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Abstract

Ferroptosis is an iron-dependent regulated form of cell death characterized by lethal lipid
peroxidation and is increasingly implicated in cancer, neurodegenerative diseases, cardi-
ovascular injury, and metabolic disorders. Metformin, a widely prescribed antidiabetic
biguanide, exerts pleiotropic effects beyond glucose lowering and has emerged as a con-
text-dependent regulator of ferroptosis. In malignant cells, metformin may enhance fer-
roptotic susceptibility through activation of AMP-activated protein kinase (AMPK), sup-
pression of mechanistic target of rapamycin (mTOR) signaling and SLC7A11, induction
of ferritinophagy, mitochondrial complex I stress, and promotion of lipid peroxidation.
Conversely, in normal or stressed non-malignant tissues, metformin may limit ferroptotic
injury by activating nuclear factor erythroid 2-related factor 2 (NRF2), supporting gluta-
thione peroxidase 4 (GPX4) and SLC7A11-dependent antioxidant defenses, improving mi-
tochondrial quality control, and stabilizing iron homeostasis. This review synthesizes the
molecular basis of this duality, evaluates therapeutic opportunities in oncology and cyto-
protection, and outlines biomarker-driven and clinical trial strategies required for trans-
lation. Overall, metformin should not be regarded as a universal ferroptosis inducer or
inhibitor, but rather as a context-dependent metabolic regulator whose effects are shaped
by cell type, dose, exposure duration, transporter expression, iron status, and antioxidant
capacity.

Keywords: ferroptosis; metformin, AMPK; lipid peroxidation; iron metabolism; cancer
therapy; neuroprotection

1. Introduction

Ferroptosis represents a regulated form of cell death that is mechanistically distinct
from apoptosis, necroptosis, and accidental necrosis. Its hallmark biochemical feature is
the iron-dependent accumulation of lethal lipid peroxides within cellular membranes, es-
pecially in phospholipids containing polyunsaturated fatty acyl (PUFA) chains. Since its
initial characterization as an iron-dependent, non-apoptotic cell death modality, ferrop-
tosis has emerged as a central concept connecting redox biology, lipid metabolism, iron
homeostasis, and disease pathogenesis [1-3].
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The execution and suppression of ferroptosis are controlled by several intercon-
nected molecular modules. The system Xc-GSH-GPX4 axis supplies cystine for glutathi-
one synthesis and enables GPX4 to detoxify lipid hydroperoxides into non-toxic lipid al-
cohols [4]. Iron metabolism determines the size and reactivity of the labile iron pool,
thereby influencing Fenton chemistry and radical generation [5]. Lipid metabolic enzymes,
particularly ACSL4 and LPCATS3, regulate the incorporation of PUFA-containing phos-
pholipids into membranes and therefore determine the availability of substrates vulnera-
ble to peroxidation [6]. In parallel, GPX4-independent defense systems, including FSP1-
CoQ10, DHODH-CoQ10, GCH1-BH4, vitamin K cycling, and the 7-dehydrocholesterol
pathway, provide additional layers of resistance against lipid peroxidation [7-10].

Metformin, a biguanide and first-line antidiabetic drug, exhibits biological effects
that extend beyond glucose lowering. It modulates mitochondrial metabolism, AMPK ac-
tivity, inflammatory signaling, cancer cell metabolism, cardiovascular outcomes, and age-
related processes [11,12]. Although metformin is traditionally associated with AMPK ac-
tivation and inhibition of mitochondrial respiratory-chain complex I, its downstream ef-
fects vary considerably depending on cellular energetic state, tissue distribution, trans-
porter expression, dose, and exposure duration [13]. This context dependency is particu-
larly relevant to ferroptosis, as identical upstream metabolic stressors can yield opposite
biological outcomes depending on whether a cell is near an oxidative threshold or pos-
sesses sufficient adaptive antioxidant reserves [14].

An increasing body of experimental evidence indicates that metformin can either
promote or suppress ferroptosis, depending on the context of the disease. In malignant
cells, characterized by high iron demand, elevated reactive oxygen species, and reliance
on antioxidant buffering, metformin may promote ferroptotic cell death by modulating
AMPK-mTOR-SLC7A11 signaling, mitochondrial stress, ferritinophagy, and lipid perox-
idation. In contrast, in non-malignant or stressed tissues, metformin may facilitate adap-
tive cytoprotection by enhancing NRF2-dependent antioxidant responses, mitochondrial
quality control, and iron homeostasis. Despite these divergent effects, discussions often
remain compartmentalized within cancer, cardiovascular, neurological, or metabolic dis-
ease literature, resulting in a significant conceptual gap [15-17].

This review addresses the absence of an integrated framework that explains why
metformin acts as a pro-ferroptotic sensitizer in certain contexts and as an anti-ferroptotic
cytoprotective agent in others. Rather than categorizing metformin as a universal ferrop-
tosis inducer or inhibitor, the review proposes that metformin functions as a context-de-
pendent metabolic rheostat. The molecular mechanisms underlying this duality are syn-
thesized, and the influence of disease state, dose, exposure duration, transporter expres-
sion, iron status, and antioxidant capacity on ferroptotic outcomes is evaluated. Addition-
ally, the review discusses the necessity of biomarker-guided strategies before metformin
can be rationally implemented as a ferroptosis-directed therapeutic intervention.

2. Molecular Mechanisms of Metformin-Mediated
Ferroptosis Modulation

Metformin appears to regulate ferroptosis through multiple interconnected biochem-
ical pathways rather than via a single linear mechanism. AMPK activation induced by
metformin can suppress mTOR signaling, thereby reshaping cellular metabolic and redox
homeostasis and modifying the requirement for antioxidant systems such as glutathione.
AMPK-mTOR crosstalk also intersects with cystine import mediated by system Xc-, while
simultaneously influencing mitochondrial function, iron metabolism, and lipid peroxida-
tion. Consequently, the net effect of metformin on ferroptotic susceptibility is likely deter-
mined by the dynamic balance among these regulatory axes. Such balance may differ ac-
cording to cell type, metabolic context, and the availability of compensatory antioxidant
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defenses. Growing evidence further suggests that ferroptosis contributes to aging and
neurodegenerative disorders, in which mTOR-driven anabolic activity may sustain ele-
vated antioxidant demand and increase reliance on system Xc-dependent cystine uptake
[15,18,19].

