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INTRODUCTION
Stroke is the most common neurological disorder and the 
second leading cause of death worldwide.1,2 Stroke can be 
divided into ischemic and hemorrhagic ones, and the ischemic 
type resulting from numerous pathological processes accounts 
for nearly 87%.3 It has been confirmed that brain ischemia 
can cause neuronal death due to the deprivation of oxygen 
and energy, accumulation of intracellular Ca2+, production 
of reactive oxygen species, mitochondrial dysfunction, and 
inflammation.4,5 

Basic and clinical studies have suggested that the pathophys-
iology of ischemic stroke is closely related to inflammation, 
in which microglia and macrophages in the central nervous 
system play an important role.6-8 

Microglia and macrophages have different cellular origins. 
Microglia originates from neuroepithelium, and expresses 
high levels of CX3C chemokine receptor 1 (CX3CR1), clus-
ter of differentiation (CD) 11b, and F4/80, low CD45 level, 
and no C-C chemokine receptor type 2 (CCR2).9 In contrast, 
macrophages originate from hematopoietic stem cells, and 
the inflammatory monocytes/macrophages express high lev-
els of CCR2, CD11b and Ly6C, but low CX3CR1 level.10 In 
the presence of inflammation, resident microglia in the brain 
and infiltrated macrophages can be activated by cytokines. 
In recent years, studies have revealed that the activated 
cells can be further classified according to their specialized 
functions.11,12 Generally, microglia are classified as classic 
type (pro-inflammatory; M1-like) and alternative type (anti-
inflammatory or protective; M2-like). M1-like microglia may 

aggravate inflammation and cause tissue injury via secreting 
some pro-inflammatory cytokines (such as interleukin (IL)-1β, 
tumor necrosis factor-α, IL-12, IL-23, and nitrogen monoxide), 
exerting pro-inflammatory effects; M2-like microglia may sup-
press inflammation and promote tissue recovery via secreting 
some anti-inflammatory cytokines (such as, IL-4, IL-10, IL-13 
and transforming growth factor-β). Similar to microglia, mac-
rophages can also polarize to M1- or M2-like phenotypes.13,14 
In the presence of interferons from helper T cells,15 lipopoly-
saccharides (LPS) or damage-associated molecular pattern,16,17 
the microglia and macrophages undergo M1-like activation; 
IL-4/IL-13 may induce the M2-like activation of microglia 
and macrophages. The M1-like responses are characterized 
by the up-regulation of IL-1β, tumor necrosis factor-α and 
inducible nitric oxide synthase through Toll-like receptor 4, 
and the M2-like responses by the up-regulation of arginase-1, 
CD206, CD163, IL-4, IL-10, and transforming growth factor-β 
through myeloid cells 2  activation. Recent studies indicate that 
the M1-like macrophages can switch towards an alternatively 
activated M2-like phenotype for activated phagocytosis.18,19 
This concept is more convincing for macrophages than for 
microglia based on the function of mononuclear phagocytes.20

Hydrogen is the simplest molecule in nature that is colorless 
and odorless. Traditionally, hydrogen is used as a physiologi-
cally inert gas in deep diving for the prevention of nitrogen 
narcosis because it may not react with tissue components.21 In 
addition, hydrogen can also be produced in the human intestine 
and then expelled via respiration. Thus, hydrogen concentra-
tion of exhaled gas is used in the diagnosis of some gastroin-
testinal diseases.22 In recent years, increasing studies confirm 
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that hydrogen may exert anti-oxidative, anti-inflammatory and 
anti-apoptotic effects on a variety of diseases,23 since Ohsawa 
et al.24 reported that hydrogen inhalation could protect the brain 
against cerebral ischemia/reperfusion injury by selectively 
neutralizing hydroxyl radicals and peroxynitrite. However, 
the effects of hydrogen on the polarization of microglia and 
macrophages remain unclear. 

This study was undertaken to investigate the effects of hy-
drogen gas on the polarization of microglia and macrophages 
in vitro, which may provide a new mechanism for the anti-
inflammatory activity of hydrogen. 

