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HIGHLIGHT

® H, therapy reduced infarct volume in both H, and H2M groups compared to controls at 1 and 7 days after stroke.
® Both H, and H2M improved neurologic functional recovery on day 7 after stroke.

® H2M treatment attenuated post-stroke hyperperfusion in hyperacute phase.
® H, minimized and H2M markedly minimized white matter injury after stroke.

ARTICLE INFO ABSTRACT

Keywords: Free radicals are downstream mediators of several cytotoxic cascades contributing to ischemic brain injury.
Stroke Molecular hydrogen (H,) is an antioxidant potentially useful in the treatment of stroke. Hydrogen is easy to
Hydrogen deliver, biologically non-toxic and diffuses freely through all biological structures including the blood-brain
Antioxidant barrier and cellular membranes. This study evaluated the efficacy of hydrogen treatments in a rat stroke model
compared to vehicle-treated controls using multiparametric MRI and neurological tests. Additionally, compar-
ison of H, treatment alone was made with H, combined with minocycline (H2M) treatment (12 rats per group).
The primary findings were: i) H, therapy reduced infarct volume in both H, and H2M groups compared to
controls at 1 and 7 days after stroke, and ii) both H, and H2M improved neurologic functional recovery on day 7.
The secondary outcomes were: iii) H2M treatment attenuated post-stroke hyperperfusion in the hyperacute
phase, and iv) H2M markedly minimized white matter injury. In conclusion, this is the first study to use MRI to
longitudinally study H, and H2M treatment on ischemic stroke and the first study to compare H, treatment
combined with another potential stroke therapeutic (H2M).
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1. Introduction

Free radicals are downstream mediators of several cytotoxic cas-
cades contributing to ischemic brain injury (Chan, 2001), including
excitotoxicity (Coyle and Puttfarcken, 1993; Monyer et al., 1990) and
inflammation (ladecola and Alexander, 2001). Furthermore, the sig-
nificance of free radicals to stroke pathogenesis is likely to increase with
current stroke treatments to re-establish cerebral blood flow (such as
recombinant tissue plasminogen activator and endovascular clot re-
trieval therapy) being increasingly deployed in stroke centers, since
reperfusion after stroke enhances the formation of free radical species
(Kuroda and Siesjo, 1997).

The search for an antioxidant treatment for stroke is still ongoing.
Several candidate drugs, including tirilazad mesylate, NXY-059, and

Ebselen® were advanced to clinical trials in stroke patients, but were
abandoned after disappointing results (Ginsberg, 2009). The anti-
oxidant Edavarone® gained approval for the treatment of acute stroke
in Japan, but evidence supporting its effectiveness is limited (Feng
et al., 2011). Past disappointments do not disprove the rationale for
antioxidant use in stroke, as the antioxidants tested to date have sig-
nificant limitations in terms of radical scavenging profile or ability to
access all relevant cellular compartments; specific trial design issues
have also been raised (Ginsberg, 2009).

More recently, molecular hydrogen was identified as another anti-
oxidant potentially useful in the treatment of stroke (Ohsawa et al.,
2007). Its chemical redox properties were previously known, but it did
not attract the interest of biologists until Ohta and colleagues demon-
strated that the administration of 2% H, gas by inhalation reduced
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brain infarction and behavioral deficits in a rat stroke model (Ohta,
2014). These investigators noted that hydrogen has highly favorable
properties for use as a medical antioxidant. It scavenged the highly
reactive mediators of pathological oxidative stress, peroxynitrite and
hydroxyl radicals, while showing little reactivity with radical species or
oxidized metabolites important to normal cellular signaling, including
superoxide, hydrogen peroxide, nitric oxide, and oxidized nicotinamide
adenine dinucleotide (NAD +) (Ohsawa et al., 2007). Protective effects
of hydrogen were also observed in different experimental brain injury
models (Cui et al., 2014; Hugyecz et al., 2011; Li et al., 2012, 2019; Liu
et al., 2011; Nemeth et al., 2016). Furthermore, hydrogen has cyto-
protective effects against insults other than ischemia and in organs
other than the brain (Ohta, 2014; Zhang et al., 2018). More recent
studies have also shown H, treatment has further neuroprotective ef-
fects, such as reducing inflammation and suppressing apoptosis (Li
et al., 2019; Zhang et al., 2019). Hydrogen is easy to deliver via in-
halation of a gas mixture or dissolved in water or saline. Hydrogen is
biologically non-toxic and diffuses freely through all biological struc-
tures including the blood-brain barrier and cellular membranes,
reaching all biological compartments (Ohta, 2014). In addition to an-
imal studies, in a small randomized controlled trial, 25 patients with
mild acute stroke (NIH Stroke Scale score 2-6) who were treated with
3% H, inhalation were reported to have a better outcome (lower NIH
Stroke Scale at days 3-14 compared to controls) (Ono et al., 2017).
There are also a few on-going clinical trials (i.e., NCT03320018).

