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Abstract

Cardiovascular disease is the leading cause of mortality worldwide. Excessive oxidative stress and inflammation play an
important role in the development and progression of cardiovascular disease. Molecular hydrogen, a small colorless and
odorless molecule, is considered harmless in daily life when its concentration is below 4% at room temperature. Owing to
the small size of the hydrogen molecule, it can easily penetrate the cell membrane and can be metabolized without residue.
Molecular hydrogen can be administered through inhalation, the drinking of hydrogen-rich water, injection with hydrogen-
rich-saline, and bathing of an organ in a preservative solution. The utilization of molecular hydrogen has shown many benefits
and can be effective for a wide range of purposes, from prevention to the treatment of diseases. It has been demonstrated
that molecular hydrogen exerts antioxidant, anti-inflammatory, and antiapoptotic effects, leading to cardioprotective ben-
efits. Nevertheless, the exact intracellular mechanisms of its action are still unclear. In this review, evidence of the potential
benefits of hydrogen molecules obtained from in vitro, in vivo, and clinical investigations are comprehensively summarized
and discussed with a focus on the cardiovascular aspects. The potential mechanisms involved in the protective effects of
molecular hydrogen are also presented. These findings suggest that molecular hydrogen could be used as a novel treatment
in various cardiovascular pathologies, including ischemic—reperfusion injury, cardiac injury from radiation, atherosclerosis,
chemotherapy-induced cardiotoxicity, and cardiac hypertrophy.
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Introduction

Molecular hydrogen is the lightest of all gas molecules. It
is an odorless, colorless, tasteless, nonmetallic, and nontoxic
gas at room temperature [1]. Hydrogen is not dangerous when
its concentration is under 4% [1]. Owing to its small size,
a hydrogen molecule has the ability to diffuse through the
cell membrane and enter the cytosol. This characteristic of
Division of Pediatric Cardiology, Department of Pediatrics, hydrogen makes it superior when it comes to the transport
Faculty of Medicine, Chiang Mai University, Chiang Mai, efficacy of most hydrophilic compounds, which are retained
Thailand at membranes and cannot reach the cytosol; the majority of
hydrophobic ones cannot penetrate biomembranes without
specific carriers [2, 3]. Many antioxidants, including vitamins,
can enter the cytoplasm but not the mitochondria [2]. It has
been shown that hydrogen can be rapidly distributed into the
cytosol and organelles, and it can enter the mitochondria and
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nucleus with excellent efficacy and lack of adverse effects [3].

There is growing evidence to demonstrate that hydrogen
could be an effective treatment in various diseases due to its
ability to reduce oxidative stress by selectively eliminating
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toxic reactive-oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) [4]. Hydrogen was found to increase the level of
antioxidants in vitro studies, animal models, and clinical stud-
ies [5-7]. Furthermore, anti-inflammation and anticell death
have also been reported as hydrogen properties [8]. In addition,
the previous studies in both animal models and clinical trials
demonstrated the potential benefits of hydrogen application in
various pathological conditions, including postcardiac arrest
syndrome [9] and cardiovascular diseases [10-13].

In this review, we comprehensively summarize the
reports regarding the potential role of the therapeutic appli-
cation of molecular hydrogen in the cardiovascular aspect
and describe the potential mechanisms responsible for the
benefits of hydrogen. These findings from both preclinical
and clinical studies will encourage further investigations to
warrant the application of hydrogen as a novel treatment in
a clinical setting in the near future.

Effects of hydrogen treatment
on cardiomyocytes: reports from in vitro
studies

Hypoxia and reoxygenation (H/R) induced oxidative stress
and inflammatory reaction is one of the main factors con-
tributing to myocardial cell injury [6, 14, 15]. It has been
demonstrated that hydrogen exerts antioxidative stress,
antiapoptotic, and anti-inflammatory effects [16]. Following
4 h of hypoxia and 24 h of reoxygenation, a hydrogen-rich
medium was shown to increase the survival of H9c2 cells
by decreasing inflammatory cytokine release and apoptosis
[15]. The protective effect of hydrogen against cell death,
inflammatory process, or oxidative stress was shown to be
through various pathways, including the PI3K/Akt signaling
pathway and the activation of the Nrf2/HO-1 signaling, lead-
ing to increased OH-1 levels which is considered a potent
antioxidant, and a decrease in 8-OHdG which is regarded as
an indicator of oxidative stress (Figs. 1 and 2) [6, 14].

In cardiotrophin-I (CT-I)-induced hypertrophy neonatal rat
cardiomyocytes, a hydrogen-rich medium effectively reduced
cardiomyocyte hypertrophy via down-regulation of IL-6 and
activation of the Janus kinase/signal transducer and activator
of transcription 3 (JAK/STAT?3) signaling pathway, leading to
attenuation of adverse cardiac remodeling and the cell inflam-
matory response (Fig. 1) [17, 18]. These in vitro reports are
comprehensively summarized in Table 1.

Effects of hydrogen treatment on the heart:
reports from in vivo studies

Hydrogen treatment has been investigated in various

in vivo models of cardiac pathology, including cardiac
ischemia — reperfusion injury, myocardial infarction and
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chronic intermittent hypoxia, radiation, atherosclerosis,
sepsis, cardiotoxicity from chemotherapy, and cardiac
hypertrophy. The cardioprotective effects of hydrogen
interventions are reported and summarized in Tables 2
and 3. The potential mechanisms of action of molecular
hydrogen on selective antioxidants, anti-inflammation, and
alleviating cell death are demonstrated in Figs. 1 and 2.