MATERIALS AND METHODS
Animals
The mother mice were purchased from the Experimental Ani-
mal Center of Navy Medical University, Shanghai, China (No. 
A2015-011), maintained under a 12/12 light-dark cycle at 25°C 
and given ad libitum access to water and food. Neonatal mice 
(n = 30), either male or female, were sacrificed at 1 day after 
birth. The mean body weight of neonatal mice was 2.01 ± 0.21 
g. These neonatal mice were sacrificed for the collection of
primary microglia and hippocampal neurons. This study pro-
tocol was approved by the Ethics Committee of Navy Medical
University, Shanghai, China (approval number: 20170236).

Cell separation, culture and observation
The neonatal mice were anesthetized with diethyl ether, and the 
brainstem or hippocampal tissues were harvested and washed 
with phosphate buffered saline (PBS). Subsequently, the tis-
sues were digested in 0.5% collagenase (Sigma, St. Louis, MO, 
USA) at 37°C for 30 minutes. The mixture was dissociated 
by pipetting and then transferred to a sterile centrifuge tube. 
DMEM/F12 complete medium (containing 10% fetal bovine 
serum [FBS], 100 U/mL penicillin and 100 μg/mL strepto-
mycin; Merck Millipore, Germany) was added to terminate 
digestion, and the resultant suspension was then centrifuged at 
1000 × g for 5 minutes (TDZ4B-WS Low Speed Centrifuge; 
Lu Xiangyi Co., Ltd., Shanghai, China). The supernatant was 
removed, and remaining cells were re-suspended using DMEM 
(HyClone, Logan, UT, USA) containing 20% FBS (HyClone) 
and later seeded in flasks. 

Raw264.7 cells were kept by Laboratory of Marine Medicine 
(Shanghai, China) and cultured in DMEM supplemented with 
20% FBS. All cells were maintained in an incubator (XBQ-3H; 
Hualida Experiment Equipment Co., Ltd., Taicang, China) at 
37°C in a humidified environment with 5% CO2. The medium 
was refreshed once every 2–3 days. To assess the protective 
effects of hydrogen, the macrophages were observed at 24 
hours, 72 hours and 5 days (Leica DMI3000B, Germany).

Establishment of oxygen and glucose deprivation (OGD) 
neuronal model and collection of supernatant
The mouse primary hippocampal neurons were subjected to 
OGD as follows: after 5-day culture, the primary neuronal cells 
with 90% confluence were collected after centrifugation, and 
then maintained with Earle balanced salt solution (HyClone) 
in an incubator containing 5% O2 and 95% N2 at 37°C for 2 
hours.25 The supernatant was collected for the treatment of 

primary microglia. 

Grouping
The microglia were divided into four groups: control group 
(normal microglia), hydrogen group (microglia were exposed 
to 60% hydrogen for 24 hours), OGD group (microglia were 
exposed to the supernatant from OGD-treated neurons for 24 
hours) and OGD + hydrogen group (microglia were exposed 
to the supernatant from OGD-treated neurons and to 60% 
hydrogen simultaneously for 24 hours). 

Raw264.7 cells were divided into three groups: control 
group (normal Raw264.7 cells), LPS group (Raw264.7 cells 
were exposed to 1 μg/mL LPS [Sigma-Aldrich, St. Louis, MO, 
USA] for 24 hours), LPS + hydrogen group (Raw264.7 cells were 
exposed to 1 μg/mL LPS and to 60% hydrogen simultaneously 
for 24 hours).

Hydrogen exposure
For hydrogen treatment, cells were cultured in an incubator 
that filled with 66.7% hydrogen and 33.3% oxygen produced 
with the AMS-H-01 hydrogen producer (Asclepius, Shanghai, 
China), which was designed to electrolyze water to produce 
mixed gas.26 Cells were exposed to hydrogen gas for 24 hours.

