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Abstract

Iron is essential for normal cellular function, but its dysregulation is increasingly recognized
as a key factor in colorectal tumorigenesis. This review provides an integrated overview of
iron-related biomarkers across the full spectrum of colorectal neoplasia, from preneoplastic
lesions to advanced colorectal cancer (CRC). Evidence suggests that alterations in iron
metabolism begin early, at the level of colorectal adenomas, where increased iron uptake
and impaired export contribute to local iron accumulation and oxidative stress. As lesions
progress to carcinoma, this imbalance becomes more pronounced, leading to expansion of
the intracellular labile iron pool and supporting tumor growth, metabolic adaptation, and
genomic instability. At the systemic level, patients often exhibit reduced circulating iron
despite preserved or elevated ferritin levels, reflecting inflammation-driven functional iron
deficiency. This pattern is largely mediated by dysregulation of the hepcidin—ferroportin
axis. In this context, transferrin saturation and soluble transferrin receptor may provide
a more accurate assessment of iron availability than ferritin alone. At the tissue level,
increased expression of iron import proteins and impaired iron export promote intracellular
iron retention. Excess iron further contributes to reactive oxygen species generation, leading
to damage of DNA, lipids, and proteins. Clinically, iron-related biomarkers show variable
diagnostic performance but may offer prognostic value. Integrating systemic and tissue
biomarkers could improve risk stratification and support personalized approaches across
the CRC continuum.

Keywords: colorectal cancer; iron metabolism; iron dysregulation; functional iron deficiency;
hepcidin—ferroportin axis; transferrin saturation; tumor microenvironment; oxidative stress;
iron-related biomarkers

1. Introduction

Iron is an essential trace element required for many fundamental biological processes,
including oxygen transport, DNA synthesis, mitochondrial function, and immune re-
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sponses [1]. Its ability to switch between ferrous (Fe?") and ferric (Fe3*) forms makes
it indispensable for cellular activity. However, these same properties also allow iron to
generate reactive oxygen species when present in excess, leading to damage of DNA, lipids,
and proteins. For this reason, iron levels are tightly regulated, and disruption of iron
balance can contribute to disease development, including cancer [2].

In recent years, growing attention has been directed toward the role of iron metabolism
in colorectal tumorigenesis. Rather than reflecting a simple increase or decrease in iron
levels, colorectal neoplasia is characterized by a progressive reorganization of iron handling
at both systemic and cellular levels. Early changes can already be detected in preneoplastic
lesions, where alterations in iron uptake and storage contribute to a microenvironment that
favors oxidative stress and cellular proliferation [3].

At the cellular level, colorectal tumor cells adapt their iron metabolism to support
growth. They increase iron uptake and reduce iron export, leading to accumulation of iron
inside the cell. This intracellular iron supports cell proliferation, metabolic activity, and
survival, but also promotes oxidative stress and genetic instability [4]. Importantly, these
changes are not limited to advanced cancer. Alterations in iron handling can already be
detected in early lesions such as adenomas, suggesting that iron may play a role from the
initial stages of tumor development [5].

Iron metabolism is also closely linked to the tumor microenvironment (TME). Interac-
tions between tumor cells, immune cells, and local factors influence how iron is distributed
and used, affecting both tumor progression and immune responses. In this context, iron-
dependent processes such as ferroptosis have attracted interest as potential therapeutic
targets [6]. As illustrated in Figure 1, these alterations intensify progressively along the
neoplastic sequence, with increasing iron uptake and reduced export driving expansion of
the labile iron pool and consequent ROS-mediated damage to DNA, lipids, and proteins
from the adenoma stage through advanced disease.
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Figure 1. Progressive changes in iron metabolism across the colorectal neoplasia sequence. This

figure illustrates the evolution of iron metabolism from normal mucosa to adenoma, carcinoma, and
advanced CRC. Abbreviations: TfR1, transferrin receptor 1, DMT1, divalent metal transporter 1; ROS,
reactive oxygen species. Created in BioRender. Vladuta, T. (2026) https://BioRender.com/4icbc4w
(accessed on 26 April 2026).

From a clinical perspective, iron-related biomarkers may provide useful information
for diagnosis and prognosis in CRC. However, their interpretation is challenging because
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they are influenced by inflammation and do not always reflect iron levels within the
tumor [7]. A better understanding of how iron metabolism changes across different stages
of disease may improve their clinical value.

This review aims to provide an overview of iron metabolism in CRC, from early lesions
to advanced disease, with a focus on its role in tumor biology and its potential as a source
of clinically relevant biomarkers.

2. Iron Metabolism and Iron-Related Biomarkers in Colorectal Cancer
2.1. Iron Handling Within the Tumor Microenvironment

Iron homeostasis within the colorectal TME is orchestrated through dynamic interac-
tions between malignant epithelial cells, immune cells, stromal cells, and inflammatory
mediators rather than by tumor cells alone. These interactions continuously regulate local
iron availability, linking iron metabolism with chronic inflammation, immune modulation,
and tumor progression [8,9].

A central mechanism governing iron trafficking within the TME is the hepcidin—
ferroportin axis. Beyond its systemic role in maintaining iron homeostasis, locally produced
hepcidin promotes ferroportin internalization and degradation, thereby reducing cellular
iron export and favoring iron sequestration within the TME [10-12]. In CRC, inflammatory
cytokines, particularly IL-6, activate STAT3-dependent hepcidin expression, establishing a
positive feedback loop that reinforces local iron retention while contributing to systemic
functional iron deficiency (FID) [3,10,13].

Among the non-malignant cellular components of the TME, tumor-associated
macrophages (TAMs) are major regulators of iron distribution. Their iron-handling pheno-
type is highly plastic and adapts to the surrounding inflammatory milieu. While classically
activated (M1-like) macrophages preferentially retain intracellular iron as part of their
antimicrobial and antitumor functions, alternatively activated (M2-like) macrophages
promote iron recycling and redistribution to neighboring tumor cells through multiple
iron-export mechanisms, thereby supporting tumor metabolism, angiogenesis, and im-
mune evasion. Consequently, TAMs function not only as immune regulators but also as
key mediators of iron exchange between stromal and malignant compartments [14].

