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Hydrogen gas can ameliorate seizure burden during
therapeutic hypothermia in asphyxiated newborn piglets
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BACKGROUND: We previously reported that hydrogen (H2) gas combined with therapeutic hypothermia (TH) improved short-term
neurological outcomes in asphyxiated piglets. However, the effect on seizure burden was unclear. Using amplitude-integrated
electroencephalography (aEEG), we compared TH+ H2 with TH alone in piglets 24 h after hypoxic–ischemic (HI) insult.
METHODS: After a 40-min insult and resuscitation, 36 piglets ≤24 h old were divided into three groups: normothermia (NT, n= 14),
TH alone (33.5 ± 0.5 °C, 24 h, n= 13), and TH+ H2 (2.1–2.7% H2 gas, 24 h, n= 9). aEEG was recorded for 24 h post-insult and its
background pattern, status epilepticus (SE; recurrent seizures lasting >5min), and seizure occurrence (Sz; occurring at least once
but not fitting the definition of SE) were evaluated. Background findings with a continuous low voltage and burst suppression were
considered abnormal.
RESULTS: The percentage of piglets with an abnormal aEEG background (aEEG-BG), abnormal aEEG-BG+Sz and SE was lower with
TH+ H2 than with TH at 24 h after HI insult. The duration of SE was shorter with TH+ H2 and significantly shorter than with NT.
CONCLUSIONS: H2 gas combined with TH ameliorated seizure burden 24 h after HI insult.

Pediatric Research (2024) 95:1536–1542; https://doi.org/10.1038/s41390-024-03041-6

IMPACT:

● In this asphyxiated piglet model, there was a high percentage of animals with an abnormal amplitude-integrated
electroencephalography background (aEEG-BG) after hypoxic-ischemic (HI) insult, which may correspond to moderate and
severe hypoxic-ischemic encephalopathy (HIE).

● Therapeutic hypothermia (TH) was associated with a low percentage of piglets with EEG abnormalities up to 6 h after HI insult
but this percentage increased greatly after 12 h, and TH was not effective in attenuating seizure development.

● H2 gas combined with TH was associated with a low percentage of piglets with an abnormal aEEG-BG and with a shorter
duration of status epilepticus at 24 h after HI insult.

INTRODUCTION
Perinatal hypoxic–ischemic encephalopathy (HIE) occurs in 1–3% of
term or near-term births as a result of hypoxic and/or ischemic
insults during labor and delivery.1–3 Outcome improvements have
been found in neonates with HIE with therapeutic hypothermia (TH)
in three randomized controlled studies.1,2,4 However, hypothermia
was insufficient to avert death or moderate-to-severe neurodeve-
lopmental disabilities in more than 45% of patients. To further
improve outcomes, we need to develop a new therapeutic strategy
involving TH.
HIE continues to be a common cause of seizures in neonates.5,6

Prior to the introduction of TH, electrographic seizures were
reported in more than 50% of neonates with HIE, status
epilepticus (SE) was a frequent occurrence, and the overall seizure

burden was high.7 Seizure burden is consistently associated with
both brain injury and adverse neurodevelopmental outcomes,8–10

although it is unclear if seizures independently contribute to brain
damage after HIE or merely reflect the underlying evolution of the
injury resulting from the hypoxic–ischemia.
Previously, Ohsawa et al.11 reported the neuroprotective

properties of molecular hydrogen while Domoki et al.12 deter-
mined that hydrogen (H2) gas ventilation ameliorated the
neurologic deficits associated with perinatal asphyxia using a
piglet model. As an adjunct to TH, we reported the neuropro-
tective potential of combined TH and H2 gas ventilation
(TH+ H2) via an assessment of short-term neurological out-
comes and histological findings in 5-day neonatal HIE piglets.13

As one of the possible explanations for this brain protective
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mechanism, we have already reported improvements in cerebral
hemodynamics and oxygenation.14 However, it remains unclear
how H2 gas combined with TH influences electrocortical activity
and seizure burden.
We hypothesized that H2 gas combined with TH would reduce

seizure burden more than TH alone in asphyxiated piglets. We
thus examined the percentage of piglets with an abnormal
amplitude-integrated electroencephalography (aEEG) background
pattern or SE and the duration of SE in the first 24 h after HI insult
in three treatment groups: a normothermia (NT) group, TH group,
and TH+ H2 gas group.

