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Introduction

As we have been studying oxygen for 250 years [1], we may think that we know it
all. Admittedly, we have learned a considerable amount since the first use of the term
“phlogiston”, a word coined by Jonass Johann Joachim Becher in the 17th century to refer
to what we now call oxygen. Phlogiston is the neutral form of “phlogistos”, meaning
“inflammable”. The word comes from “phlogizein”, meaning “put on fire, burning”, and
from “phlox” (in the genitive form “phlogos”), meaning “flame”; it was the hypothetical
theory of fire and was a constituent of all combustible material.

What would now be described as oxidation was thought to be the release of “phlogis-
ton”, and the material left behind, such as ash, would be considered a “dephlogisticated”
substance.

This understanding is not far from a thermodynamic perspective, in which something
“on fire” has a different entropy than what remains after combustion—the so-called de-
phlogisticated substances. Oxygen or phlogiston is also currently considered an “epistemic
object” and a number of preeminent scientists were involved in understanding it over the
years, showing how much attention it still deserves [2–5].

This editorial builds upon the Special Issue “Oxygen Variations—2nd Edition” by
integrating additional recent contributions addressing oxidative stress, redox regulation,
and oxygen-driven adaptation across experimental, organ-specific, and clinical contexts
that will propose new integrative insights from cellular models to clinical physiology [6,7].

All studies included can be interpreted through the dual lenses of hormesis, a beneficial
adaptive zone lying between the “friend or foe” [8–15] nature of oxygen [16,17], and non-
equilibrium thermodynamics, emphasizing oxygen variability as a structured biological
stimulus rather than a static exposure [18].

Int. J. Mol. Sci. 2026, 27, 1863 https://doi.org/10.3390/ijms27041863
1



Int. J. Mol. Sci. 2026, 27, 1863

1. Experimental and Cellular Models of Oxidative Stress

The tentative modeling of oxygen responses has been an objective for number of
scientists. Sidorova et al. [19] provide a rigorous comparative framework for modeling
oxidative stress in vivo using dietary, chemical, and physiological stressors in Wistar
rats. From a hormetic standpoint, the study elegantly demonstrates that not all oxidative
stressors are equivalent: diet-induced oxidative stress elicited the strongest redox response,
characterized by concomitant increases in lipid peroxidation and antioxidant enzyme
activity, while immobilization stress produced comparatively modest effects, opening up
new perspectives on microgravity oxidative stress during spatial incursions.

Thermodynamically, these models represent distinct magnitudes and durations of
entropy production, with dietary overload imposing a sustained metabolic disequilibrium,
whereas acute stressors trigger transient adaptive responses.

This work provides a valuable platform for evaluating interventions that aim to shift
oxidative stress from pathological to adaptive domains, as shown in other domains such as
performance or physical training [20–22].

At the cellular level, Orzoł et al. [23] demonstrate that the modulation of oxidative
stress can reverse premature senescence in equine adipose-derived stromal cells affected
by metabolic syndrome.

Orientin treatment restored proliferation, migration, and clonogenicity while reducing
senescence markers and oxidative load, paving a promising therapeutical path [24]. Within
a hormetic framework, orientin appears to recalibrate redox signaling toward a low-stress
adaptive zone.

Thermodynamically, the intervention reduces dissipative losses associated with
chronic oxidative stress, allowing cellular energy fluxes to be reallocated toward regenera-
tion rather than damage control.

2. Mitochondrial Dysfunction and Redox-driven Pathology

Pierro et al. [25] extend the discussion to clonal hematological disease, identifying oxida-
tive stress and mitochondrial dysfunction as central drivers in myelodysplastic syndromes.

Persistent ROS (Reactive Oxygen Species) and RNS (Reactive Nitrogen Species) pro-
duction destabilizes genomic integrity and promotes clonal evolution, representing a
failure of hormetic containment. In thermodynamic terms, the bone marrow niche becomes
trapped in a high-entropy state, where energy dissipation exceeds adaptive capacity. The
review highlights redox-modulating therapies as potential tools to restore controlled signal-
ing and re-establish a lower-entropy, functionally productive hematopoietic environment.

3. Brain, Vascular Tone, and Neuroenergetics

The brain constitutes a critical testbed for oxygen-driven hormesis. Salvagno et al. [26]
analyze how ROS and RNS regulate cerebral vascular tone, emphasizing that species-
specific redox signaling can induce vasodilation or vasoconstriction.

From a thermodynamic perspective, cerebral autoregulation emerges as a fine-tuned
balance between oxygen delivery, mitochondrial efficiency, and entropy minimization in a
high-demand organ.

From a therapeutical perspective, Münz et al. [27] provide experimental evidence
that targeted moderate hyperoxemia improves neurological outcomes after combined
subdural hematoma and hemorrhagic shock without exacerbating oxidative or nitrosative
tissue damage.

This supports the concept that carefully dosed hyperoxia operates within a hormetic
window, enhancing systemic organization rather than inducing oxidative collapse.

In the same direction, Damato et al. [28] further demonstrate that non-steady-state oxy-
gen exposure produces distinct neurovascular and inflammatory responses compared to

https://doi.org/10.3390/ijms27041863
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steady-state hyperoxia. Oscillating FiO2 induced delayed cytokine responses and modulate
cortical activation, underscoring the importance of temporal oxygen variability. Thermo-
dynamically, these oscillations represent repeated controlled perturbations that reshape
neurovascular coupling and inflammatory signaling.

4. Hyperoxia, (Relative) Hypoxia, and Systemic Adaptation

The concept of oxy-inflammation [29] is described by Vezzoli et al. [30] in underwater
activities, where divers experience alternating hypoxic and hyperoxic conditions under
hyperbaric stress. The diving response exemplifies a naturally occurring hormetic system
in which oxygen fluctuations, pressure, and environmental stressors jointly modulate redox
and inflammatory pathways [31–34].

Changing the classical hyperbaric levels clinically used, Cannellotto et al. [35]
clarify that even mild-pressure hyperbaric oxygen therapy generates sufficient mito-
chondrial hyperoxia to activate hypoxia-related signaling pathways through relative
post-exposure hypoxia.

This apparent paradox aligns with thermodynamic principles: transient oxygen excess
increases electron flux, followed by adaptive signaling that enhances angiogenesis and
tissue repair. As already proposed by Salvagno et al. [36], this relative hypoxia is a potent
trigger for physiological adaptations.

Using higher oxygen levels, Nesovic Ostojic et al. [37] demonstrate that hyperbaric
oxygen preconditioning reduces oxidative damage and DNA strand breaks in ischemia–
reperfusion acute kidney injury while upregulating HIF-1α and suppressing NF-κB.

This dual action exemplifies hormesis [38,39], where controlled oxidative signaling
primes antioxidant capacity and genomic stability, allowing the system to better withstand
subsequent energetic insults [40–43].

5. Integrative Perspective and Conclusions

Taken together, the studies included in this Special Issue and its extensions converge
on a unifying concept: oxygen variability, when precisely controlled, operates as a powerful
regulator of biological organization.

Hormesis provides the dose–response framework, while thermodynamics explains
how transient increases in entropy production can drive reorganization toward more
efficient and resilient states.

Future research should focus on defining individualized oxygen dosing strategies
and identifying biomarkers that discriminate adaptive from maladaptive redox responses.
It should aim to characterize the multiscale biological effects of oxygen partial pressure
variations. Controlled oscillations between hypoxia, normoxia, hyperoxia, and hyperbaric
hyperoxia act as non-equilibrium perturbations driving hormetic adaptation [44–46].

At the molecular level, transient redox signaling modulates ROS-sensitive pathways
(HIF-1α, NRF2, NF-κB) and mitochondrial function.

These signals propagate to organ-level responses affecting brain energetics, vascular
tone, immune regulation, and tissue repair.

Clinically, optimized oxygen variability enhances resilience, functional recovery,
and therapeutic outcomes, whereas excessive or prolonged exposure may lead to mal-
adaptive oxidative stress. It seems that too-high or too-frequent doses may offer a
sub-optimal response.

6. Conceptual Thermodynamic Framework of Oxygen-Driven Adaptation

From a thermodynamic perspective, biological systems operate far from equilibrium
and rely on continuous energy fluxes to maintain organization.

Variations in oxygen availability introduce controlled perturbations that transiently
increase entropy production (σ), forcing metabolic reorganization. When the perturbation

https://doi.org/10.3390/ijms27041863
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magnitude remains within a hormetic window, adaptive responses emerge, leading to
improved efficiency and resilience. Excessive or sustained perturbations exceed dissipative
capacity [47,48] and result in non-compensated/prolonged/pathological oxidative stress
(see Figure 1).

Figure 1. Conceptual relationship between entropy production (o), induced by variations in oxy-
gen flux (ΦO2) and the chemical potential gradient (ΔμO2), and the adaptive biological response,
illustrating the concept of the hormetic window.

Conceptually, this relationship can be expressed in a simplified way:

σ = ΦO2 × ΔμO2

where σ represents entropy production, ΦO2 the oxygen flux, and ΔμO2 the chemical
potential gradient of oxygen. Adaptive biological responses occur when σ remains within
an optimal non-linear range, enabling reorganization toward lower effective entropy states
following the perturbation.

The authors are confident that future research from several scientific fields will finetune
“oxygen variations” [49,50] and reach specific, adaptative, hormetic, and personalized
therapeutical approaches.

Author Contributions: Conceptualization, C.B. and S.M.-S.; methodology, C.B.; software, S.M.-S. and
G.B.; validation, C.B., G.B. and S.M.-S.; formal analysis, C.B.; resources, C.B., G.B. and S.M.-S. data
curation, C.B.; writing—original draft preparation, C.B.; writing—review and editing, C.B., S.M.-S.
and G.B.; project administration, C.B. and G.B.; funding acquisition, G.B. All authors have read and
agreed to the published version of the manuscript.
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Abstract

Oxidative stress can be caused by bad nutrition, psychoemotional stress, or other external
influences in everyday life. The aim of this study is to develop and verify biological models
using male Wistar rats that allow reproducing oxidative stress in vivo, in particular: food
(diet with high cholesterol and fructose content), medical (injection of CCl4), and physiolog-
ical (immobilization stress). Diet with 1% cholesterol and fructose had the greatest impact
on the antioxidant status of animals: a significant increase in serum malondialdehyde (by
1.8 times) and superoxide dismutase (by 2.4 times) as well as a significant decrease in the
Cat gene expression by 35% were shown. The immobilization led only to a significant
decrease in serum lipid peroxides by 29%. A single intraperitoneal administration of CCl4
was accompanied by a significant increase in the blood lipid peroxides (by 1.3 times) and
catalase (by 1.6 times), as well as a significant decrease in the Cat mRNA by 33% and Gpx1
by 48%. The obtained data can be used to study the effectiveness of drugs, biologically
active food supplements and functional nutrition in vivo.

Keywords: oxidative stress; biological model; antioxidant status; high-cholesterol diet;
immobilization; CCl4

1. Introduction

Oxidative stress occurs as a result of imbalanced production of reactive oxygen species
(ROS). Excessive formation of ROS may lead to oxidative damage of molecules involved in
aging and development of neurodegenerative and cardiovascular diseases. To increase a
human organism’s resistance to oxidative stress, it is necessary to provide it with antioxi-
dants. It is necessary to select an appropriate biomodel that allows reproducing oxidative
stress in laboratory rodents and obtaining reliable results.

Oxidative stress may be caused by bad nutrition, psycho-emotional stress or other
external influences in everyday life. Excessive consumption of diets high in fat, especially
saturated fatty acids, fried and smoked meats, baked goods, juices, and soda (sources of
cholesterol and simple sugars) leads to the development of hyperlipidemia and obesity.
The subsequent accumulation of adipose tissue in the body induces the development of
oxidative stress, endothelial dysfunction, and excessive synthesis of adipokines, leading to
other complications [1,2]. To simulate such conditions in vivo, diets with a high content of
fat (45–60% fat by calories), easily digestible carbohydrates, and cholesterol are widely used.

Int. J. Mol. Sci. 2025, 26, 6872 https://doi.org/10.3390/ijms26146872
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The so-called “Cafeteria” diets, high in fat and sugar, simulate modern human obesogenic
diets [3–6]. However, due to heterogeneity and a lack of standardization, this model is
less effective. Obesity and associated diseases in animals develop slowly and generally
replicate the corresponding human pathology when fat accumulates slowly, mainly due to
excess energy intake and insufficient energy expenditure. The use of a high-cholesterol diet
efficiently leads to conditions characterized by the accumulation of prooxidants and lipid
peroxidation products [7].

Besides the diet-induced models, drug-based approaches using various chemical
compounds have traditionally been used to model oxidative stress. Paracetamol (ac-
etaminophen) [8], lipopolysaccharide [9], and carbon tetrachloride are most commonly
used in in vivo studies. Paracetamol, which is a commonly used antipyretic and anal-
gesic drug, is safe and effective at therapeutic doses. The main limitation of this model
is the use of high doses to induce mitochondrial dysfunction, which leads to overproduc-
tion of ROS and further liver damage [10]. Lipopolysaccharide is a bacterial pathogen
that imbalances oxidative stress status and immune system responses mainly through
the overproduction of pro-inflammatory cytokines [11]. Carbon tetrachloride (CCl4) is a
well-known toxin associated with liver damage, causing oxidative stress and damage to
cellular components [12–14]. It is a potent prooxidant agent that has been widely used in
recent years to induce hepatotoxicity [15] and oxidative stress [16]. CCl4 administration
causes oxidative damage through the formation of free radicals and enhances lipid peroxi-
dation [16]. Although carbon tetrachloride administration to animals is one of the most
widely used in vivo models of oxidative stress/lipid peroxidation, it has several limitations.
The induced oxidative stress is a consequence of poisoning and acute failure of vital organs,
especially the liver [17]. The toxicity of CCl4 depends on the dose and exposure time. At
low doses, temporary effects prevail: disorders in lipid homeostasis, cytokine release, and
apoptosis. At higher doses or longer exposure, fatty degeneration, fibrosis, cirrhosis, and
even cancer may occur. At acute toxic doses irreversible liver injuries take place [18].

As an alternative for modeling oxidative stress, some studies use stress expo-
sure [19,20]. Increased metabolic rate causes excessive formation of free radicals [21],
in particular reactive oxygen species, accompanied by functional and structural damage to
cells and tissues. For example, acute exercise on a treadmill causes a significant release of
pro-inflammatory cytokines and free radicals from activated leukocytes and leads to mus-
cle damage and tissue injury. Moreover, during prolonged exercise, oxygen consumption
increases and produces reactive oxygen species (ROS). However, this method has limita-
tions, like the necessity for preliminary training of animals and possible injuries during the
test [22]. The forced swim test (FST) has been reported to increase rodent oxidative stress in
the brain as well as tissue degeneration and oxidative stress in peripheral tissues, including
the liver, which is regulated by the brain [23]. The necessity to warm and dry animals and
potent injuries are also limitations of this method. To study physiological reactions caused
by a state of chronic psychoemotional stress, a model of immobilization is used [24]. Stress
caused by immobilization leads to behavioral changes such as anxiety, depression, anorexia,
and decreased activity, similar to human reactions to crowding, frustration, and tension [25].
The model is easily reproduced and used to simulate acute or chronic stress [26].

The aim of the present study is to conduct a comprehensive comparative analysis
of three distinct models of oxidative stress in male Wistar rats: dietary-induced stress,
chemically induced stress via intraperitoneal injection of CCl4, and physiologically induced
stress through immobilization. This research seeks to evaluate and compare the extent
and nature of oxidative stress elicited by each method, with particular focus on a panel
of biochemical markers, including lipid peroxidation markers (LPO, MDA), antioxidant
enzymes (SOD, catalase, glutathione peroxidaze), and antioxidant genes liver expression
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(Sod1, Gpx1, Cat, Nqo1, and Hmox1). This investigation seeks to elucidate the differential
effects and mechanisms underlying each model, thereby contributing to a more nuanced
understanding of oxidative stress responses in preclinical research.

2. Results

2.1. Fatty Acid Composition

Table 1 presents the results of determining the fatty acid composition of sunflower
and soybean oils used in diets.

Table 1. Fatty acid composition of soybean and sunflower oil, %.

Fatty Acid (FA) FA Index Soybean Oil Sunflower Oil

Myristic 14:0 0.10 0.07
Pentadecanoic 15:0 0.02 0.01

Palmitic 16:0 10.29 6.14
Hexadecene 16:1 0.02 0.02
Palmitoleic 16:1 9-cis 0.08 0.04
Margarine 17:0 0.08 0.03

Heptadecenoic 17:1 0.04 0.03
Stearic 18:0 4.92 3.16
Oleic 18:1 9-cis 24.11 27.31

Vaccenic 18:1 11-cis 1.40 0.78
Octadecene 18:1 11-cis 0.06 0.00

cis, trans-linoleic 18:2 9-cis, 12-trans 0.05 0.24
trans, cis-linoleic 18:2 9-trans, 12-cis 0.00 0.19

Linoleic 18:2 47.22 60.58
Octadecatrienic Total trans-isomers 0.13 0.00

α-linolenic 18:3 ω-3 10.17 0.08
Arachidic 20:0 0.49 0.24

gondoic (total
isomers) 20:1 0.24 0.20

Behenic 22:0 0.43 0.72

Soybean oil is a source of linoleic, oleic, palmitic, α-linolenic, and stearic fatty acids.
Sunflower oil is a source of linoleic, oleic, palmitic, and stearic fatty acids. Thus, the main
difference in the fatty acid composition of soybean oil from sunflower oil is the content of
α-linolenic ω-3 fatty acid.

2.2. In Vivo Study Results

The general condition of all animals in terms of appearance, fur quality, food and water
consumption, and behavior during daily examination was satisfactory. Figure 1 shows the
average cumulative feed and calorie consumption of animals throughout the experiment.

Figure 1. (A) Average food intake, g/day/rat (η2 = 0.40); (B) average energy intake, kcal/day/rat
(η2 = 0.71). 1 differences are significant against control group; 2 differences are significant against DI
group; 3 differences are significant against Immo group; p < 0.01.
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Animals of the diet-induced (DI) group consumed significantly less food compared
to animals of the control, Immo, and CCl4 groups. However, in terms of caloric content,
these animals, on the contrary, received significantly more energy than the others, since in
addition to feed, they consumed an average of 50 ± 3 mL of a 30% fructose solution.

Animals of groups Immo and CCl4 consumed significantly less food and energy
compared to control animals, while animals of group Immo consumed less food compared
to animals of group CCl4. Thus, immobilization stress led to a significant decrease in
animals’ appetite compared to all other groups. Replacing the fat component in the diet,
namely soybean oil, with sunflower oil also led to a significant decrease in appetite.

Figure 2 shows the body weight gain of animals throughout the experiment.

 

Figure 2. Body weight gain of experimental animals, %. 1 differences are significant against control
group; 2 differences are significant against DI group; 3 differences are significant against Immo group;
p < 0.05.

Starting from the 7th day, a significant lag in the body weight gain of Immo group
animals was observed compared to the control, DI, and CCl4 animals. The difference
remained significant throughout the experiment. The body weight gain of CCl4 animals,
starting from day 35, was significantly lower compared to the control until the end of
the experiment. The obtained result is consistent with the food intake data. The body
weight gain of DI animals did not differ significantly from the control, despite higher
calorie consumption.

Figure 3 shows the results of the elevated plus maze test.

Figure 3. Elevated plus maze test results. 1 differences are significant against control group; 2 dif-
ferences are significant against DI group; p < 0.05. (A) Time in open arms, s (η2 = 0.04); (B) time in
closed arms, s (η2 = 0.02); (C) total distance (η2 = 0.170); (D) zone transition number (η2 = 0.06).
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Animals of group Immo showed more activity, reflected by a significantly greater
distance traveled, compared to the control (p = 0.02) and DI (p = 0.03) animals. The obtained
result indicates the influence of immobilization on the component of exploratory and motor
activity, characterized by the distance traveled, without changing the degree of anxiety.

Table 2 shows the body composition of experimental animals.

Table 2. Body composition of experimental animals.

Parameter
Group Statistics

Control DI Immo CCl4 p η2

Fat mass, % 13.7
(11.8–15.9)

13.9
(9.7–15.2)

8.1
(6.7–11.7) 1,2

12.3
(8.7–15.5) 0.05 0.17

Lean mass, % 79.8 ± 1.0 80.8 ± 1.1 85.1 ± 1.1 1,2 81.9 ± 1.5 0.02 0.20

Free water, % 0.25
(0.22–0.29)

0.20
(0.17–0.23) 1

0.32
(0.29–0.35) 1,2

0.21
(0.17–0.23) 1,3 <0.01 0.39

Total water, % 67.8 ± 0.9 68.5 ± 0.9 72.3 ± 0.9 1,2 69.7 ± 1.2 0.02 0.21
1 differences are significant compared to control group; 2 differences are significant compared to DI group;
3 differences are significant compared to Immo group; p ≤ 0.05.

As can be seen from the presented data, the body fat mass of Immo animals was
significantly lower compared to control animals and DI animals, while their lean mass,
on the contrary, was significantly higher compared to these groups. Also, the total water
content in the body of these animals was significantly higher compared to control and
DI animals.

Table 3 shows the results of biochemistry blood test of experimental animals.

Table 3. Biochemistry blood test.

Parameter
Animal Groups Statistics

Control DI Immo CCl4 p η2

Total protein, g/L 71.9 ± 1.4 77.4 ± 1.8 1 71.5 ± 1.1 2 72.7 ± 1.5 2 0.02 0.20
Albumin, g/L 30.5 ± 0.3 31.5 ± 0.5 30.6 ± 0.3 30.3 ± 0.4 2 0.04 0.12

Globulins, g/L 41.0
[38.0–44.0]

44.8
[43.4–49.2] 1

40.1
[38.9–43.3] 2

41.8
[39.9–43.8] 0.04 0.21

Cholesterol, mmol/L 1.65
[1.37–1.79]

2.52
[1.83–2.79] 1

1.51
[1.38–1.76] 2

1.11
[0.96–1.47] 1,2,3 <0.01 0.49

Triglycerides, mmol/L 2.95
[2.29–3.86]

2.17
[1.38–2.85] 1

1.36
[1.02–1.69] 1

0.74
[0.53–1.07] 1 <0.01 0.44

HDL, mmol/L 1.28 ± 0.09 1.33 ± 0.09 1.41 ± 0.05 1.10 ± 0.09 2,3 0.05 0.17

LDL, mmol/L 0.10
[0.09–0.11]

0.44
[0.33–0.70] 1

0.15
[0.13–0.17] 1,2

0.08
[0.07–0.12] 2,3 <0.01 0.65

Total bilirubin, μmol/L 5.01
[4.79–5.46]

4.51
[4.36–5.38]

5.16
[5.00–5.43] 2

5.30
[5.00–5.62] 2 0.03 0.10

Creatinine, μmol/L 46.3 ± 0.8 46.3 ± 1.3 49.0 ± 0.8 46.3 ± 0.9 0.12 0.12
Alkaline

phosphatase, U/L
159

[143–213]
191

[178–202]
154

[139–202]
144

[137–171] 2 0.02 0.15

ALT, U/L 74.3
[60.9–84.4]

91.2
[72.5–148.1] 1

89.5
[83.5–101.1] 1

102.7
[79.0–109.7] 1 0.02 0.17

AST, U/L 40.0
[34.2–172.8]

201.7
[52.2–230.7]

239.4
[81.7–258.7] 1

62.5
[42.9–271.3] 0.03 0.04

Urea, mmol/L 6.33 ± 0.24 4.08 ± 0.29 1 5.59 ± 0.28 2 6.70 ± 0.36 2,3 <0.01 0.51

Uric acid, mmol/L 85.1
[81.3–92.8]

95.7
[81.6–107.1]

90.4
[87.1–103.5]

77.5
[73.3–93.9] 0.31 0.05

Phosphor, mmol/L 2.12
[2.04–2.74]

2.07
[1.91–2.32]

2.39
[2.22–2.53] 2

2.39
[2.35–2.54] 2 0.03 0.15
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Table 3. Cont.

Parameter
Animal Groups Statistics

Control DI Immo CCl4 p η2

Magnesium, mmol/L 0.90
[0.78–0.99]

0.73
[0.65–0.77] 1

0.85
[0.82–1.02] 2

0.79
[0.76–0.83] <0.01 0.26

Calcium, mmol/L 2.45
[2.31–3.36]

2.42
[2.40–2.61]

2.38
[2.31–2.42]

2.45
[2.38–2.50] 0.51 0.04

Glucose, mmol/L 6.78
[5.91–7.19]

7.87
[7.63–8.25] 1

6.10
[5.65–6.47] 2

5.93
[5.84–6.27] 1,2 <0.01 0.43

Glucose, mmol/L
(whole blood)

5.85
[5.30–6.28]

7.30
[7.05–7.55] 1

5.55
[5.18–6.33] 2

5.95
[5.53–6.03] 2 <0.01 0.53

Glycated hemoglobin, % 6.3
[5.4–6.8]

6.7
[5.7–7.5]

6.4
[5.9–7.8]

5.2
[5.0–5.4] 1,2,3 0.03 0.05

1 differences are significant against control group; 2 differences are significant against DI group; 3 differences are
significant against Immo group; p < 0.05.

Animals of the DI group had a significant increase in total protein against the back-
ground of a significant increase in globulins compared to control animals. Consumption of
exogenous cholesterol and fructose resulted in a significant increase in the blood cholesterol
and LDL levels compared to control animals, while the triglyceride level was significantly
lower. A significant increase in the serum ALT level and a decrease in serum urea were
revealed compared to the control group. According to mineral metabolism, a reliable
decrease in blood magnesium level of these animals was observed. The level of serum
glucose and complete blood glucose in these animals was significantly higher compared to
all groups, no changes in the glycated hemoglobin level were found.

In animals of Immo group with normal levels of total cholesterol, a significant decrease
in triglyceride levels and an increase in LDL levels were found compared to animals of
the control group. Also, animals of this group showed a significantly higher level of ALT
compared to control animals.

A significantly lower concentration of serum cholesterol and triglycerides was found in
animals of CCl4 group compared to the control group. The ALT level was also significantly
higher compared to animals of the control group. The animals of this experimental group
had the lowest serum glucose: the differences are significant compared to the control group,
while no difference was found in whole blood glucose. The level of glycated hemoglobin
also differed significantly and was lower than in control animals.

Table 4 presents the biochemical parameters determined in the liver of animals.

Table 4. Liver biochemical parameters.

Parameter
Animal Groups Statistics

Control DI Immo CCl4 p η2

Final body weight, g 479
[440–505]

449
[438–498]

369
[360–392] 1,2

430
[404–448] 1,3 <0.01 0.38

Liver weight, relative, % 2.72
[2.60–2.93]

4.33
[4.08–4.69] 1

2.42
[2.27–2.53] 1,2

2.68
[2.57–2.76] 2,3 <0.01 0.87

Fat content, mg/g liver 89.4
[81.4–114.2]

189.6
[121.4–223.5] 1

76.3
[63.3–83.3] 1,2

93.9
[85.6–105.5] 2,3 <0.01 0.49

Cholesterol, mg/g liver 5.79
[4.14–6.92]

14.2
[6.1–16.9] 1

4.12
[3.38–5.19] 2

17.3
[12.8–18.5] 1,3 <0.01 0.62

Triglycerides, mg/g liver 44.0
[34.7–59.2]

64.2
[48.6–98.4] 1

38.2
[32.0–42.2] 2

33.3
[24.7–38.7] 1,2 0.01 0.31

1 differences are significant against control group; 2 differences are significant against DI group; 3 differences are
significant against Immo group; p < 0.01.
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Animals of the DI group had the highest relative liver weight and the highest liver fat
content; the differences were significant with all groups. Cholesterol and triglyceride levels
were significantly higher compared to those in the control group.

Animals of the Immo group at the end of the experiment had significantly lower
body weight, relative liver weight, and liver fat content compared to the control group.
Moreover, the levels of cholesterol and triglycerides did not differ significantly from those
in the control group.

At the end of the experiment, the body weight of animals in the CCl4 group was
significantly lower compared to the control group. The level of cholesterol in the liver of
these animals was significantly higher compared to the control group, and the level of
triglycerides was significantly lower than the control group.

Biochemical parameters of blood serum determined by ELISA are shown in Table 5.

Table 5. Blood serum biochemical parameters determined by ELISA.

Parameters
Animal Groups Statistics

Control DI Immo CCl4 p η2

Lipid peroxides, ng/mL 362.8
[318.9–438.5]

381.4
[345.3–544.4]

258.6
[246.2–291.1] 1

482.8
[420.0–534.5] 1 <0.01 0.31

MDA, ng/mL 190.4
[149.8–233.1]

352.4
[226.0–462.2] 1

191.5
[146.2–295.8]

168.3
[120.6–218.9] 2 0.05 0.13

Glutathione
peroxidase, pg/mL

69.5
[55.5–82.1]

67.7
[58.2–72.5]

69.7
[55.6–87.2]

60.0
[49.9–81.2] 0.88 0.07

Catalase, ng/mL 1.42
[1.03–1.61]

1.58
[1.28–1.93]

1.03
[0.83–1.29] 2

2.34
[1.81–2.44] 1,3 <0.01 0.20

SOD, ng/mL 2.75
[2.31–3.07]

6.55
[3.91–9.78] 1

4.65
[2.20–6.46]

2.46
[1.78–3,52] 2 0.037 0.20

1 differences are significant compared to control group, 2 differences are significant compared to DI group,
3 differences are significant compared to Immo group; p ≤ 0.05.

A significant accumulation of MDA, a product of lipid peroxidation, was noted in DI
animals. Also, SOD activation in the blood of these animals was shown; the accumulation
of SOD levels in their blood was significantly different compared to control animals that
received a standard diet. Daily forced immobilization resulted in a significant decrease
in blood lipid peroxides of animals compared to the control group. As a result of a single
intraperitoneal injection of CCl4 a significant accumulation of lipid peroxide levels and
activation of catalase were noted in experimental animals compared to control.

Figure 4 shows the results reflecting the excretion of catecholamines in urine:
dopamine, noradrenaline, and adrenaline.

A significant increase in noradrenaline (p = 0.03) was found in the urine of DI animals
compared to control animals, while there were no significant differences in other indicators.
The obtained result may be a consequence of activation of the sympathicoadrenal system
in response to the toxic effects of cholesterol and fructose. Animals of the CCl4 group
had a significant decrease (p = 0.04) in the adrenaline level compared to animals of the
Immo group.

As shown by the PCR analysis (Table 6), a significant decrease in the expression of the
Cat gene by 35% (p = 0.013) was found in animals of the DI group, relative to the control
level, as well as a moderate decrease, at the level of trends, in the expression of the Gpx1
gene by 20% (p = 0.059) and Sod1 gene by 21% (p = 0.092) compared to the control group. At
the same time, a high-calorie diet had no statistically significant effect on the expression of
the transcription factor Nrf2 and Nf2-mediated antioxidant defense enzyme genes Hmox1
and Nqo1. No statistically significant changes in the expression of the studied genes were
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detected in animals of the Immo group compared to the control. A single intraperitoneal
injection of CCl4 solution resulted in a significant decrease in the amount of Cat mRNA by
33% (p = 0.02) and Gpx1 mRNA by 48% (p = 0.003) compared to the control. Moreover, a
significant 5-fold increase in the expression of the Nqo1 gene (p = 0.004) was found in the
liver of these rats compared to the control group.

Figure 4. Catecholamine daily urine excretion. (A) Dopamine, ng/day; (B) noradrenaline, ng/day;
(C) adrenaline, ng/day. 1 differences are significant compared to control group; 3 differences are
significant compared to Immo group; p < 0.05. η2 values are: (A) 0.12; (B) 0.18; (C) 0.11.

Table 6. Antioxidant gene and transcription factor expression in liver tissues.

Gene
Animal Group Statistics

Control DI Immo CCl4 p η2

Cat 1.04
[0.90–1.12]

0.68
[0.66–0.80] 1

0.96
[0.94–1.11] 2

0.70
[0.61–0.79] 1,3 <0.01 0.30

Sod1 0.98
[0.91–1.09]

0.77
[0.71–0.92]

1.13
[1.04–1.17] 2

1.17
[1.01–1.51] 2 0.02 0.53

Gpx1 1.04
[0.89–1.19]

0.83
[0.69–0.86]

0.76
[0.70–0.91]

0.54
[0.49–0.59] 1,3 <0.01 0.44

Hmox1 0.94
[0.82–1.11]

1.05
[0.86–1.32]

0.64
[0.52–0.80]

0.80
[0.58–1.17] 0.34 0.18

Nqo1 1.36
[0.85–1.57]

1.61
[1.14–3.21]

1.64
[0.96–2.75]

7.13
[5.05–9.53] 1,2,3 <0.01 0.44

Nrf2 1.06
[1.05–1.16]

0.96
[0.82–1.16]

1.07
[0.97–1.18]

0.87
[0.73–1.03] 0.43 0.18

Nfkb1 1.04
[0.95–1.95]

0.95
[0.84–1.03]

0.94
[0.90–1.01]

1.05
[1.00–1.12] 0.62 0.14

1 differences are significant against control group; 2 differences are significant against DI group; 3 differences are
significant against Immo group (p < 0.05).

3. Discussion

Rats treated with a diet high in cholesterol and fructose consumed significantly less
food, despite receiving almost 1.5 times more energy due to fructose. However, the body
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weight gain, as well as the fat/lean mass ratio in these animals, did not differ significantly
from the control. In our case, consumption of this diet did not lead to the development of
obesity but only affected the metabolic processes.

Animals subjected to forced immobilization consumed significantly less food and
energy (by 18%), which led to a significant reduction in body weight gain compared to all
groups of animals. The fat mass in the body composition of these animals was also signif-
icantly lower. The immobilization model has a serious impact on the psycho-emotional
state of animals. That is accompanied by loss of appetite, leading to an exhaustion of the
body, a decrease in organ weight and a change in a number of biochemical parameters [27].
The ratio of both total and free water in the body of these animals was significantly higher
compared to the control. The obtained result is consistent with the data presented in the
study [28], where immobilization stress led to a decrease in daily diuresis of experimental
rats, which led to water retention in the animals’ bodies.

A decrease in both appetite and body weight gain was detected in animals of CCl4
group. The obtained result is explained by differences in the diet: the animals of this group
received a diet with the inclusion of sunflower oil, while control animals received soybean
oil, a source of ω-3 PUFA, in particular α-linolenic acid (Table 1). The study [29] also
showed that the introduction of ω-3 PUFAs into the diet of rats promotes the appetite and,
accordingly, food consumption.

According to numerous studies, long-term consumption of a high-cholesterol diet
causes lipid metabolism disorders and oxidative stress [30–32]. Feeding animals a diet
containing 1% cholesterol for 9 weeks resulted in increased serum total cholesterol and
LDL, indicating the development of hypercholesterolemia and dyslipidemia. This is also
confirmed by extreme liver fat accumulation and increased liver cholesterol and triglyceride
levels. Fructose consumption resulted in a significant increase in blood glucose level. A
significant increase (by 60%) in the relative liver weight was also noted compared to the
control group. The obtained results suggest that such a diet leads to disorders in internal
organs and metabolic systems.

Rats subjected to chronic immobilization stress had decreased relative liver weight and
liver fat content. The blood level of triglycerides was also significantly lower compared to
control animals. As mentioned above, severe psycho-emotional stress leads to exhaustion
of the body and a decrease in organ weight.

A single intraperitoneal injection of CCl4 had a strong toxic effect on rats’ metabolic
processes. We observed a significant decrease in the blood levels of cholesterol, triglycerides,
glucose, and glycated hemoglobin compared to the control. Similar results were obtained
in the work [33]. Liver intoxication with CCl4 leads to a decrease in glycogen stores,
inhibiting gluconeogenesis and decreasing blood glucose level [34]. The content of glycated
hemoglobin characterizes the average blood glucose level over the last 60 days, which
corresponds to the average lifespan of erythrocytes in rats [35]. The reaction of glucose
binding to hemoglobin is irreversible; therefore, glycated hemoglobin circulates in the
blood until the death of the bound erythrocyte [36].

Excessive accumulation of reactive oxygen species (ROS) in the liver leads to injury of
hepatocyte membranes. The process of lipid peroxidation (LPO) is activated there with the
production of lipid peroxides and MDA [37,38].

The blood level of lipid hydroperoxides and MDA reflects the degree of cell damage
due to lipid peroxidation processes [39]. A significantly higher level of blood MDA in
the animals treated with a diet high in cholesterol and fructose indicates the activation of
lipid peroxidation processes. Similar results were obtained in the works [40–43], where
the consumption of high-cholesterol diets by laboratory rodents (rats, mice, hamsters,
rabbits) led to an increase in the serum levels of MDA and lipid peroxides. We also revealed
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a significant increase in the blood levels of lipid peroxides in animals that received a
single injection of CCl4, compared to the control. CCl4 is a potent hepatotoxin and is
rapidly transformed by cytochrome P450 in the presence of oxygen into metabolites, that
damage polyunsaturated fatty acids of membrane phospholipids, leading to the formation
of peroxides and the initiation of lipid peroxidation [17,37,44].

Activation of lipid peroxidation provokes a response from the antioxidant defense
system. A significant increase in the blood level of SOD was found in animals fed a
high-cholesterol diet with fructose, compared to control animals. The obtained data show
the activation of the antioxidant defense system since the synthesis of SOD increases in
response to lipid peroxidation. The study [30] also noted an increase in the levels of
antioxidant defense enzymes—SOD, glutathione reductase, and xanthine oxidase—in the
blood of male Wistar rats fed a high-fat, high-fructose diet for 18 months. The activation
of body’s compensatory mechanisms is also confirmed by a significant increase in the
blood total protein of animals, which is the marker of liver synthesizing activity [12]. Rats
subjected to a single injection of CCl4 showed significantly higher levels of catalase, which
also indicates the activation of the antioxidant defense system in these animals. Catalase is
one of the main enzymes that prevent cellular accumulation of hydrogen peroxide, which
promotes the formation of the hydroxyl radical. The level of catalase increases in response
to an increase in the level of hydrogen peroxide.

AST and ALT are deposited mainly in the heart and liver. An increase in their blood
level may indicate a disruption in the functioning and integrity of hepatocytes [45]. The
results showed a significant increase in the level of blood ALT in the animals of all experi-
mental groups. Blood AST level was also significantly increased in animals subjected to
forced immobilization. A significant increase in the level of blood transaminases and a
more than 2.5-fold increase in the AST over ALT confirms the exhaustive effect of immo-
bilization on the rats [46]. The obtained data are also consistent with the results of the
work [12], where intraperitoneal administration of CCl4 to mice and rats led to a significant
increase in the levels of serum transaminases of the animals. We also noted a visible (but
not significant, p = 0.124) increase in the blood AST level in animals receiving a diet high in
cholesterol and fructose.

Catecholamines are the major neurotransmitters that mediate various central nervous
system functions such as locomotor activity, cognition, emotion, memory, and endocrine
regulation. These hormones have the ability to reduce oxidative stress by scavenging free
radicals and binding metal ions. The presence of a catechol fragment in the structure deter-
mines the activity of catecholamines in removing free radicals [47]. A significant increase
in the daily excretion of norepinephrine was found in animals fed a diet high in cholesterol
and fructose compared to control animals. This is a consequence of increased activity of
the sympathoadenal system in response to the toxic effects of exogenous cholesterol on the
animal body [48]. Increased levels of catecholamines in the body may also be associated
with increased production of reactive oxygen species [49].

On the other hand, the high reactivity of catecholamines to free radicals also means that
these molecules will break down over time, losing their function and forming potentially
toxic metabolites [47]. In animals that received a single injection of CCl4, a tendency
toward decreased adrenaline excretion was noted (p = 0.222 relative to the control group
and p = 0.106 relative to the DI group), and the differences with animals subjected to
immobilization stress were significant (p < 0.05).

As the level of ROS increases, protective antioxidant mechanisms activate to degrade
them. Our study showed a decrease in the expression of key antioxidant enzyme genes Cat,
Gpx1 and Sod1 in the liver of rats of the DI and CCl4 groups. This indicates a weakening of
the antioxidant defense system and the development of oxidative stress in these groups.
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Thus, a single intraperitoneal injection of CCl4 resulted in decreased activity of the GSH,
SOD, and CAT [50]. In similar studies on male Wistar rats, a single administration of CCl4
resulted in a significant decrease in the activity of SOD, CAT, and GSH and the expression of
the Sod1 gene. The authors attribute this decrease to the depletion of antioxidant enzymes
as a result of oxidative stress caused by the administration of CCl4 [51].

The Nrf2/Keap1/ARE signaling pathway plays a key role in protecting the cell from
oxidative stress. The antioxidant and phase II detoxification enzymes regulated by this
signaling pathway can eliminate ROS and suppress the biotransformation of xenobiotics.
Activated transcription factor Nrf2 can induce expression of protective enzyme genes such
as Hmox1 and Nqo1 to resist oxidative stress damage [52].

A single intraperitoneal administration of CCl4 resulted in a moderate decrease in the
expression of Nrf2 and Hmox1 genes and a 5-fold increase in the expression of Nqo1. A
similar study in male Sprague-Dawley rats injected intraperitoneally with CCl4 showed a
decrease in Nrf2, Hmox1, and Nqo1 mRNA levels in rat liver [53]. In the other study, oral
administration of CCl4 to male Sprague-Dawley rats for 6 weeks caused liver fibrosis, as
well as a three-fold increase in the liver expression of NQO1 protein, while the amount of
hemeoxygenase-1 protein did not change compared to the control [54]. The administration
of CCl4 was also accompanied by a significant increase in the expression of NQO1 protein
in the rat liver. The authors suggest that increased NQO1 expression occurs in response to
ROS generation caused by inflammation or xenobiotic transformation. NQO1 is associated
with cellular redox balance, protecting the cell from free radicals inhibiting the one-electron
reduction of quinines [55].

Limitations of the Study

The main limitation of this study is the difference in the fat component of the groups’
diets. The standard AIN-93 diet contains soybean oil in the fat component. Soybean oil is a
source of ω-3 PUFAs, whose consumption can prevent the development of oxidative stress.
Accordingly, the diets of the experimental groups included sunflower oil, which does not
contain ω-3/6 PUFAs. Moreover, the use of sunflower oil provides a closer approximation
to the average human diet, which often includes sunflower oil as the most accessible
product. Also, the combination of sunflower oil, margarine, cholesterol and fructose in our
study is used to simulate an unhealthy diet with a high proportion of saturated fats and
easily digestible carbohydrates.

The use of only one dose of CCl4 in a single administration can also be considered
as a limitation of the presented study. According to literature data, the toxic effect of
CCl4 depends on the dose and exposure time, from weaker reversible effects to severe
irreversible injuries. We have chosen a single administration so that the toxic effect of CCl4
would be reversible. Although studies using other doses, as well as chronic exposure to
this substance, are of scientific interest and have been published repeatedly. Evaluation of
the chronic effects of CCl4 on the antioxidant system and internal organs of animals may
become the subject of our further studies.

4. Materials and Methods

4.1. Experimental Animals

The experiment was conducted using 50 Wistar male rats (age 4 weeks) with an initial
body weight of 100 ± 2 g. Animal studies were carried out in accordance with standard
principles described in “Guide for the Care and Use of Laboratory Animals” [56] and
approved by the Local Ethics Committee (Protocol No. 8 dated 6 September 2024). Animals
were kept under controlled environmental conditions (temperature 20–24 ◦C, relative
humidity 30–60%, 12 h lighting cycle).
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The open field (OF) test was used to divide animals into groups [57].
The open field box was a black square arena (90 cm × 90 cm) surrounded by gray

walls (40 cm) and divided into one central zone and two peripheral zones (Figure 5).

 

Figure 5. Open field box.

The animals were placed in the corner and allowed to explore the box for 3 min.
To evaluate the behavior, the following parameters were used: horizontal (number of
transitions between zones, total distance), the latency of the first move, the latency of the
first entry into the central zone, time spent in different zones of the field. The test was
conducted during the period of the animals’ minimal activity (between 10 a.m. and 3 p.m.).

The movement of animals was recorded using the Smart 3.0.04 video-tracking system
(Panlab, Barcelona, Spain).

4.2. Determination of Fatty Acid Composition of Oil Samples (Sunflower and Soybean)

About 10 mg of the lipophilic fraction of each sample was added to screw-capped
tubes with a liner. Further, 2.0 mL of methanol (chemically pure, Aquametry, Moscow,
Russia), 20 μL of hexane, and 20 μL of acetyl chloride (Acros organics, Geel, Belgium) were
added to the samples. The test tubes were tightly closed with lids and, after brief vigorous
shaking, were placed in a drying oven for 1 h at 80 ◦C to methylate the fatty acids. After
cooling the samples to room temperature, 2.5 mL of hexane and 100 μL of deionized water
were added to them, and they were vigorously mixed on a vortex shaker for about 10 s.
After separation, 1.0 mL of the upper hexane layer containing methyl esters was transferred
to vials for gas chromatographic analysis.

Gas Chromatography Conditions with Flame Ionization Detector

Sample injection volume 1 μL, flow split mode 50:1, carrier gas hydrogen, flow rate
1.65 mL/min. Injector temperature 200 ◦C, detector temperature 240 ◦C. Separation condi-
tions: initial temperature 100 ◦C (isotherm for 3 min), then increase at a rate of 3 ◦C/min to
200 ◦C, isotherm for 3 min, then increase at a rate of 3 ◦C/min to 240 ◦C, isotherm for 6 min.
Data collection and processing were carried out using Agilent ChemStation Rev.B.04.03
and Microsoft Excel 2007 software, respectively. The ratio of fatty acids was determined by
the internal normalization method.
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4.3. Experimental Design

Open Field testing of animals was conducted after seven days acclimatization prior to
the start of the experiment. Animals were divided into 4 groups (n = 12) based on body
weight and OF test results: control, diet-Induced (DI), Immo, and CCl4. The groups were
formed to achieve the same average weight and the same average OF activity of animals
between the groups (Table 7).

Table 7. Animal groups.

Parameter
Animal Group

Control DI Immo CCl4

Body weight, g 157 ± 3 160 ± 3 160 ± 3 157 ± 3
Open Field Test Results

Time in center, s 1.4 ± 0.6 1.1 ± 0.5 1.9 ± 0.5 1.7 ± 0.8
Zone transitions 5.8 ± 1.0 5.5 ± 1.3 6.2 ± 0.9 5.7 ± 1.1

Total distance, cm 1581 ± 135 1729 ± 109 1768 ± 100 1741 ± 119

Animals of all groups received a standard semi-synthetic diet according to AIN93G
with some modifications [58] and water ad libitum during the 63 days of the experiment.

The experimental design is presented in Figure 6.

Figure 6. Design of the experiment.

Animals of the control group received a standard diet (lard and soybean oil as fat
components, 375 ± 3 kcal). Animals of group DI received a standard semi-synthetic diet
(lard and margarine as fat components) with the addition of 1% cholesterol (375 ± 3 kcal).
The animals received a 30% fructose solution as their only source of drink. Animals
of group Immo received a standard semi-synthetic diet (lard and sunflower oil as fat
components, 375 ± 3 kcal). The fatty acid composition of oils used in diets is shown in
Table 1. These animals were subjected to 30 min forced immobilization in plastic restrainers
(Open Science, Moscow, Russia) for 5 days a week. Immobilization is a traditional model
of stress in which, in addition to movement restriction, there is a pronounced emotional
component associated with the inability to avoid a threatening situation. Rats of the
experimental group CCl4 received a standard semi-synthetic diet (lard and sunflower oil
as fat components, 375 ± 3 kcal). On the 62nd day of the experiment, the animals were
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intraperitoneally injected with a 50% solution of CCl4 in olive oil at a dose of 1 mL/kg
body weight [59–62].

On the 43rd day of the experiment, we studied body composition using a quantitative
magnetic resonance system (EchoMRI LLC, Houston, TX, USA) that allows measuring total
body fat mass, lean body mass, free water content and total body water volume of rats in
less than 1 min in a living animal without anesthesia or euthanasia.

We tested animals in the elevated plus maze on the 40th day of the experiment to
assess their level of anxiety and exploratory behavior during periods of their minimum
daily activity (from 10:00 to 15:00). The movement of rats in the maze, the time spent
in the open and closed arms, the number of zone transitions, and the distance traveled
were recorded with the Smart 3.0.04 video tracking system (Panlab Harvard Apparatus,
Barcelona, Spain).

Twenty-four hours prior to the end of the experiment, animals were placed in
metabolic cages to collect daily urine. On day 63 of the experiment, we measured the
fasting glucose level in blood taken from the tail vein using an electrochemical glucometer
(OneTouch Select, Malvern, PA, USA).

On the 63rd day, rats from all groups (deprived for 12 h) were decapitated under
light anesthesia, and a pathological autopsy was performed. One milliliter of blood was
collected in test tubes with K2EDTA to determine glycated hemoglobin, the remaining
blood collected after decapitation was incubated at 2–8 ◦C for 3 h, centrifuged for 30 min at
3000 rpm at 4 ◦C, and the resulting serum was stored at −20 ◦C. The liver was extracted by
pathological dissection and weighed. A sample of liver (approximately 0.5 g) was collected
to determine the expression of antioxidant enzymes; the remaining liver was additionally
weighed, frozen, and lyophilized prior to fat extraction.

The content of glycated hemoglobin was determined spectrophotometrically using
the commercial Glycohemotest Kit (ELTA, Moscow, Russia). The method is based on the
principle of affinity separation of glycated and non-glycated fractions of hemoglobin of
blood hemolysate on a sorbent with grafted 4-aminomethylphenylboronic acid.

