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Alzheimer’s disease (AD), the most common cause of dementia
and neurodegeneration in the elderly, is characterized by deterio-
ration of memory and executive and motor functions. Neuropath-
ologic hallmarks of AD include neurofibrillary tangles (NFTs),
paired helical filaments, and amyloid plaques. Mutations in the
microtubule-associated protein Tau, a major component of the
NFTs, cause its hyperphosphorylation in AD. We have shown that
signaling by the gaseous molecule hydrogen sulfide (H,S) is dys-
regulated during aging. H,S signals via a posttranslational modi-
fication termed sulfhydration/persulfidation, which participates in
diverse cellular processes. Here we show that cystathionine y-lyase
(CSE), the biosynthetic enzyme for H,S, binds wild type Tau, which
enhances its catalytic activity. By contrast, CSE fails to bind Tau
P301L, a mutant that is present in the 3xTg-AD mouse model of
AD. We further show that CSE is depleted in 3xTg-AD mice as well
as in human AD brains, and that H,S prevents hyperphosphoryla-
tion of Tau by sulfhydrating its kinase, glycogen synthase kinase
3p (GSK3p). Finally, we demonstrate that sulfhydration is dimin-
ished in AD, while administering the H,S donor sodium GYY4137
(NaGYY) to 3xTg-AD mice ameliorates motor and cognitive defi-
cits in AD.
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Izheimer’s disease (AD), the most prevalent neurodegen-

erative disorder, involves loss of memory and executive
functions (1, 2). Currently, no cure exists for AD, and clinical
trials of diverse agents have largely failed to demonstrate thera-
peutic benefit (3, 4). AD may occur sporadically or have a genetic
origin, with several mutations linked to a high risk for the disease
(5). AD is characterized by aggregation of the microtubule-
associated protein Tau and p-amyloid peptides, which are com-
ponents of neurofibrillary tangles (NFTs) and amyloid plaques,
respectively (2, 3, 6). AD belongs to the class of diseases termed
tauopathies, which include progressive supranuclear palsy, corti-
cobasal degeneration, Pick’s disease, and frontotemporal lobar
degenerative disorders (7, 8). Tau was originally identified as a
microtubule-binding protein, which mediates assembly of micro-
tubules (9). Tau undergoes several posttranslational modifications
in vivo, including phosphorylation, sumoylation, and acetylation
(10-13). Disease progression in AD is closely linked to Tau pa-
thology (14, 15). Hyperphosphorylation of Tau, a hallmark of AD,
decreases its binding to microtubules and causes its aggregation
and mislocalization, leading to neurotoxicity via multiple mecha-
nisms, including changes in cytoskeletal architecture, axonal
transport, and mitochondrial respiration (16-20).

AD is associated with increased oxidative stress, which pro-
motes neurodegeneration (21). The reverse transsulfuration
pathway leading to the synthesis of cysteine and glutathione
(GSH) helps maintain redox homeostasis in the brain (Fig. 14)
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and is dysregulated in neurotoxicity and neurodegeneration
(22-26). Cystathionine y-lyase (CSE) is the biosynthetic enzyme
for the gaseous signaling molecule hydrogen sulfide (H,S) as well
as its precursor cysteine (27) (Fig. 14). CSE utilizes cystathionine,
which is synthesized from homocysteine by cystathionine p-synthase
(CBS), to generate cysteine (28). Both CSE and CBS synthesize
H,S in the brain, with CSE expressed in neurons and CBS in
astrocytes (29). H,S is formed endogenously in almost all tissues
and signals by sulfhydration/persulfidation (27, 30-33). Like
nitric oxide (NO) and carbon monoxide (CO), H,S is a gaso-
transmitter with pleiotropic roles (27, 34). Apart from its role as
an endothelial-derived relaxation factor, H,S has neuro-
protective functions at physiological concentrations (34-37). We
have shown previously that disrupted metabolism of cysteine and
H,S may be pathogenic in neurodegenerative conditions such as
Parkinson’s disease (PD) and Huntington’s disease (HD) (24, 25,
38). Sulfhydration is an evolutionarily conserved process, which is
diminished during aging (39). Depletion of cysteine, a product of
the reverse transsulfuration pathway, is also associated with aging
and neurodegeneration (40, 41). We now report that the reverse
transsulfuration pathway and sulfhydration are dysregulated in
AD, while supplementation with H,S donors is beneficial.