METHODS
Animal procedures
Thirty-six newborn piglets (Camborough; Daiwa Chikusan, Kagawa, Japan)
within 24 h of birth and weighing 1.5–2.1 kg were obtained for the study
and divided into the three treatment groups: HI insult treated with NT (NT
group, n= 14), HI insult treated with TH (TH group, n= 13), and HI insult
treated with TH and H2 gas ventilation (TH+ H2 group, n= 9).

Anesthesia, ventilation, and monitoring of physiological
variables
The piglets were initially anesthetized with 1–2% isoflurane in air using a
facemask. Each piglet was then intubated and mechanically ventilated
using an infant ventilator. The umbilical vein and artery were cannulated

using a neonatal umbilical catheter for drip infusion and blood pressure
monitoring/blood sampling, respectively. After cannulation, pancuro-
nium bromide was used at an initial dose of 0.1 mg/kg, followed by
infusion at 0.1 mg/kg/h to induce paralysis. Fentanyl citrate was then
administered at an initial dose of 10 μg/kg, followed by infusion at 5 μg/
kg/h for anesthesia. A maintenance solution of electrolytes plus 2.7%
glucose (KN3B; Otsuka Pharmaceutical Co., Tokyo, Japan) was con-
tinuously infused at a rate of 4 mL/kg/h via the umbilical vein. Arterial
blood samples were taken throughout the experiment at critical time
points and when clinically indicated. Each piglet was then placed under
a radiant warmer to maintain a mean ± standard deviation (SD) rectal
temperature of 39.0 ± 0.5 °C. The inspired gas was prepared by mixing
oxygen and nitrogen (N2) gases to obtain the oxygen concentrations
required for the experiment. Ventilation was adjusted to maintain
arterial oxygen tension (PaO2) and arterial carbon dioxide tension within
their normal ranges.

Amplitude-integrated electroencephalography
Neural activity was measured by aEEG (Nicolet One; Cardinal Health, Inc.,
Dublin, OH). All electrical devices and the copper mesh shield were
grounded. The signal was displayed on a semi-logarithmic scale at a low
speed (6 cm/h). Measurements were conducted every second. Gold-plated
electrode needles were placed at the P3 and P4 positions, which
corresponded to the left and right parietal regions of the head. A
maximum amplitude <5 µV was defined as low-amplitude EEG (LAEEG)
(Fig. 1a). As shown in Fig. 1b, a minimum amplitude >5 µV and a maximum
amplitude >10 µV were defined as continuous normal voltage, whereas a
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Fig. 1 Representative examples of aEEG in this experiment. Representative example of aEEG at the initial phase of HI insult and LAEEG (a),
aEEG background patterns of piglets (b), and representative example of aEEGwith SE within 24 h after HI insult (c). a Amaximum amplitude <5 µV
was defined as LAEEG. The green zone indicates the HI insult, the red line indicates the start of resuscitation (Res), and the blue zone indicates
LAEEG. b Normal aEEG background (aEEG-BG): continuous normal voltage and discontinuous normal voltage. Abnormal aEEG-BG: continuous
low voltage, burst suppression, and status epilepticus (SE). c Convulsions lasting more than 5min were defined as SE (orange zone).
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minimum amplitude of 3–5 µV and a maximum amplitude >10 µV were
defined as discontinuous normal voltage. Traces with continuous normal
voltage or discontinuous normal voltage backgrounds were classified as
normal aEEG background (aEEG-BG). A maximum amplitude of 5–10 µV
was defined as continuous low voltage. A minimum amplitude <5 µV and a
maximum amplitude >25 µV were defined as burst suppression. Recurrent
seizures lasting more than 5min were defined as SE, in the same way as in
humans.15 Traces with LAEEG, continuous low voltage, burst suppression,
and SE backgrounds were classified as abnormal aEEG-BG. We defined “Sz”
as any seizure that occurred at least once but did not fit the definition of SE
from the previous evaluation period to the current evaluation period (e.g.,
if single seizure(s) occurred from 3 to 6 h after HI insult, the evaluation at
6 h was considered to be Sz). Using the above evaluation method, the
percentage of piglets with an abnormal aEEG-BG, aEEG-BG+Sz, and SE at
24 h after HI insult and the duration of SE (Fig. 1c) were examined in each
group. All EEG findings were assessed after the experiment by a single
rater (Y.S.) who did not have information about the intervention. In
addition, all seizures were confirmed by raw EEG.