Parameters of protein metabolism (total protein, albumin, globulins, urea, creati-
nine), lipid metabolism (total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides),
carbohydrate metabolism (glucose), purine metabolism (uric acid), mineral metabolism
(calcium, phosphorus, magnesium), and liver function (total bilirubin, ALT, AST, alkaline
phosphatase) were determined in blood serum using the automatic biochemical analyzer
“Konelab 20i” (ThermoScientific, Waltham, MA, USA). Fat was extracted from the liver
using the Folch method [63]. Samples of lyophilized liver were ground and transferred into
test tubes. A mixture of chloroform and methanol (2:1) in a ratio of 1/10 was added to the
samples. The samples were stirred for 1.5 h, then distilled water was added in a volume of
1/3 of the solvent volume, after which the mixture was centrifuged at 3500 rpm for 5 min.
The fat dissolved in chloroform, which settled at the bottom of the test tube, was collected
in pre-weighed flasks. After this, chloroform was added to the test tubes in a volume of 1/3
of the original volume of solvents, centrifuged at 3500 rpm for 5 min, and the fat dissolved
in chloroform was again transferred into the flasks. The resulting combined fat extracts
were evaporated on a rotary evaporator until the chloroform was completely removed.
The flasks with fat were placed in a muffle furnace at 80 ◦C for 15 min. After cooling, the
flasks were weighed and the mass of extracted fat was determined by the difference with
the original flask mass. Before analysis, the fat sample was pre-dissolved in 95% ethanol at
a concentration of 2.5 mg/mL. The content of triglycerides and cholesterol in fat extracted
from the liver was determined photometrically using a Konelab 20i automatic biochemical
analyzer (ThermoScientific, Waltham, MA, USA).
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The catalase, glutathione peroxidase, and superoxide dismutase levels, as well as
the degree of accumulation of lipid hydroperoxides and malondialdehyde (MDA), were
determined in blood serum using the competitive ELISA analysis method according to the
manufacturer’s instructions (Elabscience, Cloud Clone, Fine Test, Houston, TX, USA).

Sample preparation of daily urine included catecholamine derivatization (epinephrine,
norepinephrine, and dopamine) in order to separate them under reverse-phase chromatog-
raphy conditions and achieve the required ranges of quantitative determination. Carbonate
buffer and benzoyl chloride solution in acetonitrile were added to urine samples, mixed and
incubated at room temperature. Obtained solutions were then analyzed using HPLC-MS/MS.

Catecholamine levels in daily urine were determined by HPLC-MS/MS using an
Agilent 1200 Series chromatograph (Agilent Technologies, Santa Clara, CA, USA) and a
Thermo LTQ Velos Pro mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Separation of catecholamine derivatives in the water–acetonitrile system was carried out on
an Agilent ZORBAX Eclipse XDB-C18 chromatographic column in gradient elution mode.

4.4. Antioxidant System Gene Expression

The expression of the following genes was assessed in rat liver using real-time reverse
transcription polymerase chain reaction (RT-PCR): anti-inflammatory nuclear transcription
factor (NfkB), transcription factor Nrf2 (Nrf2), superoxide dismutase (Sod1), glutathione
peroxidase (Gpx1), catalase (Cat), NAD(P)H-quinone oxidoreductase (Nqo1), and heme
oxygenase-1 (Hmox1). Total RNA was isolated from liver tissue using the ExtractRNA
reagent (Eurogen, Moscow, Russia), and complementary DNA was synthesized using the
MMLV RT kit (Eurogen, Moscow, Russia) according to the manufacturers’ protocol. For
real-time PCR, primers and probes from DNA Synthesis LLC (Moscow, Russia) were used;
the primer sequences are shown in Table 8.

Table 8. The primer sequences.

Primer Sequence

NfkB
F CGTGGAGTACGACAACATCTC

R GAGGTGTCGTCCCATCGTA
FAM CTGCTCCTGGAGGGTGACGC-BHQ1

Nrf2
F CACATCCAGACAGACACCAGT

R GAATGTCTCTGCCAAAAGC
FAM CTCCCAGGTTGCCCACATTCCC-BHQ1

Hmox1
F CCAGCCTGAACTAGCCCA

R CCTTGGTGGCCTCCTTC
FAM CCACAGCTCGACAGCATGTCC-BHQ1

Sod1
F GACAATACACAAGGCTGTACCA

R CAGGTCTCCAACATGCCTC
FAM CTCACTCTAAGAAACATGGCGGTC-BHQ1

Cat
F GTCTGGGACTTCTGGAGTCTT

R CATAGCCATTCATGTGCCG
FAM CCATCAGGTTACTTTCTTGTTCAG-BHQ1

Gpx1
F TCAGTTCGGACATCAGGAGA
R CATTCACCTCGCACTTCTCAA

FAM CCCTCAAGTATGTCCGACCCG-BHQ1

Nqo1
F GGGACATGAACGTCATTCTC

R CACCAGTTGAGGTTCTAAGACC
FAM CAATTCAGAGTGGCATTCTGCGC-BHQ1
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The PCR reaction mixture with a total volume of 25 μL contained 2.5 μL of cDNA
(diluted 1:10) obtained in the reverse transcription reaction from 2 μg of total RNA, 2.5 μL
of 10X Taq Turbo buffer for HS Taq DNA polymerase (with 2.5 mM MgCl2) (Eurogen,
Moscow, Russia), 1 μL of (F + R) primers (10 μM), 0.5 μL of FAM probe (10 μM), 1.0 μL
of dNTPs mixture (10 mM) (Eurogen, Moscow, Russia), 0.25 μL of HS Taq DNA poly-
merase (5 U/mL) (Eurogen, Moscow, Russia), and 17.25 μL of nuclease-free water (Thermo
Scientific, Waltham, MA, USA). Amplification was performed on a CFX 96 device (Bio-
Rad, Hercules, CA, USA). Gene expression was assessed by the threshold cycle value and
normalized relative to the reference genes Actb and Gapdh using the 2−ΔΔCt method.

4.5. Statistical Analysis

We used the sample homogenous by sex, age, and line to reliably identify a significant
biological response through statistical analysis.

Statistical processing of the obtained results was carried out using the SPSS Statistics
20 (IBM) software package. The sample was tested for normality using the Kolmogorov–
Smirnov test at p = 0.05. In the case of normal distribution, parametric research methods
were used: ANOVA according to plan 41 (single-factor, four-level, balanced experiment).
In case of rejection of the null hypothesis, the method of multiple comparison of means
was used—Tukey’s criterion (q-test). The mean (M) and standard error of the mean (SEM)
were calculated; data are presented as the M ± SEM. If the sample did not correspond
to a normal distribution, nonparametric goodness-of-fit tests were used: Kruskal–Wallis
test. In case of rejection of the null hypothesis, the multiple comparison method was
used–Duncan’s test (MRT). The median (Me) and lower (Q1) and upper (Q3) quartiles were
determined. Data are presented as Me (Q1–Q3). Differences were considered statistically
significant at p < 0.05.

We calculated η2. The classification and interpretation of η2 (the strength of the effect)
are presented in Table 9.

Table 9. Classification of the effect strength for η2.

Effect Strength Value of η2 Interpretation

Weak 0.01–0.06

The factor explains only a small part of the
variation in the dependent variable. The
effect may be statistically significant with

a large sample size.

Average 0.06–0.14
The factor explains a moderate part of the
variation in the dependent variable. The

effect can be practically significant.

Strong ≥0.14
The factor explains a significant part of the
variance in the dependent variable. The
effect is likely to have practical meaning.

5. Conclusions

The combined consumption of sunflower oil, margarine, cholesterol, and fructose by
animals resulted in the development of non-alcoholic fatty liver disease, characterized by
an increase in the relative organ weight and extreme accumulation of fat, cholesterol, and
triglycerides in the liver. In addition, a significant increase in the alanine aminotransferase
serum concentration was revealed, accompanied by significant changes in the antioxi-
dant status of rats: accumulation of serum MDA and activation of SOD. A significant
increase in serum total cholesterol and LDL point at the development of hyperlipidemia in
these animals.
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Immobilization stress had a strong effect on the animals’ appetite, which led to a
significant loss of their body weight; lean mass predominated in the body composition
of these animals, with a significant decrease in the fat quota. The relative liver weight
of these animals was significantly reduced against the background of weight loss; the
fat content in the liver was also significantly lower. Immobilization had no effect on
the liver levels of cholesterol and triglycerides. The blood biochemistry test showed
a decrease in cholesterol level along with an increase in LDL and ALT. The effect
of immobilization on the antioxidant system is shown only by a decrease in blood
lipid peroxides.

Partial replacement of the diet lipid component with sunflower oil led to a signifi-
cant decrease in animals’ appetite and a decrease in body weight, without changing
the body composition, expressed in relative units. A single intraperitoneal injection of
CCl4 against the background of sunflower oil consumption led to a significant increase
in lipid peroxidation in the blood, characterized by the lipid peroxide accumulation
and catalase activation. The significant increase in blood ALT and liver cholesterol
shows the rapid development of toxic liver injury. In addition, a disturbance in car-
bohydrate metabolism was detected, expressed by a decrease in blood glucose and
glycated hemoglobin.

The immobilization model has a serious impact on the psycho-emotional state of
animals, which is accompanied by a loss of appetite, further leading to body exhaustion, a
decrease in organ weight and changes in a number of biochemical parameters. However,
in case of oxidative stress, it provides the least effect, resulting only in decreased levels of
lipid peroxides. This model can be effectively used to evaluate the effects of adaptogens
with anti-anxiety properties.

We have found that treating animals with a misbalanced diet containing sunflower
oil, margarine, cholesterol, and fructose has the greatest impact on the rats’ bodies. The
obtained data may be of interest in modeling hyperlipidemia; the model can be effec-
tively used to reproduce non-alcoholic fatty liver disease in vivo and to assess the state of
oxidative stress in the body of animals.

A single intraperitoneal administration of CCl4 against the background of a decrease
in the omega-3 fatty acid quota in the animal’s body is accompanied by a change in a
number of biochemical parameters characterizing oxidative stress, and can be effectively
used to study the effects of antioxidants in an in vivo experiment.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT Alanine aminotransferase
ALP Alkaline phosphatase
AST Aspartate aminotransferase
HDL High-density lipoprotein
LDL Low-density lipoprotein
MDA Malon dialdehyde
OF Open Field
PCR Polymerase chain reaction
ROS Reactive oxygen species
SOD Superoxide dismutase
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Abstract

Equine metabolic syndrome (EMS) is a prevalent endocrine disorder associated with insulin
dysregulation, oxidative stress, and impaired regenerative capacity of adipose-derived
stem cells (ASCs). The aim of this study was to evaluate the effects of orientin—a plant-
derived flavonoid with known antioxidant properties—on equine ASCs (EqASCs) derived
from both clinically healthy and diagnosed EMS-affected mares. EqASCs were treated with
orientin to evaluate its biological effects. The analysis included key cellular functions such
as proliferative capacity, viability, apoptosis, oxidative stress, senescence, clonogenicity,
and migration. Orientin significantly enhanced the proliferative activity of EqASCs, as
evidenced by increased Ki67 expression and favorable alterations in cell cycle distribution.
In addition, the treatment improved overall cell viability, reduced apoptotic activity, and
restored both the clonogenic potential and migratory capacity of the cells, with particularly
pronounced effects observed in EqASCs isolated from EMS-affected horses. Importantly,
orientin also led to a marked reduction in cellular senescence and oxidative stress, further
suggesting its potential as a protective and regenerative agent in metabolically impaired
ASCs. These findings indicate that orientin can exert comprehensive cytoprotective effects
on EqASCs, with pronounced benefits in cells derived from EMS-affected animals. By
improving multiple functional parameters, orientin emerges as a promising candidate for
therapeutic strategies aimed at restoring the regenerative potential of ASCs compromised
by metabolic dysregulation in horses.

Keywords: orientin; ASCs; equine metabolic syndrome; senescence; ROS; oxidative stress

1. Introduction

Equine metabolic syndrome (EMS) represents a significant and growing concern
within veterinary medicine, affecting an increasing proportion of the global equine pop-
ulation [1]. This endocrine disorder, analogous in many respects to human metabolic
syndrome, is defined by a constellation of clinical and metabolic abnormalities, including
regional adiposity, increased risk of endocrinopathic laminitis, and insulin dysregulation
manifesting as hyperinsulinemia or an exaggerated insulin response [2,3]. First system-
atically described by Johnson, EMS shares clinical features with peripheral Cushing’s
syndrome, particularly in terms of insulin resistance and abnormal fat deposition [4,5].
The pathogenesis of EMS is complex and multifactorial, arising from the interplay of ge-
netic predisposition, inappropriate dietary practices, and lack of physical activity [5–8].
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Emerging evidence has also highlighted the involvement of accelerated cellular aging, or
premature senescence, particularly in adipose-derived stromal cells (ASCs), which impairs
tissue regeneration and may exacerbate disease progression [5,9].

An emerging and critical dimension of EMS pathophysiology is the progression of
premature cellular senescence, a process characterized by irreversible cell cycle arrest
accompanied by functional deterioration and altered secretory profiles [10]. Recent ev-
idence suggests that EMS is not merely a metabolic condition but also a disease of ac-
celerated cellular aging, particularly affecting ASCs, which are essential for tissue repair
and homeostasis [1,5].

In horses affected by EMS, ASCs exhibit markers of early senescence, including in-
creased expression of senescence-associated β-galactosidase (SA-β-Gal), elevated levels of
p53 and p21, and a pro-inflammatory senescence-associated secretory phenotype (SASP) [9].
This cellular phenotype not only limits the regenerative capacity of these progenitor cells
but also contributes to a pro-inflammatory microenvironment that exacerbates systemic
insulin resistance and local tissue dysfunction. The accumulation of senescent cells within
adipose and other metabolic tissues may thus play a pivotal role in the perpetuation and pro-
gression of EMS, linking metabolic stress to impaired cellular resilience. Mechanistically, ox-
idative stress, mitochondrial dysfunction, and chronic low-grade inflammation—common
features of EMS—are recognized drivers of premature senescence [1]. The overproduction
of reactive oxygen species (ROS) in metabolically stressed adipocytes and stromal cells
induces DNA damage responses that activate senescence signaling cascades. Moreover,
insulin dysregulation itself may promote senescence by modulating key pathways such
as mTOR and FOXO, which regulate cellular metabolism, growth, and longevity [1,11].
Targeting senescence pathways may offer novel therapeutic avenues in the management of
EMS. Interventions aimed at reducing oxidative stress, enhancing mitochondrial function,
or selectively eliminating senescent cells (senolytics) are under investigation in both human
and veterinary contexts and hold promise for restoring metabolic balance and cellular
vitality in affected horses [5,9].

Given the central role of premature cellular senescence in the pathogenesis EMS, the
identification of bioactive compounds capable of mitigating this process has garnered in-
creasing scientific interest. Among such compounds, orientin, a flavonoid glycoside belong-
ing to the flavone subclass and commonly found in plants such as Ocimum sanctum (holy
basil) and Passiflora edulis, has demonstrated significant antioxidant, anti-inflammatory, and
cytoprotective properties that position it as a promising candidate for combating cellular
aging in metabolic disorders [5,12].

Recent preclinical studies have shown that orientin attenuates oxidative stress-induced
senescence in various cell types by scavenging reactive oxygen species (ROS) and enhanc-
ing endogenous antioxidant defenses, such as superoxide dismutase (SOD) and glutathione
peroxidase (GPx) [13]. This is particularly relevant in the context of EMS, where elevated
oxidative stress within adipose tissue and ASCs contributes to DNA damage and mitochon-
drial dysfunction—two principal triggers of senescence [9,14–16]. At the molecular level,
orientin exerts regulatory effects on key signaling pathways associated with longevity and
metabolic homeostasis, including the PI3K/Akt, AMPK, and FOXO signaling axes. By
modulating of these cascades, orientin supports mitochondrial homeostasis, inhibits of
pro-senescent gene expression (such as p16INK4a and p21), and enhances autophagic flux,
thereby promoting cellular resilience and extending the functional lifespan of progenitor
cells [5,17]. Furthermore, orientin has been shown to suppress the senescence-associated se-
cretory phenotype (SASP), leading to reduced secretion of inflammatory cytokines like IL-6
and TNF-α, which are known to exacerbate systemic inflammation and insulin resistance
in EMS [9,18,19]. Additionally, orientin’s favorable pharmacological profile—including
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low toxicity, good bioavailability, and the ability to cross cellular membranes—further
supports its therapeutic potential [9,20]. Although most existing data are derived from
in vitro and rodent studies, its mechanism of action aligns with the major pathological
processes identified in EMS, warranting translational investigation in equine models.

This study aims to explore the potential of orientin as a therapeutic agent for EMS,
focusing on its protective effects against oxidative stress and premature senescence in
EqASCs. Given its pleiotropic actions, we hypothesized that orientin may attenuate the
progression of EMS-related cellular impairments and contribute to restoring homeostasis
in metabolically compromised stromal cells. Further research is needed to validate these
effects in vivo and assess their clinical relevance in equine practice.

2. Results

2.1. Evaluation of the Cytotoxicity and Biocompatibility of Orientin and GI50 Determination

To assess the cytotoxicity and biocompatibility of orientin on ASCs after 24 h of
treatment with increasing orientin concentrations, the MTT assay was performed. The
dose-response curve demonstrated a sigmoidal relationship between orientin concentration
(μM) and cell viability (%), with a progressive increase in cell viability observed up to ap-
proximately 60 μM, after which the curve plateaus, indicating a saturation effect (Figure 1).

Figure 1. Effect of orientin on equine ASCs viability. Dose-response curve showing cell viability (%)
in relation to increasing concentrations of orientin (15 to 130 μM). Data represent mean ± SD from
three independent experiments.

Nonlinear regression analysis was conducted to determine the GI50 value (the concen-
tration at which cell viability reaches 50% of the maximal response), which was calculated
to be approximately 60 μM. This concentration was subsequently selected for further ex-
periments. The fit of the model is statistically significant (p < 0.0001), and the high R2 value
(close to 0.99) confirms a strong correlation between orientin concentration and cell viability
(Supplementary Material).
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2.2. Orientin Restores Proliferative Capacity and Promotes Cell Cycle Re-Entry in
EMS-Derived EqASCs

Nuclear Ki67 immunostaining revealed significantly reduced proliferative activity in
EqASCs derived from EMS-affected horses compared to healthy controls. Ki67 staining
showed that EMS cells treated with orientin had a stronger signal compared to the EMS
control group (Figure 2A) Quantitative analysis confirmed that orientin significantly in-
creased the proliferation rate compared to EMS cells (Figure 2B; p < 0.001). Interestingly,
orientin application to control, healthy cells showed similar potentiation of cell prolifer-
ation (Figure 2A,B; p < 0.001). To assess whether orientin influences cell cycle dynamics,
microcapillary flow cytometry-based analysis was performed to establish the differential
distribution of EqASCs across G0/G1, S, and G2/M cell cycle phases (Figure 2C). In the
G0/G1 stage, a significantly lower proportion of EMS-derived EqASCs was observed
compared to healthy controls (p < 0.001). In contrast, orientin did not significantly alter
the G0/G1 distribution in both healthy and EMS ASCs cells (Figure 2C). In the S phase,
orientin markedly increased the proportion of EMS-EqASCs undergoing DNA replication
compared to native cells (p < 0.01), but no significant changes were observed in G2/M
phase entry upon orientin treatment compared to healthy cells with orientin treatment and
EMS and orientin-treated cells (Figure 2C).

 

Figure 2. Orientin promotes proliferation and cell cycle progression in EqASCs from EMS-affected
horses. (A) Representative confocal photomicrographs showing immunofluorescence staining of
Ki67 protein (green) and DAPI nuclear counterstaining (blue) in ASCs derived from healthy (HE)
and EMS horses, with or without orientin treatment. White arrowheads indicate additional intense
Ki67 expression after orientin treatment. Scale bar: 30 μm. (B) Quantification of Ki67-positive cells
shows a significant increase in proliferative activity following orientin treatment. (C) Histograms
depicting the distribution of experimental cells across cell cycle stages. Data are presented as mean ±
SD, with individual data points shown as triangles; ** p < 0.01., *** p < 0.001.
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2.3. Orientin Attenuates Cellular Senescence and Enhances Clonogenic and Migratory Potential in
EMS-Derived EqASCs

Senescence-associated β-galactosidase (SA-β-gal) staining was performed to assess the
extent of cellular aging in healthy and EMS EqASCs cells and following orientin treatment
(Figure 3A). As illustrated in Figure 3A, EMS-EqASCs displayed a pronounced increase
in the number of SA-β-gal-positive cells. In contrast, both control and EMS-affected
EqASCs treated with orientin exhibited a marked reduction in senescence-associated
staining (Figure 3A). Quantitative analysis (Figure 3B) confirmed a significant decrease in
the percentage of SA-β-gal-positive cells upon orientin treatment in the healthy (p < 0.001)
and EMS group (p < 0.001), rejuvenating the senescence profile toward levels comparable
with healthy controls, even though the level remained significantly higher (p < 0.05).

Figure 3. Orientin reduces cellular senescence of EMS-derived EqASCs. (A) Representative images of
senescence-associated β-galactosidase (SA-β-gal) staining in EqASCs from healthy (HE) and EMS
horses, with or without orientin treatment. Blue-stained cells indicate a senescent phenotype. Scale
bar: 100 μm. (B) Quantification of SA-β-gal-positive cells. Data are presented as mean ± SD, with
individual data points shown as triangles; * p < 0.05, *** p < 0.001.

To further investigate the functional impact of orientin on the regenerative potential
of aged EqASCs, a colony-forming unit (CFU) assay was conducted. The representative
images (Figure 4A) highlight that EMS-derived EqASCs exhibited reduced clonogenic
capacity. Treatment with orientin significantly increased the number and size of colonies in
both native and EMS-EqASCs cells, as evidenced by pararosaniline staining. Quantification
(Figure 4B) revealed a statistically significant increase in clonogenicity following orientin
treatment in healthy (p < 0.001) and EMS (p < 0.001) compared to the untreated cells.

Figure 4. Orientin enhances the clonogenic potential of EMS-derived EqASCs. (A) Representative
pararosaniline-stained plates from colony-forming unit fibroblast (CFU) assays and (B) quantification
of colony number in healthy (HE) and EMS-derived EqASCs before (CTRL) and after orientin
treatment. Data are presented as mean ± SD, with individual data points shown as triangles;
*** p < 0.001.
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Cell migration is a key feature of stromal cell regenerative performance and tissue
repair. A wound healing (scratch) assay was therefore performed to examine the migra-
tory capacity of EqASCs in response to orientin (Figure 5A). Untreated EMS-EqASCs cells
displayed limited migration into the scratch area after over 24 h post-wound induction com-
pared to the native cells (p < 0.01). Conversely, orientin-treated cells showed pronounced
closure of the wound area, especially after 6 h (Figure 5A,B) in both healthy (p < 0.001) and
EMS (p < 0.001) cells, leading to a higher efficiency of this process in EMS cells compared to
native cells (p < 0.001). After 24 h (Figure 5A,C), a significant increase in wound closure was
similarly observed in both orientin-treated healthy (p < 0.001) and EMS groups (p < 0.001).
However, orientin-treated EMS cells were still characterized by reduced migration rates
when compared to healthy ASCs (p < 0.01).

Figure 5. Orientin enhances the migratory potential of EMS-derived EqASCs. (A) Representative
images of wound healing assay at 0, 6, and 24 h after scratch. Scale bar: 400 μm. (B) Quantification of
wound closure after 6 and (C) 24 h. Data are presented as mean ± SD, with individual data points
shown as triangles; ** p < 0.01, *** p < 0.001.

2.4. Orientin Reduces Apoptosis and Modulates the Expression of Key Apoptotic and Cell Cycle
Regulatory Genes in EMS-EqASCs

To assess the pro-survival effects of orientin in EqASCs cells obtained from healthy and
EMS horses, cell viability was quantified using the Muse® Annexin V & Dead Cell assay. As
shown in Figure 6A–C, EMS-derived EqASCs exhibited a significantly increased proportion
of dead (Figure 6A; p < 0.001) and total dead (Figure 6C; p < 0.001) cells compared to healthy
controls and a lower proportion of live cells (Figure 6B; p < 0.001). Treatment with orientin
led to a marked reduction in the number of dead (Figure 6A) cells in both the healthy
(p < 0.001) and EMS group (p < 0.001). In correlation with this result, an increase in viable
cells was noted after orientin treatment (Figure 6B), both in native (p < 0.001) and EMS
(p < 0.001) cells relative to untreated cells.

To further validate the protective effect of orientin against cell death, a detailed
quantitative analysis of cell distribution across various apoptosis stages was performed.
(Figure 6D–J). The analysis distinguished between early apoptotic, late apoptotic, and live
cell populations. Figure 6D shows a significant decrease in early apoptotic cells in EqASCs
derived from EMS horses compared to healthy controls (p < 0.001). Importantly, treatment
with orientin did not reduce the proportion of early apoptotic cells in both healthy and EMS-
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derived cells. EMS-EqASCs also displayed a markedly elevated number of total apoptotic
cells compared to healthy cells (p < 0.001). Upon orientin treatment, this population was
significantly decreased in both healthy (p < 0.01) and EMS-EqASCs (p < 0.01) cells, further
supporting the compound’s anti-apoptotic efficacy under metabolic stress conditions. Next,
a significant increase in the late apoptotic/dead ratio (Figure 6F) of cells in the EMS group
compared to healthy controls (p < 0.001) was observed. Noteworthy, orientin treatment
significantly restored cell viability in healthy (p < 0.001) and EMS-EqASCs (p < 0.001) cells
and also moderately increased viability in EMS orientin-treated cells compared to healthy
cells (p < 0.01).

Figure 6. Orientin attenuates apoptosis and modulates the expression of key apoptotic and
senescence-related genes in EMS-derived EqASCs. Quantification of (A–C) live and dead cells
and (D–F) apoptotic healthy (HE) and EMS-derived EqASCs cells. (G–J) Representative plots from
MUSE® Cell Analyzer. (K–M) Gene expression analysis of BAX/BCL-2 ratio, p21, and TP53. Data
are expressed as mean ± SD, with individual data points shown as triangles; * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Then, changes in the expression levels of key genes involved in apoptosis regulation
were analyzed. The expression ratio of BAX to BCL-2 (Figure 6K), a key indicator of the pro-
apoptotic to anti-apoptotic signaling balance, was significantly reduced in healthy EqASCs
cells following orientin treatment (p < 0.05). In contrast, EMS-derived EqASCs exhibited an
overall lower basal BAX/BCL-2 ratio compared to healthy controls (p < 0.001. Importantly,
orientin treatment did not significantly alter the BAX/BCL-2 expression in EMS-EqASCs.
Gene expression analysis revealed that p21 mRNA levels (Figure 6L) were significantly
elevated in EqASCs derived from EMS horses compared to healthy controls (p < 0.001).
Treatment with orientin resulted in a significant reduction in p21 expression only in EMS-
derived EqASCs (p < 0.01). TP53, a central regulator of the DNA damage response and
cellular senescence, showed significantly elevated expression in EMS-derived EqASCs
compared to healthy controls (Figure 6M p < 0.001). In healthy ASCs, orientin treatment
did not significantly alter TP53 expression. Conversely, orientin treatment significantly
reduced TP53 expression in EMS-derived EqASCs (p < 0.01) compared to the healthy cells.

2.5. Orientin Reduces Oxidative Stress in EMS-Derived EqASCs

Oxidative stress in EqASCs was assessed using MUSE-based analysis of ROS-positive
and ROS-negative cell populations, CM-H2DCFDA fluorescence imaging, flow cytometry,
and gene expression analysis of key antioxidant enzymes.

Microfluidic flow cytometry (Figure 7A–C) showed a significantly lowered number
of ROS-negative cells (Figure 7A; p < 0.001) and a substantially higher number of ROS-
positive cells (Figure 7B; p < 0.001) in EqASCs isolated from horses with EMS compared to
healthy controls. Orientin treatment significantly increased the ROS-negative population
in EMS-derived EqASCs (p < 0.01), and decreased the intracellular accumulation of ROS in
treated cells (p < 0.001).

Figure 7. Orientin reduces oxidative stress in EMS-derived EqASCs. (A–C) Analysis of ROS-positive
and ROS-negative cell populations using the MUSE® Cell Analyzer in healthy (HE) and EMS-derived
EqASCs. Data are expressed as mean ± SD, with individual data points shown as triangles; ** p < 0.01,
*** p < 0.001.

The elevated oxidative status in EMS-ASCs was further confirmed by fluorescence
microscopy using the CM-H2DCFDA probe (Figure 8A,B). EMS cells showed an intense
fluorescence signal indicating ROS accumulation, which was significantly reduced after
orientin treatment (Figure 8A). Quantitative analysis (Figure 8B) confirmed a significant
increase in the relative fluorescence intensity in the group of EMS-derived EqASCs cells
compared to native cells (p < 0.001). Importantly, treatment of both groups reduced fluores-

35



Int. J. Mol. Sci. 2025, 26, 6867

cence levels in both healthy (p < 0.001) and EMS (p < 0.001) cells. However, EMS EqASCs
treated with orientin presented a consistently higher ROS signal relative to control EqASCs
(p < 0.01). Flow cytometry analysis using CM-H2DCFDA (Figure 8C,D) corroborated
these findings, showing a significantly higher mean fluorescence intensity in EMS cells
(p < 0.001), which was effectively attenuated by orientin treatment (p < 0.05). Orientin
treatment reduced this level in both EMS (p < 0.001) and native (p < 0.001) cells.

Figure 8. Orientin reduces oxidative stress in EMS-derived EqASCs. (A) Representative fluorescence
images of ROS accumulation in healthy (HE) and EMS-derived cells, before and after orientin treat-
ment, detected by CM-H2DCFDA staining; green—ROS, blue—DAPI. White arrowheads indicate
additional intense CM-H2DCFDA expression before and after orientin treatment. Scale bar: 30
μm. (B) Quantification of ROS fluorescence intensity from (A). (C,D) Flow cytometric analysis of
ROS levels using CM-H2DCFDA probe. (E,F) Relative mRNA expression levels of SOD1 and SOD2
determined by qPCR. Data are expressed as mean ± SD, with individual data points shown as
triangles; * p < 0.05, ** p < 0.01, *** p < 0.001.

To investigate the underlying molecular mechanisms by which orientin influences
cellular redox status, the expression of key antioxidant genes SOD1 and SOD2 was analyzed
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(Figure 8E,F). EMS-derived EqASCs showed decreased expression of SOD1 (Figure 8E;
p < 0.01) mRNA level compared to healthy cells. Orientin treatment significantly decreased
SOD1 expression in healthy cells (Figure 8E; p < 0.01), whereas, on the contrary, it increased
the expression of this gene in EMS cells (p < 0.5). The expression level of the SOD2 mRNA
was increased in EMS cells (Figure 8F; p < 0.05). Orientin treatment additionally increased
this level in both healthy (Figure 8F; p < 0.001) and EMS-derived cells (p < 0.001).

3. Discussion

This study provided compelling evidence that orientin, a flavonoid glycoside, exerts
multifaceted cytoprotective effects on EqASCs, particularly those derived from horses
suffering from equine metabolic syndrome (EMS). The compound appears to significantly
influence several key cellular mechanisms, including modulation of apoptosis, enhance-
ment of cell cycle progress, attenuation of oxidative stress, and restoration of regenerative
capacity. These properties highlighted orientin’s potential as a supportive agent in regener-
ative therapies, especially in cases where stromal cell function was compromised due to
metabolic dysfunctions.

The results of the present study demonstrated that orientin significantly enhanced
Ki67 expression and increased the number of cells in the S phase of the cell cycle in
EqASCs obtained from horses affected by EMS. Ki67 is a well-established marker of cellular
proliferation, expressed during the active phases of the cell cycle (G1, S, G2, and M), but
absent in quiescent (G0) cells, making it a reliable indicator of proliferative activity [21,22].
The observed increase in S-phase cells suggests that orientin facilitated the transition from
the G1 to S phase, potentially through modulation of cyclin-dependent kinases (CDKs)
and their associated cyclins. Previous studies showed that orientin can induce G0/G1 cell
cycle arrest in human colorectal carcinoma HT29 cells by upregulating the CDK inhibitor
p21WAF1/CIP1 and downregulating cyclins D1 and E, as well as CDK2 and CDK4 [23].
Although our study focused on EqASCs rather than cancer cells, it is plausible that orientin
exerts similar regulatory effects on the cell cycle machinery in EqASCs. Interestingly,
despite the pronounced increase in S phase cells, no significant change was observed in
the G2/M cell population following orientin treatment. This apparent discrepancy may be
explained by the relatively short incubation period of 24 h. The population doubling time
of EqASCs in vitro typically ranges from 48 to 72 h, and in cells derived from metabolically
compromised animals, such as those with EMS, this time might have been even longer due
to senescent-like features and decreased metabolic activity [24,25]. Consequently, the cells
may not have had sufficient time to progress into mitosis during the experimental window,
although the observed increase in S phase cells strongly indicated preparation for cell cycle
entry and active DNA replication.

The observed enhancement of clonogenic potential in both healthy and EMS-derived
ASCs following orientin treatment underscored its role in promoting self-renewal and
stemness. Clonogenic assays, which evaluated a cell’s capacity for unlimited division,
were pivotal in assessing stem cell functionality. The increase in both the number and size
of colonies suggests that orientin might have activated signaling pathways supporting
stem cell maintenance and proliferation. Several key signaling pathways are known to
regulate stem cell self-renewal and clonogenicity. For instance, the Wnt/β-catenin pathway
is integral in maintaining the undifferentiated state and promoting proliferation in various
stem cell types [26]. Inhibition of Wnt signaling was shown to reduce colony formation in
human embryonic stem cells [27], highlighting its role in self-renewal processes. Similarly,
the PI3K/Akt pathway is crucial for stem cell survival and proliferation, with studies
demonstrating that its activation supports the self-renewal of embryonic stem cells [28,29].
Moreover, the JNK signaling pathway was implicated in regulating the traits of various
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stem cells, including their self-renewal and differentiation capacities [30]. Activation of
these pathways might have underlain the observed effects of orientin on ASC clonogenicity.
Phytochemicals, such as orientin, were recognized for their potential to modulate these
signaling pathways [20,31]. For example, certain flavonoids can enhance stem cell pro-
liferation and counteract senescence by influencing pathways like Wnt/β-catenin and
PI3K/Akt [32]. Therefore, the effects of orientin on EqASCs clonogenicity might have been
attributed to its capacity to modulate these critical signaling cascades, thereby promot-
ing stem cell self-renewal and proliferation. These findings provided a basis for further
investigation into orientin’s therapeutic potential in regenerative medicine.

The observed enhancement in migratory capacity of orientin-treated ASCs, as evi-
denced by accelerated wound closure in scratch assays, indicated improved cell motility
and potential for tissue repair. Cell migration is a critical component of tissue re-generation,
involving intricate coordination of cytoskeletal dynamics and interactions with the ex-
tracellular matrix. Orientin, a flavonoid compound, was shown to modulate signaling
pathways associated with cell migration [33]. In MCF-7 breast cancer cells, orientin inhib-
ited migration and invasion by suppressing the PKCα/ERK/AP-1/STAT3 signaling axis,
leading to decreased expression of matrix metalloproteinase-9 (MMP-9) and interleukin-8
(IL-8) [34]. These findings suggest that orientin can influence key pathways governing cell
motility. Furthermore, orientin has demonstrated the ability to inhibit the MAPK signaling
pathway, which plays a pivotal role in regulating cell migration. In studies involving
fibroblast-like synovial cells from rheumatoid arthritis patients, orientin treatment resulted
in reduced phosphorylation of ERK, JNK, and p38 MAPKs, correlating with decreased
migratory and invasive behaviors [33]. In addition to its effects on signaling pathways,
orientin was reported to promote wound healing processes [35]. In 3T3 fibroblast cells, ori-
entin enhanced cell proliferation and migration, contributing to improved wound closure
in vitro [36]. Similarly, isoorientin, a structurally related compound, facilitated excisional
skin wound healing in mice by modulating inflammatory responses and promoting tissue
remodeling [35,36]. Collectively, these findings support the notion that orientin can also
affect the EqASCs’ migratory capacity through modulation of key signaling pathways
and promotion of wound healing mechanisms, but further investigations are warranted
to elucidate the precise molecular mechanisms underlying orientin’s effects on EqASCs
migration and to explore its potential therapeutic applications in regenerative medicine.

Mesenchymal stromal cells (MSCs), including ASCs, are increasingly utilized in both
human and veterinary regenerative medicine owing to their multipotency, paracrine ac-
tivity, and immunomodulatory capacity [37,38]. However, in metabolically dysregulated
environments such as EMS, the therapeutic efficacy of ASCs may be impaired due to in-
creased levels of oxidative stress, mitochondrial dysfunction, and apoptosis [39]. Therefore,
strategies aimed at preserving ASCs viability and functionality in such pathophysiological
states are of paramount importance. One of the most striking findings of this study was
orientin’s capacity to modulate apoptosis in both healthy and EMS-affected EqASCs. The
observed reduction in the BAX/BCL-2 expression ratio indicates a shift in the cellular
equilibrium towards survival, suggesting that orientin may inhibit the intrinsic apop-
totic pathway [23]. This shift is particularly beneficial in EMS-ASCs, where elevated
pro-apoptotic signaling contributed to the depletion of the stromal cell pool and a subse-
quent decline in regenerative performance. Previous studies have confirmed that orientin
exerts anti-apoptotic effects via mitochondrial pathways, notably through suppression
of cytochrome c release and inhibition of caspase-3 activation. In models of oxidative
and metabolic stress, orientin has been shown to increase BCL-2 expression while down-
regulating BAX, thereby stabilizing mitochondrial membranes and reducing the loss of
mitochondrial potential [40]. Furthermore, orientin can modulate the PI3K/Akt pathway,
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which plays a key role in regulating cell survival and response to oxidative stress [41]. In
the context of endothelial cells, orientin may affect the activation of the PI3K/Akt/eNOS
pathway, leading to increased nitric oxide (NO) production and improved endothelial
function. Although direct studies on the effects of orientin on endothelial cells are limited,
there is evidence for its beneficial effects in the context of oxidative stress and apoptosis in
other cell types [42].

Oxidative stress is a key pathophysiological factor in EMS, contributing to cellular
dysfunction, accelerated senescence, and impaired regenerative capacity of stromal cells.
In our study, we observed that orientin, a natural flavonoid, significantly reduced the levels
of reactive oxygen species (ROS) in EqASCs from EMS-affected horses (EMS-EqASCs),
indicating its potent antioxidant properties. The mechanism of action of orientin involves
the activation of the Nrf2/HO-1 signaling pathway, which plays a crucial role in regulating
the cellular antioxidant response [40]. In models of oxidative injury, orientin promoted
the translocation of the transcription factor Nrf2 into the nucleus, leading to increased
expression of antioxidant enzymes such as heme oxygenase-1 (HO-1), NAD(P)H quinone
dehydrogenase 1 (NQO1), and glutamate–cysteine ligase catalytic subunit (GCLC). This
cascade ultimately reduces oxidative stress and protects cells from damage [43]. Further-
more, orientin was shown to enhance the activity of superoxide dismutase (SOD) enzymes,
including both cytoplasmic SOD1 and mitochondrial SOD2. The upregulation of SOD2 is
particularly important, as this enzyme plays a critical role in neutralizing superoxide anions
within mitochondria, thereby safeguarding cells against oxidative injury [44]. In addition,
orientin exhibited protective effects in various models of oxidative damage, including
liver injury induced by d-galactosamine and lipopolysaccharide (d-GalN/LPS). In these
models, orientin activated the Nrf2/Keap1 axis, resulting in decreased serum levels of liver
enzymes ALT and AST and improved liver histopathology [45].

Reduction in senescence-associated β-galactosidase (SA-β-gal) staining in orientin-
treated ASCs suggests a reversal of senescent phenotypes. Cellular senescence, charac-
terized by irreversible cell cycle arrest, is a hallmark of aging and metabolic disorders,
often leading to diminished regenerative capacity [1]. The ability of orientin to atten-
uate senescence markers in our studies indicates its potential in rejuvenating aged or
metabolically compromised cells. In the context of senescence, orientin has been reported
to possess antioxidant properties that mitigate cellular aging processes. Previous studies
have demonstrated that orientin can reduce oxidative stress by scavenging free radicals
and enhancing the activity of antioxidant enzymes. For instance, in D-galactose-induced
aging models, orientin administration improved antioxidant enzyme levels and reduced
markers of oxidative damage, thereby delaying aging-related changes [13,46]. Further-
more, orientin was shown to improve mitochondrial function, which is closely linked
to cellular senescence [20]. Mitochondrial dysfunction is a key contributor to the onset
of senescence, as it leads to increased production of reactive oxygen species (ROS) and
subsequent cellular damage. By enhancing mitochondrial homeostasis, orientin might
have alleviated senescence and promote cellular longevity. Recent research indicated that
orientin can improve mitochondrial function and inhibit chondrocyte senescence via the
PI3K/AKT/NF-κB signaling pathway [20]. In summary, the anti-senescent effects of ori-
entin in ASCs may be mediated through its antioxidant properties and its ability to enhance
mitochondrial function. These findings suggest that orientin holds promise as a therapeutic
agent for rejuvenating aged or metabolically compromised stem cells, thereby improving
their regenerative potential.

While this study provides evidence for the cytoprotective and anti-apoptotic effects
of orientin in ASCs under metabolic stress, it is important to note that the findings are
based solely on in vitro cellular models. The absence of in vivo validation represents a
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limitation that must be addressed in future research. Cellular systems, although useful
for mechanistic insight, do not fully replicate the complex physiological and metabolic
environment present in living organisms, particularly in the context of metabolic syndrome
and its systemic effects. Therefore, to better understand the therapeutic potential and
biological behavior of orientin, future studies should incorporate animal models of EMS or
comparable mammalian models that simulate the metabolic, inflammatory, and oxidative
stress conditions observed in the disease. Such studies would allow for assessment of
orientin’s bioavailability, pharmacokinetics, tissue-specific effects, and long-term safety
profile. Moreover, investigating orientin’s influence on systemic oxidative stress, insulin
sensitivity, inflammatory markers, and adipose tissue remodeling in vivo would provide
critical translational insight and support the development of orientin-based therapies for
metabolic disorders.

4. Materials and Methods

4.1. Equine ASC Cell Culture and Orientin Treatment

Healthy and EMS-affected Equine ASCs were obtained from the cell collection of
the Department of Experimental Biology, University of Environmental and Life Sciences,
Wrocław, Poland. ASCs cultures were maintained in 75 cm2 flasks and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 1000 mg/L glucose (Life Technolo-
gies, Paisley, UK), supplemented with 5% of fetal bovine serum (FBS; Sigma-Aldrich,
St. Louis, MO, USA), and 1% of a penicillin and streptomycin solution (PS; Sigma-Aldrich,
St. Louis, MO, USA), and incubated at 37 ◦C in a humidified 5% CO2, 95% air atmosphere.
Cultured cells were harvested every three days (80–90% of confluence) and detached from
the flasks with a trypsin–EDTA solution (Sigma-Aldrich, St. Louis, MO, USA). The media
were changed every second day.

The orientin was purchased from Cayman Chemicals (Ann Arbor, MI, USA) in the
form of a crystalline solid and for this study it was dissolved in a sodium hydroxide
solution (NaOH). After the determination of cytotoxic activity of orientin, described below,
the cells were treated with orientin with the final concentration of 60 μM under standard
conditions for 24 h before testing.

For each experimental method, data were obtained from three independent biological
replicates (cells isolated from three healthy and three EMS horses), each analyzed in at
least three technical replicates. For most methods, technical replicates were performed in
separate wells, except for assays using microscopy techniques, where technical replicates
referred to different fields of view on the same sample.

4.2. Determination of Cytotoxic Activity of Orientin

The determination of cytotoxic activity of orientin was examined by the MTT assay [47].
The MTT assay was performed in a 96-well flat-bottomed plate; 200 μL of culture medium
containing 0.2 × 105 cells was distributed among the wells and incubated for 24 h. The
culture medium was then removed, washed with DPBS solution (Sigma-Aldrich, St. Louis,
MO, USA), and 200 μL each of fresh medium with the appropriate concentration of orientin
was added. The effect of orientin on EqASCs was studied at successive concentrations of 15,
45, 50, 60, 70, 80, 100, 120, and 130 μM. A solution of NaOH (sodium hydroxide) was added
to one of the wells as a control. Cells were incubated for 24 h under standard conditions.

After incubation, the medium with orientin was removed and 200 μL of culture
medium with MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) at a concentration
of 5 mg/mL was added to each well. The cell culture was carried out for 2 h under
the same standard conditions. The solution was removed from the wells, after which
100 μL of DMSO solution (AppliChem, Darmstadt, Germany) was added to each well and
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incubated for 20 min. Absorbance measurements of solutions with dissolved formazan
were performed spectrophotometrically at 570 nm using a Synergy H1 plate reader (BioTek®

Instruments, Inc., Winooski, VT, USA).

4.3. Evaluation of Oxidative Stress

(a) Quantification of ROS accumulation using Muse® Oxidative Stress assay

The reactive oxygen species accumulation (ROS) was measured using the Muse® Ox-
idative Stress Assay Kit (Luminex, Austin, TX, USA) according to the manufacturer’s pro-
tocol. After trypsinization, 200 μL of Muse Oxidative Stress Working Solution was added
to the cell pellet and incubated 30 min at 37 ◦C. Then, the ROS-negative and ROS-positive
cells were counted using a Muse™ Cell Analyzer (EMD Millipore, Temecula, CA, USA).

(b) Fluorescence microscopy-based detection of intracellular ROS with CM-H2DCFDA

Furthermore, the reactive oxygen species were stained in cells using the CM-
H2DCFDA fluorescent dye (General Oxidative Stress Indicator) (Invitrogen Life Technolo-
gies, Eugene, OR, USA). The cells were stained according to manufacturers’ instructions.
Four hundred microliters of medium containing 0.6 × 105 EqASCs were seeded on cover-
slips in a 24-well plate. After treating the cells with orientin for 24 h, they were washed
with DPBS and then CM-H2DCFDA staining solution (10 μM, prepared in culture medium
without FBS and without PS) was added. The cells were then incubated for 30 min in an
incubator, and after washing again with DPBS, they were fixed in 4% PFA (Sigma-Aldrich,
St. Louis, MO, USA) for 15 min at room temperature (RT). Afterward, they were washed
with DPBS three times and the slides were closed using the Fluoroshield™ with DAPI
(Sigma-Aldrich, St. Louis, MO, USA). Microscopic preparations were observed using a
Leica DMi8 (Leica Microsystems, Wetzlar, Germany) confocal microscope with a magnifica-
tion of ×630. The photomicrographs were finally analyzed in Fiji using ImageJ Software
(version 1.52n, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA) with the
‘Color Pixel Counter’ plugin. The average number of green pixels per cell was measured
using a fixed threshold value that was applied consistently across all images.

(c) Flow cytometric analysis of CM-H2DCFDA-stained cells

For analysis on a flow cytometer, cells were seeded on a 6-well plate. After trypsiniza-
tion and centrifugation at 300× g, 5 min, the pellets were washed with DPBS and then
centrifuged again at 300× g, 5 min. The pellets were resuspended in DPBS, and then
the suspension was transferred to another tube as a control sample (unstained), and then
centrifuged as before. A 100 μL volume of DPBS was added to the control sample after
the supernatant was drawn off, and 100 μL of the prepared reagent was added to the test
sample; both samples were then incubated for 30 min in an incubator. After incubation,
the cells were washed three times with DPBS and finally resuspended in 350 μL of DPBS.
CM-H2DCFDA-positive cells were counted on a BD LSRFortessa™ Cell Analyzer (Becton,
Dickinson and Company, BD Biosciences, San Jose, Belgium) using an FITC detector.

4.4. Senescence Analysis

Cellular senescence was analyzed using the β-galactosidase hydrolysis kit (Senescence
Cells Histochemical Staining Kit, Sigma Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. The cells were seeded in a 12-well plate, and were first treated
with fixation buffer and incubated for 6 min at RT. Next, the cells were treated with staining
mixture and incubated overnight at 37 ◦C. The photos were taken the next day using the
Leica DMi1 inverted microscope (Leica Microsystems, Wetzlar, Germany). Color analysis
was performed in Fiji using ImageJ Software (version 1.52n, Wayne Rasband, National
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Institutes of Health, USA) using the ‘Color Pixel Counter’ plugin to measure the total area
of green pixels in each image.

4.5. Evaluation of Viability and Apoptosis

Cell viability and apoptosis were analyzed using the Muse® Annexin V & Dead
Cell Kit (Luminex, Austin, TX, USA), following the manufacturer’s instructions. Briefly,
approximately 0.3 × 106 cells were suspended in 100 μL of Annexin V & Dead Cell Reagent.
Cells were incubated for 20 min in the dark at RT and then analyzed using the Muse™ Cell
Analyzer (EMD Millipore, Temecula, CA, USA). The analysis provided the percentage of
live, early apoptotic, late apoptotic, and dead cells.

4.6. Evaluation of Cell Proliferation

(a) Immunocytochemical detection of Ki67 expression

The viability of EqASCs was assessed by examining the expression level of the Ki67 cell
proliferation marker [48]. Initially, 400 μL of medium containing 0.6 × 105 cells was seeded
on coverslips in a 24-well plate. After treating the cells with orientin for 24 h, they were
fixed in 4% PFA solution for 20 min at RT. The wells were then washed twice with cold DPBS
solution and the cell membranes were next permeabilized using 0.1% Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA) for 5 min at RT, after which they were again washed twice
with cold DPBS solution. Removing excess DPBS, the slides were treated with a blocking
solution (1% BSA, Sigma-Aldrich, St. Louis, MO, USA, 10% Normal Goat Serum, Abcam,
Cambridge, UK, 0.3M Glycine, Sigma-Aldrich, St. Louis, MO, USA, 0.1% Tween® 20, Sigma-
Aldrich, St. Louis, MO, USA in DPBS) for 1 h at RT. After blocking, the cells were washed
twice with cold DPBS, and after removing the DPBS, Ki67 primary antibody solution
(#ab15580, Abcam, Cambridge, UK) was added to the coverslips at a concentration of
0.5 μg/mL (1:250 in DPBS) and incubated overnight at 4 ◦C. After incubation, the coverslips
were washed twice with cold DPBS and a solution of secondary antibody (anti-Rabbit)
conjugated with Alexa Fluor 488 fluorochrome (#111-545-003, Jackson ImmunoResearch,
Ely, UK) at a dilution of 1:800 in DPBS was added. The coverslips were again incubated
for 1 h in the dark at RT. After incubation, the coverslips were rinsed twice with cold
DPBS and sealed in 4′,6-Diamidino-2′- phenylindole dihydrochloride (DAPI) mounting
medium (Fluoroshield™ with DAPI, Sigma-Aldrich, St. Louis, MO, USA). Preparations
were observed and imaged using a confocal laser scanning microscope (Leica DMi8, Leica
Microsystems, Wetzlar, Germany) and micrographs processed with the Fiji ImageJ software
(Version 1.52n, Wayne Rasband, National Institutes of Health, USA). The mean green pixel
area per cell was determined using the same threshold value for all images.