Effects of hydrogen treatment on cardiac
ischemia —reperfusion injury models

Cardiac ischemia — reperfusion injury (I/R) could nega-
tively affect outcomes in various clinical settings, includ-
ing post myocardial infarction, cardiac transplantation, or
cardiopulmonary bypass. Oxidative stress induced by I/R
was found to cause direct cellular injury and apoptosis,
leading to impaired cardiac function [15]. The oxidative
stress involved in the cell death pathway is a consequence
of the presence of reactive oxygen species (ROS), includ-
ing the hydroxyl radical (*OH), superoxide anion (O,"),
hydrogen peroxide (H,0,), in addition to reactive nitrogen
species (RNS), including nitric oxide (NO), and peroxyni-
trite (ONOO™). Both ROS and RNS are known to trigger
the production of inflammatory cytokines and proteins,
including IL-1 g, IL-6, and TNF-a, HMGB1, and ICAM-1
[19]. Hydrogen has been demonstrated to potentially pro-
tect against I/R injury through the mechanisms of reducing
oxidative stress, inflammation, and cell death in various
in vivo experimental settings.

In rats with cardiac I/R, hydrogen-rich saline (HRS)
injected intraperitoneally was shown to improve cardiac
function, reduce infarct size, and alleviate cardiac injury
[5, 15, 20]. Studies using either injection into the myo-
cardial tissue around the infarct zone or inhalation in rats
showed consistently beneficial results [21-23]. In swine
with cardiac I/R, inhalation of 2-4% hydrogen treatment
resulted in the reduction of both myocardial infarct size
and the incidence of ventricular fibrillation (VF)/ventricu-
lar tachycardia (VT) and improved cardiac function [24].

In the cardiopulmonary bypass model (CPB), rats
treated with hydrogen-rich water (HRW) via intrave-
nous injection showed an improvement in cardiac func-
tion and a reduction in cardiac injury [6]. Within the last
few decades, studies using the heart transplant rat model
have demonstrated that hydrogen given either orally or
by inhalation resulted in reduced infarct size and cardiac
injury and enhanced the survival of cardiac grafts [11, 25].
Overall, evidence from these in vivo reports indicated that
hydrogen treatment effectively reduced infarct size and
myocardial injury, leading to improved cardiac function.

The precise mechanisms involved during hydrogen
treatment with regard to improving cardiac function and
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Fig.1 Potential mechanisms of the action of molecular hydro-
gen on selective antioxidants and anti-inflammation. The possi-
ble mechanisms of molecular hydrogen proposed have been those
which increased antioxidants, and decreased oxidative stress, and
inflammation. CAT catalase, 4-HNE 4-hydroxyl-2-nonenal, 8-OHdG
8-hydroxydeoxyguanosine, CCL chemokine (C—C motif), DNA deox-
yribonucleic acid, ER endoplasmic reticulum, ETC electron transport
chain, GPx glutathione peroxidase, GPX/ glutathione peroxidase 1,
GRP78 glucose-regulated protein 78, GSH glutathione peroxide, GST
glutathione-S-epoxide transferase, HMGB high mobility group box 1,

alleviating myocardial infarction and cardiac injury are still
unclear, but the reduction in oxidative stress and inflam-
mation could be key [5, 15, 20-22]. Hydrogen has been
shown to effectively decrease oxidative stress indicators,
including MDA, 8-OHdG, MPO, and ROS in rats with
I/R, CBP, and in transplantation models [5, 6, 15, 20-23]
as well as decreasing endoplasmic reticulum (ER) stress
including TRAF2, and GRP78 in an I/R rat model [5, 6, 15,
20-23]. An increase in antioxidants, including SOD, was
also demonstrated in rat models of I/R injury and CBP [5,
6, 15, 20-23]. Hydrogen treatment also led to a reduction in
inflammation via increased autophagy, PINK/Parkin-medi-
ated mitophagy [6, 11, 15, 20, 21, 26], and antiapoptosis [5,
6, 11, 15, 21, 23]. All of these mechanisms could lead to
improved cardiac function in these models.
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ICAM intercellular adhesion molecule, /FNy interferon vy, IL interleu-
kin, iNOS inducible nitric oxide synthase, JAK/STAT janus kinase/
signal transducer and activation of transcription signal pathway,
MCP-1 monocyte chemotactic protein-1, MDA malondialdehyde,
MPO myeloperoxidase, NK cell natural killer cell, NOX Nox protein,
Nrf2 nuclear factor erythroid 2-related factor2, -OH hydroxyl radicals,
RNS reactive nitrogen species, ROS phosphatidylinositol 3-kinase,
SOD superoxide dismutase, TNF-a tumor-necrosis factor-o, TRAF2
tumor-necrosis factor-a (TNF-a) receptor-associated factor 2

Effects of hydrogen treatment in myocardial
infarction (MI) and chronic intermittent hypoxia
(CIH) models

Myocardial infarction (MI), widely accepted as one of the
major causes of death, can induce myocardial necrosis and
interstitial fibrosis resulting in heart failure, and increasing
the mortality rate [27]. In rats with MI, hydrogen treatment
via ingestion, inhalation, or intraperitoneal injection was
shown to improve cardiac function and attenuate myocardial
pathological changes by reducing the infarct size and apop-
tosis [28-30]. In rats with CIH, hydrogen therapy has been
shown to reduce cardiac dysfunction by reducing oxidative
stress. In addition, hydrogen attenuated ER stress-induced
apoptosis via PERK-eIF2 a-ATF4, IRE 1-XBP1, and ATF6
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Fig.2 Potential mechanisms associated with the action of molecular
hydrogen in alleviating cell death. It has been proposed that molecu-
lar hydrogen effectively decreases apoptosis, ER stress, and pyrop-
tosis. Molecular hydrogen has been shown to increase autophagy,
mitophagy, and survival kinases, leading to the alleviation of cell
death. Akt protein kinase b, ASC apoptosis-associated speck-like
protein containing a card, ATF activating transcription factor, ATG
autophagy-related protein, Bax apoptosis regulator Bax, Bcl-2 apop-
tosis regulator Bcl-2, CHOP the proapoptotic transcriptional factor ¢/
ebp homologous protein, e/F2 a eukaryotic initiation factor 2 alpha,
ER endoplasmic reticulum, ERAD endoplasmic-reticulum-associ-
ated protein degradation, ERK extracellular signal-regulated kinase,

pathways [31]. Moreover, a combination of HRS with exer-
cise was shown to promote the repair of both the mitochon-
dria and DNA in a rat MI model, which could be involved in
the cardioprotective mechanism of hydrogen treatment [29].

