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ABSTRACT

Introduction. HO-1 is a stress-responsive enzyme involved in cellular protection against oxidative damage,
inflammation, and tissue injury. However, in cancer, its cytoprotective functions may paradoxically support
cancer progression, immune evasion, and therapy resistance.

Material and methods. This review explores current findings on HO-1's dual role in cancer biology. We ana-
lysed studies addressing its function in redox regulation, angiogenesis, immune modulation, iron metabo-
lism, and its impact on treatment response. Particular focus was placed on HO-1's downstream metabolites
(CO, biliverdin/bilirubin, and iron) and their influence on tumour development.

Results. HO-1 contributes to cellular defence by limiting reactive oxygen species and supporting DNA repair.
However, its overexpression in tumours promotes survival signalling, angiogenesis (via VEGF and HIF-1a),
metabolic reprogramming, and resistance to apoptosis and chemotherapy. Additionally, HO-1 regulates fer-
roptosis by modulating intracellular iron and lipid peroxidation. The Nrf2/HO-1 axis is frequently upregulated
in tumours, enhancing antioxidant capacity and undermining therapeutic efficacy. Preclinical studies show
that HO-1 inhibition—via gene silencing, small molecules, or combination with chemotherapy and photody-
namic therapy—can restore treatment sensitivity and suppress tumour growth.

Conclusions. HO-1 plays a context-dependent, dual role in cancer as both a protector and promoter. Thera-
peutic targeting of HO-1 holds promise but requires precision to avoid disrupting its protective roles in nor-
mal tissues. Further research should aim to develop selective, tumour-specific HO-1 inhibitors and integrate
them into combination treatment strategies.

Biological Role of HO-1 tissue injury, playing a multifaceted cytoprotec-

tive role in various physiological and pathologi-
Cytoprotective Role of HO-1 cal contexts. HO-1 is an inducible enzyme that
HO-1 is a key component of the endogenous cel- catalyses the first and rate-limiting step in heme
lular defence system against oxidative stress and degradation, producing biliverdin, free iron, and
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CO. Each of these products contributes to cel-
lular homeostasis and protection. Biliverdin is
rapidly converted into bilirubin, one of the most
potent endogenous antioxidants, which neutra-
lises ROS and prevents lipid peroxidation [1]. CO,
despite its known toxicity at high levels, functions
as a signalling molecule at physiological concen-
trations, inhibiting excessive inflammation and
apoptosis via modulation of the mitogen-activat-
ed protein kinase (MAPK) and NF-kB pathways
[1,2]. The free iron released during heme break-
down induces ferritin expression, thereby limit-
ing Fenton reaction-mediated oxidative damage
[3]. HO-1 expression is upregulated in response
to diverse stressors, including hypoxia, pro-in-
flammatory cytokines, heavy metals, and UV
radiation. Experimental models have demon-
strated that elevated HO-1 levels protect tissues,
including the liver, heart, kidneys, lungs, and cen-
tral nervous system, from ischaemia-reperfusion
injury, toxins, and inflammation [2]. In vivo, HO-1
overexpression reduces necrosis and apoptosis,
limits leukocyte infiltration, and promotes tissue
repair. HO-1 also modulates immune respons-
es by influencing the function of T lymphocytes
and macrophages, thereby fostering a tolero-
genic immune profile and supporting regenera-
tion mechanisms relevant to inflammatory dis-
eases and transplant tolerance. Therefore, this
effect is highly context-dependent; in specific
cancer types, persistent HO-1 overexpression
may paradoxically promote tumour cell survival
and therapy resistance by enhancing antioxidant
defences and inhibiting apoptosis [3]. Impor-
tantly, maintaining a balance in HO-1 activity is
crucial, as chronic, uncontrolled overexpression
of this enzyme has been observed in some can-
cers, where it enhances cancer cell survival and
treatment resistance, posing a challenge for the
development of targeted therapies [4].

In summary, HO-1 functions as a central cyto-
protective mechanism by orchestrating anti-
oxidant defence, immune modulation, and iron
homeostasis. Its diverse biological effects make
it a promising therapeutic target in conditions
such as ischaemia-reperfusion injury, autoim-
mune disease, neurodegeneration, and cardio-
vascular pathology, while also demanding cau-
tion due to its potential pro-tumorigenic role,
unlike earlier reviews published so far [5,6]. This
work highlights novel insights into HO-1 regu-
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lation by exosomes, its dual role in ferroptosis,
and its interplay with photodynamic therapy and
immunotherapy, providing an updated perspec-
tive on the therapeutic potential of HO-1.

Anti-inflammatory effects

HO-1 and its metabolic byproducts exert antioxi-
dant and anti-inflammatory effects by scavenging
reactive oxygen species and limiting lipid peroxida-
tion. Among its byproducts, carbon monoxide, gen-
erated during heme catabolism, acts as a signal-
ling molecule that inhibits key inflammatory path-
ways such as NF-kB. This leads to reduced expres-
sion of pro-inflammatory cytokines, including IL-6,
TNF-a, and IL-1B. A notable example of HO-1's
anti-inflammatory relevance is andrographolide,
a plant-derived compound that ameliorates ulcer-
ative colitis by activating the Nrf2 (nuclear factor
erythroid 2-related factor 2)/HO-1 pathway. Acti-
vation of Nrf2 leads to upregulation of HO-1, reduc-
tion of oxidative stress, and suppression of inflam-
matory cytokines, including IL-23, IL-17, and TNF-a.
Andrographolide also restores levels of major anti-
oxidant defence players like glutathione and super-
oxide dismutase. These effects are likely mediated
through Nrf2 activation, rather than direct upreg-
ulation of antioxidant genes. These effects are
reversed by the Nrf2 inhibitor ML385, confirming
the central role of the Nrf2/HO-1 axis in mediating
its protective action [7].