One of the reasons clinical stroke neuroprotection has been so dif-
ficult to achieve may be the multiplicity of ischemic injury pathways.
Virtually all clinical drug trials (and most experimental studies) to date
have deployed single agents. While the evidence supporting the po-
tential value of hydrogen as a treatment for stroke is growing, many
other candidate therapies have ultimately failed to prove efficacious in
clinical trials. We decided therefore to evaluate if the addition of the
semisynthetic tetracycline antibiotic, minocycline, could enhance hy-
drogen-induced ischemic neuroprotection in an experimental stroke
model.

Minocycline is readily available, safe, and beneficial in animal
stroke models (Yrjanheikki et al., 1999), and may be borderline effec-
tive in human stroke (Malhotra et al., 2018). Its neuroprotective and
vasculoprotective effects are based on a mixture of anti-inflammatory
and anti-apoptotic actions (Fagan et al., 2011). At standard anti-
microbial doses, minocycline inhibits matrix metalloproteinase-9
(MMP-9), which is overexpressed and released from multiple cell types
post ischemia, contributing to inflammation, blood-brain barrier
breakdown, and cell death (Chaturvedi and Kaczmarek, 2014). Ad-
ditionally, minocycline potently inhibits poly(ADP-ribose) polymerase-
1 (PARP), which is overactivated by oxidative DNA damage and can
promote cellular energy depletion and “parthanatos” (Dawson and
Dawson, 2018). PARP is a downstream mediator of acute zinc toxicity
(Sheline et al., 2003), another pathway implicated in ischemic cell
death (Koh et al., 1996). Lastly, minocycline has been found to reduce
infarct size and NLRP3 inflammasome activation (Lu et al., 2016; Xu
et al., 2004), and improve neurological functioning and recovery
(Hewlett and Corbett, 2006).

MRI has become a standard method to evaluate the extent of injury
in the brain after stroke. T, MRI provides final infarct volume in the
subacute and chronic phases in vivo (Shen et al., 2013). Perfusion and
diffusion MRI provides for early diagnosis of ischemic stroke, as well as
for the longitudinal evaluation of therapeutic efficacy in chronic stroke
(Sorensen et al., 1996, 1999). Ischemic stroke occurs when basal cer-
ebral blood flow (CBF) drops below a critical threshold (~0.2 ml/g/
min) (Astrup et al., 1981a, 1981b; Hossmann, 1994; Lo et al., 2005),
resulting in metabolic energy failure and cellular swelling. These
changes rapidly precipitate a reduction of the apparent diffusion coef-
ficient (ADC) of water in the brain (Minematsu et al., 1993; Moseley
et al., 1992, 1990). During early ischemic injury, a central core of se-
verely compromised CBF and severe ADC reduction is typically
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surrounded by tissue with moderately diminished CBF, near normal
ADC, and impaired electrical activity but preserved cellular metabolism
(Shen et al., 2013). The difference in anatomical area defined by per-
fusion- and diffusion-weighted MRI is commonly referred to as the
“perfusion-diffusion” mismatch (Kidwell et al., 2003; Warach, 2003),
which approximates the “ischemic penumbra” (Astrup et al., 1981a,
1981b; Hossmann, 1994; Lo et al., 2005). Early interventions in stroke
patients and experimental stroke models have been shown to salvage
some mismatch tissue in a time-dependent manner in animal models of
stroke (Shen et al., 2013) and in humans (Kidwell et al., 2003, 2000;
Warach, 2003). The mismatch concept has been used to select patients
for treatment who will likely benefit from thrombolytic therapy and/or
mechanical clot retrieval (Albers, 1999; Davis and Donnan, 2009;
Kidwell et al., 2001). Recent evidence indicates that proper patient
selection for acute stroke treatment is critically important to achieve
positive outcomes. Thus, MRI plays a critical role in targeting treatment
to specific stroke patients.

Given the potential neuroprotective effects of Hs, the overall aim of
this study was to investigate the longitudinal efficacy of H, and H2M-
combination treatments in the rat middle cerebral artery occlusion
(MCAO) stroke model, using non-invasive and clinically relevant MRI
techniques. The goals of this study are: i) to evaluate the efficacy of
hydrogen treatment in a rat stroke model, and ii) to evaluate if mino-
cycline added to hydrogen treatment (H2M) could further improve ef-
ficacy. The readouts were multiparametric MRI and neurological
scoring. Comparisons were made with vehicle-treated controls.

2. Results
2.1. Effects of H on lesion volume

Representative MRI of the apparent diffusion coefficient (ADC),
cerebral blood flow (CBF), and T, maps at multiple time points after
MCAO from the control, H,, and H2M groups are shown in Fig. 2. ADC
and CBF were reduced in the area of ischemic injury. ADC maps at 30
mins after MCAO (prior to treatment) were similar across all 3 groups,
showing a reproducible MCAO model. T2 lesion were hyperintense
(higher T2) at 1 and 7 days after stroke. T2 was higher at 1 day after
stroke as vasogenic edema was more severe compared to that at 7 days
after stroke. T2 lesion volumes were smaller in the H2 and H2M group
compared to those in the vehicle group.

