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Abstract 

Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central nervous system (CNS). Anxiety and 
depression are the most common psychiatric comorbidities of MS, which seriously affect patients’ quality of life, treat-
ment compliance, and prognosis. However, current treatments for anxiety and depression in MS show low therapeu-
tic efficacy and significant side effects. In the present study, we explored the therapeutic effects of a novel low-toxic 
anti-inflammatory drug, nanoparticulate magnesium hydride  (MgH2), on mood disorders of MS. We observed that 
anxiety/depression-like behaviors in experimental autoimmune encephalomyelitis (EAE) mice were alleviated by 
 MgH2 treatment. In addition, disease severity and inflammatory demyelination were also diminished. Furthermore, 
we confirmed the suppressive effect of  MgH2 on depression in the acute restraint stress model. Mechanistically,  MgH2 
may play a therapeutic role by promoting microglial M2 polarization, inhibiting microglial M1 polarization, and reduc-
ing oxidative stress and mitochondrial damage. Therefore, nanoparticulate  MgH2 may be a promising therapeutic 
drug for psychiatric comorbidities of MS.
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Introduction
Multiple sclerosis (MS) is an autoimmune neurodegen-
erative disease of the central nervous system (CNS) char-
acterized by inflammatory demyelination and axonal 
damage [1]. MS is the most common cause of neurologi-
cal disability in young adults—aside from trauma—and 
usually leads to sensory-motor, emotional and cognitive 
impairment. Clinical treatment mostly focuses on reliev-
ing somatic dysfunction, and relatively little attention is 
assigned to mood disorders [2].

Anxiety and depression are the main manifestations 
of affective disorder and the most common psychiatric 
comorbidities in MS patients, the prevalence of which is 
rather high: 23.7% for depression and 21.9% for anxiety 
[3, 4]. MS comorbid with psychiatric disorders seriously 
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affects the quality of life, disease process, and overall 
outcome of patients. First, anxiety and depression aggra-
vate the physical dysfunction of MS patients and affect 
their ability to work, family life, and social life. Second, 
those with MS and mood disorders usually have cogni-
tive dysfunction and are also less likely to be compliant 
with disease-modifying treatment, which may ultimately 
affect their MS disease course [5, 6]. Third, anxiety and 
depression significantly affect the prognosis by increas-
ing mortality in people with MS. The standardized mor-
tality rate (SMR) showed that suicide risk in MS patients 
was twice as high as that in the general population [7]. 
Fourth, more severe neurological dysfunction and poor 
self-care ability in MS patients might exacerbate anxious 
and depressive symptoms [8]. Therefore, MS comorbid 
with anxiety and depression needs urgent attention and 
effective treatment.

Currently, selective serotonin reuptake inhibitors 
(SSRIs) are considered first-line treatments for anxiety 
and depression [9, 10]. However, SSRIs commonly have 
limitations, such as delayed onset, low efficacy, asso-
ciation with metabolic syndrome, cardiovascular and 
gastrointestinal side effects, and sexual dysfunction. 
Importantly, SSRIs might increase suicidal and hostile 
behavior in children and adolescents with depression [11, 
12]. Approximately one-third of patients with depression 
are resistant to existing antidepressants [13]. Moreo-
ver, current data are insufficient to determine the effec-
tiveness of treatments for depression and anxiety in MS 
[14, 15]. Thus, there is an urgent need for safer and more 
effective drugs and new therapeutic targets.

Microglia, resident immune cells in the CNS, are 
important for innate and acquired immunity and play a 
key role in the pathogenesis of MS comorbid with anxi-
ety and depression. Research on MS has shown that 48 
MS risk genes are preferentially expressed in microglia 
[16]. Microglial activation in the brains of MS patients 
precedes immune cell infiltration in peripheral blood 
and demyelination of the CNS [17]. Microglia affect the 
progression of MS mainly through phagocytosis, inflam-
mation regulation, antigen presentation, and synaptic 
pruning [18]. Clinical trials with minocycline, a micro-
glial inhibitor, showed that the drug might impede “clini-
cally isolated syndrome” from transitioning to MS [19]. 
Research on anxiety and depression has shown that 
microglia are activated in the brains of patients, spe-
cifically in regions related to emotion [20, 21]. Micro-
glial activation further aggravates the severity of anxiety 
and depression by regulating monoaminergic and glu-
tamatergic pathways, synaptic transmission, synaptic 
plasticity, hippocampal neurogenesis, and monocyte 
infiltration [22–25]. Adjunctive minocycline also helps to 
reduce anxious and depressive symptoms in clinical trials 

[26, 27]. Taken together, the literature suggests that anti-
inflammatory therapy targeting microglia can potentially 
treat symptoms of anxiety and depression in MS patients. 
Since minocycline, a semisynthetic tetracycline-derived 
antibiotic, has many adverse effects, including nausea, 
diarrhea, dizziness, dermatitis, and dysbacteriosis [28], 
novel anti-inflammatory therapeutic measures with 
fewer side effects might have a promising future.

Nanoparticulate  MgH2 is a novel and efficient magne-
sium-based hydrogen storage material that can sustain-
ably produce massive hydrogen in the stomach through 
the following reaction:  MgH2 +  2H2O = Mg(OH)2 +  2H2. 
 H2 is a biologically inert gas that is easy to use and has 
hardly any side effects [29]. Increasing evidence has 
shown that  H2 suppresses neuroinflammation and oxida-
tive stress, which are major contributors to anxious and 
depressive disorders. Indeed, it is reported that hydro-
gen-rich water treatment prevents depressive-like behav-
ior in animal model of stress [30]. Compared with the 
traditional administration of  H2 such as hydrogen-rich 
water,  MgH2 not only releases more  H2 sustainably but 
also supplies magnesium simultaneously. As the second 
most abundant cation in mammalian cells, magnesium 
is involved in numerous important biological processes. 
Magnesium is a co-enzyme for energy production in the 
mitochondria [31]. In addition, it has anti-inflammatory 
effects and inhibits ROS production in the brain [32–34]. 
Importantly, magnesium plays a vital modulatory role 
in brain biochemistry, influencing several neurotrans-
mission pathways associated with the development of 
anxiety and depression [35]. Intravenous and oral mag-
nesium has been reported to rapidly terminate depressive 
symptoms safely and without side effects [36]. However, 
there have been no studies investigating the function and 
mechanism of  MgH2 in MS comorbid with anxiety and 
depression.

In this study, we explored the feasibility of  MgH2 as a 
novel, safe, and effective drug for relieving psychiatric 
symptoms of MS. Our study found that  MgH2 can reduce 
neuroinflammation in mouse model of experimental 
autoimmune encephalomyelitis (EAE) and acute restraint 
stress model, thereby alleviating demyelination-induced 
motor dysfunction and anxiety/depression-like symp-
toms. However,  MgH2 has no effect on remyelination in 
the lysophosphatidylcholine (LPC) model. We hypoth-
esize that  MgH2 exerts its effects by regulating microglial 
polarization and inhibiting oxidative stress.

Materials and methods
Animals
All animal experiments were performed in adherence 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and approved by the 
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Naval Medical University Committee on Animal Care. 
C57BL/6 mice were purchased from Shanghai SLAC 
Laboratory Animal Co., Ltd (Shanghai, China), main-
tained under specific pathogen-free conditions, and used 
at 8–10 weeks of age. We anesthetized mice with pento-
barbital, and then the whole brain and spinal cords were 
collected following transcardial perfusion and overnight 
post-fixation with 4% paraformaldehyde.

