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Sphingosine-induced apoptosis is dependent on lysosomal proteases

Katarina KAGEDAL, Ming ZHAO, Iréne SVENSSON and UIf T. BRUNK'
Division of Pathology II, Faculty of Health Sciences, Linkoping University, Linkdping, Sweden

We propose a new mechanism for sphingosine-induced apoptosis,
involving relocation of lysosomal hydrolases to the cytosol.
Owing to its lysosomotropic properties, sphingosine, which is
also a detergent, especially when protonated, accumulates by
proton trapping within the acidic vacuolar apparatus, where
most of its action as a detergent would be exerted. When
sphingosine was added in low-to-moderate concentrations to
Jurkat and J774 cells, partial lysosomal rupture occurred dose-
dependently, starting within a few minutes. This phenomenon
preceded caspase activation, as well as changes of mitochondrial
membrane potential. High sphingosine doses rapidly caused
extensive lysosomal rupture and ensuing necrosis, without ante-
cedent apoptosis or caspase activation. The sphingosine effect
was prevented by pre-treatment with another, non-toxic, lysoso-

motropic base, ammonium chloride, at 10 mM. The lysosomal
protease inhibitors, pepstatin A and epoxysuccinyl-L-leucyl-
amido-3-methyl-butane ethyl ester (‘ E-64d’), inhibited markedly
sphingosine-induced caspase activity to almost the same degree
as the general caspase inhibitor benzyloxycarbonyl-Val-Ala-DL-
Asp-fluoromethylketone (‘Z-VAD-FMK’), although they did
not by themselves inhibit caspases. We conclude that cathepsin
D and one or more cysteine proteases, such as cathepsins B or L,
are important mediators of sphingosine-induced apoptosis, work-
ing upstream of the caspase cascade and mitochondrial mem-
brane-potential changes.

Key words: cathepsins, lysosome, lysosomotropic detergents,
mitochondrion, necrosis.

INTRODUCTION

Apoptosis is a physiologically and morphologically distinct
process that eliminates cells without inducing an inflammatory
response. This type of cell death occurs, for example, during
embryonic development and organ remodelling. Disturbed apop-
tosis is involved in a variety of pathological conditions, such as
cancer, AIDS and many autoimmune and degenerative diseases

C
/lk/ (CH2)nCH3
NH Ceramide
OH N (CHz)12CH3
OH
NH,
OH X~ (CH2hCHy  Sphingesine

OH  Estimated pKa 6.7-8.4

Figure 1 Structures of ceramide and sphingosine

Note the detergent-type structure of sphingosine, with a polar head and a long lipophilic tail.
Also note the -NH, group within the polar head, conferring lysosomotropic properties (pK;
6.7—8.4) that would aid its intralysosomal accumulation by proton-trapping.

[1-3]. Morphological and biochemical hallmarks of apoptosis
include cytoplasmic blebbing, nuclear pycnosis and fragmen-
tation, caspase activation and mitochondrial leakage to the
cytosol of cytochrome ¢ and other apoptosis-activating factors
[4,5].

One mechanistic pathway proposed for apoptosis involves
sphingolipids such as sphingosine and different ceramides, some
of which are also involved in the regulation of calcium homoeo-
stasis and proliferation [6,7]. Sphingolipids occur in the mem-
branes of all eukaryotic cells, and recently have been shown to
mediate apoptosis following ligation of the Fas receptor and the
p55 [tumour necrosis factor (TNF)] receptor (TRS55), as well as
when added to cells in culture [8§-10]. Recent evidence indicates
that TRS55 ligation activates the lysosomal enzyme, acid sphingo-
myelinase (A-SMase) [11], allowing formation of ceramide and,
after further ceramidase-dependent cleavage, of sphingosine. It
also was shown recently [12] that sphingosine and ceramide bind
to and activate the lysosomal pro-form of cathepsin D, which
provides a link between lysosomal proteolytic enzymes and
TNF-induced apoptosis.

A series of previous studies from our laboratory have shown
that lysosomes have an important role in apoptosis. A partial
rupture of the lysosomes occurs during the early phase of
apoptosis, when this process is initiated by agonists, such as
oxidative stress, selective lysosomal photo-oxidation, the artificial
lysosomotropic detergent o-methyl serine dodecylamide hydro-
chloride (‘MSDH”), oxidized low-density lipoprotein, growth-
factor withdrawal and Fas activation [13-19]. This rupture, and
the resultant leakage to the cytosol of lysosomal contents, were
found to take place before other processes thought to be involved
in apoptosis, such as caspase activation and mitochondrial
leakage of cytochrome ¢ [16-24]. These findings, together with
the fact that sphingosine, with an estimated pK, value of between

