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Abstract Increased levels of unconjugated bilirubin, the
end product of heme catabolism, impair crucial aspects of
nerve cell function. In previous studies, we demonstrated
that bilirubin toxicity may be due to cell death by apoptosis.
To characterize the sequence of events leading to neurotox-
icity, we exposed developing rat brain astrocytes and neu-
rons to unconjugated bilirubin and investigated whether
changes in membrane dynamic properties can mediate apop-
tosis. Bilirubin induced a rapid, dose-dependent increase in
apoptosis, which was nevertheless preceded by impaired mi-
tochondrial metabolism. Using spin labels and electron
paramagnetic resonance spectroscopy analysis of whole cell
and isolated mitochondrial membranes exposed to biliru-
bin, we detected major membrane perturbation. By physi-
cally interacting with cell membranes, bilirubin induced an
almost immediate increase in lipid polarity sensed at a super-
ficial level. The enhanced membrane permeability coincided
with an increase in lipid fluidity and protein mobility and was
associated with significant oxidative injury to membrane lip-
ids. In conclusion, apoptosis of nerve cells induced by biliru-
bin is mediated by its primary effect at physically perturb-
ing the cell membrane. Bilirubin directly interacts with
membranes influencing lipid polarity and fluidity, protein
order, and redox status.Hll These data suggest that nerve
cell membranes are primary targets of bilirubin toxicity.—
Rodrigues, C. M. P, S. Sola, R. E. Castro, P. A. Laires, D.
Brites, J. J. G. Moura. Perturbation of membrane dynamics
in nerve cells as an early event during bilirubin-induced
apoptosis. J. Lipid Res. 2002. 43: 885-894.
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Neonatal hyperbilirubinemia is frequently observed in
newborns within the first week following birth due to the
transient accumulation of bilirubin, a bile pigment formed
during the catabolism of heme (1). In some cases, how-
ever, especially in infants who are premature and/or have
associated hemolytic disorders, abnormal accumulation of
bilirubin in the central nervous system is a cause of biliru-
bin encephalopathy, which may contribute to increased
morbidity and adverse neurologic sequelae (1, 2).
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Despite our increasing understanding of the toxic ef-
fects of bilirubin on various crucial aspects of cell func-
tion, the sequence of events leading to bilirubin neuro-
toxicity is still poorly understood. Several studies have
demonstrated that bilirubin may modulate DNA and pro-
tein synthesis (3-6), neurotransmitter synthesis, and re-
lease and uptake (7-10), and protein phosphorylation (8,
11-13). Moreover, there is now experimental evidence
that apoptosis may play a crucial role in bilirubin cytotox-
icity (14-16). In this regard, we have recently shown that
bilirubin induces cytochrome ¢ release in developing rat
brain neurons, in a process associated with caspase-3 acti-
vation and poly(ADP-ribose) polymerase (PARP) cleavage,
requiring mitochondrial depolarization, together with
Bax translocation (17). Furthermore, bilirubin-induced
apoptosis may also occur via activation of N-methyl-p-
aspartate (NMDA) receptors, as it has been described in
vivo using the Gunn rat model (18) and recently con-
firmed in vitro using rat brain neurons (14). These cellu-
lar manifestations of bilirubin toxicity have been ascribed,
in part, to its affinity for membrane lipids (19-22), thus
changing membrane lipid composition (23) and modify-
ing lipid order in erythrocytes (24) and mitochondria
(25). In addition, transfer of bilirubin from its complex
with plasma albumin and precipitation of bilirubin diacid
with phosphatidylcholine in nerve cell membranes has
been suggested to account for neurotoxicity (26). Few
studies, however, have concentrated on further clarifying
the molecular and physical basis of interactions between
bilirubin and nerve cell membranes.

The present study is intended to characterize the se-
quence of events leading to bilirubin neurotoxicity, from
interaction with membranes to impairment of metabolic
function and ultimately cell death. Plasma and mitochon-

Abbreviations: EPR, electron paramagnetic resonance; NS, ni-
troxyl stearate.
!'To whom correspondence should be addressed.
e-mail: cmprodrigues@ff.ul.pt

Journal of Lipid Research Volume 43, 2002 885

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

drial membrane structural changes associated with biliru-
bin-induced apoptosis in nerve cells were investigated by
using a sensitive electron paramagnetic resonance (EPR)
spectroscopy technique of spin labeling. This experimen-
tal approach characterizes dynamic properties along fatty
acid chains and in proteins, as well as oxidative injury to
membrane lipids. The results demonstrate enhanced
membrane permeability concomitant with decreased lipid
and protein order, and significant oxidative damage in
nerve cells exposed to bilirubin. All these changes, occur-
ring in the region closer to the polar head groups, were
observed very rapidly after treatment with bilirubin, thus
preceding biochemical and morphological manifestations
of apoptosis. This study provides novel insight into the
mechanism of bilirubin-mediated apoptosis of neural
cells, while offering new prospects for prevention and
treatment of bilirubin encephalopathy.

