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Abstract

Molecular hydrogen has been shown to have neuroprotective effects in mouse models of acute neurodegeneration. The
effect was suggested to be mediated by its free-radical scavenger properties. However, it has been shown recently that
molecular hydrogen alters gene expression and protein phosphorylation. The aim of this study was to test whether chronic
ad libitum consumption of molecular hydrogen-enriched electrochemically reduced water (H-ERW) improves the outcome
of lipopolysaccharide (LPS)-induced neuroinflammation. Seven days after the initiation of H-ERW treatment, C57Bl/6 mice
received a single injection of LPS (0.33 mg/kg i.p.) or an equivalent volume of vehicle. The LPS-induced sickness behaviour
was assessed 2 h after the injection, and recovery was assessed by monitoring the spontaneous locomotor activity in the
homecage for 72 h after the administration of LPS. The mice were killed in the acute or recovery phase, and the expression
of pro- and antiinflammatory cytokines in the hippocampus was assessed by real-time PCR. We found that molecular
hydrogen reduces the LPS-induced sickness behaviour and promotes recovery. These effects are associated with a shift
towards anti-inflammatory gene expression profile at baseline (downregulation of TNF- a and upregulation of IL-10). In
addition, molecular hydrogen increases the amplitude, but shortens the duration and promotes the extinction of
neuroinflammation. Consistently, molecular hydrogen modulates the activation and gene expression in a similar fashion in
immortalized murine microglia (BV-2 cell line), suggesting that the effects observed in vivo may involve the modulation of
microglial activation. Taken together, our data point to the regulation of cytokine expression being an additional critical
mechanism underlying the beneficial effects of molecular hydrogen.
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Introduction

Molecular hydrogen has been proposed as an effective

antioxidant treatment [1], based on its free-radical scavenger

properties, and has been successfully used in a wide range of

pathological conditions involving acute oxidative stress (reviewed

in [2] and [3]). The primary molecular target of molecular

hydrogen is not clearly understood yet. The main mechanism of

action was suggested to be the preferential scavenging of hydroxyl

(HO?) and peroxynitrite (ONOO?) radicals, thereby reducing the

oxidative damage to both membrane lipids and DNA [1]. In

addition, recent reports indicate consistent effects on gene

expression and protein phosphorylation [4,5].

Molecular hydrogen can be delivered exogenously, via inhaled

air or dissolved in water (dietary consumption, systemic admin-

istration, or local application), or produced by intestinal bacteria

[6] (reviewed in [2]). The acute administration of hydrogen either

in breathing air, or dissolved in sterile saline have been successful

in improving the outcome of conditions in which reactive oxygen

species (ROS) are known to play a critical role, such as ischemia-

reperfusion lesions in different organs, including liver, intestine,

kidney, and nervous system (reviewed in [3]). The protective

effects have been associated with reduction of oxidative stress and

cytokine production measured 24 h after reperfusion[7–11]. In

addition, molecular hydrogen administered in drinking water

could protect mesencephalic dopaminergic neurons from MPTP-

induced degeneration in mice [12].

The nervous system responds to most injuries with neuroin-

flammation, which is characterized by phenotypical changes in

microglia and astrocytes, and increased production of free radicals,

cytokines, and neurotrophins. ROS released by activated micro-

glia contribute to the elimination of pathogens, but also mediate

the detrimental effects of neuroinflammation ([13], reviewed in

[14]). In addition, ROS act as secondary messengers to activate

the expression of proinflammatory cytokines [15]. A transient or

chronic imbalance (as in ageing) between pro- and anti-in-

flammatory cytokines in the brain is associated with behavioural

alterations ranging from decreased activity (see [16,17]) to

depression-like symptoms and cognitive deficits [18]. Neurotro-

phins, such as brain-derived neurotrophic factor (BDNF) are

required for the maintenance and recovery of neuronal function.

The expression of neurotrophins and their receptors has been
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shown to be modulated by the balance between pro- and anti-

inflammatory cytokines [19]. Consistently, therapeutic strategies to

prevent or reduce inflammation, including administration of

antioxidants [20,21] and non-steroid anti-inflammatory drugs

(NSAID) [22], have proven successful in limiting the behavioural

alterations, as well as in preventing neurodegeneration (see also

[23]). The stereotypical adaptive response occurring during

neuroinflammation limits the damage and promotes functional

recovery. However, uncontrolled continuation of neuroinflamma-

tion may lead to neurodegeneration [24]. Therefore, the

regulation of both amplitude and duration of neuroinflammation

is critical for optimizing its efficiency as defense mechanism.

A commonly used model to induce neuroinflammation is via

systemic administration of lipopolysaccharide (LPS). LPS is

a highly conserved component of the wall of Gram-negative

bacteria that is recognized by the mammalian immune system as

pathogen-associated molecular pattern (PAMP). It binds to the

toll-like receptor 4 (TLR4) via the adapter protein CD14 [25] and

upregulates the expression of proinflammatory cytokines following

the nuclear translocation of NF-kB [26]. LPS administered

intracerebrally or systemically triggers the activation of microglia

and the subsequent increased expression of cytokines ([27];

reviewed by [28]). Systemic administration of LPS induces, in

a dose-dependent manner, transient fever, anorexia, and a global

decrease in exploratory activity, social and sexual interactions

[21]. The behavioural alterations are collectively referred to as

‘‘sickness behaviour’’ (reviewed in [29]).

Proinflammatory cytokines, such as interleukin (IL)-1 and

tumour necrosis factor (TNF- a), are driving the sickness

behaviour [29], while antiinflammatory cytokines, such as IL-10,

have been shown to limit the sickness behaviour by regulating the

LPS-induced expression of proinflammatory cytokines ([30,31],

reviewed in [17]). Proinflammatory cytokines also transiently

suppress the expression of clock genes in the suprachiasmatic

nucleus [32,33], which alters the circadian rhythmicity in

spontaneous locomotion and sleep patterns. The microglia are

cells located in the brain parenchyma that belong to the innate

immune system. They undergo rapid phenotypical changes in

response to injury [34] and are a major source of proinflammatory

cytokines in the brain [35]. The mounting of a neuroinflammatory

response depends on the presence and the activation of microglia.

Importantly, the baseline activation state of microglia is a crucial

determinant of the amplitude and the duration of the sickness

behaviour and cytokine production in the brain [36]. Recent

evidence indicates that the microglial redox status regulation plays

a central role in modulating the neuroinflammatory response

([13,37,38], reviewed in [39]).