CO itself significantly contributes to immune
modulation. Both endogenous CO production
and pharmacological HO-1 induction suppress
inflammatory cytokines (e.g., TNF-q, IL-17), while
simultaneously increasing anti-inflammato-
ry mediators, among which are IL-10 and IL-22
in colonic tissue. Inhibition of HO-1 attenuates
these effects, highlighting CO's immunoregulato-
ry potential [8]. Overall, HO-1 and its byproducts,
such as CO, demonstrate potent anti-inflamma-
tory and antioxidant actions by modulating key
signalling pathways and cytokine production.
This underscores its therapeutic relevance in
inflammatory diseases and tissue protection.

Vascular regulation

HO-1 plays a critical role in regulating vascular
dynamics within the tumour microenvironment,
particularly in angiogenesis and vascular remod-
elling. As part of the cellular antioxidant defence
system, HO-1 expression is strongly upregulated



under oxidative and inflammatory conditions,
frequently observed in tumours. One of the key
mechanisms involves the upregulation of vas-
cular endothelial growth factor (VEGF) through
interaction with the HIF-1a pathway under hypox-
ia. This promotes neovascularisation, facilitat-
ing tumour growth and nutrient supply. However,
under specific contexts, excessive HO-1 expres-
sion can paradoxically suppress VEGF signalling,
reflecting its context-dependent role in regulating
the vascular system. HO-1-derived carbon mon-
oxide promotes endothelial cell survival by inhib-
iting apoptosis through the NF-kB and MAPK
pathways, while also downregulating adhesion
molecules, including intercellular adhesion mol-
ecule 1 and vascular cell adhesion molecule 1.
This dampens immune cell infiltration, creating
an immunosuppressive microenvironment con-
ducive to cancer progression [4].

Exosome-mediated signalling has emerged
as another layer of HO-1. Tumour-derived exo-
somes can carry regulatory molecules such as
microRNAs, long non-coding RNAs, and proteins
that influence HO-1 expression and downstream
signalling in recipient stromal and endothelial
cell regulation. In prostate cancer, tumour-de-
rived exosomes enriched with regulatory RNAs
activate HO-1 pathways in neighbouring stromal
or endothelial cells, promoting angiogenesis and
resistance to anti-androgen therapy [9]. These
findings highlight the importance of intercellu-
lar communication in reinforcing HO-1-mediated
tumour adaptations. In line with these findings,
HO-1 has been shown to modulate endothelial
cell proliferation, migration, and tube formation,
primarily through VEGF and activation of tran-
scription factors such as NF-kB and Nrf2. While
inhibition of HO-1 can effectively reduce angio-
genesis and tumour growth in some settings, it
may also impair endothelial integrity or increase
oxidative stress in others.

Nevertheless, systemic HO-1 inhibition may
impair endothelial function in normal tissues,
increase oxidative stress, and compromise vas-
cular perfusion, necessitating careful therapeutic
targeting. Therefore, any therapeutic strategy tar-
geting HO-1 must carefully consider the tumour
type, vascular context, and potential systemic
side effects [4].

Interestingly, cannabinoids, for example, can-
nabidiol (CBD), modulate vascular smooth muscle

cell behaviour through HO-1 induction via ROS-de-
pendent mechanisms. While HO-1 contributes to
cytoprotection, CBD's antiproliferative and anti-
migratory effects appear to be both receptor-de-
pendent and -independent. Notably, inhibition of
HO-1 enhances the antiproliferative action of CBD,
suggesting a complex interplay between ROS sig-
nalling and vascular regulation [10].

Finally, HO-1 metabolites—CO and bilirubin—
contribute directly to vascular homeostasis. CO
stimulates VEGF expression and endothelial pro-
liferation. At the same time, bilirubin, with potent
antioxidant activity, protects vascular structures
and limits leukocyte adhesion and migration[11]. In
summary, HO-1 plays a pivotal, highly context-de-
pendent role in shaping tumour vasculature. It
supports angiogenesis, preserves endothelial
cell integrity, and contributes to immune evasion.
This dual functionality makes HO-1 both a poten-
tial therapeutic ally and a risk factor, underscoring
the need for precise, tumour-specific modulation
in anticancer strategies.