(b) Cell cycle distribution analysis by flow cytometry

The percentage of cells in the G0/G1, S, and G2/M phases of cell cycle was analyzed
using the Muse® Cell Cycle Kit (Luminex, Austin, TX, USA). In accordance with the
manufacturer’s protocol, approximately 0.3 × 106 cells were suspended in 200 μL of
ice cold 70% ethanol and incubated for 3 h at −20 ◦C. After incubation, the cells were
centrifuged at 300× g for 5 min and washed once with DPBS. Next, 200 μL of Muse® Cell
Cycle Reagent was added to each tube and incubated for 30 min at RT in the dark and then
analyzed using the Muse™ Cell Analyzer (EMD Millipore, Temecula, CA, USA).

(c) Clonogenic potential assessed by colony-forming unit (CFU) assay

The colony unit forming (CFU) assay was used to evaluate the clonogenic property
of the studied ASCs [49]. Approximately 250 cells were seeded into a 6-well plate and
after 24 h they were treated with orientin, as previously described. After 11 days the
cells were washed with DPBS and stained with 0.02% pararosaniline solution (Sigma-
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Aldrich, St. Louis, MO, USA), allowing the colonies to be counted manually based on
visual assessment.

(d) Cell migration and interaction asessed by scratch assay

A scratch assay was used to evaluate cell migration and intercellular interactions [48].
Cells were seeded into a 12-well plate and treated with orientin, as previously described.
Once a uniform, confluent monolayer was formed, a sterile pipette tip was used to create a
scratch across the center of each well, simulating a wound. The distance between the wound
edges was measured using the Leica DMi1 inverted microscope (Leica Microsystems,
Wetzlar, Germany) at 6- and 24-h post-scratch.

4.7. Reverse Transcription Quantitative Real-Time PCR Analysis

Total RNA was isolated using the phenol–chloroform method following cell homoge-
nization in EXTRAzol solution (Blirt, Gdańsk, Poland). The RNA concentration was mea-
sured using a nanospectrophotometer (Synergy H1, BioTek® Instruments, Inc., Winooski,
VT, USA) at 260 nm. Genomic DNA (gDNA) was digested using the PrecisionTM DNase Kit
(Primerdesign Ltd., Chandler’s Ford, UK). The cDNA was synthesized using the RevertAid
RT Reverse Transcription Kit (Thermo Fisher Scientific, Vilnius, Lithuania) in a T100TM

Thermal Cycler (Bio-Rad Laboratories, Singapore). qRT-PCR reactions were prepared
using the SensiFAST™ SYBR® & Fluorescein Kit (Meridian, Cincinnati, OH, USA) and
analyzed in a CFX ConnectTM Real-Time PCR Detection System (Bio-Rad Laboratories,
Singapore). All procedures were carried out in accordance with the respective manufac-
turers’ instructions. Primers used in the qRT-PCR were designed using the Primer-BLAST
tool provided by the National Center for Biotechnology Information (NCBI), U.S. National
Library of Medicine. The relative expression of genes (Table 1) was normalized to GAPDH
(glyceraldehydes-3-phosphate, housekeeping gene) expression and calculated using the
2−ΔΔCq method.

Table 1. Primers used for gene expression analysis.

Gene Primer Sequence 5′-3′ Amplicon
Length (bp)

Accession No.

GAPDH F:
R:

GATGCCCCAATGTTTGTGA
AAGCAGGGATGATGTTCTGG 250 NM_001163856.1

p21 F:
R:

GAAGAGAAACCCCCAGCTCC
TGACTGCATCAAACCCCACA 241 XM_023633878.1

SOD1 F:
R:

CATTCCATCATTGGCCGCAC
GAGCGATCCCAATCACACCA 130 NM_001081826.3

SOD2 F:
R:

GGACAAACCTGAGCCCCAAT
TTGGACACCAGCCGATACAG 125 NM_001082517.2

TP53 F:
R:

TTTCGACATAGCGTGGTGGT
CTCAAAGCTGTTCCGTCCCA 180 NM_001202405.1

BAX F:
R:

CGAGTGGCAGCTGAGATGTT
AAGGAAGTCCAGTGTCCAGC 153 XM_023650076.1

BCL2 F:
R:

TTCTTTGAGTTCGGTGGGGT
GGGCCGTACAGTTCCACAA 164 XM_001490436.4

4.8. Statistical Analyses

The results were presented as mean ± SD. The statistics were performed using Graph-
Pad Prism version 10.5.0 for Windows (GraphPad Software, Boston, MA, USA). The
Shapiro–Wilk test was used to confirm the normality of distribution, and the homogeneity
of variances was verified using Bartlett’s test. Two-way analysis of variance (ANOVA)

43



Int. J. Mol. Sci. 2025, 26, 6867

was applied, focusing on the main effects only, with ‘health status’ (HE vs. EMS) and
‘treatment’ (CTRL vs. Orientin) as the two independent factors. Tukey’s post hoc test was
used for multiple comparisons. All results were expressed as relative values, where the
mean value obtained for the untreated healthy control group was set as 1, and the values of
the other groups were expressed relative to this reference. The differences were considered
as statistically significant at p < 0.05.

5. Conclusions

The present study suggests that orientin can exert multifaceted cytoprotective and
regenerative effects on EqASCs, particularly those derived from horses affected by EMS.
Orientin treatment enhanced proliferative activity and favorable modulation of the cell
cycle, improved cell viability, reduced apoptosis, and restored both clonogenic and mi-
gratory capacity. Importantly, orientin significantly reduced markers of oxidative stress
and cellular senescence, two key factors contributing to impaired regenerative function in
EMS-associated stromal cells. These findings indicate that orientin’s therapeutic potential
lies in mitigating cellular dysfunction associated with metabolic disorders in equine models.
However, further studies are needed to fully elucidate the molecular mechanisms underly-
ing orientin’s action, particularly in relation to oxidative stress response pathways and the
regulation of senescence. Future research should explore the involvement of key signaling
axes such as AMPK, PI3K/Akt, and FOXO, as well as assess orientin’s long-term effects
and therapeutic efficacy in vivo. A deeper understanding of these mechanisms may facili-
tate development of targeted strategies to restore cellular homeostasis and regenerative
potential in metabolically impaired tissues.
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Abbreviations

The following abbreviations are used in this manuscript:

EMS Equine Metabolic Syndrome
ASCs Adipose-Derived Mesenchymal Stromal Cells
SA-β-Gal Senescence-Associated β-Galactosidase
SASP Senescence-Associated Secretory Phenotype
ROS Reactive Oxygen Species
mTOR Mammalian Target of Rapamycin
FOXO Forkhead Box O (transcription factors)
TNF-α Tumor Necrosis Factor Alpha
IL-6 Interleukin 6
MMPs Matrix Metalloproteinases
SOD Superoxide Dismutase
GPx Glutathione Peroxidase
PI3K Phosphoinositide 3-Kinase
Akt Protein Kinase B
AMPK AMP-Activated Protein Kinase
p16ˆINK4a Cyclin-Dependent Kinase Inhibitor 2A (also known as p16INK4a)
p21 Cyclin-Dependent Kinase Inhibitor 1A (CDKN1A)
TP53 Tumor Protein P53
CM-H2DCFDA 5-(and-6)-Chloromethyl-2′,7′-Dichlorodihydrofluorescein Diacetate, Acetyl Ester
DAPI 4′,6-Diamidino-2-Phenylindole
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Abstract

Myelodysplastic syndromes are a group of clonal hematopoietic stem cell disorders charac-
terized by ineffective hematopoiesis, peripheral cytopenia, and dysplasia in one or more
myeloid lineages, with a variable risk of progression to acute myeloid leukemia. In addition
to well-characterized genetic and epigenetic abnormalities, oxidative stress has emerged
as a critical contributor to the pathophysiology of myelodysplastic syndrome. Reactive
oxygen species and reactive nitrogen species can induce cumulative DNA damage, mito-
chondrial dysfunction, and altered redox homeostasis, promoting genomic instability and
clonal evolution. Elevated oxidative stress in patients with myelodysplastic syndromes has
been linked to increased apoptosis of hematopoietic stem and progenitor cells, disruption
of the bone marrow microenvironment, and progression toward leukemic transformation.
Moreover, ROS-related pathways, such as TP53 mutations and epigenetic dysregulation,
interact with the key molecular drivers of myelodysplastic syndrome. Given these findings,
oxidative stress is now recognized not only as a hallmark of disease biology but also as a
potential therapeutic target. Antioxidant-based strategies and agents that modulate redox
signaling are being investigated for their ability to restore hematopoietic function and
enhance treatment efficacy. This review provides an overview of the current biology of
myelodysplastic syndrome, highlights the connections between oxidative stress and disease
mechanisms, and explores emerging redox-targeted therapeutic approaches.

Keywords: myelodysplastic syndromes; oxidative stress; reactive oxygen species; iron
overload; hematopoietic stem cells; DNA damage; epigenetic regulation; mitochondrial
dysfunction; redox-targeted therapy

1. Introduction

General Considerations for Myelodysplastic Syndromes

Myelodysplastic syndromes (MDS) are hematological disorders characterized by
peripheral cytopenias and hypercellular marrow, mainly affecting the elderly, and possibly
progressing to acute myeloid leukemia (AML) through clonal evolution [1,2].
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Over time, the classification of MDS has evolved. To enhance diagnostic accuracy, the
2016 WHO Classification incorporated molecular data into MDS diagnosis and manage-
ment [3], notably identifying MDS with ring sideroblasts (MDS-RS) by SF3B1 mutations
and ≥5% ring sideroblasts. Isolated del(5q) is a distinct subtype with good prognosis and
response to lenalidomide, whereas TP53 mutations have poor outcomes [3]. Building on
this, the 2022 WHO Classification redefined MDS into two main categories: genetically
defined (MDS-5q, MDS-SF3B1, and MDS-biTP53) and morphologically defined (MDS with
Low Blasts, MDS with Hypocellularity, and MDS with Increased Blasts) [4]. Key updates
include reclassifying NPM1-mutated cases as AML and former MDS-U cases as Clonal
Cytopenia of Undetermined Significance (CCUS) [5], underscoring the growing importance
of genetic profiling in disease categorization.

However, differentiating MDS from related conditions remains challenging owing
to overlapping features, making genetic analysis essential for prognosis and treatment
decisions [6]. A variety of genetic alterations, including cytogenetic abnormalities, somatic
mutations, and gene expression changes, drive MDS pathogenesis [7]. Frequent abnormal-
ities have included del(5q), del(7q), trisomy 8, and complex karyotypes [7]. In addition,
promoter hypermethylation and mutations in genes that regulate DNA methylation and
histone modifications are commonly observed [7]. Particularly relevant are mutations
in RNA splicing genes (SF3B1, SRSF2, U2AF1, and ZRSR2) and epigenetic regulators
(TET2, ASXL1, and DNMT3A); spliceosome mutations are present in approximately 50% of
cases [8,9]. Mutations affecting signal transduction pathways (e.g., NRAS and JAK2) and
transcriptional regulators (e.g., RUNX1 and TP53) are also frequently encountered [8,9].

Gene expression profiling has contributed to the identification of dysregulated genes,
and altered signaling pathways and prognostic molecular signatures [8]. Moreover, mu-
tations in genes such as DNMT3A, ASXL1, and TET2 may predict better responses to
hypomethylating agents, supporting the integration of genomic, transcriptional, and clini-
cal data to guide patient management [8].

Furthermore, in a therapeutical context, mutations in SF3B1 and IDH1/2 provide
opportunities for targeted interventions. Consequently, molecular profiling using NGS has
become one of the cornerstones of diagnosis and therapeutic planning for MDS [10].

In the context of pathogenesis, beyond genetic alterations, immune dysregulation
plays a key role in MDS pathogenesis; it is often described as the “Yin–Yang theory” of
immune activation and suppression, and is characterized by immune hyperactivity and
increased apoptosis in low-risk MDS (LR-MDS), while high-risk MDS (HR-MDS) exhibits
immune suppression [11].

Both innate and adaptive immune responses are hyperactive in the bone marrow
of MDS patients, and autoimmune diseases are frequently observed, indicating a strong
immunological component [12].

Supporting this, a 2012 study described autoimmune manifestations (AIMs) in some
MDS patients that contributed to ineffective hematopoiesis via immune-mediated attacks
on hematopoietic clones [13].

Therapeutic approaches often involve the use of steroids or immunosuppressants. No-
tably, azacytidine has shown potential in reducing steroid dependence in select cases [14].

2. Risk Stratification and Treatment Options

Prognostic Tools and Standard Treatment Approaches

Building on these diagnostic and pathogenic considerations, treatment decisions for
MDS are strongly influenced by risk stratification tools.

The Revised International Prognostic Scoring System (IPSS-R), introduced in 2012,
improves prognostic accuracy by adding new risk groups, refining blast and cytopenia eval-
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uation, and classifying patients into five risk levels; it has improved prognostic precision by
refining blast and cytopenia evaluation and dividing patients into five risk categories [15].
Additional prognostic indicators such as age, performance status, and ferritin and LDH
levels have been associated with survival; although correlated with survival, they are not
necessarily correlated with AML transformation [15]. More recently, Molecular IPSS (IPSS-
M) has incorporated mutational data from mutations in over 30 genes (e.g., TP53, ASXL1,
RUNX1, and TET2) to better predict survival, AML progression and disease evolution [16].

These tools reflect the growing role of next-generation sequencing (NGS) in MDS
diagnosis, classification, prognosis, and treatment selection [17]. Treatment strategies are
risk-adapted, and guided by IPSS-R or IPSS-M scores [18].

In low-risk MDS (LR-MDS), marked by dysplasia, low blast counts, and favorable
genetics, therapy is largely supportive [19]. This includes transfusions, growth factors, and
approved agents such as lenalidomide, HMAs (azacitidine, decitabine), and luspatercept.
However, HSCT (hematopoietic stem cell transplantation) remains underutilized, despite
curative potential [19,20].

Erythropoiesis-stimulating agents (ESAs), including EPO and darbepoetin alfa, are
first-line treatments for anemia in patients with EPO < 500 U/L and low transfusion needs,
improving hemoglobin and reducing transfusion burden [21].

Luspatercept increases transfusion independence in MDS-RS and is effective in ESAs-
refractory cases [22].

Lenalidomide is particularly effective in del(5q) MDS, with 67% achieving transfusion
independence and ~50% cytogenetic response [23]. Epoetin-α p shows erythroid responses
in 32–46% of patients, far exceeding the percentages for placebo [24].

In contrast, in high-risk MDS (HR-MDS), the goal is to delay AML progression and im-
prove survival. Standard care includes azacitidine and decitabine [25]. Notably, azacitidine
improves survival in patients with chromosome 7 abnormalities [25].

The oral formulation of CC-486 (oral azacitidine) has also attracted attention. While it
enhances transfusion independence and bilineage response in LR-MDS, it has also been
associated with reports of increased early infection-related mortality [26]. In elderly AML
patients, CC-486 extends survival by 10 months and reduces relapse [27].

Given the limitations of parenteral HMAs, oral formulations improve convenience
and patient adherence [28,29].

Meanwhile, the bone marrow microenvironment (BME) in MDS supports malignant
clones over healthy hematopoiesis. Azanucleotides may affect both malignant and stromal
components; lenalidomide benefits patients with specific deletions, while luspatercept
enhances erythropoiesis without clonal expansion [30].

Finally, the immunosuppressive BME also facilitates malignant persistence. Myeloid-
derived suppressor cells (MDSCs), often expanded in MDS, correlate with progression and
induce dysplasia in models, making them promising therapeutic targets [31,32].

3. New Treatment Approaches

Overview of Innovative Therapies Under Clinical Development

New agents such as roxadustat, imetelstat, oral HMAs, TP53 modulators, and ma-
grolimab are being developed to overcome current treatment limitations and address
molecular targets in MDS [21].

For example, splicing modulators aim to correct the common splicing defects in
MDS. Inhibition of CHRM4 in early erythroid progenitors has emerged as a novel strategy
with encouraging preclinical results. Splicing modulators and CHRM4 inhibitors in early
erythroid progenitors also show promise [33].
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Roxadustat, an oral Hypoxia-Inducible Factor–Prolyl Hydroxylase (HIF-PH) inhibitor,
represents a mechanistically distinct approach to treating anemia, compared with ESAs.
Clinical trials have demonstrated that it achieved 37.5% transfusion independence at both
28 and 52 weeks, with over 50% of patients experiencing a ≥50% reduction in transfusion
requirements, particularly at a dose of 2.5 mg/kg [34].

Additionally, roxadustat has shown efficacy in improving anemia and lowering trans-
fusion dependency in MDS patients with concurrent chronic kidney disease [35].

Roxadustat, an oral HIF-PH inhibitor, differs mechanistically from ESAs. It achieved
37.5% transfusion independence at both 28 and 52 weeks, with over half of patients reducing
transfusion needs ≥50%, especially at 2.5 mg/kg [34]. It has also shown benefits in MDS
patients with chronic kidney disease [35].

Imetelstat, a telomerase inhibitor, interferes with telomere maintenance by targeting
the RNA component hTR, effectively impairing malignant hematopoietic stem cells (HSCs),
hematopoietic progenitor cells (HPCs), and leukemic stem cells (LSCs), while sparing
normal cells [36]. Currently approved for LR-MDS patients with transfusion-dependent
anemia, imetelstat (7.1 mg/kg every 4 weeks) demonstrated improved red blood cell
transfusion independence at 8 and 24 weeks, compared to placebo [36].

Targeting immune checkpoints is an emerging strategy. CD47, a key innate immune
checkpoint, has become a compelling therapeutic target for MDS and AML, while ma-
grolimab, an anti-CD47 monoclonal antibody, has shown synergistic effects when combined
with azacitidine, particularly in high-risk patients with TP53 mutations [37].

Finally, sabatolimab, an anti-TIM-3 antibody, has also demonstrated durable responses
when administered alongside HMAs in HR-MDS and AML patients. One study reported a
complete remission (CR) rate of 33% and an overall response rate (ORR) of 75%, indicating
robust clinical efficacy; additionally, it shows efficacy in ESA-refractory cases [36,38,39].

This review presents an overview of the contemporary biology of myelodysplastic
syndrome, emphasizes the relationships between oxidative stress and disease processes,
and examines novel redox-targeted therapy strategies.

4. Oxidative Stress: Mechanisms and Disease Connections

4.1. Oxidative Stress Plays a Role in Both Physiological and Pathological Contexts

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are byproducts
of normal cellular metabolism and serve dual roles as damaging agents and essential
signaling molecules. While excess ROS/RNS levels induce oxidative and nitrosative stress,
damaging DNA, proteins, and lipids, physiological levels are crucial for redox homeostasis,
immune responses, and intracellular signaling, as discussed by Valko et al. [40].

Oxidative stress has been implicated in a wide range of diseases, including cancer,
cardiovascular and neurodegenerative disorders, diabetes, and aging [40]. ROS-induced
damage contributes to chronic disease progression via lipid peroxidation, protein oxi-
dation, and DNA strand breaks, as shown in studies by Cabello-Verrugio et al. and
Kudryavtseva et al. [41,42]. Moreover ROS-induced cellular senescence may act as a tumor-
suppressive barrier. However, the senescence-associated secretory phenotype (SASP) can
paradoxically promote tumorigenesis. Targeting the key pathways involved in this process
may suppress malignant progression, as suggested by Li et al. [43].

ROS and RNS regulate autophagy, particularly during nutrient deprivation. The
p62/Keap1/Nrf2 axis plays a leading role in the relationship between oxidative stress and
antioxidant response. Autophagy influences DNA repair mechanisms, with ROS and RNS
functioning as upstream modulators that determine cellular fate under stressful conditions,
according to Filomeni et al. [44].
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Ferroptosis, a regulated, iron-dependent form of cell death marked by lipid ROS
accumulation, plays a role in neurodegenerative diseases, such as Alzheimer’s and Parkin-
son’s [45]. Recent studies have explored redox regulation and ferroptosis in cancer, suggest-
ing that targeting these pathways may provide therapeutic benefits, especially in resistant
or metastatic tumors, as highlighted by Zeng et al. [46].

Altered energy metabolism has also been associated with oxidative stress. Dysregu-
lated glycolysis and oxidative phosphorylation (OXPHOS) have been observed in several
diseases. For instance, Jourdain et al. [47] showed that loss of LUC7L2, a component of the
pre-mRNA splicing machinery, leads to enhanced OXPHOS and reduced glycolysis; this
finding links aberrant splicing to oxidative stress and disease.

Mitochondrial dysfunction and ROS are key drivers of inflammatory myopathies
such as inclusion body myositis (IBM), as reported by Danieli et al. [48]. Similarly, in mus-
cular dystrophies (MDs), intracellular ROS accumulation causes contractile dysfunction.
Monoamine oxidase (MAO), a major ROS source, is upregulated in dystrophic muscles, and
its inhibition with pargyline shows therapeutic promise, as described by Canton et al. [49].

In the liver, oxidative stress plays a key role in hepatocellular injury, particularly
during hypercholesterolemia, which increases ROS levels and apoptosis, according to
Jadeja et al. [50].

Oxidative stress is a key factor in osteoporosis, especially in high-risk groups
(e.g., postmenopausal women and patients with metabolic disorders). Oxidative stress
disrupts bone remodeling, and mitochondria-targeted antioxidants are currently being
investigated. Vitamin D deficiency worsens oxidative damage and is linked to osteoporosis,
autoimmune diseases, and hematologic malignancies [51,52].

In cardiovascular diseases, oxidative stress impairs endothelial function, contributing
to atherosclerosis, arrhythmias, and hypertension. As noted by Senoner and Dichtl [53], a
Mediterranean diet rich in natural antioxidants reduces oxidative damage and cardiovas-
cular risk.

4.2. Oxidative Stress and Mitochondrial Dysfunction in Cancer Biology and Therapy Response

In oncology, oxidative stress is an established mediator of both tumorigenesis and the
treatment response. As described by Yamada et al. [54], various therapeutic strategies for
regulating mitochondrial oxidative stress have been developed, including photodynamic
therapy (PDT), photothermal therapy (PTT), and antioxidant therapy using a mitochondrial
drug delivery system (DDS). The PDT effect arises from the dynamic interaction between
a photosensitizer (PS), light, and molecular oxygen, resulting in the generation of lethal
levels of ROS, primarily highly reactive singlet oxygen [54].

For example, PDT uses controlled oxidative damage to target skin cancer cells and
is more effective than chemotherapy or surgery, as reported by Allegra et al. [55]. Cancer
cells display the Warburg effect, relying on glycolysis despite oxygen availability, and
they typically have high ROS levels. Their survival depends on enhanced antioxidant
defenses, which can be selectively targeted for therapeutic purposes, as highlighted by
Gorrini et al. [56].

A recent study by Allegra et al. [57] highlighted significant sex differences in cancer sus-
ceptibility, with males generally experiencing higher oxidative stress and cancer incidence
than females. Young women are more protected from cancer due to hormonal regulation of
the redox state and mitochondrial function. Gender differences in immunological responses
and antioxidant enzyme activity influence cancer susceptibility and treatment outcomes.

ROS signaling also plays a key role in the regulation of mesenchymal stem cells (MSCs)
by controlling their proliferation and differentiation through pathways such as p38-MAPK
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and glycolysis. SIRT1, a part of the NAD/SIRT axis, helps maintain stem cell function, and
its loss accelerates aging phenotypes [58].

Cancer stem cells (CSCs) are particularly resilient, owing to their efficient ROS scaveng-
ing and DNA repair mechanisms. These features make them highly resistant to chemother-
apy and radiotherapy [59].

In neoplastic myeloid diseases, including MDS, elevated ROS levels contribute to
clonal evolution and progression. As shown by Hole et al. [60], the targeting of ROS path-
ways has dual potential: antioxidant approaches may reduce leukemic proliferation and
protect normal cells from chemotherapy-induced damage, whereas pro-oxidant therapies
can exploit ROS overload to selectively induce leukemic cell death.

Oxidative stress markers are also elevated in patients with multiple myeloma (MM).
Gangemi et al. [61] reported that serum levels of advanced oxidation protein products
(AOPPs) and S-nitrosylated proteins are significantly higher in MM patients than in MGUS
patients and healthy controls, especially those MM patients with bone lesions.

Similarly, Hodgkin’s lymphoma (HL) patients exhibit elevated levels of malondi-
aldehyde (MDA), 4-HNE, and protein carbonyl groups, indicating increased lipid per-
oxidation and protein oxidation, compared to healthy individuals, as demonstrated by
Morabito et al. [62]. These findings confirmed the role of oxidative stress in pathogenesis.

Further supporting the role of oxidative stress in cancer prognosis, Xie et al. [63]
conducted a machine learning (ML) study on esophageal squamous cell carcinoma (ESCC)
patients and found that oxidative stress markers, along with tumor and staging features,
were among the strongest predictors of 3-year overall survival. The Random Forest (RF)
model exhibited superior performance in both the training and validation sets.

On the other side, mitochondrial dysfunction is a common characteristic in cancer
cells and contributes to cancer progression. Mitochondrial stress responses, including
Mitochondrial Unfolded Protein Response (UPRmt) and Integrated Stress Response (ISR),
play a role in cancer cell adaptation and growth, as discussed by Wang et al. [64].

A recent study by Winter et al. [65] identified the essential role of the electron transport
chain (ETC) in generating aspartate in proliferating cells, which is a key finding in cancer
cell metabolism. This finding describes how ETC dysfunction activates OMA1, a Zn2+-
dependent metalloendopeptidase, in the inner membrane of mitochondria, leading to
the cleavage of DELE1 and activation of ISR, which is crucial for understanding how
mitochondrial stress signals apoptosis. Prolonged stress activates a pro-apoptotic response
through ISR, which converges on BCL2 family proteins to trigger mitochondrial outer
membrane permeabilization (MOMP).

Finally, mitochondrial dysfunctions due to mtDNA mutations, Tricarboxylic Acid
(TCA) cycle enzyme defects, and oxidative stress contribute to cancer development by
disrupting metabolic pathways and redox balance. As noted by Luo et al. [66], this can lead
to the accumulation of oncometabolites (D-2-hydroxyglutarate and succinate), inhibition
of prolyl hydroxylases, and HIF1α stabilization. Additionally, enhanced NOX activity,
increased ROS generation, and altered redox status play central roles.

5. Oxidative Stress in Myelodysplastic Syndromes

5.1. Oxidative Mechanisms Specific to MDS Pathogenesis

In the context of MDS, the association between oxidative stress and disease pathogene-
sis has become increasingly evident over the past few decades. HSC function is influenced
by both intrinsic and extrinsic elements, with hypoxia playing a vital role in maintaining
quiescence and metabolic dormancy. Leukemic stem cells exhibit distinct metabolic traits,
relying more heavily on oxidative respiration and being more susceptible to oxidative
stress than are normal HSCs. In AML cells, mitochondrial abnormalities, such as a shift to
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aerobic glycolysis, offer potential for therapeutic strategies, particularly through the use of
IDH2 inhibitors, as discussed by Testa et al. [67].

Human hematopoietic progenitors and stem cells (HPSCs) exhibit a metabolic pheno-
type characterized by high glycolysis rates and low oxygen consumption. Cells with a low
mitochondrial potential are enriched in HPSCs and have better repopulation abilities. The
metabolic phenotype of HPSCs is regulated by Meis1 and its cofactors Pbx1 and HoxA9
through the transcriptional activation of Hif-1α, as shown by Kocabas et al. [68]. Moreover,
a recent study revealed that in the initial phases of human red blood cell development,
there is an increase in glutaminolysis and the production of α-ketoglutarate (αKG), which
propels mitochondrial OXPHOS [68].

Furthermore, Gonzalez-Menendez et al. [69] highlighted that isocitrate dehydrogenase
1 (IDH1) is pivotal in managing the conversion between αKG and isocitrate, a process
essential for the later stages of erythropoiesis. IDH mutations and their implications
in cancer development have been reported previously. Specific IDH inhibitors, such as
enasidenib and ivosidenib, have been approved and used in therapy [70].

Hypoxia-inducible factor 1-alpha (HIF-1α) is a central transcription factor that or-
chestrates the cellular adaptation to low oxygen availability [71]. Under normal oxygen
conditions, HIF-1α is hydroxylated on conserved proline residues by prolyl hydroxylase
domain (PHD) enzymes, which facilitates its recognition by the von Hippel–Lindau (VHL)
E3 ubiquitin ligase complex, leading to proteasomal degradation, as first described by
Jaakkola et al. [72]. In hypoxia, oxygen scarcity inhibits PHD activity, allowing HIF-1α
to escape degradation, accumulate in the cytoplasm, translocate into the nucleus, and
dimerize with HIF-1β. This heterodimer binds hypoxia response elements (HREs) in the
promoter regions of target genes, activating transcriptional programs involved in glycolysis,
angiogenesis (e.g., VEGF), and cell survival [73].

Importantly, these pathways have been implicated in the maintenance of leukemic
stem cells and in the progression of hematologic malignancies such as MDS and AML, as
reviewed by Deynoux et al. [74].

Beyond its role in oxygen sensing, HIF signaling exerts multifaceted effects on leuke-
mogenesis by regulating energy metabolism, cell-cycle control, and immune modulation.
The role of HIFs in leukemia is highly context-dependent, with evidence indicating that
both oncogenic and tumor-suppressive activities are influenced by disease stage, microen-
vironmental factors, and genetic background [74].

Functional studies across various leukemia subtypes have shown that HIF overexpres-
sion promotes bone marrow neoangiogenesis, sustains LSC self-renewal, and contributes
to chemotherapy resistance. Magliulo and Bernardi [75] further emphasized that HIF-1α
has emerged as a critical regulator of LSC maintenance and dissemination, underscoring
its role in leukemic propagation. In the context of MDS, aberrant activation of HIF-1
and pseudohypoxia signaling constitutes a hallmark of disease pathophysiology. These
alterations are not merely bystanders, but actively contribute to ineffective hematopoiesis
and disease progression. Notably, HIF-1α activity appears to correlate with disease sever-
ity, with therapeutic efficacy primarily in patients with lower blast counts, as noted by
Stergiou et al. [76].

Disruption of the bone marrow microenvironment further exacerbates oxidative stress,
leading to premature hematopoietic stem cell exhaustion or malignant transformation. The
bone marrow microenvironment, particularly the endosteal niche, is crucial for maintaining
quiescent hematopoietic stem cells through hypoxia. In hematologic malignancies, the
bone marrow is highly hypoxic, and this hypoxia is associated with disease progression
and stabilization of oncogenic factors like HIF-1α [77].
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Moreover, constitutive HIF-1α activation has been linked to multiple genetic lesions
in MDS and has been shown to be sufficient to initiate MDS-like phenotypes in murine
models. According to Chen and Steidl [78], both the genetic and pharmacologic inhibition
of HIF-1α suppress disease development while sparing normal hematopoietic function.

These data suggest that dysregulated HIF-1α signaling may actively drive clonal selec-
tion and leukemic progression by altering the metabolic and redox state of hematopoietic
progenitors. In particular, HIF-1α promotes a shift toward glycolytic metabolism and
suppresses mitochondrial respiration, thereby reducing the efficiency of DNA repair mech-
anisms and increasing the mutational burden under oxidative stress. This pseudohypoxic
environment facilitates the expansion of preleukemic clones over healthy hematopoiesis
and may synergize with additional oncogenic mutations to accelerate disease evolution
from MDS to AML. Consequently, targeting HIF-1α or its downstream metabolic programs
may represent a promising strategy for preventing or delaying malignant transformation
in HR-MDS.

The evaluation of oxidative stress levels in MDS patients can be a useful tool. In fact, in
a 2011 study, Saigo et al. [79] reported that a significant majority (85%) of MDS patients had
higher oxidative stress levels than the reference range, with a positive correlation between
ROS and serum ferritin levels and a negative correlation between ROS and hemoglobin
levels. In addition, both iron accumulation and severe anemia contribute to oxidative stress
in MDS patients.

Serological and molecular markers of oxidative stress are frequently observed in MDS
patients. These include elevated levels of malondialdehyde, a lipid peroxidation byproduct,
as well as increased oxidative DNA damage, such as the presence of oxidized bases in
CD34+ hematopoietic progenitor cells [80].

The underlying mechanisms contributing to oxidative stress in MDS are multifactorial
and include mitochondrial dysfunction, which is often driven by iron overload, mito-
chondrial DNA mutations, systemic inflammation, and abnormalities in the bone marrow
stromal microenvironment [80].

In a 2014 study, Chung et al. [81] detected increased ROS levels in bone marrow
nucleated cells from NHD13 mice, a transgenic mouse model that expresses a fusion
gene consisting of NUP98 and HOXD13, which recapitulates key features of human MDS,
including ineffective hematopoiesis, multilineage dysplasia, and progression to AML. These
alterations were associated with increased DNA double-strand breaks and G2/M phase cell-
cycle checkpoint activation. In addition, the study found an increased mutation frequency
in NHD13 BMNC, suggesting that oxidative stress contributes to MDS progression to AML
through ineffective DNA repair and oncogenic mutations. Mechanistically, the NUP98-
HOXD13 fusion impairs genomic stability by altering the expression of genes involved in
DNA repair and oxidative homeostasis, thereby promoting the accumulation of double-
strand breaks. This is further exacerbated by mitochondrial dysfunction, as NHD13 cells
exhibit elevated mitochondrial ROS and reduced antioxidant buffering capacity, linking
fusion-induced transcriptional deregulation to redox imbalance and clonal evolution.

Furthermore, Gonçalves et al. [82] reported that MDS patients have lower glutathione
(GSH) content and higher levels of peroxide and superoxide than controls, indicating
increased oxidative stress. The correlation between GSH levels and transfusion dependency,
as well as between peroxide levels and serum ferritin levels, indicates the potential clinical
implications of oxidative stress.

Oxidative stress levels vary by MDS subtype and risk group, suggesting a complex
relationship between oxidative stress and disease progression [82].

Novotna et al. [83] observed that patients with low-risk MDS exhibited a significant
increase in oxidative DNA damage, compared to control subjects. This increase was
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observed in both erythroid and non-erythroid bone-marrow-cell populations, suggesting
that oxidative DNA damage contributes to genomic instability and disease progression in
low-risk MDS.

Additionally, Ghoti et al. [84] found that low-risk MDS patients have higher ROS
and lower GSH levels in RBC and platelets, compared to standard controls, and there is a
correlation between serum ferritin levels and ROS in RBC and platelets, suggesting that
iron overload generates oxidative stress.

Finally, Jing et al. [85] highlighted that the NADPH oxidase (NOX) family is also
involved in the pathogenesis of MDS, suggesting potential therapeutic targets. In a 2009
study, McCrann et al. [86] found that high expressions of Nox1 and weak expression of
Nox4 were present in megakaryocytes, in addition to no significant expression of Nox2.
The inhibition of Nox enzymes results in the accumulation of low-ploidy megakaryocytes
and the reduction of high-ploidy cells. In addition, downregulation of cyclin E and D3
was observed with NOX inhibition, and upregulation of cyclin E partially restored ploidy
levels. (Table 1).

Table 1. Key mechanisms linking oxidative stress to MDS.

Mechanism Molecular Drivers Cellular Impact Therapeutic Strategies

DNA Damage ROS, RNS Genomic instability,
mutations, apoptosis

Antioxidants, DNA repair
enhancers

Mitochondrial Dysfunction Iron overload, mtDNA
mutations

Altered energy metabolism,
increased ROS

Iron chelators (deferasirox),
mitochondrial-targeted

therapies

Epigenetic Alterations TET2, DNMT3A, CEBPA
methylation

Aberrant gene expression,
impaired differentiation

HMAs, vitamin C (TET
cofactor)

Redox Imbalance Low GSH, high NOX activity Sustained oxidative stress,
ineffective hematopoiesis GSH donors, NOX inhibitors

Immune Dysfunction NK cells, inflammatory
cytokines

Impaired immune
surveillance

Immunomodulators,
azacitidine

5.2. The Dual Role of Reactive Oxygen Species in the Pathogenesis of Myelodysplastic Syndromes

ROS exhibit a concentration- and context-dependent dual role in hematologic malig-
nancies, including in MDS and acute AML. At low to moderate levels, ROS, particularly
hydrogen peroxide (H2O2), function as essential second messengers that modulate sig-
naling pathways involved in stem cell maintenance, proliferation, and survival. In both
normal hematopoietic stem cells and leukemic stem cells, basal ROS levels regulate the ac-
tivity of redox-sensitive transcription factors such as FOXO, HIF-1α, and NF-κB, sustaining
quiescence and self-renewal capacity [58,87]. These mechanisms are hijacked by LSCs to
promote resistance to apoptosis and chemotherapeutic agents, often through upregulation
of antioxidant systems including NRF2, glutathione, and thioredoxin [88,89].

In contrast, elevated ROS levels, resulting from mitochondrial dysfunction, iron
overload, inflammation, or oncogenic signaling, induce macromolecular damage that
contributes to genomic instability and clonal evolution. DNA strand breaks, base modifica-
tions, lipid peroxidation, and protein oxidation have all been linked to disease progression
in MDS and the transformation to AML [90,91]. Importantly, while LSCs maintain redox
homeostasis under basal ROS levels, they become vulnerable when oxidative stress exceeds
their buffering capacity. Emerging therapeutic approaches exploit this vulnerability by
inducing oxidative overload or disrupting antioxidant defenses. For instance, ferroptosis-
inducing compounds such as erastin and RSL3, as well as NRF2 pathway inhibitors, have
shown selective cytotoxicity against leukemic cells in preclinical models [92,93].
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These observations help explain the limited clinical success of broad-spectrum antioxi-
dant therapies, which may indiscriminately suppress both damaging and physiologically
beneficial ROS. Such non-specific interventions can impair normal hematopoietic function
and blunt redox-dependent tumor-suppressive responses. A more effective strategy in-
volves stratifying patients according to redox status and tailoring interventions accordingly,
supporting antioxidant capacity in LR-MDS and addressing iron overload in MDS, while
applying targeted pro-oxidant or redox-disruptive agents in HR-MDS or AML to selectively
eliminate LSCs [94,95].

5.3. Impacts of Iron Dysregulation and Chelation Therapy on Oxidative Stress in
Myelodysplastic Syndrome

Dysregulation of iron homeostasis in patients with MDS due to iron overload (IOL)
plays a crucial role in oxidative stress activity in MDS. The interaction between hepcidin and
ferroportin is fundamental for maintaining systemic iron homeostasis, as it regulates iron
absorption and distribution. Changes in hepcidin levels can significantly affect iron export
and plasma concentrations, particularly under conditions of iron deficiency or hemorrhage,
as reviewed by Nemeth and Ganz [96] and further discussed by Roemhild et al. [97]. Hep-
cidin also has emerging importance in MDS pathophysiology and prognosis. Although
high serum hepcidin levels are associated with MDS, they are not significantly different
from those in healthy individuals; instead, the association appears to be influenced by MDS
subtype, transfusion history, and genetic background [98].

Iron overload in hematological disorders typically arises from chronic blood trans-
fusion and increased gastrointestinal absorption. Managing excess iron is critical, and
iron chelation therapy (ICT) remains the primary approach for preventing tissue damage
and organ dysfunction, as explained by Fibach and Rachmilewitz [99]. Indeed, chronic
transfusion therapy is the leading cause of iron overload in MDS patients, as described by
Gattermann and Rachmilewitz [100]. ICT has demonstrated effectiveness in restoring iron
balance, lowering serum ferritin, and reducing hepatic and cardiac iron stores, all of which
contribute to decreased morbidity and mortality [101,102].

In MDS-RS, ineffective erythropoiesis suppresses hepcidin synthesis, exacerbating the
iron overload. In this context, ICT improves survival outcomes in transfusion-dependent
patients by lowering the levels of toxic iron species and is considered the most accessible
and effective chelation strategy [103]. Specifically, Liu et al. [104] reported that deferasirox
(DFX) has been shown to improve hemoglobin, platelet, and neutrophil counts, potentially
reducing mortality by minimizing hemorrhagic and infectious complications.

Beyond its systemic benefits, deferasirox also reduces oxidative stress markers at
the cellular level. In fact, Rodríguez-García et al. [105] observed increased protein car-
bonylation, a marker of oxidative damage, in MDS bone marrow samples. Deferasirox
treatment significantly reduced these levels. Four proteins with high carbonylation were
identified: cytoplasmic actin, zinc finger protein 846, 14-3-3 protein zeta/delta, and l-lactate
dehydrogenase A chain. Additionally, p21 expression, which was upregulated in patients
with MDS, was downregulated after DFX treatment, suggesting a mechanistic link to its
therapeutic effects.

Iron overload in MDS is driven by both transfusion practices and ineffective ery-
thropoiesis. ICT not only reduces non-transferrin-bound iron (NTBI) and labile plasma
iron (LPI) but may also directly improve overall survival, as discussed by Steensma and
Gattermann [106].

The impact of iron overload on oxidative stress and disease progression has been well
established. Excess iron catalyzes the production of ROS, disrupting cellular functions and
leading to organ toxicity, cytopenia, and AML progression. Kim and Leitch [107] described
how the resulting oxidative ROS damage to macromolecules, signaling pathways, and

57



Int. J. Mol. Sci. 2025, 26, 6415

genomic integrity contributes to the further impairment of hematopoiesis and promotes
clonal evolution. Therefore, ICT should be a critical consideration for improving both
disease-free and overall survival in MDS.

Other iron chelators such as deferiprone have also demonstrated antioxidant effects.
In a previous study conducted by Merkel et al. [108], deferiprone reduced ROS levels by
58.6%, 33.3%, and 39.8% in red blood cells, polymorphonuclear leukocytes (PMNs), and
platelets, respectively. Additional improvements include reductions in phosphatidylserine
exposure and lipid peroxidation, along with increased reductions in glutathione levels.

Interestingly, patients who responded positively to ICT had higher baseline expression
levels of PI-PLCβ1, Cyclin D3, and PKCα, suggesting that these molecules may serve as
biomarkers of treatment efficacy. According to Cappellini et al. [109], the expression of
this pathway was downregulated following DFX treatment; this provides insight into the
relevant potential mechanisms of action.

Moreover, iron overload-induced oxidative stress affects the self-renewal, proliferation,
and differentiation capacities of hematopoietic stem cells, which are critical for maintaining
effective hematopoiesis. ROS are implicated in clonal expansion, hematologic improvement,
and recovery after hematopoietic stem cell transplantation (HSCT), as proposed by Pilo
and Angelucci [110]. At diagnosis, patients with iron overload exhibited higher levels
of superoxide anions than both healthy controls and patients with MDS without IOL.
Additionally, Ivars et al. [111] reported significant alterations in the antioxidant defense
system in IOL patients, including dysregulation of the catalase, glutathione peroxidase,
and glutathione levels (Figure 1).

Figure 1. Effects of iron overload in MDS.

5.4. Mitochondrial Dynamics and Ferroptosis in the Metabolic Landscape of
Myelodysplastic Syndromes

Ferroptosis is a regulated, iron-dependent form of cell death driven by the accumu-
lation of lipid peroxides. It is distinct from apoptosis and is characterized by oxidative
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damage to cellular membranes, resulting from impaired antioxidant defenses, particularly
glutathione peroxidase 4 (GPX4). This form of cell death has gained increasing relevance
in cancer biology, especially in conditions involving metabolic reprogramming and iron
overload, such as in myelodysplastic syndromes (MDS) [112].

In this context, ferroptosis is emerging as a novel therapeutic strategy, particularly
for hematological malignancies that are resistant to conventional chemotherapy. These
malignancies exhibit unique metabolic traits, including increased iron uptake and storage,
which may enhance their sensitivity to ferroptotic triggers. As such, inducing ferroptosis
represents a promising direction for the development of targeted therapies, provided that
the molecular mechanisms of sensitivity and resistance are better understood [113].

Mitochondria play a central role in the regulation of ferroptosis, given their involve-
ment in iron metabolism and reactive oxygen species (ROS) generation. Mitochondrial
dynamics and interactions with other organelles also contribute significantly to the regu-
lation of this death pathway [114]. In myeloid malignancies, including MDS, alterations
in mitochondrial morphology—particularly excessive mitochondrial fragmentation—are
associated with clonal evolution and disease progression. Notably, inhibition of the fission
protein DRP1 has been shown to attenuate inflammatory signaling and improve survival
in MDS preclinical models, highlighting a potential therapeutic avenue [115].

Moreover, metabolic rewiring in malignant cells, such as enhanced glycolysis, leads
to a reorganization of mitochondrial tricarboxylic acid (TCA) cycle enzymes. This creates
metabolic heterogeneity and alternative pathways that sustain increased cell proliferation.
The Warburg effect, an “emergent property” of multiple integrated metabolic changes,
further illustrates how altered energy metabolism supports tumor growth and contributes
to the biology of leukemic transformation [116].

In normal hematopoietic stem cells (HSCs), anaerobic glycolysis is the predominant
source of energy, and a high mitochondrial membrane potential is essential for maintaining
quiescence and function. ROS regulation is critical in this setting, as oxidative stress impacts
chromatin remodeling and cell fate decisions. Furthermore, nutrient pathways, including
amino acid and fatty acid metabolism, contribute to acetyl-CoA production, which fuels
the TCA cycle, despite the limited direct connection between glycolysis and mitochondrial
respiration in HSCs [117].

Mitochondrial quality control (MQC) mechanisms are essential for preserving
metabolic homeostasis in HSCs. Processes such as mitophagy remove dysfunctional
mitochondria, thereby limiting ROS accumulation and preventing premature cellular aging.
In parallel, mitochondrial biogenesis and intercellular mitochondrial transfer are crucial for
maintaining energy balance and compensating for metabolic stress [118].

In fact, mitochondrial transfer has emerged as a therapeutic approach capable of
restoring bioenergetic function by replacing damaged mitochondria with functional ones.
This process plays a pivotal role not only in tissue repair and regeneration, but also in the
pathogenesis, progression, and treatment resistance of hematologic malignancies, including
AML and ALL [119].

Importantly, the oxidative stress and mitochondrial dynamics differ between low-risk
and higher-risk MDS, with clear biological and clinical implications. Low-risk patients typ-
ically present with elevated basal ROS levels and reduced mitochondrial membrane poten-
tial (Δψm), a profile that correlates with increased apoptosis and ineffective hematopoiesis1.
In contrast, intermediate- and high-risk groups exhibit higher Δψm and enhanced OXPHOS
capacity, features that support clonal proliferation and contribute to leukemic evolution [82].
Clinically, this divergence suggests that low-risk MDS may benefit from interventions tar-
geting ROS accumulation or promoting ferroptosis, while high-risk MDS may be more
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vulnerable to therapies that disrupt mitochondrial potential or metabolic flexibility, offering
a risk-adapted strategy to improve patient outcomes.

5.5. DNA Methylation and Epigenetic Regulation in Myelodysplastic Syndromes: Biomarkers and
Functional Implications

Building on the connection between oxidative stress and disease mechanisms, epige-
netic regulation, particularly DNA methylation, has emerged as a crucial factor in MDS
pathophysiology. Changes in DNA methylation are considered potential biomarkers for
diagnosis, prognosis, treatment response, and early toxicity prediction in both AML and
MDS. As described by Dexheimer et al. [120], these alterations occur early during disease
progression and can forecast myeloid or lymphoid transformation as well as therapeutic
outcomes. Methylation profiling is currently being utilized for patient stratification, disease
monitoring, and treatment optimization.

Furthermore, Gonçalves and colleagues [121] demonstrated a positive correlation
between oxidative stress and DNA methylation levels in MDS patients. Higher global
methylation was associated with poorer overall survival, highlighting the clinical signifi-
cance of redox–epigenetic interactions. Specific oxidative stress markers—such as elevated
peroxide levels and an increased peroxide/total antioxidant status (TAS) ratio—were found
to be more prevalent in patients exhibiting promoter methylation of tumor suppressor
genes, reinforcing a biochemical link between redox imbalance and epigenetic dysregula-
tion [121]. In particular ROS were shown to correlate with the methylation status of the
P15 and P16 gene promoters: patients with methylated genes had higher ROS levels, and
parameters such as the peroxide/GSH ratio were proposed as potential discriminators
between methylated and unmethylated gene profiles [122].

In addition to DNA methylation, transcriptional regulators play a pivotal role in MDS
pathogenesis. One such factor is the myeloid lineage master regulator CCAAT enhancer-
binding protein alpha (C/EBPα), encoded by the CEBPA gene. This transcription factor is
essential for granulocytic lineage commitment and cell-cycle arrest. Its functional inhibition
represents a leukemogenic event, as shown by Pulikkan, Tenen, and Behre [123], and
restoration of C/EBPα levels can trigger granulocytic differentiation and prolong survival
in leukemia models.

In MDS, CEBPA promoter methylation is significantly more frequent than in healthy
controls, indicating its importance in disease development. As reported by Wen et al. [124],
CEBPA mutations are rare and tend to occur mutually exclusively with respect to promoter
methylation events. Despite its frequency, CEBPA methylation does not correlate strongly
with transcriptional repression or patient outcome. Nevertheless, oxidative stress is hypoth-
esized to contribute to aberrant CEBPA methylation, linking redox imbalance to defective
granulocytic differentiation and disease progression in MDS.

