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Abstract
Reactive oxygen species (ROS) can induce lysosomal membrane permeabilization (LMP).
Photoirradiation of murine hepatoma 1c1c7 cultures preloaded with the photosensitizer NPe6
generates singlet oxygen within acidic organelles, and causes LMP and the activation of
procaspases. Treatment with the cationic amphiphilic drugs (CADs) U18666A, imipramine, and
clozapine stimulated the accumulation of filipin-stainable non-esterified cholesterol/sterols in late
endosomes/lysosomes, but not in mitochondria. Concentration-response studies demonstrated an
inverse relationship between lysosomal non-esterified cholesterol/sterol contents and susceptibility
to NPe6 photoirradiation-induced intracellular membrane oxidation, LMP, and activation of
procaspases-9 and -3. Similarly, the kinetics of restoration of NPe6 photoirradiation-induced LMP
paralleled the losses of lysosomal cholesterol that occurred upon replating U18666A-treated
cultures in CAD-free medium. Consistent with the oxidation of lysosomal cholesterol, filipin
staining in U18666A-treated cultures progressively decreased with increasing photoirradiating
light dose. U18666A also suppressed the inductions of LMP and procaspase activation by
exogenously added hydrogen peroxide. However, neither U18666A nor imipramine suppressed
the induction of apoptosis by agents that did not directly induce LMP. These studies indicate that
lysosomal non-esterified cholesterol/sterol content modulates susceptibility to ROS-induced LMP,
and possibly does so by being an alternative target for oxidants and lowering the probability of
damage to other lysosomal membrane lipids and/or proteins.
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Introduction
Lysosomes play a critical role in protein, lipid and carbohydrate catabolism, plasma
membrane recycling, lipid and sterol trafficking, antigen processing, and autophagy. These
processes are mediated by a variety of organelle-contained hydrolytic activities. Disruption
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of lysosomal membrane integrity, and the release of lysosomal enzymes into the cytosol, can
have grave cytotoxic consequences resulting in apoptotic or necrotic death [1–3].
Surprisingly, an extensive list of agents and physiological conditions are capable of inducing
lysosomal membrane permeabilization (LMP). Among such agents and conditions are H2O2
[4,5], methylmercury [4], recycling quinines [6], photosensitizers that accumulate in
lysosomes [7,8], UV irradiation [9], camptothecin, [10], cisplatin [11], etoposide [11–13],
tumor necrosis factor alpha [11,14], TRAIL [15,16], hypoxia [16] and proteasome inhibitors
[17].

The mechanisms by which the aforementioned agents induce LMP are largely unknown.
Current hypotheses range from non-specific permeabilization caused by enzymatic- and/or
oxidant-induced damage to lysosomal membrane lipids and proteins, to toxicant-induced
formation of lysosomal pores or channels [1–3]. In the case of the former, several studies
have implicated calpain, phospholipase A2, and caspases as contributors to LMP [1]. As for
the latter, LMP induction by TRAIL [15] or staurosporine [18] is paralleled by the
association of activated Bax with the lysosomes in some model systems. This association
appears to be essential because knockdown of Bax expression suppresses LMP [15,18].
Furthermore, TRAIL-induced LMP is suppressed by over expression of Bcl-2 or Bcl-xL
[15]. Given the ability of Bax to permeabilize mitochondria via its formation of pores, it
seems conceivable that a comparable effect may occur following its association with
lysosomes.

A significant number of proteins have been implicated as regulators of LMP. Among such
proteins are several anti-apoptotic members of the Bcl-2 family [1,15], phospho-p53ser15

[19,20], LAPF [20], LAMP1 and 2 [13], HSP70 [9,12] and the aryl hydrocarbon receptor
(AhR) [14,21]. In the case of the AhR, comparisons of wild type versus AhR-deficient
variants indicated that the variants were resistant to induction of LMP by either TNFα [14]
or photodynamic treatment (PDT)-induced intra organelle generated singlet oxygen [21].
Although the basis for the resistance of the variants was not determined, digitonin
permeabilization studies led the authors to speculate that AhR-content may influence
lysosomal cholesterol content [14]. Indeed, the sensitivity of isolated lysosome preparations
to osmotic stress-induced rupture can be enhanced [22,23] or suppressed [23] by treatments
that reduce or increase lysosomal membrane cholesterol content, respectively.

In the current study we assess whether lysosomal non-esterified cholesterol content
modulates sensitivity to oxidant-induced LMP. We took advantage of previous findings that
the photosensitizer NPe6 preferentially localizes to lysosomes, and that a very strong pulse
of highly reactive singlet oxygen is generated within the organelle following exposure to red
light [7]. Previous studies from our laboratory have shown that PDT protocols employing
NPe6 rapidly induce LMP, cathepsin-mediated cleavage of Bid, release of cytochrome c,
and activation of the apoptosome [7,21]. We also examined the effects of exogenously
added H2O2, an oxidant that has multiple modes of pro-oxidant action, including the
induction of LMP [4,5]. Modulation of lysosomal cholesterol content was achieved by
treating cultures with varying concentrations of the cationic amphiphilic drugs (CADs)
imipramine, clozapine, and U18666A. The ability of the latter drug to induce accumulation
of lysosomal non-esterified cholesterol/sterols is well documented [24–27]. The current
study demonstrates that lysosomal cholesterol/sterol content modulates susceptibility to
oxidant-induced LMP. This property is of considerable significance given the numerous
pharmaceutical, pathological and physiological conditions that facilitate lysosomal non-
esterified cholesterol/sterol accumulation.
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Materials and methods
Reagents

Ac-DEVD-AMC and AMC were obtained from BD Biosciences (San Diego, CA). HA14-1
was from Ryan Scientific (Isle of Palms, SC). Staurosporine, thapsigargin, H2O2, U18666A,
imipramine and clozapine were obtained from Sigma-Aldrich (St. Louis, MO). NPe6 was a
gift from Light Sciences (Issaquah, WA). Acridine orange, C11-BODIPY581/591,
LysoSensor Green DND-189, MitoTracker Green FM (fixable) and dextran 10,000
tetramethylrhodamine (lysine fixable) were purchased from Molecular Probes (Eugene,
OR).

Cell culture
Murine hepatoma Hepa 1c1c7 cells were obtained from Dr. J.P. Whitlock, Jr. (Stanford
University, Stanford, CA) and grown in αMEM supplemented with 5% (v/v) fetal bovine
serum and antibiotics in a 5% CO2 atmosphere, at 37°C. Cultures were established in either
commercial culture dishes or on poly-L-lysine-coated coverslips. Cells were plated at a
density that ensured exponential growth for at least 4 days.

