http://www.pjbs.org PIB S ISSN 1028-8880

Pakistan
Journal of Biological Sciences

ANSInet

Asian Network for Scientific Information
308 Lasani Town, Sargodha Road, Faisalabad - Pakistan




3 OPEN ACCESS Pakistan Journal of Biological Sciences

ISSN 1028-8880
DOI: 10.3923/pjbs.2020.103.112

@ CrossMark

Review Article
Protective Mechanism and Clinical Application of Hydrogen in
Myocardial Ischemia-reperfusion Injury

'Liangtong Li, "Xiangzi Li, 'Zhe Zhang, "Li Liu, 'Yujuan Zhou and Fulin Liu

'Medical College, Hebei University, 071000 Baoding, China
’Department of Cardiac Surgery, Affiliated Hospital of Hebei University, 071000 Baoding, China

Abstract

Cardiovascular disease accounts for one-third of all deaths, with ischemic heart disease as the main cause of death. Under pathological
conditions, ischemia-reperfusion injury (IRI) often occurs in tissues. Ischemic injury is mainly caused by anaerobic cell death and
reperfusion which results in a wide range of inflammatory responses. These responses are able to increase tissue damage and even
damage to the whole body. IRl can also aggravate the original cardiovascular disease during the treatment of cardiovascular disease.
Therefore, itis particularly important to understand the mechanism of myocardial ischemia-reperfusion injury (MIRI) for clinical treatment
and application. At the same time, it is necessary to find a safe, reliable and feasible method for treating MIRI to reduce the incidence of
complications and mortality as well as improve the prognosis and quality of life of patients. As a selective antioxidant, hydrogen can
neutralize excessive free radicals, has certain anti-apoptotic and anti-inflammatory effects and it has gradually become a focus and hotspot
of preclinical and clinical research. Hydrogen has been shown to have a certain therapeutic effect on MIRI, which can provide a new
therapeutic direction for the clinical treatment of myocardial ischemia-reperfusion injury. In this review, the protective mechanism and
clinical application of hydrogen in myocardial ischemia-reperfusion injury is discussed.
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INTRODUCTION

The latest study shows that MIRI caused by acute
myocardial infarction in coronary heart disease will cause
10 of patients to die and the incidence of cardiac dysfunction
exceeds 25%". Ischemia-reperfusion injury (IRI) refers to tissue
damage caused by inadequate oxygen supply in experimental
and clinical settings, accompanied by a series of extensive
and complex inflammatory reactions caused by successful
reperfusion, which may exacerbate the local tissue damage
and damage the function of long-distance organs?“. This
outcome is also the feature of IRI. The theoretical basis of IRl is
based on 2 hypotheses. First, a large number of cells are
irreversibly destroyed during tissue ischemia and will
eventually perish, while other cells will remain in a clearly
viable state. Second, although many cells are at risk of
death, a large number of putative cells are regarded as
potentially viable?. Therefore, there are 2 situations in which
IRI may occur: acute myocardial infarction and non-acute
revascularization. Acute myocardial infarction is myocardial
necrosis caused by acute, persistent ischemia and hypoxia in
the coronary arteriesS. Non-acute revascularization includes
percutaneous coronary intervention (PCl) and coronary
artery bypass surgery (CABG). PCl refers to the treatment of
myocardial perfusion by transcatheter catheterization to clear
the stenosis or even occlusion of the coronary lumené, The
main principle of CABG is to establish a bypass ("bridge")
between the aorta and the diseased coronary artery using the
autologous blood vessels (the internal mammary artery, the
radial artery, theright gastric artery, the great saphenous vein)
to make the aorta °. The blood inside is directly perfused to
the stenotic distal end across the stenosis of the blood vessel,
thereby restoring myocardial blood supply.

Hydrogen is widely distributed in nature and is a colorless
and odorless reducing gas. Due to the small mass of hydrogen
molecules, it can penetrate the blood-brain barrier and
metabolize without residue in the body'. The current study
found that hydrogen has a certain inhibitory effect on
oxidative stress'', inflammation'?, apoptosis'*and autophagy™.
Recent studies have confirmed that hydrogen has certain
protective effects for various tissues and organs including the
brain', kidney's", heart'®, diabetes’ and multiple organs
damage?. Hydrogen is expected to be the 4th most
important gas signal molecule?! after nitric oxide (NO), carbon
monoxide (CO) and hydrogen sulfide (H,S). In the precious
study, the GSR-CAA-67 protein chip from RayBiotech was
used, the results of KEGG pathway enrichment analysis
demonstrate that the JAK-STAT pathway may be involved
in the mechanism of action of hydrogen-rich water.The
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JAK-STAT signaling pathway has been studied in recent years
and it is widely involved in biological processes such as cell
proliferation?, differentiation?® and the inflammatory
response?’. And the study has shown that hydrogen-rich water
can inhibit the apoptosis of myocardial tissue after the
ischemia-reperfusion and alleviate ischemia-reperfusion injury
by up regulating the expression of the JAK-STAT signaling
pathway?3,

So far, no effective way has been found to reduce
myocardial ischemia-reperfusion injury. Compared with NO,
CO and H,S, hydrogen has smaller molecular weight and is
easier to enter the biological membrane. Hydrogen can also
be taken up by exogenous sources, independent of the
body's own production, which has the advantage of being
completely cytotoxic compared to other medical gases. In
summary, hydrogen has strong potential clinical value in
alleviate MIRI. In this review, we demonstrate the protective
mechanism of hydrogen in myocardial ischemia-reperfusion
injury and hydrogen's advantages compared with other three
gases. Thus, we hope that this review will impel scholars study
in this field to elucidate the specific target of hydrogen in MIRI
in order to put it into clinical application.

