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A B S T R A C T   

Astrocytic dysfunction is central to age-related neurodegenerative diseases. However, the mechanisms leading to 
astrocytic dysfunction are not well understood. We identify that among the diverse cellular constituents of the 
brain, murine and human astrocytes are enriched in the expression of CBS. Depleting CBS in astrocytes causes 
mitochondrial dysfunction, increases the production of reactive oxygen species (ROS) and decreases cellular 
bioenergetics that can be partially rescued by exogenous H2S supplementation or by re-expressing CBS. 
Conversely, the CBS/H2S axis, associated protein persulfidation and proliferation are decreased in astrocytes 
upon oxidative stress which can be rescued by exogenous H2S supplementation. Here we reveal that in the aging 
brain, the CBS/H2S axis is downregulated leading to decreased protein persulfidation, together augmenting 
oxidative stress. Our findings uncover an important protective role of the CBS/H2S axis in astrocytes that may be 
disrupted in the aged brain.   

1. Introduction 

Astrocytes, the most abundant glial cells in the brain, are crucial to 
the proper functioning of the central nervous system (CNS). Astrocytes 
perform various functions in maintaining homeostasis of ions [1], and 
transmitters [2], provide metabolites to neurons [3], modulate local 
blood flow [4] and support the blood-brain barrier. Impaired astrocytic 
function and elevated oxidative stress are hallmarks of brain aging that 
are also associated with neurodegenerative diseases, including Alz-
heimer’s [5] and Parkinson’s disease [6]. However, signaling mecha-
nisms underlying astrocytic dysfunction and the elevation in oxidative 
stress in aging and age-related diseases are not well understood. 

Hydrogen sulfide (H2S) is a gasotransmitter synthesized endoge-
nously through depersulfidation of cysteine by two pyridodoxyl 5′- 
phosphate (PLP)-dependent enzymes: cystathionine β-synthase (CBS), 
cystathionine γ-lyase (CSE) [7], and by the PLP-independent 3-mercap-
topyruvate sulfurtransferase (3-MST) [8]. Importantly, amongst these 
enzymes, astrocytes from the human [9] mouse [10] and rat brain [11] 
tissues express CBS. CBS catalyzes the first and rate-limiting step in the 
transsulfuration pathway, condensing serine and homocysteine (Hcy) 
generating cystathionine, a precursor for glutathione (GSH) and H2S [7]. 
More than 150 mutations have been reported in the CBS gene [12,13] 
and patients with CBS deficiency show a spectrum of disease severity 
involving the eye, skeletal, central nervous and the vascular systems 
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[13]. Notably, 33-75% of patients have mild or moderate developmental 
delay and behavioral abnormalities [14]. However, the exact role for the 
CBS/H2S axis in astrocytes has not been defined. 

It is well known that oxidative stress increases with age. Prior studies 
have established an inverse relationship between oxidative stress and a 
decrease in protein persulfidation [15]. We and others have shown that 
H2S mediated persulfidation (-SSH) of cysteine thiol (-SH) residues on 
proteins leads to enhanced stability or activity of respective proteins 
[13,15,16]. Conversely, molecular interventions that increased protein 
persulfidation increased C. elegans lifespan by counteracting oxidative 
stress [15]. Interestingly, several neurodegenerative diseases are asso-
ciated with oxidative stress and with H2S [16]. For example, in a rat 
model of Amyloid-β (Aβ) driven Alzheimer’s disease (AD) pre-treatment 
with H2S donor, ameliorated neuroinflammation and improved spatial 
learning and memory [17]. However, the status of the CBS/H2S axis in 
the aging brain and its possible role in astrocytes is unknown. 

Here, we report that the expression of CBS and associated levels of 
H2S decrease in the aging brain, resulting in a decrease in the overall 
persulfidated proteins and a decrease in the GSH/GSSG ratio contrib-
uting to oxidative stress. Our results suggest that the CBS/H2S axis plays 
an important protective role in astrocytes that may be disrupted in the 
aged brain. 

2. Materials and methods 

2.1. Animal, cell culture and reagents 

Young (2-3 months) and aged (24-26 months) C57BL6 male mice 
were obtained from the National Institute of Aging (NIA) rodent colony. 
After perfusion with ice-cold PBS for 15-20 min, the brains were 
collected, and cortex samples were separately snap frozen in liquid ni-
trogen (IACUC protocol: 21-030-SEAHIL). Normal Human Astrocytes 
(NHA) (CC-2565) were purchased from Lonza (Basel, Switzerland) and 
cultured in complete astrocyte growth medium (AGM) containing an 
astrocyte growth medium Bullet kit (Lonza, CC-3186). Primary Human 
Brain Microvascular Endothelial Cells (ACBRI 376) were purchased 
from Cell Systems Corporation (CSC) (Kirkland, WA, USA) and cultured 
in CSC Complete Medium (4Z0-500, CSC). All experiments were per-
formed between passages 3-6. Primary human neuronal lysates were 
purchased from Science Cell (Carlsbad, CA, USA). NaHS, P-(4-methox-
yphenyl)-P-4-morpholinyl-phosphinodithioic acid (GYY4137), and DTT 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

