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Abstract
a,b-Unsaturated carbonyl compounds have been implicated in a number of environmentally-related diseases. Often, the
presence of a,b-unsaturated carbonyl functionality as part of either an aliphatic or cyclic structure is considered a structural
alert for cytotoxicity. We examined the cytotoxicity of methyl vinyl ketone (MVK), an aliphatic, straight-chain a,b-
unsaturated carbonyl compound, in murine GT1-7 hypothalamic neurons. In addition to its widespread environmental
occurrence, MVK was selected due to its extensive use in the chemical industry. Also, MVK is a close structural analog of
hydroxymethylvinyl ketone that, in part, mediates the cytotoxic effects of 1,3-butadiene in vivo. It was found that MVK at low
micromolar concentrations induced extensive cell death that retained key features of apoptosis such as chromatin
condensation and DNA fragmentation. The MVK-induced apoptosis was associated with depletion of glutathione, disruption
of mitochondrial transmembrane potential, and increased generation of reactive oxygen species (ROS). Supplementation of
neuronal cells with Trolox offered partial, but significant, protection against the MVK-induced cytotoxicity, presumably due
to scavenging of ROS in situ. The suggested sequence of events in the MVK-induced apoptosis in neuronal cells involves the
depletion of cellular glutathione followed by an increased generation of ROS and finally the loss of mitochondrial function.
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Introduction

a,b-Unsaturated carbonyls represent an important

class of mutagenic/genotoxic compounds to which

humans are routinely exposed. The sources of

exposure include diet (2-hexenal), endogenous pro-

duction (4-hydroxy-2-nonenal), and environment

(methyl vinyl ketone or MVK). a,b-Unsaturated

carbonyls present a potential health risk due to their

reactivity towards cellular nucleophiles such as amines

and thiols, forming 1,4- or 1,6-addition (Michael)

products. MVK is considered as a prototype of the

straight-chain, aliphatic a,b-unsaturated carbonyl

compounds [1] with widespread scope for environ-

mental exposure. Commercially, MVK is used in the

production of pesticides [2], perfumes [3], plastics and

resins [4,5], and as a pharmaceutical intermediate in

the synthesis of steroids, vitamin A, and anticoagulants

[6–8]. MVK is present in tobacco smoke (0.13 mg/

cigarette) [9–11] and automobile exhaust [12,13].

It can be formed in the atmosphere via photochemical,

presumably ozone-mediated, degradation of isoprene

among many biogenic and anthropogenic hydrocar-

bons [14,15]. MVK is a close structural analog of

hydroxymethylvinyl ketone (HMVK) that, in part,
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mediates the toxicity of 3-butene-1,2-diol via biotrans-

formation involving CYP 2E1 and, possibly, alcohol

dehydrogenase [16–20].

The cytotoxic properties of MVK received much less

attention than those elicited by acrolein and crotonal-

dehyde (CA), the two other a,b-unsaturated carbonyl

compounds commonly found in polluted air [21,22].

Acrolein and CA have been shown to be formed in vivo

[23–25], possibly as a result of lipid peroxidation

[25,26]. The available literature, although scanty,

suggests that MVK is highly toxic to certain cell types

such as isolated rat kidney cells [27–29] and

hepatocytes [30]. Although described as a Michael

acceptor capable of alkylating proteins and nucleic

acids [28,31], the mechanism(s) by which MVK exerts

its cytotoxic effects is not completely understood. In

the present communication, we compared the cyto-

toxicity of acrolein, CA and MVK and examined, in

detail, the mechanism(s) of MVK-induced cell death in

murine GT1-7 hypothalamic neurons. We observed

that MVK was more toxic than acrolein and CA.

A further examination of the molecular basis of

cytotoxicity revealed that MVK depletes cellular

glutathione and promotes the generation of reactive

oxygen species (ROS). The cell death induced by

MVK has been shown to be typical of apoptosis, and it

could be prevented by antioxidant supplementation.