Effects of hydrogen treatment in a radiation model

Radiation can cause myocardial damage as a consequence
of radiation-induced myocardial fibrosis, leading to the
chronic impairment of cardiac function [32]. In a radi-
ated rat model, it has been demonstrated that an intake of
oral hydrogen prior to radiation increased survival rate by
increasing the level of antioxidants, reducing oxidative

@ Springer

FADD fas associated via death domain, GRP78 glucose-regulated
protein 78, GSDMD gasdermin D, IRE] Er stress sensor and cell fate
executor, JNK c-jun N-terminal kinase, LC3-I microtubule-associated
protein 1 light chain 30, MAPK mitogen-activated protein kinase,
MFN2 mitofusin-2, mTOR mammalian target of rapamycin, NFkB
nuclear factor kappa-light-chain-enhancer of activated b cells, NLRP3
nod-like receptor (NLR) family pyrin domain containing protein 3,
P38 38-kda protein, P53 53-kda protein, P62 62-kda protein, PERK
protein kinase RNA-like endoplasmic reticulum kinase, PI3K phos-
phatidylinositol 3-kinase, PINK PTEN-induced kinase, TGF f trans-
forming growth factor beta, XBPI x-box binding protein 1, XBPIs
active/spliced form of XBP1

stress, and preventing DNA damage [33]. However, the
effect of hydrogen treatment on cardiac function in these
conditions is unknown.

Effects of hydrogen treatment in an atherosclerosis
model

Atherosclerosis is a multifactorial process which is related
to cardiovascular disease. It represents a state of inflamma-
tion and oxidative stress characterized by the accumulation
of macrophages and oxidized products of lipoproteins in the
affected blood vessels [34]. Interestingly, the consumption
of HRS for 6 months effectively decreased oxidative stress



174

Page 5 of 22

Hydrogen therapy as a potential therapeutic intervention in heart disease: from the past evidence...

Iv-d 1
el T
gt potad W/H
¢ asedse) | noySnoIyy/[/INT Qf/Ioaqryut
- xvd | - IOH T T MEId) TOOV6TAT UM Pareat], —
Iv-d |
[opow ¥/H SISId 4 uoneua3AX0ax
ur Kemyyed SurreuSts v/ ySnory gl Surmp pue erxod£y 0} 1otxd Y/H /1)
sisojdode pasea1oap pue ‘S[oAd] Juep ¢ osedse) 1 0) Jorid sAep ¢/[/INW §°()/19yem [opow ¥/H
[9] -Ixonue pue [BAIAINS [[90 pasealdul TH - xvat - IOH ! _\ yoL-ua3oIpAq /81199 TO6H
T9DONH !
oner xeq 0-INL ! porrad ¥/H noy3noxy)
/erg 1 9-Tr ! /U 0G/(ASeydojrur jo uoniqryur)
¢ osedse) | g1-11 - - VNUISTINIA Yim pajeal], —
TEOWH | porred
oner xeq 0-INL ! A/H moy3noxy) pue yuswrradxa
/z-1d 1 9-1rd 03 Joud y z/Nw [/(1onqryut
¢ osedse) | gr-1l - T ASeydone) VIN-¢ YIm pojeal], —
T9DONH T potiad Y/H noysSnoiyy
oner xeg 0-ANL T pue uonejuowriadxs 03 orid
/erg 9-Tr 1 4 ¢/ og/(uononpur A3eydoine)
¢ asedse) 1 gr-111 - l uroAwreder yrm pajear], —
unfred |
I3INId §
[opowt I uroog | T9ONWH T
W/H ut A3eydoyu pue A3eydoine 7101V | onerxeg P-ANL T Utz )
pajowoid pue ‘stsojdode ‘uoneuwrueyur SOLV | /erg o-11 1 potrad ¥/H 1noy3noxy) [epow ¥/H
[c1] PadNPaI BIA [EAIAINS [[9D Paseardul {H /IEDT ¢ osedse) 1 gr-mut - ! /1/IOWIW §*(/WNIPaw YoLI-ses °H /1199 C96H
ssons
A3eydoyp/ASeydoiny  sisoydody  uonewrweguy  9AneprxQ  ANIQRIA [[9D)
[opowt
SQOUAIJIY uonejardiojuy s3urpuy olejq uonem/eso/uonuaAIu]  Apms/edA) (9D

SOIpNIS OMIA Ul WOy s)10dal :s9)A00AWOIPILd UO JUdWIBAN USS0IPAY JO S109HH | 3|qelL

pringer

a's



K. Saengsin et al.

174 Page 6 of 22

aursouen3AX0opAX0IpAY-8 HPHO-8 ‘X1 utikydiodojord ouiz x7JJuz ‘0-1010€} SISOIdOU-I0WN) 0-JA ] ‘UOTALIdOp 9500N[3 pue WNIdS (7HS ‘T oseury
paonpul-NH.Ld YNId ‘@seuny-¢ [oysourjApneydsoyd yg74 ‘uonejfioydsoyd d ‘zi0joey poje[al-g pronyiAIa J0joe} Jed[onu ) Z/4N ‘o ¢ ureyd YII | urjold pajeroosse-oinqniororur £)7 ‘Kemyyed
[eusis uondiIosuen) Jo UONBATIOR pUE IdNPSUR [RUTIS/ASRUD] SNUB[ [V IS/YV/ UDNSMIAUI 7] ‘Qulfes YoLI-uagoIpAy §yH ‘[epow uorsnjradar erxodAy /g ‘1 xoq dnoid Aypiqow y3y jgoWH
‘1 oseuadAxo oway ;OH ‘1-urgdomorpred 7-7) ‘OpLIOIYd I[BqOD 77DH0o) ‘T-1og Joyen3ar sisoydode z-jog ‘xeq iojen3ar sisoydode xvg ‘urejord pojerar-ASeydoine Hyy ‘g oseury urjord ryy