2.2. SDS-PAGE, and immunoblotting 

Tissue or cellular lysate was prepared in Radio-Immunoprecipitation 
assay (RIPA) buffer (Boston BioProducts, Ashland, MA, USA), and pro-
tein concentration was measured using the Bicinchoninic acid (BCA) 
Assay Kit (Pierce, 23225). Tissue or cell lysates were separated on 10 or 
12% glycine SDS-PAGE gel and transferred onto polyvinylidene 
difluoride membrane (Bio-Rad) followed by blocking in 5% bovine 
serum albumin (BSA) in tris-buffered saline (TBS) (Boston Bioproducts) 
with 0.1% Tween 20 (TBST). Membranes were probed with the 
following primary antibodies; CBS (14782), CSE (19689), β-actin 
(4970), and HSP90 (4877) from Cell Signaling Technology, 3MST 
(MABS1171) from Sigma-Aldrich; and secondary antibodies conjugated 
with horseradish peroxidase immunoglobulin G rabbit and mouse from 
Sigma-Aldrich. 

2.3. H2S measurement 

H2S was measured according to our published protocol [13,18]. 
Briefly, each mice brain flash frozen tissue was homogenized in PBS (pH 
7.4) and protein concentration estimated. Approximately 1 mg protein 
was then transferred directly into a tube containing zinc acetate (1% 
wt/vol, 187.5 μl) and NaOH (12%, 12.5 μL) to trap the H2S for 20 min at 

room temperature. The reaction was terminated by adding 1 mL of H2O 
(pH 12.8), 200 μL of N, N-dimethyl-p-phenylenediamine sulfate (20 mM 
in 7.2 M HCl), and 200 μL of FeCl3 (30 mM in 1.2 M HCl). The mixture 
was incubated for 15 min, and 600 μL was added to a tube with 150 μL of 
trichloroacetic acid (10% wt/vol). The precipitated protein was 
removed by centrifugation at 10,000 g for 5 min, and absorbance at 670 
nm of the resulting supernatant was determined. The H2S concentration 
of each sample was calculated against a calibration curve of NaHS. 

2.4. RNA isolation and analysis of gene expression by RT-qPCR 

RNA extraction was performed using RNeasy Plus Mini kit, Qiagen 
(CA, USA) following the manufacturer’s protocol. Complementary DNA 
(cDNA) was prepared using iScript cDNA Synthesis kit (Bio-Rad) and 
RT-qPCR was performed using iTaq SYBR Green (Bio-Rad) following 
suppliers’ protocols. All primers were from Integrated DNA Technolo-
gies (IDT) (Coralville, IA, USA) as listed below. The comparative Ct 
method [13] was used to calculate the relative abundance of the mRNA 
and compared with that of 18S ribosomal RNA (rRNA). 

CBS (forward, 5′- GTAGCTTACAGGGCCTTTC -3′; reverse, 5′- 
CTAACCAGGTCCCTGAGGAT -3′); 18S rRNA (forward, 5′-CTCAA-
CACGGGAAACCTCAC-3′; reverse, 5′-CGCTCCACCAACTAAGAACG-3′). 

2.5. GSH/GSSG ratio for determination of oxidative stress 

Mice brain cortex tissue was homogenized in lysis buffer (Abcam, 
ab179835), and centrifuged at 13,000g for 15 min. Supernatant was 
deproteinized following manufacturer’s instructions (Abcam, 
ab204708). Resultant supernatant was used to determine reduced GSH, 
total GSH and oxidized GSSG, which was calculated as per manufac-
turer’s instructions (Abcam, ab138881). 