Flow cytometry
There is evidence showing that the inflammation peaked at 
24 hours after ischemic stroke.27 Therefore, Raw264.7 cells in 
each group were collected at 24 hours, 72 hours and 5 days; 
microglia were collected at 24 hours. Cells were washed with 
cold PBS thrice and centrifuged. The supernatant was removed, 
and cells were re-suspended in PBS at a density of 1 × 105 cells/mL. 
Subsequently, cells were fixed in fixation buffer in dark at room 
temperature for 20 minutes, and then centrifuged at 1000 × 
g for 5 minutes. After washing in 2% bovine serum albumin, 
cells were incubated in dark with CD11b-FITC (BioLegend, 
San Diego, CA, USA) and CD16/32-PE (BioLegend) for 20 
minutes at 4°C to label M1 macrophages; cells were incubated 
in dark with CD11b-FITC (BioLegend) and CD206-APC (Bio-
Legend) for 20 minutes at 4°C to label M2 macrophages. After 
washing in 2% bovine serum albumin, cells were suspended in 
300 μL of PBS and then harvested for flow cytometry (B&D 
Biosciences, San Diego, CA, USA). 

Statistical analysis
Statistical analysis was performed with SigmaPlot 11.0 (Systat 
Software, Inc., San Diego, CA, USA). Data are expressed as 
the mean ± standard deviation. Comparisons were performed 
with one-way analysis of variance (ANOVA) among groups, 
followed by Student-Newman-Keuls test. A value of P < 0.05 
was considered statistically significant. 

RESULTS
Cell morphology and growth rate
As shown in Figure 1, the normal Raw264.7 cells grew with 
static adherence, proliferated rapidly and were round in shape. 
After LPS treatment, most Raw264.7 cells became spindle-
shaped, and the growth rate decreased over time. Cells were 
further counted. On day 3, the number of Raw264.7 cells 
increased significantly in the control group (growth rate: 
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95.40%), but the cell growth in the LPS group reduced sig-
nificantly (20.51%) as compared to control group (P < 0.05). 
On day 5, the cell growth in control group was 1.9 times that 
on day 3, and the cell growth in the LPS group maintained 
at a low level (27.66%; P < 0.05, vs. control group). In the 
presence of 60% hydrogen during LPS treatment, the cell 
morphology remained relatively unchanged and the growth 
rate was also partially restored. The number of cells on day 3 
was 2.85 times that on day 1 and the number of day 5 was 1.17 
times that on day 3 (P < 0.05, vs. control group; P < 0.05 vs. 
LPS group). Of note, the growth rate of cells on day 5 in the 
LPS + hydrogen group was lower than that in the LPS group, 
although the total cell number on day 5 in the LPS + hydrogen 
group was still larger than in the LPS group.

Raw264.7 cell phenotype
In the control group, the proportion of M1 macrophages re-
mained stable at different time points (Figure 2). However, 
LPS treatment dramatically increased the proportion of M1 
macrophages in a time dependent manner (P < 0.05, vs. control 
group). In the presence of hydrogen during LPS treatment, the 
proportion of M1 macrophages reduced significantly when 
compared with LPS group (P < 0.05) from day 1. Moreover, 
there was no significant difference in proportion of M1 mac-
rophages between control group and LPS + hydrogen group (P 
> 0.05), although the proportion of M1 macrophages in LPS 
+ hydrogen group was lower than in control group.   

The proportion of M2 macrophages declined in control 
group over time, LPS treatment also reduced the proportion 
of M2 macrophages (P < 0.05, vs. control group) (Figure 3). 
Nevertheless, the addition of hydrogen during LPS treatment 
failed to increase the proportion of M2 macrophages to the 
normal level (P < 0.05, vs. control group), and there was no 
marked difference between LPS group and LPS + hydrogen 
group (P > 0.05). In addition, the proportion of M2 macro-
phages decreased over time in all groups. 

