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Abstract

Due to its molecular structure we find a specific reaction mechanism of ozone in biological systems,
which requires low doses. By contrast to disinfection, where ozone is added over a certain period of
time (ct concept) until disinfection becomes effective, we must pay particular attention to
concentrations and dosages so as not to increase oxidative stress in patients, e.g., those with chronic
inflammatory diseases and high oxidative stress. Here we start with a deeper insight into the effect
of ozone on Red Bood Cells (RBC) and the glutathione system which can be blocked at higher
concentrations if needed, such as is the case in reducing the plasmodium falciparum growth. At low
ozone concentrations, the RBC metabolism is activated, 2,3-diphosphoglycerate (2.3-DPG) increases
and oxygen is easily released from hemoglobin, which is helpful in diabetes and sporting activities.
In mononuclear cells low dose ozone acts as a redox bioregulator, e.g., by downregulating
proinflammatory cytokines and oxidative stress.

Keywords: redox balance; low-dose medical ozone; oxidative stress; redox bioregulation; glutathione
balance; RBC metabolism; ozone therapy; low-dose ozone concept

1. Introduction

More than 5.000 medical publications in International, peer reviewed journals on topical and
systemic ozone applications can be found in the relevant medical databases (keyword: ozone
therapy). Although still controversially discussed, indications, applications, and mechanisms of
action have now been clarified and established. Even if it is difficult to understand ozone as a remedy:
classic pharmacodynamics and kinetics are not applicable here. Ozone, as one of the strongest
oxidants, is used especially in diseases involving oxidative stress, and has proven to be an effective
redox bioregulator. As a germicidal agent, it is used with particular success in wastewater and
drinking water treatment to prevent waterborne diseases, but also for disinfection in wound
treatment. Here, the direct reaction mechanism, comes into play, while systemically administered
ozone follows an indirect mechanism whose end products intervene in the redox process and regulate
its balance. To clarify these mechanisms in detail is the aim of this publication. Since the modulation
of antioxidants via the signaling N1f2 pathway is frequently discussed in several publications, this
aspect is omitted here [1-4].

2. Molecular Structure and Preferred Reactions

The electronic structure forms the basis highly selective reactivity of ozone.
The reaction constants with a variety of reaction partners were measured by Hoigné et al. in the
1970s and 1980s and are particularly relevant for waste water and drinking water disinfection.The
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ozone molecule is a dipole with an electron deficiency fluctuating across the Os molecule, thus
causing instability, high reactivity and electrophilic reactions as shown in Figure 1. Two general
mechanisms are well documented, the radical and ionic mechanism depending on pH and reaction
partner. Both mechanisms are used in water disinfection. The ionic mechanism seems to be
particularly effective in biological systems as basis for the “low-dose ozone concept in medicine”, see
Figure 2.

In the favored reaction (highest reaction constant) [5] with isolated double bonds (Crigée
mechanism) [6,7]”Ozone peroxides” (hydroxy hydro peroxides) are formed and, in the biological
system, they apparently act as physiologically active substances with the function of second
messengers.
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Figure 1. Ozone molecule. Mesomeric structures.
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Figure 2. Radical and ionic reaction mechanism of ozone. Both mechanisms are used for water disinfection. The
ionic mechanism seems to be particularly effective in biological systems as a basis for the “low-dose ozone
concept” in medicine. Crigée mechanism. Reaction with isolated double bonds according to Crigée (1953, 1975).
Formation of «ozone peroxides» (hydroxy hydro peroxides) as obviously physiologically active substances

having the function of second messengers [4].

3. Direct and Indirect Mechanisms of Ozone in Waste Water and Drinking Water
Disinfection

As one of the most effective and important cleansing and disinfecting agent ozone is used for

e  the breakdown of macromolecules as a result of its powerful oxidative effect

e degradation of pharmaceuticals, such as antibiotics or cytostatics [8].

e  destruction of highly poisonous aromatics and heteroaromatics

e inactivation of viruses [9], killing of all kinds of bacteria and germs

e  incombination with H2O: and UV irradiation (advanced oxidation processes) effective even
in perchlorated biphenyls, or recalcitrant surfactants resistant to biodegradation [10,11].
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The effectivity of the ozone treatment in contaminated water depends on ozone concentration c
and contact time t: as a rule, the c t - concept is used. In viruses for example the virus shell is attacked
and destroyed and finally the DNA or RNA, the ct product is typical for each kind of virus.