2.6. In-gel detection of persulfidation by the dimedone switch method 

The assay was performed as described previously [15]. Briefly, either 
15-20 mg of tissue per sample or 90% confluent NHA cells from a 10-cm 
culture dish was homogenized in cold HEN lysis buffer (100 mM Hepes, 
1 mM EDTA, 0.1 mM neocuproine, 1% SDS) containing 1% protease 
inhibitor with supplementation of 10 mM 4-chloro-7-nitrobenzofurazan 
(NBF-Cl) and incubated at 37 ◦C for 1 h, protected from light. Lysates 
were centrifuged once subjected to methanol/chloroform precipitation. 
Precipitated protein was dissolved in 50 mM Hepes (pH 7.4) with 2% 
SDS. Protein concentration was determined using a BCA Assay kit 
(Pierce, 23225) and adjusted to approximately 3 mg/ml. DAz-2:Cy-5 
click mix at 50 μM was added to the samples and incubated at 37 ◦C 
for 45 min, protected from light. Another methanol/chloroform pre-
cipitation was performed to remove excess click mix. The protein pellet 
was dissolved in Hepes with 2% SDS, boiled in Laemmli buffer (BioRad) 
and resolved by SDS-PAGE. The gel was imaged on the ChemiDoc MP 
(BioRad) and Cy5 and 488 nm signal recorded. NBF-Cl reacts with all 
amino groups giving a characteristic fluorescence with excitation 
maximum at 488 nm (green) that serves as a measure of the total protein 
load. Persulfidated proteins are detected by the Cy5 signal. Gel was also 
stained with InstantBlue (ab119211) as an additional measure of total 
protein load. 

2.7. Microscopy of mitochondrial morphology 

Briefly, NHA were plated on 12 mm coverslips and transfected with 
30 nM control siRNA (siCTL Sigma #SIC001), or CBS siRNA (siCBS, 
Sigma-Aldrich; SASI_Hs01_00214623) using Lipofectamine™ RNAiMAX 
(Invitrogen, Carlsbad, CA, USA). 48 h after transfection cells were 
treated with MitoTracker Red (100 nM) for 15 min at 37 ◦C, after three 
washes with PBS, the cells were fixed with 4% PFA and stained with 
DAPI. Images were collected by Zeiss Axio Observer. Z1 (Göttingen, 
Germany) and analyzed for elongated or punctate mitochondria. 
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2.8. Cell mito-stress analysis 

Different parameters of mitochondrial respiration were measured 
using the 96-well XF analyzer and the XF cell mito stress kit (Seahorse 
Bioscience, MI, USA). Assays were performed as per the manufacturer’s 
protocol. SiRNA transfected cells were plated onto the 96-well XF assay 
plate at a cell density of 5 × 104 cells per well in complete AGM media. 
Thirty minutes before the assay, the plates were washed with the XF 
assay medium. Oligomycin (2 μM), FCCP (0.5 μM) and a mix of Anti-
mycin A and Rotenone (1 μM each) were added into the appropriate 
ports and oxygen consumption rate (OCR) or extracellular acidification 
rate (ECAR) was recorded. 

2.9. Mitochondrial ROS generation 

To monitor the mitochondrial ROS production in CBS and control 
siRNA transfected astrocytes, a superoxide indicator MitoSOX Red 
(Molecular Probes, M36008) was used [19]. Briefly, 48 h after siRNA 
transfection cells were incubated with 2.5 μM of MitoSOX Red for 10 
min at 37 ◦C in the dark. Cells were washed with PBS, and acquired via 
FACSCelesta flow cytometer (Becton Dickinson, Franklin Lakes, NJ, 
USA) and analyzed by FlowJo software (version 10.8.1). 

2.10. Proliferation assay 

NHAs were seeded at a density of 5 × 103 cells per well in 96-well 
plates. For Fig. 5A, cells were treated with increasing concentrations 
of Hcy (Sigma-Aldrich) (0-500 μM) for 60 h. For Fig. 6E, cells were 
treated with or without Menadione (10 μM) and/or 0.5 mM GYY for a 
period of 60 h. Cellular proliferation was assessed using the CyQUANT 
Assay Kit (Invitrogen, C35011). Fluorescence was measured by excita-
tion at 508 nm and emission at 527 nm using CLARIOstar (BMG Labtech, 
Ortenberg, Germany). 

2.11. ATP assay 

Briefly, NHA were transfected with either control or CBS siRNA for 
72 h. The CBS silenced cells were treated with 1 mM GSH (Fig. 5B) or 
with 0.5 mM GYY (Fig. 5C) for the last 60 h. For Fig. 5D, CBS-HA plasmid 
was transfected using Lipofectamine 3000 (Thermo Scientific) in CBS 
silenced cells for the last 36 h. ATP levels were measured using the Cell 
Titer-Glo® Assay (Promega) and luminescence recorded using a plate 
reader CLARIOstar (BMG Labtech, Ortenberg, Germany). 

2.12. Data analysis and statistics 

Data are expressed as mean ± SD or SEM as stated in figure legends. 
Analysis of variance (ANOVA) was performed to compare the mean 
among three or more groups and Student’s t-test was performed to 
compare the mean between two groups. Statistical significance was set 
at P < 0.05 using GraphPad Prism 6 software. For bulk RNA-Seq data, a 
simple linear regression analysis was performed, and the R2, P value of 
F-test statistic of overall significance are reported. For single cell RNA- 
Seq data, statistical analysis was performed using the FindMarker 
function from Seurat workflow, “test.use” parameter was set to the 
default Wilcoxon Rank Sum test. 