Cultures were generally treated 1–2 days after plating. Stock solutions and subsequent
dilutions of clozapine, staurosporine, and thapsigargin were made in DMSO. Total solvent
content never exceeded 0.1% (v/v). U18666A and imipramine were made in, and diluted
with water. Stock solutions of H2O2 were diluted in ‘conditioned’ complete medium to
achieve a desired final concentration immediately before transfer to test cultures.
Conditioned medium was derived from 1c1c7 cultures that had been plated at the same time,
and at the same density, as the cultures used for peroxide treatment. Culture medium was
removed from conditioning plates and centrifuged. The resulting supernatant fluid was used
as ‘conditioned’ medium. Use of ‘conditioned’ medium yielded very reproducible,
quantitatively similar H2O2 inductions of LMP and DEVDase activation from experiment to
experiment.

Photodynamic therapy
NPe6 was dissolved in water the evening before PDT. For most of the reported studies
cultures were loaded with 33 µM NPe6 for 1–2 h prior to washing, refeeding, and
photoirradiation (1 s of irradiation corresponds to 1.5 mJ/cm2). Photoirradiation was
achieved with a 600 W quartz-halogen lamp with IR radiation attenuated with a 10 cm layer
of water and an 850 nm cutoff filter. The exciting light was further restricted using a 660 nm
long pass filter.

DEVDase assay
Activation of procaspases-3 and -7 was analyzed by monitoring the generation of AMC
from the caspase substrate Ac-DEVD-AMC. The procedures used for the harvesting of cells
and measuring DEVDase activity have been described in detail [21]. Changes in
fluorescence over time were converted into pmoles of product by comparison to a standard
curve generated with AMC. DEVDase-specific activities are reported as nmol of product
generated per min per mg of protein. The bicinchoninic acid assay, using BSA as a standard,
was used to estimate protein concentrations.

Western-blot analyses
The reagents and procedures used for the preparation and processing of cell lysates, SDS gel
electrophoresis, and immunodetection of caspases-9 and -3 (pro- and active forms) and actin
have been described in detail [7,21].
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Fluorescence microscopy
Most immunofluorescence studies employed cells growing on glass coverslips that had been
precoated with poly-L-lysine. Unless noted otherwise, digital images were captured with
either a Zeiss Axiovert 200M fluorescence microscope, or a Zeiss Axioplan 2 Imaging
fluorescence microscope equipped with an ApoTome optical sectioning device. The latter
microscope was used for the capturing of 0.5 or 1 µm Z plane images. All images were
digitally captured and imported into Photoshop for cropping and sizing. Images within a
figure subpanel were always taken using identical conditions (unless stated otherwise). Any
post capture manipulations of images (brightness or contrast) were uniformly applied to all
images within a panel group.

Acridine orange staining of acidic organelles
Fifty min after irradiation cultures were incubated simultaneously with 500 nM AO ± 500
nM HO33342 for 10 min prior to being imaged sequentially using filter cubes that captured
green (AO in neutral pH environment), red (AO in acidic pH environment), and blue
(HO33342) fluorescence. Green fluorescence was detected using a filter set consisting of
490–510 nm excitation, 515 nm dichroic mirror, and 520–550 nm emission. Red
fluorescence was detected employing 534–558 nm excitation, a 580 nm dichroic mirror, and
a 590 nm long pass emission filter. Blue fluorescence was detected employing 365 nm
excitation, a 395 nm dichroic mirror, and a 420 nm long pass emission filter.

Colocalization of LAMP1 and cathepsin D
The reagents, antibodies, and procedure for immunofluorescence detection and
colocalization of LAMP1 and cathepsin D in Z plane sections of 1c1c7 cultures have been
described in great detail [14]. In brief, cathepsin D and LAMP1 were detected with a 1:20
dilution of rabbit anti-human cathepsin D antibody (Oncogene Research Products, San
Diego, CA) and 1:1000 dilution of 1D4B rat anti-mouse LAMP1 antibody (Development
Studies Hybridoma Bank, Department of Biological Sciences, University of Iowa, Iowa
City, IA), respectively. Secondary detection consisted of incubation with 1:200 dilutions of
AlexaFluor 488 goat-anti-rabbit IgG and AlexaFluor 546 goat anti-rat IgG (Molecular
Probes).

Filipin staining of non-esterified sterols
In order to detect non-esterified cholesterol/sterols, cultures were washed 3x with PBS and
fixed with 4% paraformaldehyde/PBS (w/w) for 30 min at room temperature. After 3
washings with PBS the cells were incubated with 100 mM glycine/PBS for 10 min, and
stained with filipin (9.05 mg/ml in 5% BSA/PBS (w/w)) for 2 h. All steps were performed at
room temperature. Cells were subsequently washed with PBS and coverslips were inverted
onto a drop of SlowFade solution on a glass slide. Digital images were captured with a Zeiss
Axiovert 200M fluorescent microscope using a filter set consisting of 365 nm excitation,
395 nm dichroic mirror, and 420 nm long pass emission filter. Filipin was initially prepared
in DMSO.

Colocalization of Filipin and endosomes/lysosomes
Two protocols were employed to determine if filipin stained late endosomes/lysosomes. In
the ‘direct’ procedure coverslips were washed with PBS and fixed as described above. After
washing the coverslips three times with PBS the cells were incubated in a 4% BSA/PBS (w/
w) solution for 1 h at room temperature to block non-specific immunoglobulin binding.
Cells were then incubated with a 5% BSA/PBS (w/w) solution containing 1:1000 1D4B rat
anti-mouse LAMP1 antibody and 9.05 mg/ml filipin, in the dark for 2 h at room
temperature. The coverslips were subsequently washed with PBS followed by incubation
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with a 1:200 dilution of AlexaFluor 546 goat anti-rabbit IgG in blocking buffer in the dark
for 1 h at 37°C. The coverslips were washed three times with PBS and inverted onto glass
slides with a drop of SlowFade solution and sealed with acrylic nail polish. One µm Z plane
images were captured using an Apotome optical sectioning device. LAMP1 (red) and filipin
(green) images were captured using a filter set consisting of 546 nm excitation, 580 nm
dichroic mirror, 590 nm emission, and 365 nm excitation, 395 nm dichroic mirror, 420 nm
long pass emission, respectively.

In the second procedure cultures were first incubated with a lysine-fixable polymer of
10,000 MW dextran conjugated to tetramethylrhodamine (D10K-TMR). This incubation
was followed by a chase period, and an assessment of whether D10K-TMR fluorescence
colocalized to punctate areas that also reacted with filipin or antibodies to LAMP1. D10K-
TMR was prepared as a stock solution in PBS. On the evening of the first day after plating,
cultures were incubated overnight with 0.1 mg/ml D10K-TMR in complete medium.
Cultures were washed the following morning 3x with complete medium and then incubated
an additional 8 h in complete medium ± 1 µM U18666A. Subsequently, cultures were
washed 3x with PBS and fixed for 30 min with 4% paraformaldehyde/PBS (w/w).
Thereafter, cultures were incubated with either filipin or LAMP1 antibody, and imaged as
described above. D10K-TMR fluorescence was detected using a filter set consisting of 546
nm excitation, 580 nm dichroic mirror, and a 590 nm long pass emission filter.

