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Abstract: Cysteine is a semi-essential amino acid that not only plays an essential role as a component
of protein synthesis, but also in the generation of numerous sulfur-containing molecules such as the
antioxidant glutathione and coenzyme A. We previously showed that the metabolism of cysteine is
dysregulated in Huntington’s disease (HD), a neurodegenerative disorder triggered by the expansion
of polyglutamine repeats in the protein huntingtin. In this study, we showed that cysteine metabolism
is compromised at multiple levels in HD, both transcriptional and post-translational. Accordingly,
restoring cysteine homeostasis may be beneficial in HD.
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1. Introduction

Huntington’s disease (HD) is a neurodegenerative disease that is caused by the ex-
pansion of CAG repeats, encoding polyglutamines, in the gene huntingtin [1]. Symptoms
of HD include choreiform, involuntary movements, muscle wastage, impaired motor and
executive functions, as well as psychiatric disturbances [2–4]. Mutant huntingtin (mHtt)
misfolds and aggregates, forming oligomers and multimers that disrupt almost all cellular
processes including transcription, translation, DNA replication, repair, nucleocytoplasmic
transport, amino acid metabolism, and stress responses [5–12]. Presently, there is no cure
for HD and the existing treatments only target the disease’s symptoms. Thus, there is
an urgent need to elucidate the molecular mechanisms of pathogenesis, which can prove
challenging, as mHtt affects a plethora of physiological processes.

Some of the molecular hallmarks of HD are elevated oxidative stress, mitochondrial
dysfunction, and redox imbalance, which are intimately linked to each other. We and
others have previously shown that oxidative stress in HD is linked to aberrant cysteine
metabolism [13–15]. Apart from its indispensable role in protein synthesis, cysteine is the
precursor of the antioxidant glutathione (GSH) and several sulfur-containing molecules
such as cysteamine, taurine, coenzyme A, iron-sulfur cluster proteins, and lanthionine [16].
Additionally, cysteine serves as the substrate for production of the gaseous signaling
molecule, hydrogen sulfide (H2S), which participates in several cellular processes by
eliciting a post-translational modification termed persulfidation/sulfhydration [17–19].

Cysteine is generated via the reverse transsulfuration pathway by cystathionine
γ-lyase (CSE), which is the major enzyme that generates cysteine in mammals (Figure 1A).
Although cysteine is a semi-essential amino acid, for mice lacking CSE, it is an essential
amino acid. Thus, when Cth−/− mice are placed on a cysteine-free diet, they rapidly lose
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weight and die within two weeks, unless external cysteine is provided [9,20,21]. We and
others have previously shown that dysregulation of cysteine and H2S metabolism occurs in
several neurodegenerative diseases such as Parkinson’s disease (PD), Huntington’s disease
(HD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), and spinocerebellar
ataxia (SCA) [9,11,13,22–25], and in neurodevelopmental disorders such as Down syn-
drome [26,27]. In HD, the disruption of cysteine balance occurs due to the inhibitory effects
of mHtt on CSE expression by its transcription factors, SP1 and ATF4. The dysregulation
of the transsulfuration pathway was also postulated in an earlier study, which reported
the interaction of CBS with mHtt [28]. More recently, we showed that the dysregulation of
transsulfuration occurs during aging, which is a risk factor for neurodegeneration [29].
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Figure 1. Expression of cystathionine γ-lyase (CSE) in the Q175 model of Huntington’s disease.
(A) The transsulfuration pathway via which cysteine and hydrogen sulfide (H2S) is generated.
Transsulfuration refers to the transfer of sulfur from homocysteine (which is derived from dietary
methionine) to cysteine. Cystathionine β-synthase (CBS) condenses serine with homocysteine to
generate cystathionine, which is acted on by CSE to produce cysteine. Cysteine and homocysteine
serve as substrates of CSE or CBS to generate H2S. (B) Expression of CSE at 2, 6, and 12 months in the
striatum, the region most profoundly affected in HD, in Q175 mice and their wild-type counterparts.
(C) Quantification of B. (D–F) Expression of CSE at 2, 6, and 12 months in the cortex, hippocampus
and cerebellum. n = 3, SEM. *** p < 0.001.
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In this study, we found that in addition to regulation at the transcriptional level, the
activity of CSE is also regulated at the post-translational level in HD.

2. Materials and Methods
2.1. Cell Culture

HEK-293 cells were grown in a humid atmosphere of 5% CO2 at 37 ◦C in DMEM
supplemented with 10% (v/v) FBS, l-glutamine (2 mm), penicillin (100 units/mL), and
streptomycin (100 µg/mL).