MATERIALS AND METHODS

Materials

General laboratory chemicals were obtained from Merck
(Darmstadt, Germany) and Sigma Chemical Co. (St. Louis, MO).
For cell culture, fetal calf serum, Hank’s balanced salt solutions
(HBSS), B-27 Supplement, DMEM, and Neurobasal medium
were obtained from Life Technologies Inc. (Grand Island, NY).
Tissue culture plates were from Corning Costar Corp. (Cam-
bridge, MA). For mitochondria isolation, Percoll was obtained
from Sigma Chemical Co., and Chelex-100 resin (potassium
form) was from Bio-Rad Laboratories (Hercules, CA). Unconju-
gated bilirubin, also from Sigma Chemical Co., was purified ac-
cording to McDonagh and Assisi (27). Hoechst dye 33258, 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), and
spin labels 5-nitroxyl stearate (5-NS), 7-NS, 12-NS, 16-NS, and
4-maleimido-2,2,6,6-tetramethylpiperidinooxyl (4-maleimido-TEMPO)
were obtained from Sigma Chemical Co.

Isolation and culture of rat primary
astrocytes and neurons

Astrocytes were isolated from 2-day-old Wistar rats as de-
scribed previously (28), with minor modifications. Briefly, the rat
brain was collected after decapitation in DMEM containing 11
mM sodium bicarbonate, 71 mM glucose, and 1% antibiotic and
antimicotic solution. Meninges, blood vessels, and white matter
were then removed. The cortex was homogenized by mechanical
fragmentation, and the cell suspension passed sequentially
through steel screens of 230, 104, and 73.3 pm pore size. Cells
were collected by centrifugation at 700 g for 10 min and resus-
pended in DMEM supplemented with 10% FBS. Finally, 2 X 10°
cells/cm? were plated and maintained at 37°C in a humidified at-
mosphere of 5% COy. The medium was replaced at day 7, and
confluent cultures were used after 10 days in culture. Cells were
morphologically characterized by phase contrast microscopy,
and by indirect immunocytochemistry for glial fibrillary acidic
protein.

Rat neurons were isolated from fetuses of 17-18 days pregnant
Wistar rats as previously described (29) with minor modifica-
tions. In short, pregnant rats were ether anesthetized and decap-
itated. The fetuses were collected in HBSS-1 and rapidly decapi-
tated. After removal of meninges and white matter, the brain
cortex was collected in HBSS-2, mechanically fragmented, trans-
ferred to a 0.025% trypsin in HBSS-2 solution, and incubated for

886  Journal of Lipid Research Volume 43, 2002

15 min at 37°C. Following trypsinization, cells were washed twice
in HBSS-2 containing 10% FBS, and resuspended in Neurobasal
medium supplemented with 0.5 mM 1-glutamine, 25 pM 1-glu-
tamic acid, 2% B-27 Supplement, and 12 mg/ml gentamicin. Ali-
quots of 1 X 10° cells/cm? were plated on tissue culture plates
pre-coated with poly-p-lysine, and maintained at 37°C in a hu-
midified atmosphere of 5% COy. Every 3 days, 0.5 ml of old me-
dium was replaced by fresh medium without glutamic acid, and
confluent cultures were used after 8 days in culture. Neurons
were morphologically characterized by phase contrast micros-
copy, and by indirect immunocytochemistry for neurofilaments.
All animals received humane care according to the criteria out-
lined in the “Guide for the Care and Use of Laboratory Animals”
prepared by the national Academy of Sciences and published by
the National Institutes of Health (NIH publication 86-23 revised
1985).