Colocalization of Filipin and MitoTracker
Control or treated cultures were incubated with 200 nM MitoTracker Green FM for 5 min at
37°C in a CO2 incubator. Cells were washed three times with PBS and fixed as described
above. After washing the coverslips three times with PBS, the cells were incubated in the
dark with filipin as described above. The coverslips were washed three times with PBS and
inverted onto glass slides with a drop of SlowFade solution and sealed with acrylic nail
polish. MitoTracker Green FM (red) images were captured using a filter set consisting of
450–490 nm excitation, 510 nm dichroic mirror, and 515–565 nm emission. Images of
filipin fluorescence (green) were captured as described above.

Cellular localization of NPe6
Cultures were incubated with nothing or 1 µM U18666A for ~22 h prior to being washed
and refed with medium containing 33 µM NPe6. After ~2 h the cultures were incubated with
1.5 µM LysoSensor Green DND-189 (LSG) for 10–15 min before being washed, refed and
imaged. Phase and fluorescence images were captured with a Nikon E600 fluorescence
microscope equipped with a Photometrics SenSys CCD camera (Roper Scientific, Trenton,
NJ) cooled to −40°C. LSG was imaged first (excitation 450–490 nm; emission > 520 nm;
low pass 600 nm filter) followed by NPe6 imaging (excitation 400–440 nm; emission ≥ 590
nm). For the purposes of colocalization, LSG and NPe6 fluorescence images were assigned
‘green’ and ‘red’ colors, respectively.

Detection of reduced and oxidized C11-BODIPY
A stock solution of C11-BODIPY581/591 (C11) was prepared in ethanol. 1c1c7 cultures were
incubated with 4 µM C11 for 1 h prior to being washed, refed and immediately imaged with
a Nikon E600 fluorescence microscope. In protocols designed to colocalize LSG with C11
(no NPe6 present), 2 µM LSG was added 10 min prior to the processing of cultures for
fluorescence microscopy. Red C11 fluorescence (reduced C11) was detected using 540–550
nm excitation and 600–660 nm emission. A 650 nm low pass filter was used to further
restrict emission in order to eliminate any contribution of NPe6 emission (when it was
present) to the observed C11-derived red fluorescence. Green C11 fluorescence (oxidized
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C11) was detected using a filter cube that provided 450–490 nm excitation and ≥ 515 nm
emission. A 550 low pass filter was used to further restrict emission.

Statistical analyses
Per cell filipin fluorescence was determined using a fixed exposure time for all samples
within a comparison set, and quantified as ‘arbitrary fluorescence units’ using Metamorph
Software (Universal Imaging Corporation, Buckinghamshire, UK). Acridine orange stained
punctate acidic vesicles observed in enlarged digital pictures of stained cultures were
counted by eye. Filipin and AO per cell data were analyzed by one-way ANOVA and
Tukey’s Multiple Comparison test (Prism, Graphpad Software, San Diego, CA, USA).
Differences between/among groups were scored as statistically significant if P<0.05.

Results
CAD effects on cell proliferation and non-esterified cholesterol/sterol contents

A defect in the NPC1 protein is responsible for lysosomal sterol accumulation in cell lines
derived from Niemann-Pick Type C (NPC) patients [25,26]. This phenotypic property of
NPC cells can be induced in other cell types by exposure to U18666A [24–27] and other
lysosomotrophic CADs, including imipramine [24]. Exposure of murine hepatoma 1c1c7
cultures to 1 µM U18666A, 25 µM imipramine or 10 µM clozapine had little, if any effect,
on cell proliferation over a 96 h treatment period (Fig. 1A). Trypan blue exclusion analyses
indicated that none of these CADs, at the concentrations tested, were cytotoxic to 1c1c7
cells (data not shown).

Filipin is a fluorescent natural product with very high affinity for sterol molecules
containing a free 3β-hydroxyl group [28]. Although it also interacts with some oxysterols,
cholesterol esters, and phospholipids [29,30], it does so with markedly less affinity [29], and
hence is commonly used to detect non-esterified cholesterol/sterols [26–29,31]. Filipin
staining in non-treated 1c1c7 cultures was diffuse, with a few perinuclear punctate stained
areas (Figs. 1B,D,E). Exposure to DMSO did not alter staining (Fig. 1B). However,
concentration-dependent accumulation of filipin-stained, perinuclear punctate structures
occurred within 22 h of treatment with 0.05 – 1.0 µM U18666A (Figs. 1B,C). The threshold
at which increased punctate filipin staining could be visually observed consistently was 0.05
µM. The CADs imipramine and clozapine also induced concentration-dependent
accumulation of filipin-stained, perinuclear punctate structures (Fig. 1D). The thresholds at
which increased punctate filipin staining could be visually observed consistently following
~24 h of treatment with imipramine or clozapine were 1 µM and 5 µM, respectively.

The kinetics of non-esterified cholesterol/sterol redistribution following CAD treatment are
presented in Fig. 1E. Increased punctate filipin staining was observed within 8 and 16 h of
U18666A and imipramine treatment, respectively. Thereafter, the intensity of punctate
staining continued to increase over the 24 h experimental time period with both CADs (Fig.
1E). Extended monitoring through 96 h indicated that the intensities of filipin-stained
punctate structures continued to increase with exposure time to U18666A or imipramine
without obvious cytotoxicity (data not presented).

Filipin staining colocalizes to late endosomes/lysosomes, but not mitochondria, in
U18666A-treated 1c1c7 cultures

We employed two approaches to characterize the identity of the filipin-stained punctate
structures. Our first approach employed a two-step protocol to co-localize late endosomes/
lysosomes and filipin-stained structures. The fluorescent polymer dextran-10,000
tetramethylrhodamine (D10K-TMR) enters cells by endocytosis, and eventually resides in

Reiners et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lysosomes following a sufficient chase period [27]. Overnight loading of 1c1c7 cultures with
D10K-TMR, followed by an 8 h chase with fresh medium, resulted in extensive co-
localization of D10K-TMR with LAMP1-positive structures (Fig. 2A, top row). Similar
results were obtained if cultures were supplemented with 1 µM U18666A at the beginning
of the chase period (Fig. 2A, bottom row). Hence, in this protocol much of the endocytosed
D10K-TMR trafficked to late endosomes/lysosomes.

