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Abstract

Apoptotic cell death has been proposed to play a role in the neuronal loss observed following

traumatic injury in the CNS and PNS. The present study uses an in vitro tissue culture model to

investigate whether free fatty acids (FFAs), at concentrations comparable to those found following

traumatic brain injury, trigger cell death. Nerve growth factor (NGF)-differentiated PC12 cells

exposed to oleic and arachidonic acids (2 : 1 ratio FFA/BSA) showed normal cell survival.

However, when cells were exposed to stearic and palmitic acids, there was a dramatic loss of cell

viability after 24 h of treatment. The cell death induced by stearic acid and palmitic acid was

apoptotic as assessed by morphological analysis, and activation of caspase-8 and caspase-3-like

activities. Western blotting showed that differentiated PC12 cells exposed to stearic and palmitic

acids exhibited the signature apoptotic cleavage fragment of poly (ADP-ribose) polymerase

(PARP). Interestingly, blockade of caspase activities with the pan-caspase inhibitor z-VAD-fmk

failed to prevent the cell death observed induced by palmitic or stearic acid. RT-PCR and RNA

blot experiments showed an up-regulation of the Fas receptor and ligand mRNA. These findings

are consistent with our hypothesis that FFAs may play a role in the cell death associated with

trauma in the CNS and PNS.
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Traumatic and hypoxic-ischemic injury to the CNS is a major source of morbidity and

mortality. In both forms of injury, cell death occurs in two distinct phases (Pulsinelli et al.
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1982; Bramlett et al. 1997). The first phase is coincident with injury and is essentially

necrotic (Hicks et al. 1996), attributed mainly to the dysfunctional ion homeostasis and

excitotoxicity characteristic of trauma (Faden et al. 1987; Nilsson et al. 1990) and hypoxia-

ischemia (Lekieffre et al. 1992). The second or delayed phase of cell death develops

progressively following experimental (Smith et al. 1995) and clinical head injury (Gale et al.

1995), and hypoxia-ischemia (MacManus et al. 1994; Du et al. 1996; Vexler et al. 1997).

This prolonged phase of cell death can continue for up to a year (Smith et al. 1995; Conti et

al. 1998), causing further tissue degeneration and contributing to post-injury

neurobehavioral complications (Gualtieri and Cox 1991).

Although little is known about the mechanisms underlying secondary CNS injury, recent

studies have established a role for apoptosis in delayed cell loss (Ferrer et al. 1994; Beilharz

et al. 1995; Du et al. 1996; Liu et al. 1997; Conti et al. 1998; Lou et al. 1998; Matsushita et

al. 2000). Studies of the molecular mechanisms of this apoptotic cell death have shown

activation of the effector caspase-3 (Yakovlev et al. 1997; Northington et al. 2001) and the

initiator caspase-8 (Velier et al. 1999; Matsushita et al. 2000) and caspase-11 (Kang et al.

2000). Altered balance of pro- and anti-apoptotic members of the Bcl-2 family proteins has

also been demonstrated in response to trauma (Clark et al. 1997; O'Dell et al. 2000) and

hypoxia-ischemia (Northington et al. 2001). Fas has been implicated as a possible apoptosis

trigger in studies showing up-regulation of Fas receptor and ligand following brain trauma

(Beer et al. 2000; Matsushita et al. 2000) and hypoxia-ischemia (Herdegen et al. 1998;

Martin-Villalba et al. 1999; Velier et al. 1999; Felderhoff-Mueser et al. 2000; Matsushita et

al. 2000).

An important neurochemical event initiated at the onset of traumatic and hypoxic-ischemic

CNS injury is the degradation of membrane phospholipids with release of FFAs (Bazan

1970; Rehncrona et al. 1982; Zhang and Sun 1995; Dhillon et al. 1997; Homayoun et al.

1997). FFAs are liberated from membrane lipid by intracellular lipases (Abe et al. 1987;

Faden et al. 1987) and may mediate much of the secondary damage (White et al. 2000).

Arachidonic acid, which forms toxic metabolites, has received much attention as a possible

mediator of FFA-induced injury. However, oleic, stearic and palmitic acids are also released

following injury (Lukacova et al. 1998).

In this study we tested the hypothesis that FFAs, in concentrations comparable to those

found following CNS injury, are toxic to neurons. Using NGF-differentiated

pheochromocytoma 12 (PC12) cells as an in vitro neuronal model, we examined the effects

of stearic, palmitic, oleic and arachidonic acids. Our study showed that stearic and palmitic

acids are toxic while oleic and arachidonic acids are not. Cell death induced by stearic and

palmitic acid was associated with caspase-8 and -3 activation, specific cleavage of PARP,

and an increase in Fas receptor and ligand mRNA. In the presence of pan-caspase inhibition,

these fatty acids were still capable of inducing cell death. These results are consistent with

the possibility that injury-induced elevation of palmitic and stearic acids may induce

apoptosis following traumatic and hypoxic-ischemic brain injury.
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Materials and methods

Cell culture

Undifferentiated PC12 cells were maintained in Dulbecco's modified Eagle's medium

(DMEM) containing 10% horse serum, 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100

units/mL penicillin and 100 μg/mL streptomycin (Mediatech, Herndon, VA, USA) at 37°C

with 95% air–5% CO2. Culture medium was replaced every 2–3 days. PC12 cells were

differentiated by exposure to 50 ng/mL 2.5S (grade II) nerve growth factor (Alomone

Laboratories, Jerusalem, Israel) for 10–14 days in DMEM supplemented with 1% FBS,

penicillin/streptomycin and L-glutamine 24–36 h prior to treatment. NGF-differentiated

PC12 cells were re-plated at 12 000 cells/cm2.

Preparation of fatty acid-methyl-β-cyclodextrin complexes

We used methyl-β-cyclodextrin (MβCD) as a delivery system to have optimal conditions for

fatty acids remaining in solution in their monomeric form (Dansen et al. 1999). Preparation

of fatty acid– MβCD (Sigma, St. Louis, MO, USA) inclusion complexes was performed

with slight modifications to a previously described procedure (Klein et al. 1995). Briefly, 50

mM ethanol solutions of each fatty acid (all from Sigma) were converted to their sodium salts

by addition of 5 mM Na2CO3. MβCD was dissolved in water to yield a 0.2 g/mL solution.