Abbreviations used: Ac-DEVD-AMC, N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methyl coumarin; AO, Acridine Orange; A-SMase, acid sphingomyelinase;
E-64d (EST), epoxysuccinyl-L-leucylamido-3-methyl-butane ethyl ester; FBS, fetal bovine serum; LEHD-AFC, Leu-Glu-His-Asp-7-amino-4-trifluoromethyl
coumarin; LY, Lucifer Yellow; NAG, N-acetyl-#-glucosaminidase; Rh-123, rhodamine-123; TNF, tumour necrosis factor; TR55, p55 TNF receptor;

Z-VAD-FMK, benzyloxycarbonyl-Val-Ala-oL-Asp-fluoromethylketone.
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6.7 and 8.4 ([25,26] and R. A. Firestone, personal communi-
cation), has detergent as well as lysosomotropic properties owing
to its long hydrophobic tail and polar head containing a proton-
trapping amino group [27], led us to hypothesize that sphingosine
induces apoptosis via lysosomal rupture (Figure 1). At the acidic
pH (= 4.5) of lysosomes, the charged form of sphingosine would
predominate over the uncharged form by > 100-fold and,
therefore, accumulate heavily intralysosomally. Moreover, by
protonation of its hydrophilic end, its capacity to act as a
detergent would increase drastically, analogous to what has been
shown for synthetic lysosomotropic detergents [17,28,29].

Here we provide evidence to support this hypothesis, and
propose that sphingosine causes relocation of proteases from the
acidic vacuolar compartment to the cytosol, which activates
the apoptotic cascade, either by direct proteolytic activation of
pro-caspases [30], via other cytosolic lytic pro-enzymes or pro-
apoptotic proteins [18,31], or via proteolytic attack on mito-
chondrial membranes, with ensuing release of pro-apoptotic
factors, such as cytochrome ¢ and apoptosis-inducing factor
(‘AIF’). [20-23,32].

MATERIALS AND METHODS
Reagents

Fetal bovine serum (FBS) and culture media (RPMI 1640 and F-
10) were from Gibco BRL (Paisley, Renfrewshire, Scotland,
U.K.). Glutamine, penicillin G and streptomycin were from
Flow Laboratories (Rickmansworth, Herts., U.K.). Acridine
Orange (AO) was from Gurr (Poole, Dorset, U.K.), while
epoxysuccinyl-L-leucylamido-3-methyl-butane ethyl ester (E-
64d; also known as EST), Lucifer Yellow (LY) and rhodamine
123 (Rh-123) were from Sigma (St Louis, MO, U.S.A.). N-
Acetyl-Asp-Glu-Val-Asp-7-amino-4-methyl ~ coumarin  (Ac-
DEVD-AMC) was from Pharmingen (San Diego, CA, U.S.A)),
and Leu-Glu-His-Asp-7-amino-4-trifluoromethyl  coumarin
(LEHD-AFC) was from R&D Systems (Minneapolis, MN,
U.S.A.). Sphingosine, benzyloxycarbonyl-Val-Ala-DL-Asp-
fluoromethylketone (Z-VAD-FMK) and pepstatin A were from
Calbiochem (San Diego, CA, U.S.A.), and Annexin V-FLUOS™
and 4-methylumbelliferyl-2-acetamido-2-deoxy-£-D-glucopyran-
oside were from Boehringer Mannheim (Mannheim, Germany).

Cells and culture conditions

Jurkat T-lymphoma cells were obtained from the European
Collection of Animal Cell Cultures (ECACC; Salisbury, Wilts.,
U.K.). Cells were grown in suspension in plastic flasks (Costar,
Cambridge, MA, U.S.A.) at 37 °C in humidified air with 59
CO, in RPMI 1640 culture medium containing 109, (v/v) FBS,
10 mM Hepes, 2 mM glutamine, 50 units/ml penicillin G and
50 pg/ml streptomycin. The cells were maintained at a density of
(0.3-0.9) x 10% cells/ml medium, subcultivated three times a
week, and then used for experiments 24 h after subcultivation.
J774 cells, a murine macrophage-like cell-line, were obtained
from the Coriell Institute (Camden, NJ, U.S.A.), and were
cultured in plastic flasks in F-10 culture media [supplemented
with 10 9%, (v/v) FBS, 2 mM glutamine, 50 units/ml penicillin G
and 50 ug/ml streptomycin] at 37 °C in humidified air with 59,
CO,. The cells were subcultivated once a week, and used for
experiments 24 h later at a density of 15000 cells/cm?.

