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SUMMARY

Aims: Spinal cord injury (SCI) can induce excessive astrocyte activation. Hydrogen has

been deemed as a novel antioxidant. We investigated whether molecular hydrogen could

act as an antiastrogliosis agent during SCI and oxidative injury in experimental rats and cul-

tured astrocytes. Methods: Hydrogen-rich saline (HS, 8 mL/kg, i.p.) was injected every

12 h after SCI in rats. The expression of STAT3, p-STAT3, and glial fibrillary acidic protein

(GFAP); the release of IL-1b, IL-6, and TNF-a; and astrogliosis, along with the BBB score,

were evaluated. Culturing astrocytes with hydrogen-rich medium, the intracellular reactive

oxygen species (ROS), astrogliosis, and the release of proinflammatory cytokines were

assessed after H2O2-induced injury. Results: In the HS group, the expression of STAT3, p-

STAT3, and GFAP and the proinflammatory cytokines were decreased in local spinal cord

on postoperation day (POD) 3; on PODs 7 and 14, reactive astrogliosis was suppressed, and

the locomotor function was also improved. Furthermore, hydrogen-rich medium attenu-

ated the intracellular production of ROS (especially HO•), astrogliosis, and the secretion of

proinflammatory cytokines in astrocytes 12 h after H2O2-induced injury. Conclusions:

Molecular hydrogen could suppress reactive astrogliosis after contusive SCI and reduce the

release of proinflammatory cytokines produced by active astrocytes related to oxidative

injury. Thus, molecular hydrogen is potential to be a neuroprotective agent.

Introduction

Astrocytes are special glial cells with various important physiologi-

cal functions and are located throughout the central nervous

system (CNS). Nearly all types of CNS injury can result in the acti-

vation of astrocytes, which is deemed as a reliable and sensitive

pathological hallmark of CNS injury [1]. Primary traumatic spinal

cord injury (SCI) induces the release of reactive oxygen species

(ROS), such as superoxide anion (O2
�), hydrogen peroxide

(H2O2), and hydroxyl radical (HO•), within several minutes to

hours [2,3]. ROS is considered to be a crucial factor related to sec-

ondary SCI; it can induce a series of cascade reactions, which not

only aggravate the dysfunction or death of neurons but also

expand the scope of injury and inflammation [4]. In addition,

ROS can activate astrocytes and is one of the main causes of astro-

cyte activation [5]. Besides releasing amounts of inflammatory

cytokines and aggravating inflammation, astrogliosis leads to

excessive secretion of proteoglycans and intermediate filaments,

such as glial fibrillary acidic protein (GFAP), which leads to the

formation of glial scar, and has been regarded as a critical factor

hindering axonal repair and regeneration [6–9]. As GFAP has

been recognized as a sensitive and reliable marker for reactive as-

trogliosis after CNS injury [1], we used it as a target index in our

study.

Hydrogen has been proven to be a safe and effective novel

antioxidant [10,11]. Hydrogen products have fewer adverse

effects than most known antioxidants, because of their ability to

penetrate biomembranes and selectively scavenge detrimental
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ROS, such as HO• and peroxynitrite (ONOO�), without disturbing

metabolic oxidation–reduction reactions [10,12,13]. In animal

models, inhalation of hydrogen gas or intraperitoneal injection of

hydrogen-saturated saline (also called hydrogen-rich saline, HS)

can effectively inhibit ischemia–reperfusion-induced oxidative

stress in brain, liver, heart, intestine, and other tissues [10,14–16].

Moreover, our preliminary study has demonstrated that, after

SCI, intraperitoneal injection of HS can not only decrease the pro-

duction of ROS and neuronal apoptosis in the spinal cord but also

promote recovery of locomotor function [11]. However, it

remains unknown whether these protective effects are associated

with astrogliosis suppression. In this study, we used a rat contu-

sive SCI model (in vivo), and an induced oxidative damage cell

model (in vitro), to verify that reactive astrogliosis and subsequent

glial scar, as well as inflammation expansion induced by SCI, can

be suppressed by hydrogen-rich liquid. This study suggests that

antiastrogliosis is a potential neuroprotective mechanism of

molecular hydrogen.