Collectively, these findings demonstrate that iron handling within the TME is an
active multicellular process integrating inflammatory signaling, immune cell function,
and stromal-tumor interactions. The reciprocal relationship between cytokine-driven iron
sequestration, macrophage polarization, and local iron redistribution contributes to the
characteristic coexistence of systemic iron deficiency and intratumoral iron accumulation
in CRC. Therefore, the TME should be regarded not only as a source of iron-related
biomarkers but also as a promising therapeutic target for modulating tumor progression
and treatment response [3,10,12-14]. These interconnected mechanisms are summarized
in Figure 2, which illustrates how inflammation-driven iron redistribution links systemic
iron restriction with intratumoral iron accumulation, macrophage iron sequestration, and
oxidative stress within the colorectal TME.
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Figure 2. Iron handling within the colorectal TME. (Panel 1) shows IL-6/hepcidin-mediated systemic
iron restriction. (Panel 2) illustrates iron redistribution from the circulation to the tumor. (Panel 3)
depicts iron sequestration within the TME. The final sectionsummarizes the downstream conse-
quences of iron dysregulation, including LIP expansion, ROS generation, and tumor progression.
Abbreviations: IL-6, interleukin-6; CRP, C-reactive protein; Created in BioRender. Vladuta, T. (2026)
https:/ /BioRender.com/bvmbrm? (accessed on 26 April 2026).

2.2. Intracellular Iron Homeostasis and Ferritinophagy

Maintenance of intracellular iron homeostasis extends beyond iron uptake and export.
Once internalized, iron availability is further regulated by ferritin turnover, labile iron
pool dynamics, mitochondrial iron metabolism, and ferroptosis-related pathways, which
collectively determine the balance between metabolic adaptation and oxidative stress [9,15].

A central mechanism controlling intracellular iron mobilization is ferritinophagy, a
selective form of autophagy mediated by nuclear receptor coactivator 4 (NCOA4). Acting as
a cargo receptor, NCOA4 delivers ferritin to lysosomes for degradation, allowing the release
of ferritin-bound iron into the cytosol and increasing the bioavailable iron pool [15,16].
Through this mechanism, ferritinophagy rapidly adjusts intracellular iron availability
according to cellular metabolic demands. However, excessive iron release may also promote
ROS formation through Fenton chemistry, increasing lipid peroxidation and enhancing
ferroptosis susceptibility [15-17].

The labile iron pool (LIP) represents the metabolically active fraction of intracellular
iron that fuels essential cellular processes, including DNA synthesis, mitochondrial respira-
tion, and iron-containing enzyme activity. Because this iron fraction is highly redox-active,
its expansion must be tightly controlled to prevent excessive oxidative damage [9,15]. Ac-
cordingly, ferritin storage, ferritinophagy, and iron transport proteins cooperate to maintain
intracellular iron balance while limiting oxidative injury [9,15,16].

Mitochondria play an equally important role in intracellular iron regulation by sup-
porting heme synthesis, iron—sulfur cluster assembly, and oxidative phosphorylation [9,18].
Recent studies further indicate that CRC cells exploit mitochondrial adaptive mechanisms,
including the heme-succinate dehydrogenase—coenzyme Q (SDH-CoQ) axis, to buffer
iron-induced oxidative stress and preserve mitochondrial function despite persistent intra-
cellular iron accumulation [18].

Emerging evidence suggests that intracellular iron homeostasis may also influence
CRC stem cell biology. Although direct evidence in CRC stem cells remains limited, studies
in other tumor types have demonstrated that altered ferritinophagy and iron-storage repro-
gramming contribute to stem cell-like phenotypes, metabolic plasticity, and therapeutic
resistance [19,20]. These observations suggest that similar mechanisms may operate in
CRC, where dysregulated iron metabolism could support tumor progression and resistance
to therapy [19]. Conversely, activation of the NCOA4—ferritinophagy pathway increases
intracellular iron availability and may sensitize tumor cells to ferroptosis, suggesting that
modulation of ferritinophagy could represent a promising therapeutic strategy. Although
these findings remain largely preclinical, targeting intracellular iron homeostasis offers an
attractive avenue for future biomarker development and precision therapies in CRC [15,21].
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2.3. Systemic Biomarkers

Iron deficiency is one of the most common hematologic abnormalities in CRC, affecting
approximately 50-64% of patients at diagnosis and occurring more frequently in right-sided
tumors. Serum iron levels decline progressively with advancing disease stage, reflecting
chronic occult bleeding and inflammation-associated iron restriction. Advanced CRC is
consistently associated with significantly lower circulating iron compared with early-stage
disease and healthy controls [7].

Interpretation of ferritin in CRC is complex because ferritin functions both as an indica-
tor of iron stores and as an acute-phase reactant. Cancer-related inflammation may elevate
ferritin despite true iron deficiency, potentially masking iron depletion. Nevertheless, many
CRC cohorts demonstrate lower mean ferritin levels compared with controls, particularly in
advanced disease. For this reason, combined iron indices are recommended [22]. However,
the diagnostic cutoff values used for ferritin vary considerably across studies and clinical
guidelines, ranging from <15 to <100 ng/mL for iron deficiency. Conversely, elevated
ferritin has also been associated with poor prognosis in advanced CRC. This variability
limits direct comparisons between studies and prevents the establishment of universally
accepted CRC-specific diagnostic and prognostic thresholds [23,24]. TSAT is less affected
by inflammation and is considered a more reliable marker of iron-restricted erythropoiesis
in oncology patients. Current guidelines generally define absolute iron deficiency as ferritin
<30 ng/mL together with TSAT <20%, whereas FID, common in CRC, is characterized
by normal or moderately elevated ferritin with reduced TSAT [22]. Nevertheless, these
thresholds were established primarily for broader cancer populations and differ across
international guidelines, while CRC-specific diagnostic criteria remain unavailable [25].

Clinically, iron deficiency in CRC is associated with adverse tumor characteristics,
including larger tumor size, more advanced T and N stages, poorer differentiation, and
increased lymphovascular and perineural invasion. In the neoadjuvant setting, iron-
deficient patients tend to exhibit lower tumor regression grades, and postoperatively
they often experience higher inflammatory markers, delayed bowel recovery, and longer
hospitalization [7].

Hepcidin, the master regulator of systemic iron homeostasis, plays a central role in
CRC-associated iron dysregulation. Although circulating hepcidin levels in CRC may
fall within the normal laboratory range, they are frequently inappropriately elevated
relative to the degree of systemic iron restriction, reflecting the inflammatory tumor milieu.
Importantly, hepcidin expression is detectable within CRC tumor tissue in roughly one-
third of cases and correlates positively with tumor stage and ferroportin suppression [10].

