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Abstract: Central nervous system tumors are the most common pediatric solid tumors and account
for 20–25% of all childhood malignancies. Several lines of evidence suggest that brain tumors show
altered redox homeostasis that triggers the activation of various survival pathways, leading to disease
progression and chemoresistance. Among these pathways, heme oxygenase-1 (HO-1) plays an
important role. HO-1 catalyzes the enzymatic degradation of heme with the simultaneous release of
carbon monoxide (CO), ferrous iron (Fe2+), and biliverdin. The biological effects of HO-1 in tumor
cells have been shown to be cell-specific since, in some tumors, its upregulation promotes cell cycle
arrest and cellular death, whereas, in other neoplasms, it is associated with tumor survival and
progression. This review focuses on the role of HO-1 in central nervous system malignancies and
the possibility of exploiting such a target to improve the outcome of well-established therapeutic
regimens. Finally, several studies show that HO-1 overexpression is involved in the development
and resistance of brain tumors to chemotherapy and radiotherapy, suggesting the use of HO-1
as an innovative therapeutic target to overcome drug resistance. The following keywords were
used to search the literature related to this topic: nuclear factor erythroid 2 p45-related factor 2,
heme oxygenase, neuroblastoma, medulloblastoma, meningioma, astrocytoma, oligodendroglioma,
glioblastoma multiforme, and gliomas.
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1. Introduction

Malignancies of the central nervous system (CNS) include neoplasia developing in the brain,
spinal cord, and sellar region. Brain and other CNS tumors represent some of the most common human
cancer types. In Europe, brain cancers have an incidence of 5.0 per 100,000 inhabitants/year, but no
difference was evident across the various European countries [1,2]. However, in the last three decades,
their incidence has increased progressively in the 65-year age group; brain cancer showed an incidence
rate of 5.65 per 100,000 inhabitants in persons aged between 0–14 years [1].

Cancer cells display an altered metabolism, generally associated with an increase in reactive
oxygen species (ROS) and altered redox balance resulting in cellular adaptation and proliferation [3].
Resistance to oxidative stress is one of the major adaptive advantages, allowing cancer cells to increase
their metabolic rate and proliferation and to survive free radical damage. Such an adaptive response

J. Clin. Med. 2020, 9, 1562; doi:10.3390/jcm9051562 www.mdpi.com/journal/jcm

http://www.mdpi.com/journal/jcm
http://www.mdpi.com
https://orcid.org/0000-0002-1837-9325
https://orcid.org/0000-0002-8678-2183
https://orcid.org/0000-0002-4416-8556
https://orcid.org/0000-0002-7761-0662
http://dx.doi.org/10.3390/jcm9051562
http://www.mdpi.com/journal/jcm
https://www.mdpi.com/2077-0383/9/5/1562?type=check_update&version=2


J. Clin. Med. 2020, 9, 1562 2 of 18

to high doses of ROS is also linked to genetic modifications, which directly or indirectly modulate
ROS [4]. One of the master regulators of the antioxidant response is the nuclear factor erythroid 2
p45-related factor 2 (Nrf2) [5]. Nrf2 modulates the expression of a number of genes other than these
associated with the antioxidant response and includes genes regulating immune and inflammatory
responses, tissues remodeling and fibrosis, carcinogenesis, and metastasis [6].

Several studies show that Nrf2 upregulation, as well as its downstream effects, are responsible
for increasing cancer cell resistance to chemotherapeutic agents, such as cisplatin, doxorubicin,
and etoposide [7]. In general, the biochemical mechanism through which Nrf2 confers protection or
resistance (in the case of cancer cells) provides that in response to toxic stimuli, Nrf2 is released from
Keap1 in the cytosol and translocates to the nucleus where Nrf2 binds to antioxidant response elements
(ARE). In this way, Nrf2 induces the expression of several antioxidant and detoxifying enzymes,
i.e., γ-glutamate-cysteine ligase (γ-GCL), glutathione peroxidase (GPx), glutathione reductase (GR),
NAD(P)H quinone dehydrogenase 1 (NQO1) [8], and heme oxygenase-1 (HO-1) (Figure 1) [9–11].
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Figure 1. Biochemical pathways of NRF2 activation in cancer cells. Elevated metabolic rate is responsible
for increased ROS production that induces Nrf2 release from Keap1 and its nuclear translocation in cancer
cells. NRF2 in the nucleus binds to antioxidant response elements (ARE) and induces the expression of
several antioxidant and detoxifying enzymes, such as γ-glutamate-cysteine ligase (γ-GCL), glutathione
peroxidase (GPx), glutathione reductase (GR), NAD(P)H quinone dehydrogenase 1 (NQO1) and heme
oxygenase-1 (HO-1). This figure was drawn using the software CorelDraw and the vector image bank
of Servier Medical Art (http://smart.servier.com/). Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

HO-1 contributes to the heme degradation pathway, which involves two HO isoforms encoded
by different genes [12,13]. Heme oxygenase-2 (HO-2), the constitutive isoform, is responsible for
most HO activity, whilst HO-1 is induced either by its physiological substrate heme or by various
stimuli including hypoxia, inflammation, and oxidative stress [14,15]. Both enzymes convert heme to
equimolar amounts of ferric iron, carbon monoxide (CO) and biliverdin, which, in turn, is converted
into bilirubin by biliverdin reductase [16,17]. Heme degradation involves two HO isoforms encoded by
different genes, respectively [12,13]. Heme oxygenase-2 (HO-2), the constitutive isoform, is responsible
for the most HO activity, whilst HO-1 is induced either by its physiological substrate, such as heme
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or by various stimuli including hypoxia, inflammation and oxidative stress [14,15]. Recent findings
suggest that HO enzymes also possess other important “non-canonical” functions not related to their
enzymatic activity such as protein–protein interaction, subcellular compartmentalization and secretion
into the extracellular space [18], and cell metabolism [19].

HO-1 is significantly increased in various human tumors both in basal condition and during
different anticancer therapies contributing, together with its by-products, to the development of a
resistant phenotype [20–22].

In this regard, it is important to take into due account the existence of a link among Nrf2, ROS,
HO-1, and p53 as the main transcription factor playing a role during cell stress response, senescence,
apoptosis, and carcinogenesis [23,24]. Although p53 can have different effects depending on cell
type [25], it has been reported that HO-1 stimulation in the brain is prevented in p53 null mice
either under basal conditions [10,11] or under toxic stimuli including γ-irradiation [26] and hydrogen
peroxide (H2O2) [27,28].

