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Abstract

S-(1,1,2,2-Tetrafluoroethyl)-L-cysteine (TFEC), a major metabolite of the industrial gas tetrafluoroethylene, has been shown to mediate
nephrotoxicity by necrosis. TFEC-induced cell death is associated with an early covalent modification of specific intramitochondrial
proteins; including aconitase, a-ketoglutarate dehydrogenase (KGDH) subunits, HSP60 and HSP70. Previous studies have indicated that
the TAMH line accurately models TFEC-induced in vivo cell death with dose- and time-dependent inhibitions of both KGDH and
aconitase activities. Here, we show that the molecular pathway leading to TFEC-mediated cell death is associated with an early cytosolic
to mitochondrial translocation of BAX, a pro-apoptotic member of the BCL-2 family. Immunoblot analyses indicated movement of BAX
(21 kDa) to the mitochondrial fraction after exposure to a cytotoxic concentration of TFEC (250 wM). Subsequent cytochrome c release
from mitochondria was also demonstrated, but only a modest increase in caspase activities was observed, suggesting a degeneration of
early apoptotic signals into secondary necrosis. Significantly, TAMH cells overexpressing BCL-xL preserved cell viability even to
supratoxicological concentrations of TFEC (<600 nwM), and this cytoprotection was associated with decreased HSP70i upregulation,
indicating suppression of TFEC-induced proteotoxicity. Hence, TFEC-induced necrotic cell death in the TAMH cell line is mediated by

BAX and antagonized by the anti-apoptotic BCL-2 family member, BCL-xL.

© 2004 Elsevier Inc. All rights reserved.

Keywords: TFEC; BAX translocation; BCL-xL; Cytotoxicity; Intramitochondrial damage; Necrosis

1. Introduction

Mitochondria are increasingly recognized as important
targets in drug-induced tissue injury [1]. For example,
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mitochondrial dysfunction can have a significant impact
on overall cell survival if critical intramitochondrial
functions of cellular respiration through the TCA cycle
and/or the electron transport chain are perturbed. Many
groups have also shown that important proteins related to
the control of apoptosis (e.g., apoptosis-inducing factor
or AIF, cytochrome ¢, and SMAC/DIABLO) are found
within this organelle. Release of these proteins, and
other essential cell-death signaling components, is now
acknowledged to alter cellular viability and organ stasis
[2].

Tetrafluoroethylene is an industrial gas used widely
as a precursor for Teflon™ coating. It is representative
of a broader class of commercially important halogenated
aliphatic gases. A major metabolite, tetrafluoroethylcys-
teine (TFEC), is known to cause both kidney and liver
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damage [3.4]. Ubiquitous aminotransferase activities are
considered to mediate [3-lyase bioactivation of TFEC, and
the most important of these is likely to be the mitochondrial
isoform of aspartate aminotransferase [4,5]. Previously, we
have investigated the molecular basis of TFEC-induced
renal damage and cytotoxicity, and have determined
that TFEC-induced nephrotoxicity is associated with the
covalent modification of a relatively small set of intra-
mitochondrial proteins in vivo, namely, HSP70, HSP60,
aspartate aminotransferase, aconitase and the E2/E3 sub-
units of KGDH [5-7]. These specific protein modifications
likely trigger a cascade of mitochondrial and cellular
alterations, which eventually results in cell and tissue
damage. Although the precise sequence of these events
is still not known, the available literature indicates that
TFEC induces cell killing exclusively by necrosis with
little or no oxidative stress [5,8—10].

Previously, we characterized biochemical changes fol-
lowing TFEC exposure in vitro using a TGFa-overexpres-
sing, mouse hepatocyte cell line (TAMH) and observed
dose- and time-dependent inhibitions of both aconitase and
KGDH protein target activities which closely resembled
comparable mitochondrial deficits in these enzymes in vivo
[5,11]. As a result, although the TAMH cell line is not of
renal origin, TFEC causes slight hepatotoxicity [3], and the
liver-derived TAMH line contains sufficient TFEC bioac-
tivation capability to faithfully reproduce important
aspects of the in vivo toxicity of TFEC at toxicologically
relevant doses [3,5,12,13].

In the current study, we have extended these observa-
tions by examining and modulating TFEC-mediated
alterations to pro-apoptotic BAX subcellular localiza-
tion. Specifically, BAX subcellular translocation was
determined in stable transfectants of the parental TAMH
cell line either overexpressing the BAX dimerization
partner, BCL-xLL (TAMH-BCL-xL) or, alternatively, an
empty vector control (TAMH-Vc) [14,15]. Since
BCL-xL. represents the predominant anti-apoptotic
BCL-2 family member observed in mouse hepatocytes,
these stable lines are most suited to examine BAX
translocation following TFEC treatment [15]. Results
of studies showed that after TFEC treatment, BAX move-
ment to mitochondria was also accompanied by the
release of cytochrome c into the cytosol. BCL-xL over-
expression was shown to effectively suppress these
events and protect against TFEC-induced cellular
toxicity.