Meterials and methods

Preparation of Hydrogen-rich Saline (HS) and
Hydrogen-rich Medium (HM)

The methods of producing and storing HS and hydrogen-rich

medium (HM) have been previously described [11]. The HS and

HM were provided by the Department of Diving Medicine in the

Second Military Medical University and produced every week and

were stored under atmospheric pressure at 4°C in airtight bags.

Experimental Animal Models and Experimental
Protocols

Animals

Adult male Sprague–Dawley rats (200–230 g) were obtained from

the Animal Center at the Second Military Medical University,

Shanghai, China. All animals were bred with standard laboratory

diet and water and housed in a temperature (25°C)- and humidity

(60%)-controlled facility under a 12/12-h light/dark cycle. The

Animal Care and Use Committee of the Second Military Medical

University approved all experimental protocols according to the

Health Guide for Care and Use of Laboratory Animals (revised in

1996).

Contusive Spinal Cord Injury (SCI)

Spinal cord injury was induced with Allen’s impact model as

described previously [11,17]. Briefly, after rats were anesthetized

with 10% choral hydrate (0.3 mL/100 g, i.p.), a steel rod with a

flat tip (2 mm diameter), weighing 10 g, was dropped from a

height of 2.5 cm on the exposed region of dura mater at the tho-

racic (T) 10–11 spinal level. Then, the muscle and skin were

sutured, and the wound was disinfected. All instruments were

sterilized before the operation. After the surgery, penicillin was

injected intramuscularly to each rat for 3 days to prevent infection

(20 IU, once a day), and bladder evacuation was performed twice

a day.

Experimental Groups and Treatment

Rats were randomly divided into three groups as follows: (1) sham

control group—sham-operated plus normal saline (NS, 0.9%

NaCl; n = 24), rats of this group had their dura exposed without

contusive SCI; (2) Allen + NS group—rats were given Allen’s SCI

surgery plus NS (n = 24); and (3) Allen + HS group—SCI plus HS

(n = 24). Immediately after the surgery had been accomplished,

NS or HS was injected (8 mL/kg, i.p.) and then was administrated

every 12 h until the animals were sacrificed.

Functional Test

Hind limb neurological function was evaluated before surgery (D

0) and on postoperation days (PODs) 1, 7, and 14 using the Basso,

Beattie, and Bresnahan locomotor scale (BBB scale), as previously

described [11]. Six rats per group were randomly selected for the

functional test. Each rat was placed in an open field and observed

for 5 min. Two observers who were blind to the experimental

treatments did all the behavioral assessments.

Immunohistochemistry (IHC)

The activation of astrocytes was examined by measuring the pro-

duction of GFAP (fluorescence intensity). Briefly, on PODs 7 and

14, six rats per group were sacrificed after the functional test. The

rats were deeply anesthetized with 10% chloral hydrate (0.4 mL/

100 g, i.p.) and transcardially perfused with 50 mL ice-cold NS,

followed by 150 mL fixative (4% paraformaldehyde (w/v) in

0.1 M phosphate buffer (pH 7.4; 4°C)) over 6 min. Then, spinal

cord segments containing the T10 impact epicenter, about 10 mm

in length, were dissected from each rat and postfixed with the

same fixative fluid overnight (4°C). The samples were transferred

to a 20% sucrose buffer overnight and then into 30% sucrose

buffer for dehydration and cryoprotection at 4°C overnight. Sub-

sequently, the samples were sagittally sectioned at 20 lm thick-

ness, and the sections of the gray matter were collected in 0.1 M

phosphate buffer (PB, pH 7.4); sequentially, one per five sections

were selected for observation (the distance between sections is

100 lm). Six sections per sample were blocked in 2% BSA

(Sigma, St. Louis, MO, USA) with 0.1% Triton-X 100 (Sigma) for

10 min in a water bath kettle at 95°C, washed three times with

0.1 M PBS (pH 7.4), and then were incubated with rabbit-anti-

GFAP primary antibody (1:200; Abcam, Cambridge, MA, USA)

