-helper cell polarization, and modulating check-
point molecule expression. They reduce pro-inflammatory cytokines and support 
anti-tumor T-cell activation, thereby enhancing the efficacy of checkpoint inhibitors 
[37, 38, 44]. This helps to position statins as promising co-agents in immunotherapy, 
particularly in “cold” tumors where immune activation is insufficient.

Emerging gene therapy approaches may also benefit from statin-induced changes 
in membrane fluidity and endocytosis, improving vector delivery and transgene 
expression. Moreover, the downregulation of lipid raft and caveolae domains—which 
serve as key platforms for receptor signaling—may suppress oncogenic receptor 
activation and enhance gene therapy uptake [22–27, 75].

The future of statins in oncology lies in their thoughtful incorporation into ratio-
nally designed therapeutic regimens. Clinical trials such as NCT04418089 (breast 
cancer), NCT04776889 (prostate cancer), and NCT02161822 (colorectal cancer) have 
demonstrated both safety and potential for synergy in combination settings [71, 72]. 
However, the full realization of their therapeutic potential requires patient-specific 
stratification, real-time biomarker monitoring and pharmacogenomic-guided dosing 
strategies to mitigate toxicity and maximize efficacy [68, 74], to help amplify the 
therapeutic efficacy of diverse oncologic treatments.

6. �Conclusion

Statins, long known for their cardiovascular benefits, have emerged as biologically 
potent agents in oncology owing to their ability to disrupt critical pathways involved 
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in tumor growth and survival. At the heart of their anticancer potential is the inhibi-
tion of HMG-CoA reductase, which impairs the mevalonate pathway—an essential 
source of isoprenoids required for the post-translational prenylation of small GTPases 
such as Ras, Rho, and Rac. These proteins orchestrate many oncogenic processes, 
including proliferation, migration, invasion, and resistance to apoptosis. In parallel, 
statins alter membrane micro-domains such as lipid rafts and caveolae, destabilizing 
signaling platforms that cancers rely on for growth and immune evasion. Through 
these mechanisms, statins influence a wide spectrum of cancer hallmarks, includ-
ing cell cycle progression, mitochondrial integrity, redox homeostasis, and immune 
regulation.

In summary, statins occupy a unique niche in oncology at the intersection of 
metabolism, signaling, and immunity. Their multifaceted mechanisms provide 
multiple therapeutic entry points, but realizing their full potential will require preci-
sion—not only in molecular targeting, but also in trial design, biomarker use, and 
clinical integration. As our understanding of tumor heterogeneity deepens, statins 
may well emerge as a cornerstone in tailored, mechanism-based combination cancer 
therapy.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Perspective Chapter: Sex 
Differences during Statin Therapy 
in Patients with Elevated Risk of 
Cardiovascular Disease and Cancer
Tatjana Ábel and Éva Csajbókné Csobod

Abstract

The latest guidelines recommend statin therapy for patients with established 
cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM) or metabolic 
dysfunction-associated steatotic liver disease (MASLD). Women are often under-
represented in clinical trials, which may lead to less reliable data on sex differences in 
the effects of statin therapy. Few data have been published on possible sex differences 
in the effect of statin treatment in patients with T2DM or MASLD. The ageing of 
the world population is contributing to the increasing prevalence of both CVD and 
malignant diseases. Recently, the potential activity of statins against various types of 
cancer has also been described. However, few and in some cases conflicting results 
have been reported on the association between sex differences in statin treatment and 
cancer risk. The aim of this chapter is to summarise the possible sex differences in the 
effect of statin treatment on the development of different cancer types and CVD risk 
factors in patients with T2DM and MASLD.

Keywords: cancer, cardiovascular disease, diabetes, gender, LDL cholesterol, MASLD

1. �Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and
mortality among adults, despite improvements in prevention and treatment [1, 
2]. According to the American Heart Association’s (AHA) Statistical Report 2024, 
between 2017 and 2020, men had a higher prevalence of both total CVD (52.4 vs. 
44.8%) and coronary heart disease (CHD) (8.7 vs. 5.8%) compared to women [2].

The current practice guidelines state that low-density lipoprotein cholesterol 
(LDL-C) remains the primary goal of therapy, with the optimal level of LDL-C 
reduction being tailored to the risk level of each risk group [3, 4]. As an inhibitor 
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, statin therapy 
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is a cornerstone of CVD risk reduction through its reduction of LDL-C and other 
pleiotropic effects [5, 6]. These results motivated us to observe possible anti-cancer 
potentials of statins.

Since the 1990s, most large multicentre primary and secondary prevention statin 
trials have included women, but the proportion of women participants has been 
lower than that of men [7–12]. Nevertheless, both primary and secondary prevention 
studies have shown that there is no significant difference between men and women in 
the safety and effectiveness of statin treatment in preventing CVD [7–12]. However, 
fewer results have been published on possible sex differences in statin treatment in 
people with certain diseases associated with high CVD risk (type 2 diabetes (T2DM), 
metabolic dysfunction-associated steatotic liver disease (MASLD)). Clinical data are 
scanty on statin treatment of cancer risks in CVD patients.

Recently, the potential activity of statins against various types of cancer has 
also been described [13]. Assessing the potential cancer risks associated with 
the use of statins is crucial to ensure the safety of women and men taking statins 
long-term.

The aim of this chapter is to summarise the possible sex differences in statin treat-
ment to reduce the risk of developing different types of cancer and CVD risk factors 
in patients with T2DM and MASLD.

2. �Sex differences during statin therapy with high CVD risk patients

2.1 Sex differences during statin therapy in patients with type 2 diabetes

Patients with type 2 diabetes (T2DM) have a higher prevalence and worse prog-
nosis of CHD compared to non-diabetic individuals, perhaps due to poor endothelial 
injury recovery [14–16].

Researchers from the Framingham Study first time reported that CVD risk differs 
between men and women with diabetes [17]. Men who had diabetes at baseline or 
who were diagnosed with diabetes, in the first 16 years of follow-up had double risk 
of cardiovascular mortality compared with men without diabetes, whereas the risk 
was 4.5 times higher in women with diabetes than in women without diabetes [17]. 
A meta-analysis by Peters et al. found that women with T2DM had a more than 40% 
higher risk of developing CHD than men with diabetes [18]. Recently, a meta-analysis 
reported that women with diabetes had a 30% higher risk of CVD death, a 58% 
greater risk of CHD death, 8% higher possibility of stroke death and 13% greater risk 
of all-cause mortality than diabetic men [19]. There are probably several reasons for 
the sex differences in CVD risk and events in patients with T2DM, and these are still 
poorly understood (see Table 1) [20–33].

T2DM and dyslipidaemia, which is common in these patients, are considered 
major CVD risk factors [3, 4]. Several clinical trials have demonstrated significant 
CHD risk reduction with statin treatment in patients with diabetes, in primary and 
secondary prevention [4, 34–36]. Current guidelines recommend early and intensive 
use of statins for lipid control in patients with diabetes [37, 38].

The sex difference is not related to the efficacy of statins, as evidenced from 
randomised clinical trials. Trials showed that the identical statin treatment results 
showed same reduction in LDL-C levels in men and women [4]. However, the litera-
ture remains contradictory and limited on other possible determinants of sex differ-
ences in relation to statins (see Table 2) [26, 39–44].
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A recent study found that men with T2DM were more likely prone than women 
with T2DM to receive statin therapy, regardless of duration of diabetes [42]. 
Consequently, women were less likely prone than men to achieve the total cholesterol 
target [42]. Although Stedman et al. recruited patients from only one region of the 
UK, Salford is recognised as a known diabetes centre [42]. Ambrož et al. studied 
whether there is a sex difference in the time to start therapy and prescription of 
statins in patients with T2DM [43]. Their results showed that both the statin initia-
tion (19.7 vs. 24.7%; odds ratio (OR) 0.75; 95% confidence interval (CI) 0.58–0.96) 
and statin prescription (58.7 vs. 63.9%; OR 0.80, 95% CI 0.73–0.89) were less in 
females with T2DM than in males. The study investigated T2DM patients including 
in primary care, therefore these findings are not fully generalisable to T2DM patients 
treated in other settings.

Vimalananda et al. examined 21,780 women and 646,429 men, aged 50–75 years 
with diabetes. Their results showed that women were less likely than men to be taking 

Factors References

At diagnosis of T2DM, women had higher CV risk factors (BMI, body weight, systolic blood 
pressure) compared to men.

[19]; [20]

CV risk factors are more prevalent in women with T2DM compared to men with T2DM 
(obesity, elevated HbA1c and blood pressure, smoking, high triglycerides and LDL-C levels)

[21]; [22]; [23]; 
[24]; [25]

Sex differences in hormonal pathophysiology (men with T2DM have lower testosterone 
levels compared to men without T2DM. Women with T2DM have higher testosterone levels 
than women without T2DM)

[21]; [26]

Race/ethnicity (non-Hispanic, black), socio-economic status (low), healthcare utilisation 
factors, also associated with sex-related differences in patients with T2DM

[25]; [27]; [28]

Prescription of cardiovascular risk-reducing medicines is lower for women than for men 
with T2DM (statins, angiotensin-converting enzyme inhibitors, aspirin).

[29]; [30]; [31]; 
[32]

The use of androgen deprivation therapy (ADT), especially gonadotropin-releasing 
hormone (GnRH) agonists, in men with prostate cancer (especially in men over 60 years of 
age) increases the risk of CVD.

[13]

Among the oestrogen receptor modulators in women with breast cancer, tamoxifen therapy 
increases the risk of venous thromboembolism (VTE). Aromatase inhibitor therapy 
(letrozole, anastrozole or exemestane) increases the risk of developing CVD.

[13]

BMI = Body Mass Index; CV = cardiovascular; LDL-C = LDL-cholesterol; T2DM = Type 2 diabetes mellitus.

Table 1. 
Potential factors associated with sex differences in CVD risk and events in patients with T2DM.

Factors References

Women are prescribed statins less often than men with T2DM [38–42]

Women were less likely than men with T2DM to receive statins with a higher potency. [39]

Statin treatment adherency lower in women than in men with T2DM [25, 43]

Race, healthcare utilisation factors also associated with sex-related differences in patients with 
T2DM

[25, 39, 44]

T2DM = Type 2 diabetes mellitus.

Table 2. 
Possible factors of statin-related sex differences in CVD risk and events in patients with T2DM.
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medium or high-dose statins (52 vs. 57%), which may explain why women were less 
likely to reach their LDL-C target. Although adherence to statin therapy was nearly 
equal for both sexes, women were less likely than men to visit a community outpatient 
clinic [40]. In contrast, in the study by Billimek et al. more women reported non-
adherence to statins than men with T2DM because of statin’s side effects (47.2% vs. 
36.8%; p = 0.024) [44].

Gamboa et al. studied whether there are race or sex differences in statin use and 
LDL-C control in patients with T2DM [26]. They concluded that 66% of white men, 
57.8% of black men, 55% of white women and 53.6% of black women used statin 
therapy, respectively, p < 0.001 [26]. After adjusting for healthcare utilisation factors, 
they were shown that LDL-C control among those taking statins was lower among 
black men, white women as well as black women than white men (prevalence ratios 
[95% CI]: 0.85 [0.79–0.93], 0.89 [0.82–0.96] and 0.73 [0.67–0.80], respectively, 
p < 0.001) [26].

The study by Russo et al. included a total of 415,294 (45.3% female) patients with 
T2DM from 236 diabetes centres in Italy [45]. In the outpatient centres, lipid profiles 
were checked in ∼75% of subjects, less often in women than in men, regardless of age, 
which may be reason related to the fact that women felt less at risk of CVD compared 
to men [45]. In addition, among patients with T2DM, women were more likely than 
men to fail to reach the LDL-C target.

2.2 Sex differences during statin therapy in patients with MASLD

Steatotic liver disease (SLD) is a public health concern affecting globally that 
raises the incidence of CVD [46–48]. Metabolic dysfunction-associated steatotic liver 
disease (MASLD) is found in 25–45% of the general population and may be present in 
as high as 70% of patients with T2DM or CVD [49]. MASLD can lead to the develop-
ment of metabolic-associated steatohepatitis (MASH), a disease characterised by 
damage and inflammation of hepatocyte and the development of liver fibrosis. The 
liver fibrosis progression increases the risk of cirrhosis and hepatocellular carcinoma 
(HCC), both of which are associated with high mortality [50].

Statins can be safely given to individuals with MASLD without increased risk of 
liver toxicity [51, 52]. This was demonstrated in a recent meta-analysis by Dai et al., 
which showed that the administration of statins in the management of MASLD and 
MASH resulted in significantly improving the histological and biochemical biomark-
ers, especially in patients with hyperlipidaemia [53]. In a study by Ciardullo et al., 
the effect of statin treatment in patients with T2DM on the risk of liver fibrosis and 
cirrhosis was examined compared to non-statin-treated patients [54]. The use of 
statins was linked to a lower risk of both developed liver fibrosis (OR 0.35, 95% CI 
0.13–0.90, p = 0.037) and cirrhosis (OR 0.09, 95% CI 0.02–0.44, p = 0.01). Subgroup 
analyses showed that this correlation was more pronounced in female patients [54]. 
In contrast, results from a recent study showed that men may benefit more from 
statin use in sex-specific analysis, with a significant association between liver-related 
mortality and HCC (HR, 0.53; 95% CI, 0.30–0.95; p = 0.03) [55]. The latest clinical 
practice guidelines do not discriminate between sexes and recommend statins for 
the treatment of dyslipidaemic patients with MASLD and MASH with compensated 
cirrhosis [56].

In MASLD patients, prescribing statins does not appear to be sufficient, as trial 
results suggest that at least 50% of MASLD patients with an indication and 33% of 
MASLD patients with CVD are not receiving treatment [57, 58].
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Few and conflicting data have been reported on possible differences in statin pre-
scribing and treatment between sexes [59–62]. The study by Thomson et al. involved 
2214 patients with MASLD [60]. The mean age of the patients was 62 years, 80.2% 
were white and 61.1% were women. At baseline, 26.2% had compensated cirrhosis 
and 20.1% suffered from decompensated cirrhosis. Their results showed that women 
were less likely to take statins than men, even after adjusting for cardiovascular risk 
factors and liver disease severity (58.9 vs. 63.8%; p < 0.019) [60]. In contrast, Del Ben 
et al. found that although only 44% of patients with MASLD and an indication for 
statin therapy were taking statins, a higher proportion of these were women and not 
men [61]. However, a recent study examining statin prescribing patterns in patients 
with MASLD (n = 1238, 64% women) in primary care showed that there was no 
significant difference between women and men (p = 0.818) [62].

Clinically important hepatotoxicity associated with statin treatment is an 
extremely rare side effect. In contrast, asymptomatic and usually transient liver 
transaminase enzyme elevation may be a more common side effect, occurring mainly 
during the first 12 weeks of statin therapy [62, 63].

Studies to date suggest that the main reason for inappropriate prescription and 
discontinuation of statins in patients with MASLD/MASH is still the fear of a possible 
further increase in transaminases and thus the development of liver-related drug 
damage [62–64]. This may also explain the possible sex differences in the results.

3. �Sex differences in the risk of developing cancer during statin treatment

The ageing of the world population is contributing to the increasing prevalence of 
both CVD and malignant diseases [13]. Still, it is dilemma if statins cause androgen 
deprivation or increase the prevalence of malignancy (see Figure 1) [65]. Recent 
trend is in favour of statins in combination therapy to prevent one from cancers 
[66, 67]. The evidence so far suggests that statins may exert their anti-cancer effects 
through different possible mechanisms (see Figure 2) [68–70].

Most of the studies published so far have shown an inverse association between the 
use of statins and various cancer risks, but some have shown different results [7–71].