The quantitative core lesion volume group data at multiple time
points at 30 and 90 mins and at 1 and 7 days after stroke onset are
summarized in Fig. 3. At 30 mins, the initial ADC-defined lesion vo-
lumes before treatment were not statistically different from each other
(223.7 = 23.8 mm® for control, 212.6 = 23.6 mm® for H,,
200.9 + 20.4 mm°® for H2M, p > 0.05). At 90 mins after MCAO (30

MRI MRI MRI MRI

0 60mins I Dayl Day2 Day7

Vehicle, H2, or H2M

MCAO Reperfusion A A

Neurologic Neurologic
Score Score

Fig. 1. Experimental Design. MCAO was induced at time O and reperfusion
occurred at 60 mins after MCAO. There were three treatment (vehicle, H,, or
H2M) groups. Treatments were given directly after reperfusion, and again on
days 1 and 2 after stroke. MRI was obtained at ~30 mins after MCAO (before
treatment), again at 90 mins (after first treatment), and at 1 and 7 days after
MCAO on the same animals (green arrows). Neurological scores were obtained
on 1 and 7 days after MCAO.
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H, H2M

Fig. 2. Representative ADC, CBF and T2 maps from individual animals from the control, H,, and H2M groups. ADC and CBF maps are from 30 mins after MCAO, and
T, maps are from 1 and 7 days after MCAO. Red contours outline the region of abnormal ADC pixels. Green contours outline the region of abnormal CBF. Blue
contours outline the region of abnormal T2. R: right, L: left. Scale bar shows ADC: 0 to 0.002, and CBF 0 to 2.
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Fig. 3. Longitudinal lesion volumes of different treatment groups. Lesions vo-
lumes at 30 and 90 mins after MCAO were measured by ADC. Lesions volumes
at 1 and 7 days after stroke by T2. Data are expressed as mean = STD,n = 12
each. From two-way repeated measures ANOVA, time and group*time had
significant effects on lesion volume (p < 0.05). Significant differences from t-
tests with Bonferroni-Holm correction are indicated as $ p < 0.05 H2M vs
control. # p < 0.05 H, vs control.

mins after reperfusion), lesion volumes decreased in all 3 groups.

One day after MCAO, the lesion volumes of all three groups in-
creased. However, lesion volumes of the H, and H2M groups were
significantly  smaller than that of the control group
(H, = 2295 #= 158 mm® H2M = 2154 = 22.2 mm?® con-
trol = 272.3 = 13.0 mm% p < 0.05 H, and H2M compared to
control). Seven days after MCAO, lesion volumes of both the H, and
H2M remained significantly smaller than that of the control
(H, = 1944 =+ 186, H2M = 166.8 =+ 19.6 mm?> con-
trol = 263.0 = 10.7 mm® p < 0.05 H, and H2M compared to
control). While the lesion volume of the H2M group trended slightly
smaller, there were no significant differences in lesion volumes between
H, and H2M groups 1 or 7 days after MCAO.

2.2. Behavioral outcomes

Garcia neurological scores were analyzed in a blinded fashion at 1
and 7 days after stroke onset (Fig. 4). From two-way repeated measures
ANOVA, time (p < 0.001), group (p = 0.007), and time*group
(p < 0.05) had significant effects on behavioral changes. The control
group demonstrated worse neurobehavioral scores (9.7 = 0.7) at
seven days after MCAO compared to both treatment groups
(H, = 12.1 += 0.5, H2M = 129 = 0.3,p < 0.05).

Neurologic Score
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Fig. 4. Neurological scores of the control, H, and H2M group (n = 12,
mean = STD). Significant differences from t-tests with Bonferroni-Holm cor-
rection are indicated as $ p < 0.05 from control.

2.3. Effects of H, on cerebral blood flow

CBF from the ischemic core (Fig. 5A) and the perfusion-diffusion
mismatch region (Fig. 5B) were measured at 30 mins, 90 mins, and 1
and 7 days after stroke. At 30 mins post MCAO (prior to reperfusion),
the normalized CBF values of both core and mismatch were low and not
statistically different among the 3 groups. At 90 mins after MCAO (30
mins after reperfusion), normalized CBF values from mismatch and core
recovered and were similar among the three groups.

From two-way repeated measures ANOVA, time had significant ef-
fects on CBF in the mismatch region (p < 0.001) but not time*group
(p = 0.08). There was still significant difference between groups
(p = 0.005). There were no significant differences between groups in
the core region. At one day after MCAO, in the mismatch region, CBF of
the treatment groups (H, = 0.885 * 0.057 and
H2M = 0.891 + 0.058 ml/g/min) was significantly lower than that of
the control group (1.162 = 0.098 ml/g/min, p < 0.05). Treatment
prevented hyperperfusion after reperfusion. At 7 days after MCAO, in
the mismatch region, normalized CBF of the H, group
(0.892 + 0.031 ml/g/min) was significantly lower (p < 0.05) than
the H2M group (1.113 + 0.086 ml/g/min) and the control group
(1.084 =+ 0.067 ml/g/min). The H, group still showed mild hypo-
perfusion, suggesting that the minocycline in the H2M group helped to
normalize CBF between 1 and 7 days post-stroke.
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Fig. 5. Normalized CBF in the ischemic core and the perfusion-diffusion mismatch at 30 mins, 90 mins, 1 and 7 days after MCAO. CBF was normalized against values
obtained in the contralesional hemisphere. Data are expressed as mean * STD, n = 12 per group. Significant differences from t-tests with Bonferroni-Holm
correction are indicated as # p < 0.05 versus control. * p < 0.05 from contralateral CBF from uncorrected paired t-tests. Note that the ROIs of the ischemic core
and perfusion-diffusion mismatch were defined at 30 mins after MCAO, and the same ROI was applied to all time points.

