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Abstract  
Hydrogen sulfide, which can be generated in the central nervous system from the sulfhydryl-containing amino acid, L-cysteine, by cystathi-
onine-β-synthase, may exert protective effects in experimental subarachnoid hemorrhage; however, the mechanism underlying this effect 
is unknown. This study explored the mechanism using a subarachnoid hemorrhage rat model induced by an endovascular perforation 
technique. Rats were treated with an intraperitoneal injection of 100 mM L-cysteine (30 μL) 30 minutes after subarachnoid hemorrhage. 
At 48 hours after subarachnoid hemorrhage, hematoxylin-eosin staining was used to detect changes in prefrontal cortex cells. L-cysteine 
significantly reduced cell edema. Neurological function was assessed using a modified Garcia score. Brain water content was measured by 
the wet-dry method. L-cysteine significantly reduced neurological deficits and cerebral edema after subarachnoid hemorrhage. Immuno-
fluorescence was used to detect the number of activated microglia. Reverse transcription-polymerase chain reaction (RT-PCR) was used 
to detect the levels of interleukin 1β and CD86 mRNA in the prefrontal cortex. L-cysteine inhibited microglial activation in the prefrontal 
cortex and reduced the mRNA levels of interleukin 1β and CD86. RT-PCR and western blot analysis of the complement system showed that 
L-cysteine reduced expression of the complement factors, C1q, C3α and its receptor C3aR1, and the deposition of C1q in the prefrontal 
cortex. Dihydroethidium staining was applied to detect changes in reactive oxygen species, and immunohistochemistry was used to detect 
the number of NRF2- and HO-1-positive cells. L-cysteine reduced the level of reactive oxygen species in the prefrontal cortex and the 
number of NRF2- and HO-1-positive cells. Western blot assays and immunohistochemistry were used to detect the protein levels of CHOP 
and GRP78 in the prefrontal cortex and the number of CHOP- and GRP78-positive cells. L-cysteine reduced CHOP and GRP78 levels and 
the number of CHOP- and GRP78-positive cells. The cystathionine-β-synthase inhibitor, aminooxyacetic acid, significantly reversed the 
above neuroprotective effects of L-cysteine. Taken together, L-cysteine can play a neuroprotective role by regulating neuroinflammation, 
complement deposition, oxidative stress and endoplasmic reticulum stress. The study was approved by the Animals Ethics Committee of 
Shandong University, China on February 22, 2016 (approval No. LL-201602022).

Key Words: aminooxyacetic acid; central nervous system; complement deposition; cystathionine-β-synthase; early brain injury; endoplasmic 
reticulum stress; hydrogen sulfide; neuroinflammation; oxidative stress; subarachnoid hemorrhage
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Graphical Abstract   

Neuroprotective mechanism of L-cysteine on subarachnoid hemorrhage (SAH)
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Introduction 
Subarachnoid hemorrhage is a hemorrhagic stroke sub-
type that can lead to devastating outcomes (Kanamaru and 
Suzuki 2019; Liu et al., 2019; Xie et al., 2019). Although 
advances in early intravascular intervention and intensive 
care support have successfully increased the survival rate 
by 17% in recent years, long-lasting cognitive deficits and 
daily loss of functionality are still prominent (Macdonald 
and Schweizer, 2017). The failure of the CONSCIOUS-1 
and CONSCIOUS-2 clinical trials has shifted research focus 
from prevention of delayed vasospasm to alleviation of early 
brain injury, in the time window of the first 72 hours after 
onset of subarachnoid hemorrhage (SAH) (Macdonald et 
al., 2008, 2013; Sehba et al., 2012). Multiple factors interact 
during early brain injury, including but not limited to, neu-
roinflammation, oxidative stress, and endoplasmic reticulum 
(ER) stress (Ostrowski et al., 2006).

In sharp contrast to being a highly toxic gas, hydrogen 
sulfide (H2S) is also a critical neuromodulator in the mam-
malian central nervous system that is associated with an-
ti-inflammation, anti-oxidation and anti-apoptotic effects 
(Hu et al., 2007; Kimura, 2013; Wang et al., 2014). H2S is 
generated mainly from the sulfhydryl-containing amino 
acid L-cysteine (L-Cys) by cystathionine-β-synthase (CBS) 
localized in astrocytes (Abe and Kimura, 1996; Kimura, 
2013). CBS catalytic activity can be blocked by the drug, 
aminooxyacetic acid (AOAA) (Asimakopoulou et al., 2013). 
Accumulating evidence from clinical samples indicates that 
patients expressing high levels of H2S-producing CBS have 
a better prognosis after SAH (Grobelny et al., 2011; Hendrix 
et al., 2018), leading to the hypothesis that exogenous sup-
plementation of H2S might be a treatment for SAH-induced 
brain injury (Yu et al., 2014; Cui et al., 2016). We previously 
reported that exogenous L-Cys could successfully elevate the 
concentration of intracerebral H2S, improving the prognosis 
of experimental SAH rats (Li et al., 2017); however, the un-
derlying molecular mechanism was not known. The current 
study investigated whether the protective effect of L-Cys is 
associated with neuroinflammation, oxidative stress or ER 
stress.