In this study we have investigated the effects of chronic ad libitum

consumption of molecular hydrogen- enriched electrochemically

reduced water (H-ERW) on neuroinflammation induced by

systemic administration of LPS. We found that molecular

hydrogen limits the development and facilitates the resolution of

sickness behaviour. In addition, it enhances the induction, and

promotes the resolution of neuroinflammation, thereby presum-

ably promoting the efficiency of the defense response. To

investigate the direct effects of molecular hydrogen on isolated

microglia we used a murine microglia cell line (BV-2). In

agreement with the findings in vivo, we found that BV-2 cells

cultured in H-ERW-based medium displayed a more robust

response when exposed to LPS.

Results

Molecular Hydrogen-enriched H-ERW Reduces the
Sickness Behaviour Induced by LPS
Ad libitum consumption of H-ERW did not have any effects on

behaviour at baseline or in either sham group. To investigate

whether molecular hydrogen affects the induction of sickness

behaviour and/or the recovery, we assessed (1) the effect on the

suppression of locomotor activity 2 h after LPS administration

(acute phase), and (2) the alterations in circadian activity in the

homecage during 72 h following the LPS challenge.

Systemic administration of LPS induced a decrease in body-

weight by 6–8% within the first 24 h (to a similar extent in LPS-H-

ERW mice as in LPS-controls; N = 8/group) (Fig. 1), followed by

a gradual recovery to baseline. The LPS-H-ERW mice recovered

faster and reached baseline bodyweight earlier than LPS-controls

(Fig. 1A). Ad libitum consumption of H-ERW did not influence the

bodyweight in sham mice (i.e. not injected with LPS) (N = 8/

treatment; data not shown).

In agreement with earlier reports, habituation accounted for

a decrease to 75% from baseline spontaneous locomotion in sham-

treated mice (see also [21]). Systemic administration of LPS

suppressed the spontaneous locomotor activity to 25% from

baseline in LPS-control mice, and to 45% in LPS-H-ERW mice

(factorial ANOVA followed by contrast analysis, p,0.05) (Fig. 1B).

To follow the recovery from sickness behaviour, we monitored

the activity of mice in the home-cage for at least 2 light-dark cycles

before the administration of LPS, and 3 light-dark cycles following

the LPS challenge (Fig. 1C). We found that the global locomotor

activity was significantly suppressed immediately following the

LPS injection to a similar extent in LPS-control and LPS-H-ERW

mice. However, the ultradian patterns of activity (e.g. the 3 peaks of

activity during the active phase) were preserved in LPS-H-ERW

mice immediately after LPS administration, although at a lower

amplitude than at baseline (Fig. 1C, see also the File S1 and Figure

S1 for a more detailed analysis of the variations in amplitude in

relation to sickness behaviour).

The spontaneous locomotor activity dropped to 75% of baseline

during the light phase immediately following the injection of LPS,

and to 28.2% and 41.8% of baseline during the following dark

phase in the LPS-control and LPS-H-ERW groups respectively.

During the following light-dark cycles, the control mice were

briefly hyperactive compared to baseline, then returned to close-

to-normal spontaneous locomotor activity in the homecage. In

contrast, the LPS-H-ERW mice remained slightly hypoactive and

returned to close-to-normal levels of spontaneous locomotion

(Fig. 1D). The analysis of resting time was significantly increased

for 3 consecutive phases in LPS-control mice (one-sample t-test,

p,0.05). In contrast, the LPS-H-ERW mice displayed an increase

in resting time only during the dark phase following the injection

of LPS (Fig. 1D). The circadian distribution of both spontaneous

locomotor activity and resting time in the homecage was restored

to baseline values after 24 h in the LPS-H-ERW mice, compared

to 48 h in LPS-control mice (Fig. 1E).

Molecular Hydrogen-enriched H-ERW Induces an
Antiinflammatory Baseline Cytokine Expression Profile
and Promotes the Resolution of Neuroinflammation

In light of the role played by cytokines in LPS-induced

neuroinflammation, we investigated the expression of proinflam-

matory (TNF-a, IL-1b, and IL-6) and antiinflammatory (IL-10)

cytokines in the hippocampus (a brain region where neuroin-

flammation occurs robustly in response to brain injury or systemic

inflammation [40,41]). The timepoints for measuring the changes

Molecular Hydrogen Limits Neuroinflammation
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Figure 1. Effects of molecular hydrogen in drinking water on sickness behaviour induced by systemic administration of LPS. (A)
Changes in bodyweight monitored for 2 weeks after the administration of LPS. Baseline bodyweight is calculated as average of the last 3 days
preceding the administration of LPS. Mice drinking molecular hydrogen-enriched H-ERW drop slightly less than control mice, and recover faster to
baseline bodyweight (N = 8 mice per group; * p,0.05, repeated measures ANOVA, followed by contrast analysis). (B) Spontaneous locomotor activity

Molecular Hydrogen Limits Neuroinflammation
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in gene expression were selected to match the acute phase of the

sickness syndrome (2–4 h after the administration of LPS; see [29])

and the recovery of spontaneous locomotor behaviour (24–48 h).

The alterations in gene expression in mouse hippocampi are

shown in Table 1 and Fig. 2 (N = 4–6/group). In the hippocampus

of sham-treated mice, we found that H-ERW upregulated IL-10,

and downregulated TNF-a and HO-1 (one-sample hypothesis t-

test, p,0.05).

Following the administration of LPS, TNF-a was upregulated at

4, 24 h, and 48 h in the hippocampi of control mice, and at all

timepoints (2, 4, 24, 48 h) in H-ERW mice. The upregulation was

significantly higher in the H-ERW mice 2 and 4 h after systemic

challenge with LPS.

IL-1b was upregulated in LPS-control mice at 2, 4, and 24 h,

but not at 48 h. In LPS-H-ERW mice, we found IL-1b to be

upregulated to a higher extent at 2 h, and to a significantly lower

extent at 24 h.

IL-6 was upregulated at 2, 4, and 24 h, but not at 48 h, in both

groups. In LPS-H-ERW mice, the upregulation of IL-6 was higher

than in LPS-controls at 2 h, and lower than in LPS-controls at 4

and 24 h after exposure to LPS.

Similarly, IL-10 was upregulated in LPS-control mice at 2, 4,

and 24 h, but not at 48 h. In LPS-H-ERW mice, IL-10

upregulation was higher at 2 h, and was still detectable 48 h after

exposure to LPS.

LPS-induced neuroinflammation is accompanied by an in-

creased production of free radicals and changes in the redox

homeostasis in microglial cells [38]. This induces a transient

upregulation of proinflammatory cytokines (via activation of NF-

kB) and of phase II antioxidant and detoxification enzymes, such

as heme oxygenase-1 (HO-1) (via activation of Nrf2, which binds

to antioxidant response elements, ARE) (reviewed in [39]).