2.2. Immunoprecipitations

The cells were lysed on 1.5 mL tubes and placed on ice in a buffer containing 50 mm
Tris·HCl, pH 7.4, 150 mm NaCl, 1% (v/v) Triton X-100, 1 mm EDTA, 1 mm PMSF, 10% (v/v)
glycerol, and protease inhibitor tablet (Millipore, Burlington, MA, USA), and centrifuged
at 16,000× g for 15 min and supernatant collected. In total, 500 µg of the extract in a total
volume of 1 mL was incubated with anti-CSE antibodies [30] overnight at 4 ◦C on a rotator.
Next, 25 µL of ProteinA/G agarose was added and the samples incubated overnight on
a rotary shaker (Calbiochem, San Diego, CA, USA). The lysates were spun down on the
next day, washed three times with the IP buffer, eluted in 1x LDS buffer, boiled at 95 ◦C for
5 min, centrifuged for 3 min at 16,000× g, and supernatant was loaded. About 5% of the
original lysate was used as the input.

2.3. Preparation of Tissue Homogenates

For the activity assays of CSE, the tissue was homogenized in a buffer containing
50 mM phosphate buffer, pH 7.4 containing 0.5% Triton X 100 and protease inhibitors
on ice for 15 min, followed by centrifugation at 16,000× g for 15 min and recovery of the
supernatant. For assaying CBS activity, the samples were processed as described earlier [31].
The homogenate anti-CSE antibodies were previously described [30].

2.4. Western Blotting

For Western blots, lysates were normalized for total protein content using Protein
Assay Dye Reagent (Bio-Rad). The samples were prepared by adding 1× of the final
concentration of NuPAGE LDS Sample Buffer (Invitrogen), followed by incubation at
95 ◦C for 5 min. Subsequently, the protein samples were resolved on a mini NuPAGE
4–12% Bis-Tris gel (Thermo Fisher, Scientific, Waltham, MA, USA) in the presence of a
1× NuPAGE MES SDS running buffer (Thermo Fisher, Scientific, Waltham, MA, USA).
The proteins were then transferred to Immobilon-FL (Millipore). The membranes were
blocked for 1 h at room temperature with 5% BSA in TBS, followed by incubation with the
indicated primary antibodies. Horse peroxidase-conjugated secondary antibodies were
used for detection with SuperSignal West Pico chemiluminescence reagent (Thermo Fisher,
Scientific, Waltham, MA, USA). The detection of CBS was performed using commercial
antibodies from Santa Cruz.

2.5. H2S production Assays

H2S production was measured according to previously published protocols [30]. For
assays involving CSE, 10 mM L-cysteine was used as the substrate. CBS does not utilize
cysteine alone for H2S production, hence for the assays of CBS, 10 mM L-cysteine and
15 mM L-homocysteine (the preferred substrates) were utilized.

2.6. Cysteine Production Assay

The cysteine formed by CSE was quantified using the ninhydrin assay. The ninhydrin
reagent was prepared by dissolving 250 mg of ninhydrin in 6 mL of glacial acetic acid
and 4 mL of 12 M HCl. The samples (200 µL) were mixed with 60 µL of 6% perchloric
acid, and the precipitated protein was removed by centrifugation. Next, 200 µL of the
supernatant was mixed with 200 µL of glacial acetic acid and ninhydrin, then boiled
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for 10 min, cooled on ice, and mixed with 95% ethanol to a final volume of 1 mL. The
absorbance was measured at 560 nm.

2.7. Statistical Analysis

Statistical analyses were performed using Microsoft Excel. A value of p < 0.05 was
considered statistically significant. Statistical analyses were conducted as appropriate using an
unpaired Student’s t-test. Each bar represents the mean ± standard error of the mean (SEM).

3. Results
3.1. Expression of Cystathionine γ-Lyase and Cystathionine β-Synthase in HD

We examined the expressions of CSE and CBS in several regions of the brains of
Q175 mice at the RNA and protein levels at different stages of disease progression. To
evaluate early vs. medium-term vs. advanced disease, we, respectively, employed 2, 6,
and 12 months as the age groups for analysis. In terms of the brain regions, the striatum
is the site of the greatest degeneration in human HD. In mouse models, other parts of the
brain may be affected to a similar extent, though the distribution of damage varies with
the specific HD model. We certainly aimed to focus upon the striatum. The cerebellum
was of interest too because, like the striatum, the cerebellum regulates motor activity. The
hippocampus and cerebral cortex are of importance because of their roles in cognition,
learning, and memory, which are substantially impaired in HD. For these reasons, we
analyzed these four regions of the brain.

