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Abstract

Background: The pathogenesis of bilirubin en-
cephalopathy and Alzheimer’s disease appears to
result from accumulation of unconjugated bilirubin
(UCB) and amyloid-B (AB) peptide, respectively,
which may cause apoptosis. Permeabilization of the
mitochondrial membrane, with release of inter-
membrane proteins, has been strongly implicated in
cell death. Inhibition of the mitochondrial perme-
ability is one pathway by which ursodeoxycholate
(UDC) and tauroursodeoxycholate (TUDC) protect
against apoptosis in hepatic and nonhepatic cells.
In this study, we further characterize UCB- and AB-
induced cytotoxicty in isolated neural cells, and in-
vestigate membrane perturbation during incubation
of isolated mitochondria with both agents. In addi-
tion, we evaluate whether the anti-apoptotic drugs
UDC and TUDC prevent any changes from occur-
ring.

Materials and Methods: Primary rat neuron and
astrocyte cultures were incubated with UCB or AB
peptide, either alone or in the presence of UDC.
Apoptosis was assessed by DNA fragmentation and
nuclear morphological changes. Isolated mitochon-
dria were treated with each toxic, either alone or in
combination with UDC, TUDC, or cyclosporine A.
Mitochondrial swelling was measured spectropho-

tometrically and cytochrome ¢ protein levels deter-
mined by Western blot.

Results: Incubation of neural cells with both UCB
and AB induced apoptosis (p < 0.01). Coincubation
with UDC reduced apoptosis by >50% (p < 0.05).
Both toxins caused membrane permeabilization in
isolated mitochondria (p < 0.001); whereas, pretreat-
ment with UDC was protective (p < 0.05). TUDC was
even more effective at preventing matrix swelling
mediated by AB (p < 0.01). UDC and TUDC markedly
reduced cytochrome ¢ release associated with mito-
chondrial permeabilization induced by UCB and AB,
respectively (p < 0.05). Moreover, cyclosporine A sig-
nificantly inhibited mitochondrial swelling and cy-
tochrome c efflux mediated by UCB (p < 0.05).
Conclusion: UCB and AB peptide activate the apop-
totic machinery in neural cells. Toxicity occurs through
a mitochondrial-dependent pathway, which in part in-
volves opening of the permeability transition pore.
Furthermore, membrane permeabilization is required
for cytochrome c release from mitochondria and can be
prevented by UDC or TUDC. These data suggest that
the mitochondria is a pharmacological target for cyto-
protection during unconjugated hyperbilirubinemia
and neurodegenerative disorders, and that UDC or
TUDC may be potential therapeutic agents.
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Introduction

Apoptosis is a silent form of cell death crucial in
the development of a variety of embryonic and
adult tissues (1), but when malfunctioning, de-
creased or increased levels of apoptosis are asso-
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ciated with a number of clinical diseases (2,3).
Distinctive morphologic and biochemical fea-
tures of apoptosis include membrane blebbing,
progressive condensation of chromatin and cyto-
plasm, cell shrinkage, and subsequent nuclear
fragmentation. These events culminate in the
characteristic formation of apoptotic bodies,
consisting of nuclear fragments and intact cell
organelles surrounded by plasma membrane
(4,5). For a long time, the absence of mito-
chondrial changes was a hallmark of apoptosis,
but mitochondria has lately been considered as a
central executioner of programmed cell death. In
fact, disruption of mitochondrial function ap-
pears to be a required factor for apoptosis in
many cell types (6-8), in contrast to the cell nu-
cleus and DNA fragmentation (9,10). The per-
meabilization of the mitochondrial membrane,
with subsequent release of soluble intermem-
brane proteins into the cytosol, has been
strongly implicated as a mechanism of cell death
(11). A number of different signals, such as cal-
cium and reactive oxygen species, and pro-apop-
totic proteins directly act at the mitochondrial
membrane, and some of them open the perme-
ability transition pore complex.

Nerve cell injury from unconjugated biliru-
bin (UCB) has been implicated in brain damage
during neonatal hyperbilirubinemia and Crigler-
Najjar type I syndrome (12,13). In fact, numerous
crucial aspects of cell function are impaired by
bilirubin (14-21), and our results suggest that
UCB toxicity in cultured astrocytes and neurons
may be attributed to apoptotic processes (22,23).
Though the primary target of bilirubin toxicity is
still not known, mitochondria have long ago
been described as particularly vulnerable to this
toxic stimulus (24-26). However, the underlying
mechanism of toxicity is still far from clear. In
addition, the major pathological features of
Alzheimer’s disease include amyloid plaques
composed primarily of the amyloid-B (A ) pep-
tide, degenerating neurons and neurofibrillary
tangles, as well as the presence of numerous acti-
vated astrocytes and microglia (27). Neuronal cell
death was shown to be directly triggered by frag-
ments of AB (28-30) and, high density of apop-
totic cells have been found in brain tissue from
patients with Alzheimer’s disease (31). Although
extensive genetic data implicate AB in the neu-
rodegenerative cascade of Alzheimer’s disease
and a key role for this peptide has been strength-
ened by several findings, the molecular mecha-
nisms underlying its effects on neuronal cell
death are still a matter of debate (32). In fact, it

