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Abstract

This study investigated whether slow-releasing organic hydrogen sulfide donors act through the

same mechanisms as those of inorganic donors to protect neurons from oxidative stress. By

inducing oxidative stress in a neuronal cell line HT22 with glutamate, we investigated the

protective mechanisms of the organic donors: ADT-OH [5-(4-hydroxyphenyl)-3H-1, 2-dithiole-3-

thione], the most widely used moiety for synthesizing slow-releasing hydrogen sulfide donors, and

ADT, a methyl derivative of ADT-OH. The organic donors were more potent than the inorganic

donor sodium hydrogensulfide (NaHS) in protecting HT22 cells against glutamate toxicity.

Consistent with previous publications, NaHS partially restored glutamate-depleted glutathione

(GSH) levels, protected HT22 from direct free radical damage induced by hydrogen peroxide

(H2O2), and NaHS protection was abolished by a KATP channel blocker glibenclamide. However,

neither ADT nor ADT-OH enhanced glutamate-depleted GSH levels or protected HT22 from

H2O2-induced oxidative stress. Glibenclamide, which abolished NaHS neuroprotection against

oxidative stress, did not block ADT and ADT-OH neuroprotection against glutamate-induced

oxidative stress. Unexpectedly, we found that glutamate induced AMPK activation and that

compound C, a well-established AMPK inhibitor, remarkably protected HT22 from glutamate-

induced oxidative stress, suggesting that AMPK activation contributed to oxidative glutamate

toxicity. Interestingly, all hydrogen sulfide donors, including NaHS, remarkably attenuated

glutamate-induced AMPK activation. However, under oxidative glutamate toxicity, compound C

only increased the viability of HT22 cells treated with NaHS, but did not further increase ADT
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and ADT-OH neuroprotection. Thus, suppressing AMPK activation likely contributed to ADT and

ADT-OH neuroprotection. In conclusion, hydrogen sulfide donors acted through differential

mechanisms to confer neuroprotection against oxidative toxicity and suppressing AMPK

activation was a possible mechanism underlying neuroprotection of organic hydrogen sulfide

donors against oxidative toxicity.
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Hydrogen sulfide, well known as a toxic gas, is increasingly recognized as the third gaseous

signaling molecular in addition to nitric oxide and carbon monoxide (Wang, 2002).

Hydrogen sulfide is endogenously synthesized from cysteine by several enzymes, and the

production of hydrogen sulfide is high in the brain. Deficiency in hydrogen sulfide leads to

many neurological diseases (Abe and Kimura, 1996). In addition to functioning as an

endogenous signaling gas, hydrogen sulfide protects neurons from oxidative stress. Indeed,

the inorganic hydrogen sulfide donor NaHS has been extensively studied as a neuroprotant

in a variety of neuronal oxidative stress models (Kimura and Kimura, 2004; Kimura et al.,

2006; Tay et al., 2010). Since neurons are particular vulnerable to oxidative stress and

oxidative stress is an important feature of various neurological diseases such as stroke,

Alzheimer's and Parkinson's disease (Lin and Beal, 2006; Lo et al., 2005), there is a growing

interest in developing hydrogen sulfide donors as neuroprotants in treating neurological

diseases. However, excessive hydrogen sulfide instantaneously released from inorganic

donors may exacerbate pathogenesis of neurological diseases in that hydrogen sulfide at

supra-physiological concentrations has been shown to be cytotoxic (Predmore et al., 2012;

Whiteman and Winyard, 2011). Thus, various organic molecules that are capable to release

hydrogen sulfide over extended periods of time have been developed (Gong et al., 2011; Gu

and Zhu, 2011; Martelli et al., 2010; Osborne et al., 2012; Predmore et al., 2012).