Hence, HO-1 upregulation represents an intrinsic defense to maintain cellular homeostasis and
to improve cell survival. Since solid brain cancers and malignant gliomas, which occur mainly in
pediatric patients, represent the greatest challenges in cancer treatment worldwide [29], deeper insight
into the molecular mechanisms can help to develop novel therapeutic approaches to improve patient
survival and quality of life.

The aim of the present review is to summarize the role of the HO system and its related proteins
in brain cancer, also evaluating how these proteins can improve cancer prognosis and therapies.
According to the latest CNS tumors classification of the World Health Organization (WHO), our study
focused on embryonal tumors, meningiomas, and diffuse astrocytic and oligodendroglial tumors [30].

2. Biochemical Pathway of HO-1 in the Chemoresistance and Progression of Cancer

Several studies reported that HO-1 protects cancer cells and promotes their survival by conferring
resistance to anticancer treatments [31–33]

Numerous studies show that HO-1 plays a protective role in chemoresistance and tumor
progression through the induction of endoplasmic reticulum stress (ER stress), autophagy, activation
of MAPK kinases, and through the increase of macrophage infiltration (Figure 2) [34–38]. All these
mechanisms offer the cell shelter from ROS damage and protein misfolding, making these cells much
more resistant to damage [39]. Consistently, several studies showed that HO-1 overexpression is
opposed to the therapeutic strategies implemented by proteasome inhibitors (PI), demonstrating
that increased HO-1 expression limits the oxidative dysregulation responsible for misfolding of ER
proteins, decreases the unfolded protein response and reduces several markers of ER stress by reducing
ROS [34,40]. Other studies demonstrated that the inhibition of HO activity significantly improved the
proapoptotic effect of PI and resulted in a significant reduction of the dose of PI [41–43].

Furthermore, Nishie et al. demonstrated that high HO-1 expression in macrophages correlates
with macrophage infiltration and angiogenesis of human gliomas, suggesting that the high expression
of HO-1 is associated with tumor invasiveness and poor clinical outcome [37].

Moreover, our recent study reported that HO-1 is intricate in cellular tumorigenicity involving
glutathione in response to high oxidative stress triggered by the metabolism of cancer cells [44,45].
In particular, in this study, we showed that HO-1 reduces proliferation and cell viability in small lung
cancer cells, inducing apoptosis mediated by glutathione resource depletion and increased oxidative.

Finally, the biological effect of HO-1 in cancer cells has been demonstrated to be cell-specific since,
in some tumors, its upregulation is related to cell cycle arrest and/or death, while in other malignancies,
it is associated with tumor survival and progression [46–49].
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Figure 2. Biochemical pathway of HO-1 in the chemoresistance and progression of brain cancer.
This figure was drawn using the software CorelDraw and the vector image bank of Servier Medical
Art (http://smart.servier.com/). Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

3. Embryonal Tumors

3.1. Neuroblastoma

Neuroblastoma (NB) is a pediatric solid cancer that often affects infants having an age between 0 to
4 years, with a median age of 23 months. Indeed, neuroblastoma accounts for 8% to 10% of all childhood
cancers and approximately 15% of childhood cancer deaths [50]. It is a malignant embryonal tumor
that occurs in the developing sympathetic nervous system derived from neural-crest tissues cells [51].
Neuroblastic tumors, according to neuronal differentiation and Schwannian stroma content, could be
classified as ganglioneuromas (GNs), composed of mature ganglion cells, ganglioneuroblastomas (GNBs),
composed of mature ganglion cells and neuroblasts, and NBs, composed of neuroblasts. NBs are, in turn,
classified into differentiated, poorly differentiated, and undifferentiated tumors [52]. NBs present mass
lesions in the neck, chest, abdomen, or pelvis and generally have a fatal prognosis [53,54].

Several factors, such as age and disease stage at diagnosis, as well as genetic features of the
tumor, could determine the patient’s final outcome, ranging from spontaneous regression to metastatic
neoplasms. Indeed, the ploidy status, MYCN oncogene amplification, or allelic loss in chromosome
1p, correlate with different clinical phenotypes [53,55]. Notably, MYCN amplification—the powerful
adverse prognostic factor occurring in 16% to 25% of NB patients—causes chemotherapy resistance,
especially in advanced stage neuroblastomas [56].
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Several lines of evidence propose proteasome inhibitors (PIs) as chemotherapic agents for solid
tumors, including NB [57]. In fact, the inhibition of proteasome activity increases the apoptotic rate
and sensitizes tumor cells to traditional chemo- and radiotherapies [58,59].

A study conducted by Furfaro et al. reported that NRF2 and HO-1 upregulation decrease the
efficacy of bortezomib (BTZ)—the first selective and reversible 26S PI tested in clinical trials [60]—in
treating NB cells. Conversely, the inhibition of HO-1, obtained with Zn protoporphyrin IX (ZnPPIX),
improved the proapoptotic effect of BTZ, resulting in a significant reduction of the PI dose and
preventing NB cell resistance to BTZ [41]. Furthermore, they also showed that the synergic effect
of HO-1 silencing and glutathione depletion, obtained with L-buthionine-(S,R)-sulphoximine (BSO),
significantly decrease the viability of BTZ-treated HTLA-230 NB cells [61].

Similarly, in GI-ME-N cell resistance to the chemotherapic etoposide, the Nrf2/HO-1 pathway
plays a crucial role as an adaptive response to cellular stress induced from GSH depletion. Indeed,
authors showed that NRF2 and HO-1 silencing sensitizes GI-ME-N cells to BSO stress and then to
etoposide [62].

In line with these results, our study demonstrated that the silencing of HO-1 with a novel
non-competitive inhibitor (LS1/71) makes SH-SY5Y NB cells more sensitive to carfilzomib (CFZ).
Interestingly, CFZ treatment also induces the ERK and JNK signal transduction pathways, promoting
cell proliferation and decreasing apoptosis rate. By contrast, LS1/71 was able to counteract these effects
inhibiting ERK and JNK phosphorylation [42].

Furthermore, several studies demonstrated that miR-494, involved in HO-1 induction and cell
responsive to oxidative stress, is expressed in NB cells [63]. These studies show that after differentiation
with all-trans retinoic acid (ATRA), the expression levels of miR-494 and HO-1 are significantly
downregulated in SH-SY5Y and SK-N-BE cell lines, reducing their viability after H2O2 treatment.
In particular, cell sensitivity to oxidative stress was increased by the impairment of Bach1-dependent
HO-1. Since the HO-1 promoter is hidden by Bach1 in ATRA differentiated cells, Nrf2 is unable to
match with the HO-1 promoter [64,65].