We first focused on the protein levels for CSE and CBS in the brain regions at the three
ages. The most striking alterations were evident in CSE levels of protein in Q175 striatum
at 6 and 12 months when the levels were reduced by about 50%, while at 2 months, there
was no change (Figure 1B,C). In the cortex, hippocampus and cerebellum, CSE protein
levels did not significantly differ between wild-type and Q175 mice at any of the three ages
(Figure 1D–F).

The protein disposition of CBS markedly differed from that of CSE. Thus, at no point in
time, nor in any brain region, was the CBS protein level significantly decreased in Q175 mice
(Figure 2A–D). In most instances, there was no difference between wild-type and Q175 mice
in terms of CBS protein levels. Surprisingly, there appeared to be a significant increase in
CBS protein levels in the cerebellum and hippocampus of Q175 mice. In the cerebellum, the
increase of about 60% was evident only at 12 months (Figure 2B), while in the hippocampus,
a 40–50% increase was apparent at 6 but not at 2 or 12 months (Figure 2C).

CBS does not occur in neurons in the brain [31,32]. It is largely concentrated in
glia, especially astrocytes. With neural degeneration, there is often an associated reactive
proliferation of astrocytes and other glia, especially microglia. Perhaps the elevations
that we observed relate to such proliferation. By contrast, our unpublished studies of
CSE localization in normal mouse brains indicate the existence a prominent neuronal
disposition. The previous studies from our laboratory revealed that CSE depletion in HD
may reflect mutant huntingtin binding to and inhibiting the transcription factor specificity
protein 1 (SP1), which is the transcription factor driving the basal expression of CSE. This
mechanism may well-account for the loss of CSE protein in HD. The profound diminution
of brain CSE levels in HD of the patient’s brain, R6/2 mice, and Q111 striatal cultures is
maintained even when one corrects for the loss of neurons related to the overall cellular
degeneration of the disease.

3.2. Decreased CSE and CBS Activities in Q175 Mice

We wondered whether the decreased protein level of CSE in the brain of Q175 mice
may be associated with decreases in catalytic; and hence, we measured the protein levels of
CSE and CBS in the forebrain regions at three ages (Figure 3). The most prominent alteration
observed was a massive depletion of CSE activity in the Q175 striatum at 6 and 12 months,
whereas the CSE activity in the cortex, cerebellum, and hippocampus in the Q175 mice was
not altered (Figure 3B,C). By contrast, at 2 months, CSE activity in the Q175 mice was the
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same in all of the brain regions as in the wild-type mice (Figure 3A). In the case of CBS,
decreased activity was observed in the striatum at all three ages (Figure 3D–F) along with a
decrease in CBS activity in the hippocampus at 12 months (Figure 3F).
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Figure 2. Quantitation of cystathionine β-synthase (CBS) expression in the Q175 model of Hunt-
ington’s disease. (A) Expression of CBS at 2, 6, and 12 months in the cortex in Q175 mice and
their wild-type counterparts. (B–D) Expression of CBS at 2, 6, and 12 months in the cerebellum,
hippocampus, and striatum in Q175 mice. n = 3, SEM.