Hypoxic–ischemic insult protocol
Hypoxia was induced at least 120 min after induction of anesthesia by
decreasing the fractional concentration of inspired oxygen (FiO2) to 0.04.
The hypoxic insult was continued for 30 min. The FiO2 was decreased
(in 0.01 decrements) to a minimum of 0.02 or increased (in 0.01
increments) during the insult to maintain the LAEEG at <5 μV, heart rate
(HR) at >130 beats/min, and mean arterial pressure (MAP) at >60% of
baseline. When the criteria for LAEEG, HR, or MAP were satisfied during
the first 20 min of the insult, the FiO2 was returned to 0.04. For the final
10 min of the 30-min insult, hypotension was induced by decreasing the
FiO2 until the MAP decreased to below 60% of baseline. The criteria for
resuscitation after the first 20 min of the insult were as follows: if the
cerebral blood volume (CBV) value dropped below 33% during the
insult, the insult was stopped and resuscitation was started (change in
CBV during insult= [value of CBV at end of insult− value of CBV before
insult]/[maximum value of CBV during insult− value of CBV before
insult] × 100 [%]), even if the MAP was not maintained below 60% of
baseline for 10 min.
Hypoxia was terminated by resuscitation with 100% oxygen. NaHCO3 was

used to correct a base deficit (base excess below −5.0 mEq/L) to maintain a
pH of 7.3–7.5. After 10min of 100% FiO2, the ventilator rate and FiO2 were
gradually reduced to maintain an SpO2 of 95–98%. We measured blood gas,
glucose, lactate, and hemoglobin levels using a blood gas analyzer (ABL90
FLEX PLUS; Radiometer Co., Ltd., Copenhagen, Denmark).

Post-insult treatment
After the HI insult, whole-body hypothermia was induced after
resuscitation in the TH and TH+ H2 groups by using a cooling blanket
(Medicool; MAC8 Inc., Tokyo, Japan) (Fig. 2). The piglets were cooled to
33.5 ± 0.5 °C for 24 h and then rewarmed at 1 °C/h using a blanket. Rectal
temperature was used as the body temperature. The temperature of the
incubator was maintained at 28–32 °C. For H2 inhalation, two types of
cylinders were used, one containing a gas mixture comprising 3.8% H2

and 96.2% N2, and the other containing 100% O2, as in a previous study.
The H2 concentration depended on the oxygen requirement of each
piglet and was usually between 2.1 and 2.7 (FiO2 range, 0.21–0.4) during
the therapy. H2 gas was delivered through the ventilator for 24 h. The
concentration of H2 gas was measured by a portable gas monitor (TP-
70D; Riken Keiki Co., Ltd., Tokyo, Japan). After 24 h of treatment, the
H2–N2 gas mixture was replaced with compressed air again. For piglets
given TH, their temperature was automatically controlled to maintain the
target temperature (rectal temperature, 33–34 °C) during TH and
rewarmed at 1 °C/h by a cooling blanket. The anesthesia was stopped
at the beginning of the rewarming period. For NT piglets, the rectal
temperature was monitored continuously to maintain a normal range
(38–39 °C) under the radiant warmer under anesthesia–ventilation for
24 h after insult.

Data analysis
GraphPad Prism 9.3.1 (GraphPad Software, La Jolla, CA) was used for all
statistical analyses. All values are expressed as the mean ± SD for
physiological and blood gas data after insult in the TH and TH+ H2

groups. Physiological data, blood gas data, and measurement of HR, MAP,
and the percentage of piglets with an abnormal aEEG-BG, aEEG-BG+Sz,
and SE were compared among the three groups at each time point using
two-way repeated-measures analysis of variance (ANOVA) followed by
Tukey’s post hoc analysis. The duration of SE was compared among the
three groups at 24 h after the HI insult using two-way repeated-measures
ANOVA followed by Dunnett’s post hoc analysis. A p value < 0.05 was
considered significant.