The complement system contributes greatly to the neu-
roinflammatory response, in which complement C1q ac-
tivates the classical complement pathway. This pathway 
can produce massive up-regulation of proinflammatory 
mediators, such as C3a and C5a. Meanwhile, the dysreg-
ulated deposition of complement fragments can form the 
membrane attack complex, leading to tissue damage within 
the central nervous system (Arumugam et al., 2006). In ad-
dition, substantial amounts of reactive oxygen species (ROS), 
including superoxide anions (O2), hydroxyl radicals (OH) 
and hydrogen peroxide (H2O2) are generated during early 
brain injury, which disrupt neural cell membranes and the 
blood-brain barrier (Ostrowski et al., 2006). These compo-
nents can synergistically interfere with protein synthesis in 
neural cells, and trigger the unfolded protein response (UPR) 
to counter ER stress. Excessive expression of the C/EBP ho-
mologous protein (CHOP), a downstream protein in the ER 

stress pathway triggered by dysregulated UPR, can lead to 
apoptosis (Roussel et al., 2013). 

This study aimed to test whether L-Cys administration 
suppresses neuroinflammation, complement deposition, oxi-
dative stress and ER stress, and whether L-Cys improves out-
comes after SAH. We also sought to examine the mechanism 
of L-Cys action after SAH.
  
Materials and Methods
Animals and surgical procedure
One hundred and twenty male Wistar rats aged 10 weeks 
and weighing 280–350 g were purchased from the Labora-
tory Animal Center of Shandong University, China [license 
No. SYXK (Lu) 20190005] 1 week before surgery. All rats 
were kept in a pathogen-free environment at 22 ± 3°C and 
40–70% humidity with a 12-hour light/dark cycle and free 
access to food and water. In accordance with the Interna-
tional Guiding Principles for Animal Research established 
by the Council for International Organizations of Medical 
Sciences (CIOMS), all animal surgical procedures were 
approved (on February 22, 2016) and supervised by the 
Animal Ethics and Welfare Committee of Shandong Uni-
versity (approval No. LL-201602022). The animal protocols 
were conducted in accordance with the instructions of the 
Institutional Animal Care and Use Committee Guidebook 
(IACUC). 

The SAH model was induced in rats using an endovascular 
perforation technique as previously described (Bederson et 
al., 1995). Briefly, rats were fasted for 12 hours before sur-
gery and anesthetized by inhaling 3% isoflurane (Rayward 
Life Technology Co., Ltd., Shenzhen, China) in a polymethyl 
methacrylate box with 5 L of oxygen flow per minute. After 
anesthetization, rats were mechanically ventilated using a 
face mask with an air/isoflurane mixture to maintain normal 
arterial blood gas conditions. Each rat was placed in the su-
pine position, and a midline incision was made on the neck. 
After identification of appropriate carotid vessels, the left 
external carotid artery was ligated and then fashioned into 
a stump. A 3 cm, 3-0 nylon suture with a sharpened tip was 
advanced into the internal carotid artery from the external 
carotid artery stump via the common carotid bifurcation. 
The suture was further inserted until resistance was encoun-
tered, and then an additional 3–4 mm was inserted to perfo-
rate the blood vessel. The suture was immediately withdrawn 
after bleeding caused by perforation and the stump was 
ligated. The skin incision was sutured. The rats were kept 
in a heated chamber till recovery. A similar procedure was 
conducted in the sham group except that endovascular per-
foration was not performed. All efforts were made to reduce 
the number of animals used and their suffering. Vasospasm 
and brain injury induced by SAH caused behavioral deficits 
that manifested as motor and sensory dysfunction, and cog-
nitive, learning and memory impairment. Neurobehavioral 
evaluation reflected brain injury and was performed using a 
modified Garcia scoring system (Fujii et al., 2014) to judge 
the success of model establishment. The best score is 22 and 
the worst score is 5. 
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Experimental design and drug administration 
L-Cys (Cat#: C1276-10G; Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in phosphate buffered saline (PBS, Ther-
mo Fisher Scientific, Waltham, MA, USA) at a working con-
centration of 100 mM as previously described (Wang et al., 
2013a). L-Cys solution (30 μL) was injected into the lateral 
cerebral ventricle 30 minutes after SAH. Aminooxyacetic 
acid (AOAA, Cat#: C13408-1G; Sigma-Aldrich), a non-spe-
cific inhibitor of CBS, was dissolved in PBS and intraper-
itoneally administered at 5 mg/kg in parallel with L-Cys 
injection. The rats were randomly divided into five groups 
(Figure 1). In the sham group (vehicle; n = 24), rats were 
administered vehicle (0.01 M PBS, 50 μL) only. In the sham 
+ L-Cys group (n = 24), rats were administered L-Cys only. 
In the SAH group (vehicle; n = 24), rats were administered 
vehicle (0.01 M PBS, 50 μL) only at 30 minutes after SAH. In 
the SAH + L-Cys group (n = 24), rats were administered 30 
μL 100 mM L-Cys only. In the SAH + L-Cys + AOAA group 
(n = 24), rats were administered 30 μL 100 mM L-Cys and 5 
mg/kg AOAA. 

