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Hydrogen Biology: It is just Beginning

SHEN Wen-Biao"”?* | SUN Xue-Jun®"?¥
(V) Department of Biochemistry and Molecular Biology, College of Life Sciences, Nanjing Agricultural University, Nanjing 210095, China;
) Center of Hydrogen Science, Shanghai Jiao Tong University, Shanghai 200240, China;
) Faculty of Naval Medicine, Navy Medical University, Shanghai 200433, China)

Abstract Hydrogen gas (H,) is a novel gaseous signaling molecule. Since 2007, more attention has
been paid to the physiological functions and signal transduction pathways of H,. Thus, a new discipline,
called hydrogen biology, has been gradually developed to elucidate the biological functions and
corresponding molecular mechanisms of H,. Hydrogen biology can be divided into hydrogen medicine and
hydrogen agronomy, according to its actual scope of application. In medicine, the anti-oxidative, anti-
inflammatory, and anti-apoptotic effects of H, have been discovered based on studies in multiple animal
models and thereafter some clinical trials. In fact, H, has ideal positive effects on ischemia/reperfusion,
inflammatory-based acute tissue ischemic diseases and chronic degenerative diseases, such as Parkinson’
s disease, Alzheimer’s disease, and atherosclerosis. In plants and agronomy, it was found that H, could
enhance plant tolerance against abiotic stress in alfalfa, rice and Arabidopsis, regulate growth,
development, and nutritional values of cucumber, tomato, kiwifruit, sprouting vegetable, black barley
and edible fungi. It is also demonstrated that H, could extend the vase life of lisianthus, rose and lily cut
flowers, and improve the resistance of livestock against pathogens. In this paper, the history of hydrogen
biology is described firstly, and it is proposed that electrolyzed water might be the first source of hydrogen
medicine. The determination approaches of H,, the synthetic pathway(s) of endogenous H,, and the
progresses of molecular mechanism and corresponding signal transduction of hydrogen biology were
reviewed. Subsequently, the application status of hydrogen medicine and hydrogen agronomy was
introduced from the perspectives of delivery, biological effects and safety of H,. It is very interesting that
the selective antioxidant mechanism of molecular hydrogen can not fully explain the existing biological
effects of H,, reflecting the complexity and diversity of this discipline. Finally, some important scientific
and practical issues of hydrogen biology are proposed. Importantly, we pointed out that further
development in hydrogen medicine depends on a large number of clinical trials with high reliability.
Meanwhile, hydrogen agriculture also relies on large-scale field trials with multi-year and multi-site
experiments in the future.

Key words  hydrogen biology; developmental status; hydrogen medicine; hydrogen agriculture;
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AAAEYFIIREARSCHY A SRR 410 H 3k 85 T, 73 Af
T 42 ZRMTAANL, 2019 4F 1 H 58l K740
JSE T LAT SCIERBE 4y EAR R E0RE 2 ol R S
R BB AR AT OF 32 8 T RIRBHG . L
TR 2 N [ N AN RN A T % R0 e B G T % b Y
BT S AR R R T ) — A AR A

ARICE A T S EY =0 KR S LR b
FEBR, IEAS S A OGN E J7 s (IR H, Bk IR LA K
VRO F LRI 5 S Al T AR
MEALF IR, Im A UVEY FE LB WL T
By AR A MORE VS SRS 2 RS2 X
& & R s & e AR EY 5 G EAE
FORTERYIT [ HEAT TR
1 SEREMFENERHE

ARAW A S R SRR
I 1B s I R WP TPy S e S R O R e R W G
Yy AR e A Y, R IRSERIE
AR E T AR R0 o S B2 AR

1975 4F- £ 2= Dole 5 7F ( Science) 247 [t
B TR H, R/ R PR B A T i e Rl
BRI R B F RS 1 f AR 2007 4 H AR
B2 ZE K T A% 5B IR 20 7F { Nature Medicine ) & 3218
SCH, A AR D A I A P R R A
T HETTSEATIVEI R 2% ~ 4% (V/V) 1Y
H, A7 DA BRI B i S P45 450 . i T o i
HhH, SRR RIS, B H, AT DA RS BR
FEME G M 48 (reactive oxygen species, ROS) |, 1A 2>
SHABAAE ROS K AAER], #2755 H, B A 7 5 m)
FHRYIETE BT T B, Xt 2 S B2 2 Uk Jie 1 B3k
PETAE, BT Hy X AR 2 SO A 159
BIT RN, R H, A= W75 n] 8 BAT B8R B9 0 iy
S XA AR BN Az S A E A AR A
JE AL