Our findings are consistent with a role for the BCL-2
family of proteins in ‘“‘necrotic” cell death induced by
TFEC, and possibly, extend the well-characterized and
pivotal role(s) for the BCL-2 family of proteins in apop-
tosis [16]. Furthermore, our observations that BCL-xL
overexpression reduces TFEC-induced cytotoxicity—as
monitored by expression of the ubiquitous heat shock
protein HSP70i—is of drug safety and clinical toxicolo-
gical interest.

2. Materials and methods
2.1. Cell culture

Serum-free cell culture of the TAMH line between
passages 21 and 35 was undertaken as previously described
[11,13]. Details regarding the stable TAMH-BCL-xL cell
line have been previously reported [17]. All chemicals
were obtained from Sigma unless otherwise stated. Briefly,
cells were grown in serum free Dulbecco’s modified
Eagle’s medium/Ham’s F12 (Gibco) supplemented with
5 wg/mL insulin, 5 pg/mL transferrin, 5 ng/mL selenium
(Collaborative Biomedical Products), 100 nM dexametha-
sone, 10 mM nicotinamide and 0.1% (v/v) gentamicin
(Gibco). Maintenance of the stable transfectant TAMH-
BCL-xL line and the null vector control, TAMH-Vc, were
with the additional supplementation of 400 wg/mL G418
sulfate (Gibco). Cultures were maintained in a humidified
incubator with 5% carbon dioxide/95% air at 37 °C and
passaged at 70-90% confluence.

2.2. Dosing and harvesting of cells

Cultures were treated at approximately 80% confluence
by replacement of growth medium with fresh medium
containing 250 uM of freely soluble TFEC. To provide
sufficient material for immunoblot assays, TAMH-Vc or
TAMH-BCL-xL cultures were grown in larger 150 cm?®
tissue culture flasks (cf. 25 or 75 cm?). During harvesting,
medium was aspirated and cells washed twice with ice-
cold PBS. 200 pL of lysis buffer (20 mM Tris, 0.25 mM
sucrose, 1 pM DTT, protease inhibitor cocktail (Roche))
was added to each dish. Cells were scraped off using a
rubber policeman and kept at 0 °C prior to generation of
whole-cell lysates by sonication with an ultrasonic probe
tip (Series 4710, Cole-Palmer). For immunoblots examin-
ing BAX translocation and cytochrome c release, isolation
of TAMH-Vc or TAMH-BCL-xL subcellular fractions was
carried out prior to sonication as detailed below.

2.3. Subcellular fraction isolation

Mitochondria-enriched fractions were isolated with
slight modifications to the protocol described previously
[18]. Briefly, the harvested cells were spun using a bench
top microcentrifuge to form a pellet. Supernatant was
removed and the pellet was lysed in 100 pL (per million
cells) of digitonin lysis buffer (75 mM NaCl, 1 mM
NaH,PO,, 8 mM Na,HPO,, 250 mM sucrose, 200 g/
mL digitonin, and protease inhibitor cocktail) with gentle
but thorough resuspension for 10 min. The lysate was
centrifuged at 13,000 x g for 5 min at 4 °C. The resultant
supernatant was collected as the cytosolic fraction. The
pellet was then resuspended with a fresh volume of digi-
tonin lysis buffer, sonicated for 5s and centrifuged at
13,000 x g for 5 min at 4 °C. The supernatant contained
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the mitochondria-enriched fraction. The efficiency of sub-
cellular fractionations was confirmed by immunoblotting
with antisera to mitochondrially-located VDAC or cyto-
solic GAPDH as described below.

2.4. Immunoblotting

All the fractions collected were assayed for protein
concentration using the BCA protein assay kit (Pierce).
Sample proteins (30-50 pg) were resolved by denaturing
electrophoresis using 15% SDS-PAGE (Mini-PROTEAN
II, Bio-Rad Laboratories) and transferred to nitrocellulose
membrane for 1 h at 15 V using Trans-Blot SD Semi-Dry
Transfer Cell (Bio-Rad). Immunodetection was by chemi-
luminescence (SuperSignal ULTRA, Pierce) using specific
antibodies diluted in PBS with 0.05% (v/v) Tween 20
and 5% (w/v) powdered milk. Anti-ATF3, anti-VDAC
and anti-BCL-xL were from Santa Cruz Biotechnology;
anti-HSP70i (1:1000) from Stressgen; anti-BAX and anti-
cytochrome ¢ from Pharmingen and anti-GAPDH (1:2500)
was made in-house [19]. Secondary anti-mouse and
anti-rabbit horseradish peroxidase conjugated secondary
antibodies (Pierce) were used at 1:20,000 dilution. All
antibodies were used at 1:2000 dilution unless otherwise
stated.

2.5. Densitometric analysis

Nitrocellulose membranes and X-ray films were ana-
lyzed after immunoblotting using Bio-Rad ChemiDoc and
Quantity One Version 4.3.0 program (Bio-Rad). The bands
were cropped and their intensities were quantified. Film
exposure was from 1 to 10 min depending on signal
intensity.