diluted in antibody diluent containing 10% normal goat serum

for 16 h at 4°C. After rinsing three times, the sections were incu-

bated with TRITC-conjugated goat anti-rabbit secondary antibody

(1:200; Jackson Immuno Research, West Grove, PA, USA) for 2 h

at room temperature (RT). After rinsing, sections were incubated

with 1 lg/mL Hoechst dye in PBS for 10 min at RT. Sections were

washed again, mounted on slides, and coverslipped with PBS

containing 50% glycerol. Fluorescence was visualized with a Ni-

kon digital camera DXM1200 (Nikon, Tokyo, Japan) adapted to a

Nikon Eclipse E600 fluorescence microscope (Nikon). Using

Image-Pro 5.0 software, the GFAP fluorescence intensity of each

selected image (five epicentral areas per section) was measured

and normalized to obtain intensity ratios that were compared

between experimental groups.
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Western blot (WB)

On POD 3, six rats per group were sacrificed for examination

of STAT3, p-STAT3, and GFAP expression. The rats were also

deeply anesthetized (as described previously) and killed by

decapitation. Spinal cord segments (as described previously)

were dissected from each rat and were then lysed with

20 mM Tris–HCl buffer (pH 8.0; Sigma). The concentration of

protein in the homogenate was determined using a BCA

reagent (Pierce, Rockford, IL, USA). Protein samples (100 lg)
were loaded in each lane, separated by sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% poly-

acrylamide gels), electro-transferred onto nitrocellulose

membrane, incubated with a blocking buffer (1 9 TBS with

5% w/v fat-free dry milk) for 2 h, and then incubated with

rabbit-anti-GFAP primary antibody (1:1,000; Abcam), rabbit-

anti-STAT3 primary antibody (1:1,000; Abcam), rabbit-anti-p-

STAT3 (phospho-Y705) primary antibody (1:1,000; Abcam), or

rabbit-anti-b-actin (1:1000; Abcam) at 4°C overnight. The

polyvinylidene difluoride (PVDF) membranes were washed five

times with TBST (1 9 TBS and 0.1% Tween 20) and then

were incubated with phosphatase-conjugated goat anti-rabbit

IgG (Beyotime, China) diluted 1:1,000 in 2% BSA in PBS for

1 h at RT. The color development was performed with 400 lg/
mL nitro-blue tetrazolium, 200 lg/mL 5-bromo-4-chloro-3-ind-

olyl phosphate, and 100 mg/mL levamisole in TSM2 (0.1 M

Tris–HCl buffer, pH 9.5, 0.1 M NaCl, and 0.05 M MgCl2) in

the dark. Bands were scanned and quantified by a GS-700

Imaging Densitometer with Multi-Analyst 1.1 software

(Bio-Rad Laboratories, Richmond, CA, USA).

Cell Culture and Experimental Protocols

Astrocyte-purified Cultures

Astrocytes were harvested from neonatal rats (P2-3) as previously

described [18]. The mixed cells were plated onto PLL-coated cul-

ture flasks and incubated in DMEM (Gibco, Grand Island, NY,

USA) containing 10% FBS (Sigma). After 6–10 days (media were

changed every 2–3 days), microglia and oligodendrocyte lineage

cells were removed by shaking the culture at 2.5 g at 37°C in 5%

CO2 overnight. Finally, astrocytes were collected and plated onto

coverslips in 12-well plates for analysis. Highly pure astrocyte cul-

tures (>96%) were assessed by immunocytochemical staining

with the anti-GFAP antibody (results not shown). Cells were cul-

tured for 24 h before treatment.

Experimental Groups and Treatment

Pure astrocytes (1 9 105/cm2) were divided into four groups: 1)

control, cultured with normal medium (NM); 2) HM, cultured

with hydrogen-rich medium (HM); 3) NM + H2O2, cultured with

NM containing 100 lM H2O2 (Sigma) and 15 lM FeCl2 (Sigma);

4) HM + H2O2, cultured with HM containing 100 lM H2O2 and

15 lM FeCl2 after pretreatment of HM for 1 h. The oxidative

injury of astrocytes was induced by H2O2, which can not only per-

meate cell membranes, but also induce remarkable production of

HO• with the existence of ferrous ions (called Feton action). The

respective media were changed every 6 h to maintain the concen-

tration of hydrogen at 0.6 mM [19]. Treatments were carried out

for 12 h, and then the supernatant or cells were collected for dif-

ferent assays.