Materials and methods

Materials

Chemicals and reagents for cell culture were obtained as

follows: Acrolein (90%), CA(99%), and MVK (99%)

from Aldrich (Milwaukee, WI); N-acetyl-L-cysteine

(NAC), Dulbecco’s modified eagle’s medium

(DMEM), Fetal bovine serum (FBS), Hank’s balanced

salt solution (HBSS), phosphate buffered saline (PBS),

penicillin–streptomycin, and trypsin-EDTA from

Sigma (St Louis, MO); Trolox from Calbiochem (San

Diego, CA); and acridine orange, ethidium bromide,

and 5-(and-6)-chloromethyl-20,70-dichlorodihydro-

fluoresceindiacetate (CM-H2DCFDA)fromInvitrogen

(Carlsbad, CA). Cell culture flasks and 24-well culture

plates were purchased from Corning (Acton, MA). Kits

for non-radioactive cell proliferation assay, nucleosomal

DNA fragmentation, mitochondrial membrane poten-

tial and glutathione enzymatic recycling assay were

obtained from Promega (Madison, WI), Roche (India-

napolis, IN), Calbiochem (Sandiego, CA) and Biovision

(Mountain View, CA), respectively. All other chemicals

and reagents were of the highest grade available.

Immortalized murine GT1–7 hypothalamic neur-

ons [32] were a generous gift from Dr Pam Mellon

(University of California; San Diego, CA). Unless

mentioned otherwise, the neuronal cells were grown in

T25/T75 flaks in DMEM supplemented with 10%

FBS and antibiotics (penicillin, 10 units/ml and

streptomycin, 100 mg/ml) in 5% CO2/95% air

saturated with humidity at 378C [33,34].

Stock solutions of acrolein, CA, and MVK were

prepared in PBS (50 mM; pH 7.4) just before use.

Trolox was dissolved in ethanol at a concentration of

0.25 M, and NAC in PBS at a concentration of 0.5 M

(pH adjusted to 7.4). The solutions of Trolox and

NAC were stored at 2208C until use.

Exposure of neuronal cells to acrolein, CA, and MVK

All experiments were performed using murine GT1-7

hypothalamic neurons grown to sub-confluency in 24-

well plates. Just before exposure to MVK, the neuronal

cells were washed once with PBS. Exposure to MVK

(1–30mM) was performed typically for 2 h at 378C in

HBSS that did not contain FBS. At the end of the

exposure period, neuronal cells were washed free of

MVK (using PBS) and a fresh medium of DMEM,

supplemented with 10% FBS, but devoid of MVK, was

added. Neuronal cells, with or without prior exposure

to MVK, were cultured for an additional 24 h and then

assayed for viability, DNA fragmentation, glutathione,

ROS, and mitochondrial transmembrane potential. It

was found that serum deprivation for 2 h did not result

in any significant loss of neuronal cell viability. Similar

protocols were followed for exposure of neuronal cells

to acrolein (10–500mM) and CA (10–500mM).

Antioxidant supplementation

Stock solutions of Trolox and NAC were diluted with

HBSS to the required working concentration(s).

Neuronal cells were pre-incubated with Trolox

(500mM) or NAC (5 mM) for 1 h and then exposed

to MVK (1–30mM) for 2 h in HBSS containing

antioxidants. At the end of the incubation period, cells

were washed and a fresh medium of DMEM contain-

ing 10% FBS and antioxidants (500mM Trolox or

5 mM NAC) was added. The cells were assayed for

viability, DNA fragmentation, glutathione and ROS

after 24 h as described above. Control experiments

were performed by adding appropriate amounts of

either ethanol or PBS.

Analysis of cell viability

The viability of hypothalamic neurons was assessed as

described earlier [35,36] based on the reduction of

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl) 2-(4-sulfophenyl)-2H-tetrazolium (MTS) to

a water-soluble formazan by NADH, NADPH and,

possibly, FADH2 [37,38] present in metabolically

active cells. The transfer of reducing equivalents

was facilitated through use of phenazine methosulfate

(PMS) supplied as part of CellTiter96 Aqueous One

cell proliferation assay kit.
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Dual staining of neuronal cells using acridine orange

and ethidium bromide

A cell-permeable dye, acridine orange (AO) emits

green fluorescence upon intercalation into double-

strand DNA allowing visualization of the nuclear

chromatin pattern [39]. Ethidium bromide (EB) stains

DNA orange, but is excluded by viable cells [40].

