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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy-induced gastrointestinal and cardiac toxicities remain major dose-limiting complications of

Statins several cancer treatments, often leading to long-term morbidity and reduced quality of life. Increasing attention

;[hemo_i}_‘erapy has been given to the pleiotropic effects of statins, a class of 3-hydroxy-3-methylglutaryl coenzyme A-reductase
ucositis

inhibitors widely used for hyperlipidemia and cardiovascular risk reduction. Beyond their lipid-lowering prop-

Cardiotoxicit . . . . .. . . . . . .
Cancer ¥ erties, statins exhibit antioxidant, anti-inflammatory, anti-apoptotic, mitochondrial-protective, and endothelial-
Hyperlipidemia supportive activities, making them compelling candidates for repurposing in oncology. This review summarizes

Chemotherapy side-effect the molecular mechanisms through which statins may protect non-target tissues from the collateral damage of
chemotherapy. We describe how statins attenuate oxidative stress via NADPH oxidase inhibition and enhance-
ment of endogenous antioxidant defenses, and how they modulate inflammatory responses through suppression
of NF-kB signaling and upregulation of endothelial nitric oxide synthase. We further describe their ability to
reduce apoptosis by stabilizing mitochondria, activating pro-survival kinases, and dampening inflammasome
activity. These effects are supported by preclinical evidence in models of doxorubicin-induced cardiotoxicity and
intestinal mucositis. While clinical data remains limited and occasionally inconsistent, the mechanistic rationale
and growing experimental data underscore the potential of statins as multi-targeted adjuvant agents to reduce
off-target toxicity during chemotherapy. Future clinical studies are warranted to determine statin class-specific
effects, optimal dosing, and their full therapeutic potential in cancer patients.

chemotherapy-related cardiac dysfunction is defined by a 10 % decrease
in left ventricular ejection fraction (LVEF) from baseline to a value
below 53 %, confirmed by measurements taken at least two to three
weeks apart (Perez et al., 2019; Plana et al., 2014). Risk factors for
developing chemotherapy-mediated cardiotoxicity include pre-existing
cardiovascular disease and other related risk factors, advanced age,
and high exposure to additional cardiotoxic agents (Iliodromitis et al.,
2024; Moustafa et al.,, 2023). There are few treatments for
chemotherapeutics-induced cardiotoxicity, with statins in particular
showing promise in reducing permanent chemotherapeutic-associated
cardiac damage (Felix et al., 2024; Jaiswal et al., 2024).

CIM is a prevalent and often debilitating side effect affecting the
mucosal lining of the gastrointestinal (GI) tract. This condition triggers
extensive inflammation and compromises mucosal barrier integrity
across the oral cavity, esophagus, stomach, and intestines, resulting in a
substantial decline in quality of life (QoL) for cancer patients (Ali et al.,

1. Introduction

While chemotherapy is widely used and effective cancer treatment,
patients undergoing chemotherapy often experience debilitating side
effects. These chemotherapy-induced conditions pose significant chal-
lenges to effective cancer management, impacting patient comfort,
treatment adherence, and overall prognosis. Among the most clinically
significant toxicities are cardiotoxicity and chemotherapy-induced
mucositis (CIM), which can both lead to substantial morbidity and, in
some cases, life-threatening complications (Fig. 1).

Cardiotoxicity is a well-recognized adverse effect of several chemo-
therapeutic agents, particularly anthracyclines and human epidermal
growth factor receptor 2 (HER2)-targeted therapies. It can manifest as
myocardial ischemia, arrhythmias, hypertension, or progressive heart
failure (Fig. 2). According to the American Society of Echocardiography,
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Abbreviations

ASCVD  Atherosclerotic cardiovascular disease
BCRP Breast cancer resistant protein

BNP B-type natriuretic peptide

CIM Chemotherapy-induced mucositis
CK-MB Creatine kinase-MB

CMRI Cardiac magnetic resonance imaging
COx2 Cyclooxygenase-2

CRP C-reactive protein

Cx43 Connexin 43

CTCAE Common Terminolagy Criteria for Adverse Events
ECG Electrocardiography

eNOS Endothelial nitric oxide synthase

ESR Erythrocyte sedimentation rate

FPP Farnesyl pyrophosphate

GPP Geranylgeranyl pyrophosphate

GSH Reduced glutathione

HCC Hepatocellular carcinoma

HDL-C  High-density lipoprotein cholesterol
HER-2  Human Endothelial Growth Factor Receptor 2
HF Heart failure

HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A

HR Hazard ratio

IDL Intermediate-density lipoproteins

IL Interleukin

IPP Isopentenyl pyrophosphate

LDL-C  Low-density lipoprotein cholesterol

LVEF Left ventricular ejection fraction

MDA Malondialdehyde

MPO Myeloperoxidase

PET Positron emission tomography

PGC-la  Peroxisome proliferator-activated receptor-y coactivator-
la

ROS Reactive oxygen species

SPECT  Single-photon emission-computed tomography

SREBP  Sterol regulatory element-binding proteins

SVA Simvastatin acid

SVL Simvastatin lactone

TLR Toll-like receptor

TNF Tumor necrosis factor

TRZ Trastuzumab

VEGF Vascular endothelial growth factor

VLDL Very-low-density lipoproteins

2022) (Fig. 2). The clinical presentation of CIM can vary significantly,
influenced by the specific chemotherapy regimen, dosage, treatment
duration and individual patient susceptibilities (such as immunosup-
pression), as well as the different combination treatments that are often
used when treating cancer (Arendt et al., 2025). Generally, CIM can lead
to nausea, vomiting, abdominal pain, severe diarrhea and sepsis. The
inflamed and ulcerated mucosal lining impairs nutrient absorption,
causing electrolyte imbalances, malnutrition, severe bodyweight loss,
and even fatality due to multiple organ failure (Peters et al., 2024).
Severe cases of mucositis may necessitate hospitalization, chemotherapy
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dosage reduction, or treatment interruptions (Dahlgren et al., 2021). At
present there is no significant preventive therapy and/or treatment for
CIM; however, supportive care measures can be taken to help manage
the symptoms.

There is an urgent need to optimize existing anticancer therapies, not
only to improve treatment efficacy but also to enhance patient quality of
life. Among these, hydroxymethylglutaryl-CoA (HMG-CoA) reductase
inhibitors, commonly known as statins, are one promising candidate.
Beyond their cardiovascular benefits, growing evidence suggests that
statins may also reduce chemotherapy-induced side effects, positioning
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Fig. 1. Common mechanistic pathways of chemotherapeutics-induced damage.
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Fig. 2. Comparison of Mechanisms, Clinical Manifestations, and Diagnostic Strategies of Anthracycline-Induced Cardiotoxicity and Intestinal Toxicity. Anthracyclines
induce both cardiotoxicity and gastrointestinal toxicity through mechanisms such as oxidative stress, topoisomerase II inhibition, inflammation, and cell death. These effects can
lead to clinical manifestations including reduced left ventricular function, heart failure, arrhythmias, diarrhea, mucosal ulcerations, and weight loss. Early detection relies on
organ-specific diagnostic approaches, including imaging, biomarker assessment, and functional evaluation.

them as potential adjuvant agents in oncology (Borgquist et al., 2025;
Lacroix et al., 2019; Liu et al., 2025; Sperling et al., 2018) (see Table 1).
The protective mechanisms of statins in chemotherapy-induced muco-
sitis and cardiotoxicity appear to be multifactorial and are largely driven
by pleiotropic effects beyond their lipid-lowering capacity, including
antioxidative, anti-inflammatory, antifibrotic, endothelial-stabilizing,
and anti-apoptotic properties. (Henninger and Fritz, 2017). This re-
view aims to provide an overview of statins, including their mechanism
(s) of action in mitigating chemotherapy-induced mucositis and car-
diotoxicity. The long-term objective is to gain a basic understanding of

Table 1

the contribution of statins as supportive and protective treatment for the
arising side effects from chemotherapy-based regimes.