The principal molecular mechanisms by which metformin may influence ferroptosis
are summarized in Figure 1. Metformin modulates ferroptotic susceptibility through sev-
eral interconnected regulatory layers, including AMPK-mTOR signaling, inhibition of mi-
tochondrial complex I, iron metabolism, lipid peroxidation pathways, antioxidant defense
systems, and transcriptional or epigenetic regulation. These pathways do not operate in-
dependently. AMPK activation can alter mTOR activity, system Xc-dependent cystine
uptake, autophagy, and ferritinophagy, while mitochondrial complex I inhibition re-
shapes ATP availability, reactive oxygen species (ROS) generation, and mitochondrial
stress responses [16,20]. Simultaneous alterations in iron uptake, ferritin storage, ferro-
portin-mediated export, and ferritinophagy regulate the pool of redox-active iron availa-
ble for Fenton chemistry [21]. Lipid peroxidation is further shaped by ACSL4/LPCAT3-
dependent PUFA-phospholipid remodeling and by the balance between lipid peroxide
generation and detoxification through GPX4, FSP1-CoQ10, DHODH-CoQ10, and GCH1-
BH4 systems [22]. Transcriptional regulators such as NRF2, KEAP1, and p53, along with
microRNAs and epigenetic modifications, further determine whether metformin expo-
sure promotes or suppresses ferroptosis [23]. Thus, Figure 1 illustrates that the net ferrop-
totic outcome of metformin treatment is governed by pathway integration rather than by
a single dominant mechanism.
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Figure 1. Molecular mechanisms of metformin-mediated ferroptosis modulation. Metformin affects
AMPK/mTOR/SLC7A11 signaling, mitochondrial complex I activity, iron metabolism, lipid perox-
idation, antioxidant defense systems, and transcriptional or epigenetic regulators. The balance

among these modules determines whether ferroptosis is promoted or suppressed. The colored
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sectors represent distinct mechanistic pathways involved in metformin-mediated ferroptosis
modulation, while the arrows indicate the direction of signaling or regulatory interactions. Cre-

ated in BioRender.

The same AMPK-dependent regulatory axis may also confer resistance to ferroptosis
by activating NRF2-mediated antioxidant defenses. NRF2 signaling supports cellular en-
ergy homeostasis, promotes mitochondrial quality control, and transcriptionally regulates
several ferroptosis-relevant protective factors, including GPX4, SLC7A11, ferritin heavy
and light chains, heme oxygenase-1 (HO-1), and NAD(P)H quinone dehydrogenase 1
(NQOT1) [24]. Upregulation of these targets enhances redox buffering capacity and facili-
tates iron sequestration, thereby limiting lipid peroxidation and ferroptotic injury [25].
Accordingly, AMPK should not be interpreted as an intrinsically pro- or anti-ferroptotic
regulator. Rather, the outcome of AMPK activation depends on the magnitude and dura-
tion of signaling, the underlying metabolic state, and the availability of compensatory an-
tioxidant pathways [26,27]. In highly metabolic cancer cells that rely on system Xc-medi-
ated cystine uptake, metformin-induced AMPK activation may suppress mTOR signaling,
reduce system Xc- expression, and increase ferroptotic vulnerability [28]. Conversely, in
neurons, where oxidative stress tolerance is limited and mitochondrial integrity is critical,
AMPK activation may preferentially reinforce NRF2-dependent antioxidant programs
and preserve mitochondrial function, thereby protecting against ferroptotic cell death [29].
These divergent outcomes emphasize that the impact of AMPK activation on ferroptosis
is highly context-dependent and shaped by cell-specific metabolic and redox backgrounds.

Inhibition of mitochondrial complex I represents another key mechanism by which
metformin may modulate ferroptosis. At low or moderate concentrations, often below 1
mM in vitro or within the range achieved by standard clinical dosing in vivo, partial inhi-
bition of complex I may induce a hormetic stress response [30]. Such adaptive mitochon-
drial stress can activate antioxidant defense programs and promote mitophagy, thereby
limiting the accumulation of dysfunctional mitochondria and reducing excessive ROS
production [31]. In contrast, higher metformin concentrations, particularly above 2-5 mM
in vitro or under supratherapeutic conditions, may overwhelm mitochondrial adaptive
capacity, especially during prolonged exposure or in metabolically inflexible cells [32].
Under these conditions, complex I inhibition may contribute to ATP depletion, excessive
ROS generation, and disruption of iron—sulfur cluster homeostasis. Impaired iron-sulfur
cluster biology may increase the labile iron pool and thereby facilitate ferroptosis-associ-
ated lipid peroxidation [33,34]. However, these concentration-dependent thresholds are
likely to vary according to cell type, metabolic state, exposure duration, and experimental
conditions. Therefore, careful titration of metformin is essential when evaluating its dual
pro- and anti-ferroptotic effects.