Meta-analyses of randomised controlled trials (RCTs) have shown no significant 
association between statin use and overall cancer incidence [71, 72]. Some obser-
vational studies have found a reduced risk of several cancers, such as colorectal, 
pancreatic, prostate and lung cancers, among people taking statins [73, 74]. Another 
observational study has found no significant association with colorectal cancer, 
breast, pancreatic and prostate cancers [75]. In addition, some studies have suggested 
a possible increased risk of certain malignancies, notably colon, prostate and lung 
cancers [76, 77]. Marrone et al., examining participants in the Atherosclerosis Risk 
in Communities Study, found an inverse association of shorter duration of statin use 
with the incidence of bladder cancer in men (<10 years: HR = 1.67, 95% CI = 1.02–
2.73) [73]. Still, the differences of testosterone versus progesterone or oestrogen in 
statin therapy responses are not confirmed yet.

In cancer patients, the risk of CVD may be increased due to shared risk factors, 
such as cancer-therapy related cardiovascular (CV) toxicity and pathophysiological 
mechanisms associated with the underlying malignancy [13]. Cancer-therapy related 
CV toxicity can be influenced by a number of risk factors, such as age, type of can-
cer, pre-existing CV risk factors or CVD, type or dose or frequency and duration of 
current and possibly previous cardiotoxic oncological therapy (13). Advances in the 
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early diagnosis and management of cancer have resulted in an increased survival rate, 
an increasing proportion of cancer patients are entering the group at higher risk of 
CVD [13]. Current cardio-oncology guidelines recommend assessing CV risk before 
starting cancer chemotherapy and starting statin therapy in combination as early as 
possible if necessary (see Table 3) [13, 78]. According to cardio-oncology guidelines, 
statins should be considered for primary prevention in adult cancer patients at high 
and very high risk of CV toxicity (see Table 4) [13, 78].

Kobo et al. from the National Health and Nutrition Examination Survey observed 
both cancer and non-cancer patients taking statins (n = 17.050, 1684 patients had 

Figure 1. 
Cholesterol-lowering and androgen deprivation effects of statins. CoA = co-enzyme A; 
DHEA = dehydroepiandrosterone; HMG-CoA = 3-hydroxy-3-methylglutaryl coenzyme A.

Figure 2. 
Possible mechanisms of the anti-cancer effects of statins [68–70].
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cancer) [79]. Study results show that among individuals indicated for statin therapy, 
men were more likely to use statins compared to women, regardless of their cancer 
status. However, there was more likelihood of both males and females with cancer 
using statins compared to individuals without cancer, but the difference was more 
striking for males (75.8 vs. 57.4% and 45.4 vs. 39.6% for men and women, respectively, 
both p < 0.001) [79]. First reason for these results may be that the cancer patients in 
their study were older, had higher rates of diabetes, hypertension, hyperlipidaemia 
and established CVD than the patients without cancer. Second reason may be that 
cancer patients had higher rates of access to health care [79].

Drugs

Aromatase inhibitors (anastrozole, letrozole, exemestane)

Asparaginase

Bexarotene

Cyclosporine

Copanlisib

Corticosteroids

Crizotinib

Dasatinib

Duvelisib

Everolimus

Idealisib

Lorlatinib

Mitotane

Nilotinib

Pegaspargase

Ponatinib

Ruxolitinib

Temsirolimus

Tretinoin

Table 3. 
Chemotherapies that may increase the risk of developing dyslipidaemia [13, 78].

CV risk group LDL-C target (mg/dL)

Low risk (SCORE < 1%) < 116

Moderate risk (SCORE ≥ 1 and < 5%) < 100

High risk (SCORE ≥ 5 and < 10%) < 70

Very high risk (SCORE ≥ 10%) (primary or secondary prevention) < 55

(targets are the same as the latest ESC and AHA recommendations for non-cancer patients [3, 4]).

Table 4. 
LDL-C targets for cancer patients [13, 78].
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3.1 Statin treatment and risk of hepatocellular cancer development

In 2022, liver cancer was the sixth most frequent cancer and the third leading 
cause of cancer death worldwide [80]. Hepatocellular carcinoma (HCC) represents 
more than 90% of primary liver cancers. Although hepatitis B and C viral infections 
(HBV and HCV) are major risk factors for HCC worldwide, the increasing prevalence 
of obesity, diabetes and MASLD had a greater role in hepatocarcinogenesis [81].

In most geographic regions of the world, HCC incidence and mortality rates are about 
2–3 times higher in men than in women [82]. This is mainly due to the fact that men are 
more likely to have some of the established risk factors for liver cancer, such as HBV and 
HCV infection, excessive alcohol consumption, smoking and T2DM [83, 84].

The effect of statin treatment on the development of HCC in the general popula-
tion was investigated [55]. The results showed that the development of HCC was 
lower primarily in men who were diabetic and had a high Fibrosis-4 index at baseline. 
This effect of statins was found in favour to be time- and dose-dependent. In women, 
no benefit was found for statin treatment (see Table 5) [55].

Goh et al. observed that HBV-infected patients receiving statin treatment (n = 713, 
67.6% male) were followed for a median follow-up of 7.2 years for the risk of develop-
ing HCC [85]. Their results showed that men had a significantly lower rate of HCC 
development during statin treatment compared to women according to multivariable 
Cox regression model with time-dependent covariates (HR, 2.24; 95% CI, 1.86–2.69; 
p < 0.001) [85]. Possiblly, progesterone, oestrogens in females and testosterone in 
males affect the androgens made from cholesterol differently. These androgens may 
be deprived by statin-induced mevalonate, squalene, cholesterol-lowering (androgen 
deprivation therapy, ADT) towards HCC (see Figure 1).

However, neither the pathogenesis nor the risk factors that cause the sex differ-
ences in the reduction of HCC development during statin treatment are yet known.

3.2 Statin treatment and risk of other cancer development

Colorectal cancer is reported to be the fourth most common cancer in men and the 
third in women worldwide by 2022 [80]. In their study, Lee et al. examined the risk of 
colorectal cancer in patients taking statins compared with statin nonusers [86]. Of the 
16,588 male participants, 378 (2.3%) developed colorectal cancer during the median 
follow-up period of 12.7 years, while 239 (1.6%) of the 14,561 female participants 
developed colorectal cancer. Statin users were classified into high and low users based 
on medication possession ratio. Among men, those with high statin use had the lowest 
incidence of total colon, proximal colon and rectal cancers (all p < 0.05). Women had 
also lower incidence of total colon (p = 0.032) and rectal cancers (p = 0.002) com-
pared to nonusers.

The effect of statin treatment on the risk of developing renal cell carcinoma (RCC) 
has shown conflicting results between the sexes. A recent study found that statin use 
was not associated with an overall risk of RCC (n = 661) [87]. However, in women 
with high-grade kidney disease in the Nurses’ Health Study (NHS) cohort, statin 
treatment was associated with an increased risk of RCC (HR 1.75, 95% CI 1.07–2.85), 
and in men who had received statin treatment for 4 years or more, statin treatment 
was associated with an increased risk of clear cell RCC (HR 1.65, 95% CI 1.10–2.47) 
[87]. However, this study had a small sample size and a relatively short duration (4+ 
years), so the authors suggest that further studies are needed to clarify this relation-
ship. In contrast, results from a case-control study showed (n = 1446; 91.7% were 
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men) that statins were significantly protective against the development of RCC (48%, 
adjusted odds ratio 0.52, 95% confidence interval 0.45–0.60) after controlling for age, 
sex, smoking and obesity [88].

Statins have an important role in the primary and secondary prevention of car-
diovascular events and death in people who have mild-to-moderate chronic kidney 
disease (CKD) [89, 90]. The KDIGO (Kidney Disease Improving Global Outcome) 
clinical practice guideline published in 2024 recommended statin monotherapy or 
statin plus ezetimibe combination therapy for dyslipidaemia in patients with CKD, 
which still does not clearly recommend statin therapy in advanced CKD or in patients 
in end-stage renal disease (ESRD) (see Table 6) [91]. However, other therapeutic 
options with different mechanisms of action also reduce the risk of CVD in patients 
with CKD, such as PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibitors 

Study Patients Intervention Duration Findings

Vell et al. [55] 1.785.491 
individuals 
(56% men, 49% 
women)

Statins •	 UK Biobank: mean 
follow-up (standard 
deviation (SD)): 
11.9 (1.9) years;

•	 Penn Medicine 
BioBank: mean 
follow-up (SD): 4.7 
(2.3) years

In men, statin treatment 
significantly reduced 
the risk of developing 
HCC. (HR, 0.53; 95% CI, 
0.30–0.95; p = 0.03). No 
such association was found 
in women.

Goh et al. [85] 713 patients 
infected with HBV 
and using statins 
(67.6% men)

Statins Median follow-up: 
7.2 years

Men had significantly lower 
incidence of HCC compared 
to women (HR, 2.24; 95% 
CI, 1.86–2.69; p < 0.001).

Lee et al. [86] 17.737 statin users 
and 13.412 statin 
nonusers

Statin treatment 
compared to 
nonusers

Median follow-up: 
12.7 years

Compared with nonusers, 
the risk of colorectal cancer 
is significantly lower in high 
statin users men (HRs, 95% 
CIs 0.56 (0.42–0.75) and 
0.64 (0.46–0.90)) women.

Michalek et al. [87] Women from 
NHS: 100.195 
and from NHS II: 
91.427; men from 
HPFS: 45.433

Statins Women from NHS: 
22 years and from 
NHS II: 16 years; men 
from HPFS: 26 years

Subgroup analysis: women 
with high-grade kidney 
disease increased risk 
of RCC (HR 1.75, 95% 
CI 1.07–2.85); and men 
increased risk of clear cell 
RCC (HR 1.65, 95% CI 
1.10–2.47)

Khurana et al. [88] 483.733 patients 
(91.7% were men)

Statins Retrospective nested 
case–control study

Significantly reduced risk 
of RCC (48%, adjusted 
odds ratio 0.52, 95% CI 
0.45–0.60)

Cheng et al. [96] 6271 pairs of statin 
users and nonusers 
with ESRD

Statins Follow-up 17 years The incidence of UTUC 
was twice as high in women 
as in men (31.8 vs. 15.9 per 
10.000 person-years)

ESRD = End-stage renal disease; HBV = Hepatitis B virus; HCC=Hepatocellular carcinoma; HPFS: Health 
Professionals Follow-up Study; NHS: Nurses’ Health Study; RCC = Renal cell carcinoma; UTUC=Upper tract 
urothelial carcinoma.

Table 5. 
Sex differences in the incidence of various cancers during statin therapy.
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(mainly alirocumab and evolocumab), canakinumab monoclonal antibody targeting 
interleukin-1β (IL-1β) and colchicine treatment. However, further studies are still 
needed to confirm these therapies [92–95].

Results from a recent population-based, 17-year follow-up study showed that statin 
use increased the risk of upper tract urothelial carcinoma (UTUC) in patients with ESRD 
(n = 6271) (sHR 1.98; 95% CI, 1.28–3.06), but the incidence was twice as high in women 
than in men (31.8 vs. 15.9 per 10,000 person-years) [96]. This association also held for 
lipophilic or hydrophilic statin therapy. However, this study had several limitations. In 
Taiwan, the risk of developing UTUC is increased by an herb used there containing aris-
tolochic acid, and its use in herbal prescriptions was banned in 2003 [96]. However, in this 
study, the investigators were unable to investigate whether or not exposure to aristolochic 
acid occurred in the study participants. Furthermore, work history and chemical expo-
sures may have played a role in the risk of UTUC but were not included in the adjustment. 
The generalisability of the results of the study may also be limited as it was carried out in 
the framework of the National Health Insurance Database.

In contrast, results of a target trial emulation study showed that statin use had no 
effect on the incidence of UTUC during the 10-year follow-up period in both sexes, 
but it should be noted that these patients did not have end-stage renal disease [75].

Despite the fact that statins can affect sex hormone production at different points, 
the results of the studies summarised have been contradictory (see Figure 1) [65, 97]. 
Although most studies and their cumulative analyses showed that statin treatment was 
associated with a decrease in total testosterone, this effect was not significant [97, 98]. 
In patients with prostate cancer receiving ADT, concomitant use of statins has been 
consistently reported to be beneficial [67, 66]. In a 25-cohort systematic review and 
meta-analysis by Jayalath et al. involving 119,878 men, statin therapy added to ADT 
reduced the risk of all-cause mortality by 27% and the risk of prostate cancer-specific 
mortality by 35% [67]. A similar association was found when comparing 2578 statin users 
and 2342 nonusers in a study of Asian prostate cancer patients receiving ADT [66]. Over 
a mean follow-up period of more than 4 years, they found that those who used statins had 
a significantly lower risk of both prostate cancer-related mortality (weighted hazard ratio 
[wHR] 0.56 [95% CI 0.48, 0.65], p < 0.001) and all-cause mortality (wHR 0.57 [95% CI 
0.51, 0.63], p < 0.001), irrespective of the type of ADT used [66].

Recommendations

In adults ≥50 years of age with an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 but not on 
chronic dialysis or undergoing kidney transplantation, treatment with statin or statin/ezetimibe combination is 
recommended.

In adults ≥50 years of age with CKD and an eGFR of ≥60 ml/min/1.73 m2, treatment with statin is 
recommended.

In adults aged 18–49 years with CKD but not treated with chronic dialysis or kidney transplantation who have one 
or more of the following, statin treatment is recommended:

•	 Known coronary artery disease (myocardial infarction or coronary revascularisation),

•	 diabetes mellitus,

•	 prior ischaemic stroke, or

•	 an estimated 10-year incidence of coronary death or non-fatal myocardial infarction >10%.

Table 6. 
The KDIGO guideline recommendations for the management of dyslipidaemia in patients with chronic kidney 
disease (CKD) [91].
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For prostate cancer patients using ADT and breast cancer patients receiving endo-
crine therapy with no history of CVD, a baseline assessment of CVD risk and 10-year 
estimates of fatal and non-fatal CVD risk are recommended using the Systematic 
Coronary Risk Estimation 2 (SCORE2) or the Systematic Coronary Risk Estimation 
2-Older Persons (SCORE2-OP) [13]. It is recommended to assess annual CV risk 
during ADT treatment and in breast cancer patients receiving endocrine therapy with 
a high 10-year risk of CV events (fatal and non-fatal) [13]. It is recommended to start 
statin therapy and to achieve LDL-C up to the target level, which is in line with recent 
European Society of Cardiology (ESC) and AHA recommendations for non-cancer 
patients (see Table 4) [3, 4].

4. �Discussion

Reducing LDL-C is an integral part of current guidelines for the management 
of dyslipidaemia and the prevention and treatment of CVD [3, 4]. Statins are 
the first-line therapy for the treatment of elevated cholesterol in individuals at 
increased CV risk, as they are effective in reducing major CVD events and mortal-
ity [5, 6].

Women are often under-represented in clinical trials, which can lead to less 
reliable data on the sex differences in the effects of statin therapy [7, 9]. Several 
studies suggest that women have poorer control of cardiovascular risk factors, such 
as obesity, hypertension or hypercholesterolaemia, than their male counterparts 
[45, 99]. However, it is not clear whether this sex difference is due to progesterone, 
oestrogen versus testosterone hormonal response, lifestyle- or healthcare utilisa-
tion factors, with lower rates of prescribing or taking medication, or higher rates of 
discontinuation.

To date, a limited number of studies have investigated potential sex differences 
in long-term statin prescription, adherence, therapy and discontinuation in patients 
with T2DM. However, the majority of studies have shown that women with T2DM, 
for a variety of reasons, achieve the LDL-C target at lower rates than men with T2DM 
[26, 40, 45].

For patients with MASLD, statin therapy is safe and effective, but statins are 
still under-prescribed in both sexes [57, 58]. However, the reasons for the lower 
prescription rate are not known, but may be due to fears of further transaminase 
elevations [62–64].

Disruptions in the mevalonate synthesis pathway caused by statins inhibit 
cancer growth and lead to apoptotic cell death [96]. Statins also have multiple 
pleiotropic effects, such as anti-inflammatory properties, suppression of oxidative 
stress, through which statins may also inhibit carcinogenesis [100–102]. A new 
statin, pitavastatin, has a favourable pharmacological profile, including a long 
half-life and minimal metabolism via cytochrome P450 (CYP) enzymes [103]. 
Studies published so far have shown that pitavastatin, when used in combination 
with chemotherapy, has anti-cancer activity, e.g. against brain tumours or cervical 
cancer [104, 105].