2. Shared pathophysiological mechanisms in GI and cardiac
toxicity

Chemotherapy triggers a complex injury response in both the intes-
tinal mucosa and the myocardium (see Table 2). The sections below
describe five major mechanisms that are common in both cardiotoxicity
and GI toxicity: oxidative stress, inflammatory signaling, apoptosis,

Statin physiochemical properties and evidence strength as adjuvant treatments for chemotherapeutic side-effects.

Commercially References Drug Absorption (%) ( Bioavailability (%) ( Dose Similarities (Climent Evidence as adjuvant
available statins derivation ( Schachter, 2005)  Schachter, 2005) range et al., 2021) treatment
Hajar, 2011)

Atorvastatin (Lennernas, 2003; Synthetic 100 14 10-80 Hydrophilic - tend to Strong evidence — STOP-CA
Meclver and mg/day have fewer side effects trial (Neilan et al., 2023) +
Siddique, 2025) preclinical data

Rosuvastatin Bajaj and Giwa Synthetic 50 20 5-40 Moderate — some clinical
(2025) mg/day data in HER2-positive

breast cancer

Pitavastatin (Bhatti and Tadi, Synthetic 80 18 1-4 mg/ Moderate/weak — mostly
2025; Chen et al., day preclinical
2019)

Simvastatin Talreja and Derived from 60-80 5 10-40 Lipophilic — more likely Moderate/strong — multiple
Cassagnol (2025) fungi mg/day for muscle-related side preclinical + smaller

effects to occur clinical studies

Fluvastatin Ramsamooj and Synthetic >90 10-35 20-80 Weak — mostly preclinical
Preuss (2025) mg/day data

Pravastatin Sidhu and Sapra Derived from 34 18 10-80 Weak/inconclusive —
(2025) fungi mg/day negative LUNGSTAR trial (

Seckl et al., 2017)

Lovastatin Duong and Bajaj Derived from 31 5 20-80 Weak — preclinical/

(2025) fungi mg/day observational only
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Table 2

Common pathophysiological mechanisms that underly chemotherapy-induced
gastrointestinal toxicity and chemotherapy-induced cardiac toxicity.

Pathologic
Mechanism

GI Toxicity (Intestinal
Mucositis)

Cardiac Toxicity
(Cardiomyopathy)

Oxidative Stress
(ROS)

Inflammation

Cell Death

Mitochondrial
Dysfunction

Endothelial
Injury

Chemotherapy triggers ROS
in gut mucosa, causing
epithelial DNA damage and
lipid peroxidation. Initiation
of mucositis involves
oxidative injury to crypt cells.
Excess ROS also activate
immune cells in the gut,
amplifying tissue damage.

DNA/RNA damage and ROS
activate NF-xB and cytokines
(TNF-a, IL-16, IL-6) in the
intestine. Inflammatory
infiltrates (neutrophils,
macrophages) release
cytokines and proteases,
causing mucosal ulceration
and pain. Mucositis lesions
show high local cytokine
levels and edema.

Rapid apoptosis of intestinal
crypt epithelial cells is an
early event in
chemotherapeutic GI toxicity.
Loss of crypts and stem cells
impairs mucosal
regeneration. Enterocytes
undergo caspase-mediated
death.

Oxidative stress and drug
toxicity damage
mitochondria in gut cells,
lowering ATP and activating
pro-apoptotic signaling.
Injured enterocyte
mitochondria release signals
(e.g. ROS, NF-kB activation)
that further inflammation.
Mucosal cells with
dysfunctional mitochondria
can’t absorb nutrients or heal
efficiently, prolonging
diarrhea.
Chemotherapy-induced
inflammation in the gut can
damage intestinal
microvessels, causing
ischemia and facilitating
bacterial translocation
through a leaky mucosa,
Mucositis ulcers often have
impaired angiogenesis and
microthromboses, reflecting
local endothelial damage.

Anthracyclines and others
generate ROS in
cardiomyocytes (e.g. via
redox cycling and iron
complexes). Oxidative stress
damages myocyte
membranes and mtDNA,
leading to contractile
dysfunction. ROS byproducts
(e.g. peroxynitrite) also
impair cardiac cell proteins.
Chemotherapy injury to the
heart triggers release of
inflammatory cytokines and
chemokines. Anthracycline
exposure can cause
myocarditis with
macrophage infiltration.
Elevated TNF-a and IL-6 in
the myocardium depress
cardiac function and promote
fibrosis. Systemic
inflammation (e.g. high CRP)
is often observed during
chemotherapy.
Chemotherapy induces
cardiomyocyte apoptosis via
intrinsic (mitochondrial) and
extrinsic pathways.
Doxorubicin activates p53
and Bax/Bak, causing
cytochrome c release and
caspase-3 activation in heart
cells. Widespread myocyte
loss through apoptosis
manifests as thinning of
myocardium and reduced
ejection fraction.
Mitochondria are a primary
target in anthracycline
cardiotoxicity. Doxorubicin
accumulates in cardiac
mitochondria, uncoupling
the respiratory chain and
causing mtDNA breaks.
Resultant energy depletion
and ROS production lead to
myocyte death.
Mitochondrial swelling and
dysfunction are hallmark
findings in anthracycline-
exposed hearts.

Endothelial cells lining
cardiac vessels are directly
harmed by some
chemotherapies.
Anthracyclines cause
endothelial apoptosis and
rarefaction in myocardial
capillaries. Additionally, 5-
FU and others provoke
coronary endothelial
dysfunction (vasospasm,
clotting) via endothelial
senescence. This vascular
injury reduces nutrient blood
flow to the heart and
contributes to long-term
cardiac remodeling.
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mitochondrial injury, and endothelial dysfunction (Fig. 1).
2.1. Oxidative stress and reactive oxygen species (ROS)

One of the earliest biochemical events after chemotherapy exposure
is the generation of excessive ROS in affected tissues. In the gut, DNA
damage from chemotherapy initiates oxidative stress that injures
rapidly proliferating intestinal crypt cells (Akbarali et al., 2022). Mul-
tiple cellular organelles contribute to this process, including mitochon-
dria, the endoplasmic reticulum, and peroxisomes. In mitochondria,
impaired electron transport leads to electron leakage at complexes I and
I1I, producing superoxide. In the endoplasmic reticulum, protein mis-
folding and activation of the unfolded protein response drive ROS
through ERO1- and PDI-mediated disulfide bond formation. In peroxi-
somes, fatty acid p-oxidation generates hydrogen peroxide, while
NADPH oxidases (NOX1/2/4) at the plasma membrane and endosomes
provide an additional regulated source of ROS (Murphy, 2009; Schieber
and Chandel, 2014). This surge in ROS causes lipid peroxidation, protein
oxidation, and direct mucosal cell damage, effectively initiating the
mucositis cascade (Dahlgren et al., 2021; Heindryckx and Sjoblom,
2024). Similarly in the heart, many chemotherapies disrupt the redox
balance and create ROS in cardiomyocytes. Doxorubicin, for example,
undergoes redox cycling in cardiac cells, leading to extensive superoxide
and hydroxyl radical formation (Fabiani et al., 2021; Nagy et al., 2024).
These free radicals attack cardiac cell membranes, nucleic acids, and
proteins. The myocardium’s high mitochondrial density makes it espe-
cially susceptible to oxidative injury (Aimo et al., 2020). Consequently,
anthracyclines accumulate in  mitochondria and promote
iron-dependent ROS production that overwhelms antioxidant defenses.

