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Hydrogen gas, renowned for its antioxidant properties, has emerged as a novel therapeutic agent with applications

across various medical domains, positioning it as a potential adjunct therapy in transplantation.

hydrogen organ transplantation ischemia reperfusion

| 1. Introduction

The latest findings in medical research regarding hydrogen unequivocally highlight substantial prospects for
harnessing hydrogen as a therapeutic intervention. Extensive observations in both clinical and experimental
studies distinctly demonstrate that hydrogen holds significant promise as an innovative therapy to address unmet
patient needs across various etiologies LIZIEBIAIBIEITIBICNL0 Renowned for its antioxidant properties, hydrogen gas
has emerged as a novel therapeutic agent with potential applications in various medical domains, including
transplantation. In addition to its antioxidative attributes, hydrogen also exerts anti-inflammatory effects by
modulating pro-inflammatory cytokines and signaling pathways. Moreover, hydrogen’s capacity to activate

cytoprotective pathways enhances cellular resilience to stress.

| 2. Protective Mechanism of Hydrogen
2.1. Scavenging Free Radicals

Although various mechanisms for the cellular and tissue protection provided by hydrogen exposure have been
suggested, hydrogen’s role as a scavenger of reactive oxygen species has been advocated. Ohsawa et al.
reported that, in vitro, hydrogen selectively reduces peroxynitrite and hydroxyl radicals, which are very strong
oxidants which react indiscriminately with nucleic acids, proteins, and lipids, resulting in lipid peroxidation, DNA
fragmentation, and protein inactivation. Biochemical experiments using electron resonance spectroscopy spin traps
and fluorescent probes suggest that the effects of hydrogen against hydroxyl radicals are more potent than those
against peroxynitrite [L11[12](13]

2.2. Protection of Mitochondrial Function

Hydrogen easily permeates biological membranes and diffuses into the nucleus, mitochondria, and cytosol,

reaching target tissues. Treatment with hydrogen-rich saline significantly reduced the loss of mitochondrial
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membrane potential and preserved mitochondrial cytochrome c content 24 In an open-label trial, Ito et al.
investigated the effects of drinking hydrogen-enriched water for 12 weeks in patients with mitochondrial metabolism
diseases, including progressive muscular dystrophy and mitochondrial myopathies, and observed significant
improvements in lactate-to-pyruvate ratios 22!, Zhang et al. reported that hydrogen improved mitochondrial quality
by upregulating heme oxygenase-1 (HO-1) expression through the nuclear factor erythroid 2-related factor 2
(Nrf2)/YY1 complex in vitro (18],

2.3. Anti-Inflammation

Hydrogen can modulate the production of inflammatory cytokines like interleukin (IL)-1 beta (IL-1(), IL-6, and tumor
necrosis factor-alpha (TNF-a). These cytokines are key players in the inflammatory response of the human body.
Hydrogen attenuates this inflammatory response by inhibiting the nuclear factor-kappa B (NF-kB) and p38 MAPK
pathways 7. Hydrogen can promote very early M1-to-M2 polarization without disturbing the functions of the M1
phenotype, suggesting that hydrogen could reduce inflammation by shifting early macrophage polarization in
clinical settings [28. Hydrogen’s anti-inflammatory impact on the inflammatory response was demonstrated to occur

through the phosphatidylinositol 3 kinase/protein kinase B signaling pathway (121,

2.4. Induction of Antioxidant Enzyme

Another potential mechanism underlying hydrogen’s cellular protective function may be an increase in antioxidant
enzymes such as superoxide dismutase, catalase, or HO-1 29, Hydrogen-rich saline treatment considerably

increased the antioxidant enzyme levels of serum superoxide dismutase and reduced glutathione 211,

2.5. Induction of Surfactant-Related Genes

Tanaka et al. investigated the changes in genes after hydrogen inhalation using a gene array analysis and showed
that clara cell protein 16 (CC16) was the most upregulated gene in response to preloading hydrogen in lung grafts.
CC16 is one of the major proteins secreted by the respiratory epithelium and has antioxidant and anti-inflammatory
properties. Preloading hydrogen via mechanical ventilation also significantly increased other surfactant-related
mRNAs, including HSD11b1, SCGB3A2, and SP-A [22],

