
Biochem. J. (2003) 371, 429–436 (Printed in Great Britain) 429

3-Aminopropanal, formed during cerebral ischaemia, is a potent
lysosomotropic neurotoxin
Wei LI*1, Xi-Ming YUAN*, Svetlana IVANOVA†, Kevin J. TRACEY†, John W. EATON*† and Ulf T. BRUNK*
*Division of Pathology II, Linko$ ping University Hospital, S-581 85 Linko$ ping, Sweden, †Laboratory of Biomedical Science, North Shore-LIE Research Institute,
Manhasset, NY 11030, U.S.A., and ‡James Graham Brown Cancer Center, University of Louisville, Louisville, KY 40202, U.S.A.

Cytotoxic polyamine-derived amino aldehydes, formed during

cerebral ischaemia, damage adjacent tissue (the so-called

‘penumbra’) not subject to the initial ischaemic insult. One such

product is 3-aminopropanal (3-AP), a potent cytotoxin that

accumulates in ischaemic brain, although the precise mechanisms

responsible for its formation are still unclear. More relevant to

the present investigations, the mechanisms by which such a small

aldehydic compound might be cytotoxic are also not known, but

we hypothesized that 3-AP, having the structure of a weak

lysosomotropic base, might concentrate within lysosomes, mak-

ing these organelles a probable focus of initial toxicity. Indeed, 3-

AP leads to lysosomal rupture of D384 glioma cells, a process

which clearly precedes caspase activation and apoptotic cell

death. Immunohistochemistry reveals that 3-AP concentrates in

the lysosomal compartment and prevention of this accumulation

by the lysosomotropic base ammonia, NH
$
, protects against 3-

INTRODUCTION
A variety of degenerative and traumatic insults to the central

nervous system (CNS), including ischaemia, lead to the apoptotic

death of neurons and glial cells [1,2]. In cerebral trauma and

ischaemia, substantial cell death occurs adjacent to the ischaemic

area (the ‘penumbra’) and is thought to account for a major

portion of the resultant damage. The formation of toxic amino

aldehydes, especially 3-aminopropanal (3-AP), is considered to

play a significant role in this process [3]. Although it seems

probable that such toxic amino aldehydes are formed from the

breakdown of polyamines, the enzyme(s) and the biochemical

pathways responsible for their formation are not yet clearly

identified. More important to the present study, the mechanisms

by which amino aldehydes such as 3-AP exert cytotoxicity are

similarly unclear [4,5]. In brains of experimental animals, 3-AP

begins to accumulate shortly after the onset of cerebral ischaemia

and similar elevations of 3-AP have also been found in the

cerebrospinal fluid of humans with CNS ischaemia, in concen-

trations directly related to the extent of the ischaemic lesions [3].

In �itro, 3-AP causes apoptotic and necrotic death of both

neurons and glial cells, with neurons being the more sensitive cell

type. 3-AP will also damage other types of mammalian cells,

suggesting that this small aldehyde is generally cytotoxic [6,7].

It is probable that, as a reactive aldehyde, 3-AP will react with

amino and thiol groups on cellular proteins, possibly impairing

their normal functions. Previous observations, cited above,

indicated that these or other cytotoxic reactions of 3-AP might

participate in the mediation of cell death in the zone of potentially

viable tissue surrounding the ischaemic area. The present study

was aimed at further elucidation of the molecular bases of the

Abbreviations used: AO, Acridine Orange; 3-AP, 3-aminopropanal ; CNS, central nervous system; CHX, cycloheximide ; MPG, N-(2-mercapto-
propionyl)glycine ; ss, single-stranded.
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AP cytotoxicity by increasing lysosomal pH. A thiol compound,

N-(2-mercaptopropionyl)glycine, reacts with and neutralizes 3-

AP and significantly inhibits cytoxocity. Both amino and al-

dehyde functions of 3-AP are necessary for toxicity : the amino

group confers lysosomotropism and the aldehyde is important

for additional, presently unknown, reactions. We conclude that

3-AP exerts its toxic effects by accumulating intralysosomally,

causing rupture of these organelles and releasing lysosomal

enzymes which initiate caspase activation and apoptosis (or

necrosis if the lysosomal rupture is extensive). These results may

have implications for the development of new therapeutics

designed to lessen secondary damage arising from focal cerebral

ischaemia.