Significance

Alzheimer’s disease (AD) is the leading cause of dementia in
the elderly. Although dysregulated hydrogen sulfide (H,S)
metabolism has been reported in AD, and H,S donors are
beneficial, molecular mechanisms underlying neuroprotective
effects of H,S are largely unknown. We now show that H,S
confers neuroprotection by sulfhydrating GSK3p to inhibit its
activity, thereby preventing hyperphosphorylation of Tau, a
key pathogenic event in AD. Administering H,S donors im-
proves motor and cognitive functions in a mouse model of AD.
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Cystathionine y-lyase expression is decreased in AD. (A) The reverse transsulfuration pathway in mammals. Homocysteine, generated from dietary

methionine, is condensed with serine to generate cystathionine by CBS. Cystathionine is acted on by CSE to produce cysteine. Cysteine can either be utilized to
synthesize GSH and other sulfur-containing molecules or used as a substrate to generate hydrogen sulfide (H,S). Both homocysteine and cysteine may be
utilized to produce H,S. While CSE may generate H,S from either cysteine or homocysteine, CBS produces H,S using a combination of cysteine and homo-
cysteine. The 3-mercaptopyruvate sulfur transferase (3MST), in conjunction with cysteine aminotransferase (CAT), a third enzyme, also produces H,S from
cysteine. (B) CSE is depleted in the cortex of 24-mo 3xTg-AD mice (n = 3, bars indicate SEM, *P < 0.05). (C) CSE is depleted in the hippocampus of 3xTg-AD mice
(n =3, bars indicate SEM, *P < 0.05). (D) CSE is diminished in the cortex of AD patients (Braak stage 6; n = 3, bars indicate SEM, *P < 0.05). (E) The dimedone
switch assay. Proteins were reacted with 4-chloro-7-nitrobenzofurazan (NBF-Cl) to label persulfides, thiols, sulfenic acids, and amino groups. Reaction with
amino groups specifically results in a characteristic green fluorescence. Next, the NBF tag is switched by a dimedone-based probe, which emits red fluo-
rescence (the Cy5 tag is shown as a red circle), selectively labeling persulfides. The mixture is then run on sodium dodecyl sulfate gels, and signals are detected
by fluorescence scanning. (F) Gel scan showing reduced sulfhydration in postmortem human AD brain samples and quantitation (n = 4, bars indicate SEM,

*P < 0.05).

Moreover, motor and cognitive deficits are mitigated by ad-
ministration of H,S donors.

Results

Dysregulation of the Reverse Transsulfuration Pathway in AD. Pre-
viously, we reported altered H,S metabolism and sulfhydration
patterns in PD, while administering H,S donors proved benefi-
cial in mouse models of PD (9, 10). Similarly, in mouse models of
AD, H,S donors reversed disease symptoms and improved spa-
tial and cognitive deficits (42, 43). We analyzed the expression of
CSE in AD mouse models as well as human postmortem sam-
ples. We utilized the 3xTg-AD mouse model of AD, which
harbors the mutations PSIM146V, APPSwe, and Tau P301L and
develops both NFTs and amyloid plaques (44). CSE expression
was reduced in the cerebral cortex and hippocampus of these
mice (Fig. 1 B and C). Moreover, we observed a 50% decrease in
CSE expression in the cortex of AD postmortem brain (Fig. 1D).
Using the dimedone-switch assay, we observed decreased levels
of overall sulfhydration (Fig. 1 E and F).