Induction of apoptosis, morphologic
analysis, and MTT metabolism

Isolated rat astrocytes and neurons were cultured as described
above and then exposed for 0.5, 1, 4, 8, and 24 h to 0.9, 4.3, and
8.6 wM unconjugated bilirubin. Bilirubin was dissolved in di-
methylsulfoxide immediately prior to use and kept under light
protection throughout the experiments. Appropriate controls
treated with dimethylsulfoxide vehicle only (<1%) were also in-
cluded. The medium was gently removed at the end of each in-
cubation period and scored for nonviable cells by trypan blue
dye exclusion, while attached cells were fixed for morphologic
evaluation of apoptotic changes. In brief, cells were fixed with
4% formaldehyde in PBS, pH 7.4, for 10 min at room tempera-
ture, incubated with Hoechst at 5 mg/ml in PBS for 5 min,
washed with PBS and mounted using PBS-glycerol (3:1, v/v).
Fluorescence was visualized using a Axioskop® fluorescence mi-
croscope (Carl Zeiss GmbH, Jena, Germany). Fluorescent nuclei
were scored by different people and categorized according to the
condensation and staining characteristics of chromatin. Normal
nuclei showed non-condensed chromatin dispersed over the en-
tire nucleus. Apoptotic nuclei were identified by condensed
chromatin, contiguous to the nuclear membrane, as well as nu-
clear fragmentation of condensed chromatin. Three random mi-
croscopic fields per sample of approximately 200 nuclei were
counted and mean values expressed as the percentage of apop-
totic nuclei.

In addition, we used the MTT tetrazolium salt assay to assess
mitochondrial metabolic function, since mitochondrial enzymes
normally have the capacity to transform MTT tetrazolium salt
into MTT formazan (30). In brief, MTT tetrazolium salt was dis-
solved in serum-free culture medium (0.5 mg/ml) and added to
cells for 1 h at 37°C. The medium was then removed, isopro-
panol/0.04 M HCI was added, and MTT formazan crystals dis-
solved with gentle shaking. The absorbance was measured at 570
nm and the results expressed as percentage of control.

Cell harvesting and sub-cellular fractionation
prior to spectroscopic analysis

Astrocytes and neurons were removed from tissue culture
plates by trypsinization, and the resulting suspensions were pel-
leted, washed, and either incubated directly with spin labels in
PBS, pH 7.4, or subjected to sub-cellular fractionation for mito-
chondria isolation. In brief, cells were homogenized in an ice-cold
solution of 70 mM sucrose, 220 mM mannitol, 1 mM EGTA, and
10 mM HEPES, pH 7.4 as a 10% (w/v) homogenate. The homo-
genate was centrifuged at 600 g for 10 min at 4°C, and the post-
nuclear supernatant further centrifuged at 7,000 g for 10 min at
4°C. The crude mitochondrial pellet was then purified by su-
crose-Percoll gradient centrifugation at 43,000 g for 20 min at
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4°C using a 20 ml self-generating gradient containing 0.25 M su-
crose, 1 mM EGTA, and Percoll (75:25, v/v). The lower turbid
layer was resuspended in 30 ml of wash buffer containing 0.1 M
KCl, 5 mM 3-(N-morpholino)-propane sulfonic acid (MOPS),
and 1 mM EGTA, pH 7.4, and centrifuged at 7,000 g for 10 min
at 4°C. The resulting mitochondrial pellet was washed twice
more using the same buffer, and a final wash was carried out in
chelex-100-treated buffer (200-400 mesh, potassium form) with-
out EGTA. The pellet was suspended in chelex-100-treated resus-
pension buffer containing 125 mM sucrose, 50 mM KCI, 5 mM
HEPES, and 2 mM KHyPO,. Following isolation, mitochondria
were maintained on ice and used for experiments within 3 h of
isolation. Aliquots were removed for examining the purity of the
mitochondria preparation as previously described (31). Protein
content was determined using the Bio-Rad protein assay as rec-
ommended by the manufacturer.

Electron paramagnetic resonance
spectroscopy and spin-labeling techniques

Changes in membrane lipid and protein structure can be
measured by EPR spectroscopy using paramagnetic reporter
groups incorporated into membranes, which give characteristic
spectra upon excitation with microwaves in a magnetic field.
Characteristics of plasma and mitochondrial membrane polarity
at varying depths were examined by using three different NS
probes (5-, 7-, and 16-NS), in which the paramagnetic center lo-
calizes at different positions along the hydrocarbon chain of
the stearic acid molecule (32-34). Using the 5-NS membrane-
associated probe, the nitroxide moiety resides near the lipid-
water interface, while in the 16-NS it localizes deeper in the lipid
bilayer. A reliable parameter of the environment of these spin la-
bels, calculated from direct measurements of the parallel and
perpendicular components of the hyperfine tensor of the spin
label, is the isotropic splitting factor ay. A high qy reflects in-
creased polarity of the lipid membrane. In addition, alterations
in membrane fluidity of 5- and 7-NS spin labels, showing re-
stricted motion in the membrane, were evaluated by measuring
the outer half-width at half-height of the low-field extreme (Al).
The larger A/, the more motion and less order in the local mi-
croenvironment reported by the nitroxide group. This parame-
ter is more sensitive than the classical parameter S, and is inde-
pendent from changes in the polarity of the environment
around the nitroxide, thus rendering corrections unnecessary
(35, 36). For the 16-NS spin label, which showed a higher degree
of motional freedom, the ratio of the height of the low-field and
the center-field line (A.;/hy) was used as an empirical measure-
ment of membrane lipid organization (37, 38). An increased
ratio reflects a decrease in membrane organization. In addition,
we used the 4-maleimido-TEMPO label, which binds to the sulf-
hydril group of proteins giving information about mobility of
protein reactive groups and allowing the measurement of
changes in structure of protein-rich membranes (34, 39, 40).
The ratio of the height of the midline to the height of the high-
field line of the spectrum (//h_;) reflects the freedom of mo-
tion of this label at its binding site, and thus provides a parame-
ter for the mobility of thiol groups within the membrane. A high
ratio indicates a low freedom of motion.