ANARR
Mqvrl U TL/NW [°0/(s)sTuoSejue
- 91! - - oy1ads JV[) 067DV WM —
AydoniadAy
91K20AWOIPIRD
Kemyped ¢IVLS/MVI o BIA ANAR] paonpul-1-1.3
uonjewwegur pue AydoniodAy 9)Ko0Aw Sve ! y gL/l/[owuu 9°(/aurfes s91K00AWOIP
[L1] -OIpIBD PAONPAI AUI[ES YOLI-UIF0IPAH - o-T1 1 - - yoLI-ua30IpAH -Ied JBy
- - IOH 1 T Y 0g/1/Iowu OZ/ZJIN-IS YA —
4 0€/INM 01/(103
- - - 1 -1qIuI ZIIN) M9 WM -
4 0g/IAM 01
- - - T /(oNqmut 1-OH) X1 ddUZ UM —
TIN
10H | U9
- - DPHO-8T ! U 0g/VN/WnIpaw yoLi-ses ty [opow DS
(18121 9)
[opowr @HS
Joutre - - — ygipuegiel [opOW BTWIAYIST
juopuedap JQH Pue ¢JIN UE UI Sjuep
-rxonue pajowold pue SSaI)s 9ANEPIXO Y +2)
Paonpal BIA BIWLAYISI pasnpul-dHs (A 008-00%)
ur AIQRIA [[90 POSBAIOUL A[OATIOQY y 8l [opowr {[D0D):
11 “1Aamoy ‘erxodAy paonpur-{Ho) ‘21 ‘9/VN/wnIpaw your-seS ¢y [opow erxodAy
[¥1] ur A)JIQeIA [[99 J09)e Jou pIp Y - - - A U /¥ N/wnipaw yov-ses iy /31199 T96H
ssoxs
ASeydoya/ASeydoiny  sisoydody  uonewwegup  oAnepIxQ  AN[IQRIA [[9D)
[opowt
SQOUAIJIY uonejardiojuy s3urpuy 1olejq uonem/eso/uonuaAIuy  Apms/edA) (9D

(ponunuoo) | sjqey

pringer

Qs



174

Page 7 of 22

Hydrogen therapy as a potential therapeutic intervention in heart disease: from the past evidence...

Kemyyed

eusis IJVIA oY) ut Quoz
-je[n3a1 pue ‘sisojdode Sag-d 1 JoIejUI AY)
‘UOTJRUWIWIRUT ‘SSAM)S SINF-d T qgn-3ID T punore {74
QATyERpIXO 3UTonpar Aq ged-d 1 3D T onssn [erp uorsnjradar jo 10 ‘urar (¢
A([ur /1 woiy uon g-asedse) 1 QZIS JOIRJU <> -redoAw  19su0 18/ yN/(TH 09) Y ¥ 10§ ‘Ut ¢/uru Gt
-ouny oerpred paaordur 04D 1 aos ! Ww/dP — AT Sy ojur  oulfes ul paA[ossIp BJIN +°0 [opout /1
[zl auIfes YoL-us3oIpAH - 1aNnLt -ANL T Van 1 W/AP+AT payoafup  Iopun dulfes YoL-USS0IpAH  S1BI (S AN
JLARH)
N3O 1
uon
uonewIwe Ul -e[nunooe NJNd T
PUE $SSQI)S JATJEPIXO 9z1s joxejuy 1 uors
Suronpai Aq 9z1s Jo1RUL w/dP - ATT -nyrodar 0y Joud urw /3y
padnpal pue uonosuny [-AVOIL T W/dP+AT /Tt Q1 /(1/1owt 9°0) Y 9 10§ Y po/um Og
oerpred pasoxdurr p-ANL T oursorkjontu-¢ 1 dadaa1t QuI[es Ul pIA[OSSIP BJIA 0 [opour /1
loz] aur[es YOLI-Ua50IpAH - - gi-ut OdIN 1 dsSAT! dl  1opun ourfes YdLI-USSOIPAH  sIeX S 9N
sisojdode pue ssans
JATIRpIXO SUTonpar Aq 9zrs joxejuy T uors
An[ur /] woiy 9z1s /AP —AT ! -nyrodar a10joq urw G/3y
JoIejUl paonpal pue uon DPHO-8 1 W/dP+AT /T G/(f/[oww 9°() Y 9 10} Y p/um Og
-ounj oeIpIed paoxduwr ¢ asedse) 1 ewserd pue daan1?t QUI[ES Ul PAAOSSIP BJIN +°0 [opowt ¥/1
[¢] aules yoL-us3oIpAH - TaNnLt - onssnul VA 1 dSAT! dl  Jopun oulfes yoL-us3oIpAH  s1er S AN
Kin[ur /1 oerpres 3ut 1o 7
-MO[[0J SOTIRUApOWIaY N30 T
puE UONOUNJ JB[NOLIUSA 9z1s jorejuy 1
o[ paoxduwi 03 Sur dadat1?t
-peoy ‘ASeydojru pue JHAT L
A3eydoine pajoword unpred | wp/dP - AT
pue ‘sisoydode ‘uon I3INId | OTjel W/dP+AT uors
-BUIWEQUT poonpar [ urpag | xed/g-1od | T9ONH T daal -nyradar oy totxd utur ¢/8Y U pg/un Og
‘9ZIS JoIeful [eIp TIOLV | gosedsen t »-ANL T dgas ! /Tw O /(/Touw 9°0) 4 9 1oJ [opowr ¥/
-Iec0Au pajerAd|[e SoLv | xvd 1 9-11 1 dvIN | QuI[es UT PIA[OSSIP BJIA 0 syer
[s1] outpes yor-us3oipAy  [IIEDT!  TANALT gi-ut - ¥H ! dl  fopunoufes YoL-usSoIpAH  TeISIA OB
IO Tew
AZeydoyy Kinfur oerpre)
/ASeydoiny sisoydody UONBWWERPU]  SSAXIS QAIBPIXQ Juonouny dvIpIe)) Aoy uoneIn(/asoq
SQOUAIYNY uonejardiojuy s3urpuy Jofejy UOT)UAIIU] [epow Apmig