AT S0 A SR, B A i o T 1 S S

FEL K T L H A 2 AR ST FL A K B AE 5 7 S AR L
WK, H L R 7K (electrolyzed reduced water,
ERW ) J2 FL i /K 7E R 2% SCHk v i I #4 F%, B T
HBS e — B VR EE Y H, , R R i 7K B A 3 T
PRS2 FEA ), — 22 R B A TF IR
W IR B LK B9 R A AT R 2 H, skt
XA H A TR 22 AR R B UK (X
FRKZFIK)  JEES AR AN H, W REHA VR
TR DG YRR AS SR . 2007 4F K 8 204 ¢
TASR I — 48 H, W RE & H K &
FEVE LA
2 SRHNEFZE

AYERNTE H, & BRI A X FRAEY
SETFICELAT TSGR 3. {E 2 MRS b e b
SRR Z 2 BT H, A R
FETTERAR I m R EOR . XA IA N H, Wk
5, e FRAR BRI 5 ok 10 L A5 KG B2 38 B U R 28
RIE IR ANy 5 HAB A B A RN AR AE W)
TR, DL e A% ST R BRI Y H, SIS A8fh i
R, BT, H, BRI 7 243 S SO 35 (gas
chromatography , GC) | Hi A ¥ 46 Ak 380 Tt i o 125 4
SR TR UL A AN IR 25 5 R
(]300 5 75 12 000 ) 840 A A /N 1Y) 22 S, PR I e
B A SE D7 VR X TR E B AR W SO T S AR
U,
2.1 SHEGEE

ARSI HATiGE e 2 09 H, WE Tk, w]
DUE SRS U e A H, o O 385 00 5 T B A R i
SR HEFE 85 B 5, BT R 2% (thermal
conductivity detector, TCD ) 75 21| A I &9 % H {5 5,
Z o3 T RBUE RS, SR AR TAE WA H
eI A & TS Pl ] . 2007 40K H 55 2R
AR 3 A SE Y 5808 SO SR - X Fh oy
D SRS E AT LIS T A |, 5 IR H,
EE AR LR E RS S e R A AR aa S H,
AR BRI SO TS A LA R AT
ARE R, (B A3 BT UAS AR R A e ] 2% B ) T4t 2%
AU E g R Ty
2.2 REHE

T S AT S A R T R — b
REAS TC0 5 LSt Wi H, AR fb B 3 AR 50 AR HE &
WU H, FAE AT LU 2 EREOR AU I A 1Y
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GBI R LR e R U S i R e L Ry L 1
RHAE S, NI SEEERT H, BAT R, EAR I
1R T 2 F AL R R R B e i, (B %
PEVELF | R AR BAE TN 588 2 B R
NIZ ) — TR IERER A DAL A RS A
1], H, HIB B A AT LA R /NS 2 o, B AR
PR LN TR S I H, &m0, SR L
WOk, & /N R R Hy, & &/ T 7 pmol/
LU NGRS R L 200 H, 5 R 5 ~ 25
pwmol/ L2 AT g I 4y 7 AR 5 2 27 e 7 % 7 1R
(abscisic acid, ABA) {55 i H, & &=L HEI7E 0~20
pwmol/L"'

FARBAEIE H, & 8 B A HER AR B0 Ry
S, BRI S W H, AR E RO v
X PR BE SR A A A LA RS E Y HL Y IR B A pH
&, A, TR SN IREE 1 25 57, DA SRR
e A BLAR  FAEE AN T ARG B A A 2 4
2.3 SUERBEZX

T SRR A H, B R A
) H, AL I E YA RGE T A, Blan, H AR BESE
NGURIH Hy BB ST T — Rl H, W Y
2 i R T R ) A SR RE T
A A (9K EA) gL H, 6 RO R EE ) i T
RN e € %) AL R R T ROR SR TS LY
I D AR YR 3 el A7 B P 48 B8 R LR VU
H, W&, T BRI EE B D 1 AE (AR XE
PEAT H, W RORS B0 5E B, BT X BRI, 455 03
S EE T A AT LA 2 s e

WAABURN T S VA BRSPS AR SCAS 390 A5 A6
VW H, B8 (B, AR R E A A
A SRE SR BRI RIS P32 SR 24 DR BR ] 491 40
XoF T MLV B AR R RS, )y AN E H
3 WiEH, M%igR