2.6. Protection of Vascular Endothelial Cells

Nitric oxide (NO) plays a crucial role in maintaining the delicate equilibrium of factors that regulate vascular tone,
blood flow, and coagulation, all of which are vital for the health of endothelial cells 23, Hydrogen can enhance
endothelial NO synthase activity, leading to increased circulating NO levels, thus providing protection to vascular
endothelial cells. The incubation in a hydrogen-rich medium significantly improves cell viability and shields human
umbilical vein endothelial cells from cellular damage induced by hydrogen peroxide [24. Moreover, hydrogen
effectively suppresses the release of cell adhesion molecules like intercellular cell adhesion molecule-1 and

vascular cell adhesion molecule-1, as well as proinflammatory mediators, including high-mobility group box 1
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protein, IL-1B, and TNF-a. Furthermore, hydrogen demonstrates the ability to elevate levels of the anti-
inflammatory cytokine IL-10 [221[26],

2.7. Prevention of Apoptosis

Hydrogen’s anti-apoptotic functions have been proposed to occur via the inhibition of caspase-3 activation and the
induction of anti-apoptotic gene B-cell lymphoma-2 (Bcl-2) 2. Terasaki et al. reported that the activation of the pro-
apoptotic gene Bax was reduced via hydrogen treatment [28. The anti-apoptotic effects of hydrogen gas inhalation
were partially mediated by the early activation of NF-kB during hydrogen treatment and correlated with decreased
levels of Bax and elevated levels of the anti-apoptotic protein Bcl-2 29, Zhang et al. demonstrated that the
upregulation of Bcl-2, NF-kB, HO-1, and zinc finger protein A20 was seen in rats where only the donors received
hydrogen B2, Meanwhile, in another study, the intraperitoneal administration of hydrogen-rich saline to a transplant
recipient immediately after reperfusion protected them against acute kidney injury after liver transplantation, partly

by reducing apoptosis, which is potentially involved in the modulation of p53-mediated autophagy 311,

2.8. Inhibition of Infiltrating Cell Migration

Accelerated atherosclerosis caused by the immune response is a primary cause of graft loss after organ
transplantation. Smooth muscle cell proliferation and migration play important roles in the progression of intimal
hyperplasia. Sun et al. demonstrated that the incubation in a hydrogen-rich medium suppressed smooth muscle
cell migration using an in vitro rat smooth muscle cell (A7r5) culture model 241, Matrix metalloproteinases (MMPs)
are important mediators of intimal hyperplasia, and MMP-2 and MMP-9 promote the formation of neointima. In the

same study, the oral intake of hydrogen-rich water effectively inhibited MMP-2 and MMP-9 in rat vein grafts [24],

2.9. Inhibition of Fibrosis

Type Il collagen plays a significant role in the interstitia of solid organs and in the formation of granulation tissue
following ischemic tissue damage. Terasaki et al. conducted a study showing that both the inhalation of 3%
hydrogen gas and the oral consumption of hydrogen-enriched water reduced oxidative stress and apoptosis, which
are indicators of acute lung damage, in mice exposed to irradiation 28, This led to a decrease in the deposition of
type Il collagen and the development of lung fibrosis, which is a manifestation of late-stage damage. Therefore,

hydrogen’s potential to mitigate fibrosis may prove effective in addressing chronic allograft injury.

2.10. Immunomodulation

Hydrogen has been found to influence various aspects of the immune response. By modulating cytokine profiles
and immune cell interactions, hydrogen may promote an environment conducive to immune tolerance and
decrease the likelihood of graft rejection. Using a mouse model, Itoh et al. demonstrated that drinking hydrogen-
rich water could attenuate an immediate allergic reaction by inhibiting the phosphorylation of FceRI-associated Lyn
and its downstream signaling molecules, which subsequently reduced the generation of hydrogen peroxide and

suppressed NADPH oxidase activity 2. Hydrogen’s immunomodulatory effects have been investigated in both
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adaptive and innate immune responses. Hydrogen regulates T cell differentiation, dendritic cell function, and
cytokine profiles, potentially leading to immune tolerance and prolonged graft survival 3l In another study, T cell
proliferation was significantly suppressed in the in vitro presence of hydrogen and accompanied by the lowered
production of interferon-y and IL-2 (241,

The hydrogen-related advantages described herein might hold significant implications for donors, grafts/organs,

and recipients, manifesting anticipated organ-protective effects (Figure 1).
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Figure 1. The significant benefits/potential of hydrogen gas therapy in transplantation medicine.