Lysosomal stability assay

Utilizing the AO uptake and relocation methods, cells were
exposed to the lysosomotropic weak base AO as described
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previously [13-19,33,34]. Owing to proton trapping, this vital
dye accumulates mainly in the acidic vacuolar apparatus, prefer-
entially in secondary lysosomes. AO is also a metachromatic
fluorophore. When excited by blue light (relocation method), it
shows red fluorescence at high (lysosomal) concentrations and
green fluorescence at low (nuclear and cytosolic) concentrations.
If, however, green excitation light is used (uptake method), only
concentrated (lysosomal) AO is demonstrated by its red or
orange fluorescence. Rupture of initially AO-loaded lysosomes
may be monitored as an increase in cytoplasmic diffuse green, or
a decrease in granular red, fluorescence. The number of intact
lysosomes (assayed as red fluorescence following excitation with
green light) was monitored by both static and flow cyto-
fluorimetry, as described previously [16—19].

For imaging, J774 cells (Jurkat cells are round and their
lysosomes cannot easily be focused) were grown on coverslips
and exposed to sphingosine (15-60 M) for 30 min. The cells
were then loaded with AO, and pictures were obtained using a
488 nm argon laser in a LSM410 confocal microscope (Ziess,
Jena, Germany). Microscopy was performed using a red channel
(590 nm barrier filter) and a x 63/1.25 Plan-Fluar lens.

In some experiments, cells were pre-treated with 10 mM
ammonium chloride for 30 min (to raise lysosomal pH, thereby
preventing sphingosine uptake), and then exposed to sphingosine
in the continued presence of ammonium chloride.

J774 cells were grown on coverslips and exposed to LY
(0.25 mg/ml medium), a bright fluorochrome and a marker of
endocytosis, for 30 min under otherwise standard culture con-
ditions. The cells were kept for a further 4 h in medium lacking
the marker molecule (to obtain selective labelling of secondary
lysosomes) and, finally, were exposed to 30 xM sphingosine for
1 or 2 h. Images were obtained using a Nikon microphot-SA
fluorescence microscope (Nikon, Tokyo, Japan) equipped with a
Hamamatsu (Bridgewater, NJ, U.S.A.) C4742-95 digital camera,
and stored on a PC hard disk.

A rat liver lysosomal-mitochondrial (0.6 mg protein/ml) frac-
tion (in 300 mM sucrose with 2 mM Hepes, pH 7.4, and 5 mM
MgCl,) was incubated with sphingosine (0-100 xM) at 37 °C for
0-90 min, and then centrifuged at 10000 g for 10 min. The
activity of a lysosomal-marker enzyme, N-acetyl-S-glucosamini-
dase (NAG), was assayed as described previously [35] using 4-
methylumbelliferyl-2-acetamido-2-deoxy-/-D-glucopyranoside
as a substrate, and then expressed as the percentage of activity in
the supernatant over total activity of the fraction [lysosomal
rupture was induced by 0.1 9, (w/v) Triton X-100].

Detection of cell death
Morphology and plasma membrane stability (light microscopy)

Cell death was induced by exposing the cells to various con-
centrations of sphingosine under otherwise standard culture
conditions. Cellular membrane permeability was assayed using
the Trypan Blue (0.059%,) and propidium iodide (1 ug/ml) dye
exclusion tests; stained cells were considered to be either post-
apoptotic necrotic or primarily necrotic. The frequency of cells
with apoptotic or necrotic morphology (cytoplasmic budding
and pycnotic or fragmented nuclei as measured against mem-
branous rupture and cellular/nuclear swelling respectively) was
also estimated.

Phosphatidylserine exposure and plasma membrane stability (flow
cytofluorometry)

Jurkat cells were stained with a combination of 2 xl of Annexin
V-FLUOS® and 2 ul of propidium iodide (1 ug/ml final con-
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Figure 2 Analysis of apoptotic and necrotic cell death by morphology, phosphatidylserine expression, Trypan Blue and propidium iodide dye-exclusion

studies

Jurkat cells were exposed to 0-50 xM sphingosine for 3 h, and the rate of apoptosis and necrosis was evaluated by (A) morphology in combination with Trypan Blue staining and by (B) flow-
cytometric analysis of phosphatidylserine exposure, assaying the binding of FITC-conjugated annexin V in combination with propidium iodide exclusion. Jurkat cells also were exposed to 10 xM
sphingosine for up to 5 h and, again, analysed for dying and already dead cells (apoptosis and necrosis) by (C) morphology and (D) flow cytofluorometry. For methodological details, see the Materials

and methods section. Values shown are means+S.D. (n = 3).

centration) in 100 1 of incubation buffer [10 mM Hepes
(pH 7.4)/140 mM NaCl/5 mM CacCl,] for 10 min on ice. Cells
(10° per sample) were then analysed in a flow cytofluorometer
(Becton Dickinson, Mountain View, CA, U.S.A.) using Lysys II
software. Cells binding annexin but not stained by propidium
iodide were considered to be apoptotic, whereas cells with an
increased propidium iodide fluorescence with or without bound
annexin were considered to be post-apoptotic necrotic or simply
necrotic.