All spin labels were dissolved in chloroform, separated into
2-u.g aliquots, evaporated under nitrogen, and left under vacuum
for at least 2 h. Intact cells and freshly isolated mitochondria
(60-80 pg protein) were incubated in spin-label coated tubes
with gentle shaking for 90 min at 37°C (5-, 7-, 16-NS), or for 1
min at 22°C (4-maleimido-TEMPO), yielding systems containing
approximately 2 mol spin label per 100 mol membrane lipids (2
mol% probe). In these conditions, the incorporation of the spin
label into the membrane was constant, while distortion of the

spectra due to spin-spin interaction was not noticed. Moreover,
levels of incorporation were controlled by double integration of
the spectra, thus assuring that results are independent of the
spin-label concentration.

Membrane lipid peroxidation in intact cells and isolated mito-
chondria was also assessed using electron paramagnetic reso-
nance as described previously (41-43). In brief, membranes (60—
80 pg protein) were incubated with two membrane-associated,
oxidation-sensitive, paramagnetic nitroxyl stearate probes (12-pg
aliquots), 5-NS and 12-NS, with gentle agitation for 20 min at
22°C. The incorporation of these spin probes into membranes
results in characteristic EPR spectra, since increased production
of reactive oxygen species causes loss of paramagnetism of the spin
label and hence loss of signal amplitude, measured as the height
of the center-field line of the spectrum, providing that the shape
remains the same.

Labeled membranes were then exposed to either unconju-
gated bilirubin (0.9, 4.3, and 8.6 uM), or dimethylsulfoxide vehi-
cle (control) in PBS, pH 7.4, for 5, 15, and 60 min at 22°C. At the
end of each exposure period, membrane suspensions were spun
down at 12,000 g for 3 min, and the pellet used for EPR spectros-
copy analysis. After resuspension in PBS (60 wl), pellets were
sucked into 100 pl glass capillaries, sealed at both ends, and the
capillaries introduced within standard 4-mm quartz tubes con-
taining silicone oil for thermal stability. All spectra were ac-
quired at 9.8 GHz (X-band) on a Bruker EMX electron paramag-
netic resonance spectrometer (Bruker, Karlsruhe, Germany)
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Fig. 1. Bilirubin induces death of cortical astrocytes. Cells were
isolated and cultured for 8 days prior to incubation with either vehi-
cle (control; open circles), 0.9 uM (closed circles), 4.3 uM (trian-
gles), or 8.6 uM (squares) unconjugated bilirubin as described in
Materials and Methods. A: Apoptosis of astrocytes assayed by
Hoechst staining and expressed as percentage of total cells. B: Mito-
chondrial function of astrocytes assessed by the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
expressed as percentage of controls. All values are mean = SEM of
at least three separate experiments. *P < 0.05 and TP < 0.01 from
control at the same time point.
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using a rectangular cavity (model ER 4102ST) and 100 kHz field
modulation frequency, 1.05 G modulation amplitude, and 20
mW microwave power at 22°C.

Statistical analysis

Fold and percent changes were calculated based on correspond-
ing controls. All data are expressed as mean * SEM from at least
three separate experiments. Differences between groups were com-
pared using the unpaired two-tailed Student’s #test, performed on
the basis of equal or unequal variance as appropriate, and P values
lower than 0.05 were considered statistically significant.