Assay of Intracellular Reactive Oxygen Species

20, 70-Dichlorodihydrofluorescein diacetate (DCF) is a fluorogenic

dye that measures ROS activity within the cells. Hydroxyphenyl

fluorescein (HPF) is a new fluorescein derivative that selectively

reacts with the HO•. According to the manufacturer’s instructions,

after rinsing with D-Hank (Gibco), 10 lM DCF (Beyotime, China)

or HPF (Invitrogen, Carlsbad, CA, USA) was added to the cells and

then incubated in the dark for 30 min at RT. After rinsing three

times with medium without FBS, the cells were viewed with a

laser confocal microscope (9400; fluoview 300; Olympus, Japan).

The fluorescence was excited at 488 nm, and the emitted light

was observed at 515–540 nm. The fluorescence signal was

assessed qualitatively and compared between groups.

Immunocytochemistry (ICC)

Twelve hours after treatments, the astrogliosis was examined by

measuring GFAP fluorescence intensity as described previously

[18]. Briefly, astrocytes were fixed with 4% paraformaldehyde in

PBS for 20 min, washed with 0.1 M PBS (pH 7.4), and then incu-

bated overnight at 4°C with rabbit-anti-GFAP primary antibody

(1:200; Abcam). After washing three times with PBS, cells were

incubated with TRITC-conjugated goat anti-rabbit secondary anti-

body (1:200; Jackson Immuno Research) for 90 min at RT and

then washed and incubated with 1 lg/mL Hoechst dye in PBS for

10 min at RT. The coverslips were mounted with PBS containing

50% glycerol. Fluorescence visualization and the measure of

GFAP fluorescence intensity were the same as described in Immu-

nohistochemistry (IHC).

DNA Synthesis

DNA synthesis (bromodeoxyuridine incorporation, BrdU) was

assayed as previously described to evaluate the proliferation of as-

trocytes [20]. Briefly, for each group, cells received 10 lM BrdU

(Sigma) 10 min before treatments. After 12 h, cells were fixed in

10% neutral buffered formalin for 10 min and stained with anti-

BrdU primary antibody (1: 100; Abcam). The subsequent steps

were the same as GFAP immunocytochemistry. Percentages of

stained cells were compared.

Enzyme-linked Immunosorbent Assay (ELISA)

After experimental treatments, spinal cord sections were pul-

verized with normal saline and centrifuged at 10,000 g for

10 min; the culture medium was collected from each well and

centrifuged at 600 g for 10 min. The supernatant of each group

was collected for IL-1b, IL-6, and TNF-a concentration assays

with commercial ELISA kits (R&D Systems, Minneapolis, MN,

USA), according to the manufacturers’ instructions. The absor-

bance at 450 nm was read with a Bio-Rad model 680 micro-

plate spectrophotometer (Bio-Rad).
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Statistical Analysis

Each experiment was repeated at least three times independently.

Statistical analysis was performed with GraphPad Prism software

version 5.0 (GraphPad Software Inc, San Diego, CA, USA). Data

were expressed as mean � SEM, and the differences between

groups were analyzed by Student’s t-test and one-way ANOVA. A

two-way ANOVA with repeated measures was used to compare

matched data at multiple time points. P < 0.05 was considered

statistically significant.

Results

The Release of Proinflammatory Cytokines was
Attenuated by Hydrogen-rich Saline
Administration in the Acute Phase of SCI

In the acute phase of SCI, IL-1b, IL-6, and TNF-a are the initial

triggers of reactive astrogliosis [8]. Here, the content of IL-1b, IL-
6, and TNF-a in local contusive spinal cord was measured by

ELISA. On POD 3, the production of these three classical injury-

induced proinflammatory cytokines was remarkably increased in

the NS group (vs. sham, P < 0.01) and was notably attenuated by

hydrogen-rich saline administration (vs. NS, P < 0.01, P < 0.01,

and P < 0.05, respectively; Figure 1A).