Key words: amine oxidase, 3-aminopropanal, apoptosis, cerebral

ischaemia, lysosome.

cytotoxic actions of 3-AP, particularly focusing on its possible

effects on lysosomal stability. During the last few years, lysosomal

destabilization with release of hydrolytic enzymes to the cytosol

has been raised as an upstream event preceding apoptosis

triggered by a variety of different agonists [8–17]. The initiation

of apoptosis may involve direct activation of procaspases by

released lysosomal proteases, especially cathepsins B, L and D.

Alternatively, cytoplasmic lysosomal enzymes may activate other

cytosolic proenzymes, activate BH3 interacting domain death

agonist or proteolytically attack mitochondrial membranes,

releasing cytochrome c [8,11–16,18,19].

We observed previously that lysosomotropic detergents, which

are concentrated inside lysosomes by the mechanism of proton

trapping, cause lysosomal rupture and ensuing apoptosis [12,15].

3-AP is an amino-containing aldehyde with a relatively high pK
a

value (approx. 9.3), increasing the possibility that its toxicity

might be due to accumulation within the lysosomal compartment.

The resultant high intralysosomal concentration of this reactive

aldehyde might lead to site-specific reactions with critical thiol

groups or to protein cross-linking with ensuing damage to

lysosomal integrity. To test this general concept, we have assessed

the lysosomotropic behaviour of 3-AP, its effects on lysosomal

stability and cellular concentrations of GSH, and the relationship

between these effects and apoptosis.

EXPERIMENTAL

Cells and experimental conditions

The human astrocytoma cell line, D384, was grown in Dulbecco’s

modified Eagle’s minimal medium containing 10% (v}v) foetal
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calf serum (Invitrogen, Paisley, U.K.). The cells were sub-

cultivated twice a week and used for experiments within 24 h of

the previous passage. All experiments were performed in 35 mm

culture dishes containing approx. 3¬10& cells with 1 ml of serum-

free medium (Opti-MEM I; Invitrogen) to prevent non-specific

interaction of 3-AP or propionaldehyde with serum proteins and

to mimic the very low protein levels typical of cerebrospinal fluid.

Cells were either exposed directly to various concentrations of

3-AP, prepared as described previously [3], or pretreated with

10 mM NH
%
Cl for 30 min (to alkalinize the acidic vacuolar

compartments) and then exposed to 3-AP in the continued

presence of NH
%
Cl for different periods of time. In some

experiments, cells were exposed for 24 h to various concentrations

of the corresponding lysosomotropic alcohol (3-aminopropanol)

or the related non-lysosomotropic aldehyde (propionaldehyde).

In additional experiments, cells were exposed to 3-AP in com-

bination with N-(2-mercaptopropionyl)glycine (MPG; Sigma,

St. Louis, MO, U.S.A.), which reacts with 3-AP to yield a non-

toxic thioacetal adduct [20]. MPG was added either together with

3-AP or up to 5 h after the addition of 3-AP.

To determine whether de no�o protein synthesis is required for

3-AP-induced apoptosis, some cells were pretreated for 3 h with

10–100 µM cycloheximide (CHX) and then exposed to 3-AP for

another 5 h in the continued presence of CHX.