Fest et al. tested the effect of HO-1 inhibition on NB progression in an in vivo model using
A/J mice (H2-KK), which were treated with a sublethal subcutaneous dose of NXS2 cells and then
ZnPPIX or sodium chloride were administered before surgery. HO-1 inhibition significantly reduced
tumor growth, volume and liver metastasis, and induced apoptosis, decreasing Bcl2 and Bcl-Xl levels.
Moreover, HO-1 inhibition stimulated immune cells to attack tumors promoting NXS2 cell lyse [66].

Conversely, several studies proposed HO-1 overexpression as a potential treatment for NB.
In particular, Hassannia et al. investigated the effect of the natural anticancer withaferin A (WA)
in inducing a non-canonical ferroptosis mediated by an abnormal HO-1 overexpression in IMR-32
and SK-N-SH NB cells. Targeting Kelch-like ECH-associated protein 1 (KEAP1), WA was capable of
increasing Fe(II) levels through HO-1 overexpression [67].

Accordingly, Hayama et al. demonstrated that through HO-1 induction, ferrearin-type neolignans
cause apoptotic activity in human IMR-32, LA-N-1, NB-39, and SK-N- SH cell lines [68]. This effect is
related to the CO produced by HO-1 that stimulates p38-MAPK and the JNK pathway, inducing BAX
overexpression and apoptosis [69] (Figure 3).

Furthermore, p38-MAPK activation leads to a significantly increased expression of caveolin-1,
which in turn leads to the expression of p21, the reduction of cyclin A and thus to cell growth arrest
(Figure 2) [70]. Similar results were obtained by Kitano et al. using a vitamin K analog, VK3-OCH3,
which caused a G2/M cell cycle arrest and apoptosis through the above-mentioned HO-1 signal
transduction pathway [71].

In conclusion, although several studies have proposed HO-1 as a possible marker of
chemoresistance, the aforementioned studies highlighted the contradictory effects of HO-1 expression
in NB cell survival.
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Figure 3. A possible anticancer pathway of HO-1 in neuroblastoma cells. The figure shows different
pathways induced by NRF2 action on HO-1. All pathways converge through the stress of other
factors, such as the splitting of the heme group and the release of Fe + ions, the arrest of the cell
cycle with induction of p21 or through BAX and classic apoptosis. This figure was drawn using the
software CorelDraw and the vector image bank of Servier Medical Art (http://smart.servier.com/).
Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).

3.2. Medulloblastoma

Medulloblastoma is the most malignant cerebellar tumor, accounting for approximately 10% of all
childhood brain tumors. It is characterized by a significant burden of adverse outcomes in survivors [72].
According to pathological features, medulloblastoma is classified into classic, desmoplastic/nodular,
extensively nodular, large cell, and anaplastic. In particular, the last two variants lead to a worse
prognosis and metastatic diseases [72,73]. Furthermore, based on a unique genetic pathway and
common clinical characteristics, medulloblastomas are categorized in wingless (WNT), sonic hedgehog
(SHH), group 3 (high levels of MYC expression) and group 4. Traditional genetic analysis suggests that
isochromosome 17q, which results in the loss of 17p and the gain of 17q, represents the most common
aberration in medulloblastomas [74–76].

Therapeutic strategies for medulloblastoma include a combination of surgery, radiotherapy,
and chemotherapy [75,77]. Since medulloblastoma is a chemosensitive tumor, children affected are
generally treated with methotrexate, and high-dose cyclophosphamide, cisplatinum, and carboplatinum
in children with recurrent medulloblastoma. Recent studies have reported that the use of combined
chemotherapy, such as ifosfamide, carboplatinum, and etoposide, has shown remarkable results [78,79].
Notably, Li et al., evaluated the role of HO-1and HO-2 on different clinical and pathological
characteristics of medulloblastoma, but no significant difference was found with the different tumor
subtypes. Although HO-1 and HO-2 expression also showed no significant association with the
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different medulloblastoma subtypes, patients with high HO-1 and low HO-2 expression have better
survival [80].

Recent findings examined the capacity of HO-1 induction of decreasing DAOY medulloblastoma
cell sensitivity to oxidant-induced death. With this in mind, HO-1 induction played a cytoprotective
role against oxidative stress in DAOY cells exposed to the CO donor. The capacity of endogenous CO
production of preventing apoptosis may be responsible for medulloblastomas’ resistance to therapy.
These results suggest that pharmacological targeting of HO-1 could enhance the efficacy of radiotherapy
or chemotherapy [81,82].

3.3. Meningiomas

Meningioma is a common tumor of the central nervous system affecting the meninges. Generally,
it could be originated by any intracranial, intraventricular, or spinal dural surface. In accordance with
the WHO 2016 guidelines, meningiomas are classified as Grade I, Grade II or “atypical”, and Grade
III or “anaplastic” [83,84]. Genetic alterations, such as mutation or loss of the tumor suppressor
gene neurofibromatosis 2 (NF2) on chromosome 22, constitute a leading cause of about 50% of
meningiomas [85,86].

Recent studies reported that non-NF2 meningiomas are determined by the following mutations,
including SMO, SUFU, PRKAR1A, KLF4, PIK3CA, POLR2A, and other rarer mutations [87–89].

Current guidelines suggested surgery followed by radiotherapy as treatment of choice for
intracranial meningiomas. Indeed, chemotherapy is still considered a field under investigation in the
context of meningiomas. Indeed, new inhibitors, such as vistusertib, nivolumab, and pembrolizumab,
are being tested in clinical trials [90,91].

A study conducted by Takahashi et al. showed that HO-1 induction in rat KMY-J cells treated with
TS-PDT (photodynamic therapy using talaporfin sodium) may contribute to resistance in meningioma
cells, also attenuating its therapeutic effect.

In particular, the mRNA expression level of Hmox1 was significantly increased, and this effect
was counteracted when TS-PDT was combined with ZnPPIX, reducing meningioma cell viability [92].

4. Diffuse Astrocytic and Oligodendroglial Tumors

Gliomas, the most common group of primary brain tumors, are classified by the WHO into four
grades, based on histological characteristics, with different prognosis and survival. In particular,
gliomas include astrocytoma, oligodendroglioma, ependymoma and glioblastoma multiforme [30].

4.1. Astocytoma

Astrocytomas are most frequently caused by several chromosomal alterations, such as trisomy
or polysomy of chromosome 7. Indeed, recent studies using comparative genomic hybridization
found this abnormality in more than 50% of cases [93,94]. Moreover, losses of 22q, 19q,13q, 11p,
10p, 9p, and 6, as well as the sex chromosomes or the mutations in TP53, CDKN2A, p14ARF,
and CDKN2B tumor suppressor genes, also result in a small percentage of diffuse and anaplastic
astrocytomas [95,96]. Astrocytomas, especially those showing LOH on 17p, are frequently characterized
by a higher expression of the platelet-derived growth factor receptor A (PDGFRA) and its ligand
PDGFa, suggesting an autocrine growth stimulation [97,98].