In metastatic CRC, elevated baseline serum hepcidin (>40 ng/mL) has been identified
as an independent predictor of poorer overall survival, supporting its potential prognostic
value. Soluble transferrin receptor (sTfR) levels are typically increased in CRC patients,
reflecting heightened cellular iron demand and FID. Because sTfR is minimally influenced
by inflammation, the sTfR/ferritin ratio may help distinguish true iron deficiency from
anemia of chronic disease in the cancer setting [26]. Despite their encouraging evidence
supporting their diagnostic and prognostic potential, both hepcidin and sTfR currently
lack standardized analytical methods and validated diagnostic or prognostic cutoff values.
Differences among ELISA platforms, assay methodologies, and the influence of inflam-
mation, hypoxia, and tumor stage complicate direct comparisons across studies and limit
their routine clinical implementation [10,12,26]. Consequently, prospective multicenter
validation and harmonization of analytical protocols are required before these biomarkers
can be incorporated into precision medicine strategies for CRC [27].
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2.4. Tissue Biomarkers

At the tissue level, CRC demonstrates consistent dysregulation of iron transport
proteins. TfR1 is frequently overexpressed in tumor tissue and supports increased iron
uptake required for tumor proliferation. Expression tends to be highest in early-stage,
well-differentiated tumors, suggesting a role in tumor establishment, although altered
patterns may emerge in advanced disease [28].

Ferroportin, the only known cellular iron exporter, shows functional impairment
in CRC. Despite detectable expression, ferroportin is often mislocalized intracellularly
rather than positioned on the cell membrane, effectively limiting iron efflux and promoting
intracellular iron retention. Reduced expression of its partner protein hephaestin further
contributes to defective iron export. Loss of effective ferroportin activity has been associated
with more advanced tumor stage [7].

STEAP4, a ferrireductase involved in mitochondrial iron handling, is upregulated
in CRC and in inflammation-associated colorectal tumorigenesis. Increased STEAP4 ex-
pression correlates with poorer prognosis and greater tumor burden in experimental and
clinical studies, highlighting its potential role as both biomarker and therapeutic target [29].

Histochemical analysis using Perls” Prussian blue staining demonstrates increased
intratumoral iron deposition in approximately 30% of CRC cases. Iron accumulation is
more commonly observed in right-sided tumors and correlates with higher T stage. Notably,
systemic iron deficiency may coexist with local tumor iron loading, suggesting preferential
sequestration of iron within the TME [30].

2.5. Oxidative Stress and Inflammatory Markers

Markers of oxidative protein damage are consistently elevated in CRC. Protein car-
bonyl (PCO) levels are significantly higher in both plasma and tumor tissue of CRC patients
compared with controls and show positive associations with disease presence and stage.
Mitochondrial PCO appear particularly sensitive indicators of tumor-associated oxida-
tive stress. Importantly, systemic PCO concentrations decline following tumor resection,
supporting the tumor as a major contributor to systemic oxidative burden [31].

Inflammatory markers are tightly linked to altered iron homeostasis in CRC. Serum
CRP and IL-6 are consistently elevated and increase with advancing stage. Both markers
independently predict poorer outcomes and reflect the systemic inflammatory response
accompanying CRC [32].

IL-6-driven hepcidin induction contributes to iron sequestration, creating the character-
istic pattern in which systemic iron deficiency coexists with intratumoral iron accumulation.
Clinically, CRC patients with iron deficiency frequently exhibit higher CRP levels, lower
albumin, more aggressive tumor biology, and impaired postoperative recovery. Together,
the iron-inflammation axis represents an important biomarker network with diagnostic,
prognostic, and potential therapeutic relevance in CRC, as summarized in Figure 3 [3].
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Figure 3. Iron-related biomarkers and associated mechanisms in CRC. The schematic summarizes the
principal systemic, tissue, oxidative stress, and inflammatory biomarkers associated with disrupted
iron metabolism in CRC. Systemic iron restriction coexists with intratumoral iron accumulation,
supporting tumor progression and providing complementary diagnostic and prognostic information.
Abbreviations: STEAP4, six-transmembrane epithelial antigen of prostate 4. Created in BioRender.
Vladuta, T. (2026) https://BioRender.com/e5d3m7z (accessed on 26 April 2026).

2.6. Translational Value of Iron Biomarkers

Iron biomarkers show heterogeneous diagnostic performance in colorectal neoplasia,
with stronger utility for advanced disease detection than for early screening. Among
circulating indices, serum ferritin and TSAT demonstrate the most consistent associations
with colorectal adenomas and cancer, although interpretation is limited by inflammatory
confounding and biological variability [22].

In colorectal adenomas, TSAT appears to be the most informative marker. Elevated
TSAT (>40%) is associated with increased risk of both overall and advanced adenomas,
suggesting that systemic iron availability may reflect pathways linking iron exposure to
early neoplastic transformation [22]. Some studies report lower serum iron and ferritin
in patients with large adenomas (>1 cm), possibly due to occult bleeding; however, meta-
analyses show inconsistent relationships between conventional iron indices and adenoma
risk, limiting their value for population screening [33].

In CRC, iron biomarkers have greater diagnostic relevance, particularly in advanced
disease. Patients with advanced CRC frequently exhibit reduced serum iron and ferritin
compared with healthy controls, and combined low iron—low ferritin patterns are common.
Multimarker approaches improve performance: when ferritin is combined with tumor-
associated proteins such as CEA and inflammatory markers, diagnostic accuracy increases
substantially compared with single-marker approaches [34].

Iron status also carries important prognostic information in CRC, characterized by
a U-shaped relationship in which both deficiency and excess are associated with adverse
outcomes. Low preoperative iron has been independently associated with shorter overall
survival and inferior response to neoadjuvant therapy, as well as delayed postoperative
recovery and heightened systemic inflammation [34].

Conversely, iron overload markers also predict worse prognosis. Elevated TSAT
(>40%) and high ferritin levels have been linked to reduced survival in stage II-III and
metastatic CRC. High iron status has additionally been associated with increased intratu-
moral Fusobacterium nucleatum, suggesting interactions between iron availability and the
tumor microbiome [35].