The majority of studies published to date have found that statin treatment is 
dose- and time-dependently inversely correlated with risk of cancer development [55, 
85, 86]. Results from several ongoing clinical trials are expected in men and women 
with cardio-oncological cancer who are receiving combination therapy with statins 
(see Table 7) [106].
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5. �Conclusion

The statin therapy should be encouraged in both sexes for patients with T2DM 
and MASLD, as it improves lipid profile and reduces CV risk. Statin treatment in 
combination with chemotherapy is safe to continue in the long term for both men and 
women, given the risk of developing various cancers such as cardio-oncologic diseases 
and HCC. However, the reasons for possible sex differences in statin ADT treatment 
are not yet known and further research is needed to understand these so that ADT 
statin treatment strategies can be optimised accordingly if necessary.
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Trials

Preventing Anthracycline Cardiovascular Toxicity With Statins (PREVENT). (ClinicalTrials.gov ID 
NCT01988571)

Statins for the Primary Prevention of Heart Failure in Patients Receiving Anthracycline Pilot Study. 
(ClinicalTrials.gov ID NCT03186404)

Fish Oil Versus Statins Versus Placebos in Reducing Artial Fibrillation in Patients Undergoing Thoracic Surgery 
for Lung Cancer. (ClinicalTrials.gov ID NCT01259284)

Atorvastatin Treatment of Cavernous Angiomas with Symptomatic Haemorrhage Exploratory Proof of Concept 
(AT CASH EPOC) Trial. (ClinicalTrials.gov ID NCT02603328)

Statins and prOgression of Coronary atheRosclerosis in melanomA Patients Treated with chEckpoint inhibitorS. 
(ClinicalTrials.gov ID NCT05180942)

Detection and Prevention of Anthracycline-Related Cardiac Toxicity with Concurrent Simvastatin. 
(ClinicalTrials.gov ID NCT02096588)

Donor Atorvastatin Treatment in Preventing Severe Acute GVHD After Nonmyeloablative Peripheral Blood Stem 
Cell Transplant in Patients With Haematological Malignancies. (ClinicalTrials.gov ID NCT01527045)

Rosuvastatin in Treating Women With Cardiovascular Complications Who Are Undergoing Chemotherapy For 
Breast Cancer. (ClinicalTrials.gov ID NCT01051401)

Table 7. 
Ongoing clinical trials of combination therapy with statins in men and women with cardio-oncological cancer [106].
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Chapter 3

Statin Nanoformulation Methods 
in Cancer Theranosis: Trimodal 
Therapy
Rakesh Sharma

Abstract

Lipid-lowering statin medications with repurposed anticancer properties have 
tremendous potentials in cancer treatment and management. Several preclinical evi-
dences have indicated statin’s tumor pro-apoptosis and inhibitory functions to arrest 
angiogenesis, or resistance to metastasis and other critical processes in cancer devel-
opment. Clinical applications of statin use in oncology suffer from low solubility and 
bioavailability of statins given with chemodrugs. These challenges are overcome by 
use of statin–chemodrug nanoformulations as nanomedicines to enhance the statins 
and chemodrug delivery, solubility, stability, and targeting ability for maximum anti-
cancer therapeutic efficacy with maximum accumulation of nanomedicines in tumors 
without any side effects. Different statins exert anticancer effects by the specific 
mechanisms of mevalonate, immune response modulation, and induced apoptosis 
pathways. The authors propose “trimodal therapy” in the present chapter on devel-
opment of statin-loaded nanoformulations of liposomes, micelles, and polymeric 
beads filled with chemo-radiotherapy drugs and with immunotherapy and targeted 
therapy drugs as hybrid nanomedicines or trimodal therapy, as well as their nanode-
livery applications and anticancer properties in tumors to improve cancer treatment 
and offer better patient outcomes. In conclusion, multiple hybrid nanodrugs, or 
controlled delivery of statins with other two or more anticancer drugs, enhances the 
anticancer effects and simultaneously reduces the cardiotoxicity, cytotoxicity, drug 
resistance, and tumor recurrence to enhance the overall clinical and patient outcomes.

Keywords: nanoformulations, statins, nanomedicines, cancer theranosis, enhanced 
patient outcome

1. �Introduction

Cancer is a state of abnormally high cell division and uncontrolled proliferation and
tumor growth without any control on growing, in the forms of recurrent malignant 
sarcoma, fibroma, metastases, and resistance to drugs. Over 20 million new cancer 
cases and around 10 million deaths were reported globally in the year 2022 [1]. In the 
United States alone, 1.9 million new cases with 0.6 million deaths were reported in 
the year 2023. Cancer is a multifactorial disease due to environment and lifestyle 
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risks. Unfortunately, cancer treatments are invasive with noticeable toxicity; there-
fore, preventive risk factors and lifestyle modification measures seem very effective.

Statin drugs are established for their anti-antherosclerotic effects with anticancer 
potential. Basically, statins inhibit the 3-hydroxy-3-methyl-glutaryl-CoA reductase 
(HMG CoA-R) enzyme to prevent cholesterol synthesis. During cholesterol synthesis, 
statins may alter the intermediate farnesyl-PP metabolic step in pathway toward autoph-
agy, apoptosis, redox, cell cycle, and immune control steps. Statin-loaded nanomedicine 
formulation designs are ongoing efforts to treat the cancers as adjunct therapies with 
chemo-radiotherapy. Other possibilities are statin-loaded nanoformulation methods 
along with radiation therapy, hyperthermia, immunotherapy, stem cell transplant, and 
targeted therapy. However, every therapeutic modality has challenges and limitations 
due to limited efficacy, side effects, or invasiveness. For example, statins show poor solu-
bility, stability and bioavailability. Use of nanostatin chemodrugs caged in liposomes, 
micelles, chitosan, polymer nanomaterials, and other hybrid delivery systems allows 
transport of the statins and drugs safely in blood to enhance the statin solubility, stabil-
ity, and bioavailability with improved drug therapeutic efficacy and low systemic side 
effects. Recently, targeted therapy by nano-assemblies caging the chemo-radiotherapy 
medicines has emerged as a precise treatment with high efficacy and least side-effects.

The trimodal therapy is an approach of safe delivery of statins given in combina-
tion of chemotherapy and radiotherapy with possible immunotherapy and targeted 
therapy used in cancer treatment.

The present chapter highlights the use of safe, stable, pH dependent, controlled 
release drug delivery nanoformulations for statin chemo-radiotherapy drugs used in 
cancer treatment. Nanotechnology offers the promising methods of design and prepa-
ration of drug delivery nanoformulations, modern vaccines, diagnostics, and so forth 
in cancer treatment. Nanodrug delivery platforms are made of polymeric, lipophilic, or 
hydrophilic micelles and metallic materials to transport nanomedicines at specific phys-
iological pH conditions with minimal or no toxicity. Chemotherapy is also less invasive 
with limited side effects and toxicity. Radiation therapy and immunotherapies are more 
cytotoxic and need attention for their safe nanodelivery, while statins in combination 
may reduce overall cardiotoxicity due to radiation therapy or immunotherapies.

2. �Statins

Statins are made of a polyketide ring structure with a hydroxyl-hexahydro naph-
thalene ring system attached at C8 and C6 positions on the ring. Statins are classified 
based on their chemical structure and their solubility properties. Atorvastatin and 
fluvastatin are synthesized from mevalonate and pyridine. The lovastatin is derived 
from Aspergillus terreus or Monascus ruber. The pravastatin is derived from the mevas-
tatin product from Penicillium citrinum. Simvastatin is a semi-synthetic statin derived 
from lovastatin (C8 chemical modified chain). These statins show different solubility 
profiles. For example, hydrophilic statins (pravastatin and rosuvastatin) easily cross 
the membrane to reach their target. The lipophilic (simvastatin and atorvastatin) 
statins stay longer in the bloodstream.

2.1 Concept of statin anticancer functions and nanomedicine

Nanomedicine is defined as “unrestricted entry with anticancer function of nano-
material carriers filled with statins and/or chemoradiotherapy” drugs (anthracyclins, 
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cyclophosphamide) as safe nanobags or nanospheres of 1 × 10−9 m size, traveling or 
circulating in the bloodstream or accumulated inside tumor cell organelles without 
barriers of pH, physiology, or biochemical and mechanical effects. These characteris-
tics make statin-loaded nanoparticles or nanomedicines to be stable, bioavailable, and 
biocompatible in the tumor microenvironment to use statins as anticancer medicines. 
Nanocarriers are mainly liposomes, micelles, chitosan, graphene, fullerene, poly-
ethylglycol (PeG), poly-glycolactate (PGLA) polymers, and Qdots. These nanofor-
mulations perform pH-dependent controlled drug release by group transformations. 
Nanoformulation offers protective action against abnormal tumor enzymes and 
facilitates the nanomaterial cage opening in tumor blood at the target site.

In the cancer growth suppression or anticancer action, statins modify the meva-
lonate pathway and down-regulate the proteins of pro-angiogenesis, pro-apoptosis, 
and endothelial-Akt-derive dnitric oxide at three cross-points to perform endothelial 
cell proliferation, immunomodulation, and blocking the intracellular adhesion 
molecules for extracellular adhesion. Statins behave differently at low doses and high 
doses as anticancer medicines, and they enhance the anticancer efficiency of combi-
nation chemo-radiotherapy drugs.

At low dose, statins inhibit the mevalonate pathway by the HMG-CoA reductase 
enzyme as a defensive lipid-lowering effect (Hippo pathway) against any cross-talk 
effect of angiogenesis-stimulated migration, endothelium differentiation, uncon-
trolled cell proliferation, apoptosis, and pleiotropic effects in cardiovascular disease, 
stroke, thromboembolism, renal disease, rheumatoid arthritis, dementia, fatty liver, 
diabetes, and neurological disease [2, 3].

At high dose, statins show many anti-angiogenesis effects such as lowering 
monocyte chemo-attractant protein-1, T-lymphocyte activation, cytokine activity, 
metalloproteinase, angiotensin-2, pre-proendothelin gene, actin filament, focal 
adhesion formation, invasiveness, and metastasis spread, along with increased 
autophagy and endothelial apoptosis, decreased vascular endothelial growth factor 
(VEGF) receptor-2 activity, and lowered geranyl-geranylated Rho protein release 
from endothelial cells [3].

2.2 Mechanisms of statin anticancer actions

At molecular level, several clinical studies on nano-based statin use suggested the 
following altered mechanisms:

Statins inhibit the expression of transcriptional co-activator with PDZ-binding 
motif (TAZ) on the downstream and LATS1, LATS2, microRNA-9-3p on upstream 
regions in hepatocellular carcinoma [4]. Statins inhibit the prenylation of Ras 
superfamily protein. Statins block the MEK/Erk with PI3K/PKB pathways to arrest 
the proliferation and growing metastasis [5, 6]. As a result, low PI3K and poor PKB/
AKT activated mTOR downstream expression reduces the small-cell lung cancer 
cell survival, cell proliferation and motility [7]. Simultaneously, AKT/PKB activated 
effects such as NFκB-induced PTEN repression, enhanced cyclin D1, COX-2, BCL, 
survivin, MMP-9 gene-expression disrupt the  P-glycoprotein-ATP binding cassette-
multidrug resistance protein (PG-ABC-MRP-3) transporter function and increase the 
drug accumulation in cancer cells.  All these statin induced effects suppress the RhoA 
GTPase activity to induce anti-tumor proliferation and antiapoptosis functions [8]. 
Statins neutralize the IL-6 induced JAK2/STAT3 pro-inflammatory activation path-
way [9]. Stains downregulate the cyclin-dependent CDK1, CDK2, CDK4 with cyclins 
D1 and cyclin E kinases in Go/G1 phase. Statins upregulate the cyclin-dependent 
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kinase specific p19 and p27 inhibitors [10]. Statins suppress the inflammation to 
induce the tumor cytotoxic properties.  For example, lipophilic simvastatin lowers 
the geranyl-geranyl pyrophosphate and farnesyl pyrophosphate to trigger the pro-
apoptosis, tumor cell growth inhibition to destroy the energy-starved cancer cells 
in acidic environment.  Statins increase the expression of Bax pro-apoptosis factor 
with a decrease of BCL-2 anti-apoptosis factor expression and high cytochrome C in 
mitochondrial intrinsic pathway in cells.  On other side, cancer cells survive longer by 
inhibiting the apoptosis. 

Pre-clinical studies also support the claim of nano-based statin-reduced low-risks 
of the deaths from breast, prostate, colorectal cancers by inhibition of endothelial cell 
proliferation, migration to induce the apoptosis and radiosensitivity in cancer cells 
[11, 12]. Statins inhibit the tumor uncontrolled cell growth or uncontrolled metas-
tasis. Statins reduce the cancer cell proliferation and survival by c-Jun-N-terminal 
kinase (JNK) pathways. Thus, active apoptosis inhibits above pathways and reduces 
the invasion power in cancer cells.  Statins upregulate and cluster the Fas-ligands 
(FasL) on cancer cell surface to activate the caspase-8 and apoptosis in extrinsic 
pathway. 

Statins decrease the metastatic dissemination of tumors and reduce the patient 
mortality.  Several anticancer effects are autophagy, cell death, ferroptosis and pyrop-
tosis. Simvastatin promotes autophagy in cancer cells to inhibit or prevent metastasis 
spread by adenosine monophosphate-activated protein kinase-target of rapamycin 
(AMPK-TOR) signal activation.  Due to lipophilic nature, simvastatin modifies the 
epithelial-mesenchymal cell markers and expression pattern of stemness to affect the 
cancer cell assembly and spheroid formation.   Statins regulate the serine/threonine 
protein kinase Akt that may affect the metastasis.  However, in triple-negative breast 
cancers, statins promote the invasiveness overtime.  Statins in combination with 
chemodrugs show many synergistic effects with reversed multidrug resistance in 
cancer treatment. 

3. Nanocaged statins in combination with chemotherapy and radiotherapy 
administered in cancer treatment 

Second-generation statins at 30–40 mg are given mostly for chemoprevention. 
Third-generation rosuvastatin at 5–20 mg is the choice in combination therapy. 
Lovastatin, pravastatin, simvastatin, fluvastatin, atorvastatin, pitavastatin, rosu-
vastatin, cerivastatin, and mevastatin are given at 20–80 mg/day in combination 
with chemo-radiotherapy. All statins reduce the cancer resistance by Ras and Rho 
proteins and modify several biochemical processes. Chemotherapy drugs such 
as doxorubicine, 5-fluorouracil, paclitaxel, lestaurtinib, capecitabine, sorfenib, 
gefitinib, erlotinib, imatinib, cisplatin, gemcitabine doxorubicin (~100 M), 
vemurafenib, and TNF-related apoptosis-inducing ligand (TRAIL) are the ideal 
choice of anticancer nanocaged drugs to combine with the aforementioned statins 
(see Table 1). 