| 3. Hydrogen Applications in Transplantation
3.1. Hydrogen Gas Inhalation

Since hydrogen is a gaseous molecule, a safe concentration of hydrogen inhalation would be a straightforward
delivery method for employing hydrogen as a therapeutic tool. Buchholz et al. demonstrated that hydrogen
inhalation by recipients at a 2% concentration significantly dampened transplant-induced muscularis inflammation,
mitigated bowel dysfunction, and prevented bowel dysmotility in rat intestinal transplant models B2, In a lung

transplantation brain death rat model, donor and recipient ventilation with 2% hydrogen hindered oxidative injuries

https://encyclopedia.pub/entry/53719 4/12



Hydrogen in Transplantation | Encyclopedia.pub

by increasing the actions of superoxide dismutase and other antioxidants to protect lung function 8. Kawamura et
al. also indicated the efficacy of donor treatment with 2% hydrogen for three hours on lung allograft function in rats
(371 Zhang et al. demonstrated that one hour of donor treatment with 2% hydrogen inhalation significantly reduced

liver injury after transplantation in a rat orthotopic liver transplant model 29,

3.2. Lung Inflation during Cold Preservation

Among transplantable organs, the lung is unique because it is an organ that contains air, allowing for the
incorporation of hydrogen into the air within the alveoli. Lung inflation with 3% hydrogen gas during the cold
ischemia phase alleviated lung graft injury, determined by inhibiting apoptosis and inflammatory responses, and
improved graft function 28139, Similarly, Duan et al. investigated the efficacy of lung inflation during cold ischemia
with 3% hydrogen + 40% oxygen + 57% nitrogen in a rat model and demonstrated that hydrogen exposure during
cold ischemia improved donor lung quality by mitigating mitochondrial structural anomalies, enhancing
mitochondrial function, and reducing apoptosis, inflammation, and oxidative stress, which may be achieved through
activation of the Nrf2/HO-1 pathway 29,

3.3. Preservation Solution

The ongoing optimization of organ preservation solutions has always been an important component of donor
protection for lung transplantation. Various ways of dissolving hydrogen gas in organ preservation solutions have
been developed, including the use of electrolysis, a hydrogen gas cylinder, or a hydrogen-generating agent. The
use of a hydrogen-rich preservation solution (more than 1.0 ppm) diminishes IRI in rat lungs during cold ischemia
through anti-inflammatory and antioxidant effects 41, Abe et al. demonstrated that 24 to 48 h of organ preservation
in hydrogen-rich University of Wisconsin solution attenuated renal cold IRl in a syngeneic rat kidney transplantation
model and was associated with less interstitial macrophage infiltration, tubular apoptosis, and oxidative stress in

the kidney grafts, better renal graft function, and longer graft survival compared to simple cold storage 42,

Buchholz et al. indicated that luminal preservation, cold graft storage, and vascular flush in a hydrogen-bubbled
preservation solution significantly preserved mucosal graft morphology and diminished graft malondialdehyde
levels, showing significant reduction potential and weakened proinflammatory molecular responses within the re-

perfused intestinal graft in rats [43],

Similarly, a hydrogen gas-containing organ preservation solution impeded the development of acute injuries in a
donor’s kidney after cardiac death in a preclinical miniature pig model with an optimal immunosuppressive protocol
based on the human clinical setting. A marginal kidney processed using a hydrogen gas-containing preservation
solution was engrafted for longer than 100 days 44 Kobayashi et al. studied a practical method of quickly
dissolving hydrogen gas in organ preservation solutions using a canister containing a hydrogen-absorbing alloy 42!,
After 30 min of warm ischemic injury induced by circulatory arrest, the donor kidneys were harvested and perfused
for five minutes with a hydrogen-containing cold ET-Kyoto (ETK) solution in a miniature pig kidney transplantation

model. Preservation in a hydrogen-containing solution for either one or four hours resulted in better renal function
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with more blood flow 22l In another study, Kayawake et al. demonstrated that a hydrogen-rich preservation
solution lessened IRI in a canine left lung transplantation model following 23 h of cold ischemia in an ETK solution.
The graft function in this study, determined using blood gas analysis, significantly improved in the hydrogen-treated

group, which was associated with lesser extents of lung edema and histopathological injury 4&.