CSE and CBS Interact with Wild Type but Not Tau P301L. As H,S
levels and sulfhydration are decreased in AD patients, we ex-
plored the interaction of CSE and CBS, the major H,S-pro-
ducing enzymes, with Tau and amyloid precursor protein
(APP), which constitute the NFTs and amyloid plaques, re-
spectively. Neither CSE nor CBS bound APP (SI Appendix, Fig.
S1A4 and B). In the adult brain, Tau exists as six isoforms derived
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by alternative splicing (45). We utilized full-length Tau com-
prising 441 amino acid residues, which is also present in neurons
(46) (Fig. 24). CSE and CBS bind to wild type Tau in HEK293
cells overexpressing CSE or CBS and Tau (Fig. 2B). Next, we
studied the interaction of Tau and CSE purified from bacterial
cells (SI Appendix, Fig. S2). Purified CSE and Tau also inter-
acted, indicating that CSE binds Tau directly (Fig. 2C). As the
3xTg-AD mouse model harbors the mutant Tau P301L, we
studied the binding of CSE and CBS to this mutant in HEK293
cells. Both CSE and CBS did not bind the P301L mutant of Tau
(Fig. 2D). In the case of CBS, using GFP-Tau, we observed
additional bands migrating above the band corresponding to
GFP-Tau, likely reflecting nonspecific bands (Fig. 2D). In the
case of Flag-tagged wild type Tau (Flag-Tau), additional bands
were not observed (Fig. 2B). As Tau is a neuronal protein, and
CSE, but not CBS, resides in neurons, with CBS being localized
to astrocytes, we focused the remainder of our studies on CSE.
We analyzed the influence of Tau on CSE activity by measuring
H,S production from L-cysteine in the presence of its cofactor,
pyridoxal 5-phosphate (PLP). Purified Tau enhanced H,S pro-
duction from human recombinant CSE in vitro (Fig. 2 E and F).
We also measured H,S production (by supplementing with
L-cysteine and PLP) from the lysates of HEK293 cells trans-
fected with CSE and Tau (Fig. 2G). CSE activity increased with
time, and wild type Tau further augmented H,S generation by
CSE (Fig. 2H). As CSE is the biosynthetic enzyme for H,S in
neurons and signals by sulfhydration, we assessed whether Tau is
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Fig. 2. CSE binds the microtubule-binding protein Tau. (A) Schematic representation of full-length Tau, which is composed of 441 amino acids. Tau harbors
the N-terminal domains N1 and N2, a proline-rich region (PRR), and four repeat domains R1 through R4, which bind microtubules. Two cysteine residues,
Cys291 and Cys322, are present in R2 and R3, respectively. (B) Interaction of Tau with CSE and CBS. HEK293 cells were transfected with constructs encoding
Flag-Tau and either glutathione S-transferase (GST)-tagged CSE or CBS or GST vector, and GST pulldown assay was conducted. GST-CSE and GST-CBS interact
with Flag-Tau. (C) CSE binds Tau directly. In vitro coimmunoprecipitation assay using purified CSE and Tau. Normal IgG control was used as an isotype control
for the anti-Tau antibody used in the immunoprecipitation. (D) CSE and CBS do not bind to mutant Tau P301L, as revealed by coimmunoprecipitation assays in
HEK293 cells overexpressing GST-CSE or GST-CBS and either wild type Tau (WT) or mutant Tau P301L. Arrow with “s” indicates specific GFP-Tau band; arrow
with “ns” indicates nonspecific band. (E) Wild type Tau stimulates activity of CSE in vitro (using purified proteins) as measured by H,S production by the
methylene blue assay (n = 3, bars indicate SEM, *P < 0.05). (F) Kinetics of H,S production from human recombinant CSE without (black squares) or with Tau
(red dots). CSE/Tau protein molar ratio is 1/2. Wild type Tau stimulates activity of CSE as assayed by a spectrophotometric assay utilizing 0.22 pM purified CSE
and 0.44 UM in 100 mM Hepes buffer (pH 7.4) containing 0.4 mM lead acetate at 37 °C for 3 min and absorbance measured at 390 nm, reflecting lead sulfide
formed by reaction of H,S with lead acetate. (G) Wild type Tau stimulates activity of CSE in HEK 293 cells in an in vitro reaction containing 10 mM L-cysteine
and 250 uM PLP as measured by H,S production by the methylene blue assay (n = 3, bars indicate SEM, **P < 0.01). (H) WT Tau increases the activity of CSE in a
time-dependent manner (n = 3, bars indicate SEM, ***P < 0.001). (/) Tau is sulfhydrated by H,S. Flag-Tau was transfected into HEK293 cells and treated with
100 pM NaSH, and sulfhydration analyzed by the modified biotin switch assay.