In non-treated cultures there was limited colocalization of filipin and D10K-TMR (Fig. 2B,
top row). In contrast, filipin staining was very punctate in U18666A-treated cultures, and
extensively co-localized with D10K-TMR fluorescence (Fig. 2B, bottom row). Given the
co-localization of D10K-TMR with both LAMP1 and filipin-stained punctate structures, it
appears that a majority of the filipin-stained punctate structures in U18666A-treated cultures
represent late endosomes/lysosomes.

Experiments identical to those reported in Figs. 2A and B were also performed with
imipramine. Cultures treated with 12.5 µM imipramine also exhibited extensive punctate
LAMP1 and filipin co-localization with D10K-TMR (data not presented).

In our second approach to identify filipin-stained punctate structures we colocalized filipin
staining with the late endosome/lysosome marker LAMP1. Control cultures exhibited
diffuse filipin staining with a few punctate spots that co-stained for LAMP1 and filipin (Fig.
2C, top row). Conversely, cultures treated with U18666A for 24 h exhibited increased
numbers of filipin- and LAMP1-co-stained perinuclear punctate structures (Fig. 2C, bottom
row). Furthermore, relative to control cultures, the co-stained punctate structures were much
larger in U18666A-treated cells. Indeed, the U18666A-derived structures were of sufficient
size to clearly exhibit LAMP1 staining of specifically the membrane (Fig. 2C, bottom row).

A recent study suggests that U18666A also promotes non-esterified cholesterol/sterol
accumulation in mitochondria [32]. Non-treated and U18666A-treated 1c1c7 cells exhibited
extensive organelle fluorescence after incubation with the mitochondrial stain MitoTracker
Green FM (Fig. 2D). However, MitoTracker Green FM and filipin fluorescence did not
colocalize in either non-treated or U18666A-treated cultures (Fig. 2D).

CAD inhibition of LMP initiated by photoirradiation of NPe6-sensitized cultures
The fluorescent dye acridine orange (AO) diffuses into late endosomes/lysosomes, and
fluoresces orange-red in acidic environments. Loss of punctate orange-red AO fluorescence
is commonly used to monitor LMP. We [7] and others [33] previously reported that the
photosensitizer NPe6 localizes to late endosomes/lysosomes, and that photoirradiation of
NPe6-sensitized 1c1c7 cultures results in LMP and apoptosis [7,21]. Indeed, punctate AO
orange-red fluorescence was eliminated in 1c1c7 cultures first sensitized with NPe6, and
then photoirradiated for either 65 or 80 s (Figs. 3A top row, B). This effect required
combinational NPe6 + light treatment since neither light alone, nor 33 µM NPe6 alone,
markedly affected punctate AO fluorescence in 1c1c7 cultures [7,21] (see also Fig. 4D).
Treatment with 1 µM U18666A or 12.5 µM imipramine appeared to intensify AO
fluorescence (Fig. 3A, second and third row, respectively). Pretreatment with either CAD
also suppressed NPe6 PDT-induced losses of AO fluorescent punctate structures (Figs.
3A,B).

As a complement to the AO-staining studies, we also monitored the colocalization of
LAMP1 with the lysosomal protease cathepsin D (Supplementary Fig. 1). These two
proteins exhibited extensive colocalization in non-treated and U18666A-treated cultures, as
indicated by the very high percentage of punctate structures exhibiting yellow fluorescence
(due to colocalization of ‘red’ Lamp1 positive structures and ‘green’ cathepsin D positive
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structures). This colocalization was partially lost in photoirradiated, NPe6-sensitized
cultures, as indicated by the loss of orange-yellow spots, and a reciprocal increase in red
(LAMP1 positive) punctate spots (Supplementary Fig. 1, third row). Pretreatment with
U18666A suppressed NPe6 PDT-induced losses of LAMP1 and cathepsin D colocalization
(Supplementary Fig. 1, fourth row).

Two approaches were employed to determine if lysosomal non-esterified cholesterol/sterol
accumulations were responsible for U18666A-mediated suppression of NPe6 PDT-induced
LMP. First, we took advantage of our finding that the intensity of filipin-stained punctate
structures is proportional to U18666A concentration over the range 0.05 – 1 µM (Figs. 1B
and C). Figs. 3C and D, in conjunction with Figs. 1B and C, show that the extent of punctate
AO fluorescence after NPe6 PDT directly correlates with the intensity of filipin staining at
the time of irradiation. No protection (i.e., as indicated by loss of AO punctate fluorescence)
was observed with a concentration of U18666A (i.e., 10 nM) insufficient to increase
punctate filipin staining. Thereafter, the degree of protection increased with increasing
U18666A concentration.

The second approach exploited the finding that the effects of U18666A on non-esterified
cholesterol/sterol accumulation were reversible. Specifically, punctate filipin staining
decreased markedly within 24 h of refeeding U18666A-treated cultures with CAD-free
medium (Fig. 4A). Filipin staining continued to decrease over time. After 96 h of washout
filipin staining approached the levels observed in non-treated cultures (Fig. 4A). This
decrease was not accompanied by dramatic changes in punctate AO fluorescence (Fig. 4B).
However, it was paralleled by increased sensitivity to PDT-induced LMP (Fig. 4C).
Specifically, in PDT-treated cultures, minor and dramatic losses of punctate AO
fluorescence were observed within 48 h and 96 h of washout, respectively. Indeed, cultures
having undergone a 96 h washout were just as susceptible to NPe6 PDT-induced LMP as
were cultures that had never been exposed to U18666A (compare 96 h PDT panel in Fig. 4C
with PDT panel in Fig. 4D).

CAD inhibition of NPe6-PDT induced apoptosis
We previously reported that 1c1c7 cultures undergo apoptosis following NPe6 PDT-induced
LMP [7,21]. Pretreatment with concentrations of U18666A (1 µM) or imipramine (12.5 µM)
sufficient to suppress NPe6 PDT- induced LMP also inhibited the activation of DEVDase,
an indicator of caspase-3/7 activity (Figs. 5A,B). Western blot analyses confirmed that
preincubation with U18666A or imipramine suppressed pro-caspase-9 and pro-caspase-3
processing (Fig. 5D). Pretreatment with 10 µM clozapine, a concentration sufficient to
induce non-esterified cholesterol/sterol accumulation in lysosomes, also suppressed NPe6
PDT-induced DEVDase activation (Fig. 5C) and pro-caspase-9/3 processing (Fig. 5D).
Concentration-response studies exhibited an inverse relationship between CAD-induced
lysosomal accumulation of sterols and susceptibility to NPe6 PDT-induced DEVDase
activation (Figs. 5A–C).