Experimental autoimmune encephalomyelitis (EAE) model
The EAE model was induced by myelin oligodendrocytes 
glycoprotein (MOG35–55) as previously described [37]. 
Briefly, female C57BL/6 mice (8  weeks) were subcuta-
neously immunized with MOG 35–55 (GL Biochem, 
Shanghai, China) in complete Freund’s adjuvant con-
taining heat-killed Mycobacterium tuberculosis (H37Ra 
strain; Difco), Pertussis toxin (516561, Calbiochem–EMD 
Chemicals, San Diego, CA) in PBS was administered 
intraperitoneally (i.p.) 0-day (d) post-injection (dpi) and 2 
dpi.  MgH2 was administered at 1 dpi. Clinical EAE scores 
on a scale of 0–5 were examined daily in a blind manner 
as follows: 0, no clinical signs; 1, paralyzed tail; 2, pare-
sis; 3, paraplegia; 4, paraplegia with forelimb weakness or 
paralysis; and 5, moribund state or death.

The procedure of the 24‑h restraint
The 24-h restraint of mice was conducted as previously 
described [38] and we modified it partially. Briefly, mice 
were placed in 50 mL centrifuge tubes and subjected to 
24 h restraint from 10:00 a.m. to 10:00 a.m. of the next 
day. The holes (~ 0.5 cm in diameter) in the head, tail, and 
side wall of 50  mL centrifuge tubes made airflow. Mice 
could move their head and anterior limb, but the body 
and hindquarters were not able to move or turn around. 
During the restraint, mice had no access to food and 
water. Once the restraint ended, mice were immediately 
put back into their home cages, with free access to food 
and water. Non-restraint mice (control group) remained 
in the home cages and also had no access to food and 
water for 24  h. Mice in the experimental group were 
immediately fed with  MgH2 after restraint and this con-
tinued until the end of the behavioral experiments.

Lysophosphatidylcholine (LPC) model
Adult (8–10  weeks) female C57BL/6 mice were deeply 
anesthetized with 1.5% isoflurane in 30% oxygen. Focal 
demyelination in the dorsal spinal cord was induced by 
LPC (Sigma-Aldrich, Catalog#62962) as described pre-
viously [39]. Briefly, 1 μL of LPC (0.1% in saline) was 
injected into the dorsal column at the T11–T12 vertebrae 
with a micromanipulator.  MgH2 was administered at 1 
dpi. Mice were anesthetized and sacrificed at 7 dpi and 14 
dpi after LPC injection, then the spinal cord containing 

the injection lesion was collected and cut into serial par-
affin sections. The demyelinated lesion volume was cal-
culated based on the equation: V = Σ demyelinated lesion 
area x thickness of the section.

Drug administration
For the treatment of EAE mice, 24-h restraint mice, and 
LPC mice, we fed the experimental group with 0.5% 
 MgH2 (AIN93G + 0.5%  MgH2), and the control group 
was fed with standardized feed (AIN93G). To determine 
the concentration of  MgH2 in  vitro, we detected the 
effect of  MgH2 on the viability of BV2 cells (Additional 
file 1: Fig. S1).  MgH2 powder (obtained from the Center 
of Hydrogen Science, Shanghai Jiao Tong University) was 
suspended in propylene glycol, and for cell experiments, 
the control group was added with the same dose of pro-
pylene glycol in vitro.

Behavioral procedures
Before each experiment, mice were put into the behavio-
ral laboratory for 1–2 h in advance. All behavioral experi-
ments were performed between 9:00 a.m. and 5:00 p.m. 
Behaviors were recorded, stored, and analyzed using an 
automated behavioral tracking system (Smart 3.0.06, 
Panlab Harvard Apparatus) equipped with infrared light-
ing-sensitive CCD cameras.

Open field test Mice were placed in the corner of an 
open-field apparatus (40 cm × 40 cm) for 10 min of spon-
taneous exploration with an overhead video-tracking sys-
tem. The total distance mice traveled, the distance they 
traveled in the center area (20 cm × 20 cm center square), 
and the time they spent and entries in the center area 
were monitored throughout the experiment.

Marble burying test The marble burying test was per-
formed on mice as previously described with minor 
modifications [40]. Briefly, mice were placed individu-
ally in an open arena (50 cm × 50 cm × 30 cm) containing 
fresh bedding (5 cm deep) with 20 clean marbles prear-
ranged in a 5 by 4 grid. Mice were allowed to bury the 
marbles for 20 min. After the test period, buried marbles 
were counted manually. Marbles were considered buried 
if they were at least 2/3 covered with bedding.

Light/dark test The light/dark test (LDT) is based on 
the innate aversion of rodents to brightly lit areas [41]. 
LDT was performed as previously described with minor 
modifications [42]. Mice were gently placed in a cage 
(25  cm × 25  cm × 25  cm) divided into a dark chamber 
and an illuminated chamber by a partition with a door. 
The mice were allowed to move freely between the two 
chambers with the door open for 10 min. Video tracking 
data were analyzed using software to extract the move-
ment trail, the time spent in each chamber, and transition 
numbers.
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Sucrose preference test The sucrose preference test was 
performed using a two-bottle procedure, during which 
mice had free access to both water and a sucrose solu-
tion, as previously described [43], with minor modifica-
tions. First, mice need to habituate to consuming water 
from the two bottles 2 d in advance. After habituation, 
mice were deprived of water and the sucrose preference 
was measured during the next 3 d. The first 2 days served 
as habituation to sucrose solutions. The results of day 3 
were used for the evaluation of sucrose preference. Each 
day, group-housed mice were placed individually into 
small plastic cages and were presented for 12 h with two 
bottles—one with tap water and one with a 2% sucrose 
solution. Consumption of water or sucrose solution was 
measured by weighing the volume of two bottles. Bottles 
were counterbalanced across the left and the right sides 
of the cage, and their position was alternated from test 
to test. Sucrose preference (percent) was calculated as 
follows: Preference = [sucrose solution intake (mL)/total 
fluid intake (mL)] × 100.

Tail suspension test The tail suspension test was per-
formed based on the previously described [42]. Mice 
were suspended by their tails with tape in a position that 
they could not escape or hold on to nearby surfaces for 
6 min. Immobility was quantified in the last 4 min of the 
test using the Video track system.

Forced swimming test The forced swimming test was 
performed as previously described [44]. Mice were 
placed in a glass beaker (24 cm tall, 14 cm diameter) con-
taining 15 cm deep water at 24 ± 1 °C. Mice were allowed 
to swim for 6 min. Immobility was quantified in the last 
4 min of the test using the Video track system.

Cells cultures
Detailed methods for the primary culture and purifica-
tion of microglia and OPCs were previously described 
[45]. Briefly, Postnatal day 1 (P1) C57BL/6 mice were sac-
rificed to acquire mixed cerebrum glial cell cultures con-
taining microglia. After 10–14 days of growth in DMEM/
F12 medium (Invitrogen) containing 10% fetal bovine 
serum (FBS, GBICO), the cultures were shaken for 1  h 
(180 rpm, 37 °C) to collect the microglia. For M1 polari-
zation, the microglia were stimulated with lipopolysac-
charide (LPS, 10 ng/ml, R&D). For M2 polarization, the 
microglia were stimulated with IL-4 (10 ng/ml, R&D).