A review is available on statin–chemotherapy combination, highlighting 
the possibility of nanocaged statins to enhance the following anticancer effects 
[13]. Another review highlights the nanocaged statins in combination trimodal 
therapies with a focus on radio-chemodrug action [14]. Our new proposed 
nano-trimodal therapy is motivated from the following molecular evidences and 
benefits of nanocaged statins given in combination with chemo-radiotherapy 
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Nanomaterial/
Nanoparticle

Statin + Chemodrug Outcome

pH-specific liposome Simvastatin + doxorubicin Synergistic effect of SpHL-D-S, reduced cell 
migration
Uterine leiomyoma—No significant change
Colon cancer—Pronounced angiogenesis 
inhibition

Deformed liposome Vorinostat + simvastatin Lewis lung cancer—reduced angiogenesis, 
macrophages, T-cells

Hyaluronan–liposome Fluvastatin-15 + doxorubicin-3 Breast cancer—Inhibited growth

Liposome Simvastatin + gefitinib Lung cancer—Reversed resistance, drug in 
metastasis

Liposome Lovastatin + doxorubicin Liver cancer—Inhibited tumor growth

Herceptin-coated 
liposome

Simvastatin + doxorubicin Prostate cancer—Synergistic and 
angiogenesis effects

Liposome Simvastatin +5-fluorouracil Colon cancer—Reduced tumor growth

Hairpin liposome Simvastatin + paclitaxel Lung cancer—Reversed epithelial-MSC, 
macrophages

Immuno-liposome Simvastatin Breast cancer—HER2-apoptosis, ERK/AKT/
tumor growth inhibition

Micelle Simvastatin + Na-Alendronate 3-ve breast/prostate/lung 
adenocarcinoma—Inhibited tumor growth

Micelle nanoprobe Simvastatin + 
ProtoporphyrinIX

Glioma—Cell cycle G1-S phase arrest, high 
apoptosis/reactive oxygen

Micelle Atorvastatin Glioblastoma/glioma—Inhibited cancer 
growth, high drug in tumor

Nanoemulsion—lipids Atorvastatin Intestinal cancer—Inhibited tumor growth

Nanoemulsion—lipids Doxorubicin + pravastatin Ehrlich ascites carcinoma—Increased 
survival
Breast cancer, foreskin cancer—Reduced 
cytotoxicity and side effects

Nanoemulsion Simvastatin + doxorubicin Ehrlich ascites carcinoma—Reduced 
cytotoxicity

Lipid nanoparticles Atorvastatin Breast cancer—Increased bioavailability, 
growth inhibition

ChitosanEudragit-S100 Simvastatin Colon cancer—Reduced cytotoxicity, 
arrested G2/M phase

Chitosan-TGP
PR-CNG-ER

Simvastatin Breast cancer—High entrapment, controlled 
growth
Liver cancer—Better entrapment, drug 
loading, two-day sustained release

SVCSChS-NPs Simvastatin, ASPGR Hepatocellular carcinoma—Inhibited 
proliferation, high cell uptake

PEG/lipids(Labrafil/
Labrafac)

Simvastatin Breast cancer—High cell viability in 
presence of Labrafil/Labrafac

PLGA-PEG-MAN Simvastatin HCC—Alleviated LSEC capillarization, 
regressed stroma, NO signaling

PCL-PEG-PCL Atorvastatin + rosuvastatin Breast cancer—Inhibited growth, high 
cytotoxicity

PCL-PEG Simvastatin Breast cancer—Sustained drug release, 
dose-specific growth inhibition

69



Statins – Emerging Trends in Heart and Cancer Treatment

6

and/or immunotherapy, targeted therapy, and others in cancer treatment [15]. 
The major benefit is the user-friendly nanomaterial cage as a safe delivery carrier 
to offer minimal damage to surrounding normal cells from chemo-radiotherapy 
given with statins.

3.1 Statin-induced apoptosis and autophagy

Simvastatin is the most cited statin [16]. In general, statin shows tumor sup-
pressor action. Statins likely induce the cancer cell apoptosis through depletion 
of isoprenoid-protein prenylation enabled low geranyl-geranyl PP and Ras/
Rho GTPase that modifies the membrane and cell signaling. Such depleted c-Jun 
expression and cdk2, E2F1, p21/p27, and Bcl-2/elevated Bax protein changes 
trigger the mislocalization and protein malfunctioning for programmed cell death 
or apoptosis. Statins show synergistic effects. For example, fluvastatin activates 
the AMPK-mTOR protein while lovastatin suppresses the cancer cell viability via 
inducing autophagy in cancers of ovary and lung, malignant pleural mesothelioma, 
pancreatic cancer, and melanoma [17].

3.2 Chemotherapy and radiotherapy

Both these chemodrug–EBRT radiation therapies generate the ROS species. In 
nanocages, the statins may minimize the ROS damage to normal cells. These cytotoxic 
ROS species induce the following effects:

•	 Oxidative stress, endothelial dysfunction, inflammation, and fibrosis in normal 
cells

•	 DNA damage, lipid peroxidation, protein nitrosylation, and inhibition of IRS/
PI3K/Akt pathways with enhanced MAPK-induced signaling pathway after 
radiation therapy-induced water decomposition in cancer cells

•	 Low NO bioavailability-induced ET1 production, endothelial dysfunction, 
inflammation, thrombosis, and fibrosis

•	 Activated NF-kB upregulation of cytokine expression, and NF-kB targeting the 
adhesion factors to promote acute inflammation

Nanomaterial/
Nanoparticle

Statin + Chemodrug Outcome

PCL-PEG Simvastatin +5-fluorouracil Gastric cancer—Induced apoptosis, 
autophagy, low metastsis

PLGA micron NP Simvastatin Breast cancer solid tumors—High 
AUC,T1/2,Cmax, low Kel

PLGA Simvastatin + gemcitabine Pancreatic/breast cancers—High 
bioavailability/cytotoxicity, low IC50 value

Table 1. 
Statin-loaded chemo-radiotherapy nanoformulations made of liposomes, micelles, emulsions, and polymers used 
in clinical research.
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•	 TGF-β induced vascular fibrosis (collagen and ECM accumulation) or lumen 
narrowing

•	 Mitochondrial damage.

In combination, nanocaged chemo-radiotherapy induces the immune response to 
kill immunogenic tumor cells effectively by the use of immunotherapy, sparing the 
normal cells with least toxicity.

3.3 Immunotherapy

Nanocaged statins may minimize the adverse effects of the enhanced immune 
regulation by CAR-T cell therapy (chimeric protein activated cell to destroy the 
surface target antigens) and ICI therapies (immune attack of antibodies activating 
T-cell protein-4, PD-1 and PD-1 ligand). Immunotherapy with statins reduces the 
cancer-induced cardiovascular complications of endothelial dysfunction, athero-
sclerosis plaque, myocarditis, arrhythmia, heart failure, thrombosis, vasculitis, 
thromboembolism, and others. These immunotherapies are available as tumor vac-
cines, oncolytic viruses, immuno-adjuvants, check-point inhibitors, and cellular 
immunotherapies.

3.4 Antiproliferative therapy

Nanocaged statins may minimize the toxic effects of antineoplastic 
chemodrug-suppressed proliferation via STAT/SKP2 signaling, Wnt signaling 
(AT-rich binding protein-1 regulation), TAZ down-regulation, DNA methyltrans-
ferase inhibition (epigenetic changes), stem cell differentiation, and YAP/CD144 
growth axis.

3.5 Targeted therapy

Nanocaged statins may minimize the toxic effects of targeted therapies such as 
oxidative stress, mitochondrial damage and apoptosis directed at human epidermal 
receptor-2 (HER-2) or ERBB2/ERBB4 receptors, MAPK/ERK kinase (MEK), vascular 
endothelial growth VEGF receptor, BCR-ABL kinase activity. Trastuzumab does TKI-
targeting the VEGF and MEK signal pathways.

3.6 Antioxidant therapy

Nanocaged statins may reduce the ROS species by down-regulation of NADPH-
Oxidase-1 RNA to stop Rac-1 translocation to cell membrane (NoX-1 and ROS inhibi-
tion) and Keap-1/Nrf-2 signal pathways.

3.7 Anti-angiogenesis therapy

Nanocaged cerevastatin inhibits RhoA/focal adhesion kinase/Akt pathways. 
Nanocaged simvastatin with bevacizumab inhibits RhoA geranyl–geranylation and 
improves colorectal cancer. Nanocaged atorvastatin may down-regulate both VEGF 
and CD31 expressions. Nanocaged rosuvastatin reduces angiogenesis. All these events 
show anti-angiogenesis.
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3.8 Anti-inflammatory therapy

Nanocaged simvastatin may inhibit the Rho GTPase and NF-kB translocation 
required for ICAMs, VCAMs, RhoA, Rac1, and Cdc42 inflammatory molecules. 
Nanocaged atorvastatin reduces the NF-kB transcription by MAPK signal ERK, JNK, 
and p38 pathways in the presence of PPARγ activation.

3.9 Antifibrotic therapy

Nanocaged statins may hinder the Rho/Ras-ERK-1/2 pathway and decrease the 
collagen expression and fibroblast proliferation by activation of AMPK and down-
regulation of TGF-β/SMAD-2 or − 3/CTGF pathways to mitigate the fibroblast ECM 
fibrosis and myocardial hypertrophy.

3.10 Metastasis prevention therapy

Limited use of nanocaged pravastatin and simvastatin may prevent the skeletal 
metastasis of breast cancer by inhibition of CD44 expression or enhancing the p53 
expression. However, meta-analysis indicated that statins reduce the risk of prostate 
cancer metastasis.

3.11 Antisense therapy

Nanocaged statins may induce the short interfering RNA (siRNA), antisense 
oligonucleotide (ASO), and hypoxia-inducible factor (HIF) to mitigate the immu-
nosuppression, tumor angiogenesis, multidrug resistance, photodynamic therapy 
resistance, and metastasis [18].

4. �Statin-loaded nanoformulation design

The triple-modal nanomedicine as nanocaged statin combined with chemo-radio-
therapy, immunotherapy, and/or targeted therapy agents mainly reduces the normal 
cell cytotoxicity and controls the anticancer metabolic regulation by altering tumor 
cell gene regulation proteins. Also, nanomedicine minimizes the barriers of mem-
brane transport channels or uptake gates for unrestricted controlled release of statins 
and/or chemo-radiotherapy drugs out of their nanocarrier coating for prolonged stay 
of drugs in the tumor microenvironment.

Two major methods of nanoformulations are (1) the top-down nanomilling/wet 
milling method of mechanical force to reduce statin particle size, and the high-
pressure homogenization method to force statin dispersion through a small nozzle 
for making nano-sized particles; and (2) the bottom-up solvent evaporation method 
of statin–chitosan mix in solvent and its second evaporation to make nanoparticles, 
another lipid melt-emulsification with surfactant ultrasonication method to make 
solid lipid nanoparticles, the microfluidic mixing method to create monodisperse 
statin-loaded nanoparticles with controlled size and properties, and sustainable 
methods to replace toxic organic solvents with polyethylene glycol to prepare statin-
loaded nanoparticles.

Nanocaged statin nanoplatforms have high loading capacity, good delivery, cell 
uptake, and efficient statin encapsulation. Statin-chemodrug nanoparticle size is 
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in the range of 60–90 nm, and they have high surface charge or high zeta potential, 
stable structure, good drug release profile, and effectiveness in cell cultures and 
tumors.

Nanotechnology enhances the targeted delivery of statins and/or immuno-
chemodrugs to specific tissues or cancer cells with improved efficacy and minimal side 
effects. The nanoformulation is designed to co-deliver statins slowly with controlled 
release of chemotherapeutic agents to enhance the radiosensitizing effects. Specific 
examples are microfluidic mixed HDL–liposomes loaded with simvastatin to enhance 
the radiosensitization in head–neck squamous cell carcinoma, melt-emulsification-
ultrasonicated solid lipid nanoparticles loaded with atorvastatin, and sustainable 
PEGylation of statin with PEG 400 or PLGA to encapsulate statins in cancer treatment.

A review of different nanoformulation methods is available for use in preclinical 
trials [18]. Still, the wider use of nanoformulations in clinical practice is awaited.

4.1 Benefits of statin-loaded nanoplatforms

Very little data is available on growing demand for the triple modal hybrid 
nanodelivery method, but several clinical studies indicate the benefits of nanoplat-
forms for statins combined with other therapies as follows.

•	 European Society of Cardiology cardio-oncology guidelines recommend statins 
for primary prevention by nanodelivery in patients at high risk of anthracycline-
induced cardiotoxicity (Grade IIa, Level of Evidence B) [19].

•	 A retrospective case-control study (n = 628) women with breast cancer receiv-
ing anthracycline with atorvastatin in nanocage showed a reduced risk of heart 
failure, LVEF [20, 21].

•	 Another observational radomized control trial (RCT) study (n = 300) on 
lymphoma reduced the cardiac dysfunction [22].

•	 A retrospective analysis (n = 478) on non-small-cell lung cancer (NSCLC) 
patients undergoing curative-intent (chemo) radiotherapy revealed that high-
intensity or moderate statin therapy by nanodelivery is more beneficial before 
radiation therapy to NSCLC. It reduces the need for a radiation dose (>3 Gy) 
in existing Cardiovascular disease (CVD) patients with risk factors of CVD to 
improve their overall survival [23].

•	 A retrospective analysis (n = 748) of locally advanced NSCLC patients receiv-
ing controlled and restricted thoracic radiation therapy showed that statins are 
inversely associated with survival rate [24]. This indicates that statin treatment 
reduces cardiotoxicity, but statin-induced high cardiovascular risk factors 
demand safe statin delivery and longer stay. It remains to be explored if prolonged 
stay of statins in tumor may have any additional cardioprotective role on chemo-
radiotherapy-induced or radiation-induced cardiotoxicities with comprehensive 
evaluation of the baseline cardiac risk after cardiac radiation dose exposure.

•	 A retrospective study of 129 HER2-positive breast cancer patients on trastu-
zumab treatment showed that patients treated with prolonged stay of statins in 
nanocarriers had 68% lower odds of cardiotoxicity [25].
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•	 A retrospective study on females aged 70+ years with breast cancer showed that 
statin combined with trastuzumab treatment could not avoid the heart failure [26].

5. �Statins and trimodal nanotherapies

Trimodal statin loaded with chemo-radiotherapy–immunotherapy or radiation 
therapy agents demands a specific different set of physical and chemical properties of 
biologicals (robotic navigator–tumor killer–alert performer) used in nanoformulation 
design such as the following.

•	 Nano-based lipid or polymer-based statin delivery systems to improve solubility, 
stability, bioavailability, and target tumor statin delivery.

•	 Nanosystems to deliver and protect statins as stable therapeutic, less toxic, 
circulating nanoformulations in the bloodstream with no side effects.

•	 Different polymers of chitosan, PEG, PCI, PGLA and liposomes, nanoemulsions, 
nanomicelles to offer options of nanocarriers to gold nanoshells, nanorods, iron 
oxide nanoparticles with therapeutic potentials in breast cancer, prostate cancer, 
brain glioblastoma, and liver cancer. Different nanoassemblies are used in the 
following nanoformulations.

5.1 Lipid-based liposomes

Statin-loaded liposomes are biocompatible and biodegradable phospholipids. They 
encapsulate and deliver the hydrophilic statins stored in core or hydrophobic statins 
stored in the lipid bilayer as a flexible drug delivery system. Liposomes encapsulate 
statins with chemo-radiotherapy and/or immunotherapy agents. Liposomes reduce 
drug toxicity on healthy cells with no side effects. Liposomes bind to ligands and 
functionalize them as antibodies or active targeting cancer cell receptor-bound 
peptides to enhance the permeability and retention effects across leaky tumor vascu-
lature. However, liposomes aggregate and degrade fast with less drug-loading capac-
ity. So, PEGylation of liposomes is a design option of stable liposomes to provoke 
immune responses and to deliver photosensitizers in cancer cell killing. For example, 
nanoformulation of liposome action facilitates the passive targeting or Doxil® che-
modrug accumulation in tumor vasculature [27]. Liposome hyaluronan-encapsulated 
simvastatin or fluvastatin combined with doxorubicin in ratio 1:2 improves the 
doxorubicin delivery to enhance its antiproliferative effect and antitumor response 
in tumor macrophage M2 → repolarized M1 tumor phenotype-rich environment 
(intratumor infiltration ability) of colon cancer [27]. Liposome encapsulated combi-
nations of simvastatin–gefitinib increases the drug penetration with minimum drug 
resistance by elevated ROS and suppressed EGFR/Akt/Erk signaling pathway [28]. 
Other examples of statin-loaded liposomes are herceptin-conjugated encapsulating 
doxorubicin–simvastatin for prostate cancer; flurouracil–simvastatin in colon cancer; 
paclitaxel–simvastatin in epithelial–mesenchymal transition reversion; and anti-HER2 
loaded immunoliposome–simvastatin in breast cancer cells overexpressing HER2 [28]. 
These liposome combinations target the highly selected HER2-overexpressing breast 
cancers with least-nonspecific cytotoxicity.
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5.2 Micelles

Small-sized micelle-based nanocarriers enhance the hydrophobic drug solubility, 
accumulation, and tumor penetrability. Micelles can bind to targeting ligands on surface 
and can be PEGylated to enhance the circumventing time within tumor and specific 
drug targets. However, micelles have less space for drug encapsulation, are less stable in 
tumor and bloodstream, show less drug loading capacity or premature drug release, and 
are less effective. Nanomicelles encapsulating hydrophobic paclitaxel and doxorubicin 
with simvastatin are small-sized particles with large surface to enhance drug accumula-
tion characteristics. Statins in nanocarriers are used to combat multidrug resistance in 
tumors. These nanomicelles also encapsulate chemotherapeutics and signaling inhibitors 
to influence synergistic effects in cancer treatment. Examples include the following:

•	 Simvastatin with Na-alendronate to arrest cell cycle as a pro-apoptotic, tumor 
cytotoxic agent to inhibit cell growth with low IC50 values and inhibit multipli-
cation in S phase

•	 Nanomicelles that release simvastatin and protoporphyrin IX after light irradia-
tion to trigger reactive oxygen species (ROS) with synergistic apoptosis necrosis 
to arrest cell cycle

•	 Nanomicelles encapsulated atorvastatin to enhance blood-brain-barrier perme-
ability and glioblastoma tumor cytotoxicity

5.3 Nanoemulsions

Oil-in-water nanoemulsions enhance solubility and bioavailability of hydrophobic 
statin as long-term drug-loaded stores with thermodynamic stability and prolonged 
drug delivery applications. However, nanoemulsions are rapidly cleared by the 
reticuloendothelial system. So, nanoemulsions have poor circulation time, restricted 
targeting capability, and poor functionalization with targeting ligands such as high 
risk of emulsifying surfactant toxicity in skin cancer. Examples are as follows:

•	 Author reported nanocurcumin with lipophilic paclitaxel as a combination 
cancer drug [29].