AR VIR H, AR R AR R LA A (L
Fig.1) o TEBEE AN B b 15 5t & OB T 0 i 1Y

H, MBS, CamiE, a8 &5 a
[ Ni-Fe ] Hl[ Fe-Fe ] Wi 2%, Hor [ Ni-Fe | & [if = B A%

T4 A= AU B [ Fe-Fe ) UM &2 347 15 F
DR AL 2% A1, M, R 1R
B 5 B 7 1) 7 2 R — 3
B TSR RS, SR H, 607
SRR TN 20 9 K (LR £ 2
LD HE PR A5 o e B2 0L T K 0 40
CER

Bacteria and algae

?
Phytohormones

ABA, ET, JA, Auxin
Abiotic stresses
Heat, cold, salinity, drought,
osmotic, paraquat and
heavy metal

Bacterial fermentation

in the gut

Plants

Fig.1 Biosynthesis of H, in microbes, animals and
plants ABA, abscisic acid; ADP,
diphosphate; ATP, adenosine triphosphate; ET, ethylene;

adenosine

Fd,.,, reduced ferredoxin; Fd , oxidized ferredoxin; JA,

jasmonic acid; NADH, reduced nicotinamide adenine
dinucleotide; NAD",

dinucleotide; N, , nitrogen; NH;, ammonia

oxidized nicotinamide adenine

P ARGE 3 B e (iR T TR B
Bl 0 R DY E ARV A E A B ) A
FE A Y R, W ABAPY 72 0 ( ethylene,
ET) Y 2K #j R (jasmonic acid, JA) Y FiA: K &
(auxin) [PV 4E BynliE SR A H, A 0 RE
G 1) S0l 9 PR S A 55 A, A SCHRHRGE H,
AL ET AR ARk A e 3 fh
TG H AL B i 4 1 0 AT A RIAR ) H, 1Y
FEA T HEMIA ) H, A7 A T RE K IR T s AR
Mg WiFh iR A 50 E VR G, [ WA HEER AR
YA T e S RE M & R

4 SREVEHNIRURS FHLH
A M AR A AAEN  EAFAE 22 5, fEAF
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H, A" FHEWRA H, T 8Rk e e W
HARE Jfa v, — AL T WK BRI 2
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FHF Rl AR L MG DI RERE A R % 59—
Ifil, BAR A AR A AMAANSE A B m &
A ARIGE R IXUIS: , PRI LG X 18 % 119 28 A R BESR T g
W H, BRI G RERE K A il 2.
THEXE AL 2407 B i H, 7R —E 2 RR
S0 E S E R/ A RN ) 5 N T E
2l 7K T RS R V5 VR R A KR R 3k e R 4%
BB, — sl H, WA £ R F 4K B i, AR
B AU Re FH B 1 T L

RS R TR (E) SRR
ALFE RN RS 4 5 R Ry A 12, a8 i Y R
BEHTIEREF A 25 S 8 T3 — [, 25 A Bl d mT
DIVHEST B AR 45 Sk f2 . X ik R L2026 H,
FSE s AR K SR AR T PR SR 3+ A Wiz 3
P A B O R v B Il ARG MR BE T RE Y AR R R B
H,"™' T H, ZERAR i 5 A B A BR, a F oy ik
BAMF BRI T H, WAR I, A &K
FHXT Ji 3 R 09 52 i LA Bk, HLROKAE P W48
7 T4 T AR ARG B A, i R L RE AT AR 3, K1Y
Wl SR A F AR, SR A 76 AL TR R 5545
R T AR (B 152 3 &R Y 2 U 5
HEATIE Y O, TE S KA A7 5 T 7 S AT e )
FNA G A [ R[] B 7 3 2 W RHRIT 2555 7 TH
WA E AT ANt

[ A28 SR R WAL FE . 1) 1 AR 1 i 18 40 P AR
W™ H, BEFRYI R 2) DR AT AR H, YA
E TV G FHT B A8 KB R, A BE R K B 7 AR
H, &R & BA Ay EIRY R TEIE
B 4B A H, 5 A — & B AT AT (H A 0
FHXT 38 B () RS A T B — 2B TR A SY . 5 —
J7 T, A5 M ek 7 S D) AR AR B i A
Sk,