remains a central controversy as to whether the
disease is a direct effect of the aggregated peptide
or due to the induction of secondary events, such
as inflammation or free radical generation.

Recent data suggest that the bile salt urso-
deoxycholate (UDC) and its taurine-conjugated
form, tauroursodeoxycholate (TUDC), increase
the apoptotic threshold in both hepatocytes and
nonliver cells from agents acting through differ-
ent apoptotic pathways. Although the precise
molecular mechanism of cytoprotection by UDC
is unclear, our results indicate that inhibition of
the mitochondrial permeability transition is at
least one pathway by which UDC protects
against apoptosis (33,34). In addition, we re-
cently showed that TUDC prevented apoptosis
induced by the neurotoxic 3-nitropropionic acid
in neuronal cells through a mitochondrial-de-
pendent pathway that did not involve the per-
meability transition pore (35). These findings
suggest that the mitochondrial membrane may
constitute a pharmacological target for UDC and
TUDC, where these molecules act as general reg-
ulators of cell survival.

The purpose of this study was to: (I) further
characterize UCB- and AB-induced cytotoxicty in
isolated neuronal and glial cells; (II) investigate
mitochondrial membrane perturbation during
incubation of isolated mitochondria with both
toxic stimuli; and (III) evaluate whether the
anti-apoptotic agents UDC and TUCD prevent
these changes from occurring. Data obtained
confirmed that both UCB and AR peptide induce
significant apoptosis in neural cells. In addition,
the results revealed that UCB and A peptide di-
rectly induced mitochondrial permeabilization
and cytochrome c redistribution, suggesting that
mitochondrial membrane perturbation is a key
event during apoptosis induced by both toxic
stimuli. Finally, UDC and TUDC, shown to pre-
vent cell death induced by several apoptotic
agents by modulating mitochondrial alterations,
also inhibited UCB- and AB-induced toxicity in
neural cells, as well as in isolated mitochondria.
Thus, mitochondria appear to mediate apoptosis
induced by UCB and A peptide.

Materials and Methods

Isolation of Rat Primary Neurons and Astrocytes
and Cell Culture

Rat neurons were isolated from fetuses of
17-18-day-pregnant Wistar rats as previously
described (36) with minor modifications. In
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short, pregnant rats were ether anesthetized
and decapitated. The fetuses were collected
in Hank’s balanced salt solution (HBSS-1;
Life Technologies Inc., Grand Island, NY) and
rapidly decapitated. After removal of meninges
and white matter, the brain cortex was col-
lected in Hank’s balanced salt solution without
Ca** and Mg?** (HBSS-2). Brain cortexes were
mechanically fragmented, transferred to a
0.025% trypsin in HBSS-2 solution, and incu-
bated for 15 min at 37°C. Following trypsiniza-
tion, cells were washed twice in HBSS-2 con-
taining 10% fetal calf serum, and resuspended
in Neurobasal medium (Life Technologies Inc.)
supplemented with 0.5 mM L-glutamine, 25 uM
L-glutamic acid, 2% B-27 Supplement (Life
Technologies Inc.), and 12 mg/mL gentamicin.
Aliquots of 1 X 10° cells/cm* were plated on
12-well tissue culture plates (Corning Costar
Corp., Cambridge, MA) pre-coated with poly-
D-lysine, and maintained at 37°C in a humidi-
fied atmosphere of 5% CO,. Every three days,
0.5 ml of old medium was removed by aspira-
tion and replaced by the same volume of fresh
medium without glutamic acid. Cells were
used after 8 days in culture. Neurons were
morphologically characterized by phase con-
trast microscopy, and by indirect immunocyto-
chemistry for neurofilaments.