3.3. Huntingtin Interacts with CSE and Modulates Its Catalytic Activity

In order to further characterize the influence of mHtt on CSE, we tested whether mHtt
binds to CSE. We transfected plasmids encoding myc-tagged CSE with either full-length
wild-type Htt, wtHtt (HD17), or mHtt (HD75) into HEK293 cells for 24 h and conducted
immunoprecipitation assays. Both wtHtt and mtHtt bound to CSE, with mtHtt showing
stronger binding (Figure 4A). Next, we assayed the effect of this interaction on the catalytic
activity of CSE. Accordingly, we transfected CSE alone or in combination with either HD17
or HD75 for 48 and 96 h to allow for mHtt aggregation. The lysates from the transfected
cells were prepared, and the activity of CSE was determined by measuring H2S and cysteine
production. In parallel, the expressions of CSE and huntingtin were monitored (Figure 4B).
The production of cysteine was measured using a ninhydrin assay, and H2S production
using the substrate, cysteine and pyridoxal 5-phosphate (PLP), as described earlier [13,33].
Interestingly, we observed that at 48 h, wtHtt stimulated the activity of CSE, both in terms
of H2S as well as cysteine production, while mHtt inhibited it (Figure 4C,E). Additionally,
at 96 h, the inhibitory effect of mHtt on both cysteine and H2S production was more
pronounced than at 48 h (Figure 4D,F). Thus, mHtt acts to derail cysteine metabolism by
inhibiting the catalytic activity of CSE.
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Figure 3. Enzymatic activities of cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS) in
the Q175 model of Huntington’s disease. (A–C) Enzymatic activity of CSE at 2, 6, and 12 months in
the cortex, cerebellum, hippocampus, and striatum in Q175 mice and their wild-type counterparts.
H2S production from 10 mM L-cysteine in the presence of the cofactor, pyridoxal 5-phosphate (PLP
at 250 mM), using the methylene blue assay (D–F). Enzymatic activity of CBS at 2, 6, and 12 months
in the cortex, cerebellum, hippocampus, and striatum in Q175 mice and their wild-type counterparts.
Activity was measured using the substrates for CBS (15 mM L-homocysteine and 10 mM L-cysteine)
using the methylene blue assay. n = 3, SEM. *** p < 0.001.
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Figure 4. Mutant huntingtin (mHtt) binds cystathionine γ-lyase (CSE) and inhibits its catalytic
activity. (A) Interaction of CSE with huntingtin. HEK293 cells were transfected with constructs
encoding myc-tagged CSE and either HD17 or HD75 for 24 h and immunoprecipitation conducted
using anti-myc antibody. CSE bound both wild-type and mutant Htt. (B) Expressions of CSE, WTHtt,
and mHtt at 48 and 96 h post-transfection as determined by Western blotting. (C,D) Activity of
CSE at 48 and 96 h, respectively, as measured by assaying H2S production from 10 mM L-cysteine
in the presence of the cofactor, pyridoxal 5-phosphate (PLP at 250 mM), using the methylene blue
assay. (E,F) Enzymatic activity of CSE at 48 and 96 h respectively, as measured by assaying cysteine
production from cystathionine in the presence of the cofactor, pyridoxal 5-phosphate (PLP at 250 mM),
using the ninhydrin assay. n = 3, SEM, *** p < 0.001.

4. Discussion

The principal finding of this study is that the transsulfuration pathway, which plays
central roles in neuroprotective processes, is disrupted at multiple levels in HD. Our prior
studies have identified a major decrease in CSE levels in human HD brains, in the brains of
R6/2 HD mice, and in Q111 striatal cell lines, which are associated with impaired stress
responses [9,11,13]. Additionally, other groups have reported a suboptimal expression
and activity of the transporters for cystine and cysteine, respectively [15,34]. We have
also shown that cysteine homeostasis is linked to stress responses such as the oxidative
stress response, organellar stress responses such as the ER stress response, and to the Golgi
stress response [9,11,16,35,36]. CSE is an inducible protein and is highly sensitive to stress
stimuli, with its response being compromised in HD. Because cysteine produced by CSE is
a building block of the cellular antioxidant glutathione, and cysteine is the precursor of
several sulfur containing neuroprotective molecules, any disruption of its metabolism can
have deleterious effects. The clinical relevance of these findings is evident from the ability of
cysteine repletion utilizing N-acetylcysteine (NAC) to reverse the behavioral abnormalities
of R6/2 mice [13]. Independent studies also validated the neuroprotective effects of NAC
in HD using other mouse models such as R6/1, where mitochondrial dysfunction and
behavioral abnormalities were ameliorated by NAC treatment [37].

In HD, cysteine metabolism is attenuated not only at the level of its biosynthesis at the
transcriptional level by the influence of mHtt on SP1 and ATF4, but also by the impaired
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import of both cysteine and cystine. In addition to these modes of action, mHtt binds CSE
and inhibits its catalytic activity (Figure 5). Thus, mHtt acts at multiple levels, consistent
with reports in the literature. An interesting observation in this study was that wtHtt
stimulated activity in the CSE, which is an area worth investigating further. The functions
of normal, wild-type huntingtin are still being elucidated and, thus, a deeper insight into
the interaction and novel activities of huntingtin would improve our understanding of the
in vivo actions of this multi-faceted protein. This study revealed the interaction between
huntingtin and cysteine homeostasis. Another point to be noted is that the length of the
polyglutamine tract is high, around 175 in the mouse model and 75 in the construct, with
these expansions being longer than the typical lengths found in human HD. However, in our
previous study, we demonstrated that in human HD too, expression of CSE is decreased,
and the magnitude of the depletion correlates with the severity of the disease [13]. A
systematic study analyzing the effects of the length of the polyglutamine tract would be
an area for future investigation. The new finding in this study was that mHtt interacts
with CSE and decreases its catalytic activity, adding another layer of complexity to the
regulation of the transsulfuration pathway in HD.
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disease [13]. A systematic study analyzing the effects of the length of the polyglutamine 
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binds specificity protein 1 (SP1) and inhibits transcription of CSE. mHtt also impairs import of cys-

tine and cysteine by the system Xc- and excitatory amino acid transporter 3 (EAAC1/EAAT3), creat-

ing an overall cysteine deficit. In addition to these effects, mHtt binds directly to CSE and inhibits 

its catalytic activity. 