We used this dual staining to visualize: (i) living cells

(uniformly stained green nucleus); (ii) cells in early

apoptosis (cell membrane is continuous but chromatin

is condensed with an irregular green nucleus) [2];

(iii) cells in late apoptosis (orange nuclei with

condensed or fragmented chromatin; this stage is

also referred to as secondary necrosis or apoptotic

necrosis); and (iv) necrosis (uniform orange-colored

nuclei). Immediately following addition of AO/EB

(100mg/ml each), the neuronal cells were examined for

the four stages mentioned above in three independent

experiments. Images were captured using a Nikon

Optiphot microscope equipped with CoolSNAP

camera (Photometrics; Tucson, AZ). Image capture

and analysis were performed using MetaMorph soft-

ware (Molecular Devices; Sunnyvale, CA). The results

are expressed as a percentage of apoptotic (stages ii and

iii) and/or necrotic cells (stage iv) produced in response

to treatment with MVK in the presence and absence of

added antioxidants.

Quantitation of DNA fragmentation by ELISA

Apoptosis is characterized by nucleosomal DNA

fragmentation. We measured DNA fragmentation

using a specific two-site ELISA kit from Roche

(Indianapolis, IN) based on the application of an

anti-histone primary antibody and a secondary anti-

DNA antibody conjugated to horseradish peroxidase.

The assay was performed as follows. Neuronal cells

were lysed in 200ml of buffer provided by the

manufacturer, the nuclei and cell debris were

removed by centrifugation (200g; 10 min), and the

supernatants (cytosol containing low-molecular mass,

fragmented DNA) were diluted 3-fold with the buffer

used for cell lysis. Aliquots (20ml each) of the diluted

cytosolic fractions were transferred to a 96-well plate

that was pre-coated with anti-histone antibody and an

immunoreagent mix (80ml each) containing a

secondary anti-DNA antibody-peroxidase conjugate

was added to each well. After incubation and required

washing procedures, the activity of peroxidase

associated with the anti-DNA antibody bound to

the microtiter plate was measured based on oxidation

of 2,20-azinobis(3-ethylbinzthiazoline) sulfonic acid

(ABTS) to ABTSzþ. A BioTek EL 800 microplate

reader was used to measure ABTSzþ at 405 nm. The

results are expressed as folds-increase relative to the

untreated controls.

Estimation of oxidized and reduced glutathione

Total glutathione (GSH þ GSSG) in hypothalamic

neurons was measured using an enzyme recycling assay

kit (Biovision; Moutain view, CA). Briefly, after

washing with PBS, neuronal cells were lysed in 300ml

of ice-cold buffer supplied by the manufacturer, the

lysate was centrifuged at 10,000g for 15 min at 48C,

and the supernatant was separated. A microplate, high

throughput assay was performed on the supernatant

(20ml) by adding glutathione reductase, reagents for

NADPH regeneration, and 5,50-dithiobis-(2-nitroben-

zoic acid) to the sample (final volume: 200ml). After

10 min of incubation at room temperature, 5-thio-2-

nitrobenzoate formed was measured at 405 nm using a

BioTek EL 800 microplate reader. The concentration

of total glutathione was calculated from a standard

curve after normalization for cell numbers. To measure

GSSG alone, GSH in the supernatants was derivatized

by incubation with 2-vinylpyridine (final concen-

tration: 10 mM) for 1 h at room temperature, and the

assay of glutathione was then performed as described

above. The results are expressed as a percentage

decrease in glutathione content compared to the

untreated controls.

Measurement of intracellular ROS

Neuronal cells were loaded by incubation with 10mM

CM-H2DCFDA in Krebs-Ringer/HEPES (KRH)

buffer (115 mM NaCl, 5 mM KCl, 1 mM KH2PO4,

1.5 mM CaCl2, 1.2 mM MgSO4, 5 mM glucose, and

25 mM HEPES, pH 7.4) for 30 min at 378C. After

loading, the cells were washed twice with fresh KRH

buffer and kept at room temperature for 20 min. The

cells were exposed to different concentrations of MVK

and the changes in fluorescence were measured for 8 h

using a microplate reader (Spectramax EM Gemini;

Molecular Devices, Sunnyvale, CA) at excitation and

emission wavelengths of 480 and 530 nm, respectively.