Astrocytes were isolated from 2-day-old
Wistar rats as described previously (37), with
minor modifications. Briefly, the rat brain was
collected after decapitation in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Life Technolo-
gies Inc.) containing 11 mM sodium bicarbon-
ate, 71 mM glucose and 1% antibiotic and
antimicotic solution (Sigma Chemical Co.,
St. Louis, MO). Meninges, blood vessels and
white matter were then removed. The cortex
was homogenized by mechanical fragmenta-
tion, and the cell suspension passed sequen-
tially through steel screens of 230, 104, and
73.3 pm pore size. Cells were collected by cen-
trifugation at 700X g for 10 min and resus-
pended in DMEM supplemented with 10% fe-
tal calf serum (Life Technologies Inc.). Finally,
2.0 X 10° cells/cm* were platted on 12-well
tissue culture plates (Corning Costar Corp.)
and maintained at 37°C in a humidified atmo-
sphere of 5% CO,. Culture medium was re-
placed at day 7, and cells were used after
10 days in culture. Astrocytes were morphologi-
cally characterized by phase contrast microscopy,
and by indirect immunocytochemistry for glial
fibrillary acidic protein (GFAP) using a primary

rabbit anti-GFAP antibody followed by a fluores-
cent-labeled secondary goat anti-rabbit antibody.

Induction of Apoptosis

UCB (Sigma Chemical Co.) was purified (38)
and dissolved in 0.1 N NaOH to prepare a stock
solution at a concentration of 8.6 mM. The
stock solution was added to culture medium
(without fetal calf serum), containing human
serum albumin (Sigma Chemical Co.) to obtain
a final UCB concentration of 86 uM, at a 3:1
bilirubin:albumin molar ratio. Although rarely
found in jaundiced newborns, this molar ratio
was selected to achieve, in short incubation pe-
riods, significant interaction of UCB with cells,
mimicking the toxic conditions of a prolonged
severe hyperbilirubinemia. A concentrated so-
lution of 5 mM A peptide fragment 25-35
(peptide content 84%; Sigma Chemical Co.)
was prepared in water. Isolated rat neurons
and astrocytes were cultured as described
above and then incubated with either 86 uM
UCB for 4 hr, or 25 uM AB (25-35) for 24 hr,
with or without 100 uM UDC (Sigma Chemi-
cal Co.). In the combination groups, cells were
pretreated with UDC alone for 1 hr prior to in-
cubation with UCB or AB peptide. In all stud-
ies, the medium was gently removed at the in-
dicated times and scored for nonviable cells by
trypan blue dye exclusion. Attached cells were
fixed with 4% formaldehyde in phosphate
buffer saline (PBS), pH 7.4, for 10 min at room
temperature for both detection of DNA frag-
mentation and morphologic evaluation of apop-
totic changes.

Detection of DNA Fragmentation and Morphological
Evaluation of Apoptosis

DNA fragmentation was assessed on fixed cells
by the terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end-
labeling (TUNEL) assay. The specific technique
employed uses terminal deoxynucleotidyl trans-
ferase to attach fluorescein labeled nucleotides
to free 3’-OH DNA ends. Astrocyte permeabil-
ization was achieved using 0.1% Triton X-100
(Boehringer Mannheim GmbH, Mannheim,
Germany) in 0.1% sodium citrate, for 5 min at
4°C; whereas 5% Triton X-100 was needed to
permeabilize neurones. After rinsing with PBS,
cells were processed according to the manufac-
turer’s instructions (Boehringer Mannheim
GmbH). In short, incorporated fluorescein was
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detected by anti-fluorescein antibody conju-
gated with alkaline phosphatase. After substrate
reaction using Fast Red tablets (Boehringer
Mannheim GmbH), stained cells were ana-
lyzed under light microscope and photographs
were taken with Kodak GOLD ultra400 films
(Eastman Kodak Co., Rochester, NY). The
number of TUNEL positive cells (i.e., red nu-
clei) were counted in at least three random mi-
croscopic fields for each sample and the mean
values expressed as the percentage of apoptotic
nuclei.

Morphology was performed as described
previously (39). Briefly, fixed cells were incu-
bated with Hoechst dye 33258 (Sigma Chemical
Co.) at 5 pug/ml in PBS for 3 min, washed with
PBS and mounted with PBS:glycerol (3:1, vol-
ume per volume; v/v). Fluorescence was visualized
using a Axioskop fluorescence microscope (ZEISS,
Germany). Fluorescent nuclei were scored by
different people and categorized according to the
condensation and staining characteristics of
chromatin. Normal nuclei were identified as
non-condensed chromatin dispersed over the
entire nucleus. Apoptotic nuclei were identified
by condensed chromatin, contiguous to the nu-
clear membrane, as well as nuclear fragmenta-
tion of condensed chromatin. Three random mi-
croscopic fields per sample of approximately 500
nuclei were counted and mean values expressed
as the percentage of apoptotic nuclei.

