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High-grade gliomas (grades III and IV) are highly malignant and aggressive brain

tumors that present significant treatment challenges. Despite advances in

surgery, chemotherapy, and radiation therapy, the prognosis for patients with

glioma remains poor, with amedian overall survival (mOS) range of 9–12months.

Therefore, exploring new and effective therapeutic strategies to improve glioma

prognosis is of utmost importance and ozone therapy is a viable option. Ozone

therapy has been used in various cancers, such as colon, breast, and lung,

yielding significant results in preclinical studies and clinical trials. Only a few

studies have been conducted on gliomas. Furthermore, since the metabolism of

brain cells involves aerobic glycolysis, ozone therapy may improve the oxygen

condition and enhance glioma radiation treatment. However, understanding the

correct ozone dosage and optimal time of administration remains challenging.

Herein, we hypothesize that ozone therapy should be more effective in gliomas

compared with other tumors. This study provides an overview of the use of

ozone therapy in high-grade glioma, including mechanisms of action, preclinical

data, and clinical evidence.
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Introduction

High-grade glioma is a type of malignant brain tumor typically characterized by

aggressiveness, resistance to classic treatments, and poor prognosis. Despite advances in

surgery, chemotherapy, and radiation therapy (RT), the survival rate among patients with

glioma remains low, with a median overall survival (mOS) range of 9–12 months.

Therefore, it is important to explore alternative and complementary treatments,

including ozone therapy, for gliomas.

Ozone therapy has been discussed and used in medical care for almost 60 years (1). The

first report on ozone therapy, which was used as ozonated autohemotherapy (O3-AHT),

was published by Wolff in 1974 (2). The therapy, also known as oxidative therapy, involves

the administration of ozone, a form of oxygen, into the body. The therapeutic efficacy of

ozone may partly rely on controlled and moderate levels of oxidative stress produced by
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ozone reactions, and the critical balance between the effectiveness

and toxicity of ozone may be dependent on the degree of

oxidative stress (3). Additionally, ozone can increase the oxygen

concentration in tissues, boost the immune system, and induce

antimicrobial effects capable of producing chromosome breakages

in human cell cultures (4). As such, ozone therapy has been used to

treat a variety of medical conditions, including cancer (5–8).

From the literature, ozone therapy has been used as medical

treatment with the purpose of inducing apoptosis, reducing tumor

cell proliferation, inhibiting migration and invasion, reducing

angiogenesis, and enhancing the efficacy of conventional

chemotherapy and radiation therapy in different types of cancer

(9). Although the effects of ozone in several types of cancers have

been reported, only a few studies were conducted on gliomas. In this

review, we summarize and discuss the use of ozone in high-grade

gliomas, including its mechanisms of action, preclinical data, and

clinical evidence.
Literature search method

We searched Medline (via PubMed) and Google Scholar for

preclinical and clinical studies utilizing ozone treatment for

gliomas. No limitations regarding publication time, study type, or

sample units were applied to the search, with all relevant studies

included. The search was conducted using a combined filter and the

following medical subject headings (MeSH) terms: [‘Ozone/glioma’

(Mesh) OR ‘Ozone/glioblastoma’ (Mesh) OR ‘Ozone/astrocyte’

(MeSH) AND ‘Ozone/oligodendrocyte’ (MeSH) AND ‘Ozone/

cancer’]. We screened titles and abstracts independently and

evaluated full texts of all relevant articles.
Mechanisms of ozone therapy
in cancer

The potential mechanisms of ozone therapy were reviewed in this

study. Ozone is a highly reactive gas, and its principal therapeutic effects

come from its ability to increase oxygen levels and induce oxidative

stress in affected tissues (10–12). According to previous preclinical

studies, ozone can inhibit cancer growth and is a sufficient anticancer

treatment; however, its mechanisms are not fully understood andmore

research is required to determine its exact pathways. Thus, it is not

widely used or approved for clinical cancer treatment.