Hydrogen-rich Saline Suppressed the Reactive
Astrogliosis after SCI

After the experimental contusive spinal cord injury, the pro-

duction of STAT3, p-STAT3, and GFAP expressed by astrocytes

was increased in the NS group (vs. sham, P < 0.01) and was

reduced by hydrogen-rich saline administrated intraperitoneally

on POD 3 (vs. NS, P < 0.01, P < 0.05, and P < 0.01,

respectively; Figure 1B,C). Morphologically, the characteristics

of astrogliosis were hypertrophy and hyperplasia, and function-

ally, the expression of GFAP (measured by the fluorescence

intensity) was dramatically augmented on POD 7 (NS vs. sham,

P < 0.01; Figure 2A,B) and POD 14 (NS vs. sham, P < 0.01;

Figure 2C,D). Hydrogen-rich saline administration significantly

suppressed the astrogliosis and alleviated the excessive

expression of GFAP (vs. NS, P < 0.05 and P < 0.01,

respectively; Figure 2). In particular, the GFAP intensity

decreased 65.7% on POD 14 more than 18.2% on POD 7

(P < 0.01), which means that the astrogliosis was suppressed

more significantly on POD 14, although it was slightly signifi-

cant on POD 7.

Hydrogen-rich Saline Promoted the Recovery of
Hind Limb Locomotor Function after SCI

Spinal cord injury severely affected the locomotor function. The

BBB score of all rats in NS and HS groups extremely decreased on

POD 1, but rats of the HS group exhibited higher BBB scores on

PODs 7 and 14 (HS vs. NS, P < 0.01). This indicated significantly

improved locomotor function. In addition, a two-way ANOVA with

repeated measures showed a treatment effect of HS over time

(P < 0.01; Figure 3).

Hydrogen-rich Medium Reduced the H2O2-
induced Intracellular Production of ROS in
Purified Astrocytes

Twelve hours after treatments, each group of astrocytes was pre-

pared for intracellular ROS assays. There was no difference

between control and single HM groups, but the total amount of

ROS (Figure 4A,B, assayed by DCF intensity) and especially HO•

(Figure 4C,D, selectively assayed by HPF intensity) was distinctly

increased by adding H2O2 (vs. control, P < 0.01, both). However,

the synthesis of intracellular ROS and especially HO• was signifi-

cantly decreased by HM (vs. NM + H2O2, P < 0.01, both;

Figure 4).

The Hypertrophy and Proliferation of Astrocytes
Induced by Oxidant Injury were Inhibited by
Hydrogen-rich Medium

Through GFAP staining, the morphological characteristic of

hypertrophy attributed to astrogliosis was obviously observed

12 h after H2O2-induced oxidant injury and was notably inhibited

by HM (Figure 5A). To observe oxidant-induced proliferation of

astrocytes from the DNA level, we labeled cells with BrdU. The

percentage of positive cells was significantly increased by H2O2

(NM + H2O2 vs. control or single HM, P < 0.01), and HM-cultured

astrocytes had a significantly lower BrdU-positive percentage (vs.

NM + H2O2, P < 0.01; Figure 5C,D). This showed that HM could

inhibit the hypertrophy and proliferation of active astrocytes after

H2O2-induced oxidative injury.

The Functional Activation of Astrocytes Induced
by Oxidative Injury was Mitigated by Hydrogen-
rich Medium

Glial fibrillary acidic protein immunocytochemistry visualized the

hypertrophy of reactive astrogliosis after oxidant injury and was

able to reflect functional changes of astrogliosis. Fluorescence

intensity differences showed that excessive expression of GFAP

was significantly induced by H2O2 (vs. control or single HM,

P < 0.01) and was notably weakened by HM (vs. NM + H2O2,

P < 0.01; Figure 5A, B). The astrogliosis led to abnormally

increased secretion of proinflammatory cytokines IL-1b, IL-6, and
TNF-a (vs. control or single HM, P < 0.01), and these could be

weakened by HM (vs. NM + H2O2, P < 0.01; Figure 6). These

results further demonstrated that the functional activation of as-

trocytes, due to H2O2-induced oxidative injury, was decreased by

hydrogen-rich medium.