In the gastrointestinal mucosa and myocardium, the exhaustion of
antioxidant defenses allows reactive oxygen species (ROS) to trigger a
self-perpetuating cycle of cellular damage and activation of redox-
sensitive pathways that intensify injury. (Heindryckx and Sjoblom,
2024). ROS production is normally buffered by enzymatic antioxidants,
including superoxide dismutases (SODs), catalase, glutathione peroxi-
dases, and peroxiredoxins, as well as non-enzymatic systems such as
glutathione (GSH) and thioredoxin. However, chemotherapy depletes
GSH pools and disrupts NADPH-dependent recycling, weakening redox
homeostasis. Stress-responsive signaling pathways coordinate the
adaptive response. The Nrf2-Keapl system induces antioxidant and
detoxification enzymes, NF-kB connects ROS to inflammatory gene
expression, and MAPKs (p38, JNK, ERK) integrate redox stress with
decisions governing cell survival or apoptosis (Ma, 2013). When ROS
production overwhelms these defense systems, a self-amplifying cycle
worsens the oxidative injury, activating inflammatory signaling, and
driving tissue dysfunction in both GI mucosa and myocardium.

2.2. Inflammation and cytokine release

Inflammatory signaling is a key mediator linking initial
chemotherapy-injury to more widespread tissue damage. In the GI tract,
chemotherapy-provoked DNA/RNA damage and ROS activate tran-
scription factors such as NF-kB in intestinal cells (Dahlgren et al., 2021;
Heindryckx and Sjoblom, 2024). NF-kB controls expression of
pro-inflammatory cytokines, including tumor necrosis factor-o (TNF-a),
and interleukins (IL-1f, IL-6, IL-18, etc.), which are upregulated in
chemotherapy-injured mucosa (Dahlgren et al., 2021). Consequently,
inflammation continues through the gut wall; immune cells (macro-
phages, neutrophils) are recruited and amplify tissue injury by releasing
additional cytokines and proteases. The heart experiences an analogous
response - chemotherapies (especially anthracyclines) can induce in-
flammatory cardiomyopathy, characterized by elevated cardiac cy-
tokines and inflammatory cell infiltration (Fabiani et al., 2021).
Doxorubicin-treated hearts, for instance, show increased NF-«B activity
and cytokine expression, leading to acute and chronic myocarditis in a
dose-dependent manner (Sala et al., 2020). Immune cells (such as
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macrophages) in the myocardium release TNF-o and IL-6 that impair
contractile function and induce fibrosis (Yarana et al., 2022). Thus, in
both GI and cardiac contexts, chemotherapy triggers an innate immune
response: a cytokine cascade that transforms focal cellular injury into a
broader inflammatory tissue injury.

2.3. Apoptosis and cell death

The highly proliferative intestinal epithelium is especially prone to
apoptosis after chemotherapy exposure. For example, irinotecan or 5-FU
cause apoptosis of intestinal crypt stem cells within hours (Cano-Cebrian
et al., 2022; Peters et al., 2024). This leads to crypt depth loss, villus
atrophy, and breakdown of the mucosal barrier (Peters et al., 2024). In
parallel, chemotherapeutics induce apoptosis in cardiomyocytes.
Anthracycline damage to DNA and mitochondria activates pro-apoptotic
proteins (such as p53, Bax/Bak) and caspases in heart muscle cells
(Bruynzeel et al., 2007; Childs et al., 2002). Histological examination of
anthracycline cardiotoxicity reveals cardiomyocyte apoptosis and sub-
sequent replacement fibrosis. In both tissues, apoptosis is driven by
oxidative stress and inflammatory cytokines that trigger apoptotic
signaling cascades. For instance, in intestinal mucosa, TNF-« and ROS
together activate caspases and p53, driving epithelial cell death
(Lopez-Posadas et al., 2017). Likewise in the heart, TNF-a and ROS can
result in a dysregulation of cardiomyocyte function with respect to the
increased abnormal calcium handling, calcium wave propagation be-
tween cells and excitation-contraction coupling (Saraf et al., 2021). The
end result is organ damage, manifesting as mucosal ulcerations in the GI
tract or loss of cardiac contractile mass and function in the heart.

2.4. Mitochondrial dysfunction

Mitochondrial injury is an upstream driver of both apoptosis and
functional impairment in chemotherapy toxicity. Many chemotherapy
agents disrupt mitochondrial homeostasis in both intestinal and heart
cells. Damage to enterocyte mitochondria (for example by platinum-
based drugs) leads to release of pro-apoptotic factors and activation of
stress kinases (p38 MAPK, etc.), which in turn activate NF-xB and
cytokine cascades in the gut (Wang et al., 2025; Yamaguchi et al., 2023).
Cardiac myocytes, given their dependence on mitochondrial ATP, are
even more vulnerable. Anthracyclines uncouple the electron transport
chain and collapse mitochondrial membrane potential in car-
diomyocytes (Huang et al., 2022; Maghraby et al., 2025). They also
intercalate into mitochondrial DNA, impairing mitochondrial genome
integrity and protein synthesis (Zhang et al., 2012), The result is an
energy-starved, injury-prone cell. As mitochondria fail, cardiomyocytes
release cytochrome-c and other apoptotic triggers, leading to cell death
and heart failure (Huang et al., 2022; Maghraby et al., 2025).

2.5. Endothelial injury and microvascular dysfunction

Beyond parenchymal cells, chemotherapy also harms the vascular
endothelium, which can worsen both GI and cardiac toxicity. In pa-
tients with diagnosed cardiovascular diseases, chemotherapy has been
shown to induce systemic endothelial dysfunction (Grakova et al.,
2021). The GI mucosa is highly vascularized, and there is evidence that
mucosal inflammation from chemotherapy compromises the local
microvasculature. In the development of intestinal injury after cytotoxic
therapy, endothelial disruption is likely an early event, at which point
epithelial dysfunction and crypt stem cell arrest occur (Abel et al.,
2005). In the cardiovascular system, endothelial injury is a
well-recognized component of chemotherapy cardiotoxicity. Anthracy-
clines damage coronary microvascular endothelial cells, causing
capillary rarefaction and endothelial dysfunction in the heart, as well as
pericardial effusion (Grakova et al., 2021). The loss of endothelial
integrity leads to impaired myocardial perfusion, and contributes to
later myocardial fibrosis. Thus, chemotherapy’s “collateral damage” to

European Journal of Pharmacology 1007 (2025) 178282

blood vessels creates a hostile environment in both the gut and heart,
promoting intestinal barrier leakiness and bacterial translocation in the
former, and impairing coronary flow reserve in the latter. Endothelial
injury and the resulting perfusion deficits are an often underappreciated
mechanism in GI and cardiac toxicities (see Table 2).