To obtain OPCs, P1 Sprague Dawley rats (SD rats) were 
sacrificed to acquire mixed cortical glial cell cultures. 
After 8–10 days of growth in DMEM containing 10% 
FBS, the cultures were shaken for 1  h (180  rpm, 37  °C) 
to remove the microglia. After replacing the medium, the 
cultures were shaken for another 14 h (200 rpm, 37  °C) 
to collect the OPCs. OPCs were cultured in cultured 
DMEM/F12 medium supplemented with PDGFaa (0.1%), 

B27 (2%), N2 (1%) and BFGF (0.1%) for proliferation, and 
cultured in neurobasal medium supplemented with 2% 
B27 for differentiation. 10  ng/ml thyroid-hormone (T3, 
Sigma) was used as a positive control for differentiated 
OPCs.

RNA isolation and quantitative real‑time PCR (qPCR)
Total RNA was extracted from the primary cell culture 
using Trizol (Invitrogen, Carlsbad, USA). First-strand 
cDNA was synthesized using a RevertAid First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, 
USA). qPCR was performed on a LightCycler 96 appara-
tus (Roche) using the SYBR Green Real-time PCR Master 
Mix (TOYOBO, Shanghai, China). Gene expression was 
expressed as the mRNA level, which was normalized to 
that of a standard housekeeping gene (Gapdh) using the 
△△CT method. The primer pairs were as follows: for 
inos, F: TTG ACG CTC GGA ACT GTA G; R: GAC CTG 
ATG TTG CCA TTG T; for Tnf-α, F: GCC TCC CTC TCA 
TCA GTT CT; R: ACT TGG TGG TTT GCT ACG AC; for 
Arg-1, F: GCT TGC TTC GGA ACT CAA C; R: CGC ATT 
CAC AGT CAC TTA GG; for Ym1, F: TAC TCC TCA GAA 
CCG TCA GAT; R: CAT TTC CTT CAC CAG AAC AC; for 
Fizz1, F: ATG CCA ACT TTG AAT AGG ATG; R: CTT GAC 
CTT ATT CTC CAC GAT; for Gapdh, F: TCA ACG ACC 
CCT TCA TTG ACC; R: CTT CCC GTT GAT GAC AAG 
CTTC.

Western blot analysis
Primary cell cultures were homogenized in RIPA buffer 
that was supplemented with protease cocktail inhibi-
tors (Beyotime, Shanghai, China). Cell lysates were sub-
jected to Western blot analysis using anti-inducible 
nitric oxide (iNOS; 1: 500, Cell Signaling Technology, 
Catalog#13120), anti-Arginase-1 (1: 1000, Santa Cruz 
Biotechnology, Catalog#sc-271430), anti-MBP (1: 500, 
MilliporeSigma, Catalog#MAB382), anti-MAG (1: 500, 
Santa Cruz Biotechnology, Catalog#C0217). The pro-
tein bands were analyzed and quantified using Image 
Lab (ODYSSEY CLX, LI-COR, America), normalizing 
target proteins to GAPDH (1:10000, proteintech, Cata-
log#10494) bands.

Immunofluorescence staining
Cells or tissue sections were fixed, permeabi-
lized, and incubated with primary antibodies anti-
Sox10 (1: 200, R&D Systems, Catalog#AF2864), 
anti-CC1 (1: 200, Millipore, Catalog#OP80), anti-Iba1 
(1: 200, Abcam, Catalog#ab48004), anti-GFAP (1: 200, 
Abcam, Catalog#ab4674), anti-Olig2 (1: 200, Mil-
lipore, Catalog#ab9610), anti-MBP (1: 50, Abcam, 
Catalog#ab7349), anti-NF200 (1: 200, MilliporeSigma, 
Catalog#N4142), anti-Neurofilament-H (NF-H), 
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nonphosphorylated (clone SMI32, 1: 400, Biolegend, 
Catalog#801701), anti-PDGFRα (1: 200, R&D Systems, 
Catalog#AF1062), anti-Ki67 (1: 300, Cell Signaling Tech-
nology, Catalog#9129) and anti-Caspase3 (1: 100, Mil-
lipore, Catalog#AB3623) overnight at 4  °C, followed by 
incubation with TRITC-conjugated, FITC-conjugated 
secondary antibody, or Alexa647-conjugated secondary 
antibody (1: 200, Jackson ImmunoResearch) and coun-
terstained with Hoechst33342 (1: 1000, Sigma-Aldrich) 
for 2  h at room temperature. Fluorescence images were 
captured using fluorescence microscopy (Dragonfly 200, 
ANDOR, England) and quantified using Image-Pro Plus 
(Media Cybernetics).

Luxol fast blue (LFB) and histological staining
The brains or spinal cords were isolated from EAE and 
restraint mice and cut into continuous paraffin sec-
tions  (4  μm). LFB kit (Servicebio, G1030) was used for 
LFB staining. For hematoxylin and eosin (H&E) stain-
ing, sections were immersed in hydrochloric acid-alcohol 
for several seconds followed by 1% ammonia water for 
several seconds, and then placed into Iraqi red dye for 
1–3 min. Finally, the slices were dehydrated with ethanol 
for 5 min and made transparent with xylene for 5 min.

Measurement of ROS generation
Reactive oxygen species assay kit (Beyotime, Shanghai, 
China) was used to detect the intracellular generation of 
ROS. The cells were incubated in serum-free media with 
10  μmol/L 2,7-Dichlorodihydrofluorescein diacetates 
(DCFH-DA) at 37  °C for 20  min. Next, the cells were 
washed three times with a serum-free medium. Samples 
were analyzed at an excitation wavelength of 488 nm and 
an emission wavelength of 525  nm using a flow cytom-
eter (Beckman Coulter, Kraemer Boulevard Brea, CA, 
USA).

Mitochondrial membrane potential measurement
The changes in mitochondrial membrane potential 
(MMP) were measured with an MMP assay kit with 
JC-1 (MCE, HY-K0601, Monmouth Junction, NJ, USA) 
according to the manufacturer’s instructions. Briefly, 
treated cells were harvested and washed with cold PBS 
one time. Then, the cells were suspended in a mixture 
of 200 μL of culture medium and 1 μL of JC-1 staining 
solution for 20 min in the dark at 37 °C. Subsequently, the 
cells were washed with cold staining buffer three times. 
JC-1 existed either as a cytoplasmic JC-1 monomer or 
in mitochondrial J-aggregates, depending on the MMP. 
After the corresponding treatment, the cells were stained 
with JC-1 as described above and visualized by fluores-
cence microscopy (N1-E, Nikon, Japan). Depolarization 

of MMP is measured in terms of increased fluorescence 
of JC-1 monomers (green) relative to its aggregates (red).

BrdU incorporation
For animals, BrdU (5-bromo-2-deoxyuridine, Sigma) was 
intraperitoneally injected with a dose of 100 mg/kg (body 
weight) after the 24-h restraint once a day for 7 consecu-
tive days. For the cell experiment, 10 μmol/L BrdU was 
added to the medium and incubated for 6 h to label pro-
liferating cells. After fixation in 4% PFA, cells were rinsed 
three times with 1 × PBS for 5  min, permeabilized with 
0.3% Triton X-100 for 10 min, then incubated in 2 N HCl 
for 30  min and neutralized in 0.1  mol/L sodium borate 
for 25 min. Finally, the cells were incubated with primary 
anti-BrdU (1: 100, Sigma-Aldrich) overnight at 4  °C as 
described for immunocytofluorescence staining above.