Mechanism of myocardial ischemia-reperfusion injury
Reactive oxygen species (ROS) production: Xanthine oxidase
(X0) and xanthine dehydrogenase (XD) are presented in the
cardiomyocytes. In the myocardial ischemic state, the body's
antioxidant defense system is damaged?'. On the one hand,
the uptake of Ca2* by myocardial cellsis able to activate a Ca?*-
dependent proteolytic enzyme to convert XD into XO. On the
other hand, due to a decrease in oxygen partial pressure, ATP
is degraded into ADP, AMP and hypoxanthine, resulting in a
large amount of hypoxanthine accumulation in the ischemic
issue. During reperfusion, alarge amount of molecularoxygen
enters the ischemic tissue with the blood and in the two-step
reaction of XO catalyzes the conversion of hypoxanthine to
xanthine and further catalyzes the conversion of jaundice into
uric acid, both molecular oxygen and electron acceptor are
simultaneously used, resulting in a significant increase in ROS
production, such as highly activated superoxide (O,”) and
highly destructive hydroxyl radicals («OH)*2. Increased
hydrogen peroxide (H,0,) is produced steadily, which leads to
direct damage of cell membranes and proteins and induces
lipid peroxidation®* to inhibit the normal function of
mitochondria. Cellular lipids, proteins and DNA react directly
with ROS to cause cell damage and even death, at the same
time, the NF-xB signaling pathway is also activated3*.

Endothelial cell dysfunction and leukocyte adhesion:
P-selectin, which is expressed on endothelial cells, initiates the
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procedure of leukocyte adhesion. P-selectin is mainly
responsible for mediating the foremost aggregation of
neutrophils (PMN) in myocardial microvessels. After
approximately 20 min, L-selectin becomes the primary
mediator of leukocyte rolling by binding with sialylated Lewis
antigens. The rolling neutrophils are more active and sturdier
when attached to the endothelium through protein
interactions of the integrin family, LFA-1 (CD11/18), with its
corresponding binding proteins ICAM-1 and 2 on endothelial
cells®.

In experimental I/R injury, neutrophils (PMN) are the key
leukocyte populations and their effects are mostly releasing
oxygen-derived cytotoxic products, superoxide anion and
hypochlorous acid as well as superactive cytotoxic substance
and matrix metallopeptidase (MMP-9)%. I/R injury can cause
endothelial cell dysfunction, likely by oxidative damage to the
membrane, ion homeostasis and osmotic pressure. When the
function of endothelial cells is impaired, the neutrophils and
the damaged vascular endothelium will adhere and gather
together, which will aggravate the degree of tissue damage.
Therefore, in reperfusion injury, animal studies have revealed
a reduction in tissue injury after blocking PMN adhesion or
PMN consumption in the myocardium?, intestine*® and lung
tissue.

Conclusive evidence has shown that proinflammatory
cytokinesincluding tumor necrosis factor (TNF)-a, interleukin-
1B (IL-1B) and interleukin-6 (IL-6) are involved in postischemic
responses®. The decrease in IL-1B and TNF-a signaling defect
was found to be associated with attenuation of chemokines
upregulation and neutrophil infiltration'.

IL-8, a member of the CXC chemokine family, has potent
chemotactic activity against neutrophils*2. The results of a
focused study of the roles played by IL-8 receptors (CXC-R1
and -R2) are unclear as both active and defective CXC-R2 were
found to have protective effects on myocardium*44. In
addition, a large amount of experimental research has
shown that IRl leads to activation of the complement
system in some organs and that both activation pathways
(classical/substitution) are involved, moreover, 2 products of
complement activation, C5a and C5b-9 are considered to be
involved and mainly responsible for IRI*. C5a increases the
chemotaxis of neutrophils, the release of proteases and many
pro-inflammatory effects of oxygen free radical production,
C5a may also possibly through the production of TNF-a,
interleukin-1, leukocyte-6 and MCP-1, further exacerbate the
inflammatory response®#’. |t has also been demonstrated
that C5b-9 significantly contributes to the release of
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tissue-induced complement, the activation of the NF-«xB
signaling pathway and the release of induced chemotactic
mediators (IL-8, MCP-1)*.

Ca?* overload and the opening of MPTP: An important
feature of IRlis that an imbalance in cellion homeostasis leads
to ischemic acidosis and calcium overload. The pivotal
mechanism of cell hydrogen ion concentration recovery is the
activation of the sodium (Na*)-hydrogen (H*)-exchanger
(NHE)*. The main function of the NHE as a pH-regulating
protein is to promote excessive proton efflux combined
with sodium ions influx to maintain electrical neutrality.
Sodium-(Na*)-potassium (K+)-ATPase is effective in removing
sodium from the cytoplasm under physiological conditions,
however, it is inhibited during ischemia-induced ATP
depletion®. Consequently, the sodium (Na*)-calcium (Ca%*)-
exchanger is activated to avoid intracellular sodium
accumulation. By transferring sodium out of the cell,
extracellular calcium is transported into the cell and causes
intracellular calcium overload®. A sudden increase in
intracellular Ca?* may result in cell death. During this period,
biofilms (cell membranes, mitochondrial membranes,
lysosomal membranes, especially mitochondrial membranes)
were damaged and their permeability was increased, which
aggravated cell dysfunction and structural damage.
Reperfusion opens the mitochondrial permeability transition
pore (MPTP), which can inhibit the mitochondrial respiratory
function and also cause the release of cytochrome c (Cyt ¢)
and activation of apoptosis protease and initiate apoptosis>2°3.
Proton accumulation may also result in reduced efficiency of
contractile proteins, impairing recovery function during
reperfusion and reducing cardiac function (heart
function/myocardial O, consumption)*4.

During tissue ischemia, when ATP resynthesis is blocked
and a large amount of energy is consumed when ATP is
sequentially degraded into ADP, AMP, adenosine and
eventually hypoxanthine, the internal metabolism changes.In
addition, a decrease in ATP in cells leads to mitochondrial
dysfunction and promotes the expression of Bax, the most
important apoptotic gene in the human body, from the cell
matrix to the mitochondrial outer membrane. This mechanism
leads to mitochondrial swelling and causes cytochrome c to
flow into the cell matrix via the open pores of the osmotic
transition pore, the cytochrome c-activated receptor protease
in the cell matrix is then activated, triggering apoptosis?.

Source of hydrogen
Synthesis of endogenous hydrogen: Some intestinal bacteria,
such as £ colj can produce large amounts of hydrogen



Pak. J. Biol. 5ci,, 23 (2): 103-112, 2020

through the fermentation of undigested sugarsinintestines®,
which can be detected /n vivo in animals. In addition, studies
have shown that the content of endogenous hydrogen must
be significantly higher than the lowest concentration of
exogenous hydrogen to exert antioxidant capacity®. However,
when oxidative stress or inflammation occurs in the body,
endogenous hydrogen no longer plays a significant role?'. This
result may be because the endogenous hydrogenis cleared by
the colonic mucosa or other commensal bacteria in the
stomach, such as Helicobacter. Moreover, most mammals lack
an anabolic enzyme and cannot reuse bacterial metabolites
to produce hydrogen. Furthermore, the hydrogen produced
by the fermentation of intestinal bacteria cannot be used by
the body and is discharged through feces or flatulence,
absorbed by methanogens or discharged through the
lungs. Therefore, improvement of the utilization of
endogenous hydrogen has become a breakthrough in
clinical experiments, which encourages researchers and
clinical staff. For example, the production of endogenous
hydrogen can be promoted by ingesting certain foods such as
lactose and turmeric®’.