Isolation of Mitochondria

Low calcium brain and liver mitochondria were
isolated from adult male (250-350 g) Wistar rats
as previously described (40,41). In short, ani-
mals were sacrificed by exsanguination under
ether anesthesia and brains and livers removed
and rinsed in ice-cold homogenate buffer con-
taining 70 mM sucrose, 220 mM mannitol, 1
mM ethylene glycol-bis (B-aminoethyl ether)-
N,N,N'N'-tetraacetic acid (EGTA) and 10
mM N-2-hydroxyethylpiperazine-N-2-ethane-
sulfonic acid (HEPES), pH 7.4. Approximately
10 g of minced brain or liver was prepared as a
10% (weight per volume; w/v) homogenate in
an ice-cold solution of homogenate buffer using
six complete up and down strokes with a speed
controlled mechanical skill drill and a teflon pes-
tle. The homogenate was centrifuged at 600X g
for 10 min at 4°C using an angle-rotor NR 12156
in a Sigma 3K 30 (B. Braun-Biotech Inc., Allen-
town, PA), and the post-nuclear supernatant was
centrifuged at 7,000X g for 10 min at 4°C using

an angle-rotor NR 12158. The crude mito-
chondrial pellet was further purified by sucrose-
Percoll gradient centrifugation (42). The pellet
was resuspended in 2 ml of homogenate buffer,
and 1 ml of the suspension was carefully layered
onto a 35 ml self-generating gradient containing
0.25 M sucrose, 1 mM EGTA, and Percoll (Sigma
Chemical Co.; 75:25, v/v). The mitochondria
were purified by centrifugation at 43,000X g for
30 min at 4°C. The clear supernatant solution
was removed and the lower turbid layer was re-
suspended in 30 ml of wash buffer containing
0.1 M KCl, 5 mM 3-(N-morpholino)-propane
sulfonic acid (MOPS), and 1 mM EGTA, at pH
7.4 and centrifuged at 7,000X g for 10 min at 4°C.
The resulting mitochondria pellet was washed
twice in wash buffer. A final wash was carried
out in chelex-100-treated buffer (Bio-Rad Labo-
ratories, Richmond, VA, 200-400 mesh, potas-
sium form) without EGTA. The pellet was resus-
pended in 4 ml of chelex-100-treated suspension
buffer containing 125 mM sucrose, 50 mM KCl,
5 mM HEPES, and 2 mM KH,PO,. The usual
yield of mitochondria was approximately 25 mg
of protein per gram of liver tissue, which is
higher than that obtained in preliminary experi-
ments using brain tissue. Mitochondria were
used for experiments within 3 hr of isolation.
Aliquots were removed for examining the purity
of the mitochondria preparation as previously
described (43).

Incubation of Isolated Mitochondria with Inducers
of Apoptosis and Measurement of Mitochondrial
Membrane Permeability

The mitochondrial membrane permeabilization
was assessed using a spectrophotometric assay
measuring high amplitude rapid swelling of
mitochondria as previously described (41,43)
with minor modifications. An increase in mito-
chondrial swelling results in a decrease in op-
tical density. In brief, mitochondria (0.1 mg
protein) were incubated in 1 ml of chelex-100-
treated respiration buffer (10 mM HEPES,
10 mM succinate, 215 mM mannitol, 71 mM
sucrose, pH 7.4) for 10 min at 25°C and
swelling was monitored at 540 nm in a Unicam
Spectrometer UV2 (Unicam, Portsmouth, NH).
Basal values of mitochondria absorbance were
measured for 5 min, and the optical density was
monitored for an additional 5 min after addition
of either 4.3 uM UCB or 125 uM ApB fragment
25-35. For the coincubation studies, mitochon-
dria were pretreated with either 500 uM UDC,
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500 uM TUDC, or 5 uM cyclosporine A (Sigma
Chemical Co.), for 5 min at 25°C.

Measurement of Cytochrome c Levels in Supernatants
and Mitochondrial Pellets After the Mitochondrial
Permeability Assay

Following the permeability assay, mitochon-
dria were spun down at 12,000X g for 3 min
at 4°C. Aliquots of the supernatant and pel-
let were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
for detection of cytochrome c release. Following
separation on a 15% electrophoresis gel, pro-
teins were electrophoretically transferred onto
nitrocellulose membranes and the immunoblots
incubated with 15% H,O, for 15 min at room
temperature. Membranes were then sequen-
tially incubated with 5% milk blocking
solution, primary monoclonal antibody to cy-
tochrome ¢ (PharMingen, San Diego, CA) at a
dilution of 1:5,000 overnight at 4°C, and finally,
with secondary goat anti-mouse immunoglobu-
lin G (IgG) antibody conjugated with horserad-
ish peroxidase (Bio-Rad Laboratories, Hercules,
CA) for 2 hr at room temperature. The mem-
branes were processed for cytochrome ¢ detec-
tion using the enhanced chemiluminescent
light (ECL) system from Amersham (Amersham
Life Science, Inc., Arlington Heights, IL).