Sa1pn)s OAIA ur woijy syodar :spopow Anfur uoisnjrodar — eIwaydST JRIPILd UO Jusueas) ua3oIpAy Jo s1091q ¢ d|qel

pringer

a's



K. Saengsin et al.

174 Page 8 of 22

s1sojdode pue ‘uonjewr

-WEQUI ‘SSA1}S QAIIBPIXO uoneusd
Suronpar Aq Amfur gl N3O T -Kx0a1 Surmp pue erxodAy
OBIpIEd padnpal pue uorn ¢ osedses 1 PANL T daos ! Hat1?t ureA 0} J011d/3%/[UI 9/ {7 105 (LY
-ouny derpred pasoxdur Xvea 1 -t OdNT  xeuwip/dp+AT! [fe) BIA  QUIES UI PAA[OSSIP BJIN 8°0 [opow 44D
[9] Iorem YoLI-uagoIpAH - TANNL T gr-ut Vamn 1 dVIN | uonoofur AT Iopun 1ojem (PI-USS0IPAH  S1eI S eI
9z1s Jorejul
paonpar /] Sump sed U g r/ut Oy
T %4 JO uonE[RYuT BIWOYOST uonoIeyuL
S[IyM ‘SuTUUNS [RIp - - - - 9z1s joxejuy T uonereyuy I10)3e pue SuLmp/CH% [BTPIBO0AIA
-Ied0AW WOIJ 90UAP uru ()/uru g |
10Ul L A/dA Poonpax Suruunys
pue uonouNny SrIpIed SS | [eIPIOOAIN
paaoxdur /[ Surmp LA BIWIAYDST [epow /1
[¥c]  seS °H % Jo uonefeyuy - - - - A Joooudpioul T uone[eyuy Taye pue SuLnp/°H %¢ uImg
8LA¥D T
VLT
soqt JuouEaI)
] uroag 1 ed Vanw pt Suruonipuod onwaydsnsod
ymeo1t  jeg-dt - DPHO-8 1 az1s 10regu] 1 [ pauIquiod Y 9
(uorsn[oo0 AIeuo1od
8Ld¥O T U [ JO puo o) 12 UGAIS SEM
TAVIL T (Urw g ‘o [2101) BIWAYIST
Sod T urw J/uorsnyrodor urwr |
[ urpeg T g Van 1 Lt JO S[9AD INO,) Jusumean
£Seqdomne g1t jepgd? - DPHO-§ 1 oz1s Joreyuy 1 SUIUONIPUOD OTWAYISTISO]
pue stsoydode ‘ssoms 8. T
SATEBPIXO ‘SSANS JH AVIL T qyeul
Sunenuane Aq Amfur SOY T uors [epow /1
[eTpIBO0AW pajenualie 1 urpag 1 g Van 1 g 1 -nyrodar 193e Y 7 [un uors syex
ezl  se8’H yzjouonerequy  Ied1t  jgg-dl - DPHO-8 1 ozis rejuy T uone[eyup  -njxoder axojeq urw ¢/H %¢ TeISTA O[BIA
9z1s yoexjuy 1
Jal
sl
Knfur /1 193Je ssans Md !
QATIEPIXO SUIONPAI SAIL! Y $T /ura O
£q uorjoIejuI pAONpPAI PSAATT uorsnjrodar 19)je [opow /1
pue uonouny ovIpIed PAAAT T urur ()9 J0j dNUIIUOD pue syel
[cz] pasoxdu °H jo uonereyuy - - - DPHO-8 1 dddAT!  uomEERYUL  BIWSYDSI JO JSUO J8/CH %T TeISIM o[eIN
IO Tew
AZeydoyy Kfur oerpre)
/ASeydoiny sisoydody UONBWWERPU]  SSAXS QAIBPIXQ Juonouny dvIpIe)) Aoy uoneIn(/asoq
SQOUAIYNY uoneyardiojuy s3urpuy Jofejy UOTJUDAIU] [epow Apmig

(ponunuoo) zsjqey

pringer

Qs



174

Page 9 of 22

Hydrogen therapy as a potential therapeutic intervention in heart disease: from the past evidence...