Statistical analysis
The data were analyzed using One-way ANOVA with 
Fisher LSD test or Dunnett’s multiple comparisons test 
for pairwise comparisons in multiple groups (for vari-
ables with homogenous variance) and Games–How-
ell (for variables with non-homogenous variance). 
Student’s t test or non-parametric test of Mann–Whit-
ney U was used for two groups. The data are presented as 
mean ± SEM. The value of P < 0.05 was considered statis-
tically significant. All statistical analyses were made using 
Prism 6 (GraphPad) and PASW Statistics 18 (SPSS, IBM).

Results
MgH2 treatment attenuates EAE progression 
and inflammation‑induced demyelination
The EAE model, which can cause neurodegenerative 
inflammatory disease, is often used to simulate multiple 
sclerosis in mice. To test whether  MgH2 is effective for 
EAE, the mice were fed a standardized diet containing 
0.5%  MgH2 (AIN93G + 0.5%  MgH2) from the induction 
of the model until 30  day post-injection (dpi) (Fig.  1A). 
We recorded the clinical scores of mice daily and found 
that the mean clinical scores of EAE in  MgH2-treated 
mice were lower than those of the control-EAE group 
(Fig.  1B). In terms of the incidence of EAE, 9 of the 12 
mice in the  MgH2-treated group had symptoms, while 
all 11 mice in the control group had symptoms (data not 
shown).

Inflammation-induced demyelination is the core path-
ological feature of the EAE model. In this study, H&E 
staining showed a significant difference in the number 
of inflammatory cells between the  MgH2-EAE and con-
trol-EAE mice. The infiltration of inflammatory cells in 
the ventral lumbar spinal cord at 30 dpi was higher in 
the control mice compared to the  MgH2-treated mice 
(Fig.  1C, D). To assess the changes in specific types of 



Page 6 of 20Li et al. Journal of Neuroinflammation           (2023) 20:16 

glia in the white matter (WM) of the spinal cord, we 
performed immunofluorescence staining for Ionized 
calcium-binding adaptor protein-1 (Iba1), Glial fibrillary 
acidic protein (GFAP), SRY-Box Transcription Factor 10 
(Sox10) and adenomatous polyposis coli (APC aka CC1). 
At 30 dpi, more  Iba1+ and  GFAP+ cells accumulated in 
the lesions of control-EAE mice (Fig.  1E–G), suggest-
ing that microglia and astrocytes are significantly acti-
vated compared with the  MgH2-EAE group. In addition, 
 Sox10+ oligodendrocyte lineage cells and  CC1+ cells (dif-
ferentiated oligodendrocytes) were higher within lesions 
of  MgH2-EAE mice (Fig.  1H–J). In addition, Luxol fast 
blue (LFB) stained a lower proportion of demyelinated 

area in  MgH2-EAE mice (Fig. 1K, L). A higher proportion 
of the WM area stained positive for myelin basic protein 
(MBP) in the  MgH2-EAE mice (Fig.  1M, N), indicating 
that demyelination was milder in the  MgH2-EAE group. 
Together, our findings demonstrate that  MgH2 treatment 
can attenuate EAE progression by alleviating inflamma-
tion and demyelination of the spinal cord in EAE mice.

MgH2 treatment relieves anxiety/depression‑like behaviors 
in EAE mice
EAE progression is usually divided into three phases: 
pre-onset, onset, and disease. In the pre-onset stage 
(0–10 dpi), mice with EAE do not show any obvious 

Fig. 1 MgH2 treatment alleviates the progression of EAE. A Schematic diagram displaying the time course of EAE progression and interventions. 
B Average clinical score of EAE in mice of the control and MgH2-treated groups. n > 11 mice per group. C, D Representative spinal cord sections of 
H&E staining from EAE mice at 30 dpi and quantitative analysis of the number of infiltrating cells around lesion sites in WM of EAE mice (F = 2.6502). 
Infiltrating cells refer to the increased number of cells in the lesion area compared to the normal area. n = 3 mice per group. E–G Representative 
anti-Iba1 (red) and anti-GFAP (green) immunofluorescence of spinal cord sections around lesion sites of EAE mice at 30 dpi and quantitative analysis 
of  Iba1+ cells/mm2 (F = 0.2619) and  GFAP+ cells/mm2 (F = 3.5610), n = 3 mice per group. H–J Representative anti-CC1 (red) and anti-Sox10 (purple) 
immunofluorescence of spinal cord sections around lesion sites of EAE mice at 30 dpi and quantitative analysis of  Sox10+ cells/mm2 (F = 3.7464) 
and  CC1+ cells/mm2 (F = 1.8978), n = 3 mice per group. K, L Representative spinal cord sections of Luxol fast blue (LFB) staining of EAE mice at 30 
dpi and quantitative analysis of the percentage of demyelinated WM in total WM (F = 1.0580). n = 3 mice per group. M, N Representative anti-MBP 
(green) immunofluorescence of spinal cord sections of EAE mice at 30 dpi and quantitative analysis of  MBP+ area (F = 1.7836). n = 3 mice per group. 
Data are presented as mean ± SEM
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motor deficits. At the onset of EAE progression (10–
12 dpi), paralyzed tails mark the beginning of motor 
defects. During the disease phase (12–30 dpi), mice 
with EAE develop more serious motor dysfunctions, 
including paresis, paraplegia, paralysis, and even death 
[46]. We observed similar phases of EAE progression 
in our study (Fig.  1B). Since the obvious motor dys-
function possibly affects the assessments of anxiety 
and depression, behavioral experiments of emotional 
changes were performed during the pre-onset phase 
(Fig. 2A).

To demonstrate whether  MgH2 treatment alleviated 
emotional impairment after EAE, several behavioral 
tests were used. The open field test (OFT) has been used 
to assess anxiety behavior during EAE [46] and can also 
assess locomotor function. We found a significant dif-
ference in the total distance between the control group 
(without EAE nor  MgH2 treatment) and the control-EAE 
group (without  MgH2 treatment), indicating that the 
EAE modeling reduced the movement of mice (Fig. 2B). 
There was no significant difference in the total distance 
traveled by the control-EAE group and  MgH2-EAE group 

Fig. 2 Behavioral changes occur in EAE mice and can be improved by  MgH2. A Schematic diagram displaying the behavioral test protocol used 
in the study. B Open field test (OFT), statistical analysis of total distance (F = 20.9005), time (F = 3.4964) and entries (F = 3.4233) in the central area, 
n = 8 mice per group. C Marble burying test (MBT), statistical analysis of the number of buried marbles (F = 0.2692), n = 5 mice per group. D Light/
dark transition test (LDT), statistical analysis of time in the light chamber (F = 4.4714) and transition numbers (F = 3.9609), n > 7 mice per group. E 
Sucrose preference test (SPT), statistical analysis of the percentage of sucrose consumption (F = 10.4649), n = 5 mice per group. F Tail suspension 
test (TST), statistical analysis of immobile time (F = 7.5058), n = 7 mice per group. Data are presented as mean ± SEM
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(Fig. 2B). The time spent and the number of entries in the 
central area of the open field are used to measure anxiety-
like, depressive, and exploratory behavior. Anxious and 
depressed mice prefer to stay in the corner, hence their 
time and entries in the central area decrease markedly. 
The control-EAE group showed fewer time and entries 
compared with the control group (Fig.  2B), suggesting 
that the EAE modeling induced an anxiety/depression-
like behavior. However, the  MgH2-EAE group showed 
similar time in the center but more entries (Fig.  2B), 
indicating that the anxiety/depression-like behavior was 
improved mildly by  MgH2.

