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The sphingolipid ceramide has been implicated in mediating cell
death that is accompanied by mitochondrial functional alterations.
Moreover, ceramide has been shown to accumulate in mitochon-
dria upon induction of apoptotic processes. In this study, we sought
to evaluate the effects of natural, highly hydrophobic long-chain
ceramides on mitochondrial function in vitro. Ceramide in a dode-
cane/ethanol delivery system inhibited the opening of the mito-
chondrial permeability transition pore (PTP) induced by either
oxidative stress, SH group cross-linking, or high Ca** load, sug-
gesting that the inhibitory point is at a level at which major PTP
regulatory pathways converge. Moreover, ceramide had no effect
on well known mitochondrial components that modulate PTP
activity, such as cyclophilin D, voltage-dependent anion channel,
adenine nucleotide transporter, and ATP synthase. The inhibitory
effect of ceramide on PTP was not stereospecific, nor was there a
preference for ceramide over dihydroceramide. However, the
effect of ceramide on PTP was significantly influenced by the fatty
acid moiety chain length. These studies are the first to show that
long-chain ceramide can influence PTP at physiologically relevant
concentrations, suggesting that it is the only known potent natural
inhibitor of PTP. These results suggest a novel mechanism of cer-
amide regulation of mitochondrial function.

In recent years, ceramide has become increasingly appreci-
ated as a bioactive lipid that modulates apoptotic/necrotic cel-
lular processes that are integrated at the mitochondrial level, as
a result of studies demonstrating correlation between the
intensity of cell death stimuli and the level of ceramide produc-
tion (1—4). It has been suggested that ceramide conveys death
signals to mitochondria by two mechanisms. One mechanism
assumes selective permeabilization of the outer mitochondrial
membrane for proapoptotic proteins as a process independent
of inner membrane functions. The second mechanism pre-
sumes that loss of the permeability barrier of the inner mito-
chondrial membrane is a prerequisite for the subsequent outer
membrane permeabilization.
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The simplest model of selective outer membrane permeabi-
lization arises from experiments with artificial membranes
(liposomes and black lipid membranes) (5-7). Within this
model, proapoptotic protein release due to large pore forma-
tion in the outer mitochondrial membrane is attributed to cer-
amide itself, whereas the inner membrane is viewed as being
ceramide-insensitive. Although supported by extensive exper-
imental material with isolated mitochondria (8 —11), there are a
number of studies in which ceramide alone did not affect cyto-
chrome crelease (12—16) or cytochrome c release was related to
an inner membrane perturbation (15-19). This could be due to
differences in cell types and experimental differences. More-
over, in Bax- and Bak-deficient cells, ceramide-induced cell
death was completely suppressed (20), indicating a likely role of
Bcl-2 family proteins in ceramide-induced apoptosis. In fact it
was recently shown that Bcl-2 can disassemble ceramide chan-
nels in the outer mitochondrial membrane (21).

Another model of selective outer membrane permeabiliza-
tion considers the Bcl-2 protein family localized in the cyto-
plasm and on the mitochondrial outer membrane to be major
participants in the manifestation of the proapoptotic potential
for ceramide. Activation of proapoptotic proteins, including
Bid, Bax, and Bad, is mediated by interaction of ceramides with
protein phosphatases PP1 and PP2A or with cathepsin D (22—
28). However, the direct effect of ceramides on Bax binding/
insertion has also been reported (14, 29, 30). An increase in
proapoptotic proteins bound to mitochondria is thought to
trigger specific permeabilization of the outer mitochondrial
membrane for cytochrome ¢ and other mitochondrial inter-
membrane-resident apoptosis-inducing proteins (31, 32).

A mechanism that accounts for participation of the inner
mitochondrial membrane in the release of proapoptotic pro-
teins involves the obligatory opening of the permeability tran-
sition pore in the inner membrane (PTP)? (31-34). The result-
ing osmotic swelling of the mitochondrial inner membrane
compartment leads to rupture of the outer mitochondrial
membrane and release of proapoptotic proteins. It is thought
that PTP opening occurs as a result of direct interaction of
ceramide with the pore in the presence of Ca®>" (15, 35) or that
PTP opening follows mitochondrial Ca*>* overload. In the latter
scenario, the source of Ca®" is the Ca®" stores of the endoplas-
mic reticulum (ER), which are considered primary ceramide

2The abbreviations used are: PTP, permeability transition pore; Ay, mito-
chondrial inner membrane potential; CSA, cyclosporine A; CRC, mitochon-
drial calcium retention capacity; ER, endoplasmic reticulum; MS, mass
spectrometry; PhAsO, phenylarsine oxide; t-BuOOH, t-butyl-hydroperox-
ide; TPP™, tetraphenylphosphonium.
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targets (20, 36). Support for this mechanism arises from exper-
iments with many cell types in which ceramide-induced cell
death is suppressed by PTP inhibitors, such as cyclosporine A
(CSA) and bongkrekic acid (15, 19, 35, 37-39).