RESULTS

Unconjugated bilirubin induces rapid apoptosis
in nerve cells

Nerve cells were incubated in the presence of unconju-
gated bilirubin at low micromolar concentrations for 1, 4,
8, and 24 h, and examined for the characteristic morpho-
logic nuclear changes associated with apoptosis using
Hoechst staining. Similar results were obtained when cell via-
bility was assessed by trypan blue dye exclusion (data not
shown). As expected, the percentage of apoptotic glial
cells detected in controls after 1 h was negligible, increasing
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only slightly at 24 h (Fig. 1A). Bilirubin caused a dose-
dependent cell killing with a relatively rapid onset. De-
pending on the concentration, only up to 10% of astrocytes
died within the first hour following bilirubin exposure.
This percentage, however, stretched up to 22% at 4 h,
31% at 8 h, and 35% at 24 h. Interestingly, the most strik-
ing increase in apoptosis usually occurred at 4 h with only
smaller changes at latter time points. A dose- and time-
dependent cell death by apoptosis was also evident in neu-
rons, although with a ~30% increased susceptibility of
neurons versus astrocytes (P> 0.01).

Bilirubin-induced cell death is preceded by
loss of mitochondrial metabolic function

As judged by the decreased ability to metabolize MTT to
formazan, bilirubin caused a dose- and time-dependent loss
of mitochondrial function that preceded apoptosis in nerve
cells. In fact, only 30 min following exposure of astrocytes to
0.9, 4.3, and 8.7 pM bilirubin, MTT metabolism was already
reduced to 95, 89, and 70% of control, respectively (Fig.
1B). Moreover, mitochondrial function was impaired by 30—
50% within the first 4 h of exposure but further inhibition
of MTT metabolism was marginal at 8 h. Note that the loss
of viability indicated by morphologic analysis of Hoechst
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Fig. 2. Concentration-dependent changes in lipid structure induced by bilirubin in whole astrocyte mem-
branes. Cell membranes were labeled with either 5-nitroxyl stearate (NS), 7-NS, or 16-NS spin probes, ex-
posed to unconjugated bilirubin for 5 min, and examined for permeability and fluidity by electron paramag-
netic resonance (EPR) spectroscopy analyses as described in Materials and Methods. A, B, C: Dose-response
to bilirubin-induced alteration in lipid polarity (ay) and order (Alor %,/ hy) throughout various depths
within the membrane bilayer. Labeled cells were incubated with either bilirubin (0.9, 4.3, and 8.6 uM), or no
addition (0 wM; control). D: Percent change in lipid polarity and order induced by 4.3 wM bilirubin. Values
are mean * SEM relative to controls of at least three separate experiments. *P < 0.05 and TP < 0.01 from

control.
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staining is less pronounced than that displayed in the MMT
assay. This may indeed reflect a decrease in mitochondrial
metabolism in a subpopulation of cells that will not undergo
apoptosis and later recover their metabolic function.

Changes in lipid and protein structure of intact nerve
cell membranes occurs almost immediately
after exposure to bilirubin

Several hypotheses point to the cell membrane as a pos-
sible primary target of bilirubin neurotoxicity. To deter-
mine if bilirubin interaction modifies lipid structure in in-
tact nerve cells, primary rat astrocytes and neurons were
labeled with the NS spin probes 5-, 7-, and 16-NS and then
exposed to unconjugated bilirubin at different concentra-
tions. Figure 2 shows changes in ay, A, and .,/ hy during
incubation of labeled astrocyte membranes with bilirubin.
Treatment of intact glial cells with the lowest bilirubin
concentration for 5 min did not alter lipid fluidity or
polarity, irrespective of the probe used. However, 4.3 uM
bilirubin (0.25 mg/dl) caused significant 10% and 20% in-
creases in Al sensed by 5-NS and 7-NS, respectively, indi-
cating a less ordered lipid bilayer organization. Increases
in lipid polarity were also detectable, although less pro-
nounced, using 5-NS and 7-NS spin probes. 16-NS labeling
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of intact astrocyte membranes did not reveal significant
changes in spectral parameters, which was in great con-
trast with moderated and marked increases, respectively,
in polarity and fluidity at carbon numbers 5 and 7, respec-
tively. Thus, unconjugated bilirubin promotes membrane
permeabilization and decreases phospholipid order closer
to the membrane-water interface, but it does not alter mem-
brane properties in more hydrophobic regions, greatly sug-
gesting a superficial interaction.