Iron homeostasis

HO-1 is a key regulator of iron homeostasis, par-
ticularly within the tumour microenvironment,
where it catalyses the degradation of heme into
biliverdin, carbon monoxide, and free iron. This
process not only supports cellular antioxidant
defence but also influences several metabol-
ic pathways linked to cancer progression and
therapy response. By breaking down heme, HO-1
facilitates iron recycling within tissues. Although
essential for local iron turnover, HO-1 is not the
primary contributor to systemic iron needed for
haematopoiesis. In HO-1 knockout mouse mod-
els, iron abnormally accumulates in the liver and
kidneys while circulating levels decrease, leading
to impaired systemic iron regulation [12]. Under
normal conditions, intracellular iron is either
exported via ferroportin or safely stored in ferritin.
However, excessive HO-1 activity increases intra-
cellular free iron, which can overwhelm detoxifi-
cation systems and lead to reactive oxygen spe-
cies production via Fenton reactions, ultimately
driving lipid peroxidation and DNA damage. While
HO-1 generally protects tumour cells from oxi-
dative injury, under certain stress conditions, for
instance, impaired ferritin buffering or increased
ROS, excess iron can trigger ferroptosis, a form
of regulated, iron-dependent cell death. Ferrop-
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tosis is triggered by iron accumulation but also
depends on the presence of polyunsaturated fat-
ty acids (PUFAs) in membranes and the depletion
of protective systems, such as glutathione or the
glutathione peroxidase 4 enzyme [5]. This paradox
highlights HO-1's dual role: promoting survival in
early tumorigenesis by supporting redox homeo-
stasis, yet potentially inducing cell death when
iron accumulation exceeds protective thresholds.
Notably, HO-1 is part of a broader antioxidant
network regulated by transcription factors, par-
ticularly Nrf2, which is often activated in cancer.
This activation frequently results from mutations
in genes such as Kelch-like ECH-associated pro-
tein 1 (KEAP1) or nuclear factor, erythroid 2-like
2, leading to constitutive Nrf2 signalling that
enhances antioxidant capacity and promotes the
survival of cancer cells. Through the Nrf2/HO-1
axis, cancer cells can adapt to oxidative stress,
enhance glutathione production, and resist che-
motherapy or radiotherapy. However, this same
system can be exploited therapeutically. Under
certain conditions, HO-1-driven increases in
intracellular iron may be redirected to promote
ferroptosis, offering a strategic vulnerability in
tumours resistant to conventional therapies [5].
In summary, HO-1 maintains a delicate bal-
ance between iron recycling and oxidative stress.
While it protects against iron-mediated dam-
age in normal physiology, its dysregulation in
tumours may contribute to both survival and sus-
ceptibility. Understanding this balance is critical
for leveraging HO-1 as a therapeutic target—ei-
ther by enhancing its protective role or tipping it
toward ferroptotic cell death in cancer therapy.

A dual role of HO-1 in cancer

HO-1 plays a complex and paradoxical role in
cancer, acting as both a tumour suppressor and
a promoter of cancer progression depending on
the stage of tumorigenesis and the cellular con-
text. This duality highlights the intricate interplay
between oxidative stress, cellular metabolism, and
survival mechanisms in cancer biology. This dual-
ity is also influenced by HO-1's subcellular locali-
sation (cytosolic vs mitochondrial vs nuclear),
stage-specific expression, and interactions with
microenvironmental stressors such as hypoxia,
inflammation, and immune cell activity [13].
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HO-1 as a tumour suppressor

While HO-1 is often associated with cancer pro-
gression due to its antioxidant and cytoprotective
functions, emerging evidence suggests that it can
also exert tumour-suppressive effects, particu-
larly in early stages of carcinogenesis. A key reg-
ulatory mechanism involves TRC8, an endoplas-
mic reticulum-associated E3 ubiquitin ligase with
tumour-suppressive function. TRC8 targets HO-1
for ubiquitination and proteasomal degradation,
limiting its accumulation and oncogenic potential.
Loss of TRC8 leads to elevated HO-1 levels, which
in turn enhance tumour cell proliferation, migra-
tion, and invasion. Conversely, reduced HO-1
expression is associated with increased oxidative
stress, G2/M cell cycle arrest, and activation of
DNA damage checkpoints—highlighting its role in
redox homeostasis and genome surveillance [14].
These tumour-suppressive properties of HO-1
appear particularly relevant in the early phases
of tumorigenesis, when genomic instability and
oxidative damage are major drivers of malig-
nant transformation. In addition, HO-1 and its
metabolic product carbon monoxide contribute
to genomic stability by mitigating ROS-induced
damage and supporting DNA repair mechanisms.
HO-1 has been shown to facilitate the activation
of key DNA repair kinases such as ATM and ATR,
which are essential for homologous recombina-
tion and non-homologous end joining. CO fur-
ther enhances this protective effect by promoting
efficient DNA repair, thereby reducing the accu-
mulation of mutations that could drive malig-
nant transformation or premature cellular senes-
cence. Significantly, HO-1 and CO may modulate
apoptotic responses to DNA damage, allowing
time for repair before irreversible cell death is ini-
tiated [15]. Collectively, these findings suggest
that HO-1 can function as a tumour suppressor
by maintaining oxidative balance, promoting DNA
integrity, and regulating cell cycle progression.
Its interaction with tumour-suppressive regula-
tors such as TRC8 underscores the relevance of
post-translational control in limiting early tumour
development.

