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Abstract: This study explored the flap-protective effects of high concentrations of hydrogen (HCH) inhalation in a rat
flap ischemia/reperfusion (I/R) injury model and the potential mechanism of necroptosis. Forty-five male Sprague-
Dawley rats were randomly divided into three groups: SH, IR and HCH groups. After undergoing 3 h of I/R manage-
ment, the surgery groups were treated with ambient air (SH and IR) and high concentrations of hydrogen (HCH).
On the third postoperative day, blood perfusion in the flap was measured using Laser Doppler flowmeters. RIP1,
RIP3, MLKL, PGAM5 and Drp1 were examined by immunological detection and RT-gPCR. Compared to the IR group,
larger areas of the skin flaps from the SH and HCH groups survived and displayed more blood perfusion. RIP1,
RIP3, MLKL, PGAMS5 and Drpl were expressed at high levels in the IR group, and their expression was significantly
decreased in the HCH group. In the SH and HCH groups, the necrotic factors measured here showed similar expres-
sion levels, which were significantly lower than the levels in the IR group, indicating that HCH-mediated protective
effects on rat skin I/R necrosis may be associated with the necrotic pathway.
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Introduction

Surgical operations and various trauma often
cause skin defects and deformities, and skin
flap necrosis continues to be a significant prob-
lem in flap transplantation. Despite improve-
ments in microsurgical techniques and equip-
ment, flap loss remains the major operative
complication. Ischemia/reperfusion (I/R) injury
in the surgical skin flap is believed to be the
pivotal factor that causes harmful changes
within the tissue and vasculature, resulting in
flap loss [1].

Various factors are involved in the process of
I/R injury of the flap, including the activation of
reactive oxygen free radicals, as well as the
release of inflammatory factors and cell apop-
tosis. In recent years, necroptosis, an impor-
tant alternative to cell death, has been increas-
ingly mentioned as an important process in the

cell life cycle. Necroptosis, which is distinct
from apoptosis, autophagy, necroptosis and
pyroptosis, is a special type of cellular necrosis
that is regulated by a particular molecular me-
chanism and contributes to a range of human
diseases, including I/R injury. Necroptosis plays
a crucial role in heart [2], brain [3], liver [4] and
kidney [5] I/R injury.

Caspase-inhibited cells may be stimulated to
undergo necroptosis rather than apoptosis [6]
through the initiation of the necrotic pathway.
RIP (receptor-interacting protein) kinase is a
member of the Ser/Thr protein kinase family
and has been identified as a key enzyme that
regulates necroptosis [7], particularly RIP1 and
3. The interaction of RIP1 and 3 is required for
necroptosis [8]. MLKL was initially identified as
an essential mediator of RIP1/RIP3 kinase-ini-
tiated necroptosis [9], and its N-terminal CC
domain and phosphorylated kinase region play


http://www.ajtr.org

Flap-protective effects of HCH with the necrotic pathway

crucial roles in modulating downstream necrot-
ic effectors [10]. PGAMb5, a mitochondrial phos-
phoglycerate mutase, is anchored in the outer
mitochondrial membrane [11] and plays a vital
role in the transmission of necrotic signals to
mitochondria. Upon induction, PGAMS5 recruits
the mitochondrial fission factor Drpl and induc-
es its GTPase activity through dephosphoryla-
tion. Mitochondrial fission follows Drpl activa-
tion, which is an early and obligatory step for
the execution of the necroptosis pathway
[12-15].

The protective effect of inhaled hydrogen was
initially reported to significantly attenuate cere-
bral I/R injury by inhibiting oxidative stress.
Based on accumulating evidence, hydrogen
protects against I/R injury in the liver [16, 17],
heart [18, 19], lung [20], skin [21], retina [22]
and intestine [23]. Previous studies of the pro-
tective effects of hydrogen on I/R injury in flaps
have mainly focused on the scavenging of
hydroxyl radicals, suppression of inflammation
and inhibition of apoptosis; however, research-
ers have not determined whether necroptosis
is involved. Recently, high concentrations of
hydrogen (HCH, 66.7% hydrogen and 33.3%
oxygen) have been applied to many diseases in
animal models [17, 22, 24]. HCH is produced by
an AMS-H-01 hydrogen oxygen nebulizer (Ascl-
epius, Shanghai, China), which generates H,
and O, by electrolyzing water. The present study
aims to evaluate the inhibitory effect of hydro-
gen on necroptosis and its ability to regulate
the expression of RIP1, RIP3, MLKL, PGAM5
and Drp1 in a rat skin flap I/R injury model fol-
lowing inhalation of HCH.