Microglia phenotype
In control group, the proportion of M1 microglia was relatively 
low at 24 hours (Figures 4 and 6), and it remained at a low 
level in H2 group (P > 0.05). However, the supernatant from 
OGD-treated neurons significantly increased the proportion 
of M1 microglia (P < 0.05, vs. control group). In the presence 
of hydrogen during the supernatant treatment, the proportion 
of M1 microglia reduced to nearly normal level (P > 0.05, vs. 
control group).

The proportion of M2 microglia remained stable in each 
group and there was no statistical difference between ex-
perimental groups and the control group (Figures 5 and 6). 
However, the proportion of M2 microglia tended to increase in 
OGD group and seemed to reduce in hydrogen group and the 
addition of hydrogen during the OGD supernatant treatment 
slightly reduced the proportion of M2 macrophages.

Figure 1: The morphology and growth of macrophages in vitro in different 
groups at 1, 3 and 5 d.
Note: The normal Raw264.7 cells were round in shape. After lipopolysaccharide 
treatment, most cells became spindle-shaped, and the growth rate decreased over 
time. After 60% hydrogen treatment, the cell morphology and growth rate partly 
recovered. LPS: Lipopolysaccharide; H2: hydrogen; d: day(s). Scale bars: 20 μm.

Figure 2: Flow cytometry of M1 
macrophages at 1, 3 and 5 d. 
Note: (A) M1 macrophages are 
CD11b+CD16/32+. Green: CD16/32+ 
cells; purple: CD11b+ cells; red: 
CD16/32– and CD11b– cells. (B) At 
different time points, the proportion 
of M1 macrophages remained 
stable in the control group, and 
it increased in the LPS group 
over time. The hydrogen reduced 
the proportion significantly when 
compared with LPS group. *P 
< 0.05, vs. control group; #P < 
0.05, vs. LPS + H2 group. LPS: 
Lipopolysaccharide; H2: hydrogen; 
d: day(s).
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Figure 3: Flow cytometry of M2 
macrophages at 1, 3 and 5 d.
Note:  (A)  M2 macrophages are 
CD11b+ CD206+. Blue: CD206+ cells; 
purple: CD11b+ cells; red: CD206- and 
CD11b– cells. (B) The proportion of M2 
macrophages decreased over time in all 
groups. The LPS reduced the proportion 
of M2 macrophage compared with control 
group. However, there was no statistically 
significant difference between LPS group 
and LPS + H2 group. *P < 0.05, vs. control 
group. LPS: Lipopolysaccharide; H2: 
hydrogen; d: day(s).

Figure 4: The phenotype of microglia 
was detected at 24 hours. Microglia 
were CD11b+ and M1 microglia were 
CD16/32+.
Note: Red boxes in the first row represent 
the selected gates including microglias, 
and the regions with different colors 
represent the signals of different cell 
population. Red regions in the second 
row represent CD16/32+ cells, and the 
fourth quadrantal area represents the 
high signal. OGD: Oxygen and glucose 
deprivation; H2: hydrogen.

Figure 5: The phenotype of microglia 
was detected at 24 hours. Microglia 
were CD11b+ cells and M2 microglia 
were CD206+.
Note: Red boxes in the first row represent 
the selected gates including microglias, 
and the regions with different colors 
represent the signals of different cell 
population. Red regions in the second 
row represent CD206+ cells, and the 
fourth quadrantal area represents the 
high signal. OGD: Oxygen and glucose 
deprivation; H2: hydrogen.

Figure 6: Proportion of M1 and M2 macrophages in different 
groups. 
Note: (A) Proportion of M1 macrophages (ratio of CD11b+CD16/CD32+ 