Generation of antibodies against 3-AP-modified proteins

Antibodies were raised against 3-AP-modified proteins as de-

scribed previously [20]. In brief, a preparation of keyhole limpet

haemocyanin (weak haptens, such as 3-AP, require powerful

immunogenic carriers such as keyhole limpet haemocyanin) was

incubated with 200 µM (final concentration) of 3-AP in the

presence of 200 µM cyanoborohydride (to reduce the Schiff base)

for 16 h at 22 °C. The modified protein was purified by ultra-

filtration and three subsequent washes in PBS using Centricon-

10 membranes (Millipore, Bedford, MA, U.S.A.). The antigen

was inoculated into rabbits at Bio-synthesis Inc. (Lewisville, TX,

U.S.A.). Antibodies reactive against 3-AP-modified protein were

screened by dot blotting against standards of 3-AP-modified

BSA (Invitrogen). The rationale for making antibodies which

recognize 3-AP adducts was that in �i�o 3-AP will react rapidly

with both thiols and amine groups and most of this material will

therefore be present as protein adducts. The resultant antibodies

were reactive with 3-AP-modified BSA. The antibody was

unreactive against acrolein- and malonyldialdehyde-modified

BSA.

Immunocytochemistry of 3-AP-modified proteins

Intracellular localization of 3-AP in cells pre-exposed to 3-AP for

3 h was detected immunocytochemically using 3-AP antibodies.

In brief, cells were fixed for 20 min at 4 °C in 4% (w}v)

paraformaldehyde with 0.05% glutaraldehyde in Dulbecco’s

PBS. The fixed cells were rinsed with Tris-buffered saline (50 mM

Tris base}150 mM NaCl; pH 7.4) and permeabilized with 0.1%

saponin in PBS buffer. They were incubated with rabbit poly-

clonal antibodies (4 °C, overnight), which recognize 3-AP

modified proteins (see the methods described above), then with

secondary antibodies (alkaline phosphatase-conjugated goat

anti-rabbit) at room temperature (22 °C) for 1 h. The antibody

reaction was visualized by demonstration of the conjugated

alkaline phosphatase, using 4-benzoylamino-2,5-diethoxybenzene

diazonium chloride as a substrate.

Assessment of apoptosis

For morphological assessment, cultured cells were either directly

viewed by phase-contrast light microscopy or fixed in 4% (w}v)

formaldehyde and stained with Wright-Giemsa, and then

examined by light microscopy. By morphologic criteria, shrunken

cells with pycnotic or fragmented nuclei were considered apop-

totic. Digitized images of the cells were obtained using a Nikon

Microphot-SA microscope (Nikon, Tokyo, Japan) equipped

with a Hamamatsu (Bridgewater, NJ, U.S.A.) C4742-95 digital

camera.

Apoptotic cell death was determined by detection of single-

stranded DNA (ssDNA) using a specific anti-ssDNA monoclonal

antibody (Alexis, San Diego, CA, U.S.A.). The cells were fixed

overnight in methanol, incubated in formamide for 20 min at

56 °C and transferred to ice-cold Tris-buffered saline for another

10 min. The anti-ssDNA monoclonal antibody was applied

for 30 min at room temperature and followed by peroxidase-

conjugated anti-mouse IgM for 30 min. The antibody binding

was detected with 3,3«-diaminobenzidine tetrahydrochloride.

Non-specific immunoreactions were blocked with 3% (w}v)

non-fat dry milk before exposure to the primary antibody. The

cells were examined and digitized images were obtained by light

microscopy as above. Apoptotic cells showed brown nuclei.

Caspase activation was assessed using an FITC conjugate

of the cell-permeant pan caspase inhibitor, VAD-FMK

(caspACETM FITC-VAD-FMK In Situ Marker; Promega Bio-

siences, San Luis Obispo, CA, U.S.A.), which irreversibly binds

to activated caspases. Cells with activated caspases show an

intense green fluorescence. Digitized micrographs (see above)

were taken in fluorescence mode using blue light excitation, and

fluorescence intensity}cell was estimated using the Adobe Photo-

shop (5.5) computer program.