HO-1 as a tumour promoter

Despite its well-established cytoprotective and
anti-inflammatory functions, HO-1 is frequent-
ly overexpressed in various malignancies and is
now widely recognised as a key pro-tumorigen-



ic factor. Emerging evidence demonstrates that
HO-1 promotes cancer progression by shaping
a microenvironment that favours immune eva-
sion, metabolic adaptation, angiogenesis, metas-
tasis, and resistance to therapy [5]. HO-1 facili-
tates cancer cell survival and proliferation pri-
marily by modulating redox homeostasis and pre-
serving mitochondrial integrity under stress. Its
enzymatic degradation of heme produces biliver-
din, bilirubin, CO, and ferrous iron—each of which
contributes to tumorigenesis. Biliverdin and its
reduced form, bilirubin, act as potent antioxidants
that scavenge ROS, shielding tumour cells from
oxidative damage and apoptosis [5]. CO, in turn,
activates pro-survival pathways, including the
MAPK cascade and phosphoinositide 3-kinase/
protein kinase B (PI3K/Akt) signalling, while pro-
moting angiogenesis via soluble guanylate cycla-
se/cyclic guanosine monophosphate and VEGF
pathways and supporting anti-apoptotic gene
expression [4]. Beyond redox control, HO-1 repro-
grams iron metabolism in tumour cells. The enzy-
matic release of free iron from heme degradation
increases intracellular Fe** levels, which can ini-
tially be sequestered by ferritin, serving an antioxi-
dant buffering function. However, when iron accu-
mulation exceeds cellular capacity, redox-active
iron promotes the Fenton reaction, leading to ROS
generation, DNA damage, genomic instability, and
potentially oncogenic transformation [5]. HO-1
further contributes to immune evasion by regulat-
ing macrophage polarisation, suppressing den-
dritic cell maturation, and enhancing the activity
of regulatory T cells. Its metabolic byproducts,
CO and bilirubin, inhibit the expression of pro-in-
flammatory cytokines (e.g., IL-12, TNF-a) and pro-
mote the production of anti-inflammatory media-
tors such as IL-10 and TGF-B, thereby dampening
effective immune surveillance [5]. Moreover, HO-1
has been shown to facilitate epithelial-to-mesen-
chymal transition, a critical mechanism underly-
ing tumour invasion and metastasis, particularly
in breast and prostate cancer models [13]. HO-1
also plays a pivotal role in the metabolic repro-
gramming of cancer cells. It induces glucose-
6-phosphate dehydrogenase, the rate-limiting
enzyme of the PPP, enhancing NADPH production
and supporting glutathione regeneration. This
shift not only strengthens antioxidant defenc-
es but also facilitates anabolic biosynthesis and
tumour survival under metabolic stress.

Additionally, activation of the CO/cystathio-
nine B-synthase pathway by HO-1 decreases
6-phosphofructo-2-kinase/fructose-2,6-bispho-
sphatase isoform 3 methylation, further diverting
glucose flux into the PPP to sustain redox bal-
ance and proliferation, even under hypoxia [16].
The enzyme's contribution to therapy resistance
is well documented. Overexpression of HO-1 in
tumour cells confers protection against chemo-
therapy and radiotherapy by mitigating treat-
ment-induced oxidative stress. This protection
is mediated through Nrf2-dependent antioxidant
responses, the upregulation of cyclin-depen-
dent kinase inhibitor 1, and the suppression of
caspase-3 activation [17,18]. Conversely, phar-
macological or genetic inhibition of HO-1 has
been shown to sensitise tumour cells to chemo-
therapeutic agents such as doxorubicin, cispla-
tin, and paclitaxel [13]. An especially intriguing
aspect of HO-1 biology is its subcellular locali-
sation. In some tumour types, notably prostate
cancer, HO-1 is aberrantly translocated to the
nucleus, where it loses its enzymatic activity but
gains non-canonical regulatory functions. Nucle-
ar HO-1 is associated with increased prolifera-
tion, resistance to apoptosis, enhanced oxidative
metabolism, and recurrence, particularly under
hypoxic conditions [13]. While CO may paradoxi-
cally sensitise tumour cells to genotoxic agents
by increasing oxidative stress, HO-1 simultane-
ously protects surrounding healthy tissues from
damage, highlighting the enzyme's context-de-
pendent duality [19]. Altogether, these findings
highlight the complexity of HO-1 as a potential
tumour promoter. Its ability to modulate redox
balance, immune function, metabolism, and ther-
apeutic response makes it a compelling but chal-
lenging target in cancer therapy. Depending on the
tumour type, cellular context, and disease stage,
HO-1 may shift from a protective enzyme to an
oncogenic driver, underscoring the importance of
tumour-specific context when evaluating its role.
Indeed, while some research groups emphasise
the protective functions of HO-1 in preventing
oxidative damage, maintaining genomic stability,
and limiting early tumour initiation, others con-
sistently report that its persistent overexpression
promotes angiogenesis, immune evasion, and
therapy resistance. This divergence reflects the
highly context-dependent nature of HO-1 biology.
In our view, the preponderance of recent evidence
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indicates that in advanced malignancies, HO-1
functions predominantly as a tumour promoter.
In contrast, its protective role appears more rel-
evant in normal tissues and at the earliest stages
of carcinogenesis.