Several lines of evidence suggest a marked association between HO-1 expression levels and brain
tumors compared to normal brains [99,100]. Interestingly, the HO-1 level was higher in all tumor
histological subtypes, but no differences were observed with the various tumor grades. In particular,
HO-1 expression was involved in a worse prognosis of patients with Grades II and III astrocytomas,
suggesting a pro-tumoral role of HO-1 in glioma progression [101].
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4.2. Oligodendroglioma

Oligodendroglial tumors comprise oligodendrogliomas and oligoastrocytomas, accounting for
less than 10% of the diffuse gliomas [102,103]. Frequently, oligodendroglial tumors are caused by
the loss of heterozygosity (LOH) for chromosome arms 1p and 19q, which, in turn, derive from a
non-balanced translocation t (1:19) (q10:p10) [104]. However, adult oligodendroglioma shows the
1p19q codeletion pattern; it may include 1p loss without 19q deletion [105]. Moreover, diffuse gliomas
of Grades II and III present a high percentage of IDH1 and IDH2 mutations [106].

In high-grade gliomas, HO-1 expression correlates with macrophage infiltration and vascular
density, contributing to neoplastic growth and necrosis. Indeed, HO-1-expressing macrophages are
higher in areas of solid tumor growth and decrease with increasing tumor distance. HO-1 accumulation
is also proposed as an indicator of neoangiogenesis in hypoxic areas [37,99]. Furthermore, HO-mediated
heme degradation is involved in cellular CO production, which is capable of inducing angiogenesis
and neoplastic growth [107].

4.3. Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is the most aggressive glioma grade characterized by highly
cellular proliferation, diffuse infiltration, marked angiogenesis, resistance to apoptosis, and genomic
instability. Furthermore, GBM has been divided into primary and secondary subgroups according to
clinical characteristics [108].

Malignant transformation is caused by genetic alterations and dysregulations of different growth
factor signaling pathways such as vascular endothelial growth factor (VEGF), epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), and phosphatase and tensin homolog (PTEN) [109].
Loss of heterozygosity (LOH) (i.e., on chromosome 10) is one of the most frequent genetic alterations
across the genome [110,111]. Moreover, the most common triggering events for glioblastoma formation
are amplifications of the EGFR gene on chromosome 7, or mutations in the TP53 or the retinoblastoma
(RB1) pathways [112–114].

Currently, patients younger than 70 years old receive surgical intervention combined with
radiotherapy and chemotherapy. Several studies highlighted that Nrf2 influences the proliferation of
GSCs, also inducing the relapse and invasion of the tumors. Both in vitro and in vivo studies have
reported the role of Nrf2 in blocking the proliferation of human glioma, confirming the contribution of
Nrf2 in maintaining self-renewal in GSCs [115].

Interestingly, Sun et al. showed that the inhibition of NRF2 expression during ferroptosis-targeted
therapies is a key factor in enhancing therapeutic tumor effects [116]. Therefore, Nrf2 inhibition
could induce GSC differentiating into non-stem-like glioblastoma cells, reducing tumor growth, and
increasing the sensitivity to radiotherapy and chemotherapy [117].

The proangiogenic factors HO-1, VEGF, and basic FGF (bFGF) upregulate metastatic activities in
various tumor systems [118]. Thus, HO-1 could be considered a potential target to counteract both
initial and metastatic grade tumor growth [119]. In fact, when HO-1 is not expressed, the GBM cell
invasion is inhibited [120].

The protein kinases—extracellular-signal-regulated kinases (ERK), phosphatidylinositol 3-kinases
(PI3K), protein kinase C (PKC), and glycogen synthase kinase 3-β (GSK3-β)—play a pivotal role in Nrf2
regulation [121]. Cong et al. demonstrated that the combined inhibition of ERK and PI3K signaling
decreased the expression and activation of Nrf2, also suppressing glioma cell viability partially through
Nrf2-ARE downstream target genes [122].

Moreover, Pan et al. revealed that upregulated expression of Nrf2 reduced apoptosis in glioma
cell line U251 and enhanced expression of HO-1; on the other hand, downregulation of Nrf2 increased
apoptosis and reduced expression of HO-1. Summarizing briefly, HO-1 changed according to Nrf2,
indicating that HO-1 may participate in apoptosis regulated by Nrf2 in U251 [123]. Furthermore,
U251 cells treated with ZnPPIX augmented the anticancer effects of arsenic trioxide (ATO), inhibiting
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NRF2 and HO-1, while these effects were counteracted in cells treated with cobalt protoporphyrin
(CoPPIX), a well-known HO-1 inducer [124].

Accordingly, Zhang et al. demonstrated the role of FTY720 as a potent inhibitor of NFR2 in
U251MG and U87MG GBM cell lines. Indeed, FTY720 was able to downregulate NFR2 expression
increasing susceptibility of GBM cells to the cytotoxic effect of TMZ treatment, while NRF2 induction
had an opposite effect [125].

Since HO-1 gene expression correlates with neovascularization, it is considered a potential marker
of macrophage infiltration as well as neovascularization in human gliomas. As showed by Andaloussi
et colleagues, the expression of HO-1 was directly correlated with FoxP3, a marker of regulatory T-cells
(Treg), and tumor growth. Indeed, Treg progressively infiltrates gliomas with an increase in brain tumor
grade, determining an immunosuppressive environment [37,126]. Furthermore, GBM cells display a
hypoxia-dependent differential modulation of biliverdin reductase (hBVR), increasing its expression
and promoting cell survival under hypoxic states. In particular, hypoxic conditions determine a
significant increase in hBVR expression in GBM cells, which is accompanied by chemoresistance.
Conversely, the inhibition of hBVR activity could overcome hypoxia-induced chemoresistance by
regulating the cellular redox grade [127].

Recent studies have evaluated the role of HO-1 upregulation in the regulation of ferroptosis in
cancer therapeutics, mainly in chemoresistance, small molecule-induced ferroptosis inhibits tumor
progression and improves the sensitivity of chemotherapeutic drugs. Increased expression of HO-1 is
crucial in erastin-induced ferroptosis in HT-1080 fibrosarcoma cells, also providing iron supplements
for stimulating ferroptosis [128,129].