Fatty acids were added at 65.2 mg/g MβCD. The resulting solutions of arachidonic and oleic

acids were then incubated at 37°C for 1 h, and solutions of stearic and palmitic acids were

incubated at 60°C for 15 min with occasional shaking until a clear solution was obtained.

Ethanol in the solutions was then evaporated under a constant flow of argon at 60°C, and the

remaining volume aliquoted and lyophilized in a vacuum concentrator. Inclusion complexes

were stored at − 20°C and used within 2 months. MβCD was present in culture medium at a

final concentration of 0.12% (w/v). Fatty acid-free BSA (Calbiochem, San Diego, CA,

USA) was also used to buffer the concentration of fatty acid in the culture medium.

Treatment of differentiated PC12 cells with vehicle alone (0.12% MβCD and 150 μM BSA)

for 24 h resulted in no significant loss of viability with 94.7% ± 1.8% (n = 7) remaining

viable.

Fatty acid treatment

NGF-differentiated PC12 cells were treated with 300 μM fatty acid (complexed with MβCD)

and 150 μM BSAin low-serum medium (1% FBS). To prepare medium, fatty acid and BSA

were added to DMEM containing 1% FBS and incubated at 50°C with occasional shaking

for ∼ 12 h. Prior to treatment, fatty acid-containing medium was cooled to 37°C, 2 mM L-

glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin were added, and the

medium was sterilized using a 0.22 μm filter.

Cell viability

Cell viability was determined by trypan blue exclusion. PC12 cells were harvested and

incubated in 0.2% trypan blue (Sigma) for 10 min at 37°C, washed in phosphate-buffered

saline (PBS), and the cells counted under phase-contrast microscopy. In this assay, blue cells

were considered to have lost membrane integrity and were scored as non-viable. A
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minimum of 1000 cells was counted per sample and the number of trypan blue-excluding

cells was expressed as a percentage of the total counted. Counts were performed in

triplicate.

Morphologic determination of apoptotic nuclei

Apoptosis was measured by quantifying the number of cells exhibiting apoptotic nuclear

morphology. Nuclear morphology was visualized by harvesting and fixing/staining cells in

methanol containing 4′,6′-diamidino-2-phenylindole (DAPI, Sigma) at 5 μg/mL. Cells were

then washed twice in PBS and examined under fluorescent microscopy at 400×

magnification. Nuclei with condensed and/or fragmented morphology were scored as

apoptotic and expressed as a percentage of the total nuclei counted. Counts were performed

in triplicate with at least 1000 nuclei counted per sample.

Caspase activity assay

Caspase enzymatic activity was assessed by cleavage of the site-selective tetrapeptide

chromogenic reporter substrates with the specificity of Asp-Glu-Val-Asp (DEVD; caspase-3

and -7) (Alexis, San Diego, CA, USA), Ile-Glu-Thr-Asp (IETD; caspase-8) and Leu-Glu-

His-Asp (LEHD; caspase-9) (Calbiochem). Cells were lyzed at 4°C in HEPES–KOH 50 mM,

pH 7.4, EDTA 1 mM buffer containing NaCl 75 mM, 1% Triton X-100, dithiothreitol (DTT) 1

mM, PMSF 1 mM, 10 μg/mL pepstatin A and 10 μg/mL aprotinin. Cells were then spun at 15

000 g for 20 min at 4°C and the supernatant fluid recovered and stored immediately at −

80°C until use. Enzymatic reactions (100 μL final volume) were performed at 37°C with 50

μg cell lysate and 100 μM chromogenic reporter substrate in HEPES–KOH 50 mM, pH 7.4

buffer containing NaCl 75 mM, DTT 2 mM, and (3-[(3-cholamidopropyl)dimethylammonio]-

propane-1-sulfonate (CHAPS) 0.1%. Caspase-catalysed release of the chromophore p-

nitroanilide was monitored spectrophotometrically at 405 nm. Optical density reading was

corrected for background and normalized to lysate from cells treated for equal periods with

vehicle only (0.12% MβCD/150 μM BSA).

Western blot analysis

Cells were lysed in sample buffer [200 mM Tris-HCl, 5% sodium dodecyl sulfate (SDS) and

10% glycerol] containing a complete protease inhibitor cocktail (Roche, Indianapolis, IN,

USA). A 50 μg aliquot of total cellular protein was electrophoresed on 12% SDS–

polyacrylamide gel (Bio-Rad, Hercules, CA, USA). Proteins were transferred to

nitrocellulose membrane (Osmonics, Westerborough, MA, USA) and blocked in 5% skim

milk in TPBS (PBS with 0.05 %Tween) for 1 h. Blots were then probed with an antibody to

PARP (C2-10; Pharmingen, San Diego, CA, USA) followed by a secondary antibody which

was horseradish peroxidase-conjugated. Antigen– antibody complexes were visualized with

enhanced chemiluminescence (Amersham International, Biosciences, Pistcataway, NJ,

USA).

Caspase inhibition experiments

Caspase-8 inhibitor benzyoxycarbonyl-Ile-Glu-Thr-Asp-fluoromethyl ketone (z-IETD-fmk)

was purchased from Calbiochem. The pan-caspase inhibitor benzyoxycarbonyl-Val-Ala-Asp
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(Ome)-fluoromethylketone (z-VAD-fmk) was purchased from Enzyme Systems (Livermore,

CA, USA). Stock solutions of caspase inhibitors were made in dimethyl sulfoxide (DMSO).

For experiments employing caspase inhibitors, cells were pre-treated for 4 h prior to

exposure to fatty acid.