RESULTS
The mean ± SD body weights were 1768 ± 128 g in the NT group,
1794 ± 174 g in the TH group, and 1829 ± 204 g in the TH+ H2

group. At 24 h after insult, all piglets were alive in the NT group
(n= 14; 6 males and 8 females), all were alive in the TH group
except one (12 of 13; 11 males and 2 females), and all were alive in
the TH+ H2 group (n= 9; 6 males and 3 females; Fig. 2).
The biochemical parameters of pH, PaO2, PaCO2, base excess,

lactate, glucose, and hemoglobin at baseline showed no significant
differences among the three groups (Table 1). At 3–12 h after insult,
pH was significantly lower in the TH+H2 group than in the NT
group and, at 24 h after, was lowest in the TH+H2 group. PaCO2

was essentially maintained at a constant value for 24 h after insult,
although PaO2 was significantly higher in the TH+H2 group than in
the other groups at some time points. The base excess was
significantly acidotic in the TH group at the end of the insult (0 h)
and at 1 h after insult compared with the TH+H2 group and was
significantly higher in the NT group at 3, 6, and 24 h after insult
compared with the other groups. There were no significant
differences among the three groups in terms of HR, MBP, or rectal
temperature at baseline (Table 2). All three groups showed
significant reductions in HR and MAP at 0 h that gradually returned
to baseline. In the TH+ H2 group, HR continued to be lower than in
the other groups from 3 h after insult, although there was no
tendency for MAP to be consistently lower than in the other groups.
The mean duration of LAEEG (SD: min) after insult was not

significantly different among the groups [NT, 18 (8) min; TH, 19
(13) min; TH+ H2, 13 (8) min].
For the percentage of piglets with an abnormal aEEG-BG, the NT

group showed an increase with time after insult, while the TH
group showed a sharp increase from 12 h after insult. The TH+ H2

group did not show much of an increase, even at 24 h after insult
(Fig. 3a). For the percentage of piglets with an abnormal aEEG-BG
+Sz, the NT and TH groups exhibited results similar to those of the
aEEG-BG group. Although the percentage of piglets with an
abnormal aEEG-BG+Sz at 3 h in the TH+ H2 group was slightly
higher than that with an abnormal aEEG-BG, it was decreased at
6 h and remained below 40% at 12 and 24 h, similar to aEEG-BG.
The percentage of piglets with an abnormal aEEG-BG and, aEEG-
BG+Sz did not increase much in the TH+ H2 group, even 24 h
after insult (Fig. 3b).

Piglets (n = 36)

NT (n = 14) TH (n = 13)

TH (n = 12)

TH + H2 (n = 9)

TH + H2 (n = 9)NT (n = 14)

HI insult

Died (n = 1)

Day 1 (24 h): aEEG data analysis

Fig. 2 Study flow diagram. Piglets were assigned to the NT (n= 14),
TH (n= 13), or TH+ H2 (n= 9) groups. Within 24 h after insult, all
piglets in the NT and TH+H2 groups had survived, but one piglet
had died in the TH group. Thus, aEEG analysis was performed in 14
piglets in the NT group, 12 piglets in the TH group, and 9 piglets in
the TH+ H2 group.
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Similar results were found for the percentage of piglets with SE,
with an increase with time after insult in the NT group, a sharp
increase from 12 h after insult in the TH group, and no notable
increase in the TH+ H2 group, even 24 h after insult (Fig. 4).
The mean duration of SE (standard error of the mean [SEM]) was
non-significantly shorter in the TH+ H2 group [341 (178) min]
than in the TH group [613 (151) min] and was significantly shorter
than in the NT group [877 (144) min] (Fig. 5).

Table 1. Blood gas, lactate, glucose, and hemoglobin before, at the
end of insult, and at 1, 3, 6, 12, and 24 h after insult in the NT, TH, and
TH+H2 groups.

NT group TH group TH+H2 group

pH

Baseline 7.43 (0.04) 7.45 (0.09) 7.44 (0.04)

0 h 6.87 (0.13) 6.83 (0.12) 6.94 (0.10)

1 h 7.31 (0.06) 7.24 (0.13) 7.35 (0.07)

3 h 7.49 (0.03) 7.42 (0.08)* 7.41 (0.04)**

6 h 7.48 (0.04) 7.45 (0.07) 7.41 (0.03)**

12 h 7.47 (0.05) 7.44 (0.06) 7.38 (0.05)**

24 h 7.49 (0.06) 7.44 (0.04)* 7.35 (0.05)****,†††

PaCO2 (mmHg)

Baseline 45.7 (4.3) 41.1 (9.8) 42.4 (3.6)