So far, the neuroprotective mechanisms of hydrogen sulfide against oxidative stress are

almost exclusively obtained from studies using inorganic donors. However, it has been

suggested that the biological effects as well as the mechanisms by which slow-releasing

donors induce the biological effects are different from those of inorganic donors (Li et al.,

2008; Whiteman and Winyard, 2011). The neuroprotection of the inorganic donor NaHS

against oxidative stress has been attributed to three mechanisms: restoring cellular levels of

glutathione (GSH), an essential component of the cell defense system against oxidative

stress; activating ATP-sensitive K + (KATP) channels and scanvenging free radicals directly

(Hu et al., 2011). However, it currently remains unclear whether these mechanisms also

contribute to neuroprotective effects of slow-releasing organic donors against oxidative

stress. Moreover, as indicated by studies on the other two signaling gases, research on

gaseous mediator signaling can be greatly facilitated by using organic compounds that

release gaseous mediators slowly.

Thus, in this study we investigated the neuroprotective mechanisms against oxidative

toxicity underlying two slow-releasing organic hydrogen sulfide donors: [5-(4-
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hydroxyphenyl)-3H-1,2-dithiocyclopentene-3-thione] (ADT-OH), the most widely used

moiety for synthesizing slow-releasing organic hydrogen sulfide donors, and ADT, a methyl

derivative of ADT-OH (Martelli et al., 2010). It has been reported that ADT-OH as well as

its derivatives are enzymatically metabolized to release hydrogen sulfide by the

mitochondria of cultured cells (Lee et al., 2010). Unlike excessive hydrogen sulfide

instantaneously released from NaHS (Li et al., 2008), hydrogen sulfide generated from

ADT-OH and its derivatives slowly increased intracellularly over 48 hours (Lee et al.,

2010).

In this study, we mainly used a glutamate-induced neurotoxicity model in HT22

hippocampal neuronal cells to investigate the neuroprotective mechanisms underlying

hydrogen sulfide donors. HT22 cells lack functional glutamate receptors and thereby

glutamate-induced neurotoxicity in HT22 cells has been exclusively attributed to oxidative

stress (van Leyen et al., 2005). Thus, glutamate-induce HT22 cell death represents a unique

cellular model that has been used widely for investigating neuroprotective mechanisms

against oxidative stress (Fukui et al., 2009; Kimura et al., 2006; Pallast et al., 2009; van

Leyen et al., 2005; Xu et al., 2007).

Material and methods

Cell cultures and glutamate cytotoxicity assay

Mouse hippocampal neuronal HT22 cells were cultured in Dulbecco's modified Eagle's

Medium (DMEM, Invitrogen Corporation, Carlsbad, CA, USA) supplemented with 10%

fetal bovine serum (FBS, Gibco Laboratories, Grand Island, NY, USA) and 100 μg/ml

penicillin-streptomycin at 37°C with 5% CO2. The medium was changed every two days.

For glutamate toxicity assay, cells were trypsinized and seeded onto 24-well plates at the

density of 2×104 cells per well. After 24 hours incubation, cells were exposed to 5 mM

glutamate in the presence or absence of hydrogen sulfide donors. At 24 hours after

glutamate exposure, cell viability was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) as described previously with modification (Liu et al.,

2011). Briefly, 50 μL of MTT (5 mg/ml) was added to each well and then cells were

incubated at 37°C with 5% CO2. After 2 hours incubation, medium was aspirated and 500

μL DMSO was added to cells to dissolve dark blue crystals of formazan, a MTT metabolite

formed only in live cells but not in dead cells. The absorbance was measured at 570 nm

using the Microplate Reader (Infinite M200 PRO, Tecan, Switzerland). Relative cell

viabilities were calculated and presented as the percentages of controls without glutamate

treatment.

H2O2-induced Free radical damage model

To investigate whether hydrogen sulfide donors protected against oxidative toxicity by

directly scanvenging reactive oxygen species (ROS), we used the free radical H2O2 to

induced oxidative toxicity in HT22 cells as described previously (Xu et al., 2007). Briefly,

HT22 cells were seeded onto 24-well plates at the density of 2×104 cells per well. After 24

hours incubation, cells were exposed to 100 μM H2O2 in the presence or absence of
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hydrogen sulfide donors. At 24 hours later, cell viability was measured with MTT method as

described above.