3. Pleiotropic effects of statins relevant to chemotherapy-
induced toxicity

Statins are widely prescribed to treat hyperlipidemia by inhibiting 3-
hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase),
the key enzyme catalyzing the conversion of HMG-CoA to mevalonic
acid, a cholesterol precursor (Lennernas and Fager, 1997) (Fig. 3). They
bind with high affinity, inactivating the enzyme and triggering sterol
regulatory element-binding protein (SREBP) activation, which upregu-
lates LDL receptors and enhances hepatic uptake of LDL-C, VLDL, and
IDL, lowering plasma LDL-C levels (Stancu and Sima, 2001). Statins
show a dose-dependent, non-linear reduction in LDL cholesterol and
triglycerides. It is therefore well-established that statins prevent car-
diovascular events, including heart attacks and strokes, by lowering
LDL-C levels (1994). Beyond their cholesterol-lowering effects, statins
demonstrate a range of pleiotropic effects, including antioxidant,
anti-inflammatory, anti-apoptotic, mitochondrial protective, and endo-
thelial supportive actions, that have sparked interest in their use as
adjuvant therapies in oncology (Table 3).

3.1. Antioxidant effects

Oxidative stress is a key initiator of local chemotherapy-induced
tissue injury, and statins have been shown to counteract this mecha-
nism through several pathways in non-targeted tissues. Statins inhibit
the mevalonate pathway by targeting HMG-CoA reductase. This results
in the suppression of prenylation processes, affecting proteins like small
monomeric GTPases, particularly Ras and RhoA proteins (Aslam et al.,
2019; Martin et al., 2001). This affects signaling proteins, such as Ras
and RhoA, modulating cancer-related pathways like MAPK/ERK (Pelaia
et al., 2012) and PI3K/Akt/mTOR (Hosseini et al., 2024). Statins also
enhance the stability and activity of endothelial nitric oxide synthase
(eNOS), increasing nitric oxide (NO) bioavailability while reducing su-
peroxide production (Gorabi et al., 2019). This dual action rebalances
redox homeostasis and protects against oxidative tissue injury. Addi-
tionally, statins upregulate endogenous antioxidant defenses, including
manganese superoxide dismutase (MnSOD) (Azadmanesh et al., 2024),
reinforcing the cell’s ability to neutralize ROS (Ollila et al., 2024).

These antioxidant effects interrupt the early oxidative cascade that
underlies apoptosis and inflammation, which drive tissue damage and
function in both mucosal and myocardial compartments. For example,
statins lower lipid peroxidation, commonly assessed by reduced
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) levels, thereby
decreasing ROS-mediated membrane injury (Dadson et al., 2022; Moon
et al.,, 2014). Several studies have indicated that chemotherapy can
induce lipid peroxidation, contributing to cell death via ferroptosis
(Minotti et al., 2001), evidenced by elevated thiobarbituric acid-
—reactive substances (TBARS), MDA, and depletion of GSH (Balgoma
et al., 2021; Kopsida et al., 2024). Statins as adjuvant treatments may
mitigate these changes by normalizing lipid peroxidation and preserving
GSH pools, thus protecting non-tumor tissues. Rosuvastatin has also
been shown to reduce piroxicam-mediated lipid peroxidation in the
gastric mucosa, thereby limiting ulceration and further intestinal injury
(El-Mahdy et al., 2021). In the heart, results from an in vitro model by
Huelsenbeck et al. showed attenuation of doxorubicin-induced car-
diomyocyte cytotoxicity by inhibiting the small GTPase Racl, thereby
reducing NADPH oxidase-dependent ROS production and downstream
apoptotic signaling (Huelsenbeck et al., 2011).

Additionally, atorvastatin has been shown to lower ROS by down-
regulating NADPH oxidase 1 and p22phox protein expression, inhibiting
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Fig. 3. Overview of the Mevalonate Pathway and Statin Mechanism of Action. Statins inhibit the enzyme HMG-CoA reductase, a key regulatory step in the mevalonate
pathway that converts HMG-CoA to mevalonate. This inhibition leads to reduced synthesis of downstream intermediates such as isopentenyl pyrophosphate (IPP), ger-

anylgeranyl pyrophosphate (GGPP), and farnesyl pyrophosphate (FPP). While FPP contributes to cholesterol synthesis via squalene, GGPP and FPP are also essential for
isoprenylation of small GTPases(e.g., Rho, Ras, Rac), which regulate key cellular functions including inflammation, tissue remodeling, and cell proliferation.

Table 3
Summary of the different pleiotropic mechanism of statins affecting chemotherapy-induced cardiac toxicity and GI toxicity.

Mechanism Target Pathways/ Statin(s) Chemotherapy Outcome Reference(s)
Markers Model
Cardiac Toxicity
Antioxidant | ROS, t MnSOD, | lipid Simvastatin, Doxorubicin (rat/ Reduced oxidative damage, preserved (Huelsenbeck et al., 2011; Riad et al.,
peroxidation Rosuvastatin mouse) mitochondrial function 2009; Al-Kuraishy et al., 2022;
Bjgrnstad et al., 2022)
Anti-apoptotic | Caspase-3, | Bax/Bcl-  Simvastatin Doxorubicin (invitro  Lower cardiomyocyte apoptosis, (Pecoraro et al., 2023; Al-Kuraishy
2, | cytochrome ¢ & in vivo) improved LVEF et al., 2022; Bjgrnstad et al., 2022).
release
Inflammasome | Caspase-1, | IL-1p Simvastatin Doxorubicin Reduced myocardial inflammation Refaie et al. (2022)
modulation and apoptotic signaling
ER-stress mediated | GRP78, | Calpain-1, | Simvastatin, Cisplatin (rat) Attenuation of ER stress and cardiac Saleh et al. (2020)
protection Caspase-12, | Bax/Bcl- Rosuvastatin apoptosis, improved ECG and cardiac
2 biomarkers
Clinical Preserved LVEF, | heart  Atorvastatin, Anthracyclines Mixed results; protective trend (Seicean et al., 2012; Chotenimitkhun
cardioprotection failure incidence Various (multiple studies) observed in observational and one et al., 2015; Neilan et al., 2023;
RCT D’Amario et al., 2023)
GI toxicity
Anti-inflammatory | TNF-a, IL-1p, IL-6; | Atorvastatin, 5-FU Reduced mucosal inflammation and (Tariq et al., 2007; Vital et al., 2025)
NF-xB activation Simvastatin inflammatory infiltration
Barrier protection 1 ZO-1, Occludin, Atorvastatin 5-FU (mouse) Enhanced epithelial integrity, reduced (Wei et al., 2022; Arafat et al., 2021;
MUC2; | intestinal mucositis severity Vital et al., 2025; Gergen et al., 2022)
permeability
NO signaling/ 1 eNOS, | iNOS, 1 NO Simvastatin Gastric ulcer models  Improved mucosal perfusion, reduced ~ Medeiros et al. (2018)
Endothelial availability ulcer formation
support
Clinical GI outcomes GI side effects, ulcer Simvastatin, Colorectal cancer, Variable outcomes; some evidence of (Caputo et al., 2022; Karbasizade et al.,
Atorvastatin case reports GI protection, others report increased 2021).

formation, zonulin
levels

GI complications

Racl membrane translocation, and selectively upregulating catalase
activity, while leaving superoxide dismutase and glutathione peroxidase
unchanged. This allows for targeted ROS reduction while still main-
taining other physiological antioxidant pathways intact. These effects

were reversed by L-mevalonate but not by 25-hydroxycholesterol, con-
firming their dependence on isoprenoid-mediated prenylation
(Wassmann et al., 2002). Although demonstrated in vascular smooth
muscle cells and hypertensive rat aortas, these findings suggest an
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additional antioxidant mechanism by which statins suppress NADPH
oxidase—driven ROS while enhancing hydrogen peroxide detoxification.