Activation of caspases

Caspase activation was determined using substrates that are
cleaved into fluorescent reaction products by caspase-9 or -3-like
proteases. For analysis of caspase-3-like activity, cells were
collected and lysed in 100 ul of lysis buffer containing 10 mM
Tris/HCL, pH 7.5, 130 mM NaCl, 19, (w/v) Triton X-100 and
10 mM sodium pyrophosphate. The lysate was incubated with
20 uM Ac-DEVD-AMC in reaction buffer [20 mM Hepes/10 9%,
(v/v) glycerol/2 mM dithiothreitol] at 37 °C for 1 h. The fluores-
cence intensity (expressed as arbitrary units/ug protein) of
liberated AMC (7-amino-4-methyl coumarin) was measured
using spectrofluorimetry (excitation wavelength 380 nm; emis-
sion wavelength 435 nm). Protein was assayed by the method of
Lowry. Caspase-9-like activity was analysed using LEHD-AFC

as a substrate, according to the manufacturer’s instructions. The
cell lysate was incubated at 37 °C for 1 h with the substrate.
Fluorescence intensity of liberated AFC (7-amino-4-trifluoro-
methyl coumarin) was measured using spectrofluorimetry (ex-
citation wavelength 400 nm; emission wavelength 505 nm), and
values were expressed in arbitrary units/ug protein. It is recog-
nized that overlapping with respect to substrate specificity might
occur between caspases when crude cell preparations are used.

Inhibition experiments

Pepstatin A was dissolved in water-free DMSO (25 mM stock
solution), and aliquots were added to the culture medium to
obtain final concentrations of 1 M, which was found to be
optimal. E-64d was dissolved in DMSO (10 mM stock solution)
and added to the culture medium to a final optimal concentration
of 10 uM. Pre-treatment with pepstatin A and E-64d was initiated
2-16 h before ensuing sphingosine exposure; the inhibitors were
also present during sphingosine exposure.

Cathepsin B- and D-like activities were determined as described
by Barrett and Kirschke [36], using benzyloxycarbonyl-Arg-Arg-
AMC and haemoglobin respectively as the substrate.

Both pepstatin A and E-64d were tested for their influence on
active caspase-3 protease in test-tube experiments.

© 2001 Biochemical Society
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Figure 3 Analysis of lysosomal stability on whole cells
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A decrease in lysosomal (red) and an increase in cytosolic (green) fluorescence of AO-stained cells reflecting lysosomal rupture. (R) Static cytofluorimetry of lysosomal red fluorescence in Jurkat
cells, initially loaded with the lysosomotropic weak base AQ and then exposed to 10-50 M sphingosine for 10 min. The increase in red fluorescence following exposure to 10 #M sphingosine
reflects expansion of the acidic vacuolar apparatus due to reparative autophagocytosis. Green light excitation was used. (B) Flow-cytometric analysis of cytosolic green fluorescence in Jurkat cells
initially loaded with AO and then exposed to 10 M sphingosine. Blue light excitation was used. The decline in green fluorescence at 10 min (compared with the value at 5 min) for the higher
(25 and 50 z«M) sphingosine concentrations is a consequence of plasma membrane damage, with resulting leak of cytosolic AQ into the surrounding medium. (C) Uptake of AO by Jurkat cells
following the addition of sphingosine. Number of ‘pale” cells measured against time is given [pale cells are defined as cells with a reduced number of intact lysosomes, as assayed by estimation
of AO-induced red fluorescence following excitation with blue light; the principle for their selection is shown in (D), cells left of the arrows]. Values shown are means +S.D. (n = 3).

Mitochondrial stability assay

J-774 cells, grown on coverslips, were incubated for 20 min in
2 ml of culture medium with 10 x#g/ml Rh-123 at 37 °C. The cells
were then rinsed in PBS and exposed to 15 uM sphingosine for
different periods of time under otherwise standard culture
conditions. Rh-123 accumulates within the mitochondrial matrix
as a function of the proton gradient over the inner membrane.
This uptake was assayed by measuring the yellowish emission
resulting from excitation with blue light. Depolarized control
cells were obtained by exposure for 15 min to 1 M valinomycin
(adrug known to decrease AW, i.e. the mitochondrial membrane
potential).

Statistical analysis

All experiments were repeated at least three times. The sig-
nificance of differences between groups of cells was evaluated by
the Mann—Whitney U-test. Values are given as means+S.D. P
values < 0.05 (marked with *) were considered to be significant
(** P<0.01; ***P < 0.001).