Another key player in the epigenetic landscape is TET2, an Fe2+- and α-ketoglutarate-
dependent dioxygenase involved in active DNA demethylation. As discussed by Petzer et al. [125],
TET2 mutations are common in MDS and have been shown to impair natural killer (NK)
cell function by altering methylation patterns, leading to reduced expression of cytotoxic
effector molecules such as KIRs, perforin, and TNF-α. These immune defects contribute to
immune evasion and disease persistence. Importantly, Boy et al. [126] reported that treat-
ment with hypomethylating agents (HMAs) like azacitidine can restore KIR expression and
partially normalize NK cell function. Moreover, oxidative stress has been found to impair
TET2 enzymatic activity, further reinforcing the connection between redox imbalance and
the epigenetic alterations commonly observed in MDS.
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5.6. Oxidative Stress in MDS and the Treatment Options Available

Oxidative stress in MDS can also serve as a valuable therapeutic target. In a recent
study by Harris et al. [127], reduced expression of RPL22, a ribosomal protein, was found
to be frequent in both MDS and AML patients and correlated with poorer clinical outcomes.
The authors demonstrated that RPL22 deficiency enhances the self-renewal capacity of
HSCs and impairs their differentiation by upregulating ALOX12, a key regulator of fatty
acid oxidation (FAO). The resulting elevation of FAO supports leukemic cell survival,
identifying a potential therapeutic vulnerability in RPL22-deficient MDS and AML.

Another promising axis involves arginine metabolism. Gonzalez-Menendez and col-
leagues [128] demonstrated that arginine uptake and its subsequent conversion to spermidine
are crucial for the hypusination of eukaryotic initiation factor 5A (eIF5A), which plays a
pivotal role in human erythroid differentiation. Notably, inhibition of hypusine synthe-
sis selectively disrupts erythropoiesis while sparing myeloid differentiation, suggesting a
lineage-specific function for eIF5A. These findings also highlight the regulatory role of ribo-
somal proteins in coupling the mitochondrial metabolism with red blood cell development.

Among the pharmacological agents, decitabine (DAC) is known to induce cell-cycle
arrest and apoptosis in leukemia cells, triggering delayed ROS accumulation. This effect
is independent of p53 and requires deoxycytidine kinase (DCK) activity [104]. DAC
also upregulates ROS-generating enzymes, particularly NADPH oxidase isoforms, and
increases Nox4 protein expression in an ATM-dependent manner, highlighting its link to
DNA damage signaling and redox modulation [129].

Clinical evidence supports the therapeutic relevance of decitabine. In a multicenter
phase II trial reported by Lübbert and colleagues [130], DAC was administered as a first-line
treatment to elderly AML patients unfit for intensive chemotherapy. The study achieved
a combined complete and partial remission rate of 26%, with a median overall survival
of 5.5 months and a one-year survival rate of 28%, confirming its tolerability despite
frequent myelosuppression.

Beyond decitabine, Montes et al. [131] explored the redox-modulatory effects of 5-
azacitidine in patients with MDS. Their findings demonstrated that treatment with 5-
azacitidine led to elevated oxidative stress markers, particularly increased ROS levels,
without significantly affecting inflammatory parameters. Interestingly, prior to treatment,
MDS patients showed a more favorable redox profile compared to healthy controls, as
reflected by the lower ratio of oxidized glutathione (GSSG) to reduced glutathione (GSH),
reduced lipid peroxidation, and higher catalase (CAT) activity.

In addition, upregulation of the HIF-1α signaling pathway has been associated with
improved responses to 5-azacitidine in patients with high-risk MDS and AML. Elevated
HIF-1α expression serves as an independent predictor of treatment response and correlates
with better overall survival and a delayed progression to AML [132].

Vitamin C has also emerged as a promising redox-based therapeutic candidate. As
reviewed by Gillberg et al. [133], vitamin C deficiency is commonly observed in cancer and
may contribute to malignant transformation by impairing epigenetic regulation.

Notably, vitamin C levels are significantly lower in AML patients compared to healthy
donors and show an inverse correlation with peripheral blast counts. These levels increase
upon complete remission and decline further in cases of resistant disease. Additionally,
the expression of vitamin C transporters is reduced in AML patients, although vitamin C
concentration does not appear to predict survival or relapse [134].

At physiological levels, vitamin C synergizes with hypomethylating agents (HMAs)
to enhance DNA demethylation via activation of TET and JHDM enzymes. At pharmaco-
logical doses, however, it promotes ROS production, selectively inducing cytotoxicity in
neoplastic cells. In support of this dual mechanism, Cimmino et al. [135] demonstrated
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that vitamin C can mimic TET2 reactivation, reverse aberrant self-renewal in pre-leukemic
stem cells, and restore normal DNA methylation dynamics, highlighting its therapeutic
potential in MDS.

Furthermore, vitamin C has been shown to decrease cell proliferation and viability in
a concentration-, time-, and administration-dependent manner, inducing apoptosis in F36P
cells, a human erythroleukemia cell line commonly used to study erythroid differentiation
and growth-factor responses. Its pro-oxidant effects, particularly the generation of superox-
ide and mitochondrial membrane depolarization, represent key mechanisms underlying its
cytotoxic activity. Together, these findings support the exploration of vitamin C as a novel
therapeutic strategy for MDS [136].

Natural compounds also contribute to the development of redox-targeted therapies.
Among them, Withaferin A (WFA), a steroidal lactone derived from Withania somnifera
(Ashwagandha), has shown antioxidant, anti-inflammatory, and anticancer properties
through modulation of multiple oncogenic pathways [137]. A 2017 study demonstrated
that WFA exerts selective cytotoxicity against MDS cells, particularly the MDS-L cell line,
while sparing normal bone marrow cells. This selective effect is primarily mediated by
the activation of the ROS-dependent JNK/AP-1 signaling pathway, ultimately leading to
apoptosis. Thus, ROS generation is central to the therapeutic action of WFA in MDS [138].

In addition to its effects in MDS, WFA has demonstrated growth-suppressive activity
in leukemia and lymphoma cell lines by inducing cell-cycle arrest at the G2/M phase.
Although only partial apoptosis is observed in these models, its cytotoxicity can be sig-
nificantly enhanced by combining WFA with autophagy inhibitors such as chloroquine.
This combination strategy results in amplified apoptosis and tumor growth suppression,
suggesting a promising redox-modulating approach in hematologic malignancies [139].

Finally, nicotinamide riboside (NR), another compound of interest, reduces the mito-
chondrial activity in HSCs by promoting mitochondrial clearance. This enhances asym-
metric stem cell division, expands the progenitor pool, and improves survival and blood
recovery after irradiation and transplantation. These findings link mitochondrial stress,
mitophagy, and stem cell fate, highlighting the potential of NR in the treatment of hemato-
logical failure [140].

6. Future Perspectives in Oxidative Stress Research: The Role of Artificial
Intelligence in Antioxidant Discovery in Myeloid Malignancies

Among these compounds, quercetin stands out for its multifunctional biological
properties, including its antioxidant, antiproliferative, apoptotic, and autophagic effects.
It has been shown to reduce the growth of various cancer cell lines, including AML and
MDS cells. Through its multitarget activity, quercetin has demonstrated potential as a
therapeutic agent in the treatment of AML and MDS by inducing cancer cell death [141].

Emerging technologies, particularly artificial intelligence (AI) and machine learning
(ML), also contribute to our understanding of oxidative stress in hematological malignan-
cies. A Korean study developed an ML model that accurately predicted oxidative stress
levels in healthy individuals, using receiver operating characteristic (ROC) curves, and
achieving high sensitivity and specificity [142].

AI and ML tools are being increasingly applied to evaluate antioxidant capacity
by correlating the chemical structure (via molecular descriptors) with in vitro antioxidant
activity. These models enhance compound screening efficiency, while supporting adherence
to ethical research standards [143]. External validation using data from the BATMAN
database confirmed the reliability of Random Forest (RF) and Support Vector Machines
(SVM) models in predicting antioxidant potential [144].
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In a recent GPT-based literature analysis, 1416 pro-oxidant and 1102 antioxidant
compounds were identified and classified into chemical categories, such as flavonoids,
thiols, pharmaceuticals, pesticides, and metals [145].

One promising area where these computational strategies are being applied is drug
repurposing—the search for new therapeutic uses for existing or experimental compounds.
This approach offers the advantage of reducing both the time and costs associated with
drug development. Nevertheless, the field faces challenges such as legal uncertainties,
intellectual property concerns, and regulatory barriers. Proposed strategies aim to address
these obstacles and fully leverage the potential of repurposed drugs [146]. ML and AI
enhance this process by offering cost-effective methods for identifying new applications of
approved drugs. These supervised techniques often rely on publicly available databases,
although their effectiveness is limited by the scarcity of clinical patient data and an overre-
liance on genomics-based information. Functional assays on patient-derived cancer cells
can provide additional insight, complement in silico predictions, and help to mitigate the
financial and developmental risks inherent in drug discovery [147].

Computational tools, including ML and deep learning models, are also being applied
to uncover novel drug-target relationships in oncology. Among the therapeutic strategies
under investigation, microRNA modulation has emerged as a key approach. Advances
in Next Generation Sequencing (NGS) have significantly expanded our understanding of
cancer biology, providing the high-quality data essential for the accuracy of ML-based drug
repurposing models. Despite these advances, the clinical potential of drug repurposing in
oncology remains largely untapped [148].

Finally, AI and ML are also revolutionizing traditional drug discovery by addressing
longstanding challenges such as high development costs and lengthy timelines. Sophis-
ticated AI frameworks, including deep neural networks (DNNs), convolutional neural
networks (CNNs), and deep reinforcement learning (DRL), are being used to identify
drug targets and enhance delivery systems. Personalized treatment strategies are also
being refined through models like CURATE.AI and the Hartung algorithm, which aim to
optimize therapeutic efficacy and predict toxicological risks [149].

7. Conclusions

Myelodysplastic syndromes represent a heterogeneous group of clonal hematopoi-
etic disorders driven by complex genetic, epigenetic, and metabolic alterations. Among
the emerging contributors to the pathophysiology of MDS, oxidative stress has gained
increasing recognition with respect to its roles in promoting genomic instability, disrupting
hematopoietic stem cell function, and influencing disease progression. Elevated ROS levels,
often exacerbated by iron overload, mitochondrial dysfunction, and impaired antioxidant
defenses, are associated with the key clinical features of MDS, including ineffective erythro-
poiesis and increased leukemic transformation risk. Therapeutically, redox-modulating
strategies, such as iron chelation, antioxidant supplementation, and agents that influence
ROS-mediated signaling pathways (e.g., decitabine, vitamin C, and Withaferin A), offer
promising adjuncts to conventional treatment regimens. These approaches may reduce
oxidative damage, restore redox balance, and enhance hematologic responses, particularly
in transfusion-dependent or lower-risk MDS patients. From a clinical perspective, the
integration of oxidative stress markers (e.g., malondialdehyde, protein carbonylation, glu-
tathione levels, and ROS/GSH ratios) into existing risk stratification models could refine
prognostic assessments and personalize treatment choices. Measuring these parameters
routinely may help identify the patients more likely to benefit from iron chelation or redox-
targeted therapies. Future research should focus on validating oxidative stress biomarkers
in prospective clinical trials and exploring their predictive value for treatment response
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and disease evolution. In parallel, further mechanistic studies are needed to clarify the
interactions between redox imbalance, clonal hematopoiesis, immune dysfunction, and
epigenetic deregulation. The application of artificial intelligence and machine learning to
large genomic and biochemical datasets may facilitate the discovery of new therapeutic
targets and support drug repurposing strategies. Ultimately, a more comprehensive inte-
gration of redox biology into MDS management could pave the way for precision medicine
approaches that optimize outcomes based on molecular and metabolic patient profiles.
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Abstract: The brain’s unique characteristics make it exceptionally susceptible to oxidative stress,
which arises from an imbalance between reactive oxygen species (ROS) production, reactive nitrogen
species (RNS) production, and antioxidant defense mechanisms. This review explores the factors
contributing to the brain’s vascular tone’s vulnerability in the presence of oxidative damage, which
can be of clinical interest in critically ill patients or those presenting acute brain injuries. The brain’s
high metabolic rate and inefficient electron transport chain in mitochondria lead to significant ROS
generation. Moreover, non-replicating neuronal cells and low repair capacity increase susceptibility
to oxidative insult. ROS can influence cerebral vascular tone and permeability, potentially impacting
cerebral autoregulation. Different ROS species, including superoxide and hydrogen peroxide, exhibit
vasodilatory or vasoconstrictive effects on cerebral blood vessels. RNS, particularly NO and perox-
ynitrite, also exert vasoactive effects. This review further investigates the neuroprotective effects
of antioxidants, including superoxide dismutase (SOD), vitamin C, vitamin E, and the glutathione
redox system. Various studies suggest that these antioxidants could be used as adjunct therapies
to protect the cerebral vascular tone under conditions of high oxidative stress. Nevertheless, more
extensive research is required to comprehensively grasp the relationship between oxidative stress
and cerebrovascular tone, and explore the potential benefits of antioxidants as adjunctive therapies in
critical illnesses and acute brain injuries.

Keywords: oxidants; reactive oxygen species; reactive nitrogen species; antioxidants; cerebral
vascular tone

1. Introduction

Brain tissue is exceptionally susceptible to the harmful effects of oxidative stress due
to its unique characteristics. Despite accounting for only 2% of the body weight, the brain
consumes approximately 20% of the total basal oxygen [1,2]. This heightened oxygen con-
sumption is essential for ATP production, which is necessary to maintain the brain’s high
metabolic rate. Unfortunately, the electron transport chain in the mitochondria, responsible
for ATP synthesis, leads to the leakage of reactive oxygen species (ROS) [3]. Consequently,
the brain cells ceaselessly generate a significant amount of ROS. Additionally, the brain
comprises non-replicating neuronal cells, possesses a high cell surface-to-cytoplasm ratio,
and has a weak antioxidant capacity and a relatively low repair capacity. These structural
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and functional features further contribute to its high susceptibility and vulnerability to
oxidative damage [4].

The regulation of vascular tone in cerebral vessels is controlled by both muscular and
endothelial mechanisms [5]. The former is regulated by myogenic mechanisms originating
from vascular smooth muscle. The latter is regulated by endothelial factors, such as nitric
oxide and endothelin, which can decrease or increase the vascular tone, respectively. In
addition, local hormones, metabolic by-products, ROS, reactive nitrogen species (RNS),
and medications can influence and contribute to cerebral vascular tone. Notably, ROS
can arise from all the layers of the vascular wall and adjacent tissues through several
mechanisms, and, among these, the NADPH-oxidase enzyme may be the primary source
of ROS production from the vascular cells [6].

This widespread existence of ROS within and surrounding cerebral blood vessels
aligns with their ability to influence the vascular tone and vascular permeability [7–10],
and their effects may be greater in the cerebral vasculature than in any other areas [11,12].
Even cerebral autoregulation (CAR), a complex physiological mechanism that adjusts
cerebrovascular tone to maintain cerebral blood flow within desired ranges in response
to changes in cerebral perfusion pressure, may be altered by ROS [13]. All these vascular
effects may primarily come from the direct activity of ROS on ion channels [14,15], through
their interrelation with RNS, particularly nitric oxide (NO), or other unknown vasoactive
mechanisms. The balance of redox reactions, given by ROS and RNS, may be of clinical
interest, especially in critically ill settings when high oxygen levels are frequently given to
the patients (thus increasing reactive species production), or in acute brain injuries when
these species are more frequently produced [16,17].

In the last few years, there has been an increasing interest in the physiology of ROS and
RNS and how they can impact a patient’s clinical status. Similarly, antioxidants have been
applied as an adjunctive therapy in several clinical conditions. A thorough understanding
of the mechanisms that regulate cerebrovascular tone is essential for further improving
our knowledge of various brain injuries’ pathophysiology. This narrative review offers a
comprehensive understanding of ROS and RNS, and delivering a contemporary summary
of research on how oxidants and antioxidants affect cerebrovascular tone modulation. It
facilitates more knowledgeable investigations into this field, aiming to improve thera-
pies for brain injury patients, for whom slight alterations in vascular tone may result in
worsened outcomes.

2. Experimental Approach and Methodology

A comprehensive search was performed to gather relevant literature from PubMed,
Scopus, and Google Scholar databases. The search covered studies published up to August
2023, utilizing combinations of keywords including “oxidative stress”, “reactive oxygen
species”, “reactive nitrogen species”, “cerebral vascular tone”, and “antioxidants”. Both text
words and, where applicable, medical subject headings (MeSH) were employed to ensure a
broad retrieval of pertinent studies. The search was limited to articles published in English.
The selection criteria were designed to include studies contributing to understanding the
interplay between oxidative stress and cerebral vascular tone, including original research
articles, comprehensive review articles, and meta-analyses. The articles’ references were
also reviewed for additional papers to further explore relevant aspects.

3. Cerebral Vascular Tone

The vascular tone is defined by the contractile state of the vascular smooth muscle cells
lining the blood vessels [18]. The cerebral vascular tone contributes to modulating cerebral
blood flow (CBF) [19], ensuring sufficient oxygen and nutrients reach the brain tissue.
In physiological situations where intracranial hypertension is absent, cerebrovascular
tone predominantly defines the effective downstream pressure in the cerebral circulation,
highlighting its significance as the principal factor in regulating this pressure [20]. For this
reason, the maintenance of cerebrovascular tone plays a key role in the proper functioning
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of the cerebral vasculature, contributing to balancing the needs of the brain’s metabolic
demands with the systemic blood pressure and preventing conditions such as ischemia
or hemorrhage, which can occur when CBF is either too low or too high, respectively.
Disruptions in cerebrovascular tone regulation can contribute to insults in cerebrovascular
diseases [21], such as stroke or brain injury.

The regulation of cerebrovascular tone involves neural, endothelial, and myogenic
mechanisms [5]. Neural control is mediated primarily through the autonomic nervous
system, with sympathetic, parasympathetic, and non-adrenergic non-cholinergic (NANC)
pathways modulating vessel diameter. Myogenic mechanisms respond to changes in
intravascular pressure to maintain constant CBF during fluctuations in systemic blood
pressure, a phenomenon known as autoregulation. The endothelium contributes to cere-
brovascular tone by producing vasodilators such as nitric oxide (NO) and prostacyclin,
and vasoconstrictors like endothelin 1. Furthermore, cerebrovascular tone is influenced by
metabolic factors, including CO2 and O2 levels [22,23]. Hypercapnia leads to vasodilation,
increasing CBF, while hypocapnia causes vasoconstriction, reducing CBF. Similarly, hypoxia
can induce vasodilation to enhance blood flow to oxygen-deprived areas of the brain [24].
Therefore, the regulation of cerebrovascular tone involves a complex interaction of multiple
factors, including oxidative status, and is vital for preserving cerebral homeostasis, as
its disruption can result in neurological deficits. To investigate the effects of oxidative
stress in cerebral vasculature, a variety of experimental models and techniques have been
explored in the literature and research, as outlined also in this review. These methods are
summarized in Table 1.

Table 1. Experimental models and techniques for studying oxidative stress in cerebral vasculature.
Overview of the various experimental approaches employed or that could be utilized to investigate
the impacts of oxidative stress on cerebral vasculature. Each method offers a different point of view
of the mechanisms by which ROS, RNS, and antioxidants may affect cerebral vascular tone and
blood flow.

Model/Technique Investigations on Cerebral Vasculature

Animal models
(e.g., rats, rabbits, etc.)

[25–27]

ROS/RNS effects on cerebral blood flow, microperfusion
and autoregulation

In vitro studies
[28–30]

Molecular mechanisms modulating the endothelial and
smooth muscle cell response

Use of antioxidants
[31–33]

Therapeutic neuroprotective therapies and modulation
of vascular tone in oxidative stress conditions

Diagnostic tools Non-invasive measurement of the effects of ROS/RNS
on cerebral blood flow and metabolism

Pharmacological
interventions

Investigation of the causal relationship among ROS,
RNS, antioxidants, and vascular tone

4. Reactive Oxygen Species

The term Reactive Oxygen Species (ROS) refers to oxygen-containing chemical species
that are unstable and highly reactive, capable of causing damage to various biological
molecules. These species arise from the uptake of electrons from molecular oxygen, O2.

The main mechanisms of the formation of ROS are depicted in Figure 1. Several
mechanisms contribute to the generation of reactive oxygen species (ROS). Initially, during
cellular respiration in mitochondria, electrons pass through protein complexes in the
electron transport chain: when an electron leaks or is prematurely transferred to molecular
oxygen, a superoxide anion (O2

−) is created. Ionizing radiation, such as X-rays and
gamma rays, can also ionize water molecules to produce hydroxyl radicals. Moreover,
enzymatic reactions can inadvertently generate ROS, as can the Fenton Reaction (which
can be simplified as Fe2+ + H2O2 → Fe3+ + OH− + HO•), where iron (Fe2+) and hydrogen
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peroxide react to form hydroxyl radical (HO•), and hydroxyl ion (OH−) which is not a
radical. Peroxisomes, which play roles in metabolism and detoxification, produce ROS and
rely on catalase to break down hydrogen peroxide into water and oxygen. This process
can lead to an excess of ROS if catalase is overwhelmed. Additionally, the enzyme NOX
produces superoxide ions by transferring electrons from NADPH to oxygen. Endoplasmic
Reticulum (ER) stress and the Unfolded Protein Response also contribute to ROS production.
Indeed, the ER, responsible for protein synthesis, folding, and modification, can become
stressed by an overload of misfolded proteins due to factors like nutrient deprivation,
hypoxia, and calcium level changes. This stress can induce oxidative stress, while the
cell’s response, aimed at restoring ER homeostasis, increases mitochondrial activity, and
thereby ROS production. Lastly, xenobiotics subjected to metabolization and microbes,
either during their metabolism or as a defense mechanism, can generate ROS.

 

Figure 1. A graphical summary of the main pathways of the formation of ROS. Reactive oxygen
species (ROS) are generated through various mechanisms, impacting cellular functions positively
and negatively. They originate from microbes and xenobiotics metabolism, NOX enzyme activity,
ionizing radiation effects, and metabolic enzymes, leading to superoxide, hydroxyl radicals, and
other ROS forms. The Fenton reaction, peroxisomes’ metabolic activities, and the breakdown of fatty
acids further contribute to ROS accumulation. Endoplasmic reticulum stress and the unfolded protein
response enhance oxidative stress by increasing mitochondrial activity and oxidative phosphorylation,
where electron leakage can form superoxide. ROS: Reactive Oxygen Species. NOX: NADPH oxidase.
ER: Endoplasmic Reticulum.

Given their strong ability to react chemically with their environment, ROS are well
known to lead to several pathological consequences [34]. Surprisingly, depending on the
specific context, ROS can exhibit both protective and deleterious effects on the organism,
with the same molecule exerting opposing effects on biological processes [35]. The impact
of these effects relies on the interplay between the production of ROS and their clearance
rates, wherein antioxidants and scavengers assume a critical role [36]. When this balance is
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disrupted, these reactive molecules can interact unopposed with, and damage, vital cellular
components such as DNA, proteins, and lipids. This molecular damage can compromise
the normal functions of cells, leading to tissue injury. This harmful state, characterized
by the overwhelming presence of oxidative species and the resultant cellular and tissue
damage, is termed “oxidative stress” [34].

4.1. Generation Pathways of Reactive Oxygen Species

As previously mentioned, ROS originate from O2, a diradical, meaning it has two
unpaired electrons in its molecular orbital. Despite being relatively stable under standard
conditions, its diradical nature makes O2 more reactive than if it were a closed-shell
molecule, and prone to participate in various chemical reactions, especially those involving
electron transfer.

When O2 acquires an electron, primarily from the mitochondrial electron transport
chain as earlier described, it gives rise to superoxide anion (O2

−). This species carries both
a negative electric charge and an unpaired electron, making it both an anion and a radical.
It can be seen as the precursor to ROS and it also plays a role in the formation of RNS. It is
a free radical, i.e., a molecule that contains one free unpaired electron in its outer orbital.
However, O2

− does not seem to act as a potent oxidizing agent despite its name. Instead,
its detrimental effects stem from its secondary interactions, particularly when it reacts
with nitric oxide (NO). Due to its low permeability, the actions of superoxide are primarily
related to the compartment in which it is produced; however, it can also influence the
surrounding cellular environment by crossing the cell’s ion channels, exerting its effects at
a distance from the production point, even with a half-life, at normal pH, of about 5 s [37].

Hydrogen peroxide (H2O2) is generated from O2
− through a reaction called dismu-

tation (i.e., a reaction in which the same species is both reduced and oxidized), in which
two superoxide molecules are transformed in H2O2 and O2, catalyzed by the enzyme
superoxide dismutase (SOD). H2O2 is not a free radical, and therefore it does not directly
oxidize other molecules. However, it can move quickly through the cell membranes and,
transforming into a potent compound (hydroxyl radical, described further in the text),
it can exert the effects of ROS at different sites instead of its production site. Indeed,
due to a non-enzymatic reaction that requires iron in its reduced state (Fe2+), known as
the Fenton reaction, the most reactive compound known, hydroxyl radical (HO•), can
be generated from H2O2. The OH• can also be formed through the reaction between
O2

− and nitric oxide (NO), and the Haber–Weiss reaction (which can be simplified as
O2

− + H2O2 → HO• + OH− + O2) [13,38]. Due to its tendency to react quickly with the
first available molecule, this radical has a short half-life [36]. To prevent the continuation of
the reaction chain, catalases can decompose H2O2 into water and O2, thereby preventing
the formation of HO•. Because of this cooperative capability, both SOD and catalase are
classified as antioxidants.

The main ROS described and their formation mechanisms are schematically depicted
in Figure 2.

4.2. The Effects of ROS on Cerebral Vascular Tone

In the brain, whose metabolism relies almost exclusively on the presence of oxygen,
ROS appear to have a decisive influence on cerebral flow [13,39]. Indeed, the brain has a
unique neurovascular coupling structure, facilitating functional and anatomical interac-
tions among neurons, astrocytes, pericytes, microglia, and blood vessels, known as the
neurovascular unit [40]. This unit allows the selective adaptation of blood flow in dif-
ferent brain regions, influenced by ROS and NO, which act on smooth muscle cells and
pericytes [13,41]. For example, in animal models, ROS have been shown to have a role in
microvascular reperfusion disturbances [25].
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Figure 2. Reactive Oxygen Species (ROS): their structure and formation. The process begins with
molecular oxygen (O2), which has two unpaired electrons in the outer orbital. Thus, it can acquire
an electron to form the superoxide anion (O2

−), which is a radical (i.e., with an unpaired electron).
Superoxide dismutase (SOD) converts superoxide into hydrogen peroxide (H2O2) and oxygen.
Catalases can further break down H2O2 into water and oxygen. The Haber–Weiss reaction generates
hydroxyl radicals (HO•) and hydroxyl ions (OH−) from superoxide and H2O2. The Fenton reaction
also produces hydroxyl radicals and hydroxyl ions by reducing H2O2 in the presence of iron ions.
O: oxygen atom. H: hydrogen atom. H2O: water molecule. O2

−: superoxide anion. H2O2: hydrogen
peroxide. HO•: hydroxyl radical. OH−: hydroxyl ion. NO: nitric oxide. Fe2+: iron in reduced state.
Fe3+: iron in oxidized state. SOD: superoxide dismutase.

ROS can affect cerebral vascular smooth muscle tone in several biochemical path-
ways [42], potentially in a more pronounced way in the presence of cerebrovascular dis-
eases [43]. The overall vasoactive effect varies based on (1) the specific type of molecule
involved and (2) its concentration. For example, O2

− can act as a direct endothelium-
dependent vasodilator and a smooth muscle vasoconstrictor through the inactivation of
NO [44,45]. Indeed, O2

−, as well as H2O2, can affect the vascular tone, causing vasodilation,
by activating calcium-dependent potassium channels (Kca), which are the most common
K+ channel expressed on cerebral arteriolar musculature, and which are sensitive to the
redox state of the environment [13]. By contrast, O2

− leads to vasoconstriction through a
powerful inhibition of endothelial NO-mediated dilation. The equilibrium between these
two opposite results depends on the net concentration of the reactive species. Indeed, find-
ings from numerous in vitro and in vivo animal studies confirm that both O2

− and H2O2
exhibit a biphasic impact on cerebral blood vessels, contingent upon their concentration.
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At low concentrations, O2
− leads to vasodilation, while at high concentrations, it causes

vasoconstriction. Similarly, H2O2, when present in very high concentrations, may initially
induce vasoconstriction, and later lead to vasodilation [44].

In addition to the aforementioned mechanisms, the modulation of cerebral arteriolar
tone through chloride channels has also been suggested [46]. Moreover, O2

− can react
with arachidonic acid and other unsaturated fatty acids to form isoprostanes. These are
known as strong vasoconstrictors that can cause a reduction in cerebral blood flow. Thus,
O2

− can indirectly further affect vascular tone, and may be of pathological interest in
traumatic brain injuries [13,44]. Finally, H2O2 would also act in some cases as a membrane
depolarizer, exerting, with hyperpolarization, a vasodilatory effect [13,44,45].

Lastly, the production rates of ROS and antioxidants vary according to different oxy-
genation levels, each following unique kinetic patterns [35,47]. Therefore, it is conceivable
to assume that the vasoactive activity of ROS, as well as RNS and antioxidants, may depend
not only on the types of ROS and their concentration, but also on a third feature, i.e., the
kinetics of their production and degradation. Indeed, compensatory mechanisms might
come into play when a stimulus enters a new steady state. This can occur especially in
pathological conditions, such as in acute brain injury or in critically ill patients, where
elevated ROS levels may increase acutely, and persist for an extended period.

The vascular impacts of ROS on cerebrovascular tone are diverse and involve complex
mechanisms. These also include interactions with NO and RNS, which will be further
discussed later.

4.3. NADPH Oxidases

The nicotinamide adenine dinucleotide (phosphate) oxidases (NADH/NADPH oxi-
dases, or Nox) are prominently involved in the enzymatic generation of ROS [48]. These
membrane-bound enzymes produce superoxide radicals by utilizing NADH or NADPH as
electron donors. In mammals, there exist seven isoforms of Nox. Among them, Nox1, Nox2,
Nox4, and Nox5 are expressed in various tissues, such as the endothelium, vascular smooth
muscle cells, fibroblasts, and perivascular adipocytes [49]. Under normal physiological
conditions, vascular Nox exhibits a relatively low baseline activity. However, in response
to various stimuli, like cytokines, the enzyme activity can be augmented both in the short
term and over an extended period. This response to stimuli disrupts vascular homeostasis,
leading to pathological changes and associated health issues, such as increased blood
pressure [50].

The involvement of NADH and NADPH reinforces the notion that the redox state is
critical in influencing the tone of cerebral circulation. Indeed, interestingly, studies have
shown that NADPH oxidase activity occurs at a significantly higher magnitude in cerebral
arteries than in systemic arteries [12]. As electron acceptors, both NADH and NADPH
facilitate the activity of Nox enzymes, leading to the production of O2

− [26,39], which is, in
the end, responsible for the impact on the vascular tone. Thus, ROS production derived
from NADPH oxidase may contribute both to maintaining normal physiological vascular
tone and to vascular pathology.

4.4. ROS as Signaling Molecules in HIF-1α Regulation

ROS have more effects than expected, and they could work as signal molecules. In
this way, it is thought that ROS play a role in the degradation of Hypoxia Inducible Factor
HIF-1α, as there is evidence of a negative correlation between HIF-1α and ROS [41]. HIF-1α
is a cytosolic transcription factor that moves to the nucleus during hypoxia. It binds to
HIF-β and activates the expression of genes containing hypoxia-responsive elements (HRE),
producing hypoxia-related proteins such as erythropoietin (EPO). The production of ROS
is implicated in the proposed “normobaric oxygen paradox” [51], whereby intermittent
hyperoxic stimulation could paradoxically mimic a hypoxic-like condition, leading to the
activation of HIF-1α [52]. Moreover, ROS production via NADPH oxidase, especially Nox2,
may intervene in the evoked HIF-1α synthesis and stability [53]. These mechanisms may
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be especially relevant in brain cells, as they tend to increase ROS production under injured
conditions. However, the existence of this phenomenon and its potential effects on brain
tissue have not yet been thoroughly investigated.

4.5. Regional Variability in Oxidative Stress Responses within Brain Vasculature

It has been observed that the mechanisms that intervene in oxidative equilibrium
may show differences between the contexts of cerebral and systemic circulation [12,54].
Indeed, differences may be seen in susceptibility to oxidative stress among the cerebral
microvessels in various brain regions [55]. Additionally, neurons situated in particular
areas of the brain, such as the hippocampus and the cerebellar granule cell layer, are more
prone to oxidative stress [56]. These regional differences may also be influenced by the local
availability of NO during brain injuries, which has been demonstrated in experimental
animal models [27]. Therefore, it appears conceivable that even small changes in ROS and
RNS concentrations can lead to clinical changes via their effect on the brain vasculature,
especially during brain injuries and cerebrovascular diseases. Nevertheless, further human
research is required to gain data and a deeper comprehension of these aspects, moving
beyond theoretical discourses.

5. Reactive Nitrogen Species

Reactive Nitrogen Species (RNS) are a group of highly reactive nitrogen-containing
molecules that are generated as by-products of nitrogen metabolism. These molecules are
crucial in various physiological and pathological processes, including vascular control [57].

5.1. Generation Pathways of the Main Reactive Nitrogen Species

Nitric oxide (NO) is the most well-known and significant member of the RNS family.
Also formerly known as endothelium-derived relaxing factor (EDRF), it is constantly
generated in the body through the enzymatic action of nitric oxide synthases (NOS) on
L-arginine and oxygen. There are three distinct isoforms of NOS present in the body: iNOS
(inducible), eNOS (endothelial), and nNOS (neuronal) [58,59]. NOS generates in loco NO,
which readily exerts its biological activity. Although its half-life is limited to a few seconds,
NO can react with hemoglobin, forming S-nitroso hemoglobin, or be converted to nitrite.
S-nitroso hemoglobin (SNO-Hb) is a derivative of hemoglobin modified by adding a NO
group to a cysteine thiol group, in a reaction called S-nitrosylation.

Nitrite (NO2
−) is a chemical compound that consists of one nitrogen atom and two

oxygen atoms. It is an anion that can form salts such as sodium nitrite (NaNO2) or
potassium nitrite (KNO2). SNO-Hb and NO2

− salts act as NO reservoirs, which can be
transported through systemic circulation and released under certain conditions to promote
vasodilation and increase blood flow to tissues distant from the site of origin [60,61].

Other molecules can be categorized into RNS, produced as metabolites in NO decom-
position or by reactions between other compounds such as CO2 and ROS. For example,
peroxynitrite (ONOO−) is formed from the reaction between NO and superoxide ions,
thus reducing NO concentrations [62]. Although evidence suggests that NOS is respon-
sible for nitroxyl (HNO) production, it is still unclear how this compound is synthesized
in vivo [63,64]. Indeed, HNO can also be generated after the reduction in NO levels by
mitochondrial cytochrome C, xanthine oxidase, ubiquinol, hemoglobin, and manganese
superoxide dismutase (SOD) [64].

Nitrate (NO3
−) is a chemical compound that consists of one nitrogen atom and three

oxygen atoms. Similarly to NO2
−, it carries a negative charge and is thus found in salt

chemical form. A significant amount of nitrate comes from leafy green vegetables. Salivary
glands actively take up nitrate from circulation, resulting in a saliva concentration 10-
fold higher than in plasma [65]. A certain quantity of NO3

− is converted to NO2
− by

reductase enzymes in the salivary glands [65]. Finally, some nitrites are absorbed when
ingested and become part of the “nitrate–nitrite–nitric oxide pathway” [66]. Kapil et al.
have demonstrated how nitrate supplementation can lower blood pressure, and that
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depleting oral microbiomes can jeopardize endogenous nitrate production, leading to
hypertension [67]. There are other endogenous ways to synthesize nitrate and nitrite [66].
Over the years, many trials have established the conversion of NO to nitrite as occurring
naturally in vivo. This reaction has been linked to hypoxia, deoxyhemoglobin, and lower
pH [68–72]. Furthermore, a significant increase in plasma nitrite was displayed during the
administration of 80 ppm iNO in a murine model [73]. Given all these observations, nitrates
and nitrites can be considered a NO reservoir [74]. Indeed, while NO has a half-life limited
to 2 ms, that of nitrite is much longer, and can quickly spread all over the organism [66].

The formation of the main RNS described is schematically depicted in Figure 3.

Figure 3. Overview of the main reactive nitrogen species (RNS) and their formation pathways. The
figure illustrates the generation of nitric oxide (NO), a small, gaseous molecule that acts as a signaling
molecule in the body. It is produced by the enzyme nitric oxide synthase (NOS) from the amino acid
L-arginine and molecular oxygen. S-nitrosylation adds a NO group to the thiol group of a cysteine
residue, for example, Hb. Otherwise, NO can be transformed into salts or esters of nitrous acid,
containing the anion nitrite (NO2

−), which can be converted back to NO under certain conditions.
Nitrates are taken into the body from external sources, such as food or supplements. They can be
converted into nitrites (and thus potentially into NO). This process is known as the nitrate–nitrite–NO
pathway and is an alternative source of NO, especially when the enzymatic production of NO is
impaired. Peroxynitrite is a highly reactive nitrogen species formed by NO with O2−. Finally, nitroxyl
(HNO) is an isoelectronic reactive nitrogen species with NO, formed by the reduction of NO or the
decomposition of certain NO donors. O2: molecular oxygen. NO: nitric oxide. NOS: nitric oxide
synthase. N: nitrogen atom. Hb: hemoglobin. NO2

−: nitrite. NO3
−: nitrate. ONOO−: peroxynitrite.

HNO: nitroxyl.

5.2. The Effects of RNS on Cerebral Vascular Tone
5.2.1. Nitric Oxide

Since its recognition as an endothelium-derived relaxing factor [75,76], several studies
have described NO as a strong vasodilator agent [58]. After being synthesized in the en-
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dothelium, NO increases the levels of cyclic guanosine monophosphate (cGMP) in smooth
muscles by stimulating soluble guanylyl cyclase. cGMP finally inhibits the proteins re-
sponsible for contraction, causing vasorelaxation [58,77]. In adjunct to this mechanism,
NO induces a reduction in intracellular calcium, mediated by ATPases that actively trans-
port calcium inside the sarcoplasmic/endoplasmic reticulum [58,77]. Other pathways
toward vasodilation include the reduction in 20-hydroxyeicosatetraenoic acid [78] and
prostaglandins [79]. NO may be key in regulating cerebral blood flow (CBF) [80]. Indeed,
in hyperoxia [81–83], hypoxia [81,82], and hypercapnia [84], it was found to be an essential
mediator of CBF in animal models. Moreover, NO also plays a leading role in coupling
CBF and neuronal activity [85].

Interestingly, CO2 may act as a regulator of NO. Indeed, the process of adjusting
cerebral vascular tone in response to changes in arterial carbon dioxide partial pressure
(PaCO2) is known as chemoregulation, which could be the main trigger of endothelial
NO-release [86]. In humans, hypocapnia leads to vasoconstriction and reduced CBF,
while hypercapnia and changes in perivascular pH result in vasodilation and increased
CBF [86]. Cerebral endothelial cells and astrocytes have been shown to release NO under
normocapnic conditions, while NO production increases during hypercapnia and decreases
during hypocapnia, regardless of pH levels [87]. It has been proposed that these NO
variations in response to PaCO2 are specific to NOS regulation, and that administering
exogenous NO may influence the CO2-dependent chemoregulation mechanism [87].

Several studies have explored the role of NO in critical neurologic illnesses. Indeed,
early stages of severe brain injuries recognize a depletion of NO, probably contributing to
secondary brain damage [88]. By contrast, when present, NO reduces injuries and has neu-
roprotective properties in ischemia/reperfusion animal models, both in relation to stroke
and cardiac arrest [88]. For this reason, a prospective trial has been performed, proving
the feasibility of iNO administration in cardiac arrest, and showing promising results in
terms of survival [89]. In subarachnoid hemorrhage, NOS inactivation is associated with
alterations in microvascular density and hemostasis, leading to rebleeding, intracranial
hypertension, and larger hemorrhage volume [90]. Conversely, NO reduction is also cor-
related with a lower grade of neuroinflammation and better neurobehavioral function
in rats [91]. Studies in humans have showed a correlation between elevated asymmetric
dimethylarginine (which is an inhibitor of iNOS, and thus of the vasodilator molecule NO)
and vasospasm and worse outcomes [92]. Another small human study found elevated
levels of NO metabolites, especially in subjects with poorer outcomes [93]. Although the
results may be controversial, the literature suggests deleterious effects of NO depletion,
supported by increased microthrombi formation and reduced cortical activity [88]. A pilot
human trial established the safety of iNO administration and showed promising results in
treating delayed cerebral ischemia [94].

Pathways in traumatic brain injury (TBI) appear more complex. Mechanical insults
may induce the upregulation of iNOS and the over-production of NO and ONOO−. The
RNS stimulate the production of glutamate, which triggers nNOS. Nevertheless, NO plays
an uncertain role in this disease, and its implications are still unknown [95]. Studies in
newborn animal models are also contradictory. Some reports showed protective properties
of NO related to vasodilation, reducing ROS concentrations and scavenging radicals; others
linked it to deleterious effects and greater brain injuries. These discrepancies might depend
on the production timing and NO concentrations [96]. The brain controls blood flow by
interacting with vessel diameter. Autoregulation ensures constant blood supply; changes
in systemic blood pressure induce vasodilation or vasoconstriction. Additionally, the
brain increases blood flow in areas where neurons are more active through a mechanism
named neurovascular coupling. Although other pathways and elements participate, NO
plays a significant role in both of them. NOS inhibition (and thus the lowering of NO
production) increases the lower limit of mean arterial blood pressure where autoregulation
acts, reducing its efficiency. Through neurovascular coupling, blood flow is directed to
more active areas, where glutamate (the main excitatory neurotransmitter) induces calcium
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entry in neurons and the activation of neuronal nNOS, finally resulting in NO production
and vasodilation [79].

Finally, as a NO reservoir, the vasodilating effects of nitrites have long been inves-
tigated. Although some studies failed to find any vasoactive activity [97], most studies
confirmed that nitrite has vasorelaxant effects through the activation of guanylate cy-
clase [60,98–101].

In summary, NO is a potent vasodilator, playing diverse roles in regulating blood flow
and brain protection. Its mechanism is intricate and involves numerous interactions. When
it comes to brain injuries, a deficiency in NO could contribute to secondary brain damage,
while NO possesses neuroprotective qualities in animal models of ischemia/reperfusion,
including stroke. Interestingly, NO inhalation has been suggested as a neuroprotective
intervention during cardiopulmonary resuscitation [102]. Consequently, extensive research
is needed to better understand its mechanisms and potential therapeutic effects.

5.2.2. Peroxynitrite

Peroxynitrite (ONOO−) has shown vasoactive properties, producing vasorelaxation
in arterioles in vitro [28] and in vivo [36], although its potency seems very low, and is up
to 50-fold less than that of NO [103]. The effect does not appear to involve the endothe-
lium [104], and the vasoactive mechanism remains unclear. Some authors have proposed
that the effect is linked to the opening of ATP-sensitive potassium channels [36,105], di-
rectly activating the channels or reducing ATP concentration by interfering with cellular
metabolism [36,105,106]. Other mechanisms proposed to explain this vasodilating activity
include the elevation of cGMP levels, membrane hyperpolarization via K+ channel activa-
tion, the activation of myosin phosphatase activity, and interference with cytosolic calcium
movement and cellular membrane Ca2+ entry [28].

However, in contrast with all the above results, Daneva et al. induced an increase
in ONOO− by upregulating iNOS in mice, reporting an increase in pulmonary arterial
pressure by impeding calcium entry in smooth muscle cells of pulmonary arteries [107].
Similarly, Ottolini et al. investigated the same pathway in diet-induced obese mice, finding a
link between obese hypertension and high ONOO− levels [108]. Finally, in vitro studies [29,
30] have observed that peroxynitrite may induce vasoconstriction in cerebral arteries.
This effect is likely due to the inhibition of the cerebral K+-dependent calcium channel.
Interestingly, the addition of glutathione inhibited this cerebral vasoconstrictive effect.

Therefore, the net effects of peroxynitrite appear conflicting, and are not completely
understood, but are probably dose- and time-dependent [109].

5.2.3. Nitroxyl

HNO has been proven to act as an endothelium-derived vasorelaxant [110–113] that is
not susceptible to tolerance [111]. Moreover, HNO has multiple effects, including inhibiting
platelet aggregation, limiting vascular smooth muscle proliferation, and interacting with
metallo and thiol-containing proteins.

Although we failed to find in the literature any research focused on the impact of this
molecule on cerebral tone, we have reported its effects on the general vasculature. Indeed,
HNO promotes vasodilation by activating several molecular pathways [64,112–114]. These
pathways include the stimulation of soluble guanylyl cyclase (sGC), leading to an increase
in cGMP. From animal studies, it has been inferred that the sGC-cGMP pathway may be
necessary and sufficient for HNO-induced vasodilation in vivo [115]. Others proposed
that HNO may activate ATP-sensitive potassium (KATP) channels and voltage-dependent
potassium (Kv) channels, resulting in the outflow of potassium ions. This causes the cell
membrane to become hyperpolarized and leads to a reduction in intracellular calcium levels.
Finally, following an elegant animal study, Eberhardt et al. suggested HNO-mediated
vasodilation via the transient receptor potential channel A1 (TRPA1) and calcitonin gene-
related peptide (CGRP) [116]. This HNO–TRPA1–CGRP signaling pathway could be a
crucial component in the neuroendocrine regulation of vascular tone, mediated by HNO.
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Figure 4 presents a visual abstract illustrating how ROS and RNS might influence the
cerebrovascular tone.

 

Figure 4. A representation of the regulation of vascular tone by Reactive Oxygen Species and nitric
species. ROS presents a dual role, with hydrogen peroxide acting as a signaling molecule inducing
vasodilation through the activation of potassium channels and vasoconstriction through other mech-
anisms, while superoxide contributes to vasodilation by affecting Kca channels and vasoconstriction
by generating isoprostanes. Nitric oxide and the other RNS mainly promote vasodilation via cGMP
and several mechanisms. The balance of vasoactive molecules and their net effect on vascular smooth
muscle contribute to determining the cerebral vascular tone.

6. Antioxidants

Antioxidants are substances that protect from the deleterious effects of free radicals.
Their action, which can be enzymatic and non-enzymatic, can be further divided into
two groups: (1) preventing the generation of ROS and blocking the generated ROS, and
(2) repairing the damages the free radicals have caused.

Reducing the level of antioxidants leads to an increase in oxidative stress, thus indi-
rectly influencing the cerebrovascular tone. Indeed, a more oxidative cellular environment
can contribute to an increase in vascular tone by reducing the activity of NO [117,118]. For
this reason, antioxidant mechanisms are widely expressed in vascular cells and brain tissue.

6.1. Superoxide Dismutase

Superoxide dismutase (SOD) is an enzymatic defense system catalyzing O2
− into

H2O2. It exists in three different forms: copper–zinc SOD (SOD1 or Cu-Zn SODI), man-
ganese SOD (SOD2 or MnSOD), and extracellular SOD (SOD3 or ecSOD). These are some
of the most important protective mechanisms against oxidative stress in the body, and
decreased SOD levels may be associated with a worse outcome in acute ischemic stroke
(AIS) patients, faster vascular damage, and blood–brain barrier breakdown [119]. SOD
has been proposed as a marker of cardiovascular alterations in hypertensive and diabetic
patients, as fluctuations in serum levels are linked to alterations in vascular structure and
function [120].

SOD1 is predominantly found in the cytoplasm and nucleus of cells, where it helps
neutralize superoxide radicals generated during normal metabolic processes. The copper
and zinc ions are essential to its enzymatic activity. SOD2 is usually located in the mi-
tochondria, thus representing a critical defense mechanism against oxidative damage to
mitochondrial components. Finally, SOD3 is primarily found in the extracellular matrix
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and fluids, acting as a defense outside the cells, protecting from oxidative stress caused
by superoxide radicals released from inflammatory cells. Moreover, it is active in the
arterial wall, strategically between the endothelium and smooth muscle, thus controlling
reactivity to oxygen levels and vascular tone [83] by regulating nitric oxide. Indeed, from
animal studies, we can infer that SOD regulates in vivo both the basal tone and the vascular
response to different pressures of oxygen [83]. In TBI patients, SOD levels may be reduced
already during the first day, and may remain low for 7 days [121]. Indeed, exogenous
SOD has been proposed as a therapeutic adjunct in several conditions [122], and it may
reduce vasospasm after SAH [123]. The reduction in cerebral vasospasm in experimental
SAH animal models obtained by administering SOD [31] underscores the significant in-
volvement of superoxide anions and redox equilibrium in vascular regulation, particularly
under pathological conditions.

6.2. Glutathione Redox System

Glutathione peroxidase (GPx) is an enzyme that reduces hydrogen peroxide to water
via a tripeptide called glutathione (GSH). GSH is the most common thiol, i.e., a molecule
that contains a sulfhydryl group (SH), and is present in the cytosol and its organelles.
Composed of glutamine, cysteine, and glycine, glutathione works as an electron donor,
passing from its reduced state (GSH), the active form, to an oxidized state (GSSG). The
enzyme glutathione reductase converts GSSG back into GSH, using NADPH as an electron
donor. GPx plays a central role in reducing hydrogen peroxide to water, keeping it away
from the production of hydroxyl radicals. Moreover, GSH can directly and independently
neutralize free radicals, acting as a non-enzymatic antioxidant. Indeed, it can donate
electrons to free radicals, an activity called “scavenging”, oxidizing them to form GSSG.

This mechanism is one of the most important antioxidant processes in the body.
Indeed, GSH is the most abundant intracellular antioxidant, as its concentration within the
cytoplasm where it is produced is in the mmol range, where the ratio GSH:GSSG is normally
maintained around 100:1 (but it can fall lower than 10:1 during oxidative stress). It can
move into the extracellular fluids, but plasma levels are 1000 times less concentrated than
intracellular levels. An exception is in the lining fluid in the lungs, where the concentration
is 140 times higher than in the plasma.

Other molecules can also intervene in this system. For example, as already described,
NADPH serves to keep GSH reduced. The pentose phosphate pathway generates NADPH,
and glucose-6-phosphate dehydrogenase (G6PD) is one of the enzymes in the pathway.
Deficiency of this enzyme, which affects millions of people worldwide, can result in GSH de-
ficiency, predisposing one to oxidative injury. Thiamine is a cofactor inhibiting the pentose
phosphate. Indeed, evidence has been found that thiamine administration may alleviate
oxidative stress, even in cases where it is not attributable to thiamine deficiency [124,125].
Finally, selenium is necessary to glutathione peroxidase activity. Indeed, this enzyme con-
tains selenium in the active site [126]. In sepsis and septic shock, selenium is abnormally
low and, when infused, has been shown to reduce mortality [127]. This has also been
reported by a recent meta-analysis, even if with a low quality of evidence [128].