Having verified that significant membrane perturbation
in astrocytes occurred using 4.3 wM bilirubin, we selected
this concentration to evaluate alterations in membrane
dynamic properties as a function of time (Fig. 3). Maxi-
mum effects on spin-label microenvironment polarity and
order were found after 15 min of incubation using 5- and
7-NS probes, while longer periods did not further change,
or even slightly reduce, the influence of bilirubin on lipid
membrane properties. This is in line with both a deeper
location and increased aggregation of bilirubin after
longer incubation periods reported previously (24). In ad-
dition, when the motion parameter was expressed as per-
centage of control for each spin label, we detected 10%
and 17% increased fluidity at C-5 after 5 min and 15 min
of incubation, respectively (P < 0.05). Moreover, greater
perturbation was evident at C-7, where lipid motion was
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Fig. 3. Time-dependent changes in lipid structure induced by bilirubin in whole astrocyte membranes.
Cell membranes were labeled with either 5-NS, 7-NS, or 16-NS spin probes, exposed to 4.3 wM unconjugated
bilirubin and examined for permeability and fluidity by EPR spectroscopy analyses as described in Materials
and Methods. A, B, C: Time-course of bilirubin-induced alteration in lipid polarity (@) and order (Alor A/
hy) throughout various depths within the membrane bilayer. Labeled cells were incubated with bilirubin for
either 0, 5, 15, or 60 min. D: Percent change in lipid order induced by bilirubin. Values are mean = SEM rel-
ative to controls of at least three separate experiments. *P < 0.05 and TP < 0.01 from control.
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Fig. 4. Concentration- and time-dependent changes in protein
motion induced by bilirubin in whole astrocyte membranes. Cell
membranes were labeled with 4-maleimido-TEMPO spin probe, ex-
posed to unconjugated bilirubin, and examined for protein order
(ho/ h—1) by EPR spectroscopy analyses as described in Materials
and Methods. Labeled cells were incubated with either bilirubin (0,
0.9, 4.3, and 8.6 pM) for 5 min (top), or 4.3 uM bilirubin for 0, 5,
15, and 60 min (bottom). Values are mean * SEM relative to con-
trols of at least three separate experiments. *P < 0.05 from control.

20% and 30% greater than in controls at the same time
points (P < 0.01). Corroborating the information given
above, the parameter g followed a similar trend (Fig. 3).
The unlikely hypothesis that phospholipids are exten-
sively extracted by bilirubin was tested and, as expected,
the stronger signal in the membrane pellet as compared
with the supernatant indicated little extraction of spin la-
bels. Most importantly, signal intensities in the buffer fol-
lowing incubation with the bilirubin molecule were simi-
lar to those of respective controls (data not shown).

Using the protein-oriented spin label 4-maleimido-
TEMPO, we found that the mobility parameter hy/h_; was
already significantly decreased using 0.9 uM bilirubin for
5 min (P < 0.05), and continued to decrease slightly using
greater concentrations and longer incubation periods
(Fig. 4). These changes reflect an increased mobility of
the spin label and may be explained by disruption of the
ordered structure of astrocyte membrane proteins in-
duced by bilirubin.

We finally investigated the interaction of unconjugated
bilirubin with intact neurons and compared the results with
those described above using astrocytes. As shown in Fig. 5,
3.4 uM bilirubin during 5 min influences lipid fluidity and
protein order of glial and neuronal cell membranes in a
similar manner, despite the increased sensitivity of neurons
to cell death by apoptosis. In fact, the 7-NS spin label shows
approximately 25% increased motion in neurons against
20% in astrocytes, whereas the 4-maleimido-TEMPO reflects
10% decreased protein order in both cell types. It is, there-
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Fig. 5. Percent change in lipid and protein motion induced by bil-
irubin in whole glial and neuronal cell membranes. Cell membranes
were labeled with either 5-NS, 7-NS, or 4-maleimido-TEMPO spin
probes, exposed to 4.3 uM unconjugated bilirubin for 5 min, and ex-
amined for lipid (Al) and protein (%/h_,) order by EPR spectroscopy
analyses as described in Materials and Methods. Values are mean =
SEM relative to controls of at least three separate experiments.

fore, possible that astocytes have better intracellular defense
mechanisms than neurons, given the otherwise similar inter-
action of bilirubin with glial and neuronal cell membranes.

Oxidative injury to lipids of intact nerve cell membranes
accompanies changes in membrane structure

To determine if exposure to bilirubin modifies levels of
cell membrane oxidation, astrocytes and neurons were
probed with 5-NS and 12-NS spin labels and then exposed
to unconjugated bilirubin. As depicted in Fig. 6A and B,
bilirubin caused a rapid, dose-dependent loss of 5-NS
spin-probe intensity, manifested by a decrease in peak am-
plitude. Treatment of glial cells with 0.9 wM bilirubin for 5
min already significantly altered 5-NS signal amplitude,
while 4.3 and 8.6 pM concentrations caused 15% and 17%
decreases in spin-probe intensity, respectively (P < 0.01).
Decreases in signal amplitude were slightly more marked at
15 min of incubation, but remained unchanged for a sub-
sequent 60-min incubation period (data not shown). The
magnitude of the 12-NS signal incorporated into astrocyte
membranes was hardly decreased during exposure to
bilirubin, indicative of less damage in deeper regions of
the bilayer. Using a different methodological approach to
measure signal intensity, based on the double integration
of 5-NS and 12-NS spectra, we confirmed the results de-
scribed above (data not shown). Finally, spin-label signal
amplitude was also assessed in neurons in the presence of
bilirubin (Fig. 6C). Treatment of 5-NS-labeled neuronal
cell membranes with bilirubin resulted in decreased sig-
nal amplitudes that were no different from those of astro-
cytes, indicating that bilirubin induces lipid peroxidation
in nerve cell membranes irrespective of the cell type.