Effects of CADs on NPe6 intracellular location
The induction of LMP in NPe6 PDT protocols requires that the photosensitizer accumulate
in the lysosomes. In agreement with previous studies [7,33], NPe6 extensively colocalized in
control cultures with the acidic organelle fluorescent probe LysoSensor Green
(Supplementary Fig. 2). Extensive colocalization was also observed in U18666A-treated
cultures (Supplementary Fig. 2). Indeed, both LysoSensor Green and NPe6 fluorescence
were brighter in U18666A-treated cultures. This enhanced fluorescence is consistent with
the increased AO staining seen in U18666A-treated cultures (Fig. 3A). The colocalization
studies are significant because they document that the photosensitizer is associated with the
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target organelles, and capable of being photo-activated by illumination. Hence, U18666A-
mediated suppression of NPe6 PDT-induced LMP is not due to an effect on photosensitizer
loading.

UA18666A-mediated suppression of PDT-induced oxidation of C11-BODIPY
C11-BODIPY581/591 (C11) is a fluorescent fatty acid analog that is incorporated into the
membranes of organelles of cultured cells [34–36]. Following excitation at 488 nm, C11
yields red fluorescence. However, C11 fluoresces green upon oxidation of its diene linker
and loss of a phenyl moiety. Hence, C11 is commonly used as a reporter molecule for
assessing membrane lipid peroxidation [34–36]. 1c1c7 cultures incubated with C11 for 1 h
exhibited intense perinuclear red fluorescence, but no green fluorescence (Fig. 6A). Given
the absence of green fluorescence, we attempted to determine if C11 labeled endosomes/
lysosomes by cotreating cultures with LSG (Fig. 6B). Cultures treated with LSG yielded
green punctate fluorescence. Overlay of C11 and LSG fluorescence patterns yielded
punctate orange/yellow spots indicative of colocalization. Hence, as had been reported for
rat-1 fibroblasts [35], C11 labeled late endosomes/lysosomes in 1c1c7 cultures.

Photoirradiation of NPe6-sensitized cultures for 60 s, a period sufficient to induce LMP (as
assessed by AO staining), resulted in the appearance of punctate green C11 fluorescence,
and the corresponding loss of red fluorescence in the areas that fluoresced green (Fig. 6C).
Hence, NPe6 PDT induced the oxidation of C11. Exposure of cultures to UA18666A for
~20 h prior to the addition of C11 did not cause a shift in C11 fluorescence from red to
green (Fig. 6D). However, U18666A pretreatment strongly suppressed NPe6 PDT-induced
C11 oxidation (Fig. 6E), as indicated by the absence of green fluorescence following
photoirradiation.

PDT-induced cholesterol oxidation
One possible explanation for the inhibitory effect of U18666A pretreatment on C11
oxidation in PDT protocols is that cholesterol functions as a more susceptible target to the
generated oxidant. To assess this possibility we took advantage of the report that oxidized
cholesterol yields less fluorescence with filipin than does the non-oxidized sterol [29].
Photoirradiation of U18666A-pretreated cultures for either 60 or 120 s reduced subsequent
staining with filipin (Fig. 7A). The degree to which staining was reduced was influenced by
lysosomal sterol content. Whereas 60 s of photoirradiation markedly reduced filipin staining
in cultures pretreated with 0.1 µM U18666A, staining was less affected in cultures treated
with 0.75 µM U18666A. More extensive and quantitative analyses indicated a progressive
decline in filipin staining with increasing light dose in cultures pretreated with either
U18666A concentration (Fig. 7B). However, the overall extent of filipin staining loss was
greater in 0.1 µM U18666A-treated cultures (i.e., 70% loss versus 50% loss after 120 s of
photoirradiation).

U18666A-mediated suppression of H2O2-induced LMP and DEVDase activation
Brunk and colleagues reported that exogenously added H2O2 induces LMP in several types
of cultured cells [4,5]. Preliminary studies indicated that a reproducible apoptotic response
could be induced in 1c1c7 cultures by exposure to 100 – 400 µM H2O2. Necrosis was also
observed at the higher end of this range. Figure 8A presents analyses of H2O2-induced
DEVDase activation over the range 100 – 200 µM. DEVDase activities were maximally
increased ~5-, 15- and 20-fold above background by 100, 150 and 200 µM H2O2,
respectively. Pretreatment with U18666A suppressed H2O2-mediated DEVDase activation
(Fig. 8B). This suppression was concentration-dependent and correlated directly with
U18666A-mediated accumulation of non-esterified cholesterol/sterols (compare Figs. 1B
and 8B).
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A pro-apoptotic concentration of H2O2 also induced LMP, as indicated by the loss of
punctate AO fluorescence (Fig. 8C). Specifically, markedly less punctate AO fluorescence
was observed in 1c1c7 cultures following 4 or 6 h of H2O2 exposure. This loss of punctate
AO staining was prevented by pretreating cultures with 1 µM U18666A for 20 h prior to
peroxide addition (Fig. 8C).

Specificity of the anti-apoptotic properties of U18666A and imipramine
In the above studies U18666A and imipramine inhibited the proapoptotic activities of agents
that caused LMP. At issue is whether the CADs would afford protection against toxicants
that initiate apoptosis by mechanisms independent of LMP. To address this question we
surveyed the effects of U18666A and imipramine on the induction of apoptosis by HA14-1,
thapsigargin and staurosporine. These agents have diverse mechanisms of action, and do not
initiate apoptosis in 1c1c7 cultures via the induction of LMP [14] (Reiners, unpublished
data). HA14-1 is a small molecule inhibitor of members of the anti-apoptotic Bcl-2 family,
as well as an uncoupler of mitochondrial respiration [37]. Twenty five µM HA14-1 caused >
100-fold activation of DEVDase within an h of treatment (Figs. 9A,D). Pretreatment with
either 1 µM U18666A or 12.5 µM imipramine had little effect on either the kinetics or
extent of DEVDase activation (Figs. 9A,D). The sarcoplasmic endoplasmic reticulum ATP
Ca2+ pump inhibitor thapsigargin, and the broad spectrum kinase inhibitor staurosporine,
induced a ≥ 50-fold activation of DEVDase (Figs. 9B,C,E,F). Pretreatment with U18666A
(Figs. 9B,C) or imipramine (Figs. 9E,F) did not alter the kinetics or extent of DEVDase
activation induced by either pro-apoptotic agent.