3.4. Hydrogen Flush after Cold Storage

Protective effects can be achieved by subjecting hydrogen to a single flush ex vivo, even without placing it in a
storage solution. In a previous study, hydrogen flush after 24 h of cold ischemia significantly lowered
transaminases, high-mobility group box protein 1 release, and portal venous pressure compared to vehicle-treated
controls. The portal venous route maintained the sinusoidal endothelia, and the arterial route attenuated biliary

damage 27,
3.5. Ex Vivo Perfusion

Ex vivo lung perfusion allows for the evaluation and recovery of an ex vivo donor lung by perfusion with
normothermic perfusate. Haam et al. reported that lung graft ventilation after cardiac death with 2% hydrogen gas
for four hours during ex vivo perfusion significantly mitigated inflammation-related lung injury and improved lung
function in a porcine model 8. Noda et al. used a rat lung ex vivo perfusion model and ventilated the lungs with air
supplemented with 2% hydrogen for four hours. Hydrogen administration decreased proinflammatory changes
through the upregulation of HO-1, promoted mitochondrial biogenesis, and significantly reduced lactate production.
In addition, the expression of hypoxia-inducible factor-1 in the hydrogen-treated lungs was significantly attenuated.
Thus, the preconditioning of lung grafts with inhaled hydrogen diminished these proinflammatory changes,
promoted mitochondrial biogenesis in the lungs throughout the procedure, and resulted in better post-transplant
graft function 2259, |shikawa et al. reported that 90 min of reperfusion with oxygenated buffer with hydrogen at 37°
on an isolated perfused rat liver apparatus significantly reduced the apoptosis, energy depletion, liver enzyme
leakage, redox status, impaired microcirculation, and necrosis associated with increased bile production. The

phosphorylation of cytoplasmic MKK4 and JNK were suppressed by means of hydrogen treatment 51,

3.6. Hydrogen Exposure Using a Hydrogen Bath

Noda et al. invented a unique cold storage device with a hydrogen-rich water bath, which enabled water saturation
with hydrogen and maintained saturated hydrogen levels and a consistent temperature throughout the procedure.
The grafts stored with the hydrogen-rich water bath also had a higher adenosine triphosphate content and less
mitochondrial damage, which were associated with efficiently ameliorated myocardial injury 24, The use of a
hydrogen-rich water bath in which hydrogen was dissolved into a solution for liver graft tissues enabled superior

morphologic and functional protection against IRI in a rat liver transplant model 22,

3.7. Venousl/intraperitoneal Injection

https://encyclopedia.pub/entry/53719 6/12



Hydrogen in Transplantation | Encyclopedia.pub

Luo et al. demonstrated that the intravenous administration of hydrogen-saturated saline to the recipient enhances
the migration and proliferation capacity of bone marrow mesenchymal stem cells (BMSCs) to repair spinal cord
injury by reducing the inflammatory response and oxidative stress in the injured area, suggesting that hydrogen
and BMSC co-delivery is an effective method of improving BMSC transplantation in the treatment of spinal cord
injury 331 Intravenous hydrogen-rich saline administered via the tail vein at the beginning of reperfusion
significantly diminished the severity of pancreatic IRI in rats, possibly by decreasing inflammation and oxidative
stress [54],

3.8. Intraluminal Administration

The small intestine is a unique organ because it has both luminal and vascular routes through which preservation
solutions can be administered. In addition to the vessel walls, the epithelial cell layers forming the mucosa and
covering the inner part of the lumen are also highly susceptible to IRl and, thus, a potential therapeutic target 52!,
Yamamoto et al. demonstrated that the intraluminal administration of hydrogen-rich saline regulated the loss of the

transmembrane protein ZO-1 in the graft intestine and modulated IRI to the transplanted intestine in rats 28],

3.9. Oral Intake of a Hydrogen-Rich Solution

Oral consumption of hydrogen-rich solutions could be implemented easily into everyday clinical practice B,
Solubilized hydrogen may be valuable since it is a safe, easily administered, and portable method of delivering
hydrogen to the human body. Cardinal et al. showed that the oral intake of water containing dissolved hydrogen
resulted in a sustained increase in the hydrogen levels in the serum and kidney, a better kidney allograft function
over a 60-day follow-up period, and a reduction in the markers of inflammation and tissue oxidation. Noda et al.
showed that drinking hydrogen-rich water prolongs the survival of cardiac allografts and decreases intimal
hyperplasia in aortic allografts 8. Furthermore, in another study, T cell proliferation was significantly restrained in
the presence of hydrogen in vitro, accompanied by a lower production of interferon-y and IL-2. In yet another study,
hydrogen treatment was also associated with higher graft ATP levels and higher activity of the mitochondrial

respiratory chain enzymes (28!,
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