Experiments were also undertaken to assess the ability of IETD-fmk to inhibit purified

active caspase-3. Caspase activity assays were carried out (as above, without cell lysate)

with 25 ng/mL of purified active caspase-3 (Pharmingen). Various concentrations of IETD-

fmk and z-VAD-fmk were added to these reactions to determine a concentration of IETD-

fmk at which the activity of caspase-3 is not inhibited.

RNA isolation

Total RNA was extracted using TRI-Reagent (Molecular Research Center, Cincinnati, OH,

USA) as described (Chomczynski 1993). RNA was quantified by measuring the optical

density at 260 nm. RNA samples were stored at − 80°C until use. All RNA samples were

used within 1 week of extraction.

Semi-quantitative RT-PCR

RT-PCR was performed as a one-step reaction in 50 μL with the GeneAmp® Gold PCR kit

(PE Applied Biosystems, Foster City, CA, USA). First-strand cDNA was prepared by

reverse transcription of 1 μg of RNA with sequence-specific antisense primers, followed by

PCR amplification with both sense and antisense primers. The primers used were as follows:

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense, 5′-

TGAAGGTCGGAGTCAACGGATTTGGT-3′ and antisense, 5′-

CATGTGGGCCATGAGGTCCACCAC-3′ (983 bp fragment); Fas death receptor (Fas)

sense, 5′-CAAGGGACTGATAGCATCTTTGAG-3′ and antisense, 5′-

TCCAGATTCAGGGTCACAGGTTG-3′ (568 bp fragment); Fas ligand (FasL) sense, 5′-

GTCCTGTCCTTGACACTTCAGTCTCC-3′ and antisense, 5′-

TCAACTTCTTCTCCTCCATTAGCACC-3′ (750 bp fragment). The initial amount of

mRNA and reaction conditions were optimized to obtain linearity for GAPDH in control

cells. RT-PCR reactions for GAPDH, Fas and FasL were carried out under the same

conditions throughout the incubation. RT-PCR cycling conditions were as follows: 12 min at

42°C, 10 min at 95°C, 60 cycles of 30 s at 94°C, 1 min at 60°C, 1 min 30 s at 72°C and 10

min at 72°C. The RT-PCR products (50 μL) were separated on a 2% agarose gel, stained

with ethidium bromide and visualized. GAPDH, Fas and FasL RT-PCR reactions each

generated one product that was subsequently purified and sequenced. The nucleotide

sequences of each product were in full agreement with those expected in each respective

reaction. Similar results were obtained from two independent preparations of RNA.

RNA blot analysis

RNA blots were done as previously described (De Leon et al. 1996). RNA (30 μg) was

separated by electrophoresis on a 1.5% formaldehyde agarose gel and transferred onto

Hybond-N membrane (Amersham). The membrane was subsequently dried under vacuum at

80°C for 30 min and the RNA immobilized by UV cross-linking. The templates for GAPDH

and Fas RNA blots were derived from the respective RT-PCR fragments generated above.
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Probes were labeled with [α–32P]dCTP using the Prime-a-Gene® labeling system

(Promega). RNA blot pre-hybridization and hybridization were performed with

hybridization buffer containing 25 mM KPO4 (pH 7.4), 50% formamide, 5× Denhardt's

solution, 50 μg/mL salmon sperm DNA and 5× SSPE (0.75 M NaCl, 50 mM NaH2PO4, 5 mM

EDTA). Hybridization was carried out at 42°C with radiolabeled probes for ∼ 16 h. The

membranes were washed twice with 2× SSPE/0.1% SDS for 10 min at room temperature,

once for 15 min with 1× SSPE/0.1% SDS at 55°C, and once for 10 min with 1× SSPE/0.1%

SDS at 55°C. Autoradiography was performed using Hyperfilm ECL (Amersham

Bioscience) at − 80°C.

Results

Incubation of NGF-differentiated PC12 cells with stearic or palmitic acids results in loss of
viability

The species of FFAs that are most notably elevated after CNS trauma and hypoxia-ischemia,

arachidonic, oleic, stearic and palmitic acids, were tested for toxic effects (Homayoun et al.

1997). Our aim was to use a concentration of fatty acid comparable to that found following

neuronal injury. Following traumatic brain injury (TBI), arachidonic acid increases from

∼30 to 300 μM, oleic acid from ∼40 to 100 μM, palmitic acid from ∼60 to 180 μM and stearic

acid from ∼50 to 350 μM (Lipton 1999). Consequently, NGF-differentiated PC12 cells were

incubated with 300 μM of the respective fatty acid complexed with MβCD in low-serum (1%

FBS) medium containing 150 μM fatty acid-free BSA to emulate physiological conditions.

Cell membrane integrity was assessed by the ability of cells to exclude trypan blue. Stearic

and palmitic acids were shown to be toxic, with dead cells first appearing after 6 h of

incubation, and with 85 ± 1.4% of stearic acid-treated and 89.1 ± 2.9% palmitic acid-treated

cells remaining viable after 6 h (mean viability ± SD, n = 9; Fig. 1a). By 24 h of incubation,

only 8.81 ± 2.3% of stearic acid-treated and 16.6 ± 3.2% of palmitic acid-treated cells

remained viable (mean viability ± SD, n = 9; Fig. 1a). Neither arachidonic nor oleic acids at

300 μM showed toxicity during the 24 h incubation (Fig. 1a).

Stearic and palmitic acid treatment produce apoptotic cellular and nuclear morphology
with fragmentation of DNA

Cell shrinkage with membrane blebbing, chromatin condensation and fragmentation, and

cleavage of DNA into internucleosomal (180–200 bp) fragments, are commonly used

criteria for distinguishing apoptosis from other forms of cell death (Kerr 1969; Kerr et al.