Glutathione deficiency is a common finding in neurological disorders [129], and it may
be related to several cardiovascular diseases [130]. Even in the brain vasculature, GSH may
have protective effects. Despite apparently being the most convenient and safe method of
GSH administration, oral GSH is not frequently utilized in clinical trials due to its limited
effectiveness [131].

An alternative approach to increasing GSH production involves employing
N-acetylcysteine (NAC). NAC is smaller than GSH, can move into the cells, and acts
as a cysteine precursor, a crucial factor in limiting GSH synthesis [127]. NAC administra-
tion presents various neuroprotective effects, such as a reduction in the size of cerebral
stroke [132] and better outcomes in neurological deficits and disability [133]. Moreover,
NAC can potentially reduce ischemia–reperfusion injury [134,135], and may enhance the
vasodilator effects of other compounds, such as acetylcholine [136]. As shown with other
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antioxidants, NAC treatment may effectively reduce cerebral vasospasm in SAH animal
models [32], potentially carrying significant clinical implications that will require clinical
trials to determine efficacy, despite promising pre-clinical data.

6.3. Vitamin C (Ascorbic Acid)

Vitamin C, also known as ascorbic acid (AA), is a crucial water-soluble antioxidant
that plays multiple roles in the body, including acting as a cofactor for various enzymes
and inhibiting the generation of ROS. Additionally, it directly scavenges ROS and RNS
while repairing other oxidized scavengers. One fascinating aspect of ascorbic acid is its
neuroprotective activity, and AA has been proposed as a therapeutical adjunct in several
neurological conditions [137].

Indeed, the brain exhibits one of the highest ascorbic acid concentrations in the body,
thanks to an active uptake from the bloodstream. The brain concentration of AA varies
from 200–400 μM in the extracellular space to 10 mM intracellular, i.e., almost 100 times the
concentration in the plasma [138,139].

The effect of AA on vessels started to be investigated more than forty years ago [140].
It has demonstrated that it has the potential to enhance impaired endothelium-dependent
vasodilation in peripheral arteries in various conditions characterized by endothelial dys-
function [141]. However, the impacts of vitamin C on peripheral and cerebral circulations
may differ [142].

Although blood hyperoxia does not appear to be convincingly associated with cerebral
vasospasm following a subarachnoid hemorrhage [143], animal studies have shown that
intracisternal injected Oxy-Hb (oxyhemoglobin) may result in a concentration-dependent
contraction of cerebral artery strips. However, the presence of ascorbic acid significantly
modifies the biological activity of Oxy-Hb, suppressing its vasoconstrictor activity and
minimizing its ability to reduce vasodilator actions [144].

The cerebrovascular effects of AA were recently evaluated in an elegant study by Mat-
tos et al. [33], investigating the effects of isocapnic hyperoxia (IH) on CBF and metabolism.
Ten male participants underwent a 10 min IH trial with intravenous saline and AA in-
fusion (3 g). AA infusion inhibited ROS production and preserved NO bioavailability,
as indicated by the reduced ROS biomarkers and unchanged nitrite levels. The infusion
also prevented regional and total CBF decline, and restored the cerebral metabolic rate
of oxygen (CMRO2) during IH. This study further confirms that ROS play a role in CBF
regulation and metabolism, and antioxidants such as AA can have indirect vasoactive
effects.

Considering all this, the use of ascorbic acid in protecting the cerebral vascular tone
during high oxidative stress conditions, like those seen in critically ill patients or those with
acute brain injuries, requires further study, as there are a few adverse reactions [145].

6.4. Vitamin E (Tocopherols and Tocotrienols)

Vitamin E is not a single molecule, but rather a group of fat-soluble substances with
similar vitamin activity, which includes four tocopherols (alpha, beta, gamma, delta) and
four tocotrienols (alpha, beta, gamma, delta). The most biologically active isoform among
them is alpha-tocopherol [146]. These compounds protect the integrity of cellular mem-
branes by shielding them from the free radicals that can generate and by directly neutral-
izing superoxide and hydroxyl radicals. Vitamin E may have potential neuroprotective
effects, particularly in neurodegenerative diseases, stemming from its activity in reducing
neuroinflammation [147].

Besides its role as an antioxidant, vitamin E plays a significant role in various cellular
processes, such as in the vascular vessels. For example, in patients with coronary spastic
angina, administering alpha-tocopherol acetate at 300 mg/day restored flow-dependent
vasodilation [148]. This improvement was accompanied by a reduction in levels of plasma
lipid peroxidation substances and a decrease in anginal attacks.
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Endothelial cells, when replete with vitamin E, are better equipped to prevent blood
cell components from adhering to their interior surface in blood vessels. Moreover, vitamin
E enhances the expression of two enzymes that suppress arachidonic acid metabolism,
leading to the increased release of prostacyclin from the endothelium, promoting blood
vessel dilation and inhibiting platelet aggregation [6]. Its administration can improve
arteriolar compliance [149] and endothelium-dependent relaxation [150]. Furthermore, a
meta-analysis has indicated that vitamin E might provide protection in preventing ischemic
stroke [151], but another recent one failed to show a benefit [152], suggesting that further
well-designed randomized controlled trials are required to reach a conclusive result.

6.5. Other Antioxidants

Other antioxidants can be used as promising adjunct therapies in critically ill patients
or those with brain injuries. For instance, catalase, which degrades hydrogen peroxide when
administered intracisternally in meningitis models, caused a reduction in the elevation of
rCBF (regional cerebral blood flow), ICP (intracranial pressure), and brain water content,
primarily caused by superoxide or its derivatives [153]. Indeed, hydrogen peroxide induced
relaxation in cerebral arteries, regardless of the presence of intact endothelial cells. However,
these relaxations were suppressed by catalase, while SOD (superoxide dismutase) had
no impact, suggesting that the relaxations resulted from the direct effect of hydrogen
peroxide [154]. Likewise, other than improving endothelial function [155], flavonoids may
elicit favorable impacts on the vascular system, resulting in ameliorating cerebrovascular
blood flow [156], potentially preventing vasospasm in SAH [157], and with therapeutic
effects on ischemic stroke-induced models [158].

Vitamin D has demonstrated the potential to improve neurological outcomes in brain-
injured patients with significant vitamin D deficiency [159]. Interestingly, its levels have
shown a correlation with intracranial aneurysm rupture in patients with SAH [160]. Fur-
thermore, it has been suggested that the vasoprotective effects induced by vitamin D may
be attributed to a reduction in oxidative stress [161]. Nevertheless, its ability to effec-
tively prevent oxidative stress remains inconclusive, and its role as an antioxidant cannot
currently be definitively established [162].

Vitamin A may have both antioxidant and oxidant activity [163]. It is a fat-soluble
vitamin that exists in two primary forms: retinol, a directly absorbable form found in
animal products, and carotenoids, which the body can convert into Vitamin A. Its use in
TBI patients has been shown to have potential neuroprotective effects, reducing brain lesion
sizes [164]. Although it seems to play a key role in the development of cerebral vascula-
ture [165], we failed to find specific studies evaluating its effects on cerebrovascular tone.

Finally, circulating uric acid may act as a significant water-soluble antioxidant, partic-
ularly against peroxynitrites in hydrophilic settings. However, within the cells, uric acid
may turn into a potent pro-oxidant, triggering oxidative stress cells and mitochondria and
promoting the production of inflammatory cytokines [35], in a paradoxical dualism [166].
This exemplifies the difficulties in evaluating these data and underscores the need for
high-quality clinical studies.

7. Discussion

The regulation of vascular tone in cerebral vessels is a complex process that involves
multiple factors and mechanisms [167], which include pressure-induced regulation, shear
stress, local metabolism, and the control of vascular diameter by neuronal activity. As
previously described, the presence of ROS, RNS, and antioxidants can result in vasodilatory
and vasoconstrictive effects in cerebral blood vessels, with a complex interplay activity [168].
The main effects of the various oxidative and nitrosative species involved in modulating
the cerebral vascular tone are reported in Table 2.

85



Int. J. Mol. Sci. 2024, 25, 3007

Table 2. Mechanisms of oxidative stress-mediated modulation of cerebral vascular tone. This table
outlines the various oxidative and nitrosative species involved in modulating cerebral vascular tone,
and their mechanisms and effects (either vasodilation or vasoconstriction).

Mechanisms ROS/RNS Involved
Effect on Cerebral

Vascular Tone

Interaction with ion channels O2
−, H2O2, HNO, ONOO−

Modulation of K+ channels,
leading to vasodilation or

vasoconstriction
[13,36,105,116]

Interaction with nitric oxide O2
− Inactivation of NO, leading to

vasoconstriction [44,45]

Other endothelial and
myogenic mechanisms O2

−, H2O2, NO, ONOO− Vasodilation/vasoconstriction
[28,46,60]

In situations of intense hyperoxia, where there is a significant rise in O2
−, the existing

NO can be neutralized by O2
−. The rate of this reaction matches the combined rates

of other known superoxide degradation reactions [169]. The chemistry of NO suggests
that its half-life is likely controlled by ROS, which increases in proportion to the partial
pressure of oxygen in the brain, leading to an increase in arterial tone. Interestingly, during
hyperbaric oxygenation in animal models, the vasodilating effect of superoxide dismutase
when animals were pre-treated with a NO-synthase inhibitor was not seen [170], suggesting
that one cause of vasoconstriction in the brain during hyperoxia might be the neutralization
of NO by O2

−, impacting its natural ability to relax blood vessels.
Besides playing a role in regulating the tone of cerebral vessels under physiological

conditions, the equilibrium between ROS, RNS, and antioxidants becomes crucial under
pathological conditions. Indeed, the brain is especially susceptible to oxidative injury due
to its rapid metabolic rate and proneness to ischemic damage. Oxidative stress occurs
due to an imbalance between the generation and detoxification of free radicals, increasing
reactive species [34]. This equilibrium is disrupted in several acute brain injuries, including
TBI and stroke [121,171,172], and chronic neurodegenerative diseases [173]. For instance,
studies have demonstrated that SOD activity decreases 24 h following a TBI and continues
to be reduced 7 days after a severe TBI [121]. Similarly, there appears to be a disruption in
cerebrovascular tone, involving mechanisms that may encompass both nitrogen [174] and
oxygen-reactive species [175]. The SOD activity also resulted in reductions in the serum of
stroke patients for several days [176]. Therefore, the injured brain may suffer secondary
damage resulting not only from the well-known direct oxidative activities of ROS, but also
from the lesser-explored impacts these molecules have on blood vessels.

In these patients, the balance of redox reactions becomes essential, making antioxidants
potential therapeutic agents to counteract oxidative damage. Antioxidants have been
considered as a potential adjunctive treatment for various critical illnesses and have notably
been suggested as a potential therapeutic option for patients with sepsis [177]. Nevertheless,
they have been shown to be ineffective in a clinical study of sepsis [178]. Antioxidants can
neutralize ROS and RNS, prevent their generation, and repair the damage caused by free
radicals. For this reason, they have been proposed and tested to reduce the effects of reactive
species on cerebral blood flow [33]. Indeed, even the mildest reduction in the regional
cerebral blood may lead to cognitive dysfunction [179]. Therefore, utilizing antioxidants
may potentially serve as a relatively safe supplementary therapy for specific critically ill
patients or those with brain injuries. This may mitigate cognitive impairments in the former
group and reduce secondary brain damage in the latter. For example, ascorbic acid has
demonstrated its ability to preserve NO bioavailability, prevent CBF decline, and protect
the cerebral metabolic rate of oxygen during conditions of high oxidative stress [33]. NAC
administration has shown neuroprotective effects in reducing the size of cerebral stroke
and improving neurological deficits [133]. In the context of patient-tailored therapy, it is
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plausible that antioxidant therapy should also be targeted toward those who truly require
it, and it is conceivable that antioxidant levels should be evaluated in the intensive care
unit, as most ICU patients experienced swift and severe deficiencies in antioxidants [180].

While antioxidants hold promise for offering potential benefits to brain injuries and
the control of cerebrovascular tone, there is currently limited human evidence available.
To our knowledge, as of now, there are no approved antioxidant therapies for TBI and
stroke. Thus, further research is required to elucidate their precise mechanisms of action,
effects on the vascular tone, optimal dosages, combinations of antioxidants, and potential
interactions with other treatment modalities.

8. Conclusions

ROS, RNS and antioxidants contribute to regulate the tone of the cerebral vessels in
different ways. Understanding the complex interplay between ROS, RNS, antioxidants and
their impacts on cerebral vascular tone is essential for deepening our comprehension of
brain physiology and mechanisms of secondary damage in brain injuries. This knowledge
holds the potential to pave the way for the development of effective therapeutic approaches
to neurological disorders, with antioxidants emerging as promising supplementary treat-
ments. These treatments aim to counteract the detrimental effects of oxidative stress and
maintain cerebral blood flow, particularly in individuals with acute brain injuries or those in
critical conditions. As the field of study progresses, it may reveal novel avenues to enhance
outcomes and the quality of life for individuals suffering from neurological injuries.
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ATP Adenosine Triphosphate
CAR Cerebral Autoregulation
CBF Cerebral Blood Flow
CGRP Calcitonin Gene-Related Peptide
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Cu-Zn SOD Copper Zinc Superoxide Dismutase
EDRF Endothelium-Derived Relaxing Factor
ER Endoplasmic Reticulum
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GGS Glutathione Disulfide
GSH Glutathione
GPx Glutathione Peroxidase
Hb Hemoglobin
HIF-1α Hypoxia Inducible Factor 1 alpha
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HNO Nitroxyl
HRE Hypoxia Responsive Elements
IH Isocapnic Hyperoxia
iNOS inducible Nitric Oxide Synthase
ICP Intracranial Pressure
KATP ATP–Sensitive Potassium
Kca Calcium–Dependent Potassium Channels
Kv Voltage–Dependent Potassium
MnSOD Manganese Superoxide Dismutase
NaNO2 Sodium Nitrite
NAC N-acetylcysteine
NADH Nicotinamide Adenine Dinucleotide
NADPH Nicotinamide Adenine Dinucleotide Phosphate
NO Nitric Oxide
NO2

− Nitrite
NO3

− Nitrate
NOX NADPH Oxidase
NOS Nitric Oxide Synthase
ONOO− Peroxynitrite
Oxy-Hb Oxyhemoglobin
PaCO2 Partial Pressure of Arterial Carbon Dioxide
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
SNO-Hb S-nitroso Hemoglobin
SOD Superoxide Dismutase
SOD1 Copper-Zinc Superoxide Dismutase
SOD2 Manganese Superoxide Dismutase
SOD3 Extracellular Superoxide Dismutase
TBI Traumatic Brain Injury
TRPA1 Transient Receptor Potential Channel A1
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Abstract: Epidemiological data suggest that moderate hyperoxemia may be associated with an im-
proved outcome after traumatic brain injury. In a prospective, randomized investigation of long-term,
resuscitated acute subdural hematoma plus hemorrhagic shock (ASDH + HS) in 14 adult, human-
sized pigs, targeted hyperoxemia (200 < PaO2 < 250 mmHg vs. normoxemia 80 < PaO2 < 120 mmHg)
coincided with improved neurological function. Since brain perfusion, oxygenation and metabolism
did not differ, this post hoc study analyzed the available material for the effects of targeted hyperox-
emia on cerebral tissue markers of oxidative/nitrosative stress (nitrotyrosine expression), blood–brain
barrier integrity (extravascular albumin accumulation) and fluid homeostasis (oxytocin, its receptor
and the H2S-producing enzymes cystathionine-β-synthase and cystathionine-γ-lyase). After 2 h of
ASDH + HS (0.1 mL/kgBW autologous blood injected into the subdural space and passive removal
of 30% of the blood volume), animals were resuscitated for up to 53 h by re-transfusion of shed
blood, noradrenaline infusion to maintain cerebral perfusion pressure at baseline levels and hyper-
/normoxemia during the first 24 h. Immediate postmortem, bi-hemispheric (i.e., blood-injected and
contra-lateral) prefrontal cortex specimens from the base of the sulci underwent immunohistochem-
istry (% positive tissue staining) analysis of oxidative/nitrosative stress, blood–brain barrier integrity
and fluid homeostasis. None of these tissue markers explained any differences in hyperoxemia-related
neurological function. Likewise, hyperoxemia exerted no deleterious effects.

Keywords: traumatic brain injury; blood–brain barrier; oxidative/nitrosative stress; cystathionine-β-
synthase; cystathionine-γ-lyase; oxytocin; oxytocin receptor

1. Introduction

The post-traumatic mortality and morbidity are contingent upon the presence or
absence of traumatic brain injury (TBI) and/or hemorrhagic shock (HS) [1]. Throughout
HS treatment, supplementary O2 is often administered to enhance the amount of physically
dissolved O2, aiming to expedite the restoration of tissue O2 levels during impairment of
O2 transport caused by blood loss [2].

Hyperoxemia, however, may exert potentially adverse effects, including elevated
generation of reactive oxygen species (ROS), in particular during ischemia/reperfusion
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sequences, e.g., restoration of blood flow during resuscitation from HS [2]. Nonethe-
less, after TBI, epidemiological data showed that the presence of moderate hyperoxemia
(150 < PaO2 < 200 mmHg during the initial 24 h of intensive care unit (ICU) stay) coincided
with improved functional outcomes and survival [3]. In contrast, more recent data from
the Center–TBI cohort found that long-term morbidity and mortality were aggravated with
every 10 mmHg increase in supranormal arterial O2 partial pressure (PaO2) [4]. Finally, in
a long-term, resuscitated porcine model of acute subdural hematoma (ASDH) and HS in
adult and cardiovascular healthy animals, hyperoxemia targeting PaO2 of 200–250 mmHg
was associated with improved neurological function when compared to standard treat-
ment (PaO2 80–120 mmHg) [5]. In these experiments, neither parameters of cerebral tissue
perfusion (intracranial and cerebral perfusion pressure) and oxygenation (brain tissue
O2 partial pressure) nor metabolism (tissue microdialysis for glucose, lactate, pyruvate,
and glutamate) showed any differences between the two experimental groups. Hence, the
mechanisms allowing us to explain any effects of this targeted hyperoxemia on neurological
function remain largely underexplored.

In a long-term, resuscitated porcine model, we had previously shown that ASDH
alone, i.e., without additional HS, was associated both with markedly higher extravas-
cular albumin accumulation as a marker of blood–brain barrier dysfunction, as well as
nitrotyrosine formation as a marker of oxidative and nitrosative stress in the blood-injected
brain hemisphere when compared to the contralateral regions, which had only undergone
neurosurgical instrumentation [6]. Hippocampal nitrotyrosine staining was also signifi-
cantly increased in hyperoxia-exposed rats after controlled cortical impact-induced TBI [7].
However, delayed analysis of neuronal survival in that study did not show any significant
difference between the hyperoxic and normoxic groups. In mice that had undergone com-
bined TBI and HS, hyperoxia was also associated with signs of aggravated tissue oxidative
stress, as demonstrated by increased ascorbate depletion, but, in contrast, hippocampal
neuron survival improved [8].

Both oxytocin (OT) as well as its receptor (OT-R) and the hydrogen sulfide (H2S)
system are believed to be of pivotal importance in the stress response to physical and
psychological trauma, but also in fluid homeostasis, e.g., blood loss. In fact, in hemorrhaged
rats, OT formation was significantly decreased both in the hypothalamus and in the
neurohypophysis [9]. Moreover, tissue OT was shown to be significantly decreased in
the ipsilateral striatum in a mouse model of intracerebral hemorrhage, whereas the OT-R
expression showed the opposite response, i.e., a significant increase [10]. Our immuno-
histochemical characterization of the H2S and OT systems in brain specimen from swine
that had undergone ASDH alone without HS showed expression of the OT-R on both
sides, i.e., in the brain hemisphere affected by the acute subdural hematoma (ipsilateral)
as well as in the control (contralateral) hemisphere. OT, however, was only expressed on
the ipsilateral side. Similarly, cystathionine-β-synthase (CBS), one of the two major H2S-
producing enzymes, was also predominantly detected on the ipsilateral side. In contrast, the
staining for cystathionine-γ-lyase (CSE), the other of the two major H2S-producing enzymes,
was primarily present in the contralateral hemisphere, i.e., that without subdural blood
injection [11]. Finally, after murine TBI, the expression of CBS was significantly decreased
in the ipsilateral hemisphere, but reached basal level after 7 days [12]. It is noteworthy
that the aforementioned rodent studies were conducted without hemodynamic support to
maintain cerebral perfusion pressure (CPP), which is crucial for the outcome of TBI patients.
Moreover, animals breathed pure O2 rather than an inspiratory O2 concentration titrated
to achieve pre-defined PaO2 targets; in other words, they were exposed to potentially
excessive hyperoxia.

Hence, the effect of targeted hyperoxemia after combined ASDH-induced TBI and HS
on brain immunohistochemistry is still unknown. Therefore, this post hoc study of brain
tissue specimens available as part of the above-mentioned interventional study [5] investi-
gated the effect of targeted hyperoxemia on cerebral tissue markers of oxidative/nitrosative
stress, blood–brain barrier integrity and fluid homeostasis.
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2. Results

Figures 1 and 2 show representative images (left side) and the quantitative analysis
(right panels) of the cerebral tissue detection of albumin (Figure 1) as, when occurring
outside of the vasculature, a marker of blood–brain barrier integrity in both gray (upper
graphs) and white matter (lower graphs) as well as for nitrotyrosine (Figure 2) as a marker
of oxidative and nitrosative stress. Neither nitrotyrosine expression nor extravascular
albumin accumulation showed any significant intergroup difference, regardless of the
presence/absence of ASDH or of hyperoxemia. While a substantial amount of albumin
was detected in the gray matter and a noteworthy portion of tissue in the white matter,
indicating compromised blood–brain barrier function, nearly no nitrotyrosine was present
in the gray matter, and very little in the white matter.

Figure 1. Albumin in the gray matter (upper panel; n = 4–6) and white matter (lower panel; n = 6–7)
of the prefrontal cortex. Representative images (left panel), 30× magnified images originating from
the black box in the 10× magnified image and quantification of immunohistochemical staining
as positive tissue [pink, %] (right graph). N: Normoxemia (blue symbols); H: Hyperoxemia (red
symbols); ipsilateral: blood-injected hemisphere (solid circles); contralateral: instrumented-only
hemisphere (open circles).
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Figure 2. Nitrotyrosine (NT) in the gray matter (upper panel; n = 5–7) and white matter (lower panel;
n = 5–7) of the prefrontal cortex. Representative images (left panel), 30× magnified images originating
from the black box in the 10× magnified image and quantification of immunohistochemical staining
as positive tissue [pink, %] (right graph). N: Normoxemia (blue symbols); H: Hyperoxemia (red
symbols); ipsilateral: blood-injected hemisphere (solid circles); contralateral: instrumented-only
hemisphere (open circles).

Figures 3 and 4 show representative images (left panels) and the quantitative analysis
(right panels) of the cerebral tissue staining for oxytocin (Figure 3) and oxytocin receptor
(Figure 4) in both gray (top graphs) and white matter (bottom graphs). Neither oxytocin
nor the expression of oxytocin receptor exhibited any significant intergroup variance,
irrespective of the presence or absence of ASDH or hyperoxemia.
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Figure 3. Oxytocin (OT) in the gray matter (upper panel; n = 5–7) and white matter (lower panel;
n = 5–7) of the prefrontal cortex. Representative images (left panel), 30× magnified images origi-
nating from the black box in the 10× magnified image and quantification of immunohistochemical
staining as positive tissue [pink, %] (right graph). N: Normoxemia (blue symbols); H: Hyperoxemia
(red symbols); ipsilateral: blood-injected hemisphere (solid circles); contralateral: instrumented-only
hemisphere (open circles).
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Figure 4. Oxytocin receptor (OT-R) in the gray matter (upper panel; n = 5–7) and white matter
(lower panel; n = 5–7) of the prefrontal cortex. Representative images (left panel), 30× magnified
images originating from the black box in the 10× magnified image and quantification of immuno-
histochemical staining as positive tissue [pink, %] (right graph). N: Normoxemia (blue symbols);
H: Hyperoxemia (red symbols); ipsilateral: blood-injected hemisphere (solid circles); contralateral:
instrumented-only hemisphere (open circles).

Representative images (left panels) and the quantitative analysis (right panels) of the
cerebral tissue staining for the H2S-producing enzymes CBS and CSE are presented in
Figures 5 and 6 (gray matter: upper graphs; white matter: lower graphs). Neither CBS
(Figure 5) nor CSE (Figure 6) showed any significant intergroup differences.
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Figure 5. H2S-producing enzyme cystathionine-β-synthase (CBS) in the gray matter (upper panel;
n = 5–7) and white matter (lower panel; n = 5–7) of the prefrontal cortex. Representative im-
ages (left panel), 30× magnified images originating from the black box in the 10× magnified
image and quantification of immunohistochemical staining as positive tissue [pink, %] (right graph).
N: Normoxemia (blue symbols); H: Hyperoxemia (red symbols); ipsilateral: blood-injected hemi-
sphere (solid circles); contralateral: instrumented-only hemisphere (open circles).
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Figure 6. H2S-producing enzyme cystathionine-γ-lyase (CSE) in the gray matter (upper panel;
n = 5–7) and white matter (lower panel; n = 5–7) of the prefrontal cortex. Representative images (left

panel), 30× magnified images originating from the black box in the 10× magnified image and quan-
tification of immunohistochemical staining as positive tissue [pink, %] (right graph). N: Normoxemia
(blue symbols); H: Hyperoxemia (red symbols); ipsilateral: blood-injected hemisphere (solid circles);
contralateral: instrumented-only hemisphere (open circles).

3. Discussion

The aim of this investigation was to assess the protein levels of extravascular albumin,
nitrotyrosine, CBS, CSE, OT, and OT-R in the prefrontal cortex following ASDH and HS,
and subsequent resuscitation with targeted hyperoxemia vs. standard treatment. The main
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findings of the present study were (i) no significant differences in expression of any of these
parameters, (ii) without major effect at all of hyperoxemia.

In our study, the presence of albumin extravasation served as an indication of the de-
struction of the blood–brain barrier, which is consistent with findings from a previous study
conducted on gerbils, wherein immunohistochemical analysis demonstrated increased
permeability of the blood–brain barrier to serum albumin after infarction in the hippocam-
pus [13]. In comparison to our prior investigations in swine, the following disparities were
observed: following HS alone without simultaneous ASDH or any other direct acute brain
injury, no alterations in the levels of extravascular albumin had been noted [14], whereas
following ASDH alone, i.e., direct acute brain injury, but without concomitant circulatory
depression, a significant increase in extravascular albumin was detected in the ipsilateral,
i.e., blood-injected brain hemisphere [6]. In the present study, the concurrent occurrence
of ASDH and HS induced an extravasation of albumin. Overall, these findings suggest
that only the combined presence of acute brain injury and circulatory (in other words,
simultaneous regional (cerebral) and systemic (circulatory shock)) challenge is mandatory
to produce disruption of the blood–brain barrier in the contralateral hemisphere, i.e., that
without blood injection, ultimately resulting in albumin extravasation.

The present study revealed only a little nitrotyrosine expression, regardless of the
blood-injected vs. instrumented-only hemisphere. In comparison, in the previously men-
tioned study focusing on HS alone, no expression of nitrotyrosine was detected [14].
Conversely, following ASDH alone, a significantly higher level of nitrotyrosine could be
observed in the ipsilateral hemisphere [6]. This might suggest that ASDH alone per se
may induce ipsilateral oxidative stress. It should be noted, however, that in that study,
the volume of blood injected into the subdural was markedly higher, i.e., 20 mL corre-
sponding to approximately 12.5% of the brain volume, than in the present study, i.e.,
0.1 mL/kgBW ≈ 7–8 mL in animals with slightly higher body weight (median 75 [5] vs.
65 [6] kg). This approach was chosen to keep the volume of blood injected into the
subdural below 10% of the intracranial volume and, therefore, to avoid major intracra-
nial hypertension with a subsequent fall of CPP during the HS phase with potentially
irreversible brain injury.

Targeted hyperoxemia neither influenced the levels of nitrotyrosine (a marker of ox-
idative and nitrosative stress) in the ipsilateral nor in the contralateral hemisphere. In
both experimental animals and patients, the available data on the impact of hyperox-
emia on oxidative stress following TBI is inconclusive, with reports of exacerbated [7],
unchanged [15,16], or even diminished [17] markers of radical damage. Even prolonged
hyperoxemia, comparable to our investigation, for up to 14 days did not impact serum
markers related to oxidative stress, inflammation, or neurological injury [16]. Moreover,
it is worth noting that most of the aforementioned studies focused on short-term (up to
4 h) pure O2 ventilation, resulting in PaO2 levels between 300 and 450 mmHg, rather than
moderate hyperoxemia within a well-defined target range, as in our experiment. Thus, the
results from that study align with our own findings, indicating that moderate hyperoxia
within the chosen limits may be safe with respect to serum or cerebral tissue markers of
oxidative stress.

Targeted hyperoxemia suppressed the elevation of oxytocin in the ipsilateral brain
hemisphere. Moreover, there was reduced expression of oxytocin receptor in the same hemi-
sphere. To date, to the best of our knowledge there are no available data in the literature
regarding the impact of hyperoxemia on the cerebral protein levels of oxytocin and oxytocin
receptor. In contrast to our findings, divergent expression of oxytocin/oxytocin receptor
following intracerebral hemorrhage in a mouse model has been described previously [10].
In rats undergoing subarachnoid hemorrhage by blood injection into the great cistern, oxy-
tocin release sharply increased in the hypothamalic supraoptic nucleus, while no effect was
observed in the paraventricular nucleus [18]. It should be underscored, however, that any
direct comparison between these rodents and our porcine models is difficult: in addition to
the fundamental difference of the rodent, lissencephalic macroscopic brain anatomy when
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compared to the gyrencephalic porcine brain, in the aforementioned studies animals did
not receive any ICU care after blood injection, i.e., no mechanical ventilation (e.g., to control
for effects of anesthesia on respiratory drive and, thus, on arterial PCO2-related changes
in intracranial pressure (ICP)) and/or circulatory support to maintain CPP. Moreover, the
breathing gas consisted of pure O2 during the instrumentation and blood injection and
room air during the observation periods, respectively. Hence, possible effects of excess
systemic hyperoxemia and/or later hypoxemia would have remained undetectable. Re-
gardless of the differences in the experimental design, the elevation of OT expression in
the damaged brain areas may represent a physiological response of the body utilizing the
protective effects of oxytocin [19].

While the OT/OT-R system exhibits interaction with the H2S system, it is noteworthy
that targeted hyperoxemia, as previously delineated, exerts an influence on the expression
of OT and its receptor, yet fails to impact the expression of CBS and CSE within the gray
and white matter. While the existing data on CBS expression are currently inconclusive, in
the ipsilateral hemisphere, reports indicate both increased expression in swine receiving
ICU care [11] and decreased expression in mice without ICU care [12]. There is, to the
best of our knowledge, no available data regarding the expression of CSE. However, our
study noted consistent expression of CBS and CSE in both hemispheres. This disparity
may also be attributed to the substantial difference in the injected blood volume inducing
ASDH between our present study (0.1 mL/kgBW) and the previous one by Denoix et al.
(20 mL). As mentioned above, this approach had been guided by the reasoning that, in prior
investigations of porcine ASDH, injection of a blood volume maximally approaching 10% of
the intracranial volume represents the threshold for supratentorial volume tolerance [20,21].
In addition, this approach aimed to prevent pronounced intracranial hypertension and a
subsequent fall of CPP during the HS phase in order to avoid potentially irreversible brain
damage resulting from low CPP. Finally, as outlined above, a major divergence from Zhang
et al. [12] pertains to the utilization of swine in contrast to mice.

The pig serves as a highly relevant translational model due to its structural similarity
to the human brain. The presence of gyri and sulci (gyrencephalic brain), a proportional
white matter to gray matter ratio and the existence of a tentorium cerebelli distinguish
it from the rodent brain and reflect human pathophysiology [19,22]. A critical consid-
eration in translational TBI research pertains to the surface anatomy of the brain: the
lissencephalic nature of the rodent brain renders it unsuitable for extrapolation to humans
with gyrencephalic brains. The morphology of the gyrencephalic pig brain allows for
both gray and white matter responses to injury, closely mirroring human physiology [22].
In lissencephalic brains, “maximum mechanical stress” is experienced proximate to the
surface and evenly distributed. Conversely, in gyrencephalic brains, maximum stress is
redirected from the surface towards the depths at the base of the sulci, which is reminiscent
of conditions in humans [23]. This suggests that the pathophysiology of traumatic injuries
in lissencephalic rodents might significantly differ from that in gyrencephalic brains in more
developed species like pigs, which share anatomical and morphological features not only in
the presence of gyri and sulci but also in the distribution of white matter. Furthermore, an
additional limitation of rodent models lies in their failure to replicate the ICU interventions
akin to those received by TBI patients, notably the targeted surveillance and adjustment of
the CPP.

Limitations of the Study

Clearly, the results of our study are constrained by the relatively short 55 h timeframe
for injury and resuscitation, a limitation imposed by practicability and staff availability
for continuous ICU care, which is in sharp contrast to the medical reality, as TBI patients
typically remain in the intensive care unit for significantly longer periods. Nevertheless, a
recent study emphasized that our swine model incorporating ICU care is of a considerably
longer duration when compared to other pig trials [22].
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Moreover, it could be argued that the prefrontal cortex is not the appropriate region
because the hypothalamus would be more sensitive. However, this region was selected to
maintain comparability with our prior study using swine with identical genetic background
and of comparable age and body weight, which had focused on the consequences of
ASDH alone [6]. Indeed, this approach enabled the detection of specific differences in the
consequences of ASDH alone vs. combined ASDH and HS. In both studies, the decision to
focus on the prefrontal cortex was driven by its role in coordinating a multitude of complex
cognitive processes and regulating behavior. In humans, injuries to this brain region
can result in impaired cognitive control, social behavior, and emotional regulation [24].
We reasoned that this selection would be of particular relevance, aiming to identify a
correlate elucidating any impact on neurological function (Modified Glasgow Coma Scale)
subsequent to targeted hyperoxemia therapy.

4. Materials and Methods

4.1. Animals

Ethical approval was granted by the Federal Authorities (Tuebingen, Germany) for
Animal Research (#1316) and the Animal Care Committee of the University of Ulm. All ex-
periments were conducted in compliance with the European Union Directive 2010/63/EU
on the protection of animals used for scientific purposes. Fourteen adult pigs (body weight:
75 kg (73; 76), age: 16 months (15; 18), comprising four females and ten castrated males)
were investigated. The pigs belonged to the Bretoncelles–Meishan–Willebrand strain, which
is characterized by a diminished activity of the von Willebrand factor, thereby emulating
the human coagulation system [6], in contrast to the hypercoagulatory state observed in
domestic swine strains [25].

4.2. Experimental Protocol

This study is a post hoc analysis of brain sections from a model of combined ASDH
and HS in adult pigs in good cardiovascular health [5]. Induction of anesthesia and surgical
instrumentation, as well as the experimental protocol of induction of ASDH, HS and resusci-
tation, has been described in detail previously [5,6] and is graphically illustrated once again
in the Supplementary Material (Figure S1). The volume of blood used to induce ASDH was
selected based on the following insights: Firstly, previous studies on porcine ASDH have
demonstrated that injecting a blood volume of maximally 10% of the intracranial volume
represents the threshold for supra-tentorial volume tolerance [20,21]. Secondly, prelimi-
nary work from our own research group on pigs, which only received an ASDH without
hemorrhagic shock but with an absolute injected blood volume of 20 mL [6], showed a
marked increase in ICP within the first 30 min, in individual animals even reaching values
of 80–100 mmHg [6]. Moreover, in that study, even at 2 h after ASDH induction, ICP values
were still more than twice as high at the baseline levels, while only a moderate increase
was observed in the present experiment. Based on the aforementioned findings, in this
experiment, induction of ASDH was performed by injection of 0.1 mL/kgBW of autolo-
gous blood through the subdural catheter [5]. Therefore, the cranial vault was exposed,
and a craniotomy was executed by perforating openings over the left and right parietal
cortices, accompanied by a modest incision of the dura. Adhering to the principles of the
3Rs, the manipulation extended to the contralateral hemisphere to obviate the necessity
for supplementary sham experiments. Microdialysis catheters for the determination of
glutamate, glucose, pyruvate and lactate, as well as multimodal brain monitoring probes
for ICP, brain tissue partial O2 pressure (PbtO2) and temperature measurements were
introduced bilaterally into the cerebral parenchyma [5,6]. HS was initiated by passive
withdrawal of blood targeting 30% of the calculated blood volume. The deceleration of
blood extraction was implemented, as required, to uphold CPP, i.e., the difference between
mean arterial pressure (MAP) and ICP ≥ 50 mmHg. Subsequent to 2 h of concurrent
ASDH and HS, resuscitation was initiated. This encompassed the re-transfusion of shed
blood within 30 min, fluid resuscitation and the continuous intravenous administration of
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noradrenaline, titrated to sustain MAP at pre-shock levels and CPP > 60 mmHg [5]. Albeit
already presented in Datzmann et al. [5], the data are shown in the supplementary material
upon the reviewer’s request (Table S1). During the first 24 h of resuscitation, the animals
were randomly assigned to the control group receiving normoxemia (PaO2 80–120 mmHg)
or to the intervention group obtaining targeted hyperoxemia (PaO2 200–250 mmHg). To
this end, blood gas analyses were conducted hourly during the initial 24 h, and subse-
quently every 2 h. Any deviations from the target PaO2 were promptly addressed by
adjusting the inspiratory oxygen fraction (FiO2). After a maximum of 53 h of intensive
care treatment or premature cessation of the experiment in accordance with pre-defined
termination criteria (i.e., CPP < 60 mmHg despite receiving the maximum vasopressor
dose, acute anuric kidney failure and overall survival [5]; at the reviewer’s request, the
survival analysis is graphically represented in the Supplementary Material (Figure S2)),
pigs were euthanized by intravenous injection of KCl after further deepening of anesthesia.
Immediately postmortem, the brain was removed for further tissue analysis.

4.3. Immunohistochemistry

Immunohistochemistry was employed to assess cerebral expression levels of extravas-
cular albumin, serving as an indicator of blood–brain barrier integrity, nitrotyrosine as
a marker of oxidative and nitrosative stress within the tissue, OT and its receptor, along
with the principal H2S-producing enzymes CBS and CSE. Immunohistochemistry was
selected for several reasons: (i) it is well documented in the literature that densitometric
analysis of colorimetric immunohistochemical staining is comparably reliable to Western
blotting for quantifying protein levels [26], (ii) significant correlations were observed be-
tween densitometric values and those derived from Western blotting analysis [27], and
(iii) unlike Western blotting, immunohistochemical evaluation of tissue permits the identifi-
cation of spatial distribution and protein expression in distinct cell types within the tissue
specimen. All brain specimens underwent uniform fixation in a 4% formalin solution for
6 days. Subsequently, each brain was dissected into consecutive coronal sections with a
thickness of 4 mm, spanning from the frontal to occipital regions. In instances where the
macroscopic section exceeded the dimensions of the embedding cassette (26 × 3 × 4 mm),
it was laid flat and further dissected into a maximum of five pieces. This dissection process
was conducted in such a way as to facilitate subsequent reconstruction of the complete
section. For the purposes of this investigation, the macroscopic section, encompassing
the prefrontal cortex, was specifically chosen for detailed analysis. The prefrontal cortex
was selected (i) because of its sufficient distance from the ASDH, which primarily affected
the parietal cortex, thereby ensuring its macro- and microscopic structure remains intact,
(ii) the prefrontal cortex is of great significance in swine, as it is in other mammals, playing
a variety of roles in cognitive processing, behavior, and adaptation to the environment, and
(iii) to allow for comparison with our previous work in swine that had undergone ASDH
alone without HS [6]. The tissue was subsequently dehydrated and encased in paraffin
blocks. Sections with a thickness of 3–5 μm underwent de-paraffinization using xylene,
followed by rehydration through a graded series of ethanol and deionized water.

Immunohistochemistry was conducted in accordance with the previously outlined
methodology [11]. In brief, following de-paraffinization, heat-induced antigen retrieval
was performed in citrate solution (pH 6). Subsequently, blocking was achieved using
normal goat serum (10%) before incubation with the following primary antibodies: anti-
pig Albumin (Abcam, abab79960, RRID:AB_1658916, Cambridge, UK) as a marker of
blood–brain barrier dysfunction, H2S-producing enzymes anti-CBS (Protein Tech, Planegg-
Martinsried, Germany 14787-1-AP, RRID: AB_2070970) and anti-CSE (Protein Tech, Planegg-
Martinsried, Germany 12217-1-AP, RRID:AB_2087497), anti-OT (Merck SA, an affiliate of
Merck KGaA, Darmstadt, Germany, AB911, RRID:AB_2157629), anti-OT-R (Protein Tech,
2304523045-1-AP, RRID:AB_2827435) and anti-Nitrotyrosine (Merck SA, an affiliate of
Merck KGaA, Darmstadt, Germany, ab5411, RRID:AB_177459) as a marker of nitrosative
and oxidative stress.
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All primary antibodies were adjusted to their optimal dilution based on the manufac-
turer’s recommendations (Table 1). Negative controls were concurrently conducted [11] by
incubating with the diluent instead of the primary antibody to monitor the specificity of the
secondary system. Alternatively, when possible, pre-incubation of the primary antibody
with the corresponding immunogen peptide was performed. In such cases, brain tissue
was incubated with the pre-absorbed primary antibody rather than the regular primary
antibody [11]. The primary antibodies were detected utilizing the Dako REAL detection sys-
tem, which employed alkaline phosphatase-conjugated secondary antibodies (anti-mouse;
anti-rabbit). Visualization was achieved using a Fast Red-type chromogen. For each animal,
one slide per hemisphere was observed with a Zeiss Axio Imager A1 microscope equipped
with a 10× objective. Quantification was performed on 800,000-μm² sections using the
Zen Image Analysis Software (Version 3.0, Zeiss, Oberkochen, Germany). The results are
reported as the percentage of the positive stained area as a fraction of the total area.

Table 1. Primary antibodies.

Primary Antibody (Source, Catalog No.,
RRID)

Host Species Immunogen Sequence
Concentration
Used for IHC

anti-Albumin (Abcam, ab79960,
AB_1658916) Rabbit Polyclonal Pig Albumin purified from

pig plasma 1:2000

anti-CBS (Protein Tech, 14787-1-AP,
AB_2070970) Rabbit Polyclonal CBS fusion protein Ag6437 1:200

anti-CSE (Protein Tech, 12217-1-AP,
AB_2087497) Rabbit Polyclonal Gamma cystathionse fusion

protein Ag2872 1:200

anti-Nitrotyrosine (Merck Millipore, ab5411,
AB_177459) Rabbit Polyclonal Nitrated KLH 1:200

anti-OT (Millipore, Ab911, AB_2157629) Rabbit Polyclonal
CYIQNCPLG (Synthetic

oxytocin (Sigma) conjugated
to thyroglobulin)

1:500

anti-OT-R (Protein Tech, 123045-1-AP,
AB_2827425) Rabbit Polyclonal Oxytocin Receptor fusion

protein Ag19074 1:100

4.4. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism Version 8. Inter-group
differences were examined utilizing the Kruskal–Wallis test. The data are presented as
individual representation with a corresponding median.

5. Conclusions

In this post hoc analysis of material from a long-term, resuscitated porcine model with
ASDH and HS, the expression levels of cerebral tissue markers associated with oxidative
and nitrosative stress, indicators of blood–brain barrier integrity, as well as regulators of
fluid homeostasis, did not provide an explanatory framework for the observed variations
in neurological function related to targeted hyperoxemia. However, it is noteworthy that
targeted hyperoxemia during resuscitation from combined ASDH and HS did not exhibit
any apparent adverse effects.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms25126574/s1.
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Abstract: Onboard oxygen-generating systems (OBOGSs) provide increased inspired oxygen (FiO2)
to mitigate the risk of neurologic injury in high altitude aviators. OBOGSs can deliver highly variable
oxygen concentrations oscillating around a predetermined FiO2 set point, even when the aircraft
cabin altitude is relatively stable. Steady-state exposure to 100% FiO2 evokes neurovascular vaso-
constriction, diminished cerebral perfusion, and altered electroencephalographic activity. Whether
non-steady-state FiO2 exposure leads to similar outcomes is unknown. This study characterized the
physiologic responses to steady-state and non-steady-state FiO2 during normobaric and hypobaric
environmental pressures emulating cockpit pressures within tactical aircraft. The participants re-
ceived an indwelling radial arterial catheter while exposed to steady-state or non-steady-state FiO2

levels oscillating ± 15% of prescribed set points in a hypobaric chamber. Steady-state exposure to 21%
FiO2 during normobaria produced arterial blood gas values within the anticipated ranges. Exposure
to non-steady-state FiO2 led to PaO2 levels higher upon cessation of non-steady-state FiO2 than when
measured during steady-state exposure. This pattern was consistent across all FiO2 ranges, at each
barometric condition. Prefrontal cortical activation during cognitive testing was lower following
exposure to non-steady-state FiO2 >50% and <100% during both normobaria and hypobaria of
494 mmHg. The serum analyte levels (IL-6, IP-10, MCP-1, MDC, IL-15, and VEGF-D) increased 48 h
following the exposures. We found non-steady-state FiO2 levels >50% reduced prefrontal cortical
brain activation during the cognitive challenge, consistent with an evoked pattern of neurovascular
constriction and dilation.

Keywords: hypobaric; oxygen; arterial; brain; neurovascular; spectroscopy

1. Introduction

Hypobaric hypoxia and decompression injury are among the risks awaiting tactical
aviators within their austere, high-altitude environment. The life-support equipment
providing a continuous fraction of inspired oxygen (FiO2), typically between 35 and 100%,
is an intended neuroprotection against those hazards. Exposure to enhanced oxygen
concentrations also conveys a risk. Prolonged exposure is pathologic to multiple organ

Int. J. Mol. Sci. 2024, 25, 3279. https://doi.org/10.3390/ijms25063279 https://www.mdpi.com/journal/ijms111



Int. J. Mol. Sci. 2024, 25, 3279

systems [1,2] while short term exposure reduces cerebral perfusion and alters cortical
electroencephalographic activity [3].

The original technology to provide the increased FiO2 levels necessary for survival
within high altitude environments was first implemented during World War I. Those
systems used liquid oxygen, a relatively simple approach [4,5]. As the liquid oxygen
transitioned into a gaseous state, it flowed into the aircrew’s breathing system. There,
it was diluted with air to deliver a specific level of FiO2 to the aviator, with that level
determined by cockpit ambient pressure [6]. Further dilution of the FiO2 could occur
within the gas regulators, such as that found within diluter demand masks. The success of
liquid-oxygen systems led to their further development and, beginning in the early 1940s,
the installation of a small refillable liquid oxygen container within almost every tactical
aircraft. The simplicity of the liquid-oxygen systems contributes to their continued use.

Onboard oxygen-generation systems (OBOGs) began replacing liquid-oxygen-based
life-support systems during the 1970s [7]. Their operation is dependent upon a stream of
ambient air being forced through a molecular sieve. Only oxygen molecules pass through
the sieve and into a series of small storage tanks [8]. Upon release from the storage tanks,
dilution occurs in diluter-demand regulators. The criteria of both minimum and maximum
FiO2 delivery are determined according to the aircraft cockpit pressure. The OBOGs
typically incorporate “safety pressure”, which is a continuous positive pressure within the
pilot’s mask of 1.25–4 cm of water (cmH2O). Systems without safety pressure, or when
safety pressure is turned off, will provide 0–0.5 cmH2O pressure within the mask. In
contrast with liquid-oxygen systems that deliver a relatively constant FiO2 concentration
into the life support system, the FiO2 delivery from the OBOGs system follows a sinusoidal
pattern [6].

Oxygen-induced reductions in cerebral perfusion, and subsequently, oxygen delivery
to the brain, was first characterized in healthy humans with indwelling arterial and venous
catheters by Lambertsen et al., in 1953 [9]. Those findings have since been replicated
using noninvasive techniques [10,11], with more recent studies revealing that reductions
in cerebral perfusion begin during exposure to an FiO2 of 60% [12]. Inspired oxygen
levels > 60% not only influence neurovascular tone; systemic sequelae can range from
decreased cardiac output [13] and the onset of lung alveolar collapse and atelectasis [14], to
tonic-clonic seizure activity when hyperoxia occurs during hyperbaric conditions [15].

In contrast with well characterized neuro- and physiological outcomes of exposure
to steady-state FiO2, fewer studies have focused upon the outcomes of exposure to non-
steady-state FiO2. Those findings, often derived from cell [16], rodent, or swine models [17]
reveal inflammation of the pulmonary epithelium. Those observations concur with studies
by Formenti et al. [18,19] revealing that non-steady-state FiO2 levels, induced by altering
the ventilatory inspiratory and expiratory ratios, lead to non-steady-state arterial blood
oxygen (PaO2) levels [17]. While those studies affirm that exposure to non-steady-state FiO2
induces non-steady-state PaO2 levels, there is an absence of peer-reviewed publications
assessing the impact of non-steady-state FiO2 and PaO2 upon functional activity within the
human cerebral cortex. Our objective for this study was to address that void.