Bilirubin disrupts lipid polarity, protein order, and redox
status also in mitochondrial membranes isolated
from astrocytes

Mitochondrial membranes were purified from cul-
tured astrocytes, loaded with 5-NS, 7-NS, and 4-maleim-
ido-TEMPO, and then exposed to unconjugated biliru-
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Fig. 6. Loss of spin-probe intensity induced by bilirubin in whole
glial and neuronal cell membranes. Cell membranes were labeled
with either 5-NS or 12-NS spin probes, exposed to unconjugated
bilirubin for 5 min, and examined for reactive oxygen species pro-
duction by EPR spectroscopy analyses as described in Materials and
Methods. A: Dose-response to bilirubin-induced alteration in 5-NS
and 12-NS signal amplitude. Labeled astrocytes were incubated
with either bilirubin (0.9, 4.3, and 8.6 wM), or no addition (0 uM;
control). B: Alteration in EPR spectra sensed by the 5-NS spin label
after incubation of astrocytes with 4.3 uM bilirubin. C: Changes in
signal amplitude sensed by the 5-NS spin label after incubation of
astrocytes and neurons with 4.3 uM bilirubin. Values are mean *
SEM relative to controls of at least three separate experiments. ¥ P <
0.05 and TP < 0.01 from control.

bin (Fig. 7). Consistent with altered mitochondrial
function as assessed by the MTT assay, treatment with
bilirubin caused a significant increase in lipid polarity
sensed by 7-NS (P < 0.05), together with a decrease in
protein order (P < 0.05). These data suggest a superfi-
cial interaction of bilirubin also with mitochondrial
membranes, leading to increased membrane permeabil-
ity. Mitochondria from astrocytes demonstrated very
marked decreases (~30%) in the 5-NS signal amplitude
in response to bilirubin (P < 0.05), indicative of a signif-
icant oxidative injury.
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Fig. 7. Changes in lipid polarity and protein order induced by
bilirubin in mitochondrial membranes isolated from astrocytes. Mito-
chondrial membranes were labeled with either 7-NS or 4-maleim-
ido-TEMPO spin probes, exposed to 4.3 uM unconjugated
bilirubin for 5 min, and examined for lipid polarity (ay) and pro-
tein order (hy/h_;) by EPR spectroscopy analyses as described in
Materials and Methods. Values are mean = SEM relative to controls
of at least three separate experiments. *P < 0.05 from control.

DISCUSSION

The present study shows that apoptosis induced by bil-
irubin in nerve cells is rapid but preceded by disruption
of mitochondrial metabolism. Furthermore, almost imme-
diately after exposure, unconjugated bilirubin interacts
superficially with both whole nerve cell membranes and
purified mitochondrial membranes, wherein it acts to sig-
nificantly disrupt lipid polarity and fluidity, protein order,
and redox status. These findings, when taken together
with our prior studies showing morphologic and biochem-
ical characteristics of apoptosis in cultured neural cells
incubated with bilirubin (15-17), indicate that bilirubin-
induced neurotoxicity is mediated, in part, by its primary
effect of physically perturbing cell membranes.