Importantly, HO-1 is involved in the extinction of neuroinflam-

mation [37]. Nitric oxide (NO) produced and released in the

extracellular space by activated microglia is critical for sustaining

the activation and mediates the neurotoxic effects of activated

microglia [42]. The control of iNOS expression is very complex

and includes NF-kB activation as well as ARE-binding transcrip-

tion factors (such as Nrf2) (reviewed in [43]). The antioxidant

enzyme catalase (Cat) is upregulated promptly in response to

changes in the redox status and inhibits the LPS-induced

activation and NO production in microglia [15]. Therefore, we

assessed the changes in gene expression for iNOS, Cat, Nrf2 and

HO-1, as marker of Nrf2 transcription-regulation activity.

The expression of iNOS was upregulated at 2 h, and down-

regulated at 48 h in the hippocampi of LPS-control mice. In LPS-

H-ERW mice, iNOS was downregulated only 4 h after exposure

to LPS, and was significantly different from controls at 2 and 48 h

after exposure.

In the hippocampi of LPS-control mice, Cat was upregulated at

2 h, and downregulated at 4 and 48 h after exposure to LPS. In

in a novel environment. The baseline activity was recorded 22 h prior to LPS and was used as reference for activity recorded 2 h after the injection of
either vehicle (sham), or LPS. Note that the habituation to the testing conditions accounts for 25% decrease in locomotor activity. LPS administration
decreases the locomotor activity to 25% in control mice, and to 45% in H-ERW mice (sham-control: N = 15; sham-H-ERW: N=15; LPS-controls: N = 13;
LPS-H-ERW: N= 14; * p,0.05, factorial ANOVA followed by contrast analysis). (C) Spontaneous locomotion in the homecage expressed as average
number of visits per hour (see text for details) for 6 consecutive light-dark cycles (light and dark phases indicated at the bottom of the graph). The
injection of LPS is marked by arrow. Arrowheads indicate the peaks in locomotor activity induced by handling for measuring bodyweight. Note that
the pattern with 2 or 3 distinct peaks of activity is preserved in H-ERW mice even during the first dark phase following the LPS injection (although at
lower amplitude than at baseline), and is restored earlier than in control mice. ‘‘baseline’’ indicates the two light-dark cycles that were used for
deriving baseline values for all parameters analysed. (D) Spontaneous locomotor activity resting time in the homecage (light and dark phases are
indicated at the top of the graph). Systemic administration of LPS (arrow) induces a significant decrease in spontaneous locomotion during both light
and dark phases of the following circadian cycle, followed by a transient hyperactive period in control, but not in H-ERW mice. Resting time is
significantly increased only during the dark phase following the LPS injection in H-ERW mice, compared to 3 consecutive phases in the control mice.
Arrowheads indicate the timepoints where a significant change in spontaneous locomotion or resting time occurs in only one group (i.e. either LPS-
control, or LPS-H-ERW). (E) Circadian distribution of locomotor activity and resting time. The circadian distribution of both activity and resting time
was restored earlier in mice drinking H-ERW (* p,0.05, repeated measures ANOVA followed by contrast analysis). C, D, E–N=8 mice per group,
recorded in parallel in groups of 4 LPS-control and 4 LPS-H-ERW mice.
doi:10.1371/journal.pone.0042078.g001

Table 1. Regulation of gene expression in hippocampus.

gene baseline 2 h 4 h 24 h 48 h

(H-ERW) control H-ERW control H-ERW control H-ERW control H-ERW

TNF-a Q 2 q q q q q q q

IL-1b 2 q q q q q q 2 q

IL-6 2 q q q q q q 2 2

IL-10 q q q q q q q 2 q

iNOS 2 q 2 2 Q 2 2 Q 2

Cat 2 q 2 Q 2 2 2 Q Q

Nrf2 2 q 2 2 2 2 2 2 q

HO1 Q q 2 Q 2 q q 2 q

BDNF 2 2 2 Q Q 2 q q 2

baseline: sham-H-ERW vs. sham-control; otherwise LPS-control or LPS-H-ERW vs. ‘‘no-regulation’’ hypothesis (one sample t-test versus fold-regulation = 1);
q - significant upregulation;
Q - significant downregulation.
doi:10.1371/journal.pone.0042078.t001
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the LPS-H-ERW mice, Cat was downregulated only 48 h after

exposure to LPS, and was lower than in LPS-controls at 2 h after

exposure.

Nrf2 was upregulated 2 h in LPS-controls, and 48 h in LPS-H-

ERW mice, at which point its expression was higher than in LPS-

controls.

HO-1 was downregulated at 4 h and upregulated at 2 and 24 h

after exposure to LPS in LPS-control mice, whereas in LPS-H-

ERW mice it was upregulated both 24 and 48 h after exposure to

LPS. However, no significant differences were found between the

two LPS groups.

A peripheral immune stimulation is accompanied by a transient

alteration in performance in hippocampal-dependent tasks

[44,45], as well as by a downregulation of plasticity-related genes,

including BDNF [46,47]. The functional recovery after brain

injury and neuroinflammation is associated with an upregulation

of BDNF expression [48,49]. We measured the expression of

BDNF in the hippocampus following systemic administration of

LPS and found a significant downregulation 4 h after LPS

administration in both groups, but to a lesser extent in the H-

ERW mice. BDNF was robustly upregulated only in H-ERW mice

at 24 h, while in control mice the upregulation was detectable only

48 h after exposure to LPS.

In summary, molecular hydrogen induces a more robust

induction of proinflammatory (TNF-a, IL-1b, IL-6) and antiin-

flammatory (IL-10) cytokines in the acute phase (2–4 h), followed

by a faster decay in expression at later timepoints (24 h). The

stronger induction of proinflammatory cytokines in the H-ERW-

treated mice at early timepoints was accompanied by lower

expression levels of iNOS and Cat 2 h after the administration of

LPS. The effect of molecular hydrogen in drinking water at the

timepoints corresponding to the recovery from sickness syndrome

(24–48 h) is characterized by a lower upregulation of proin-

flammatory cytokines (IL-1b and IL-6), an earlier upregulation of

BDNF, and an upregulation of IL-10, HO-1, and Nrf2 48 h after

LPS administration only in H-ERW-treated mice.

Molecular Hydrogen-enriched Culture Medium Alters the
Proliferation and Activation of BV-2 Microglial Cells
Following the Exposure to LPS, but not in Baseline
Conditions

Next, we investigated whether the pretreatment with hydrogen-

enriched culture medium could modulate the activation of

microglia induced by exposure to LPS. To this end we used BV-

2 cells (a murine microglia-derived cell line), which have been

shown to be a reliable in vitro model for microglial activation[50–

54] and display up to 90% similar profile of gene expression

regulation as compared to primary microglia cultures [55].