© 2001 Biochemical Society

RESULTS

Sphingosine causes selective lysosomal rupture and, dose-
dependently, induces either apoptosis or necrosis

To investigate the apoptosis-inducing property of sphingosine,
Jurkat and J774 cells (results shown mainly for Jurkat cells,
although both cell lines behaved similarly) were exposed to
increasing concentrations of sphingosine for 3 h. Exposure of
cells to sphingosine at low or moderate concentrations (<
20 uM) caused a time-dependent increase in apoptosis, as
judged from both morphological (Figures 2A and 2C) criteria
(nuclear alterations, apoptotic body formation) and exclusion of
Trypan Blue or propidium iodide in combination with plasma
membrane binding of FITC-conjugated annexin V (Figures
2B and 2D). However, following exposure to sphingo-
sine at higher concentrations (> 20 yuM), both morphology
(nuclear and cellular swelling) and uptake of Trypan Blue and
propidium iodide revealed necrosis without preceding apoptosis
to be the predominant form of cell death (Figures 2A
and 2B).
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Figure 4 Visualization of lysosomal rupture in J774 cells using two
different techniques (AO and LY)

Cells were initially exposed to sphingosine (0—60 M) for 30 min, and then labelled with AQ
and finally imaged in a confocal microscope using a red channel (590 nm barrier filter): (R)
for control cells; (B) in the presence of 30 «M sphingosine; and (C) in the presence of 60 M
sphingosine. Note the concentration-dependent decline in the number of fluorescent, intact
lysosomes within most cells. Other cells (D—F) were initially exposed to LY for 30 min, kept
under standard culture conditions for another 4 h, and then exposed to 30 .M sphingosine for
0—2 h and finally imaged electronically using a fluorescence microscope and a digital camera.
Experimental conditions were as follows: (D) control cells; (E) in the presence of sphingosine
for 1 h; (F) sphingosine for 2 h. Note the diminishing number of remaining intact lysosomes
with time, and increasing cytosolic fluorescence, resulting from leakage of endocytosed LY from
lysosomes to the cytosol (indicated by arrows in E and F).

The lysosomotropic and detergent-like structure of sphingosine
(Figure 1) led us to consider whether its apoptosis-inducing effect
was caused by lysosomal leakage. To determine this, utilizing the
AO uptake and relocation methods [13—19], Jurkat cells were
first loaded with the lysosomal marker AO and then exposed to
sphingosine at different concentrations. A 10 min exposure to a
low dose of sphingosine (10 #M) resulted in a small increase in
green light excitation-induced red fluorescence, probably indi-
cating either a slightly expanded lysosomal apparatus due to
reparative autophagocytosis or increased osmotic pressure with
ensuing hydration and swelling of the lysosomal apparatus after
sphingosine uptake. However, higher doses of sphingosine (25
and 50 M) caused a rapid and extensive decline in red fluores-
cence (upon green light excitation), indicating rupture of nu-
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Figure 5 Sphingosine is a lysosomotropic detergent

J774 cells (3 x 10° in 35 mm dishes) were seeded and grown for 24 h under standard culture
conditions. Cells were then: (i) stained with AO only; (ii) exposed to 15 «M sphingosine for
2 h and then stained with AO; or (iii) pre-exposed to 10 mM NH,CI for 30 min, then exposed
to a combination of 15 «#M sphingosine and 10 mM NH,CI for another 2 h and, finally, rinsed
and stained with AO. Following AQ staining, cells were either analysed by flow cytofluorimetry
(R; note the decreased uptake of AO in cells exposed to NH,CI 4 sphingosine, but no increased
number of ‘pale’ cells) or electronically imaged by light microscopy using phase and
fluorescence modes (B). NH,CI protects against sphingosine-induced lysosomal rupture. Most
cells exposed only to sphingosine (indicated by arrowheads) contain few intact lysosomes
compared with both control cells and NH,CI 4 sphingosine-exposed cells, which are about
equal.

merous lysosomes (Figure 3A), which later resulted in necrotic
cell death (compare with Figures 2A and 2B). Importantly, the
remaining non-ruptured lysosomes retained normal AO-induced
red fluorescence (indicating an unchanged lysosomal pH) when
excited with green light.

A low apoptosis-inducing dose of sphingosine (10 xM) also
rapidly (within 10 min) increased green cytoplasmic AO-induced
fluorescence upon blue light excitation, demonstrating the exist-
ence of partial lysosomal rupture, with release to the cytosol of
some AQ, already during the early phase dominated by reparative
autophagocytosis. Exposure to the higher doses (25 and 50 xM)
resulted in drastically increased green fluorescence (upon blue
light excitation), indicative of a more extensive lysosomal rupture,
after only 5 min. After 10 min, the green fluorescence had
declined for the highest concentrations (25 and 50 M) as a result
of damage to plasma membranes, with a resulting diffusion of
AO to the surrounding medium (Figure 3B; compare with
Figure 3A), whereas the low (10 xM) apoptosis-inducing dose
led to increased green fluorescence (upon blue light excitation)
within intact plasma membranes. Both Jurkat cells (Figure 3C)

© 2001 Biochemical Society



340 K. Kagedal and others

125 4

NAG-activity (released/total in %)