Determination of lysosomal stability by Acridine Orange (AO)
staining

Lysosomal integrity was assessed by the AO uptake technique as

described previously [8,12,21]. After exposure to 3-AP, cells were

exposed to AO (5 µg}ml) for 15 min at 37 °C, rinsed in complete

culture medium and examined by either confocal laser scanning

microscopy or by static cytofluorometry. AO is a lysosomotropic

base and a metachromatic fluorophore that accumulates in the

acidic lysosomal compartment due to proton trapping. After

exposure to low concentrations of AO, normal cells exhibit a

strong red granular (lysosomal) fluorescence on excitation with

either blue or green light.

Immunocytochemistry of lysosomal cathepsin B

Intracellular release of the lysosomal cysteine protease, cathepsin

B, was detected immunocytochemically. Normal and treated

cells were fixed and permeabilized as described above. Polyclonal

goat anti-human cathepsin B (1:200 dilution; Santa Cruz Bio-

technology, Santa Cruz, CA, U.S.A.) was used as the primary

antibody (4 °C, overnight). Non-specific immunoreactions were

blocked with swine serum before addition of the primary

antibody. Cells were then treated with an alkaline phosphatase-

conjugated swine anti-goat antibody for 1 h at room temperature.

The antibody reaction was visualized by 4-benzoylamino-2,5-

diethoxybenzene diazonium chloride. As a negative control, the

primary antibody was omitted. The samples were examined by

light microscopy and images were obtained as described above.
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Measurement of intracellular GSH

Cells exposed to 3-AP, propionaldehyde or to 3-AP and NH
%
Cl

in combination were scraped in 0.5 M HClO
%
, containing 1 mM

EDTA and centrifuged at 500 g for 10 min at 4 °C. GSH in the

supernatant was assayed by HPLC using electrochemical de-

tection as described previously [22,23]. GSH concentration was

calculated with reference to a standard curve.

Statistical analysis

Since data showed evidence of skewing, non-parametric tests, the

Mann–Whitney U test and the Kruskal–Wallis analysis, were

used for comparisons between groups and multiple groups

respectively. Differences were considered significant at values of

P% 0.05. Results are given as means³S.E.M. Unless otherwise

stated, n& 3.

RESULTS

3-AP-induced cytotoxicity

Preliminary experiments were performed to establish the toxicity

of 3-AP against D384 cells. We used Trypan Blue exclusion in

combination with Giemsa staining to estimate cell viability,

apoptosis (pycnotic nuclei within cells excluding Trypan Blue)

and necrosis (swollen nuclei within cells stained blue by Trypan

Blue). The results showed that 3-AP caused a dose- and time-

dependent cytotoxicity (results not shown), with 3-AP concen-

trations of ! 50 µM causing little or no toxicity even after

prolonged exposure (" 8 h), whereas 100 µM induced necrosis

within 3–5 h (approx. 70 and 90% necrotic cell death respect-

Figure 1 Immunocytochemical detection of 3-AP-modified proteins using
polyclonal antibodies prepared against 3-AP-modified keyhole limpet
haemocyanin

Note granular reaction product with a typical lysosomal size and distribution pattern (cf. also

Figure 3) in 3-AP-exposed cells, whereas control cells show few such granular structures.

Original magnification ¬1000.

Figure 2 3-AP-induced lysosomal destabilization

Control and 3-AP-treated (75 µM) cells were stained with AO and examined by confocal laser-

scanning microscopy using blue light excitation. Note the decreasing numbers of intact (red)

lysosomes, especially after 3 h exposure to 3-AP, as well as enhanced nuclear and cytoplasmic

green fluorescence (reflecting decreased pH perhaps arising from lysosomal rupture). Original

magnification ¬600.

ively). At a dose of 75 µM, some cell shrinkage and nuclear

condensation was observed at 3 h and most cells became morpho-

logically apoptotic within 5 h (cellular shrinkage, membrane

budding and nuclear pycnosis with intact plasma membranes).

Thus to track more precisely the time course of the various

cellular effects, 75 µM 3-AP was used in most of the following

experiments. It was reported previously [20] that endogenous

brain levels of 3-AP after damage could be up to approx.