Exogenous hydrogen intake: Exogenous hydrogen is
acquired by hydrogen inhalation, drinking hydrogen-rich
water and injecting hydrogen rich saline solution®®%°. Most
antioxidants do not reach the infarcted area in time before
reperfusion begins, while inhaled hydrogen works quickly and
does not affect the patient's hemodynamic parameters,
including heart rate and left ventricular blood pressure®.
Studies have shown that hydrogen can quickly spread to
hazardous areas even in the absence of blood flow. There are
also clinical studies indicating that inhalation of 3-4%
hydrogen has no effect on the physiological parameters of
patients with acute ischemic cerebrovascular disease®'.
Drinking hydrogen-rich water in daily life is also a good
approach forexogenous hydrogen intake, especially for some
chronic diseases®2. At room temperature, when the solubility
of hydrogen in water reaches 0.8 mmol L', the pH and other
properties of water are not affected. In a study conducted by
Nagatani®®, it was found that intravenous injection of
hydrogen saline was safe and effective in 38 patients with
acute ischemic stroke. In addition, hydrogen eye drops or
external products that can generate hydrogen can be
absorbed into the blood through the skin, which it can be
regarded as a feasible method for treating diseases by using
hydrogen®*. It can be seen that the intake of exogenous
hydrogen is more effective for the body.
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Protective mechanism of hydrogen in myocardial
ischemia-reperfusion injury

Selective antioxidant effect: When myocardial tissue is
damaged by ischemia-reperfusion, free radicals are generated.
When excess free radicals cannot be eliminated by the body,
new free radicals are generated through multiple pathways
and the accumulation of free radicals will cause structural
damage to cell and dysfunction®. Ohsawa et a/% found that
hydrogen can selectively reduce hydroxyl radicals and
cytotoxic ROS and effectively protect cells but hydrogen does
not reduce free radicals by interacting with excess reactive
oxygen species. This finding provides a new idea for the study
of myocardial IRland clinical treatment®. In recent years, it has
Nrf2-ARE pathway has been shown to be one of the most
importantsignaling pathways in the endogenous antioxidant
response mechanism®’.

Nuclear factor-related factor 2 (Nrf2) is a transcription
factor closely related to antioxidative stress. Normally, Nrf2 is
located in the cytoplasm and binds to its retinoic protein
cytoplasmic junction protein (Kelch-like ECH-associated
protein-1,Keap1).Nrf2,in conjunction with Keap1, isanchored
to the cytoskeleton®, Keap1 modulates Nrf2 ubiquitination
degradation to maintain, a normal level of Nrf2, thereby
inhibiting the expression of downstream genes. When an
organ or tissue is in an oxidative stress state, Nrf2 dissociates
from Keap1 and forms a heterodimer with other proteins,
recognizes and binds to the binding site on the antioxidant
response element ARE and up-regulates its downstream
antioxidant protein and NAD (P) H: quinone oxidoreductase 1
(NQOT) gene expression to reduce oxidative damage®’, onthe
other hand, oxidative stress accelerates Nrf2 mRNA
transcription and increases Nrf2 protein synthesis’®. Thus, the
Nrf2-ARE pathway plays an important role in selective
antioxidant action. When myocardial IRl occurs, a large
number of cardiomyocytes undergo apoptosis, free radicals
are generated during reperfusion. This study indicated that
hydrogen can protect the myocardium by activating the
Nrf2-ARE signaling pathway. H9c2 cardiomyocytes were
treated with serum and glucose deprivation (SGD) methods to
simulate ischemic conditions by Xie et a/’ and were cultured
in medium rich in H, (purity 99.999%). The expression of Nrf2
protein was detected by Western blotting and the level of
8-hydroxydeoxyguanosine (8-OHdG) was detected by
enzyme-linked immunosorbent assay (ELISA). The survival
time of H,-rich SGD cells was prolonged, the production of
+OH radicals was decreased and the expression level of Nrf2
was significantly increased, indicating that hydrogen can
protect ischemic cardiomyocytes by eliminating -OH radicals
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and activating the Nrf2 pathway. This finding suggests that
hydrogen may also have a protective effect on myocardial IRI.
Inaddition, there are other signaling pathways involvedin the
regulation of oxidative stress by hydrogen. For example, ROS
can activate the NF-xB signaling pathway and promote TNF-a
expression’?, while TNF-a activates the expression of GAPDH
oxidase (NOX). This process will produce ROS”. Hydrogen
molecules can also reduce the inflammatory response by
inhibiting the activation of NF-«xB™.

Anti-apoptoticeffect: According to theliterature apoptosis is
closely related to many pathophysiological processes and has
agreatimpacton the occurrence and development of disease.
Similarly, apoptosis plays animportant role in myocardial IRI7.
During ischemia-reperfusion, oxygen free radicals, calcium
overload and MPTP opening cause mitochondrial swelling and
rupture, release apoptosis-inducing factors and apoptosis-
related proteins such as cytochrome c (Cyt c), further initiate
the Caspase cascade and induce programmed apoptosis’s”’.
Recent studies have found that the PI3K/AKT pathway is
critical for cardiomyocyte apoptosis’®. Phosphatidylinositol-3-
kinase (PI3K) is a class of protein with enzymatic activity and
isanimportant transduction signal. Protein kinase B (PKB), also
known as AKT, is a very important downstream target of the
PI3K signaling pathway. When the PI3K/AKT signaling pathway
isactivated, AKT is transferred to p-AKT. This transfer regulates
downstream target proteins, such as the apoptosis-related
proteins Bcl-2 and Bax”® and the forkhead box O protein family
(FoxOs)®. In the heart of adults, FoxOs play an important role
in maintaining myocardial growth, contraction, metabolism,
cell cycle transition®!, etc. The PI3K/AKT signaling pathway is
an upstream regulatory pathway that inhibits forkhead box
protein O. Generally, after the activation of forkhead box
protein O, G1/S cell cycle transition is blocked and expression
of the cycle-dependent kinase® (CDK inhibitor) p27 and the
apoptotic factor Bim® and apoptosis, aging, autophagy and
the stress response are promoted. In addition, forkhead
box protein O activation can downregulate peroxisome
proliferation activator receptor y (PPAP-y) expression levels,
inhibit the formation of adipocytes by adipose-derived
stem cells, promote protein breakdown and inhibit the
development of myoblasts®. Therefore, hydrogen may
regulate the expression level of FoxO through the PI3K/AKT
signaling pathway and thereby exert its anti-apoptotic
function.