Role of HO-1 in angiogenesis and Nrf2
pathway activation

HO-1 expression is strongly induced under
hypoxic conditions, where it stabilises hypox-
ia-inducible factors (HIF-1a and HIF-2a), leading
to upregulation of angiogenic mediators such as
VEGF and COX-2. This promotes neovasculari-
sation, fuelling tumour growth and metastasis.
In contrast, under normoxia, HO-1 overexpres-
sion has a limited impact on angiogenesis, high-
lighting the importance of oxygen tension in its
pro-angiogenic effects. Pharmacological inhibi-
tion of HO-1—for example, with ZnPP—has been
shown to reduce VEGF levels and microvessel
density both in vitro and in vivo, confirming its
functional relevance [20,21]. The Nrf2/HO-1 axis,
a key regulator of oxidative stress responses,
also plays a central role in tumour angiogenesis.
In hypoxia, Nrf2 activation leads to increased
HO-1 expression and enhanced VEGF production.
Compounds such as dextran sulphate and bru-
satol, which inhibit Nrf2, effectively suppress the
expression of HO-1 and VEGF in gastric cancer
models, thereby reducing their angiogenic poten-
tial. Conversely, tert-butylhydroquinone, a known
Nrf2 activator, promotes angiogenesis—an effect
that can be reversed by dextran sulphate [22].
These findings suggest that modulating Nrf2 sig-
nalling can significantly impact tumour vascular-
isation. Huang and coworkers [23] further dem-
onstrated that hypoxia-induced Nrf2 activation
increases HO-1 and VEGF levels, with CO serving
as an intermediary pro-angiogenic signal. Anal-
ysis of tumour tissues revealed that Nrf2, HO-1,
and VEGF expression positively correlate with
microvessel density and tumour grade. The Can-
cer Genome Atlas datasets support these obser-
vations, showing co-expression of these genes in
more aggressive cancers. Although Nrf2 is essen-
tial for maintaining redox homeostasis under
physiological conditions, its persistent activa-
tion in tumours provides cancer cells with a sur-
vival advantage, enhancing resistance to chemo-
therapy and facilitating metastasis [24]. HO-1, as
a downstream effector of Nrf2, contributes to this
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adaptation by inhibiting apoptosis and induc-
ing cytoprotective autophagy. Pharmacological
HO-1 inhibitors, such as ZnPP and SnPP, as well
as gene-silencing strategies, have been shown to
restore treatment sensitivity; however, their use is
limited by potential off-target effects and the loss
of HO-1's protective role in normal tissues [25]. In
conclusion, the Nrf2/HO-1 signalling axis is a key
driver of tumour angiogenesis under hypoxic
stress, promoting vascular remodelling, immune
evasion, and therapy resistance. Although tar-
geting this pathway holds significant therapeutic
promise, successful intervention will require con-
text-specific approaches that minimise harm to
normal cells while disrupting tumour-supportive
angiogenesis.

Therapeutic implications of targeting HO-1
Given its dual role in cancer biology, HO-1 repre-
sents both a therapeutic target and a clinical chal-
lenge. Overexpression of HO-1 has been observed
in various tumour types, where it contributes to
proliferation, invasion, and metastasis via key
oncogenic pathways, including MAPK/ERK and
p38 signalling. Pharmacological inhibition of HO-1
reduces oxidative stress, lowers protein carbony-
lation, and suppresses tumour growth in vitro and
in vivo. For example, the small-molecule inhibitor
2-[2-(4-bromophenyl)ethyl]-2-[(1H-imidazol-1-yl)
methyl]-1,3-dioxolane hydrochloride has demon-
strated significant anticancer activity and syner-
gised with chemotherapy agents such as Taxol,
enhancing tumour regression and reducing meta-
static spread [26]. However, targeting HO-1 is com-
plicated by its essential cytoprotective functions
in healthy tissues. Systemic inhibition may disrupt
antioxidant defence, provoke toxicity, and interfere
with physiological immune regulation. Moreover,
tumours may activate compensatory survival path-
ways when HO-1 is suppressed, limiting therapeu-
tic effectiveness. An additional layer of complex-
ity arises in cancers influenced by hormonal sig-
nalling, such as prostate cancer, where androgen
deprivation has been associated with increased
HO-1 expression, potentially undermining thera-
peutic response [26,27]. Gene-silencing strategies,
such as small interfering RNA or short hairpin RNA,
offer more specific approaches but often suffer
from incomplete inhibition, off-target effects, and
delivery challenges—especially when targeting
tumour tissue while sparing vital organs like the



liver and kidneys. Despite these limitations, HO-1
inhibition remains a promising approach, particu-
larly when combined with standard therapies, such
as chemotherapy, radiotherapy, or immunotherapy.
Preclinical studies have consistently shown that
disrupting HO-1 signalling can restore chemosen-
sitivity, enhance oxidative damage in tumour cells,
and improve treatment outcomes [18,28,29].

In summary, effective targeting of HO-1 requires
a context-specific and selective approach—one
that suppresses its tumour-promoting activ-
ity while preserving protective functions in nor-
mal tissues. Future therapeutic strategies should
aim to develop tumour-specific delivery systems,
identify predictive biomarkers of HO-1 depen-
dence, and explore rational combination thera-
pies. Optimising HO-1 modulation could signifi-
cantly improve therapeutic efficacy and expand
the arsenal of targeted cancer treatments.