0 h 34.0 (12.7) 40.9 (13.7) 40.0 (9.6)

1 h 41.4 (5.5) 42.3 (9.2) 39.1 (3.4)

3 h 41.4 (5.3) 41.4 (6.6) 44.9 (4.7)

6 h 44.6 (6.5) 41.9 (7.5) 44.3 (4.0)

12 h 43.0 (5.2) 40.3 (6.1) 44.2 (3.1)

24 h 38.4 (4.5) 36.4 (5.3) 44.7 (6.5)†

PaO2 (mmHg)

Baseline 99.8 (20.6) 95.7 (17.5) 101.1 (6.9)

0 h 18.6 (7.8) 19.5 (5.4) 18.8 (6.6)

1 h 97.0 (22.7) 110.1 (21.7) 120.9 (19.5)*

3 h 90.5 (19.3) 88.6 (22.4) 110.0 (12.2)*

6 h 91.5 (18.9) 88.0 (25.9) 106.1 (17.0)

12 h 94.2 (21.9) 85.0 (24.4) 103.8 (16.4)

24 h 97.0 (26.0) 83.7 (19.2) 111.1 (24.7)†

Base excess (mmol/L)

Baseline 5.8 (2.0) 3.4 (2.9) 4.6 (2.4)

0 h −25.4 (4.1) −26.5 (3.2) −21.1 (3.8)†

1 h −5.2 (3.6) −9.2 (4.7) −3.5 (3.6)†

3 h 7.4 (2.9) 2.1 (3.5)** 3.8 (1.6)**

6 h 8.1 (2.0) 4.1 (2.6)** 3.1 (3.2)**

12 h 6.3 (2.8) 3.6 (3.0) 1.8 (3.0)**

24 h 5.7 (2.4) 0.8 (3.0)*** −1.3 (3.7)**

Lactate (mg/dL)

Baseline 15.9 (4.6) 21.9 (8.9) 18.2 (2.8)

0 h 214.1 (29.9) 210.2 (25.3) 170.4 (23.8)*,††

1 h 115.8 (24.4) 123.3 (24.6) 93.0 (15.3)*,†

3 h 32.8 (12.3) 62.8 (31.4)* 35.9 (8.1)†

6 h 29.8 (9.5) 39.9 (21.3) 33.7 (6.5)

12 h 40.4 (11.5) 43.1 (14.8) 37.7 (6.1)

24 h 35.6 (16.9) 48.0 (11.7) 52.3 (22.0)

Glucose (mg/dL)

Baseline 143.6 (24.9) 142.8 (38.3) 137.6 (24.3)

0 h 217.2 (72.2) 204.6 (94.6) 192.8 (79.2)

1 h 221.1 (51.3) 228.0 (77.4) 186.8 (49.3)

3 h 182.0 (64.8) 239.3 (73.6) 196.7 (62.4)

6 h 163.2 (48.5) 216.8 (64.2) 198.9 (55.0)

12 h 174.6 (61.5) 240.7 (64.9)* 224.6 (42.9)

24 h 125.2 (58.0) 234.8 (78.3)** 190.1 (61.3)

Table 1. continued

NT group TH group TH+H2 group

Hemoglobin (g/dL)

Baseline 9.9 (2.6) 9.4 (1.7) 9.5 (1.5)

0 h 10.2 (2.7) 10.1 (1.8) 10.6 (3.8)

1 h 10.1 (2.3) 10.5 (1.8) 9.5 (1.6)

3 h 10.1 (2.5) 11.4 (2.1) 10.8 (2.2)

6 h 10.3 (3.1) 12.3 (2.5) 11.0 (2.5)

12 h 9.9 (3.0) 12.0 (2.0) 11.4 (2.3)

24 h 8. 7 (2.8) 11.5 (1.8)* 9.5 (2.8)

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus NT and †p < 0.05,
††p < 0.01, †††p < 0.001 versus TH by two-way ANOVA with Tukey’s post hoc
analysis.

Table 2. Heart rate, mean arterial blood pressure, and rectal body
temperature before, at the end of insult, and at 1, 3, 6, 12, and 24 h
after insult in the NT, TH, and TH+H2 groups.