3. Results 

3.1. The expression of CBS is lower in the aged brain 

To determine if the expression of CBS correlates with age, we 
analyzed publicly available RNA-Seq data from the human brain tissue 
as reported by Zhang et al., [20]. We applied a simple linear regression 
analysis where the relative abundance of CBS measured in fragments per 
kilobase of exon per million fragments mapped (FPKM) was regressed 

onto the age of the patient. We found that the expression of CBS 
significantly declined with age in both the whole cortex (R2 = 0.98; P =
0.009) and astrocyte (R2 = 0.57; P = 0.004) samples isolated from the 
human brain (Fig. 1A). We next performed reverse transcription quan-
titative real time PCR (RT-qPCR) to determine expression of CBS from 
murine brain cortical tissues. Corroborating the human RNA-Seq data, 
the expression of CBS mRNA was significantly lower in the aged 
24–26-month-old compared to the young 2–3-month-old tissues 
(Fig. 1B). To confirm these observations at the protein level we per-
formed immunoblotting for the three H2S producing enzymes, CBS, CSE 
and 3-MST. At first, we determined antibody specificity by employing 
the murine liver tissues that served as positive control. The liver tissues 
prominently expressed CBS, CSE and 3-MST, however, the murine brain 
cortical tissues only showed expression of CBS and 3-MST but no CSE 
(Supplementary Fig. S1 and Fig. 1C). Compared to CBS (~1.72 fold), an 
insignificant (~1.07 fold) decrease in the expression of 3-MST was 
observed in the young vs aged murine brain tissues (Fig. 1C and D). 
Furthermore, in contrast to CBS (Fig. 1A), no significant correlation was 
observed between the mRNA expression of CSE and the age of patients 
either from the whole cortex or from the isolated astrocytes (Supple-
mentary Fig. S2). Collectively, these results strongly suggest that CBS is 
the key H2S producing enzyme in the brain, and its expression decreases 
in an age-dependent manner. 

3.2. Intracellular protein persulfidation decreases in the aged brain 

Previously, we and others have shown that H2S mediated protein 
persulfidation plays an important role in protein activity [13,15]. Since 
the expression of CBS decreased in the aged brain samples, we measured 
the level of endogenous H2S from mice brain cortical tissues using a 
modified methylene blue assay [13]. A constraint of the methylene-blue 
assay is that it measures total sulfide and not H2S alone which can lead to 
overestimation of H2S concentrations. Despite the constraints, the 
methylene-blue assay is widely utilized for H2S measurements in bio-
logical samples [17,21–23]. H2S levels significantly decreased in the 
aged group compared to the young group of samples (Fig. 2A). Since H2S 
contributes to protein persulfidation, we used the highly selective 
modified dimedone-switch method [15] to determine level of persulfi-
dation in young versus aged mice brain cortical tissues. In this assay, 
Cy5, red signal represents persulfidated proteins and 488 nm, green 
signal represents total protein load. We observed that the ratio of the 
Cy5/488 fluorescence signal significantly decreased in the aged versus 
the young murine brain cortical tissue samples (Fig. 2B and C). 

Prior studies have established that the ratio of reduced to oxidized 
glutathione (GSSG) can be used as a relative measure of oxidative stress 
[24], which we assessed from the murine brain cortical tissues by using a 
fluorometric detection kit from Abcam (methods). Compared to the 
young group the GSH/GSSG ratio was significantly decreased in the 
aged group (Fig. 2D). Together these results support the conclusion that 
murine aged brain tissues have increased oxidative stress that is asso-
ciated with reduced overall protein persulfidation. 

3.3. CBS is predominantly expressed in the brain astrocytes 

To determine which cell types in the human brain expressed CBS, we 
analyzed publicly available RNA-Seq data reported by Zhang et al., [20]. 
Astrocytes from the human brain tissues showed the highest expression 
of CBS as compared to other cell types (Fig. 3A). Similarly, astrocytes 
from the murine brain tissues [25] showed a trend towards higher CBS 
expression as compared to other cell types (Supplementary Fig. S3). To 
compare expression at the protein level we performed immunoblotting 
for CBS from the primary human astrocytes, primary human neurons 
and from the primary human brain microvascular endothelial cells 
(BMECs). Corroborating RNA-Seq data, we observed highest expression 
of CBS in astrocytes followed by neurons, with very low expression in 
the BMECs (Fig. 3B). Interestingly, analysis of single-cell RNA-Seq data 
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from publicly available database [26] revealed that CBS was almost 
exclusively expressed by the murine brain astrocytes and although not 
statistically significant, expression was lower in the aged compared to 
the young group (Fig. 3C). These results indicate that CBS is predomi-
nantly expressed in the brain astrocytes. 