sulfhydrated by CSE. Tau contains two cysteine residues, Cys291  modifies several sites on the protein in vivo (47). We wondered

and Cys322, which could be sulthydrated (Fig. 24). We moni-
tored Tau sulfhydration in transfected HEK293 cells using the
modified biotin switch assay (Fig. 2I), as well as the dimedone
switch method in conjunction with mass spectrometry, which
revealed that Tau is indeed sulfhydrated at C322 (SI Appendix,
Fig. S5).

H,S Generated by CSE Inhibits Phosphorylation of Tau by Glycogen
Synthase Kinase 3 §. Tau harbors several sites that are phos-
phorylated by multiple kinases. Hyperphosphorylation of Tau
decreases its affinity for microtubules and causes its aggregation.
One of the major kinases that phosphorylates Tau is glycogen
synthase kinase 3p (GSK3p), a serine/threonine kinase, which
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whether CSE and H,S modulate Tau phosphorylation by
GSK3p. To explore the effect of H,S on Tau phosphorylation,
we utilized purified Tau, CSE, and GSK3p in an in vitro assay
(Fig. 34). Phosphorylation of Tau at Ser396 by GSK3p was sig-
nificantly diminished when CSE in combination with L-cysteine
and PLP, the substrate and cofactor for CSE, respectively, were
added to the reaction mixture (containing CSE, Tau, and ATP as
described in Materials and Methods), indicating a role for H,S.
Consistent with this observation, phosphorylation of Tau was
reduced when sodium hydrosulfide (NaSH) was added alone to
GSK3p, Tau, and ATP in the absence of CSE, L-cysteine, and
PLP (Fig. 34). To determine whether the cysteines in Tau affect
its phosphorylation, we mutated these residues to serine and
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Fig. 3. CSE and H,S inhibit phosphorylation of Tau by GSK3p. (A) Phosphorylation assays with purified Tau, GSK38, and CSE in vitro in the presence or absence
of L-cysteine (L-Cys) and PLP or treated with 100 uM NaSH. Phosphorylation of Tau was assessed by Western blotting using antibodies against phosphorylated
Tau (pTau 396). Tau phosphorylation was significantly diminished when CSE, L-cysteine, and PLP were added. Addition of NaSH alone in the absence of CSE
also prevented Tau phosphorylation. (B) Cysteine residues do not play a role in phosphorylation of Tau by GSK3p. Purified Tau or Tau C2915/C322S and GSK3
were incubated in the presence or absence of L-cysteine and PLP and analyzed for phosphorylation of Tau at Ser396. Western blot analysis revealed that
mutation of cysteine residues Cys291 and Cys322 does not affect phosphorylation of Tau at Ser396 (n = 3, bars indicate SEM, *P < 0.05, ***P < 0.001). (C) H,S
inhibits phosphorylation of P301L Tau by GSK3p. HEK293 cells were transfected with Tau P301L or Tau P301L C2915/C322S and GSK3p S9A, treated with
100 pM NaSH for 24 h, and analyzed for phosphorylation of Tau at Ser396 by Western blotting. While GSK3p phosphorylated Tau, NaSH prevented this
phosphorylation. (D) Ribbon model of GSK3p (Protein Data Bank ID code 1J1B; DOI: 10.1107/5090744490302938x). Intercept: (E) thiolate side chain of Cys218
(ball-and-stick model) that we found to be sulfhydrated is already in close proximity to Asp181 in the active site of GSK3p, so the presence of an additional
sulfur atom will inevitably alter the conformation of the active site, which would inhibit its kinase activity. Oxygen atoms are shown in red, sulfur in yellow,
and nitrogen in blue. Dots around the atoms represent expected water surface accessibility. (F) Schematic representation of the antibody array-like approach
to study sulfhydration status of GSK3p in AD brains. Anti-GSK3p antibody was immobilized on a 96-well plate with N-hydroxysuccinimide-activated surface.
Brain cortical lysates from normal and AD postmortem tissues were added to the wells to allow recognition of GSK3p from lysates by the antibody. The bound
protein was labeled with NBF (green) for a total load and with Cy5 (red) for sulfhydration, and the ratio of the two signals was measured to yield sulfhy-
dration levels. As a negative control, 488-labeled albumin (instead of antibody) was used to block the available surface and then incubated with control
lysates. (G) Readout from a representative experiment showing decreased sulfhydration (red) in cortex of AD patients, while the negative control shows no
signals. The plate was recorded on a Typhoon FL9500 at 488 nm (NBF fluorescence signal in green represents total load) and 635 nm (Cy5 signal in red
represents sulfhydration). (H) Quantitation of H (n = 4, bars indicate SEM, ***P < 0.001).