Inhibitor studies

To investigate if hydrogen sulfide donors protected HT22 cells from oxidative stress by

activating K(ATP) channels, cells were pretreated with the K(ATP) inhibitor glibenclamide at

a final concentration of 50 μM at 30 minutes before glutamate exposure. Then, cells were

treated with glutamate in the presence or absence of hydrogen sulfide donors. At 24 hours

after glutamate treatment, cell viability was measured with MTT method as described above.

To investigate if glutamate induces oxidative toxicity in part via activating AMPK and if

AMPK activation contributes to ADT-OH and ADT neuroprotection against oxidative

stress, HT22 cells were seeded on 24-well plates at the density of 2×104 cells per well for 24

hours and then were co-treated with AMPK inhibitor compound C (10 μM) and/or glutamate

in the presence or absence of hydrogen sulfide donors. At 24 hours after treatment, the cell

viability was measured with MTT method as described above.

Total intracellular GSH assay

HT22 cells were seeded on 6-well plates at the density of 1×105 cells per well for 24 hours.

Then, cells were exposed to glutamate in the presence or absence of hydrogen sulfide

donors. At 6-hour after exposure, cells were washed with ice-cold phosphate-buffered saline

(PBS) for three times and then lysed with RIPA buffer. Lysates were left on ice for 30

minutes and then centrifuged at 13200 rpm/min for 20 minutes. After centrifugation,

supernatants were collected for the measurement of total GSH and determination of protein

concentration with the commercial BCA kit (Pierce, Thermo Fisher Scientific, Rockford, IL,

USA). Total GSH was assayed using the commercial Kit per the manual provided by the

manufacturer (Beyotime Institute of Biotechnology, Nantong, China). Briefly, 10 μL GSH

standard or supernatants were added to 150 μL reaction solution containing 0.044 mg/ml

DTNB (5,5′-Dithiobis(2-nitrobenzoic acid) and 1×glutathione reductase. Reactions lasted

for 5 minutes and then 50 μL NADPH (0.16 mg/ml) was added. The absorbance at 412 nm

was monitored with Microplate Reader at 5-minute intervals. GSH concentrations were

calculated form GSH standard curves, and final results were presented as percentages of

GSH contents in control cells without glutamate treatments.

Western blot analysis of total and phosphorylated AMPK

HT22 cells seeded on 6-well plates at the density of 10×104 cells per well were treated with

glutamate in the presence or absence of hydrogen sulfide donors. At 6 hours after treatment,

cells was rinsed with PBS for 3 times and then lysed with 50 μL RIPA per well. Cell lysates

were centrifuged at 13200 rpm/min for 20 min. Supernatants were collected and protein

concentrations were determined with commercial BCA kit. After denatured at 95 °C for 5

min, the proteins (30 μg/sample) were electrophoresed with on 10% SDS–PAGE gels and

then transferred to polyvinylidene membranes (PVDF, Millipore, Billerica, MA, USA). The

membranes were blocked with 5% nonfat milk for 2 hours and then incubated with primary

antibodies against total AMPK (rabbit polyclonal, 1:1000, Cell Signaling, Beverly, MA,

USA) or phosphorylated AMPK (rabbit polyclonal, 1:1000, Cell Signaling, Beverly, MA,
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USA) for 24 h at 4°C. After washing three times, the membranes were probed with

secondary antibodies (anti-rabbit IgG, HRP-linked, 1:2000, Cell signaling, Beverly, Beverly,

MA, USA) for 2 hours at room temperature. Protein bands were visualized with image Lab

system using a SuperSignal West Pico chemiluminescence kit (Pierce, Rockford, IL, USA).