Discussion
The current study demonstrates that lysosomal non-esterified cholesterol/sterol content
modulates the induction of LMP by reactive oxygen species (ROS). Specifically,
susceptibility to the induction of LMP by the singlet oxygen generated in the NPe6 PDT
protocol, or by exogenously added H2O2, was inversely related to lysosomal non-esterified
cholesterol/sterol content. The critical oxidants in these studies were most likely generated
within the organelle itself. Lysosomes accumulate iron, and the inclusion of an iron chelator
suppresses H2O2-induced LMP in whole cells and isolated lysosomes [5]. Presumably, intra-
organelle Fenton reaction-derived hydroxyl radicals are responsible for H2O2-induced LMP.
As for NPe6, the studies presented in Supplementary Fig. 2 document the endosomal/
lysosomal location of the sensitizer. The singlet oxygen generated following photoactivation
is exceptionally reactive, and reacts with suitable targets within its immediate vicinity
[38,39].

The exact mechanism(s) by which H2O2 and NPe6 PDT induce LMP is not known. Given
the strong oxidants involved, and their presumed intra-organelle generation, it is conceivable
that LMP is due to oxidant-induced damage to lysosomal membrane lipids and proteins.
Girotti [40] has demonstrated that membrane cholesterol/sterols are readily oxidized by
exposure to singlet oxygen or hydroxyl radicals. Furthermore, the incorporation of
cholesterol into liposomes has been reported to suppress ROS-induced lipid peroxidation
[41,42]. In the current study, lysosomal filipin-staining intensities were inversely related to
the light dose used for NPe6 PDT. Since oxidized cholesterol exhibits reduced filipin
staining compared to the non-oxidized sterol [29], our data are consistent with lysosomal
cholesterol being oxidized by the reactive species generated following photoactivation of
intra-lysosomal NPe6. Importantly, the NPe6 PDT-induced oxidation of late endosome/
lysosomal cholesterol in U18666A-treated cultures was paralleled by the suppression of
PDT-induced organelle-associated C11 oxidation (see Fig. 6). Although we did not
unequivocally demonstrate that the C11 oxidation observed in NPe6 PDT–treated cultures
occurred in endosomes/lysosomes, there is good reason to assume so. Specifically, NPe6
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accumulates primarily in late endosomes/lysosomes [7,33and Supplementary Fig. 2], and the
singlet oxygen generated upon photoirradiation is exceptionally reactive and has a very
limited diffusion radius [38,39]. Presumably, by being an available and susceptible target,
elevated lysosomal cholesterol content may lessen the probability of damage to membrane
lipids and/or proteins more relevant to processes involved in LMP.

Although our current studies are consistent with the protective effects of lysosomal
cholesterol being mediated by its being an alternative target and functioning as an
antioxidant, the sterol may afford protection by alternative mechanisms. For example,
increased cholesterol content may alter the architecture of the lysosomal membrane such
that it becomes less susceptible to the effects of oxidants. Indeed, cholesterol is a major
modulator of membrane fluidity. Increasing membrane cholesterol content alters
phospholipid orientation and packing, resulting in more rigid, less fluid membranes [43].
Such changes may influence the recruitment of proteins to the organelle that enhance
membrane stability, such as members of the Hsp70 family. Hsp70 over-expression and
knockdown studies indicated that H2O2 destabilization of lysosomal membranes in HeLa
cultures is inversely related to cellular/lysosomal Hsp70 content [9,12].

LMP may be achieved by mechanisms other than oxidant-induced membrane rupture.
Recent studies suggest that LMP is facilitated by the association of specific proteins with
lysosomes [18–20]. The adaptor protein LAPF translocates to lysosomes following exposure
to TNFα, whereupon it recruits and binds phosphorylated p53 (Ser15/18) [20]. Knockdown/
silencing of either LAPF or p53 expression suppressed TNF-induced LMP [20]. Similarly,
treatment of cultured cholangiocarcinoma cell lines with TRAIL results in the association of
‘activated’ Bax with lysosomes [15]. Knockdown of Bax expression, or interruption of the
processes mediating Bax association with the lysosomes, suppressed TRAIL-induced LMP
[15]. Although speculative, lysosomal Bax and LAPF/p53 complexes may form pores
through which the luminal contents of lysosomes pass. At issue is whether lysosomal non-
esterified cholesterol/sterol accumulation would be protective in the above models.

Presumably, U18666A and imipramine inhibit the induction of apoptosis by H2O2 and NPe6
PDT in our studies, in part or whole, because of their abilities to suppress LMP. Indeed,
concentration response studies demonstrated that the degree to which the CADs suppressed
the induction of apoptosis and LMP were strongly correlated. Although a recent study
suggests that U18666A also promotes accumulation of non-esterified cholesterol/sterols in
mitochondria [32], which could be a confounder to the interpretation of our data, such
accumulations were not observed in our studies (see Fig. 2D). Furthermore, U18666A did
not inhibit the activation of procaspases by agents known to activate the intrinsic apoptotic
pathway (i.e., HA14-1, staurosporine), or the ER stress pathway (i.e., thapsigargin). Hence,
the anti-apoptotic effects of U18666A in our model appear to be restricted to agents/
protocols causing oxidant-induced LMP.

Schafer et al. [44] reported that HT22 hippocampal cells conditioned to grow in medium
containing sublethal doses of H2O2 develop resistance to the peroxide, as well as other
oxidants. However, these cells were as susceptible as the parental line to non-oxidant
toxicants. A recent study by Clement et al. [45] indicates that lysosomes of oxidant-resistant
HT22 cells have elevated non-esterified cholesterol/sterol contents. Given these findings and
our current studies, it is conceivable that lysosomal cholesterol accumulation maybe an
adaptive response to chronic oxidant-induced stress.

Lysosomal accumulation of non-esterified cholesterol/sterols occurs as a consequence of
several diseases, of which NPC is the best characterized [24–26,46]. NPC is one of
approximately 4 dozen inherited metabolic disorders collectively referred to as lysosomal
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storage diseases [46]. Filipin staining of cell lines generated from patients with lysosomal
storage disease indicate that most, but not all of the disorders, support lysosomal
accumulations of non-esterified cholesterol/sterols [47]. We anticipate that cells derived
from such patients, that exhibit enhanced lysosomal filipin staining, would be resistant to
some forms of oxidant-induced apoptosis. This is the case with Niemann-Pick type A cells.
These cells are deficient in acidic sphingomyelinase, accumulate non-esterified cholesterol
[47]. and are more resistant than their normal counterparts to the pro-apoptotic effects of
H2O2 [48].