Anti-inflammatory effect: Experimental studies and clinical
observations have shown a significantincrease in white blood
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cells (especially neutrophils) in the presence of ischemia-
reperfusion®. Nuclear factor-«B is a generic term for proteins
that specifically bind to the B site of many gene promoters
to promote transcription®. Many cytokine and adhesion
molecule genesincluding those involved ininflammation and
the immune response, contain a «B site. At the same time,
in vitro and /n vivo experiments have shown that NF-«xB
activation is associated with overexpression of TNF-a, IL-1B
and other factors®”. Myocardial IRl is a complex process
involving neutrophil activation, multiple factors and adhesion
molecule over expression, accompanied by a variety of
inflammatory mediators and signal transduction molecule that
play an important role in myocardial IRI®. NF-xB undergoes
positive feedback regulation outside the cell: NF-xB activation
can enhance the transcription of TNF-a and IL-2 and with the
increase in cytokine release, NF-«B is further activated. The
increase in the production and release of pro-inflammatory
factors such as IL-8 leads to further amplification of the
inflammatory signal and aggravation of the damage to the
body®. At the same time, negative feedback regulation of
NF-«B is also present inside and outside the cell. In addition to
the initiation of inflammatory mediator gene expression by
NF-xB activation, IKBa, Bcl-3, p100 and p105 precursor
proteins are also up-regulates. These nascent inhibitory
proteins rapidly inactivate the activated NF-«xB in the nucleus,
thereby terminating the transcription of inflammatory
mediators and limiting the progression of inflammation.
Simple IKBa synthesis is not requlated by NF-xB and thus, IKBa
phosphorylation causes long-term activation of NF-«xB. NF-«B
competitively binds to the kB sequence and inhibits the
function of NF-kB. The cytokine IL-10 has an anti-inflammatory
effect and inhibits NF-xB activation. LPS, LNF and IL-1 can
stimulate IL-10 production, thereby limiting inflammation and
alleviating IRI®. In recent years, studies have shown that
hydrogen-rich water can significantly improve liver IRI. It was
found that the activity of myeloperoxidase (MPQ) in liver
tissue was significantly decreased after intraperitoneal
injection of normal saline in rats®'. Thus, it can be concluded
that hydrogen-rich water can inhibit neutrophil infiltration and
reduce inflammation after hepatic IRl via a mechanism closely
related to inhibition of the NF-«xB signaling pathway.

Progressinthe clinical application of hydrogen: Chen et a/*?
reported that high concentrations of respiratory hydrogen
have protective effects on myocardial IRl in mice, which may
depend on the PI3K-Akt1 signaling pathway. Yue et a/*
reported thatintraperitoneal injection of hydrogen-rich saline
may protect the rat heart from IRl through the Akt/GSK3p
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signaling pathway. Sun et a/** and Zhang et al/*®
demonstrated  that hydrogen-rich physiological saline
protects against myocardial IRl through antioxidation and
anti-inflammatory effects. Pan et a/*® established a model of
myocardial ischemia in aged rats and injected hydrogen-rich
water into the peritoneal cavity before reperfusion, showing
that hydrogen-rich water can alleviate myocardial IRl by
inhibiting the autophagy of cardiomyocytes. He et a/”” found
in a rat model that the load of hydrogen in the microsphere,
which is capable of releasing hydrogen at an effective
location, can be visually tracked by an ultra-micro imaging
system. Zhang et a/*® used hydrogen in combination with
lactic acid, in which hydrogen acts as an antioxidant and lactic
acid was shown to simulate tissue acidosis after ischemia.
Under these conditions, the body can be posttreated. This
finding suggested that the combination of lactic acid and
hydrogen exerts the same protection as tissue post treatment.
We found that hydrogen-rich water can up-regulate the
JAK-STAT signaling pathway in rats with myocardial
ischemia-reperfusion injury, inhibit cardiomyocyte apoptosis
and reduce ischemia-reperfusion injury®. Most of these
studies are based on animal models and are rarely used in
clinical practice. However, these studies and methods provide
atheoretical basis and new ideas for the clinical application of
hydrogen, laying a foundation for the clinical application of
hydrogen.

CONCLUSION

In recent years, the main clinical methods against
myocardial IRl have mainly targeted these mechanisms,
including drug treatment, pretreatment and post treatment.
However, these methods have not achieved desirable
therapeutic effects and new treatment methods are urgently
needed. Nowadays, hydrogen has been increasingly used in
animal experiments and has been shown to be associated
with ischemia-reperfusion, showing a certain therapeutic
effect. It is important and urgent to elucidate the specific
target of hydrogen in MIRI in order to put it into clinical
application.

SIGNIFICANCE STATEMENT

This  study discovered hydrogen can protect
cardiomyocytes against MIRI. Hydrogen molecules are smallin
mass and easily penetrate the cellmembrane and blood-brain
barrier and it has effects on myocardial apoptosis,
inflammation and oxidative stress. This study will help the
researchers to uncover the critical areas of the specific target
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of hydrogen in MIRI that many researchers were not able to
explore. Thus a new theory on the clinical application of
hydrogen may be arrived at.

ACKNOWLEDGMENT

This review was financially supported by the Medical
Science Research Key Project Foundation of Hebei Province
(N0.20130369).

REFERENCES

1. Yellon,D.M.and D.J.Hausenloy, 2007. Myocardial reperfusion
injury. N. Engl. J. Med., 357: 1121-1135.

Dorweiler, B, D. Pruefer, T.B. Andrasi, S.M. Maksan,
W. Schmiedt, A. Neufang and C.F. Vahl, 2007. Ischemia-
reperfusioninjury: Pathophysiology and clinical implications.
Eur. J. Trauma Emerg. Surg., 33: 600-662.