T4ONH T
SON! < OdIN < skep £ 1oyye
VANL <« uors [eATAINS 3JRID) |
¢ osedseo 9-TI <> -njrad 193je 4 9 (a3e103s 198  €)
PAABID <> g 1-11 < Van 1 21008
1dd < uors uors uornejue[dsuer],
TANNL <  -njrediogey ¢ -njrod 103y U ¢ | uonereyug quore ‘g
sAep / 191je
[BAIAINS JJRID) |
(e8e1038
T9ONH T OdIN T IJe 4 ¢) 21098
SON! T uors uonejuedsuery,
VANLT  -nyredisyeyg I
¢ osedsed 911 T OdIN T uro 1
paaesd 1 gr-ut Van 1 MdD 1 0D PUE °H PaXIN
1ag uors uors a3eydoxoey T (eTWIAYDST P[Od [ §T 1Y)
TANNLT -ny1od 193je 4 € -njrd 19ye Yy ¢ 9z1s yorejuy T se3 poreyug
wdd 06z :0D -
wdd 06 :0D -
MdO 1 (PTUIoyOST Prood Y 9 11Jv)
- - - 3dD <> uonereyu] (0)0)
sisojdode pue ‘uonew
-WIBUT ‘SSAI)S QAIIBPIXO
Sursearoop £q [eATAINS H %¢ Yy 9/4yg1I09
1JeI3 OBIPIBD PIOURYUD ‘H %t (Topow /1)
pue ‘Anfur derpreo ‘ozis Hoyl uonejuerd
Jorejur paonpai Adeoy SIdD T uorsnjrodar 19}y -suern 11esy
0D pue uaoIpAy SIdD T [ | pue BruayosI ordojororeHq
(11l JO uonEUIqUIod 9y, - - - AdD <> uonereyuy 210J0Q U [/SH%E ‘%T ‘%1  SIBl SIMoT ORI
IoTewr
Kn(uy oerpe)
sisoydody uoneWWERPU]  SSAIS JANBPIXO Juonouny deipreD) Anoy uoneIn(/asoq
SQOUIOJY uonejardiojuy sSurpuy Jofejy UOIIUQAISIU] [epowr Apmi§

(ponunuod) z3jqer

pringer

a's



K. Saengsin et al.

174 Page 10 of 22

Qursouen3AX0apAX0IPAY-§ DPH (- ‘BIPILIAYOR) TR[NOLIIUA
LA ‘UONR[[LIQY JB[NOLIUIA A ‘7 10308} PAeIo0osse-10Jdadal (- NI) B-1010B] SISOIOU-IOWN) 7.7V [ ‘0-10J9e] sISo10ou-1own) v-JA 7 ‘T uruodon juy ‘uruoioys juawides §¢ ‘Anauwrxo asind zodg
‘asenwisip aprxoradns S e1 Kopme(q andeidg ¢ ‘@rnssaid o11031sAs gg§ ‘se10ads uagAxo aanoear §Oy ‘urajord eqy-8¢ 9£d ‘ssouyoryy [fem Jordysod Md ‘[ydonnou sesronuoydiowkjod Nd
‘1 aseury paonpul-NH.Ld YNId ‘@seuny-¢ [ousourjApneydsoyd yg74 ‘oseuny wnnonal srwse[dopud ayI[-yNY-oseury urajoid yy74 ‘uonejfioydsoyd d ‘syeoiper [AxoIpAy - ‘71010 paje[al-g
PIOIYIAID 10308} Jed[onu oY) zfiN ‘OseprxorodojoAwl OJ A ‘g-ulsnjoiuw zufpy ‘OpAyopreIpuorewt vy ‘1-urejoid onoejowayd ajk00uowt [-JH ‘Oseury urjoxd pajeanoe-usojiwu yJ vy ‘dmssaid
[BLIS)IR UBW V4 ‘Io1owelp wnidas Je[NOLNUARIUL §A] WYSIoM JR[NOLIIUAA 1JO] AT ‘O[0ISBIP UL SSAUWOIY) [[em J011)sod AT PMJAT ‘1OIWRIP J1[0ISASOPUD AT PSHAT ‘IOIOWRIP JI[0ISBIPOPUD
AT PAAAT (dAAT-dSAT) 2anssaxd padoaaap AT JAAT @anssard padojoaap/or[oiseip AT JAAT Inssaid o1[0IsAs AT JSAT OIOLNULA 1J9] ut d3ueyd 2Inssaid jo el jp/dp A7 “danssaid drjoiserp
-puQ IR[NOLNURA ] JTAAT 19IQWRIP JI[OISRIPOPUD AT PATAT ‘OJOISBIP-PUD JB SSOUIIY) [[em JOLIIUR AT PMVAT ‘O[OLIULA 1J9] A7 ‘OseudoIpAyop deioe] g7 ‘v ¢ ureyod W31 | uroxd
P9JBID0SSB-9[NQNIOIONW £)77 ‘OSeUry [BUTWLI)-N-UN[-O YN/ ‘Wndas JB[NOLNUIAIAUL §A] ‘[eduoitiadenur g7 ‘9seyiuks apIxo OLIIU [qIONpul SON! ‘U NI 77 ‘A UOIJINUI A AJJT ‘T S[no[ow
UOISAYPE JR[N[[INUT [-JV] @16l 1.y Y[ ‘aurfes Yor-uagoipAy §yH ‘1 xoq dnoi3 Ayjiqow Y3y jgOWH ‘1 9seuadAX0o oWy JOH ‘gL urajoid poje[ngar-0soon|3 g/ JyH ‘Fuiualioys [euon
-oel1j ., ‘oseuny paje[n3al-[eudis Ie[N[[adRIXa Yy ‘wnnonal oruseidopus y7 ‘uonoesj uonoafe 47 ‘amssaid pooiq droIseIp Jg( O SWoIYd01Ad 2-14) ‘I-utuodon deipred ju o ‘eseuryoydsoyd
auneard yg) ‘ssedAq Areuowndorpies g4 ‘oprxouows uoqied ) ‘gN-SeUD| QUIUNLAId g-Y) ‘UONBHUAIIYIP JO 12Isn[d (g ‘PUeSI| (Jnow D—)) sunjowayd 7)) ‘MOl poo[q AIeuoiod Jg)
‘opndad onainineu ureiq JNg ‘g-10g Jore[n3ai sisoydode z-70g ‘xeq ioye[n3ai sisoydode xyg ‘oreydsoydin sursouspe 47V ‘urajold pajejar-A3eydoine ny ‘g oseury urdjord zyy suI Je vaIR YV