Models of mitochondrial Ca®>" overload as a consequence of
ceramide-induced Ca®" release from the ER and the direct acti-
vation of PTP by ceramides were largely based on data obtained
using artificial C,-ceramide. Whether these models are appli-
cable in vivo with endogenously generated natural ceramide is
unclear. Thus, traditional extrinsic and intrinsic pathways that
involve endogenous ceramide generation (tumor necrosis fac-
tor, CD95/Fas/APO-1 (40 —43); etoposide, staurosporine (44 —
47)) are either Ca®?"-insensitive (CD95/Fas/APO-1 (36, 48),
tumor necrosis factor (48, 49)) or have limited sensitivity to
Ca®>" (etoposide, staurosporine (20, 50)), which might be
related to interaction of Ca®" with targets other than mito-
chondria (51, 52). Thus, this model apparently more closely
reflects “accidental” apoptosis during ischemia/reperfusion,
which is accompanied by Ca®>* overload and oxidative stress
and in which participation of PTP is expected (33, 34).

The critical role of PTP as a major apoptotic checkpoint has
also been questioned. Recent studies have indicated that cells
with inactivated PTP due to cyclophilin D (a main regulatory
component of PTP and the CSA target) deficiency undergo
normal apoptosis when challenged by variety of stimuli, includ-
ing etoposide, staurosporine, tunicamycin, thapsigargin, brefel-
din A, tumor necrosis factor, TRAIL, moderate Ca>" overload,
and Bax overexpression (53-55). Moreover, overexpression of
cyclophilin D delays apoptosis induced by mild oxidative stress
and staurosporine (56, 57). At the same time, cyclophilin D
deficiency was protective under high intensity oxidative stress
and high Ca®" overload, conditions that precipitate necrosis.
These data seem to rule out a critical role for PTP in both
extrinsic and intrinsic apoptotic pathways but suggest that PTP
opening is instrumental in necrosis. These studies raised ques-
tions about the extrapolation of results obtained with artificial
short-chain ceramide analogs to in vivo studies and whether
long- and short-chain ceramides affect the same binding sites
on mitochondria with similar consequences. To address this
question, we reinvestigated the effect of ceramides on the per-
meability of the inner mitochondrial membrane using natural
long-chain ceramides delivered in dodecane/ethanol. This sys-
tem had been successfully utilized for ceramide delivery to sub-
cellular organelles in situ (41, 58) and to enzymes in vitro (59).
Our results show that long-chain but not short-chain ceram-
ides suppress PTP activity at physiologically relevant concen-
trations. These studies raise the interesting possibility that
long-chain ceramides promote apoptosis at the level of the
mitochondria by causing PTP closure.

EXPERIMENTAL PROCEDURES

Materials—Ceramides were from the Lipidomics Core of the
Medical University of South Carolina; a-chymotrypsin (bovine
pancreas) and cyclosporin A were from Calbiochem. All other
reagents were from Sigma.

Preparation of Mitochondria from Rat Liver—Liver mito-
chondria were isolated by differential centrifugation as
described (60, 61) with some modifications. Briefly, mitochon-
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dria were prepared from livers of male Sprague-Dawley rats
(220-250 g) fasted overnight. Livers from two rats were
homogenized in 100 ml of isolation medium containing 230 mm
mannitol, 70 mMm sucrose, 2 mm EDTA, and 10 mm HEPES (pH
7.4 adjusted by KOH). Homogenate was centrifuged at 579 X
Zimax for 10 min to pellet the nucleus and unbroken cells. Super-
natant from the previous step was centrifuged at 8,000 X g,
for 10 min to pellet mitochondria. The mitochondrial pellet was
resuspended in isolation medium and centrifuged at 8,000 X
Zmax for 10 min. This step was repeated again, except that iso-
lation medium contained 10 uM of EGTA instead of EDTA. The
final mitochondrial pellet was resuspended in the above
medium (final protein concentration 60 mg/ml). Where indi-
cated, further mitochondrial purification was performed by
self-generated Percoll gradient centrifugation (62). Mitochon-
drial protein concentration was determined with a bicincho-
ninic acid assay using bovine serum albumin as a standard (63).

Mitochondrial Incubation Medium—Unless otherwise spec-
ified, incubations of isolated mitochondria were conducted at
25 °C, using 1 mg/ml of protein in a medium containing 150 mm
KCl, 10 mm HEPES (pH 7.4 adjusted by KOH), 5 mMm succinate,
3 mm KH,PO,, and rotenone (2 um). Deviations from this
medium and other reagents employed are described in the fig-
ure legends. Mitochondrial membrane potential and swelling
were followed simultaneously in a water-jacketed cell equipped
with magnetic stirring.

Ceramide Delivery—Ceramides were delivered in ethanol or in
2% dodecane solution in ethanol. In all experiments, ceramides
were delivered as a 5-ul aliquot per 1 ml of incubation medium to
maintain dodecane 0.01% (0.6 mMm) and ethanol at 0.5% (0.1 m).
The ceramide solution was warmed to 37 °C and introduced into
the medium immediately after adding mitochondria.

Mitochondrial Respiration—Oxygen consumption by mito-
chondria was measured in a chamber equipped with a Clark
type oxygen electrode (Instech Laboratories) at the conditions
described under “Mitochondrial Incubation Medium.”

Measurement of Mitochondrial Permeabilization—Inner
membrane permeabilization was assayed by measurements of Ays
and mitochondrial swelling. Ay as estimated from the accumula-
tion of TPP™ in the mitochondrial matrix as described by Kamo
etal. (64). TPP* (2 um) was added to the incubation medium as
indicated in the figure legends. Mitochondrial swelling was meas-
ured by changes in absorbance at 520 nm using a Brinkmann PC
900 probe colorimeter and a fiberoptic probe.