Shen, Y., X. Liu, J. Shiand X. Wu, 2018. Involvement of Nrf2 in
myocardial ischemia and reperfusion injury. Int. J. Biol.
Macromol., 125: 496-502.

Schanze, N., C. Bode and D. Duerschmied, 2019. Platelet
contributions to myocardial ischemia/reperfusion injury.
Front. Immunol., Vol. 10. 10.3389/fimmu.2019.01260

Liu, N.B., M. Wu, C. Chen, M. Fujino, J.S. Huang, P. Zhu and
XK. Li, 2019. Novel molecular targets participating in
myocardial ischemia-reperfusion injury and cardioprotection.
Cardiol. Res. Pract., Vol. 2019. 10.1155/2019/6935147.
Boateng, S. and T. Sanborn, 2013. Acute myocardial
infarction. Dis. Mon., 59: 83-96.

Wadhera, RK., C. Shen, EA. Secemsky, J.B. Strom and
R.W. Yeh, 2018. State variation in the use of non-acute
coronary angiograms and coronary revascularization
procedures. JACC. Cardiovasc. Interv., 11:912-913.

Grines, C.L,, KJ. Harjaiand T.L. Schreiber, 2016. Percutaneous
coronary intervention: 2015 in review. J. Interv. Cardiol,
29:11-26.

Godoy, L.C,, D.T. Ko, V. Rao and M.E. Farkouh, 2019. The role
of coronary artery bypass surgery versus percutaneous
intervention in patients with diabetes and coronary artery
disease. Prog. Cardiovasc. Dis., 62: 358-363.

Ostojic, S.M., 2015. Molecular hydrogen in sports medicine:
New therapeutic perspectives. Int.J. Sports Med., 36: 273-279.
. Terawaki, H, WJ. Zhu, Y. Matsuyama, T. Terada and
Y. Takahashi et a/, 2014. Effect of a hydrogen (H,)-enriched
solution on the albumin redox of hemodialysis patients.
Hemodialysis Int., 18: 459-466.

Noda, K, Y. Tanaka, N. Shigemura, T. Kawamura and
Y.Wang etal,2012.Hydrogen-supplemented drinking water
protects cardiac allografts from inflammation-associated
deterioration. Transpl. Int., 25: 1213-1222.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pak. J. Biol. 5ci,, 23 (2): 103-112, 2020

Hong, Y., A. Shao, J. Wang, S. Chen and H. Wu et a/, 2014.
Neuroprotective effect of hydrogen-rich saline against
neurologic damage and apoptosis in early brain injury
following subarachnoid hemorrhage: Possible role of the
Akt/GSK3Bsignaling pathway. PloS One, Vol.9,No.4.10.1371
/journal.pone.0096212.

Bai, X., S. Liu, L. Yuan, Y. Xie and T.Li et al, 2016.
Hydrogen-rich saline mediates neuroprotection through the
regulation of endoplasmic reticulum stress and autophagy
under hypoxia-ischemia neonatal brain injury in mice. Brain
Res., 1646:410-417.

Tian, R, Z. Hou, S. Hao, W. Wu and X. Mao et a/, 2016.
Hydrogen-rich water attenuates brain damage and
inflammation after traumatic brain injury in rats. Brain Res.,
1637:1-13.

Du, H., M. Sheng, L. Wy, Y. Zhang and Y. Shi et al/, 2016.
Hydrogen-rich saline attenuates acute kidney injury after liver
transplantation via activating p53-mediated autophagy.
Transplantation, 100: 563-570.

Guo, SX,, Q. Fang, C.G. You, Y.Y. Jin, X.G. Wang, X.L. Hu and
C.M.Han, 2015. Effects of hydrogen-rich saline on early acute
kidney injury in severely burned rats by suppressing oxidative
stress induced apoptosis and inflammation. J. Trans. Med.,
Vol. 13,No. 1. 10.1186/512967-015-0548-3.

Shinbo, T., K. Kokubo, Y. Sato, S. Hagiri, R. Hataishi, M. Hirose
and H. Kobayashi, 2013. Breathing nitric oxide plus hydrogen
gas reduces ischemia-reperfusion injury and nitrotyrosine
production in murine heart. Am. J. Physiol.-Heart Circulatory
Physiol., 305: H542-H550.

Kamimura, N., K. Nishimaki, I. Ohsawa and S. Ohta, 2011.
Molecular hydrogen improves obesity and diabetes by
inducing hepatic FGF21 and stimulating energy metabolism
in db/db mice. Obesity, 19: 1396-1403.

Zheng, Y. and D. Zhu, 2016. Molecular hydrogen therapy
ameliorates organ damage induced by sepsis. Oxid. Med. Cell.
Longevity, Vol. 2016. 10.1155/2016/5806057.

Zhang, J.Y., C. Liu, L. Zhou, K. Qu and R. Wang et a/, 2012. A
review of hydrogen as a new medical therapy. Hepato
Gastroenterol.-Curr. Med. Surgical Trends, 59: 1026-1032.
Xia, C, W.Liu, D.Zeng, L. Zhu, X. Sun and X. Sun, 2013. Effect
of hydrogen-rich water on oxidative stress, liver function and
viral load in patients with chronic hepatitis B. Clin. Transl. Sci.,
6:372-375.

Brenner, S., 2014. Parkinson's disease may be due to failure of
melanin in the Substantia Nigra to produce molecular
hydrogen from dissociation of water, to protect the brain
from oxidative stress. Med. Hypotheses, 82: 503-503.

Dohi, K., B.C. Kraemer, M.A. Erickson, P.J. McMillan and A.
Kovac et al, 2014. Molecular hydrogen in drinking water
protects against neurodegenerative changes induced by
traumatic brain injury. PLoS One, Vol. 9, No. 9. 10.1371/
journal.pone.0108034.

109

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Li, X., L. Li, X. Liu, J. Wu and X. Sun et a/, 2019. Attenuation of
cardiac ischaemia-reperfusion injury by treatment with
hydrogen-rich water. Curr. Mol. Med., 19: 294-302.

Li, X, X.Sun, L. Li, F. Liuand Y. Zhou, 2018. Effect of hydrogen
on myocardial metabolism during ischemia-reperfusion.
Chongging Med., 47: 4415-4418.