2.6. Immunocytochemistry

Cells were grown on 2 and 4-well chambered slides
(Labtek II, Nalgen). Cultures were dosed as described
above. After treatment, medium was aspirated and cells
were stained with 500 nM MitoTracker ™ Red (Molecular
Probes) for 20 min, washed twice with Hank’s BSS and
fixed with 3.7% (v/v) paraformaldehyde (EMS) in Hank’s
BSS for 20 min at RT. Ice-cold acetone was added and the
mixture was allowed to stand for 5 min to permeabilize the
plasma membrane and non-specific binding was blocked
by soaking the chambers overnight in PBS with 10% FBS
at4 °C. Immunostaining was with anti-BAX (Pharmingen)
and Alexa-Fluor 488-conjugated anti-mouse IgG (Mole-
cular Probes) for 2 h incubation each (dilutions between
1:50 and 1:200). Saponin (0.2%, w/v) was added with the
immunostaining reagents to enhance antibody accessibil-
ity. Slides were mounted with Fluoromount G (Southern
Biotechnologies) and examined using a Nikon Diaphot 200
fluorescent microscope (Nikon) with 40x magnification.

The images were captured with Princeton Instruments
MicroMax CCD (Universal Imaging).

2.7. Viability assay by MTT

Cells were seeded and grown to confluence on 96-well
plates (approximately 10,000 cells in each well). After
TFEC treatment, 50 puL MTT dye (2.5 mg/mL in PBS)
was added per well with another 200 nL. HEPES-
buffered growth medium and incubated at 37 °C in the
dark for 4 h. The dye was then aspirated and 25 pL of
Sorenson’s buffer (0.1 M glycine, 0.1 M NaCl equili-
brated to pH 10.5 with 0.1 M NaOH) and 200 pL of
dimethyl sulfoxide were added immediately to each well.
The plates were read at 560 nm using a microtiter plate
reader (Molecular Devices) as previously described
[20].

2.8. Cytotoxicity assay by LDH release

LDH release was determined quantitatively using
microtiter plate modifications of standard iodonitrotetra-
zolium chloride (INT)-coupled colorimetric methods
[21]. Briefly, cells grown on 96-well plates were sub-
jected to respective TFEC doses made up in 100 pL of
growth medium. At the end of treatment, 20 wL of freshly
prepared lactate solution (36 mg/mL in Tris—Cl 10 mM,
pH 8.5), 20 pL of INT solution (2 mg/mL in PBS) and
20 pL of NAD" solution (3 mg/mL with 13.5 U/mL of
diaphorase in PBS containing 0.03% BSA and 1.2%
sucrose) was added to each well. The mixture was
incubated for 10-30 min at ambient temperature
with periodic shaking of the plate. Reactions were
quenched with a solution of sodium amino-oxoacetic
acid (16.6 mg/mL in PBS). The plates were read at
490 nm on a microtiter plate reader. The data were
converted into an arbitrary unit of absorbance/time
(per min) before they were expressed as a ratio of
non-treated control. Standard deviations were also cal-
culated based on n = 8.

2.9. Caspase activation assays

Caspase activation was determined by incubating 30—
60 wg of homogenized cell lysates at 37 °C in 100 pL of
caspase assay buffer (50 mM PIPES, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 10% (w/v) sucrose, 0.1% (w/v)
CHAPS, 10 mM DTT) with 20 pM fluorogenic caspase
substrates: Ac-DEVD-AMC, Ac-VDVAD-AMC, Ac-
VEID-AMC, Ac-IETD-AMC, LEHD-AMC (Alexis Bio-
chemicals) and fluorescence monitored on a Packard
Fluorocount (Packard Instrument Company) microplate
fluorometer with an excitation wavelength of 360 nm
and an emission of 460 nm. Data are presented as pmol
of AMC hydrolyzed/pwg lysate protein/microtiter plate
incubation time. The levels of activation were compared
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against a positive control treated with 200 nM actinomy-
cin-p and 5 ng/mL TNFa for 8 h (TNFa was added 1 h
after addition of actinomycin-p).

2.10. Calpain activation assays

Calpain activation was determined using the same meth-
odology as described for caspases with slight modifica-
tions. Briefly, 30—60 g of homogenized cell lysates were
incubated at 37 °C in 100 pL of caspase assay buffer (see
above) with 20 pM fluorogenic calpain substrate, Suc-
LLVY-AMC (Alexis). Fluorescence from the hydrolyzed
products was determined similarly on the plate reader. Data
are presented as pmol of AMC hydrolyzed/pg lysate
protein/microtiter plate incubation time. The specificity
of activation was determined by inhibiting the hydrolysis
using calpain inhibitors, 100 wM of the peptides ALLM or
ALLN (Boehringer Mannheim), made from a 10 mM stock
in DMSO.