Iron homeostasis strongly influences this context dependency. Cancer cells differ in
their iron metabolism, and their iron dependency increases due to their proliferation and
expansion. Transferrin receptor overexpression for iron import, ferritin level dysregula-
tion, and ferroportin downregulation to decrease iron export have been observed in ma-
lignant cells [35]. NCOAA4 is a cargo receptor that directs ferritin to the lysosome, i.e., fer-
ritinophagy, and therefore increases ferroptosis sensitivity [36]. In cancer cells, metfor-
min-induced autophagy may promote NCOA4-dependent ferritinophagy [37]. This re-
leases stored iron from ferritin and expands the labile iron pool, increasing Fenton chem-
istry and lipid radical generation. In non-malignant cells with intact NRF2 signaling, met-
formin may enhance ferritin-mediated iron sequestration and ferroportin-dependent ex-
port. This reduces the pool of redox-active iron. The balance between ferritinophagy, fer-
ritin synthesis, iron uptake, and iron export determines the overall effect [38,39].
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Lipid peroxidation constitutes the execution phase of ferroptosis. ACSL4 activates
arachidonic and adrenic acids, LPCATS3 incorporates the resulting PUFA-CoAs into mem-
brane phospholipids, and subsequent lipoxygenase-dependent or radical-mediated reac-
tions generate lipid hydroperoxides; together, these enzymes shape the PUFA composi-
tion of membranes and thereby determine ferroptosis sensitivity [40]. Metformin may in-
fluence this process indirectly through AMPK-dependent lipid metabolism, mitochon-
drial ROS, iron availability, and induction of antioxidant enzymes [38—41]. Nevertheless,
several mechanistic questions remain unresolved. It is still unclear whether metformin
directly affects the activity, expression, substrate preference, or post-translational modifi-
cation of ACSL4, LPCATS3, or lipoxygenases [42]. Advanced lipidomics, activity-based
protein profiling, and genetic manipulation (e.g., CRISPR knockout or overexpression
models) would help define the contribution of these enzymes to metformin-mediated fer-
roptosis. A further open question concerns whether the resulting lipid peroxides are de-
toxified or allowed to accumulate, which depends on GPX4 activity and on parallel fer-
roptosis-suppressing systems. Because the CoQ oxidoreductase FSP1 acts in parallel with
GPX4 to restrain lipid peroxidation, the FSP1-CoQ10 axis may confer ferroptosis re-
sistance when GPX4 function is compromised [43]. Pharmacological inhibition or genetic
disruption of FSP1 or GPX4 in the presence of metformin would therefore help clarify
how metformin intersects with these control pathways. Transcriptional and epigenetic
regulators add an additional layer of complexity: NRF2 promotes antioxidant adaptation,
P53 can repress SLC7A11 under specific conditions, and microRNA- or chromatin-level
changes may establish more durable ferroptosis phenotypes [44,45]. The relative roles and
regulatory hierarchy of these factors during metformin treatment remain to be defined,
and integrative transcriptomic and epigenetic profiling following metformin exposure
would be informative.

3. Context-Dependent Effects Across Cell Types and Disease States
3.1. Pro-Ferroptotic Effects in Cancer

The strongest evidence supporting metformin’s pro-ferroptotic potential has
emerged from cancer biology. Malignant cells require increased iron availability to sustain
DNA synthesis, mitochondrial activity, and rapid proliferation [46]. Owing to oncogenic
signaling, mitochondrial remodeling, and heightened biosynthetic demand, cancer cells
often operate near an oxidative threshold, accompanied by increased ROS production [47].
This metabolic and redox state creates substantial dependence on system Xc-, glutathione
(GSH), glutathione peroxidase 4 (GPX4), nuclear factor erythroid 2-related factor 2
(NRF2), and other antioxidant defense systems. Within this vulnerable context, metfor-
min-induced activation of AMP-activated protein kinase (AMPK), suppression of mecha-
nistic target of rapamycin (mTOR), downregulation of SLC7A11, induction of ferritinoph-
agy, and mitochondrial complex I stress may collectively exceed the antioxidant buffering
capacity of cancer cells, thereby promoting ferroptotic cell death [15].

In triple-negative breast cancer, metformin has been associated with increased fer-
roptotic susceptibility through SLC7A11 modulation and enhanced sensitivity to ferrop-
tosis inducers such as erastin and RSL3 [15]. In hepatocellular carcinoma, metformin may
facilitate ferroptosis via the AMPK-Mtor-SLC7A11 axis and may act synergistically with
sorafenib [48]. Similar vulnerabilities have also been reported in other malignancies. For
example, ovarian cancer cells may become particularly sensitive to metformin-induced
energy stress, with evidence of both apoptotic and ferroptotic cell death accompanied by
glutathione depletion [37]. In acute myeloid leukemia models, metformin-associated fer-
roptotic responses have been linked to lipidomic remodeling, iron dysregulation, and
NRF2-related mechanisms [49]. However, prospective studies correlating metformin
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exposure with ferroptosis-related biomarkers in clinical cancer cohorts remain necessary
[50].

The cancer literature further emphasizes the relevance of ferroptosis resistance mech-
anisms. NRF2 hyperactivation, KEAP1 loss, FSP1 upregulation, increased GPX4 expres-
sion, and metabolic plasticity may all increase the ferroptotic threshold of tumor cells. In
tumors characterized by these adaptive features, metformin monotherapy is unlikely to
exert sufficient anticancer activity [28]. Nevertheless, metformin may have therapeutic
value as a sensitizing agent when combined with system Xc- inhibitors, GPX4 inhibitors,
iron-dependent ferroptosis inducers, radiotherapy, or immunotherapy [51,52]. Accord-
ingly, metformin should be considered primarily as a context-dependent ferroptosis sen-
sitizer rather than a universal ferroptosis-inducing anticancer monotherapy.

3.2. Anti-Ferroptotic Cytoprotection in Non-Malignant Tissues

In non-malignant tissues, particularly under oxidative or metabolic stress, metformin
may exert predominantly cytoprotective and anti-ferroptotic effects. Neurons, cardiomy-
ocytes, hepatocytes, renal tubular epithelial cells, and osteoblasts depend on adaptive
stress-response pathways to preserve redox balance and limit oxidative injury. In these
cellular contexts, metformin-mediated activation of AMPK-NRF?2 signaling may enhance
mitochondrial quality control, maintain glutathione-dependent antioxidant capacity, sta-
bilize iron homeostasis, and reduce lipid peroxide accumulation [11].

Neurodegenerative and ischemic brain injury models provide important examples
of this protective paradigm. Iron accumulation, mitochondrial dysfunction, and lipid pe-
roxidation contribute to the pathogenesis of Parkinson’s disease, Alzheimer’s disease,
stroke, and traumatic brain injury [53,54]. In preclinical models of cerebral ischemia—
reperfusion injury, metformin has been associated with AMPK-NRF2 activation, en-
hanced mitophagy, and attenuation of neuronal ferroptosis [17]. Together with preclinical
studies, several clinical studies investigating the effects of metformin in patients with Alz-
heimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis are currently on-
going [55-57]. Several retrospective cohort studies and meta-analyses in patients with
type 2 diabetes have reported that metformin exposure is associated with a lower risk of
dementia or cognitive decline compared with non-use or alternative antidiabetic therapies
[58-61]. These population-level findings are biologically compatible with the ability of
metformin to improve insulin sensitivity, reduce systemic inflammation, regulate mito-
chondrial metabolism, and activate AMPK-related adaptive stress responses. However,
these studies do not directly demonstrate suppression of neuronal ferroptosis because
most real-world cohorts lack ferroptosis-specific biomarkers, such as brain lipid peroxi-
dation products, labile iron pool measurements, GPX4 activity, ACSL4/LPCAT3 expres-
sion, or ferroptosis-sensitive neuroimaging markers. In addition, confounding by diabetes
severity, renal function, vitamin B12 deficiency, vascular comorbidities, treatment dura-
tion, and healthy-user bias may influence the observed association between metformin
and dementia outcomes [60-62]. Therefore, current clinical data should be viewed as sup-
portive but not definitive evidence for metformin-mediated ferroptosis inhibition. Future
studies should integrate longitudinal cognitive outcomes with pharmacodynamic mark-
ers of oxidative lipid damage, iron metabolism, mitochondrial dysfunction, and neuroin-
flammation to determine whether metformin exposure is truly associated with reduced
neuroferroptotic injury in humans.