Li, X., S. Xiaoyu, W. Zan, L. Zhilin, L. Fulin and Z. Yujuan, 2018.
Effects of hydrogen rich water on apoptosis of ischemia-
reperfusion injury in isolated rat hearts. J. Pract. Med.,
34:3356-3361.

Wang, Z, L. Li, Z. Zhe, S. Xiaoyu, L. Xiangzi, L. Zhilin and
L. Fulin, 2018. Hydrogen rich water protects against
myocardial ischemia/reperfusion injury in rats. Chin. J. Tissue
Eng. Res., 22: 1229-1234.

Wang, Z., L. Xuanchen, L. Fulin and Z. Yujuan, 2017. The
protective effect of hydrogen-rich water on myocardial
ischemia reperfusion injury. J. Clin. Cardiol., 33: 596-600.
Liu, X, L. Fulin, L. Zhilin, Z. Xiaodong and S. Wenzeng, 2015.
Protective effects of hydrogen saturated saline alleviating
myocardial ischemia reperfusion injury in rats. Shandong
Med. J., 55:1-3.

Moris, D., M. Spartalis, E. Tzatzaki, E. Spartalis and
G.S. Karachaliou et a/, 2017. The role of reactive oxygen
species in myocardial redox signaling and regulation.
Ann. Transl. Med., Vol. 5, No. 16. 10.21037/atm.2017.06.17.
Lee, B.E, AH. Toledo, R. Anaya-Prado, R.R. Roach and
L. Toledo-Pereyra, 2009. Allopurinol, xanthine oxidase and
cardiac ischemia. J. Invest. Med., 57: 902-909.
Candelario-Jalil, E., 2009. Injury and repair mechanisms in
ischemic stroke: Considerations for the development of novel
neurotherapeutics. Curr. Opin. Investig. Drugs, 10: 644-654.
Siomek, A., 2012. NF-«B signaling pathway and free radical
impact. Acta Biochim. Pol., 59: 323-331.

Su, Y., X.Lei,L.WuandL.Liu,2012. The role of endothelial cell
adhesion molecules P-selectin, E-selectin and intercellular
adhesion molecule-1 in leucocyte recruitment induced by
exogenous methylglyoxal. Immunology, 137: 65-79.
Schofield, ZV., TM. Woodruff, R. Halai, M.CL. Wu and
M.A. Cooper, 2013. Neutrophils-a key component of
ischemia-reperfusion injury. Shock, 40: 463-470.

Di Filippo, C., F. Rossi, S. Rossi and M. D’Amico, 2004.
Cannabinoid CB2 receptor activation reduces mouse
myocardial ischemia-reperfusion injury: Involvement of
cytokine/chemokines and PMN. J. Leukocyte Biol,
75:453-459.

Simpson, R., R. Alon, L. Kobzik, C.R. Valeri, D. Shepro and
H.B. Hechtman, 1993. Neutrophil and nonneutrophil-
mediated injury inintestinalischemia-reperfusion. Ann. Surg.,
218:444-454.

Deng, C, Z. Zhai, D. Wu, Q. Lin and Y. Yang et a/, 2015.
Inflammatory response and pneumocyte apoptosis during
lung ischemia-reperfusion injury in an experimental
pulmonary thromboembolism model. J. Thrombosis
Thrombolysis, 40: 42-53.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pak. J. Biol. 5ci,, 23 (2): 103-112, 2020

Mizuma, A.and M.A. Yenari, 2017. Anti-inflammatory targets
for the treatment of reperfusion injury in stroke. Front.
Neurol., Vol. 8. 10.3389/fneur.2017.00467.

Ahn, J. and J. Kim, 2012. Mechanisms and consequences of
inflammatory signaling in the myocardium. Curr. Hypertens.
Rep., 14:510-516.

Russo, R.C., C.C. Garcia, M.M. Teixeira and F.A. Amaral,
2014.The CXCL8/IL-8 chemokine family and its receptors
in inflammatory diseases. Expert Rev. Clin. Immunol,
10:593-619.

Tarzami, S.T., W. Miao, K. Mani, L. Lopez, S.M. Factor,
JW. Berman and R.N. Kitsis, 2003. Opposing effects
mediated by the chemokine receptor CXCR2 on myocardial
ischemia-reperfusion injury: Recruitment of potentially
damaging neutrophils and direct myocardial protection.
Circulation, 108: 2387-2392.

Souza, D.G, R. Bertini, AT. Vieira, F.Q. Cunha and
S.Poole etal, 2004. Repertaxin, a novel inhibitor of rat CXCR2
function, inhibits inflammatory responses that follow
intestinal ischaemia and reperfusion injury. Br. J. Pharmacol.,
143:132-142.

Diepenhorst, G.M., T.M. van Gulik and C.E. Hack, 2009.
Complement-mediated  ischemia-reperfusion injury:
Lessons learned from animal and clinical studies. Ann. Surg.,
249: 889-899.

Guo, R.F. and P.A. Ward, 2005. Role of C5a in inflammatory
responses. Annu. Rev. Immunol., 23: 821-852.

Ferrer, M. 2015. Immunological events in chronic
spontaneous urticaria. Clin. Transl. Allergy, Vol.5,No. 1.10.11
86/513601-015-0074-7.

Collard, C.D. and S. Gelman, 2001. Pathophysiology, clinical
manifestations and prevention of ischemia-reperfusioninjury.
Anesthesiology, 94: 1133-1138.

Verma, V., A. Bali, N. Singh and A.S. Jaggi, 2015. Implications
of sodium hydrogen exchangers in various brain diseases.
J. Basic Clin. Physiol. Pharmacol., 26: 417-426.

Wakabayashi, S., T. Hisamitsu and T.Y. Nakamura, 2013.
Regulation of the cardiac Na*/H* exchanger in health and
disease. J. Mol. Cell. Cardiol., 61: 68-76.

Binder, A., A. Ali, R. Chawla, H.A. Aziz, A. Abbate and |.S. Jovin,
2015. Myocardial protection fromischemia-reperfusion injury
post coronary revascularization. Expert Rev. Cardiovasc. Ther.,
13:1045-1057.