The dysregulation of cysteine homeostasis has been observed in aging, and cysteine 

deficits have been reported to cause structural and behavioral deficits in mice lacking 

EAAC1 [29,38]. Aging is a major risk factor for neurodegeneration and, as cysteine me-

tabolism is suboptimal in a wide variety of these conditions, upregulating the transsul-
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Figure 5. Effects of mutant huntingtin (mHtt) on cysteine metabolism. In HD (right panel), mHtt
binds specificity protein 1 (SP1) and inhibits transcription of CSE. mHtt also impairs import of cystine
and cysteine by the system Xc- and excitatory amino acid transporter 3 (EAAC1/EAAT3), creating
an overall cysteine deficit. In addition to these effects, mHtt binds directly to CSE and inhibits its
catalytic activity.

The dysregulation of cysteine homeostasis has been observed in aging, and cysteine
deficits have been reported to cause structural and behavioral deficits in mice lacking
EAAC1 [29,38]. Aging is a major risk factor for neurodegeneration and, as cysteine metabolism
is suboptimal in a wide variety of these conditions, upregulating the transsulfuration path-
way as a whole may be beneficial. This may involve the modulation of the expression of
CSE and CBS, or stimulation of their catalytic activities by small molecules. Accordingly,
screening for regulators of the transsulfuration pathway, which is fine-tuned at multiple
levels, may be beneficial in not only HD, but also in diseases involving a cysteine deficit.

Author Contributions: B.D.P. conceptualized the study. B.D.P. and J.I.S. conducted the experiments.
B.D.P. and S.H.S. generated funding. B.D.P. wrote the article with input from J.I.S. and S.H.S. edited
it. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the CHDI Foundation (to B.D.P. and S.H.S.); the American
Heart Association and Paul Allen Foundation (to B.D.P.); and NIH NIDA grants P50 DA044123 (to
S.H.S. and B.D.P.), NIH 1R21AG073684-01, and R01AG071512 (to B.D.P.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Antioxidants 2022, 11, 1470 9 of 10

Data Availability Statement: Data is contained within the article.

Acknowledgments: We acknowledge Dmitri Krainc for HD17 and HD75 plasmid constructs. The
figures were generated using BioRender.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. The Huntington’s Disease Collaborative Research Group. A novel gene containing a trinucleotide repeat that is expanded and

unstable on Huntington’s disease chromosomes. Cell 1993, 72, 971–983. [CrossRef]
2. McColgan, P.; Tabrizi, S.J. Huntington’s disease: A clinical review. Eur. J. Neurol. 2018, 25, 24–34. [CrossRef] [PubMed]
3. Tabrizi, S.J.; Flower, M.D.; Ross, C.A.; Wild, E.J. Huntington disease: New insights into molecular pathogenesis and therapeutic

opportunities. Nat. Rev. Neurol. 2020, 16, 529–546. [CrossRef]
4. Morris, L.A.; O’Callaghan, C.; Le Heron, C. Disordered Decision Making: A Cognitive Framework for Apathy and Impulsivity in

Huntington’s Disease. Mov. Disord. 2022, 37, 1149–1163. [CrossRef]
5. Cha, J.H. Transcriptional signatures in Huntington’s disease. Prog. Neurobiol. 2007, 83, 228–248. [CrossRef]
6. Ament, S.A.; Pearl, J.R.; Cantle, J.P.; Bragg, R.M.; Skene, P.J.; Coffey, S.R.; Bergey, D.E.; Wheeler, V.C.; MacDonald, M.E.;

Baliga, N.S.; et al. Transcriptional regulatory networks underlying gene expression changes in Huntington’s disease. Mol. Syst.
Biol. 2018, 14, e7435. [CrossRef]

7. Malla, B.; Guo, X.; Senger, G.; Chasapopoulou, Z.; Yildirim, F. A Systematic Review of Transcriptional Dysregulation in
Huntington’s Disease Studied by RNA Sequencing. Front. Genet. 2021, 12, 751033. [CrossRef]