1972; Wyllie et al. 1980). In most systems, including neuronal cells, the morphologic

changes that define apoptosis begin to appear before cell death is evident (Estus et al. 1994;

Jacobson et al. 1997). Accordingly, the changes in nuclear morphology occurring in

response to treatment with palmitic and stearic acid were documented (Fig. 1b). The portion

of cells exhibiting apoptotic morphology (nuclear condensation/fragmentation) was clearly

elevated after 12 h, with 33.9 ± 9.53% of stearic acid-treated and 41.9 ± 6.85% of palmitic

acid-treated cells undergoing apoptosis (mean percent condensed/fragmented nuclei ± SD, n

= 9; Fig. 1b). By 24 h of incubation, 84.4 ± 2.8% of stearic acid-treated and 80.8 ± 5.4% of

palmitic acid-treated cells exhibited nuclear apoptotic morphology (mean percent

Ulloth et al. Page 6

J Neurochem. Author manuscript; available in PMC 2014 September 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



condensed/ fragmented nuclei ± SD, n = 9; Fig. 1b). The morphological and nuclear changes

induced by treatment with stearic and palmitic acids are illustrated in Fig. 2. After 24 h of

stearic and palmitic acid treatment, nearly all cells were shrunken and exhibited blebbing

into apoptotic bodies and nuclear fragmentation (Fig. 2, upper two panels). Consistent with

the data presented in Fig. 1(a), treatment with either oleic or arachidonic acids for 24 h did

not result in any of the morphological or nuclear changes evident in stearic and palmitic

acid-treated cells (lower four panels, Fig. 2).

Stearic and palmitic acids activate caspase-8- and caspase-3-like activity

Caspases have been implicated in models of neuronal apoptotic cell death and their

activation occurs before the relatively late morphological changes characterizing apoptosis

(Schwartz and Milligan 1996; Armstrong et al. 1997). The morphological characteristics of

stearic and palmitic acid-induced toxicity suggest an apoptotic mode of cell death.

Accordingly, DEVD-pNA, the colorimetric substrate for effector caspases-3 and -7, was

used to assess the activity of these caspases. Both stearic and palmitic acid treatment

resulted in activation of DEVDase activity by 6 h of treatment (Figs 3a and b). The peak of

DEVDase activity was achieved for palmitic acid at 12 h (∼ 12-fold; Fig. 3a) and for stearic

activity at 15 h (∼ 10-fold; Fig. 3b). Caspases-9 and-8aretwo, well-characterized initiator

caspases, and their activity was also assessed with the colorimetric substrates LEDH-pNA

and IETD-pNA, respectively. Activity of caspase-9 was not detectable during the 24 h fatty

acid treatment (Figs 3a and b). The activity of caspase-8, on the other hand, was

significantly elevated as early as 6 h, synchronous with the rise in caspase-3-like activity

(Figs 3a and b, p < 0.05, both compared to the activity at 3 h). Caspase-8 activity continued

to rise after 6 h, but did not achieve the high fold induction seen in caspase-3-like activity.

PARP cleavage in NGF-differentiated PC12 cells exposed to stearic and palmitic fatty acids

Cleavage of PARP into fragments distinctive for apoptosis and necrosis has been described

in Jurkat T-cell lines (Casiano et al. 1998; Gobeil et al. 2001; Wu et al. 2001).

Consequently, initial verification of the reported cleavage patterns of PARP in NGF-

stimulated PC12 cells was carried out by exposure of cells to 2 μM staurosporine (apoptosis)

and 40 μM HgCl2 (necrosis), followed by the assessment of PARP cleavage by western blot

analysis. Figure 4a shows that full-length (110 kDa) PARP is cleaved into an 85 kDa

fragment in response to exposure to staurosporine for 24 h. Likewise, full-length PARP was

cleaved into an 85 kDa and 50 kDa fragments upon exposure to HgCl2 for 24 h. These

results confirm that the apoptosis- and necrosis-specific cleavage patterns of PARP obtained

in NGF-stimulated PC12 cells are the same as those reported for Jurkat cells.

Cleavage of PARP into the 85 kDa fragment generated during apoptotic cell death was

evident by 6 h incubation with either stearic or palmitic acids (Fig. 4b). Cleavage is more

pronounced by 12 h and nearly complete by 24 h of exposure, with no visible full-length 110

kDa PARP remaining at this time point (Fig. 4b). The cleavage of PARP into the 85 kDa

fragment correlates with DEVDase activity induced by fatty acid treatment (Fig. 3).
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Activation of caspase-3-like activity is caspase-8 dependent

The kinetics of stearic and palmitic acid-induced activation of caspases did not clearly place

the activation of caspase-8 ahead of caspase-3-like activation. Caspase-8 functions as an

upstream caspase capable of initiating a cascade of caspase activation upon signaling at

either the Fas death-inducing signaling complex (DISC) or tumor necrosis factor receptor

(Boldin et al. 1996; Nagata 1997). However, activation of caspase-8 may also occur

downstream of mitochondrial dysfunction as a result of caspase-3-like activation and

independent from signaling at the death-inducing signaling complex (DISC) (Fulda et al.

1997).

To investigate the sequential activation of caspase-8 and caspase-3-like activity we used a

selective inhibitor of caspase-8, IETD-fmk. Because the selective inhibition of caspase-8 by

IETD-fmk is more pronounced at lower concentrations, an initial study with purified active

caspase-3 was performed to determine a concentration of IETD-fmk at which caspase-3 is

not inhibited. Figure 5a shows the results of this experiment. Z-VAD-fmk at 100 μM was

included as a positive control for inhibition of caspase-3. IETD-fmk at 50 and 100 μM

inhibited caspase-3 activity to an extent comparable with 100 μM z-VAD-fmk. However, at

lower concentrations, IETD-fmk did not produce significant caspase-3 inhibition, with 5 μM

being the highest tested concentration not demonstrating an inhibitory effect. Consequently,

NGF-differentiated PC12 cells were pre-treated for 2 h with 5 μM IETD-fmk and then

treated, in the presence of 5 μM IETD-fmk, with either stearic or palmitic acid. Figure 5(b

and c) illustrates the inhibitory effects of IETD-fmk toward caspase-3-like activity in

palmitic or stearic acid-treated cells, respectively. These findings show that caspase-8

activation is required for caspase-3-like activity in response to palmitic and stearic acid

treatments.