Densitometry and Statistical Analysis

Densitometry was accomplished using a PC
coupled to a PRIMAX 9600 Profi VM6575 scan-
ner (Primax International B.V., Utrecht, The
Netherlands). Quantitation of the autoradi-
ograms used the ImageMaster 1D Elite densit-
ometric analysis program (Amersham Pharma-
cia Biotech, Uppsala, Sweden). The fold change
in protein levels was calculated based on the
corresponding controls. All data are expressed
as mean =* standard error of the mean (SEM)
from at least three separate experiments. Differ-
ences between groups were compared using
the unpaired two-tailed Student’s f-test per-
formed on the basis of equal or unequal vari-
ance as appropriate. P values lower than 0.05
were considered statistically significant.

Results
UDC Inhibits Apoptosis Induced by UCB
and AB Peptide

Cell culture studies confirmed that significant
apoptotic changes occurred in primary rat neurons
and astrocytes after incubation with UCB and

ApB peptide. Fixed neurons were assayed for
the characteristic fragmented DNA of apoptosis
using nucleotide-labeling (Fig. 1). Following
incubation of neurons with UCB, the TUNEL
assay showed that 23% of the cells exhibited
positive nuclear staining for fragmented DNA,
which represented a 3-fold increase from con-
trol values (p < 0.01). Using bilirubin:albumin
molar ratios of 1:1, we were still able to detect
significant levels of apoptosis in neurons, al-
most reaching 15% of apoptotic cells (p < 0.01).
In addition, 24% of the neurons were apoptotic
after treatment with AB peptide. Incubation
with UDC produced no changes in levels of
apoptosis, compared with controls. Moreover,
when the toxic agents and UDC were combined
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Fig. 1. Apoptosis in primary rat neurons incu-
bated with UCB, and AR peptide. Isolated neurons
were cultured for 8 days prior to incubation with
either 86 M unconjugated bilirubin (UCB), 25 uM
amyloid-B (AB) peptide (25-35), a combination of
toxic agent plus 100 uM ursodeoxycholate (UDC), or
no addition (control). Cells were fixed, and then
assayed for nucleotide-labeled genomic DNA as
described in “Materials and Methods.” (A) TUNEL-
positive neurons (dark stain) in cells incubated with
no addition (a; control), UCB (b), AB peptide (c),
UDC (d), UCB plus UDC (e), and AB peptide plus
UDC (f). (B) Percentage of TUNEL-positive neurons.
Values are means = standard error of the mean (SEM)
of at least three separate experiments. *p < 0.01 from
control; Tp < 0.05 from toxic stimuli alone.
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in the culture medium, the hydrophilic bile salt
significantly inhibited neuronal death by
apoptosis associated with UCB or AB peptide
alone (p < 0.05). Glial cells were less sensitive
than neurons to UCB- and AB-induced DNA
fragmentation, but UDC protective effect was
similar. In fact, primary rat astrocytes incubated
with UCB and AB peptide exhibited 18 and
16% of apoptosis, respectively (p < 0.01).
Again, UDC reduced the apoptotic response by
>50% (p < 0.05). Similar results were also ob-
served when apoptosis was assessed by
changes in nuclear morphology after Hoechst
staining (Fig. 2). Cell shrinkage, condensation
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Fig. 2. Apoptosis in primary rat astrocytes
incubated with UCB, and AB peptide. Isolated
astrocytes were cultured for 10 days prior to
incubation with either 86 uM uconjugated biliru-
bin (UCB), 25 uM amyloid-B (AB) peptide (25-35),
a combination of toxic agent plus 100 uM
ursodeoxycholate (UDC), or no addition (control).
Cells were fixed, and then assessed for nuclear
morphological alterations characterized by
condensed chromatin, fragmentation, and formation
of apoptotic bodies as described in “Materials and
Methods.” (A) Fluorescence micrsoscopy of Hoechst
staining after incubation of rat astrocytes with no ad-
dition (a; control), UCB (b), AB peptide (c), UDC (d),
UCB plus UDC (e), and A peptide plus UDC (f).