According to previous studies, although tumor cells require a

large supply of oxygen for growth and proliferation, the abnormal

structure and function of tumor blood vessels often leads to hypoxia

within the tumor microenvironment. Meanwhile, hypoxia further

increases oxidative stress by activating the hypoxia-inducible factor

(HIF) pathway, which promotes the expression of genes involved in

angiogenesis, cell survival, and metabolism. In brain tissue, chronic

inflammation can induce oxidative stress in astrocytes and

microglia. Simultaneously, reactive oxygen species (ROS) can

promote cancer initiation and progression, particularly in
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glioblastoma (GBM) treatment, including with Temozolomide

(TMZ), eliciting oxidative stress, which modifies the status of

DNA methylation in neoplastic cells (13, 14). Moreover, GBM

has a high metabolic rate, which results in increased basal levels of

ROS and the generation of an immunosuppressive tumor

environment. Thus, oxidative stress and ROS levels are associated

with glioma development (15, 16).

However, ozone could generate high ROS level and oxygen,

which could induce an ROS anticancer effect and relieve hypoxia

(3, 17). Ozone-dependent ROS-mediated fatty acid oxidation is

involved in the formation of lipid ozonation products (LOPs),

which act as signal transducers by triggering ROS signaling and

have been recognized as key factors in monitoring the positive or

negative effects of oxidative compounds. These processes are

associated with Nrf2/Keap1/ARE and AMPK/FOXO/mTOR/Sir1

pathways and Nrf2/NF-kB crosstalk, which are ultimately activated

via moderate oxidative stress and act on NF-kB expression and

inflammatory responses (3). Moreover, ROS and LOPs are

associated with multiple oxidative/reduction biochemical

reactions that occur in human cells, such as the HIF-1a pathway,

HO-1 signaling, and NO/iNOS biochemical machinery (1, 18, 19).

Hence, ozone therapy can improve blood circulation and

oxygenation of neoplastic tissues, ameliorate metabolism, improve

chronic oxidative stress, activate the immune and neuroendocrine

systems, inhibit growth and metastasis, and induce tumor necrosis

(20–23).

On the other hand, preclinical findings show that in lung, breast,

and colon cancers, ozone therapy can not only be used as a potential

new chemotherapy (24, 25) but also utilized in combination with

chemotherapy to enhance its efficacy (6, 26–28). By increasing the

permeability of the tumor microenvironment, ozone therapy may

allow chemotherapeutic drugs to penetrate deeper into tumor tissue,

which has been shown to be more effective in reducing the growth of

cancer cells than chemotherapy alone. Interestingly, the results of

these studies indicate that a low rather than high ozone dose may be

regarded as a potential modifier for chemotherapy. Moreover, in

vitro studies have shown that the anti-tumoricidal ability of ozone-

combined X-rays (9, 29) is improved compared with radiation

treatment (RT) alone, with ozone showing a radio-sensitizing

effect when used with radiation, enhancing the radiosensitivity of

transformed radioresistant tumor cells (30) (Figure 1).
Safety and risks of ozone therapy

Despite the efficacy of ozone therapy, its potential adverse

effects must be considered carefully. At the right dose, ozone

seems to induce non-toxic effects in cells of normal tissues

because the antioxidant system of the cells can typically handle

mild ozone-induced injury. In contrast, cancer cells have an almost

exhausted antioxidant capacity (1). Ozone can be toxic at high

concentrations and may cause serious side effects, such as pain,

allergic reactions, hemolysis, and transient oxidative stress (31).

Thus, it is important to evaluate potential benefits and risks before

administering treatment.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1161206
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yanchu et al. 10.3389/fonc.2023.1161206
Previous data have shown that, for ozone therapy, pain at the site of

injection or insufflation is the most common side effect and usually

resolves within a few hours. Allergic reactions are rare but can be

serious; therefore, patients with a history of allergies should exercise

caution when considering ozone therapy. Although rare, hemolysis is a

potential concern; thus, patients with a history of anemia should be

closely monitored during ozone therapy. Transient oxidative stress,

while not harmful, is another potential side effect of ozone therapy;

however, further research is required to determine the long-term effects

of increased levels of oxidative stress (32). In other cases, ozone therapy

may cause serious complications, such as infections, skin irritation, and

lung damage (33, 34).