First, we used the Cell-IQ2TM system for the continuous

monitoring of cell counts and morphological classification. We

found that BV-2 cells have an exponential growth curve for at least

24 h after removing the fetal calf serum (FCS). The curve

parameters were similar in BV-2 microglia cultured in either

control- or H-ERW-DMEM, and the time constant was (2.360.1)

1022 h21. This corresponds to a relative increase in cell number of

approximately 2.3%/h. The automated classification based on

morphological analysis also found similar proportions of activated

microglia in both groups at baseline. The addition of LPS to the

growth medium induced a brief but significant response only in the

H-ERW-DMEM cells (Fig. 3; repeated measures ANOVA for

Figure 2. Analysis of LPS-induced changes in gene expression in the hippocampus. Data shown as fold change relative to sham mice.
N = 4–5 samples/group and timepoint. Arrowheads indicate the groups and timepoints where significant gene expression regulation was found in
only one of the LPS-treated groups compared to its respective sham. * - significantly different from control at the given timepoint; # - p = 0.07.
doi:10.1371/journal.pone.0042078.g002
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trend control-DMEM: p = 0.20; H-ERW-DMEM: p,0.05). Thus,

LPS induced a rapid change in total cell counts that was

maintained for up to 24 h, and a transient increase in the

proportion of activated cells (from 24.160.9% to 29.762.8%)

followed by a trend towards reduced activation by 1 h after LPS.

Molecular Hydrogen-enriched Culture Medium Alters
Gene Expression in BV-2 Microglia Both at Baseline and
after Exposure to LPS

To further investigate the phenotypical changes induces by LPS,

we harvested the cells 2 h after the exposure to LPS and analysed

the activation state and the changes in gene expression by

quantitative real time PCR. We found that cells grown in H-

ERW-DMEM show less signs of activation (lower proportion of

activated cells, and higher proportion of resting cells; see Fig. 4A)

after 2 h of exposure to LPS, but not in normal conditions. IL-10

was significantly upregulated in BV-2 cells cultured in H-ERW-

DMEM at baseline (Table 2). Following the exposure to LPS, we

found TNF-a, IL-1b, IL-6, IL-10, iNOS, and Nrf2 to be

upregulated in cells grown in both control- and H-ERW-DMEM,

and HO-1 to be downregulated only in the cells grown in control-

Figure 3. Longitudinal analysis of proliferation and activation upon exposure to LPS. BV-2 cells were grown in DMEM supplemented with
10% FCS for 24 h after plating. The growth medium was replaced with serum free control- or H-ERW-DMEM, immediately before starting the
recording. LPS was added to the growth medium after 24 h, and the cells were followed for an additional 24 h. (A) Total cell number relative to the
average over the last 2 h before exposure to LPS. (B) Activation of BV-2 cells by exposure to LPS 1 mg/ml assessed by automated analysis of cell
morphology (% from total cell number).
doi:10.1371/journal.pone.0042078.g003

Figure 4. Analysis of activation and gene expression profile in BV-2 cells after 2 h of exposure to LPS. (A) Quantification of activation.
The BV-2 cells cultured in H-ERW-DMEM display a smaller proportion of activated cells and a larger proportion of resting cells after exposure to LPS
for 2 h. (B) Gene expression regulation after 2 h exposure to LPS. In BV-2 cells grown in H-ERW-DMEM, the upregulation of TNF-a is higher, while HO-
1 is not downregulated by LPS (* - p,0.05 two-tailed t-test).
doi:10.1371/journal.pone.0042078.g004

Table 2. Regulation of gene expression in BV-2 cells.

baseline 2 h

gene (H-ERW) control H-ERW

TNF-a 2 q q

IL-1b 2 2 2

IL-6 2 q q

IL-10 q q q

iNOS 2 q q

Cat 2 2 2

Nrf2 2 q q

HO1 2 Q 2

baseline: sham-H-ERW vs. sham-control; otherwise LPS-control or LPS-H-ERW vs.
‘‘no-regulation’’ hypothesis (one sample t-test versus fold-regulation = 1);
q - significant upregulation;
Q - significant downregulation.
doi:10.1371/journal.pone.0042078.t002

Molecular Hydrogen Limits Neuroinflammation
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DMEM (Table 2). The expression of TNF-a was significantly

higher in the cells grown in H-ERW-DMEM (Fig. 4B).

Discussion

We found that ad libitum consumption of molecular hydrogen-

enriched water reduces the LPS-induced sickness behaviour and

promotes recovery. These effects are associated with a shift

towards anti-inflammatory gene expression profile already at

baseline (downregulation of TNF-a and upregulation of IL-10). In

addition, the pattern of gene expression regulation following

systemic administration of LPS indicates that molecular hydrogen

increases the amplitude, but shortens the duration and promotes

the extinction of the neuroinflammatory response. Consistently,

molecular hydrogen modulates the activation and gene expression

in a similar fashion in immortalized murine microglia (BV-2 cell

line), suggesting that the effects observed in vivo may involve the

modulation of microglial activation.

Previous studies using acute or chronic administration of

molecular hydrogen after ischemia-reperfusion lesions in different

organs have consistently described lower proinflammatory cyto-

kine levels and oxidative stress [8,9,56,57]. However, the

molecular hydrogen was administered within a limited time frame

after the lesion, which did not include the acute phase of the

inflammatory response. To our knowledge, this is the first study to

assess the effects of molecular hydrogen on the very early phases of

inflammation.

We found an apparently paradoxical increase in amplitude in

neuroinflammation underlying the milder behavioural alterations

induced by systemic LPS administration. Previous reports indicate

that a less severe sickness behaviour is associated with a decrease in

NF-kB activation and pro-inflammatory cytokine production in

the brain [20]. IL-10 is a potent repressor of proinflammatory

cytokine expression, and genetic ablation of IL-10 expression

prolongs the time required for the LPS-induced behavioural

changes and downregulation of BDNF to subside [58]. In this

context, it appears that the antiinflammatory cytokine expression

profile at baseline, as well as the faster upregulation of TNF-a, IL-

1 and IL-6, favoured a stronger upregulation of IL-10 at 2 h in the

LPS-H-ERW mice, which in turn suppressed the IL-1 and IL-6 at

later timepoints. Thus, the antiinflammatory cytokine expression

profile outweighs the suppressive effects of proinflammatory

cytokines on behavior in the acute phase.