(B) Percentage of altered nuclei. Values are means *+
standard error of the mean (SEM) of at least three
separate experiments. *p < 0.01 from control; Tp <
0.05 from toxic stimuli alone.

of chromatin, and nuclear fragmentation with
formation of apoptotic bodies was evident after
incubation of astrocytes with both UCB and AB
peptide. Moreover, using Hoechst staining, co-
incubation with UDC resulted in similar pro-
tection of apoptosis induced by both toxic
agents.

UCB and AB Peptide Induce Membrane
Permeabilization in Isolated Mitochondria

The disruption of mitochondrial function ap-
pears to be a key event in apoptosis induced by
several stimuli and may mark the commitment
to the apoptotic death process (7). Thus, to
characterize the effect of UCB and A peptide
on these organelles, we assayed the membrane
permeability in mitochondria isolated from
adult rats. Mitochondria were isolated from rat
liver with better yield and purity than from rat
brain (data not shown). Since results from pre-
liminary studies using liver and brain mito-
chondria showed similar trends, we decided to
use liver organelles for the remainder of the ex-
periments. Incubations with UCB resulted in
high amplitude mitochondrial swelling, which
was rapid and dose-dependent. The absorbance
of the mitochondrial suspension at 5 min after
adding UCB decreased 11% from control with
0.9 uM (p < 0.05) and 48% with 8.6 uM (p <
0.001); (Fig. 3). The effect of different dosage of
AB peptide on the mitochondrial membrane
permeability was examined and is also shown
in Figure 3. Incubations with AB peptide re-
sulted in significant decreases in mitochondrial
absorbance, which was already evident with
concentrations as low as 63 uM AB (14%, p <
0.01), and continued to increase using 125 uM
concentrations (19%, p < 0.01).

Since UDC and TUDC previously were
shown to exert their protective action at the mi-
tochondrial level using other models, we then
investigated the effect of UDC and TUDC on
the mitochondrial membrane permeability in-
duced by 4.3 uM UCB and 125 uM AR peptide
(Fig. 4). Mitochondrial swelling increased 22-
and 12-fold over control values after a 5-min
incubation with UCB and Apf, respectively
(r < 0.001). UDC alone slightly increased
swelling (p < 0.05); whereas, TUDC produced
no significant changes in organelle permeabil-
ity relative to control. Moreover, during coin-
cubation studies, UDC protected against UCB-
and AB-induced mitochondrial swelling by 79 %
(p < 0.001) and 50% (p < 0.05), respectively.
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Fig. 3. Dose-response of isolated mitochondria
to UCB- and A peptide-induced swelling.
Mitochondria were isolated and incubated with
either no addition (control), unconjugated bilirubin
(UCB; 0.9, 4.3, and 8.6 uM), or amyloid-B (AB)
peptide (25-35) (63 and 125 wM) in respiration
buffer as described in “Materials and Methods.” At
5 min, the apoptotic agent was added and the
decrease in absorbance at 540 nm was monitored
for an additional 5 min-period. The results are
means * standard error of the mean (SEM) of at
least three separate experiments.

TUDC inhibited A toxicity by 75% (p < 0.01),
but prevented UCB alterations by only 28%
(p < 0.05).

The large-volume mitochondrial swelling
induced by both UCB and AB peptide could
be due to either a nonspecific disruption of
the mitochondrial membrane or a specific
opening of the cyclosporine A-sensitive mega-
pore. Therefore, we next determined if pre-
treatment of isolated mitochondria with cy-
closporine A inhibited UCB- and AB-induced
mitochondrial swelling (Fig. 4). Similarly to
the effect of UDC, cyclosporine A also par-
tially inhibited UCB-mediated swelling by
52% (p < 0.001). However, AB-induced mi-
tochondrial alterations were only slightly
prevented by preincubation with cyclosporine
A (9%, not significant; N.S.). Swelling of mi-
tochondria could be explained by the open-
ing of the permeability transition pore dur-
ing incubation with UCB, but not with AB
peptide.
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Fig. 4. Percent change in mitochondrial swelling
following incubation of isolated mitochondria
with UCB and A peptide. Mitochondria were
isolated and incubated with either no addition (con-
trol), 4.3 uM unconjugated bilirubin (UCB), 125 uM
amyloid-B (AB) peptide (25-35), or a combination of
toxic agent plus 500 M ursodeoxycholate (UDC),
500 uM taurourso auroursodeoxycholate (TUDC) or
5 uM cyclosprine A (CsA) in respiration buffer as
described in “Materials and Methods.” At 5 min, the
apoptotic agent was added and the percent change in
mitochondrial swelling from 5 to 10 min was
determined by monitoring the absorbance at 540 nm.
In the coincubation experiments, mitochondria were
pretreated with UDC, TUDC, or CsA for 5 min. The
results are means * standard error of the mean
(SEM) of at least three separate experiments.