Next, we assessed the anxiety-like behavior using the 
marble burying test (MBT) and the light/dark transi-
tion test (LDT). Although there were no significant dif-
ferences in MBT among the different treatment groups 
(Fig. 2C), significant differences were found in the LDT, 
specifically in the time spent in the light chamber and 
the number of transitions (Fig.  2D). Similarly, the LDT 
results suggest that  MgH2 alleviates the anxiety-like 
behavior due to EAE modeling.

Moreover, the sucrose preference test (SPT) and the 
tail suspension test (TST) were applied to test the anti-
depressant-like effect of  MgH2. The SPT and TST results 
suggested that the control-EAE group had depression-
like responses, as the control-EAE mice, compared with 
the control mice, consumed a lower relative percentage 
of sucrose and were immobile longer (Fig. 2E, F). How-
ever,  MgH2 treatment increased the sucrose preference 
and decreased the immobile time (Fig. 2E, F).

Overall, these behavioral data indicate that the anxiety/
depression-like behaviors following EAE can be allevi-
ated by  MgH2 treatment.

MgH2 treatment alleviates inflammation, demyelination, 
and axon damage in the hippocampus and corpus 
callosum after EAE
Increasing research have shown that the hippocam-
pus plays an important role in depression and anxiety 
[47–49]. Thus, mice were sacrificed at 11 dpi: after the 
behavioral assessments of anxiety and depression were 
completed and motor impairments began to appear. 
To evaluate the effect of  MgH2 on neuroinflamma-
tion, we used Iba1 to mark microglia and GFAP to mark 

astrocytes in the hippocampus, including CA1, CA3, and 
DG. We found that the number of  Iba1+ and  GFAP+ cells 
in the  MgH2-EAE group was significantly less than in 
the control-EAE group (Fig. 3A–E), showing that  MgH2 
treatment significantly reduced the inflammation in EAE 
mice.

One of the most replicated neurobiological findings in 
anxiety and depression is the structural abnormalities 
of the corpus callosum [50]. The corpus callosum plays 
a vital role in maintaining stable, functional communica-
tion between hemispheres [51]. We found that the num-
ber of  Iba1+ cells in the corpus callosum of control-EAE 
mice was significantly greater than that of  MgH2-EAE 
mice (Fig.  3F, G), but there was no difference in the 
density of astrocytes between the two groups (Fig.  3F, 
H). These data indicate that  MgH2 treatment alleviates 
microglial activation in the corpus callosum of EAE mice.

Demyelination and neurodegeneration may also con-
tribute to the progression of anxiety and depression 
in EAE. To evaluate the effect of  MgH2 on white mat-
ter integrity after EAE, we examined the conditions 
of myelination and oligodendrocytes. Compared with 
the control-EAE mice,  MgH2-EAE mice showed higher 
mean fluorescence intensity (MFI) of MBP (Fig.  3J, K). 
Although there was no statistically significant differ-
ence between the two groups, the number of  Olig2+ 
cells in the  MgH2-EAE group was slightly higher (Fig. 3F, 
I). Moreover, we used PDGF Receptor α (PDGFRα) to 
mark the oligodendrocyte progenitor cells (OPCs) and 
Ki67 to mark the proliferating cells. We found that there 
was no significant difference in PDGFRα+Sox10+ cells 
and  Ki67+PDGFRα+Sox10+ cells between the control-
EAE group and  MgH2-EAE group (Additional file 1: Fig. 
S2A, B). Interestingly, the number of  CC1+Sox10+ cells 
(mature oligodendrocytes) in the corpus callosum was 
increased in the  MgH2-EAE group compared with the 
control-EAE group (Additional file  1: Fig. S2C, D), sug-
gesting that the increased  Olig2+ cells in the  MgH2-EAE 
group were more likely to be mature oligodendrocytes. 
These results indicate that  MgH2 treatment promotes 
maturation and myelination but did not affect the prolif-
eration of OPCs after EAE.

At the same time, the MFI of Neurofilament 200 
(NF200) did not differ between the two groups, but the 

(See figure on next page.)
Fig. 3 MgH2 treatment alleviates inflammation in the hippocampus and corpus callosum (CC) of EAE mice. A–C Representative anti-Iba1 (red) 
and anti-GFAP (purple) immunofluorescence of DG, CA1, and CA3 zones in the hippocampus. White arrows mark  Iba1+ microglia and  GFAP+ 
astrocytes. D Quantitative analysis of  Iba1+ cells/mm2 of DG (F = 0.2353), CA1 (F = 0.1947) and CA3 (F = 0.1449) zone in the hippocampus, n = 3 
mice per group. E Quantitative analysis of  GFAP+ cells/mm2 of DG (F = 0.6708), CA1 (F = 0) and CA3 (F = 0.07) zone in the hippocampus, n = 3 
mice per group. F Representative anti-Iba1 (red), anti-GFAP (purple), and anti-Olig2 (green) immunofluorescence of the CC, LV: lateral ventricle. G–I 
Quantitative analysis of  Iba1+ cells/mm2 (F = 0.6852),  GFAP+ cells/mm2 (F = 3.2429), and  Olig2+ cells/mm2 (F = 0.81) of the CC, n = 3 mice per group. 
J Representative anti-MBP (red), anti-NF200 (green), and anti-SMI32 (purple) immunofluorescence of the CC. The difference of  SMI32+ area is shown 
in white boxes. K–M Quantitative analysis of median fluorescence intensity (MFI) of MBP (F = 14.0746), NF200 (F = 4.5282), and SMI32 (F = 15.8079), 
n = 3 mice per group. White arrows mark  Iba1+ or  GFAP+ cells. Data are presented as mean ± SEM
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MFI of non-phosphorylated neurofilament-H (SMI32), a 
marker of damaged axons, was significantly lower in the 
 MgH2-EAE mice (Fig.  3J, L, M) suggesting less axonal 
degeneration in  MgH2-EAE mice.

In summary, these results suggest that inflammation, 
myelin sheath loss, and damaged axons are potentially 
the mechanism for behavioral changes in EAE mice 
and that  MgH2 treatment can reduce these pathological 
changes.

MgH2 treatment improves depression‑like behaviors 
induced by acute restraint
Considering that the antidepressant effect of  MgH2 after 
EAE may be due to demyelination and axon damage in 
the CNS, we wanted to further explore the role of  MgH2 
in an acute restraint stress-induced depression model. 
To establish the acute restraint stress model, mice were 
confined to 50  mL centrifuge tubes and fasted for 24  h 
(Fig. 4A). Unlike our observations after EAE, we observed 
no difference in the MFI of MBP, NF200, and SMI32 in 
the corpus callosum after restraint and  MgH2 treat-
ment (Additional file  1: Fig. S3A–C). Meanwhile, there 
were no differences in the number of PDGFRα+Sox10+ 
cells,  Ki67+PDGFRα+Sox10+ cells, and  CC1+Sox10+ 
cells among three different groups (Additional file 1: Fig. 
S3D–G). To further explore the effect of  MgH2 on the 
long-term proliferation of OPCs, we administered BrdU 
intraperitoneally to mice (Additional file 1: Fig. S4A). We 
found that neither restraint nor  MgH2 treatment had any 
effect on the proliferation of OPCs (Additional file 1: Fig. 
S4B, C). These results suggest that acute restraint stress 
does not elicit demyelination or axon damage.