To inform our understanding of the central nervous system’s functional response to
non-steady-state FiO2, we measured prefrontal cortical activity during a cognitive task
immediately following exposure to non-steady FiO2 and again 120 s later following expo-
sure to steady-state FiO2. This enabled us to test the following hypotheses: (1) Following
exposure to non-steady-state FiO2, arterial blood oxygen (PaO2) levels will reflect the FiO2
at the time which the sample was obtained; (2) The prefrontal cortex will achieve a dif-
ferent level of activation during a cognitive task following exposure to non-steady-state
FiO2 when compared to exposure to steady-state FiO2; and (3) Exposure to increased FiO2
levels, both steady and non-steady-state, will be followed by increased levels of systemic
proinflammatory serum analytes.
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2. Results

Thirty-seven candidates received a verbal description of the study protocol and pro-
vided written informed consent to participate. Of those 37, seven withdrew prior to par-
ticipating due to scheduling conflicts or concerns regarding COVID-19. Of the remaining
30 people who began the study, six were excluded from continuing the protocol following
a vasovagal response during arterial catheter placement. The remaining 24 participants
completed all phases of the protocol. Their basic demographics are presented in Table 1;
there were no differences between male and female study participant’s age or BMI.

Table 1. Study participant demographics.

Sex Race
Age (Years)

M ± SD
(Range)

BMI (kg/m2)
M ± SD
(Range)

Males
n = 17

Asian = 2
Black = 5

White = 10

31.12 ± 11.03
(21–57)

28.80 ± 5.52
(22.12–45.84)

Females
n = 7

Asian = 2
Black = 0
White = 5

29.57 ± 6.29
(24–42)

28.89 ± 5.77
(21.07–39.30)

p-value 0.2020 a 0.8731 b 0.9241 b

No age or BMI differences were found between males and females. a p-value from Fisher’s exact test. b p-values
from Wilcoxon rank sum test.

2.1. Non-Steady-State/Steady-State FiO2 Exposure

Continuous tracing from an oxygen sensor attached to the study participant’s facemask
validated that the FiO2 delivered to the participant matched the intended output from the
air/oxygen blender. The signal hysteresis depicted in Figure 1, especially at the top of
each square wave, represents nitrogen washout from the lungs, which can take several
minutes [20]. The hysteresis/nitrogen washout reveals the heterogeneity in lung ventilation
and confirms that a steady-state, homogenous level of oxygen within the lungs was not
achieved during the 60 s cycle time of each FiO2 oscillation.

 

Figure 1. Output from mask oxygen sensor.

This graph displays the output from the mask oxygen sensor from one study partici-
pant. The x-axis is time in minutes with each block representing two minutes. The y-axis is
oxygen concentration measured within the mask, with each block representing 8.0 percent.
The blue circles represent the time points of each arterial blood sample. The series of three
pegboard tests (not indicated on this figure) were initiated after each collection of each
arterial blood sample.
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2.2. Arterial Blood Gas Results

Table 2 illustrates that during normobaric ambient pressure (749 mmHg), the PaO2
levels measured during exposure to steady-state 21% FiO2 were 95.63 ± 13.21 mmHg
(mean ± 1 SD), while exposure to steady-state 100% FiO2 produced PaO2 levels of
541.83 ± 47.62 mmHg. Those values were within the anticipated range for healthy peo-
ple [21]. Table 2 also presents the PaO2 levels measured during exposure to steady-state 21%
and 100% FiO2 at the simulated altitudes of 8000 ft (565 mmHg) and 15,000 ft (494 mmHg).
Those PaO2 levels were also within the anticipated ranges [22]. The accompanying val-
ues of PaCO2, pH, HCO3, SaO2, glucose, and hematocrit are provided in Supplementary
Tables S1–S6.

The values of PaO2 measured at the conclusion of each non-steady-state FiO2 sequence
were significantly greater than the PaO2 values measured 120 s later during exposure to
steady-state FiO2. This pattern was consistent during all non-steady-state FiO2 sequences
administered at 749 mmHg (normobaric conditions), 565 mmHg (8000 ft), and 494 mmHg
(15,000 ft). However, the magnitude of difference between the PaO2 values observed
immediately post non-steady-state FiO2 with those observed following 120 s of steady-state
FiO2 increased as ambient environmental pressure decreased. Whereas the mean percent
change was 12.81% during normobaric conditions at 749 mmHg, that mean percent change
increased to 15.37% for PaO2 values measured at 565 mmHg and 17.55% for PaO2 values
measured at 494 mmHg.

Table 2. Arterial blood PaO2 comparisons.

FiO2 Range during
Non-Steady-

State/Steady-State
Hyperoxia Exposure

N †

PaO2

Measured upon Reaching
Predetermined FiO2

Level Following Non-Steady-
State/Steady-State Hyperoxia

Exposure (Mean ± SD)
Range

PaO2

Measured after
Maintaining

Predetermined FiO2

Level for 120 s
(Mean ± SD)

Range

p-Value
Adj.

p-Value

749 mmHg 21% steady state 24 95.63 ± 13.21
(68–122) n/a

(% Change)
35% ± 15% 24

216.67 ± 29.53 178.25 ± 26.73
<0.0001 <0.000117.73% (115–264) (90–210)

13.75% 50% ± 15% 24
296.92 ± 37.53 255.50 ± 34.59

<0.0001 <0.0001(166–356) (121–288)

9.73% 65% ± 15% 24
382.50 ± 42.99 345.29 ± 44.56

<0.0001 <0.0001(227–431) (171–396)

10.01% 80% ± 15% 24
470.96 ± 55.59 423.83 ± 49.81

<0.0001 * <0.0001(318–548) (225–471)

100% steady state 24 541.83 ± 47.62
(385–613) n/a

565 mmHg 21% steady state 24 66.71 ± 6.10
(51–83) n/a

21.02% 35% ± 15% 24
154.21 ± 19.72 121.79 ± 17.99

<0.0001 <0.0001(105–195) (78–163)

18.79% 50% ± 15% 24
218.25 ± 25.10 177.25 ± 27.34

<0.0001 <0.0001(134–264) (77–208)

11.68% 65% ± 15% 23
274.35 ± 22.37 242.30 ± 27.11

<0.0001 <0.0001(218–301) (161–273)

9.97% 80% ± 15% 23
336.52 ± 41.60 302.96 ± 40.47

<0.0001 <0.0001(174–391) (141–342)
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Table 2. Cont.

FiO2 Range during
Non-Steady-

State/Steady-State
Hyperoxia Exposure

N †

PaO2

Measured upon Reaching
Predetermined FiO2

Level Following Non-Steady-
State/Steady-State Hyperoxia

Exposure (Mean ± SD)
Range

PaO2

Measured after
Maintaining

Predetermined FiO2

Level for 120 s
(Mean ± SD)

Range

p-Value
Adj.

p-Value

100% steady state 23 379.29 ± 46.56
(189–420) n/a

494 mmHg 21% steady state 23 47.17 ± 5.51
(36–58) n/a

27.26% 35% ± 15% 23
107.65 ± 16.38 78.30 ± 10.61

<0.0001 <0.0001(77–136) (53–93)

18.09% 50% ± 15% 23
153.83 ± 20.75 126.00 ± 17.22

<0.0001 <0.0001(93–186) (79–152)

13.64% 65% ± 15% 23
199.26 ± 25.32 172.09 ± 23.19

<0.0001 <0.0001(111–229) (94–197)

11.21% 80% ± 15% 23
242.39 ± 21.26 215.22± 28.16

<0.0001 <0.0001(184–267) (112–237)

100% steady state 23 273.22 ± 29.27
(184–306) n/a

Comparisons of arterial blood PaO2 sampled immediately following 5 min of exposure to oscillatory FiO2 were
made with those sampled immediately following 120 s of exposure to steady-state FiO2. Comparisons were
performed using paired t-tests unless otherwise indicated. * p-values from Wilcoxon signed rank test; adj. p-values
from false discovery rate (FDR). † Sample size for ABG measurements decreased as a result of one participant
whose arterial line catheter became non-functional during the latter part of the experimental protocol.

2.3. fNIRS Results

Table 3 reports comparisons of fNIRS contrasts performed during the grooved peg-
board task immediately following exposure to oscillatory FiO2 with those performed
during a grooved pegboard task following 120 s of exposure to steady-state FiO2. We found
exposure to non-steady-state cyclic FiO2 > 50% and < 100% led to reduced prefrontal corti-
cal activation levels immediately following 5 min of exposure to oscillatory FiO2 at both
normobaric pressure and during exposure to a reduced barometric pressure of 494 mmHg.
These results are graphically illustrated in Figure 2.

Table 3. Prefrontal cortical activation levels.

FiO2 Range during
Non-Steady-

State/Steady-State
Hyperoxia Exposure

N †

Activation Level during
Pegboard Task #1

(Mean ± SD)
Range

Activation Level during
Pegboard Task #3

(Mean ± SD)
Range

p-Value
Adj.

p-Value

749 mmHg

21% steady state 23 0.992 ± 0.918 1.02 ±1.051 0.4625 0.6508(−0.873–2.525) (−1.009–2.676)

35% ± 15% 24 0.779 ± 1.029 0.726 ± 0.955 0.5872 0.6508(−0.692–2.81) (−1.153–2.576)

50% ± 15% 24 0.662 ± 1.061 0.731 ± 0.822 0.5438 0.6508(−0.999–2.954) (−0.562–2.317)

65% ± 15% 24 0.632 ± 0.932 0.92 ± 0.871 0.0146 0.0876(−1.36–2.692) (−0.356–2.892)

80% ± 15% 24 0.609 ± 0.815 0.856 ± 0.885 0.0321 0.0963(−0.778–2.176) (−1.071–2.649)

100% steady state 23 0.431 ± 0.969 0.467 ± 0.931 0.6508 0.6508(−1.293–2.782) (−1.243–2.988)
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Table 3. Cont.

FiO2 Range during
Non-Steady-

State/Steady-State
Hyperoxia Exposure

N †

Activation Level during
Pegboard Task #1

(Mean ± SD)
Range

Activation Level during
Pegboard Task #3

(Mean ± SD)
Range

p-Value
Adj.

p-Value

565 mmHg

21% steady state 22 0.476 ± 0.987 0.741 ± 1.081 0.0466 0.2190(−1.154–2.601) (−0.723–3.614)

35% ± 15% 22 0.756 ± 0.673 0.794 ± 0.845 0.7181 0.8554(−0.17–2.324) (−0.673–2.449)

50% ± 15% 24 0.501 ± 1.048 0.695 ± 0.965 0.0730 0.2190(−1.548–2.951) (−1.375–2.322)

65% ± 15% 22 0.662 ± 1.056 0.687 ± 0.945 0.8554 0.8554(−1.177–4.221) (−0.819–3.677)

80% ± 15% 23 0.555 ± 1.055 0.592 ± 1.031 0.4351 0.6527(−1.817–2.549) (−1.769–2.381)

100% steady state 23 0.791 ± 0.885 0.887 ± 0.916 0.1820 0.3640(−1.223–2.455) (−1.675–2.36)

494 mmHg

21% steady state 22 0.434 ± 1.006 0.874 ± 0.764 0.0340 0.0680(−1.577–2.639) (−0.631–2.035)

35% ± 15% 23 0.997 ± 1.076 0.943 ± 1.061 0.6663 0.6663(−1.041–3.164) (−0.749–3.776)

50% ± 15% 21 0.666 ± 0.791 0.879 ± 1.071 0.0335 0.0680(−0.526–2.466) (−0.674–3.611)

65% ± 15% 22 0.798 ± 0.948 0.872 ± 0.949 0.5564 0.6663(−0.558–2.968) (−0.942–2.829)

80% ± 15% 22 0.605 ± 0.949 0.726 ± 0.915 0.0271 * 0.0680(−0.715–2.583) (−0.47–3.205)

100% steady state 22 0.762 ± 1.075 0.61 ± 0.992 0.1838 * 0.2757(−1.455–2.721) (−1.361–2.439)

fNIRS contrasts performed during the grooved pegboard task immediately following exposure to oscillatory FiO2
were compared with those performed during a grooved pegboard task following 120 s of exposure to steady-state
FiO2. Comparisons were performed using paired t-tests unless otherwise indicated. † Sample size variation is
due to artifact rejection which deleted some sequences of fNIRS data. * p-values from Wilcoxon signed rank test.

 
Figure 2. Prefrontal cortical activation. This figure illustrates the z-score ± 1 SEM of prefrontal
cortical activation levels as measured by fNIRS between Task #1 and Task #3 at each barometric
pressure. The black line represents data generated at 749 mmHg, red is 565 mmHg and green is
494 mmHg. The values for z-scores are staggered on the x-axis only for the purpose of visualization.
* Represents significant differences between Task #1 and Task #3 as reported in Table 3.
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2.3.1. Pressure of 749mmHg (Normobaria)

No differences in levels of prefrontal cortical activation occurred at normobaric pres-
sure between Task #1 and Task #3 during exposure to a steady-state FiO2 of 21%. The
prefrontal cortical activation levels also did not differ between pegboard Task #1 and Task
#3 during exposure to a non-steady-state FiO2 of 35% ± 15% and FiO2 of 50% ± 15%.
However, significant differences in prefrontal cortical activation did emerge between Task
#1 and Task #3 during exposure to a non-steady-state FiO2 of 65% ± 15% as well as FiO2
of 80% ± 15%. At those oxygen concentrations, prefrontal cortical activation levels were
significantly lower immediately after exposure to non-steady-state FiO2 (Task #1) than dur-
ing steady-state FiO2 (Task #3). Those differences resolved upon exposure to a steady-state
FiO2 of 100%.

2.3.2. Pressure of 565 mmHg (8000 ft)

Prefrontal cortical activation levels only differed between Task #1 and Task #3 at
565 mmHg following exposure to a steady-state FiO2 of 21%. Exposure to increased oxygen
concentrations > 21%, presented as either non-steady-state or steady-state, did not elicit
differences in prefrontal cortex activation levels between pegboard Task #1 and Task #3.

2.3.3. Pressure of 494 mmHg (15,000 ft)

Prefrontal cortical activation levels at 494 mmHg differed between Task #1 and Task
#3 during exposure to a steady-state FiO2 of 21%. Prefrontal cortical activation levels also
differed between Task #1 and Task #3 while the participant was exposed to non-steady-state
FiO2 levels of 50% ± 15% and FiO2 levels of 80% ± 15%. Those differences resolved upon
exposure to steady-state FiO2 of 100%.

2.4. Blood Serum Results

The levels of 37 serum analytes were measured in blood samples obtained at each of
the two data collection time points. Of those 37 analytes, the serum levels of six analytes
differed significantly between the values obtained prior to exposure to increased FiO2
and hypobaria with those values measured 48 h after completion of all exposures. Serum
levels for those six analytes and the outcomes of the statistical comparisons are provided in
Table 4. This table reveals that IL-6, measured by the proinflammatory plate, was increased.
The chemokine plate showed increases in IP-10, MCP-1, and MDC. The cytokine plate
revealed increased levels of IL-15 while the angiogenesis plate demonstrated that VEGF-D
was also increased post exposure.

Table 4. Serum analytes.

Analyte N †
Baseline
M ± S.D
(Range)

Post-Hypobaria and Hyperoxia
Exposure M ± S.D

(Range)
p-Value a Adj. p-Value

Proinflammatory Plate (pg/mL)

IL-6 23
1.367 ± 3.201 1.973 ± 3.790

0.014 * 0.0268(0.010–15.898) (0.305–17.981)

Chemokine Plate (pg/mL)

IP-10 23
146.535 ± 76.353 245.677 ± 183.548

<0.0001 * 0.0004(34.809–394.060) (91.328–770.989)

MCP-1 23
84.383 ± 43.204 119.536 ± 60.249

0.023 0.0268(15.264–152.951) (46.300–303.390)

MDC 23
495.726 ± 204.249 592.515 ± 207.538

0.004 0.0140(160.135–1066.029) (324.178–1015.837)
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Table 4. Cont.

Analyte N †
Baseline
M ± S.D
(Range)

Post-Hypobaria and Hyperoxia
Exposure M ± S.D

(Range)
p-Value a Adj. p-Value

Cytokine (pg/mL)

IL-15 23
1.464 ± 0.613 1.671 ± 0.558

0.023 0.0268(0.678–2.832) (0.817–2.628)

Angiogenesis (pg/mL)

VEGF-D 23
1423.960 ± 343.450 1529.171 ± 417.718

0.023 0.0268(853.415–2225.042) (824.415–2636.861)

Six serum analyte levels changed significantly from baseline when compared to serum analyte levels measured
following exposure to hypobaria and hyperoxia. † N = 23, due to one missing post-exposure venous blood sample;
* p-values from Wilcoxon signed rank test; a p-values from paired t-tests; adj. p-values from false discovery
rate (FDR).

3. Discussion

Our objective was to characterize physiologic responses to exposure to both non-
steady-state and steady-state FiO2 during normobaric and hypobaric environmental pres-
sures. The primary outcomes included serial measurements of arterial blood gases (ABG)
and prefrontal cortical activity during cognitive challenge. The secondary outcomes in-
cluded measures of general blood chemistry and the quantification of selected serum
analytes within the circulatory system both before and after exposure.

The results indicate that steady-state exposure to 21% FiO2 during normobaric environ-
mental pressures produced ABG values within the anticipated ranges (control condition).
Exposure to non-steady-state FiO2 levels led to transient elevations of PaO2 values that
were higher upon cessation of non-steady-state FiO2 than when measured 120 s later during
steady-state exposure to the same FiO2 level (Table 2). This pattern of increased PaO2 levels
following exposure to non-steady-state FiO2 was consistent across all FiO2 ranges, and
present at each of the three barometric pressure conditions.

When exposed to both steady-state and non-steady-state FiO2 levels < 50%, prefrontal
cortical activation measured during pegboard Task #1 was not different from levels mea-
sured 120 s later during pegboard Task #3. In contrast, exposure to non-steady-state cyclic
FiO2 > 50% and <100% led to reduced prefrontal cortical activation levels during Task #1
when compared with levels measured 120 s later during Task #3. These differences emerged
at both normobaric pressure and during exposure to a reduced barometric pressure of
494 mmHg, which simulated an altitude of 15,000 feet.

In addition to acute transient changes in the ABG values and levels of prefrontal
cortical activation, we also observed that six serum analyte levels were increased 48 h
following exposure to increased FiO2 and hypobaria. Those included IL-6, IP-10, MCP-1,
MDC, and IL-15. The vascular endothelial growth factor, VEGF-D, was also increased.

Arterial blood gas values of PaO2, measured within two to three breaths following
cessation of non-steady-state FiO2, suggest that the oxygen content within each inspired
breath was rapidly conveyed into the circulatory system. During exposure to non-steady-
state FiO2 levels of 65% ± 15% FiO2, an atmospheric pressure of 749 mmHg, a PaCO2 of
41.9 mmHg with presumed partial pressure of water vapor in the airway of 47 mmHg, and
a respiratory quotient (R.Q.) of 0.8, the alveolar pressure of oxygen (PAO2) was predicted to
be 403.9 mmHg. When accounting for the alveolar–arterial (Aa) gradient, which reduces the
partial pressure of oxygen by 5–10 mmHg, the anticipated PaO2 within those participants
should have been between 389.9 and 393.9 mmHg. Table 2 reveals that following the non-
steady-state FiO2 sequence of 65% ± 15%, the actual PaO2 values were 382.5 ± 42.9 mmHg
(mean ± 1 SD), which closely approximates to the expected value.

In a recently reported study [23], human participants were exposed to 60 s oscillations
of 80% FiO2 and 20% nitrogen (N2) and between 70% FiO2 and 30% N2 in a hypobaric
chamber at 8000 feet in two exposure cycles of 45 min alternating with a 45 min break. Mea-
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surements were taken at ground level before, between, and after the oscillatory exposures
and comparisons were made between baseline and hyperoxic oscillatory exposures while
remaining at 8000 ft. No differences were found in arterial PaO2 across the measurement
time points but statistically significant reductions in PaCO2 were noted between and fol-
lowing the oscillatory exposures. Conversely, our study compared PaO2 and PaCO2 levels
following 120 s exposures of steady-state FiO2 of 65% and 80% to PaO2 and PaCO2 levels
obtained following three 60 s oscillations ± 15% of those respective steady-state values
at 8000 feet. Key differences between the two experimental designs prevent meaningful
comparisons of our study with the Kelley et al. publication. Additional barriers to com-
paring the two studies include the lack of explanation for the very low PaCO2 levels at
baseline and the omission of pH, bicarbonate, and other ABG components that would
allow interpretation. Ambiguity as to whether baseline blood gas measurements used
for statistical comparisons were obtained at sea level or at 8000 feet prior to oscillatory
exposure also limit inter-study comparisons.

If significant mixing occurred between the newly inspired oxygen content contained
within each inspiration with the pre-existing oxygen content within the residual lung
volume, the PaO2 value measured following each non-steady-state FiO2 sequence would
have been much higher. During the non-steady-state FiO2 sequence of 65% ± 15%, the
alveolar air equation estimates that an FiO2 of 80%, which was the peak FiO2 prior to the
drop to 65% FiO2, would produce PaO2 values of 499–504 mmHg [24]. If “mixing” occurred
between an existing residual lung volume of gas containing 80% FiO2 with an incoming gas
containing an FiO2 of 65%, the predicted PaO2 would have been ~440.5 mmHg. However,
actual PaO2 levels were not in that range; they were instead 382.5 ± 42.9 mmHg. This
suggests that during the two to three breaths occurring during the transition from 80%
FiO2 to 65% FiO2, the newly inspired oxygen content was immediately transferred from the
alveoli into the circulatory system. This would be consistent with observations by Formenti
and Farmery [19], who revealed breath-by-breath oscillations in PaO2 do occur, and those
oscillations correspond with the inspiratory and expiratory phases of the respiratory cycle.
Their studies suggest that the actual oxygen content within each inspired breath is rapidly
transferred across the alveolar epithelium and into the systemic circulation.

Exposure to non-steady-state FiO2 sequences evoked a systematic and reproducible
outcome on PaO2 levels, regardless of ambient environmental pressures. In contrast, non-
steady-state FiO2 influences upon prefrontal cortical activation were less systematic and
were constrained to FiO2 exposures >50% but <100%. The potential mechanisms influenc-
ing these changes in prefrontal cortical activation levels have been informed by studies
characterizing the relationship between increased FiO2 with cerebral perfusion. Those
studies [3,12], conducted under normobaric conditions, revealed that cerebral perfusion is
unaffected by FiO2 levels ≥ 21% but ≤50%. Beginning with FiO2 levels of 60%, cerebral
perfusion begins to decline and continues to fall with each incremental increase in FiO2.
Upon reaching an FiO2 of 80%, cerebral perfusion is reduced by ~25% of baseline values
(mean ± 1 SD), dropping from 46.16 ± 10.11 milliliters per minute per 100 g of tissue
(mL/min/100 g) to 34.58 ± 8.59 mL/min/100 g. During exposure to 100% FiO2, cerebral
perfusion is 32.46 ± 7.24 mL/min/100 g, a five percent reduction from levels observed
during exposure to 80% FiO2. Collectively, these findings suggest that exposure to FiO2
levels of ~60% evokes onset of neurovascular constriction. Increasing FiO2 beyond 60%
prompts further neurovascular constriction, which becomes maximal during exposure to
FiO2 levels between 80% and 100%.

Our collective observations from this and prior studies suggest that (1) PaO2 levels
are increased following exposure to non-steady-state FiO2 compared to when measured
following the subsequent 120 s of steady-state FiO2 (Table 2), and (2) FiO2 levels ≥ 60%
reduce cerebral perfusion via neurovascular constriction [12], and finally, (3) lowering the
FiO2 from 100% to 21% leads to neurovascular dilation with the restoration of cerebral
perfusion to baseline levels [12]. Those findings lead us to suspect that exposure to non-
steady-state, cyclic FiO2 levels within the range of 65% ± 15% induces non-steady-state,
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cyclic neurovascular constriction and dilation. During exposure to 80% FiO2, the peak level
delivered during the non-steady-state FiO2 sequence of 65% ± 15%, maximal neurovascular
constriction with a concomitant reduction in cerebral perfusion would have existed. We
believe the reduced levels of prefrontal cortical activity observed during pegboard Task
#1 reflected the reduced cerebral perfusion occurring at the peak FiO2 during non-steady-
state exposures.

Due to the inherent circulatory delay between the lungs and brain [25,26], the change in
FiO2 from 80% to 65% followed by neurovascular dilation with increased cerebral perfusion,
would not have occurred until after completion of pegboard Task #1. Beginning with
pegboard Task #3, which commenced following 120 s of steady-state FiO2, neurovascular
dilation with increased cerebral perfusion would have achieved a constant level. The
relative increase in cerebral perfusion at FiO2 of 65% versus that following exposure to an
FiO2 of 80% would have led to increased oxygen delivery. We believe that during pegboard
Task #3, the increase in cerebral perfusion and oxygen delivery could have accounted for
the increased prefrontal cortical activation levels that we observed. While that hypothesis
is biologically plausible, confirming or refuting it would have required additional studies
and experimental techniques on cortical connectivity that were beyond the intent and scope
of this study.

In addition to the changes in PaO2 and levels of prefrontal cortical activation that
emerged during exposure to non-steady-state FiO2, we also observed increased levels of
six blood serum analytes 48 h later, following the conclusion of the experimental protocol.
Comparison of our serum analyte levels to previously published reports is limited by
different analysis techniques (enzyme-linked immunosorbent assay (ELISA)) vs. the more
sensitive multi-array technology we used) and the scarcity of studies documenting inter-
subject variation and temporal changes in baseline levels within non-clinical populations.
Two studies conducted in healthy individuals concluded that significant variability exists
in the baseline levels between healthy individuals, and most cytokines remain stable across
serial measurements [27,28]. The baseline and post-exposure serum analyte levels we
report appear to reside within published normative reference range measurements [27,29–
32]. However, comparisons are limited between ELISA-derived values and those obtained
from ultrasensitive assay methods that are essential for characterizing cytokine levels [28].
More importantly, the increase in the serum analyte levels in our study concurs with prior
observations that exposure either to steady state or non-steady-state FiO2 levels ≥ 50%
elicits the onset of proinflammatory biochemical cascades within the pulmonary epithelium
and other cell types [17]. In addition, the placement of the radial artery catheter could also
have initiated the release of several of the proinflammatory serum analytes presented in
Table 4. Although baseline levels of MCP-1 have been reported to vary across time in healthy
individuals [27], MCP-1 influences the movement of monocytes out of the bloodstream,
across the endothelium and into the tissues to engage in immunologic surveillance and
inflammatory responses [33] and could explain the increase we observed. Determining the
specific mechanisms underlying increased analyte levels is beyond the scope of this project
but may represent an adaptive or maladaptive physiological stress response.

Strengths and Limitations

The intent of this study was to characterize the physiologic responses of healthy
individuals to exposure to both steady-state and non-steady FiO2 levels above 21%. Specific
FiO2 levels were delivered in a non-steady-state, square wave cycle which ranged ±15%
around a pre-specified level or “dose” of oxygen. That experimental design was intended
to model oxygen delivery provided by aviation life support systems that employ onboard
oxygen-generating systems, some of which can potentially deliver oxygen concentrations
of ±15% around a pre-defined level. Study participants were exposed to those non-
steady FiO2 levels within a hypobaric chamber that provided three different barometric
pressures: 749 mmHg, which was the normobaric pressure of the study location, 565 mmHg
paralleling an altitude of 8000 feet, and 494 mmHg, which was equivalent to an altitude of
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15,000 feet. Each pressure was chosen as representative of cockpit pressures encountered
by tactical aviators. The simultaneous and conscious manipulation of the key experimental
variables of FiO2 and environmental pressure could induce inherent confounds to the data
analyses and interpretation, and thereby, present a study weakness. In contrast, our a priori
intent was to recreate an exposure matrix of non-steady-state FiO2 levels delivered within
a normobaric and hypobaric environment, thereby emulating the life support system and
ambient cockpit pressures that many tactical aviators routinely experience.

Statistical analyses revealed that PaO2 levels differed immediately following exposure
to non-steady-state FiO2 compared to PaO2 levels 120 s later during steady-state exposure
to steady-state FiO2. Levels of prefrontal cortical activity, which were measured at the same
time as the ABG samples were taken, also differed but only during FiO2 exposures ≥ 60%.
In addition, six of thirty-seven blood serum analytes differed between baseline and the
study endpoint. However, our experimental design, which included placement of an
arterial line catheter, precludes a defensible discussion of how hyperoxia/hypobaria may
have contributed to the changes in the serum analytes that we observed.

It remains unclear why non-steady-state FiO2 levels > 50% but <100% led to changes
in prefrontal cortical activation between Task #1 and Task #3 only at normobaric pressure
(749 mmHg) and again at a barometric pressure of 494 mmHg, equivalent to 15,000 feet.
Figure 2 suggests that at an atmospheric pressure of 565 mmHg simulating an altitude
of 8000 feet, the pegboard Task #1 to Task #3 patterns of prefrontal cortical activation
were similar to those seen during at an atmospheric pressure of 494 mmHg, equivalent
to 15,000 feet. The difference was that the individual range of the prefrontal cortical
activation levels at 565 mmHg between pegboard Task #1 and Task #3 was much greater
than that observed at either 749 mmHg or 494 mmHg (Table 3). As the participants in
our study had never before been inside a hypobaric chamber, their novel experience with
depressurization may have led to a temporary state of heightened arousal that subsequently
masked statistically changes in the prefrontal cortical activation between pegboard Task
#1 and Task #3. Acclimatization to the experience of hypobaria at 565 mmHg could have
reduced the likelihood of anxiety during the transition to the lower barometric pressure of
494 mmHg, enabling changes in the prefrontal cortical activation between pegboard Task #1
and Task #3 to be observed during that phase of the study. However, this is only speculation,
and no defensible reason exists to exclude those persons who experienced the wider range
of variability of prefrontal cortical activation during pegboard testing at 565 mmHg. While
a sham condition may have reduced any confounding effect of participant anxiety, the
invasiveness of arterial line placement and continued data collection during the decreasing
but ever-present exposure risks of the pandemic, precluded this option.

To inform our decision as to whether Type I error was necessary, we identified recent
studies of a similar sample size, N = 20 [34] and a larger N = 51 [35], using similar tech-
nologies to those employed in this study. Neither study applied Bonferroni corrections.
Nonetheless, we felt that controlling for Type I error could enhance the rigor of our anal-
yses and the defensibility of findings. As the application of Bonferroni corrections in a
study such as this could obscure pertinent findings [36], we chose to present all significant
findings and annotate those that remained significant following false discovery rate (FDR)
correction. We consider this level of transparency to be a strength rather than a limitation
of this study.

We do not believe that this study’s limitations impact the significance of our findings
that exposure to non-steady FiO2 levels are followed by changes in arterial blood oxygen
content, changes in prefrontal cortical activation levels, and enhanced systemic levels of
proinflammatory serum analytes. Although neurovascular tone was not directly measured
in this study, our findings pose the hypothesis that neurovascular constriction and dilation
may potentially exist during exposure to non-steady-state FiO2 levels ≥ 60%. If it does
indeed occur, executive functioning, cognitive performance, and visuomotor speed and
accuracy could be impacted. Addressing that relevant question will require additional
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studies employing experimental protocols, cognitive assessments, and other physiologic
measurement techniques beyond those employed in this study.

4. Materials and Methods

The objective of this study was to define the neurophysiologic and systemic responses
to non-steady-state levels of inspired oxygen concentrations at barometric pressures of
749 mmHg (normobaric pressure at the study site), 565 mmHg (equivalent to an altitude of
2438 m or 8000 feet), and 494 mmHg (equivalent to an altitude of 4572 m or 15,000 feet).
Measurements of ABG levels and prefrontal cortical brain activity were obtained from
healthy volunteers during exposure to non-steady-state and steady-state FiO2.

The study protocol was approved by the Institutional Review Board of University
Hospitals, STUDY20191540 and the United States Air Force Human Research Protection
Office (HRPO), Protocol Number: FWR20200056X. Candidate study participants were
required to be non-smokers between the ages of 18 and 61 years, and without exposure to
a high-altitude environment >8000 ft. within the previous two weeks. Exclusion criteria
included a medically conferred diagnosis of pulmonary and/or cardiac disease, a current
or previous neurologic issue (e.g., epilepsy or seizure disorder), known history of sickle
cell disease or sickle cell trait, elevated risk for bleeding or a bleeding disorder, recent
(within the past 5 years) history of inner ear problems, a positive urine pregnancy test or
currently attempting pregnancy, or a history of claustrophobia. Upon verifying the absence
of exclusion criteria, all candidate participants were provided with, and then signed, an
informed consent document.

To establish an appropriate sample size, we first conducted a series of preliminary
studies in which patterns of prefrontal cortical activity were assessed with functional near
infrared spectroscopy during a task-on and task-off cognitive challenge. During that testing,
participants were exposed to both non-steady-state and steady-state FiO2 conditions, as
described below.

Outcomes from those studies revealed that an N = 24 would provide sufficient data to
achieve a minimum statistical power of 0.80 at a two-tailed significance of <0.05 to detect
differences in prefrontal cortical activity during pegboard testing between exposures to
non-steady-state and steady-state FiO2.

A detailed explanation of the experimental protocol and study methods follows (see
Figure 3).

4.1. Health Screening and Protocol Familiarization

Upon arrival for the day of experimental exposure, participants were queried about
current medications followed by measurements of height and weight, body temperature,
vital signs, and self-reported outcome of their most recent coronavirus disease (COVID-19)
test. Those assessments were followed by a focused neurological and physical examination
performed by a licensed clinician.

Participants were next instructed on procedures that would occur during the experi-
mental exposures. This included a practice session on the grooved pegboard test (Model
32025 Lafayette Instrument, Lafayette, IN, USA) which was employed to activate the pre-
frontal cortex using a task-on/task-off paradigm [37] executed in sequence three times. The
pegboard contains 25 holes with randomly positioned slots in which metal pegs can be
placed. The pegs have a key shape along one side and must be rotated to match the hole
before they can be inserted. During the 20-s “task-on” phase, participants were instructed
to pick up the pegs, one at a time, and place them into the board. When cued by the
researcher for the 20-s “task-off” phase, participants were instructed to stop placing pegs,
not move their hands or speak, and try to clear their minds. Participants were coached to
not achieve a personal best during any of the tests. Rather, the goal was to complete the
task as consistently as possible.
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Figure 3. Study data collection overview. This figure illustrates the study protocol at each barometric
pressure. The portion of the study in which the participant was exposed to steady-state and non-
steady-state inspired oxygen is within the gray shaded box. Each exposure to non-steady-state
oxygen appears as a series of cyclic square waves. Green circles represent the time points of each
pegboard test. Red asterisks represent the time points of each arterial blood sample.

4.2. Indwelling Radial Arterial Catheter Placement

With the study participant seated comfortably, an Allen’s test was performed to ensure
adequate collateral perfusion throughout both the right and left hands [38]. A small heating
pad was then placed into the participant’s non-dominant hand to promote vasodilation
of the target artery and the wrist was prepped and draped to provide a sterile field. A
1.0 milliliter (mL) subdermal injection of 1% lidocaine was injected into ventral aspect of
the wrist to provide local anesthesia. Using ultrasound guidance, a 20 gauge angiocatheter
was inserted through the anesthetized area into the radial artery and advanced until a flash
of blood was observed in the catheter. The catheter endcap was removed, the catheter’s
internal stylet withdrawn, and the catheter secured in place with gauze, tape, and a sterile
transparent film dressing. One end of a 6-inch extension tubing was attached to the hub
of the arterial catheter, with a three-way stopcock attached to the other end. A 500 mL
warmed bag of normal saline was placed into a pressure cuff, and the output of the bag
attached to the three-way stopcock via a 60-inch intravenous tubing gravity set.

Baseline Blood Sample Collection for Serum Analyte Analyses

Following placement of the arterial catheter, a single 8 mL arterial blood sample was
obtained via the three-way stopcock, using a 10 mL syringe. Blood was then injected into
an 8.5 mL BD Vacutainer® tiger top serum separator tube (Benton, Dickinson & Company,
Franklin Lakes, NJ, USA) and the tube was centrifuged at 3000 rpm for 8–10 min. The
separated serum was pipetted into 1.5 mL Eppendorf tubes, which were immediately
placed into dry ice for transport to −80 ◦C storage.

4.3. Hypobaric Chamber

Following placement of the indwelling arterial catheter, the study participant entered
the human hypobaric chamber (Silvan Industries, Marinette, WI, USA). The chamber was
16 ft. long by 7 ft. wide by 7.5 ft. tall, and able to accommodate 4–6 persons. Although
structurally capable of depressurizing to an atmospheric pressure of 8.17 mmHg, equivalent
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to an altitude of 30,480 m (100,000 feet), it was programmed to never exceed a barometric
pressure below 226 mmHg, which is equivalent to an altitude of 9144 m (30,000 feet).

4.4. Functional Near Infrared Spectroscopy (fNIRS)

Once seated inside the chamber, an fNIRS microfiber headcap was placed securely
across the participant’s scalp and connected to the NIRScout system (NIRx Medical Tech-
nologies, LLC, Glen Head, NY, USA). The fNIRS system was used to detect, measure, and
quantify changes in the brain’s functional response to stimuli by measuring changes in
oxygenated and deoxygenated hemoglobin in cortical areas [39]. Based upon the brain’s
functional response or lack of response to stimuli, neuronal activity within discrete regions
can increase, decrease, or remain the same. The subsequent level of activity modifies the
volume of blood delivered to those brain regions, leading to a brief change in the concen-
tration of oxygenated and deoxygenated hemoglobin [40]. Patterns of prefrontal cortical
brain activation patterns were measured with fNIRS throughout pegboard task-on/task-
off sequences.

The fNIRS headcap was equipped with 32 optodes consisting of 16 light emitting
diodes (sources) and 16 receivers (detectors). Optode locations concurred with the bilateral
prefrontal cortices. A dark cloth hood was then placed over the headcap to minimize
ambient light intrusion to the optodes while also reducing risk of optode movement. Signal
quality of optodes was confirmed using internal calibration sequences of the system’s
software (nirsLAB 2017.6, NIRx Medical Technologies, LLC, Glen Head, NY, USA). If poor
signal quality was detected, the hood was removed and the offending optode adjusted.
Signal quality was again assessed, and those steps repeated until desired results were
attained. One final measurement of signal quality was conducted after placement of the
oxygen delivery mask on the participant, as described below. Continuous fNIRS data
collection began at the onset of the study protocol and was recorded throughout the course
of the study, which was approximately 120 mins’ duration.

fNIRS Analysis

Acquisition data files were downloaded from the fNIRS system computer and im-
ported into Homer3 open-source software in MATLAB R2022a (The Mathworks, Inc.,
Natick, MA, USA) for analysis [41]. Preprocessing of data included selecting, from the
entire data stream, only those sections occurring within the pegboard “task-on” and corre-
sponding “task-off” periods with 2-s of data on either side. This condensed the data file into
128 discrete conditions of 20 s duration per condition of task-on or task-off. The condensed
dataset was uploaded to the Homer3 GUI where a software pipeline converted raw data
to “beta values” for each of the 128, 20-s discrete data conditions. Each data channel was
assessed for signal strength and flagged for additional review if the signal strength or
the moving average of standard deviations exceeded pre-determined threshold levels. In
those cases, we employed recursive principle component analyses as defined by Yücel [42].
In addition, each channel was assessed for motion artifact. If the artifact involved multi-
ple channels and exceeded pre-established thresholds, the entire 20-s data condition was
rejected and excluded from further analyses. A high-pass and low-pass band filter was
applied over the remaining data set. The optical density signals were then converted to
oxyhemoglobin and deoxyhemoglobin concentrations followed by block averaging of each
of the 128, 20-s data conditions. General Linear Model (GLM) analysis was then used to
estimate the hemodynamic response function (HRF) [43]. Values for both oxyhemoglobin
and deoxyhemoglobin were derived and exported to Statistical Analysis Software (SAS)
version 9.4 (SAS Institute, Inc., Cary, NC, USA) for further statistical analysis.

Upon completion of signal processing, we then determined patterns of prefrontal
cortical brain activity during pegboard testing, first immediately upon cessation of non-
steady-state FiO2, and then following 120 s of exposure to steady-state FiO2. This was
accomplished by comparing levels of prefrontal cortical activity during the first 20-s peg-
board “task-on” time period with the following 20-s “task-off” time period. We defined
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the difference between levels of prefrontal cortical activity between those two conditions
as “brain activation.” We then compared levels of prefrontal cortical activation between
pegboard Task #1, which occurred immediately after cessation of non-steady-state FiO2,
with pegboard Task #3 which occurred following 120 s of steady-state FiO2 exposure.

4.5. Delivery of Non-Steady-State FiO2

Following placement of the fNIRS headcap and system calibration, a gel foam-sealed
facemask (Hans Rudolph Inc., Shawnee, KS, USA) was strapped securely over the partici-
pant’s nose and mouth. A 2-way non-rebreather T-shape valve (Hans Rudolph, Series 2700)
was inserted into the single large bore opening on the front of the mask. The left side of
the connector was attached to an inspiratory circuit while the right side of the connector
was attached to the expiratory circuit. A one-way valve within the inspiratory circuit adja-
cent to the facemask, coupled with constant flow of gas through both the inspiratory and
expiratory circuits, insured that the participant did not rebreathe previously exhaled gas.

Delivery of precise oxygen concentrations was achieved by attaching the inspiratory
side of the circuit to a PM5200M Air/Oxygen Blender (Precision Medical Inc., Northampton,
PA, USA). The blender was connected to compressed air (21% oxygen and 79% nitrogen)
and oxygen (100%) supply lines and used to titrate specific oxygen concentrations delivered
to the study participant. A BIOPAC MP160 data acquisition and analysis system (BIOPAC
Systems, Inc. Goleta, CA, USA) with the BIOPAC oxygen (O2) 100C Module and a carbon
dioxide (CO2) 100C Module was attached to the participant’s face mask to provide a
continuous measure of actual mask levels of FiO2, CO2, and respiratory rate. An additional
O2 100C Module was connected to the analyzer to monitor ambient O2 levels within the
hypobaric chamber.

As illustrated in Figure 1, the participant was exposed to steady-state 21% FiO2 for
three minutes duration. A baseline ABG sample was then obtained from the indwelling
arterial catheter using a syringe treated with dry lithium heparin. That initial ABG sample,
as well as all subsequent ABG samples, were immediately passed from inside the hypo-
baric chamber to the outside via a small, sealed steel tube passage. Once received by a
research team member outside the hypobaric chamber, the blood sample was immediately
injected (within 1–2 min) into an iSTAT blood analyzer (Abbott Point of Care, Princeton,
NJ, USA) equipped with a CG8+ cartridge for analysis of sodium (Na+), potassium (K+),
ionized calcium (iCa+2), Glucose, Hematocrit, Hemoglobin, pH, partial pressure of carbon
dioxide (PaCO2), partial pressure of oxygen (PaO2), total carbon dioxide content (TCO2),
bicarbonate (HCO3

−), base excess (BE), and oxygen saturation (SaO2).

4.6. Non-Steady-State/Steady-State FiO2 Exposures and Arterial Blood Gas Sampling

Following collection of the initial arterial blood sample, the participant executed the
pegboard task for 20 s, and then rested quietly for 20 s before completing two additional
pegboard task-on/task-off sequences. Following the third task, the first sequence of non-
steady-state FiO2 exposure was initiated by a rapid increase from 21% to 50%, where
it was maintained for 60 s, followed by a return to 21% FiO2 that was maintained for
60 s. That non-steady-state cycle was repeated a second and third time. Following the
third non-steady-state cycle, the FiO2 was reduced to 35% (the midpoint between 21%
and 50%) and participants completed the three task-on and task-off grooved pegboard
sequences. Figure 1 illustrates that following the third oscillation of each FiO2, a 0.5 mL
arterial blood sample was obtained from the arterial catheter line, followed by a 0.5 mL
flush of normal saline. The FiO2 was then maintained at a steady-state level for 120 s,
during which time the participant again completed the three task-on and task-off grooved
pegboard sequences. At the completion of the pegboard tasks, a second (companion) 0.5 mL
arterial blood sample was obtained, followed by a 0.5 mL heparinized saline (100 u/mL)
flush to maintain catheter line patency. This pattern of non-steady-state FiO2 oscillations,
ABG sampling, and pegboard task-on/task-off sequences was repeated at FiO2 levels of
50% ± 15%, 65% ± 15%, and 80% ± 15%, as illustrated in Figure 1. Following the final

125



Int. J. Mol. Sci. 2024, 25, 3279

non-steady-state FiO2 exposure, the FiO2 was increased to 100% and maintained for 120 s,
at which point participants completed a final series of three pegboard task-on/task-off
sequences, followed by collection of a single 0.5 mL arterial blood sample.

After completing the initial 33 min exposure protocol conducted at 749 mmHg (Trial
1), the hypobaric chamber was depressurized to a barometric pressure of 565 mmHg,
paralleling an altitude of 8000 ft. The same protocol of exposure to FiO2 oscillations, arterial
blood sampling, and pegboard task-on/task-off sequences was again delivered over the
next 33 min (Trial 2). The hypobaric chamber was then depressurized to a barometric
pressure of 494 mmHg, paralleling an altitude of 15,000 ft and same exposure protocol
repeated for the third and final time (Trial 3).

Following completion of Trial 3, the chamber was slowly repressurized over a 10–15 min
period. Upon reaching 749 mmHg, the participant was escorted from the chamber, seated
in a chair, and the arterial line removed. The participant was monitored for 30–60 min
to insure absence of any potential adverse effects resulting from hypobaric conditions or
arterial line placement, and then released.

4.7. Post-Exposure Study Visit

Within 48 h following the experimental exposure, a member of the investigative team
met with the participant to assess the site of the arterial catheterization and to obtain a
post-exposure blood sample for proinflammatory serum analyte analysis. At that time,
a tourniquet was applied approximately 2–3 inches above the right or left antecubital
vein. A 23-gauge butterfly needle with tubing was used to puncture the vein. An 8.5 mL
BD Vacutainer® serum separation tube was attached to the butterfly tubing, followed by
collection of ~8 mL of venous blood. The venous sample was processed in the same manner
as the prior arterial sample, with serum stored at −80 ◦C until analyses.

4.8. Serum Analyte Analyses

Blood serum samples were collected prior to exposure to non-steady-state FiO2 and
hypobaria and again 48 h after experimental exposure. These serum samples were an-
alyzed using multi-array technology (QuickPlex 120; MesoScale Diagnostics, Rockville,
MD, USA) coupled with the V-PLEX neuroinflammation panel (Catalog No. K15210D). To
establish measurement reproducibility, each sample was divided between two adjacent
wells of each 96-well plate. The neuroinflammation panel included the proinflammatory
plate measuring interleukin 1 beta (IL-1β), interleukin 2 (IL-2), interleukin 4 (IL-4), inter-
leukin 6 (IL-6), interleukin 8 (IL-8), interleukin 10 (IL-10), interleukin 13 (IL-13), tumor
necrosis factor alpha (TNF-α), and interferon-gamma (IFN-γ). The chemokine plate mea-
sured monocyte chemoattractant protein-1 (MCP-1), monocyte chemoattractant protein-4
(MCP-4), eotaxin, macrophage inflammatory protein-1 alpha (MIP-1α), eotaxin-3, thymus
activation regulated chemokine (TARC), macrophage inflammatory protein-1 beta (MIP-
1β), macrophage-derived chemokine (MDC), and interferon gamma inducible protein-10
(IP-10). The cytokine plate measured interleukin 1 alpha (IL-1α), interleukin 5 (IL-5),
interleukin 7 (IL-7), interleukin 12 (IL-12), interleukin 15 (IL-15), interleukin 16 (IL-16),
interleukin 17A (IL-17A), tumor necrosis factor beta (TNF-β), and vascular endothelial
growth factor A (VEGF-A). The angiogenesis plate measured basic fibroblastic growth
factor (bFGF), vascular endothelial growth factor C (VEGF-C), vascular endothelial growth
factor D (VEGF-D), vascular endothelial growth factor receptor 1 (Flt-1), placental growth
factor (PlGF), and tyrosine kinase 2 (Tie-2). The vascular injury plate measured serum
amyloid A (SAA), C-reactive protein (CRP), intercellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1).

4.9. Statistical Approach

Comparisons of participants’ race, age, sex, and BMI were tested using Fisher’s Exact
test and Wilcoxon rank sum test. fNIRS-derived measures of cortical activation levels within
each brain region during pegboard Task #1 and pegboard Task #3 were explored using

126



Int. J. Mol. Sci. 2024, 25, 3279

paired t-tests or Wilcoxon signed rank tests. ABG values obtained following exposures
to non-steady-state FiO2 and again after steady-state FiO2 was sustained for 120 s were
summarized as mean, standard deviation (SD), and range (minimum, maximum) and then
compared using paired t-tests or Wilcoxon signed rank tests. Serum analytes measured
at baseline and again at 48 h following the experimental exposures to hypobaria and to
non-steady-state and steady-state FiO2 were evaluated using the same approach. The false
discovery rate (FDR) method was applied to control Type I error from multiple comparison
testing. All tests were two-sided and adjusted p-values from the FDR less than 0.05 were
considered to be statistically significant. Data were analyzed using SAS version 9.4 (SAS
Institute, Inc., Cary, NC, USA) and Statistical Package for Social Sciences (SPSS) version 28
(IBM Corp; Armonk, NY, USA).
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Abstract: Underwater activities are characterized by an imbalance between reactive oxygen/nitrogen
species (RONS) and antioxidant mechanisms, which can be associated with an inflammatory response,
depending on O2 availability. This review explores the oxidative stress mechanisms and related
inflammation status (Oxy-Inflammation) in underwater activities such as breath-hold (BH) diving,
Self-Contained Underwater Breathing Apparatus (SCUBA) and Closed-Circuit Rebreather (CCR)
diving, and saturation diving. Divers are exposed to hypoxic and hyperoxic conditions, amplified by
environmental conditions, hyperbaric pressure, cold water, different types of breathing gases, and
air/non-air mixtures. The “diving response”, including physiological adaptation, cardiovascular
stress, increased arterial blood pressure, peripheral vasoconstriction, altered blood gas values, and
risk of bubble formation during decompression, are reported.

Keywords: breath-hold diving; SCUBA; closed-circuit rebreather; saturation diving; oxidants; reactive
oxygen species; reactive nitrogen species

1. Introduction

SCUBA (Self-Contained Underwater Breathing Apparatus) and BH (breath-hold
breathing) diving are breathtaking adventures that allow us to explore the world beneath
the seas. However, diving comes with its own set of inherent risks and challenges. From
time to time, thankfully rarely, SCUBA diving accidents or illnesses may occur. These can
range from minor discomfort to life-threatening situations. One essential tool that plays a
crucial role in mitigating the consequences of diving-related diseases is oxygen (O2) [1].