Calcium Retention Capacity (CRC) of Mitochondria—CRC
was evaluated according to previously published methods (65)
in medium containing 250 mMm sucrose, 10 mm Hepes-Tris, 5
mM succinate-Tris, 1 mm P;-Tris, 10 um EGTA-Tris, and 2 uM
rotenone (pH 7.4) by gradual addition to mitochondria (1
mg/ml at 25 °C) of known amounts of Ca®>". The concentration
of Ca*>* in the incubation medium was followed with a Ca>"-
selective electrode (Orion).

Cytochrome c Release from Mitochondria—Aliquots of mito-
chondrial suspension were taken as indicated in the figure leg-
ends and centrifuged at 15,000 X g for 3 min. The supernatants
and mitochondria were frozen and stored at —80 °C. Cyto-
chrome c in supernatants and mitochondria was quantified
using the Quantikine cytochrome ¢ ELISA kit (R & D Systems,
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Minneapolis, MN). Quantification was performed in duplicates
according to the manufacturer’s recommendations.

Measurement of Mitochondrial Peptidyl-prolyl cis-trans Isomer-
ase (Cyclophilin D) Activity—Mitochondria (200 pg/ml),
untreated or treated with 5 um C, g-ceramide or 5 um cyclosporin
A at 25 °C for 15 min, were permeabilized for 5 min with alamethi-
cin (7 pg/ml) and kept at 10 °C before the analysis. Peptidyl-prolyl
cis-trans isomerase activity was assayed at 10 °C as described by
Halestrap and Davidson (66). Equal volumes of mitochondrial sus-
pension and medium containing 0.52 mg/ml chymotrypsin were
mixed, and the reading at A,,, was allowed to stabilize for 2 min.
The reaction was initiated by the addition of N-succinyl-Ala-Ala-
Pro-Phe-p-nitroanilide (final concentration, 25 uMm) from 25 mm
stock dissolved in trifluoroethanol/LiCl (470 mm) (67).

Mitochondrial Ceramide Measurements—Mitochondrial
ceramide species were determined by tandem mass spectrom-
etry (MS) (68). Mitochondria were incubated at 25 °C, using
protein (1 mg/ml) in a medium containing 150 mm KCl, 10 mm
HEPES (pH 7.4 adjusted by KOH), 5 mMm succinate, 3 mm
KH,PO,, and rotenone (2 um). The incubations were per-
formed in the absence or in the presence of C,g-ceramide (1
nmol/mg protein). After 3 min, aliquots of mitochondrial sus-
pension were taken and centrifuged at 15,000 X g for 3 min.
Mitochondrial pellets were lysed in a buffer containing 10 mm
Tris and 1% Triton X-100, pH 7.4, for electrospray ionization/
MS/MS analysis of ceramides, which was performed on a
Thermo Finnigan TSQ 7000 triple quadrupole mass spectrom-
eter, operating in a multiple reaction-monitoring, positive ion-
ization mode. Mitochondrial lysates, fortified with internal
standards, were extracted with ethyl acetate/isopropyl alcohol/
water (60:30:10, v/v/v), evaporated to dryness, and reconsti-
tuted in 100 wl of methanol. The samples were injected into the
HP1100/TSQ 7000 liquid chromatography/MS system and
gradient-eluted from the BDS Hypersil C8, 150 X 3.2-mm,
3-um particle size column, with a 1.0 mM methanolic ammo-
nium formate, 2 mM aqueous ammonium formate mobile phase
system. The peaks for the target analytes and internal standards
were collected and processed with the Xcalibur software sys-
tem. Calibration curves were constructed by plotting peak area
ratios of synthetic standards, representing each target analyte,
to the corresponding internal standard. The target analyte peak
area ratios from the samples were similarly normalized to their
respective internal standard and compared with the calibration
curves using a linear regression model.

Statistical Analysis—The standard curve and the data for
cytochrome c release were computed by generation of a four-
parameter logistic curve fit. Where indicated, values were
expressed as the mean value of the treatment groups = S.D.
Data were analyzed for statistically significant differences
between groups using the two-tailed Student’s ¢ test. Statistical
significance was ascribed to the data when p was <0.05.

RESULTS

C,g-ceramide Suppresses Ca” " -induced Permeability Transi-
tion and Increases Mitochondrial CRC—To determine whether
natural long chain ceramide modulates the PTP, we used a
dodecane/ethanol delivery system, which promotes the incor-
poration of long-chain ceramide into subcellular compart-
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FIGURE 1. C,g-ceramide suppresses Ca®*-induced decline in Ays (A) and
mitochondrial large amplitude swelling (B). Mitochondria were incubated
as described under “Experimental Procedures” except that 2 um of TPP* was
present from the beginning of the experiment. C,g-ceramides were added
immediately after the mitochondria. Alamethicin (ALA), a pore-forming pep-
tide (7 mg/mg protein), was added as indicated to induce permeabilization
and determine the full extent of potential changes in the parameters of inter-
est. Where indicated, Ca®* at 200 um was added to the incubation medium. A
and B show time courses of C,g-ceramide effect on Ay and mitochondrial
swelling, respectively. Traces 1, no additions or T um C,g-ceramide in ethanol;
traces 2,5 ul of 2% dodecane; traces 3, 1 um C, g-ceramide in dodecane; traces
4, control without Ca®" and dodecane; traces 5, Ca®* plus CSA. The results are
typical representative of at three independent experiments.