Kyani et al. described pyrimidotriazinedione 35G8, a protein disulfide isomerase (PDI) inhibitor,
as toxic for human glioblastoma cell lines. Interestingly, 35G8 upregulated heme oxygenase 1
and SLC7A11 (solute carrier family 7 member 11) and inhibited PDI target genes such as TXNIP
(thioredoxin-interacting protein 1) and EGR1 (early growth response 1). Moreover, 35G8-induced
cell death derived from a combination of autophagy and ferroptosis, a death form independent of
apoptosis and necrosis [130,131].

In conclusion, although several studies proposed Nrf2 and HO-1 inhibition as a possible strategy
to sensitize resistant glioma cells to chemotherapy, the above-mentioned studies demonstrated a non-
univocal role of HO-1 expression.

5. HO-1 Inhibitors and Their Potential Use in the Treatment of CNS Malignancies

Many studies report the positive effects of HO-1 inhibitors on many types of cancers. These
promising ways of inhibition of HO-1 are founded on the genetic inhibition of HMOX1 by silencing
RNA, on the use of metalloporphyrins (zinc protoporphyrin-ZnPPIX, tin protoporphyrin -SnPPIX,
or chromium protoporphyrin-CrPPIX) and on the use of imidazole-based compounds [132]. However,
many of the inhibitors used in medical research are part of the category of metalloporphyrins that,
in addition to having a competitive interaction with HO-1, are non-specific because they also inhibit
HO-2, the constitutive isoform. Moreover, imidazole-based compounds are characterized by a
non-competitive binding mode showing high selectivity enzymatic activity inhibition of HO-1 with
respect to HO-2 [133,134].

Many of imidazole-based compounds were tested in in vitro studies of cancer models such as
neuroblastoma, myeloma, melanoma, and lung cancer [42,44,135–137]. These inhibitors, also used in
combination with other chemotherapeutic drugs, have shown excellent results by inducing apoptosis
or cell cycle arrest in the tested models [42,49,138].

6. Conclusions

Taken together, the aforementioned studies suggest the HO system plays a crucial role in
chemoresistance and progression of brain cancer. Particularly, these results show a strong association
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between HO-1 upregulation and both progression and drug-resistance in brain tumors, suggesting
HO-1 system modulation to improve chemotherapy sensitivity.

The examined studies show that the cytoprotective and antioxidant effect of HO1 is responsible
for the increased progressivity and malignancy of tumors, inducing malignant cell adaptation to high
cellular oxidative stress stimulated by high metabolism or chemotherapy (Figure 2).

Interestingly, some studies highlight the opposite effects of HO-1 expression, presuming that
these are not dependent on the HO-1 system alone (Figure 3). In the findings analyzed in which HO-1
overexpression resolved in a cell division block or in a trigger of apoptosis, the observed effects were
related to the increase in cytotoxicity caused by the by-products of heme degradation. In particular,
the increase in iron concentration was able to produce ferroptosis.

In Table 1, we report a list of CNS tumors in which upregulation or downregulation of HO-1
is associated with an arrest in cell cycle division and subsequent cellular death or tumor survival
and progression.

Table 1. List of studies carried out in CNS tumors in which HO-1 expression was analyzed. The table
shows tissues or cell lines, HO-1 expression, treatments, and outcomes with relevant references.

Tumor Cell line HO-1 Expression Treatment Outcome Reference

NB HTLA-230 ↓ BTZ Apoptosis [61,62]

NB GI-ME-M ↓ Etoposide Apoptosis [63]

NB SH-SY5Y ↓ CFZ Apoptosis [42]

NB SH-SY5Y; SK-N-BE ↓ H2O2 ↓ Viability [64,65]

NB A/J Mice (H2-Kk) ↓ NXS2
↓ Tumor growth,

volume, and
metastasis

[66]

NB IMR-32; SK-H-SH ↑↑↑ WA Ferroptosis [67]

NB IMR-32; LA-N-1;
NB-39; SK-N-SH ↑

Ferrearin-type
neolignans Apoptosis [68]

NB IMR-32; LA-N-1 ↑ VK3-OCH3
G2/M cell cycle

arrest, apoptosis [71]

MB Resected specimens ↑ Protect tumor cells [80]

MB DAOY ↑ ROS ↑ Viability [81]

MG KMY-J ↓ TS-PDT ↓ Viability [92]

ASTRO Sample from
Biorepository ↑ Worse prognosis [101]

OD

rat intracranially
transplanted C6

gliomas and
Resected specimens

↑

Macrophage
infiltration, tumor

growth and
angiogenesis

[37,99]

GBM Primary GBM cell ↓
Inhibits GBM cell

invasion [120]

GBM U251 ↓ Apoptosis [123]

GBM U251 ↓ ATO Apoptosis [124]

GBM Resected specimens ↑ ↑ Treg infiltration [126]

GBM U87MG ↑ 35G8 Autophagy and
ferroptosis [131]

In order to confirm HO-1 as a possible molecular target for brain cancer, further research should
be performed considering several limitations such as paucity of in vivo studies, lack of information
about the role of the HO-1 system in the glioma cell environment, the non-canonical functions of
HO-1, and the epigenetic mechanisms on HO-1 gene expression. In conclusion, understanding the
mechanisms related to the HO-1 system may offer an additional target for future therapies and
ameliorate oncological patients’ outcomes.
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Henegariu, O.; et al. Genomic analysis of non-NF2 meningiomas reveals mutations in TRAF7, KLF4, AKT1,
and SMO. Science 2013, 339, 1077–1080. [CrossRef]

88. Pereira, B.J.A.; Oba-Shinjo, S.M.; de Almeida, A.N.; Marie, S.K.N. Molecular alterations in meningiomas:
Literature review. Clin. Neurol. Neurosurg. 2019, 176, 89–96. [CrossRef]

89. Abedalthagafi, M.; Bi, W.L.; Aizer, A.A.; Merrill, P.H.; Brewster, R.; Agarwalla, P.K.; Listewnik, M.L.;
Dias-Santagata, D.; Thorner, A.R.; Van Hummelen, P.; et al. Oncogenic PI3K mutations are as common as
AKT1 and SMO mutations in meningioma. Neuro Oncol. 2016, 18, 649–655. [CrossRef]

90. Simpson, D. The recurrence of intracranial meningiomas after surgical treatment. J. Neurol. Neurosurg.
Psychiatry 1957, 20, 22–39. [CrossRef]

91. Euskirchen, P.; Peyre, M. Management of meningioma. Presse Med. 2018, 47, e245–e252. [CrossRef] [PubMed]
92. Takahashi, T.; Suzuki, S.; Misawa, S.; Akimoto, J.; Shinoda, Y.; Fujiwara, Y. Photodynamic therapy using

talaporfin sodium induces heme oxygenase-1 expression in rat malignant meningioma KMY-J cells. J. Toxicol.
Sci. 2018, 43, 353–358. [CrossRef] [PubMed]