3.4. Silencing CBS causes mitochondrial dysfunction in astrocytes 

Changes in astrocytic mitochondrial function are intimately linked to 
age-related neurodegenerative diseases [27]. We previously showed 
that in human umbilical vein and in human aortic endothelial cells, CBS 
regulates mitochondrial dynamics [19]. Therefore, we next determined 
mitochondrial morphology and function in astrocytes following CBS 
downregulation with siRNA. Interestingly, in MitoTracker treated, 
control siRNA (siCTL) transfected astrocytes, ~80% of the cells pre-
sented with fused, filamentous mitochondria, whereas ~75% of the 
CBS-silenced cells showed mainly spherical, punctate mitochondrial 
morphology (Fig. 4A). To determine functionality, the mitochondrial 
oxygen consumption rate (OCR) and Extracellular Acidification Rate 
(ECAR) were measured (Fig. 4B and C) using the Seahorse XF-96 
analyzer. Compared to the control cells, silencing CBS significantly 
decreased basal respiration by ~32% (Fig. 4D), relative ATP production 
by ~38% (Fig. 4E), FCCP-induced maximal respiration by ~48% 
(Fig. 4F) and the spare respiratory capacity by ~46% (Fig. 4G) 

indicating that mitochondrial function was impaired in the astrocytes. In 
the same assay, ECAR provides a measure of aerobic glycolysis. We 
observed that in the control cells, ECAR continuously increased as 
electron-transport chain inhibitors were added (Fig. 4C). However, the 
CBS silenced cells failed to increase their ECAR indicating inhibition of 
glycolysis (Fig. 4C). Given the mitochondrial dysfunction, we next 
measured ROS using the MitoSOX reagent. A significant, ~24% increase 
in mean fluorescence intensity (MFI) of MitoSOX Red in the CBS silenced 
group compared to the control (Fig. 4H) indicated enhanced ROS pro-
duction. Together these results indicate that the CBS silenced astrocytes 
are compromised in their bioenergetics suggesting similar alterations in 
aging. 

3.5. Impact of metabolites on astrocyte proliferation and bioenergetics 

To determine if increased Hcy levels that are associated with inhi-
bition of CBS [7] impacts proliferation, we treated the astrocytes with 
Hcy (0-500 μM) for 60 h and evaluated by the CyQuant assay. No sig-
nificant change in astrocyte proliferation was observed (Fig. 5A). As 
shown above, mitochondrial dysfunction along with decreased levels of 
GSH and H2S was observed upon CBS downregulation. Therefore, we 
used cellular ATP levels as a readout to determine any rescue by sup-
plementation with GSH, H2S or by re-expression of CBS. Compared to 
the control, a 29-35% decrease in relative ATP level was observed in CBS 

Fig. 1. The expression of CBS decreases with aging in the brain and in astrocytes. (A) Expression of CBS in human whole cortex and astrocyte samples as a function of 
age were derived from the publicly available RNA-Seq data [20]. Each data point represents an individual, 12 for astrocytes and 4 for the whole cortex. A simple 
linear regression analysis was performed, and the R2, P value of F-test statistic of overall significance are reported. (B) mRNA expression of CBS in the young and aged 
mice brain cortex was determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). 18S ribosomal RNA (rRNA) was used as an internal 
control. Error bar represents mean ± SD of 7 young and 8 aged mice performed in triplicate, *P < 0.05 when comparisons were made by Student’s t-test. (C) Protein 
expression of CBS, CSE and 3-MST was determined from the young (2-3 month) and aged (24-26 month) mice brain cortex lysates by immunoblot. Each lane 
represents an individual mouse. β-Actin was used as loading control. (D) Densitometric analysis (arbitrary units, a.u. normalized with respect to β-actin) of im-
munoblots shown in C. Data represents mean ± SEM of 4 young and 5 aged brain samples, *P < 0.05 when statistical analysis was made by the Student’s t-test. Fold 
change determined by the ratio of young/old. For CBS, 0.508/0.295 = 1.72; for 3-MST, 0.63/0.59 = 1.07. 
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silenced astrocytes (Fig. 5B and C). However, while supplementation 
with 1 mM GSH showed no rescue, supplementation with 0.5 mM GYY 
for 60 h rescued ATP levels by ~28% (Fig. 5B and C). Similarly, 
re-expression of CBS rescued ATP levels by ~31% in CBS-silenced as-
trocytes (Fig. 5D). Efficacy of CBS silencing and re-expression was 
confirmed at the protein level by immunoblotting (Fig. 5E). These re-
sults indicate that H2S but not Hcy or GSH is an important consequential 
metabolite in the CBS pathway involved in astrocyte bioenergetics. 