Stearic and palmitic acid-induced cell death is not blocked by pan-caspase inhibition

Apoptotic cell death is a caspase-dependent process in many systems that have been studied

(Schwartz et al. 1996; Nicholson and Thornberry 1997). Caspase-independent cell death

pathways, however, have been described in several systems (Miller et al. 1997; Vercammen

et al. 1998; Matsumura et al. 2000). Z-VAD-fmk has been used widely to study the caspase

dependence of apoptotic processes due to its ability to inhibit irreversibly a broad spectrum

of the known caspases (Nicholson et al. 1995; Garcia-Calvo et al. 1998). This inhibitor was

used to assess the caspase dependence of stearic and palmitic acid-induced apoptosis.

After 4 h of pre-treatment with 100 μM z-VAD-fmk, NGF-differentiated PC12 cells were

exposed to stearic or palmitic acid in the presence of z-VAD-fmk. Caspase inhibition did not

protect or delay the course of cell death as measured at 12 and 24 h of incubation with

stearic or palmitic acids (Fig. 6a), although caspase-3-like activity was completely abolished

(Fig. 6b). This result, along with previous evidence for caspase activation (Fig. 4a,b),

indicates that stearic and palmitic acids are capable of activating both caspase-dependent

and caspase-independent processes. The caspase-independent process becomes evident

when caspase activity is blocked by z-VAD-fmk.
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Stearic and palmitic acids induce up-regulation of Fas Death receptor and ligand mRNA

The apoptotic death occurring after both traumatic and hypoxic-ischemic brain injury has

been associated with an up-regulation of Fas receptor and ligand mRNA (Martin-Villalba et

al. 1999; Beer et al. 2000; Matsushita et al. 2000). Stearic and palmitic acid activate

caspase-3-like activity in a caspase-8-dependent manner (Figs 5b and c), suggesting

activation of a death receptor pathway. We were unable to detect the Fas ligand mRNA

using northern blots (data not shown), suggesting that this mRNA is present at very low

abundance. To explore this possibility further, the expression of mRNA for the Fas receptor

and ligand were examined with RNA blot analysis and semi-quantitative RT-PCR.

Figure 7a shows that Fas receptor mRNA is up-regulated in NGF-differentiated PC12 cells

exposed either to stearic or palmitic acid. The up-regulation was observed as early as 2 h

after the initial exposure. Following probing with the Fas probe, the RNA blot was stripped

and re-probed with GAPDH to verify even loading and transfer of RNA in each lane.

Semi-quantitative RT-PCR has been used to show that neuronal apoptotic cell death triggers

a significant reduction of most mRNA species (Estus et al. 1994; Freeman et al. 1994;

Miller et al. 1997). To confirm the RNA blot data, we extracted total RNA at various time

points during stearic or palmitic acid-induced death (2, 4, 6, 9, 12 and 15 h) and 1 μg was

used in a one-step RT-PCR reaction as described in Materials and methods. The primer sets

used to amplify GAPDH, Fas receptor and Fas ligand each generated only one product of

the predicted size. Sequence analysis of the receptor and ligand RT-PCR products confirmed

that the amplified fragment corresponded to the intended product. As expected, GAPDH

mRNA declined during the course of fatty acid-induced apoptosis (Fig. 7b). This finding is

consistent with the degradation of GAPDH mRNA demonstrated in other models of

neuronal apoptosis (Estus et al. 1997). Fas death receptor mRNA, on the other hand,

increased significantly early (within 2 h) after treatment with stearic or palmitic acid.

Expression of Fas ligand mRNA was also increased, although to a lesser degree, and was not

apparent until 4 h of incubation (Fig. 7b). The up-regulation of Fas ligand is remarkable

because it occurs at a time when mRNA species in general, as represented by GAPDH, are

declining.

Discussion

The findings in this study show that stearic and palmitic acid induce apoptotic cell death in

NGF-differentiated PC12 cells. This cell death was characterized by: (i) an early (within 2 h)

increase in Fas receptor expression; (ii) subsequent cell shrinkage and membrane blebbing;

(iii) nuclear condensation and fragmentation; (iv) activation of caspase-3 in a caspase-8-

dependent manner; (v) late up-regulation of Fas ligand.

These findings support the conclusion that palmitic and stearic acid induce Fas-mediated

apoptosis. Interestingly, broad spectrum caspase inhibition did not alter the kinetics of cell

death, indicating that caspases are seemingly dispensable for stearic and palmitic acid-

induced death.
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Maximal tissue damage does not occur at the time of traumatic or hypoxic-ischemic injury

(Cooper 1985; Soblosky et al. 1996; Dhillon et al. 1997) but tissue degeneration continues

at the site of initial lesion, as well as in distant selectively-vulnerable regions (Furlan et al.

1996; Liu et al. 1997; Northington et al. 2001). Apoptosis has been shown to play an

important role in delayed cell loss (Du et al. 1996; Conti et al. 1998; Newcomb et al. 1999;

Nakajima et al. 2000). The molecular cascade of hypoxic-ischemia and trauma-induced

apoptosis are similarly characterized by increased expression of Fas death receptor and

activation of caspases-8 and -3 (Yakovlev et al. 1997; Martin-Villalba et al. 1999; Velier et

al. 1999; Beer et al. 2000; Matsushita et al. 2000; Northington et al. 2001). These

similarities raise the possibility that apoptosis in both injury settings has activator(s) that

may regulate the development of the secondary to injury.

Traumatic, hypoxic-ischemic brain injury initiates cascades of injury events that can

contribute to tissue damage, including loss of ion homeostasis, release of neurotransmitters,

increased lactic acid and degradation of membrane phospholipid (Cooper 1985; White et al.

2000). Breakdown of membrane lipids with resultant accumulation of FFAs begins very

rapidly following both types of injury and may be a factor in tissue damage (Bazan 1970;

Dhillon et al. 1994, 1995, 1997). FFAs plateau at approximately 8–10-fold basal levels

within the first hour after injury (Yoshida et al. 1984; Dhillon et al. 1997). The species of

FFAs elevated in response to traumatic and hypoxic-ischemic injury are similar, with

stearic, palmitic, oleic and arachidonic acids accounting for most of the accumulation

(Rehncrona et al. 1982; Dhillon and Prasad 1999). The few studies that have examined

phospholipid metabolism late after trauma (Homayoun et al. 1997) and hypoxia-ischemia

(Abe et al. 1991) have demonstrated persistent elevation of FFAs during the days and weeks

following injury. Additionally, a correlation exists between the level of FFAs accumulation

and the severity of tissue injury (Bazan et al. 1971; Zhang and Sun 1995; Dhillon et al.