ments (41, 58). Induction of permeability transition under con-
ditions relevant to ischemia/reperfusion (presence of a large
amount of Ca®>" and inorganic phosphate) was nearly com-
pletely suppressed by 1 nmol/mg protein C, ¢-ceramide (Fig. 1).
A 3-min preincubation with C,g-ceramide resulted in 74%
(736.4 £ 12.4 pmol/mg protein from 1 nmol added) incorpora-
tion into mitochondria as measured by MS. C,4-ceramide pre-
vented both the Ca®"-induced decline in Ay (Fig. 14, trace 2
versus trace 3) and large amplitude swelling (Fig. 1B, trace 2
versus trace 3). The suppression was similar to that seen with
the potent PTP inhibitor CSA (Fig. 1, A and B, traces 5). Dode-
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FIGURE 2. Effect of C,5-ceramide on calcium retention capacity of mitochondria. Mitochondria were incu-
bated as described under “Experimental Procedures.” Mitochondria were incubated in the presence of dode-
cane (trace 1) or 1 um C, g-ceramide (trace 2) for 3 min and challenged with the trains of 20 um Ca® ™" pulses. The
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FIGURE 3. Dose-response curves of the suppression by C,;-ceramide of
mitochondrial large-amplitude swelling (closed circles) and discharge of
Ays (open circle) induced by Ca®*. Mitochondria were incubated as
described under “Experimental Procedures” except that 2 um TPP* was pres-
ent from the beginning of the experiment. C, g-ceramides were added imme-
diately after the mitochondria. Then 200 um Ca®" was added at 3 min to
initiate the swelling. The degree of swelling and the amount of accumulated
TPP* were evaluated at the time point where swelling in control attained
90% of maximum of the Ca"-induced swelling. The values for the swelling in
the presence of C,4-ceramide were normalized to the swelling observed at
this point in the presence of dodecane alone. The results represent the aver-
age= S.D. of three independent experiments.

cane alone had no effect on these parameters (Fig. 1, A and B,
trace 1 versus trace 2). When C, g-ceramide was delivered as an
ethanol solution, the Ca®>"-induced decline in A¢s and large
amplitude swelling were indistinguishable from those observed
in the presence of Ca>" alone. The lack of effect of C,4-cera-
mide delivered in ethanol is in line with previous reports that
suggest the ability of dodecane to improve the delivery of long-
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loaded with a train of 20 um Ca*™
pulses until the load reached the
threshold of about 260 nmol/mg
protein, after which Ca®" was spon-
taneously released (Fig. 2, trace 1),
and mitochondria underwent CSA-
sensitive large amplitude swelling
and the discharge of the inner mem-
brane potential (not shown). The presence of C,3-ceramide (1
nmol/mg protein) increased CRC greater than 4-fold (Fig. 2,
trace 2), indicating considerable desensitization of PTP to
Ca®*. The ability of mitochondria to buffer the Ca®>* concen-
tration in the incubation medium after Ca>" pulses also indi-
cates that suppression of PTP by C, ;-ceramide is not related to
inactivation of electrogenic Ca>" uptake by the Ca®>" uniporter.
Fig. 3 shows the concentration dependence of PTP inhibition
by C,¢-ceramide at conditions similar to those in Fig. 1. It can
be appreciated that ceramide suppresses Ca*>*-induced PTP
opening in the pmol range (IC;, ~ 130 pmol/mg protein). The
data strongly suggest that C,4-ceramide-induced inhibition of
PTPopeningcannotbeattributed totheinhibition ofthe energy-
dependent Ca®" uptake pathway.

C,¢-ceramide Suppresses Permeability Transition Induced by
Oxidation of Mitochondrial Redox Components—Next, we
tested whether C, 4-ceramide specifically suppresses the Ca>™ -
related PTP induction pathway or whether this inhibition
involves inactivation of a common component on which other
pathways of PTP induction converge. In the experiment
depicted in Fig. 4, PTP was induced by £-BuOOH, and depend-
ence of PTP induction on concentration of C, 3-ceramide in the
incubation medium was determined. t--BuOOH induces PTP
via oxidation of NADH, NADPH, and GSH through a cascade
of coupled enzymatic reactions involving glutathione peroxi-
dase and transhydrogenase. C, 4-ceramide inhibited -BuOOH-
induced PTP opening to an extent similar to inhibition of Ca** -
induced PTP (IC,, ~ 108 pmol/mg protein). In addition, PTP
opening was induced by cross-linking of the vicinal SH-groups
of one of the PTP components (presumably ANT (69)) using
PhAsO (70-72). C,q-ceramide suppressed PhAsO-induced

30 40
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FIGURE 4. Dose-response curves of the suppression by C,;-ceramide of
mitochondrial large amplitude swelling (closed circles) and discharge of
Ays (open circle) induced by t-BuOOH. Mitochondria were incubated as
described under “Experimental Procedures” except that 20 um Ca?* and 2 um
of TPP" were present from the beginning of the experiment. C,g-ceramides
were added immediately after the mitochondria. Then 200 um t-BuOOH was
added at 3 min toinitiate the swelling. The degree of swelling and the amount
of accumulated TPP™ were evaluated at the time point where swelling in
control attained 90% of the maximum of the Ca®"-induced swelling. The
values for the swelling in the presence of C,4-ceramide were normalized to
the swelling observed at this point in the presence of dodecane alone. The
results represent the average = S.D. of three independent experiments.
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FIGURE 5. Dose-response curves of the suppression by C,g-ceramide of
mitochondrial large amplitude swelling (closed circles) and discharge of
Ay (open circle) induced by PhAsO. Mitochondria were incubated as
described under “Experimental Procedures” except that 10 um Ca?* and 2 um
of TPP* were present from the beginning of the experiment. C,g-ceramides
were added immediately after the mitochondria. Next, 10 um PhAsO was
added at 3 min toinitiate the swelling. The degree of swelling and the amount
of accumulated TPP™ were evaluated at the time point where swelling in
control attained 90% of maximum of the Ca®*-induced swelling. The values
forthe swelling in the presence of C, g-ceramide were normalized to the swell-
ing observed at this point in the presence of dodecane alone. The results
represent the average = S.D. of three independent experiments.