4.2 SEFHIK

AL — IR H, S0 N P00 i IR
DR AR E N 2 ft B 1 24 B, R AR A AL 35 H,
e NG RE IR Y SRl B 22 MG R R 2, Horp 5
SRR B A OGS Rl
B, DL BB B RIVE T 46

it Web of Science #% 0> A 4 B9 B 73 A &
W S H, BE g A R 40 118 SCHE 2016 4F
sh I 300 R, 8 2k 2 S Py R 58 NS A3 I IR
I, KB H, HAPUEAAD PR AED M
TR H, ASASORT DA AR Y i L f
I/ FRE ) AR A9 i A R il 1) v 21 2 it
P RS PR A TR (AL HR I 4 AR 0 BT R
PRUF R RN B ik ok R R Ak A5 SR A B AT S
) B EA O AR A IE T RO . BT R AR
AR I EUK R & S Dk 5 L R & =
BIRGENT , R Z 8 T 40 M sh i A oe
AU B= 25 (4 ff 2% B8 AH DG TP IR AN 5843, 4
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A KRB ERIRIGE , B2 R DA LR S
ARG A 22 o B A TR ATF 5 000 400 I PR F 5 114 4%
T AT T oy 28R LUK Bl A P T AR A oG
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4.2.1 H, 2R HERERBOKENRA H,
X i e 1 o AL SR 160 %) 2040 S S B 5 e T A R Y
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it g AR AERE DR 5 2ok Mg e i L 30 A KR H,
Frgk 1 R BB 05 2L Ry Ve R s JLARE 98
JER AN A H, X5 0 I 0 AR OR, R
AIfE S H, XA SEAE | 40 AT T AR 1Y 5
Mg OG0 X BB oY 45 AR R il e R AT |,
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KR 2t 57 400 BRI I 2 IERUR ™ . ik
Hb NURBIFTE K R, SR 22T FH 20K 48 JH RE W Bl
HMAERREE G IS, E5 R IEAT A B UE 1 i PR 5
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BB SOk M A H, X # R E B B4
(apolipoprotein E4 , APOE4 ) &A% 2 Y ] /R I it BRI
A —E W 55—y, A Sk Bl ik
REAL AN & R AR YT B = H 0 B 5 Budie  (EAN D
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Hi-B- % B B8 & B ( pre-beta-high-density
lipoprotein , pre-8-HDL) f*) 7K -, 3% 5 X {I% % £ JIg &
H (low-density lipoprotein, LDL) AL B 7ERT , A
T4 1 480 Ak AL G %5 B2 IR 25 19 (oxidized-low-density
lipoprotein , oxidized-LDL) 5 | & i 4 iE S 1 1 Il 457 P
S AT P TSY  k e  BAR R H, X T BT 20 ik A
A —EBIR T

H, %M 1 1, 2 02 5 de A TS s
Gz —, RHEOKFRA H, AE 2 2557
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IREYTTHR
4.2.3 H, #&5& B KM BB S B KR A
FRAR I Y H, 28 e SR Y o b iR R s
o A AR 1975 4E5UK I H, X S RERERE IR 1)
AT H AR SE B UE A 22 48 He A UL, 2019
SR FERIE  EEE 3 A H AR 3 /NI A H, AT
AR A I A B B U S T RE, T
P B F AR AR R S UG 2 H, SO R U A
7 Y RIVE A A A 4 AR =K ]
TR0 T O A 3 o B BT Sk TR T
BUW I 5 LA AR YT S B0 E DE 5
2019 4F H A2 FAE( The Lancet) % 218 3¢, IEW] H,
W A X8 E KB 396 1] I 38 5T (intensity modulated
radiation therapy, IMRT) JUr 5 0 # IfiL /MR A1 48 g
POA B R AR X AE R AT BE S H, fEW%
BEFEPE L BR IN IMRT 17 45 (4 - OH Hl ONOO
K (TR
4.2.4 H, *EBRAE MG 69 TR AR
AE M2 AR o 1 B IR 72, ik 5 UK T A
DIREAHSE SR R 4 AT LAE 3 10 ROS 774
RO LR T B0 S5 2 1A IR s/ B Bk A 8
WA B2 G R AR K JRBe 5 1) G R TUE A —
FERBCEERCR S H, BIPUAARTE T 6 LR AE
TSI A LA % L Lk R4 2 440 B 08 1 i AR A Y