Morciano, G, M. Bonora, G. Campo, G. Aquila and
P. Rizzo et al, 2017. Mechanistic role of MPTP in ischemia-
reperfusion injury. Adv. Exp. Med. Biol., 982: 169-189.
Yamasaki, M., M. Miyazono, M. Yoshihara, A.Suenaga and
M. Mizuta et a/, 2019. Effects of hydrogen-rich water in a rat
model of polycystic kidney disease. PloS One, Vol. 14, No. 4.
10.1371/journal.pone.0215766.

Sambandam, N. and G.D. Lopaschuk, 2003. AMP-activated
protein kinase (AMPK) control of fatty acid and glucose
metabolism in the ischemic heart. Progress Lipid Res.,
42:238-256.

110

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zheng, X.F., XJ. Sun and ZF. Xia, 2011. Hydrogen
resuscitation, a new cytoprotective approach. Clin. Exp.
Pharmacol. Physiol., 38: 155-163.

Kajiya, M., K. Sato, M.J. Silva, K Ouhara, P.M. Do,
KT. Shanmugam and T. Kawai, 2009. Hydrogen from
intestinal bacteria is protective for Concanavalin A-induced
hepatitis. Biochem. Biophys. Res. Commun., 386: 316-321.
Yu, J, W. Zhang, R. Zhang, X. Ruan, P. Ren and B. Lu, 2015.
Lactulose accelerates liver regeneration in rats by inducing
hydrogen. J. Surg. Res., 195: 128-135.

Diao, M., S. Zhang, L. Wu, L. Huan, F. Huang, Y. Cuiand Z. Lin,
2016. Hydrogen gas inhalation attenuates seawater
instillation-induced acute lung injury via the Nrf2 pathway in
rabbits. Inflammation, 39: 2029-2039.

Gokalp, N., A.C. Basaklar, K. Sonmez, Z. Turkyilmaz,
R. Karabulut, A. Poyraz and O. Gulbahar, 2017. Protective
effect of hydrogen rich saline solution on experimental
ovarian ischemia reperfusion model in rats. J. Pediatr. Surg.,
52:492-497.

Hayashida, K, M. Sano, I. Ohsawa, K. Shinmura and
K. Tamaki et a/, 2008. Inhalation of hydrogen gas reduces
infarct size in the rat model of myocardial ischemia-
reperfusion injury. Biochem. Biophys. Res. Commun.,
373:30-35.

Ono, H. Y. Nishijima, N. Adachi, M. Sakamoto and
Y.Kudo et al, 2012. A basic study on molecular hydrogen (H,)
inhalationin acute cerebralischemia patients for safety check
with physiological parameters and measurement of blood H,
level. Med. Gas Res., Vol. 2, No. 1. 10.1186/2045-9912-2-21.
Nagata, K., N.Nakashima-Kamimura, T. Mikami, |. Ohsawa and
S.Ohta, 2009. Consumption of molecular hydrogen prevents
the stress-induced impairmentsin hippocampus-dependent
learning tasks during chronic physical restraint in mice.
Neuropsychopharmacology, 34: 501-508.

Nagatani, K., H. Nawashiro, S. Takeuchi, S. Tomura and
N. Otani et a/, 2013. Safety of intravenous administration of
hydrogen-enriched fluid in patients with acute cerebral
ischemia: Initial clinical studies. Med. Gas Res., Vol. 3, No. 1.
10.1186/2045-9912-3-13.

Oharazawa, H., T. lgarashi, T. Yokota, H. Fujii and
H. Suzuki et al, 2010. Protection of the retina by rapid
diffusion of hydrogen: Administration of hydrogen-loaded
eye drops in retinal ischemia-reperfusion injury. Investig.
Ophthalmol. Visual Sci., 51: 487-492.

Rodrigo, R., M. Libuy, F. Felit and D. Hasson, 2013. Oxidative
stress-related biomarkers in essential hypertension and
ischemia-reperfusion myocardial damage. Dis. Markers,
35:773-790.

Ohsawa, I, M. Ishikawa, K. Takahashi, M. Watanabe and
K. Nishimaki et a/, 2007. Hydrogen acts as a therapeutic
antioxidant by selectively reducing cytotoxic oxygen radicals.
Nat. Med., 13: 688-694.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Pak. J. Biol. 5ci,, 23 (2): 103-112, 2020

Barancik, M., L. Gresova, M. Bartekové and I. Dovinov4, 2016.
Nrf2 as a key player of redox regulation in cardiovascular
diseases. Physiol. Res., 65: S1-10.

Richardson, B.G., A.D. Jain, T.E. Speltz and T.W. Moore, 2015.
Non-electrophilic modulators of the canonical Keap1/Nrf2
pathway. Bioorg. Med. Chem. Lett., 25: 2261-2268.

Miyata, T.,S. Takizawa and C.V.Y. de Strihou, 2011. Hypoxia. 1.
Intracellular sensors for oxygen and oxidative stress:
Novel therapeutic targets. Am. J. Physiol. Cell. Physiol,
300: C226-C331.

Jaeschke, H. and B.L. Woolbright, 2012. Current strategies to
minimize hepatic ischemia-reperfusion injury by targeting
reactive oxygen species. Transpl. Rev., 26: 103-114.

Xie, Q., X.X. Li, P. Zhang, J.C. Li and Y. Cheng et a/, 2014.
Hydrogen gas protects against serum and glucose
deprivation-induced myocardial injury in H9¢2 cells through
activation of the NF-E2-related factor 2/heme oxygenase 1
signaling pathway. Mol. Med. Rep., 10: 1143-1149.

Gloire, G. S. Legrand-Poels and J. Piette, 2006. NF-xB
activation by reactive oxygen species: Fifteen years later.
Biochem. Pharmacol., 72: 1493-1505.

Moe, K.T.,S. Aulia, F. Jiang, Y.L. Chua, T.H. Koh, M.C. Wong and
G.J. Dusting, 2006. Differential upregulation of Nox
homologues of NADPH oxidase by tumor necrosis factor-a
in human aortic smooth muscle and embryonic kidney cells.
J. Cell. Mol. Med., 10: 231-239.

Qin, Z.X., P. Yu, D.H. Qian, M.B. Song and H. Tan et a/, 2012.
Hydrogen-rich saline prevents neointima formation after
carotid balloon injury by suppressing ROS and the TNF-o/NF-
KB pathway. Atherosclerosis, 220: 343-350.

Marunouchi, T. and K. Tanonaka, 2015. Cell death in the
cardiac myocyte. Biol. Pharm. Bull., 38: 1094-1097.