4. Prevention of Waterborne Diseases

Since Robert Koch (1843-1910) and Louis Pasteur (1822-1895) discovered the importance of
microorganisms such as bacteria, protozoa, parasites and viruses in the development of various
diseases, widespread through sewage and drinking water, municipal water treatment plants began
to be built at the turn of the nineteenth/twentieth century. Ozone stages were soon integrated, as in
St. Petersburg, Nice, Wiesbaden (from 1901) and other European cities, in order to control major
epidemics (typhoid, cholera, tuberculosis) as far as possible. Particularly noteworthy is the virucidal
effect of ozone, as it far surpasses all other disinfectants.

5. Ozone in Medicine

In medicine, we are facing a completely different situation: ozone is one of the strongest oxidants
we know, so we must take special care of the concentrations and doses used to avoid any oxidative
damage and toxicity under physiological conditions, see dose-response relationship in Figure 3.

At pu <74 i.e., under physiological conditions, in the presence of unsaturated fatty acids, not
polyunsaturated fatty acids (UFA not PUFA) the first reaction step starts with a 1.3 dipolar
electrophilic addition to isolated C=C double bonds according to classical ozonolysis as described by
Crigée 1953, 1975 [6,7].

In the presence of OH- ions, i.e., preferably in an alkaline medium at pH > 8, we have to reckon
with an increasing number of radical reactions forming ©OH radicals and radical chain reactions as
their sequel. Accordingly, in the case of physiological pH values the ionic reaction mechanism is
predominant. Correspondingly, for example, as a real radical scavenger vitamin E does not act as an
antioxidant versus ozone, though this is very much the case with vitamin C and those enzymatic
antioxidants reacting both ionically and radically.

Dose-Response Relationship

efficiency in %
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Figure 3. Dose-response graph for systemic ozone applications. Ozone concentration in WL g§/mL / efficiency in
% (schematically).

6. Pharmacodynamics and Pharmacokinetics

Due to the high reaction constants of ozone reactions with isolated double bonds, the classic
terms “pharmacodynamic and pharmacokinetic” used in pharmacology are not applicable here.
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Instead, the reaction product “ozone peroxides” behave as second messenger and signal transduction
molecules, less reactive than ozone but still with high reactivity (indirect mechanism).

7. Topical Treatment

High concentrations also have a place in medical treatments: highly infected wounds are the
domain of topical ozone treatment in combination with water, in order to use the direct ozone effect,
to kill bacteria, fungi and viruses. For wound healing, however the concentration must be drastically
reduced to avoid the destruction of the fresh epithelium and make use of the indirect and regulatory
effect [12], see Figure 4 as an example [13],

it

Figure 4. A. The wound-cleansing effect of low-pressure ozone treatment. At high concentrations (80-100
u g/mL) using the direct ozone mechanism. B. During treatment: The ozone-oxygen mixture flows over the
wound area at a slight negative pressure. C. Wound-cleansing effect after the very first treatment. Wound
healing using the indirect ozone effect at low concentrations (10-30 p g/mL) [13].

8. Systemic Treatment. Ozone Mechanisms Under
Physiological Conditions

Ozone concentrations: 40 p g/mL < ¢ =10 p g/mL are used for systemic applications and
volumes of 50-100 mL for extracorporeal blood treatment in the form of major autohemotherapy
MAH. 100-300 mL are applied in rectal insufflation RI. High concentrations carry the risk of direct
oxidation involving radical formation and signal transduction blockade.

9. Red Blood Cells

In the early days of ozone being used in medicine, the focus was mainly on “arterial circulatory
disorders,” as indication, including the pharmacological effect of ozone on RBC’s, and their oxygen
transport function.

Through the specific reaction of ozone with the double bonds of the unsaturated phospholipid
chains in the RBC membrane, “ozone peroxides” (hydroxy hydroperoxides) are released into the
erythrocytes, Figures 1 and 2.

The RBC responds by activating its oxidation protection system, the glutathione system, with
the participation of the associated enzymes, glutathione reductase and peroxidase, which ultimately
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protects the Fe (II) in hemoglobin from oxidation and is thus responsible for maintaining the
hemoglobin-oxygen balance (Figure 5).