The fluorescence generated by control cells was

subtracted from the treated samples and expressed

as percent increase in raw fluorescence units over the

controls.

Measurement of mitochondrial transmembrane potential

The mitochondrial transmembrane potential (DCm) in

neuronal cells treated with 1, 5 and 10mM MVK for 2 h

was monitored using a MitoCapture kit (Calbiochem,

San Diego, CA). The assay is based on accumulation of

a cationic dye, 5,50,6,60-tetrachloro-1,10,3,30-tetra-

ethylbenzimi-dazolylcarbocyanine iodide (JC-1), in

mitochondria which is dependent on transmembrane

potential (DCm). The dye remains in monomeric form

and exhibits green fluorescence when the value ofDCm

is small. On the other hand, at high DCm, there is

greater accumulation of the dye forming J-aggregates,

Methyl vinyl ketone induces apoptosis 471
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and the fluorescence shifts to red (Emax 590 nm). After

24 h of MVK treatment, JC-1 was added to the

neuronal cells and incubated for 30 min at 378C. The

unbound dye was removed by washing with PBS and a

fresh medium (500ml; provided as part of the kit) was

added, and the fluorescence was quantified at

excitation and emission wavelengths of 488 and

590 nm, respectively. A Spectramax EM Gemini

spectrofluorimeter was used to measure the fluor-

escence. The results are expressed as a percentage

decrease in DCm compared to the untreated controls.

Statistical analysis and data presentation

Values of LC50 were calculated by fitting the log

concentration-response curves by standard non-linear

regression analysis using GraphPad Prism 4.0 Software

(San Diego, CA). Data are presented as mean ^ SEM

of at least three separate experiments or as indicated.

Statistical analyses were performed using a one-way

analysis of variance (ANOVA) and Bonferroni’s

method for multiple comparisons. Probability of

p , 0.05 was considered statistically significant.

Results

Cytotoxicity of acrolein, CA, and MVK in neuronal cells

Figure 1 shows the data on viability/proliferation of

murine GT1-7 hypothalamic neurons exposed to the

three most commonly occurring a,b-unsaturated

compounds in the environment and in vivo. The

concentration of MVK at the half-maximal lethality

(LC50) was 9 ^ 4.1mM. This value was 3–4-times

lower than that observed with acrolein (30 ^ 3.7mM)

and CA (47 ^ 8.1mM), meaning that MVK is

the most potent carbonyl compound in inducing

cytotoxicity in neuronal cells under the present

experimental conditions.

MVK induces apoptosis in murine GT1-7 hypothalamic

neurons

Apoptosis is characterized by a variety of morphologi-

cal features. Change(s) in the nuclear morphology is

one of the earliest events that could be detected easily.

We observed that MVK exposure resulted in chromatin

condensation and fragmentation (Figure 2(A)). The

normal morphology of neuronal cells, as seen under

the fluorescent microscope, consisted of green nuclei

with intact structure. When treated with MVK, the

cells exhibited membrane blebbing, chromatin con-

densation, and formation of apoptotic bodies

(Figure 2(A), (a)–(d)). The changes were concen-

tration- and time-dependent (Figure 2(B),(C)). Sup-

plementation with Trolox at a final concentration of

200 and 500mM reversed the MVK-induced apoptosis

by 36 and 82%, respectively (Figure 2(D)).

The apoptotic response of neuronal cells to MVK

exposure was confirmed by DNA fragmentation

measured by ELISA. There was a dose-dependent

(Figure 3(A)) and time-dependent (Figure 3(B))

increase in the occurrence of histone-associated DNA

fragments. Pretreatment with Trolox (500mM)

offered substantial protection (84 ^ 7.9%) against

the MVK-induced DNA fragmentation. Trolox, by

itself, did not have any effect on DNA fragmentation

in neuronal cells.