Additional preclinical studies have confirmed the antioxidant and
cardioprotective properties of statins. In a study by Riad et al., fluvas-
tatin pretreatment improved left ventricular function in doxorubicin-
treated mice by decreasing oxidative stress markers, including nitro-
tyrosine, and upregulating antioxidative enzymes such as SOD2 (Riad
et al., 2009). Another study in an animal model showed similar effects of
rosuvastatin in reducing cardiotoxic ECG changes and oxidative stress
markers, including malondialdehyde (MDA) and reduced glutathione
(GSH) (Mansour et al., 2021). Moreover, data from Bjgrnstad et al. and
Al Kuraishy et al. support the role of simvastatin and rosuvastatin in
reducing ROS generation in rats and zebrafish respectively, oxidative
injury via Malondialdehyde (MDA), and cardiomyocyte cytotoxicity
induced by doxorubicin (Al-Kuraishy et al., 2022; Bjgrnstad et al., 2022).

3.2. Anti-inflammatory effects

Chemotherapy triggers inflammatory signaling through NF-xB and
Toll-like receptor 4/MyD88 protein pathways, leading to increased
release of TNF-a, IL-1f, IL-6, and IL-18 from immune and endothelial
cells. These cytokines drive leukocyte infiltration, tissue damage, and
impaired repair in both cardiac and gastrointestinal compartments
(Khurana et al., 2015).

Statins interfere with this process by inhibiting the isoprenylation of
small GTPases (e.g., RhoA), which prevents downstream NF-kB acti-
vation. This reduces transcription of pro-inflammatory cytokines (TNF-
o, IL-1p, IL-6) and decreases adhesion molecule expression on endo-
thelial cells, thereby limiting leukocyte infiltration (Basso et al., 2021;
Chen et al., 2023; Diamantis et al., 2017; Shen et al., 2010).

Overall, preclinical and experimental data support statins’ anti-
inflammatory action in the heart (Koushki et al., 2021). In preclinical
models, simvastatin reduced doxorubicin-induced cardiac NF-xB activ-
ity and cytokine release (Pecoraro et al., 2023; Refaie et al., 2022),
Similar effects were observed in the gastrointestinal tract, where
chemotherapy-induced cytokines TNF-a, IL-1p, and IL-6 drive mucosal
inflammation and barrier disruption. Both atorvastatin and simvastatin
attenuated this response by suppressing the TLR4/MyD88/NF-kB axis,
lowering iNOS expression, and preserving NO bioavailability. These
actions improved perfusion, supported mucosal healing, and reduced
ulcer formation in animal models. In 5-FU-induced mucositis specif-
ically, statin treatment significantly decreased TNF-o, IL-1f, and IL-6
while protecting gastric and intestinal mucosa (Arafat et al., 2021;
Heeba et al., 2009a; Medeiros et al., 2011, 2018; Tariq et al., 2007; Vital
et al., 2025). Despite encouraging preclinical findings, clinical trials on
statin anti-inflammatory effects in cancer patients are scarce and
complicated by confounding factors such as background cardiovascular
disease and multiple drug therapies (Dumas et al., 2024; Zhang et al.,
2021). Therefore, it is imperative for further research to be completed to
lessen the gap between preclinical and clinical understandings of
statin-mediated anti-inflammatory effects.

This notwithstanding, these findings highlight the role of inflam-
mation in chemotherapy-induced tissue injury and the capacity of sta-
tins to modulate this response across multiple organs. Whether through
suppression of NF-kB, enhancement of eNOS, or modulation of immune
cell function, the anti-inflammatory properties of statins represent an
important mechanism underlying their protective effects in both car-
diovascular and gastrointestinal settings.

3.3. Apoptosis and cell death

In both the gastrointestinal mucosa and the heart, apoptosis repre-
sents a key mechanism of chemotherapy-induced damage, leading to
crypt stem cell depletion and cardiomyocyte loss. Statins have demon-
strated significant anti-apoptotic and cytoprotective effects against these
injuries.
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One mechanism involves inhibition of anthracycline-topoisomerase
IIp cleavage complex formation in cardiomyocytes (Henninger and Fritz,
2017). This reduces DNA double-strand breaks and p53-mediated
apoptosis, both of which are key features of doxorubicin-induced car-
diotoxicity. This mechanism might contribute to reduce LVEF deterio-
ration from chemotherapy-associated cardiomyopathies, and has been
shown in both preclinical and clinical studies (Nabati et al., 2019; Riad
et al., 2009b). In addition to limiting DNA damage, statins promote cell
survival through activation of pro-survival signaling pathways,
including the PI3K/Akt signaling cascade, and upregulate anti-apoptotic
proteins such as Bcl-2, helping to shift the intracellular balance toward
cell survival over programmed cell death.

Interestingly, statins appear to exert opposite effects depending on
the cellular context (Wood et al., 2013). In non-cancerous cells such as
cardiomyocytes and intestinal epithelium, they promote survival and
prevent apoptosis. However, in cancer cells, statins have been reported
to enhance apoptosis by downregulating Bcl-2 and upregulating
pro-apoptotic proteins such as Bax, suggesting context-specific modu-
lation of the apoptotic machinery (Wood et al., 2013). Statins also exert
their anti-proliferative effects in non-cancerous cells by inhibiting cell
cycle progression, suppressing oncogenic signaling pathways, and
inducing cell cycle arrest (Zaky et al., 2023). This dual response supports
the rationale for their selective protective effect on non-target tissues
while potentially augmenting the cytotoxic response in malignant cells.

In cardiac tissues, preclinical studies have shown that statins atten-
uate mitochondrial cytochrome c release and caspase-3 activation, both
hallmarks of intrinsic apoptosis. Simvastatin in particular has demon-
strated strong anti-apoptotic effects in cardiomyocyte models exposed to
doxorubicin, with reductions in both cytosolic and mitochondrial ROS,
preserved mitochondrial function, and inhibition of downstream
apoptotic signaling (Pecoraro et al., 2023). Simvastatin has also been
reported to modulate inflammasome activity and suppress key
pro-inflammatory mediators such as caspase-1 and IL-1f, which in turn
contribute to inflammation-driven cell death processes (Pecoraro et al.,
2023). In addition to mitochondrial and inflammasome pathways, sta-
tins may also protect the heart by modulating endoplasmic reticulum
(ER) stress-mediated apoptosis. In a rat model of cisplatin-induced car-
diotoxicity, rosuvastatin and simvastatin were found to downregulate
critical ER stress markers including GRP78, calpain-1, caspase-12, and
activated caspase-3, along with a reduction in the pro-apoptotic
Bax/Bcl-2 ratio (Saleh et al., 2020). Interestingly, these ER-stress
markers have also been implicated in the pathophysiology of
chemotherapy-induced mucositis (Heindryckx and Sjoblom, 2024).

In the context of chemotherapy-induced intestinal injury, statins also
appear to preserve mucosal structure by reducing apoptosis in epithelial
cells (Arafat et al., 2021). In preclinical models, statin treatment has
been associated with reduced caspase-3 activation in intestinal crypts,
suggesting a protective effect on proliferative stem cell populations
essential for mucosal regeneration (Wei et al., 2022). Notably, the same
study also showed that atorvastatin mitigated intestinal damage through
multiple mechanisms, including anti-apoptotic, anti-inflammatory, and
antioxidant pathways.

One challenge to be noted win this field, however, is distinguishing
between apoptosis, pyroptosis, and necroptosis in chemotherapy
models. Several studies described above associate effects to classical
apoptosis, yet markers such as caspase-1 and IL-1f traditionally point to
pyroptotic pathways (Lu et al., 2022). This mechanistic ambiguity re-
duces the reliability of conclusions and highlights the need for more
precise assays in translational models.