Emerging evidence supports a predictive role for iron biomarkers in treatment re-
sponse. Iron deficiency is associated with poorer response to chemoradiotherapy and
may impair antitumor immunity, potentially influencing immunotherapy outcomes. In
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the perioperative setting, iron deficiency predicts slower recovery and worse nutritional—-
inflammatory profiles, supporting its inclusion in patient blood management strategies [36].

Despite growing clinical interest, implementation remains limited by major barriers.
Assay standardization, particularly for sTfR, and wide variability in diagnostic thresholds
complicate interpretation. Ferritin is strongly influenced by inflammation, while serum iron
and TSAT are affected by fasting status and recent supplementation. Real-world practice
gaps are substantial, with under-testing and under-treatment of iron deficiency frequently
reported in CRC populations. Greater harmonization of assays, clearer guideline consensus,
and prospective biomarker-driven studies are needed to define the optimal role of iron
indices across the CRC continuum [3,7,37].

3. Clinical Implications of Iron Dysregulation

Iron dysregulation in CRC extends beyond a mere epiphenomenon of systemic inflam-
mation or nutritional imbalance and reflects complex interactions between tumor biology and
host iron homeostasis. Clinical observations have consistently highlighted the paradoxical
coexistence of systemic iron deficiency and intratumoral iron accumulation, underscoring the
need to interpret iron-related biomarkers within a broader biological and clinical context [3].
Alterations in circulating markers such as ferritin, TSAT, and hepcidin may therefore provide
incomplete or even misleading information when considered in isolation, while tissue-level
changes in iron transport and storage pathways appear to more closely mirror tumor ag-
gressiveness and disease progression [38]. Understanding the clinical implications of iron
dysregulation is essential for accurate risk stratification, prognostic assessment, and informed
decision-making in patients with CRC, as summarized in Figure 4.
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Figure 4. Clinical implications of iron dysregulation in CRC. The schematic summarizes the impact
of iron dysregulation on diagnosis, prognosis, iron deficiency classification, therapeutic decision-
making, and personalized management in CRC. Integration of systemic and tissue biomarkers may
improve risk stratification and support biomarker-guided clinical management. Abbreviations: FIT,
fecal immunochemical test. Created in BioRender. Vladuta, T. (2026) https://BioRender.com/2dqqioa
(accessed on 26 April 2026).

3.1. Prognostic Value of Iron-Related Biomarkers

Accumulating evidence suggests that alterations in iron-related biomarkers are asso-
ciated with tumor aggressiveness and adverse clinical outcomes in CRC [3,38]. Elevated
serum ferritin levels, traditionally regarded as markers of iron stores or systemic inflam-
mation, have been linked to advanced tumor stage, increased tumor burden, and poorer
survival, although their interpretation remains challenging due to confounding inflamma-
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tory signals [38]. In parallel, dysregulation of hepcidin expression has emerged as a key
determinant of iron sequestration, contributing to FID at the systemic level while favoring
iron retention within tumor tissue [39].

Overexpression of TfR1 and downregulation of ferroportin have been consistently
associated with enhanced intracellular iron availability, increased proliferative capacity,
and metastatic potential. These alterations appear to reflect a tumor-adaptive phenotype
characterized by iron trapping and resistance to iron export, conferring a growth advan-
tage under conditions of metabolic and oxidative stress. Importantly, tissue-based iron
markers have demonstrated stronger associations with disease progression and prognosis
than circulating parameters, highlighting the limitations of relying solely on systemic
biomarkers [3].

Taken together, iron-related biomarkers provide complementary prognostic informa-
tion when interpreted in an integrated manner, combining systemic indices with tissue-level
alterations. Such an approach may improve risk stratification by distinguishing patients
in whom altered iron homeostasis represents a marker of aggressive tumor biology from
those in whom it primarily reflects inflammatory or nutritional factors.

3.2. Iron Metabolism and Tumor Stage, Grade, and Metastasis

Dysregulation of iron metabolism has been increasingly associated with CRC progres-
sion and correlated with advanced tumor stage, higher histological grade, and metastatic
dissemination [3,40]. Several studies have reported that alterations in iron transport and
storage pathways may intensify along the adenoma—carcinoma sequence [3,39,40], sug-
gesting a progressive reprogramming of iron handling as tumors acquire more aggressive
phenotypes. In particular, increased expression of TfR1 and reduced ferroportin levels have
been more frequently observed in advanced-stage tumors, reflecting enhanced iron uptake
and impaired iron export [3].

Intratumoral iron accumulation has been linked to adverse disease features and poor
prognosis in CRC. For example, iron deposition in tumor tissues has been associated with
worse overall outcomes in CRC patients, particularly in specific molecular contexts, such as
the presence of Fusobacterium nucleatum [41]. This iron-enriched microenvironment may
support metastatic potential by sustaining proliferative signaling, promoting oxidative
stress-induced genomic instability, and facilitating metabolic flexibility under hypoxic
conditions. Moreover, iron-driven activation of redox-sensitive pathways may contribute to
epithelial-mesenchymal transition and increased invasive capacity, linking iron availability
to key mechanisms of tumor spread [42,43].

Systemic iron-related biomarkers have also shown associations with disease stage,
although these relationships appear less consistent and are often confounded by inflamma-
tion and tumor burden [44]. Elevated ferritin levels and altered hepcidin expression have
been more commonly reported in patients with advanced or metastatic disease, yet their
prognostic value remains inferior to tissue-based markers [38]. Collectively, these observa-
tions indicate that iron metabolism is dynamically modulated during CRC progression and
that iron-related alterations may serve as indicators of tumor aggressiveness rather than
mere reflections of systemic iron status.

3.3. Iron Deficiency Anemia Versus Functional Iron Deficiency in CRC

Iron deficiency is highly prevalent in CRC, and both absolute iron deficiency (AID)
and FID can coexist in the same patient [45,46]. In clinical cohorts of CRC, iron deficiency
has been identified in a substantial proportion of patients when a complete iron panel is
available, with AID commonly defined by low ferritin together with low TSAT, while FID
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is characterized by low TSAT despite ferritin values that are normal or increased (reflecting
preserved stores but restricted availability) [44,45].