Tp < 0.05, *p < 0.001 from control; ¥p < 0.05,

1p < 0.01, ¥p < 0.001 from toxic stimuli alone.

UCB and AR Peptide Induce Cytochrome c
Release After Membrane Permeabilization in
Isolated Mitochondria

We then determined whether the direct effect
of UCB and AP peptide on mitochondria to in-
duce the mitochondrial membrane permeabil-
ity was required for the release of cytochrome
¢. Thus, cytochrome ¢ protein levels were deter-
mined by Western blot analysis of the mito-
chondrial pellets and supernatants following
incubation with UCB or AB peptide. Levels of
cytochrome ¢ accumulated in supernatants of
controls were undetectable (Fig. 5). Likewise,
addition of either UDC, TUDC, or cyclosporine
A did not significantly influence cytochrome ¢
release. In contrast, mitochondria treated with
UCB or A peptide showed a marked release of
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Fig. 5. Cytochrome c release following
membrane permeabilization in isolated
mitochondria incubated with UCB and A
peptide. Mitochondria were isolated and
incubated with either no addition (control), 4.3 uM
unconjugated bilirubin (UCB), 125 uM amyloid-3
(AB) peptide (25-35), or a combination of toxic
agent plus 500 uM ursodeoxycholate (UDC), 500
M tauroursodeoxycholate (TUDC) or 5 uM (CsA)
in respiration buffer as described in “Materials and
Methods.” Mitochondrial pellets and supernatants
were examined for cytochrome c levels by Western
blot analysis. Following SDS-PAGE and transfer,
the nitrocellulose membranes were incubated with
the monoclonal antibody to cytochrome ¢ and the
15 kDa protein was detected using enhanced
chemiluminescent light (ECL) reagent cyclosporine A.
Representative Western blots (top) and
densitometric means = standard error of the mean
(SEM) relative to controls (bottom) of at least three
separate experiments. *p < 0.01 from control;

Tp < 0.05 from toxic stimuli alone.

cytochrome ¢ (p < 0.01), and supernatant levels
were proportionally increased (p < 0.01). In
fact, 4- to 3-fold decreases in protein levels
were evident in mitochondrial pellets after in-
cubation with UCB and AR, respectively. Addi-
tion of either UDC or cyclosporine A prevented
UCB-induced efflux of cytochrome ¢ by 60 and
27%, respectively (p < 0.05). TUDC also pre-
vented cytochrome c release associated with A
induction of mitochondrial membrane perme-
ability by approximately 80% (p < 0.05). Fi-
nally, although not significantly, cyclosporine
A inhibited mitochondrial efflux of cytochrome
¢ induced by AB peptide. Thus, cytochrome ¢
redistribution appears to be only partially me-
diated via the mitochondrial permeability tran-
sition pore.

Discussion

Evidence suggests that cytotoxicity of UCB and
AB peptide to neural primary cultures may
cause apoptosis. Data presented here support a
key role of mitochondria during cell death in-
duced by both toxic stimuli. The involvement
of mitochondria is suggested by the demon-
stration that both UCB and A peptide directly
induce membrane permeabilization in isolated
mitochondria, that inhibitors of mitochondrial
permeability also block UCB and AB-induced
mitochondrial alterations, and that neural ap-
optosis is prevented by UDC or its taurine-
conjugated derivative.

Bilirubin neurotoxicty presents a major
problem in newborn infants, due not only to
the high incidence of unconjugated hyper-
bilirubinemia in this age group, but also to the
increased vulnerability of immature neural cells
to bilirubin toxicity (44-46). Results from sev-
eral studies conducted in neural tissues and
neuronal cell lines indicate that UCB is toxic to
various cellular functions, such as DNA and
protein synthesis (14,15,19), modulation of
neurotransmitter synthesis, release and uptake
(16,20,21), as well as inhibition of protein phos-
phorylation (17,18,20). In addition, evidence
suggests that bilirubin toxicity may be a conse-
quence of mitochondrial impairment. For ex-
ample, malate-dehydrogenase was inhibited at
very low concentrations of bilirubin; whereas,
both the mitochondrial and cytosolic forms of
aspartate aminotransferase showed moderate
competitive bilirubin inhibition (47). Collec-
tions of intramitochondrial glycogen were ob-
served in tissue sections of the substancia nigra
of hyperbilirubinemic rats (48), which may
represent alternate mechanisms of neurons to
produce ATP following the dysruption of oxida-
tive phosphorylation by bilirubin. In addition,
ligandin, an abundant cytoplasmatic binding
protein of bilirubin in liver cells, completely re-
stored respiration and oxidative phosphoryla-
tion in isolated rat liver mitochondria following
incubation with bilirubin (49). Moreover, incu-
bation of synaptosomal plasma membrane vesi-
cles isolated from rat brain with bilirubin was
shown to depress the membrane potential by a
mechanism involving alterations in membrane
permeability (50). From the present study,
incubation of isolated mitochondria with UCB
caused mitochondrial alterations associated with
membrane permeabilization in a rapid and dose-
dependent manner. UCB-induced mitochondrial
permeability transition was prevented by either
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cyclosporine A, a known inhibitor of the mega-
pore channel, or by UDC, which appears to ex-
hibit an ubiquitous protective effect involving
the mitochondrial membrane. The latter also re-
duced UCB-induced apoptosis in isolated neural
cells. These results suggest that the observed mi-
tochondrial permeabilization resulted from per-
turbation of the cyclosporine A-sensitive large
conductance channel, rather than from nonspe-
cific membrane disruption.