Meanwhile, an acute ozone exposure primarily affects glial cells

in the central nervous system. In fact, ozone-induced vascular

endothelial growth factor overexpression was observed in the

astroglial cells of rat brainstems (35). In addition, damaged

astrocytes were observed rapidly (2 and 4 h) after a dose of 60

mg/ml ozone was provided in vitro (36), indicating a dose-

dependent characteristic of the therapy.
Preclinical data of ozone therapy in
glioma treatment

Ozone therapy has been widely studied as a cancer treatment

and affects the development of malignancy and poor prognosis.

However, only a few preclinical studies have focused on ozone
Frontiers in Oncology 03
therapy for gliomas in vitro and in vivo. Basic research studies are

summarized in Table 1.

In 1990, Kurt S. Zänker and Ronald Kroczek found that ozone

had a similar effect as chemotherapeutic drugs in increasing ROS

inside cultured cells. The authors were the first to report ozone

treatment for gliomas (26). Three fresh human glioma cells were

cultured and incubated for 24 h with 5-FU and ozone in different

concentrations (5-FU: 26, 50, and 100 mg/mL, respectively; ozone:

0.1, 0.2, 0.5, and 1.0 ppm, respectively); however, results were

insignificant, indicating that individual and combined ozone and

5-FU use had no effect on glioma cells (26). However, based on the

glioma treatment guideline, 5-FU is unsuitable for the initial

treatment of glioma; thus, these results may not be accurate and

further studies are needed. In 2014, a study by Perez et al. reported

novel results on ozone-treated gliomas that indicated that ozone

had antitumor activity, including against gliomas, both in vitro and

in vivo (37).

Rat C6 glioma cells were cultured in ozone medium. Ozonated

culture medium (ozone: CM=1:1, CM: culture medium) was added

at the beginning of the experiment, daily, and every second day

in groups 1, 2, and 3, respectively. Cell culture proliferation

was assessed by measuring DNA concentration, followed by

performing a CyQUANT® assay. Interestingly, results showed

that ozone had ambivalent effects. When ozone was applied daily

(group 2), ozone induced an increase in cell proliferation, and

increases in DNA concentration and DB index were observed

compared with those of the control group. This can be explained
TABLE 1 Preclinical studies utilizing ozone in treating glioma.

Author (year) Study type O3 application Result *Ref.

Zanker KS. et al.
1990

Basic research
In vitro

Topical gas +/−5-FU Glioma cell was not inhibited by O3, 5-FU, or both (26)

Arizbeth Perez
et al. 2014

Basic research
In vitro and in
vivo

*G1: ozone was dosed only once.
G2: ozone was administered daily.
G3: ozone was administered every
2nd day.

O3 is effective. Low ozone dosage was more effective than the
higher dosage

(37)
frontie
*G, group; Ref, reference.
FIGURE 1

Ozone (O3) can generate hydroxyl radical (OH-) and oxygen (O2), which could induce a reactive oxygen species (ROS) anticancer effect and relieve hypoxia.
On the one hand, oxygen relieves hypoxia that could inhibit hypoxia-inducible factor (HIF) generation and angiogenesis; on the other hand, an OH-
associated high-level ROS can block the activation of the Nrf2/Keap1/ARE and AMPK/FOXO/mTOR/Sir1 pathways, which could inhibit cancer initiation.
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by ozone-based enhancement of cell proliferation. In contrast,

ozone inhibited C6 cell proliferation when a single dose was

administered, indicating a decrease in DNA concentration (37).

Thus, this study indicated that a low ozone dose most effectively

reduced the C6 cell concentration in vitro.

An in vivo C6 glioma xenograft model was established using

athymic male mice. Ozone was administered every second day in

group 1 and every fifth day in group 2. The results showed a more

evident tissue necrotic effect in group 2, revealing that the slope of

the tumor volume growth was lower than that in group 1, which

exhibited a high degree of necrosis due to a high degree of ROS

accumulation. Thus, ozone has a dose-dependent effect in the

prevention of tumor volume growth and inhibition of accelerated

initial tumor growth. Furthermore, when investigating the

therapeutic mechanism of ozone, this study found that

concentrations of cholesterol and triglycerides were associated

with effects of ozone. Although cholesterol and triglyceride

concentrations were reduced by 40% and 25%, respectively, at

high ozone dosages, the effect increased to 50% and 30%,

respectively, for low ozone doses. Thus, low rather than high

ozone dosage (in vivo) may be most effective for treating tumors

via the regulation of ROS concentration (37). Therefore, for ozone

dosages, higher is not necessarily better, and an equilibrated ozone

dose may be more effective in inhibiting tumor activity than higher

ozone doses.
Clinical evidence of ozone therapy in
the treatment of high-grade glioma