Neurological evaluation
Neurological function was evaluated at 48 hours after SAH 
by two investigators using a modified Garcia scoring sys-
tem in a single-blind manner (Garcia et al., 1995; Hasegawa 
et al., 2011). This rating system consists of the following 
seven tests: spontaneous activity (0–3 points), reaction to 
side stroking (1–3 points), reaction to vibrissae touch (1–3 
points), limb symmetry (0–3 points), forelimb outstretching 
(0–3 points), climbing (0–3 points), and beam walking (0–4 
points) ability. The combined score reflects neurological 
function; the higher the Garcia score the better the neuro-
logical function (Fujii et al., 2014).

Hematoxylin-eosin staining
Hematoxylin-eosin staining was performed according to 
our previous method (Li et al., 2017). Briefly, brain tissue 
was collected 48 hours after SAH and paraffin sections were 
prepared. The sections were stained with hematoxylin and 

eosin. Four rats in each group were prepared for hematoxy-
lin-eosin staining. The morphology of the prefrontal cortex 
(the cerebral cortex that covers the anterior portion of the 
frontal lobe) was observed under a TE2000U microscope 
(Nikon, Tokyo, Japan). 

Reactive oxygen species contents
To measure ROS production at 48 hours post-SAH, the rat 
brain was collected and fresh frozen 12 μm coronal sections 
prepared. These sections were stained with 10 μM dihy-
droethidium (DHE) (Cat#:810253P-1MG; Sigma-Aldrich) 
solution for 30 minutes and then rinsed and mounted as pre-
viously reported (Wang et al., 2018). Fluorescence images of 
ROS expression were quantified by Image-pro Plus 6.0 soft-
ware (Media Cybernetics, Silver Spring, MD, USA). Values 
are expressed relative to the intensity of fluorescence signals 
in the sham group. 

Western blot assays 
The prefrontal cortex was dissected on ice and weighed. Fol-
lowing homogenization in RIPA buffer containing protease/
phosphatase inhibitors and phenylmethylsulfonyl fluoride 
(PMSF) (RIPA:protease/phosphatase inhibitors:PMSF = 
100:1:1) for 10 minutes, samples were centrifuged at 13,800 
× g for 10 minutes at 4°C. Total protein concentrations were 
quantified using a bicinchoninic acid protein assay kit (Pierce 
Biotechnology Inc., Rockford, IL, USA). After mixing with 
loading buffer (Biotime, Haimen, China), the sample was 
heated to 100°C for 10 minutes and then left to cool. After-
wards, 30–50 μg of protein was loaded onto each lane of a 
polyacrylamide gel, electrophoresed, and transferred to a 
polyvinylidene membrane. The membrane was probed with 
different ER stress marker antibodies: ATF6α (ER stress 
marker), CHOP (ER stress maker), eIF2α (ER stress maker), 
GRP78 (ER stress maker), NRF2 (oxidative stress marker), 
and p-IRE1α (ER stress maker). β-Actin was used as an in-
ternal control. Secondary antibodies were goat-anti-rabbit 
or goat-anti-mouse IgG. Detailed information of the anti-
bodies used is shown in Table 1. The protein bands were flu-

Table 1 Antibodies used in western blot assay and immunohistochemistry in the study

Description Company Catalog number

Rabbit polyclonal eIF2α antibody, 1:1000 Proteintech Group, Inc. (Rosemont, IL, USA) 11233-1-AP
Rabbit polyclonal CHOP antibody, 1:1500 Proteintech Group, Inc. 15204-1-AP
Rabbit polyclonal ATF6α antibody, 1:1000 Proteintech Group, Inc. 15794-1-AP
Rabbit polyclonal NRF2 antibody, 1:1000 Proteintech Group, Inc. 16396-1-AP
Rabbit polyclonal HO-1 antibody, 1:100 Proteintech Group, Inc. 10701-1-AP
Rabbit polyclonal GRP78 antibody, 1:1000/1:100 Proteintech Group, Inc. 11587-1-AP
Phospho-eIF2α (Ser51) (D9G8) XP® rabbit mAb, 1:1000 Cell Signaling Technology, Inc. (Boston, MA, USA) #3398
Rabbit polyclonal IBA1 antibody, 1:100 Proteintech Group, Inc. 10904-1-AP
Mouse monoclonal beta actin antibody, 1:2000 Proteintech Group, Inc. 60008-1-Ig
Phosphor-IRE1α antibody, 1:1000 Abcam (Cambridge, UK) ab48187
Mouse monoclonal C1q antibody, 1:200 Abcam ab71089
IRE1α(14C10) rabbit mAb, 1:1000 Cell Signaling Technology, Inc. #3294
Goat-anti-rabbit IgG, 1:10,000 Boster Biological Technology Co., Ltd. (Pleasanton, CA, USA) BA1003
Goat-anti-mouse IgG, 1:10,000 Boster Biological Technology Co., Ltd. BA1038
Proteintech Group, Inc. Proteintech Group, Inc. SA00007-2
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orescently detected using an enhanced chemiluminescence 
detection system (Pierce Biotechnology Inc.) and were an-
alyzed using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). The results are expressed as the ratio 
of the target protein level to the level of β-actin. 