1999). For instance, the rate of lipolysis during ischemia is significantly greater in selective

vulnerable zones, areas that notably exhibit large numbers of apoptotic cells (Beilharz et al.

1995), than in other regions of the brain (Umemura 1990). The rate of lipolysis and the

subsequent magnitude of accumulation of FFAs following brain trauma and hypoxia-

ischemia then correlate with selective vulnerability and the extent of tissue damage and may,

consequently, be an important instigator of secondary damage.

Loss of fatty acid from the plasma membrane may alter its structure and function by

changing membrane fluidity and signaling capacity (Siejo and Katsura 1992). Arachidonic

acid in particular is a suspected mediator of tissue damage following both traumatic and

hypoxic-ischemic neuronal death (Malecki et al. 2000). Arachidonic acid exerts its toxic

effects through metabolism into eicosaniods (i.e. prostaglandins, thromboxanes and

leukotrienes) (Katsuki and Okuda 1995) which increase production of free radicals, causing

lipid peroxidation and oxidative damage to proteins (Krause et al. 1988). Arachidonic acid

has also been shown to cause formation of cellular and vasogenic edema (Chan et al. 1983).

In neuronal cell cultures, 10 μM arachidonic acid in serum-free medium without BSAhas

been shown to be toxic (Toborek et al. 1999; Garrido et al. 2000, 2001). Arachidonic acid

was not toxic in our experiments even though we tested a higher concentration (300 μM).

This disparity may be explained by the presence of BSA (150 μM) in our system, which binds
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long-chain fatty acids with high affinity thereby reducing their free concentration (Bojesen

and Bojesen 1994).

Neurons in the CNS can be exposed to albumin and other blood proteins during normal

development and a number of pathological conditions including traumatic injury. This

increase in albumin in the CSF occurs as a result of a breakdown of the blood–brain barrier

(Cavanagh and Wareen 1985; Skultetyova et al. 1993; Fekuda et al. 1995). The presence of

albumin in these situations can serve neuroprotective and neurotrophic functions, or have

other effects associated with its interactions with fatty acids (Tabernero et al. 2002;

Guajardo et al. 2002). For instance, albumin forms high affinity complexes with fatty acids

that facilitate their solubility and transport in aqueous solution. The quantity of fatty acids

bound to albumin is determined by the degree of saturation and the length of the carbon

chain of the fatty acids involved. As a result of this, albumin binds to fully saturated fatty

acids with higher affinity than to unsaturated fatty acids (Spector 1975); the dissociation

constant for the complex is higher for saturated than unsaturated fatty acids and it decreases

as the length of carbon backbone increases (Demant et al. 2002). These observations

suggest, having all other conditions equal, that there should be higher levels of saturated

stearic and palmitic acids bound to BSAcompared to unsaturated oleic and arachinodic fatty

acids. These BSA-bound fatty acids are more efficiently transported to the cell membrane

and into the cell than unbound unsaturated fatty acids. Interestingly, neuronal cell line

HN2-5 undergoing apoptosis exhibits an increased percentage of saturated fatty acids, such

as palmitic and stearic acids, incorporated into cell membrane phospholipids (Singh et al.

1996). We speculate that an increase in the percentage of stearic and palmitic acids in the

cell membrane phospholipids will alter the immediate local lipid environment of receptor

proteins, such as the Fas receptor, and may serve as a trigger for apoptosis.

Another way that albumin influences fatty acids is by preventing their exposure to free

radicals that can result in the formation of hydroperoxides. Albumin as an antioxidant can

reduce lipid peroxidation and increase cell viability (Lozinsky et al. 2001; Guajardo et al.

2002). Unsaturated fatty acids, such as oleic and arachidonic acid, are more vulnerable to

oxidation than saturated stearic and palmitic acids. Our experimental design was developed

taking into consideration the potential antioxidant effects of BSA, and we treated the cell

cultures with the same high concentration of albumin to maximize the antioxidant effect.

The absence of apoptosis in the cell culture exposed to oleic and arachinodic acid suggests

that albumin could indeed be playing such a role.

Although a well-defined mechanism of toxicity exists for polyunsaturated fatty acids

(arachidonic and docosahexinoic acids), they may not be crucial mediators of secondary

damage given that they are notably absent during the second or prolonged phase of FFA

release following hypoxia-ischemia (Zhang and Sun 1995). This observation is confirmed

and partially explained by the finding that the rate at which arachidonic acid is re-

incorporated into brain phospholipid is selectively accelerated after hypoxia-ischemia

(Rabin et al. 1998). Selective re-acylation of arachidonic acid into lysophospholipid and re-

incorporating into the membrane potentially reduces the generation of toxic cyclooxygenase

and lipoxygenase metabolites. Although the relative rate of arachidonic acid re-acylation has

not been measured in the context of trauma, saturated (stearic) and monounsaturated (oleic)
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fatty acids account for most of the FFA accumulation 24 h after traumatic injury (Dhillon et

al. 1997; Homayoun et al. 1997).

A major obstacle in attempting to reproduce the conditions of FFAs accumulation following

trauma and hypoxia-ischemia is presenting cells in culture with large amounts of monomeric

fatty acid. Long-chain free fatty acids are extremely hydrophobic and, as such, are highly

insoluble in the aqueous phase. In the blood, most FFA is bound to albumin with only a

small amount existing in solution monomerically (Spector 1975; Bojesen and Bojesen 1992;

Richieri and Kleinfeld 1995). Further complicating this scenario are the differences in

monomer solubility arising from variation in fatty acid chain length and degree of saturation

(Richieri et al. 1993). It is the water-phase shuttle of fatty acid monomers that mediates the

exchange of fatty acids between albumin and cell membranes; consequently, differences in

solubility may result in differing rates of transfer. Furthermore, fully-saturated fatty acids,

such as stearic and palmitic, which have less soluble than mono- and polyunsaturated fatty

acids, tend to form dimers and/or higher aggregates when solubilized in organic solvent and

then diluted in aqueous medium.