Overall, by limiting DNA damage, enhancing survival signaling, and
preserving cellular integrity, statins offer a defense against the apoptotic
mechanisms triggered by chemotherapy. These effects contribute not
only to the protection of the myocardium, but also to the maintenance of
the gastrointestinal barrier, making statins attractive candidates for
broader supportive use during cancer treatment.
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3.4. Mitochondrial dysfunction

Mitochondria play a central role in energy production and regulation
of cell death, making them key targets of chemotherapy-induced
dysfunction. In both the gut and the heart, mitochondrial dysfunction
is marked by elevated ROS production, increased 8-hydroxy-2'-deoxy-
guanosine, loss of membrane potential, and reduced ATP synthesis. This
leads to oxidative injury and mitochondrial apoptosis, cytochrome c
release, and caspase cascade (Marullo et al., 2013; Tambe et al., 2023).

Statins help preserve mitochondrial integrity by stabilizing mem-
brane potential and mitigating oxidative injury. In murine models of
anthracycline cardiotoxicity, fluvastatin pretreatment elevated ATP
levels and reduced nitrotyrosine accumulation, a marker of protein
oxidation (Mollazadeh et al., 2021; Riad et al., 2009). Similarly, sim-
vastatin was shown to preserve mitochondrial membrane potential and
lower lipid peroxidation (measured by MDA) as well as nitrotyrosine
levels in stressed cardiomyocytes (Pecoraro et al., 2023). These results
highlight statins’ capacity to suppress oxidative stress at the mitochon-
drial level and maintain cellular energy homeostasis.

In vitro, simvastatin reduced both cytosolic and mitochondrial ROS
overproduction, decreased apoptosis, and inhibited cytochrome c
release, suggesting that its cardioprotective effects involve both anti-
oxidant and anti-apoptotic mechanisms (Pecoraro et al., 2023). In ani-
mal models, this protection has been reflected by reduced accumulation
of nitrotyrosine (protein nitration), decreased malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE) (lipid peroxidation products), and
preservation of mitochondrial membrane potential (Bouitbir et al.,
2012; Huelsenbeck et al., 2011; Riad et al., 2009b). Bouitbir et al. pro-
posed a mechanism linking ROS to PGC-1o—mediated adaptation, where
statins optimized cardiac mitochondrial function while inducing distinct
ROS signatures in cardiac versus skeletal muscle (Bouitbir et al., 2012).
In this setting, statins promoted a controlled rise in ROS consistent with
mitohormesis, leading to increased Peroxisome proliferator-activated
receptor-y coactivator-la (PGC-la) expression, enhanced mitochon-
drial biogenesis, and upregulation of endogenous antioxidant enzymes
such as manganese superoxide dismutase and catalase. These findings
suggest that statins not only protect against mitochondrial damage, but
may also enhance mitochondrial adaptability under stressors such as
chemotherapeutics.

3.5. Improved endothelial function

Endothelial dysfunction is a hallmark of chemotherapy-induced
vascular injury, contributing to impaired perfusion, increased vascular
permeability, inflammation, and thrombotic risk. In both the heart and
gastrointestinal tract, damaged endothelial barriers amplify local tissue
injury and compromise recovery.

Nitric oxide (NO), although often protective, is also a reactive ni-
trogen species with dual roles in this process. Under physiological
conditions, endothelial NOS (eNOS)-derived NO maintains vascular
tone, inhibits platelet aggregation, and reduces leukocyte adhesion.
However, during oxidative stress or chemotherapy exposure, excessive
iNOS-derived NO reacts with superoxide to generate peroxynitrite, a
highly reactive oxidant that nitrates proteins, oxidizes lipids, and dam-
ages mitochondrial and nuclear DNA (Gorabi et al., 2019). This nitro-
sative stress amplifies tissue injury in both the gut and myocardium.
(Forstermann and Sessa, 2012; Gorabi et al., 2019; Terwoord et al.,
2022).

Statins restore endothelial health through a dual regulatory effect on
NO. By inhibiting RhoA/ROCK and activating Phosphoinositide 3-ki-
nase/Akt signaling, they upregulate eNOS expression and activity,
enhancing protective NO production (Kureishi et al., 2000; Laufs et al.,
1998). At the same time, statins suppress iNOS induction, thereby
limiting the excessive NO flux that drives peroxynitrite formation during
chemotherapeutics-induced stress (Laufs et al., 2002). The net result is a
shift from nitrosative damage toward vasoprotection, improving
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endothelial function, reducing inflammation, and preserving tissue
perfusion during chemotherapy (Gorabi et al., 2019; Liu et al., 2023).
This modulation strengthens vascular integrity and provides a mecha-
nistic rationale for their protective role in chemotherapy-associated
cardiotoxicity and mucositis.

This mechanism is supported in recent research, indicating that
statins may exhibit dual effects on angiogenesis depending on dosage
(Zahedipour et al., 2022). In preclinical studies, simvastatin restored NO
bioavailability and reduced oxidative stress in anthracycline-induced
cardiotoxicity, while also improving mucosal perfusion and healing in
chemotherapy-induced mucositis (Riad et al., 2009b). Mechanistically,
statin enhancement of eNOS expression and phosphorylation via Phos-
phoinositide 3-kinase/AKT signaling has been demonstrated in murine
models, where statins preserved endothelial and progenitor cell function
against senescence and apoptosis (Kureishi et al., 2000; Walkowski
et al., 2022; Weis et al., 2002; Zhao et al., 2021).

However, statin-mediated NO modulatory effects appear to be highly
dose- and context-dependent. At physiological concentrations, statins
promote endothelial repair and angiogenesis, but can paradoxically
reduce angiogenesis at higher concentrations — this is proposed to be due
to excessive eNOS regulation or interference in downstream pathways
(Zahedipour et al., 2022). Evidence from eNOS knockout mice
confirmed that rosuvastatin-induced angiogenesis requires eNOS to be
intact, emphasizing the central mediatory role of NO (Laufs et al., 2002).
Comparisons across statins also show differences; cerivastatin and sim-
vastatin interfere with the RhoA pathway, whereas atorvastatin and
rosuvastatin downregulate pro-angiogenic factors such as vascular
endothelial growth factor (Dulak and Jozkowicz, 2005; Schaefer et al.,
2004). Statins also suppress iNOS induction, thereby limiting the path-
ological overproduction of NO that reacts with superoxide to form
peroxynitrite, a major mediator of nitrosative stress. For example,
atorvastatin inhibits cytokine-stimulated iNOS expression in endothelial
cells via NF-xB and STAT-1 expression (Wagner et al., 2002).

While the upregulation of eNOS by statins is well documented in
cardiovascular settings, evidence in the context of chemotherapy-
induced injury is mostly indirect. Animal studies demonstrate
improved NO bioavailability and perfusion, but clinical trials assessing
vascular outcomes in cancer patients on statins is in need of further
research. Thus, caution is warranted in extrapolating vascular protective
effects from preclinical data to clinical oncology populations.

4. Statins as adjuvant treatments: clinical evidence and mixed
perspectives

Chemotherapy-induced GI and cardiac toxicities remain major dose-
limiting complications of cancer treatment, often leading to long-term
morbidity and reduced quality of life. Increasing attention has been
given to the pleiotropic effects of statins towards reducing these effects.
Preclinical studies have shown that statins exhibit antioxidant, anti-
inflammatory, anti-apoptotic, mitochondrial-protective, and
endothelial-supportive activities, making them compelling candidates
for translating and repurposing in oncology (Table 3). In general, all
statins are administered by the oral route and the intestinal absorption
and plasma exposure are fairly predictable, which makes statins easily
able to be applied as adjuvant treatments in clinical settings.