PTP opening but at higher concentrations (IC, ~ 790 pmol/mg
protein; Fig. 5). The data indicate that natural ceramide inhibits
acommon component of PTP induction pathways, presumably
a level at which PTP is modulated by oxidation of SH groups.
C,g-ceramide Suppresses Ca’"-induced Cytochrome c
Release—Mitochondrial permeability transition is accompa-
nied by cytochrome c release due to rupture of the outer mem-
brane. Although inhibition of PTP opening by long chain cera-
mide is expected to prevent cytochrome c release, available data
also suggest that natural ceramide could form lipid channels in
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FIGURE 6. Effect of C,4-ceramide on Ca?*-induced cytochrome c release.
Mitochondria were incubated as described under “Experimental Procedures”
except that 10 um EGTA was present from the beginning of the experiment.
C,g-ceramides (at the indicated concentrations) in dodecane, or dodecane
alone, as well as 1 um CSA (where indicated) were added immediately after
the mitochondria. Then, 300 um Ca®" was added at 3 min to initiate cyto-
chrome c release. At 15 min after the addition of Ca®*, 1 mMEGTA and 1 um
CSA were added to prevent further permeabilization, and after 2 min samples
were taken, treated, and analyzed as described under “Experimental Proce-
dures.” The degree of swelling at 15 min after the addition of Ca®* was eval-
uated and expressed as a percentage of the maximum of the Ca?*-induced
swelling. The results represent the average * S.D. of three independent
experiments. A two-tailed Student’s t test was performed, and the asterisks
denote values significantly different from the values obtained in the presence
of Ca®" alone (p < 0.05).

the outer mitochondrial membrane that are readily permeable
to cytochrome c (8). To evaluate the relative contribution of
these two ceramide-dependent processes to the net efflux of
cytochrome ¢ from the mitochondrial intermembrane space,
we measured Ca®"-induced cytochrome c release into the
medium in the presence of C,3-ceramide. As shown in Fig. 64,
C,s-ceramide (1 nmol/mg protein) substantially suppressed
Ca®*-induced cytochrome c release. In the presence of CSA,
Ca®*-induced cytochrome c release was completely prevented.
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rate of oxygen consumption in state
3 is determined by passage of sub-
strates through VDAC of the outer
membrane, passage of substrates
across the inner membrane medi-
ated by the specific transporters,
including ANT, and passage of H"
across the F, portion of ATP syn-
thase. Inhibition of these transport
systems results in an interruption of
substrate fluxes and a subsequent
decrease in the rate of oxygen con-

100 200 300 400
TIME (sec)

FIGURE 7. Effect of C, ;-ceramide on mitochondrial peptidyl-prolyl cis-trans isomerase activity. Mitochon-
driawere incubated as described under “Experimental Procedures.” Trace 1, mitochondria plus dodecane; trace
2, mitochondria plus C, g-ceramide; trace 3, mitochondria plus CSA; trace 4, no mitochondria added. The results

are typical, representative of three independent experiments.

The degree of suppression of cytochrome c release by C,;-cer-
amide and CSA correlates well with the degree of suppression
of large amplitude swelling (Fig. 6B). Further increases in cera-
mide (up to 20 nmol/mg protein) provided little additional sup-
pression of cytochrome c release and swelling. Interestingly, the
addition of C,¢-ceramide at 20 nmol/mg protein to mitochon-
dria with PTP inhibited by CSA released only a small (~4.2% of
total) fraction of cytochrome ¢ within 18 min.

Suppression by C ,g-ceramide of Permeability Transition Can-
not Be Explained by Inhibition of Cyclophilin D Activity—
Cyclophilin D is a major component of PTP activity modulation
(32, 73). Thus, we tested whether C,3-ceramide affects cyclo-
philin D activity in mitochondria. Because cyclophilin D local-
izes in the matrix, its catalytic site is inaccessible to the
commonly used hydrophilic substrate succinil-Ala-Ala-Pro-
Phe-p-nitroanilide. To monitor cyclophilin D activity in mito-
chondria, the inner mitochondrial membrane was permeabi-
lized using the pore-forming peptide, alamethicin. Cyclophilin
D isomerizes the substrate along the Ala-Pro bond, readying
it for subsequent cleavage by chymotrypsin with the forma-
tion of a colored product (Fig. 7, trace 1). As expected, CSA
completely suppressed cyclophilin D activity (¢race 3), but
C,g-ceramide did not have any effect (¢race 2). These exper-
iments demonstrate that C,g-ceramide does not inhibit
cyclophilin D isomerase activity in a manner similar to CSA.
The data, however, do not rule out the possibility that C, -
ceramide might provoke the dissociation of cyclophilin D
from its binding site on PTP.