8. Grima, J.C.; Daigle, J.G.; Arbez, N.; Cunningham, K.C.; Zhang, K.; Ochaba, J.; Geater, C.; Morozko, E.; Stocksdale, J.;
Glatzer, J.C.; et al. Mutant Huntingtin Disrupts the Nuclear Pore Complex. Neuron 2017, 94, 93–107. [CrossRef] [PubMed]

9. Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Transcriptional control of amino acid homeostasis is disrupted in Huntington’s disease. Proc.
Natl. Acad. Sci. USA 2016, 113, 8843–8848. [CrossRef] [PubMed]

10. Kumar, A.; Ratan, R.R. Oxidative Stress and Huntington’s Disease: The Good, The Bad, and The Ugly. J. Huntingt. Dis. 2016, 5,
217–237. [CrossRef] [PubMed]

11. Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Golgi stress response reprograms cysteine metabolism to confer cytoprotection in Huntington’s
disease. Proc. Natl. Acad. Sci. USA 2018, 115, 780–785. [CrossRef]

12. Eshraghi, M.; Karunadharma, P.P.; Blin, J.; Shahani, N.; Ricci, E.P.; Michel, A.; Urban, N.T.; Galli, N.; Sharma, M.; Ramirez-Jarquin,
U.N.; et al. Mutant Huntingtin stalls ribosomes and represses protein synthesis in a cellular model of Huntington disease. Nat.
Commun. 2021, 12, 1461. [CrossRef]

13. Paul, B.D.; Sbodio, J.I.; Xu, R.; Vandiver, M.S.; Cha, J.Y.; Snowman, A.M.; Snyder, S.H. Cystathionine gamma-lyase deficiency
mediates neurodegeneration in Huntington’s disease. Nature 2014, 509, 96–100. [CrossRef] [PubMed]

14. Paul, B.D. Cysteine metabolism and hydrogen sulfide signaling in Huntington’s disease. Free Radic. Biol. Med. 2022, 186, 93–98.
[CrossRef]

15. Frederick, N.M.; Bertho, J.; Patel, K.K.; Petr, G.T.; Bakradze, E.; Smith, S.B.; Rosenberg, P.A. Dysregulation of system xc−

expression induced by mutant huntingtin in a striatal neuronal cell line and in R6/2 mice. Neurochem. Int. 2014, 76, 59–69.
[CrossRef]

16. Paul, B.D.; Sbodio, J.I.; Snyder, S.H. Cysteine Metabolism in Neuronal Redox Homeostasis. Trends Pharmacol. Sci 2018, 39, 513–524.
[CrossRef]

17. Paul, B.D.; Snyder, S.H. H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell Biol. 2012, 13, 499–507.
[CrossRef]

18. Paul, B.D.; Snyder, S.H. H2S: A Novel Gasotransmitter that Signals by Sulfhydration. Trends Biochem. Sci. 2015, 40, 687–700.
[CrossRef]

19. Paul, B.D.; Snyder, S.H. Gasotransmitter hydrogen sulfide signaling in neuronal health and disease. Biochem. Pharmacol. 2018, 149,
101–109. [CrossRef]

20. Ishii, I.; Akahoshi, N.; Yamada, H.; Nakano, S.; Izumi, T.; Suematsu, M. Cystathionine gamma-Lyase-deficient mice require
dietary cysteine to protect against acute lethal myopathy and oxidative injury. J. Biol. Chem. 2010, 285, 26358–26368. [CrossRef]

21. Mani, S.; Yang, G.; Wang, R. A critical life-supporting role for cystathionine gamma-lyase in the absence of dietary cysteine supply.
Free Radic. Biol. Med. 2011, 50, 1280–1287. [CrossRef] [PubMed]

22. Vandiver, M.S.; Paul, B.D.; Xu, R.; Karuppagounder, S.; Rao, F.; Snowman, A.M.; Ko, H.S.; Lee, Y.I.; Dawson, V.L.;
Dawson, T.M.; et al. Sulfhydration mediates neuroprotective actions of parkin. Nat. Commun. 2013, 4, 1626. [CrossRef] [PubMed]

23. Giovinazzo, D.; Bursac, B.; Sbodio, J.I.; Nalluru, S.; Vignane, T.; Snowman, A.M.; Albacarys, L.M.; Sedlak, T.W.; Torregrossa, R.;
Whiteman, M.; et al. Hydrogen sulfide is neuroprotective in Alzheimer’s disease by sulfhydrating GSK3beta and inhibiting Tau
hyperphosphorylation. Proc. Natl. Acad. Sci. USA 2021, 118, e2017225118. [CrossRef]