Regarding diving-related diseases, time is another vital parameter in diving activities.
The inhalation of O2 (normobaric or hyperbaric, and with various types of masks, depend-
ing on whether the diver is conscious or unconscious) works after decompression sickness
(DCS) by accelerating the diffusion and elimination of the excess nitrogen absorbed during
SCUBA diving [2]. Diving-related activities are well known to produce partial O2 pressure
(pO2) variations since the ambient pressure changes during underwater excursions; these
changes can go from hyperoxia during hyperbaric phases and reach hypoxia on return from
depths during some BH diving activities. Prolonged hyperoxia is known during SCUBA
diving but does not always reach levels above 1 absolute atmosphere of O2 in the breathing
mix [3]. Prolonged hyperoxia (apart from in medical settings) is not easy to reach under
physiological conditions. However, it is still possible, for instance, if people are living
below sea level around the “Dead Sea” in Israel (located 402 m below sea level, where
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the barometric pressure reaches 800 mmHg) [4]. The other setting to achieve a prolonged
hyperoxia above 1 atmosphere of pure O2 breathing can be reached during Closed-Circuit
Rebreather diving since the O2 set point for such dives is commonly set between 1.2 and
1.4 ATA during several hours of the excursion [5–9]. A chronic, less important form of
hyperoxia is encountered during other saturation diving procedures where, depending on
the methods used, around 0.49 ATA of partial O2 pressure (pO2) levels are kept during
several days of decompression needed to reach sea level [10].

This review will discuss the impact of diving activities on oxidative/inflammatory
stress (Oxy-Inflammation).

2. Oxy-Inflammation-Related Mechanisms and Outcomes

Humans and most terrestrial animal organisms have adapted to live in the Earth’s
atmosphere, where the fraction of inspired oxygen (fiO2) equals approximately 0.21. O2
is the third most abundant element in the universe, after hydrogen (H2) and helium
(He) as compounds, including oxides, which constitute around 50% of Earth’s crust [11].
Furthermore, O2 is one of the main components of biological macromolecules (proteins,
carbohydrates, nucleic acids) and the last acceptor of electrons in oxidative phosphorylation,
providing most of the natural energy in living organisms.

2.1. Oxidative Stress in Hypoxia and Hyperoxia

The redox system plays a crucial role in maintaining cell homeostasis and balanc-
ing the generation/elimination of reactive oxygen (ROS) and nitrogen (RNS) species [12].
A continuous flux of oxidant species guarantees redox homeostasis originated by mito-
chondria to deal with the electron consumption during the electron chain, resulting in
the release of superoxide anions (O2

2−) [13]. Being O2-derived compounds, ROS and
RNS are “double-faced” elements because they carry out an essential function in several
physiological mechanisms, including pathogen phagocytosis, modulating activities, and
regulatory ability during the transduction of intercellular information [14]. On the other
hand, an imbalance between ROS/RNS generation and detoxification leads to a condition
of “oxidative stress” and the damage of biological macromolecules like lipids, proteins,
and DNA [15] (see Figure 1). Following one of the most complete definitions, oxidative
stress is “the consequence of the failure to maintain the physiological redox steady state, which is
the self-correcting physiological response to different challenges” [16]. ROS such as O2

2− act both
as a signaling molecule, contributing to the release of proinflammatory cytokine [17], and
inflammatory mediator, reacting with nitric oxide (NO) to give peroxynitrite (ONOO−), an
aggressive RNS that induces nitrosative stress, exacerbating the inflammation status [18].
Furthermore, the overproduction of ROS has been implicated in the development and
progression of some diseases: cardiovascular, neurodegenerative, and metabolic diseases
and cancer [19]. Elevated ROS levels contribute to stabilizing hypoxia-inducible factor-1α
(HIF-1α), a key regulator of cellular responses to low oxygen. Additionally, ROS are essen-
tial messenger and signaling molecules in muscle adaptations to exercise and disuse, as
documented by various studies [20]. The interplay between hypoxia-induced signaling
pathways and oxidative stress is intricated [1,21].

On the other hand, an overdose of oxygen can harm cell membranes, lungs, and
overall health by increasing oxidative stress and inflammation. For example, it damages
the lungs, affecting surfactant proteins and mucociliary clearance, leading to lung collapse,
reduced compliance, and higher infection risk [22]. Also, hyperoxemia constricts vessels,
reducing coronary blood flow and cardiac output and potentially altering microvascular
circulation [23].

2.2. Inflammation in Hypoxia and Hyperoxia

Inflammation may be influenced by fiO2 level, as reported by some authors investigat-
ing subjects exposed to hypoxia that showed pulmonary edema caused by inflammatory
markers release, including interleukin-6 (IL-6) and protein C-reactive (CRP) [24–26]. To
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adapt body tissues to hypoxia, hypoxia-inducible factors (HIFs), a family of heterodimers
that constitute a transcription complex that is stabilized by hypoxia [26] or a return from
hyperoxia [27–30], are activated to coordinate several transcriptional pathways to optimize
metabolic and vascular functions toward low fiO2 [31]. Furthermore, HIFs are controlled by
prolyl hydroxylase domain (PHD) proteins, a class of “O2 sensors” that are involved in HIF
level regulation and O2 homeostasis [32]. Nuclear factor κB (NF-κB) is involved in inflam-
mation regulation and immune response [33], interacting with the PHD-HIF pathway [34],
confirming the link between hypoxia and inflammation [35]. Other hypoxia–inflammation
interactions involve the IκB kinase complex, an NF-κB regulatory component [31], and the
regulation of HIF transcription before and during the inflammation [36]. Under inflamma-
tory status, NF-κB activation stimulates immune defense by neutrophil release [37]. At the
same time, HIF-α promotes type 2 helper T-cell (Th2) production [38] and macrophage acti-
vation with a ROS-dependent mechanism [39]. Inflammation onset against hypoxia can be
clinically significant (e.g., chronic respiratory/renal/kidney/cardiovascular/neurological
disease, mitochondrial/endothelial dysfunction, tumors) [21].

Figure 1. The main pathways of the formation of Oxy-Inflammation and organ damage. Environmen-
tal triggers such as exposure to UV and ionizing radiation, metabolism, water/body temperature,
and smoking can produce free radicals: ROS (e.g., 3O2, O2, O2

−, H2O2, HO·) and RNS (e.g., NO,
N2O, ONOO−). Their accumulations can lead to lipids’ cellular membrane degradation, misfolded
proteins, and DNA oxidation/breakage. The inflammation triggered by Oxi-Inflammation is the
cause of many types of organ damage and acute/chronic diseases.

Hyperoxia represents the other side of the coin of fiO2 value. In this case, tissues are
exposed to an excess supply of O2, with the arterial partial pressure of O2 (paO2) value
being greater than 100 mmHg [40]. As mentioned above, exposure to prolonged hyperoxia
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exacerbates oxidative stress, leading to cellular damage via lipid peroxidation, enzyme
inactivation, biological macromolecule oxidation, and apoptosis or necrosis [41]. Exposure
to high fiO2 levels during significant time lapse results in O2 lung toxicity, characterized
by a pulmonary inflammatory response [42] and a release of proinflammatory cytokines
implicated in mediating neutrophil action into hyperoxic lungs [43] in the early stages of
inflammatory response [44]. On the other hand, short-term hyperoxia seems to attenuate
cytokine production [45], β2-integrin expression necessary for leukocyte adhesion [46],
and macrophage phagocytosis and killing [47]. In animal models, some authors found that
hyperoxia could mitigate the inflammatory response after glucan intake [48,49].

2.3. Endothelial Dysfunction

Increased partial O2 pressure (pO2) promotes oxidative stress, which triggers endothe-
lial dysfunction. There are two mechanisms strongly related to the decrease in nitric oxide
availability (NO). First, hyperoxia-related oxidative stress leads to the generation of the
superoxide anion (O2

−), which reacts with NO to produce peroxynitrite (ONOO−) [50].
ROS can also oxidize nitric oxide synthase (NOS) cofactor tetrahydrobiopterin (BH4) into
dihydrobiopterin (BH2), which causes a reduced liberation of NO uncoupling endothelial
NO synthase [51], leading to endothelial dysfunctions [52]. NO can be preserved by the
activation of antioxidant defenses, as observed by several authors that found NO increases
during the deep phases of both SCUBA and BH dives [53]. The same tendencies have been
shown in SCUBA [54] or CCR diving [55]. After exiting saturation diving, endothelial
recovery is fast, showing no long-term adverse effect on vascular function [56]. Further-
more, circulating bubbles may induce endothelial dysfunctions [57] through direct contact
between microbubbles and endothelial cells [58] and the activation of a coagulation cas-
cade [59,60]. However, we want to highlight that both deep and repetitive BH diving lead
to endothelial dysfunction that may play an essential role in the genesis of neurological
decompression sickness [61].

2.4. Hypoxia, Reoxygenation, and Hyperoxia

Redox balance/unbalance is significantly modulated by external factors such as en-
vironmental hypoxia [62–68], hyperoxia [69–73], and physical activity [74–77]. Moreover,
both environmental hypoxia and physical activity have been shown to augment oxidative
stress in a dose-dependent manner [77–79].

Reduced O2 tension during ischemia–reperfusion (IRI) episodes activates cellular
pathways that upregulate proinflammatory signaling and promote oxidant generation [80].
Reperfusion after ischemia recruits inflammatory cells to the vascular wall, further exacer-
bating oxidant production and ultimately resulting in cell death, tissue injury, and organ
dysfunction. As an IRI consequence, the activation of the NF-κB pathway leads to the
release of proinflammatory cytokines (IL-1, IL-6, IL-8) [81] and major histocompatibility
complex (MHC) upregulation [82]. Observing the correlation of the renal expression of
Toll-like receptor (TLR) 4 with IRI degree [83], a link between IRI and innate/adaptive
immunity has been hypothesized, as reported by some authors in transplant models [84,85].

Physical exercise has been proposed as a model of “intermittent hypoxia” (IH) or
“intermittent hyperoxia” since oxidative stress increases during exercise, which can be
defined as a combination of cycles of hypoxia and normoxia, hypercapnia, and hyperoxia,
depending on the training type and duration [70,86,87]. Physical exercise, mainly moderate
activity, improves health by reducing the risk of obesity and cardiovascular and chronic
degenerative disease onset [88], raising NO availability, decreasing oxidative stress, and
fostering antioxidant defenses [89]. On the other hand, exercise at altitude exposes tissue to
hypoxia, which may increase oxidative stress by reducing antioxidant defense efficacy [90].

2.5. Oxy-Inflammation Biomarkers

The simultaneous measurement of a panel of biomarkers has been frequently cho-
sen, as this can also provide a comprehensive assessment of oxidative stress effects on
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vascular function. Protein biomarkers were selected to cover critical features of vascular
function, i.e., inflammation, endothelial function, and fibrinolysis. CRP is a biomarker
of inflammation and endothelial function [91]; its increase is associated with impaired
endothelium-dependent vasodilatation [92]. IL-6 increases the adhesiveness of the endothe-
lial cells for lymphocytes by upregulating Intercellular Adhesion Molecule-1 (ICAM-1) for
a proinflammatory reaction [93].

In this review, we use the term “Oxy-Inflammation”, proposed by Valacchi et al. [94],
to describe “a condition characterized by a combination of systemic oxidative stress associated with
an inflammatory condition”. This review summarizes the “Oxy-Inflammation” in underwater
activities such as breath-hold (BH) and SCUBA diving.

The main mechanisms of the formation of Oxy-Inflammation and relative organ
damage are illustrated in Figure 1.

3. The Oxy-Inflammation Mechanism in Underwater Activity

3.1. Breath-Hold (BH) Diving

BH diving elicits a physiological adaptation collectively termed the “diving response”,
which includes changes such as bradycardia, reduced cardiac output, increased arterial
blood pressure, peripheral vasoconstriction, and altered blood gas values [95]. Hyperoxia
occurs during descent and bottom time in BH divers due to increased environmental
pressure and thorax compression [96,97]. Hypoxia-induced endothelial damage might
be less pronounced because hypoxia appears in the last portion of the ascent phase of a
dive [96–99].

Hyperoxia-induced changes observed in BH diving may influence arterial blood gas
(ABG) parameters, especially PaO2 and arterial pCO2 (PaCO2). At the maximum depth,
PaO2 increases due to hyperoxia-induced effects caused by the rise in environmental
pressure [99–102], but this trend was not observed in all BH divers. This unexpected PaO2
decrease is related to a lung volume reduction leading to a right-to-left shunt through
lung atelectasis [101–104]. Furthermore, Bosco et al. [105] reported that BH diving-related
exercise breaks down PaO2 levels due to muscle O2 consumption [105], which may increase
the risk of injuries [106] during the ascent phase. PaCO2 values do not change much,
probably due to the body’s capacity to store soluble CO2 [101] and hyperventilation that
decreases PaO2 [98].

Similarly to PaO2, PaCO2 variation may be related to BH diving type, as reported
by Bosco et al., who found higher PaCO2 values after static apnea concerning those after
a deep dive [105], which reduced from initial values. In the case of deep diving, PaCO2
rises in BH divers who do muscular work when returning to the surface using fins. The
muscular work contribution may be confirmed by the higher augmented lactate value that
was not recorded in other conditions [105].

In BH diving, IH can be a powerful trigger for endothelial dysfunction [106,107]. More
severe diving stress in repetitive BH dives could lead to strains on the cardiovascular system,
vascular function, and endothelial integrity. Endothelial dysfunctions in BH diving have
been investigated by Theunissen et al. [54], where the reduction in NO-dependent vascular
function resulted from low NO bioavailability. The same authors also showed a decrease in
this endothelial dysfunction when supplementing antioxidants to the divers [108].

High pO2 may also promote oxidative stress due to the hyperbaric environment, in-
creasing free O2 that may generate ROS [109]. Oxidative stress has been investigated in BH
diving [54,107–109], confirming its role in the development of endothelial dysfunction [110].
The overproduction of ROS and consequent oxidative damage to membrane lipids and
total antioxidant capacity (TAC) reflects a hypoxic condition in the last few meters while
ascending to the surface [109]. Neopterin and creatinine levels increase, which suggests
an alteration in renal function as a physiological response to pO2 variations during the
dive [109,110].
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Changes in polyunsaturated fatty acids (PUFAs) and eicosanoids after a single apnea
event revealed different kinetics of pro- and anti-inflammatory regulations and changes in
oxidative stress levels [111].

Adaptation to hypoxia may involve amino acid metabolism [112,113], and hypoxia
might be a stimulus for amino acids’ release in the bloodstream because serine and tau-
rine may be engaged in hypoxia adaptation, especially during the ascent phase of a BH
dive [113].

Furthermore, prolonged exposure to hypoxia, such as diving at high altitudes, may
affect platelet activity, as reported by some authors [114], but this aspect seems to be related
to pO2 [115]. Platelet activation can be induced by exercise-related inflammation [116]
engaging with leukocytes via soluble factors and physical interaction with several receptors,
including platelet P-selectin (CD62P), CD40 ligand (CD40L), as well as PSGL-1, CD40, and
Mac-1 (integrin αMβ2, CD11b/CD18) on leukocytes [117,118]. Platelet–leukocyte inter-
actions facilitate leukocyte recruitment and extravasation to inflammation sites, leading
to leukocyte proinflammatory mediator release but, in some cases, damping inflamma-
tion [119,120]. Furthermore, some authors found a link between gene activity and immune
cell activation against inflammation, observing a temporary increase in leucocytes and an
upregulation of the anti-inflammatory response genes [121].

As reported by Wang et al. [122], ultrasound lung comets (ULCs) may be associated
with lung inflammation and represent a tool to evaluate heart alteration [122], and some
mechanical pressure changes in the chest provoked diaphragmatic spasms with a closed
glottis (during the struggling phase of breath-holding), leading to lung alveolo-vascular
stress [123]. Paganini et al. [101] investigated ULC during a BH dive at increasing depths,
observing the onset of lung comets in some subjects; this may have been due to an al-
tered recovery from atelectasis [103] that seemed to have been caused by the alternating
closing and opening of bronchioles and alveoli during the dives [102]. As reported by
Tojo et al. [124], atelectasis may lead to alveolar hypoxia-induced inflammation, releasing
NF-κB-dependent CXCL-1 from epithelial cells and activating HIF-1α toward alveolar
hypoxia [124].

Interestingly, cetaceans exhibit physiological adaptations that allow the transition
to aquatic life, including a robust antioxidant defense system that prevents injury from
repeated exposure to ischemia–reperfusion events associated with BH diving. x. Heme
oxygenase (HO) activity increased in dolphin cells but not human cells. On the contrary,
TNF-α expression increased in human cells but not in dolphin cells [125].

HO is a cytoprotective protein with anti-inflammatory properties, catalyzing the first
step in the oxidative degradation of heme. Various stimuli, including hypoxia, oxidant
stress, and inflammatory cytokines, regulate the inducible HO-1 isoform.

Some authors investigated microparticle (MP) release after a BH-diving training proto-
col, observing that the alterations in endothelial reactivity were coupled to increased levels
of Endothelial MPs (EMPs) (CD31+/41−), markers of endothelial apoptosis [126,127]. In-
termittent hypoxia could increase cellular stress [61]. An increase in CD31+/annexin+EMP
level was observed in some volunteers exposed to normobaric hypoxia in a chamber with
oxygen saturation (SaO2) reduced to 73% ± 10% [3]. A similar increase in CD144 EMPs
was found in some BH divers who performed single maximal dry BH (SaO2 of 72% ± 12%).
Both experiments were conducted in dry conditions but showed that short-term hypoxic
situations could trigger endothelial cell stress. Nevertheless, diving stress in BH diving is
only partly related to hypoxia [127].

In Figure 2A, we illustrate up–down regulation biomarkers in breath-hold diving.

3.2. Self-Contained Underwater Breathing Apparatus (SCUBA) and Closed-Circuit Rebreather
(CCR) Diving

One of the most commonly known activities that leads to hyperoxia is SCUBA diving.
SCUBA diving exposes the human body to environmental stress represented by increased
pO2, physical effort, and elevated breathing resistance, which alter the endothelial func-
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tion [128–130]. SCUBA diving-related physical activity can induce oxidative and cardio-
vascular stress, amplified by environmental conditions, including hyperoxia, hyperbaric
pressure, and cold water [131,132].

 
Figure 2. Illustration of up–down regulation biomarkers in different human underwater activities:
(A) Breath-hold diving. The physiological changes in PaO2 during the descent and ascent of a
deep breath-hold dive are one of the causes of biological changes at a systemic and molecular
level. (B) SCUBA diving. The response in SCUBA diving varies depending on number of dives
carried out, depth, water temperature, type of breathing circuit (open vs. CCR), gases inspired, and
exercise. (C) Saturation diving. In the sketch, the saturation worksite is shown. The working depth
corresponds to the maximum depth reached by the divers, where the “scenario” is considered a
severe/extreme condition. All these activities involve changes in levels of Oxy-Inflammation, redox
states (aminothiols), gene expression, antioxidants, markers of neuroplasticity, and renal status.

The mechanisms that lead to endothelial dysfunction in SCUBA diving may result
from increased hyperoxia-induced oxidative stress and peripheral vasoconstriction [129].
The hyperoxia associated with SCUBA diving results in ROS production, which activates
the antioxidant defenses, leading to an increased expression of several antioxidant enzymes,
such as catalase (CAT) [133], glutathione peroxidase (GPx) [134], and superoxide dismutase
(SOD) [135]. As CAT activity rises in lymphocytes within a few hours after the dive, while
GPx activity rises after surfacing, ROS production stimulates lymphocyte mobilization
because GPx is one of the first antioxidants activated to detoxify ROS [134]. SOD activity
increases to protect against ONOO− and to preserve NO generation [135]. Due to the
mobilization of endogenous antioxidant systems, the total antioxidant capacity increases
after surfacing to help control vascular oxidative stress, activating a signaling cascade that
stimulates resistance against diving-related oxidative stress [136].

Oxidative stress may also impair cognitive functions during a dive due to brain-
derived neurotrophic factor (BDNF) loss, followed by a decrease in dopamine and glu-
tamate, especially during decompression [137]. This BDNF deficit seems to alter excita-
tory/inhibitory neurotransmission, including GABA receptors [138], whose interaction
with N2 has been proposed as a mechanism of nitrogen narcosis [137–143].
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Pressure changes during a dive or decompression significantly influence the hemat-
ocrit component level, including leukocytes and platelets [144,145]. Some authors observed
that SCUBA diving did not affect the number of lymphocytes but their functions were
affected, while no changes in H2O2 production in lymphocytes and GPx were found. Addi-
tionally, CAT activities increased [135]. On the other hand, Morabito et al. [146] showed
significantly decreased levels of H2O2 in lymphocytes, probably due to increased CAT
activity and endogenous antioxidant enzymes.

Dumić et al. [147] reported that regular recreational SCUBA diving promotes an anti-
inflammatory status, thus contributing to cardioprotection and conferring multiple health
benefits. Divers who performed five dives, one per week, at a depth of 20–30 m that lasted
30 min, manifested IgG and TPP N-glycosylation alterations toward anti-inflammatory
status over the whole study period with an increase in monogalyctosylated and core-
fucosylated IgG N-glycans and a decrease in galactosylated TPP N-glycans. On the other
hand, military combat swimmers (O2 divers) are regularly exposed to hyperbaric hyperoxia
in addition to intensive endurance training intervals and, therefore, are exposed to extreme
levels of oxidative stress. Compared to controls, they exhibited a proinflammatory immune
status exemplified by an elevated number of CD4+CD25+ T cells, the elevated expression of
proinflammatory cytokine IL-12, and the diminished expression of anti-inflammatory TGF-
β1 [148]. Supported by decreased basal gene expression and the prolonged upregulation of
anti-oxidative HO-1, these data suggest that higher oxidative stress levels, as those present
under intermitted hyperbaric hyperoxia conditions, e.g., through oxygen diving, promote
a higher inflammatory immune status.

Breathing air in hyperbaric condition leads to the formation of venous gas emboli
(VGE) that interact with the endothelium [149], leading to platelet aggregation to the
bubble surface [150] and resulting in the formation of microthrombi in lung vessels after
decompression in the DCS model [151,152].

In addition to a mechanical explanation for DCS, an inflammatory mechanism has
been suggested [153]. In an observational study carried out on a similarly well-matched
control group consisting of equally fit non-divers with identical physical training and
living conditions before and after a 2-month period of daily diving, no changes in IL-6
and IL-1 receptor antagonist (IL-1ra), but an increase in IL-8 and neutrophil gelatinase-
associated lipocalin (NGAL), together with a decrease in secretory leukocyte protease
inhibitor (SLPI), were found [154]. The findings suggest inflammatory activation that is
not severe because no changes in IL-6 or IL-1ra were found. The increase in NGAL and
IL-8 levels was interpreted as a sign of leukocyte activation. The decreased SLPI levels
suggest an influence on the inflammatory defense mechanism. Therefore, the compensated
activation of the inflammatory defense mechanism without the loss of homeostasis of the
inflammatory system was shown. The formation of bubbles during decompression may
trigger this inflammatory response. It is also probable that the interplay between pro- and
anti-inflammatory substances is a fine-tuned balancing act and that it is only when this
balance collapses that morbidity ensues.

Different types of breathing gas are used in SCUBA diving: air and non-air mix-
tures [155]. The latter contains mainly oxygen, nitrogen, and helium that form nitrox
(nitrogen + oxygen), heliox (helium + oxygen), and trimix (oxygen, helium, and nitro-
gen) with different advantages and features [9,155]. Nitrox is mainly used for shallow
recreational dives, heliox for deep diving, and trimix for deep but short dives to avoid
neurological side effects. The use of trimix in SCUBA diving has recently become more
widespread to reduce nitrogen narcosis compared to air diving [140–142].

Some experimental studies, although conflicting, invoked a possible anti-inflammatory
role of helium [156]. This gas could increase NO, induce nuclear factor erythroid 2-related
factor 2 activation, and cause consequent reductions in systemic inflammation and oxidative
stress. Recently, increases in extracellular vesicles and inflammatory status (IL-1) were
found in CCR SCUBA divers, highlighting a decrease in plasma gelsolin (pGSN) [157]. It has
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been demonstrated that pGSN modulates the production of IL-1β-containing microparticles
following high-pressure exposure and decompression [158].

Another study [159] found no difference in most of the inflammatory factors (includ-
ing monocyte chemoattractant protein 1) measured between the trimix and air groups,
casting doubt on the protective effect of helium. Following the dive, IL-6 values slightly
increased, while IL-8 and epithelial growth factor (EGF) decreased in both groups without
significant variation.

To reduce bubble formation and platelet activation, some authors proposed a hyperbaric
pretreatment with O2 before the dive, observing a significant decrease in decompression-
induced bubbles [160,161] and the activation of antioxidant enzymes such as CAT and
SOD [162]. The increased O2 diffuses in micronuclei in substitution of N2, which is elimi-
nated through the lungs and then absorbed, reducing micronuclei formation [163]. Further-
more, the reduction in pN2 and breathing enriched air nitrox (EAN) can reduce platelet
activation [164], as well as breathing normobaric O2 before a dive [115]. On the other
hand, exposure to EAN mixtures and diving-related physical activity can raise ROS genera-
tion [129]; oxidative stress biomarkers including 8-isoprostane and 8-deoxyguanosine; and
inflammatory markers such as IL-1β, IL-6, and TNFα [165].

Bosco et al. [165] observed oxidative stress markers’ increase after a dive using close-
circuit rebreather (CCR) apparatus, probably originating from increased fiO2, amplified by
additional variables such as physical exercise [166] and breathing resistance [167]. On the
other hand, mild exercise during a dive may be enough to allow VGE transit, suggesting a
potential benefit of exercise before a dive [168].

No association between the decompression model chosen for a 50 msw dive and the
likelihood of DCS was established [169]. The dive profiles induced only minor changes in
inflammatory markers. The significant increase in IL-6 and decreased IL-8 and EGF levels
observed in groups following the ratio decompression strategy (RDS) or compartmental
decompression models (CDMs) were within the normal range and were consistent with
exercise-induced changes. However, compared to CDM, the RDS-controlled model has the
disadvantage of the increased secretion of chemokines in developing vascular damage. This
increased secretion of proinflammatory chemokines seems related to the decompression
system rather than the more prolonged exposure to high partial pressures of oxygen that
RDS divers undergo.

A short-term ketogenic diet has been observed to be effective in weight loss, decreasing
inflammation, and protecting against lipid peroxidation during a dive [165].

In Figure 2B, we illustrate up–down regulation biomarkers in SCUBA diving.

3.3. Saturation Diving

A particular case of diving activity is “saturation diving”, which describes a diving
method that enables the diver to stay under pressure for a long time (several hours or
even days), practiced by military forces and commercial divers. Saturation diving is an
established way to conduct subsea operations with human intervention. Saturation divers
are exposed to severe/extreme environmental conditions, exposing themselves to higher
risks and accidents [170–175].

Saturation diving involves divers staying under pressure until their tissues are satu-
rated with breathing gas, exposing them to increased oxygen pressure, potential toxic gases,
and the risk of bubble formation during decompression. Prolonged exposure to hyperoxia
can generate ROS, damaging cell structures like lipids, proteins, and nucleic acids. All these
factors, coupled with vascular gas bubble formation, may lead to endothelial dysfunction.
The diver’s antioxidant status, influenced by diet and genetics, plays a crucial role in
protecting against injuries caused by these conditions [174].

While working, divers must acclimatize to hyperbaric environments [175–177]. In
saturation diving, hyperoxia, partial gas pressure changes, and inert gas exchange during
decompression are likely sources of excess ROS [178]. Mrakic-Sposta et al. [178] found an in-
crease in oxidative stress-related biomarkers, including 8-deoxyguanosine, 3-nitrotyrosine,
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and neopterin, due to prolonged exposure to higher pO2 value. Furthermore, saturation
divers showed elevated concentrations of IL-6, the first cytokine released into the circu-
lation during inflammation response [10,178–182], and creatinine in the post-dive stage,
reflecting the systemic effects induced by hyperoxia, hyperbaric pressure, and exercise at
depth [150].

Moreover, Krog et al. [183] demonstrated the increase in Natural Killer (NK) cell
cytotoxicity during the compression phase accompanied by alterations in the cytotoxic
NK cell subsets (CD32CD16brightCD56dim) in saturation divers’ peripheral blood, with a
reduction in glutathione levels [184,185].

Previous studies have concluded that high oxidative stress in divers may be reversed
through antioxidant vitamin supplementation [186,187]. In an earlier experiment, the
supplementation of vitamin C, α-tocopherol (vitamin E), and tea catechins given to divers
during a 400 msw deep saturation dive every day for 40 days prevented hepatic distur-
bances [188]. A more recent publication demonstrated that divers’ endogenous antioxidant
mechanisms counteracted the effects of hyperbaric hyperoxia after 200 msw saturation div-
ing [184]. Sparse data showing the impact of antioxidant vitamins on vascular function in
diving are available; however, Deb et al.’s [189] review on antioxidant effects in saturation
diving subjects indicates that care is warranted when choosing whether and how to give
antioxidant supplements [190].

The iron reserve can also be a valid aid in saturation diving. Data provided by
Zwart et al. [179] showed that elevated body iron stores in a hyperoxic environment trig-
ger a DNA damage repair response in peripheral blood mononuclear cells, excluding
double-stranded DNA damage. Furthermore, folate levels decrease rapidly in this setting,
suggesting higher folate requirements may be necessary when both body iron stores and
DNA damage repair responses are elevated. This observation indicates potential interplay
between iron status, O2 levels, and folate in cellular responses.

Acclimatization to professional saturation diving was associated with post-saturation
gene expression changes to elevated O2 partial pressure by the extensive downregulation
of factors involved in O2 transport, including heme, hemoglobin, and erythrocytes. Pri-
mary endogenous antioxidants, such as SOD-1, CAT, and glutathione synthetase, were
upregulated, and there was increased expression of genes involved in immune activity and
inflammatory signaling pathways [186].

The observation that a hyperbaric and hyperoxic environment in saturation diving
induces proinflammatory responses that help the body adapt to the inherent oxidative stress
in maintaining homeostasis was confirmed recently by Monnoyer et al. [191]. They reported
elevated salivary levels of CRP, IL-1β, IL-8, SIgA, and TNF-α during the bottom phase of
the hyperbaric saturation, whereas IL-6, cortisol, and alpha-amylase were unchanged. All
changes observed during saturation were abolished at the end of decompression. Figure 2C
illustrates up–down regulation biomarkers in saturation diving.

4. Conclusions

Several studies encompassed the possibility of mitigating some diving-related impairments;
in fact, underwater activities induce oxidative stress and inflammatory-related parameter
changes depending on O2 availability. While in SCUBA diving, these changes are related only
to hyperoxia onset, in BH diving, they are a consequence of hyperoxia/hypoxia alternation.
As described, the presence of ROS, RNS, and inflammation can result in organ dysfunction
(e.g., endothelium, lung, kidney, brain) with complex interplay activity [192–196]. In the
recreational field, several preconditioning methods have been considered which have
challenged previously accepted ideas [197–200]. One direction was chosen to mitigate
diving-related risks: one aiming to endothelial dysfunction, although conduit arteries
and microcirculation seem not to behave in parallel [201,202], and supplementation with
antioxidant agents before diving [203–207].

Future research should compare and correlate different environmental conditions
(e.g., hot/cold water, sea/lake/swimming pool) in different underwater activity scenarios
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from BH to SCUBA diving. Furthermore, it should also consider the dose-dependent effects
of the gas/mixture alongside dive time and depth, associated with decompression times
and with the effects of changes in oxygen concentrations. To date, the risk/benefit ratio has
not yet been clearly defined.
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Abbreviations

AA Amino acid
ABG Arterial blood gas
BH Breath-hold diving
CAT Catalase
CCR Closed-Circuit Rebreather
CDM Compartmental decompression model
CRP Protein C-reactive
DCS Decompression sickness
EGF Epithelial growth factor
HIF Hypoxia-inducible factor
IL- Interleukin
IRI Ischemia–reperfusion
NO Nitric oxide
NK Natural Killer
O2 Oxygen
O2

2− Superoxide anion
ONOO Peroxinitrite
OxS Oxidative stress
PaCO2 Arterial partial CO2 pressure
pO2 Partial O2 pressure
pGSN Plasma gelsolin
RDS Ratio decompression strategy
ROS Reactive oxygen species
RNS Reactive nitrogen species
SCUBA Self-Contained Underwater Breathing Apparatus
SOD Superoxide dismutase
TAC Total Antioxidant Capacity
8-OH-dG 8-OH-2-deoxyguanosine
8-iso-PGF2α 8-isoprostane
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Abstract: HBOT increases the proportion of dissolved oxygen in the blood, generating hyperoxia. This
increased oxygen diffuses into the mitochondria, which consume the majority of inhaled oxygen and
constitute the epicenter of HBOT effects. In this way, the oxygen entering the mitochondria can reverse
tissue hypoxia, activating the electron transport chain to generate energy. Furthermore, intermittent
HBOT is sensed by the cell as relative hypoxia, inducing cellular responses such as the activation of
the HIF-1α pathway, which in turn, activates numerous cellular processes, including angiogenesis
and inflammation, among others. These effects are harnessed for the treatment of various pathologies.
This review summarizes the evidence indicating that the use of medium-pressure HBOT generates
hyperoxia and activates cellular pathways capable of producing the mentioned effects. The possibility
of using medium-pressure HBOT as a direct or adjunctive treatment in different pathologies may
yield benefits, potentially leading to transformative therapeutic advancements in the future.

Keywords: hyperbaric oxygen treatment (HBOT); hyperoxia; mild pressure; PO2; reactive oxygen
species (ROS)

1. Introduction

Oxygen is the essential component of cellular aerobic metabolism. It enters the
respiratory pathways and blood vessels through convection, then diffuses through the
capillary wall to the interstitium, with its ultimate destination being the mitochondria,
where it plays a role in cellular respiration.

Oxygen is utilized as a therapeutic agent, not only for treating patients in need of
oxygen supplementation, but it is also considered a drug capable of inducing targeted
clinical responses, such as hyperbaric oxygen therapy (HBOT) [1] or therapies utilizing the
“Normobaric Oxygen Paradox” or the “Hyperoxia-Hypoxia Paradox” [2,3]. These effects
may vary in response to different pressures used, oxygen exposure durations, and the
number of sessions for various pathologies. Therefore, it is necessary to standardize these
parameters and characterize the responses based on the patient’s specific needs.

The aim of this review is to demonstrate that hyperbaric treatment using 1.5 atm
generates an oxygen increase in blood and tissues, impacting cellular metabolism and
producing beneficial effects for the therapy of various pathologies.

2. Hyperoxia

Hyperoxia is defined as an increase in the presence of tissue and plasma oxygen at
concentrations higher than normal. The term “hyperoxia” is widely used in scientific
language, and the word “HYPEROXIA” is documented in 23,957 articles on Pubmed
Central (PMC)-nih.gov and in 9541 publications on PubMed-nih.gov. Given its clinical
relevance, this concept is also extensively employed in the 243 clinical studies reported on
ClinicalTrials.gov.
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Hyperoxia can be achieved in situations where individuals are provided with oxygen
supplementation (oxygen therapy) under normobaric or hyperbaric conditions. Nor-
mobaric oxygen supplementation, delivered through a mask, is used as a therapy for
various medical conditions. Hyperbaric oxygen therapy (HBOT) involves breathing high
concentrations of oxygen (O2) (~100%) within a pressurized chamber set above normal
atmospheric pressure (at sea level, 1.0 absolute atmospheres or atm). For clinical usage,
the pressure must be at least 1.4 atm according to the UHMS (Undersea and Hyperbaric
Medical Society) guidelines, as stated in the 14th Edition 2019-Hyperbaric Oxygen Therapy
Indications. Hyperoxia is the causal factor behind the beneficial effects achieved through
these treatments [4].

3. Oxygen Homeostasis

Oxygen is essential for all aerobic organisms. Normoxia is defined as the normal
oxygenation conditions necessary for the proper execution of physiological processes.

The oxygen level within the mitochondria [2] is very low, so even small variations
act as potent triggers for metabolic signaling. Mitochondria play a central role in oxygen
utilization, as cellular respiration occurs there. ATP, the cell’s energy source, is produced
from glucose, with oxygen acting as the final electron acceptor in the respiratory chain.
During this process, small amounts of reactive oxygen species (ROS) are generated, which
are molecules capable of reacting with other molecules.

The hyperoxic state during hyperbaric oxygen therapy can elevate ROS production.
Recently, it has been demonstrated that HBOT induces an increase in ROS with a kinetic
profile similar to that of plasma reactive oxygen species at 1.4 ATA and 2.5 ATA. The peak
production is attained around 2 h and persists above the baseline level for 48 h [5] (See
Figure 1).
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Figure 1. Percentual variations in ROS (plasma) production after 60 min of oxygen breathing of
mild (1.4 ATA, n = 6) or high hyperbaric exposure (2.5 ATA, n = 8). Levels of oxygen are shown in
the figure legend. Results are expressed as mean percentage change of control values (*: p < 0.05,
**: p < 0.01, ***: p < 0.001, ****: p < 0.0001; RM-ANOVA and Dunnet’s post hoc test).

The effects of ROS can be counterbalanced by the action of NRF2, a transcription factor
that regulates the antioxidant response [3] (See Figure 2).

Its response magnitude and duration are also dependent on the oxygen dose applied
as proposed by Fratantonio et al. (Fratantonio et al., 2021) [6].

When there is an excess of oxygen in the cell, and the endogenous antioxidant system
is disrupted, oxidative stress is triggered. This can result in damage to lipids, proteins,
and DNA. Furthermore, it is known that oxidative stress, inflammation, the immune
system, and metabolism are interconnected. In this context, ROS is used as part of the
signaling cascades of certain inflammatory cytokines, contributing to the development
and/or progression of chronic inflammatory diseases [7].
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Figure 2. HIF-1α and NRF-2 nuclear translocation following 1 h of hyperbaric hyperoxia at 1.4 ATA
hyperoxia in human subjects (N = 6) before and after the recovery to normoxic conditions. Results are
expressed as fold change (mean ± SEM) in comparison to baseline (0), which was set at 1. ** p < 0.01;
for one-way ANOVA followed by Dunnett’s post hoc test (Modified from Fratantonio et al. (2021) [6].

On the contrary, in the case of persistent tissue hypoxia (oxygen deficiency), tissues can
develop hypoxemic stress, which can lead to organ dysfunction and permanent functional
impairment, as seen in conditions such as acute mountain sickness [8,9]. To prevent such
damage, hypoxia serves as a key inducer of cellular gene expression, promoting various
processes such as cellular protection and repair, angiogenesis, stem cell proliferation and
differentiation, and more. Most of the induced gene expression is guided by transcription
factors known as HIF-1 (hypoxia-inducible factors 1). Under normoxic conditions, HIF-1
levels are reduced since the reactive oxygen species (ROS) in the cell, products of cellular
metabolism, promote their degradation. In a hypoxic situation, fewer ROS are produced,
causing HIF-1 to stabilize, translocate to the nucleus, and promote the expression of approx-
imately 200 genes essential for adapting to low-oxygen conditions. These genes include
glycolytic enzymes for ATP synthesis, VEGF to induce angiogenesis, iNOS (inducible nitric
oxide synthase), and other factors to enhance tissue oxygenation. HIF-1 is also associated
with other processes such as mitochondrial biogenesis and aging through SIRT1 [2].

4. HBOT (Hyperbaric Oxygen Therapy)

In certain circumstances, hyperbaric oxygen therapy represents the primary treat-
ment modality, while in others, it serves as a complement to surgical or pharmacological
interventions [10].

Hyperbaric oxygen therapy is conducted using various types of chambers. Multiplace
chambers are employed to simultaneously treat up to approximately 20 patients. These
chambers are pressurized with compressed air, and 100% oxygen is administered via masks
covering the nose and mouth or hoods that envelop the entire head. The atmosphere is
carefully regulated and controlled concerning air and temperature. These chambers allow
for the entry of equipment from intensive care units and the presence of medical personnel.

Monoplace Chambers are the most used type. These chambers can be pressurized
with nearly 100% oxygen, and the patient directly breathes the oxygen from the chamber
environment. They can also be pressurized with compressed air while the patient breathes
oxygen (close to 100%) through masks, head hoods, or endotracheal tubes. This type of
chamber offers individual patient management (isolation, useful for infections), making
patients easy to observe. No special decompression procedures are required. More cost-
effective than multiplace chambers. Requires less space than multiplace chambers. Fewer
operators are needed. The design of monoplace chambers is ideal for caring for patients
who do not require the presence of personnel within the chamber. Most bodily functions
can be monitored externally, including the ventilator, which can be controlled from outside
the chamber.
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4.1. Fundamentals of Hyperoxic Treatment

The primary physiological effect of HBOT is the generation of hyperoxia, which
allows for greater oxygen dilution in the blood plasma, and this process is independent of
hemoglobin [11]. The oxygen supply chain begins in the lungs, where it is delivered through
convection in the respiratory passages and blood vessels. It then diffuses through the
capillary wall to the interstitium, with its ultimate destination being the mitochondria [2].

In the blood, oxygen is transported in two forms: a fraction bound to hemoglobin and
a free fraction dissolved in the plasma. The amount of dissolved oxygen is proportional
to the partial pressure of oxygen at a specific temperature, according to Henry’s Law [12].
Therefore, at a higher partial gas pressure, it tends to shift from a gaseous to a liquid state,
with the reverse occurring when the pressure of the gas dissolved in the plasma decreases.

Furthermore, we should consider that the air we normally breathe is composed of 78%
nitrogen, 21% oxygen, and the rest is made up of trace gases. According to Dalton’s Law,
the total pressure exerted by a mixture of gases is equal to the sum of the partial pressures
of the gases. This means that at sea level, 1 ATA (absolute pressure), the partial pressure of
oxygen in the atmosphere is 159.6 mmHg. Exposure to pure oxygen at 1.5 ATA (absolute
atmospheres) entails an oxygen pressure of 1140 mmHg. An increase in inspired oxygen
pressure leads to an increase in alveolar oxygen pressure, which reaches 1053 mmHg when
breathing 100% oxygen in a hyperbaric chamber at 1.5 ATA, compared to 102 mmHg when
breathing air at 1 ATA, meaning it increases by a factor of 10.

At normal atmospheric pressures, only a limited portion of inspired oxygen is dis-
solved in the blood, but at higher pressures, as used in HBOT, it becomes possible to
dissolve enough oxygen to meet the body’s usual needs. In line with this, Jain et al. de-
scribed that arterial oxygen pressure increases with pressure, such that ideally, breathing
100% oxygen at 1.5 ATA results in a 10-fold increase in arterial oxygen compared to arterial
oxygen under normal conditions (breathing air at 1 ATA), demonstrating the hyperoxia
generated in HBOT at 1.5 ATA [13]. Ishihara et al. also reported an increase in dissolved
oxygen using mid-pressure HBOT [14].

Breathing 100% oxygen in a high-pressure environment increases tissue oxygen ten-
sion. The diffusion of dissolved oxygen into tissues follows the mathematical model
described by Krogh [15]. Using the Krogh model, the existence of radial and longitudinal
pressure gradients (PpO2) is explained, based on the capillary radius and the arterial and
venous endpoints, respectively. Combining these variables, the model allows the prediction
of PpO2 in tissues. By administering O2 at close to 100% concentration in an environment
at 1.45 atm, the oxygen penetration radius from capillaries to tissues is approximately
~75 μm, enabling the attainment of an arteriolar PpO2 of about 950 mmHg. This pressure is
more than sufficient to ensure adequate oxygen supply to all tissues in the body through
the diffusion and penetration of oxygen from plasma to all cells. Therefore, at 1.5 ATA,
the minimum required PpO2 (20 mmHg) is achieved and considerably exceeded to cover
the minimum average penetration radius needed to support cellular functions (~40 μm).
Holbach et al. demonstrated that HBOT al 1.5 ATA increased arterial PO2 and cerebrospinal
fluid oxygen pressure [16].

The increase in tissue oxygen levels after subjecting a patient to HBOT treatment
has been widely demonstrated [17,18]. This increase persists even after the vasoconstric-
tion generated by HBOT, as it does not impede the elevation of tissue partial oxygen
pressure [18].

In addition, tissue hyperoxia has been demonstrated in the brains of rats exposed to
hyperbaric therapy at 1.5 ATA [19]. These results were confirmed in clinical studies by
Rockwold and colleagues, showing a significant increase in tissue oxygenation induced
by HBOT at 1.5 ATA in the brains of patients [20]. These findings were also replicated in a
phase II clinical trial, demonstrating hyperoxia generated at that pressure [21]. Moreover,
the increase in tissue oxygenation achieved by HBOT at 1.5 ATA is capable of elevating
ATP and NAD+ levels in brain tissue following a brain injury, meaning that hyperbaric
oxygen supply can restore mitochondrial function after one hour of treatment. These effects
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were accompanied by a reduced loss of neuronal cells in the hippocampus, contributing to
improved cognitive recovery [19].

Niza et al. observed that exposure to HBOT increases blood flow in peripheral tissue
capillaries through parasympathetic activation induced by hyperoxia at 1.4 ATA [22].

It has been demonstrated that the increase in tissue oxygen induced by HBOT at
1.5 ATA using a monoplace chamber generates cellular responses, as described by Fratan-
tonio et al. They reported that hyperoxia induced in healthy individuals at 1.5 ATA led
to an increase in the expression of transcription factors that regulate cellular responses
related to oxygen fluctuations. Additionally, an increase in glutathione and MMP9 (metal-
loproteinase 9) was observed, indicating that the treatment induces oxidative stress. These
observations highlight a cellular response mediated by transcription factors induced by
hyperoxia generated at 1.5 ATA [6].

Leveque et al. described the kinetics of ROS in healthy patients after 1 h of exposure
to hyperbaric oxygen at 1.5 ATA and 2.5 ATA, up to 48 h following the treatment. The work
demonstrated a significant increase in ROS due to hyperoxia generated at 1.5 ATA and
the activation of antioxidant mechanisms. Both the ROS kinetics and the levels reached
were comparable to the group that received HBOT at 2.5 ATA. Similarly, it was observed
that the kinetics and levels of antioxidants were comparable at both pressures, while the
immunomodulatory effects varied depending on the dosage [5].

The increase in ROS and antioxidants after HBOT was also described in the study by
Bosco et al. They observed that these parameters remained elevated during the 20 daily
sessions of HBOT conducted at the same pressures. At 1.5 ATA, ROS levels remained
comparable between the two pressures until day 7 and returned to normal after completing
the 20 sessions, while they continued to be elevated at 2.5 ATA. This was accompanied by
an increase in antioxidant compounds with the same kinetics at both pressures, even up to
one month after completing the treatment, indicating a shift in the redox balance toward the
reduced state [23]. This allows us to conclude that at 1.5 ATA, there is a clear antioxidant
effect that predominates over oxidative stress, which remains elevated one month after
completing the 20 sessions tested. Furthermore, an anti-inflammatory effect was observed,
evidenced by a decrease in IL-6 and miRNA expression, consistent with findings from other
studies showing a decrease in proinflammatory cytokines and an increase in hemoglobin.
These results demonstrate that intermittent hyperoxia generated at 1.5 ATA leads to an
increase in ROS due to increased tissue oxygen, as well as cellular responses that contribute
to an antioxidant, anti-inflammatory, and hemoglobin-increasing effect in a safer context
without renal damage [24,25].

The effects of intermittent hyperoxia on processes such as inflammation, oxidative
stress, and others can be explained through the phenomenon known as the “normobaric
oxygen paradox” or “hypoxia-hyperoxia paradox” [2,26] depending on the pressure used.
However, it is important to consider that both normobaric and hyperbaric intermittent
exposures generate the same reactions. This paradox was proposed in 2006 when the
authors observed that intermittent hyperoxia/normoxia exposure induced the synthesis
of EPO (Erythropoietin). Essentially in a hyperoxic environment, there is more dissolved
oxygen, leading to an increase in ROS. The adaptive response induces an increase in
antioxidant proteins (scavengers) to counteract the increased ROS, preventing reactive
species from causing damage to DNA and other cellular processes. When returning to
normoxia, oxygen and ROS levels normalize, but the scavenger activity remains high for an
extended period. When the hyperoxic exposure is repeated, the ROS/scavenger ratio is low
because the half-life of scavengers is longer than that of ROS. This results in fewer ROS and,
consequently, less degradation of HIF (Hypoxia-Inducible Factor) in the proteasome and
more active HIF entering the nucleus to promote the transcription of EPO, VEGF, sirtuins,
among others, leading to effects like hypoxia (angiogenesis, cell regeneration, etc.). In other
words, the cell perceives intermittent hyperoxia as a state of hypoxia, promoting cellular
processes induced by HIF but under normoxic conditions.
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The effect of hyperbaric oxygen at 1.5 ATA on the immune system has been addressed
by various authors who observed an increase in blood flow in capillaries [22]. As previously
mentioned, U Nisa and colleagues recently demonstrated that IL-6 does not change, nor
does IL-12, suggesting that the treatment would have an anti-inflammatory effect on
healthy women exposed to HBOT at half-pressure. The authors also reported an increase
in parasympathetic activity and an increase in natural killer cells (NKC), indicating an
increase in the mobilization and proliferation of these cells involved in early immunity [27].
In other words, hyperoxia generated at 1.5 ATA in healthy women has an anti-inflammatory
effect.

4.2. Physiological Effects of Hyperoxia Generated by HBOT
4.2.1. Reversal of Hypoxia

Hyperbaric oxygen restores mitochondrial functionality and cellular respiration. Hy-
peroxia maintains the mitochondrial membrane potential and increases ATP produc-
tion [28,29]. HBOT provides tissue perfusion exchange capability due to the increased
instance of oxygen diffusion, distinguishing it from all other oxygen therapy methods. In
this regard, HBOT treatments at 1.4–2.0 ATA for hypoxemia in critical COVID-19 patients
continue to be a promising avenue [30]. Cannellotto et al. demonstrate that hyperbaric
oxygen therapy at 1.45 atmospheres of pressure among patients with COVID-19 resulted in
significantly faster resolution of hypoxia in those who received HBOT compared to control
patients [31].