conducted the phosphorylation assays with GSK3p. Phosphory-  endogenous kinase Akt, we explored whether the inhibitory ef-
lation of the mutant Tau C291S/C322S was inhibited as well, fect of H,S on phosphorylation of Tau involves Ser9 of GSK3p.
indicating that absence of cysteine residues does not prevent the =~ We utilized a constitutively active mutant of GSK3p, GSK3p
inhibition of Tau phosphorylation by GSK3p (Fig. 3B). As  S9A, wherein Ser9 is mutated to Ala (and therefore is not subject
GSK3p is inhibited by phosphorylation of its Ser9 residue by the  to inhibition by Akt), and examined the effect of H,S on
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phosphorylation of Tau. We analyzed Tau phosphorylation in
HEK?293 cells using the mutant Tau P301L, which is a mutation
present in the 3xTg-AD mouse model of AD (44). NaSH
inhibited phosphorylation of Tau P301L even when GSK3p S9A
was present, indicating that H,S acts by a mechanism indepen-
dent of phosphorylation of GSK3 at Ser9 (Fig. 3C). Similarly,
H.S also inhibited phosphorylation of the C291S/C322S mutant
of Tau P301L in HEK?293 cells, further confirming that inhibition
of Tau phosphorylation does not require the cysteine residues on
Tau (Fig. 3C). In HEK293 cells, phosphorylation of Tau resulted
in its slower migration on gels as reported previously (48).
Treatment with NaSH inhibited phosphorylation at Ser396 and
resulted in faster mobility of Tau P301L on the gel (Fig. 3C).
NaSH also inhibited phosphorylation of Tau at Ser202 and Thr205
(81 Appendix, Fig. S3A4). Moreover, total Tau levels were increased
in the GSK3p-transfected samples, which may reflect stabilization
of Tau P301L by GSK3p, which could result in increased accu-
mulation of Tau and neurotoxicity. To further characterize inhi-
bition of GSK3p activity by H,S, we conducted activity assays using
radioactive [y-*P]-ATP, GSK3p, and a peptide substrate of
GSK3p, monitoring phosphorylation of the peptide by scintillation
counting. Like the assays conducted earlier, NaSH significantly
inhibited phosphorylation of the peptide (SI Appendix, Fig. S3B).
As HEK?293 cells harbor other kinases such as extracellular signal-
related kinase-1 and -2, mitogen-activated protein kinases, p38
kinase, and c-Jun N-terminal kinase, which can also phosphorylate
Tau, it remains to be determined whether H,S inhibits phos-
phorylation of Tau by these kinases (48). Thus, it appeared likely
that H,S prevents phosphorylation of Tau by inhibiting GSK38,
possibly by sulfhydrating it. Therefore, we examined the sulfhy-
dration of GSK3p using mass spectrometry, revealing that GSK3p
was indeed modified by H,S at Cys218 (SI Appendix, Fig. S4). A
closer analysis of the sequence of GSK3p revealed that Cys218 lies
close to Tyr216, which is phosphorylated in the kinase domain.
Moreover, 3-dimensional modeling showed that Cys218 lies close to
Aspl81 in the active site, which is involved in hydrogen bond for-
mation for catalysis. Sulthydration of Cys218 could disrupt the ac-
tive site conformation (Fig. 3 D and E). We analyzed sulfhydration
of GSK3p in human AD samples using the dimedone switch assay
in combination with an antibody array method we previously de-
veloped (39). In this method, a GSK3p antibody is immobilized on a
96-well plate with an N-hydroxysuccinimide—activated surface as
described previously (Fig. 3F) (39). Considering that proteins are
labeled with 4-chloro-7-nitrobenzofurazan (NBF; green), reflecting
total load and with cyanine-5 (Cy5; red) for sulthydration, the ratio
of these two signals would yield the observed levels of GSK3p
sulfhydration (Fig. 3G). As a negative control, 488-labeled albumin
(instead of antibody) was used to block the available surface and
then incubated with control lysates. The assay revealed that sulf-
hydration of GSK3p was significantly diminished in the cortex of
AD patients compared to normal subjects (Fig. 3 G and H). Sulf-
hydration of GSK3p was decreased almost twofold in the cerebral
cortex of AD patients, further confirming our observation that
sulfhydration is decreased in AD.