Behavioral tests were performed 2 d after restraint 
(Fig.  4B). The behavioral results of the OFT, MBT, and 
LDT showed that short-term restraint did not cause 
anxiety-like behaviors in the control-restraint group 
(Fig.  4C–E) compared with the control group. How-
ever, the control-restraint group distinctly preferred 
sucrose less than the control group (Fig. 4F). In the TST 
and forced swimming test (FST), measures of behavio-
ral despair, the control-restraint group spent more time 
immobile (Fig.  4G, H). These findings indicate that the 
acute restraint stress model can induce depression-like 
behaviors. Significantly, the  MgH2-restraint group per-
formed better than the control-restraint group in the 

SPT, TST, and FST (Fig.  4F–H). In addition, we found 
that the  MgH2 group (without restraint) showed similar 
behaviors to the control group (Fig. 4C–H). In summary, 
using several different behavioral tests, we found that 
 MgH2 treatment did not affect mental status of normal 
mice but could improve depression-like symptoms after 
acute restraint.

MgH2 treatment reduces inflammation in the CNS 
after acute restraint
Stress is the primary environmental risk factor in the 
etiology of depression. Stress may also cause neuroin-
flammation, mainly by activating microglia [52]. After 
the 24  h restraint stress, we found that significantly 
more inflammatory cells infiltrated the hippocampus 
of the control-restraint group compared to that of the 
 MgH2-restraint group (Additional file  1: Fig. S5A, B). 
Immunofluorescence results showed that the control-
restraint group had significantly more  Iba1+ microglia 
and  GFAP+ astrocytes in the CA1, CA3, and DG regions 
of the hippocampus than the control group (Fig. 5A–E). 
Interestingly, these inflammatory changes in the hip-
pocampus were less pronounced in the  MgH2-restraint 
group (Fig.  5D, E). Moreover, more cells infiltrated the 
corpus callosum of the control-restraint group compared 
to that of the  MgH2-restraint group (Additional file 1: Fig. 
S5C, D). As observed in the hippocampus, the number of 
microglia in the corpus callosum was significantly higher 
in the control-restraint group than in the control group 
(Fig. 5F, G). However, the number of astrocytes and oli-
godendrocytes did not change (Fig. 5F, H, I). After  MgH2 
treatment, the number of microglia observably decreased 
in the corpus callosum (Fig.  5F, G), but the number 
of astrocytes and oligodendrocytes were not affected 
(Fig. 5F, H, I). Together, these results suggest that  MgH2 
treatment can reduce the inflammation in the hippocam-
pus and corpus callosum induced by acute restraint 
stress.

MgH2 treatment does not affect the remyelination 
in the LPC model
To further examine whether  MgH2 plays a specific role 
in the myelination in  vivo, we induced the LPC model 
(Fig.  6A). The LPC model displays the demyelination at 
5–7-day post-lesion (dpl) and exhibits remyelination at 

Fig. 4 MgH2 treatment improves depressive-like behaviors induced by 24-h restraint. A Model of 24-h-restraint stress. B Schematic diagram 
displaying the behavioral testing in 4 different groups to test the effect of MgH2 treatment. C OFT, statistical analysis of total distance (F = 0.7394), 
time (F = 0.1454) and entries (F = 0.342) in the central area, n = 6 mice per group. D MBT, statistical analysis of the number of buried marbles 
(F = 0.0601), n = 6 mice per group. E Light/dark transition test (LDT), statistical analysis of time in the light chamber (F = 0.1163) and transition 
numbers (F = 0.3597), n = 6 mice per group. F SPT, statistical analysis of the percentage of sucrose consumption (F = 7.616), n = 6 mice per group. 
G TST, statistical analysis of immobile time (F = 4.1247), n = 6 mice per group. H Forced swimming test (FST), statistical analysis of immobile time 
(F = 7.9412), n = 6 mice per group. Data are presented as mean ± SEM

(See figure on next page.)
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14 dpl [53]. We used MBP staining to assess white mat-
ter integrity and found that there was no significant 
difference in the demyelination volume between the 
ctrl-LPC group and the  MgH2-LPC group at 7 dpl and 
14 dpl (Fig.  6B, C). Likewise, no significant difference 
was observed in the number of  CC1+Sox10+ cells in 
the lesions between the ctrl-LPC group and  MgH2-LPC 
group at 7dpl and 14dpl following LPC (Fig.  6D, E). In 
summary, these results suggest that  MgH2 treatment 
does not affect demyelination and remyelination after 
LPC modeling.

MgH2 treatment affects microglial polarization 
and suppresses oxidative stress in vitro
To further explore the roles of  MgH2 on microglial func-
tions, we designed in vitro microglial polarization experi-
ments (Fig. 7A).  MgH2 was added to the culture medium 
of the  MgH2 treatment group 1  h before LPS or IL-4 
stimulation. QPCR analysis and western blotting analysis 
were performed 24  h and 72 h, respectively, after stim-
ulation to microglial. QPCR analysis showed that the 
 MgH2-treated microglia had lower expression of the M2 
markers Arginase-1(Arg-1), chitinase 3-like-3 (Ym1), and 
found in inflammatory zone 1 (Fizz1), and higher expres-
sion of the M1 markers inducible nitric oxide synthase 
(inos) and transforming growth factor-α (Tnf-α) compared 
to the control group (Fig. 7B). Western blotting showed 
similar changes in iNOS and ARG-1 protein expression 
(Fig. 7C, D). These molecular results suggest that  MgH2 
suppresses microglial M1 polarization and promotes 
microglial M2 polarization.

Then, we detected microglial intracellular ROS levels 
using DCFH-DA by flow cytometry analysis after LPS 
stimulation. As shown in Fig. 7E, F, ROS generation was 
lower in the  MgH2-treated microglia than compared with 
the control group. Depolarization of mitochondrial mem-
brane potential (MMP) is a hallmark of mitochondrial 
dysfunction. When MMP is depolarized, accumulation of 
JC-1 in mitochondria is reduced, representing decreased 
red fluorescent aggregates, and increased green fluores-
cent monomers [54]. While the  MgH2-treated micro-
glia showed little green fluorescence indicating relative 
normal MMP after LPS stimulation, the controls emit-
ted strong green fluorescence indicating depolarization 
(Fig. 7G, H).

Together, these results indicate that  MgH2 treatment 
can affect microglial polarization, suppress microglial 
oxidative stress, and protect mitochondrial function, par-
tially explaining how  MgH2 inhibits inflammation in vivo.

MgH2 does not affect the behaviours of OPCs in vitro
We observed that there was a decrease in myelin content 
and the number of mature oligodendrocytes after EAE, 
and these changes were partially reversed by  MgH2 treat-
ment according to in vivo experiments mentioned above. 
However,  MgH2 did not appear to affect remyelination in 
the LPC model. Since the cellular source of remyelination 
in CNS is OPCs, we then assessed the direct effects of 
 MgH2 on OPCs in vitro (Additional file 1: Fig. S6A).