0 25 50 7I5 1(|)0
Sph (M)

Figure 6 Analysis of lysosomal stability on a lysosomal fraction

A rat liver mitochondrial—lysosomal fraction (0.6 mg protein/ml) in buffered 300 mM sucrose
was exposed for 30 min at 37 °C to sphingosine at the concentrations indicated. After
centrifugation (10000 g for 10 min), supernatant activity was expressed as a percentage of total
activity (following treatment with 0.1 M Triton X-100). Note the dose-dependent increase in
lysosomal rupture as a result of sphingosine exposure.

and J774 cells (results not shown) showed a time-dependent
increase of ‘pale’ cells (cells with a reduced number of lysosomes
showing normal red fluorescence, indicating lysosomal rupture)
[18] after sphingosine exposure at a low dose. Figure 3(D) shows
how ‘pale’ cells are defined (bars to the left of arrows). At 5 h,
when most cells were undergoing apoptosis following exposure
to 10 M sphingosine, the majority of the cells contained only a
few granules exhibiting red fluorescence after exposure to AO
(intact lysosomes).

J774 cells, exposed to sphingosine for 30 min and then loaded
with AO (Figures 4A—4C), showed a dose-dependent decrease
in the number of AO-loaded (intact) lysosomes (compare with
Figure 3A).

J774 cells exposed to LY for 30 min possessed strongly
fluorescent secondary lysosomes due to the endocytotic uptake
of the fluorochrome. Secondary treatment of such labelled cells
with sphingosine (30 #M) caused their lysosomes to burst time-
dependently, spilling LY into the cytosol (Figure 4D—4F). The
two methods of lysosomal labelling are on the basis of either
proton trapping or endocytotic uptake (for AO and LY re-
spectively), and thus they are complementary, thereby confirming
that secondary lysosomes do burst when cells are exposed to
sphingosine.

To study further the role of sphingosine lysosomotropism,
cultures were pre-treated with 10 mM ammonium chloride for
30 min before being exposed to sphingosine in the continued
presence of ammonium chloride. Under these circumstances,
NH, is formed, which diffuses into the cells and their lysosomes.
In the latter compartment, the base becomes protonated and
trapped as NH], substantially increasing the lysosomal pH [37]
and preventing accumulation of other lysosomotropic sub-
stances, such as sphingosine. In support of the requirement for
lysosomal concentration of sphingosine in causing cellular tox-
icity, ammonium chloride significantly protected cells against
sphingosine (Figure 5).

In order to quantify further lysosomal rupture following
exposure to sphingosine, a rat liver lysosomal fraction was
incubated with sphingosine at different concentrations. As shown
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in Figure 6, there was a dose-dependent increase in sphingosine-
induced lysosomal rupture, detected as an increased activity of
the lysosomal enzyme NAG in the supernatant. This rupture was
completed within 30 min when the highest dose (100 uM) of
sphingosine was used.

These findings, using four separate techniques, indicate that
both lysosomotrophic and detergent properties, as well as
apoptosis-inducing activity, can be attributed to sphingosine.

The apoptosis-inducing property of sphingosine was confirmed
by caspase-activation assays. Exposure of Jurkat and J774 cells
to sphingosine at moderate doses resulted in the induction of
both caspase-3- and -9-like activities, as is shown in Figure 7. It
should be noted that this activation was preceded by moderate
lysosomal rupture. However, the almost complete lysosomal
rupture, with ensuing necrosis, that resulted from sphingosine
exposure at high doses was not accompanied by caspase ac-
tivation in either cell line (results not shown).

Inhibition of lysosomal aspartic and cysteine proteases prevents
apoptosis

A series of reports on different cell types have shown that the
lysosomal enzyme cathepsin D, which is an aspartic protease,
and the cysteine proteases, cathepsins B and L, are involved in
apoptosis induced by a variety of agonists [23,30,32,38-42].
Because the early rupture of lysosomes seems to be correlated
with apoptosis, we decided to study further the involvement of
lysosomal enzymes.

As shown in Figure 7(D), pre-treatment of J774 cells with the
lysosomal cysteine protease inhibitor E-64d (optimal concen-
tration 10 xM) reduced the sphingosine-induced activation of
caspase-3-like proteases by approx. 40 %,, whereas pre-treatment
with the aspartic inhibitor pepstatin A (optimal concentration
1 uM) caused a reduction of approx. 559%,. This inhibition was
comparable with the effect of the broad-spectrum caspase-
inhibitor, Z-VAD-FMK. In whole-cell lysates from untreated
J774 cells, E-64d inhibited cathepsin B-like activity by 559,
while pepstatin A blocked cathepsin D-like activity by 80 %,.
Furthermore, neither 10 M E-64d nor 1 M pepstatin A inhibi-
ted 50 ng/ml active caspase-3, with 98+79, activity remain-
ing following exposure to E-64d and 109499, activity
remaining following exposure to pepstatin A.