H,S Donors Alleviate Behavioral Symptoms in the 3xTg-AD Mouse
Model. To examine the neuroprotective effects of H,S in vivo,
we administered NaGY'Y, a synthetic sodium salt derivative of
Lawesson’s reagent, N-benzoylthiobenzamide, GYY4137, and a
slow-releasing H,S donor to 3xTg-AD mice (49-52). Commer-
cially available GYY4137 is synthesized as a morpholine salt
(morpholine is toxic and biologically active) and also contains
undisclosed amounts of the carcinogenic solvent (dichloro-
methane) that is metabolized to CO, potentially complicating the
interpretation of effects obtained. Accordingly, we utilized in-
house ultrapure NaGYY (Materials and Methods provides addi-
tional details), which is devoid of these confounding effects and
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has been well characterized, with the additional advantage of
being water-soluble (52, 53).

Mice were treated either with NaGY'Y or saline (vehicle) at 6
mo via daily intraperitoneal injections (100 mg/kg in saline) for
12 wk. Levels of sulfhydration and behavioral studies were con-
ducted 3 mo after treatment with NaGYY at 9 mo. Overall levels
of sulfhydration were decreased in the 3xTg-AD mice, which was
rescued in the 3xTg-AD mice treated with NaGYY (Fig. 44). In
addition, we observed that sulfhydration of immunoprecipitated
Tau is decreased in AD mice and restored in NaGYY-treated
animals (Fig. 4B). Next, we studied the effects of the H,S donor
on motor and cognitive functions of AD mice. We used an open-
field test to study the overall locomotor activity of 3xTg-AD mice
treated with the H,S donor. The AD mice had a reduced loco-
motor activity as compared to the wild type mice. NaGYY
treatment enhanced overall locomotor activity of the AD mice
(Fig. 4C). The most studied features of AD are memory im-
pairments and cognitive deficits, although noncognitive deficits,
such as motor dysfunction, are also present and may even pre-
cede classical clinical symptoms (54). Motor symptoms have
been observed in patients with autosomal-dominant AD that
correlate with disease progression (55). Treatment with NaGYY
partially rescued memory deficits of 3xTg-AD mice in the Barnes
maze memory tests at 9 mo as compared to their vehicle (saline)-
treated controls. The primary latency in the Barnes maze test
was significantly improved, but there was no significant change in
the primary error, total error, or total latency in these mice
(Fig. 4 D-G). Thus, the H,S donor NaGYY elicits beneficial
effects on motor and cognitive deficits of AD mice.