To investigate whether  MgH2 regulates the proliferation 
and apoptosis of OPCs, BrdU incorporation assay and 
Caspase3 immunofluorescence staining were performed. 
No difference in the ratio of  BrdU+ cells and  Caspase3+ 
cells between the  MgH2-treated OPCs and the control 
cells was detected (Additional file 1: Fig. S6B–D). As the 
major cellular function of OPCs is to differentiate into 
myelinated oligodendrocytes, we also tested the effect 
of  MgH2 on OPCs differentiation. Immunofluorescence 
staining showed no difference in  MBP+ mature oligoden-
drocytes between the  MgH2-treated and control groups, 
which were significantly lower than those in the T3 group 
(Additional file 1: Fig. S6E). Western blotting analysis also 
confirmed that myelin-associated glycoprotein (MAG) 
and MBP protein expression levels were comparable in 
the  MgH2-treated and control groups (Additional file  1: 
Fig. S6F). In summary, these in vitro results are consist-
ent with the results from the LPC model, indicating that 
 MgH2 does not influence OPCs functions and may indi-
rectly modulate the remyelination process.

Discussion
Mental symptoms such as anxiety and depression are 
part of MS symptomatology and can also occur as 
comorbidities. Mental comorbidities of MS demand 
urgent attention, since they contribute significantly to 
secondary disability and the decline of life quality [5, 
55, 56]. Neuroinflammation, especially microglia acti-
vation and dysfunction in mood-related brain regions 
of MS patients may account for the development of 
depressive and anxious symptoms [57–59]. In the 

(See figure on next page.)
Fig. 5 MgH2 treatment reduces inflammation of the hippocampus and corpus callosum after 24-h restraint. A–C Representative anti-Iba1 (red), 
anti-GFAP (purple) immunofluorescence of DG, CA1, and CA3 zones in the hippocampus. White arrows mark  Iba1+ microglia and  GFAP+ astrocytes. 
D Quantitative analysis of  Iba1+ cells/mm2 of DG (F = 81.5234), CA1 (F = 43.3062) and CA3 (F = 64.6975) zones in the hippocampus, n = 3 mice per 
group. E Quantitative analysis of  GFAP+ cells/mm2 of DG (F = 77.5573), CA1 (F = 37.1143) and CA3 (F = 25.7619) zones in the hippocampus, n = 3 
mice per group. F Representative anti-Iba1 (red), anti-GFAP (purple), and anti-Olig2 (green) immunofluorescence of the CC. White arrows mark 
 Iba1+ microglia and  GFAP+ astrocytes. G–I Quantitative analysis of  Iba1+ cells/mm2 (F = 14.4151),  GFAP+ cells/mm2 (F = 0.9667) and  Olig2+ cells/
mm2 (F = 0.7709) of the CC, n = 3 vs. 3 mice per group. White arrows mark  Iba1+ or  GFAP+ cells. Data are presented as mean ± SEM
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present study, we found that  MgH2 could significantly 
reduce CNS inflammation, alleviate anxiety/depres-
sion-like symptoms and relieve the progress of EAE by 
modulating microglial polarization, suppressing oxida-
tive stress, and reducing mitochondrial damage.

As a broadly adopted animal model of MS, EAE also 
mimic the mood disorders in MS patients which can be 
observed in EAE mice before 10 dpi (the mice develop 
motor dysfunction after 10 dpi). During this period, 
the mice gradually developed anxiety/depression-like 

Fig. 6 MgH2 treatment does not affect the remyelination in LPC-induced focal demyelination lesions. A Schematic diagram displaying the injection 
site and the timing of the LPC model. B Representative anti-MBP (green) immunofluorescence of the demyelinating region in the dorsal column 
of the spinal cord. C Quantitative analysis of the volume of demyelination at 7 dpl (F = 0.1788) and 14 dpl (F = 1.505), n = 3 mice per group. D 
Representative anti-CC1 (red), anti-Sox10 (green) immunofluorescence of the demyelinated region in the dorsal column of the spinal cord. E 
Quantitative analysis of  CC1+Sox10+ cells/mm2 in the demyelinating lesions at 7 dpl (F = 0.2777) and 14 dpl (F = 0.0162), n = 3 mice per group. Data 
are presented as mean ± SEM
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psychiatric symptoms. It was reported that EAE mice 
with mental impairment have neuronal loss in the hip-
pocampus, microglial activation in the striatum, elevated 
levels of IL-1β in the hypothalamus, and increased TNF-α 
in these brain regions [60–62]. Our results showed that 
anxiety/depression-like psychiatric symptoms in EAE 
mice are accompanied with extensive neuroinflammation 
in the hippocampus and corpus callosum, including acti-
vation of microglia and astrocytes and mild damage of 
myelin and axon integrity. These findings further suggest 
that neuroinflammation may play a significant role in the 
development of mental disorders in MS patients. Nota-
bly, we found that EAE induction reduced the movement 
of mice during the pre-onset phase. Considering the nor-
mal clinical EAE scores during the pre-onset phase in 
Ctrl-EAE mice, we believe that the movement reduction 
is likely to be one of the anxiety/depression-like psychiat-
ric symptoms, but not a motor dysfunction. In addition, 
our results support the notion that depressive symp-
toms are not merely the reactive epiphenomenon of MS 
pathology, since the depressive symptoms emerged even 
before the onset of MS.

Our study demonstrated that  MgH2 could allevi-
ate motor dysfunction, inflammatory demyelination, 
and emotional symptoms in EAE mice. However, it is 
unclear whether the antidepressant and anxiolytic effect 
of  MgH2 is due to reduced demyelinating damage or 
an anti-inflammatory effect, or both. We established 
acute restraint stress model and LPC model to answer 
this question. Our study validated that depression-like 
symptoms could be induced by the acute restraint stress 
model. Moreover, we found no significant structural 
abnormalities, such as demyelination and axonal injury, 
in the corpus callosum of mice after acute restraint. 
Activation of microglia and astrocytes in the CNS of 
restrained mice suggests that inflammation is closely 
associated with depression. Moreover, the results from 
LPC experiments indicated that  MgH2 did not affect 
oligodendrocyte differentiation and CNS remyelina-
tion, which could also be inferred from in  vitro OPCs 
experiment. However, reduced demyelination, increased 
mature oligodendrocytes, and enhancement of myelin-
associated proteins in both the spinal cord and corpus 
callosum were observed in EAE mice treated with  MgH2. 

There are two possible explanations: first,  MgH2 admin-
istered at the beginning of EAE induction may reduce 
the occurrence of inflammatory demyelination; second, 
anti-inflammatory treatment of  MgH2 may provide a 
favorable microenvironment for remyelination. Our data 
verified that  MgH2 was most likely to suppress anxiety/
depression-like symptoms of EAE through modulating 
the inflammatory response rather than remyelination. 
Besides, these results, following the previous in-depth 
research on the neurobiological mechanism of depres-
sion, show that neuroinflammation plays an important 
role in the occurrence and development of depression 
[63–66].

Although various types of cells respond to neuroinflam-
mation, microglia are activated earlier than other glial 
cells under noxious stimuli or pathological conditions 
[67, 68]. Some scholars believe that neuroinflammation 
in the brain is triggered and maintained by microglia acti-
vation. Furthermore, microglial M1 and M2 polarization 
is also an important component of neuroinflammation 
[69, 70], whereas astrocytes appear to be more tolerant 
than microglia in response to inflammatory stimuli [71]. 
Consistent with the literature, the neuroinflammation 
observed in the EAE and restraint stress models is com-
posed of extensive microglial activation and moderate 
astrocyte activation. Our results show that microglia and 
astrocytes are activated to different degrees in both EAE 
and restraint stress models in the hippocampus. However, 
the microglia and astrocytes in the corpus callosum seem 
to be less responsive. Thus, our findings strongly suggest 
that the hippocampus is more vulnerable to acute and 
chronic inflammation than the corpus callosum, even 
though both regions are critical in mental disorders.