Cardiovascular models further support metformin’s anti-ferroptotic potential in non-
malignant tissues. Doxorubicin-induced cardiotoxicity is characterized by mitochondrial
ROS generation, iron dysregulation, lipid peroxidation, and ferroptosis-mediated cardio-
myocyte injury [63]. In preclinical studies, metformin has been shown to preserve mito-
chondrial function, activate AMPK-dependent protective signaling, and reduce lipid

https://doi.org/10.3390/ph19071072


https://doi.org/10.3390/ph19071072

Pharmaceuticals 2026, 19, 1072

7 of 21

peroxide accumulation. Similarly, myocardial ischemia-reperfusion injury involves fer-
roptosis-associated mitochondrial damage and iron-mediated oxidative stress, both of
which may be mitigated by metformin through AMPK-NRF2 activation and improved
mitochondrial homeostasis [64].

Metabolic and tissue-injury models further extend this cytoprotective framework. In
non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH),
hepatocyte ferroptosis contributes to inflammation, lipotoxic injury, and disease progres-
sion, whereas metformin-mediated improvements in redox balance, lipid metabolism,
and mitochondrial function may reduce ferroptosis-associated hepatic damage [65,66]. In
models of intestinal ischemia-reperfusion injury and diabetic osteoporosis, metformin has
also been proposed to suppress ferroptosis through AMPK activation, reinforcement of
antioxidant defenses, and maintenance of iron homeostasis. However, these findings re-
main largely preclinical and require further validation in disease-relevant clinical cohorts
[16,66].

3.3. Dose, Exposure Duration, and Tissue Distribution

Dose, exposure duration, and tissue distribution are critical determinants of the bio-
logical effects of metformin on ferroptosis. Therapeutic plasma concentrations achieved
during standard clinical use typically remain in the micromolar range, approximately 10—
40 uM, whereas many in vitro studies employ millimolar concentrations [12,67]. This
pharmacological discrepancy may substantially influence both the direction and magni-
tude of ferroptotic or cytoprotective outcomes. Therefore, findings obtained under high-
dose experimental conditions should be interpreted cautiously when extrapolated to clin-
ical settings.

Tissue-specific accumulation may partly explain why systemic plasma concentra-
tions do not fully reflect local biological activity. Higher intracellular or regional metfor-
min exposure may occur in tissues with substantial expression of organic cation trans-
porters, such as the liver, intestine, or tumors expressing organic cation transporter 1
(OCT1) [68]. Beyond transporter expression, germline pharmacogenetic variation may
further contribute to interindividual differences in metformin tissue exposure and thera-
peutic response. SLC22A1, which encodes OCT1, is highly polymorphic, and reduced-
function variants such as R61C, G401S, M420del/420del, and G465R have been associated
with altered metformin uptake or pharmacodynamic response in experimental and clini-
cal studies [69]. Because OCT1 is a major determinant of hepatic metformin entry, indi-
viduals carrying reduced-function SLC22A1 alleles may exhibit lower intrahepatic drug
accumulation and weaker pathway engagement despite similar systemic dosing [70].
Conversely, preserved or high OCT1 function may favor greater hepatic exposure and
stronger AMPK-related pharmacodynamic effects [71]. This issue is particularly relevant
to liver disease and hepatocellular carcinoma, where hepatic OCT1 activity may influence
both metabolic and ferroptosis-related outcomes [72].

Transporter heterogeneity may also affect oncology applications. Tumors with
higher expression or functional activity of organic cation transporters may accumulate
more metformin and may therefore be more likely to show AMPK activation, mitochon-
drial complex I stress, SLC7A11 modulation, and ferroptosis sensitization [73]. In contrast,
tumors with low transporter expression or reduced-function transporter genotypes may
fail to achieve sufficient intracellular metformin concentrations for ferroptosis-related ef-
fects, even when circulating drug levels are clinically adequate [74]. Population differ-
ences in SLC22A1 variant frequencies further suggest that transporter genotype could
contribute to interethnic variability in metformin efficacy and tolerability [75]. In addition,
efflux transporters such as MATE1/SLC47A1 and MATE2/SLC47A2 may modify the in-
tracellular retention and systemic disposition of metformin [76]. Therefore, future clinical
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studies should consider OCT/MATE transporter expression, SLC22A1 genotype, and,
where feasible, SLC47A1/SLC47A2 variation as part of biomarker-guided stratification.
Such profiling may help distinguish patients with likely adequate tumor or hepatic met-
formin exposure from those in whom limited intracellular accumulation may reduce the
likelihood of modulating ferroptosis. In these settings, local metformin accumulation may
impose greater metabolic stress than would be predicted from circulating plasma levels
alone. Exposure duration represents another key variable. Acute metformin treatment
may predominantly activate adaptive stress-response pathways, whereas prolonged ex-
posure may progressively reshape cellular metabolism, iron handling, mitochondrial
function, and antioxidant capacity.