Phospholipidosis is a lipid storage disorder characterized by lysosomal accumulation of
phospholipids. CADs are small lysosomotrophic chemicals containing both a hydrophobic
ring structure and a hydrophilic side chain with a charged cationic amine group. Dozens of
CADs have been identified which cause phospholipidosis [49,50]. Although the classic
phenotypic marker of phospholipidosis is lysosomal accumulation of lamellar bodies, filipin
staining suggests that CAD-treated cells accumulate non-esterified cholesterol/sterols in
their late endosomes/lysosomes [24,26,27]. Indeed, in our studies the CADs U18666A,
imipramine and clozapine all induced lysosomal non-esterified cholesterol/sterol
accumulation at non-cytostatic, and non-toxic concentrations. All three also protected
against the induction of LMP and apoptosis by NPe6 PDT at concentrations sufficient to
induce lysosomal non-esterified cholesterol accumulation. We have also examined the
CADs amitriptyline, fluoxetine, amiodarone and chlorpromazine. These agents also induced
lysosomal non-esterified cholesterol/sterol accumulation in 1c1c7 cultures. However, we did
not pursue additional studies with these agents since cholesterol accumulation occurred with
concentrations that either exhibited some cytotoxicity, or that suppressed NPe6 loading
(Reiners, unpublished studies). Nevertheless, CADs are commonly used in human medicine
as estrogen receptor antagonists (Tamoxifen), anti-psychotics (clozapine), anti-depressants
(imipramine, amitriptyline, fluoxetine), anti-arrythmics (amiodarone), anti-bacterials
(azithromycin) and anti-malarials (chloroquine).

In summary, the current study demonstrates that lysosomal accumulation of non-esterified
cholesterol/sterols inhibits ROS-mediated LMP, and the ensuing apoptotic response initiated
as a consequence of LMP. These findings are significant because lysosomal accumulation of
non-esterified cholesterol/sterols is a phenotypic characteristic of several diseases and
pathological conditions. In addition, it may be a consequence of an adaptive response to
chronic oxidative stress. Finally, a large number of agents cause LMP, including several
therapeutic pharmaceuticals. Appreciation that lysosomal cholesterol content can influence
susceptibility to oxidant-induce LMP may facilitate better-designed therapeutic protocols.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AhR aryl hydrocarbon receptor

AO acridine orange

Ac-DEVD-AMC acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin
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AMC 7-amino-4-methylcoumarin

C11 C11-BODIPY581/591 or 4,4-difluoro-5-(4-phenyl-1,3,butadienyl)-4-
bora-3a,4a-diaza-s-indacene-3-undecanoic acid

CAD cationic amphiphilic drug

CZP clozapine

D10K-TMR dextran-10,000 tetramethylrhodamine

HA14-1 ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-
chromene-3-carboxylate

IPM imipramine

LAMP1 lysosomal-associated membrane protein 1

LAPF lysosome-associated apoptosis-inducing protein containing the
pleckstrin homology and FYVE domains

LMP lysosomal membrane permeability

LSG LysoSensor Green

MTG MitoTracker Green

NPC Niemann-Pick Type C

NPe6 mono-L-aspartyl chlorin e6

PDT photodynamic treatment

NT not treated

ROS reactive oxygen species

UA U18666A or 3-β-[(2-diethyl-amino) ethoxy]androst-5-en-17-one
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Figure 1.
Effects of U18666A, imipramine and clozapine on 1c1c7 cell growth and filipin staining.
(A) Cultures of murine hepatoma 1c1c7 cells were treated with the indicated concentrations
of U18666A, imipramine, or clozapine before being harvested and counted. Data represent
means ± SD of three plates per treatment per time period. Similar results were obtained in a
second independent experiment. (B) 1c1c7 cultures were treated with nothing (NT), DMSO
or indicated concentrations of U18666A for ~24 h before being processed for filipin
staining. (C) Quantification of per cell filipin fluorescence intensity in 1c1c7 cultures treated
with U18666A for ~24 h. Data are from the experiment depicted in panel B and represent
means ± SD of analyses of 18–35 cells for each treatment group. *Significantly greater than
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non-treated (NT) control, P<0.05. **Significantly greater than 0.1 µM U18666A treatment
group, P<0.05. (D) 1c1c7 cultures were treated with nothing or indicated concentrations of
imipramine or clozapine for ~24 h before being stained with filipin. Similar patterns were
observed in two additional experiments. (E) 1c1c7 cultures were treated with nothing or 1
µM U18666A or 25 µM imipramine for different lengths of time before being processed for
filipin staining. White bar in panels B–E represents 20 microns.
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Figure 2.
U18666A-induced endosomal/ysosomal accumulation of non-esterified sterols. (A) 1c1c7
cultures were incubated with dextran-10000 tetramethylrhodamine (D10K-TMR) overnight
prior to being washed and refed with fresh medium. At the time of refeeding some cultures
were treated with 1 µM U18666A. After an additional 8 h of incubation the cultures were
fixed and processed for detection of D10K-TMR (red) and LAMP1 (green). Colocalization
of D10K-TMR and LAMP1 is indicated by orange – yellow punctate spots. (B) 1c1c7
cultures were incubated with D10K-TMR overnight prior to being washed, and refed with
fresh medium. Some cultures were subsequently treated with 1 µM U18666A and incubated
an additional 8 h before being stained with filipin. Colocalization of filipin (green) and
D10K-TMR (red) structures is indicated by orange – yellow punctate spots. (C) 1c1c7
cultures were treated with nothing or 1 µM U18666A for 24 h prior to being fixed and
processed for filipin (green) and LAMP1 (red) staining. (D) 1c1c7 cultures were treated with
nothing or 1 µM U18666A for ~22 h prior to the addition of MitoTracker Green (MTG).
After an additional 5 min of incubation cultures were washed, fixed and stained with filipin.
The pictures presented in panels A–D are representative of what was observed in multiple
fields of cells. White bar in panels A, B and D represents 20 microns. White bar in panel C
represents 10 microns.
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Figure 3.
CAD suppression of LMP. (A) 1c1c7 cultures were treated with nothing, 1 µM U18666A
(UA), or 12.5 µM imipramine (IPM) for ~22 h prior to being washed and refed with fresh
medium (± 33 µM NPe6 for 1 h) and subsequently photoirradiated for either 65 or 80 s.
Sixty min after medium change the cultures were incubated with AO and HO33342 for ~10
min prior to being viewed by fluorescence microscopy. Treatment conditions are noted in
the figure. The pictures presented in panel A are representative of what was observed in
multiple fields of cells derived from 4 independent experiments. (B) Quantification of per
cell AO-stained acidic vesicles observed in the experiment depicted in panel A. Data
represent means ± SD of analyses of 10–12 cells per treatment group. *Significantly less
than non-treated and all U18666A and imipramine treatment groups, P<0.05. (C) 1c1c7
cultures were pretreated for ~24 h with different concentrations of U18666A, or nothing,
prior to being incubated with 33 µM NPe6 for 1 h, and then refed and photoirradiated.
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Cultures were stained with AO ~1 h after photoirradiation, and imaged 10 min later. A
parallel group received no treatment prior to AO staining. Similar results were observed in a
second independent experiment. (D) Quantification of per cell AO-stained acidic vesicles
observed in the experiment depicted in panel C. Data represent means ± SD of 15–20 cells
per treatment group. *Significantly greater than PDT control, P<0.05. **Signficantly greater
than all treatment groups except non-treated control, P<0.05. White bar in panels A and C
represents 20 microns.