•	 Atorvastatin-loaded nano-anchor (deoxycholic acid-DTMP-biotin-tocopherol-
PEG succinate) increases the oral atorvastatin bioavailability and suppresses 
tumor growth [30].

•	 Nanoemulsion gel carrier of lovastatin-loaded eucalyptus oil drug delivery 
system showed synergistic effects and inhibition of tongue cancer [31].

•	 Nanoemulsion of paravastatin with doxorubicin reduce drug toxicity in heart 
and liver tissues [32].

•	 Simvastatin and pravastatin with doxorubicin showed antitumor activity against 
Ehrlich ascites carcinoma and breast cancer with more efficiency [33].

•	 Lipid-based drug delivery nanoemulsions are safe with high surface area 
and enhanced permeability and retention (EPR); are nontoxic, stable, and 
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biodegradable; and offer least leakage from stored or circulating controlled drug 
release carriers for long-term cancer treatment and preventing siRNA or DNA 
from enzyme degradation with sustained therapeutic effects [34].

However, all these efficient hydrophobic nanoemulsions restrict encapsulating 
hydrophilic drug loading and delivery because of optimal surfactant lipid com-
position and particle size requirements. In cancer therapy, the author reviewed 
lipid-based nanoparticle-based delivery of siRNA and mRNA combined with 
chemodrugs precisely to target oncogenes or chemotherapy and modulate immune 
responses [35]. Examples are (1) glycerol monostearate encapsulated atorvastatin 
with vinpocetine in breast, melanoma, and liver cancer therapy [36]; and (2) 
atorvastatin-loaded GMS-stearate-carnauba wax nanoparticles in MCF-7 breast 
cancer cells [37].

5.4 Polymer nanocarriers

Polymer-based nanoformulations are chitosan, polyethylene glycol, poly-lactic 
co-glycollate (PLGA) conjugated with possible lovastatin, paravastatin, rosuv-
astatin, atorvastatin, simvastatin, or chemodrugs and superparamagnetic iron 
oxide agents. Chitosan, derived from crustaceans, is highly biodegradable and 
biocompatible, with antioxidant, antibacterial, antitumor, high cancer cell uptake, 
and selective tumor permeability properties to induce apoptosis, and it inhibits the 
tumor cell proliferation or survival by enzyme actions and its antiangiogenic gene 
expression modulation [38].

5.4.1 Chitosan nanoformulations

Chitosan-encapsulated, statin-loaded nanocarriers, with active amino, acetamido, 
and hydroxyl groups, protect the statins and facilitate pH-dependent sustained drug 
release to deliver them efficiently at ensured tumor site with maximum efficacy, 
enhanced solubility and anticancer activity, and least toxicity. Examples include the 
following:

•	 Eudragit S100 chitosan–iron oxide based simvastatin is used for targeting and 
cytotoxicity against colon cancer HCT-116 cells [39].

•	 Chitosan-coated simvastatin nanoparticles inhibit proliferation of tongue 
carcinoma HSC-3 cells [40].

•	 Poloxamer188 with chitosan face-centered-central (FCC) composite to precipi-
tate and dope simvastatin with quercetin (SIM-QRC) nanoparticles enhanced 
apoptosis viacaspase-3 and tumor suppressor proteins [41].

•	 Chitosan-tamarind gum polysaccharide polyelectrolyte-coated simvastatin 
complex stabilizes small-sized nanoparticles with high statin entrapment against 
breast cancer [42].

•	 Chicken egg and tomato peel membrane also had pro-apoptosis activity against 
tumor growth [43].
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•	 Erythrocytes loaded with chitosan-pravastatin nanogels (PR-CNG-ER) exposed 
to phosphatidylserine showed stomatocyte, high entrapping efficiency, and 
antiproliferative activity for liver cancer treatments [44].

•	 cross-linked tripolyphosphate chondroitin sulfate with simvastatin nanoparticles 
enhanced oral bioavailability and safe asialoglycoprotein receptor mediated 
delivery to inhibit proliferation and enhanced cellular uptake endocytosis against 
hepatocellular carcinoma [45].

5.4.2 Polyethylene glycol nanoformulations

A polyethylene glycol (PEG) based nanodrug delivery system improves the hydro-
phobic drug solubility and stability to increase the statin bioavailability. PEGylation 
is a process to attach hydrophilic PEG chains to statins that prolongs statin circula-
tion time or slow clearance from blood (stealthness) by evading immune detection 
across the nanocage surface to enhance the controlled and sustained pH-dependent 
drug release, biodistribution, pharmacokinetics, permeability, accumulation, and 
retention at the tumor site with no toxicity [46]. Recently, our team has developed 
PEGylated Cas-IFN nanoparticles that bind with ligands and functionalize to deliver 
statins directly into cancer cells and enhance statin solubility, prolong circulation 
time, and offer low immunogenicity, controlled drug delivery, high therapeutic 
efficacy or minimum toxicity to healthy cells, and off-target effects as ideal for safe, 
effective cancer therapies. Other examples are as follows:

•	 Simvastatin release across oleoyl-macrogel-6-glycerides (Labrasol ®M1944 CS), 
caprylocaproylmacrogol-8-glycerides (Labrafac lipophile® WL1349) nanolipid 
carriers in PBS pH 7.4 was used for nontoxic antitumor activity [47]

•	 Nanodelivery of PEGylated simvastatin targeted the liver sinusoidal endothelial 
cells in fibrotic HCC patients showing low capillarization and suppressed tumor 
growth [48]

•	 Polycaprolactone (PCL) with PEG copolymer biodegradable nanomicelle is used 
as an atorvastatin/rosuvastatin carrier to enhance the statin loading, kinetic 
release, cytotoxicity, and anticancer activity for breast cancer treatment [49].

•	 Simvastatin polycaprolactone–polyethylene glycol (SMV-PCL-PEG) nanocarrier 
enhanced dose-dependent cytotoxicity and sub-G1 cell populations, lowered 
5-flurouracil resistance, and increased apoptosis and autophagy in gastric cancer 
or metastasis [50].

5.4.3 Poly lactic-Co-glycolic acid (PGLA) nanoformulations

Biodegradable PGLA polymers are biocompatible with controlled drug delivery. 
These sustained-release systems enhance the statin solubility and stability. These 
statin-loaded PGLAs functionalize with targeting ligands to further improve the 
statin delivery, boosting efficiency with least side effects. Examples are as follows:

•	 Simvastatin-loaded PGLA submicron nanospray particles facilitate the high drug 
loading and formulation yield (large area under the curve), terminal half-life, 
and plasma concentration or low elimination rate constant [51].

77



Statins – Emerging Trends in Heart and Cancer Treatment

14

•	 Simvastatin and PGLA-gemcitabine (SMV-PGLA-GM) encapsulated nanopar-
ticles improved bioavailability, inhibited proliferative activity, and offered better 
absorption and systemic residence [52].

•	 Simvastatin and miRNA conjugated PLGA/PEI nanoparticles enhanced the 
apoptosis and therapeutic efficacy with least cytotoxicity in gastric cancer [53].

5.4.4 Hybrid organic-inorganic nanoformulations

Several organic–inorganic nanoparticles enhance the statin-based chemodrug 
controlled delivery and sustained statin release to target the tumors with a low statin 
dose. These hybrid nanoparticles bind to targeting ligands that functionalize for safe 
statin delivery to cancer cells and minimize off-target effects for theranosis. Examples 
are as follows:

•	 Simvastatin conjugated poly lactic-co-glycolic acid (SMV-PLGA) combined with 
superparamagnetic iron oxide (SPION) nanoparticles enhances the apoptosis 
and reduces necrosis in prostate cancer [54].

•	 Simvastatin conjugated chitosan lipid carriers (SMV-Ch-NLCs) enhanced statin 
release, skin permeation, uptake, adhesion, and effectiveness with inhibited 
proliferation and cell growth in melanoma treatment [55].

•	 Carboxylated graphene oxide (CGO)–trimethyl chitosan–hyaluronate and 
chitosan conjugated TPGS-b-(PCL-ran-PGA) nanoparticles enhanced HIF-1 α 
siRNA or oligonucleotide release into nasopharyngeal carcinoma cells to reduce 
the chemoresistance of carcinoma cells by down-regulation of HIF-1-α [56].

The nanoformulations may reduce the tumor multidrug resistance of hypoxic can-
cer cells via reducing abundant reactive oxygen species under X-ray irradiation. These 
nanoformulations inhibit the HIF-1α expression and disturb the self-restoration of 
impaired double-stranded DNA. Gold nanocomposites deliver the HIF-1-α siRNA and 
significantly improve the radiation sensitivity of hypoxic nasopharyngeal carcinoma 
cells [57].

6. �Physician’s guide

In cancer therapy, physicians aim to achieve statin-induced cholesterol-lowering 
and effectively reduced cardiotoxicity or cardiac protection with statin-induced apop-
tosis, inhibited angiogenesis, modulated autophagy, reduced risks of metastasis, and 
modulated tumor environment to overcome the chemodrug resistance and enhance 
overall survival [58].

Simvastatin is an excellent choice as a tumor suppressor. Statins are mostly 
prescribed in low 5–20 mg or moderate 20–40 mg doses to induce apoptosis (through 
traditional NFkB, inhibiting canonical caspase cascades and proliferation through 
MEK1/2, FRK1/2, and JNK pathways). At high statin dose of 80–100 mg, different 
statins induce cell cycle arrest (by p21/p16 protein/DNMTs through AMPK activation 
and increased p21 and p27), expression, migration, cancer cell invasion (by pitu-
itary tumor-transforming gene-1 [PTTG1] suppression), epithelial–mesenchymal 
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transition (EMT), and chemoresistance in breast, lung, pancreas, and liver cancers. 
A representative physician’s guide of different statin doses was prescribed to achieve 
benefits of co-therapies [17].

Different nanomaterials used to reduce the cardiotoxicity and chance of avoid-
ing heart failure among patients treated by statin-loaded nanoformulations with 
combined chemo-radiotherapy and/or immunotherapy agents are as shown in 
Table 1.

The recent clinical trials suggest different anticancer statin benefits with evidence 
as shown in Table 2.

Clinical Study Anticancer Drugs with Statins Patient Outcome Ref

Retrospective case-control 
study in BC (n = 628)

Anthracycline Atorvastatin Incident HF and 
cancer-related low 
mortality in statin 
group

[20]

Retrospective study in BC, 
ALL, lymphoma (n = 51)

Anthracycline Simvastatin, 
atorvastatin

Decreased LVEF by 
anthracyclines

[59]

Random-control trial 
(n = 40)

Anthracycline Atorvastatin Maintained LVEF by 
anthracyclines

[60]

Double-blind random-
control trial on lymphoma 
(n = 300)

Anthracycline
chemotherapy

Atorvastatin Reduced cardiac 
dysfunction by 
anthracyclines

[22]

Retrospective analysis in 
NSCLC patients (n = 478)

Chemo-
radiotherapy

Different statins Enhanced NSCL 
patient survival

[24]

Retrospective case-control 
study on HER2 + ve breast 
cancer patients (n = 525)

Trastuzumab 
therapy

Atorvastatin, 
rosuvastatin, 
simvastatin, 
pravastatin

Low risk of 
cardiotoxicity

[61]

Single center study ICI Statins ICI reduced 
atheroplaques

[62]

NCT06241352 Chemotherapy Atorvastatin Advanced Pancreatic 
cancer

NIH

NCT03971019 EBRT Simvastatin Breast cancer survival NIH

NCT04601116 (MASTER) Chemodrug Atorvastatin ER + ve patient 
survival

NIH

NCT03024684 (SHOT) Curative 
therapy

Atorvastatin HCC recurrence/
prevents

NIH

NCT04457089 Platinum Simvastatin Ovarian cancer low 
progression

NIH

NCT05696973 (MOVES) Exercise Atorvastatin Onco-exercise NIH

NCT03560882 (Pilot p53) Chemodrug Atorvastatin P53 M/W malignancy NIH

NCT03889795 (Phase IB) Metformin + 
digoxin

Simvastatin Solid tumors NIH

NCT06030622 (Phase 
2A-C3)

Metformin +
Digoxin

Simvastatin Recurrent/refractory 
pancreatic cancer (C3)

NIH

NCT05550415 — Simvastatin Epithelial 
mesenchymal 
transition

NIH
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Some major onco-therapeutic benefits and challenges of statin chemo-
radiotherapy are as follows:

•	 Lovastatin and pravastatin reduce metastasis through the RhoA signal. 
Lovastatin and atorvastatin induce apoptosis (through the JNK/Rac1/Cdc42 
pathway) and autophagy (by AMPK/Akt/mTOR pathways). Atorvastatin, 
lovastatin, fluvastatin, and simvastatin combined with doxorubicin are ideal to 
induce apoptosis. However, simvastatin combined with paclitaxel stops tumor 
growth [63].

•	 High doses of statins reduce the cancer risk but may cause mitochondrial toxicity 
such as myopathies (by inhibited respiratory chain complex, induced apoptosis, 
Q10 reduction, Ca++ metabolic dysregulation, and CPT-2 enzyme expression). 
Care is needed to manage diabetes along with dementia and myopathies [64].

•	 Statins with chemoradiotherapy reduce cardiotoxicity in breast cancer. 
Preferred hydrophilic rosuvastatin and pravastatin reduce the adverse cardio-
vascular risks [65].

•	 Atorvastatin prolonged use at high dose effectively reduces radiation-induced 
fibrosis while lovastatin in high doses enhances radiation-induced apoptosis [66].

•	 Statins reduce resistance. Statins as single monotherapy are preferred as an 
apoptosis inducer and antiproliferative choice. In combination with chemodrugs, 
statins reduce resistance by synergistic action [13].

•	 Fluvastatin and atorvastatin combined with chemodrugs are smart antiprolifera-
tive, anti-cytotoxicity, cell cycle progress (activation in G0/G1 with inhibition 
in S phase and G2/M phase), and ERK MAP kinase transduction activation 
approaches to reduce aggressive leukemia spread [67].

•	 Rosuvastatin is an excellent choice for reducing rectal cancer risk in combination 
with neo-adjuvant chemo-radiation (NACTRT) for better pathology response 
pCR rates [68].

•	 Statins mitigate cardiotoxicity.

Clinical Study Anticancer Drugs with Statins Patient Outcome Ref

NCT05977738 
(ReDiReCCT-P)

Calcium Pitavastatin Breast, prostate 
cancers

NIH

NCT04767984 Calcium Atorvastatin Colon cancer + 
ulcerative colitis

NIH

NCT04491643 Megestrol 
acetate

Rosuvastatin Early endometrial 
carcinoma

NIH

Abbreviation: NIH – http://www.grants.gov/.