Suppression by C,g-ceramide of Permeability Transition
Cannot Be Explained by Inhibition of Oxidative Phosphoryla-
tion Complex—The activation of PTP could be prevented by a
change in the conformation state of VDAC, stabilization of
ANT in an m-state, or inhibition of the F, component of ATP
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500

600 sumption. Fig. 8 shows that incuba-

tion of mitochondria with C, 4-cera-
mide (2 nmol/mg protein) for 4 min
did not inhibit state 3 respiration.
The data indicate that C,4-ceram-
ide-induced inhibition of PTP
opening does not involve the block-
age of the major mitochondrial transport systems. Also, we
confirm that higher concentrations of ceramide (5-10
nmol/mg protein) inhibit state 3 respiration in a time-depend-
ent manner (results not shown). It can be related to the known
ability of ceramides to inhibit an electron transfer in complex I
and complex III of the mitochondrial respiratory chain
(74.-76).

Structural Specificity of Ceramide Suppression of the PTP—
To better characterize a potential ceramide-binding site
responsible for inhibition of PTP opening, we evaluated the
effects of ceramide stereoisomers and the degree of saturation
of the 4,5-trans-double bond on PTP inhibition. Stereochemi-
cal variations at the C2 and C3 positions of the sphingoid back-
bone (Fig. 9; p-e- versus L-e-, D-t-, and L-£-C, 4-ceramide stereoi-
somers) or the level of saturation at the C4 —C5 positions (Fig. 9;
D-e- versus D-e-dihydro-C,s-ceramide) had similar inhibitory
effects on the PTP. Next, modulation of the length of the fatty
acyl moiety of ceramide side chain was evaluated for the effect
of different chain lengths on the inhibition of PTP opening.
Increasing length of the N-acyl chain of ceramides augmented
the potency of ceramide as the inhibitor of the permeability
transition pore (Fig. 10).

DISCUSSION

Prior to this study, long-chain ceramides had not been shown
to affect PTP activity per se. The difficulty in utilization of long-
chain ceramides in vivo and in vitro arises from solubility prob-
lems, because long-chain neutral lipids are poorly soluble in
aqueous environments.

Establishing the conditions necessary for delivery of long-
chain ceramides to mitochondria allowed us to demonstrate
that long-chain but not short-chain ceramides almost com-
pletely inhibit permeability transition at a concentration as low
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FIGURE 8. Effect of C,g-ceramide on mitochondrial respiration. Mitochondria were incubated as described
under “Experimental Procedures” except that 2 mm Mg?" was present from the beginning of the experiment.
A, mitochondria were incubated with dodecane (trace 1) or 2 um C, g-ceramide (trace 2) for 4 min followed by
the addition of 200 um ADP at 4 and 8 min. The numbers on the plot show respiratory rate expressed in nmol of
0O,/min/mg of protein. The results are typical representative of three independent experiments. B, the plot of
the respiratory rate data obtained in experiments similar to one shown in A. The results represent the aver-
age = S.D. of three independent experiments. A two-taled Student’s t test was performed, and the asterisk
denotes value significantly different from the values obtained with untreated mitochondria (p < 0.05).

(from 1.28 = 0.32 to 6.24 = 0.8
nmol/mg protein) (74). Thus, varia-
tions in ceramide content in the
range of 0.1-6 nmol/mg protein
can be considered to be physiologi-
cal. In our experiments, 74%
(736.4 = 12.4 pmol, n = 3, from
added 1 nmol/mg protein) of cera-
mide is bound to mitochondria
within 3 min. However, it is impor-
tant to note that in our experiments,
unbound ceramide introduced into
the medium as dodecane/ethanol
solution had a propensity to co-sed-
iment with mitochondria (data not
shown). It thus makes it difficult to
determine the exact amount of cer-
amide needed to suppress the PTP.
Therefore, 736.4 = 12.4 pmol/mg
protein represents the upper limit
needed to suppress PTP. Assuming
this upper limit of ceramide binds to
mitochondria, it increases total
mitochondrial ~ ceramide from
361.8 * 33.5 to 1066.6 * 1.9
pmol/mg protein (n = 3) (i.e. within
the physiological range). Moreover,
it has been shown that ceramide
added in alcohols to aqueous solu-
tions may also in part co-sediment
with mitochondria (9). Despite
these observations, in our studies
ceramide dissolved in alcohol failed
to suppress the PTP, indicating that
it is unlikely to be effectively deliv-
ered to mitochondria. Furthermore,
it is possible that the dodecane/cer-
amide combination has effects
other than delivery and/or proper
insertion of ceramide into mito-
chondrial membranes. It may, for
example, also facilitate diffusion of
ceramide to the site of its action, as
it had been demonstrated in
experiments by Ji et al. (79) and
Ardail et al. (58). As for the more
potent nature of long chain v/s
short chain ceramides as inhibi-
tors of PTP opening, the differ-
ence in the degree of ceramide
incorporation into mitochondrial
membranes may also potentially

as 1 nmol/mg protein. Ardail et al. (77) reported the value of contribute to this observation.

ceramide content in rat liver mitochondria equal to 1.66 * 0.78 Nevertheless, inhibition of the PTP by long-chain ceramides
nmol/mg protein. Later estimates (78) provide values between in dodecane could represent a physiological phenomenon that
0.14 = 0.01 and 0.25 * 0.14 nmol/mg protein, dependingonthe might be of importance under pathological conditions that
animal age. Mitochondrial ceramide content can be increased involve accumulation of ceramides in mitochondria (30, 74, 80,
~5 times in hepatocytes after tumor necrosis factor stimulation ~ 81). Suppression by ceramides of PTP opening induced by

SEPTEMBER 5, 2008+VOLUME 283-NUMBER 36 3308 JOURNAL OF BIOLOGICAL CHEMISTRY 24713



Ceramide Inhibits Mitochondrial Permeability Transition Pore

°

.