24. Davoli, A.; Greco, V.; Spalloni, A.; Guatteo, E.; Neri, C.; Rizzo, G.R.; Cordella, A.; Romigi, A.; Cortese, C.; Bernardini, S.; et al.
Evidence of hydrogen sulfide involvement in amyotrophic lateral sclerosis. Ann. Neurol. 2015, 77, 697–709. [CrossRef] [PubMed]

http://doi.org/10.1016/0092-8674(93)90585-E
http://doi.org/10.1111/ene.13413
http://www.ncbi.nlm.nih.gov/pubmed/28817209
http://doi.org/10.1038/s41582-020-0389-4
http://doi.org/10.1002/mds.29013
http://doi.org/10.1016/j.pneurobio.2007.03.004
http://doi.org/10.15252/msb.20167435
http://doi.org/10.3389/fgene.2021.751033
http://doi.org/10.1016/j.neuron.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28384479
http://doi.org/10.1073/pnas.1608264113
http://www.ncbi.nlm.nih.gov/pubmed/27436896
http://doi.org/10.3233/JHD-160205
http://www.ncbi.nlm.nih.gov/pubmed/27662334
http://doi.org/10.1073/pnas.1717877115
http://doi.org/10.1038/s41467-021-21637-y
http://doi.org/10.1038/nature13136
http://www.ncbi.nlm.nih.gov/pubmed/24670645
http://doi.org/10.1016/j.freeradbiomed.2022.05.005
http://doi.org/10.1016/j.neuint.2014.06.017
http://doi.org/10.1016/j.tips.2018.02.007
http://doi.org/10.1038/nrm3391
http://doi.org/10.1016/j.tibs.2015.08.007
http://doi.org/10.1016/j.bcp.2017.11.019
http://doi.org/10.1074/jbc.M110.147439
http://doi.org/10.1016/j.freeradbiomed.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21310231
http://doi.org/10.1038/ncomms2623
http://www.ncbi.nlm.nih.gov/pubmed/23535647
http://doi.org/10.1073/pnas.2017225118
http://doi.org/10.1002/ana.24372
http://www.ncbi.nlm.nih.gov/pubmed/25627240


Antioxidants 2022, 11, 1470 10 of 10

25. Snijder, P.M.; Baratashvili, M.; Grzeschik, N.A.; Leuvenink, H.G.D.; Kuijpers, L.; Huitema, S.; Schaap, O.; Giepmans, B.N.G.;
Kuipers, J.; Miljkovic, J.L.; et al. Overexpression of Cystathionine gamma-Lyase Suppresses Detrimental Effects of Spinocerebellar
Ataxia Type 3. Mol. Med. 2016, 21, 758–768. [CrossRef]

26. Panagaki, T.; Lozano-Montes, L.; Janickova, L.; Zuhra, K.; Szabo, M.P.; Majtan, T.; Rainer, G.; Marechal, D.; Herault, Y.; Szabo, C.
Overproduction of hydrogen sulfide, generated by cystathionine beta-synthase, disrupts brain wave patterns and contributes to
neurobehavioral dysfunction in a rat model of down syndrome. Redox Biol. 2022, 51, 102233. [CrossRef]

27. Panagaki, T.; Randi, E.B.; Augsburger, F.; Szabo, C. Overproduction of H2S, generated by CBS, inhibits mitochondrial Complex IV
and suppresses oxidative phosphorylation in Down syndrome. Proc. Natl. Acad. Sci. USA 2019, 116, 18769–18771. [CrossRef]

28. Boutell, J.M.; Wood, J.D.; Harper, P.S.; Jones, A.L. Huntingtin interacts with cystathionine beta-synthase. Hum. Mol. Genet. 1998, 7,
371–378. [CrossRef]

29. Zivanovic, J.; Kouroussis, E.; Kohl, J.B.; Adhikari, B.; Bursac, B.; Schott-Roux, S.; Petrovic, D.; Miljkovic, J.L.; Thomas-Lopez, D.;
Jung, Y.; et al. Selective Persulfide Detection Reveals Evolutionarily Conserved Antiaging Effects of S-Sulfhydration. Cell Metab.
2019, 30, 1152–1170.e1113. [CrossRef]

30. Yang, G.; Wu, L.; Jiang, B.; Yang, W.; Qi, J.; Cao, K.; Meng, Q.; Mustafa, A.K.; Mu, W.; Zhang, S.; et al. H2S as a physiologic
vasorelaxant: Hypertension in mice with deletion of cystathionine gamma-lyase. Science 2008, 322, 587–590. [CrossRef] [PubMed]