Reverse transcription-polymerase chain reaction 
Tissues were obtained 48 hours post-SAH. Total RNA was 
extracted using Trizol (01761/20114-1, Haimen, China) 
and its concentration was measured using a NanoDrop2000 
spectrophotometer (Thermo Fisher Scientific). A reverse 
transcription kit (Fermentas, Vilnius, Lithuania) was used 
to reverse transcribe 2 µg RNA into cDNA. Specific primers 
(Table 2) were added to amplify cDNA by reverse transcrip-
tion-polymerase chain reaction (RT-PCR). A 1.2% agarose/
TAE gel containing an ethidium bromide substitute (Gold-
ViewTM, Solarbio) was used to separate the PCR product and 
was visualized using a gel-viewing system (Bio-Rad, Hercu-
les, CA, USA). 2–∆∆Ct Values of each group were normalized 
to β-actin.

Brain water content
Brain water content was assessed by the wet/dry method 
(Li et al., 2017). Briefly, brain samples were removed from 
the skull 48 hours post-SAH and immediately weighed (wet 
weight). Samples were then dried for 48 hours in a 100°C 
chamber and weighed again (dry weight). Brain water con-
tent (%) was equal to [(wet weight–dry weight)/wet weight] 
× 100.

Dihydroethidium staining
Sections were prepared from fresh frozen brains taken 48 
hours post-SAH. Each section was incubated with 10 μM 
superoxide anion fluorescent probe, DHE, for 30 minutes at 
37°C. Nuclei were stained with 4′,6-diamidino-2-phenylin-
dole (DAPI). Images were captured using a TE2000U mi-
croscope (Nikon). Six images at 200× magnification (n = 4) 
were randomly selected for each slice, and the results were 
quantified and analyzed using the Image-Pro Plus 6.0 image 
analysis system (Media Cybernetics). The number of posi-
tive cells in each section was expressed as the average of six 
images per section. The calculated value was then expressed 
as a percentage of positive cells and compared with the sham 
group. 

Immunohistochemistry
Paraffin sections were dewaxed and washed with PBS. After 
blocking for 30 minutes at room temperature, the sections 
were incubated with a mouse monoclonal anti-C1q antibody 
(a complement system maker, 1:200; Abcam, Cambridge, 
UK), a rabbit monoclonal anti-HO-1 antibody (an oxidative 
stress marker, 1:100; Proteintech Group, Inc., Chicago, IL, 
USA), a rabbit monoclonal anti-NRF2 antibody (oxida-
tive stress marker, 1:100; Proteintech Group, Inc.), a rabbit 
monoclonal anti-GRP78 antibody (ER stress marker, 1:100; 
Proteintech Group, Inc.), or a rabbit monoclonal anti-CHOP 
antibody (ER stress marker, 1:100; Proteintech Group, Inc.) 
at 4°C overnight (Table 1). The slides were then washed 
and incubated with the appropriate secondary antibody 
(horseradish peroxidase-labeled goat anti-rabbit IgG or goat 
anti-mouse, 1:10,000; Proteintech Group, Inc.) for 1 hour at 
37°C (Table 1). After incubation with an avidin biotinylated 
enzyme complex, the probed protein was stained with di-
aminobenzidine, while the nuclei were counterstained with 
hematoxylin. Images were captured using a TE2000U mi-
croscope (Nikon). Six images at 200× magnification (n = 4) 
were randomly selected for each section, and the results were 
analyzed and quantified using the Image-Pro Plus 6.0 image 
analysis system (Media Cybernetics). The number of positive 
cells in each section is expressed as the average of six images 
per section. The calculated value was then expressed as a per-
centage of positive cells and compared with the sham group.

Immunofluorescence staining  
Sections were prepared from fresh frozen brains taken 48 
hours post-SAH. Sections were incubated with a rabbit 
monoclonal anti-IBA1 antibody (microglial marker, 1:100; 
Proteintech Group, Inc.) for 16 hours at 4°C, followed by a 
secondary antibody (rhodamine-conjugated goat anti-rabbit 
IgG, 1:100; Proteintech Group, Inc.) for 30 minutes at 37.4°C 
and then DAPI for 10 minutes at room temperature (Table 
1). Images were captured and analyzed using fluorescence 
microscopy (BX51; Olympus, Tokyo, Japan) with the Magna 
Fire system. Six images at 400× magnification (n = 4) were 
randomly selected for each slice, and the results were an-
alyzed and quantified using the Image-Pro Plus 6.0 image 
analysis system (Media Cybernetics). The number of positive 

Table 2 Primers in the study

Gene Sequence (5′–3′) Product size (bp)