From a pathophysiological perspective, AID in CRC is most often driven by chronic
gastrointestinal blood loss and depleted iron stores, whereas FID is mainly mediated by
inflammation (e.g., IL-6) with hepcidin upregulation and ferroportin inhibition, leading to
iron sequestration in macrophages/enterocytes and reduced circulating iron available for
erythropoiesis [3,38,44,47]. This explains the typical “paradox” pattern in FID: low serum
iron and TSAT with ferritin that may be >100 ng/L [47].

Clinically, separating AID from FID matters because systemic biomarkers behave
differently in inflammation and because mixed phenotypes are frequent in CRC. For
example, a large preoperative CRC cohort reported that most iron deficiency cases reflected
a combination of AID and FID, and iron deficiency was more likely with more advanced
pTNM stage and right-sided tumor location [45]. In another CRC cohort, FID was common
and showed an association with lymphatic invasion, supporting the idea that FID may
coexist with more aggressive disease features in at least some populations [48].

The frequent coexistence of absolute and FID, CRC together with the inflammatory
modulation of systemic iron biomarkers, complicates anemia management and under-
scores the need for careful evaluation before initiating iron supplementation or other
iron-modulating strategies.

3.4. Potential Risks and Benefits of Iron Supplementation

Iron supplementation represents a cornerstone of supportive care in CRC patients with
iron deficiency anemia, particularly in the perioperative setting, where correction of anemia
has been associated with improved functional status and reduced transfusion requirements.
Both oral and intravenous iron formulations have demonstrated efficacy in increasing
hemoglobin levels in iron-deficient CRC patients, especially when iron deficiency is clearly
documented [47-49].

Although iron supplementation is generally recommended for patients with con-
firmed iron deficiency anemia, its use should be individualized according to iron status,
inflammatory activity, and the underlying clinical context. The potential effects of iron
supplementation on oxidative stress, the TME, non-anemic individuals, and early tumori-
genic processes remain areas of active investigation and are discussed in detail in Section 4.
Current evidence does not support routine iron supplementation in non-anemic patients
with CRC, particularly in the absence of documented iron deficiency [50,51].

4. Iron Supplementation and Modulation of the Tumor
Microenvironment

Iron supplementation represents a cornerstone in the management of iron deficiency
and anemia across a wide range of clinical settings. However, beyond its hematological
benefits, increasing evidence, shown in the previous section, suggests that iron availability
may exert broader biological effects, particularly in conditions characterized by chronic
inflammation or altered cellular iron handling. As a result, iron supplementation, especially
when administered in the absence of overt anemia, has raised concerns regarding its poten-
tial impact on tumor biology and early carcinogenic processes. This section explores the
complex relationship between iron supplementation and the TME, focusing on oxidative
stress, effects in non-anemic individuals, potential interactions with preneoplastic lesions,
and ongoing clinical controversies. Most of the available evidence linking iron supplemen-
tation with tumor progression derives from experimental models or mechanistic studies.
At present, prospective clinical studies demonstrating that iron supplementation promotes
CRC development or progression in humans are lacking. Therefore, the potential biolog-
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ical effects discussed below should be interpreted as mechanistic hypotheses supported
primarily by preclinical evidence rather than established clinical observations.

4.1. Oral Iron and Oxidative Stress

Oral iron supplementation, particularly ferrous formulations, has been linked to
increased oxidative stress locally within the gastrointestinal tract. A relevant mechanistic
pathway is that a meaningful fraction of orally administered iron remains unabsorbed and
reaches the colon, where iron can catalyze free-radical generation in luminal contents; in
healthy volunteers, ferrous sulfate supplementation increased the free radical-generating
capacity of feces, supporting the concept that unabsorbed iron can amplify ROS exposure
at the mucosal interface [52]. Broader reviews also summarize experimental evidence that
excess luminal iron can harm the intestinal mucosa via oxidative stress and barrier-related
effects [36].

These local redox effects are clinically relevant because oxidative stress can translate
into epithelial irritation and inflammatory signaling, particularly in settings where mu-
cosal vulnerability already exists (e.g., inflammatory bowel disease). A classic clinical
discussion in ulcerative colitis highlights that iron supplementation may worsen disease
activity, with ROS generation proposed as a contributing mechanism [53]. More recent
hematology-focused reviews similarly emphasize that oral iron commonly causes gas-
trointestinal side effects and that luminal exposure is a key differentiator from parenteral
iron—consistent with a local, exposure-driven biological effect rather than a purely systemic
phenomenon [54].

Importantly, the magnitude of oxidative stress associated with oral iron appears to
depend on the formulation used. Conventional ferrous salts are characterized by low frac-
tional absorption and substantial luminal iron exposure, whereas newer ferric complexes
and sucrosomial or liposomal iron formulations have been designed to improve tolerability
and limit free iron availability in the intestinal lumen, potentially reducing redox-related
mucosal effects, although comparative data on long-term oxidative and oncologic outcomes
remain limited [54].

Whether oral iron reliably increases systemic oxidative stress appears less consistent
across populations and designs. For example, in a bariatric surgery cohort, a preliminary
study reported that high-dose oral iron for iron deficiency did not adversely impact sys-
temic oxidative stress, underscoring that systemic signals may depend on baseline status,
inflammation, dosing, and follow-up duration [55].

At the same time, other clinical investigations have examined oxidative stress/DNA
damage-related endpoints before and after oral iron therapy in iron deficiency anemia,
supporting continued interest in monitoring redox biology in supplemented patients [56].

Human mechanistic data showing increased luminal ROS generation with oral ferrous
iron, alongside experimental and translational evidence linking excess luminal iron to
mucosal oxidative stress and barrier perturbation, provide a plausible biological basis
for downstream effects on inflammation-related pathways relevant to early neoplastic
processes and, conceptually, the TME. However, these findings should not be interpreted
as evidence that oral iron supplementation accelerates CRC progression in humans, as
prospective clinical data addressing this question remain unavailable [54].

4.2. Effects of Iron Supplementation in Non-Anemic Patients

Iron supplementation in non-anemic individuals remains a clinically controversial
practice, often initiated to “optimize” biochemical indices (e.g., low or low-normal ferritin)
rather than to correct overt anemia. While iron deficiency without anemia has been
associated with symptoms such as fatigue in selected groups, randomized trials in non-
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anemic menstruating women show at most modest, symptom-focused benefits, with limited
or no consistent impact on broader patient-reported domains (quality of life, mood) or
objective functional outcomes [57,58].