According to promising preclinical data, ozone should be

effective in treating gliomas, especially when equilibrated ozone

doses are used. However, the use of ozone therapy for glioma

treatment remains controversial. The limited number of clinical

studies and contradictory results from these studies highlight the

need for further research to fully evaluate the potential benefits and

limitations of ozone therapy for glioma (38).

In 2018, Clav et al. reported inconclusive findings of a clinical

trial (6, 22). Seven patients with high-grade glioma were enrolled

after surgery or tumor biopsy between 2005 and 2008. All patients

received ozone treatment via autohemotherapy combined with a

concurrent STUPP protocol. This protocol, consisting of TMZ

combined with radiotherapy treatment for GBM, was developed

by Roger Stupp in 2005 and has become the standard of care for

high-grade gliomas (39). According to a clinical trial that enrolled

six patients with GBM (grade IV), no difference in overall survival
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(OS) was observed between those treated via STUPP with and

without ozone. In patients with anaplastic astrocytoma (AA, grade

III) who underwent STUPP with ozone, one patient survived 11

years with a good quality of life (Karnofsky, KPS 100%).

Unfortunately, the study was terminated early because of

difficulties with recruitment (6, 22).

Another 2018 study by Megele et al. reported five cases of

recurrent GBM between 2012 and 2013 (38). Patients diagnosed

with GBM were offered intratumoral O2–O3 treatment concurrent

with the STUPP protocol. While a median of 27 (range, 3–44) O2–

O3 applications were administered to the patients, the median

overall survival (mOS) rate was 40 months (range, 16–53

months) and the mOS following the first recurrence subsequent

to the initiation of O2–O3 treatment was 34 months (range, 12–53

months). Furthermore, one patient survived more than 4 years after

diagnosis. Clinical studies of ozone treatment for gliomas are shown

in Table 2.

Despite the conflicting results reported in aforementioned

studies (22, 38), there is growing interest in the use of ozone

therapy for the treatment of gliomas, and research is being

conducted to further explore its potential benefits and limitations.
Discussion

The STUPP strategy for treating gliomas, particularly high-

grade gliomas, involves a maximally safe surgical resection, followed

by concurrent RT and TMZ for 6 weeks and adjuvant TMZ for 6

months thereafter. Previous clinical trials assessing the treatment of

newly diagnosed patients with GBM concluded that RT plus TMZ

compared with RT alone significantly improved overall survival

(OS) (14.6 vs. 12.1 months) and progression-free survival (PFS) at 6

months (53.9% vs. 36.4%). Moreover, lomustine, intravenous

carmustine, carmustine wafer implants, bevacizumab, and tumor

treatment fields (TTFields) have been approved by the FDA and are

used to treat high-grade gliomas. TTFields, in particular, is the only

treatment that showed improvement based on OS (20.5 vs. 15.6

months) and PFS6 (56% vs. 37%) compared to the current standard

treatment (40–42). Meanwhile, for recurrent GBM, re-radiotherapy

is the main strategy. A clinical study by Kazmi et al. showed that

administering re-radiotherapy for recurrent GBM resulted in OS-6

and OS-12 rates of 73% (95% CI 69%–77%) and 36% (95% CI 32%–

40%), respectively; PFS-6 and PFS-12 rates of 43% (95% CI 35%–

50%) and 17% (95% CI 13%–20%), respectively; and a Grade 3+

adverse event (AE) rate of 7% (95% CI 4%–10%) (43). Overall, it is

apparent that the standard treatment for high-grade glioma yields
TABLE 2 Clinical studies utilizing ozone in treating glioma.

Author (year) Year Pat. No. Treatment Outcome *Ref.