Effect of MVK on intracellular glutathione

and modulation by Trolox and NAC

We reasoned that MVK, being a potent electrophile,

would cause depletion of intracellular GSH. To

examine this possibility, we studied the levels of

glutathione, oxidized (GSSG) as well as reduced

(GSH), in MVK-exposed neuronal cells. As shown in

Figure 4, MVK treatment caused a dose-dependent

decrease in total glutathione. The oxidized glutathione

was undetectable in both control and neuronal cells

treated with MVK. This shows that glutathione

depletion in MVK treatments was mainly due to a

decrease in GSH, a process that was not coupled with

increased GSSG. Supplementation with Trolox

(500 mM) restored, in part, the MVK-induced

depletion of glutathione (Figure 4). We observed a

near total restoration of glutathione levels in the

MVK-treated neuronal cells by supplementation with

NAC (5 mM) (data not shown). The effect of NAC

was most likely due to a direct scavenging of MVK,

making it either ineffective or not available to neuronal

cells. Control cells treated with Trolox alone did not

result in significant changes in cellular glutathione

levels.

Figure 1. Cytotoxicity of acrolein, CA, and MVK in murine GT1-

7 hypothalamic neurons. Neuronal cells were incubated with various

low concentrations of acrolein, CA, and MVK for 2 h at 378C. After

24 h of incubation, the viability/proliferation of MVK-exposed

neuronal cells was measured based on the MTS reduction assay.

Data represent mean ^ SEM of 3–5 independent experiments.
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MVK-induced generation of ROS and its scavenging

by Trolox

We examined ROS production in murine GT1-7

hypothalamic neurons exposed to MVK. Neuronal

cells showed a marked increase in ROS production

when exposed to MVK, and the response was found to

be dose-dependent (Figure 5(A)). An increase in ROS

production up to 5-fold could be seen as early as 1 h

following the exposure to MVK as compared to

control cells at the corresponding time point

(Figure 5(B)). The MVK-induced ROS production

continued for up to 8 h and tended to plateau

thereafter (Figure 5(B)). Incubation of MVK-exposed

neuronal cells with Trolox (500mM) resulted in a

Figure 2. Dual (AO/EB) staining of murine GT1-7 hypothalamic neurons exposed to MVK. (A) Neuronal cultures exposed to MVK

(1–10mM) for 2 h were examined after 24 h for the presence of apoptotic and necrotic cells: (a) none; (b) 1mM MVK; (c) 5mM MVK;

(d) 10mM MVK; and (e) 10mM MVK plus 500mM Trolox. The cells were stained with AO/EB (100mg/ml each) and their morphologies

observed immediately under a fluorescent microscope (magnification: £ 400). Cells with membrane blebbing and chromatin condensation as

dense orange areas represent apoptotic cells. (B) Dose-response of MVK-induced apoptosis and necrosis measured by AO/EB dual staining. *
Indicates p , 0.05 vs. corresponding untreated neuronal cells. (C) Time-dependent increase in apoptosis induced by 10mM MVK. *
Indicates p , 0.05 vs. corresponding untreated neuronal cells. (D) Protective effects of Trolox (200–500mM) against the MVK (10mM)-

induced apoptosis in neuronal cells. Cells that contained Trolox alone (not treated with MVK), did not have any changes in cellular

morphologies. * Indicates p , 0.05 vs. MVK (10mM)-treated neuronal cells. Data are mean ^ SEM of three independent experiments.

Figure 3. DNA fragmentation measured by ELISA and effect of Trolox supplementation in murine GT1-7 hypothalamic neurons exposed

to MVK. (A) Dose-dependent increase in DNA fragmentation in neurons exposed to MVK and the protective effect of Trolox. (B) Time-

dependent increase in DNA fragmentation in neurons exposed to 10mM MVK. Neuronal cells were exposed to MVK (1–10mM) for 2 h in

the presence and absence of Trolox (500mM). After indicated time points, DNA fragmentation was measured by ELISA. Values presented

represent folds increase in DNA fragmentation relative to the untreated controls. Data are mean ^ SEM of 3–5 independent experiments.

*Indicates p , 0.05 vs. untreated cells; and ap , 0.05 vs. neuronal cells treated with 10mM MVK.

Methyl vinyl ketone induces apoptosis 473
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substantial decrease in the yields of ROS

(Figure 5(B)). The effect of Trolox was most likely

due to direct scavenging of ROS, making it less

available for reaction with the probe CM-H2DCF.