3. Results

3.1. Effect of TFEC on BAX cytosolic and
mitochondrial localization

Immunoblot analyses of TAMH cultures treated with
TFEC (250 pM, 0-8 h) revealed a shift in a 21 kDa
immunoreactive BAX species from the cytosol to mito-
chondria at 4 and 8 h post-treatment (Fig. 1A). Although,
we observed some BAX localization to mitochondria in the
control samples, there was nonetheless a prominent
increase in BAX-specific band intensity and mitochondrial
translocation with TFEC treatment. In particular, TFEC-
specific increases were much more pronounced in the null
vector line (TAMH-Vc) in comparison to the TAMH line
stably overexpressing BCL-xL (TAMH-BCL-xL; Fig. 1A
cf. and B). In addition, densitometric analyses confirmed
that TAMH-BCL-xL cultures overexpressed BCL-xL at
approximately 8-fold higher levels in comparison to the
null vector line (Fig. 1C and D). Consistent with previous
reports, we also observed an approximately 60 kDa BAX-
immunoreactive species that matches previously reported
BAX oligomerization products [22,23] (data not pre-
sented). The exact composition of any BAX oligomers
has yet to be determined.

3.2. Immunocytochemical determination of BAX
translocation in TAMH-Vc and TAMH-BCL-xL cultures

Independent confirmation of immunoblot assays for
BAX intracellular movements in vitro following TFEC
treatments was by immunocytochemistry (Fig. 2). Mito-
tracker ™ Red was used as a mitochondrial specific marker
and BAX was localized by immunostaining with poly-
clonal anti-BAX primary antibodies and AlexaFluor
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Fig. 1. Immunoblot assay for BAX following TFEC treatment of TAMH-
Ve and TAMH-BCL-xL cells. (A) TAMH-Vc cells were treated with
250 uM TFEC for 0, 4 and 8 h. Subcellular fractions of cytosol and
mitochondria were separated and immunoblotted with monoclonal -
BAX. Polyclonal a-GAPDH and o-VDAC were employed as loading
controls for cytosol and mitochondria, respectively. (B) TAMH-BCL-xL
cells were treated and immunoblotted in the same manner as for TAMH-Vc
cells above. (C) Total cell lysates from TAMH-Vc and TAMH-BCL-XL cells
treated with 250 uM of TFEC for 0, 4 and 8 h immunoblotted with
polyclonal a-BCL-xL to confirm the extent of its overexpression in
TAMH-BCL-XL cells as compared to TAMH-Vc cells. (D) Densitometric
analysis of BCL-xL expression in TAMH-Vc and TAMH-BCL-xL cells,
displayed as a ratio of BCL-xL to GAPDH for each treatment time point.

488-conjugated secondary antibodies (refer Section 2.6).
Punctate red staining of mitochondria was evident from
2 to 6h of TFEC treatment of TAMH-Vc -cultures,
which transformed to an orange coloration (merging of
AlexaFluor 488 and Mitotracker ™ Red staining). Merged
staining was at its most intense in 2 h treated cultures
(Fig. 2; left panels) with FITC-immunostained cytosolic



H.K. Ho et al./Biochemical Pharmacology 69 (2005) 147-157 151

2h

TAMH-Vc¢

TAMH-BCL-xL

4h

Fig. 2. Immunocytochemical detection of BAX localization. TAMH-Vc (left panel) and TAMH-BCL-xL cells were treated with 250 uM TFEC for 2, 4 and 6 h.
Mitochondria were stained with MitoTracker ™ Red and BAX with Alexa-Fluor 488-conjugated anti-mouse antibodies. The cells were fixed onaslide and viewed with
a fluorescent microscope. Movement of BAX from the cytosol to mitochondria was observed with a progressive decrease in green and corresponding increases in
orange/yellow—indicative of dye merging between FITC and MitoTracker™ Red (arrows indicate cells having advanced necrotic morphology).

BAX simultaneously reduced in intensity. Vanishing green
and increased colocalization of Mitotracker'™ Red and
BAX staining (orange merged image) clearly demonstrated
that BAX translocated to mitochondria during the course of
TFEC treatment in TAMH-Vc cultures, thereby, validating
the immunoblot data of Fig. 1. Additionally, we also
detected a small fraction of BAX in the mitochondria of
0 h samples (Fig. 2) suggesting that a minor proportion of
the total BAX population is constitutively located on the
mitochondrial membrane and consistent with the immu-
noblot data of Fig. 1. In addition, later stage TFEC-treated
cultures appeared preferentially altered with respect to
morphology and were comparatively low in confluence
indicating a loss of cellular adhesion during the progres-
sion of TFEC-induced cellular injury (Fig. 2; 4 and 6 h
panels of TAMH-Vc).

In comparison, TAMH-BCL-XL cultures displayed little
overt morphological changes from 2 to 6 h of TFEC
treatment (Fig. 2; lower right panels). Qualitatively, Alex-
aFluor 488 labeling (i.e., green fluorescence) and cytosolic
BAX localization remained almost as intense throughout
the course of TFEC exposure in TAMH-BCL-xL over-
expressing cultures, suggestive of a failure to activate
cytosolic BAX and translocate to mitochondria.