Materials and methods
Animals and grouping

Forty-five male Sprague-Dawley rats aged 6-8
weeks and weighing 280-320 g were housed in
comfortable cages at 22-25°C with adequate
food and water. All procedures were strictly per-
formed according to the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. This study was performed in accor-
dance with the Experimentation Ethics Com-
mittee on Animal Rights Protection of Peking
Union Medical College Hospital. Before surgery,
rats were randomly divided into three groups:
SH: sham surgery group treated with ambient
air (n=15), IR: 3-h I/R group treated with ambi-
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ent air (h=15), and HCH: 3-h I/R group treated
with HCH (n=15).

HCH management

Immediately after I/R, animals in the HCH group
were placed in a comfortable 40x26%x17 cm
chamber equipped with a round inlet and an
outlet and flushed with HCH (66.7% hydrogen
and 33.3% oxygen), which was produced with
the AMS-H-O1 hydrogen producer (Asclepius,
Shanghai, China). The AMS-H-01 hydrogen pro-
ducer replaced the air inside the chamber for
5 minutes after the rat was placed in it. The
HCH treatment lasted for 60 min at normal
pressure.

Surgical procedure

This surgical procedure was based on the
method reported by Kintscher [25], with some
modifications [21, 26]. Rats were intraperitone-
ally anesthetized with 10%, 1 ml/300 g chloral
hydrate. A 6 cmx9 cm rectangular flap area on
the abdomen was marked and well sterilized. In
the IR and HCH groups, the right superficial epi-
gastric artery of rats was clamped with a micro-
vascular clamp for three hours, whereas the
left superficial epigastric artery was ligated.
The SH group was not subjected to ischemia,
but the left superficial epigastric artery rema-
ined ligated. A 0.1-mme-thick silicone sheet was
then placed between the flap and the recipient
bed to prevent revascularization. Reperfusion
was initiated by removing the clamp and was
confirmed by the return of pulsation to the vas-
cular arcade.

Evaluation of skin flap perfusion

Seventy-two hours after reperfusion, a laser
Doppler flowmeter (LDF, Perimed AB, Stock-
holm, Sweden) and laser speckle contrast anal-
ysis (LSCA, Perimed AB, Stockholm, Sweden)
were used to measure flap perfusion after the
procedures described above. All rats were
anesthetized and then fastened to the operat-
ing table to expose the entire flap. Then, capil-
lary blood flow in the dermal layer of the rats
was measured using the LDF. Perfusion in the
necrotic (black areas) and surviving (red, yellow
and the adjacent blue areas) areas of the
abdominal flap were automatically obtained by
delineating the specific area in the image using
the LSCA. Vascular flow was measured as per-
fusion units (PUs) (mI-100 gtmin™).
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Table 1. Sequences of primers used for quantitative real-time PCR

proteins 72 h after reper-

fusion. The tissue was rap-

Target gene ID Forward Reverse idl ished . q
RIP1 306886 CCAGCCAGCCAAATCAAAGT TGGCTTACACTTGGCCCATA ldly weighed on ice an

then pl’OtelnS were extract-
RIP3 246240 CGTGGAGCAGTGTGTAACAG GGCTCAGAACTCCAGCAATG o \with 4 cell lysis it (Bio-
MLKL 690743 TAGTCCTGAGGGCAGCTAGA CTGCTGATGTTTCCGTGGAG Rad Laboratories, Hercu-
PGAM5 288731 AGGCTGGACCACTATAAGGC TCCTTCTCCATCGAGCCATC les, CA). Samples were
Drpl 114114 TGATGCCTGTGGGCTAATGA GTTCCTGACCACCATCTCCA homogenized on ice for 10

Seventy-two hours after reperfusion, rats were
sacrificed by the administration of a high-dose
anesthesia, and one piece of the flap tissue
(11 cm? in size) was removed from the proxi-
mal area of the vascular axis of the flap for
hematoxylin and eosin staining, immunohisto-
chemical studies, western blot analysis, and
RNA extraction.