Discussion

As a novel antioxidant, hydrogen selectively reacts with HO• and

ONOO�, which are the major free radicals causing cell damage,

without disturbing metabolic oxidation–reduction reactions;

hence, it produces fewer side effects [10,12,13]. Dissolving hydro-

gen in liquid (normal saline or cell medium) not only makes it

safer and more convenient for administration, but also means that

a higher concentration can be achieved [10,11]. Hydrogen has

been found to have protective effects on many vital organs after
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oxidative stress [10,11,14–16], but whether it can inhibit reactive

astrogliosis and glial scar (an important factor of hindering nerve

regeneration) after SCI has not been reported. In this study, we

demonstrated that after SCI, hydrogen-rich liquid could suppress

the astrogliosis and subsequent glial scar and reduce the produc-

tion of proinflammatory cytokines released by active astrocytes.

Therefore, antiastrogliosis is a potential neuroprotective mecha-

nism of molecular hydrogen.

(A)

(C)

(B)

Figure 1 On postoperation day (POD) 3, local contusive spinal cord segments were dissected for assay. The content of IL-1b, IL-6, and TNF-a was

measured by ELISA, and the production of STAT3, p-STAT3, and glial fibrillary acidic protein (GFAP) expressed by astrocytes was assayed by Western blot.

(A) Content of IL-1b, IL-6, and TNF-a (pg/mL) in each groups, respectively. (B) The expression of STAT3, p-STAT3, and GFAP. (C) Western blot data were

expressed as gray values normalized to b-actin. The concentration of these proinflammatory cytokines was remarkably increased in the Allen + normal

saline (NS) group and was notably attenuated by hydrogen-rich saline administration. The expression of these three proteins was increased in the NS

group (vs. sham, P < 0.01) and was significantly reduced by hydrogen-rich saline administrated intraperitoneally on POD 3 (vs. NS, P < 0.01, P < 0.05, and

P < 0.01, respectively). Results were means � SEM of three independent experiments. **P < 0.01, Allen + NS compared with sham; #P < 0.05 and

##P < 0.01, Allen + hydrogen-rich saline compared with Allen + NS.
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Reactive oxygen species is one of the major causes of astrocyte

activation after SCI [5]. In the early stage, the activation of astro-

cytes has a defensive effect; however, as time progresses, excessive

astrogliosis leads to pathologic changes impeding neural repair,

such as producing neurotoxic levels of ROS, aggravating inflam-

mation [8,21–24]. Moreover, active astrocytes can express inhibi-

tory proteoglycan GFAP, which accumulates in the injury region,

and form a glial scar, a crucial factor relating to poor clinical out-

come [7,8,25]. In addition, the proinflammatory cytokines and

ROS can exacerbate the scar formation through autocrine mecha-

nisms [8]. Therefore, suppressing excessive astrogliosis to inter-

rupt the vicious cycle is necessary and conducive to

neuroprotection after SCI. We have shown that HS could decrease

the content of lipid peroxidation and protein carbonyl after SCI

[11]. Besides ROS, inflammatory factors primarily trigger astrogli-

osis in the acute period of SCI [8]. We found that HS could reduce

the content of IL-1b, IL-6, and TNF-a in the spinal cord during the

acute period (POD 3; HS vs. NS, P < 0.01, P < 0.01, and P < 0.05,

respectively; Figure 1A). This means that triggers of astrogliosis

can be attenuated by HS. Astrogliosis and scar formation relate to

several signaling pathways involving STAT3, JNK/c-Jun, TGF-b/
Smads, and so on [1,11,26–28]. STAT3 is the leading signaling

pathway involved in astrogliosis [26,29]. Our results showed that

on SCI POD 3, the expression of STAT3 and its functional forma-

tion, phosphorylated-STAT3 (p-STAT3), rose in the NS group (vs.

sham, P < 0.01, both) and was distinctly downregulated by HS

administration (vs. NM, P < 0.01 and P < 0.05, respectively;

Figure 1B,C). HS could inhibit the major signaling pathway of

astrogliosis.