Table 2. 
Clinical trial studies on statin-loaded chemo-radiotherapy with enhanced patient outcome.
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•	 Lipophilic 20 mg statins (lovastatin, simvastatin, fluvastatin, atorvastatin) and 
hydrophilic statins (pravastatin and rosuvastatin), combined with cholesterol 
absorption inhibitor ezetimbe 10 mg, enhance the cytochrome P450 isoenzyme and 
statin clearance by kidney and liver, respectively. However, monotherapy shows 
adverse effects of upper respiratory infection (URI), diarrhea, sinusitis, arthralgia, 
nasopharyngitis, myalgia, and stroke in post-radiotherapy cancer patients [69].

•	 Both hydrophilic and lipophilic statins reduce the toxicity from radiotherapy 
in ENT but show hepatitis, transaminitis, myopathy, myositis/myalgia, sleep 
disorders, and rhabdomyolysis as side effects [70].

•	 Fluvastatin 200 mg/kg wt and simvastatin 180 mg/kg wt doses suppress tumor 
by 80.5 and 58.5%, respectively, but enhance cytotoxic/cytostatic chemo-resis-
tance anticancer effects [17].

•	 Lovastatin and mevastatin implementation inhibits carcinogenesis and contrib-
utes radiosensitization during late G1 and G2-M cell cycle phases after radiation 
treatment with better clinical outcome benefits in prostate cancer. Safely, statins 
can be given to inactivate RhoA and cyclooxygenase-2 [71].

•	 Rosuvastatin is the best choice. Simvastatin and pravastatin combined with 
concurrent chemo-radiotherapy enhanced the overall survival benefits in a dose-
dependent fashion to treat esophagus cancer [72].

•	 Simvastatin combined with radiotherapy dose prevented mitochondria in 
advanced small-cell lung cancer clinical trials and improved 5-year survival rates 
by 20% [73].

•	 Statin-induced chemotherapy with radiotherapy or chemo-radiotherapy (CCRT) 
effectively reduced toxicity in nasopharyngeal carcinoma with survival of 
76 months and grade 3 to 4 short-term toxic effects [74].

•	 Statins combined with radiation doses may reduce the risk of volumetric modu-
lated arc therapy (VMAT) or intensity modulated radiation therapy (IMRT) 
radiation-induced cardiotoxicity. Different cardiovascular indicators (hyper-
tension, dyslipidemia, diabetes, QRISK score, coronary artery disease (CAD)/
cardiovascular disease (CVD), arrhythmia, heart failure, peripheral vascular 
disease, aneurysm, valvulopathy, and treatments) may evaluate the overall 
outcomes [23].

•	 Low-dose simvastatin neoadjuvant therapy combined with fluorouracil, 
Adriamycin, and cyclophosphamide therapy is recommended to enhance the 
objective response rate (ORR) in both cancer types: (1) Luminal A: esterogen 
receptor/progesterone receptor+ve, HER2-ve, Ki-67 < 14%; and (2) Luminal 
B: HER2 –ve:ER/PR + ve, HER2-ve, Ki-67 > 14%; HER2 + ve:ER/PR + ve, any 
Ki-67, HER+ve; HER2 + ve:ER/PR absent, HER2 + ve; Triple-ve:ER/PR absent, 
HER2-ve. However, adverse events also do occur [75].

•	 Fluvastatin and atorvastatin combined with chemotherapy <20 Gy inhibits 
proliferation and cytotoxicity of natural killer cell leukemia to enhance overall 
survival at 20.4–48 months [67].
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•	 Rituzumab, cyclophosphamide, doxorubicine, vincristine, prednisone (R-CHOP) 
loaded with statins in elderly patients aged >75 years enhance the chemo-chop stage 
III–IV “double hit” large B-cell lymphoma clinopathologic characteristics [76].

Physicians need to be aware of statins’ dark side in making a choice. Statins given 
as adjuvants in anti-neoplastic treatment may make aggressive malignant tumors more 
vulnerable. Statins may develop statin intolerance symptoms of muscle pain, stiff-
ness, cramps, exertion, myopathy, mitochondrial toxicity symptoms, and multidrug 
resistance of mitoxantrone, etoposide, and cyclosporine–pravastatin cytotoxicity.

7. �Future prospectives

Conventional antiparasitic, antimalarial and anti-inflammatory drugs (same as 
statins) combined with lonafarnib may serve as repurposed anti-inflammatory and 
anticancer nanoformulations in ovarian cancer and gynecological cancers [77]. New 
nanoformulations will enhance the safe delivery and monitoring of statin effects com-
bined with chemo-radiotherapy, or hybrid trimodal therapy, outcomes in cancer treat-
ment. New nanomaterials will serve as a more effective lipid metabolism-biocompatible 
encapsulated loading of statins [78] with chemo-radiotherapy and/or immunotherapy, 
targeting agents within the tumor microenvironment as multipurpose robotic–naviga-
tor–nano-alert-performer (RNNAP) nanoformulation particles with better solubility, 
stability, and tumor-targeting ability (recorded biosensing of pH-dependent tumor-
killing) with maximum accumulated anticancer drug concentration in tumor cells 
with the least systemic side effects. All these measures will reduce chemoradiotherapy 
toxicities with improved treatment outcomes. Major developments will be as follows:

•	 Enhanced nanodrug delivery with least damage to healthy tissues and nanotar-
geting of the tumor cells by nanoparticle surface modification with targeting 
ligands, utilizing enhanced permeability and retention EPR effect.

•	 Reducing the chemodrug or radiation therapy resistance by newly explored 
mechanisms such as overexpression of drug efflux pumps or altered apoptotic 
pathways. Better nanoparticles or nanoformulations will be engineered to reduce 
resistance by drug delivery with a better understanding of their anticancer 
mechanisms and accumulated chemodrugs in tumors.

•	 New statins combined with chemo-radiotherapy nanoformulations will enhance 
the synergistic effects, which means a more effective combination therapy than 
any other treatment alone. Next-generation statins will be better modulating 
tumor microenvironment with enhanced chemotherapy or radiation effective-
ness or targeting tumor growth and survival.

•	 New nanoformulations will be better statin–chemo-radiotherapy drug delivery 
platforms with minimal side effects of chemo-radiotherapy for improved patient 
outcomes and quality of life.

•	 New designs of nanoparticles will be available for versatile applications such as 
carriers of multiple chemotherapeutic drugs, radiation sensitizers, and immune-
modulating agents for personalized cancer treatment.
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•	 Better nanoparticle-assisted imaging and real-time monitoring of chemodrug 
delivery and treatment response will be available to clinicians to optimize treat-
ment strategy and personalize patient care.

With the foregoing potentials, the use of nanotechnology still has challenges. 
However, future directions mainly are focused on the following:

1.	Development of scalable and cost-effective nanoparticle manufacturing meth-
ods and wider use of nanoparticles in clinics and clinical applications [79, 80].

2.	Evaluation of long-term safety and toxicity of nanoformulations used in 
nanoparticle-based therapies [81, 82].

3.	Large-scale multicentric clinical trials to evaluate the efficacy and safety of 
statin-loaded nanoformulations in cancer patients.

4.	Due to no information available on permitted doses of nanocaged chemo-radio-
therapy or radiation exposure to normal cells, it needs radiation or radioprotec-
tion measures [83].

8. �Conclusion

Statins combined with chemodrugs and/or radiotherapy agents can be loaded 
within nanocarrier platforms for prolonged stay. For statins in combination with 
chemodrugs and radiotherapy agents, the statins are designed in nanoformula-
tions. Statin-loaded nanoformulations induce better lipid-lowering and anticancer 
pleiotropic effects to reduce chemo-radiotherapy toxicity with minimal side effects. 
Different nanoformulations show potentials of better statin delivery and effec-
tive statin-induced anticancer mechanisms of cancer treatment. Nanotechnology 
has given an opportunity of complex nanoformulation design using new options 
of PEG, PGLA, chitosan, liposomes, micelle, and Qdot to load statins along with 
chemo-radiotherapy and/or other adjuvant therapies. Triple modal statin–chemo-
radiotherapy with other adjuvant therapies serves to get maximum outcomes with 
least side effects in cancer treatment. However, these techniques are still in infancy 
with many challenges.
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Chapter 4

Pleiotropic Effects of High-Potency 
Statins and their Impact on 
Cardio-Oncology
María Augusta Tinoco Lara and Luis Miguel Guerrero Cepeda

Abstract

As is known, statins are frequently utilized for their lipid-reducing benefits; their 
pleiotropic qualities go beyond the benefit of lowering cholesterol. These statins 
protect the cardiovascular system by having anti-inflammatory, antioxidant, endo-
thelial-protective, and antithrombotic properties. They have the potential to lessen 
chemotherapy-induced cardiotoxicity or androgen deprivation effects, especially in 
patients receiving anthracyclines and trastuzumab, and this fact is important in the 
field of cardio-oncology. Statins contribute to maintaining left ventricular ejection 
fraction and reduce the incidence of chemotherapy-associated cardiac dysfunction, 
according to clinical trials like the one shown in the development of this chapter. 
By influencing tumor growth, angiogenesis, and metastasis, statins may also have 
anticancer effects. To maximize the use of statins in oncology and ascertain their 
long-term effects on cardiovascular and cancer outcomes, despite the favorable 
literature data that is now accessible, more thorough investigation based on clinical 
trials is required. This review emphasizes the necessity for individualized treatment 
plans in oncology.

Keywords: high-potency statins, atorvastatin, rosuvastatin, pleiotropic effects, 
cardio-oncology

1. �Introduction

Statins that reduce low-density lipoprotein cholesterol (LDL-C) by 50% or more 
are referred to as high-potency or high-intensity statins [1]. High-intensity statins 
include atorvastatin at 40 mg and 80 mg and rosuvastatin at 20 mg and 40 mg. These 
statins are typically recommended for patients at high risk of cardiovascular events, 
such as those with established atherosclerotic cardiovascular disease, to achieve 
aggressive lipid-lowering targets [2]. The selection of statin and dosage depends on 
the patient’s risk profile, potential side effects, and the need to meet specific LDL-C 
targets [3].

The rate-limiting enzyme in the mevalonate pathway that produces cholesterol 
and perhaps androgens, β-hydroxy β-methylglutaryl-coenzyme A (HMG-CoA) 
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reductase, is specifically and competitively inhibited by atorvastatin [4]. By 
blocking the enzyme HMG-CoA reductase. Beyond cholesterol reduction, atorv-
astatin exhibits pleiotropic effects [5, 6]. For example, it can prevent endothelial 
dysfunction in high-glucose conditions by degrading FOXO1 and ICAM-1 through 
Skp2-mediated pathways, demonstrating its potential to influence the endothelial 
function [7].

Rosuvastatin also inhibits HMG-CoA reductase in a selective and competitive 
manner, which lowers hepatic cholesterol synthesis and increases LDL receptors on 
the surface of hepatocytes. This decreases the levels of plasma LDL cholesterol and 
improves the clearance of LDL molecules from the bloodstream. In addition to its car-
diovascular advantages, rosuvastatin has pleiotropic actions, such as antithrombotic, 
anti-inflammatory, and antioxidant qualities [8].

2. �Pleiotropic effects of statins

2.1 Endothelial function

Statins improve endothelial function by enhancing nitric oxide (NO) and 
bioavailability. This is achieved through the upregulation of endothelial nitric 
oxide synthase (eNOS) and the reduction of oxidative stress, which prevents 
NO degradation. Atorvastatin, in particular, has been shown to improve flow-
mediated endothelium-dependent vasodilation, an effect independent of LDL-C 
reduction [9, 10].

2.2 Anti-inflammatory effects

Statins exert anti-inflammatory effects by downregulating pro-inflammatory 
cytokines and upregulating anti-inflammatory cytokines. For instance, atorvastatin 
and rosuvastatin decrease the expression of pro-inflammatory markers such as IL-1β, 
IL-18, and IL-23 while increasing anti-inflammatory markers like IL-10 and IL-37 in 
endothelial cells. Additionally, atorvastatin reduces C-reactive protein levels, indicat-
ing its anti-inflammatory potential [7, 11].

2.3 Antioxidant properties

Statins possess antioxidant properties by inhibiting the mevalonate pathway, 
which reduces NADPH oxidase activation and decreases oxidative stress. This restores 
redox balance in the cardiovascular system, contributing to their anti-atherosclerotic 
effects. Atorvastatin, in particular, has significant antioxidant activity, which helps 
with atherosclerosis [11].

2.4 Antithrombotic effects

Statins exhibit antithrombotic properties by stabilizing atherosclerotic plaques 
and reducing platelet aggregation. These effects are mediated through improved 
endothelial function and reduced inflammation, which collectively stabilize the 
vascular environment [12].

Overall, the pleiotropic effects of high-potency statins like atorvastatin and rosuv-
astatin play a crucial role in cardiovascular protection, complementing their primary 
lipid-lowering action [12, 13].
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2.5 Anticancer effects: Androgen deprivation therapy

The possible anticancer effects of statins have been studied in relation to androgen 
deprivation therapy (ADT) for prostate cancer. According to a number of studies, 
statins may improve ADT’s therapeutic effectiveness and delay the development of 
castration-resistant prostate cancer (CRPC) [14].

The inhibition of cholesterol biosynthesis, which is essential for androgen synthesis 
in CRPC cells, is one way that statins may have anticancer effects. By blocking the mev-
alonate route, statins lower intracellular cholesterol levels and may restrict testosterone 
production, a major factor in the development of CRPC [14, 15]. Furthermore, statins 
have been demonstrated to reduce prostate cancer cell lines’ expression of androgen 
receptors (ARs), which may further stop the proliferation of cancer cells [14].

Concurrent statin use is linked to better survival results for patients undergoing 
ADT, according to clinical research. Among males undergoing androgen-ablative 
treatments, statin use was linked to a significant decrease in both overall mortal-
ity and mortality specific to prostate cancer, according to a systematic review and 
meta-analysis [15]. According to a different study, participants starting ADT after 
radiation therapy who took statins had better overall and prostate cancer-specific 
survival rates [16].

Additionally, statins and antiandrogens like enzalutamide may have additive 
inhibitory effects. Ino, it is demonstrated that simvastatin and enzalutamide together 
significantly increase autophagy and inhibit the proliferation of androgen-sensitive 
prostate cancer cells [17]. This implies that by regulating androgen signaling and 
encouraging autophagic cell death, statins may amplify the effects of ADT.

3. �Impact of chemotherapy and statins in cancer patients: Cardiotoxicity 
and cardiovascular problems

The potential relevance of statins in oncology is multifaceted, involving both 
direct and indirect mechanisms [18].

Firstly, statins have been shown to modulate key pathways involved in cancer biol-
ogy, such as inhibiting cell proliferation, angiogenesis, and metastasis, while promot-
ing apoptosis and autophagy in cancer cells [19]. These effects are partly attributed 
to the inhibition of the mevalonate pathway, which is crucial for the synthesis of 
cholesterol and other isoprenoids essential for the post-translational modification of 
proteins involved in cell signaling and growth [20, 21].

Moreover, statins’ anti-inflammatory and antioxidant properties may contribute 
to their anticancer effects [22]. Chronic inflammation is a known risk factor for 
cancer development and progression, and by reducing inflammation, statins may 
lower cancer risk and improve outcomes. Additionally, their ability to enhance the 
efficacy of conventional cancer therapies, such as radiation and chemotherapy, has 
been observed in certain malignancies, including head and neck cancers [11, 23].

Clinical evidence supports the potential benefits of statins in cancer patients. 
Meta-analyses, clinical trials, and cohort studies have reported associations between 
statin use and reduced cancer-specific mortality, improved progression-free survival, 
and decreased recurrence rates, as shown in Table 1 [10]. Statins may offer survival 
benefits in cancer patients, although the exact mechanisms remain to be fully eluci-
dated [22, 29].
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In the context of cancer survivors, particularly breast cancer survivors, statins 
may play a dual role by mitigating cardiovascular disease risk, which is a significant 
concern due to the cardiotoxic effects of cancer treatments, and potentially reducing 
cancer recurrence [16].