Hematoxylin and eosin (H&E) staining

The specimen was embedded in paraffin, sec-
tioned, and mounted on a slide. Then, slides
were stained with H&E for histological exami-
nations.

Immunohistochemical studies

Paraffin-embedded sections were routinely
dewaxed, rehydrated and then incubated with
3% H,0, for 10 min to block endogenous cata-
lase activity. Antigen retrieval was performed
by heating the unstained slides in citrate buffer
at 95°C for 15 min. An incubation with normal
goat serum at 37°C for 30 min blocked nonspe-
cific staining. Sections were placed in a humidi-
fied chamber and incubated with anti-RIP1
(1:200, Abcam, Cambridge, UK), anti-RIP3
(1:500, Abcam, Cambridge, UK), anti-MLKL
(1:200, Abcam, Cambridge, UK), anti-PGAMb5
(1:200, Abcam, Cambridge, UK), or anti-Drpl
(1:1200, Abcam, Cambridge, UK) antibodies for
2 h at 37°C. Horseradish peroxidase-conjugat-
ed secondary antibodies (ZSGB-BIO, Beijing,
China) were used to label the primary antibod-
ies. Then, samples were washed with PBS, sta-
ined with DAB, and counterstained with hema-
toxylin. A brown color implied the presence of
an antibody bound to antigen and was detected
by light microscopy using a computer-controlled
digital camera and imaging software.

Western blot analysis
Western blotting was used to examine the lev-

els of the RIP1, RIP3, MLKL, PGAM5 and Drpl
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min in lysis buffer (246 L

of lysis buffer, 1.25 pL of
phosphatase inhibitors, 0.25 uL of protease
inhibitors, and 2.5 uL of PMSF) and then centri-
fuged at 14,000 rpm for 15 min. For western
blotting, equal amounts of protein superna-
tants (60 ug) were separated on 10% SDS-
PAGE gels and transferred to nitrocellulose
membranes for immunoblotting. The mem-
brane was blocked with blocking buffer (LI-COR,
Lincoln, NE) for 2 h at room temperature and
then incubated with either anti-RIP1, anti-RIP3,
anti-MLKL, anti-PGAM5 or anti-Drpl (1:500,
Abcam, Cambridge, UK) antibodies for 12 hours
at 4°C. Membranes were then incubated with a
1:10,000 dilution of secondary antibodies
(LI-COR, Lincoln, NE) for 1 h at room tempera-
ture in the dark and then detected with a dou-
ble-color infrared laser imaging system (Odys-
sey, Li-cor, Lincoln, NE).

RNA isolation and RT-gPCR

Total RNA was extracted using the RNeasy
Fibrous Tissue Mini Kit (Qiagen, Dusseldorf,
Germany), according to the manufacturer’s
instructions. The concentration of the extract-
ed RNA was determined using a UV spectropho-
tometer (Thermo, Waltham, MA, USA) and the
integrity of the RNA was visualized by electro-
phoresis on 1% agarose gels. Reverse tran-
scription of 1 ug total RNA was performed
to synthesize cDNAs using the ProtoScript
M-MuLV First Strand cDNA Synthesis Kit (New
England Biolabs, Ipswich, MA, USA) and an
anchored oligo d(T) primer [d(T)23VN]. PCR was
performed using a Real-Time gqPCR System
(Agilent, Santa Clara, CA, USA). Sequences of
the specific primer sets for RIP1, RIP3, MLKL,
PGAMb5, Drpl and B-actin used in this study are
presented in Table 1. The expression of target
genes was normalized to the levels of the
B-actin gene as an internal housekeeping con-
trol. Real-time PCR cycle parameters included
UDG pretreatment at 50°C for 2 min, initial
denaturation at 95°C for 10 min followed by 40
cycles of denaturation at 95°C for 15 s, anneal-
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Figure 1. The condition of the abdominal skin flaps 72 h after I/R injury. The
black zones represent the areas with the lowest blood perfusion. The red, yel-
low and adjacent blue areas represent surviving areas with rich blood perfu-
sion. A. Representative photographs of abdominal skin flap microcirculation in
the three groups are shown. B. The survival rate of the total flap area. Markedly
higher flap survival rates were observed in the SH and HCH groups. C. The
average blood perfusion of total skin flaps. A greater average blood perfusion
value for the total flap was observed in the HCH group than in the IR group.
Values are presented as means = SD (n=15 animals per group; ***P < 0.001
compared with the SH group; comparison of the HCH and IR groups, ###P <
0.001).
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Figure 2. Images of H&E staining 72 h after IR injury. Observations (400x%)
of the morphology of the flap tissue in all groups using H&E staining. Fewer
infiltrating cells (red arrow) were observed in the SH and HCH groups than in
the IR group.

ing at the Tm for 1 min and
extension at 72°C for 30 s.