As illustrated in Figure 2, the divergent effects of metformin on ferroptosis can be
conceptualized as a context-dependent biological switch. In cancer cells, high basal ROS
production, increased iron demand, metabolic stress, and dependence on system
Xc/GPX4-mediated antioxidant defenses may favor a pro-ferroptotic response. By con-
trast, in normal or stressed non-malignant cells, intact adaptive stress responses, lower
baseline oxidative burden, and greater capacity for AMPK-NRF2-mediated cytoprotec-
tion may shift the outcome toward ferroptosis suppression and cell survival. This switch
is shaped by several interacting determinants, including cell type, metformin dose, expo-
sure duration, metabolic state, iron availability, and antioxidant capacity.
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Figure 2. Context-dependent effects of metformin on ferroptosis. Cancer cells with high basal ROS,
iron demand, and metabolic stress may undergo pro-ferroptotic responses, whereas normal or
stressed non-malignant cells may activate NRF2, GPX4/SLC7A11, mitophagy, and iron homeostasis

to reduce lipid peroxidation and support survival. Created in BioRender.

Consequently, dose, timing, transporter expression, and tissue context should be ex-
plicitly considered when evaluating the dual pro- and anti-ferroptotic effects of metformin.
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Building on the conceptual framework presented in Figure 2, key methodological and
translational factors that should be considered when designing or interpreting metfor-
min-ferroptosis studies are summarized in Table 1.

Table 1. Translational considerations for metformin-ferroptosis studies [12,67,68].

Parameter

Preclinical Issue Clinical Relevance Recommended Reporting

Metformin concen-

Clinical pl : 1040 uM;
tical plasma WYy Report concentration and justify

. Often 1-10 mM in vitro hepatic exposure may be .
tration . clinical relevance
higher
. Acute exposure may differ from  Patients usually receive Specify duration and consider
Exposure duration . . Lo . .
chronic adaptation chronic daily dosing adaptive responses

OCT/MATE trans- Variable expression across cell

porter status

Genetic polymorphisms and
tissue expression affect up-
take

Measure transporter expression or

lines genotype when possible

Cell type/tissue  Immortalized cell lines may not

Tumor heterogeneity and

. Lo Use patient-derived models, or-
stromal interactions influ-

context recapitulate tissue complexity ganoids or co-cultures

ence response

Ferroptosis end-
points

Single assays are insufficient

No universally validated =~ Report multiple endpoints: lipid
clinical ferroptosis biomarker peroxidation, iron and GSH/GSSG

Combination part- Synergy may be tested at high  Clinical dosing and toxicity Test clinically relevant dose com-

ner

doses profiles may differ binations

Safety monitoring

Off-target toxicity may be missed

Cardiac, hepatic and meta-
bolic toxicity are clinically
relevant

Monitor tissue-specific toxicity

preclinically and redox-active co-treatments

3.4. Quantitative Pharmacokinetic Gap Between Preclinical and Clinical Metformin Exposure

A major translational limitation in metformin—ferroptosis research is the quantitative
mismatch between concentrations commonly used in vitro and those achieved during
clinical treatment. Standard oral metformin dosing in humans, usually 1-2 g/day, pro-
duces systemic plasma concentrations in the micromolar range, most commonly approx-
imately 10-40 uM [12,67,68]. After oral administration, portal venous and hepatic expo-
sure may be higher because metformin is absorbed from the intestine and undergoes first-
pass hepatic uptake. Portal concentrations have been estimated at approximately 50-60
1M, and hepatic exposure may reach approximately 60-90 uM or, in experimental esti-
mates, around 50-100 uM [77,78]. Nevertheless, these values remain far below the milli-
molar concentrations used in many cell-culture studies.

This concentration gap is substantial. A dose of 1 mM corresponds to 1000 uM, which
is approximately 25-100 times higher than typical systemic clinical plasma concentrations
of 1040 uM and approximately 10-20 times higher than estimated hepatic exposure of
50-100 uM. In vitro concentrations of 5-10 mM therefore represent approximately 125-
1000-fold higher exposure than clinical plasma levels and approximately 50-200-fold
higher exposure than estimated hepatic levels [67,79,80]. This distinction is biologically
important because several mechanisms frequently attributed to metformin, particularly
robust mitochondrial complex I inhibition, ATP depletion, altered adenine nucleotide ra-
tios, and strong energetic stress, are most consistently observed at suprapharmacological
millimolar concentrations [11]. By contrast, clinically relevant micromolar concentrations
may preferentially produce subtler effects on hepatic redox balance, substrate-selective
gluconeogenesis, transporter-dependent tissue accumulation, and adaptive stress re-
sponses [12,77,81].

Therefore, the interpretation of metformin-induced ferroptosis requires explicit con-
centration stratification. Ferroptosis-promoting effects observed at 1-10 mM in vitro
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should not be directly extrapolated to patients unless intracellular or tissue-level exposure
is measured and shown to be pharmacologically plausible. Future studies should include
clinically relevant concentration ranges, such as 10-100 uM for systemic or hepatic expo-
sure modeling, alongside higher concentrations only when justified as supratherapeutic
stress models [12,67,79]. In cancer models, additional caution is required because tumor
metformin accumulation may depend on OCT/MATE transporter expression, tumor per-
fusion, metabolic state, and exposure duration. Accordingly, metformin—ferroptosis stud-
ies should report extracellular dose, exposure duration, estimated intracellular or tissue
concentration where possible, transporter status, and whether the observed ferroptotic
phenotype occurs within a clinically plausible exposure window.

In addition to these methodological considerations, biomarker selection is essential
for distinguishing ferroptosis induction, ferroptosis resistance, and cytoprotective adap-
tation. Candidate biomarkers that may help evaluate metformin-mediated ferroptosis
modulation are listed in Table 2.

Table 2. Candidate biomarkers for metformin-mediated ferroptosis modulation. Candidate bi-
omarkers were selected based on their established relevance to metformin uptake and pharmaco-
dynamic signaling, system Xc/GSH/GPX4-dependent antioxidant defense, NRF2/KEAP1-mediated
stress adaptation, p53-associated ferroptosis regulation, iron handling, ferritin biology, lipid perox-
idation, and ferroptosis sensitivity or resistance [1,3-5,11,12,15,18,24,27,28,39,67].