2.4. Effects of H, on white matter integrity

White matter integrity of the corpus callosum was assessed from
diffusion MRI from which fractional anisotropy (FA), mean diffusivity
(MD), radial diffusivity (RD), and axial diffusivity (AD) were calculated
(Fig. 6). The FA values in both hemispheres were significantly affected
by time (p < 0.001) but not treatment group or time*group factors
(p > 0.05) using two-way repeated measures ANOVA (Fig. 7A).

The MD values from two-way repeated measures ANOVA were
significantly affected by time (p < 0.001) but not time*group
(p > 0.05) in both hemispheres. However, there was significant dif-
ference between groups (p = 0.046) in the ipsilesional hemisphere but
not the contralesional side. MD values of the H2M group were sig-
nificantly lower compared to those of the H, group (p < 0.05) in the
corpus callosum of both hemispheres (Fig. 7B) on the first day, and in
the ipsilesional hemisphere on the seventh day. H2M was also sig-
nificantly lower than control in the ipsilesional hemisphere on the se-
venth day (p < 0.05).

Fractional Anisotropy

Radial Diffusivity

Axial Diffusivity

Mean Diffusivity

RD values from two-way repeated measures ANOVA result were
significantly affect by time (p < 0.001) but not time*group
(p > 0.05) in bilateral hemispheres. However, there was significant
difference between groups (p = 0.008) in the ipsilesional hemisphere
but not the contralesional side. RD values of the H2M group were sig-
nificantly lower compared to those of the H, group (p < 0.05) in the
corpus callosum of both hemispheres (Fig. 7C) on the first day, and in
the ipsilesional hemisphere on the seventh day. H2M was also sig-
nificantly lower than control in the ipsilesional hemisphere on the first
and seventh day (p < 0.05).

AD was significantly affected by time (p < 0.001) but not time*-
group (p > 0.05) in bilateral hemispheres from two-way repeated
measures ANOVA. However, there was significant difference between
groups (p = 0.046) in the contralesional but not ipsilesional hemi-
sphere. AD values of the H2M group were significantly lower compared
to those of the H, group (p < 0.05) in contralesional hemispheres
(Fig. 7D) on the first day. Collectively, in comparison to the H, group,
the H2M combination therapy group showed generally improved DTI

Fig. 6. Representative diffusion data showing FA, MD, RD and AD maps at 30 mins after stroke from one animal from control group. White-matter regions of interest
of the corpus callosum from which data were analyzed from the contralesional (green) and ipsilesional (red) hemispheres are shown. R: right, L: left.
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Fig. 7. (A) Fractional anisotropy, FA, (B) radial diffusivity, RD, (C) mean diffusivity, MD, and (D) axial diffusivity, AD in the contralesional and ipsilesional corpus

callosum at 30 mins, 90 mins, and 1 and 7 days after MCAO. Data are expressed as mean *

STD, n = 12 in each group. Significant differences from t-tests with

Bonferroni-Holm correction are indicated as $p < 0.05 versus H,. #p < 0.05 versus control.

parameters.

3. Discussion

This double-blinded study applied longitudinal multiparametric
MRI and behavioral measurements to assess the progressive treatment
effects of H, water during the hyperacute to subacute phases of ex-
perimental ischemic stroke, and to additionally test the hypothesis that
H, combination therapy with minocycline could further improve out-
comes compared to H, treatment alone. The primary findings were: i)
H, therapy reduced infarct volume in both H; and H2M groups com-
pared to controls at 1 and 7 days after stroke, and ii) both H, and H2M
improved neurologic functional recovery on day 7. The secondary

outcomes were: iii) H2M treatment attenuated post-stroke hy-
perperfusion in hyperacute phase, and iv) H2M minimized white matter
injury. To our knowledge, this is the first study to use MRI to long-
itudinally study H, treatment of experimental ischemic stroke, and the
first study to examine the neuroprotective benefit of H, combined with
another potential stroke therapeutic (H2M).

Our major findings are consistent with previous H, preclinical stu-
dies (H. Li et al., 2019; Ohsawa et al., 2007). Ohsawa et al. compared
three different durations of H, gas inhalation in a 90 min temporary
MCAO rat model, with 85 and 120 min treatments beginning at onset of
stroke, and a 35 min treatment starting 5 mins before reperfusion. In-
terestingly, the latter duration only decreased infarct volume in the
striatum, while the former two durations decreased infarct volume in
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both striatum and cortex, suggesting treatment prior to reperfusion,
while not always possible clinically, may provide additional benefit.
These previous findings together with ours indicate that H, treatment
could be protective against ischemic stroke. Additionally, minocycline
has also been shown to be neuroprotective even when given before
ischemia (Jin et al., 2015; Naderi et al., 2017; Tanaka et al., 2018).
Hydrogen and minocycline individually have excellent safety profiles in
humans, so both Hy or H2M could potentially be administered by
emergency responders.