Statistical analysis

In this study, all data are
reported as means + stan-
dard deviation. Significant
differences were determin-
ed using one-way analysis
of variance (ANOVA) fol-
lowed by the LSD-t test.
Statistical significance was
set to P < 0.05. All analyses
were conducted using SPSS
24.0 software.

Results
Flap survival rate

Necrotic flap tissues were
inelastic and brown, gray, or
black in color on the third
postoperative day. In con-
trast, the surviving tissues
were pink and elastic (Figure
1A). Results of the statisti-
cal analysis are shown in
Figure 1B. In the SH group,
the flap survival rate was
90.874 + 4.520%, which
was the highest rate among
the three groups. Compared
with the IR group (17.580 +
3.442%), the flap survival
rates of the SH and the HCH
groups (55.151 + 4.014%)
were significantly increased
(IR vs. SH, P < 0.001; IR vs.
HCH, P < 0.001; Figure 1B).

Flap perfusion

On the third day after sur-
gery, the average blood
perfusion in the SH group
was 186.512 + 29.340 PU
(MmL100 glmin?). The aver-
age blood perfusion was
57.040 + 8.931 PU in the
IR group and 108.451 %
15.348 PU in the HCH
group. Significant differenc-
es were observed between
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RIP3 MLKL PGAMS

HCH

Figure 3. Representative micrographs (400x) of immunohistochemical staining for RIP1, RIP3, MLKL, PGAM5 and
Drp1 in the skin tissues from all groups are presented above. Brown staining indicates areas with positive expres-
sion, and the shade of the color represents the expression level of the target protein. Lower levels of RIP1, RIP3,
MLKL, PGAM5 and Drpl were detected in the skin tissues from rats in the HCH group than rats in the IR group.

shown. B. Densitometry analy-
sis of levels of the RIP1, RIP3,
MLKL, PGAM5 and Drpl1 pro-
teins; the results are consistent
with the immunohistochemical
staining. Values are presented
as the means + SD (***P <
0.001 and *P < 0.05 com-
pared with the SH group, ###P
< 0.001). Levels of the RIP1,
RIP3, MLKL, PGAM5 and Drp1
mRNAs in skin flap samples
were analyzed. C. Compared to
the IR group, levels of the RIP1,
RIP3, MLKL, PGAM5 and Drp1
mRNAs were reduced in the
HCH group.
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the IR and SH groups (P <
0.001) and between the IR
and HCH groups (P < 0.001;
Figure 1C).
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assess ischemic injury (Fig-
ure 2) by evaluating inflam-
matory infiltration. Inflam-
matory infiltration was ob-
served in all the three
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Figure 4. Levels of the RIP1, RIP3, MLKL, PGAM5 and Drp1 proteins. A. Repre-
sentative images of western blots for RIP1, RIP3, MLKL, PGAM5 and Drpl are

inflammatory cells was gre-
atest in the IR group skin
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Table 2. Percentage of positive cells in immunofluorescence staining analysis

Percentage of positive cells (%)

Factor P value

SH IR HCH
RIP1 0.2561 + 0.0219 0.8589 + 0.0257 0.3716 + 0.0097 HCH vs. IR, P < 0.001
RIP3 0.4221 + 0.0206 0.8932 + 0.0127 0.6068 + 0.0239 HCH vs. IR, P < 0.001
MLKL 0.1976 + 0.0212 0.4521 £ 0.0213 0.2261 + 0.0129 HCH vs. IR, P < 0.001
PGAM5 0.1533 + 0.0166 0.5968 + 0.0422 0.1957 + 0.0193 HCH vs. IR, P < 0.001
Drpl 0.2114 + 0.0156 0.6157 £ 0.0217 0.2989 + 0.0279 HCH vs. IR, P < 0.001

Percentage of immunofluorescence staining positive cells in all groups. The highest percentages of RIP1, RIP3, MLKL, PGAM5,

and Drp1 positive cells are shown in the IR group. Values are means * SD.