3.3. Cytochrome c release following BAX translocation

Cytochrome c release was also examined by Western
blot assay. Our observations indicated that cytochrome c,
which was previously localized exclusively within mito-
chondria, was released into the cytosol by 8 h with TFEC
treatment of the TAMH-Vc cells (Fig. 3A). These data
support a well-established model in apoptosis of early
BAX translocation to the mitochondria followed by sub-
sequent cytochrome ¢ movement into the cytosol. On the

other hand, TAMH-BCL-xL cultures did not display sig-
nificant changes in the mitochondrial localization of cyto-
chrome c for up to 8 h of TFEC treatment. Thus, the release
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Fig. 3. Immunoblot assay for cytochrome c release following TFEC
treatment of TAMH-Vc and TAMH-BCL-xL cells. (A) TAMH-Vc cells
were treated with 250 wM TFEC for 0, 4 and 8 h. Subcellular fractions of
cytosol and mitochondria were separated and immunoblotted with mono-
clonal a-cytochrome c. Polyclonal a-GAPDH and a-VDAC were employed
as loading controls for cytosol and mitochondria, respectively. (B) TAMH-
BCL-xL cells were treated and immunoblotted in the same manner as for
TAMH-Vc cells above (arrow indicates a significant release of cytochrome ¢
into the cytosol of TFEC treated TAMH-Vc cells).
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Fig. 4. Viability of TFEC-treated TAMH, TAMH-Vc and TAMH-BCL-xL
cells: cells were treated with 200, 400 or 600 uM TFEC for 12h in
total. Viability was measured by MTT assay. Results are expressed as
a percentage of viable cells in the untreated controls with +£S.E.M.
(* indicates a statistically significant difference between the TAMH-
BCL-xL and TAMH-Vc cells, and * indicates a statistically significant
difference between TAMH-BCL-xL and TAMH cells as determined by
unpaired t-test, P < 0.05).

of cytochrome c appears impeded in TAMH-BCL-xL cells
despite an identical TFEC treatment regimen (Fig. 3B). An
apparent time-dependent loss of GADPH was observed in
TAMH-Vc cells (Fig. 3A) and this is assumed to be a result
of cell lysis due to TFEC treatment since there was no
comparable loss of GADPH in TAMH-BCL-xL cells after
the same treatment with TFEC (Fig. 3B).

3.4. Inhibition of cell death with BCL-xL
overexpression

Stable transfectant TAMH-Vc and TAMH-BCL-xL
lines were compared to the parental TAMH line for sensi-
tivities to TFEC-induced toxicities by means of cell via-
bility and cytotoxicity assays. We used the MTT assay to
determine the late end-point 24 h survival of cells follow-
ing continuous TFEC exposure (0-600 wM). An additional
advantage for the assessment of cell viability using MTT
vital dye was that active mitochondrial enzymes are
known to be required to produce the violet color ulti-
mately quantified at 560 nm. BCL-xL overexpression
was observed to significantly maintain cell viability with
remarkable cytoprotection evident even to very high and
toxicologically irrelevant TFEC concentrations (400-
600 uM; Fig. 4). For example, at 600 puM TFEC the
cellular viability was still about 55% at this late time.
On the other hand, TAMH-Vc and parental TAMH lines
showed progressive cell killing from below 200 to 600 pM.
Near complete cytotoxicity was observed at 600 uM TFEC
in the non-BCL-xL overexpressing lines with viability
measured at approximately 20% and 10% (Fig. 4). Argu-
ably, MTT viability is reliant on an active mitochondrial
respiration and our results may have been confounded by
TFEC-mediated mitochondrial dysfunction. Thus, an alter-
native measure of toxicity was employed in order to
corroborate the MTT data.

3
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Fig. 5. Cytotoxicity of TFEC-treated TAMH, TAMH-Vc and TAMH-BCL-
xL cells: cells were treated with 200, 400 or 600 uM of TFEC for 8 h in
total. Cytotoxicity was measured by the cumulative release of LDH into the
culture media. Results are expressed as the number of fold increase in LDH
activity (n = 8) vs. untreated cells (number of fold activity = 1). (* indicates
a statistically significant difference between the TAMH-BCL-xL and
TAMH-Vc cells, and * indicates a statistically significant difference
between TAMH-BCL-XL and TAMH cells, as determined by unpaired #-
test, P < 0.05).

Complementary results were obtained for cytotoxicity
measured as a function of intracellular LDH released into
the culture medium due to plasma membrane rupture
(Fig. 5). This assay was performed at 8 h after TFEC
treatment in order to avoid the confounding effects of
protease digestion of released LDH, which contributes
to a short half-life in the culture medium (approximately
9 h in the mediuml). Consistent with the MTT data, both
parental TAMH and TAMH-Vc cultures showed propor-
tional increase in LDH release, which doubled at 200—
400 pM TFEC concentrations. In contrast, BCL-xL over-
expression kept LDH release to a basal level for TFEC
concentrations up to 400 uM (Fig. 5). However, a lack of
concordance between the MTT and LDH release data at
600 uM TFEC was evident with an apparent convergence
of cytotoxicity in all 3 cell lines using LDH release criteria.
A likely explanation for this discrepancy is that inhibition
of mitochondrial function by TFEC accentuates the differ-
ences between BCL-xL overexpressed and control cell
lines using the MTT assay, especially when the assay is
performed after a long period of incubation (i.e, 24 h).
Nonetheless, BCL-xL effectively blocked cell death
induced by toxicologically very high concentrations of
TFEC using two independent criteria of assessment.