Consequently, methyl-β-cyclodextrin was employed to increase the solubility of monomeric

fatty acid molecules. A question that arises is whether the method of solubilizing fatty acid

is physiologically important. This question has been addressed in studies using MβCD to

form water-soluble complexes of lipophilic substances. By forming inclusion complexes

with lipophilic molecules, methyl-β-cyclodextrin is able to function as a non-toxic

pharmaceutical vehicle to solubilize and deliver water-insoluble substances to cells in

culture (Pitha and Pitha 1985; Vicanova et al. 1999). A study analysing carotenoid uptake

by cells in culture demonstrated that solubilization of β-carotene with MβCD results in

increased stability and enhanced cellular uptake of β-carotene as compared to solubilization

in organic solvents (Pftizer et al. 2000). Furthermore, it has been demonstrated that binding

of fatty acid to a non-specific lipid transfer protein is substantial only when fatty acids are

presented in their monomeric form complexed with MβCD (Dansen et al. 1999). These

results suggest that presentation of fatty acids monomerically can be essential for their

cellular uptake and protein-binding capabilities.

Injury induces release of fatty acid monomers from the inner layer of the plasma membrane

of the cell body by the action of intracellular phospholipases (Abe et al. 1987). Released

fatty acid monomers are then free to interact with intracellular proteins including transport

proteins, such as fatty acid binding proteins (FABPs) and peroxisome proliferator-activated

receptors (PPARs), whose binding sites accommodate monomolecular fatty acids (Storch

and Thumser 2000). In addition to fatty acid transport, a partnership has been demonstrated

between FABPs and PPARs in the transduction of long-chain fatty acid-mediated changes in

gene expression (Wolfrum et al. 2001). Injury-induced released of monomeric fatty acids

could conceivably alter patterns of gene expression upon their interaction with FABPs and,

subsequently, PPARs. For instance, epidermal fatty acid binding protein (E-FABP), a

neuronal injury-associated FABP, exhibits a robust increase in neurons following nerve

injury (De Leon et al. 1996).
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We found that PARP is cleaved into the signature 85 kDa apoptotic fragment upon treatment

with stearic or palmitic acid. This provided further support for the hypothesis that these fatty

acids induce apoptotic cell death in NGF-stimulated PC12 cells.

An additional question raised by these experiments is the temporal relationship between the

up-regulation of Fas receptor and Fas ligand mRNA. A previous study examining

immunohistologically the pattern of Fas receptor and Fas ligand expression found that while

Fas receptor was up-regulated within 15 min of traumatic injury, Fas ligand up-regulation

was not detected until 72 h after injury (Beer et al. 2000). These results are similar to those

of our study in that we found Fas receptor to be up-regulated within 2 h of fatty acid

exposure while Fas ligand up-regulation was not detected until 4 h (Fig. 7b). The biological

significance of this observation is not clear. Studies are underway to clarify whether

differences in the affinities of the probes used to amplify Fas receptor and ligand are

responsible for the delayed detection of the up-regulation of Fas ligand mRNA or indeed

there are sufficient basal levels of Fas ligand to mediate Fas receptor induction during fatty

acid cytotoxicity.

The cell death induced by stearic and palmitic acid described in this study was not inhibited

by the pan-caspase inhibitor z-VAD-fmk. Inhibition of caspases with z-VAD-fmk

effectively blocks apoptosis in several models of neuronal cell death (Deshmukh et al. 1996,

2000; Armstrong et al. 1997). Conversely, many models of apoptotic cell death that are not

blocked by caspase inhibition have been described (Miller and Johnson 1996; Miller et al.

1997). Apoptotic signaling through the Fas death receptor serves as a well-characterized

example of this type of model. The Fas receptor, under certain circumstances, has been

shown to transduce both caspase-dependent and caspase-independent cell death signals

(Vercammen et al. 1999; Matsumura et al. 2000). The caspase-dependent death pathway

apparently dominates the caspase-independent pathway when caspases are functional

(Matsumura et al. 2000). Yet when caspases are inhibited, the caspase-independent pathway

ensures that cell death occurs in the absence of caspase activation and has prominent

features of necrosis. We hypothesize that a similar phenomenon is occurring in stearic and

palmitic acid-induced death. Current studies in our laboratory are being directed at exploring

the mechanisms underlying this caspase-inde-pendent pathway.

In conclusion, this study demonstrates that stearic and palmitic acids induce apoptosis in

NGF-differentiated PC12 cells, and provides evidence for the involvement of the Fas

receptor and ligand in this process. Because of the similarities in mechanism, these results

suggest a possible role for elevated intracellular levels of stearic and palmitic acids in the

acute and delayed apoptotic death occurring after traumatic and hypoxic-ischemic injury.