3.1. H; and H2M treatment effects on lesion volume and behavioral
outcomes

H, treatment reduced MRI-defined lesion volumes and improved
both 1 and 7 day neurological scores compared to control treatment,
consistent with previous results (Li et al., 2019; Zhang et al., 2019).
Previous results have also found minocycline treatment alone to do the
same (Naderi et al., 2020; Sheng et al., 2018). The improvement in
neurological scores are consistent and likely the results of reduced le-
sion volume and reduced white-matter damage. Here we demonstrated
that the novel combination of H, and minocycline (H2M) was also ef-
fective in reducing MRI-defined lesion volume and improving neuro-
logical scores. Furthermore, compared to H, treatment alone, combi-
nation H2M treatment resulted in significantly more normalized 7 day
CBF and DTI parameters, as well as a non-significant trend towards
further reduction in 7 day lesion volume and improvement in 7 day
neurological scores.

In our study, we analyzed the mismatch and the initially abnormal
ADC tissue together which were considered broadly as “at risk” tissue,
but did not analyzed separately whether the mismatch was salvaged.
Our results showed that some initially abnormal ADC tissue was re-
versible but only transiently in this stroke model (Figs. 2 and 3), con-
sistent with our previous publications (Huang et al., 2018; Jiang et al.,
2015). In addition, we further identified the mismatch volume at the
initial time point, and determine whether its ADC and CBF (of the same
volume) changed at a later time point. This analysis tracked the phy-
siological and biophysical changes of various tissue types long-
itudinally, not commonly done in clinical stroke studies.

3.2. H; and H2M treatment effects on CBF

CBF in the ischemic core during MCAO was markedly reduced re-
lative to normal values and returned towards normal after reperfusion
as expected. However, CBF in the ischemic core was not significantly
different amongst groups across all time points. This is perhaps not
surprising because the tissue in the MRI-defined ischemic core was
likely not reperfused after mechanical re-cannulation and likely non-
salvageable in this model. Note that ischemic core ROI was defined at
30 mins after MCAO and the same ROI applied to all subsequent time
points.

CBF in the perfusion-diffusion mismatch during MCAO was mark-
edly reduced relative to normal values and returned toward normal
(but did not reach normal) value after reperfusion. Neither Hy, nor H2M
treatment altered tissue perfusion in a consistent manner across all time
points, suggests that these treatments might not have direct vasoactive
effects in the brain. However, the H, and H2M groups did not show
hyperperfusion, whereas the control group showed peak hyperperfu-
sion 1 day after MCAO, especially in the mismatch region. Visual in-
spection of CBF maps often showed clusters of significant hyperperfu-
sion that might not be evident on ROI-averaged and group values. This
finding is consistent with previous studies which showed that hy-
perperfusion peaked around 1-2 days post transient ischemia (Shen
et al.,, 2011; Tanaka et al., 2007). Early immediate post-ischemic hy-
perperfusion sometimes observed immediately after recanalization is a
hallmark of efficient recanalization after stroke (Sundt et al., 1969;
Tasdemiroglu et al., 1992). It has been suggested to be both beneficial
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(i.e., to salvage tissue in and around the ischemic zone or prevent in-
farct growth) (Marchal et al., 1996) and harmful (i.e., to aggravate
edema, hemorrhage and neuronal damage after reperfusion) (Pan et al.,
2007; Schaller and Graf, 2004). In contrast, late post-ischemic hy-
perperfusion is often associated with tissue necrosis (Ackerman et al.,
1981; Baron et al., 1981, 1983; Tran Dinh et al., 1997). The spatio-
temporal progression of hyperperfusion was highly correlated with Ty,
T, and blood-brain-barrier changes, although in some animals hy-
perperfusion preceded T, increase, and T, peaked first at one day post
MCAO whereas hyperperfusion peaked at two days post MCAO. Pixel-
by-pixel tracking of tissue fates showed that late hyperperfusion was
associated with tissue infarction whereas tissue that was not infarcted
did not show hyperperfusion (Shen et al., 2011; Tanaka et al., 2007). In
short, H, and H2M appeared to prevent hyperperfusion which could
possibly reduce reperfusion injury in the mismatch region at 1 day after
MCAO.

At day 7 after MCAO, although the CBF of both the core and mis-
match decreased compared to day 1 in the control group, slight hy-
perperfusion persisted. This is consistent with our previous studies
using MR imaging on the rat MCAO model with 30-90 min occlusions,
which found hyperperfusion peaked around days 1 to 2 and dis-
appeared by day 7 (Shen et al., 2011). However, another study using 2
hr occlusion and PET imaging showed a peak of whole brain hy-
perperfusion of over two times control CBF at day 7 (Martin et al.,
2012). One reason for this difference could be the duration of MCAO,
which was 2-hours in the PET study versus 1 h in this study, and hence
more severe brain damage in the former study. In our study, CBF in the
mismatch was significantly different between H, and H2M group, and
overall CBF largely normalized and was similar to CBF in the con-
tralesional hemisphere across all 3 groups. Our finding suggests that H,
and H2M have direct or indirect neuroprotective effects on cerebral
vasculature. Hydrogen has also been shown to induce angiogenesis
(Ergul et al., 2012; Zhang et al., 2019) which could be helpful to CBF
recovery after stroke. However, to our knowledge, there have been no
previous reports of direct or indirect improvement in CBF associated
with H, treatment in stroke.