93. Wessels, P.H.; Twijnstra, A.; Kessels, A.G.; Krijne-Kubat, B.; Theunissen, P.H.; Ummelen, M.I.; Ramaekers, F.C.;
Hopman, A.H. Gain of chromosome 7, as detected by in situ hybridization, strongly correlates with shorter
survival in astrocytoma grade 2. Genes Chromosomes Cancer 2002, 33, 279–284. [CrossRef] [PubMed]

94. Reifenberger, G.; Collins, V.P. Pathology and molecular genetics of astrocytic gliomas. J. Mol. Med. 2004, 82,
656–670. [CrossRef] [PubMed]

95. Ichimura, K.; Bolin, M.B.; Goike, H.M.; Schmidt, E.E.; Moshref, A.; Collins, V.P. Deregulation of the
p14ARF/MDM2/p53 pathway is a prerequisite for human astrocytic gliomas with G1-S transition control
gene abnormalities. Cancer Res. 2000, 60, 417–424.

96. Ruas, M.; Peters, G. The p16INK4a/CDKN2A tumor suppressor and its relatives. Biochim. Biophys. Acta 1998,
1378, F115–F177. [CrossRef]

97. Hermanson, M.; Funa, K.; Hartman, M.; Claesson-Welsh, L.; Heldin, C.H.; Westermark, B.; Nistér, M.
Platelet-derived growth factor and its receptors in human glioma tissue: Expression of messenger RNA and
protein suggests the presence of autocrine and paracrine loops. Cancer Res. 1992, 52, 3213–3219.

98. Hermanson, M.; Funa, K.; Koopmann, J.; Maintz, D.; Waha, A.; Westermark, B.; Heldin, C.H.; Wiestler, O.D.;
Louis, D.N.; von Deimling, A.; et al. Association of loss of heterozygosity on chromosome 17p with high
platelet-derived growth factor alpha receptor expression in human malignant gliomas. Cancer Res. 1996, 56,
164–171.

http://dx.doi.org/10.1016/S0360-3016(99)00369-7
http://dx.doi.org/10.1007/s10147-004-0456-7
http://dx.doi.org/10.1074/jbc.M112.357012
http://www.ncbi.nlm.nih.gov/pubmed/22593583
http://dx.doi.org/10.1007/978-3-319-18440-1_39
http://www.ncbi.nlm.nih.gov/pubmed/26303499
http://dx.doi.org/10.2217/fon-2018-0006
http://www.ncbi.nlm.nih.gov/pubmed/30084265
http://dx.doi.org/10.1073/pnas.84.24.9275
http://www.ncbi.nlm.nih.gov/pubmed/2892198
http://dx.doi.org/10.1038/ng0294-180
http://dx.doi.org/10.1038/363515a0
http://dx.doi.org/10.1126/science.1233009
http://dx.doi.org/10.1016/j.clineuro.2018.12.004
http://dx.doi.org/10.1093/neuonc/nov316
http://dx.doi.org/10.1136/jnnp.20.1.22
http://dx.doi.org/10.1016/j.lpm.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/30449639
http://dx.doi.org/10.2131/jts.43.353
http://www.ncbi.nlm.nih.gov/pubmed/29743446
http://dx.doi.org/10.1002/gcc.10029
http://www.ncbi.nlm.nih.gov/pubmed/11807985
http://dx.doi.org/10.1007/s00109-004-0564-x
http://www.ncbi.nlm.nih.gov/pubmed/15316624
http://dx.doi.org/10.1016/S0304-419X(98)00017-1


J. Clin. Med. 2020, 9, 1562 16 of 18

99. Deininger, M.H.; Meyermann, R.; Trautmann, K.; Duffner, F.; Grote, E.H.; Wickboldt, J.; Schluesener, H.J.
Heme oxygenase (HO)-1 expressing macrophages/microglial cells accumulate during oligodendroglioma
progression. Brain Res. 2000, 882, 1–8. [CrossRef]

100. Hara, E.; Takahashi, K.; Tominaga, T.; Kumabe, T.; Kayama, T.; Suzuki, H.; Fujita, H.; Yoshimoto, T.; Shirato, K.;
Shibahara, S. Expression of heme oxygenase and inducible nitric oxide synthase mRNA in human brain
tumors. Biochem. Biophys. Res. Commun. 1996, 224, 153–158. [CrossRef]

101. Gandini, N.A.; Fermento, M.E.; Salomón, D.G.; Obiol, D.J.; Andrés, N.C.; Zenklusen, J.C.; Arevalo, J.;
Blasco, J.; López Romero, A.; Facchinetti, M.M.; et al. Heme oxygenase-1 expression in human gliomas and
its correlation with poor prognosis in patients with astrocytoma. Tumour Biol. 2014, 35, 2803–2815. [CrossRef]
[PubMed]

102. Wesseling, P.; van den Bent, M.; Perry, A. Oligodendroglioma: Pathology, molecular mechanisms and
markers. Acta Neuropathol. 2015, 129, 809–827. [CrossRef] [PubMed]

103. Van den Bent, M.J.; Chang, S.M. Grade II and III Oligodendroglioma and Astrocytoma. Neurol. Clin. 2018,
36, 467–484. [CrossRef] [PubMed]

104. Griffin, C.A.; Burger, P.; Morsberger, L.; Yonescu, R.; Swierczynski, S.; Weingart, J.D.; Murphy, K.M.
Identification of der(1;19)(q10;p10) in five oligodendrogliomas suggests mechanism of concurrent 1p and
19q loss. J. Neuropathol. Exp. Neurol. 2006, 65, 988–994. [CrossRef]

105. Michotte, A.; Chaskis, C.; Sadones, J.; Veld, P.I.; Neyns, B. Primary leptomeningeal anaplastic
oligodendroglioma with a 1p36-19q13 deletion: Report of a unique case successfully treated with
Temozolomide. J. Neurol. Sci. 2009, 287, 267–270. [CrossRef]

106. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.;
Riggins, G.J.; et al. IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef]

107. Kuroki, M.; Voest, E.E.; Amano, S.; Beerepoot, L.V.; Takashima, S.; Tolentino, M.; Kim, R.Y.; Rohan, R.M.;
Colby, K.A.; Yeo, K.T.; et al. Reactive oxygen intermediates increase vascular endothelial growth factor
expression in vitro and in vivo. J. Clin. Investig. 1996, 98, 1667–1675. [CrossRef]

108. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.;
Louis, D.N.; Brennan, C.; et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment.
Genes Dev. 2007, 21, 2683–2710. [CrossRef]

109. Wen, P.Y.; Kesari, S. Malignant gliomas in adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef]
110. Kim, D.H.; Mohapatra, G.; Bollen, A.; Waldman, F.M.; Feuerstein, B.G. Chromosomal abnormalities in

glioblastoma multiforme tumors and glioma cell lines detected by comparative genomic hybridization. Int. J.
Cancer 1995, 60, 812–819. [CrossRef]

111. Rasheed, B.K.; McLendon, R.E.; Friedman, H.S.; Friedman, A.H.; Fuchs, H.E.; Bigner, D.D.; Bigner, S.H.
Chromosome 10 deletion mapping in human gliomas: A common deletion region in 10q25. Oncogene 1995,
10, 2243–2246. [PubMed]

112. Shinojima, N.; Tada, K.; Shiraishi, S.; Kamiryo, T.; Kochi, M.; Nakamura, H.; Makino, K.; Saya, H.; Hirano, H.;
Kuratsu, J.; et al. Prognostic value of epidermal growth factor receptor in patients with glioblastoma
multiforme. Cancer Res. 2003, 63, 6962–6970. [PubMed]

113. Fulci, G.; Labuhn, M.; Maier, D.; Lachat, Y.; Hausmann, O.; Hegi, M.E.; Janzer, R.C.; Merlo, A.; Van Meir, E.G.
p53 gene mutation and ink4a-arf deletion appear to be two mutually exclusive events in human glioblastoma.
Oncogene 2000, 19, 3816–3822. [CrossRef] [PubMed]

114. Ishii, N.; Maier, D.; Merlo, A.; Tada, M.; Sawamura, Y.; Diserens, A.C.; Van Meir, E.G. Frequent co-alterations
of TP53, p16/CDKN2A, p14ARF, PTEN tumor suppressor genes in human glioma cell lines. Brain Pathol.
1999, 9, 469–479. [CrossRef] [PubMed]

115. Zhu, J.; Wang, H.; Sun, Q.; Ji, X.; Zhu, L.; Cong, Z.; Zhou, Y.; Liu, H.; Zhou, M. Nrf2 is required to maintain
the self-renewal of glioma stem cells. BMC Cancer 2013, 13, 380. [CrossRef] [PubMed]

116. Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway
protects against ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173–184. [CrossRef]

117. Zhu, J.; Wang, H.; Fan, Y.; Hu, Y.; Ji, X.; Sun, Q.; Liu, H. Knockdown of nuclear factor erythroid 2-related
factor 2 by lentivirus induces differentiation of glioma stem-like cells. Oncol. Rep. 2014, 32, 1170–1178.
[CrossRef]

http://dx.doi.org/10.1016/S0006-8993(00)02594-4
http://dx.doi.org/10.1006/bbrc.1996.0999
http://dx.doi.org/10.1007/s13277-013-1373-z
http://www.ncbi.nlm.nih.gov/pubmed/24234335
http://dx.doi.org/10.1007/s00401-015-1424-1
http://www.ncbi.nlm.nih.gov/pubmed/25943885
http://dx.doi.org/10.1016/j.ncl.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/30072066
http://dx.doi.org/10.1097/01.jnen.0000235122.98052.8f
http://dx.doi.org/10.1016/j.jns.2009.08.047
http://dx.doi.org/10.1056/NEJMoa0808710
http://dx.doi.org/10.1172/JCI118962
http://dx.doi.org/10.1101/gad.1596707
http://dx.doi.org/10.1056/NEJMra0708126
http://dx.doi.org/10.1002/ijc.2910600615
http://www.ncbi.nlm.nih.gov/pubmed/7784070
http://www.ncbi.nlm.nih.gov/pubmed/14583498
http://dx.doi.org/10.1038/sj.onc.1203700
http://www.ncbi.nlm.nih.gov/pubmed/10949938
http://dx.doi.org/10.1111/j.1750-3639.1999.tb00536.x
http://www.ncbi.nlm.nih.gov/pubmed/10416987
http://dx.doi.org/10.1186/1471-2407-13-380
http://www.ncbi.nlm.nih.gov/pubmed/23937621
http://dx.doi.org/10.1002/hep.28251
http://dx.doi.org/10.3892/or.2014.3320


J. Clin. Med. 2020, 9, 1562 17 of 18

118. Cisowski, J.; Loboda, A.; Józkowicz, A.; Chen, S.; Agarwal, A.; Dulak, J. Role of heme oxygenase-1 in
hydrogen peroxide-induced VEGF synthesis: Effect of HO-1 knockout. Biochem. Biophys. Res. Commun. 2005,
326, 670–676. [CrossRef]

119. Dey, S.; Sayers, C.M.; Verginadis, I.I.; Lehman, S.L.; Cheng, Y.; Cerniglia, G.J.; Tuttle, S.W.; Feldman, M.D.;
Zhang, P.J.; Fuchs, S.Y.; et al. ATF4-dependent induction of heme oxygenase 1 prevents anoikis and promotes
metastasis. J. Clin. Investig. 2015, 125, 2592–2608. [CrossRef]

120. Ghosh, D.; Ulasov, I.V.; Chen, L.; Harkins, L.E.; Wallenborg, K.; Hothi, P.; Rostad, S.; Hood, L.; Cobbs, C.S.
TGFβ-Responsive HMOX1 Expression Is Associated with Stemness and Invasion in Glioblastoma Multiforme.
Stem Cells 2016, 34, 2276–2289. [CrossRef]

121. Baird, L.; Dinkova-Kostova, A.T. The cytoprotective role of the Keap1-Nrf2 pathway. Arch Toxicol. 2011, 85,
241–272. [CrossRef]

122. Cong, Z.X.; Wang, H.D.; Wang, J.W.; Zhou, Y.; Pan, H.; Zhang, D.D.; Zhu, L. ERK and PI3K signaling cascades
induce Nrf2 activation and regulate cell viability partly through Nrf2 in human glioblastoma cells. Oncol. Rep.
2013, 30, 715–722. [CrossRef]

123. Pan, H.; Wang, H.; Zhu, L.; Wang, X.; Cong, Z.; Sun, K.; Fan, Y. The involvement of Nrf2-ARE pathway in
regulation of apoptosis in human glioblastoma cell U251. Neurol. Res. 2013, 35, 71–78. [CrossRef]