Discussion

The principal finding of this study is that the gasotransmitter H,S
is neuroprotective in AD by inhibiting phosphorylation of Tau
via sulfhydration of GSK3p, the kinase for Tau. In addition, by
sulfhydrating cysteine residues on target proteins, H,S prevents
irreversible oxidation of cysteine residues as demonstrated pre-
viously (39). Earlier, we reported decreased H,S signaling by
sulthydration in PD and HD and during aging (24, 25, 39).
Neuronal H,S produced by CSE mediates stress responses,
which are compromised in neurodegenerative diseases (38, 56).

H,S levels are tightly regulated in cells. Excess H,S deranges
mitochondria and has been implicated in a state of suspended
animation attributed to inhibition of complex IV of the electron
transport chain (57, 58). The major H,S-producing enzymes are
spatially compartmentalized in the adult brain, with CBS con-
centrated in astrocytes and CSE in neurons (29, 59). In amyo-
trophic lateral sclerosis (ALS) caused by the G93A mutation in
superoxide dismutase 1 (SOD1) and in Down’s syndrome, excess
H,S is neurotoxic (60-63). H,S donors are therapeutic in several
AD models; however, direct links to sulthydration have not been
established (43, 64-70).

In this study, we detected diminished expression of CSE and
sulfhydration in the AD brain. The 3xTg-AD mouse model, as
well as postmortem cortex samples of AD patients, display re-
duced sulfhydration. Supplementation with the slow-releasing
H,S donor NaGYY rescues the diminished sulfhydration levels
in the brains of 3xTg-AD mouse model and alleviates motor and
cognitive deficits. Our findings concur with reports of diminished
H,S levels in serum of AD patients and confirm the neuro-
protective role of H,S donors in rodent models of AD (42, 43,
64, 65, 69, 71, 72). Treatment with H,S donors ameliorated
several deficits, including those in learning and memory.

How might sulfhydration be neuroprotective? We propose
that H,S sulthydrates GSK3p, thereby inhibiting phosphorylation
of Tau and preventing neurotoxicity (Fig. 4H). As H,S partici-
pates in multiple signaling cascades, additional neuroprotective
pathways may be involved (37). For example, the Nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling pathway, which
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Fig. 4. The H,S donor NaGYY ameliorates AD symptoms. (A) Overall sulfhydration is decreased in the hippocampus of 3xTg-AD mice, which is rescued by
NaGYY treatment in 3xTg-AD mice as revealed by the dimedone switch method (n = 3, bars indicate SEM, ***P < 0.001). (B) Sulfhydration of Tau is decreased
in the hippocampus of 3xTg-AD mice as revealed by immunoprecipitation assays in combination with the dimedone switch assay. Treatment with NaGYY
rescues sulfhydration of Tau. (C) Treatment regimen for 3xTg-AD mice with the H,S donor NaGYY. Mice were treated at 6 mo with 100 mg/kg NaGYY by
intraperitoneal injection daily for 12 wk, and behavioral analyses were conducted at 9 mo. The open-field test revealed significant deficits in locomotor
activity in the male 3xTg-AD mice, which were rescued by NaGYY (n = 6 to 10, bars indicate SEM, **P < 0.01 and *P < 0.05). (D-G) NaGYY partially rescues
memory deficits in the 3xTg-AD mice. These mice do not exhibit significant differences in primary error and total error in the Barnes maze test (D and E).
NaGYY treatment partially rescues primary and total latency (F and G; n = 6 to 10, bars indicate SEM, *P < 0.05 for comparison between primary latency of
3xTg-AD saline and 3xTg-AD NaGYY by one-way ANOVA followed by a post hoc Tukey test). (H) Model depicting a possible mode of neuroprotection
afforded by H,S. GSK3 (yellow-ochre) binds Tau (purple) and phosphorylates it (marked as “P"), which leads to the formation of NFTs and AD pathology in
the 3xTgAD mice. H,S produced by CSE (green) sulfhydrates GSK3p (“SH” in red text) and inhibits phosphorylation of Tau. Tau binds to CSE and enhances its
activity (arrow with a plus sign), forming part of a virtuous cycle that decreases Tau phosphorylation and confers neuroprotection.