3.6. Oxidative stress impacts the CBS/H2S axis 

In the aged brain tissues, the increase in oxidative stress (Fig. 2D) is 
associated with a decrease in the expression of CBS (Fig. 1C). To probe 
this link further we treated the normal human astrocytes with hydrogen 
peroxide (H2O2), Menadione or with 2,3-dimethoxy-1,4-naphthoqui-
none (DMNQ), agents that have been previously shown to induce ROS 
[28]. Treatment with these ROS inducers prominently decreased the 
expression of CBS at 24 h (Fig. 6A) and significantly decreased H2S levels 
in the cells (Fig. 6B). To determine the impact of decreased H2S pro-
duction on protein persulfidation we employed the modified 
dimedone-switch assay. We observed that the ratio of the Cy5/488 
fluorescence signal prominently decreased in the Menadione and DMNQ 
treated cells compared to the control (Fig. 6C) indicating decreased 
overall protein persulfidation. To determine if H2S supplementation 
could counteract the effect of ROS inducers, astrocytes were treated with 

Menadione in presence or absence of the H2S donor, GYY for 24 h. 
Compared to the control, the ratio of the Cy5/488 fluorescence signal 
prominently decreased in the Menadione treated cells and increased in 
the GYY treated cells which served as positive control (Fig. 6D). How-
ever, compared to Menadione only, dual treatment with Menadione and 
GYY reversed overall protein persulfidation to near control levels 
(Fig. 6D). Next, to determine the impact of oxidative stress on astrocyte 
proliferation we used the CyQuant assay. Menadione or GYY treatment 
showed no effect at 12 h. However, after 36 h and 60 h, Menadione 
treatment significantly decreased astrocyte proliferation by ~27% and 
~46% respectively (Fig. 6E). Compared to Menadione only, dual 
treatment with Menadione and GYY rescued astrocyte proliferation by 
~18% and ~53% at 36 h and 60 h respectively (Fig. 6E). Together, these 
results indicate that there is a reciprocal relationship between oxidative 
stress and the CBS/H2S axis. On the one hand, the CBS/H2S axis by 
supporting mitochondrial bioenergetics protects astrocytes from oxida-
tive stress, while, on the other hand, oxidative stress downregulates the 
CBS/H2S axis in the aged brain leading to astrocyte dysfunction. 

4. Discussion 

Here we report an important reciprocal connection between the 
CBS/H2S axis and oxidative stress in the aging brain, specifically in the 
astrocytes. Earlier we characterized the expression of CBS in different 
tissues and observed moderate to strong staining of CBS in endothelial 

Fig. 2. H2S levels and persulfidation (P-SSH) decrease while oxidative stress increases in the aged mice brain. (A) H2S levels were determined by methylene blue 
assay. Error bar represents mean ± SD of 7 young and 8 aged mice performed in triplicate. *P < 0.05 when comparing by Student’s t-test. (B) In-gel detection of 
changes in endogenous P-SSH levels in young (2-3 month) and aged (24-26 month) mice brain by dimedone switch assay. Young and aged mice brain cortex samples 
were lysed with supplementation of 10 mM NBF-Cl, and probed for P-SSH- labeling with DAz-2, followed by Cy5-alkyne using CuAAC. Fire pseudo-coloring was used 
to visually enhance the Cy5 signal. Green fluorescence corresponds to the total protein load (NBF-protein adducts). Gels were also stained with Instant blue to further 
confirm equal protein loading. (C) Ratio of Cy5/488 signals was used for the P-SSH quantification. Error bar represents mean ± SD of 8 young and 8 aged mice, *P <
0.05, Student’s t-test. (D) Oxidative stress was measured in both young and aged mice brain cortex by a ratio of reduced glutathione (GSH): oxidized glutathione 
(GSSG) utilizing a fluorometric GSH/GSSG detection kit. Data represents mean ± SD of 6 young and 6 aged mice. *P < 0.05 when comparisons were made by 
Student’s t-test. 
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cells (ECs) of the normal ovary, granulosa cell tumors, normal colon, and 
lung adenocarcinoma. However, CBS was undetected in ECs of the 
normal liver, albeit a strong expression in hepatocytes [29] suggesting 
that endothelial beds from different tissues may show context specific 
expression of CBS. Here, we found that compared to the neurons and 
BMECs, the expression of CBS was strikingly enriched in the brain as-
trocytes as evidenced by the RNA-Seq and cellular protein level results. 