β-actin was used as a loading control. The optical densities of protein bands were semi-

quantified with Image J software, and final results were expressed as the ratios of

phosphorylated AMPK to total AMPK.

Statistics

Statistical analysis was performed using a standard software package (SPSS 17.0). The

results were expressed as mean ± SEM. Comparison was performed using one-way ANOVA

models, followed by Turkey post-hoc tests. For all analyses, the null-hypothesis was rejected

at the 0.05 level.

Results

Slow-releasing organic hydrogen sulfide donors ADT and ADT-OH were more potent in
protecting HT22 cells against oxidative glutamate toxicity

As indicated by MTT results, the viability of HT22 was significantly decreased after

glutamate treatment. Both inorganic and slow-releasing organic hydrogen sulfide donors

protected HT22 from glutamate-induced oxidative stress. NaHS at 50-1000 μM reversed cell

death induced by glutamate in a concentration-dependent manner. The lowest concentration

at which NaHS conferred maximum neuroprotection against glutamate oxidative stress was

250 μM (Figure 1A). The result was similar to previous finding that NaHS provides

maximum protection against glutamate oxidative toxicity in HT22 cells at 300 μM (Kimura

et al., 2006). Compared to NaHS, the organic sulfide hydrogen donors displayed maximum

protective effects at much lower concentrations. The maximum protective effects were

observed when ADT was at 10-50 μM and ADT-OH at 50 μM (Figure 1B and 1C). We

could not assess the neuroprotective effects of ADT-OH and ADT at the concentrations

beyond 50 μM due to the poor solubility of ADT-OH and ADT in DMEM medium. In the

following experiments, neuroprotective mechanisms were investigated at the concentrations

of 250 μM for NaHS, 10 μM for ADT and 50 μM for ADT-OH unless otherwise stated.

Slow-releasing organic hydrogen sulfide donors did not restore glutamate-induced
depletion of GSH

NaHS is reported to protect neurons from glutamate oxidative toxicity in part by restoring

cellular GSH levels depleted by glutamate (Kimura and Kimura, 2004; Kimura et al., 2006).

As expected, we observed that glutamate-depleted cellular GSH levels were partly restored

by 250 μM NaHS at 6 hours after glutamate treatment (Figure 2). However, neither ADT at

10 μM nor ADT-OH at 50 μM enhanced glutamate-depleted cellular GSH levels (Figure 2).

NaHS, but not slow-releasing organic donors, protected HT22 from free radical damage
induced by H2O2

Under physiological conditions, hydrogen sulfide dissociates to yield hydrosulfide anion,

which directly quenches ROS (Olson, 2009). To explore whether hydrogen sulfide donors
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confer protection against oxidative stress via acting as direct ROS scanvengers, we used the

H2O2-induced free radical damage model, as described previously (Xu et al., 2007). NaHS

at 250 μM remarkably protected, and at 800 μM almost completely recued HT22 from

H2O2-induced cell death (Figure 3). In contrast, the organic donors ADT-OH and ADT did

not display any neuroprotective effects in the H2O2 model at the concentrations tested (1-50

μM, Figure 3B and 3C). These results suggested that the free radical scanvenging ability in

part contributed to neuroprotection of the inorganic donor NaHS, but did not contribute to

neuroprotection of slow-releasing organic donors.

The KATP channel blocker glibenclamide abolished the neuroprotective effects of NaHS,
but not those of ADT-OH and ADT

The inorganic donor NaHS has been shown to protect both HT22 neuronal cells and primary

neurons from oxidative stress in part via activating KATP channels (Kimura et al., 2006).

Glibenclamide, a well-established KATP channel blocker, did not affect the survival of HT22

cells either with or without glutamate treatment. As expected, glibenclamide abolished

neuroprotective effects of NaHS on glutamate-induced HT22 cell death (Figure 4). In

contrast, glibenclamide did not affect neuroprotection conferred by ADT-OH and ADT.