HO-1 inhibitors: mechanisms
and therapeutic potential

Direct enzymatic inhibition

HO-1 inhibitors mainly block the catalytic activ-
ity of the enzyme, which involves the breakdown
of heme to CO, biliverdin, and free iron. These
inhibitors often act through competitive mecha-
nisms, binding to the enzyme's active site and
preventing heme interaction. Metalloporphy-
rins, for example, mimic the heme structure and
bind to the catalytic domain of HO-1. By compet-
ing with heme, these inhibitors block enzymatic
activity, leading to an accumulation of free heme,
which acts as a pro-oxidant, inducing oxidative
stress and apoptosis, especially in cancer cells.
A critical structural feature for HO-1 inhibition is
the presence of an azole nucleus (such as imida-
zole) that coordinates with the iron atom in the
enzyme's active site. The therapeutic potential
of these inhibitors lies in their ability to reverse
HO-1's anti-apoptotic and pro-angiogenic effects,
thereby reducing tumour proliferation, enhancing
chemotherapy efficacy, and increasing oxidative
stress within tumour cells [30]. It must, there-
fore, always be considered that direct enzymat-
ic inhibitors competitively block HO-1's catalytic
function, elevate intracellular heme, and promote
pro-oxidant conditions that sensitise cancer cells
to apoptosis and therapy.

Impact on downstream products of HO-1
Pharmacological inhibition of HO-1, such as
with ZnPPIX or PEG-ZnPPIX, elevates oxidative
stress and reduces angiogenesis by decreasing
its downstream products. Bilirubin protects cells
from oxidative damage, while CO, a key signal-
ling molecule, contributes to tumour growth and
treatment resistance by activating anti-apoptotic
pathways and promoting angiogenesis. Addition-
ally, free iron from heme breakdown can cause
cytotoxicity via ROS formation if it accumulates
excessively; however, cancer cells often upregu-
late iron regulation mechanisms to counteract
this. HO-1 inhibition disrupts this balance, lead-
ing to increased oxidative stress and iron-medi-
ated damage in cancer cells [6]. Blocking HO-1
-derived metabolites removes cytoprotective
effects, weakens tumour antioxidant defences,
and enhances oxidative stress and cytotoxicity.

Iron dysregulation and oxidative stress

HO-1 inhibition also targets tumour survival by
disrupting iron homeostasis. Hyperactive HO-1
increases Fe” release from excessive heme deg-
radation, producing hydroxyl radicals through the
Fenton reaction and elevating iron-dependent oxi-
dative stress. Tumours counteract this by increas-
ing ferritin expression and activating survival
pathways such as the Nrf2-Keap1 axis, protecting
against ferroptosis. HO-1 inhibitors like ZnPPIX
and SnPPIX can suppress the Nrf2-HO-1-FTH1
(FTH1 - ferritin heavy chain 1) pathway, increasing
free iron and triggering lipid peroxidation and fer-
roptosis. Inhibition of HO-1 also upregulates trans-
ferrin receptor 1 (TFR1) and increases iron uptake,
exacerbating iron dyshomeostasis and promoting
cell death. Combining HO-1 suppression with fer-
roptosis-inducing drugs like Ras-selective lethal
3 MQC and Iristin further enhances therapeutic
effects [31-34]. Targeting HO-1 disrupts iron regu-
lation, triggers ferroptosis, and amplifies oxidative
stress to overcome tumour resistance.

Future therapeutic directions
and clinical perspectives

Inhibition of tumour growth and
angiogenesis

HO-1 promotes tumour cell survival by support-
ing angiogenesis and counteracting oxidative
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stress. Carbon monoxide, a product of heme deg-
radation by HO-1, activates pro-survival path-
ways including the MAPK cascade and soluble
guanylyl cyclase, facilitating proliferation and
vascularisation. Concurrently, biliverdin and bili-
rubin function as potent antioxidants, scaveng-
ing reactive oxygen species that would other-
wise impair tumour cell viability. Pharmacologi-
cal or genetic inhibition of HO-1 disrupts these
cytoprotective mechanisms, leading to reduced
tumour cell proliferation, increased apoptosis,
and suppression of angiogenic signalling. Stud-
ies have shown that HO-1 inhibition decreases
cell viability in breast, melanoma, and pancreatic
cancer models and can potentiate the efficacy of
conventional chemotherapeutics such as pacli-
taxel or cisplatin [30,35]. Thus, HO-1 represents
a promising target for impairing tumour vascular
support and enhancing therapeutic responses.

Overcoming chemoresistance

HO-1 overexpression is frequently associated
with resistance to chemotherapy, as tumour cells
exploit its antioxidant and cytoprotective func-
tions to withstand treatment-induced oxidative
stress. Inhibiting HO-1 depletes intracellular anti-
oxidant reserves, thereby resensitising tumour
cells to chemotherapeutic agents. Combination
therapies involving HO-1 inhibitors and cytotoxic
drugs such as cisplatin or doxorubicin have been
shown to enhance apoptosis and reduce tumour
viability [6]. In breast carcinoma cell lines, HO-1
upregulation is linked to increased autophagy,
which contributes to drug resistance. Silenc-
ing HO-1 expression or targeting upstream sig-
nalling pathways, such as PI3K/Akt, can inhibit
autophagy and restore chemosensitivity [36].
Similar effects are reported in brain tumours,
neuroblastoma, pancreatic ductal adenocarci-
noma, and gastric cancer, where HO-1 inhibition
enhances apoptosis, reduces immunosuppres-
sion, and improves prognosis [37-40]. Suppress-
ing HO-1 disrupts tumour cell defence mecha-
nisms, reverses chemoresistance, and enhances
the cytotoxicity of anticancer drugs.