3.5. BCL-xL mediated prevention of TFEC-induced
proteotoxicity

The impact of BCL-xL overexpression on other mole-
cular determinants of cellular survival was also examined.
Induction of cytosolic HSP70i represents a robust marker
for cellular stress and protein damage [24]. In addition,

! Information taken from Promega Technical Bulletin No. 306, Version
5/03.
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Fig. 6. Effects of TFEC treatment on HSP70i and ATF3 expression: TAMH-Vc and TAMH-BCL-XL cells were treated with TFEC (400 wM) for 4 h followed
by incubation in standard growth medium not containing TFEC for a further 8 h (12 h in total). Immunoblot assays were performed using 20 g total cell lysate
protein loaded onto each lane and blotted with polyclonal a-ATF3 and monoclonal o-HSP70i.

activating transcription factor-3 (ATF3) has also been
established as a highly stress-inducible transcriptional
repressor to numerous chemicals and stressors in mamma-
lian systems [13,25,26]. The levels of expression of
HSP70i and ATF3 were examined by immunoblot in both
TAMH-BCL-xL and TAMH-Vc lines in a pulse/chase
experiment (Fig. 6). Cultures were exposed to vehicle or
TFEC (400 M) for 4 h and then allowed to recover in the
presence of fresh growth medium for an additional 8 h (i.e.,
total time of 12 h) prior to preparation of cell lysates and
subsequent analysis. ATF3 was observed to be strongly
induced only with TFEC treatment (Fig. 6; right lanes).
Interestingly, the expression level of ATF3 was similar for
both TFEC-treated TAMH-BCL-XxL and TAMH-Vc cell
lines. HSP70i levels were also strongly upregulated with
TFEC exposure but only in TAMH-Vc cultures (Fig. 6). In
comparison, neither ATF3 nor HSP70i could be detected in
TAMH-BCL-xL and TAMH-Vc cultures in the absence of
added TFEC (Fig. 6, left lanes). Hence, BCL-xL over-
expression suppressed TFEC-mediated increases in
HSP70i expression in this cell line.

3.6. Caspase activity assays

Based on our observations of early mitochondrial
changes, BAX translocations and cytochrome c release
we also examined the contribution of various caspase
activities in the mechanism of TFEC-mediated TAMH
cell killing. Caspases are known as downstream effectors
of ““classical” apoptosis in response to the release of
cytochrome ¢ and apoptosome formation in the cytosol.
Five key caspases, including the ““initiators” (caspase-2, -8
and -9) and the “executioners” (caspase-3/7, -6) were
investigated using hydrolysis of directed tetrapeptide/pen-
tapeptide fluorogenic substrates (Fig. 7). For all of the
caspase activities studied, only modest activation (at most,

10% of positive control levels) were observed with TFEC-
treatment at any of the time points examined (Fig. 7).
Caspase 3/7 activities in BCL-xL overexpressing cell line
were even below detection limits. Furthermore, activities
generally appeared diminished in TAMH-BCL-xL versus
TAMH-Vc or TAMH lines (Fig. 7). However, these levels
of activity were minor in comparison to TNFa/actinomy-
cin-p treated apoptosis positive controls dosed over the
same duration (i.e., 8 h; Fig. 7).

3.7. Calpain activity assays

The lack of significant caspase activation across the
three cell lines prompted us to examine alternative intra-
cellular proteolytic activities. Calpains are another class of
cysteine proteases that parallel caspases in cell death
models with increased activities observed during necrotic
as well as apoptotic cell death [27]. Increases in calpain
activity were monitored by the hydrolysis of specific
fluorogenic calpain substrate (Suc-LLVY-AMC) after
treatment of all three cell lines with 250 uM TFEC for
0-8 h. As shown in Fig. 8, a progressive increase in calpain
activity was observed with TAMH-Vc cells, which peaked
at 6 h treatment with absolute activity of 86.5 & 8.1 pmol
hydrolyzed product/h. This indicates an approximate 2-
fold increase in basal calpain activity (P < 0.05). On the
other hand, the activation seen in BCL-xL cells in com-
parison were insignificant at 0-6h (P < 0.05) with a
modest increase at 8 h (i.e., 69.5 + 9.3) (P < 0.05). Sta-
tistically significant difference was also confirmed between
the two cells lines using an unpaired #-test at early time
points of TFEC treatment (i.e., 2 and 4 h; P < 0.05),
indicating either a delayed response or attenuation of
calpain activation in TAMH-BCL-xL cells. Specificity
of this assay was determined by reversal of calpain-
mediated hydrolysis using the calpain inhibitors ALLM
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Fig. 8. Calpain activity assays for TFEC treated TAMH-Vc and TAMH-
BCL-xL cells: cells were treated with 250 mM of TFEC for 2, 4, 6 and 8 h.
Calpain activity was quantified by the amount of specific fluorogenic
calpain substrate hydrolyzed (pmol of Suc-LLVY-AMC) per pg total lysate
protein per minute of incubation for the assay with £S.E.M. (n=3).
Specific calpain inhibitors, ALLM and ALLM were co-administered in
parallel experiments to demonstrate the selectivity of the activation. (*
indicates a statistically significant difference between the two cell lines as
determined by unpaired #-test, P < 0.05).