4.1. Chemotherapy-induced cardiotoxicity

Statin therapy has emerged as a potential strategy to mitigate
chemotherapy-associated cardiotoxicity, particularly in patients
receiving anthracycline-based regimens. Early support for this concept
came from observational studies; one notable example is a Danish
nationwide cohort study by Nielsen et al., which analyzed data from
over 295,000 cancer patients. Statin use prior to cancer diagnosis was
associated with a 15 % reduction in cancer-related mortality (adjusted
HR 0.85; 95 % CI, 0.82-0.87), with consistent effects across cancer types
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such as breast, prostate, and colorectal cancer (Nielsen et al., 2012).
While not specific to cardiotoxicity, this study suggested a possible
broader protective role for statins during cancer treatment. Subsequent
observational studies focused more directly on cardiac outcomes were
associated with a 70 % lower risk of developing heart failure (HR 0.3)
(Seicean et al., 2012). These findings must be interpreted cautiously,
however, as they often involve patients already on statins for other
comorbidities such as hyperlipidemia, potentially introducing con-
founding variables.

Translating these observational findings into clinical practice has
proven challenging (Lee et al., 2024). A systematic review of clinical
trials by Kim et al. showed overall prevention of LVEF reduction in
statin-treated patients compared to placebo groups (Kim et al., 2021),
and a recent clinical trial in prostate cancer patients revealed increased
overall survivability in patients given statin adjuvant treatment (Roy
et al., 2025). However, other studies such as those by Thavendiranathan
et al., Hundley et al., and Nabati et al. show a lack of improvement in LV
function decline, adverse ventricular remodeling, or increase in CMR
biomarkers in patients pre-treated with atorvastatin compared to pla-
cebo (Hundley et al., 2022; Nabati et al., 2019; Thavendiranathan et al.,
2023). The discrepancy between observational studies and randomized
clinical trials highlights the complexity of statin use in oncology. Factors
such as statin type (lipophilic vs. hydrophilic), enzyme-inhibiting po-
tency, dosage, patient population, and cancer subtype may influence
outcomes. At the mechanistic level, these effects may reflect the multiple
molecular targets of statins. By inhibiting isoprenoid-dependent pre-
nylation of Rho, Rac, and Ras GTPases, statins reduce NADPH
oxidase-derived ROS and NF-xB activation (Benhammou et al., 2023;
Waldeck-Weiermair et al., 2022). They also enhance eNOS activity,
suppress iNOS induction, upregulate antioxidant enzymes, and preserve
connexin 43 (Cx43) expression at intercalated discs, thereby supporting
mitochondrial function and electrical stability in cardiomyocytes and
maintaining gap junction communication and conduction between cells.
Because anthracyclines downregulate and mislocalize Cx43, contrib-
uting to arrhythmias and impaired contractility, statin-mediated stabi-
lization of Cx43 offers an additional mechanism of cardioprotection,
complementing their antioxidant and anti-inflammatory effects
(Pecoraro et al., 2015)

The LUNGSTAR trial further illustrates this complexity. As a multi-
center, phase III, randomized, double-blind, placebo-controlled study, it
evaluated the efficacy of adding pravastatin (40 mg daily) to standard
chemotherapy in patients with small-cell lung cancer (Seckl et al.,
2017). The trial enrolled 846 patients between 2007 and 2012. Results
demonstrated no significant improvement in overall survival (median
0OS: 10.6 months with pravastatin vs. 10.7 months with placebo; HR,
1.01; 95 % CI, 0.88-1.16; P = .90) or progression-free survival. Despite
the rationale drawn from observational data, the trial showed no
improvement in overall survival.

However, recent high-quality RCTs have renewed optimism. The
STOP-CA (Statins to Prevent the Cardiotoxicity of Anthracyclines) ran-
domized clinical trial enrolled 300 patients with lymphoma receiving
anthracycline-based chemotherapy (Neilan et al., 2023). Participants
were randomized to receive either 40 mg/day of atorvastatin or placebo
for 12 months. The primary outcome was the proportion of patients
experiencing a >10 % absolute decline in LVEF to a final value of <55 %
over the 12-month period. The results demonstrated a significant
reduction in cardiac dysfunction among the atorvastatin group (9 %)
compared to the placebo group (22 %), with an odds ratio of 2.9 (95 %
ClI, 1.4-6.4; P = .002). These clinically relevant findings suggest that
prophylactic atorvastatin may effectively reduce the incidence of
anthracycline-induced cardiac dysfunction in patients with lymphoma.
Another recent single center randomized placebo-controlled trial found
that prophylactic use of atorvastatin prevents the development of cancer
therapy-related cardiac dysfunction in breast cancer patients receiving
anthracycline based chemotherapy (Mohamed et al., 2024). Additional
support for statins’ cardioprotective effects comes from a smaller
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randomized study in HER2-positive breast cancer patients (Kettana
et al., 2024). In this trial (NCT05338723), 50 newly diagnosed patients
receiving doxorubicin followed by trastuzumab were randomized to
standard care (control) or to receive 20 mg/day of rosuvastatin, begin-
ning 24 h before the first chemotherapy cycle and continuing
throughout the 6-month follow-up period. Compared to the control
group, patients receiving rosuvastatin experienced significantly smaller
declines in LVEF at both 3 and 6 months. Additionally, the rosuvastatin
group had consistently lower serum levels of high-sensitivity cardiac
troponin I (hs-cTnl), interleukin-6 (IL-6), and myeloperoxidase, all
markers of cardiac injury, inflammation, and oxidative stress. Notably,
four patients in the control group developed cardiotoxicity, and none
developed carditioxicity with rosuvastatin, reinforcing the potential
protective effect of statins even in patients receiving both anthracyclines
and trastuzumab.

While the STOP-CA and other smaller trials show promise, the
PREVENT trial (NCT01988571) highlights the complexity of statin-
mediated cardioprotection in cancer therapy (Makhlin et al., 2024).
This randomized, placebo-controlled trial evaluated the effects of ator-
vastatin (40 mg daily) on left ventricular ejection fraction (LVEF) in
patients with breast cancer or lymphoma receiving anthracycline-based
chemotherapy. Notably, most participants were considered low car-
diovascular risk, with a median LVEF of 62 % at baseline and limited
comorbidities. Although earlier observational data suggested benefit,
atorvastatin did not prevent declines in LVEF over 24 months in this
population. To explore possible mechanistic explanations, the in-
vestigators assessed 13 oxidative and nitrosative stress biomarkers,
including arginine-NO metabolites, paraoxonase-1 activity, and mye-
loperoxidase. While there was a modest reduction in certain biomarker,
these changes did not translate into functional cardiac protection, nor
did they mediate changes in LVEF. These findings indicate that in
low-risk populations, statins’ antioxidant and anti-inflammatory effects
may be insufficient to yield observable cardiac protection, underscoring
the importance of patient selection, baseline cardiovascular risk
assessment, and biomarker-guided stratification in future chemotherapy
studies.

4.2. Chemotherapy-induced intestinal toxicity

Clinical safety data indicate that statins are generally well tolerated
in the GI tract, side effects such as dyspepsia, diarrhea, or abdominal
pain reported in less than 2-3 % of users, often indistinguishable from
placebo rates (Acar et al., 2011; Bytyci et al., 2022). Additionally,
serious statin-related gastrointestinal adverse events remain extremely
rare among randomized trials, supporting their overall safety (Ward
et al., 2019).