Biomarker Biological Meaning Sample Type  Current Validation Level Use in Cancer/Cytoprotection
Tumor tissue, Investigational for ferropto-
OCT1 (SLC22A1) Metformin uptake IHC/mRNA; blood sis; established relevance to

May indicate tumor or tissue

genotype metformin PK expostire
Phospho-AMPK  Path - Ti IHC t-
ospno Ay engage oS ./w.es Pharmacodynamic marker ~ Confirms AMPK activation
(Thr172) ment ern; blood limited
High i indicat
Ferroptosisre- ~ Tissue IHC/west-  Preclinical; not clinically 161 expression may mdicate
GPX4 . . . resistance; low expression may
sistance ern validated for this use

indicate vulnerability

High expression may indicate

Cysti tak d
ystine uptake an Tissue IHC/mRNA Preclinical; cancer-relevant  system Xcdependence/re-

SLC7A11 (xCT)

GSH synthesis .
sistance
.. Cancer-relevant; not vali- ~ Mutations may indicate re-
Antioxidant re- . . . . 1
NRF2/KEAP1 Sbonse Sequencing/I[HC dated for metformin-ferrop- sistance; activation may indi-
P tosis selection cate protection
053 status Ferroptqsis sensitiv- Sequencing/THC Clinically used in oncology Wild—type.p53 may enhance
ity but context-dependent here ferroptosis in selected contexts
Labile iron Redox-active iron Tissue Prqbes; Investigational anc% techni- High LIP'may indica?t.e ferrop-
blood limited cally challenging tosis vulnerability
- — s . Elevated levels suggest oxida-
L - f
4-HNE, MDA ipid peroxidation Tissue or plasma Non-specific supportive tive lipid damage but are not
products markers . s
ferroptosis-specific
M ble but not f - Low GSH/GSSG indicat
GSH/GSSG ratio Redox state Blood or tissue casuifab’e bt not ferrop- Low / may indicate
tosis-specific vulnerability
.. Clinically useful for iron . .
Ferritin H/L . May reflect iron sequestration
. Iron storage Blood; tissue IHC status but context-depend- ) .
chains or inflammation

ent

Abbreviations: IHC, immunohistochemistry; PK, pharmacokinetics; GSH, glutathione; GSSG, oxi-
dized glutathione; 4-HNE, 4-hydroxynonenal; MDA, malondialdehyde.
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4. Therapeutic Implications and Clinical Translation

The therapeutic relevance of metformin in ferroptosis biology arises from its capacity
to modulate ferroptotic susceptibility in opposite directions depending on disease context.
In oncology, metformin may intensify pro-ferroptotic pressure in metabolically vulnera-
ble tumor cells. In degenerative, cardiovascular, and metabolic disorders, however, met-
formin may preferentially promote adaptive anti-ferroptotic responses that protect non-
malignant tissues. A central translational challenge is therefore to determine which bio-
logical mode predominates in a given patient, tissue, metabolic state, and therapeutic
combination.

This translational framework is summarized in Figure 3. In oncology, metformin may
be positioned as a ferroptosis-sensitizing agent within rational combination strategies, in-
cluding system Xc-targeting inducers, GPX4-directed ferroptosis inducers, iron-depend-
ent agents, conventional chemotherapy, radiotherapy, and immunotherapy. In contrast,
in neurodegenerative, cardiovascular, and metabolic disorders, metformin may preferen-
tially support anti-ferroptotic cytoprotection by reducing lipid peroxidation, preserving
mitochondrial quality control, limiting ischemia-reperfusion injury, and improving oxi-
dative stress-related tissue damage. Figure 3 also emphasizes that clinical translation
should not rely on disease category alone but should incorporate biomarker-guided pa-
tient selection based on transporter status, AMPK pathway engagement, GPX4 and
SLC7A11 expression, NRF2/KEAP]1 status, iron parameters, and redox markers. This ap-
proach may help distinguish likely pro-ferroptotic responders, likely protective respond-
ers, and patients in whom the ferroptosis-related effect of metformin remains uncertain
and requires further validation.

In cancer therapy, metformin may be most appropriately positioned within bi-
omarker-guided combination strategies rather than as a standalone ferroptosis-inducing
agent. When combined with system Xc-targeting ferroptosis inducers such as erastin, sul-
fasalazine, or sorafenib, metformin may reinforce cystine deprivation by suppressing
SLC7A11 expression and reducing glutathione (GSH) availability [15]. In combination
with GPX4-directed agents such as RSL3, ML162, or FIN56, metformin may increase lipid
hydroperoxide accumulation and weaken the antioxidant reserve required for GPX4-de-
pendent detoxification [82]. Similarly, when paired with iron-dependent ferroptosis in-
ducers such as artesunate or FINO2, metformin-associated ferritinophagy and mitochon-
drial stress may increase the labile iron pool and amplify lipid peroxidation driven by
iron-dependent redox cycling [83].

Importantly, ferroptosis inducers should not be considered a uniform therapeutic
class when combined with metformin because their toxicity profiles, selectivity, and trans-
lational maturity differ substantially [15]. System Xc-targeting agents such as erastin and
sulfasalazine may enhance cystine deprivation and glutathione depletion; however, eras-
tin remains mainly a preclinical tool compound with limited in vivo drug-like perfor-
mance, whereas sulfasalazine is clinically available but may be associated with gastroin-
testinal intolerance, hypersensitivity reactions, hepatic effects, and hematologic toxicity
[84,85]. Sorafenib, although clinically approved and mechanistically linked to ferroptosis
in hepatocellular carcinoma, is a multikinase inhibitor rather than a selective ferroptosis
inducer, and its combination with metformin should therefore take into account derma-
tologic toxicity, diarrhea, hypertension, fatigue, and hepatic reserve [86]. In contrast, di-
rect GPX4- or lipid peroxide detoxification-targeting compounds such as RSL3, ML162,
FIN56, and FINO2 may impose stronger ferroptotic pressure, but most remain preclinical
and may theoretically increase the risk of normal-tissue lipid peroxidation, particularly in
metabolically active organs such as the heart, kidney, liver, and nervous system [87,88].
Therefore, metformin-based ferroptosis-sensitizing strategies should be evaluated by in-
ducer class, tumor context, expected tissue exposure, renal and hepatic function, and
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baseline redox vulnerability, rather than assuming a shared safety profile across all fer-
roptosis-inducing agents [89].