From a physiological perspective, non-anemic individuals generally maintain ade-
quate hemoglobin synthesis and oxygen delivery, raising questions regarding the necessity
and risk-benefit balance of exogenous iron administration [57-59]. In inflammatory con-
texts, this dilemma becomes sharper: hepcidin, upregulated by inflammation, reduces
intestinal iron absorption and traps iron within macrophages via ferroportin internalization,
favoring “iron-restricted erythropoiesis” without necessarily reflecting a true deficit in total
body iron stores [59]. In such settings, iron supplementation may increase circulating or
storage iron without delivering proportional hematologic benefit, and may increase the
probability of redox-active iron species under certain conditions.

Mechanistically, concerns extend beyond erythropoiesis because redox-active iron
pools, particularly non-transferrin-bound iron (NTBI) under high TSAT, can catalyze free
radical generation and oxidative tissue injury. Although NTBI is classically emphasized in
iron overload states, its conceptual relevance here is that excess or poorly regulated iron
(including after iron administration in susceptible contexts) may increase the fraction of
potentially reactive circulating iron, thereby supporting oxidative stress biology [60].

From a TME perspective, increased iron availability may influence key cellular com-
ponents beyond the malignant clone itself. Macrophage iron handling is tightly coupled to
immune phenotype; experimental evidence indicates that iron loading can shift macrophage
polarization markers toward a type-2/M2-like response (e.g., increased Argl/Ym1 and
altered cytokine balance), a pattern broadly consistent with pro-tumoral immune program-
ming [61]. In parallel, tumor-microenvironment-focused reviews describe how cancer cells
and stromal/immune cells compete for iron, and how iron trafficking within macrophages
(including iron-release phenotypes in tumor-associated macrophages) may support tumor
growth, angiogenesis, and immune suppression [62].

Taken together, available clinical trials suggest that short-term iron supplementation
may provide symptomatic benefit in selected non-anemic individuals with iron deficiency.
Nevertheless, concerns regarding oxidative stress, immune modulation, and potential
tumor-promoting effects are supported predominantly by mechanistic and experimental
studies, whereas prospective clinical evidence demonstrating adverse oncologic outcomes
in patients with CRC remains lacking [57,58,62].

4.3. Potential Impact on Preneoplastic Lesions

Emerging evidence from experimental models suggests that iron exposure at the
level of the intestinal mucosa may contribute to changes in the microenvironment that
promote preneoplastic lesion development. In a recent murine model using Apc"Min/+
mice, dietary iron supplementation was shown to promote colorectal tumorigenesis in
the presence of cancer-derived gut microbiota, with distinct microbiota changes linked
to increased tumor burden compared to controls. This study highlights the interaction
between iron supplementation, initial microbiota composition, and tumor development in
genetically susceptible hosts [63].

Mechanistically, iron may influence epithelial proliferation and carcinogenesis through
alterations in gut microbial communities. Increased luminal iron availability has been
associated with shifts toward pro-inflammatory and potentially genotoxic bacterial taxa,
reductions in beneficial taxa, and enhanced mucosal inflammatory signaling in rodent
models. These microbial alterations are proposed to create a pro-tumorigenic microenviron-
ment that favors epithelial turnover and oxidative processes implicated in early neoplastic
transformation [63].
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Further supporting a link between iron and tumor-related biology, a recent dietary
intervention study found that excess iron intake in mice was associated with increased
tumor burden and changes in the expression of proteins involved in cell cycle regulation,
oxidative stress responses, and gastrointestinal disease pathways in intestinal tumors
compared with adequate iron diets [64]. These expression changes suggest that excess iron
may modify tumor biology at the tissue level.

Human data directly examining iron supplementation and preneoplastic lesions re-
main limited, but recent work on gut microbiota characteristics in CRC patients highlights
the dynamic interplay between iron metabolism, microbiome composition, and disease
progression. In a large metagenomic and metabolomic analysis of individuals with CRC,
altered microbial communities correlated with iron deficiency states and metabolites as-
sociated with inflammation and disease severity, suggesting a potential link between
iron—-microbiota interactions and tumor progression [65].

Collectively, these findings indicate that excess iron exposure may influence early
tumorigenic processes in experimental models, particularly in the presence of altered mi-
crobiota or genetic susceptibility. However, current evidence is derived predominantly
from preclinical or observational studies and does not demonstrate that iron supplemen-
tation promotes the development or progression of preneoplastic colorectal lesions in
humans. Well-designed prospective clinical studies are required before such mechanistic
observations can be translated into clinical recommendations.

4.4. Clinical Controversies and Unmet Needs

The findings discussed in Sections 4.1-4.3 highlight several unresolved clinical contro-
versies and knowledge gaps regarding iron supplementation beyond its established role in
the treatment of iron-deficiency anemia. As outlined in Section 4.1, oral iron supplementa-
tion, particularly conventional ferrous formulations, can increase luminal iron exposure
and oxidative stress, raising concerns about tissue-level effects that are not captured by
standard hematologic endpoints.

These biological considerations become especially relevant in non-anemic individuals,
as discussed in Section 4.2. In such settings, iron supplementation is often initiated based
on biochemical indices rather than functional impairment, despite inconsistent evidence of
clinical benefit. The potential for increased redox-active iron and immune modulation in
the absence of clear hematologic necessity underscores the need for more cautious patient
selection and clearer therapeutic thresholds.

Section 4.3 further extends these concerns by illustrating how excess iron exposure at
epithelial interfaces may influence microenvironmental factors implicated in preneoplastic
lesion development, particularly in the gastrointestinal tract. Although current evidence is
largely experimental or observational, the convergence of oxidative stress, inflammatory
signaling, and microbiota alterations provides a biologically plausible framework linking
iron availability to early tumor-related processes.