Glutamate-induced oxidative neuronal death involved AMPK activation, through which
ADT-OH and ADT conferred neuroprotection against oxidative toxicity

AMPK, a critical sensor of cellular energy, is increasingly recognized to play an essential

role in determining neuronal survival (Weisova et al., 2011). We investigated if AMPK

played a role in neuronal death induced by glutamate oxidative toxicity and if ADT-OH and

ADT acted through AMPK signaling to confer neuroprotection under glutamate oxidative

toxicity. Western blot analysis showed that HT22 exhibited increased activation

(phosphorylation) of AMPK at 6 hours after exposure to glutamate (Figure 5A and B).

Compound C, a well-established AMPK inhibitor, robustly decreased HT22 death induced

by glutamate oxidative stress although it had no effect on baseline survival of HT22 cells

(Figure 5C). These results suggested that AMPK activation contributed to glutamate

oxidative stress-induced neuronal death. Surprisingly, although all hydrogen sulfide donors,

including inorganic donors NaHS, increased AMPK activation in the absence of glutamate,

these hydrogen sulfide donors remarkably decreased glutamate-induced AMPK activation in

HT22 cells under glutamate oxidative stress (Figure 5A). Furthermore, under glutamate

oxidative stress, while the AMPK inhibitor compound C increased survival of HT22 cells

treated with 250μM NaHS, it did not further increased survival of HT22 treated with 50 μM

ADT-OH and 10 μM ADT (Figure 5C).

Since ADT-OH at 50 μM and ADT at 10 μM almost completely protected HT22 from

glutamate oxidative toxicity, we further investigated whether compound C displays a

synergetic effect on protecting HT22 from glutamate -toxicity when ADT and ADT-OH at

the concentrations provide suboptimal protection. Following glutamate exposure, ADT at 5

μM and ADT-OH at 25 μM provided protection comparable to that conferred by NaHS at

250 μM (Figure 5D). However, compound C did not increase survival of HT22 treated with

5 μM ADT and 25 μM ADT-OH (Figure 5D). Collectively, these results suggested that,
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unlike NaHS, ADT and ADT-OH acted through suppressing AMPK activation to protect

against glutamate oxidative stress.

Discussion

This study presents three major findings. First, our study showed that hydrogen sulfide

donors acted through differential mechanisms to confer neuroprotection against oxidative

stress. Second, we provided evidence suggesting that AMPK activation contributed to

neuronal death induced by glutamate oxidative toxicity. Third, our data suggested that ADT-

OH, the most widely used moiety for synthesizing slow-releasing organic hydrogen sulfide

donors (Martelli et al., 2010), and its derivative ADT, protected neurons from oxidative

toxicity by suppressing AMPK activation. Our findings are of significance for developing

novel hydrogen sulfide donors as well as advance our understanding of the mechanisms

underlying hydrogen sulfide neuroprotection against oxidative stress.

Our current understanding about the mechanisms underlying neuroprotection of hydrogen

sulfide against oxidative stress is almost exclusively obtained from studies using the

inorganic donor NaHS. The mechanisms responsible for NaHS neuroprotection against

oxidative stress include: increasing cellular GSH levels, activating KATP channels and

scanvenging free radicals directly (Hu et al., 2011; Kimura and Kimura, 2004; Kimura et al.,

2006; Kimura et al., 2010; Olson, 2009; Whiteman et al., 2004). Consistent with these

published data, we observed that 1) NaHS at the protection concentration partially restored

intracellular GSH levels; 2) NaHS directly protected HT22 cells from H2O2-induced

oxidative stress; 3) NaHS neuroprotection was blocked by the well-established KATP

channel blocker, glibenclamide.