The timecourse of gene expression regulation in the hippocam-

pus indicates that H-ERW induces a more robust induction of the

neuroinflammatory response, followed by a faster extinction of

neuroinflammation and sickness behaviour. As demonstrated

earlier, experimentally-induced seizures increase in severity in

mice lacking functional IL-6 signalling [59], while a sustained

upregulation of proinflammatory cytokines is predictive for a worse

outcome [36], suggesting that proper induction, as well as timely

resolution of neuroinflammation are required for a favourable

behavioural outcome.

Twenty-four hours after systemic administration of LPS, most

behavioural parameters (total resting time during the light phase,

and the circadian distribution of spontaneous locomotor activity

and resting) were already restored in molecular hydrogen-enriched

H-ERW mice, but not in controls. Consistently, the behavioural

parameters were associated with a lower upregulation of IL-1b
and IL-6 (still significantly above the expression levels in shams),

and with an upregulation of BDNF only in H-ERW-treated mice.

At 48 h, the expression of IL-10, Nrf2, and HO-1 was still

upregulated in H-ERW-treated mice, suggesting a stronger anti-

inflammatory response aiming at restoring the redox homeostasis

and functional recovery. The activation Nrf2 transcription factor

and the upregulation of HO-1 are important for extinguishing the

neuroinflammatory response and promoting recovery ([37,60],

reviewed in [39]). Thus, our data support the hypothesis that the

effects of chronic ingestion of molecular hydrogen are mediated at

least in part by an increase in gene transcription downstream of

Nrf2 (see also [61,62]).

The microglia respond very rapidly (within minutes) to brain

injury with phenotypical alterations at morphological, redox, and

protein expression level (see [34,35]). Importantly, the outcome of

neuroinflammation greatly depends on the baseline functional

state of microglia (e.g. microglial priming, characteristic for the

ageing brain, is typically associated with slower recovery from

sickness syndrome induced by LPS, [36]). We found that

molecular hydrogen in drinking water alters the regulation of

gene expression in baseline conditions and therefore we in-

vestigated the effects of pre-exposure to molecular hydrogen-

enriched cell culture medium (H-ERW-DMEM) on microglial

activation induced by LPS. In line with the findings in mouse

hippocampus, IL-10 was upregulated at baseline in BV-2

microglia cultured in H-ERW-DMEM. Following the exposure

to LPS, we found evidence of activation already after 1 h.

Importantly, the variation in proportion of activated cells was

significant only in the cells cultured in H-ERW-DMEM, where the

response appeared earlier and subsided faster than the trend

identifiable in controls, in agreement with the pattern of

neuroinflammation found in vivo. In addition to the changes in

microglial morphology, suggesting lower activation after 2 h of

exposure to LPS, we found a higher upregulation of TNF-a, and

no downregulation of HO-1 in BV-2 cells cultured in H-ERW-

DMEM. Resting microglia in culture express almost exclusively

type 2 TNF-a receptors (TNFR2), and their stimulation activates

the transcription of mainly antiinflammatory molecules, such as

IL-10 [63]. This is in line with a recent report on molecular

hydrogen inhibiting the LPS-induced NO production and the

activation of proinflammatory signalling cascades (p38 MAPK,

JNK and NF-kB) in RAW264 macrophage cell line [4], and in

agreement with the recovery-promoting gene expression profile we

found in vivo (see also Fig. S2).

In conclusion, we bring evidence that chronic consumption of

hydrogen dissolved in drinking water improves the acute

behavioural outcome and promotes the recovery from neuroin-

flammation induced by systemic administration of LPS. This

appears to be due to a modulating effect on the innate immune

response in the brain. Altogether, our data point to regulation of

cytokine expression being a critical additional mechanism un-

derlying the beneficial effect of molecular hydrogen.

Materials and Methods

Animals
Young adult male C57Bl/6 mice (10 week old; Charles River,

Germany) were housed 4 per cage under controlled environmen-

tal conditions (20.5–22.5uC; relative humidity 60%; light:dark

12 h:12 h, lights on 6 a.m.) with free access to water and standard

pelleted food. Within a week after arrival in the animal facility, the

animals were tagged with subcutaneous radio frequency trans-

ponders (Trovan Ltd., UK or DataMars SA, Switzerland) under

brief Isoflurane anesthesia (4% in air). The experimental

procedures (e.g. the initiation of H-ERW administration) were

intiated at least 3 days after the implantation of RFID tags (i.e.

after the correct placement was confirmed and the insertion

wounds were completely closed). All procedures were performed in

agreement with European regulation and were approved by the
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Ethical Committee Stockholm North (ethical permit number

N373/09).

Treatments
Water enriched in dissolved molecular hydrogen (H-ERW) was

produced using a Trim Ion TI-9000 water treatment machine

(Nihon Trim Co. Ltd., Osaka, Japan). Tap water is first passed

through an activated charcoal filter for removal of bacteria and

other microscopic impurities, then subject to electrolysis for

enrichment in hydrogen. Filtered water (not enriched in hydrogen)

was used as control. The microbiological analysis showed that the

water is virtually pathogen-free, thus suitable for both in vivo and in

vitro experiments. The properties of the water were regularly tested

for consistency (see Table 3).

Dissolved hydrogen has been shown to readily cross all

biological membranes and diffuse very quickly in mammalian

tissues (see [2]). The elimination rate and routes are not

thoroughly described (exhaled mainly), nor are established

effective tissue levels that would exert protection. However,

concentrations as low as 0.5 ppb appear effective in vivo ([62],

see also [12]) An important issue when using hydrogen-enriched

water is the possible confounding effect of loss of dissolved

hydrogen over time, since gaseous hydrogen readily penetrates

glass and plastic commonly used in containers [2]. In our

experiments, the time it took the dissolved hydrogen in H-ERW

to reach control level averaged 8.5 h. Therefore, one can

reasonably assume that providing freely moving mice with fresh

H-ERW by the beginning of the active period (when the best part

of feeding and drinking occurs) would deliver consistent amounts

of hydrogen without requiring more frequent change of drinking

bottles. For the in vitro experiments, DMEM reconstituted with H-

ERW contained much less dissolved hydrogen than freshly

prepared H-ERW (see Table 3), but the levels were still manifold

higher than in control DMEM. Therefore, one can safely assume

that molecular hydrogen has been provided in sufficient amounts

in cell culture experiments, too, to account for the observed effects.

The animals were randomly assigned to control or molecular

hydrogen-enriched electrochemically reduced water (H-ERW) for

the entire duration of the experiment (i.e. started at least one week

before any experimental procedure, and continued until the

animal was sacrificed). The water was changed daily in the

beginning of the active phase.

Lipopolysaccharide (LPS, serotype O55:B5, Sigma-Aldrich) was

dissolved in sterile saline, aliquoted, and stored at 220uC until use.