One hallmark of aging and associated neurodegenerative diseases is 
a progressive increase in oxidative stress [30]. Prior reports from our 
and other groups, demonstrated increased oxidative stress upon 
depleting CBS in endothelial and in adipose-derived mesenchymal stem 
cells respectively [19,31]. Here, we found that both the mRNA and 
protein level expression of CBS but not CSE decreased in the aging brain 
tissues. According to reports, CSE is predominantly expressed in the 
murine kidney and liver tissues, with minimal expression in the brain 
[32], which corroborates our findings. Consequently, H2S levels, asso-
ciated protein persulfidation and the GSH/GSSG ratio decreased indi-
cating enhanced oxidative stress. Zivanovic et al., reported that 
H2S-mediated protein persulfidation prevents irreversible cysteine 
hyperoxidation preserving protein function and extending the lifespan 
of C.elegans [15]. Consistent with prior reports, our results suggest that 
there is an inverse relationship between the CBS/H2S axis, associated 
persulfidation and oxidative stress that prevails in the aging brain. 

Another hallmark of aging and associated neurodegenerative dis-
eases is astrocytic dysfunction [33,34]. Depleting CBS in human astro-
cytes, altered mitochondrial morphology and compromised 
mitochondrial function that was associated with an increase in 

mitochondrial ROS and decreased ATP production. Interestingly, as-
trocytes rely heavily on glycolysis to meet local energy demands, how-
ever, they are also responsible for 20% of the brain’s total oxygen 
consumption [27]. Strikingly, while the control cells were able to switch 
to glycolysis upon treatment with mitochondrial electron-transport 
chain inhibitors, the CBS depleted cells were unable to do so indi-
cating that cellular bioenergetics was compromised suggesting similar 
alterations in aging. Interestingly, in CBS silenced astrocytes relative 
ATP level could be rescued by H2S donors. These results are consistent 
with our prior reports where we showed that silencing CBS in human 
umbilical vein and in human aortic endothelial cells (HUVEC/HAOEC) 
caused mitochondrial dysfunction and enhanced receptor-mediated 
mitophagy that could be rescued by treatment with H2S donors [19]. 
Mechanistically, important cellular persulfidation targets of H2S have 
been described that could explain the bioenergetic phenotypes observed 
in the CBS depleted astrocytes. The mitochondrial inner membrane 
protein ATP synthase (F1F0 ATP synthase/Complex V) is persulfidated 
at cysteine residues 244 and 294. Mutation of these residues signifi-
cantly decreases synthase activity and ATP output [35]. The prominent 
glycolytic enzyme, Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), is persulfidated at cysteine residue 150 and mutation of this 
residue decreases activity [36]. Disruption of more than one signaling 
axis; a) mitochondrial dysfunction that can generate ROS, b) decreased 
cystathionine levels, a precursor for glutathione and/or c) decreased 
Nrf-2/Keap-1 antioxidant signaling because Keap-1 is a persulfidation 
target [37], may lead to oxidative stress that is observed in the CBS 
depleted astrocytes. 

Fig. 3. Expression of CBS in different brain cell types and during aging. (A) Bulk cell expression of CBS in various cell types isolated from human brain were analyzed 
from the publicly available RNA-Seq data [20]. Each data point represents an individual, whole cortex, n = 4; fetal astrocytes, n = 6; mature astrocytes, n = 12; 
oligodendrocytes, n = 5; microglia, n = 3, endothelial, n = 2 and neurons, n = 1. Data represent mean ± SD. **P < 0.01 when Tukey’s multiple comparisons were 
made by one-way ANOVA. The ANOVA table resulted in F(5, 26) = 7.083, p value = 0.0003. (B) Expression of CBS was determined from the human neurons, brain 
ECs and astrocytes by immunoblot. β-Actin was used as loading control. (C) Single cell expression of CBS in brain cells isolated from 2 to 3 months old and 21-22 
months old mice were analyzed from the publicly available 10X Genomic single cell RNA sequencing data [26]. The data originated from 8 young (2–3 months) and 8 
old (21–23 months) mice, from these animals 3327 young and 3420 old astrocytes were isolated and analyzed. Statistical comparison was performed using the 
FindMarker function from Seurat workflow, “test.use” parameter was set to the default Wilcoxon Rank Sum test. Result: p_val: 0.2330927; avg_log2FC: -0.05001576, 
p_val_adj = 1. MG: microglia; OLG: oligodendrocyte; EC: endothelial cells; ASC: Astrocytes; OPC: Oligodendrocyte progenitor cells; OEG: Olfactory ensheathing glia; 
NEURmat: mature neurons. 
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Because we observed decreased expression of CBS in the aged brain 
tissues where systemic oxidative stress is multifactorial, we determined 
and found that chemically induced oxidative stress also decreased the 
expression of CBS, levels of H2S, protein persulfidation and proliferation 
of astrocytes. The expression of CBS is regulated at the transcript level by 
the transcription factor, SP1 [38,39] and at the protein level by S-Ade-
nosylmethionine (SAM) [40]. Notably, both factors are responsive to 
and may be altered upon oxidative stress [41] which could explain the 
observed decrease in the expression of CBS. Importantly, H2S supple-
mentation rescued oxidant-mediated decrease in astrocyte proliferation 
underscoring the importance of the CBS/H2S axis in maintaining the 
health, function and redox balance in astrocytes, the most abundant 
brain cells. 