and ALLN. A 100 wM inhibitor concentration decreased
calpain activity to less than 20% of the non-inhibitor
treated samples, suggesting that TFEC preferentially acti-
vates calpains compared to caspases in the TAMH cell
line.

4. Discussion

In recent years, several studies in molecular toxicology
have focused on BCL-2 proteins as central to the early
events of drug-induced cytotoxicity. Amongst them, pro-
apoptotic BAX is probably one of the best-studied mem-
bers. BAX is known to be constitutively expressed in the
cytosol and found to relocate to the mitochondrial mem-
brane upon induction of cellular injury from many different
origins [28-30]. It represents an important early factor,
which initiates downstream mitochondrial changes thereby
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predisposing to apoptosis. Although the precise mechan-
ism(s) of BAX activation and function are not yet known,
there are different schools of thought as to how this
subcellular migration confers a pro-apoptotic character.
Some studies have reported that BAX enables the release
of several effectors of apoptosis like AIF, cytochrome
¢, and SMAC/DIABLO by creating a channel in the
mitochondrial membrane [31]. Others have provided evi-
dence for homodimerization and oligomerization [23,32]
with other anti-apoptotic members like BCL-xL to inhibit
the latter’s cytoprotective actions [33-35]. In general
agreement with these studies, our immunoblot and immu-
nocytochemical studies also suggest that BAX transloca-
tion is an early event in TFEC-induced cytotoxicity with
significant BAX relocation at 2 h or earlier after treatment
with TFEC (Fig. 1).

We have also observed that although native BAX resides
in the cytosol, a small amount may be constitutively
present in the outer mitochondrial membrane in agreement
with other studies (Figs. 1 and 2) [36]. The functional
significance of this constitutive mitochondrial BAX is not
yet known. As previously proposed, it could imply that an
equilibrium exists between the pro-apoptotic and anti-
apoptotic BCL-2 proteins such that when BAX is in excess,
some can be distributed to the mitochondrial membrane
[34,37]. This appears to be supported by our data with the
BCL-xL overexpressed TAMH cell line, which has a
significantly lower content of BAX in the mitochondria
at rest, even though the overall expression level of BAX has
not been altered (Figs. 1 and 2).

Numerous reports confirm a role for anti-apoptotic
BCL-2 members in inhibiting pro-apoptotic BAX activa-
tion, notably at the level of its translocation to the mito-
chondria [38—40]. These studies underlie the known role of
BCL-xL as a dominant anti-apoptotic player in the BCL-2
family. In particular, it has been reported that BCL-xL, but
not BCL-2, is the major BCL-2 homologous anti-apoptotic
protein in hepatocytes [14,15]. As a result, our studies
differ from previous work in that we have investigated the
effects of overexpression of the tissue appropriate BCL-2
family member in the TAMH cell line. Interestingly, our
previous work has raised paradoxical questions regarding
the tissue inappropriate overexpression of BCL-2 per se in
the liver with a failure to protect against BAX-mediated,
acetaminophen-induced hepatotoxicity [41]. These pre-
vious observations suggest that BCL-2 family members
have non-redundant and tissue-specific functions, which
can include either anti- or pro-apoptotic activities.

Although we have demonstrated here that TFEC
treatment has resulted in an increased activated BAX
expression and translocation, we have also examined
other downstream markers in order to show that this
change in BAX activity is ultimately translated into a
measurable cytotoxicity endpoint. Thus, we have con-
firmed by immunoblot that cytochrome c—a potential
effector of BAX activation—was released from the intra-

mitochondrial membrane spaces into the cytosol over a
period of 8 h with TFEC treatment. Furthermore, our
results also indicated a time delay between BAX trans-
location and cytochrome c release, supporting the pro-
position that BAX translocation is, at least in part,
required for cytochrome c release during TFEC-induced
cytotoxicity.

Cytochrome c release is recognized as instrumental in
the formation of the activated apoptosome complex,
which is central to caspase activation and most forms
of apoptosis. In the present work, however, only limited
caspase activation was observed following TFEC treat-
ment despite cytochrome c leakage. On the other hand,
we detected a strong activation of an alternative cysteine
protease, calpain, which was also inhibitable by BCL-xL
overexpression. Calpain activation is driven by intracel-
lular calcium mobilization and its proteolytic activities
can proceed in an ATP-independent fashion. Our findings
confirm previous preliminary reports of a role for calpain
[42]. Thus, these results, in addition to prior morpholo-
gical evidence, would appear to support necrosis as the
dominant pathway for TFEC-mediated cytotoxicity [6].
Nonetheless, the observations presented here implicate
an early role for pro-apoptotic BAX in this form of cell
death.