IL-1β Forward: AAG ATG AAG GGC TGC 
TTC CAA ACC

106

Reverse: ATA CTG CCT GCC TGA 
AGC TCT TGT

CD86 Forward: TAA GCA AGG TCA CCC 
GAA AC

303

Reverse: AGC AGC ATC ACA AGG 
AGG AG

C1q Forward: AAT GAC GCT TGG CAA 
CGT GGT TAT C

351

Reverse: ATG AGG AAT CCG CTG 
AAG ATG CTG

C3a Forward: GCC TCT CCT CTG ACC 
TCT GG

130

Reverse: AGT TCT TCG CAC TGT 
TTC TGG

C3aR1 Forward: TGT TGG TGG CTC GCA 
GAT

141

Reverse: GCA ATG TCT TGG GGT 
TGA AA

β-Actin Forward: CTA TTG GCA ACG AGC 
GGT

152

Reverse: GCA ATG TCT TGG GGT 
TGA AA TCC

IL-1β: Interleukin-1β.
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cells in each section is expressed as the average of six images 
per section. The results are expressed as a ratio of positive 
cells and compared with the sham group.

Statistical analysis
Data are presented as the mean ± SD. SPSS 22.0 software 
(IBM, Armonk, NY, USA) was used for statistical analysis. 
All data were analyzed by one-way analysis of variance fol-
lowed by Tukey’s post hoc test. A value of P < 0.05 was con-
sidered statistically significant. 

Results 
Behavioral and morphological changes after L-Cys 
administration in SAH rats
Blood clots were observed inside the subarachnoid space but 
mainly around the circle of Willis and cisterna ambiens in 
the SAH, SAH + L-Cys, and SAH + L-Cys + AOAA groups 
(Figure 2A). Hematoxylin-eosin staining showed that neu-
ronal cells appeared to be round, pale and edematous in the 
SAH group while L-Cys treatment alleviated morphological 
changes. However, AOAA aggravated neuronal loss after 
SAH (Figure 2B). Consistent with morphological changes 
between groups, behavioral tests 48 hours after SAH re-
vealed a significant difference between the SAH and the 
sham groups (P < 0.001), while the SAH + L-Cys group had 
a better performance than the SAH group (P < 0.05; Figure 
2C). In addition, the brain water content was significantly 
higher in the SAH group compared with the sham group (P 
< 0.01) at 48 hours after SAH, and L-Cys markedly alleviated 
the brain edema (P < 0.05; Figure 2D). 

Effects of L-Cys on microglia and inflammatory gene 
expression 48 hours post-SAH
Immunohistochemistry identified base-level IBA1+ microg-
lia in the sham group characterized by small cell bodies with 
long processes. SAH significantly increased the number of 
microglia, which had a more amoeboid-like appearance, 
indicating activated microglial cells (P < 0.01). However, 
both the quantity and morphology of microglia were near 
base levels in the L-Cys group (P < 0.01; Figure 3A and D). 
Meanwhile, the transcription of IL-1β and CD86 in brain 
tissue was significantly upregulated in the SAH group com-
pared with the sham group (P < 0.001). The expression of IL-
1β and CD86 was less in the L-Cys group than in the SAH 
group (P < 0.01). AOAA reversed the effect of L-Cys on mi-
croglial activation (P < 0.01; Figure 3B and C).

At 48 hours post-SAH, the complement system is 
down-regulated by L-Cys treatment
Levels of complement mRNAs for C1q, C3α and its receptor 
C3aR1 were up-regulated 48 hours after SAH compared with 
the sham group (P < 0.001; Figure 4A–D). Levels of mRNA 
for C1q, C3α and its receptor C3aR1 were lower in the SAH 
+ L-Cys group compared with the SAH group. Immunohisto-
chemistry showed that C1q was massively deposited in neu-
ral cells after SAH, but that L-Cys administration significant-
ly reduced this deposition (P < 0.01; Figure 4E–F). AOAA 

administration reversed the up-regulation of C1q, C3α and 
C3aR1 expression of the SAH + L-Cys group (Figure 4). 

Effects of L-Cys on ROS and antioxidative stress genes
DHE assays indicated that high levels of ROS were generated 
after SAH compared with the sham group (P < 0.001). L-Cys 
treatment markedly reduced ROS content compared with the 
SAH group (P < 0.01; Figure 5A and C). NRF2 and HO-1 
have antioxidative roles in various central nervous system 
diseases. Immunohistochemistry confirmed increased levels 
of NRF2 and HO-1 in the SAH group and further up-regu-
lation after L-Cys administration (P < 0.01; Figure 5B and 
D). Nevertheless, AOAA blocked the effect of L-Cys on ROS 
production (P < 0.05) and antioxidative gene expression (P < 
0.001). 

Effects of L-Cys on ER stress and the UPR after SAH
GRP78 is a marker for ER stress and CHOP leads to cell 
death at the end stage of ER stress. Western blot assays in-
dicated that both GRP78 and CHOP were increased in the 
SAH group (P < 0.001 and P < 0.001), while L-Cys treatment 
reduced their expression (P < 0.01 and P < 0.01), which was 
reversed by AOAA (P < 0.05 and P < 0.01; Figure 6A). This 
was also confirmed by immunohistochemistry where levels 
of both proteins were higher in the SAH group and de-
creased after L-Cys treatment (P < 0.01; Figure 6B).