Inducing apoptosis in cancer cells

Inhibition of HO-1 promotes apoptosis through
multiple mechanisms, including the accumulation
of free heme, induction of oxidative stress, cas-
pase activation, and mitochondrial dysfunction.
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HO-1 typically supports mitochondrial quality
control and redox balance; however, its suppres-
sion compromises mitochondrial integrity, mak-
ing tumour cells more susceptible to stress-in-
duced apoptosis [25]. While HO-1 also influences
mitochondrial quality control by regulating oxi-
dative stress, its suppression can increase mito-
chondrial damage in tumour cells, compromis-
ing their survival under stress [41]. Interestingly,
HO-1's dual role means that its inhibition can
either prevent antioxidant protection or induce
ferroptosis by increasing lipid peroxidation.

Indeed, HO-1 has emerged as a critical regula-
tor of ferroptosis—a distinct, iron-dependent form
of programmed cell death marked by lipid peroxi-
dation. The enzymatic activity of HO-1 breaks
down heme into free ferrous iron (Fe?), biliver-
din, and carbon monoxide. Elevated intracellu-
lar iron levels can catalyse the Fenton reaction,
enhancing ROS production and triggering lipid
peroxidation, which are hallmarks of ferropto-
sis. Activation of HO-1 (e.g., via haemin or carbon
monoxide-releasing molecules) sensitises can-
cer cells to ferroptosis inducers such as erastin.
In contrast, pharmacological inhibition of HO-1
(e.g., with ZnPP) reduces ferroptotic cell death,
suggesting a dose- and context-dependent role
of HO-1 in this pathway. While HO-1-derived biliv-
erdin and bilirubin serve as antioxidants that may
mitigate ferroptotic damage, excessive HO-1
activity can overwhelm redox buffering systems
and promote cell death. Moreover, the transcrip-
tional regulation of HO-1 by Nrf2 links oxidative
stress to ferroptosis: Nrf2 activation induces
HO-1 expression in response to redox imbal-
ance, which paradoxically can increase cellular
susceptibility to iron-driven lipid peroxidation in
cancer cells. The subcellular localisation of HO-1
further modulates its function—mitochondrial
HO-1 contributes to redox regulation and cellu-
lar adaptation to stress, whereas nuclear HO-1
is associated with aggressive tumour behaviour
and poor prognosis [13]. Thus, modulation of
HO-1 activity—whether to promote apoptosis via
mitochondrial damage or to induce ferroptosis
through iron overload—represents a potent ther-
apeutic avenue. Collectively, these mechanisms
demonstrate how HO-1 inhibition selectively
impairs tumour cell survival pathways, providing
an effective strategy for inducing programmed
cell death in cancer cells.



Combination with immunotherapy and PDT
Photodynamic therapy (PDT) relies on the gener-
ation of ROS to eliminate tumour cells. However,
HO-1 mitigates PDT-induced oxidative damage
by neutralising ROS and promoting survival sig-
nalling, thus reducing treatment efficacy. Inhibi-
tors such as ZnPPIX have been shown to sen-
sitise tumours to PDT by lowering the levels of
cytoprotective HO-1 metabolites [6,42]. Recent
advances in nanomedicine and combination
therapies aim to overcome this limitation. For
example, ZnPP@FQOS (a tumour microenviron-
ment-responsive organosilica hybrid nanofor-
mulation) enhances ROS production, downregu-
lates HO-1, and stimulates dendritic cell matu-
ration and cytotoxic T lymphocyte activation,
thereby augmenting both PDT and immunother-
apy effects [43]. Combining HO-1 inhibition with
PDT and immunotherapy sensitises tumours to
oxidative damage and enhances immune-medi-
ated tumour clearance.

In summary, therapeutic strategies target-
ing HO-1 can inhibit tumour growth, overcome
chemoresistance, induce apoptosis, and improve

the efficacy of adjunct therapies, including immu-
notherapy and PDT. However, the dual nature of
HO-1 necessitates a context-specific approach
that maximises antitumor effects while minimis-
ing potential harm to normal tissues. Ongoing
research into selective inhibitors and tumour-tar-
geted delivery systems will be critical for trans-
lating these insights into effective clinical inter-
ventions (see Table 1).

Divergent therapeutic perspectives on HO-1
Different groups have reached contrasting con-
clusions regarding the therapeutic targeting of
HO-1. While some suggest that HO-1 induction
may confer beneficial anti-inflammatory and
cytoprotective effects, others argue that inhi-
bition is necessary to overcome therapy resis-
tance and sensitise tumours to chemotherapy,
radiotherapy, or photodynamic therapy. Based on
the integration of recent preclinical evidence, we
consider selective HO-1 inhibition, particularly in
combination with other therapeutic modalities, to
be the more promising strategy in the oncologi-
cal setting.

Table 1. Dual role of HO-1: protective in normal cells vs. tumour-promoting in cancer cells.

Mechanism Role of HO-1 in Normal Cells Role of HO-1 in Cancer Cells

Redox homeostasis and ROS Maintains redox homeostasis and eliminates Neutralises ROS generated during

scavenging ROS, preventing oxidative DNA damage and chemotherapy/radiotherapy, reducing DNA
mutations that could lead to cancer. damage and enabling resistance.

DNA repair Activated in response to ROS to promote DNA ~ Enhances DNA repair after therapy-induced

repair and genome stability via pathways such  damage, contributing to chemoresistance and
as ATM/ATR and BRCAT. radioresistance.
Cytoprotective and Reduces oxidative stress and inflammation, Promotes tumour cell survival under stress,

anti-inflammatory functions

supports mitochondrial integrity, and

including drug-induced stress.

promotes cell survival.