Maintenance or regeneration of the glutathione balance is associated with an increase in glucose-
6-phosphate dehydrogenase G-6-PDH, an increase in ATP, and 2,3-DPG which reduces oxygen
affinity to Hb by a factor of 26, whereby oxygen is released [14,15].

(HbO2)4 +2,3-DPG = Hb ° 2,3-DPG +4 02

The regulation, found in mononuclear cells, does not occur in RBC’s due to the absence of a cell
nucleus.

HPP Glucose

Glucose-6-phospate OOH

PPP H0~;<

NADP \/ G-SH \/ H

1.3-DPG GSHred GSHpox

2.3-DPG

HbO, — Hb + O,

Lactate

Figure 5. The RBC metabolism: Glycolysis and the influence of ,0zone peroxides”. As powerful ROS protection,
the glutathione system, reduces the ,ozone peroxides” and is restored by the pentose phosphate path,
consequently activating the glucose metabolism with an increase of 2.3 DPG. 2,3-DPG binds to hemoglobin and
oxygen is released [14]. HPP Hexose phosphate pathway, G-6-PDH glucose-6-dehydrogenase, 1.3-DPG 1.3-
diphosphoglycerate, PPP pentose phosphate pathway, NADP/NADPH nicotinamide dinucleotide phosphate,
2.3-DPG 2.3 diphosphoglycerate, GSHred glutathione reductase, GSH pox glutathione peroxidase.

This ozone effect has been verified by means of different in vitro and in vivo trials, see Figure 6:
*  Refunctionalization of RBC’s in expired whole blood preserves [15].

= Invivo results in healthy professional sportsmen [16].

=  The activity of ozone against plasmodium falciparum [17].

=  Red Blood cell concentrates [18].

=  Invivo results in diabetic patients [19].

= Invivo results in elderly patients [20,21].
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Figure 6. Activation of RBC metabolism (in vitro and in vivo) with an increase in 2,3-DPG or ATP. A. 2,3-DPG
content in preserved whole blood 24 and 48 hours after ozone application [15]. B. Blood concentrates after 20
days of storage and immediately following ozone treatment and 5 hours after ozone application [18]. C. An in
vivo trial in elderly patients, n = 11. Three weeks following 10 rectal insufflations RI, after 5 and 8 weeks [20,21]
D. ATP. In vivo pilot study in healthy sportsmen after 10 RI [16].

10. Activity Against Plasmodium falciparum

Plasmodium falciparum, the pathogen of life-threatening malaria tropica, proliferates especially
in RBC’s. Since they are extremely sensitive to oxidative stress, it becameobvious to test the ozone
effect on these parasites in vitro in full blood.

A significant growth inhibition was achieved at ozone concentrations of 80 pg/mL. This
suggests that the highly active GSH is greatly reduced by ozone and its reaction products: the
antioxidative property, necessary for plasmodium growth, has been lost [17].

Morphological changes of RBC’s.

The mechanical strain and stress tolerance of the RBC’s improve under ozone. At higher
concentrations, such as 77 mg/L this effect is reduced. The possibly expected improvement in RBC
flexibility could not be confirmed. Hemolysis increases above a level of 7.7 pg/mL in whole blood
[22].

Osmotic fragility was tested by Walski et al., but not under the conditions of medical application
[23].

Medravam et al. showed nontoxicity of ozone on oxy-Hb in diabetic and non diabetic patients:
at concentrations of 15 - 50 pUg/mL in order to individualize the ozone concentration in diabetic
patients [24].

11. Platele-s

The addition of ozone to platelet-rich plasma or washed platelet solutions lowered the
aggregation induced by the control substance (ADP, collagen), whereby the platelet aggregation is
indirectly proportional to the ozone concentration. The thrombin- and collagen-induced increase in
intracellular calcium is reduced by ozone: the signal transmission is interrupted and no platelet
activation takes place [25-27].

This important effect has been verified again in peripheral arterial diseases [28].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In whole blood, platelet aggregation under major autohemotherapy therapy conditions depends
on the anticoagulant: When sodium citrate is used, it is negligible, but not when heparin is added, in
order to avoid blood coagulation [29].

12. Ozone and Oxidative Stress

Chronic oxidative stress is common to almost all ozone indications. Rheumatoid arthritis, as a
chronic inflammatory process, may serve as a prime example [30].