Trolox, by itself, did not bring about any significant

changes on ROS production in neuronal cells not

exposed to MVK.

MVK treatment causes disruption of mitochondrial

transmembrane potential

We measured mitochondrial transmembrane potential

(DCm) as its disruption reflects one of the earliest

events in apoptosis. The cationic dye JC-1 accumu-

lates in the mitochondria of normal cells giving a

maximal fluorescence at 590 nm (100%). In cells

undergoing apoptosis, the dye accumulation in the

mitochondria is expected to be lower, provided there

is a decrease in transmembrane potential. As shown in

Figure 6(A), we do find evidence for lowering of DCm

in neuronal cells exposed to MVK. The response was

found to be dose-dependent with decreases in DCm of

18, 28 and 67% at MVK concentrations of 1, 5 and

10mM, respectively. The decrease in DCm induced by

10mM MVK was time-dependent with maximum

effect being observed at 16–24 h after exposure to

MVK (Figure 6(B)).

MVK-induced cytotoxicity is prevented by antioxidants

The dose–response curve for MVK-induced cytotox-

icity in neuronal cells shifted to the right in the presence

of Trolox (500mM) (Figure 7). The value of LC50 was

substantially higher (20 ^ 2.5mM), compared to the

cells that were not treated with Trolox (LC50

9 ^ 4.1mM; see Figure 1). Pretreatment of neuronal

cells with NAC (5 mM) completely protected against

MVK-induced cytotoxicity over 1–30mM concen-

trations of MVK (Figure 7). Both NAC and Trolox by

themselves were without any effect on neuronal cell

viability.

Discussion

The results of the present study demonstrate that

acrolein, CA, and MVK are highly cytotoxic to

murine GT1-7 hypothalamic neurons. The cytotox-

icity of MVK, which was studied in detail, conforms to

an apoptotic process based on nuclear morphology

and DNA fragmentation. The apoptotic response

appears to be due to mitochondrial dysfunction and

enhanced cellular oxidative stress status. Antioxidants

such as Trolox attenuated, in part, the cytotoxic

affects of MVK.

Methyl vinyl ketone appears to be somewhat more

cytotoxic than acrolein and CA. Although the reasons

Figure 4. Levels of glutathione in murine GT1-7 hypothalamic

neurons exposed to MVK and the effect of Trolox. Neuronal cells,

with or without Trolox (500mM) supplementation, were exposed to

1–10mM MVK for 2 h. After 24 h, glutathione (GGSG and GSH)

was estimated based on an enzymatic recycling assay. The values

were normalized for cell numbers and expressed relative to the

untreated group(s). The results are mean ^ SEM of three

independent experiments. * Indicates p , 0.05 vs. untreated cells;

and ap , 0.05 vs. neuronal cells treated with 10mM MVK.

Figure 5. Generation of intracellular ROS in neuronal cells exposed to MVK and the effect of supplementation with Trolox. (A) Dose-

dependent increase in ROS measured after 4 h of MVK exposure. Neuronal cells were exposed to 1–20mM MVK for 2 h and the generation of

ROS was measured by uptake, hydrolysis and subsequent oxidation of CM-H2DCFDA. * Indicates significance p , 0.05 vs. untreated cells.

(B) Time course of DCF generation by GT1-7 cells exposed to 5mM MVK in the presence and absence of antioxidant (500mM Trolox). Data

are mean ^ SEM of three independent determinations. *Indicates p , 0.05 vs. untreated cells; and ap , 0.05 vs. neuronal cells treated with

5mM MVK at the corresponding time point(s).
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for this are not clear at present, the results are

consistent with an observation of relatively higher

toxicity of MVK reported in renal tubular cells [28].

The formation of higher amounts of linear, but not

cyclic, adducts by MVK than acrolein can offer an

explanation [30]. Among other factors that could

contribute to the observed differences in cytotoxicity

is that MVK has a greater reactivity towards cellular

nucleophiles such as GSH and protein thiols [41].