The UPR pathway is involved in SAH and is affected by 
L-Cys administration. As shown in Figure 7, western blot 
assays demonstrate that SAH upregulated the phosphory-
lation of eukaryotic translation initiation factor 2α (eIF2α) 
and inositol-requiring enzyme 1α (IRE1α) and increased 
the cleavage of activating transcription factor 6 (ATF6α) (P 
< 0.05 and P < 0.01), indicating activation of the three UPR 
pathways. Treatment with L-Cys decreased eIF2α phosphor-
ylation compared with the SAH group (P < 0.01) but had 
no influence on IRE1α phosphorylation (P > 0.05). Cleaved 
ATF6α levels were further up-regulated in the SAH + L-Cys 
group (P < 0.001). AOAA suppressed the changes induced 
by L-Cys (P < 0.01). 

Discussion
Reduced generation of H2S has been reported to play im-
portant roles in various pathological conditions, including 
Alzheimer’s disease (Eto et al., 2002), aging (Jin et al., 2015), 
and hyperglycemia (Coletta et al., 2015). Encouraging clini-
cal results from human samples have identified a close rela-
tionship between CBS polymorphisms and clinical sequelae 
of SAH; increased generation of H2S by certain CBS alleles 
might be the key reason for better prognosis after SAH 
(Hendrix et al., 2018). This has led to the hypothesis that H2S 
might be effective as a treatment for SAH (Yu et al., 2014). 
Cui et al. (2016) first reported that acute administration of 
H2S using an NaHS solution as an inorganic H2S donor can 
ameliorate early brain injury in a SAH rat model. We then 
demonstrated H2S treatment using L-Cys as an organic do-
nor, which better mimicked physiological conditions (Kimu-
ra, 2014; Li et al., 2017). Nonetheless, the underlying molec-
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ular mechanism for H2S efficacy remained uninvestigated. 
Several studies reported potential effects of H2S on cerebral 
vessels during SAH, such as restoring the blood-brain barri-
er and reducing vasospasm (Cao et al., 2016; Emmez et al., 
2017) but the relationship between H2S and neuroinflamma-
tion, oxidative stress, and ER stress was not discussed.

L-Cys contains a sulfhydryl group at the end of its side 
chain, which provides its reactive capacity. Several clinical 
trials have investigated its application in human diseases 
(Clemente Plaza et al., 2018). L-Cys can regulate cellular 
responses indirectly by generating H2S. For example, L-Cys 
can relax vascular contraction through H2S, both in vivo and 
in vitro (Al-Magableh and Hart, 2011; Yetik-Anacak et al., 
2016). L-Cys can significantly increase Ca2+ concentration 
in medullary neurons; however, AOAA, an inhibitor of the 
H2S-producing enzyme, reversed this effect (Liu et al., 2016). 
Furthermore, L-Cys, via the CBS/H2S system, can promote 
the proliferation and differentiation of neural stem cells in 
vitro (Wang et al., 2013b) and we have also reported that 
L-Cys exerts neuroprotection on hypoxic-ischemic injury in 
neonatal mice (Liu et al., 2017; Xin et al., 2018). 

Unregulated neuroinflammation plays an important role 
in early brain injury development (Prunell et al., 2005) and 
eventually contributes to cell death. Interventions to prevent 
neuroinflammation and peripheral monocyte infiltration 
following SAH were predicted to serve protective and bene-
ficial functions. Consistent with a previous study (Schneider 
et al., 2018), we found that SAH triggers an inflammatory 
reaction, identified by microglial activation, and striking 
up-regulation of proinflammatory genes, while L-Cys treat-
ment significantly suppressed microglial activation and the 
levels of proinflammatory gene expression. 

The complement system is part of the inflammatory re-
sponse and is involved in central nervous system injury (Ar-
umugam et al., 2006). During early brain injury, C1q is acti-
vated, and then splits downstream C3 and C5 complement 
proteins, generating the proinflammatory mediators, C3a 
and C5a. The increased plasma concentration of C3a posi-
tively correlates with delayed morbidity and mortality after 
aneurysmal rupture (Mack et al., 2007; Kofler et al., 2015). In 
this study, levels of C1q, C3 and C3aR1 were significantly in-
creased after SAH, indicating activation of the complement 
system. This activation was, significantly reduced by L-Cys 
treatment, and was associated with decreased cell death and 
improved neurological outcomes. 