uone)
-uejdsuen on
-1oy ordojoyiQ
syel
(UL Nd
jje1s onIoe ul eIs pue ([1LY)
-e[dxodAy rewnuy 1 MAT RN
KYIAT)OR TRIIPUOYOO0IIT
pue LV onssn pasearour (1opow /1)
PUE SS1IS ATJBPIXO JO soSeydor uonejuerd
uoronpar ‘uonerajrjord -oew +89aD T -suern 11edy
[193 L Jo uoniqiyut I-dOIW T S[[9d L+€ad 1 ordojoraleq
“erse[drodAy ewmur Sur 1001 VAW 1 Ayranoe o | SIEr (UL L)
-onpar Aq [eATAINS Jjerd 71001 OdIN 1 dLv nssiy, | N pue
-O[[ dLIPIEd PASUBYUD P ANL T Juerd sijeISof[e oerp POOL ‘POY/VN (1L MAT
[sz] I01em yoLI-ua3oIpAH - - ANAIT  -suen iaye p 0§ -Ied Jo ANMIqerp | ®I10 1950p/I0JeM YOLI-UdZ0IPAH orewr paIqu
IoIewr
AZeydoyy Kfur oerpre)
/ASeydoiny sisoydody uoneWWERPU]  SSAIS JANBPIXQ Juonouny deipreD) Anoy uonen(/asoq
SQOUIOFY uonejardiojuy sSurpuy 1ofefy UOIUQAISIU] [epowr Apmi§

(ponunuoo) zsjqey

pringer

Qs



Hydrogen therapy as a potential therapeutic intervention in heart disease: from the past evidence...

Page110f22 174

and had the potential to decrease atherosclerotic lesions in
the aorta [35].

Effects of hydrogen treatment on the heart
in a sepsis model

Sepsis is systemic inflammation in response to an infec-
tion associated with the cardiovascular system. Cardiac
myocytes are involved due to the oxygen consumption of
the cell being compromised. Correspondingly, mitochon-
drial dysfunction occurs, leading to cellular energy deple-
tion [36]. A recent study showed that hydrogen gas treat-
ment reduced mitochondrial dysfunction by up-regulating
the protein expression of mitofusin-2 (Mfn2), peroxisome
proliferator-activated receptor-gamma coactivator-1a (PGC-
la), and protein heme-oxygenase-1 (HO-1) [37]. However,
the effect of hydrogen treatment on cardiac function in these
conditions is unknown.

Effects of hydrogen treatment
in a chemotherapy-induced cardiotoxicity model

Doxorubicin is an anthracycline anticancer drug that can
cause cardiotoxicity, a condition known as doxorubicin-
induced cardiomyopathy, via oxidative stress, apoptosis, and
intracellular calcium dysregulation [38]. The use of HRS
via intraperitoneal injection in rats treated with doxorubicin
has been shown to improve survival rate and reduce cardiac
dysfunction by attenuating oxidative stress, inflammation,
and apoptosis [12].

Effects of hydrogen treatment in a cardiac
hypertrophy model

Cardiac hypertrophy, consisting of interstitial and perivas-
cular fibrosis, can lead to heart failure, which results in
increased mortality [39]. Hypertension is the major factor
associated with left ventricular hypertrophy [40]. Studies
into cardiac hypertrophy in rat models reported that hydro-
gen therapy using HRS via IP resulted in a reduction in heart
and atrial weight [13, 17, 18, 41]. Hydrogen also decreased
the incidence of atrial fibrillation (AF), atrial fibrosis, apop-
tosis, and inflammation through the downregulation of the
JAK-STAT signaling [17, 18]. In another rat model with car-
diac hypertrophy, the benefit of hydrogen therapy was shown
via a reduction in oxidative stress, the inflammatory process,
and angiotensin II, and the preservation of mitochondrial
function in the left ventricle [13, 41]. These benefits could
be due to the inhibition of the TGF-pf/Smad signaling path-
way, leading to reduced cardiac hypertrophy [41].

Effects of hydrogen treatment on the heart:
reports from ex vivo studies

Heart transplant is one of the causes of I/R injury. A period
of cold ischemia due to tissue matching and transportation is
inevitable after retrieval of the heart. The organ preservation
solutions have been found to only partially alleviate ischemia
injury during storage [42]. In isolated hearts mounted on
the Langendorff apparatus for aerobic perfusion, it has been
shown that preservation in H2-rich with Histidine — Tryp-
tophan — Ketoglutarate (HTK) significantly improved car-
diac function in a hydrogen concentration-dependent man-
ner as well as attenuated the microscopic pathology of the
myocardium [43]. The protective mechanism of hydrogen
was via inhibition of cold ischemia-induced up-regulation
of oxidative stress, inflammation mediators, and apopto-
sis (Figs. 1 and 2) [43]. In a study using syngeneic heart
grafts from elderly donors or allografts from adult donors
and exposing them to prolonged cold preservation, the car-
diac grafts immersed in the cold-water bath with hydrogen
showed ameliorated myocardial injury [26]. The grafts
exhibited inflammatory responses, including neutrophil
infiltration, and increases in pro-inflammatory cytokines
and chemokines, whereas hydrogen induced lower levels of
mitochondrial damage and higher adenosine triphosphate
content [26]. In a recent study using an isolated heart model
with I/R injury, perfusion with HRW resulted in a decrease
in apoptosis by up-regulating the JAK-STAT and PI3K-AKT
signaling pathways (Fig. 2) [44]. All of these ex vivo reports
are comprehensively summarized in Table 4.