Depletion of GSH by glutamate is thought as a major contributor to glutamate-induced cell

death in HT22 cells (Maher and Davis, 1996). Strikingly, although ADT-OH and its

derivative ADT were more potent in protecting HT22 cells from oxidative toxicity (Figure

1), neither of them prevented glutamate-induced GSH depletion. Nevertheless, our finding

was consistent with the previous publication showing that the neuroprotant melatonin

protects HT22 cells from glutamate oxidative stress without preventing GSH depletion

(Herrera et al., 2007). Furthermore, ADT and ADT-OH did not protect against H2O2-

induced free radical damage, suggesting that they did not act as direct free radical

scanvengers to protect neurons against oxidative stress. Glibenclamide, the KATP channel

blocker that almost completely abolished neuroprotection of NaHS, had no effect on ADT

and ADT-OH neuroprotection against oxidative stress. ADT-OH is the most widely used

moiety for synthesizing slow-releasing organic hydrogen sulfide donors (Martelli et al.,

2010). However, our results clearly showed that none of the currently known mechanisms

underlying NaHS neuroprotection against oxidative stress contributed to neuroprotective

effects of ADT-OH and ADT.

AMPK is a critical sensor of cellular energy balance. More recently, AMPK is found to play

an essential role in regulating neuronal apoptosis (Li et al., 2010; Weisova et al., 2011). For

instance, AMPK activation contributes to neuronal death under pathological conditions,

including stroke and Alzheimer's disease (Kwon et al., 2010; Li et al., 2007; McCullough et
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al., 2005; Venna et al., 2012). However, it remains unclear whether AMPK is also involved

in cell death induced by oxidative glutamate toxicity, which is increasingly recognized to

represent a new form of programmed cell death different from apoptosis. Glutamate-induced

HT22 cell death neither resembles typical apoptosis morphologically (Tan et al., 1998; Tan

et al., 2001) nor be blocked by pan-caspase inhibitors (van Leyen et al., 2005). Here we

showed that glutamate induced AMPK activation in HT22 cells and that the AMPK inhibitor

compound C remarkably reduced glutamate-induced oxidative cell death. Together, these

data suggested a contributing role of AMPK activation in cell death induced by glutamate

oxidative stress.

To further investigate mechanisms underlying ADT and ADT-OH neuroprotection against

oxidative stress, we performed western blot to examine if ADT and ADT-OH conferred

neuroprotection by reducing AMPK activation. Surprisingly, although all hydrogen sulfide

donors, including NaHS, increased basal AMPK activation in HT22 cells, they remarkably

reduced glutamate-induced AMPK activation at 4 hours after glutamate exposure.

Interestingly, under glutamate oxidative stress, the AMPK inhibitor compound C further

increased survival of NaHS-treated HT22 cells, but had no effect on survival of the cells

treated with ADT and ADT-OH. Together, these results suggested that suppressing AMPK

activation contributed to neurorprotection of ADT and ADT-OH against oxidative stress, but

not that of NaHS.

Our results suggested that glutamate-induced AMPK activation was indispensible to

glutamate-induced cell death under oxidative stress since AMPK inhibition remarkably

recued the HT22 neuronal cells from glutamate toxicity. Of note, hydrogen sulfide donors

also elevated basal AMPK activation levels, while did not display neurotoxicity effects

under basal conditions. Indeed, it is well-accepted that AMPK activation plays a dual role in

determining neuronal fates, either driving cell death or survival. Thus, other modulators or

interactors couple with AMPK activation to determine neuronal cell death or survival

(Cardaci et al., 2012). The modulators or interactors, which predominate under glutamate

oxidative toxicity to couple with AMPK activation to induce neuronal death but are absent

under basal condition, remain to be identified.