Overall, iron supplementation remains the standard of care for treating iron deficiency
and iron-deficiency anemia. Nevertheless, its potential effects on the TME, oxidative stress,
and early carcinogenic processes are currently supported predominantly by experimental
and mechanistic evidence rather than prospective clinical studies. Future clinical trials
should incorporate tissue biomarkers, oxidative stress parameters, microbiome analyses,
and long-term oncologic outcomes to better define the safety profile of iron supplementation
in patients at risk for colorectal neoplasia. Until such evidence becomes available, iron
supplementation should continue to follow established clinical indications, with particular
caution in non-anemic individuals and populations at increased risk of CRC.
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5. Risk Stratification and Translational Perspectives

Recent advances in CRC research emphasize the need for refined risk stratification
approaches that extend beyond traditional clinicopathological parameters and incorporate
biologically relevant molecular features. Growing evidence indicates that alterations in iron
metabolism represent a recurrent hallmark of CRC, with dysregulated iron handling con-
tributing to oxidative stress, inflammatory signaling, and tumor cell proliferation. Importantly,
contemporary reviews highlight that changes in iron-related pathways may be observed across
different stages of colorectal tumorigenesis, supporting the potential translational relevance of
iron-associated biomarkers for risk assessment and preventive strategies [3].

5.1. Molecular Heterogeneity and Tumor Location

Right-sided and left-sided CRC display fundamentally distinct molecular architectures
that may influence iron metabolism. Right-sided CRC is more frequently characterized
by BRAF mutations, deficient mismatch repair (dMMR), microsatellite instability (MSI-H),
high tumor mutational burden, and enrichment of the CMS1/CMS3 molecular subtypes,
whereas left-sided CRC is typically associated with chromosomal instability (CIN), APC and
TP53 mutations, microsatellite stability (MSS), and the CMS2 subtype [66,67]. Beyond the
traditional right-versus-left classification, Mendes Oliveira et al. demonstrated substantial
molecular heterogeneity across all six colonic segments, identifying only 15 genes commonly
mutated throughout the colon, including the canonical drivers APC, PIK3CA, and TP53, while
numerous additional mutations displayed segment-specific distributions, emphasizing that
anatomical location represents an important determinant of CRC biology [68].

These molecular differences may also contribute to location-specific iron handling and
oxidative stress responses. Iron deficiency is significantly more common in right-sided tu-
mors [30,69], while CRC cells generally exhibit increased expression of iron import proteins
(TfR1, DMT1, and DCYTB) together with reduced iron export through ferroportin and hep-
haestin, promoting intracellular iron accumulation and iron-dependent proliferation [3,70].
Because DMT1-mediated iron uptake interacts with JAK/STAT3 signaling [71], and epigenetic
regulation differs between CIMP-high right-sided tumors and CIN-dominant left-sided tu-
mors [72,73], the underlying molecular landscape may influence iron homeostasis, oxidative
stress adaptation, and ferroptosis susceptibility [74]. These observations support considering
tumor sidedness and molecular heterogeneity when evaluating iron-related biomarkers and
developing iron-targeted therapeutic strategies in CRC [66,75].

5.2. Integrating Systemic and Tissue Iron Biomarkers

Effective risk stratification in CRC requires understanding how different iron biomark-
ers reflect underlying biology, including systemic measurements (e.g., serum iron, ferritin,
TSAT versus local tissue iron handling, iron accumulation or regulatory protein expression
within tumor tissue). Research in recent years highlights that systemic iron indices alone
show inconsistent associations with CRC risk, whereas local alterations in iron metabolism
and iron-related molecules within the TME may provide additional and potentially more
relevant information for stratifying risk and understanding disease mechanisms [3,38].

Epidemiological evidence indicates that common systemic iron measures, such as
serum iron, ferritin, and TSAT, do not consistently correlate with CRC risk in popula-
tion studies. For example, a large cross-sectional analysis of U.S. adults using NHANES
data from 2001-2020 found no statistically significant association between serum iron
status markers and the presence of CRC after adjustment for confounders, although non-
significant trends were observed suggesting possible gradients for some markers like
ferritin and TSAT [76].
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In contrast, tumor tissue and cellular iron regulation pathways show clearer biological
relevance in CRC pathogenesis. Recent narrative reviews summarizing molecular evidence
indicate that CRC cells often exhibit dysregulated expression of key iron-handling proteins,
including elevated TfR1 expression and altered ferritin and ferroportin levels, reflecting
increased iron demand and disrupted local iron homeostasis in the TME [3]. These tissue-
level alterations are mechanistically linked to processes relevant for neoplastic progression,
such as oxidative stress, inflammation, and cell proliferation.

Moreover, clinical studies investigating the impact of iron status on CRC outcomes sug-
gest that iron deficiency, which is common in CRC patients and may manifest with complex
interactions between systemic iron availability and tumor biology, can influence therapeutic re-
sponses and patient prognosis, underscoring that integrative approaches combining systemic
and tissue biomarkers could capture biologically distinct aspects of iron dysregulation [7].

Together, these findings underscore that systemic iron biomarkers alone have limited pre-
dictive utility for CRC risk, and that incorporating tissue-level biomarkers of iron metabolism
may improve stratification models by reflecting local tumor biology more directly. Future
work should focus on validating whether composite biomarker panels that integrate systemic
and tissue measures enhance risk prediction and prognostic assessment in CRC.

5.3. Identifying High-Risk Preneoplastic Lesions

Risk stratification at the preneoplastic stage of colorectal carcinogenesis is primarily
based on the identification of lesions with a well-established increased likelihood of malignant
progression. Current evidence consistently classifies advanced conventional adenomas, de-
fined by a size >10 mm, villous or tubulovillous architecture, and /or high-grade dysplasia, as
high-risk lesions. [77] In parallel, lesions arising from the serrated pathway, particularly sessile
serrated lesions measuring >10 mm or those exhibiting dysplasia, are recognized as clinically
relevant precursors associated with an increased risk of CRC [77,78]. Figure 5 illustrates
a practical, guideline-based framework for endoscopic risk stratification, highlighting the
lesion characteristics that identify polyps requiring colonoscopic surveillance. These lesion
categories represent the foundation of contemporary post-polypectomy surveillance strategies
and are uniformly acknowledged across recent guideline updates and expert reviews.
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! '
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Figure 5. Endoscopic risk stratification of preneoplastic colorectal lesions following initial colonoscopy.
The figure summarizes a practical, guideline-based framework for identifying preneoplastic colorectal
lesions requiring colonoscopic surveillance, integrating lesion number, size, histological features,
and serrated pathway criteria. The schematic highlights high-risk lesion categories that inform
surveillance intensity and clinical management decisions. Adapted from Sadowski et al. [78].
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By translating guideline-defined criteria into a structured endoscopic framework, this
approach facilitates reproducible identification of high-risk preneoplastic lesions at the
time of colonoscopy. The integration of lesion number, size, serrated pathway features,
and histological risk markers supports consistent risk categorization across diverse clinical
settings. Such standardized lesion stratification provides a practical basis for individu-
alized surveillance planning and creates a direct link between endoscopic findings and
downstream preventive strategies.