The mice in every cage were randomly assigned to receive either

LPS (0.33 mg/kg b.w.; aliquots diluted with sterile saline 30 min

prior to administration) or sterile saline (sham treatment) (injected

volume 10 ml/kg b.w. in a single i.p. injection). After the injection,

the animals were returned to their respective home cages and left

undisturbed until the assessment of spontaneous locomotor

behaviour.

Sickness Behaviour Analysis
The animals were weighed daily (10 a.m.) for at least 3 days

prior to LPS administration (baseline body weight) and until

sacrifice. The sickness behaviour was assessed by recording the

spontaneous locomotor activity of mice housed individually in

a fresh cage similar in all aspects to the homecage. The mice were

videotaped for 15 min after being placed in the new cage, and

then moved back to the homecage. All mice in one cage were

tested simultaneously. The recordings were analysed offline by

overlapping a grid consisting of 12 identical rectangles (3-by-4

array) on the cage floor and counting the number of rectangles the

mouse has entered with all four paws during the test period. The

exploratory activity of each mouse was recorded in the same

conditions at baseline (22 h prior to the LPS challenge), and 2 h

after systemic LPS administration. The spontaneous locomotor

activity following the LPS challenge was expressed as percentage

from baseline activity. The level of suppression of spontaneous

locomotor activity was used as exclusion criterion for gene

expression analysis. Thus, the mice that did not exhibit a drop

of at least 50% in spontaneous locomotion 2 h after LPS injection

were not included in further analyses. The data shown here are

pooled from all animals killed 4, 24, and 48 h after systemic

administration of LPS (sham-control: N = 15; sham-H-ERW:

N = 15; LPS-controls: N = 13; LPS-H-ERW: N = 14).

Spontaneous Locomotor Activity in the Homecage
The spontaneous locomotor activity in the homecage was

recorded in the TraffiCageH system (NewBehavior, Switzerland),

as described elsewhere [64]. Briefly, the system consists of an array

of five radio frequency antennas embedded in a plastic board

placed under the cage which detect the presence of implanted

radio frequency transponders with a temporal resolution of 20 ms,

and it can monitor simultaneously up to 5 mice housed together.

Locomotor activity is recorded when one transponder’s detection

changes location from one antenna to an adjacent antenna

(‘‘crossing’’). The time span in which one transponder is detected

continuously by one single antenna (‘‘visit’’) is used for resting time

analysis as follows: a visit (uninterrupted detection by one single

antenna) longer than 10 min is considered ‘‘resting time’’. The

spontaneous locomotor activity was calculated as the total number

of visits per time interval (hour or phase of the light-dark cycle).

Similarly, the total duration of resting time was pooled per time

interval (hour or phase of the light-dark cycle). The mice were

allowed to acclimate to the system for 2 days before the

experiment. Baseline activity was recorded over 2 dark-light cycles

Table 3. Characteristics of the water.

Tap water control H-ERW control-DMEM# H-ERW-DMEM#

pH 8.360.1 7.960.2 10.560.1 7.260.1 7.260.1

ORP (mV) 144.3614.9 113.7621.8 2261.7612.5 33.765.1 234.264.2

DH (ppb, mg l21) 2.460.4 6.261.2 510.8621.9 1.861.0 78.5620.1

DDH/Dt (mg l21 h21)* N/A N/A 259.466.7 N/A N/A

All measurements performed at room temperature (2261uC). FW – filtered water (control); H-ERW – hydrogen-enriched electrochemically reduced water; ORP – oxido-
reductive potential; DH – dissolved hydrogen; DDH/Dt – rate of decay (assumed linear); N/A – not available because of sensitivity limits of the instrument.
#- measured at 37uC;
*- estimated at room temperature in an open glass bottle with minimal agitation.
doi:10.1371/journal.pone.0042078.t003
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prior to treatments, and for 4 dark-light cycles following the LPS

injection. The data were analysed using custom-made routines

implemented under Matlab R2010b.

Collection of Brain Material
The animals were killed 2, 4, 24 or 48 h after the injection of

LPS. The mice were injected with a lethal dose of pentobarbital

and then exsanguinated by transcardial perfusion with ice-cold

PBS. The brain was quickly dissected free on ice and cut in half on

the midline. One half was fixed by immersion in 14% picric acid

in 4% paraformaldehyde overnight at +4uC. The tissue was then

cryoprotected in 10% buffered sucrose and stored at 280uC until

use. The other half was dissected into several regions and stored at

280uC until use.

Gene Expression Analysis
The hippocampi were selected for analysis because it has been

shown that this particular brain region displays the most robust

induction of cytokine expression upon systemic inflammatory

challenge by LPS [65,66] We extracted total RNA using the TRIH
reagent (Sigma) according to the manufacturer’s protocol. Briefly,

the frozen tissue was thawed and mechanically dissociated in 1 ml

TRI reagent. After homogenisation, chloroform was added for

phase separation. The RNA was precipitated from the aqueous

solution with 2-propanol, and the precipitate was dissolved in

30 ml DEPC water after 2 washes in 75% ethanol. After reverse-

transcription, the cDNA was subject to quantitative real time

PCR. We analysed the expression of cytokines (proinflammatory:

TNF-a, IL-1b, IL-6; anti-inflammatory: IL-10), antioxidant

system-related enzymes (Nrf2, HO-1, Cat and iNOS), and BDNF.

The PCR reaction contained 1 ml cDNA, 0.2 mM of each primer,

and PCR MasterMix (Applied BioSystems, Inc.). The sequences of

the primers are listed in Table 4. Product specificity was

determined based on melting curve analysis (temperature ramp

from 60uC to 95uC) and agarose gel electrophoresis. All

amplification reactions were repeated 3 times in independent

experiments (N = 4–5 samples/group and timepoint). The expres-

sion levels were normalized to the housekeeping gene HPRT1,

which was not regulated by LPS administration (DCt = Cttar-

get2Cthousekeeping). The relative expression levels were calculated as

DDCt =DCtH-ERW2DCtcontrol (the effect of molecular hydrogen at

baseline), or DDCt =DCtLPS2DCtsham (the effect of LPS in

controls and H-ERW-treated mice respectively). The changes in

expression were calculated as 22DDCt (fold change) and plotted on

logarithmic axes.