Effects of hydrogen treatment on the heart:
Evidence from clinical studies

Because molecular hydrogen has various potential therapeu-
tic effects, it has been investigated in various pathophysio-
logical conditions in clinical settings. It has been suggested
that hydrogen has an effective therapeutic approach in the
heart for improving outcomes associated with I/R injury. A
randomized single-center prospective, open-label, blinded
study to investigate the feasibility and effects of hydrogen
on the infarct size and adverse left ventricular (LV) remod-
eling in patients with ST-elevated MI (STEMI) was con-
ducted after primary percutaneous coronary intervention
(PCI) [10]. This first clinical trial showed that hydrogen
inhalation during PCI is genuinely feasible, promotes LV
reverse remodeling 6 months after STEMI, and improves
cardiac function [10]. Another recent clinical trial enrolled
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five comatose postcardiac arrest patients [45]. The study
demonstrated that oxidative stress was reduced while the
cytokine levels were unchanged in cardiogenic patients.
However, the oxidative stress was unchanged in septic
patients, but the cytokine levels were diminished. Never-
theless, the effect of inhaled hydrogen on oxidative stress
and cytokines remained inconclusive due to potential meth-
odological weaknesses [45].

Various in vivo and in vitro studies demonstrate hydro-
gen’s ability to reduce inflammation and antiapoptotic prop-
erties. A randomized, double-blind, controlled trial showed
hydrogen increases antioxidant capacity, thereby reducing
inflammatory responses and apoptosis in healthy adults [46].

Because metabolic syndrome remains a serious concern,
those patients are at increased risk of developing cardio-
vascular disease. Hydrogen decreases serum total choles-
terol (TC), low-density lipoprotein cholesterol (LDL-C),
and apo-B levels. Moreover, hydrogen therapy was shown
to improve high-density lipoprotein (HDL) function and
reduced oxidative stress in patients with metabolic syndrome
[47, 48]. All of these clinical studies are comprehensively
summarized in Table 5. The potential mechanism of action
of molecular hydrogen on selective antioxidants, anti-inflam-
mation, and alleviating cell death are demonstrated in Figs. 1
and 2.

Refer-
ences
[44]

up-regulation of the JAK-
STAT and PI3K-AKT
signaling pathway and

decreased apoptosis by
alleviated I/R in rats

Interpretation
Hydrogen-rich water

Others
1 25 DEPs

Apoptosis
1p-AKT/
AKT

Inflammation Cell death
!

TP-JAK2/
JAK2

1P-STAT3/
STAT3

systolic pressure, LVDP* LV developed pressure (LVSP-LVDP), LVEDd LV endodiastolic diameter, LVESd LV endosystolic diameter, LVPWd LV posterior wall thickness in diastole, LVW left
ventricular weight, MDA malondialdehyde, NRF-I nuclear respiratory factor 1, PGC-1 a: peroxisome proliferator-activated receptor-gamma coactivator-1 @, PMN: polymorphonuclear neutro-
phil, PPAR-y: peroxisome proliferator-activated receptor y, SD Sprague Dawley rat, SOD superoxide dismutase, TNF-a tumor-necrosis factor-a, Tnl troponin I, 8-OHdG 8-hydroxydeoxyguano-

Akt protein kinase B, ATP adenosine triphosphate, Bax apoptosis regulator Bax, Bcl-2 apoptosis regulator Bcl-2, CCL chemokine (C-C motif) ligand, CPK creatine phosphokinase, DEPs differ-

entially expressed proteins, HOI heme oxygenase 1, HTK histidine tryptophan ketoglutarate, ICAM-1 intercellular adhesion molecule 1, IL interleukin, /P intraperitoneal, iNOS inducible nitric
oxide synthase, I/R ischemia/reperfusion, JAK/STAT Janus kinase/signal transducer and activation of transcription signal pathway, LV dp/dt rate of pressure change in left ventricle, LVSP LV

¢ E
B < =
sz g . .
282 Conclusion and future perspectives
O =z 3
> Molecular hydrogen has versatile therapeutic effects due to
:% its small size. It can penetrate the cell membrane and affect
" % metabolism in the body. Molecular hydrogen can be admin-
%D g istered via several methods including inhalation, drinking
g% of hydrogen-rich water, injection with hydrogen-rich-saline,
S 3 . . . .
% kS 2 and bathing of an organ in a preservation solution. Cumula-
S |3 E tive evidence from in vivo, in vitro, ex vivo, and clinical
2o 8 studies demonstrated the possible mechanisms underlying
~ = LB A . . .
g =z Eg EE 8 the potential benefits of molecular hydrogen, including those
L === Q . . . . . . .
é B E 5 EE % @é increasing antioxidants and decreasing oxidative stress, cell
%’ ERSR= s é = death, metabolism, and inflammation.
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% 2 % 2 ﬁ 288 For future research, searching for the mechanism of
% . §D g <2 g = g § = molecular hydrogen to reduce ventricular dilation, decrease
E =] 2 &“E 289 g E wall stress, and reverse adverse cardiac remodeling should
19} T3 < 0o L5 e o g
25 < =988 Z . . .- ..
EA AR = e be thoroughly investigated. In addition, future clinical stud-
ies investigating oxidative stress and inflammatory pathways
P may provide information to improve the current treatment
S 5 = of various inflammatory diseases, including Kawasaki dis-
] . . . .
E 5 g ease, COVID-19 infection, a multisystem inflammatory syn-
§ 3 ; %' drome in children or adult (MIS-C or A). Although various
= 2 é 3z in vitro and in vivo models have demonstrated the benefi-
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< & L E g © cial effects of molecular hydrogen treatment on the heart,
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clinical investigations are still limited. Future large-scale
randomized control trials are needed to determine the cru-
cial clinical impact of using hydrogen as a therapy, and to
verify the efficacy and safety of clinical interventions with
molecular hydrogen to warrant its use and to improve medi-
cal treatment in this field.
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