Several mechanisms have been implicated in bilirubin
neurotoxicity where both metabolic compromise and ex-
citotoxicity appear to play a key role. In this regard, the acti-
vation of NMDA receptors has been described in vivo (18)
and recently confirmed in vitro (14), while mitochondria are
thought to be particularly vulnerable to bilirubin-mediated
toxicity (44-46). Several studies have demonstrated abnor-
mal energy metabolism in brain from hyperbilirubinemic
rats (47) and depressed membrane potential in synaptoso-
mal plasma membrane vesicles isolated from rat brain and
incubated with bilirubin (48). We have also shown that ex-
posure of isolated mitochondria to unconjugated biliru-
bin resulted in swelling and increased mitochondrial
membrane permeability (15). Based on these previous ob-
servations regarding bilirubin toxicity, we have now ex-
tended our initial studies to show that 4.3 wM bilirubin
promotes neuronal cell death by apoptosis as early as after
1 h of exposure. The apoptotic process most likely involves
cytochrome c release, caspase-3 activation, and PARP cleav-
age, and requires mitochondrial depolarization, together
with Bax translocation (17). Thus, detection of cell disfunc-
tion at earlier stages, before morphological and biochemi-
cal changes of apoptosis, is critical for understanding the
pathways of programmed cell death.
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An early event during apoptosis appears to be the acqui-
sition of plasma membrane changes that allows macro-
phages to recognize and engulf these cells before any
rupture. In fact, soon after initiating apoptosis, most
mammalian cell types translocate phosphatidylserine
from the inner face of the plasma membrane to the cell
surface, which most likely reflects increased membrane
fluidity. Furthermore, the release of apoptogenic factors
from mitochondria requires increased membrane perme-
ability. The nature of membrane changes that occur in ap-
optotic cells remains, however, poorly defined.

In the present study, we have provided evidence that
low, clinically relevant concentrations of bilirubin (49-51)
decrease neural cell viability in a rapid process that is nev-
ertheless preceded by lipid polarity and fluidity changes
in superficial membrane regions, thus reflecting a pri-
mary physical interaction. These structural effects were
characterized using spin labeling techniques and further
corroborated by expressing spectroscopic parameters as a
percent change from control, since it surpasses the influ-
ence of polarity and order gradients along the depth of
the membrane leaflet (33, 35, 52). A superficial inter-
action of bilirubin with membrane bilayers has been simi-
larly proposed in other studies using erythrocyte mem-
branes (24), sustaining the appearance of echinocytic
forms, or model phospholipid bilayers (53-55). Conversely,
a recent study using high-pressure, infrared spectroscopy
of the solvation of bilirubin in lipid bilayers indicated that
bilirubin intercalates into the polymethylene chain region
of the bilayer, being located between the carbonyl region
and the methylene group two carbons from the methyl
terminus (56). Different methodological conditions, such
as the use of biological whole cell membranes, resealed
right-side-out ghosts, or artificial lipid bilayers, may ac-
count for conflicting observations published by different
groups. For instance, the presence of proteins is one fac-
tor known to increase the partitioning of bilirubin into bi-
ological bilayers as compared with model bilayers of iden-
tical composition but lacking proteins (57). The distinct
lipid and protein composition of nerve cells membranes
may further account for the specificity of bilirubin interac-
tion.

The increased motion in the nerve plasma membrane
induced by unconjugated bilirubin as described above is
also supported by the observation that bilirubin augments
the mobility of the 4-maleimido-TEMPO label, indicating
disruption of the protein order structure and increased
membrane fluidity much above control values. Bilirubin-
induced membrane permeabilization is equally evident in
mitochondria isolated from nerve cells, confirming our
previous studies using purified organelles (15, 25) and
linking structural changes with the release of apoptogenic
factors such as cytochrome ¢. Together with the partition-
ing properties of bilirubin demonstrated by this study, it is
possible that subsequent lipid and protein rearrangement
may cause additional changes of membrane fluidity. On a
different note, we also document here increased lipid per-
oxidation during incubation of whole neural cells and iso-
lated mitochondrial membranes with bilirubin in the pM
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range concentrations, which is consistent with the re-
ported collapse of mitochondrial transmembrane poten-
tial in neurons exposed to bilirubin (17). Oxidative injury
of specific lipids may be an additional factor contributing
to increased membrane fluidity. Indeed, it has been
shown that selective oxidation of phosphatidylserine usu-
ally occurs before any signs of cytotoxicity and precedes
the externalization of phosphatidylserine during apopto-
sis (58).

In conclusion, perturbation of cell membrane structure
represents an immediate component of the apoptotic
pathway triggered by bilirubin, reinforcing the concept
that membranes are primary targets of bilirubin neurotox-
icity. Our data indicate that the superficial interaction of
bilirubin with cell membranes likely accounts for a rapid
disruption of membrane lipid polarity and fluidity, altered
protein order, and increased oxidative injury, which pre-
cede metabolic and morphologic manifestations of apop-
tosis. Functionally, the increase in plasma membrane flu-
idity associated with apoptosis of nerve cells induced by
bilirubin may represent a mechanism to cycle phosphati-
dylserine to the outer leaflet, perhaps mediating phago-
cytic recognition of apoptotic cells. Thus, new prospects
for prevention and treatment of bilirubin encephalopathy
should consider the use of molecules, such as the bile salt
ursodeoxycholate, that by stabilizing cell membranes (15,
17) could prevent severe lesions during neonatal jaun-
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