regulates response to oxidative stress, may be enhanced by H,S.
Under basal conditions, Nrf2 is sequestered in the cytosol of cells
by the kelch-like ECH-associated protein (Keapl), which targets
it for proteasomal degradation (73). Keapl has reactive cysteine
residues, which, when sulfhydrated, cause its dissociation from
Nrf2, which then translocates to the nucleus to transcribe genes
involved in stress responses (42, 74). Similarly, H,S modulates
transcriptional regulatory networks that are disrupted in neuro-
degeneration (38, 75). Stimulating the reverse transsulfuration
pathway may be beneficial in AD. This pathway also leads to the
production of GSH, a cellular antioxidant, which regulates redox
homeostasis and neurotransmission (76, 77). As the reverse
transsulfuration pathway is a central hub in several neuro-
protective signaling networks, its stimulation may afford thera-
peutic benefits by restoring redox balance and H,S metabolism
(28, 41). This pathway is disrupted in several neurodegenerative
diseases exhibiting impaired redox homeostasis. Thus, in PD and
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HD, stimulating the production of cysteine and H,S via CSE is
neuroprotective (24, 25, 38, 56). Aging is associated with di-
minished transsulfuration and sulfhydration as well as elevated
oxidative stress. We have shown previously that decreased sulf-
hydration and increased oxidation of cysteine residues on pro-
teins occur across evolutionary boundaries during aging (39).
Additionally, aging is the greatest risk factor for developing
neurodegenerative diseases, including AD (78). Accordingly,
targeting the reverse transsulfuration pathway may afford ther-
apeutic benefits for aging and neurodegenerative diseases in-
volving suboptimal H,S signaling.

Materials and Methods

Cell Cultures and Reagents. HEK293 cells were from the American Tissue
Culture Type Collection. All chemicals were from Sigma unless mentioned
otherwise. In this study, we used a sodium salt derivative of the slow-releasing
H,S donor GYY4137 (NaGYY). Use of this compound was necessary, as
commercial preparations of GYY4137 are morpholine salts complexed with

Giovinazzo et al.

Hydrogen sulfide is neuroprotective in Alzheimer’s disease by sulfhydrating GSK3p and

inhibiting Tau hyperphosphorylation


https://doi.org/10.1073/pnas.2017225118

unstated quantities of the carcinogenic solvent methylene chloride. Morpholine
and dichloromethane (methylene chloride) are highly toxic and are not bi-
ologically inert, with the latter well documented to be metabolized to car-
bon monoxide. Since sodium salts are pharmaceutically acceptable and
nontoxic, we therefore synthesized NaGYY in house as described previously
by us to avoid these contaminants and impurities (51, 52). Lipofectamine
2000 (Invitrogen) was used for all transfection studies. The pRK5-eGFP-Tau
(no. 46904), pRK5-eGFP-Tau P301L (no. 4690), pcDNA3-HA-GSK3B (no.
14753), and pcDNA3-HA-GSK3p S9A (no. 14754) constructs were obtained
from Addgene.

Immunoprecipitation Assays and Western Blot Analysis. HEK293 cells were
transfected with indicated plasmids 24 h prior to lysis of the cells. Additional
details of reagents and methods are provided in S/ Appendix.
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