Reiners et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Time-dependent recovery of sensitivity to PDT-induced LMP following washout of
U18666A. (A) 1c1c7 cultures were treated with nothing (NT) or 1 µM U18666A for 24 h
prior to being washed and refed with new medium lacking U18666A. Cultures were stained
with filipin immediately prior to washout or 24, 48 and 96 h post medium change. (B) 1c1c7
cultures were treated with 1 µM U18666A for 24 h prior to being washed, and refed with
new medium lacking U18666A. Some cultures were stained with AO either at the time of
washout, or 24, 48 and 96 h post medium change. (C) A parallel set of cultures were
sensitized with 33 µM NPe6 and photoirradiated prior to being stained with AO and
monitored by fluorescence microscopy. Treatments are noted in the figure. (D) Some 1c1c7
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cultures were treated with nothing, light only, or 33 µM NPe6 only for 1 h prior to being
stained with AO. Additional cultures were loaded with NPe6 for 1 h, washed and refed, and
irradiated. Cultures were stained with AO 1 h later. Treatments are noted in the figure.
Results similar to those reported in panels A, B, C and D were obtained in 4, 2, 2 and 3
additional independent experiments, respectively. White bar represents 20 microns.
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Figure 5.
U18666A-, imipramine- and clozapine-mediated inhibition of apoptosis initiated by
photoirradiation of NPe6-sensitized cultures. 1c1c7 cultures were treated with nothing (NT)
or different concentrations of U18666A (UA), imipramine (IPM), or clozapine (CZP) for
~24 h prior to being sensitized with 33 µM NPe6. Sensitized cultures were photoirradiated 1
h later for 80s. Cultures were harvested for analyses of DEVDase activities (A–C) or
procaspase-9 and -3 cleavage (D) at indicated times after photoirradiation. Data in panels A–
C represent means of triplicate analyses performed with the lysate of a single culture. The
studies reported in panels A–C were repeated minimally a second time with similar results.
The western blots in panel D employed 25 µg of cellular lysate per lane.
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Figure 6.
U18666A suppresses PDT-induced oxidation of C11-BODIPY. (A) 1c1c7 cultures were
exposed to 4 µM C11-BODIPY (C11) for 1 h prior to replacing medium and examination by
fluorescence microscopy for the distribution of reduced (red) and oxidized (green) C11. (B)
1c1c7 cultures were treated with C11 as described above. LysoSensor Green (LSG, 2 µM)
was added during the final 10 min of incubation. After changing the medium the cultures
were imaged to capture red (C11) and green (LSG) fluorescence. C11 colocalization with
LSG is indicated by the occurrence of punctate yellow/orange spots in the overlay. (C)
Cultures were cotreated with 40 µM NPe6 and 4 µM C11 for 1 h prior to being washed,
refed, and photoirradiated for 60s. After photoirradiation the cultures were immediately
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imaged for detection of C11 fluorescence. (D) Cultures were treated with 0.75 µM
U18666A for ~20 h prior to the addition of C11, and subsequently analyzed as described
above. (E) Cultures were treated as in panel C except that they were incubated with 0.75 µM
U18666A for ~20 h prior to the additions of NPe6 and C11. A second experiment yielded
similar results for all treatment groups. White bar in panel A represents 20 microns.
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Figure 7.
PDT-induced oxidation of lysosomal cholesterol. (A) 1c1c7 cultures were not treated (NT)
or exposed to 0.1 or 0.75 µM U18666A (UA) for ~20 h prior to being washed and refed with
medium containing 33 µM NPe6. After 2 h of sensitization the cultures were washed, refed
and photoirradiated for either 60 or 120 s. Cultures were fixed 30 min later and processed
for filipin binding and fluorescence. White bar represents 20 microns. (B) Cultures were
treated as described above except that photoirradiation times varied between 30 to 120 s.
Data represent per cell filipin fluorescence intensities ± S.D. of 20–48 cells taken from
multiple fields. The circles represent UA-treated cultures and the triangles represent NT
cultures. The per cell filipin fluorescence intensity of every photoirradiated UA treatment
group (at all light exposures) was statistically less (P<0.05) than the intensity measured in
non-photoirradiated, UA-treated cultures. Results similar to that reported for cultures
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pretreated with 0.75 µM UA were obtain in two additional experiments. Exposure settings
for the capture of filipin fluorescence were uniform within an experiment, and initially set so
as to yield a strong signal for non-irradiated, UA-treated cultures. The experiments
involving pretreatment with either 0.1 or 0.75 µM UA18666A were performed and analyzed
on different days. Hence, per cell intensity units are not directly comparable between
experiments.
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Figure 8.
U18666A-mediated suppression of H2O2-induced LMP and DEVDase activation. (A) 1c1c7
cultures were incubated with 100, 150 or 200 µM H2O2 for different lengths of time prior to
being harvested for subsequent analyses of DEVDase activities. (B) 1c1c7 cultures were
incubated with different concentrations of U18666A (UA) for ~24 h prior to being washed
and refed with medium containing 150 µM H2O2. Cultures were harvested at various times
after peroxide addition for analyses of DEVDase activities. Data in panels A and B represent
means of triplicate analyses performed with the lysate of a single culture. Treatments are
noted in the figure. Results similar to those reported in panels A and B were obtained in
minimally three additional independent experiments. (C) 1c1c7 cultures were treated with
nothing or 1 µM U18666A for ~20 h prior to being washed and refed with medium lacking
or containing 150 µM H2O2. Cultures were stained with AO 4 or 6 h after medium change
and monitored by fluorescence microscopy. Treatments are noted in the figure. Similar
results were obtained in a second experiment. White bar represents 20 microns.
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Figure 9.
U18666A does not suppress the pro-apoptotic activities of agents that do not induce LMP.
1c1c7 cultures were treated with nothing, 1 µM U18666A (UA), or 12.5 µM imipramine
(IPM) for ~20 h. Some cultures were subsequently treated with 25 µM HA14-1 (A,D), 25
nM thapsigargin (B,E), or 100 nM staurosporine (C,F). Cultures were harvested at various
times after toxicant treatment for analyses of DEVDase activities. Treatments are noted in
the figure. Data points represent the means of triplicate analyses performed with the lysate
of a single culture. Similar results were obtained in a second independent experiment.

Reiners et al. Page 30

Free Radic Biol Med. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