Table 3. Protein relative levels in all groups

Protein relative level

Factor P value
SH IR HCH
RIP1 0.1553 + 0.0116 0.7625 + 0.0137 0.2835 + 0.0129 HCH vs. IR, P < 0.001
RIP3 0.5828 + 0.0358 0.9230 £ 0.0102 0.5403 + 0.0142 HCH vs. IR, P < 0.001
MLKL 0.1528 + 0.0180 0.3375 £ 0.0236 0.1873 £ 0.0099 HCH vs. IR, P < 0.001
PGAM5 0.1710 £ 0.0110 0.6365 + 0.0591 0.1833 + 0.0240 HCH vs. IR, P < 0.001
Drp1 0.2005 + 0.0181 0.5465 + 0.0258 0.1560 + 0.0250 HCH vs. IR, P < 0.001
Values are presented as the means + SD.
tissue, which indicated that HCH may attenu- Discussion

ate the inflammatory response.

Expression of the RIP1, RIP3, MLKL, PGAM5
and Drp1 proteins after IR injury

Immunological detection studies reflect the
expression of target proteins, such as RIP1,
RIP3, MLKL, PGAM5 and Drp1, which have
been shown to be key proteins involved in
necroptosis. The RIP1, RIP3, MLKL, PGAMb5
and Drpl proteins were expressed at higher
levels in the IR group than in the SH and HCH
groups, as visualized by western blotting (Fig-
ure 4; Table 3). Imnmunohistochemical staining
(Figure 3) showed similar results to the western
blot assay. Table 2 shows the percentage of
positively stained cells as analyzed via immu-
nofluorescence. There is a significant differ-
ence for RIP1, RIP3, MLKL, PGAM5 and Drp1
between the HCH and IR groups (P < 0.001).

Expression of the RIP1, RIP3, MLKL, PGAM5
and Drp1 mRNAs

Seventy-two hours after I/R, levels of the RIP1,
RIP3, MLKL, PGAM5 and Drpl mRNAs in HCH
group were 0.7262 + 0.0378, 0.5378 + 0.0540,
0.7952 £ 0.1087,0.7278 + 0.1020 and 0.4703
+ 0.0747, respectively, compared with the IR
group (Figure 4C).
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In this study, we investigated the protective
effects of HCH on a rat model. After skin flap
I/R injury, inhalation of hydrogen at a high con-
centration (66.7% H,) significantly improved the
flap survival rate and inhibited the necroptosis
of cells in the skin flap after I/R injury. In addi-
tion, the anti-necroptosis effect of HCH was at
least partially associated with the decreased
levels of RIP1, RIP3, MLKL, PGAM5 and Drp1,
based on the results from immunohistochemi-
cal staining, western blot and RT-PCR analyses.
Therefore, HCH shows promise as a novel anti-
necroptosis agent for attenuating skin flap I/R
injury.

Hydrogen is the smallest molecule, has a high
diffusion speed and is non-toxic; it has also
been reported to efficiently protect against I/R
injury [17, 21, 27]. In addition, hydrogen can
quickly reach relatively high concentrations due
to its favorable distribution characteristics,
enabling it to easily penetrate biomembranes.
Moreover, excess hydrogen is eliminated from
the body, leaving no side effects [28]. For secu-
rity reasons, inhaled hydrogen was typically
administered at a low concentration (< 4%) in
previous studies [16, 29]. The AMS-H-01 hydro-
gen producer, a new hydrogen generator that
produces HCH (66.7% hydrogen and 33.3%
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oxygen) by electrolyzing water and has been
verified in many experiments [22, 27], was well
applied in this experiment. Postconditioning
with inhaled HCH attenuates I/R injury [22, 27],
consistent with the results our study; these
findings are related to the anti-inflammatory,
anti-oxidant, and anti-apoptosis effects of
hydrogen. Both low and high concentrations of
hydrogen have been confirmed to exert protec-
tive effects on I/R injury; however, researchers
have not clearly determined whether necropto-
sis is involved in this process.