NT group TH group TH+H2 group

Heart rate (bpm)

Baseline 200 (28) 219 (36) 210 (32)

0 h 139 (20) 166 (39) 159 (19)

1 h 225 (29) 204 (33) 222 (29)

3 h 245 (31) 210 (14)** 204 (22)**

6 h 230 (28) 210 (13) 187 (20)**,†

12 h 229 (30) 206 (19) 181 (27)**

24 h 197 (40) 188 (12) 180 (21)

Mean arterial blood pressure (mmHg)

Baseline 77 (7) 75 (15) 71 (8)

0 h 45 (12) 48 (12) 44 (11)

1 h 63 (8) 71 (9) 66 (9)

3 h 61 (6) 73 (8)** 59 (5)**

6 h 67 (11) 70 (9) 69 (7)

12 h 64 (13) 68 (8) 67 (9)

24 h 60 (10) 64 (9) 55 (4)

Rectal body temperature (°C)

Baseline 37.8 (0.6) 37.7 (1.2) 38.0 (0.7)

0 h 37.7 (0.5) 37.2 (0.7) 37.5 (0.9)

1 h 38.2 (0.5) 33.9 (0.9)**** 35.8 (1.3)**,†

3 h 38.4 (0.4) 34.0 (0.7)**** 34.2 (1.4)****

6 h 38.3 (0.3) 33.9 (0.4)**** 33.1 (1.2)****

12 h 37.9 (0.5) 33.9 (0.4)**** 33.1 (0.9)****

24 h 38.2 (0.5) 34.1 (0.4)**** 34.8 (1.4)

**p < 0.01, ****p < 0.0001 versus NT and †p < 0.05 versus TH by two-way
ANOVA with Tukey’s post hoc analysis.
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DISCUSSION
In this asphyxiated piglet model, there was a high percentage of
animals with an abnormal aEEG-BG after HI insult, which may
correspond to moderate and severe HIE. In addition, we found
that with TH there was a low percentage of piglets with EEG
abnormalities up to 6 h after insult, but this percentage was high
after 12 h and TH was not effective in attenuating seizure
development. On the other hand, H2 gas combined with TH was
associated with a lower percentage of piglets with an abnormal
aEEG-BG or aEEG-BG+Sz and with a shorter duration of SE at

24 h after insult. We speculate that this improvement in aEEG
findings with TH+ H2 did not reflect an alleviation of brain injury
due to seizures, but rather an alleviation of brain injury by some
neuroprotective mechanism.
Perinatal brain damage after HI evolves over time and involves

multiple mechanisms, such as excitotoxicity, oxidative stress,
dysregulated inflammation, and seizures. It is challenging to
untangle the impact of seizures from brain injury due to HI, and
the direction of the causality of seizures for brain injury is still not
clear.16 However, many animal and clinical studies have reported
that seizure burden is correlated with brain injury in neonates with
HIE.10,17 Previous studies have reported an SE incidence in HIE
neonates undergoing TH of 10-25% and demonstrated that
neonates with HIE undergoing hypothermia who exhibit electro-
graphic seizures and high seizure burden are associated with
more severe brain injury on magnetic resonance imaging (MRI).17

Hence, seizure burden in the HIE neonate is a critical marker for
evaluating not only the severity of brain injuries, but also the
efficacy of TH and other neuroprotective therapies such as H2 gas.
In the present study, the percentage of piglets with an

abnormal aEEG-BG, aEEG-BG+Sz, and SE at 6 h after HI insult
was lower in both the TH and TH+ H2 groups than in the NT
group, although the TH group showed a much higher percentage
of piglets with such abnormal findings at 12 h after insult. In
contrast, the TH+ H2 group maintained a low percentage of
piglets with an abnormal aEEG-BG, aEEG-BG+Sz, and SE at 24 h
after insult. These results may indicate the limitation of the
treatment efficacy of TH and the enhanced neuroprotective effect
of H2 gas combined with TH. In terms of the efficacy of H2 gas for
ameliorating seizure burden, no clinical trial results have been
reported, only the results of animal research. Nemeth et al.
developed an HIE piglet model and determined in this model that
H2 gas inhalation for 4 h could enhance EEG recovery and
significantly protect neurons at 24 h after insult.18