Bernardino Clav et al. 2018
*6 GBM (G: IV)
*1 AA* (G: III)

STUPP + ozone
GBM: negative
AA: positive

(21)

Richard Megele et al. 2018 *5 recurrent GBM (G: IV)
1st L: STUPP + ozone
2st L: PCV + ozone

Positive (38)
frontie
*GBM, glioblastoma; AA, anaplastic astrocytoma; G, grade; Ref, reference.
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unsatisfactory results (39), which has led to the emergence of ozone

therapy as a promising treatment for cancer. In this study, we

discussed the application of ozone treatment for gliomas.

Based on our findings, photon radiation therapy combined

concurrently with ozone treatment can regulate PD-1 activation

in the tumor microenvironment and enhance the effects of radiation

by promoting OH generation in breast cancer (5). Moreover, glioma

tissue is in a hypoxic environment, with aerobic glycolysis the most

significant sign of tumor formation (Warburg effect); thus, ozone

may improve oxygen conditions and enhance radiation treatment

of glioma. Therefore, we propose that enhancement of radiation

therapy for glioma should be more pronounced than that of other

tumors, making the therapy suitable for treatment of gliomas.

Recent preclinical and clinical trials suggest that ozone therapy

is potentially a valuable adjuvant regimen for the treatment of

gliomas. However, only a few clinical trials have focused on the use

of ozone for glioma treatment. Among them, contradictory

outcomes have been reported. A clinical trial by Clav et al.

produced negative results, whereas a study by Megele et al.

showed positive findings. Megele et al. reported that ozone

therapy involves the injection of an ozone/oxygen mixture into

the tumor concurrent with a standard glioma treatment protocol

(38). In the study, the mOS from diagnosis to the first recurrence

and from the first recurrence to the initiation of the O2–O3

treatment was 40 and 34 months, respectively. In that study, one

patient survived more than 4 years after diagnosis, demonstrating

the effectiveness of ozone in treating glioma; however, only non-

randomized controlled trials (RCTs) have been performed to

investigate the effectiveness of ozone treatment with concurrent

radiation and/or chemotherapy. To date, no RCTs have been

conducted, and insufficient evidence exists regarding the

systematic use of ozone in anticancer treatment (6).

In addition to previous studies, further preclinical studies

should evaluate effects of the drug delivery method, whereas

further clinical trials should investigate the effects of timing

and dosage of ozone administration concurrent with the

STUPP protocol.
Frontiers in Oncology 05
Conclusion

In conclusion, ozone therapy represents a promising alternative

treatment option for those with cancer and may be a viable regimen

for use against gliomas. However, the exact mechanism of action of

ozone therapy in gliomas is not yet understood and there is limited

evidence in literature. Further basic studies and clinical trials are

required to fully evaluate the potential benefits and limitations of

ozone therapy.
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NY, González-Esquivel DF, Sotelo J, et al. Role of redox status in development of
glioblastoma. Front Immunol (2016) 7:156. doi: 10.3389/fimmu.2016.00156

16. Sanchez-Perez Y, Soto-Reyes E, Garcia-Cuellar CM, Cacho-Diaz B, Santamaria A,
Rangel-Lopez E. Role of epigenetics and oxidative stress in gliomagenesis.CNSNeurol Disord
Drug Targets (2017) 16(10):1090–8. doi: 10.2174/1871527317666180110124645

17. Gill JG, Piskounova E, Morrison SJ. Cancer, oxidative stress, and metastasis.
Cold Spring Harb Symp Quant Biol (2016) 81:163–75. doi: 10.1101/sqb.2016.81.030791

18. Reuter SCG S, Chaturvedi MM, Aggarwal. Oxidative stress BB. Inflammation,
and cancer: how are they linked? Free Radical Biol Med (2010) 49(11):1603–16. doi:
10.1016/j.freeradbiomed.2010.09.006

19. Cenci A, Macchia I, La Sorsa V, Sbarigia C, Di Donna V, Pietraforte D.
Mechanisms of action of ozone therapy in emerging vira l diseases :
immunomodulatory effects and therapeutic advantages with reference to SARS-CoV-
2. Front Microbiol (2022) 13:871645. doi: 10.3389/fmicb.2022.871645

20. Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in cancer. Cancer Cell
(2020) 38(2):167–97. doi: 10.1016/j.ccell.2020.06.001
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