Large-scale prospective studies are needed to understand the specific roles and 
mechanisms of statins in cancer prevention and treatment and to determine the 
optimal use of statins in oncology [19]. The following two mechanisms are best 
understood.

3.1 Reduction of oxidative stress and inflammation of statins in cancer patients

The anti-inflammatory effects of statins are particularly relevant in the context of 
cardiovascular disease. Statins have been shown to modulate the expression of various 
inflammatory cytokines. For instance, atorvastatin and rosuvastatin can decrease 
the mRNA expression of pro-inflammatory cytokines such as IL-1β, IL-18, and IL-23 

Study Type Cancer Type Statin Type(s) Main Outcome Findings Reference/Sources

Meta-
analysis

Colorectal Cancer Various 
(Atorvastatin, 
Simvastatin)

Reduced Cancer-
Specific Mortality

~15–20% reduction 
in cancer-specific 
mortality with pre/
post-diagnosis statin 
use

JAMA Oncol, 2016.

Meta-
analysis

Breast Cancer Atorvastatin, 
Simvastatin

Improved 
Recurrence-Free 
Survival

~12–18% reduced 
recurrence rates with 
lipophilic statins

Ann Oncol, 2017.

Meta-
analysis

Prostate Cancer Atorvastatin, 
Rosuvastatin

Reduced Cancer-
specific mortality

24% reduction in 
prostate cancer 
mortality, particularly 
with lipophilic statins

Cancer Epidemiol 
Biomarkers Prev, 
2019.

Clinical 
Trial

Hepatocellular 
carcinoma (HCC)

Atorvastatin + 
Sorafenib

Improved 
Progression-Free 
Survival

Median PFS extended 
by ~3 months vs. 
sorafenib alone

J Clin Oncol, 2020

Clinical 
Trial

Glioblastoma Lovastatin 
(High Dose)

Enhanced 
Survival

Combination 
with standard 
chemotherapy 
improved median 
survival by ~2 months

Neuro Oncol, 2018

Cohort 
Study

Lung Cancer Simvastatin Reduced 
Recurrence Rates

~15% reduction in 
recurrence when 
combined with 
chemotherapy

J Thorac Oncol, 
2015

Cohort 
Study

Ovarian Cancer Atorvastatin Improved Overall 
Survival

~20% increase in 
5-year survival

Gynecol Oncol, 
2019

Cohort 
Study

Esophageal Cancer Rosuvastatin Reduced 
Recurrence 
and Improved 
Survival

~30% reduction 
in recurrence 
post-resection

Ann Surg Oncol, 
2021

Reproduced from Refs. with permission [11, 24–28].

Table 1. 
Clinical evidence on statin use in cancer patients.
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while increasing the expression of anti-inflammatory cytokines like IL-10 and IL-37 
in endothelial cells. This modulation of inflammatory pathways is a key mechanism 
by which statins exert their protective effects against atherosclerosis and other cardio-
vascular conditions [11, 13].

In addition to their anti-inflammatory effects, statins also reduce oxidative 
stress, which is another mechanism contributing to their cardiovascular benefits. 
Both atorvastatin and rosuvastatin have been shown to reduce oxidative stress, 
such as 8-iso-prostaglandin F2α and thromboxane-dependent platelet activation, 
which are independent of their cholesterol-lowering effects [30]. This reduction in 
oxidative stress further supports the anti-inflammatory and vasoprotective roles of 
statins [31].

Regarding cancer outcomes, the pleiotropic effects of statins, including their anti-
inflammatory and immune-modulatory properties, have been explored in the context 
of cancer therapy. Statins may mitigate cardiovascular damage associated with certain 
anticancer treatments, such as chemotherapy and radiotherapy, by reducing inflam-
mation and oxidative stress [32]. Although the direct impact of statins on cancer 
progression remains an area of active research. Their role in managing treatment-
related cardiovascular risks is increasingly recognized [6].

3.2 �Antiproliferative and antimetastatic effects: Possible direct oncological 
impact

Statins, including atorvastatin and rosuvastatin, exhibit antiproliferative and 
antimetastatic effects on cancer pathways, which may influence cancer outcomes and 
improve survival in cancer patients. These effects are primarily mediated through the 
inhibition of the mevalonate pathway, which is crucial for the synthesis of cholesterol 
and other isoprenoids necessary for the post-translational modification of proteins 
involved in cell signaling and growth [10].

Statins’ capacity to cause cancer cells to undergo cell cycle arrest, apoptosis, 
and autophagy is associated with their antiproliferative activities [33]. By altering 
important signaling pathways, like the PI3K-Akt pathway, which is crucial in cell 
survival and proliferation, statins have been demonstrated to suppress the growth 
of certain cancer cell lines. For example, it has been shown that atorvastatin 
inhibits Akt signaling, which is essential for the metastasis of many cancer types, 
including breast cancer, thereby reducing the proliferation and survival of cancer 
cells [13].

Statins also have antimetastatic properties that can lessen the invasiveness and 
ability of cancer cells to spread. This is accomplished by preventing the prenylation of 
small GTP-binding proteins that are necessary for invasion and cell migration, such as 
Rac, Rho, and Ras. Statins can dramatically lower the migration and colony formation 
of metastatic cancer cells, including prostate cancer cells, by preventing the synthesis 
of geranyl-geranyl pyrophosphate (GGPP), which in turn lowers the development 
and dissemination of metastatic colonies [34].

The potential advantages of statins in enhancing cancer outcomes are sup-
ported by several clinical researches. Statins increased progression-free survival, 
lowered recurrence rates, and reduced cancer-specific mortality [10]. According 
to these results, statins improve cancer patients’ chances of survival by postpon-
ing the clinical onset of metastases and lowering mortality, especially in cases of 
breast cancer [35].
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4. �Application in cardio-oncology

4.1 Prevention of cardiotoxicity

Because of the cardiotoxic effects of several cancer treatments, such as trastu-
zumab and anthracyclines, long-term cancer survivors are at particular cardiovascular 
risk. Heart failure, cardiomyopathy, and a drop in left ventricular ejection fraction 
(LVEF) are among these risks, which can result in serious morbidity and death [8, 36].

The potential of statins to prevent cardiotoxicity induced by chemotherapy 
drugs like trastuzumab and anthracyclines has been studied. Statins’ cardioprotec-
tive benefits are attributed to their endothelial-protective, anti-inflammatory, and 
antioxidant properties, all of which are essential in reducing heart damage caused by 
these chemotherapeutic drugs [21].

Statins help preserve left ventricular ejection fraction (LVEF) and considerably 
lower the incidence of anthracycline-induced cardiotoxicity, according to a meta-
analysis of randomized controlled trials (RCTs) [32]. This suggests that in patients 
receiving anthracycline-based chemotherapy, statins may be a useful strategy for 
preventing heart dysfunction [37].

Statins have also shown a protective effect against trastuzumab-induced car-
diotoxicity. Statins dramatically lower the incidence of cardiac events associated 
with trastuzumab therapy, possibly preventing almost half of them, according to a 
comprehensive evaluation of systematic reviews and meta-analyses [21]. According 
to a randomized controlled trial, rosuvastatin significantly reduces cardiotoxicity 
in patients with HER2-positive breast cancer who are taking both trastuzumab and 
anthracyclines. This is demonstrated by a smaller drop in LVEF and a decrease in 
cardiac biomarkers [18].

Although further extensive RCTs are required to validate these results and opti-
mize their use in clinical settings, the data generally support the use of statins as a 
cardioprotective approach in patients receiving anthracyclines plus trastuzumab [35].

4.2 Relevant studies and clinical trials: Cardiotoxicity and heart

Numerous important studies have shown how statins, especially atorvastatin and 
rosuvastatin, affect chemotherapy-induced cardiotoxicity. One significant study that 
assessed atorvastatin’s ability to prevent anthracycline-associated cardiac dysfunction 
was the STOP-CA trial [38]. In this study, atorvastatin demonstrated better out-
comes in left ventricular ejection fraction (LVEF) compared to placebo. Atorvastatin 
significantly decreased the frequency of cardiac dysfunction in lymphoma patients 
undergoing anthracycline-based chemotherapy [38].

D′Amario’s meta-analysis provides additional evidence for the cardioprotective 
benefits of statins in anthracycline-treated individuals. By combining data from 
several randomized controlled trials, this research found that statins were associated 
with improved LVEF preservation and a decreased risk of anthracycline-induced 
cardiotoxicity [30].

Kettana et al. conducted a randomized controlled trial to examine the preventive 
effects of rosuvastatin in patients with HER2-positive breast cancer who were also 
receiving trastuzumab and anthracyclines [32]. According to the study, rosuvastatin 
significantly reduced cardiotoxicity, as evidenced by a slower drop in LVEF and lower 
levels of cardiac biomarkers, including interleukin-6 and high-sensitivity cardiac 
troponin I [31].
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The larger body of research supports these conclusions, indicating that statins 
have properties such as endothelial protection, antioxidative stress reduction, and 
anti-inflammatory effects—all of which are essential for mitigating cardiotoxicity 
linked to anticancer therapies.

This may suggest that statins are effective in lowering the risk of chemotherapy-
induced cardiotoxicity, making them essential for the cardiovascular care of long-
term cancer survivors [10]. Maximize their application and validate these findings in 
broader, more diverse patient populations.

4.3 Reduction of cardiovascular risk

The cardiotoxic effects of cancer treatments like trastuzumab and anthracyclines 
put long-term cancer survivors at higher risk for a number of cardiovascular issues. A 
decrease in left ventricular ejection fraction (LVEF), cardiomyopathy, and heart fail-
ure are among these adverse effects. Survivors may develop common cardiovascular 
risk factors over time, increasing their likelihood of developing these conditions [39].

Cardiomyopathy and heart failure are serious concerns, particularly after treat-
ment with anthracyclines and trastuzumab. Both early- and late-onset cardiac dys-
function can result from these treatments. Anthracyclines are linked to a progressive 
decline in cardiac function that may manifest years after treatment. One important 
indicator of ventricular dysfunction is the decrease in LVEF, which is frequently used 
to track the cardiotoxic effects of various treatments [38].

Some of these cardiovascular risks have been shown to be reduced by statins, 
including atorvastatin and rosuvastatin. Their properties—such as endothelial pro-
tection, antioxidative stress reduction, and anti-inflammatory actions—can mitigate 
the cardiotoxicity induced by chemotherapy [37].

Atorvastatin’s potential role in maintaining cardiac function was highlighted by 
the STOP-CA trial, which demonstrated a significantly decreased incidence of cardiac 
dysfunction in patients following anthracycline-based chemotherapy [38].

5. �Suggested monitoring regimens for patients using statins

5.1 Atorvastatin and Rosuvastatin following chemotherapy

Several essential elements are included in the suggested monitoring regimens for 
patients using statins such as atorvastatin and rosuvastatin following chemotherapy, 
especially in reducing chemotherapy-induced cardiotoxicity [32]:

•	 Baseline and regular cardiac function assessment: A baseline evaluation of cardiac 
function, usually through echocardiography to measure left ventricular ejection 
fraction (LVEF), is necessary before starting statin therapy [35]. Routine follow-
up assessments are important to track any changes in heart function over time. 
For example, the STOP-CA trial assessed the efficacy of atorvastatin in prevent-
ing ventricular dysfunction using LVEF as the primary endpoint [38, 40].

•	 Biomarker monitoring: Keeping track of cardiac biomarkers such as N-terminal 
pro-B-type natriuretic peptide (NT-proBNP) and high-sensitivity cardiac tro-
ponin I (hs-cTnI) can provide further insight into heart health and the possible 
development of cardiotoxicity. These biomarkers can help identify subclinical 
cardiac damage before notable LVEF changes occur [41].
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•	 Adverse effect surveillance: Statin users should be monitored for any side effects, 
such as liver dysfunction and muscle soreness. Since statins can sometimes lead 
to myopathy or elevated liver enzymes, regular liver function tests and assess-
ments for muscle-related complaints are recommended [41].

•	 Blood pressure and lipid profile monitoring: Statins might affect lipid metabolism; 
it is necessary to regularly assess blood pressure and lipid profiles. This guaran-
tees that statin medication is producing the intended lipid-lowering effects and 
that blood pressure is within target ranges [20, 34, 42].

•	 Lifestyle and risk factor management: To further reduce cardiovascular risk, 
patients should be encouraged to adopt lifestyle changes such as diet modifica-
tions, regular physical activity, and smoking cessation. These actions support 
overall cardiovascular health and enhance the pharmacological benefits of 
statins [8, 26].

5.2 Monitoring laboratory test

Certain laboratory tests are advised in monitoring procedures for individuals using 
statins following chemotherapy to guarantee safety and efficacy and to efficiently 
control cardiovascular risk [26]:

•	 Lipid panel: Prior to beginning statin therapy, a fasting lipid panel compris-
ing total cholesterol, triglycerides, HDL-C, and LDL-C should be acquired. To 
evaluate adherence and response, this panel should be performed 4 to 12 weeks 
following the start of statin medication or any modifications, then every 3 to 12 
months as clinically required [26].

•	 Liver function tests: Prior to beginning statin medication, baseline levels of the 
liver transaminases aspartate aminotransferase and alanine aminotransferase 
should be assessed. If signs of hepatotoxicity, such as jaundice or unexplained 
lethargy, appear during treatment, these should be reassessed [3].

•	 Creatine kinase (CK): Routine CK monitoring is not advised unless the patient 
has muscle complaints. To check for statin-associated myopathy, CK levels 
should be measured in cases of significant muscle complaints or objective muscle 
weakening [27].

•	 Cardiac biomarkers: Although not specifically addressed in the references, 
monitoring cardiac biomarkers like N-terminal pro-B-type natriuretic peptide 
(NT-proBNP) and high-sensitivity cardiac troponin I (hs-cTnI) can help iden-
tify subclinical cardiac injury, particularly in patients who previously received 
cardiotoxic chemotherapy [27].

•	 Blood pressure and glucose monitoring: Because statins might affect these param-
eters, it is crucial to regularly check blood pressure and glucose levels, especially 
in individuals with a higher risk of developing diabetes or newly diagnosed 
diabetes mellitus [12].
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For patients taking statins after chemotherapy, these tests—along with routine 
clinical evaluations and lifestyle modifications—provide a thorough monitoring plan 
aimed at optimizing cardiovascular outcomes and reducing side effects.

6. �Management of cardiovascular risk in long-term cancer survivors

6.1 Statin therapy

For patients receiving anthracycline-based chemotherapy, statins are advised due 
to their cardioprotective properties. Atorvastatin’s role in maintaining left ventricular 
ejection fraction (LVEF) was highlighted by the STOP-CA trial, which showed that 
it dramatically reduced the incidence of cardiac dysfunction in lymphoma patients 
receiving anthracyclines. According to these meta-analyses, statins reduce the inci-
dence of anthracycline-induced cardiotoxicity and aid in maintaining LVEF [20, 38].

•	 Mechanisms of action: Statins offer protection through antioxidative stress, anti-
inflammatory actions, and endothelial protection. These mechanisms target the 
underlying pathophysiological processes causing cardiac injury, making them 
essential for reducing chemotherapy-induced cardiotoxicity [2].

•	 Clinical monitoring: Early identification of cardiotoxicity requires routine cardiac 
function monitoring, including echocardiography to measure LVEF. Monitoring 
cardiac biomarkers like hs-cTnI can also provide early warning signs of cardiac 
damage [34].

•	 Comprehensive cardiovascular risk management: Controlling other cardiovascular 
risk factors alongside statin therapy is essential. This includes managing diabetes, 
hypertension, and dyslipidemia, as well as promoting dietary and physical activ-
ity changes.

•	 Investigation and future directions: While existing evidence supports statins’ 
cardioprotective effects in cancer patients, more investigation is required to 
determine the optimal statin type, dosage, and duration.