Homogenates of J774 cells contained active cathepsin B- and
D-like proteases. The activities did not significantly change
during the first few hours after exposure to sphingosine in low
apoptotic doses (results not shown).

Lysosomal leakage precedes changes of mitochondrial membrane
potential

To investigate further the early events of sphingosine-induced
apoptosis, changes in mitochondrial membrane potential were
compared with the time-frame of lysosomal leakage. The mito-
chondrial membrane potential (assayed as the uptake of Rh-123)
remained stable in J774 cells during the first 30 min of exposure
to a moderate dose (15 M) of sphingosine. After 1 h, however,
there was a slight decline (10 9%,), whereas after 3 h the fluores-
cence was only approx. 409 of the initial value (Figure 8),
although, as described above, lysosomal leakage was evident
after only 10 min when cells were exposed to 10 xM sphingosine
(compare with Figure 3B).

Pre-treatment of cells with E-64d and pepstatin A (10 and
1 uM respectively) in combination prevented mitochondrial
membrane destabilization to a significant degree following en-
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Using two different substrates, Jurkat and J774 cells were assayed for caspase activity. (A) Caspase activity in J774 cells, using Ac-DEVD-AMC, exposed to 15 M sphingosine. (B) Caspase
activity, using LEHD-AFC, of J774 cells exposed to 15 #M sphingosine. (C) Caspase activity of Jurkat cells, using AC-DEVD-AMC, exposed to 10 M sphingosine. (D) Demonstration of
caspase inhibition, using the lysosomal-protease inhibitors E-64d and pepstatin A, as well as the broad-spectrum-acting caspase inhibitor Z-VAD-FMK, following exposure of J-774 cells to

15 1M sphingosine for 4 h. Values are means+S.D., n = 3-5.

suing exposure to sphingosine (Figure 8), suggesting such de-
stabilization to be secondary to lysosomal breakage.

DISCUSSION

For some years, ceramides have been considered to be mediators
of apoptosis; sphingosine has also been found to induce apoptosis
in a variety of cell types [8-10,43]. On the basis of its chemical
structure and pK, value (Figure 1), sphingosine should be
lysosomotropic, and, in its charged form, also a detergent. These
might be important properties, in view of the fact that several
studies have confirmed the involvement of the lysosomal pro-
teases cathepsins D, B and L in apoptosis [20,23,30,32,38-40,42].

In the present report, we have investigated a putative novel
mechanism of sphingosine-induced apoptosis, which focuses on
its ability to act as a lysosomal detergent, thereby causing release
of lysosomal contents to the cytosol. When J774 and Jurkat cells
in culture, or rat liver lysosomes in suspension, were exposed to
sphingosine, lysosomes ruptured in a dose- and time-dependent

manner, as shown by an altered intracellular distribution of
endocytosed LY, reduced granular uptake of the lysosomotropic
drug AO, redistribution of AO from lysosomes to the cytosol,
and release of the lysosomal-marker enzyme NAG from the
sedimentable to the unsedimentable part of the lysosomal rat-
liver fraction. The importance of lysosomal accumulation of
sphingosine is supported by the observation that, in the presence
of ammonium chloride (which elevates lysosomal pH and pre-
vents proton trapping), there is a dramatic protection against its
lysosomolytic and apoptosis-inducing effects.

Previously, lysosomal rupture, assayed by the AO uptake
and relocation techniques, has been shown to coincide with the
relocation of lysosomal-marker enzymes, such as cathepsin D, to
the cytosol, as demonstrated by immunocytochemistry and,
importantly, by the later initiation of mitochondrial destabiliza-
tion and, finally, by apoptosis [15-23,44]. Cells exposed to TNF-
a or anti-Fas antibodies have been reported to demonstrate
increased A-SMase activity preceding the onset of apoptosis, and
also increased production of ceramide in acidic organelles [45].

© 2001 Biochemical Society
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Figure 8 Mitochondrial stability of J774 cells

Cells, pre-treated (@) or not ([J) with E-64d 4 pepstatin, were exposed to 15 uM
sphingosine. Mitochondrial stability was evaluated by static cytofluorimetry of Rh-123-induced
yellowish fluorescence. Note that the mitochondrial alterations occurred after lysosomal rupture
(compare with Figure 3), and were partly inhibited by lysosomal-protease inhibition. For
methodological details, see the Materials and methods section. Values shown are means
for duplicate experiments.

However, conflicting data have been published on this topic, and
it has been claimed that A-SMase, which resides in the lysosomal
apparatus, is poorly positioned to be a key enzyme in signal
transduction [46]. Nevertheless, the intralysosomal formation of
ceramide by A-SMase, acting upon autophagocytosed mem-
braneous material, its later splitting by lysosomal acidic cerami-
dase during formation of sphingosine, and a final lysosomotropic
detergent effect of the latter compound might offer an ex-
planation.