124. Liu, Y.; Liang, Y.; Zheng, T.; Yang, G.; Zhang, X.; Sun, Z.; Shi, C.; Zhao, S. Inhibition of heme oxygenase-1
enhances anti-cancer effects of arsenic trioxide on glioma cells. J. Neurooncol. 2011, 104, 449–458. [CrossRef]

125. Zhang, L.; Wang, H. FTY720 inhibits the Nrf2/ARE pathway in human glioblastoma cell lines and sensitizes
glioblastoma cells to temozolomide. Pharmacol. Rep. 2017, 69, 1186–1193. [CrossRef]

126. El Andaloussi, A.; Lesniak, M.S. CD4+ CD25+ FoxP3+ T-cell infiltration and heme oxygenase-1 expression
correlate with tumor grade in human gliomas. J. Neurooncol. 2007, 83, 145–152. [CrossRef]

127. Kim, S.S.; Seong, S.; Lim, S.H.; Kim, S.Y. Biliverdin reductase plays a crucial role in hypoxia-induced
chemoresistance in human glioblastoma. Biochem. Biophys. Res. Commun. 2013, 440, 658–663. [CrossRef]

128. Kwon, M.Y.; Park, E.; Lee, S.J.; Chung, S.W. Heme oxygenase-1 accelerates erastin-induced ferroptotic cell
death. Oncotarget 2015, 6, 24393–24403. [CrossRef]

129. Lu, B.; Chen, X.B.; Ying, M.D.; He, Q.J.; Cao, J.; Yang, B. The Role of Ferroptosis in Cancer Development and
Treatment Response. Front. Pharmacol. 2017, 8, 992. [CrossRef]

130. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.;
Cantley, A.M.; Yang, W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012,
149, 1060–1072. [CrossRef]

131. Kyani, A.; Tamura, S.; Yang, S.; Shergalis, A.; Samanta, S.; Kuang, Y.; Ljungman, M.; Neamati, N. Discovery
and Mechanistic Elucidation of a Class of Protein Disulfide Isomerase Inhibitors for the Treatment of
Glioblastoma. ChemMedChem 2018, 13, 164–177. [CrossRef]

132. Podkalicka, P.; Mucha, O.; Jozkowicz, A.; Dulak, J.; Loboda, A. Heme oxygenase inhibition in cancers:
Possible tools and targets. Contemp. Oncol. 2018, 22, 23–32. [CrossRef]

133. Sorrenti, V.; Guccione, S.; Di Giacomo, C.; Modica, M.N.; Pittala, V.; Acquaviva, R.; Basile, L.; Pappalardo, M.;
Salerno, L. Evaluation of imidazole-based compounds as heme oxygenase-1 inhibitors. Chem. Biol. Drug Des.
2012, 80, 876–886. [CrossRef]

134. Salerno, L.; Amata, E.; Romeo, G.; Marrazzo, A.; Prezzavento, O.; Floresta, G.; Sorrenti, V.; Barbagallo, I.;
Rescifina, A.; Pittala, V. Potholing of the hydrophobic heme oxygenase-1 western region for the search of
potent and selective imidazole-based inhibitors. Eur. J. Med. Chem. 2018, 148, 54–62. [CrossRef]

135. Greish, K.F.; Salerno, L.; Al Zahrani, R.; Amata, E.; Modica, M.N.; Romeo, G.; Marrazzo, A.; Prezzavento, O.;
Sorrenti, V.; Rescifina, A.; et al. Novel Structural Insight into Inhibitors of Heme Oxygenase-1 (HO-1) by New
Imidazole-Based Compounds: Biochemical and In Vitro Anticancer Activity Evaluation. Molecules 2018, 23,
1209. [CrossRef]

136. Sorrenti, V.; Pittala, V.; Romeo, G.; Amata, E.; Dichiara, M.; Marrazzo, A.; Turnaturi, R.; Prezzavento, O.;
Barbagallo, I.; Vanella, L.; et al. Targeting heme Oxygenase-1 with hybrid compounds to overcome Imatinib
resistance in chronic myeloid leukemia cell lines. Eur. J. Med Chem. 2018, 158, 937–950. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2004.11.083
http://dx.doi.org/10.1172/JCI78031
http://dx.doi.org/10.1002/stem.2411
http://dx.doi.org/10.1007/s00204-011-0674-5
http://dx.doi.org/10.3892/or.2013.2485
http://dx.doi.org/10.1179/1743132812Y.0000000094
http://dx.doi.org/10.1007/s11060-010-0513-1
http://dx.doi.org/10.1016/j.pharep.2017.07.003
http://dx.doi.org/10.1007/s11060-006-9314-y
http://dx.doi.org/10.1016/j.bbrc.2013.09.120
http://dx.doi.org/10.18632/oncotarget.5162
http://dx.doi.org/10.3389/fphar.2017.00992
http://dx.doi.org/10.1016/j.cell.2012.03.042
http://dx.doi.org/10.1002/cmdc.201700629
http://dx.doi.org/10.5114/wo.2018.73879
http://dx.doi.org/10.1111/cbdd.12015
http://dx.doi.org/10.1016/j.ejmech.2018.02.007
http://dx.doi.org/10.3390/molecules23051209
http://dx.doi.org/10.1016/j.ejmech.2018.09.048


J. Clin. Med. 2020, 9, 1562 18 of 18

137. Ciaffaglione, V.; Intagliata, S.; Pittala, V.; Marrazzo, A.; Sorrenti, V.; Vanella, L.; Rescifina, A.; Floresta, G.;
Sultan, A.; Greish, K.; et al. New Arylethanolimidazole Derivatives as HO-1 Inhibitors with Cytotoxicity
against MCF-7 Breast Cancer Cells. Int. J. Mol. Sci. 2020, 21, 1923. [CrossRef]

138. Raffaele, M.; Pittala, V.; Zingales, V.; Barbagallo, I.; Salerno, L.; Li Volti, G.; Romeo, G.; Carota, G.;
Sorrenti, V.; Vanella, L. Heme Oxygenase-1 Inhibition Sensitizes Human Prostate Cancer Cells towards
Glucose Deprivation and Metformin-Mediated Cell Death. Int. J. Mol. Sci. 2019, 20, 2593. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms21061923
http://dx.doi.org/10.3390/ijms20102593
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biochemical Pathway of HO-1 in the Chemoresistance and Progression of Cancer 
	Embryonal Tumors 
	Neuroblastoma 
	Medulloblastoma 
	Meningiomas 

	Diffuse Astrocytic and Oligodendroglial Tumors 
	Astocytoma 
	Oligodendroglioma 
	Glioblastoma Multiforme 

	HO-1 Inhibitors and Their Potential Use in the Treatment of CNS Malignancies 
	Conclusions 
	References