350 µM, which is higher than in the present study on astrocytoma

cells in �itro. In �i�o conditions are more complicated and not

directly comparable with a simple cell culture situation.
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Figure 3 Pattern of cathepsin B immunoreactivity in control and 3-AP-exposed cells

Most control cells (A) displayed a few cathepsin B-containing granules (lysosomes). Exposure to 3-AP for 3 h (B–D) caused an enhanced granular cathepsin B immunoreactivity and resulted in

free cytosolic and nuclear relocation of the lysosomal enzyme in both morphologically normal and apoptotic cells. Diffuse cathepsin B immunoreactivity of the cytosol and nuclei was a consistent

finding in apoptotic cells (D). Original magnification ¬1000.

Immunocytochemical localization of intracellular 3-AP

To determine whether 3-AP might selectively localize within

particular intracellular compartments, we performed immuno-

cytochemical localization of 3-AP-modified proteins. As shown

in Figure 1, antibodies recognizing 3-AP-modified protein exhi-

bited a typical lysosomal pattern of the reaction product. In

contrast, control cells showed only a weak, generally diffuse

pattern of reaction, providing support for the idea that 3-AP

might act as a lysosomotropic toxin.

Destabilization of lysosomal membranes and relocation of
lysosomal cathepsin B by 3-AP

To determine whether 3-AP might affect lysosomal stability,

lysosomal integrity was assayed by the AO-uptake test using

both static cytofluorometry and confocal microscopy. The results

(Figure 2) show that 3-AP does cause lysosomal rupture and this

occurs well before the onset of detectable apoptosis.

Lysosomal integrity was assessed by immunocytochemical

studies of cathepsin B. Most untreated control cells displayed a

faint granular immunoreactivity to anti-cathepsin B antibodies,

mainly in the periphery of the cell, reflecting the normal lysosomal

localization of this protease (Figure 3A). In contrast, exposure to

3-AP caused diffuse cytosolic cathepsin B immunoreactivity in

almost all cells (morphologically normal and apoptotic cells

alike ; Figures 3B–3D). Interestingly, in apoptotic cells, immuno-

reactive cathepsin B also appeared within the condensed nuclei

(Figure 3D).

Overall, these findings suggest that 3-AP causes early lysosomal

destabilization and release of lysosomal enzymes, such as cathep-

sin B, followed by more extensive lysosomal rupture and finally

apoptosis. The increased cathepsin B immunoreactivity, and its

relocation to nuclei, also has been described in apoptosis induced

by 7-oxysterols [21] and may play a presently unknown role in

the apoptotic process.

Apoptosis induced by 3-AP and protection by NH4Cl

3-AP caused typical apoptotic cell death, detectable after 3 h and

marked after 5 h of continuous exposure to this cytotoxin. Most

of this cell death was apoptotic as indicated by caspase activation

(Figures 4A and 4B), cleavage of ssDNA (Figure 4C), and

formation of pycnotic nuclei inGiemsa-stained specimens (Figure

4D).

To assess further the possible importance of 3-AP accumu-

lation within the acidic lysosomal environment and the role of

lysosomal destabilization in apoptotic and necrotic cell death,

some cultures were pretreated with 10 mM NH
%
Cl for 30 min

before being exposed to 75 µM (apoptosis) or 100 µM (necrosis)

3-AP in the continued presence of NH
%
Cl. Under such cir-

cumstances, NH
$

(pK
a
¯ 9.25) is formed and diffuses into the

cells and the lysosomes. In the latter compartment, the base

becomesprotonatedandtrappedasNH
%

+, substantially increasing

the lysosomal pH [24,25] and preventing the accumulation of

other lysosomotropic substances, such as 3-AP. In support of the

requirement for lysosomal concentration of 3-AP in the causation

of cellular toxicity, NH
%
Cl significantly protected cells against

apoptosis (Figures 4A–4D), and almost fully preserved cell

morphology, even after exposure to 100 µM 3-AP (results not

shown). It appears that the entry of 3-AP into cells (and,

therefore, its cytotoxicity) is not instantaneous. In some experi-

ments, cells were treated with 3-AP with}without NH
%
Cl for

1–3 h, washed and returned to standard culture conditions. Cell

morphology was analysed by light microscopy on Giemsa-stained
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Figure 4 Caspase activation, DNA fragmentation, apoptotic morphology and protective effects of NH4Cl in cells exposed to 3-AP for 3–5 h