Regarding flap ischemia/reperfusion injury,
previous studies on the role of hydrogen have
mainly focused on of its ability to inhibit oxida-
tive stress, inflammation and apoptosis, where-
as necroptosis and the signal transduction
pathway have rarely been examined in this
field. Necroptosis is related to apoptosis [30-
32]. Necroptosis is a form of regulated and pro-
grammed necrosis [9] characterized by cellular
organelle swelling, a loss of integrity of the cell
membrane, and leakage of cell contents. In
recent years, considerable research has sup-
ported the importance of necroptosis in the
development of inflammatory diseases and
several forms of cancer [33-35]. The compli-
cated mechanisms by which certain factors,
including |/R injury, induce necroptosis have
been illustrated in recent studies [10, 12, 30,
31]. Upon the inhibition of caspase-8 activity,
RIP3 and RIP1 interact through their respective
homotypic interaction motif (RHIM) domains
[36], which is located in the C-terminus of RIP1.
RIP3 then undergoes auto-phosphorylation at
the serine 227 site [10], an event that leads to
the recruitment of a pseudokinase, MLKL [31],
which interacts with RIP1/RIP3 to form a necro-
some. The necrosome binds to PGAM5 and
subsequently recruits and activates the mito-
chondrial splitting factor Drpl [12], eventually
leading to mitochondrial fragmentation and cell
death.

RIP1 and 3 are two key proteins that activate
necroptosis. After initiation, necroptosis requ-
ires a series of signal transmission events and
the execution of death signals. RIP1 is viewed
as a protein at the top of the pyramid during the
process [37], and RIP3 acts as a molecular
switch between TNF-induced apoptosis and
necroptosis [38]. MLKL activation is mediated
by receptor-interacting kinase-3 (RIPK3), a
component of the necrosome. Activated MLKL
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forms membrane-disrupting pores that cause
membrane leakage, thus extending the proto-
typical concept of morphological and biochemi-
cal events [9]. Mitochondria, which are inter-
connecting cellular organelles that undergo
dynamic changes, represent the key organelle
in which HCH exerts its protective effect on
reducing ischemia/reperfusion injury. The mito-
chondria are not only a responder but also may
be the trigger of many signal transduction path-
ways, including cell necroptosis [12, 21]. There-
fore, the translocation of the necrosome to
mitochondria-associated membranes is essen-
tial for necroptosis signal transduction. Two iso-
forms of PGAM5 are located downstream of
the necrosome and specifically associate with
the necrosome after induction of necroptosis,
resulting in PGAM5 phosphorylation and acti-
vation [12]. The recruitment of PGAM5 and
Drpl cause mitochondrial fission. Once bound
to mitochondria, Drpl assembles into spirals at
division sites around the outer mitochondrial
membrane and contributes to the process of
mitochondrial fission [39]. As shown in our pre-
vious study, Necrostatin-1, a specific inhibitor
of necroptosis [3], exerts a protective effect on
I/R injury by inhibiting RIP1 in the skin island
flap model [40].

Based on the abovementioned theories, our
study focused on the application of HCH and
revealed its distinctive effect on protecting a
rat skin flap from I/R injury by inhibiting necrop-
tosis. Based on our results, the administration
of a high hydrogen concentration protected
against flap ischemia/reperfusion injury, char-
acterized by reductions in the ischemic area
and the alleviation of cell necroptosis. In the
presence of HCH postconditioning, the isch-
emic area was significantly increased, and the
expression of the abovementioned factors
RIP1, RIP3, MLKL, PGAM5 and Drpl was sig-
nificantly decreased, compared with IR group,
suggesting that the protective effects of HCH
are associated with the activation of the
necroptosis signal transduction pathway. In the
present study, a new theory was established to
explain the mechanism by which HCH treated
skin flap ischemia/reperfusion injury. This theo-
ry provides a new perspective on methods for
alleviating ischemia/reperfusion injury during
skin flap transplantation and the development
of new treatment strategies. Regarding the limi-
tations of our study, the detailed molecular
mechanisms of the flap-protective effects of
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HCH on necroptosis have not been fully dis-
closed in this experiment, and we will explore
the detailed mechanism in future studies.

Conclusions

In the present study, HCH suppressed skin
ischemia/reperfusion injury and increased
the skin flap survival rate by attenuating cell
necroptosis. Furthermore, we provided novel
evidence that the anti-necroptosis effect of
hydrogen may be associated with regulatory
effects on RIP1, RIP3, MLKL, PGAM5 and Drp1l
expression. These results may be helpful for
elaborating the therapeutic mechanism of
hydrogen.
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