The lower toxicity of acrolein and, possibly CA, may

also be due to differences in their detoxication by

glutathione-S-transferase [42] and aldehyde dehydro-

genase [43]. It is pertinent to mention here that, in rat

hepatocytes, acrolein and MVK have comparable

cytotoxicity [30]. However, such an outcome could be

due to a multitude of defence mechanisms operating

in hepatocytes.

Although there have been some reports of MVK-

induced cell death in renal tubular cells [28] and

hepatocytes [30], the present study reports for the first

time that the neuronal cell death induced by MVK is

typical of apoptosis. The disruption of mitochondrial

DCm (Figure 6) indicates the involvement of the

mitochondrial pathway in neuronal cell apoptosis.

However there could be other pathways involved in

MVK-induced apoptosis, and this needs to be

examined further.

The lowered levels of glutathione (Figure 4) and

higher production of ROS (Figure 5) in neuronal cells

exposed to MVK suggest that oxidative stress status is

an important determinant in the mediation of

cytotoxicity. This conclusion derives further support

from the observation that Trolox offers significant

protection against cytotoxicity (Figure 7) by scaven-

ging ROS (Figure 5). N-Acetyl-L-cysteine offered a

better protection than Trolox in all these assays. We

could not pledge the significance of these findings for

reasons that NAC forms 1,4-addition (Michael)

products with MVK, making the latter unavailable to

neuronal cells.

A number of studies have shown that glutathione

depletion alone can cause apoptosis in a variety of cell

types [44–46]. In general, in cells undergoing

apoptosis, glutathione synthesis is blocked at certain

point of time [47]. In all our assays, the neuronal cells

were exposed to MVK for only 2 h and the MVK-

exposed cells do not recoup glutathione 24 h later.

This shows that a similar mechanism of blockage of

glutathione synthesis might be operating in neuronal

cells. A slightly higher level of glutathione in neuronal

cells supplemented with Trolox (Figure 4) could be

due to a sparing effect on newly synthesized GSH.

It is important to mention that supplementation

with antioxidants after MVK exposure did not

sufficiently protect the neuronal cells. This may be

because the 2 h exposure was sufficient to initiate the

signaling events that culminate in cell death. Similarly,

attempts to load the cells with antioxidants prior to

MVK treatment also failed to inhibit the cytotoxicity.

It was necessary that antioxidants be present during

Figure 6. Changes in mitochondrial membrane potential in murine GT1-7 hypothalamic neurons exposed to MVK. (A) Dose-dependent

decrease in mitochondrial membrane potential in neurons exposed to 1–10mM MVK. (B) Time-dependent decrease in mitochondrial

membrane potential in neurons exposed to 10mM MVK. Neuronal cells were exposed to MVK for 2 h. After indicated time points, the

transmembrane potential were measured using the MitoCapture apoptosis detection kit as described in the Methods section. *Indicates

p , 0.05 vs. untreated controls.

Figure 7. Protective effects of NAC and Trolox on MVK-induced

cytotoxicity in murine GT1-7 hypothalamic neurons. Neuronal cells

were exposed to 1–30mM MVK in the presence and absence of NAC

(5 mM) and Trolox (500mM). After 24 h, the viability/proliferation

of neuronal cells was measured by the MTS reduction assay. Data

represent the mean ^ SEM for three independent experiments.
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and after MVK exposure to offer significant cytopro-

tection. The complete protection offered by NAC

might be an artifact (discussed above), and for this

reason, we used only Trolox to exemplify the anti-

apoptotic effects of antioxidants.

General implications

There have been many reports concerning the

formation of a,b-unsaturated carbonyl compounds

as products of lipid peroxidation and mediation of

oxidative damage in a variety of neuronal diseases (see

review [48]). A large pool of antioxidants in the brain

helps to combat the cytotoxic effects of these carbonyl

compounds. But the antioxidant pools are decreased

in several disease-related conditions [49–54]. The

cytotoxic effects of MVK reported here are thought to

be useful in understanding the factors that contribute

to the toxicity of short-chain unsaturated carbonyls in

neuronal cells. The suggested sequence of events in

MVK-induced apoptosis in murine GT1-7 hypothala-

mic neurons involves the depletion of cellular

glutathione followed by increased generation of ROS

and finally the loss of mitochondrial function.
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