5.4. Iron Metabolism as a Target for Personalized Prevention Strategies

Recent translational reviews describe altered iron homeostasis as a recurring feature
across colorectal carcinogenesis and emphasize its potential relevance for individualized
risk assessment rather than as a standalone preventive intervention [79].

From a prevention standpoint, contemporary evidence syntheses highlight that the
relationship between iron and CRC risk is complex and not sufficiently consistent to justify
iron-targeted chemoprevention [79-81]. Reviews note that higher dietary exposure to heme
iron (typically from red/processed meat) has been linked to increased CRC risk in multiple
lines of evidence, but findings vary by population, exposure assessment, and outcome
definitions; recent cohort analyses also illustrate that associations with heme /nitrosyl-heme
may be modest or non-significant in some settings [80]. Therefore, the defensible “pre-
vention” implication at present is not active iron modulation, but cautious risk-avoidance
principles within broader dietary prevention guidance (e.g., avoiding excessive processed
meat intake), rather than prescribing iron restriction.

Importantly, the current literature does not support routine iron supplementation or
iron-modulating agents as strategies to prevent colorectal neoplasia in unselected indi-
viduals. Recent reviews instead emphasize that iron interventions are primarily clinical
(e.g., treating iron deficiency anemia) and should be individualized, while prevention-
oriented applications remain investigational and require prospective validation [74,79,81].
Accordingly, iron metabolism should be presented as a translational avenue for refin-
ing personalized prevention hypotheses, potentially informing lifestyle counseling and
risk-contextual decision-making, rather than as an evidence-based preventive target.

6. Future Perspectives

Growing evidence indicates that iron metabolism plays a multifaceted role in CRC, ex-
tending beyond systemic iron homeostasis to influence the TME, immune regulation, oxidative
stress, and ferroptosis susceptibility. However, despite considerable advances in understanding
these mechanisms, their translation into routine clinical practice remains limited.

Future research should prioritize prospective multicenter studies integrating systemic,
tissue, and spatial biomarkers of iron metabolism with molecular tumor characteristics,
including microsatellite status, consensus molecular subtypes, and tumor sidedness. The
development of standardized analytical methods and clinically validated cutoff values for
iron-related biomarkers, particularly ferritin, hepcidin, sTfR and tissue iron markers, will
be essential to improve their diagnostic and prognostic utility.

Advances in spatial transcriptomics, single-cell sequencing, and artificial intelligence-
assisted pathology offer new opportunities to characterize iron metabolism within the
colorectal TME at unprecedented resolution. These approaches may facilitate the identifica-
tion of patient subgroups most likely to benefit from iron-targeted therapeutic strategies.

Finally, future clinical trials should evaluate not only the efficacy of iron supplemen-
tation for correcting iron deficiency but also its long-term effects on the TME, immune
responses, microbiota composition, and oncologic outcomes. A more comprehensive un-
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derstanding of iron biology may ultimately support the development of personalized
therapeutic approaches integrating iron metabolism into precision oncology for CRC.

7. Conclusions

This review highlights that iron dysregulation is a consistent feature across the col-
orectal neoplasia continuum and has meaningful clinical implications. Alterations in iron
metabolism are detectable from the stage of adenomas and become more pronounced with
tumor progression, supporting a role for iron in both early tumorigenesis and advanced
disease biology. A characteristic finding is the coexistence of systemic iron deficiency with
intratumoral iron accumulation, driven largely by inflammation-mediated dysregulation
of the hepcidin—ferroportin axis.

A broad range of iron-related biomarkers has been investigated. Systemic markers
such as serum iron, ferritin, TSAT, and sTfR reflect iron availability but are variably influ-
enced by inflammation. TSAT and sTfR appear more reliable for identifying functional iron
deficiency, whereas ferritin requires cautious interpretation. At the tissue level, overexpres-
sion of TfR1, impaired ferroportin function, STEAP4 upregulation, and intratumoral iron
deposition collectively indicate increased iron retention and metabolic adaptation within
tumor cells. In parallel, oxidative stress (e.g., PCO) and inflammatory markers (CRP, IL-6)
further characterize the iron-inflammation axis in CRC.

Clinically, iron status is associated with tumor aggressiveness and outcomes. Iron
deficiency correlates with advanced stage, poorer differentiation, reduced response to
neoadjuvant therapy, and delayed postoperative recovery, while markers of iron excess
are also linked to worse survival, suggesting a U-shaped prognostic relationship. In
preneoplastic disease, TSAT has shown potential associations with adenoma risk, although
its screening utility remains limited.

From a management perspective, iron supplementation remains essential in confirmed
iron deficiency anemia, particularly perioperatively, but should be individualized. In FID
or non-anemic patients, indiscriminate supplementation may be ineffective or potentially
harmful due to effects on oxidative stress and the TME.

Overall, iron-related biomarkers offer complementary diagnostic and prognostic value,
especially when integrated with clinical, endoscopic, and histological data. However, their
routine implementation is limited by assay variability, lack of standardized thresholds,
and insufficient prospective validation. Future research should focus on multimarker
approaches and clinically applicable algorithms to better define the role of iron metabolism
in risk stratification and personalized management of CRC.
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Abbreviations

The following abbreviations are used in this manuscript:

AID absolute iron deficiency

Argl arginase 1

CEA carcinoembryonic antigen

CIMP CpG island methylator phenotype
CIN chromosomal instability

CRC colorectal cancer

CRP C-reactive protein

DMT1 divalent metal transporter 1

DNA deoxyribonucleic acid

Fe?* ferrous iron

Fe3* ferric iron

FID functional iron deficiency

FIT fecal immunochemical test

IL-6 interleukin-6

MSI microsatellite instability
NHANES National Health and Nutrition Examination Survey
NTBI non-transferrin-bound iron

PCO protein carbonyls

ROS reactive oxygen species

sTfR soluble transferrin receptor
STEAP4 six-transmembrane epithelial antigen of prostate 4
TAMs tumor-associated macrophages
TfR1 transferrin receptor 1

TME tumor microenvironment

TSAT transferrin saturation

Yml chitinase-like protein Ym1
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