Among other things, long-chain, long-living peroxides, formed e.g., from polyunsaturated fatty
acids, normal oxygen (diradical), and OH-radicals (endogenous or exogenous ROS) are the crucial
substances. The -OO- peroxide group is protected by the long fatty acid chain, responsible for the
relatively low reactivity and long half-life. Radical chain reactions can be initiated permanently.

13. The Role of Glutathione

The first cellular, highly effective protective mechanism against oxidative stress is the
glutathione system with the tripeptide GSH, the reduced form -as the active substance- being
oxidized to GSSG, the inactive form. The ability of sulfur to involve d-orbitals makes glutathione a
very flexible antioxidant that can react both with radicals (such as oxygen radicals) as well as ionic
oxidants (such as “ozone peroxides”), making GSH is a highly reactive and very efficient antioxidant
in each cell. This reaction serves as signal transduction transferring its information to the nucleus
inducing the enzyme production, necessary to restore the GSH/GSSG balance, in this case GSHox
and GSHred, see Figure 7. In case of chronic or excessive oxidative stress, the GSH system is
overstressed and exhausted; the antioxidant activity and signal transduction is blocked [31]. GSH
deficiency leads to high oxidative stress and chronic inflammation, age related diseases, insulin
resistance, vascular diseases and others.

This is one of the reasons why we should pay gt'reat attention to ozone concentrations and doses
and use GSH, among other things as a highly informative parameter. At low concentrations the
“ozone peroxide” is able to reactivate the GSH-system and the signal transduction.

GSH + RC(OH)OOH — GSSG + GSOH + RCHO

-
GSH + GSH +«—=> GSSG

Figure 7. The glutathione system. Balance between the reduced and oxidized form.

In RBC’s and liver cells, the balance is far out on the left side (active form): 90% GSH and 10%
GSSG. As a tripeptide, glutathione is a small molecule with the SH-group (cysteine) as active center.
GSH is highly reactive and very efficient as antioxidant in each cell: in case of GSH deficiency high
oxidative stress leads to chronic inflammation, age related diseases, insulin resistance, vascular
diseases and others.

14. Regeneration of the Active Form of Glutathione GSH

The recovery of a stressed glutathione balance in selected clinical trials is displayed in Figure 9.
Rheumatoid arthritis with high oxidative stress has proven to be a classic ozone indication since we
know the low dose ozone concept, see Figure 8. In the very beginning of systemically applied medical
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ozone concentrations up to 80 (g/mL were used in RA in the form of autohemotherapy without any
positive result. At low and moderate concentrations and doses ozone acts as an effective bioregulator:
antioxidative capacity increases and an imbalanced GSH/GSSG system is largely restored, shown in
a controlled clinical study (n=80).

Glutathione
Peroxidase
GSHox

/7N

2G-SH G-SS-G

Glutathione \\/ Glutathione
oxidised form

redused form

Glutathione
Reductase
GSHred

Nuclear factors

induction of GSHred
and GSHox and other
enzymatic antioxidants

Figure 8. The oxidation of GSH to GSSG by ozone peroxide leads to signal transduction to the nucleus via nuclear
factors, such as NfkB and Nrf2 and, as a response, in this case the enzymes glutathione reductase and peroxidase

are produced in order to restore the GSH/GSSG balance for an effective antioxidant protection.

At low concentrations rectal ozone insufflations in osteoarthritis patients (n=40) reduce the
oxidative stress (not to the same extend as in RA) and helps to recover the cell protection by finally
increasing GSH.

In the case of Diabetes type 2, mainly 4 different pathological pathways are principally
discussed, all of them initiated through oxidative stress. Reactive oxygen species, such as superoxide
radicals, block the normal glycolysis path (via the SH groups of different enzymes) and force the
system to break down carbohydrates via one of them, polyol-, hexosamin-, proteinkinase C- and
methyl glyoxal path, each of them with the well known side effects of diabetes [32]. Medical ozone
reduces oxidative stress and regulates glycolysis in diabetes type 2 patients (n=101); the glutathione
balance is shifted to the GSH side [33].

The aging process is accompanied by oxidative stress, among others a source of age-related
diseases and a decrease in GSH activity. The ozone effect has been demonstrated in a controlled
clinical trial (n=45). The antioxidant capacity recovered and finally the active form of glutathione, see
Figure 9. In this case, systemically administered ozone is part of a complementary treatment system
for secondary prevention, to arrest further damage progression and prevent age-related diseases [34].