Defects in mitochondrial oxidative metabo-
lism have been demonstrated in Alzheimer’s
disease and after the expression of the amyloid
precursor protein in cultured cells, suggesting
that mitochondria may be involved in AB pep-
tide toxicity (51,52). In particular, incubation
of isolated rat mitochondria with AB fragment
25-35, but not the reverse sequence peptide,
caused a rapid decrease in the activity of the
mitochondrial respiratory chain complex IV
(53). In contrast, antioxidants inhibited Apg-
induced impairment of energy metabolism pre-
venting the deficit in ATP levels (54). Conse-
quences of electron transport chain dysfunction,
such as decreased ATP production and reactive
oxygen species production, may lead to further
mitochondrial damage, including oxidation of
mitochondrial DNA, proteins, and lipids, and
opening of the mitochondrial permeability
transition pore. As shown in the present study,
Ap peptide directly induces membrane perme-
abilization in isolated mitochondria through a
nonspecific perturbation that can be prevented
by either UDC or TUDC. UDC and TUDC also
were markedly effective at inhibiting apopto-
sis in primary cultures of neuronal and glial
cells.

The present study also demonstrates that
cytochrome ¢, a mitochondrial factor involved
in apoptosis, is released from isolated rat mito-
chondria following disruption of the mito-
chondrial membrane barrier induced by either
UCB or AB peptide. Cytochrome ¢ redistribu-
tion was shown to be a common event in the
cell death effector pathway initiated by diverse
apoptotic stimuli (55-57), and inhibition of cy-
tochrome ¢ activity with blocking antibodies
was reported to inhibit apoptosis (58). In fact,
a recent study demonstrated that the release of
cytochrome green fluorescent protein (c-(GFP))
always precedes exposure of phosphatidylser-
ine and loss of plasma-membrane integrity in
apoptotic cells (59). Nevertheless, the precise
mechanism of cytochrome ¢ efflux from mito-
chondria into cytosol, and its regulation remain

a matter of debate. Several reports have provided
evidence that release of the 15 kDa caspase-
activating factor occurs independently of any de-
tectable mitocondrial depolarization, implying
that opening of the megapore is a downstream
event to caspase activation (60). However, data
presented here are in agreement with previous
work, where mitochondrial permeabilization
was shown to coincide with cytochrome c reloca-
tion, which in turn was required for caspase acti-
vation (61,62). Moreover, coincubation of mito-
chondria with UDC or TUDC resulted in
significant inhibition of mitochondrial permeabi-
lization and, therefore, cytochrome ¢ release in-
duced by either UCB or AB-peptide. The ability
of UDC to prevent cytchrome ¢ release is not
without precedent. In fact, we demonstrated a
unique role for UDC in preventing Asp-Glu-Val-
Asp (DEVD)-specific caspase activation and poly
(ADP-ribose) polymerase cleavage, as well as
nuclear fragmentation, which follow efflux of the
cytochrome ¢ in cells treated with several toxic
stimuli (34,35).

In conclusion, our data suggest that UCB
and Ap-peptide directly interfere with mem-
brane permeabilization in isolated mitochon-
dria, thereby, increasing efflux of cytochrome ¢,
which may explain the apoptotic effect of these
agents in neural cells. Moreover when com-
bined with UCB and A peptide, UDC or its
taurine-conjugated derivative play a unique
part in regulating neural cell survival through
at least one process that appears to involve the
mitochondrial membrane. These data provide
some evidence that UDC may prove to be an in-
teresting drug for the prevention of apoptosis
associated with severe unconjugated hyper-
bilirubinemia and neurodegenerative disor-
ders, and as an adjunct to standard therapy in
the treatment of these diseases.
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