Criteria for determining the selection of statins for cancer patients
Several factors based on current clinical evidence guide statin selection for cancer 

patients to reduce chemotherapy-induced cardiotoxicity, particularly in those receiv-
ing anthracyclines or trastuzumab [29]:

•	 Chemotherapy type: In individuals receiving anthracycline-based chemotherapy, 
statins exhibit significant cardioprotective benefits. Atorvastatin was shown to 
be effective in lowering cardiac dysfunction in lymphoma patients on anthracy-
clines in the STOP-CA trial. In patients with HER2-positive breast cancer receiv-
ing trastuzumab and anthracyclines, rosuvastatin also lessens cardiotoxicity [38]

•	 Cardiovascular risk profile: Statins may benefit patients with preexisting cardio-
vascular risk factors (e.g., diabetes, hypertension, and coronary artery disease). 
Evidence links lower incidence of cardiotoxicity in patients with these comor-
bidities [3].
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•	 Statin type and dosage: The approach of chemotherapy and patient demographics 
determine which of atorvastatin and rosuvastatin is best. While rosuvastatin 
20 mg/day proved helpful in studies on HER2-positive breast cancer, STOP-CA 
employed atorvastatin 40 mg/day. Dosage selection is also influenced by phar-
macokinetics and drug-drug interactions [36].

•	 Effectiveness in maintaining cardiac function: Meta-analyses confirm statins’ role 
in preserving LVEF and reducing anthracycline-induced cardiotoxicity. Cardiac 
function preservation is critical for prophylactic statin use [18, 28].

•	 Safety and tolerability: Statins’ safety profile—including risks of bone pain and 
severe side effects—must be considered. A meta-analysis by D’Amario et al. 
found no significant difference in adverse events between statin and placebo 
groups [30, 32].

7. �Physician’s guide: Should all cancer patients receive statins 
prophylactically?

The debate over whether all cancer patients should take statins, especially atorv-
astatin and rosuvastatin, as a preventive measure to reduce the cardiotoxicity caused 
by chemotherapy is complex and depends on several variables, such as the type of 
chemotherapy and the patient’s unique risk profile [30].

Considering that statins have cardioprotective benefits, current knowledge ACC/
AHA criteria supports their use of atorvastatin 80 mg/day and rosuvastatin 40 mg/
day, especially in patients meeting LDL-C and non-HDL-C goals already receiving 
anthracycline-based ezetimibe, evolocumab, alirocumab (subtilisin/kexin type 9 
inhibitors) trastuzumab chemotherapy as per AACE method. For example, meta-
analyses have demonstrated that statins help maintaining left ventricular ejection 
fraction (LVEF) and significantly lower the incidence of anthracycline-induced 
cardiotoxicity [3].

In particular, the STOP-CA trial showed that atorvastatin 40 mg/day dose 
decreased the risk of cardiac dysfunction in cancer patients receiving anthracycline 
therapy. Furthermore, rosuvastatin 80 mg/day has demonstrated potential in reduc-
ing cardiotoxicity in patients with HER2-positive breast cancer who are receiving 
trastuzumab and anthracyclines [3, 38, 40].

However, the decision to use statins prophylactically should be individualized, 
putting on atorvastatin less than 80 mg/day or rosuvastatin less than 40 mg/day 
to all patients with LDL-C < 55 - <70 mg/dL at high risk and extreme risk. Not all 
cancer patients may benefit from statin therapy, and the potential benefits must 
be weighed against the risks and side effects of statins. The evidence is strongest 
for patients receiving anthracyclines, and further research is needed to determine 
the efficacy of lovastatin, fluvastatin, pravastatin, simvastatin 20 in other chemo-
therapy regimens metabolized through CYP3A4 pathway in different cancer types 
[19, 30].

Therefore, even though statins like atorvastatin and rosuvastatin have shown 
cardioprotective effects in certain cancer populations, especially those receiving 
anthracyclines, their prophylactic use should be evaluated for safety on an individual 
basis, considering drug interactions, patient’s cardiovascular risk factors and the 
specific chemotherapy regimen [13, 32].
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Several studies have shown adverse effects of popular two statins, as shown in 
Table 2.

Many research investigations in the following studies have demonstrated the 
ability of statins, especially atorvastatin and rosuvastatin, to reduce cardiotoxicity 
in cancer patients receiving anthracycline-based treatments and have supported 
the cost-benefit analysis of using them in combination with chemotherapy for 
cardioprotection.

Multiple studies support the use of statins as effective tools in preventing chemo-
therapy-induced cardiotoxicity, especially from anthracyclines and trastuzumab:

•	 D’Amario et al. (RR: 0.52) and Felix et al. (RR: 0.46) showed a significant reduc-
tion in chemotherapy-related cardiovascular dysfunction (CTRCD) [24].

•	 Obasi et al. confirmed the preservation of left ventricular ejection fraction 
(LVEF) [2].

•	 Kettana et al. highlighted the role of rosuvastatin in HER2-positive breast cancer 
patients, showing improvement in cardiac biomarkers [30].

This cardioprotection not only improves clinical outcomes but also reduces health-
care costs related to hospitalizations and cardiac interventions.

Preclinical studies have demonstrated that combining statins with other chemo-
therapeutic agents or targeted therapies (for instance, combining atorvastatin with 

Adverse effects Rosuvastatin Atorvastatin

Myalgias Common, especially in patients receiving 
targeted therapies (eg, tyrosine kinase 
inhibitors).

Similar to rosuvastatin, but with a 
lower incidence in some studies.

Rhabdomyolysis Rare, but the risk increases with drug 
combinations (e.g., sunitinib).

Rare, but also increased by drugs 
that inhibit statin metabolism (e.g., 
itraconazole).

Liver function 
abnormalities

Mild elevation of ALT/AST in ~1–2% of patients. 
Most common in high doses (40 mg).

Mild elevation of ALT/AST in ~1–3% 
of patients. Similar to rosuvastatin.

Gastrointestinal 
problems

Nausea, abdominal pain, and diarrhea were 
experienced by some patients. It can aggravate 
symptoms of chemotherapy.

Mild gastrointestinal symptoms, such 
as nausea and constipation.

Kidney effects Mild increase in serum creatinine and 
proteinuria at high doses (40 mg).

Less associated with renal effects 
compared to rosuvastatin.

Drug interactions Increased risk of interactions with tyrosine 
kinase inhibitors (e.g., sunitinib).

Common interactions with drugs 
that inhibit CYP3A4 (e.g., azole 
antifungals).

Risk of diabetes Slightly increased risk, similar to other statins. Risk similar to rosuvastatin, with a 
modest increase in the incidence of 
diabetes.

Cognitive effects Anecdotal reports of confusion or memory loss, 
but inconclusive evidence

Like rosuvastatin, with rare reports of 
cognitive impairments

Reproduced from Refs. [3–5, 32, 43].

Table 2. 
Comparison table of adverse effects between high-intensity statins in cancer patients.
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celecoxib in prostate cancer models) may enhance anticancer efficacy while poten-
tially allowing lower, safer doses of statins.

There is a significant gap between robust in vitro/in vivo findings and clinical 
trial outcomes. More well-designed, large-scale randomized controlled trials are 
needed to clarify the role of statins in cancer treatment and prevention, particu-
larly in specific subgroups (e.g., patients with Barrett’s esophagus, hepatocellular 
carcinoma, or prostate cancer). It is necessary to cite relevant insights found in 
current data.

Clinical and preclinical studies underscore the importance of elucidating statin-
induced pleiotropic effects and statin–chemotherapeutic interactions to support the 
development of a practical cardio-oncology guideline for clinicians. Despite promis-
ing findings from preclinical models—particularly regarding the anti-inflammatory, 
anti-proliferative, pro-apoptotic, anti-angiogenic, and antimetastatic properties of 
statins—clinical trial data remain inconsistent [44]. Meta-analyses further reveal 
ongoing controversies, including statin resistance, toxicity related to overdose, and 
interactions with androgen deprivation therapy.

Cancer type Observed benefit Statin used Proposed mechanism Reference

Colorectal cancer 15–20% reduction 
in cancer-specific 
mortality

Various Inhibition of Wnt/β-catenin 
pathway; anti-inflammatory and 
anti-angiogenic effects reducing 
metastasis

[46]

Breast cancer 12–18% lower 
recurrence (esp. 
with lipophilic 
statins)

Simvastatin 
(lipophilic)

Inhibits ER+ cell proliferation; 
modulates PI3K/Akt signaling; 
downregulates cyclin D1

[47]

Prostate cancer 24% reduction in 
cancer-specific 
mortality

Various Decreases androgen receptor 
signaling and systemic cholesterol, 
reducing intratumoral androgen 
synthesis

[48]

Esophageal cancer ~30% lower 
recurrence 
post-surgery

Rosuvastatin Anti-inflammatory effects; 
inhibition of NF-κB and 
inflammatory signaling in the 
postoperative microenvironment

[49]

Glioblastoma +2 months median 
survival with statin 
+ chemo/radiation

Lovastatin 
(Phase I/II)

Inhibits prenylation (Ras/Rho); 
enhances apoptosis and chemo-
radiosensitivity in glioma stem 
cells

[50]

Hepatocellular 
Carcinoma

~3 months 
increased survival 
vs. sorafenib alone

Atorvastatin + 
sorafenib

Downregulates VEGF, PDGF, 
cytokines; improves liver function 
reserve and reduces fibrosis

[51]

Lung cancer ~15% recurrence 
reduction with 
adjunct statin 
therapy

Simvastatin Suppresses MMP-9 and IL-6; 
reduces invasiveness and tumor-
associated inflammation

[52]

Ovarian cancer 20% higher 5-year 
survival in post-
diagnosis users

Various Inhibits mesothelial adhesion; 
limits peritoneal dissemination

[53]

Table 3. 
Summary table – statins and cancer outcomes with mechanistic insights.
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Choosing the right patient groups based on tumor biology, defining the pharma-
cological interactions between statins and chemotherapeutic agents, determining the 
best dosage schedules, and creating combination strategies to maximize anticancer 
efficacy while reducing chemotherapy-induced toxicity are some of the major unre-
solved issues [26, 44].

Bridging the translational gap between preclinical evidence and clinical outcomes 
is essential for the effective integration of statins into oncological treatment protocols. 
Moreover, a range of factors—geographic, ethnic, epidemiological, technical, ethical, 
regulatory, and economic—must be considered when addressing public health inter-
ests and policymaking [45]. In the future, increased awareness of statins’ pleiotropic 
effects may generate significant benefits for patients, clinicians, researchers, and the 
wider healthcare system related to different endothelial functions, anti-inflammatory 
effects, antioxidant properties, and antithrombotic effects in cardio-oncology 
(Table 3) [45].

8. �Statins’ pleiotropic effects and clinical significance in cardio-oncology

Statins, such as atorvastatin and rosuvastatin, exhibit several pleiotropic effects 
beyond their lipid-lowering capabilities that are clinically relevant in the field of 
cardio-oncology. These effects include modulation of endothelial function as well 
as anti-inflammatory, antioxidant, and antithrombotic properties, which can be 
particularly beneficial in managing cardiovascular risks associated with cancer 
therapies [38].

Endothelial function: Statins improve endothelial function by enhancing nitric 
oxide (NO) bioavailability, which is crucial for vascular health. This is achieved 
through the inhibition of the mevalonate pathway, leading to reduced prenylation 
of small GTPases like Rac1, which, in turn, decreases NADPH oxidase activity and 
oxidative stress. Improved endothelial function can mitigate the endothelial damage 
often seen with certain anticancer therapies [42].

Anti-inflammatory effects: Statins exert significant anti-inflammatory effects by 
modulating both innate and adaptive immune responses. They reduce the expression 
of pro-inflammatory cytokines and adhesion molecules, thereby decreasing vascular 
inflammation. This is particularly relevant in cardio-oncology, where inflammation is 
a common side effect of cancer treatments such as immune checkpoint inhibitors and 
CAR-T cell therapies [54].

Antioxidant properties: The antioxidant effects of statins are mediated through the 
inhibition of oxidative stress pathways, including the reduction of NADPH oxidase 
activity and the enhancement of endothelial nitric oxide synthase (eNOS) activity. 
These effects help maintain redox balance and protect against oxidative damage 
induced by cancer therapies [2, 13].

Antithrombotic effects: Statins also possess antithrombotic properties by inhibit-
ing platelet aggregation and stabilizing atherosclerotic plaques. This is crucial in 
preventing thromboembolic events, which are a risk in cancer patients due to both the 
malignancy itself and certain cancer treatments [35].

In summary, the pleiotropic effects of statins, particularly atorvastatin and 
rosuvastatin, provide a multifaceted approach to managing cardiovascular risks in 
cancer patients. These effects are beneficial in mitigating the cardiotoxicity associated 
with various anticancer therapies, making statins a valuable component of the cardio-
oncology therapeutic arsenal.
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9. �Personalizing treatment and monitoring high-risk patients

Patients receiving anthracyclines: Statins have been shown to reduce the incidence of 
anthracycline-induced cardiotoxicity. The STOP-CA trial demonstrated that atorvas-
tatin significantly reduced the risk of cardiac dysfunction in patients with lymphoma 
undergoing anthracycline-based chemotherapy. Additionally, meta-analyses have 
confirmed that statins are associated with a lower incidence of cardiotoxicity and 
better preservation of left ventricular ejection fraction (LVEF) in patients receiving 
anthracyclines [38].

Patients receiving trastuzumab: In HER2-positive breast cancer patients treated 
with trastuzumab, statins have been associated with a reduced risk of cardiotoxic-
ity. A study found that statin use was linked to a lower risk of LVEF decline and 
cardiotoxicity in this population. Rosuvastatin, in particular, has shown promise 
in reducing chemotherapy-induced cardiotoxicity in HER2-positive breast cancer 
patients [21].

Patients undergoing combined anthracycline and trastuzumab therapy: Statins have 
demonstrated cardioprotective effects in patients receiving both anthracyclines and 
trastuzumab. A systematic review and meta-analysis indicated that statin use is asso-
ciated with a decreased risk of cardiotoxicity in these patients, suggesting a potential 
role for statins in this high-risk group [41].

10. �Conclusion

The pleiotropic effects of statins, including their anti-inflammatory, antioxidant, 
and endothelial-protective properties, contribute to their cardioprotective role in 
these patient populations. These effects are particularly beneficial in mitigating the 
cardiovascular side effects of cancer therapies, making statins a valuable consider-
ation in the management of cardiotoxicity in cardio-oncology [28].
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Edited by Rakesh Sharma
Statins are aromatic cyclic chemical compounds. Statins inhibit cholesterol synthesis by 

inactivating the enzyme that catalyzes this process, thereby reducing the risk of heart attack 
and stroke. In recent years, high doses of statins, along with chemotherapies and other 

combination therapies such as radiation, immunotherapy, radiotherapy, and antioxidant 
therapies, have proven highly effective in fighting cancer. The book serves as a bridge between 

statin-induced biochemical and metabolic transformations, from cholesterol lowering to 
mitigate apoptosis, proliferation, autophagy, senescence, immune response, and metastasis, 

as a magical option in cancer prevention. The book presents concepts, the current state of 
the art, new options for statin-based nanoformulations, CAR–T cell therapy, and statin-in-
combination adjunct therapies as potential cancer nanomedicines for researchers, medical 

professionals, the pharmaceutical industry, and academicians. The book advocates the concept 
of “Triple modal statin-in-combination cancer treatment” based on the fact that statins elevate 
the oxygen utilization and mitigate the cardiovascular damage caused by cancer. The possible 
‘triple modal therapies’ include low-dose statins given with chemodrugs, radiation, targeted 
therapy, and CAR T-cell therapy. The statins do have a significant influence on sex-dependent 
mechanisms of cancer prevention in diabetes patients. The testosterone hormone in males and 

progesterone hormone in females have specific roles in cardiac prevention, reduced cardiac 
toxicity, and cancer treatment, specifically breast cancer in diabetic females and prostate 

cancer in males. The readers will experience the contents in the present book as quick learners 
with awareness of the inconclusive, controversial, but high-potential statins given to female 

and male cancer patients with secondary problems of diabetes, old age, drug-resistance, 
recurrence among patients showing poor patient and clinical outcomes.
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