The rationale for combining metformin with conventional anticancer therapies is also
mechanistically plausible. Platinum agents can deplete GSH and induce oxidative damage;
radiotherapy generates ROS and may suppress SLC7A11-dependent antioxidant defense;
and immunotherapy may promote tumor ferroptosis through CD8+ T cell-mediated in-
flammatory signals and lipid oxidation [90]. In these settings, metformin could potentially
amplify tumor-specific metabolic and redox stress while also modulating the tumor mi-
croenvironment and T cell metabolism. However, such combinations require careful con-
textual evaluation. In particular, regimens involving doxorubicin warrant caution because
anthracycline-induced cardiotoxicity itself involves ferroptosis-associated mitochondrial
injury, iron dysregulation, and lipid peroxidation [91]. Tissue-specific scheduling, dose
optimization, and safety monitoring are therefore essential when attempting to exploit
ferroptosis therapeutically.

Beyond oncology, the anti-ferroptotic and cytoprotective properties of metformin
may be therapeutically relevant in ferroptosis-associated tissue injury. In neurodegenera-
tive diseases, metformin may reduce lipid peroxidation, enhance mitochondrial quality
control, and strengthen neuronal antioxidant defenses [92]. In cardiovascular disease,
metformin may attenuate ischemia-reperfusion injury and potentially mitigate anthracy-
cline-associated cardiotoxicity [64,93]. In metabolic liver disease, including NAFLD and
NASH, improvements in redox homeostasis, lipid metabolism, and mitochondrial func-
tion may reduce hepatocyte ferroptosis and associated inflammatory injury.

A biomarker-guided translational framework is therefore essential. Candidate bi-
omarkers include OCT1 and related transporter profiles, phospho-AMPK, GPX4,
SLC7A11, NRF2/KEAP1 status, iron-related parameters, lipid peroxidation markers, and
GSH/GSSG ratios (Table 2). Future clinical studies should move beyond simple metformin
add-on designs and incorporate baseline ferroptosis phenotyping, pharmacodynamic
sampling, transporter profiling, tissue-specific safety monitoring, and rational drug com-
binations matched to tumor or tissue context. Without such stratification, heterogeneous
patient populations may include individuals in whom metformin drives divergent ferrop-
tosis-related outcomes, thereby diluting efficacy signals and obscuring clinically mean-
ingful therapeutic effects.

Combination Cancer therapy Neurodegeneration

strategy in cancer — Ferroptosis induction RCd“?‘;‘I lipid
C‘lﬂSS I r‘LIO‘H ation
3‘{0,%« inducers; i 2 o . .
erastin, Q 3 ——— Tumor sensitization — Neuronal protection
? sulfasalazine, .,
sorafenib g < ; g
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Figure 3. Therapeutic implications of metformin-mediated ferroptosis modulation. In oncology,
metformin may be combined with ferroptosis inducers, conventional therapy, radiotherapy, or im-

munotherapy. In neurodegeneration, cardiovascular disease, and metabolic disorders, the same
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drug may contribute to anti-ferroptotic tissue protection. Biomarker-guided patient selection is cen-

tral to translation. Created in BioRender.

5. Open Questions and Future Directions

The major unresolved questions and future research priorities in metformin-medi-
ated modulation of ferroptosis are summarized in Figure 4. Current evidence indicates
that the biological outcome of metformin treatment is governed by several interacting lay-
ers, including mechanistic context dependency, dose and pharmacokinetic variability, bi-
omarker availability, and disease-specific translational requirements. Key mechanistic
gaps include identifying molecular switches that determine pro- versus anti-ferroptotic
responses, assessing the contribution of AMPK-independent pathways, elucidating the
role of mitochondrial complex I and iron-sulfur cluster biology, and investigating the in-
volvement of alternative ferroptosis-suppressing systems. From a translational perspec-
tive, clinically relevant dose windows, tissue accumulation, OCT/MATE transporter ac-
tivity, blood-brain barrier penetration, and pharmacokinetic-pharmacodynamic relation-
ships require further clarification. Figure 4 also highlights the need for biomarker discov-
ery and validation using genetic, metabolic, imaging, pharmacodynamic, and liquid bi-
opsy-based approaches. Emerging technologies, including single-cell omics, CRISPR
screening, patient-derived organoids, organ-on-chip platforms, ferroptosis probes, ad-
vanced imaging, and machine learning, may help connect mechanistic discovery with bi-
omarker-guided clinical translation. Overall, this roadmap supports a staged strategy that
progresses from mechanistic discovery to biomarker validation and, ultimately, to preci-
sion clinical application.

A central unresolved issue concerns the identity of the molecular switch that deter-
mines whether metformin promotes or inhibits ferroptosis in cells. This regulatory mech-
anism is unlikely to be controlled by a single pathway; instead, it likely results from the
quantitative interplay among iron availability, lipid peroxide generation, GPX4 activity,
system Xc- function, NRF2 responsiveness, mitochondrial performance, and metabolic
adaptability. Systems biology approaches that integrate transcriptomics, proteomics, lip-
idomics, and metabolomics may be necessary to delineate these thresholds. To directly
investigate candidate molecular switches, future work could employ CRISPR-Cas9
screening in isogenic cell lines exposed to metformin and ferroptosis inducers under var-
ying iron and antioxidant conditions. Comparative studies using organoid models or co-
culture systems that represent relevant tissue and disease contexts may help clarify how
cellular heterogeneity shapes metformin’s effects. Time-resolved multi-omics analysis be-
fore and after metformin exposure, combined with functional rescue experiments target-
ing GPX4, system Xc-, or NRF2, would further define the regulatory circuitry involved.

Mechanisms independent of AMPK warrant further investigation. While AMPK is a
key mediator of metformin pharmacology, metformin can modulate complex I, lysosomal
signaling, redox balance, and cellular metabolism outside canonical AMPK pathways.
Distinguishing AMPK-dependent from AMPK-independent effects on ferroptosis will re-
quire AMPK-null models, rescue experiments, pharmacological controls, and compari-
sons with structurally unrelated inhibitors of complex I. Clarifying these mechanisms has
important clinical relevance, as it could inform patient stratification and optimize thera-
peutic targeting. For example, if AMPK-independent pathways predominate in certain
contexts or patient subsets, treatment strategies could be tailored accordingly, potentially
enhancing efficacy and minimizing off-target effects.