We demonstrated that in the aged brain tissues, CBS was down-
regulated concurrent with decreased protein persulfidation and 
increased oxidant stress. Interestingly, recent studies have reported 

increase in plasma sulfide levels in Alzheimer’s disease (AD) patients 
and correlated with cognition and microvascular disease [42,43]. The 
authors further discussed that elevated plasma polysulfides could be due 
to a compensatory pathway to restore normal neuronal homeostasis due 
to oxidative stress. Hence, the H2S/persulfidation axis may have a tissue 
context dependent role that may be different in the normal aging brain 
versus in neurodegenerative diseases warranting further investigation. 

5. Conclusion 

In conclusion, the CBS/H2S axis is downregulated in the aged brain 
which enhances oxidative stress by reducing overall protein persulfi-
dation and causes mitochondrial dysfunction, ultimately impacting 
astrocyte health and proliferation. Thus, the CBS/H2S axis plays an 
important protective role in maintaining astrocyte health, and its 
disruption may contribute to some of the age-related changes observed 

Fig. 4. Inhibition of CBS alters mitochondrial morphology and causes mitochondrial dysfunction in astrocytes. (A) Normal human astrocytes (NHA) were transfected 
with either scrambled (siCTL) or siCBS for 48 h. Mitochondrial morphology was determined by immunofluorescence utilizing the Mitotracker Red CMXRos. Each 
image is the representation of 3 independent experiments performed in triplicate, scale bar represents 10 μm. Approximately 200 cells from each treatment group 
from different fields were monitored and represented as with percent elongated or with percent punctated mitochondria. Data are the mean ± SD of atleast three 
independent experiments. *P < 0.05 when comparisons were made by Student’s t-test. (B, C) Oxygen consumption rate (OCR) and Extracellular Acidification Rate 
(ECAR) were measured using the Seahorse XF-96 analyzer. NHA were transfected for 48 h with either scrambled (siCTL) or siCBS, and the OCR was measured. An XF 
trace representing mean ± SEM from 20 or more technical replicates per group is shown. Cells were sequentially treated with 2 μM Oligomycin (O), 0.5 μM FCCP (F) 
and 1 μM each of Antimycin + Rotenone (A&R) at indicated time points. Changes in OCR (Δ OCR) during (D) Basal respiration (before oligomycin), (E) ATP 
production (after oligomycin treatment), (F) FCCP-stimulated response (maximal respiratory capacity) and, (G) spare respiratory capacity (a measure of the ability of 
the cell to respond to increased energy demand or under stress) were derived from the XF trace of 2 independent experiments, represented as mean ± SEM from 
atleast 20 replicates per group. *P < 0.05 when comparisons were made by Student’s t-test. (H) NHA were transfected for 48 h with either siCTL or siCBS, stained 
with MitoSOX Red and the mitochondrial ROS levels were measured using flowcytometry. Representative histogram of MitoSOX Red fluorescence intensity is shown, 
bar graph represents mean ± SD of mean fluorescence intensity (MFI) from three independent experiments,*P <0.05 by Student’s t-test. 

Fig. 5. The effect of metabolites on astrocyte proliferation and bioenergetics. (A) NHA were treated with Hcy (0-500 μM) for 60 h, and proliferation evaluated using 
the CyQUANT Assay. Data are the mean ± SEM of three independent experiments. (B) NHA were transfected with either siCTL or siCBS for 72 h and treated with 1 
mM GSH for the last 60 h. ATP levels were evaluated using the CellTiter-Glo assay and control set at a 100%. Bar graph represents mean ± SEM from three in-
dependent experiments, *P <0.05 (Student’s t-test) (C) NHA were transfected with either siCTL or siCBS for 72 h and treated with 0.5 mM GYY for the last 60 h. ATP 
levels were evaluated using the CellTiter-Glo Assay and control set at a 100%. Bar graph represents mean ± SEM from three independent experiments, *P <0.05 by 
Student’s t-test. (D) Experiments similarly performed as in B and C, except HA-tagged CBS expressed [44] for the last 36 h. Data represents mean ± SEM from three 
independent experiments, *P <0.05 (Student’s t-test). (E) Immunoblotting of lysates derived from experimental setup as in D. 
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in the brain. 
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