Glial fibrillary acidic protein belongs to intermediate filaments

and is regarded as a sensitive and reliable indicator of astrogliosis

after CNS injury [6,26,30]. On SCI POD 3, the expression of GFAP

was obviously reduced by HS (vs. NS, P < 0.01; Figure 1B,C),

which was consistent with the changes of STAT3 and p-STAT3 sig-

nals. Morphologically, the characteristics of severe astrogliosis

include obvious hypertrophy of the cell body and pronounced

(A)

(C)

(B)

(D)

Figure 2 (A, B) Immunohistochemistry of glial fibrillary acidic protein (GFAP) on postoperation day (POD) 7, and data were expressed with fluorescence

intensity. (C) and (D) Immunohistochemistry of GFAP on POD 14, and its fluorescence intensity data. Morphologically, the characteristics of strongly

activated astrocytes induced by contusive spinal cord injury were hypertrophy and hyperplasia, and the expression of GFAP (measured by the

fluorescence intensity) was dramatically augmented on POD 7 and POD 14 (normal saline (NS) vs. sham, P < 0.01). Hydrogen-rich saline administration

significantly suppressed the reactive astrogliosis and alleviated the excessive expression of GFAP (vs. NS, P < 0.05 and P < 0.01, respectively). Results

were means � SEM of three independent experiments. **P < 0.01, Allen + NS vs. sham; #P < 0.05 and ##P < 0.01, Allen + hydrogen-rich saline vs.

Allen + NS. Scale bar = 100 lm.
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proliferation which overlaps, blurs, and disrupts neighboring

astrocytes’ domains [1]. The accumulation of the inhibitory extra-

cellular matrix (EMC) gradually results in the formation of the

glial scar [31]. Whether the SCI is complete or not, neuronal plas-

ticity will occur throughout the neuraxis, which is related to the

synaptic rearrangements, the properties, changes of the spared

neuronal circuitries, collateral sprouting, and so on [32]. More-

over, neuronal plasticity is the base mechanism of locomotor

improvement [33,34]. Locomotor improvement after SCI depends

on not only the intrinsic growth ability of the neurons but also the

balance between growth inhibition and promotion from the extra-

cellular matrix [32]. The glial scar has been regarded as a critical

factor hindering axonal repair and regeneration [6–9]; therefore,

it affects the neuronal plasticity and the locomotor improvement.

The excessive expression of GFAP becomes much more prominent

7 days after CNS injury [31,35], so we also took PODs 7 and 14 as

time points for investigating the extent of astrogliosis. Intraperito-

neal injections of HS indeed suppressed astrogliosis and decreased

GFAP expression after SCI (HS vs. NS, P < 0.05 and P < 0.01,

respectively; Figure 2). In particular, the astrogliosis was sup-

pressed more significantly on POD 14, although it was slightly sig-

nificant on POD 7 (65.7% vs. 18.2%, P < 0.01). Meanwhile, we

also demonstrated that intraperitoneal injections of HS could

improve the hind limb locomotor function (HS vs. NS, P < 0.01;

Figure 3). These results support the idea that HS can relieve the

barrier of glial scar, hence reduces the axonal injury and promotes

the functional recovery. We purified primary astrocytes to

eliminate the interference of other cells, such as microglia and

Figure 3 Locomotor function was evaluated before surgery (D 0) and on

postoperation days (PODs) 1, 7, and 14 using the Basso, Beattie, and

Bresnahan locomotor scale (BBB scale). Spinal cord injury severely

affected the locomotor function of animals (normal saline (NS) vs. sham,

P < 0.01). Rats in the hydrogen-rich saline (HS) group exhibited higher

BBB scores on PODs 7 and 14 (vs. NS, P < 0.01) and revealed a treatment

effect of HS over time (P < 0.01). Results were means � SEM of three

independent experiments. **P < 0.01 and ##P < 0.01, Allen + HS vs.

Allen + NS.

(A)

(C)

(B)

(D)

Figure 4 Twelve hours after adding H2O2 (100 lM) and FeCl2 (15 lM) to the medium, with or without super-saturated hydrogen, intracellular reactive

oxygen species (ROS) levels of each cultured astrocyte group were assayed. (A) and (B) Intracellular ROS levels were measured by the intensity of DCF. (C)

and (D) Intracellular HO• levels were measured by the intensity of hydroxyphenyl fluorescein. There was no difference between control and single

hydrogen-rich medium groups, but the total amounts of ROS and HO• were distinctly increased by H2O2 (vs. control, P < 0.01) and were notably

decreased by hydrogen-rich medium (HM) treatment (vs. normal medium, NM + H2O2, P < 0.01). Results were means � SEM of three independent

experiments. **P < 0.01, NM + H2O2 vs. control; ##P < 0.01, H2O2 + HM vs. H2O2 + NM. Scale bar = 50 lm.
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macrophages, which can also secrete proinflammatory cytokines.