31. Morikawa, T.; Kajimura, M.; Nakamura, T.; Hishiki, T.; Nakanishi, T.; Yukutake, Y.; Nagahata, Y.; Ishikawa, M.; Hattori, K.;
Takenouchi, T.; et al. Hypoxic regulation of the cerebral microcirculation is mediated by a carbon monoxide-sensitive hydrogen
sulfide pathway. Proc. Natl. Acad. Sci. USA 2012, 109, 1293–1298. [CrossRef] [PubMed]

32. Enokido, Y.; Suzuki, E.; Iwasawa, K.; Namekata, K.; Okazawa, H.; Kimura, H. Cystathionine beta-synthase, a key enzyme for
homocysteine metabolism, is preferentially expressed in the radial glia/astrocyte lineage of developing mouse CNS. FASEB J.
2005, 19, 1854–1856. [CrossRef]

33. Gaitonde, M.K. A spectrophotometric method for the direct determination of cysteine in the presence of other naturally occurring
amino acids. Biochem. J. 1967, 104, 627–633. [CrossRef] [PubMed]

34. Li, X.; Valencia, A.; Sapp, E.; Masso, N.; Alexander, J.; Reeves, P.; Kegel, K.B.; Aronin, N.; Difiglia, M. Aberrant Rab11-dependent
trafficking of the neuronal glutamate transporter EAAC1 causes oxidative stress and cell death in Huntington’s disease. J. Neurosci.
2010, 30, 4552–4561. [CrossRef] [PubMed]

35. Paul, B.D. Signaling Overlap between the Golgi Stress Response and Cysteine Metabolism in Huntington’s Disease. Antioxidants
2021, 10, 1468. [CrossRef]

36. Sen, N.; Paul, B.D.; Gadalla, M.M.; Mustafa, A.K.; Sen, T.; Xu, R.; Kim, S.; Snyder, S.H. Hydrogen sulfide-linked sulfhydration of
NF-kappaB mediates its antiapoptotic actions. Mol. Cell 2012, 45, 13–24. [CrossRef] [PubMed]

37. Wright, D.J.; Renoir, T.; Smith, Z.M.; Frazier, A.E.; Francis, P.S.; Thorburn, D.R.; McGee, S.L.; Hannan, A.J.; Gray, L.J. N-
Acetylcysteine improves mitochondrial function and ameliorates behavioral deficits in the R6/1 mouse model of Huntington’s
disease. Transl. Psychiatry 2015, 5, e492. [CrossRef] [PubMed]

38. Aoyama, K.; Suh, S.W.; Hamby, A.M.; Liu, J.; Chan, W.Y.; Chen, Y.; Swanson, R.A. Neuronal glutathione deficiency and
age-dependent neurodegeneration in the EAAC1 deficient mouse. Nat. Neurosci. 2006, 9, 119–126. [CrossRef]

http://doi.org/10.2119/molmed.2015.00221
http://doi.org/10.1016/j.redox.2022.102233
http://doi.org/10.1073/pnas.1911895116
http://doi.org/10.1093/hmg/7.3.371
http://doi.org/10.1016/j.cmet.2019.10.007
http://doi.org/10.1126/science.1162667
http://www.ncbi.nlm.nih.gov/pubmed/18948540
http://doi.org/10.1073/pnas.1119658109
http://www.ncbi.nlm.nih.gov/pubmed/22232681
http://doi.org/10.1096/fj.05-3724fje
http://doi.org/10.1042/bj1040627
http://www.ncbi.nlm.nih.gov/pubmed/6048802
http://doi.org/10.1523/JNEUROSCI.5865-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20357106
http://doi.org/10.3390/antiox10091468
http://doi.org/10.1016/j.molcel.2011.10.021
http://www.ncbi.nlm.nih.gov/pubmed/22244329
http://doi.org/10.1038/tp.2014.131
http://www.ncbi.nlm.nih.gov/pubmed/25562842
http://doi.org/10.1038/nn1609

	Introduction 
	Materials and Methods 
	Cell Culture 
	Immunoprecipitations 
	Preparation of Tissue Homogenates 
	Western Blotting 
	H2S production Assays 
	Cysteine Production Assay 
	Statistical Analysis 

	Results 
	Expression of Cystathionine -Lyase and Cystathionine -Synthase in HD 
	Decreased CSE and CBS Activities in Q175 Mice 
	Huntingtin Interacts with CSE and Modulates Its Catalytic Activity 

	Discussion 
	References