(A) Caspase activation was detected using FITC-VAD-FMK. Original magnification ¬600. (B) Fluorescence intensity was also quantified from digitized micrographs using the Adobe Photoshop2
computer program. N, NH4Cl treatment. (C) DNA fragmentation was assayed using an antibody to ssDNA (positive cells indicated by arrows). Original magnification ¬400. (D) Quantification of

apoptotic cells in Giemsa-stained preparations using light microscopy and morphological criteria. Significant differences from control groups are indicated (*P ! 0.05, **P ! 0.01).

Figure 5 Depletion of intracellular GSH by 3-AP

D384 cells were exposed to 3-AP for up to 5 h with or without NH4Cl, lysed as described in

the Experimental section and GSH was analysed by HPLC. Note similar GSH depletion between

groups, indicating that NH3/NH4
+ does not directly interfere with 3-AP and that temporary GSH

depletion is not cytocidal. N, NH4Cl treatment ; *P ! 0.05 versus 0 h controls.

cultures 15 h later. No morphologically significant alterations

were observed in cells exposed for 2 h to 3-AP, whereas an

exposure for 3 h gave rise to pronounced apoptotic morphology

that was prevented by NH
%
Cl (results not shown).

In apoptosis of CNS cells caused by certain other agonists, de

no�o protein synthesis appears to be required [26]. However, in

the present instance, cells pretreated with CHX (which by itself

had no toxic effect after up to 8 h incubation) were not protected

against 3-AP (75 µM); rather they showed a somewhat higher

frequency of necrosis (results not shown). The lack of protective

effect by CHX suggests that no protein synthesis is needed for

apoptosis in thismodel, which indicates that preformed proteases,

such as caspases and}or cathepsins, are sufficient to perform the

apoptotic process.

Overall, these results indicate that (i) cells are capable of

surviving limited release of lysosomal enzymes (such as that

released within 2–3 h of exposure to 3-AP), (ii) more extensive

lysosomal rupture leads inexorably to apoptosis and (iii) in-

creasing the lysosomal pH prevents cell death due to decreased

intra-lysosomal accumulation of 3-AP and consenquent reduced

interaction with protein thiol groups.

GSH depletion by 3-AP and propionaldehyde

In considering plausible direct reactions that might explain the

toxicity of 3-AP, we hypothesized that, as an aldehyde, 3-AP

might undergo nucleophilic addition reactions with thiols such as

GSH. If so, one possible explanation for the cytotoxicity of 3-AP

would be simple depletion of cellular GSH. Indeed, as shown in

Figure 5, cells exposed to 3-AP do show a profound decrease

in GSH. However, these large decrements in GSH may not be

causally related to either lysosomal destabilization or ensuing

apoptosis, because pre-exposure of the cells to NH
%
Cl, which

prevents apoptosis, did not suppress 3-AP-induced GSH de-

pletion. This indicates that GSH depletion is not involved in the

early stages of apoptotic cell death and is in accord with a

previous study that C6 glioma cells remain viable after glutamate-

induced GSH depletion [27]. This result also excludes the unlikely

possibility that the added ammonium might somehow directly

neutralize the 3-AP. Furthermore, a dramatic (approx. 90%)

and more rapid depletion of GSH occurred after 30 min of

exposure to propionaldehyde. However, on further incubation,
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Figure 6 Prevention of 3-AP-induced cell death by MPG

(A) D384 cells were treated for different periods of time with 3-AP in the presence or absence of 150 µM MPG and then stained with Giemsa. MPG was added 1–5 h after initiation of 3-AP

exposure (75 µM) as indicated, and cells were stained after a total incubation time of either 6 h (left) or 24 h (right). Note that not until cells had been exposed to 3-AP for more than 3 h before

MPG addition did MPG fail to protect. Left panel : *P ! 0.05 versus 3-AP (6 h). Right panel : *P ! 0.05 versus None and 3-AP (1 h)MPG (23 h). (B) After exposure to 100 µM 3-AP for 1 h,

cells were treated with MPG for another 5 h. a, Control ; b, 3-AP treated cells ; c, MPG and 3-AP treated cells. Note well-preserved cells in ‘ c ’.