Cell Cultures
We used the BV-2 cell line (immortalized murine microglia

[53,54]) for testing the effect or H-ERW pretreatment on

microglial activation. The cells were seeded at a density of 5000

cells/cm2 and grown in DMEM medium supplemented with 10%

fetal calf serum (FCS). After 24 h, the medium was changed for

serum-free reconstituted DMEM 24 h prior to the exposure to

LPS. The cell culture medium was prepared from powder

dissolved in either control water or H-ERW according to the

manufacturer’s instructions, to yield control-DMEM and H-

ERW-DMEM, respectively. The cells were then exposed to LPS

(serotype O55:B5, Sigma-Aldrich) (1 mg/ml) for 24 or 2 h (see

below).

In order to monitor the proliferation and the state of activation

of BV-2 cells, we used an automated cell culture and monitoring

system comprising both incubator and imaging hardware (Cell-

IQH 2, Chip-Man Technologies Limited, Tampere, Finland). The

BV-2 cells cultures were prepared as described above. The plates

were then placed in the Cell-IQH system immediately after

changing the medium to CONTROL- or H-ERW-DMEM.

Phase-contrast images were acquired in 3 random locations in

each well every 30 min for 24 h. The plates were removed briefly

to add LPS to the culture medium, then replaced in the Cell-IQH
system and monitored for an additional 24 h. The experiment was

repeated 2 times, with 3 and 6 replicates/experiment. The cells

were identified and classified using an automated segmentation

algorithm based on a training set of images selected from the

acquired stack by the user. For analysis we used the total cell count

and the proportion of cells with morphological appearance of

activated microglia (i.e. large cell body with short and thick

processes, in contrast to resting microglia which display a small

and slender cell body with few long and very thin processes).

The proliferation of BV-2 cells was assessed for 24 h after

changing the culture medium to serum-free, reconstituted DMEM

(control- or H-ERW-DMEM, respectively) by fitting the cell

count/frame with an exponential curve (N=N0e
kt, where N0 is the

number of cells counted in the first image acquired for the frame,

and k is a time constant describing the rate of change in number of

cells per time unit). The number of cells/frame varied constantly

because of cell divisions and migrating cells moving in and out of

the field of view. However, assuming the migration of cells to

occur stochastically, the effect on the long-term trend can be

ignored; therefore, the long-term trend in cell number is assumed

to be due to the balance between cell division and cell death.

The activation of BV-2 cells was estimated by the ratio between

the number of cells displaying morphological features of activated

microglia and the total number of cells per frame and timepoint.

The values were normalized to the average over the last 2 hours

before exposure to LPS. The normalized values were averaged

cross-sectionally per frame and timepoint for the dynamic phase

immediately after the addition of LPS to the culture medium. For

later timepoints (12 and 24 h after LPS), the very slow trend

allowed averaging the values over 2 consecutive hours centered on

the timepoint.

For immunocytochemistry, the cells were harvested 2 h after

exposure to LPS and fixed for 1 h in 4% paraformaldehyde, then

washed in PBS and processed for staining against microglial

activation markers (CD-11b). For gene expression analysis, total

RNA was isolated from cells using a PEQLab Gold Total RNA kit

according to the manufacturer’s instructions. The isolated RNA

was reverse-transcribed into cDNA, which was later subject to

quantitative real time PCR analysis using the procedure described

above.

Statistical Analysis
The behavioural data were analysed by factorial ANOVA

(factors: water: control/H-ERW; and treatment: sham/LPS).

Where available, longitudinal data were analysed by repeated

measures ANOVA (long term monitoring of behaviour, body

weight), followed by contrast analysis. The relative level of

spontaneous locomotor activity and resting time in the homecage

after LPS administration was first analysed by one-sample t-test

versus the mean 100% to identify the timepoints where there were

significant deviations from baseline. The longitudinal between-

group comparison was tested using a repeated measurements

ANOVA model followed by contrast analysis for individual

timepoints (i.e. one-tailed a priori hypothesis based planned

comparisons). Similarly, the gene expression data were analysed

first by one-sample hypothesis testing (one sample t-test) to identify

the genes and timepoints where significant gene regulation

occurred. Where significant regulation was found in at least one

of the LPS-treated groups, the data were further analysed using
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factorial ANOVA (factor 1: treatment; factor 2: timepoint)

followed by contrast analysis (in vivo) or by student’s t-test (in vitro).

A one-tailed p-value of 0.05 was set as threshold for significance in

all tests. The data are reported as average 6 standard error of the

mean.

Supporting Information

Figure S1 Changes in amplitude of the 3 main peaks of
spontaneous locomotor activity displayed during the
dark phase. Repeated measures ANOVA followed by contrast

analysis: * p,0.05; # p = 0.06; arrowheads indicate timepoints

where only one group was significantly different from baseline.

(EPS)

Figure S2 Comparison between the expression profile
in vivo and in vitro. This points towards microglia being the

main source of alterations in mRNA expression for the proteins

investigated during neuroinflammation. However, the interpreta-

tion of this observation is limited by a number of factors related to

the origin of the samples and the in vivo vs. in vitro experimental

conditions.* - significant difference between LPS-H-ERW and

LPS-control; arrowheads indicate timepoints where the expression

was significantly regulated in only one group [see also Tables 1

(4 h) and 2 (2 h)].

(EPS)
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al. (2008) The transcription factor Nrf2 is a therapeutic target against brain

inflammation. J Immunol 181: 680–689.

38. Qin L, Li G, Qian X, Liu Y, Wu X, et al. (2005) Interactive role of the toll-like

receptor 4 and reactive oxygen species in LPS-induced microglia activation. Glia

52: 78–84.

39. Innamorato NG, Lastres-Becker I, Cuadrado A (2009) Role of microglial redox

balance in modulation of neuroinflammation. Curr Opin Neurol 22: 308–314.

40. Ren L, Lubrich B, Biber K, Gebicke-Haerter PJ (1999) Differential expression of

inflammatory mediators in rat microglia cultured from different brain regions.

Brain Res Mol Brain Res 65: 198–205.

41. McGeer PL, McGeer EG (2004) Inflammation and the degenerative diseases of

aging. Ann N Y Acad Sci 1035: 104–116.

42. Bal-Price A, Brown GC (2001) Inflammatory neurodegeneration mediated by

nitric oxide from activated glia-inhibiting neuronal respiration, causing

glutamate release and excitotoxicity. J Neurosci 21: 6480–6491.

43. Pautz A, Art J, Hahn S, Nowag S, Voss C, et al. (2010) Regulation of the

expression of inducible nitric oxide synthase. Nitric Oxide 23: 75–93.

44. Barrientos RM, Higgins EA, Sprunger DB, Watkins LR, Rudy JW, et al. (2002)

Memory for context is impaired by a post context exposure injection of

interleukin-1 beta into dorsal hippocampus. Behav Brain Res 134: 291–298.