Additionally, it has been reported that antiepileptic drugs used to
treat neonatal seizures are often ineffective after an initial loading
dose.10,19 Furthermore, animal studies suggest that anticonvulsants
have the potential to cause unwanted adverse effects in the
developing brain.20,21 H2 gas may have the potential to be a new
agent for preventing or treating seizure burden.
The mechanisms underlying the neuroprotective properties of

molecular H2 are unclear. However, it may have anti-inflammatory
and antioxidant effects.22 It has been reported in animal studies
that seizures in HIE are due to vascular endothelial damage in the
blood–brain barrier (BBB). Reactive oxygen species (ROS) directly
destroy lipids, proteins, and nucleic acids, damaging vascular
endothelial cells and the basement membrane.23 In a rat model
of global cerebral ischemia, inhalation of H2 gas alleviated brain
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edema and BBB disruption, reduced neuronal apoptosis, and
improved neurological function.24 In our previous study focusing
on changes in cerebral circulating oxygen metabolism, the
TH+ H2 gas group showed a significant increase in CBV at 24 h
after insult compared to the TH group, and the amount of the CBV
increase was significantly correlated with the decrease in the
number of TUNEL-positive cells. Another clinical study using
magnetic resonance spectroscopy suggested that seizures were
associated with a mismatch in oxygen supply and demand, such
that an increased seizure burden was linked to elevated lactate
and a reduced NAA/choline ratio, a marker of neuronal injury.25

These results suggest that the recovery of vascular endothelial
function resulted in the maintenance of cerebral blood flow to
meet the oxygen demand for neuronal activity, thereby reducing
neuronal necrosis and leading to a decrease in seizures.
Some animal models are problematic in that large numbers of

animals either die or survive with considerable variability in the
degree of injury. It is important that the model effectively
produces a high proportion of animals that not only survive the
HI insult, but also sustain a consistent degree of neuropathological
damage. We had previously reported that, with our insult protocol,
88.9% of the piglets have histopathological brain injuries and
11.1% have no histopathological damage.26 In our model, the
pattern of histopathological injuries at day 5 after insult is similar
to the typical pattern seen in term neonates with HIE, which show
cortical lesions in the watershed areas of the hemispheres
(parasagittal region, depths of the sulci), the hippocampus, and
the cerebellum.26,27 Thus, because our insult protocol can produce
a high percentage of piglets with histopathological brain damage
on day 5, we can presume that the NT group in this study also has
a similarly high percentage of piglets showing brain damage.
Electrocortical activity measured by aEEG is useful for evaluating
the severity of brain damage. Previous animal studies had already
reported that the duration of LAEEG during and after an HI insult
could reflect the severity of histopathological brain injuries in the
piglet26,28,29 and also indicated the strength of the insult.30 In this
study, the fact that the duration of LAEEG after insult was not
significantly different among the three groups could indicate that
the strength of the insult was the same in all piglets.
This study has some limitations. First, we were unable to clarify

the relationship among vascular endothelial cell injury, cerebral
circulation, and seizures. We are planning to clarify this relation-
ship in future research. Second, we did not compare the results for
H2 gas alone. This is because TH is already the standard of care for
HIE in clinical practice and we considered its combination with TH
to be the most feasible protocol. Many reports have suggested the
antioxidant and anti-inflammatory effects of H2 gas. Our study
does not focus on these mechanisms but only discusses their
effects on seizure burden using aEEG, which is a critical marker for
evaluating the severity of brain injuries. Finally, we were unable to
identify the mechanism by which molecular hydrogen contributed
to this seizure-reducing effect. We had previously reported that, in
our piglet model, H2 gas ventilation did not significantly reduce
albumin leakage; however, it had a tendency to reduce this
leakage in response to moderate-to-severe HI insults, as deter-
mined by the ratio of albumin-stained to -unstained areas, even
though histological images showed signs of improvement.31 We
speculate that the mechanism underlying these signs may involve
the protection of the BBB via the antioxidant, anti-inflammatory,
and anti-apoptotic effects of H2 gas. In this study, this functional
improvement in the BBB may have led to a reduction in seizures in
this study. We hope to clarify these mechanisms in future studies.
This study showed that the combination of H2 gas and TH was

associated with a lower rate of an abnormal aEEG-BG, aEEG-BG
+Sz, and SE compared with NT up to 6 h after insult but that, after
12 h, the rate increased with TH but remained lower with H2.
Combination therapy with H2 gas has the potential to improve
the prognosis of patients with brain disorders that cannot be

treated with TH alone, and aEEG is a useful noninvasive and
simple bedside brain function monitor to determine the efficacy
of H2 gas therapy.
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