Magnesium plays a significant role in regulating the 
function of immune cells [72, 73]. Previous studies have 
shown that magnesium can inhibit proinflammatory fac-
tors and promote M2 polarization in the brain [74–77]. 
Multiple studies have also confirmed the anti-inflamma-
tory effects of  H2 in the CNS [29]. However, the effects 
of  H2 on microglial polarization are controversial, per-
haps due to different diseases or animal models. In a 
stroke model,  H2 significantly inhibited M1 polarization 
but had a lesser effect on M2 polarization [78]. Another 
study noted that hydrogen-rich saline might promote 

(See figure on next page.)
Fig. 7 MgH2 treatment can affect polarization and inhibit oxidative stress of microglia. A Schematic diagram displaying the study on the 
polarization of microglia in vitro. B Relative inos (F = 4.3253), Tnf-α (F = 4.7244), Arg-1 (F = 15.4525), Ym1 (F = 6.8116), and Fizz1 (F = 9.5084) 
mRNA expression in microglia in vitro at 24 h after IL-4 or LPS stimulation. inos and Tnf-α are used as M1 markers; Arg-1, Ym1, and Fizz1 are used 
as M2 markers. n = 3 experiments per group. C Western blotting analysis and relative iNOS levels of microglia in vitro at 72 h (F = 5.3167), n = 3 
experiments per group. D Western blotting analysis and relative ARG-1 protein levels of microglia in vitro at 72 h (F = 6.0097), n = 3 experiments 
per group. E, F Intracellular ROS of microglia is measured by flow cytometry (DCFH-DA fluorescent probe) and quantitative analysis of the MFI 
(F = 10.4918). n = 3 experiments per group. G, H Representative graphs show JC-1 fluorescence of microglia in vitro and quantitative analysis 
of green/red fluorescence intensity (%), red fluorescence represents the mitochondrial aggregate JC-1 and green fluorescence indicates the 
monomeric JC-1 (F = 0.2891). n = 3 experiments per group. Data are presented as mean ± SEM
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microglial M2 polarization in newborn mice exposed 
to hypoxic-ischemic conditions [79]. Our study first 
explored the effect of  MgH2 on microglial polarization. 
The results show that  MgH2 can inhibit microglia M1 
polarization and promote M2 polarization in vitro, which 
may be due to the synergistic effect of  H2 and magnesium. 
Neuroinflammation is usually accompanied with oxida-
tive stress. Oxidative stress results from an imbalance 
between the production and clearance of ROS which is 
mainly from mitochondrial oxidative metabolism. Our 
study indicates that  MgH2 can reduce the level of micro-
glial ROS and mitochondrial damage in  vitro. However, 
the specific mechanism of  MgH2’s anti-inflammatory and 
antioxidant effects remains to be further investigated.

Conclusions
Our study shows that nanoparticulate  MgH2 can modu-
late microglial polarization, decrease oxidative stress, and 
effectively alleviate the anxiety/depression-like symp-
toms of EAE mice through anti-inflammatory effects. 
Thus, nanoparticulate  MgH2 might represent a safe and 
translational amenable therapeutic option for MS comor-
bid with anxiety and depression.
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Additional file 1: Figure S1. Confirming the concentration of  MgH2 
in vitro. Cell viability of BV2 in different concentrations of  MgH2 (F = 16.26), 
n = at least 5 repeats per group. Data are presented as mean ± SEM. 
Figure S2.  MgH2 treatment promotes the maturation of OPCs in EAE 
mice. (A) Representative anti-Ki67 (gray), anti-PDGFRα (red), and anti-
Sox10 (green) immunofluorescence of the CC. (B) Quantitative analysis of 
PDGFRα+Sox10+ cells/mm2 (F = 0.4957) and  Ki67+PDGFRα+Sox10+ cells/
mm2 (F = 0.4059), n = 3 mice per group. (C) Representative anti-CC1 (red) 
and anti-Sox10 (green) immunofluorescence of the CC. (D) Quantitative 
analysis of  CC1+Sox10+ cells/mm2 (F = 2.7514), n = 3 mice per group. Data 
are presented as mean ± SEM. Figure S3. Myelination and axons do not 
alter after 24-h restraint stress and  MgH2 treatment. (A) Representative 
anti-MBP (red), anti-NF200 (green), and anti-SMI32 (purple) immuno-
fluorescence of the CC. (B, C) Quantitative analysis of the MFI of MBP 
(F = 0.092) and NF200 (F = 0.0109), n = 3 mice per group. (D) Representa-
tive anti-Ki67 (gray), anti-PDGFRα (red), and anti-Sox10 (green) immuno-
fluorescence of the CC. (E) Quantitative analysis of PDGFRα+Sox10+ cells/
mm2 (F = 0.0323) and  Ki67+PDGFRα+Sox10+ cells/mm2 (F = 0.1672), n = 3 
mice per group. (F) Representative anti-CC1 (red) and anti-Sox10 (green) 
immunofluorescence of the CC. (G) Quantitative analysis of  CC1+Sox10+ 
cells/mm2 (F = 0.1775), n = 3 mice per group. Data are presented as 
mean ± SEM. Figure S4.  MgH2 treatment has no effect on the long-term 
proliferation of OPCs after 24-h restraint stress. (A) Schematic diagram 
displaying the cell proliferation test in 4 different groups. (B) Representa-
tive anti-BrdU (red), anti-Olig2 (green) and anti-Sox10 (purple) immuno-
fluorescence of the CC. (C) Quantitative analysis of  BrdU+Olig2+Sox10+ 
cells/mm2 (F = 0.1466), n = 3 mice per group. Data are presented as 
mean ± SEM. Figure S5. Number of infiltrating cells is reduced by  MgH2 
treatment after 24-h restraint stress. (A) Representative brain sections of 
H&E staining in different regions of the hippocampus. (B) Quantitative 
analysis of the number of infiltrating cells in the hippocampus (F = 0.3478), 
n = 3 mice per group. (C) Representative brain sections of H&E staining 
in the CC. (D) Quantitative analysis of the number of infiltrating cells in 
the CC (F = 2.1923), n = 3 vs. 3 mice per group. Data are presented as 
mean ± SEM. Figure S6.  MgH2 treatment does not affect OPCs functions 
in vitro. (A) Schematic diagram displaying the study on functions of OPCs 
in vitro. (B) Representative anti-BrdU (red) and anti-Caspase3 (purple) 
immunofluorescence of OPCs in vitro at 48 h (in proliferation medium) 
and 72 h (in differentiation medium), respectively. (C, D) Quantitative 
analysis of the percentages of  BrdU+ cells (F = 0.4577) and  Caspase3+ 
cells (F = 2.2225) in (B), n = 1076 vs. 1014 cells (BrdU), n = 1145 vs. 1217 
cells (Caspase3). (E) Representative anti-MBP (green) immunofluorescence 
of OPCs in vitro at 72 h (in differentiation medium). (F) Western blotting 
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OPCs in vitro at 72 h (in differentiation medium), n = 3 experiments per 
group. Data are presented as mean ± SEM.
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