4.2.2. Non-Hypoxemic Vasoconstriction

The increased oxygen available generated by HBOT induces vasoconstriction in small
arteries and capillaries in healthy tissues, without impairing oxygenation, favoring the
redistribution of blood flow to underperfused areas. The vasoconstriction produced is
called “non-hypoxemic” because it does not counteract the effect of hyperoxia or deepen
hypoxia in ischemic or poorly perfused tissues. Vasoconstriction, mediated by the central
nervous system through α-adrenergic receptors, reduces blood flow by up to 20% without
altering venous return, resulting in benefits for edema reduction at any level and a reduction
in the inflammatory response. Additionally, HBOT can increase vascular tone, raising blood
pressure and reducing heart rate [32,33].

4.2.3. Angiogenesis

Hyperoxia stimulates neo-vascularization or the formation of new blood vessels
through two processes: angiogenesis and vasculogenesis [1]. Numerous growth factors,
transcription factors, hormones, and chemical mediators are involved in these mechanisms,
including Hypoxia-Inducible Factor 1 (HIF-1), Vascular Endothelial Growth Factor (VEGF),
Epidermal Growth Factor (EGF), Platelet-Derived Growth Factor (PDGF), interleukins
(IL) [34]. Particularly, the pro-angiogenic effect triggered by HBOT is mediated by an
increase in VEGF production, promoting the formation of new blood vessels after several
sessions [35]. In bone marrow, HBOT affects the activity of medullary nitric oxide synthase
(NOS) enzyme, which synthesizes nitric oxide (NO) and plays a role in the mobilization of
stem cells, promoting neovascularization and healing [36].

4.2.4. Proliferation and Stimulation of Stem Cells

HBOT generates the hyperoxia necessary for oxidative stress via nitric oxide synthase
to release pluripotent stem cells from the bone marrow stroma [37]. The mobilization of
progenitor stem cells (SPCs) due to has been demonstrated in healthy individuals and in
patients receiving treatment for radionecrosis. Hyperbaric oxygen mobilizes endothelial
progenitor cells (EPCs), which have been associated with endothelial cell generation and
demonstrated vasculogenesis [38]. It also promotes the differentiation of neural stem cells
into neurons and oligodendrocytes, and reduces the number of astrocytes in vitro, possibly
by regulating the Wnt3 protein signaling pathway, beta-catenin, and bone morphogenetic
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protein 2 (BMP2). An up-regulation of neural cell proliferation is also observed within
neurogenic niches in the adult brain [39].

4.2.5. Collagen Synthesis

HBOT has been shown to increase the expression of type I pro-collagen genes in tendon
and ligament healing and inhibits the expression of metalloproteinases [40]. Hyperoxia
induced by HBOT activates the expression of growth factors for fibroblast activation,
resulting in a significant increase in type I and type III collagen synthesis related to local
nitric oxide production at the wound site during healing. Oxygen is not only important in
collagen maturation, necessary for stable collagen formation, but it also increases collagen
precursor synthesis, favoring the synthesis and repair of various types of tissues [41].

4.2.6. Osteogenesis

Hyperbaric oxygenation increases oxygen perfusion even in inflamed or infected bone,
promoting angiogenesis that nourishes bone tissue and subsequently osteogenesis. Hyper-
oxia also promotes bone tissue differentiation. In this regard, it has been demonstrated that
HBOT at 1.5 ATA and 2.4 ATA HBO treatments stimulates early osteogenic differentiation
increasing the number of osteoblasts, calcium deposition, alkaline phosphatase activity and
bone nodule [42]. Osteogenesis is accelerated compared to osteoblasts that did not receive
hyperbaric oxygen [43]. Increased oxidative stress triggers the bone resorption process
associated with aging and osteoporosis [44].

4.2.7. Antimicrobial Effect

Hyperoxia generated by HBOT reverses tissue hypoxia, which is a conducive environ-
ment for the development and proliferation of anaerobic and microaerophilic bacteria. It
enhances the bactericidal effectiveness of antimicrobials against biofilm-producing bacte-
ria, such as Pseudomonas aeruginosa, demonstrating a synergistic bactericidal action with
antimicrobials in biofilm-producing bacteria [45]. It increases the concentration of reactive
oxygen species (which have intrinsic bactericidal activity against bacteria), promotes innate
and adaptive immune responses, enhances the phagocytosis of bacteria like Staphylococcus
aureus, supports mitochondrial function, reverses mitochondrial damage, and provides
oxygen for metabolism and reactive oxygen species production. This provides the necessary
elements to promote cellular immunity and increase defenses against various pathogens. It
inhibits the action of bacterial toxins that are important in infectious diseases [46].

4.2.8. Neural Function and Neuroprotection

Hyperoxia generated by HBOT increases Hypoxia-Inducible Factor 1 alpha (HIF-
1alpha) and the subsequent synthesis of the cytokine erythropoietin (EPO), resulting
in significant neuroprotective effects [47,48]. Hyperbaric oxygen, as a preconditioning
method, also confers hypoxia tolerance by providing neuroprotection in the cerebral cortex,
hippocampus, and spinal cord. It promotes the inhibition of neuronal apoptosis, reduces
Caspase-3 expression, preventing DNA fragmentation and preserving cellular integrity [49].

4.2.9. Mitochondrial Function, Oxidative Stress, and Inflammatory Response

HBOT induces the production of reactive oxygen species (ROS), which can act as
signals measuring physiological responses in mitochondria. Hyperbaric oxygen preserves
mitochondrial integrity by maintaining the mitochondrial membrane potential and reduc-
ing the mitochondrial apoptosis pathway. It restores cellular respiration in cases of poison-
ing [50]. Additionally, hyperbaric oxygen treatment induces mitophagy [51]. Mitophagy
activation is associated with a significant decrease in neuropathic pain [52]. Increased
dissolved oxygen leads to a significant reduction in neuropathic pain. Hyperoxia can
simultaneously stimulate an increase in ROS levels and antioxidant species, both enzymatic
and non-enzymatic [53]. It can induce protection against oxidative stimuli in endothe-
lial cells by overexpressing antioxidant genes following multiple hyperbaric oxygenation
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sessions in some tissues [23]. The short-term effect of HBOT generates stress and causes
mitochondria to decrease their activity, partially reducing ROS production. However,
in the long term, antioxidant activity increases, helping mitochondria function without
altering the redox balance and even improving their activity [54]. The anti-inflammatory
action mediated by HBOT leads to vasoconstriction, reducing edema and the inflammatory
response. It also reduces the production and release of pro-inflammatory cytokines by
neutrophils and monocytes [1,55]. HBOT has effects on cytokine production, reducing
interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-alpha),
which are pro-inflammatory. VEGF (Vascular Endothelial Growth Factor), TGF-beta1
(Transforming Growth Factor Beta 1), and PDGF-beta (Platelet-Derived Growth Factor)
exhibit biphasic release patterns. This means that they are released under both hypoxic
and hyperoxic conditions. However, hyperoxia-stimulated release is greater, facilitating
the healing process [56].

4.2.10. Regeneration

Studies have reported that hyperoxia generated by HBOT promotes regeneration
mechanisms in various tissues, including the brain, spinal cord, bone, cartilage, cardio-
vascular tissue, and muscle. The observed regeneration can be explained by the effects
of HBOT on the following processes: apoptosis, stem cell mobilization, oxidative stress
response, inflammation, tissue remodeling, angiogenesis, cell–cell adhesion mechanisms,
tissue regeneration, differentiation, and proliferation [57]. HBOT promotes axon regenera-
tion, as hyperoxia-induced accumulation of anti-inflammatory cytokines and macrophage
accumulation.

5. Safety

Hyperbaric oxygen therapy is an important complementary treatment for various
pathologies, as mentioned earlier, and is currently a safe and available therapy with some
reported adverse effects primarily at high pressures. The incidence of adverse events
associated with HBOT is rare and generally not severe, encompassing conditions such as
otic/sinus barotrauma, confinement anxiety, hypoglycemia, oxygen toxicity, ocular side
effects, pneumothorax, seizure, and shortness of breath [58]. Absolute contraindications
have been defined, such as untreated pneumothorax, and relative contraindications include
the use of certain medications, asthma, pregnancy, claustrophobia, Chronic Obstructive
Pulmonary Disease (COPD), insulin-dependent diabetes mellitus, or acute hypoglycemia,
among others [59]. It is imperative to systematically assess the risk and benefit profiles at
various treatment pressures and durations to standardize treatment protocols and enhance
patient care.

Monge et al. demonstrated that HBOT at 1.45 atm using a portable chamber increases
blood oxygen saturation, demonstrating hyperoxia, and was safer than other reported
chambers, as adverse effects were milder, and no barotrauma was reported [60]. Similarly,
Jaim and colleagues did not report adverse effects [13].

Other studies have shown the safety of treatment at 1.5 atm. Ilni and colleagues
reported in healthy volunteers that at half-pressure, there were no observed changes in
lung capacity [61]. Furthermore, there was no increase in IL6 and IL-8 in bronchoalveolar
lavage, and no pulmonary or cerebral oxygen toxicity was observed [62]. Laboratory
parameters studied in healthy individuals receiving HBOT at 1.45 atm showed no changes
in hematological or hemostatic parameters, as well as in markers of inflammation and acute
phase [63].

6. Methods

A literature search was performed in Pubmed to identify studies, conducted in the las
20 years that explore the use of HBOT at pressure above 1.45–1.5 ATA. The following search
string was used: (“hyperbaric oxygenation” AND “hyperoxia” AND; “mild pressure”)
OR (“Hyperbaric Oxygen Therapy effects” AND “oxidative stress and HBOT” AND “1.5
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ATA”). The review was focus on clinical approach in adult healthy subject or subjects with
any pathology to whom tissue oxygen levels were measured. The search was restricted to
articles published in English in peer-reviewed journals. No restriction on study design was
imposed. Abstract presentations and conference proceedings were excluded.

Studies were manually selected based on the title and abstract. (See Table 1). Selected
studies were read thoroughly to identify those suitable for inclusion in this review. We
extracted the demographic and experimental data from the selected studies. For each study,
the following relevant information was extracted and summarized: characteristics of the
investigated population; oxygen administration protocols the experimental and/or clinical
settings of application; and the main results of the studies in terms of level of oxygen
and/or level of ROS enhancing effect on HIF-1α pathway.

Table 1. A summary of the main human studies demonstrating hyperoxia with hyperbaric oxygen
treatment at mild pressure.

Author Type of Study Sample Size Intervention Main Results

Bosco et al.
(2021)
[23]

Randomized,
patient-blinded,
controlled trial
(NCT04366427)

22 healthy humans.
100% O2, HBOT
1.5 ATA, 60 min.

20 treatments

In plasmatic samples: Increase in
ROS levels until day 14, followed

by a decrease at the end of the
treatment. Increase in total

antioxidant capacity. Increase in
glutathione and reduced cysteine.

Decrease in IL-6 and IL-10.

Leveque et al.
(2023) [5]

Human experimental
study

47 healthy
non-smoking

Caucasian subjects

100% O2, HBOT
1.4 ATA, 60 min.

1 treatment.

Increase of plasmatic ROS
production similar kinetic respect

2.5 ATA. Increase in
cysteinylglycine. Plasmatic Nitric
oxide metabolites decrease after

2 h and return normal level al 24 h

Fratantorio et al.
(2021) [6]

Human experimental
study 20 healthy humans

1 h exposure to
normobaric oxygen

FiO2 0.3 vs. normobaric
oxygen FiO2 1.0 vs.
hyperbaric oxygen

1.4 bar
FiO2 1.4

Increase in NRF2 nuclear level and
not significative changes in HIF

after the first session in peripheral
blood mononuclear cells. Increase

glutathione and matrix
metalloproteinase (MMPs)

in plasma.

Niza et al.
(2023) [27]

Clinical Trial (crossover
randomized

experimental study)
16 healthy women

1.4 ATA, with
35.0–39.5% oxygen

concentration and 18 L
of oxygen per minute

injected into the
hyperbaric chamber for

70 min.

Parasympathetic activity
(Electrocardiography Analysis)
was significantly increased. NK

cells were increased without
changes IL-6 and IL-12p70 protein

levels in blood samples.

Rockswold et al.
(2010) [20]

Randomized clinical
trial 24 patients

100% FiO2 (fraction of
inspired oxygen)

delivered for 60 min at
1.5 ATA. The NBH

treatment consisted of
100% FiO2 given for 3 h

at 1.0 ATA

Mean brain tissue PO2 levels were
significantly increased after HBO2

therapy.

Rockswold et al.
(2013) [21]

Prospective
randomized Phase II

clinical trial
(NCT00170352)

45 patients treated
for severe TBI

100% FiO2 delivered
for 60 min at 1.5 ATA

followed by 3 h at
1.0 ATA

Brain tissue PO2 in both the
noninjured and pericontusional
brain rose during the treatment

sessions to approximately 600% of
the control group value. Decrease

of microdialysate lactate in the
pericontusional brain without

change in the noninjured brain.
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7. Conclusions

Hyperbaric oxygen treatment at 1.5 ATA increases dissolved oxygen levels, generat-
ing tissue hyperoxia and counteracting the effects of hypoxia by supplying the necessary
oxygen to restore cellular respiration and mitochondrial function. The effect of HBOT also
involves cellular responses that counteract oxidative stress effects by activating antioxidant
mechanisms, and it acts on multiple processes such as angiogenesis and inflammation,
among others, producing beneficial effects on various pathologies. These beneficial effects
have been reported in a wide range of protocols, including various pressures, exposure
times, and session numbers. Therefore, it will be necessary to conduct rigorous studies
to adjust these variables for HBO therapy, whether as an independent or adjuvant treat-
ment, in the numerous pathologies in which it may yield benefits, potentially leading to
transformative therapeutic advancements in the future.
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Abstract: The central exacerbating factor in the pathophysiology of ischemic–reperfusion acute kidney
injury (AKI) is oxidative stress. Lipid peroxidation and DNA damage in ischemia are accompanied
by the formation of 3-nitrotyrosine, a biomarker for oxidative damage. DNA double-strand breaks
(DSBs) may also be a result of postischemic AKI. γH2AX(S139) histone has been identified as a
potentially useful biomarker of DNA DSBs. On the other hand, hypoxia-inducible factor (HIF) is
the “master switch” for hypoxic adaptation in cells and tissues. The aim of this research was to
evaluate the influence of hyperbaric oxygen (HBO) preconditioning on antioxidant capacity estimated
by FRAP (ferric reducing antioxidant power) and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) assay, as well as on oxidative stress parameter 3-nitrotyrosine, and to assess its effects
on γH2AX(S139), HIF-1α, and nuclear factor-κB (NF-κB) expression, in an experimental model of
postischemic AKI induced in spontaneously hypertensive rats. The animals were divided randomly
into three experimental groups: sham-operated rats (SHAM, n = 6), rats with induced postischemic
AKI (AKI, n = 6), and group exposed to HBO preconditioning before AKI induction (AKI + HBO,
n = 6). A significant improvement in the estimated glomerular filtration rate, eGFR, in AKI + HBO
group (p < 0.05 vs. AKI group) was accompanied with a significant increase in plasma antioxidant
capacity estimated by FRAP (p < 0.05 vs. SHAM group) and a reduced immunohistochemical
expression of 3-nitrotyrosine and γH2AX(S139). Also, HBO pretreatment significantly increased
HIF-1α expression (p < 0.001 vs. AKI group), estimated by Western blot and immunohistochemical
analysis in kidney tissue, and decreased immunohistochemical NF-κB renal expression (p < 0.01).
Taking all of these results together, we may conclude that HBO preconditioning has beneficial effects
on acute kidney injury induced in spontaneously hypertensive rats.

Keywords: oxidative stress; FRAP; 3-nitrotyrosine; γH2AX(S139); HIF-1α; NF-κB; spontaneously
hypertensive rats; HBO preconditioning

1. Introduction

Acute kidney injury (AKI) is defined as a sudden decrease in glomerular filtration
rate (GFR), which includes structural damage and loss of function [1], leading to azotemia
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and often oliguria or anuria. In hospital settings, AKI commonly occurs in patients who
underwent cardiac and other complex surgery [2], sepsis [3], renal transplantation [4],
and reparation of an aneurysm [5]. The main risk factors include diabetes, hypertension,
and peripheral artery disease [6]. AKI is also recognized as an increasing healthcare
challenge [3], due to its rising incidence, complex pathophysiology, and limited treatment.
A large number of studies have been directed at elucidating pathogenesis and developing
AKI therapeutics in animal models [7,8]. However, to date, none of these therapies have
been translated into clinical practice [9].

The most common cause of AKI is renal ischemia–reperfusion injury (IRI) [10]. Several
mechanisms are involved in the pathophysiology of IRI, but the literature data confirm that
oxidative stress plays a crucial role in this process and is recognized as a central deleterious
factor [11,12] especially in the reperfusion phase, when the most IRI damage might occur.

An increased level of reactive oxygen species (ROS) that cannot be regulated by en-
dogenous antioxidants promotes inflammation, vascular dysfunction, and renal tubule
cell cytotoxicity, all of which are observed in the pathogenesis of AKI [13]. In addition,
DNA damage, including physical DNA double-strand breaks (DSBs), and oxidative base
modifications may also be a result of renal IRI [14]. Gama H2AX is the phosphorylated
form of the histone H2AX at serine 139 (γH2AX(S139)), [15] and because of its sensitivity
and utility for the detection of DNA double-strand breaks, γH2AX(S139) has been iden-
tified as a potentially useful biomarker with clinical implications [16]. Previously, in our
investigation, we showed that γH2AX(S139) may be used to indicate DNA damage that
follows ischemia–reperfusion AKI [17]. On the other hand, lipid peroxidation and DNA
damage in ischemia are associated with the formation of 3-nitrotyrosine, a biomarker for
ROS/reactive nitrogen species (RNS), suggesting that NO•, O2

•−, and/or peroxynitrite,
contribute to renal oxidative damage [18,19]. In addition, postischemic AKI is accompa-
nied by inflammation [20], and nuclear factor κB (NF-κB) serves as a central mediator of
inflammatory response [21].

At the same time, cellular hypoxia is one of the most powerful inducers of gene expres-
sion, metabolic changes, and regenerative processes [22] in order to survive unfavorable
hypoxic conditions. Hypoxia-inducible factor (HIF) is the “master switch” for hypoxic
adaptation in cells and tissues. In kidneys, as in other organs, HIF improves the tolerance
to conditions of hypoxia or ischemia in vivo, but HIF is often suboptimal under these
conditions. Thus, there is a great therapeutic potential to activate or target HIF [23].

The therapeutical basis of hyperbaric oxygenation (HBO) is to create a hyperbaric
environment with pure oxygen that allows for a significant increase in the oxygen supply
to blood and to the tissues even without the Hb involvement [24], so it could be used to fix
tissue hypoxia and chronic hypoxemia and to help in the clinical approach to reperfusion
injuries [25]. In contrast to hypoxia, the human body has not developed specific adaptative
mechanisms to hyperoxia. Moreover, the exposure to intermittent hyperoxia activates
cellular mechanisms and mediators which are induced by hypoxia [22]. Actually, similar
with intermittent hypoxia, the exposure to short-term hyperoxia may provoke favorable
outcomes in the cell. This led us to the idea that hyperbaric oxygenation preconditioning
may be beneficial in cases with a high risk of developing postischemic AKI. High PO2 in
the tissues during HBO also leads to an increased production of ROS and RNS that may
have important implications in the cellular signaling, resulting in the synthesis of differ-
ent growth factors, thus improving neovascularization and showing immunomodulatory
properties [26,27], which contribute to clinical efficacy of hyperbaric oxygenation. More-
over, HBO therapy upregulates HIF via ROS/RNS and Extracellular Regulated Kinases
(ERK1/ERK2) pathways [22,28].

In our previous studies performed on the same experimental model of postischemic
AKI, we showed that hyperbaric oxygen used for preconditioning may be beneficial on
the pathogenesis of acute kidney injury [29–31], and now we wanted to go further into
elucidating these protective effects with the aim of this research to evaluate the influence of
hyperbaric oxygen (HBO) preconditioning on antioxidant capacity estimated via a FRAP
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(ferric reducing antioxidant power) and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) assay, as well as on oxidative stress parameter 3-nitrotyrosine, and to gain
more insights into the mechanisms of HBO preconditioning by assessing its effects on
γH2AX histone, HIF-1α, and NF-κB expression in an experimental model of postischemic
AKI induced in spontaneously hypertensive rats.

2. Results

2.1. Estimated Glomerular Filtration Rate (eGFR)

In order to evaluate the experimental procedure, the eGFR was calculated. In the
group with induced postischemic AKI, a significantly decreased eGFR was noticed in
comparison to the sham-operated rats (p < 0.001, Figure 1), while in group with HBO
preconditioning, eGFR was significantly increased in comparison to the AKI group (p <
0.05, Figure 1).

 
Figure 1. Estimated glomerular filtration rate in different experimental groups. One-way ANOVA
with Tukey’s post hoc test: ** p < 0.01 vs. SHAM group; # p < 0.05 vs. AKI group.

2.2. Antioxidant Capacity of Plasma

Regarding the antioxidant capacity of plasma, estimated with a FRAP assay (Figure 2A)
and ABTS assay (Figure 2B), no significant difference was found among the groups in
this experimental setting, with the exception that the group with HBO preconditioning
had a significantly increased antioxidant capacity, when considering the FRAP assay in
comparison to SHAM-operated rats.

 

Figure 2. Antioxidant capacity of plasma, estimated via FRAP (A) and ABTS (B) assay in different
experimental groups. One-way ANOVA with Tukey’s post hoc test: * p < 0.05 vs. SHAM group.

2.3. Immunohistochemical Analysis
2.3.1. 3-Nitrotyrosine (3-NT) Expression

In SHAM-operated rats (Figure 3A), 3-NT expression was minimal, only focally
present in peritubular capillaries and glomeruli, without tubular expression. In the AKI
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group, strong and abundant tubular expression of 3-NT, along with expression in glomeruli
and peritubular capillaries, was noticed (Figure 3B). HBO preconditioning led to an evi-
dent decrease in 3-NT intensity and the extent of expression in all of the aforementioned
structures (Figure 3C).

 

Figure 3. Immunohistochemical 3-NT expression in glomeruli (red arrows), tubules (black arrows),
and peritubular capillaries (blue arrows) in representative kidney samples collected in different
experimental groups: SHAM (A), AKI (B), and HBO (C).

2.3.2. Histone γH2AX(S139) Expression

In the SHAM-operated group, histone γH2AX(S139) was expressed in the nuclei of
proximal tubular epithelial cells in cortical kidney parenchyma to varying extents, mostly
pronounced in subcapsular cortical area, with decreased expression in the middle cortical
zone, and even more decreased in the juxtamedullary cortical zone. Since the medulla does
not contain proximal tubules, this kidney zone did not express γH2AX(S139) (Figure 4A). In
the AKI group, an evidently higher extent of expression was detected in the nuclei of cortical
proximal tubular cells, with more pronounced expression in the subcapsular region, middle
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cortex, and juxtamedullary cortical zone (Figure 4B) in comparison to the control group.
HBO preconditioning led to an evident decrease in γH2AX(S139) expression in all observed
cortical structures (Figure 4C), with expression more pronounced in comparison to the
SHAM-operated rats, but less abundant and present in less proximal tubular epithelial
cells in comparison to the AKI group.

 

Figure 4. Immunohistochemical histone γH2AX(S139) expression in the nuclei of proximal tubular
epithelial cells (arrows) in subcortical and middle cortical area of representative kidney samples
collected in different experimental groups: SHAM (A), AKI (B), and HBO (C).

2.3.3. NF-κB Expression

In SHAM-operated rats (Figure 5A), NF-κB expression was minimal, only focally
present in peritubular capillaries and glomeruli, without tubular expression. In the AKI
group, strong and abundant nuclear and cytoplasmatic tubular expression, along with
expression in glomeruli and peritubular capillaries, was noticed (Figure 5B). In the group
with HBO preconditioning evident, decreases in the intensity and extent of expression in
all of the aforementioned structures were noticed (Figure 5C).
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Figure 5. Immunohistochemical NF-κB expression in glomeruli (blue arrows), tubules (red arrows),
and nuclei of tubular epithelial cells (black arrows) in representative kidney samples collected in
different experimental groups: SHAM (A), AKI (B), and HBO (C).

In order to evaluate the obtained results, a semi-quantitative analysis was performed.
The immunohistochemical score of 3-NT (Figure 6A), histone γH2AX(S139) (Figure 6B),
and NF-κB (Figure 6C) expression was significantly higher in the AKI group compared to
control group (3-NT, p < 0.001; γH2AX(S139), p < 0.001; NF-κB, p < 0.001). In comparison
with the AKI group, the immunohistochemical scores for both parameters were significantly
lower for the group with hyperbaric oxygen preconditioning (3-NT, p < 0.01; γH2AX(S139),
p < 0.05; NF-κB, p < 0.01).

2.3.4. Hypoxia-Inducible Factor 1α (HIF-1α) Expression

In the SHAM group, the expression of HIF-1α was of moderate intensity, mostly
in the cytoplasm of the tubular epithelial cells, with minimal expression in other kidney
structures (Figure 7A). In response to hypoxic conditions after AKI induction, the expression
pattern was different considering that previously noticed in the SHAM group, with HIF-1α
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translocation, and we observed both nuclear and cytoplasmatic expressions in tubular cells
(Figure 7B). By observing the results of the immunohistochemical HIF-1 expression in the
AKI + HBO group (Figure 7C) and comparing them with those of the AKI group, it was
not clear if HBO preconditioning affected HIF-1 tissue expression, and in order to evaluate
those results, we also performed a Western blot analysis to quantify the HIF-1α expression.

 

Figure 6. Immunohistochemical score of 3-nitrotyrosine (3-NT) (A), histone γH2AX(S139) (B), and
NF-κB (C) expression in different experimental groups. One-way ANOVA with Tukey’s post hoc test:
*** p < 0.001; * p < 0.05 vs. SHAM group; ## p < 0.01; # p < 0.05 vs. AKI group.

 

Figure 7. Immunohistochemical HIF-1α expression in representative kidney samples collected
in different experimental groups: SHAM (A), AKI (B), HBO (C), and tubular nuclear expression
(arrows).
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2.4. Western Blot Analysis of Hypoxia-Inducible Factor 1α (HIF-1α) Expression

The Western blot analysis showed significantly increased HIF-1α expression after AKI
induction in comparison to the SHAM-operated rats (p < 0.001). Nevertheless, the expres-
sion was even more pronounced in the group with hyperbaric oxygen preconditioning
compared to the AKI group (p < 0.001; Figure 8).

 

Figure 8. HIF-1α expression in different experimental groups: SHAM, AKI, and HBO. One-way
ANOVA with Tukey’s post hoc test: *** p < 0.001 vs. SHAM group; ### p < 0.001 vs. AKI group.

3. Discussion

In animals with induced postischemic AKI, we registered a drastic drop in eGFR,
which was also a confirmation that the experimental model was adequately performed. In
the group of animals exposed to HBO preconditioning, we noted a significant improvement
in eGFR, indicating a general protective effect of this pretreatment in postischemic AKI.
Previously, we showed that HBO used before AKI induction improved the renal hemody-
namic by increasing renal blood flow and decreasing renal vascular resistance [29], and
this result is in the line with the improvement in eGFR that we observed in the present
study. Reduced renal blood flow accompanied by tissue hypoxia has been proposed as an
important factor in the pathogenesis of postischemic AKI by initiating the activation of
multiple mechanisms, including increased oxidative stress, inflammation, apoptosis, DNA
damage, and necrosis [14,20]. In this research, we focused on tissue oxidative stress and
systemic antioxidant capacity during AKI by evaluating the effects of HBO preconditioning
on 3-NT immunohistochemical expression and plasma FRAP and ABTS levels.

In the SHAM group, we detected 3-NT expression only focally in peritubular cap-
illaries and glomeruli. It is not surprising, considering that our experimental animals
were spontaneously hypertensive rats, and hypertension is accompanied with oxidative
stress [32]. But in AKI, strong and abundant tubular immunohistochemical expression of
3-NT was presented, along with expression in glomeruli and peritubular capillaries, which
can be related to the increase in oxidative stress during acute kidney injury. In the kidney,
NADPH oxidase and the mitochondrial respiratory chain are considered to be the main
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sources of ROS production [33]. As the level of oxidative stress increases, ROS and RNS
promote oxidative damage and cellular death [6,13], playing a very important role in patho-
genesis of postischemic AKI. These molecules directly and indirectly affect all aspects of
the renal function, including vascular reactivity, renal hemodynamics, glomerular filtration,
tubular reabsorption, and secretion [13]. Also, oxidative stress exerts harmful effects on
biomolecules, such as proteins, DNA, RNA, enzymes, and lipids. Actually, the changes that
reactive species (RS) make upon these molecules could be added up and used as biomarkers
of oxidative stress [34]. The nitration of tyrosine residues to 3-nitrotyrosine in proteins
represents an oxidative posttranslational modification. Indeed, high levels of ROS in the
presence of NO or NO-derived metabolites lead to the formation of nitrating species such
as peroxynitrite [35]. As nitrotyrosine represents a specific peroxynitrite-mediated protein
modification, the detection of nitrotyrosine in proteins is considered to be a biomarker
of cell, tissue, and systemic “nitroxidative stress” [35,36]. Quin et al. documented that
increased plasma 3-NT level was associated with the mortality of AKI patients independent
of the severity of illness [37].

Our results showed that HBO preconditioning reduced both the intensity and the
extent of 3-NT immunohistochemical expression in all kidney structures compared to AKI.
This finding was accompanied by increased plasma antioxidant capacity, as estimated by
FRAP. These data may be interpreted as a helpful effect of HBO preconditioning, as it, at
the same time, decreased oxidative stress in renal tissue and increased plasma antioxidant
defense. These results are in accordance with our previous studies, obtained on the same
experimental model, in which we showed that HBO used as pretreatment decreased
other parameters of oxidative stress, plasma TBARS level, marker of lipid peroxidation in
plasma [29], and renal tissue expression of 4-hydroxynonenal (4-HNE) compared to AKI
group [31]. At the same time, plasma glutathione reductase activity, an enzyme that is
involved in antioxidant response, was increased [29]. As it was discussed above, increased
oxidative stress, accompanied by high levels of ROS and RNS, induces many damaging
effects, but, on the other hand, ROS and RNS are able to trigger signaling processes at low
levels of oxidative stress [13]. It was shown that hyperbaric oxygen is also an important
stimulus to upregulate antioxidant enzymes in response to a greater production of ROS [38,
39]. We can assume that intermittent hyperoxia, induced by HBO preconditioning, in our
study, provokes a “suptile increase” in ROS that further activated signaling pathways,
including upregulating antioxidant enzymes. This can contribute to decreased oxidative
stress in postischemic AKI upon HBO preconditioning, which we observed in present study.
It may sound paradoxical that HBO decreases oxidative stress by inducing ROS formation,
but ROS may have both a physiological and pathophysiological role, depending on the
level of ROS that is produced. In addition, increased ROS is associated with enhanced renal
vascular resistance [40], so we can presume that decreased oxidative stress and increased
antioxidant capacity after HBO preconditioning may decrease renal vascular resistance
that would further improve the renal hemodynamic [29] and glomerular filtration rate, as
we showed in our research by evaluating eGFR.

DNA damage, including double-strand breaks, may be the major result of oxidative
stress [41]. The immunohistochemical pattern of γH2AX(S139) histone expression in the
SHAM group can be explained by the literature data indicating that the cells in aging
organisms and senescing cells in culture display an increased γH2AX(139) signal even
if there is no intentional damage [42,43]. This immunohistochemical pattern was main-
tained in the AKI group, but a much higher extent and intensity of γH2AX(S139) was
observed. However, HBO preconditioning led to an evident reduction in γH2AX(S139)
tissue expression, highlighting, again, its beneficial effect on AKI.

We observed a low expression of HIF-1α in SHAM operated animals, but in response
to hypoxic conditions after AKI induction, we detected increased nuclear and cytoplasmatic
expression in tubular cells, in contrast to the SHAM, where HIF-1α was observed mostly in
the cytoplasm. These results are in accordance with previously published data. HIF-1α
is a key player in the transcriptional response to hypoxia. It was shown that the HIF-1α
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gene is constitutively active with weak expression under normoxic conditions [22], but in
response to hypoxia, it is significantly increased [44]. Furthermore, HIF-1α is ubiquitously
expressed [45,46]. In the kidney, HIF-1α is found in most renal epithelial cells, also detected
in endothelial and interstitial cells of the papilla and inner medulla, but not in the outer
medulla and cortex [47].

It should be noted that, when an ischemic tissue that overexpresses HIF is exposed
to HBO therapy, tissue hypoxia is corrected and reversed, and, consequently, the over-
expressed HIF is reduced towards the baseline [48–52]. In this study, we showed that
hyperbaric oxygenation preconditioning significantly increased HIF-1α. This result can be
explained by the already known hyperoxic–hypoxic paradox, actually with the fact that, in
the cellular environment, variations in free oxygen levels rather than the absolute value of
oxygen are interpreted as a deficiency of oxygen [22]. Duan et al. and Gu and colleagues
showed, in their studies, separately, that when HBO is used as preconditioning, by HIF
induction, the tissue will tolerate the ischemic insult better, harmful effects induced by
ischemia will be alleviated, and the overall post-insult HIF expression will be higher than
expected for the insult itself [53,54]. Hypoxia and inflammation are closely related [55].
The literature data indicate crosstalk between NF-κB and HIF-1α. Various studies have
shown that NF-κB upregulates HIF-1α [56–58], but whether HIF-1α can directly regu-
late NF-κB in AKI is a matter of debate [59]. Activation of NF-κB may be induced as a
protective compensatory tissue response, but increased and prolonged NF-κB activation
is followed by abundant proinflammatory cytokines and can significantly contribute to
tissue damage. In this study, we presented that increased HIF-1α renal expression detected
in AKI + HBO group was followed by reduced NF-κB expression compared to animals
with induced postischemic AKI but without HBO preconditioning. These results are in
accordance with some preclinical and cell cultured studies that evaluated the effects of hy-
perbaric oxygen on NF-κB pathways. Bandarra et al. demonstrated that HIF-1α could limit
NF-κB transcriptional activity in vivo and in vitro under inflammatory conditions [55].
In 2018, Liu and colleagues found that hyperbaric oxygen inhibits neuroinflammation
through the inhibition of the lipopolysaccharide-induced NF-κB/mitogen-activated pro-
tein kinases–CCL2/CXCL1 signaling pathways [60]. Yu et al. observed that hyperbaric
oxygen reduced the inflammatory response in acute pancreatitis by inhibiting NF-κB
activation [61]. Vinkel and coworkers, in their review, summarized that, during normoxic
homeostatic conditions, hyperbaric oxygenation increases both HIF-1α and NF-κB levels.
On the contrary, during hypoxia, HBO exposure decreases HIF-1α and NF-κB signaling.
They also pointed out that, in cases of inflammation followed by relative hypoxia, the
effects on HIF-1α depend on the number of HBO sessions, whereas the effect on NF-κB
expression, primary decreases, which indicates that multiple mechanisms impact NF-κB
signaling during inflammation [62]. In our study, we used HBO as a preconditioning over
a period of two days; more precisely, the experimental animals were exposed to HBO in
normoxic homeostatic conditions, twice a day, 12 h apart; and 24 h after their last HBO
session, they were exposed to severe hypoxic conditions by inducing postischemic AKI.
So, decreased NF-κB renal expression, as we observed in the present study, is a result of
net effects induced by multiple normoxic/hypoxic interactions on the NF-κB signaling
pathway. Despite the fact that many researchers have investigated the effect of HBO on
NF-κB activation, the precise mechanism by which oxygen sensing regulates the NF-κB
pathway remains unclear [62]. On the other hand, there is a fine interplay between NF-κB
and nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 is a transcriptional regulator of
cellular defense against oxidative stress that has been shown to improve renal damage by
eliminating ROS [63], and it is also considered to be a therapeutic target for AKI [64]. It is
documented in several papers that HBO’s protective effect is mediated by the activation of
Nrf2 signaling pathways [65–67]. In addition, it was confirmed that the return to normoxia
after 100% O2 hyperoxia exposure induces a shift towards an oxidative stress response
followed by an Nrf2 and NF-κB increase in the first 24 h post-exposure [68,69]. In our study,
the same exposure dose of oxygen led to an NF-κB decrease, but in the hyperbaric condition.
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Balestra et al. [69] illustrated that variations in ROS production were not directly dependent
on the oxygen dose up to 48 h following 60 min of exposure and emphasized that “the
dose seems to not be the only clue”. Later, in another publication, it was also pointed
out that pulsed high oxygen treatment provokes specific cellular response according to
its partial pressure and time of administration [70]. Nrf2 controls the expression of cyto-
protective genes, including heme oxygenase-1 (HO-1), [71]. Previously, we showed that
HBO preconditioning upregulates HO-1 expression in experimental model of postischemic
AKI [30], but we need further study to evaluate is this HO-1 upregulation accompanied
with increased Nrf2 expression itself.

Upregulation of HIF-1α during hyperbaric oxygenation preconditioning can be con-
sidered as its protective and useful effect on postischemic AKI. HIF-1 and HIF-2 stimulate
multiple cellular and tissue responses that are involved in cellular adaptation to hypoxia,
including anaerobic glucose metabolism, iron metabolism, erythropoiesis, angiogenesis,
NO and adenosine metabolism [72,73]. Besides this, many studies on experimental models
suggest HIFs take part in kidney repair. Appropriate kidney repair depends on a precise
balance between renal tubular cell death and proliferation [74]. HIF-1α affects cell death
by regulating Bcl-2 family genes, interacting with p53, and/or targeting mitochondria
enzymes [75]. A large amount of work in different kinds of AKI models has demonstrated
that HIF activation decreases renal apoptosis [76–78]. As we have already showed that
HBO preconditioning in experimental model of postischemic AKI induction increases renal
HO-1 and antiapoptotic Bcl-2 protein expression [30], we may say that there are multiply
mechanisms that are responsible for helpful effects of HBO on pathogenesis of AKI, be-
sides physical increase in free oxygen in blood and tissues. We also want to underline the
importance that in this research we showed protective effects of HBO preconditioning in
spontaneously hypertensive rats, considering high incidence of hypertension worldwide,
as well as the fact that hypertension is risk factor for many other acute and chronic disease,
including acute kidney injury.

Pharmacological activation of HIF-1α, by inhibition of prolyl hydroxylase domain-
containing protein (PHD), which mediates degradation of HIF, applied as a pretreatment,
significantly alleviates ischemic kidney injury by upregulating HIF target genes, followed
by reducing apoptosis, macrophage infiltration, and vascular cell adhesion molecule 1
(VCAM1) expression [76,77,79–81]. Thus, upregulation of HIF abundance by PHD in-
hibitors is an attractive potential therapeutic target [82]. However, the effect of pharmaco-
logical activation of HIF-1α and HIF-2α as a postischemic treatment is controversial [23].
In remnant kidney model, pharmacological activating HIF ameliorated tubulointerstitial
injury and decreased fibrosis [83,84].

Insufficient repair post-AKI leads to renal interstitial fibrosis [85]. Besides, HIF signal-
ing may promote renal fibrosis via different mechanisms including epigenetic regulation,
transcriptional regulation of fibrogenic genes, but also can crosstalk with other pro-fibrotic
signaling pathways such as TGF-β, NF-κB, Notch, and PI3K/Akt pathways [86]. Taken
together, these studies indicate that HIF takes part in renal fibrogenesis as a regulatory
molecule. However, whether HIF is pro- or anti-fibrotic may depend on which, where, and
when HIF is activated [23]. In addition, excessive activation of HIF may sometimes have
adverse effects. It is therefore important to optimize the degree, timing, and duration of
HIF activation [23].

At the end of this discussion, we would like to mention certain limitations of this study.
Oxidative stress damage was evaluated through plasma FRAP and ABTS parameters and
3-NT renal expression. In order to obtain a more comprehensive analysis and assessment
of the effects of hyperbaric oxygen preconditioning on the oxidative stress in postischemic
acute kidney injury, it is necessary to analyze more parameters related to oxidative stress
and antioxidant defense, and their potential interplay in this experimental setting.
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4. Materials and Methods

4.1. Animals

For the purposes of this experiment, we used male spontaneously hypertensive rats
(SHR), 24 weeks old and about 300 g an average weight, raised at the Institute for Medical
Research, University of Belgrade. The animals were kept in controlled laboratory conditions
(constant temperature, 22 ± 10 ◦C; humidity, 65 ± 1%; 12 h light/dark cycle) and fed with
standard food for laboratory rats (Veterinary Institute Subotica, Subotica, Serbia), with free
access to food and water.

4.2. Experimental Design

Before the animals were classified into experimental groups, hypertension was con-
firmed by indirect blood pressure measurements on a Physiograph Four device (Narco
Bio Systems INC, Houston, TX, USA). After that, the animals were randomly divided
into 3 experimental groups: sham-operated animals (SHAM, n = 6), a group of animals in
which postischemic acute kidney injury was induced (AKI, n = 6), and a group of animals
that after pretreatment with hyperbaric oxygen underwent postischemic AKI (AKI + HBO,
n = 6).

Animals in AKI + HBO group were placed in a chamber specially adapted to the
experimental conditions (Holywell Neopren, Belgrade, Serbia), where they were exposed
to 100% oxygen, over a period of two days, according to the following protocol: 10 min of
slow compression, exposure to values of 2.0 absolute atmospheres (ATA) during 60 min
and 10 min of slow decompression, twice a day, 12 h apart. This protocol corresponds to
the hyperbaric oxygenation treatment that is standardly applied in clinical conditions at
the Center for Hyperbaric Medicine in Belgrade, Serbia [87], and is in the line with the
recommendations of a relevant international organization, The Committee of the Undersea
and Hyperbaric Medical Society [88].

Each exposure took place at the same time in order to exclude possible variations
caused by changes in the biological rhythm. After pretreatment with hyperbaric oxygena-
tion, the animals’ body temperature was measured, and no significant change was observed
after the HBO pretreatment. Acute kidney injury was induced in the AKI + HBO group
12 h after the last hyperbaric oxygenation exposure.

Before surgical procedures, rats were anesthetized by injecting 35 mg/kg body weight
of sodium pentobarbital (Sigma Aldrich, St. Louis, MS, USA), intraperitoneally. After the
laparotomy, which was performed through an abdominal incision, AKI was induced by
removing the right kidney and occluding by atraumatic clamping of the left renal artery
for 45 min with an atraumatic clamp. In the group of SHAM-operated animals, the same
surgical procedure was performed, but without occlusion of the left renal artery. After the
surgical procedure was completed, the abdominal incision was closed with a suture, and
the animals were treated with the analgesic diclofenac. After that, the animals were placed
in metabolic cages for 24 h, with free access to food and water.

4.3. Collection of Samples

Blood samples were taken (by abdominal aortic puncture), 24 h after AKI induction,
and collected in tubes containing lithium heparin (Sigma-Aldrich, St. Louis, MO, USA)
for further analysis. The collected blood was centrifuged for 20 min at 4000 revolutions
per minute (Heraeus Megafuge 1.0 R, Heraeus, Hanau, Germany) in order to separate the
plasma. The obtained plasma sample was stored at −20 ◦C until the moment of analysis.

Animals were sacrificed using pentobarbital (Sigma-Aldrich, St. Louis, MO, USA). For
the determination of structural changes and immunohistochemical analysis, kidney tissue
was taken immediately after sacrifice and then prepared for histological examination.

4.4. Glomerular Filtration Rate

All biochemical parameters for the estimation of glomerular filtration rate (eGFR), as
a marker of kidney function, were measured by the automatic COBAS INTEGRA 400 plus
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(Hoffmann-La Roche, Penzberg, Germany) analyzer, using commercial kits: creatinine
concentration—via spectrophotometric method for plasma (CREJC test cassettes for plasma,
Roche Diagnostics, Germany); urea concentration—via spectrophotometric method for
plasma (UREL test cassettes for plasma, Roche Diagnostics, Germany);

In order to calculate eGFR, the following formulas [89] were used:

eGFR = 880 × W0.695 × C−0.660 × U−0.391 (if plasma creatinine < 52μmol/L),

eGFR = 5862 × W0.695 × C− 1.150 × U− 0.391 (if plasma creatinine ≥ 52μmol/L),

where eGFR is the estimated GFR (μL/min), W is the weight (g), C is the plasma creatinine
concentration (μmol/L), and U is the plasma urea concentration (mmol/L).

4.5. Determination of Parameters of Antioxidant Protection
4.5.1. Ferric Reducing Antioxidant Capacity of Plasma

We used ferric reducing antioxidant power (FRAP) assay to determine the antioxidant
capacity of plasma [90]. In order to prepare FRAP reagent, 25 mL of 300 mM acetate buffer
(pH 3.6), 2.5 mL of 10 mM TPTZ (2,4,6-tri(2-pyridyl)-s-triazine) dissolved in 40 mM HCl,
and 2.5 mL of 20 mM FeCl3 were mixed. Then, 70 μL of plasma was added to prepared
FRAP reagent and incubated for 5 min, at 25 ◦C. We measured absorbance at a 593 nm
wavelength. Results were expressed in mmol/L (millimoles of Fe2+ per liter of plasma).
Vitamin C and butylated hydroxytoluene (BHT) were used as positive controls.

4.5.2. Trolox Equivalent Antioxidant Capacity of Plasma

Antioxidant capacity of plasma was also determined via a Trolox equivalent an-
tioxidant capacity (TEAC) assay (also known as ABTS assay), according to the previously
described method [91]. In short, 5 mL of 7 mM ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)) solution was mixed with 0.1 mL of 125 mM K2S2O8 (potassium persulfate)
solution and left to stand in the dark for 12–16 h. Then, 50 mM of phosphate-buffered
saline (pH 7.4) was used to adjust the absorbance of the ABTS•+ solution to 0.70 at a 734 nm
wavelength. After that, 2.0 mL of diluted ABTS•+ reagent was added to 20 μL of plasma
and incubated at 30 ◦C for 6 min. The absorbance was measured at a 734 nm wavelength.
Results were expressed in mmol/L (millimoles of Trolox equivalents per liter of plasma).
Vitamin C and BHT were used as positive controls.

4.6. Immunohistochemical Analysis

Immunohistochemistry was applied on formalin-fixed paraffin-embedded kidney
samples. Four-micrometer-thick paraffin sections proceeded to deparaffinization and
hydration steps, and afterwards they were introduced to heat-induced antigen retrieval
in citrate buffer (pH 6.0). Novolink™ Polymer Detection System components (Leica
Biosystems, Wetzlar, Germany) were applied according to manufactural instructions for
immunohistochemistry protocol. Peroxidase block (5 min incubation time) and protein
blocks (5 min) were applied prior to incubation with primary antibody for 1 h at room
temperature. The following primary antibodies (Abcam, Cambridge, UK) were used:
anti-3-Nitrotyrosine (3-NT, 1:100), anti-gamma H2A.X (phospho S139) (1:1000), anti NF-κB
(1:100), and anti-HIF-1 alpha (rabbit polyclonal, 1:100). Secondary antibodies were applied
from Novolink™ Polymer Detection System Kit (Leica Biosystems, Wetzlar, Germany).
This Kit Detection System supplied “ready to use” post-primary antibody, and according
to its manufactural protocol, it was incubated for 30 min at room temperature, followed
by application of Novolink™ Polymer for 30 min at room temperature. Visualization of
antigen–antibody reaction by 3,3′-diaminobenzidine (DAB) was applied for 5 min (brown
products). Subsequent counterstaining with hematoxylin (30 s) was conducted. Slides
were evaluated using the light microscope BX53 with DP70 camera (Olympus, Hamburg,
Germany). The evaluation was performed by two independent pathologists, who were
blind to the experimental information.
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For the immunohistochemical scores, the intensity and extent of expression in re-
nal structures were observed, and the mentioned parameters were scored semiquantita-
tively: expression intensity, on a scale from 0 to 3 (0—no expression; 1—weak expression;
2—moderate expression; 3—strong expression); and extent of expression, also on a scale
from 0 to 3 (0—no expression; 1—focal expression; 2—focal to diffuse expression; 3—diffuse
expression). For each of the mentioned parameters, the sum of scored changes represented
the immunohistochemical score, which was compared between groups.

4.7. Western Blot Analysis

Kidney tissue samples were taken from six rats per group and homogenized in lysis
buffer [92], and with an equal amount of protein, they were separated by 10% SDS-PAGE
and transferred to nitrocellulose membrane. The membranes were incubated with the
primary antibodies: HIF-1 alpha (1:1000, H6536 Sigma-Aldrich) and actin (1:500, A5060
Sigma-Aldrich). This was followed by incubation with horseradish peroxidase-conjugated
secondary antibodies. Protein bands were visualized using enhanced chemiluminescence
reagent and quantified by Image Lab (Bio-Rad Laboratories, Hercules, CA, USA).

4.8. Statistical Analysis

All data were expressed as the mean ± standard deviation (SD). A statistical analysis
of each parameter of interest was carried out in the form of an analysis of variance (one–way
ANOVA). When a significant F value in the one–way ANOVA test (p < 0.05) was obtained,
Tukey’s post hoc test was used. All statistical calculations were performed using GraphPad
Prism for Windows (Version 7.0, GraphPad Software, La Jolla, CA, USA).

5. Conclusions

HBO preconditioning significantly increased the plasma antioxidant capacity esti-
mated by FRAP and reduced the immunohistochemical expression of 3-nitrotyrosine and
γH2AX(S139) histone. These data were accompanied by a significant increase in HIF-1α
and decrease in NF-κB expression in kidney tissue. Thus, HBO preconditioning, at the
same time, decreased oxidative stress tissue impairment and DNA damage and increased
antioxidant capacity and HIF-1α transcriptional factor. Taking all of these results together,
we may conclude that HBO preconditioning has beneficial effects on acute kidney in-
jury induced in spontaneously hypertensive rats. These results are promising and open
pathways for further experimental and clinical studies to confirm the protective effects of
HBO preconditioning.
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