By measuring AO relocation to the cytosol from only a few
ruptured lysosomes, we were able to confirm that exposure to
moderate amounts of sphingosine caused early lysosomal leak-
age, which happened before activation of pro-caspases. The
latter event occurred concomitantly with the first signs of
apoptosis, reached its maximum when apoptosis was at its peak,
and then declined. However, at higher concentrations of sphin-
gosine, which cause rapid and almost complete lysosomal rupture
and necrosis, there was no, or only insignificant, caspase ac-
tivation. We conclude that the partial release of lysosomal
hydrolytic enzymes results in moderately enhanced cytosolic
proteolytic activity, resulting either in caspase activation, possibly
directly, perhaps via lysosomal cysteine proteases [30,42], or
indirectly by activation of pro-apoptotic proteins, e.g. Bid,
or, alternatively, in mitochondrial destabilization by lysosomal or
other lytic enzymes, which might become activated by released
lysosomal hydrolases [18,31,32], with the ensuing release
of apoptotic factors. More complete release to the cytosol of
lysosomal hydrolases would result in extreme proteolytic activity,
where pro-caspases and caspases alike might become substrates
of various lysosomal proteases, explaining the lack of active
caspases in cells exposed to sphingosine in high doses.

As was reported from our laboratory previously, lysosomal
leakage might be an early phenomenon during apoptosis caused
by a multitude of agonists [13-24,44]. For example, during
oxidative-stress-induced apoptosis, we proposed that lysosomal
membranes are exposed to increased amounts of cytosolic
hydrogen peroxide. Inside the lysosomal apparatus, low-
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molecular-mass iron (a consequence of normal autophagocytotic
degradation of metalloproteins, such as cytochromes), the acidic
milieu and the existence of the reducing amino acid cysteine
would promote iron reduction and Fenton-like chemistry, desta-
bilizing the lysosomal membranes and, thereby, causing lyso-
somal leakage [13-14,18]. Moreover, other laboratories have
also reported the involvement of both lysosomal cysteine pro-
teases (such as cathepsins B and L) and the aspartic protease
cathepsin D in the apoptotic process. Thus it has been shown
that lysosomal cysteine proteases have the capacity to activate a
cytosolic caspase-3-like protease, and that bile-salt-induced apop-
tosis can be prevented by inhibition of cathepsin B [30,47,48].
Cathepsins B and D have also been shown to process caspase
zymogens and to induce nuclear apoptosis [42]. Recent findings
therefore indicate that lysosomes and cathepsins are, indeed,
implicated in apoptosis (reviewed in [49-51]).

Accumulating evidence thus points to the lysosome as an
organelle that, perhaps in co-operation with mitochondria, might
be intimately involved in apoptosis. In the present study, the
importance of lysosomal proteases during apoptosis was empha-
sized further by the inhibition of caspase activation that was
obtained using inhibitors of lysosomal cysteine proteases (E-64d)
and aspartic proteases (pepstatin A). The effect was comparable
with that of the broad and irreversible caspase inhibitor Z-VAD-
FMK, while the inhibitors had no direct effect on caspases. Part
of the effect of Z-VAD-FMK might even be mediated via its
cathepsin B-inhibiting properties [52].

Apoptosis due to ‘internal” mechanisms is often thought to be
mediated by mitochondrial changes. However, there was no
decline in the inner mitochondrial membrane potential, as
measured by uptake of Rh-123, during the early events (including
lysosomal leakage) of the apoptotic process. Sometime later,
however, the mitochondrial membrane potential declined, al-
though significantly less so in cells that were pre-treated with
inhibitors of lysosomal cathepsins. We hypothesize that this
mitochondrial alteration is an effect of released lysosomal hy-
drolytic enzymes activating either pro-apoptotic proteins, such
as Bid, or cytosolic pro-active lytic enzymes, or acting directly on
their membranes. Lysosomal and mitochondrial factors might
thus sustain and augment each other as activators of various pro-
caspases.

In summary, when relocation to the cytosol of lysosomal
contents is of a moderate magnitude, a regulated and apoptotic
type of degradation follows, while a massive release of lysosomal
enzymes induces rapid and uncontrolled necrotic degradation
without significant caspase activation. We suggest that partial
lysosomal leakage is an early event in apoptosis, and that
released lysosomal lytic enzymes might activate the apoptotic
process via several direct or indirect mechanisms. Moreover, we
suggest that liberated lysosomal enzymes may act in concert with
caspases during the apoptotic process. Sphingosine, known to be
an apoptotic agent, is suggested to be a lysosomotropic detergent,
inducing apoptosis via its lysosome-rupturing action.
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