However, clinical evidence in this area remains limited. One small
randomized trial investigated the effects of atorvastatin in 20 patients
with newly diagnosed gastric or colorectal cancer receiving first-line
FOLFOX4 chemotherapy (Karbasizade et al., 2021). Patients were ran-
domized to receive 10 mg of atorvastatin daily or placebo, starting with
chemotherapy and continuing for two weeks after the final session; and
oral mucositis severity was evaluated. While the incidence of grade 2-4
mucositis was 50 % in the placebo group, the atorvastatin group showed
no statistically significant improvement (P = .674), with 22.5 % expe-
riencing grade 2, 15 % grade 3, and 10 % grade 4 mucositis. However,
preclinical research demonstrates an overall favorable effect of statins in
reducing mucositis, including reduced inflammation (Arafat et al., 2021;
Heeba et al., 2009b; Medeiros et al., 2011; Tariq et al., 2007), attenuated
mucosal hyperplasia and proliferation (Gergen et al., 2022), and overall
attenuation of gastrointestinal mucositis markers in rodents (Medeiros
et al., 2018). It has not yet been concluded why the promising results
observed in preclinical studies did not correspond to the outcomes seen
in clinical trials.

Emerging evidence introduces the role of gut microbial composition
in chemotherapy-induced mucositis. Chemotherapy disrupts the
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intestinal microbiota, promoting dysbiosis and activating Toll-like re-
ceptor (TLR) pathways, therefore upregulating inflammatory mediators
and increasing epithelial apoptosis while reducing differentiation and
mucosal regeneration (Wei et al., 2021). This dysregulation amplifies
the injury cascade in the gut. Consequently, interventions that preserve
microbial balance or attenuate TLR signaling may hold therapeutic
promise for mitigating mucositis severity. Although evidence on statin
effects in mucositis is sparse, emerging data demonstrate that statins can
beneficially modulate the gut microbiome. For instance, rosuvastatin
treatment in diabetes murine models altered microbial composition and
increased levels of short-chain fatty acids such as butyrate, caproic, and
isovaleric acids (Yao et al., 2025), suggesting a potential mechanism by
which statins may support mucosal resilience during chemotherapy.

Despite general favorable preclinical and clinical findings related to
statin tolerance, there have been noted cases of adverse effects for statin
co-therapy with chemotherapy. These symptoms, such as nausea,
dyspepsia, abdominal pain, flatulence, diarrhea and constipation, are
generally tolerable and typical when considering the severity of
chemotherapeutic regimens alone. Across multiple randomized trials in
SCLC, gastric, colorectal, rectal (CRT), and pancreatic cancer, adding
low-to-moderate-dose statins to standard chemotherapy has not been
associated with increased overall or gastrointestinal toxicity (Hong
etal., 2014; Jo et al., 2023; Kim et al., 2014; Lim et al., 2015; Seckl et al.,
2017), with the notable caveat of a small phase II gastric study that
observed a non-significant trend toward more diarrhea and stomatitis
with pravastatin (Konings et al., 2010).

Consideration of statin type is an important factor in managing these
side effects. For example, one study indicated that while simvastatin and
rosuvastatin did not further exacerbate gastric injury, atorvastatin
greatly increased ulcer index and histopathological damage
(Ozbaki@—Denglz et al., 2012). This finding aligns with recent research
indicating that statin users, particularly those prescribed atorvastatin,
have higher plasma levels of zonulin than non-users, suggesting a
negative impact on intestinal mucosal barrier function. Additionally,
atorvastatin has been shown to diminish the expression of tight junction
proteins in colonic epithelial cells and animal models, providing a
mechanistic link to intestinal barrier issues (Cheng et al., 2021; Kim
et al., 2019). As the current research field is inconclusive on both the
safety and efficacy of statin co-therapy in treating CIM, further research
is suggested.

5. Discussion and future directions

Statins hold significant promise in mitigating chemotherapy-induced
side effects, notably mucositis and cardiotoxicity. While traditionally
used for their cholesterol-lowering capabilities and cardioprotective
effects, statins have demonstrated a broad spectrum of pleiotropic ef-
fects that may extend into clinical oncology, particularly in reducing the
adverse impacts of chemotherapy. Their anti-inflammatory, endothelial-
protective, and antioxidative properties suggest a promising role in
diminishing the severity of chemotherapy-induced cardiotoxicity and
intestinal mucositis. In addition, statins may also confer protective ef-
fects on the liver and kidneys, organs susceptible to chemotherapy-
induced oxidative stress and inflammation. Studies have shown that
statins can attenuate cisplatin-induced liver and kidney damage by
reducing oxidative stress, suppressing inflammatory pathways, and
preserving cellular integrity, thereby maintaining organ function during
cancer treatment (Iseri et al., 2007; Maheshwari et al., 2013). These
hepatoprotective and renoprotective effects expand the potential utility
of statins in oncology by mitigating additional organ-specific toxicities
beyond the heart and gastrointestinal tract.

Clinical and preclinical evidence underscores the capability of statins
not only to protect against cardiovascular complications but also to offer
protection to the mucosal lining of the gastrointestinal tract, thus
addressing two major clinical concerns in cancer treatment. Research
into the role of statins in oncology is still in its early stages, creating the
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need for larger and well-established clinical trials to understand the
response and safety of different statins at optimized dose rate as adju-
vant treatments in cancer therapy. These clinical trials should aim to
delineate the optimal drug combinations and dosing regimes of statins
that maximize therapeutic outcomes while minimizing any side effects.
Further investigations are also warranted regarding the underlying
mechanisms of statin-mediated protection against chemotherapeutic
side effects. Understanding the molecular pathways involved will not
only increase the rationale for using statins in cancer treatment but also
potentially unveil new therapeutic targets. The variability in response to
statin therapy, potential drug-drug interactions, and the risk of exacer-
bating certain conditions necessitate cautious patient selection and
monitoring. Furthermore, the long-term impacts of statin use in the
oncology setting remain to be fully elucidated.

A key limitation of the current literature that cannot be ignored is the
gap between preclinical and clinical evidence. For instance, while
numerous studies describe mitochondrial and NOX-derived ROS as
drivers of chemotherapy toxicity, many of these findings result from
preclinical systems with drug concentrations significantly higher than
clinical standard. Whether these mechanisms fully translate to human
treatment regimens remains uncertain, as patients exhibit more complex
physiological responses to drug therapies influenced by comorbidities
and prior treatments. Rodent models often use chemotherapy doses
disproportionate to human regimens, in otherwise healthy animals, and
with short-term endpoints. By contrast, cancer patients present with
heterogeneity in age, comorbidities, and multiple drug treatment, all of
which affect redox status, inflammation, and endothelial responses.
Consequently, while preclinical studies consistently support statins as
protective agents against chemotherapy-induced toxicity, clinical
translation has been inconsistent, therefore emphasizing the need for
well-designed randomized trials.

In conclusion, the role of statins in mitigating chemotherapy-induced
side effects offers a potential clinical useful tool in future cancer treat-
ment. Beyond their established cardioprotective and gastrointestinal
benefits, statins may also protect the liver and kidneys from
chemotherapy-induced oxidative stress and inflammation, broadening
their potential to preserve multiple organ systems during treatment.
However, continued research and collaboration across disciplines are
essential to fully realize the potential of combining statins at optimal
doses with chemotherapies in this context.
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