3.3. H, and H2M treatment effects on white matter integrity

The DTI (by FA, MD, AD and RD measures) provides microstructural
tissue information in both gray and white matter. DTI has been used to
investigate white matter and microstructural brain injury associated
with ischemic stroke. In the contralesional hemisphere, all DTI para-
meters were normal and time invariant, except for edema which af-
fected white matter at 1 day after MCAO. The edema effect was evident
by lower FA and elevated MD, AD and RD across all three experimental
groups, as expected. These group data were confirmed visually on DTI
parametric maps. The edema effects were apparent as expected close to
the midline of the corpus callosum.

In the ipsilesional hemisphere, the edema effects on white matter
DTI parameters were expectedly greatest 1 day after MCAO across all
groups. Nonetheless, most DTI parameters showed treatment effects.
Specifically, at 1-day post MCAO, FA of the H2M group normalized
whereas those of H and control were abnormal. At 7 days post MCAO,
FA of both H2M and H, group were normal, whereas that of control was
abnormal. Similar observations were observed for MD, AD and RD. At
7 days there were less edema, the elevated RD, reduced FA, and ele-
vated MD in controls compared to H2M might be a result of loss of
white matter fiber structure. In short, H, treatment reduced white-
matter damage and H2M treatment markedly reduced white-matter
damage at both 1- and 7-day post MCAO. Our results are consistent
with Hayashida et al., who found that hydrogen decreased axonal da-
mage and neuronal degeneration, and increased neuron cell counts
(Hayashida et al., 2014). There are no prior reports of direct or indirect
effects on white-matter integrity in vivo associated with H, treatment
or H2M in stroke.
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The DTI (by FA, MD, AD and RD measures) provides microstructural
tissue information in both gray and white matter. In our studies we
observed temporally evolving edema and microstructural changes. DTI
has also been used to investigate long-term microstructural changes
associated with potential recovery and adaptation post stroke. These
findings are in general agreement in the literature that DTI provides
added value (microstructural tissue information) in addition to T2 MRI.

3.4. Limitations and future perspectives

The limitations of this study are: i) This pilot study employed only a
single MCAO duration of 60 min and single doses of H, and H2M ad-
ministered immediately after reperfusion and 1 and 2 days after stroke
onset. Future studies will need to investigate different occlusion dura-
tions, different dosages, possible delayed treatment effects, and possible
rebound edema after ending treatment after day 2. i) MRI and limited
behavioral measurements were made only out to 7 days, so further
studies of additional behavioral measures and of and chronic effects of
H2M treatment are needed. iii) CBF was normalized to the contrale-
sional hemisphere in each animal to reduce inter-subject variability.
However, CBF changes also occur in the contralesional hemisphere
after ischemic stroke (Harston et al., 2017; Thamm et al., 2019), so our
normalized CBF values cannot be interpreted relative to entirely normal
CBF. iv) The molecular mechanisms of H, and minocycline alone have
been previously examined, but the mechanisms of combined H2M
neuroprotection have not been studied. Future studies will need to
confirm if minocycline still provides anti-inflammation and anti-apop-
totic effects when combined with H,. v) Histological infarct volume was
not assessed. However, our laboratory and others have consistently
shown that T2-weighted MRI at 2 or 7 days accurately and consistently
depicts histological infarct volume by hematoxylin and eosin (H&E) or
triphenyl tetrazolium chloride (TTC) (Jiang et al., 2015; Shen et al.,
2013). The advantage of T2 MRI for delineating lesion volume is that it
can be done in vivo and longitudinally.

4. Conclusion

This is the first study of hydrogen-minocycline combination therapy
in ischemic stroke. Multiparametric MRI was used to longitudinally
evaluate lesion volume, tissue perfusion and white-matter integrity
associated with hydrogen treatment alone and hydrogen-minocycline
combination therapy of ischemic stroke. Hydrogen therapy reduced
lesion volume, hyperperfusion in the ischemic penumbra, white-matter
damage, and behavior deficits up to 7 days post stroke compared to
vehicle-treated controls. Hydrogen and minocycline combination
therapy outperformed hydrogen therapy alone. Hydrogen and mino-
cycline individually have excellent safety profiles in humans.
Hydrogen-minocycline combination therapy could potentially be ad-
ministered by emergency responders in the field or during ambulance
transit, enabling broad application. This warrants further investigation.
These imaging approaches can also be readily translated onto clinical
MRI scanners.