In conclusion, by inducing the oxidative glutamate toxicity in HT22 neuronal cells, we

showed that the neuroprotective mechanisms against oxidative stress underlying ADT-OH,

the most widely used moiety for synthesizing slow-releasing organic hydrogen sulfide

donors, and its methyl derivative ADT, were different from those of the inorganic donor

NaHS. Furthermore, for the first time, our study suggested that AMPK activation

contributed to glutamate oxidative toxicity and that suppressing AMPK activation was a

possible mechanism underlying neuroprotection of organic hydrogen sulfide donors against

oxidative toxicity. Our findings are of significance for developing novel hydrogen sulfide

donors and advance our understanding of the neuroprotective mechanisms of hydrogen

sulfide.
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KATP channel ATP-sensitive potassium channel

NaHS sodium hydrogensulfide

ROS reactive oxygen species
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Figure 1.
Slow-releasing organic hydrogen sulfide donors ADT and ADT-OH were more potent than

the inorganic hydrogen sulfide donor NaHS in protecting HT22 neuronal cells from

oxidative glutamate toxicity. A: NaHS conferred concentration-dependent neuroprotection

in HT22 cells treated with glutamate and maximum protection was observed at 250 μM. B:

The organic donor ADT increased HT22 cell survival following glutamate exposure and

maximum protection was observed at 10 μM. C: The organic donor ADT-OH increased

HT22 cell survival following glutamate exposure and maximum protection was observed at

50 μM. ** p<0.01 and * p<0.05 compared with HT22 cells treated with glutamate alone, n =

4 for each group.
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Figure 2.
Effects of hydrogen sulfide donors on cellular GSH levels following glutamate exposure.

GSH levels were measured at 6 hours after glutamate exposure. Inorganic donor NaHS, but

not organic donors ADT and ADT-OH increased glutamate-depleted GSH. * p<0.05

compared with the glutamate-treated cells (n = 4)
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Figure 3.
Effects of the inorganic donors on HT22 cell death induced by the free radical H2O2. A:

NaHS concentration-dependently increased survival of HT22 cells following H2O2

treatment. B: ADT did not protect HT22 cells following H2O2 treatment. C: ADT-OH did

not protect HT22 cells following H2O2 treatment. ** p<0.01 compared with the H2O2-

treated cells (n = 4).
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Figure 4.
Effects of the KATP channel blocker glibenclamide on neuroprotection conferred by

hydrogen sulfide donors. Glibenclamide abolished the neuroprotective effects of NaHS but

not those of ADT and ADT-OH in HT22 cells treated with glutamate. ** p<0.01 compared

with HT22 cells treated with glutamate and NaHS (n = 4).
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Figure 5.
AMPK activation contributed to cell death induced by glutamate and suppressing AMPK

activation was a mechanism accounting for ADT and ADT-OH neuroprotection against

oxidative glutamate toxicity. A: a representative image of western blot (upper panel) showed

that, at 6 hours after glutamate exposure, HT22 cells exhibited increased phosphorylation

(activation) of AMPK and that all hydrogen sulfide donors NaHS (250 μM), ADT-OH (50

μM) and ADT (10 μM) remarkably decreased glutamate-induced AMPK phosphorylation.

B: The bar graph of western blot results. ** p<0.01 compared to cells treated with glutamate

alone (n = 4); # p<0.05 compared to control cells without glutamate and hydrogen sulfide

donor treatment; & p<0.01 compared to control cells without glutamate and hydrogen

sulfide donor treatment. C: the AMPK inhibitor compound C robustly decreased HT22 death

induced by glutamate oxidative stress and conferred additional neuroprotection in NaHS

(250 μM) -treated HT22 cells following glutamate exposure, while it did not increased

survival of HT22 cells treated with 50 μM ADT and 10 μM ADT-OH following glutamate

exposure. ** p<0.01 and * p<0.05 compared with the corresponding black bars (cells treated

with glutamate alone or cells with glutamate plus NaHS, n = 4). D: Compound C did not

display synergetic effects on protecting HT22 cells from glutamate toxicity even when ADT

and ADT-OH at the concentrations provided suboptimal protection (5 μM for ADT and 25

μM for ADT-OH, n=4). ** p<0.01 compared with glutamate-treated cells.
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