45. Hennigan A, Trotter C, Kelly AM (2007) Lipopolysaccharide impairs long-term

potentiation and recognition memory and increases p75NTR expression in the

rat dentate gyrus. Brain Res 1130: 158–166.

46. Richwine AF, Parkin AO, Buchanan JB, Chen J, Markham JA, et al. (2008)

Architectural changes to CA1 pyramidal neurons in adult and aged mice after

peripheral immune stimulation. Psychoneuroendocrinology 33: 1369–1377.

47. Bonow RH, Aı̈d S, Zhang Y, Becker KG, Bosetti F (2009) The brain expression

of genes involved in inflammatory response, the ribosome, and learning and

memory is altered by centrally injected lipopolysaccharide in mice.

Pharmacogenomics J 9: 116–126.

48. Wu H, Lu D, Jiang H, Xiong Y, Qu C, et al. (2008) Simvastatin-mediated

upregulation of VEGF and BDNF, activation of the PI3K/Akt pathway, and

increase of neurogenesis are associated with therapeutic improvement after

traumatic brain injury. J Neurotrauma 25: 130–139.

49. Sun H, Zhang J, Zhang L, Liu H, Zhu H, et al. (2010) Environmental

enrichment influences BDNF and NR1 levels in the hippocampus and restores

cognitive impairment in chronic cerebral hypoperfused rats. Curr Neurovasc

Res 7: 268–280.

50. Laurenzi MA, Arcuri C, Rossi R, Marconi P, Bocchini V (2001) Effects of

microenvironment on morphology and function of the microglial cell line BV-2.

Neurochem Res 26: 1209–1216.

51. Kremlev SG, Roberts RL, Palmer C (2004) Differential expression of

chemokines and chemokine receptors during microglial activation and in-

hibition. J Neuroimmunol 149: 1–9.

52. Horvath RJ, Nutile-McMenemy N, Alkaitis MS, Deleo JA (2008) Differential

migration, LPS-induced cytokine, chemokine, and NO expression in immortal-

ized BV-2 and HAPI cell lines and primary microglial cultures. J Neurochem

107: 557–569.

53. Bocchini V, Mazzolla R, Barluzzi R, Blasi E, Sick P, et al. (1992) An

immortalized cell line expresses properties of activated microglial cells. J Neurosci

Res 31: 616–621.

54. Blasi E, Barluzzi R, Bocchini V, Mazzolla R, Bistoni F (1990) Immortalization of

murine microglial cells by a v-raf/v-myc carrying retrovirus. J Neuroimmunol

27: 229–237.

55. Lund S, Christensen KV, Hedtjärn M, Mortensen AL, Hagberg H, et al. (2006)

The dynamics of the LPS triggered inflammatory response of murine microglia

under different culture and in vivo conditions. J Neuroimmunol 180: 71–87.

56. Tsai C, Hsu Y, Chen W, Chang W, Yen C, et al. (2009) Hepatoprotective effect

of electrolyzed reduced water against carbon tetrachloride-induced liver damage

in mice. Food Chem Toxicol 47: 2031–2036.

57. Nakao A, Kaczorowski DJ, Wang Y, Cardinal JS, Buchholz BM, et al. (2010)

Amelioration of rat cardiac cold ischemia/reperfusion injury with inhaled

hydrogen or carbon monoxide, or both. J Heart Lung Transplant 29: 544–553.

58. Richwine AF, Sparkman NL, Dilger RN, Buchanan JB, Johnson RW (2009)

Cognitive deficits in interleukin-10-deficient mice after peripheral injection of

lipopolysaccharide. Brain Behav Immun 23: 794–802.

59. Penkowa M, Molinero A, Carrasco J, Hidalgo J (2001) Interleukin-6 deficiency

reduces the brain inflammatory response and increases oxidative stress and

neurodegeneration after kainic acid-induced seizures. Neuroscience 102: 805–

818.

60. Kim J, Cha Y, Surh Y (2010) A protective role of nuclear factor-erythroid 2-

related factor-2 (Nrf2) in inflammatory disorders. Mutat Res 690: 12–23.

61. Shirahata S, Hamasaki T, Haramaki K, Nakamura T, Abe M, et al. (2011) Anti-

diabetes effect of water containing hydrogen molecule and Pt nanoparticles. 5

(Suppl. 8): P18.

62. Shirahata S, Hamasaki T, Teruya K (2011) Advanced research on the health

benefit of reduced water. Trends in Food Science & Technology : Epub ahead of

print].

63. Veroni C, Gabriele L, Canini I, Castiello L, Coccia E, et al. (2010) Activation of

TNF receptor 2 in microglia promotes induction of anti-inflammatory pathways.

Mol Cell Neurosci 45: 234–244.

64. Onishchenko N, Fischer C, Wan Ibrahim WN, Negri S, Spulber S, et al. (2011)

Prenatal Exposure to PFOS or PFOA Alters Motor Function in Mice in a Sex-

Related Manner. Neurotox Res 19: 452–461.

65. Wolff S, Klatt S, Wolff JC, Wilhelm J, Fink L, et al. (2009) Endotoxin-induced

gene expression differences in the brain and effects of iNOS inhibition and

norepinephrine. Intensive Care Med 35: 730–739.

Molecular Hydrogen Limits Neuroinflammation

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e42078



66. Semmler A, Okulla T, Sastre M, Dumitrescu-Ozimek L, Heneka MT (2005)

Systemic inflammation induces apoptosis with variable vulnerability of different

brain regions. J Chem Neuroanat 30: 144–157.

67. Sierra A, Gottfried-Blackmore AC, McEwen BS, Bulloch K (2007) Microglia

derived from aging mice exhibit an altered inflammatory profile. Glia 55: 412–

424.

68. Wu T, Khor TO, Saw CLL, Loh SC, Chen AI, et al. (2011) Anti-inflammatory/

Anti-oxidative stress activities and differential regulation of Nrf2-mediated genes

by non-polar fractions of tea Chrysanthemum zawadskii and licorice Glycyr-

rhiza uralensis. AAPS J 13: 1–13.
69. Martin D, Rojo AI, Salinas M, Diaz R, Gallardo G, et al. (2004) Regulation of

heme oxygenase-1 expression through the phosphatidylinositol 3-kinase/Akt

pathway and the Nrf2 transcription factor in response to the antioxidant
phytochemical carnosol. J Biol Chem 279: 8919–8929.

70. Neeley EW, Berger R, Koenig JI, Leonard S (2011) Prenatal stress differentially
alters brain-derived neurotrophic factor expression and signaling across rat

strains. Neuroscience 187: 24–35.

Molecular Hydrogen Limits Neuroinflammation

PLoS ONE | www.plosone.org 12 July 2012 | Volume 7 | Issue 7 | e42078