Although it is certain that the Fas receptor/ligand pathway is not the only apoptotic program

activated following injury, it may serve as an important therapeutic target for improving

functional recovery following brain injury.
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CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-propane-1-sulfonate

DAPI 4′,6′-diamidino-2-phenylindole

DEVD Asp-Glu-Val-Asp

DISC death-inducing signaling complex

DMEM Dulbecco's modified Eagle's medium

DMSO dimethyl sulfoxide

DTT dithiothreitol

FBS fetal bovine serum

FFA free fatty acid

GAPDH glyceraldehyde-3-phosphate dehydrogenase

IETD Ile-Glu-Thr-Asp

z-IETD-fmk benzyoxycarbonyl-Ile-Glu-Thr-Asp-fluoromethyl ketone

LEHD Leu-Glu-His-Asp

MBCD methyl-β-cyclodextrin

NGF nerve growth factor

PARP poly-(ADP-ribose) polymerase

PBS phosphate-buffered saline

PMSF phenylmethylsulfonyl fluoride

SDS sodium dodecyl sulfate

TBI traumatic brain injury

z-VAD-fmk benzyoxycarbonyl-Val-Ala-Asp (OMe)-fluoromethylketone
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Fig. 1.
Stearic and palmitic acid treatments result in loss of viability and increased apoptosis. (a)

Stearic and palmitic acid treatments (300 μM) result in loss of viability of NGF-differentiated

PC12 cells. Differentiated PC12 cells were treated for up to 24 h with either stearic,

palmitic, oleic or arachidonic acid complexed with BSA (2 : 1 ratio). Viability was assessed

by trypan blue exclusion during the course of fatty acid treatment. (b) Stearic and palmitic

acid treatments increase the percentage of nuclei exhibiting apoptotic morphology. Cells

were fixed and stained with 4′,6′-diamidino-2-phenylindole (DAPI) during the course of

stearic and palmitic acid treatments. Nuclei were visualized under fluorescent microscopy

and nuclei exhibiting condensed and/or fragmented morphology were scored as apoptotic. A

minimum of 1000 cells were counted per sample for viability and apoptosis assays. Data

represent the mean ± SD of three independent experiments performed in triplicate.
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Fig. 2.
Hoffmann modulation contrast and fluorescent micrographs of NGF-differentiated PC12

cells exposed to selected fatty acids complexed with BSA (2 : 1). Images show NGF-

differentiated PC12 cells exposed to the indicated fatty acid for 24 h. Fluorescent nuclear

staining with DAPI was performed as described in Materials and methods. Panels on the left

show Hoffman modulation contrast images of cells before fixation. Panels on the right show

nuclear staining with DAPI. The fields shown on the left panels are different from the fields

shown on the right panels.
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Fig. 3.
Induction of caspases-3 and -8, but not caspase-9, activity in cellular extracts of

differentiated PC12 cells exposed to either palmitic or stearic acid complexed (2 : 1) with

BSA. (a) Palmitic acid. (b) Stearic acid. Data represent the mean ± SD of three independent

experiments performed in triplicate. # indicates significance of p < 0.05 in a two-sample t-

test comparing caspase-8 activity at 3 h with that at 6 h. Data passed a test for normality and

equality of variance.
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Fig. 4.
Cleavage pattern of PARP in cell lysates of NGF-differentiated PC-12 cells exposed to

palmitic and stearic fatty acids. PC12 cells were differentiated with NGF for 14 days and

exposed to the different treatments as shown in the Figure. Western blots using cell lysates

were performed as described in Materials and methods. (a) Control NGF-differentiated

PC12 cells treated with staurosporine or HgCl2. NGF-differentiated PC12 cells were treated

with 40 μM HgCl2 or 2 μM staurosporine to verify the response of this cell line to conditions

where a necrotic (HgCl2) or apoptotic (staurosporine) PARP cleavage pattern is induced. (b)

PARP cleavage in NGF-differentiated PC12 cells treated with FFAs. Both palmitic and

stearic acid induced the appearance of the signature apoptotic 85 kDa PARP but not the

necrosis-associated 50 kDa fragment. SA, stearic acid; PA, palmitic acid; h, hour after initial

exposure to either stearic or palmitic acid.
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Fig. 5.
Activation of caspase-3-like activity in cellular extracts of differentiated PC12 cells exposed

to palmitic or stearic acid complexed with BSA (2 : 1) is caspase-8-dependent. (a) Inhibition

of purified active caspase-3 with z-IETD-fmk (2–100 μM) and z-VAD-fmk (100 μM). The

activity of purified active caspase-3 was assessed in vitro alone and in the presence of z-

IETD-fmk or z-VAD-fmk. The activity of purified active caspase-3 in the presence of

caspase inhibitors was expressed as a percentage of the activity in the absence of any

inhibitor. Data represent the mean ± SD of two independent experiments performed in

duplicate. (b) Inhibition of palmitic acid-induced caspase-3-like activation by z-IETD-fmk

(5 μM). (c) Inhibition of stearic acid-induced caspase-3-like activation by z-IETD-fmk (5 μM).

Data in (b) and (c) represent the mean ± SD of three independent experiments performed in

duplicate. Control reactions (stearic and palmitic acid-induced caspase-3-like activity) were

assessed in parallel with z-IETD-fmk reactions.
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Fig. 6.
Inhibition of caspase activity with z-VAD-fmk does not prevent loss of cell viability in

PC12 cultures exposed to either palmitic or stearic fatty acid complexed with BSA (2 : 1).

(a) Cell viability was assessed after 12 and 24 h of exposure to either stearic and palmitic

acid in the presence and absence of 100 μM z-VAD-fmk as indicated. Data represent the

mean ± SD from three independent experiments performed in triplicate. (b) Caspase-3-like

activity in cellular extracts of PC12 cells exposed to stearic and palmitic in the presence and

absence of z-VAD-fmk (100 μM). Time points for stearic (15 h) and palmitic (12 h) acid

were chosen to correspond to the peak of induced caspase-3-like activity. Data represent the

mean ± SD for two independent experiments.
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Fig. 7.
Induction of Fas receptor and Fas ligand mRNA in cellular extract of NGF-differentiated

PC12 cells exposed to either stearic or palmitic acid complexed with BSA (2 : 1). (a) RNA

blot showing the induction of Fas receptor mRNA during the course of exposure to either

stearic or palmitic fatty acid. Each lane was loaded with 30 μg of RNA extracted from

differentiated PC12 cells after 2, 4 and 6 h exposure to stearic or palmitic acid.

Representative blot of two independent experiments. (b) RT-PCR analysis performed on

total RNA extracted from cells treated for 2, 6, 9, 12 and 15 h with either palmitic or stearic

acid complexed with BSA (2 : 1). The PCR products shown are representative of the results

obtained from two independent experiments. C, control; SA, stearic acid; PA, palmitic acid;

h, hours after initial exposure to fatty acids.
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