5. Experimental procedure
5.1. Experiment design

All experimental procedures were approved by the Institutional
Animal Care and Use Committee at Stony Brook Medicine and con-
ducted in accordance with the ARRIVE guidelines (Kilkenny et al.,
2010). Male Sprague-Dawley rats (250-350 g, n = 40, Charles River
Laboratories, Wilmington, MA) were randomized into three groups in a
double blinded experimental design. Three animals were excluded due
to surgical complication (2 from control and 1 from H2M group, all died
within 3 h post-surgery) and one animal was excluded due to the ab-
sence of stroke (no diffusion abnormality at 30 mins post MCAO). The
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three groups and the corresponding final sample sizes for all time points
were: i) control (oral water by gavage and intraperitoneal saline,
n = 12), ii) H, (oral hydrogen water by gavage and intraperitoneal
saline, n = 12), and iii) H2M (oral hydrogen water by gavage and in-
traperitoneal minocycline, n = 12). The final sample sizes were N = 12
for each group for reach time point. The H2 water/water alone and
minocycline/saline solutions were prepared by a technician who had
access to the randomization list, but who was not involved in per-
forming experiments or analyzing data. The list was not unlocked until
all the experimental procedures and data analysis were completed. The
experimental design is shown in Fig. 1. The primary outcome measures
were infarct volume and neurologic functional scores. The secondary
outcomes were cerebral blood flow (hypo- and hyperperfusion) and
white matter injury.

5.2. H, water preparation

Hydrogen-enriched water was prepared by using hydrogen-produ-
cing tablets (Rejuvenation H, tablets), kindly donated by Drink HRW
(Port Hueneme, CA). Each tablet contains 80 mg of magnesium, which
reacts with water to produce hydrogen gas (LeBaron et al., 2019). A
single tablet was dissolved in 250 ml water in a stainless steel can with
a tightly-fitted stainless steel lid, producing hydrogen-enriched water
containing a near saturated concentration of dissolved hydrogen (up to
1.6 ppm at room temperature and pressure), as verified using a dis-
solved hydrogen-measuring electrode (Sata Shouji ENH-1000, Kawa-
saki City, Japan; accuracy + 5 ppb) or a hydrogen test kit (H,Blue, H,
Sciences Inc., Henderson, NV). After opening the sealed can, hydrogen-
enriched water was administered as quickly as possible to minimize
dissipation of dissolved hydrogen, using gastric gavage at a dose of
10 ml/kg.

5.3. H; water and minocycline dose selection

A typical neuroprotective dose of H, water or saline in the recent
animal research literatures is 10 ml/kg qd (Li et al., 2018; Meng et al.,
2015; Zhou et al., 2013). A 10 ml/kg dose was found to provide better
protection than a dose of 5 ml/kg against spinal cord injury in rabbits
(Zhou et al., 2013). In our study with an average adult male rat weight
of around 300 g, the 10 ml/kg corresponded to about 3 ml of H, water
by oral gavage. This dose fits within the therapeutic ranges previously
reported, including 3 ml of 50% saturated water by gavage in rats used
by Fu et al (Fu et al., 2009) that gave similar blood H, levels as the 2%
H, gas inhalation used by Ohsawa et al (Ohsawa et al., 2007), who
found both 2% and 4% H, inhalation to be protective in a rat perma-
nent MCAO stroke model. Therefore, a 10 ml/kg dose of a near satu-
rated concentration of dissolved hydrogen (up to 1.6 ppm at room
temperature and pressure) was selected in present study.

The effective dose for minocycline for neuroprotection in stroke was
reported to be between 10 and 100 mg/kg for intraperitoneal admin-
istration (Naderi et al., 2020). For combination therapy in this study to
enhance hydrogen’s anti-inflammation and antioxidant effects, a dose
in the lower range for minocycline was used, 20 mg/kg.

5.4. Animal preparation

The animals were intubated and mechanically ventilated under
isoflurane (2% in room air). MCAO was achieved by inserting an in-
traluminal silicon rubber-coated filament (Doccol Corporation, Sharon,
MA) through the right external carotid artery in a retrograde fashion.
The animals were then secured in the supine position using a custom-
made MRI-compatible stereotaxic headset. After the initial MRI mea-
surements at 20-40 mins after onset of stroke, rats were taken out from
the MRI scanner and reperfused 60 mins after MCAO. Subsequently,
hydrogen water was given by gastric gavage at a dose of 10mk/kg, and
minocycline (Sigma-Aldrich, St. Louis, MO, USA) was administered i.p.
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at a dose of 20 mg/kg immediately after reperfusion. Treatments were
repeated again 1 day and 2 days after MCAO.

End-tidal CO, was monitored via a SurgiVet capnometer (Smith
Medical, Waukesha, WI, USA). Rectal temperature (36.0-37.0 °C), heart
rate (300-350 bpm), respiration rate (55-65/min) and arterial oxyge-
nation saturation (90-99%) were recorded using an MRI-compatible
monitoring system (Small Animal Instrument, Stony Brook, NY, USA)
and maintained within normal physiological range during MRI scan-
ning. All rats were housed with companions before the MCAO but alone
afterwards, in a 12-12 h light/dark circle room with constant tem-
perature (22 * 2°C) and humidity (55 * 10%). All animals had free
access to food and water.