GSH levels rebounded to 50–70% after 3 h exposure and to

almost normal levels after 5 h, and cell viability was not affected.

3-AP cytotoxicity is dependent on both the lysosomotropic amine
and the aldehyde moieties

In an effort to determine the nature of the cytotoxic principle

involved, we tested the importance of both the aldehyde and

amine functionalities of 3-AP by exposing cells to propion-

aldehyde (an aldehyde which is non-lysosomotropic) and 3-

aminopropanol (a lysosomotropic alcohol). In the concentrations

tested (0–200 µM), neither of these compounds showed any

cytotoxicity during a 24 h period, suggesting that the toxicity of

3-AP requires both lysosomotropism and an aldehydic moiety.

We should, however, note that at concentrations above 300 µM

propionaldehyde did have cytotoxic effects within 24 h, perhaps

due to long-term depletion of cellular GSH.

The depletion of intracellular GSH caused by 3-AP suggests

that other thiol compounds which might similarly react with 3-

AP might be cytoprotective. Indeed, the 3-AP toxicity was fully

blocked when the cells were either exposed to 3-AP (75 µM),

together with MPG or first to 3-AP for less than 3 h before the

addition of MPG (Figure 6A). MPG also fully protected cells

exposed to 100 µM 3-AP (Figure 6B). However, if the addition

of MPG was delayed for more than 3 h, a time-dependent loss of

protection was observed. The MPG-induced protection probably

reflects the formation of a non-toxic thioacetal adduct between

the carbonyl function of 3-AP and the thiol group of MPG [20].

These results provide further support for the conclusion that

the toxicity of 3-AP depends on the simultaneous presence of

both the lysosomotropic amine and the aldehyde groups. Fur-

thermore, these observations suggest that 3-AP penetrates into

lysosomes slowly, which might provide time during which

administration of MPG or similar 3-AP neutralizing agents

might be therapeutically effective.

DISCUSSION

After ischaemic or traumatic insult to theCNS, death of ‘ innocent

by-stander’ cells adjacent to the areas directly affected, the so-

called ‘penumbra’, can occur and this secondary cell death may

constitute most of the total damage. This suggests that the cells

that die as a result of direct ischaemic damage may produce one

or more cytotoxins, which then cause this death in the penumbra.

In this regard, we observed previously that, consequent to

ischaemia, there is activation of polyamine oxidases and form-

ation of the amino-aldehyde 3-AP, which is a potent cytotoxin [3].

Polyamine oxidase, being a possibly involved amine oxidase, is

selectively inactivated by MDL 72527 [28,29], which at moderate

concentration has been shown to provide neuroprotection after

traumatic brain injury in rat models [5,30]. Interestingly, at high

concentration, MDL 72527 may induce apoptosis by lysosomo-

tropic effects [31]. However, the processes leading to the form-

ation of 3-AP and the mechanisms behind 3-AP cytotoxicity are

not known in detail [5]. One obvious possibility involves nucleo-

philic addition reactions with cellular thiols such as protein thiol

groups and GSH. In partial support of this, we did observe a

profound decrease in the GSH content of cells exposed to 3-AP.

However, this alone does not explain the cytotoxic effects of 3-

AP, because a similar decrease in GSH occurs both in NH
%
Cl

pre-exposed cells (which are protected against 3-AP toxicity) and

in cells exposed to the closely related, but far less-toxic aldehyde,
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propionaldehyde (which lacks only the lysosomotropic, weak

base functionality of the amine group).