Thapalia, B.A,, Z.Zhou and X. Lin, 2014. Autophagy, a process
within reperfusion injury: An update. Int. J. Clin. Exp. Pathol.,
7:8322-8341.

Chen-Scarabelli, C., P.R. Agrawal, L. Saravolatz, C. Abuniat
and G. Scarabelli et a/, 2014. The role and modulation of
autophagy in experimental models of myocardial ischemia-
reperfusion injury. J. Geriatr. Cardiol., 11: 338-348.
Hausenloy, D.J. and D.M. Yellon, 2004. New directions for
protecting the heart against ischaemia-reperfusion injury:
Targeting the Reperfusion Injury Salvage Kinase (RISK)-
pathway. Cardiovasc. Res., 61: 448-460.

Kawamura, T, CS. Huang, N. Tochigi, S. Lee and
N. Shigemura et a/, 2010. Inhaled hydrogen gas therapy for
prevention of lung transplant-induced ischemia/reperfusion
injury in rats. Transplantation, 90: 1344-1351.

Lin, A, H.L. Piao, L. Zhuang, D.D. Sarbassov, L. Ma and B. Gan,
2014. FoxO transcription factors promote AKT Ser473
phosphorylation and renal tumor growth in response to
pharmacologic inhibition of the PI3K-AKT pathway. Cancer
Res., 74: 1682-1693.

111

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Huang, H.and D.J. Tindall, 2007. Dynamic FoxO transcription
factors. J. Cell Sci., 120: 2479-2487.

Li, Z.C,, LM. Zhang, H.B. Wang, J.X. Ma and J.Z. Sun, 2014..
Curcumin inhibits lung cancer progression and metastasis
through induction of FoxO1. Tumour Biol., 35: 111-116.
Zhao, Y., D.J. Tindall and H. Huang, 2014. Modulation of
androgen receptor by FOXA1 and FOXO1 factors in prostate
cancer. Int. J. Biol. Sci., 10: 614-619.

Oellerich, M.F. and M. Potente, 2012. FOXOs and sirtuins
in vascular growth, maintenance and aging. Circ. Res.,
110:1238-1251.

Gennai, S, C. Pison and R. Briot, 2014. Ischemia-
reperfusion injury after lung transplantation. Presse Med.,
43:921-930.

Li, C, W. Browder and RL Kao, 1999. Early
activation of transcription factor NF-kB during ischemia in
perfused rat heart. Am. J. Physiol-Heart Circ. Physiol,
276: H543-H552.

Wang, C, J. Li, Q. Liu, R. Yang, JH. Zhang, Y.P.Cao and
X.J.Sun, 2011. Hydrogen-rich saline reduces oxidative stress
and inflammation by inhibit of JNK and NF-«B activationin a
rat model of amyloid-beta-induced Alzheimer's disease.
Neurosci. Lett., 491: 127-132.

Liu, X, Z. Yu, X. Huang, Y. Gao, X . Wang, J. Gu and
S.  Xue, 2016.  Peroxisome proliferator-activated
receptor y (PPARy) mediates the protective effect of
quercetin against myocardial ischemia-reperfusion injury
via suppressing the NF-xB pathway. Am. J. Transl. Res.,
8:5169-5186.

Lu, L, P. Wei, Y. Cao, Q. Zhang and M. Liu etal, 2016.
Effect of total peony glucoside pretreatment on NF-«B
and ICAM-1 expression in myocardial tissue of rat with
myocardial ischemia-reperfusion injury. Genet. Mol. Res.,
Vol. 15, No. 4.

Valen, G., 2004. Signal transduction through nuclear factor
kappa B in ischemia-reperfusion and heart failure. Basic Res.
Cardiol., 99: 1-7.

Li, H., G. Bai, Y. Ge, Q. Zhang, X. Kong, W. Meng and H. Wang,
2018. Hydrogen-rich saline protects against small-scale liver
ischemia-reperfusion injury by inhibiting endoplasmic
reticulum stress. Life Sci., 194: 7-14.

Chen, O, Z. Cao, H. Li, Z. Ye and R. Zhang et a/, 2017.
High-concentration  hydrogen  protects mouse heart
against ischemia/reperfusion injury through activation of
thePI3K/Akt1 pathway. Scient. Rep., Vol. 7, No. 1. 10.1038/
s41598-017-14072-x.

Yue, L, H. Li, Y. Zhao, J. Li and B. Wang, 2015. Effects of
hydrogen-rich saline on Akt/GSK3 signaling pathways and
cardiac function during myocardial ischemia-reperfusion in
rats. Zhonghua yi Xue Za Zhi, 95: 1483-1487.



94,

95.

96.

Pak. J. Biol. 5ci,, 23 (2): 103-112, 2020

Sun, Q. Z. Kang, J. Cai, W. Liu and Y. Liu et al/, 2009.
Hydrogen-rich saline protects myocardium against
ischemia/reperfusion injury in rats. Exp. Biol. Med.,
234:1212-1219.

Zhang, Y., Q. Sun, B. He, J. Xiao, Z. Wang and X. Sun, 2011.
Anti-inflammatory effect of hydrogen-rich saline in a rat
model of regional myocardial ischemia and reperfusion. Int.
J. Cardiol., 148:91-95.

Pan, Z., Y. Zhao, H. Yu, D. Liu and H. Xu, 2015. Effect of
hydrogen-rich saline on cardiomyocyte autophagy during
myocardial ischemia-reperfusion in aged rats. Zhonghua yi
Xue Za Zhi, 95: 2022-2026.

112

97.

98.

9.

He, Y., B. Zhang, Y. Chen, Q. Jin, J. Wu, F. Yan and H. Zheng,
2017. Image-guided hydrogen gas delivery for
protection from myocardial ischemia-reperfusion injury
via microbubbles. ACS Applied Mater. Interfaces,
9:21190-21199.

Zhang, G., S. Gao, X. Li, L. Zhang and H. Tan et al, 2015.
Pharmacological postconditioning with lactic acid and
hydrogen rich saline alleviates myocardial reperfusion injury
in rats. Scient. Rep., Vol. 5. 10.1038/srep09858

Groner, B. and V. von Manstein, 2017. Jak stat signaling and
cancer: Opportunities, benefits and side effects of targeted
inhibition. Mol. Cell Endocrinol., 451: 1-14.



	Untitled