In addition to neuroinflammation, oxidative stress actively 
participates in the pathogenesis of early brain injury. Antiox-
idants have beneficial effects on SAH (Ayer and Zhang, 2008; 
Duan et al., 2016) and H2S can attenuate SAH-increased 
ROS and MDA levels in vitro and in vivo (Cui et al., 2016). 
According to our data, ROS and MDA concentrations were 
significantly increased after SAH, but the administration of 
L-Cys reversed this phenomenon. Moreover, the protective 
effect of L-Cys on SAH was blocked by the CBS inhibitor, 
AOAA, indicating that its antioxidant mechanism was largely 
dependent on H2S generation. Additionally, a redox-sensitive 
transcription factor, NRF2, plays a crucial role in regulating 

redox status. Under normal conditions, NRF2 is bound to 
an activation inhibitor, Kelch-like ECH-associated protein 
1 (KEAP1). However, during oxidative stress. NRF2 disso-
ciates from KEAP1 and then translocates into the nucleus 
to upregulate expression of the antioxidant gene, HO-1. The 
present study showed that both NRF2 and HO-1 proteins 
were upregulated after SAH. Moreover, L-Cys administra-
tion further upregulated NRF2/HO-1 expression after SAH, 
but this was blocked by AOAA. Similar results have been 
observed in cardiac (Peake et al., 2013) and hepatic (Shimada 
et al., 2015) ischemia-reperfusion injury and in spinal cord 
injury (Kesherwani et al., 2013) by activating NRF2/HO-1. 
These results indicate that oxidative stress may occur via an 
impaired CBS/H2S pathway following SAH, which leads to 
neuronal damage and early brain injury. Nevertheless, the 
antioxidant effects of L-Cys through NRF2/HO-1 activation 
may be involved in the protective mechanism after SAH. 

Another pathophysiological response, ER stress, has been 
implicated in a wide range of neurological diseases (Roussel 
et al., 2013). To counter ER stress, UPR is initiated in neural 
cells by three ER membrane-associated sensors: IRE1, pan-
creatic endoplasmic reticulum kinase (PERK) and ATF6, 
which activate three signaling pathways, namely IRE1α/
X-box-binding protein 1 (XBP1), PERK/eIF2α/ATF4, and 
ATF6α pathways (Hammadi et al., 2013). ER stress seems to 
play dual roles in cell fate; mild ER stress suppresses neuro-
nal death in mouse PD models (Fouillet et al., 2012), whereas 
severe or long-lasting ER stress causes cell death (Bodalia et 
al., 2013), possibly because of excessive stimulation of UPR 
pathways, and the activation of CHOP, which mediates ER 
stress-induced neural apoptosis by altering the expression 
of BCL2 family members (Sano and Reed, 2013). Associated 
with the UPR, GRP78 is an important molecular chaperone 
in ER stress, and treatments that stimulate the UPR in the 
ER increase GRP78 expression (Kozutsumi et al., 1988). 

Our present study shows that both GRP78 and CHOP were 
upregulated after SAH, which is consistent with the study of 
Yan et al. (2014). Nonetheless, this expression was remarkably 
decreased following L-Cys treatment and this decrease was 
blocked by the CBS inhibitor, AOAA. This evidence indicates 
that ER stress is involved in the pathogenesis of early brain 
injury and that L-Cys can ameliorate ER stress after SAH by 
generating H2S. To our surprise, three of the UPR pathways 
changed in different ways after L-Cys administration. The 
increased eIF2α phosphorylation indicated activation of the 
PERK pathway, which was consistent with a previous study 
(Yan et al., 2017), and L-Cys administration reduced this in-
crease. The IRE1α pathway was similarly activated but L-Cys 
administration did not change its activation. The most inter-
esting phenomenon appeared in the ATF6α pathway where 
ATF6α expression is upregulated after L-Cys injection into 
SAH rats. Upon its release from the ER by GRP78 in response 
to ER stress, ATF6α also translocates to the Golgi complex, 
where it is processed to its active form to regulate numerous 
genes. ATF6α has antioxidant activity by inducing antioxi-
dant proteins that reside inside and outside the ER (Jin et al., 
2017). We speculate that increased levels of ATF6α following 
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Figure 1 Experimental design and drug 
administration. 
AOAA: Aminooxyacetic acid; L-Cys: 
L-cysteine; PBS: phosphate buffered saline; 
ROS: reactive oxygen species; RT-PCR: 
reverse transcription-polymerase chain 
reaction; SAH: subarachnoid hemorrhage. 

Figure 2 Effects of L-Cys on neurological deficits and brain water 
content following SAH. 
(A) Blood clots at 8 hours after SAH around both the circle of Willis and 
cisterna ambiens (n = 4). (B) Hematoxylin-eosin staining at 48 hours 
after SAH at 40× magnification. The number of pale and edematous cells 
was increased in the SAH group (n = 4). Green arrows: normal cells; red 
arrows: pale and edematous cells. Scale bars: 50 μm. (C) Evaluation of 
neurological impairment at 48 hours after SAH. Neurological impair-
ment was markedly improved by 30 μL 100 mM L-Cys treatment (n = 
6). (D) Brain water content assessment at 48 hours after SAH. The 100 
mM L-Cys (30 μL) treatment significantly reduced brain water content 
compared with the SAH group, while AOAA (5 mg/kg) blocked this phe-
nomenon (mean ± SD, n = 6, one-way analysis of variance followed by 
Tukey’s post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001. AOAA: Ami-
nooxyacetic acid; L-Cys: L-cysteine; SAH: subarachnoid hemorrhage.