Pharmacokinetic properties and tissue distribution represent significant translational
challenges. In vitro concentrations often exceed clinically achievable plasma levels, and
local concentrations in the gut, liver, and tumors may differ markedly from systemic ex-
posure. Organic cation transporters (OCTs) and multidrug and toxin extrusion (MATE)
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transporters regulate metformin uptake and efflux, and genetic or disease-related varia-
tions may contribute to heterogeneous responses [94]. For neurodegenerative indications,
restricted blood-brain barrier penetration constitutes an additional limitation [95]. To ad-
dress these challenges, strategies such as dose optimization based on pharmacokinetic
modeling, modulation of transporter activity to enhance tissue-specific drug delivery, and
the development of alternative routes of administration, including nanoparticles, pro-
drugs, and targeted delivery systems, should be explored. These approaches may help to
better align preclinical findings with clinically relevant exposures and support the trans-
lation of mechanistic insights into therapeutic applications.

Comprehensive biomarker validation should follow a staged approach. Initially, can-
didate biomarkers must be assessed in preclinical models to evaluate reproducibility and
their correlation with treatment response. Subsequently, promising markers should be
evaluated in retrospective and prospective clinical cohorts to determine sensitivity, spec-
ificity, and predictive value. The application of single-cell omics, CRISPR screening, pa-
tient-derived organoids, organ-on-chip platforms, ferroptosis probes, and advanced im-
aging technologies may expedite this process by connecting mechanistic insights to clini-
cally actionable signatures. Ultimately, validated biomarkers could be integrated into pa-
tient selection criteria or used as pharmacodynamic and clinical endpoints in future trials,
thereby enhancing stratification, monitoring treatment responses, and improving the
overall translational impact of metformin-based interventions.
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Figure 4. Open questions and future directions. The figure summarizes key priorities for advancing

metformin-ferroptosis research, including identification of context-dependent molecular switches,
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clarification of dose and pharmacokinetic parameters, biomarker validation, application of emerg-
ing technologies, and translation into biomarker-guided clinical studies. A staged roadmap from
mechanistic discovery to biomarker validation and clinical translation may help prioritize future

research. Created in BioRender.

6. Conclusions

Metformin should be regarded as a context-dependent modulator of ferroptosis ra-
ther than as a uniform inducer or suppressor of this cell death pathway. Through AMPK
activation, mitochondrial complex I inhibition, iron remodeling, lipid metabolic regula-
tion, and modulation of antioxidant defense systems, metformin may either increase fer-
roptotic susceptibility or promote cytoprotection. The final biological outcome is shaped
by cellular background, disease state, metabolic flexibility, iron availability, and compen-
satory antioxidant capacity.

In cancer cells, elevated iron demand, increased ROS production, antioxidant de-
pendence, and metabolic stress may create a vulnerable state in which metformin en-
hances pro-ferroptotic pressure, particularly when combined with ferroptosis inducers,
chemotherapy, radiotherapy, or immunotherapy. Conversely, in normal or stressed non-
malignant tissues, intact NRF2 signaling, mitophagy, iron sequestration, and GPX4-de-
pendent lipid peroxide detoxification may shift the response toward anti-ferroptotic cyto-
protection.

In the short term, research with clinical applicability should prioritize enhancing the
translational reliability of metformin—ferroptosis investigations. Key objectives include
evaluating both clinically relevant micromolar and mechanistic millimolar metformin
concentrations, standardizing ferroptosis endpoints, systematically reporting exposure
duration and culture conditions, quantifying OCT/MATE transporter expression, and in-
corporating pharmacodynamic markers such as phospho-AMPK, GPX4, SLC7A1l,
GSH/GSSG ratio, lipid peroxidation products, and iron-related parameters. Analyses of
retrospective clinical cohorts and real-world datasets can further elucidate associations
between metformin exposure and disease outcomes in oncology, dementia, cardiovascu-
lar injury, and metabolic liver disease. However, it is important to acknowledge that such
studies cannot establish causality specific to ferroptosis in the absence of mechanistic bi-
omarkers.

In the long term, research should elucidate the molecular determinants governing
whether metformin promotes or suppresses ferroptosis in specific biological contexts.
Achieving this objective will require integrating time-resolved multi-omics, lipidomics,
CRISPR-based genetic screens, patient-derived organoids, organ-on-chip systems, ad-
vanced ferroptosis imaging, and prospective biomarker-guided clinical trials. Special em-
phasis should be placed on AMPK-independent mechanisms, mitochondrial complex I
function, NCOA4-dependent ferritinophagy, ACSL4/LPCAT3-mediated lipid remodeling,
NRF2/KEAP1 status, and transporter-mediated tissue exposure. These strategies may ul-
timately enable the precision application of metformin to enhance ferroptosis in selected
tumors or to mitigate ferroptotic injury in degenerative, cardiovascular, and metabolic
diseases.

Despite these opportunities, several limitations currently hinder the direct clinical
implementation of metformin as a ferroptosis-targeted therapeutic agent. First, most
available evidence is preclinical and derived from cell culture or animal models, while
prospective human studies directly linking metformin exposure to ferroptosis-specific
outcomes are lacking. Second, many in vitro studies employ millimolar metformin con-
centrations that exceed typical clinical plasma levels by orders of magnitude, complicating
pharmacological extrapolation unless intracellular accumulation, tissue exposure, and
transporter expression are quantified [96]. Third, no validated clinical biomarker
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distinguishes ferroptosis from ROS, inflammatory markers, or mitochondrial dysfunction
[97]. Commonly used markers such as malondialdehyde, 4-hydroxynonenal, GSH/GSSG
ratio, ferritin, GPX4, SLC7A11, and ACSL4 are informative but not individually specific
to ferroptosis [98]. Fourth, patient heterogeneity in renal function, diabetes severity, iron
status, tumor genotype, NRF2/KEAP1 activity, OCT/MATE transporter expression, and
concomitant therapies may significantly influence metformin exposure and ferroptosis
sensitivity [99]. Finally, combination strategies involving metformin with ferroptosis in-
ducers, chemotherapy, radiotherapy, or immunotherapy may result in tissue-specific tox-
icities, particularly in organs susceptible to lipid peroxidation, such as the heart, liver,
kidney, and nervous system. Consequently, metformin-based ferroptosis modulation
should not yet be considered suitable for broad clinical application; rather, it should be
advanced through biomarker-guided, dose-justified, tissue-specific, and safety-monitored
translational studies.
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