Although not examined directly in these studies, it is
likely that the covalent modification of intramitochondrial
targets by TFEC could also initiate intracellular stress
signaling pathways (e.g., JNK), which facilitate the early
mitochondrial manifestation of apoptosis. Previously, we
have shown that such intramitochondrial protein modifica-
tions inhibit rate-limiting steps in the TCA cycle [5]. As a
result, cellular ATP levels would be expected to undergo
rapid depletion and this, in turn, may shift the mechanism
of cell death from apoptosis to secondary necrosis (Ho
et al.,, in preparation).

HSP70i induction was used in these studies as an
indicator of TFEC-induced protein damage in exposed
TAMH cultures (Fig. 6). Increased cytoprotective BCL-
xL levels were associated with absence of HSP70i induc-
tion following TFEC treatment in contrast to ATF3,
which was unaffected. These findings are consistent with
the prominent roles that the HSP70 family plays in the
recognition of protein native state. In particular, the
highly inducible HSP70i isoform is known to confer
cytoprotective effects in response to many stressors by
limiting excessive protein aggregation and misfolding
[43,44]. An alternative term ‘‘proteotoxicity’, first
coined by Hightower in 1991, adequately describes such
loss of protein homeostasis [45]. The literature also
defines additional roles for HSP70i including inhibition
of specific apoptotic steps such as JNK activation and
apoptosome complex formation [44,46]. Furthermore, it
has been shown that the amount of HSP70i induction
correlates with the ultimate extent of cytoprotection
[47,48]. Elevated HSP70i levels in our studies are viewed
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as indicative of TFEC-mediated proteotoxicity in both
TAMH and TAMH-Vc cultures. Therefore, the most
likely interpretation for the lack of HSP70i upregulation
in BCL-xL overexpressing cells is a reduction in pro-
teotoxic damage caused by TFEC (Fig. 6). Nonetheless,
further work is required to provide a direct mechanistic
link between BCL-xL overexpression and HSP70i
regulation. Of relevance, similar observations have also
been reported with BCL-xL-mediated protection from
heat shock [49].

Analogous to our findings with HSP70i, we also report
increased levels of expression of stress-responsive ATF3
following TFEC treatment of TAMH cells (both with and
without BCL-xL. overexpression). ATF3 belongs to a
family of transcription factors that contain the basic
region-leucine zipper (bZip) DNA binding domain [26].
Induction of the atf3 gene appears as an early response to
several forms of cellular stress, including liver dysfunction
[50]. In addition to the immunoblot analyses presented
here, we have also confirmed increased transcriptional
upregulation of the atf3 gene in TAMH cells after TFEC
treatment by both cDNA microarray analyses and quanti-
tative RT-PCR (Hu et al., in preparation). Since BCL-xL
overexpression does not directly alter the expression of
TFEC-induced ATF3 upregulation, the observed cytopro-
tective effects of BCL-xL may be downstream from ATF3,
or through a mechanism that is independent of the ATF3-
mediated stress response. More recently, studies have
revealed that ATF3 serves an integral role in the ER stress
response [51,52]. In independent investigations, we have
also confirmed the transcriptional (gaddl53, gadd34,
gadd45) and translational (gadd153) upregulation of some
established ATF3-regulated ER dependent stress response
genes (Hu et al., in preparation). Taken together, these
findings suggest an early ER stress response associated
with TFEC-induced mitochondrial events that may not be
inhibited by BCL-xL overexpression. Further investigation
of the interrelationship of these two proteins will be
necessary to address these questions.

The effects of BCL-xL on TFEC-treated TAMH cells
extend beyond a modulation of early events of cell death
as exemplified by BAX translocation, HSP70i induction
and cytochrome c release. Our results have also revealed
that BCL-xL overexpression in this model system has an
important and reproducible function in determining
the overall level of cell survival to chemical insult.
TAMH-BCL-xL cells were less susceptible to TFEC-
induced cell death as compared to both the parental TAMH
and the TAMH-Vc cell lines. The possibility remains that
this cytoprotective effect of BCL-xL on chemically
mediated necrotic damage may translate into an effective
chemo-preventative therapeutic strategy.

In summary, a cytoprotective action of BCL-xL on
BAX-mediated toxicity has been demonstrated in TFEC-
induced cell death. Although, there is insufficient infor-
mation to conclude either a direct interaction between

BCL-xL and BAX, or an indirect modulation [53],
BCL-xL has previously been reported to form heterodi-
mers with BAX to limit the pro-apoptotic actions of the
latter [33,34,39]. In conclusion, BAX activation appears as
an early event in TFEC-induced cell death and our findings
could open new avenues for BCL-xL. mimetics in the
treatment of adverse effects from other compounds, pre-
viously considered necrotic in mechanism, but similarly
acting through a BAX pathway.
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