An additional potential mechanism of 3-AP toxicity involves

the spontaneous formation of acrolein from 3-AP [32]. In at least

three different cell lines, micromolar amounts of acrolein have

been found to block DNA synthesis over an incubation period of

48 h. However, we calculated (from data in [32]) that ! 3 µM

acrolein would form during our incubations. In additional

experiments (results not shown), we found no cytotoxicity when

cells were exposed to acrolein for 6 h at concentrations up to

10 µM. In agreement with this, similar low concentrations of

acrolein, while inhibiting cell proliferation, have been reported

not to cause cell death [33]. Finally, it is unlikely that inclusion

of NH
%
Cl in the culture medium, shown here to provide almost

full protection from 3-AP toxicity, would prevent acrolein-

induced cytotoxicity.

The structure of 3-AP and its pK
a
value (approx. 9.3) suggest

that it should be a lysosomotropic compound that could become

highly concentrated within lysosomes [34]. The resulting elevated

concentration of a reactive aldehyde within lysosomes might

then focus damage on this particular organelle. Indeed, immuno-

cytochemically a high lysosomal concentration of 3-AP-modified

proteins was detected. In support of the importance of lysosomal

concentration of the 3-AP, pretreatment of cells with NH
%
Cl

(10 mM), which increases lysosomal pH to approx. 6.3 [25] and,

thus greatly diminishes ion trapping of 3-AP [35,36], does protect

cells against cell death, both apoptotic and necrotic. At a

lysosomal pH of approx. 6.3, the amount of trapped 3-AP would

be approx. 100 times less than that at pH 4.5, according to the

Henderson–Hasselbach equation (pH¯pK
a
log [base]}[acid]).

Overall, our experimental results suggest a close association

between 3-AP-mediated lysosomal destabilization and cell death.

In fact, we have suggested previously that release, into the

cytosol, of hydrolytic lysosomal enzymes, in moderate amounts,

may be an early upstream event in the apoptotic process [12,14].

The released lysosomal enzymes may then directly activate the

caspase cascade, attack mitochondria causing release of cyto-

chrome c and other apoptosis-inducing factors, activate BH3

interacting domain death agonist or activate still unidentified

cytosolic lytic proenzymes that, in turn, contribute to further

mitochondrial and lysosomal rupture [8–19]. In the present

study, we show that 3-AP does, indeed, engender lysosomal

leakage and rupture, although the precise events involved in this

process remain unknown. Certainly, one possibility is that

aldehydic attack on thiol-containing proteins, such as the lyso-

somal membrane proton pump [36], is involved. Inactivation of

this proton pump and, therefore, of proton translocation is

known to result in lysosomal rupture [37].

The observation that compounds such as MPG can effectively

prevent 3-AP toxicity may have therapeutic implications.

Administration of this, or related, thiol-containing drugs (es-

pecially if made lysosomotropic and with a pK
a

value allowing

them to penetrate cells comparatively rapidly) soon after ischae-

mic or traumatic injury to the CNS may be effective in preventing

the secondary death of adjacent cells, thereby minimizing CNS

damage. Because the pK
a
value of 3-AP is approx. 9.3, most of

it would be protonated already at neutral pH and, consequently,

its uptake into cells and lysosomes in significant amounts would

be comparatively slow, especially when it occurs at low concen-

trations [34] [ammonium, having about the same pK
a
value as 3-

AP but here added in a much higher concentration (10 mM),

would build up a significant intra-lysosomal concentration much

quicker than 3-AP at 75 µM]. Another explanation for the

observed delayed cytotoxicity of 3-AP by ammonium may be

that it reacts only slowly with thiol groups. This delay, however,

might be an advantage inasmuch as it may allow time to

administer therapeutic agents such as MPG, which, by complexa-

tion of 3-AP, may prevent death in the penumbra and lessen the

extent of ischaemic damage to the CNS.
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