5

=

o

(&)

Q

S 100 ——

(5]

[

H

S 80

-

) *
N3 *

< 60 - * *

(o] *

=4

T} 40 -

2

(7]

T

S 204

=]

T

c

T
& 0 ’

& o
© oe\ .‘p\g; c;\@ ,C;\ 0\6 0\6 (;3)
© S S ¢ X &\
& ' < v v ,e'o
N 9

FIGURE 9. Effect of ceramide stereochemistry on the inhibition of Ca*-
induced large amplitude swelling. Mitochondria were incubated as
described under “Experimental Procedures.” Ceramides (250 pmol/mg pro-
tein) in dodecane or dodecane alone was added immediately after the mito-
chondria. Then 100-200 um Ca®* was added at 3 min to initiate the swelling.
The degree of swelling in the presence of ceramides was evaluated at the
moment when the swelling in the control reached 90% of the maximum
Ca?"-induced swelling observed in the presence of dodecane. The values for
the swelling in the presence of C, g-ceramide were normalized to the swelling
observed at this point in the presence of dodecane alone. The results repre-
sent the average = S.D. of three independent experiments. A two-tailed Stu-
dent’s t test was performed, and the asterisk denotes a value significantly
different from the values obtained with sphingosine (p < 0.05).
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FIGURE 10. Effect of ceramide fatty acid chain length on inhibition of
Ca?*-induced large amplitude swelling. Mitochondria were incubated as
described under “Experimental Procedures.” Ceramides (250 pmol/mg pro-
tein) in dodecane or dodecane alone were added immediately after the mito-
chondria. Then 100-300 um Ca®* was added at 3 min to initiate the swelling.
The degree of swelling in the presence of ceramides was evaluated at the
moment when the swelling in the control reached 90% of the maximum
Ca?*-induced swelling observed in the presence of dodecane. The values for
the swelling in the presence of C, g-ceramide were normalized to the swelling
observed at this point in the presence of dodecane alone. The results repre-
sent the average = S.D. of three independent experiments. A two-tailed Stu-
dent’s t test was performed, and the asterisk denotes a value significantly
different from the values obtained with C,-ceramide (p < 0.05).

either oxidative stress, SH group cross-linking, or high Ca*"
load suggests an inhibitory point at a level at which major PTP
regulatory pathways converge, thus underscoring the impor-
tance of this regulatory step. It is well known that mitochon-
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drial proteins, such as ANT, ATP synthase, VDAC, and cyclo-
philin D, modulate PTP activity (32—34, 73, 82—86). The PTP
channel was previously thought to be formed by association of
ANT, localized in the inner mitochondrial membrane, with
VDAC of the outer mitochondrial membrane, with the opening
of this channel complex to be regulated by association of cyclo-
philin D with ANT from the matrix space. Recent experiments
with mitochondria from ANT- or VDAC-deficient mice clearly
demonstrated that they do not constitute the PTP channel by
itself but may be considered regulatory components (87-89).

The nature of proteins that constitute the PTP channel
remains unknown. Whether this channel is a separate entity, as
had been originally postulated by Hunter and Haworth (90, 91),
or whether any random misfolded protein in the inner mem-
brane can form such a channel, as suggested recently (92),
remains to be determined.

Our results demonstrate that ceramide does not inhibit
activity of ANT, ATP synthase, VDAC, and cyclophilin D when
PTP opening is already suppressed. One option is that cera-
mides can dissociate regulatory enzyme complexes from the
PTP channel without interfering with their activity, as docu-
mented for ceramide-induced dissociation of cytochrome ¢
from the inner mitochondrial membrane (11, 13). The second
possibility is the inhibition by ceramides of some unidentified
PTP component.

Another interesting aspect of these studies is the structural
specificity of the ceramide binding site involved in PTP inhibi-
tion. Often dihydroceramide and ceramide stereoisomers,
except D-erythro-ceramide, behave as neutral molecules or
exert effects on biological systems that are opposite to those
attributed to ceramide (93—96). In the context of isolated mito-
chondria, hydrophobic binding sites are diverse with respect to
saturation of the ceramide 4 —5-trans-double bond. Generation
of reactive oxygen species by mitochondria in response to cer-
amide treatment appears to lack specificity with respect to cer-
amide versus dihydroceramide (74). Also, a report from Richter
and co-workers (11) shows a greater than 3-fold increase in
cytochrome c release from isolated mitochondria under the
effect of C, dihydroceramide compared with control. Positively
charged mimetics of conventional ceramides that readily accu-
mulate in the mitochondrial matrix have only partial selectivity
between saturated and unsaturated compounds in the induc-
tion of PTP opening (17). At the same time, activation of the
PTP in Ca®>"-loaded mitochondria in digitonin-permeabilized
Hep@G2 cells (15) and potentiation of Bax-induced PTP opening
(16) show considerable specificity for ceramide compared with
dihydroceramide. In our studies, variations in dihydroceramide
during the time course of apoptosis do not exceed 10% of the
total ceramide change.>* This suggests that it is the increase in
ceramide species that might provide regulatory effects on PTP
activity during apoptosis.