Antioxidant heme metabolites

Biliverdin and bilirubin scavenge ROS;
CO mediates anti-inflammatory signalling and
cytoprotection.

CO signalling promotes cell survival, inhibits
apoptosis, and facilitates treatment
resistance.

Role of HO-1 in Cancer Cells only

Therapy resistance

Overexpression correlates with poor prognosis and therapy resistance; it increases after
exposure to therapy-induced ROS.

Autophagy regulation

Regulates autophagy via Beclin-1, p62, LC3B-I/Il, aiding in survival and resistance.

Anti-apoptotic effects

Increases anti-apoptotic proteins (e.g., Bcl-xL), suppresses apoptotic pathways (e.g.,

caspase-3), promotes survival in response to targeted drugs (e.qg., rapamycin, sorafenib).

Proliferation, angiogenesis,
metastasis

Subcellular localization

Supports mitochondrial biogenesis and metabolic adaptation; promotes angiogenesis via VEGF
and enhances metastasis.
Nuclear HO-1 is associated with malignancy and poor prognosis; mitochondrial HO-1 supports
metabolic flexibility and redox control.

ATM, ataxia telangiectasia mutated; ATR, ATM- and Rad3-related; BRCAT, breast cancer 1, early onset; Beclin-1, Bcl-2-interacting protein 1,
p62, sequestosome 1 (SQSTM1); LC3B-I/11, microtubule-associated protein 1 light chain 3 beta-I/Il; Bcl-xL, B-cell lymphoma-extra large;
caspase-3, cysteine-aspartic acid protease-3
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Conclusion

HO-1 is a paradoxical regulator in cancer biolo-
gy. It simultaneously exerts cytoprotective, anti-
oxidant, anti-apoptotic, and immunomodulatory
functions that can either safeguard tissues or
promote cancer progression. The long-standing
debate over whether HO-1 acts as a "“friend or
foe" in tumours has been discussed in previous
reviews [5,6]. Our synthesis builds upon this dis-
cussion by incorporating recent advances that
substantially refine this duality. In particular, we
highlight novel aspects such as the contribution
of HO-1 to ferroptosis, the impact of its subcel-
lular localisation (nuclear versus mitochondrial
HO-1) on tumour aggressiveness and therapy
response, and the regulation of HO-1 signalling
through tumour-derived exosomes. These mech-
anisms provide additional layers of complexity
not fully addressed in earlier literature and point
to emerging opportunities for therapeutic exploi-
tation.

Significantly, the interpretation of HO-1's role
depends heavily on tumour type, disease stage,
and microenvironmental context. While some
groups emphasise the protective effects of lim-
iting oxidative damage and maintaining genomic
stability, others demonstrate that persistent HO-1
overexpression promotes angiogenesis, immune
evasion, and therapy resistance. Based on the
weight of current evidence, we consider sus-
tained HO-1 activity in advanced malignancies to
be predominantly tumour-promoting. In contrast,
its physiological role in normal tissues and ear-
ly carcinogenesis remains protective. This con-
text-specific duality must therefore inform future
therapeutic strategies.

Looking ahead, several directions appear
particularly promising. First, selective inhibition
of HO-1 should be investigated as a means to
overcome drug resistance, enhance ferroptosis,
and improve the efficacy of chemotherapies and
radiotherapies. Second, combining HO-1 modu-
lation with photodynamic therapy and immuno-
therapy represents a timely avenue, supported by
recent nanomedicine-based approaches. Third,
understanding the non-canonical functions of
nuclear HO-1 and its role in metabolic repro-
gramming may open new therapeutic frontiers.
Finally, the identification of biomarkers predicting
tumour dependence on HO-1 could enable patient
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stratification and personalised interventions.
In summary, while the dual role of HO-1 has been
recognised for more than a decade, our review
distinguishes itself by highlighting cutting-edge
insights into ferroptosis, exosomal signalling,
subcellular localisation, and combined treatment
approaches. We conclude that selective and
context-specific inhibition of HO-1 in advanced
cancers holds the most significant translation-
al potential, whereas its activation may remain
advantageous in non-malignant pathologies.
Fully exploiting HO-1 as a therapeutic target will
require reconciling divergent observations. Still,
we believe that its integration into rational com-
bination strategies offers one of the most prom-
ising directions for the future of cancer therapy.

Glossary

HO-1, heme oxygenase-1; CO, carbon monoxide; ROS,
reactive oxygen species; Nrf2, nuclear factor eryth-
roid 2-related factor 2; HIF-1a, hypoxia-inducible fac-
tor 1-alpha; VEGF, vascular endothelial growth factor;
FTH1, ferritin heavy chain 1; ATM, ataxia telangiectasia
mutated; ATR, ataxia telangiectasia and Rad3-related;
PPP, pentose phosphate pathway; CLs, cytotoxic T
lymphocytes; DCs, dendritic cells; PD-L1, programmed
death-ligand 1; OB-24, 2-[2-(4-bromophenyl)ethyl]-2-
[(TH-imidazol-1-yl)methyl]-1,3-dioxolane  hydrochlo-
ride; ZnPP, zinc protoporphyrin IX; SnPP, tin protopor-
phyrin IX; PDT, photodynamic therapy; TNF-a, tumour
necrosis factor alpha; IL-10, interleukin-10; IL-6, inter-
leukin-6.
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