Another controlled pilot study (n=42) evaluated the positive effect of rectally administered
medical ozone on the central nervous system during alcohol withdrawal (n=45) in patients with
different comorbidities. Ozone reduced oxidative stress, stabilized antioxidant defense and regulated
neurotransmitters [35].
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Figure 9. GSH increase through systemically administered ozone in % in selected clinical studies compared to
basic therapy. RA: Rheumatoid arthritis; OA: osteoarthritis; diabetes clin: Diabetes clinical study. Elderly:

secondary prevention in elderly; alcohol withdrawal.

15. Medical Ozone Modulates Inmune Response

The regulation of cytokine production by ozone peroxide as second messenger can be clearly
confirmed by the downregulation of proinflammatory cytokines in chronic inflammatory diseases
with rheumatoid arthritis as a prime example.

Again: the oxidation of glutathione as first step communicates this information to the nucleus
and via activation of NfkB the immunomodualation starts. Elevated cytokines, such as IL-1, IL-6 or
TNF-a as inflammatory stress paramaters are downregulated whereas IFN-y increases [36,37].

Figure 10 shows the decrease in TNF-& mRNA and IL-18 mRNA after 10 intra-articular ozone
injections (20 pg/ml) in a standard animal model for Rheumatoid arthritis (induced by peptidoglycan,
polysaccharide) as compared to a nontreated control and in contrast to oxygen; here, oxygen even
increases the proinflammatory parameters due to its radical character.

T4 lymphocytes (TH1) with their key function among the immune competent cells are activated
in vitro and in vivo releasing e.g., IL-2 which in turn starts an intercellular communication resulting
in the production of killer cells, activation of B cells to produce specific antibodies, and a cascade of
other immune functions.

Rheumatoid arthritis in an animal model

»
o

I

w
1)

arbitrary units in rat spleen

g = N
ocwvl =2 N oW
Il

TNF-alpha mRNA IL-18 mRNA

= RA animal RA+ozone RA+oxygen
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Figure 10. Rheumatoid arthritis in a standard animal model (induced by Peptidoglycan, Polysaccharide): TNEF-
a mRNA and IL-18 mRNA decrease after 10 intra-articular ozone Injections (20 pg/ml) in contrast to oxygen
[39].

A remarkable number of preclinical in vitro and ex vivo trials with ozonized blood showed a
release of IFN-q, IFN—ﬁ and IFN-y; Interleukines IL-1b, 2, 4, 6, 8 and 10 Tumor necrosis factor (TNF-
a), granulocyte macrophage colony stimulating factor (GM-CSF), and the growth factor TGF-31 [40].

Unlike corticosteroids, which inhibit the nuclear factor NF-kB, ozone at low concentrations
modculates the immune response [41].

A Turkish working group has succeeded in regulating the immune dysfunction in a 4 months
systemic ozone application in patients with refractory idiopathic granulomatous mastitis. CD4* IFN-
Y (p=0.032), CD4* TNF-a* (p = 0.028), and the CD8* TNF-a* (p = 0.012) T cells increased significantly,
in contrast to which CD4* IL-10* (p = 0.047) and CD8* IL-10* T cells (p = 0.022) and CD4+ CD25* CD127-
! decreased, obviously via activation of stimulation of T helper cells [42].

Immune modulation through ozone is certainly effective in Covid-19, but not yet clarified
completely. This still needs to be confirmed by measuring the relevant parameters [39,44,45].

16. Conclusions and Future Perspectives

The highly specific reaction of ozone in biological systems, namely electrophilic addition
primarily with isolated double bonds in fatty acids, such as those found in cell membranes, induces
cell specific reaction cascades via the glutathione system. In RBC’s, glucose metabolism is activated
with an increase in 2,3 DPG and an improved oxygen release; in mononuclear cells, redox
bioregulation is started, finally restoring glutathione balance and protecting cells from oxidative
stress by establishing a high antioxidant capacity. It is on this basis that we understand the application
of low dose medical ozone in arterial circulatory disturbances and in diseases with high oxidative
stress, such as chronic inflammatory diseases.

Although this has been demonstrated by a remarkable number of preclinical and clinical trials,
further studies with a large number of patients are needed.
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