To explain these seemingly contradictory data regarding
activation/inhibition of PTP by ceramides, one can speculate
that PTP possesses at least two regulatory sites. Occupation of
the site that is accessible for short chain ceramides may pro-

3 L. M. Obeid and T. D. Mullen, unpublished results.
“T.1. Gudz and D. Chudakova, unpublished results.
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mote pore opening, whereas long-chain ceramide binding to
another site may result in pore closure.

The existence of such hydrophobic sites with opposing func-
tions in PTP regulation is well documented, and they are
relatively nonspecific. A biphasic dose response was observed
with the 1.3-nanosiemens megachannel (counterpart of PTP in
electrophysiological studies) and the hydrophobic compounds
antimycin A and protoporphyrin IX in studies of the inner
mitochondrial membrane of mitoplasts using patch clamp
techniques (97, 98). Low concentrations of these compounds
decrease the open probability of the 1.3-nanosiemens
megachannel, whereas higher concentrations facilitate channel
opening. These studies suggest that two separate high and low
affinity binding sites for antimycin A and protoporphyrin IX
produce these opposing effects. These studies are supportive of
subsequent investigations into the effects of a variety of chem-
ically unrelated hydrophobic drugs (butylhydroxytoluene, trif-
luoperazine, dicyclohexylcarbodiimide, and pentamethylchro-
manol) on PTP activity in isolated mitochondria (99).
Researchers have concluded that, depending on concentration,
occupation of relatively nonspecific hydrophobic binding sites
in the inner mitochondrial membrane results in PTP opening
or closure, but physiological effectors of these sites were unde-
termined. In a series of recent studies, Fontaine and co-workers
(100-102) have provided evidence that these sites might rep-
resent the point of PTP regulation by mitochondrial quinones.
Using a variety of quinone derivatives, the authors showed that
minor structural changes in these compounds drastically mod-
ify their effect on the PTP, although quinones of diverse struc-
tures may display qualitatively similar properties and may
appear to occupy the same binding site that affects PTP activity.
Our data suggest that these sites can be candidates for PTP
regulation by lipid second messengers.

How ceramide inhibition of the PTP may have a physiologi-
cal role requires further investigation. One possibility is the
preservation of barrier function of the inner mitochondrial
membrane during apoptosis.

Mitochondrial dysfunction accompanying apoptosis was
attributed to two mechanisms (31, 32, 103, 104). One mecha-
nism is the increase in the outer mitochondrial membrane per-
meability as a result of translocation/insertion of Bax and Bad,
followed by counterdiffusion of cytochrome ¢ (out of the inter-
membrane space) and caspases (into the intermembrane
space). This results in activation of “executioner” caspases by
the Apaf-1-cytochrome c-caspase 9 complex formed in the
cytoplasm and a decrease in Ay and inactivation of respiration
as a consequence of cytochrome c release (105) and proteolysis
of complex I and II of the respiratory chain by caspases at the
outer surface of the inner membrane (106).

The second mechanism considers alterations in the inner
mitochondrial membrane as a primary event of mitochondrial
dysfunction in apoptosis, during which PTP opening is thought
to be a major event. PTP opening, in turn, completely dissipates
Ay and provokes large amplitude swelling with the subsequent
rapture of the outer membrane and release of the intermem-
brane proteins, including cytochrome c.

Both of these mechanisms were considered to be possible
candidates for execution of mitochondrial steps in apoptosis.
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However, recent data support the hypothesis that only the first
mechanism operates in apoptosis, because PTP is closed during
execution of the apoptotic program (53-55). One could specu-
late that ceramide elevation in mitochondria at the initial stage
of apoptosis (30, 74, 80, 81) keeps the PTP closed, despite the
increase in reactive oxygen species (107, 108), which are well
known PTP inducers (32—34), in the cytoplasm. This PTP inac-
tivation would allow mitochondria to support adequate ATP
production for formation of the apoptosome and might be
responsible for the initial rise in ATP production (and hence
Ay) during apoptosis (109, 110), an observation that corre-
sponds well with the reported transient mitochondrial hyper-
polarization in the apoptosis induced by interleukin-3 with-
drawal (111, 112). Subsequent inactivation of the respiratory
chain by proteolysis or by ceramides itself (74-76, 113) may
account for the frequently observed decrease in Ay at later
stages. However, PTP opening by an uncontrolled increase in
reactive oxygen species, Ca®>" levels, and ceramide can also
contribute to this phenomenon.

In this scenario, ceramide may play a dual role. It promotes
translocation/activation of Bax/Bad to mitochondria, allowing
formation of cytochrome c-permeable pores, and keeps PTP
closed, because Bax by itself has the propensity to activate PTP
(16, 114, 115).

This does not mean that ceramide cannot directly open the
PTP when its level exceeds some threshold or when an addi-
tional combination of factors occurs. However, an indication
for such a mechanism at the level of isolated mitochondria is
limited and at times contradictory (no effect in the range 2— 60
uM (12, 16, 17)) and restricted to short-chain ceramides only.
At the cellular level, indications that ceramides open the pore
are also limited to short-chain ceramides. Thus, the data pre-
sented here suggest a novel mechanism for the regulation of
cellular function at the mitochondrial level by lipid second
messengers.
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