5.5. MRI experiments

MRI was performed on a Bruker Biospec 7.0 T/20 cm scanner with a
66G/cm BGA12SHP gradient (Billerica, MA) using a custom-made
surface coil (2.3 cm inner diameter) for brain imaging and a neck coil
for perfusion labeling. Diffusion and blood flow MRI were acquired at
30 mins, 90 mins, 1 day and 7 days after MCAO. T, maps were acquired
on 1 and 7 days after MCAO.

Cerebral blood flow (CBF) was measured using the continuous ar-
terial spin-labeling (cASL) technique with gradient echo-planar imaging
(Shen et al., 2013). Labeling duration was 1.7 s and post-labeling delay
was 250 ms. Acquisition parameters were matrix = 96x96 with partial
Fourier (5/8) acquisition and reconstructed to 128x128, field of view
(FOV) = 25.6x25.6 mm, five 1.5 mm slices, repetition time
(TR) = 2200 ms, 90° flip angle, and echo time (TE) = 9.5 ms.

Diffusion Tensor Imaging (DTI) was measured using spin-echo diffu-
sion-weighted echo-planar imaging with gradients separately applied
along three orthogonal directions (Shen et al., 2013). Two b values of 4
and 1,200 s/mm? were used with A = 8.4 ms, § = 2.5 ms, and 30
directions. Other MRI parameters were: single shot, matrix = 96x96
(reconstructed to 128 x 128), FOV = 25.6 X 25.6 mm, five 1.5 mm
thick slices, 90° flip angle, TR = 3000 ms, TE = 25 ms.

Ta-weighted images were acquired using fast spin-echo pulse se-
quence (Shen et al., 2013) with four effective echo times (25 ms and
75 ms, 40 ms and 120 ms, two separate acquisitions), TR = 3000 ms
(90° flip angle), matrix = 128 x 128, FOV = 25.6 x 25.6 mm, RARE
factor of 6, and 8 signal averages.

5.6. MRI analysis

Data analysis used codes written in Matlab (MathWorks, Natick,
MA, USA) and Mango (University of Texas at San Antonio, San Antonio,
TX, USA) software. Images from each rat at different time points were
co-registered. CBF and T, maps were calculated. From DTI, Apparent
diffusion coefficient (ADC), Fractional anisotropy (FA), Axial Diffusivity
(AD), Radial Diffusivity (RD), and Mean Diffusivity (MD) were calcu-
lated. The initial lesion volume was defined by the ADC lesion 30 mins
post stroke using a threshold of the mean ADC of the normal hemi-
sphere minus 3x the standard deviation (Rodriguez et al., 2016). A
threshold of 0.30 ml/g/min was used to define the CBF deficit tissue
volume (Shen et al., 2013). The perfusion-diffusion mismatch was taken
to be tissue with ADC above threshold but with CBF below threshold.
For CBF analysis, both quantitative and normalized CBF with respect to
the contralesional (normal) ROIs were used.

Athough there are changes in the contralesional hemisphere at the
miscroscopic and molecular level. At the macroscopic level of CBF,
there was relatively little or no changes in the majority of the con-
tralesional hemisphere (Harston et al., 2017; Thamm et al., 2019).
Thus, for comparison purpose across groups within a study, normal-
ization to contralesional hemisphere CBF values avoids the large inter-
subject variability if we were to compare to a sham group as we have
done previously (Jiang et al., 2015).

Lesion volumes defined by abnormal ADC were tabulated
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longitudinally. Infarct volumes at 1 and 7 days after MCAO were de-
fined by T, using the threshold of mean T, of the normal hemisphere
plus two times the standard deviation. Edema-corrected infarct volume
was calculated (Shen et al., 2013).

CBF of the ischemic core and perfusion-diffusion mismatch were
tracked longitudinally using ROIs identified as core and mismatched at
30 mins.

For white matter assessment, ROIs of the corpus callosum (CC) on
ipsilesional and contralesional hemisphere to stroke were drawn based
on FA maps at each time point. FA, MD, AD and RD values were ana-
lyzed for both sides of CC for individual animals, followed by group
averaging.

5.7. Neurological deficits

The Garcia neurological test was used to determine behavioral
neurological deficits (Jiang et al., 2015). Briefly, the Garcia test consists
of spontaneous activity, tail suspension movement of all limbs, forelimb
outstretching, climbing, touching of trunk, and vibrissae touching. In-
dividual tests were scored from 1 to 3 (3 is best) and summed to con-
stitute a 6-18 point total. Higher scores represent milder neurological
deficits. Garcia scores were assessed blinded to treatment group 1 and
7 days after MCAO, prior to the MRI scans.

5.8. Statistical analysis

Data in text and plots are shown as mean + STD. For lesion vo-
lume, a two-way repeated-measures ANOVA analysis was used for
comparison across different groups at each time point, and followed by
post hoc analysis using t-tests (with Bonferroni-Holm correction)
comparing groups at 1 and 7 days after stroke. The same analysis was
used for other MRI parameters. Neurological scores were analyzed si-
milarly with data only from 1 and 7 days after stroke. p < 0.05 was
considered significant.
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