cells to CD11b+ cells). (B) Proportion of M2 macrophages (ratio of 
CD206+ cells to CD11b+ cells). The OGD supernatant increased the 
proportion of M1 and reduced the proportion of M2 slightly. However, 
the hydrogen can reduced this impact to the normal level. *P < 0.05, 
vs. control group. OGD: Oxygen and glucose deprivation; H2: hydrogen.
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DISCUSSION
Stroke is a medical emergency and may cause devastating 
neurological deficits. To date, stroke has been the major 
cause of death and adult disability worldwide.28 Although the 
pathogenesis of ischemic stroke (a major type of stroke) is 
complex, some studies have confirmed the important role of 
inflammation in the pathogenesis of ischemic stroke.29 The 
inflammatory response contributes to secondary neuronal 
damage, which exerts a substantial impact on both acute 
ischemic injury and the chronic recovery of the brain function. 
Brain ischemia elicited inflammation has involvement of the 
activation of microglia and monocyte-derived macrophages 
in the central nervous system. Microglia are the resident im-
mune cells in the brain. Once ischemia occurs, microglia are 
activated to produce both detrimental and neuroprotective 
mediators, and the balance of the two counteracting media-
tors determines the fate of injured neurons.30 The activation 
of microglia is defined as classic (M1) or alternative (M2), 
which corresponds to the detrimental and protective effects 
of these cells, respectively.31 In this study, the macrophages 
and microglia were investigated independently. 

Hydrogen has been used as a physiologically inert gas in 
deep diving, but increasing studies in recent years reveal 
it possesses some physiological activities and can exert 
protective effects on a variety of diseases.31 Although the 
anti-inflammatory effect of hydrogen has been validated in 
numerous models, the specific mechanism is still poorly un-
derstood. The polarization of macrophage is closely related 
to inflammation,31 but there is a lack of research on the role 
of hydrogen in the macrophage polarization. In this study, the 
effects of hydrogen on the polarization of macrophages and 
microglia (important participants in ischemic stroke) were 
investigated. LPS treated macrophages have been used as 
classic inflammation model.32  

Our results showed LPS significantly increased the M1 
macrophages and slightly reduced the M2 macrophages 
simultaneously, but hydrogen was able to markedly reduce 
M1 macrophages from day 1 and had little influence on M2 
macrophages. These results suggest that LPS may activate 
macrophages, which is characterized by the increase in pro-
inflammatory (M1) macrophages, but has little influence on 
anti-inflammatory (M2) macrophages. In addition, hydrogen 
treatment alone had no influence on the macrophage polariza-
tion. These indicate that hydrogen only affects the phenotype 
of macrophages under the pathological condition, and the 
reduction in M1 macrophages is ascribed to the inhibited 
macrophage activation, but not to the shift from M2 phenotype 
to M1 phenotype. 

There is evidence showing the importance of bidirectional 
interactions between neurons and microglia in the context of 
ischemic stroke.33 Inose et al.34 found lysophosphatidylcholine 
from adjacent neurons could activate microglia in ischemic 
stroke penumbra. The study of Zhao et al.35 showed IL-4 
from neurons served as a modulator of microglial pathways.
Thus, microglia exposed to the supernatant from OGD-treated 
neurons served as an in vitro model of brain ischemia in this 
study.36 Our results showed the supernatant from OGD-treated 
neurons could increase the proportion of M1 macrophages, but 

the simultaneous hydrogen treatment inhibited the increase in 
M1 macrophages. However, the supernatant and hydrogen had 
no significant influence on the M2 macrophages. 

This study had several limitations. First, LPS was used to 
stimulate macrophages as an inflammatory model, which may 
differ from the in vivo, so the lack of in vivo research will be 
solved in the future. In our study, we used cell lines, but not 
the primary macrophages and we only detected the microglia 
at 24 hours.

Taken together, LPS can significantly increase the pro-
inflammatory macrophages, the supernatant from OGD-treated 
neurons may also elevate the proportion of pro-inflammatory 
macrophages, but both treatments have little influence on the 
anti-inflammatory macrophages. In addition, simultaneous 
hydrogen treatment inhibits the increase in pro-inflammatory 
macrophages, and has no influence on anti-inflammatory cells. 
This provides a new mechanism for the anti-inflammatory ef-
fect of hydrogen. However, more studies are needed to confirm 
our findings and further investigate the specific pathways un-
derlying the hydrogen regulated polarization of macrophages.
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