The oxidative injury of astrocytes was induced by 100 lM H2O2

and 15 lM FeCl2. Both intracellular H2O2 and HO• result in detri-

mental effects and cell damage [36]. We demonstrated that 12 h

after oxidative injury, HM reduced the intracellular synthesis of

ROS and especially HO• (HM + H2O2 vs. NM + H2O2, P < 0.01;

Figure 4). Hypertrophy and hyperplasia and functional changes

also took place 12 h after H2O2-induced injury. The significant

decrease in GFAP intensity and BrdU-positive cells supports the

idea that HM could suppress astrogliosis (HM + H2O2 vs.

NM + H2O2, P < 0.01, both; Figure 5). Besides, the secretion

of IL-1b, IL-6, and TNF-a, produced by astrocytes 12 h after

(A) (B)

(C) (D)

Figure 5 Twelve hours after adding H2O2 (100 lM) and FeCl2 (15 lM) to the medium, with or without super-saturated hydrogen, the hypertrophy and

proliferation of cultured astrocytes were observed. (A) and (B) Immunocytochemistry of glial fibrillary acidic protein (GFAP) demonstrating the

morphological characteristics of hypertrophy and excessive expression of GFAP, and the fluorescence intensity data. (C) and (D) Images demonstrating

the DNA synthesis of BrdU, which reflects the proliferation of astrocytes, and the percentage of positive cells. Hypertrophy, proliferation, and excessive

expression of GFAP were obviously induced by H2O2 in the normal medium (NM) + H2O2 group (vs. control, P < 0.01) and were significantly inhibited by

treatment with hydrogen-rich medium (vs. NM + H2O2, P < 0.01). Results were means � SEM of three independent experiments. **P < 0.01, NM + H2O2

vs. control; ##P < 0.01, H2O2 + hydrogen-rich saline vs. H2O2 + normal saline. Scale bar for A = 20 lm and for C = 50 lm.

(A) (B) (C)

Figure 6 Twelve hours after adding H2O2 (100 lM) and FeCl2 (15 lM) to the medium, with or without super-saturated hydrogen, the supernatant of each

group was collected for ELISA to assay the secretion of proinflammatory cytokines by active, cultured astrocytes. (A) Content of IL-1b (pg/mL). (B) Content

of IL-6 (pg/mL). (C) Content of TNF-a (pg/mL). H2O2 led to the abnormally increased secretion of IL-1b, IL-6, and TNF-a (vs. control or single hydrogen-rich

medium (HM), P < 0.01). Secretion of these cytokines could be reduced by hydrogen-rich medium (vs. NM + H2O2, P < 0.01). Results were means � SEM

of three independent experiments. **P < 0.01, NM + H2O2 vs. control; ##P < 0.01, H2O2 + hydrogen-rich saline vs. H2O2 + normal saline.
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H2O2-induced injury, could also be reduced by HM (vs.

NM + H2O2, P < 0.01; Figure 6). The above results verified that

molecular hydrogen could suppress the astrogliosis and related

inflammation after SCI and oxidative injury. Antiastrogliosis may

be a neuroprotective mechanism of molecular hydrogen.

Furthermore, excessive astrocyte activation may cause other

detrimental effects that were not investigated in this study,

involving damnifying blood–brain barrier function by vascular

endothelial growth factor (VEGF) production, releasing

excitotoxic glutamate, inducing cytotoxic edema through AQP4

over activity, and contributing to chronic pain and seizures [1,37–

40]. Therefore, it is imperative to inhibit excessive reactive astrogl-

iosis after SCI. Whether molecular hydrogen can improve these

mentioned detrimental effects during CNS trauma and other

related CNS diseases, such as neuropathic pain, neurodegenera-

tive disease, and tumor, still requires further research.

In conclusion, administrated in the form of hydrogen-rich

liquid, molecular hydrogen could suppress reactive astrogliosis

after contusive SCI and reduce the release of proinflammatory

cytokines produced by active astrocytes related to oxidative

injury. Antiastrogliosis is a neuroprotective effect of molecular

hydrogen, which supports its clinical application during SCI to

promote neuroprotection, as well as functional restoration.
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