Figure 3 Effects of L-Cys on 
microglia and inflammatory genes 
in SAH rats.
(A) Immunohistochemistry of 
IBA1-positive microglia at 48 hours 
after SAH (n = 4) at 40× magnifica-
tion. Yellow arrows: IBA1-positive 
microglia. Scale bars: 50 μm. (B) 
Reverse transcription-polymerase 
chain reaction of IL-1β and CD86. 
(C) Quantitative analysis of IL-1β 
and CD86 mRNA levels. (D) Quan-
titative analysis of IBA1-positive 
cells (ratio to Sham) at 48 hours 
after SAH (mean ± SD, n = 4, one-
way analysis of variance followed 
by Tukey’s post hoc test). **P < 0.01, 
***P < 0.001. AOAA: Aminooxy-
acetic acid; L-Cys: L-cysteine; IBA1: 
ionized calcium binding adaptor 
molecule 1; IL-1β: interleukin 1β; 
SAH: subarachnoid hemorrhage. 
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Figure 4 Effects of L-Cys on complement proteins C1q, C3a and C3aR1. 
(A) Reverse transcription-polymerase chain reaction at 48 hours after SAH (n = 4). (B–D) Quantitative analysis of C1q, C3a and C3aR1 mRNA levels at 48 
hours after SAH. (E) Immunohistochemistry images of Cip at 40× magnification at 48 hours after SAH. Red arrows: C1q-positive cells. Scale bar: 50 μm. (F) 
Quantitative analysis of C1q-immunoreactive (ratio to sham) at 48 hours after SAH (mean ± SD, n = 4, one-way analysis of variance followed by Tukey’s post 
hoc test). *P < 0.05, **P < 0.01, ***P < 0.001. AOAA: Aminooxyacetic acid; L-Cys: L-cysteine; SAH: subarachnoid hemorrhage.

Figure 5 Effects of L-Cys on ROS and antioxidative stress genes. 
(A) DHE-stained images of ROS content at 48 hours after SAH at 20× magnification (n = 4). Scale bar: 50 μm. (B) Immunohistochemistry of NRF2 
and HO-1 at 48 hours after SAH at 20× magnification (n = 4). (C) Quantitative analysis of ROS (% sham) at 48 hours after SAH. (D) Quantitative 
analysis of NRF2/HO-1 expression (ratio to sham) at 48 hours after SAH (mean ± SD, n = 4, one-way analysis of variance followed by Tukey’s post 
hoc test). Scale bar: 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001. AOAA: Aminooxyacetic acid; DHE: dihydroethidium; HO-1: heme oxygenase-1; 
L-Cys: L-cysteine; NRF2: nuclear factor erythroid 2 related factor 2; ROS: reactive oxygen species; SAH: subarachnoid hemorrhage. 
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L-Cys treatment most likely exert its antioxidant effects after 
SAH, but this requires further investigation. 

Our study has several limitations. First, the specific target 
cells of L-Cys have not been studied. Second, the mechanism 
of activation of the NRF2/HO-1 system by L-Cys has not 
been fully elucidated. Third, the interaction of the comple-
ment system with endoplasmic reticulum stress after SAH 
and L-Cys administration was not investigated. Further re-
search of these aspects is highly warranted.

In summary, L-Cys treatment has a therapeutic effect 
against early brain injury. L-Cys treatment can successfully 
supply H2S to remarkably ameliorate early brain injury fol-
lowing SAH, attenuate neuroinflammation and complement 
deposition, relieve oxidative stress and ER stress, and alter 
the UPR response.
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Figure 6 Effects of L-Cys on GRP78 and CHOP expression. 
(A) Western blot image and quantitative analysis of GRP78 and CHOP at 48 hours after SAH (n = 4). (B) Immunohistochemistry of CHOP and 
GRP78 at 20× magnification (n = 4). Scale bars: 50 μm. (C) Quantitative analysis of GRP78 and CHOP in the prefrontal cortex at 48 hours after 
SAH (n = 4; mean ± SD, one-way analysis of variance followed by Tukey’s post hoc test), *P < 0.05, **P < 0.01, ***P < 0.001. AOAA: Aminooxy-
acetic acid; CHOP: C/EBP homologous protein; GRP78: 78-kDa glucose-regulated protein; L-Cys: L-cysteine; SAH: subarachnoid hemorrhage. 

Figure 7 Effects of L-Cys on the UPR pathways.  
Western blot image and quantitative analysis of 
eIF2α, IRE1α and ATF6α phosphorylation at 48 
hours after SAH: All three UPR pathways were 
activated after SAH. The phosphorylation of eIF2α 
decreased after 100 mM L-Cys (30 μL) treatment, 
while IRE phosphorylation remained unchanged 
(mean ± SD, n = 4, one-way analysis of variance 
followed by Tukey’s post hoc test). *P < 0.05, **P < 
0.01, ***P < 0.001. AOAA: Aminooxyacetic acid; 
ATF6α: activating transcription factor 6α; eIF2α: 
α-subunit of eukaryotic initiation factor 2; IRE1, 
inositol-requiring enzyme 1; L-Cys: L-cysteine; 
SAH: subarachnoid hemorrhage; UPR: unfolded 
protein response. 
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