T, UK RN I Bl 55, A ik iz g 5 1 g K
5, B T 2UK BB I8 D1z Bl A B SE AR , ik T
RE S RE B 7 AR R M O SRR A
RIS SUKAE Ay (2 1 A R 1) T B, AN BE 820 Tl BE /Y
B, i RESR ALz B A A HERCR , PR AT LA
VE R — o i g B A 16 7 =X
4.2.5 H, *TRRe9RPAER IR PR B R
(age-related macular degeneration, AMD) J2& 5 Z Kk 3¢
B AL i R, BEERE A%
BACFE RET-HLAY 12 1 2 12 A T B A0
RGBT, AR AR AT JE AMD s ) B2
B, H, X R B R B ER5 HA SRaP VR T, 9T
AES5 25 S WEAL B 1 (sirtuin 1, Sirtl ) 5 53l B A
Jeroet g N-FOJEN-E i % ( N-methyl-N-
nitrosourea , MNU ) 1753 [ X BEGR A7 P A 7R |,
WLEE ] H, xF AL B B A B IR 4 AR
FHE0 3 IR SRR I 2 73 S e ok BEL 2 A5 70 L 4%
BT H, R I PR P00 5 ke it/ -F- O 40 1 A R A
M, I35 H, X4 Wz K F-a (vascular
endothelial growth factor-au, VEGF-a) B 5 4E FH A
S AN, TE R AR AL T SR B T H,
AOCRAFPE O R A X 9 B 2R 5 5 10 K U 45
98 SRR | AWEE R H, PER | FRETE
SE1F5 AL 0 JBEHT A= 1S B S AR A R LR 21
BB AR
4.3 SEZMMHSFILE

ROSIAIL ] 2 BEAR H, 1 B G A B8 Bk
filt, {5 H R A S 20 2 A B AUV P i SR
JEAL TR o5 AE Rl T 2 AR A2 AR FA ]
MBS H, B ERErEST AL, X BLAT AR Fl 485X —
3B A At B AL 15 27 43 Rt 114 R g S R B i
(W Fig.2)
4.3.1 AEFHTAMGLERL 1975 FElE
H, 1097 IR A AR 4 H, 255340 J5E 50, AT SR H] &
FE8& w H, bt A ae 1 0 O Aok 7 AR PR AR
FHMY S 2007 /N H, WA AT BBk P
PO RS H, 5530 5ER], | el H, Hagrh
Fam s fk B h Sk B bR E D R
SR H, BA YA A HTR BT TR
JOE-2303 S AR PN AH DG A7 45 43 B L IR 3R gk
PR TZ AR (B JE EUBE AEAE F BR AR fRE
TSR R PRI BT B AAE ], B2 P e Hi A
PABGE Al X 22 Fb 0 A W 2 R0 4 0 0 & B Y
il e
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ROS FIEE AL B 5L 48 AE 52 L — &R 53,
V2 ROS WZ 5 AERY(E 81, A BT e ALt H]
(825 4) — FBCRR HA HU R AE RN, PRt H,, H A A 7]
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i 1 S5 A 4 ML T R H BB R R BB
[[DE=REANRY €intvia e i ae2iiVi DR 7K iy TP Lib u R EREOE 29I
HiA7 PRI 200 B T R T AR St S A gt 4 1 2R B
B A, B 200 H AR ME 4 A 4
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PRAPH A 20 0 453495 LA B 7™ A 400 i 403 03 R E U AR 5 1Y
Wik
4.3.2 RAMARKEN S FAE 1L H, B
PLRIAT S A — 2R IR 7y 7300 S e 3E 1 40 i A
SYUEALRE T . A0 A B Pi R ALRE ) 3 B2 B
L0 R 2p45 M A F 2 (nuclear factor-erythroid
2p45-related factor, Nrf2) 5% 5% R G R4, LR 1)
R BRI S & P AL B O, X A5 St nl A
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Receptor 4, TLR4) AT (15 53 % P8 45, DT &
PURAEAEFIT

4.3.3 RATHHTAE  H, BT LI
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Fig.2 Possible mechanism related to physiological effects of hydrogen gas Arrow heads indicate positive regulation and
solid-ball heads indicate negative regulation. ABA, abscisic acid; AIF, apoptosis inducing factor; APX, ascorbate peroxidase;
AsA | ascorbic acid; C,H,, ethylene; CAT, catalase; CO, carbon monoxide; ERK1/2, extracellular signal-regulated protein kinase
1/2; GA, gibberelliny GSH, glutathione; HMGB-1, high-mobility group box protein 1; HO1, heme oxygenase 1; H,0,, hydrogen
peroxide ; ICAM-1, intercellular adhesion molecule 1; IL-13, interleukin 1 beta; IL-6, interleukin 6; JA, jasmonic acid; JNK, c-
Jun N-terminal kinase; p38 MAPK, p38 mitogen-activated protein kinase; MDA, malondialdehyde; NF-kB, nuclear factor kappa
B; miRNA, microRNA; NO, nitric oxide; NOX, reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; Nrf2,
nuclear factor-erythroid 2p45-related factor; p-AMPK, phosphorylated adenosine 5’-monophosphate ( AMP ) -activated protein
kinase; POD, guaiacol peroxidase; SA, salicylic acid; SOD, superoxide dismutase; TNF-a, tumor necrosis factor a; ZAT10/12,

zinc-finger transcription factor 10/12
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